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Executive Summary
Nagra’s research efforts over the past four decades have resulted in important progress in our
understanding of the geology of Northern Switzerland from the surface to approximately 5 km
depth. Based on the present review 1 of numerous Nagra reports and seismic images it is
concluded that Nagra-sponsored seismic investigations and related studies completed during
Stage 2 of the Sectoral Plan for Deep Geological Repositories have contributed significantly to the
following advances:
▪ Information on the depths to the geological marker horizons and their uncertainties has been
improved, markedly so in and adjacent to siting regions.
▪ Boundaries of the regional tectonic elements 2 have been refined, such that the northwestern
part of Nördlich Lägern (NL) is now known to overlie regional fault zones that effectively
eliminate the western area of this siting region from further consideration as a potential
radioactive waste repository site.
▪ Portions of a number of regional tectonic elements have been shown to overlie notable changes
in the depth to the Base-Mesozoic horizon that likely represent basement fault zones or folds,
which in some areas may be associated with post-Paleozoic reactivation of Permocarboniferous
boundary faults; changes in depth to the base-Mesozoic horizon at two or more of these
locations have resulted from displacements along discrete faults or narrow fault zones.
Significant disruptions or changes in depth to the Base-Mesozoic horizon beneath other
portions of the regional tectonic elements have not been proven.
There is no evidence for appreciable neotectonism within or near Zürich Nordost (ZNO), NL and
Jura Ost (JO), all of which lie within a broad area of low seismic hazard. Accordingly, neither
neotectonism nor seismic hazard is currently a basis for ranking Nagra’s three High-Level Waste
(HLW) siting regions in terms of their suitability as potential radioactive waste repository sites.
Nagra has recommended effectively eliminating all of NL from further consideration as a potential
radioactive waste repository site because it is perceived to lack sufficient space to meet Nagra’s 8–
12 km2 assessed space requirement for this siting region and at the same time allow the following
key criteria to be satisfied: the repository must not be constructed at a depth greater than 700 m
and not be located within a tectonic zone to be avoided. Nagra’s justification for eliminating the
northeastern part of NL is not convincing. A review of the 700 m depth limitation is provided in a
companion review document (Annex 2). Nagra’s NL space-availability estimate, space-requirement
assessment and delineation of a tectonic zone to be avoided along the northeastern portion of the
siting region are not supported by an analysis of the seismic images and other information as
explained in the following:
▪ Differences in the space-availability estimates for ZNO, NL and JO and differences in the
space-requirement assessments result from the number and distribution of layout-determining
faults estimated or assumed to affect each HLW siting region. Nagra’s space-availability
estimates for NL are based on the application of an unsuitable statistical method using an
erroneous number of potential layout-determining faults as input. The error in the number of
potential layout-determining faults is a consequence of misrepresentations 3 of the seismic
images. Contrary to inferences by Nagra, there is a large 20 km2 area within the northeastern
part of NL where no potential layout-determining faults have been credibly identified.
▪ At least one sufficiently large area with no layout-determining fault can be identified within the
ZNO 3D seismic data set. Hence, Nagra’s ~6 km2 space-requirement assessment for ZNO is
also a valid minimum value for the other siting regions. Using ~6 km2 as the base value and
various assumed numbers and distributions of layout-determining faults, Nagra determines
1

This review is concerned with Nagra’s High-Level Waste siting regions. The (geological) “siting areas” of earlier Nagra
reports are equivalent to the (geological) “siting regions” of later reports.
2
Italics marks Nagra-defined notions and terminology.
3
‟Misrepresentationsˮ refer to either misinterpetations, overinterpretations or misrepresentations of the seismic images in
this review.
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purely hypothetical space-requirement values of 8–12 km2 and 6–9 km2 for NL and JO,
respectively. Hypothetical space requirements are a dubious basis for establishing the space
required for a radioactive waste repository within these two siting regions. The northeastern part
of NL and a large part of JO may well require more space for radioactive waste repositories
than ZNO, but Nagra has not demonstrated this in Stage 2. Without 3D seismic survey
information for NL and JO, it would have been prudent at the end of Stage 2 for Nagra to assign
the same ~6 km2 space-requirement assessment to all three HLW siting regions.
▪ According to Nagra reports, criteria for delineating a tectonic zone to be avoided along the
northeastern part of NL are a flexure of the post-Paleozoic sedimentary units and an underlying
reactivated basement fault associated with a Permocarboniferous trough. Geological modelling
also plays a role in the decision to designate a tectonic zone to be avoided in any area. Nagra’s
compilation map that purports to show Permocarboniferous structures beneath Northern
Switzerland includes interpreted trough-boundary and within-trough faults beneath the
northeastern part of NL. These interpreted faults underlie a small 3o–5 o to 5o–7o change in dip
of the post-Paleozoic units that extends over a distance of 500 to 700 m. An analysis of the
relevant seismic data demonstrates that the interpreted trough-boundary and within-trough
faults beneath northeastern NL are either not required or contradicted by the seismic images;
there is no evidence in the seismic images for the reactivated basement-fault component of the
tectonic zone to be avoided delineated by Nagra in this particular area. A small relatively
gradual change in dip of the post-Paleozoic units together with the results of geological
modelling is not a persuasive justification for delineating a tectonic zone to be avoided along the
northeastern part of NL.
Nagra has not convincingly demonstrated that there is insufficient suitable space within the
northeastern part of NL to host a HLW radioactive waste repository; the space-availability estimate
and space-requirement assessment are flawed and the rationale for delineating a tectonic zone to
be avoided in this region is questionable. A 3D seismic reflection survey within the northeastern
part of NL is required to test Nagra’s assertions, hypotheses and models. Consequently, Nagra’s
proposal to eliminate NL as a potential siting region in Stage 2 is premature.

3
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Zusammenfassung 4
Die über vier Jahrzehnte laufenden Untersuchungen der Nagra haben dazu geführt, dass das
erdwissenschaftliche Verständnis der Nordschweiz bis in eine Tiefe von etwa fünf Kilometern
wesentlich verbessert werden konnte. Die Überprüfung zahlreicher Berichte und Seismikdaten der
Nagra führt zum Schluss, dass die während Etappe 2 des Sachplans Geologische Tiefenlager von
der Nagra angestossenen seismischen Untersuchungen und weitere Studien in hohem Mass zu
den folgenden Fortschritten beigetragen haben:
▪ Das Wissen über die Tiefen der geologischen Markerhorizonte und deren Ungewissheiten ist
verbessert worden, besonders in oder nahe von einigen Standortgebieten.
▪ Die Abgrenzung der regionalen tektonischen Elemente 5 ist genauer geworden. So liegt der
nordwestliche Teil des Standortgebiets Nördlich Lägern (NL) gemäss heutigem Wissen über
regionalen Störungszonen, die dazu führen, dass der Westteil des Standortgebiets fortan als
möglicher Tiefenlagerstandort ausgeschlossen wird.
▪ Es wurde gezeigt, dass einige regionale tektonische Elemente teilweise direkt auf bedeutenden
Änderungen tiefer liegender Gesteinsschichten (Markerhorizont Basis Mesozoikum) liegen.
Diese Änderungen sind wahrscheinlich Störungszonen oder Faltungen im Grundgebirge, die
ihrerseits mit einer postpaläozoischen Reaktivierung permokarbonischer Randbrüche in
Verbindung stehen könnten. An zwei oder mehreren Stellen sind Tiefenänderungen des
Markerhorizonts auf Verwerfungen entlang diskreter Brüche oder schmaler Bruchzonen
zurückzuführen. Unterhalb anderer regionaler tektonischer Elemente konnten keine
bedeutenden Störungen oder Tiefenänderungen des Markerhorizonts nachgewiesen werden.
Weder innerhalb noch in der Nähe der Standortgebiete Zürich Nordost (ZNO), NL oder Jura Ost
(JO) sind nennenswerte neotektonische Aktivitäten auszumachen; diese Standortgebiete liegen
alle in einem ausgedehnten Gebiet geringer seismischer Gefährdung. Somit können weder
Neotektonik noch Erdbebengefährdung zur Eignungseinstufung der drei Standortgebiete für die
Tiefenlagerung hochradioaktiver Abfälle (HAA) herangezogen werden.
Die Nagra schlug vor, das gesamte Standortgebiet NL nicht weiter als möglichen
Tiefenlagerstandort zu untersuchen, und zwar einerseits, weil es nicht genügend Platz biete für
den postulierten Platzbedarf von 8 bis 12 km2, anderseits weil folgende Schlüsselkriterien erfüllt
werden müssten: Erstens dürfte ein solches Lager nicht tiefer als 700 m unter der Erdoberfläche
errichtet werden und zweitens dürfte es nicht in eine tektonisch zu meidende Zone zu liegen
kommen. Die Begründung der Nagra, den nordöstlichen Teil von NL auszuschliessen, ist nicht
stichhaltig. Die Begutachtung der Tiefenbeschränkung auf 700 m erfolgt in einem anderen Expertenbericht (Beilage 2). Die Angaben der Nagra bezüglich Platzangebot und Platzbedarf in NL
sowie die Abgrenzung einer tektonisch zu meidenden Zone im nordöstlichen Teil von NL werden
weder durch die Analyse der Seismikdaten noch durch andere Informationen gestützt, wie im
Folgenden gezeigt wird:
▪ Sowohl Unterschiede in den Abschätzungen des Platzangebots in ZNO, NL und JO als auch
Unterschiede in der Beurteilung des Platzbedarfs werden auf die vermutete oder angenommene Anzahl und Verteilung anordnungsbestimmender Störungszonen zurückgeführt,
von der jedes Standortgebiet betroffen sein solle. Die Abschätzungen des Platzangebots,
welche die Nagra für NL vorgenommen hat, basieren auf der ungeeigneten Anwendung einer
statistischen Methode, die zudem von einer fehlerhaften Anzahl möglicher anordnungsbestimmender Störungszonen ausgeht. Der Fehler in Bezug auf die Anzahl möglicher anordnungsbestimmender Störungszonen ist eine Folge von Fehlinterpretationen, Überinterpretationen und
Falschdarstellungen seismischer Daten. Im Gegensatz zu den Darstellungen der Nagra existiert
eine weiträumige, 20 km2 grosse Fläche im nordöstlichen Teil von NL, innerhalb welcher keine

4

Transl. TF.
Kursiv gekennzeichnet sind Begriffe, die die Nagra eingeführt hat. Die anordnungsbestimmenden Störungszonen sind
kleinere tektonische Störungen.

5

4

SGT Etappe 2/Stage 2
AG SiKa/KES Technical Report regarding the 2x2 proposal by Nagra

Annex 1/Beilage 1*
Evaluation of seismic images

potenziellen anordnungsbestimmenden Störungszonen glaubwürdig nachgewiesen werden
konnten.
▪ Mindestens eine genügend grosse Fläche ohne anordnungsbestimmende Störungszone kann
aufgrund der 3D-Seismik in ZNO ausgemacht werden. Deshalb ist laut Nagra der dortige
Platzbedarf von rund 6 km2 auch der gültige Mindestwert für die anderen Standortgebiete. Unter
Verwendung des Basiswerts von rund 6 km2 und einer angenommenen unterschiedlichen
Anzahl und Verteilung der anordungsbestimmenden Störungszonen kommt die Nagra auf
hypothetische Platzbedarfswerte von 8 bis 12 km2 für NL und von 6 bis 9 km2 für JO. Doch
hypothetische Abklärungen des Platzbedarfs sind eine zweifelhafte Grundlage für die Ermittlung
des wirklichen Platzbedarfs für ein Tiefenlager in diesen beiden Standortgebieten. Es ist sehr
wohl möglich, dass der nordöstliche Teil von NL und ein grosser Teil von JO mehr Raum
erfordern als ZNO, doch die Nagra hat dies in Etappe 2 nicht nachweisen können. Ohne
Informationen aus 3D-Seismik in den Standortgebieten NL und JO zur Hand zu haben, wäre die
Nagra gut beraten gewesen, allen drei HAA-Standortgebieten denselben Platzbedarf von rund
6 km2 zuzuweisen.
▪ Berichten der Nagra zufolge liegen den Kriterien für die Ausweisung einer zu meidenden
tektonischen Zone im Nordosten von NL eine Flexur der postpaläozoischen Sedimente
zugrunde sowie eine darunterliegende reaktivierte Störung im Grundgebirge, die mit einem
Permokarbontrog in Verbindung gebracht wird. In verschiedenen Gebieten spielen auch
geologische Modellvorstellungen eine Rolle, wenn es darum geht, eine zu meidende
tektonische Zone zu orten. Die Übersichtskarte der Nagra, welche den Anschein erweckt, die
permokarbonischen Strukturen im Untergrund der Nordschweiz genau aufzuzeigen, schliesst
interpretierte Störungszonen an der Troggrenze und innerhalb des Trogs für den nordöstlichen
Teil von NL mit ein. Diesen interpretierten Störungen liegen kleine Änderungen des
Einfallswinkels der postpaläozoischen Einheiten von 3 bis 5o auf 5 bis 7o zugrunde, die sich
über eine Entfernung von 500 bis 700 m hinziehen. Die Analyse der massgebenden seismischen Daten zeigt, dass die interpretierten Störungszonen an der Troggrenze und innerhalb
des Trogs im nordöstlichen NL entweder nicht zwingend existieren oder gar im Widerspruch zu
den Seismikdaten sind. Die Seismik liefert keine Hinweise für reaktivierte Grundgebirgsstörungen und damit zusammenhängende zu meidende tektonische Zonen, wie von der Nagra in diesem Teil von NL postuliert. Eine geringe stetige Änderung im Einfallen der postpaläozoischen
Einheiten reicht, zusammen mit einer geologischen Modellvorstellung, nicht aus, um
überzeugend eine zu meidende tektonische Zone im nordöstlichen Teil von NL auszuscheiden.
Die Nagra hat nicht schlüssig nachgewiesen, dass es im nordöstlichen Teil von NL zu wenig Platz
hat, um ein HAA-Tiefenlager zu realisieren. Die Abschätzungen des Platzangebots und die Angaben zum Platzbedarf weisen Schwachstellen auf und die Argumentation bezüglich einer zu meidenden tektonischen Zone in diesem Teil von NL ist fragwürdig. Eine 3D-reflexionsseismische
Untersuchung im Nordosten von NL ist nötig, um die Annahmen, Hypothesen und Modelle der
Nagra zu überprüfen. Infolgedessen ist der Vorschlag der Nagra verfrüht, Nördlich Lägern als
mögliches Standortgebiet schon in Etappe 2 zurückzustellen.

5
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Introduction

The principal goals of Nagra’s Stage 2 seismic reflection investigations during the ongoing Sectoral
Plan for Deep Geological Repositories were to improve information on the locations and nature of
(i) regional tectonic elements 6 (e.g. major fault zones and folds) that must be avoided while
optimizing the boundaries of the radioactive waste repository siting regions and (ii) local tectonic
elements 7 (e.g. relatively small faults or fault zones with offsets >20 m) that place constraints on
the space availability, space requirements and repository configuration within each siting region
(Fig. 1–1). In addition to addressing the principal goals, Nagra’s seismic investigations resulted in
the introduction of a new tectonic-element category, tectonic zones to be avoided 8 (Fig. 1–2; Nagra
2014b, 2014c), and a new map purporting to delineate faults that either border or lie within the
Permocarboniferous troughs of Northern Switzerland (Fig. 1–3; Nagra 2014c; Naef and Madritsch
2014). Tectonic zones to be avoided are defined as follows:
Nagra 2014c:
Für das Gebiet der Nordschweiz und der dort gelegenen geologischen Standortgebiete werden in
SGT Etappe 2 neben regionalen Störungszonen zu meidende tektonische Zonen ausgewiesen. Als
solche werden die Einflussbereiche von post-paläozoisch reaktivierten Grundgebirgsstörungen,
welche

mehrheitlich

mit

dem

Nordschweizer

Permokarbontrog

assoziiert

sind,

und

Antiklinalstrukturen im Nahbereich des Faltenjuras aufgefasst.
Indikativ für die von derartigen regionalen tektonischen Elementen betroffenen Bereiche (zu
meidende tektonische Zonen) sind deutliche, über mehrere Kilometer verfolgbare Flexuren des
mesozoisch-känozoischen

Sedimentstapels

über

an

der

Basis

Mesozoikum kartierbaren

Störungen.

The conceptional evolutionary model sketched in Fig. 1–4 shows Nagra’s proposed relationship
between two regional tectonic elements, a tectonic zone to be avoided and various faults that
either border or lie within a Permocarboniferous trough. A minor flexure of the post-Paleozoic
sedimentary section overlying a postulated within-trough fault (e.g. as portrayed in Fig. 1–4c) is
used by Nagra 2014c to define the most important tectonic zone to be avoided in each of Zürich
Nordost (ZNO), Nördlich Lägern (NL) and Jura Ost (JO).
Based on its interpretations of various geoscience data sets, Nagra 2014a has proposed (i) refining
the areas within ZNO and JO to be considered during Stage 3 investigations and (ii) effectively
eliminating 9 NL from further consideration in the radioactive waste repository programme. A careful
examination of the surface geology, borehole data and seismic images suggests that the proposed
refinements to ZNO and JO are reasonable. In contrast, the justification for effectively eliminating a
large area of NL, which is primarily based on the conceptional model of Fig. 1–4, questionable
interpretations of the seismic images, assumed distributions of relatively small faults and the
application of an unsuitable statistical method is not persuasive. Although Nagra’s interpretations
of many NL and JO seismic images are considered here, priority is given to NL, in particular its
northeastern part.

6

Regional tectonic elements – regionale Störungszonen.
Local tectonic elements – anordnungsbestimmende geologische Elemente.
8
Tectonic zones to be avoided – zu meidende tektonische Zonen.
9
The term used in Nagra reports is ‟zurückstellenˮ (to defer or to shelve); realistically, this results in “effectively
eliminate”.
7
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Seismic reflection images and a brief appraisal of evidence for neotectonism and earthquake
hazard in the vicinity of the three HLW siting regions will be used to assess critical aspects of
Nagra’s Stage 2 interpretations and recommendations in the following sections:
▪ Seismic data acquisition and processing, and limitations on the interpretations of seismic
images
▪ Seismic image quality, and uncertainties in the interpretation of reflections and in the estimated
depths to the near-Top-Opalinus and Base-Opalinus (Top Lias) horizons
▪ Locations and nature of the regional tectonic elements close to NL and JO
▪ Space availability and locations and nature of local tectonic elements, particularly within NL
▪ Space requirements for repositories with emphasis on NL and JO
▪ Faults associated with the formation of the Permocarboniferous troughs
▪ Dip of the Opalinus unit
▪ Tectonic zone to be avoided and large region of uncomplicated geology within the northeastern
part of NL
▪ Neotectonism and earthquake hazard in Northern Switzerland.
Although most of the seismic images presented here were extracted from pre-stack depth-migrated
versions of the seismic images presented by Meier et al. 2014, the seismic sections included in
Madritsch et al. 2013, Naef and Madritsch 2014 and Nagra 2014c were also extensively consulted
during the preparation of this review. In addition, Nagra granted access to a selection of older
reprocessed (confidential) hydrocarbon exploration seismic sections that were included in its
interpretation of the geology of Northern Switzerland.

2

2.1

Seismic data acquisition and processing, and limitations on the
interpretations of seismic images
Data acquisition and data processing

Nagra’s seismic programme involved (i) the reprocessing and interpretation of thirty-three older 2D
data sets it acquired between 1982 and 1992 and twenty-two older 2D data sets acquired by a
Swiss-based hydrocarbon exploration company between 1979 and 1990, (ii) the processing and
interpretation of twenty new 2D data sets collected by Nagra in 2011 and 2012 (Madritsch et al.
2013; Meier et al. 2014) and (iii) a re-evaluation of a 3D seismic data set recorded across ZNO in
1996/1997. The quality of the older 2D seismic data sets was variable, ranging from acceptable to
very good. Despite limitations associated with unusual energy-source parameters 10, the new 2D
seismic data sets were mostly good to very good, generally providing deeper penetration and
higher resolution information than the older 2D data sets. The older and new data sets have
together provided good reconnaissance seismic reflection information for the region of Northern
Switzerland that encompasses five of Nagra’s geological siting regions (Fig. 2–1).
Strategies for reprocessing the older 2D seismic data and processing the new 2D seismic data
were designed to provide optimum images of the Mesozoic sedimentary strata. The reprocessing
and processing were accomplished using appropriate sequences of state-of-the-art algorithms,
meticulous hands-on operations and careful choices of processing parameters guided by
numerous tests (Rybarczyk, 2012, 2013, 2014). Given the inherent quality of the older and new
10

The possibilities of extracting shallow information by reprocessing the new 2D seismic data is limited by the unusual
source-generation parameters that were employed by Nagra and its contractors.
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data sets, it is difficult to imagine alternative processing schemes that would yield images of the
Mesozoic strata superior to those included in Nagra’s reports (Madritsch et al. 2013; Meier et al.
2014; Naef and Madritsch 2014; Nagra 2014c).

2.2

Limitations on the interpretation of seismic images

Although seismic reflection methods are powerful tools capable of providing high resolution
information on the underground, seismic images, even the 3D ones, are almost never perfect
representations of the subsurface geology. All raw seismic data are contaminated by ambient and
source-generated noise (e.g. non-reflected and non-diffracted energy and multiples). Although
minimizing the effects of such noise is a central goal of seismic processing, certain standard
processing steps (e.g. the stacking or summing of traces, which is required in all processing
schemes, coherency filtering and migration; Rybarczyk, 2012, 2013, 2014) may have the unwanted
effect of creating artefacts in the resultant seismic images, particularly in regions of the data where
the signals are weak. Patterns of short undulating events created by the inadvertent smearing of
noise during the processing, often referred to as “wormy” events, may have the appearance of
reflections or diffractions to those unfamiliar with the potential pitfalls of seismic processing.
To generate reliable images of the subsurface throughout the depth range of interest to Nagra, it is
necessary to have accurate information on the highly variable seismic velocities and thicknesses of
the uppermost earth layers (the so-called weathered zone), which define the static corrections, and
on the velocities of all subsurface geological units through which the seismic energy travels.
Insufficient information on these properties can result in poor-quality, blurred, distorted or even
erroneous images 11.
An additional problem may affect 2D seismic data: refractions, reflections and diffractions from out
of the recording plane. An explicit assumption of the 2D seismic method is that all recorded energy
originates from within the vertical plane that contains the recording line. Although the radiation
patterns of vertical Vibroseis energy sources and vertical geophones have strong peaks in the
vertical direction (i.e. they mostly generate or record refractions, reflections, diffractions and
surface waves traveling within the recording plane), out-of-the-plane arrivals are inevitable in
regions of complex geology, including regions of near-surface complexity. Out-of-plane events can
be very difficult or impossible to identify unless they cut across reflections known to originate from
beneath the recording line.
Various statements in Madritsch et al. 2013 and Naef and Madritsch 2014 demonstrate that the
interpreters of Nagra’s seismic data are aware of the limitations of 2D seismic images.
Nevertheless, the quality of the seismic image interpretations is highly variable. The interpretations
of the Mesozoic parts of the seismic images range from robust through creative to conceptional,
whereas the interpretations of the deeper parts range from plausible through conceptional to
unlikely 12.

11

Examples of erroneous images include but are not limited to: (i) laterally continuous geological horizons may appear to
be broken or irregular on the seismic images, (ii) false faults, folds, anticlines and synclines may be generated, and (iii)
true faults, folds, anticlines and synclines may be unintentionally eliminated.
12
Uninterrupted reflections or uninterrupted reflection patterns demonstrate the absence of faults with vertical offsets
greater than 15-20 m, the vertical resolution of Nagra’s 2D seismic data. “Conceptional” in this context means that the
interpretations are not based on seismic evidence.
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Seismic image quality, and uncertainties in the interpretation of
reflections and in the estimated depths to the near-Top-Opalinus
and Base Opalinus (Top Lias) horizons
Image quality and uncertainties in the interpretation of reflections

For many years, Nagra’s seismic interpretation strategy has involved the identification and tracking
of reflections from five geological marker horizons: Base Tertiary, Base Malm, Top Lias (effectively
the Base Opalinus), Top Muschelkalk and Base Mesozoic (Madritsch et al. 2013). The near-Top
Effinger Layers and near-Top Opalinus were recently introduced as marker horizons within the
Mesozoic sedimentary strata (Nagra 2014c). The ‟nearˮ in these new designations indicates that
the actual tops of the respective geological strata are generally not resolved by distinct reflections.
Although the data processing was of a high standard, the quality of the reflections (i.e. their clarity
and continuity) in the seismic images varies from very poor and poor in some regions to good and
very good in others. Representative examples of reflection quality are shown by the part of seismic
image 11–NS–12 displayed in Figs. 3–1a and 3–1b. The interpretation of all Mesozoic marker
horizon reflections are represented by continuous lines in Fig. 3–1b and in all seismic depth
images presented by Meier et al. 2014, whereas continuous, dashed, and dotted lines are used to
represent a combined assessment of reflection quality and interpretation confidence in the
interpreted seismic time images presented in the earlier report by Madritsch et al. 2013. For marker
horizons (see their Table 4 on page 20 and the legend of their Fig. 3-2 on page 21), Madritsch et
al.’s 2013 subdivision into three classes is as follows:
continuous
(well defined)

very good quality reflections and well defined marker horizons

dashed
(sufficiently
well defined)

very good to poor quality reflections and adequately defined marker
horizons

dotted
(ill defined
or conceptional)

good to poor quality reflections and poorly defined to conceptional
marker horizons

For tracing faults, continuous, dashed and dotted lines represent robust, uncertain and
conceptional interpretations, respectively.
Interpretations of the A and D extracted portions of seismic lines presented in Fig. 3–1c (see
approximate locations of these portions in Fig. 3–1a) are shown by dashed lines in Madritsch et al.
2013 and the B and C portions are shown by dotted lines. Whereas the reflections in region A
north of the Jura Main Thrust are well defined and continuous, those in region D at the southern
end of the line are rather poorly defined and only quasi-continuous. Reflections in the centre of Fig.
3–1a are poorly defined. Lack of clarity and the discontinuous nature of reflections in region C may
be due to heterogeneity within the overlying younger sedimentary strata that results in inadequate
static corrections and/or deficient stacking velocity models and/or strong attenuation and scattering
of the desired signal; the marker horizons in region C have evidently been extrapolated northwards
from those in region D. Intense faulting and folding together with extreme 3D heterogeneity are the
likely sources of reflection complexity in region B. Some, perhaps many, features in region B and
at shallower depths likely represent reflections or diffractions that originate from out of the
recording plane. As such, without additional constraints (e.g. information from cross lines, close
parallel lines or a 3D survey), they cannot be confidently interpreted in terms of structure within the
plane of the seismic line; the interpretation in region B is largely conceptional.
10
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Uncertainties in the estimated depths to the near-Top-Opalinus and BaseOpalinus (Top-Lias) horizons

The depths to the near-Top Opalinus and Base-Opalinus (Top-Lias) horizons are decisive
parameters for the planning of suitable radioactive waste repositories. Using information primarily
from the seismic data and a limited number of boreholes, Meier et al. 2014 have estimated the
depths to these marker horizons and the associated depth uncertainties (e.g. Fig. 3–2). Depth
uncertainties are caused by uncertainties in the estimated traveltimes to the horizons and
uncertainties in the velocities used to convert the traveltimes to depths. Traveltime uncertainties
are caused by errors in the static corrections and ambiguities in the horizon picks. Because the
traveltime and velocity uncertainties tend to increase with distance from the boreholes, where
traveltimes and velocities are relatively well established, depth uncertainties also tend to increase
as a function of borehole distance. In addition, velocity uncertainties below the Tertiary sediments
generally increase with depth. The increases in depth uncertainty with distance from the boreholes
are readily apparent in Fig. 3–2 for the Base-Opalinus horizon. The smallest depth uncertainties
are very close to the boreholes. It is noteworthy that the largest values of >100 m within the siting
regions occur in the western and southern parts of NL as a result of the comparatively deep
occurrences of the Opalinus unit, the long distances to the nearest borehole at Weiach and,
possibly, enhanced complexities in the overlying younger sedimentary strata. Meier et al.’s 2014
depth-uncertainty estimates for the near-Top-Opalinus horizon are similar to those shown for the
Base Opalinus uncertainties in Fig. 3–2.
Uncertainties in the depth to the near-Top-Opalinus and Base-Opalinus within Nagra’s three
HLW siting regions tend to be lowest near the boreholes, increasing with distance from the
boreholes and with depth.

4

4.1

Locations and nature of regional tectonic elements close to NL
and JO
Seismic images of selected regional tectonic elements

On a number of north-south trending lines, the complexity of the seismic images of the regional
tectonic elements (e.g. regional fault zones and folds; Fig. 1–1) is comparable to that shown for the
Stadel-Irchel Anticline and Jura Main Thrust along the part of seismic image 11–NS–12 displayed
in Fig. 3–1. On the interpreted time images of Madritsch et al. 2013, the majority of marker
horizons within the regions of intense tectonic overprint are represented by dotted lines, indicating
the conceptional nature of the interpretations.
Together, Figs. 3–1a and 3b (11–NS–12), 4–1 (11–NS–02) and 4–2 (11–NS–18) demonstrate the
similarly complex seismic reflection character of the Jura Main Thrust and its eastward extension,
the Lägern Structure, from just south of JO to south of the central part of the NL siting region. The
outer boundaries of this critical regional tectonic zone are well resolved by the seismic reflection
images, but many of the interpreted internal boundaries range from speculative to conceptional.
The primary structures immediately north of JO and NL are the Mandach Thrust and the Siglistorf
Anticline, respectively (Figs. 1–1, 4–3, 4–4, 4–5, 4–6). Like most other regional tectonic zones, the
outer boundaries of these features are well delineated on the seismic images, but their internal
geometries are not so well resolved.
11
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On a number of seismic images, the regional tectonic elements (Fig. 1–1) practically overlie
gradual to abrupt changes in the depths to the Base-Mesozoic horizon (e.g. Jura Main Thrust in
Fig. 4–1; Siglistorf Anticline in Fig. 4–5; Stadel-Irchel Anticline in Fig. 4–7; Baden-Irchel-Herdern
Lineament in Fig. 4–8), demonstrating the significant influence of pre-existing basement faulting
and/or folding on the Mesozoic and Cenozoic evolution of Northern Switzerland. On other seismic
images, the evidence for regional tectonic elements overlying changes in depth to the BaseMesozoic horizon is not compelling (e.g. Jura Main Thrust and Stadel-Irchel Anticline in Figs. 3–1a
and 3–1b; Stadel-Irchel Anticline in Fig. 4–2; Mandach Thrust in Figs. 4–3 and 4–4; Siglistorf
Anticline in Fig. 4–6). Imaging problems associated with extreme 3D heterogeneity preclude
discrete faults of the Base-Mesozoic horizon beneath most regional tectonic elements from being
resolved in the seismic cross-sections.

4.2

Refinement of the regional tectonic element boundaries

Surface geological observations and information provided by the 2D and 3D seismic images have
allowed Nagra to confidently delineate the outer boundaries of important regional tectonic
elements.
One important consequence of Nagra’s refinement to the boundaries of the regional
tectonic elements is that faulting and folding associated with the Siglistorf Anticline are
newly recognised to transect the northwestern part of NL (Figs. 1–1 and 4–5), thus
eliminating the western part of siting region NL from further consideration as a potential
radioactive waste disposal site.

5

5.1

Space availability and locations and nature of local tectonic
elements, particularly within NL
Local tectonic elements

Nagra has emphasised that local tectonic elements (i.e. relatively small but important faults and
fault zones, which together are referred to as local faults in the following) impose limitations on the
space availability, space requirements, and layout of repositories for each siting region (Nagra
2014a, 2014c). Estimating potential distributions of local faults within each siting region using a
statistical approach constrained by information supplied by the seismic images was the principal
objective of the work described by Lanyon and Madritsch 2014. These authors argued that
whereas Nagra’s 3D seismic data set provided relatively complete information on the distribution of
important local faults within ZNO, the 2D data sets acquired across the other siting regions only
provided information along the seismic recording lines. This lack of complete 3D information was
the primary motivation for applying a statistical approach. Key results of the analyses presented in
Lanyon and Madritsch 2014 were mentioned as supporting the independent space-requirement
assessments reported in Nagra 2014a and Nagra 2014e. The local tectonic elements have been
referred to as potential layout-determining faults (LDFs):
Lanyon and Madritsch 2014:
a tectonic fault is considered to be layout-determining for a repository if it has a significant vertical
offset that may lead to an abrupt lateral disruption of the effective containment zone
only faults showing vertical offset >20 m are necessarily layout determining
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Since it was not possible to follow important parts of the Lanyon and Madritsch 2014 report
because of ambiguous text and poor explanations, Herfried Madritsch (Nagra) provided the
necessary clarifying information during a meeting with four AG SiKa/KES committee members
(Hansruedi Keusen, Stefan Schmid, Thomas Flüeler and Alan Green) in early 2015 and in a long
series of personal communications with Alan Green in late 2015. Sufficient details can be
discerned from the report and personal communications to establish that many of the NL seismic
images have either been misrepresented and that the statistical method is inappropriate in the
context of Nagra’s investigations. The problems with the misrepresented images within NL are
described in Subsections 5.2 to 5.7, whereas the weaknesses in the statistical method and the
consequences of its use are outlined in Subsection 5.8.
Since regional tectonic elements were used to optimise the boundaries of the potential repository
sites and, therefore, should not occur within the sites, they should have been explicitly excluded
from Nagra’s analysis of potential LDFs:
Lanyon and Madritsch 2014:
The regional structural interpretation of the Top Lias marker horizon by Madritsch et al. (2013)
yields a subset of 33 fault traces attributed to regional geological elements/fault zones. As this
study was to focus on LDFs these traces were not considered during the further analysis. A further
subset of 32 features was identified as a set of local-scale structures potentially relating to LDFs. In
the 3D-seismic survey region 9 additional structures were identified; herein regarded as potential
LDFs.

The distributions of laterally correlated and uncorrelated local faults identified by Lanyon and
Madritsch 2014 on the seismic images are shown in Fig. 5–1a. A magnified version of the NL
rectangle on which the potential LDFs have been numbered 1–15 and the seismic line identifiers
have been added is presented in Fig. 5–1b. The numbering of the potential LDFs is also shown on
the NL tectonic map displayed in Fig. 5–2a. Seismic line identifiers have been added to the same
tectonic map in Fig. 5–2b and the boundaries of the interpreted tectonic zones to be avoided have
been added in Fig. 5–2c. A sequence of non-interpreted and companion interpreted seismic
images for each of the potential LDFs within NL is displayed in Figs. 5–3 to 5–12 and Figs. 5–C1 to
5–C3 13,14.
Since the distributions of potential LDFs have influenced the geological characterisation of Nagra’s
siting regions (Nagra 2014a, 2014c, 2014e), the evidence for each of the local faults (i.e. potential
LDFs) within NL are reviewed in the following according to five groupings: 5.2 misinterpreted local
faults, 5.3 local faults that are clearly components of regional fault zones (i.e. regional tectonic
elements), 5.4 poorly substantiated local faults, 5.5 interpreted local fault outside the boundaries of
NL, and 5.6 plausible local faults that need additional studies to be confirmed.

5.2

Misinterpreted local fault 3

There is no evidence for a fault with >15–20 m vertical offset at the level of the Top-Lias horizon on
seismic line 11–NS–20 (Fig. 5–5) corresponding to potential LDF 3 on Fig. 5–1b. Neither is a fault
at this location identified on any Top-Lias fault map presented by Nagra (e.g. Fig. 5–2). In a
13

Figs. 5-C1 to 5-C3 are extracted from confidential hydrocarbon industry seismic sections; they must not be displayed
in this review document.
14
Many of the statements and assertions made throughout this review can be judged by sequentially comparing the noninterpreted and interpreted images.
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personal communication, Herfried Madritsch (Nagra) stated that a minor reflection disruption at this
location was identified at the level of the Top-Lias horizon on earlier versions of the seismic lines,
but that additional processing resulted in its disappearance. He conceded in the same personal
communication that it was a mistake to have included it on Fig. 5–1.

5.3

Local faults 1, 2, 4, 14 and 15 that are clearly components of regional fault
zones (i.e. regional tectonic elements)

Local faults 1, 2, 4, 14 and 15 at the level of the Top-Lias horizon are all situated within regional
fault zones in Fig. 5–2. The relevant seismic images (Figs. 5–3, 5–4, 5–C1 15, 5–C3, 5–12)
demonstrate that these local faults are found close to well defined regional faults. All of these local
faults appear to be branches of nearby faults that are components of the regional fault zones or are
interpreted by Madritsch et al. 2013 and Meier et al. 2014 to sole into common basal faults on the
respective seismic images. In summary, faults 1, 2, 4, 14 and 15 are components of regional fault
zones and, therefore, should not have been classified as potential LDFs according to the definition
of Lanyon and Madritsch 2014.

5.4

Poorly substantiated local faults 4 and 8

The evidence on the seismic images for many of the interpreted local faults is weak or
unconvincing. Because of locally poor-image quality at the level of the Top-Lias horizon on seismic
section 90–SE–02, the delineation of local fault 4 in Fig. 5–C1a is particularly dubious. The
interpretation of local fault 8 on seismic section 11–NS–20 is even more questionable; the Top Lias
and overlying and underlying strata are interpreted to be continuous features with no offsets at the
relevant location on Fig. 5–9b.
Since interpreted fault 8 lies within a large area of NL where no other local faults have been
identified by Nagra’s researchers and consultants (Madritsch et al. 2013; Meier et al. 2014), its
existence is further examined in the appropriately scaled seismic images of Figs. 5–9c to 5–9f. For
ease of comparison, the Nagra interpretation of Fig. 5–9c is located in this review immediately
before the uninterpreted image of Fig. 5–9d and an equally plausible slightly modified interpretation
(proposed here for demonstration purposes only) is located immediately after in Fig. 5–9e. The two
interpretations are directly compared in Fig. 5–9f. Unlike Nagra’s interpretation, the slightly
modified interpretation does not require (i) a kink in the Opalinus unit, (ii) fault 8 or (iii) a
‟disruptionˮ of the Base-Mesozoic horizon. In contrast to the original interpretation in Fig. 5–9c,
with one minor exception all the marker horizons are traced along uniform positive or uniform
negative pulses in Fig. 5–9e. The marker-horizon trace crosses a very short region of opposite
polarity at the location marked by an arrow in Figs. 5–9d and 5–9e. This and other tiny irregularities
could be the result of out-of-the-recording plane energy (ORPE in Figs. 5.9d and 5.9e). Although
there is evidence for a minor gradual change in dip over a 500 to 700 m length of Fig. 5–9, there is
no persuasive evidence for the interpretation of local fault 8.

15

Seismic sections 90-SE-01, 90-SE-02 and 80-SE-56 (Figs. 5C-1, 5C-2 and 5C-3) belong to a hydrocarbon exploration
company – they cannot be displayed in this report.
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Interpreted local fault 7 outside the boundaries of NL

Only for NL has an interpreted local fault outside of an HLW siting region been explicitly included in
the counting of potential LDFs within it (Lanyon and Madritsch 2014). Fig. 5–1 (together with a
more accurate map provided by Nagra) and Figs. 5–7 and 5–8 demonstrate that the mapped
position of interpreted local fault 7 lies outside of the boundaries of NL and, therefore, should not
be included in any statistical analysis of faults within NL.

5.6

Plausible local faults 5, 6, 9, 10, 11, 12 and 13 that need additional studies to
be confirmed

Discontinuities of reflections near the middle of seismic line 11–NS–33 are interpreted in terms of
local faults 5 and 6 on Fig. 5–6. However, reflection disruptions throughout the Mesozoic
sedimentary strata at these locations suggest that inadequate static corrections could equally well
explain the observations. Local faults 5 and 6 are plausible, but the evidence for their existence is
not compelling.
Small-scale depressions (half-grabens and grabens) associated with interpreted local faults 9, 10
and 11 on seismic image 11–NS–35 (Fig. 5–10) and the small anticline associated with interpreted
local faults 12 and 13 on seismic image 11–NS–18 (Fig. 5–11) are observed to varying degrees
throughout the Mesozoic sedimentary strata. As a consequence, it is possible that these
structures, including the interpreted faults, are artefacts caused by velocity heterogeneity (about
10% would be sufficient) within the overlying Tertiary and Quaternary strata that has not been
adequately accounted for in the data processing. Local faults 9, 10, 11, 12 and 13 are plausible
features, but additional studies would be required to exclude the possible effects of velocity
heterogeneity.

5.7

Number of layout-determining faults within the three HLW siting regions

The number of LDFs within ZNO is well established from the 3D seismic image and, therefore, did
not need additional attention in Stage 2. Within JO, there is no evidence for potential LDFs on any
of the 2D seismic lines that cross the siting region. Of the 15 local faults claimed to be potential
LDFs within NL by Lanyon and Madritsch 2014, the following 8 are unsubstantiated:
1.
2.
3.
4.
5.
6.
7.
8.

interpreted local fault 1 is a component of a regional fault zone
interpreted local fault 2 is a component of a regional fault zone
interpreted local fault 3 does not exist (acknowledged by Nagra)
interpreted local fault 4 is a poorly substantiated feature that is a component of a regional fault
zone
interpreted local fault 7 lies outside of NL
interpreted local fault 8 is not substantiated; there no firm evidence for an offset at the relevant
location
interpreted local fault 14 is a component of a regional fault zone
interpreted local fault 15 is a component of a regional fault zone.

Seven local faults 5, 6, 9, 10, 11, 12 and 13 within NL are plausible LDFs, but they could also be
artefacts created by inadequate static corrections and/or erroneous velocity models used in the
processing. Rather than the 5 laterally correlated and 10 uncorrelated potential LDFs shown in
Figure 5–1b, it is concluded that there is evidence for only 2 laterally correlated and 5 uncorrelated
potential LDFs within NL. These numbers are not much different from the 7 laterally correlated and
15
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2 uncorrelated potential LDFs within ZNO that are well documented by 3D seismic information
(Fig. 5–1a).
Lanyon and Madritsch 2014 use the number of potential intersections of LDFs with 2D seismic
lines in their statistic analysis. The numbers they use for ZNO, NL and JO are 5, 18 and 0,
respectively. With the reassessment of potential LDFs described above, the number for NL should
be reduced from 18 to 9.

5.8

Inappropriate methodology of Lanyon and Madritsch

Lanyon and Madrisch 2014 state:
(that they) have assumed that faults are spatially distributed according to a homogeneous Poisson
process statistical method,
Poisson distribution is equivalent to assuming that faults are positioned independently of each
other.
While this analysis does not attempt to simulate a precise tectonic fault model for each siting region
and hence determine the effective space reserves, it does allow a quantitative assessment of the
probable limitation of space reserves due to (the) presence of as-yet undetected LDFs.

The conclusions of their study for the relevant optimised HLW areas of JO and NL (see their Figs.
3–1 and 3–2), which appear to have played a role in Nagra’s Stage 2 recommendations, are as
follows:
Lanyon and Madrisch 2014:
2

For JO: Low fault density. Greater than 10 km of potentially useful area but region shape limits
placement of rectangle. High percentage of realisations contain good block. High percentage of
qualifying realisations contain good blocks.
For NL: Small region results in very low chance of finding good rectangular block. Potentially useful
2

area >5 km for all but highest fault frequencies. Shape of region limits placement of rectangular
block.

Their grossly oversimplified approach is inappropriate for several reasons:
• The low numbers of potential LDFs that the authors claim to have detected in each siting region
does not justify applying a statistical approach (Poisson or any other) for quantitatively
assessing ‟the probable limitation of space reserves due to presence of as-yet undetected
LDFsˮ; the numbers become even smaller when the falsely interpreted potential LDFs are
omitted.
• The assumption that faults are distributed according to a ‟homogeneous Poisson processˮ
ranges from highly questionable to illogical.
• ‟Distributingˮ potential LDFs throughout a region based on concentrations of interpreted
potential LDFs either along the periphery or within limited parts of a siting region contradicts
both mechanical (physical) and geological reasoning.

5.9

LDFs within NL

Lanyon and Madritsch’s estimate of the number potential LDFs observed on the NL seismic
images is too high by more than a factor of two and their statistical method for estimating the
16
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distribution of potential LDFs is unsuitable. The review of LDFs within NL in Subsections 5.2 to 5.7
and the comparisons of NL with ZNO and JO in Subsection 5.8 undermine the following statement:
Nagra 2014c:
Die

sich

basierend

auf

diesen

Befunden

ergebenden

möglichen

Frequenzen

für

anordnungsbestimmende tektonische Elemente (in NL) sind im Vergleich zu den benachbarten
Standortgebieten Zürich Nordost und Jura Ost eher höher (Lanyon & Madritsch 2014). Das
potenzielle Platzangebot untertags in diesem Gebiet ist in Abhängigkeit davon möglicherweise
weniger günstig.

To determine the space availability and associated locations of local tectonic elements (i.e.
potential layout-determining faults) throughout the relevant parts of JO and NL requires
information from 3D seismic surveys.

6

Space requirements for repositories with emphasis on NL and JO

In Nagra’s summary document NTB 14–01 (Nagra 2014a), the space requirements for HLW
radioactive waste repositories within ZNO, NL and JO are given as ~6 km2, 8–12 km2 and 6–9 km2,
respectively. Although the general procedure for determining the space requirements is provided in
Tab. 2.1–1 and text of Nagra 2014e, specific computational details and the rationale for choosing
the key parameters (listed in Tabs. 3.3–1 to 3.3–6 of Nagra 2014e) that resulted in the spacerequirement assessments for each siting region have not been presented in any Nagra report.
In estimating the space requirements, it is clear that certain issues and parameters are the same
for all three siting regions 16, whereas others are site-dependent. Site-independent issues and
parameters are not relevant for this review, but the site-dependent ones are. Site-dependent
issues and parameters mainly concern the geology in the different regions, in particular the
numbers and distributions of potential LDFs and the depths, thicknesses, dips and any
irregularities in the geometries of the proposed host Opalinus unit (Nagra 2014a). However, the
thickness of the host Opalinus unit is considered suitable within all three HLW siting regions (Nagra
2014a), so it is also not directly relevant for this review.
Since it was not possible to ascertain the basis for the space-requirement assessments from Nagra
reports, a meeting of Nagra personnel (Piet Zuidema and Herfried Madritsch) and three members
of the AG SiKa/KES (Stefan Schmid, Thomas Flüeler and Alan Green) was held in late 2015.
During this meeting, sufficient information was provided by the Nagra personnel for the
AG SiKa/KES members to understand the reason for the different space-requirement
assessments. The assessments were determined via a rather straightforward computational
process that iteratively adjusted the space requirement and space availability for each siting region
using various simplifying assumptions. Differences in the depths, dips and geometrical
irregularities of the host Opalinus unit were either ignored or were of secondary importance in each
16

Examples of common issues include, but are not limited to (i) radioactive waste type and volume, (ii) shape and size of
the canisters containing the waste, (iii) general size and orientation of the entire underground repository facility relative to
the inclination of the host geological unit, (iv) general shape and size of the storage tunnels/chambers, (v) minimum
distances between the storage tunnels/chambers, (vi) orientation of the storage tunnels/chambers relative to the
inclination of the host geological unit, (vii) minimum distances between the storage tunnels/chambers and significant
geological heterogeneities, (viii) minimum distances between the storage tunnels/chambers and the perimeter of the
entire underground repository facility and (ix) details on the entrance tunnels and shafts, diverse underground
infrastructure, and the test and pilot storage facilities.
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suite of computations 17. Assumed differences in the numbers and distributions of potential LDFs
within each siting region were the primary reasons why the space-requirement assessments were
determined to be different for ZNO, NL and JO; the presence of potential LDFs within a radioactive
waste repository site requires the construction of more numerous shorter repository
tunnels/chambers than for an LDF-free site, which in turn requires more total space for a
repository. At least one sufficiently large area with zero LDFs was outlined within the ZNO siting
region covered by the 3D seismic data set in Nagra 2014e (Tabs. 3.3–1 and 3.3–2). Hence, the
~6 km2 space-requirement assessment for ZNO was a minimum value for NL and JO. It was
assumed in Nagra 2014e (Tabs. 3.3–3 and 3.3–4) that variable numbers of LDFs within NL affect
the host Opalinus unit in both the dip and strike directions of the strata, such that the space
requirement for this siting region was increased from the ~6 km2 minimum value to between 8 and
12 km2, depending on the assumed number of LDFs. Similarly, it was assumed in Nagra 2014e
(Tabs. 3.3–5 and 3.3–6) that a variable number of LDFs within JO affect the host Opalinus unit in
only the dip direction, such that the space requirement for this siting region was assessed to be
between 6 and 9 km2, depending on the assumed number of LDFs. The 8–12 km2 and 6–9 km2
values for NL and JO are purely hypothetical.
Nagra 2014e provides no concrete justification for the assumed number and distribution of LDFs
within NL and JO used in the calculations. Instead, it is stated that the results are in general
agreement with the results of the Lanyon and Madritsch 2014 study as follows:
Nagra 2014e:
Es ist zu beachten, dass die in diesem Bericht verwendeten Konzepte mit den über den ganzen
Lagerperimeter reichenden linearen anordnungsbestimmenden geologischen Elementen eine sehr
starke Vereinfachung der komplexen Realität darstellt. Die gemachten Abschätzungen geben
deshalb nur einen groben Anhaltspunkt. Sie können aber trotzdem gut verwendet werden, um zu
visualisieren, wie ein durch anordnungsbestimmende geologische Elemente zergliederter
Lagerperimeter genutzt werden kann. Diesbezüglich liefert der Bericht von Lanyon und Madritsch
(Lanyon & Madritsch 2014) nützliche Informationen, weil er basierend auf effektiven
Beobachtungen aufzeigt, wie die verschiedenen Lagerperimeter zergliedert sein können und dazu
unter Berücksichtigung der vorhandenen Ungewissheiten statistische Informationen abgibt.
Deshalb wird die Bewertung des Platzangebots zusätzlich auch mit den Informationen in Lanyon &
Madritsch (2014) geprüft.

A comparison of the results of multiple suites of calculations based on assumptions and
not observations with inaccurate LDF-distribution estimates based on the results of
applying an unsuitable statistical method using information determined from
misrepresentations of seismic images is not a convincing basis for establishing the space
requirements for NL. Space-requirement assessments for JO are equally dubious.
It is concluded that the 2D seismic data available for NL and JO are not sufficient to make a
serious assessment of required and available space at the end of Stage 2. Clearly, 3D
seismic data are needed to establish the space requirements and associated positions of
local tectonic elements (i.e. potential layout-determining faults) throughout the relevant
parts of NL and JO.

17

A large number of computations were performed using a wide range of input values.
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Faults associated with the formation of the Permocarboniferous
troughs
The importance of Permocarboniferous troughs in the post-Paleozoic
tectonic evolution of Northern Switzerland

Permocarboniferous sediments have been encountered in a number of deep boreholes in the
vicinity of Nagra’s siting regions (Figs. 1–3, 7–1 and 7–2), and layered reflections from potential
sedimentary strata deposited within Permocarboniferous troughs have been observed on
numerous 2D seismic images (e.g. Figs. 7–3 to 7–7; Madritsch et al. 2013; Naef and Madritsch
2014; Nagra 2014c). The importance of the Permocarboniferous troughs to Nagra’s studies are
clear from the following statements:
Madritsch et al. 2013:
Der Nordschweizer Permokarbontrog ist die dominanteste bekannte Struktur des kristallinen
Grundgebirges der Region und deshalb, obwohl an der Oberfläche nicht erkennbar, für das
Untersuchungsgebiet der Nagra 2D-Seismik 2011/12, von zentraler tektonischer Bedeutung.
Nagra 2014c:
Der Nordschweizer Permokarbontrog ist die prägende tektonische Struktur des Grundgebirges der
Region. Bereits die ersten Auswertungen reflexionsseismischer Daten aus den 1980er Jahren
haben aufgezeigt, dass diese spät-paläozoisch angelegte, regionale Struktur auch einen
bedeutenden Einfluss auf die mesozoische und vor allem känozoische tektonische Entwicklung der
Region hatte. Insofern wirken sich der Verlauf und insbesondere die Abgrenzung des
Permokarbontrogs unmittelbar auf das tektonische Regime im Deckgebirge aus.

Explanations and figures presented in Madritsch et al. 2013, Naef and Madritsch 2014, Nagra
2014c and Nagra 2014d imply that the presence of the Permocarboniferous troughs have strongly
influenced deformational processes within the overlying Mesozoic and Cenozoic geological units.
For this review, the Permocarboniferous troughs, in particular the postulated trough-boundary and
within-trough faults, are important because they have played an important role in Nagra’s
delineation of tectonic zones to be avoided:
Nagra 2014d:
Nicht zuletzt aufgrund dieser Ungewissheiten werden in SGT Stage 2 zusätzlich zu regionalen
Störungszonen im Deckgebirge auch post-paläozoisch reaktivierte Ränder des Nordschweizer
Permokarbontrogs und Antiklinalstrukturen als zu meidende tektonische Zonen ausgewiesen und
bei der Abgrenzung der im sicherheitstechnischen Vergleich zu bewertenden Lagerperimeter
berücksichtigt.

7.2

Recognised difficulties in obtaining reliable images of pre-Mesozoic
geological units in Northern Switzerland

Like many regions worldwide, geological units lying beneath the upper highly reflective layers of
the earth (e.g. the Mesozoic sedimentary strata) have proven difficult to image using conventional
seismic methods. The difficulties appear to be well understood by Nagra’s researchers and
contractors:
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Madritsch et al. 2013:
Zur besseren Charakterisierung des Nordschweizer Permokarbontrogs, der aus regionaler
tektonischer Sicht von grosser Bedeutung ist, wurde neben den oben genannten seismischen
Markerhorizonten im Bereich des Mesozoikums ausserdem versucht, im submesozoischen
Abschnitt der Seismikprofile weitere Reflexionspakete zu markieren. Diese seismischen Signale
sind aber wegen der generell sehr schwachen resp. fehlenden Impedanzkontraste meist undeutlich
ausgeprägt und anfällig für Überprägungen mit Artefakten der Datenaufnahme (multiple
Reflexionen) resp. solchen der Datenverarbeitung (Migrationseffekte), welche nicht entfernt werden
können. Des Weiteren gibt es für den submesozoischen Bereich nur sehr vereinzelt
Bohrlochkorrelations-möglichkeiten. Aus diesen Gründen kann die Kartierung zusätzlicher
seismischer Horizonte im submesozoischen Bereich vielfach nur rein konzeptionell vorgenommen
werden. Deshalb werden die in diesem Bereich gepickten Reflexionen nicht als verlässliche
seismische Markerhorizonte, sondern als konzeptionelle Interpretationsergänzung angesehen.

There are two issues in addition to those outlined above. First, Variscan-age crystalline basement
rocks (i.e. metamorphosed rocks of sedimentary and igneous origin, volcanic and intrusive rocks),
basement shear zones and mildly deformed post-Variscan sedimentary rocks of the type found in
the Permocarboniferous troughs of Northern Switzerland and Southern Germany are characterised
by the same broad range of reflection types. Crystalline rocks, basement shear zones and mildly
deformed sedimentary rocks can range from largely non-reflective and complexly reflective to
layered reflective. Variscan basement and deformed Permocarboniferous sediments may be
indistinguishable on crustal seismic data. These potential ambiguities appear to be appreciated by
Nagra’s researchers and contractors:
Madritsch et al. 2013:
Die bisherigen, kombinierten geowissenschaftlichen Studien der Nagra haben allerdings gezeigt,
dass im Gebiet der Nordschweiz auch nachweislich kristalline Gebiete geologisch interpretierbare
Reflektivitäten aufweisen können. Das bedeutet, dass eine Reflektivität im Sockel nicht
zwangsläufig als Ausdruck von paläozoischen Sedimenttrögen gedeutet werden sollte. Umgekehrt
ist auch eine fehlende Reflektivität nicht zwingend ein Hinweis auf eine kristalline Hochzone. (see
also Fig. 5–3 and caption in Naef and Madritsch 2014).

Second, lack of reflections from strong impedance-contrast interfaces (e.g. the lower Mesozoic
horizons) located underneath complexly faulted and folded rocks is not definitive evidence for a
break in the continuity of the interfaces. Wave scattering and attenuation within the faulted and
folded rocks may lead to severe loss of coherent reflected energy, such that the underlying
reflectors cannot be imaged using conventional seismic methods. Again, Nagra’s researchers and
contractors have alluded to this issue:
Naef and Madritsch 2014:
So könnte beispielsweise der illustrierte Verlust der Reflektivität des Grundgebirges unterhalb der
Lägern-Antiklinale mit der assoziierten komplexen tektonischen Situation im überlagernden
Deckgebirge zusammenhängen. (see also Fig. 5–2 and caption in Naef and Madritsch, 2014)

7.3

Nagra researchers and contractors assert that parts of their interpretation of
Permocarboniferous troughs are robust and reliable

Despite the reservations and caution expressed in the above quotes and multiple declarations in
Nagra reports (Madritsch et al., 2013; Naef and Madritsch, 3014; Nagra 2014c) that the
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interpretation of geological units underlying the Base-Mesozoic horizon is primarily conceptional,
Nagra researchers and contractors claim a high degree of confidence in critical aspects of their
interpretation:
Madritsch et al. 2013:
Die Randstörungen des zentralen Nordschweizer Permokarbontrogs sind in der Mehrzahl der
parallel zum regionalen geologischen Schichteinfallen verlaufenden Seismikprofile allerdings
einigermassen deutlich erkennbar. Da diese Strukturelemente in solchen Fällen zudem meist über
mehrere seismische Profile korreliert werden können, kann ihr regionaler Charakter als
nachgewiesen gelten.
Nagra 2014c:
Die nördliche Randzone des zentralen Trogs ist sowohl im Westen also auch im Osten durch
Bohrungen, kombiniert durch seismische Profile und Schweredaten vergleichsweise sehr gut
dokumentiert, allerdings unterschiedlich ausgebildet (Naef & Madritsch 2014).

These claims are highlighted in Fig. 7–2 from Naef and Madritsch 2014, in which the
interpretations of the Permocarboniferous trough within the JO and NL siting regions are inferred to
be relatively reliable:
Naef and Madritsch (2014):
auf Charakter interpretierbar und an Bohrung kalibriert
Furthermore, Naef and Madritsch 2014 and Nagra 2014c describe the various elements shown in the map of Fig. 1–3
and related seismic images and introduce an evolutionary model of the region with such assurance and in such detail
that the reader is left with the impression that they explain well established features rather than a conceptual
interpretation of generally poor-quality images of the pre-Mesozoic geology and seismic noise.

7.4

Plausible aspects of Nagra’s interpretation of Permocarboniferous troughs

Based on the borehole data, gravity map (Fig. 7–1) and the layered nature of reflections on
numerous seismic images, the general trend of the major Permocarboniferous troughs is relatively
well determined. A prominent reflective coal unit intersected in the Weiach borehole can be traced
continuously from east of the eastern margin of NL to at least the eastern border of JO (e.g. Fig. 7–
3). A distinct asymmetry of truncations of Permocarboniferous layered reflections demonstrates
that the trough beneath JO is a half-graben or asymmetric graben with a steep bounding fault on
the north side and a more gently inclined boundary on the south side (e.g. Fig. 7–4). In the region
between JO and NL, the similarity of layered-reflection truncations to the north and south is
indicative of a more symmetric graben (e.g. Figs. 3–1 and 7–5). The geometry of the
Permocarboniferous trough beneath NL is not as well determined as beneath JO, but there is
evidence on some seismic lines for a steeper line of layered-reflection truncations on the south
side than on the north side of this eastern portion of the Permocarboniferous trough (e.g. Figs. 4–2,
4–6, 7–6, 7–7), an asymmetry in the opposite direction to that below JO.
In principle, moderately to steeply dipping faults below the Base-Mesozoic horizon could be
recognised on migrated seismic data by (i) distinct fault-plane reflections, (ii) offsets, abrupt
truncations or changes in the dip of reflection packages, and/or (iii) sharp changes in seismic
facies. Diffractions on non-migrated data may also indicate the presence of faults. There are no
compelling examples in Nagra’s 2D seismic images of reflections originating from faults underlying
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the Base-Mesozoic horizon, but well defined offsets of this horizon identified on a number of
seismic images require the presence of fault zones or folds very close to some credible
Permocarboniferous-trough boundaries (see also Section 4). Representative examples of where
such probable fault zones or folds are necessary can be seen in Figs. 4–1, 4–5, 4–7, 4–8 and 7–5.
Abrupt offsets of the Base-Mesozoic horizon are unequivocal evidence for faults or narrow fault
zones in Figs. 4–7 and 4–8.

7.5

Assessment of thickness estimates of Permocarboniferous strata

Although Nagra researchers and contractors recognise that basement can be reflective, they have
mostly interpreted (i) reflections below the Base-Mesozoic horizon as originating from
Permocarboniferous sediments and (ii) reflection-free zones as older crystalline basement. In
reality, when the considerable limitations of the seismic images below the Base-Mesozoic horizon
are taken into account, the only reasonable conclusion is that the thickness of Permocarboniferous
sediments cannot be reliably determined from the seismic data alone. Unfortunately, the well
known ambiguities in inverting or modelling potential field data also preclude the gravity data
(Fig. 7–1) from being used alone to estimate such thicknesses.

7.6

Assessment of Nagra’s interpretations of faults that bound and lie within the
Permocarboniferous troughs

As indicated in Section 4 and Subsection 7.4, portions of a number of the interpreted
Permocarboniferous-trough boundary faults marked on Fig. 1–3 are compatible with significant
changes in depth to the Base-Mesozoic horizon observed on some seismic images. However,
there is little supporting evidence or even contradictory evidence on the seismic images for other
portions of the interpreted Permocarboniferous-trough boundary faults and most of the interpreted
within-trough faults shown on Fig. 1–3 18. In addition, it is possible on only a few seismic images to
trace the probable fault zones or folds at the Base-Mesozoic horizon to greater depths. Selected
examples of portions of interpreted boundary faults and within-trough faults (Fig. 1–3) that range
from probable to unsupported and unlikely are reviewed in the following.
7.6.1 Interpreted Fault A (Figs. 1–3, 4–3, 4–4, 7–3a, 7–4a, 7–5)
Reflections from Permocarboniferous sediments can be followed from beneath JO to NL, but clear
evidence for the deeper parts of the northern boundary Fault A (Fig. 1–3) is only available on
seismic images 11–NS–04 (Anhang 2–1–2, Meier et al. 2014), 11–NS–06 (Fig. 7–4) and 11–NS–
08 (Anhang 2–1–3, Meier et al. 2014). Although relatively abrupt changes in the depth to the
Base–Mesozoic horizon on several other seismic images require a basement fault zone or fold in
the vicinity of interpreted Fault A, the generally poor-quality of the deeper parts of the seismic
images preclude the basement fault zones or folds being identified at greater depths. On other
seismic images, Fault A is interpreted to transect regions characterised by seismic noise of
variable character (e.g. note the random and “wormy” noise in the appropriate regions of Figs. 4–3,
4–4, 7–5) or the interpretation is highly ambiguous (e.g. Fig. 7–3a).

18

Broad regions characterised by seismic noise, either random noise or “wormy” events, cannot be regarded as
supporting evidence for the presence of discrete faults; uninterrupted reflections or uninterrupted reflection patterns
transected by interpreted faults presumed to have offsets greater than the 15-20 m vertical resolution of Nagra’s seismic
data are regarded as contradictory evidence.
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7.6.2 Interpreted Faults K and L (Figs. 1–3, 3–1a, 3–1b, 4–1, 7–4, 7–5a)
Relatively abrupt to gradual changes in the depth to the Base-Mesozoic horizon on a few seismic
images require a basement fault zone or fold near the location of interpreted Fault L (e.g. Fig. 4–1),
but there is no convincing evidence for this fault on several other seismic images (e.g. Figs. 3–1a,
3–1b, 7–4, 7 5a). The evidence for interpreted Fault K is equivocal on all relevant seismic images.
It is not possible on any seismic image to confidently trace the basement fault zone or fold near
interpreted Fault L to depths greater than the Base-Mesozoic horizon, even though it is
represented by dashed and not dotted lines on some of the interpreted sections of Madritsch et al.
2013 and Naef and Madritsch 2014; there is only seismic noise at most locations of the relevant
seismic images (e.g. Figs. 3–1a, 3–1b, 7–4). At one location, the uninterrupted nature of a poorly
defined seismic reflection pattern does not support the interpreted trace of Fault L much below the
Base-Mesozoic horizon (Fig. 4–1).
7.6.3 Interpreted Faults D, E, e and f (Figs. 1–3, 4–5, 4–6, 7–3, 7–6, 7–7)
The seismic images along lines 11–NS–16 (Fig. 4–5) and 91–NO–58 (Anhang 2–2–22, Meier et al.
2014) are compatible with the interpretation of Fault D and an associated south-to-north change in
the character of the Permocarboniferous trough (i.e. “Zentraler Permokarbontrog” to
“Trograndzone Nord”) in the western region of NL (Fig. 1–3). Prominent contrasting reflection
patterns on the neighbouring seismic images establish a minimum depth extent of ~1000 m below
the offset Base-Mesozoic horizon for Fault D in this region.
In contrast, there is no basis in the seismic images for defining the northern boundary of the
Permocarboniferous trough within the central and eastern regions of NL. Nor is there any
persuasive evidence for the interpreted Faults D, E, e and f in these same regions. Indeed, seismic
images 11–NS–18 (Fig. 7–6), 82–NX–60 (Anhang 2–2–10, Meier et al. 2014), 91–NO–75 (Anhang
2–2–30, Meier et al. 2014) and 11–NS–20 (Figs. 4–6 and 7–7) contain clear uninterrupted
reflections and reflection packages that are not compatible with interpreted Faults D, E and/or e
beneath these lines. Reflection patterns on seismic image 82–NS–70 (Fig. 7–3) do not require
interpreted faults E and e. Interpreted fault f is not substantiated by information contained in
seismic images 11–NS–18 (Fig. 7–6) and 82–NS–60 (Anhang 2–2–10, Meier et al. 2014). Based
on the seismic images, interpreted Faults D, E and e very likely do not exist within the central and
eastern regions of NL, at least not with vertical offsets greater than the 15–20 m vertical resolution
of Nagra's seismic images, and Fault f is not substantiated.
7.6.4 Interpreted Fault P (Figs. 1–3, 7–7)
Like the interpretations of many other faults below the Base-Mesozoic horizon, the rationale for
interpreted Fault P along the southern region of NL is a mystery. The seismic images along lines
11–NS–20 (Fig. 7–7), 91–NO–61 (Anhang 2–2–23, Meier et al. 2014) and 91–NO–62 (Fig. 4–7)
simply do not require a fault at location P.

7.7

Dubious trough-boundary and within-trough faults in the central and eastern
parts of NL

As shown in Subsection 7.6, a number of the faults shown on the map of Fig. 1–3 are not
supported by the seismic images; presumably, they are ‟conceptional” in the sense of Madritsch et
al. 2013 and Naef and Madritsch 2014. In particular, there is no reliable evidence in the seismic
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images for Permocarboniferous-trough-boundary faults or within-trough faults in the central and
eastern parts of NL.
Despite the insistence that the interpretations of the seismic data below the Base-Mesozoic
horizon are largely conceptional, the unsubstantiated Permocarboniferous-trough-boundary faults
and within-trough faults in the central and eastern parts of NL represent one of the two criteria for
defining a tectonic zone to be avoided along the northern region of NL, potentially effectively
eliminating the siting region from further consideration for a radioactive waste repository. When a
deep fault map (e.g. Fig. 1–3) is presented without any caveats noted on either the map (i.e.
dashed lines or question marks) or in the caption, it should be based on seismic or other
geophysical evidence, not concepts.
The derivation, presentation and use of the Permocarboniferous map of Fig. 1–3 have not
been of a standard expected of radioactive waste repository investigations. As a
consequence, much of Fig. 1–3 should not be considered in delineating tectonic zones to
be avoided, in particular in the central and eastern parts of NL.

8

Dip of the Opalinus unit

Although the low to very low dips of the Opalinus unit within ZNO, NL and JO were not considered
in the space-requirement computations (see Section 6), a small change in dip (i.e. within a minor
flexure) of the Mesozoic sedimentary strata was the principal reason for the delineation of a
tectonic zone to be avoided along the entire northern part of NL:
Nagra 2014c:
Der Norden des Standortgebiets Nördlich Lägern wird gemäss aktueller integrativer Interpretation
aller Daten, dem Analogschluss aus den Befunden der 3D-Seismik-Exploration des Zürcher
Weinlands und unter Berücksichtigung von Modellvorstellungen zur Geodynamik als zu meidende
tektonische Zone bewertet. Die seismische Interpretation des Grundgebirges (Madritsch et al.
2013) in Kombination mit einer Analyse der regionalen Schwerekarten von Green et al., 2013)
impliziert, dass dieser Bereich des Standortgebiets im Einflussbereich einer post-paläozoisch
reaktivierten Randzone des Nordschweizer Permokarbontrogs steht (Naef & Madritsch 2014). Dies
deutet sich durch Abschiebungen an der Basis Mesozoikum, die vereinzelt auch mesozoische
Horizonte betreffen, und insbesondere auch durch eine ausgedehnte sanfte Flexur des
mesozoischen und känozoischen Reflexionspakets an. Diese Flexur kann anhand der
Isohypsenkarten der seismischen Markerhorizonte über den gesamten nordöstlichen Abschnitt des
Standortgebiets nachvollzogen werden (Fig. 4.4-5).

For this reason, the dip and irregularities in the geometry of the Base-Opalinus (i.e. Top-Lias)
horizon are reviewed here.
The shallow dips and uninterrupted nature of the Base-Opalinus horizon within the three HLW
siting regions are demonstrated in the depth maps of Figs. 8–1 to 8–3a. 19 According to Fig. 8.3a,
the dip of the Base-Opalinus horizon is much more variable within the western part of NL (i.e. west

19

Considering the locations and distributions of seismic lines and boreholes, it is clear that many short wavelength
features on the maps of Figs. 8–2 and 8–3 are artefacts created by Nagra’s automated contouring routine.
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of and including seismic line 90–SE–01; Fig. 8–3b) than in other areas of the three siting regions.
The western part of NL is not considered further in this Section.
Nagra’s average-dip 20 estimates for selected areas of ZNO, NL and JO are 3.6o–3.8o (6.3%–6.7%;
Tab. 3.2–3, Nagra 2014e), 4.3o (7.6%; Tab. 3.2–5, Nagra 2014e) and 1.8o–2.3o (3.2%–4.0%; Tab.
3.2–5, Nagra 2014e), respectively. Dips southeast of the -400 m contour within ZNO and southeast
of the -100 m contour within JO are higher than dips to the northwest of these contours in the
respective siting regions (Figs. 8–1 and 8–2). Within NL east of seismic line 11–NS–18, regional
dips are 3o–5o between the east-west trending seismic line 11–NS–33 and approximately the
-400 m depth contour and 5o–7o to the north of this contour. The continuous and uniformly shallow
dipping nature of Mesozoic geological strata within NL is clearly seen in the approximately dipdirected and strike-directed seismic images of Figs. 8–4 to 8–7 (for locations see Fig. 8–3b). 21 It is
obvious from the relatively sparse distribution of seismic lines within NL that the contours in the
map of Fig. 8–3 provide only approximate information on the dips of the Opalinus unit within many
areas of the siting region, in particular within areas more than a few hundred meters from seismic
lines.
Three-dimensional seismic data of the type recorded across ZNO are required to accurately
determine the dips of the Opalinus unit throughout the eastern part of NL.

9

Tectonic zone to be avoided and large region of uncomplicated
geology within the northeastern part of NL

During the late-2015 meeting between Nagra personnel and three AG SiKa/KES members,
Herfried Madritsch indicated that extending the comparatively well defined tectonic zone to be
avoided in the northwestern region of NL into the northeastern region
was driven by the observation of a minor change in dip of the Mesozoic and Cenozoic sediments in
the latter area, interpreted as being the expression of a reactivated deep seated fault. A correlation
of the change in dip and hence the interpreted structural feature was supported by 3D geological
modelling and considered legitimate given its apparently regional character with similar
observations made in the siting regions ZNO even further to the east.

Analysis of seismic images of the Base-Mesozoic horizon and deeper units in Section 7 casts
doubt on the existence of Permocarboniferous-trough-boundary faults and within-trough faults
beneath the central and northern areas of NL, including any "reactivated deep seated fault"
mentioned in the above quote. Moreover, seismic images evaluated in Section 8 suggest that
within a large area of northeastern NL there is only a minor increase in dip from 3o–5o to 5o–7o
distributed over a distance of 500 to 700 m. As a result, there is little justification on the basis of the
seismic images for defining a tectonic zone to be avoided within the northeastern part of NL.
According to the same seismic images, the ~20 km2 area delineated by the semi-transparent green
overlay in Fig. 9–1 contains no well substantiated faults within either the Mesozoic or older

20

o

Nagra uses percent (%) as their unit of dip, whereas the standard scientific dip unit of degrees ( ) is used throughout
this review.
21
These portions of the seismic images have been chosen to emphasise the continuous and uniformly shallow dipping
nature of the Mesozoic geological units beneath the northeastern part of NL (Nagra’s interpretations of minor disruptions
of marker horizons along some portions of these seismic lines are highly questionable; see Section 5 and Figs. 5–9c to
5–9f).
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geological units. Naturally, not all of this area is available for a HLW radioactive waste repository
because of depth considerations.
Information from a 3D seismic survey is required to determine if the northeastern part of NL
could be a suitable site for a radioactive waste repository.

10
10.1

Neotectonism and earthquake hazard in Northern Switzerland
Neotectonism in Northern Switzerland?

A number of targeted studies have failed to find credible evidence for significant neotectonism in
the region of Nagra’s siting regions:
Nagra 2014d:
Zusammenfassend

kann

festgestellt

werden,

dass

es

innerhalb

des

eigentlichen

Untersuchungsgebiets in der zentralen Nordschweiz in den allermeisten Fällen nur vereinzelt vage
oder nicht eindeutige Hinweise auf post-pliozäne tektonische Deformationen gibt. Generell war das
Gebiet allem Anschein nach in diesem Zeitraum nur von einer vergleichsweise sehr geringen
tektonischen

Aktivität

betroffen.

In

Anbetracht

der

sehr

schwierigen

Bedingungen

für

geomorphologische Studien zur Neotektonik und der Befunde aus an das Untersuchungsgebiet
angrenzenden Gebieten kann eine anhaltende milde tektonische Aktivität im Gebiet seit dem Spät
Pliozän nicht ausgeschlossen werden bzw. ist sogar wahrscheinlich. Welche tektonischen
Prozesse für diese Bewegungen verantwortlich sind, geht aus den geomorphologischen
Beobachtungen nicht restlos hervor. Diesbezüglich erscheint bei der Entwicklung von
neotektonischen Modellvorstellungen für die Langzeitentwicklung der geologischen Standortgebiete
wichtig, nicht nur eine neotektonische Aktivität in Zusammenhang mit der alpinen Kollisionszone
(z.B. dem Faltenjura), sondern auch die Reaktivierung von anderen älteren tektonischen
Grossstrukturen (z.B. Permokarbontrog, Hegau-Bodensee-Graben) zu berücksichtigen.

These views and speculations on neotectonism are valid. Considering the paucity of
evidence for neotectonic activity, it is reasonable to assume that neotectonism is not an
important issue for any of the three HLW siting regions at this stage of Nagra’s
investigations.

10.2

Earthquake hazard in Northern Switzerland

Switzerland is located within an intraplate tectonic setting. Generally, moderate to large intraplate
earthquakes occur so rarely (e.g. every few hundred years to every few tens of thousands of
years) that it is necessary to consider the history of intraplate seismicity on a European and even a
global scale to estimate certain parameters for seismic hazard determinations within countries
such as Switzerland. The most recent seismic hazard map for Europe (Figure 10–1; Giardini et al.,
2013) indicates that Switzerland lies in a region of comparatively low to moderate seismic hazard,
with the moderate levels being estimated for the southern end of the Rhine Graben and within the
Southwestern Swiss Alps. According to the Global Seismic Hazard Map (GSHAP 1999), the
moderate seismic hazard in these two regions of Switzerland is comparable to that of several
intraplate areas of North America (e.g. St Lawrence Valley, New Madrid and Charleston) where
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there have been Mw6.5 22 to Mw7.5 earthquakes during the past ~200 years. Nagra’s three HLW
siting regions are situated within a broad region of uniformly low hazard on the 2015 seismic
hazard map of Switzerland (Fig. 10–2a; SED 2015b).
The reason for the relatively low levels of seismic hazard within Nagra’s three HLW siting regions
and neighbouring areas is a consequence of the low levels of historical and instrumentally
recorded seismicity represented in Figs. 10–3 to 10–5. There has been only a single historical
event within or near ZNO, a number of small historical and instrumentally recorded events adjacent
to NL, and a number of quite recent small instrumentally recorded events within JO.
10.2.1 Eglisau earthquakes adjacent to NL
The ML3.1 Eglisau earthquake occurred in 1999 a little to the northeast of NL (Figs. 10–4 and 10–
5). According to the Schweizerische Erdbebendienst (SED) earthquake catalogue (SED 2015a),
ten intensity V 23 events with very approximate magnitudes of ML3.9 occurred in roughly the same
region during the 1700’s and 1800’s. Except for the 1999 earthquake, only relatively small events
with magnitudes mostly in the ML1.0 to ML2.5 range have been recorded at this location since the
beginning of the 20th century. From seismograph recordings, Deichmann et al. (2000, 2005, 2012)
computed a strike-slip mechanism and a best-fit depth of the 4 to 5 km for the 1999 earthquake,
but for various reasons eventually assigned it a depth of 2 km. These authors state that the event
could be even shallower. The principal compressional axis of the Eglisau fault-plane solution is
NNE–SSW directed, which differs somewhat from the average NNW–SSE value for Northern
Switzerland (Fig. 10–5; Deichmann e al. 2000, 2005, 2012).
10.2.2 Brugg earthquakes within JO
According to the SED earthquake catalogue (SED 2015a), JO and nearby regions were essentially
aseismic until June 2004 when a ML4.0 earthquake followed by seven aftershocks with magnitudes
up to ML2.7 occurred ~20 km beneath JO (Fig. 10–4; Deichmann et al. 2012). The main event had
an oblique normal mechanism (i.e. a combination of strike-slip and normal faulting) with a principal
compressional axis parallel to the average value for Northern Switzerland (Fig. 10–5). An
earthquake with a slightly higher magnitude of ML4.1 occurred in November 2005 at nearly the
same location (i.e. very similar hypocentres) as the June 2004 ML4.0 event. The normal
mechanism of the fault plane solution for the 2005 event was a little different from that of the 2004
event. Four aftershocks with magnitudes up to ML1.5 followed the main 2005 earthquake. All of
these Brugg earthquakes occurred well below the northern boundary of the Permocarboniferous
trough, which in this region is quite well delineated (Fig. 7–4).
10.2.3 Brugg versus Eglisau earthquakes
The ML3.1 Eglisau earthquake had a maximum intensity of IV and was only felt within a radius of
~10 km. In contrast, the ML4.0 and ML4.1 Brugg events generated maximum intensities of V with
intensities of IV being reported throughout Northern Switzerland. Although the Brugg earthquakes
were relatively deep, their effects were felt much more widely than the comparatively shallow
Eglisau event, suggesting that Brugg-type events could have a more disruptive effect during the

22

Magnitudes Mw, Mb, MS and ML are measures of energy released by an earthquake (their differences are not important
for this review).
23
Earthquake intensity is a measure of the effect of an earthquake on people, structures and the natural environment;
when a single intensity is given for an earthquake (I0) it generally refers to the maximum value; the relationship between
magnitude and intensity is generally site dependent; magnitude guesstimates based on historical intensities are highly
uncertain.
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construction phase of a nearby radioactive waste repository than an Eglisau-type event. Note, that
the energy released by the first Brugg earthquake alone was greater than the energy released by
all events at Eglisau since the beginning of the 20th century 24.
10.2.4 St Gallen earthquake
Although the series of St Gallen earthquakes were triggered during geothermal energy exploration,
the released energy undoubtedly accumulated as a consequence of long term tectonic processes.
Diel et al. 2015 suggest that the main ML3.5 event occurred on the St Gallen fault zone, a structure
that was recently mapped on 3D seismic reflection data recorded for the geothermal project (Fig.
10–6a). At this location, there is evidence for a causal connection between faulting within the
Mesozoic sediments and an underlying Permocarboniferous-trough-boundary fault. Diel et al. 2015
speculate that historical and instrumentally recorded earthquakes in the region of the geothermal
project may have occurred within the St Gallen fault zone and/or the Permocarboniferous-troughboundary fault (Figure 10–6b).
10.2.5 Small to moderate earthquakes within Switzerland over the short and long terms
The history of seismicity at Eglisau, Brugg, St Gallen and neighbouring areas demonstrates that
small earthquakes can occur anywhere in Northern Switzerland, either within the sedimentary
section or more likely within the basement. It has not been possible to identify the faults
responsible for most of the earthquakes that have occurred within this large region. This is not
surprising since the vast majority of earthquakes in Northern Switzerland and many other intraplate
locations occur within the basement (e.g. Fig. 10–3b). The following statement summarises the
situation for Northern Switzerland:
Nagra 2014d
Aufgrund der Ungewissheiten betreffend die exakte Lage und vor allem die Herdtiefe der Beben ist
eine Zuordnung zu bekannten Störungszonen nur selten machbar. Hinzu kommt die Tatsache,
dass die Kenntnisse über die Lage von Störungszonen vor allem im tieferen Untergrund regional
sehr unterschiedlich und oft lückenhaft sind.

Based on current knowledge of seismicity in Northern Switzerland, there is no reason for
excluding any of Nagra’s three HLW siting regions from Stage 3 investigations.
Although the broad area encompassing ZNO, NL and JO has only ever experienced earthquakes
with magnitudes less than M5.0, it could be affected by much larger earthquakes in the future.
Experience from other parts of the world suggests that earthquakes with magnitudes of M6.0 or
larger can occur within any continental region (e.g. Bodin and Horton 2004; Stein et al. 2009), even
within so-called stable shields (Choy and Bowman 1990; Johnston and Kanter 1990; Haddon
1992; Bent 1994; Rajendran et al. 1996). Intraplate earthquakes with magnitudes greater than
M6.0 are usually but not always limited to the rigid parts of the crust, in the basement below the
sedimentary layers. Many of the basement faults in Northern Switzerland associated with
Permocarboniferous rifting very likely have listric geometries (e.g. Figs. 7–4a and 10–7), such that
their dips decrease with increasing depth. As a consequence, the seismogenic surfaces of these
faults and décollements (Fig. 10–7) into which they sole may extend over large areas of Northern
Switzerland and Southern Germany. Any moderate to large earthquakes on these surfaces may
occur many kilometres from their known or presumed shallow basement locations. For example,
24

A increase in earthquake magnitude of 1 corresponds to an increase in energy release of approximately 31.
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an earthquake generated by reactivation of the northern Permocarboniferous trough-boundary fault
beneath JO could occur anywhere along its inevitable extension into the crystalline basement. For
the three depth-extension scenarios shown in Fig. 10–7, an earthquake at ~14 km depth on the
northern boundary fault would have an epicentre 10 to 24 km from the intersection of the fault with
the Base-Mesozoic horizon (e.g. as far south as Wohlen in Fig. 7–1), depending on the fault
geometry at depth. Considering that earthquake magnitude is a function of the length or area of the
fault that can be dislocated, substantially better information on the deep geometry of basement
faults is required for more reliable assessments of their seismogenic potential.
A comparison of Figs. 10–2a, 10–2b and 10–2c demonstrates the increases in expected maximum
earthquake-generated ground accelerations in Switzerland as the time period under consideration
increases. It would make sense for Nagra to take into account the possibility of M6.0 to M6.5
earthquakes affecting a nearby radioactive waste repository during its construction and operational
phases and M7.0 to M7.5 earthquakes eventually affecting a closed repository with a 100,000 to
1,000,000 year lifetime; note the high maximum accelerations near the siting regions expected
within a 10,000 year period (Fig. 10–2c). These ‟recommendations” could be refined on the basis
of site-specific statistical analyses, but considering the uncertainties in a variety of parameters
required for earthquake hazard assessments (especially the characteristics of the source model
and the maximum expected magnitudes) and the recent occurrence of several unexpected
moderate to large intraplate earthquakes (Bodin and Horton 2004; Talebian et al. 2004; Xu et al.
2009; Calais et al. 2010; Elliot et al. 2012), the results may be of only limited value for very longterm seismic hazard estimation (Stein et al. 2011, 2012; Gülkan 2014).

11

Conclusions

A network of 2-D seismic reflection images provides good reconnaissance information on the
subsurface geology beneath Nagra’s northern siting regions and neighbouring areas. An analysis
of the 2D seismic images suggests that key aspects of Nagra’s interpretation of the subsurface
geology are reliable, including but not limited to (i) the estimates of the depths to the geological
marker horizons and the uncertainties in these estimates, (ii) the locations of the boundaries of the
regional tectonic elements, (iii) the significance of observations that portions of several important
regional tectonic elements overlie distinct changes in depth to the Base-Mesozoic horizon, which
may be evidence for basement fault zones or folds associated with post-Paleozoic reactivation of
Permocarboniferous boundary faults. However, the analysis of the 2D seismic images also
suggests that other aspects of Nagra’s interpretation of the subsurface geology are not well
substantiated, especially those that contributed to Nagra’s proposal to effectively shelve or
eliminate Nördlich Lägern (NL) from its radioactive waste repository programme. Nagra’s estimate
of the number of local faults that place constraints on the space available for a radioactive waste
repository within NL and its rationale for delineating a broad “tectonic zone to be avoided” along
the northeastern part of this siting region are dubious. Furthermore, the hypothetical spacerequirement assessments for a radioactive waste repository within NL and Jura Ost JO are not a
sound basis for making critical decisions. To evaluate its suitability for a radioactive waste
repository, the northeastern part of NL needs to be investigated using 3D seismic techniques and
deep boreholes. Consequently, Nagra’s proposal to eliminate NL as a potential siting region in
Stage 2 is premature.
Nagra’s conclusion that neotectonism and seismic hazard in Northern Switzerland are not critical
issues at this stage of its investigations is considered valid.
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Fig. 1–1. Map showing regional fault zones and potential layout-determining faults (LDFs; correlated and uncorrelated local faults) at
the level of the Top Lias. Modified from Lanyon and Madritsch 2014 (Enclosure 3–1).
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Fig. 1–2. Map showing regional fault zones (regionale Störungszonen) and tectonic zones to be avoided (zu meidende tektonische
Zonen) in Northern Switzerland at the level of the Top Lias. Source: Nagra 2014a (Fig. 4.1–2).

Fig. 1–3. Summary tectonic map of Permocarboniferous troughs in Northern Switzerland at the level of the crystalline basement.
Source: Naef und Madritsch 2014 (Beilage 6–17).
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TZA – tectonic zone to be avoided
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RFZ – regional fault zone
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Fig. 1–4. Influence of Permocarboniferous troughs, in
particular their border and internal faults, on the postPaleozoic tectonic evolution of Northern Switzerland. The
typical N–S profile is presented for demonstration purposes.
Modified from Nagra 2014c (Fig. 4.4–2).

Fig. 2–1. Locations of seismic lines, a 3D seismic data set and boreholes used in Nagra’s investigations of Northern Switzerland.
Source: Nagra 2014a (Fig. 4.1–1).
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Fig. 3–1a. Portion of non-interpreted seismic image 11–NS–12 (location
indicated by crosses in the map) showing typical regions where reflectivity in the
Mesozoic section is very good to good (A and D) and relatively poor (B and C).
L is discussed in Section 7. Modified from Meier et al. 2014 (Anhang 2–1–6).
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Fig. 3–1b. Same as Fig. 3–1a but with interpretation.
Modified from Meier et al. 2014 (Anhang 2–1–6).
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Fig. 3–1c. Portions of non-interpreted
(upper) and interpreted (lower) seismic
image 11–NS–12 . Approximate
locations of each image are shown by
the letters A, B, C and D in Fig. 3–1a.
Modified from Meier et al. 2014
(Anhang 2–1–6).
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Fig. 3–2. Uncertainties in the estimated depths to the
Base-Opalinus horizon: ZNO / SR, NL und JO
Source: Nagra 2014c (Beilagen A1–14, A2–11, A3–10)
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Fig. 4–1a. Portion of non-interpreted seismic image 11–NS–02 (location
indicated by crosses in the map) highlighting the reflection character of highly
faulted and folded sedimentary units affected by the Jura Main Thrust and the
Gisliflue Thrust south of JO. L is discussed in Section 7. Modified from Meier et
al. 2014 (Anhang 2–1–1).
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Fig. 4–1b. Same as Fig. 4–1a but with interpretation.
Modified from Meier et al. 2014 (Anhang 2–1–1).
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Fig. 4–2a. Portion of non-interpreted seismic image 11–NS–18 (location indicated
by crosses in the map) highlighting the reflection character of highly faulted and
folded sedimentary units affected by the Stadel-Irchel Anticline and Lägern
Structure south of NL. N and O have been interpreted as sub-Mesozoic faults by
Naef and Madritsch (2014). Modified from Meier et al. 2014 (Anhang 2–1–9).
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Fig. 4–2b. Same as Fig. 4–2a but with interpretation.
Modified from Meier et al. 2014 (Anhang 2–1–9).
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Fig. 4–3a. Portion of non-interpreted seismic image 83–NF–15
(location indicated by crosses in the map) highlighting the reflection
character of faulted and folded sedimentary units affected by the
Mandach Thrust north of JO. A is discussed in Section 7. Modified
from Meier et al. 2014 (Anhang 2–2–13).
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Fig. 4–3b. Same as Fig. 4–3a but with interpretation.
Modified from Meier et al. 2014 (Anhang 2–2–13).
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Fig. 4–4a. Portion of non-interpreted seismic image 82–NF–50
(location indicated by crosses in the map) highlighting the reflection
character of faulted and folded sedimentary units affected by the
Mandach Thrust between JO and NL. A is discussed in Section 7.
Modified from Meier et al. 2014 (Anhang 2–2–3).

Mandach Thrust

S

N

1000 m

–800 m

X
X

TB Böttstein

~1 km

A

82–NF–50

Fig. 4–4b. Same as Fig. 4–4a but with interpretation.
Modified from Meier et al. 2014 (Anhang 2–2–3).
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Fig. 4–5a. Portion of non-interpreted seismic image 11–NS–16
(location indicated by crosses in the map) highlighting the reflection
character of faulted and folded sedimentary units affected by the
Siglistorf Anticline within NL. D is discussed in Section 7.
Modified from Meier et al. 2014 (Anhang 2–1–8).
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Fig. 4–5b. Same as Fig. 4–5a but with interpretation.
Modified from Meier et al. 2014 (Anhang 2–1–8).
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Fig. 4–6a. Portion of non-interpreted seismic image 11–NS–20
(location indicated by crosses in the map) highlighting the reflection
character of faulted and folded sedimentary units affected by the
Siglistorf Anticline north of NL. e is discussed in Section 7. Modified
from Meier et al. 2014 (Anhang 2–1–10).
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Fig. 4–6b. Same as Fig. 4–6a but with interpretation.
Modified from Meier et al. 2014 (Anhang 2–1–10).
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Fig. 4–7a. Portion of non-interpreted seismic image 91–N0–62
(location indicated by crosses in the map) highlighting the
reflection character of faulted and folded sedimentary units
affected by the Stadel-Irchel Anticline. P is discussed in Section 7.
Modified from Meier et al. 2014 (Anhang 2–2–24).
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Fig. 4–7b. Same as Fig. 4–7a but with interpretation.
Modified from Meier et al. 2014 (Anhang 2–2–24).
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Fig. 4–8a. Portion of non-interpreted seismic image 91–N0–66
(location indicated by crosses in the map) highlighting the
reflection character of faulted and folded sedimentary units
affected by the Baden-Irchel-Herdern Lineament.
Modified from Meier et al. 2014 (Anhang 2–2–25).
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Fig. 4–8b. Same as Fig. 4–8a but with interpretation.
Modified from Meier et al. 2014 (Anhang 2–2–25).
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Fig. 5–1a. Potential layout-determining faults (LDFs) for the Top Lias within (a) ZNO und Südranden, (b) NL, (c) JO and (d) Jura
Südfuss. Modified from Lanyon und Madritsch 2014 (Fig. 4–12).
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Fig. 5–1b. Potential layout-determining faults (LDFs) within NL for the Top Lias used by Lanyon and Madritsch (2014 and personal
communication, December 2015).
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uncorrelated local faults have been given the same numbers 1–15 as the potential layout-determining faults (LDFs) of Fig. 5–1b.
Modified from Lanyon und Madritsch 2014 (Enclosure 3–1).
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Fig. 5–2b. Same as Fig. 5–2a but with seismic line numbers.
Modified from Lanyon und Madritsch 2014 (Enclosure 3–1).

15

13

7.6 km2

8

7

4

84–NS–71

14
11

12

13

10 km

10

2

7.6 km2

9

3?

5

4.7 km2

8

6

7

4

Fig. 5–2c. Same as Fig. 5–2a but with boundaries of the tectonic zones to be avoided (TZA).
Modified from Lanyon und Madritsch 2014 (Enclosure 3–1).
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Fig. 5–3a. Portion of non-interpreted seismic image 11–NS–14 showing regional faults and the local uncorrelated fault 1: NL.
Modified from Meier et al. 2014 (Anhang 2–1–7).
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Fig. 5–3b. Portion of interpreted seismic image 11–NS–14 showing regional faults and the local uncorrelated fault 1: NL.
Modified from Meier et al. 2014 (Anhang 2–1–7).
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Fig. 5–4a. Portion of non-interpreted seismic image 82–NX–60 showing a regional fault and the local uncorrelated fault 2: NL.
Modified from Meier et al. 2014 (Anhang 2–2–10).
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Fig. 5–4b. Portion of interpreted seismic image 82–NX–60 showing a regional fault and the local uncorrelated fault 2: NL.
Modified from Meier et al. 2014 (Anhang 2–2–10).
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Fig. 5–5a. Portion of non-interpreted seismic image 11–NS–20 showing where erroneously interpreted LDF 3 would be located: NL.
Modified from Meier et al. 2014 (Anhang 2–1–10).
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Fig. 5–5b. Portion of interpreted seismic image 11–NS–20 showing where erroneously interpreted LDF 3 would be located: NL.
Modified from Meier et al. 2014 (Anhang 2–1–10).
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Fig. 5–C1a. Portion of non-interpreted seismic image 90–SE–02 (confidential - not for distribution) showing a regional fault and
the local uncorrelated fault 4: NL. Personal communication (Herfried Madritsch, April 2, 2015).
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Fig. 5–C1b. Portion of interpreted seismic image 90–SE–02 (confidential - not for distribution) showing a regional fault and the
local uncorrelated fault 4: NL. Personal communication (Herfried Madritsch, April 2, 2015).
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Fig. 5–6a. Portion of non-interpreted seismic image 11–NS–33 showing the local uncorrelated faults 5 and 6: NL.
Modified from Meier et al. 2014 (Anhang 2–1–12).
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Fig. 5–6b. Portion of interpreted seismic image 11–NS–33 showing the local uncorrelated faults 5 and 6: NL.
Modified from Meier et al. 2014 (Anhang 2–1–12).
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Fig. 5–7a. Portion of non-interpreted seismic image 91–NO–61 showing regional faults and the local correlated faults 7: NL.
Modified from Meier et al. 2014 (Anhang 2–2–23).
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Fig. 5–7b. Portion of interpreted seismic image 91–NO–61 showing regional faults and the local correlated fault 7: NL.
Modified from Meier et al. 2014 (Anhang 2–2–23).
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Fig. 5–8a. Portion of non-interpreted seismic image 91–NO–62 showing regional faults and the local correlated fault 7: NL.
Modified from Meier et al. 2014 (Anhang 2–2–24).
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Fig. 5–8b. Portion of interpreted seismic image 91–NO–62 showing regional faults and the local correlated fault 7: NL.
Modified from Meier et al. 2014 (Anhang 2–2–24).
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Fig. 5–9a. Portion of non-interpreted seismic image 11–NS–20 showing the local uncorrelated fault 8: NL.
Modified from Meier et al. 2014 (Anhang 2–1–10).
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Fig. 5–9b. Portion of interpreted seismic image 11–NS–20 showing the local uncorrelated fault 8: NL.
Modified from Meier et al. 2014 (Anhang 2–1–10).
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Fig. 5–9c. Interpreted portion of seismic section 11–NS–20 located between seismic line
11–NS–35 and the northern boundary of NL (see Fig. 6–3b for location).
Extracted and modified from seismic sections in Meier et al (2014).
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Fig. 5–9d. Same as Fig. 5–9c, but without interpretation. Event marked ORPE ? and other nearby apparent south-dipping events are
possible out-of-recording plane energy. See text for an explanation of the arrow.
Extracted and modified from seismic sections in Meier et al (2014).
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Fig. 5–9e. Same as Fig. 5–9d but with slightly modified alternative interpretation to that
shown in Fig. 5–9c. Event marked ORPE ? and other nearby apparent south-dipping
events are possible out-of-recording plane energy. See text for an explanation of the
vertical arrow. Extracted and modified from seismic sections in Meier et al (2014).
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Fig. 5–9f. Same as Fig. 5–9c but with alternative interpretation of Fig. 5–9e
superimposed as a series of white lines.
Extracted and modified from seismic sections in Meier et al (2014).
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Fig. 5–C2a. Portion of non-interpreted seismic image 90–SE–01 (confidential - not for distribution) showing the local
correlated fault 13: siting region. Personal communication (Herfried Madritsch, April 2, 2015).
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Fig. 5–C2b. Portion of interpreted seismic image 90–SE–01 (confidential - not for distribution) showing the local
correlated fault 13: NL . Personal communication (Herfried Madritsch, April 2, 2015).
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Fig. 5–10a. Portion of non-interpreted seismic image 11–NS–35 showing the local uncorrelated fault 9 and the local
correlated faults 10 and 11: NL. Modified from Meier et al. 2014 (Anhang 2–1–13).
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Fig. 5–10b. Portion of interpreted seismic image 11–NS–35 showing the local uncorrelated fault 9 and the local
correlated faults 10 and 11: NL. Modified from Meier et al. 2014 (Anhang 2–1–13).
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Fig. 5–10c. Same as Fig. 5–10b but highlighting the possibility of velocity heterogeneity within the Tertiary and Quaternary
sections (see also Fig. 5–12d).
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Fig. 5–11a. Portion of non-interpreted seismic image 11–NS–18 showing the local uncorrelated faults 12 and 13 and the local
correlated fault 11: NL. Modified from Meier et al. 2014 (Anhang 2–1–9).
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Fig. 5–11b. Portion of interpreted seismic image 11–NS–18 showing the local uncorrelated faults 12 and 13 and the local
correlated fault 11: NL. Modified from Meier et al. 2014 (Anhang 2–1–9).
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Fig. 5–11c. Same as Fig. 5–11b but highlighting the possibility of velocity heterogeneity within the Tertiary and Quaternary sections
(see also Fig. 13d).
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Fig. 5–12a. Portion of non-interpreted seismic image 91–NO–58 showing a regional fault and local correlated faults 14 and 15: NL.
Modified from Meier et al. 2014 (Anhang 2–2–22).
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Fig. 5–12b. Portion of interpreted seismic image 91–NO–58 showing a regional fault and local correlated faults 14 and 15: NL.
Modified from Meier et al. 2014 (Anhang 2–2–22).
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Fig. 5–C3a. Portion of non-interpreted seismic image 80–SE–56 (confidential - not for distribution) showing a regional fault and
local correlated faults 14 and 15: NL. Personal communication (Herfried Madritsch, April 2, 2015).
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Fig. 5–C3b. Portion of interpreted seismic image 80–SE–56 (confidential - not for distribution) showing a regional fault and local
correlated faults 14 and 15: NL. Personal communication (Herfried Madritsch, April 2, 2015).
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Fig. 7–1 Residual gravity map, important boreholes and 2D seismic lines in Northern Switzerland.
Source: Naef und Madritsch 2014 (Beilage 4–1).

Wohlen (AG)

Fig. 7–2. Sketch showing the interpretability of seismic images of the basement in Northern Switzerland according to Naef and
Madritsch (2014) and locations of boreholes. Source: Naef and Madritsch 2014 (Fig. 6.1)

BH Riniken

BH Weiach

Fig. 7–3a. Time seismic image 82–NS–70 (above)
and its interpretation (below) according to Naef and
Madritsch 2014. See Fig. 7–3b and 7–3c for a
portion of the depth seismic image. Modified from
Naef and Madritsch 2014 (Beilage 6–1).
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Fig. 7–3b. Portion of non-interpreted depth seismic image 82–NS–70
(location indicated by crosses in the map) highlighting the reflection
character of the sub-Mesozoic section along the northern part of NL.
Modified from Meier et al. 2014 (Anhang 2–2–6).
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Fig. 7–3c. Same as Fig. 7–3b but with interpretation.
Modified from Meier et al. 2014 (Anhang 2–2–6).
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Fig. 7–4a. Time seismic image 11–NS–06 (above) and its interpretation (below) according to Naef and Madritsch 2014.
See Figs. 7–4b and 7–4c for a portion of the depth seismic image. Modified from Naef and Madritsch 2014 (Beilage 6–5).
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Fig. 7–4b. Portion of non-interpreted seismic image 11–NS–06 (location
indicated by crosses in the map) highlighting the reflection character of the
sub-Mesozoic section within JO. Modified from Meier et al. 2014 (Anhang 2–1–
3).
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Fig. 7–4c. Same as Fig. 7–4b but with interpretation.
Modified from Meier et al. 2014 (Anhang 2–1–3).
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Fig. 7–5a Time seismic image 11–NS–12 (above) and its interpretation (below) according to Naef and Madritsch 2014.
See Figs. 3–1, 7–5b and 7–5c for portions of the depth seismic image. Modified from Naef and Madritsch 2014 (Beilage 6–7).
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Fig. 7–5b. Portion of non-interpreted seismic image 11–NS–12 (location indicated
by crosses in the map) highlighting the reflection character of the sub-Mesozoic
section within part of NL. Modified from Meier et al. 2014 (Anhang 2–1–6).
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Fig. 7–5c. Same as Fig. 7–5b but with interpretation.
Modified from Meier et al. 2014 (Anhang 2–1–6).
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Fig. 7–6a Time seismic image 11–NS–18 (above) and its interpretation (below) according to Naef and Madritsch 2014.
See Figs. 4–2, 7–6b and 7–6c for portions of the depth seismic image. Modified from Naef and Madritsch 2014 (Beilage 6–9).
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Fig. 7–6b. Portion of non-interpreted seismic image 11–NS–18 (location indicated
by crosses in the map) highlighting the reflection character of the sub-Mesozoic
section within part of NL. Modified from Meier et al. 2014 (Anhang 2–1–9).
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Fig. 7–6c. Same as Fig. 7–6b but with interpretation.
Modified from Meier et al. 2014 (Anhang 2–1–9).
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Fig. 7–7a. Time seismic image 11–NS–20 (above) and its interpretation (below) according to Naef and Madritsch 2014.
See Figs. 4–6, 7–7b and 7–7c for portions of the depth seismic image. Modified from Naef and Madritsch 2014 (Beilage 6–10).
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Fig. 7–7b. Portion of non-interpreted seismic image 11–NS–20 (location indicated
by crosses in the map) highlighting the reflection character of the sub-Mesozoic
section within part of NL. Modified from Meier et al. 2014 (Anhang 2–1–10).
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Fig. 7–7c. Same as Fig. 7–7b but with interpretation.
Modified from Meier et al. 2014 (Anhang 2–1–10).
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Fig. 8–1. Depth to the Base-Opalinus (i.e. top Lias) horizon within ZNO and SR.
Source: Nagra 2014c (Beilage A1–11).

Fig. 8–2. Depth to the Base-Opalinus (i.e. Top-Lias) horizon within JO.
Source: Nagra 2014c (Beilage A3–8).

Fig. 8–3a. Depth to the Base-Opalinus (i.e. Top-Lias) horizon within NL.
Source: Nagra 2014c (Beilage A2–8).

Fig. 8–3b. Depth to the Base-Opalinus (i.e. Top-Lias) horizon within NL showing portions of seismic lines presented in
Figs. 8–4 to 8–7. The identifiers for non-highlighted seismic lines 11–NS–18 and 11–NS–33 are provided for reference purposes.
Modified from Nagra 2014c (Beilage A2–8).
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Fig. 8–4. Interpreted portions of seismic images 11–NS–20 and 82–NX–60 showing
relatively flat continuous seismic reflections from marker horizons within NL (see Fig. 8–3b
for locations). Extracted and modified from seismic images in Meier et al. 2014.
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Fig. 8–5. Interpreted portions of seismic images 84–NS–71 and 91–NO–75 showing
relatively flat continuous seismic reflections from marker horizons within NL (see Fig. 8–3b
for locations). Extracted and modified from seismic images in Meier et al. 2014.
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Fig. 8–6. Interpreted portions of seismic images 82–NS–70 and 11–NS–35 showing
relatively flat continuous seismic reflections from marker horizons within NL (see Fig. 8–3b
for locations). Extracted and modified from seismic images in Meier et al. 2014.

BH Weiech

-800 m

E

W

1000 m

-800 m

91–NO–61

E

Fig. 8–7. Interpreted portions of seismic images 90–SE–02 (confidential) and 91–NO–61 showing
relatively flat continuous seismic reflections from marker horizons within NL (see Fig. 8–3b for
locations). 91–NO–61extracted and modified from seismic images in Meier et al. 2014.
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Fig. 9–1. Same as Fig. 8–3a, but with semi-transparent green overlay outlining a large region of NL within which no significant
discontinuities and only a small change in dip of the Opalinus unit have been demonstrated.
Modified from Nagra 2014c (Beilage A2–8).
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Fig. 10–1. European seismic hazard map. Peak ground acceleration (PGA); the probability of a building constructed on rocky subsoil
experiencing this is 10 % within fifty years (average of once per 500 years). Modified from Giardini et al. 2013.

Fig. 10–2a Swiss seismic hazard map: peak ground acceleration (PGA); the probability of a building constructed on rocky subsoil
experiencing this is 10 % within fifty years (average of once per 500 years). Source: SED 2015b.

Fig. 10–2b. Swiss seismic hazard map: peak ground acceleration (PGA); the probability of a building constructed on rocky subsoil
experiencing this is 2 % within fifty years (average of once per 2500 years). Source: SED 2015b.

Fig. 10–2c. Swiss seismic hazard map: peak ground acceleration (PGA); the probability of a building constructed on rocky subsoil
experiencing this is 0.5 % within fifty years (average of once per 10,000 years). Source: SED 2015b.

Fig. 10–3a. Overview geological-tectonic map and historical and instrumental seismicity in
Switzerland and neighbouring regions. Source: Nagra 2014d (Fig. 3.6–1).

Fig. 10–3b. Depths of earthquakes (1975–1999) beneath a profile from Basel to Locarno (see Fig. 10.3a for approximate location).
Source: SED 2015c.

2004/2005 Brugg ML 4.0/4.1
1999 Eglisau ML 3.1

Fig. 10–4. Historical and instrumental seismicity in
Northern Switzerland and neighbouring regions.
Modified from Nagra 2014d (Fig. 3.6–4).

Fig. 10–5. Stress map for Northern Switzerland: obsevations within the sedimentary section and basement are shown
by red and blue symbols, respectively. Eglisau und Brugg earthquakes are shown by the green symbols.
Modified from Nagra 2014d and Heidbach and Reinecker 2013.

(b)

(a)

Fig. 10–6. (a) Earthquake hypocentres superimposed on an
interpreted vertical section extracted from a 3D seismic
reflection volume recorded for geothermal exploration (Diel et
al. 2015). The effects of faulting within the Mesozoic units and
at the base of the Mesozoic are clearly observed in the seismic
image. (b) Tectonic model based on (a). Diel et al. 2015)
speculate that a widely felt 19th century earthquake could have
occurred on the underlying Permocarboniferous-trough
boundary fault.
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Fig. 10–7. Possible traces of the prominent
northern boundary fault of the Permocarboniferous trough underlying JO. Red line
shows a simple linear projection with depth,
whereas the blue and green lines show more
plausible listric geometries and décollements.
The approximate location of the small town of
Wohlen (see Fig. 10–4) is shown for reference
purposes. Seismic image is from Meier et al.
2014 (Anhang 2–1–3).

