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Abstract The St. Gallen Fault Zone (SFZ) is a system of
major NNE-SSW striking normal faults within the North
Alpine Foreland Basin (NAFB), just west of the city of St.
Gallen. It used to be only roughly known from 2D seismic
data, locally displaying offsets of up to 300 m at the level
of the Mesozoic strata. We present a detailed structural
interpretation of a recently acquired 3D seismic dataset that
reveals the occurrence of multiphase tectonic activity along
the SFZ from at least the Late Paleozoic to the early Oli-
gocene, and possibly even later. We can show that the SFZ
roots in extensional basement structures that bound small
Permo-Carboniferous grabens. Thickness changes in the
younger sediments above these Paleozoic grabens indicate
several phases of tectonic subsidence during the Triassic
and the Jurassic. The Lower Cenozoic units in the north-
ernmost part of the 3D seismic area are also offset by the
SFZ. No offsets can be identified in the overlying, shal-
lower part of the Cenozoic units. Most faults constituting
the SFZ are favourably oriented in the present-day stress
field (Sgmax NNW-SSE) to be reactivated in strike-slip
mode. The seismic events induced by testing operations at
the geothermal exploration borehole “St. Gallen GT-1”
(SG GT-1) in July 2013 revealed that, even though the
seismicity of northeastern Switzerland is considered to be
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low and diffuse, parts of the SFZ have to be regarded as
critically stressed. Combining the interpretation of geo-
logical and seismic data, we conclude that the SFZ repre-
sents a reactivated basement-rooted normal fault, which
was active during several phases in Permo-Carboniferous
and Mesozoic times and that is still active today in strike-
slip mode.
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Zusammenfassung Die St. Gallen-Verwerfungszone
(SFZ) ist ein System markanter, NNE-SSW streichender
Abschiebungen im Nordalpinen Vorlandbecken. Sie liegt
unmittelbar westlich der Stadt St. Gallen. Ihre Geometrie
ist, basierend auf 2D-Seismik-Daten, ungefihr bekannt; sie
versetzt die gesamte Mesozoische Schichtfolge um bis zu
300 m. Wir prisentieren eine strukturelle Auswertung
eines neuen 3D-Seismikdatensatzes, die eine mehrphasige
tektonische Aktivitdt entlang der SFZ seit mindestens dem
Permo-Karbon bis ins frithe Oligozén oder vermutlich noch
spater aufzeigt. Demnach wurzelt die SFZ in extensionalen
Grundgebirgsstrukturen, welche Rand-Verwerfungen von
kleinen Permo-Karbon-Trogen entsprechen. Michtigkeits-
schwankungen in jlingeren Sedimenten oberhalb dieser
Paldozoischen Troge bezeugen mehrere Phasen tektoni-
scher Subsidenz wihrend der Trias und dem Jura. Ganz im
Norden des 3D-Untersuchungsgebiets ist auch das untere
Tertidr durch die SFZ versetzt. Im dariiber liegenden
restlichen Teil des Tertidrs sind keine Versitze kartierbar.
Die meisten Verwerfungen der SFZ sind fiir eine Reakti-
vierung als Strike-Slip-Verwerfung im rezenten Span-
nungsfeld (Symax NNW-SSE) giinstig orientiert. Obwohl

) Birkhauser


http://crossmark.crossref.org/dialog/?doi=10.1007/s00015-016-0208-5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00015-016-0208-5&amp;domain=pdf

84

S. Heuberger et al.

die Seismizitit in der Nordostschweiz als gering und diffus
betrachtet wird, machen die durch die Test-Operationen in
der Geothermie-Explorationsbohrung ,,St. Gallen GT-1¢
(SG GT-1) im Juli 2013 induzierten Erdbeben deutlich,
dass Teile der SFZ als kritisch gespannt zu betrachten sind.
Die SFZ kann anhand unseres Datensatzes als eine im
Grundgebirge  angelegte, reaktivierte  Abschiebung
betrachtet werden, die wiahrend mehrerer Zeitabschnitte im
Jungpaldozoikum und Mesozoikum aktiv war und es als
Blattverschiebung heute noch ist.

1 Introduction

Major fault zones are only sparsely known in the North
Alpine Foreland Basin (NAFB) of central and eastern
Switzerland, especially fault zones that strike transverse
to the basin’s axis. A new 3D seismic dataset as well
as seismicity induced by operations at the geothermal
exploration borehole “St. Gallen GT-1” (SG GT-1)
provide valuable data for the structural and kinematic
analysis of the region. This study is based on a detailed
interpretation of the 3D seismic dataset and intends to
delineate the geometry and kinematics of the St. Gallen
Fault Zone (SFZ) and to characterise its position in the
regional tectonic context. The c. 20 km long SFZ was
so far only known from offset seismic horizons at the
level of the Mesozoic strata interpreted on 2D seismic
lines between Lake Constance and St. Gallen (Fig. 1;
Roth et al. 2010). Its seismogenic nature was not
known at all.

On the basis of a 3D seismic interpretation, we derived
a detailed structural model allowing us to integrate the
seismic events of 2013, that occurred at the borehole SG
GT-1, into the local kinematic setting. Furthermore, we
discuss the problem of whether the SFZ can be traced
from the Mesozoic sequence across the c. 2.5-3.5 km
thick pile of laterally discontinuous Cenozoic Molasse
units. Re-evaluation of existing 2D seismic interpretations
to the north of the 3D seismic area allowed us to better
constrain the relationship of the SFZ with a major NW—
SE striking fault that is probably part of the Hegau-Lake
Constance Graben system. The structural model also
resulted in thickness maps, which illustrate several phases
of synsedimentary faulting in Mesozoic times. Combining
these maps with amplitude extractions from sub-Mesozoic
intervals and with the reflection seismic interpretation, we
can show where the SFZ faults originate in the basement
and how they are related to Permo-Carboniferous (PC)
grabens.

2 Geological setting
2.1 Overview

The study area is located in the eastern part of the NAFB of
northeastern Switzerland, east of the Jura fold-and-thrust
belt and hence outside of the detached part of the Molasse
Basin. This location might be a reason why knowledge of
its tectonic evolution is less constrained in comparison with
the western part of the NAFB. Major tectonic structures in
the area are the Hegau-Lake Constance Graben System
(e.g. Carlé 1955) in the north, and the Baden—Irchel-Her-
dern Lineament (e.g. Nagra 2008) and the Alpine Front in
the south (Fig. 1). Reflection seismic data were collected
by the hydrocarbon industry and by Nagra (Nationale
Genossenschaft fiir die Lagerung radioaktiver Abfille)
mainly between 1970 and 1996 across most of the NAFB
(Sprecher and Miiller 1986; Diebold et al. 1991; Naef et al.
1995; Birkhiuser et al. 2001; Nagra 2008; note that all
Nagra reports cited in this article can be downloaded from
the Nagra website). These data showed that the normal
faults of the SFZ form a major NNE-SSW striking struc-
ture offsetting the entire Mesozoic sedimentary cover. The
fault zone’s topmost, Cenozoic extent remained widely
unknown as it is difficult to trace in the Molasse units.
Moreover, its potential surface (Quaternary) expression is
obliterated by young glacial deposits. With its NNE-SSW
strike, transverse to the foreland basin’s SW-NE strike, the
SFZ represents a rather unique, major structure in the
central and eastern Swiss NAFB. Although previous
authors (Roth et al. 2010) interpreted the northern termi-
nation of the SFZ to bend anti-clockwise towards a NW—
SE strike, the relationship of the SFZ with the southeast-
ernmost extensions of the NW-SE striking Hegau-Lake
Constance Graben faults is unknown.

The NAFB is a peripheral foredeep that formed by
flexural bending of the European lithosphere in response to
crustal thickening in the Alpine orogen during the Ceno-
zoic (e.g. Allen et al. 1986) and/or slab pull and rollback of
the European mantle lithosphere (Schlunegger and Kissling
2015). It comprises Oligo-Miocene deposits that were
categorised into four lithostratigraphic units (Matter et al.
1980; Homewood et al. 1986; Pfiffner 1986) from bottom
to top: Lower Marine Molasse “Untere Meeresmolasse”
(UMM), Lower Freshwater Molasse “Untere Siisswasser-
molasse” (USM), Upper Marine Molasse “Obere
Meeresmolasse” (OMM) and Upper Freshwater Molasse
“Obere Siisswassermolasse” (OSM). They represent two
progradational and regressive megasequences recording the
transition from the initial underfilled Flysch to the over-
filled Molasse stage during the evolution of the NAFB
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Fig. 1 Tectonic overview of northeastern Switzerland and adjacent
areas modified from Swisstopo (2005), Pfiffner et al. (2010), Roth
et al. (2010) and this study (within the 3D seismic survey area). The
faults derived from 2D seismic data north of Lake Constance are

(Sinclair and Allen 1992). The Molasse is structurally
subdivided into the flat-lying to inclined Plateau Molasse in
the north and the folded and thrusted Subalpine Molasse in
the south (e.g. Burkhard 1990). The Subalpine Molasse
consists of imbricate wedges of Molasse sediments over-
thrusted by the Helvetic Nappes from the south (Figs. 1, 2).
The backthrusted and thus inclined southernmost Plateau
Molasse, together with the northernmost wedges of the
Subalpine Molasse, form a triangle zone representing the
most external Alpine tectonic structure in northeastern
Switzerland (Fig. 2). The Cenozoic Molasse units discor-
dantly overlie the primarily marine, slightly SSE dipping,
Mesozoic sedimentary sequence represented by Triassic to
Jurassic formations (Fig. 3). Cretaceous sediments are not
present as they were either not deposited or were eroded
before the deposition of the Molasse. Evidence for tectonic
deformation during Mesozoic times is only sparse (e.g.
Sommaruga 2011), for example in Upper Triassic to
Middle Jurassic units (Birkhduser et al. 2001; Marchant
et al. 2005), or is indirectly inferred by sedimentological
studies (e.g. Wetzel et al. 2003; Allenbach and Wetzel

modified from Volz (1957), Bachmann et al. 1982 and Reicherter
et al. (2008). Cross-section AA’ is shown in Fig. 2. The indicated
boreholes represent a subset of all existing deep boreholes

2006). The base Mesozoic is represented by a gently SE
dipping, post-Variscan unconformity (Sprecher and Miiller
1986; Diebold et al. 1991). The basement is regionally
segmented into mainly WSW-ENE trending PC grabens
that formed by dextral transtension tectonics during the
Late Paleozoic (e.g. Diebold et al. 1991; McCann et al.
20006).

2.2 Tectonic setting of the St. Gallen 3D seismic
survey area

The St. Gallen 3D seismic survey area is located at the
transition of the Plateau to the Subalpine Molasse repre-
senting the Alpine Front (Figs. 1, 2). Further north, there
are no thrusts related to the Alpine deformation, rooting in
the basement of the external massifs, as it is the case in the
classical Jura fold-and-thrust belt. Towards the west, the
closest surface expression of Alpine thrusting related to the
detachment along the Triassic evaporites is the Ligern
Anticline, marking the easternmost expression of the Jura
fold-and-thrust belt (Burkhard 1990). East of the Lagern,
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compressional faulting is only known from seismic data;
the northern termination of the seismically mappable thin-
skinned deformation is only poorly constrained (Naef et al.
1985; Naef et al. 1995; Miiller et al. 2002; Madritsch
2015). This Alpine deformation front thus steps back in the
area of Winterthur—Frauenfeld (Fig. 1) from the Jura front
and its eastern extension to the southern edge of the Plateau
Molasse (Burkhard 1990). Here, shortening took place
above an assumed basal décollement, somewhere near the
base Cenozoic, and led to the formation of a basal blind
thrust overlain by a triangle zone (Pfiffner 1986; Miiller
et al. 1988; Pfiffner et al. 1997; Berge and Veal 2005;
Fig. 2). Analysing deformed fossils and conglomerate
pebbles, Breddin (1964) and Schrader (1988) inferred
substantial internal deformation in the order of 20 % within
the Plateau Molasse to the north of the triangle zone. This
claimed shortening seems incompatible with the underly-
ing stiff Upper Jurassic Malm formation that does not
exhibit any folds or thrusts resolvable by reflection seismic
data (Burkhard 1990). No major strike-slip faults, as doc-
umented in the western Molasse Basin, are known from
surface geology or reflection seismic data in northeastern
Switzerland (Roth et al. 2010).

The structural setting of the Mesozoic sequence and the
underlying basement is poorly constrained in the St. Gallen
area. The few known normal faults that strike parallel to
the Alpine mountain range were formed or reactivated
primarily in Oligocene times due to flexural bending of the
European plate during Alpine convergence (e.g. Pfiffner
1986). Such normal faults, extending up to Upper Oligo-
cene Molasse deposits, are documented by e.g. the Baden—
Irchel-Herdern Lineament (Fig. 1; Nagra 2008) as well as
by several faults east of Lake Constance in the better
explored Bavarian Molasse (e.g. Bachmann et al. 1982;
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Fig. 3 Chronostratigraphy and formation names with seismic hori-
zons. BOSM Base Upper Freshwater Molasse, BOMM Base Upper
Marine Molasse, TMa Top Malm, BMa Base Malm, TMk Top
Muschelkalk, BMz Base Mesozoic

Rupf and Nitsch 2008). Leu (2008) compiled 2D seismic
interpretations and tentatively mapped a NNE-SSW
trending PC graben between St. Gallen and Lake Con-
stance that appears to be related to the SFZ.
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Fig. 2 Tectonic cross-section across northeastern Switzerland, mod-
ified from Swisstopo (2005). See section trace in Fig. 1. The 3D
seismic survey is located in the transition area between the Plateau

Molasse and the Subalpine Molasse, forming a triangle zone. Note
that the borehole trajectory of St. Gallen GT-1 is projected over a
distance of c. 4 km
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3 Seismic survey and interpretation of horizons
and faults

The St. Gallen 3D seismic data were collected during
winter and spring 2009/2010 with a survey covering an
area of about 270 km? (Fig. 4). Along 21 SW-NE striking
source lines comprising more than 6300 locations, seismic
waves were excited every 50 m primarily by vibroseis and
accessorily by explosive sources (c. 250 locations). 11,400
receiver stations were placed every 50 m along 42 NW-SE

oriented receiver lines. This results in a bin size of 25 by
25 m and in a nominal 40-fold coverage (the number of
common subsurface mid points that fall into the same bin).
A Prestack Time Migration (PSTM) with CRS (Common
Reflection Surface) processing was used for the interpre-
tation (for details on seismic nomenclature see e.g.
Madritsch et al. 2013). To support the structural interpre-
tation, a coherence volume (e.g. Marfurt et al. 1999) was
computed from the 3D seismic data to highlight reflection
discontinuities. Although seismic data were acquired in a
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Fig. 5 3D seismic cross-section along the northern part of cross-
section no. 7 published by Eugster et al. (1960) illustrating the
excellent match of surface geology and 3D seismic data (see Fig. 4
for section trace). The shallow, NW dipping Molasse reflections are
separated from the underlying triangle zone by the back thrust

rather densely populated area with pronounced topography,
the quality at the level of the Cenozoic and Mesozoic
reflections can generally be regarded as good to excellent.
Towards the south, however, data quality decreases. This is
most likely due to the increasing depth of the reflectors in
the Mesozoic sequence, to imbricate thrust wedges in the
triangle zone with steep reflectors distorting the seismic
image, and to significantly more pronounced topography
south of the city of St. Gallen (Fig. 5). Here, substantial
rearrangements in the seismic excitation pattern were
locally necessary and difficult acquisition conditions
resulted in a shortfall of single excitation points and a loss
of seismic resolution.

mapped as TDZ (Top Dreieckzone, i.e. “Randunterschiebung”). The
borehole trajectory of SG GT-1 is projected onto the section plane
over several hundreds of metres (600 m at well head, 1000 m at the
bottom hole; compare with Fig. 4). The blue tick marks indicate the
locations of the intersecting sections shown in Fig. 8c, d

3.1 Interpretation of seismic horizons and faults

As no deep stratigraphic borehole data were available for
seismic calibration within 25 km of the 3D seismic survey
area (Fig. 1), eight seismic horizons were picked along
reflections with characteristics mainly adapted from earlier
2D and 3D seismic interpretations (Roth et al. 2010;
Madritsch et al. 2013) and calibrated in the deep boreholes
Lindau-1, Herdern-1 and Kreuzlingen-1. The log data
from borehole SG GT-1 (available only after the initial 3D
seismic interpretation) reach the uppermost part of the
Middle Jurassic Dogger formation and were used to
compute time-linear synthetic seismograms for Ricker
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Fig. 6 a Non-linear depth
column showing the well tops as
derived from the litho-log of SG
GT-1 and adjusted to the time-
linear scale using the check shot
corrected sonic log. Note that
the seismic reference datum
(SRD) is 400 m a.s.l. and that
the well head (not indicated) is
on 579 m a.s.l. b Velocity
column shown as the inverse of
the check-shot-corrected sonic
log. The correction was only
applied down to the Top Malm
(TMa) horizon. ¢ Density
column showing densities
inferred from sonic log (P-wave
velocities) by the Gardner’s
Law (Gardner et al. 1974).
Density in SG GT-1 could only
be measured in the Upper
Jurassic Malm section.

d Calculated, time-linear
synthetic seismograms for
Ricker wavelets with different
central frequencies. e Extract of
inline (IL) 250 with crosslines
(XL) ranging from 301 to 291
centred around the penetration
point of SG GT-1 at Top Malm.
The TMa and BMa lines
correspond to the seismic
horizons as interpreted in this
project. Note that the polarity of
the seismic section has been
reversed in this figure to match
the synthetic seismograms

wavelets with different central frequencies (Fig. 6). This
calibration shows that at least for the Upper Jurassic Malm
formation, the reflection seismic data match the borehole
log data reasonably well and that the aforementioned
regional seismic calibration is valid. The seismic horizons
are (Figs. 3, 5): Base Upper Freshwater Molasse (BOSM),
Base Upper Marine Molasse (BOMM), Top Triangle Zone
(TDZ) and Base Triangle Zone (BDZ), Top Malm (TMa),
Base Malm (BMa), Top Muschelkalk (TMk) and Base
Mesozoic (BMz). The Cenozoic horizons were interpreted
using a homogeneous grid of seed lines (SW-NE striking
inlines, NW-SE striking crosslines) with a grid spacing of
500 m. TDZ and BDZ represent low-angle thrusts that
were technically treated as horizons during the seismic
interpretation procedure. As the focus of the seismic
investigation was on the Mesozoic units and the SFZ, the
interpretation there was carried out on a denser grid with
250 and 125 m spacing, respectively. In contrast to the
marine Mesozoic sequence, most of the Cenozoic Molasse
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consists of wedge-shaped units of fluviatile continental
sediments (except the comparatively thin Upper Marine
Molasse) that form laterally inhomogeneous bodies and
thus reveal few continuous reflections (e.g. Homewood
and Allen 1981; Kempf et al. 1999). However, the two
upper Molasse horizons BOSM and BOMM could be
mapped with confidence and were tied (1) to their
outcropping lithological contacts within the 3D seismic
survey area (Eugster et al. 1960; Fig. 5), and (2) to the
relevant horizons of the regional 2D seismic interpretation
(Roth et al. 2010). Due to the lack of sufficiently contin-

uous reflections, fault interpretation in the Molasse is very

challenging. TDZ is an exception as it could locally be
mapped by very clear discordances (Fig.5) and is
expressed in outcrops as a fault (the so-called “Randun-
terschiebung”, Habicht 1945; Eugster et al. 1960). The
essentially bedding-parallel BDZ could only be mapped
tentatively. Below BOMM, no Molasse horizon was

mapped.
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part of the area covered by 3D seismic data. See Fig. 4 for location of
section trace. The Unterloren Graben is bounded by the SFZ in the
WNW and the RFZ in the ESE. High-amplitude PC reflections in the
basement help localising the downward continuation of the graben
bounding faults. PC reflections seem to also occur up to c. 1.5 km
eastward of this graben. The potential upward continuations of the
SFZ and RFZ above the reflections at the level of the Mesozoic strata
do not reach higher than 2.6-2.8 km below terrain (i.e. 700-800 m
above TMa). No direct structural link can be made between the SFZ

The Mesozoic series are clearly identifiable as a
prominent band of very homogeneous and continuous, yet
faulted, high-amplitude reflections (Fig. 7). TMa is
expressed throughout most of the survey area as a pro-
nounced seismic reflection. We mapped the red trough
(amplitude minimum) as TMa, representing the acoustic

o

\

TWT [s bSRD]

\L/

PC possible

faults and the three faults mapped at the surface (see also map view in
Fig. 4). This is either because there is no such link, or because it
cannot be seen due to the laterally discontinuous nature of the
Molasse deposits making fault interpretations in the Molasse units a
very challenging task. In addition, this section is located at the very
northern edge of the 3D seismic where seismic coverage is deficient.
Further to the south, reflection offsets along the SFZ in the lowest
Molasse units do not reach higher than c. 450-650 m above TMa. The
blue tick mark indicates the location of the intersecting section shown
in Fig. 11

impedance increase from the soft Molasse sandstones and
conglomerates to the comparatively harder Malm lime-
stones. Locally, the TMa reflector reveals angular uncon-
formable relationships with the overlying Molasse units
(Fig. 8). The BMa horizon is not the result of a single,
strong seismic reflector. The lower section of the Malm and
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Fig. 8 Series of seismic cross-sections across the SFZ, focusing on
the reflections in the Mesozoic sequence and in the pre-Mesozoic
basement, arranged from north a to south f. See Fig. 4 for section

the uppermost section of the Dogger formations represent a
rather monotonous, seismically transparent low-reflectivity
zone. The BMa horizon was mapped as a zero-crossing
(positive—negative). The lower Mesozoic shows large
impedance contrasts and therefore reflections with higher
amplitudes. The TMk horizon could be continuously
mapped as a zero-crossing (positive—negative) above a
strong trough. The first continuous reflection phase (a
positive—negative  zero-crossing) above the angular
unconformities in the basement was picked as BMz. Fault
interpretation at the level of the Mesozoic strata was done
on the same grid of in- and crosslines as used for the
horizon interpretation. This resulted in structural contour
maps (Fig. 9) from which thickness maps (Fig. 10) could
be calculated. For the depth conversion of the structural
maps in time, a velocity model was used that is based on
the processing velocities and is calibrated with the data of
the check shot survey of borehole SG GT-1.

The analysis of the coherence volume enabled us to map
medium-scale faults at the limit of seismic resolution
(vertical displacement below c. 30 m). Location and

undiff. basement

traces. The blue tick marks indicate the locations of intersecting
sections shown in Figs. 5 and 11

orientation of this set of faults are consistent with most of
the large-scale faults mapped by means of classical inter-
pretation of the 3D reflection seismic data. The seismic
dataset does not allow the interpretation of seismic reflec-
tions in the topmost decametres due to quaternary over-
burden and/or weathering of the rocks and because seismic
data acquisition and processing were optimised for a dee-
per target (i.e. Mesozoic units).

3.2 Interpretation of pre-Mesozoic reflections

Pre-Mesozoic seismic horizons could not be mapped sys-
tematically. As observed in northern Switzerland and
compared with the overlying sediments, the crystalline
basement often has a seismically isotropic character (e.g.
Birkhduser et al. 2001; Madritsch et al. 2013). The pri-
marily fluvial and lacustrine PC deposits (e.g. Matter 1987)
are not laterally continuous strata and thus do not create
seismic reflections traceable over long distances. However,
such short seismic reflections could in some cases also
arise from mylonitic shear zones in the -crystalline
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Fig. 9 Depth contour maps of
TMa (a) and BMz (b). Local,
narrow white stripes along the
faults in the coloured depth
grids represent areas over which
the marker horizons are omitted
by faulting. In the case of
normal faults, footwall fault
lines are shown, in the case of
reverse faults, hanging wall
fault lines are plotted. The
northern part of the St. Gallen
Fault Zone (SFZ) forms a relay
structure (see sketch in inset in
a, with a geometry modified
from Rotevatn et al. 2009). The
inset in b shows a zoom of the
BMz map with preliminary
relative relocation (Diehl et al.
2014b) of the induced seismic
sequence between July and
November 2013. RFZ Roggwil
Fault Zone, MFZ Morschwil
Fault Zone
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Fig. 10 Isopach maps of three Mesozoic intervals: a TMa-BMa
(Upper Jurassic), b BMa-TMk (Middle and Lower Jurassic and Upper
Triassic) and ¢ TMk-BMz (Middle and Lower Triassic). Thickness is
calculated as true vertical thickness. The faults shown are those that

basement. Both can be masked by interbed multiples (re-
verberations originating from the shallower levels). For
basement units (crystalline and PC) in general, seismic
imaging is also poorer because of the great depths (i.e. long
ray paths) that lead to attenuation of the higher frequency
components. Finally, the amplitude gain control (AGC)
operators selected by the processing company were opti-
mised to highlight the very high reflectivity of the Meso-
zoic sediments (the main target of the geothermal
exploration study) with the disadvantage of creating a
shadow zone underneath.

The seismic data set available is not the result of a true-
amplitude processing. Several processing steps (like
migration, filtering or AGC) do alter the integrity of
absolute amplitude values. Yet, using specific reflection
characteristics, a tentative mapping of PC deposits was
performed (for more details on possible criteria see e.g.
Marchant et al. 2005; Naef and Madritsch 2014). Local
packages of high-amplitude reflections as well as reflec-
tions that are discordant to the BMz could be identified
(Figs. 5, 8, 11). Similar high-amplitude reflection packages
are documented in 2D seismic sections in central northern
Switzerland (Sprecher and Miiller 1986; Nagra 2008; Naef
and Madritsch 2014) where they are proven to represent the
seismic expression of Carboniferous (Stephanian) coal
units as evidenced in the borehole Weiach-1 (Matter 1987,
Nagra 1989).

To support the classical interpretation along seismic
vertical sections or time slices, we calculated root mean
square (RMS) attributes (e.g. Chopra and Marfurt 2007)
and displayed them in map view (Fig. 12). By highlighting
areas with anomalously high or low amplitudes, these maps
allowed us to further narrow down possible PC occur-
rences. For these attribute maps, a time interval relative to

offset the upper horizon of each interval. All three maps reveal an
abrupt increase of thickness across the SFZ, from west to east. The
TMk-BMz map also shows an increased thickness within the
Unterloren Graben with respect to the area east of the RFZ

a mapped horizon has to be specified, within which
amplitude information is extracted (Fig. 12).

4 Structural interpretation

4.1 The SFZ geometry at the level of the Mesozoic
strata

The 3D seismic interpretation clearly revealed that the
SFZ forms a prominent NNE-SSW striking fault zone
composed of steeply ESE dipping normal faults with
subsidiary, subparallel apparent reverse faults in the
hanging wall (Figs. 8, 9). The fault zone can be divided
into a northern, c. N10-20°E striking and a southern, c.
N30°E striking part, the transition between the two being
located about 2 km northwest of the SG GT-1 borehole
surface location (Fig. 9). The northern part is dominated
by two continuous normal faults forming a relay structure
(e.g. Walsh et al. 1999; Conneally et al. 2014; Fig. 9a
inset) that likely extends outside of the investigated area
further to the north. The offset of the BMz horizon along
the eastern normal fault continuously increases from the
fault tip towards the NNE reaching c¢. 290 m (180 m at
TMa) in the very north of the survey area. At the western
normal fault, the BMz offset amounts to 80 m in the very
north (70 m at TMa) and increases towards the SSW to
reach 180 m (100 m at TMa) in the area of the termi-
nation of the eastern normal fault. These two normal
faults represent the western bounding faults of a NNE-
SSW striking graben (termed here the Unterléren Graben)
that widens towards the NNE (Fig. 9). It is bounded to
the east by a zone of NW dipping normal faults termed
here the Roggwil Fault Zone (RFZ).
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Fig. 11 Seismic cross-section oriented along strike and located in the
hanging wall of the SFZ (see Fig. 4 for section trace). The PC
reflections display two areas of rather continuous, synformal reflec-
tion bands in the pre-Mesozoic basement, interpreted as PC graben
elements, separated by a (seismically more transparent) crystalline
horst topped by a very thin band of reflections interpreted as PC

In the southern part of the SFZ, offsets across individual
faults are less pronounced. Laterally continuous normal
faults are less numerous, comparatively shorter and offset
the Mesozoic seismic horizons less than 130 m. However,
flexures (e.g. Withjack et al. 1990) in the Mesozoic strata
point to underlying normal faults within the basement that
still may have substantial offsets (Fig. 8d—f). The sub-
sidiary subvertical apparent reverse faults in the hanging
wall of the SFZ are interpreted as typical hanging wall
features of a convex-upward normal fault (e.g. Mandl
2000). They are thus not regarded as the result of a regional
compression but rather relate to the extension that pro-
duced the SFZ major normal faults.

Further east, there is a c. 15 km long zone of subvertical,
SW-NE striking normal faults termed here Morschwil
Fault Zone (MFZ). The fault segments, expressed only in
the lower half of the Mesozoic sequence, form a left-
stepping en échelon array from NE to SW. (Fig. 9b). The
MFZ is also visible in the RMS amplitude map covering
the lower half of the Muschelkalk formation (Fig. 12a).
This could be the expression of different seismic responses
from the lower halves of the Muschelkalk subunits on both
sides of the MFZ due to subtle differences in thickness
across the fault zone (Fig. 10c).

4.2 The SFZ at the level of the Cenozoic deposits
The SFZ and RFZ can be vertically traced only up to c.

1.1-1.2 s TWT below SRD (corresponding to c.
2.6-2.8 km below terrain) across the overlying Molasse

sediments (compare with Fig. 12b, d). The pre-Mesozoic fault
segments could only be tentatively mapped. The discontinuous
seismic reflections in the lower Mesozoic at approximately XL 150
are regarded as the result of poorer seismic imaging and not as
indicating the presence of a fault. The blue tick marks indicate the
locations of the intersecting sections shown in Figs. 7 and 8a—f

units in the very north of the 3D seismic survey area
(Fig. 7). There, published geological maps (Hofmann
1951; Saxer 1964; Hofmann 1973) reveal clear offsets
of conglomeratic key horizons in the Sitter Valley c.
4 km northeast of Waldkirch (see ‘“surface geology”
faults in Fig. 4 and “faults mapped at surface” in
Fig. 7). These normal faults, confirmed by our own field
observations, strike parallel to the SFZ. Due to poor
outcrop conditions, their mappable extension amounts to
a few hundred metres only. In the seismic data, the lack
of shallow coverage in this border area of the 3D survey
(Fig. 7) precludes their identification. At greater depth,
the SFZ offsets Molasse reflections in the lowermost
700-800 m. No direct structural link can thus be made
between those offsets at depth and the three faults
mapped at the surface. This is either because there is no
such link, or because it cannot be seen due to the lat-
erally discontinuous nature of the Molasse deposits
making fault interpretations in the Molasse units a very
challenging task, in particular when seismic coverage is
limited. Further to the south, reflection offsets along the
SFZ in the lowest Molasse units do not reach higher
than c. 450-650 m above TMa.

4.3 The SFZ to the north of the 3D seismic survey

Available 2D seismic lines located north of the St. Gallen
3D seismic survey also display E dipping normal faults at
the level of the Mesozoic strata (Roth et al. 2010; Som-
maruga et al. 2012). They represent the northern extension
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Fig. 12 a—c Attribute maps of root mean square amplitudes above
and below BMz. The maps show the results of amplitude extractions
within certain observation windows with high amplitudes in red and
yellow and low amplitudes in dark blue and purple. The relevant
amplitude extraction window is characterised by its “offset” from
BMz (positive in downward direction) and its “length” (vertical
extent), both specified in two-way travel time. Note that the schematic
sketches of the observation window dimensions at the top left of the
figures are not to scale. a 20 ms thick window directly above BMz.
The main structural features (SFZ, RFZ, Unterloren Graben, MFZ)
are clearly highlighted by significant contrasts in amplitude. Note the
NNW-SSE striking change of amplitudes east of the Unterloren
Graben between the northern termination of the RFZ and the MFZ

(marked by two red arrows). b 100 ms thick window at 10 ms
underneath BMz. Note the SW-NE striking, high-amplitude
anomaly (A) directly northeast of SG GT-1. This anomaly marks
the PC reflections on the assumed crystalline horst discordantly
underlying BMz (see also Figs. 8b—d and 11). ¢ 1000 ms thick
window at 100 ms underneath BMz encompassing three areas with
probable PC reflections (B, C and a fourth one marked by the red
arrow). d Interpretative structural map of the basement at the level of
BMz (i.e. top basement) highlighting the areas of probable and
possible PC occurrences. These areas are compiled from b, ¢ and the
interpretation of vertical reflection seismic sections. Note that the
distinction between the areas designated as “PC possible” and
“undifferentiated basement” is rather speculative
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of the SFZ (Figs. 1, 4). At the level of the Cenozoic
deposits, however, the situation is less clear. The at least
1 km long and NNW-SSE to NW-SE striking, NE dipping
normal faults southeast of Amriswil (Fig. 4), mapped at the
upper Cenozoic horizons BOSM and BOMM (>1800 m
above TMa), do not represent compelling evidence for the
upward continuation of the SFZ (mapped at the level of the
Mesozoic strata). A more detailed consideration of the
lower part of the Cenozoic sequence is not possible as there
are no other seismic horizons available between BOMM
and TMa (Roth et al. 2010).

Still further to the NNW, c. 5 km west of Romanshorn
(Fig. 1), a major NE dipping normal fault (termed here
Dozwil Fault, Fig. 4) offsets the entire Mesozoic section by
up to c. 270 m and extends upwards to the uppermost
Upper Freshwater Molasse (Roth et al. 2010; Sommaruga
et al. 2012). In contrast to the SFZ, the Dozwil Fault also
offsets almost the entire Cenozoic sequence. It strikes NW—
SE and is interpreted on the basis of two 2D seismic lines
only. Note that the SFZ (at the level of the Mesozoic strata)
was regarded as being linked to the Dozwil Fault in earlier
interpretations (Roth et al. 2010). However, geomechani-
cally such an anticlockwise bend of the faults’ strike does
not make sense. We interpret the Dozwil Fault as not being
linked to the SFZ because of the different strike of the two
faults and because of the very different extents and
geometries at the level of the Cenozoic units although
offsets at the level of the Mesozoic units are very similar.

4.4 Synsedimentary faulting along the SFZ

Isopach maps of three Mesozoic intervals, namely Upper
Jurassic (TMa-BMa, Malm), Middle-Lower Jurassic and
Upper Triassic (BMa-TMk, Keuper—Liassic—Dogger) as
well as Middle-Lower Triassic (TMk-BMz, Muschelkalk),
show that the (vertical) thicknesses of these three intervals
steadily decrease towards the SSE (Fig. 10). A significant
thickness increase exists across the northern part of the
SFZ, from WNW towards ESE. There, the Malm formation
interval is c. 330 m thick in the footwall and c. 340-420 m
in the hanging wall, i.e. the Unterloren Graben. In the
borehole SG GT-1 (located south of the Unterléren Gra-
ben), the drilled Malm section is 398 m thick (true vertical
depth thickness). The thickness of the Keuper—Liassic—
Dogger sequence increases from c. 230 m in the footwall
of the SFZ to c. 280-310 m in the Unterloren Graben. The
thickness increases in these two intervals correlate with a
clear change of seismic facies across the SFZ, from con-
tinuous reflections in the footwall to significantly less
continuous reflections in the hanging wall. The Muschel-
kalk interval reveals a less pronounced thickness anomaly
in the Unterloren Graben. The thickness increases from c.
130 m in the footwall of the SFZ to 140-190 m in the

hanging wall. East of the RFZ it reaches c. 130-160 m. As
compared to the aforementioned intervals, the Muschelkalk
interval shows only gentle seismic facies changes. The
distinct amplitude change in the lower half of the
Muschelkalk formation along a NNW-SSE striking zone
between the northern termination of the RFZ and the MFZ
(Fig. 12a) might point to another change in seismic facies.

The observed thickness changes demonstrate that the
SFZ and the RFZ must have been active throughout the
Mesozoic. Subsidence in the Unterléren Graben was most
pronounced during Early-Middle Triassic times pointing to
synsedimentary activity particularly along the northern part
of the SFZ and the RFZ. This early synsedimentary activity
clearly points to the existence of basement-rooted faults
that probably reactivated older faults related to the for-
mation of the Permo-Carboniferous grabens. The cross-
section across the Unterloren Graben (Fig. 7) illustrates
how the SFZ and RFZ can be tentatively mapped in the
basement. During Late Triassic and Jurassic times, normal
faulting was restricted to the SFZ.

4.5 Attribute maps as possible indicators of Permo-
Carboniferous sediments

Attribute analyses and local seismic interpretation show
that high-amplitude reflections with significant (>1 km)
lateral continuity exist in the pre-Mesozoic basement.
These reflections primarily occur in areas located in the
hanging wall of the SFZ, e.g. in the Unterléren Graben.
They are interpreted as pointing to the presence of PC
sediments. Attribute maps of the basement reveal three
areas adjacent to the SFZ with amplitude anomalies at
various depths: (a) a SW—NE striking area directly north-
east of SG GT-1 (Fig. 12b), (b) an SFZ-parallel, elongated
area within the Unterloren Graben (Fig. 12¢), and (c) an
SFZ-parallel area to the south of SG GT-1 (Fig. 12¢).
Anomaly A is the most pronounced anomaly and strikes
obliquely to the SFZ. In Figs. 8b—d and 11 it appears as an
inclined high-amplitude reflection band just underneath the
BMz reflections. These reflections are interpreted to be
located on top of a crystalline horst structure (Fig. 11) and
might be indicative for a hydrocarbon-bearing sedimentary
unit discordantly underlying the Mesozoic sequence.
Anomaly B encompasses two high-amplitude reflection
bands at different levels (Fig. 11): at c. 2100-2450 ms and
at c¢. 2700 ms below SRD (c. 4650-5700 m and c. 6450 m
b.s.1.); the shallower one displays a synformal structure. In
the section in Fig. 7, perpendicular to the section in
Fig. 11, this upper high-amplitude reflection band also
shows a synformal geometry. Anomaly C points to a
similar synformal high-amplitude reflection band with the
same orientation as the shallower one in Anomaly B. A
fourth amplitude anomaly area is located east of the
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Unterloren Graben and is best illustrated in the sampling
window at 100-1100 ms below BMz (Fig. 12¢). This
anomaly trends NNE-SSW and strikes subparallel to the
neighbouring RFZ and MFZ. In contrast to the other three
anomalies, the high-amplitude reflections of this fourth one
cannot be related to major faults that would represent
graben bounding structures.

Mapping the discrete patches of high-amplitude reflec-
tions bands at different levels below the BMz enabled us to
identify local areas of “probable” and areas of “possible”
PC sediment occurrences (Fig. 12d). The results show that
PC sediments are very likely present in the Unterloren
Graben and also in the hanging wall of the southern part of
the SFZ. This coincides with the areas for which a graben
structure can be inferred by the seismic data at the level of
the Mesozoic strata. We can thus conclude that the SFZ
and the RFZ represent faults that root in the basement.

5 Neotectonic activity
The seismic activity in the area is reported to be low and

diffuse (Wiemer et al. 2009; Diehl et al. 2014a; Fig. 13).
Fault plane solutions show that the stress field in

northeastern Switzerland is characterised by strike-slip to
normal faulting (Kastrup et al. 2004). The principal axis of
horizontal compression, Symax, 1S oriented NNW-SSE (c.
N10°W, Reinecker et al. 2010; Heidbach and Reinecker
2013), with Sgmax > Sv > Spmin. Because the individual
fault segments of the SFZ and RFZ strike at angles of
between 15° and 50° to the present Sym.x, many are ori-
ented favourably for reactivation in sinistral strike-slip
mode.

The installation of a dense seismic monitoring network
in the framework of the St. Gallen Geothermal Power
Plant Project made it possible to record seismic events
down to magnitude My —1.0 in the vicinity of the bore-
hole SG GT-1 (Edwards et al. 2015). On 28th June 2012,
more than 1 year before the start of the drilling opera-
tions, a natural seismic event with M; 2.1 was recorded
very close to the RFZ at an approximate depth of 5.8 km.
The derived fault plane solution (Diehl et al. 2014b)
shows NE-SW and NW-SE striking, subvertical nodal
planes, one of them striking parallel to the RFZ
(Fig. 13b). On 20th July 2013, a My, 3.5 earthquake (i.e.
the main shock) and a M; 2.1 event occurred in the
vicinity of the borehole (Diehl et al. 2014a; Edwards et al.
2015). After injection tests and acid stimulation carried
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Fig. 13 a Distribution and magnitudes of earthquakes recorded in
northeastern Switzerland according to ECOS-09 (Fih et al. 2011).
This catalogue comprises seismic events between the year 1065 and
June 2009. Symax and Spni, orientations are after Heidbach and
Reinecker (2013). b Zoom of the same dataset as in a, but with the
induced 2013 sequence in orange and all available fault plane
solutions of the area. Note the natural My 2.1 event of 2012 close to

the RFZ. The (superposed) orange circles represent preliminary
relative relocations of the sequence induced at borehole SG GT-1 in
2013 according to Diehl et al. (2014b). The fault plane solution of the
My 3.5 event is according to Diehl et al. (2014a), the two My, 2.1
events are according to Diehl et al. (2014b), the My 3.2 event is
according to Deichmann (1990) and the ones in Lake Constance are
according to Pavoni (1980)
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out in the well between 14th and 17th July, gas, primarily
methane most likely from a Mesozoic or sub-Mesozoic
fracture reservoir along the SFZ, suddenly entered the
borehole. To fight this gas kick, heavy drilling fluid was
pumped into the borehole that must have increased pore
fluid pressure to a level sufficient to critically reduce the
shear strength of a fault and trigger the main shock and
indirectly the sequence of aftershocks. The two main
earthquakes occurred on subvertical fault planes (Diehl
et al. 2014a; Edwards et al. 2015). The moment tensor
solutions, together with the distribution of the aftershock
sequence, show almost pure sinistral strike-slip motion on
NNE-SSW striking nodal planes (Diehl et al. 2014b;
Fig. 13b). Preliminary relative relocations by Diehl et al.
(2014b) indicate that the aftershock seismicity, consisting
of more than 850 events with local magnitudes between
—1.7 and 2.1, was constrained to a c. 800 m long and c.
500 m thick zone at the transition of the northern (NNE—
SSW striking) to the southern (NE-SW striking) section
of the SFZ. According to the fault interpretation of the 3D
seismic data and to the location of Diehl et al. (2014a, b),
the main shock occurred at the intersection of a N-S
striking reverse fault with a NNE-SSW striking normal
fault (Figs. 9b inset, 13b). Local stresses were possibly
highest at this fault intersection. By using a velocity
model entirely derived from arrival times of a subset of
the induced earthquakes, Diehl et al. (2014b) found the
focal depths to be between 3.6 and 4.0 km (b.s.1.), thus in
the lower part of the Mesozoic sediments. However, the
differences between this velocity model on the one hand
and the directly measured check shot data of borehole SG
GT-1 on the other hand are significant. Therefore,
hypocentre depth uncertainty remains important and a
location of the induced earthquake swarm in the basement
can certainly not be ruled out.

The aftershock sequence located NNE of the main
shock, trending NNE-SSW, is aligned parallel to the
faults at the level of the lower Mesozoic strata. However,
the hypocentres do not plot directly on the mapped faults
delineated in the reflection seismic data (see also Diehl
et al. 2014b). But they are aligned along a NNE-SSW
trending narrow zone that seems to represent a supposedly
northeastern extension of the southern SFZ, connecting
further northeast with the RFZ (Fig. 9b). A detailed re-
evaluation of the seismic interpretation, performed after
the induced earthquake series, did not reveal any BMz
offset in that area. This is possibly due to faults not
traceable in reflection seismic data, because of too small
vertical offsets (<30 m), or because they may simply be
of pure strike-slip character (and hence cannot be resolved
by the seismic data in the case of subhorizontal
reflections).

6 Discussion

6.1 Northern termination and Late Cenozoic
to recent activity of the SFZ

Combining the fault interpretation of this study with
existing 2D seismic fault interpretations (Roth et al. 2010;
Sommaruga et al. 2012), the SFZ can be extrapolated
towards Lake Constance at the level of the Mesozoic strata.
In the area near Romanshorn, it is unclear whether the SFZ
and RFZ terminate or whether they continue further
northward across Lake Constance into the area near Tet-
tnang (Fig. 1). There are no offsets in the Middle to Upper
Cenozoic sequence that could be related to the SFZ, which
itself is mapped at the level of the Mesozoic and lowermost
Cenozoic strata (i.e. lower Oligocene, Figs. 4, 7). The two
NNW-SSE to NW-SE striking faults mapped in the upper
Molasse (BOSM and BOMM) north of the 3D seismic
survey (Roth et al. 2010; Fig. 4) cannot be directly linked
with the SFZ due to their geometry (i.e. comparatively
short fault segments and different strike). However, they
could be part of the Hegau-Lake Constance Graben system.

The NW-SE striking Dozwil Fault located further
northwest, offsetting the entire Mesozoic and almost the
entire Cenozoic sequence, possibly represents the south-
easternmost segment of the Hegau-Lake Constance Graben
system (Fig. 1). It remains unclear how the northern tip of
the SFZ (east of Amriswil, at the level of the Mesozoic
strata, Fig. 4) and the Dozwil Fault interact geometrically
and kinematically. However, since the Dozwil Fault strikes
parallel to the Hegau-Lake Constance Graben faults, it
possibly provided a kinematic link between the Unterloren
Graben and the Hegau-Lake Constance Graben during
Miocene extension (Ziegler and Dézes 2007). Madritsch
(2015) infers both NE-SW and NW-SE oriented extension
from paleostress data at the border of the Hegau-Lake
Constance Graben. According to his interpretation, tectonic
activity of the Hegau-Lake Constance Graben started after
the Early Miocene and lasted until at least Late Miocene
times. In this regard, the two NNW-SSE to NW-SE striking
normal faults in the upper Molasse sequence (southeast of
Amriswil, Fig. 4) could also be a result of this NE-SW
Miocene extension rather than be a part of the SFZ.

The distribution of earthquakes in the Lake Constance
area to the NNE of the St. Gallen 3D seismic survey
(Fig. 13) does not allow for an allocation of these events to
one of the two discussed fault systems. The localisation of
the two 1976 events underneath the lake must be regarded
as less precise than the localisations of other, more recent
earthquakes, both laterally and vertically. Nevertheless, the
pure strike-slip faulting regime would fit both to a sinistral
SFZ or to a dextral Hegau-Lake Constance Graben fault
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(e.g. compare with the Singen earthquake series 1995-1996
with magnitudes up to 3.3 at c. 8-9 km depth revealing a
dextral strike-slip faulting regime, Deichmann et al. 2000).
Interestingly, NNE-SSW striking faults parallel to the
SFZ are not observed in the northeastern NAFB west of
Lake Constance (e.g. Nagra 2008; Naef and Madritsch
2014). However, further southeast, the Sax-Schwende and
the supposed Rhine Valley Faults (Pfiffner et al. 2010) are
major faults in the Mesozoic cover with an orientation
similar to that of the SFZ (Fig. 1); but it is regarded as
unlikely that these faults also root in the basement. Across
Lake Constance, in the Ravensburg-Tettnang area, seis-
mically mapped faults at the level of the Upper Jurassic
units (e.g. Volz 1957; Bachmann et al. 1982) have orien-
tations similar to that of the SFZ and RFZ (Fig. 1). Further
to the northwest, the Albstadt Shear Zone represents
another example of a seismogenic, NNE-SSW striking,
sinistral strike-slip fault zone (Reinecker and Schneider
2002; Reicherter et al. 2008). Although recent seismicity is
only recorded in the area of Albstadt (65 km NNE of
Schaffhausen), Reicherter et al. (2008) speculate that the
Albstadt Shear Zone might extend from Stuttgart in the
north to the Hegau-Lake Constance area in the south.

6.2 Late Paleozoic to Mesozoic activity of the SFZ

The identified PC reflections along the SFZ indicate a pre-
Mesozoic stage of extension across the SFZ that produced
synsedimentary grabens of Late Paleozoic age. The Unter-
l6ren Graben with its bounding faults, SFZ and RFZ, strikes
NNE-SSW. However, as shown by the section parallel to the
SFZ (Fig. 11), a graben bounding fault probably also exists
in the SSW, at the border with the assumed crystalline horst
(Fig. 12d). This fault, which has no expression at the level of
the Mesozoic strata, strikes obliquely (or perpendicular) to
the SFZ. This southern graben border is also indicated by the
shallower high-amplitude reflection band that shows a syn-
formal geometry in NNE-SSW direction (Fig. 11). The
delineation of the probable PC occurrences further to the
south, south of the assumed crystalline horst, is significantly
less constrained by well expressed graben bounding faults.
While the high-amplitude reflections are most prominent in
a 2-3 km wide zone in the hanging wall of the SFZ, PC
occurrences (especially at shallower levels than in the
Unterloren Graben) outside this area cannot be excluded.
The southern, NE-SW striking border of the area covering
these “possible” PC occurrences (Fig. 12d) has to be
regarded as highly uncertain.

This study shows that short segments of PC grabens
along and near the SFZ strike NNE-SSW and thus obli-
quely to the general PC grabens trend in northeastern
Switzerland (Diebold et al. 1991; Marchant et al. 2005;
Naef and Madritsch 2014). On the other hand, NNE-SSW

striking PC graben structures are common in the Helvetic
Alps and cover a large area within Central Europe (e.g.
Ziegler and Dezes 2006). Ziegler (1990) postulated major,
pre-Permian faults in the basement of Central Europe that
strike WSW-ENE, WNW-ESE and NNE-SSW.

Thickness differences across the Unterléren Graben in
the Lower and Middle Triassic units imply normal faulting
activity along the SFZ and the RFZ. We found no seismic
indications for a Late Triassic inversion phase as suggested
by Marchant et al. (2005) for the Benken 3D seismic sur-
vey area and areas further WNW. In the two upper
Mesozoic intervals, an increase in thickness can be docu-
mented only across the SFZ, implying continued or repe-
ated extension during Late Triassic to Late Jurassic times.
As only four Mesozoic horizons have been mapped, a more
precise temporal resolution of synsedimentary activity
could not be achieved. Marchant et al. (2005) postulated a
“sharp subsidence event” for this period, which they
compiled from subsidence curves from several boreholes in
northern Switzerland. The observed changes in seismic
facies of the Late Triassic to Late Jurassic strata above the
PC Unterloren Graben likely represent lithofacies varia-
tions. The variations in thickness of the Upper Jurassic
deposits across the SFZ can be explained in two ways.
Either this change is due to synsedimentary subsidence east
of the SFZ, or alternatively, the area west of the SFZ was
uplifted and eroded during the Cenozoic. The latter would
be related to the developing forebulge in the Molasse basin
during Alpine convergence (Crampton and Allen 1995;
Schlunegger et al. 1997). However, the combination of
both a change in thickness and a change in seismic facies
points to the first scenario. Both phenomena are reported
also from northwestern Switzerland: major Mesozoic
synsedimentary faulting is postulated to have occurred
during Middle Jurassic times (e.g. Burkhalter 1996), as are
facies and thickness changes during Late Jurassic times
(Allenbach and Wetzel 2006; Meier and Deplazes 2014).
The thickness increases of the Lower and Middle Triassic
units above the Unterloren Graben and the significant
thickness increase of the Upper Triassic to Upper Jurassic
units across the SFZ from west to east are thus interpreted
as indicators for continuous or repeated phases of extension
and related subsidence during the Mesozoic. This extension
reactivated former basement-rooted faults that were
already active in Late Paleozoic times.

7 Conclusions

The detailed interpretation of the St. Gallen 3D seismic
dataset revealed a prominent NNE-SSW striking structure,
the St. Gallen Fault Zone. The fault zone comprises ESE
dipping normal faults with subsidiary, subparallel apparent
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reverse faults in the hanging wall. It offsets the entire
Mesozoic sequence by up to 300 m. The offsets in the
overlying Cenozoic deposits are not reliably resolvable
within the 3D seismic area, but, if present, they are very
likely significantly smaller. Further to the north, faults are
documented that do indeed offset the upper Cenozoic units.
However, their geometry implies that they are decoupled
from the St. Gallen Fault Zone elements at the level of the
Mesozoic strata. Moreover, those faults, together with the
NW-SE striking Dozwil Fault further to the north, more
probably are part of the Hegau-Lake Constance Graben
active during Miocene extension.

Significant thickness changes across the St. Gallen Fault
Zone illustrate repeated synsedimentary activity of the fault
zone during the Mesozoic. The St. Gallen and the Roggwil
Fault Zones delimit a NNE-SSW trending Mesozoic and
Permo-Carboniferous graben system in the hanging wall.
These faults belong to a set of central European basement
faults that likely formed during a post-Variscan, Late
Paleozoic phase of dextral transtension. During the Meso-
zoic and the early Oligocene, the St. Gallen Fault Zone was
repeatedly reactivated in normal faulting mode. Recent
natural and induced earthquakes show that the St. Gallen
Fault Zone is presently active in sinistral strike-slip mode,
favoured by its almost ideal fault orientation within the
present-day stress field.
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