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1.1
Microscale deformation and related mineralization in the Opalinus Clay
of central northern Switzerland

Ismay Vénice Akker', Marco Herwegh', Alfons Berger', Lukas Aschwanden’, Martin Mazurek', Herfried Madritsch?

" Institute of Geological Sciences, University of Bern, Bern, Switzerland (ismay.akker@geo.unibe.ch)
2Swiss National Cooperative for the Disposal of Radioactive Waste (Nagra), Wettingen, Switzerland

The thick regionally undeformed main section of Opalinus Clay of central northern Switzerland (between Olten and
Schaffhausen) is foreseen to host the Swiss deep geological repository for radioactive waste. Currently, Nagra conducts a
deep drilling campaign across three potential siting regions. We are performing a combined microstructural and
geochemical study on drill core samples of the argillaceous Opalinus Clay host rock in order to better understand its
deformation during tectonic processes in the geological past. Core samples are investigated by low and high-resolution
optical light microscopy together with scanning electron microscopy (SEM) in combination with energy-dispersive X-ray
spectroscopy (EDX).

Deformation structures observed across the Opalinus Clay structures vary between the different localities/drill sites. The
samples from the easternmost localities near the Middle Miocene Bodensee-Hegau Graben are typically affected by normal
faults, and mm to cm-scale shear zones in the matrix. Many of these deformation structures include secondary mineral
precipitates, mostly calcite and celestite. Typical macroscopic deformation features in the cores from the more westerly
localities close to the Jura fold-and-thrust belt include: different generations of thrust faults, either with or without syn-
kinematic slickensides on the surfaces. Typically, fibrous veins occur parallel to such thrust faults. The microstructural
characterization allows for detecting relative timing relationships, as is the case in Fig. 1. Here a fibrous calcite vein is
crosscut by a parallel thrust fault with syn-kinematic slickenside. This timing relationship is connected with a change of
trace elements in the calcite. These measurements show clear differences in Fe, Mg and Mn in the calcite, which reflect
chemical differences of these two mineralization events (Fig. 1).

By combining the in-situ microstructures including overprinting relationships with the in-situ micro-chemistry we yield
relative timing of fracturing and faulting events. This is best documented by differences in mineralization of new mineral
phases. Regarding these coupled deformation-mineralization events in the Opalinus Clay, the first results of our study do
imply regionally differences likely related to a varying intensity of certain tectonic events across the investigation area.
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Figure 1. Examplary Opalinus Clay sample showing a fibrous vein, which is crosscut by syn-kinematic calcite (slickenside). a) Light
microscopic image of crosscutting relationship. b) SEM backscatter image of crosscutting relationship and ¢) EDX measurements of calcite
in vein material compared to slickenside show two distinct groups in the major element chemistry (Mg, Fe and Mn).



1.2
Spontaneous earthquake nucleation in elasto-plastic media

Yury Alkhimenkov'2, Ivan Utkin?, Lyudmila Khakimova'?, Celso Alvizuri', Beatriz Quintal !, Yury Podladchikov'?

! Institute of Earth Sciences & Swiss Geocomputing Centre, University of Lausanne, Lausanne, Switzerland
(yury.alkhimenkov@unil.ch)
2 Faculty of Mechanics and Mathematics, Moscow State University, Moscow, Russia

Earthquakes are seismic events that are caused in the Earth’s subsurface either by natural processes (e.g. tectonic activity)
or by anthropogenic activities (e.g. fluid injection). A lot of research has been done to resolve the mechanism of seismic
triggering events, but the physics behind the earthquake nucleation is still poorly understood. The limitations in knowledge
are associated with (i) oversimplified physics in analytical models and numerical simulations, which only describe a subset
of the seismic cycle’s features, (ii) mainly one- or two-dimensional modeling studies bounded by the lack of computing
power, (iii) lack of fully coupled physical models resolving thermo-hydro-mechanical interactions. All these limitations result
in little predictive power of the current models.

We propose a new mechanism of earthquake nucleation (Figure 1). We consider an elasto-plastic rheology, where the
plasticity is implemented using a pressure-dependent Coulomb yield theory. So far in 2D, we apply a pure shear boundary
condition and slowly increase shear stress in the simulation. At some point, the stress reaches the Coulomb vyield surface
and then local strain localizations start to develop (Minakov and Yarushina, 2021) resulting in fractal shear bands (Figure
1b). The evolution of the strain localizations is spontaneous and cannot be rigorously predicted. Per one load increment,
only a local new strain localisation appears which results in stress drop (Figure 1c). This new strain localisation can be
visible in the anti-symmetric displacement field (Figure 1a), which corresponds to the initial condition for the earthquake
nucleation. This triggering mechanism is similar to a particular double-couple (DC) moment tensor source, typically
observed in real earthquakes. Real earthquakes may also include more complicated processes with non-DC components
which can be analysed with seismic full moment tensors (e.g., Alvizuri et al., 2018). Our new numerical algorithm simulates
the quasi-static loading and wave propagation mechanics simultaneously and can be further extended to capture a more
complex rheology. Furthermore, follow up studies will be performed in 3D.

Figure 1. Conceptual model of spontaneous earthquake nucleation. Panel (a) illustrates the displacement field corresponding to a stress
drop; this displacement field represents the focal mechanism. Panel (b) illustrates the fractal strain localisation pattern of the displacement
field developed during the cumulative evolution of the strain field. Panel (c) shows the stress evolution in the model with time. The inset in
panel (a) represents the moment tensor source. All quantities are dimensionless.
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1.3
The Dynamics of Forearc — Back-arc basins:
Numerical Models and Observations from the Mediterranean

Attila Balazs', Claudio Faccenna??, Taras Gerya', Kosuke Ueda', Francesca Funiciello?

T"ETH Ziirich, Department of Earth Sciences, Zlirich, Switzerland (attila.balazs@erdw.ethz.ch)
2Universita Roma Tre, Department of Sciences, Rome, Italy
3 University of Texas at Austin, Department of Geology, Austin, USA

The evolution of oceanic and continental subduction zones is linked to the rise and demise of forearc and back-arc
sedimentary basins in the overriding plate. Subsidence and uplift rates of these distinct basins are controlled by variations
in plate convergence and subduction velocities and determined by the rheological and thermal structure of the lithosphere.
In this study we conducted a series of high-resolution 2D numerical models of oceanic subduction and subsequent
continental collision. The numerical code I12ELVIS handles elasto-visco-plastic rheologies and involves erosion,
sedimentation, and hydration processes. Accommodation space and sedimentary basins are formed on top of the
accretionary wedge creating piggy-back or wedge-top forearc basins, while retro-forearc basins are formed on the
overriding continental plate in a wide syncline structure overlying the subduction interface at ca. 200 km distance from the
accretionary wedge between a forearc high and the volcanic arc. Forced subduction initiation and initial overriding plate
compression results in a flexural proto-forearc basin its syn-kinematic sedimentary age can constrain the age of subduction
initiation.

Higher subsidence rates are recorded in the syncline structure of the retro-forearc basin when the slab dip angle is higher
and the subduction interface is stronger and before the slab reaches the 660 km discontinuity. This implies the importance
of the trench suction force as the main driver for the up to 3-4 km negative residual topographic signals. Extensional back-
arc basins are either formed along inherited crustal or lithospheric weak zones at large distance from the arc region or are
created above the hydrated mantle wedge originating from arc rifting. Back-arc subsidence is primarily governed by crustal
and lithospheric thinning controlled by slab roll-back. During mature free-fall subduction and the climax of slab roll-back the
forearc high subsides beneath sea-level and the locus of the forearc depocenter migrates trench-ward reflected by upper
plate tilting. Onset of collision and continental subduction is linked to the rapid uplift of the forearc basins; however, the
back-arc region records ongoing extension during soft collision. Finally, during hard collision the forearc and back-arc
basins are ultimately affected by compression. Our results are compared with the evolution of the Mediterranean and we
classify the Western and Eastern Alboran, Paola and Tyrrhenian, Transylvanian and Pannonian Basins to be genetically
similar forearc — back-arc basins, respectively.
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1.4
Thin-skin subalpine tectonic chronology constrained by U-Pb calcite on
faults mirrors and fractured pebbles.

Antonin Bilau'?, Dorian Bienveignant?, Yann Rolland'?, Stéphane Schwartz?, Nicolas Godeau?, Abel Guihou?, Pierre
Deschamps?®, Louise Boschetti'?, Xavier Mangenot*, Benjamin Brigaud®, Thierry Dumont?.

1 EDYTEM - Université Savoie Mont Blanc - 5 Bd de la Mer Caspienne, 73370 Le-Bourget-du-Lac, France.
(antonin.bilau@univ-smb.fr)

2 ISTerre - Université Grenoble Alpes - 1381 Rue de la Piscine, 38610 Gieres, France.

3 CEREGE - Aix-Marseille Université - Technopdle de I’Arbois-Méditerranée, BP80, 13545 Aix-en-Provence, France.
4 CALTECH - Geological and Planetary Sciences - 1200 E California Blvd, Pasadena, CA 91125, USA.

5 Université Paris-Saclay — CNRS - GEOPS - Rue du Belvédere Batiment 504, 91400, Orsay, France.

Along orogenic systems two main tectonic styles occur, thick-skin tectonics involving crystalline basements and thin-skin
tectonics involving only superficial sedimentary and a flat decoupling layer (e.g., Phillipe et al., 1998). In the Western Alps,
thick-skin tectonics allows exhumation of External Crystalline Massifs (Pelvoux, Belledonne Mont Blanc...) while further
West, foreland basin undergoes thin-skin tectonics associated to the developement of folds and thrusts. This study focuses
on Vercors and Chartreuse subalpine massifs deformation history. These massifs are structured by frontal thrusts which
transport the folded Jurassic/Cretaceous sedimentary cover over the Miocene molassic basins. Until now, the initiation of
the deformation sequence is only estimated by relative cross-cutting relationships of molasse sediments using deposition
ages, obtained by Sr isotopic ratios on bioclasts. These ages range between 21.3+0.3 Ma and 12.7+1.5 (Kalifi et al., 2021).
To bring new direct constraints on the deformation ages, in-situ U-Pb on calcite were applied on fault mirrors and on
fractured pebbles in the underthrusted molasse.

We obtained 14 calcite crystallization ages related to the activity of at least 3 main thrusts. The oldest recorded ages are of
~15 Ma (4 ages), only obtained at Saint-Nizier-du-Moucherotte on the highest and most internal thrust (eastern Vercors
Massif), Fig. 1. Clumped isotope A,, on a fractured pebble gives a temperature of 149°C and 6'°0, , of 13,9%0 (SMOW).
This temperature is interpreted as a minimum circulation depth at which the fluid is in thermal equilibrium with the host-rock.
This 1%t thrust results from a deep underthrusting of 4-6 km depending on the applied geotherm, in agreement with previous
vitrinite and raman estimates (e.g., Bellahsen et al., 2014).

South-eastern Chartreuse thrust shows younger initial ages of 12.3+0.5 Ma. The second major thrust system to the north-
west is dated at 12.2+0.7 Ma and 12.7+0.2 Ma at Rencurel (Vercors) and 13.8+1.8 Ma at Chéatelard (Chartreuse), which is
in agreement with an in-sequence propagation of the thrust belt from 15 to 12 Ma. A, measured on fault plane breccia from
Rencurel gives temperature about 100°C cooler (crystallization temperature of 54°C) compared to Saint-Nizier-du-
Moucherotte molasse, with 8'°0, , of 5,1% (SMOW). This lower temperature can easily be explained by the Miocene basin
thickness and shallow underthrusting at a depth of around 2 km. Younger ages from 9.5+0.9 Ma to 2.1£1.8 Ma are
observed in a fairly evenly distributed way in all the thrusts, which is in agreement with a diffuse reactivation of the thrust
stack in an ‘hors-sequence’ mode. Fault planes, slickensides and fractured pebble displacement analysis allow the
reconstruction of the paleostress tensors using TectonicsFP and a Numerical method for Dynamic Analysis (NDA) (Spang
1972) and P-B-T (Marrett & Allmendinger, 1990). It has been done on 5 dated locations which are all coherent to a N110°E
compressive axis.

Over 26 analyses, a mean value of 1.24%0 8"°C_, .5 (€xcept 2 lower values of -7,43%0 and -9.22%0) and a mean value of
-6.72%0 8'%0 , \,pps are recorded in our samples. This signature is close to the one of the host-rock and can be attributed to
a meteoric derived fluid more or less evolved during circulation in the basin and following equilibration with host-rocks
during underthrusting.

In addition to bringing fault activation timing constraints on subalpine massifs thin-skin structuration, this study combines
techniques that can be coupled to dating methods to infer calcite crystallization environment and provide a detailed
comprehension of the tectonic evolution of the frontal part of the western alpine foreland.



Figure 1. Geological map of subalpine massif (Vercors/Chartreuse) with fracturation ages (ages are in Ma with 2o error).
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1.5

Biogeodynamics: influence of plate tectonics on life evolution and
biodiversity

Gerya, T.1., Stern, R.J.2, Pellissier, L.3, Stemmler, D.1, Balazs, A.1, Gray, T.1, Rogger, Y.1, Van Agtmaal, L.1, Tackley, P.1

1 Institute of Geophysics, Dept. of Earth sciences, ETH, Sonneggstrasse 5, 8092 Zurich, Switzerland
2 Geosciences Department, University of Texas at Dallas, USA
3 Department of Environmental Systems Science, ETH Zurich, Switzerland

Earth’s geodynamic evolution is intimately coupled to the evolution of its atmosphere, oceans, landscape and life and we
aim to understand this coupling better through the emerging transdisciplinary field of biogeodynamics. Firstly, life is
sustained by a critical set of elements contained within rock, ocean and atmosphere reservoirs and cycled between Earth’s
surface and interior via various tectonic, magmatic and surface processes. Second, plate tectonic processes such as
redistributing continents, growing mountain ranges, forming land bridges, and opening and closing of oceans and marine
gateways provide environmental pressures that isolate and stimulate populations to adapt and evolve; recombining these
features further stimulates evolution. Modern plate tectonics - established sometime before the Cambrian explosion - is
often viewed as a strong promoter of biological evolution. Compared to single lid tectonic styles, plate tectonics better
creates and destroys continental and continental shelf habitats, supplies nutrients, modulates climate, and exerts
continuous moderate environmental pressures that drive evolution.

Importantly, long timescales of biological evolution estimated from analysis of DNA changes and fossils are comparable to
those of major geodynamic cycles such as the Supercontinent Cycle and the Wilson Cycle. Therefore, computational
biogeodynamics (i.e., coupled modeling of Earth’s interior, atmosphere, ocean, sea-level, climate, landscape and life
evolution) stands as one of the frontier research tasks in geodynamics, ecology and evolution as well as related disciplines.
Here, we propose the development and employment of both regional- and global-scale 3D high-resolution bio-
geodynamical modeling toolkits, coupling (i) available global and regional magmatic-thermomechanical models of
geodynamic processes, (ii) landscape evolution models, (iii) simulations of long-term atmospheric, ocean and climate
change and (iv) spatially-explicit models of species speciation, evolution and extinction. We show preliminary results
suggesting critical roles of plate tectonic motions and mantle plume-lithosphere interactions on life evolution and spatial-
temporal biodiversity distribution. The implications for exploring exoplanets are obvious.
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Spatial and temporal interplay between viscous and brittle deformational
processes in a continental megathrust: case study across the Main
Central Thrust in the Himalaya
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(dgrujic@dal.ca)
2 Department of Geology, University of Otago, 360 Leith Street, Dunedin 9016, New Zealand

Continuum of stress, strength, slip and creep in the subduction zone plate interfaces is realized by various mechanisms of
stress loading the seismogenic zone of a megathrust by creep in its deeper, ductile part. Most of the understanding of these
interactions was acquired through seismological and theoretical studies.

We investigate such megathrust system across a range of observation scales and approaches, including field observations,
microanalyses, innovative thermochronology, and numerical modelling (Gruijic et al. 2020). The outcrops of the main
Himalayan structures expose a sequence from ductile shear zones to brittle faults. As all these structures merge into the
Himalayan basal décollement, the Main Himalayan thrust, it can be safely assumed that the rocks now at the surface were
within the MHT at the time of their deformation. Himalayan thrusts therefore collectively crosscut many lithologies and have
operated over broad ranges of pressure, temperature, and strain rates. From north to south, from older to younger, the
sequence of outcrops of mylonite, ultramylonites, cataclasites, to fault gouge represent distinct zones into which
deformation has localized.

Microstructural and textural analyses of quartz mylonites from the Main Central thrust allow identification of switches of
deformation mechanisms caused by reductions in pressure and temperature during exhumation, and they provide
quantitative constraints on stress history. At some localities there is an evolution of samples experiencing shifts to higher
stress deformation that may be a result of interaction between end-member mechanisms where viscous flow cannot
accommodate all the imposed displacement, which leads to “semi-brittle” deformation. Alternatively, the pulses of high
stress associated with earthquakes might also be involved in generating bimodal populations of dynamically recrystallized
grains. At other localities, however, there is an evolution of samples experiencing switches to lower stress deformation. The
latter microstructures may be results coeval decrease of strain rate and temperature. These two contrasting deformation
histories should be a focus of our future studies of megathrust systems.

Figure 1. Strength profile of the shear zone. The temperature scale is for the ductile part and the depth scale is for the brittle part. There is
no unique or steady geothermal gradient for an active megathrust. Orange symbols: flow stresses at corresponding peak deformation
temperatures. The temperature gradient across the shear zone is inverted, therefore, the data points are from top (bottom of the figure) to
bottom of the shear zone (up in in the figure). Blue symbols: flow stresses derived from the small, dynamically recrystallised grains and
inferred deformation temperatures. Red star: most likely stresses at the brittle ductile transition. Depth of it was determined from the
geometry of the shear zone and from the modelled thermal field (Grujic et al. 2020). Straight lines are the strength profiles in thrust regime
for different coefficients of fluid pressure. The A=0.8 was determined from the geometric analysis of the current Himalayan foreland fold-
and-thrust belt.
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by permeability dynamics and decarbonization
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In 2016, a series of large normal-fault earthquakes in the Apennines filled the seismic gap between the 1997 Colfiorito
earthquake and the 2009 L’'Aquila earthquakes. These earthquakes, known as the Amatrice-Visso-Norcia sequence (AVN),
triggered hundreds of thousands of aftershocks in the first year, extending over 60 km along strike. The Colfiorito and
L'Aquila aftershocks showed a significant high fluid-pressure (CO2) component in their genesis, and in this work, we show
that the AVN sequence is also driven by high-pressure fluids. We propose that the AVN sequence is driven by both deeply-
derived fluids and high pressure fluids internally generated by thermal decomposition. Using a non-linear diffusion model
that captures permeability dynamics in the crust combined with a source term to account for thermal decomposition, we
show excellent agreement between model and observations along nine profiles spanning the entire sequence. Excellent
agreement is found for all profiles between modelled and observed cumulative number of aftershocks, despite the dramatic
differences between the nine profiles. Excellent agreement is also found in spatial comparisons between the calculated fluid
pressure and the hypocenters of about 35,000 well-located aftershocks. These results provide convincing evidence that
aftershocks in the Apennines are predominantly fluid-driven, and we also propose that this model can capture any non-
Omori type aftershock behavior.
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New tectonic map in the Geneva Basin, combination of surface and sub-
surface data (Switzerland and France)
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The Northern Alpine foreland is divided into two domains: the Molasse Basin and the Jura fold-and-thrust belt (FTB), both
transported towards NW. These domains are detached from the mechanical basement above a décollement in the Triassic
evaporites. Thrusts, folds and strike-slip faults are the major structures developing in the detached Mesozoic and Cenozoic
sedimentary cover of the area. The Geneva Basin, in western Switzerland, is part of the Plateau Molasse within the
Molasse Basin and is limited to the NW by the Jura FTB and to the SE by the Subalpine Molasse. The 2020 Geothermal
project of the Canton Geneva has provided an incentive to re-assess the subsurface geology of this area and its ties to the
geology expressed at the surface.

The first objective was to build a tectonic map of the Greater Geneva Basin. The main input for this task is the interpretation
of vintages since 1960’ and recently acquired 2D seismic data (2018) combined with well data, that all represent the most
valuable source of geological information of the subsurface. However, this data set also contains its limitations, including its
resolution, and especially the high uncertainty related to the correlation of fault indications in between 2D seismic profiles.
Therefore, it was crucial to develop a consistent methodology that tries in a first step to extract the maximum of useful
results from the 2D seismic interpretation, and in a second step to constrain these results at best with available surface
information. Subsequently we combined and implemented all information and interpretations on a common map, in order to
build a final tectonic map. Fault indications from two seismic horizons, near Base Cenozoic (nBCen) and near Top Dogger
(nTDo), are projected into the map with the adequate symbols of the type of fault interpreted. Major dip change lines and
fold axis observed on seismic sections are also displayed as coloured points on map (intersection points between the dip
change lines and fold axis (both sticks on seismic sections) with the following horizons, nBCen and nTDo) and thus define
dip domains that help discriminate structural domains. This information is combined with bedding strike and dip changes on
the surface map to devise axial surface traces and fault traces (supposed and observed). We further used a tectonic
geomorphology approach (including lineament) to constrain our tectonic map.

It was thus possible to identify several major structures:

- strike-slip faults mainly oriented NW-SE and E-W, which reach into the Jura FTB.

- E-W fault corridors of about 10 km long and 500m large have been identified in the Meyrin area. This E-W
structural direction is supported also by several geomorphological lineaments crossing the whole southern Geneva
Basin and which are interpreted to reflect main tectonic structures.

- anticlines and synclines with a general NE-SW orientation, perpendicular to the general compressional direction.
The folds may have a modest lateral extent and are frequently intersected by the subvertical fault corridors.

- close to the Humilly-2 well, a distinct fault has been interpreted as a NE-SW extensional synsedimentary growth
fault with possible salt flow. This structure appears to have been compressionally reactivated.

The Vuache Fault Zone with its slightly distinct orientation form a different structural boundary, as shown by the
transpressional lateral ramp geometries in the hanginwall.

The final tectonic map along with a catalogue of the seismic sections interpreted (pdf), and a compilation of subsurface
depth maps (resulting from seismic interpretation), may bring a complete new structural review of the Geneva Basin.
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Tectonics of the Western Internal Jura Fold-and-Thrust Belt: from the
Geneva Basin (Switzerland) to La Bienne Valley (France). Mapping and
forward modelling.
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Numerous geological studies have investigated for decades the Western part of the Jura Fold-and-Thrust Belt (FTB) to the
NW of the Geneva Basin. However, since the beginning of the “GEothermie2020” project, new data such as stratigraphic
harmonization, seismicity measurements, log data from drill holes, and seismic interpretations, have provided new, and
more detailed knowledge about regional tectonics. In this context we re-assessed the structural geology of the Western
Jura FTB in the frame of a Master thesis which focuses on the Internal part of the Western Jura FTB, between the Crét de
la Neige anticline, the Crét au Merle summit and La Bienne valley. A forward model along a valid and balanced cross-
section of the study area provides new insight on the kinematic evolution.

In a first step, a cross-section has been constructed using seismic interpretations (Hauvette, in prep.), original field
measurements and a harmonized geological map based on a stratigraphic compilation from the literature. Based on these
seismic depth-converted lines and the elevation model of the Pre-Mesozoic basement of Schori (2021), the depth of the
near base Mesozoic horizon has been well constrained. Thus, we can show, that top basement under the Jura domain is
dipping 1.3° to the SE, whereas under the Geneva Basin it is dipping between 2.7°-3.3° to the SE. The change in angle
located under the SE flank of the Crét de la Neige anticline is considered to be linked to a preexisting Paleozoic normal
fault with a supposed offset of 180 meters.

Based on our initial cross-section and our refined depth of the near base Mesozoic horizon, we develop a new kinematic
model of the Western Internal Jura by using the forward modelling technique implemented in the software Move 2020.1
from Petroleum Experts. The kinematic forward modelling applies fault-bend folds, trishear and fault-parallel flow
algorithms. The results yield a total shortening of 23.6 km for the Western Internal Jura. Our forward model shows a thin-
skinned style and forward stepping deformation. The forward stepping sequence is accompanied by minor back-stepping
thrust sequences. The sequence is the result of a iterative approach to fit the best possible sequence of deformation to our
initial cross section (surface data and seismic horizon data). Thus, imbricate fault-bend folding can explain the high
southern slope of the Crét de la Neige and the Crét au Merle anticlines. The first deformation is attributed to the thrusting of
the Crét de la Neige anticline (shortening of 4.8 km) followed by the Crét Chalam thrust and its imbrications (shortening of
6,4 km), then, the Tacon thrust (shortening of 8.4 km) and the Bienne thrust (shortening of 3.4 km). Based on seismic
interpretations, duplexes have been constructed in the Keuper evaporites (shortening 600 meters). In addition to the
primary décollement level situated at the base of the Keuper evaporites, three other detachments levels have been used to
explain the structurally and topographically elevated position of the Valserine syncline, the Crét au Merle anticline, the
Pesse syncline, and the valley south of the Tacon river. These detachment levels are found in the marly layers of the
Aalenian “faciés de transition” units, the Oxfordian “Couches d’Effingen-Geissberg” members and the Berriasian Goldberg
formation. Using such a multiple thrust horizon approach avoids having to introduce thick evaporitic duplexes in the Keuper
units, high basement horst or inverted Permo-Carboniferous graben structures.

Due to the modelling limitations, in a final step, the forward model has been slightly modified in some areas to better
comply with the surface data. According to the seismic interpretations, reverse faults inducing a fold, simplified duplexes
and a suspected Permo-Carboniferous graben has been added manually in the Geneva Basin. The final result is a
kinematically viable cross-section of the Western Internal Jura, from the Geneva Basin to La Bienne valley, with deep
structures validated by forward modelling (figure 1).
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Figure 1. Final balanced cross-section between the Geneva Basin and La Bienne Valley. This section is the final result of the forward
model modified in some sectors to respect the near-surface structures. In the Geneva Basin, reverse faults inducing a fold and simplified
duplexes have been added manually. Based on seismic data, a suspected Permo-carboniferous graben is presented under the Molasse
basin.
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Interaction of faulting and magma propagation in oblique extensional
settings (North Volcanic Zone, Iceland) using UAV-based structural data
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Understanding how magma propagates in the crust and eventually where it will erupt is one of the key challenges in
volcanology. Most models assume that magma propagates in a homogeneous crust, without accounting for inherited
structures. However, in volcano-tectonically active systems, inherited structures are common.

In this study, we analyse the role of inherited crustal structures and their reactivation on the propagation of magma in
extensional tectonic environments.

Being a rift lying on top of a mantle plume, Iceland hosts several volcano-tectonic events related to the extension of the
Mid-Atlantic Ridge, which is here exceptionally exposed above sea level. It is, therefore, a perfect location to observe the
interplay between extensional tectonics structures and magmatic processes. In historical time we identified 15 main
volcano-tectonic events that released over days or weeks the tectonic strain deficit accumulated over several decades or
centuries. The crustal opening associated with dike emplacement during volcano-tectonic events is of the same order of
magnitude of the strain deficit accumulated since the previous event in the same area, as shown, for example, by
Holuhraun events in 1797 and in 2014-2015. Thus, timing and location of such events suggest a cyclic nature of strain
loading and release, expressed as a steady ~2cm/yr average extension rate in the far-field and as discrete, often metrical
stepwise opening in the near-field.

We focus on the North Volcanic Zone, which is one of the most active rift branches of Iceland and we selected three zones,
delimited by Fjallagja graben to the North and the Holuhraun to the South. In these segments, as seen from satellite
images, structures progressively bend from an almost N-S orientation to a rather NE-SW one, while the strain field of the
rift stays the same throughout, with a constant extension vector’s azimuth of ~104°. To test a potential opening obliquity, we
performed extensive UAV surveys, covering ~32 km2 with 46 flights. We obtained ~3 cm/px DEMs and ~2 cm/px
orthomosaics, which are the base of the following near-field morphological and structural analysis, looking at fractures,
topography effects, and kinematic indicators. The processed imagery revealed typical structures related to volcano-tectonic
processes, such as monoclines, open fractures, nested grabens, and exposed a graben with intrusions oblique to the
graben shoulders.

Specific attention is paid to obliquity between various sets of structures and volcanic morphologies, especially considering
the progressively evolving geometry relation of the structures with the current opening vector along the rift segment. In fact,
> 70% of rifts on Earth are oblique and inherited structures are not necessarily always perfectly oriented with the current
opening direction.

Results show that eruptive fissures and volcanic morphologies are on average parallel to the main axis of the current rift
extension, but ~10°-20° consistently oblique to the enclosing graben shoulders.

The integration of UAV high-resolution mapping widened the availability of near-field structural datasets, through which we
aim at unveiling fundamental processes of magma transport in the crust.
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Tectonic paleostress and tectonic geomorphology in the close vicinity
of the Pontarlier strike-slip fault system (Swiss and French Jura fold
and- thrust belt)
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(Omar_M_Sabbah@yahoo.com; jon.mosar@unifr.ch)

This work focuses particularly on the combined tecto-geomorphic and paleostress studies to decipher the style and
orientations of tectonic stress fields and to detect their signatures in the present-day fluvial landscape in the northern Alpine
Foreland. Two adjacent study areas across the northern Alpine Foreland, the westernmost part of Switzerland and the
region of Pontarlier strike-slip fault system in the Swiss and French Jura fold-and-thrust belt, were respectively selected for
the detailed tecto-geomorphic and paleostress analyses.

Using high resolution digital elevation model, the diverse geomorphic responses of fluvial landscapes to tectonic
deformations were highlighted in the westernmost part of Switzerland on the basis of a combined analysis of hypsometric
curves and integrals, transverse topographic symmetry index, and channel length-gradient index. This strategy was
additionally supported by analysis of topographic-swath profiles and geophysical and sub/surface geological data. The
obtained results not only show clear indications of the importance role of tectonics in the landscape development, which
can’t be explained as being the results of variation in lithology and/or climate, but also provide convincing evidence of
Cenozoic reactivation of some buried Mesozoic faults in the relatively deep subsurface.The presence of sharp convex
upward hypsometric curve with high hypsometric integral value, a noticeable drainage migration/deflection, and steep
channel gradients with prominent knickpoints, which almost coincide in space with sudden variations in the depth of the
subsurface geologic layers and in the geophysical properties, manifest the role of tectonic activity in the development of
present-day landscapes in the westernmost part of Switzerland.

The paleostress analysis of new heterogeneous fault-slip datasets, together with new chronological field observations,
through using the P-B-T-axes and Right Dihedral methods, have allowed reconstruction of successive tectonic events under
which brittle deformations occurred in the region of Pontarlier strike-slip fault system. These events, which are well
correlated with those recognized in the other parts of European Platform, composed of a sequence, from oldest to
youngest, of N-S-trending strike-slip, NW-SE-trending extensional, NW-SE-trending compressional, and ~NW-SE-trending
strike-slip stress deformations. They occurred prior to, during and after the onset of Jura folding and thrusting, and related
to convergence and subsequent collision between the Adriatic microplate and Eurasia plate since Early Cenozoic times.
The latest tectonic deformation event, derived from this study, shows similar stress style and direction to the present-day
stress field given by the inversions of earthquake focal mechanisms.
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Geology along the Bedretto tunnel: kinematic and geochronologic
constraints on the evolution of the Gotthard Massif (Central Alps)
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The unlined Bedretto tunnel crosses large parts of the crystalline zone of the Gotthard massif (Central Alps), which offers
the possibility to study late-Variscan plutonic rocks (Rotondo granite) and parts of their Caledonian (poly-) metamorphic
host rocks (Tremola and Prato series). The Rotondo granite consists to a large part of an equigranular, fine-grained granite
(Labhart, 2005). However, the Bedretto tunnel also revealed exposures of a porphyritic granite, showing that the Rotondo
granite is not homogeneous. Some parts of the Rotondo granite exhibit a weak foliation and ductile deformation is localized
along discrete granitic ductile shear zones (G-DSZ) or quartz-biotite-rich ductile shear zones (QB-DSZ).

This study presents structural data mapped along the Bedretto tunnel, with emphasis on ductile deformation features in the
Rotondo granite. Further constraints derived from microstructural and U-Pb geochronological evidence lead to the following
insights:

(1) Both, G-DSZ and QB-DSZ dip generally steeply towards north and are related to top-to-south reverse shearing.
Features of dynamic recrystallization suggest that ductile deformation in the Rotondo granite may have occurred at or
below Alpine peak temperature conditions of ca. 475 — 500 °C (Bousquet et al., 2012), which was reached after the
Gotthard massif was thrusted onto the Aar massif (‘D2 stage’, e.g. Herwegh et al., 2017). Therefore, the ductile deformation
in the Rotondo granite is probably related to southward-verging backthrusting of the Gotthard massif that took place after
the ‘D2 stage’. However, a pre-Alpine deformation event cannot be excluded based on the present data.

(2) Zircons from two varieties of Rotondo granite show overlapping 2®Pb/?®U age ranges of 285 — 319 Ma (equigranular
granite) and 280 — 335 Ma (porphyritic granite), which indicate that both varieties are part of the same late-Variscan
magmatic event. The 2°Pb/8U age data of the present study are consistent with the commonly accepted intrusion age of
the Rotondo granite of 294 + 1.1 Ma (Sergeev et al., 1995).

(3) A significant number of zircons from a QB-DSZ are older than the upper boundary of the granite age range (i.e. > 335
Ma), which is not the case for zircons extracted from the granite samples. Therefore, the parent material of the QB-DSZ
must be older than the Rotondo granite. This in turn means that the QB-DSZ are not sheared lamprophyres as previously
thought (e.g. Liitzenkirchen and Loew), but basement rock inclusions within the granite (sheared xenoliths).
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New geological mapping of the Afar depression: from review towards
the understanding of basin dynamics during active rifting
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Geological mapping has been used since the early days of geosciences to understand the processes that shaped our
planet. Geological mapping is a keystone in the interpretation of geological observations and forms the base for any
advanced geo-analytical work.

The Afar Depression forms a triple junction between three rift systems: the Red Sea Rift, the Gulf of Aden Rift and the Main
Ethiopian Rift which is part of the East African Rift System. Important mapping efforts in the area during the 60s and 70s
provided very valuable input for the understanding of the local geology but also for the development of global tectonic,
volcanological and sedimentary concepts in active rift zones. This study presents the compilation of a new geological map
of the Afar depression. It is the first one of its kind in the sense that it covers the complete Afar depression and includes the
full sedimentary and magmatic cover for the complete Phanerozoic. This map is based on extensive literature research,
remote sensing (multispectral satellite imagery and DEM) and fieldwork. It shows the complexity of the system with the
interaction of multiple tectonic plates, blocks, rift segments, sedimentary basins and volcanic areas that evolve through time
and space. This integrative geological map covering the full Afar depression allows the better understanding of the evolution
of continental breakup and will help in the better comprehension of rift processes and passive margin development
worldwide.
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Diachronous evolution of the Carpathians belt and foreland, from low-T
thermochronology inversion and isopach maps analysis.
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Mountain belt tectonic evolution is frequently diachronous along strike either because of oblique convergence or because of
non-straight continental margins. This has direct implications for the exhumation dynamics of the belt, lateral frontal thrust
propagation and exhumation rate heterogeneity along the collision front. It also impacts upon the creation of relief and
orogenic precipitation, and thus erosion. If the collision evolves diachronously along the mountain chain the same may be
true for the foreland basin, including the flexural behaviour of the underlying crust and filling of the basins by the
sedimentary system (e.g., the Pyrenees, Anatolia-Zagros, Taiwan, New-Zealand). Even though it is well established that
there is a direct relationship between wedge exhumation and erosion-sedimentation processes in adjacent basins (Sinclair
and Allen, 1992; Willett et al., 1993), both phenomena are rarely studied in tandem (but see Morris et al., 1998; Curry et al.,
2019, 2021). This might be the case because it needs a significant amount of data from both the basin and the mountain
belt, as well as a multidisciplinary approach.

We use the Carpathians as a case study for a diachronously evolving collision belt. There is a good number of published
low-temperature thermochronology data throughout the belt (~300 data for AFT, ZFT, AHe and ZHe thermochronometers;
Sanders et al., 1999; Leever et al., 2006; Mazzoli et al., 2010; Merten et al., 2010; Andreucci et al., 2013, 2015;
Castelluccio et al., 2016; Nakapelyukh et al., 2018)up to 4 km of erosiontook placeovertheactivelydeformingorogen,andthee
rosionpatternsformsa mirroredimageof the subsurfacdeeformingwedge.Theerosionproductsaredepositedin
flankingmolassebasinswhich subsidecdontemporaneousdluyeto thegrowingtopographiwc eightof thewedge.Deformationof
thewedgewaspresumablyactivefrom theearlyto lateMiocene,butapatiteFT agesbetween14 and9 Ma
andtracklengthmodelingpredictanaccelerationof erosionrates(0.5-0.3 mm/yr, and ample information on the stratigraphy of
the foreland basin (Oszczypko, 2006; Leever et al., 2006; Matoshko et al., 2016; de Leeuw et al., 2020Jagiellonian
University, Institute of Geological Sciences, Oleandry 2a, PL-30-063 Krakéw, Poland, e-mail: nestor@geos.ing.uj.edu.pl.
(received: June 23, 2005; accepted: February 2, 2006 and references therein). We calculated an exhumation model for the
whole West and East Carpathians using the Pecube program (Braun et al., 2012)the PECUBE code has been under
continuous development as its use became wider and addressed different tectonic-geomorphic problems. This paper
describes several major recent improvements in the code, including its integration with an inverse-modeling package based
on the Neighborhood Algorithm, the incorporation of fault-controlled kinematics, several different ways to address
topographic and drainage change through time, the ability to predict subsurface (tunnel or borehole. It iterates through
thousands of exhumation scenarios and uses Bayesian statistics to select the parameters which best fit the compiled
thermochronology data. This shows how exhumation rates change per nappe and per region over time, which translates
into eroded sediment volumes across the belt from the Oligocene onward. On the basin side, a 3D model was built with
more than a hundred geological cross-sections, seismic sections, geological maps and 600 field observations (de Leeuw et
al., 2020), which we used to construct isopach maps for important stratigraphic intervals. These reveal the pattern of
depocenter migration along the foreland.

As a result, we obtain combined maps of exhumation of the Carpathians belt and sedimentation in the basin. These are
providing new insights into the relation between wedge construction and generation and accommodation of sediment fluxes
which is clearly diachronous from NW to SE, in line with Neogene volcanism, lateral frontal thrust propagation and axial
sediment transport in the foreland basin. (Seghedi et al., 2019; Nemcok et al., 2006; de Leeuw et al., 2020)(ii
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Figure 1. Carpathians Belt low-temperature thermochronology database (compilation from published articles), comprising AFT, ZFT, AHe
and ZHe thermochronmeters. Colored block represent the different tectonics dommain as identified in Schmid et al., 2008. The grey
rectangles shows the surface areas where the inversions were mades.

Figure 2. Carpathians Foreland Basin 3D model on the MOVE (PetEx) software, Color code is for the different sediment
from the Miocene. The geological and seismic cross-sections (respectively in red and light blue) allow us to built synthetic
cross-section across the basin (dark blue sections).
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Oblique rifting event during the 2021 Reykjanes seismo-tectonic and
volcanic crisis (SW Iceland).
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The Reykjanes Peninsula has been affected by a seismo-tectonic crisis that started with a strong seismic swarm the 24
February 2021. This activity has been followed by a volcanic eruption the 19 March, the first after ~800 years of quiescence
in this region. The Reykjanes Peninsula is a highly oblique rift zone and separates the American from the Eurasian tectonic
plates. The Peninsula hosts four overlapping rifts and connects to the Mid Atlantic Ridge to the South East and to the South
Icelandic Seismic Zone to the West. The structural relation between the plate boundary (oriented NO70), the volcanic
alignments (N040) and the ground ruptures related to large M, 5 magnitude earthquakes (N175) is still poorly understood.
The 2021 crisis gives us a unique opportunity to better understand how these different structures relate and interact
together from depth up to the surface.

The seismic swarm occurred between the 20 February 2021 and the 20 March with 550 earthquakes with magnitudes
larger than three and six events with M, >5<5.7. Hypocentres highlighted a 10 km long segment oriented NE-SW with
lateral excursions of seismic activity to the SW reaching the town of Grindavik, located seven kilometres away. Radar
satellite images (INSAR) showed a 50 cm subsidence overprinted on the seismicity segment, with two uplift lobes at its
periphery, indicating that a dike was intruding the area. The seismicity shut down 48 to 24 hours prior the eruption that is
since then aseismic.

We have been collecting extensive structural data and mapped the entire fracture field that developed during the crisis.
These structures that are nowadays gone, whether recovered by lava flows of the growing volcano or weathered by rain
and wind when located on sand plains, are unique testimony of the interaction between magma intrusions and regional
tectonics. Field observations show widespread ground cracks affecting the intrusion area with left-stepping en-echelon
metrical segments separated by centimetric push up ridges indicating right lateral strike-slip faulting. To get the full picture
of the fracture field, we used a fixed-wing drone and mapped most of the ground ruptures over an area of ~30 km2. We
then processed high-resolution (<5 cm) orthophotos and DEM and found two main NS oriented fracture zones of 3 to 4
kilometres-long made of en-echelon structures with very limited extensional cracks, even in the vicinity of the eruption site.
These two main structures correspond to the location of three earthquakes of M, >5. We then used optical image correlation
technique analysing air photos acquired before and after the three earthquakes of M, 5.7 (24 February), M 5.0 and M 5.6 (7
and 14 March, respectively). Results show a clear NS oriented shear direction (right lateral motion) of up to 10 cm with few
cm of opening, in good agreement with focal mechanisms that show strike-slip faulting. The strucutral data collected in the
field and with the drone integrated with seismicity, INSAR and optical image correlation suggest an overall bookshelf
geometry broken up by a dike intrusion.



1.16
Probabilistic 3D Fault Network Models of Seismogenic Faults: Case
Studies from the Northern Valais

Sandro Truttmann’, Tobias Diehl?, Marco Herwegh'

" Institute of Geological Sciences, University of Bern, Baltzerstrasse 1&3, CH-3012 Bern (sandro.truttmann@geo.unibe.ch)
2 Swiss Seismological Service SED, ETH Ziirich, Sonneggstrasse 5, CH-8092 Ziirich

In regions with minor crustal deformation and distributed weak to moderate seismic activity, such as the Swiss Alps,
identification of seismogenic faults at the surface is rather challenging, often even not possible. However, more profound
information about the abundance, geometric properties and kinematics of seismogenic faults is required to improve the
seismotectonic characterization and the assessment of seismic hazard in such regions.

Within the project SeismoTeCH, we aim to obtain knowledge on abundance and properties of active seismogenic faults in
Switzerland. In this study, we develop a Python algorithm that uses high-precision, relatively relocated earthquake
hypocenters to derive full-scale probabilistic 3D fault network models at depth. We apply the algorithm to the events of two
relocated seismic sequences in the northern Valais in the proximity of the Rawil depression, close to the villages of St.
Leonard and Anzére. For both earthquake sequences, we image subvertical, approximately E-W striking fault systems with
dextral strike-slip movements and compressional stepover faults at unprecedented spatial resolution. Using the local stress
field derived from the focal mechanisms of the respective sequence, we are able to quantify the stress states and
kinematics of the seismogenic faults and gain insights into the propagation of the seismicity across the stepovers.

The increasing number of recorded events and continuous advances in earthquake relocation procedures will provide new
datasets on which our method can be applied. This will enable the detection and characterisation of further sub-surface
seismogenic fault systems without relying on the scarce and often unreliable surface information. In future work, we also
aim to apply the algorithm to regional-scale, relatively relocated earthquake catalogs to detect further active fault systems in
an automated way.
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Seismic-geodynamic constraints on compositional heterogeneity near
the 660-km discontinuity
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One of the main features of plate tectonics is the recycling of subducting slabs into the deep mantle, which may result in
multi-scale thermal and compositional heterogeneity. Both geochemical and seismological observations suggest that Earth’s
mantle is heterogeneous on small as well as large scales. The detailed thermochemical structure, however, remain poorly
understood due to the complexity of the plate-mantle system, and the mainly indirect observations. To test the
compositionally layered mantle hypothesis, here we perform a joint analysis of self-consistent global geodynamic models
and the global-scale dataset of S660S waves reflecting off the 660-km discontinuity. Thermodynamic modeling and
synthetic seismic analysis show that compositionally layered and compositionally non-layered mantle models have distinct
distributions of reflection coefficients at 660-km discontinuity. The compositionally layered model features with a large
number of small reflection coefficients at ~600-km depth, which can be contribute to the subducted mid-ocean ridge basalt
segregates from subducted harzburgite to accumulate in the mantle transition zone (MTZ). Our observed global distribution
of reflection coefficients at ~660 km depth is more consistent with compositionally layered mantle as predicted in the
thermochemical model. The results of our joint seismic-geodynamic constraints provide a better understanding of the
nature, formation and distribution of compositional heterogeneity near the 660-km discontinuity of MTZ.



1.18
CT-scanned analog models of lithospheric-scale rifting

Frank Zwaan', Guido Schreurs'

" University of Bern, Institute of Geological Sciences, Baltzerstrasse 1+3 Bern, Switzerland (frank.zwaan@geo.unibe.ch)

Analogue modeling studies of rifting routinely focus on the crustal part of the lithosphere, and often the isostatic effects that
are related to the thinning of the lithosphere are ignored. Some modelers included the whole lithosphere in their models by
having it float on top of a heavy fluid simulating the sub-lithospheric mantle (e.g. Brun & Beslier 1996). Such lithospheric-
scale models have provided highly useful insights into rift evolution. However, monitoring internal model deformation is a
major challenge, since surface observations often do not provide direct clues on deformation deep down in the model. We
therefore present a new set of lithospheric-scale models of orthogonal and oblique rifting, completed in an X-ray CT-
scanner.

The models involved a typical 4-layer lithosphere, with brittle sand layers representing the competent upper crust and upper
lithospheric mantel, and viscous layers representing the ductile lower crust and lower lithospheric mantle (Fig. 1a). This
4-layer lithosphere was built up within a rectangular frame able to accommodate both orthogonal and oblique extension.
This frame itself was placed within a basin of glucose syrup layer simulating the uppermost part of the sub-lithospheric
mantle (i.e. the asthenosphere). When stretching the model lithosphere, deformation was accompanied by syrup flow into
the space below the model lithosphere (Fig. 1). A “seed” (a ridge of viscous material [g ca. 1 cm]) was inserted at the base
of the upper mantle to localize deformation (Fig. 1a). Model evolution was closely monitored through high-resolution time-
lapse photography and CT-scanning at 15 min intervals.

Early on in Model 1 (orthogonal extension), the seed localized normal faulting in the upper mantle layer (Fig. 1a-b). This
deformation was then transferred into the upper crustal layer via low-angle shear zones in the viscous lower crust,
generating dual grabens and a general topographic depression in between (Figs. 1b, c). The left-hand one of these grabens
was dominant and as extension progressed, a right-lateral shear zone cutting through the whole lithosphere developed

(Fig. 1d). Meanwhile, the stretching and thinning of the lithosphere split the upper mantle layer, and the lower mantle (and
especially the asthenosphere) rose up, bringing the former in contact with the lower crust.

Model 2 reveals that 45° oblique extension also led to deformation in the strong upper lithospheric mantle layer, but did not
cause the same localization of deformation on the surface as in Model 1 (Fig. 1a, e). Instead, only a general topographic
depression developed, where upper crustal faulting only occurred at the model boundaries, even after > 3 h of extension
(Fig. 1e). Hence we increased the extension velocity and thus the coupling between the upper lithospheric mantle and
upper crustal layers (due to the strain-rate dependent rheology of the viscous lower crustal layer). As a result, faulting
started localizing in the upper crustal layer (Fig. 1f), forming two bands of en echelon grabens on both sides of the mantle
weakness (Fig. 1g).

These first model results show that both the novel modeling machine and the set-up function well, especially since the
general (orthogonal extension model) results are similar to those of e.g. Brun & Beslier (1996). Yet our new CT-scans
provide the first-ever direct insights into the internal deformation of a complete lithospheric-scale rifting model. Future
particle image velocitmetry (PI1V) analysis of these CT data will provide quantitative insights into internal deformation in
such models. Furthermore, our second model suggests that oblique extension leads to less efficient localization of
deformation, as higher extension rates are required to induce faulting in the upper crust. This result seems to contradict the
proposal by Brune et al. (2012) that oblique rifting promotes break-up.
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Figure 1. (a-d) CT sections of Model 1 (orthogonal extension, 10 mm/h over 5 h). (e-f) CT sections of Model 2 (45° oblique extension), with
a first slow extension phase and a second fast extension phase (e) end of phase 1 (10 mm/h for 195 min), (f) end of phase 2 (30 mm/h for
1:45 h). (g) 3D CT view of Model 2 at t = 255 min.
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Exploration activity of geothermal energy resources is being carried in Geneva Basin in the framework of the
‘GEothermie2020’ to cover the cold/heat water production and electricity demand of both domestic and industrial sectors. In
Geneva Basin, the fracture networks in the Lower Cretaceous carbonate aquifer are proven to provide enough permeability
to the geothermal system. The aim of this study is to improve the knowledge of the subsurface for the ongoing geothermal
exploration effort by predicting the geometry of the subsurface fracture network. A Discrete Fracture Network (DFN) was
generated by integrating the available seismic and well data. The DFN modelling approach is using a novel workflow that is
based on a geomechanical forward simulation approach (4D).

The dataset includes two 2D seismic lines and a range of log data from GEo-01 well. The seismic data were used to
generate 3D fault and stratigraphic models providing a structural framework for fracture network simulation. The well data
which include interpreted fractures from borehole image (BHI) log and a range of classical well logs (e.g., GR, density,
sonic) allowed to characterise locally the fracture network and retrieve geomechanical data. The GR and the derived
Young’s modulus logs were used to mechanically partition the Lower Cretaceous interval where a variation in the rock’s
stiffness between different stratigraphic formations was observed. Information about paleo-tectonic stress were derived from
the fracture data which were used to prepare the model inputs. In the well, the fractures have fairly constant orientation
along the Lower Cretaceous interval. The geometric characterisation of the fractures indicated that they were formed under
normal stress tectonic regime which relates to the subsidence history prior to Alpine shortening. More specifically, for each
of the considered stratigraphic formations, different directions of the fractures were observed. This observation could be
explained by the variation in rock’s stiffness between different stratigraphic formations.

Two techniques were used to model the subsurface fracture network: i) a paleo-tectonic stress inversion and ii) fracture
network forward modelling (4D). The paleo-tectonic stress inversion tool estimates the paleostress and recovers the
distribution of the stress and strain tensors. The fracture network forward modelling simulates the fracture nucleation,
propagation, and interaction through time. The modelled DFN honours the fractures geometry at the well location. Away
from the well, the model is constrained by the subsurface fault geometry and by far-field tectonic stress. Technically, the
modelled DFN consists of stacked series of 2 metres thick layers acting as individual mechanical units (e.g., the model is
producing layer-bound fracture network). One of the main limitations of this approach is that it cannot consider multiple
tectonic regimes to simulate the fracture network. In addition, this approach requires large computational power. Unlike the
stochastic method, the adapted geomechanical method considers important underlying mechanical and tectonic constrains.
Different methods have their own advantages; hybrid approaches that assimilate the advantages of different methods
should be investigated.
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The Northern Alpine foreland is divided into two domains: the Molasse Basin and the Jura fold-and-thrust belt (FTB). The
Mesozoic and Cenozoic sedimentary cover of this area is deformed by thrust-related folds and strike-slip faults. The main
structures root in a basal Triassic décollement. The Geneva Basin, located in western Switzerland, is part of the Plateau
Molasse (belonging to the Molasse Basin), and is limited to the NW by the Jura FTB, to the SW by the Vuache fault, and to
the SE by the Mont Saléve ramp related anticline and the Subalpine Molasse.

If current seismicity indicates that the Geneva Basin is tectonically active, few data regarding the state of stress in the area
are currently available. The goal of this study is to densify the knowledge of the state of stress in the Geneva Basin and in
the adjacent Jura FTB, by using numerical modelling.

The first part of the study is a regional study. In a 2D section, we study the impact of the friction along the basal
décollement, on the localisation of deformation and on the associated stress field. Results indicate that depending on the
friction, deformation will localise at the rear of the Mont Saléve, in the Geneva Basin or at the frontal part of the Jura FTB
(Figure 1). In the range of frictions where deformation localises in the Geneva Basin, the distribution of stress varies.
Differential stress is higher and more localised for higher basal frictions.

The second part of the study is more local. The prototype section is based on seismic interpretation of a seismic surveys in
the Geneva Basin. We study the impact of friction along the inherited faults on incipient deformation. Results indicate that a
decrease in the fault’s friction allows forwards propagation of deformation and allows reactivation of inherited faults. If the
friction in the faults is too low, deformation will localise at the first inherited fault (i.e. the Saléve thrust in this case study).
The stress fields vary depending on the localisation of deformation. Stress magnitudes are lower and more distributed when
all faults have the same friction. The more deformation is localised on a structure, the more stress concentration is
observed.

These results allow to better constrain the mechanical context of these sections and to populate this part of the Northern
Alpine foreland with stress data.

Figure 1: Example of results for the regional scale study, for a friction along the basal décollement of 5°. In this condition, the deformation
is located in the Geneva Basin, before the first thrust of the Jura FTB.
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The Carpathian orogen is part of the Alpine-Himalayan collision zone and formed as the result of the collision of the Tisza-
Dacia and ALCAPA mega-units with the European southern margin, following a protracted phase of subduction, slab roll-
back and accretionary wedge formation. The foreland basin of the East Carpathians is 800 km long and stretches out
across Poland, Ukraine, Moldova and Romania. We use the results of our intensive field research to unravel the
sedimentary architecture of this basin and reveal how it responded to the final phases of foreland vergent thrusting,
continental collision and subsequent slab detachment. We discuss the asymmetry in the basins evolution and eventual
inversion and relate this to the diachronous evolution of the Carpathian orogen. We also address the impact of changing
subsidence patterns and base-level changes on connectivity with the Central and Eastern Paratethys, important for faunal
exchange and patterns of endemism. We finally show that continental collision led to the establishment of a Late Miocene

NW-SE prograding axial drainage system in the foreland supplying abundant sediment to the NW Black Sea, thus triggering

large-scale shelf edge progradation.

Figure 1. Schematic paleogeography of southeast Europe 10 m.y. ago based on de Leeuw et al. (2020) and Magyar et al. (2019, and
references therein). CF—Carpathian foreland.
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Present-day deformation of the Aar Massif: New insights from three
recent M 4 strike-slip earthquakes
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Since 2017, three strike-slip earthquakes of local magnitudes M, 24.0 occurred within the central and eastern parts of the
Aar Massif. Focal mechanisms of main- and aftershocks as well as high-precision relative hypocentre relocations of these
events provide new insights in the present-day deformation processes and active faults of this external massif. The largest
of these earthquakes was the M 4.6 Urnerboden earthquake of March 2017. The main rupture was previously associated
with an NNW-SSE striking sinistral strike-slip fault.

In contrast, the Elm/Steinibach earthquake sequence of 2020, which locates only about 16 km west of the Urnerboden
source region, is clearly related to an ENE-WSW striking dextral fault. This remarkable sequence initiated with a first peak
in seismic activity in May 2020 and culminated in an M 4.3 earthquake on October 25". The Swiss Seismological Service
located more than 340 earthquakes associated with this sequence in 2020, 15 of them with M 22.5. Reliable first-motion
focal mechanisms could be calculated for 10 earthquakes. For the mainshock and the largest aftershock (M, 3.9), full
moment-tensor solutions were derived from waveform inversion. The relocated hypocentres image two main fault
segments. The eastern one, mainly active during the first peak in May, extends over about 1 km and is oriented
approximately E-W. The western segment strikes ENE-WSW and extends over a length of about 2 km. The M 4.3
mainshock locates within a bending zone, separating the two fault segments. The relatively low double-couple component
of its moment tensor (64%) suggests possible volumetric changes caused by geometric complexities, e.g. by a rupture
across a non-planar, bended or segmented fault plane.

The third strike-slip earthquake analysed in detail is the M, 4.0 event of July 2021, which located about 5 km NW of the
Furkapass. A first-motion focal mechanism as well as a full moment tensor were computed for the mainshock. Aftershock
activity in this sequence, however, was low and preliminary relative relocations cannot conclusively distinguish between an
NNE-SSW striking sinistral and a WNW-ESE striking dextral fault plain.

Finally, we complemented the data provided by these M4 sequences by additional, smaller-sized earthquake to map
orientation and kinematics of seismogenic structures as well as principal stress axes within the Aar Massif. Our results
suggest that present-day brittle deformation within the massif is dominated by strike-slip faulting accommodated by fault
systems of different orientations. To better understand the existence of this strike-slip regime in a region characterized by
maximum change in uplift rates, we consider additional geological and geodetic data as well as a new tomographic model,
which provides new constraints on the subsurface structure of the Aar Massif.
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The extraction of straight linear topographic features (lineaments) from satellite images, e.g. Digital Elevation Models (DEM)
derived from Light Detection and Ranging (LIDAR) images, is a common instrument to identify overall, ideally fault-based,
trends of tectonic elements (e.g. Smith and Pain, 2009). The importance and the fundamental concept of using lineaments
as a tool to disclose the hidden architecture of the underlying basement finds applications in a wide spectrum of disciplines
from structural tectonics to petrological field-surveys. Lineaments can be of composite nature and may stem from drainage
lines, crest of ridges, shore lines, tectonic features (faults, joints, foliations, shear zones) and stratigraphic boundaries
(Hobbs, 1912).

There are several potential pitfalls to be considered upon the identification of lineaments, especially when performed
manually. Potential biases are related to i) the scale, ii) the illumination azimuth on the image and iii) the operator
performing the picking (Schreiber et al., 2015), all having significant impacts on the outcome of the lineament identification
process. This generally causes poor reproducibility because these three factors affect the number, length and orientation of
the lineaments.

However, computerized automated lineament detection removes the major bias of subjectivity introduced by different
operators almost entirely, overall yields higher lineament densities and picks are more uniformly distributed and
quantitatively more accurate (Vaz et al., 2012). Furthermore, reproducibility is ensured since the outcome solely depends
on a set of chosen parameters, and not the interpreter’s eye. In this study, we apply an edge detection algorithm to binary
images (derived from digital elevation models and outcrop pictures at various scales) and forward them to a tensor voting
algorithm, which is a non-iterative method that calculates a tensor field for every element. The tensors were then
decomposed to stick and ball components and form basis tensors. For each of the tensors, a preferred orientation was
derived to create the most coherent features.

We applied the algorithm to digital elevation models (swissALTI3D, swisstopo) of kilometer-scale from the Grimsel area
(Switzerland) and compare the automated lineament picks of the algorithm with handpicked lineaments of the area.
Furthermore, we used field pictures of meter-scale from various outcrops at “Trockener Steg” (Zermatt, Switzerland) as
input for the algorithm, and present the automated structural interpretation of outcrop pictures and evaluate its relevance for
tectonic and structural analysis. We present here first results of the fully automated lineament detection algorithm and
review its performance, advantages and drawbacks, in particular when comparing it to human-performed lineament picks
and structural interpretations.
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Using the spread in apatite (U-Th)/He single grain ages to constrain the
thermal history of the Northern Swiss Molasse Basin

Kevin A. Frings', Christoph von Hagke?, Istvan Dunkl®, Elco Luijendijk*, Herfried Madritsch?®

" Geological Institute, RWTH Aachen University, Wiillnerstrasse 2, D-52062 Aachen (frings@geol.rwth-aachen.de)
2 Department of Geology, Salzburg University PLUS, Hellbrunnerstr. 34, 5020 Salzburg

3 Geoscience Center, Department of Sedimentology and Environmental Geology, University of Géttingen,
Goldschmidtstrasse 3, D-37077 Géttingen

4 Bundesgesellschaft fiir Endlagerung, Eschenstralle 55, 31224 Peine, Germany

5 Nagra, Hardstrasse 73, CH-5430 Wettingen, Switzerland

We use (U-Th)/He thermochronology on detrital apatite grains (AHe) to constrain the magnitude and long-term rates of
exhumation of the northern Swiss Molasse Basin. Previous (mostly fission track) studies showed seemingly contradicting
age patterns and resulting exhumation estimates (e.g., Mazurek et al., 2006; Cederbom et al., 2011). We hypothesize that
this is because the sediments of the Molasse basin derived from different units in the Alps, as well as the Black Forest
(Berger et al., 2005; Kuhlemann & Kempf, 2002). Consequently, the Molasse samples contain different populations
originating from different source formations having different pre-Molasse temperature histories. Grains from successions
below the Molasse Basin deposits (sandstones of Rotliegend and Buntsandstein sediments) possibly experienced
additional heating and cooling events predating the formation of the Molasse Basin. As a result of the inherited thermal
history, the grains do not resemble a single thermochronometer, but represent different thermochronometers, possibly
sensitive to different closure temperatures. This variability of single grain ages can be exploited by dating a large number of
grains distributed to a dense set of sampling intervals and performing statistical analysis on their age distribution and
chemical parameters. Additionally, we focus on AHe thermochronology as it is sensitive to lower temperatures compared to
fission track dating and is thus more suitable to cover the temperature history of the young and shallow Molasse samples.

A recently drilled Nagra borehole Bulach-1 provided the opportunity to carry out an intensive sampling along a 1370 m
vertical section of the Molasse Basin. We divided the Molasse section (upper 500 m) into seven sampling intervals of
which we dated in sum 45 grains from cutting samples. In comparison, previous studies used around 20 grains for fission
track dating in only one or two intervals for the Molasse section (e.g., Mazurek et al., 2006; Cederbom et al., 2011).The drill
cores of the successions below the Molasse sediments contain Buntsandstein and Rotliegend sandstones at the bottom 75
meters of the well. We divided these into three intervals, one represents the Buntsandstein and two the Rotliegend
sediments. We dated in sum over 60 grains from these intervals.

The ages of the Molasse grains show a spread from 4 Ma to 30 Ma, while most of the grains have younger AHe ages
compared to their depositional age. The Buntsandstein and Rotliegend grains show a spread in ages from 2 Ma to 80 Ma.
First results from the age destribution indicate that at least two different populations can be identified according to their
initial ages and mineral chemistry within the Molasse sample set. The Buntsandstein and Rotliegend sample sets contain
up to four different age populations. First estimates on the closure temperatures of the single thermochronometers based
on helium concentration (following Shuster et al., 2006) vary between below 60 °C and over 80 °C, which consistently
results in a first exhumation estimate of roughly 1050 to 1550 meters. Timing of exhumation is so far less well constrained.
First results yield an exhumation phase starting at 12 to 13 Ma, with an end at 4 to 5 Ma.

This study reconciles previously seemingly conflicting estimates of exhumation estimates, and emphasizes the importance to
separate different thermochronometers that coexist within a sample set. We show that dating a large number of single grains
from a given sample offers the opportunity to statistically separate and characterize such different AHe thermochronometers.
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The modern episode of plate tectonics is increasingly considered to have begun in the Neoproterozoic following a
period of reduced activity known as the ‘boring billion’ (Sobolev and Brown, 2019; Stern, 2007) when Earth may
have been in a less dynamic single lid mode (Stern, 2007). The Neoproterozoic was also a period of radical
change in other Earth systems — higher oxygen levels, the Cryogenian glaciations, and finally the emergence and
rapid diversification of multicellular life in the Cambrian explosion. The study of the Neoproterozoic transition to
modern plate tectonics is therefore central to the emerging multidisciplinary field of Biogeodynamics, the study of
coupling between geodynamic processes, atmosphere, ocean, landscape, climate and the evolution of life (Gerya
et al. 2020).

The origins of modern plate tectonics on Earth have typically been ascribed to the secular cooling of the mantle
enabling local episodes of unstable subduction to become more widespread and stable (Bercovici and Ricard,
2014). Sobolev and Brown (2019) argue that major erosion and sedimentation events, such as the Cryogenian
glaciations, were important controls on Earth’s tectonic style. The presence of hydrated sediments in active
subduction zones enhances their stability through lubrication, thus the Cryogenian glaciations may have reactivated
the dormant plate tectonics of the ‘boring billion’ (Stern, 2007).

The transition to modern plate tectonics is necessarily a global problem operating on a timescale of hundreds of
millions of years needed to develop/activate the global plate mosaic (Bercovici and Ricard, 2014). To model the
transition numerically, we propose to combine global 3D models of mantle convection with free surface using
StagYY (Tackley, 2008) with a simplified model of erosion and sedimentation, and a parameterised description of
margin strength which may be modified by subduction zone lubrication and sediment loading. The aim is to
determine through modelling the conditions and timescales required to activate a plate tectonic regime from a
single lid (Stern, 2007). The results of these global models, particularly models of global topographic evolution,
may also be used in conjunction with climate models and models of biological evolution to investigate the ability of
different global tectonic regimes to sustain and diversify complex life.
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In a deforming lithosphere, localization and softening mechanisms are important for subduction initiation or the generation
of tectonic nappes during orogeny. Many localization mechanisms have been proposed as being important during the
viscous, creeping, deformation of the lithosphere, such as thermal softening, grain size reduction, reaction-induced
softening or anisotropy development. However, which localization mechanism is the controlling one and under which
deformation conditions is still contentious. In this contribution, we focus on strain localization in viscous material due to the
generation of anisotropy, for example due to the development of a foliation. We numerically model the generation and
evolution of anisotropy during two-dimensional viscous deformation in order to quantify the impact of anisotropy
development on strain localization and on the effective softening. We use a pseudo-transient finite difference (PTFD)
method for the numerical solution. We calculate the finite strain ellipse during viscous deformation. The aspect ratio of the
finite strain ellipse serves as proxy for the magnitude of anisotropy, which determines the ratio of normal to tangential
viscosity. To track the orientation of the anisotropy during deformation, we apply the so-called director method. We will
present results of our numerical simulations and discuss their application to natural shear zones.
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Based on the rock record, glaucophane is a major constituent mineral associated with subducted mafic oceanic crust at
blueschist metamorphic facies. Ductile-viscous deformation of glaucophane has been documented in natural blueschists,
however, no experimental study has characterized the specific deformation mechanisms that occur in glaucophane. We
conduct a suite of general shear deformation experiments in the Griggs apparatus to investigate deformation mechanisms
and microstructures of deformed glaucophane over a range of experimental conditions. Experimental samples consist of
glaucophane powder separated from natural samples originating from Syros Island, Greece with a grain size of 63-355 pym.
Both constant-rate and strain-rate stepping experiments were conducted at 700° and 750°C at a confining pressure of 1
GPa with strain rates ranging from ~3x10%/s to  ~8x10%/s. At 1 GPa and 700°C, the microstructure of the constant-rate
experiment shows interconnected, recrystallized grains (~10 um) and porphyroclasts with undulose extinction consistent
with bulging dynamic recrystallization. At 1 GPa and 750°C, the microstructure of the constant-rate experiment displays
minor amounts of recrystallized grains and subgrain development, where the majority of grains display exsolution textures.
Strain-rate stepping experiments at 1 GPa and 700° and 750°C were also completed. A stress exponent of 3.3 was
calculated for the 700°C experiment and a stress exponent of 1.5 was calculated for the 750°C experiment; however, the
microstructures for both samples exhibit both brittle and ductile deformation mechanisms. Additional constant-rate
experiments will be conducted at higher pressures and various strain-rates to assess glaucophane deformation
mechanisms and microstructures.
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Microcrack-driven Emergence of Stress Relaxation in Granitic Rock:
Laboratory Observation and Numerical Simulation
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Understanding the time-dependent deformation and degradation behaviour of brittle rocks is crucial for unravelling the
mechanisms and predicting the occurrence of catastrophic failure of geological formations in nature. Phenomena
associated with the temporal weakening of rock strength has been extensively studied in the past using creep or stress
relaxation tests performed in the laboratory. These studies have revealed three deformational regimes (i.e. primary,
secondary, and tertiary stages) in the time domain as a result of microcracking processes. While macroscopic failure of rock
may be captured by continuum models that incorporate local weakening behaviors related to microcrack evolution (Main,
2000), there is still no existing model that can quantitatively and physically link evolving microcrack characteristics/dynamics
to the formation of system-sized failures (Brantut et al., 2013). To better characterise the microcrack-driven mechanism, we
study the progressive failure during relaxation of Herrnholz granitic rock subjected to uniaxial compression in laboratory
settings to constrain our numerical research. We develop a micromechanical model that mechanistically captures the
emergence of macroscopic failure as a result of the spatio-temporal evolution of microcrack populations. We constrain the
numerical model using microscopy-based characteirsation of microcrack patterns and subsequently validate the model
using laboratory results of stress relaxation as well as associated acoustic emissions. We further use the model to study
the mechanisms underpinning the observed seismic and aseismic deformations in rock samples. Preliminary results show
that microcrack characteristics and their evolution strongly affect the formation of the macroscopic rupture plane and, in
turn, the bulk response of rock specimens prior to failure. The validated/calibrated numerical model is expected to be useful
for identifying possible precursors to catastrophic failure in brittle rocks with important implications for understanding and
predicting extreme events in natural systems such as great earthquakes, volcanic eruptions, and rapid landslides.
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Recently, geophysical observation through Sp receiver functions and MT imaging showed that the tectonic plate thickness
undulates with age and lithosphere-asthenosphere boundary (LAB) is sharp discontinuities near the equatorial Mid-Atlantic
ridge, which is not consistent with a purely thermal model. Several mechanisms have been proposed to explain the
discrepancy: (1) Rayleigh wave anisotropy; (2) near solidus temperature; (3) mantle oxidation; (4) elastically accommodated
grain boundary sliding; or (5) partial melt in the mantle. However, it still remains elusive. Here, we explore the formation
mechanism of the sharp LAB discontinuities as well as the influence in plate tectonics through 3D self-consistent magmatic-
thermomechanical numerical models. Numerical modelling results show that the sharp LAB discontinuities occur in two
different configurations: (1) peeling melt is far from the mid-ocean ridge with persisting over several million years; (2) melt
rises from depth and ponds beneath the plate, finally forming the new mid-ocean ridge. Both these two configurations are
closely related to ridge jumps and transform faults. Ridge jumps will peel melt from the mid-ocean ridge and transform
faults can induce the abnormal melt generation. In addition, localized melt leads to the small-scale convection beneath the
plate and decreases the drag resistance at the base of the lithosphere.

Figure 1: Comparison between observation and numerical modelling. Observation near the equatorial Mid-Atlantic Ridge (Rychert et al.,
2021): (a) Map view of LAB depth from Sp receiver function; (b) Shear-wave velocity and resistivity along the dashed black line in (a).
Numerical modeling: (c) Map view of LAB depth; (d) Composition along the dashed black line in (c). Thick black lines in (a, b) marks mid-
ocean ridges.
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GPU-based pseudo-transient finite difference solution for 3-D gravity-
and shear-driven power-law viscous flow
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Power-law viscous flow accurately describes the first-order features of long-term lithosphere deformation. The stresses
resulting from a deforming lithosphere control processes such as metamorphic reactions, decompression melting,
subduction initiation or earthquakes. Calculating these stresses in a three-dimensional (3-D), geometrically and
mechanically heterogeneous lithosphere requires high-resolution and high-performance computing.

Here, we present numerical simulations of 3-D power-law viscous flow. We apply the pseudo-transient finite difference
(PTFD) method, which enables efficient simulations of high-resolution 3-D deformation processes by implementing an
iterative implicit solution strategy of the governing equations. The main challenges for the PTFD method are to guarantee
convergence, minimize the required iteration count and speed-up the iterations. We implemented the PTFD algorithm using
the Julia language (julialang.org) to enable optimal parallel execution on multiple CPUs and GPUs using the ParallelStencil.
jl module (https://github.com/omlins/ParallelStencil.jl). ParallelStencil.jl enables execution on multi-threaded CPUs and
Nvidia GPUs using a single switch.

We present PTFD simulations of mechanically heterogeneous, incompressible 3-D power-law viscous flow under gravity in
cartesian coordinates. The heterogeneity is described by a spherical inclusion that is weaker and less dense than the
surrounding material. The viscous flow is described by a linear combination of a linear viscous and a power-law viscous
flow law, representing diffusion and dislocation creep, respectively. The iterative solution strategy builds upon pseudo-
viscoelastic behavior to minimize iteration count by exploiting the fundamental characteristics of viscoelastic wave
propagation. We performed systematic numerical simulations to investigate the impact of (i) buoyancy versus shear forces
and (ii) linear versus power-law viscous flow on the vertical velocity of the spherical inclusion under bulk strike-slip
shearing. We report the systematic results using the controlling dimensionless nhumbers and compare the numerical results
with analytical predictions for buoyancy-driven flow of inclusions in a power-law matrix. We also aim to unveil preliminary
results for 3-D cylindrical configurations and to discuss potential applications of our simulations to plutons associated with
strike-slip shear zones.
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Stefano Mannini’, Joél Ruch', James Hollingsworth?, Donald A. Swanson?, Ingrid Johanson?®

" Department of Earth Sciences, University of Geneva, Rue des Maraichers 13, 1205, Geneva, Switzerland

2 |STerre Université Grenoble Alpes, UMR 5275 CNRS, 1381 Rue de la Piscine, 38610 Gieres, France

3 U.S. Geological Survey - Hawaiian Volcano Observatory, 1266 Kamehameha Ave., Hilo, HI 96720, United States of
America

Volcanic islands are often subject to flank instability being a combination of magma intrusions along rift zones and
gravitational spreading. The Kilauea is one of the most active volcano on Earth and its south flank show recurrent flank
acceleration related to large earthquakes and magma intrusions. Kilauea is made of a central caldera flanked by the East
and Southwest Rift Zones, the Koa‘e and the Hilina fault systems and a deep subhorizontal detachment, all being part of
the volcano flank instability. During the last two centuries, six major earthquakes (6<M<7.7) have occurred on the south
flank of the volcano (1823, M7; 1868, M7.9; 1954, M6.5; 1975, M7.7; 1989, M6.1; 2018 M6.9), generating in some cases
large flank motion, supporting a cyclic behavior of the flank instability and related volcano-tectonic processes (Swanson et
al., 1976).

Here we focus on the M7.7 Kalapana earthquake that occurred on 29 November 1975. It triggered a large co-seismic
ground displacement of several meters all over the south flank of the Kilauea volcano and a tsunami has been damaging

the Big Island coasts (Tilling et al., 1976). The identification and quantification of the entire co-seismic rupture and the faults

that have been reactivated during the event remained poorly studied and is the focus of our study.

Using optical imagery correlation technique, we analyzed the displacement that occurred during the 1975 earthquake. We
used 26 and 22 photos as pre-event (October 1974 and July 1975, respectively) and 7 and 44 for the post-event time
period (December 1976 and March 1977, respectively). Results show metrical horizontal displacement (north-south
direction) along a 25 km long East West sector of the Kilauea south flank (Figure 1). We show for the first time
displacement maps covering the entire 1975 earthquake fault rupture and highlight the reactivation of Hilina and Holei Pali
during the earthquake with up to eight and three meters of offset, respectively, in good agreement with localized EDM
measurements (Lipman et al., 1985). Several other secondary faults have been activated close to the shore and their
extension were previously unnoticed. Episodic flank motions on volcanic islands are rare events and this work contributes
to the overall comprehension of volcano flank instability elsewhere.
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Figure 1. Displacement map of the Hilina fault (south flank of the Kilauea volcano, Hawaii) triggered by the M7.7 Kalapana earthquake in
1975 overlaid on a 30m DEM. Profiles (A-A’) and (B-B’) show horizontal displacement in the North South direction; blue indicates
southward motion. The red lines are the faults mapped using the displacement map.
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Influence of fluids on the earthquake cycle based on numerical modeling
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The strength and sliding behavior of faults in the upper crust is largely controlled by friction and the effective stress, which
is itself modulated by the fluid pressure (Sibson, 1990). However, while many studies have investigated the role of friction
on the earthquake cycle (Marone, C.,1998), relatively little effort has gone into understanding effects linked to dynamic
changes in fluid pressure (see however Zhu et al, 2020). Here, we explore coupled interactions between slow tectonic
loading and fluid pressure generation during the interseismic period with rapid sliding and elastic stress transfer during
earthquakes on a plane strain thrust fault in two dimensions. Our models incorporate rate- and state-dependent friction
along with dramatic changes in the fault permeability during sliding. Preliminary results show that elevated fluid pressures
near the base of the seismogenic layer provides a means for faults to slip at shear stress levels that are well below those
required for static sliding. In these modes, earthquakes are nucleated where fluid pressures are locally high. Ruptures are
then propagated as slip pulses onto stronger parts of the fault facilitated by dramatic coseismic weakening (Di Toro et al.,
2004). Overall, ruptures in the presence of fluids are slow relative to ruptures in dry crust (as also found by Passelégue et
al, 2020). These results might eventually enable one to distinguish ‘tectonic earthquakes’ from earthquakes that are driven
by variations in fluid pressure.
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4D reconstruction of a Fold and thrust belt: the case of the asymmetric
Doldenhorn nappe-Aar Massif system (Central Swiss Alps)
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" Institute of Geological Sciences University of Bern, Baltzerstrasse 1+3, 3012 Bern, Switzerland
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In most orogenic systems, Fold and Thrust Belts (FTBs) represent essential major tectonic deformation style in mid- to
upper crustal levels. Identifying the factors that control their development is therefore fundamental to understand the long-
and short-term dynamics of mountain building processes. Often FTBs evolve from inversion of passive continental margins.
Their three-dimensional architecture consists of a combination of discontinuous fault systems and geometrical asymmetries
(Lymer et al. 2019) leading to significant along-strike variations. During basin inversion by compressional tectonics, such
structures are inherited as a fingerprint of the former margin architecture and subsequent deformation style. Yet, little is
known about the lateral along strike structural variations and their role in inversion tectonics. The so far frequently applied
cross-sectional visualization approach of a FTB is insufficient to resolve and outline the 3D complexity of a belt in its
entirety. Alternatively, the integration of three-dimensional modelling and restoration techniques provides crucial and
necessary information for characterizing the 3D structural disposition of a FTB, allowing the reconstruction of fault network
and the detection of inconsistences in structural interpretations.

Based on (i) a detailed digital geo-tectonic map, (ii) 3D structural model of the current tectonic situation and (iii) sequential
retro-deformation, this work elaborates the 4D evolution of the central Helvetic part of the former European passive
continental margin. It focus in particular on the Doldenhorn Nappe (DN) and the underlying western Aar massif (external
Central Alps, Switzerland). The DN is one of the lowermost units of the Helvetic nappe system that exhibits distinct 3-D
structural features such as lateral variation of the geometry and deformation style (Herwegh and Pfiffner 2005). To examine
the impact of such parameters on the evolution of a FTB, we built a 4D geological reconstruction of the DN during the last
Alpine cycle (30 to 0 Ma). The DN as a natural laboratory, allows to: (i) illustrate the former 3D morphology and variability of
parts of the European passive continental margin (Fig. 1); (ii) show the effect of along-strike variations during basin
inversion in the framework of continent-continent collision; and (iii) provide insights, which aid in tightening the structural
geology and the analogue-numerical modelling for an improved understanding of the evolution of FTBs.

Figure 1. 3D reconstruction of the Doldenhorn basin (sediment infill constrained by stratigraphic data) and underlying basement (grey) of
the western Aar Massif (30 Ma). The basin is framed by a large-scale half graben that becomes progressively shallower and less extended
towards the east and the south.
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Brittle-viscous transition in fine-grained granitoid fault rocks —
deforming natural rock samples in the Griggs Rig apparatus
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For Earth’s mid- to upper crustal rheology, the physico-chemical properties of the two most abundant minerals quartz and
feldspar commonly are used in numerical models. In a simple two-phase rheological model, quartz will represent the
weakest and feldspar the strongest end member phase. However, field studies on granitoid shear zones reveal that the
highest strain is localized strongly in shear zones consisting of ultrafine-grained polymineralic mixtures of quartz, feldspars,
mica and epidote, showing a weaker rheology than any of the end member minerals. Yet, the effective rheology of these
ultrafine-grained polymineralic tectonites is unknown.

In this study, we try to fill the knowledge gap by deforming solid, fine-grained, natural rock samples in a Griggs Rig
apparatus. The starting material is an ultramylonite from the Central Aar Granite (Aar Massif, Central Alps). It consists of
quartz, albite, K-feldspar, dark mica, and epidote of 150 - 15 ym grain size. In the first experimental series at 650°C, 12kbar
confining pressure, and constant strain rate, we modified the total strain (5 to 25%), and water content (0.2%wt or no added
water) in pure shear experiments. From evaluating the mechanical data and performing detailed microstructural analysis,
we conclude: 1) a strong localization of the deformation in a narrow, fracture-initiated shear zone with grain sizes in
nanometre scale; 2) a 10 to 100 ym wide viscous deformation zone around the aforementioned zone 1 with elongated
grains and minor grain size reduction (grain size on the ym scale); 3) reactions to produce omphacite.

The Zone 1 is 15-75 ym wide, but accommodates the major amount of deformation. This zone is oriented at a 30° to 40°
angle to the compression direction of the experiment and represents a very strong strain localisation independent of the
orientation of pre-existing strong anisotropies of the foliated mylonite.

The mechanical data shows that these mylonites are weaker than granites with comparable composition but larger grain
size. In comparison to literature data they are also weaker than pure end member quartz and feldspar experiments — fitting
well with the observations made in nature. The initialization of the localized shear zone may be related to fracturing,
whereas the main strain is accommodated by viscous processes inside the extremely fine grained layer. Future
experiments and detailed microstructural analysis of these layers will give further insights in the deformation mechanisms of
such polymineralic systems. The available observations (see above, point 1-3) already demonstrate the importance of
interaction between fracturing, reaction weakening and viscous deformation in the fine-grained aggregates, a process suite
which is not active in nearly mono-mineralic experiments (i.e. quartz or feldspar).
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Fracture network characterization associated with the transpressive
Vuache fault, a possible outcrop analogue of the Geneva Basin
geothermal system.
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Geneve, Switzerland
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In the context of energy transition and increased interest towards greener energy sources, such as geothermal energy,
sedimentary basins appear as the next targets to develop. The reconstruction of paleo-fluid flow in fractures may contribute
to predict the occurrence of cementation at the reservoir scale. Outcrop analogues of potential subsurface reservoirs
constitute excellent opportunities to analyze paleo-fluid properties (i.e. temperature, composition, pressure, timing), origins
and pathways, and provide constraints to predict the present-day cementation conditions of the reservoirs in the
subsurface. Exhumed analogues, such as the Saléve or Vuache mountains (France) reveal the presence of paleo-
circulation of fluids through cemented fractures. The joint characterization of fossil geothermal systems and existing ones,
combined with numerical modelling, is an innovative and promising approach to improve the determination and prediction of
reservoir parameters.

The Vuache fault is an important structure in the Geneva Basin (western termination of the Swiss Molasse Basin; Figure
1A) tectonic framework. Despite numerous studies having contributed to constrain its geometry and extension, illustrate the
fault segmentation at depth and its role in the accommodation of alpine tectonic movements, the fracture pattern of
carbonate formations constituting the massif remain poorly constrained.

This study focuses on the Mont Vuache where scanline analyses allowed to determine reservoir fracture mode and
intensity. On-field structural analyses revealed the complex structural framework of the Vuache Fault crossing the basin and
passing along the Mont Vuache. Petrographic characterization of vein cements (by optical microscopy and
cathodoluminescence) was performed on mineralized fractures (veins) sampled in outcrops. Plugs and hand specimens
were prepared as polished thin sections for petrographic purposes.

A selection of three representative outcrops were studied along the Vuache Mountain. Sinistral and dextral strike-slip faults
were recorded along the profile and sense of movement was deciphered thanks to slickensides. Several fracture sets were
identified in the Upper Jurassic and Lower Cretaceous limestones. The main fracture sets showed orientations striking E-W,
N-S, NW-SE and associated with minor NE-SW sets (Figure 1B). The fractures comprised mostly joints and calcite-filled
veins (Figure 1C) interpreted as tension fractures, typical of | (opening) mode. Fracture intensity was lower in Jurassic
rocks compared to Cretaceous outcrops. A conceptual model comprising Riedel fractures and fault reactivations is used to
explain the development of fractures in the Vuache fault zone. Riedel shears striking NW-SE and antithetic R’ faults,
oriented WNW-ESE, have been reported crossing the main strike-slip fault plane.

Hand specimens and plugs were recovered from all studied carbonate formations along scanlines. Petrographic analyses of
calcite veins show a rather significant variation in the textures of the mineralized veins. The veins are composed of “blocky”
and “elongated blocky” calcite, often showing crack-seal texture (Figure 1D). This texture consists in several generations of
calcite cements interpreted as a succession of fracture opening and sealing events. In fact, this corresponds to several
episodes of fault reactivation leading to fluid circulation and calcite precipitation.

This study represents an important contribution aimed at characterizing the fracture and paleo-fluid circulation in the
Geneva Basin highlighting in particular the complexity of structures in the Vuache fossil geothermal system as a potential
analogue of similar structure buried in the basin.
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Figure 1. A. Panoramic view of the Geneva Basin and surrounding massifs. Well and outcrop locations are projected on the photograph. B.
Polar diagrams (Lower hemisphere) of main fracture sets. C. Calcite crack-seal veins. D. Calcite crystals with elongated blocky habitus
(PPL; CPL; CL).
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Numerical Modelling of Grain Size Evolution in Granitoid Shear Zones

Jonas B. Ruh', Leif Tokle', Whitney M. Behr'

T Geologisches Institut, Departement Erdwissenschaften, ETH Zlirich, Sonneggsrasse 5, CH-8092 Ziirich
(jonas.ruh@erdw.ethz.ch)

Localization of strain during deformation of crustal rocks to form narrow shear zones requires a certain amount of
weakening. Bulk weakening of a deforming shear zone may for example result from geometric reorgaization of strong and
weak phases, from increased deformation-related fluid flow, or from local temperature increase due to shear heating. A
further weakening effect mainly occurring during the infancy of shear zones is work-related grain size reduction and the
activation of grain size-dependent diffusion creep.

To test the importance of grain size reduction for mechanical weakening of granitoid crustal shear zones, a numerical model
of initially undeformed granitoid texture was set up and sheared to a total shear strain of 10. The numerical finite difference
code solves for the conservation of momentum (Stokes) and mass with a visco-elasto-plastic rheology. The model domain
measures 5x5 cm and the initial distribution of quartz, plagioclase, and biotite is designed after an image of the Rotondo
granite (Figure 1). Top and bottom velocities describe simple shear while the left and right prescribe periodic boundaries.

For both quartz and plagioclase (anorthite), flow laws for dislocation and grain size-dependent diffusion creep are
implemented and act parallelely. Grain size evolution is implemented in form of the paleowattmeter (Austin & Evans, 2007)
with mineral-specific grain growth laws. The right panel in figure 1 shows the necessary grain sizes for quartz and
plagioclase to switch to diffusion creep diominated deformation for the applied bulk strain rate.

Figure 1. Numerical setup and applied flow laws. Left: 5x5 cm image of a hand specimen from the Rotondo granite. Center: Simplified
tecture (ImageJ) with quartz (grey), plagioclase (white), and biotite (black). Right: Strength profiles of quartz (red), anorthite (blue), and
single-crystal biotite (green). Full lines: Dislocation creep, dashed lines: diffusion creep.
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Figure 2. Composition (left), viscosity (second left), grain size (second right), and deformation mechanism (right) of numerical experiments
after a shear strain of 10.

Results illustrate the variable textural evolution of shear zones at different temperatures (Figure 2). Quartz deforms
dominantly under dislocation creep, which is grain size independent. Therefore, no grain size-related weakening is imposed
in the quartz rheology. Plagioclase behaves brittle at Iw temperatures and dominantly under diffusion creep at intermediate
temperatures, which implies a mechanical weakening related to grain size reduction. At higher temperatures, plagioclase
switches to dislocation creep as the dominant deformation mechanism, which invokes constant stress at constant strain
rates.

The presented numerical study underlines the importance of grain size-related weakening of crustal shear zones, but only
at intermediate temperatures above the brittle-ductile transition (400—450°C) and below the activation of dislocation creep in
plagioclase (~650°C).
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New constraints on the Ivrea Geophysical Body at intra-crustal scales
(Western Alps, Europe): a combination of gravimetry, passive
seismology and rock’s physical properties
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We have collected and analysed new seismic and gravity data, to investigate intra-crustal geophysical anomalies. Across
the target area of the Ivrea-Verbano Zone, the newly collected geophysical data provided a final coverage of unprecedented
resolution compared to previous studies, bridging the resolution-gap between lithospheric geophysical investigations and
sub-km-scale surface geological observations, which affected the interpretation of numerous previous studies in the Alpine
domain. We collected 207 new relative gravity data points across the Ivrea- VVerbano zone, to investigate the density crustal
structure of the well-known Ivrea geophysical body (IGB), both at a higher resolution than before and in a novel way. In
fact, we processed the gravity data to obtain the Bouguer gravity anomaly field, whose pronounced positive peak well
represents the subsurface dense anomalous structure, and we defined the Niggli correction: a density-dependent gravity
correction which accounts for the effect of the observed surface density variations in the area, associated with the lower to
middle crustal outcrops of the Ivrea-Verbano zone. The Niggli correction extends the surface geological observations from
surface to sea level and its magnitude can reach up to 30mGal. Modelling the Niggli gravity anomaly considers the surface
density information provided by previous geological studies, and therefore allows to address the crustal density structure of
the lvrea geophysical body more properly. We modelled the body as a single, 3D density-contrast interface beneath the
Ivrea-Verbano zone: the model presents an optimal density contrast of 400 kg-m= with respect to the background crustal
structure and it supports the presence of a dense body located very close to the surface, as shallow as 0 to 2 km below the
sea level. Further sensitivity tests suggest a plausible density contrast range of 300 to 500 kg-m= and a spatially sharp
density gradient (< 4 km), with the relatively denser model presenting a narrower and slightly deeper interface with respect
to the lighter one. The interpretation of these results, in light of the geological knowledge of the area, allowed also to
distinguish among possible candidate rocks for the Ivrea geophysical body composition. Considering a natural increase of
densities with depth, which is a reasonable assumption for the continental crust, and the metamorphic grade of the area,
which presents high temperature metamorphism in the southern Alps (to which the body structurally belongs) and high-
pressure metamorphism in the western Alps, felsic and high-pressure metamorphic rocks (eclogites) were excluded as
main composing rocks of the Ivrea geophysical body. Instead, mafic or ultramafic plutonic rocks are the most likely
components for the lithology of the body. In addition to the gravity data collected in the Ivrea-Verbano zone, we installed
and maintained a network of 10 broadband seismic stations (lvreaArray, https://doi.org/10.5281/zenodo.1038209) in
collaboration with colleagues from the INGV and the Czech Academy of Sciences. This array operated for 2 years and 3
months, from June 2017 to September 2019. The 10 seismic stations were installed along a West-East linear profile along
Val Sesia, at 5 km inter-station spacing, starting few kilometres West of the Insubric Line, and crossing the Ivrea-Verbano
zone until the Eastern side of Lago Maggiore, naturally connecting the profile to a permanent station. We used and
processed the new seismic and gravity data to refine and further constrain a 2D cross-section of the IGB along the Val
Sesia profile. To do this, we modelled the Ivrea body as a single and common density and shear-wave velocity contrast
interface, whose initial geometry was based on the structure of the recent 3D density model. We designed, implemented
and ran an algorithm which executes a performance-driven random walk in the model space (i.e., the ensemble of all the
possible Ivrea body models), to preferentially explore the better fitting areas of the 9D parameter space defining the model.
Processing the collected gravity data together with the new seismic data as migrated P-to-S converted waves lead to new
constraints on the IGB structure. A shallow and relatively sharp interface is resolved over at least 20 km horizontal distance
in the western part of the seismic profile (between 8.11°E and 8.43°E). The inversion results present two main groups of
well-fitting model geometries, presenting different characteristics for the shallowest portion the Ivrea body: a flat and gently
eastward-dipping interface between 3 and 7 km depth, and a structure with a local peak reaching as shallow as 1-3 km
depth, beneath the three westernmost stations (8.11° E and 8.25°E). While both groups of models agree with a western
boundary associated with the steeply westward-dipping Insubric Line, the latter is more consistent with the well-known
lower crustal rock complex outcropping at the western edge of the Ivrea-Verbano Zone. The retrieved IGB velocity and
density contrasts relative to the surroundings are in general good agreement with the physical properties of the rock
samples collected in the area and analysed in earlier studies. The results span a rather broad range of acceptable shear-
wave velocity contrasts (0.5 to 1.2 km-s™'), providing slightly higher velocities than those from field samples and/or trends in
the literature. In terms of density, a reasonably narrow range of better-fitting density contrasts of 200 to 400 kg-m is found,
in agreement with the results from the earlier 3D Ivrea body modelling, which favoured a density contrast of 400 kg-m-, and
also in agreement with earlier gravity studies in the literature. We further analysed the amplitude and the frequency content
of a stack of high-quality P-to- S converted waves (receiver functions), to constrain the sharpness of the vertical velocity
gradient associated with the shallow IGB discontinuity. By comparing the stack with synthetics for different maximum
frequency contents, we found thicknesses of 0.8 km to 0.4 km as reasonable higher and lower limits for the shallow
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velocity-gradient associated with the top of the Ivrea body discontinuity near its shallower structural position. The presented
studies provide novel geophysical knowledge on the intra-crustal structure associated with the IGB, with promising results
for the foreseen continental drilling project DIVE: Drilling the Ivrea-Verbano zonE (Pistone et al. 2017), aiming at
investigating the physics, the chemistry and the evolution of the very exposed outcrops in the lvrea-Verbano Zone and the
structures just beneath.
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We present new results and findings from an analogue modelling series with a divergence velocity gradient to simulate
continental rifting in rotational systems on a crustal scale. Our analogue model set up consists of a simplified two-layer
mechanical system simulating an upper brittle and a lower ductile crust (respectively quartz sand and PDMS-corundum
sand mixture). A rod of ductile material (“seed”), placed on top of the viscous layer acts as a structural weakness at the
base of the brittle layer, and ensures localized rifting. The applied divergence velocity gradient causes rotational rifting and
propagating deformation towards a rotation axis.

We investigate and quantify the effect of such a rift-axis parallel extension gradient on fault growth and rift propagation. For
the quantitative analysis, we apply 3D Stereo Digital Image Correlation, a technique which combines 3D surface
topography and respective 3D displacement fields from time-series stereo images (e.g., Adam et al., 2005). In combination
with X-Ray computed tomography, we gain a comprehensive understanding of deformation evolution in analogue models of
rotational rifting.

Spatiotemporal high resolution analyses of our models reveals insights into the 3D deformation structures of rotational
rifting and depicts rift propagation based on fault growth according to a hybrid fault growth model (Rotevatn et al., 2019).
Such hybrid fault growth is characterized by an early stage of rapid fault lengthening due to fault segment linkage and
infrequent strain accumulation (i.e., displacement). The first stage is followed by an extended stage of dominant strain
accumulation accompanied by minor fault lengthening. Early fault linkage occurs bidirectionally enabling high rift tip
propagation rates, which rapidly drop after switching to linear unidirectional fault growth oriented towards the rotation axis.

When rift tip propagation rates are high, strain accumulation shows partitioning between competing conjugate normal faults
with fault activity switching repeatedly from one segment of a normal fault to a segment on the oppositely dipping normal
fault. When rift tip propagation rates slow down (i.e., after an early lengthening stage), active faulting migrates from the rift
boundary faults inwards to intra-rift normal faults. These processes occur stepwise along the rift axis as a function of bulk
strain and applied strain rates resulting in a characteristic deformation pattern where different fault generations are
simultaneously active.

Results from this analogue modelling study show that elements of conceptual fault growth models, formulated under
orthogonal extension, also apply to rift settings under rotational extension and significantly determine rift propagation and
narrowing of faulting activity. Early stages of bidirectional lengthening and strain accumulation may be difficult to resolve in
nature where often time constraints on fault activity are rather poor. Furthermore, our results highlight the importance of the
rift-axis parallel, time-dependent evolution of fault segments for the understanding of the tectonic history in rotational rift
settings.
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Figure 1: Sketch showing the key mechanism of rift propagation in our analogue models due to a pivoting motion about a rotation axis.
Deformation processes occur stepwise as a function of increasing bulk strain with increasing distance with respect to the rotation axis.
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5, 8092, Ziirich, Switzerland (leif.tokle@erdw.ethz.ch)

The subduction zone interface is a shear zone of varying thickness defining the boundary between the subducting plate
and the overriding plate. An important constraint on the rheology of the subduction zone interface is the amount of sediment
that is deposited on the down going plate and the rheological contrast between the metasedimentary and metabasic rocks
at various temperature and pressure conditions. To address this, we conducted field work in the Eclogite Zone in the Tauern
Window, Austria to assess the rheological contrast between deformed metasedimentary and metabasic rocks at eclogite
facies. The Eclogite Zone is ideal to study the rheology of the subduction zone interface because it has been shown
previously that the metasedimentary and metabasic rocks were subducted and exhumed to the surface as a single
structural unit to eclogite facies where the metabasic rocks still show microstructural relationships from peak metamorphic
conditions. Using various field techniques we are creating 2-D and 3-D structural maps around Eissee, which encompasses
the largest structural cross-section of the Eclogite zone, to understand the structural relationships between the
metasedimentary and metabasic units. In addition, we have conducted quartz-in-garnet inclusion barometry in both
metasedimentary and metabasic rocks as well as graphite thermometry to compare with previous thermal and barometric
techiques. Finally, we are analyzing eclogite boudin size, shape, and host mineralogy to assess the rheological contrast
between the metasediments and metabasic rocks.
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Variscan granitoid in the Eastern Pontides, NE Turkey, records a 2.0 Ga
history of Gondwana-derived terranes
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3 Institute of Earth Sciences, University of Lausanne, Lausanne, Switzerland

The Eastern Pontides in NE Turkey are part of the Alpine Orogeny. They formed by accretion of a Gondwana-derived
terrane to the Eurasian margin and subsequently underwent orogenic events associated with the closure of Paleotethys
and Neotethys oceans. Relics of Gondwana’s inheritance within the Eastern Pontides are rare. The oldest records of the
pre-Alpine evolution are Carboniferous granitoids (~309-323 Ma, this study and unpublished U-Pb zircon ages) that crop
out in the central part of the belt as a concordant “boutonniere” of Variscan plutons. Among these Carboniferous plutons,
the Artvin granitoid is one of the best preserved and most exposed examples (Fig. 1). It is in contact in the northeast and
southwest with Jurassic detrital sedimentary sequences of the Berta Formation; its northwestern and southeastern margins
are obliterated by normal faults that probably also facilitated its exhumation during the successive thermal relaxation/
orogenic collapses of that belt.

Figure 1. Simplified geological map of the Eastern Pontides showing the location of the Carboniferous granitoids and of the Artvin granitoid
(modified after Dokuz et al., 2010).

The Artvin granitoid is composed of several granitic phases. Here, we present new LA-ICP-MS U-Pb zircon dates for these
phases. The first phase is a leucogranite dated at 324.4 + 0.6 Ma; inherited zircon cores as old as ca. 2.4 Ga are frequent
in it. The second phase of leucogranite hosts xenoliths of partially molten micaschist and felsic intrusive rocks. The granitic
matrix is dated at 323.7 £ 0.8 Ma with abundant inheritance as old as ca. 1.9 Ga. The main volume of the Artvin granitoid
consists of a leucogranite dated at 320.6 £ 0.6 Ma. It is crosscut by mafic dykes and sills, and by micro-leucogranite dykes.
The latter has been dated at 315.4 + 0.7 Ma, based on one representative example.

Accordingly, the different granitic phases of the Artvin granitoid cover a range of crystallization ages, pointing to a dynamic
emplacement of the pluton during the Variscan Orogeny. This pluton represents a perfect natural laboratory to investigate
the Variscan history of the Eastern Pontides. Moreover, the zircon crystals record a ~2.0 Ga inheritance. Coupling whole-
rock geochemistry, Hf-O isotopic compositions and trace elements in zircon to the available U-Pb dates will allow us to
reconstruct the evolution of a Gondwana crustal segment of the Eastern Pontides since the Early-Paleoproterozoic.

REFERENCE
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A geological profile and kinematically balanced cross-section through
the Mont Tendre and Mont Risoux
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The study area of this Master thesis is located in the Internal Jura Mountains (Haute Chaine), in the area from the Mont
Tendre, Vallée de Joux and the Mont Risoux in the Canton of Vaud (Switzerland) to the Vallée de la Saine in the Jura
department (France).

The aims are to investigate the local surface and subsurface geology and to comprehend the geometry of the geological
structures in order to better understand the formation of the Jura folds and associated thrusts on a regional scale. These
objectives are accomplished by constructing a geological profile and by forward modelling of a kinematically balanced
cross-section using the program MOVE (Midland Valley).

The construction of the geological profile is achieved by the compilation of the following data sources: the study of the
geological maps (Aubert, 1941; Aubert, 1963; Falconnier, 1951) and original new fieldwork which helped to gain a better
understanding of the outcropping geology. Dip data were collected along the cross-section in order to obtain a dense data
network needed for the construction of the geological profile. Available subsurface data include the Risoux-1 deep well
which lies 2.3 km to the west from the cross-section. Its description (Winnock, 1961) includes multiple repetitions of several
Mesozoic layers and is therefore an important, yet intricate, data source which pictures the geological architecture of the
subsurface. Additionally, existing interpretation of the seismic lines (Shell Switzerland 1972 — 1974, 1976) give another
essential insight into geological construction of the Jura Mountains. This interpretation (Sommaruga, 1997) helps to define
the near top horizon depths of the Mesozoic layers. Moreover, the base of the Mesozoic layers and therefore the lower
boundary of the geological profile is defined by the digital surface model of the top pre-Mesozoic basement (Schori, 2021).
The comparison and compilation of these data sources determine the local stratigraphic column. Lastly, the modelling of the
kinematically balanced cross-section permits to propose a chronology of the thrust development leading to the formation of
the Jura Mountains.

Our preliminary results (Figure 1) propose that the main regional thrust runs through the broad Risoux anticline towards the
foreland. It is rooted in the basal décollement and only reaches the surface in the syncline of the Vallée de la Saine some
10km farther north. This main thrust is responsible for a particularly long displacement and the doubling of the Mesozoic
cover. The hanging wall of the Risoux anticline is composed of a fishtail structure and also of a pop-up structure which
explain the multiple and proven thrusts passing through the Risoux-1 deep well as well as the repeated doubling of the
Mesozoic cover. The other major structure, the Mont Tendre anticline, also shows a thrust towards the foreland which
reaches the surface in the syncline of the Vallée de Joux. The steep southeastern limb of the anticline is caused by the
several backthrusts rooted in the main thrust towards the hinterland.

It is however important to underline that this work is still in progress to resolve inconsistancies such as the excess length of
the Dogger and Liassic below the Mont Risoux anticline. These problems will be adressed by a kinematically balanced
cross-section construction.

Figure 1. Non-balanced geological profile through the Internal Jura.
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Plate tectonics, surface processes and climatic variations shape and drive the formation of orogens. Oceanic and
continental subduction, and subsequent collision, all shape surface topography over time. Surface processes, erosion and
sediment re-distribution change the stress and temperature field within the lithosphere. In turn, these determine the style of

deformation the resulting topographic fingerprints. The India-Eurasia collision zone provides an ideal natural example where

these interactions can be studied. To this aim, we use a 3D coupled numerical modelling approach. The study area
encompasses the area around the eastern corner of this collisional zone, where GPS measurement data show significant
east-south-eastward extrusion of continental crust (Figure 1). We use large-scale regional, lithospheric-scale models. The
models use non-Newtonian, visco-plastic rheologies and account for diffusion-advection-based erosion and sedimentation.
The northward indentation (push) of India is combined with laterally varying velocity boundary conditions, applied to the
south-eastern and eastern boundaries of the model domain, to see how this affects the topographic signature. These
experiments were conducted using the thermo-mechanical code I3ELVIS (Gerya and Yuen, 2007) coupled to the FDSPM
surface processes code, based on diffusion-advection (Munch et al., 2017). The results of the experiments will yield new
insights about the processes involved in this complex natural example of continental corner collision.

Figure 1. Left panel: Location of the study area in the GPS solutions of Wang et al., (2017) showing significant clockwise rotations in the
crustal deformation pattern. Right panel: Zoomed-out view of the study area within the Eas-Asian tectonic setting.
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The PanaLEsis model and its applications to the Permian — Triassic
climate oscillations

by Christian Vérard*, Charline Ragon, Jérébme Kasparian and Maura Brunetti
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A global plate tectonic model is a model that contains tectonic plates, with given shapes (on a spherical surface) and given
forces and tectonic context at their boundaries. From one time slice to the next, the inheritance of those shapes and the
geodynamics at those plate boundaries must be taken into account and implemented in accordance with geological records
in space and time. The PanaLesis model is such a model and reconstructs not only continental areas but also oceanic realm
from 888 Ma (Tonian) to present-day.

Once a version of the plate tectonic model is complete, it can be converted into palaeo-DEM (digital elevation model)
covering 100% of the Earth’s surface. Paleeo-DEM can then be used to run other models, in particular paleeo-climate
models like the MITgcm.

Here are examples on possible steady states found in climate simulations at the Permian — Triassic Boundary (ca. 250 Ma)
and how they compare with palaeo-biome interpretation derived from fossil plants. This work shows how tectonic — climate
interaction can be better understood in deep time and how it can be used in the future for retro-feedback in an integrated
approach of palaeogeography determination.
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In the continental crust, exhumed shear zones frequently show widespread ultrafine-grained fault rocks of predominantly
granitoid compositions, often accompanied with cyclical earthquake activity in upper to middle crustal levels (e.g., Wehrens
et al. 2016; Herwegh et al., 2020; Scholz, 1998). The switch between fast seismic slip and slow interseismic activities
suggests that there is a variation of the fault rock friction stability during sliding. Temperature is considered to play a key
role in controlling the frictional stability of fault rocks and thus the nucleation of earthquakes. However, the frictional
behavior of ultrafine-grained granitoid fault rocks and the influence of temperature on the frictional stability of granitoid
shear zones are still not well understood.

We investigate the frictional behavior of a simulated fault gouge under hydrothermal conditions using a Ring Shear
Apparatus. Simulated fault gouges were derived from natural granitoid ultramylonites collected from a shear zone at the
NAGRA Grimsel Test Site (Central Swiss Alps). Powdered starting material has a mean grain size of ~55 ym. The first
series of velocity stepping experiments were carried out at temperatures of 27, 100, 200, 300, 400, 500 and 600°C to
determine the velocity dependence of friction. In the framework of rate-and-state friction, a velocity-strengthening system is
frictionally stable, whereas a velocity-weakening system is frictionally unstable. The second experimental series were
conducted at constant strain rate with temperatures of 200, 450 and 650°C, under an effective normal stress of 100 MPa
and a sliding velocity of 1 ym/s.

We document that the friction of wet simulated ultrafine-grained granitoid gouge remains relatively constant at friction
coefficients y=0.75 at lower temperature up to 450°C, but it rapidly decreases to p =0.5 at 650°C. This pronounced change
suggests that temperature has little effect on friction at low temperature, but it affects rheology at higher temperature,
probably by incorporating viscous deformation processes. The microstructures of gouge deformed under wet-hot conditions
show underdeveloped Riedel shear fractures, minor grain-size reduction (except for the formation of sliding-parallel shear
zones next to the gouge-piston interface) compared with gouge sheared at cold conditions. In addition, two transitions from
velocity strengthening to velocity weakening and the reverse occur at temperatures of T=100°C and T=400°C, respectively.

Frictional instability between temperatures of 100-400°C is characterized with abundant unstable sliding and regular stick-
slips. In terms of crustal faulting, these data indicates a seismogenic window that possibly limits the depth distribution of
earthquakes on faults in granitoid shear zones.
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Figure 1. a) Photograph of the Ring Shear Apparatus used (Niemeijer et al., 2008). Plots of friction as a function of displacement for
velocity stepping experiments at b) temperatures of 27, 100, 200 and 300°C and at c) temperatures of 300, 400, 500, 600°C.
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During rifting, deformation often localizes along weaknesses originating from previous tectonic phases, and weaknesses in
the strong upper crust or upper mantle are expected to particularly affect rift evolution. When simulating the influence of
such weaknesses in analogue or numerical models, modellers often focus on either crustal or mantle heterogeneities. By
contrast, here we present results from 3D analogue models to test the combined effect and relative impact of (differently
oriented) mantle and crustal weaknesses on rift systems.

Our model set-up involves a rigid base plate fixed to a mobile sidewall (Fig. 1). When this sidewall moves outward, the
edge of the base plate creates a “velocity discontinuity” (VD) acting as a shear zone in the strong upper mantle. The VD is
either parallel to the model axis, or 30° oblique. On top of this base plate, a viscous layer represents the ductile lower crust,
overlain by a sand cover simulating the brittle upper crust. Crustal weaknesses were included by adding “seeds” (i.e. smal
ridges of viscous material at the base of the sand layer), or by pre-cutting the sand. We applied different crustal weakness
orientations too.

Figure 1. Model set-up. (a) 3D sketch of general set-up. VD: velocity discontinuity representing a weakness in the upper mantle. (b)
Section view depicting model layering and crustal weaknesses. From Zwaan et al. (2021)

Without weaknesses in the model crust, a model axis-parallel VD forms a rift basin along the model axis (Fig. 2a, b), and
an oblique VD creates a series of en echelon grabens (Fig. 2c). Adding crustal weaknesses strongly affects rift structures:
reactivated pre-cut faults partially overprint and segment the VD-induced rift zone (Fig. 2d, e), which is even more
pronounced in models with viscous seeds. The orientation of the weaknesses with respect to both the regional divergence
direction and each other has an important effect on their subsequent (re-) activation (Fig. 2d—k). Both the VD and modelled
crustal weaknesses are most active when oriented orthogonally to the regional divergence direction, the ideal setting for
normal fault development (Fig. 2d-j). In case a VD or crustal weakness is oriented obliquely to the regional divergence
direction, it is less likely to be activated. Yet when the VD and the crustal weaknesses are parallel, both effectively localize
deformation, even when both are oblique to the divergence direction (Fig. 2j). Furthermore, increasing the divergence rate
causes enhanced coupling between the VD and the overlying materials, overprinting the dominant seed-controlled
structures (compare Fig. 2i and Fig. 2k).

We thus find that the orientation and relative strength of weaknesses in the mantle and crust, as well as divergence rates
control subsequent rift structures. These structures can be complex due to the interplay of the above factors, and
importantly, all form in the same divergence setting, without the need to invoke multiphase rifting and changing rift
kinematics. These results provide a strong incentive to reassess the tectonic interpretation of various natural examples.
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Figure 2. Summary of model results (PIV-derived strain maps). 6,, and 0_,,: angle of VD and simulated crustal weaknesses. From Zwaan
et al. (2021).
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As a rifted margin starts tilting due to thermal subsidence, evaporitic bodies can become unstable, initiating gravity-driven
salt tectonics. Our understanding of such processes has greatly benefitted from tectonic modelling efforts, yet a topic that
has gotten limited attention so far is the influence of large-scale salt basin geometry on subsequent salt tectonics. The aim
of this work is therefore to systematically test how salt basin geometry (initial salt basin depocenter location, i.e. where salt
is thickest, as well as mean salt thickness) influence salt tectonic systems by means of analogue experiments. A total of 35
experiments were analyzed qualitatively using top view photography, and quantitatively via Particle Image Velocimetry (PIV)
and 3D photogrammetry (Structure-from-Motion, SfM) to obtain their surface displacement and topographic evolution (Fig.

1),

Figure 1. Left: example of a model run. Image © Frank Zwaan. Right: example of topography analysis on models K-O. From Zwaan et al.
(2021).

Our model results show that the degree of (instantaneous) margin basin tilt, followed by the mean salt thickness are
dominant factors controlling deformation, as enhancing basin tilt and/or mean salt thickness promotes deformation.
Focusing on experiments with constant basin tilt and mean salt thickness to filter out these dominant factors, we find that
the initial salt depocenter location has various effects on the distribution and expression of tectonic domains (Fig. 2). Most
importantly, a more upslope depocenter leads to increased downslope displacement of material, and more subsidence
(localized accommodation space generation) in the upslope domain when compared to a setting involving a depocenter
situated farther downslope (Fig. 2). A significant factor in these differences is the basal drag associated with locally thinner
salt layers. When comparing our results with natural examples, we find a fair correlation expressed in the links between salt
depocenter location and post-salt depositional patterns: the subsidence distribution due to the specific salt depocenter
location creates accommodation space for subsequent sedimentation. These correlations are applicable when interpreting
the early stages of salt tectonics, when sedimentary loading has not become dominant yet.
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Figure 2. Summary of model results: impact of initial basin geometry on deformation and topography in salt tectonic systems. MDP:
maximum displacement point (location of maximum cumulative displacement), MVP: maximum velocity point (location of maximum
incremental displacement) PZVM: point of zero vertical motion. From Zwaan et al. (2021).
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2.1
Geology, Geochemistry, and Mineralogy of Porphyry-Epithermal
Systems at the Kirazl District, Biga Peninsula, NW Turkey

Ali Alug' 2, Robert Moritz, llkay Kuscu?, Alexey Ulianov?, Mehtap Karci*

" University of Geneva, Earth Sciences, Rue des Maraichers 13, CH-1205, Genéve, Switzerland (ali.aluc@etu.unige.ch)
2 Mugla Sitki Kogman University, Kétekli, Mentese, TR-48000 Mugla, Turkey

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

4 Dogu Biga Madencilik subsidiary of Alamos Gold INC., Etili, Can, TR-17400 Canakkale, Turkey

The Kirazl district is located at the center of the Biga Peninsula, which hosts numerous high-(HS), low- and intermediate-
sulfidation epithermal Au—Ag+Cu, porphyry Au—Cu—Mo, and base-metal skarn deposits and prospects at the north-western
tip of the Anatolian plate. The district contains a high sulfidation (HS) epithermal Au-Ag deposit (0.33 Mt at 0.71 Au; Cormier
et al., 2017) ) and a porphyry Cu-Mo occurrence. The district includes five target zones, namely: Kirazli Main, Catalkaya,
Kale, Rock Pile, and Iri. The NNW-SSE trending HS orebody lies beneath the Kirazli main zone, and the porphyry Cu-Mo
mineralization at Kale has been intersected by drilling. The epithermal mineralization is hosted by a volcanic-volcaniclastic
sequence consisting mainly of a basaltic andesite lava flow and lithic/crystal tuff cropping out as irregular bodies at Kirazli
main and Catalkaya. These units are locally silicified and brecciated. An undifferentiated intrusive rock hosts the porphyry
mineralization and is highly deformed by conjugate fault systems.

The whole-rock geochemistry together with geochronology revealed that the enrichment in LILE and depletion in HFSE are
the common features of three distinct high-K calc-alkaline magmatic suits, which are intermediate intrusions (41.7 — 40.3
Ma), plagioclase-phyric andesite (37.6 — 38.7 Ma), and basaltic andesite and pyroclastic rocks (33.0 — 31.4). Based on the
REE, multi-element, and tectonic discrimination diagrams, we conclude that the generation and emplacement of the
volcanic and plutonic rocks at the Kirazl district derived from a metasomatized mantle affected by AFC processes and/or
crustal contamination in a volcanic arc environment.

The host lithological units in the Kirazli district have been affected by pervasive hydrothermal alteration. A mineral-based
alteration map shows that Kirazli Main has a proximal to distal zoned alteration pattern, including silicification, alunite-,
dickite- and more regional kaolinite-rich alteration assemblages, and subsidiary montmorillonite., Pyrophyllite- and sericite-
rich alteration zones are more prominent towards the Catalkaya and Kale zones, at topographically lower elevations. They
document a transition from epithermal to porphyry environments. The whole-rock K/Ar age of quartz-alunite alteration in
Kirazli Main zone is 30.7 + 1.5 Ma (Yigit 2012).

The Cu-Mo mineralization occurs as dissemination and porphyry-type veins in potassic alteration overprinted by sericite-
chlorite and younger argillic alterations in the Kale zone. Reopening of the porphyry veins promotes the precipitation of the
base metal-rich phase. Late molybdenite event cross-cut earlier phases and occurs as dissemination and quartz-pyrite-
molybdenite veins. The late Au-Ag mineralization is observed as disseminations, small veins, and veinlets within
argillaceous and silicified (mainly vuggy and massive) host rocks and hydrothermal breccia in the HS environment.
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A high-precision petrochronology look Into the Yerington batholith,
Nevada, USA: Perspectives on the lifetime of magmatic-hydrothermal
systems
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Calc-alkaline arc magmatism above convergent plate boundaries not only characterize the bulk of the continental crust, but
are also related to porphyry copper deposits, the main copper source for our society. However, the formation of such
deposits is not common and the processes that lead to it and that control their sizes are not entirely known. The Yerington
batholith, Nevada, USA, hosts several porphyry copper deposits associated to calc-alkaline Jurassic magmatism. In
contrast to most other porphyry copper deposits, its unique exposure caused by Cenozoic tilting of an upper-crustal section
from the plutonic bodies to the volcanic equivalents, provides an ideal setting to study the magmatic roots of these
deposits. High-precision zircon and titanite petrochronology (ID-TIMS U-Pb geochronology and LA-ICPMS trace element
geochemistry) sheds light on the magmatic evolution of the composite batholith and the extraction of porphyritic dikes that
resulted in copper mineralization. Our results show a continuous geochemical and geochronological evolution that extends
over 2 Ma, doubling the previously defined lifetime of the magmatic-hydrothermal system (Dilles and Wright, 1988). The
overlap between the youngest zircon dates In the McLeod Hill quartz-monzodiorite and the oldest zircon dates In the Bear
quartz-monzonite, opens the possibility for coeval crystallization along a transitional Interface between the two units.
Similarly, the significant overlap between the zircon dates In the Bear quartz-monzonite and the Luhr Hill granite, could
Indicate contemporaneity. Geochemically, the youngest zircons in the porphyritic dikes are characterized by the most
evolved signatures, supporting the Idea that they were extracted from the most evolved pockets of melt towards the end of
the magmatic evolution. Such continuity In the Yerington batholith zircon record could Imply a different thermal evolution for
the Jurassic magmatism, questioning the previously Interpreted significant hiatuses between each plutonic body (Schopa et
al., 2017). High-precision titanite petrochronology supports these observations, showing continuously and overlapping
younger dates from the oldest plutons towards the younger porphyry stocks. Initial zircon analyses confirm the presence of
coeval volcanism and plutonism during the first stages of the evolution of the Yerington batholith. However, the
consequence of related volcanic activity on porphyry copper deposit formation Is yet to be established. With highly precise
geochronology and In-situ geochemistry of accessory phases we aim to help unraveling the lifetime of a magmatic-
hydrothermal system, the different time factors that could play a role in the formation of porphyry copper deposits and the
impact that volcanic activity could have on their development, size and metal endowment.
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2.3
Contrasting hot and cold rhyolitic caldera volcanism predating the
Columbia River Flood Basalts, northwest USA
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"University of Geneva, 1204 Geneve, Switzerland
2 North Dakota Department of Environmental Quality, 58501 Bismark, USA
3 University of Oregon, 97402 Eugene, USA

Rhyolitic magmatism encompasses a diverse range of both eruptive styles and magmatic compositional trends, the origins
of which can be difficult to parse considering the possible different inputs of different mantle and crustal sources. We
present the case of the ~40 Ma Wildcat Mountain Caldera and the ~30 Ma Crooked River Caldera, two adjacent but
compositionally distinct silicic eruptive systems in an intraplate environment between 60 km and 80 km east of the
Cascades subduction arc in the northwest USA. They erupted during the relatively quiescent period between the accretion
of the Siletzia oceanic terrane at ~50 Ma and the eruption of the Columbia River Basalts at 17-16 Ma. The Wildcat
Mountain system is calc-alkaline and appears to be typical of large volume tuffs in arcs worldwide, with abundant
phenocrysts and a “normal” mantle-like isotopic composition. By contrast, the much larger Crooked River volcanic center is
tholeiitic, generally crystal-poor, and is also host to rare low-5'80 rhyolites (Seligman et al., 2014). This unusual feature is
also present in the Yellowstone hotspot track to the east and is indicative of magma formation by the melting of shallow,
hydrothermally altered rocks.

To investigate the sources of these different magmatic lineages, we obtained new high-precision zircon U-Pb ages and
trace element compositions obtained by CA-ID-TIMS and laser ablation ICP-MS respectively for samples from both
localities. So far, we find evidence of time-progressive fractional crystallization at Wildcat Mountain, but no clear correlation
between ages and zircon compositions at Crooked River. Most strikingly, Ti-in-zircon temperatures indicate near-solidus
crystallization temperatures for the Wildcat Mountain Tuff but temperatures of 950-1100°C for various Crooked River units.
Crooked River zircon also are very depleted in trace elements relative to those from Wildcat Mountain and have
significantly smaller Eu anomalies.

As these magmatic systems occupy nearly identical accreted crustal terrains, we suggest that the differences in the
behavior of these systems can be traced to the mantle. Thermal models suggest that a much greater basalt flux into the
crust allowed the magmas of the Crooked River system to melt shallow crust prior to eruption, imparting them with diverse
0180 values, analogous to the production of low-5®0 rhyolites at Yellowstone in the Pleistocene. By contrast, less mantle
melting below the Wildcat Mountain center produced a more “classical” cool crystal-rich magma that did not assimilate
significant quantities of country rock. We agree with previous suggestions that the high mantle melting rates necessary to
produce the Crooked River magmas could be the result of the interaction between delaminating lithosphere and a mantle
plume, whereas the Wildcat Mountain magmas may have been formed by delamination without additional heat from a
plume.
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Seafloor Weathering on Oceanworlds
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Silicate weathering draws down CO, from the atmosphere for eventual burial and long-term storage in the planetary interior.
This process is thought to provide an essential negative feedback to the carbonate-silicate cycle to maintain temperate
climates on Earth. By implementing chemical thermodynamics and kinetics, we model seafloor silicate weathering and
carbonate precipitation on planets covered with oceans (oceanworlds). We test different seafloor lithologies to understand
the role of carbonate-forming divalent cations in controlling the efficiency of carbonate-silicate cycle on temperate
exoplanets. We find that carbonate precipitation efficiency determines the removal of CO, from the ocean-atmosphere
system. Depending on the outgassing rate of CO, and silicate lithology, the intensity of carbonate removal changes. We
also quantify the critical depth of oceans beyond which the carbonate-silicate cycle breaks down.

2.5
A data-driven approach to quantify the thermal-chemical architecture of
arc volcanoes

Oliver Higgins', Tom Sheldrake’, Luca Caricchi’

" Department of Earth Sciences, University of Geneva, Rue de Maraichaire 13, CH-1205 Geneve, oliver.higgins@unige.ch
P y 99 ¢}

Trans-crustal magmatic systems are thermal-chemical reactors controlled by the pressure (P), temperature (T), melt
composition (SiO,), and water content (H,0) of the melts within. Assessing these parameters is notoriously difficult yet vital
for our understanding of volcanic processes and the risks they pose. Here we employ a data-driven approach to quantify
the thermal and chemical (P-T-SiO,-H,0) structure of the crust beneath an arc volcano. We apply machine learning
thermometers, barometers, chemometers and hygrometers to amphibole and clinopyroxene crystals erupted from the
Mount Liamuiga stratovolcano on Saint Kitts (Lesser Antilles). We show that both water-undersaturated and water-saturated
magmas interact with a vertically extensive mush over millennial timescales, which chemically and thermally buffers melt
composition and temperature, in agreement with the concept of reactive transport. Discrete magma ascent (P- SiO,-H,0)
paths are responsible for melt-chemical bimodality, also reflected by contrasting eruptive dynamics. Together these
observations quantify critical processes in arc-volcanic magma systems that may also govern transitional eruptive
behaviour.
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2.6

In-situ inclusion-bearing ilmenite 2°Th/?8U geochronology of quaternary
volcanic deposits by laser ablation inductively coupled plasma-mass
spectrometry (LA-ICP-MS)

Franziska Keller', Marcel Guillong', Razvan-Gabriel Popa’, Olivier Bachmann'

" Institute for Geochemistry and Petrology, ETH Ziirich, Sonneggstrasse 5, CH-8092 Ziirich
(franziska.keller@erdw.ethz.ch)

Better determining the frequency of volcanic eruptions in the Quaternary is fundamental for hazards assessment. Volcanic
deposits from this time period are often exceptionally well preserved and hence can provide valuable information about the
dynamics of active volcanic systems. The available age constraints on quaternary deposits are usually based on 5'0
isotopic stratigraphy or on applying absolute dating techniques such as “C dating of charcoal fragments in the deposits,
20Th - 238 disequilibrium dating on zircon crystals, or “°Ar/*°Ar dating of K-bearing phases. However, many volcanic units,
particularly in highly active subduction zones, are too old for “C and/or lack zircons and K-bearing phases, impeding
precise age determinations. 2°Th - 2%8U disequilibrium dating of ilmenites (containing inclusions of apatite and melt) by laser
ablation inductively coupled plasma-mass spectrometry (LA-ICP-MS) offers a promising new approach for such systems,
due to the ubiquity of inclusion-rich ilmenites in volcanic units, and the time-efficiency of the technique. This contribution
presents details and challenges on the method and reports ages obtained on samples from the Aso-4 caldera-forming
eruption (Kyushu, Japan; “°Ar/*®Ar age = 86.4 + 1.1 ka from Albert et al., 2019). Two independent measurement series yield
ages of 89 + 10 ka (20) and 81 + 15 ka (20), respectively, coinciding well with the “°Ar/**Ar ages reported in the literature.
Pooling of the measurement series improves the statistical error, reporting an age of 83.6 + 8 ka (20). These initial data
demonstrate the applicability and reproducibility of this new approach to date young volcanic deposits, on which other
techniques cannot be performed.
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Rapid construction of continental arc crust during a high magma flux
event: the Bear Valley Intrusive Suite, Sierra Nevada, CA, USA
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The Bear Valley Intrusive Suite (BVIS), located in the southernmost Sierra Nevada Batholith (California, USA) exposes a
structurally continuous transcrustal magma system spanning emplacement pressures from 3-10 kbars and consisting of
lower-crustal gabbros and volumetrically extensive middle- and upper-crustal tonalites. Using high-precision chemical
abrasion—isotope dilution—thermal ionization mass spectrometry U-Pb geochronology, we have shown that the bulk of this
ca. 100 Ma magmatic system crystallized within 1.39 £ 0.06 million years and that its construction required extremely high
magmatic fluxes (~250 km?*km/m.y.).

Due to this rapid construction, the BVIS represents an unparalleled snapshot of magmatic processes within continental arc
crust. In this talk we present field observations combined with whole rock geochemistry to document a fundamental
dichotomy within the BVIS. The lower crust of the BVIS is dominantly composed of mafic cumulates that range from
hornblende norite to hornblendite, and that preserve originally shallow to horizontal magmatic fabrics. Petrographic
observations and mineral compositions suggest that multiple distinct crystallization sequences are recorded by the different
varieties of cumulates, and that these crystallization sequences were produced by coexisting parental melts with distinct
compositions and H,O contents. In contrast, the middle and upper crust of the BVIS is dominantly composed of
comparatively homogeneous voluminous tonalites with steep fabrics.

These observations collectively provide strong constraints on the magmatic construction of the BVIS. We use the observed
dichotomous geochemical stratigraphy, combined with amphibole-plagioclase thermometry to show that melts cooled from
temperatures >1050 °C to <900 °C during lower crustal fractionation, and that the shallower felsic tonalites were emplaced
dominantly at temperatures <850°C. Additionally, we argue that during this lower crustal fractionation and cooling, relatively
dry and wet parental mafic magmas mixed in the lower crust to form magmas with low to intermediate H,O-contents that
are the dominant parental melts to the BVIS tonalites. This model explains a number of the observations within the BVIS
such as the distinct mafic cumulate populations including distinctive orthopyroxene-dominated norites, the homogeneous
middle and shallow crustal tonalites that are apparently the complement to the heterogenous lower crust, and the difference
between the differentiation trends recorded in the BVIS and those documented by experimental studies conducted on
hydrous magmas at lower crustal pressures.
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2.8
Two types of metagabbros to study the meaning of garnet-dominant
corona textures in metagabbro

Jiahui Liu'?, Pierre Lanari?, Zhen Li', Chunming Wu'
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Corona textures commonly develop as non-equilibrium textures and are usually thought to be associated either with iso-
thermal decompression (ITD) or iso-baric cooling (IBC). Corona related to ITD are represented by plagioclase/cordierite +
Fe-Mg minerals, possbily indicating unroofing or exhumation process after collision or subduction; whereas corona related
to IBC are marked by garnet + Fe-Mg minerals + quartz, possibly suggesting extension settings accompanied by magmatic
accretion. Recently, however, some studies have suggested that garnet-dominant corona textures could also be developed
in partial-transformed metagabbro, which were interpreted as the transitional prograde stage in gabbro-to-granulite/eclogite
transformation rather than IBC.

Two types of metagabbros were found in neighboring outcrops (20 m) in the Fuping area, Trans-North China Orogen. Type
A metagabbro was totally transformed into granulite, where garnet porphyroblast is rimmed by a corona of
plagioclase+clinopyroxne+orthopyroxne+quartz. Type B metagabbro was partially transformed into granulite, showing
magmatic relics of clinopyroxene + plagioclase, as well as newly grown metamorphic minerals of
amphibole+plagioclase+quartz, the corona of garnet+plagioclase was grown between the pyroxene/amphibole and
plagioclase. Geothermobarometry and Phase equilibria modeling show that the Type A metagabbro underwent a clockwise
P—T path from 0.77 GPa/730 °C (prograde stage), to 1.02 GPa/760 °C (peak stage), and finally to 0.63 GPa/825 °C
(retrograde stage). Major and trace element compositions suggest that these two types of metagabbros could share the
same origin with a signature of IAB (island arc basalt)-like. Zircon SIMS U-Pb dating yield an age of 1840 + 15 Ma for Type
A metagabbro, and 1837 + 16 Ma for Type B metagabbro.

These two types of metagabbros display different corona textures of plagioclase-dominant and garnet-dominant,
respectively. However, they underwent metamorphism together and therefore could record similar P—T—t paths. We propose
that type B metagabbro was metamorphosed under insufficient fluid conditions so that metamorphic mineral assemblages
are hard to reach an equilibrium state. These results show that garnet-dominant corona textures can be developed in
partial-transformed metagabbro due to non-equilibria prograde transformations, rather than during IBC. More work will be
further focused on the role of fluid, to understand the effects of fluid activity and reaction dynamics during metamorphism.

This work was supported by the National Natural Science Foundation of China (41890832), Chinese Academy of Sciences
(QYZDJ-SSW-DQCO036), and the State Scholarship Fund of China Scholarship Council.
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Trace element and S-isotope geochemistry of sphalerite in the distal
Zn-Pb(-Ag) skarn deposit of Santander, Central Peru
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The Santander deposit, located in the central Andes of Peru, is a polymetallic deposit of distal skarn and carbonate
replacement type, which is hosted by Upper Cretaceous carbonate rocks, sharing similar characteristics with other deposits
hosted in the same metallogenic belt, such as the Huanzala, Pachapaqui, Raura, Chungar, and Antamina, among others.
Mineralisation at Santander occurs under strong structural control, dominated by regional faults and folds (Cobbing, 1973;
Jacay, 2011).

In the present study, several analytical methods (electron microprobe, laser-ablation ICP-MS and sulphur isotope
geochemistry) have been employed to characterise the chemistry of sphalerite from four mineralised centres in the
Santander deposit, including the Magistrales mine, the former Santander Pipe mine, and the Blato and Puajanca prospects,
allowing to identify two generations clearly distinguishable by their petrographic and geochemical characteristics. Early
sphalerite generation is Fe-rich (29.02-8.58 mol% FeS) and is associated with a low-sulphidation mineralisation, while late
sphalerite is Fe-poor (10.85-1.60 mol% FeS) and associated with an intermediate-sulphidation assemblage (Bergoeing,
2020). The use and combination of high-resolution analytical techniques to complement the petrographic study (such as
optical and SEM cathodoluminescence, BSE imaging and QEMSCAN quantitative mineralogy) allow a detailed analysis of
the paragenetic sequence by revealing cross-cutting relationships and internal zoning of the sphalerite. LA-ICP-MS analysis
shows that the core of the sphalerite has a higher content of Cu, while the rims, usually formed by the second sphalerite
generation, has a contrasting composition, with enrichment in Sn, Ga, and Ag without notably modifying the Fe content, but
with a much higher value for Mn compared to the core.

An exhaustive Principal Component Analysis was carried out to understand the behaviour of the main clusters of elements
(PC1=[Cu, Ag, In], PC2=[Zn, Cd, Fe], PC3=[Ga, Sn, As, Mn] and PC4=[Ge, Se, Co]), with a marked positive correlation
between the elements of PC4 and PC1 - PC3, and an inverse correlation between these and the elements of PC2. A review
of the main mineral substitution mechanisms and element incorporation factors in the sphalerite is proposed. Due to the
absence of micro- and nano-inclusions of sulphosalts, tellurides, and selenides, it is possible that elements such the Ag, Se
and Te are incorporated into the sphalerite structure through various substitution mechanisms (e.g., Cook et al., 2009; Ye et
al., 2011; Belissont et al., 2014). The incorporation of Sn and In in the sphalerite structure follows the substitution
mechanism 3Zn?" -> In®* + Sn® + [V]. Sulphur isotope analyses allow a preliminary evaluation of the source of sulphur
involved in the mineralisation of the Santander deposit. The general variability of the §**S(VCDT) values for the sulphides of
the Santander deposit covers a range from 1.1 %o to 6.0 %o., strongly indicates a magmatic-hydrothermal source. The
geothermometer proposed by Frenzel et al. (2016) relating Fe, Ga, Ge, In and Mn contents in sphalerite indicates similar
temperatures of formation for the two generations of sphalerite (335-270°). These data provide new constraints on the
temperature and redox dynamics as well as the fluid evolution of the magmatic-hydrothermal system at the origin of the
Santander deposit.

This study was logistically and economically supported by the Trevali Mining Corp (Vancouver, Canada), and research
grants from Peru (PRONABEC) and Switzerland (SNF grant 200021_165752).

REFERENCES

Belissont, R., Boiron, M. C., Luais, B., & Cathelineau, M. (2014). LA-ICP-MS analyses of minor and trace elements and bulk
Ge isotopes in zoned Ge-rich sphalerites from the Noailhac—Saint-Salvy deposit (France): Insights into incorporation
mechanisms and ore deposition processes. Geochimica et Cosmochimica Acta, 126, 518-540.

Bergoeing, J.-P. (2020) Distal Zn-Pb(-Ag) skarn mineralization at Santander, Central Peru. MSc Thesis, Université de
Lausanne.

Cobbing, E. J. (1973) IMGEMMET BOLETIN NO. A26: Geologia de los cuadrangulos de Barranca, Ambar, Oyén, Huacho,
Huaral y Canta 22-h, 22-i, 22-j, 23-h, 23-i, 23-j. In: Ingemmet Reports. https://repositorio.ingemmet.gob.pe/
handle/20.500.12544/144

Cook, N. J., Ciobanu, C. L., Pring, A., Skinner, W., Shimizu, M., Danyushevsky, L., Saini-Eidukat, B., & Melcher, F. (2009)
Trace and minor elements in sphalerite: A LA-ICP-MS study, Geochimica et Cosmochimica Acta, Volume 73, Issue 16,

~
©

Symposium 02: Mineralogy, Petrology, Geochemistry |



©
o

Symposium 02: Mineralogy, Petrology, Geochemistry ‘

Pages 4761-4791

Frenzel, M., Hirsch, T., & Gutzmer, J. (2016). Gallium, germanium, indium, and other trace and minor elements in sphalerite
as a function of deposit type - A meta-analysis. Ore Geology Reviews, 76, 52-78.

Jacay, J. (2011) Observaciones sobre la estratigrafia y estilo tectdnico de la mina Santander. Trevali Mining Corp. Internal
Report

Ye, L., Cook, N. J., Ciobanu, C. L., Yuping, L., Qian, Z., Tiegeng, L., Wei, G., Yulong, Y. & Danyushevskiy, L. (2011). Trace
and minor elements in sphalerite from base metal deposits in South China: A LA-ICP-MS study. Ore Geology Reviews,
39(4), 188-217.



210
Petrology, mineralogy, and dating of granites in Northern Pikes Peak
batholith, Colorado (USA)

Lucas Simian1 ; Julien Allaz ; Ludmila Maria Fonseca Teixeira ; Olivier Bachmann ; Cyril Chelle-Michou

Institute of Geochemistry and Petrology, ETH Ziirich, Clausiusstrasse 25, CH-8091 Ziirich (Isimian@student.ethz.ch)

The Pikes Peak batholith, in Colorado (USA), is a classical anorogenic (A-type) granite intruding around 1.08 Ga (Smith,
1999). Its northern part is well-known for its high concentration of REE-rich pegmatites (Simmons & Heinrich, 1980). The
elliptical shape of the pegmatites is unusual compared to the more classical dike-shaped pegmatites. Many think they have
a magmatic origin and are the last stage of the fractional crystallization/differentiation process (i.e.: London, 2020). Thus,
the study of the associated granitic rocks plays a central role in the understanding of pegmatite formation. In this study, the
textural and compositional heterogeneity across the Buffalo intrusive center is investigated, along with the age of these
granites. Results show that mineralogical and compositional variations occur between samples. Rapakivi, myrmekite and
amphibole alteration suggest the participation of a compositionally different magma refill and late potassic alteration. The
occurrence of fluorite also suggests that fluorine content of the granite is important. Fluorine is a flux element and likely
plays an important role in lowering the crystallization temperature of rock. It is hypothesized that fluorine plays a major role
in the segregation and crystallization of the pegmatites, which is supposed to occur well below the granitic solidus (Fonseca
Teixeira et al., 2021). In order to better assess this possible under-solidus temperature, the temperature range of the granite
is investigated by two-feldspar thermometry. This study proposes a new methodology based on elemental mapping
(Donovan et al., 2021), resulting from the improvement of the Electron Microprobe technology. It yields more meaningful
temperature estimate from magmatic rocks mostly based on interpretation and numerical treatment of elemental maps
(temperature range: 600-750°C) (Fig. 2). Its application goes beyond pegmatite thermometry and could be extended to
other study fields. Finally, the granite is studied by LA-ICP-MS U/Pb dating to better constrain the age context in which the
Pikes Peak pegmatites crystallized. The past geochronology analyses in the area were mostly based on K/Ar dating. This
study intends to give a better age estimate, before being further refined by TIMS analyses in future works. The results (1.06
to 1.08 Ga) correspond to the age already published (between 1.06 and 1.09 Ga), though a noticable difference between
samples (Fig.1).

Fig. 1 :Summary of the U-Pb geochronology.
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Fig. 2 : Example of the elemental maps used to estimate the crystallization temperature of feldspar in the MG19-05 granite.
Thermodynamic parameters of Elkins and Grove(1990).
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The Lepontine Dome (Central Alps, Ticino, Switzerland) is a structural dome belonging to the Penninic domain of the
European Alps. It is formed by crystalline basement nappes characterized by a strong amphibolite facies imprint. The
related Barrovian isogrades locally dissect the tectonic nappe contacts. These nappes show an extremely pervasive mineral
and stretching lineation (NW-SE directed) suggesting non-coaxial deformation during shearing at peak temperature
metamorphic conditions.

In the studied area, the Simano nappe is formed by metagranitoids and by minor paragneisses. The Cima Lunga/Adula
nappe above is made of metasediments, mainly quartz-rich gneiss intercalated with amphibolite-gneiss, peridotitic lenses
and, locally, calcschist and/or marble. The alternation of lithotypes is mostly parallel to the nappe boundaries and usually
constant over their whole, kilometer-scale, length. A progressive change in gneiss texture marks the transition between the
Simano and Cima Lunga/Adula nappes: the more stretched texture is evidence for a strain increase from the bottom to the
top of the sequence, accompanied by a change in the constituent lithotypes.

Finally, migmatitic leucogneisses have been found at the tectonic contacts between these nappes, indicating syn-tectonic
top-to-the foreland deformation accompanied by partial melting. Locally the foliation of these rocks is crosscut by aplitic and
pegmatitic dikes. In order to define the temporal duration of melting, U-Pb zircon dating with LA-ICP-MS (Laser Ablation
Inductively-Coupled Plasma Mass Spectrometry) has been performed on leucosomes of migmatite, paragneiss, meta-
arenite and post-tectonic aplitic and pegmatitic dikes. A 20 um laser spot permitted to date the thin metamophic rims
associated with migmatization.

The results show two main groups of ages centering at ca. 31 and 22 Ma. The latter group presumably dates the intrusion
of the post-tectonic dikes. The distribution of ages in samples collected at different structural levels permitted to distinguish
the metamorphic events that affected these rock units, and their relationships with the more southern migmatites belonging
to the Southern Steep Belt.
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Translating burial and exhumation histories from the petrological and geochronological evolution of high-pressure mineral
assemblages in subduction channels is key to understanding subduction channel processes. Convective return flow, either
serpentinite or sediment hosted, has been suggested as a potential mechanism to retrieve deeply buried rocks and exhume
them to the surface (Shreve and Cloos, 1986; Gerya et al., 2002). Numerical modelling predicts that during this convective
flow, fragments of oceanic crust can be cycled within a serpentinite-filled subduction channel, experiencing multiple burial
cycles (Gerya et al., 2002).

Geochronological and petrological evidence for such cycling during subduction is preserved in a lawsonite-eclogite from
serpentinite mélange in the Southern New England Orogen, in eastern Australia. Lu—Hf garnet and lawsonite, U-Pb zircon,
U-Pb titanite and Ar—Ar and Rb—Sr phengite geochronology, supported by phase equilibria modelling and garnet zonating
patterns, suggests two cycles of burial that accompanied more than 1000 km of subducting slab rollback. Lu—Hf garnet and
lawsonite and U—-Pb zircon ages constrain the first burial event to ca. 500-490 Ma. This initial subduction of the eclogite
formed Lu- and Mn-rich garnet cores, porphyroblastic lawsonite and micro zircons at P-T conditions of at least 2.3 GPa
and 550 °C. Partial exhumation to ca. 1.9 GPa and 500 degrees is recorded by approximately 11 vol% garnet dissolution.
Reburial of the eclogite resulted in renewed growth of new garnet, and prograde-zoned phengite and recrystallization of
titanite at P—T conditions of 2.7 kbar and 590 °C. U-Pb titanite, phengite Rb-Sr and Ar-Ar ages record the recrystallization
of these minerals during this second event at ca. 460 Ma. This was then followed by a second exhumation event, where
chlorite and glaucophane partially replaced garnet and omphacite respectively, and garnet rims were again reabsorbed, at
approximately 2.0 GPa and 500 °C. These conditions fall along a cold approximate geotherm of 7 °C/km, supported by the
presence of pristine lawsonite. Partial exhumation and reburial occurred over ca. 30 Ma over an approximate pressure and
temperature fluctuation of 1.2 GPa and 140 °C, providing some estimation on the rates of subduction channel material
cycling.



Figure 1. EPMA maps of garnet and surrounding matrix from the eclogite, showing compositional features of two-stage garnet growth. The
boundary between garnet from burial 1 and burial 2 is shown as a white dotted line.
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Evolution of oxide-silicate geochemistry and systematics during
subduction of hydrous ultramafic rocks (Central Alps, Switzerland)
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The stability of magnetite and other oxide minerals in ultramafic rocks plays a major role in controlling redox state and
redox budget of the fluids liberated upon progressive dehydration reactions as well as of the residual rocks during
subduction. Magnetite recrystallization and production in equilibrium with prograde silicates is observed to occur up to and
including the antigorite-out reaction in serpentinized peridotites from Cerro del Almirez (Vieira Duarte et al., 2021).
However, the fate of the oxide phases at even higher P-T conditions has remained ill-constrained.

Here we present a comprehensive petrological and geochemical study of oxide — silicate mineral assemblages from
selected ultramafic bodies (Val Cama, Alpe Albion, Alpe Arami, Capoli, and Cima di Gagnone) from the Central Alps,
Switzerland. All bodies reached peak metamorphism above the antigorite-out reaction, at different P-T conditions spanning
from ca. 650 to 850°C and from 1 to 3 GPa.

Our results show:

(1) A clear trend in spinel group mineral type and composition, with a decrease in magnetite component (Fe®*") and an
increase in chromite and spinel components (Cr* and AI**) with increasing metamorphic grade (Figure 1, grey
arrow), as also suggested by modelling results of Piccoli et al. (2019);

(2) Highly oxidizing conditions at the hematite-magnetite buffer were found in only one chlorite-peridotite sample, where
hematite and magnetite occur as inclusions in metamorphic olivine and orthopyroxene produced at the antigorite
dehydration reaction.

(3) A correlation between the silicate Mg# (87-96 in olivine) and the oxide modes (ca. 0.5-3.5 vol.%) in the chlorite-
peridotites, interpreted to reflect variable extents of oxidation upon initial ocean-floor serpentinization (compare
Bretscher et al., 2018). In garnet-peridotites or pyroxenites, such trends are not clear, thus suggesting that other
factors such as the magmatic history of the protoliths prior to serpentinisation and/or metasomatism during the
subduction cycle including retrograde overprint can be variably prominent.

We conclude that, except for the rare occurene of hematite and magnetite beyond antigorite-dehydration, the prograde
evolution of oxides in ultramafic lithologies generaly tends toward an increase of the spinel component, thus lowering the
rock buffered f(O,). Consequently, processes other than highly oxidised slab additions to the sources of arc magmas may
also be relevant for producing the relatively oxidized nature of calcalkaline magmatism.



Figure 1. Oxide mineral trends for chlorite-peridotites and garnet-peridotites (circles) and pyroxenite (diamonds). The grey arrow displays
the prograde metamorphic evolution of oxide major element composition.
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The Chuquicamata District comprises one of the world’s biggest copper resources with more than 130 Mt of Cu and a
mining history of over a century. The district hosts several deposits (Chuquicamata, Radomiro Tomic, Ministro Hales, Toki
Cluster) of varying metal contents, making it ideal to investigate the processes that control the size of porphyry copper
deposits. The Chuquicamata Intrusive Complex occurs as a megadike composed of three lithologies. The main and most
abundant is the Este granodiorite (Ossandoén et al, 2001); the Oeste porphyry presents finer groundmass and similar
composition and mineralogy (Ossandon et al, 2001) and the Banco monzogranite is finer grained and more porphyritic than
the Este porphyry (Ossandon et al, 2001). Previous geochronology suggests that a protracted magmatic history resulted in
at least two superimposed hydrothermal events, contributing to the formation of this outsized deposit (Ballard et al, 2001).
The previously reported SHRIMP and LA-ICPMS zircon dates also claim to resolve a 1 Ma gap between emplacement of
the Este and the other two porphyries (Oeste and Banco, Ballard et al, 2001), but dates on individual grains overlap for a
timespan of almost six million years. New high-precision zircon petrochronology results (U-Pb CA-TIMS geochronology in
tandem with LA-ICPMS trace element analysis) confirm a protracted period of zircon crystallization (~1 Ma) within the Este
porphyry and resolve an age gap of at least 500 ka between the Este and Banco porphyries. Zircon trace element
compositions and Ti-in-zircon temperatures are similar for all porphyries in the Chuquicamata Intrusive Complex, despite
the age difference. These observations point to a similar source and a protracted thermal history for the source pluton,
which might have been necessary to maintain the hydrothermal activity and ultimately form the ore deposit. High-precision
zircon petrochronology provides the necessary accuracy and precision to help unravel what controls the formation of
behemothian porphyry deposits.
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Cu-bearing tourmaline is one of the most sought-after tourmaline species, due to its rarity and impressive neon-blue color.
The first Cu-bearing tourmalines were found in zoned and highly fractionated granitic pegmatites in Paraiba state in
northeastern Brazil, therefore they are often called ‘Paraiba Tourmaline’. Since then, Cu-bearing tourmaline has been
discovered also in Mozambique and Nigeria.

For this study, we focused on a green Cu-bearing tourmaline specimen from Paraiba, which contains a specific type of thin
sheet-like inclusions (Figure 1). This rarely-seen type of inclusion has been described so far only in few reports (Fritsch et
al. 1990, Brandstatter & Niedermayr 1994, Hartley 2018), suggesting these inclusions to be native Cu and tenorite (CuO)
formed by epigenetic exsolution (Koivula et al. 1992).

Figure 1. Left: Cu-bearing tourmaline from Brazil containing a specific type of highly reflective inclusion. Crystal width is about 5 mm. Right:

Microphoto of the thin sheet-like inclusion in transmission light, revealing that the highly reflective inclusion consists of two clearly
separated phases (black and yellow).

In our specimen, these thin sheet-like inclusions are oriented in planes parallel to the C-axis of the host tourmaline and also
extend preferentially along its C-axis. By cutting carefully the selected specimen to expose a cross-section of such an inclusion,
we were able to further analyze it by using a focused ion beam (FIB) coupled to an SEM system. The sheet-like inclusion is
estimated to be about 150 nm in thickness (Figure 2 left). A chemical profile across the inclusion (SEM-EDS) shows an
elevated Cu signal, while no local increase of S is observed (Figure 2 right). In contrast to Brandstatter & Niedermayr (1994),
we see in our sample no obvious decrease of Cu in the tourmaline host on each side of the thin sheet-like inclusion.

Figure 2. Left: Secondary electron image of the sheet-like inclusion, with a thickness about 150 nm. Right: EDS scan crossing the sheet-
like inclusion. The Cu signal is highest at the position of the inclusion, while S remains low.
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In the sheet-like inclusion region, micro FTIR detected small changes in the absorption peak positions in the range of
around 3000-4000 cm' (attributed to OH vibrations), when compared to FTIR spectra in the adjacent tourmaline host
material. Using Raman spectroscopy, we found a broad band centered at around 2200 cm™" Raman shift with a weak
modulation on top of the broad band.

Based on our preliminary data, an unambiguous identification of this Cu-containing thin sheet inclusion is not yet possible.
However, our results show no evidence to support the suggested hypothesis that these inclusions form due to epigenetic
exsolution from the Cu-bearing tourmaline host.

Consequently, more analytical data is required, specifically to better understand the nature and formation of these
inclusions. As an outlook, we plan to analyze this sample further by Synchrotron Radiation X-ray absorption spectroscopy
(XAS). Spatially resolved XAS measurements may allow us to detail the Cu oxidation state in these sheet-like inclusions,
respectively may provide crucial information on the oxidation conditions during the formation of Cu-bearing tourmaline in
these zoned and fractionated pegmatites in Paraiba, Brazil.
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Volcanogenic massive sulfide (VMS) deposits are valuable sources of Zn, Cu, Pb, Ag, Au, and other metals. Research
since the 1960s has addressed the sources of metals in deposits hosted by mafic rocks in ophiolites, Archean greenstone
belts and in-situ oceanic crust. Proposed sources include basalts hydrothermally altered to spilite and epidosite, and
influxing magmatic volatiles. Epidosites have been favoured owing to their location along the deep upflow path of fluid
convection cells and to their depletion in Cu and Zn (e.g. Jowitt et al., 2012). However, field observations by Gilgen et al.
(2016) have demonstrated a mismatch in timing between epidosites and VMS deposits in the Semail ophiolite. Spilitization
along the downwelling path has also been proposed to liberate VMS metals, as suggested by the strong Cu depletions in
spilitized dykes of the Troodos ophiolite, similar to the depletions in the epidosites, although with less Zn depleted in the
spilites (Jowitt et al., 2012). Identification of the source rocks is important for understanding VMS formation and element
transfers between the ocean and oceanic crustal rocks, and has significant implications for exploration. However, over 50
years later, the identities of the source rocks and source fluids are still debated.

Our ongoing study aims to determine the source rocks for VMS metals and the mineralogical controls on leaching of VMS
metals, by analysing representative stratigraphic transects across the crust of the Semail ophiolite, Oman. We use optical
microscopy, Raman spectroscopy, scanning electron microscopy, electron microprobe analysis, X-ray diffraction, and metal-
sensitive LA-ICP-MS analysis of whole-rock nano-powder pellets (using the method of Peters and Pettke, 2016) to correlate
changes in mineralogy, geochemistry and concentrations of VMS metals across each transect.

Samples along a transect near the Safwa VMS deposit were collected from the base of the Sheeted Dyke Complex (SDC)
up to the post-volcanic pelagic sediments that cap the ophiolite (Fig 1). The basal extrusive unit, Geotimes, is comagmatic
with the SDC and comprises basalts, basaltic andesites and andesites of MORB-type affinity; it is overlain by post-axial
‘Tholeiitic Alley’ island-arc tholeiite series lavas, which are in turn overlain by ‘Boninitic Alley’ boninite series lavas (Belgrano
et al., 2019). Fig. 1 shows that Cu concentrations are variable in all units, with a marked increase in the highest values
upsection from Geotimes into Tholeiitic Alley lavas. The Zn values are similarly scattered, but with an increase in maximum
values with depth at the same unit boundary. In principle, this distribution of metals can be attributed to three factors: a)
initial magma (protolith) composition, related to magmatic processes; b) variations in intensity of hydrothermal alteration,
where secondary mineral assemblages may control liberation of metals; and c) hydrothermal additions of metals, e.g., as
secondary sulfide minerals (observed occasionally in our samples). The Semail ophiolite is famous for its intensity of
alteration, which may account for the greater variability in Cu and Zn values compared to less altered, in-situ oceanic crust
(Fig 1). We are currently analysing the metal contents of rare pristine volcanic glasses from the ophiolite in order to unravel
the roles of the three metal-controlling factors listed above.
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Figure 1. Depth Profile through Safwa Transect, Semail Ophiolite (km scale indicates depth below post-volcanic pelagic sediments). Left
panel: volcanostratigraphy and distribution of relict igneous and secondary hydrothermal minerals. Continuous lines = ubiquitous, dashed =
locally present. Ttnmag = Titanomagnetite. Opaque minerals from Belgrano et al. (2019). Right panels: Cu and Zn values for Safwa
transect (this study) and IODP drill hole 1256D (East Pacific; Huang et al., 2016). Scale is depth (km) below seafloor. Dashed vertical lines
= MORB median Cu and Zn contents.
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Jorn-Frederik Wotzlaw', Lena Bastian', Marcel Guillong', Francesca Forni?, Oscar Laurent?, Julia Neukampf*, Roberto
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Vesuvius is one of the most iconic active volcanoes on Earth. Historic and archaeological records document numerous
hazardous eruptions with thousands of fatalities. Today, more than one-million people live around Vesuvius and are
threatened by future volcanic activity. Petrologic and geochemical studies of eruptive products provide important insights
into the evolution of the eruption-feeding magma reservoir prior to eruption. Here we quantify the duration of shallow crustal
storage and track the evolution of phonolitic magmas prior to major explosive eruptions of Vesuvius employing in-situ
uranium-thorium dating of garnet phenocrysts in tandem with detailed geochemical and textural characterization. Garnet
uranium-thorium dates provide evidence for progressively shorter pre-eruption storage times throughout the lifetime of the
volcano, decreasing from ~5,000 years for the pre-historic Mercato and Avellino eruptions to approximately 1,000 years for
the historic AD 79 Pompeii and AD 472 Pollena eruptions. These decreasing residence times mirror the progressively
shorter repose intervals between eruptions implying that distinct phonolite magma batches were present throughout most of
the volcano’s evolution thereby controlling the eruption dynamics by preventing the ascent of mafic magmas from longer-
lived and deeper reservoirs. Frequent lower-energy eruptions during the recent history sample this deeper reservoir and
suggest that future Plinian eruptions are unlikely without centuries of volcanic quiescence. Crystal residence times from
other volcanoes reveal that discrete long-lived deep-seated reservoirs and transient upper-crustal magma chambers are
common features of sub-volcanic plumbing systems.
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The discovery of retrograde eclogite in the Dunhuang Orogenic Belt,
northwestern China

Qian W.L. Zhang'?, Pierre Lanari?, Zhen M.G. Li, Chun-Ming Wu'
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As one of the most characteristic products of subduction zones, eclogite offers important clues for unraveling the
subduction-exhumation history of an orogen. However, eclogitic assemblages are often easily retrogressed with varying
degrees due to late amphibolite to granulite facies metamorphism and/or strong interaction with fluids during exhumation.
Retrograde reactions are commonly represented by the replacement of omphacite and garnet by clinopyroxene +
plagioclase + amphibole + quartz forming symplectite and/or corona. The developement of retrogression textures can
prevent us from identifying and accurately constraining the conditions of eclogite-facies metamorphism.

The Paleozoic Dunhuang Orogenic Belt (DOB) occupies a particular tectonic location surrounding by the Paleo-Asia Ocean
tectonic domain, including the Tianshan, Beishan, and Alxa Tectonic Belts to the north, by the Tethys Ocean tectonic
domain including the North Qilian, North Qaidam, and Altyn Orogens to the south, which records widespread Paleozoic
subduction-accretionary processes. Since the first discovery of Devonian eclogite (highest X, in omphacite is ~0.38) in the
Hongliuxia area in southern DOB (Wang et al., 2017), no other eclogite was reported in this area. Instead, metamafic rocks
exhibit retrograde textures, especially symplectite consisting of clinopyroxene + plagioclase + amphibole + quartz. We used
quantitative compositional mapping by electron probe micro-analysis for estimating the composition of the former omphacite
which could had reached X, values of ~0.40. This result is consistent with modeled X, values at the pressure-peak P-T
condition of ~2.12 GPa and 680 °C, typical eclogite-facies metamorphism, constrained by the intersection of Ca and Mg
isopleths of garnet.

The discovery of this first retrogressed eclogite sample in the Dunhuang Orogenic Belt further confirms that large scale
eclogite-facies conditions associated to subduction were possibly reached in this area. It also shows that we should be
cautious when recovering peak P—T conditions of strongly retrogressed samples. More detailed studies will focus on fluid-
participant retrograde reactions, which could provide important clues for tracing the fluid-rock interaction of high-pressure
metamorphic rocks during exhumation.

This work was supported by the National Natural Science Foundation of China (41730215) and the State Scholarship Fund
of China Scholarship Council.
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Metamorphic gradient in the Nufenenpass area
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Past studies have proposed either a ductily shortened (Klapper and Bucher, 1987) metamorphic gradient, or a jump in
metamorphic conditions (Kamber, 1993) in the para-autochtonous sediments of the Gotthard. We set out to test these
hypothesis using quartz in garnet inclusion barometry (QUIG, Bonazzi et al., 2019), along with Raman graphite
thermometry (GRT, Beyssac et al., 2002), and more traditional phase petrology (PP).

The detailed mapping and structural studies in the Nufenenpass — Cornopass — Griessee — Langstaffel area confirmed in a
large part the stratigraphic and structural observations reported in Liszkay-Nagy (1965). The current structure is dominated
by variably steep to flat laying fold structures with ENE to WSW strike. In general, the southern limbs of the anticlines are
strongly thinned or locally thrusted. We focused the metamorphic studies on the graphite bearing Liassic units of the garnet
schists (PP; GRT and QUIG) and Knotenschiefers (PP).

Temperature of ten samples gives homogenous values within its error over the entire investigated area of 511-550°C. QUIG
pressure estimates give values of 7.2 kbar in most of the area, but show a significant increase towards the Corno imbricate
zone (~9.2 kbar). Since no T-variations are observed, maximum temperature is assumed to be achieved after maximum
pressure once the units were juxtaposed, which is in agreement with the post-deformational growth of most of the garnet.
Sigma garnet clasts and increased pressure conditions measured were obtained for the Corno imbricate zone, documenting
garnet growth during juxtaposition with the rest of the Nufenen zone. Fluid compositions reveal that they were water rich.
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Tracking Disturbances in the “°Ar-**Ar Isotopic System in Plagioclase
Crystals of the Karoo Flood Basalts

Antoine C., Spikings R., Miletic Doric D., Marsh J.S., Gaynor S.P., Schaltegger U.:
Uni Geneve

High precision dating of Large Igneous Provinces (LIP) is useful to understand their link to environmental changes
(Courtillot and Renne, 2003), and to provide insights into their geodynamic setting (Encarnacion et al., 1996). The
Drakensberg continental flood basalts (CFB) of South Africa and Lesotho are part of the Karoo LIP in which the paucity of
zircon or baddeleyite renders it difficult to match the sub-permil age precision and accuracy of high-precision U/Pb CA-ID-
TIMS age determinations. Previous attempts to date the Karoo lavas using the “°Ar-**Ar method failed to yield sufficient
precision and accuracy to resolve the sequential stacking of different basalt units or to give a reasonable emplacement age
relative to the intrusive complex. We test the hypothesis that previous, inconsistent “°Ar-**Ar dates of plagioclase were a
consequence of degassing of primary, metasomatic and alteration phases (mainly zeolites with subordinate sericite and
carbonate) within crystals that were invisible under a binocular microscope in the separates. The lavas are mainly tholeiitic
basalts that host two distinct sizes of plagioclase. The larger crystals (250-400 pm) are more altered and fractured than the
smaller grains and thus their primary Ar isotopic reservoirs are more likely to have been modified. We present “°Ar-3°Ar data
from i) leached groundmass, ii) untreated plagioclase that hosts visible alteration phases, iii) untreated plagioclase that is
devoid of visible alteration phases (2 grain size aliquots), and iv) leached plagioclase that is devoid of visible alteration
phases (2 grain size aliquots). The results of this study may enhance the effectiveness of the “°Ar-3°Ar dating technique to
accurately constrain the crystallization ages of altered mafic lavas in LIPs. Ar isotope data were collected using a multi-
collector Argus VI mass spectrometer by step heating to permit identification of different gas reservoirs in the sample
through isochemical dating. The two distinct size fractions yield distinguishable dates that do not overlap, and thus “°Ar/**Ar
analysis of a bulk plagioclase concentrate would yield an average date. Furthermore, leaching has the effect of enhancing
recoil effects on the smaller sized plagioclase (<150 um), adding another artifact to the already biased dates. Our results
suggest that previous “°Ar-3°Ar analyses of carefully selected plagioclase separates (Jourdan et al., 2007a; Moulin et al.,
2011, 2017) that are not consistent with their high emplacement rate are influenced by post-crystallization open-system
modification, and thus do not accurately record the time of crystallization.
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Characterisation of gem-quality spessartine-bearing metapelites from
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Figure 1. Quantitative element maps in weight-% oxide components for the centre of garnet 1 in sample H1. Field of view is 1.2 x 1.2 mm.
Analytical conditions were 15 keV, 50 nA, 40 ms dwell time, 2 ym/px.

Biotite-rich quartzites originating from the conjunction of Kunene River and Marienfluss as well as biotite schists from the
Hartmann Mountains (Namibia) host up to cm-sized, mostly euhedral gem-quality spessartine crystals. Garnet compositions
from 5 samples were investigated by means of quantitative electron microprobe element maps (Donovan et al., 2021; Fig.
1) and point analyses. The prevailing type of garnet is a spessartine (70-93%), pyrope (4-14%), andradite (0-12%), calderite
(0-11%, Fe,>*Mn,*[SiO,],) solid solution with the occasional presence of up to 2.6 mole-% blythite (Mn,**Mn,*[SiO,],). The
crystals display a predominantly prograde zoning that has to a minor extend been affected by diffusional re-equilibration.
Trace element analyes revealed an enrichment in HREE+Y, mostly peaking between the core and the rim. This zonation
does not align with the concentration variations that have been observed in case of major elements and it is interpreted to
be a consequence of temporally limited availability of REEs, potentially related to the breakdown of a REE-bearing phase
after the onset of spessartine growth.

The prevalence of mostly ferric iron in combination with some of the Mn being present in its trivalent state indicates high
levels of oxygen fugacity during mineral growth. The protolith of this remarkable mineral assemblage including abundant
baryte is interpreted to consist of Mn-rich pelagic sediments that were deposited during the spreading of the Khomas
Ocean, as previously described by Biihn et al. (1992). This involved a transport of metals, that were accumulated due to
exhalative activity, from deeper levels via upwelling, ultimately leading to a differential precipitation above the redox
interface. Application of the Ti-in-biotite thermometer by Wu & Chen (2014) indicates an amphibolite-grade overprint at
temperatures between 590 and 655 + 65 °C and pressures at 0.7-0.8 GPa (pressure conditions according to data by Foster
et al., 2009). The metamorphic event responsible for this overprint is associated with the Neoproterozoic to Cambrian
Damara Orogeny and is assumed to have taken place between 580 and 550 Ma ago.
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The described spessartine garnets can be distinguished from gem-quality spessartines originating from other localities
based on their chemical composition on a major element as well as trace element scale. Due to the scarcity of available
quantitative information from previously published literature on the mineral chemistry of gem-quality spessartine, especially
trace elements, the dataset was limited. The Mg-to-Mn ratio of Namibian spessartine is rather unique and provides a
distinction from the majority of other deposits. Furthermore, chondrite normalised REE+Y plots reveal clearly different
patterns in comparison to deposits from other countries.
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Transport and impact of aqueous fluids in subduction settings: insight
from coupling two-phase modelling and oxygen isotopes.
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Dehydration reactions occurring during prograde metamorphism generate large amounts of aqueous fluids that ascend
through the Earthys interior. Interactions between these fluids and the surrounding rocks play a major role in element
transfer, in particular in subduction zones where fluids participate in the hydration of the mantle wedge, effectively lowering
its solidus temperature. Although the processes of aqueous fluids generation are well understood, it remains challenging to
track fluid-pathways, leading to a lack of constraints and quantitative data on fluid sources and on the evolution of fluid
composition. In particular, the rates at which such events occur, and the mechanisms for fluid transport are still subject to
debate.

Oxygen isotopes are sensitive to fluid rock interaction processes and can provide insights on these questions. Recently, an
oxygen isotope fractionation model was developed to better quantify the conditions of fluid-rock interaction (Vho et al.
2019). The fractionation model, based on internally consistent thermodynamics data, can be used to determine fluid
sources and was applied to simulate mantle wedge hydration.

In this study, we present a preliminary 2D dynamic numerical model simulating two-phase flow channelling due to
decompaction weakening in a visco-elastic matrix. The model is coupled with thermodynamics and oxygen isotope
simulations to investigate serpentinization mechanism of the mantle wedge. Starting from realistic values of oxygen isotope
ratios for the subducting slab and the mantle wedge, chemical interaction and transport of oxygen isotopes is induced by
the ascent of an aqueous fluid in the mantle. The goal is to bring new constraints on the timescale and on the geometry of
fluid-pathways required to reach isotope ratios observed on serpentinites produced in this type of settings.

This project has received funding from the European Research Council (ERC) under the European Union’s Horizon 2020
research and innovation programme (grant agreement No 850530).
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Mineralizing fluids in the Catalina Huanca carbonate-replacement Zn-Pb-
Ag deposit, southern Peru.
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Catalina Huanca is a medium-sized carbonate-replacement (Zn-Pb-Ag) deposit in the Andean Cordillera of southern Peru.
The Catalina Huanca mineralization is located at the base of a major Tertiary eastward thrust and consists of veins and
replacement bodies. It is controlled by a NE trending horsetail fault structure cutting foreland Tertiary red beds (previously
attributed to the Permo-Triassic Miti Group; Davila et al., 2012) and the overthrusted Pucara Group limestones. Red beds
consists of debris-flow horizons grading to sorted sandstones/conglomerates to the west. Clasts consist of sedimentary and
igneous rocks, including Pucara limestone. Igneous rocks spatially associated with the mineralization include rhyolitic and
trachytic dikes, and ignimbrite beds in the Tertiary red-beds. Rhyolite are apparently pre-ore, but trachytic dikes may be
genetically related to the mineralization.

The mineralization consists of veins and carbonate-replacement bodies hosted by the overthrusted Pucara limestones and
the red beds unit. The deposit was formed during four mineralization stages grading from low- to high-sulfidation mineral
associations: (1) High-temperature skarn minerals ending with mushketovite precipitation; (2) Early polymetallic stage:
quartz-pyrite-sericite with trace pyrrhotite, followed by dark Fe-rich sphalerite with chalcopyrite disease; (3) Late polymetallic
stage: fluorite, followed by Fe-poor sphalerite-tennantite-tetrahedrite-pyrite-chalcopyrite-quartz and late high-sulfidation
veinlets with galena-enargite; (4) Carbonate stage: consists of siderite-rhodochrosite-kaolinite crosscut by late carbonates
(calcite-dolomite).

A detailed microthermometric and laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) study on fluid
inclusions in gangue and ore minerals (using near-infrared microscopy) was performed for the early and late polymetallic
stages in five different ore bodies: Mariela, Melissa, Silvia, Principal and Amanda 3 Techo. The fluid inclusions studied are
two-phase (L+V), with homogenization temperatures between 220° and 350°C and salinities ranging from 2 to 16 wt% NaCl
equiv. Boiling evidence can be found in secondary fluid inclusion assemblages hosted in fluorite. Sulfur isotopes, together
with the temperature of formation of the analyzed sphalerite allow to calculate the isotopic composition of H,S in equilibrium
with the sphalerite.

The ratios and concentrations of Cl, Br, Na, K, and Ca agree with a magmatic origin of the fluids. Element concentrations of
Na, K, B, Li, Cs and Ba plotted versus Cl show two trends corresponding to two successive events (Fig. 1 for Cl, Na, K,
Ca). The first trend show nearly constant concentrations and corresponds to fluids from the early higher temperature
polymetallic stage present in Mariela, which probably resulted from the boiling of an acidic, metal-rich, magmatic fluid that
interacted with carbonate rocks. The second trend shows a progressive decreaze of fluid salinity and temperature during
the precipitation of early and late polymetallic stages in Amanda 3 Techo, Melissa and Principal. This second trend
suggests dilution by low-salinity fluids, either meteoric water or magmatic vapor condensate. The second option is more
probable as it would explain the increased B/CI ratio compared to the first high-T fluids (Fig.2) , B being preferentially
partitioned into the vapor phase (Reyes et al. 1993).

The fluid inclusion compositions and the paragenetic sequence are consistent with pH buffering by carbonate rocks and
temperature being the main parameters controlling ore precipitation. Magmatic fluids were apparently the primary source of
the Catalina Huanca ore deposit.



Figure 1. Na, CI, K, and Ca concentrations vs homogenization temperatures (Th) of primary fluid inclusions in quartz and sphalerite from
the early pollymetallic stage and sphalerite from the late pollymetallic stage Errors bars represent 1 o standard deviation of each fluid

inclusion assemblage.
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Figure 2. B/CI ratio vs homogenization temperature (Th) of primary fluid inclusions from early Fe-rich sphalerite (red), late Fe-poor
sphalerite (beige), and late quartz (cyan). Symbol size reflects the Cl content. 1= Mariela 2= Amanda 3 Techo, Melissa and Principal.
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Magmatic to hydrothermal conditions in the transition from an A-type
granite to a pegmatite in the Pikes Peak Batholith
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During magma crystallisation, volatile elements are typically incompatible, and progressively increase in the melt to the
point of exsolving a magmatic volatile phase (MVP), dominated by H20. Due to the presence of flux elements (e.g. F, Cl,
Li, C), such a MVP can dissolve a significant fraction of “granitic” elements (Si, Al, Na, K), and may be at the origin of
pegmatites, potentially representing the link between magmatic and hydrothermal environments. This contribution focuses
on an A-type granite, the Pikes Peak Batholith (Colorado, USA) and one of its associated pegmatites, the Wellington Lake
Pegmatite. We obtained detailed textural and mineral chemistry data on both lithologies, to assess how and when, in the
evolution of the magma, mineral precipitation switches from hydrous silicate melt to fluxed MVP (corresponding to the
transition from magmatic to hydrothermal conditions). Crystallisation temperatures obtained for quartz and two-feldspars in
the granite samples range from typical magmatic temperatures (~700-800°C) to conditions that are significantly below the
H20-saturated haplogranitic solidus (~500-550°C). The lowest temperatures estimated from the granite samples
correspond to outer rims of crystals, small interstitial grains, and fluid inclusion-filled fractures within quartz crystals. The
observation of euhedral fluorite crystals indicates high F content in the system and suggests the presence of a highly fluxed
MVP at the origin of the low temperature precipitation of quartz and feldspars. In the pegmatite samples, crystallisation
temperatures begin at ~660°C for the border zone (“graphic granite”), while the last stages of crystallisation (in the core)
occurred at much colder conditions, below 400°C (based on fluid inclusion and Ti-in-quartz thermometry). The border facies
of the pegmatite appears concomitant with the last increments of crystallisation in the granite magma, and likely precipitated
from a highly fluxed MVP expelled from the nearly fully-crystallized granitic mush. As cooling and crystallisation proceeded
in the pegmatite, the MVP became increasingly stripped of most of its granitic components, leading to the precipitation of
the clearly hydrothermal quartz core.
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Low pressure crystal accumulation and melt segregation within the
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Our understanding of the nature of the volcanic—plutonic connection within the upper continental crust is limited by the
scarcity of outcrops exhibiting clear relationships between a crystal mush in contact with its volcanic counterpart. This
limitation hampers our ability to place quantitative constraints on conceptual models which include melt extraction from a
shallow crystal mush, and a deeper origin for the intermediate to felsic melts. One way to better characterize the volcanic—
plutonic relationship would be to quantify the amount and rates of melt segregation within a crystallizing plutonic body, and
to compare these volumes and rates with recent silicic eruptions. Here we investigate the processes of interstitial melt
segregation in the calc-alkaline Western Adamello pluton. The Western Adamello tonalite (WAT) is part of the southern Alps
and represents an intrusive body emplaced at 2.5 kbar in ~1.2 Myr (Floess 2013; Schaltegger et al. 2019). The WAT
exhibits a coarse-grained, equigranular texture and is composed of hornblende partially replaced by biotite, plagioclase,
quartz, epidote, titanite, apatite, magnetite, and zircon. K-feldspar is late and occurs as an interstitial phase with quartz.
Several types of igneous structures are found, comprising: (i) zoned felsic dikes crosscutting the main tonalite and often
containing aplite rims and a pegmatitic core, garnet-bearing dikes represent <5 vol.% of the dikes; (ii) segregations of
quartz- and plagioclase-rich domains (0.1 to >10 m) forming schlieren-shaped bodies, which represents in situ melt
segregations; and (iii) hornblende and biotite accumulations with interstitial plagioclase and quartz. The felsic rocks are
spatially associated with hornblende- and biotite-rich zones. Hornblende, biotite, and plagioclase from the tonalite and the
hornblende- and biotite-rich rocks have the same range of mineral compositions. We interpret this connection as
deformation-driven crystal-melt segregation within the host tonalite. In addition, we show, through phase relationships and
major element modeling, that the reaction involving hornblende and biotite follows a peritectic relationship of the form
hornblende + plagioclase + melt, = biotite + quartz + melt,. Furthermore, the occurrence of melt, implies that interstitial
melts start to segregate before the partial transformation of hornblende. After determining that some tonalites kept a liquid
composition, we quantitatively modeled the crystal-melt segregation process and showed that the host tonalite lost 0 to 70
vol.% of interstitial melt, constraining the maximum efficiency of crystal-melt segregation to 70 % in the Western Adamello.
This process, besides crystallization and peritectic reactions, drives the final differentiation of the WAT.
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A novel thermobarometer: how to use machine learning to discover the
secrets of volcanoes
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2 Department of Physics and Geology, University of Perugia, Perugia

Mineral chemistry offers a unique perspective of the evolution of a volcanic system. Thermobarometry is one such avenue
for interrogating the distribution of pressure and temperature of magma storage in magmatic plumbing systems.
Developments in random forest based machine learning allows for a data-driven approach to clinopyroxene
thermobarometry (Higgins et al., 2021; Petrelli et al., 2020). Here we present an explanation of our optimized random forest
clinopyroxene thermobarometer using the R freeware package “extraTrees”. We present a worked example and compare
our results with those of existing thermobarometers. We find our model gives standard error estimates comparable to
classical thermobarometers (4.4 kbar and 76.0 °C) but can be used for a wider range of magma compositions than
classical equation-based thermobarometers (Masotta et al., 2013; Putirka, 2008). Additionally, uncertainty of pressure and
temperature estimates is provided for single analyses and can be significantly lower than the standard error estimate. We
present two comprehensive R scripts for users to apply the random forest methodology to natural datasets. The first script
permits modification and filtering of the model calibration dataset. The second script contains pre-structured models in
which users can rapidly input their data to recover pressure and temperature estimates. These scripts are open source and
can be accessed at https://github.com/corinjorgenson/RandomForest-cpx-thermobarometer.
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Rutile is a common accessory mineral occurring at a range of metamorphic grades, in high pressure (>0.8 GPa) rocks such
as lawsonite blueschists and eclogites, but can also be found in granulites and upper amphibolite facies rocks. Recently, it
has been increasingly used for U-Pb age determinations (e.g. Zack & Kooijman 2017) and Zr-in-Rutile thermometry (e.g.
Zack et al. 2004). Several studies show the affinity of rutile to substitute pentavalent (e.g. Nb% and Ta®*) and trivalent (e.g.
Fe?*, Al**, Cr?*) cations for Ti**, with the potential of charge balance between penta- and trivalent cations. The effect of H* on
this substitution mechanisms as possible charge balance for trivalent cations has been widely neglected so far, although
studies suggest that rutile can incorporate high amounts of H*, with measured water contents up to several 1000 ppm.

Early work on water incorporation into rutile has shown that IR absorption is highly anisotropic with virtually no absorption
parallel to the crystallographic c-axis and maximum absorption perpendicular to the crystallographic c-axis (e.g. Soffer
1961). Thus, most studies so far were using oriented single grain rutiles to directly measure total absorption, a rather time
expensive method. Studies on randomly oriented grains have mainly been performed on other anisotropic minerals, using
statistical approaches to calculate total absorption, which resulted in high uncertainties. Hence, the first step to quantify
water in rutile is the development of a method to measure IR spectra on randomly oriented grains without high
uncertainties. This will allow the analysis of rutile grains in-situ, and therefore the ability to target rutile grains in different
textural domains of metamorphic and igneous rock samples, removing the current necessity of mineral separation and
orientation.

As rutile is commonly fine grained (<100 pym), conventional mechanic determinations for sample thickness are often not
applicable on separated grains. Here we present a new approach to measure water in randomly oriented rutiles. We use
oriented cuts of large rutiles and crushed grains of the same samples to show how polarized IR light in varying polarization
angles can be used to optain total absorption with much lower uncertainty compared to statistical methods. As sample
thickness is needed for calculations of the water content, we present a new calibration using Ti-O overtones to calculate
sample thickness from measured FTIR spectra. This calibration is based on statistical measurements of oriented cut
samples in varying thickness. Based on those two new methods, water measurements in rutile is more applicable to a
variety of different samples.

H* incorporation into rutile is proposed to be linked to substitution of trivalent cations onto Ti**-sites, creating a charge
deficit, which would be balanced by H* on interstitial positions. Several studies on experimentally doped rutiles have shown
trace element-dependant variations of OH-bond positions in FTIR spectra, but very limited work has been done to verify
those on natural samples. We analysed the OH-bond positions of natural rutiles from Mg-rich whiteschists of the Dora
Maira complex and thus present the first data on Mg-related OH-bond positions of natural rutiles. From our data, we
propose an exchange mechanism of Mg?* + 2H* for one Ti**. The spectra show a distinct double peak at 3280 cm™ and
3325 cm™, where the second peak has an absorbance four times as strong. The peak at 3280 cm™ relates to the ‘pure
rutile’ OH-bond position reported in literature, while the second peak is comparable to peaks reported in Mg-doped
synthetic rutiles (e.g. Bromiley & Hilairet 2005). Additionally, the Mg-related peak shows a distinct left shoulder, that partially
can be characterised as a distinct third peak at around 3340 cm™. Thus, Mg-linked substitution seems to be the main
mechanism for H* incorporation in the Dora Maira rutiles, as can be expected from the high Mg-whole rock composition of
the Dora Maira whiteschists. Similar studies on samples with high contents of different trace elements (e.g. Fe?*, Fe*, Cr,
Al) in rutiles are necessary to be able to qualify the H* incorporation mechanism in un-known samples.
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Metamorphic reactions as soft or hard triggers for fluid flows?
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Migration of aqueous fluids within the crust and interactions with surrounding rocks are fundamental processes on Earth
especially in subduction zones. Tracking fluid pathways remains challenging, but has gained attention in recent years.
Blueschist and eclogite facies metamorphic rocks have proven to be excellent recorders of fluid-rock interaction processes,
as changes in oxygen isotopes in zoned garnet reveal fluctuations in fluid 'O composition. Recently, lawsonite breakdown
was identified as a possible trigger for pervasive fluid flux linked to rock volume changes (Bovay et al., 2021). The created
open-system behaviour is fundamental for subduction zone dynamics, while mineral assemblages may have a greater
effect.

In this study, we present a petrological model simulating rock dehydration and fluid extraction at equilibrium via
metamorphic reactions along typical subduction P—T—t gradients. For several rock types (e.g. metasediment, metabasalt,
ultramafics) the model uses Gibb’s minimizations coupled with fluid extraction steps and oxygen isotope fractionation. It
shows that changes in mineral assemblages and mineral modes can be important for creating (momentary?) fluid-filled
porosity as rocks being subducted. For example, the lawsonite out and garnet in reaction for a subducted metasediment at
550 °C and 2.4 GPa can easily reach one volume percent of fluid-filled porosity accompanying a change in density of ~20
kg/m3. This model is intended to serve as a theoretical basis for the interpretation of fluid fluxes derived from &'®0
measurements in metamorphic minerals (garnet, white mica).

This project has received funding from the European Research Council (ERC) under the European Union’s Horizon 2020
research and innovation programme (grant agreement No 850530).
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Growth and analysis of experimentally zoned crystals: the competition
between crystal growth and elements diffusion
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Magma reservoirs reflect areas of wide physico-chemical variation of magma properties and are directly associated with
volcanic activity and the release of the magmatic fluids, responsible for the development of ore deposits (Charlier et al.,
2006; Caricchi and Blundy 2015; Cashman et al., 2017). Understanding the processes operating at inaccessible depths is
crucial for interpreting monitoring signals and for developing quantitative models to forecast volcanic activity. Minerals
witness the evolution of physico-chemical conditions within magma reservoirs over time and record changes in intensive
parameters as chemical signals which we see as zoning (Cashman & Blundy 2013, Cheng et al 2017, Probst et al., 2018,
Caricchi et al., 2020; Weber et al., 2020).

However, the competition between crystal growth rate and element diffusion in the melt phase can be also responsible for
the chemical zoning of minerals, complicating the interpretation of chemical zoning patterns. To extricate this complexity
chemically zoned minerals are synthetically grown under controlled conditions at the Petro-Volcanology Research Group of
the University of Perugia.

Tephra from 2002-03 Mt. Etna eruption has been used as starting material. The zonation in minerals is controlled inside a
high-temperature furnace by oscillating the temperature under three different conditions: static, using a controlled
deformation gradient (concentric cylinder apparatus), and using a chaotic mixing regime (Chaotic Magma Mixing Device).
We collect major and trace elements distribution maps on a large number of crystals using Electron Probe Micro Analyzer
and Laser Ablation Inductively Coupled Plasma Mass Spectrometry. The data are analysed using a series of custom-built
machine learning algorithms to disentangle zoning related to thermodynamic variation in the crystal growth conditions from
the effects of the competition between diffusion and growth. Backscattered Electron images of the sample are also
analysed for Crystal Size Distribution using a Radom Cut correction. The aim of this project is to provide experiments and
quantitative tools that will help decipher the chemical signals buried in natural magmatic minerals.
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Pre-Alpine hydrothermal activity in the Aar Massif granitoids
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The Aar Massif is a mid-crustal basement section of the European plate that was heavily deformed during the Alpine
orogeny. This deformation produced numerous ductile shear zones, which consist mainly of fine-grained polymineralic
(ultra)mylonites deforming by viscous granular flow. Both the granitic protoliths and the shear zones themselves show
hydration reactions with respect to a primary granitic composition, whose main expression is widespread alteration of
feldspars. So far, the relative timing of such a hydration event (i.e. pre-, syn- or post-deformation) was not clear, and neither
was the absolute timing. This piece of information, however, is crucial in order to learn whether Alpine strain localization
was initiated in an already mechanically weakened hydrated middle crust, or if hydration was mediated by shear zone
formation and is therefore a consequence of Alpine strain localization.

Here we present new evidence for a Pre-Alpine hydrothermal event in the Grimsel Granodiorite and Central Aar Granite of
the Aar Massif. Epidote U-Pb geochronology by LA-ICP-MS of the numerous epidote-bearing veins crosscutting these
granitoids highlights two main veining episodes: (1) ca. 275 Ma (Permian) with initial 2°’Pb/2%®Pb ratios of 0.8293-0.8321
and (2) ca. 19-17 Ma (Alpine) with initial 2°”Pb/?%Pb ratios of 0.7963-0.7998. The initial Pb isotopic composition of all
epidote samples is more radiogenic than that of the bulk host rock at the respective times of vein formation. Bulk hydrogen
isotopic measurements of epidote separates by temperature conversion elemental analyzer (TC/EA) of two Permian
epidote samples yielded a 6Dep of -76 %o and -59 %o respectively. Unlike the former sample, the latter displays unambiguous
textural evidence for fluid—mineral interaction. In addition, it has a similar 6Dep value to those measured in Alpine epidote
(-55-58 %0) and in one saussuritic feldspar from the host rock (-51 %o). This suggests that the bulk hydrogen isotopic
signature of some Permian epidote samples was overprinted upon interaction with the Alpine fluids.

The disequilibrium of epidote initial Pb isotopic ratios with the bulk country rock suggests an external origin for all epidote-
forming fluids. Hydrogen isotopic signatures of epidote indicate a meteoric component in the Permian fluids, and a
metamorphic one in the Alpine ones. The occurrence of Permian hydrothermal activity in the Aar Massif granitoids implies a
pre-Alpine pervasive alteration of the Aar Massif granitoid rocks. Alpine deformation may have exploited the stored Permian
fluids, and shear zones may have nucleated on hydrothermally determined heterogeneities such as soft altered feldspars
and epidote veins. Further fluid infiltration during the Alpine exhumation history of the Aar Massif may have occurred along
the dense shear zone network.
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Dating fluid release and deformation in the ultramafic oceanic
lithosphere using perovskite and titanite
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Dating dehydration reactions in ultramafic rocks such as serpentinites is notoriously difficult because of the lack of suitable
minerals for geochronology. The study of rodingite blackwalls within the serpentinized mantle can potentially bring insights
on the timing of dehydration reaction of the country rock. We found that perovskite (CaTiO,) and titanite (CaTiSiO,) can
form during hydration of rodingite dykes and the formation of the blackwalls. Therefore, dating these minerals might open
new avenues to investigate the timing of fluid-rock interaction and deformation during metamorphism. We present
preliminary results of in situ U-Pb dating and trace element analysis by LA-ICP-MS on perovskite and titanite in rodingite
blackwalls and perovskite in ophicarbonates from different metamorphic terranes. Titanite U-Pb dating in samples from the
Zermatt-Saas unit (Switzerland) returned an age of 45.0 0.8 Ma, consistent with dehydration of the serpentinite and
formation of the blackwall at high-pressure conditions. Perovskite in blackwalls have very low U content (ppb) and could not
be dated. However, perovskite in ophicarbonates have higher U, ranging from tens to few hundreds of ppm, and are a
potential candidate for geochronology of ultramafic lithologies. Perovskite in the two investigated localities Sasso Moro
(Malenco unit, Italy) and Balangero (Lanzo Massif, Italy) yield an age of 51.54 0.44 Ma and 49.6 3.8 Ma, respectively.
These ages are in line with other constraints on the age of metamorphism in each locality. Moreover, perovskite in
blackwalls and in ophicarbonates have different trace element composition suggesting important inheritance from the
protolith. The results have implications for U mobility in metamorphic fluids and dating of metamorphic mafic-ultramafic
rocks.
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Submarine hydrothermal vent fluid compositions reflect global tectonic
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Submarine hydrothermal vents are the seafloor expression of convection systems that drive seawater circulation through
the brittle lithosphere. Over four decades of seafloor research has shown that vent fluid compositions are surprisingly
diverse, but the fundamental controls on this variability remain poorly defined. As seawater composition is globally constant,
processes such as liquid—vapor separation, degree of water—rock interation and host-rock composition have been
proposed. We use a thermodynamic model of fluid-rock interaction to show that the major element chemistry of some 244
vent fluids across the world>s oceans correlate directly with the compositions of the igneous host rocks through which they
circulate. Since host-rock composition reflects igneous petrogenesis, this correlation implies a first-order control of
geodynamic settings vent fluid compositions. Hydrothermal fluids are uniformly depleted in Mg and enriched in K relative to
seawater in all igneous environments while they are exclusively enriched in Ca and in Na in basaltic and in peridotite
environments respectively. Considerations of in-situ pH indicate that seawater—rock interaction processes dominate the
chemistry of mid-ocean ridge hydrothermal systems, while magmatic volatile admixing is necessary to account for the
acidity of hydrothermal fluids encountered in arc-related settings. These findings have implications for estimates of the
geochemical mass balance between the oceans and oceanic crust. They also constitute a fundamental basis to interpret
the compositional variability of fossil hydrothermal systems in the geologic record, which bears directly on genetic models
used by the mineral industry to guide exploration for volcanogenic massive sulfide deposits.
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Garnet is a common mineral in high-pressure metamorphic rocks and grow after breakdown reactions of hydrous phases in
the subducted slab. A small quantity of water in the form of OH groups can be incorporated into the garnet structure and
therefore bring water to the deep mantle. The Zermatt ophiolite (Switzerland) shows a large variety of garnet bearing rocks
that experienced a burrial to ~80 km depth (550 °C and 2.3 GPa) (Angiboust et al. 2009). The garnets feature different solid
solutions: grossular-andradite-uvarovite in serpentinites and rodingites, grossular-pyrope-almandine-spessartine in mafic
eclogites and meta-sediments. A combination of Fourier transform Infrared spectroscopy (FTIR) and EPMA (Electron
microprobe micro-analyser) was used to measure maps ans profiles of OH and major elements in these various garnets.
This combination method enables to 1) quantify the OH contents in various garnets 2) study the effects of major-minor
elements composition on OH incorporation 3) investigate the spatial repartition of OH in zoned garnets and the retention
during their metamorphic history 4) discuss the incorporation mechanisms of OH based on correlation with chemistry and
retentivity to diffusive processes.

The capacity for OH incorporation into garnet is governed by its composition. Andradite-rich (400-5000 ppm H,O) and
grossular-rich garnets (200-1800 ppm H,O) contain at least one order of magnitude more OH than almandine-rich garnet (<
120 ppm H,0). Ca and Ti appears to be the main drivers for OH incorporation and produces distinct absorption bands that
are characteristic of multiple nano-scaled OH-environments.

Microscale analyses profiles and maps reveal the preservation of OH zoning linked with growth zoning of the garnets and
do not show any sign of reequilibration due to diffusive processes. Based on these observations and the use of 2D diffusion
modelling, H diffusion rates in these rocks are suggested to be as low as log(D[m?.s"])=-24.5 at 540 °C.

The garnets of main garnet-bearing rock types of the Saas-Zermatt ophiolite were measured for OH and enable a mass
balance model of H,0 to be calculated. The computation suggests that ~3,360 kg H,O/km (section of oceanic crust)/year
can be transported by garnet beyond 80 km depth by the subducting slab and contribute to the deep-Earth water cycle
during the Eocene subduction of the Piemont-Ligurian ocean.
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Diversity of Late Cretaceous epithermal systems of the Georgian Bolnisi
and Turkish Artvin Districts: Products of a single ore-forming system
during final Neotethyan subduction
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This study focuses on Late Cretaceous epithermal systems of the Central Tethyan Metallogenic Belt belonging to both the
Eastern Pontides, Turkey and the Lesser Caucasus, Georgia, which are associated with similar geodynamic settings. In this
contribution, we compare the host rock, alteration, ore style, and ore mineral characteristics of four of the main prospects
and deposits of this prolific belt, namely: Yanikli in the Turkish Artvin District, and the Beqgtakari, Sakdrisi, and Madneuli
deposits of the Georgian Bolnisi District.

The deposits and prospects of the Bolnisi and Artvin Districts are hosted by Late Cretaceous (89.8 to 83.6Ma and 83.4 to
81.4Ma, respectively) volcanic and volcaniclastic suites, that are the results of bimodal magmatism along the Eurasian
margin during the wanning stages of the subduction of the northern branch of the Neotethys. The composition of the
volcanic rocks is predominantly rhyolitic to dacitic, with subsidiary intermediate to mafic compositions in each district. There
are two dominant generations of dykes in Yanikli, Artvin. The first dyke generation is NE-oriented, whereas the second one
is NW-oriented. Likewise, NE-oriented dykes also crop out in the Bolnisi District.

The main alteration zones include in the Bolnisi and Artvin Districts: argillic alteration (Yanikli, Beqtakari, Sakdrisi), propylitic
alteration (Yanikli, Beqtakari, Sakdrisi and Madneuli), phyllic alteration (Yanikl, Sakdrisi, Madneuli), and intense silicification
(Begtakari). The predominant alteration minerals include chlorite, sericite and kaolinite group minerals. Adularia has been
identified by XRD in Beqtakari and Sakdrisi. Dickite has been determined in Yanikli and Sakdrisi. Anhydrite (Yanikl,
Beqtakari) and barite (Yanikli, Beqgtakari, Sakdrisi, Madneuli) were also identified in different alteration zones within both
districts.

Two mineralization stages occur in Yanikl. A first-generation Cu-rich metal assemblage is associated with a predominantly
propylitic altered polymictic breccia, and includes subsidiary Pb and Zn. A second generation Zn- and Pb-rich metal
assemblage is predominantly hosted by a sericitic altered polymictic breccia, and also contains Au and weak Cu
concentrations. In Sakdrisi (32Mt @ 0.57g/t Au, 0.1% Cu), our studies were mainly focused on the Sak-IV and Sak-V open
pits. The Sak-IV open pit consists of a deep stockwork of multistage banded Au-Cu-bearing quartz-carbonate veins. The
mineralization at the Sak-V open pit is occupied by a deep red gossan-like zone, mainly exploited for gold, whereas the
bottom part of the pit is occupied by a strongly chloritized zone crosscut by a stockwork of quartz-poor massive chalcopyrite
and pyrite veins. In Madneuli, two different ore types have been identified. A sub-vertical stockwork part (56Mt @ 0.22g/t Au
and 0.39% Cu) consists of mainly pyrite, chalcopyrite, and sphalerite with rare enargite, as well as quartz and abundant
barite as main gangue minerals in the western flank of the open pit. The second ore type consists of a sub-vertical pyrite-
chlorite-hematite-telluridef=chalcopyrite gold vein system in the eastern flank of the open pit. Begtakari (9.4Mt @ 2.93g#,
33.23¢g/t Ag, 1.44% Zn, and 0.66% Pb) consists of two different mineralization zones which are an outcropping Au-rich zone
and a Au-Ag-Zn-Pb+Cu zone at depth. Ag is nearly absent, except at Beqtkari, where higher grades were reported.

Microthermometric fluid inclusions studies have been conducted in Beqtakari and Sakdrisi. The homogenization
temperatures of sphalerite range between 229 to 294°C with salinities between 3.1 to 3.9% NaCl eq. in Beqtakari, and 278
to 273°C with salinities between 5.9 to 6.2 wt% NaCl eq. in Sakdrisi. The sulfur isotope compositions (d*S) of sulfide
minerals from Yanikli match with those of the Bolnisi District deposits. The d*S values of anhydrite samples from Yanikl
and barite samples from Beqtakari partly overlap with the sulfur isotope composition of late Cretaceous seawater sulfate.

Considering the fact that the lithology, alteration and mineralization characteristics of each deposit and prospect of the
Bolnisi and the Artvin Districts share similar characteristics, we conclude that they can be interpreted as belonging to the
same regional Late Cretaceous ore-forming event. Further studies are needed to understand if they were produced by
similar ore-forming fluids derived from similar sources.



Figure 1. Setting of the Bolnisi and Artvin Districts and regional geology.
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Quantification of excess #'Pa in late Quaternary igneous baddeleyite
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3 Present address: Institute of Geochemistry and Petrology, ETH Ziirich, Clausiusstrasse 25, CH-8092 Ziirich, Switzerland
(vi.sun@erdw.ethz.ch)

Initial excess protactinium (**'Pa) is a frequently suspected source of discordance in baddeleyite (ZrO,) geochronology,
which limits accurate U/Pb dating, but such excesses have never been directly demonstrated. In this study, Pa
incorporation in late Holocene baddeleyite from Somma-Vesuvius (Campanian Volcanic Province, central Italy) and Laacher
See (East Eifel Volcanic Field, western Germany) was quantified by U-Th-Pa measurements using a large-geometry ion
microprobe. Baddeleyite crystals isolated from subvolcanic syenites have average U concentrations of ~200 ppm and are
largely stoichiometric with minor abundances of Nb, Hf, Ti, and Fe up to a few weight percent. Measured (**'Pa)/(*%U)
activity ratios are significantly above the secular equilibrium value of unity and range from 3.4(8) to 14.9(2.6) in Vesuvius
baddeleyite and from 3.6(9) to 8.9(1.4) in Laacher See baddeleyite (values within parentheses represent uncertainties in
the last significant figures reported as 10 throughout the text). Crystallization ages of 5.12(56) ka (Vesuvius; MSWD = 0.96,
n =12) and 15.6(2.0) ka (Laacher See; MSWD = 0.91, n = 10) were obtained from (**°Th)/(**®U) disequilibria for the same
crystals, which are close to the respective eruption ages. Applying a corresponding age correction indicates average initial
(**'Pa)/(***U), of 8.8(1.0) (Vesuvius) and 7.9(5) (Laacher See). For reasonable melt activities, model baddeleyite-melt
distribution coefficients of D, /D, = 5.8(2) and 4.1(2) are obtained for Vesuvius and Laacher See, respectively. Speciation-
dependent (Pa* vs. Pa%) partitioning coefficients (D values) from crystal lattice strain models for tetra- and pentavalent
proxy ions significantly exceed D, /D,, inferred from direct analysis of ?'Pa for Pa®*. This is consistent with predominantly
reduced Pa*" in the melt, for which D values similar to U** are expected. Contrary to common assumptions, baddeleyite-
crystallizing melts from Vesuvius and Laacher See appear to be dominated by Pa** rather than Pa%*. An initial disequilibrium
correction for baddeleyite geochronology using D, /D, =5 + 1 is recommended for oxidized phonolitic melt compositions.

REFERENCES
Sun, Y., Schmitt, A. K., Pappalardo, L., & Russo, M. 2020: Quantification of excess #?*'Pa in late Quaternary igneous
baddeleyite. American Mineralogist: Journal of Earth and Planetary Materials, 105(12), 1830- 1840.
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Biogenic Carbonate Paleotemperature Records Biased by Grain
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Oxygen isotope compositions of fossil marine organisms (e.g. foraminifera, molluscs, belemnites) have been successfully
used to reconstruct surface and deep paleoseawater temperatures of the Mesozoic to the present. The reliability of this
temperature record is predicated on the use of fossils that show no overt microscopic evidence of diagenesis. However,
recent studies have demonstrated that the isotopic and chemical composition of many (bio)minerals can be altered at low
temperatures without any ultrastructural signs of diagenesis. This suggests that paleotemperature records based on
biomineral 5'®0 values may be biased by “visually pristine” but diagenetically altered biominerals.

To quantify, correct, and determine the process behind this potential isotopic bias, we exposed modern foraminifera tests
and bivalves to '®0O-enriched, artificial seawater, saturated with respect to calcite, for up to 60 days at 30—190 °C. Optical
and scanning electron microscopy showed no changes to the original biomineral ultrastructures after the experiments. Bulk
isotope measurements show that isotope exchange is linear with respect to the square root of time, which suggests a
diffusive mechanism. Additionally, high temperature experiments reveal that isotope exchange plateaus after about 2 to 3%
of the oxygen in a biomineral has exchanged, implying that biominerals contain a small but rapidly exchangeable reservoir
of grain boundary oxygen. This reservoir will approach an isotopic equilibrium with any surrounding pore fluids in <100
years at any temperature over 0 °C.

Our results demonstrate that biominerals can rapidly exchange with pore fluids at low temperatures and on geologically
short timescales. This reequilibration can bias paleotemperatures derived from biomineral §'0 values and requires that
these records be corrected for the effects of grain boundary diffusion.



3.2
Anoxic conditions of Proterozoic deep oceans: Evidence from recycled
sediments in plume-influenced MORBs.
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Subduction of ancient mafic oceanic crust and sediments is considered a major cause of the large-scale chemical
heterogeneity in Earth’s mantle. This is inferred from studies of mid-ocean ridge basalts (MORB) and ocean-island basalts
(OIB), which show a large variability in their geochemical and isotope signatures.

Under present day oxidizing conditions, a light Mo isotope composition (down to 898/95Mo = -1.5 %0) compared to the
depleted mantle (698/95Mo = -0.2 %o) is preferentially retained in the residual subducted slab entering the deep mantle,
where it is potentially recycled into the mantle source of OIBs (1, 2) such as oceanic crust and marine sediments,
contribute to the Mo isotope signature of arc magmas and, hence, exert different controls on the terrestrial Mo cycle. Here
we investigate Mo isotope systematics from input to output at the Tongan subduction zone: Arc lavas from different Tongan
islands, pelagic sediments and altered oceanic crust (AOC. This is thought to reflect the redox—dependant aqueous
mobility of Mo, causing Mo isotopic fractionation between different reservoirs before and during subduction. Molybdenum
isotope ratios (698/95Mo) can therefore constrain the nature of recycled components in source of OIBs.

In this study, we present new Mo isotope data for MORB that partly interact with enriched mantle plumes. An increase
towards heavier Mo isotopic values of up to -0.10 %o in 898/95Mo is observed from the most depleted samples towards
samples tapping a more enriched mantle source. The observed correlations between 698/95Mo and radiogenic isotopes of
Sr and Nd indicate recycling of sedimentary components with Mo isotopic composition that was not altered by Mo mobility
under oxidizing conditions. Instead our new Mo isotope data, supporting and expanding on previous Se isotope evidence
(3), suggest non-oxidizing conditions during deep sea sediment deposition and subduction metamorphism in the
Proterozoic.

REFERENCES

1. Q. Ahmad, et al., The Molybdenum isotope subduction recycling conundrum: A case study from the Tongan subduction
zone, Western Alps and Alpine Corsica. Chem. Geol. 576, 120231 (2021).

2. R. M. Gaschnig, et al., The impact of primary processes and secondary alteration on the stable isotope composition of
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3Mn-53Cr chronological and £5*Cr-A""O geneological constrains
on Erg Chech 002 parent body: source of the oldest andesite in
the Solar System
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(aryavart.anand@geo.unibe.ch)

Erg Chech 002 (EC 002) is the oldest magmatic rock analyzed to date and presents a unique opportunity to study the
formation of felsic crusts that covered the earliest formed protoplanets after metal-silicate equilibration or core formation
[Barrat et al., 2021]. Magmatic iron meteorites that represent the cores of such differentiated bodies have been extensively
studied using '82Hf-'¢2W chronometry [e.g., Kruijer et al., 2017] and more recently by *Mn-%Cr systematics [Anand et al.,
2021] and have dated the timing of metal segregation in magmatic iron meteorite parent bodies within 2.5 Myr after CAls.
This agrees with the 2°Al-*Mg internal isochron defined by feldspars and pyroxenes in EC 002, giving an age of 2.255 Myr
after CAls, assuming a homogeneous distribution of Al with an initial 26Al/2’Al ratio of 5.23x105; or 1 Myr after CAls when
anchored to the Al chronology of D’Orbigny angrite [Barrat et al., 2021]. The short-lived *Mn-*Cr (t,, = 3.7 Ma)
chronometer can shed further light on the timing and extent of the formation process of a primitive igneous crust on the EC
002 parent body.

Manganese and Cr are minor elements in EC 002 components and these have variable and high Mn/Cr ratios, making
them suitable for dating by constructing an isochron. Alternatively, the Cr isotopes can be used to obtain precise “model
ages” for chromite with a Mn/Cr ratio near zero. An additional advantage of Cr isotope study is that when combined with
A0 values, €*Cr-A"0 can provide a means for identifying the isotopic source reservoir of the parent body.

Here, we report on 5*Mn-%3Cr chronometry of EC 002 meteorite using both the isochron and model age approach. The
chromite model age is in good agreement with the previously determined #Al-?Mg age, however, the chromite-bulk rock-
silicate-isochron gives an older age, possibly because of disturbances due to differences in the closure temperature of
multiple phases and/or disturbance during core-formation processes. The €*Cr-A'’O data suggest EC 002 originates from
the non-carbonaceous (NC) reservoir and point to its formation near the source reservoir of the acapulcoite-lodranite clan.

REFERENCES
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Strontium isotope analyses of matrix apatite and apatite incluions in
zircon constrain the evolution of the Paleoarchean Singhbhum Craton
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The Rb-Sr isotope system is much more sensitive to mantle melting and fractionation processes than the Sm-Nd and Lu-Hf
systems [1]. This strong Rb-Sr fractionation during geological processes can provide a higher temporal resolution for
different differentiation processes and improve the understanding of Archean mantle differentiation. However, the strong
fractionation can make it difficult to obtain precise initial Sr-isotope composition of rocks. In addition, the Rb-Sr isotope
system is highly susceptible to later modification by alteration and metamorphic overprinting. Therefore, the application of
Rb-Sr systematics in Archean rocks has not gained much attention. However, apatite has near zero Rb/Sr thus it has the
potential to preserve its initial 8Sr/®Sr, making it a suitable mineral to probe Archean crust-mantle evolution. Recent
developments in in-situ techniques [2] are showing their suitability to obtain well-preserved initial 8Sr/%Sr in matrix apatite
and apatite inclusions within zircon in Archean rocks.

A new laser ablation multi-collector inductively coupled plasma mass spectrometry method [2] was used to analyse matrix
apatite and apatite inclusions in zircon in rocks from different lithological units of the Paleoarchean Singhbhum Craton
(India) to obtain the best preserved initial &Sr/%¢Sr. Precision of up to 111 (2SD of mean) unit was achieved on MAD apatite
standard. A particular data filtering process has been applied to derive the least radiogenic Sr-isotope ratios, eliminating
recrystallized and reset apatite grains with higher initial 8Sr/%Sr values. Lowest values from each of the samples were
grouped for a representative initial value of a particular sample. Apatite inclusions in zircon systematically preserve less
radiogenic initial #Sr/%Sr values than their matrix counterpart, which advocates towards their chemically primary nature and
efficiency in preserving initial 8Sr/%Sr ratios. Derived Rb/Sr ratios of the source coupled with initial 8Sr/®Sr, constrains the
Sr isotopic evolution of the craton and the mantle beneath.

Initial 8Sr/%Sr data from apatite of the 3.44 to 3.20 Ga Singhbhum granitoids show extraction either from a depleted mantle
source with Rb/Sr of ~0.2 at 3.5 Ga or formation due to reprocessing of a mafic precursor with 49% SiO, and maximum age
of 3.77 Ga. Irrespective of the process, the data indicates that no significant amounts of (mafic) crust older than 3.8 Ga was
involved in formation of the voluminous Singhbhum granitoid suite and that the crustal rocks of the craton formed within a
very narrow window of 200 Ma with very short crustal residence time.

REFERENCES
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ago. Nature Geoscience, 8(7), 552-555.

[2] Emo, R. B., Smit, M. A., Schmitt, M., Kooijman, E., Scherer, E. E., Sprung, Peter., Bleeker, Wouter., & Mezger, K. (2018).
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How to identify seafloor anoxia using carbonate U isotopes, despite
oxidative diagenesis
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The interpretation of local redox indicators in marine sediments relies on their preservation. By their nature, such

biogeochemical tracers are susceptible to diagenetic alteration, particularly through post-depositional re-oxidation of the
sediment. This can result in the mobilization and loss of distinctive redox dependant signatures, leading to the classical
problem that the presence of oxygenated conditions cannot be robustly inferred by the absence of evidence for anoxia.

Authigenic uranium enrichments, and their isotope signatures (§°%U), are widely used to infer bottom-water and pore-water
redox conditions but are susceptible to later oxidative diagenetic disturbance. Here we explore the preservation of
authigenic 328U signatures in sediment samples from Sapropel S1 at Site 64PE406-E1 in the Eastern Mediterranean Sea,
which was originally deposited under reducing conditions but severely affected by later oxidative diagenesis and the
variable loss of authigenic U(IV) from the upper sapropel.

To this end, we compare U isotope signatures from bulk measurements (8?**U, ) with detrital corrected authigenic U
(8**U,,,,) and carbonate associated U (6**U_, ). In contrast to open ocean carbonates deposited under fully oxic conditions
and record seawater §***U, sapropelic carbonate leachates yield 6**U_, , similar to calculated 6***U_ , thus recording
(predominantly) redox dependant isotope fractionation.

auth’

There is no evidence for significant isotope fractionation resulting from post-depositional oxidative diagenesis, but
associated authigenic U(IV) removal results in larger relative detrital contributions to 6***U, ,, and hence large uncertainties
on &%U_ . estimates. By contrast, §***U_, , successfully avoids detrital phases, and the uncertainty associated with detrital
corrections, providing a primary record of changes in local redox conditions. Thus, we propose that §**U_, , can be used for
accurate reconstructions of benthic de-oxygenation in sediments with low U enrichments, including sediments with post-

depositional U(IV) loss and less reducing environments.
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Molybdenum (Mo) isotopes are known as sensitive recorders for changes in redox conditions in paleo-marine
environments. In lake systems, the small dissolved Mo reservoir and the shorter Mo residence time require further
investigation of Mo isotopic fractionation processes from source to sink to identify the impact of potential
paleoenvironmental changes on Mo isotopic composition in lake sediments over time. Here we present Mo isotope and
concentration data from (1) laterite profiles overlying ultramafic bedrock (source); (2) lake surface sediments (sink) and (3)
a ~30 kyr downcore sediment succession (sink) from Lake Towuti, Indonesia. Variations in Mo concentration in Lake Towuti
surface sediments can partly be explained by hydraulic sorting and deposition of fine, Mo-enriched lateritic detritus.
However, higher Mo concentrations, particularly in the deeper, anoxic parts of the basin, compared to Mo concentrations
measured in laterite and bedrock samples point towards an authigenic Mo enrichment from the water column. This is in line
with an overall lighter and highly variable Mo isotope composition in lake sediments as compared to bedrock and laterite
values. Interestingly, Mo isotope variability observed in Lake Towuti surface sediments is primarily a function of water
depth, with Mo isotope composition from shallow, well-oxygenated sites being lighter and those originating from the deeper,
anoxic parts of the basin being heavier. Likewise, sediments deposited under drier and colder climate conditions of the last
glacial exhibit Mo isotope signatures similar to today’s oxygenated shallow water sites making Mo isotope compositions a
valuable quantitative indicator of past water column oxygenation.
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Re-assessing the influence of particle-hosted sulphide formation on the
marine cadmium cycle
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It has been inferred that the marine distributions of the micronutrient cadmium (Cd) and its stable isotope composition
(expressed as d"*Cd) bear widespread and unambiguous evidence for loss of Cd from the water column through the
formation of solid cadmium sulphide (CdS) in oxygen minimum zones (OMZs; Janssen et al., 2014). Recent research has
suggested that this particle-hosted CdS formation may represent the largest Cd sink term in its whole-ocean budget
(Guinoiseau et al., 2019). Here, by bringing together previously-published elemental and isotopic datasets from the
dissolved and particulate Cd pools, we unravel the multiple, overlapping controls on the Cd and d'“Cd distributions,
demonstrating that the data challenge this view.

Our analysis reveals that the most important control on the marine Cd distribution is the extreme plasticity in the
cadmium:phosphorus (Cd:P) stoichiometry of biological uptake, and thus particulate export. We show that the d"'“Cd
systematics in low-latitude OMZs that have been taken to reflect Cd loss in fact mainly come about through the interaction
between the physical circulation and the stoichiometric plasticity of biological Cd uptake at high and low latitudes. Water-
column evidence for Cd loss is thus much less widespread than has previously been inferred.

Subtle but consistent signals in particulate elemental and dissolved isotopic data from the tropical Atlantic and Pacific
Oceans do allow us to identify the signal of a Cd loss associated with the oxycline of the shallow tropical subsurface, as
has been previously suggested (e.g. Janssen et al., 2014; Conway and John, 2015; Guinoiseau et al., 2019; Ohnemus et
al., 2019; Xie et al., 2019). However, this Cd loss appears to be ubiquitous throughout the tropics, rather than confined to
oxygen-poor waters, speaking against CdS formation as a driving mechanism. Although its true identity remains unknown,
this tropical Cd loss may be related to biological activity. Most generally, our analysis bears upon the contribution of particle-
hosted CdS formation to the whole-ocean mass balance of Cd, which is likely to be much smaller than recent estimates
have suggested.
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The Early Triassic is a period marked of biotic crisis linked to environmental disturbances, such as oceanic redox changes,
ocean acidification and strong temperature variations, after the end Permian mass extinction. These perturbations highly
impacted geochemical cycles (O, C, S, N) that recorded isotopic swings, especially at the Smithian-Spathian boundary
(SBB). However shallow environments were described to preserve favorable conditions for flourishing ecosystems. We
propose here to explore regional paleoredox changes and the possible influence of biotic crisis through the analyze of iron
isotopes in micropyrites from the Lower Webber Canyon (LWC) section in Utah. The depositional environment of the LWC
section reflects a ramp system along which we analyzed, using SIMS technique, 8 samples representing 3 lithologies
(siltstones, bioclastic limestones and silty marls). Large &%Fe fluctuations (~6%.) were evidenced from the late Smithian to
the early Spathian, consistent with a local enhanced preservation of organic matter in microbial induced sedimentary
structures deposited during the late Smithian and bioclastic limestones of the SSB. These results suggest a partial control
of the depositional environment, as well as organic matter concentrations that is directly linked to microbial activity, on the
iron cycling through the Smithian-Spathian crisis interval.
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The oceanic budget of nickel: new concentration and isotope data from
Mn-rich pelagic sediments
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Nickel (Ni), like many other transition metals, plays an important role in ocean biogeochemistry (Archer et al., 2020).
Recently, the advances in analyzing Ni isotopes (3% Ni), have opened new perspectives for their development as a tracer of
the chemistry of past ocean environments. This application, however, requires, an understanding of its modern oceanic
budget and biogeochemical cycling (Little et al., 2020; Vance et al., 2016).

The Ni isotope compositions of known inputs are lighter (+0.8%o) than Ni in the oceanic dissolved pool (+1.3%o), while most
of the sedimentary outputs are isotopically similar to or heavier than seawater, resulting in an imbalance in the Ni budget in
the ocean. Since there is no evidence for non-steady-state behavior of Ni, balancing the Ni budget requires an isotopically
heavy Ni input or an isotopically light output flux, or both (Little et al., 2020; Vance et al., 2016). The heavy Ni sorbed to Fe-
Mn crusts (+1.6%o0) has been used as a proxy for the isotopic composition of the Fe-Mn oxide output flux of Ni from the
dissolved pool of the ocean, creating the budgetary problem mentioned above. New data from Little et al. (2020) for Mn-rich
oxide sediments from the eastern Pacific, however, show very light Ni isotopes (-0.2 to -0.8%0) compared to Fe-Mn crusts.
These light signatures are attributed to diagenetic remobilization of isotopically heavy Ni, which could possibly lead to a
heavy benthic Ni flux that would balance the oceanic budget.

In order to assess the extent to which the results from these sediments is general, we present new Ni data from Mn-rich
pelagic sediments from different sites at different depths across the Pacific and from the Indian ocean. Nickel is enriched in
these samples (~80-500 ppm), with little variation in data from the same site, and concentrations are of the same
magnitude as the data presented by Little et al. (2020). The Ni isotope composition in our samples is generally lighter (3%Ni
= 0.25-1.04%o0) than seawater d%Ni (+1.3%o), but heavier than those in Little et al. (2020). Further analyses will investigate
these site-specific 3%°Ni, including their relationship with diagenetic conditions driven by variable carbon oxidation rates.
But, overall, the finding by Little et al. (2020), that the output flux of Ni associated with Mn oxides is in fact lighter than
seawater, appears to be general.
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Local Melt Contamination and Global Climate Impacts: Geochronology
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Eruptions of Large Igneous Provinces (LIP) are commonly correlated with global climate change, and environmental and
biological crises. However, establishing a causative link via chemical and physical proxies for global change is more
complicated and often ambiguous. As technical improvements have allowed for increasingly higher precision dates,
especially in U/Pb dating, it is possible to better test hypotheses connecting LIP’s and environmental impact via their
contemporaneity. Here, we focus on the early Jurassic period, which includes a period of global change known as the
Toarcian oceanic anoxic event (TOAE), as well as the emplacement of the Karoo Large Igneous Province (K-LIP).

The K-LIP is comprised of a suite of basaltic lava flows, sills, dike swarms, centered in southern Africa. Approximately
340,000 km? of sills are interlaid within the Karoo Basin, and therefore served as significant heat source to the basin upon
emplacement. While much of the sedimentary rocks of the basin are siliciclastic, the Permian Ecca Group contains organic-
rich facies and hosts 160,000 km?® of basaltic sills. Previous mass balance calculations indicate that between 7,000 and
>50,000 Gt of CO, equivalents was released through metamorphic reactions of these shale bodies in contact aureoles
within the Ecca Group. If intrusive magmatism was short lived within this formation than this event could represent a
mechanism to drive a short pulse of global climate change due to rapid volatilization and degassing from the shales.
Previous studies have shown that intrusions are coeval with the TOAE, however higher-precision geochronology data from
the sills is necessary to determine if the flux and timing of thermogenic gases from the basin was sufficient to destabilize
Earth’s climate. In order to test the hypothesis, we present single crystal zircon and baddeleyite U-Pb dates and Hf isotopic
compositions from sills across the Ecca Group. These data indicate that high-precision geochronology of intrusive LIP can
be complicated by both inheritance and Pb-loss, and the thermogenic gas release of Ecca Group wall rocks was likely a
rapid process, on the scale of 10’s of ka, and therefore is a viable trigger for the observed environmental change during the
Toarcian.
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Chromium cycling in euxinic basins: Implications for the 5%Cr
paleoredox proxy from a modern system (Lake Cadagno, Ticino,
Switzerland).
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Chromium is present in two primary oxidation states in surface waters and marine and lacustrine sediments: the oxidized
Cr(VI) and the reduced Cr(lll) species. Due to the strong influence of redox cycling on Cr concentrations ([Cr]) and stable
isotope distributions (8%°Cr), Cr has gained prominence as a potential paleoredox proxy. The fundamental underlying theory
behind these applications — Cr(VI) is highly soluble, while Cr(lll) is poorly soluble and readily scavenged onto particles, and
redox cycling results in an enrichment of isotopicaly light Cr in Cr(lll) — is generally supported by lab and field studies.
However, few data for more direct assessments from modern anoxic systems are available. The meromictic Lake Cadagno
(Ticino, Switzerland) has been used as a modern analog for euxinic systems throughout Earth’s history to better understand
geochemical cycling and paleoproxy applications. With this motivation, here we present 8%Cr and [Cr] in Lake Cadagno
from the water column and near-surface sediments. The euxinic monimolimnion is enriched in [Cr] relative to overlying oxic
waters, in contrast to expectations from Cr(VI) and Cr(Ill) solubility. While dissolved &%Cr in euxinic water column samples
is isotopically light relative to overlying oxic waters, deep waters are isotopically heavy relative to sediments. Furthermore,
sediment 8%°Cr is indistinguishable from average upper continental crust 8%Cr. These data have important implications for
[Cr] and &%3Cr paleoproxy applications — namely that Cr may not be efficiently sequestered into sediments in euxinic
systems, and that reconstructions of water column &%Cr from euxinic sediments may require additional corrections, which
are unconstrained at present.
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Temporal and spatial constraints on the ureilite-forming region inferred
from Cr isotopes

Pascal M. Kruttasch', Aryavart Anand’, Klaus Mezger'

" Institut flir Geologie, Universitét Bern, Baltzerstrasse 1+3, 3012 Bern, Switzerland (pascal.kruttasch@geo.unibe.ch)

The formation and evolution of meteorite parent bodies and their spatial distribution play a critical role in establishing early
solar system processes and their chronology. The time difference between the accretion of the earliest differentiated
meteorite parent bodies and most chondrite meteorite parent bodies is greater than ~2 Ma (e.g. Kruijer et al., 2014;
Hellmann et al., 2019) with intermediate accretion ages of the ureilite parent bodie(s) at 1.4-1.7 Ma relative to CAl, as
inferred by Hf-W chronometry (Budde et al., 2015).

Ureilites are ultramafic, carbon-rich primitive achondrites, highly depleted in feldspar-rich magma and sulfur-rich iron melt.
However, despite their igneous textures, ureilites exhibit variable silicate compositions (e.g., Fo75 to Fo96) and show mass-
independent isotope heterogeneities in O and *Cr, indicating incomplete equilibration of the ureilite parent body (UPB) or
origin from more than one parent body. In order to investigate temporal and spatial constraints on the ureilite-forming
region, Cr isotope systematics were applied to acid-leachates and chromite-silicate separates of a suite of monomict
ureilites. Chromium isotopes were analysed with high precision using Thermal lonization Mass Spectrometry (TIMS) at the
University of Bern.

Internal **Mn-%3Cr isochrons of acid-leachates of individual ureilites are consistent with the chromite-bearing ureilite NWA
766 previously analysed by Yamakawa et al., (2010). Separated chromite grains with Mn/Cr ratios of ~0.01 and &*Cr =
-0.06, suggest an average Cr model age of ~3.3 Ma after CAl formation, asuming initial >*Cr and %*Mn abundances of the
Solar System and chondritic Mn/Cr ratios reported in Anand et al., (2021). The variation in €3Cr ranges for individual
ureilites from 1.0 to -0.6 and correlates with Mg# in olivine cores but exhibit internal homogeneity. The €3Cr-values are the
lowest determined in any known meteorite group and suggest formation in the non-carbonaceous chondrite (NC) reservoir.
Thus, the ureilites represent possibly a spatial endmember of the NC-reservoir.
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Inter-mineral iron and oxygen isotope fractionation in eclogites of the
Munchberg Massif (Germany).
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In the absence of strong fluid-rock interactions, stable isotopes of oxygen ('O, ,,.,,) and iron (5*Fe,,. ..,.) are thought to
behave conservatively during subduction zone metamorphism. High-pressure minerals may attain isotopic equilibrium, and
preserve it in case of limited diffusion. High-Fe**/>Fe minerals tend to enrich heavy Fe isotopes compared to coexisting
low-Fe**/2Fe minerals, but Fe coordination can also play an important role. The relative contributions of these two factors
are poorly known for high-pressure minerals. Here, we test eclogites (without metamorphic vein networks) from the
Variscan Minchberg Massif for oxygen isotope equilibrium, and characterize Fe isotope fractionation between eclogite
facies minerals.

All minerals in the eclogites are homogeneous in major elements, except garnet, which mostly shows gradual zonations
(rimward enrichment in MgO and depletion in CaO; FeO and MnO zonation is less common). Spatially resolved analyses of
garnet were obtained by SIMS (3'®0), and microdrilling followed by solution ICP-MS (3%Fe). Other minerals were
conventionally separated and analyzed by laser fluorination mass spectrometry (3'®0) and solution ICP-MS (5%Fe).

Within ca. £0.5%. uncertainties (20), garnet from all samples is homogeneous in 380 values. 5'®0 values of garnet,
omphacite, amphibole, kyanite, zoisite, phengite, and quartz mostly agree with predicted values for temperatures around
670-700°C. In contrast, 3'®0 values for rutile are always ~3%. lower than predicted. Despite lacking oxygen isotope
zonations, garnet is zoned in §%Fe values with core-to-rim increases by up to 0.3%.. Being the most reduced mineral in the
assemblage (Fe*/ZFe < 0.03), garnet yielded 3%Fe values 0.1-0.3%o lower than than those of coexisting omphacite (Fe®/
ZFe = 0.070.56) and amphibole (Fe**/zFe = 0.07110.28), but 0.1-0.4%o higher than pyrrhotite (Fe**/>Fe = 0.29 as Fe,S,).
It seems that the eclogites did not undergo major metasomatic events during high-pressure metamorphism and essentially
retained inter-mineral oxygen isotope equilibria, except for diffusional resetting of rutile. With oxygen isotope equilibrium
preserved, the assemblage is expected to be in Fe isotope equilibrium as well. Given closed-system behavior, we ascribe
the 3%¢Fe zonation in garnet to Rayleigh fractionation. Iron isotope fractionation between garnet, omphacite, and amphibole
may result from both the different Fe oxidation states and bonding environments, whereas the low §%Fe values of pyrrhotite
reflect its low Fe-S bond strength.
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The viability of rhenium-osmium (Re-Os) geochronology as a benchmark technique for accurate and high-precision time
stamps of geological processes requires the characterization of the residency of Re and Os in all potential host phases
(e.g., sulfides, organic-rich shale). Beyond the robust Re-Os geochronometer in molybdenite (Stein et al., 2000; Selby and
Creaser, 2004; Takahashi et al., 2007), the exploration of the residency of Re and Os in other sulfides suitable for Re-Os
geochronometry is only beginning (e.g., pyrite; Hnatyshin et al., 2020). Here, we develop a workflow to quantify the
distribution and abundance of Re in bornite (Cu,FeS,) by using molybdenum (Mo) as proxy. This stepwise workflow
includes: (1) reflected/transmitted light microscopy; (2) X-ray diffraction of individual bornite mineral separates; (3) major,
minor and trace element mineral chemistry by combined electron microprobe and laser ablation inductively coupled plasma
sector field mass spectrometry (LA-ICP-SFMS) to study the correlation between Mo and Re contents; and (4) laser ablation
inductively coupled plasma time-of-flight mass spectrometry (LA-ICP-TOFMS) to map the distribution of Re in bornite
leading to quantified maps of Mo in this mineral (detection limit of = 1 mg kg™ for Mo).

The Re and Mo concentrations quantified from individual, 43-um-wide, LA-ICP-SFMS spots defined robust linear
correlations in all studied bornite samples. The LA-ICP-TOFMS intensity maps of Re mimic the quantified distribution maps
of Mo in these bornite samples. Micro-inclusions of molybdenite were not observed in bornite whereas inclusions of
chalcopyrite and germanium sulfides do not host significant amounts of Re or Mo (Fig. 1). Thus, in epigenetic bornite
associated with solid bitumen in dolomitized limestone, we explore:

i Whether tetravalent Mo(lV) and Re(lV) are captured in sub-micron-scale, Re-bearing Mo-Fe-S cuboidal clusters
that are scavenged during bornite growth;

ii. Or the coupled distribution of Mo and Re indicates that Mo(IV) and Re(IV) might both occupy vacancies in
tetrahedral interstices of the cubic and orthorhombic crystalline structures of bornite when it precipitated as
hydrothermal fluids cooled below 230°C.

Our work lends credibility for accurate and high-precision bornite Re-Os isochron dates obtained previously, as geologically
significant ages of giant metal accumulations hosted in sedimentary rocks (Saintilan et al., under review).
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Figure 1. Sulfide paragenetic association (reflected light microscopy image of bornite sample ASK-03) compared with quantitative and
qualitative maps of molybdenum (Mo) and rhenium (Re), respectively, generated by LA-ICP-TOFMS imaging of this sample. Laser ablation
was carried out using a laser beam with a diameter of 5 ym represented each in one pixel.
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New high-precision U-Pb zircon CA-ID-TIMS ages on the
Paleoproterozoic Makganyene Formation, Griqualand West Basin, South
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To improve the temporal correlation between changing environmental settings in the Paleoproterozoic and the Great
Oxidation Event (GOE) at ca. ~2.4 Ga, we performed a detrital zircon study on six samples from glacial deposits of the
Makganyene Formation, Griqualand West Basin, South Africa. It is hypothesized that these diamictites are the remnants of
the oldest preserved Snowball Earth state. A potential overlap between this glacial period with the GOE makes this
diamictite particularly interesting to evaluate links and causalities between both events.

The detrital zircon crystals were separated from hand and drillcore samples, which cover a large areal extent of the
diamictites within the basin. Up to 150 zircon crystals per sample have previously been analyzed using laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS) techniques at University of Johannesburg, primarily to
determine the maximum depositional age of these glacial sediments. At University of Geneva, we extracted zircon crystals
with the youngest LA-ICP-MS dates from each sample, treated them with chemical abrasion, and analyzed the remaining
zircon material with high precision and accuracy using isotope dilution thermal ionization mass spectrometry (ID-TIMS)
technique. We take the result of the ID-TIMS method to be more robust, since the Pb loss bias has been significantly
reduced.

The majority of the zircon crystals that defined an overly young ~2250 Ma peak from the LA-ICP-MS dating were
completely dissolved after 4 hour of chemical abrasion at 210 °C. This observation indicates that the peak is possibly an
artifact of Pb loss. Zircon crystals that survived the leaching procedure consistently returned older ages when analyzed with
ID-TIMS; in many cases up to several tens to a hundred of millions of years. Moreover, the uncertainties of individual
measurements were improved by one order of magnitude. All samples show a prominent, well-developed peak that spans
from ~2460 to ~2480 Ma, which suggests that these zircons were likely sourced from the underlying upper Ghaap Group as
previous work suggests. One sample (MAK-D), extracted nearby Griquatown, yielded multiple, concordant, single-grain
analyses at 2420 Ma. Therefore, we confidently propose a new, robust, and reliable maximum depositional age of ~2420
Ma for the Makganyene Formation. We interpret this age to represent a post Snowball Earth state immediately after the
melting and subsequent retreat of the hypothesized worldwide glaciation.

Our results support the already proposed hypothesis that the GOE pre-dates the Paleoproterozoic glaciations in the
Griqualand West Basin. In addition, they also corroborate the age of the overlying Ongeluk lavas, and suggest that their
extrusion was very fast within a few million years.
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Sabkha dolomite as an archive for the magnesium isotope composition
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Recent studies have uncovered the potential of Mg isotopes (52°Mg) for studying past ocean chemistry, but records of such
data are still scarce. Dolomite has been suggested as a promising archive for Mg of seawater. However, its enigmatic
formation mechanism and the difficulty in precipitating dolomite in the laboratory at surface temperatures decrease
confidence in the interpretation of 8%Mg values from the rock record. To evaluate factors determining the %Mg of dolomite,
we studied pore water and sediment from Dohat Faishakh Sabkha, Qatar — one of the rare environments where dolomite is
currently forming. The 8%Mg values of the dolomite (-2.56%o to —1.46%o0) are lower than that of seawater (—0.83%o),
whereas §%®Mg values of pore water (—0.71%o to —0.14%o) are higher. The isotope fractionation accompanying dolomite
formation is generally in accordance with an empirical fractionation from the literature, extrapolated to the sabkha’s
temperature (-1.84%o to —1.51%o). The results suggest that evaporated seawater is the sole source of Mg, and isotopically
light dolomite is the major sink, so that the Mg of the dolomite-forming pore water is equal to or greater than that of
seawater. Thus, provided that the lowest 5?*Mg value among several dolomite samples is used, and the formation
temperature is known, similar sabkha-type dolomites can be utilized as an archive for Mg values of ancient seawater.
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Differentiation of primitive basaltic magmas is a fundamental process contributing to the production of intermediate to silica-
rich rocks and thus the continental crust. For many non-traditional stable isotope systems fractionation associated with
igneous processes is documented, indicating their potential to (i) advance our understanding of magmatic differentiation, (ii)
reconstruct past geodynamic regimes, and (iii) perform mass balance calculations for the amount of extracted continental
crust (Teng et al. 2017).

The Mo and Ti isotope systems are particularly useful for such studies. The Mo isotopic composition of the upper continental
crust (arc basalts and granites) is significantly heavier than the mantle, and Mo isotopes can therefore be used for mass
balance calculations of the amount of extracted continental crust (McCoy-West et al. 2019). On the other hand, subduction-
related and intraplate rocks have distinct Ti isotope signatures, making the &*°Ti of magmatic rocks a potential proxy to
reconstruct geodynamic settings of samples lacking such a context (e.g. Aarons et al. 2020; 2021). However, for both of these
isotope systems important details for their stringent application to such questions are not well constrained. For example, Mo
isotopes also fractionate during fractional crystallization, but data for the lower continental crust is not available, impacting
mass balance calculations. For the Ti isotope system, the reason for the different composition of intraplate and subduction-
related rocks is not well understood, partly because information about fractionation of Ti isotopes in mineral phases other than
Fe-Ti oxides is rare. For both systems, data from cumulate rocks and rocks from the lower continental crust could help to
overcome these unknowns, but these rock types are strongly understudied for the two isotopes systems.

We therefore present new Mo and Ti isotope data on calc-alkaline magmatic differentiation suites such as the Torres del Paine
Intrusive Complex (TPIC, Patagonia) and compare their Mo and Ti isotope fractionation paths. The crustal derived mafic
cumulates (hornblende gabbros, average 598M0N|5T= —0.14 = 0.20%o (2 s.d.); 849TiOL_Ti= +0.01 £ 0.06%o) reported here are
overall isotopically lighter than their granitic counterparts (698M0N|8T= +0.14 £ 0.41%o; 649TiOL_Ti= +0.45 + 0.03%o), but heavier
or identical to the depleted MORB mantle (DMM, §*°Mo, ¢~ ~0.204 + 0.008%o; &°Tiy, ,= +0.002 + 0.007%).

The lack of Mo and Ti signatures lighter than DMM that would help to balance the isotopically heavy composition of felsic
rocks may have several reasons: (i) the cumulates analyzed here may represent “late stage” relicts of progressive magma
differentiation or (ii) they experienced overprinting (by mafic rejuvenation), while isotopically light and dense primary residuals
remain (inaccessible) at deeper crustal levels. Large inter-sample spread in 8" Mo contrasts the uniform 8*Ti signatures of
the mafic lithologies at TPIC, given the fact that one would expect some correlation between the two isotope systems as it is
often suggested that Mo substitutes for Ti in oxides and eventually also silicate minerals. First order model calculations will
show if this discrepancy can be the result of fractional crystallization or if additional processes need to be considered, such
as sulfide segregation or metasomatism related to the redox sensitivity and fluid affinity of Mo.

REFERENCES

Aarons, S.M., Reimink, J.R., Greber, N.D., Heard, A.\W., Zhang, Z. and Dauphas, N., 2020. Titanium isotopes constrain a
magmatic transition at the Hadean-Archean boundary in the Acasta Gneiss Complex. Science advances, 6(50), p.
eabc9959.

Aarons, S.M., Dauphas, N., Blanchard, M., Zeng, H., Nie, N.X., Johnson, A.C., Greber, N.D. and Hopp, T., 2021. Clues from
Ab Initio Calculations on Titanium Isotopic Fractionation in Tholeiitic and Calc-Alkaline Magma Series. ACS Earth and
Space Chemistry.

McCoy-West, A.J., Chowdhury, P., Burton, K.W., Sossi, P., Nowell, G.M., Fitton, J.G., Kerr, A.C., Cawood, P.A. and Williams,
H.M., (2019): Extensive crustal extraction in Earth’s early history inferred from molybdenum isotopes. Nature
Geoscience, 12(11), 946-951.

Teng, F. Z., Dauphas, N., & Watkins, J. M. (2017). Non-traditional stable isotopes: retrospective and prospective. Reviews in
mineralogy and geochemistry, 82(1), 1-26.

-
w
(3]

Symposium 03: Stable and radiogenic isotope geochemistry



-
w
[=2]

Symposium 03: Stable and radiogenic isotope geochemistry

3.18
Titanium isotopes in detrital sediments: A reliable proxy for the
protoliths composition?
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In recent years Ti isotopes have received increasing attention as a tool to trace magmatic processes because the Ti
isotopic composition of magmatic rocks increases with increasing fractionation of the system. This has been attributed to
the formation of Fe-Ti-oxides, wich preferentialy incorporate light Ti isotopes. Due to the distinct 3*¥#’Ti signature of basalts
and felsic rocks, the Ti isotopic composition of shales has been used to reconstruct the evolution of the average chemical
composition of the continental crust throughout earths history (Greber et al., 2017). However, it has recently been
suggested that hydrodynamic sorting of heavy mineral phases, which are one of the main hosts of Ti in igneous and
metamorphic rocks, biases the §*4’Ti of the sediment record, and in turn questiones the reliability of Ti isotope signatuers
of marine sediments as a proxy for the catchment composition (Klaver et al., 2021).

To investigate potential biases and their extent in the sedimentary record, we measured the 5*°*’Ti signature of lacustrine
sediments and respective catchment bedrock and soil profiles from two study areas that represent geochemical and
weathering endmembers; (i) Lake Grimsel in Switzerland displaying a felsic catchment dominated by mechanical weathering
and (ii) Lake Towuti in equatorial Sulawesi, Indonesia, with an ultramafic to mafic catchment and strong chemical weathering.
In both study areas we do not find evidence for a substantial bias introduced by hydrodynamic sorting in the sediments.
Samples collected at Lake Grimsel composed of different particle sizes ranging from clay to gravel display a constant 3*¥47Ti
of +0.31 + 0.03%o. This value is expected from the granodioritic protolith in the catchment. Samples from a sediment drill core
from Lake Towuti spanning the past ~1 Myr display 3***’Tiin a narrow range of +0.09 to +0.17 %o (both + 0.03%o; 2SD), which
matches the present Ti isotope signature present in soil and bedrock in the catchment, that range from +0.07 to +0.26%o (both
+ 0.03%o; 2SD). Our findings can be explained by variable rock mixing of catchment bedrocks and do not indicate that
chemical weathering or hydrodynamic mineral sorting are able to push the 5*#’Ti values in sediments outside the range of
bedrock signatures, at least for the here studied lake systems. However, further endmember and massbalance modeling
together with measurments of individual mineral phases and comparison of isotopic variability through time combined with
climate proxy data are required for a better understanding of the behaviour of Ti isotopes in the sedimentry cycle.
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Modern hydrological cycle includes precipitation of ®*O-depleted meteoric water over continental crust exposed above sea-
level. How far back in the geological record can continental exposure be documented remains uncertain, particularly for the
Archean. To investigate the extent of Archean continental exposure, we document a newly discovered low 50O magmatic-
hydrothermal system that was emplaced in a subaerial environment of the Kola craton, Russia at 2.67 Ga. We present
evidence for syn-emplacement incorporation of the local meteoric water signature with 880 at least as low as -11 %o
VSMOW. The incorporation occurred via hydrothermal alteration of diverse Archean host rocks and concurrent
emplacement of silicic alkaline magmas. The original meteoric water signature was reconstructed using the traditional and
triple O isotope approaches, indicating that Archean crust was exposed to high-altitude climate with mean annual
temperatures of around 4 °C. We employ detailed 5'®0 mapping using mineral separates and bulk samples, as well as ion
microprobe 5'®0 measurements and U-Pb dating of zircon. The spatially extensive O-isotope dataset over 120 km in length
intersects different lithological units including the granitic complex, the hosting gneiss and late-stage contact altered rocks.
All analyzed samples show &80 below the normal mantle- and crustal derived values with the lowest 5'®0 of ca. -7 %o
measured in altered gneisses and granites near the intrusive contacts. We show that pristine low 580 zircon crystals yield
an emplacement age for the magmatic complex of 2672+7 Ma. A subset of zircons was dated using CA-ID-TIMS
geochronology placing the paleogeograpic record on geological timescale with high precision. Consequently, the studied
here 2.67 Ga granitic complex provides the earliest quantitative record of low 680 precipitation that reflects mature
hypsometry of Earth crust and precipitation patterns compatible with an active hydrological cycle over substantially exposed
land.
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Last Glacial Maximum Atlantic water mass provenance from a multi
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During the Last Glacial Maximum (LGM) atmospheric CO2 concentrations were significantly lower than today and
increased rapidly during the last deglaciation. This rapid increase is thought to be a finger print of the deep ocean that
accumulated carbon during glacial times and released it in the course of deglacial reconfiguration of deep ocean circulation.
The classical view of LGM deep Atlantic water mass structure is mainly derived from carbon isotopes and suggests that
southern sourced water (SSW) masses occupied a much larger part of the deep ocean, thereby allowing the accumulation
of carbon in this deep and isolated water layer. This expansion would have involved a reduction in the extent of northern
sourced water (NSW) to intermediate depths.

Here we combine observations of neodymium, oxygen, and carbon isotopes, as well as foraminiferal B/Ca ratios from the
LGM Atlantic to assess past water mass distribution. We find that a northern sourced deep water mass was probably also
produced during the LGM, but had intermediate d13C signatures that mask its presence in investigations restricted to this
proxy. This deep NSW spread across the whole deep Atlantic similar to North Atlantic Deep Water today, but was probably
produced by different mechanisms. Overall, we find that LGM deep water mass provenance was probably not much
different to today and can in fact not rule out equal northern vs. southern water mass distributions. This conclusion is
relatively robust against systematic uncertainties in the different employed proxies. It therefore significantly alters the
accepted idea of glacial deep ocean circulation.
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Accuracy of stable oxygen isotope measurements from -10 to 90 %o
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Molecular oxygen (02) is the most readily available oxidizing agent for enzymatic and abiotic redox reactions in the
environment. Therefore, measuring oxygen (O) isotope fractionation in O2 can be an essential tool for investigating
environmentally relevant redox reactions. During irreversible O2 consumption reactions, 160160 reacts faster than
180160. Thus, in closed systems, the 6180-value of the remaining O2 will increase as the reaction proceeds and O2
concentrations decrease. In these cases, 8180-values can reach up to 90 %o with certain O2 consuming enzymes such as
glucose oxidase. When measuring O isotope fractionation in O2, a one-point calibration with O2 from ambient air (6180 =
23.88 %o) is the most common approach. Measuring samples with 8180-values higher than this standard can introduce
measurement uncertainties, and the further away these values are from the standard, the larger the potential errors. A two-
point calibration with O2 standards with different §180-values would improve stable isotope analysis of O2 when
investigating O2 consumption processes. Obtaining additional O2 standards with elevated 6180-values is challenging and a
process that generates O2 from water without fractionation would be ideal. It has been suggested that photosynthesis
generates O2 from water without causing oxygen isotope fractionation. Therefore, photosynthetically produced O2 gas with
different 5180-values could be generated from source waters with different §180-values. In this study, we tested the
feasibility of this approach. Thylakoids were extracted from spinach leaves, suspended in O2-free buffered solutions with
8180-values of the source water in the range of (110 to +90 %0 and exposed to white light. Isotope analysis was performed
on the photosynthetically produced O2 by sampling the headspace of the reactors at different time intervals of light
exposure. The §180-values of the O2 in the headspace were analyzed with a GasBench-IRMS instrument. Comparison of the
0180-values of the photosynthetically produced O2 with the 180-values of the different source waters, was used to
determine the error introduced by the one-point calibration with O2 from air at increasing 5180-values. 5180-values of H20
were determined with a laser isotope analyzer, and water standards covering the whole range of 180-values. We found
that there was no significant bias of the one-point calibration of the GasBench-IRMS system used in this study, compared
to measurement uncertainties. We therefore conclude that our current set-up can be used to accurately determine oxygen
fractionation in O2 consuming processes without bias from the one-point calibration. For other isotope analysis instruments,
however, the errors introduced by a one-point calibration would have to be tested in a similar way to ensure accurate
measurement across a large range of delta values.
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Ocean circulation and hydrothermal activity control the cycling of
dissolved Cr in the oligotrophic South Pacific Ocean
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Over the last decade, stable chromium (Cr) isotope composition has emerged as a potentially useful paleo-proxy recording
past oxygenation changes in the atmosphere and oceans. Although Cr is a promising paleo-proxy, the modern marine Cr
cycle remains poorly understood. According to recent studies, biogeochemical transformations are potentially one of the
main processes controlling Cr in modern oceans. This contribution reports on seawater Cr concentration ([Cr]) and its
stable isotope composition (8%°Cr) from the oligotrophic South Pacific Gyre. The seawater samples were collected during
the GP 13 oceanographic transect, which extends from 155°E, 32°S to 170°W, 32.5°S and crosses the Tasman Basin and
the South Pacific Basin. Influence of the biological pump on Cr is negligible, thus suggesting that the uptake and/or
scavenging of Cr by phytoplankton is undetectable or insufficient to impact dissolved Cr distribution in severely oligotrophic
conditions. Nonetheless, in the upper 750 m depth, a general increase in [Cr], concomitant with decreasing 8%Cr values is
associated with hydrographic features marking the boundary between Subtropical mode water and the West South Pacific
Central Water/ Subantarctic Mode Water. This change in Cr behavior associated with water mass suggests a consequential
influence of horizontal water mass advection on the regional distribution of Cr. At depth ~1500 to 3000 m, the easternmost
stations record an unexpected increase in [Cr] and concomitant decrease of 8°*Cr, which correspond to the maximum [Cr]
and minimum &%Cr in the dataset. The location of this feature, near the Kermadec ridge, and correlation with other
dissolved metals (e.g., Fe) may be explained by a potential input of hydrothermal Cr and/or modified Upper Circumpolar
Deep Water/Pacific Deep Water. The South Pacific Ocean data demonstrate a strong relationship between [Cr] and &%Cr
with an isotope fractionation factor of -0.75 %.. These observations are in general agreement with previous studies focusing
on dissolved marine Cr, indicative of Rayleigh fractionation processes during which isotope fractionation is limited to a
single or a limited number of processes.

Figure1. Sections of GP 13 transect for Cr concentration and &%Cr. Black dots represent the sampling sites and the dark grey represent
the topography of seafloor.
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Mass-independent Ca and Cr isotope variations in chondritic
components — Insights into Solar System evolution and planetary
formation
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Chondrules are small (0.1—2 mm), igneous spherules that are a major silicate constituent (< 80 vol.%) and eponymous for
the most primitive meteorites in the terrestrial collections, the chondrites. Chondrites are considered leftovers of planetary
formation in the Solar System and are today located in the astroid belt. Early formation ages of ca. 1.8-3.0 Ma after CAl
(e.g. Pape et al. 2019) and their sheer abundance in undifferentiated meteorites make chondrules prime targets for studying
dynamic processes in the emerging Solar System, such as transport across the evolving disk and mixing. Although they
may have played a pivotal role during the time of condensation of the first solids in the solar nebula (CAl) and the accretion
of planetary bodies, their significance during planetary accretion, their origin and formation mechanism(s) and their later
incorporation into their host bodies remain elusive (e.g. Connolly & Jones, 2016).

Information on these processes can be derived from the distribution of isotope anomalies in chondrites and their
components. These stable isotope variations in meteoritic components offer an opportunity to pin-point contributions of
nucleosynthetic processes, that occur in specific stellar environments, and to potentially identify isotopically anomalous
precursor materials that were injected into the solar nebula during its evolution.

Mass-independent isotope anomalies have been reported for several elements on the whole rock and component scale
(e.g. Burkhardt et al. 2017), clearly indicating compositional heterogeneities in the protoplanetary disk. Currently, it is not
unequivocally resolved if the non-carbonaceous—carbonaceous dichotomy (NC—CC) represents spatial or temporal isotopic
gradients in the nebula or a combination of both and if there was any exchange of material after the dichotomy formed. The
currently favoured model involves the rapid growth of Jupiter (£1 Ma after CAl) which created an impenetrable barrier for
radial migration and thereby mixing of material between the inner (NC) and outer (CC) Solar System (e.g. Nanne et al.
2019). A recent study revealed inconsistencies with this model (Williams et al. 2020) by reporting chondritic components
that possess intermediate Cr, Ti and O isotopic compositions, possibly linking the NC and CC domains by a missing
reservoir that was not represented in previous datasets.

Here, we investigate the mass-independent isotopic variations of Ca and Cr (MC-TIMS) in individual chondrules from
various chondrite groups. We use the isotopic information to assess the efficiency of the proclaimed Jupiter barrier at the
time of chondrule formation, i.e. after the formation of a first generation of planetesimals and before the final accretion of
the chondrite parent bodies, thereby testing the NC—CC model.

The isotope data are complemented by petrological investigations in order to unravel possible systematics between the
isotopic composition and mineralogical properties of the chondrules.
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The marine carbonate sediment archive has long been recognised to hold valuable geochemical information on the past
ocean. Zinc (Zn) isotopes in particular have recently seen a rise in the number of studies, due to their usefulness as tracers
of marine biogeochemical cycles and redox processes. In order to robustly understand the meaning of Zn isotope trends
extracted from bulk carbonate sediments, it is essential to understand how exactly these carbonate Zn isotope values relate
to seawater Zn, and therefore how Zn is incorporated into carbonates.

According to recently published experimental findings, inorganic carbonate incorporates a Zn isotope composition distinctly
heavier than the aqueous Zn?" pool (Mavromatis et al., 2019). On the other hand, modern cold-water corals, representing
the only biogenic carbonate 6%Zn data to date, have been observed to record the ambient seawater Zn isotope composition
(Little et al., 2021). The impact of this potential ambiguity in the interpretation of a Zn isotope composition measured in
ancient bulk carbonates, that most likely contains both inorganic and organic carbonate components, has gone
unrecognised but needs to be understood. Bulk carbonates also consist of multiple components, i.e. trace metal-rich
contaminant phases, such as detrital silicates, Fe-Mn oxides, and metal-poor carbonate fractions, which further complicates
trace metal isotope studies of the bulk carbonate record.

Here, using a detailed leaching study, we analyse mixing relationships between components within a bulk carbonate
sample to identify endmembers with distinct chemistries and isotope compositions. Two primary contaminants (detrital
silicates and Fe-Mn oxides) were identified that form clear mixing arrays with up to two carbonate phases. Both the latter
have 6°Zn values around 1%, distinctly fractionated from modern seawater (8°°Zn__ .= 0.46 + 0.08%o; e.g. Lemaitre et
al., 2020). This latter result, showing that Zn isotope compositions extracted from bulk carbonates are heavier than the
oceanic total dissolved pool of Zn, is consistent with aforementioned experimental data (Mavromatis et al., 2019) and the
modern seawater isotopic composition.

Our data, together with recent findings on the incorporation of Zn and its isotopes into inorganic (with substantial
fractionation) and biogenic carbonate (unfractionated), point towards another dimension in the interpretation of Zn isotope
records in carbonate, potentially relevant for other metal isotope systems too. The variability in the Zn incorporation
mechanisms into carbonates needs consideration in addition to the simpler and frequently invoked interpretation in terms of
excursions in seawater, and thus source and sink related changes.

REFERENCES

Lemaitre, N., de Souza, G.F,, Archer, C., Wang, R.-M., Planquette, H., Sarthou, G., & Vance, D. 2020: Pervasive sources of
isotopically light zinc in the North Atlantic Ocean, Earth and Planetary Science Letters, 539, 116216.

Little, S. H., Wilson, D.J., Rehkamper, M., Adkins, J.F., Robinson, L.F. & van de Flierdt, T. 2021: Cold-water corals as
archives of seawater Zn and Cu isotopes, Chemical Geology, 578, 120304.

Mavromatis, V., Gonzélez, A. G., Dietzel, M., & Schott, J. 2019: Zinc isotope fractionation during the inorganic precipitation of
calcite — Towards a new pH proxy. Geochimica et Cosmochimica Acta, 244, 99-112.

-
| A
w

Symposium 03: Stable and radiogenic isotope geochemistry



-
H
H

Symposium 03: Stable and radiogenic isotope geochemistry

P 3.6
Isotopic disequilibrium during dehydration of subducted serpentinites
(Zermatt-Saas unit)

Michelle Ulrich', Daniela Rubatto'?, Jérg Hermann', Etienne Deloule

" Institut fiir Geologie, University of Bern, Baltzerstrasse 1+3, CH-3012 Bern (michelle.ulrich@geo.unibe.ch)
2 Institut Des Sciences de La Terre, University of Lausanne, Quartier Mouline, CH-1015 Lausanne
3CRPG, University of Lorraine, 15 Rue Notre Dame des Pauvres, 54500 Vandoeuvre-les-Nancy

During subduction of serpentinized oceanic lithosphere, the dehydration-reaction of brucite + antigorite forms metamorphic
olivine and aqueous fluid is released. In the Zermatt-Saas unit this fluid release occurs at high pressures of ca. 2.5 GPa
and temperatures between 550-600 °C (Kempf et al., 2020). This study presents in-situ oxygen isotopes of metamorphic
olivine and antigorite measured with a secondary ion mass spectrometer (SIMS) at the University of Lorraine (CRPG) to
constrain the isotopic signature of the fluid. Samples with different degrees of deformation within the Zermatt-Saas unit
were selected: a) undeformed antigorite serpentinite still showing relict mantle fabrics with static olivine growth, b)
serpentinite with olivine shear bands and c) an olivine shear zone that is supposed to represent the major fluid pathway.

Preliminary results show that the antigorite composition varies slightly from §'0 = 7.38 + 0.63 %o (20) in the undeformed
sample, to §'80 = 6.55 + 0.63 %o in shear bands and §'®0 = 5.44 + 0.47 %o in the shear zone. Olivine has significantly lower
6"®0 values of 1.77 £ 0.69 %o in the undeformed sample and 1.57 + 0.66 %o in most of the analysed grains from the shear
bands. In these two samples, despite textural equilibrium, antigorite and olivine are not in isotopic equilibrium at the
conditions of the dehydration reaction.

Olivine from the shear zone has a relative high §'®O-signature of 4.86 + 0.23 %o, similar to what is found in Mg-rich patches
and rims in the olivine of the shear bands (§'®0 of 5.51 + 0.83 %o). In this case antigorite and olivine are in isotopic
equilibrium at peak conditions.

Our results suggest that olivine formed during the brucite consuming reaction is in isotopic disequilibrium with reacting
antigorite and due to a low fluid-rock ratio this disequilibrium is preserved in most of the samples. In the case of the shear
zone with a higher fluid-rock ratio, isotopic equilibrium was achieved.

REFERENCES
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Switzerland), Swiss J Geosci, 113,16.
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Tracking fluid uptakes during abyssal serpentinization of passive
margins by oxygen isotope analysis of the serpentine phases
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Oxygen isotopes are commonly used in geochemistry to track the composition of hydrothermal fluids, such as those active
during serpentinization of ultramafic rocks in oceanic settings. In the abyssal plains of passive margins, the successive
stretching and thinning of the oceanic and continental crusts trigger the exhumation of the lithospheric mantle where fluid
flow interacts along crustal faults to form serpentine phases, brucite and magnetite.

Investigated samples are from oceanic drill cores (Ocean Drilling Program) in the conjugate passive margins of Iberia and
Newfoundland. We explore the variation in oxygen isotope composition of the serpentine phases formed at different stages
of abyssal serpentinization based on textural relationships. Serpentine crystallizes in a mesh texture or as bastite after the
hydration of olivine or pyroxene, respectively. The isotopic analyses are performed with a secondary ion mass spectrometer
(SIMS) allowing for 20 ym spatial resolution, and using a serpentine standard (Schicchitano et al. 2018).

Our preliminary results show a significant variability in the oxygen isotope composition related to the serpentine texture,
which emphasizes the importance of in situ data compared to bulk rock data. We observe an increase in the §'®0 of
lizardite in the Iberia samples from the mesh rim texture with §'®0 = 4.4 + 0.8 %o (20), to the mesh centers with a larger
range of §'80 = 4.0-7.7 %.. Some bastite grains are chemically zoned and three groups can be distinguished: (i) Mg# = 87-
91, §'®0 = 5.5-8.5 %e; (ii) Mg# = 94-95, §80 = 8.5-10.6 %eo; (ii) Mg# = 92-94, §'80 = 11.4-13.5 %eo. In two of the
Newfoundland samples, we observe different trends with either a slight increase of the lizardite oxygen isotope composition
from the mesh texture to the bastite, or a slight decrease between these two textures. Considering an initial seawater fluid
composition (6%0, ,, = 0 %o), a decrease in temperature during serpentinization (from ~190°C to ~60°C in the Iberia case,
from ~140°C to 100°C in the Newfoundland case) can explain the increase in oxygen isotope composition of the serpentine
phase. In a rock-buffered system, the serpentinizing fluid would be enriched in ®0O and would lead to higher calculated
temperatures.
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4.1
Characterization of soil processes that impact Zn and Cd uptake in
wheat plants treated with organic fertilizers

Jill Bachelder'23, Julie Tolu?3, Matthias Wiggenhauser', Lenny Winkel?3, Emmanuel Frossard'

'Institute of Agricultural Science, ETH Zurich, Zurich, Switzerland (jpachelder [at] ethz.ch)
2Institute of Biogeochemistry and Pollutant Dynamics, ETH Zurich, Zurich, Switzerland
SEawag, Swiss Federal Institute of Aquatic Science and Technology, Dubendorf, Switzerland

Zn is an essential micronutrient for humans and plants. Wheat grown in Zn-limiting conditions can exhibit Zn deficiency,
which can limit biomass yields and decrease the nutritional value of resulting food products. Organic fertilizers can increase
plant-available Zn in the sail, either through direct addition of available Zn or by solubilizing Zn immobilized in the soil solid
phases (Figure 1). The effect of the organic fertilizer on Zn availability will depend on the chemical properties of the
treatment, such as content of C, N, S, Zn, and Cd, as well as organic matter (OM) composition.

A potential limitation to the application of organic fertilizers is that they may also lead to an increase in plant uptake of Cd, a
highly toxic element with similar chemical properties and biological uptake pathways as Zn. Because wheat-derived food
products are a major source of Cd exposure in humans, it is essential to evaluate the impact of organic fertilizer application
on both Zn and Cd availability. Our project aims (1) to understand the mechanism through which organic fertilizer
application adds bioavailable Zn and Cd to the soil and (2) to determine how these underlying processes impact the
subsequent uptake and transport of Zn and Cd within the wheat plant.

To better understand the effect of organic fertilizer application on Zn and Cd uptake by wheat, it is first necessary to
evaluate how the differences in the composition of organic fertilizers may increase the bioavailability of soil Zn and Cd. In
the first step of our project, we have analyzed the chemical composition of thirty organic fertilizers of diverse composition,
including green manures, lignified crop residues, farmyard manures, and composts. OM molecular composition was
determined by pyrolysis-gas chromatography-mass spectrometry (Py-GC/MS), and elemental concentrations were obtained
using acid digestion and inductively-coupled-plasma-mass spectrometry (ICP-MS). Zn and Cd speciation were determined
in the water-soluble fraction of our OMAO samples via size exclusion chromatography (SEC) coupled to UV and ICP-MS
detectors to measure Zn and Cd bound to low vs. high molecular weight compounds.

Our analyses revealed that the OM molecular composition varied significantly among the thirty collected fertilizers. Using
principal component and hierarchical cluster analyses, we identified six groups of fertilizers with distinct OM composition.
We also observed trends in Zn and Cd speciation within the clusters, with samples that were clustered together based on
OM composition also having similar Zn/Cd speciation. Zn and Cd were associated with OM fractions of lower molecular
weight in green manure, lignified crop residues, and poultry manure as compared with cattle slurry, cattle and horse
manure, and compost. Altogether, our data suggests that differences in chemical speciation of Zn and Cd may be observed
between fertilizers with distinct OM composition. As a next step, we will select three organic fertilizers with distinct Zn/Cd
speciation and OM composition and apply them in a pot experiment to evaluate their effect on Zn/Cd uptake in wheat.



Figure 1. Summary of how we hypothesize OMAO application will add plant-available Zn/Cd to the soil and will increase uptake and
translocation of Zn/Cd to wheat grains.

Swiss Geoscience Meeting 2021 Platform Geosciences, Swiss Academy of Science, SCNAT
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4.2

Understanding BaSO, microcrystal formation in the freshwater algae
Spirogyra with laser tweezer Raman microspectroscopy and SEM
observations

Natercia Barbosa', Oscar Urquidi', Jean-Michel Jaquet?, Takuji Adachi', Montserrat Filella®

" Department of Physical Chemistry, University of Geneva, Quai Ernest Ansermet 30, CH-1211 Geneva 4
(natercia.barbosa@unige.ch)

2 Department of Earth sciences, University of Geneva, rue des Maraichers 13, CH-1205 Geneva

3 Department F.-A Forel for Environmental and Aquatic Sciences, University of Geneva, Boulevard Carl-Vogt 66, CH-1211
Geneva 4

Biogeochemistry of Ba in seawater has been investigated for decades motivated by its unexplained nutrient-like distribution
in the water column and its precipitation as barite in undersaturated conditions. The observation that Ba is removed from the
water column during biological activity has led to a hypothesis that the degradation of sinking organic matter creates
supersaturated microenvironments favorable to barite precitation. Yet, the precise mechanism of barite precipitation in globally
undersaturated conditions remains unclear. For example, bacterium-mediated mineralization leads to barite precipitation in
laboratory culture experiments and in natural extreme environments such as marine cold seep or sulfur springs where media
and conditions strongly differ from seawater. In freshwaters, barite microcrystals are found intracellularly in green algae, used
as a gravity sensor (e.g. Loxedes and Chara) or a detoxification strategy (e.g. Closterium and Micrasterias in peat bogs). The
ability of Spirogyra, a widespread filamentous green alga, to biomineralize Ba in undersaturated conditions has often been
neglected. While Kreger and Boeré (1969) used XRD to identify barite microcrystals in Spirogyra cells and hypothesized that
the diffusive particles observed by optical microscopy could be the microcrystals, this information got unnoticed and 30 years
later Grolig (1990) assigned these particles as “small vesicles of high refraction”.

Using laser tweezer Raman microspectroscopy in vivo, we succeeded in proving the original hypothesis of Kreger and
Boeré. Barite microcrystals are not fixed within the cells but are diffusing, and this character is common to the genus
Spirogyra. Combining Raman results with SEM images of samples prepared and fixed at the critical point, we provide a
description of the structure of Spirogyra and define the neighbouring environment in which crystals are present. The results
obtained represent a key step forward in understanding the nucleation process of barite in Spirogyra and finding the answer
to the fundamental question of how barite formation can take place in undersaturated conditions.

ACKNOWLEDGEMENTS. We thank Inés Segovia for her help in the lab. This research was supported by the Gebert Rif
Stiftung (Project Microbials Nr: GRS-071/17).
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Microbiota-mediated Transformations of Arsenic Species from Rice in
Mammals
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According to the World Health Organization, arsenic is one of the ten pollutants of major health concern [1], with more than
200 million people worldwide being at risk of arsenic exposure from their diet [2]. In particular, rice accumulates up to 0.4
Mg g™' of arsenic, of which 85 — 90 % corresponds arsenous acid (As'"') and arsenic acid (As"); and the remaining to
methylarsonic acid (MMAs) and dimethylarsinic acid (DMAsV) [3]. Although all four arsenic species are classified as
carcinogens by the IARC [1], their specific modes of toxic action are strongly related to their metabolites once in the human
body. In addition, interpopulation variability can influence arsenic metabolic products and excretion rates, which depend on
human genetics and gut microbiome [4]. Understanding the effect of gut microbial communities on arsenic
biotransformations can help to prevent the adverse effects of chronic arsenic exposure in humans [4]. This study aims to
unveil the microbial-mediated transformations of As', AsY, MMAsY, DMAs" from rice in the mammalian gut. Specific
pathogen free (SPF) and germ free (GF) mice were fed rice-containing chow diets at varying concentrations of inorganic
and organic arsenic species. After seven weeks of chronic arsenic exposure, mice were euthanized and all gut contents
and key organs involved in arsenic metabolism were analysed for arsenic speciation. Our findings show how the gut
microbiome plays an important role in the methylation of arsenic from diet but also promotes the transformation of arsenic
into the more toxic thiolated arsenic species. In addition, we identified differences on the specific arsenic excretion
pathways in the absence and presence of gut microbiota. The results from this study provide valuable insights to effectively
understand how the mammalian gut can help in mitigating the pernicious effects of dietary exposure to arsenic.
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4.4
Germanium in the environment: overview, equilibrium contant critical
assessment and first lake chemical speciation study

Montserrat Filella', Tomas Matousek?
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Germanium is a chemical element of the Group 14 of the periodic table. The element was temporarily known as ‘ekasilicon’
because of its properties similar to silicon. Germanium is present as Ge(lV) in natural systems. The increasing use of Ge in
state-of-the-art technology products has renewed the interest in studying its environmental behaviour and fate in the context
of so-called Technology Critical Elements (TCEs) (Filella and Rodriguez-Murillo, 2017). In fact, however, the element has
long been the object of attention of two scientific communities: as a proxy of silica when studying silicate rock weathering
processes and in seawater where the uptake and regeneration profile of Ge mimics that of Si. Studies on freshwaters are
however lacking. We followed ‘dissolved’ (0.22 mm pore filter size) germanium speciation in Lake Geneva water column by
applying hydride generation and cryotrapping in combination with ICP-MS/MS (Garcia-Figueroa et al. 2021). The study
extended from January to June 2021, covering a whole spring bloom period. Results show that, as in seawater, inorganic
germanium (iGe) has a nutrient-like profile while monomethylgermanium (MGe) is conservative but, in contrast with
seawater, iGe is largely dominant while MGe, the main species in seawater, is present at the sub-trace level.

It is generally accepted that Ge(OH), is the only species iGe existing over the pH range of interest but possible
complexation by I.m.w. inorganic and organic ligands is unclear and our understanding mostly relies on old equilibrium
studies. In particular, Ge interactions with organic ligands require attention because the element is known to be associated
with organic matter in Ge-enriched coals and complexation by organic ligands containing vicinal OH groups (e.g., sugars) is
proved. A summary of an exhaustive critical evaluation of published equilibrium constants will complete this communication.

ACKNOWLEDGEMENTS We thank Mathieu Coster, Jean-Luc Loizeau, Peter M. May and Sebastian Wey for their help and
discussions.
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In situ autonomous voltammetric monitoring of the bioaccessible
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Arsenic (As), from natural and anthropic sources, is a metalloid of global concern because of its prevalence,
bioaccumulation, toxicity, and trophic transfer in the aquatic food chain. It is classified as a Group 1 human carcinogenic
substance and acts as an endocrine disruptor. The international provisional guidelines for water quality and water quality
criteria derived in an attempt to protect living species are all based on total dissolved As concentration. However, it is well
known that the toxicity and bioavailability of As is highly dependent on its chemical form and oxidation state. Arsenic in the
aquatic systems is mainly present in the form of inorganic trivalent (As(lll) - more toxic) and pentavalent (As(V) - less toxic)
oxyanions. Change in inorganic As speciation may occur continuously in space and time [1]. It is therefore important to
closely monitor the concentrations of both inorganic As species in situ and at an appropriate time scale.

We report here on an innovative electrochemical technique enabling in-situ sequential quantification of the inorganic As(lll)
and As(V) species under their forms available for bio-uptake, the so-called dynamic metal fraction. The set-up consists on
novel devices: an antifouling gel-integrated gold nanofilament microelectrode array [2] incorporated in a submersible
multichannel probe [3]. An automated analytical procedure, based on substractive square wave anodic stripping
voltammetry, was developed to enable autonomous sequential monitoring of the inorganic As species potentially
bioavailble, i.e. the dynamic fractions of the inorganic As(lll), As(V), and total As. Optimization of this procedure resulted
of the first conducted in situ measurements of the these species in Lake Geneva, from which data are presented.
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Advanced multichannel submersible probe for autonomous high-resolution in situ monitoring of the cycling of the
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4.6
Unravelling atmospheric mercury deposition to the Earth surface with
mercury stable isotopes

Martin Jiskra’

" Environmental Geosciences, University of Basel, Bernoullistrasse 30, CH-4056 Basel (matrtin.jiskra@unibas.ch)

Mercury (Hg) is a potent neurotoxin posing a health risk of global concern. Anthropogenic Hg emissions are deposited to
the Earth surface far away from the emission sources due to the long residence time of gaseous elemental Hg (Hg(0)) in
the atmosphere. The relation between anthropogenic Hg emission and atmospheric Hg deposition is complex, as Hg can
be re-emitted from the Earth surface and cycle in the environment. Global chemical transport models are therefore key to
assess the response of the Earth system to changes in anthropogenic emissions and climate conditions. The global Hg
Earth system models are constrained by observations, which are largely restricted to Hg(0) measurements in the
atmosphere and Hg wet deposition measurements to terrestrial surfaces. Other global fluxes like direct gasous Hg(0)
deposition remain largely unconstrained due to limited observations, resulting in large uncertainties in the global Hg Earth
system models. In this contribution, | will present Hg stable isotope fingerprinting as a new tool to constrain pathways of
atmospheric Hg deposition. The photochemical redox transformations in the atmosphere result in distinct isotopic
signatures of the elemental Hg(0) and oxidized Hg(ll) species, allowing to quantitatively trace the deposition pathways to
the Earth surface. Hg stable isotope results from terrestrial vegetation and soils reveal that 60 to 90 % of terrestrial Hg was
deposited via direct Hg(0) deposition through the uptake by plants, rather than via the wet deposition pathway (Zhu et al.,
2021). The first seawater Hg stable isotope mesaurements suggest that Hg(0) deposition to the ocean is equally important
to Hg(Il) deposition (Jiskra et al., accepted). Hg stable isotope fingerprinting therefore have revealed that the direct
deposition of gaseous elemental Hg(0) both to terrestrial surfaces and the Ocean has previously been underestimates,
which has implications for our understanding of global Hg cycling and ecosystem response to curbed Hg emissions and
climate change.
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Seasonal variability in volatile selenium speciation at a coastal site in
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Selenium (Se) is an essential trace element for humans and animals. The atmosphere represents an important reservoir of
Se, in which yearly around 29’000 — 36’000 tons of Se are cycled. Marine biogenic emissions represent around 60% of the
natural selenium emitted to the atmosphere (Feinberg et al., 2020). These marine biogenic emissions are dominated by the
volatile selenium species dimethyl selenide (DMSe), dimethyl diselenide (DMDSe) and dimethyl selenyl sulphide (DMSeS)
present at trace levels (fM-pM) in seawater (Amouroux and Donard, 1996). Despite their important contribution to the
atmospheric selenium reservoir, the spatial and temporal variability of these volatile organic Se species remain poorly
investigated due to a lack of sensitive and high throughput analytical methods for their analysis. Only a few studies have
quantified volatile methylated Se compounds in aquatic ecosystems through cryogenic techniques coupled with gas
chromatography inductively coupled plasma mass spectrometry (GC-ICP-MS) (Amouroux and Donard, 1996).

In this presentation, we will introduce a newly developed highly sensitive and selective analytical method dedicated to
quantification of volatile Se and S species using thermal desorption coupled to GC-ICP-MS. We applied this method to
measure the daily and seasonal variations of dissolved volatile Se species in seawater. Three sampling campaigns were
conducted from March to July 2021 at a coastal station in the North Western Mediterranean Sea (Marine Station of
Endoume). Seawater was sampled over six weeks three times per day at 3.5 m depth and analyzed for volatile organic
selenium speciation by TD-GC-ICP-MS. Here, the results of these campaigns will be presented and obtained
concentrations data will be linked to various biological and environmental parameters, giving new insights into the factors
driving variability in volatile organic Se speciation.
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Amouroux, D. & Donard, O. F. X. Maritime emission of selenium to the atmosphere in Eastern Mediterranean seas.
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Critical observations of Hg concentration and stable isotope signatures
in ambient and soil pore air in a boreal peatland

Chuxian Li', Wei Zhu', Stefan Osterwalder?, Martin Jiskra®, Mats Nilsson', Maxime Enrico*, Haijun Peng', Kevin Bishop®

" Department of Forest Ecology and Management, Swedish University of Agricultural Sciences, 90183 Umea, Sweden.
(chuxian.li@slu.se)

2 Institute of Agricultural Sciences, ETH Zurich, 8092 Zurich, Switzerland

3 Environmental Geosciences, University of Basel, 4056 Basel, Switzerland.

4 Universite de Pau et des Pays de I'’Adour, E2S UPPA, CNRS, TOTAL, LFCR, IPREM, 64000 Pau, France.
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Mercury (Hg) is a global pollutant that threatens the health of human and wildlife (UN Environment, 2019). Peatlands,
formed by decomposed vegetation, are generally hot spots of neurotoxic methylmercury production and contaminate
adjacent aquatic ecosystems (St. Louis et al., 1996). Hg deposition to peatlands occurs in two main ways, by vegetation
uptake of Hg® and rainfall Hg" input (Enrico et al., 2016), while peat Hg° re-emission to the atmosphere can be caused by
abiotic and biotic reduction, and photochemical reduction (Jiskra et al., 2015). Some studies find dominant Hg deposition to
peatlands (e.g., Enrico et al., 2016)’ISSN”:"0013-936X, 1520-5851","issue”:"5”,"journalAbbreviation”:"Environ. Sci. Technol.”,
"language”:"en”,”page”:"2405-2412","source”:"DOl.org (Crossref. In contrast, a recent study investigating the net ecosystem
exchange of Hg in a boreal peatland called “Degeré” reported that Deger® was a significant source of Hg to the atmosphere
(Osterwalder et al., 2017). Here, we analyzed Hg concentration and Hg stable isotope signatures in ambient and soil pore
air at Degero, in order to improve our process understanding of Hg deposition and emission pathways in this boreal
peatland. Our results show that Hg concentration in soil pore air (0.45 £ 0.12 ng m*, 10, n=38) is about three times lower
than ambient Hg (1.31 + 0.17 ng m?, 10, n=18). This might suggest a Hg diffusion pathway from the atmosphere to the
peatland. In concert, preliminary Hg isotope data indicate that Hg oxidation by peat organic matter is the cause for
atmospheric Hg diffusion to soil porewater. Subsequently, we will combine our newly gained knowledge on Hg diffusion
pathways in peat with more direct Hg flux measurements to resolve the sink-source characteristics in boreal peatlands.
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Mercury in the terrestrial environment: bioaccumulation and
biomonitoring in Switzerland
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The chemistry and biochemistry of mercury in aquatic environments has been studied extensively but the fate of mercury in
all the terrestrial compartments is understudied, although the majority of atmospheric mercury is estimated to be deposited
in terrestrial environments. As a result, data on the transfer and bioaccumulation of mercury and methylmercury and the
associated risks in terrestrial environment is scarce, especially in Switzerland. Furthermore, the impact of the Minamata
convention on mercury pollution signed in 2017 should be assessed, which implies the monitoring and quantification of the
decline of mercury concentrations in terrestrial environments. The present study focuses on bioaccumulation of mercury
and methylmercury in the terrestrial wildlife in Switzerland and aims to develop a long-term biomonitoring plan.

Firstly, an extensive literature review of European studies was conducted to determine the concentration of mercury and
methylmercury in a range of animals and to assist for the selection of species and tissue samples for our study in
Switzerland. Roe deer tissues (muscle, liver, kidney) were found as potentially good indicators for mercury pollution in
Switzerland and therefore, secondly, tissue samples of roe deer were chosen for mercury analysis. Among the tissues
analysed for roe deers, kidneys had the highest concentration of inorganic species of mercury, while more organic species
of mercury was found to bioaccumulate in the muscles. A single-step methylmercury extraction in L-cysteine was used and
the extracts were analyzed using high performance liquid chromatography in combination with inductively coupled plasma
mass spectroscopy (Agilent) (Hight & Cheng, 2006). Direct mercury analyzer (Milestone) was used for total mercury
quantification. High correlation was observed for the total mercury concentration among the tissues, inferring that any one
of the tissues of the aforementioned organs can be used as a proxy for another. Thirdly, roe deer tissue samples were
sampled and analyzed from different cantons in Switzerland. Results (figure 1) show cantonal variation in the total mercury
concentration in muscles, with significatly higher concentrations in canton of Ticino and St. Gallen compared to cantons of
Vaud, Neuchatel, Solothurn and Bern. Finally, the concentrations measured in the tissues are compared to the atmospheric
mercury deposition in Switzerland (llyin et al., 2016).

Figure 1.Cantonal variation for total mercury concentration in wet weight (ng/kg) in muscle tissue of roe deer samples in Switzerland collected
between 2019-2020

REFERENCES

Hight, S. C., & Cheng, J. (2006). Determination of methylmercury and estimation of total mercury in seafood using high
performance liquid chromatography (HPLC) and inductively coupled plasma-mass spectrometry (ICP-MS): Method
development and validation. Analytica Chimica Acta, 567(2), 160-172.

llyin, 1., Guseyv, A., Rozovskaya, O., Strijkina, I, 2016. Transboundary Pollution of Switzerland by Heavy Metals in 2014
EMEP/MSC-E Report 5/2016.

-
(3]
N

Symposia 04 + 05: Environmental Biogeochemistry of Trace Elements



-
A
=]

Symposia 04 + 05: Environmental Biogeochemistry of Trace Elements

410
Soil as a potent, natural matrix for sequestration of leached lead from
perovskite solar cells
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Solar cells based on so-called perovskite absorber materials have been a success story in scientific research (Gratzel, 2017).
Within a decade after their discovery, the power-conversion efficiency of lab-scale perovskite photovoltaics has surpassed
that of conventional thin-film solar cells, such as cadmium telluride (CdTe) or copper-indium-gallium selenide (Green, 2021).
However, efficient and stable perovskite solar cells rely on the use of water-soluble Pb* species (such as CH,NH,Pbl,)
potentially challenging the technologies’ commercialisation (Rong, 2018). In this study, the environmental fate of Pb?* species
was assessed in soil-water microcosm experiments, simulating leaching under various biogeochemical conditions.

Figure 1. Graphical abstract of assessing environmental fate of perovskite solar cell constituents.

The rapid and efficient removal of Pb?* from the aqueous phase is demonstrated by inductively coupled plasma mass
spectrometry. Soil sequential extraction results reveal that a substantial amount of Pb?* is associated with immobile fractions,
whereas a minor proportion of Pb?* may become available again in the long term, when oxygen is depleted. Thermodynamic,
biogeochemical modelling pointed to favoured mineral formation (such as galena or pyromorphite) under the tested conditions,
while X-ray absorption spectroscopy results indicate that the sorption of Pb?* on mineral phases represents the most likely
sequestration mechanism. The obtained results suggest that the availability of leached Pb?* from perovskite solar cells is
naturally limited in soils and that its adverse effects on soils are possibly negligible in oxic soils.
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In situ monitoring of the potentially bioavailable fraction of a range of
trace metals and study of the processes influencing their temporal
concentrations
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Trace elements are ubiquitous elements playing critical roles in aquatic ecosystem function [1]. Some metals (e.g. Hg, Cd,
Pb) and metalloids (e.g. As) have high toxicity even at very low concentrations, while others are either essential or toxic
(e.g. Cu, Zn), depending on their concentrations and the nature of the organisms exposed. Trace metals are persistent and
distributed under various chemical species (speciation). Only some specific metal species are potentially available for bio-
uptake [1]. Bioavailability is therefore of primary concern when considering if a trace metal serves as micronutrient or
toxicant.

We present here a unique submersible compact integrated multichannel trace metal sensing probe (TracMetal) [2].
Innovative antifouling gel-integrated microelectrode arrays (GIMEs) incorporated in this system enable in situ autonomous
and simultaneous measurements of the dynamic (potentially bioavailable) fraction of a range of (priority) hazardous metals
(Hg(ll), As(ll1), As(V), Cd(ll), Pb(ll), Cu(ll), Zn(ll)) with sensitivity at the low picomolar to sub-nanomolar levels [2]. The
TracMetal was applied in the Arcachon Bay that represents an important breeding ecosystem for regional seafood
production, especially oysters. In parallel, master variables were monitored in situ, and water samples were collected for
complementary analyses of particulate and total dissolved metal concentrations; water composition and proxies for primary
production. Integration of all the data enabled to deeper understand the temporal behavior of the potentially bioavailable
metal species and to identify abiotic and biotic processes that control their concentrations and cycling as reflected by
selected examples of results.

REFERENCES
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Advanced multichannel submersible probe for autonomous high-resolution in situ monitoring of the cycling of the
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Micromodel study on the removal of arsenic from drinking water using
zerovalent iron / sand filters
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3 Institute of Photon Science, Karlsruhe Institute of Technology, Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-
Leopoldshafen, Karlsruhe, Germany.

Globally, about 80 - 220 million people consume drinking water with As concentrations exceeding the limit of 10 pg/L
recommended by the World Health Organization (Podgorski & Berg, 2020). Various types of filters that contain zerovalent
Fe (ZVI) between layers of sand are applied to remove As from anoxic As-rich groundwater (GW) for human consumption
and other uses; as for example the commercial SONO filters (Hussam & Munir, 2007). In these filters, ZVI corrosion leads
to the release of dissolved Fe?*. During the filtration of oxygenated water, Fe?* is oxidized to Fe®* and precipitates as Fe(lll)-
(oxy)(hydr)oxides (FHO) while As(lll) is oxidized to As(V) that strongly sorbs onto FHO. For the time between the filter uses,
dissolved O, (DO) is depleted from stagnant water and continuing Fe* release can lead to the transformation of FHO into
denser magnetite, thereby reducing the risk of pore-clogging.

To improve our understanding of pore-scale processes in ZVI / sand filters for As removal, we developed a micromodel to
study intermittent water flow using light microscopy and synchrotron X-ray spectroscopy. The micromodel was 45 x 5 x 0.25
mm (length x width x depth) and contained ZVI and quartz grains (both 200 < d < 250 pm). Synthetic GW resembling
groundwater in Bangladesh was pumped through the channel for 12 h at a flow rate of 300 pL/h, followed by a no-flow
period for the next 12 h. Every 30 min, a microscope image (137x magnification) of the ZVI / quartz layer was recorded.

The images were collated into a movie to extract kinetic information on the transformation of Fe-phases determined by
colour changes. During the flow period, transport is dominated by advection, whereas diffusion dominates during the no-
flow period. The effluent was collected for the determination of elemental concentrations, and, after 13 days, the microfluidic
channel was embedded in an epoxy resin for analysis by spatially-resolved synchrotron X-ray fluorescence spectrometry
and X-ray absorption spectroscopy at the Fe and As K-edges. Results will be presented in this talk. Our goal is a
comprehensive understanding of the physical (advection, diffusion) and chemical (redox reactions, sorption) processes
occurring in ZVI / sand filters to identify relevant parameters for an improved filter design.
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Metal isotope process tracing in plant science: a useful tool in plant
science or just gymnastics for geochemists?

Matthias Wiggenhauser!
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For almost two decades, geochemists have employed non-traditional stable isotope measurements to decipher chemical
and physical processes that control trace metals and metalloids in plants. These attempts include plant nutrients such as
Zn, Fe, Cu, Ca, and Mg, beneficial nutrients such as Si or non-essential pollutants such as Cd and Tl. Based on research
results on Cd and Zn and on an ongonig interdisciplinary literature review on the use of metal stable isotope process
tracing in plant science, | will i) provide basics of metal isotope process tracing, ii) show successful and ‘poking in the fog’
attempts, and iii) provide a critical evaluation on the effectiveness of isotope process tracing in plant science.

-
[<}]
-

Symposia 04 + 05: Environmental Biogeochemistry of Trace Elements



-
(=23
N

Symposia 04 + 05: Environmental Biogeochemistry of Trace Elements

414

Characterization of dissolved organic matter (DOM) produced by
phytoplankton and its mercury binding capacities using asymmetrical
flow field-flow fractionation with multi-detection (AF4-MD)
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*Department F.-A. Forel for environmental and aquatic sciences, Earth and Environmental Sciences, Faculty of Sciences,
University of Geneva, 66, boulevard Carl-Vogt, CH-1211 Geneva 4, Switzerland (isabelle.worms@unige.ch).

DOM is ubiquitous in aquatic environments and plays an essential role in regulating the water quality, the chemical
speciation of metals, and thus toxic trace metals fate.

Among main DOM components, humic substances (HS) from pedogenic origin are by far the more studied in term of
complexation capacities for metallic species, and thus in mitigating their persistence in watershed and in affecting
bioavailability or toxicity of toxic metals for biota. However, much less information is available for the role of extracellular
polymeric substances (EPS) released by phytoplankton. In this study we aimed to characterize and compare the production
of EPS of three different phytoplanktonic species in terms of composition and molecular mass distribution, and to assess
their binding capacity against mercury (Hg) species.

To this end we used a combination of bioassays with measurements by asymmetrical flow field-flow fractionation with multi-
detection (AF4-MD). AF4-MD is able to separate on a size-basis component ranging from macromolecules to colloidal
assemblages, and associate to the simultaneous on-line detection of several optical characteristics (UV-visible absorbance,
Fluorescence) and elemental composition (ICP-MS), which makes it a technique of choice to characterize DOM
composition and its metal binding capacity. The phytoplanktonic species were chosen to roughly cover natural diversity
found in natural settings: Synechocystis, as representative for cyanobacteria (prokaryotes), Chlamydomonas reinhardtii
representative of green algae (eukaryotes) and a diatom (eucaryotes), Cyclotella meneghiniana.

The excreted components were concentrated on 1kDa cut-off centrifugal-ultrafiltration devices and analyzed by using
Excitation-Emission Matrices fluorescence. Our results show first that the secreted DOM components isolated from the
extracellular media of three phytoplankton species differed in quantity and quality regarding the presence of HS-like
fluorescent components (< 1kDa) and proteins (> 1kDa). In order to go deeper in details, AF4-MD with the addition of a
multi-angle-light scattering detector (MALS) was used to differentiate the HS/protein size-patterns associated to each
microorganism’s EPS. Some proteins are of globular nature although other should occur more as inorganic-co-
agglomerates in the culture media. In addition, some EPS present metallo-proteins that could be responsible of preferential
binding of mono-methyl mercury (meHg) as compared to inorganic mercury (iHg), or depending on the phytoplankton
involved. Additionally, HS-like components of low molecular mass are also involved in such preferential size-pattern
interaction.

Our results illustrate how AF4-MD can be used to address the diversity in the composition, molecular mass distribution of
the EPS released by phytoplankton species, in line with changes that could occur for DOM composition in productive lakes,
subjected to seasonal cycling, or at the vicinity of microorganisms. Further work is needed to address how such differences
could play a role in global Hg cycling, in term of (bio)-transformation, uptake or toxicity.
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The potential of indigenous microbes in supporting maize in the face of
arsenic threats
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Arsenic (As) is a trace metalloid known as “the king of poisons”. Arsenic is a class one carcinogen and its high toxicity
causes various human diseases such as skin cancer. The speciation of As largely regulates its mobility, bioavailability and
toxicity in the environment. Arsenic speciation is determined not only by abiotic parameters such as pH and DOC, but also
by biotic factors such as soil microbiota. For example, soil microbiota can enzymatically transform As from inorganic to
organic forms. Here, we performed a pot experiment in the greenhouse to analyze As concentrations and speciation in the
soil-plant system and to investigate the potential of soil microbiota in supporting plant growth under As toxicity.

We formed nine experimental groups: three soil treatments (native soil (NS), disturbed soil (DS) and reconditioned soil (RS)
intersecting with three As concentration groups (Asc, As100, and As200 mg kg-1). RS is first-sterilized soil reconditioned
with indigenous microbial extracts. Since soil sterilization might have other effects such as nutrient release than microbial
disturbance, RS treatment serves to distinguish the microbial processes from other effects. Asc is the control group without
arsenic addition. We added corresponding levels of arsenate salt to prepare As100 and As200 soils. The soils were then
incubated for two months to allow for As equilibrium between the soil and soil water phase. In each treatment group, we
cultivated10 pots with maize plants and three pots without plants. We sampled soil water, soil, and plant samples to analyze
multi-elements with ICP-MS, and As speciation with HPLC-ICP-MS. This experiment mainly aims to answer these two main
research questions: 1) What is the influence of As, soil, and plant growth treatments on As concentrations and speciation in
soil water? 2) What is the influence on plant health? Our hypothesis is that As concentrations in soil water is lowest in NS,
followed by RS, and highest in DS, which is due to decreasing microbial abundance in the three soils. This is in line with
the decreasing health status of maize plants grown on NS > RS > DS.

The results were mostly consistent with our hypothesis. Especially in uncontaminated soils (Asc group), total As
concentrations and organic As species showed the concentration pattern NS < RS < DS. The sum of organic As species
did not change over time, but were much higher in DS and RS soils at the beginning of the experiment, clearly indicating
the effect of the soil microbiota. Moreover, plant health was also in agreement with our hypothesis. Plants in NS had the
best health conditions, followed by plants in RS and last in DS. Due to higher As concentrations and soil microbiota
disturbance in DS and RS, maize exhibited lower plant height, lower chlorophyll content, and a greater scale of spot
disease on their leaves. Plants grwoing in DS were most affected by As toxin. This revealed that the soil microbiota has
great potential to support plant growth even in enviroments with high As levels.

Figure 1. Overview of the experimental design.
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Adsorption of CeO, Nanoparticles onto Sand used in Drinking Water
Treatment Plant
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Adsorption is considered as one of the most important processes controlling the fate and transport of nanomaterials in the
environment and industrial filtration units. However, mechanisms and physical or chemical parameters influencing these
processes are still poorly understood, especially in the case of porous materials used in water purification. In this study,
mechanisms responsible for deposition and attachment of CeO, NPs onto quartz sand used as a filter medium in the
drinking water treatment plant of Geneva (Switzerland) are examined. The batch experiments were performed using
ultrapure water at pH of 3.0 + 0.1 and filtered Geneva Lake water (pH ~8.6). Residual CeO, NPs concentrations in the
supernatant after mixing with sand were determined with UV-vis spectroscopy. CeO, NPs were found to adsorb very well
onto sand grains surfaces under acidic conditions due to electrostatic attractive interactions. The kinetics of adsorption
followed well both pseudo-first-order model and pseudo-second-order model. The adsorption process was successfully
described by Langmuir isotherm which indicated the formation of a monolayer, with a maximal adsorption capacity of 0.85 +
0.2 mg g", at the grains surface. The scanning electron microscopy (SEM) images showed individual CeO, NPs or small
aggregates attached to the sand surface, thus confirming choice of the adsorption model. The results obtained from batch
studies conducted using filtered Geneva Lake water showed that aggregation, caused by the presence of natural organic
matter (NOM) and multivalent ions, and further aggregate sedimentation are the main processes responsible for CeO, NPs
elimination under environmental conditions. Moreover, as CeO, NPs and sand grains both carried negative charges,
electrostatic repulsion forces also hindered adsorption. SEM images confirmed these observations and revealed only
limited adsorption in the vicinity of sand surface irregularities.
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The EU Water Framework Directive (WFD-2008/105 / EC) established a list of priority hazardous chemicals and set
thresholds for total dissolved concentrations (after filtration at 0.45 um) which, if exceeded, indicate poor water quality.
However, recent studies clearly demonstrated a flaw in the WFD environmental quality guidance (EQG) set for trace
metals. As a matter of facts, while the maximal Pb and Cd concentrations allowed by the EQG are respectively 68 and 13.2
nM, lower Pb and Cd concentrations showed deleterious effects onto marine plankton (Echeveste et al., 2012; Ensibi and
Daly Yahia, 2017). Furthermore, while Cu is not considered as a priority substance in the WFD, few nanomolar of dissolved
Cu per liter could induced a negative response from some planktonic species (Coclet et al., 2020). Finally, it is assumed
that the marine biota is more inclined to assimilate trace elements whose size is lower than 0.2 ym, especially the so-called
truly dissolved metal species (< 1 nm). Thus, the determination of the bioavailable fraction is a primordial objective which
requires innovative tools. Recently, a newly designed tool for simultaneous in situ measurements of a range of hazardous
trace metals was developed (Tercier-Waeber et al., 2021). The present study aimed at evaluating the dissolved Cu, Cd, Pb
and Zn speciation by measuring their total dissolved (after 0.2um filtration), their “truly” dissolved (after 0.02 ym filtration)
and their dynamic concentrations. The determined concentrations were compared to the EQG established by the EU as
well as those determined by the Australia and New Zealand to protect 95 and 99 % of the species.
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Effect of Si, Ca, and Mg on phosphate co-precipitation with Fe and on P
retention during precipitate aging
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" Eawag, Swiss Federal Institute of Aquatic Science and Technology, Ueberlandstrasse 133, CH-8600 Duebendorf,
Switzerland (ville.nenonen@eawag.ch)

2 Department of Environmental Sciences, Institute of Biogeochemistry and Pollutant Dynamics, ETH, Swiss Federal Institute
of Technology, Zurich, Switzerland.

3 Karlsruhe Institute of Technology, Institute of Synchrotron Radiation, Hermann-von-Helmholtz Platz 1, D-76344
Eggenstein-Leopoldshafen, Germany

Phosphorus is an essential nutrient, but excessive inputs into surface waters may lead to the eutrophication and
deterioration of aquatic ecosystems. The biogeochemical cycling of phosphorus is coupled to the cycling of Fe. The
oxidation of dissolved Fe(ll) in natural waters leads to the formation of Fe(lll)-precipitates with a high sorption capacity for
phosphate (P). Fresh Fe(lll)-precipitates are metastable and can transform into more stable phases over time, which may
lead to the release of initially bound P. Repartitioning of P into Ca-carbonates or —phosphates, on the other hand, could
attenuate P release.

We performed time-resolved experiments on the structural transformation of Fe(lll)-precipitates and the fate of co-
precipitated P during aging, with a focus on the effects of Ca, Mg, Si, and P on Fe phase formation and transformation, Ca
precipitation, and P retention. Expanding on earlier work (Senn et al., 2015, 2017, 2018), we determined changes in
dissolved element concentrations and in the structure of the solids over time using X-ray absorption spectroscopy (XAS),
X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), and transmission electron microscopy (TEM) for
solids characterization.

The experiments were performed with 0.5 mM Fe in bicarbonate-buffered electrolytes with Na, Ca, or Mg as electrolyte
cations without or with 0.5 mM Si at molar P/Fe ratios of 0.3 and 0.05. The initial precipitates were mixtures of amorphous
Fe(lll)-phosphate and poorly-crystalline lepidocrocite (no Si) or Si-ferrihydrite (with Si). Increases in dissolved P in the
electrolytes without Si were linked to the formation of a higher share of more crystalline lepidocrocite. This transformation
was slowed down by Ca and (to a lesser extent) Mg. The presence of Si inhibited P release during aging by promoting the
formation of Si-ferrihydrite with a higher sorption capacity than lepidocrocite. The extent to which P was released during
aging could be directly linked to the individual and coupled effects of Ca, Mg, and Si on Fe(lll)-precipitate structure and
transformation and to the P sorption capacity of the different solids.
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Owing to their physicochemical properties, titanium oxide nanoparticles (TiO, NPs) are widely used into a large number of
industrial applications and consumer products. The intensive use of TiO, NPs results in their release into aquatic systems
and consequently in drinking water resources, and represents a potential threat for ecosystems as well a potential health
risk for humans.

NPs fate and removal efficiency in drinking water treatment plants (DWTP), which ensure water quality and supply drinking
water for human consumption, have been by far less investigated. This study investigates the removal efficiency of TiO,
NPs in a conventional water treatment plant providing drinking water for 500’000 consumers (Geneva, Switzerland). For
that purpose, a pilot-scale DWTP reproducing at a small scale the different processes and conditions of the main treatment
plant is used. The results show that filtration processes through sand and granular activated carbon (GAC) filters in the
absence of coagulation achieves an overall TiO, NPs removal of 96%. The removal efficiency of filtration processes is
mainly attributed to physical retention and adsorption mechanisms. On the other hand, the coagulation process greatly
improves the removal efficiency and most of TiO, NPs are removed during sand filtration process with an effective removal
efficiency equal to 99.5%. It should be pointed out that TiO, NPs were not found or detected in the drinking water after GAC
filtration in presence of coagulant. The higher removal efficiencies with the addition of coagulant is related to TiO, NPs
surface charge neutralization and large aggregate formation thus significantly increasing their retention in the filter media.

Figure 1. Overall performance of the conventional DWTP (Geneva, Switzerland) on the removal of TiO, NPs after coagulation, sand and GAC
filtration.
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Trace elements such as Se, Zn and Cu are essential for humans, animals and other organisms in a certain concentration
range. Other trace elements such as Cd and Hg are potentially toxic to human health already at low concentrations. The
concentration of trace elements in the soil and their bioavailability are main factors influencing the accumulation of these
elements in crops and fodder.

Broad-scale distributions of trace element concentrations in soils are presented in geochemical soil atlases. Based on this
information, regions with trace element deficiencies or soil contaminations can be assessed. However, in contrast to other
countries (Rawlins et al., 2012; van der Veer, 2006), no nationwide geochemical soil atlas exists for Switzerland.

Between 2011 and 2015, samples of the topsoils (0-20 cm) have been collected along a regular 6 by 4 km grid within the
framework of the Swiss Biodiversity Monitoring (BDM) program (Meuli et al., 2017). In total, 4’270 samples have been
taken from 1’153 sampling sites covering whole Switzerland. The soil samples were dried, sieved at <2 mm, ground to
powder and digested using an aqua regia solution. Concentrations of 53 elements were analysed in the soil extracts using
ICP-MS. The dataset was complemented with an additional dataset on element concentrations measured in aqua regia
digests of topsoils (291 sampling sites) compiled by the group of Dr. Moritz Bigalke (University of Bern) and the NABO soill
database (105 sampling sites). The concentrations and spatial distributions of a subset of the complete dataset including
the trace elements As, B, Ca, Cd, Co, Cr, Cu, Fe, Hg, Mg, Mn, Mo, Na, Ni, Pb, S, Sb, Se, Tl, U, V and Zn will be presented
in the first Swiss geochemical soil atlas.

We hereby present the concept of the geochemical soil atlas as well as first statistical analyses of all elemental data.
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Natural organic matter as a modifier of Hg bioavailability to green algae
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Mercury (Hg) is a priority pollutant of global concern, which is characterized by strong bioconcentration and
biomagnification in the aquatic food webs. Mercury interaction with phytoplankton, central for its incorporation in the food
webs, and in particular the role of various environmental modifying factors such as natural organic matter (NOM) is still to
elucidate. The objective of this work is to get new insight in the role of the NOM on Hg bioavailability to phytoplankton.
Since trace metal complexation by NOM is expected to reduce its bioavailability, we hypothesized that the reduction of the
Hg bioavailability to Chlamydomonas reinhardltii, chosen as a model phytoplankton, will be proportional to the fraction of the
Hg being complexed by NOM.

To get insight into the role of NOM in Hg uptake, C. reinhardtii was exposed to two concentrations of Hg in the presence of
standard Suwannee River humic acid (SRHA) and in natural water rich in NOM from Onego Lake, Russia. Water was
sampled from five sites representing the DOC gradient from River Shuya to open lake. Bioavailability was quantified by
determining the intracellular mercury concentrations by Direct mercury analyzer on freeze-dried pellets. Concentrations of
Hg in the exposure media were measured with the MERX Automated Total Mercury Analytical System. In addition the
composition, molar mass distribution and binding of Hg to NOM was preformed by a combination of Assymetrical field flow
fractionation coupled online to UV fluoresence detection and inductively coupled plasme mass spectrometry (AF4-UV-FL-
ICPMS).

The results showed that adsorbed and intracellular Hg concentrations decreased as compared with exposure in the
absence of SRHA only at 0.7nM IHg, when the estimated ratio between the reduced sulfur concentration and IHg is bigger
than 100 (Beauvais-Flick, R. et al, 2019). A significant increase (1.5x) of Hg uptake in C. reinhardtii exposed to 70 nM Hg
in the presence of 0.5 and 5 mg-L"' DOC was found. In the DOC-rich water from lake Onega, a decrease of the
bioavailability with respect to exposure in the absence of NOM was found. A negative correlatation between whole cell and
intracellular Hg and DOC concentrations was found. This corelation was much stronger with the thiol concentrations,
obtained by AF4-FL detection, fluorescence and humification indexes of NOM. Such relationships evidenced possible
negative feedbacks with these NOM characteristics and Hg bioavailability to algae. The effect of the other factors such as
the presence and concentration of different major cations and anions, present in natural waters, has to be taken into
account in addition to the role of NOM. The significance and implications of the results are discussed with respect to the
narrowing the gap in lab-to-field extrapolation, as well as with respect to the prediction of the mercury incorporation at the
base of the food-webs and the impact in the environmental systems.

REFERENCES
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Microbial Methylation of Antimony
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Antimony (Sb) is a naturally occurring metalloid that can be remobilised from soils due to flooding. The released Sb can
potentially expose the soil microorganisms to the metalloid. Sb shares common chemical and toxicological properties with
arsenic (As), e.g. they are found in the same oxidation states in the environment and are potent genotoxines [1]. Thus,
enzymes able to transform and detoxify from As might be able to transform and detoxify Sb. In deed, Sb entering the
intracellular space can be pumped out of the cell by As membrane transporters [2][3]. The methylation of As has been
subject of thorough study since the 1950’s [4]. The reaction is catalysed by the enzyme arsenite methyltransferase (ArsM)
and can lead to As volatilization. The gene encoding ArsM has been found to be phylogenetically diverse and extensively
distributed in diverse microbial communities. To date, the phylogeny of the microbial drivers of As methylation in soils is still
a subject of debate [5][6]producing mainly phytotoxic dimethylarsenate (DMAs. Methylated Sb species have been detected
in pure and mixed microbial cultures [7][8]we focused on soils of different origin. Here, we describe the biogenic production
of volatile metal(loid and it has been hypothesized that ArsM could be responsible for the methylation of Sb. However, the
Sb methylated species have been detected only after long incubation periods or celullar lysis and with very low efficiencies,
casting the doubt whether it is an active metabolic process, as it is the case of As methylation by ArsM, or an artifact driven
by Sb chemical reaction with methyldonors. In our study, we investigated the potential of the aerobic heterotrophic strain
Arsenicibacter rosenii SM-1, previously shown to efficiently methylate As [5][9], to actively methylate and volatilize Sb.
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Along with the current climatic crisis, terrestrial ecosystems are undergoing significant modifications, both above and
belowground. The steep elevation gradients of the European Alps, because of their close connection to temperature
gradients, might be particularly concerned. For example, climate warming might induce changes in vegetation community
structure in the alpine environment; increase the metabolic rate of soil microbes, and active faster organic matter
degradation. Thus, climate change might disrupt the role of mountain soils acting as carbon sinks. To address this question,
we use a multiscalar approach, from the local vegetation patch to the Switzerland landscape level and apply both temporal-
explicit and spatial-explicit experimental designs. Specifically, first, we use a >20 years-old soil collection to compare
changes in soil properties and humus forms to date. Second, we perform reciprocal transplant common garden experiments
at different elevations to assess the effect of local vegetation and soil biota and flora on soil organic matter degradation.
Together, the results of this research address how climatic gradients, spanning collinear to alpine elevations, might affect
the evolution of mountain soils, and it will allow deciphering the ecosystem components that will majorly drive these
changes.
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Understanding the biases that control the preservation potential of
different developmental stages in the marine shrimp, Palaemon varians
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The ontogeny of arthropods in the fossil record is well recognized to be highly biased towards the later ontogenic stages of
their development. Larval and early juvenile stages are rarely preserved, with even the most impressive Lagerstatten either
preserving large macroscopic or tiny fossils.The exception being the newly discovered Haiyan lagerstatte in China or the
Orsten biota in Sweden. The Haiyan fossil assemblage has yielded rare and abundant larval and juvenile arthropod
specimens making up 51% of all fossil specimens collected (Yang 2021). Such ontogenic data offers invaluable information
about the developmental biology of this large group and opens a new line for taphonomic investigation into the biases
controlling early juvenile stages of preservation.

In modern environments, many marine arthropods lay their eggs in specific maternal environements where the juveniles will
stay until they reach a later stage of development. The newly grown adult shrimp will then leave that environment and enter
an entirely different one. With so little juvenile data available in the fossil record, palaeontological recontructions may be
biased towards considering most palaeo environments to be adult environments, but this may actually be the result of
taphonomic biases within such assemblages.

Here we investigate the preservation potential of the common marine shrimp Palaemon varians at varying stages of its
ontogeny. Decay was observed in an ovigerous female shrimp to fully grown specimens in their adult developmental stages.
Understanding Palaemon varians decay at different growth stages and body sizes provides important information on the
relationship between ontogeny and taphonomy, and the impacts on palaeocommunity reconstructions. Our first set of
experimental results are presented here.
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Latimeria is the only extant representative of the coelacanth fish, with two species roaming the eastern coast of Africa and
in Indonesia. These iconic fish are nicknamed “living fossils” because of their supposedly slow rate of morphological
evolution. Fossil records of coelacanths are missing in the Cenozoic, but there was fair diversity during the Mesozoic. Most
Mesozoic taxa belong to two families, the Mawsoniidae and the Latimeriidae, grouped together in the Latimeroidei. In this
contribution, we review some recent discoveries in these two families studied by our team.

Mawsoniidae were first described from the Cretaceous of Western Gondwana (Africa and South America), then in the
Triassic of North America. Recent discoveries have shown that this family was also present in marine deposits of the
Triassic of Europe (Deesri et al., 2018) and in freshwater deposits of the Late Cretaceous of Europe (Cavin et al., 2016,
2020). Recently, a fragment of a giant Jurassic mawsoniid was discovered in the collection of the Natural History Museum
of Geneva, and a re-examination of body-size reconstructions in the family showed that the low morphological disparity was
counterbalanced by the disparity of body size (Cavin et al., 2021). A handful of bones referred to Mawsonia were recently
discovered in the Late Cretaceous of Texas, USA, changing the evolutionary history of the genus. It now appears that this
genus, and its sister genus Axelrodichthys, have stratigraphic ranges that may extend from the Late Jurassic to the end of
the Cretaceous, or nearly 100 million years (Cavin et al., Submitted). The evolutionary history of Mawsonia is a model for
understanding the evolutionary history of Latimeria, which has no fossil record but whose genome indicates the origin of the
genus several tens of millions of years ago (Kadarusman et al. , 2021). Recent studies on the genetic origin of gigantism in
vertebrates (Weber et al., 2020) and on the life cycle of Latimaria (Mahé et al., 2021) are avenues of exploratory research
to understand the slow evolutionary rate and the large body size observed in some latimeroids.

The fossil record of Latimeriidae began in the Middle Triassic, notably with a middle Triassic coelacanth from Graublnden,
eastern Switzerland, showing a very unusual morphology (Cavin et al., 2017). The recognition in the collection of the
Palédontologisches Institut und Museum in Zurich of specimens of coelacanth from the Middle Triassic of Monte San
Giorgio, sharing superficial characters with Foreyia from Graubliinden, was the occasion to launch a detailed study of the
anatomy and the relationships of this new form (Ferrante et al., 2017, in progress). Cladistic analysis revealed a close
affinity with Foreyia and Ticinepomis, also from Monte San Giorgio, but the new taxon shows autapomorphic characters
which are derived within the coelacanth clade.

Finally, three specimens of small complete and sub-complete articulated coelacanths preserved in nodules found in the
Middle Triassic of Lorraine, France, were CT-scanned and are currently being described. The specimens show, among
other features, an ossified lung visible in 3D. The taxon shares characters with Diplurus. Its inclusion in a cladistic analysis
will help to understand the phylogenetic position of Diplurus and related taxa, since Diplurus is resolved as a mawsoniid in
some analyzes (e.g. Cavin et al., 2017) and as a latimeriid in others (i.e. Torifio et al., 2017).

Although the taxonomic diversity of coelacanths has always remained very low during their 420 million years of history,
these fish exhibit contrasting patterns in the rate and intensity of morphological transformation: some lineages display a
slow evolution retaining a general coelacanth Bauplan, such as the Cretaceous Mawsonia or the extant Latimeria, while
others exhibit short bursts of rapid morphological transformation, such as the basal Latimeriids from the Middle Triassic of
the Alps or an as yet unstudied Late Jurassic specimen from Solnhofen.
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The vestibular organ (= labyrinth) of amniotes consists of a series of semicircular ducts, which detect angular accelerations
of the head and thus provide important sensory input for balance and orientation, by stabalizing the visual field of animals.
This system is based on fluid dynamics, and morphological changes to the duct system have predicatble effects on the
physics and thus the sensitivity of the system (e.g. Jones & Spells 1963). On this basis, strong form-function relationships
have been hypothesized, which should be universally applicable among vertebrates if true. Specifically, these predict that
some labyrinth attributes, such as the overall size of the system, are indicative of ecological specializations, particularly that
agile amniotes have larger labyrinths. This relationship could be empirically supported by data from mammals (e.g., Spoor
et al. 2007), but other groups have only recently been in the focus of studies, casting doubts on the universal applicability of
most labyrinth form-function hypotheses. For instance, although labyrinth size variation in mammals is related to relative
agility, the overall large labyrinth size of birds, traditionally linked to their ability to fly, evolutionary preceeded the origin of
flight (Bronzati et al. 2021).

Turtles are a great case study in which to test the ecomorphology of the labyrinth: the group has an accellent fossil record
extending over 230 Million years of evolution, and experienced numerous ecological transitions. These affect their
locomotion behaviour, particularly secondary marine adaptations (e.g. sea turtles) and secondary terrestrial transitions (e.g.
tortoises). The study of the turtle labyrinth is complicated by a strong mismatch of the membranous labyrinth organ and the
endosseous labyrinth cavities that form its bony encasement. The latter can be studied in fossils, but the former determines
vestibular function. We developed a reconstruction technique based on membranous-endossoeus labyrinth pairs from
contrast-enhanced computed-tomography (CT) scans of living turtles, which allows us to faithfully reconstruct the
endolmyphatic fluid flowpaths of the membranous labyrinth from endosseous data. We validated our method with statistical
integration tests that document high co-variation between reconstructed and actual membranous labyrinths. We then apply
this reconstruction technique to a large dataset of 168 digital turtle labyrinth specimens, which cover one fourth of extant
turtle diversity and includes extinct representatives of all major fossil lineages. Our method also allows comparisons with
the labyrinths of non-turtle amniotes (e.g. Bronzati et al. 2021). We landmarked our reconstructed labyrinth data, and tested
ecological and other (allometric, spatial braincase constraint) effects on labyrinth size and shape in separate multiple
phylogenetic regression models. In addition, we optimized residual relative labyrinth size over the phylogeny of turtles to
study labyrinth size evolution. Turtle labyrinth sizes relative to skull size were further compared to other amniote lineages,
including mammals, birds, lepidosaurs, and stem-archosaurs.

We find that turtles have unexpectedly large labyrinth sizes, comparable to those of birds. This seriously undermines ideas
that labyrinth size can predominantly be explained by agility, as turtles are considerably less agile than birds. Evolutionary
optimization of labyrinth size reveals that turtle labyrinths were ancestrally small, similar to those of stem-achosaurs. The
labyrinth size increase in turtles coincides with their conquest of aquatic habitats, and may thus have an ecological
explanation, likely linked to an increased need for visual stabilization during aquatic hunting of life prey. The size increase
also coincides with the increase of otic capsule size in turtles, which is responsible for the appearance of the unique jaw
adductor muscle system in turtles — one of the key anatomical trademarks of turtles among amniotes. As the otic size
increase currently lacks an evolutionary explanation, we put increasing labyrinth sizes forward as a driver of this
evolutionary development. The ecological interpretation of labyrinth size is supported by statistical models that relate
secondary labyrinth size reductions to secondary terrestrial ecologies among extant tortoises and extinct terrestrial species.
Unlike labyrinth size, labyrinth shape (i.e. geometry of the canals) shows no ecological signal. Instead, allometric effects as
well as the shape of the braincase have significant effects on labyrinth shape. High unexplained residual variation
nevertheless suggests that there are unknown influences on labyrinth shape. Our models challenge standing hypotheses
that strongly relate labyrinth shape to ecology, and imply that the shape of the skull has a stronger impact on determining
labyrinth shape than commonly recognized.
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Echinoids (sea urchins) are marine organisms, which consist of numerous interlocked plates that form the shell. The so-
called test protects the sea urchin’s internal organs and often shows a five-fold symmetry. Attached to the test are primary
and secondary spines. Sea urchins are one of many organsims to form calcite exoskeletons, functionalizing the calcite for
structural stiffening and strengthening of the biological tissue (Addadi et al., 2003). The frequently reported lightweight
properties in combination with special mechanical properties of the sea urchin skeleton originates from the three-
dimensional highly-porous meshwork of calcite, termed stereom, forming test and spines. In between test plates and spines
there are well-organized variations of the stereom architecture (Smith, 1980). Although the distinct microstructure may vary
highly, sea urchins exhibit a highly ordered or almost perfect calcite crystal orientation and mineral organization (Goetz et
al., 2014).

The present study describes the texture pattern of the magnesium calcite in test and spines of Cidaris cidaris in comparison
to its microstructure and chemical composition. The sea urchin species C. cidaris is common in the Mediterranean Sea and
lives in the epibenthos. Electron backscatter diffraction (EBSD) measurements reveal differences in crystallographic
orientation of the test compared to the spines. The c-axes orientation of the single crystal-like test plates is tangential to the
test curvature in aboral direction. The spine exhibits a bimodal-like texture. The highly co-oriented spine interior shows
c-axes parallel to the longitudinal axis of the spine. The cortex, surrounding the spine’s core, is polycrystalline with a weak
co-orientation strength. The c-axes of the cortex forming biominerals are oriented perpendicular to the longitudinal spine
axis. High-resolution EBSD identified the monocrystalline-like interior of the spine as mesocrystalline structure. Confocal
laser microscopy and scanning electron microscopy (SEM) imaging reveal the main architectural features of the porous
magnesium calcite. Test and spine show varying stereom fabrics, depending on the location within the plate and spine.
Besides the changing texture in the spine’s dense cortex, no correlation between crystallographic orientation and porosity
pattern could be found. Energy-dispersive X-ray spectroscopy (EDS) detected Ca, Mg, S, Na and Cl in the test and in the
spine of C. cidaris. All elements are homogenously distributed within the test. Mg concentration of the spines was
calculated from results gained by X-ray powder diffractometry (XRPD). Similar Mg concentrations for the individual skeletal
elements were obtained by energy-dispersive X-ray spectroscopy and XRPD. Results obtained by XRPD on pristine spines
did not show differences between the low-magnesium calcite of primary and secondary spines. However, an additional
phase, halite (NaCl) could be detected in the spines.
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Figure 1. EBSD map on the cross section of a primary spine of C. cidaris. (a) Color coded orienation map, (b) density distribution pole
figures with used color key along x1 direction, (c) misorientation profile between cortex and radiating layer, (d) measurement location on an
image made by a confocal laser microscope.
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The 230-million year old history of turtles provides evidence of the evolution of a large diversity of habitat and feeding
ecologies in the group. This diversity has been proposed to correlate with the great morphological disparity seen in the
skulls of extant and extinct taxa. In fact, the well-preserved fossil record of turtles documents very distinct cranial
architectures, some of which are no longer represented among modern representatives. In a similar way, functional aspects
linked to their neck mobility have also been suggested to correlate with cranial shape in turtles, especially concerning the
posterior skull region around the emarginations. For that reason, their cranial structure can be possibly understood as
decoupled from their remaining skeletal parts: in addition to their necks, their skulls are the primary elements used to
interact with the surrounding environment, and therefore key to understanding the diverse ecological feeding specialisations
observed among representatives of the group. In this work, we use a three-dimensional geometric morphometrics approach
to characterise shape aspects of turtle skulls. We created a new landmark concept to include single-point, sliding and
surface landmarks that allowed us to capture the dimensions but also curves and fine surface details of their cranial
geometry. We analyse all ecological and functional traits altogether under a phylogenetic framework to account for the non-
independence of shared anatomical features, and assess what are the main factors that structure turtle skull shape.

We find that form-function relationships of turtle skulls involve size effects (allometry), habitat and diet preferences, feeding
strategy, as well as their capacity to withdraw their necks. Turtle species that feed in the water have longer cranial shapes
and more flattened palates than those that eat on land, and that the use of suction as a feeding strategy implies a slight
lengthening of posterior skull parts in aquatic feeders. Furthermore, we show that their preferred type of food is associated
with shape changes in skull height, width of the triturating surfaces of the palate and the position of the orbits. The lack of
neck retraction in turtles correlates with extreme reduction of both emarginations simultaneously, alongside changes in
overall skull dimensions. Our results can be applied to predict such explanatory traits to fossils and corroborate some
previous qualitative palaeobiological inferences in literature. Our findings recognise that separate extinct lineages were not
fully able to hide their necks, as well as that unrelated marine and estuarine groups evolved similar ecological diversity
compared to extant sea turtles. These include multiple origins of durophagy, suction-feeding and preferences for more
sedentary soft preys, and depict scnearios of ecomorphological convergence in these ecosystems throughout the group
evolution.
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Placoderms are an extinct group of early jawed vertebrates that play a key role in understanding the origin of the
gnathostome body plan, including novelties like the jaws, teeth and pelvic fins. This makes them essential to elucidate the
evolutionary success and early radiation of gnathostomes. As placoderms have a poorly ossified axial skeleton,
preservation of the vertebral column and fins is extremely rare, unlike the well mineralised bones of the skull and thoracic
armour. Therefore, the gross anatomy and body shape of placoderms are only known for a few taxa and reconstructions of
the swimming function and ecology remain speculative. Here, we describe articulated skull roofs and shoulder girdles as
well as body outlines of an arthrodire, a derived placoderm. Specimens of a new species of the selenosteid Driscollaspis
reveal the pelvic girdle, the proportions and shape of the pectoral, dorsal and caudal fins as well as a laterally widened
region at the base of the caudal fin resembling the lateral keel of sharks. This is the first record of a body outline
preservation within selenosteids, and the second within Eubrachythoraci. This is also the first record of a preserved thoracic
armour and inferognathal in Driscollaspis. The shape of its heterocercal caudal fin in combination with the pronounced
laterally enlarged keel-like region is reminiscent of some modern pelagic sharks, thus suggesting this new selenosteid was
an active swimmer.
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Snapping turtles (Pan-Chelydridae) are a species-poor clade of cryptodires that play a prominent role in extant ecosystems.
The group has a particularly fragmentary fossil record, in part likely due to the fact that their shells disarticulate easily after
death, but also a bias against collecting fragmentary turtle remains. As published, the record suggests that the clade
originated in North America during the Late Cretaceous but dispersed to Asia and Europe no later than the late Oligocene
and to South America no later than the Pleistocene. While a Neogene arrival in South America correlates well with the
Great American Interchange, an Oligocene dispersal to Asia and Europe does not correlate well with other known turtle
dispersal events, in particular the global dispersal event that took part across the Northern Hemisphere in concert with the
Paleocene Eocene Thermal Maximum (PETM) that led to the complete replacement of the European turtle fauna.

A collection of 100 three-dimensionally-preserved pan-chelydrid shell fragments was collected near the turn of the
millennium from a sandpit located near Chéry-Chartreuve, Department of Aisne, northern France. All fragments originate
from a laterally constrained lens of sediments consisting of aeolian sands and clays that were deposited at the base of
continental sediments that overlay marine sediments in this region. The rich, but poorly described mammalian fauna from
this lens suggests an early Bartonian (MP15, Middle Eocene) age. The available material, which represents at least three
different individuals, documents nearly the full plastron and peripheral series, but only aspects of the neurals and costals.
Initial analysis of the material suggests close morphological affinities with Tullochelys montana from the Early Paleocene of
Montana, USA and Chelydropsis decheni (a.k.a. Chelydropsis santihenrici) from the Late Oligocene of France. This is
consistent with an arrival of the Chelydropsis lineage in Europe, perhaps directly from North America, no later than the
Middle Eocene. The previously unanticipated arrival of pan-chelydrids in Europe by the Middle Eocene raises the possibility
that pan-chelydrids may have arrived in Europe during the Early Eocene following the PETM, but remain undetected due to
the above-mentioned collecting bias.
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Taking the locally great abundance of body fossils of fishes such as, e.g., shark teeth into account, the scarcity of trace
fossils prouced by these animals is surpising. Partially, this roots in the lower interest of researchers and the public in
ichnofossils compared to fossil vertebrate skeletons. However, ichnofossils can provide valuable palaeobiological
information about their producer such as, e.g., velocity, mode of locomotion, feeding behaviour etc.

We report an occurrence of swimming traces, which are known as the ichnogenus Undichna, from the youngest part of the
Devonian of the eastern Anti-Atlas (Morocco). This is remarkable because the latest Devonian strata are usually very poor
in tetrapod remains worldwide (Romer 1956; Coates and Clack 1995), but other vertebrates are also rare in this interval.

In the southern Tafilalt at the Jebel Aoufilal, the equivalent of the Hangenberg Sandstone consists of thin-bedded
claystones, silstones, sandstones and rare coarser clastics (Kaiser et al. 2018). According to their ichnofauna and
sedimentary structures, these sediments accumulated in a shalow marine setting. This is corroborated by abundant
Asteriacites.

In our paper (Klug et al. 2021), we describe an over one meter long Undichna britannica, which was produced by an animal
probably a little less than half a meter long. We cannot be certain about the producer, but Klug et al. (2016) documented
teeth of ischnacanthid stem-chondrichthyans from the eastern Anti-Atlas. Thus, it appears possible that a moderate-sized
acanthodian has produced this trace. It is planned to further study this rich ichnofossil-assemblage in the coming years.
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synziphosurine) provide insight into Euchelicerata and Vicissicaudata
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Synziphosurine is an enigmatic paraphyletic clade including arthropod taxa of various affinities, such as stem members of
Euchelicerata and of the lineages leading to Eurypterida, Xiphosura and Arachnida. Here we described new material that
we ascribe to the Silurian synziphosurine Bunaia woodwardi Clarke, 1919, revealing previously unknown features of its
ventral anatomy. The specimens have a first pair of uniramous appendages on the head, followed posteriorly by five pairs
of biramous appendages in the prosoma. The pre-abdomen anteriorly bears at least two pairs of paddle-like uniramous
appendages (exopods). Finally, the pre-telson segment is associated with a possibly membranous structure (post-ventral
structure), that is open to a variety of interpretations. A similar structure is also present in undescribed synziphosurines from
the early Ordovician Fezouata Biota, while several other Cambrian and Ordovician taxa bear an anal pouch or post-ventral
appendages or plates in the pre-telson or anal region.

We undertook a phylogenetic analysis preformed with parsimony, to clarify the affinity of B. woodwardi together with the
Fezouata synziphosurine using a dataset including an array of synziphosurines (Lamsdell et al. 2013). Both taxa are resolved
together with Offacolus kingi Orr et al., 2000 and Dibasterium durgae Briggs et al,, 2012 from the Silurian Herefordshire
Lagerstatte as a monophyletic group of stem-euchelicerates, and as sister group to all other Euchelicerata (Prosomapoda).

Given the stem-euchelicerates affinity of B. woodwardia and the Fezouata taxon, some possible interpretations of the post-
ventral structures are here examined and we propose three alternative hypotheses: 1) the post-ventral structure is an “anal
pouch”, similar to that in the Cambrian Habelia (Aria et al. 2019); 2) the post-ventral structure is homologous to the post-
ventral appendages characteristic of Vicissicaudata (Lerosey-Aubril et al. 2017); 3) all of the post-ventral structures (anal
pouch, post ventral appendages and B. woodwardi post ventral structure) are homologous, and reflect the apomorphy state
for a monophyletic group (Artiopoda) formed by Euchelicerata and the Cambrian Vicissicaudata.

The clade Artiopoda have already been retrieved in several phylogenetic analyses, and these new findings in the
synziphosurines realm open new windows on the possible relationships within the clade, supporting a sister-group position
of Vicissicaudata respective to the Euchelicerata.

Figure 1. Bunaia woodwardi new specimen. A, optical photograph. B, interpretative drawing. C, multispectral false colour overlay of UV-
visible reflection and luminescence images. oal-VI, ophisthosomal appendages; tI-XI, opisthosomal targites; t, telson. Chelicerae are
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highlighted in grey, endopods in blue, exopods in green, opisthosomal appendages in red and the post-ventral structure in purple.
Scale bars, 1 mm.
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A series of fossil coelacanths with unusual tridimensional preservation has been recently found in Triassic deposits near
Saverne (East of France, Alsace), possibly representing a new species. We are currently describing the morphology of
such specimens with classical paleontological tools and with modern approaches like MicroCT (Fig1). Our preliminary
results, especially at the level of cranial morphology, consistently show a resemblance with the genus Diplurus (Schaeffer
1952). Its inclusion in a cladistic analysis will help to understand the phylogenetic position of Diplurus, since this genus is
resolved as a mawsoniid in some analyzes (e.g. Cavin et al., 2017) and as a latimeriid in others (e.g. Torifio et al., 2017).

Figure 1 | A — dorsal view of the skull roof of one of the specimens.
Anterior to right. B — dorsal view of the CTscan of the specimen in A.
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U-Pb zircon ID-TIMS geochronology of the oldest biota of the Ediacaran
White Sea assemblage (Summer Coast, NW Russia)
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Establishing an absolute timeline for the evolution of Ediacaran (latest Neoproterozoic) biota is an outstanding challenge for
the geochronology community. Ediacaran biota (“Vendian” in Russian literature; 580-539 Ma) are traditionally divided into
three assemblages: Avalon, White Sea and Nama, considered as a partially overlapping evolutionary and temporal
succession. The geochronological record of the White Sea assemblage is hampered by the lack of datable volcanic beds,
with very few exceptions like along the Winter and Summer coast in northwestern Russia. There, we find examples of the
most complete and diversified White Sea assemblage of the entire Russian platform.

We report here results from a field study and U-Pb geochronology on the the Lyamtsa, Verkhovka and Zimnie Gori
formations along the Summer coast, more specifically on outcrops in river valleys on the Onega peninsula (Agma and
Solza) in the area west of Arkhangelsk. The studied sedimentary successions consist mainly of fine-grained sandstone,
mudstone and claystone, reflecting shallow marine conditions, influenced by a large river delta. The base of the Lyamtsa
formation starts with conglomerates, overlain by a volcanic tuff (only in drillcore), which is predating the onset of the
Ediacaran fossil assemblage. Further up in the section at the base of Verkhovka formation appear diverse trace fossils
(“ichnofossils”, e.g., Dickinsoniids, Trilobozoans, Kimberella, Charnodiskus, etc.), which are marking a major evolutionary
step by the onset of bilaterian life forms.

We have sampled two ash layers, one at the base and one some 20m meters up section in the Verkhovka formation and
can provide a date for the onset of bilaterian fossils in the White Sea assemblage. Our high precision U-Pb zircon CA-ID-
TIMS age determinations yielded weighted mean 2°°Pb/%8U ages of 555.68 + 0.15 Ma and 555.10 = 0.22 Ma for the two
ash layers. This age provides evidence that the diverse assemblage of body and trace fossils and the oldest bilaterian
fossil Kimberella occurred already 555.68 + 0.15 million years ago. This new age information is in contradiction with an
existing 2"Pb/?%Pb zircon age of 555.5 + 0.3 Ma from a section at the Winter coast north of Arkhangelsk (Martin et al.,
2000), which is considered to be stratigraphically younger than the volcanic levels dated here.
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Phyologenetics and systematics of the trilobite subfamilies Cheirurinae
and Deiphoninae: shedding light on the basal relationships
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Cheiruridae is one of the most diverse families of trilobites during the Ordovician with 453 species assigned. Within
Cheiruridae eight subfamilies (Acanthoparyphinae, Cheirurinae, Cyrtometopinae, Deiphoninae, Eccoptochilinae,
Heliomerinae, Pilekiinae, and Sphaerexochinae) have been historically recognized. Although some subfamiles have been
subjected to phylogenetic analysis (e.g., Acanthoparyphinae, Deiphoninae, Eccoptochilinae and Sphaerexochinae), no
broader analyses involving different subfamilies have been performed. No information about the structure of the familiy and
the basal nodes of the subfamilies in a phylogenetic context has yet been provided. A larger scale phylogenetic hypothesis
is needed in order to assess the monophyly, the basal structure, the basal nodes and the relationships of the subfamilies.

In a first step to clarify early evolution of the family Cheiruridae, the subfamilies Cheirurinae, Deiphoninae and
Cyrtometopinae were examined. These subfamiles have historically been defined by putative synapomorphies (e.g.,
anteroposterior constriction of the thoracic pleura, pleural furrow morphology, pygidial morphology) that differentiate them
from the rest of Cheiruridae. Cheirurinae and Deiphoninae have been considered to be probably monophyletic. However,
the phylogenetic status of Cyrtometopinae is unclear owing to a lack of obvious synapomorphies. It has been suggested to
be a paraphyletic grade at the basal node of Deiphoninae (Adrain and Pérez—Peris, in press).

Here, we present phylogenetic analyses of Cheirurinae, Deiphoninae, and Cyrtometopinae. Mainly Ordovician species were
selected for analysis, prioritizing older species in order to improve the resolution of basal nodes. Some younger taxa with
well preserved morphological information were also included. Parsimony analyses were performed in T.N.T., under equal
weight and implied weights (K= 3, 6, 9, 12), using the heursitic “Traditional Search” under tree bisection-reconnection (TBR)
branch swapping with 100 replicates x 100 iterations. In addition, the dataset was also explored using the “New
Technologies Search” algorithms “Ratchet” (1000 iterations), “Sectorial Searches” (1000 rounds), and “Tree Fusing” (100
rounds). The preliminary result indicates that both Cheirurinae and Deiphoninae are monophyletic. “Cyrtometopines” have
been resolved as a paraphyletic grade rooted at the base of Deiphoninae and Hemisphaerocoryphe is the sister group
ofMainbrookia + Sphaerocoryphe.

The new phylogenetic framework permits the reconstruction of the early evoltion of Cheiruridae. Better understanding of the
timing of divergences and biogeography are provided by this analysis, resulting in new information crucial for the
understanding of trilobites during the Ordovician Radation.
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Unique assemblage of suspension-feeding radiodonts from the Early
Ordovician Fezouata Biota
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The Fezouata Shale is a Burgess Shale-like lagerstétte from the Early Ordovician of Morocco that is important for our
understanding of the early evolution of animals, and the transition between the Cambrian Explosion and the Great
Ordovician Biodiversification Event (GOBE) (Saleh et al. 2020). Located in the Anti-Atlas of Morocco, this site yield
exceptionally well-preserved remains of invertebrates, including many arthropods (Saleh et al. 2020).

The Fezouata Shale has yielded a wide diversity of non-mineralized taxa and anatomical features of a mix between the
Cambrian Explosion fauna and more common Palaeozoic animals, including a diverse assemblage of trilobites, chelicerates
and radiodonts (Van Roy et al. 2015a). Radiodonts are an emblematic arthropod group best known by the famous
Anomalocaris canadensis, a top predator in the Burgess Shale community. The first radiodont from the Fezouata Shale
reported in publication is Aegirocassis benmoulai, a 2m-long suspension-feeding radiodont (Van Roy et al. 2015b). In reality
more radiodonts, especially suspension-feeding taxa, have been found.

This study focusses on the frontal appendages of undescribed radiodonts from the Fezouata Biota, because it is this part of
the body that has the highest preservation potential for radiodonts in general. All the frontal appendages examined belong
to the family Hurdiidae, and the majority of them correspond to a suspension-feeding strategy. It reveals to us a unique
assemblage of suspension-feeding radiodonts that allows us to create the clade Aegirocassisinae. This group includes
Aegirocassis benmoulai, Pseudoangustidontus duplospineus, and Pseudoangustidontus sp. nov. (Fig.1). The genus
Pseudoangustidontus was previously described as an unknown arthropod (Van Roy & Tetlie 2006), but the more complete
material studied here identifies it as a suspension feeding radiodont. New material of Aegirocassis benmoulai allows us to
refine the anatomical description of its appendage.

Owing to the study of around 100 specimens of frontal appendages, we can achieve a better understanding of radiodont
paleoecology during the Ordovician, and its evolution implications. Mesh size measurement of the most complete
Aegirocassisinae specimens permits us to estimate that the size of the prey was in the mesoplankton category. In term of
evolutionary implications, this is the first time in the history of the group that we see such a high diversity and dominance of
the suspension-feeding mode of life in radiodonts. It can be correlated with the “Ordovician Plankton Revolution”, which
provides more resources for these animals (Perrier et al. 2015). Finally, this study highlights the decline of radiodonts that
were active predators, such as Anomalocarididae, with no specimens found in our collections so far. This could be
explained by the emergence of more efficient predators such as eurypterid or orthocone cephalopods.

Figure 1. Aegirocassis benmoulai (A) and Pseudoangustidontus sp. nov. (B). Scale bar: 1 cm.
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Cranial anatomy and phylogeny of Late Jurassic to Early Cretaceous
paracryptodiran turtles
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Paracryptodira is a clade of freshwater turtles that lived from the Late Jurassic to Eocene of North America and Western
Europe. The clade was initially considered to be one of the three primary groups of turtles along with Pleurodira and
Cryptodira and to consist of the North American and European Pleurosternidae and the North American Baenidae. While
the phylogenetic placement of Paracryptodira within Testudinata is still under debate, recent phylogenies suggest the clade
may include Compsemydidae, Helochelydridae, and Kallokibotion bajazidi as well. Although paracryptodiran fossils have
been described since the 19" century, plenty of material remains poorly understood. Late Jurassic and Early Cretaceous
pleurosternid shell material recently received greater attention, but the cranial anatomy of several taxa historically lacked
detailed insights. Similarly, while about ten derived baenids skulls have been published over the last two decades, only one
basal baenid benefited from a detailed study during that period.

As a better understanding of paracryptodiran cranial anatomy is crucial for more confidently assessing the phylogenetic
relationships of that clade, we have described a series of skulls over the course of the last two years using micro-computed
tomography, in particular the putative pleurosternids Uluops uluops from the Tithonian of Wyoming and Pleurosternon
bullockii from the Berriasian of the United Kingdom, and the putative basal baenids Arundelemys dardeni from the Aptian-
Albian of Maryland, Lakotemys australodakotensis from the Berriasian-Valanginian of South Dakota, and Trinitichelys hiatti
from the Aptian-Albian of Texas (Fig. 1). Among the new features brought to light in our studies are the presence of a
reduced basipterygoid process in Pleurosternon bullockii and Uluops uluops, which is interpreted as a symplesiomorphy for
the latter two taxa, and the intriguing presence of a canal for the palatine artery in Lakotemys australodakotensis and
Uluops uluops. The circulation system of turtles was used for decades to attempt improving our understanding of
testudinatan relationships and the recent advent of computed-tomography technologies has allowed investigating in detail
arterial and innervation patterns in turtle skulls. This led to a series of reinterpretations of cranial circulation within several
turtle clades, including paracryptodires. While the palatine artery was initially thought to be universally present among that
group, recent investigations suggested its loss in several taxa instead, if not for the entire group. Our studies of the five
aforementioned paracryptodiran skulls reveal that the palatine artery is indeed absent in most representatives of
Paracryptodira but remains present in Lakotemys australodakotensis and Uluops uluops, the most basal members of
baenids and pleurosternids respectively, which suggests, for the moment, the independent loss of the palatine artery at the
base of Baenidae and Pleurosternidae.



Figure 1. Selection of paracryptodiran skulls used for this project. Dorsal view of A, Arundelemys dardeni, B, Lakotemys
australodakotensis, C, Trinitichelys hiatti, D, Pleurosternon bullockii, and E, Uluops uluops. Scale bars approximate 1 cm.
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Revision of the Triassic placodont material (Sauropterygia) from
Switzerland
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Here we report on the revision of the Alpine placodont material from localities of Switzerland (and with an outlook to the
neighboring countries Austria and Italy), namely specimens pertaining to the Middle Triassic Paraplacodus broilii and
Cyamodus hildegardis and the Late Triassic Psephoderma alpinum. The former two species are prominently represented
by several specimens each from the Besano Formation at the UNESCO world heritage site of Monte San Giorgio (ltaly/
Switzerland), whereas the latter species is found mainly in the K&ssen Formation of Canton Grisons and the adjacent
Vorarlberg region of Austria. We focussed on material that is mainly housed in the collections of the Palaeontological
Institute and Museum of the University of Zurich (PIMUZ), and the Bundner Naturmuseum Chur (BNM). In the case of
Paraplacodus broilii, all previously described fossils (mentioned in Rieppel, 2000) including the holotype PIMUZ T 2806 (not
T 4773!) from Val Porina, Meride, and hitherto unpublished material stored at PIMUZ was inspected and (re-)described.
The material includes a badly weathered skeleton of a small individual, which nevertheless preserved most of the skull in
good condition so that the material could be used for computer-tomographic (CT) scanning and 3D reconstruction.
Similarly, the CT scan of the ‘Munich’ exemplar (SNSB-BSPG 1953 XV 5, stored at the Bayerische Staatssammlung in
Munich) of P. broilii, representing the most complete skull found to date, could be reconstructed. It confirmed the presence
of two cranial osteoderms in the temporal region as was previously hypothesied by Rieppel (2000) and Maisch (2020), but
also the presence of nine instead of eight crushing teeth in the maxilla. The skeleton of Cyamodus hildegardis was already
the focus of several studies in the past (e.g., Kuhn-Schnyder, 1959; Pinna, 1980, 1992) and based on the best preserved
skeletons, the skeletal reconstruction was revised by Scheyer (2010). Hitherto undescribed skull material in PIMUZ,
however, includes a well presered and isolated skull roof, revealing an almost undistorted imprint of the dorsal part of the
cranial vault and the parietal foramen. In addition, the osteoderm microstructure of the carapace of the holotype (PIMUZ T
4763) of C. hildegardis was recently reported on in Scheyer and Klein (2021).

For Psephoderma alpinum, numerous hitherto undescribed specimens are accessioned in the PIMUZ and BNM collections.
These were used to supplement previous comparative works on the cranial and postcranial anatomy (e.g., Pinna, 1980;
Pinna and Nosotti, 1989; Renesto and Tintori, 1995; Neenan and Scheyer, 2014) of the species. The new materials
included several articulated armour pieces, including two very well preserved large fragments of adult individuals, but also
armour pieces of subadult specimens, numerous isolated plates and teeth, as well as cranial remains of different
ontogenetic stages. The latter include tiny jaw fragments of small juvenile specimens and subadults. Several cranial
specimens could be CT scanned, allowing an updated view of the intracranial anatomy of the animals. The crushing teeth
were also statistically evaluated and compared with the crushing teeth of Macroplacus raeticus from the Rhaetian of the
Bavarian Alps in Germany, adding additional data to the phylogenetic discussion of the species. The results of the revisions
are used to help with the determination of future collected material, summing up the study history and to discuss additional
topics such as ontogeny, paleobiology and —ecology of placodonts. The study of the Psephoderma and Paraplacodus
material was part of the MSc theses of two of us (K. Kirwald and P. Bregant, PIMUZ) and also of the diploma thesis of
Gruter (2006).
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First data on Pliocene continental fossil record of Armenia, Southern
Caucasus
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Southern Caucasus with its geographic position at the crossroad of three continents is an important region in understanding
of the past faunistic dispersals. In the few existing earlier works, this has been already partially demonstrated by its
continental fossil record. However, despite the availability of Cenozoic continental deposits in Southern Caucasus, their
potential for systematic studies of Cenozoic vertebrates and palaeoenvironmental and palaeoclimatic studies has hardly
been used.

Here, we present our results of an interdisciplinary study on the Pliocene succession from Jradzor (Central Armenia, Lesser
Caucasus). At least 15 horizons of vertebrate fossil faunas have been found in the 54-meter-thick continental succession
comprises. The “°Ar/**Ar dating of abundant volcanic ashes along with an extensive palaeomagnetic sampling dated the
section between 4.3 and 3.1 Ma.

Six sedimentological units can be identified in the section: Unit 1 (distal lacustrine setting) with white thinly-laminated
diatomite succession; Unit 2 (palaeosol and downslope deposits) with brown mottled mudstones; Unit 3-4 (distal tail of
pyroclastic flows) with mudstones containing extensive erosive sheet-like coarsening-upwards packages of scoria and
pumice; Unit 5 (palaeosols and downslope deposition) with brown mottled mudstones; Unit 6 (alternating volcanoclastic and
palaeosol environments).

The lacustrine unit 1 provides both aquatic (mainly fishes) and rare terrestrial forms. The fossiliferous horizons of units 3, 4,
6 contain vertebrate faunas including amphibians, reptiles, birds and mammals. Here, horizons JZ-3 and JZ-13 are the
richest ones with a dominance of small sized vertebrates. Further, the horizon JZ-7 is remarkable with its rich large
mammalian assemblage, including rare arvicolids, toads. All vertebrate groups suggest warm, rather dry and open habitats
with very rare, forested regions. Based on a complex dating approach (biostratigraphy, “°Ar/**Ar, and palaeomagnetic data)
the age of the units is estimated as early Pliocene (unit 1-4), early/late Pliocene (unit 5) and late Pliocene (Unit 6).
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3D Taphonomy of Phosphatized Cambrian Arthropods
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Orsten-type Lagerstatten produce extremely detailed phosphatized fossils of microscopic arthropods and other minuscule
organisms of the Cambrian period; while the animals themselves have been studied extensively, the exact processes that
led to their exceptional preservation have yet to be described (Maas et al., 2006). Combining Synchrotron Radiation X-Ray
Microtomography (SRXMT) with traditional Scanning Electron Microscopy (SEM), we undertake a 3-dimensional
examination of the fossils of bivalved phosphatocopine arthropods collected from the Swedish Orsten (Upper Cambrian).
We find that autolithified bacteria are frequently preserved inside the cuticle, forming masses of phosphate globules, along
with remains of filamentous biofilms. This provides direct evidence for the involvement of microbial activity in Orsten-type
preservation, and is consistent with taphonomy experiments (Butler et al., 2015) and other cases of exceptionally preserved
soft tissues (Briggs, 2003). The fossils also contain pyrite framboids whose crystallization appears to have been
simultaneous with or posterior to phosphatization. Average framboid size in examined specimens is positively correlated
with quality of preservation; the level of growth may be linked to different environmental conditions (either in space or time)
or biochemical variations at the scale of individual carcasses, which in turn also affected phosphatization.

Figure 1. Fossils of phosphatocopines Hesslandona sp. with intact shield valves and varying degrees of preservation for softer parts. (A)
SEM image of a specimen with trunk and appendages completely replaced by phosphatized bacteria. (B) Segmented 3D model of a
specimen with partially preserved cuticle on the trunk and appendages (white and blue elements), filled with phosphatized bacteria (red)
and pyrite framboids (bright yellow).
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Influence of plate tectonics on biodiversity
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The evolution of life on Earth is fundamentally linked to the dynamics of the lithosphere and deep mantle, and coupled to
the Earth’s surface, oceans and climate, but those dimensions are rarely studied together. We used a fast general
circulation model for ocean and atmosphere (FOAM) (Jacob et al. 2001) with a paleo-digital elevation model (Scotese &
Wright, 2018) for the timespan from 540 Ma up to recent times to generate climate model scenarios. Using variables like air
surface temperature and precipitation combined with the digital elevation model considering different tectonics scenarios we
show how simulations with gen3sis (Hagen et al. 2021), an eco-evolutionary biodiversity model, can inform about the
conditions for the formation of biodiversity. By varying Earth dynamics e.g., the movement of tectonic plates, collisions,
rifting we can investigate the causal connections between changes at Earth’s surface like mountain building or creation of
new oceans, the formation and destruction of habitats, we explore different scenarios generating specific biodiversity
patterns. By combining these models and their respective results, we can develop a new methodology for understanding
the feedback loops between geodynamics, climate and life evolution. In the current scenario, we investigate the differences
in biodiversity between the natural movement of continental plates and a static Earth over the last 100 Ma.

Ultimately, we aim to apply our models to important events in Earth’s history like supercontinent formation, continental
breakup, large igneous province eruptions, and the transition from single lid to plate tectonics.

This project is funded by Fond National Suisse FNS: 192296
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Increased seismicity in the Alps at the Younger Dryas —Holocene
transition
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In the NW Alps, several glacial origin lakes present several mass movement deposits (MMD) within their sedimentary
sequences. These anomalies could be the result of lake sediment destabilization triggered by earthquakes. Based on
sedimentological, geochemical, magnetic data and high-resolution seismic and bathymetric survey, we identify a 1.15-meter
thick MMD in the deepest Lake Aiguebelette basin and synchronous to a 2cm-thick deposit in the shallow basin.
Radiocarbon based age-depth models constrain the age of this event in Lake Aiguebelette at the Younger Dryas-Early
Holocene climatic transition (i.e. 11 500 cal BP). At the same time, in Lake La Thuile (located 30 km away), a translational
slide was recorded in the sedimentary sequence. The analyses of these two lakes highlight a possible regional
synchronicity of large MMD. The comparison with high-resolution seismic profiles previously acquired in Lake Annecy and
previous Swiss Alpine lakes studies supports this hypothesis of a significant MMD occurrence at the YD-EH transition
(Strasser et al. 2008; Kremer et al 2017; Strasser et al 2013). Based on these results, we discuss the impact of climate
change in triggering earthquakes at the occidental Alps scale, with driving processes such as glacial triggering crustal
rebound and erosional unloading.

Figure 1. Sedimentological, geochemical and magnetic results at depths covering the large EL of the Lake Aiguebelette deep basin
sequence. From left to right: grain-size measurements presented in a contourplot. D50 and D90 values (white and grey dots respectively)
are superimposed on the grain-size frequency contourplot; In(Ca/Ti) ratio; ARM; magnetized sediment low field variations (equivalent to low
Isothermal Remanent Magnetization, Demory et al. 2019); AMS foliation; photography and macroscopic log description of the different
facies types observed (plain black lines: laminated facies; black rectangles: homogenite facies; grey graded symbol: graded-turbidite facies
with inverse-graded base topped with a main normal-graded facies).



REFERENCES

Demory, F., Uehara, M., Quesnel, Y., Rochette, P., Romey, C., Tachikawa, K., ... & Andrieu-Ponel, V. (2019). A new high-
resolution magnetic scanner for sedimentary sections. Geochemistry, Geophysics, Geosystems, 20(7), 3186-3200.

Kremer, K., Wirth, S. B., Reusch, A., Fah, D., Bellwald, B., Anselmetti, F. S., ... & Strasser, M. (2017). Lake-sediment based
paleoseismology: Limitations and perspectives from the Swiss Alps. Quaternary Science Reviews, 168, 1-18.

Strasser, M., Schindler, C., & Anselmetti, F. S. (2008). Late Pleistocene earthquake-triggered moraine dam failure and
outburst of Lake Zurich, Switzerland. Journal of Geophysical Research: Earth Surface, 113(F2).

Strasser, M., Monecke, K., Schnellmann, M., & Anselmetti, F. S. (2013). Lake sediments as natural seismographs: A
compiled record of Late Quaternary earthquakes in Central Switzerland and its implication for Alpine deformation.
Sedimentology, 60(1), 319-341.

203

Symposium 07: Stratigraphy and Sedimentology |



204

Symposium 07: Stratigraphy and Sedimentology ‘

7.2
Architectural analysis of a large fluvial-fan succession: an example from
the Paleogene-Eocene Wasatch Formation (Utah, U.S.A.).

Davide Carraro', Dario Ventra', Andrea Moscariello’
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Recent developments in fluvial geomorphology and sedimentology suggest that fluvial fans might be responsible for the
accumulation of great volumes of clastic successions in continental basins. The possibility of identifying a “typical”
stratigraphic signature for aggrading fluvial fans opens a new perspective to interpret continental records, where
distinguishing the effects of autogenic dynamics from those of allogenic forcing remains a major challenge. Furthermore,
due to the intrinsic heterogeneity displayed by this type of depositional system, the success of exploration for subsurface
resources relies greatly on the reliability of the chosen stratigraphical model. From geological and economic perspectives,
hydrocarbon exploration and development along continental basin margins have been classically considered as high-risk,
low-pay endeavors, given the scarcity of viable conceptual models to address their supposed architectural unpredictability.
This research consists of an outcrop-based analysis of architectural patterns and spatio-temporal trends in avulsion
mechanisms through the Palaeocene-Eocene Colton-Wasatch fluvial-fan system of the Uinta Basin (central Utah). Three-
dimensional digital outcrop models were created from a set of high-quality photos acquired by drone fly-bys over circa
35km long, laterally continuous outcrop belts, ground-truthed by composite stratigraphic logs which cover the full extent of
the Wasatch Formation. This allowed the reconstruction of the system’s depositional history correlated with a detailed
description of the internal organization of architectural elements identified in the field such as ribbon-shaped channel-fills,
amalgamated channel-belt sandstones, mudstone-dominated floodplain muds, and heterolithic succession of overbank
fines. Along a downfan radial transect, three main fan segments are distinguished here based on the stratigraphic
organization and proportion of architectural elements, ultimately defining the net-to-gross trend. High net-to-gross values
and latero-vertical connectivity define the proximal sector, where channel-belt deposits are highly amalgamated, with only
minor preservation of mudstone-prone lenses representative of overbank deposition. The relative volume and
amalgamation of channel-fill deposits decrease in the medial sector in which channel-belt units are laterally extensive but
vertically compartmentalized by thick, mud-rich floodplain units. Net-to-gross values decrease drastically in the distal sector
of the system, where isolated, ribbon-shaped channel-bodies are encased in a claystone-dominated succession. Textural,
compositional, and primary porosity trends documented by QEMSCAN analysis of petrographic thin sections further
accompany the definition of net-to-gross values at the system scale. Outcrop observations will be complemented by
analyses of publicly available well-log and core data to test the recognition of architectural elements in the subsurface and
to better define the regional extent of fluvial-fan sectors in areas where natural exposures are absent or inaccessible. The
research approach described here emphasizes the efficacy of digital outcrop models, supported by ground-based surveys,
as a tool to describe and quantify architectural complexity in clastic successions. The regional-scale stratigraphic trends
provide a first-order validation of the expected fluvial-fan model, with observed differences possibly related to the influence
of step-wise transgression during the onset of the Green River lacustrine system.
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Sedimentology and stratigraphy of the Upper Triassic carbonates from
Hosselkus Limestone and Luning Formation (Western USA)
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Although the significant research carried out during the last years, knowledge about Panthalassan shallow-water
carbonates remains distinctly minor than their Tethyan counterparts. Considering the broad diffusion of these limestones,
the comprehension of their depositional environment, ecologic conditions and geographic extent, represents a unique way
to better assess life evolution and recovery after the main Permo-Triassic biological crisis. Hosselkus Limestone and Luning
Formation, respectively located in Northern California and Western Nevada, represent two completely different scenarios of
limestone deposition during Upper Triassic. The first, deposited on a volcanic arc far from the coast of the American craton,
shows a rapid change from shallow water facies to deep marine deposits, offering a wide spectrum of calcareous and
siliceous organisms. The second, deposited in a large embayment attached to the continent, represents a much wider and
homogeneous environment, where calcareous organisms thrive for a long period. Paleontological studies started at the
beginning of the last century, but focused exclusively on large-dimension fauna, mainly because of the poor preservation of
the rocks. Now, thanks to targeted fieldworks and a significant amount of collected samples, the two formations are
described in terms of microfacies and microorganisms, allowing a more exhaustive picture of the depositional environments
and a sharper comparison of biological contents. Ages have been revised too, thanks to numerous Conodont specimens,
allowing a high temporal resolution and thus a better correlation with other terrane-based carbonates from the
Panthalassan domain.

205

Symposium 07: Stratigraphy and Sedimentology |



206

Symposium 07: Stratigraphy and Sedimentology ‘

7.4
Stratigraphic architecture of a siliciclastic shallow-marine platform:
Insights from the Late Ordovician of Southern Morocco (Anti-Atlas)
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Since the latest Precambrian (Ediacaran), sediments have been deposited on the northern Gondwana shallow marine
platform, now exhumed as the Moroccan Anti-Atlas. The Ktawa Group, of early Late Ordovician in age (Mid-Sandbian to
Katian), outcrops as marked cuestas with different orientations along the Jbel Bani mountain range. This field-based study
focuses on a ca. 175 km long transect in the western Central Anti-Atlas, where “3D” stratigraphy is used to constrain the
platform history during deposition of the Ktawa Group. Forty-two stratigraphic logs were correlated by satellite and drone
images. The latter also enables calibration of the logs by photogrammetry.

The Ktawa Group is subdivided into three formations (Fm): Lower Ktawa, Rouid-Aissa and Upper Ktawa. Here, focus is put
on the Lower Ktawa Fm, consisting of silty shale to fine to very coarse sandstones in the studied region. In contrast, the
Rouid-Aissa Fm is dominated by medium to coarse sandstones with a strong fining eastward trend whereas the Upper
Ktawa Fm do not outcrop in the area, eroded during the Late Ordovician (Hirnantian) glaciation.

Within the Lower Ktawa Fm, the silty-shale background is punctuated by several sandstone cuestas continuous over tens
of kilometers. These cuestas represent regressive excursions and are analyzed individually hereafter.

The lowermost cuesta (Foum-Zguid Member) outcrops continuously over more than 100 km. It marks the top of a
shallowing up parasequence and consists of facies oscillating between amalgamated Hummocky-Cross-Stratifications
(HCS) and bioturbated sandstones. Its flatness and monotonic changes in facies point towards a flat prograding clinoform
deposited during a normal regression, pinching out towards the ENE.

The second cuesta («Tissint Member») outcrops only in the western part of the transect. This 20 to 30 m thick sand-body has
a sharp base located ca. 20 m above the top of the Foum-Zguid Member. It consists of medium sandstones and thin horizons
of granules organized in channelized to amalgamated beds containing obliques and trough-cross-beds. The 30 m thick sand-
body laterally disappears within ca 3.5 km towards the NE. The sharp base and proximal facies associations may indicate a
downward shift and forced regression. The NE confined extension results either from a channelized morphology or from a
transgressive ravinement eroding the north-eastern part of the sand-body. This sudden disappearance together with the
observed high-energy facies associations could further suggest deposition in a river mouth environment.

Above the Foum-Zguid Member’s eastern part, two minor superimposed sand-bodies, ca. 70 and 100 m above the first,
thin out and dip towards the NNE. The evolution of facies associations ranges from channelized sandstones in the W to
bioturbated silty sand towards the NE, thus suggesting a distalization towards the NE. Hence, these two sand-bodies may
be shaped as subaquatic clinoforms with an overall basinward direction to the NE.

The thickest and uppermost cuesta in the region is the Bou-Hajaj Member, a prominent sand-body ranging from 5 to 60 m
in thickness and outcropping over ca. 60 km eastward from the Foum-Zguid Member. The Bou-Hajaj cuesta marks a step in
elevation, lower towards the N. Furthermore, it is separated in two parts with distinct facies associations. The lower part
represents a regressive parasequence from silts to HCS to channelized sandstones. This sequence is cut to the East and
overlaid by a thick body of medium to very coarse sandstones showing granule beds and trough to oblique beddings with
Diplocraterion Parallelum burrows. This abrupt change of the upper sequence suggests an incision and downward shift to a
river mouth environment.

To the East of the Bou-Hajaj Member, another sand-body (“Abbas Member”), 5 to 30 m thick, outcrops at an elevation slightly
lower than the Bou-Hajaj cuesta, yet with a 10 km lateral gap in physical correlation with the Bou-Hajaj Member. This cuesta is
dominated by HCS sandstones to the S and bioturbated sandstones to the N, and could laterally correlate to the lower or
upper part of the Bou-Hajaj Member. The Bou-Hajaj and Abbas cuestas laterally disappear abruptly towards, leaving no trace
but a shale dominated series further eastward, thus suggesting their truncation by a transgressive ravinement.

Overall, the Ktawa Group stratigraphy suggests a S-N to SW-NE basinward orientation. This part of the margin exhibits a
flat and stable geometry except for narrow zones that may represent the rollover point of clinoforms.
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The Deccan volcanic activity and its environmental and ecologic
consequences across the Cretaceous-Paleogene (K-Pg) boundary:
examples from Neo-Tethys, Turkey
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Decades of studies have shown the causation between continental flood basalt volcanism and the mass extinction events.
Among those, the end-Cretaceous mass extinction has a special standing in possessing the junction of two mega Earth-
rendering events: The Deccan volcanism and the Chicxulub impact. Among them, the role of the Deccan volcanism is
critical in understanding the interplay between large volcanic activity and associated environmental stress. Here we show
this relation with high-resolution biostratigraphy, quantitative species counts, and geochemical data from two sections
(Haymana and Mudurnu-Goynik basins) in Central Anatolia, Turkey.

The high-resolution quantitative study in the Haymana Basin reveals that planktonic foraminiferal community in the latest
Maastrichtian is dominated by ecological generalists with small, simple morphologies. It also shows a systematic reduction
in the species richness. Similar in both sections, the K-Pg boundary is characterized by a 2-3 mm thick reddish oxidized
layer corresponding a sudden annihilation of large, ornamented species. It also represents enrichment in some critical
elements, such as Ir, Te, Hg, Ba, Ni, Cr, Co. Right above the boundary, acmes of Thoracosphaera, and Guembelitria
cretacea indicate the ecosystem collapse during post-K-Pg environment. The same levels correspond to a surge in the
number of fecal pellets.

Overall, our multiproxy approach highlights the influence of the Deccan volcanism by releasing high amounts of
atmospheric CO, and SO, gases, leading to climatic changes, and hence enabling a biotic stress which predisposes faunas
to the eventual extinction at the K-Pg boundary.
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7.6

Volcanoclastic trap of the Pliocene fauna in the Lesser Caucasus:
depositional environments and integrated stratigraphy of the new
locality Jradzor (Armenia)
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Aridification of climate and development of open landscapes at the Mio-Pliocene transition of the Northern Hemisphere
enabled active faunal migrations between Africa and Eurasia that consequently formed the modern ecosystems.
Reconstruction of such complex biogeographic history relies on very fragmented continental fossil records that makes the
new paleontological localities across Eurasia of a high interest.

The Lesser Caucasus is a mountain range with unique geographic position at the crossroad between Africa, Europe and
Asia that makes the regional geological record highly potential for reconstruction of Eurasian paleobiogeographic history.
However, the regional Pliocene fossil record remains very poorly studied due to the lack of both rich vertebrate fauna
localities and well-dated geological records.

Here, we present our first geological data of the new faunal locality Jradzor (Central Armenia, Lesser Caucasus). Being
discovered in 2009 and actively studied since 2016, the 58-meter succession revealed at least 15 fossil horizons of
vertebrate fauna with more than 30 taxa of various groups (birds, mammals, reptiles, fishes, amphibians etc.), most of
which are associated with volcanoclastic deposits. Combination of “°Ar/**Ar dating of five volcanic ash layers along with
magnetostratigraphy allowed creating a high resolution age constants dating the section between 4.3 and 3.1 Ma.

Sedimentological analysis allowed to subdivide the section into six sedimentary units: Unit 1 represented by white thinly-
laminated diatomite succession (distal lacustrine setting); Unit 2 build of brown, mottled mudstones (palaeosols and
downslope deposits); Unit 3-4 made of pale yellow mudstones with rootlets and extensive erosive sheet-like coarsening-
upwards packages of scoria and pumice (distal and medial tails of pyroclastic flows); Unit 5 with brown mottled mudstones
(palaeosols and downslope deposits); Unit 6 with alternating packages of pumice, volcanic ashes and paleosols.

The rich taxonomic content of the locality, burned surfaces on bones and their frequent clumping with pumice fragments
suggest that the local fauna was often killed and buried by hot and rapid pyroclastic flow and surges. The ongoing research
on the site will help to better understand the Pliocene interregional faunal migrations and to trace their link with dynamic
volcanic environments of the Lesser Caucasus.
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Uncertainty of grain size data from close-range UAV imagery in fluvial
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The grain size distribution of channel bars in gravel-bed rivers is a key quantity for the understanding and managing of a
river system. Standard methods that have been developed to quantify the size of gravels in rivers involve time-intensive
fieldwork (e.g., the method of Wolman, 1954), and bear the risk to introduce sampling biases. Recently, the collection of
grain size data has been achieved from photos that have been taken by low-cost UAV (unmanned aerial vehicle) platforms.
Several methods to extract grain size estimations from such imagery have been developed (e.g., Carbonneau et al., 2018;
Purinton and Bookhagen, 2019). Despite the avialbility of information on the precision and accuracy of an UAV survey (e.g.,
James et al., 2020), a systematic analysis of the uncertainty that is introduced into the resulting grain size distribution is still
missing.

Here we present the results of three close-range UAV surveys conducted along Swiss gravel-bed rivers with a consumer-
grade UAV. We use these surveys to assess the dependency of grain size measurements and associated uncertainties
from topographic models, in turn generated from the UAV imagery. In particular, we assess (i) the effect of different image
acquisition formats, (ii) specific survey designs recommended by previous authors, and (iii) how geo-referencing methods
impact the resulting topographic data. To do so, we determine how the different photogrammetric models and their
uncertainties influence the statistical uncertainty of the collected grain size data through a combined bootstrap and Monte
Carlo (MC) modelling approach.

Our preliminary results reveal that the quality of an UAV model is fairly insensitive to the image acquisition format, but
strongly varies for different UAV survey choices. Most precise and accurate results are obtained with single altitude
surveys, the inclusion of oblique camera angles and the use of independently measured ground control points. Least
precise and accurate results, with 1 to 2 orders of magnitude higher uncertainties, are obtained with self-referenced images
that were acquired in nadir-only and gridded surveys. However, the MC modelling of grain size distributions with propagated
UAV uncertainties as input, shows that grain size uncertainty is mainly dominated by counting statistics and the choice of
the measurement method.

These results indicate that even relative imprecise and not accurate UAV image data can yield acceptable grain size data
for some applications. Furthermore, the use of a MC modelling strategy can be employed to estimate the grain size
uncertainty for any image-based method with which individual grains are measured.
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The goal of mineral occurrence maps is to display the spatial distribution of a given raw material of potential economic
value. Spatial planners and the private sector depend on these maps to secure the access to the raw material of interest
and to resolve or reduce the conflicts associated with its extraction. We present a semi-automated Matlab- and GIS-based
routine to locate hard siliceous limestone and sandstone, which can potentially be suitable for the production of hard rock
aggregates — a material essential for the construction and maintenance of Swiss railway and road infrastructure. From the
Swiss geological vector dataset GeoCover (1:25°000), the routine locates and plots hard rock occurrences based on (1) the
true thickness of a target unit and (2) the estimated proportion of high quality hard rock within the same unit. The true
thickness is computed by our Matlab-script, which extracts orientation and thickness data from GeoCover and combines it
with thickness data from published geological cross-sections. The quality of the target unit is estimated from published
stratigraphic descriptions. Our GIS routine selects occurrences which are estimated to fullfill our quantitative thickness and
quality boundary conditions. This allows a clear focus on relevant areas for spatial planners and for further invesigations.
The flexibility of the method and the automation of the routine ensures reproducibility and auditability of the results as well
as the production of new results as new data becomes available. With relatively small adjustments, the routine may be
applicable to a wide range of other mineral resources.
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Correlation of geographically disparate sedimentary sections is of fundamental importance to most stratigraphic studies.
First order approaches to achieve a correlation is by comparing lithostratigraphy, backed up by a comparison of
geochemical features and ultimately verifying the temporal consistency.The precise and accurate U-Pb dating of accessory
minerals such as zircon from individual volcanogenic ash beds in sedimentary sucessions is the preferred method for
temporally calibrating, for example, the early Triassic (Widmann et al., 2020) or the Permian-Triassic transition (Baresel et
al., 2017). Some studies, however, base their correlations on diachronous first occurrences of index species and on visual
matching of geochemical time-series only, without robust criteria (e.g. Shen et al. 2021). This may lead to diachronous
correlations between different sedimentary records and eventually to wrong lithostratigraphic or biochronologic calibration.
This study presents preliminary data obtained from two Lower Triassic sections in the Pintang syncline of the southern part
of the Nanpanjiang basin, S. China, which apparently have equivalent C isotope and Hg concentration curves. It is
expected that the geochemical excursions of interest in this study are short in nature, possibly <200kyrs. Such short
timescales are difficult to resolve in the Triassic, unless extended stratigraphic sections are available and a statistically
sufficient number of temporal analyses can be generated. Nonetheless, previous studies arrived at high-precision temporal
resolutions at the 50 ky level using zircon U-Pb geochronology (e.g., Baresel et al. 2017). Furthermore, the chemical
characteristics of accessory minerals in the ash beds can support temporal correlations from geochronology (Baresel et al.
2017), bulk sediment geochemistry and biochronology. Based on these two deep water sections, our new zircon U-Pb and
apatite geochemical data demonstrate that the largest Hg anomaly clearly postdate the Permian-Triassic boundary and
coincides with the peak of the protracted negative C-isotope excursion that initiated within the late Permian (Bagherpour et
al. 2020 GSA Bull).
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Bajocian coral reefs of the “Herrenwis Unit” in North-Eastern
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Within the framework of the “Sachplan Geologische Tiefenlafer” (SGT), Nagra is currently investigating three sites in
northern Switzerland as potential repositories for radioactive waste. The host rock, the Opalinus Clay, and its containment
stratigraphic units are being explored by deep drilling and 3D seismic analysis.

In the Nérdlich Lagern study area, 2D seismic data have already revealed a rounded paleohigh in the Middle Jurassic
upper confining units of the Opalinus Clay (Meier & Deplazes, 2014) and later confirmed by 3D seismic data. The recently
drilled Nagra borehole Bilach-1 within this paleohigh shows well-preserved corals above the Wedelsandstein Formation
respectively a thin “Humphriesi-Oolith Formation”. This new unit is informally named “Herrenwis Unit.”

This unit is further investigated in the presented study by an integrative analysis of the currently available 3D seismic
reflection data and well data and cores available from the study area.

Seismic geomorphological interpretation of the 3D seismic reflection data reveals a unique cluster of mound-shape
structures interpreted as coral patch reefs. The development of these features on a pre-existing paleohigh indicates
topographic control on their evolution. The individual mound structures are comparable in morphology and size.

The main coral genera identified are Isastrea, Periseris, Thamnasteria and Dendraraea. Preliminary assessment of the
growth features and orientation of the corals, the presence of surrounding microbialites and the scarcity of transport
features indicates that most corals are upright and occur in growth position. This reef is typical of the Bajocian, based on
quantitative data using the coral diversity and abundance (Lathuiliere, 2000a, b).

The identified “Herrenwis Unit” shows that coral reefs developed in Northern Switzerland, along with the Middle Jurassic
marine oolitic carbonates and marly basinal deposits reported by Gonzalez & Wetzel (1996). This finding extends the
occurrence of coral reefs, widely reported in the Tethyan realm and displaying comparable geometries (e.g., France and
Morocco).

Ongoing research will help characterize the reef facies and its large-scale distribution.
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Middle Eocene Climatic Optimum, fluvial paleohydraulic reconstruction
and geochemical signals from the Escanilla sediment routing system,
Spain

Nikhil Sharma' , Luis Valero' , Stephen Watkins' , Jean Vérité? , Marine Prieur' , Cai Puigdefabregas?® , Alexander C
Whittaker* , Miguel Garces® , Francois Guillocheau® , Thierry Adatte’ and Sebastien Castelltort’

(1) University of Geneva, Department of Earth Sciences, Geneva, Switzerland,

(2) Université du Maine LPG - Le Mans, Béat. Sciences Naturelles UFR Sciences et Techniques, Le Mans cedex 9, France,
(3) University of Barcelona, Departament de Dinamica de la Terra i I'Ocea, Barcelona, Spain,

(4) Imperial College London, Department of Earth Science & Engineering, London, United Kingdom,

(5) Universitat de Barcelona, Departament de Dinamica de la Terra i 'Ocea, Barcelona, Spain,

(6) Université de Rennes, Géosciences Rennes, Rennes, France,

(7) University of Lausanne, Institute of Earth Sciences, Lausanne, Switzerland

The Middle Eocene Climatic Optimum (MECO) is a global warming event that started at 40.5

Ma and lasted nearly 500 kyr. Unlike the previous hyperthermals such as the Paleocene- Eocene Thermal Maximum
(PETM) where a distinct negative carbon isotopic peak is observed, the MECO only shows a negative shift of .0.5%. in
513C. In parallel, however, the MECO is marked by a decrease of .1.0%. in oxygen isotope (5180) suggesting a rise in sea
surface temperatures by 6°C, and a widespread dissolution of deep-sea carbonates attributed to increased ocean
acidification. The MECO has been identified and studied in oceanic sediments, however, data from continental sections is
sparse but crucial to understand the MECO conundrum.

To provide narratives of the impact of MECO in the continental realm, we focus on the Escanilla sediment routing system in
the south-central Pyrenees, Spain. The system consists of ca. 1000 m thick middle to upper Eocene deposits that grade
from alluvial (Coll de Vent) to proximal fluvial (Lascuarre) and distal fluvial (Olson). We present here a multi-proxy approach
involving paleohydraulic reconstructions from sandstone channel bodies and geochemical data from floodplain deposits,
based on bulk rock and clay mineralogy, weathering indices, Mean Annual Precipitation (MAP) estimates and stable isotope
analyses. Based on magnetostratigraphic age constraints, the warming peak of the MECO in the Escanilla system
corresponds to a thick, sheet-like amalgamated conglomeratic body of basin-wide extent which we call the ‘Olson sheet'’.
The Olson sheet and several other smaller scale laterally extensive sheet like channel bodies which overlie several meters
of floodplain below form the base of our fining upward sequences. These are overlain by several isolated channel bodies
until the base of our next sequence with each sequence having a thickness of at least 50-80 m.

Our paleohydraulic results depict the evolution of paleoslope, which is empirically related to grain size and flow depth
estimates, in three fining-upward sequences. Our reconstructed alluvial / fluvial slopes are lower in the amalgamated
intervals, whilst non-amalgamated intervals have higher slope values. Our paleoslope results thus suggest a link between
the observed stratigraphic cyclicity and changes in upstream factors (sediment supply, water discharge and sediment
calibre). We also make use of the compensation index and compensational stacking patterns to interpret the possible role
of autogenic signals in our fluvial stratigraphic sequences. Our bulk rock and clay mineralogy results indicate a poorly
developed floodplain with high silicious content. This is interpreted as high sedimentation rates resulting in poorly
developed paleosoils. Mean Annual Precipitation rate estimates are in the range of 200 — 300 mm/yr with a peak of 650
mm/yr corresponding to the MECO warming peak. This most likely indicates ephemeral high discharge events with peak
discharge occurring at the peak warming event. Based on this multi-proxy approach, we will thus discuss the temporal
evolution of a fluvial system in response to a global warming event.
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Seismic event stratigraphy of tectonic Lake Towuti, Sulawesi, Indonesia:
a 60 kyrs record of seismo-turbidites
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Located at the triple junction of the Pacific, Eurasian and Sunda plates, the Island of Sulawesi in Indonesia is one of the
most tectonically active places on Earth. This is highlighted by the recurrence of devastating earthquakes, such as the 2018
Mw 7.5 earthquake that destroyed the city of Palu and caused several thousand fatalities. The majority of large-magnitude
earthquakes in Sulawesi are related to stress release along major strike-slip faults, such as the Palu-Koro fault and its
southern extensions, the Matano and Lawanopo faults. To date, information on the frequency and magnitude of major
seismic events on these and associated faults is limited to instrumental records covering a time span of roughly 50 years,
while information from historical sources and natural archives are completely lacking. Considering the increase in
population density on Sulawesi and the extension of villages into remote areas, it is important to better quantify the seismic
hazard and its associated risk on the island. Therefore, a systemic catalog of past earthquakes is essential for
understanding the tectonic dynamics of the region.

Lake Towuti, located in East Sulawesi, is a key site to study the paleoseismology of the island. The lake is located 20 km
north of the strike-slip Matano Fault and thus provides an ideal archive for past earthquakes that occurred in the
surrounding area. In addition, the large and particularly deep basins of the lake allow for a temporally continuous sediment
succession and preserve deposits related to seismic activity. We combine high-resolution Chirp seismic data with
lithostratigraphic and petrophysical data of sediment piston cores to identify earthquake-triggered Mass Wasting Deposits
(MWD) and to compile a co-seismic event stratigraphy. This will ultimately help to assess the recurrence of major
earthquakes (Mw > 6) in the region. Three major seismo-stratigraphic units are identified in the upper 150 ms TWT (~60 m)
of sedimentary infill. MWDs and associated seismoturbidites can be readily distinguished in the seismic data and are well
preserved in the cored sedimentary successions of the uppermost Unit 1.1. Chronologically, Unit 1.1 covers the last ~15 kyr
and allows the establishment of an event chronostratigraphy for the recent past of Lake Towuti. Underlying Unit 1.2, roughly
comprising last glacial deposits of MIS 2, reveals frequent event deposits reaching vast volumes in some basins of the lake.
This higher recurrence may on the one hand indicate stronger and/or more frequent activity of the surrounding faults, but
may on the other hand indicate the influence of a dry MIS 2 lake-level lowstand, which impacts the sensitivity of the slopes
to fail under seismic stress. Finally, Unit 1.3, comprising sediments deposited at higher lake-levels under wet interstadial
MIS 3 climate conditions, appears similar to Unit 1.1 with less frequent MWDs, possibly indicative for extended periods of
quiescence or an episode of reduced event recording sensitivity in Lake Towuti.
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The Paleogene represents the last period of extremely high temperatures and CO, levels of the Cenozoic and represents a
possible analog for the climate settings and changes of the Anthropocene. Climate reconstructions of this greenhouse
interval are thus essential to provide benchmarks to climate models and better understand future climate change. However,
if many studies have focused on the sudden hyperthermal events that punctuated the climate history of the Eocene, the
mechanisms that shifted the Earth’s system from a greenhouse to an icehouse climate regime remain poorly constrained.

Two main contrasting hypotheses for the inferred long-term Eocene cooling are put forward: (1) change in circulation and
meridional heat transport associated with the opening of ocean gateways, (2) a long-term decline in atmospheric CO,
levels. During the warm Paleogene, significant uncertainties affect the reconstruction of sea surface temperature (SST),
hampering accurate reconstruction of the meridional temperature gradient (MTG). This gradient reflects the processes
associated with heat distribution on the planet’s surface and, therefore, has significant implications for our understanding of
the climate system under a greenhouse world. During the Eocene, the available low-resolution dataset shows a reduced
latitudinal temperature gradient compared to present-day settings. However, despite improved model-proxy agreement in
the terrestrial realm, climate models struggle to reproduce a putative low equator-to-pole gradient, even under high pCO,
conditions.

In this study, we take advantage of the developments in the biogeochemistry of coccolithophores to exploit the isotopic
signals of their calcite biominerals - the coccoliths - as a new source of paleoclimatic information. Coccoliths are produced
in the mixed layer, and their good preservation even in warm and high pCO, settings may overcome methodological
caveats associated with the absence or frequent recrystallization of foraminiferal shells.

Four latitudinally distributed sites across the Atlantic Ocean are investigated to generate new equator-to-poles SSTs
throughout the Eocene.

Our new coccolith-derived SSTs evolutions indicate significantly warm SSTs during the early to middle Eocene, followed by
significantly cooler temperatures immediately after the EOT and the entrenchment of permanent ices over Antarctica. The
most striking feature of our dataset is that coccolith-derived SSTs record a strong asymmetry in the SSTs evolutions
amongst the various study sites during the late Eocene and the EOT. Indeed, despite a progressive decline in the pCO,
values, equatorial SSTs warm up while a significant cooling is recorded in the southern latitudes. This interval that predated
the EOT is characterized by the progressive development of a stronger Atlantic MTG. This observation supports the
hypothesis that ocean circulation changed played an essential role in the long-term Eocene climate change.

Furthermore, our results provide evidence for the existence of a relatively strong MTG in the Atlantic Ocean since the early
Eocene (ASSTs >19°C). From a modeling perspective, this larger MTG than this derived from organic proxies is more in
line with the modeled Eocene temperatures gradients. This new dataset may help to resolve the proxy-model discrepancy
without invoking a “missing physics” in the models or fundamental changes in heat transport mechanisms. Altogether, these
new data will contribute to the refinement of climate models and finally better constrain greenhouse climatic states that may
prevail in the future.
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