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1.1
From slow-slip to fast earthquakes – a look into the paleo-earthquake
record in eastern Switzerland
Ismay Vénice Akker1, Christoph E. Schrank2, Michael W. M. Jones3, Cameron M. Kewish4,5,6, Alfons Berger1 and Marco
Herwegh1
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3
Central Analytical Research Facility, Institute of Future Environments, Queensland University of Technology, QLD 4000,
Australia
4
Department of Chemistry and Physics, La Trobe Institute for Molecular Science, La Trobe University, Victoria 3086,
Australia
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Australian Nuclear Science and Technology Organisation, Australian Synchrotron, Victoria 3168, Australia
6
ARC Centre of Excellence in Advanced Molecular Imaging, La Trobe Institute for Molecular Sciences, La Trobe University,
Victoria 3086, Australia
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Recent advances in geophysical techniques enable quantification of episodic tremor and slow-slip (ETS) in plateconvergent settings. Compared to megathrust earthquakes with reoccurrence times in the order of 100 years, ETS is more
frequent, showing reoccurrence times of only 0.5 to 2 years. Fluids play an important role, and in the geological record,
ETS is recognized in exhumed fault-and shear zones by en-echelon crack-seal, shear and extension veins. We study how
fluids release and migrate over a multitude of scales and what their effect on the deformation is. To this end, we combine
field observations from the European Alpine exhumed accretionary wedge with high-resolution trace-element maps from
synchrotron X-ray fluorescence microscopy (SXFM). Fluids are moved along an up-scale cascade: 1) On the µm-cm scale
in the slate matrix dynamic dissolution-precipitation processes make phyllosilicate seals, which eventually leads to
hydrofracturing under increasing pore fluid pressure, as seen by ultrathin veinlets (widths of 10 µm) with very high spatial
frequencies. The mutual overprint of these ductile processes in the matrix and the brittle fracturing of veinlets with such
high frequency is indicative for cyclic slow slip and related tremor. On these small scales fluids are pervasively collected,
and the energy release by fracturing is low. 2) The collected fluids feed into foliation sub-parallel veins making up m-scale
vein arrays. The foliation sub-parallel veins are larger (widths of 1 cm) and have smaller spatial frequencies compared to
the veinlets, indicating less frequent fracturing with an increased energy release. 3) Eventually these fluids channel into
mega-arrays (widths of 100 m), which themselves feed into deca-km scale thrusts. The enormous localized fluid collection
on thrust planes builds up high pore fluid pressures and could eventually lead to rupture of megathrust earthquakes.
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Propagation of compressive deformation beyond a décollement
topography: application to the Mandach Thrust (Jura Mountains,
Switzerland)
Sandra Borderie1, Pauline Souloumiac2, Bertrand Maillot2 & Jon Mosar1
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Neuville-sur-Oise
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In fold-and-thrust belts, the décollement can be offset, notably by normal basement faults inherited from former extensive
tectonic episodes. This can create a basement topography, characterized by steps in the décollement surface. Such
discontinuities in the décollement are believed to localize and concentrate the deformation.
In this study, we used the Limit Analysis Theory and the software OptumG2 to investigate the mechanical parameters that
control the propagation of compressive deformation beyond an upward step of the décollement.
Firstly, we conducted a parametric study using a simple prototype. This was done in an attempt to quantify the general
conditions in which an upward step of the décollement can significantly influence the propagation of deformation. We tested
(i) the impact of the position of an upward step below a hinterland wedge and (ii) its height, (iii) the décollement friction and
(iv) the slope of the wedge. Results confirm that an upward step in the décollement helps to localize deformation.
Furthermore, we found that the propagation of deformation beyond the step is more dependent on the friction of the
décollement and on the position of the step with respect to a pre-existing topography, as opposed to the height of the step.
Four major structural styles are defined, corresponding to different ranges of geometric and rheological parameters. Results
indicate that even a small perturbation in the décollement relief can have a relevant impact on the deformation.
In the subsequent step, we compared the modelled data to the mechanical conditions for activation of the Mandach Thrust
in the eastern part of the Jura Mountains. In this area, the décollement is partially offset and shows upward steps. We
utilised eight structural cross sections positioned across the Mandach Thrust. This allows defining rheological parameters
for this part of the Jura, and testing their compatibility with proposed geometries. Results indicate that for the given
geometries, several décollements can be activated, even for high strengths of the décollements. The final component of this
study, which is still ongoing, aims to resolve the associated stress fields in this area.
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1.3
Impact of convection in the mantle transition zone on long-term
lithospheric deformation during the Alpine cycle
Lorenzo G. Candioti1, Stefan M. Schmalholz2, Thibault Duretz3
Institut des sciences de la Terre, Université de Lausanne (Lorenzo.Candioti@unil.ch)
Institut des sciences de la Terre, Université de Lausanne
3
Univ. Rennes 1, UMR CNRS 6118, France
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The geodynamic history of the Western Alpine orogeny comprises periods of distinct phases of lithospheric deformation.
Ultra-slow to slow spreading during ca. 40 Myrs formed the ca. 300-400 km wide Piemonte-Liguria basin. This basin was
bounded by magma-poor, hyper-extended continental margins of the European and Adriatic plate and consisted mainly of
exhumed and partially serpentinized sub-continental mantle. Subsequently, post-extension cooling took place for ca. 70
Myrs with insignificant tectonic activity. Then, convergence of the basin-margin system started at ca. 90 Ma causing the
closure of the basin during subduction and the formation of an orogenic wedge during continent-continent collision.
Modelling the long-term geodynamic history (>100 Myrs) of orogens such as the Alps, including the pre-orogenic extension
and cooling stages, remains challenging. For example, thermal convection in the upper mantle and transition zone
becomes significant over long time scales. The resulting viscosity, temperature and density distribution in the lithosphere
and transition zone is crucial for subduction initiation and evolution of the subduction zone. Effects of convection can be
modelled by either (1) directly modelling small-scale mantle convection, or by (2) artificially scaling the thermal parameters
of the sub-lithospheric mantle without modelling convection.
We perform 2D high resolution thermo-mechanical numerical simulations of more than 120 Myrs of lithospheric
deformation. The models include the mantle transition zone down to a depth of 660 km to model the Western Alpine cycle
including three subsequent deformation phases: (1) formation of a ca. 400 km wide basin of exhumed mantle bounded by
two hyper-extended passive margins during a 30 Myrs rifting period. (2) Thermal relaxation of the margin system for 70
Myrs with no far-field tectonic activity. (3) Convergence of the passive margin system leading to subduction initiation, basin
closure and orogenic wedge formation.
We perform three types of simulations: (1) We resolve and model sub-lithospheric convection during lithospheric extension,
cooling and convergence. (2) We scale the thermal conductivity of the sub-lithospheric mantle without modelling and
resolving the convection. (3) We replace the top 7.5 km of exhumed mantle material in the basin with material that is
describe by an antigorite flow law 1 Myrs before the onset convergence. We discuss and quantify the general differences of
the model results for the extension, cooling and subduction phase as well as the impact of a serpentinite layer on top of the
subducting lithosphere. We further quantify differences in effective viscosities in the models and their impact on the
extension and subduction dynamics.
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1.4
Formation of the Iberian-European convergent plate boundary fault and
its effect on intraplate deformation in central Europe
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In the Late Cretaceous plate convergence between Africa, Iberia, and Europe commenced. Simultaneously central Europe
experienced a pulse of intraplate deformation lasting some 15–20 Myr. This deformation event documents area-wide
deviatoric compression of Europe and has been interpreted as a far-field response to plate convergence. However, the
factors that governed the compression of Europe and conditioned the transient character of the deformation event have
remained unclear. Based on geological reconstructions, mechanical considerations, and numerical simulations, we examine
how the dynamics of intraplate deformation related to the formation of a convergent plate boundary fault between Iberia
and Europe. During the Late Cretaceous, plate convergence was accommodated by the inversion of a young
hyperextended rift system that separated Iberia from Europe. Our analysis shows that the strength of the lithosphere
beneath this rift was initially sufficient to transmit large compressive stresses far into Europe at the onset of plate
convergence, though the lithosphere beneath the rift was thinned and thermally weakened. Continued plate convergence
forced the formation of a plate boundary fault between Iberia and Europe. The fault evolved progressively and constituted a
lithospheric-scale structure at the southern margin of Europe that weakened rheologically. This development caused a
decrease in mechanical coupling between Iberia and Europe and a reduction of upper plate compression, which eventually
terminated intraplate deformation in Central Europe. Taken together, we propose that the Late Cretaceous intraplate
deformation event records a high force transient that relates to the earliest strength evolution of a lithospheric-scale plate
boundary fault.
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1.5
A first look at a new thermodynamic model to track time-dependant
creep in crystalline rock
Kerry Leith1, Ying Li1, Matthew A. Perras2, Simon Loew1
1
2

Geological Institute, ETH, Sonneggstrasse 5, CH-8092 Zürich (kerry.leith@erdw.ethz.ch)
Department of Civil Engineering, York University, 4700 Keele St, Toronto

The manner in which crystalline rock responds to permanent natural or anthropogenic changes in load, pore water
chemistry, and / or temperature conditions over periods of hours to years is controlled by a phenomena known as static
fatigue. Static fatigue is an overarching term to describe a range of processes that facilitate crystal glide and stable crack
propagation in rock subjected to subcritical loading conditions. This can be attributed to chemo-physical properties of crystal
boundaries, and pre-existing crack tips, and can be described by considering a combination of thermodynamic effects, and
balance of energies present during deformation.
While a number of numerical techniques have been applied to capture the effects of static fatigue, particularly under
controlled laboratory conditions, these very commonly have limited wider applicability as they rely on calibrated ‘damage’
parameters with little physical meaning. In this study we present a new method to reproduce creep behaviour in a fine
grained granite core (Herrnholz granite) subjected to unconfined compressive loading in the new Rock Physics and
Mechanics Lab at ETH Zurich. Employing a finite element model in COMSOL Multiphysics, we track time-dependant micro
crack formation and plastic shear on connected fractures using parameters primarily derived from physical properties of the
test specimen. We account for the release of thermal, seismic, and fracture surface energy in order to ensure the density of
fractures contributing to material damage is consistent with energy converted from mechanical loading, and thermodynamic
properties.
By developing a model around readily measurable physical properties, we expect to demonstrate an efficient, scalable
method of assessing time-dependant creep at scales well beyond that of isolated laboratory specimens. Likely applications
include the assessment of distributed strains around caverns, boreholes, and natural rock slopes under both static, and
variable environmental conditions.
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Initial insights into progressive failure during relaxation of Herrnholz
granite subjected to three-point bending
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The propagation of fractures through intact rock under constant or reducing load conditions is known as static fatigue. This
phenomena controls the progression of failure events in both natural rock environments (i.e. alpine rock slopes), and
engineered settings (e.g. dam abutments, tunnels, and underground nuclear waste storage facilities). The physics of such
progressive crack growth is, however, not captured in traditional rock mechanical analyses, making the prediction of longterm behaviour of bedrock in such settings complicated. Here, we presents results from single edge notch bending (SENB)
tests undertaken on 400 × 90 × 90 mm prisms of Herrnholz granite subjected to alternating phases of loading at constant
displacement rate, followed by load relaxation under constant displacement. These tests were undertaken in the new Rock
Physics and Mechanics Lab at ETH Zurich, and provide new insight into the time-dependant behaviour of a fine-grained
granite subjected to constant or reducing load conditions.
Four samples were tested in the SENB configuration, for which the first two were loaded to failure under load-point
displacement (piston) control at a rate of 1 μm/s. This provided an indication of the peak strength and fracture toughness of
the Herrnholz granite. The next two samples were subjected to staged loading increases (ranging from 50% to 98% of the
average peak load) with load-point displacement maintained for up to 30 minutes between each load stage. Results
demonstrate an exceptionally consistent failure load of 14.54 kN, ± 0.18 kN, suggesting a (theoretical) average fracture
toughness of 1.82 MPa m1/2.
Progressive failure characteristics during the load relaxation phase of the two staged tests were observed through an
attached crack mouth opening displacement sensor, and digital image correlation. When loaded to between 50% and 90%
of the peak load, crack mouth opening rates reduced to around 1% of the rate at the initiation of the hold period (10-4 mm/s)
within 10 to 20 minutes. However, when the displacement was held at 98% of the peak, the creep rate demonstrated an
acceleration toward failure as the load dropped by 5% over a four-minute interval.
Ongoing tests planned for more than 100 similar specimens are expected to provide data to constrain the physical
properties controlling sub-critical cracking in Herrnholz granite, and the response of critically stressed cracks to changes in
imposed environmental conditions. This unique dataset will provide much-needed insight into the long-term behaviour of
natural and engineered rock sites.
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1.7
Complex shortening tectonic style of the Western Swiss Alpine foreland
and implications for subsurface geo-fluid circulation.
Andrea Moscariello1, Nicolas Clerc2, Ovie Emmanuel Eruteya1, Silvia Omodeo-Salé1, Luca Guglielmetti1
Department of Earth Sciences, University of Geneva Rues des Maraîchers, 13; 1205 Geneva, Switzerland
(andrea.moscariello@unige.ch).
2
Service de géologie, sols et déchets (GESDEC), Etat de Genève, Geneva, Switzerland
1

The Swiss Alpine foreland located between the Alpine front and the folded Jura chain is described as generally undisturbed
plateau where the shortening related to the Alpine compression is accommodated mostly by deeply rooted sliding of the
thick Mesozoic series over the Triassic evaporites (Sommaruga, 1999). In addition to the basal sliding, proving the thin-skin
tectonic character of the regional deformation, a series of several-km long N-S and NW-SE regional strike slip faults formed
resulting in the lateral compartmentalization of the undeformed thick succession of Mesozoic and Cainozoic sediments. The
role of high-angle faults deeply rooted in the underlying Hercynian basement in the deformation of the swiss Plateau is still
under debate. However, evidence of a relationship between the occurrence of buttress of Hercynian basement and the
development of anticlinal structures in the overlying Mesozoic, targeted in the past by hydrocarbon exploration, seems to
indicate the importance of these Palaeozoic structures in explaining the present day deformation style of the Swiss Plateau
subsurface.

Fig. 1. Geological section crossing the Geneva Basin from NW (A) to SE (A’) summarizing the key stratigraphic and structural elements
present in the basin. This synthetic section has been drawn from the assemblage of several 2D seismic lines and borehole data.

In this area, the detailed examination of vintage reprocessed and newly acquired 2D reflection seismic lines highlights the
discontinuity of the regional NW-SE strike-slip lineaments originally thought to cross the Geneva Basin. Instead, the
occurrence of a higher degree of deformation at smaller scale distributed within several stratigraphic intervals within the
Mesozoic succession has been highlighted.
These deformation consist of low-angle inverse faults/thrusts which root generally in shale and marly intervals. Thrust
anticlines formed in the low-angle hanging wall have also been observed. These compressional features have an axis
generally oriented parallel to the main deformation of the Jura domain, which display a progressive rotation from NE-SW to
NW-SE direction.
These observations indicate a higher structurally complexity than previously thought. It reflects a complex history of
deformation indicating that shortening is accommodated by small low-angle inverse faults and thrusts displaying tens to few
hundreds of meters of lateral displacement with little vertical offset.
Deformation is controlled by contrasting lithologies occurring within the Jurassic and lower Cretaceous (carbonates vs marls
and shales). Different phases of deformation include compression, rotation and development of both transpressive and
transtensional strike slips.
In places fault and dense fracture network associated with these deformations are connected crossing throughout the entire
thickness of the Mesozoic sequence above the Triassic anhydrites showing a listric character rooted in the Lower Jurassic
shale intervals (e.g. Toarcian; Fig. 1).
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In the framework of the ongoing study of the Geneva Basin subsurface aiming at developing a strategy for Geothermal
energy exploration (Moscariello 2016), the understanding of geometry, direction and continuity at depth of these structural
features is therefore crucial as they can play a key role in controlling the subsurface circulations of both hydrocarbons and
geothermal fluids.
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1.8
Structural evolution of the triangle zone in the eastern fold-and-thrust
Swiss Alpine belt (St. Gallen): Implications for geo-energy
Omodeo-Salé, S.1, Cassola, T.2 and Moscariello, A.1
1
2

Department of Earth Science, University of Geneva (Switzerland)
Schlumberger GmbH, Aachen (Germany)

The term triangle zone is used to describe frontal structures in fold and thrust belts, triangular and bounded by thrusts of
opposite vergence (Von Hagke and Malz, 2018). These structures have been intensively studied as they provide relevant
keys to understand the process forming an orogenic belt. Furthermore, in these areas, hydrocarbon traps can form (McKay
et al., 1996; Zamora-Valcarce and Zapata, 2015).
There are several uncertainties on the mechanic and kinematic mechanisms forming a triangle zone in a fold-thrust belt. It
can be the result of the play of single and/or multiple detatchement surfaces, their frictional and geometrical characteristics,
the fluids overpressure and of the differential strength of the stratigraphic cover(McKay et al., 1996; Von Hagke and Malz,
2018). A useful tool to elucidate these mechanisms is by balancing and restoring a 2D geological cross-section (e.g., Bally
et al., 1966). By this method, a kinematic model, consistent with the present-day geometry and structures, can be defined.
Furthermore, the original thickness and geometry of the stratigraphic units can be reconstructed.
The structuration of triangle zones in the fold-thrust belts forelands can have an effect on the occurrence of hydrocarbons,
in terms of maturation, expulsion and migration processes. Tectonic stacking can provoke an acceleration in the source
rock maturation and hydrocarbons expulsion. Furthermore, the stacking of soft sediment can create overpressure zone that
can strongly control fluids circulation. Finally, traps can be formed in opposite verging thrusts (McKay et al., 1996).
In this work, by combining structural restoration with basin modelling, the structural evolution of the triangle zone formed in
the eastern sector of the Swiss Alpine fold-and-thrust belt (St. Gallen area), is reconstructed. The sequence of restored
sections obtained were used to model the thermal evolution of the area, thus the hydrocarbons generation, migration and
accumulation processes (Figure 1). The results provided by this work permit to individuate the areas, in the frontal part of a
fold-and-thrust belt, with the highest probabilities to find hydrocarbons occurrence, thus that could represent a relevant risk
for the geothermal drilling exploration activity.

Figure 1. Potential hydrocarbons occurrence in a triangle zone (St. Gallen area, eastern Switzerland) (From Omodeo-Salé et al., 2019).
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Miocene deformation in the Tauern Window (Eastern Alps, Austria)
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Hydrothermal monazite-(Ce), a LREE phosphate concentrating Th and little U, is found in Alpine fissures and clefts that
formed under peak to retrograde metamorphic conditions. In the eastern part of the Tauern Window (TW) fissure monazite
was estimated to crystallise at temperatures of ~200-300°C (Gnos et al., 2015), thus postdating early fissure formation.
Fissures are generally oriented roughly perpendicular to the foliation and lineation of their host rocks and may experience
prolonged phases of deformation. In the TW two generations of parallel fissures are oriented sub-vertically. Early fissures
formed during E-W extension in association with N-S compression and folding and are oriented perpendicular to the main
fold axis (and lineation; e.g. Gnos et al., 2015; Rosenberg et al., 2018). Younger fissures are oriented pependicular to
sinistral strike-slip (e.g. Rosenberg et al., 2018) or sinistral oblique-slip faulting. These faults develop parallel to the axial
plane of upright folds and are restricted to the central and western TW. Interaction of fluid-filled fissures with the
surrounding rock leads to dissolution of minerals in the rock wall and mineral precipitation in the fissure.
As long as deformation continues fluid-filled clefts will react to deformation via dissolution-precipitation cycles due to
disequilibrium between fluid, rock wall and mineral assemblage within the cleft. This chemical disequilibrium can lead to
crystallization or reprecipitation of fissure monazite and to resetting of its isotopic system (e.g. Seydoux-Guillaume et al.,
2002, 2012; Grand’Homme et al., 2016). Therefore, hydrothermal monazite is able to record several deformation events
through multiple growth and dissolution episodes (e.g. Berger et al., 2013; Bergemann et al., 2017; Ricchi et al., 2019).
Thorium-Pb crystallization ages of hydrothermal monazites from the western, central and eastern TW provide new insights
into Miocene tectonic evolution of the Tauern metamorphic dome. Growth domain crystallization ages range from 21.69 ±
0.30 Ma to 7.69 ± 0.88 Ma. Three major periods of monazite growth are recorded between ~22 – 17, 17 – 15 and 13 – 8
Ma, respectively interpreted to be related to E-W extension, contemporaneous N-S shortening, beginning strike-slip
movements, and reactivation of strike-slip/normal faulting. Fissure monazite crystallization ages largely overlap with zircon
and apatite fission tracks cooling data. Monazite dates reflect crystallization due to tectonic movements that took place
during the formation of the dome. Thus, monazite growth appears to be episodic and related to tectonic movements along
the shear zones in the TW. Geochronological and structural data from the Pfitschtal area in the western Tauern Window,
show the existence of two cleft generations separated in time by 4Ma and related to strike-slip to oblique-slip faulting.
Extreme Th/U ratios observed in fissure monazites reflect monazite growth under higly oxidizing conditions in association
with hematite, in line with previous observations.
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In accretionary wedge systems, fluid overpressure plays a dominant role when it comes to the localization of major
décollement horizons. Furthermore, it effects the overall internal strength of the shortened and imbricated sedimentary
sequence. Numerical experiments on evolving accretionary wedges usually implement predefined weak basal decollements
and constant strength parameters for overlying compressed sequences, although fluid pressure ratio, and therefore brittle
strength, can vary strongly in sedimentary basins. A two-dimensional finite difference model with a visco-elasto-plastic
rheology is used to investigate the influence of different simplified fluid pressure ratio distributions on the structural evolution
of accretionary wedge systems. Results show that a linear increase in fluid pressure ratio towards the base leads to
toeward-verging thrust imbrication and underplating of strata, while simulations with a predefined décollement form
conjugate shear zones supporting box-fold-type frontal accretion. Surface tapers are in agreement with the critical wedge
theory, which here is modified for cases of varying fluid pressure ratio. Numerical experiments with high fluid pressure result
in both thrust imbrication and local normal faulting during large-scale shortening due to converging minimal and maximal
critical taper angles. Similar findings have observed in the Makran accretionary wedge, SE Iran, where large listric normal
faults occur along the coast line dipping towards the wedge toe.
Furthermore, landwards from the coast, the onshore Iranian Makran accretionary wedge exhibits closed minibasins
developed onto a regional-scale olistostrome with a shaly matrix. Minibasins are sagging synformal depocenters
surrounded by upsurging ductile material reproducing typical salt tectonic halokinetic patterns. It is expected, that the fluidsaturated and non-lithified olistostrome deposits rheologically behave in a ductile manner, often also referred to as “mobile
shale“. Two-dimensional numerical experiments were carried out to investigate whether the growth of such minibasins
above a shale-dominated unit is feasible and how the presence of a regional, shale-dominated olistostrome may affect the
structural evolution of active accretionary wedges. Model results indicate that rapid mass-flow emplacement triggers
thickening of the rear of the wedge while minibasins grow in a more frontal, tectonically quiet region. Further wedge growth
leads to a jump forward of frontal accretion. Compared to the case history, this jump would explain the structural
characteristics of the Coastal Makran in Iran.
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Deformation in crust and mantle as observed in 4D analogue
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In stable continental lithosphere at least two strength peaks occur (Fig. 1). One peak is located below the Moho, defined by
the presence of a high strength mantle, and a second one in the upper crust. Hence, old continental lithosphere is at first
order considered to be composed of four layers: An upper brittle crust, a lower ductile crust and lithospheric mantle
consisting of a brittle upper and a ductile lower part. Ductile layer strength is governed by extension velocity (i.e. strain
rate); an increase in strain rate increases ductile crust strength, thus enhancing the coupling between crust and mantle
lithosphere.
Our study aims at investigating how extension velocity (and thus strain rate and eventually the ductile layer strength)
influences deformation in the mantle and crustal lithosphere by means of extensional analogue models. The experimental
machine consists of two rigid sidewalls with a base of alternating plexiglass and foam bars in between (Fig. 1). By moving
the sidewalls apart, the foam expands evenly allowing a homogeneous extension at the base of the model. Simultaneously,
one of the base plates can move laterally to simulate oblique extension. Quartz sand and viscous mixtures of PDMS/
corundum sand with known rheological properties are used to simulate brittle deformation in the upper crust and uppermost
mantle, as well as ductile behaviour in the lower crust and lower mantle lithosphere, respectively. A rod of ductile material
(“seed”), placed on top of the lower viscous layer acts as a structural weakness at the base of the lower brittle layer, and
ensures that deformation initializes in the mantle lithosphere (Fig.1).

Figure 1. Four-layer model set up with a rod of ductile material placed at the base of the lower brittle layer (left). Extension directions,
applied by the side walls and one basal plate, are indicated by red arrows. Associated strength profile with strength peaks in the modelled
brittle crust and mantle lithosphere (right).

Next to standard top view time lapse photography and 3D photogrammetry, we plan to monitor our experiments with 4D
X-ray computed tomography (CT) methods, allowing additional 3D digital volume correlation (DVC) analysis and
quantification of internal deformation. In combination with 3D digital image correlation (DIC) techniques applied to monitor
model surface evolution we produce fully quantified analogue models that help understanding the relations between internal
model deformation and surface evolution.
Preliminary results of orthogonal extension experiments for a relatively low mean strain rate (values of ca. 9 10-16 s-1 in
nature) are shown in figure 2; single mantle necking occurs in the centre of the model (above the weak seed) and
deformation is transfered to the brittle crust via the viscous lower crust that takes up deformation in a diffuse fashion. The
first deformation visible at the surface is expressed by two parallel narrow rifts in the brittle crust, confining a horst structure
above the weak seed. With continued stretching, additional parallel rifts develop further away from the central horst in the
upper crust while the brittle mantle is thinned out allowing the ductile mantle to come into contact with the ductile crust. The
lack of isostatic rebound, due to the absence of a low viscosity layer beneath the model leads to collapse of the central
horst in the upper crust. For a higher strain rate, we expect multiple necking, i.e. boudinage of the brittle mantle. Future
models in this series will address the coupling of deformation in oblique extensional systems in continental settings.
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Figure 2. Top view of superposed layer surfaces of the final model stage (top left) and 3D view (top right). Digital elevation models are
made with Agisoft Photoscan photogrammetry software. Red dashed line indicates the position of the cross section A-A’ (bottom).
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As part of a joint mapping project under direction of the Swiss Geological Survey at swisstopo, several researchers work on
the revision of geological maps in the Grison area. Here we refer directly to the Bündnerschiefer- and flysch deposits in the
Prättigau district. They consist throughout of sandy-shaley turbiditic deposit of confusingly low lithological variability with the
exception of the topping Palaeocene Oberälpli and Lower Eocene Ruchberg fms. (Nänny 1948). In a larger frame, these
series are attributed to the Grava Nappe, which is overthrusted by the Tomül Nappe of more southern origin. Both contain
in their lower stratigraphic section similar lithologies, in particular the Aptian–Albian Nolla Tonschiefer and Valzeina Fm.,
respectively (Steinmann 1994).
After a long time of research important points remained enigmatic with regard to what do the sediments tell us about the
triggering tectonic processes und how do they fit with current basin models and inversions. There is common consensus
that during the Alpine orogeny the inversion of basins initiates the formation of flysch and mélange deposits, i.e. by the
transition from extension to subduction. It is also obvious that inversion of basins migrated in time from south (Cretaceous)
to north (Eocene–Oligocene).
At Nänny’s (1948) time the dominant geosynclinal model demanded the Tethys-wide simultaneity of the tectonosedimentary processes. Consequently, on various geological maps of the Prättigau half-window the transition from
Prättigauschiefer to flysch is still drawn at the base of the Turonian Pfävigrat Fm.
The mapping results on the map sheets Schiers, Serneus, Sulzfluh and Schesaplana we summarize as follows: The
Cretaceous sedimentary sequence (i.e. Klus, Valzeina, Sassauna, Pfävigrat, Fadura, Gyrenspitz and Eggberg fms.) were
formed during basin extension and mantle exhumation in southern parts of the basin as inferred by Steinmann (1994).
These turbiditic formations show a simple composition by varying contents in quartz and carbonate matrix as typical for
passive margin deposits. From grain-size trends, Nänny (1948) inferred detrital sources to the north which we can confirm.
The dark shales and minor sandstones of the Palaeocene Oberälpli Fm. show only local and thin occurrences. The
depostits of the Lower Eocene Ruchberg Fm. prograded from south to north over the entire basin area culminating in up to
metric coarse-grained arkosic sandstones and conglomerates. Both Cenozoic fms. we mapped mainly on top of the
Eggberg but also on the Gyrenspitz and Sassauna/Pfävigrat fms. The observed switch of detrital supply of the basin from
south is also evident from detrital zircon U-Pb age spectra. Few analysed Cretaceous extension related sandstone beds
show a limited detrital zircon age variation whereas those of the Oberälpli and Ruchberg fms. imply a more heterogeneous
sourcing typical for Central Alpine flysch deposits (Bütler et al. 2011, Beltrán-Triviño et al. 2013). Distinctly, there are also
Triassic zircons identified pointing to a supply from early Alpine nappe stacks including Eastern/South Alpine Triassic units
(Beltrán-Triviño et al. 2016). Considering the Oberälpli Fm. as remnant from local basins forming during the inversion to a
subduction basin we see ambiguities with the structural analysis of Weh and Froitzheim (2001) suggesting a multiple-phase
deformation post-dating the deposition of the Ruchberg Fm. and ending in the Early Oligocene. Although the Ruchberg
sandstones prove to be much more competent in deformation, in fine facies we observe only simple folding.
In conclusion, our mapping of sedimentary and compositional trends revealed the inversion from extension to southward
subduction in the North Penninic basin should have occurred somtimes around the Cretaceous/ Cenozoic transition.
Hence, it preceded the HP/LT metamorphic peak event measured in the Valais domain at 42–40 Ma (Wiederkehr et al.
2009) for about 20 mys.
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Fig. 1: Interpreted geological section across the larger Vilan area after Nänny (1948) and own observations.
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Time-dependent fracture propagation at sub-critical crack tip stress intensities known as subcritical crack growth (SCG), is
gaining increasing attention, as it is seen to be the next step required to understand of the precursory phase and triggered
failure of catastrophic geohazards. In particular, tensile fractures, in which rupture propagates along a plane perpendicular
to the applied tensile stress can be observed in various engineering projects (e.g. hydraulic fracturing and underground
excavations), and natural disasters (e.g. landslides). One of the major challenges is to figure out what controls the SCG
mechanism.
Acoustic emissions (AE) are elastic waves that are emitted from brittle rock caused by microcracks and can provide
valuable physical insights behind SCG. However, a number of researches indicate that no or very low AE activity is
detected during SCG as cracks propagate with low energy release rate. To have a deeper understanding of AE activity
during SCG, we studied AE signals of Herrnholz granite under single edge notch bending (SENB) tests using a combined
AE setup under room environment conditions. Two sets of AE sensors from Physical Acoustic Corporation (PAC), and
KRNBB-PC sensors with different sensitivities (PAC: ~1 V/nm, KRNBB-PC: ~0.015 V/nm), contact area (PAC: face contact,
KRNBB-PC: point contact) and frequency ranges (PAC: resonant, KRNBB-PC: flat, wideband) were attached to a 400 × 90
× 90 mm SENB specimen.
For the 1st and 2nd stages, the rock specimen was loaded under constant load-point displacement rate of 1 μm/s until 50%
and 60% of the estimated peak load (from preliminary testing results) and then went through stress relaxation under
constant displacement for 10 minutes, respectively. Then the specimen was loaded again until 91% of the peak load and 20
minutes under stress relaxation (3rd stage). The staged loading under constant displacement rate and then stress relaxation
cycles was repeated progressively up to the 98% of the peak load where the specimen failed within 4 minutes.
PAC sensors, with higher sensitivity, could detect more signals (620 events occurred within 222 s) and show that crack
numbers increase logarithmically after the 4th staged loading (98% of the estimated peak load), while most signals from
KRNBB-PC sensor are recorded in the last 10 seconds or completely after the failure. Though they detect fewer AEs, KRNBBPC sensors are still useful as they have a wideband frequency range and therefore can provide information on energy
partitioning. The 3D AE locations from KRNBB-PC sensors show that most microcracks distributed within an apparent zone of
nearly 4 cm width during the last relaxation stage, which are centered around the notch but relatively scattered probably caused
by anisotropic velocity model, signal to noise ratio, sensor locations, etc. However, they have similar trends with the results of
other techniques such as digital image correlation (DIC). In the next step, improvements will be made in the source locations
and other pieces of information related to source mechanisms, crack direction, etc. will be studied.
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Figure 1. AE results from a SENB test. Left: loading data and cumulative AE events from 2 different AE sensors. Right: 2D AE locations
from KRNBB-PC sensors during the last relaxation stage.

The initial results of this study demonstrated that resonant sensors can detect much more crack events than their
broadband counterparts during progressive failure of rocks, and therefore observe earlier precursors before the catastrophic
failure. This study will continue by conducting creep tests on more than 100 similar specimens under different mechanical
and environmental conditions (temperature, humidity, surface water, etc.) to better understand the long-term behavior of
natural and engineering settings.
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The Afar Rift in Ethiopia forms the northernmost segment of the East African Rift System (EARS) and represents one of the
rare locations where active continental break-up and the formation of a young passive margin can be examined. A key
element in the system is the poorly studied Western Afar Margin (WAM) along the western edge of the Afar, which marks a
sharp decrease in topography from the Ethiopian Plateau into Afar (Fig. 1a). In this multidisciplinary study we aim to create
the first integral structural interpretation of the margin and its tectonic history.
We apply various methods to chart the structures in the study area. First, using satellite imagery and digital elevation
models we draft a detailed fault map of the whole WAM, showing how the N-S striking margin is dominated by NNW-SSE
oriented faults and remarkable right-stepping marginal grabens (Fig. 1a). Additionally, earthquake data show that the
margin is tectonically active and T-axis analysis of focal mechanisms provides associated extension directions. These are
ca. E-W along the WAM, but rotate to ca. SW-NE in the Afar rift floor. Extension directions from fault measurements taken
along the margin are in line with the extension orientation obtained by T-axis analysis. Combined with current GPS data of
the Danakil Block, these findings nicely fit the rotational opening of Afar due to the counterclockwise pivoting Danakil Block
(Fig. 1a).
We also examine the structural history of the Afar margin in light of the current tectonics and known geological record.
Previous work suggests that the current rotational motion of the Danakil block was only established some 11 Ma. However
rifting in Afar started ca. 25 Ma as a result of the clockwise rotation of the Arabian plate about a rotational pole in Egypt
(Fig. 1b). Simple geometrical relations and the large-scale en-echelon fault patterns are best explained by a ca. SW-NE
extension direction along the WAM during 25-11 Ma (Fig. 1b), which is quite different from the current situation (Fig. 1a).
We therefore propose a multiphase evolution with an initial phase of SW-NE extension due to the rotation of Arabia,
creating the large-scale structures of the WAM, followed by E-W extension and fault reactivation associated with the more
local rotation of the Danakil Block (Fig. 1c-f).
Next to these large-scale interpretations, we also created the first-ever well-calibrated structural sections of the WAM, which
in combination with detailed earthquake analysis suggest that deformation along the WAM is accommodated by the
antithetic faulting. Also these results are of great interest for a better understanding of the WAM and its implications for
passive margin formation.
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Figure 1. (a) Combined overview of current tectonic setting in Afar as derived from (1) T-axes analysis, (2) field measurements and (3)
GPS data. White: Western Afar Margin (WAM), Red: Afar, Yellow: MER (Main Ethiopian Rift), Blue: Danakil Block. (b) Theoretical oblique
extension directions (described by angle α between the normal to the rift trend and the general extension direction) in the Red Sea, Afar
and the Gulf of Aden a result of the rotation of the Arabian plate around a pole at 31.7˚N, 24.6˚E. The orientation of the WAM should result
in a ca. NE-SW extension direction (50˚-57˚N). (c-f) Multiphase evolution of Afar within the regional tectonic development.
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Since 2011, the Swiss Seismological Service (SED) significantly densified the seismic monitoring network across northeastern Switzerland. On behalf of the National Cooperative for the Disposal of Radioactive Waste (Nagra), the existing
network was extended by 18 permanent and semi-permanent weak-motion stations, including three borehole sensors at
depths between 120 and 150 m. The collaborative project aims to lower detection thresholds and location uncertainties of
seismicity, in order to image and characterize seismically active structures in northern Switzerland at high resolution.
Combined with information from focal-mechanisms, tomographic models and reflection seismic surveys, the imaged
seismicity contributes to an improved understanding of seismotectonic processes in the low-strain environment of the
northern Alpine Foreland.
The magnitude of completeness (Mc) within the densified network reaches 1.0 and hypocentre location uncertainties were
significantly reduced. In addition, high-resolution velocity models derived by a recent three-dimensional Pg and Sg
tomography improved the accuracy of hypocentres. In this study, we will present a consistently relocated earthquake
catalogue of the region, including high-resolution relative relocations. The interpretation of the catalogue is focused on
seismicity in the upper crust and is complemented with updated compilations of focal-mechanisms, structural information
from exploration seismic surveys as well as geological data.
Recent earthquake sequences near Schlattingen (TG), Hilzingen (D), and northwest of Konstanz (D) suggest ongoing NESW directed extension along the NW-SE striking Hegau-Bodensee Graben system. Further to the west, a series of
earthquakes defines another similar striking regional basement structure stretching approximately from Pratteln to
Läufelfingen undergoing active NE-SW extension. In addition to these findings, we present an analysis of very shallow
seismicity in the region of Eglisau and provide a summary map of tectonic and seismogenic structures of the region, which
will be the base of an improved seismotectonic model explaining deformation patterns in the northern Alpine foreland.
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James Gilgannon1, Marius Waldvogel1, Thomas Poulet2, Florian Fusseis3,Alfons Berger1, Auke Barnhoorn4, Marco
Herwegh1
Institute of Geological Sciences, University of Bern, Baltzerstrasse 1+3, CH-3012 Bern, CH
(james.gilgannon@geo.unibe.ch)
2
CSIRO Mineral Resources, 26 Dick Perry Avenue, Kensington, WA 6151, AUS
3
School of Geosciences, The University of Edinburgh, Grant Institute, EH9 3JW, UK
4
Faculty of Civil Engineering and Geosciences, TU Delft, Stevinweg 1, Delft, NL
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Dynamic recrystallisation is a major grain size reduction mechanism in shear zones and it is observed or interpreted for
almost all of Earth’s major constitutive minerals (e.g. calcite: Bestmann and Prior (2003); quartz: Stipp et al. (2002);
feldspar: Kruse et al. (2001); olivine: Michibayashi et al. (2006)). We revisit the torsion experiments of Barnhoorn et al.
(2004) on Carrara Marble and show that grain size reduction by dynamic recrystallisation produces domains of synkinematic pores, called creep cavities. Furthermore, these domains show evidence for mass transfer which was likely
mediated by fluids. Continuous wavelet analysis finds sheets of porosity that have distinct orientations and spacing. Our
results demonstrate that dynamic recrystallisation occurs in a highly ordered fashion and that once recrystallisation is
complete an anisotropic porosity is sustained. For the first time, this shows experimentally that the ductile deformation of a
natural starting material necessarily produces a dynamic permeable porosity and that this porosity is highly anisotropic. Our
findings have ramifications for a multitude of solid Earth settings where ductile deformation is observed, like ice sheets,
major thrust contacts, strike slip and low-angle normal faults in the earth’s crust as well as mantle shear zones.
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Tectonic Map of Switzerland 1:500000: A new concept
Yves Gouffon, Oliver Kempf, Andreas Möri, Michael Wiederkehr
Bundesamt für Landestopografie swisstopo, Wabern

The nomenclature of tectonic units in Switzerland today is strongly influenced by different schools and concepts. Authors of
scientific publications or of geological maps frequently use different terms for similar units or use the same terms in different
ways. This is particularly a problem if regional data sets have to be compiled or if a nationwide data set is to be established.
Moreover, geographic information systems (GIS) require data models with consistent and unambiguous attributes.
To establish a widely accepted concept, a tectonic working group was convened at swisstopo including experts from Swiss
universities and geology-related companies, as well as from the Swiss Geological Commission, with the aim of developing
a tectonic concept as a basis for the Tectonic Data Model of the Swiss Geological Survey. The aim of the working group
was to achieve a consistent terminology, while maintaining, as far as possible, compatibility of the new concept with existing
literature. This new concept will finally be integrated into a new Tectonic Map of Switzerland 1:500 000 for future teaching
and as base for scientific as well as applied projects.
The new tectonic concept for Switzerland classifies the tectonic units according to a 4-level (orders) hierarchy. The 1st order
includes tectonic domains, i.e. Autochthonous North Alpine Foreland, Sheared North Alpine Foreland, Helvetic, Penninic,
Salassic*, Austroalpine, South Alpine and Cenozoic magmatic provinces, often subdivided into 2nd order subdomains. The
3rd order includes the classical nappes, but also nappe complexes, slice complexes, etc. If applicable, their subdivisions are
listed in the 4th order.
The coming new Tectonic Map of Switzerland 1:500 000 follows this concept and shows units up to the 3rd order. A first draft
is proposed here in order to animate the discussion and to collect remarks and proposals of everyone.
* Salassic is a new tectonic domain (1st order) that groups the Dent-Blanche and Mont Mary nappes and the Sesia Zone in
western Switzerland/Italy, and the Margna and Sella nappes in eastern Switzerland/Italy. These tectonic units have an
Adriatic palaeogeographic affinity but their tectono-metamorphic history is quite different from that of the other Adriaticderived units (Austroalpine and South Alpine domains). The Simmen nappe of the Préalpes, which is considered to be the
sedimentary cover of the Dent-Blanche nappe, is also assigned to the Salassic domain. These particular continentallyderived mainly basement units are interpreted to have been rifted-off the most distal part of the Adriatic margin during the
Middle Jurassic opening of the Piemont-Ligurian Ocean, forming extensional allochthons referred to as the Margna-Sesia
fragment (Schmid et al. 2004) or Cervinia (Pleuger et al. 2007, Froitzheim et al. 2008). The term «Salassic» stems from a
Celtic tribe, the Salasses, which occupied the Aosta valley and Sesia region.
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Structural architecture of active back-thrust zone of the eastern AcharaTrialeti fold-and-thrust belt (Kumisi-Teletei area), Georgia
Alexander Gventsadze, Victor Alania, Onise Enukidze, Nino Kvavadze
Iv. Javakhishvili Tbilisi State University, Institute of Geophysics, Tbilisi, Georgia (aleko.gventsadze@tsu.ge)

The Achara-Trialeti fold-and-thrust (ATFTB) belt is located within the northernmost part of the Lesser Caucasus orogen and
is associated with Arabia-Eurasia convergency. The collision between the Arabian and Eurasian plates caused inversion of
the relief and at the place of intra-arc and back-arc basins were formed two fold-and-thrust belts of the Achara-Trialeti and
Greater Caucasus with the intermontane basin in between (e.g. Adamia et al., 2010; Banks et al., 1997; Mosar et al., 2010;
Sosson et al., 2016). Present day’s geometry of the Achara-Trialeti fold and thrust belt is related to the northward thrusting
of the basement wedge and had been developed during late Alpine times. Within eastern ATFTB several principal structural
units have been found from south to north: south-vergent backthrust zone, north-vergent forethrust zone and triangle
zone (Alania et al., 2017). The study object is Teleti-Kumisi area including back-thrust zone of the eastern ATFTB. The
surface area of the study territory is mainly built of Cretaceous, Paleogene, Neogene and Quaternary volcanic rocks. Our
interpretation has integrated 2-D seismic reflection profiles, several oil-wells, and the surface geology data to reveal
structural characteristics of the study area. Seismic reflection data reveal the presence of structural wedge and southvergent back-thrust. The main style of deformation within the back-thrust belt is a series of fault-propagation folds whose
front limb is broken by thrust faults. Interpreted 2-D seismic refection profiles, structural cross-sections, and earthquakes
reveal the presence of an active blind wedge under back-thrust zone. The kinematic evolution of south-vergent back-thrust
zone is related to northward propagating structural wedge. 2-3D structural models show that Kumisi and Teleti earthquakes
related to a north-vergent blind wedge thrust system.
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New insight into the Geneva Basin structural framework based on
recently acquired 2D seismic data.
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In the North Alpine Foreland, fault zones in the Mesozoic cover represent the main targets for drilling campaigns, as part of
the 2020 Geothermal project of the Canton Geneva. Hence, a structural mapping and modelling of this Canton subsurface
appears, to be a crucial step of the project. In this context, a 2D seismic reflection campaign was run during winter 2018
leading to acquisition of 86km of high resolution 2D seismic lines, complementing the >750km of pre-existing 2D seismic
lines (Geneva Canton and neighbouring France).
The Molasse Basin in the Geneva area is located between the Jura fold-and-thrust belt and the Subalpine Molasse. This
whole domain is part of the detached foreland and is characterized by compressive and transpressive multiphase tectonic
structures. The aim of this research project is to present the geometry and the kinematic concept of these structures by
computing a 3D geological model and balanced NW-SE cross-sections across the whole basin.
After a proper seismic to well calibration using the reference drilling from the area (e.g.Humilly-2), the interpretation of the
seismic lines reveals new tectonic features, and reduces uncertainties of previously interpreted structures. Surface data and
well data are also integrated as key information to support the interpretation. This poster will present the settings of the
project and examples of our in progress interpretation.
Several scientific hypotheses concerning the geodynamics of this ongoing project are investigated. We propose that several
detachment levels in the Mesozoic cover series have played a role during the different phases of deformation. In addition to
the main Triassic (Keuper Group) decollement level of the Western Swiss Molasse Basin, marls in the lower part of the
Malm and/ in the Cretaceous interval are linked to the development of “shallow” SW-NE thrusting structures.
Moreover, the major NW-SE strike-slip faults in the Mesozoic cover linking the Jura Mountains and the frontal Penninic
thrust are going to be explored in more details, particularly considering their complexity along strike geometries.
The kinematics of the basin and differential subsidence potentially linked with faults will also be investigated; mainly using
thickness maps of Mesozoic sediments (Triassic and Jurassic) in relation to Paleozoic grabens or basements highs.
Balanced cross-sections will subsequently help obtain a better understanding of the tectonic development.
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Active seismic surveys at project DIVE’s three drilling target sites (Ivrea
zone, N-Italy)
Andrew Greenwood1,2, Ludovic Baron1, György Hetényi1, Mattia Pistone1,3,Klaus Holliger1, Luca Ziberna4, Alberto Zanetti5,
Othmar Müntener1 & DIVE Site Survey Field Teams
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3
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Università degli studi di Trieste, Italy
5
IGG-CNR & Università degli studi di Pavia, Italy
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The Drilling the Ivrea-Verbano zonE (DIVE) project aims at sampling rocks of the lower crust and the Moho transition zone
for petrological, geophysical, hydrological, thermal, microbiological and educational goals, among others. To bridge across a
range of spatial scales and to support the drilling proposal, we have carried out active seismic surveys at the three target
drilling locations in 2017 and 2019.
The first campaign in 2017 near Boccioleto and Balmuccia (Val Sesia) crosses the Insubric Line, and aims at determining
its dip at depth so that the drilling strategy can be refined. The seismic source was a 400 kg weight drop. Migrated images
of crystalline rocks along the acquired profiles reach ca. 1 km depth: the pervasive structural fabric suggests that the
continuity of geological units from the surface to this depth is fairly unsurprising, and no major faults offset the near vertical
structures. A deeper-reaching campaign providing images down to 5 km depth has already been planned.
The second campaign near Ornavasso (Val d’Ossola) aims at resolving the geometry of a dipping-axis anticline buried
beneath Quaternary sediments. The third campaign near Megolo (Val d’Ossola) is the simplest structural geometry based
on geological data at hand, without major folds or faults. At both sites, 2D with partial 3D infill acquisition geometries were
deployed, and a vibrator truck source used to reliably image at relatively far offsets. Additionally, at the longitude of
Premosello, we acquired a 2D refraction/reflection line to map the bottom of the valley infill.
Preliminary results, as of the SGM2019 conference, will be presented and we invite geological and geophysical experts to
come discuss and comment on our poster.
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In-situ stress estimation from fault slip triggered during fluid injection
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Standard in situ stress measurement methods using fluid injection in deep boreholes are based on the analyses of
pressure, flowrate and pre- and post-injection fracture mapping. Here we apply a new methodology to improve the
estimation of the in situ stress by adding the record of three-dimensional (3D) displacement in the pressured interval
measured continuously during the injection. We use the displacement-flowrate-pressure data from a fault reactivation
experiments conducted in shale rocks at the Mont Terri rock laboratory, Switzerland. The experiment consisted in fluid
injections into the fault damage zone in order to reactivate the fault planes and to measure the slip during the injection. The
experiment protocol followed the step-rate injection method for fracture in situ properties (SIMFIP) developed by Guglielmi
et al. (2013).
Stress orientations and magnitudes are estimated using the geology of the injected interval, measured slip orientation,
normal and vertical stress on the reactivated fracture. Firstly, we created a grid search over all possible reduced stress
tensor in order to identify the ones compatible with measured slip orientation. Seconldy, we sorted the possible reduced
stress tensor keeping only those with a FIT > 90% , i.e. allowing for a max misfit angle between measured and calculated
slip of 5.7° or less. Thirdly, we calculated absolute principal stress magnitude values by considering the accepted reduced
stress tensor and estimations of the vertical and fracture normal stress. Finally, we reduced the number of possible
solutions by ensuring that only solutions showing high slip tendency on the considered fracture are kept.
The presented methodology allows estimation of the full stress tensor from a single set of fracture activation
measurements. Some uncertainties remains concerning what exact fracture is activated but this does not affect the
robustness of the stress estimation on the analyzed site.
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Seismotectonic analysis of seismicity in the vicinity of the Mont Terri
rock lab
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The analysis of shallow seismicity has fundamental implications for the interpretation of upper-crustal seismotectonic
processes. It is also critical for the assessment of potential induced seismicity for geothermal projects or nuclear waste
underground repositories and consequent hazard mitigation strategies.
In March and April 2000, five earthquakes with magnitude reaching ML 3.2 occurred near St-Ursanne, in the vicinity of the
Mont Terri rock laboratory and close to Haute-Sorne, which is currently being considered as a suitable site for the
development of a new geothermal power project. The sequence is dominated by strong and long-lasting surface waves,
indicating a shallow source and may represent a rare evidence for an active décollement beneath the Jura Mountains. The
focal mechanism available for the biggest event of the sequence suggests a low-angle thrust mechanism; however, the
solution is characterized by high uncertainties. In this study, in order to produce a robust microearthquake catalogue, and
taking advantage of mini-arrays operating since 2014, we perform a template matching analysis of the sequence for the
period 1998-to-date. Preliminary results from a single-station approach identified 46 additional events with a crosscorrelation value > 0.55 with one template being persistent during the entire investigation period. Comparison with other
available earthquake catalogues (SED, University of Stuttgart) will allow for a detailed assessment of the active seismicity
in the area and its link with potentially related faults exposed in the Mont Terri rock lab. Forward modelling of synthetic
waveforms will be also used to further assess the focal depths and fault plane solutions of the new events and discern the
lithology (sediments versus basement) for the 2000 events. This is the first step forward into the seismotectonic
characterization of the Swiss north-western Jura belt.
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Travertine occurrences along major neotectonic normal fault zones in
the Hammam Debar- Roknia Guelma region, North- East Algeria
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The tectonic analysis of Pliocene-Quaternary structures has been documented in Guelma region from Quaternary
travertines and faults relationships. Quaternary travertines deposited from hot springs can reveal much about the
neotectonic attributes and histories of structures. The largely developed travertines in the Roknia- Hammam Debar are
subdivided into several sequences including the most recent Are observed at the level of the Hammam Debar recent
sources. For facies are observed; th hummocky and reed facies in proximal bed, massive and laminated facies in distal
bed. In Roknia- Hammam Debar structural studies, field mapping and tectono-stratigraphical considerations on Pliocene
and Quaternary units indicate two fault populations: N10 ° E are associated with Block detachments, collapses and the
development of several fibrous calcite generations. These observations prompted us to Classify as probably seismic
tectonic structures. N140 ° E structures already mapped as Seismic structures (Maouche et al 2013) are also affected
Roknia travertine .
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Multi-temporal analysis of ground deformation at the Koa’e fault system
(Kīlauea volcano, Hawaii) using structural field observation and high
resolution imagery.
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Kīlauea volcano is one of the most active volcanoes on Earth and is considered as a model for flank instability studies on
large volcanic islands. The Koa’e is an active fault system (11 km long, ~3 km wide) located 5 km south of the Kīlauea
caldera and is structurally connected to the east and southwest rift zones, playing a key role in accommodating part of the
unstable volcano flank. The origin and evolution of the Koa’e fault system are still poorly understood, including its role in
controlling magma pathway in the area. This zone presents several structural features as monoclines, nested grabens and
en-echelon cracks. Our aim is to map and quantify the structural features that characterise this zone using structural field
observations (mid-term, centuries) and air photo correlation (short-term, from the 1950’s). We expect to provide a structural
model that can explain what are the tectonic and magmatic conditions that precede an eruption by studying recurrent
volcano-tectonic events. The Koa’e and Kīlauea’s East Rift Zone have been subject to several volcano-tectonic events with
large earthquakes (e.g. Kalapana 1975 MW7.7) and eruptions in the past decades and are ideal candidates to analyze
recurrent ground deformation related to the volcano flank motion.
We collected ~750 structural measurements in two areas of Koa’e fault system during June 2019. We measured the
fracture direction and the fracture opening orientations by fitting asperities on both sides of the fracture walls. Preliminary
results show obliquity with both right and left lateral opening components, with areas of dominant left lateral opening in
correspondence with other structures, e.g. with a dike intrusion north of the Ohale fault. These data are useful to define the
kinematics and undestanding magma propagation to the surface. We then used a ground photogrammetry setup (i.e. using
a camera on top of a pole) to collect vertical and oblique photos to build up a 3D model of a monocline structure,
reprensatitive of a magma intrusion related structure. We acquired 122 images along an outcrop (10 m long, 8 m wide and
4 m high) and processed the data using Agisoft, producing a DEM and an orthophoto.
We then use an optical imagery correlation technique that allows to quantify the ground deformation covering the period
from the 1950s. We analyzed the 1975 earthquake because it is one of the largest event in the area, producing massive
faulting. We used 12 and 10 photos for the pre-event (October 1974 and July 1975, respectively) and 6 and 7 photos for
the post-event time period (December 1976 and March 1977, respectively). Preliminary results show ground displacements
of several meters on Kīlauea’s south flank (Hilina fault system), in agreement with EDM measurements of 8 meters
horizontal displacement measured at the coastline.
These structural data and air photo correlations will be later integrated with geophysical data to provide a better
quantification on ground deformation and comprehension of the mechanisms that precede an eruption.
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Structural evolution of the western Aar Massif (external Central Alps,
Switzerland): insights from 3D geological modelling
Ferdinando Musso Piantelli1, Marco Herwegh1, Alfons Berger1, Michael Wiederkehr2, Eva Kurmann2, Andreas Möri2 and
Roland Baumberger2
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Institute of Geological Sciences University of Bern, Baltzerstrasse 1+3, 3012 Bern, Switzerland
Federal Office of Topography swisstopo, Seftigenstrasse 264, 3084 Bern, Switzerland

3D modelling of complex and irregular geological bodies is an expanding discipline that combines two-dimensional
cartographic and structural data managed with GIS technology. In this study, geological information has been processed to
build a 3D model of major stratigraphic and tectonic boundaries. The investigated area is located in the western part of the
Aar Massif (external Central Alps, Switzerland) characterized by pronounced topographic (600–<4000 m) and structural
relief. A complex deformation sequence, characterized by multiple deformation stages, shaped the investigated area
throughout the Alpine deformation. Due to the geometric and overprinting relationships of different structural elements, four
different large-scale deformation phases can be discriminated in the model:
(i) Kiental phase (30 – 20 Myr): emplacement and deformation of the Doldenhorn Nappe (Burkhard 1988);
(ii) Handegg phase (20 – 12 Myr, mainly observed in the basement units): steep-reverse faults, which are caused by
buoyancy-driven sub-vertical extrusion of the Aar Massif (Wehrens et al. 2016);
(iii) Pfaffenchopf phase (~12 Myr): NW-vergent thrusting along moderately SE dipping shear planes cutting through
basement-cover contacts (Wehrens et al. 2017);
(iv) Oberaar phase (~12 Myr): steeply oriented dextral strike-slip shear planes cutting through the previous structures
(Wehrens et al. 2016).
The integration of all accessible geological information and background knowledge with the generation of a 3D model offers
the chance to visualize in detail the current structural disposition of the western Aar Massif and the relative geometric and
overprinting relationships of the above-mentioned deformation phases.
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Automated extraction of layer orientation and thickness information
from geological maps to support the characterisation of siliceous
limestone deposits
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The potential of mineral deposits is defined by their geometry (volume and shape) and quality of the raw material of
interest. Robust 3D geological models of a deposit require amongst others data on orientation and thickness of strata,
which are typically collected during exploration campaigns and/or through desktop studies. Traces of stratigraphic units on
geological maps yield important information on the spatial distribution and orientation of deposits. We test and develop
approaches to assess the consistency of mapped traces and to automatically extract orientation and thickness estimates
from the 1:25’000 geological map sheets of Switzerland, e.g. trace information extraction toolbox (Rauch et al., 2019) and
moment of inertia best fit plane algorithm (Fernández, 2005). Preliminary results will be shown for the Helvetic KieselkalkFormation of the Upper Helvetic in Central Switzerland – a stratigraphic unit commonly used as raw material for railway and
road infrastrucuture.
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Volcano-tectonic events result from the interaction of magmatic and tectonic processes and are found in various geological
settings, included extensional environments. In these events, earthquakes and volcanic eruptions release over days or
weeks tectonic strain accumulated over several decades or hundreds of years.
Laying both on an extensional plate boundary and on a mantle plume, Iceland counts several rifting episodes in its volcanic
systems in the last centuries. Such volcano-tectonic events, traditionally called “Fires”, have been reported since the first
settlements around 870 AD. The Icelandic Fires involve transport of magma in the crust, associated to eruption and often
relate to the formation of graben structures, with reactivation of pre-existing structures. Therefore, the volcanically active
and spreading zone of Iceland, crossing the country from North to South, is a natural laboratory to investigate the
interactions of magma and crustal structures during magma propagation.
However, classical models of magma propagation assume Earth’s upper crust as homogeneous and fully elastic and they
do not account for pre-fractured medium. This study aims at analyse the role of pre-existing crustal structure on the
propagation of magma in extensional environments.
We gathered literature information on the Icelandic Fires and their return periods. 18 events have been historically reported
in Iceland, located mostly in the North, East, and West Volcanic Zones. The return period in between two volcano-tectonic
events (i.e. Fires) within the same volcanic system is on average in the order of 200 years, suggesting a cyclic nature of
strain deficit loading and subsequent release. At divergent plate boundaries stress is released not continuously but stepwise
through volcano-tectonic events: magma emplacement (through dike intrusion) is associated with a crustal opening of the
same order of magnitude than the strain deficit accumulated since the previous event in the same area. On this basis, we
identified structurally relevant fieldwork areas. We focused on the North Volcanic Zone, specifically Fjallagjá, a graben ~1520 m deep and ~1 km wide that extends parallel to Sveinagjá graben for ~18 km. Sveinagjá graben subsided 3 to 6 m
during a volcano-tectonic event in 1875, contemporaneous to Askja central volcano eruption and caldera collapse. Both
Fjallagjá and Sveinagjá grabens are part of the Askja volcanic system, whose main volcano is located ~60 km to the South.
Here we mapped a representative portion of the Fjallagjá graben with a fixed-wing UAV with a ground resolution down to 1
cm·px-1 in August 2019. To obtain centimetre accuracy of the georeferencing of the drone images, we installed a GPS base
to allow using PPK correction, avoiding the deployment of aerial targets as GCPs. With this setup we managed to perform
21 flights, covering an area of ~15 km2.
The processing of the drone images resulted in a 3D model and an orthorectified representation of the fieldwork area. We
then performed a detailed morphological and structural analysis, looking at the shape of the overall graben and the effect of
the topography on the faulting processes. We further look at fractures and potential kinematic indicators to reconstruct the
paleostress history of this area of the plate boundary.
Parallel to field observations, we are building up an analog experiment setup to investigate the processes that cause the
observed structures. The experiments will include injection tests to analyse the role of the structure’s presence and
reactivation during magma propagation. The expectation is to show how magma follows pre-existing fractures, even if they
are not ideally oriented with the current stress field, like what happened in the 2014-2015 Bárðarbunga event.
The expected results will shed light on the processes governing magma propagation at divergent plate boundaries, which
exert a fundamental influence on eruptions locations.
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New structural data, geological maps and cross sections (1:10’000) collected and elaborated in the framework of the
Bellinzona, Osogna and Grono sheets of the Geological Atlas of Switzerland 1:25’000 (sheets no. 1313,1293 and 1294) are
used to discuss the still controversial tectono-stratigraphy of the southern margin of the Lepontine Dome that includes the
Simano, Cima-Lunga, Adula and Maggia nappes.
Particular interest is given to the position of the disrupted calcsilicate-paragneiss-amphibolite-peridotite sequence of the
Cima-Lunga. To the north, it is folded and pinched between Simano gneisses, in the central part, it is overthrusted by the
Maggia nappe and in the southeastern part, it lays at the base of the Adula nappe. This geometry and the structural data do
not fit with the classical nappe stack architecture and question the lateral continuation of the Cima-Lunga into the Adula
nappe. Different tectonic scenarios will be discussed: 1) a post-nappe emplacement folding of the Cima-Lunga nappe, 2) an
Alpine intra-Simano channel flow of the Cima Lunga series and 3) a pre-Alpine Cima-Lunga mélange, metamorphosed at
high pressure and reworked during the Eocene.
More to the south, the Oligocene-Miocene migmatites and the synchronous normal and oblique ductile faults obliterated the
cylindrical continuation of the units into the Southern Steep Belt. There, part of the exhumation and disruption of the HP
mafic and ultramafic rocks occurred during doming of the migmatites.
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Earthquakes tend to cluster in space and time forming earthquake sequences. Each sequence shows a different
spatiotemporal occurrence behavior, which often can roughly be classified as mainshock-aftershock, foreshock-mainshockaftershock or swarm-like. While many ruptures are followed by a significant number of aftershocks, foreshocks seem to be
rare, and their underlying mechanisms are still debated. The controversy on foreshock mechanisms is fostered by
inconsistency and incompleteness of many earthquake catalogs and by the lack of a consistent definition and identification
of foreshocks. In the past decades, immediate foreshocks have been studied intensively on the centimeter scale in
laboratory experiments. However, for real earthquakes, only a few high-resolution observations are available today and are
mainly limited to magnitudes above M4. Due to the big observational gap between laboratory and field scale, it is not fully
understood if and how results can be transferred between the two different scales.
We want to overcome these obstacles by studying the seismicity patterns of microearthquake sequences in Switzerland,
which has one of the densest and most sensitive seismic networks in the world. To further assure the highest data quality,
our study concentrates on the operation period of the digital broadband network (2002 to present). We start with a
systematic analysis of the earthquake catalog of the Swiss Seismological Service to consistently identify and classify all
earthquake sequences. In a next step, we enhance the earthquake catalog by a matched filter analysis that ensures a
uniform detection sensitivity and consistent magnitude estimation for each sequence. To better resolve the spatiotemporal
behavior of the seismicity, we perform a high-precision relative relocation and a high-resolution statistical analysis of the
enhanced catalogs for significant sequences. Based on these improved data sets, we plan to systematically investigate the
occurrence and behavior of foreshocks.
In this presentation, we show the results of the systematic analysis of the Swiss catalog and the identification and
classification of the seismic sequences. We will discuss the differences in their occurrence patterns considering geological
and seismotectonic conditions. For selected sequences, we will present the first results of the high-resolution analysis of
the enhanced catalogs.
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The tectonic mode in the Archean, and when and how continents formed, are two key unresolved questions. Here we
investigate these issues using global simulations of Earth evolution from post magma ocean to the present day, including
self-consistently calculated production of basaltic oceanic crust and TTG continental crust. The mantle starts with a uniform
pyrolytic composition and has an initially hot core. Basaltic crust is formed by partial melting of pyrolytic material, while TTG
is formed by partial melting of basalt in certain (P,T) windows in the presence of water. Produced magma is erupted at the
surface and intruded into the crust with a ratio that is specified a priori. After an early overturn of post-magma-ocean-formed
crust, we find that the tectonic mode was likely neither modern-day plate tectonics nor a rigid lid, but rather, one
characterized by abundant mostly intrusive magmatism resulting in a hot, weak, deformable lithosphere – a “Plutonic
Squishy lid” (PSL) [Lourenco, 2017]. In this mode, a thick basaltic crust is recycled at its base by eclogite drips plus
episodic delamination of depleted lithosphere [Sizova, 2015]. Abundant TTG crust is produced, with a production rate far
exceeding typical continental crustal growth curves [Rozel 2017; Jain 2018]. At the same time it can also be destroyed by
entrainment in downwellings. These models thus indicate that (i) subduction was not necessary for the production of early
continental crust, (ii) intrusive magmatism was dominant during the Archean (as opposed to “heat pipe” extrusive
magmatism), and (iii) Archean tectonics was characterised by a weak, hot deformable lithosphere undergoing extensive
delamination as well as significant horizontal motion.
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This contribution consists in a new structural map of the Frisson Lakes area, which synthesizes structural and metamorphic
data useful to the detection of the tectono-metamorphic history of an area registering two superposed orogenic cycles. The
analysed area is located in the south-east portion of the Argentera crystalline Massif, where both rocks of the Variscan
metamorphic basement and Permo-Mesozoic sedimentary covers are deformed together during Alpine convergence. The
crystalline basement belongs to the Gesso-Stura-Vésubie metamorphic complex, mainly consisting of migmatitic gneiss and
paragneiss, locally containing mafic layers and lenses. The most common Permo-Mesozoic rock in the area is a
metamorphic conglomerate, deformed and re-equilibrated under greenschist facies conditions. The structural map at
1:2’000 scale integrate lithostratigraphic boundaries, compositional heterogeneities in the main rock types, superposed
foliation trajectories, fold axes, axial planes and ductile and fragile shear zones. Microtextural analysis on thin sections
allowed the recognition of mineral assemblages marking superposed fabrics.
The mesoscale structural analysis detected 4 ductile deformation phases followed by faults and fractures. The first three
groups of structures (D1-D3) are recorded only in the Variscan crystalline basement; D4 deformed coherently both
basement and Permo-Mesozoic cover rocks. S1 is the mylonitic foliation affecting granulites, marked by alternating layers
amphibole- and plagioclase-rich containing garnets and pyroxenes. S2 is the relict foliation in micaceous migmatites
marked by mica films separating quartz-feldspathic domains. S2 is folded and transposed till the parallelisation to S3. S3 is
the dominant foliation in micaceous and amphibolic migmatites. S4 is the dominant fabric in meta-conglomerates and
carbonatic schists.
The multiscale structural analysis, synthesised in the structural map, permits to separate the Alpine from the Variscan
structural and metamorphic history, and to identify the latest deformation phase affecting coherently both the Variscan
crystalline basement and the metamorphosed sedimentary cover.
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Outcrop-scale pressure variations in the Monte Rosa nappe?
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The Monte Rose nappe consists of pre-Variscan paragneisses, which were intruded by Permian-age granitic bodies. The
current position of the basement complex resides within the collisional Austroalpine-Penninic wedge, and derives originally
from the upper crust of the pre-Alpine distal European passive margin. During the Alpine orogeny, the Monte Rosa incurred
a high-P imprint interpreted as subduction of continental crust below the overriding Austroalpine units. The peak pressure
conditions for subduction have been inferred from “whiteschist” bodies (chloritoid, talc, phengite, quartz ± kyanite/garnet)
that occur as local hydrothermal alterations within the metagranite throughout the nappe. Recent studies revealed peak
conditions for these whiteschist bodies are between 2.2 and 2.5 GPa and ~570 oC. However, locally the host metagranite
exhibits ca. 1.4 GPa and ~550 oC. The reasons for this disparity in peak P are currently disputed and need to be further
investigated. This is essential for the reconstruction of the tectonic history of the Monte Rosa nappe, in order to confirm
whether pressure of ca. 1.4 GPa (~48 km lithostatic depth) or ca. 2.4 GPa (~82 km lithostatic depth) is representative for
the maximum burial depth of the nappe. We will present: (i) detailed structural analysis of the Monte Rosa nappe, (ii) newly
discovered peak Alpine assemblages within metapelites in close proximity to the high-P whiteschist bodies, and (iii) the
tectonic implications of outcrop-scale pressure variations.
(i) Detailed structural analysis in the study area shows strong strain partitioning within the metagranite. The highest strain
intensities are present: (1) near the intrusion-country rock contact, and (2) surrounding the high-pressure whiteschist
lenses. Several phases of deformation are observed from early top-N weak augen gneiss shear zones to later top-S
mylonite shear zones associated with intense folding. Large areas of the metagranites are undeformed and show pristine
magmatic textures, even preserving original intrusive contacts with country rock metapelites, indicating the structural
coherence of the Monte Rosa nappe in this study area. Here, we have collected samples of basement metapelites for
detailed petrological analysis in order to verify peak Alpine metamorphic conditions.
(ii) Newly discovered metapelitic samples (preserving equilibration at peak Alpine conditions) consist of a unique mineral
assemblage: muscovite, paragonite, chloritoid and staurolite. The absence of kyanite and garnet in this assemblage allows
us to constrain metamorphic conditions between 1.4-1.7 GPa and ~590 oC. Analysis has also been undertaken for peak
Alpine metapelitic assemblages: garnet, muscovite, paragonite, chlorite and quartz. Metramorphic conditions have been
constrained ca. 1.3-1.4 GPa and 550 oC. These results consistently highlight a pressure disparity of 0.5-0.8 GPa when
compared to estimates for whiteschist assemblages (negligible temperature differences). Our hypothesis is that the
whiteschist represents an area of local overpressure deviating from lithostatic.
(iii) The consequences these pressure variations have on the kinematics reconstruction of the Monte Rosa nappe within the
Alpine orogeny are significant. The difference between maximum burial depths of ~48 km or ~82 km require vastly different
exhumation mechanisms. Exhumation from 48 km can be explained via models of wedge-type dynamics during continental
collision (e.g. Escher and Beaumont, 1997). Whereas, exhumation from >80 km requires models such as channel flow (e.g.
Chemenda et al., 2000) or “transmantle” diapirism (e.g. Hacker and Gerya, 2013).
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A common simplification is that rifts develop under constant along-strike extension conditions. However, extension rates
often change laterally along strike in natural settings, due to the rotation about a vertical axis for small-scale settings or
about an Euler pole for global scale systems (Fig 1a). Such gradients are thus found in various rift structures or whole
ocean basins and even compressional deformation on the other side of the rotation pole is observed in nature (e.g. in the
Arctic, Fig. 1c).
Yet analogue and numerical modelers traditionally use a constant along-strike extension rate and few have applied
rotational motion in their tectonic experiments. To date, a systematical analysis of the structures developing under these
two fundamentally different conditions is lacking. We therefore apply simple brittle-viscous analogue models to compare rift
development and rift propagation in either a orthogonal extension setting (involving constant extension rates along strike) or
a rotational extension setting (involving extension rate gradients along strike) (Fig. 1a, d). The models are analyzed with
state-of-the-art CT-scanning and digital image correlation techniques.
Our models provide a good first-order insight in large-scale rift processes and the structural differences between rifts
developing in orthogonal versus rotational extension settings: in the former case, a rift basin with constant along-strike
features develops, whereas rotational extension leads to an along-strike structural gradient (Fig. 1d). Rotational extension is
furthermore a key factor for rift propagation (Fig. 1d). By contrast, rift structures tend to develop instantaneously along the
whole length of the model in orthogonal extension (Fig. 1d). In cases where rifts do propagate in our orthogonal extension
models, this involves slight rotational motion, related to strain partitioning along the model sides that do not occur in natural
settings (Fig. 1e). The recognition of such boundary effects are of importance for modelers, as they may lead to incorrect
interpretations when for instance studying fault evolution.
The rifts in some models are similar to features observed at locations where an oceanic rift enters continental crust. We
interpret that the presence of two such domains with different rift styles (i.e. distributed vs. localized) may lead to delayed
propagation or even halted propagation and the development of a transform fault separating both domains (e.g. in the
Arctic, Fig. 1c).
The clear differences between orthogonal and rotational extension boundary conditions are valid from a purely kinematical
point of view. However, various geological processes such as magmatism can significantly affect a developing rift system
(e.g. in Afar, Fig. 1b).
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Figure 1. (a) Geometries of orthogonal vs. rotational tectonics. (b-c) extension gradients in the Red Sea and the Arctic (velocities in mm/y).
(d) Top view evolution of models (CT-derived topography). (e) Rift propagation in orthogonal extension, due to local rotation.
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