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Preface

The present report is a contribution to a major project whose purpose is to investigate
whether suitable geological sites for disposal of the Danish radioactive waste can be identi-
fied. The Geological Survey of Denmark and Greenland (GEUS) has been given the task of
identifying, mapping, and characterizing laterally continuous, low permeability rock for-
mations occurring at 500 meters depth with thicknesses of 100 meters. This report is part of
a series of ten reports presenting the results of the first phase of the siting project, which has
mainly been carried out as a desk study.

The initial geological characterization and evaluation will provide the geological basis for the
selection of two sites where detailed geological site investigations will be carried out in the
project’s second phase. These two sites will be selected through a dialogue process between
the Ministry of Higher Education and Science (MHES) and the local municipalities. The geo-
logical data from the site investigations will be used as input to a safety case once a disposal
concept has been identified by the Danish Decommissioning (DD). The safety case must
demonstrate that the geological properties in combination with the engineered barriers of the
repository can provide the required short- and long-term safety for disposal.

In a preceding feasibility study, it was concluded that at 500 meters depth potential host rocks
occur in Jurassic and Lower Cretaceous claystones, in Upper Cretaceous carbonates, and
in Precambrian crystalline basement rocks. In the current project phase, the geological prop-
erties and subsurface conditions related to these stratigraphic intervals and rock types are
reviewed based on existing data. The potential host rocks’ capabilities to retard radionuclides
are investigated initially by conceptual 1D numerical modeling. In addition, natural processes
potentially influencing short- and long-term subsurface stability are identified and described.

To enable characterization and a qualitative evaluation of the Danish subsurface at depths
to 500 meters Denmark has been divided into eleven geological areas based on the infor-
mation gathered in the geological reports no. 2—8. Each area is characterized by the type of
potential host rock occurring at 500 meters depth, the rock types forming barriers in the over-
lying effective containment zone, and the structural framework. The evaluation is based on
requirements and criteria for deep geological disposal, which are defined based on interna-
tional experience and recommendations from similar projects. Based on the available data,
each area is characterized and evaluated with regards to whether the geological properties
and conditions are suitable for deep disposal of Danish radioactive waste. The results of the
project’s first phase are presented in the following ten geological reports:

Requirements and criteria for initial evaluation of geological properties and conditions

Geological setting and structural framework of Danish onshore areas

Upper Cretaceous — Paleocene chalk, limestone and marl distribution and properties

Jurassic and Lower Cretaceous claystone distribution, sedimentology, and properties

Precambrian crystalline basement distribution and properties

Subsurface distribution of Jurassic and Cretaceous fine-grained formations based on

seismic mapping

Evaluation of long-term stability related to glaciations, climate and sea level, groundwa-

ter, and earthquakes

8. Conceptual 1D modeling of nuclide transport in low permeable formations

9. Karakterisering og evaluering af geologiske egenskaber og forhold i 500 meters dybde
(In Danish)

10. Characterization and evaluation of geological properties and conditions at 500 meters

depth (This report is an English translation of report no. 9)

ogakrwnE

~

This report is Report no. 10. It presents the basis for a subdivision into 11 geological areas
and an initial qualitative evaluation of whether the rock properties and subsurface condi-
tions in each area fulfil the requirements and criteria for deep geological disposal.
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0. Introduction to the report

This report presents an evaluation of the Danish subsurface with the purpose of identifying
areas where the geological properties and conditions at depths around 500 meters are fa-
vourable for the potential establishment of a deep repository for Danish radioactive waste.
The evaluation, which is summarized in Chapter 7 of this report, is based on the characteri-
zation and mapping of the Danish subsurface at depths to 500 meters below ground level.
The detailed mapping and characterization are presented in seven geological reports pre-
pared as part of the siting project (Reports no.2-8, cf. references in Chapter 8.1). Criteria for
geological properties and conditions that are required to provide effective geological barriers
and stable geological conditions are defined and described in Report No. 1 (cf. references in
Chapter 8.1). The criteria are defined based on the requirements given in Danish Parlia-
ment’s decision B90 (Danish Parliament, 2018) and recommendations from similar interna-
tional projects on deep geological disposal.

This introductory chapter briefly describes the content of this report.

Chapter 1 contains an introduction to the Danish disposal project and the international guide-
lines for deep geological disposal of radioactive waste. The geological siting project was ini-
tiated to investigate whether a suitable site for deep geological disposal of Danish radioactive
waste at a depth around 500 meters below ground level can be identified. The geological
siting project carried out by the Geological Survey of Denmark and Greenland (GEUS) com-
prises two main phases. The first phase is mainly based on a review and compilation of
existing data. The results provide the geological basis for the selection of two sites for de-
tailed geological investigations. The sites should be selected by means of a dialogue process
between the Ministry of Higher Education and Research (MHES) and the municipalities. In
the next project phase, detailed geological and geophysical surveys will be carried out at the
two sites, including drilling of deep wells to more than 500 meters depth and acquisition of
new seismic data. The detailed investigations will be carried out in order to evaluate whether
the presence of favourable geological properties and conditions for deep disposal can be
confirmed.

Chapter 2 presents the geological requirements and criteria that will be used to evaluate
whether a site is potentially suitable for deep geological disposal of the radioactive waste.
The criteria are defined based on international recommendations and experiences from sim-
ilar projects, and the safety relevance of the criteria is summarised. At a geological disposal
site, tight geological formations form passive barriers in the subsurface. Together with engi-
neered barriers such as containers and backfill in the repository, the geological formations
will ensure the retention and retardation of radioactive nuclides in the subsurface. The host
rock is the geological formation in which a repository can potentially be established. In the
overlying shallower section tight formations constitute effective barriers in the effective con-
tainment zone (referred to as ECZ). The criteria address the spatial distribution and homo-
geneity of the rocks, geochemical conditions, short- and long-term stability in the area, ge-
otechnical properties, and the possibilities of identifying sites where representative and reli-
able new geological data can be collected.
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Chapter 3 presents a summary of the existing knowledge of the geological properties of the
Jurassic and Cretaceous claystones and carbonates and the Precambrian crystalline base-
ment. Furthermore, a brief description is given of the younger Cenozoic sedimentary succes-
sion, which in this project is not regarded as part of the ECZ due to a high content of sand.
A summary of the conceptual, numerical 1D modeling of nuclide transport in claystone and
carbonate rock is also presented. The modeling shows that based on current knowledge,
both claystones and carbonates can provide geological barriers that contribute to the reten-
tion and retardation of radioactive nuclides in the subsurface. One parameter that is seen to
have a significant influence on nuclide transport is the hydraulic gradient, which is site spe-
cific.

Chapter 4 presents the subsurface distribution of the geological formations containing poten-
tial host rocks as mapped from seismic data and deep boreholes. The characteristic geolog-
ical and structural architecture of the subsurface in different parts of the country is illustrated
by representative geological cross-sections. Based on the structural framework and strati-
graphic record at depths to 500 meters, Denmark is divided into 11 areas, each of which has
a characteristic geological record and structural framework. The division into areas has been
made to enable a characterization and evaluation of the geological properties and conditions
of potential host rocks and barriers in each area, based on the defined criteria.

Chapter 5 presents the geological criteria and specific properties that are regarded as fa-
vourable for each criterion. The chapter describes the concept for the evaluation of whether
favourable properties for the criteria are met. Specific properties of each criterion are as-
signed a sub-score, which forms the basis for the overall evaluation of the criterion. The
evaluation of the criteria is qualitative and is scored using a colour scale with three levels.
Green is used when reliable data show that predominantly favourable properties for the cri-
terion are present in most of the area. Yellow is used when analogies or less reliable data
indicate that favourable properties can generally be expected in most of the area. Orange is
used when reliable data from the area shows that the properties are generally less favoura-
ble.

Chapter 6 presents an evaluation of each area based on the defined criteria. In some areas,
where both claystone and carbonate sections occur at depths around 500 meters, an evalu-
ation has been made for both types of potential host rocks. The chapter contains detailed
thematic maps, lithological interpretation of petrophysical borehole logs and depth and thick-
ness maps for all the mapped stratigraphic intervals. The maps and geological cross-sections
presented in Chapter 4, and the properties of claystone, carbonate, and granite / gneiss
basement (Chapter 3) form the basis for the criteria evaluation. The maps presented in Chap-
ter 6 can be used in the process of selecting specific sites for geological investigations in the
next project phase.

Chapter 7 presents a summary of the evaluations and general comments on the evaluations.
Many criteria score green or yellow, meaning that favourable properties and conditions are
present or are expected to be present in large areas. The frequent occurrence of yellow
scores reflects the general lack of specific geological data from the Danish subsurface at
depths to 500 meters. For all criteria that are scored less favourably (orange), there is a brief
description of the specific geological properties which have resulted in this less favourable
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scoring, together with comments on the possible consequences and/or mitigations for radio-
active waste disposal in this area.

Chapter 8 contains a list of the references in the report text. In addition, various reports and
publications which have been prepared during previous geological surveys and studies re-
lated to the disposal of Danish radioactive waste in a near-surface to intermediate depth
repository (Omradestudier and Mellemlager) are listed.

Appendix A contains the detailed criteria evaluations of the geological properties and com-
ments on the properties and their sub-scores for all areas.

Appendix B contains a review report with comments and recommendations for the geological

criteria defined by GEUS and the concept for evaluation of the areas. The report has been
prepared by an international expert group (Blechschmidt et al. 2021).
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1. Introduction

In 2018, the Danish Parliament agreed that the long-term solutions for Denmark’s radioactive
waste should include a deep geological repository in operation no later than 2073 (Danish
Parliament, 2018). The waste is temporarily stored by Danish Decommissioning (DD) on the
Risg peninsula. It amounts to more than 10,000 m® of mostly low-level radioactive waste
(LLW), and a minor volume of medium-level waste (MLW), including 233 kg of special waste
— but no high-level radioactive material (HLW).

The Geological Survey of Denmark and Greenland (GEUS) has been given the task by the
Danish Parliament to investigate whether areas can be identified where potential host rock
with suitable properties for geological disposal occurs at 500 meters depth. The task is car-
ried out in parallel with activities executed by the Danish Ministry of Higher Education and
Science (MHES), the project owner, and DD, which is responsible for management of the
radioactive waste, including its storage and final disposal.

The geological project was initiated in 2019 and is now expected to be carried out within a
period of approximately seven years. The bulk of the workload will be undertaken by staff
members at GEUS, with contributions from external consultants, organisations, and experts
as needed. The geological siting project comprises two major phases. The current, first pro-
ject phase is a desk study carried out with the purpose of mapping and characterizing geo-
logical properties and conditions of potential host rocks in the Danish subsurface, based on
existing data and a few new studies. In the second phase, detailed geological investigations
will be carried out at two specific sites, in order to investigate whether the geological proper-
ties are suitable for safe disposal of radioactive waste in a deep geological repository. The
intention is that two investigation sites will be selected by means of a dialogue-based process
between MHES and the local municipalities. Subjects and conditions, such as socio-eco-
nomic issues, activities relating to civil participation, disposal facility design, safety cases,
and other non-geological issues will be addressed and handled separately by MHES and
DD, with contributions from GEUS where relevant.

1.1 Guidelines for identification of repository sites

International recommendations for geological studies required for the identification of suitable
sites for deep disposal of radioactive waste have been presented by e.g. the International
Atomic Energy Agency (IAEA, 2011) and Norris (2012) as follows:

“To identify and map layers of low-permeable rock types that are sufficiently thick (more than
100 meters) and which have a continuous lateral extension (several km?) throughout the
entire study area. The rock body should also be sufficiently homogeneous and represent no
significant discontinuities like fractures and faults. Furthermore, the rocks should be as min-
eralogical homogeneous and uniform as possible. The geological conditions should be stable
in the short term as well as in the long term.”

These recommendations in addition to experience from siting projects in other countries have
been used to identify investigations that need to be performed in the Danish project.
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Experience from other countries include France (ANDRA, 2005), Finland (POSIVA, 2017a,
b), Netherlands (COVRA, 2018), Switzerland (SFOE, 2008; Nagra, 2017) and Sweden (SKB,
2007).

Numerous studies of the potential for deep geological disposal of radioactive waste have
been carried out for several decades by countries where nuclear power contributes to the
energy supply. The waste from nuclear power production comprises high level (heat gener-
ating) waste which is different from the Danish waste comprising mostly low-level waste and
small volumes of special waste. The geological criteria for suitable sites for geological dis-
posal are identified from these studies with the purpose to dispose large amounts of high-
level waste. For the Danish siting project, a cautious approach is taken at this stage by ap-
plying similar criteria and similar methods for site investigations. This ensures that all neces-
sary and potentially relevant properties and conditions are addressed during the geological
characterization and evaluation carried out in the siting project’s first phase. The site-specific
geological properties and conditions required for safe disposal of the Danish radioactive
waste will depend on the waste inventory and the disposal concept and design, which have
not yet been identified. A review of the geological criteria as defined in Report no.1 (c.f. ref-
erence in Chapter 8) was carried out by a team of international experts from Switzerland and
UK. Comments and recommendations from the review are presented in Blechschmidt et al.
(2021) (Appendix B).

In some countries, based on several decades of comprehensive subsurface studies, it has
been concluded that marine claystones and clay rich carbonates (marl) may constitute suit-
able host rocks for final geological disposal. Therefore, extensive research on clay deposits
is continuously ongoing and significant amounts of data and experience that may be valuable
for this project is available (e.g. ANDRA-Belgium, COVRA-Holland, Nagra-Switzerland). In
the Czech Republic, a former carbonate mine is used for disposal of institutional waste com-
prising LLW comparable to the Danish waste inventory. In other countries, including Sweden,
Finland, and Norway, it has been decided to establish final repositories in crystalline base-
ment. The current project in Denmark will draw on this knowledge and where relevant, coop-
erate with organisations managing disposal projects. Furthermore, the project will follow
guidelines from IAEA (IAEA 2011; IAEA 2018 a, b), the Nuclear Energy Agency (NEA
(OECD), 2005; NEA 2006; NEA, 2008; NEA, 2012) and the EU directive regarding these
subjects (EU, 2011).

As noted by the IAEA (2018 a, b), the impossibility of finding “the safest site” based on rock
properties should be emphasised, because it is not possible to investigate and determine the
detailed nature of every possible site. Instead, the key to finding a suitable site will be to have
it fulfil the required levels of safety and performance, and that disposal at the site is also
acceptable to decision makers and stakeholders.

1.2 Concept for deep geological disposal of radioactive waste

The concept for deep geological disposal of radioactive consist of a system with three barri-
ers encapsulating the waste as described below (IAEA, 2011):
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1. Inner engineered barrier: This barrier is provided by a container of stainless steel,
cupper or other resistant material containing the radioactive waste.

2. Intermediate barrier (engineered): Sealing material such as bentonite or cement sur-
rounding the waste containers in the subsurface repository (borehole or cavern)

3. Outer passive geological barrier (low permeable rock): The outer barrier is low per-
meable rocks with high capability for retention and retardation of radioactive nu-
clides in the subsurface. The rock where the waste is disposed is referred to as the
host rock and the overlying low permeable layers forming additional barriers towards
flow constitute the effective containment zone (ECZ).

The engineered barriers are designed to ensure longest possible sealing and retention of
radioactive nuclides. Over time chemical reactions between groundwater and the waste con-
tainers will result in corrosion and a gradual degradation of the inner barrier. The intermediate
engineered barrier will together with the host rock and overlying barriers ensure the retarda-
tion and retention of eventually leaked radioactive nuclides in the deep subsurface thus pre-
venting transport into shallower levels and the biosphere.

Identification of a safe and feasible disposal concept for the Danish radioactive waste re-
quires an iterative process as it depends on the combined functionality of the geological and
geotechnical properties of both the host rock and rocks in the ECZ, and the engineered bar-
riers. The geological conditions in a specific area will impact the geotechnical stability during
the construction of a repository as well as during the disposal operation and subsequent
closure. In case it is decided to dispose only the long-lived fraction of the Danish waste in a
deep repository and dispose the LLW at shallower depths specific criteria for shallow disposal
need be defined and applied for the site selection and evaluation.

The next phase of this siting project (phase 2) comprises detailed geological investigations
of two sites where comprehensive data acquisition programs will provide new data on the
geological, geochemical, and geotechnical properties of the host rock and rocks in the ECZ.
This data will be used to evaluate the barrier effectiveness of the rocks and to investigate the
geochemical interaction between the radioactive nuclides and the geochemical conditions of
the groundwater. This information can be used as part of the iterative process to develop the
optimum design of the engineered barriers to ensure long-term retardation of radioactive
nuclides.

A specific concept design for a deep geological repository has not yet been defined by DD
but several concepts have been identified (Dansk Dekommissionering, 2021). The potential
concepts range from a deep borehole for disposal of the long-lived waste only combined with
a shallow repository, to a large underground construction for disposal of all the waste at 500
meters depth. The geological criteria in the present siting project have been defined with the
purpose to ensure the sites may be suitable for deep disposal of all the waste in case this
concept is preferred for disposal. This approach ensures that areas where favourable prop-
erties and conditions are identified will be favourable for deep disposal of both large and
smaller volumes of waste.

Prior to a decision on whether to dispose the radioactive waste in a deep repository at a

specific site a safety evaluation of the functionality of the combined system of engineered
and geological barriers has to be made. The safety case must demonstrate that the
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repository can provide the necessary safety and retardation of radioactive nuclides in both
the short and long term (IAEA, 2011).

1.3 The geological siting project

A geological screening of the Danish subsurface at 500 meters depth was carried out prior
to initiation of the current geological siting project, to investigate whether intervals of low
permeability rocks occur at this depth. The screening showed that the Jurassic and Creta-
ceous stratigraphic intervals at 500 meters depth comprise carbonates, marlstones, and clay-
stone, and the Precambrian basement comprises crystalline rocks of gneiss and granite,
which may all potentially provide a host rock for deep geological disposal (Gravesen, 2016).
Based on this work, it was recommended to further analyse and characterize the geological
conditions and barrier effectiveness of the geological formations at depths to 500 meters
below the surface, which resulted in the initiation of the present project.

The first phase of the present geological siting project comprises a geological review of all
data available in the GEUS archives, from stored drill-samples, and from literature. The data
have been used to map and describe relevant properties of the potential host rocks identified,
and the natural processes potentially influencing their short- and long-term geological stabil-
ity. The results form the basis of a subdivision into eleven geologically different areas which
are characterized and evaluated regarding the areas’ potential suitability for deep disposal
of the Danish radioactive waste as described in the present Report No. 10 (cf. Chapter 7.1
for reference).

The geological desk studies were carried out as separate work packages and are presented
in a number of reports (Reports No. 2—7; cf. Chapter 7.1 for references) addressing the fol-
lowing issues: overview of the onshore geological setting in Denmark; subsurface mapping
based on seismic data and well data; a geological description of each of the three rock types
carbonate, claystone and crystalline basement, respectively, and issues potentially influenc-
ing long-term geological stability, such as climate conditions, possible glaciations, earth-
quake risks and groundwater conditions. Based on the results of the geological desk studies,
conceptual 1D numerical modeling was performed on the sensitivity of properties and condi-
tions of the rocks’ barrier-effectiveness for retardation of radionuclides (Report No. 8; cf.
Chapter 7.1 for reference).

Geological data from the Danish onshore area is scattered and of varying quality. Archives
and databases comprise 2D seismic data of different vintages and quality as they have been
acquired for varying purposes. Well data exist mainly from deep wells drilled for hydrocarbon
exploration, some geothermal wells, and other technical/scientific drillings. As the data from
different regions of Denmark varies in vintage, quality and level of detail, the current picture
is by no means comprehensive. However, the geological desk studies combined with some
new sedimentological and stratigraphic studies, and initial sensitivity studies from conceptual
1D modeling, have proven highly valuable for identification of major data gaps and critical
parameters, where the acquisition of new data during the next project phase is important.

As part of the detailed investigations in the next phase of the project, new data and infor-
mation will be collected at the two sites. The extensive data collection program will include
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drill-cores, well logs, and groundwater samples - thus, providing samples and measurements
for laboratory analyses and various other studies. Based on the new data, a characterization
and evaluation of the geological suitability for radioactive waste disposal at the two sites will
be made. This characterization will also be used by DD in an iterative process to identify a
suitable repository design, and for the evaluation of the combined retention capacity of the
engineered and the geological barriers as input to a safety case.

GEUS 13



2. Geological requirements and criteria

The purpose of the geological studies in the present project is, as described in The Danish
Parliament’s resolution B90 "... to investigate whether it will be possible to identify geologi-
cally suitable sites for a deep repository (at greater depth than previous intermediate storage
studies)" (Danish Parliament, 2018).

The geological requirements stipulated in decision B0 for a potential disposal site are that
a final repository should be placed at a depth of around 500 meters, in a low-permeability
host rock that has a thickness of 100 meters and is horizontally extensive for several kilome-
ters. The rock must be sufficiently homogeneous both lithologically and mineralogically, and
it must be without significant discontinuities such as larger fractures and faults. Finally, the
general geological conditions in the area must be stable in both the short and long term
(Danish Parliament, 2018). The two main phases of the geological siting project are illus-
trated in Figure 2.1 (green boxes).

Identification of areas based
on host rock type and lateral
extent, and barriers in the ECZ

Geological project
phase 1

Agreement on 2 sites for

. . . MHES
investigations

Investigations
at 2 sites

Geological project
phase 2

Decision on

. MHES/DD
disposal

L e

Figure 2.1. The geological disposal project comprises two major phases. The current phase
1 is finalised by the conclusions presented in this report. In the following phase 2 detailed
geological site investigations will be carried out in two areas prior to an eventual decision on
deep geological disposal of the radioactive waste.

2.1 Host rock properties and geological conditions

Specific geological criteria are defined in order to evaluate barrier effectiveness of potential
host rocks and the geological stability in different parts of Denmark. The geological criteria
are based on the requirements in B90 (Danish Parliament, 2018) and recommendations and
experience from international geological disposal projects. A systematic evaluation of the
defined criteria ensures that all relevant geological properties and conditions are initially in-
vestigated and described to provide the best possible basis for selection of investigations
sites. New data from the site investigations will be analysed and evaluated prior to making a
decision on whether a deep geological repository can be established.
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2.2 Criteria for geological properties and conditions

The geological criteria are presented and described in detail in Report No. 1 (cf. references
in Chapter 8.1). The criteria as listed in Table 2.1 are defined to ensure that all relevant
aspects of the geological properties and conditions in the subsurface that may affect the
safety of a deep geological radioactive waste repository in the short and long term are as-
sessed. The systematic evaluation of the criteria also helps to identify data and knowledge
gaps where new data needs to be acquired during the detailed geological site investigations
in phase 2.

Table 2.1. Overview of criteria groups and criteria.

Criteria Group

1. Properties of the host 1.1 Spatial extent

rock and the containment
1.2 Hydraulic barrier effectiveness

zonhe
1.3 Geochemical conditions for retardation
1.4 Release pathways
2. Long-term natural 2.1 Stability of the site and rock properties
stability

2.2 Erosion

2.3 Repository induced influences

3. Geotechnical feasibility 3 1 Rock mechanical properties and conditions
3.2 Underground access and drainage

4. Possibility to acquire 4 1 Ease of characterization of the rock

reliable new geological

data 4.2 Explorability of spatial conditions

4.3 Predictability of long-term changes

The extent to which the criteria and related geological parameters are regarded as being
favourable depends on both the disposal concept and the nature and volume of the waste.
A preliminary identification of possible disposal concepts is presented by Danish Decommis-
sioning (2021). Safe disposal in the subsurface depends on the combined effect of the geo-
logical and the engineered barriers in the repository. Some of the geological criteria may be
more important to meet than others, but at the current stage it is not possible to rank them
all as they depend on the disposal concept and the final repository design, which are not yet
defined. All the criteria and the related geological properties and conditions are defined to
ensure that effective barriers and stable geological conditions in both the short and long term
will prevent radioactive material from being transported into the groundwater zone and the
biosphere.

It should be noted that the criteria are largely defined based on recommendations from inter-
national projects on disposal of large inventories of high-level radioactive waste containing
heat-generating material which is not present in the Danish waste. This means that some of
the defined criteria may be of less importance for safe disposal of the Danish waste compris-
ing low to intermediate level waste.
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2.3 Reasoning for division into geological areas

The purpose of dividing Denmark into geologically different areas is to evaluate the extent of
favourable geological properties and conditions in each area. It is not intended to identify the
optimal area and site. This is not possible due to many different, often unknown, parameters
and their interactions with the designed barriers. The evaluation contributes to the identifica-
tion of areas where favourable geological properties can be expected to be confirmed by the
detailed geological investigations in the next project phase. The division into geological areas
and their evaluation have been carried out in a stepwise process, as illustrated in Figure 2.2,
and described in detail in Report no. 1 (cf. references in Chapter 8.1).

A stepwise approach for identification and initial characterization
of each area’s potential suitability for deep geological disposal

Step 1 Areas with different subsurface geology of the interval to 500 meters are identified based on
|dentification maps from regional seismic interpretation, well data and field mapping, for initial

of areas characterization of the required geological properties and conditions

Step 2 WeEells, seismic and other data are reviewed to characterize the geological conditions and

Area

- properties of the potential host rock and the overburden (ECZ) according to the requirements
characterization

Step 3 Evaluation of each area with regards to fulfillment of the criteria defined for suitable

Area evaluation geological properties in host rock and ECZ for deep geological disposal
Figure 2.2. lllustration of the stepwise process for division into geological areas and subse-
quent characterization and evaluation.

The division into areas with a specific geological signature and structural framework will also
provide the basis for identifying one (or more) disposal concepts that are suitable for the local
geological conditions and properties.

Based on geological mapping and characterization of the subsurface (Reports 2—8, cf. refer-
ences in Chapter 8.1), the Danish onshore area has been divided into 11 areas. This subdi-
vision is relevant only for the present geological siting project. Each area is characterized by
a dominant type of potential host rock at depths around 500 meters. The host rocks are
claystones in the Jurassic and Lower Cretaceous intervals, carbonates in the Upper Creta-
ceous (Chalk Group) and granite / gneiss in basement rock. In addition to the potential host
rock, the structural framework is also taken into consideration regarding the area division, as
the occurrence of many faults within short distances has a significant impact on horizontal
continuity.

In large areas of the Danish subsurface, carbonates occur in the ECZ, as illustrated concep-
tually in Figure 2.3. The uppermost Cenozoic section consists of alternating layers of sand
and clay that vary in thickness often over short distances. In some areas, Cenozoic deposits
are found down to depths of 400-500 meters or more, and in these cases, due to the high
content of sand, no effective barrier rock has been demonstrated in the ECZ. In the area with
basement rock, granite / gneiss constitutes both the host rock and the barriers in the ECZ.
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Conceptual geological profile illustrating an area with host rock and overlying barrier zone

X Y
om — —_— —
- D Cenozoic sediments of alternating clay and'sand layers /
\ /
Low permeable rocks constituting barriers in the effective containment zone/ ECZ
200m =
Carbonates from the Upper Cretaceous Chalk Group occur in large parts of Denmark
400m
Rock body fulfiling the us formations
spatial requirements Cretaceo
500M e o o e e = e e e e
- Sedimentary rocks from \
600m =~ Base host 0 Triassic, Jurassic, Lower and 1
5km Upper Cretaceous formations \ &
- > GEUS

Figure 2.3. The figure illustrates a conceptual geological succession with a host rock at
depths around 500 meters and a carbonate interval constituting the barrier in the overlying
effective containment zone (ECZ). A large fault offsetting the geological succession down-
wards is present on the right side of the cross-section. The presence of a rock body where
the required depth and thickness is fulfilled is outlined by a red polygon. The 500 meters
depth is shown with a dotted red line.

For the criteria evaluation it is assumed that the ECZ extends upwards to a depth of approx.
140 meters below ground level, which is an estimated average depth for groundwater inter-
ests used in the conceptual numerical modeling (Report No. 8, cf. references in Chapter 8.1).
Assuming that a repository is placed in a host rock occurring in the depth range from 400 to
500 meters, the distance to the average base of groundwater interests is thus 260 meters.
For the definition of the required thickness of the barrier zone, an approximation of a thick-
ness of about 250 meters is used, as the depth uncertainty for mapped formations can be
tens of meters (Report no. 6, cf. references in Chapter 8.1). The required thickness of barrier
rocks in the ECZ at a specific site will depend on the combined effect of the geological prop-
erties and hydrogeological conditions, and a thickness of 250 meters should be considered
as indicative for this initial project phase.
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3. Properties of the potential host rock and ECZ

Potential host rocks occurring in the Danish subsurface are claystones, carbonates, and
crystalline basement. Claystone is found in Jurassic and Lower Cretaceous formations, car-
bonates (including chalk, limestone, and marl) constitute the Upper Cretaceous Chalk Group,
and granite and gneiss are found in the Precambrian basement. The Jurassic and Lower
Cretaceous formations also contain sandstones, which generally have high porosities and
permeabilities. Sandstone does not contribute to geological barriers but can provide flow
paths. The Cenozoic section comprises alternating layers of sand and clay of highly varying
proportions and horizontal extension. Clay-rich intervals are found only locally at depths
down to 500 meters and it is therefore considered that, in general, the Cenozoic formations
do not contribute to barriers in the ECZ (c.f. reports listed in Chapter 8.1).

For a rock to act as a barrier it must be tight, i.e., have a very low permeability to fluids. Low
permeability is a prerequisite for diffusion dominated transport of dissolved matter, which is
very slow compared with transport controlled by fluid flow (advection). The geological prop-
erties that influence permeability are porosity, which is the volume of cavities between sedi-
ment grains, the lithological homogeneity, the amount of clay and the amount of clay minerals
in the clay size fraction. The type of clay minerals is important because some clay minerals
may contribute to the geochemical retention of nuclides in the subsurface. Additionally, some
clay minerals promote self-healing of micro-fractures which may be generated in the rock
during construction of the repository or by natural geological processes (e.g. fault move-
ments). In addition to low permeabilities in the host rock and the ECZ, the hydrological gra-
dient at a site has a significant impact on whether nuclide transport is controlled by diffusion,
dispersion (dispersion of matter caused by the pore structure of the rock) or advective flow.

The geological/geomechanical properties of the rocks are important for the technical feasi-
bility of the construction and the operation of the repository. Whether specific properties are
favourable will depend on the disposal concept and facility design. For a large repository in
the subsurface, the absence of layers or zones with significant flow of water will be of great
importance for the feasibility and safety of construction work in the subsurface.

A very limited amount of data and analyses exist for specific geological parameters from the
Danish subsurface at depths around 500 meters. A summary of the existing knowledge re-
garding the geological properties and their contribution to barrier effectiveness is presented
in this chapter and is based on descriptions in Reports Nos. 2, 3, 4, 5 and 8 (cf. references
in Chapter 8.1). Where available, representative data from each area are given in the area
evaluation sections (Chapter 6).

The Cenozoic section, which in most areas occurs in the shallow successions above the ECZ
is briefly described (Report no. 2, cf. reference in Chapter 8.1). Extensive descriptions of the
uppermost 100-200 meters of the geological record can be found in reports from previous
projects on radioactive waste disposal (cf. references in Chapter 8.2) and are not included in
the present project, which focuses on depths around 500 meters.

Due to the limited data available regarding the geological properties at 500 meters depth, the
barrier effectiveness of claystone and carbonate has been investigated initially by conceptual
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1D modeling of nuclide transport (Report no. 2 cf. references in Chapter 8.1). To assess the
host rock potential of claystone and carbonate the models examine the various parameter’s
influence on the barrier effectiveness in stochastic scenarios. The preliminary conclusion
from these models is that with the current assumptions, both rock types can potentially be
used as host rocks, and that the site-specific hydrological gradient will have a major impact
on transport rates. A summary of the results is presented in Chapter 3.4.

Data

Information regarding the geological properties of potential host and barrier rocks is generally
obtained from "hard" data based on analysis of cores from boreholes, and borehole logs. Dirill
cores provide the most detailed and accurate information about the lithology, bedding, and
properties in the subsurface at the drilling site. Borehole logs show interpretations of various
physical properties recorded by different measurement methods. Lithological variations in a
formation on a scale close to, or less than the tools resolution (30—100 cm) can only be
identified from drill cores. To obtain as reliable and accurate data as possible, it is important
for the interpretation of borehole logs that they are calibrated to data from drill cores repre-
senting the different types of lithologies and properties in the logged interval. In cases where
logs are not calibrated to core data, there will be a significant uncertainty regarding lithologi-
cal interpretation, porosity, and permeability, which is important to acknowledge and quantify.

3.1 Clay, mineralogy, and barrier effectiveness

Clay is a common term for particles or minerals where the grain size is less than 2 um. Clay
minerals are layered silicates and other minerals that result in plasticity of the sediment. Clay
hardens by drying and firing. Clay minerals that typically occur in the Danish subsurface at
depths to 500 meters include kaolinite, smectite, mica and chlorite. A claystone is a rock type
that consists of compacted sediment, dominated by clay-sized grains. Formations consisting
predominantly of clay but including some coarser material, such as silt and sand, can also
be referred to as claystones. In this report, the term claystone is used for a siliciclastic rock
that contains large amounts (ideally> 50%) of particles in the clay fraction. Determination of
the exact amount of clay particles in a sedimentary rock requires detailed analysis, and only
limited data exist from analyses of the clay content in the Danish subsurface. The term clay-
stone is often used based on a qualitative, visual estimate of the composition of the rock and
it is also used on a larger scale for thicker clay-dominated units identified on well logs, which
may contain thin layers of silt and / or sand.

The amount of clay in a sedimentary rock is an important parameter for assessing various
rock properties. A high proportion of clay promotes a high degree of compaction during burial
of the sediment and thus results in low porosity and permeability. By interpreting the clay
content from petrophysical logs (typically a gamma log), the vertical homogeneity of a section
can be assessed. Thus, clay layers having relatively small porosity and permeability com-
pared to more coarse-grained layers can be identified. The homogeneity of a claystone is an
important parameter as the presence of interbedded layers of well-sorted sediments with a
larger grain size, will affect the rock’s porosity and permeability and result in different hori-
zontal and vertical permeability. The properties of claystone can vary significantly depending
on frequency and thickness of interbedded, high porosity sand layers.
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The presence of sand layers in a clay-dominated rock will also impact the geomechanical
properties at various scales. Site specific data are required to assess the sand layers influ-
ence on the barrier effectiveness. The thickness and structural configuration of the layers
and the gradient at the site must also be taken into consideration. Thus, to assess the barrier
effectiveness of a claystone, it is therefore important to examine and characterize the amount
of clay particles, the content of clay minerals, bedding thickness, and heterogeneity of the
sediment.

Smectite represents a special group of clay minerals with the ability to bind large amounts of
water resulting in a strong expansion capability, and contraction upon drying. Claystone with
a high content of smectite has thus a high plasticity and high cohesion. This means that
claystone comprising smectite has a great potential for self-healing of locally formed frac-
tures. In addition, sediments with a high content of smectite will be exposed to a high degree
of compaction compared to sediments with smaller amounts of smectite, and thus a lower
permeability the higher the content of smectite. Smectite content can be determined by geo-
chemical analysis of rock samples, but data exist from only a small number of samples from
depths relevant to this siting project.

When the content of smectite is very high, the claystone can be described as plastic. The
presence of plastic clay can be a technical challenge for boreholes and constructions in the
subsurface, but if recognized in advance, potential problems can be mitigated. Local occur-
rences of plastic clay are well known from parts of the Cenozoic succession and from the
Jurassic Fjerritslev Formation.

Calcite

Calcite crystals (of calcium carbonate) can be dissolved relatively easily at low pH values,
transported in dissolved form and (re-)precipitated. Calcite is therefore often seen as fracture
and pore cavity infill when rocks comprise high amounts of calcium carbonate. The ability to
precipitate calcite can therefore be an important contribution to the self-healing properties of
a sedimentary rock.

3.2 Jurassic and Lower Cretaceous claystone

The presence of claystone in the Danish subsurface is known from deep boreholes, where
data has been collected as drill cores and petrophysical well logs. The formations dominated
by claystones often contain sand layers of varying thickness and frequency, where the thick-
ness of both clay layers and sand layers can vary from a centimeter scale to meters, or tens
of meters (Figures 3.1 and 3.2). A summary of data from claystones from the Jurassic and
Cretaceous formations is presented in Report no. 4 (cf. reference in Chapter 8.1).
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Figure 3.1. An outcrop example of a relatively homogeneous claystone (Lower Jurassic)
exposed in a former clay pit near Gantofta in southern Sweden. The light streaks are thin
laminae of silt and fine-grained sand within the clay-dominated section (Report no. 4).

Figure 3.2. Core photo showing the interbedding of clay (dark) and sand (light) layers in the
Jurassic Fjerritslev Formation, Stenlille-10 well. Each core is 1 meter long.
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Porosity and permeability

Data from permeability measurements of Jurassic and Cretaceous claystone at 500 meters
depths in the Danish subsurface is not available. In general terms, there is a correlation be-
tween porosity and permeability, and therefore data on the porosity of a rock is useful. A
general correlation between porosity and burial depth can be assumed (Kristensen et al.
2016), but it is influenced by local conditions such as sediment composition, subsidence rate,
uplift, and local diagenetic processes (recrystallisation and cementation after deposition). A
recently deposited clay-dominated sediment has a porosity of 70% to 90%. During compac-
tion, the porosity decreases rapidly to approximately 30% at depths around 1000 meters
(Tucker, 2001). A parallel horizontal texture develops in the sediment during compaction
which results in a measurable difference between vertical and horizontal permeability.

A slight decrease of permeability with depth is to some extent observed in the interval 1100—
1900 meters from analysis of Fjerritslev Formation claystone (Lower Jurassic) however with
a large spread of data points and based on a very small number of samples (Figure 3.3, from
Olsen and Jgrgensen, 2008).

Claystone and clay minerals

There are limited data on the content of clay-sized grains, clay minerals, and other minerals
in the Jurassic and Cretaceous sediments, and the existing analyses show large variations
both geographically and stratigraphically. Overall, only traces of calcite are reported from
Jurassic clays whereas smectite generally is present in highly varying amounts. The Lower
Cretaceous formations generally contain both smectite and calcite. In the following the clay
content is reported as volume unless stated otherwise.

A Fjerritslev Fm, horizontal permeability vs. depth B Fjerritslev Fm, vertical permeability vs. depth
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Figure 3.3. Data from core analyses of the Fjerritslev Fm: A. Horizontal permeability vs.
depth, B. Vertical permeability vs. depth (Pedersen et al., 2021). Note that all analysed sam-
ples are from depths of 1100 meters or more and therefore do not represent direct analogues
for claystones occurring at 500 meters depth.

In the Lower Jurassic Fjerritslev Formation, smectite occurs in amounts ranging from 1% to
more than 40%. The variation appears to be both stratigraphic and geographic, however
there are no systematic studies on the presence of smectite in the Fjerritslev Formation. In
samples from the Rgdby-1 well on the island of Lolland, the Fjerritslev Formation generally
contains 30-40% smectite. In the Frederikshavn-1 and Fjerritslev-2 boreholes in northern
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Jylland, the smectite content varies from 1% to > 40%, where the upper part of the Fjerritslev
Formation has a low content varying from 0 to 10%, and the deeper part contains up to 40%.
The @rslev-1 well has a low content of 1-10% smectite, possibly due to the fact that the
Fjerritslev Formation here is dominated by silt and has a relatively low content of clay sized
grains (Report no. 4, cf. reference in Chapter 8.1).

Kaolinite typically constitutes a large proportion of the clay content, ranging from approxi-
mately 8% in the Ra@dby-1 well on Lolland to 20—27% in northern Jylland. Calcite is generally
not present in the Jurassic sediments and traces of calcite (<1%) have been reported from
only a few samples. The Upper Jurassic succession is dominated by sandstone and there is
no data on Upper Jurassic claystones.

In the Lower Cretaceous succession, the amounts of clay and smectite vary significantly. In
the Fjerritslev-2 well in northern Jylland, claystone with approximately 40% clay minerals -
mainly illite, chlorite and kaolinite, small amounts of smectite and traces of calcite are re-
ported. Claystone from the Rgdby-1 well on Lolland contains 30—-40% clay minerals, of which
kaolinite constitutes the majority and illite, mica and chlorite constitute a few percent each.
The smectite content varies from 1% to 25%, with the lowest content in the Saeby-1 borehole
in Nordjylland and the highest measured in the Radby-1 well on Lolland.

In Lower Cretaceous claystones, kaolinite typically constitutes up to 15-20% and as much
as 33% of the total clay volume. The amount of calcite varies between 1% and 14% in the
Rgdby-1 and Seeby-1 boreholes.

3.3 Upper Cretaceous and Paleogene carbonates (Chalk Group)

In the present study, the term carbonate is used for the calcareous rocks of the Chalk Group.
These include Danian carbonate sand, limestone, marl (clay rich carbonate) and bryozoan
chalk, and Upper Cretaceous chalk, which is dominated by a fine-grained coccolith matrix
and varying amounts of clay (marl). An outcrop example of interbedded grey marl and white
chalk is seen in Figure 3.4, and a carbonate rock composed of pure white chalk exposed in
a quarry in Stevns is seen in Figure 3.5. A summary of the Chalk Group's geology is pre-
sented in Report no. 3 (cf. reference in Chapter 8.1).

In areas where carbonates from the Chalk Group constitutes near-surface groundwater res-
ervoirs, there is abundant data on the physical properties of the carbonates, including per-
meability, porosity, and fracture characterization. The present knowledge of hydraulic con-
ductivity and effective porosity of carbonate in the groundwater zone when carbonates from
the Chalk Group occur at depths of 50 to 100 meters below ground level is presented in
Kidmose et al. (2021). In contrast, there is very little knowledge about the properties of car-
bonate in the 100 to 600 meters depth interval. One important data point is the Stevns-1
borehole, where a detailed data set is provided based on core analysis and borehole meas-
urements. The dense data collection in the Stevns-1 well, which is drilled to 460 meters,
enables a correlation between measured physical parameters and geological parameters
such as stratigraphy, clay content and clay mineralogy - and to seismic data and geophysical
parameters (Nielsen et al., 2011).
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Figure 3.4. Outcrop of the Rgrdal Member exposed in the Rgrdal quarry near Aalborg, show-
ing interbedded layers of light, clean carbonate, and darker layers of marl (clay rich chalk),
(photo: Erik Thomsen). The exposed section is 16—18 meters high.
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Figure 3.5. Pure, white carbonate from the Sigerslev Formation exposed in the Sigerslev
quarry at Stevns. The outcrop is approximately 20 meters high. Photo: Peter R. Jakobsen.

Porosity and permeability

The hydraulic properties of a carbonate rock depend on the matrix properties and whether
open fractures occur. Groundwater extraction from carbonate is dependent on the presence
of open fractures and is generally limited to the upper 50 meters of the carbonate sections.
Carbonates generally become harder and denser the deeper they are buried.
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A plot of permeability as a function of porosity for carbonates in the Stevns-1 and Erslev
boreholes shows a correlation between high porosity and high permeability and generally
decreasing values with increasing depths (Figure 3.6 and 3.7). When the porosity of the car-
bonate can be interpreted from petrophysical logs, the permeability can be estimated with
some accuracy as in general there is relationship as shown in Figure 3.8. Measurements
from the Erslev boreholes show lower permeabilities compared to the Stevns-1 borehole for
the same depth, which may be a result of analyses carried out on samples from different
stratigraphic intervals and / or that diagenetic processes are different in the two areas (Erslev
is in Nordjylland and Stevns is situated in the southeastern part of Sjeelland).
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Figure 3.6. Comparison of matrix permeabilities measured from core samples from the
Erslev wells, interval permeabilities interpreted from well tests, and core analyses from the
Stevns-1 well. The gas permeabilities are converted to fluid permeabilities. A permeability of
1 mD corresponds to a hydraulic conductivity of 1*10® m/s (Report no. 3).

Danian carbonates, which constitute the youngest (uppermost) stratigraphic unit of the Chalk
Group, generally have significantly higher permeabilities for a given porosity value than is
observed from the deeper layers (Figure 3.8). This is because the Danian carbonate is com-
posed mainly of bryozoan limestone, which has a coarser grain size than the underlying
(older) formations.

In boreholes where drill cores do not exist for accurate determination of porosity and perme-

ability, a qualitative assessment of carbonate permeability and capability of retardation can
be made based on estimates of clay content in the carbonate. The clay content can be
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assessed from gamma logs and from qualitative descriptions of cuttings (small rock frag-
ments from the drilling processors) from boreholes. Thus, it can be assumed that intervals in
the Chalk Group, where well logs show high gamma readings will comprise clay, and thus
have a relatively low porosity and permeability (as seen in Figure 3.7) compared to clean
carbonate rock. Grey cuttings in the Chalk Group are usually reported from intervals with
high gamma-readings and can be used as an independent indication of matrl, i.e. carbonate
rock with a relatively high content of clay minerals.
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Figure 3.7. The figure to the left shows two combined petrophysical logs (gamma log GR,
and sonic log representing 1/sound velocity, DT) from the Stevns-1 borehole (Kristensen et
al. 2016). A high clay content is interpreted where GR-readings are high, at the depths
marked with yellow lines. The high clay content coincides with low porosities and permeabil-
ities as plotted in the diagrams to the right (Mortensen et al., 1998). Generally, such a corre-
lation between low porosity and permeability, and high clay content is expected as clay rich
sediments show a high degree of compaction due to the minerals’ plate structure. The in-
creased amounts of clay in the Stevns-1 well occur in the Boesdal Member and Ragrdal Mem-
ber, which are known from other areas to comprise significant amounts of clay (see also
Report no. 3).

Only few analyses of clay content and clay minerals have been carried out on samples from
the carbonates. Data show that there are generally 0.05-5% clay minerals and up to 2%
smectite in the white, and cleaner intervals of the carbonate. The grey intervals contain 3—
15% clay minerals and a total of 2—8% smectite. The content of smectite typically constitutes
50% or more of the total clay content. It can therefore generally be expected that grey, clay
rich intervals in the carbonate contain between 2—-8% smectite. The clay rich intervals in the
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carbonate can be identified from good quality, high resolution gamma-logs and by the pres-
ence of grey carbonate cuttings from boreholes.
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Figure 3.8. The diagram shows the correlation between porosity and permeability for differ-
ent sections of the Chalk Group. Data points outlined by the blue polygon are from the
younger Danian bryozoan chalk, and data points outlined by the red polygon are from the
older and generally more fine-grained carbonate sediments from the Upper Cretaceous (see
Report no. 3). The axis to the right shows hydraulic conductivity calculated from permeability.

3.4 Numerical modelling of barrier effectiveness

Preliminary investigations of the barrier effectiveness of claystones and carbonates have
been carried out from conceptual 1D numerical modeling of nuclide transport. The models
represent average conditions for the geological record in the Danish subsurface. The model
is made for two scenarios, where carbonate and claystone, respectively, constitute the host
rock in the depth interval 400 to 500 meters. In both scenarios, carbonates constitute the
barrier rock in the ECZ in the depth range from 400 to 140 meters. The upper 140 meters
represent the section, where groundwater reservoirs may occur in carbonate and Cenozoic
sand and this section is therefore not regarded as having potential to provide barriers in the
ECZ.

The conceptual numerical modeling of carbonate and claystone host rocks is performed with
stochastically varied hydraulic conductivities in the individual geological layers in scenarios
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with different transport parameter values and boundary conditions. The modeling is con-
servative, which means that the results reflect simulated transport times for a nuclide, as-
suming the least favourable conditions for retardation. For example, the nuclide transport is
simulated without including sorption, which would cause greater retention and thus longer
transport times. Density effects, which will further delay any transport of nuclides, are omitted
in the initial modeling. Finally, the vertical gradients express an upwards flow from a depth of
500 meters, which is a conservative assumption that does not apply to all areas.

The modeling of a carbonate host rock showed that the average time for maximum concen-
tration reaching the groundwater reservoir ranges from thirty-three thousand to more than
five hundred thousand years in the different scenarios. With a claystone host rock, the aver-
age maximum concentration does not reach the groundwater reservoir within 1 million years.
The modeling of both carbonate and claystone host rocks shows that determination of hy-
draulic gradients, which is site specific, the hydraulic conductivity, and diffusion coefficients
used to simulate representative transport times for nuclides, are crucial for the modeling re-
sults. The modeling in the present project phase is conceptual and not site-specific and
shows that both carbonates and claystones can be regarded as potential host rocks. At the
same time, the modeling results show the importance of determining specific properties for
nuclides related to e.g. solubility of a given nuclide.

3.5 Precambrian crystalline basement

Different types of granite and gneiss have been identified in the basement on the Island of
Bornholm based on mineral composition, grain size and structures. The mineralogy and dis-
tribution of the various rock types is described in Report No. 5 (c.f. reference in Chapter 8.1).
All the crystalline rocks were formed during several events of magma intrusion and cooling
over a relatively short time-period from 1460 to 1450 million years ago. The boundaries be-
tween the different rock types vary from sharp to gradual, locally with intrusions of the adja-
cent rock type. Since all the rocks are formed by intrusion of magma, both vertically and
horizontally, it should be expected that the distribution of the different types of granite / gneiss
in the subsurface will be different from the distribution at ground level.

A summary of the rock forming minerals generally constituting more than 1% of the rock
volume, is shown in Table 3.1. In addition, magnetite, titanite and apatite typically make up
1% or less, but locally up to 3% of the rock volume. Accessory (trace of) minerals include
hypersthene, diopside, fluorite, muscovite, zircon, epidote, chlorite, allanite, gadolite, and ti-
tanite.

Weathering of rock surfaces in natural exposures and along fractures results in the formation
of minerals such as iron and manganese oxides, kaolinite, sericite, and greenish clay with
chlorite. In banded rocks, the dark minerals are less resistant to weathering compared to light
coloured minerals, which causes a fissile surface expression.
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Tabel 3.1. Overview of minerals that constitute the major part of the crystalline rock types (1
% volume or more). Accessory minerals typically constitute less than 1 % of the rock but
locally as much as 1-3 %. For banded rocks and migmatites a volume range is given due to
variations in different parts of the rocks (the table is based on data presented in Report no.
5 and references herein (cf. references in Chapter 8)).

Quartz Plagioclase K-feldspar Biotite Hornblende
(%) (%) IPerthite (%) (%) (%)

Bornholm Fine — coarse, Diabase up to 60 m wide,
Gneiss e = i3 foliated — banded aplite, pegmatite

Renne Granite 21 30 29 5 10 Medium Pegmatite, diabase
Paradisbakke Fine — medium, Pegmatite and aplite,
Migmatite 2 2540 HBE v g foliated sand-filled fractures
Vang Granite 27 22 33 8 5 Medium - coarse Pegmatite, aplite, dikes
Svaneke Pegmatite, aplite, dikes,
Granite & as 55 g z CrEs sand-filled fractures
Hammer 33 18 41 4 1 Fine — medium Pegmalite and aplite
Granite

G T 33 18 # 4 1 Medium - coarse  Diabase

Granite

Rock properties

Matrix porosity in crystalline rocks is usually less than 1% and is related to open inter- and
intragranular microfractures. In a homogeneous unweathered crystalline rock (an example is
shown in Figure 3.9), the matrix permeability is usually extremely small and nuclide transport
will occur by diffusion. Major fractures in crystalline rocks are typically generated from pro-
cesses such as contraction due to cooling, and tectonic stress and pressure relief during
uplift and erosion. Depending on the geological setting and development, these fractures
may "self-heal" by minerals precipitated from percolating water. If the rock is cut by fractures
or faults, it may result in a significant fracture permeability and enable fracture flow.

In natural exposures and quarries it is seen that the upper 50 — 100 meters of the basement
on Bornholm is often penetrated by horizontal and vertical fractures, but there is no data from
greater depths. Fractures and faults cross-cut structures and stratification in gneisses and
boundaries between different rock types. This indicates that structures in the crystalline rocks
had no influence on the occurrence of, or the orientation of fractures. The fractures are inter-
preted to be of tectonic and glacial origin (Report No. 5, cf. reference in Chapter 8.1). The
occurrence of dikes is associated with extensional faults and fractures where the rock has
been exposed to stretching.

GEUS 29



Figure 3.9. Unweathered Paradisbakke migmatite, Paradisbakkerne area, Bornholm.
Photo: Peter Gravesen.

Numerical modeling of nuclide transport in granite / gneiss has not been carried out in this
project phase, mainly because there is abundant knowledge from studies of the Swedish
basement, which in many ways is comparable to the basement on Bornholm. Information is
available from site investigations of pre-Cambrian basement in Sweden and Finland where
deep repositories are being established (SKB, 2021; Posiva, 2021).

3.6 Cenozoic clay and sand (not contributing to the ECZ)

Cenozoic sediments occur at depths to 500 meters in central and western Jylland. The sed-
iments consist of alternating layers of marine clay, deltaic sand, and fluvial sand deposits
(Figure 3.10), which locally can be several hundred meters thick (Report no. 2, cf. references
in Chapter 8.1).

Clay rich, laterally extensive marine sediments, which locally reach thicknesses of several
hundred meters, occur in the Paleocene and Eocene formations. Locally, the formations may
comprise plastic clay. Oligocene, glauconite-bearing and mica-rich clay and silt deposits with
thicknesses up to 170 meters are known from the eastern and central parts of Denmark.
Sand-rich sediments were deposited in a large delta system that extended from the western
part of Denmark into the North Sea area. In central Jylland, the Cenozoic record contains
thick deposits of fluvial Miocene sand, while the sediments to the southwest are dominated
by marine clay, silt, and fine-grained sand.
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Figure 3.10. Stratigraphic well log correlation showing that the amounts of sand and clay-
stone, respectively, vary significantly both horizontally (from west to the east across southern
Jylland) and vertically through the Miocene record (Rasmussen et al., 2010). The yellow and
orange colours show the presence of sand and gravel, the greyish colours show mudstone
dominated sediments.

Quaternary sediments

Pleistocene glacial and interglacial deposits reach maximum thicknesses of around 350-400
meters in northernmost Jylland, the southernmost parts of Fyn and in southwestern Jylland.
The glacial deposits comprise alternating layers of clayey and sandy tills (moraine clays and
sand) with large boulders, and meltwater deposits of gravel, sand, silt and clay. The litholo-
gies vary significantly both in vertical sections and horizontally over short distances due to
the variety of glacial processes that have eroded and deformed the near-surface layers, and
also have deposited sediments.

Shallow subsurface features referred to as buried valleys, are glacially eroded valleys that
have been filled with sediments. Their internal architecture and stratigraphic record reflect
that several events of erosion and deposition have taken place. Many valleys are sand filled,
and in some parts of Denmark they have been mapped in detail as the sand may be utilized
for groundwater extraction. Some valleys are locally incised to several hundred meters below
ground level (Report no. 7, cf. reference in Chapter 8.1).

To evaluate the risk of future erosion into the geological barriers of a deep repository it is
relevant to investigate the possibility of future, deep glacial erosion. The buried valleys are
often formed from repeated events of erosion and deposition. This indicates that glacial ero-
sion occurs preferentially in areas where former valley incision has occurred, which is often
associated with topographic lows and less consolidated sediments. Additionally, the valleys
seem to coincide with structural lineaments related to the presence of faults deeper in the
subsurface (Report no. 7, cf. reference in Chapter 8).
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4. OQOutlining geological areas

Based on the geology and the structural framework of the depth interval 0 to 500 meters, the
Danish onshore area has been divided into eleven areas. Each area is characterized by the
presence of a specific potential host rock of either Jurassic and Lower Cretaceous claystone,
Upper Cretaceous carbonate, or crystalline basement, at depths around 500 meters (Chapter
3). Additionally, the structural framework and complexity of the area has influence on the
horizontal continuity of the potential host rock as well as formations in the overlying sections.
The concept of host rock and barriers in the effective containment zone (ECZ) is illustrated
in Figure 2.3 (see also Figure 5.1 in Chapter 5). Crystalline rocks occur at shallow depths
only on the island of Bornholm. Where the top of the basement is near to, or at ground level,
crystalline rocks will constitute both the potential host rock and the barrier in the ECZ.

To provide an overview of the regional distribution of geological formations the depth and
thickness maps of the major stratigraphic units are presented in the following section. The
maps are presented together with an explanation on how the information should be read. In
chapter 6 the same thematic maps are presented in more detail for each area to illustrate
local conditions and variations. The maps form part of the data used for the evaluation of the
extent to which the defined criteria are favourable in each area. In addition, the detailed maps
can be used when specific sites for the detailed geological surveys are to be identified and
delineated. The geological record and the structural framework of the areas is illustrated by
representative cross-sections from different parts of Denmark.

The eleven areas are presented at the end of this chapter together with a brief geological
characterization with references to geological maps and cross-sections that illustrate the ge-
ology in the area.

4.1 Subsurface distribution of geological formations

The distribution of stratigraphic units in the Danish subsurface is illustrated in the regional
geological cross-section in Figure 4.1. It is seen that the Jurassic and Cretaceous for-
mations are widespread along the entire length of the cross-section, with greatest thick-
nesses in the Danish Basin, where they also occur at the greatest depth. The Upper Juras-
sic interval is in many areas absent, or so thin that it cannot be mapped seismically. Maps
and cross-sections therefore show the combined Lower Cretaceous and Upper Jurassic
section’s thickness. Cenozoic sediments are present with great thicknesses in the southern
part of the section in the Danish Basin and on the Ringkgbing-Fyn High, while the interval
is thin or absent on the Skagerrak-Kattegat platform to the north.

The stratigraphic units and subsurface structures have been mapped based on seismic
data and deep boreholes (Report no. 6, cf. reference in Chapter 8.1). In addition, thou-
sands of shallow groundwater wells have been used to map the Quaternary section that
generally occurs in the uppermost 0 to 100 meters of the record and only locally to greater
depths (Report nos. 2 and 7, cf. reference in Chapter 8.1).
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Figure 4.1. Geological cross-section showing the uppermost ca. 8 kilometers of the record.
It extends from the Skagerrak-Kattegat Platform in the northeast (NE), across the Sorgenfrei-
Tornquist Zone and the Danish Basin to the margin of the Ringk@bing-Fyn High to the south-
west (SW) (From Nielsen, 2003). The vertical scale is "Two Way Travel time” (TWT) — meas-
uring the time in seconds it takes for an acoustic wave to reach a major geological boundary

and travel back to surface. For location see Figure 4.2.
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Figure 4.2. The location of the NE to SW oriented regional cross-section in Figure 4.1 is
displayed with a red line on a structural map. The structural elements have a significant in-

fluence on the distribution and thickness of sedimentary deposits in the subsurface.
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4.2 Introduction to the geological maps

The geological maps are based on interpretation of seismic data and data from deep bore
holes, as presented in detail in Report No. 6 (cf. references in Chapter 8.1). The map in
Figure 4.3 shows the seismic data base and the varying density and quality of data is indi-
cated with different colours. The seismic data is collected mostly for projects focussed on
targets at several kilometres’ depth related to oil and gas exploration, gas storage and geo-
thermal projects. The shallow seismic data are acquired mainly for groundwater exploration
and geotechnical surveys and are generally of high quality (high resolution). The deep bore-
holes are unevenly distributed, with data of varying quality and level of detail. Most boreholes
have been drilled to test the presence of reservoir sandstone, whereas data from tight clay-
stones and carbonates have been of little interest and less data have been acquired from
these fine-grained sediments.

Geological maps showing the depths to the major geological unit boundaries, top Chalk
Group (Danian - Upper Cretaceous), base Chalk Group (top Lower Cretaceous), top Fjer-
ritslev Fm (top Lower Jurassic) and base Jurassic (top Gassum Formation) are shown in
Figures 4.4-4.7. The mapped stratigraphic units are identical to those shown in the regional
cross-section in Figure 4.1.

The depths refer to ground level, as the focus of this project is formations and rocks occurring
at depths to 500 meters below ground level. Contours on geological depth maps are usually
with reference to sea level (mean sea level, msl), therefore, if maps from the present study
are compared with geological depth maps produced for other purposes, the depths will be
different if they do not have the same reference level. On the maps, the coastlines are indi-
cated with a white line. The depths to the various geological units are also shown for the near
coastal areas to illustrate that the geology is continuous in the subsurface regardless of the
shoreline position and to indicate that offshore seismic data are also used for the geological
mapping. The seismic units have not been mapped on Bornholm, as deep seismic data only
exist from the sedimentary basins offshore Bornholm (Fig. 4.3). However, a map of the Ce-
nozoic interval on from Bornholm has been mapped based on borehole data.

All depth maps (Figure 4.4—4.7) are displayed with the same colour scale, showing depths
from O meters (ground level) to more than 1500 meters. It should be noted that for depths
exceeding 700 meters, each colour represents a depth range of more than 100 meters.

The colour scale for the thickness maps (Figure 4.9-4.12) ranges from 0 meters to more than
1500 meters and the same scale is used for all thickness maps. The different colours on the
colour scale represent different thicknesses, where the interval 0 to 200 meters is divided
into 50 meters intervals, i.e., thinner intervals than for the rest of the scale bar. This subdivi-
sion is made to enable the identification and distinction of areas where the thickness of strat-
igraphic intervals with potential host rock is 100 meters thick or more.
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Figure 4.3. Overview map showing the seismic database and location of deep boreholes.
The map illustrates a highly varying data density across Denmark and the colours indicate
the varying data quality; the yellow and light green colours represent high quality data. De-
tailed maps for local areas are presented in Chapter 6.

The depth and thickness maps produced from regional mapping of seismic data, are associ-
ated with uncertainty resulting from the variable distance between the seismic lines, the dis-
tance to well data, and the varying data quality (Figure 4.3). The uncertainty is 50 to 100
meters on depth maps, and up to 50 meters on the thickness of seismic units mapped in the
depth range 0 to 800 meters (Report no. 6, cf. reference in Chapter 8.1). The uncertainty
generally increases with increasing depth and increasing distance to well data. Locally,
where there is a good tie to high quality well data, the uncertainty is less, typically in the order
of 10-50 meters. The uncertainty is important to acknowledge when the individual areas are
characterized and evaluated with regards to whether a host rock with the required thickness
of at least 100 meters is present in the 400-500 meters depth range. The evaluation pre-
sented in Chapter 5 is based on the current knowledge of geological conditions in the areas.
When collecting new data targeting a depth range of 0 to 1000 meters at a site, a much
greater accuracy of depths and thicknesses is expected.

The depth maps (Figure 4.4—-4.7) show the depth to the regionally mapped stratigraphic in-
tervals. The top of the Chalk Group (Figure 4.4) occurs in the eastern and northern part of
Denmark at depths between 0 and 100 meters and at gradually increasing depths to the west
where it may exceed 700 meters in the western and southernmost part of Jylland. The base
of the Chalk Group (top Lower Cretaceous) occurs in most areas at depths greater than 700
meters (Figure 4.5). The base of the Chalk Group occurs locally at depths shallower than
500 meters only in the northernmost part of Jylland and in the Lolland - Falster area. The
Base Chalk Group map shows larger, mapped faults that intersect the surface. Some of the
major faults are bounding larger basins and highs, and thus have a significant impact on the
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distribution of the sedimentary deposits and the thicknesses of the stratigraphic intervals.
Numerous faults have been identified on seismic cross-sections (as illustrated in Chapter
4.3) but are not mapped in detail due to lack of data and are therefore not shown on the

geological maps.

Top Chalk Group
Depth below terrain
I -10-0m
I 200--100m
[ -300--200 m
[ 400--300 m
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[ -700 - -600 m
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B -<-1500m

50 75 100
1km

Figure 4.4. Top Chalk Group depth map. The map shows that the depth to top Chalk Group
varies from 0 to 100 meters in eastern and northern parts of Denmark (dark green) to more

than 700 meters in the western area (light purple colours).
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Figure 4.5. Base Chalk Group (Lower Cretaceous) depth map. The map shows that the base
of the Chalk Group only locally occurs at 400-500 meters depth in northern Jylland and the
southeastern parts of Denmark (yellow to green areas) and otherwise is generally deeper
than 600 meters (purple areas).
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Figure 4.6. Top Lower Jurassic depth map (Top Fjerritslev Formation). The map shows that
the Top Lower Jurassic generally occurs at depths exceeding 700 meters and only locally at
400-500 meters depth (yellowish colours).
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The base of the Jurassic (Figure 4.7) occurs at depths around 600—700 meters locally in the
Lolland-Falster area, but generally it occurs at depths greater than 1000-1500 meters.

The Cenozoic section includes Quaternary glacial deposits that constitute the uppermost,
and youngest part of the record. Valleys formed from glacial erosion can be mapped from
TEM data ("Transient Electro-Magnetism"), which recorded the electrical resistance in the
subsurface (Report no. 7, see references in Chapter 8.1). The valleys are referred to as
buried valleys and many are filled with sandy sediments. The map in Figure 4.8 shows the
extension of the TEM database and buried valleys that are mapped mainly from TEM data.
The map shows the horizontal extent of the valleys, but not the depth to the base of valleys,
which can be determined from seismic and well data.

The total thickness of the Cenozoic section is shown in Figure 4.9. In the eastern and north-
ern part of Denmark, the thickness is generally less than 200 meters, while thicknesses of
more than 500 meters occur locally in the western and northernmost parts of Denmark. The
Chalk Group occurs extensively, with highly varying thicknesses (Figure 4.10) from more
than 1500 meters in the central-northern Jylland and northern Sjeelland. The thickness is
decreasing towards the northern and southernmost areas where it typically less than 500
meters. The Chalk Group wedges out in the northernmost part of Jylland and north of Fred-
erikshavn it is absent.

Base Jurassic
Depth below terrain
I 00-0m
I 200--100m
[ -300--200 m
[ 400--300m
[ ] -500--400m
[ ] -600--500m
[ -700 - -600 m
[ -1000 - -700 m
I -1500--1000m
I <-1500m

Figure 4.7. Base Jurassic depth map. The map shows that the depth to base Jurassic varies
from more than 1500 meters in central parts of Jylland and northern Sjeelland (dark purple
areas) to 600—700 meters towards the southeast and in northernmost part of Jylland.
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Figure 4.8. Map showing the extension of TEM data (yellow) and mapped buried Quaternary
valleys (orange) (Sandersen et al. 2021).
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Figure 4.9. Cenozoic thickness map. The map shows that the thickness varies from 0-100
meters in the northern and eastern parts of Denmark (blue areas) to more than 500 meters
locally in western Jylland (light green areas).
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Figure 4.10 Chalk Group thickness map. Greatest thicknesses of more than 1500 meters
occur in a WNW-ESE trending area across Denmark (yellow areas). The thickness de-
creases to 200-500 meters both towards the north and the south (dark green).

Upper Jurassic sediments occur only in the northern part of Jylland. In many areas the thick-
ness is close to or below the limit of seismic resolution, therefore the combined thickness of
the Middle and Upper Jurassic, and Lower Cretaceous sections is shown (Figure 4.11). To
the south the Lower Cretaceous - Upper Jurassic interval is very thin (less than 50 meters,
dark blue areas, Figure 4.11) and claystone sections from this interval do not fulfil the 100
meters thickness requirement for potential host rock. However, when combined with clay-
stones in the Lower Jurassic section, there may be areas where the total thickness of clay-
stone is 100 meters or more. Therefore, a map of the total thickness of the Lower Cretaceous
and Jurassic intervals is also presented (Figure 4.12).

40 GEUS



L. Cretaceous —
M. Jurassic
Thickness

Bl <som

I s0-100m
I 100-150m
I 150-200m
[ 200 -500m
[ 500- 1000 m
[ 1000- 1500 m
[ ]>1s00m

50 75 100
1km

Figure 4.11. Thickness map of the Lower Cretaceous to Middle Jurassic interval. Thick-
nesses exceeding 1000 meters occur locally in northern Jylland (yellow areas) but generally

the interval is less than 200 meters thick (blue areas).
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Figure 4.12. Thickness map of the combined Lower Cretaceous and Jurassic sections. In
southern Denmark, the thickness is 0 to 200 meters (blue areas), but generally the section
has a thickness of several hundred meters (green areas) and locally reaches more than 1500

meters (yellow areas).
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4.3 Geological cross-sections

Geological cross-sections are presented to illustrate the structural and stratigraphic frame-
work of the subsurface and how it varies across Denmark. Focus is on the stratigraphic in-
tervals occurring in the depth range 0 to 600 meters and the structural elements (basins,
highs, and fault zones). The selection of representative seismic lines which the cross-sec-
tions are drawn from, is partly determined by the availability of seismic data in the different
areas. Where data exist from deep boreholes along the seismic line, the borehole is shown
on the cross-section and stratigraphic boundaries used for correlation to seismic data are
shown with yellow markers. The geographical location of seismic lines used for the drawing
of cross-sections, and the deep boreholes is shown in Figure 4.13.

The geological cross-sections are graphic representations of interpreted 2D seismic lines.
The horizontal scale is in kilometers, and it should be noted that the cross-sections represent
horizontal distances varying from 10 kilometers to more than 100 kilometers. The vertical
scale is “two-way time” (TWT) given in milliseconds (ms), which is the unit used for measuring
seismic reflections (see further explanation in Report no. 6, cf. references in Chapter 8.1).
To highlight the depth interval around 500 meters, the estimated position of the 400, 500,
and 600 meters contour lines are indicated with dashed lines. In areas where there is a good
correlation between seismic data and borehole data, the depth indication comes with little
uncertainty, whereas it is more uncertain with increasing distance to other seismic lines and
wells, especially in areas with dipping formation boundaries.

The cross-sections provide insight into the structural framework, both in terms of the pres-
ence and the distribution of the various stratigraphic intervals, and the geometries as con-
trolled by the structural development. In some areas the stratigraphic boundaries are near-
horizontal. In other areas large depth and thickness variations occur within short distances,
which reflect a complex tectonic history with fault activity and, in some areas, local remaobili-
zation of deeply buried Zechstein salt.

The cross-sections are described with emphasis on the upper part of the record in the time
interval 0—1000 milliseconds, which comprises the depth interval from 0 meters to more than
500 meters. Additionally, the focus is on identification and characterization of faults, which
are steeply dipping planes across which there have been relative displacements of the layers
on either side. The displacements can be horizontal or vertical, and along the fault plane,
microfractures may have formed due to fault movements. The presence of faults in an area
is an indication that earthquakes have occurred in geological time. Faults are shown on the
cross-sections as black lines that intersect and displace the geological formations. In areas
where many major faults occur within short distances (less than 10 kilometers), it can be a
challenge to identify areas with horizontally continuous host rock.

The vertical extension of faults as well as their geometries can be used to predict whether
faults are still active. If the fault plane extends all the way to the surface, there is a risk that
the fault is still active and that earthquakes may occur also in the near (geological) future.
Faults occurring only in the deeper parts of the record have been inactive for millions of years
and are generally not expected to reactivate within the time-period of natural stability required
for a suitable disposal site. Finally, it should be mentioned that many of the faults seen on
the geological cross-sections are not shown on the geological map (Base Upper Creta-
ceous). This is because in many cases there is not enough data to determine the extension
and orientation of the faults in map view (2D). For example, a fault seen on a north-south
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oriented seismic line may have an orientation varying from NE-SW to NW-SE in a map view,
and it may be misleading to draw the fault on a map without further data control. To get a
more complete picture of the geological and structural complexity of the individual areas, it
is therefore important to combine information from the available seismic lines with the geo-
logical depth and thickness maps.

The seismic data have typically been acquired for mapping of deeper parts of the subsurface,
and data from the near-surface layers are often of poor quality that does not enable a detailed
identification and mapping of faults in this part of the record. In cases where faults have been
mapped to continue into the Cenozoic sections, there is a possibility that they continue all
the way to the surface. Based on existing data, it is often difficult to determine whether the
faults continue to the surface, but the acquisition of new seismic data targeting shallower
sections is expected to enable detailed mapping of the shallower sections. The occurrence
of smaller, closely spaced faults in relatively steeply dipping layers, e.g. adjacent to salt struc-
tures or in fault zones is also important to recognize. Such faults may be associated with
fractures which may be open or closed depending on the present stress regime in the area.

Above each cross-section, the name of the area(s) represented is shown in blue (areas as
defined in Chapter 4.5). The major structural elements as shown in Figure 4.13 are indicated
below the cross-sections. Each cross-section is presented with an overview map showing
the cross-section's location with a red line.
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Figure 4.13 Locations of the geological cross-sections are indicated with red lines on a struc-
tural map. The profiles are shown in Figures 4.14 — 4. 27. The Ringkebing-Fyn High repre-
sents an area where basement rocks occur at relatively shallow depths (1-1.5 kilometers
below surface) compared to the Danish Basin and the North German Basin where basement
occurs at several kilometers’ depth. Cross-section no. 14 from Scania is based on regional
seismic data and represents an analogy to the geology of Bornholm (dotted line) where seis-
mic data are absent.
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Figure 4.14. Cross-section 1 extends from the Skagerrak-Kattegat Platform in the north across the Sorgenfrei-Tornquist Zone )
to the Danish Basin in the south, representing a length of approximately 100 kilometers. [] cenozoic

Upper Cretaceous

The Chalk Group constitutes most of the depth interval from near surface to more than 600 meters. Characteristic for the and Danian
geological section is that the stratigraphic units dip towards the south. The Chalk Group has an overall wedge-shaped Middle Jurassic —
geometry due to uplift and associated erosion to the north. Thus, in the northernmost part of the cross-section, the Chalk Group Lower Cretaceous
thickness is approximately 100 meters (127 meters in the Frederikshavn-1 borehole), where only the lower part of the section . Lower Jurassic

is preserved. To the south it achieves thicknesses in the order of 1000 meters. ZI Triassic / Gassum Fm

The thickness of the underlying Lower Cretaceous succession ranges from approximately 200 meters to several hundred
meters, with greatest thicknesses to the south. To the north, around the Frederikshavn-1 borehole, the Lower Cretaceous
section occurs at depths around 400 — 500 meters, but generally it occurs at depths exceeding 600 meters. D Pre-Zechstein

I:l Zechstein salt

In the southern and central parts of the cross-section, the interval from 400 meters and upwards consists mainly of the Chalk / Fault
Group which is succeeded by Cenozoic sediments. In the southern and central parts of the cross-section, the Cenozoic section
is approximately 100 meters thick, while it is up to 300 meters thick in the Nordjylland area to the north.

Numerous faults are seen in the cross-section; some are deep seated while others occur only in the shallower sections. The
distance between faults varies from a few kilometers to 10 kilometers. In the central part of the cross-section (Limfjord @st), a
complex system of faults extending from pre-Zechstein to Upper Cretaceous represents the Sorgenfrei-Tornquist Zone. Near
Frederikshavn-1, a fault is seen to extend into the Cenozoic section indicating it has been active during the Cenozoic time. In
parts of the Chalk Group, several minor, closely spaced faults occur above compression structures in the deeper sections.
These faults are formed by stretching of chalk layers above the compression structures and may be associated with fracture

systems. Figure 4.14
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Figure 4.15. Cross-section 2 extends from the Danish Basin in the southwest to the Sorgenfrei-Tornquist Zone in the northeast.

The cross-section shows that the area is structurally complex due to the presence of numerous large faults and salt diapirs. The
stratigraphic boundaries display varying dips and thicknesses within short distances, reflecting the different geotectonic regions. The
southern margin of the Danish Basin is characterized by a northwards dipping Top Pre-Zechstein surface associated with increasing
thickness of the Triassic to Upper Cretaceous stratigraphic interval in the central part of the basin towards the north.

In the southwest, Top Chalk Group occurs at 500 — 600 meters depth and is overlain by a thick succession of Cenozoic sediments.
In the Limfjord @st area to the north, Top Chalk Group occurs at or near surface and Base Chalk Group is at depths around 500
meters. The Middle Jurassic to Lower Cretaceous interval constitutes the depth interval from around 500 meters to 1000 meters or
more.

Several deep faults extending from the Zechstein salt into the Chalk Group, and in some cases further into the Cenozoic section,
occur at the southern basin margin, i.e., in Sydvestjylland and southwestern Midt-Vestjyllland. In the Midt-Vestjylland area, most
deep faults terminate within the Chalk Group. Faults occurring in the Sorgenfrei-Tornquist Zone (Limfjord @st) are relatively closely
spaced, and some continue into the Chalk Group. One fault near the Haldager-1 borehole extends to the surface. The southern salt
diapir penetrates the Chalk Group and terminates in the Cenozoic section at shallow depth.
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Figure 4.15
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Figure 4.16. Cross-section 3 extends approximately 90 kilometers from south to north through the northern part of D Cenozoic

the Danish Basin.
Upper Cretaceous

and Danian

Middle Jurassic —
Lower Cretaceous

The Cenozoic section varies in thickness from 400 meters in the south to 20 — 30 meters to the north where the
Top Chalk Group occurs at or near surface. The base of the Chalk Group occurs at depths exceeding 600 meters

along the entire cross-section.
. Lower Jurassic

Zechstein salt occurs widespread with varying thickness and gentle pillow structures have developed typically

above major, deep-seated faults. The undulating topography of Top Zechstein salt is reflected in the overlying [/] Triassic / Gassum Fm

Triassic to Lower Cretaceous succession and, to a lesser extent, in the Chalk Group. Several large faults extend . Zechstein salt
from the Zechstein salt into the upper part of the Chalk Group. Within the Chalk Group, closely spaced faults occur
in areas where underlying salt pillows occur at great depths in the Zechstein section. Most of these minor faults |:| Pre-Zechstein

terminate internally in the Chalk Group and show very little displacement, and they may be associated with locally / Eaut
generated extensional fractures which may be open or closed, depending on the local stress regime.

Figure 4.16



W

vymMm

Dstjylland
----------------------------------------- 400m -
R rmE e EEE e o e R R e S00m_ o=~

500 ms - T m
Chalk Group
1000 ms
Ga.
1500 ms — Ssum Fm
Triassic
2000 ms -
2500ms Zechstein salt =X
Pre-Zechstein
0 2 4 6 8 10km
3000ms -1 MO TN

Figure 4.17. Cross-section 4 illustrates an approximately 50 kilometer long, west — east oriented section through
the Danish Basin.

Along the entire length of the cross-section, chalk from the Chalk Group occurs in the 400 to 500 meters depth
interval. The chalk section is relatively thick, and the base of the Chalk Group occurs well below 600 meters. The
top of the Chalk Group occurs at depths around 100 meters (130 meters in the Rgnde-1 well), with increasing
depths towards the west (300 — 400 meters).

Several deep-seated faults extending from the Triassic into the lower part of the Chalk Group, occur east of the
Rende-1 well and are associated with salt withdrawal in the deeper Zechstein section. The geometry of gently
dipping salt pillows in the Zechstein section is reflected in the shallower Triassic to Middle Jurassic — and Lower
Cretaceous sections. A group of minor faults occurs within the Chalk Group above the western salt pillow. These
faults formed as the result of extension due to salt movement and they may be associated with fracture systems.
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Figur 4.18. Cross-section 5 extends 120 kilometers from north to south from the southern part of the Danish
Basin through the Brande Trough towards the margin of the North German Basin.

The Chalk Group has a rather uniform distribution and thickness along the entire section with the top of the

Chalk Group occurring at 400 meters depth and the base occurring at depths exceeding 600 meters. Likewise,

the overlying Cenozoic section has a uniform thickness of around 400 meters. Sediments from the Lower

Jurassic and Triassic (Gassum Formation) occur only in the Brande Trough in the northern part of the section at

depths around 1000 ms.

Structurally, the upper 500 — 600 meters of the stratigraphy are relatively undisturbed. Some minor faults,

extending from the upper part of the Chalk Group to the lower Cenozoic succession, occur with varying distance
between them (2 - >10 km). Numerous faults occur in the deeper parts of the section from top Zechstein salt to

the base Chalk interval. A few of these faults continue into the lower part of the Cenozoic section.
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Figure 4.19. Cross-section 6 illustrates an approximately 30 kilometer long, south — north oriented section of the
northern margin of the North German Basin.

The cross-section shows that Cenozoic sediments generally constitute the interval from surface to 400 — 500
meters depth, locally 600 meters, and the top of the Chalk Group therefore generally occurs deeper than 400
meters. The Chalk Group thickness is around 500 meters.

The Triassic, the Lower Cretaceous and the Upper Cretaceous/Chalk Group sections generally show uniform
thicknesses across the area. Depth variations reflect the topography of the underlying top of the Zechstein salt,
where salt remobilization has resulted in the formation of a salt ridge (drilled by the Tender-1 well). On the
northern side of the salt ridge, the salt is thin due to salt withdrawal into the salt ridge. This has caused subsidence
of the overlying sections and the formation of faults, most of which extend from the base of the Triassic into the
lower part of the Cenozoic section.
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Figure 4.20. Cross-section 7 illustrates an approximately 30 kilometer long, south — north oriented section across
the Ringkobing-Fyn High in the Fyn area.

The top of the Chalk Group occurs at depths around 50 — 100 meters and the base of the Chalk Group is at
depths exceeding 600 meters. The Chalk Group thickness increases slightly towards the north.

A large normal fault is present south of the Ringe-1 well and marks the southern boundary of the Ringkabing-Fyn
High. This fault extends from pre-Zechstein to ground level. It is associated with a large throw at Top Pre-
Zechstein level and the Triassic to Lower Jurassic sections are displaced to greater depths towards the south. The
Cenozoic section is slightly thicker south of the fault, indicating that the fault has been active recently during the
Cenozoic time period and may potentially be reactivated.

Several normal faults occur in the deeper sections extending from the pre-Zechstein at great depths into the
lowermost part of the Chalk Group.
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Figure 4.21. Cross-section 8 presents an approximately 30 kilometer, south — north oriented section from the D Cenozoic T
northern margin of the North German Basin towards the Ringkebing — Fyn High.
Upper C_retaceous

The Cretaceous sections have relatively uniform thicknesses along the entire profile, the Chalk Group being by far and Danian
the thickest. The base of the Lower Cretaceous represents a major unconformity as the Lower Cretaceous Middie Jurassic =

. . . . i . Lower Cretaceous
section rests varyingly on Triassic and Lower Jurassic sediments.

- Lower Jurassic
Along the entire profile, the Chalk Group occurs in the 400 — 500 meters depth interval. The top of the Chalk

Group occurs at 100 meters depth in the northern part of the profile increasing to 300 meters in the southern part. /] rassic / Gassum Fm
The Lower Cretaceous interval is very thin (near the limit of seismic resolution) and occurs generally deeper than D Zechstein salt

600 meters, except for in the northernmost part of the profile where it locally occurs at depths between 500 and

600 meters. Lower Jurassic sediments are found at 600 meters or deeper. |:| Pre-Zechstein
Deep-seated faults extend from the pre-Zechstein to shallow depths near surface. These faults form the / Fault

boundaries of small half-grabens. The thickness of the Lower Jurassic section varies from zero to several hundred
meters over short distances and is controlled by a complex interaction between the geometry of the fault-bounded
half-grabens and remobilized Zechstein salt in the underlying section.

Figure 4.21
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Figure 4.22. Cross-section 9 illustrates an approximately 15 kilometer long, west to east oriented section along
the northern margin of the North German Basin.

Characteristic for this section is the uniform thicknesses of the stratigraphic intervals from the Triassic Gassum
Formation to the Cenozoic section.

The top of the Chalk Group occurs at depths shallower than 100 meters below surface. The Chalk Group
thickness is around 450 meters, and the base occurs at approximately 500 meters depth. The Cenozoic section is
86 meters thick in the Sollested-1 well drilled in the thickest part of the section. Top Lower Cretaceous occurs at
approximately 500 meters depth and the Lower Cretaceous section is laterally continuous and generally around
50 meters thick. The Jurassic section varies in thickness from around 100 meters in the west to several hundred
meters to the east. Thus, sediments from the Lower Cretaceous as well as from the Jurassic section constitute the
sedimentary rocks in the 500 — 600 meters depth interval.

It is important to notice that the laterally continuous Gassum Formation to Chalk Group sections, displayed as
being without significant depth or thickness changes across the 15 kilometer long section, may be expected to
display significant variations over short distances in the north — south direction due to the presence of small, tilted
half grabens as illustrated in Figure 2.21.

Two deep faults related to salt remobilisation occur in the eastern part of the section with the easternmost fault
extending into the uppermost part of the Chalk Group.
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Figure 4.23. Profile 10 illustrates a 45 kilometer long northwest — southeast trending geological cross-section from D Cenozoic * y Strcuralmop
2, I amcaces. Base Cral Groug:

the eastern part of the Danish Basin.

Characteristic for this profile is that the Chalk Group has a uniform thickness of around 1000 meters (1008 meters
in the Stenlille-1 well), and it is overlain by 200 — 300 meters of Cenozoic sediments. Below the Chalk Group is a
thin section of Lower Cretaceous sediments and a thicker section of Lower Jurassic sediments.

Several faults, extending from the Zechstein salt into the lower part of the Chalk Group, are seen in the
southeastern part of the profile. They are clearly related to remobilization of salt, which has resulted in
displacement of the overlying sections. One fault continues into the Cenozoic section to a depth near terrain,
indicating that fault movements occurred in the late Cenozoic.
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Figure 4.24. Profile 11 illustrates an approximately 50 kilometer long, southwest — northeast oriented geological D Cenozoic T

cross-section through the eastern part of the Danish Basin.

|:| Upper Cretaceous
Characteristic for the cross-section is the relatively uniform thicknesses and undisturbed sections of the Triassic and Danian
to Cenozoic. The Chalk Group is around 1000 meters thick. The top of the Chalk Group occurs generally at 200 — |:| 'E'[',‘:gf ég;isé‘;u‘s
300 meters depth with the greatest depth near the Slagelse-1 well. Below the Chalk Group, there is a thin Lower

Cretaceous section and a thicker section of Lower Jurassic sediments. . Lower Jurassic

Along the entire length of the profile, the depth interval from 400 meters to 500 meters consists of chalk from the [/] Triassic / Gassum Fm

Chalk Group, and the base of the chalk sediments occurs several hundred meters deeper. The uppermost 200 — |:| Zechstein salt
300 meters of the section consists of Cenozoic sediments.

Two large faults extend from the Zechstein salt into the Cenozoic section where a small displacement is observed
across the faults indicating that the faults have been active during the Cenozoic. / Fault

Figure 4.24



Nordgstsjeelland

vy M

500 ms-

1000 ms—

Cenozoic

Chalk Group

1500 ms-

2000ms—{G E U S

Triassic

r_/—?re-Zechstein \\ 0 1 2 3 4 S5km

Q—A

Figure 4.25. Profile 12 illustrates an approximately 25 kilometer long, west — east oriented cross-section from the
northeastern margin of the Danish Basin.

Characteristic for this profile is the lateral continuity and uniform thickness of the sections from the Triassic
Gassum Formation to the Cenozoic. The Top Chalk surface occurs at depths from 50 meters to 150 meters and
the base is deeper than 1000 meters, thus chalk sediments constitute the dept interval from 400 to 500 meters.

Several faults occur in the deeper part of the cross-section extending from the Triassic sediments into the Chalk
Group, but with very small or no visible off-sets. A large, branched fault intersects the entire succession from pre-
Zechstein to shallow depths near terrain and, therefore, it is possible that the fault has been active recently. The
fault plane becomes less steep in an upwards direction suggesting that this fault is a transverse fault associated
with lateral displacement rather than vertical displacement.
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Figure 4.26. Profile 13 illustrates a west to east oriented cross-section extending from the easternmost part of the
Danish Basin across the northernmost part of the Ringkgbing-Fyn High.

|:| Cenozoic

Characteristic for this section is that the top of the Chalk Group occurs at depths from 100 to 200 meters and the Upper Cretaceous

Chalk Group has a relatively uniform thickness exceeding 1000 meters. Thus, along the entire cross-section chalk and Danian

sediments constitute the depth interval from 400 to 500 meters. Middle Jurassic -
Lower Cretaceous

In the central part of the profile, across the Ringkebing-Fyn High, three major faults intersect the entire section . Lower Jurassic

from pre-Zechstein to the base of the Cenozoic indicating that they have been active during the Cenozoic.

Significant off-sets occur in the deeper pre-Zechstein and Triassic sections, whereas very small off-sets are [/] Triassic / Gassum Fm

mapped at base and top of the Chalk Group. The middle fault branches off into a 2 — 3 kilometer wide system of
several minor faults. This fault geometry is typical of transverse faults with lateral displacement. Several minor
faults occur internally in the Chalk Group but with limited or no vertical displacement. / Fault

Figure 4.26
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Figure 4.27. Profile 14 shows a southwest — northeast oriented cross-section across the Sorgenfrei — Tornquist Zone in
southern Skéne, as presented by Graversen and Holm (2011). It illustrates the structural framework resulting from the
tectonic movements that have taken place in and around the Sorgenfrei — Tornquist Zone in the southwestern Baltic Sea
area. Therefore, it can be used as an analogy to the geological and structural conditions on Bornholm, which have not
been mapped seismically.

Along the profile, bedrock (grey signature) continues to great depths (much deeper than 2000 meters). Sedimentary
deposits (coloured signatures) occur in minor grabens and half-grabens overlying the bedrock.

Structurally, the profile is characterized by fault blocks that are displaced upwards and downwards creating a series of
horsts and troughs. Lindergdsasen in the middle of the profile is an uplifted horst consisting entirely of bed rock, while
the Colonus Trough immediately to the southwest is a graben structure filled with a thick section of sedimentary
deposits. Since Bornholm is located in the Sorgenfrei — Tornquist Zone close to the Skane area, it has the same tectonic
history and a similar structural framework as illustrated in map A (Graversen & Holm, 2011). Thus, Bornholm is
composed by a northern horst block of bedrock, and a southern trough comprising several smaller fault blocks, where
sedimentary rocks of highly varying age, lithology and thicknesses overlie the bedrock.
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4.4 Geological areas

Eleven geological areas have been outlined as shown with coloured polygons in Figure 4.28,
where major cities and community boundaries are also indicated. Only the onshore areas
within the polygons are of interest for potential radioactive waste disposal. In Figure 4.29 the
location of geological cross-sections, which illustrate the geology of the different areas is
shown. The extent of the areas is indicated above the cross-sections (shown in Figure 4.14—
4.27) and the structural elements are indicated below the cross-sections and on the inserted
structural overview maps. The cross-sections illustrate the typical geological record, and the
structural framework and complexity in the areas. Overview maps of depth and thicknesses
of the geological units are shown in Figures 4.4-4.12. Detailed depth and thickness maps
are presented for each area in Chapter 6.

The area outlines and the epicenters of registered earthquakes are indicated on the structural
map shown in Figure 4.30. In areas where seismic activity is registered, and major faults are
mapped to extend to near surface positions it is likely that future fault re-activation will be
associated with earthquakes. Therefore, it is important to characterize faults from seismic
data and map their extension both vertically and laterally to avoid disposal in sites with risk
of seismic activity.

The geological characteristics that have been used to distinguish the different areas are de-
scribed briefly in the following sections.
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Figure 4.28. Map showing outlines of the geological areas with different colours, major cities,
and community boundaries. Detailed maps for each area are presented in Chapter 6.
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Figure 4.29. Map showing the defined geological areas and the location of the cross-sections
no’s 1 to 14. Section no. 14 is from southern Sweden and represents an analogy to the
geological setting on the island of Bornholm (stippled line 14).
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Figure 4.30. Map showing the major structural elements at base of the Chalk Group, the
epicenters of registered earthquakes and outlines of the defined geological areas. The esti-
mated location of earthquake epicenters has an inherited uncertainty of 20 to 30 kilometers
cf. Chapter 2, Report no. 7).
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Nordjylland area

The Nordjylland area is situated on the Kattegat-Skagerrak Platform (Figure 4.30). It is char-
acterized by the presence of a relatively thick Cenozoic succession comprising predomi-
nantly Quaternary sediments. The succession reaches thicknesses of 350 meters in the
northernmost part of the area (Figure 4.9). The 40-500 meters depth interval comprises car-
bonates from the Chalk Group. The base of the Chalk Group occurs at a maximum depth of
around 700 meters. The Chalk Group thins towards the north where it pinches out due to
uplift and erosion (Figure 4.10).

The Lower Cretaceous succession occurs in the 400 to 500 meters depth interval in two
narrow belts formed due to tectonic compression and associated uplift in the northern part of
the area (Figure 4.5). Several deep faults extending from the pre-Zechstein succession into
the upper part of the Chalk Group occur in the area. The fault near the Frederikshavn-1 well
extends to shallow depths and terminates in the Cenozoic succession (Figure 4.14). Several
earthquakes have been registered in the area and the adjacent offshore areas.

Limfjord Ost area

The Limfjord st area is situated in the Sorgenfrei-Tornquist Zone (Figure 4.30) and is char-
acterized by the presence of large faults related to the Sorgenfrei-Tornquist Zone. In large
parts of the area the horizontal continuity of formations is limited due to off-sets along the
fault planes. In most of the area carbonates from the Chalk Group constitute the depth inter-
val from 500 meters to near surface and the Cenozoic succession thus varies in thickness
from O to 100 meters (Figures 4.9, 4.10, 4.14 and 4.15). Lower Cretaceous claystone occurs
in the interval from 500 meters to 1000 meters or more (Figure 4.4 and 4.10). Several earth-
quakes have been registered in the area and are possibly related to minor movements along
the major faults identified from the seismic data.

Midt-Vestjylland area

The Midt-Vestjylland area is situated in the central part of the Danish Basin (Figure 4.30)
where thick deposits of salt accumulated during the Zechstein time-period. The area is char-
acterized by structural complexity with abundant faults and salt diapirs and rather discontin-
uous stratigraphic units displaying significant changes of thickness and depths over short
distances (few kilometers) (Figures 4.14 and 4.15). Carbonates occur in the 400 to 500 me-
ters depth interval in most of the area, and the carbonates continue downwards to depths
exceeding 1000 meters. Characteristic for the area is the presence of a Cenozoic succession
with a thickness of several hundred meters. In the southwestern most part of the area the
thickness of the Cenozoic succession exceeds 600 meters and thus carbonate is absent both
in the host rock interval and the overlying ECZ. Several earthquakes have been registered
and they are possibly related to movements along faults that extend through the Cenozoic
succession to near surface.

@stjylland area

The @stjylland area is situated in the Danish Basin south of the Sorgenfrei-Tornquist Zone
(Figure 4.30). Carbonates from the Chalk Group crop out at surface locally in the eastern
part of the area. The top of the Chalk Group occurs at increasing depths towards the south-
west where it occurs at depths from 200 to 400 meters. Correspondingly the Cenozoic suc-
cession is thin to absent in the eastern parts of the area and reaches thicknesses of around
400 meters to the west where the top of the Chalk Group is at greatest depths (Figures 4.16
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and 4.17). The carbonate thickness generally exceeds 1000 meters and is found in the depth
interval from 400 to 500 meters. Several faults are identified in the area, some are associated
with salt structures and others are related to the Sorgenfrei-Tornquist Zone. Most faults have
only slight vertical off-set along the fault plane, and they terminate internally in the Chalk
Group carbonates. However, some faults are observed to extend into the Cenozoic succes-
sion. A few earthquakes have been registered in the area.

Sydvestjylland area

The Sydvestjylland area is situated on the Ringkgbing-Fyn High (Figure 4.30). The area is
characterized by a rather simple structural framework with horizontal bedding and horizon-
tally continuous stratigraphic successions (Figure 4.18). The Cenozoic succession is rather
thick especially to the west where it locally exceeds 600 meters in thickness. The top of the
Chalk Group generally occurs at depths around 400 to 500 meters and the base of the Chalk
Group is found at depths exceeding 800 meters. A few deep-seated faults are seen to extend
into the Cenozoic succession. Only one earthquake has been registered in the area within
the period of seismic monitoring.

Sgnderjylland area

The Sgnderjylland area is situated south of the Ringkabing-Fyn High at the margin of the
Northern German Basin (Figure 4.30). It is characterized by a Cenozoic section with a thick-
ness exceeding 400 meters in most of the area (Figures 4.18 and 4.19). An east-west ori-
ented salt ridge is present parallel to the Ringkgbing-Fyn High. Numerous deep faults ex-
tending into the Cenozoic succession occur in the area, related to remobilization of the Zech-
stein salt. Due to the presence of numerous faults and remobilized salt, the depth to top of
various stratigraphic units changes significantly over short distances, thus resulting in limited
horizontal continuity of the successions. In most of the area the interval from 400 to 500
meters comprises Cenozoic sediments and only in the easternmost part of the area is car-
bonate present in this interval.

Fyn area

The Fyn area is situated above the Ringkgbing-Fyn High (Figure 4.30) and is characterized
by a relatively simple structural framework of the shallower successions (Figure 4.20). The
top of the Chalk Group occurs at depths from 50 to 200 meters and the carbonate section
continues to depths of 700 meters or more. The overlying Cenozoic succession is 50 to 200
meters thick with the greatest thicknesses to the south. The area is tectonically stable as it
is situated above the quiescent Ringkgbing-Fyn High. The west-east trending structural high
is bounded by a few major faults extending into the Cenozoic section. Few earthquakes are
registered in the area.

Sydlige @hav area

The Sydlige @hav area is situated south of the Ringkgbing-Fyn High in the northern part of
the North German Basin (Figure 4.30). The structural framework below the base of the Lower
Cretaceous is complex and characterized by the presence of narrow east-west trending half-
grabens filled by Jurassic sediments and bounded by deep-seated faults (Figures 4.21 and
4.22). Additional faults occur associated with remobilization of Zechstein salt. The top of the
Chalk Group occurs at depths varying from ground level; as for example at the coastal cliffs
of the island of Mgn, to depths around 100 meters. The base of the Chalk Group occurs at
depths of 400 to 600 meters in the central and southern parts of the area and generally the
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depth varies significantly over short distances. The depth interval 400 to 500 meters is thus
composed variably of carbonates and / or Lower Cretaceous and Jurassic argillaceous sed-
iments. The Lower Cretaceous succession is generally less than 50 meters thick, but the
combined thickness of Lower Cretaceous and Jurassic successions locally reaches thick-
nesses of several hundred meters, however with significant variations over short distances
(Figure 4.21). Most faults in the area terminate below or near the base of the Chalk Group
whereas a few extend into the Cenozoic succession and possibly to near terrain surface. A
few earthquakes have been registered in the area.

Sydvestsjeaelland area

The Sydvestsjeelland area is situated in the eastern part of the Danish Basin (Figure 4.30).
The top of the Chalk Group occurs at depths varying from surface level to 400 meters depth,
with the greatest depths occurring in the northwestern part of the area. In the southern part
of the area top Chalk generally occurs at depths varying from surface level to around 200
meters depth. The Chalk Group thickness increases from 700 meters in the southern part of
the area to more than 1500 meters in the north. The thickness of the Cenozoic succession
corresponds to the depth to the top of the Chalk Group and thus varies from 0 to 400 meters.
Numerous faults occur in relation to remobilised salt (Figures 4.23 and 4.24). Most faults
extend vertically to near base Chalk or slightly into the carbonate succession, but some faults
are mapped to extend into the Cenozoic succession. Several earthquakes have been regis-
tered in the northern part of the area and are probably caused by minor movements along
existing faults in the area.

Nordgstsjeelland area

The Nordgstsjeelland area is situated in the easternmost part of the Danish Basin and is
bounded by the Sorgenfrei-Tornquist Zone to the east (Figure 4.30). The top of the Chalk
Group occurs at depths from 50 to 150 meters and the Chalk Group thickness exceeds 1500
meters in most of the area. Several deep-seated fault systems with lateral displacement oc-
cur in the area. The faults are mapped to extend vertically to depths from around 100 to 50
meters below terrain. The mapped fault-termination at shallow depths suggests that fault
movements may have occurred recently (Figures 4.25 and 4.26). Minor earthquakes are reg-
istered frequently in the area probably related to movement of faults within the adjacent
Sorgenfrei-Tornquist Zone or other locally mapped.

Bornholm area

Bornholm is an island situated east of the Sorgenfrei-Tornquist Zone's at the fault zone’s
southeasternmost extension (Figure 4.30). Bornholm comprises two geologically different
areas. In the northern and central parts, crystalline basement rock comprising Precambrian
granite and gneiss occurs at shallow depths in a horst block bounded by major faults (Figure
4.31). The basement rocks are commonly covered by a thin succession of Quaternary sedi-
ments, and they crop out at numerous places in the area. The Bornholm area is not covered
by seismic data and the geological model shown in Figure 4.27 is from southern Sweden
where the structural setting can be regarded as an analogue to the geology of Bornholm.
The model illustrates that in areas where the crystalline basement occurs at shallow depths
it is expected to continue deep below the surface. The basement rocks will thus constitute
both the potential host rock at 400 to 500 meters depth and overlying barriers in the ECZ.
Within the basement area a few major faults have been mapped in addition to numerous
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factures visible at the surface. One earthquake has been registered on Bornholm in the ob-
servation period and a few are registered in the nearby offshore areas (Figure 4.30).

The southern part of Bornholm is characterized by the presence of numerous small, fault-
bounded half grabens containing variable sedimentary deposits of different ages (Figures
4.28 and 4.31). Due to the very limited lateral extension of the sedimentary sections in each
fault block this area is not considered as relevant for detailed site investigations of a potential
host rock.
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Figure 4.31. Simplified geological map of Bornholm at the base of the Quaternary (modified
from Varv, 1977). The yellow polygon outlines the area where crystalline basement rocks of
granite and gneiss occur at or near surface.
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5. Application of criteria in area evaluation

For each criterion, geological properties or conditions that are regarded as being favourable
have been defined. The presence of favourable properties is evaluated and scored, and sub-
sequently the property scoring is used as the basis for the overall criteria evaluation. In the
following section is a description of how the properties are evaluated and how they are used
for a qualitative evaluation of the criteria. The criteria evaluation is presented by a colour
score with three levels. As the amount of detailed data from depths around 500 meters in the
Danish subsurface is limited, the evaluation of how geological properties and conditions fulfill
the criteria is qualitative at this stage of the siting project.

Figure 5.1 shows a conceptual geological situation with the top of a host rock interval for
disposal occurring in the 400-500 meters depth interval, and carbonates constituting the
additional barrier in the overlying ECZ. The evaluation of whether criteria for the depths and
thicknesses of potential host rocks and barriers in the ECZ are favourable is made with ref-
erence to the terminology shown (Figure 5.1). In areas where crystalline basement rocks
occur at ground level the geological record is simple as these rocks constitute both the po-
tential host rock and the barrier in the ECZ. Groundwater interests may exist in the uppermost
part of the record in all areas. Groundwater interests occur extensively in fractured car-
bonates, in Cenozoic sand, and in fractured basement.

Terrain —_—>

Sand, silt, clay

Groundwater interests
and carbonate

TopECZ - >

Effective Carbonate/marl
containment zone approximately 250 m

Top host rock
400 -500 m
Disposal in host rock

»
g

Carbonate or claystone

100 m
Base hostrock ——————»
Tight rock below Carbonate or G
base of host rock
claystone i

GEUS

Figure 5.1. The figure illustrates a conceptual sedimentary succession and the terminology
applied for the criteria evaluation. The top of a host rock for deep geological disposal is lo-
cated at a depth between 400 and 500 meters. Overlying is a 250 meters thick section of
carbonates, which constitutes the barrier rock in the effective containment zone (ECZ).
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5.1 Properties of host rock and barriers in the ECZ

The geological requirements for a host rock as given in B90 (Danish Parliament, 2018) are
a geologically homogeneous and low permeability formation with a thickness of at least 100
meters, which is laterally extensive without significant discontinuities. These requirements on
the spatial extent are made to ensure that the geological properties and conditions can pro-
vide effective barriers in the subsurface, and that the geotechnical properties are suitable for
the establishment of a repository. A homogeneous host rock with low permeability will pro-
mote a diffusion dominated transport of nuclide transport which occurs at extremely low rates.
The host rock formation must be laterally continuous without major faults or other disconti-
nuities to avoid nuclide transport by advective flow in fractures and high permeable zones
that might constitute release pathways in the rocks.

The presence of low permeability sections overlying the host rock will provide additional bar-
riers and the interval is referred to as the effective containment zone (ECZ, Figure 5.1). For-
mations in the ECZ must also be lithologically homogeneous and laterally continuous without
major discontinuities in order to provide an efficient barrier to flow. The combined barrier
effectiveness of the host rock and the ECZ must ensure the retardation of radioactive nu-
clides in the deep subsurface both in the short and long term.

Due to the scarcity of data from 500 meters depth in the Danish subsurface, the evaluation
of permeability is at this stage largely inferred, based on the presence of clay in the sediments
and the clay mineralogy. A high content of clay-sized particles and clay minerals will promote
a low permeability of the rock and is therefore regarded as a favourable property. Addition-
ally, the presence of the clay mineral smectite may retard nuclides by sorption and may thus
promote geochemical retardation or retention of nuclide transport.

Specific geological properties that promote effective barriers in the host rock and the ECZ
are listed in Table 5.1 (Criteria 1.1-1.4). In Report no. 1 (cf. References in Chapter 8.1) a
detailed presentation of all criteria in this group and their relevance for safety in the short-
and long-term is given.
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Table 5.1. A list of criteria and associated favourable properties and conditions for host and
barrier rocks (criteria group 1).

Criteria Favourable properties

1.1 Spatial extent . Host rock thickness is 100 m or more
. Host rock occurs at around 500 m depth
. Hostrock has a lateral extent of 5x5 km or more
. Host rock is lithologically homogenous (vertically and laterally)
. Barrier rock is 250 m thick
. Barrier rock has a lateral extent of 5x5 km or more
. Barrier rock is lithologically homogenous (vertically and laterally)

1.2 Hydraulic barrier - Hostrock has a very low permeability (promotes diffusion dominated
effectiveness nuclide transport)
. Barrier rock has a very low permeability (promotes diffusion
dominated nuclide transport)

1.3 Geochemical . Host rock matrix has a high content of clay minerals
conditions for . Host rock contains smectite
retardation . Barrier rock matrix has a high content of clay minerals
. Barrier rock contains smectite
1.4 Release . Laterally widespread, high-permeable layers are absent in host rock
pathways . Laterally widespread, high-permeable layers are absent directly

below host rock (at appriximately 500 m depth)

. Laterally widespread, high-permeable layers are absent in barrier
rock

. Large open fractures, extending from host rock to the top of the
barrier rock, are absent

5.2 Natural stability

A summary of properties and conditions related to natural stability is presented in Table 5.2.
Reliable prediction of natural stability in the area is important to minimize the risk of the geo-
logical barriers being compromised by the formation of release pathways. Release pathways
may be generated along fault planes of reactivated faults, from deep erosion into formations
in the ECZ or from microfractures generated in the host rock or ECZ after closure of the
repository.

The natural stability of the geological barriers in the area (criterion 2.1, Table 5.2) is evaluated
based on the registered seismic activity and whether deep seated faults with fault-planes
extending to near-surface are present. Potential reactivation of faults may result in the for-
mation of microfractures along the fault planes which may constitute temporary flow fairways.
Major faults can be identified and mapped in detail from closely spaced seismic data and
areas and sites with major faults extending to near-surface positions can be avoided.

Another process that may compromise the geological barriers in the long term is glacio-tec-
tonic deformation. Glaciotectonic deformation of sedimentary successions as thick as 300
meters is observed in costal cliffs and from seismic data. The deformation occurred due to
the progression of thick ice-sheets formed during periods of glaciations (Reports no. 2 and
no. 7, cf. references in Chapter 8.1). It is therefore assumed that deformation during future
glaciations may reach as deep as 300 meters below ground level. However, it is predicted
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that the next glaciation will most likely occur at the time when a significant amount of the
radioactive material has decayed. With the present CO; levels, the next glaciation has been
modeled to take place in 100,000 to more than 800,000 years from now (Report no. 7, jf.
references in Chapter 8.1).

The possibility that earthquakes will occur in the very near future exists mainly in areas where
faults extending to surface or near-surface positions occur and where seismic activity has
been registered. Thus, when evaluating and scoring the natural stability of an area (criterion
2.1) most emphasis is put on the risk of earthquakes as they may occur during the entire time
period from today and until the radioactive material in the repository has decayed, thousands
of years from now. Fault reactivation may cause temporary flow paths to be generated along
fault planes and may occur at any time, thus the risk of fault movements has more impact on
natural stability than the risk of deep glacial deformation which is unlikely to take place in the
near future.

The risk that deep erosion may compromise the geological barriers is also evaluated. The
Danish terrain is of low relief with altitudes varying from 0 to less than 200 meters above
mean sea level. The low relief and the low tectonic activity in the Danish area means that the
rate of surface erosion is small compared to areas with high gradients and high rates of
tectonic uplift.

One process that may cause erosion to depths of several hundred of meters is glacial inci-
sion. The presence of glacial valleys in the Danish subsurface indicates that glacial incision
occurred extensively to depths varying from a few tens of meters to several hundred meters
locally. These valleys, referred to as buried valleys, are filled with sand and mudstone which
often represent multi-layered deposits from several episodes of glacial erosion and subse-
quent deposition of sediments. The valleys have been reactivated several times showing that
glacial erosion occurred predominantly in areas with pre-existing low relief and/or easily erod-
ible unconsolidated sediments. It is therefore assumed that erosion during future glaciations
will take place predominantly in areas with buried valleys and/or areas with relatively high
surface relief such as rivers and fiords. TEM data has been used for the mapping of numer-
ous buried valleys (Fig. 4.8) and areas where no valleys have been identified from the TEM
data are assumed to be less exposed to future deep glacial erosion.

In case the repository compacts over time or gas pressure builds up, micro fractures may
generate in the host rock and eventually propagate to the overlying barriers in the ECZ. If
calcite or swelling clay such as smectite is present in the rocks, microfractures may self-heal
and the effectiveness of the barriers will not be compromised.
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Table 5.2. List of criteria related to natural stability (criteria group 2) and the associated fa-
vourable properties and conditions.

2.1 Stability of the . Frequency and magnitude of registered earthquakes is small, and
site and rock reactivation of possible deep-seated faults is not expected
properties +  Glacio-tectonic deformation and vertical fracturing caused by future

glaciation is expected to affect only formations close to terrain and the
shallower parts of the barrier zone (depths of maximum 300 m below

terrain)
2.2 Erosion . Deep, buried, sand-filled Quaternary valleys are absent
2.3 Repository . Smectite and / or montmorillonite is present in the host rock

induced influences . Smectite and / or montmorillonite is present in the barrier rock
. Calcite is present in the host rock

5.3 Geotechnical feasibility

In this initial phase of the geological siting project, the geotechnical properties of the subsur-
face are assessed only in general terms, based on the rock types and the tectonic setting of
the areas, due to the absence of requirements related to a specific repository design concept
and lack of data.

In the next project phase with detail geological investigations, emphasis will be put on the
acquisition of geotechnical data for the investigation and characterization of the properties of
each site. Geological properties and conditions that may have an impact on the geotechnical
feasibility for construction of a deep repository and for the barrier effectiveness are listed in
Table 5.3. Experience from constructions in the Danish subsurface exist mainly from depths
less than 50 meters below surface and are related to quarrying and the construction of
bridges, tunnels, and metro lines. One deeper construction in the Danish subsurface is the
gas storage facility at Stenlille, where a cavern has been established in a high-permeablity
sandstone at depths of around 1500 meters and in Lille Thorup where a cavern for gas stor-
age was constructed in a thick formation of rock salt at 2—-2.5 kilometers depth. This deep
construction work was carried out using bore holes.

Geological conditions that may impact the subsurface geotechnical feasibility have been as-
sessed preliminarily based on general knowledge. Isotropic tectonic stress is regarded as a
favourable condition which is expected to exist in areas with horizontal layering and very low-
angle dipping layers in the subsurface formations. In contrast, steeply dipping beds associ-
ated with major faults and/or salt structures are assumed to be associated with anisotropic
stress conditions which is less favourable.

Laterally extensive layers or zones of high permeability rocks such as sand or fractured car-
bonate or granite may focus flow of ground water. The presence of high permeability zones
is unfavourable due to the risk of discharge of large amounts of water into the construction
site. Additionally, high permeability layers may have less strength, thus increasing the risk of
instability which requires structural support of the construction.
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Table 5.3. List of criteria related to geotechnical feasibility (group 3) and the associated prop-
erties and conditions.

Criteria Favourable properties

3.1 Rock mechanical - The geological formations are horizontally or near-horizontally stratified
properties and = The host rock contains smectite or precipitated calcite in fractures
conditions - In the host rock, unconsolidated sand and fractures are absent

= The barrier rock contains smectite or precipitated calcite in fractures

« In the barrier rock, unconsolidated sand and fractures are absent

= The barrier rock does not contain thick layers of plastic clay

3.2 Underground « The barrier rock does not contain thick and laterally widespread sand
access and drainage aquifers or fractured zones with high permeability
« Large open fractures or faults extending from the surface to more than
500 m are absent

5.4 Reliability of new geological data

This group of criteria is relevant for the detailed geological site investigations. They are de-
fined with the aim of evaluating whether proven and reliable data acquisition methods exist
for generation of data for the characterization and evaluation of properties, if the surface
terrain and geological conditions are suitable for the site investigations, and if data of high
quality and low uncertainty can be provided (Table 5.4).

Characterization of rock properties from the site investigation requires detailed data on the
lithological homogeneity/heterogeneity of the rocks, the mineralogical composition, variations
in porosity and permeability and a geological setting where the rock properties can be ex-
pected to be highly representative within a distance of several kilometers from the borehole.
A prerequisite for borehole data to be representative for a site is that the host rock and the
ECZ formations are laterally homogeneous, occur at constant depth and that significant thick-
ness changes do not occur over short distances.

The possibilities for detailed and precise mapping of formations in the subsurface depends
on the thicknesses of individual lithological units and whether lithological contrasts at for-
mation boundaries can be identified from seismic data (i.e. as a seismic reflector). A gentle
surface topography and lithological homogeneity in the near-surface layers will have a sig-
nificant impact on the possibilities for acquisition of high quality, high resolution geophysical
data. A favourable situation is where surface layers are water saturated to shallow depths
(near ground level) and without large morphological contrast such as locally occurring
swamps, lakes, or dune fields.

The possibility for acquisition of data that can be used for evaluation and prediction of natural
stability and potential future changes is also evaluated. Geological processes that are likely
to influence the subsurface layers within the lifetime of a repository (thousands of years) can
be identified and characterized based on knowledge about geological and tectonic develop-
ment in the area and processes that have formed the landscape. By taking natural processes
into account, the risk that the geological barriers of a repository will be compromised can be
addressed and mitigated.
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Table 5.4 List of criteria related to reliability of new geological data (group 4) and the asso-
ciated favourable properties and conditions.

Criteria Favourable properties

4.1 Ease of = The host rock has a uniform thickness and stratigraphy, so identical
characterisation of properties can be expected over larger areas
the rock . The barrier rock has a uniform thickness and stratigraphy, so

identical properties can be expected over larger areas

. Data from drill cores and borehole logging in new boreholes will
provide detailed and reliable information on the homogeneity and
variability of the host rock properties

. Data from drill cores and borehole logging in new boreholes will
provide detailed and reliable information on the homogeneity and
variability of barrier rock properties.

4.2 Explorability of . Lithological contrasts in the subsurface enables detailed mapping
spatial conditions oflayers and boundaries, architecture and faults based on seismic
and / or other geophysical data
- Surface conditions, topography and depth to the saturated water
zone allow the collection of high-resolution geophysical data

4.3 Predictability of - Larger faults and salt diapirs can be identified and mapped
long-term changes . Buried sand-filled Quaternary valleys can be mapped based on
new geological and geophysical data

5.5 Scoring of the geological properties

A qualitative evaluation of to what extent each criterion is fulfilled in each of the eleven areas
is made based on existing data and knowledge. The evaluation is based on the predominat-
ing conditions in each area and does not include locally occurring variations, but local varia-
tions may be mentioned in the evaluation. When a criterion is scored as favourable in an
area this means that reliable data show that most of the related properties fulfil the criteria in
most of the area.

The criteria evaluation is carried out in two steps. The first step is an evaluation of whether
favourable geological properties occur (Tables 5.1-5.4) and the result of this evaluation is
presented as a sub-score with three levels (Figure 5.2). Based on all the sub-scores each
criterion is subsequently scored qualitatively on a scale with three levels (Figure 5.3). The
scores are defined as suitable, potentially suitable, and less suitable and the score is shown
using green, yellow, and orange, respectively. The score represents an evaluation of both
the geological properties and the level of confidence as determined by the amount and reli-
ability (quality) of available data. This qualitative approach with a 3-level scale enables a
relatively simple and transparent evaluation of to what extent the geological properties and
conditions are suitable, or less suitable, based on the available data and knowledge.
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Scoring of properties related to criteria:
Data shows unfavourable properties related to criteria
+ Data shows partially favourable conditions, or data from analogues indicate favourable properties and conditions

++ Data from the area shows predominantly favourable conditions

Figure 5.2. The evaluation of geological properties associated with each of the defined cri-
teria (as listed in Tables 5.1-5.4), is presented with the assignment of a sub-score with three
levels as shown in this figure. The sub-scores of properties related to each criterion provide
the basis for the criteria evaluation where the evaluation is presented with a colour as illus-
trated in Figure 5.3. The sub-scores of properties and conditions for all areas is presented in
detail in Enclosure A.

Emphasis has been placed on ensuring a consistent and transparent criteria evaluation with
regards to how the sub-scores are weighted and how many + and ++ result in a green or
yellow score. All the sub-scores of properties and the scores of criteria together with relevant
comments are presented in Enclosure A.

A green score for a criterion indicates that the related properties are predominantly suitable,
and that the evaluation is based on representative and reliable (good quality) data. The green
score also indicates that the risk of encountering data showing unfavourable conditions dur-
ing the detailed site investigation is regarded as small. For criterion 1.1 on the spatial distri-
bution of rocks, a favourable situation requires the presence of a 100 meters thick, horizon-
tally extensive host rock at a depth around 500 meters and the presence of an overlying
horizontally extensive barrier (in the ECZ), which in combination can provide the necessary
geological barriers for deep disposal. For the evaluation of other criteria where properties are
defined for both the host rock and the ECZ, the score for the host rock will be weighted
highest as the presence of a host rock is a prerequisite for a deep geological repository.
Furthermore, this is to honor that the geological requirements given in Danish Parliament’s
decision B90 (Danish Parliament, 2018) all relate to properties of the host rock.

A yellow score for a criterion indicates that some of the geological properties have been
evaluated as favourable based on either limited data, data of questionable or fair quality
and/or data from good representative analogues (same rock type and/or geological setting)
presented in the literature. An example of data of fair quality could be a well log with low
vertical resolution, or data from a borehole drilled to the stratigraphic interval of interest at a
distance of tens of kilometers from the area. A yellow score thus indicates that favourable
properties can be expected based on available data and analogues, however with some un-
certainty associated with the evaluation. For properties with a yellow score, it is expected
that the acquisition of new data will prove the presence of generally favourable properties,
with only a minor risk that favourable properties and conditions will not be confirmed by the
site investigations.

An orange score is given when reliable and good quality data indicates that the geological
properties and conditions are generally less favourable, and do not fulfill the defined criterion.
Specifically, for criterion 1.1 related to the spatial extension of rocks, a less favourable sub-
score of a property related to the host rock will result in an orange score for the overall crite-
rion. This is because a site can only be suitable for disposal at 500 meters depth if both a
horizontally extensive host rock and a barrier in the ECZ are present. In areas where the
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horizontal continuity is less favourable due to the presence of numerous, closely spaced
faults, comprehensive mapping is needed to identify areas with the required horizontal con-
tinuity to fulfill the criteria. In areas with closely spaced faults there is a risk that spatial ex-
tension cannot be confirmed by detailed site investigations. Additionally, if a high frequency
of earthquakes is registered in areas where faults are mapped as extending to near surface,
there is a significant risk of fault reactivation and associated occurrence of earthquakes. In
these cases, detailed seismic mapping is highly important to avoid sites where long-term
stability may be compromised by fault reactivation and associated formation of flow paths.

An orange score of one or several criteria in an area does not mean that potential sites for
deep geological disposal cannot be identified in the area. Rather, an orange score indicates
that less favourable properties must be mitigated by the presence of other favourable prop-
erties, or by the design of the facility and the engineered barriers. One example could be an
area where the thickness requirements for barriers in the ECZ are not fulfilled, but the geo-
chemical properties are very favourable and contribute significantly to the required retarda-
tion of nuclides. Another situation could be an area where a host rock with favourable prop-
erties exists only at depths below 500 meters, which is too deep to fulfill the criteria on spatial
distribution. In this situation it might be considered whether disposal at a depth exceeding
500 meters could be a feasible option.

m Supporting data

Suitable Reliable data shows predominantly
favourable properties. Little uncertainty

Potentially | Data and / or analogues indicate that
suitable favourable properties are expected to be
present, however with some uncertainty

Less Reliable data shows that geological
suitable properties and conditions generally do not
fulfil the defined criteria

Figure 5.3. Overview of the colour scores that are applied in the criteria evaluation.
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6. Areacharacterization and evaluation

For each area, a qualitative evaluation is made on whether the geological properties and
conditions related to each of the criteria are favourable. In areas where both carbonate and
claystone occur at depths of around 500 meters, an evaluation has been made for each type
of potential host rock. The evaluations are based on the knowledge about the properties of
carbonate, claystone and basement as summarized in Chapter 3. Data regarding local geo-
logical properties and conditions are presented as figures and maps for each area.

The results of the criteria evaluation are presented with a short description of favourable
properties and conditions for each area. Criteria evaluated as being less favourable are
briefly explained with regards to the selection of a site for detailed geological investigations
in the project’s next phase. In some cases, the potential implications for a deep disposal
concept in the area is discussed briefly with comments regarding identified potentially miti-
gating actions.

Each section (sections 6.1-6.11) includes a map of the area's geographical extent and the
location of municipal boundaries, refences to geological cross-sections that illustrate the typ-
ical stratigraphy and structural geological framework of the area, and a map presenting the
seismic database and deep wells. Lithological interpretations of representative borehole logs
of the 0 to 800 meters depth interval, and descriptions of drill cores, where available, from
the potential host rock interval are presented subsequently. These figures illustrate the lithol-
ogy and homogeneity (or inhomogeneity) of the potential host rock, and the barriers in the
overlying ECZ. The barrier rock is carbonate in all areas except for Bornholm where base-
ment provides both the potential host rock and the barrier in the ECZ (as illustrated in Figures
2.3 and 5.1). Petrophysical log interpretations from boreholes have been used to evaluate
criteria 1.1, 1.2, 1.3, 1.4, 2.3, 3.1, 3.2 and 4.2.

Detailed depth and thickness maps are shown for all the mapped intervals in all areas for the
sake of completeness, even though some intervals occur at depths exceeding the 500 meters
depth of interest. Detailed depth and thickness maps are presented for the same stratigraphic
intervals as presented in the regional maps in Chapter 4 (Figures 4.4—4.12). The geological
maps and cross-sections are used for the evaluation of geological properties and conditions
related to criteria 1.1, 2.1, 2.2, 3.1, 3.2, 4.1 and 4.3.

The evaluation of natural stability is based on recorded earthquakes, the presence of major
faults, and buried valleys. A map of land use is included since the presence of large areas
occupied by lakes and inlets, and areas with highly varying geomorphology and associated
different types of terrain, may influence the potential for acquisition of reliable and high-quality
data.

A detailed evaluation of each area is presented in Appendix A. Here, the sub-scores of the
geological properties which provide the basis for the geological evaluation of each criterion
are presented. Local variations of properties within the individual areas are generally not
considered in the scoring, however, comments on variations or special conditions are in-
cluded where relevant.
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Emphasis has been placed on making a consistent criteria evaluation by ensuring that the
type and amount of knowledge and data, together with specific local properties and condi-
tions are weighted and scored equally for each area.
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6.1 Nordjylland

In most of the area, carbonates occur in the depth range from 400 to 500 meters, whereas
Lower Cretaceous claystone is present locally at this depth (Figures 4.14 and 6.6). Thus,
both carbonate and claystone are considered as potential host rocks in the Nordjylland area,
and an evaluation of both rock types has been carried out. The presence of several faults,
including transverse faults with horizontal displacement and normal faults with vertical dis-
placement, may limit the horizontal continuity of the geological formations (Figure 4.14).

Claystone host rock (Lower Cretaceous and Jurassic)

Claystone occurs in the Lower Cretaceous and Jurassic sections. The combined thickness
is more than 500 meters (Figure 6.12) and in the northernmost part of the area, claystone is
locally present in the 400-500 meters depth interval (Figures 6.6 and 6.7).

The claystone section is inhomogeneous as it consists of alternating layers of clay, silt, and
fine sand as seen in the Frederikshavn-1 well (Figures 6.3 and 6.4) and the Haldager-1 well
(Figure 6.19). Criterion 1.1 has therefore been given an orange score (Table 6.1) since a 100
meters thick section of homogeneous clay has not been identified in the area. Additionally,
the carbonate barrier rock in the ECZ is 0—-200 meters thick, i.e., less than the required thick-
ness of 250 meters (criterion 1.1), and it wedges out towards the north (Figures 4.14 and
6.10). Quaternary deposits reach thicknesses of up to 350 meters in the Cenozoic section in
the northern part of the area (Figure 6.9).

Jurassic sediments occurring at depths of around 500 meters immediately below the potential
clay host rock contain sand layers that can act as flow paths (Figure 6.3). Therefore, criterion
1.4 is scored as less suitable (orange).

Due to the structural complexity the potential for reliable rock characterization based on new
data is scored as potentially favourable (yellow). It will be challenging and time consuming to
identify sites where data from new boreholes drilled into the subsurface formations can be
expected to be representative for the entire site, due to large variations in thicknesses and
depths over short distances.
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Table 6.1. Evaluation of claystone host rock (Lower Cretaceous and Jurassic), Nordjylland.

Criteria Group Criteria Score
1. Properties of the 1 4 Spatial extent
host rock and the

i 1.2 Hydraulic barrier effectiveness
containment zone

1.3 Geochemical conditions for retardation
1.4 Release pathways

2. Long-term 2.1 Stability of the site and rock properties
natural stabili
ty 2.2 Erosion

2.3 Repository induced influences

3. Geotechnical 3.1 Rock mechanical properties and conditions
feasibili
vy 3.2 Underground access and drainage
4. Possibility to 4.1 Ease of characterization of the rock
acquire reliable
new geological
data 4.3 Predictability of long-term changes

4.2 Explorability of spatial conditions

Carbonate host rock (Upper Cretaceous Chalk Group)

In most of the area the total thickness of the carbonate section is 0 to 200 meters, and it
generally constitutes the depth interval 400 to 200 meters below terrain in most of the area.
Towards the north the carbonate section pinches out due to erosion (Figure 6.10). Thus, the
total thickness of the carbonate section does not fulfill criterion 1.1; 100 meters thickness of
host rock and 250 meters of barrier, and therefore the spatial extent criterion 1.1 is scored
as less suitable (orange). However, locally in the southernmost part of the area, carbonates
are present with thicknesses of 100 meters at depths around 500 and 250 meters in the
overlying ECZ meters. Thus, locally, sections of carbonate can form both a potential host
rock and an overlying barrier. Sections of Quaternary deposits reach thicknesses of up to
350 meters in the northern part of the area (Figure 6.9) and are not regarded as a potential
barrier.

When considering whether to establish a repository at depths greater than 500 meters, in
order to fulfill the requirements on the spatial extent of host rock and barriers, the presence
of unconsolidated sand in the thick Cenozoic succession of mainly glacial Quaternary sedi-
ments may compromise the geotechnical feasibility.

Due to the structural complexity and significant variations of depth to geological unit bound-
aries over short distances, the potential for reliable rock characterization based on new data
is scored as potentially favourable (yellow). It will be challenging and time consuming to iden-
tify sites where data on rock properties from new boreholes drilled into the subsurface for-
mations can be expected to be representative for the entire investigation site of minimum 5x5
kilometers.
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Table 6.2. Evaluation of carbonate host rock (Upper Cretaceous Chalk Group), Nordjylland
area.

Criteria Group Criteria Score
1. Properties of the 1 1 gpatial extent
host rock and the

_ 1.2 Hydraulic barrier effectiveness
containment zone

1.3 Geochemical conditions for retardation
1.4 Release pathways

2. Long-term 2.1 Stability of the site and rock properties
natural stabili
ty 2.2 Erosion

2.3 Repository induced influences

3. Geotechnical 3.1 Rock mechanical properties and conditions
feasibili
ty 3.2 Underground access and drainage
4. Possibility to 4.1 Ease of characterization of the rock
acquire reliable

new geological
data 4.3 Predictability of long-term changes

4.2 Explorability of spatial conditions
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area) boreholes. In the Haldager-1 log, carbonate constitutes the interval from approximately
40 meters to 400 meters, and below is an interval of Lower Cretaceous clay with interbedded
sand layers. In the Frederikshavn-1 well log, the carbonate section in the barrier zone is 150
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sand layers are recorded from the core description shown in Figure 6.4. Due to the lithological
variations observed from cores of the clay-dominated sections, they are not regarded as
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6.2 Limfjord @st

In most of the area, the 400-500 meters depth interval consists of carbonate. Claystone from
Lower Cretaceous and Jurassic is generally present from 500 meters and deeper, although
locally the top of the claystone section occurs at depths shallower than 500 meters (Figures
6.20 and 6.21). Therefore, since both carbonate and claystone are potential host rocks, an
evaluation of each scenario has been made. The geological cross-sections (Figures 4.14
and 4.15), show the presence of numerous faults in the Limfjord @st area which reflect its
location in the Sorgenfrei-Tornquist fault zone. The presence of numerous faults may com-
promise the horizontal continuity of geological formations in the area.

Claystone host rock (Lower Cretaceous and Jurassic)

Homogeneous claystone sections with a thickness of 100 meters have not been identified at
depths around 500 meters. The combined thickness of Lower Cretaceous and Jurassic sec-
tions varies from 700 to more than 1500 meters (Figure 6.27), but the available data shows
the section is very heterogeneous. Lithological and sedimentological logs from the Haldager-
1 and Frederikshavn-1 wells (Figures 6.18 and 6.19) show the presence of abundant sand
and silt layers in the 340 to 800 meters depth interval, and criterion 1.1 on lithological homo-
geneity is not fulfilled and results in an orange score. Locally, in the central part of the area,
the top of the Lower Cretaceous occurs at depths of around 500 meters but in most of the
area it occurs at significantly greater depths (Figure 6.21).

The horizontal continuity of the host rock section is limited due to the presence of numerous,
closely spaced faults (Figure 4.15, near the Haldager-1 well) and contributes to the less suit-
able scoring for criterion 1.1.

The numerous sand layers occurring in the claystone interval at 500 meters depth and
deeper may act as release pathways where water flow can occur at the base of a deep
repository. This is a less suitable situation for criterion 1.4 and gives an orange score.

Table 6.3. Evaluation of claystone host rock (Lower Cretaceous and Jurassic), Limfjord @st
area.

Criteria Group Criteria Score
1. Properties of the 1 4 Spatial extent
host rock and the

: 1.2 Hydraulic barrier effectiveness
containment zone

1.3 Geochemical conditions for retardation
1.4 Release pathways

2. Long-term 2.1 Stability of the site and rock properties
natural stabili
ty 2.2 Erosion

2.3 Repository induced influences

3. Geotechnical 3.1 Rock mechanical properties and conditions
feasibili

vy 3.2 Underground access and drainage
4. Possibility to 4.1 Ease of characterization of the rock
acquire reliable
new geological
data 4.3 Predictability of long-term changes

4.2 Explorability of spatial conditions
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Carbonate host rock (Upper Cretaceous Chalk Group)

In most of the area, carbonate comprises the interval from 400 to 500 meters and the car-
bonates continue upwards to depths of around 100 meters, and locally to ground level (Fig-
ures 4.14, 4.15 and 6.20). Carbonates therefore constitute both the host rock and the barrier
rock in the ECZ. The base of the Chalk Group occurs at 500 meters or deeper and the car-
bonate thickness varies between 300 and 1000 meters (Figures 6.21 and 6.25).

Several deep faults extend to the base of the Chalk Group. Some of the faults continue into
the Chalk Group and may limit the horizontal continuity of carbonate host rock in the area.
However, large parts of the area appear to be relatively undisturbed without major displace-
ments along the identified faults.

The Lower Cretaceous section occurring immediately below the Chalk Group contains high
porosity sand layers in the Haldager-1 and Frederikshavn-1 wells (Figures 6.4, 6.18 and
6.19), which may act as flow paths. If an investigation site is selected where the base of the
Chalk Group occurs near 500 meters depth, the potential presence of sand layers immedi-
ately below the base of the Chalk Group should be investigated to ensure that potential flow
paths are absent.

Table 6.4. Evaluation of carbonate host rock (Upper Cretaceous Chalk Group), Limfjord @st
area.

Criteria Group Criteria Score
1. Properties of the 1 4 Spatial extent
host rock and the

. 1.2 Hydraulic barrier effectiveness
containment zone

1.3 Geochemicalconditions for retardation
1.4 Release pathways

2. Long-term 2.1 Stability of the site and rock properties

natural stabili
tv 2.2 Erosion

2.3 Repository induced influences

3. Geotechnical 3.1 Rock mechanical properties and conditions
feasibili
ty 3.2 Underground access and drainage
4. Possibility to 4.1 Ease of characterization of the rock
acquire reliable
new geological
data 4.3 Predictability of long-term changes

4.2 Explorability of spatial conditions
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Figure 6.18. Lithological logs based on petrophysical log interpretations of the 0—800 me-
ters depth interval in the Haldager-1 (Limfjord @st area) and Frederikshavn-1 (Nordjylland
area) boreholes. In the Haldager-1 well log, carbonate constitutes the interval from approxi-
mately 40 meters to approximately 400 meters, and below is an interval of Lower Creta-
ceous clay with interbedded sand layers. From the well log interpretation, the Lower Creta-
ceous interval in Frederikshavn-1 is shown as dominated by clay. This is probably due to
limited vertical resolution of the well logs, since numerous sand layers are recorded from
the core description shown in Figure 6.4. Due to the lithological variations observed from
cores of the clay dominated sections, they are not regarded as being lithologically homoge-
nous. Figure 6.18 is identical to Figure 6.3, but due to its relevance for the Limfjord @st
area, it is presented here for the sake of completeness.
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Figure 6.19. Sedimentological log from representative sections of the Lower Cretaceous
Vedsted Fm in the Haldager-1 well. The boundary between the clay and silt grain size is
highlighted by the dotted blue line to emphasize the interbedding of clay layers and sedi-
ments of coarser grain sizes. The log sections illustrate that only a few, thin intervals are
dominated by clay and that the sedimentary succession in general is not lithologically ho-
mogenous.
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Figure 6.20. Top Chalk Group depth map, Limfjord @st area. The depth varies from O to
100 meters in the area.
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Figure 6.21. Top Lower Cretaceous (base Chalk Group) depth map, Limfjord @st area.
Mapped faults intersecting the base of the Chalk Group are shown. The stippled blue line
outlines areas where the top of the Lower Cretaceous occurs at depths between 300 and
500 meters.
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Figure 6.23. Base Jurassic depth map, Limfjord @st area. The base of the Jurassic occurs
deeper than 1000 meters in the entire area.
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Figure 6.24. Cenozoic thickness map, Limfjord @st area. The Cenozoic sedimentary suc-

cession thickness varies between 0 and 100 meters.
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Figure 6.25. Thickness map of the Chalk Group, Limfjord @st area. The thickness is gener-

ally in the range of 400 to 750 meters.
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Figure 6.26. Thickness map of the Lower Cretaceous to Middle Jurassic sections, Limfjord
@st area. The thickness varies from around 400 meters in the east to more than 1000 meters
in the southwest (light green areas).
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Figure 6.27. Thickness map of the combined Lower Cretaceous and Jurassic sedimentary
sections, Limfjord @st. The thickness varies from 700 meters in the north and east to more
than 1500 meters in the south and west. Locally, it exceeds 2000 meters.
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Figure 6.28. Earthquakes registered during the past 50 years plotted on a structural map,
Limfjord st area. The magnitude of the earthquakes varies between 1 and 3 on the Richter
Scale.
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Figure 6.29. Mapped buried Quaternary valleys (orange) and the coverage of TEM data
used for mapping, Limfjord Qst area.
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Figure 6.30. Land use, Limfjord @st area. The Limfjorden inlet extends across the area and
is seen as the light blue areas on the map (MiljgGIS, 2021).
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6.3 Midt-Vestjylland

Carbonate constitutes the potential host rock, as the Chalk Group occurs extensively in the
400-500 meters depth interval in the eastern Midt-Vestjylland area. Top Chalk Group occurs
at depths from 200 meters in the north to more than 500 meters to the south (Figure 6.34).
Consequently, the top of the Chalk Group is too deep for it to provide a 250 meters thick
barrier section as required by criterion 1.1 in most of the Midt-Vestjylland area, except for the
northernmost part of the area.

The area is structurally complex with salt diapirs and salt ridges, and numerous faults inter-
sect and off-set the sedimentary sections (Figures 4.14 and 4.15). As a result, the geological
formations vary in thickness, depth, and dip over short distances (Figure 6.33), and the for-
mations are generally of limited horizontal continuity. Thus, the spatial extent is generally
less suitable in the area which results in an orange score for criterion no. 1.1.

The structural complexity of the area has also resulted in a less favourable score for criterion
no. 4.1, related to the possibilities of reliable rock characterization from new data. The varia-
tions in depth, thickness and dip direction within short distances will be a challenge for the
identification of sites where geological data on rock properties from new boreholes are rep-
resentative for the entire investigation site of minimum 5x5 kilometers.

Criterion no. 4.3 addressing natural long term stability is scored as less suitable (orange) due
to the presence of abundant salt structures in the area (Figure 4.15) and the associated risk
of further salt remobilization in combination with the recorded seismic activity in the area
(Figure 6.42).

As the Chalk Group in Midt-Vestjylland generally has a thickness of 500 to 1000 meters a
carbonate barrier of the required thickness of 250 meters may be achieved in large parts of
the area if disposal is considered at depths exceeding 500 meters (Figure 6.39).

Table 6.5. Evaluation of carbonate host rock (Upper Cretaceous Chalk Group), Midt-Vestjyl-
land area.

Criteria Group Criteria Score
1. Properties of the 1 1 gpatial extent
host rock and the

_ 1.2 Hydraulic barrier effectiveness
containment zone

1.3 Geochemicalconditions for retardation
1.4 Release pathways

2. Long-term 2.1 Stability of the site and rock properties
natural stability

2.2 Erosion

2.3 Repository induced influences
3. Geotechnical 3.1 Rock mechanical properties and conditions
feasibility

3.2 Underground access and drainage
4. Possibility to 4.1 Ease of characterization of the rock
acquire reliable

new geological
data 4.3 Predictability of long-term changes

4.2 Explorability of spatial conditions
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Figure 6.34. Top Chalk Group depth map, Midt-Vestjylland area. The dotted line highlights
the 200 meters depth contour. To the north and east the top of the Chalk Group is shallower
than 200 meters whereas, to the south and west it is deeper, locally exceeding 700 meters.
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Figure 6.36. Top Lower Jurassic depth map, Midt-Vestjylland area. The depth to top Lower
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Figure 6.37. Depth map of the base of the Jurassic, Midt-Vestjylland. The map illustrates
that the base of the Jurassic generally occurs deeper than 1500 meters, locally deeper than
3000 meters.
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Figure 6.38. Cenozoic thickness map, Midt-Vestjylland area. In large parts of the area, the
Cenozoic succession is more than 200 meters thick and locally it exceeds 700 meters.
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Figure 6.39. Chalk Group thickness map, Midt-Vestjylland area. The carbonate thickness
varies from 700 to 1500 meters over short distances as indicated by the irregularity of the

depth contours. This is caused by remobilization of salt into salt diapirs and pillows.
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Figure 6.40. Thickness map of the Lower Cretaceous to Middle Jurassic succession, Midt-
Vestjylland area. The thickness varies from 50 meters (blue areas) to more than 1500 meters
(yellow areas) over short distances due to the presence of underlying salt pillows and diapirs.
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Figure 6.41. Thickness map of the combined Lower Cretaceous and Jurassic successions,
Midt-Vestjylland area.
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Figure 6.42. Earthquakes registered during the past 50 years plotted on a structural map,
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Figure 6.43. Mapped buried Quaternary valleys (orange) and the coverage of TEM data

used for mapping, Midt-Vestjylland area.
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6.4 Ostjylland

Carbonates constitute the potential host rock in the @stjylland area and occur in the 400 to
500 meters depth interval throughout the entire area. Carbonate also forms the barrier rock
and in the eastern part of the area carbonate rock is locally present at ground level. The top
of the Chalk Group occurs at increasing depths towards the southwest, where it is as deep
as 300—400 meters, and the base of the Chalk Group occurs at 1000 meters depth or deeper
(Figures 4.16, 4.17, 6.47, 6.48 and 6.49). Criterion no. 1.1 has been scored as favourable
(green) since the carbonate section has a thickness of 250 meters in the ECZ in addition to
the presence in the 400-500 meters depth interval in most of the area. However, in the
southwestern part of the area, the carbonate is not sufficiently thick to form a 250 meters
barrier in the ECZ.

As the Chalk Group thickness in the @stjylland area is generally 1000 meters or more, a
carbonate barrier of the required thickness of 250 meters is achieved also in the western
parts of the area if disposal is considered at depths exceeding 500 meters (Figure 6.53). In
this situation the requirement for the total thickness of host and barrier rocks can be fulfilled.

Table 6.6. Evaluation of carbonate host rock (Upper Cretaceous Chalk Group), @stjylland
area.

Criteria Group Criteria Score

1. Properties of the 1 1 gpatial extent
host rock and the

. 1.2 Hydraulic barrier effectiveness
containment zone

1.3 Geochemical conditions for retardation
1.4 Release pathways

2. Long-term 2.1 Stability of the site and rock properties
natural stability

2.2 Erosion

2.3 Repository induced influences
3. Geotechnical 3.1 Rock mechanical properties and conditions
feasibility

3.2 Underground access and drainage
4. Possibility to 4 1 Ease of characterization of the rock
acquire reliable

new geological
data 4.3 Predictability of long-term changes

4.2 Explorability of spatial conditions
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Figure 6.47. Lithological log interpretations of the 0—800 meters depth interval illustrating
how the top of the Chalk Group occurs at depths increasing from 30 meters in the Gassum-
1 well in the north (right part of the well log panel) to approximately 360 meters in the Jelling-
1 well in the south. Further, the figure shows that carbonates in the Chalk Group comprise

numerous layers of marl.
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Figure 6.48. Top Chalk Group depth map, @stjylland area. To the west of the dotted line, the
top of the Chalk Group is deeper than 200 meters.
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Figure 6.49. Top Lower Cretaceous (base of the Chalk Group) depth map, @stjylland area.
Mapped faults intersecting the base of the Chalk Group are shown. The map shows that the
base of the Chalk Group occurs deeper than 1000 meters.
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Figure 6.51. Base Jurassic depth map, Dstjylland area.

112 GEUS



Cenozoic

Thickness

Bl <o

Il - 100m

B 0-150m

I 150-200m

[ 200 - 500 m

[ 500 - 1000 m 1
JTEF [ 1000- 1500 m

[]>1s00m

o Deepboreholes

E Area: @stjylland

0 5 10 15 20
SN kM)

Figure 6.52. Cenozoic thickness map, @stjylland area. The thickness increases towards
the southwest and, locally, it exceeds 500 meters.
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Figure 6.53. Chalk Group thickness, @stjylland area. The map shows that the Chalk Group
thickness increases from 750 meters in the south (green areas) to more than 1500 meters in
the north (yellow areas).
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Figure 6.55. Thickness map of the combined Lower Cretaceous and Jurassic sedimentary

successions, Jstjylland area.
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Figure 6.56. Earthquakes registered during the past 50 years plotted on a structural map,

Istjylland area. Only few earthquakes are registered in the area.
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Figure 6.58. Land use, @stjylland area (MiljgGIS, 2021).
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6.5 Sydvestjylland

Carbonate is the host rock in the Sydvestjylland area, as the 400-500 meters depth interval
in the entire area comprises carbonates from the Chalk Group. The carbonates continue
downwards to depths of around 1000 meters or more (Figures 4.15, 4.18, and 6.63). Top
Chalk Group occurs at approximately 400 meters depth (Figure 6.62) and is overlain by Ce-
nozoic sediments (Figure 6.61). In the ECZ a maximum of 100 meters of carbonate is present
above 500 meters depth, and the thickness requirement for tight rocks in the barrier zone is
not fulfilled. Therefore, the criterion 1.1 has an orange score (less suitable).

As the carbonate thickness is 500-1000 meters (Figure 6.67), a sufficiently thick barrier of
carbonate can be achieved if a repository is established deeper than 500 meters.

Table 6.7. Evaluation of carbonate host rock (Upper Cretaceous Chalk Group), Sydvestjyl-
land area.

Criteria Group Criteria Score
1. Properties of the 1 1 gpatial extent
host rock and the

i 1.2 Hydraulic barrier effectiveness
containment zone

1.3 Geochemicalconditions for retardation
1.4 Release pathways

2. Long-term 2.1 Stability of the site and rock properties

natural stabili
ty 2.2 Erosion

2.3 Repository induced influences

3. Geotechnical 3.1 Rock mechanical properties and conditions
feasibili

ty 3.2 Underground access and drainage
4. Possibility to 4 1 Ease of characterization of the rock
acquire reliable

new geological
data 4.3 Predictability of long-term changes

4.2 Explorability of spatial conditions
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Figure 6.59. Geographic outline of the Sydvestjylland area with towns and municipal bound-
aries indicated.
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Figure 6.60. Location map showing seismic lines and their quality, and deep boreholes in
the Sydvestjylland area. The map shows that seismic data coverage is sparse in the central
part of the area.
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Figure 6.61. Lithological log interpretations of the 0—800 meters depth interval representative
of the Sydvestjylland area show that carbonates occur from 300—400 meters depth to more
than 800 meters. Clay-rich intervals (marl) are common in the carbonate successions. The

overlying Cenozoic succession consists of alternating clay and sand layers.
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Figure 6.62. Top Chalk Group depth map, Sydvestjylland area. The depth increases from

300 meters in the east (green) to more than 500 meters towards the northwest.
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Figure 6.63. Top Lower Cretaceous (base of the Chalk Group) depth map, Sydvestjylland
area. Mapped major faults intersecting the base of the Chalk Group are shown. The map
shows that the base of the Chalk Group occurs at depths from 600 meters (light purple) to

more than 1000 meters in the north (purple).
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Figure 6.65. Base Jurassic depth map, Sydvestjylland area.
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Figure 6.66. Thickness map of the Cenozoic sedimentary succession, Sydvestjylland area.
The map illustrates that the thickness increases from around 300 meters in the east to more

than 500 meters in the northeast.
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Figure 6.67. Thickness map of the Chalk Group, Sydvestjylland area. The map shows that

the Chalk Group thickness exceeds 500 meters in most of the area.
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Figure 6.68. Thickness map of the Lower Cretaceous succession, Sydvestjylland area. The
thickness varies between 0 and 150 meters.
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Figure 6.69. Thickness map of the combined Lower Cretaceous and Jurassic successions,
Sydvestjylland area. The map illustrates that the thickness generally varies between 0 and

200 meters.
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Figure 6.70. Earthquakes registered during the past 50 years plotted on a structural map,
Sydvestjylland area. Very few and small earthquakes are registered in and adjacent to the
area.
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Figure 6.71. Mapped buried Quaternary valleys (orange) and the coverage of TEM data
used for mapping, Sydvestjylland area.
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Figure 6.72. Land use, Sydvestjylland area. Extensive lagoons and marsh areas exist along
the west coast (light blue and pinkish areas) (MiljgGIS, 2021).
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6.6 Sgnderjylland

Carbonate provides a potential host rock in the Sgnderjylland area as the Chalk Group con-
stitutes the 400-500 meters depth interval in large parts of the area. However, in a 10 kilo-
meter wide WN—ESE striking zone across the area, the top of the Chalk Group occurs at
depths exceeding 500 meters (Figures 4.19, 6.75 and 6.76). In most of the area the car-
bonate succession is less than 100 meters thick in the ECZ and locally 200 meters in the
easternmost part of the area. Thus, the criterion on 250 meters of tight rock in the ECZ (cri-
terion 1.1) is not met in the area. The base of the Chalk Group occurs at 700 meters or
deeper (Figure 6.77).

The horizontal continuity of the carbonate section is generally less suitable, as numerous
deep faults are mapped as continuing into the Chalk Group carbonates and some continue
further into the Cenozoic section (Figures 4.18 and 4.19). The general lack of horizontal con-
tinuity of the potential host rock is an additional less favourable condition for the spatial extent
which contributes to the orange score of criterion no.1.1.

Table 6.8. Evaluation of carbonate host rock (Upper Cretaceous Chalk Group), Sgnderjyl-
land area.

Criteria Group Criteria Score
1. Properties of the 1 1 gpatial extent
host rock and the

. 1.2 Hydraulic barrier effectiveness
containment zone

1.3 Geochemical conditions for retardation
1.4 Release pathways

2. Long-term 2.1 Stability of the site and rock properties
natural stabili
ty 2.2 Erosion

2.3 Repository induced influences

3. Geotechnical 3.1 Rock mechanical properties and conditions
feasibili
vy 3.2 Underground access and drainage
4. Possibility to 4.1 Ease of characterization of the rock
acquire reliable
new geological
data 4.3 Predictability of long-term changes

4.2 Explorability of spatial conditions
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Figure 6.73. Geographic outline of the Sgnderjylland area with towns and municipal bound-
aries indicated.
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Figure 6.74. Location map showing seismic lines and their quality, and deep boreholes in

the Sgnderjylland area. In this area, the seismic data coverage is relatively good.
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Figure 6.75. Lithological log interpretations of the 0—800 meters depth interval of deep bore-
holes in the Sgnderjylland area. The logs show that the top of the Chalk Group occurs at
depths varying from 400 meters (Aabenra-1) to more than 700 meters (Borg-1). The car-
bonates are overlain by Cenozoic sediments of alternating clay and sand layers which are

not regarded as potential barriers.
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Figure 6.76. Top Chalk Group depth map, Sgnderjylland area, showing the depths ranging
from 300 to more than 700 meters. In the purple and yellow areas, the depth exceeds 500
meters, and the deeper burial is mainly a result of remobilization of underlying salt (see also

Figure 4.19).
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Figure 6.77. Top Lower Cretaceous (Base Chalk Group) depth map, Sgnderjylland area.
Mapped faults intersecting the base of the Chalk Group are shown. The map shows that the

base of the Chalk Group occurs at depths exceeding 700 meters.
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Figure 6.79. Base Jurassic depth map, Sgnderjylland area.
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Figure 6.80. Cenozoic thickness map, Sgnderjylland. The map illustrates that the thickness
of the Cenozoic succession exceeds 400 meters in most of the area.
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Figure 6.81. Chalk Group thickness map, Sgnderjylland area. The map shows, that the thick-
ness generally is in the ranges from 200 and 500 meters.
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Figure 6.82. Lower Cretaceous thickness map, Sgnderjylland area. The map shows the
thickness is less than 50 meters and well data shows that the Lower Cretaceous interval is

absent in large parts of the area.
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Figure 6.83. Thickness map of the combined Lower Cretaceous and Jurassic sedimentary

successions, Sgnderjylland area.
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Figure 6.85. Mapped buried Quaternary valleys (orange) and the coverage of TEM data

used for mapping, Sgnderjylland area.
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Figure 6.86. Land use, Sgnderjylland area (MiljgGIS, 2021). Large tidal flat areas are pre-
sent along the west coast (pinkish areas).
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6.7 Fyn

Carbonate constitutes the potential host rock as well as the barriers in the ECZ in the Fyn
area. The top of the Chalk Group occurs at depths varying from 0 to 200 meters (Figures
6.89 and 6.90) and the base occurs at 700 meters or deeper (Figure 6.91). The thickness of
the carbonate succession generally exceeds 700 meters (Figure 6.95).

The carbonate succession appears to be relatively undisturbed (Figure 4.20). A few large
faults have been identified along the southern margin of the Ringkgbing-Fyn High, while
small scale faults with very little displacement are seen in the lower part of the Chalk Group
(Figures 4.20 and 6.91).

The Fyn area is situated on the tectonically stable Ringkgbing-Fyn High (Figure 6.97). Due
to its location in combination with only minor variations in depth to the top of the Chalk Group
observed in well logs (Figure 6.88) it is not expected that major faults with large off-sets occur
in the central parts of Fyn where the seismic data coverage is sparse (Figures 6.87, 6.90).

Table 6.9. Evaluation of carbonate host rock (Upper Cretaceous Chalk Group), Fyn area.

Criteria Group Criteria Score
1. Properties of the 1 1 gpatial extent
host rock and the

_ 1.2 Hydraulic barrier effectiveness
containment zone

1.3 Geochemicalconditions for retardation
1.4 Release pathways

2. Long-term 2.1 Stability of the site and rock properties

natural stabili
ty 2.2 Erosion

2.3 Repository induced influences

3. Geotechnical 3.1 Rock mechanical properties and conditions
feasibili
ty 3.2 Underground access and drainage
4. Possibility to 4.1 Ease of characterization of the rock
acquire reliable
new geological
data 4.3 Predictability of long-term changes

4.2 Explorability of spatial conditions
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Figure 6.87. Geographic outline of the Fyn area with towns and municipal boundaries indi-
cated.
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Figure 6.88 Location map showing seismic lines and their quality, and deep boreholes in the
Fyn area. The map illustrates that the seismic coverage is very sparse onshore Fyn, whereas
the adjacent offshore areas have a better coverage.
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Figure 6.89. Lithological well log interpretations of the 0—800 meters depth interval of deep
boreholes, Fyn area. The Chalk Group carbonate succession comprises interbedded marl
layers of varying thickness and frequency. The top of the Chalk Group occurs at depths from
approximately 50 meters to 170 meters. Borehole data are applied in the seismic mapping
of the top and base of Chalk Group in the Fyn area.
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Figure 6.90. Top Chalk Group depth map, Fyn area. The top of the Chalk Group occurs at

depths varying from 0 to 200 meters.
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Figure 6.91. Top Lower Cretaceous (the base of the Chalk Group) depth map, Fyn area.
Mapped faults intersecting the base of the Chalk Group are shown. In most of the area, the

base of the Chalk Group occurs at depths exceeding 700 meters.
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Figure 6.92. Top Lower Jurassic depth map, Fyn area. The map shows that the Top of the
Lower Jurassic occurs at 700 meters or deeper.
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Figure 6.93. Base Jurassic depth map, Fyn area.
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Figure 6.94. Thickness map of the Cenozoic succession, Fyn area. The map shows thick-
nesses varying from less than 50 meters in the northeast (dark blue) to 150 meters in the
southwest (green).
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Figure 6.95. Chalk Group thickness map, Fyn area. The Chalk Group varies in thickness
from 500 meters in the southernmost part of the area to more than 750 meters towards the
north.
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Figure 6.96. Lower Cretaceous thickness map, Fyn area. The map shows that the Lower
Cretaceous section is generally less than 100 meters thick.
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Figure 6.97. Thickness map of the combined Lower Cretaceous and Jurassic successions,
Fyn area.
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Figure 6.99. Mapped buried Quaternary valleys (orange) and the coverage of TEM data
used for mapping, Fyn area.
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Figure 6.100. Land use, Fyn area (MiljgGIS, 2021).
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6.8 Sydlige @hav

In most of the area, carbonate from the Chalk Group occurs in the depth interval from near
ground level to 400-500 meters, and therefore carbonate may constitute both a potential
host rock as well as a barrier in the ECZ. Claystone from the Lower Cretaceous and Jurassic
successions generally occur at depths from 500 meters and deeper, however locally clay-
stone occur at 400-500 meters depth in the eastern part of the area. Thus, there is locally a
possibility for claystone successions to provide a potential host rock, and an evaluation has
been made for each of the two types of host rock.

The structural framework of the Sydlige @hav area is illustrated in two cross-sections oriented
south — north (Figure 4.21) and west — east (Figure 4.22) respectively. The apparently differ-
ent geological complexity of the two cross-sections should be noted. In the west—east ori-
ented section (Figure 4.22) the geological layering looks quite uniform, whereas the south—
north striking section (Figure 4.21) shows the presence of several fault-bounded half-grabens
resulting in large thickness variations of the sedimentary successions over short distances in
the north—south orientation across the grabens. The thickness variations of the Lower Cre-
taceous and Jurassic successions within short distances are also obvious from the map in
Figure 6.111.

Claystone host rock (Lower Cretaceous and Jurassic)

The top of the claystone dominated succession (mapped as the base of the Chalk Group)
occurs locally at depths of around 400 meters (Figures 6.106 and 6.107). The Lower Creta-
ceous claystone is laterally widespread, but the thickness is close to, or below seismic reso-
lution and rarely exceeds 50 meters (Figure 6.110). However, the combined total thickness
of the Lower Cretaceous and Jurassic claystone successions is of potential interest as a host
rock as it may locally exceed 500 meters in the deepest parts of the half-grabens (Figures
6.111 and 4.21).

The thickness of the combined Lower Cretaceous and Jurassic claystone successions varies
significantly over short distances from 50 meters to more than 500 meters mainly due to large
thickness variations of the Jurassic successions. The horizontal continuity of the claystone
sucession (Spatial extent, criterion 1.1) is therefore less suitable and has been given an or-
ange score (Table 6.7). Additionally, the claystone successions described from drill cores
comprise numerous interbedded layers of sand and silt (Figures 6.103 and 6.104) and the
presence of 100 meters of lithologically homogenous claystone has not been proven.

Sand layers occurring in the underlying Gassum Formation immediately below the Jurassic

claystone may act as flow paths which is a less suitable situation for criterion no. 1.4 resulting
in an orange score.
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Table 6.10 Evaluation of claystone host rock (Lower Cretaceous and Jurassic), Sydlige @hav
area.

Criteria Group Criteria Score
1. Properties of the 1 1 gpatial extent
host rock and the

_ 1.2 Hydraulic barrier effectiveness
containment zone

1.3 Geochemicalconditions for retardation
1.4 Release pathways

2. Long-term 2.1 Stability of the site and rock properties

natural stabili
ty 2.2 Erosion

2.3 Repository induced influences

3. Geotechnical 3.1 Rock mechanical properties and conditions
feasibili
ty 3.2 Underground access and drainage
4. Possibility to 4.1 Ease of characterization of the rock
acquire reliable
new geological
data 4.3 Predictability of long-term changes

4.2 Explorability of spatial conditions

Carbonate host rock (Upper Cretaceous Chalk Group)

Carbonates from the Chalk Group occur extensively in the area, both in the depth interval
from 400 to 500 meters and in the overlying ECZ. Carbonates thus provide both a potential
host rock and a barrier in the area. The top of the Chalk Group generally occurs at depths
from O to 100 meters (Figures 6.103, 6.105, and 6.106). The horizontal continuity of the suc-
cession varies depending on the size and density of faults. In parts of the area where numer-
ous closely spaced faults occur (Figures 4.21 and 4.22) the horizontal continuity is locally
less favourable (Figure 6.113).

The presence of numerous faults in the area results in a variable horizontal continuity of the
carbonate section and criterion no. 1.1, regarding the spatial extent, is given a yellow score
(potentially suitable).

The base of the Chalk Group generally occurs at depths varying between 500 and 600 me-
ters. Sand layers in the Lower Cretaceous and Jurassic claystone successions may act as
flow paths and have been recognized immediately below the carbonate successions (Figure
6.103) i.e., close to the depth of interest for deep disposal. In case a site with a potential
carbonate host rock is chosen for detailed investigation, emphasis should be put on investi-
gating the potential presence of sand layers immediately below the host rock interval, so
mitigating actions can be taken if potential flow paths are present.
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Table 6.11. Evaluation of carbonate host rock (Upper Cretaceous Chalk Group), Sydlige
Dhav area.

Criteria Group Criteria Score

1. Properties of the 1 1 gpatial extent
host rock and the

: 1.2 Hydraulic barrier effectiveness
containment zone

1.3 Geochemical conditions for retardation

1.4 Release pathways

2. Long-temT ) 2.1 Stability of the site and rock properties
natural stability 22 Erosion

2.3 Repository induced influences
3. Geotechnical 3.1 Rock mechanical properties and conditions
feasibility

3.2 Underground access and drainage

4. Possibility to 4.1 Ease of characterization of the rock
acquire reliable

new geological
data 4.3 Predictability of long-term changes

4.2 Explorability of spatial conditions
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Figure 6.101. Geographic outline of the Sydlige @hav area with towns and municipal bound-
aries indicated.

| SOLLESTED A

RODBY-2
* *RoODBY-1

Seismic A S GBS N
Very good

Good 7‘ J = 4 N
Reasonable N S -t
Poor

Very poor

Shallow seismic

Deep boreholes

.
: 0 5 10 15 20
D Area: Sydlige @hav o

Figure 6.102., Location map showing seismic lines and their quality, and deep boreholes in
the Sydlige @hav area. The map shows that numerous seismic lines exist in the area and
adjacent offshore areas.
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Figure 6.103. Lithological well log interpretations of the 0-800 meters depth interval from
deep boreholes in the Sydlige Ghav area. The logs show that carbonate from the Chalk
Group constitutes the depth interval from near surface (30—80 meters) to depths ranging from
440 meters to 550 meters. Below this, Lower Cretaceous and Lower Jurassic sediments
consisting of alternating sand and claystone layers are present. The thickest claystone inter-
vals identified (without sand) are approximately 30—40 meters thick. Note that the transition
from the Gassum Formation sandstone to the overlying Fjerritslev Formation claystone is
gradational with an upwards decreasing frequency of sand layers. As a result, the seismic
mapping of the base Jurassic (base Fjerritslev Fm) is associated with uncertainty due to the
lack of a sharp lithological boundary.
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Figure 6.104. Representative sedimentological logs from the Lower Jurassic successionn in
the Radby-1 borehole, Sydlige @hav area. The dotted blue line highlights the boundary be-
tween clay (to the left) and silt and sand grain sizes (to the right). The figure shows that the
Fjerritslev Formation is lithologically inhomogeneous due to the varying grain size of the lay-
ers. A homogenous claystone section is identified from 1762’ to 1808’ on the log to the right
corresponding to a thickness of around 15 meters.
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Figure 6.105. Top Chalk Group depth map, Sydlige @hav area. The map shows that the top
of the Chalk Group generally occurs at depths shallower than 100 meters.
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Figure 6.106. Top Lower Cretaceous (base of the Chalk Group) depth map, Sydlige @hav
area. Mapped faults intersecting the base of the Chalk Group are shown. The depth varies
between 400 and 600 meters over relatively short distances. This is due to salt remobilization
and the presence of deeper lying salt structures.
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Figure 6.107. Top Lower Jurassic depth map, Sydlige @hav area. In most of the area, the
depth to Top Lower Jurassic is 500—-600 meters, locally as deep as 700 meters.
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Figure 6.108. Base Jurassic depth map, Sydlige @hav, showing the depth varies from 500
to more than 700 meters, and, locally, to 1000 meters. The irregular contour pattern in this
area is due to the presence of fault-bounded half-grabens filled by Jurassic sediments and
the presence of salt structures (Figure 4.21).
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Figure 6.109. Cenozoic thickness map, Sydlige @hav area. The map shows that the Ceno-
zoic succession varies in thickness from 0 to 100 meters.
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Figure 6.110. Chalk Group thickness map, Sydlige @hav area. The map shows that the car-
bonate thickness in the area is generally around 400 and 500 meters.
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Figure 6.111. Lower Cretaceous thickness map, Sydlige @hav area. The map shows that
the Lower Cretaceous succession is generally thin and rarely exceeds 50 meters.
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Figure 6.112. Thickness map of the combined Lower Cretaceous and Jurassic successions,
Sydlige @hav area. The thickness varies between 50 and 500 meters over short distances
due to the Lower Jurassic successions occurring in fault-bounded half grabens (Figure 4.21).
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Figure 6.113. Earthquakes registered during the past 50 years plotted on a structural map,
Sydlige @hav area. Very few earthquakes are registered in, and adjacent to the area.
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Figure 6.114. Mapped buried Quaternary valleys (orange) and the coverage of TEM data
used for mapping, Sydlige @hav area. Most of the area is covered by TEM surveys and in
large parts of the area buried valleys have not been identified.
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Figure 6.115. Land use, Sydlige @hav area. (MiljgGIS, 2021).
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6.9 Sydvestsjeelland

Carbonates from the Chalk Group occur in the 400-500 meters depth interval and the car-
bonate section has a thickness varying between 500 and 1000 meters throughout the area
(Figures 4.23, 4.24, 6.119, and 6.124). Carbonates thus provide a potential host rock and a
potential barrier with thicknesses generally exceeding 250 meters in the ECZ. To the north-
east, however, the top of the Chalk Group occurs as deep as 450 meters below surface
(Figures 6.119 and 6.124) and is overlain by Cenozoic sandy sediments. Thus, in this part of
the area the carbonate thickness is less than 100 meters in the ECZ and does not fulfill the
250 meters thickness requirement for criterion 1.1 (Figure 6.118).

Locally, in the northeastern part of the Sydvestsjeelland area (around the Isefjord inlet), nu-
merous earthquakes have been recorded (Figure 6.127). The natural stability in this part of
the area (criterion 2.1) may be compromised in case further displacement takes place along
the fault planes. However, most of the area has only little seismic activity and sites with faults
can be avoided by detailed seismic mapping.

The carbonates continue to great depths (700-1500 meters, Figure 6.120). Therefore, in the
areas where the top of the Chalk Group is located relatively deeply, a 250 meters carbonate
section in the ECZ can be achieved if a repository is placed deeper than 500 meters.

Table 6.12. Evaluation of carbonate host rock (Chalk Group Upper Cretaceous), Syd-
vestsjeelland area.

Criteria Group Criteria Score
1. Properties of the 1 1 gpatial extent
host rock and the

. 1.2 Hydraulic barrier effectiveness
containment zone

1.3 Geochemicalconditions for retardation
1.4 Release pathways

2. Long-term 2.1 Stability of the site and rock properties

natural stabili
ty 2.2 Erosion

2.3 Repository induced influences

3. Geotechnical 3.1 Rock mechanical properties and conditions
feasibili
ty 3.2 Underground access and drainage
4. Possibility to 4 1 Ease of characterization of the rock
acquire reliable

new geological
data 4.3 Predictability of long-term changes

4.2 Explorability of spatial conditions
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Figure 6.116. Geographic outline of the Sydvestsjeelland area with towns and municipal
boundaries indicated.
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Figure 6.117. Location map showing seismic lines and their quality, and deep boreholes,
Sydvestsjeelland area. In the central part of the area, there is a relatively high density of
seismic data which was acquired for mapping prior to gas storage in the Stenlille area.

GEUS 157



Slagelse-1 Stenlille-1 Stevns-1

Depth
(m)

E R &R

S - — I - —]
20 20
20 40
80 80
50 50
100 1 | o 100 1 | o
12048 1204 |8 i
190 4 | 2| 2 120 - | 2 3

@ @
180 1 | O 180 4 |O 3
180 180 o
200 200
220 220
240 240
260 260
280 280
200 200
320 320
340 340
280 280
280 280
200 200
220 220
24g 240
280 280
280 280
500 500
520 520
540 540
560 - 560
580 580
800 800
820 820
840 840 | .
een ee0 Lithology
880 820
00 700 - Carbonate
— 720 4 [ Marl
740 740 I:IClay
780 780
780 780 |:|Sand
s00 - 500 -

Figure 6.118. Lithological well log interpretations of the 0-800 meters interval from deep
boreholes in the Vestsjeelland area. The figure illustrates that the top of the carbonate suc-
cession (Chalk Group) occurs at depths varying from O meters (terrain) to approximately 260
meters in the Slagelse-1 well. The carbonate succession continues to depths exceeding 800
meters and contains several intervals dominated by marl.
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Figure 6.119. Top Chalk Group depth map, Sydvestsjeelland area. The depth to the top of
the Chalk Group varies from 0 to 300 meters and is deepest in the western part of the area
(light green areas).
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Figure 6.120. Top Lower Cretaceous (base of the Chalk Group) depth map, Sydvestsjeelland
area. The depth increases from 700 meters in the south (light purple) to 1500 meters or more
in the north (purple). Mapped faults intersecting the base of the Chalk Group are shown.
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Figure 6.122 Base Jurassic depth map, Sydvestsjeelland area.
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Figure 6.123. Cenozoic thickness map, Sydvestsjeelland area. The map shows that the Ce-
nozoic succession is 0 to 150 meters thick in most of the area. The greatest thicknesses are
reached in the western part of the area where they locally exceed 300 meters.
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Figure 6.124. Chalk Group thickness map, Sydvestsjelland area. The map shows that to
the south the Chalk Group thickness is approximately 700 meters and increases to more
than 1500 meters in the northernmost parts of the area (yellow).
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Figure 6.125. Lower Cretaceous thickness map, Sydvestsjeelland area. The map shows that
the thickness is generally between 0 and 200 meters.
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Figure 6.126. Thickness map of the combined Lower Cretaceous and Jurassic successions,
Sydvestsjeaelland area.
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Figure 6.127. Earthquakes registered during the past 50 years plotted on a structural map,
Sydvestsjeelland area. Earthquakes have been recorded frequently in the northern part of
the area and to the east and north of the area with magnitudes ranging from 1-4 (Richter

scale).
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Figure 6.128. Mapped buried Quaternary valleys (orange) and the coverage of TEM data

used for mapping, Sydvestsjeelland area.
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Figure 6.129. Land use, Sydvestsjeelland area (MiljgGlS, 2021).
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6.10 Nordgstsjeelland

Carbonates constitute the 400-500 meters depth interval and occur with thicknesses varying
from 1200 meters to more than 1500 meters. The top of the Chalk Group occurs at depths
around 100 meters and carbonate therefore constitutes a potential host rock as well as a
barrier rock in the ECZ (Figures 6.131-6.133 and 6.137). The carbonate succession is hori-
zontally continuous without identified major faults in much of the area (Figures 4.25 and
4.26). However, in the northern and eastern parts several large faults are identified (Figures
6.133 and 6.140), but it is expected that sites without major faults can be identified and con-
firmed by new seismic data. The natural stability (criterion 2.1) in Nordgstsjeelland is scored
as less suitable (orange) due to the combination of numerous registered earthquakes and
the presence of large, deep seated faults with fault planes extending to near terrain (Figures
6.141 and 4.26). This less favourable situation means that emphasis must be placed on de-
tailed seismic mapping to ensure major faults are absent or at a safe distance in case a site
is to be identified in the area.

Table 6.13. Evaluation of carbonate host rock (Upper Cretaceous Chalk Group),
Nordgstsjeelland area.

Criteria Group Criteria Score
1. Properties of the 1 1 gpatial extent
host rock and the

_ 1.2 Hydraulic barrier effectiveness
containment zone

1.3 Geochemicalconditions for retardation
1.4 Release pathways

2. Long-term 2.1 Stability of the site and rock properties

natural stabili
ty 2.2 Erosion

2.3 Repository induced influences

3. Geotechnical 3.1 Rock mechanical properties and conditions
feasibili
ty 3.2 Underground access and drainage
4. Possibility to 4.1 Ease of characterization of the rock
acquire reliable
new geological
data 4.3 Predictability of long-term changes

4.2 Explorability of spatial conditions
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Figure 6.130. Geographic outline of the

boundaries indicated.
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Figure 6.131. Location map showing seismic lines and their quality, and deep boreholes,
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Figure 6.132. Lithological well log interpretations of the 0-800 meters depth interval from the
only two deep boreholes in the Nordgstsjeelland area where well logs have been acquired.
The figure illustrates that the top of the Chalk Group occurs at shallow depths (70 meters in
Lavg-1 and 20 meters in Margretheholm-1) and the carbonate section continues below 800
meters depth. Marl layers of varying thickness occur throughout the carbonate succession.
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Figure 6.133. Top Chalk Group depth map, Nordgstsjeelland area. The map shows that the
top of the Chalk Group generally occurs at depths between 0 and 100 meters.
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Figure 6.134. Top Lower Cretaceous (base of the Chalk Group) depth map, Nordgstsjeelland
area. Mapped faults intersecting the base of the Chalk Group are shown. The map shows
that base of the Chalk Group occurs at depths from 1000 meters to more than 2000 meters.
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Figure 6.135. Top Lower Jurassic depth map, Nordgstsjeelland area.
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Figure 6.136. Base Jurassic depth map, Nordgstsjeelland area.
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Figure 6.137. Cenozoic thickness map, Nordgstsjeelland area. The map shows that the Ce-
nozoic succession generally has a thickness in the range of 0 to 150 meters.
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Figure 6.138. Chalk Group thickness map, Nordgstsjeelland area. The map shows that the
Chalk Group thickness exceeds 1250 meters.
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Figure 6.140. Thickness map of the combined Lower Cretaceous and Jurassic successions,
Nordgstsjeelland area.
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Figure 6.141. Earthquakes registered during the past 50 years plotted on a structural map,
Nordgstsjeelland area. Several earthquakes are registered in the area with magnitudes rang-
ing from 1 to 4 (Richter scale).

N Burried valleys

A TEM areas
D Area: Nordgstsjeelland

0 5 10 15 20
km

Figure 6.142. Mapped buried Quaternary valleys (orange) and the coverage of TEM data
used for mapping, Nordgstsjeelland area.
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Figure 6.143. Land use, Nordgstsjaelland area. There are relatively large lakes in the north-
ern part of the area (light blue areas) and marine inlets to the west (MiljgGIS, 2021).
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6.11 Bornholm

Crystalline basement of granite and gneiss occurs at shallow depths in the central and north-
ern parts of Bornholm. The crystalline rocks constitute both host rock and barrier rock as the
entire interval from near terrain to depths far below 500 meters comprises basement (Figures
4.27 and 4.31).

The basement is horizontally continuous in the area. Locally occurring, large vertical fractures
can be mapped at the surface. Numerous smaller fractures are observed extensively at the
top of the basement and in natural outcrops and quarries where horizontal fractures are also
observed (Figures 4.31 and 6.145).

The geochemical conditions for retardation of radioactive nuclides (Criterion no. 1.3) is
scored less suitable because granite, gneiss, and their weathering products do not contain
smectite, which is a mineral known to promote retardation of radioactive nuclides. It is pos-
sible that the constructed barriers of a potential repository in basement rock can be designed
to compensate for the less suitable score of this criterion. This should be investigated further
if a site for detailed geological investigations is chosen in the Bornholm basement area.

The host rock’s self-healing properties (Criterion 2.3) are scored as less suitable. This is
because neither smectite nor calcite has been detected from analysis of rock samples. Both
minerals have the capability to precipitate in small, locally generated fractures and self-heal
potential repository induced microfractures in the host rock, and thereby ensure the effec-
tiveness of the geological barriers. The criterion for self-healing may not be of importance for
crystalline rocks since compaction induced microfractures are less likely to generate in a host
rock of crystalline basement compared with a sedimentary host rock. The safety relevance
of the self-healing capability of basement rocks may be investigated further, e.g., based on
experience from repositories under construction in basement rocks in Sweden and Finland
(SKB, 2021; POSIVA, 2021).

Table 6.14. Evaluation of granite and gneiss host rock (Precambrian), Bornholm area

Criteria Group Criteria Score

1. Properties of the 1 1 gpatial extent
host rock and the

. 1.2 Hydraulic barrier effectiveness
containment zone

1.3 Geochemicalconditions for retardation
1.4 Release pathways

2. Long-term 2.1 Stability of the site and rock properties
natural stability

2.2 Erosion

2.3 Repository induced influences
3. Geotechnical 3.1 Rock mechanical properties and conditions
feasibility

3.2 Underground access and drainage
4. Possibility to 4.1 Ease of characterization of the rock
acquire reliable

new geological
data 4.3 Predictability of long-term changes

4.2 Explorability of spatial conditions
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Figure 6.144.

Geographic outline of the Bornholm area and location of towns.
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Figure 6.145. Location map showing seismic lines and their quality, and deep boreholes,
Bornholm area, showing that abundant seismic data exist in the adjacent offshore area. The
map of Bornholm’s surface topography shows the presence of several fracture systems oc-
curring in the basement rocks in the island's central and northern areas.
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Figure 6.146. Earthquakes registered during the past 50 years plotted on a structural map,
Bornholm area. Only a few small earthquakes with a magnitude of 1-2 (Richter scale) are
registered in and adjacent to the Bornholm area.
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Figure 6.147. Map of buried Quaternary valleys, Bornholm area. There are no TEM data in
this area and the valleys have been mapped from well data.
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Figure 6.148. Land use, Bornholm area (MiljgGIS, 2021).
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7. Summary of the area evaluations

The geological properties of the Danish subsurface at depths to 500 meters below ground
level have been evaluated in 11 areas (Figure 7.1) based on available data and general
geological knowledge. Varying levels of detail exist for the geological properties at 500 me-
ters depth and for some properties data are available only from analogues presented in the
literature. Due to the scattered data and the general lack of detailed information, a qualitative
assessment of whether the geological criteria are favourable has been carried out for this
stage of the siting project.

The area evaluation provides the geological basis for selection of two sites for detailed geo-
logical investigations in the project’s next phase. An assessment has been carried out based
on criteria and related properties and conditions that should ensure safety during construction
and operation, and for long-term safety at the site. In the next project phase site-specific data
will be acquired with the purpose of evaluating the safety performance of the geological bar-
riers and the natural stability with regards to geological disposal of the radioactive waste at
500 meters depth. The purpose of the geological siting project is to identify areas where the
subsurface properties and conditions provide geological barriers ensuring retention and re-
tardation of the radioactive nuclides in the subsurface. The purpose of the project is not to
identify “the best site”; this is not possible due to the many different parameters influencing
safety, including the disposal concept and the performance of the engineered barriers which
have not yet been identified by DD (Dansk Dekommissionering, 2021).
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Figure 7.1. Map showing the outline of the 11 geological areas in this project. Only the on-
shore areas delineated by the polygons are of interest for disposal.
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An overview of the criteria evaluation of the areas is presented in Table 7.1. The table shows
that most geological properties are scored green or yellow indicating they are regarded as
suitable or are expected to be suitable for deep geological disposal. The many yellow scores
reflect the limited amount of data from depths to 500 meters, i.e. immature databases. In
areas where criterion 1.1 is scored green or yellow it is expected that suitable investigation
sites where favourable properties are likely to be confirmed, can be identified. Criteria group
3 regarding engineering feasibility is scored yellow in all areas due to the general absence
of specific geological data and experience from engineered constructions at 500 meters
depth. The green and yellow scorings of criteria in group 4 indicate that sites where acquisi-
tion of new representative and reliable data is feasible can be identified in all areas. However,
in areas with yellow scorings further data and studies might be needed to identify suitable
investigation sites. The new data will enable a detailed characterization and evaluation of the
site-specific properties and conditions, and their safety performance.

Table 7.1 Overview of the criteria scoring for each evaluated area and host rock. A short
explanation of the rationale for each of the orange scorings is presented in the report text
with reference to the numbers shown in the table.
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7.1 Comments to the criteria scored as less suitable (orange)

Table 7.1 shows that in some areas one or more criteria are scored as less suitable indicating
that the geological properties and conditions generally do not fulfill the defined criteria. A
short explanation of the reason for the less suitable scoring of each of the 14 criteria with an
orange score is presented below. The terminology used for the geological concept with a
host rock for disposal and overlying barriers in the ECZ is illustrated in Figures 2.3 and 5.1.

1. Inthe Nordjylland area the carbonate section in the ECZ is generally 0 to 200 meters
thick. Therefore, the criterion regarding the presence of a 250 meters thick section of
tight rock in the ECZ in combination with a 100 meters thick host rock section at the
depth around 500 meters is not fulfilled and criterion 1.1 is scored less suitable. How-
ever, locally in the southernmost part of the area carbonates may constitute a 250
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meters thick section in the ECZ and thus provide the required thickness of tight rock
overlying the host rock interval.

In the Nordjylland area the presence of a host rock section of 100 meters of homo-
geneous claystone has not been proven, as the claystone succession comprises nu-
merous meters thick sand layers. Thus, the criterion regarding the presence of a 100
meters thick homogeneous host rock is not fulfilled. Further, successions of car-
bonate in the ECZ vary in thickness from 0 to 200 meters and do not fulfill the criterion
regarding 250 meters of tight rock. Criterion 1.1 regarding the spatial extent of host
rock and barriers in the ECZ is not fulfilled in the area, and therefore is scored as
being less suitable.

In the Nordjylland area sand layers occur in the potential claystone host rock section
and in the underlying successions immediately below 500 meters depth in the Juras-
sic and Lower Cretaceous sections. These sand layers may act as flow paths and
criterion 1.4 is therefore scored as less suitable.

In the Limfjord @st area a 100 meters thick section of claystone host rock has not
been proven to occur with a thickness of 100 meters in the host rock interval. Fur-
thermore, the Lower Cretaceous claystone succession comprises numerous sand
layers. The criterion for a host rock to be at least 100 meters thick and lithologically
homogeneous is therefore not fulfiled and the criterion is scored as less suitable.
Additionally, the horizontal continuity of both claystone host rock and carbonates in
the ECZ is limited due to the presence of numerous faults offsetting the layers which
results in a less suitable score, also for the spatial distribution requirement of criterion
1.1.

In the Limfjord @st area the potential claystone host rock section comprises numer-
ous sand layers which may act as flow paths both in the Lower Cretaceous section
and the underlying Jurassic section. Criterion 1.4, stating that flow paths are absent
is therefore not fulfilled and is scored as less suitable.

In the Midt-Vestjylland area the carbonate succession in the EZC is 200 meters thick,
or less, and therefore does not fulfill criterion 1.1 regarding the presence of 250 me-
ters of tight rocks in the ECZ. The top of the Chalk Group occurs at depths from 300
to 500 meters and the total thickness of the carbonate succession is 500—1000 me-
ters. If disposal is decided upon at depths greater than 500 meters the required thick-
ness of both host rock and barrier in the ECZ may be obtained.

In the Midt-Vestjylland area numerous salt structures which may still be active or can
be reactivated and thereby cause offset along fault planes, are present. Several
earthquakes have been registered, especially in offshore areas to the west, indicating
that some faults are active. Due to the presence of salt structures and several regis-
tered earthquakes in the area criterion 2.1 regarding the natural stability is scored as
being generally less suitable. It may be possible to identify local areas without active
faults where the risk of earthquakes is small, and the natural stability may be suitable.
Further, new detailed seismic data and mapping in the area is required to identify a
suitable investigation site where faults are absent.
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8. In the Sydvestjylland area the thickness of carbonates in the ECZ varies from 0 to
200 meters and thus the criterion 1.1 regarding the presence of 250 meters of tight
rock is not fulfilled. The top of the Chalk Group occurs at depths from 300 to 500
meters and the total carbonate thickness is 500-1000 meters. In case at depths
greater than 500 meters is an option the required thickness of both host rock and
barrier in the ECZ may be obtained.

9. In the Senderjylland area the thickness of carbonates in the ECZ varies between 0
and 200 meters and thus the criterion 1.1 regarding the presence of 250 meters of
tight rock is not fulfilled. The horizontal continuity of host and barrier rocks is limited
due to the presence of numerous faults associated with vertical off-set of the sec-
tions. Therefore criterion 1.1 is not fulfilled due to lack of horizontal continuity.

10. In the Sydlige @hav area the presence of a homogeneous claystone section with a
thickness of 100 meters has not been proven. Lower Cretaceous and Jurassic clay-
stones comprise numerous layers of silt and sand. The potential claystone host rock
is therefore not lithologically homogeneous, neither vertically nor laterally and crite-
rion 1.1 is scored as less suitable.

11. In the Sydlige Phav area the Lower Cretaceous and Jurassic claystone successions
constituting a potential host rock comprise numerous sand layers that may act as
flow paths. Thick sandstone beds from the Gassum Formation are present in the
section immediately below 500 meters depth. Criterion 1.4 is scored as less suitable
due to the high amounts of sand in the Gassum Formation which may act as flow
paths immediately below the host rock at depths around 500 meters. Furthermore,
there is a gradual transition from sand to the overlying clay dominated Jurassic suc-
cession and seismic identification and mapping of the Top Gassum Formation is
somewhat uncertain.

12. In the Nordgstsjaelland area criterion 2.1 regarding natural stability is scored as less
suitable due to the frequent occurrence of earthquakes in combination with the pres-
ence of numerous fault planes observed to extend to near-surface positions. If these
faults are reactivated the fault planes may act as (temporary) flow paths through the
tight geological barriers. If investigation sites are selected in this area special empha-
sis should be placed on ensuring a safe distance to potentially active faults. If a de-
cision is made to dispose the radioactive waste in the area, emphasis should be put
on investigations of how the potential impact of earthquakes can be mitigated by the
rock’s potential for self-healing and by the repository’s engineered barriers.

13. In the Bornholm area criterion 1.3 addressing the geochemical properties for retar-
dation of nuclides is scored as less suitable, because the crystalline rocks, granite
and gneiss, do not contain smectite clay minerals. However, the matrix permeability
of fresh, unweathered crystalline rock is extremely low and the rocks’ capability for
retardation of nuclides is probably of less importance for the overall barrier effective-
ness for a repository compared with a sedimentary host rock.
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14. In the Bornholm area the self-healing potential as addressed by criterion 2.3 is scored
as less suitable. This is because the crystalline rocks and their weathering products
do not comprise smectite or calcite minerals which have the capability to fill locally
generated microfractures that may form in the repository due to compaction. How-
ever, compaction generated fractures are not expected to form in crystalline rocks,
and this criterion may be regarded as less relevant for disposal in basement areas.

7.2 Considerations on selection of investigation sites

The presented area characterizations and evaluations provide the geological basis for the
selection of two investigation sites which will be chosen through a dialogue process managed
by MHES. For the site selection, socio-economic and other relevant criteria will be used in
addition to the geological, safety-based criteria.

When selecting the specific investigation sites and their areal extent, it is important to ensure
that major features such as buried valleys, faults and other subsurface discontinuities are
absent in the area. It may be necessary to revisit the seismic interpretation of the site of
interest in order to evaluate whether further surface or subsurface data are required for the
delineation of a specific investigation site. If the existing data coverage is insufficient to pro-
vide the required level of detail, additional geophysical or other relevant data should be ac-
quired as part of the site delineation process, in order to reduce the risk of encountering
major discontinuities during the detailed site investigation.

For the selection and areal delineation of specific investigation sites, it is necessary to know
the specific geological requirements and criteria related to the identified (preliminary) dis-
posal concept. This is to ensure that all relevant and critical geological data required for the
site characterization and a safety case are collected prior to a potential decision on whether
to dispose the waste at the site. The geological criteria should include a specification of the
rock volume necessary for disposal, including the repository size and dimensions, and any
shafts, tunnels and / or deviated boreholes that need to be constructed in order to fill the
waste into the subsurface repository.

A preferable situation for an investigation site is that existing data indicates a high chance of
encountering the required favourable rock properties and conditions from the site investiga-
tions. A site should be chosen where data indicate that the potential host rock and the ECZ
are laterally extensive without significant discontinuities for at least 5x5 kilometers. This is to
ensure that:

e Thereis some lateral flexibility for the precise location of a potential repository in case
detailed investigations identify significant subsurface discontinuities within the site.

e In case faults are identified near a potential investigation site it is important to
acknowledge the uncertainty on fault mapping to reduce the risk of drilling into a fault
during the site investigations. The lateral extension of fault planes identified on 2D
seismic lines are highly uncertain in areas where large distance between seismic
lines does not allow for mapping with high confidence.

e The drilling of boreholes to depths of more than 500 meters should be carried out at
the fringe of the site in order not to compromise barriers in the central parts of the
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site where a repository might be established in the future. To ensure that data ac-
quired from the boreholes are highly representative for the central part of the site, it
is important that the geological record and rock properties can be assumed to be
consistent within the entire investigation site.

Final comments regarding selecting and outlining investigation sites

The purpose of the geological siting project is to map and characterize the subsurface prop-
erties and conditions at depths to 500 meters, in order to identify potentially suitable sites for
deep geological disposal of Danish radioactive waste. The result of the siting project’s first
phase shows that large areas may be suitable for selection of sites for detailed investigations
in the project’s next phase (Table 7.1). In these areas it is expected that the geological prop-
erties and conditions, as required by B90 (Danish Parliament, 2018) and recommended by
international guidelines are likely to be confirmed from site specific investigations.

If it is decided to select an investigation site in an area where the horizontal continuity (a
property for criterion 1.1) and natural stability (criterion 2.1) are less favourable, further de-
tailed and time consuming investigations are required to map and outline a suitable investi-
gation site. Additionally, in these areas there is a risk that favourable properties and condi-
tions cannot be confirmed from the detailed site investigations.

In areas where sand layers potentially acting as fairways to flow are identified at depths
around or just below 500 meters (criterion 1.4 is scored as less favourable) it will be chal-
lenging to identify suitable investigation sites without flow fairways. This is because the thick-
ness of individual sand layers is typically in the range of 1-10 meters, which is below seismic
detection and resolution, and the lateral extension of relatively thin sand layers cannot be
mapped based on seismic data. The presence of flow paths in these areas is a risk which
may be tested by drilling of deep boreholes, however numerous wells might be needed to
ensure the area is without flow pathways. The potential safety impact and risk of vertical
transport of nuclides by flow in areas with sand layers is at present poorly known and might
be investigated further by 2D and 3D scenario modelling in the project’'s next phase. Like-
wise, the potential impact that water flow may have on the engineered barriers’ functionality
may be investigated

If a site is considered for selection in an area where carbonates in the ECZ do not have the
required thickness of 250 meters (criterion 1.1 regarding spatial distribution is less favoura-
ble), it may be investigated by conceptual numerical modelling whether the actual carbonate
thickness in combination with the host rock properties and preliminary concepts for engi-
neered barriers are likely to provide the required barrier effectiveness. Geochemical retarda-
tion of nuclides should be included in the modelling as it will contribute to the geological
barrier effectiveness. Alternatively, it might be considered whether disposal deeper than 500
meters is an option, which could provide a sufficiently thick section of low permeabilty rock
in the ECZ.

The geological criteria that have been used for evaluation of the areas are defined based on
the assumption that all Danish radioactive waste must be disposed in one repository. This is
to ensure that sites investigated in the project’s next phase will be suitable for disposal of all
the waste. At present a specific disposal concept has not yet been selected by DD but several
potential designs are identified (Danish Decommissioning, 2021). The concepts range from
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disposal of a minor part of the waste (including the special waste) in a deep borehole com-
bined with shallower geological disposal of the LLW, to a concept where all the waste is
disposed in one repository at 500 meters depth. The final concept design will depend on the
subsurface geology at the site, which should comply with the necessary safety standards
required by the waste inventory (Blechschmidt et al., 2021, Appendix B). For planning of the
site investigation program, it is important that requirements related to a specific (preliminary)
disposal concept have been identified. This is to ensure that the necessary and critical infor-
mation for a safety evaluation and a subsequent decision on whether to dispose waste at the
site is available.

The present evaluation is made based on the assumption that all the Danish radioactive
waste will be disposed in one deep repository, which requires a large volume of homogene-
ous host rock. However, if a different concept is chosen, for example a deep borehole solu-
tion for a minor part of the waste, then it is possible that some of the criteria on spatial extent
that are scored as orange may be scored differently, either as potentially suitable, or suitable
(yellow or green). Likewise, an area with an orange score, given due to the lack of a sufficient
thickness of carbonate in the ECZ, may potentially be suitable for disposal if a repository can
be placed at a depth greater than 500 meters, or if the combined site specific properties can
be demonstrated to provide the necessary geological barriers. Disposal at depths exceeding
500 meters might be feasible in a borehole solution. A concept where all the Danish radio-
active waste is disposed of at greater depths is expected to be geotechnically complex and
may not be feasible. As mentioned from the review process (Blechschmidt et al. 2021, Ap-
pendix B), the disposal concept should be targeted the relatively small volumes and radioac-
tive hazard of the waste inventory.

The geological investigations of two sites in the project’s next phase will provide detailed data
on the subsurface properties and conditions at depths to 500 meters. The acquired data will
be used as input to a safety case with the purpose of demonstrating whether the combined
disposal concept of geological and engineered barriers can provide the required level of
safety and performance on both the short and long term. If some of the geological properties
and conditions of the site are scored as less favourable, it should be investigated whether
other geological properties can be expected to compensate, and/or whether the disposal
concept and the engineered barriers may be designed to mitigate the issue. If suitable geo-
logical properties cannot be demonstrated at the site, and the issues cannot be mitigated by
engineering, the conclusion of the site investigation may be that the site cannot provide the
required properties for safe geological disposal of the Danish radioactive waste.
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8.1 Reports from the siting project for deep geological disposal
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(Pedersen, G. K, Lauridsen, B., Sheldon, E. & Midtgaard, H. H.) GEUS Report no.
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Precambrian crystalline basement distribution and properties (Gravesen, P., Jakob-
sen, P. R., Nilsson, B., Pedersen, S.A.S. & Midtgaard, H. H.) GEUS Report no.
2021/56, 96 pp.

Subsurface distribution of Jurassic and Cretaceous fine-grained formations based on
seismic mapping (Mathiesen, A., Midtgaard, H. H. & Hjelm, L.) GEUS Report no.
2021/57, 48 pp.

Evaluation of long-term stability related to glaciations, climate and sea level, ground-
water, and earthquakes (Sandersen, P., Binderup, M., Larsen, T. & Nilsson, B.).
GEUS Report no. 2021/58, 112 pp.

Conceptual 1D modeling of nuclides transport in low permeable formations (Kazmier-
czak, J., Karan, S. & Jakobsen, R.) GEUS Report no. 2021/59, 99 pp.

Karakterisering og evaluering af geologiske egenskaber og forhold i 500 meters
dybde (Midtgaard, H.H., Hjelm, L., Jakobsen, R., Karan, S., Kjgller, C., Nilsson, B. &
Poulsen, M.L.K.) GEUS Report no. 2021/60, 186 pp.

(Translation of report no. 9): Characterization and evaluation of geological properties
and conditions at 500 meters depth (Midtgaard, H.H., Hjelm, L., Jakobsen, R., Karan,
S., Kjgller, C., Nilsson, B. & Poulsen, M.L.K.) GEUS Report no. 2021/61, in prep.
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8.2 Reports from previous geological studies on disposal of the
Danish radioactive waste

Low- and intermediate level radioactive waste from Risg, Denmark. Location studies
for potential disposal areas. Published in GEUS Report Series.
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and description of areas. Sjeelland. GEUS Report no. 2011/46, 85 pages.

Report No. 7. Gravesen, P., Nilsson, B., Pedersen, S.A.S. & Binderup, M., 2011: Characterization
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Low- and intermediate level radioactive waste from Risg, Denmark. Studies of the six
sites (Omegnsstudier). Published in GEUS Report Series.
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under Ministeriet for Sundhed og Forebyggelse, februar 2015, 128 pages.

Gravesen, P., Binderup, M., Nilsson, B. & Pedersen, S.A.S., 2016: Kriterier og proces for
lokalisering af et mellemlager for det lav — og mellemaktive affald fra Risg. De Na-
tionale Geologiske Undersggelser for Danmark og Grgnland (GEUS), 99 pages.

Websites

www.dd.dk

www.dmi.dk

www.geus.dk

www.ufm.dk
https://mst.dk/service/miljoegis/
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Area: Nordjylland, Host rock: Carbonate, Chalk Group
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Area: Nordjylland, Host rock: Claystone, L. Cretaceous and Jurassic
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Area: Nordjylland, Host rock: Claystone, L. Cretaceous and Jurassic
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Area: Nordjylland, Host rock: Claystone, L. Cretaceous and Jurassic
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Area: Nordjylland, Host rock: Claystone, L. Cretaceous and Jurassic
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Area: Limfjord @st, Host rock: Carbonate, Chalk Group

PaAIasSqo Jou aJe s)ney Jo sainoel) uado

S[|om A8|Si3
31 WOJj 8102 Ul PaAISSO SI sainjoed) ul uonendioaid anoe)

S[|om A8|Si3
31 WOJj 8102 Ul PaAISSO SI sainjoed) ul uonendioaid aore)

SUBWIWOD

dnoio MreyD ‘ereuoqted X204 1SOH
1S@ ploljwi realy

Juasqe ale W 00g

+ uey) alow 0] a2euns ay) wolj Bulpualxa s)jney 1o sainjoel) uado abue]
Aujgeswiad ybiy yum sauoz painioel) 1o siajinbe

+ pues peaidsapim Ajjelare| pue 321yl Urejuod Jou Sa0p X201 Jallieq ay L
++ Ae|o anseld Jo s1ake| 321y} U0 10U SB0P XJ0J Jauteq ay |
+ JUds(e aJe Sainjokl) pue pues PalepIjosuoduUN X001 Ialreq ay) uj

+ sainjoel) Ul a)ofed parendioaid 10 S)193WS SUIRIUOD X201 Jaleq ay L
+ JUase aJe Sainjoel) pue pues pParepljosuoaun 4201 1oy ay uj

+ salnjoely Ul 8119[ed parendioald Jo 9)109WS SUIRIUOI %201 IS0y 3y L

paynens

++ Al[ewozuoy-reau Jo Ajeluoziuoy ase suolewloy [eaibojoab ayl

8109S 2109s-gns sanJadolid

abeulelp pue ssadoe
punoibiapun z'e

SuoIIpuU0d
pue saniadoud
[ediuey2aW 420y T'E
BLIBIID

Aljiqises) [e21uyd81099) 'S

15



Area: Limfjord @st, Host rock: Carbonate, Chalk Group

uonN|oSal JIWSIAS JO
uwi| a8y mojaq o Jeau ag Aew uondas areuoqred ay) ul
slaAe| usamiag 1seu09 [ea1Bojoyll| pue SsauXdIy) Jake

suonelea
[e1LIaA UO UolTew.ojul ajgeljal apiaoid [|Im erep |9\

suoneLeA
[e91IBA UO uonewWoOoyUI 3|gelal apiaoid |Im erep |9
saoueISIp 1oys uiyum yidap w 0og e Inado

sfeAlaiul olydesbieas ualayip ‘siake| buiddip 01 anQg
saoue)ISIp 1oys uiyum yidap w 0os e Inado

sfeAlaiul olydesbieas ualayip ‘siake| buiddip 01 anQg
SjusWIWOD

dnoio YreyD ‘ereuoqie) 201 1SOH
1S@ ploljwi reary

++
++

++

++

91095  8109S-gNS

e1ep |eaisAydoab pue [ealbojoab
MaU uo paseq paddew aq ued sAajeA Areularend) pa||ii-pues palng
paddew pue paynuapl aq ued siidelp es pue synej iabie

erep [eaisAydoab uonnjosal-ybiy Jo uonIa||0d ayl Moje

auo0z Jarem pajeinies ay) 01 yidap pue Aydeibodol ‘suonipuod asepns
eIep [eaIsAydoab Jaylo 1o

/ PUB 2IWSIaS U0 pase( S)nke} pue ainjoaiydle ‘salrepunog pue siake)
jo Buiddew pajrelap sajqeua adeunsgns ay) Ul sysesuod [eaibojoyi

‘saiadoud 3201 Jalueq

Jo AlljigeeA pue Alsuaowoy ay) Uo uonewloul 9|gel|dl pue pajielap
apinod |im sajoyaloq mau ul Buibbo| sjoyaloq pue S8i109 ||Uup Wol) ereqg
soluadolid 001 1s0y ayl

10 AljigeeA pue Ausuabowoy ay) Uo uonewIoUl 9|gel|a] pue pajielap
apinod |im sajoyalog mau ul Buibbo| ajoyaloq pue Sai09 ||up Wwol) ereq
seale Jabie| 1ano paldadxa ag ued saluadoid

[eanuapi os ‘Aydeibiress pue SSauxdIyl WIOJIUN © Sey %201 Jalueq ay L
seale Jabie| Jano paldadxa ag ued saluadoid

[eonuapl os ‘Aydesbiens pue SSauXdIy}) WIOHUN B Sey %201 1soy ay L

salnuadold

16

sabueyd wial-buo|
j0 Ajjigerdipaid €'

suonipuoo [eneds
10 Aijiqesoldx3 Z'y

%201 3y}
JO uolnesaloeIeYd

Jjoaseq Ty
e1IAIID

elep mau a|gel|al aiinboe 01 A11j1qISSod '



"W 008-00¢ [eAtaiul yidap sy ul uonodas snoadelal) 7 ayl Ul 1nd20 siake| pues ‘T-1abepjeH U] (2« S

.wCOum\A.m_o JIsselnr — snoade}al)d 1 SI X204 1soy =yl aiaym seale ul uowuwod ale uolldoas ajeuogled ayl ul sjjneH4 AH*

Area: Limfjord @st, Host rock: Claystone, L. Cretaceous and Jurassic

paloadxa Jo paddew jou aJte s)nej Jo sainoel) uado +

w 00g punoJte syidap
Buipnjoul UoN2as snoaJe1al) " Byl Ul IN2J0 SIake| pues -
Mo|} Jarem Buimole sjqeawlad Aybiy Ajgissod ‘uonoss
sSnoade1al) "7 8yl Ul In220 siaAe| pues snoJawn (Z « -

(T-Agees) sojdwes 8109 ul palyiuapl alloaws ++

Ae|9 JO SsJuNowe a|geLeA UIRIUOI Sareuoqied ayl +

(z-najsuulal4 wouy

910D) w4 A9|suIBl4 pue w4 Agqpgy ul paiuapl a110swWs ++
3|geLIeA SI1Uau0d [eiauiw Ae|D +

+

+

(sboj jeaisAydonad wol)) areuoqed ul Jusuod Aejo buikiep +
syney Auely (T« -
++

(T-10bepreH ‘erep 2109) siake| IS pue pues snoJswnN -
paynuapi synej Auey -

eale ay) Jo ued [enuad ayp ul AlUQ +
W 000T-00¢ S! ssauxdly L ++

Sluswwo) 9l03S ©9l03s-gns

JISSRINC pue snoadelal) 7 ‘auoisAe|d X201 1SOH
1S@ ploljwi realy

Juasqe ale ‘yool

Jaureq ays jo doj ay) 01 3201 1soy wolj Buipuaixa ‘sainjoel) uado abieT
320. Jaureq ul Juasqe ale siake| s|jgeawlad-ybiy ‘peaidsapim Ajesare
(yrdap w 0os AlPrewixiidde 1e) 201 13S0y

MoJaq Ajpoalip Juasqe ale siahe| a|qeawlad-ybiy ‘peasdsapim Ajrelare]

3201 1S0y Ul Juasqe aJe siake| a|jgeawlad-ybiy ‘peaidsapim Ajelare

811198WIS SUIRIUOI X201 Jallieq
slesauiw Ae|o Jo Juajuod ybiy e sey xiuew X204 Jauieg

9]1198WIS SUIRIUOI X201 1SOH
S[eJauiw Ae|o Jo JualUu09 Yybiy e sey xuew X204 1ISOH

(1odsuen apipnu

pareuiwop uoisnyip sayowoid) Aljigeaswlad mo| Alaa e sey 201 Jallieg
(1odsuen apipnu

pareulwop uoisnyip sarowolid) Aljigeawiad mo| Alan e sey X204 1SOH

(Ajresare] pue Ajjeanian) snouabowoy Ajeaibojoyll| S %204 Jalregq
2I0W JO WX GXG JO JUSIXa [eIale| B Sky X0l Jalleg

AJIY) W OG¢ S! %d0l JsLireq

(Ajresare] pue Ajeanian) snouabowoy Ajjeaibojoy Si %204 1ISOH
2J0W JO WX GXG JO JUIXD [elale| e sey Y20l 1ISOH

yidap w QOS punoJe Je sind20 X204 1SOH

2I0W JO W QOT SI SSaudIy] 4201 1SOH

Soalliadold

sRemyred
asea|dy ¥7'T

uonepJelal
10} suUonNIpuod
[e21WaY2089) £'T

SSauUaAI109])o
Jaueq olnelpAH Z'T

1U91Xxa [eneds T'T
elBIID

aU0zZ Jusawuleluod pue X201 1soy jo sanadoid ‘T



Area: Limfjord @st, Host rock: Claystone, L. Cretaceous and Jurassic

SJUBWIPAS 2JISSeIN( ay) JO SISA[eue wolj 10U Ing
‘(z-ns|siulald 'sBumno) snoadelald 1 dY) Ul paluspl 8ofed

Blep 1NOY1IM S| BaJe 8] JO 1SOW ‘IaAamoy
‘Seale aWOoS Ul Juasge aJe sAa|[eA ayealpul eiep NI LAMS

auoz 1sinbulo
— 121)uabios ayl ul parenlis sI1s@ pJoliwi “palaisibal
ale saxenbyue] ‘paddew pue palnuapl ase syne| [eJanss

Sluswwo) ©9l03S ©l103s-gns

JISSRINC pue snoadelal) 7 ‘auoisAe|d X201 1SOH
1S@ pJoljwi reaiy

++
++

++

%0011s0y 8y} uluasaid si ayoed .
004 Jalireq ay) ul juasaid SI S1IUO||LIOWIUOW IO / pue 3)199WS  «  S9Juan|jul paonpul

3901 1S0Y 8y} Ul JuUasaid S| 8)IUO||LIOWIUOW IO / pUe 31108WS Aioysoday €2
wasqe ale sAg|en Areusarend) pajjiy-pues ‘paung ‘deaq . uolsol3 gz
(ures?y

MO[30 W QOE Wnwixew Jo syidap) auoz Jaliieq ay) Jo sued Jlamojeys
3y} pue UIella) 0) 9S00 suoifewloy Ajuo 19ae 0] paldadxa S| uoieloe|b
almny Ag pasned Bulniorly [2211JSA pUE UOITeWIOSp J1U0IJ8)-0I0R|S)

saladouid

paloadxa jou sI s)ne} pajeas-daap a|qissod Jo uoneainoeal 3204 pue als

pue ‘|rews siI sayenbyuea palalsibal Jo spniubew pue Aousnbai4 . ay1 jo AljgeIS T°¢
sanadoid ela1ID

Alliqels [einieN ‘g

18



Area: Limfjord @st, Host rock: Claystone, L. Cretaceous and Jurassic

suonebnsanul

als Buunp paddew pue painuapl ag ued Aay) uasalid
1l ‘pa1oadxa Jo paddew j0u aJre s)ney} o sainjoel) uadQ
pa10adxa Jou PanIasqo 10U S| 1Siey

daap ‘slake| aoepNs-1eau ul 1siey Mojeys Jo Aljigissod
"19 y[eyD ayl ul paAIasqo Jou ale siajinbe pues

S||@M A3[SIT 8y} WOl
S$3109 Ul paAIasqo SI sainjoely ul uonendioaid ajofe)

S2INJoNJIS UOISIaAUI aAoge Ajeloadsa ‘dip Builkiep

Sjuswwo) 91008 9103s-gqns

++

JISSRINC pue snoadelal) 7 ‘auoisAe|d X201 1SOH
1S@ pJoljwi reaiy

uasqe are W 0og
ueyl aiow 0} aJelNs ay) wolj Buipuaixa syne} 1o saimoel) uado abie .

Aljgeswiad ybiy yum sauoz painioel) 1o siajinbe abeulelp pue ssadoe

pues peaidsapim Ajjelare| pue 321yl Urejuod Jou Sa0p X204 Jalieq ayl punoibiapun '
Ae|o anse|d Jo s1ake] %21yl Urelu0d 10U SB0P XJ014 Jaleq ayl
JUBsUe ale SaiNjdkl) pue pues Parepljosuodun X201 Jalieq ayi u|

sainjoel) Ul a)ofed parendioaid J0 81199WS SUIRIUOD XJ01 Jaleq ayl

1USSQe ale Sainjoel) puR pueS PaJepIjoSUOdUN X004 1S0Y Byl U] SuoIIpuU0d
saJinjoel) ul auoed paleldioald 10 311109WS SUIBIUOD X004 1SOY Byl pue sanuadoid
paynens Ajeuoziioy-reau o Ajejuoziuioy ale suonewlo) [edifojoab ayl .« [edluBYyISW YI0Y T'S

saljiadoud e1IB11ID

Aljiqises) [e21uyd81099) 'S

19



Area: Limfjord @st, Host rock: Claystone, L. Cretaceous and Jurassic

elep olwsias mau Jo Aljenb ayy aosuanjul Aew 1 ‘Ajjeoo)
IN220 1s1ey J| "uapJoljwi piol} ayr Aq paloasiaiul si eale ay |

19 ey aseg
Jo Buiddew olwslas uo Ajureadun asned snoaselal) Jaddn
ay1 01 Jamo ay1 wolj uonisues [eaibojoyy| renpelb ayl

suonenen
[e211JBA UO uonewlIoul ajqelas apiroid |jim erep |9

suoneLeA
[e21JaA UO uoiewIoUIl 3|geljal apIAcid [|IM e1ep (]9
saoue)sIp 1oys AjaAne[al

JaA0 salren yidap w 0Qg e sareuoqsed jo Aydeibnens
saouelsIp 1oys AjaAne|al

Jano salren yidap w 00g 1e Aydeisbiens snoaoelal)d

Sjuswwo) 9I03S 9l03s-gns

JISSRINC pue snoadelal) 7 ‘auoisAe|d X201 1SOH
1S@ pJoljwi reaiy

++

++

++

++

e1ep |eaisAydoab pue [ealbojoab

MaU U0 paseq paddew aq ued sAajeA Areularend) pa||ii-pues palng
paddew pue paynuapl aq ued siidelp s pue sjnej iabie]

e1ep |eaisAydoab uonnjosal-ybiy Jo uonI3||0d 3yl Moje

auo0z Jarem pajelnies ayl 01 yidap pue Aydeibodol ‘suonipuod asepns

eIRp [e2ISAydoab Jayo Jo
/ PUB 2IWSIaS U0 pase( S)nke} pue ainjoaiydle ‘salrepunoq pue siake)
j0 Buiddew pajrelap sajqeua adeunsgns ay) Ul sisesuod [eaibojoyi

‘saluadoud y201 Jauueq Jo Aljigelea

pue Allsuabowoy ay) uo uonew.lojul ajgel|al pue pa|esp apinoid

[lIM Sajoyaioq mau ul Buibbo| ajoyalog pue sal109 ||1ip wol) eled
saluadoud 201 1soy ays Jo AljigeLen

pue Allsuabowoy ay) uo uonew.lojul ajgel|al pue paje1sp apinoid

[lIM Sajoyaioq mau ul Buibbo| ajoyalog pue sal1o9 ||1ip wol) eled
seale Jabie| 1ano paldadxa ag ued saiuadoid

[eanuapi os ‘Aydelbirens pue SSauxdIyl WIOJIUN © Sey %201 Jalueq ay L
seale Jabie| 1IN0 paldadxa ag ued saiuadoid

[eanuapi os ‘Aydelbires}s pue SSauXdIy) WOUN © Sey X201 IS0y ay |

sanuadold

20

sabueyd wial-buo|
j0 Ajjigerdipaid €'y

suonipuoo [eneds
10 Aijiqesoldx3 Z'y

3201 8y}
JO uonesiialoeIeyd

joaseg T'y
©1IBID

elep mau a|gel|al aiinboe 01 A11j1qISSod '



Area: Midt-Vestjylland, Host rock: carbonate, Chalk Group

"19daap 1o w 0OS 1e Sin220 dnoio yey)D dol ‘AAS spisemo] “(sued [enuad ul) w Qg 01 (eate uiayuou) w 00z woll yidap 1e sinado dnoio yey) dol pue|AhsaA-1pIN 1o 1sow U] (T«

PaA8sqo 10U aJe s)ne} o sainjoel) uado

(T-Agees) 2102 Ul paynuap! al0dwWS
Ae|2 JO sjunowe a|geleA uleluod Sayeuoqted "9 ey ayl
(T-Ag2es) 2100 Ul paynuapl 81108WS
Ae|2 JO sjunowe a|geleA ulelu0d Sareuoqled "I9 ey ayl

siake| buiddip pue Auxajdwod [einjonans o1 anp syidap

21J19ads 1e IN220 19 Meyd ay) Jo siealaiul aiydesbinens builiep
paddew pue paynuapl sjne} [eloAaS

yidap w 00S-00€ 1e SIN220 "19 ey do] ease ay) Jo 1sow U|
yidap w Q0§ e IN220 "19 ey ayl Jo srealaiul olydelbnens
Buikren spaq Buiddip pue Auxajdwod [einionis 01 ang
S21U0308] Jjes AQ pasusnjjul S| ealy

yidap w QOS e IN220 sajeuoqted vase ay] Jo 1sow uj (T

W 000T-008S S! ssauxaIyl 19 Aleyd

Sluswwo) 9l103S

dnouo reyn ‘areuoqied 3201 1SOH

pue(AlSaA-1PIN ‘ealy

+ + + +

+

+

+

++
++

9103s-gns

juasqge aJe o0l Jauteq

ay1 Jo dol ay) 01 %201 1soy wody Buipualxa ‘saimoel) uado abie
3201

Jaleq uljuasqe ale siake| s|qeawlad-ybiy ‘peasdsapim Ajlelsre]
(yrdap w 0Og Alerewixudde 1e) %001 1soy mojaq

Apoaaip uasqe ale siake| s|qeaswlad-ybiy ‘peasdsapim Ajlelsre]

3001 1S0y ul Juasge aJe siake| sjgqeawlad-ybiy ‘peaidsepim Ajelare

9]1198WS SUIRIUOI X0l Jalleg

slesaulw Aejo Jo Juauod ybiy e sey xujew X201 Jaleq
811198WIS SUIRIUOI X201 ISOH

Selauiw Ae|o Jo Juau09 ybiy e sey xiew X204 1SOH

(1odsuen apijanu pareulwop

uoisnyip sayowolid) Aljigeawuad mo| Alan e sey X201 Jalueg
(1odsuen apijpnu

paleuiwop uoisnyip sajowoid) Aljigeawlad mo| A1aA e sey X201 1SOH

(Ajresare] pue Ajeanian) snousbowoy Ajeaibojoyl Si %201 JaLueg
2J0W IO W3 GXG JO JUSIXD [elale| e Sey X020l Jauieg
A3IY) W QG¢ S! X001 Jsleq

(Ajresare] pue Ajeanian) snousbowoy Ajeaibojoyl| SI %204 1SOH
2J0W 10 W) GXG JO JUSIXa [elale| e Sey Y20l 1SOH

yidap w QOS puno.Ue Je Sind0 %201 1SOH

2JoW 10 W QT S!I SSauX2IYl %201 1SOH

saliadold

sRemyred
asea|dy ¥'T

uolepielal
10} suonIpuod
[e21WaY2089) £'T

SSauUaAI109))o
Jaueq alnelpAH Z'T

U913 [eneds T'T
eLBIID

aU0zZ Jusawuleluod pue X201 1soy jo sanadoid ‘T

21



Area: Midt-Vestjylland, Host rock: Carbonate, Chalk Group

e1epI L INOYIM SI eale 3y} JO ISON

S21U0193] J|es Ag paziiaioereyd S| pue auoz

1sinbulo] — 184uabios 0] Wwadelpe pajenyis Si ealy ‘9J0Yysuo
awos ‘aloys-o paialsibal saxenbyues uanbaid (T«
SUENIee}

dnolo
Mreyd ‘ereuoqied o204 1SOH
puelAlSsA-1pIN ‘ealy

‘Aixa1dwod [einjoniis ssa| 01 anNp snonunuod Ajjelale| alow
[elouab ul ase suonewlo) pue uasqe alte sidelp 1es pue|lAhsaa-1piA o 1ed 1Isowulaises ayl uj ‘uonesijigowsal 1jes Buliobuo yum Ajgissod swos ‘1n220 sain1onas jjes Jaylo pue siidelp
1/es SnoJawnN "uondas J10ZouaD ay) OUI pudlxa 0} paddew usaq aney syney Maj AlUQ "Seale al1oys-}o Juadelpe se ||am se eale ay) ul paiaisibal usag aney saxyenbyues jews AueN (T«

++ 3901 1soy 8y} ul Juasalid si a1ged
+ 3201 Jalreq syl ul Juasaid S| a)luoj[lLIowIUoW I0 / pue ali108Ws
+ 3901 1S0Y 3y} ul Juasald SI IUo||LIoWIUOW 10 / pue a11193WS
+ juasqe aJe sAajen Areusarend) paj|ij-pues ‘palng ‘deaq
(uresay

MO[3Q W QOE wnuwixew jo syidap) auoz Jauieq ayi Jo sued Jamo|eys

3] pue Ure.a) 0] 8S0|d suoiew.o] Ajuo 19ajle 0] pardadxa SI uoneloe|d

++ almny Ag pasned Bulnioel) [edJaA pue uoiewlo}ap 21U01dal-019e|9

paloadxa jou sI s)ne} pajeas-daap a|qissod Jo uoneAindeal
- pue ‘|rews si sayenbyuea paialsibal Jo spniubew pue Aousnbai4
91005 2109s-qns sanJadold

saouan|jul paanpul
Alolisoday £¢

uoisoig3 z'z

saladouid

3204 pue als

ayy jo Aujiqeis 1'z
elsiID

Alliqels [einieN ‘g

22



Area: Midt-Vestjylland, Host rock: Carbonate, Chalk Group

*7D3 8y} Jo 1ed se papielal 10U S| UONIaS 210Zouad) ay) Ing ‘Aejo anseld Jo ysu e aq Aew a8y ‘NIl AISA SI UOID3S 210Z0UdD 8] 8I8ym eale ay) Jo sued uiayinos ul Ajjeao (T «

Juasge ate W QoS

paloadxa Jo paddew jou alte syne} 1o sainoel) uadO + uey) aiow 0] adelns ay) woJ) Buipuaixa syne) 1o sainoel) uado abie] .
Ajgeswlad ybiy yum sauoz painioel) 1o siajinbe abeulelp pue ssadoe
+ pues pealdsapim Ajelare| pue 321yl Uleluod 10U S0P Y20l Jalleq ayl punoiblapun g’
(T« ++ Ae[o onse|d Jo si1ake] %21yl Urelu0d 10U SB0P XJ04 Jalieq ayl -
+ JUSSQe ale Sainjoel) pue pues Palepljosuodun ‘X204 Jalueq ayl u| .
SENVENEE
Wi0J) 8102 Ul paAIasS(o sI sainjoedy ul uonendioald a1oe) + salnjoely ul 8119[ed pareldioald Jo 811108WS SURIUOD XJ0U Jaleq ayl .
+ JUSSQe ale Sainjoel) pue pues PajepIjosuoduUN Y201 1S0y ayl u|
SENVEINEE
Wwi0Jj 8102 Ul paAIasqo sI sainjoedy ul uonendioald aoe) + sainjoely Ul 3119[ed parendioald 1o 81198WS SUIBIUOD X004 1SOY Byl SuoIIpuU0d
sadeip 1jes 03 Juadelpe Alenoied ‘saosueisip 1oys pue sanuadoid
Jano Apueaiiubis Area suonewloy Jo yidap pue ssauyodiyl - paunens Ajeiuoziioy-seau 1o Ajjeluoziioy ale suoliew.lo) [edlbojoab ayl .« [eolueydaw 320y T'S

SjuUBWIWO)D 9102s-gNS salJadold ela1Id

dnoio yrey)d ‘ereuoqle) 3001 1SOH A11j1qISes) [ea1uyo91099) 'S
puel|Alssp-1pIN (ealy

23



Area: Midt-Vestjylland, Host rock: Carbonate, Chalk Group

“eaJe ay) Jo ued uisises AIaA ay) 1o} 1d90Xa ‘SIS1aWo| [eJaAss 1o}

Buipuaixa suonew.o) eaibojoab wioyun yum sals uonebnsaaul Alnuapi 01 Buibus|eys aq Aew 11 ‘saaueiSIp 11OYS UIYIM suoiewlo) 01 syidap pue ‘Jo sassauxaiyl buifrea Ajlybiy o1 ang (T «

elep JlWsIas

mau Jo Alifenb ayy souanjul Aew 1siey BuLIN0 Ajjed07]
BaJe 9y} SS0I0B SPUdIXa UapJoljwiT 19|ul suLew ay L
uoInN|oSal JIWSISS

JO JWI| 8Y) MOJaQ J0 Jeau ag Aew U0N93as a1euoqJed ayl ayl
ul s1aAe| usamiag 1sequod [ea1bojoyll] pue ssauxdIy) Jake

suoneren
[e211J9A UO uolewloul ajgelal apiaoid [jim erep |9\

suoneLeA

[e21ISA UO UORWIOUI 9|gelja) apiacid [[Im Brep |\
saoue]ISIp 1oys AjaAre[al ulylim Inaoo yidap

w 00§ 1e Aydeibinens pue ssaudiyl Jo uonelea abie (T«
saoue]ISIp 1oys AjaAle[al ulylim Inaoo yidap

w 00§ 1e Aydeibiens pue ssauoiyl Jo uonelea abie (T«
SjUBWIWOD

dnoio MreyD ‘areuoqie) X201 1SOH
puelAlSsA-1pIN ‘ealy

e1ep |eaisAydoab pue [ealbojoab
++ MaU uo paseq paddew aq ued sAajieA Areularend) paj|ii-pues palng . sabueyos wial-buo|
++ paddew pue painuapl aq ued siidelp 1jes pue sjney Jabie 10 AlljIge121pald €'

erep [eaisAydoab uonnjosal-ybiy Jo UonNIS||03 Byl Moje

+ auo0z Jarem paleinies ay) 01 yidap pue Aydeibodo) ‘suonipuod aseuns .
eIep [eaIsAydoab Jaylo Jo
/ PUB 2IWISISS U0 pase( S)nke} pue ainjoaiydle ‘salrepunog pue siake) suonipuod feieds
+ Jo Buiddew pajrelap sajgeus adeuNsgns ay) ul Siseuod [ealbojoyi . 10 Aljiqesoldx3 'y

‘'saluadoud y201 Jauieq Jo Aljigelea
pue Allsushowoy syl uo uonew.lolul a|geljal pue pajelap apiaoid
++ [lIM Sajoyaioq mau ul Buibbo| ajoyalogq pue salod ||1Ip wol) eledg .
saluadoid 201 1soy ayi Jo AljigeLea
pue Allsushowoy syl uo uonew.lolul a|geljal pue pajelap apiaoid

++ [lIM Sajoyaioq mau ul Buibbo| ajoyalogq pue salod ||1Ip Wwol) eredg .
seaJe Jabie| Jano paldadxa aq ued saiuadoid
+ [eonuapl os ‘Aydesbiens pue SSauUXdIY} WIOHUN B Sey XJ01 Jalteq ayl e 3201 8y}
seale Jabire| Jano pardadxs aq ued saniadold JO uolteslialoeIeyd
+ [eonuapl os ‘Aydesbiens pue SSauUXOIY) WIOHUN B Sey %20131soy 8yl joaseq T'y

91005 9102s-gng salJadold elia1li)

elep mau a|gel|al aiinboe 01 A11j1qISSod '

24



Area: @stjylland, Host rock: Carbonate, Chalk Group

palnuapl 10U ale synej Jo saimoel) uadQ

(T-Agaes)sajdwes 2109 ul paljuapl a12awWs

Ag|2 JO sJunowe a|geleA SURIU0D 31euogied ayl
(T-Agaes) sajdwes 2109 ul paluapl a11dswWs

AB|d 0 sJuNowe a|gelieA SUIRIUOD UOND3S aleuoqled ayl

(sboj reaisAydonad) sareuoqied ayi Jo 1ua1uod Aejd Bulkiep
uonoas

210Z0oua) 8y} OJuI puadlxa 0} paddew ale s)ne} abie| ma4
ZJ3 3y} Ul X004 Jauleq W 0S¢ ueyl

SS9| 91N1IISU0I pue M\S BU) Ul W 00z ueyl Jadasp sindoo
ey dog ‘Jansmoy ‘IN 8yl ul W G SI SSaUXdIYyl areuogied
(sboj jeaisAydonad woly) sareuoqied ul Juajuod Aejo bulkiep
AlINunuOo9 X201 [B0Z1I0Y UO 93UBN|JUI OU (UOIJSS leuoqred
3y} Ul IN220 18S-}40 Juasedde ou yim s)ne} Jouiw SnoJsswnN
W 00G-0 [eAId1ul Y3 Jo 1sow ul 8dAl 3204 8yl 8INIISuoD

W 0G/ Uey) aiow JO SSaUXIIY} B Skey UoI19as areuodte)
SjUBWWOD

dnolo ey ‘ereuogie)d 3204 1SOH
pue|lAlsg ealy

+ +

+ + + +  + +

+

+

++

++
++
++

91035 9l103s-gns

1uasqe ale ‘yoo0l

Jaureq ays Jo doj ay1 01 3201 1soy wolj Buipuaixa ‘sainoel) uado abieT
3201 Jaureq ul Juasqe ale siake| s|jgeawlad-ybiy ‘peaidsapim Ajelare
(yrdap w 0os Alrewixiidde 1e) 201 1soy

Mojag Apoaullp Juasqe ale siake| s|qeawlad-ybiy ‘peasdsapim Ajjelare]
3201 1S0Y Ul Juasqe aJe siake| s|jgqeawlad-ybiy ‘peaidsapim Ajelare

911193WIS SUILIUOI X201 Jallreg

S[eJaulw Ae|o Jo JUSlUOI YbiY e Sey Xiew Y20l Jauleg

91198WS SUILIUOI X204 1SOH

S|eJaulw Aej9 Jo U809 Ybiy e Sey Xujew X420l 1SOH

(odsuen apijpnu

pareuiwop uoisnyip sajowoid) Aljigeawliad mo| AlaA e sey y201 Jallueg
(uodsuen apijpnu

pareuiwop uoisnyip sayowolid) Aljigeawiad moj AlaA e sey X204 1SOH
(Alresare] pue Ajeaiian) snouabowoy Ajjeaibojoyi si %201 Jalreg

210W 10 W) GXG JO 1USIXa [eia]e| B Sky X201 Jalueg

AJIY) W OS¢ S! Xd01 Jslireqd
(Ajresare] pue Ajeanian) snousbowoy Ajjeaibojoy Si %204 1ISOH

2J0W IO W) GXG JO JUBIXD [elale| e sey Y20l 1ISOH
yidap w QOG punoJe Je sinda0 X204 1SOH

8J0W JO W QOT S! SS8UXIIY} 4201 1SOH
sanJadoid

25

sRemyred
asea|ay ¥7'T

uolnepJeal
10} suonIpuod
[ea1way2099) £'T

SSOUBAIIJ3))o
Jlalireq o__s.m._beI T

JUaIXd [eneds T'T
el|lD

aU0zZ Jusawuleluod pue X201 1soy jo sanadoid ‘T



Area: @stjylland, Host rock: Carbonate, Chalk Group

e1Ep 1NOYIIM BJe seale abie| Jlanamoy
‘seale aWos Ul JuUasqe ate sAs|[eA ayedlpul erep NI LS

(uresssy Jeau) dnouo ey dol 01 pualxa s)ne) [elanas
sjuaWWoD

dnolo yrey) ‘ereuoqe) 3201 1SOH
pue(lAlsg eaiy

++ 3001 1soy 8y} uljuasald si aloeD .

+ 3201 Jalieq ay) ul Juasaid S| 8)IUO|ILIOWIUOW IO / pUe 31I0BWS . saouan|jul paanpul

+ 3901 1S0Y 8y} Ul JuUasaid S| 8)IUO||LIOWIUOW IO / pUB B}1108WS Kioyisoday €2

+ wasqe ale sAg|en Areusarend pajjii-pues ‘paung ‘deaq . uolsoi3 gz
(ures?y

MO[3g W QO Wnwixew Jo syidap) auoz Jalireq ay) Jo sued Jamojeys
31 pue Ulelia] 0] 8S0J0 suoiew.o}) Ajuo 193k 0 pardadxa si uoneloe|6

++ ainny Aq pasned Bulnioel) [eo1JSA pue UOBWIOSP J1U0IBI-010B|D . saniadoud
paloadxa jou S| sy ney pajeas-daap a|qissod Jo uoneAideal 3204 pue als
+ pue ‘|rews sI sayenbyuea paJalsibal Jo spniubew pue Aousnbal{ . ay1 jo AljgeIS T°¢

910205 8109s-gNns sanJadoid elIL11ID

Alliqels [einieN ‘g

26



Area: @stjylland, Host rock: Carbonate, Chalk Group

payuapl Jou aJte sjney Jo sainoely uado

(zD3 8y 01 8INQLIIUOI 10U Op pue) SIalBW

00% 01 00Z wou} Buikrea syidap 1e sajeuoqed ay) aljJano
susodap 210zouad Apues eale pue|Aisg ulayinos ayl uj
uOIYasSaYeUOqJed 8y} Ul INJJ0 Jou Saop Aejd anse|d (T«

S[|aMm A3|SIT 8yl
WOJ} 8102 Ul PAAISSO SI saimael) ul uonendinaid a)oe)d

SENYEIDEET
W0J} 8102 Ul PAAISSO SI saimoel) ul uonendinaid a)oe)d

S1UBWIWOD

dnolo Yreyd ‘ereuogie) 3201 1SO0H
pue|lAlsg ealy

"eale ay} Jo ped wisyinos ayl ul %21yl W 00-002Z S! Y2IYyM ‘Uuondas 210Zouad ayl ul 1nd23o Aew Ae|o anse|d Jo siake (T«

Juasqe are W 00g
+ ueyl aIow 0) 8JelNS 3yl Wolj Buipuaixa syne} Jo saimoel) uado abieT

Aljgeswlad ybiy yum sauoz painioel) 1o siajinbe
+ pues peaidsapim Ajjelare| pue 321yl Uurejuod Jou Sa0p 201 Jalieq ay L
++ Ae[o anse|d Jo s1ake] 321yl Ureluod 10U Sa0p X20J Jallieq ay L
+ JUds(e ale Sainjdkl) pue pues Parepljosuodun X201 Jalieq ay) uj

+ sainjoel) Ui a)oed parendioaid 10 S1193WS SUIRIUOD X201 Jalieq ay L
+ JUase aJe Sainjoel) pue pues parepljosuodun 4201 1oy ay uj

+ salnjoely Ul 8119[ed parendioald Jo 8)109WsS SUIRIU0I %201 IS0y 8y |
+ paunens Ajeiuoziioy-reau o Ajjeluoziioy ale suonew.o) eaibojoab ay
8l00S  9103S-gnS sanJadolid

abeurelp pue ssadoe
punoiBlapun z'€

SuoIIpuU0d

pue sanuadoid
[eoiuey2aW 420y T'E
BLIDIID

Aljiqises) [e21uyd81099) 'S

27



Area: @stjylland, Host rock: Carbonate, Chalk Group

uonN|oSal JIWSIaS
10 1WI| 8Y1 MOJ3Q J0 Jeau ag Aew UO0NI3S a1euO0qed ay)
ul siake| usamiag 1seNUOI [BIIBOJOY1I| pUR SSauXDIY] Jake

suonenen
[e211JBA U0 uonewlIoul ajgelal apiroid [jim erep |9

suoneLea

[e21ISA UO uonewIOojUl 3|qelal apinoid [jIm erep (9N
paloadxa

sI saiuadold pue Aydeibirens snonunuod AjeuoziioH
paloadxa

sI saiuadold pue Aydeibirens snonunuod AjejuoziioH
SUETN[ofe}

dnolo yreyd ‘ereuogle) 3204 1SOH
pue|lAlsg ealy

28

e1ep |eaisAydoab pue [eaibojoab

++ MaU uo paseq paddew aq ued sAajeA Areularend) pa||i-pues paung . sabueyos wual-buo|
++ paddew pue paynuapl aq ued suidelp s pue sjnej iabie « Jo Ajgeldipaid £v
++ elep |eaisAydoah uonnjosal-ybiy Jo uondd||0d Byl Moje

auo0z Jarem pajeinies ay) 01 yidap pue Aydeibodo) ‘suonipuod aseuns .
eIRp [e2ISAydoab Jayo Jo
/ PUB 2IWSIaS U0 pase( S)nke} pue ainjoaiydle ‘salrepunoq pue siake) suonipuod feieds
+ Jo Buiddew pajrelap sa|geus adeuNsgns ay) ul Sisenuod [ealbojoyi] . 10 Aljiqesoldx3 'y

‘saluadoud y201 Jauueq Jo Aljigelea
pue Allsuabowoy ay) uo uonew.lojul ajgel|al pue pa|esp apinoid
++ [lIM Sajoyaioq mau ul Buibbo| ajoyalog pue sal109 ||1ip wol) eled .
saluadoud 201 1soy ays Jo AljigeLen
pue Allsuabowoy ay) uo uonew.lojul ajgel|al pue paje1sp apinoid

++ [lIM Sajoyaioq mau ul Buibbo| ajoyalog pue sal1o9 ||1ip wol) eled .
seale Jabie| 1ano paldadxa ag ued saiuadoid
++ [eonuapl os ‘Aydesbiens pue SSauUXOIY} WIOHUN B Sey XJ0l1 Jalteq ayl e 3201 8y}
seale J1abre| Jano pajdadxs aq ued saniadold JO uolteslialoeIeyd
++ [eonuapl os ‘Aydesbiens pue SSauUXOIY) WIOHUN B Sey 3201 I1soy 8yl joaseq T'y

9100S 9100s-gNS sainJadold elia1li)

elep mau a|gel|al aiinboe 01 A11j1qISSod '



Area: Sydvestjylland, Host rock: Carbonate, Chalk Group

‘poposu aq M Buiddew pajieiap pue suoi0as 210zouad 8yl Ul INJ20 S1aAe| pues snolawnu Ajelauab ‘1anamoy ‘[esodsip 1oj 1salaiul [enualod Jo als
B e X001 1S0Y a1euogied ayl BuIAano Ajgrelpawiwl 3201 Jallieq e wJioj 0] SSauxdIyl palinbal ay) sa1nnsuod Aj[eao] uondas paleulwop Aefd 210zouad e Jaylaym parebnsanul aq Aew 1 (T«

palnuapl 10U aJe s)nej Jo saimoel) uado

(T-Agses) 8100 Ul paynuap! 81o8wWS
Ae[D JO SjUNOWE 3|gelleA uleluod Saleuodgled ay L
(T-Agses) 8100 Ul paynusp! 8108wWS
Ae|2 JO sjunowe a|geleA uRlU0d Sareuoq.ed ayl

1ua1u09 Ae|d Bulkien e aney sareuoqe)d

(w

00G-00¢ ¥e sin220 dnoio Xjeyd dol) zO3 dys Ul s1sldw 0S¢
uey) SS9| SI UOIID3S a1eUO0qIRD Byl ‘eale ay) Jo 1sow U] (T«
saleuoqJed ayl ul uaiuod Aejd Builiep

19S-1J0 Joulw AJBA 10 OU YIIM paljIuapl are syne} JoUl

Ae|o pue pues pappagJalul Jo UOII3S 210Zoua) ay] Sl
BuiAl1ano {fealaul yidap w 00S-00Z @Y Ul 1nd20 sajeuoqte)d

Sljuswwo)

dnolo Yreyd ‘ereuogie) 3201 1SO0H
pue||AlSanpAs ealy

+ +

+ + + +

++

++

++
++

91035 ©°.1093Ss-gns

1uasqe ale ‘yoo0l

Jaureq ays Jo doy ay) 01 ¥201 1soy wolj Buipuaixa ‘saimoel) uado abieT
3201 Jalieq ul juasqe ale siake| a|jgeawlad-ybiy ‘peaidsapim Ajjelare
(yrdep w 0os Alrewixiidde 1e) 201 13S0y

Mojag Ajpoallp Juasqe ale siahe| a|qeawlad-ybiy ‘peaidsapim Ajjelare]
3201 1S0Y Ul Juasqe aJe siake| sjgeawlad-ybiy ‘peaidsapim Ajeliare

311109WS SUIRIU0D X201 Jaliieg

sfesaulw Aejo Jo Jusu0d YBiy e sey Xurew 3201 Jaleg
311109WS SUIRIUOD %20. 1SOH

S[esaulw Ae|o Jo 1ULU09 YBiy e Sey Xirew 320. 1SOH

(uodsuen apijpnu

pareuiwop uoisnyip sajowolid) Aljigeawlad mo| AlaA e sey X201 Jallieg
(uodsuen apijpnu

pareuiwop uoisnyip sayowolid) Aljigeawiad moj AlaA e sey X204 1SOH
(Alresare) pue Ajeaiian) snouabowoy Ajjeaibojoyi si %201 Jalreg

2I0W JO WX GXG JO JUSIXD [eIdle| B Sky X020l Jalleg

31U W OG¢ S! %d0l Jslreqd
(Ajresare] pue Ajeanian) snousbowoy Ajjeaibojoy Si %204 1SOH
2J0W IO W) GXG JO JUBIXD [elale| e sey Y20l 1ISOH

yudap W QOG punoJe 18 SINd20 %201 1SOH
alow 10 W QOT SI SSaUXDIY) 4204 1SOH

sanJadoid

sRemyred
asea|ay ¥7'T

uolnepJeal
10} suonIpuod
[ea1way2039) £'T

SSOUBAIIJ3))e
Jlalireq o__s.m._beI T

1u91Xa [eneds T'T
eLBIID

aU0zZ Jusawuleluod pue X201 1soy jo sanadoid ‘T

29



Area: Sydvestjylland, Host rock: Carbonate, Chalk Group

elep 1NOY1IM S| BaJe ay] JO 1SOW ‘IaAamoy
‘Seale aWos Ul Juasge ale sAa|feA arealpul erep NI 1AS

Sluswwo)d

dnolo yreyd ‘ereuogle) 3204 1SOH
pue||AlSanpAs ealy

++

++

++

9103S ©9103s-gns

3201 1S0Y 8y} ul Juasaid si ajoe)d
3001 Jalteq ay) ul Juasaid Si a)uoj|LIoWIUOW J0 / pue 911109Ws
3201 1S0Y 8y} Ul Juasaid S 811UO||LIOWIUOW JO / pue 3]103Ws

wasqe ale shs|en Areusarend) pajji-pues ‘paunq ‘deaq

(uresay

MOJ3g W QOE Wnwixew jo syidap) auoz Jaureq ayl Jo sued Jamojieys
3U} pue ulelid] 0} 8S0|d suolew.o} Ajuo 108)e 0} paoadxa si uoneloe|d
ainny Aq pasned Bulinioel) [eoJSA puB UOIRWIOIP J1U0}I3)-0198|D
paloadxa jou sI s)ne} pajeas-daap a|qissod Jo uoneAindeal

pue ‘|rews si sayenbyuea paialsibal Jo spniubew pue Aousnbai4

sanJadoid

saauan|jul paonpul
A1olisoday €2

uolsoig3 z'z

saladouid

3204 pue als

ayy jo Aujiqeis 1'z
elsiID

Alliqels [einieN ‘g

30



Area: Sydvestjylland, Host rock: Carbonate, Chalk Group
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Area: Sydvestjylland, Host rock: Carbonate, Chalk Group
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Area: Sgnderjylland, Host rock: Carbonate, Chalk Group
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Area: Sgnderjylland, Host rock: Carbonate, Chalk Group
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Area: Sgnderjylland, Host rock: Carbonate, Chalk Group
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Area: Sgnderjylland, Host rock: Carbonate, Chalk Group
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Area: Fyn, Host rock: Carbonate, Chalk Group
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Area: Fyn, Host rock: Carbonate, Chalk Group
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Area: Sydlige @hav, Host rock: Claystone, L. Cretaceous and Jurassic
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Area: Sydvestsjeelland, Host rock: Carbonate, Chalk Group
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Area: Sydvestsjeelland, Host rock: Carbonate, Chalk Group
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Area: Sydvestsjeelland, Host rock: Carbonate, Chalk Group
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Area: Sydvestsjeelland, Host rock: Carbonate, Chalk Group
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Area: Nordgstsjeelland, Host rock: Carbonate, Chalk Group
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Area: Nordgstsjeelland, Host rock: Carbonate, Chalk Group
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Area: Nordgstsjeelland, Host rock: Carbonate, Chalk Group
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Area: Nordgstsjeelland, Host rock: Carbonate, Chalk Group
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Area: Bornholm, Host rock: Granite/gneiss, Precambrian
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1. Introduction

This report summarises the findings of an external panel of work being undertaken by the Geological
Survey of Denmark and Greenland (GEUS) in support of the siting of a deep geological disposal facility
for radioactive waste in Denmark.

GEUS has been tasked by the Danish Parliament with identifying areas where the geological properties
are potentially suitable for the safe disposal of radioactive waste. The task is being carried out in
collaboration with the Danish Ministry of Higher Education and Science (MHES), the project owner,
and Danish Decommissioning (DD), the organisation responsible for storing the radioactive waste until
final disposal. The first phase of the work comprises a review of available in geological information in
order to map and describe various properties of the rock types identified at depths around 500 metres
and understand the natural processes which have the potential to influence the long-term geological
stability.

In the first stage of the project GEUS developed geological requirements and defined criteria largely
based on recommendations from IAEA and experiences from similar international projects. These
criteria are to be used for identification and initial evaluation of geological settings and rock types
suitable for a deep geological repository of the Danish radioactive waste. They have been documented
in a draft report ‘Geological siting project on deep disposal of the Danish radioactive waste, Phase 1,
report no. 8: Criteria and requirements for identification of suitable disposal sites’, dated 10" May
2021,

In order to build confidence in its approach GEUS has sought external scientific review of the
procedure for the scientific evaluations as presented in the criteria report. By seeking review at this
early stage, GEUS wanted to take the opportunity to refine, as appropriate, their approach to reflect
international good practice in the field. In turn this would help build stakeholder support for the
approach in Denmark.

The review has been carried out by a team of international experts from the organisations responsible
for scientific aspects of the geological disposal programmes in Switzerland and the United Kingdom,
herein referred to as the “review team”. In presenting their findings, the review team has made a
number of recommendations for GEUS to consider as they develop the process further.

The review considered the draft criteria report and the review team also held virtual workshops with
GEUS, Danish Ministry of Higher Education and Science (MHES), and Danish Decommissioning (DD) on
May 17% and 18, 2021.

The remainder of the review is structured in two main parts. The first considers aspects of the siting
process which need to be considered in the geological exercise. The second part focused on the detail
of the GEUS proposals as set out in the report.

1 Hereinafter referred to as “the Report”



2. Siting process
2.1 National context

Denmark has no nuclear power plants but has operated three research reactors at the Risg site which
are now being decommissioned. Radioactive waste is in interim storage at Risg, where the storage
facilities are being expanded and enhanced to increase capacity and improve robustness against
flooding etc.

In line with international best practice, and to meet the requirements of EC Directive 2011/70,
Denmark is currently planning for the disposal of Danish radioactive waste. The final disposal solution
will need to accommodate up to 10,000m* waste with various inventory.

2.2 Policy

The policy position on the long-term management for Denmark’s radioactive waste is described in
Parliamentary resolution B 90. The policy states that the solution must be implemented observing
fundamental principles for radiation protection and safety, including protection of people and the
environment, protection outside of national borders, and protection for future generations. It also
states that the health effects on future generations as a result of the long-term solution must not
exceed current acceptable levels in Denmark.

In response to stakeholder comment about previous proposals, the Government defines the long-
term management solution could be a deep geological repository and recognises a similar solution to
those being implemented in Sweden, Finland and France.

The policy defines a number of requirements for the host rock (bedrock)

o depth of up to 500 metres

e |ow permeability

e sufficient thickness (more than 100 metres)

e horizontal continuous expanse (several kilometres) across the whole survey area.

o sufficiently homogeneous without physical discontinuities such as fissures and faults.
e as mineralogically homogeneous and uniform as possible.

In addition, the geological conditions must be geologically stable in the short and long term.

The policy also sets out the safety standards and the principal steps in the siting process. The first
stage in the siting process will be a review of existing geological information to a depth of 500 metres
and that the final localisation should be determined from a precise analysis of a number of criteria;
geological, physical and socio-economic. It also states safety will be the most significant component
for the selection of the final localisation.

Whilst these clear policy requirements are helpful in providing direction for the programme, by
drawing on the solutions adopted in other countries without the underpinning justification, it provides
some constraints on the siting process which exclude some potential options.

These points will be considered in more detail in the subsequent sections.



2.3 Roles and responsibilities

An observation of the review team was that, whilst the close cooperation between the organisations
involved in waste disposal was apparent, the specific responsibilities of the various actors in the siting
process had not been defined. In the past decades, most countries undertaking this important exercise
have clearly allocated responsibilities and tasks among the various stakeholders (e.g. authorities,
government and ministries, geological service, research institutes, implementer). For the currently
very successful process in Switzerland, for example, it was very important for Nagra (as implementer)
to concentrate only on the scientific and technical aspects of developing repository concepts suitable
for Switzerland, aspects of long-term safety and site selection.

Therefore, the review team recommends that the various responsibilities in the siting process are
defined and documented, so that the actors themselves are clear and the approach can be clearly
communicated to other stakeholders. The siting process is being led by the Government department
MHES who are leading on the engagement process. GEUS are providing technical support. Whilst,
geological input is rightly the domain of GEUS, inputs on facility design and safety analysis should be
the responsibility of DD. Furthermore responsibility needs assigning for ‘other’ siting factors e.g.
environment, habitats, infrastructure, transport.

2.4 Inventory

The radioactive waste in Denmark stems from the decommissioning of nuclear research facilities at
Risp National Laboratory and the use of nuclear radiation sources in research, industrial production
and the health sector. It is currently being stored by the Danish Decommissioning (DD) on the Risg
peninsula. The majority of the waste is low-level. There is a small amount of used fuel from the DR-1
reactor, for which the government leaves open the option to dispose of in an international repository,
if such an option becomes available, but is currently included in the inventory for disposal in Denmark.

The inventory also includes a volume of uranium tailings (NORM waste) which may also be managed
separately.

The volume of waste and the associated radioactivity to be managed in Denmark is small. Certainly
with the exception of the research reactor fuel, it would be expected that a disposal facility at a depth
of 100m or less would provide sufficient isolation and containment for a safety case to be made. The
relatively low hazard of the waste and its physical form means that long-lived radionuclides are
present in a form which would mean that any long-term release would be controlled by the slow
dissolution rate of the waste matrix. Similar near-surface facilities for this type of low-and
intermediate level waste have been successfully implemented elsewhere (e.g. the SFR facility at
Forsmark in Sweden, which has been operating since the late 1980s, or the Wolseong Low and
Intermediate Level Radioactive Waste Disposal Centre (WLDC) at Gyeongju in South Korea, in
operation since 2013 etc.).

The chosen depth of disposal is frequently influenced by societal as well as technical factors. The policy
document B90 recognises the societal desire for a greater level of isolation from the surface
environment for the waste inventory than would be required based on purely technical and safety
considerations. The parliamentary resolution B90 records that a facility at a depth of a few tens of
metres could potentially satisfy the safety requirements established by regulatory authorities, even
when this research reactor fuel was included.



The review team was satisfied that the proposed solution of geological disposal at a depth of a few
hundred metres provides a potential solution for the wastes that would meet both technical (safety
and engineering) as well as stakeholder needs. However, they recognised the significant cost
associated with this disposal solution, particularly given the relatively small volumes and radioactive
hazard of the waste inventory. The review team also recognised that much of the drive for facility
depth was due to the presence of used fuel in the inventory and that other options for the
management of this material were still under consideration. Therefore, it is recommended that the
possibility of disposal at shallower depth is not excluded, in the case that an alternative solution for
the used reactor fuel could be realised before a final siting decision is made.

2.5 Safety concept and safety analysis

As set out in Policy document B90 and in line with international best practice, a multi-barrier disposal
concept is proposed for Danish waste with the main barriers comprising:

— waste containers with waste and filling material
— repository building with waste containers and filling material
— the surrounding geology.

Figure 1 of the GEUS Report illustrates the DGR concept, the emphasis being on the depth. However,
no detail is provided on the choice of barrier materials, design features such as vault size and any plans
to segregate different waste types, e.g. different types of decommissioning waste or decommissioning
waste from spent fuel. This information will be required to inform design requirements such as facility
footprint, which in turn will inform geological requirements such as the required rock volume. Given
the approach to siting, starting from a ‘blank map’, the tailoring of safety concepts to different
geological settings will also be important.

The review team therefore recommends that preliminary development of the safety concept and
facility design for the purposes of supporting the siting process and, in particular any early geological
requirements, such as the required volume of potential host rock. These concepts and designs will
need to be developed for, or adaptable to, all potential host rock types under consideration in the
siting process. The safety concept is also a key input to safety analysis. International experience can
be a useful resource in developing these preliminary facility concept designs.

The role of safety analysis in site selection needs to be clearly defined, including the stages at which
safety analysis will be considered and the approach and type of output that would be expected.
Assumptions may be required, particularly at the early stages when limited data will be available.
These assumptions and their rationale would need to be clearly documented. Again, international
experience? would provide a useful source of data. For a safety analysis to be carried out, the safety-
relevant requirements (defined by the regulator), a preliminary disposal concept (based on the

2 Interms of the practical consideration of safety analysis in evaluating different sites, one example would be
the approach proposed by the Swiss regulator (ENSI, 2010: Anforderungen an die provisorischen
Sicherheitsanalysen und den sicherheitstechnischen Vergleich - Sachplan geologische Tiefenlager Etappe 2,
(In German —informal translation of the title: Requirements on the provisional safety analyses and the safety-
based comparison — Sectoral Plan for Deep Geological Repositories Stage 2), ENSI 33/075, Swiss Federal
Nuclear Safety Inspectorate, www.ensi.ch



expected waste inventory) and assuming potential host rocks must be available (based on
international best practices). These outputs are important, for example, in the evaluation of technical
criteria at a site, leading to exclusion or acceptance of a site. In the course of the site selection
procedure, it is important to regularly repeat the safety analysis on the basis of new data and findings
and to confirm the corresponding safety case.

2.6 Schedule

The timescale proposed in Document B90 indicates that site selection activities will be complete in
some six years. This appears to be very optimistic compared to other waste management programmes
(e.g. SKB, POSIVA, ANDRA, Nagra) in terms of planned resources (time, costs, available manpower and
know-how) and time schedule especially for the site selection activities. The review team recommends
a careful consideration on what should be expected to be achievable under the given timescales. In
particular with respect to the communication with other stakeholders, the preparatory steps for the
communication and the required time, should not be underestimated.

As discussed above, the overall programme planning as presented in B90, the review team also
recommend a whole-lifecycle cost analysis based on known facts and concepts (waste inventory,
disposal concept, etc.) and considering different scenarios. This cost analysis should be part of a
periodic review of the Radiation Waste Management Programme. Examples of this are provided in
the advanced programmes as well.



3. Geological studies
3.1 GEUS task

Document B90 sets out the specific task which has been allocated to GEUS:

“The Government proposes that studies of Denmark’s geology to depths of 500 metres be
carried out with the aim of identifying potential locations (= areas) for a deep geological final
repository. After which, the final localisation (= site) should be determined from a precise
analysis of a number of criteria including geological, physical and socio-economic, with weight
given to safety as a significant component for the final localisation.”

The review team considers that the use of the terms locations and localisations in policy is helpful in
directing the scope of the task to be undertaken by GEUS. Locations can be considered as siting ‘areas’
—volumes of the geological environment that are potentially suitable for disposal based on technical
and safety criteria. Localisations can be considered as equivalent to ‘sites’ and are decided based on
additional non-geological criteria including physical, environmental and socio-economic factors.

The review team advises that the activity of GEUS in Phase 1 is restricted to recommending
underground areas which are potentially suitable for geological disposal. Site selection, which will
include wider considerations, should be a separate step in the siting process. The identification of
potential areas for a DGR, based on a national geological evaluation (‘blank map of Denmark’), can
then be used to inform the factors that will be applied to identify specific DGR sites. The UK
programme used six such ‘siting factors’, none of which are specifically geological, but three of which
are heavily influenced by geology (safety, engineering feasibility, value for money; see: RWM, 2020).

The review team also noted that siting of surface facilities and associated infrastructure (tunnels,
bridges, roads, railway tracks, etc.) is a sensitive aspect of the siting process, as demonstrated in the
Swiss programme. It can play an important role in involving other stakeholders in the decision-making
process, such as local communities, thereby also increasing the acceptance of the project. This is
particularly important as the location of surface facilities and the design and function of these facilities
are usually not relevant to the long-term safety of a DGR.

It should be noted that the selection of the location for surface infrastructure can strongly influence
the development of a region, e.g. from a socio-economic point of view, or focus on environmentally
relevant aspects, such as potential influence on aquifers for drinking water supply or nature
conservation areas. Here again it will be important to define the process and the distribution of roles
clearly and openly.

In terms of methods of analysis the review team suggests that a qualitative approach may be preferred
whilst application of semi-quantitative methods such as multi-attribute decision analysis (MADA) can
be problematic, particularly due to the difficulty in defining early on in the siting process the
interdependencies and relative weightings of attributes.

3.2 Disposal depth

Document B90 defines 500m as the “target” depth for disposal. In interpreting the policy for the
geological exercise, GEUS have defined a depth range for consideration in Phase 1 as 400 — 600m. The
review team supports this approach of identifying a range and the depth range selected by GEUS.



However the team notes that, from Phase 2 of the site investigation, the depth of investigations will
extend beyond the target depth in order to fully characterise the geology of the underburden.

The review team recommends that some consideration be given to the geological environment at
shallower depth. In addition to informing potential groundwater return pathways, safety assessments
and engineering feasibility, such information might become more significant if spent fuel can be
managed by another route other than disposal in a DGR (see Section 2.4) and an option for a shallower
depth repository is considered. The review team recognises that this is beyond the current mandate
of GEUS and this point is mentioned here for completeness and consistency with statements in Section
2.4.

3.3 Host rock

At the depth of 500 metres specified in document B90, there are four potential host rocks for
geological disposal in Denmark:

e Chalk

e Mudstone
e Granite

e Salt diapirs.

Given the blanket of Chalk that covers much of mainland Denmark to depths in excess of 500m the
review team questions whether the target depth would need to be increased if mudstone host rocks
are prioritised. In addition, it is not clear if for all host rocks identified above the same disposal concept
would be considered (see also remarks in Section 2.5) and hence the same requirements would be
valid for the criteria, sub-criteria (and indicators) used. The review team recommends clarifying this
point.

3.4 Data sources

The approach presented by GEUS in its Report is primarily based on “hard” data from wells/boreholes
and seismic investigation. Understandably it is not expected that the entire Danish territory will be
covered by such hard data. The review team would encourage GEUS to use all additional information,
for example geological sections in the literature or in university textbooks, information available from
private sector (construction companies, geothermal investigations etc.), properties of formations
from similar formations in other areas (Denmark or neighbouring countries) etc. It is recognised that
there may be large uncertainty associated with such interpolations of data, but at this stage of the
screening process, where large areas of 25 km? (or more) are sought it is appropriate.

The UK National Geological Screening undertook such an exercise in which public domain data were
used to describe, in layperson’s language, the geology of the entire area of England and Wales in terms
of its relevance for DGR safety (see RWM, 2016). Providing it is made clear that these descriptions are
based on a mostly sparse and sometimes quite old dataset, the UK experience was that this open
sharing of available information worked well with stakeholders benefitting from the greater
understanding it gave them.

Such a formulation could also be included in Step 1 shown in Figure 4 of the Report.



3.5 Evaluation approach - Criteria and requirements

GEUS has proposed a number of geological criteria in Table 1 of the Report. The review team supports
this approach and considers that these criteria and sub-criteria capture the main issues to be
evaluated for the geological part of the repository system. The review team noted, however, that
these criteria and sub-criteria correspond to a high level of consolidated information. For their
evaluation it would be easier to systematically define underpinning information that can be used for
their evaluation. A possible term, used in other programmes, for example in Switzerland, could be
“indicators”, which represent factors that can be evaluated (quantitatively or qualitatively) to assess
the degree of suitability of an area or a site with respect to this indicator. An example of indicators is
given in the Appendix A.1 (from Zuidema and Vomvoris, 2017).

The review team noted that in the report GEUS has already used such indicators to a certain degree.
For example, in: i) Section 4.1.1 under the sub-criterion “Spatial extent” four such indicators are
identified, or ii) Section 4.1.2 “Hydraulic barrier effect”, also four indicators are identified etc. These
indicators should be complemented (if needed) and should be given more “visibility”, because at the
end the evaluation of a criterion builds on the assessment of each of these indicators.

Associated with the indicators are the requirements that an indicator should fulfill and how these
requirements are “mapped” to the traffic light system. An example of such requirements is shown
below (from NTB 08-03, unofficial translation) and corresponds to the sub-criterion 1.4 Release
Pathways applied for a site evaluated as a potential host for L/ILW repository.

Criterion: Release

Pathways

Indicator

Requirements for the L/ILW repository

Type of transport
pathways and
structure of pore
space

Very favourable: (equivalent) porous medium

Favourable: Water flow in discontinuities with restricted channelling and favourable
conditions for matrix diffusion

Less favourable: Water flow in discontinuities with marked channelling and average
conditions for matrix diffusion

Unfavourable: Water flow in discontinuities with marked channelling and
unfavourable conditions for matrix diffusion

Transmissivity — of
preferential release
pathways

Minimum requirement:

T<10%m?/s

If no empirical values available for transmissivity: average clay content > 25% (for
sediments, except evaporites) or geological description of rock units and general
experience

Very favourable: T < 101°m?/s

Favourable: 10°< T <10° m?%/s

Unfavourable to less favourable (gradual scaling): 10°< T < 10 m?/s
Uncertainty and tectonic overprinting considered in the evaluation

Clay content

Minimum requirement:

If no empirical values available for transmissivity (indicator ‘Transmissivity of
preferential release pathways’): average clay content > 25% (for sediments, except
evaporites) or geological description of rock units and general experience

Self-sealing capacity

Self-sealing capacity taking into account the processes to be expected under the in-
situ conditions in the underground disposal zone (closing of fractures / discontinuities
due to plastic/elastic deformation and swelling and disintegration of the rock matrix):
Very favourable: Marked self-sealing capacity

Favourable: Significant self-sealing capacity

Unfavourable to less favourable (gradual scaling): no or only small self-sealing
capacity




Such an approach may facilitate the communication with other stakeholders, for example the
regulatory authority or review commissions. An example of such an application in Switzerland is shown
in the Appendix, A2. In Appendix A3, a detailed application of the traffic-light system on the criteria
and the relevant indicators is show. This application was made by Nagra, as part of Stage 2 of the site
selection in Switzerland.

Note, that the intention of the review team is not to recommend that the exact same approach should
be followed by GEUS, rather to better illustrate the potential uses of this traffic-light approach in the
site selection process in Denmark.

3.6 Criteria- wording

The review team proposes that the wording of a criterion or sub-criterion is such that it identifies the
issue to be addressed and evaluated, for example, “spatial extent”, rather than the requirement for
that particular issue. The latter should be part of the indicators used and the requirements for each of
these indicators. GEUS has used this approach for most of the sub-criteria, with one minor exception,
namely, “2.2 Free of erosion” should be rephrased to “Erosion” and then it should be defined for the
assessment of this criterion under which conditions a site would be very suitable or suitable etc.

With respect to the sub-criterion 5.1 Conflicts of land/area/subsurface use and its classification under
socio-economic conditions the review team would propose to include in the geological criteria a sub-
criterion on expected conflicts of use from the geological point of view, for example resources in an
area or site being evaluated. The socio-economic aspects include a variety of other criteria that are
beyond the scope of “geologica

IM

evaluation.
3.7 Narrowing-down process and exclusion criteria

The criteria defined by GEUS could also be used to define exclusion regions. These can be at the large
scale, as an example (not an exhaustive list):

- certain respect distance from known regional faults,

- approach to onshore environments

- natural resources — are these areas excluded under future conflict of use, exploitation of
future resources

- earthquakes

With respect to earthquakes, the review team notes that this is an example of a criterion that may not
help to exclude or distinguish among different areas. However, its inclusion underpins the
completeness of the approach proposed by GEUS and that the relevant geological aspects have been
considered.

The exclusion criteria and their application in the process, including the requirements that need to be
fulfilled for an area not to be excluded, should be defined and should be applied at the initial first
stage of the site selection process, i.e. the current Phase 1. It was not clear to the review team if
exclusion criteria (with the exception of depth) have been or will be used in the narrowing-down
process leading to the definition of suitable areas.



3.8 On the application of the traffic-light approach

The review team finds the introduction of the traffic light system a very useful tool to help in this
screening process. The basis for its application should be the requirements that have been defined for
the various criteria/sub-criteria and, if adopted, the indicators and the respective requirements as
discussed in Section 3.5. The two examples mentioned in Section 3.5 and shown in the Appendix (A2
and A3) illustrate such applications.

The review team would recommend having a trial run of the traffic light system application to assess
if the approach can be applied as is or aspects than can be approved.

10



4. Concluding remarks

The approach proposed by GEUS contains the required elements for an effective siting programme in
Denmark. The review team has identified a number of potential improvements which could increase
flexibility and transparency and help optimise the site selection process.

In addition to geological criteria considered in detail here, the review team noted that a number of
other aspects would also need to be considered.

Finally, the review team would like to thank our Danish counterparts for their time in effective
preparation for the review and their active and constructive participation in all the review meetings
and wish them every success in their search for a disposal site.
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Appendix
This Appendix includes more detailed information on references made in the main report.
A1l. Criteria and indicators- example

Criteria and indicators used in the site selection process in Switzerland (from Zuidema and Vomvoris,
2017)

TABLE I. Criteria for site evaluation from the viewpoint of safety and engineering feasibility

Criteria group Criteria

= Spatial extent

) = Hydraulic barrier effectiveness
rock and of surrounding | « Geochemical conditions

formations contributing | = Release pathways
to waste isolation

1. Properties of host

= Geologic / tectonic stability

= Erosion

= Repository-induced effects

= Resource conflicts

= Ability to characterize the host

2. Long-term stability

3. Reliability of

. rock
geological = Explorability of the spatial
information / conditions
. = Predictability of the long-term
conclusions
changes

= Geomechanical properties and
conditions

Underground  access  and
management of inflowing
water

4. Engineering
suitability -

For the application of the criteria, Nagra has further defined for each criterion corresponding
indicators and, for each indicator, the minimum (indispensable) requirements that have to be met as
well as, in many cases, more stringent ones, which if they were met would have a further favourable
impact on long-term safety and engineering feasibility. Table Il summarises these indicators. Note that
each indicator is presented only once, even if it was used several times in the narrowing-down process.

TABLE II. List of criteria and corresponding indicators used in the assessment process

Sectoral Plan criteria

Indicators used

1.1 Spatial extent

Depth below terrain with respect to engineering feasibility*
Depth below terrain with respect to rock decompaction*
Depth below terrain with respect to erosion*

Depth below rock surface with respect to glacial scouring*
Thickness*

Distance to regional fault zones and to disturbed zones*

Lateral extent
Space available underground*
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*.

1.2 Hydraulic barrier effect

Hydraulic conductivity *

Groundwater systems

1.3 Geochemical conditions

Mineralogy

pH

Redox conditions

Salinity

Microbial processes

Colloids*

1.4 Release pathways

Type of transport pathways and structure of pore space*

Homogeneity of rock structure*

Length of release pathways*

Transmissivity of preferential release pathways*

Clay content

Self-sealing capacity*

2.1 Stability of site and rock properties

Conceptual models of geodynamics, tectonics, other

processes*

Seismicity*

Conceptual models of geochemical processes

Rare geological events (volcanism)

Potential for formation of new water flowpaths (karstification)*

2.2 Erosion

Large-scale erosion over the time period being considered*

2.3 Repository-induced effects

Excavation damaged zone adjacent to underground structures

Chemical interactions

Host rock behaviour with respect to gas

Host rock behaviour with respect to temperature

2.4 Resource conflicts

Natural resources within the host rock

Natural resources beneath the host rock

Natural resources above the host rock

Mineral and thermal springs

Geothermal resources

3.1 Ease of rock characterisation

Disturbed zones

Variability of rock properties with respect to ease
characterisation*

of

Experience

3.2 Explorability of spatial conditions

Regional fault pattern and bedding conditions

Continuity of strata of interest

Exploration conditions underground*

Exploration conditions at the surface

3.3 Predictability of long-term changes

Tectonic regime (zones to be avoided conceptually)*

Independent evidence of long-term isolation

4.1 Rock mechanical properties and conditions

Rock strengths and deformation properties

4.2 Underground access and drainage

Geotechnical and hydrogeological conditions in overlying rock

formations*

Natural gas transport (in host rock)

indicators of special importance to safety and engineering feasibility for the host rocks and siting regions

chosen in Stage 1. These indicators play an important role in the narrowing-down process in Stage 2.
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A2. Application of the criteria by different stakeholders —example

An example of the application of the criteria and the use of the traffic-light system by different
stakeholders is shown in the figure below. The example is from the Swiss site selection process (siting
regions, equivalent to “areas” in the Danish approach).

Nagra, ENSI (Swiss regulator) and KNE (Commission on Nuclear Waste Disposal) evaluation of the siting
regions proposed by Nagra for the L/ILW geological repository. The evaluation is shown against the
safety and technical criteria in the Sectoral Plan (from Ernst et al, 2010).

Siting criteria for a L/ILW Jura- Ziircher Nordlich

g Bozbery
repository v Sidfuss ? Weinland Lageren

Nagra |ENS| | KNE Nagra |[ENSI | KNE

Nagra |ENSI |KNE Nagra |ENSI | KNE Nagra  |ENSI Nagra |ENSI

1.1 Spatial extent

1.2 Hydraulic barrier effect

1.3 Geochemical conditions

1.4 Release pathways

2.1 Stability of the site and rock properties

2.2 Erosion

2.3 Repository-induced influences

2.4 Conflicts of use

3.1 Ease of characterisation of the rock

3.2 Explorability of spatial conditions

3.3 Predictability of long-term changes

4.1 Rock mechanical properties and conditions

42 |

ground access and

- Very favourable

Favourable

Less favourable

Unfavourable
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A3. Application of the traffic-light system at the indicator level — example

The example here shows the application of the traffic-light system at the level of the relevant
indicators in the site selection in Switzerland at Stage 2 (narrowing down to at least two sites.

The figure below shows the safety-based evaluation of the siting regions according to the criteria and
decision-relevant features and indicators (Zuidema and Vomvoris 2017, Fig 4).

HLW repository | L/ILW repository

Decision-relevant features /
Decision-relevant indicators

Nardlich
Siidranden

Effectiveness of the geological barrier (E)
Hydraulic conductivity

Type of transport pathways and structure

of the pore space

Transmissivity of preferential release pathways
Self-sealing capacity

Homogeneity of the rock structure

Thickness

Length of critical release pathways

Colloids

Long-term stability of the geological barrier (S]
Conceptual models of long-term evolution
(geodynamics and neotectonics; other processes)
Self-sealing capacity

Potential for formation of new water flowpaths
(karstification)

Erosion during the time period under consideration
Depth below the local erasion base level

as relevant for formation of new ice-marginal
drainage channels

Depth below terrain as relevant for rock
decompaction

Depth below top bedrock as relevant for glacial
overdeepening

Seismicity

Explorability and ease of characterisation of the
geological barrier in the siting region (C)
Variability of the rock properties as relevant for
their ease of characterisation

Exploration conditions in the geological
underground

Engineering feasibility (F)

Depth with respect to engineering feasibility
(considering rock strength and deformation
properties)

Geotechnical and hydrogeological conditions in
overlying rock formations

Available space underground

B very suitable [ ] suitable [ ] Limited suitability

- Less suitable
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