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Geoscience goes underground

Knowledge of the shallow and deep underground has ever-growing importance in modern society. This is espe-
cially true for Switzerland, which has a longstanding tradition of exploring the deep that was acquired over the
course of decades of building tunnels throughout its territories. Hydrocarbon exploration of the Alpine Molasse
Basin and the Jura fold-and-thrust belt yielded modest successes, but the public controversy regarding shale gas
exploration and induced seismicity in the wake of deep geothermal exploration has highlighted the importance
and the role of communication of our geoscientific knowledge to the public.

The extraction of geothermal energy, building management, and land use planning will increasingly rely on
knowledge of the near and deep subsurface geology. Natural resources of the underground, such as geothermal
energy (from shallow to deep), CO, sequestration, shale gas, reservoir technology, water exploitation, subsurface
energy storage, or “classic” mineral resources will thereby play a central role in the future. Geodata, GeoBIM,
GeoCIM projects, and 3D geology models will reshape future management and use of underground resources
and geoscientists must not miss the opportunity to get involved. Indeed, geoscientists should reach out to poli-
ticians and the public and take a position in a debate that will become increasingly more complex.
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1.1

From slow-slip to fast earthquakes — a look into the paleo-earthquake
record in eastern Switzerland

Ismay Vénice Akker!, Christoph E. Schrank?, Michael W. M. Jones®, Cameron M. Kewish*%%, Alfons Berger' and Marco
Herwegh'

TInstitute of Geological Sciences, University of Bern, Bern, Switzerland

2School of Earth, Environmental, and Biological Sciences, Queensland University of Technology, QLD 4000, Australia
3Central Analytical Research Facility, Institute of Future Environments, Queensland University of Technology, QLD 4000,
Australia

“‘Department of Chemistry and Physics, La Trobe Institute for Molecular Science, La Trobe University, Victoria 3086,
Australia

*Australian Nuclear Science and Technology Organisation, Australian Synchrotron, Victoria 3168, Australia

SARC Centre of Excellence in Advanced Molecular Imaging, La Trobe Institute for Molecular Sciences, La Trobe University,
Victoria 3086, Australia

Recent advances in geophysical techniques enable quantification of episodic tremor and slow-slip (ETS) in plate-
convergent 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 ym-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 um) 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 Borderie', Pauline Souloumiac?, Bertrand Maillot? & Jon Mosar"

"Unit of Earth Sciences, Geosciences Department, University of Fribourg, Chemin du Musée 6, CH-1700 Fribourg
(sandra.borderie@unifr.ch)

2| aboratoire GEC, Maison Internationale de la Recherche, Université de Cergy-Pontoise, 1 rue Descartes, F-95000
Neuville-sur-Oise

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.

(3,
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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. Candioti', Stefan M. Schmalholz?, Thibault Duretz®

'Institut des sciences de la Terre, Université de Lausanne (Lorenzo.Candioti@unil.ch)
?Institut des sciences de la Terre, Université de Lausanne
3Univ. Rennes 1, UMR CNRS 6118, France

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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Formation of the Iberian-European convergent plate boundary fault and
its effect on intraplate deformation in central Europe

Armin Dielforder!, Sascha Brune', Gianluca Frasca? & Mary Ford?

'"GFZ German Research Centre for Geosicences, Telegrafenberg, D-14473 Potsdam (armin.dielforder@gfz-potsdam.de)
2IPGS, EOST-CNRS, Université de Strasbourg, 1, Rue Blessig, F-67084 Strasbourg

3Centre de Recherches Pétrographiques et Géochimiques, 15 rue Notre Dames des Pauvres, F-54500 Vandceuvre-les-
Nancy

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.

~

Symposium 1: Structural Geology, Tectonics and Geodynamics



=}

Symposium 1: Structural Geology, Tectonics and Geodynamics

1.5

A first look at a new thermodynamic model to track time-dependant
creep in crystalline rock

Kerry Leith', Ying Li', Matthew A. Perras?, Simon Loew!'

"Geological Institute, ETH, Sonneggstrasse 5, CH-8092 Ziirich (kerry.leith@erdw.ethz.ch)
2Department 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

Ying Li'", Kerry Leith'!, Rui Wu', Omid Moradian’, Matthew A Perras?, Simon Loew!'

"Geological Institute, ETH, Sonneggstrasse 5, CH-8092 Ziirich (ying.li@erdw.ethz.ch)
2Department of Civil Engineering, York University, 4700 Keele St, Toronto

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 long-
term behaviour of bedrock in such settings complicated. Here, we presents results from single edge notch bending (SENB)
tests undertaken on 400 x 90 x 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 um/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 m'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* 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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Complex shortening tectonic style of the Western Swiss Alpine foreland
and implications for subsurface geo-fluid circulation.

Andrea Moscariello’, Nicolas Clerc?, Ovie Emmanuel Eruteya', Silvia Omodeo-Salé’, Luca Guglielmetti’

'Department of Earth Sciences, University of Geneva Rues des Maraichers, 13; 1205 Geneva, Switzerland
(andrea.moscariello@unige.ch).
2Service de géologie, sols et déchets (GESDEC), Etat de Genéve, Geneva, Switzerland

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.
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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).

Swiss Geoscience Meeting 2019 Platform Geosciences, Swiss Academy of Science, SCNAT



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.

REFERENCES

Moscariello, A. 2016: Geothermal exploration in SW Switzerland. Proceedings European Geothermal Congress 2016
Strasbourg, France, 19-24 Sept 2016, 10 pp.

Sommaruga A. 1999: Decollement tectonics in the Jura foreland fold-and-thrust belt. Marine and Petroleum Geology
16, 111-134

-_—
-—

Symposium 1: Structural Geology, Tectonics and Geodynamics



N

Symposium 1: Structural Geology, Tectonics and Geodynamics

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.", Cassola, T.? and Moscariello, A."

'Department of Earth Science, University of Geneva (Switzerland)
2Schlumberger 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.
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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)
constrained by in-situ Th-Pb dating of fissure monazite
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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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Importance of fluid overpressure for the structural evolution of the
Makran accretionary wedge
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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 fluid-
saturated 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
extensional models
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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).
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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. 9 108 s 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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Cenozoic basin inversion in the North Penninic Valais domain of
Eastern Switzerland (Prattigau)
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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 Bindnerschiefer- and flysch deposits in the
Prattigau district. They consist throughout of sandy-shaley turbiditic deposit of confusingly low lithological variability with the
exception of the topping Palaeocene Oberalpli and Lower Eocene Ruchberg fms. (Nanny 1948). In a larger frame, these
series are attributed to the Grava Nappe, which is overthrusted by the Tomul 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 Nanny’s (1948) time the dominant geosynclinal model demanded the Tethys-wide simultaneity of the tectono-
sedimentary processes. Consequently, on various geological maps of the Prattigau half-window the transition from
Prattigauschiefer to flysch is still drawn at the base of the Turonian Pfavigrat 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, Pfavigrat, 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, Nanny (1948) inferred detrital sources to the north which we can confirm.
The dark shales and minor sandstones of the Palaeocene Oberalpli 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/Pfavigrat 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 Oberalpli and Ruchberg fms. imply a more heterogeneous
sourcing typical for Central Alpine flysch deposits (Bitler et al. 2011, Beltran-Trivifio 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
(Beltran-Trivifio et al. 2016). Considering the Oberalpli 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 Nanny (1948) and own observations.
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Acoustic emission observation during staged loading and relaxation of
Herrnholz granite subjected to three-point bending
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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 x 90
x 90 mm SENB specimen.

For the 1%t and 2™ stages, the rock specimen was loaded under constant load-point displacement rate of 1 pm/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 (3 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 4™ 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, KRNBB-
PC 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.

tirrns

Cumulative AE events 20175

20163

20153
2nd 2D Spatio-temporal 221 AE events of 4503 signals
staged a = el R o 3 i

18t I 1 20148

staged

PAC sensor

Load(kN)

2M3s

0.2 -0.15 -0.1 0,05 0 0.05 0.1 015 02
Sample Length/m 20128

3
KRNBB-PC sensor

1102 29118

L 10° 20105
2500 3000

0 500 1000 1500 2000

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 a 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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Imaging of Seismotectonic Processes in the Upper Crust of the Northern
Alpine Foreland of Switzerland

Tobias Diehl', Herfried Madritsch?, Thomas Spillmann?, Toni Kraft', Michael Schnellmann?

'Swiss Seismological Service, ETH Zurich, 8092, Switzerland (tobias.diehl@sed.ethz.ch)
2Nagra (National Cooperative for the Disposal of Radioactive Waste), Wettingen, Switzerland

Since 2011, the Swiss Seismological Service (SED) significantly densified the seismic monitoring network across north-
eastern 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 NE-
SW 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
Laufelfingen 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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High shear strain ductile deformation produces stable porous domains

James Gilgannon', Marius Waldvogel', Thomas Poulet?, Florian Fusseis® Alfons Berger', Auke Barnhoorn*, Marco
Herwegh'

TInstitute of Geological Sciences, University of Bern, Baltzerstrasse 1+3, CH-3012 Bern, CH
(james.gilgannon@geo.unibe.ch)

2CSIRO Mineral Resources, 26 Dick Perry Avenue, Kensington, WA 6151, AUS

3School of Geosciences, The University of Edinburgh, Grant Institute, EH9 3JW, UK

4 Faculty of Civil Engineering and Geosciences, TU Delft, Stevinweg 1, Delft, NL

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 syn-
kinematic 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
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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 1%t 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 2" order subdomains. The
3" order includes the classical nappes, but also nappe complexes, slice complexes, etc. If applicable, their subdivisions are
listed in the 4" order.

The coming new Tectonic Map of Switzerland 1:500000 follows this concept and shows units up to the 3™ 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 (1% 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 Adriatic-
derived 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 continentally-
derived 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.

REFERENCES

Froitzheim, N., PlaSienka, D. & Schuster, R. (2008): Alpine tectonics of the Alps and Western Carpathians. In: McCann, T.
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and palaeogeography. — International Journal of Earth Sciences 96/2, 229-252.
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Structural architecture of active back-thrust zone of the eastern Achara-
Trialeti fold-and-thrust belt (Kumisi-Teletei area), Georgia

Alexander Gventsadze, Victor Alania, Onise Enukidze, Nino Kvavadze

Iv. Javakhishvili Thilisi 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 south-
vergent 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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2Geneva Geo Energy, Rue des vieux grenadiers 8, CH-1205 Geneve (GGE)

3Services industriels de Genéve, chemin Chéateau-Bloch 2, CH-1219 Le Lignon

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 (lvrea
zone, N-ltaly)
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Othmar Miintener' & DIVE Site Survey Field Teams

'Institut des Sciences de la Terre, Faculté des Géosciences et de 'Environnement, Université de Lausanne, Géopolis,
CH-1015 Lausanne (gyorgy.hetenyi@unil.ch)

2now at: Montanuniversitat Leoben, Austria

3now at: University of Georgia, USA

“Universita degli studi di Trieste, Italy

5IGG-CNR & Universita degli studi di Pavia, Italy

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 M, 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 cross-
correlation 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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*Geology and Envirmnment laboratory, Constantine University Ain Elbey Constantine Algeria

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 .

w

1

Symposium 1: Structural Geology, Tectonics and Geodynamics



w
N

Symposium 1: Structural Geology, Tectonics and Geodynamics

P1.10

Multi-temporal analysis of ground deformation at the Koa’e fault system
(Kilauea volcano, Hawaii) using structural field observation and high
resolution imagery.
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3U.S. Geological Survey — Hawaiian Volcano Observatory, 1266 Kamehameha Ave., Hilo, HI 96720,
United States of America
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Kilauea 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 Kilauea
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 Kilauea’s East Rift Zone have been subject to several volcano-tectonic events with
large earthquakes (e.g. Kalapana 1975 MW?7.7) 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 Kilauea’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
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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);

(i) 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.

REFERENCES:

Burkhard, M.: L’'Helvétique de la bordure occidentale du massif de I'’Aar (évolution tectonique et métamorphique), Eclogae
Geol. Helv., 81, 63—114, https://doi.org/10.5169/seals-166171, 1988.

Wehrens, P., Berger, A., Peters, M., Spillmann, T., and Herwegh, M.: Deformation at the frictional-viscous transition:
Evidence for cycles of fluid-assisted embrittlement and ductile deformation in the granitoid crust, Tectonophysics, 693,
66-84, https://doi.org/10.1016/j.tecto.2016.10.022, 2016.

Wehrens, P., Baumberger, R., Berger, A., and Herwegh, M.: How is strain localized in a meta-granitoid, mid-crustal basement
section? Spatial distribution of deformation in the central Aar massif (Switzerland), J. Struct. Geol., 94, 47-67, https://doi.
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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 (Fernandez, 2005). Preliminary results will be shown for the Helvetic Kieselkalk-
Formation of the Upper Helvetic in Central Switzerland — a stratigraphic unit commonly used as raw material for railway and
road infrastrucuture.

REFERENCES
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Influence of faulting on magma propagation during volcano-tectonic
events and structural mapping using UAVs in NW Iceland.
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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 Fjallagja, a graben ~15-
20 m deep and ~1 km wide that extends parallel to Sveinagja graben for ~18 km. Sveinagja graben subsided 3 to 6 m
during a volcano-tectonic event in 1875, contemporaneous to Askja central volcano eruption and caldera collapse. Both
Fjallagja and Sveinagja 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 Fjallagja graben with a fixed-wing UAV with a ground resolution down to 1
cm-px' 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 km?2.

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 Bardarbunga 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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The tectonics of the Simano, Cima-Lunga, Adula and Maggia nappes in
the southern Lepontine dome
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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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High-resolution Imaging and Analysis of Seismicity Patterns in Swiss
Microearthquake Sequences
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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-mainshock-
aftershock 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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Geodynamic models of non-subduction generation of Archean
continental TTG crust
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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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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 °C. However, locally the host metagranite
exhibits ca. 1.4 GPa and ~550 °C. 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 °C. 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 °C. 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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2.1

Dissolution-reprecipitation reaction of dolomite: investigation of self-
and tracer-diffusion using SIMS mini-spot and NanoSIMS profiles

Florence Bégué', Lukas Baumgartner', Stéphane Escrig?, Anne-Sophie Bouvier', Martin Robyr' & Anders Meibom?

'Institute of Earth Sciences, University of Lausanne, CH-1015 Lausanne (florence.begue@unil.ch)
2| aboratory for Biological Geochemistry, Federal School of Technology Lausanne (EPFL), CH-1015 Lausanne

Recrystallization of minerals due to fluid infiltration modifies their original chemical and isotopic signature. Such processes
are sought after as they give access to timescales of geologic processes, which are commonly quantified using diffusion
chronometry. Here, we focus on hydrothermal veins forming in dolomitic marbles in contact metamorphic environments. The
large chemical and isotopic contrast in composition between the magmatic fluids and sedimentary protolith greatly
facilitates tracing fluid pathways and reaction mechanism. In addition, they represent a good natural laboratory to study
diffusion along recrystallization fronts in minerals.

Dolomite crystals at the vein boundary are characterized by up to 100um thick, crystallographically continuous
recrystallization zones. This new generation of dolomite is characterized by lower 30 (about 16 %o) and 3'*C values (about
6 %o), and slightly higher Fe (~1000 ppm) and Mn (~100 ppm) concentrations.

3'80 diffusion profiles across the recrystallization fronts were measured with SIMS, using “mini-spots” of 3um. The newly
installed RF Hyperion source on the NanoSIMS was used to measure Fe and Mn profiles with a beam size of ~200nm.

Diffusion distances of 10-20 um were obtained for oxygen isotope profiles. Fitting the results to the diffusion equation,
results in geologically plausible timescales (1-5 Myrs for temperatures of 500-600°C). Surprisingly, however, the Mn and Fe
profiles are extremely sharp, with measured diffusion distances ranging from 150 to 300nm. With the available diffusion
coefficients for Fe and Mn in dolomites, such distances result in geologically unrealistic times of less than 1 year. In
addition, the profiles are likely even sharper, since the beam size is very similar to the overall diffusion distances. Hence
this raises the question whether Fe and Mn diffusion profiles in these dolomites can actually be spatially resolved here or if
we are only measuring analytical mixing due to the beam size.

Further investigations are required to understand this large discrepancy between results from these two types of diffusers.
Could they be the result of distinct diffusion mechanisms between oxygen self-diffusion versus Fe and Mn tracer diffusion?
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Pre-Himalayan metamorphism in the High Himalayan Crystalline of
Zanskar?

Jade Chevallaz' & Martin Robyr’

'Institute of Earth Sciences, University of Lausanne (martin.robyr@unil.ch), Geopolis, 1015 Lausanne

The High Himalayan Crystalline (HHC) corresponds to the metamorphic core zone of the Himalayan range. This HHC
thrusts over the low-grade sedimentary series of the Lesser Himalaya along the MCT, an intracontinental thrust developed
within the Indian margin during Early Miocene. In most section across the range, this metamorphic core zone is separated
from the overlying low-grade sedimentary series of the Tethyan Himalaya by the NE-dipping extensional structures of the
STDS that initiated during Early Miocene. According to the classical kinematic model for the HHC, the metamorphic imprint
in this unit results from the NE underthrusting of the HHC high grade rocks below the Tethyan Himalaya. Most of the
tectonic, metamorphic and geochronological data suggest that the Himalaya is essentially the consequence of a single
orogenic cycle associated with the India-Asia collision during the Cenozoic era. As a consequence, the metamorphic
assemblages and the tectonic structures observed in the Himalayan belt are, de facto, interpreted as belonging to the
Cenozoic post-collisional Himalayan history. However, recent investigations in the Zanskar region strongly suggest that the
sediments deposited on the northern Indian margin were not necessarily preserved from metamorphism prior to the
Cenozoic Himalayan orogenic cycle. Textural and chemical investigations on garnets collected in the footwall of the
Zanskar Shear Zone, a local equivalent of the STDS, reveal that these rocks likely experienced a contact metamorphism
during the intrusion of an Ordovician granite exposed now in the footwall of the Zanskar Shear Zone. More interestingly,
these particular garnets contain inclusion trails marked by staurolite suggesting than an even older metamorphic event may
have occurred in the Precambrian to Cambrian sediments deposited on the northern Indian margin. In the same area,
foliated xenoliths of metapelites are cross-cut by the undeformed Ordovician Kade granite supporting the hypothesis of a
pre-Himalayan metamorphism. Were a metamorphic event indeed had occured in the Palaeozoic time, then it would be
necessary to deeply reinterpret the thermal history of the Himalayan range since all the models proposed to explain the
tectono-metamorphic evolution of the HHC are all based on the assumption that the thermal events and deformation
phases are associated with the Himalayan history.
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2.3

Zircon petrochronology of four large, rapid-succession, caldera-forming
eruptions in the central San Juan caldera cluster, Colorado

Adam Curry’', Luca Caricchi'’, Joshua Davies?, and Maria Ovtcharova'

'Department of Earth Sciences, University of Geneva, Rue des Maraichers 13, CH-1205 Geneva (adam.curry@unige.ch)
2Département des sciences de la Terre et de I'atmosphere, Université du Québec a Montréal, 201 Avenue du
Président-Kennedy, Montréal, Québec, H2X 3Y7

The Rat Creek Tuff (RCT; ~150 km3), Cebolla Creek Tuff (CCT; ~250 km3), Nelson Mountain Tuff (NMT; >500 km3), and
Snowshoe Mountain Tuff (SMT; >500 km3) erupted between 26.91 + 0.02 Ma (RCT) and 26.87 + 0.02 Ma (SMT) according
to single-crystal sanidine 40Ar/39Ar ages. No other ignimbrite flare-up in the world produced a similarly large volume of
ignimbrite in such rapid succession. The eruption deposits alternate between zoned (crystal-poor to crystal-rich) and
unzoned (crystal-rich) and provide an excellent opportunity to study the evolution of large, silicic crustal magmatic systems.
Using U-Pb geochronology (CA-ID-TIMS and LA-ICP-MS), trace elements (LA-ICP-MS and EPMA), and 6180 (SIMS) of
zircons, we document the chemical and temporal evolution of this unique sequence. Initial ID-TIMS U-Pb zircon dates show
pre-eruptive magma accumulation over less than 600 k.y. before each eruption (<~27.5 Ma). Some zircon dates extend
back to 1.4 to 4.3 m.y. before eruption. Zircon oxygen isotope 5180 values are homogeneous among eruptions, rims, and
interiors, ranging between 5.1 to 6.3 %0 and precluding assimilation of low-86180 crustal rocks as a major process. The
average Ti-in-Zr temperatures shift towards cooler values from the oldest RCT to the younger CCT and NMT. The youngest
SMT shifted geographically to the Creede Caldera and has the highest average Ti-in-zircon temperature of the four
eruptions. Trace elements show an increase in variance with decreasing Ti-in-zircon temperatures. Our results indicate the
presence of a large region of magma accumulation and evolution active for at least 600 k.y prior to eruption. The
comparison between our data and thermal modelling results suggests that the San Luis systems experienced progressive
thermal maturation with temperature becoming generally lower, which is typical of systems constructed by prolonged
magma injection into the crust. We are currently performing tailored thermal models that will allow us to quantify the rate of
magma injection into the magmatic system to account for zircon ages and trace element distributions.
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Petrology and mineralogy of gem-quality “Paraiba-type” tourmaline
bearing granitic pegmatite from Parelhas, Brazil

Sarah Degen', Leander Franz', Michael S. Krzemnicki?, Hao A. O. Wang? and Alfons Berger®

'Institute of Mineralogy and Petrography, University of Basel, Bernoullistrasse 32, CH-4056 Basel
2Swiss Gemmological Institute SSEF, Aeschengraben 26, 4051 Basel, Switzerland
3Institute of Geological Sciences, University of Bern, Switzerland

Granitic pegmatites from the Borborema province in the state of Rio Grande do Norte in northeastern Brazil are amongst
the most essential sources of tantalum, beryllium and gemstones, such as “Paraiba-type” tourmaline.

According to LA-ICP-TOF-MS analysis and subsequent geochronological investigation performed on zircon, the genesis of
the LCT-type Boqueirdo granitic pegmatite has been confirmed to have occurred in a late stage of the Brasiliano-Pan-
African orogeny in the Late Cambrian, 491+26 Ma ago (see fig. 1), which is in agreement with a recently published paper
by Strmic Palinkas et al. (2019).
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Figure 1. Concordia plot of age dating performed on zircon

The core of zoned garnet crystals indicate initiating crystallisation from the melt in the wet-solidus range of granite, as
garnet-phengite geothermobarometry yielded temperatures of 711-763°C (x 60°C). Measurements of the rim revealed
temperatures of 619-664°C (+ 60°C) and thus suggest a retrograde cooling. This observation is supported by the presence
of secondary clinozoisite-epidote, zoisite and prehnite, which are indicative of overprints in the greenschist and the
prehnite-pumpellyite facies, respectively.

Moreover, the proceeding crystallisation of mostly water-free minerals led to accumulation of hydrothermal fluids, resulting
in alterations in mineralogy such as complete replacement of kalifeldspar by clay or evolution of hydrothermal zircon.

Late selective replacement of zoned elbaite by Li-bearing mica has been observed. As previously described by Beurlen et
al. (2011), the purple core experienced the highest amount of replacement, whereas the blue rim was left mostly intact.

The analysed tourmalines have been classified as elbaites with elevated amounts of Cu, Mn and Zn, hence falling in the
category of the “Paraiba-type”.

The highest amounts of Cu (up to 2.3 wt.-%), have been detected in blue tourmaline samples. Turquoise crystals contain, in
addition to their elevated Cu-content, high amounts of Mn (up to 2.5 wt.-%). Moreover, up to 2.4 wt.-% Zn was registered.
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Pink colours are due to a dominance in Mn and a depletion in Cu and Zn compared to the other samples as previously
described by Beurlen et al. (2011).

The green tourmaline species receive their colour by enhanced Fe-contents (up to 0.8 wt.-%) in combination with high
amounts of Mn (up to >2 wt.-%) and medium Cu-concentrations (up to 0.4 wt.-%).

The typical blueish-green, greenish-blue and “neon-blue” hues are seen as a consequence Cu- and Mn-abundance, which
has been discussed extensively in previous publications (e.g. Okrusch et al., 2016; Perretti et al., 2009 and references
therein). The analysed tourmalines display a blueish shade of green and contain both Mn as well as high amounts of Cu
like the blue samples and elevated amounts of Fe, analogous to the green samples.

The investigated samples are not clearly distinguishable from material origi—nating from other areas from Brazil (such as
Paraiba-state), however, there is a clear difference in trace elements towards Paraiba-type tourmalines from Nigeria (which
have higher Ga-, Ge- and Pb-concentrations) and Mozambique (elevated Be, Sc, Ga, Pb and Bi contents).
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Testing whether orthopyroxene can reliably record mantle water
signatures: an experimental study

Alexandra Demers-Roberge’, Michael Jollands', Othmar Mintener’

'ISTE, Université de Lausanne, 1015, Lausanne

Experiments have been conducted to assess the effects of temperature, oxygen fugacity, crystallographic orientation, silica
activity and chemical composition on the diffusivity and substitution mechanisms of H in orthopyroxene. Axially oriented
~cuboids of natural tanzanian opx were dehydrated at 1 bar in a gas mixing furnace (H,-CO, mix) at three different oxygen
fugacities (~QFM-1,~QFM+1, ~QFM-7), and two different silica activity buffers (olivine+pyroxene or pyroxene+quartz)
between 700°C and 1000°C. Profiles of hydrogen content versus distance were extracted from experimental samples using
Fourier-Transform Infrared (FTIR) Spectroscopy with diffusion coefficients extracted using relevant analytical solutions and
numerical approximations of Fick’s second law. Diffusion is the fastest along [001] ( D[001]>D[010]>D[100]). Fitting the diffusion
coefficients to the isobaric Arrhenius relationship (logD=logD +(-Q/(2.303RT)) gives activation energies (Q) and pre-
exponential factors (logD,) from 127 to 162 kdmol™" and —4.29 to -5.42 m?s™ for ~QFM-1 and 145 kJmol" and -4.64 m?s™
for ~QFM+1.

Diffusion appears to be faster at QFM+1 than at ~QFM-1 and -7. The hydrogen diffusion coefficients extracted are faster
than previously measured by 0.5 to up to 5 orders of magnitude (Carpenter Wood (2000), Stalder and Skogby (2003),
Stalder and Behrens (2006)) and are strikingly similar to those of the fastest known diffusivity of H in olivine (Kohlstedt and
Mackwell, 1998), suggesting a mechanism akin to proton-polaron exchange. Tian et al. (2017) proposed that hydrogen
diffusion in mantle orthopyroxenes of the Tianchang xenoliths is controlled by metal vacancies, which is ~3 to 4 orders of
magnitude slower than hydrogen self-diffusion or proton-polaron exchange. Experiments on the San Carlos enstatite
(Carpenter Wood, 2000), which also comes from mantle xenoliths, yield hydrogen diffusion coefficients 0.5 to 1.5 orders of
magnitude slower than the results from this study. Thus, the observation that mantle orthopyroxenes appear to be more
reliable recorders (than olivine) (e.g. Tian et al., 2017) of original water contents should lay on the type of substitution
mechanisms or is not a simple function of relative diffusivities. It seems that there is a disconnection between experimental
and natural observations.

The study of infrared peaks of the diffusion profiles, determined using a deconvolution algorithm, at ~QFM-1 and QFM+1,
shows 2 peaks (3330 cm™, 3460 cm™) out of 9 (3085 cm™', 3360 cm™, 3385 cm, 3420 cm™', 3515 cm™, 3545 cm', 3600
cm) that do not follow a core to rim dehydration but rather show a higher concentration at the rim than in the core.
However, at ~QFM-7, peaks at 3085 cm™ and 3600cm behave differently. Different substitution mechanisms must thus
occur in response to changing oxygen fugacity, influencing the peaks behavior.
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Redox conditions across the antigorite dehydration reaction
constrained by sulfide-oxide-silicate mineral geochemistry

Joana Vieira Duarte, Francesca Piccoli, Jorg Hermann & Thomas Pettke

University of Bern, Institute of Geological Sciences, Baltzerstrasse 1+3, 3012 Bern

Antigorite breakdown is arguably the most important dehydration reaction occuring during subduction, thought to release
oxidizing fluids to the mantle wedge. However, stabilities of oxide and sulfide minerals across this dehydration reaction
have remained poorly constrained, despite their importance for the redox state of the fluids released and the residual rock-
forming slab.

We performed a detailed petrographic and geochemical study of oxide and sulfide minerals in ultramafic rocks from Cerro
del Almirez (Spain). Our results indicate that prograde to peak magnetite + ilmenite + pentlandite + pyrrhotite coexist in both
the antigorite-serpentinites and chlorite-harzburgites. Retrogression is variably prominent and includes the formation of talc
after orthopyroxene, hematite exsolutions from ilmenite, crack-filling low-T serpentine along with magnetite, and rare
phosphates and sulfates. Hence, an in-situ approach is required to reliably constrain the redox evolution across the
antigorite dehydration reaction.

Textural relationships identify multiple oxide and sulfide mineral growth stages that can be linked precisely to the prograde
silicate mineral evolution (Bretscher et al., 2018). Successive growth stages are chemically distinct. In antigorite-
serpentinite, anhedral magnetite is zoned, showing a decrease in Cr, Ni, along with most other trace elements from core to
rim and to the isolated matrix grains intergrown with pentlandite. In chlorite-harzburgite, magnetite inclusions in olivine,
orthopyroxene, and chlorite show the highest Cr contents (up to 28 wt% Cr,0,), suggesting formation rather than
consumption of magnetite during antigorite breakdown. Polygonal magnetite aggregates stable with euhedral pentlandite
additionally document recrystallization of primary magnetite.

Enrichments in chalcophile and/or redox-sensitive elements are observed in all opaque phases of chlorite-harzburgite
relative to those in antigorite-serpentinite, notably, Zn, Ga, Sn, V, Mo, and W in magnetite and Cu, As, Se, Mo, TI, Pb, and
Bi in pentlandite.

Neoformation of magnetite coexisting with pentlandite in the antigorite dehydration product mineral assemblage documents
rock-buffered conditions. Moreover, pentlandite stability demonstrates limited S mobility in dehydration fluids along with
modest redox budget escape via aqueous fluid release. Our findings are in stark contrast to claims made in the literature
(e.g., Debret et al., 2015) that highly oxidizing fluids escape from dehydrating Atg-serpentinites in subduction zones.
Moreover, observed differences in oxide and sulfide modes between antigorite-serpentinite and chlorite-harzburgite likely
relate to variations imposed upon variable extents of ocean floor hydration (Bretscher et al., 2018). We conclude that
antigorite-dehydration fluids only carry a moderate redox budget and thus may not account for the relatively oxidized nature
of arc magmas.
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What can magmatic sulphides tell us about magma fertility in porphyry
systems?

Ariadni Georgatou', Massimo Chiaradia’

'Department of Earth Sciences, University of Geneva, Rue des Maraichers 13, CH-1205 Geneva, Switzerland

Early sulphide saturation plays a crucial role on magma fertility in porphyry systems by retaining Cu and other chalchophile
elements in depth before these metals get enriched in the exsolving mineralising fluid. Nonetheless, porphyry deposits are
present in areas that have undergone different degrees of sulphide saturation and that are characterised by subduction and
post-subduction settings. This study compares for both mineralised and barren systems, magmatic sulphide and
chalcophile metal behaviour during the evolution of compositionally different magmas in diverse geodynamic settings.

The study areas are: (a) the Quaternary Ecuadorian volcanic arc (host to the Miocene Llurimagua Cu-Mo and Cascabel
Cu-Au porphyry deposits) (Subduction), (b) the Miocene Konya magmatic province (hosting the Doganbey Cu-Mo-W
porphyry) (PostSubduction) and (c) the Miocene Usak basin (ElImadag, Itecektepe and Beydagi volcanoes, the latter
associated with the Kisladag Au porphyry) in Western Turkey (PostSubduction). For comparison we also investigate (d) the
barren Plio-Quaternary Kula volcanic field, west of Usak (Intraplate).

All study areas present multiphase sulphides composed of a Cu-poor/Ni-rich (mss) and one/two Cu-rich (iss) phases
independently of; (i) magma composition (basalts to andesites/dacites and from high K-calc-alkine to shoshonitic series), (ii)
geodynamic setting (subduction, post-subduction and intraplate-OIB), (iii) fertile or barren system (Cu and/or Au porphyry or
no mineralisation). However not all study areas present all sulphide types and although all areas show similar initial metal
contents of the magmas (inferred from similar mss-84 and iss-16 (area%) for all areas) only areas associated to porphyry
deposits show the highest Cu values in later stage magmatic sulphides. In addition, sulphide composition is determined by
the nature of the sulphide host mineral phase, in particular the Cu-richests sulphides are hosted exclusively by magnetite.
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Figure 1. Graphical abstract summarising the sulphide occurence and composition for the different study areas characterised by different
geodynamic settings.
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Temporal, spatial and geochemical evolution of the magmatism and
associated Cenozoic porphyry and epithermal deposits of the South
Armenian Block, Lesser Caucasus

Marion Grosjean', Robert Moritz!, Hervé Rezeau',’, Rafael Melkonyan?, Samvel Hovakimyan'? & Alexey Ulianov?

'Department of Earth Sciences, University of Geneva, Switzerland

2Institute of Geological Sciences, National Academy of Sciences, Yerevan, Armenia

3Institute of Earth Sciences, University of Lausanne, Lausanne, Switzerland

°Present address: Department of Earth, Atmospheric, and Planetary Sciences, MIT, Cambridge, USA

The South Armenian block (SAB), in the Lesser Caucasus underwent dextral strike-slip tectonics (Hovakimyan et al., 2019)
during Cenozoic collision of the Arabian and Eurasian plates. This setting controlled Cenozoic magmatism and spatially
associated porphyry and epithermal deposits in the SAB.

Whole-rock geochemical and geochronological data of magmatic rocks from the SAB and dating of the ore deposits allow
us to offer an integrated geodynamic, magmatic and metallogenic model (Figure 1). This study focuses on three areas,
including from north to south: (1) the Tejsar pluton (TP) and the Meghradzor epithermal Au deposit, (2) the Amulsar
intrusions and the Amulsar epithermal Au deposit, and (3) the Meghri-Ordubad pluton (MOP), which hosts the giant
Kadjaran porphyry Cu-Mo deposit.

Calc-alkaline magmatism in the MOP between 49 and 43 Ma is attributed to subduction of the southern Tethys underneath
the SAB, and Iran and Anatolia (Moritz et al., 2016; Rezeau et al., 2016, 2017). A magmatic lull. in the southern SAB at the
MOP from 41 to 38 Ma is attributed to collision with Arabia (Rezeau et al., 2016, 2017). By contrast, concomitant magmatic
activity in the northern TP resulted in the emplacement of shoshonitic intrusions accompanied by emplacement of the
Meghradzor deposit, and a younger ultra-alkaline ring intrusion. This stage is attributed to the beginning of slab roll-back
triggering back-arc extension in the northern SAB. Progressive southward slab roll-back generated further shoshonitic
magmatism at ca. 35-34 Ma in the SAB, culminating with the emplacement of the Amulsar epithermal gold deposit at 30
Ma, and of the Kadjaran porphyry Cu-Mo deposit in the MOP, southern SAB, at ca. 26-27 Ma (Moritz et al., 2016; Rezeau
et al., 2016). Finally, Miocene adakitic-like magmatism in the MOP (Rezeau et al., 2016, 2017) and the TP is attributed to
slab break-off underneath the SAB propagating westwards into Anatolia (Rabayrol et al., 2019).
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Figure 1. Temporal spatial and geochemical evolution of the magmatism and associated Cenozoic porphyry and epithermal deposit of the
SAB. A=Amulsar, MOP=Meghri-Ordubad pluton, TP= Tejsar Pluton.
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Geochemistry of the Inorganic Carbon Cycle on Rocky Exoplanets
Kaustubh Hakim

University of Bern, Center for Space and Habitability, 3012 Bern

The long-term carbon cycle (also known as the silicate-carbonate cycle) acting on a timescale of the order of hundreds of
thousands of years provides the essential negative feedback to maintain temperate climates on Earth. With the discovery of
almost a thousand rocky exoplanets and ongoing hunts for an Earth-twin, it is imperative to understand the working of the
carbon cycle on such planets. The aim is to investigate the factors of the Earth’s carbon cycle that are critical to stabilize
and destabilize carbon cycles on rocky exoplanets. These factors could be dependent on the orbital, planetary and stellar
parameters as well as planet-specific properties such as rock composition, land and ocean fractions, among other factors.
In this study, we focus on modeling the chemical kinetics of rock-water interaction for different rock types (depending on the
planet’s surface composition), as well as pH. We incorporate a set of silicate weathering reactions leading to the formation
of carbonates. In addition to continental silicate weathering, we explore the effects of seafloor weathering especially in the
context of varying land-mass fractions, and shallow and deep ocean fractions. Other components of the carbon cycle such
as subduction, ridge and arc volcanism are parameterized based on previous studies. The effects of planet size, oxidation
states, and tidal locking are also investigated.
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Relative timing of calc-silicate formation during distal skarn
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The distribution of distal Pb-Zn skarn bodies in the Madan district (Central Rhodopes) is structurally and lithologically
controlled (Bonev, 1984; Vassileva et al., 2009). Skarn formation occurs as a result of fluid transport in two modes: 1. Fluid
flow along fracture-controlled vein systems; 2. Fluid propagation along litholigal contacts, resulting in the selective
replacement of reactive minerals (Marchev et al., 2005). In marble host rocks, this results in the complete replacement of
the original carbonate by Mn-rich clinopyroxene, followed by hydrous silicate overprint. In aluminous host rocks, selective
replacement of Al-bearing and Fe-Mg minerals by epidote group minerals occurs in successive stages, leading to the
eventual pervasive replacement of the host. These calc-silicate assemblages are precursory to Pb-Zn sulfide mineralization
and significantly influence the ore distribution in the Madan deposits (Marchev et al., 2005).

Linking the relative timing with the chemical composition of these metasomatic calc-silicates is important to understanding
district scale distribution of the Pb-Zn mineralization. Despite the lack of high-precision geochronometers in the skarn
bodies, a relative timing can be inferred from the chemical composition of the dominant calc-silicate minerals, pyroxene and
epidote. These analyses have been performed using back-scatter electron imaging (BSE), electron probe microanalysis
(EPMA), and laser ablation — inductively coupled plasma mass spectrometry (LA-ICP-MS).

Pyroxene major element geochemistry suggests two distinct generations of metasomatic pyroxene in the Madan district. An
early diopside-hedenbergite formed by selective replacement of amphibolite host rocks at the Marzian deposit, located in
the southern extent of the district. This early pyroxene was later overprinted by garnet-epidote skarn mineralization and Cu-
Fe sulfides, and the relationship to the main Pb-Zn hydrothermal mineralization in the district remains unclear. Another style
of Mn-rich pyroxene skarn forms in marble hosts, ranging from Jo,,Hd,.Di., to Jo,,Hd,Di, with a general increase in MnO
(wt. %) to the north. Trace element composition of this pyroxene shows an increase in Zn, Y, and REE with increasing
johannsenitic component.

Major element geochemistry of epidote group minerals is governed by the relative timing and crystallization style of the
epidote: early (foliation controlled), late (pervasive replacement), or open space crystallization in veins. The foliation-
controlled epidote is more ferric than the later, more aluminous epidote in the massive replacement bodies and veins. The
trace element composition of this epidote shows progressive increase in Mn, Zn, K, Rb, Ce, and REE over the relative
timing sequence of epidote crystallization.

Based on the increasing Mn, Zn, and REE concentrations in these two calc-silicate minerals, we propose that these phases
are both formed during prograde skarn formation, with both early and late epidote corresponding to the crystallization of Jo-
Hd series pyroxene. Overprinting by hydrous skarn minerals and later sulfide precipitation is potentially linked to the
increase in volatile elements in the vein-style epidote. The relative timing shows that these calc-silicate minerals record the
early stages of evolution of the system in different host-rocks.
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Geochemical and temporal evolution of the St Kitts magmatic system,
Lesser Antilles
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Detailed petrological and geochemical study of plutonic and cumulate rocks can provide insights into the inner workings of
transcrustal magmatic systems (e.g. Melekhova et al., 2017; Otamendi et al., 2016). This crustal architecture in turn
influences the eruptive style, chemical diversity, thermal evolution and erupted volume at the associated volcanic system.
Here we focus on the volcanic island of St. Kitts in the Lesser Antilles, an island that is largely uninterrupted by sediment
contamination and pre-existing crustal structure.

Whole rock major and trace element analysis of volcanic and pyroclastic rocks show two distinct magmatic lineages that
can be ascribed to differentiation at various crustal depths. We use major element modelling to show the cumulate
assemblages needed to generate these trends. In-situ mineral trace element data for the cumulate and plutonic xenoliths
are used to constrain the differentiation process as well as mineral reactions, particularly between clinopyroxene and
amphibole. Thermodynamic modelling provides estimates of the equilibrium P-T (Pressure-Temperature) conditions for the
cumulate xenoliths; this technique acts as a complement to multiple reaction thermobarometers or as an alternative when
suitable phase assemblages are unaivalable.

Collectively, these techniques allow us to develop a clearer picture of the magmatic system below St. Kitts.
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H diffusion in quartz: unravelling timescales of explosive volcanism
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Hydrogen diffusion in quartz is presented as a potential tool for understanding very short (minutes to hours at 700-800 °C)
timescales of eruption processes that involve changing water fugacity prior to quenching. The system also allows new
insights into diffusive processes in general — H is a trace element but does not behave as a tracer diffusant, and has
multiple sites even in the simple quartz structure.

Oriented cubes were cut from various optically perfect quartz crystals (Brazil, Tibet, Madagascar), all of which contained
some structurally bound OH groups, but with different defect populations and water contents (2 to 90 wt. ppm H,O). The
crystals were then dehydroxylated (1 bar), or hydroxylated/deuteroxylated (1 kbar) at 400-900 °C.

Dehydroxylation was done in air, placing the crystals in Au containers, either alone or packed into a lithium disilicate-quartz
powder (to induce Li*-H* inter-diffusion). Experiments were conducted for minutes to weeks, then doubly polished and
analysed using FTIR spectroscopy. Total OH versus distance from the crystal edge shows simple error function shapes, but
resolved profiles show diffusion-induced OH band fractionation.

Following hydroxylation or deuteroxylation, profiles do not conform to the error function, rather they show two-step profiles
(including plateaus) or linear concentration decreases, often with kinks. These shapes can be explained using a diffusion
plus reaction model, were H diffuses along a pathway associated with one defect (e.g. associated with non-bridging O%)
then hops into association with another defect (associated with Al**).

Despite clear differences between the different experimental series, the in-diffusion and out-diffusion (of H*) can be
approximately described by the same diffusion-reaction model. In the out-diffusion experiments the H* is already on its most
stable site (Al** associated) so inter-site reaction is limited/negligible, and in the in-diffusion experiments the H* moves
partially on a less favourable site, then hops into the more favourable Al-associated site.

Then, timescales of the last moments of silica-saturated volcanic eruptions can be unravelled, in the case where crystals do
not experience considerable post-eruption heating. Diffusion is fast enough that easily measurable profiles (hundreds of
pum) are formed in just minutes to hours at 700-800 °C.
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Polybaric fractional crystallisation of arc magmas - an experimental
study
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To date, the principal crustal depth of arc magma differentiation is still highly debated. Implications from field observations,
natural rock data and experimental studies are partly contradictory and cannot be combined into one single differentiation
model. Therefore, we propose an alternative scenario, namely polybaric fractional crystallisation, inferring that arc magmas
progressively differentiate by crystal fractionation and interaction with crystal mushes/cumulates upon ascent through the
continental crust.

This hypothesis is tested through a series of experiments along three different pressure - temperature ascent trajectories,
simulating the buoyant rise of evolving arc magmas in the continental crust. Running concomitant equilibrium (closed-
system) crystallisation experiments allows us to directly elaborate the impact of crystal fractionation on magma
differentiation. Phase equilibria data, chemical compositions of stable mineral phases, liquid lines of descent as well as the
evolution of crystal/melt ratios were established and provide crucial information to improve our understanding of the
evolution of the calc-alkaline magmatic series.

Experimental results support theoretical considerations on the effect of decreasing crystallisation pressure on mineral
phase equilibria: the olivine-clinopyroxene cotectic curve is shifted towards more cpx-rich compositions (equivalent to a
stabilisation of olivine at the expense of clinopyroxene) rendering residual melts more metaluminous and, therefore,
circumventing a rapid evolution of liquid lines of descent towards and into the peraluminous compositional field. Enhanced
plagioclase precipitation with decreasing pressures further affects the liquid line of descent. The polybaric evolution of the
experimental liquids more closely approaches the prevalent compositions of intermediate to SiO,-rich plutonic and volcanic
rocks observed at convergent plate margins.
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Plagioclase glomerocrysts: taking the pulse of volcanic eruptions
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Volcanic eruptions result from complex interplay of magmatic processes including the ascent and storage of magma in the
crust, volatile exsolution and crystallization. The dynamics of crystallization in shallow subvolcanic systems and the
consequences of interaction between ascending magmas and gases remain largely unconstrained. Mineral clusters, or
glomerocrysts, provide a novel tool to infer magmatic processes occurring in vertically integrated subvolcanic systems.
Here, we target cm-wide glomerocrysts formed of radially oriented plagioclase from Tolbachik volcano, Kamchatka, Russia.
We use glass inclusion data, mineral textures and diffusion chronometry on olivine and plagioclase and show that cm-size
glomerocrysts can grow in days to weeks in a dynamic and melt-rich system prior to or during volcanic eruption. Rhythmic
CO,-fluxing by degassing of deep-seated magmatic reservoirs controls the crystallization and resorption of plagioclase and
might well lead to significant overpressure in shallow subvolcanic systems, thereby controlling the rhythmicity of volcanic
eruptions. Radially oriented plagioclase glomerocrysts represent the volcanic counterpart of radial magmatic layering found
in shallow magmatic plutons, namely plagioclase-dominated comb layers and orbicular rocks (McCarthy and Muntener,
2016). Long timescales and slow cooling are mechanisms generally required to form well-developed magmatic layering
according to fundamental and long-standing tenets of igneous layered intrusions (Wager and Brown, 1963, McBirney and
Noyes, 1979). We argue however that vertical, radial magmatic layering dominated by plagioclase crescumulates found in
shallow subvolcanic systems and sampled as mineral clusters in erupted products should be reassessed as monitors of
fluctuating P-T-H,0-CO, conditions on eruptive timescales.
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Iron metallurgy on northeastern coast of Madagascar: How could slag
mineralogy help us understand the temperature and reduction
conditions in a low furnace?
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(melissa.morel@unifr.ch)

On the northeastern coast of Madagascar lived between the 7th and th 17th century a Islamized population so-called
Rasikajy. This still poorly known population produced iron, probably only for local uses, in workshops located along the
coast between the modern cities of Vohémar and Antalaha (Serneels et al., 2018; Serneels et al., 2019).

Between 2017 and 2019, three excavation and survey campaigns have been undertaken. More than 80 slag heaps were
located and some of them were excavated. The study of archaeological remains and the analysis of metallurgical wastes
such as slags or tuyeres allow us to reconstruct the structure of the furnaces. Hence the furnaces were bowl furnace,
directly dug into the sand, with small walls also made with sand. It seems that they were single-tuyere fireplaces with
bellows. Iron-rich lateritic ores, which are easy to find in the surrounding hills, were crushed and then smelted inside the
furnace in order to produced metallic iron.

From one workshop to another, little variations of the archaeological remains and artefacts can be observed. However,
these variations are small and could correspond to local variability. This tends to demonstrate the use of a same technology
throughout the period of metallurgical production (11"-15" century).

However, it is still difficult to reconstruct what were the temperature and reduction conditions inside such furnaces. The
study of minerals inside iron slags (Fayalite, Hercynite, Ulvdspinel, Wstite,... ) could help us to understand the variability
of the production or the heterogeneity inside these bowl furnaces. The study of these metallurgical wastes allow us to
reconstitute how much iron were produced.
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Periodic, violent outgassing of CO, along the Cameroon Volcanic Line (CVL) indicates a deep CO, reservoir. However, the
origin of this CO, remains enigmatic. One possibility is that the CO, is mantle derieved, either via ancient subduction-
related metasomatism during the Pan-African orogeny or by recent plume-related carbonatite metasomatism. In order to
test these hypotheses, we measured major and trace element concentrations (including H) in silicate minerals from
clinopyroxene-bearing spinel hazburgites recovered from Cenozoic alkaline basalts from the northernmost part of the CVL.

The three investigated xenoliths show protogranular to porpyroclastic textures. High ol (0.91-0.92) and opx (0.92-0.93) Mg#
coupled with relatively high modal proportions of cpx (5-8%) and a remarkably wide range in cpx Mg# (0.91-0.94) are
interpreted to reflect high degrees of partial melting followed by chemical and modal metasomatic refertilisation. This is
confirmed by strong LREE (and to a lesser extent, HREE) enrichments in cpx compared to those anticipated for the
percentage of partial melting indicated by ol Mg#. The diversity in cpx Mg# is also mirrored by variations in concentrations
of highly incompatible trace elements, notably LREE and both Th and U.

Primitive mantle normalised trace element patterns of cpx show negative Ti and Nb anomalies and a positive Sr anomaly
but contrastingly a negative Pb anomaly, which indicates the absence of subduction-related metasomatism. On the other
hand, negative Ba and Nb anomalies are inconsistent with metasomatism by alkaline melt. Instead, such features combined
with strong enrichments in U and Th indicate the involvement of a carbonatite fluid component.

Despite this, Ti/Eu ratios, a commonly used discriminant between silicate and carbonatite metasomatism, do not indicate
the ubiquitous involvement of carbonatite fluid. We suggest that the cpx initially precipitated from a dominantly silicate melt,
but were subsequently overprinted by carbonatite metasomatism. Such a process could explain the difference in
metasomatic signatures between strongly and moderately incompatible trace elements.

To test further the involvement of carbonatite fluids, H,O was measured in all silicate minerals. In sample Ka1, opx and cpx
have H,O contents of ~20 ppm and ~100 ppm at their cores respectively. Low water contents compared to typical sub-
continental peridotites reflect lower water activities of carbonatitic melts relative to alkaline melts.

Although the precise tectonic associations of the distinct metasomatic fluids is yet to be constrained, our new data indicates
that the mantle has undergone 3 main events: partial melting, addition of cpx during silicate metasomatism and a
subsequent partial overprinting during carbonatite metasomatism. The identification of pervasive carbonatite metasomatism
in cpx could be a potential source of the CO, release during periodic degassing along the CVL.
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Exploratory concepts into a refined view of the “Mesoarchaean gold
event” and its aftermath —

Insights from paragenetic studies and sulphide Re-Os geochronology in
the Nuuluk Greenstone Belt, Tartoq, Greenland
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A “Mesoarchaean gold event” of magmatic origin might have added the bulk of gold to the nuclei of the future cratons
around the time of the global onset and establishment of crust generation by plate tectonic processes at ca. 3.2-3.0 billion
years (Ga; Shirey and Richardson, 2011; Neeraa et al., 2012; Tang et al., 2016). The timing of this major magmatic event
may coincide with the aftermath of the ca. 3.2 Ga major bombardment of the Earth-Moon system (Glikson, 2001). Although
a logical link between these events is tempting, it has not really been investigated in detail, and the origin of the
“Mesoarchaean gold event” remains rather enigmatic if not truly controversial with regard to its trigger and whether
magmatic processes actually led to this pronounced gold endowment in those nuclei (cf. Frimmel, 2008). Here, our study
focuses on the Nuuluk greenstone belt in the Tartoq district in southwestern Greenland where volcanic and magmatic rocks
and accompanying lower crustal harzburgite cumulates were emplaced at ca. <3.19-3.01 Ga (Kisters et al., 2012; Szilas et
al., 2013, 2014, van Hinsberg et al., 2018). We use detailed sulphide and sulpharsenide petrography in gold-mineralized
shear zones in this greenstone belt and complement our observations with rhenium-osmium-sulphur (Re-Os-S) isotope
geochemistry of individual mineral separates of arsenopyrite and pyrite. In light of our findings, we propose to relate the
“Mesoarchaean gold event” to the precipitation of ca. 2.98 Ga (Re-Os model ages) massive arsenopyrite on the seafloor.
Indeed, arsenopyrite with primary invisible gold may result from the hydrothermal alteration and serpentinization of a <3.19-
3.01 Ga oceanic crust comprising basaltic rocks and lower crustal harzburgite cumulates. This alteration mobilized arsenic,
Re, and Au that were fixed in arsenopyrite. In major shear zones, retrograde greenschist-facies metamorphism overprinted
the ca. 3.01-2.82 Ga pervasive amphibolite-facies metamorphic assemblages and caused local dissolution of arsenopyrite.
During this retrograde tectono-metamorphic stage, in gold-rich shear zones, the Re-Os geochronometer in arsenopyrite
was reset to a Neoarchaean age while invisible gold was liberated and deposited as native gold with 2.66 Ga pyrite (Re-Os
isochron ages). The initial Os isotope ratios of Neoarchaean arsenopyrite (*’Os/'®0s, = 0.13 + 0.02) and gold-bearing
pyrite (0.12 £+ 0.02) overlap with the estimated '®¥”Os/'®Qs ratio of the Mesoarchaean mantle (0.11 + 0.01) and preclude
contribution of radiogenic crustal Os from evolved lithologies in the accretionary complex, but instead, favour a local
contribution in Os from basaltic rocks and serpentinized harzburgite protoliths by metamorphic fluids. Thus, the ca. 2.66 Ga
lode gold mineralization identified in the North Atlantic Craton may illustrate a gold endowment in shear zones in Earth’s
stabilizing continental crust at the time of the 2.75-2.55 Ga Global Gold Event (Goldfarb et al., 2001, 2005; Bierlein et al.,
2006), through metamorphic upgrading of bulk gold originally extracted from the Mesoarchaean mantle and concentrated in
massive arsenopyrite deposits on the seafloor of the reduced Mesoarchaean ocean.
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Deciphering the evolution of the most primitive Icelandic melts using
olivine trace element systematics
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Melt inclusions hosted by high forsterite (Fo) olivine phenocrysts are generally regarded as the best tool for understanding
the chemical and physical characteristics of the underlying mantle source. However, post-entrapment processes such as
crystallisation and diffusive exchange can significantly modify the original melt inclusion composition and can be hard to
identify and correct for. An alternative is to use the host olivine chemistry instead. Modern laser ablation ICP-MS techniques
combined with the interpretative framework provided by experimental studies have resulted in an expanded range of trace
elements that can be routinely utilised. The signifcant variance in chemical affinities of these elements are sufficient to open
up new possibilities for tracing the evolution of Earth’s most primitive melts.

We demonstrate such an approach using olivine macrocrysts hosted by the Borgarhraun lava flow, northern Iceland. This
historical lava flow is the most primitive on Iceland, highlighted by the highly forsteritic olivine macrocryst compositions,
which form an approximately bimodal population distribution (Fo,, , ,,, and Fo,,, ..,). Trends between Fo and minor
elements obtained by microprobe (Ni and Mn) are unable to distinguish any clear genetic differences between these olivine
populations. Trace elements, on the other hand, show striking differences. Clear trends between Cr and other elements (Li,
Na, Ca, Al, Ti, Y) within the high Fo group are consistent with concurrent mixing and crystallisation of two subtely different
high-Mg primary melt compositions. The low Fo group, conversely, show much poorer trends between major, minor and
trace elements, discounting any distinct genetic relationship between the crystals comprising this population.

High resolution LA-ICP-MS scanning across the crystal-matrix interface shows convergence of almost all elements from
crystals of both populations towards a single olivine rim composition. This rim composition, however, is not represented by
any of the olivine macrocryst compositions, indicating that the carrier liquid was different to any of the melts parental to the
macrocrysts. This carrier liquid thus scavenged macrocrysts from various mush piles comprising the lower Icelandic crust
before erupting at the surface. Modelling the concentration profiles of moderately incompatible elements (Ni, Mn, Co)
results in timescales of 2-8 months for the process of scavenging and eruption. Highly incompatible element profiles (Ti, V
and Y) are significantly shorter, potentially reflecting the continued differentiation of the carrier liquid during ascent. This is
corroborated by Cr profiles, which uniquely show sigmoidal shapes, consistent with crystallisation of Cr-spinel during
transport.

Our olivine trace element data shows that even the most primitive magmatic olivines on Earth may reflect melt-modifying
processes such as melt mixing, rather than equilbrium with primary mantle melts. Such interpretations cannot be made
from microprobe data alone. Therefore, trace element measurements in olivine are an essential tool for identifying the most
primitive stages of magma differentiation.
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Thermochemical controls on the diversity of magma chemistry sampled
by volcanoes
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The geochemical diversity of magmas is attained at inaccessible depth within the Earth and at times sampled by volcanic
eruptions. Unravelling the geochemical record of volcanic rocks consequently holds important but enigmatic information
about processes occurring within magma plumbing systems, which ultimately are of value for volcanic hazard assessment,
the genesis of ore deposits and geodynamics. Detailed mapping, geochronology and chemical analysis of volcanic
complexes has revealed that some volcanoes produce magmas of monotonous chemistry throughout their lifecyle, while
others tend to erupt magmas covering the entire range from basalt to rhyolite. The underlying reasons for such different
behavior are not well understood.

We present results from thermal modelling of magma injection in the mid- to lower crust (20-30 km depth) coupled with
experimental phase equilibria in order to compute the temporal evolution and compositional diversity of magma
geochemistry as a function of recharge rates and crustal thermal state. Our results demonstrate that low magma fluxes
(<0.002 km? yr) at relatively hot or deep crust produce less geochemical diversity compared to large magma injection rates
(>0.002 km? yr) into cooler or shallower crust. This indicates that the thermal structure, resulting from different injection
rates and temperature variation within the surrounding crust is a primary control on the compositional variability of magmas
present within plumbing systems. We compared the modelling outcomes to various natural datasets, which show striking
similarity. Our study shows that heat transfer and phase petrology can be used to constrain otherwise inaccessible
variables like rates of magma input and the thermal architecture of magmatic systems from geochemical analysis of
volcanic rocks.
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Mn-Cr chronological constraints on the thermal evolution of ordinary
chondrite parent bodies
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°Naturhistorisches Museum Bern, Bernastrasse 15, CH-3005, Bern

Ordinary chondrites (OCs) were metamorphosed to varying degrees ranging from un-equilibrated petrologic type 3 to
equilibrated type 6. OCs of different petrologic types are considered to sample different depths of an “onion-shell’-structured
parent body'. Thus, they can yield information on the time of accretion and subsequent thermal evolution of undifferentiated
planetesimals in the early Solar System. The short-lived **Mn-5Cr (t, = 3.7 Ma) chronometer is suitable to investigate the
timing and extent of such early Solar System processes.

12

Chromite (FeCr,O,) occurs as an accessory mineral (0.2-1 wt%) in all OC groups (i.e. H, L & LL). It has an Mn/Cr ratio near
zero (=0.01) and hence, preserves the Cr isotopic composition (i.e. **Cr/%2Cr) of its host at the time of isotopic closure,
which corresponds to the growth of chromite in the samples of low petrologic type. Chromites from the highest grade
samples may record cooling below the closure temperature of the Mn-Cr system.

Model ages for the formation of chromite in OCs of different petrologic types can be obtained by comparing their Cr-isotope
composition with the Cr-isotope evolution of a chondritic reservoir, using Solar System initial €*Cr and chondritic *Mn/52Cr
values and under the assumption of a canonical **Mn/%Mn ratio?. In order to be able to systematically resolve the ingrowth
of 3%Cr over a time span of a few Myrs, Cr isotope abundances need to be measured with high precision using Thermal
lonization Mass Spectrometry (TIMS).

Here we report first results for the model ages of chromite separated from three un-equilibrated type 3 and four equilibrated
type 6 OC meteorites. Chromite grains from type 3 OCs show an average model age of ~3.5 Ma after the formation of the
Solar System, while chromite grains from type 6 OCs record average age of ~9.3 Ma. The calculated mean ages correlate
with the petrologic degrees of metamorphism of the host meteorites, which strongly supports an “onion-shell” structure of
their parent body. Additionally, these ages better constrain the time of accretion and onset of metamorphism on the
chondrite parent body at ~3.5 Ma.
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Genesis of Early Archaean Continents: Constraints from Initial Sr- and
Hf-Isotopes from Apatite and Zircon in the Western Dharwar Craton
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Crustal evolution models are primarily based on radiogenic isotope systematics in Archaean rocks with some preferential
bias towards rocks formed after 3.0 Ga. The key problem is the scarcity of exposures of rocks older than 3.0 Ga and their
common overprint by metamorphism and extensive deformation that obscure primary features including mineralogy and
isotope systematics. This later (partial) reprocessing makes it difficult to obtain precise and accurate initial isotope
compositions that can be used to reconstruct their petrogenesis. However, minerals such as apatite can preserve initial
87Sr/8Sr (Tsuboi and Suzuki, 2003) and zircon can preserve initial '"®Hf/"""Hf (Mezger and Krogstad, 1997). In addition, the
U-Pb system in zircon records the time of mineral growth. The U-Pb ages and isotope information from minerals that
preserve initial isotope composition (at least partially) are particularly powerful to reconstruct crust-mantle evolution prior to
3.0 Ga.

Igneous zircon grains from TTG gneisses record U-Pb ages ranging from 3.4 to 3.1 Ga. Rare detrital zircons from
metasediments yield a maximum 27Pb/?°Pb age of 3.6 Ga. Single apatite crystals from granitoids yield initial 8 Sr/%Sr
~0.7013 that indicate a maximum mantle derivation age of 3.7 Ga for their precursor material. #Sr/%Sr values in apatite
from mafic rocks are close to the value expected for the BSE at that time. The Rb-Sr isotope system implies that only small
amounts of felsic evolved continental crust existed (Dhuime et al., 2015) prior to the formation of the Dharwar Craton that
started at ca. 3.6 Ga. Sm-Nd and Lu-Hf isotope systematics in felsic and mafic rocks are consistent with mantle depletion
starting at 3.8 Ga.
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Microbial mat growth rates inverted from A14C profiles
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Microbial mats —a multi layered sheet of microorgansims— are among the earliest forms of life to have inhabited our planet.
Some microbial mats produce laminated sedimentary structures called stromatolites that are present in sediments dating as
far back as the Early Archean. Despite their importance for the study of the evolution of early life on Earth and their
relevance in the search for life on Mars, little is known about microbial mat growth rates. Past studies have attempted to
derive growth rates using various methods, but the interpretation of this data has been ambiguous (Ginsburg et al., 1954;
Bahniuk Rumbelsperger, 2013). Consequently, it remains unclear how much time is recorded in stromatolitic sequences.
Radiocarbon analysis of microbial mats is often hampered by the presence of allochthonous organic particles that are
trapped within the authochthonous biomass. This study provides modeled radiocarbon measurements of microbial mats
from two Qatari sabkha. The inhospitable environment of the Qatari desert leads to nearly all organic matter being
produced in-situ via photosynthesis and therefor mirroring a clearer radiocarbon signature. The collected radiocarbon data
at millimeter-scale vertical profiles through the mats show a bomb spike signal allowing for an inverse Monte Carlo
modeling approach. An increase in growth rate throughout the age of the mat can be observed in the modeled data. The
data shows that the 45-55 mm thick mats cannot be older than 60 to 70 years of age. The inferred microbial mat growth
rate are higher than previously estimated, suggesting that Archean stromatolites may have formed in a relatively short
period of time. This in turn sheds a new light on the development of one of the earliest life forms on the planet.
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Organic matter flux Characterization by pyroloyse Rock Eval in the
Majerda river

Raja Chairi', Arbia Triki', Nourséne Mahmoud'

"Georesources laboratory, Center of Water Research and Technologies, Smartek Borje Cedria. BP273 8020 Soliman,
Tunisie

RE pyrolysis was initially designed to estimate the petroleum potential of sedimentary rocks (Espitalié et al., 1985). It has
been considered as a low-cost and a technically less demanding method for the characterization and quantification of soil
and modern sediment carbon, as it does not require any previous treatment of the sample (Sebag et al., 2016). These
indices were used to reconstruct paleo-environments through the evolution of OM quality and quantity in sedimentary
archives (Chairi, 2005, Zaccone et al., 2011), In this study we used this technique to characterize the organic matter
delivered and deposited in the most important river of Tunisia : Wadi Majerda (Fig.1). Majerda or Bagrada takes its source
near Souk Ahras, in the Constantine (Algeria), then flows east before flowing into the Mediterranean Sea (Gulf of Tunis).
Flowing over more than 460 km which 350 in Tunisia. Sediment samples were collected at the old and new mouth of
Majerda Wadi (OM and NM) along transverse transect of a depth of 0,45m. Sediments cores are taken every 5 cm and
packaged in aluminum trays at 4 °C. 50-100 mg of dried sediment was used for RockEval6 (Vinci Technologies) analysis.
The amount of nitrogen was determined with khjeldal, and Fe and Mn were determined by atomic absorption. Sediments of
both investigated cores are predominantly clastic and composed of clay and silt, as well as fragments and mostly higher
plants. The sediments exhibit a cyclic alternation of light clay and Fe-rich dark green to black laminae throughout the profil.
It has been suggested that they result from redox conditions. XRD analyse reveals a monotonous and similar composition
for both cores, regardless of the presence of laminae or other structures. It is characterized by illite, kaolinite, type clay
minerals, calcite, quartz, halite, pyrite and hematite. TOC concentration of the old mouth Majerda wadi samples ranges
between 1,22% and 2,63%. The values decrease in the deepest part (1%). The TOC concentrations in the new mouth of
Majerda wadi range between 1,13% and 1,59%. The values are distributed in two deposit periodes. This pattern shows a
high OM accumulation, greater export of organic sediment and weak dilution of OM content by mineral input. The C/N ratio
distinguishes between terrestrial and aquatic sources (Kunz et al., 2011). The C/N values range between 6 and 13 in new
mouth and between 9 and 73 in old mouth. These values demonstrate a significant contribution from terrestrial plants to the
old mouth sediments and high contribution from phytoplankton and epiphytes in new mouth. Degradation of phytoplankton
and epiphyticites materials in the water column will also increase C/N. A reverse correlation between S2 and TpS2 can be
noted: a decrease in temperature is systematically accompanied by an increase in S2 in old mouth. This feature suggests
the delivery of fresh and/or slightly weathered organic particles to the sediments. The lack of correlation between these
parameters in the new mouth suggests an intense intake of detrital organic matter. The HI vs Ol diagram also displays two
distinct groups. The first one refers to highly variable HI values (140— 200 mg-HC/g-Corg) and Ol values (240- 300 mg-O,/
g-Corg), whereas the second one has lower HI values (32— 135mg-HC/ g-Corg) and Ol values varying from 94 to about 190
mg-OZ/g-Cmg. The HI values progressively decrease along profiles. This process reflects a dehydrogenation of organic
compounds during early diagenses.
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There is a progressive increase of Ol, resulting from the loss of C and H. This change is explained by a progressive
oxidative transformation (mineralization and dehydrogenation) of organic compounds. In Majerda cores NM and OM
similarly have thick oxic layer (6-12 cm and 7-14 cm), high Mn concentration up to 20 mg g-1 and TOC > 1% (tab.). Mn
oxides may be employed by bacteria for the purpose of utilizing pools of refractory OM such as humic and fulvic acids, and
furthermore may partially oxidize such complex carbohydrates. Higher (466-475°C) TpS2 results for Mouth Majerda (MM)
sediments support that more oxygen-containing compounds contribute to Ol values. Fe and Mn vertical profile have high
concentrations in a surface layer, then decreasing to low and relatively constant concentrations at depth. The generally high
Tpeak values suggest that much OM distributed throughout MM could be composed of humic or fulvic acids because Tpeak
temperatures between 440 C and 470 °C are typically represented by these types of compounds in other systems (Hetényi
et al., 2006). The vertical distribution of Mn in MM sediments also demonstrates that surface recycling of Mn oxides is in
corrolation with accumulation and preservation of carbonates (r2 0,8).
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The black painting of a tiled stove attributed to the Fribourg manufacture of Johann Baptist Nuoffer, stylistically dated to the
years 1780-1785, contains Mn-bearing, well shaped Fe-oxydes embedded in a Fe-rich glassy matrix. These crystals are
interpreted as “recycled” hammerscale grains. According to experimental firings under air at 600°C, an iron steel will be
coated with a complex oxydation layer (lordanova et al. 2000). It is in fact a triple layer (Birosca et al. 2003, 2005;
Dungworth & Wilkes 2007), consisting, from the inside to the outside, of wistite (FeO), magnetite (Fe,O,) and hematite
(a-Fe,0,). The hammering of a blacksmith breaks this very brittle layer into thousands of small particles (= hammerscale), a
cheap potters black pigment. A combination of analytical techniques were employed in order to determine the exact
crystallographic nature of this phase: (1) Optical microscopy observations on the diamond-polished sample; (2) Subsequent
extensive scanning electron microscopy analyses coupled with an energy-dispersive spectrometer on the ultra-high
polished sample (textural and chemical informations). This so-called “Siton” polishing of the sample surface reveals also the
atomic structure on a submicron scale via electron backscattered diffraction; (3) transmission electron microscopy on a
lamella produced by the focused ion beam technique, which increases the certainty of the crystals chemical composition
and its lattice structure. In opposition to what has been already published, these crystals are maghemite (y-Fe,O,) - not
wistite, magnetite nor hematite.
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Geochemistry and diagenesis of fossil tetrapod bones from the Late
Triassic of Northern Switzerland
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The objects of investigation are three fossil tetrapod bones from the Late Triassic. Two samples (FR1 and FR2) are bone
fragments of Plateosaurus engelhardti from the clay pit Gruhalde in Frick (AG) that have been excavated from the upper
part of the Gruhalde Member, Klettgau Formation (Norian). The deposits consist of greyish to light purple marl and some
channels filled with dolomitic sandstones (Jordan et al., 2016). The third sample originates from a temnospondyle
amphibian (?Mastodonsaurus sp.), which comes from the a ‘bonebed’ in the Belchen member of the Klettgau Formation
(Rhaetian) in Schénthal (BL). The Rhaetian-‘bonebed’ is a conglomerate with a sandstone matrix (Omari, 2017). Both
‘bonebeds’ contain reworked faunal elements from mud flat playas, carbonate lakes or fluvial channels occurring within a
wide seasonally dry alluvial plain (Meyer, 2017).

The samples were analysed with reflected and transmitted light microscopy and Raman spectroscopy. The results reflect
different states of weathering due to varying depositional conditions and allow to draw conclusions about chemical and
physical parameters of the depositional environment. Bioapatite (modelled as hydroxylapatite (Ca,[(OH)/(PO,),])) is
generally unstable in a range of varying geochemical conditions and dissolves easily. The alteration of hydroxylapatite
(HAP) into a more stable phase like fluorine-enriched apatite requires particular physiochemical and microbial conditions
during early diagenesis (Keenan, 2017).

The samples from Frick and Schonthal differ in their preservation of the bone structures and the composition of minerals as
a result of different deposition and alteration. The bone structures (Cortex, spongiosa and saversian canals) of the samples
from Frick are well preserved. The cortex completely consists of Fluorapatite (Ca,[F/(PO,),), which implies a complete
alteration of bioapatite (modelled as Hydroxylapatite) (Ca,[(OH)/(PO,).] into fluorapatite (FAP). Furthermore, the samples
contain hematite (Fe,O,) and Calcite, which crystallized in cracks and voids.

The sample FR1 additionally contains Cu-rich minerals and iron sulphides. In some voids relicts of Chalcopyrite (CuFeS,)
were found, which formed due to percolating Cu-rich fluids. At the surface of the sample, Malachite (Cu,(CO,)OH,) and
Childrenite (FeAIPO,(OH),) occur.

In contrast to FR1, the sample FR2 does not contain any iron sulphides but its alteration product Hematite. The voids are
filled with different minerals like Quartz, Claudetite (As,O,) and Ankerite (Ca(Fe,Mg,Mn)(CO,),). The lack of chalcopyrite
leads to the conclusion of a longer exposition to oxidation than FR1 or a different composition of the percolating fluids.
The bone structures of the sample NdS from Schoénthal are strongly blurred by weathering. Further, no Harversian canals
are present because of a complete replacement by pyrite (FeS,) aggregates. The compacta and spongiosa is granular and
contain a variation of different minerals like Bukovskyite (Fe,(AsO,)(SO,)(OH)x7H,0 ) Goethite (FeOOH), Quartz, Albite
(Na[AISi,O,]), Barite (BaSO,) and carbonates. Noticeable is the absence of Apatite, which is due to the lack of required
conditions to enable the alteration of HAP into the more stable FAP.
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Ca,Ti,**H,Si,0,, — A new hydrogarnet?
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Garnet is a common mineral in high-pressure metamorphic rocks. Its structural formula does not contain any structural OH/
H,O groups, though it has been shown that significant amount of H,O can be incorporated in the mineral lattice, where H*
substitutes for cations (1-10 000 ppm wt. H,0) (Aines and Rossman 1984a; Rossman and Aines 1991).

It has been proposed that the silicon vacancy point defect, with 4 H* substituting to a Si**(Cohen-Addad et al. 1967), is the
main point defect incorporating water in garnet. However, the uniqueness of this hydrous point defect is questioned.
Several observations support the possibility of other hydrous point defects: 1) Infrared spectra show up to 10 bands in the
OH stretching region of garnet for a single sample, indicating that different environments are occurring around OH groups
2) the infrared peak positions vary with major element garnet chemistry 3) The affinity of garnet for OH groups varies with
composition 4) FTIR OH bands show different behaviour/ speed when H is diffusing out of the lattice (Blanchard and Ingrin
2004; Kurka 2005; Reynes et al. 2018). Other nominally anhydrous minerals such as Olivine have been already intensively
studied and it has been shown in the last decade that several point defects — in addition to Si vacancy help to incorporate
OH groups in the lattice (Padron-Navarta et al. 2014).

In the quest of identifying new hydrous point defects in garnet, this study proposes an alternative approach to investigate
the relation of water incorporation as a function of garnet composition. We developed an algorithm to stack maps of major
element composition acquired by electron microprobe and OH maps acquired by high resolution Fourier transform infrared
spectroscopy with different resolutions. Once the superimposition is complete, it is possible to compute the structural
formula of garnet for the whole map, taking into account the H content.

This method has been applied to three hydrous Ca-rich garnets: one grossular (Ca-Al garnet), one Cr-Andradite (Ca-Cr/
Fe3* garnet) and one Ti-Andradite (Ca-Ti/Fe®* garnet). The results suggest a 1/1 relationship between Ti and H content in
the garnet structure. Therefore, a new hydrous point defect, consisting of 2H* replacing one Si** in tetrahedral site with
charge compensation achieved by the two Ti** in octahedral site is proposed. The theoretical endmember is
Ca,Ti,**H,Si,0,,.

This new finding has some important geological consequences. For a given amount of water, twice as many Si vacancies
are needed to host the H* compared to the classical hydro-garnet substitution, with implications for the rheology of garnet
bearing rocks. Moreover, the charge balance will be significantly affected for water-rich garnet impacting on the calculated
Fe?*/Fe** ratio, which can be sensitive to oxygen fugacity. Identifying different hydrous point defects in garnet is also
essential to constrain retentivity of OH groups in the crystal structure. As garnet is stable over a large P-T field it is able to
carry water to the deep mantle.
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Highlighting complex textures by major and trace element mapping in
high-pressure garnet
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Electron microprobe X-ray mapping analysis is a powerful tool to study quantitative major elements zoning in minerals.
Trace elements zoning can provide supplementary information on the mechanisms of mineral growth and bulk rock element
fractionation dynamic. Trace element mapping offers more complete information than profiles or spot analysis, but remains
underexplored.

Here we present major and trace element maps performed on garnet with a complex zoning from a high-pressure garnet
schist (Theodul Glacier Unit, Western Alps). Major element mapping is applied to highlight multiple growth stage textures
and estimate pressure-temperature condition of mineral crystallisation. Trace element 2D maps with a pixel size of 16*11.42
Um were obtained with an automated LA-ICP-MS system. Because trace elements and in particular REE+Y diffuse very
slowly in garnets, this is a powerful tool to understand and characterize successive fluid-rock interaction.

Major element results show that a first garnet generation with a unique chemical composition grew at 550 °C and 20 kbar.
This garnet grow stage is successively fractured and replaced at peak metamorphism (560 °C and 25 kbar). The last
generation present a sharp chemical transition and overgrowth during the retrograde path at 540 °C and 18 kbar. Major and
trace element mapping are coherent, preserving the sharp chemical transition of the last replacement event, where REE +
Y decrease sharply. V, Cr and Zn are the only elements to be enriched in the last garnet generation. These results and the
trace element budget suggest that the last garnet generation is associated with input of external fluid poor in trace element
likely coming from the surrounding ultramafic rocks.
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Oxygen isotope characterization of the silicic Jurassic volcanics from
Chon Aike Province (Patagonia): Investigating the origin of rhyolites
linked to crustal melting
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The role of crustal melting in the generation of large-volume, highly silicic magmas is a much-debated topic. We present
oxygen isotope data (in-situ SIMS and laser-fluorination) of the rhyolites comprising the Chon Aike Silicic Province (CASP)
to characterize the potential magmatic source material and the crustal contribution in the generation of these widespread,
voluminous melts. The Chon Aike is thought to be one of the largest silicic igneous provinces in the world, with an
estimated volume of >235,000km?®including exposures in both Patagonia and West Antarctica (Pankhurst et al., 1998).
Previous geochronological studies demonstrate that volcanism swept across the region over ~30 My, but the eruptive
episodes are inferred to concentrate into three periods of peak magmatism during the Jurassic: V1 (188-178 Ma), V2 (172-
16 Ma), and V3 (162-153 Ma) (Pankhurst et al., 2000). We focus our study on the latter two periods of volcanism: the V2
Chon Aike Formation in the Deseado Massif (DM) region and the V3 EI Quemado Complex with outcrops confined to the
eastern Andean margin.

We sampled ignimbrites and rhyolitic lava flows from various localities of the El Quemado Complex and the Chon Aike Fm.
across the Santa Cruz province of Argentina (Patagonia). Samples are silicic in composition (>70 wt % bulk SiO,) and
dominated by quartz +/- 2 feldspar.

Both zircon and quartz record high 8'®0O values, ranging from 8-10 %o, and 9-13 %o, respectively. We show that quartz
phenocrysts preserve their original magmatic composition and textures, even where alteration is prevalent. Alteration in the
CASP region often results in a high bulk rock signature (10-17 %o). In one rhyolite flow (DM) we distinguish two quartz
generations, one magmatic with 9%. and second younger one with a low 618Oq‘Z value of 2.3 %o and corresponding low 8O,
ok (8.5 %0). The observed high magmatic 8'®0 values signify a significant crustal sediment component - supporting a
petrogenic model of extensive partial melting of a crustal (sedimentary-rich) source in the generation of the CASP melts.

The high 880 rhyolites in the Chaltén region yield U/Pb ages ranging from 147 to 155 Ma, thus belonging to the youngest
episode (V3) of Jurassic volcanism. We note the presence of inherited cores, preserving Proterozoic ages as old as 1300
Ma, which provides good evidence for the recycling of an older basement. Further work to identify potential source rocks
and quantify the nature of the crustal input is in progress.
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Epidote as a geochronometer in veins
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Much attention has been paid to the role of fluids in the crystalline continental crust as they mediate mass transfer, and
influence chemical and physical processes such as crustal metamorphism. Important and clear evidence of fluid flow are
veins at different crustal levels. Epidote, whose potential as a mineral chronometer and geochemical tracer is still poorly
known, is a common mineral in veins and represents a promising proxy to unravel their long-term fluid history. Epidote is a
robust mineral that mainly records brittle deformation, without being reset by dynamic recrystallization processes. Epidote
can incorporate radioactive as well as non-radiogenic trace elements, and thus may serve as both geochronometer and
geochemical tracer. By exploiting these two qualities of epidote we aim at obtaining information on fluid flow during vein
formation. We investigated epidote veins from the Albula region (Albula Granite, Eastern Alps), from Grimsel Pass and from
the Gelmersee area (Zentraler Aare Granite, Aar Massif, Central Alps), and from the Heyuan Fault (Yashanian Granite,
Guangdong Province, China). To constrain the timing of formation of such veins, we developed an analytical protocol for in
situ LA-ICPMS U-Pb dating of epidote. Such measurements are challenging because, relative to well-established U-Pb
geochronometers, epidote has low U concentrations and incorporates high concentrations of initial Pb. Our approach uses
radioactivity imaging (i.e. a Beta-scanner) in order to target epidote zones with the highest U concentrations for in situ U-Pb
dating by LA-ICPMS. We have established the suitability of allanite as a sufficiently matrix-matched standard for epidote in
spot analysis mode, given the lack of an epidote standard. We have successfully applied the isochron approach to three
epidote veins from the Aar Massif, one from the Albula region and one from the Heyuan Fault, thus obtaining reliable U-Pb
ages as well as initial 2"Pb/?°Pb compositions. The ages measured in veins from Grimsel Pass and from the Gelmersee
area can be ascribed to the Handegg phase (~20-17 Ma) of Alpine deformation. We were hence able to exclude our initial
hypothesis that these epidote veins might have recorded fluid flow during the Jurassic. The initial 2”Pb/?%Pb compositions
indicate a uranogenic inherited component, which is isotopically different between Grimsel Pass and the Gelmersee area,
indicating isotopic heterogeneity in the fluid(s) circulating in the Zentraler Aare Granite during the same Alpine phase. The
vein from the Albula region yielded a Paleocene age and its initial 2°’Pb/2®Pb ratio is consistent with a two-stage evolution
model Pb composition. The vein from Heyuan Fault gave an age on the boundary between Early and Late Cretaceous and
is consistent with stratigraphic and structural relations in the area. Its initial 2’Pb/2%Pb composition indicates a uranogenic
inherited component. One epidote vein from Grimsel Pass yielded a data set which does not meet the criteria for the
isochron approach (i.e. same age and initial Pb isotopic composition for all analyzed grains). The data suggest that either
1) grains of different formation ages are present or 2) the U-Pb system of some grains was affected by secondary (i.e.
chemical and/or physical) processes. Our in situ laser ablation data will be discussed in reference to solution MC-ICPMS
bulk measurements of U and Pb isotopes in vein-epidote micro-separates from the same samples. Our results show that
the development of U-Pb dating of epidote can provide a valuable new chronometer for dating fluid-related processes
recorded in veins from a wide range of geological settings. The current challenge is to increase the precision of the
isochron ages, which is in the order of 5-25%. Despite the relatively large uncertainties, such ages are still relevant within
the geological history of the areas of interest and provide useful ages where no other datable mineral is present.
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Internal structure of a felsic intrusion: the Catedral granite, Torres del
Paine, Patagonia
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The Torres del Paine igneous complex (TPIC) in southern Chile, is a well preserved and exposed intrusion of Miocene age.

It is composed of a mafic complex (PMC) at the bottom and a granitic laccolith (TPL) on the top (Leuthold et al., 2012).
Based on field observations and high precision dating, three units were defined inside the TPL (Michael et al. 2008). They
intruded by underaccretion over the short period of 90+40 Ky. Individual units intruded in a brittle fashion, hence we call
each unit a magmatic batch. In contrast, the PMC formed by overaccreation (Leuthold et al., 2012). Here we present new
field and textural data on the youngest granite batch.

The youngest and largest batch is the Catedral granite or unit (lll). It occupies a volume of ~54 km? (Leuthold et al. 2012).
Evidences of magmatic pulses inside this batch (Catedral granite) are recognized on the field due to changes in rock
fabrics, such as (1) textures, (2) mineral modal abundances, (3) occurrence of mafic enclaves and (4) grain size. Contacts
between pulses are mostly ductile, with local brittle dyking. They are often accentuated by the presence of biotite and
hornblende schlieren-like accumulations. Dyke injections and structural crosscut relations were used to determine the
relative time of emplacement. This reveal that pulses intruded in a random order, rather than by under- or over-accretion.
Pulses are generally sub-horizontal and variable in size. Their thickness is up to a few tens of meters and some of the
larger individual pulses can be followed up to at least a kilometre. Hence pulse sizes seem to range from a few 10° m? to
over 10°m3 of individual pulses intruding at rates high enough to maintain partially molten, ductile environments.
Microscopic observations indicate a broad variety of textures. Cumulus and miarolitic textures are present in the granites
and can strongly vary between individual pulses. The outstanding preservation of magmatic textures also allow to identify
the method of melt escape: melt was mobilized and “escaped” individual pulses through neighbouring pulses by
coalescence of melt porosity into microgranitic and aplitic small (cm to decimetre) dykes.

Hence detailed mapping and petrology allows to identify the hierarchy which forms a shallow intrusion: rapid and arbitrarily
intruding pulses are alternating with periods of relative quiescence, during which time the batches cooled likely below their
solidus.
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Understanding minor elements in iron bloomery slag from
archaeological excavations
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'Department of Geosciences, University of Fribourg, Switzerland

Before the development of the blast furnace in the 14" century AD and the production of cast iron in the liquid state, iron
was made by smelting iron ores in a small furnace, the bloomery. The conditions in the furnace (oxygen fugacity,
temperature, time) are strong enough to reduce part of the iron oxides into metallic iron but not to melt the metallic phase.
The unreduced iron oxides and the other substances present in the ore must form a liquid slag. The main components of
this slag are fayalite (Fe,SiO,), hercynite (FeAlO,), wistite (FeO) and leucite (KAISi,O,).

The minor elements in the smelting slag are inherited from the different components of the system: the iron ore, the
charcoal ashes and the partially fused internal lining of the furnace walls.

Several minor elements, like Phosphorus, Titanium, Manganese, Chromium, Vanadium, Cobalt and Nickel are frequently
abundant in various types of iron ores. Their presence and concentrations are related to the ore forming processes.

During the smelting process, highly reducible minor elements (like Nickel, Cobalt and Copper) will partition massively in the
metallic mass. On the other hand, unreducible minor elements (like Titanium and Barium) will be trapped into the silca-rich
slag. Mildly reducible minor elements (like Phosphorus, Manganese, Chromium and Vanadium) will partition in a more
complex way depending on the conditions in the furnace.

During the cooling of the slag, the minor elements will be trapped preferentially in the first crystallising mineral at high
temperature. The partitionning process is strongly influenced by the oxygen fugacity in the furnace and the state of

oxidation of the considered cation.

Chemical data obtained from minerals in recently studied smelting slag will be presented.
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Reconstruction of the supply of lithic materials in the Roman city of
Aventicum (VD, Switzerland)
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Aventicum (VD, Switzerland) was the capital of the Helvetians during Roman times. Many rocks were used in this city,
mainly for architectural purposes, put also for utilitarian (e.g. millstones, inscriptions) and decorative (e.g. marble veneers,
mosaics, sculptures) objects.

We can identify three different areas from which rocks were imported to Aventicum. The first one is the immediate proximity
of the city, where we can find molasse, shelly sandstone, calcareous tufa, fluvio-glacial deposits. These materials are easy
to exploit and to transport to the city. However it is in the second area, the Jura mountains, that we find limestones, which
are abundantly used in Avenches. The rocks from this area are at a greater distance but could be quite easily imported into
the Roman city by lacustrine and fluvial transport. The third sector contains the more remote resources, such as alpine or
Mediterranean marbles, French basalts, Asian gemstones. Considerable efforts in terms of transport are necessary,
showing a real desire from the Helveto-Romans to hold objects produced from these materials.

The first step of this PhD thesis in archaeometry is to characterise the different rocks used in Aventicum during Roman
times, in order to determine their provenance. The second part will be to reconstruct the supply routes of these lithic
materials, considering the quantity of each rock type. It will contribute to a better understanding of the reasons behind the
choices of these different materials.
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Geochronology of the Terre Adélie Craton (East Antarctica)
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The Terre Adélie craton (East Antarctica) is an example of complex continental crust, which underwent several high-grade
deformation phases during Neoarchean to Mesoproterozoic times (e.g., Fitzsimons, 2000). At least two tectono-thermal
events have affected the whole Terre Adélie Craton, which resulted in superimposed ductile strain fields (Ménot et al., 2005;
Lamarque et al., 2016). However, it remains controversial which part of the mineral fabric observed at the scale of the Terre
Adélie Neoarchean basement can be attributed to the Neoarchean and which to the Paleoproterozoic deformation phases
(Ménot et al., 2005; Duclaux et al., 2008; Lamarque et al., 2016). The combination of several geochronometers, or the
dating of several minerals, within the same rock, in relation to specific structural sites in the field (shear zones, dykes,
undeformed rocks...) allows to pinpoint the different tectonic events which occurred during the long-lived evolution of
continents (e.g., Bosse and Villa, 2019).

Twenty-two samples from the Terre Adélie were chosen from the collection of samples gathered during the missions of
1998 and 2004. Bt and Amph pairs were hand picked for Ar/Ar dating in two laboratories. Fifty-three single grain 40Ar/39Ar
dating laser step-heating measurements were carried out at Géoazur in Nice University (France) on the ARGUS VI mass-
spectrometer, ten samples were additionally measured with oven step-heating routine in University of Milano Bicocca (ltaly)
on the Nu Instruments Noblesse rare gas mass spectrometer.

The comprehensive dataset obtained and compiled in this study allowed us to give a new interpretation to the earlier
results. The ages are lying in the range of 1800-1500 Ma which corresponds to the second Paleoproterozoic deformation
phase that affected the whole Terre Adéle Craton, including the Dumont D’Urville basin. It was sufficiently high grade to
reset all the biotites and most of the amphiboles which crystallized before in the Neoarchean basement, even in cases
where the granulite facies texture is well preserved. Given the variability of ages obtained in narrow outcropping zones, we
suggest that the age groups are representative of a petro-chronological evolution related to superimposed deformation /
fluid flow events rather than cooling in relation to a long-lived regional-scale thermal event. Based on the probability
distribution curves of amphiboles and biotites at the scale of the Terre Adélie Craton, three to five stages of recrystallization
can be discretized.
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Pumpellyosites as markers of chemically evolved hydrothermal
discharge in the oceanic crust, and their relation to massive sulfide
(VMS) deposits
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Seawater—basalt interactions are crucial for the formation of black-smoker type volcanogenic massive sulfide (VMS)
deposits at the seafloor and they influence the chemical composition of the oceans. Reactions of fresh basalts with
downwelling seawater add Mg and Na to the rock and leach Ca, leading to «spilite» alteration (chlorite+albite+Fe-oxides+
titanitexepidotetquartztcalcite; Alt, 1995). After seawater has chemically evolved via such reactions, it may generate Ca-
enriched, Na-Mg-depleted «epidosite» alteration (epidote+quartz+Fe-oxides+titanite; Richardson et al., 1987) along the
upwelling path of its circulation cycle. In addition to epidosites, Harper (1995) described pumpellyosites (pumpellyite+quartz
+chloritetepidote) in the Josephine ophiolite (USA), reflecting chemical changes similar to epidosites. Pumpellyosites
formed close to epidosites, but stratigraphically higher up, near to the paleo-seafloor and were therefore interpreted to form
from the cooling epidosite fluid.

Following the discovery of huge epidosites in the volcanic pile of the Semail ophiolite, Oman (Gilgen et al., 2016) we have
now found ~1 km? outcrops of intense, pervasive pumpellyosite alteration higher in the lava sequence, up to 30 m below
the paleo-seafloor. In contrast to the dark blue-green Fe?*-rich Josephine pumpellyosites, the Oman examples are a striking
mustard colour, reflecting high Fe** contents. Further, their Ca-enriched, Na- and Mg-depleted bulk-rock compositions are
very similar to the underlying epidosites. Accordingly, these pumpellyosites also appear to be low-T equivalents of epidosite
alteration. Thus, they mark sites at which highly evolved hydrothermal fluids in the oceanic crust discharge onto the
seafloor. Their metasomatic fingerprint contrasts strongly with the chlorite—quartz alteration found below black-smoker
vents. Whether the evolved fluids that form pumpellyosites and epidosites can form VMS deposits is highly questionable, as
there is no sign of mineralisation on the seafloor above the newly discovered pumpellyosites.
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Rate of eruptible magma assembly preceding Toba’s super-eruptions
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Accumulation of enormous amounts of hot and eruptible magma (<50 vol.% crystals) in growing magma reservoirs is
essential for super-eruptions. However, the timescales of reservoir construction and relative amounts of potentially eruptible
and injected magma remain poorly constrained. Here, we integrate zircon petrochronology and thermal modelling to
constrain the rate of eruptible magma accumulation at the Toba volcano in Indonesia, a system that produced two super-
eruptions on Earth over the last 1 million years. Our results show that within this system magma has been accumulated
since at least 2.2 Ma at a rate of about 4 cubic kilometres per millennium, 20-50% of which is eruptible. Thus, the Toba
plumbing system contains today about 150 cubic kilometres of potentially eruptible magma. Our approach can be applied to
other active volcanoes to gauge the volume of potentially eruptible magma present today in their subvolcanic systems.
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Consequences of magma-CO, interaction for explosive volcanism at
Colli Albani (Italy)
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Understanding the processes that trigger explosive eruptions in densely populated areas is important for volcanic hazard
assessment. Located 30 km from the city of Rome, Colli Albani is a caldera complex that is currently experiencing seismic
and degassing activity, and intermittent uplifts possibly related to magmatic intrusions. This ultrapotassic volcano has
produced a series of large eruptions between 600 and 355 ka (up to 63 km® DRE per eruption) creating pyroclastic flows
extending up to 33 km from the eruptive centre (Giordano & CARG team, 2010). These ignimbrites are mafic in
composition, which is rarely observed for such explosive events, as the rheological properties of mafic melts typically favour
effusive eruptions. The cause of this unusual explosivity is thought to be related to magma-CO, interaction (Freda et al.
2011; Giordano & CARG team, 2010). However, the origin of the CO, and its role in driving explosive volcanism are not well
constrained. We test this hypothesis by analysing crystal zonation patterns and melt inclusions in products of both explosive
and effusive eruptions to determine the evolution of magma chemistry and volatile content before eruption and to determine
whether the explosivity of the eruptions is linked to specific magma properties. Melt inclusions hosted in leucite and
clinopyroxene have been homogenized using piston cylinder experiments at 7 kbar, temperatures ranging from 1200-1350
°C and run times from 0.5-4 hours. Detailed petrography and mineral chemistry will be combined with determination of
volatile contents to gain quantitative insights into magma source conditions, accumulation and/or loss of the excess fluid
phase, and the evolution of intensive parameters prior to eruption. These data will be used in conjunction with
thermodynamic modelling (rhyolite-MELTS) to evaluate if magma-CO, interaction is a physically plausible scenario for
driving explosive volcanism at Colli Albani and to assess whether magma-CO, interaction at Colli Albani is better explained
by carbonate assimilation or by flushing of a magma reservoir with CO, from depth.
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Probabilistic graphical models to assess tectonic controls on arc
volcanism

Tom Sheldrake’, Luca Caricchi’
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The record of eruptions is often sparse because volcanoes can remain dormant and not erupt for many centuries or
millennia. Comparing volcanoes over these long timescales is thus difficult, as the spectrum of eruptive behaviour that is
observed at an individual volcano is unlikely to have encompassed what is naturally possible or even has possibly
occurred. To address this issue a common approach is to group volcanoes, often by geographical region, to understand
how the average eruptive behaviour varies as function of different independent parameters. However, the scarcity of the
eruption record is further confounded by recording biases associated with the age and size of volcanic eruptions, as well as
the location of a volcano itself, leading to analyses that focus on regions or datasets that are well studied and well
recorded. We investigate approaches to incorporate valuable observations from regions in which observations are sparse
or limited. We use probabilistic graphical models, in combination with ensemble methods to understand the role that
regional tectonics has in influencing the geochemistry, style and magnitude of volcanic eruptions.
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Experimental model for lava fountaining: the case study of 26 January -
24 June 2000 at south east crater (Mt. Etna, Italy)
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Basaltic volcanoes represent a large portion of the active volcanoes worldwide providing up to the 70% of sub-aerial
volcanic discharge. Is therefore not surprising the ever-increasing number of studies devoted to the investigation of the link
between plumbing system dynamics and eruptive style. Basaltic eruptive activity may vary widely from lava effusion up to
rare violent Plinian eruptions. However, the most iconic explosive activities of basaltic volcanoes are represented by
Strombolian explosions and lava fountains. To justify the onset, periodicity and the transition between the above-mentioned
eruptive styles, different hypothesis on the degassing dynamics have been made. Here, we make use of a laboratory
volcano, Mt. Etna, to test the validity of these assumptions and to calculate different volcanological parameters (e.g.
erupted volume and gas flux in the plumbing system). In particular, we focus on an exceptional series of lava fountains
observed in 2000 at South East Crater, with a multi-parametric approach. First, we investigate the pattern of geochemical
data to infer the evolution of magmatic source. Thin sections from selected lava fountain episodes are analyzed and the
correlations between the 2000 and the 2011-12 eruptions, which represent another incredible cyclic series of fountain
activity, are also studied. Then, we assumed the collapse foam model CF (Jaupart and Vergniolle, 1989) as the reference
source model for the 2000 eruption, looking for the best parameters that allows to fit the observed pattern and eruptive
behavior (e.g. intermittence time, erupted volume of lavas etc.). Moreover, we performed several experiments using the
experimental apparatus of Jaupart and Vergniolle (1988, 1989) having different viscosity from 0.001 Pas to 10 Pa s to
constrain the effect of viscosity onto the rate of foam collapse. The experimental apparatus was reproduced in two different
sizes in order to test the efficiency of the machine at different scales either with water or silicone oil.
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Geochemistry Of The Sturtian-Aged Hamama Iron Formations:
Implication On The Origin Of Neoproterozoic Banded Iron Formations Of
The Arabian-Nubian Shield
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Neoproterozoic time is characterized by the sudden reoccurrence of banded iron formations after a one billion year hiatus
in the sedimentary record. The origin of these Neoproterozoic iron formations exposed in the Arabian-Nubian Shield is a
matter of debate. Both non-glaciogenic exhalative zipper-rift hypothesis (Basta et al., 2011) and glaciogenic Snowball Earth
hypothesis (Stern et al., 2006) were proposed to justify the formation of these iron-rich sedimentary rocks in the Eastern
Desert of Egypt.

The Neoproterozoic iron formation deposits are exposed in the central segment of the Eastern Desert of Egypt, which
constitutes the northwestern extension of the Arabian-Nubian Shield. One of these iron-formation is the Wadi Hamama
area. In this area, mafic and felsic volcanic and volcaniclastic rocks of an intra-oceanic island-arc setting host multiple, thin
iron-formation units. Precise age constraints on these deposits are provided by zircon yielded from the volcaniclastic rocks
alternating with the iron bands. The obtained age (ca. 695 Ma) is correlated with the well-recognized Sturtian glaciation
episode.

The geochemical data of the Hamama iron-formations indicate the minimal detrital contribution. Thus, these data reflect the
signature of either the hydrothermal fluids contributed to their deposition and/or the basin conditions in which these iron-
formations deposited. Europium anomalies, which are commonly used as a proxy to identify hydrothermal contributions to
iron-formations, of the Hamama iron-formations range from 0.8 to 1.73 with an average of 1.16. These results indicate that
iron was most likely sourced from low-temperature hydrothermal fluids vented into the basin, which is restricted within this
arc system, which is supported from the geochemistry of the host volcanic rocks. The Hamama iron-formations display a
low Pr/Ybg, ratio averaging 0.26 and do not show any Ce anomaly, which is similar to many modern iron-rich crusts formed
in oxygenated ocean. The Hamama iron-formations display positive eNd(t) values ranging from 2.3 to 5.4, which are
different from negative eNd(t) values characterizing other glaciogenic Neoproterozoic Rapitan-type iron-formations.

These findings refute the necessary connection between the formation of Neoproterozoic iron-formations of the Arabian-
Nubian Shield and glaciation.The results of these analyzed iron-formations ascribed their formation to the exhalative
hydrothermal fluids similar to modern exhalites formed in oxygenated basins. The zipper-rift hypothesis attributed the
formation of Neoproterozoic iron-formations to extensive hydrothermal activities in rift basins related to the breakup of
Rodinia after 750 Ma. However, the Egyptian iron formations and the rest iron-formation deposits of the Arabian-Nubian
Shield are associated with arc-related volcanic and volcaniclastic rock assemblages, which are unrelated to rifting of
Rodinia, but instead are linked to Neoproterozoic juvenile crustal growth through accretion and assembly of island arc
terranes. The abundance of iron-formations in the ANS could be related to extensive submarine hydrothermal systems
associated with and preserved within the largest amounts of arc materials involved in the intense growth of the large
Neoproterozoic juvenile crust.
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Deciphering microbial signatures in stromatolites through micrometric
in situ iron and sulfur isotope analyses.
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Stromatolites are laminated organosedimentary structures formed under the influence of microbial consortium. The study of
actual stromatolites helps to constrain chemical reactions at the biofilm scale and the role of microbial metabolisms on
mineralization (Dupraz et al., 2005). The identification of the microbial communities in Archean stromatolites is yet still
discussed due to the absence of microfossils. The preservation of primary microbial signatures is also challenged by the
post depositional influence recorded in Archean sediments. Microbial metabolisms as Dissimilatory Iron Reduction (DIR)
and Microbial Sulfate Reduction (MSR) are thought to be well established on the early Earth (Vargas et al., 1998; Ohmoto
et al., 1993) and led to diagnostic fractionation of iron and sulfur isotopes, up to -3%. and -70%o respectively, during Fe3*-
oxide and sulfate reduction (e.g. Crosby et al., 2007; Sim et al., 2011). Micrometric syngenetic sedimentary pyrites (FeS,)
closely associated with organic matter are widespread in stromatolites through geological times. These sulfides can be
precipitated through abiotic reactions or microbial activity using DIR and MSR metabolic pathways. We propose to explore
Fe and S isotope signatures of micro-pyrites as a proxy of the early traces of microbial activity using SIMS analyses. Iron
isotope analyses were performed using the new Hyperion Radio-Frequency source in CRPG Nancy and SwissSIMS
Lausanne. This microscale approach, applied on Archean (2.7 Ga stromatolites of the Tumbiana Formation, Western
Australia) and Triassic (250 Ma sediments of the Sonoma Basin, USA) samples, allows to obtain a spatial resolution of 3uym
(Fe) (Fig.1) and 10um (S) and a reproducibility on Balmat pyrite standard better than 0.24%. (20) on &%*Fe and 0.13%o. (20)
on 3*S. The comparison of these data yields a large view of the evolution of the isotopic signatures through geological time
and provides original constraints about pyrite formation at local scale.

Figure 1. Primary beam spot used for iron isotope analyses in a micro-
pyrite from the 2.7Ga Tumbiana Formation.
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Multi-isotope study (Ge, Fe, O) of hydrothermal metamorphism in the
Limousin ophiolite
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Non-traditional stable isotope geochemistry in ophiolites is a powerful tool for the understanding of geochemical processes
during hydrothermal alteration (or hydrothermal metamorphism) in ancient oceanic lithosphere. Ge and Fe isotope
fractionation can be significant during low-temperature (T) hydrothermal processes (< 350°C), but also under high-T
hydrothermal or magmatic conditions. Thus, Ge and Fe isotopes can be employed as tracers of hydrothermal vs. magmatic
processes in the ancient oceanic lithosphere.

While O isotope fractionation is mainly controlled by T and fluid flows during hydrothermal alteration on (sub-)seafloor, Ge
and Fe isotope fractionation during hydrothermal processes strongly depends on the redox conditions and the chemistry of
fluids. In the altered oceanic crust (AOC), hydrothermal alteration may result in: 1) Ge depletion in the presence of
hydrothermal sulfides during high-T alteration along hydrothermal vents or, 2) Ge enrichment due to Ge adsorption by iron
hydroxides (Escoube et al., 2015). Moreover, the heavier Fe isotopes are preferencially incorporated into the Fe**- phases.
Thus, the AOC may display variable Ge and Fe isotopic compositions, depending on the nature of hydrothermal vent fluids
and products: Fe?*-rich sulfides (low 5*Ge and §°%Fe) or Fe**-rich deposits (clays, Fe-hydroxides: high 7“Ge and &*Fe)
(Rouxel et al. 2003; Escoube et al., 2015).

In this study, we have measured non-traditional Ge and Fe isotopes and traditional O isotopes in series of metagabbros
and serpentinites from the Limousin ophiolite (French Massif Central) to decipher the different signatures of hydrothermal
metamorphism. The Limousin ophiolite belongs to the upper part of the Middle Allochthon domain of the Variscan belt.
Serpentinisation of peridotites and troctolites, and amphibolite facies metamorphism of gabbros and mafic dykes occurred
during intensive seafloor hydrothermal alteration under low-pressure conditions (~ 0.2 GPa) and temperatures from high-T
late-magmatic conditions to low-T greenschist—zeolite metamorphic facies (serpentinisation: < 500°C; amphibolite facies:
570-750°C; Berger et al., 2005).

Ge and Fe isotope ratios (8"Ge, g4, = 0.02-0.10%0; 5%°Fe gy, 01, £ 0.01-0.04 %o; 20 SE) were measured in bulk samples
using a NeptunePlus MC-ICPMS (ThermoFisher Scientific) after sample dissolution and element separation through ion
exchange chromatography columns at the CRPG-Nancy (Luais, 2012; Liu et al., 2014). O isotopes were measured by on-
line CO, fluorination using a Thermo-Finnigan MAT 253 gas source mass spectrometer at the ISTE of the University of
Lausanne.

Amphibolites display low Fe*'/>Fe ratios (0.11-0.14) and MORB-like 5*Fe values (+0.03 to +0.17%o). 3'®0O values are
typical of high-T hydrothermally altered MORB (+6.2 to +6.6%o). 5“Ge values show a small range (+0.72 to +0.77%o) and
are heavier than most basalts and gabbros (+0.37 to +0.74%o; see Rouxel and Luais, 2017). The 3'®0 slightly decreases
with the increase of the 3%Fe, indicating a slight fractionation of the 3°Fe towards lighter values during hydrothermal
alteration. However, no 37*Ge vs. §%Fe correlation is observed, indicating that Ge isotope fractionation has prevailed over
Fe isotope fractionation during hydrothermal alteration of basic rocks. Reducing conditions have enhanced Ge isotope
fractionation towards compositions heavier than MORB.

Contrary to amphibolites, serpentinites are strongly oxidised rocks (Fe*/ZFe: 0.6-0.7) and display 3’80 values (+5.0 to
+6.1%o) typical of hydrothermally altered ultrabasic rocks. They display similar to heavier §"*Ge values (+0.48 to +0.93%o)
than ultrabasic rocks (+0.46 to +0.76%o; for a review see Rouxel and Luais, 2017), as well as heavier Fe isotopic
composition (+0.15 to +0.18%o) than partially to totally serpentinised abyssal peridotites (-0.10%o to +0.11%o; e.g. Craddock
et al., 2013). The 8*Ge shows a slight positive correlation with the 3%Fe, indicating concomittant Ge and Fe isotope
fractionation towards heavier values during hydrothermal alteration. The 380 increases with the decrease of the §"*Ge and,
to a lesser extent, of the §%Fe, suggesting both Ge and Fe fractionation during hydrothermal alteration. However, §%Fe
values display a larger deviation from ultrabasic rocks than §*Ge and §'80 values, suggest that oxidising conditions have
favoured the fractionation of Fe isotopes to a larger extent than Ge isotopes.



The present study corroborates former results obtained on subducted high-pressure metabasites (El Korh et al., 2017a, b):

Fe isotope composition of the oxidised rocks mainly expresses the signature of the protolith composition and subsequent
fractionation during low-T hydrothermal alteration, while only (re)hydration reactions in a reducing environment can trigger
Ge isotope fractionation towards heavier compositions than those of basalts.

REFERENCES
Berger, J., Féménias, O., Mercier, J.C.C. & Demaiffe, D. 2005: Journal of Metamorphic Geology, 23, 795-812.
Craddock, P.R., Warren, J.M. & Dauphas, N. 2013: Earth and Planetary Science Letters, 365, 63-76.
El Korh, A., Luais, B., Boiron, M.C., Deloule, E. & Cividini, D. 2017a: Chemical Geology 449, 165-181.
El Korh, A., Luais, B., Deloule, E. & Cividini, D. 2017b: Contributions to Mineralogy and Petrology, 172:41.
Liu, P.P., Zhou, M.F,, Luais, B., Cividini, D. & Rollion-Bard, C. 2014: Earth and Planetary Science Letters,399, 21-29.
Luais, B. 2012: Chemical Geology 334, 295-311.
Escoube, R., Rouxel, O., Edwards, K., Glazer, B. & Donard, O.F.X. 2015: Geochimica et Cosmochimica Acta 167, 93-112.
Rouxel, O. & Luais, B. 2017: Reviews in Mineralogy & Geochemistry 82, 601-656.
Rouxel, O., Dobbek, N., Ludden, J. & Fouquet, Y. 2003: Chemical Geology, 202, 155-182.

©
w

Symposium 3: Stable isotope geochemistry |



©
'

Symposium 3: Stable isotope geochemistry ‘

3.3

How does anatectic melt receive its isotopic fingerprint? A case study
from the Halls Creek Orogen, WA, Australia
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Anatexis plays an important role for the production of crustal melts, for feeding large igneous bodies, and for the differentiation
of the crust. However, geochemists often have to rely on radiogenic isotope analyses of granitic rocks to deduce the melt
source and timing of melt production. In igneous rocks, apparent isotope inconsistencies and isotope decoupling are often
perplexing to interpret without fully understanding melting processes, melt origins, and melt extraction at the source — a critical
knowledge gap that can lead to mis- interpretation of isotopic data. Well exposed anatectic terranes provide the opportunity
to study melt evolution within the source rocks and how extracted melt receives its geochemical fingerprint. In this study we
investigate the isotopic evolution of radiogenic (U-Pb, Sm-Nd, Lu-Hf) and stable (O) isotope systems on a whole rock and
(sub-) mineral scale in migmatites and their protoliths. The study site exposes a spectacular window into anatexis in the
middle/lower crust where source rocks, external melt, and residual cumulates can be studied (Oliver and Barr, 1997). The
studied migmatitic terrane belongs to the ~1850 Ma Halls Creek Orogen and with the radiogenic clocks starting in the
Paleoproterozoic, the protracted evolutionary path of the isotope systems allows identifying potential isotope disequilibria
induced during anatexis. Given the well constrained and exposed anatectic terrane, this setting allows to address the following
key questions:

1. Are (isotope) disequilibrium melting processes possible as claimed in previous studies?
2. What is the role of garnet cumulates in terms of the Hf isotope signature of melt and residual material over time
(garnet has as a strong Lu-Hf affinity and over time could evolve to highly radiogenic Hf signatures due to it high Lu/

Hf ratio)?

3. How representative are the Hf isotope signatures of anatectic zircon rims in terms of the whole rock values and what
role do the garnet cumulates play (see above)?

4. What is the magnitude and length-scale of isotope variations induced by infiltration of externally derived melts?

Figure 1. Residual garnet cumulates after melt extraction in a migmatite of the Halls Creek Orogen.
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Molybdenum isotope fractionation between melt, exsolved fluid and
hydrothermal minerals during the magmatic-hydrothermal transition
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Molybdenum isotopes of igneous rocks show a much larger variability (up to 0.6%o %Mo) than has previously been
assumed for the continental crust (0-0.2%0). Two processes have been put forward to account for this, (i) magmatic
fractionation (Voegelin et al., 2014) and (ii) source variability delivered from the subducting slab to arc magmas. Moreover,
studies focusing on magmatic-hydrothermal mineralisation have discovered a large spread in Mo isotope compositions of
molybdenites, which cannot be explained by mass-dependent fractionation alone (Greber et al., 2011, 2014). Data acquired
so far document increasingly heavier §®Mo with progressive hydrothermal evolution (Greber et al., 2014), hinting at
significant fractionation between an increasingly heavy aqueous fluid while lighter isotopes are bound in precipitating MoS,,.
On the other hand, Shafiei et al. (2015) observed the opposite trend with heavier §°/%*Mo values (0.0 - +0.92%o) of early
stage molybdenites followed by a late stage with 5°**Mo values restricted to -0.31 - +0.27%.. They postulated this to reflect
the involvement of multiple fluid types (brine, vapour, aqueous liquid) with different physico-chemical properties that
dominated during the two mineralisation stages. All these observations indicate that significant Mo isotope fractionation can
occur during high-temperature processes.

We investigate the magmatic-hydrothermal transition using miarolitic cavities of the Torres del Paine igneous complex
(Patagonia, Chile). They formed during successive stages of magma emplacement at shallow crustal levels (0.75 — 1 kbar)
and document the magmatic-hydrothermal history from approx. 750°C down to <300°C. Bulk rock %Mo ratios vary
between +0.05 and +0.46 %o 6**Mo, ., a range reported for other calc-alkaline magmas elsewhere (e.g., Wille et al., 2018;
Willbold and Elliott, 2017). Cavity mineral (amphibole, biotite, titanite, and molybdenite) and aqueous fluid isotopic
measurements are currently underway; preliminary data indicate that biotite has a very light isotopic signature (<-1 %o
8®Mo, ;) compared to the bulk rocks, whereas molybdenite exhibits moderately light Mo, values of -0.24 to -0.20%o.
Together, this data set allows the quantification of isotopic distribution coefficients between minerals and aqueous fluid, a
necessary step in better understanding the relevant processes producing isotopic variability in the continental crust.
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Microscale Fe and S isotope compositions of Archean pyrites can
constrain past microbial metabolism and post deposit processes
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The identification of microbial signatures preserved in the geological record is crucial for understanding life evolution in the
Early Earth. Iron and sulfur isotopes offer the most direct means to track the biogeochemical cycling of these elements
through time, but their joint use as biomarker of specific metabolic activity has been relatively limited to date. Archean
sediments contain small sulfides, that can be formed either by abiotic processes (reaction between H,S and Fe(ll)) or by
metabolic activity like microbial sulfate reduction (MSR) or dissimilatory iron reduction (DIR). We have developed a
microscale approach using correlative microscopy and SIMS analyses. In situ Fe and S isotope analyses as well as high-
resolution mineralogy of pyrites in Archean sediments from the Buck Reef Chert (3.41 Ga, basal member of the Kromberg
Formation, South Africa) and the Mendon (3.33 Ga, South Africa) Formations reveal not only post-depositional metasomatic
influence but also a well-preserved primary microbial signature inherited from early diagenetic reactions in the sediment.
This microscale approach allows us to distinguish microbial signatures from late overprints. Our results demonstrate the
existence of microbial iron respiration as early as 3.26 Gyr ago, providing new time calibration of the tree of life for this type
of metabolism.
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Tracing anthropogenic %Mo in riverine water:
Implications for palaeo-redox reconstruction
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The reconstruction of the Earth’s changing surface oxygenation has benefited greatly from the use of Mo isotopes in
marine sediments as a palaeo-redox proxy. Here the extent of Mo removal by oxic sediments is calculated by mass
balance models assuming steady state conditions between the inputs and outputs of Mo to and from the ancient ocean.
Unlike the outputs of Mo which are preserved in sedimentary rocks, the continental inputs of Mo to the ocean in the past
must be estimated based on the modern global riverine average. First publications have shown that global rivers are
isotopically highly variable and consistently heavy up to §%Mo ~1.9%. compared to the average upper continental crust of
~0.0%o. It has been argued that this isotopic offset might originate from weathering of isotopically heavy black shales,
evaporites and sulfides, and mechanisms of fractionation by adsorption onto Fe-Mn oxyhydroxides in suspended particles
and soils.

Here we demonstrate the influence of an isotopically heavy anthropogenic Mo source on the natural composition of the
Ottawa River, with implications for mass balance modelling of the ancient ocean. The Ottawa River, Canada, has previously
been identified as having an anomalously heavy 3%Mo close to seawater, which cannot be accounted for by previous
explanations, and indicates the existence of an additional Mo source or sink. We collected 32 water samples from the
Ottawa River, its tributaries and surrounding lakes. Filtered samples were analysed for major and trace elements as well as
&% Mo.

Our results reveal a progressive upstream trend towards heavy §°Mo up to 3.0%o, different to samples from tributaries and
lakes with a constant 3°®Mo of 1.1%o.. Positive correlation between §°®Mo and [Mo] indicate a binary mixing between 3%Mo
released by natural weathering of the catchment, and a single, isotopically heavy point source located upstream. A potential
source might be Cu-Au porphyry mining activities in the Abitibi Greenstone Belt, in the headwaters of the river. Direct
contamination from dissolution of isotopically light MoS, molybdenite is unlikely to explain the heavy Mo signature of the
source waters. Alternatively, adsorption of Mo onto Fe-oxides within the waste-rock storage facilities has previously been
shown to fractionate Mo in mine drainage water, releasing a highly reduced, heavy §%*Mo source into the surrounding
waters. We hypothesise that a similar mechanism of Mo removal occurring in these mining regions has altered the §**Mo of
the Ottawa River.

Anthropogenic alteration of the isotopic composition of natural river water challenges the use of modern large river systems
as analogues for ancient input parameters in mass balance models. If the impact of anthropogenic input is found to affect
rivers on a global scale, palaeo-redox reconstructions may need to be refined.
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Fe and O isotope study of eclogites and gneisses in the Miinchberg
Massif, Germany
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"Unit of Earth Sciences, Department of Geosciences, University of Fribourg, Chemin du Musée 6, 1700 Fribourg
(johannes.pohiner@unifr.ch)

2Department of Earth Sciences, University of Geneva, Rue des Maraichers 13, 1205 Geneve

3GeoZentrum Nordbayern, Universitdt Erlangen-Niirnberg, Schlossgarten 5a, 91054 Erlangen

Fe isotopes provide a promising tool to trace fluid-rock interactions and mass transfer in subducting lithosphere due to
redox-sensitive isotope fractionation (phases rich in Fe®** preferentially incorporate the heavier isotopes). Our study aims at
understanding to which extent the Fe isotopes in the subducted crust reflect (1) igneous protolith formation, (2) subsequent
low-temperature (LT) alteration, or (3) fluid-rock interactions during the subduction-exhumation cycle.

The Munchberg Massif represents a nappe pile within the Variscan orogen. MORB-type eclogites and gneisses of the
uppermost nappe (Hangendserie) show variable degrees of amphibolite facies retrogression. A dark, kyanite-free eclogite
(Mg# <65, ALLO, <15.5 wt.%, MORB signature) is distinguished from a light, Ky-bearing eclogite (Mg# >65, Al,O, >15.5
wt.%, more arc-like signature, usually higher Cr and lower HFSE contents, positive Eu/Eu*). §%Fe values of dark (—0.068 +
0.018 to —0.007 + 0.003%o.) and light eclogites (—0.053 + 0.002 to +0.014 £ 0.024%.) overlap. Both types comprise the
lowest 5°¢Fe of subduction-related eclogites ever measured, being lighter than MORB and comparable with some arc
basalts. 5%Fe tends to increase with Mg# and Eu/Eu* and to decrease with FeO,, Sc, Ni, V and Zn. Fluid-mobile elements
are decoupled from 3%Fe. Fe*/2Fe (0.13-0.30) do not strongly vary with §°Fe and are highest in the dark eclogites of
Fattigau, which also have high 8§80 (+10%o). Dark Weissenstein eclogites have more mantle-like 3'®O values (+5.0 to
5.6%o), whereas 5'®0 of light eclogites from Oberkotzau and Weissenstein are slightly higher (+6.3 to 6.9%0). Within every
locality, 8'80 and Fe*/ZFe appear to be independent from each other. Gneisses from Weissenstein do not show large
variations in 3'0 (+10.0 to 11.0%o) or Fe*/=Fe (0.07 to 0.10).

It appears that 5°®Fe is still largely controlled by protolith signatures. Presumably the light eclogites originated from
plagioclase-rich cumulates, and the dark eclogites represent the complementary differentiates. Enrichment of heavy Fe in
high-Fe**/~Fe cumulate phases (e.g., plagioclase or magnetite) can explain the unusual decrease of §°Fe during magmatic
differentiation. LT alteration, which appears to be modest for most samples, most likely caused secondary oxidation in some
cases, but not necessarily a change of §%Fe. Fe isotope fractionation during HP metamorphism cannot be excluded. Loss
of heavy Fe during slab dehydration or a specifically composed protolith mantle source are possible explanations for the
unusually light 8%Fe. Retrogression does not seem to have influenced the eclogite Fe isotope signatures.
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Fluid production and transfer in subduction zones: Insights from an
integrated thermodynamic and 630 fractionation model
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Oxygen isotope geochemistry is a powerful tool for investigating rocks that interacted with fluids, to assess fluid sources
and quantify the physical conditions of fluid-rock interaction.

We present an integrated modelling approach applied to multi-rock open systems. It combines thermodynamic- and oxygen
isotope fractionation-modelling based on internally consistent databases. This technique was applied to subduction zone
metamorphism to predict the possible range of 3'®0 values for mineral phases and aqueous fluids at various pressure-
temperature (P-T) conditions in the subducting slab. The evolution of mineral assemblage and §'®0 values of each phase is
calculated along a defined P-T path for a system composed by a sequence of oceanic crust (mafic) with sedimentary cover
(pelitic or carbonatic) of known initial chemical composition and bulk §'®0. In this system, fluid-rock interactions may occur
as consequence of infiltration of an external fluid into the mafic rocks or transfer into the metasediments of the fluid
liberated by dehydration reactions occurring in the mafic rocks. The model quantifies (1) the effect of the dehydration
reactions on the bulk 80O of a rock during prograde metamorphism, (2) the effect of the influx into a subducting rock of an
external fluid of distinct isotopic signature and (3) the final amount and isotopic signature of the fluid leaving the multi-rock
system, e.g. infiltrating an upper unit or the mantle wedge. The effects of interaction with externally-derived fluids on the
mineral and bulk 3'®0 of each rock were quantified for two typical compositions of metabasalts and metasediments with
external fluid influx from serpentinite dehydration.

We confirm that variations in 3'®0 due to mineral fractionation and/or excess fluid loss are typically negligible (i.e. < 1 %o).
The effect of temperature variation over a range of ~150 °C on the mineral 'O is phase dependent and may be significant
(> 1 %0). On the other hand, the interaction with an external fluid of different oxygen isotope composition leads to shifts in
bulk and mineral 3'®0 values that depend on the degree of fluid/rock interaction and on the §'®0 difference between the
rock and the fluid. This change can be dramatic (i.e. > 10 %o). In the considered system, quartz and garnet are the most
suited minerals to track such changes in oxygen isotope ratio. A comparison between natural samples and modelling
results is possible as the oxygen isotope composition of quartz and garnet can be measured in situ by SIMS with good
precision (down to + 0.2-0.3%o in 880, 20). The fluid released by the subducting slab has typically a §'®0O higher than the
mantle value (5.5 %o) and has the potential to extensively serpentinize the mantle wedge at the slab-mantle interface and to
modify its bulk oxygen isotope composition. Significant modification of the slab-mantle interface are expected to occur
already after 0.35 My of ongoing subduction.

The presented modelling strategy provides a new way to investigate different degrees of interaction between external fluids
and the associated sink lithology and to evaluate the consequences of closed system vs open system behaviour with
respect to oxygen isotopes during the evolution of a rock. Measured oxygen isotope compositions in minerals, intra-grain or
bulk §'80 variations at different scales, can be compared with the results of the model for the specific scenarios. If the
measured isotopic compositions are not consistent with the behaviour of a closed system, the presented model can be
used to determine potential fluid sources, to estimate the degree of fluid-rock interaction and the metamorphic conditions at
which this happened.
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Figure 1. Schematic geometry of the model. (a) The target column is composed by two rock types that can be infiltrated by an external fluid
deriving from a third layer located beneath them. (b) Schematic representation of the three interaction cases (no interaction case, partial
interaction case, high interaction case) between metabasalts and metasediments. (c) Possible scenario at the base of the column. As a
consequence of serpentine breakdown, ultramafic fluid may infiltrate the MORB, exchange with it and affect the fluid infiltrating the

sedimentary cover.
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Molybdenum isotope systematics at convergent plate margins — the
effect of deep sea pelagic sediments
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Subduction zone magmatism at convergent plate margins is closely associated with the formation of continental crust
through geological history. These settings are also characterized by the highest mass fluxes between crust and mantle,
where the slab-derived fluids (and possibly slab melts) facilitate the element transfer into the mantle wedge. Recently, Mo
and its isotopes have been applied to investigate the slab-mantle wedge transport and ultimately the incorporation of this
element into arc lavas. Significant stable Mo isotope fractionation is induced during Earth’s surface processes leading to
distinct Mo concentrations and Mo isotopic ratios in different marine sediments. One sedimentary endmember are Mn-rich
deep sea pelagic clays with a high authigenic Mo concentration, which dominate the sedimentary subduction input at the
Tonga Trench due to its remote location from continental shelf areas.

To better constrain if and how subducted sediment imprint the recycling of Mo at subduction zones, new Mo isotopic
analyses on arc volcanic rocks (basalts and basaltic andesites) from the Tongan subduction zone are presented.
Additionally, pelagic sediment and altered oceanic crust samples from IODP site 595 were analyzed. Together with major
and trace element concentration data, this approach allows us to calculate the isotopic mass balance between Mo input by
subducted continental material (SCM) and Mo output at arc magmatism. This is necessary to evaluate the role of sub arc
processes on the Mo budget and the isotopic input on Mo to the deeper mantle. In comparison with published Mo isotopic
data from other convergent margin settings with different SCM input, our new data will constrain the role of sediments on
Mo recycling at arc settings.
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First order validation of the titanium isotope thermometer
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Pioneering studies by Millet and Dauphas (2014) and Millet et al (2016) showed that stable Ti isotopes exhibt significant
mass-dependent variations in magmatic rocks, whereby basalts are isotopically lighter than more evolved lithologies. Stable
isotope theory predicts that isotope fractination is driven by the contrast in element bonding and that weaker bonds (high
coordination) prefer light isotopes. Consequently, the observed fractination of Ti isotopes is likely due to the presence of 4-,
5-, and 6-fold coordinated Ti in silicate melts and minerals. Another virtue of stable isotopes is that the degree of isotopic
fractination is negatively correlated with temperature. Therefore, minerals that incorporate 6-fold Ti (e.g. ilmenite, magnetite)
should be isotopically lighter than minerals that contain Ti in 4-fold coordination (e.g. olivin, quartz), and the difference in
the isotopic composition between these mineral phases is expected to be dependent on the temperature of crystallization
(or last isotopic equilibration). Recently, Aarons et al. (subm.) presented ab initio calculations of Ti-O bond strenght of
various minerals, which allow to predict the temperature dependent difference of minerals in their Ti isotopic compositions.

Here we test the applicability of these calculations on mineral separates (olivine, biotite, feldspar, quartz, magnetite) of 5
rocks from the Kos magmatic suite (Greece) that range in composition from basaltic to rhyolitic. Thermodynamic modelling
and conventional mineral thermometers indicate that advanced fractional crystallisation occurred in a shallow magma
chamber under H,O saturated conditions and low temperature (~750-650 °C) prior to eruption of the system (Bachmann et
al. 2012). Within a given rock, magnetite is lightest, biotite is intermediate and felspar, olivine an quartz are heaviest in their
Ti isotopic compositions. Applying the predicted Ti isotope fractionation between Fe-Ti-oxides (6-fold, mgt) and neso- and
tectosilicates (4-fold, ol, fspt, qz) suggests crystallization temperatures of 1180 °C for the basalt, 770, 760, 650 °C for three
andesites/dacites and 600 °C for a rhyolithic pumice. These temperatures agree largely with the previously suggested
crystallization conditions (but the rhyolite temperature is low) and indicate that Ti isotopes have the potential to become a
valuable magmatic thermometer.
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Stable isotope anomalies in chondrules — Insights into the pantry of the
early Solar System

Jan Hoffmann’, Klaus Mezger'2

TInstitut fiir Geologie, Universitét Bern, Baltzerstrasse 1-3, 3012 Bern, Switzerland
2Center for Space and Habitability, Universitdt Bern, Gesellschaftsstrasse 6, 3012 Bern, Switzerland

Chondrules are millimetre-sized, igneous rocks and major components of chondrites, the chemically most primitive
meteorites in our solar system. The high abundance of chondrules in the most common meteorite classes and early
formation ages of ca. 1.8-3.0 Ma after CAl formation (Pape et al., 2019) suggest that chondrules were a common
ingredient in the early Solar System, thus, may have played a major role between the time of condensation of solids from
the solar nebula and the time of accretion of planetary bodies. However, their formation process(es) and later incorporation
into their host bodies remain enigmatic.

Physical models were developed that show that chondrules might be a by-product of planetesimal collision, whereas
cosmochemical constraints favour the melting of dust aggregates in flash-heating events (e.g. Connolly & Jones, 2016). A
valid model for chondrule formation needs to satisfy all aspects that can be drawn from textural, mineralogical and chemical
observations. Several authors proposed a complementary relationship between chondrules and chondrite matrices on both
the elemental and isotopic scale (e.g. Hezel et al., 2018), while the whole rock is always chondritic. If this holds true, it
would imply a closely intertwined genetic connection between both components and put constraints on the chondrite-
forming region and the dynamics of accretion of material that ends up in chondrules and later in chondrites. In this context
a key question relates to the distribution of elements and isotopes throughout the solar nebula in particular.

The study of stable isotope anomalies offers an opportunity to pin-point contributions of nucleosynthetic processes (e.g.
super novae explosions) and injection of anomalous material into the solar nebula. Such anomalies have been reported for
several elements in chondrites, refractory inclusions and, to a lesser extent, in chondrules (e.g. Burkhardt et al., 2017),
suggesting compositionally distinct regions in the solar nebula.

Here, we will present results from the investigation of the petrographic properties of chondrules using micro-computed
tomography (UCT). This relatively new and quickly emerging method allows a non-destructive textural and mineralogical
analysis of precious material like extraterrestrial samples. These studies are complemented by analyses of the isotopic
composition of Ca in individual chondrules and adjacent matrices using thermal ionization mass spectrometry. The results
provide constraints on the degree of isotopic heterogeneity in the feeding zone of different chondrite classes and the
process of chondrule formation, particularly the physical models that invoke pre-existing planetesimals.
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Constraining past environmental changes of cold-water coral mounds
with geochemical proxies in corals and foraminifera
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Cold-water coral reefs and mounds are and have been biodiversity hotspots of the deep sea. As their occurrence depends
on specific environmental parameters, gaining hindsight on changing ocean conditions under on-going climate change is
the key to a better understanding of cold-water coral mound development through time. A convenient technique for
reconstructing the palaeoenvironment during periods of cold-water coral mound growth is by extracting geochemical proxies
from biologically mediated carbonates.

In this review, we focus on probably the two most abundant calcareous archives, i.e. cold-water Scleractinia and

Foraminifera, with an overview of a selection of geochemical proxies (60, 6"°C, A,,, §"'B, Me/Ca ratios) used in these
aragonitic and calcitic skeletons from cold-water coral mounds. A particular emphasis is set on constraining proxies for for
temperature, salinity, seawater density, seawater carbonate systems parameters (pH, CO,*), nutrients, oxygen and water

mass tracers.
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4.1
Molecular characteristics of organic microfossils in Paleoarchean cherts
Julien Alleon', Sylvain Bernard?, Nicolas Olivier®, Christophe Thomazo*, & Johanna Marin-Carbonne’

'ISTE, Université de Lausanne, Lausanne, Switzerland.

’IMPMC, Sorbonne Université, Paris, France.

3LMV, Université Clermont Auvergne, Clermont-Ferrand, France.
“Biogéosciences, Université de Bourgogne Franche Comté, Dijon, France.

The Archean geological record contains key information to document the emergence and the evolution of early life. Claims
for traces of paleobiological activity in such ancient rocks are, however, very often controversial (Bernard and Papineau,
2014; Alleon and Summons, 2019; Javaux, 2019).

Fossilization processes and the increase of temperature and pressure conditions associated with diagenesis and
metamorphism inevitably alter the original biochemical signatures of organic molecules. At a certain stage, biotic and abiotic
organic structures may become undistinguishable (Bernard and Papineau, 2014; Alleon and Summons, 2019).

Numerous Precambrian cherts (i.e. silica-rich rocks) are well known for hosting morphologically preserved fossilized
microorganisms (e.g., Knoll et al., 2016; Lepot et al., 2017). Recently, spatially resolved investigations using synchrotron-
based XANES microspectroscopy revealed that molecular information about the organic precursor of 3.4 Ga microfossils,
was preserved in the Strelley Pool Chert, Pilbara Craton, Western Australia (Figure 1), despite a metamorphic history so far
believed to be incompatible with such preservation (lower greenschist facies - peak temperature = 300 °C; Alleon et al.,
2018). Laboratory experiments showed that silica-organic interactions are likely to play a key role in the molecular
preservation of microorganisms fossilized in cherts (Alleon et al., 2016). Altogether, these results demonstrate that ancient
organic microfossils may exhibit a high level of chemical preservation in appropriate settings independent of a long and
complex geological history.

Here, we use spatially resolved microspectroscopy techniques, including STXM-based XANES spectroscopy, to investigate
the chemical nature and molecular preservation of individual microfossils from the 3.4 Ga Buck Reef Chert (Kaapvaal
Craton, South Africa). The latter have heterogeneous elemental and molecular compositions that differ significantly from
those of the Strelley Pool Chert. The slightly higher peak temperature conditions (= 350 °C) they experienced during their
geological history may partially explain these differences, although their molecular characteristics were likely initially distinct.
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Figure 1. Left: Scanning electron microscope image showing a lenticular organic microfossil from the 3.4 Ga Strelley Pool chert. Right:
X-ray absorption spectra collected at the carbon K edge for microfossils from the 3.4 Ga Strelley Pool chert (black) and the 1.9 Ga Gunflint
chert (yellow), compared to a spectrum of a modern microorganism (green). The absorption features indicate the presence of similar
molecular functional groups in both microfossils in ancient microfossils, despite they experienced different peak temperatures during their
geological history (peak temperature is indicated in °C). Data are reproduced from Alleon et al. (2018).
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4.2

Prey fractionation in the Archaeocyatha and its implication for the
ecology of the first animal reef systems

Jonathan B. Antcliffe!, William Jessop?, and Allison C. Daley’

'Institut des Sciences de la Terre, Batiment Géopolis, UNIL-Mouline, CH-1015 Lausanne (jonathan.antcliffe@unil.ch)
20Oxford University Department of Zoology, South Parks Road, Oxford, UK

Archaeocyaths are the most abundant sponges from the Cambrian period, forming the first animal reef communities over
500 million years ago. The Archaeocyatha are index fossils for correlating rocks of similar ages globally, because of their
abundance, extensive geographic distribution, their detailed anatomy and well established taxonomy. Their ecological
significance remains incompletely explored yet they are known to strongly competitively interact unlike modern sponges.
This study examines the feeding ecology of the fossil remains of Siberian archaeocyath assemblages. As suspension
feeders, archaeocyaths filtered plankton from the water column through pores in their outer wall. Here we outline a new
method to estimate the limit on the upper size of plankton that could be consumed by an archaeocyath during life. The
archaeocyaths examined were predominantly feeding on nanoplankton and microplankton such as phytoplankton and
protozooplankton. Size-frequency distributions of pore sizes from six different Siberian archaeocyath assemblages, ranging
from Tommotian to Botoman in age, reveal significantly different upper limits to the prey consumed at each locality. Some of
the assemblages contain specimens that could have fed on larger organisms extending in to the mesoplankton including
micro-invertebrates as a possible food resource. These results show that during the establishment of the first animal reef
systems, prey partitioning was established as a way of reducing competition. This method has applicability for
understanding the construction and the functioning of the first reef systems, and could be applied to understanding nutrient
flow and prey partitioning in modern reef systems and fossil phanerozoic reef systems, as well as more broadly informing
reef development though time and space.

Figure 1. Arange of features associated
with the pores of archaeocyaths. A: the
three major pore types: red arrow = outer
wall pore; black arrow = septal pore; white
arrow = inner wall canal. B: Varying pore
sizes seen in slightly oblique section, with
pores becoming more elliptical (to sub-
polygonal) to the right side of the image.
C: Annuli are plate-like features (white
arrow) which restrict the pore width, and
may add spiny and ornate coverings to the
pore. D: Tumuli are sphere-like coverings
(red arrow) over pores that have one or
more openings to allow transit of particles.
E: An example of a broken outer wall,
producing a space in the wall much larger
than the original pore. F: The irregular
growth of archaeocyaths (e.g. if the
specimens turns through 900 during
growth) means that a single section can
intersect the specimen in such a way that
transverse, oblique, and longitudinal
sections can be seen in a single specimen
in thin section.
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Cranial pathologies in a Late Cretaceous mosasaur from the
Netherlands: behavioral and immunological implications.

Dylan Bastiaans'?®, Jeroen J.F. Kroll*, John W.M. Jagt?, Anne S. Schulp??

"Universitat Ziirich, Paldontologisches Institut und Museum , Karl-Schmid-Strasse 4, 8006 Ziirich, Switzerland
2Natuurhistorisch Museum Maastricht, Maastricht, the Netherlands

SNaturalis Biodiversity Center, Leiden, the Netherlands

“MUMCH+, Department of Radiology, Maastricht, the Netherlands

On rare occasions, diseases and injuries sustained during the lifetime of an organism can be preserved in the fossil record,
in the form of osseous lesions and exostoses. Palaeopathology, or the study of these ancient records of disease and
trauma, may provide insight in disease acquisition, soft tissue anatomy, healing strategies and even behavioural aspects of
extinct organisms. Although many paleopathological surveys have been undertaken in dinosaurs and archosaurs in general,
most squamates have been largely understudied (e.g. Foth et al., 2015). Research on pathologies in mosasaurs (extinct
Late Cretaceous marine squamates), however, took off early, with some of the first examples recognised at the end of the
19" century. These (mostly descriptive) works were succeeded by cases concerning both traumatic (e.g. Lingham-Soliar,
1998; Everhart, 2008) and non-traumatic conditions (e.g. Mulder, 2001; Schulp et al., 2004) prompting the first hypotheses
on their underlying behavioural implications.

Multiple pathological specimens of various mosasaur genera have been recovered from the type Maastrichtian (SE
Netherlands, NE Belgium), providing a glimpse into the interactions and trophic relationships of these marine squamates in
this latest Cretaceous ecosystem (e.g. Lingham-Soliar, 1998; Schulp et al., 2004). Despite these efforts, the immunological
implications of these pathologies have been fully neglected. Many pathological studies rely on external morphological
comparisons only, despite the availability of histological, isotopic and modern radiological techniques.

Here we report on a palaeopathological case study of a recently discovered specimen of the globidensine mosasaur
Prognathodon cf. sectorius (NHMM 2012 072) from the type Maastrichtian area and display the opportunities provided by
modern day integrative approaches (e.g. CT and 3D-visualizations).The specimen was recovered from the upper
Maastrichtian Lixhe 3 Member (Gulpen Formation) near Maastricht, the Netherlands. The similarities in extent, location and
degree of healing of the anomalous bony structures on the anterior side of the upper jaw strongly suggest a common origin.
The individual in all likelihood was bitten in the snout by a large, possibly conspecific mosasaur — and survived this attack.
The specimen described here is among the very few with clear and unambiguous evidence of intraspecific agonistic
interactions amongst mosasaurs. Despite significant injuries, including partial amputation of the premaxilla, this mosasaur
initially recuperated from the encounter, but succumbed to the resulting subsequent infectious processes. Radiological and
morphological features suggest chronic osteomyelitis which led to loss of bone within the left maxilla, which most likely
hampered its ability to feed, resulting in the demise of this individual. This case study further illustrates the potential of
integrative three-dimensional approaches in palaeopathological studies to provide a much more comprehensive and
detailed description of alterations and underlying physiological processes. This allows for a detailed description of the
immunological response of these animals, which in the case of NHMM 2012 072 seems much more akin the mammalian
response than to its extant squamate relatives. Highly detailed scanning and 3D-visualizations allow for large evolutionary
analyses on the exact osseous response to pathogens in an immunological context, thus providing information on the
evolution of the immune response in fossil taxa.

i LR

Figure 1. Completeness of the skull of the globidensine mosasaur NHMM 2012 072 (nicknamed “Carlo”), with red depicting the right side
and grey the left side.
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Figure 2. A reconstruction of the (A) pathological alterations associated with chronic infection and (B) normal neuroanatomical structures in
the upper jaws and snout (i.e. maxilla and premaxilla, respectively) of NHMM 2012 072.
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Understanding the fossil record of arthropod moulting using
experimental taphonomic approaches

Allison C. Daley', Jonathan B. Antcliffe’ & Mickaél Lheritier?
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2Université Claude Bernard Lyon 1, Department des Sciences de la Terre, Batiment Géode, 2 rue Dubois, 69622
Villeurbanne, France.

The arthropod fossil record has revealed that this animal phylum has been diverse and abundant for over 500 million years,
providing important insight into major events such as the Cambrian Explosion and the Great Ordovician Biodiversification
Event (Daley et al. 2018). Detailed descriptive works focused on anatomy and functional morphology provide critical
information on the phylogenetic relationships and evolution of the arthropod phylum. To achieve the best possible
interpretations of arthropod fossils, aspects of their life history strategies and preservation should also be taken into
account. In particular, growth and development of arthropods is characterised by moulting, or ecdysis, where the hardened
exoskeleton must be periodically shed. This means that a single arthropod individual produces multiple empty moulted
exuviae during their life, but only one carcass upon death. Both moults and carcasses are known in the fossil record
(Figure 1), but they can only be easily distinguished in a few select groups (e.g. trilobites), and opinion is divided on the
relative preservation potential of moults versus carcasses (Daley & Drage 2015). Such information is important to establish
because it can contribute to more accurate quantitative paleoecological studies on fossil arthropod communities, and be
combined with ontogenetic information to examine life history strategies of extinct taxa.

Further insight into the arthropod fossil record can be gained by using experimental taphonomy approaches, during which
decay of modern arthropod analogues is observed at regular intervals under varying parameters. Such experiments
provide, for example, information on how soft and hard tissues react under different conditions, their rate of decomposition,
and the order of character loss (Briggs & Kear 1994; Sansom et al. 2011). We observed the decay of the red cherry shrimp
(Neocaridina davidi) in four contrasted conditions: in fresh water versus in highly saline water, and adult shrimp versus
juveniles. Adult and juvenile shrimps were euthanized with deoxygenated water, and the condition of a list of characters
were coded while they decayed in either fresh water or hypersaline water. Decay stages can be examined using digital
photography, multispectral macroimaging, or cryo-SEM (Antcliffe & Hancy, accepted). We also recorded the oxygen level in
200mL of fresh water containing a single decaying adult shrimp, with readings taken every 24 hours using a UNISENSE
Microsensor Multimeter. Results show that juveniles decayed must faster than adults in both fresh and hypersaline
conditions, and that hypersaline conditions slowed down decay of both juvenile and adults. Soft tissues forming the visceral
mass lost coherency within the first few days, corresponding to the period of time d a drastic decrease in oxygen was
observed by the Microsensor readings. Such results provide a baseline from which to develop further studies examining the
preservation and proportions of adults and juveniles found in the crustacean fossil record, for example at localites such as
Upper Jurassic Solnhofen Lithographic Limestones (Bavaria), where hypersaline stagnant conditions contributed to
exceptional preservation of soft tissues. At this locality and others, empty moulted exuviae make up a large proportion of
the arthropod fossil record (Daley & Drage 2015), and so future experimentation will compare the decay sequence and
preservation potential of moults and carcasses. This study forms part of a wide-ranging research strategy that seeks to
understand the evolution of moulting in arthropods over their entire history.

Figure 1. Fossil and extant arthropod moults. From left to right: A trilobite empty moult (Image credit: H. Drage); Marrella
from the Burgess Shale preserved mid-moult (Image credit: D. Garcia-Bellido; and a modern horseshoe crab in the act of
moulting (Image credit: Wikimedia Commons). Modified from Daley & Drage (2015).
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A geometric morphometric study of turtle shells
Laura Dziomber', Christian Foth', Walter G. Joyce'
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(laura.dziomber@unifr.ch)

The turtle shell is unique among tetrapods and its presence defines the clade Testudinata. Turtles have proven themselves
to be successful since they first appeared in the Late Triassic as they colonized a large diversity of environments, ranging
from dry land to ponds, rivers, and the open ocean, and survived all major extinction events.

Although the turtle shell is universally composed of the dorsal carapace and the ventral plastron, variation is apparent in its
exact composition (i.e., the number of bones and scutes) and in its morphology, ranging from domed, to flat, to tectiform,
and tear-drop shaped. The turtle shell has been hypothesized to provide several adaptive advantages to its owner,
including not only physical defense against predators, but also perhaps thermoregulation, pH regulation, and mate
recognition. The shell has also been proposed to possibly have ecological significance, in that herbivorous turtles may have
more voluminous shells, terrestrial turtles more highly domed shells, or aquatic turtle more stream-lined shells, but only a
few of these purported correlations have been investigated in a global context. This is one reason why the ecology of the
most basal known turtles is still under discussion.

To explicitly test for a correlation between shell shape and ecology, we assembled a 3D dataset of 70 extant turtles and 3
fossils, in particular, the Late Triassic Proganochelys quenstedti and Proterochersis robusta and the Late Jurassic
Plesiochelys bigleri, all from Central Europe. 3D models were obtained using surface scanning and photogrammetry and
morphology was captured through the use of landmarks and semi-landmarks. The known habitat ecology of turtles was
classified using the webbing of their forelimbs as a proxy. Principle component analysis (PCA) highlights much overlap
between habitat groups, but phylogenetic discriminant analysis (pFDA) suggests significant differences. However, while
Plesiochelys bigleri tends to cluster with marine turtles, the two Triassic species do not cluster with extant forms at all. It,
therefore, may not be possible to characterize their ecology using the methods we chose.
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A new hypothesis of turtle relationships provides insights into the
evolution of marine adaptation, and turtle diversification

Serjoscha W. Evers'

'Department of Geosciences, University of Fribourg, Chemin du Musée 4, CH-1700 Fribourg
(serjoscha.evers@googlemail.com)

Evolutionary transitions to marine habitats occurred frequently among Mesozoic reptiles, but chelonioid sea turtles are the
only clade that survives to the present. Thus, chelonioids provide the chance to investigate macroevolutionary questions,
such as the mode and tempo of morphological evolution during this ecological transition informed by total evidence
approaches that integrate fossil and recent data. However, uncertainties about turtle phylogeny (e.g. Joyce 2007; Cadena &
Parham 2015), particularly the relationships of several secondarily marine groups from the Mesozoic have prohibited a
rigorous assessment of divergence times of marine clades, and of patterns of flipper evolution.

| address these issues by reconciling previously available data with novel observations based of a large database of 3D
cranial models derived from >150 CT scans of living and extinct turtles (Fig. 1). This resulted in a new phylogenetic dataset,
formulated using a consistent coding strategy that accounts for hierachical homologies of observed variation. Parsimony
and Bayesian phylogenetic analyses, incorporating explicit statistical hypothesis tests demonstate that two major clades
(outside pleurodires) evolved a secondarily marine lifestyle: chelonioids and angolachelonians (Evers & Benson 2019).
Angolachelonians comprise all non-pleurodiran marine Mesozoic—Paleogene turtles. The chelonoioid crown-group evolved
during the early Late Cretaceous, and their stem group extends into the Early Cretaceous by inclusion of protostegids. The
general flipper morphology of chelonioids was established early on their stem-lineage (Fig. 2), and further morphological
innovations appeared at the origin of extant subclades Cheloniidae and Dermochelyidae (Evers et al. 2019). Chelonioid
inner ears show increased semicircular canal thickness with increased diving ability, which mirrors observations from
sauropterygians (Neenan et al. 2017), potentially providing evidence for a pattern of marine adaptation in the inner ear
across reptiles more generally.

Americhelidians, i.e. chelonioids plus their extant sister clade, the chelydroids, are inferred to have a North American origin,
but geographic expansion of protostegids occurred rapidly during the Early Cretaceous. The inference of an earlier
diversification of americhelydians implies that crown-clades of turtles in general diversified earlier and faster than previously
thought. My findings indicate that a total of three independent origins of marine life in Jurassic—Cretaceous turtles gave rise
to speciose, long-lived clades (chelonioids, angolachelonians, bothremydid pleurodires). All three clades survived the K/Pg
boundary, indicating high survivorship compared to other marine reptiles. Angolachelonians and bothremydids become
extinct by the early Neogene, coincident with global cooling, and only chelonioids survived to the present.



Figure 1. 3D renderings of extant turtle species representing major turtle clades, exemplifying the data used in my study. A, Chelus
fimbriatus (NHMUK 81.9.72.4), representing Cheliidae; B, Pelomedusa subrufa (SMF 70540), representing Pelomedusoides; C,
Carettochelys insculpta (NHMUK 1903.7.10.1), representing Carettochelyidae; D, Apalone spinifera emoryi (FMNH 22178), representing
Trionychidae; E, Platysternon megacephalum (SMF 69684), representing Platysternidae; F, Chrysemys picta, representing Emydidae
(NHMUK 76.1.31.19); G, Geoclemys hamiltoni, representing Geoemydidae (NHMUK 87.9.30.1); H, Gopherus polyphemus (FMNH
211815), representing Testudinidae; I, Macrochelys temminckii (FMNH 22111), representing Chelydridae; J, Sternotherus minor (FMNH
211696), representing Kinosternidae; K, Lepidochelys olivacea (SMNS 11070), representing Cheloniidae; L, Dermochelys coriacea (UMZC
R3031), representing Dermochelyidae. Note that Plemodusidae and Podocnemididae are summarized as Pelomedusoides and that
Dermatemydidae is not listed separately. Labelled internal nodes represent important clades: i, Testudines (crown-group turtles); i,
Pleurodira; iii, Cryptodira; iv, Trionychia; v, Testudinoidea; vi, Americhelydia; vii, Chelydroidea; viii, Chelonioidea.

Swiss Geoscience Meeting 2019 Platform Geosciences, Swiss Academy of Science, SCNAT
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Figure 2. Summary phylogeny and schematic flipper morphology for respresantatives of all chelonioid subclades. Red stars indicate burst
of morphological innovations.
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Asteroidea (also called sea stars or starfish) is a class comprised of about 2'000 extant and 600 extinct species. It is
generally accepted that all extant orders emerged during the Jurassic period, and then had about 200 million years of
independent evolutionary history. The study of Jurassic fossils is therefore essential to understanding the initial
diversification of all extant sea stars. The clade Forcipulatacea, comprised of about 400 extant species, is morphologically
well-defined. However, its fossil record is relatively sparse with all representatives being assigned to two extant families; the
Asteriidae and the Zoroasteridae, or erected as exclusively extinct families. We here reappraise four fossil forms from the
Jurassic of England that belongs to Forcipulatacea, but has not always been recognized as such: Asterias gaveyi Forbes
1850, Compsaster spiniger Wright 1880, Ophidiaster davidsoni de Loriol and Pellat 1874 and Terminaster cancriformis
Quenstedt 1876.

Extensive observation of these four fossils, including key details of the abactinal skeleton, ossicle spination and, where
present, pedicellariae, combined with detailed comparative anatomical studies of extant taxa suggest that they need re-
assignment. A phylogenetic analysis comprising 29 extant forcipulataceans and the 4 fossil forms was performed. More
than a hundred characters were derived from the skeleton with emphasis on the organisation of the abactinal skeleton, as
most of the synapomorphies of the extant clades (i.e., for the Asteriidae, the Stichasteridae) address the abactinal skeleton
structure.

The results of the phylogenetic analysis place A. gaveyi and T. cancriformis along the stem of crown Zoroasteridae,
supported at this position by their compact abactinal skeleton and the lack of crossed pedicellariae. These two fossils
challenge previous hypotheses regarding the homology of the unique row of marginals in zoroasterids, as two rows of
marginals can be identified in T. cancriformis. Ophidiaster davidsoni is retrieve within the Stichasteridae, and C. spiniger
within the Asteriidae. Although the latter possesses crossed pedicellariae, there is no trace of a wreath organ, which is the
most distinct synapomorphy of Asteriidae. The position of the fossils in the tree suggests an early diversification of
Forcipulatacea during the Jurassic. The reanalysis of these taxa demonstrates that the early diversity of the Forcipulatacea
was greater than previously thought and challenges existing perceptions of the evolutional history of this major clade.

-
-
|2

Symposium 4: Palaeontology



-
N
o

Symposium 4: Palaeontology

4.8
Weird coelacanths from the Triassic of Switzerland
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Coelacanths, or actinistians, form a clade of sarcopterygian fishes with two living species and about 50 extinct genera. This
group is well known for its relatively conservative morphology, with representatives showing a generalized Bauplan since
the Early Devonian (Zhu et al., 2012). Species showing a body morphology that differentiates from the generalized model
are known in the Devonian, Carboniferous and Triassic. Foreyia maxkuhni from the Middle Triassic Prosanto Formation in
Canton Graublnden, Switzerland, is one of these deviant forms recently described. This species shows a mosaic of
plesiomorphic and apomorphic characters for coelacanths, although a cladistic analysis placed it as the sister of
Ticinepomis at the base of the extant latimeriid family (Cavin et al., 2017).

The ongoing description of coelacanth material from the famous Middle Triassic Monte San Giorgio site collected in the
20th century and kept in the Palaeontological Institute and Museum, University of Zurich, provides new information about
the distribution of characters and consequently about the phylogeny of coelacanths. It likely represents a new taxon. Some
superficial features, such as the dermal ornamentation and proportionally huge head compared to the body are reminiscent
of Foreyia. Other characters, e.g. the tightly sutured bones on the cheek, the shape of the cleithrum and of the
extrascapular series are evocative of primitive coelacanths. Some characters, e.g. the peculiar shape of the dentary appear
to share characteristics with derived genera. Eventually, postcranial features are autapomorphic.

The Prosanto and Besano formations in Cantons Graubiinden and Ticino, respectively, are yielding an expectedly high
diversity of coelacanths (Ferrante et al., 2017), such as Ticinepomis (Rieppel, 1980) and Heptnaema (Renesto & Stockar,
2018.), which show a conservative morphology. Others, such as Foreyia and the new taxon display a very unusual
anatomy.
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A new early symmoriid with an unusual jaw articulation from the Late
Devonian of Morocco
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2Department of Organismal Biology and Anatomy, University of Chicago, 1027 E. 57th St., USA-60637 Chicago.
SNaturalis Biodiversity Center, Postbus 9517, 2300 RA, Leiden, The Netherlands.

The Symmoriida comprise some morphologically peculiar chondrichthyan genera like Akmonistion, Damocles, Falcatus or
Stethacanthus. Most symmoriids were described from the Carboniferous and many are characterized by strangely modified
dorsal fin spines or spine brush-complexes and moderately small body sizes. We discovered a new small symmoriid in the
Famennian of the Maider region. The specimen is exceptionally well preserved and allows to assess several previously
unknown aspects of its palaeobiology such as the function of the jaw articulation in this group. The functional morphology of
mandibular and branchial arches in early chondrichthyans is poorly known because of the lack of articulated and
undistorted fossil material. A three-dimensional model based on CT-scans of this new symmoriid shows the undeformed
mandibular and branchial arches such as the hyoids and ceratohyals allowing the reconstruction of mandible movement
during feeding. The way the Meckel’s cartilages rotate around their sagittal axes was previously unknown from
chondrichthyans and probably became extinct with the demise of the symmoriid clade. At the same time, the new species
corroborates that the cranial morphology (in contrast to the remarkably modified dorsal fins and spines) of Palaeozoic
symmoriiforms is quite conservative and allowed to falsify the aphetohyoidean hypothesis for these early chondrichthyans,
because in the new taxon, the hyoid is tightly attached to the lower jaw.
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Palaeoecology of benthic macroinvertebrates from three Middle Triassic
carbonate platforms

Evelyn Friesenbichler!, Michael Hautmann', Hugo Bucher’

"Paldontologisches Institut und Museum, University of Zurich, Karl-Schmid-Strasse 4, CH-8006 Zurich
(evelyn.friesenbichler@pim.uzh.ch)

The main recovery phase after the end-Permian mass extinction took place during the Middle Triassic and coincided with
the re-establishment of large carbonate platforms. Did the resurgence of these large carbonate platforms affect the
diversification of benthic macroinvertebrates and which evolutionary changes were involved in the colonization of this new
habitat type? To answer these questions, quantitative ecological analyses were performed on benthic communities from
three Middle Triassic carbonate platforms: (1) An early Middle Anisian Tubiphytes-microbial buildup (North Dobrogea,
Romania), (2) the late Anisian carbonate platform of the Latemar (Dolomites, Italy) and (3) the Late Ladinian — Early
Carnian Schlernplateau beds (Dolomites, Italy). The Tubiphytes-microbial buildup represents one of the oldest Triassic
carbonate reefs, which was formed on the upper slope of a distal platform in relatively deep water. The Latemar carbonate
platform represents an atoll, with a wellstratified platform interior that contains the investigated fauna. The Schlernplateau
beds represent an open lagoon in a platform interior. The investigated faunas were compared with other Middle and Early
Triassic faunas in terms of species richness and trophic composition. This comparison shows an increase in species
richness during the Middle Triassic, which coincides with the main phase of recovery after the end-Permian mass
extinction. During this recovery phase, bivalves that dominated Early Triassic benthic communities continued to diversify,
but gastropods diversified quicker and outnumbered bivalves by the end of the Middle Triassic in carbonate platform
settings. We hypothesise that the co-evolution between carbonate producers and benthic faunas, as well as the increase in
environmental heterogeneity in the context of carbonate platforms resurgence were factors that contributed to this shift in
taxonomic composition.
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Globorotalia menardii reflects AMOC: Test-Size Evolution of G. menardii
as a new Proxy for the AMOC Strength

Thore Friesenhagen'?, Michael Knappertsbusch'’
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(thore.friesenhagen@unibas.ch)

The Atlantic Meridional Overturning Circulation (AMOC) is known to have a huge impact on the climatic system of the
northern hemisphere via northern directed heat transport from low to high latitudes. Thus, changes of its strength probably
played a major role for climatic events, like the 8.2 ka event on a relatively small timescale [e.g. Alley & Agastdottir, 2005] or
the Northern Hemisphere Glaciation on a long timescale [e.g. Steph et al., 2010].

Recently, the long-term (10° years) strength of the AMOC was reconstructed by others using stable isotopes like 'O, 3'*C,
and Nd/Hf ratio [Dausmann et al., 2017]. Here, we propose that the test-size of the planktonic foraminifer Globorotalia
menardii may serve as another, new proxy for the relative interglacial AMOC strength. New in our research is the
observation that our measurements of test-size changes in the tropical Atlantic throughout the last 8Ma remarkably
correlate positive with the reconstruction of AMOC strength from the literature. This correlation is probably caused by the
ecology of G. menardii as a thermocline dweller. The test size seems to change along with the development and/or the
depth of the thermocline, which in turn is affected by long-term changes in the AMOC strength [dos Santos et al., 2010].
Thus, the test-size evolution of G. menardii may be a valuable tool to reconstruct the local relative thermocline development
and/or depth evolution during interglacial times, whereas longer time-series of test-size evolution possibly allow the
reconstruction of the AMOC strength.

Currently, work is in progress about the test-size evolution of G. menardii from the western Indian Ocean IODP Site 1476A
for the past 6.5Ma. Its position within the Mozambique Channel qualifies this core to be a key site for testing the Agulhas
Leakage Hypothesis. This hypothesis proposes the dispersal of Indian Ocean biota into the Atlantic Ocean via the Agulhas
Current and may explain a “sudden” test-size increase event of G. menardii in the tropical Atlantic Ocean during the
Gelasian [Knappertsbusch, 2016]. Preliminary results will be interpreted in terms of whether or not the data set agrees with
the above idea about a thermocline-controlled size evolution.
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Environmental influence on spore-pollen morphology during the
Mesozoic

Francesca Galasso' and Elke Schneebeli-Hermann'

"Paldontologisches Institut und Museum, University of Zurich, Karl-Schmid-Strasse 4, CH-8006, Ziirich
(francesca.galasso@pim.uzh.ch)

The Permian/Triassic biotic crisis (PTB) is considered as one of the five most severe mass extinction events in geological
time. Environmental perturbations caused a significant decrease in faunal diversity. However, the plant record shows a
different pattern. Historically, an almost complete loss of vegetation was suggested; however, recent studies show that
almost all major plant linages survived the PTB. Global environmental changes have been postulated as potential causes
(e.g. changing pCO,, climate, sea-level, or SO, emission).

Recent work on teratomorph spores and pollen grains (“the science of malformation/abnormalities”) shows a higher
occurrence of abnormal structures associated with/during the PTB and Triassic-Jurassic mass extinctions and intervals with
rapid changes in the carbon isotope curve.

The Smithian-Spathian Boundary (SSB) event was one of the most significant biotic events in the aftermath of the PTB
extinction. The SSB interval coincides with a positive carbon isotope excursion, a preceding vegetation turnover from
lycopods-to gymnosperm-dominated vegetation, with subsequently climatic turnover from rather humid to more arid
conditions.

Here we present occurrence and relative abundance data of teratomorph spores and pollen grains from the Nammal
section (Pakistan) straddling the SSB. In 25 samples, at least 300 sporomorphs were counted, recording the quantitative
distribution of normal and teratomorphic grains. Furthermore, normal and malformed spore tetrads and modifications of
sporomorphs color are described. The encountered variety of abnormalities and the wealth of combinations of these
encouraged the establishment of two identification schemes (i.e. one for lycopods and one for gymnosperms). These
schemes or guidelines shall help to quantify the morphological patterns and distinguish between morphological changes
due to poor preservation and malformation due to environmental effects. This allows testing whether teratology in spores
and pollen can work as a means of identifying and quantifying ecological disturbance in the fossil record, specifically around
the PTB.
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Soft part preservation reveals a high diversity of large bivalved
arthropods in the Fezouata Biota (Early Ordovician, Morocco)

Pierre Gueriau', Luka$ Laibl', Francesc Pérez Peris', Lorenzo Lustri' & Allison C. Daley’

'Institute of Earth Sciences, University of Lausanne, Géopolis, CH-1015 Lausanne, Switzerland (pierre.gueriau@unil.ch)

The Early Ordovician Fezouata Biota (late Tremadocian, ca. 478 Ma) from Morocco has yielded a diverse arthropod fauna,
including basal stem-lineage arthropods such as Radiodonta and Lobopodia, the oldest examples of horseshoe crabs, and
new informative specimens of enigmatic taxa such as marrellomorph arthropods (Van Roy et al. 2010, 2015a, b). The
Fezouata Biota also contains abundant remains of bivalved arthropod carapaces, with lengths ranging from a few
millimeters to several centimeters. Besides isolated hemispherical valves with cardinal spines typical of Isoxyida, absence
of soft parts has so far precluded other carapaces being assigned to any specific arthropod group, as bivalved carapaces
evolved in a wide range of groups homoplastically, and are seen in bradoriid, ostracod, diplostracan, phyllocarid and
thylococephalan crustaceans, as well as in a series of large Cambrian ‘bivalved arthropod taxa’ such as Branchiocatris,
Canadaspis and Odaraia.

Here, we describe new bivalved arthropod specimens with soft parts from the Fezouata Biota. The new anatomical details
highlighted using optical photography and contrast-enhanced UV-near-infrared macro-imaging show anteriorly directed
appendages associated with an elongated, narrowing backwards bivalved carapace, reminiscent of thylacocephalan
crustaceans. Isolated carapaces further display a well-defined anterior notch similar to the anterior optic notch present in
most thylacocephalans. Another specimen, dorsoventrally flattened with suboval valves in ‘butterfly position’, displays a
peculiar radiating pattern on the valves, as well as part of the trunk including seven segments, the last one being longer
than the others. A third specimen preserves two segments and a tapering telson with unsegmented articulated furca, which
strongly suggests phyllocarid affinities for these last two forms. The precise affinities of these few fossils remain to be
determined, but they clearly indicate a high diversity of bivalved arthropod taxa in early Ordovician marine communities
along the West Gondwanan margin, and we can expect that new fossil finds and/or the use of new imaging techniques may
reveal an even higher diversity of these organisms.
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Famennian thylacocephalans from Morocco and their role in Late
Devonian foodwebs

Melina Jobbins', Christian Klug'
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Thylacocephalans are pelagic arthropods with an erratic fossil record stretching from the Silurian, possibly Cambrian, to the
Cretaceous. In many of the few localities where they occur, they are quite abundant. This holds true for the Famennian
Thylacocephalan Layer in the Maider Basin (eastern Anti-Atlas) (Frey et al. 2018). This small epicontinental basin hosts
some strata with taphonomic properties of a Konservat-Lagerstatte yielding exceptionally preserved gnathostomes and
invertebrates. In a thin argillaceous interval in the earliest middle Famennian, thylacocephalans occur in such great
numbers that they became eponyms of this unit. Therein, we discovered the two new thylacocephalan taxa Concavicaris
submarinus sp. nov. and Madenecaris iugumata sp. nov., which represent the first records of this group from Africa. In the
CT-imagery, the holotype of Concavicaris submarinus sp. nov. revealed anatomical details including its eyes, pleiopods,
some muscles and other structures. Sedimentary facies and faunal composition of the Thylacocephalan Layer suggest that
these animals populated the water column above the low-oxygen bottom waters. The Thylacocephalan Layer is also rich in
articulated remains of chondrichthyans and placoderms. Accordingly, these putative crustaceans likely represented an
important component of their diet (Williams 1990). The abundance of thylacocephalans in other Konservat-Lagerstatten
such as the Cleveland Shale (USA; Williams 1990), the Gogo Formation (Australia; Briggs et al. 2011) and the Famennian
of the Holy Cross Mountains (Poland; Broda et al. 2015) underline their pivotal role in Late Devonian pelagic foodwebs.
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Early post-embryonic development of marrellomorph arthropod from the
Early Ordovician of Morocco
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Marrellomorphs are marine arthropods known from several Cambrian to Devonian localities. The majority of recent
phylogenies resolved this group as stem-Mandibulata (Legg 2013, Wolfe 2017) or at least as stem-Crustacea (Ortega-
Hernandez et al. 2013, Stein et al. 2013, Du et al. 2018, Chen et al. 2019), although its phylogenetic position is subject of
continuous discussions (see Aria and Caron 2017 for an example of different topology). The post-embryonic development
of Marrellomorpha is insufficiently known, as specimens of early stages are rare. Consequently, we know almost nothing
about life-history strategies in its members. In this contribution, we describe numerous early post-embryonic stages of a
marrellomorph arthropod from the Fezouata Formation (Lower Ordovician) of Morocco. These are small (ranging from two
to four mm in sagittal length) and morphologically similar to adults. The only differences observed in the juveniles when
compare with adults are: (i) a lower number of trunk segments; (ii) slender and straight spines on the cephalic shield; (iii)
proportionally shorter secondary spines on the cephalic shield; and (iv) proportionally shorter podomeres in trunk endopods.

The morphology of both first and second antennae, and of the trunk exopods are identical to those of adults specimens.
From such observations, several conclusions can be drawn. Firstly, the cephalic spines, their secondary spines and trunk
endopods show allometric growth, but the shape change during development is generally minor. Secondly, the lower
number of trunk segments confirm anamorphic type of development (i.e. adding segments during moulting), although it is
difficult to determine whether the segment addition was halted at some point (= hemianamorphosis) or not (=
euanamorphosis). Finally, the striking similarity between the early developmental stages and the adults implies direct
development in this taxon, at least for the developmental sequence starting at about two mm in length onwards. This
suggests that no niche differentiation took place during development of this taxon, as is supported also by the co-
occurrence of early stages and adults at some localities. Considering the phylogenetic position of Marrellomorpha, it is
likely that direct anamorphic development is ancestral either for total group Mandibulata or total group Crustacea, revealing
the developmental origins of the most diverse arthropod group in existence today.
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A new stem Euchelicerate from the early Ordovician Fezouata Biota
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The Fezouata Formation in southeastern Morocco is an Early Ordovician Lagerstatte that preserves a wide variety of non-
biomineralized taxa and anatomical features (Van Roy et al. 2011, Van Roy et al. 2015, Lefebvre et al 2016). This site is
noteworthy because it preserves a mix of Cambrian Explosion fauna and more typical Paleozoic marine taxa, as
exemplified by the arthropods from this site, which includes radiodonts and other stem lineage taxa as well as crustaceans
and a wide variety of euchelicerates. Two different undescribed euchelicerates are particularly abundant, one of them being
the oldest occurrence of horseshoe crabs in the fossil record, and the other having been ascribed to a closely related clade
known as the “synziphosurines” because of the lack of a fused opisthosoma.

Synziphosurina is a paraphyletic clade of taxa of various affinities, including stem members of Euchelicerata and of the
lineages leading to Eurypterida, Xiphosura and Arachnida (Lamsdell, 2013, 2016; Selden et al 2015). An in-depth study of
the Fezouata shale material is required to clarify the evolution and phylogeny of early xiphosurids and synziphosurines, and
the relationship between them and other euchelicerates.

Here we described a new synziphosurine taxon from the Fezouata shale, known from more than 300 specimens.
Specimens were examined using microscopy then photographed, and a limited number of specimens were selected for 3D
surface rendering and synchrotron radiation X-ray tomographic microscopy.

This taxon is characterized by the presence of a semi-circular prosoma with an apical carapace spine, an ophthalmic ridge,
and a pair of antero-ventrally oriented genal spines. Appendages are biramous. There are eleven opisthosomal targites,
with no sign of fusion, and the first of them is not reduced to a ring like articulation but instead is fully developed. The
second to the sixth targites possess a highly developed axis with two nodes connecting the axis to the pleura, which are
present from the first to the seventh segments. On the ventral side opercula are present. The last four targites do not bear
pleura and are fused with sternites that are fused to form a circular shaped segment. The pre-telson segment bear two pair
of spines at each side of the base of the telson, which shows a bifurcation on the distal part.

Only three taxa of Synziphosura have been found with preserved appendages: Offacolus kingi (Sutton et al 2002) and
Dibasterium durgae (Briggs et al 2012) from the Silurian Lagerstatte of Herefordshire and Weinbergina opitzi (Stiirmer &
Bergstrom 1981) from the Devonian Lagerstatte of Hunsrlick Slate. All of them are at least 50 Ma younger than our taxon.
The new Fezouata Biota species possesses some characters in common with these taxa, such as biramous prosomal
appendages similar in morphology to those of the Herefordshire species, but also characters of the Prosomapoda
euchelicerates, such as the ophthalmic ridge (Lamsdell 2013).

We undertook a phylogenetic analysis to clarify the phylogenetic position of the group. Two different datasets (Legg, 2013;
Selden et al. 2015) have been used and compared to using both Parsimony and Bayesian methods to increase the
reliability of our result. Our taxon resolves as a stem-euchelicerate with Prosomapoda affinities, and fills a gap in the
transitional series that represents early euchelicerate evolution. Linking our new findings on euchelicerate diversity during
the Great Ordovician Biodiversification Event to the earliest origin of the phylum, as recorded in the Cambrian Burgess
Shale-type biotas, provides a more complete picture of euarthropod evolution during these major events.
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The Evolution of the Camelidae
Sinéad Lynch, Ana Balcarcel & Marcelo Sanchez-Villagra

Palédontologisches Institut und Museum, Karl-Schmid-Strasse 4, 8006 Zirich, Switzerland

The Camelidae appeared during the middle Eocene epoch in North America and became a highly diversified group until its
drastic decline in the late Pleistocene. (Honey et al., 1998) Today only members of two tribes, Lamini (Lama, Vicugna) and
Camelini (Camelus), are extant. Both of these tribes originated in the Miocene and migrated to the Old World and South
America approximately 3 Mya ago. (Webb, 1974)

Even though the fossil record of camelids is fairly extensive, their phylogeny remains uncertain. For example, while the
genus Camelops was placed within the Lamini in the latest morphology-based phylogeny, (Scherer, 2013) genomic data
indicate a closer relationship with the Camelini. (Heintzman et al., 2015) Similarly, the position of Aepycamelus among
other Camelidae remains ambiguous.

We described a near-complete Lamini fossil specimen from the early/middle Pleistocene of Argentina is currently housed at
the Institute of Paleontology of Zirich. It is aged to approximately 1 Mya and preserves a suite of cranial morphologies
rarely captured in a single specimen.

Our aims are to clarify and update the phylogeny of the Camelidae, concentrating on craniomandibular and dental
characters, as we investigate the position of this new Argentinian specimen. In order to do so, we added a wider range of
species to the analysis, reviewed and added characters to reflect more accurately the morphological disparity within the
Camelidae.

We will be presenting the results of this analysis, as well as a preliminary description of this Argentinian specimen’s
endocast.
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Did dormice ever glide? Reinvestigation of Glirulus aff. lissiensis from
the late Miocene of Saint-Bauzile (Ardéche, France)
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3Institute of Earth Sciences, University of Lausanne, Géopolis, CH-1015 Lausanne
“Naturhistorisches Museum Basel, Augustinergasse 2, CH-4051 Basel

Among extant mammals, except bats that have achieved an evolution toward active flight, the vast majority of species
remain terrestrial or aquatic. The only exceptions are a few gliding species of Diprotodontia (Metatheria), Dermoptera
(Eutheria) and Rodentia, the so-called “flying squirrels” (Eutheria). Today, only two families of rodents include gliding
species: Anomaluridae and Sciuridae. Both families possess convergent adaptations: an elongation of anterior limbs and
phalanges, a fold of skin connecting the forelimbs and hind limbs called patagium, and additional cartilaginous bones
allowing to stretch the patagium during the glide.

In the fossil record, two other families are known to have evolved similar adaptations: Eomyidae (extinct) and Gliridae
(which includes extant dormice) (Jackson & Thorington 2012). The latter is known thanks to a single beautifully preserved
specimen of Glirulus aff. Lissiensis (Figure 1) from Saint-Bauzile (late Miocene, France; Métais & Sen 2018), exhibiting soft
tissue remains interpreted as a possible patagium. This discovery is especially surprising because none of the extant
species of dormice can glide. The first study of this fossil specimen was published by Mein & Romaggi (1991). At the time,
the authors only compared the anatomy of G. aff. Lissiensis with that of Glirulus japonicus, considered to be its closest
extant relative, yet no osteologic adaption to gliding was observed on the fossil specimen. We reconstructed G. aff.
Lissiensis in 3D using X-ray tomography (CT-scan), allowing for the visualization of its whole anatomy (one side of the
bones being otherwise concealed in the sediment), and more details about the preservation of the specimen. Additionally,
further anatomic comparisons are now possible with other extant glirids (including now also a CT-scan of G. japonicus for
more detailed comparisons) and other gliding mammals. The skeleton of G. aff. Lissiensis shows morphological features
generally observed in terrestrial or aquatic rodents, but never in gliding mammals. A statistic comparison of the skeleton
proportions with other mammal species also questiones the gliding adaptation. The gliding interpretation of this specimen is
consequently only based on the presence of a possible patagium. If it is indeed a patagium, it would imply that Gliridae
adapted to gliding without any convergent evolution with other gliding rodent, and gliding mammals in general.

Concerning G. aff. Lissiensis preservation, first observations indicate a significant deformation of the specimen during
fossilization processes. Soft tissues preservation appear more complex than previously described and extends beyond the
theoretical position of a patagium, thus questioning this interpretation. Further chemical characterisation of theses soft
tissues using infrared spectroscopy and synchrotron-based X-ray fluorescence major-to-trace elemental mapping (e.g.
Manning et al. 2019) must be done to ensure the anatomic interpretation of the preserved organic matter.
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Figure 1. Glirulus aff. lissiensis from the late Miocene of Saint-Bauzile (Ardéche, France). Top: optical photograph; bottom: 3D rendering
based on X-ray tomography.
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Triassic Sauropodomorph tracks with Gondwanan affinities from the
Central Austroalpine Nappes of Switzerland
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We report on a new dinosaur tracksite in the Hauptdolomit Formation of the S-charl unit at Piz S-Chalambert Dadaint (Val
d’Uina, Scuol). The site was discovered in 2018 by a local hunter on the western ridge at 2840 m a.m.s.|. and could only
be accessed by us using ropes and helicopters.

The footprints occur in the uppermost part of the Hauptdolomit Formation which consist of a series of buff to grey dolomites
with stromatolites. The surface is slightly inclined (27° ) and covers ~50 m? Three trackways are present, the longest can be
followed for almost 12 m. The main trackway (TR1) contains 14 consecutive left and right pes impressions. Only the right
pedes (FL: 36.5 cm; FW: 32.5 cm) are well preserved. They display four distinct digit impressions, although in some, only
three digits are visible. The left pedes of the trackway show elongated, kidney-shaped impressions that result from digit IV
and the heel only (Fig. 1). The average pace is 87.5 cm and stride is 154.4 cm respectively. A second trackway (TR 2)
displays only these partial impressions, and the third trackway (TR 3) has three steps, only one being reasonably well
preserved. The left pes imprint of TR 3 is elongated (FL: 50 cm; FW: 40 cm), oval shaped, with three well-marked, inwardly
curved digits (Fig. 2).

TR 1 and TR 2 are similar in size and overall footprint morphology to those reported from the Ela Nappe and the
Quattervals Nappe (Meyer et al. 2013; Furrer 1993; Furrer & Lozza 2008; Fig. 1A). They share some similarities with the
Gondwanan ichnotaxon Pseudotetrasauropus from the Lower Elliot Formation of Lesotho and South Africa (d’Orazi
Porchetti & Nicosia 2007) and with footprints described as Ofozoum grandcombensis from the Norian of Grand Combe in
Southern France (Gand et al. 2000), which were attributed to prosauropods. TR 3 (Fig. 2) is a hitherto unreported and
different morphotype that shows some resemblance with Tetrasauropus from the Lower Elliot Formation of southern Africa,
the more plantigrade pes imprint with digits strongly pointing inward, but lacks manus imprints.

The reported sites and ichnofauna from the Central Austroalpine Nappes (see Meyer et al. 2007, 2013) support the
evidence of a wide spread, highly diverse ichnofauna including small and larger theropods (?Grallator isp., Eubrontes isp.),
and sauropodomorphs with possible prosauropods (?Pseudotetrasauropus isp., ? Tetrasauropus isp.), and early sauropods.
Remarkable is the lack of chirotheriid footprints that are common in Upper Triassic siliciclastic facies of the Germanic Basin
and in North America.
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Figure 1. Left: TR 1, R 5 (tracing) Right: TR 1, R 5 and L 5 (photogrammetric model)
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Figure 2. Left: TR 3, L 1 (tracing) Right: TR 3, L 1 (photogrammetric model)
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Morphology and evolution of basal Cheirurina (Trilobita) from the
Fezouata Biota (Lower Ordovician, Morocco)
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Pilekiinae is a group of phacopid trilobites of the suborder Cheirurina, a widespread group that was a major component of
Ordovician to Devonian marine ecosystems. The fossil record of pilekiids starts in the Upper Cambrian and finishes in the
Darriwilian (Middle Ordovician) (Adrian, 2013). Most pilekiid taxa are from Tremadocian, being the most common
cheirurines at this period. Pilekiids are generally considered to be the basal-most members of the Cheirurina, and therefore
they are crucial for understanding the early evolution and morphological diversification of the group.

In the Fezouata Shale (Lower Ordovician, SE Morocco), numerous species of pilekiids have been described (Corbacho &
Vela, 2011). Owing to taphonomical and morphological variability, it is possible that the group has been split into too many
species. In this contribution, numerous specimens have been studied in order to clarify the taxonomy and to re-describe the
morphology of cheirurids from the Lower Ordovician of Morocco. Morphological and biostratigraphical data suggest that
most of the described species are co-specific and belong to genus Anacheirurus. Comparison with other basal cheirurids
from Bohemia, North America, United Kingdom and Norway suggest that the Moroccan taxa show numerous ancestral
characters, such as the morphology of the pleural furrows and the glabella.

In addition, a few specimens preserve the post-antennal appendages. This exceptional preservation allows us to describe
the limbs of Anacheirurus and compare them with those other trilobites. Similar to other trilobites, Anacheirurus had three
pairs of cephalic biramous appendages and then one pair associated each thoracic tergite. No pygidial appendages are
preserved in our material. The post-antennal biramous appendages are composed of a protopodite (coxa), an exopodite (or
gill branch) and an endopodite (walking leg). The protopodite seems to be attached below the axial ring in a lateral position
relative to the sagittal axis. There is no evidence for spines on the protopodite or along the inner edge of the gnathobase.
Each endopodite has seven podomeres. The appendages on the posterior part of the thorax show prominent spines on the
second, third and fourth podomere. The last podomere is reduced into a small tripartite segment with three little claws. The
exopodite consists of a flap, divided in two different parts by an articulation structure. The proximal lobe of the exopodite is
bigger, and its external rim bears long, robust bristles. The bristles are arranged into a fan-like shape, are directed
backwards, and overlap the posterior exopodite flap. The distal lobe is smaller and also bears long bristles, but shorter than
those of the proximal one.

The limb morphology of Anacheirurus show a combination of characters that is typical for both Cambrian and Ordovician
trilobites (Whittington & Almond, 1987; Zeng et al., 2017; Holmes et al., 2019). For example, the elongated rectangular
shape of the protopodite is most similar to the Ordovician trilobites Triarthruss eatoni or Ceraurus pleurexanthemus. The
endopodite’s proximal spinosity resembles Thriarthus eatoni. The distal podomere with three claws is a pattern observed in
various trilobites, like Thriarthrus eatoni, Olenoides serratus, Chotecops fernandi, Cryptolithus tesselatus, Hongshiyanaspis
yiliangensis, Eoredlichia intermedia or Redlichia rex. Finally, the exopodites are similar to Cambrian forms such as
Olenoides serratus, Hongshiyanaspis yiliangensis, Eoredlichia intermedia or Redlichia rex, with some variations in the
number of lobes and the length of the distal bristles. In trilobites, the morphology of the exopodite seems to be more
variable than the morphology of the endopodite, which is rather conserved across different taxa. These differences in
exopodite morphology between trilobites have been interpreted as being driven by adaptations to particular environments or
varying modes of life, rather than reflecting any phylogenetic signal (Zeng et al., 2017). From this point of view, the
appendage morphology of Anancheirurus is important because this species comes from stratigraphic levels that are
associated with the Great Ordovician Biodiversification Event and reveals the faunal transition from Cambrian to post-
Cambrian ecosystems. Indeed, the unusual combination of ancestral and derived characters in the Anacheirurus
appendages may be attributed to more specific adaptations of trilobites in the post-Cambrian world.
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Ontogenetic patterns of cranial modularity along the theropod-bird
transition
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Extant birds represent a living branch of theropod dinosaurs. Due to their highly derived morphology, the transitional
processes from terrestrial non-avian theropods to volant birds are still subject of many scientific debates. The skull of extant
adult birds for instance is strongly integrated, showing a high degree of bone fusion in combination with cranial kinesis.
Thus, bird skulls are extremely derived when compared to their theropod ancestors. Several studies investigating these
differences, using geometric morphometrics (Bhullar et al. 2012, Felice & Goswami 2017) or anatomical networking
(Werneburg et al. 2019), imply that the skull evolution of birds was primarily driven by paedomorphic heterochrony.

While geometric morphometrics allows quantifying variation of shape itself, anatomical networking focusses strictly on bone
contacts, but is actually more sensitive to processes related to bone fusion. As the latter process is characteristic for the
postnatal skull ontogeny of extant birds, the goal of this studies is to investigated changes in the cranial network of 41
extant birds during postnatal ontogeny, and compared them with those of non-avian theropods.

Our results demonstrate that the skulls of early juvenile birds are much more complex in terms of bone numbers, bone
contacts and modularity than those of their adult counterparts. However, strong correlations between the increase of skull
size and decrease of complexity, indicate that this reduction is a continuous process, showing any signs of rapid
ontogenetic shifts. Due to their high complexity, the skull network of early juvenile birds resembles that of non-avian
theropods, including Archaeopteryx and Ichthyornis, indicating that the highly integrated skull morphology of adult birds
evolved in last common ancestor of the crown group of extant birds.

While previous shape analyses suggest that paedomorphic heterochrony affected the skull shape of extant birds, our study
indicates that the derived ossification and modularity patterns seen in modern bird skulls result from a peramorphic
heterochrony. Thus, the simultaneous occurrence of oppositional heterochronic processes (paedomorphosis vs.
peramorphosis), indicates that the skull evolution of birds was much more complex than previously thought.
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Figure 1. Reconstruction of the skull modularity in lateral view and results of the networking analyses in a non-avian theropod (Velociraptor)

and a extant bird (Gallus gallus) in different ontogenetic stages. Different colours represent the different skull modules. Grey: snoot part,
orange lateral or jugular bones, green: root part, red and blue: mandibular bones.
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Filling the gap: a forgotten fauna of Cambrian nautiloid cephalopods
from Australia and its implications
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Cephalopods constitute an important part of modern marine ecosystems. Due to their enormous diversity and good
preservation potential, Palaeozoic and Mesozoic externally shelled groups (ammonoids and nautiloids) are of great
importance to both stratigraphers and evolutionary biologists. Their origins can be traced back to the late Cambrian
(Jiangshanian, Furongian), where diverse faunas have been described mainly from North China (Chen & Teichert 1983).
Reports from other parts of the world are rather scarce, but there is evidence of Cambrian cephalopods from North America
and possibly also Kazakhstan and Siberia. Thus, late Cambrian cephalopods appear to have been restricted to tropical
regions (Fang et al. 2019). Furthermore, after an initial diversification boost in the Acaroceras-Sinoeremoceras zone
(middle Stage 10), cephalopods seem to have gone almost extinct in the latest Cambrian Mictosaukia zone (latest Stage
10) with only few unidentifyable specimens known worldwide. This decline has been described as the “late Trempealeauan
Eclipse” (Chen & Teichert 1983; Fang et al. 2019).

Here, we present a fauna of late Cambrian nautiloids from Australia that was collected in the 1980ies by Dr. Mary J. Wade,
former curator of the Queensland Museum. She started but never managed to finish several manuscripts on this fauna.
Remarkably, despite extensive correspondance between her and several contemporary nautiloid experts such as C.
Teichert, R.H. Flower and Chen J.Y. and even a short mention of the material in one of her articles (Wade 1988), the
knowledge about the existence of this material has apparently disappeared from today’s literature on fossil nautiloids.

The material originates from Black Mountain, western Queensland and probably represents the latest Cambrian.
Protactinocerids and ellesmerocerids are abundant in three distinct horizons of the lower Ninmaroo Formation (Druce et al.
1982). The lowest horizon contains Protactinoceras and Acaroceras or Ectenolites and falls within the Miktosaukia zone.
Thus, it is slightly younger than the Chinese material. The youngest of the nautiloid horizons contains mainly very small
specimens and is possibly already earliest Ordovician in age. Conodonts from these horizons are currently being
investigated and might refine their stratigraphic position.

The nautiloids from Black Mountain are remarkable in several regards. 1) Taxonomy: The majority of the previously
described Cambrian cephalopods from China are only available as longitudinal sections. The specimens from Black
Mountain are preserved as silicified internal moulds, thus they provide new insights on the three-dimensional morphology of
Cambrian cephalopods. Most importantly, the new material made it clear that members of the order Protactinocerida
possess a siphuncle with a strong bilateral symmetry instead of the radial symmetry found in siphuncles of other
cephalopods. This is likely also the reason why Chen & Teichert (1983) established a number of separate genera that
probably can be synonymized, since the supposed “genera” can be reproduced in the same specimen by cutting the shell
obliquely or otherwise off the dorso-ventral symmetry axis. 2) Palaeogeography: Until now, Cambrian cephalopods were
mostly known from China. The Australian specimens increases the knowledge on nautiloid cephalopods significantly, as this
material is available in at least similar numbers. 3) Cephalopod evolution: The Queensland nautiloids represent the first
evidence of identifiable cephalopods from this time interval. Thus, the “late Trempealeauan Eclipse” might not be as severe
as previously thought and there is evidence that cephalopods continued to flourish through the Cambrian—Ordovician
boundary. The absence of cephalopods from other latest Cambrian deposits could be explained by taphonomy.
Alternatively, Australia might has served as a refugium for nautiloid cephalopods.

In summary, the rediscovery of the specimens from Queensland, Australia allows us to fill several gaps in the knowledge of
Cambrian nautiloids.
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Anatomy of the girdle regions of the giant Purussaurus mirandai
(Caimaninae, Alligatoridae) from the Miocene of Venezuela
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Crown-group Crocodylia, the alligators and caimans, crocodiles, gharials, and their closest extinct relatives, are amphibious
and carnivorous large reptiles found in various aquatic environments in the Tropics and Subtropics. With a low flattened
body profile and long powerful tails, they are well suited for swimming, but all also venture on land for frequent basking and
for nesting and oviposition, while employing various types of locomotor patterns on land, including bounding and galloping
gaits in some taxa. Independent of size, taxonomy, and locomotory capabilities, however, the precaudal vertebral count in
all crown-group crocodylians is remarkably conservative, consisting of 9 cervicals, 15 dorsals and 2 sacrals (e.g. Hoffstetter
and Casc 1969). It is only among non-Crocodylia crocodylomorphs such as the terrestrial Notosuchus from the Late
Cretaceous and marine teleosauroids from the Jurassic, that deviation from this pattern is evident. These animals also
show higher disparity in their girdle morphology compared to crown crocodylians, presumably due to their different
lifestyles. He we report on the first member of crown-Crocodylia, the giant caimanine Purussaurus mirandai, that has three
(instead of two) sacrals, two true or primordial sacral vertebrae and one dorsosacral, which articulate with the ilium.
Purussaurus is so far the only giant crocodylian (with body lengths exceeding 10 m) from the Miocene of northern South
America for which most of the postcranium is adequately known and described, including robust fore- and hind limbs.
Following description of non-pathological dorsosacrals in Triassic Archosauriformes and recent discussion of hox gene
expression in relation to axial compartmentalisation in the literature, we propose that an earlier timing of gene expression of
Hox11 and partial suppression of Hox70 could be coupled with the formation of an additional dorsosacral in P. mirandai.
The deviant vertebral count in this extinct species is also supported by the ilium morphology, which shows three distinct
attachment areas for sacral ribs in several specimens, thus ruling out a pathological condition of a single individual. In
addition, the proximal bone surface of the pubis differs from that of other crown crocodylians in that the lateral part of the
surface is angled and thus impossible to articulate with the ischium when the medial part is in articulation. In the pectoral
region, P. mirandai has narrow scapular blades oriented dorsally and posteriorly, ventromedially and slightly posteriorly
oriented coracoids, as well as a narrow scapulocoracoid contact (lacking an anterior expansion) between both girdle
elements- a condition that again differs strongly from extant crocodylians. A very wide and robust deltoid crest of the
scapula indicates a well-developed origination site of the deltoideus clavicularis muscle in P. mirandai, which likely
strengthened the anchoring of the humerus to the shoulder girdle and facilitated lifting of the heavy forelimbs during limb
protraction. We speculate that the girdle morphology, the ‘three sacral’ condition, together with the robustness of the limb
bones encountered in P. mirandai, are related to the giant size and body mass that these animals attained. In particular, a
stiffened sacral region could help reduce transmission of motions from the tail to the anterior body during tail-driven
locomotion such as swimming.
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Synchrotron microtomography and bone histology of Tanystropheus
reveal its cranial morphology and the identification of a separate, small-
sized species
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Tanystropheus is one of the most iconic taxa originating from the UNESCO World Heritage site of Monte San Giorgio in
Switzerland and Italy and one of the most enigmatic Triassic reptiles due to its unique body plan. It is characterized by a
hyper elongate and stiff neck that was longer than the body and tail combined and consisted of only 13 extremely
elongated vertebrae and accompanying ribs. The function of this neck and the lifestyle of Tanystropheus remain unclear,
with both largely terrestrial and fully aquatic lifestyles having been proposed (e.g. Renesto, 2005; and Nosotti, 2007).

Two skull morphotypes of Tanystropheus are known, a small-sized morphotype with largely tricuspid dentition and a large-
sized morphotype bearing fang-like teeth, previously considered to represent juveniles and adults of the same species,
respectively. Although the cranial morphology of the small morphotype is well-documented, the skull of the large
morphotype has remained enigmatic due to compression or incompleteness of available specimens.

We synchrotron yCT-scanned a virtually complete skull of the large morphotype, which allows for a detailed cranial
reconstruction (Fig. 1). Our findings show that the disparity in cranial morphology between the two morphotypes exceeds
the amount of variation that could be attributed to ontogeny and that the morphotypes thus represent different species. This
conclusion is corroborated by long bone histological sections including a femur of a specimen of the small morphotype. The
cross section of this femur clearly exhibits over 10 lines of arrested growth (LAGs), as well as an external fundamental
system (EFS), indicating its skeletal maturity (Fig. 2). The small morphotype therefore represents a separate, smaller
species that co-occurred with the larger morphotype. The strongly reduced overall size and tricuspid dentition of the former
indicate that it preyed on small sized invertebrates such as crustaceans, and as such occupied a different niche than the
latter. The highly specialized neck of Tanystropheus was thus able to facilitate more lifestyles than was previously
appreciated.

A detailed study of the synchrotron uyCT-scan, as well as re-analysis of other specimens, further provides many new
insights into the cranial morphology of the large morphotype in both functionally and phylogenetically important aspects.
The dentition is profoundly specialized towards catching fast swimming prey such as fish and squid, with large fang-like
marginal teeth anteriorly, as well as a row of fang-like vomerine teeth. The postorbital region differs strongly from previous
interpretations and includes a dorsoventrally tall squamosal. Detailed observation of the squamosal-quadrate articulation
indicates the skull of Tanystropheus was streptostylic, which has implications for jaw mobility and prey acquisition. Finally,
the atlas-axis complex and the braincase, including the endocast and inner ear, are presented, and a complete skull
reconstruction is provided. The large morphotype of Tanystropheus shows many derived cranial features in comparison to
other tanystropheids and “protorosaurs”, particularly in the braincase, postorbital region, and snout, indicating
Tanystropheidae were a morphologically diverse group. Furthermore, the dentition and shape of the skull indicates
Tanystropheus hunted in an aquatic environment, providing further evidence for an at least semi-aquatic lifestyle for the
large morphotype of Tanystropheus.



Figure 1. Reconstructed skull of the large morphotype of Tanystropheus PIMUZ T 2790 in angled view based on the synchrotron uyCT-

scan.

Figure 2. Histological section of the cortex of the femur of the small morphotype specimen PIMUZ T 1277 indicating several LAGs
(indicated by white arrows) and the EFS containing at least eight LAGs (indicated by white line).
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Cladoselache is the best studied genus of Devonian chondrichthyans, sometimes displaying exceptional preservation both
in the Cleveland Shale of Ohio and in the Famennian shales of Morocco. From the desert of the Moroccan Anti-Atlas
(southern part of Maider Basin), we present new materials of a similar chondrichthyan. They are representatives of a new
taxon of Devonian symmoriid chondrichthyans, which were found in the early middle Famennian Thylacocephalan Layer.
They co-occur with other chondrichthyans such as Phoebodus and cladodonts as well as placoderms and rare
osteichthyans (Frey et al. 2018). The most abundant macrofossils, however, are carapaces of the eponymic
thylacocephalans. The red coloration of the sediment derives from altered pyrite (Frey et al. in press) and is interpreted as
reflecting poorly oxygenated conditions of the bottom waters in the Maider Basin. The chondrichthyans considered here
measure between 1 and 2 m in length and are exceptionally preserved including cartilage, muscles, liver remains, skin
denticles and stomach contents (Frey et al. in press). The caudal part is more rarely preserved and all specimens are
dorsoventrally or laterally compacted. The body proportions resemble those of other symmoriids, such as Cobelodus and
Symmorium; the dentition is cladodont and the overall morphology of the body is close to that of Cladoselache. Amongst
other particular characters, the presence of a single, posterior dorsal fin, absence of an extension of the anterior dorsal fin,
the Y-shaped pelvic plate, and the large size of the scapulocoracoid, makes these specimens worthy off their own
taxonomic group.

Figure 1. Skeleton of a chondrichthyan resembling Cladoselache from the middle Famennian (Late Devonian) of the southern Maider
Basin (Morocco), which was embedded with the venter upward. The skull is seen in ventral view, with the left and right Meckel’s cartilage
visible, the branchial arches posterior to the skull, the anterior dorsal fin spine, and the shoulder girdle. Parts of the palatoquadrates extend
laterally below the lower jaws. The posterior part of the skeleton is not preserved.
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Moulting or protection — enrolment strategies in Strenuella polonica
Czarnocki, 1926 (Ellipsocephalida, Trilobita) from Cambrian Series 2 of
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Enrolment in trilobites is considered as a protective response of the animal to rapid and unfavourable environmental
changes (such as salinity, oxygenation, and sediment influx) and/or biotic factors (such as predation) (Babcock & Speyer
1987). Enrolled trilobite exoskeletons may also reflect moulting strategies (see overview in Drage & Daley 2016). A case
study to distinguish between individuals that enrolled for protection and fossils that represent flexed moults was performed
on a dataset comprising c. 200 specimens of the ellipsocephalid trilobite Strenuella polonica Czarnocki, 1926 from the
Cambrian of the Holy Cross Mountains, Poland.

Strenuella polonica is one of the most characteristic fossils of the Cambrian Series 2 Holmia-Schmidtiellus assemblage
zone, being also the first identified early Cambrian trilobite from the area, already recognised in 1915. Its taxonomic status
has since been subject to prolonged debate and only recently clarified (Zylinska 2013). Strenuella polonica was a medium-
sized (length of about 30 mm and posterior cephalic width of about 20 mm), micropygous and relatively spinose trilobite.
The cephalon is characterised by a strongly convex glabella with three distinct lateral glabellar furrows, a posteriorly
directed occipital spine, and librigenae with large backward directed spines. The thorax is composed of 13 segments, of
which the 4" is the widest, with pleurae terminated by short, backward directed spines. Each axial ring has a small hook-
like spine that is located posteriorly and curved backwards. The longest hook-like spines occur on segments 4" to 8. The
small pygidium has short spines located on the pygidial margin.

Strenuella polonica was capable of spiral enrolment, as demonstrated by around 50 enrolled individuals displaying various
strategies — completely enrolled, semi-enrolled, or with a thorax, pygidium or cranidium flex (Fig. 1). Two modes of
enrolment were observed: 1) bending of the thorax at the level of the 4™, 5" or 6" segment, resulting in semi-enrolled
individuals with the cephalon not entirely deflected from the thorax axial plane (Fig. 1A), and 2) simultaneous bending of
cephalon and thorax at the level of the 4™, 5" or 6" segment, resulting in completely enrolled individuals (Fig. 1B). In mode
2), the cephalon could have been first deflected from the axial plane, followed by bending of the thorax, as evidenced by
specimens with a deflected cephalon but an outstretched thorax, perhaps preserving the first enrolment step.

The modes of enrolment in Strenuella polonica may have had different causes. In some cases, this likely provided
protection against potential predators, as was suggested by Zylinska & Kin (2010), owing to the spinosity of the exoskeleton
and that most spines gained their functionality in an enrolled state. Enrolment could also have been a response to sudden
unfavourable changes in the environmental conditions, for example storms, as suggested by Stachacz (2013) based on
descriptions of the local depositional setting. Lastly, moulting strategies may have involved partial enrolment, with vigorous
movements of the individual and flexing of the exoskeleton occurring during shedding. In this scenario, pleural spines could
have provided purchase against the sediment to facilitate exuviation (Drage et al. 2018). Enrolment in the trilobite
Strenuella polonica may have been a flexible strategy for survival and development.

Figure 1. Strenuella polonica Czarnocki, 1926 from the Holmia—Schmidtiellus Zone, Cambrian Series 2, Holy Cross Mountains, Poland. A.
semi-enrolled specimen 100/AB 32-16 from Adrian Kin collection. B. completely enrolled specimen UJ 214P/T16 from Michat Stachacz
collection. Arrow indicates flex between cephalon and thorax. Scale bar is 10 mm.
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The Arabian vertebrate fossil potential had been largely unexplored until the last two decades. Although its fossil record has
improved considerably in terms of quantity, it still largely consists of poorly preserved undiagnostic material (Buffetaut et al.,
2015). The dearth of diagnostic material has hampered paleobiogeographic reconstructions for Afro-Arabia resulting in older
models postulating a refugium for relict taxa and endemic faunas, especially during the Late Cretaceous. Recent studies on
the improved faunal composition of some southern continents paint a different and more complex picture, one of extensive
faunal connectivity between various Gondwanan landmasses and possibly even Eurasia (Agnolin et al., 2010). Here we
describe a newly discovered enigmatic ornithopod braincase from the type locality of the Al-Khod Conglomerate Formation
of Oman. This formation fills an important spatio-temporal gap, given its position in between Africa and Eurasia, its long
palaeogeographic relationship with Africa and being latest Cretaceous | (i.e. post-Cenomanian) in age (Sallam et al., 2018).

Although immensely undersampled and never systematically excavated, it has produced one of the most taxonomically
diverse latest Cretaceous faunas for any Gondwanan landmass (incl. turtles, neosuchian crocodyliforms and non-avian
dinosaurs) and a significant portion of all dinosaur records from the Arabian Peninsula (e.g. Schulp et al., 2008, Buffetaut et
al., 2015). The braincase is assigned to Ornithopoda on the basis of: a U-shaped occipital condyle, the dorsoventral
proportions of the posterior aspect of the braincase and the angle of the exoccipital-supraoccipital contact. Unlike typical
ornithopods it displays short and laterally restricted basipterygoid processes, prominent basal tuberi and a peculiar dorsal
skull margin. Endocranial features including a very narrow and steep median ridge, the morphology of the inner ear and the
hypoglossal arrangement are more typical of ornithopods. A unique combination of features: separate canal for the
ophthalmic branch of the trigeminal nerve (CN V), the large fossa above the cerebral carotid foramen, and an almost total
absence of a floccular recess, justify an identification as a non-hadrosaurid ornithopod.

This braincase adds support to the idea of large non-hadrosaurid ornithopods existing on the Afro-Arabian plate. It is crucial
to determine the exact phylogenetic position of the specimen, whether being closely related to Eurasian taxa or whether this
population represents endemic archaic refugia taxa without clear phylogenetic relatives in the Late Cretaceous. Trans-Tethys
intercontinental connectivity between Afro-Arabian and Eurasian faunas was previously suggested for both sauropod and
ornithopod taxa (Sallam et al., 2018). Paradoxically the generally small size of the morphologically peculiar taxa recovered
from the Al-Khod Fm. seems to suggest at least periodic isolation. Hadrosauroids may have been more prominent in Afro-
Arabia during the Late Cretaceous than currently represented by the vertebrate fossil record, as indicated by tracks from
Cameroon and Yemen, and fragmentary and isolated material from Angola, Jordan and Sudan (e.g. Schulp et al., 2008).

(o

Figure 1. A generalized and conservative reconstruction of the size of the cranium of the Al-Khod non-hadrosauroid ornithopod in right lateral
view. Note the robustness of the cranium, the extra foramen for CN XII, and seemingly short basipterygoid processes. Scale bar is 5 cm.
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Figure 2. The potential dispersal routes for Eurasian hadrosauroids to the Late Cretaceous Arabian archipelago of Oman (Buffetaut et al.,
2015).
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AMOR2 follows AMOR - an improved robot for orientation and imaging
of planktonic foraminifera
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Morphometric shell measurements are a necessity to quantitatively map and record the biogeography and evolution of
planktonic foraminifera, an information that is still notoriously underrepresented in the taxonomic literature. For a robust
picture about morphological evolution knowledge about a species’ variation over its global paleobiogeography is required at
stratigraphically high resolution, which demands the study of thousands of specimens. Such a requirement is often a
limitation to research projects due to the incredibly time-consuming labour of specimen orientation and imaging.

During our efforts of mapping morphological boundaries of extant and extinct menardiform globorotalids (Neogene tropical
planktonic foraminifera) through time (Knappertsbusch, 2016) automated devices were developed, that help orientate and
image specimens in reflected light at improved efficiency and precision. The first of these robots - AMOR - (Automated
Measurement system for shell mMORphology) has been built several years ago (Knappertsbusch et al., 2009) and has
proven to be of great advantage for gathering the desired morphological data. AMOR consists of a motorized tilting stage
allowing pitch and roll movements coupled with an motorized binocular microscope from Leica. The software of AMOR is
encoded in LabView and includes standard core-functions for X- and Y tilting and translation, centering, automagnification,
and autofocussing of specimens mounted in keel view. Before saving to disk, images are autorotated for vertical alignment
on the monitor. These functions can be operated either in manual mode when handling single specimens, or in automatic
mode for scanning series of specimens in a multicellular slide. After image collection shell parameters are extracted and
analyzed using separate digital image and morphometric software. Early versions of AMOR were limited to Globorotalia
menardii with a rather strict, quasi-symmetric biconvex geometry in keel view. Newer versions of the algorithm allow
orientation of spiro- and umbilico-convex profiles, or menardiforms with a circular periphery in aequatorial view (e.g., G.
miocenica, G. multicamerata).

We learnt, that in natural populations automated orientation of shells cannot be satisfactorily achieved using a single,
universal algorithm because of too strong deviation of specimens from the model shape, that forms the basis for that
algorithm. Instead, more (sub-)species specific algorithms are needed in order to best orientate specimens into the desired
standard view for imaging. This became possible by scripting functions in the more recent AMOR v. 3.28 software applying
Autolt scripting language from Jonathan Bennett and the Autolt team: This approach allows a case-dependent combination
of the above mentioned core-functions, and which proved to be an elegant solution for increasing flexibility. It enables us in
future to create a ,portfolio“ of adapted scripts for processing particular morphologies without the need of re-programming
sophisticated LabView code.

To further expand on this concept and other reasons made re-building of existing AMOR inavoidable. The follow-up device -
AMOR?2 - was completed (see Figure 1). It integrates improved hardware, updated software (AMOR v. 4.2), extended core-
functions, and has a modified Graphical User Interface where core-functions and numeric input controls / numeric output
indicators are scriptable. This new robot is now available for our ongoing research about prospecting patterns of
morphological evolution in menardiform globorotalids along Agulhas’ trackway (see Knappertsbusch and Friesenhagen
(2018) and the contribution of Friesenhagen during the present Swiss Geoscience Meeting).

An important aspect of our newer development is that portfolio’s with AMOR allow to extend to other morphogroups than
menardiform globorotalids. In this context we bear on the dream that different laboratories may in future build similar
devices and network for morphology-based phylogenetic reconstruction at unprecedented stratigraphic resolution.
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Figure 1. Left, robot AMOR2 with controller box containing drivers for stage and motorized zoom. Right, Graphical User Interface of
software that drives AMOR2 (e.g., AMOR v. 4.2) in single specimen mode and with scriptable buttons & input/output fields.
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The hyaenodonts were the most numerous and diverse carnivorous mammals during the Eocene of Europe. Their
phylogenetical concepts within the clade Hyaenodonta and their relationships with the other mammals remain today
unclear. Numerous propositions based on the extinct Northern American faunas lead to the conclusion that the
hyaenodonts were less competitive in many ways than the contemporaneous Carnivora. Indeed, we observe a direct
competition of these taxa in Northern America during the Eocene (ca. 56-34 Mya), the period of their local decrease in
diversity. A less efficient lever arm for the carnassial complex due to backward located large and secant teeth, a less
evolvable dental morphology due to the posterior position of the carnassials (= secant teeth dedicated to cut the meat), and
a supposed smaller size of their brain are often supposed at the origin for the extinction of this entire clade. However,
hyaenodonts are known in Africa and Eurasia until the middle Miocene (ca. 12 Mya).

Egerkingen localities (Canton of Solothurn, Switzerland) are three karstic infillings that have been excavated since 1890.
They are designated o, B, and y and date from the Lutetian, Middle Eocene. The localities oo and B constitutes the reference
locality for the European reference level MP14 (generally noted Egerkingen o + ) ca. 43 Mya. Quarry vy is considered as
slightly older and possibly close to MP13 reference level ca. 44 Mya. At that time, the Hyaenodonta flourished in Europe.
No less than eight different species of Hyaenodonta are currently described in Egerkingen localities. Here we present
Cartierodon egerkingensis Solé & Mennecart, 2019, a new species of Hyaenodonta from Egerkingen, and the first virtual
endocranial reconstruction (Dubied et al. 2019) studied in this clade with Proviverra typica.

Cartierodon is represented by numerous dental elements (Figure 1). Calculations based on the teeth size show that this
Hyaenodonta of ca. 30 kg was from far the largest carnivorous mammal known in Europe between 50 Mya and 40 Mya, all
the others not exceeding 20 kg. Reaching this size allowed Cartierodon to open a new ecological niche. He was, as far as
we know, the only one able to eat larger species than itself. Moreover, the peculiar dental morphology proves that he was a
bone-cracking predator.

On the other size of the hyaenodont spectrum, Proviverra typica (ca 0.5 kg) is an emblematic European Hyaenodonta
(Figure 1), which was first described based on fossils from Egerkingen. Comparing the morphology of the holotype virtual
endocast with natural cast of Hyaenodonta already published shows that there is an increase in complexity in the
convolutions. Moreover, we observed an increase in relative size of the encephalon within the Hyaenodonta history. The
analysis of the encephalization quotient — the relative volume size of the “brain” materialized by the empty volume inside
the braincase — reveals that the endocast of Proviverra is very large in comparison to its bodymass. Generally speaking,
the endocranium of the Hyaenodonta is not smaller than those of fossil Carnivora or even some extent Carnivora.
Therefore, the extinction of Hyaenodonta may not be linked to the relative size of their brain.

Few are currently known on the Hyaenodonta evolution. Further investigation is necessary to better understand the reasons
of their European and African success as well as the cause(s) of their total extinction.
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Figure 1. Fossils and outline illustrations with comparison to human size of Cartierdon egerkingensis (left) and Proviverra typical (right).
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Towards a better understanding of the Aalenian (Middle Jurassic)
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The Jurassic Period was punctuated by repeated carbon cycle perturbations, climate changes, and faunal/floral turnovers.
Among them, the Toarcian Oceanic Anoxic Event and the Early Bajocian Event are the most studied ones. To date, in stark
contrast to the previously mentioned events, the Aalenian stage (Middle Jurassic) remains largely understudied, leaving an
important gap in our knowledge and understanding of palaeoenvironmental and palaeoclimatic conditions between the
Toarcian and Bajocian events. There are several lines of evidence indicating that the Aalenian was marked by climatic
change, carbon cycle disturbances, and faunal turnovers. Nevertheless, the hitherto studied sections are restricted to
European basins and there is no comprehensive continuous Aalenian dataset published thus far from successions of
regions outside Europe. Hence, there are still large uncertainties concerning the causes and consequences of the Aalenian
palaeoenvironmental and palaeoclimatic changes and their regional vs global significance. In this study, we have selected
two expanded successions, namely Le Brusquet (Vocontian Basin, SE France) and El Pefion (Andean Basin, N Chile), in
order to compare the most complete records of the Aalenian interval from the northern and southern hemispheres. The
successions are composed of marl and limestone alternations. High-resolution sedimentological, geochemical,
mineralogical, biostratigraphic (calcareous nannofossils) and cyclostratigraphic datasets have been generated on both
successions to assess the palaeoenvironmental change, and constrain the duration of the Aalenian and associated
environmental change. Our carbon isotope records of bulk organic matter (81300@) reveals trends similar to previously
published 813Corg curves from the European area, suggesting the occurrence of repeated carbon cycle perturbations of
global significance throughout the Toarcian-Aalenian interval.
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The Toarcian Ocean Anoxic Event (TOAE) took place in the early Jurassic ( ~183 My) and is characterised by the
widespread deposition of organic matter-rich black shales in deep basins, and by a negative carbon isotope excursion
(NCIE) reflecting profound environmental changes. This event is well documented in the sedimentary record of deeper
marine settings, in which the TOAE is marked by the presence of organic-rich shales. However, the recording of the TOAE
in shallower environments is less common, due to incomplete sediment records, to sea-level fluctuations and the lack of
good biostratigraphy markers.

Here we present data gathered from a new extremely shallow section in Morocco (Dadés Gorges, Central Atlas), which was
located along the northern Gondwana margin. This section consists of alternating dolomitic limestones and paleosols,
associated with the presence of several dinosaur tracks and other sedimentary features such as stromatolites, ripple marks,
mud cracks and fossil roots. This section shows a significant increase in mercury (Hg) located just below a negative
excursion in *C __  isotopes (-3 ) that we attributed to the TOAE-NCIE, which coincides with several cyclical episodes of
emersion. Bulk rock and clay mineralogy indicate an increase in weathering intensity in the upper part of the section
marked by higher phyllosilicates quartz and kaolinite contents.

The upper part of the section shows a gradual decrease in the number of carbonate beds coinciding with increased clay-
rich intervals. The carbonates interbedded with the clay levels are almost entirely composed of an accumulation of
stromatolites reflecting extreme conditions, which coincide with the TOA-NCIE.

These results confirm the presence of the TOAE-NCIE even in the most shallow environments of the Tethys. The observed
Hg anomalies have been globally recorded and are probably linked with the volcanic activity from the Karoo Ferrar
province. This marker combined with stable isotopes is therefore a very promising correlative tool.
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Upstream versus downstream controls on a natural sediment routing
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The Middle Eocene Climatic Optimum (MECO) represents an episode of widespread warming about 40 million years ago. It
is characterised by gradual warming over a period of 500,000 years and rise in ocean temperatures of about 5° C in the
mid and high-latitudes (Sluijs et al., 2013). Contrary to the traditional understanding of downstream factors controlling fluvial
successions, we here propose to test our hypothesis that upstream factors rather than downstream factors control fluvial
architecture through changes in the sediment supply and water discharge with paleoslope as a measurable proxy to
quantify these changes. We test this hypothesis in a natural system, the Escanilla sediment routing system which
corresponds to the Middle Eocene Climatic Optimum. The Escanilla formation is an overall prograding succession
consisting of 1000 m thick alluvial and fluvial deposits at the southern-margin of the Tremp-Graus Basin in Spain. Multiple
sections were sampled close to the source, and at intermediate and distal part of the system for paleohydraulics (grain size
and cross-set measurements, flow direction, channel geometry) and for paleoclimatic reconstructions from fine-grained
floodplain samples (XRD, XRF, clay mineral separation, stable isotopes). We present here the preliminary results of this
multi-proxy approach across the MECO.
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Documentation of the first stable isotopic records of the North Pyrenean
foreland basin
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The late Paleocene and the Eocene represent the last “greenhouse” period characterized by relatively high atmospheric
CO, concentrations and warm surface temperatures. This longterm climatic state is punctuated by several transient
hyperthermal events. The maximum warming episode record is known as the Paleocene-Eocene thermal maximum
(PETM). This event is associated with an increase of temperatures of 4-8°C, by a 2-6 %o negative carbon isotope excursion
(CIE) and by a large shift in biotic communities. The source of the carbon and whether it was released in one or numerous
steps remain controversial.

The PETM is widely recorded from pelagic, hemipelagic and continental settings but is again poorly recorded in shallow
water successions. This absence is due to the lack of adequate sections covering this time interval and to apparent
problems which bring complexity in the use of carbon isotopes as environmental and stratigraphic proxies in these shallow-
water depositional environments. However, these environments are key locations to link continental and open marine
settings. Furthermore the high sedimentation rate which charaterizes these environments have the potential to preserve
expanded CIE records and can offer an opportunity to better understand the nature and the causes of the PETM.

In this study, we present the first high resolution stable isotopic records (3'®O and 6'*C) of the North Pyrenean foreland
basin (Lussagnet, Aquitaine Basin) from the end of the Paleocene to the middle Eocene. Our first results show two
important negative excursions in the bulk-rock §'*C signature. The prominent negative excursion is interpretated as the
carbon isotope excursion of the Paleocene-Eocene thermal maximum and the second one as the pre-onset excursion
(POE). This event, which suggests two massive releases of carbon at the onset of the PETM, was first recorded in
continental pedogenic carbonates but remains poorly constrained in oceanic settings. To study if these events could be
associated with a large release of volcanic carbon, a mercury (Hg) analysis was carried out, for which preliminary results
are presented. Our work confirms that hyperthermal events of the Paleogene can be well recorded in shallow water
successions and can be used as powerful stratigraphic tools for these depositional environments, in addition to providing
information on the climatic perturbations associated with the PETM.
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95% of marine and 75% of terrestrial species vanished in less than 60 + 48 ky as a consequence of the End-Permian Mass
Extinction (Hochuli et al., 2010; Burgess and Bowring, 2015). It is associated with a sharp and important 613C0rg negative
excursion worldwide (Horacek et al., 2007; Meyer et al., 2011; Grasby et al., 2013; Grasby et al., 2016; Foster et al., 2017;
Wang et al., 2019). Research on the Permian-Triassic boundary (PTB) of the northern margins of Pangea (exposed today
in the High-Arctic region) has traditionally relied on field observations, and data resolution was consequently determined by
outcrop condition and accessibility. The aim of this work was to provide a high-quality, multidisciplinary analysis of the
Permian-Triassic boundary interval at a never-yet-achieved resolution in the Arctic region, by the collection and analysis of
two sedimentary cores.

The drilling operation conducted in Deltadalen, Central Spitsbergen, allowed for a near-complete recovery of two 90 m
cores drilled across the Vikinghggda Formation, the Permian-Triassic Boundary, and the Kapp Starostin Formation.

The analyses conducted on the core comprise: (i) classic sedimentology analysis of the recovered material; (ii) U-Pb dating
of zircon crystals extracted from the collected tephra layer; (iii) an optical and electron microscopy analysis of selected
samples;(iv) a complete XRF-scan of the entire core, from which elemental concentration and elemental ratios were
calculated, including Si/Al, Zr/Rb, Ti/Al, Fe/K, V/Cr, whereas the U/Th ratio is derived from XRF-analysis of hand-specimen;
(v) geochemical analyses which delivered the 813Corg, Total Organic Carbon and Hydrogen Index values of the core; (vi) and
the interpretation of palynofacies. Evolutionary spectral analyses were conducted on the five XRF-derived environmental
proxies between the dated tephra bed at 84.90 m and the Induan-Olenekian Boundary at 29.68 m, in order to identify
cyclical patterns.

The discovery of H. parvus in the river section of Deltadalen is the first ever documented specimen in Svalbard. It places
the PTB ca. 4 m above the base of the Vikingggda Formation, within the Reduviasporonites chalastus assemblage zone.
The H. parvus specimen recovered from concretion level 3 and the 252.13 £ 0.62 Ma tephra bed occurs ca. 2.50 m above
the extinction event and is in association with the sharp negative shift towards more negative é‘>13Corg values. This lag
between the extinction event and the FAD has also been reported from the Canadian Arctic and Greenland, confirming a
delayed appearence of the Triassic-defining conodont on the northern margin of Panthalassa with respect to GSSP (Yin et
al., 2001). This further supports the call for a re-assessment of the definition of the base Induan, which is highly
diachronous as officially defined today.

The sedimentation rate dramatically accelerated during the Induan, during which sediments accumulated 6 to 20 time faster
than during the Permian. This augmented sedimentation rate in the Triassic is thought to be linked to an increased runoff.
However, this study’s climatic proxies indicate a transition towards a more arid climate in the earliest Triassic. This
northwards migration of an arid climatic belt was linked to increased CO, concentration in the atmosphere. However, both
an extreme high atmospheric CO, concentration and northwards expantion of an arid climatic belt contradicts with models
associated with elevated CO, concentration. Such as the mid-Cretaceous Supergreenhouse period, during which an arid
climatic belt migrated southwards. This contradiction is thought to be related to an extremely rapid expulsion of CO, in the
atmosphere by the Siberian Traps.

Last but not least, the second major 613COrg negative excursion documented in DD-1 corresponds to the so-called Dienerian
Crisis. This C-isotopic negative shift has now been recognised in both Tethyan and Panthalassic sections, suggesting that
the Dienerian Crisis was a global event. Diminished oxygen levels in the water might have been linked to a slowed-down
ocean circulation. However, the occurence of two thin tephra layers in Deltadalen during the 81300rg negative shift suggests
that the worsening of the environmental conditions could have also been impacted by volcanic activity.
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Sedimentation within foreland basins typically results in large-scale coarsening- and thickening-upward successions caused
by the subsidence of the foreland plate, progressive progradation of the thrust belt and larger sediment fluxes (DeCelles &
Giles 1996). Increase of grain size (“coarsening”) and thickness of sedimentary beds (“thickening”) either results from a
change in the depositional axis, a shift from a marine to a terrestrial setting, or as a consequence of a progradation of fan-
systems where coarser-grained deposits migrate onto finer-grained material situated at more distal positions. Because
these changes are to large extents controlled by the evolution of the adjacent mountain belt and autocyclic dynamics within
the basin, the sedimentary architecture of foreland basins, and particularly grain size patterns, bear fundamental
information on the tectonic and erosional history of the orogen and of the basin itself. Besides information on the facies-
relationship patterns from the clastic detritus, the deposited material and grain size can also be used to determine data on
sediment- and water-fluxes.

The Swiss part of the north Alpine foreland basin has been intensively explored for its sedimentary architecture and facies
relationship, and the deposits have been put in a chronological framework (e.g. Matter et al. 1980; Schlunegger et al. 1996;
Kempf & Matter 1999). The Swiss Molasse basin and its sedimentary fill is characterized by two coarsening- and
thickening-upward mega sequences. These Oligocene to Miocene successions have been classically divided into four
lithostratigraphic groups (Matter et al. 1980). The first transgressive-regressive cycle comprises the Lower Marine Molasse
(UMM) and the Lower Freshwater Molasse (USM) groups, and the second cycle comprises the Upper Marine Molasse
(OMM) and the Upper Freshwater Molasse (OSM) groups. Marine sediments (UMM, OMM) have been deposited within an
open marine and coastal environment and consist of sand- and mudstones. The terrestrial freshwater deposits (USM,
OSM) comprise transverse-oriented alluvial megafans (usually conglomerates and sandstones) that were established
adjacent to the Alps, and axial-directed river-systems (mostly sand- and mudstones alternations) at more distal positions.
While the areal extent, facies relationship and chronological framework of such systems have been well explored (e.g.
Schlunegger et al. 1996), only few studies focused on the question of how changes of sediment concentration, or shifts in
water- and sediment-fluxes, are potentially recorded by these successions.

In this study, we focus on the coarse-grained sediment fraction, i.e. conglomerates, deposited at both proximal and distal
positions in relation to the Alpine thrust. The fieldwork is carried out in the eastern Swiss Molasse basin along already
dated sections (Kempf & Matter 1999) encompassing USM- and OSM-sediments. Facies-analyses of these sedimentary
archives revealed that sediments at proximal sites were deposited on alluvial megafans by a transverse-oriented system of
braided rivers. These streams gradually changed into more confined channel belts at distal sites, which converged with an
axial-directed river system at farther positions. We aim to explore patterns and changes of sediment-flux and water-
discharge. We proceed by collecting data about grain size and stacking patterns of conglomerates in the field, which we
combine with the results of hydrological flume experiments. In this context, digital photographs of conglomerates were
taken at each site, and diameters of the particles are determined using grain size measuring programs. These data are
used to infer changes of sediment- and water-fluxes through time, which builds the basis to reconstruct the erosional
dynamics of the sediment routing systems in the Alps and the depositional processes of the streams in the basin. We
ultimately use this information to infer the tectonic and geodynamic evolution in the hinterland, because the related
processes are mirrored by distinct stratigraphic responses in the sedimentary archives.
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XRF chemostratigraphy to unravel depositional and diagenetic
processes across a diachronous lithostratigraphic transition (Middle
Jurassic, northern Switzerland)

Bruno Lauper’, Gaudenz Deplazes?, Hendrik Vogel®, David Jaeggi*, Stephan Wohlwend?, Daniel Ariztegui® & Anneleen
Foubert'

'Departement of Geosciences, University of Fribourg, Chemin du Musée 6, CH-1700 Fribourg (bruno.lauper@unifr.ch)
2Nagra, Hardstrasse 73, CH-5430 Wettingen

3Institute of Geological Sciences and Oeschger Centre for Climate Change, Universiy of Bern,

Baltzerstrasse 1+3, CH-3012 Bern

“Federal Office of Topography swisstopo, Seftigenstrasse 264, CH-3084 Wabern

5Geological Institute, ETH Ziirich, Sonneggstrasse 5, CH-8092 Zurich

SDepartment of Earth Sciences, University of Geneva, Rue des Maraichers 13, CH-1205 Geneva

In northern Switzerland, the Opalinus Clay (OPA), an argillaceous to silty mudstone formation, is overlain by successions of
sandy bioclastic marls and limestones capped by oolitic ironstone beds (Passwang Formation and eastern equivalent;
upper confining unit, abbreviated UCU). This Aalenian lithostratigraphic transition is diachronous and evidences high
vertical and lateral variability.

Considering the differing bio- and lithostratigraphy across this transition, the delineation of the OPA/UCU boundary is not
always evident rendering correlation between different sections difficult.

The aim of the present study is to assess the potential use of semi-quantitative X-ray fluorescence (XRF)
chemostratigraphy along this complex transition. Sections from four drillcores covering the OPA/UCU transition (Mont Terri,
Riniken, Weiach and Benken) were measured with an ITRAX XRF core scanner and compared to petrographical and
quantitative geochemical data.

The results evidence that XRF core scanning can be used to understand better the depositional and diagenetic processes
shaping the OPA/UCU transition. The position of the OPA/UCU boundary is re-discussed using specific elemental proxies.
The elemental records reveal a sedimentary discontinuity at the OPA/UCU boundary induced by sediment bypassing,
supporting the basal sequence stratigraphic framework proposed by Burkhalter (1995). However, its relation to an overall
regressive phase at the OPA/UCU boundary could not be established and remains hypothetical.

REFERENCES
Burkhalter, R. M. 1995: Ooidal ironstones and ferruginous microbialites: origin and reation to sequence stratigraphy
(Aalenian and Bajocian, Swiss Jura mountains), Sedimentology, 42, 57-74.
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Danakil Evaporites: how to build a salt giant?
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The formation of salt giants remains an actively debated topic. Several mechanism are invoked to explain the thick
evaporite successions found in many sedimentary basins around the world. It has been argued that the lack of modern
analogues prevents an actualistic approach to the problem. The Danakil depression in northern Afar (Ethiopia) however
feature a thick (up to 2000m) evaporite sequence where halite is still depositing nowadays.

This study presents a 600 m Pleistocene to Holocene core record drilled in the center of the Danakil basin. Multi-proxy
analysis (facies, geochemistry, mineralogy, organic carbon content and micropaleontology) allowed to identify the
alternation of different mechanisms explaining the thick evaporite succession: marine seawater evaporation, evaporation of
saline pans (playas), continental reworking of salts, seepage and hydrothermal fluid circulation. Correlation of the core
facies with sediments outcropping at the margin of the basin, allowed to constrain the age of the sediments. Most of the
evaporite deposition took place after the MIS5e marine transgression in the basin. The deposition continued until now,
recording also major environmental changes during the late Pleistocene to Holocene, such as the African Humid Period.

This study has been funded through the Swiss National Science Foundation (SNF project SERENA — SEdimentary REcord
of the Northern Afar 200021_163114).
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Characterization of the Paleocene/Eocene boundary in the Indus Basin,
NW margin of Indian Plate, Pakistan: Preliminary Results

Amir Shahzad', Munir-Ul- Hassan Munir!, Thierry Adatte?

'Institute of Geology, University of Azad Jammu and Kashmir, Muzaffarabad, Pakistan
2Institute of Earth Sciences (ISTE), University of Lausanne, Lausanne 1015, Switzerland

The early Palaeogene climate was marked by long-term global warming, beginning in the late Paleocene (Selandian,~59
Ma) and culminating in the earliest Eocene (Paleocene-Eocene Thermal maximum, PETM~56 Ma). This event is globally
related with the extinction of deep benthic foraminifera, the diversification of both planktic foraminifera and mammails.
Mercury anomalies coincident with PETM intervals have been observed in several sections (e.g Zumaya, Esplugafreda,
Spain, Zomet, Negey, Israel, Wadi Nukhul and Beida, Egypt) and support the role of volcanism (North Atlantic Igneous
Province) to initiate the concomitant warming and sea-level rise characterizing the PETM.

The Paleocene/Eocene (PE) boundary appears to be present in marine successions located along the NW margin of Indian
plate in the Indus basin, Pakistan; but these sections are still poorly studied. The current project is focused on five sections
characterized by different paleoenvironments, varying from relatively deep (outer shelf) shales and marls with planktonic
foraminifera to shallow sandstones and carbonates with large benthic foraminifera. The main goal of the project is to
characterize the PETM in these poorly studied sections using a multiproxy approach including sedimentology,
micropaleontology, mineralogy (bulk and clay mineralogy) and geochemistry (stable isotopes, major and trace elements,
organic matter, and mercury).

REFRENCES
Zachos, J.C., Pagani, M., Sloan, L., Thomas, E. & Billups, K. 2001. Trends, rhythms and aberrations in global climate 65 Ma
to present. Science, 292, 686-693.
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A new completely dated source-to-sink profile
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Here we present the results of a new magnetostratigraphy for a middle Eocene record of the South Pyrenean foreland
basin in Spain. The new Lascuarre section (ca. 650 m thick) provides new ages for fluvial (Capella Fm.), lacustrine
(Escanilla Limestone), and fluvial to alluvial (Escanilla Fm.) systems. We show that the Capella Fm is of Lutetian age and
the Escanilla Fm. is Bartonian. These results fill a chronostratrigraphic gap in the sedimentary record of the Tremp-Graus-
Ainsa basin.

Integration of our Lascuarre chronology with other magnetostratigraphic studies in the region allows for a complete
snapshot of the entire source to sink system. This new data permits a comprehensive study of the propagation of upstream
and downstream signals. Due to the quality of data, outcrops, and accessibility, our new correlation profile opens the
possibility to study the source-to-sink expression of multiple drivers, and constitutes a, de facto, giant natural laboratory.

An evaluation of the impact of the orbital cycles in the complete source-to-sink system is also being carried out. If
successful, we will have an enhanced understanding of the mechanisms by which the climatic signals can be transferred
along the sediment routing systems, and a high-resolution chronology.
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Fluvial deposits: is there a fundamental difference in architecture
between upstream and downstream driven aggradation?

Stephen E. Watkins', Nikhil Sharma’, Luis Valero', Maxime Tremblin', Abdallah S. Zaki', Frédéric Arlaud' & Sébastien
Castelltort’

'Department of Earth Sciences, 13 rue de Maraichers, University of Geneva, 1205 Geneva, Switzerland
(stephen.watkins@unige.ch)

Stratigraphic architecture of fluvial deposits is often interpreted as a record of changes in accommodation created by
absolute sea-level change, subsidence, or a combination of both (downstream drivers). An increase or decrease in
accommodation causes the fluvial system to respond by either aggrading or degrading to a new equilibrium slope.
However, in recent years the role of upstream drivers, such as water discharge and sediment supply (volume and grain-size
distribution), in controlling equilibrium slopes has become more apparent, yet we still lack significant understanding of these
upstream processes. It is important to be able to differentiate between stratigraphy influenced by upstream and downstream
drivers in the field because fluvial deposits represent an important archive of environmental changes. Traditionally, often
downstream drivers are invoked to explain past accommodation changes, but in actuality there is often little or no constraint
on the cause of these space changes. At present there is still no well-documented examples of upstream versus
downstream driven stratigraphic architecture. One way to address this issue is by undertaking analogue modelling (i.e.
flume experiments) as this permits the isolation of individual parameters, such as water discharge, and allows us to
investigate their role on the fluvial system in a controlled environment.

In the first part of the project that we present here, we investigate how sediment aggradation within a channel develops
through time via a series of flume experiments. We have designed and manufactured a narrow (0.05 m), long (2.25 m)
flume with an initial gradient of zero. We aim to (i) replicate existing flume studies (e.g., Van Berg Van Saparoea & Potsma,
2008) to compare our results with theirs; (ii) investigate the role of upstream drivers by using a variety of different water
discharges, sediment supplies and sediment concentrations; (iii) carry out a series of experiments varying downstream
drivers (i.e. sea-level) which theoretically produce the same amount of aggradation as the upstream parameters we have
used do, we will then be able to compare any similarities or differences in stratigraphy. In the second part of the study we
will use these results to scale up to a fully three-dimensional analogue model (i.e. a wide flume, approximately 1 m) that
produces channels and floodplains. We can then investigate how the upstream and downstream changes seen in the
narrow flume are translated into the wider flume. This project is carried out in conjunction with a field-based study also
presented here at SGM: Upstream versus downstream controls on a natural sediment routing system from source-to-sink
(Sharma et al. 2019). Where field data collection is utilised in the calculation of palaeoslopes before, during and after the
Mid-Eocene Climatic Optimum (MECO).

REFERENCES
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Assessing the Sensitivity of Site Condition Parameters towards seismic
local Amplification and their potential Use for Site Response Prediction
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One of the main objectives of the “Site Response” module of the “Risk Model Switzerland” project is the replacement of the
current macroseismic amplification map of the Swiss territory (Fah et al., 2011), with the ambition of producing several
frequency-dependent seismic response layers. The strategy devised for this purpose involves the extrapolation of the local
amplification experimentally reconstructed at instrumented sites (Edwards et al., 2013), using site condition parameters
(SCPs) as support layer for the extrapolation. Therefore, an extensive dataset of site condition information, or proxies, has
been compiled for the sites hosting seismic stations of the Swiss network (Bergamo et al., 2018); the dataset comprises
parameters from estimated V profiles (e.g. V), from H/V obtained from noise measurements (e.g. f;), topographical
parameters (e.g. slope, terrain class), geological/geophysical parameters and categorizations. The proxy dataset has been
paired with an ensemble of empirical Fourier amplification functions (one from each station), sampled at ten frequencies
(0.5-20 Hz). For data completion and comparison, the Swiss database of SCPs and amplification functions has been
accompanied by an analogous dataset referring to Japanese Kik-net stations (Aoi et al. 2004).

In this work, we have investigated the relation between site condition information and amplification functions using two
parallel approaches:

- Inthe first method, we use statistical tools to evaluate the sensitivity of the various proxies towards the
corresponding amplification factors at each frequency. For continuous-variable proxies (e.g. V), we used
univariate linear regressions (Figure 1a). As for discrete, classification proxies (e.g. the geological categorization),
we evaluated their capability to subdivide the total population of stations into subgroups having significantly
different behaviors (Welch 1947, Figure1b). The systematic application of these tools enabled us to rank the
various proxies in terms of strength of their correlation with amplification, at each frequency. Besides, we assessed
whether the same SCPs behave in a similar way at the Swiss and Japanese sites.

- As for the second method, we used a neural network (NN) approach (Bishop 1995) to attempt the prediction of
local amplification from proxies. The Japanese and Swiss databases were subdivided into a trainin