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Fluids and Crustal Processes through Orogenic Cycles

Yardley, Bruce

School of Earth and Environment, University of Leeds, Leeds LS2 9]T, UK

There are some features of orogenic belts that have been repeated through time around the world, and almost certainly
reflect fundamental properties of materials rather than coincidental repetition of plate movement patterns. One of the
most basic observations in metamorphic terranes is that sedimentary sequences undergo pervasive ductile deformation
while they are being buried and heated, beginning at very low temperatures, but when they subsequently cool through
the same temperature range any deformation is more limited, and is strongly focussed. This universal cycle reflects the
changing role of water through the orogenic cycle: during prograde metamorphism it is continuously released and allows
extensive deformation by pressure solution at temperatures well below the notional brittle-ductile transition, whereas
incipient retrograde reactions rapidly consume remaining pore water once cooling sets in, precluding deformation by
mechanisms that require the presence of a water phase. Only where major structures such as shear zones allow water to
penetrate deep crystalline crust does it show intense ductile deformation. The evidence of many years of accumulated
geological observation is that rocks undergoing burial and heating are very weak, whereas those returning to the surface
are strong and act as massive blocks, but this is simply the inevitable consequence of mineral equilibria dictating the fu-
gacity of water in rock pores.

A second change between the burial and uplift stages of orogeny concerns rates of reactions. During burial and heating,
rates of endothermic devolatilisation reactions are limited by heat supply, and so overall regional reactions proceed very
slowly. During cooling and uplift, 2 types of reactions are possible, but both are subject to quite different constraints to
prograde reactions. Retrograde reactions that reverse changes that took place during heating are limited by infiltration of
volatiles; hydration reactions proceed very rapidly if water is present but the preservation of abundant high grade rocks
demonstrates that this is very rarely the case. Rapid uplift and erosion leads to rapid decrease in pressure and under some
metamorphic conditions, devolatilisation reactions can result. When this occurs, temperature becomes buffered by the
mineral assemblage according to the prevailing pressure, and temperature drops as heat is consumed by endothermic
reactions. These reactions can proceed more rapidly than those driven by heat input (Figure 1) and may be responsible for
some orogenic gold deposits.

The direction of temperature change dictates whether crystalline rocks contain water, and thereby whether they are weak
or and strong. These rheological differences in turn affect large scale crustal behaviour. While many aspects of orogenic
belts do reflect the plate tectonic setting in which they originated, there are geochemical and petrological consequences
of heating and cooling, burial and uplift, which also have a profound influence on their geological behaviour irrespective
of external tectonic forces.
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Banded Iron Formation and the Rise of Oxygen

Kurt Konhauser

Department of Earth and Atmospheric Sciences, University of Alberta, Edmonton, Alberta, T6G 2E3

Iron formations (IF) are iron rich (~20-40% Fe) and siliceous (~40-50% SiO,) sedimentary deposits that precipitated throug-
hout much of the Precambrian. Their trace element composition is now being used as a proxy for ancient seawater che-
mistry, with the view of better understanding the evolution of O,-producing cyanobacteria and subsequent aerobic meta-
bolisms. Two related examples are provided here. First, it has been shown that the Ni content in IF has changed dramati-
cally over time, and that a drop in Ni availability in the oceans around 2.7 billion years ago would have had profound
consequences for microorganisms that depended on it, that being methane-producing bacteria called methanogens1.
These bacteria have a unique Ni requirement for their methane-producing enzymes, and crucially, these bacteria have
been implicated in controlling oxygen levels on the ancient Earth as the methane they produced was reactive with oxygen
and kept atmospheric oxygen levels low. It is possible that a Ni famine eventually led to a cascade of events that began
with reduced methane production, the expansion of cyanobacteria into shallow-water settings previously occupied by
methanogens, and ultimately increased oxygenic photosynthesis that tipped the atmospheric balance in favour of oxygen,
the so-called Great Oxidation Event (GOE) at around 2.5 Gyr. Second, a recent compilation of Cr enrichment in IF shows a
profound enrichment coincident with the GOE2. Given the insolubility of Cr minerals, its mobilization and incorporation
into IF indicates enhanced chemical weathering at that time, most likely associated with the evolution of aerobic conti-
nental pyrite oxidation. If we accept that IF can serve as useful proxies for the composition of ancient seawater, the ques-
tion then becomes what do other trace elements in IF tell us about the ancient biosphere? In this regard, we have also
been examining the temporal changes in U, Co and Zn concentrations in IF as a means of corroborating the oxidation
trends observed via Ni and Cr. Prospectives for the future also include evaluating marine trace element evolution from
other lithologies, such as black shales, cherts and/or carbonates, in an effort to better understand the paleo-nutrient land-
scape that, as today, should have varied along an ocean transect.
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B.S. Oceanic nickel depletion and a methanogen famine before the Great Oxidation Event. Nature 458, 750-753 (2009).

Konhauser, K.O., Lalonde, S.V., Planavsky, N., Pecoits, E., Lyons, T., Mojzsis, S., Rouxel, O.]., Barley, M., Rosiere, C., Fralick,
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The impact of oceanic anoxic events on marine biota, ocean chemistry
and Earth processes

Angela L. Coe

Department of Environment, Earth and Ecosystems, Centre for Earth, Planetary, Space and Astronomical Research, The Open University,
Walton Hall, Milton Keynes, MK7 6AA, UK

There have been at least four short periods in Earth history when significant amounts of marine organic matter were
deposited and preserved globally. These periods have been termed oceanic anoxic events (OAEs) and almost all of them
occurred during the greenhouse conditions of the Cretaceous. All of the OAEs are associated with severe environmental
change including large perturbations to the carbon cycle, rapid global warming, major changes in ocean chemistry, an
increase in the hydrological cycle and mass extinction. In addition, several putative oceanic anoxic events have been sug-
gested including some in the Palaeozoic and a well-studied Cenozoic event, the Paleocene-Eocene thermal maximum
(PETM), which occurred 56 million years ago.

The past decade has seen many advances in our understanding of these dramatic OAEs and seawater anoxia. These advan-
ces have been partially driven by advances in scientific techniques including the development of new isotopic tracers and
refinement of the geological timescale using astronomical cycles. However, the other major driver has been the search for
analogues of present day environmental change and the need to understand changes in the Earth system over millennial
and decadal timescales.

One of the major impacts of global warming at present day is deoxygenation of the oceans. Areas with lower oxygen levels
in the oceans have increased exponentially over the past 50 years and now cover 7% of ocean area and affect over 400
marine ecosystems. Putting this into context, the continental shelves cover 10% of the ocean area. The long-term biotic
effects of deoxygenation of the oceans are likely to include changes in the marine food web, extinctions, smaller body size
and reduced biodiversity. Similar to past events, the chemical and physical effects are likely to include a different chemical
balance of many elements in seawater and changes in ocean circulation.

This talk will present some recent advances in our understanding of OAEs including:

e How both the micro- and macro-biota changed in response to the extreme conditions.

e The Mo-isotope proxy that can be used to determine the areal extent of deoxygenation.

e Proxies for the negative feedbacks that allowed the Earth to eventually recover from these extreme conditions.

e How astronomical cycles have been used to understand the duration and pacing of these events and their possible
role in driving the events.

In particular, the only OAE that occurred during the Jurassic (Toarcian OAE, 183 Ma ago) will be discussed. This event
occurred in four stages paced by Milankovitch cycles. It was associated with an area equivalent to approximately all of the
continental shelves being deoxygenation periodically, a mass-extinction in marine biota and significant extinctions in the
terrestrial realm. A recent study that collected data from 36,000 bivalve specimens shows that just two bivalve species
were adapted to the conditions and suggests that the size of the bivalves were linked through primary productivity to
changes in ocean chemistry.

N
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Accounting for extreme events in Earth Surface Processes: the critical
challenges

Oliver Korup

Institute of Earth and Environmental Sciences, University of Potsdam, D-14476 Golm, Germany,
e-mail: oliver.korup@geo.uni-potsdam.de

The steadily growing number of field and remote sensing data continues to underscore systematic inverse relationships
between the magnitude and frequency of Earth surface processes, based on metrics such as mass-wasting volume, flood
discharge, wildfire size, turbidite thickness, or sediment yield. Such frequency-magnitude relationships have turned out
to be a useful tool, if not paradigm, for assessing the geomorphic efficacy of a given process, while serving as a quantita-
tive basis for assessing concomitant natural hazards.

In the light of contemporary global warming and environmental change, however, current research interest has shifted
towards quantifying potential changes to frequency-magnitude relationships in order to predict future consequences and
regime shifts in Earth surface processes. This research focus raises a number of issues that have been partly disregarded
in previous work mostly for reasons of mathematical convenience. Here I encapsulate and discuss some of these issues and
highlight potential avenues of future research.

The most pertinent issues include (1) statistical means to distinguish reliably different frequency-magnitude relationships
with a view towards the question of their particularity vs. universality; (2) the pitfall of confusing frequency with abun-
dance; and (3) adequate choice of model fit, which eventually dictates our capability of meaningfully detecting changes to
frequency-magnitude curves brought about by external changes. I outline possible solution pathways to resolving these
issues by presenting several current examples from natural hazards research.
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Carbonation of mantle peridotite: Natural systems, global carbon cycle,
engineered capture & storage

Peter B. Kelemen*

Dept. of Earth & Environmental Sciences, Columbia University, Lamont Doherty Earth Observatory, Palisades NY 10964,
peterk@ldeo.columbia.edu

Starting in 2007, my colleagues and I have been studying natural mineral carbonation systems in exposed mantle perido-
tite, part of a block of oceanic crust and upper mantle thrust onto the Arabian continental margin in Oman and the United
Arab Emirates (the Samail ophiolite). There are two, distinct, well exposed examples. The low temperature system, conti-
nuing to the present day, occurs at 25 to 60°C [1-3], forming extensive travertine deposits on the surface, composed main-
ly of calcite, and complementary carbonate veins formed in the subsurface, at depths up to perhaps 3 km, composed
mainly of magnesite and dolomite. Most of our samples from travertines and veins have C ages less than 50 ka, with an
average of ~ 20 ka for travertines and 30 ka for veins [1,2,4]. This low temperature process is well understood and modelled
as the consequence of surficial weathering of the peridotite, forming Mg-HCO,-rich ground water, followed by subsurface
reaction with extensive precipitation of Mg-carbonates + serpentine, and then by return of carbon-depleted water to the
surface in alkaline spring waters (pH 11-12, Ca-OH-rich) which react with atmospheric CO, to form travertines [e.g., 5.6].
The rarity of veins older than 50 ka suggests that vein formation and erosion take place at the same rate. Abundance and
ages of travertines and veins suggests uptake of 104 to 105 tons of CO, per year via peridotite carbonation in the ophiolite
[1,2].



There was also a high temperature, peridotite carbonation system, in the hanging wall of the subduction zone that carri-
ed the Samail ophiolite over carbon-bearing metasediments during emplacement on the Arabian margin. Peridotites were
completely replaced by listvenite (magnesite + quartz) and related lithologies, in bands up to 200 m thick formed within
0.5 km of the thrust, via reaction with CO,-rich aqueous fluids at ~ 100°C and 5 to 10 km depth. An Rb/Sr isochron yields
97 + 27 Ma, consistent with the time of thrusting. Our data reveal unexpectedly large carbon fluxes at low temperature
into the “leading edge of the mantle wedge” [7], where mineral decarbonation reactions are not predicted from metamor-
phic calculations [8]. Instead, carbon transport is via pore waters expelled from compacting sediments with ~ 250 ppm
carbon, sufficient to explain the observed fluxes over the 10 to 20 Ma of emplacement.

Kinetic data on olivine carbonation indicate that reaction with CO,-rich fluids (e.g. CO, saturated water at ~ 100 bars), at
pH ~ 6-7 and ~ 185°C, is ~ 106 times faster in the near surface conditions prevailing in the Samail ophiolite [reviews in 2,9;
our new data in 10]. Thus, one proposed method of engineered, geological carbon storage is to inject CO,rich fluid into
subsurface peridotite at ~ 150-200°C, rapidly forming solid carbonate for permanent storage. Alternatively, we can emula-
te the active, natural system in the Samail ophiolite, which produces carbon-free fluids, by creating enhanced pathways
for circulation of, e.g., seawater, through subsurface peridotite, and return carbon-depleted waters to the surface where
they will draw down atmospheric CO, [1,2]. The latter method, for distributed carbon capture from natural waters, might
cost ~ $100/ton of CO, [2]. This may be a supplement or alternative to direct air capture, should it be necessary to reduce
global, atmospheric CO,.

Natural mineral carbonation involves positive feedbacks between volume change — due to addition of CO, + H,0 to the
solid — together with decreased solid density. Stress due to volume change causes fractures, which maintain or enhance
permeability and reactive surface area. In the case of the Cretaceous listvenites, this led to 100% carbonation, in which
every Ca and Mg atom is in carbonate minerals. Elsewhere, carbonation and hydration involves negative feedbacks, dest-
roying permeability and armouring surfaces. Thus, it is essential to understand the conditions favouring reaction driven
cracking. Stress during peridotite carbonation and hydration is on the order of 100-300 MPa, based on independent but
consistent estimates from (a) thermodynamic data and (b) fracture density plus mineral physics data [11]. Improved un-
derstanding of reaction driven cracking could be applied to geothermal power generation and extraction of tight oil and
gas resources, as well as carbon storage [2].

Unexpectedly high fluxes of carbon from footwall sediment into the leading edge of the mantle wedge in the Samail ophi-
olite motivates review of the role of peridotite carbonation in the global carbon cycle. Peridotites sampled near the mid-
ocean ridges have an average of ~ 0.5 wt% CO,. [2,12]. Combining this with seismic estimates of the extent of peridotite
alteration in the oceanic mantle at the outer rise [13], just prior to subduction, yields an estimated flux of ~ 10 109 kg C/
yr [14], comparable to the estimated flux in subducting oceanic crust. Carbonate solubility in aqueous fluids increases
dramatically with increasing pressure at low temperature, yielding carbon concentrations of 1 wt% or more in aqueous
fluids in subducting sediment and oceanic crust [15] and fluxes of ~ 10 109 kg carbon/yr into the cold nose of the mantle
wedge at < 75 km depth [14]. At greater depth, subducting, buoyant marbles and calc-silicates with layer thicknesses
greater than a few hundred meters could rise as diapirs into the mantle wedge beneath volcanic arcs, where they would
react with high temperature peridotite [16], potentially producing carbon-rich fluids or melts, and increasing the carbon
content of the upper mantle. These factors have not been incorporated in previous estimates of carbon transfer in subduc-
tion systems, and potentially represent globally important sources and sinks in the global carbon cycle.
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A comparison of GPS solutions for strain and SKS fast directions:
implications for modes of shear in the mantle of a plate boundary zone

By Houlié N. and Stern, T.

Institut fiir Geoddsie und Photogrammetrie, IGP, ETH Ziirich

The strain rate and vertical velocity fields for New Zealand are computed using GPS data from GEONET (NZ) collected
during the past decade. Two domains for shear in the mantle are inferred by comparing the principal shortening direction
with the fast direction of shear wave splitting. Beneath the central-southern part of the South Island the strains are low
and it’s unclear if irrotational strain is taking place or if the splitting here is dominated by anisotropy in the asthenos-
phere. In contrast, data for the central and northern South Island suggest simple shear is dominant and distributed over
a zone ~ 200 km wide. An analysis of the major strike-slip faults confirms that the strike of the major South Island fault
systems makes a 60 +- 15$ degree angle with the shortening direction. A map of the vertical component of GEONET GPS
velocities shows regions of surface uplift > 5mm/y in both the central South and North Islands. While the pattern of uplift
in central South Island is consistent with known geology, the rate of uplift in the central North Island is an order of ma-
gnitude higher than the geological rate estimated on a my time scale.

1.2

Jurassic extension in Northern Makran, SE Iran: Geochemistry, U/Pb ages
and Sr-Nd isotopes

Hunziker Daniela!, Burg Jean-Pierre ', Von Quadt Albrecht? Bouilhol Pierre®

1 Strukturgeologie und Tektonik, Geologisches Institut, ETH Ziirich, Sonneggstrasse 5, CH-8092 Ziirich (daniela.hunziker@erdw.ethz.ch)
% Institut fiir Geochemie und Petrologie, Clausiusstrasse 25, 8092 Ziirich
? Department of Earth Sciences, Durham University

We present major and trace element analyses combined with U-Pb zircon crystallization ages from an intermediate to
granitic intrusion sequence within the Dur Kan Complex, in the Iranian North Makran. The sampled granites — diorites
— trondhjemites — plagiogranites and basaltic to andesitic lavas have tholeiitic and calc-alkaline chemical features. Field
observations, petrographic relationships, trace element compositions and isotope chemistry indicate three different melt
sources for granites, granitoids and the volcanic rocks. Granites yield 170-175Ma ages and represent the last crystallized
melt of a continentally derived magma. The fractional crystallization dominated diorite-trondhjemite-plagiogranite se-
quence was crystallizing over 12Ma (165-153Ma) from the same source which has a mantle and minor continental compo-
nent. East-west trending mafic dykes intruded the granitoids, which were eroded before being covered by lavas and their
Cretaceous (Valangian) sedimentary cover. The source of dykes and lavas is mantle derived.

Temporal correlation with plutonites from the Sanandaj-Sirjan Zone suggests a narrow northwest-southeast striking belt
of Jurassic granitoid intrusions that extends over nearly 2000km. Different than previous studies in the Sanandaj-Sirjan
Zone, that interpreted these rocks as a magmatic arc and proof for Jurassic subduction of the Neotethys, we suggest ex-
tension, that separated the Sanandaj-Sirjan Zone and Central Iran. The increasing mantle influence in the magma source
is explained by continuous thinning of continental crust and related mantle up-welling. This extensional phase resulted
in the formation of the North Makran Ophiolites.
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1.3
Deformation mechanisms in Martian meteorites
Kaczmarek Mary-Alix'?, Grange Marion?, Reddy Steve M.?, Nemchin Alexander?

! University of Lausanne, Institute of Earth Science, UNIL Mouline, Batiment Geopolis, CH-1016 Lausanne, Switzerland
(mary-alix.kaczmarek@unil.ch)

? Department of Applied Geology, The Institute for Geoscience Research, Curtin University of Technology, GPO Box U1987,
Perth, WA 6845, Australia

Martian meteorites are used to decipher the deformation mechanisms that have occurred on Mars before excavation of
the rocks and during shock event(s). Quantitative microstructural analysis of minerals using Electron Backscatter
Diffraction (EBSD), and geochemistry are combined to characterise processes recorded by sub-samples of both Nakhla and
Zagami meteorites.

Nakhla and Zagami are clinopyroxene-rich basaltic meteorites, and Nakhla contains some Fe-rich olivine. Nakhla displays
a granular texture, essentially composed of augite, fayalite, plagioclase and magnetite. The Zagami sample, essentially
formed by clinopyroxene, plagioclase transformed in maskelynite, and whitlockite is part of the “coarse grained” portion
of Normal Zagami texture (Stolper et al. 1979; McCoy et al. 1992). The sample shows long prisms of clinopyroxene under-
lying a weak preferrential orientation. The chemical composition of clinopyroxenes reveals zoning from augite cores to
pigeonite rims in both samples. However, chemcial zoning in Zagami clinopyroxenes is more complex than in Nakhla and
suggests melt interactions. In Nakhla the Mg# of olivine (between 0.30 and 0.32) is in equilibrium with Mg# of clinopyro-
xene rims (0.31) suggesting a late crystallization of olivine.

Crystallographic orientation data from whole thin section of both Zagami and Nakhla samples show a preferred orienta-
tion of clinopyroxene and CPOs displaying several point concentrations of <001> axes within a girdle. The relationship
between the microstructure and CPOs inferred the possible activation of (100)[001] and (010)[100] slip systems in clinopy-
roxenes. Moreover, the crystallographic orientations of olivine grains in Nakhla are random and discordant to clinopyro-
xene. This is in accordance to a late crystallization of olivine in a cumulate texture. The several point concentrations on
clinopyroxene <001> axis correspond to twinning along (100), (001) or (010) planes. Microstructural analysis of clinopyro-
xene single grains show that Nakhla clinopyroxenes have almost no internal deformation, whilst Zagami clinopyroxenes
showing complicated microtextures with possible activation of several slip systems related to the shock.

Our results suggest a composite deformation related to magmatic deformation (preferred orientation and prismatic clino-
pyroxene) to impact event(s) (single grain internal deformation and twinning).
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The effect of melting and crustal production on plate tectonics
on terrestrial planets

Lourenco Diogo L.!, Tackley Paul J.!

! Institute of Geophysics, ETH Zurich, Sonneggstrasse 5 (NO), CH-8092 Zurich, Switzerland (diogo.lourenco@erdw.ethz.ch)

Within the Solar System, Earth is the only planet to be in a mobile-lid regime, whilst it is generally accepted that all the
other terrestrial planets are currently in a stagnant-lid regime, showing little or no surface motion. A transitional regime
between these two, showing episodic overturns of an unstable stagnant lid, is also possible and has been proposed for
Venus.

Using plastic yielding to self-consistently generate plate tectonics on an Earth-like planet with strongly temperature-de-
pendent viscosity is now well-established, but such models typically focus on purely thermal convection, whereas compo-
sitional variations in the lithosphere can alter the stress state and greatly influence the likelihood of plate tectonics. For
example, Rolf and Tackley (2011) showed that the addition of a continent can reduce the critical yield stress for mobile-lid
behaviour by a factor of around 2. Moreover, it has been shown that the final state of the system (stagnant- or mobile-lid)
can depend on the initial condition (Tackley, 2000); Weller and Lenardic (2012) found that the parameter range in which
two solutions are obtained increases with viscosity contrast.

We can also say that partial melting has a major role in the long-term evolution of rocky planets: (1) partial melting causes
differentiation in both major elements (like Fe and Si) and trace elements, which are generally incompatible. Trace ele-
ments may contain heat-producing isotopes, which contribute to the heat loss from the interior; (2) melting and volcanism
are an important heat loss mechanism at early times that act as a strong thermostat, buffering mantle temperatures and
preventing it from getting too hot; (3) mantle melting dehydrates and hardens the shallow part of the mantle and intro-
duces viscosity and compositional stratifications in the shallow mantle due to viscosity variations with the loss of hydro-
gen upon melting (Korenaga and Karato, 2008).

In this work we present a set of 2D spherical annulus simulations using StagYY (Tackley, 2008), which uses a finite-volume
scheme for advection of temperature, a multigrid solver to obtain a velocity-pressure solution at each timestep, tracers to
track composition, and a treatment of partial melting and crustal formation. We address the question whether melting-
induced crustal production changes the critical yield stress needed to obtain mobile-lid behaviour as a function of gover-
ning parameters.

Our results show that melting and crustal production strongly influence plate tectonics on terrestrial planets, by making
plate tectonics both easier and harder; i.e., for the same yield stress and reference viscosity the use or not of a treatment
for melting and crustal production may result in a change from a stagnant-lid regime into an episodic-lid regime or a
change from mobile-lid regime to an episodic-lid regime. Several factors can play a role on these, namely lateral hetero-
geneities and differences in the lid thickness induced by melting and crustal production, the maximum depth of melting,
etc.

REFERENCES

Korenaga, J., & Karato, S. I. (2008): A new analysis of experimental data olivine rheology, Journal of Geophysical
Research, 113(B02403).

Rolf, T., & Tackley, P. J. (2011): Focussing of stress by continents in 3D spherical mantle convection with self-consistent
plate tectonics, Geophysical Research Letters, 38(18).

Tackley, P. J. (2000): Self-consistent generation of tectonic plates in time-dependent, three-dimensional mantle convection
simulations, Geochemistry, Geophysics, Geosystems, 1(1).

Tackley, P. J. (2008): Modelling compressible mantle convection with large viscosity contrasts in a three-dimensional
spherical shell using the yin-yang grid, Physics of the Earth and Planetary Interiors, 171(1-4), 7-18.

Weller, M. B., & Lenardic, A. (2012): Hysteresis in mantle convection: Plate tectonics systems, Geophysical Research
Letters, 39(L10202).

-
(%]

Symposium 1: Structural Geology, Tectonics and Geodynamics



)]

Symposium 1: Structural Geology, Tectonics and Geodynamics

1.5

The Baden-Irchel-Herdern Lineament: An inherited normal fault
controlling the front of the eastern Jura fold-and-thrust belt

Malz Alexander!, Madritsch Herfried?, Meier Beat®, Navabpour Payman!, Heuberger Stefan®** & Kley Jonas®
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? Nagra, HardstrafSe 73, CH-5430 Wettingen

3 Proseis AG Ziirich, Schaffhauserstrasse 418, CH-8050 Ziirich

* geosfer-ag, Biiro fiir angewandte Geologie, Glockengasse 4. CH-9000 St.Gallen

* Georg-August-Universitdt Gottingen, Geowissenschaftliches Zentrum, Goldschmidtstr. 3, D-37077 Géttingen

Thin-skinned fold-and-thrust belts around the world are described as the outer thrust front of orogens located in their
forelands. In these areas a tectonically weak layer acts as the basal décollement over which the sedimentary overburden
detaches and moves towards the foreland. In general these fold-and-thrust belts are considered to obey the kinematics of
critical accretionary wedges, where the outer toe of the fold belt acts as the frontal thrust.

The Late Miocene to Early Pliocene Jura fold-and-thrust belt, stretching across northern Switzerland and eastern France,
is an example of such a foreland fold-and-thrust belt, which consists of a series of mainly E-W trending folds and thrusts
often referred to as Folded Jura. In our study area, comprising the easternmost part of the thrust belt, the border between
the Folded Jura and the non-detached autochthonous foreland (Tabular Jura) is not clearly defined. In most interpreta-
tions, the frontal thrust is however defined by the northernmost anticline of the Folded Jura visible at the surface, which
is in our case the prominent Ligern Anticline. Based on newly reprocessed, depth migrated seismic sections across the
front of the Folded Jura, we analyse the Baden-Irchel-Herdern Lineament (BIH), a regional structure located north of the
Ligern Anticline. The ENE-WSW trending fault zone coincides with the southern border fault of a deep Palaeozoic trough
system. This trough was extensionally reactivated in Miocene times during the subsidence of the North Alpine Foreland
Basin. Along the eastern part of the BIH, this reactivation is documented by normal offsets of the Tertiary Molasse sedi-
ments in seismic sections, as well as in outcrops. In our study area, the Baden-Irchel-Herdern Lineament indicates an ad-
ditional contractional deformation overprint.

We used classical cross section balancing methods of equal line lengths and areas through an iterative research process of
validation and reinterpretation to verify the geometry the BIH. Our results show that the best matching interpretation is
to assume a complex triangle structure at the location where the basal décollement is ruptured by an inherited normal
fault. The structure shows one major thrust in emerging from the main décollement horizon in Middle Triassic strata and
a back-thrust rooting in Jurassic strata. According to this interpretation, the Uppermost Jurassic and Tertiary units form
pop-up structure above the back-thrust. Next to this triangle structure, secondary high-angle thrusts and back-thrusts may
indicate reverse reactivation of Tertiary normal faults during the contraction phase related with the formation of the Jura
fold-and-thrust belt. Thereby, the BIH shows a very uniform amount of shortening over a relatively wide area. We interpret
these equal shortening values as a kind of “structural saturation”, suggesting that the configuration of the structure has
reached a maximum amount of deformation during an initial phase of Jura folding.

To the west of our study area the Baden-Irchel-Herdern Lineament merges with the frontal Jura thrust. At this location,
the Ligern Anticline shows a conspicuous change in strike from an E-W to an ENE-WSW trend, the latter being parallel
to the Baden-Irchel-Herdern Lineament. This strike change of the frontal thrust may imply that the BIH represents a ki-
nematic “foreland stopper”, where the propagation of the thin-skinned frontal thrust ceased due to a disruption of the
basal décollement along the inherited normal fault zone.
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Rheology-driven phase equilibria and the in-situ formation
of high-pressure rocks

Moulas Evangelos’, Burg Jean-Pierre! & Podladchikov Yuri?
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Shear zones represent localised deformation in rocks, which directly depends on some weakening effect. Various processes
such as viscous heating are responsible for decreasing the temperature-dependent viscosity in deforming shear zones that
can be approximated as weak layers during deformation. Competent layers and boudins enhance the rheological hetero-
geneity where they are involved in the shear zones. Such heterogeneities cause perturbations in the pressure field if force
balance is to be maintained.

The Kolosov-Muskhelishvili equations for elliptical bodies under slow viscous flow were employed to estimate the dynamic
parameters (stress and pressure) and their relation to the far-field tectonic stress that generates deformation. Mohr-circle
diagrams are used to illustrate the state-of-stress of deforming heterogeneities. The results show that pressure and stress
perturbations depend strongly on the orientation of the far-field stresses with respect to the long axis of the elliptical
heterogeneity. A viscosity ratio of 10 between the heterogeneity and the surrounding matrix is sufficient to produce pres-
sure perturbations in with about the same magnitude as the far-field stress.

Comparison of the analytical solutions with thermo-mechanical models confirms such pressure perturbations and sug-
gests that dynamic parameters such as pressure and temperature vary spatially and temporally in deforming zones. The
dependence of metamorphic phase equilibrium on pressure and temperature implies that metamorphic rocks classified
as high-pressure may form in-situ in collisional tectonic environments.

1.7
Probable Tsunami in the south Caspian Sea by a large earthquake!
Nazari Hamid', Ghorashi Manouchehr?, Kaveh Firouz Ameneh?

! Research Institute for Earth Sciences, Geological Survey of Iran, PO. Box: 13185-1494, Tehran- Iran. (h.nazari(@gsi.ir)
% Geological Survey of Iran, PO. Box: 13185-1494, Tehran- Iran.

The South Caspian basin is surrounded by the Central Alborz mountain range in south and Talesh Mountain in its south
western side (Allen et al.,2003). The Central Alborz corresponds to the E-W trending and Talesh is corresponding to the
NS trending that both of them bounding the Caspian Sea to the south and south west, as an active terrain belonging to
the Alpine-Himalayan seismic belt (Jackson et al.,2002). The Khazar (Caspian) fault, nearly 450 kilometres long, and Astara
fault, 110km long appear as the northern border of the Central Alborz and eastern border of the Talesh chain where
Mesozoic and paleogene rock units overridden on the young deposits of the South Caspian plain(Nazari 2006). Base on
Morphotectonics and Paleoseismology studies, we suggest that a major part of the present shortening in Alborz is localized
on the Northern face of the chain along the Khazar fault zone; it is however worth noting that this contact might be lo-
cated further to the North under the sea(Nazari 2006; Ritz et al., 2006). This border can be interpreted as frontal contact
between Alborz and the South-Caspian basin. A recent stratigraphic study on the Holocene —Pleistocene in East of the
Haraz valley, suggests an incision rate of 1.25 mm/yr as calculated for the last 12 Kyr. If it is assumed that the incision is
related to the vertical component along the Khazar fault, the horizontal N-S shortening along this fault would be 2.5 mm/
yr (for a 35° S-dipping fault). This is only 1/10th of the total shortening of Alborz, estimated 5 + 2 mm/yr(Nazari 2006).

The Astara fault as major active fault system in south west of the SCB that regards to the seismic and geophysical obser-
vation propagated under the sea as well as the Khazar fault. Many earthquakes may have been caused by the activity of
various branches of these fault systems in land or marine parts of the SCB.
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regards to the basin geometry, propagated faults to north or east and its land slope, besides more than 20 km thickness
of Neogene and Quaternary deposits in the south Caspian Basin in the scenario with the possibility of a seismic activity on
the khazar or the Astara faults or one of the them propagated branches to the north and east with magnitude M = 7, as
the closest active faults to the great lake can trigger many large submarine earthquake ruptures or submarine landslides
which is its potential for generating tsunamis in the steep southern coast. And if the tsunami wave height reaches to more
than 5 meters, impact area could be estimated ~ 20 km especially in south east of the Caspian beach.
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Figure 1. seismotectonic map of the South Caspian Basin(Ritz et al., 2006)
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The internal structure of the Santis nappe:
folds, thrusts and wrench faults

Sala Paola!, Pfiffner Adrian!

Institut fiir Geologie, University of Bern, Baltzerstrasse 1, CH-3012 Bern (sala@geo.unibe.ch)

A 3D geological model (Sala et al. 2013) representative of an area of ca. 110 km2 was constructed on the base of a series of
cross-sections (Schlatter 1941, Funk et al. 2000, Pfiffner 2011) to determine how shortening within the Sidntis nappe varies
along strike. The cross-sections were constructed and validated using the technique of line-length balancing.

Minimum shortening estimates vary from West to East, from 50% to 30%. This pattern is similar to the observed decrea-
ses in shortening in the confining Helvetic nappes in Western Austria (Zerlauth et al. 2013).

Retrodeformation of the Sintis nappe using the top of a mechanical strong unit (Schrattenkalk Formation) was performed
to restore the nappe internal thrust faults and folds to their original position. An independent deformation history is re-
cognized in the Western part of the model, where the amount of shortening is higher than the eastern block and where
an internal partitioning shows an increase of 10% shortening in the frontal part of the nappe.
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Kinematics and 3D pattern of ductile shear zones in the Gruebensee-
Gelmersee transect (Hasli Valley, central Switzerland).

Schubert Raphael' and Herwegh Marco'

Geologisches Institutt, University of Berne, Baltzerstrasse 3, CH-3012 (raphael.schubert@students.unibe.ch)

Within a master study, special emphasis has been paid to the evolution, the spatial distribution and the 3D geometry of
ductile shear zones in the Central Aar granite (CAGr) and Mittagsfluh granite (MiGr) in the transect Grubensee — Gelmersee
(Hasli valley, central Switzerland). For this purpose, the shear zone pattern was mapped in detail at the surface as well as
in several underground facilities. Based on the surface information (map and orientation measurements) the planes of the
shear zones were projected to depth and a 3D model was built with the Move™, a Midland Valley software. The interpola-
tion of the surface data and the underground data shows that all shear zones are steeply dipping. The building of the
shear zones was done according to the dip azimuth and the dip measured on the surface and of a best-fit plane. The qua-
lity of the surface-based projections to depth of the 3D-model was evaluated by the misfit between the constructed planes
of shear zones and those actually found in tunnels. An average misfit of 3.75% was estimated.

Basically, two major shear zone sets can be discriminated. The first set is NE-SW striking and subparallel to magmatic
anisotropies, like magmatic foliations. It is characterized by steep south dipping lineations showing normal and reverse
faulting. The second set is NW-SE striking and shows subhorizontal lineations representing strike slip faulting. Crosscutting
relationships indicate that the NW-SE set is younger than the NE-SW one. While the first set is interpreted to reflect ear-
ly thrust related shearing, the second set probably evolved due to transpression of an over-thickened continental crust. In
this way, the max prinicipal stress axis (c1) remained constant over time, but 62 and 63 flipped. Consequently, ongoing
compression induced lateral escape of material leading to the formation of the strike-slip shear zones. As a special feature,
the NW-SE shear zones are turning into an E-W direction in the northern part of the working area, where the MiGr is lo-
cated. This can be explained by ongoing compression, where the MiGr acted as a mechanically rigid body. In this way,
inherited magmatic anisotropies control the style and evolution of the early Alpine shear zones, which are then brittly
reactivated during a younger stage.
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Orographic precipitations need glaciers to control long-term erosion
rates and topography of tectonically inactive mountain ranges
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It is well known that mountain topography gives rise to some of the most pronounced climate gradients on Earth, the
orographic precipitation, but his role on erosion pattern and interactions between the atmosphere and the rest of the
Earth System remains poorly understood. The Washington Cascades is a mountain belt particularly sensitive to climate
and offers correlations among modern orographic precipitation and erosion rates from 104 to 107 years. Here we use an
extensive apatite (U-Th)/He thermochronology data set and thermal-kinematic modeling to reconstruct the erosional and
topographic evolution of the range since 15 Myr and show that the forcing of the erosion pattern of the range by orogra-
phic precipitation do not start with the onset of orographic precipitation in the Middle-Late Miocene but around the time
of the Plio-Quaternary transition. We find a five-time increase of the erosion on the humid side of the range producing a
10 km retreat of the main drainage divide in direction of the arid flank and conclude that the shift from fluvial to glacial-
interglacial processes had been necessary to couple precipitation and erosion patterns.



1.11

Structural and morphoplogical changes in the shallow plate boundary
system and trench, triggered by rare subduction megathrust earthquakes
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Topography and structures of frontal prisms in shallow plate boundary systems along subduction margins generally are
assumed to reflect compressional tectonics in marine sediments. In contrast, also gravitational instability, prism collapses
or submarine slumps can affect the shallow convergent plate boundary system, and often are hypothesized to be triggered
by earthquakes. This study aims at (i) investigating this interplay between overall compressional vs. sporadic gravitational
tectonics and subduction megathrust earthquakes; and at (ii) exploring rates and frequencies of processes and events
governing the structural and morphological evolution of the frontal prism and trench system. The focus is on the Japan
Trench subduction zone that ruptured in 2011 in the magnitude 9 Tohoku-oki earthquake off Japan.

We present bathymetric and reflection seismic data obtained before and after the 2011 earthquake, along with sediment
cores, retrieved in 2012 from the >7km deep Japan Trench. Our data document significant seafloor- and subseafloor chan-
ges as tectonic and geomorphic expressions of this mega-earthquake. In particular, we present several lines of evidence for
a large (> 27.7 km2) slump in the trench and interpret a causal link between earthquake slip to the trench and rotational
slumping above a subducting horst structure, which significantly impacted the geometry and evolution of the shallow
plate boundary system by emerging a new submarine fold-and-thrust. This implies that earthquake-triggered slumps can
be leading agents for accretion of trench sediments into the forearc and that forward growth of the prism and seaward
advance of the deformation front by several kilometres can occur, punctuated, during a single-event large mega-thrust
earthquake.

We further use numerical frontal prism stability models which include transient stresses due to seismic ground motion
and scenarios for a complete stress drop along the décollement to constrain our conceptual interpretation based on the
seafloor and sub-seafloor data and samples. Model results reproduce deep-seated rotational gravitational instability in the
frontal prism, but also indicated that slip-to-the trench and >M.8.5 earthquakes are needed to trigger the observed insta-
bility and deformation. This suggests that only rare mega-events, such as the 2011 Tohoku-oki earthquake, which may
have recurrence patterns in the order of 1000 years, can impart sudden structural and morphoplogical changes in the
shallow plate boundary system and trench.
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Exhumation history, topographic relief evolution and geothermal activity
in the Swiss Central Alps (Rhéne valley): insights from low-temperature
thermochronology
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1 Geological Institute, ETH Ziirich, Sonneggstrasse 5, CH-8092 Ziirich (pierre.valla@erdw.ethz.ch)
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b Berkeley Geochronology Center, 2455 Ridge Road, USA-94707 Berkeley

7 Institute of Earth Sciences, University of Grenoble, 1381 Rue de la Piscine, F-38041 Grenoble

The Neogene evolution of the European Alps and potential climatic and/or tectonic controls on denudation rates and reli-
ef development during the late-stage exhumation remain subjects of scientific debate (e.g. Willett, 2010). Late Cenozoic to
Plio-Quaternary increases in both in-situ denudation rates and sediment flux to surrounding basins are suggested to have
been caused by climatically-induced relief amplification (Kuhlemann et al., 2002; Vernon et al., 2008). However, even
though geomorphologic and sedimentologic studies both suggest topographic relief change and transition from fluvial to
oscillations between glacial/fluvial conditions (Muttoni et al., 2003; Norton et al., 2011), precise quantifications on both
the timing and magnitude of this transition are only sparse (Hauselmann et al., 2007).

In this study, we focus on the upper Rhone valley (Swiss Central Alps) within the Visp-Brig area (Aar massif, Valais). This
area shows among the highest late Neogene exhumation rates within the Western-Central European Alps (Vernon et al.,
2008), influenced by tectonic activity along the major Simplon-Rhone extensional fault system (e.g. Mancktelow, 1985,
Campani et al., 2010). Moreover, the upper Rhone valley has experienced enhanced glacial erosion associated with strong
relief development during the Pliocene-Quaternary period (Norton et al., 2011; Valla et al., 2011). Finally, structural inhe-
ritance, late-stage tectonics and rapid exhumation may have promoted recent hydrothermal activity in this region (Sonney
and Vuataz, 2008).

We have addressed these aspects and their potential interaction on the cooling history by using different low-temperature
thermochronometers along a pseudo-vertical bedrock profile with additional samples from a geothermal well (Brigerbad).
Bedrock samples come from elevations between 600 and 2900 m and were combined with samples from a 500-m depth
drilling well, resulting in a total ~3 km elevation difference. Apatite fission-track (AFT) dating, as well as track-length data,
have been added to previously published (Valla et al., 2011) and new apatite (U-Th-Sm)/He (AHe) and “Hel’He data.

Our AFT and AHe results reveal high-exhumation rates (~1 km/Myr) within late-Cenozoic to Pliocene times, while “He/*He
data confirm this exhumation pulse (Valla et al., 2011). “He*He data from valley bottom samples, confirmed by AHe data
from the drilling well, show a rapid increase in late-stage exhumation associated to the onset of major Alpine glaciation
triggering valley carving. Apatite track length measurements suggest that well samples have been affected by recent hyd-
rothermal activity.
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Fluid involved, high grade cataclasis during Alpine ductile deformation in
basement rocks of the Aar massif

Wehrens Philip!, Herwegh Marco!, Berger Alfons’

'Institute of Geological Sciences, University of Bern, Baltzerstrasse 1+3, 3012 Bern (philip.wehrens@geo.unibe.ch)

The Aar massif belongs to the external massifs of the Alps and is mainly composed of granitoids and gneisses. Post-
Variscan granitoid rocks have intruded old gneisses (Altkristallin) belonging to the pre-Variscan basement. Despite nu-
merous detailed studies in the past decades, the overall exhumation history and the associated massif internal deformati-
on (internal strain distribution and its evolution in time) is largely unknown at present. Here we aim to provide insides
into the relation between strain, fluid, rheology and their role in shear zone initiation, progression and localization.

Shear zone initiation and evolution is studied at a variety of scales along shear zones located at the southern margin of
the Aar massif (from Ritrichsbodensee to Grimselpasshohe). Detailed field mapping combined with microscopic analysis
along strain gradients has been carried out.

During the Alpine orogeny, strain localized and re-activated along the following pre-existing mechanical anisotropies: i)
Lithological variations between Post-Variscan intrusives and Pre-Variscan basement as well as between primary magmatic
features (i.e., varying mica content in the Post-Variscan intrusive), ii) pre-existing Pre-Variscan and Variscan brittle and
ductile faults.

During the Alpine orogeny alternations of ductile and brittle deformation have affected the host rocks. In domains weakly
affected by Alpine deformation, dynamically recrystallized quartz grains indicate ductile deformation by subgrain rotation
followed by a static overprint. Despite this ductile background strain, several microstructures indicate a coeval activity of
hydrofracking. (i) Overprinting of the aforementioned ductile structures, by fractures along which biotite and epidote have
precipitated and (ii) ultracataclasites overgrown by biotite. The fact that both fracture infill and mineral overgrowths
consist of biotite suggest formation temperatures above 400°C, i.e. metamorphic conditions under which quartz deforms
in a ductile manner. The only explanation for the simultaneous occurrence of brittle and ductile deformation structures
at these elevated temperatures is a fast strain rate, which typically occurs during seismic events. We therefore postulate
that our structures document seismic cycles characterized by fast brittle deformation followed by subsequent aseismic
periods of ductile creep.

White mica and chlorite overgrowth of biotite on the previously described ductile shear zones indicate continuous shea-
ring during retrograde metamorphic cooling. The retrograde decay of feldspars in form of fine-grained reaction products
combined with a decrease in crystal plastic deformation of quartz, forced deformation to localize in these ultrafine-grai-
ned and thin high strain zones. With ongoing uplift and exhumation these late ductile shear zones are replaced by diffe-
rent generations of cataclasites which cut and/or reactivate the aforementioned precursor structures during the subse-
quent late stage deformation.

Altogether, this sequence shows the complex history of strain localization and the involvement of both brittle and ductile
processes under the presence of fluids at elevated temperatures (>400°C). These conditions fit excellently with the base of
the recent seismogenic zone underneath the Aar massif. We therefore suggest that the structural relations nowadays ex-
posed in the Grimsel area give insights on the origin of today’s earthquake activity at depths of about 12-15km.
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On the origin of the Naybandan Arc-shaped structures, Tabas,

Central Iran

Bagheri Sasan' & Sarani Maryam'!

Department of geology, University of Sistan and Baluchestan, 98135 Zahedan, Iran

The Tabas Block, a lens shaped continental tectonic sliver, which is surrounded by the Lut and Yazd Blocks in central Iran,
and bordered by the two fault systems of Nayband and Kalmard-Kuhbanan, is the host of at least three arc-shaped struc-
tures which extend through the width of the block along the lens’s short diameter. The presence of such EW-trending
structures among the NS-trending ones is the main theme of this research. Each arc has a NE curvature at its eastern
termination where it is separated from the Nayband fault, but gradually changes to an EW smooth trend at the middle
and abruptly breaks into a NS trend where it joins the Western Tabas fold belt. The northeastern sloping part of each arc
is characterized by south-westward-dipping thrusts which brought up the deeper rock of the crust onto the younger sedi-
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mentary rocks. Inside of each arc, structures similar to the
dome and basin interference fold pattern can be observed,
which may have occurred either as a result of two separate
deformational events or during a long progressive deforma-
tion; the pattern which cannot be addressed outside of the
arcs. Because the youngest sediment, such as the Paleocene
Kerman Conglomerate south of the Tabas Block, has been
affected by the aforementioned deformations, whereas the
Oligocene pyroclastic rock covers the arc-shape structures
with a pronounced angular nonconformity, the age of arc
formation must be late Paleogene.

On a large-scale view, the Naybandan arc-shaped structures
can be viewed as a portion of the large Tabas sigmoidal
structure which closely follows the style of the Shotori
Mountains (Figure 1), but with a difference of about 90°
when we rotate anticlockwisely the sigmoidal around a
vertical axis. We propose that the Tabas sigmoidal is a large
deflection which appeared during the anticlockwise rotati-
on of the Lut block. The essential role of the right-lateral
strike-slip faults around the Tabas Block during the
Paleogene period cannot be denied. The interference fold
pattern mentioned above can be interpreted as the structu-
res which originated during the distortion of the first set of
folds formed at the primary stage of block rotation.
Subsequently, the appearance of the NE-trending, right-late-
ral, strike-slip faults which dissected this sigmoid probably
has been developed in continuation of the deflection. These
faults are different from the NE-trending left-lateral strike-
slip faults which have been activated since the Neogene
time by another mechanism, such as the Doruneh fault.

Figure 1: Location of the Tabas Block in the simplified tectonic
map of central Iran
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2D thermo-mechanical modeling of basement-cover deformation with
application to the Western Alps

Arthur Bauville' & Stefan M. Schmalholz’
'ISTE, University of Lausanne, CH-1015 Lausanne (Arthur.bauville@unil.ch)

The external crystalline massifs of Western Alps and the Helvetic sedimentary nappe stack result from the deformation
of the European passive margin during the Alpine collision. This area has been studied extensively for the past hundred
years. However although the geometry and tectonic structures are well documented, the mechanical behavior of the rocks
during nappe stacking and basin inversion is still highly debated. The aim of this study is to reproduce the first order
tectonic structures of the Western external Alps. We use a 2-D thermo-mechanical finite element model with visco-elasto-
plastic rheology formulation to simulate the deformation of half-graben structures during collision. We systematically
investigate the control of (1) the rheology, i.e. ductile vs brittle; linear vs power-law viscous rheology, and (2) the bounda-
ry condition, i.e. pure shear vs simple shear. Geometry and finite deformation patterns in both basement and sediments
are then compared to cross-sections, finite strain ellipses and cleavage orientation from published field data. Orientation
and distribution of plastic shear bands in the model are compared to fault distribution from field data and sand box ana-
logue models.
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Tectonosedimentary evolution of the Nankai forearc (Japan) constrained
by detrital minerals in off-shore (IODP) drill sites and modern river beds

Buchs David', Cukur Deniz?, Masago Hideki®

! School of Earth and Ocean Sciences, Cardiff University, Main Building, Cardiff CF10 3AT, UK (buchsd@cf.ac.uk)
? GEOMAR Helmbholtz Centre for Ocean Research Kiel, WischhofstrafSe 1-3, D-24148 Kiel
? CDEX-JAMSTEC, 3173-25 Kanazawa-ku, Yokohama, 2360001, Japan

The evolution of the Nankai forearc (central and SW Japan, Fig. 1) since the Pliocene has been primarily controlled by
subduction of the Philippine Sea Plate under the Eurasian Plate, collision of the Izu-Bonin volcanic arc with Japan, and
construction of a large accretionary prism by successive sediment stacking. Characterising the evolution of the forearc is
central to the Nankai Trough Seismogenic Zone Experiment (NanTroSEIZE) of the Integrated Ocean Drilling Program
(IODP), which aims at improving our understanding of processes ultimately leading to the formation of large earthquakes.

Seismic profiles and drilling in the framework of the NanTroSEIZE have shown that the forearc in SW Japan (Kumano
transect, Fig. 1) includes contrasted structural domains, with, from NW to SE, a forearc basin, a megasplay fault zone, and
imbricate and frontal thrust zones (Moore et al. 2009; Fig. 2).

Sedimentary and tectonic processes in the forearc together with the supply of detrital material to the Nankai Trough have
played an important role in the recent evolution of the margin (Underwood and Moore 2013). Our study investigates the
tectonosedimentary evolution of the upper forearc slope and Kumano forearc basin since the Pliocene using a sediment
provenance analysis with samples collected in 8 major Japanese rivers and 3 drill sites (Figs 1 and 2). Our results show that
cuttings samples, collected for the first time by the IODP during the NanTroSEIZE, can be successfully used to characteri-
se the composition of sediments recovered by destructive drilling mode (i.e., without core recovery). In addition, the com-
position of detrital pyroxenes and amphiboles from our samples allow to identify the main sources of turbiditic deposits
in the upper forearc, and provide new constraints on sedimentary patterns prior and during the development of the
Kumano Basin. Integration of these data with a regional seismic profile along the Kumano transect provides new insights
into the mode and timing of development of the Kumano Basin and its relationship with the development of the megas-
play fault in underlying accretionary complex. A reconstruction of the evolution of the upper slope and Kumano Basin
enlightens tectonosedimentary processes at tectonically-active subduction zones and provides a model for similar areas
elsewhere.
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Figure 1. Simplified geological map of SW and central Japan (modified after Fergusson 2003), with location of off-shore (IODP) and on-
land (river beds) samples used in this study.
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Figure 2. Main structures of the forearc along the Kumano transect (after Moore et al. 2009). Drill sites used in this study include
C0001, C0002 and C0009 in the upper forearc slope and Kumano Basin.
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Geospeedometry of inverted metamorphic gradients of a crustal-scale
thrust zone: first approach

Cioldi Stefania, Moulas Evangelos & Burg Jean-Pierre

Geological Institute, ETH Zurich, Sonneggstrasse 5, CH-8092 Zurich
(stefania.cioldi@erdw.ethz.ch, evangelos.moulas@erdw.ethz.ch, jean-pierre.burg@erdw.ethz.ch)

Thrust tectonics and inverted metamorphic gradients are major consequences of large and likely fast movements in com-
pressional environments. These zones reportedly preserve high-grade metamorphic rocks in the hanging wall and inverted
isograds in the footwall of the major thrust zone and occur in tectonic settings ranging from continent-continent collision
to subduction zones.

The purpose of this study is to investigate the tectonic setting and the timescale of inverted metamorphic zonation due to
crustal-scale thrusting. The aim is to contribute to understand the link between mechanical and thermal evolution of
major thrust zones and to clarify the nature and the origin of orogenic heat. Chemical zoning profiles in garnet combined
with mineral chemistry from the other minerals in the assemblage are useful indicators of pressure and temperature
history of metamorphic rocks. In order to constrain the duration of the thermal event, 40Ar/39Ar geochronology offers a
temporal resolution with the potential to characterized shear zone movement.

The first case-study is the Nestos thrust in the Rhodope metamorphic complex (Greece). The Rhodope massif is interpreted
to be a deformed segment of the Alpine-Himalaya suture and represents a collisional system with an association of structures
of both large-scale thrusting and pervasive exhumation tectonics. The study area is divided into three sections across the
Nestos Shear Zone (NSZ): Drama, Xanthi and Komotini regions. The inverted metamorphic zonation starts from chlorite-
muscovite grade and reaches locally the kyanite-sillimanite grades with migmatites in the highest tectonic levels. The high
temperature metamorphic overprint replaces the relics of an earlier high-pressure metamorphic event and constrains the
anatexis to have occurred at crustal levels. An overview of the geology and the methods used in this project are presented.
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Effects of surface processes on multilayer detachment folding:
a numerical approach.
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? Institute of Geophysics, ETH Zurich, Switzerland.
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Over the past decades, the interaction between surface processes and development of mountain belts has been extensively
studied. While syntectonic sedimentation appears to control the external development of the fold-and-thrust belts, erosion
strongly influences the evolution of internal regions within mountain belts.

The effects of surface processes on brittle deformation have been thoroughly studied using analogue and numerical mo-
dels of accretionary wedges, however, most of the numerical studies used a 2D model of deformation and/or a simple
formulation for the surface processes, where both sedimentation and erosion are rarely present together. Coupled analo-
gue models of deformation and surface processes are challenging, due to material and scaling issues, and often only re-
produce two end-member cases (no erosion vs very strong erosion, where all the material is removed), but fail to investi-
gate the transitional cases.

In contrast, interactions between surface processes and ductile deformation (e.g. multilayer detachment folding) have
been poorly investigated.

Thin-skinned fold and thrust belts are seen as the result of compressional deformation of a sediment pile over a weak
layer acting as a décollement level. The resulting surface expression has often been interpreted, based on geometrical
criteria in terms of fault bend folds, propagation folds and/or detachment folds. A few analogue studies have demonstrated
that fold morphology can be influenced by erosion rates or preferential localization of sedimentation, and additionally,
that the fold growth can be stopped by increasing the supply of sediments.

Here we aim to numerically investigate the effects of surface processes and multilayer folding in three dimensions. For
this purpose, we have developed a finite-element based landscape evolution model (both erosion and sedimentation) using
PETSc, and coupled it to the 3D mechanical code LaMEM. The landscape evolution model uses a non-linear diffusion for-
mulation (Simpson and Schlunegger, 2003), taking into account both hillslope and channel processes. We present here
preliminary results of the coupling between sediment loading and folding.
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Thermo-mechanical feedback and modelling of crustal-scale shear zones.
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The collision between continental plates results in the development of orogenic belts. It is well known that the develop-
ment of crustal-scale shear zone is a common feature of orogenic structures. Ductile shear zones may develop at various
structural levels and can be characterised by their metamorphic grade, which is quantified by petrological analysis.
Ductile shear zones are often invoked as mechanism for the exhumation of high-pressure (HP) rocks, however their role
in the formation of HP units is often debated.

State of the art geodynamic modelling of continental collision is usually used to model the genesis and exhumation of HP
rocks. Nevertheless, it is a common approach to model continental collision by predefining shear zones and/or by emplo-
ying constitutive models that introduce mesh dependency (e.g. strain softening). Mesh size dependency leads to difficult
comparison between physical models and natural data since pressure and temperature cannot be accurately computed
within modelled shear zones.

In this study, we employ thermo-mechanical modelling to model the self —consistent development of crustal-scale shear
zones. Our approach allows for full coupling between momentum and energy equations by including viscous dissipation.
We show that this methodology allows for the spontaneous development of shear zones around a cylindrical weak inclu-
sion. Systematic numerical simulations are performed and the results suggest that shear zone dimensions are independent
on the mesh resolution. Moreover, we demonstrate that these results can be achieved by using two different numerical
methods, which are both popular methods in the geodynamic modelling community (Lagrangian finite elements and
Eulerian-Lagrangian finite differences). These results show that thermo-mechanical feedback allows for the development
of finite-width shear zones. Such models can therefore be reliably used to quantify stresses, pressure and strain rates in
shear zones, and for the modelling of continental collision. Further developments will include comparison with natural
data, with a particular focus on the Alpine orogeny.
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Was plate tectonics different in a hotter Earth?
History and evolution of subduction in the Precambrium

Fischer Ria', Gerya Taras!

! Institute of Geophysics, ETH Ziirich, Sonneggstrasse 5, CH-8092 Ziirich (ria.fischer@erdw.ethz.ch
Y

Plate tectonics is a global self-organising process driven by negative buoyancy at thermal boundary layers. Phanerozoic
plate tectonics with its typical subduction and orogeny is relatively well understood and can be traced back in the geolo-
gical records of the continents. Interpretations of geological, petrological and geochemical observations from Proterozoic
and Archean orogenic belts however (e.g., Brown, 2006; Taylor and McLennan, 1995), suggest a different tectonic regime
in the Precambrian. The lithosphere shows very low internal strength and is strongly weakened by percolating melts and
increased temperature due to higher radioactive heating rates and secular cooling. The fundamental difference between
Precambrian and Phanerozoic subduction is therefore the upper-mantle temperature, which determines the strength of
the upper mantle and hence further subduction history.

3D petrological-thermomechanical numerical modelling experiments of oceanic subduction at an active plate margin done
with the finite difference multigrid solver I3ELVIS (Gerya and Yuen, 2007) at increased upper-mantle temperature have
been performed to model subduction under Precambrian conditions. Results show (1) an increased importance of small-
scale convection with plume shaped cold downwellings replacing the large-scale cold downwelling at temperatures of +150
K to +200 K above present day upper mantle temperature. (2) Thickening of oceanic plates and thinning of continental
plates leads to a tectonic style which does not distinct between oceanic and continental plates anymore but merely bet-
ween two types of terrains, mafic and felsic, of the same thickness. (3) Fracture zones are rendered ineffective at high
temperatures which, together with the thickening of oceanic crust, chokes the subduction zone and does not allow any
subduction for temperatures above +200 K.

a) &) Time: 13.29 Ma =
Tema: 13.55 Ma : Time: 10,63 Ma

Figure 1. Subduction style depends strongly on upper mantle temperature. (a) Modern subduction with present day temperature gradi-
ents in upper-mantle and lithosphere. (b) Increase of temperature by 100 K at the lithosphere-asthenosphere boundary (LAB) leads to
melting and drip-off of the of the slab-tip. (c) A temperature increase of 200 K leads Rayleigh-Taylor instabilities and delamination of
the whole lithosphere.
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3D fold growth rates
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Geological folds are inherently 3D structures. Therefore, a fold also grows in three dimensions (Bretis et al., 2011;
Grasemann and Schmalholz, 2012). In this study, fold growth in all three dimensions is studied and quantified numerical-
ly using a finite-element algorithm for simulating 3D deformation of Newtonian materials. Upright symmetrical single-
layer folds are considered. The higher-viscous layer exhibits a 2D Gaussian initial perturbation. Horizontal compression in
x-direction leads to a folding instability, which grows from this perturbation in all three dimensions 1). Fold amplificati-
on in 3D setups has been described analytically by Fletcher (1991) for low limb dips, but fold growth in all three dimensi-
ons has not been quantified. It is described by:

Fold amplification (growth in
z-direction):

Fold amplification describes
the growth from a low-limb-
dip fold to a higher-limb-dip
fold.

Fold elongation (growth in y-
direction):

Fold elongation is parallel to
the fold axis. It describes the
growth from a dome-shaped
structure to a more cylindrical

fold.

Sequential fold growth — Catinri
(erowth in x-direction): A mmu"g
Sequential fold growth is par- r:dr:‘:nllulwlh-pl

allel to the shortening direc-
tion and describes the growth
of secondary (and further)
folds adjacent to the initial s 1LE0%

isolated fold. sppeaance o
¥ pmeparrit kil fsdehi

Figure 1: Growth of a 3D fold from a 2D Gaussian initial perturbation in
all three dimensions.

Both fold elongation and sequential fold growth have previously been referred to as lateral fold growth, which is here used
as an umbrella term for both.

The numerical results demonstrate that the two lateral directions generally show a very similar averaged growth (Figure
2). However, the fold elongation is smooth and continuous, while the sequential fold growth exhibits jumps in its evolu-
tion. These jumps occur whenever a secondary or further fold appears for the first time ( 1) and the entire fold structure
therefore suddenly occupies more space in x-direction. For a given initial perturbation, the jumps occur earlier in the
folding history for larger viscosity ratios.

Compared to the fold amplification, the two lateral directions grow slower (i.e., values <1 in Figure 2). Exceptions only occur
for the sequential fold growth direction in early folding stages in the case of very narrow initial perturbations (Figure 2a). In
these cases, the fold amplification is particularly slow and the sequential fold growth rate can therefore be larger. Generally,
all three normalized fold amplitudes are of the same order (Figure 2), particularly at the early folding stages.
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Figure 2. Ratios of normalized amplitudes Ax/Az (sequential growth/amplification, bold line) and Ay/Az (elongation/amplification, dotted
line) for different initial perturbation widths (6=2: narrow initial perturbation; 6=8: narrow initial perturbation) and different viscosity
ratios R=nlayerlnmmx.
tical amplitude.

Values below 1 mean that the corresponding normalized lateral fold amplitude is smaller than the normalized ver-
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Towards coupled giant impact and long term interior evolution models
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The crustal dichotomy (McCauley et al., 1972) is the dominant geological feature on planet Mars. The exogenic approach
to the origin of the crustal dichotomy (Wilhelms and Squyres, 1984; Frey and Schultz, 1988; Andrews-Hanna et al., 2008;
Marinova et al., 2008; Nimmo et al., 2008) assumes that the northern lowlands correspond to a giant impact basin formed
after primordial crust formation. However these simulations only consider the impact phase without studying the long-
term repercussions of such a collision.

The endogenic approach (e.g. Weinstein, 1995), suggesting a degree-1 mantle upwelling underneath the southern high-
lands (Zhong and Zuber, 2001; Roberts and Zhong, 2006; Zhong, 2009; Keller and Tackley, 2009), relies on a high Rayleigh
number and a particular viscosity profile to form a low degree convective pattern within the geological constraints for the
dichotomy formation. Such vigorous convection, however, results in continuous magmatic resurfacing, destroying the
initially dichotomous crustal structure in the long-term.

A further option is a hybrid exogenic—endogenic approach (Reese and Solomatov, 2006, 2010; Reese et al., 2010; Golabek
et al., 2011), which proposes an impact-induced magma ocean and subsequent superplume in the southern hemisphere.
However these models rely on simple scaling laws to impose the thermal effects of the collision.

Here we present the first results of impact simulations performed with a SPH code (Benz and Asphaug 1995, Jutzi et al.,
2013) serially coupled with geodynamical computations performed using the code I3VIS (Gerya and Yuen, 2007) to impro-
ve the latter approach and test it against observations. We are exploring collisions varying the impactor velocities, impact
angles and target body properties, and are gauging the sensitivity to the handoff from SPH to I3VIS.

As expected, our first results indicate the formation of a transient hemispherical magma ocean in the impacted hemisphe-
re, and the merging of the cores. We also find that impact angle and velocity have a strong effect on the post-impact
temperature field (e.g. Marinova et al., 2008) and on the timescale and nature of core merger.
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3D Modeling of the Fribourg Area - Western Swiss Molasse Basin,
Switzerland

GRUBER Marius!, SOMMARUGA Anna'!, MOSAR Jon!

! University of Fribourg, Departement of Geosciences, Earth Sciences, Chemin du Musée 6, CH-1700 Fribourg, Switzerland
(marius.gruber@unifr.ch, anna.sommaruga@unifr.ch, jon.mosar@unifr.ch)

This study focusses on the structural style of the western Swiss Molasse Basin (WSMB) near Fribourg (west of Bern,
Switzerland). We are elaborating a 3D geological model with Move Software (Midland Valley) covering an area of 1700 km2
around the city of Fribourg. Based on 2D seismic line interpretations and deep borehole data (Sommaruga et al., 2012)
three dimensional seismic horizons are built. Horizons correspond to the following stratigraphic boundaries: Near Base
Tertiary, near Top Late Malm, near Top Early Malm, near Top Dogger, near Top Lias, near Top Trias, near Top Muschelkalk
and near Base Mesozoic. Surface bed dip data from the Geological Atlas 1:25°000 (swisstopo) are included so as to improve
orientations of geological strata. Fault surfaces in Tertiary and Mesozoic cover as well as in Pre-Mesozoic basement rocks
are constructed based on seismic interpretations (Sommaruga et al. 2012), geological cross-sections (Geological Atlas
1:25:000, swisstopo) and hypocenter positions (Vouillamoz & Abednego, in prep.). Due to the lack of continuous seismic
reflectors in Tertiary Molasse sediments, an appropriate mapping of fault structures in the latter is difficult. As a conse-
quence Mesozoic fault surfaces are extrapolated through Tertiary Molasse sediments based on mapped surface fault struc-
tures (Geological Atlas 1:25°000, swisstopo; Ibele, 2011). 3D seismic horizons are depth converted based on a 3D heteroge-
neous P-velocity model of the Fribourg area (Abednego, in prep.).

The model shows a kinematic decoupling of Tertiary and Mesozoic units along a detachment horizon in Triassic evapori-
tes. A second decoupling can be observed along the base Tertiary horizon in the south of the study area, probably linked
to the thrust front of Subalpine Molasse as described in Ibele 2011. East of the city of Fribourg several N-S-striking, en
echelon type normal faults in Mesozoic and Tertiary units can be observed. Faults form a zone of 20 km length. The zone
is called the “Fribourg zone”. Faults root in listric bends within middle Triassic evaporites forming a graben or half-graben
structure. Triassic evaporites show an important thickening beneath the Fribourg zone. The location of fault traces bet-
ween 2D seismic lines is speculative in the central part of the Fribourg zone due to a gap of seismic data. Recent studies
on present earthquake activity show an enhanced recurrence of low magnitude earthquakes along the Fribourg zone. It is
therefore proposed, that the Fribourg zone is formed by an assemblage of multiple small scale fault surfaces rather than
a few large scale faults. The Fribourg zone forms the eastern border of a N-S striking, low amplitude syncline, called the
“Fribourg structure”. The N-S-alignment of the Fribourg structure deviates from the overall NE-SW trend of fold axis in
the region. Triassic evaporites show a thinning beneath the Fribourg structure.
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Viscous overthrusting versus folding: 2-D quantitative modeling and its
application to the Helvetic and Jura fold and thrust belts

Jaquet Yoann', Bauville Arthur!, Schmalholz Stefan!

'Institute of Earth Science, University of Lausanne, Batiment Geopolis, CH-1015 Lausanne (yoann.jaquet@unil.ch)

This paper presents two-dimensional (2-D) numerical simulations of the shortening of a stiff viscous layer with pre-existing
weak zones that is embedded in a weaker viscous matrix above a rigid detachment. Four deformation styles are observed
that depend on the ratio of the layer and matrix viscosities, y /i, ; the ratio of the distance between the layer and the de-
tachment to the layer thickness, H, /H,; and the power-law stress exponent of the matrix, n,. The results show that (1) pure
shear-dominated deformation occurs for p /i, <~50 and n,=1 (i.e., linear viscous); (2) overthrusting-dominated deformation
occurs for n,>1 (i.e., power-law viscous fluid), p /i, >~50 and H /H <~0.5; (3) folding-dominated deformation occurs for
n,=1, p,/u,>~50, and H,/H >~1; and (4) folding and overthrusting occur for n >1 and ~0.5<H, /H,<~2. The power-law stress
exponent of the stiff layer has a minor effect on deformation style. Simulations with layers that contain two weak zones
show the formation of a nappe stack. The change in deformation style as a function of H,/H, corroborates field observa-
tions from the Helvetic nappe system. The agreement of the results with first-order observations from the Helvetic fold
and thrust belt suggest that ductile deformation dominated this fold and thrust belt.
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Figure 1: The development of the model geometry with increasing shortening. The layer (black) is linear viscous, whereas the matrix
(gray) is power-law viscous (1,,=5). a-e) The model has a viscosity ratio (/i) of 200 and a thickness ratio (H,/H,) of 0.25.

During shortening, the layer deforms by essentially overthrusting. f-j) The model has a viscosity ratio (yL/ ) 0f 100 and a thickness ra-
tio (HM/HL) of 1. During shortening, the layer deforms by simultaneously overthrusting and folding. The detail of the numerical mesh is
shown in e).
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Mapping Earth’s interiors with GPS records: the first steps.
Kelevitz Krisztina'?, Houlie Nicolas'? , Rothacher Markus?, Giardini Domenico!
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Nowadays, GPS networks are expanding faster than the global network of broadband seismometers (STS-1 or STS-2).
Indeed, almost 10.000 GPS receivers are recording data at 1 Hz with 100+ stations are streaming data in Real-Time (RT).
The reasons for this quick expansion are the price of receivers, their low maintenance, and the wide range of activities
they can be used for (transport, science, public apps, etc.).

Many authors proposed then that GPS could help studying not only the long-term continuous continental deformation
(earthquake sources [Cervelli, et al., 2001; Langbein et al., 2006], volcanoes [Houlié, et al., 2006a], post seismic deformation
[Langbein et al., 2006]) but also transient (less than one hour) ground deformation [Houlié et al., 2011]. Potential applica-
tions are numerous including seismic wave propagation at the regional or global scale and earthquake source studies.

In this poster we are presenting work completed on the GPS records of the Hokkaido earthquake (2003 September 25th,
Mw=8.3). 1Hz GPS waveforms have been recomputed by improving the inversion of the ground motion displacement his-
tory. GPS are computed in the range of frequencies 0.02-0.033 Hz and 0.002-0.033 Hz; the latter frequency band matching
the frequency range recorded by a very-broadband STS-1 seismometer (up to 300s with flat response).

At co-located sites (STS-1 and GPS located within 10km) the agreement is good for the vertical component. We show that 1)
horizontal components are dependent on the distribution of the satellites visible in the sky at the moment of the seismic
wave front propagation while 2) the new inversion algorithm improves the accuracy of the east component of the GPS data.
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Figure 1: We compare the time-series of GPS displacement (in red) with the seismograms recorded at the GEOSCOPE site INU (in black).
We note that while the agreement between the two sets of waveforms is reasonable for vertical component. Instrument responses have
been provided by GEOSCOPE. Both datasets have been band-pass filtered between 30 and 50 seconds (20 and 35 mHz) according to the
periodogram presented in Figure 5. From Houlié et al., 2011
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The role of phase distribution and reaction in an amphibolite
facies ultramylonite

Kilian Riidiger

Geological Institute, Basel University, Switzerland, Bernoullistr. 32, 4056 Basel, (ruediger.kilian@unibas.ch)

Rocks deforming by diffusion creep are usually characterized by a small grain size, an anti-correlated phase distribution
and the lack of a crystallographic preferred orientation. The present study focuses on the role of bulk material transfer
and reaction during homogeneous flow of an amphibolite facies ultramylonite.

The analyzed samples are from the Nordmannvik Nappe, Upper Allochton of the Norwegian Caledonides. The shear zone
separates a marble unit from a garnet amphibolite with enclosed relict mafic granulite lenses. Contacts with the wallrock
are very sharp and no intermediately strained zone is present.

The ultramylonite matrix is composed of quartz, biotite, white mica, oligoclase and ilmenite with grain sizes below 10 pm
(eq. diameter) and has an extremely homogeneous microstructure. Grains have slightly lobate, interlocking boundaries.
Aligned grain and phase boundaries are absent and shear bands are very rare.

Garnet, white mica and plagioclase-quartz aggregates form porphyroclasts. Towards the center of the shear zone, porphy-
roclasts disappear subsequently while garnet porphyroclasts are the last being present. The increase in matrix percentage
from 80 to 98% is interpreted to result from increasing strain. White mica and plagioclase-quartz porphyroclasts attain
aspect ratios of 2-3 while garnet remains at low aspect ratios. White mica porphyroclasts have monoclinic shapes and a
stable orientation of the clast long axis at 5° with respect to the lineation, which is independent on strain and clast size.
Plagioclase porphyroclasts have orthorhombic shapes and reach a stable orientation less frequently.

The matrix shows a strong anti-correlation of quartz clusters and biotite and white mica. Quartz clusters are separated by
biotite stacks parallel to the foliation and by white mica perpendicular to the foliation. Those quartz clusters have a long
axis at 50 -70° to the foliation, inclined against the sense of shear. Occasionally thin Fe-Ca-rich seams decorate quartz grain
boundaries which are oriented at a low angle to the foliation.

Adjacent to porphyroclasts, the matrix homogeneity is locally disturbed. In the sector of instantaneous shortening around
porphyroclasts, matrix biotite and plagioclase are depleted and garnet shows newly grown seams. In the sectors of instan-
taneous stretching, biotite and plagioclase grow and occasionally garnet porphyroclasts show signs of dissolution. Within
less than 1mm, the homogeneity of the matrix is reestablished. Foliation parallel biotite is replaced by white mica during
thinning of the mica aggregates and concurrently biotite grows adjacent to quartz grains in stacks perpendicular to the
foliation. The anti-correlation of oblique quartz clusters and mica is the result of both processes.

The microstructures suggest that dissolution, replacement, nucleation and growth of matrix phases occur synkinemati-
cally and simultaneously. A cyclic reaction of garnet + white mica = plagioclase + biotite, driven by local gradients, can
explain the observations.
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Offsetting crustal and mantle neckings generates abandonment
of continental rifts

Liao Jie!, & Gerya Taras!

! Geophysical Fluid Dynamics, Institute of Geophysics, ETH Zurich, Zurich, Switzerland (jie.liao@erdw.ethz.ch)

During continental extension, localized deformation can redistribute, and as a consequence, a new continental rift is ge-
nerated offsetting from the previously formed rift that is abandoning. This phenomenon is called continental rifts jump,
and the natural examples of continental rifts jump are globally distributed (Wood, 1983, Armitage et al., 2010, Yamasaki
and Gernigon, 2010). The reasons why continental rifts jump remain elusive. Once deformation initiates in a pre-existing
weakness (Dunbar J. A., 1988), whether deformation will concentrate in this area or migrate to a new location is determi-
ned by the competition between thermal diffusion (lithosphere strengthening) and thermal advection (litho- sphere wea-
kening) (Buck et al., 1999, Yamasaki and Gernigon, 2010). Slow extension corresponds to slow thermal advection and fast
thermal diffusion, which favors lithosphere strengthening (England, 1983), and may generate the abandonment of intra-
cratonic rifts (White, 1999). Numerical models suggest that the multi-phase rifting history [Armitage et al., 2010|, migra-
tion of plume or thermal event (such as magma intrusion) (Yamasaki and Gernigon, 2010) are possible mechanisms that
leads to the redistribution of deformation during extension.

Here, based on three-dimensional thermo-mechanical numerical models, we demonstrate that the formation of offsetting
crustal and mantle neckings leads to the abandonment of continental rifts. Offsetting crustal and mantle neckings are
naturally formed in the model employing crust-mantle- decoupled rheology and a crustal weak zone. Crustal weak zone
controls the formation of the crustal necking and the initial continental rift in the early extension stage. Decoupled rheo-
logy determines the formation of mantle necking after a certain extension, which is offsetting from the crustal necking.
The offsetting mantle necking becomes dominate and therefore governs a new continental rift development (from rifting,
breakup to seafloor spreading), and as a consequence, the initial continental rift is abandoned.
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Deformation of the Sumatran, Chilean, and Japanes volcanic arcs after
mega-thrust slips
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% Steinmann Institute, University of Bonn, Meckenheimer Allee 173, Bonn, DE

Eruptive rates in volcanic arcs increase significantly after subduction zone mega-thrust earthquakes. Over short time pe-
riods the response of the volcanic arc is attributed to the passage of seismic waves and almost-instantaneous subsidence
of the volcanic system. A second peak of activity also occurs over decadal timescales but a kinematic mechanism that
controls long-term pulses has yet to be proposed.

We conducted Coulomb stress transfer analyses to investigate the stress perturbations induced by five recent mega-thrust
earthquakes (2005 M8.6, 2007 M8.5, and 2007 M7.9 Sumatra earthquakes; the 2010 M8.8 Maule, Chile earthquake; and the
2011 M9.0 Tohoku, Japan earthquake) and compared them with (large magnitude) shallow seismic activity occurring in
the years that followed the mega-thrust slip. We use geomechanical, geological, and geophysical arguments to suggest that
increased volcanic activity over longer timescales is due to a change of the local kinematics in the arc. More specifically,
our study highlights a relaxation of the compressional regime that accompanies mega-thrust subduction zone earthqua-
kes, which in turn promotes the reduction of the horizontal stress ch. This causes the occurrence of short-lived strike-slip
kinematics and facilitates magma mobilization. Our results show that all, but one, the shallow earthquakes that occurred
in the arcs of Sumatra, Chile and Japan have a marked lateral component. We suggest that the long-term volcanic respon-
se of the Sumatran, Chilean, and Japanse volcanic arcs will be manifested as predominantly strike-slip seismic events, that
will be followed closely by seismic swarms, inflation, and other indications of a rising magma source.
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Tectonic events predating the formation of the Jura fold-and-thrust belt:
Constraints from cross section balancing
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The deformation of the Jura fold-thrust-belt in the foreland of the Western Alps is widely accepted to be of a thin-skinned
type (Laubscher 1961). Most folds and thrusts are considered to have been formed above a subhorizontal basal detachment
(décollement) located in Middle to Upper Triassic evaporites. Especially, in the easternmost part of the Jura Mountains
this décollement and the underlying pre-Mesozoic basement is locally dissected by Palaeozoic normal faults that were
reactivated during the Tertiary subsidence of the Molasse basin (Diebold & Noack 1997). During the Mesozoic, the area of
the future Jura fold-thrust-belt is widely considered to have witnessed a time of relative tectonic quiescence. This general
view contrasts with sedimentological indications for differential subsidence (Allenbach 2002) and large scale analyses of
the North-Alpine foreland (Ziegler 1990). The latter suggest extensional deformation during Jurassic up to Cretaceous
times and a phase of transtension and compression during the Upper Cretaceous and Early Cenozoic.

Here we present a new interpretation of a recently reprocessed and depth migrated seismic reflection profile across the
eastern Jura, which incorporates all available geological field and subsurface data and was verified by classical cross sec-
tion balancing methods of equal bed length and constant area. Beside the restoration of the thin-skinned thrust stack we
also explore the probable pre- thrusting tectonic evolution along the section.

Our results reveal thickness changes of Jurassic strata that could point toward a Middle Jurassic extensional deformation
event. Moreover, thickness variations between the base of the Upper Jurassic and the discordance of the base of the
Tertiary may suggest a second, contractional deformation event during Cretaceous-Palaeocene times, coinciding with a
phase of transpression in the North Alpine foreland (Ziegler 1987) and erosion of up to 700 m of Cretaceous strata prior
to the Molasse sedimentation (Mazurek et al. 2006).
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Semi-brittle deformation of fault rocks - an experimental study of the
brittle-to-viscous transition in mafic rocks
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In order to investigate the brittle-viscous transition in mafic rocks, a series of rock deformation experiments is carried out
— here we report the first results.

The experiments are performed using a modified Griggs-type solid-medium apparatus at confining pressures of Pc = ~0.5
GPa and ~1.0 GPa, temperatures, T, between 300°C and 700°C and shear displacement rates of d =~10® ms® and ~107
ms™ along the 45° precut (inducing shear strain rates of y= ~10° s* and ~10* s? in the fault rock). The starting material is
crushed Maryland diabase sieved to a grain size <125 pm, with a composition of ~ 57% Plg, 33% Cpx, 8% Opx, and 2%
accessories (apatite, Kfs, Qtz, ilmenite, magnetite and biotite).

The peak stress, T__, and the steady state shear stress, 7, of the fault rock show both a temperature and a pressure de-
pendence:

* At confining pressures, of ~1 GPa and T=300°C, T =~ 1.4 GPa and 1, =~ 1.2 GPa;
at T=700°C, t =~ 0.7 GPa and 1, = 0.6 GPa.

e At confining pressures, of ~0.5 GPa and T=300°C, t
at T=700°C, t =~ 0.5 GPa and 1, = 0.25 GPa.

~1.1 GPaand 1, = 1.05 GPa;

max

At Pc = ~0.5 GPa and d = ~10® ms?, the stress-strain curves show the same initial slope for all T. With increasing shear
stress, T, the curves start to deviate from the initial slope indicating the beginning of yielding with a lower slope until peak
stress values, T__, are reached. After the t__, the rocks weaken to a steady state shear stress, 1, = Despite the initial con-
gruency of the stress-strain curves at all temperatures, the shear stresses at yielding and the peak stresses decrease with
increasing T.

Microstructural observations show that at T=300°C, a strong foliation develops due to the formation of pervasive micro
shear-fractures in Riedel shear orientation. Prominent slip-zones of approx. 10 to 20 pm in thickness form; they contain
highly comminuted material and display flow structures and small scale folding. With increasing T, micro-fracturing de-
creases and the slip-zones become less prominent. At T > 500°C, solution and precipitation microstructures are observed,
like the dissolution of Ca-depleted exsolution lamellae in pyroxene and healing of fractures in plagioclase and more Ca-
rich pyroxene.

So far we conclude that the dominating processes that accumulate strain are fracturing and granular flow. The pressure
dependence of strength is interpreted to indicate the influence of friction on deformation. The strong sensitivity to tem-
perature is not yet well understood and needs further investigations.
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A scalable, parallel matrix-free Stokes solver for geodynamics
applications

Dave A. May'
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Here I describe a numerical method suitable for studying non-linear, large deformation processes in crustal and lithops-
pheric dynamics. The method utilizes a hybrid spatial discretisation which consists of mixed finite elements for the Stokes
flow problem, coupled to a Lagrangian marker based discretisation to represent the material properties (viscosity and
density). This approach is akin to the classical Marker-And-Cell (MAC) scheme of Harlow and the subsequently developed
Material Point Method (MPM) of Sulsky and co-workers. The geometric flexibility and ease of modelling large deformation
processes afforded by such mesh-particle methods has been exploited by the lithospheric dynamics community over the
last 20 years.

The strength of the Stokes preconditioner fundamentally controls the scientific throughput achievable and represents the
largest bottleneck in the development of our understanding of geodynamic processes.

The possibility to develop a “cheap” and efficient preconditioning methodology which is suitable for the mixed Q2-P1
element is explored here. I describe a flexible strategy, which aims to address the Stokes preconditioning issue using an
upper block triangular preconditioner, together with a geometric multi-grid preconditioner for the viscous block. The key
to the approach is to utilize algorithms and data-structures that exploit current multi-core hardware and avoid the need
for excessive global reductions. In order to develop a scalable method, special consideration is given to; the definition of
the coarse grid operator, the smoother and the coarse grid solver.

The performance characteristics of this hybrid matrix-free / partially assembled multi-level preconditioning strategy is
examined. The robustness of the preconditioner with respect to the viscosity contrast and the topology of the viscosity
field, together with the parallel scalability is demonstrated.
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Detrital zircon and provenance analysis on the onshore Makran accretio-
nary wedge, SE Iran: implication for the geodynamic setting

Mohammadi Ali', Winkler Wilfried!, Burg Jean-Pierre', Ruh Jonas’, Von Quadt Albrecht!

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

The Makran, located in Southeast Iran and South Pakistan, is one of the largest accretionary wedges on Earth. In Iran it
comprises turbiditic sediments ranging in age from Late Cretaceous to Holocene. We present a provenance analysis on
sandstones, which is aimed at reconstructing the assemblages of source rocks and the tectonic setting from which the
clastic material was derived. Sandstone samples collected from different units span the regional stratigraphy from Late
Cretaceous to Miocene.

Laser ablation ICP-MS resulted in ca 2800 new U-Pb ages of individual detrital zircons from 18 samples collected in onshore
Makran. 101 detrital zircons from a Late Cretaceous fine grained sandstone range from 180 to 160 Ma (Middle Jurassic).
478 detrital zircons from mid- to late Eocene sandstones allow differentiating a NE and NW sector of the Makran Basin.
Zircon grains in the NE basin belong to two populations peaking at 180 to 160 Ma (late Early to Middle Jurassic) and 50 to
40 Ma (Mid-Eocene), with the noticeable absence of Cretaceous grains. In the NW basin, detrital zircons are 120 to 40 Ma
(late Early Cretaceous to Lutetian, Eocene). 587 detrital zircon grains from fine to medium grained Oligocene sandstones
collected over the whole area also range from 120 to 40 Ma (late Early Cretaceous to Eocene, Lutetian). 1611 detrital zircons
from early Miocene sandstones show again distinctly different ages in the eastern and western parts of the basin. They
range from 120 to 40 Ma (late Early Cretaceous to Eocene) in the eastern and from 80 to 40 Ma (Late Cretaceous to Eocene)
in the western basin.

Hf isotopes analyses were performed on 120 zircon grains from 6 samples. Negative values (-2 to -15) in Middle Jurassic
and late Early Cretaceous zircons indicate minor or no influence of mantle reservoirs which implies a rifting setting du-
ring crystallization of the zircons. Low negative to positive (-5 to +10) values in Late Cretaceous and Eocene zircons indi-
cate mixed crustal and juvenile magma sources, which are common in continental arc environments.

Point counts of 32 sandstone thin sections were performed following the Gazzi-Dikinson method. 300-400 points were
counted in each thin section. The sandstones are feldspathic litharenites and litharenites. Feldspar is dominantly plagio-
clase (> 90%) with minor amounts of K-feldspar. Most quartz grains (75%) are mono-crystalline but poly-crystalline ones
(maximum 25%) occur. Rock fragments are represented by sedimentary, volcanic and metamorphic grains. Volcanic rock-
fragments mostly are andesites and volcanic chert. Sedimentary lithic grains comprise mostly sandstone, siltstone, lime-
stone and dolomite. Metamorphic lithic grains generally are low-grade schists and phyllites. In various compositional
ternary diagrams, the sources of the sandstones plot in the transitional to dissected arc and recycled orogenic fields.

We selected 26 samples for heavy mineral study. 200-300 grain were identified and counted in each sample. Heavy mineral
suites show a highly variable composition including (1) a group of ultra-stable minerals (zircon, monazite, tourmaline,
rutile, brookite, anatase and sphene) derived from a granitic continental crust sources, (2) metastable minerals delivered
from variable metamorphic-grade source rocks (epidote group, garnet, staurolite, chloritoid, kyanite, andalusite, glauco-
phane), (3) chromian spinel from ultrabasic rocks, (4) common hornblende either supplied from metamorphic or basic
igneous series, and (5) a local pyroxene-rich source in the pyroclastic sandstone formation overlying pillow lavas.
Glaucophane (5-20%) occurs in several samples, which indicates high-pressure/low-temperature metamorphic rocks in the
detrital source areas for Eocene and Miocene sandstones.

Earlier work in the Pakistani Makran suggested that pre-Miocene sediments were supplied from the Himalaya, whereas
Miocene to Recent deposits were reworked older sediments of the accretionary wedge. Our data do not support this con-
clusion. Instead, we identified rifting-related detrital sources from Middle Jurassic to late Early Cretaceous (175 - 100 Ma)
and the establishment of a continental volcanic arc from Late Cretaceous to Eocene (80 to 40 Ma). In addition, paleocurrent
directions in Makran sandstone show general sediment transport from North to South; Cr-spinel as well as high-P/low-T
heavy minerals most likely have been derived from the blueschist-bearing Makran ophiolitic and igneous belt to the North.
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Metamorphic conditions and exhumation of the Keshebir-Kardamos
dome - Rhodope Metamorphic Complex (Greece-Bulgaria)

Moulas Evangelos’, Burg Jean-Pierre!, Kostopoulos Dimitrios?, Schenker Filippo! & Chatzitheodoridis Elias®

! Department of Earth Sciences, ETH-Zurich, Sonneggstrasse 05, CH-8092 Zurich (evangelos.moulas@erdw.ethz.ch)
? Department of Mineralogy and Petrology, University of Athens, Panepistimioupoli Zographou, 15784, Athens, Greece
3 School of Mining and Metallurgical Engineering, National Technical University of Athens, Heroon Polytechniou 9, 15780, Athens, Greece

The Rhodope Metamorphic Complex (RMC) in northern Greece and southern Bulgaria is a synmetamorphic nappe pile that
developed during the Alpine-Himalayan orogen. The nappe system is deformed and forms dome-and-basin structures that
indicate syn- to post-convergent exhumation. High-pressure rocks showing variable degrees of retrogression occur in the
intermediate imbricate units including eclogites and micro-diamond-bearing paragneisses. We document the deformation
style and present new thermobarometric and geochronological constraints for the Keshebir-Kardamos dome in the eastern
RMC in an attempt to comprehend the major mechanisms involved in the exhumation of high-pressure (HP) and high-
temperature (HT) rocks.

The studied high-grade metamorphic rocks from the intermediate thrust sheets of the core of the Kardamos dome are
broadly subdivided into two compositional groups: a) typical Ca-poor pelites and b) calcsilicate lithologies. For the Ca-poor
compositions, thermodynamic modelling using phase diagram sections in the NCKFMMnASHT (Na,O-CaO-K,0-FeO-MgO-
MnO-Al0,-8i0,-H,0-TiO,) model system suggests peak conditions at 1.2 GPa and ca. 750°C. Garnet-clinopyroxene thermo-
metry combined with Raman barometry applied on quartz inclusions in garnets from the calcsilicate lithologies corrobo-
rate the above calculations within 0.1GPa (i.e. 1.3 GPa and ca. 750°C). Thin chlorite and biotite selvedge replacing garnets
along cracks and minor albite replacing more calcic plagioclase document minor greenschist-facies retrogression. U-Pb
SHRIMP dating of zircons from the metapelites reveals Early Cretaceous (144 Ma) as the time of the major metamorphic
overprint whereas some zircon rims yield reset ages at Eocene times (53 and 44 Ma).

Kinematic indicators from the imbricate units suggest a continuum from ductile to brittle conditions during exhumation.
The exhumed high-grade rocks were covered by marine sediments soon after their exhumation (Lutetian-Priambonian?).
Slumps in sediments suggest that sedimentation took place in a tectonically active environment. Our new structural, pe-
trological and geochronological data suggest that the major shear zone in the core of the Keshebir-Kardamos dome is
equivalent to the Nestos-Chepelare suture zone.
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Assessment of mercury distribution in sediments, soil, fish and human
hair sampled in gold mining areas in the Gambia River Basin at
Kedougou, southeastern Senegal
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? Institut des sciences de la Terre Université Joseph Fourier, F-38041, Grenoble, France

? Département de géologie, Université de Cheikh Anta DIOP, Dakar, Sénégal

# Institut des sciences de la Terre, Université de Lausanne, Géopolis 3871, Lausanne

Little information is available on the impact of mercury (Hg) from artisanal small-scale gold mining (ASGM) in environ-
mental compartments, and neither is there much information regarding the assessment and potential impact of Hg in
biota and human health in Sub-Saharan Africa, especially in the Kedougou region, southeastern Senegal.

The Kedougou inlier is interpreted as an accretion of north-easterly trending Birimian age volcanic terrains. There are two
types of gold mineralization: alluvial gold and gold-bearing quartz veins hosted by shear zones. Approximately 30,000-
60,000 persons are involved since about 1995 in ASGM activities spread across several villages. This study has been under-



taken to assess the impact of ASGM in different sites of the Kedougou region. The assessment was based on the determi-
nation of Hg contents in sediment and soil profiles, in various fish species and human hairs collected in the region.

The total Hg (THg) concentration from different samples was obtained using an AMA-254 mercury analyzer (Atomic
Absorption Spectrometry). The accuracy of measurements was checked by analyzing the reference material MESS- 3
(National Water Research Institute, Canada) in between every third sample. Enrichment factors were used to classify the
sampling sites according to their degree of contamination.

The results indicate that sediments and soils from the active ASGM sites have high levels of THg in contrast to reference
sites. The comparison of THg sediment concentrations at different sites with the values of sediment quality guideline
shows that the main active ASGM sites present concentrations of Hg higher than standard recommended values. The THg
concentrations range from 0.14 to 1.6 mg/kg in fish species, exceeding WHO standard recommendations of 0.5 mg/kg in
piscivorous fish. THg concentrations in hair range between 0.10 and 7.67 mg/kg, with 5 mg/kg being the maximum con-
centration recommended by WHO. The results of this study demonstrate that ASGM in the Kedougou region are potential
environmental and human hazards.
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Figure 1: Sampling locations in the Kedougou study area eastern Senegal
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Single Viscous Layer Fold Interplay And Linkage: A 3d-Fem Modelling
Approach
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Geological Institute, ETH Zurich, Sonneggstrasse 5 CH - 8092 Zurich

Recent fieldwork observations and numerical experiments have demonstrated that large fold-belt systems do not necessa-
rily grow uniformly in a cylindrical manner but arise from the lateral connection (parallel to the fold axis) of smaller
embryonic folds (Bretis et al., 2011). The mechanical feasibility of the linkage of two isolated embryonic folds has already
been studied (Grasemann and Schmalholz 2012). In this context, the mechanical feasibility of the fork-linkage or more
generally the triple-linkage (three isolated embryonic folds linking laterally together, Figure 1) is studied using the
pTatin3d codel (May et al., 2013). To address this issue, a template for modelling the triple-linkage is introduced, which
consists of a solitary embryonic fold opposite to a binary perturbation.
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Figure 1: Triple-linkage: slices of a fork-structure. At the junction, we observe clearly a double hinge fold section with a flat topogra-
phy. The colours indicate the relative topograpy.

A new terminology stemming from the observed patterns is introduced and a phase diagram highlighting the various
linkage structures as a function of the geometric parameters is presented.

The folding and linkage process is tackled considering the vorticity field

1
w==% = u,
2

where u is the velocity field. It turns out to be a very interesting and fruitful framework that makes the linkage patterns
and embryonic fold interplays simple to understand. Based on the 3D analytical solution for the finite amplitude folding
of a single viscous layer embedded in a matrix (Fletcher 1991), the planar-vorticity dominant wavelength (in the viscous
layer plane) is computed numerically. This planar-vorticity dominant wavelength turns out to be distinct from the domi-
nant amplification wavelength and it appears to be the characteristic length controlling the linkage process. In the light
of these observations, a new interpretation and explanation is given for the simple-linkage previously studied and the
perspectives for the general case are proposed.

'The pTatin3d code has been developed by D.A. May to model 3D-multiphase Stokes flows for geodynamical applications.

Swiss Geoscience Meeting 2013 Platform Geosciences, Swiss Academy of Science, SCNAT
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The Jura mountain belt is the westernmost and one of the most recent expressions of the Alpine orogeny. The Jura has
been well studied from a structural point of view, but still remains the source of scientific debates, especially regarding
its current and recent tectonic activity [Laubscher, 1992; Burkhard et Sommaruga, 1998]. It is deemed to be always in a
shortening state, according to old leveling data [Jouanne et al., 1998| and neotectonic observations on paleo-meanders of
the Doubs river [Madritsch et al., 2010]. However, the few GPS data available on the Jura don’t show evidence of shortening,
but a small extension parallel to the arc [Walpersdorf et al., 2006]. Moreover, the traditionally accepted assumption of a
collisional activity of the Jura raises the question of its geodynamic origin. The Western Alps are themselves in a post-
collisional regime and characterized by a noticeable isostatic-related extension, due to the interaction between buoyancy
forces and external dynamics [Sue et al., 2007].

Quantitative morphotectonic approaches are increasingly used in active mountain belt to infer relationship between cli-
mate an tectonics [Whipple, 2009]. In this study we propose to apply these tools to calcareous bedrock, in a slowly defor-
med mountain belt. We have used, in particular, watersheds analysis and associated rivers profiles which allow quantify-
ing the degree and the nature of the equilibrium between the tectonic forcing and the fluvial erosional agent [Kirby and
Whipple, 2001]. Slope profiles of rivers are controlled by climatic and tectonic forcing through the expression [Whipple
and Tucker, 1999]:

S = (U / K) 1n Am/n

(with U: uplift rate, K: empirical erodibility factor, function of hydrological and geological settings; A: drained area, m,
n: empirical parameters).

We present here a systematic study of these profiles applied to most of theJura rivers. First results show several abnormal
signals along main rivers; for the Ain river for example, anthropogenic dams aren’t always pointed, or, for the Loue river,
water flow are strongly under-estimated because its spring is a karstic one. These problems are due to several factors; 1)
the chemical erosion process of limestone which is, combined with classical mechanical process, more efficient and faster
than erosion processes on granitic or metamorphosed bedrock, and 2) karstic losses and outlets which strongly modify
water flow. The complexity of the karst system doesn’t allow us to properly quantify the flow.

This study highlights the importance of underground water and the rapid chemical erosion process in a karstic domain.
For further study, now we work in speleology and karstology with a structural point of view. This structural study is cou-
pled with a morphological study of oxbows and watergap, in order to characterize the recent tectonic evolution of the
Jurassian arc.
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The effect of hot-pressing on the grain size distribution and microstruc-
ture of quartz gouge along the brittle-to-viscous transition in shear
experiments
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We conducted a series of shear experiments on quartz gouge in a Griggs-type solid medium deformation apparatus to in-
vestigate the brittle to viscous transition. The samples were deformed at high confining pressures of ~1.5 GPa at tempera-
tures between 500 °C and 1000 °C at constant shear strain rates of ~5x10-5 s-1. The starting material is produced by crus-
hing a quartz single crystal (resulting grain size <100 pm) and adding 0.2 wt% water.

First results show a decrease of the strength of the sample with increasing temperatures. Continued deformation indicates
steady-state stress for the high-temperature experiments and strain hardening for lower temperatures. The grain sizes
distribution of the low-temperature experiments is similar to the initial grain size distribution before deformation. With
increasing temperatures the size and volume portion of the larger grains decreases while the portion of recrystallized
grains increases. The crystallographic preferred orientation (CPO) of the c-axis evolves with increasing temperature from
a random distribution towards (1) two elongated maxima rotated antithetically with respect to the shear sense or (2) a
single y-maximum. With increasing shear strain the elongated maxima rotate with shear direction.

Some of the experiments included a hot-pressing stage (20 h at 1000 °C/~1.5 GPa) in the apparatus before the temperature
was decreased to the conditions of deformation. The resulting maximum shear stresses of those experiments are signifi-
cantly lower (~50 %) than those without the hot-pressing stage. In contrast, the CPO of the hot-pressed samples is similar
to the samples without hot pressing at the same deformation temperature. The grain size distribution of the hot-pressed
and deformed samples covers a smaller range compared to that without hot-pressing. Obviously, a size reduction of the
larger grains as well as the growth of the smaller grains during the hot-pressing results in a narrower grain size distribu-
tion.

We conclude that the material with the narrower grain size distribution has a more quartzite-like behaviour, whereas the
material without hot pressing behaves more like a heterogeneous fault gouge of clasts and matrix with different material
properties. Thus, a fault gouge may evolve towards a homogeneous quartzite at moderate temperatures in natural rocks
over extended periods of time (hot-pressing may simulate normal healing or fluid-rock interaction in nature). In addition,
dynamic recrystallisation of cataclastic material or quartzite produces the same finite microstructures and we conclude
that former brittle deformation can merge into plastic flow and recrystallisation.
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Convection and grain size evolution in mantle and lithosphere of the
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The physical mechanisms responsible for localisation of deformation in the lithosphere of the Earth remains largely mi-
sunderstood. Since very reduced grain sizes are often observed in faults and large scale shear zones, grain size is largely
suspected to have an important influence on the generation of plate tectonics. Most of the grain size evolution laws deri-
ved up to now have failed to generate mature and self-sustained lithospheric shear zones in numerical computations of
mantle convection. Yet, recent developments of a new physical approach of grain size reduction have shown that self-
consistent plate tectonics is at hand if two-phase grain size distributions are considered instead of a single average grain
size.

We present a set of numerical simulations of mantle convection including this new physical approach of two phase grain
size evolution. We consider a composite rheology mixing diffusion, dislocation and grain-boundary sliding creep. This
approach involving a large set of poorly constrained parameters, we only investigate the impact of grain size-dependent
quantities in a reference model kept constant. Preliminary results are discussed.
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Relationship between tectonic overpressure, deviatoric stress, driving
force, isostasy and gravitational potential energy

Schmalholz Stefan', Medvedev Sergei*, Lechmann Sarah® & Podladchikov Yuri!

! Institut of Earth Sciences, University of Lausanne, Switzerland (stefan.schmalholz@unil.ch)

% Centre for Earth Evolution and Dynamics, University of Oslo, Norway

% Geological Institute, ETH Zurich, Switzerland; now at: armasuisse, Federal Department of Defence, Civil Protection and Sport,
Switzerland

We present analytical derivations and two-dimensional numerical simulations that quantify magnitudes of deviatoric
stress and tectonic overpressure (i.e. difference between the pressure, or mean stress, and the lithostatic pressure) which
arise due to variations in the gravitational potential energy (GPE). We consider a simple situation with lowlands and moun-
tains (plateau), and a model lithosphere consisting of a crust with higher linear viscosity than the mantle. Our results (1)
explain why estimates for the magnitude of stresses in Tibet, previously published by different authors, vary by a factor
of two, (2) are applied to test the validity of the thin-sheet approximation, (3) show that the magnitude of the depth inte-
grated tectonic overpressure is equal to the magnitude of the depth integrated deviatoric stress if depth integrated shear
stresses within the lithosphere are negligible, and (4) show that tectonic overpressure is required to build and support
continental plateaus such as in Tibet or in the Andes. The prediction of tectonic overpressure associated with GPE diffe-
rences is independent of rock rheology (e.g. viscous or elastic) and rock strength. We also discuss the mechanical condi-
tions that are necessary to achieve isostasy (i.e. the lithostatic pressure is constant) at a certain depth. The results show
that tectonic overpressure can exist at a certain compensation depth although all deviatoric stresses are zero at this depth,
because this tectonic overpressure is related to horizontal gradients in a force per unit length resulting from shear stresses
integrated vertically across the entire lithosphere. The existence of tectonic overpressure implies that the pressure estima-
ted from observed mineral assemblages is likely not equal to the lithostatic pressure, and pressure is not directly related
to depth. However, lithostatic pressure-depth conversions, neglecting overpressure, are frequently applied in the reconst-
ruction of the tectonic evolution of mountain ranges.
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Exploring feldspar IRSL-50 as a low-temperature thermochronometer:
insights from field applications (Alaska, Norway and Pamir)

Pierre G. Valla'?, Sally E. Lowick?®, Frédéric Herman?, Jean-Daniel Champagnac’, Benny Guralnik’, Philippe Steer?, Jie
Chen’® & Jintang Qin®

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

(pierre.valla@erdw.ethz.ch)

2, Institute of Earth Sciences, University of Lausanne, Géopolis, CH-1015 Lausanne

?. Institute of Geology, University of Bern, Baltzerstrasse 1+3, CH-3012 Bern

4. Géosciences Rennes, Université de Rennes 1, 263 Avenue du Général Leclerc, F-35700 Rennes

5. State Key Laboratory of Earthquake Dynamics, China Earthquake Administration, C-100029 Beijing

Quartz luminescence dating has shown great potential in low-temperature thermochronometry (e.g. Herman et al., 2010)
and has opened a new spatial and temporal “window” to study late stages of rock exhumation. Even though quartz OSL
dating appears a suitable candidate (e.g. Li and Li, 2012), quartz separates from bedrock often show measurement compli-
cations (IR contamination, dim signals, no dateable fast component). Here, we explore feldspar IRSL-50 as an alternative
signal with similar thermal characteristics, this mineral usually showing brighter signals in separates derived from bed-
rock. We collected samples in various mountain ranges, covering a wide range of lithologies and exhumation histories:
western Norway (<0.1 mm/yr exhumation), southern Alaska (0.1-5 mm/yr exhumation), and eastern Pamir (>5 mm/yr ex-
humation). This offers a unique dataset to assess the potential of feldspar IRSL as a low-temperature thermochronometer.

Feldspar separates extracted from bedrock were dated using the conventional IRSL-50 protocol, which exhibits good repro-
ducibility and dose recovery across different lithologies (although some samples may suffer from minor thermal transfer).
We study fading variability in bedrock samples (using different protocols), and explore the apparent correlation between
fading rate and apparent saturation ratio (e.g. Huntley and Lian, 2006). Our results show that almost all studied samples
appear in field saturation (Kars et al., 2008). Indeed, feldspar saturation may limit the applicability of IRSL-50 thermochro-
nometer to only rapidly-cooling settings (>300°C/Myr), as confirmed by isothermal holding experiments and calibration in
the KTB borehole (Guralnik et al., 2010). Nonetheless, some samples from the Pamir and southern Alaska fault zones show
deviation from field saturation, allowing to infer either cooling rates within rapidly-exhuming areas or localized rock re-
heating (through fault shearing or geothermal fluids circulation). Extending the applicability of luminescence dating in
thermochronometry will require exploring lower-energy traps and/or targeting different minerals with later saturation.
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3D FEM modelling of geological structures caused by geometrical
instabilities and contrasts in rock strength
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(marina.vontscharner@unil.ch)

Many three-dimensional (3D) structures in rock, which formed during the deformation of the Earth’s crust and lithosphe-
re, are controlled by a difference in mechanical strength between rock units and are often the result of a geometrical in-
stability. Such structures are, for example, folds, pinch-and-swell structures (due to necking) or cuspate-lobate structures
(mullions).

These structures occur from the centimeter to the kilometer scale and the related deformation processes control the for-
mation of, for example, fold-and-thrust belts and extensional sedimentary basins or the deformation of the basement-co-
ver interface. The 2D deformation processes causing these structures are relatively well studied, however, several processes
during large-strain 3D deformation are still incompletely understood. One of these 3D processes is the lateral propagation
of these structures, such cusp propagation in a direction orthogonal to the shortening direction or neck propagation in
direction orthogonal to the extension direction.

We study the 3D evolution of geometrical instabilities with numerical simulations based on the finite element method
(FEM). Simulating geometrical instabilities caused by sharp variations of mechanical strength between rock units requires
a numerical algorithm that can accurately resolve material interfaces for large differences in material properties (e.g.
between limestone and shale) and for large deformations. Therefore, our FEM code combines a numerical contour-line
technique and a deformable Lagrangian mesh with re-meshing. With this combined method it is possible to accurately
follow the initial material contours with the FEM mesh and to accurately resolve the geometrical instabilities.

The algorithm can simulate 3D deformation for a visco-elasto-plastic rheology. Stresses are limited by a yield stress using
a visco-plastic formulation and the viscous rheology is described by a power-law flow law. The 3D FEM code is applied to
model 3D power-law folding and power-law Rayleigh-Taylor instabilities (diapirs) with different re-meshing scenarios. The
results are tested with the analytical solution for small amplitudes and with 2D numerical results for large amplitudes.

Thereby, the small initial geometrical perturbations for folding and necking are exactly followed by the FEM mesh. In
order to test and measure the numerical properties for an Eulerian mesh we use the analytical solution for a two-dimen-
sional viscous inclusion in pure shear.

(8]
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Slab detachment - 3D versus 1D
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Slab detachment is ageodynamic mechanism that may affect subduction zones on Earth. The model is characterized by
the detachment of a subducting slab fragment and results in a dramatic decrease of the slab pull force magnitude. As a
result, slab detachment has many potential consequences for the dynamics of convergent zones such as orogens.

We study three-dimensional (3D) lateral propagation of slab detachment with a lateral varying initial slab length with
numerical simulations based on the finite element method (FEM). The slab detachment is simulatedby buoyancy-driven
necking in a layer of power-law fluid embedded in a linear viscous medium. Our 3D FEM code combines a numerical
contour-line technique and a deformable Lagrangian mesh with re-meshing. With this combined method it is possible to
accurately follow the initial material contours with the FEM mesh and to accurately resolve the geometrical instabilities.
We are able to follow the material contour and therefore, to study the accurate slab geometry at any time.

We provide a detailed description of the evolution of the slab morphology and evaluate the rates of lateral propagation of
slab detachment.

We compare the 3D results with the one dimensional (1D) necking analytical solution by Schmalholz (2011). The numeri-
cal results give reasonably good agreement with the analytical prediction, despite the fact that 3D detachment may occur
on a much longer timescale.

¥ Ngm

Figure 1: color plot of effective viscosity on the slab contour.
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Baijiantan-Baikouquan ophiolitic mélanges: Implications for geology
evolution of west Junggar, Xinjiang, NW China
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University, Beijing 100871, China

The west Junggar, as a major component of the core part of the central Asian Orogenic Belt, is considered to be a Paleozoic
orogenic belt resulting from the convergence of the Siberian and Kazakhstan-Junggar plates. Three ophiolite belts occur
in this region (Fig. 1): the Tangbale ophiolite mélange in west; the Darbut-Sartohay ophiolite mélanges in northeast, and
the newly discovered Baijiantan-Baikouquan ophiolitic mélanges in southeast (Feng, 1986; Zhang, 1997; Chen & Zhu, 2011;
Zhu et al. 2011). This paper focuses on petrology and geochemistry of the Baijiantan-Baikouquan ophiolite mélanges. We
provide the comprehensive geologic, petrographic, and geochemical data-set, discuss the P-T conditions for the metamor-
phic evolution of the ophiolitic mélanges based on thermodynamically calculated P-T pseudosections for garnet amphibo-
lite, and interpret the lithological characteristics of the west Junggar in a subduction-accretion scheme.

Lherzolite consists mainly of olivine, orthopyroxene, clinopyroxene, spinel and serpentine. Brown spinel with homogene-
ous composition were replaced by ilmenite along rim. Metagabbro consists of clinopyroxene, plagioclase pseudomorph,
amphibole, and other second mineral phases. Plagioclase occurs as pseudomorph consisting mainly of zoisite and albite.
Clinopyroxene, as a mineral phase crystallized from magma, was replaced by amphibole along rim. Garnet occurs along
the rim of plagioclase pseudomorph. This suggests a transformation from plagioclase to garnet, which was accompanied
with chlorite and ilmenite. Garnet amphibolite contains various amounts of garnet and amphibole with minor amounts
of zoisite, epidote, chlorite, clinopyroxene, ilmenite, biotite, and sphene. Garnet contains various kinds of mineral inclu-
sions including clinopyroxene, rutile, apatite, ilmenite, biotite, and quartz. All garnet analyses fall in the field correspon-
ding to the garnet in eclogite coexisting with bluschist.

Zircon SHRIMP analyses give a weighted average U-Pb age of 385.0 +3.3Ma for metagabbro and 363.3 +3.1Ma for amphibo-
lite. We consider the U-Pb age of ~385Ma could most probably represent the magma intrusion time, while the younger age
might be affected by metamorphism.

Two Ordovician ophiolitic belts could be identified in west Junggar: the TTKH locating on the south boundary of the
Chingiz-Tarbahatai arc, and the TBB locating on the south of west Junggar (Fig. 1). The Darbut-Sartohay ophiolitic belt,
occurring between the above two Ordovician ophiolitic belts, was formed during Devonian. The TTKH represents an accre-
tionary terrane added on the south edge of Chingiz-Tarbahatai arc, which was intruded by Silurian granitic rocks. The TBB
represents an accretionary terrane added on the Junggar plate. The Darbut—Sartohay ophiolitic belt represents the relics
of the Paleo-Ocean floor. The lithologic units of the TBB and Darbut-Sartohay ophiolitic mélanges were intruded by
Carboniferous granite.
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Figure 1. Simplified geological map showing the major geological units and the distribution of ophiolite belts in west Junggar.
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Leaching of natrocarbonatitic ash and consequences for drinking water:
The 2007/2008 explosive eruption of Oldoinyo Lengai, northern Tanzania
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Oldoinyo Lengai, a stratovolcano located in the East African Rift System, is best known for its unique natrocarbonatitic
activity, which alternates with highly explosive nephelinitic eruptions. Since 1883, five major ash eruptions have been
reported, with natrocarbonatitic lava flows in the time between the ash eruptions (Dawson, 2008). The most recent explo-
sive eruption of Oldoinyo Lengai started during the night from the 3™ to 4™ September 2007 and lasted until April 2008.
Volcanic ash fall has significant impacts on the chemistry of surface waters (e.g. Stewart et. al., 2006). During volcanic
eruptions, a variety of gases (such as H,0, CO,, H,, HS, HF, CO and Cl,), are released into the atmosphere.

The surface coating of fresh volcanic ash is highly acidic; it originates from interaction of ash with aerosols such as H,SO,,
HCI and HF in the plume. Therefore, the contact of such ash with surface water lowers the pH of the water significantly
below acceptable limits for drinking water (e.g. 7-8.5 for New Zealand, Stewart et al., 2006). The pH is often in the range
of 6.5-9.5, but no health-based guideline value is proposed for pH by the World Health Organization, WHO (WHO, 1996).
Over 55 soluble components have been reported in volcanic ash leachates, and Witham et al. (2005) described fluoride (F)
as the main toxic element adsorbed on ash, although F is beneficial in small amounts in drinking water. However, long-
time consumption of waters with elevated fluoride concentrations can result in seriously health effects such as dental and
skeletal fluorosis. Elevated fluoride concentrations in drinking waters are a major problem in most parts of the East
African Rift System, where high fluoride concentrations are a direct result of water-rock interaction and leaching of flu-
orine-bearing minerals.

The amount of adsorption and the composition of the salts and volatiles depend on different factors such as magma com-
position, explosivity of the eruption, gas-pyroclast dispersion immediately after fragmentation, concentration of aerosols
in the plume, particle size-fraction and ratio of particles to gas (Witham et al., 2005).

The ash is leached in distilled water following the protocol of the International Volcanic Health Hazard Network (IVHHN).
This protocol has been set up in order to have all ash leaching experiments conducted in the same way, enabling a direct
comparison between different data sets.

The experiments are carried out on four ash samples which never touched the ground, collected three days and three
weeks after the onset of the eruption. These samples never came in contact with rain water and were always kept in a
desiccator and are thus suitable for such experiments.

We show, which elements are leached out of the ash, and compare the values with the guidelines of the World Health
Organization (WHO) for health standard concentrations. To understand the amount of leaching into the drinking water is
of great importance to the ~300°000 Maasai people and their cattle living in close vicinity to Oldoinyo Lengai.
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The mineral and fluid chemistry of high-P serpentinite dehydration
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Serpentinites play a key role in the fluid mediated chemical cycling in subduction zones. Subduction of oceanic plates
(including serpentinized/hydrated peridotites) refertilizes the Earth’s mantle with crustal components and influences the
chemistry of magma sources beneath volcanic arcs. Recent research on ocean floor serpentinites and their eclogite facies
equivalents has revealed their role as a carrier for fluid mobile elements (e.g. As, Sb, Cl, B, Li, Cs, Pb, U, Rb, Ba, halogens
and noble gases). It was found that these elements partially partition into the fluid upon dehydration reactions during
subduction metamorphism. These reactions include the transition from lizardite/chrysotile to antigorite, breakdown of
brucite, antigorite and chlorite (in the order of increasing P-T during subduction). Quantitative constraints on the chemi-
cal composition of fluids released during two major (in terms of water liberated) serpentinite dehydration reactions
(brucite-out and antigorite-out) as well as the chemical inventory of the residual rocks have remained scarce to date.
Which and how much of the soluble element inventory of arc magmas interpreted to originate from slab dehydration
actually originates from subducted serpentinites as opposed to subducted sediments or altered oceanic crust has thus
remained largely speculative.

The ultramafic massif at the Cerro del Almirez (Betic Cordillera, southern Spain) is a unique field occurrence to study
eclogite facies antigorite dehydration to form chlorite harzburgite (Trommsdorff et al., 1998; Scambelluri et al., 2001a,
Padrén-Navarta et al., 2011). Small amounts of the fluid released upon antigorite breakdown are stored as fluid inclusions
in olivine of the chlorite harzburgite. Our project aims at obtaining the chemical inventory (major to trace elements of
minerals and fluid inclusions) of the antigorite breakdown reaction recorded in the Cerro del Almirez ultramafic massif
in order to contribute to a better understanding of the fluid mediated mass transfer during subduction of oceanic litho-
sphere. The analytical techniques chosen for this approach are optical microscopy and in-situ analytical techniques, most
importantly EPMA, LA-ICP-MS and SIMS (in future).

In outcrop we have identified 5 different rock types across the antigorite serpentinite to chlorite harzburgite transition:
(1) Antigorite serpentinite (atg-serpentinite): an antigorite schist that contains variable amounts of olivine, clinopyroxene,
tremolite, minor chlorite, Ti-clinohumite and opaques, embedded in a fine-grained matrix of oriented antigorite; (2)
Transitional lithology 1 (TL1): A foliated rock similar to the atg-serpentinite but its antigorite content is dramatically
reduced and the olivine content increased. It contains talc and a second generation of large, unoriented antigorite flakes.
This new antigorite generation contains chlorite cores and overgrows the atg-serpentinite assemblage (Figure 1); (3)
Transitional lithology 2 (TL2): This rock differs from TL1 only by a further decrease of modal antigorite and increase of
olivine, accompanied by first appearance of orthopyroxene. Chlorite harzburgite (chl-harzburgite, a massive ol-opx-chl-
rock) is characterized by two textural types, a (4) granofels and a (5) spinifex-like type, the latter being the dominant mass.
Both types consist of olivine, orthopyroxene, flaky chlorite, minor tremolite, opaques and ttalc. The spinifex-like textured
chl-harzburgite (Figure 2) contains 3 generations of olivine. A first clear granular olivine (ol1, interpreted to be relics of
the serpentinite stage) that is overgrown by arborescent olivine with a strong brownish color as well as numerous fluid
inclusions (o0l2), rimmed by clear olivine (ol3).

The mineral major element chemistry confirms the texturally distinct occurrences of each mineral phase. As an example,
chlorite which is present in all 5 rock types shows the following evolution: from atg-serpentinite over TL1 and TL2 its
Al203-content decreases continuously (from 14 to 12 wt%). The Al203-content of chlorite of the granofelsic harzburgite
overlaps with both chlorite in atg-serpentinite and transitional lithologies. Chlorite in the spinifex-like harzburgite on the
other hand is clearly Al,O,-richer (13.5 to 16 wt%).

Bulk rock chemical analysis is planned as a basis for mass balance estimations to constrain whether element input or loss
via fluid migration is associated with the antigorite-out reaction. LA-ICP-MS trace element analysis will be carried out to
investigate the trace element transfers that accompany the reactions involved in the continuous antigorite dehydration.
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Figure 1: Transitional lithology 1 (TL1). Large unoriented antigori-
te flakes with chlorite cores. This is the first metamorphic chlori-

te appearing in the antigorite bearing rock. Crossed polarizers.

Figure 2: Spinifex-like textured chlorite harzburgite. The antigori-
te assemblage is replaced by brown spinifex-textured olivine, or-
thopyroxene and chlorite. Single polarizer.
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2.3
Mobile Fragments in a Subduction Channel: Correlation of P-T-D-t stages
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Some numerical models of subduction channels indicate that tectonic mixing may be an important process. Opinions di-
verge with regards to possible origins of fragments, amplitudes of internal mobility, and temporal scales of such mixing
processes. Recent work in the Sesia Zone of the Western Alps shows that the HP-evolution was substantially more long-
lived and complex than previously established (e.g. Rubatto et al., 2011). Significantly different HP-stages have been iden-
tified in different slices of the Eclogitic Micaschists Complex (EMC; Regis et al. 2013), providing evidence of differential
movements of HP-fragments, with subduction- and exhumation-related stages being recorded. The size, geometry, and
ultimate provenance of fragments are in the focus of our present research, the main emphasis being on the various klip-
pen units thought to derive from the NW-Adriatic margin.

We report on methods refined to relate petrochronology to structural data. Detailed analysis of local phase equilibria
using X-ray images (XMapTools software, Lanari et al. 2011) yields local P-T equilibrium conditions; these are combined
with in situ U-Th-Pb dating for growth zones in allanite and zircon. Careful microstructural details (e.g. on deformation
fabrics, mineral inclusions) and REE-distribution data are used to document an integrated HP-record for single samples.
Where corresponding time intervals have been recorded in several tectonic units, it thus appears possible to correlate
stages of HP-metamorphism and deformation.

Results are shown for HP-fragments from several tectonic units in the internal Western Alps, with examples ranging from
the eastern parts of the Sesia Zone right across to the Austroalpine klippen units now resting atop Piemonte-Liguria oce-
anic units:

e In eastern parts of the EMC (Mombarone area) HP-micaschist equilibrated at 1.9-2.0 GPa and 540-550 °C contains
allanite dated at 85.8+1.0 Ma; zircon shows rims at ~75 Ma and 70-60 Ma, these reflect growth during decompres-
sion, but still at pressures >1.4 GPa.

e Further west (Val de Lys), micaschists from the EMC show a HP foliation (ECL-BLS facies) and weak (GRS facies) ret-
rogression. Successive generations of phengite, garnet, glaucophane (+early omphactie) and allanite are distinguis-
hed, plus quartz, epidote, chlorite, and titanite (rimming rutile). Growth zones in garnet and allanite correspond to
distinct HP stages. Preliminary Th-Pb age data for allanite from in situ LA-ICP-MS analysis show 80-74 Ma for cores
and 68-62 Ma for rims. These ages compare well with the two HP stages (HP1: ~75 Ma; HP2: ~65 Ma) Regis et al.
(2013) found in several samples of the Fondo slice of the Sesia Zone, from which pressure cycling was inferred.

e Leucocratic gneiss from the Glacier-Rafray klippe shows assemblages including actinolite-phengite-epidote-albite-
titanite-quartz. Complex growth zoning patterns in phengite allow us to establish a relative, but detailed P-t path.
Replacement of phengite by chlorite adds late-stage information. When combined with published P-T data, an ab-
solute P-T path can be constructed. Dating of the HP-stage(s) is underway.

Analysis of the fossil continental margin between the Sesia Zone, the Piemonte Zone and the external klippen is likely to
have significant tectonic implications. Several stages and scenarios for the evolution of this margin are being considered,
from pre-collisional rifting and formation of an OCT zone, through polyphase subductive processes to the juxtaposition of
fragments during collision or exhumation.
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2.4

Ablation behaviour and matrix effects during U-Th-Pb geochronology
of allanite by LA-ICP-MS

El Korh Afifé!
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Centre de Recherches Pétrographiques et Géochimiques (CRPG), 54500 Vandceuvre-lés-Nancy, France

Allanite is a common mineral in magmatic and metamorphic rocks. It has a large range of composition through the subs-
titution reaction Ca** + Fe®* <=> REE?** + Fe?*, and may host a high amount of Th and U. In-situ U-Th-Pb geochronology of
allanite by LA-ICP-MS has become a promising method. Allanite often contains a significant amount of common Pb (Pbc),
which must be determined with highest accuracy to minimise age uncertainties. Age accuracy depends strongly on pro-
tocol adopted for the analyses, including ablation mode (spot or raster), ablation rate and on-sample fluence. As only few
suitable allanite reference materials are available, the possibility of using non matrix-matched standards (e.g. zircon) is
still in debate.

In this study, ablation experiments were carried out in spot mode using a 193 nm excimer laser coupled to a quadrupole
ICP-MS, in order to characterise the ablation behaviour of allanite. The ratio-of-the-mean intensities method (see Ulianov
et al. 2012) was used for data reduction, and Pb_ was corrected using the *’Pb method. Three allanite reference materials
are compared: Tara (417 Ma; Gregory et al. 2007), AVC (276.3 + 2.2 Ma; Barth et al. 1994), and Bona (30.1 + 0.3 Ma; von
Blankenburg 1992). They have different chemical composition: Pb -poor Tara (**Pb_< 2.4%; FeO,: 11.5-13.9%; REE + Th

total”

of 0.76-0.84 apfu), Pb -poor AVC (**Pb_< 5.0%; FeO, : 15.1-16.1%; REE + Th of 0.86—0.90 apfu) and Pb -rich Bona (***Pb_<

total”

33%; FeO_:11.6-12.8%; REE + Th of 0.52-0.73 apfu). The U-Th—Pb data were also compared to the PleSovice reference

total”
zircon in order to investigate the matrix effects that may occur between the different matrices.

The temporal change of the intensity ratios for allanites indicates that Ca, Ce, U and Th share a similar behaviour to each
other. Similarly, Pb, Si and, to a lesser extent, Fe do not show any time-dependant fractionation. This effect increases with
time and with increasing fluence and ablation rate conditions, but only weakly with decreasing the spot size from 44 pm
to 32 pm.

Elemental fractionation of the ***Pb/***U and ***Pb/***Th ratios is low and linear at 4 Hz and 4.5 J/cm? for the Pb_-poor Tara
and AVC allanites. With increasing fluence and ablation rate, the intensity ratio pattern displays a parabolic shape at the
beginning of the signal, resulting from a decrease of the rate of change of the intensity ratio with time. The fractionation
for the Pb -rich allanite displays a parabolic shape at the beginning of the signal already at 4 Hz and 4.5 J/cm?.

The Pb_ corrected mass bias values (know ratio/measured ratio) calculated for the **Pb/***U and ***Pb/***Th ratios for the
Pb_-poor Tara and AVC allanites are similar and slightly lower than those calculated for the PleSovice zircon. They decrease
with increasing the fluence and ablation rate and with decreasing the spot size. The mass bias values calculated for the
Pb_-rich Bona allanite are lower than those calculated for the Pb -poor allanites at 4 Hz and 4.5 J/cm?, and remain relatively
constant with increasing the ablation rate and fluence conditions.

The mass bias values display a negative correlation with the Fe/Si ratio suggesting that Fe-correlated matrix effects may
occur during allanite analysis (El Korh, submitted). Fe/Si ratios increase with increasing the fluence and ablation rate
conditions, i.e. with increasing the mass load to the plasma. A poor correlation is also observed with the Ce/Si ratio. This
suggests that Ce-correlated, and by extension LREE-correlated matrix effects, are less liable to occur.

206pb/238U and 2°°Pb/*?Th ages of AVC and Bona allanites were calculated using both Tara allanite and PleSovice zircon as
external standards, with varying ablation conditions. The weighted ages obtained using Tara allanite as standard are wi-
thin uncertainty with the reference ages, using 4 Hz and 4.5 J/cm? for both 32 pm and 44 pm. Using PleSovice zircon as
external standard, the weighted average *°°Pb/***U and 2%®Pb/?*>Th ages for allanites are higher than the references ages,
even if they remain within uncertainty with the reference ages for Pb -poor AVC allanite. In all cases, allanite weighted
average ages are shifted away from the reference value with increasing ablation rate up to 12 Hz and with increasing
fluence up to 12 J/cm?.

Analyses in spot mode at low frequency and on-sample fluence provide accurate and precise allanite 2°°Pb/***U and
2%Pb**Th ages, using matrix-matched calibration (E1 Korh, submitted). Matrix effects between allanites with different Pb,,
FeO, ., and REE + Th composition are sources of random errors and larger uncertainties, but do not significantly affect the
age accuracy. However, matrix effects between allanites and zircon may often be responsible for systematic errors on ages.
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2.5

Formation and geochemistry of rutile from the roots of island arcs:
an example from the Jijal Complex, Kohistan

Ewing Tanya' & Miintener Othmar '

Institut de Sciences de la Terre, Université de Lausanne, CH-1015 Lausanne (tanya.ewing@unil.ch)

The Kohistan complex crops out in northeastern Pakistan, and presents a ~50 km thick cross-section through a Jurassic—
Cretaceous island arc. It is renowned as one of the best exposed and most complete sections through an exhumed island
arc, and has therefore been the subject of intensive study over the past several decades. Nonetheless, some aspects of the
evolution of the arc complex remain enigmatic.

The Jijal Complex represents the root of the Kohistan arc, and preserves the uppermost sub-arc mantle, the paleo-Moho,
and the lowermost arc crust. It is subdivided into an ultramafic section and a mafic section. The mafic section is domina-
ted by garnet gabbros, the origin of which is controversial. Formation of garnet in these rocks has been variously attribut-
ed to prograde metamorphic reactions (Yamamoto and Yoshino, 1998), dehydration melting of hornblende-bearing precur-
sors (Garrido et al., 2006), or magmatic crystallisation at high pressures followed by isobaric cooling (Ringuette et al. 1999).
A range of rock types contain accessory rutile (TiO,), including garnet gabbros, epidote-bearing pegmatites, paragonite-
bearing gabbros, pyroxenites and garnetites. Geochemical and isotopic analysis of rutile may provide insight into processes
that have affected these lithologies, and thus help understand the evolution of the lowermost part of this classic exhumed
island arc section.

In most Jijal Complex lithologies, petrographic evidence indicates early commencement of rutile crystallisation, with on-
going rutile formation throughout a protracted period. This is consistent with approximately isobaric cooling, as rutile
remains stable during lowering temperatures at constant relatively high pressures. In a pyroxenite from the ultramafic
section, rutile is observed to have formed after ulvéspinel, which is also consistent with isobaric cooling. Zr-in-rutile tem-
peratures record a spread of temperatures dominantly between ~650—-700 °C. There is no relationship between Zr-in-rutile
temperature and depth in the crustal section, in spite of the samples spanning ~5 km former depth. Instead there is a
tendency towards lower, more scattered Zr-in-rutile temperatures in samples that show evidence for the most extensive
interaction with residual melt. In spite of the textural evidence for early formation of rutile, Zr-in-rutile temperatures are
significantly lower than Fe-Mg temperatures for garnet—clinopyroxene cores, which range between 800 °C (paragonite-
bearing gabbo) and >1000 °C (pyroxenite). The Zr-in-rutile temperatures are interpreted to record ongoing re-equilibration
of rutile with melt. Where cores and rims of the same rutile have been analysed they generally show no difference in Zr
content, arguing against diffusive re-equilibration. Recrystallisation (e.g. by dissolution—precipitation) is favoured instead.
The 650-700 °C Zr-in-rutile temperatures agree well with ~650 °C temperatures determined by Ti-in-quartz and epidote—
quartz oxygen isotope thermometry (Dessimoz, 2012). They are also close to the water-saturated solidus for the Jijal
Complex lithologies at relevant pressures. This is consistent with the Zr-in-rutile temperatures recording ongoing re-
equilibration with residual melt, which would cease with final crystallisation of melt at the solidus.

Rutile hosts 20—40% of bulk rock Zr and 20-30% of bulk rock Hf in Jijal Complex lithologies. This rutile has generally
subchondritic Zr/Hf ratios. Differences in the Zr/Hf of rutile from the Kohistan arc and from the Ivrea—Verbano Zone
lower continental crustal section suggest different controls on the Zr/Hf ratio in these diverse settings.
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Standardisation, calibration and correlation of the Kiibler-index and the
vitrinite/bituminite reflectance: an inter-laboratory and field related study
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Schnittspahnstrafle 9, D 64287 Darmstadt
? Mineralogisch-Petrographisches Institut, Universitdt Basel, Bernoullistrasse 30, CH-4056 Basel

A multiple inter-laboratory calibration with illite Kiibler-Frey-Kisch ,,crystallinity” index and related standards is presen-
ted and compared with CIS standards used in the last two decades in very low-grade metamorphic studies. Comparing CIS
values with KI standards the CIS values show a higher full width at half-high maximum peak intensity. In all cases due to
broadening effects on the Kiibler-Index, zone-limits, specifically the diagenetic zone/anchizone boundary, a shift is produ-
ced in geographical dimensions in a metamorphic map-view. Combining standardised Kiibler-Index and vitrinite-bitumi-
nite reflectance measurements a coherent data set for compilation studies can be generated from the data of different
research groups.

This attempt to establish a unified database of independent measures to determine diagenetic/metamorphic zones with
different analytical instrumental methods are indispensable to present metamorphic maps at very low-grade conditions.
Given that the Kiibler-Frey-Kisch standards are difficult to preserve for the future and presumably they will be replaced
with ongoing time by the CIS standards, a rescue of the laboratory settings from Frey, Kiibler and others is done.

After having compiled the Kiibler-Index—vitrinite reflectance zones in the Alps for the ,New Metamorphic Map of the
Alps“, the presented calibration and inter-laboratory correlation gives a chance to save the KI values obtained by very
different preparation procedures applied. This is an important step for further studies in an area like the Central Alps with
a very high data grid. This correlation study will also make it possible that nearly the 90% of Kiibler-Index data from
Switzerland can be compared in future work.

Using the same calibration and preparation technique no fundamental problem in data comparison is achieved for the
vitrinite/bituminite reflectance data operation. The main problem arises when rock maturity is compared with CIS cali-
brated Kiibler-Index values. Kiibler-Index values obtained by the so-called CIS calibration are not compatible with Kiibler-
Frey-Kisch (Arkai, Aprahamian, Brime, Ferreiro Mihlmann, H. Krumm, Leoni, Petschick) calibrated Kiibler-Indices.
Applying both standardisation approaches for field studies, partially different results are obtained.

Unfortunately, after the retirement or death of the researchers, the rock collections, but also stored rock standards are
more and more neglected at Swiss and German Universities, due to financial and space reasons. The excellence status of
a university should be visible also in the potential to further re-investigate and use of published data. Refusing this respon-
sibility will complicate research in many geo-science fields.
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2.7

Constraining magmatic fluxes through thermal models
for contact metamorphism

Floess David'* & Lukas Baumgartner!

' ISTE, University of Lausanne
“University of Geneva (david.floess@unige.ch)

The rate, at which magma ascents (flux) and its manner of accumulation control whether the emplaced increments form
a pluton with a low melt fraction, or alternatively, a large mass of eruptible magma (eg. Bachmann & Bergantz, 2008). It
is difficult to estimate magma fluxes of ancient systems using geochronology and volumetric estimates. While recent
advances permit to date some intrusions with the necessary precision of a few tens of kyrs, it is impossible to estimate the
volume accurately. Significant amounts of the pluton might have been eroded or erupted. Here we present a different
approach to estimate magma fluxes based on metamorphic isogrades and thermal modeling in the Tertiary Adamello
batholith, Northern Italian Alps.

Field, geochronological, geochemical, and structural data suggest that the marginal parts of the Western Adamello
Tonalite represent a feeder conduit, through which magma was transported towards shallower levels. The magma flux
caused significant heating of the adjacent host rock. Temperature estimates from the host rocks are based on phase pet-
rology modeling of observed (or absent) isogrades. These are (1) the absence of orthopyroxene at a distance of 50m from
the intrusive contact (T<815°C), (2) partial melting occurring at 350m (T> 675), and (3) the appearance of andalusite at
1700m (T~525). A 1D model was used to study the heat conduction perpendicular to the contact. Magma flow in the con-
duit was modeled in increments assuming different conduit widths, flow times (active time), for each increment, as well
as quiescence (repose time) intervals. We simulated magma flow to occur at the contact, while cooled increments dis-
placed towards the inside of the pluton. Integrated conduit size was taken to be the 500m based on field and structural
work. We show that only a small set of variables match the aureole temperature constraints. For example, the thermal
profile is well modeled by an active to repose time ratio of 110 years to 3000 years, repeated in 50 cycles of 10m thick
feeder zones.

Finally, the minimum amount of magma flowing through this conduit can be calculated using a tabular dyke model
(Delaney and Pollard, 1981). The above-cited parameters require a minimum total magma volume of 30 km? to be trans-
ported through the feeder towards shallower levels and potentially fed eruptions at the surface. The equivalent time-
averaged flux is 0.17 m®s. A comparison with time-averaged fluxes of recent volcanoes and the presence of re-worked
volcanic sediments in the surroundings of the Adamello batholith (Sciunnach and Borsato, 1994) indicate that the calcu-
lated rates and volumes are plausible.
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Oxygen isotopes in loko-Dovyren layered intrusion rocks
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Ioko-Dovyren layered intrusion is located in the Northern Transbaikalia (Southern Siberia). This intrusion forms 26x3 km
mountain ridge, with full layer sequence exposed on the earth surface. Lower part of intrusion contains dunites, lherzoli-
tes and troctolites, and the upper one includes gabbroid rocks. Almost all rocks are nearly unaltered. Magma source, in-
fluence of surrounding rocks, and Cu-Ni ores formation are still under discussion [Ariskin et al., 2009].

Two profiles in flank parts (Ioko and Shkolnyi) and one profile in central part (Central) of intrusion were sampled. Ioko
profile (73+2005 m from the bottom, flank of the intrusion) is the most unaltered, so it was studied as a reference profile.
Central part of the intrusion (138+1227 m from the bottom) contain zone with high amount of carbonate xenoliths up to
100 meters in size. Shkolnyi profile (162+784 m from the bottom, another flank of the intrusion) is quiet altered; rocks
contain more pyroxene, than other parts of intrusive body.

Olivine (33 samples) and plagioclase (21 samples) were separated from rocks. Analysis was performed in IGEM RAS (laser
fluorination technique using BrF, with dual inlet measurements by DELTAplus mass-spectrometer). Accuracy is within
+0.1%o. Bulk rock oxygen isotope composition was calculated, for the case than the sum of normative plagioclase and
olivine was more than 95%.

Mean 6'®0 values for olivine from Ioko and Shkolnyi profiles is +5.9+0.1%o, and lower part’s olivines from Central part has
the 80 values +5.8+0.2%o. Olivines near xenoliths in the central part have increased §'*0 values (up to 7.0).

Almost all plagioclase samples were separated from the Ioko profile rocks. In Central and Shkolnyi profile samples plagio-
clase is a rare phase. Average 5'*0 value for plagioclase is 7.4+0.2%o.

A previous oxygen isotope data (overviewed in [Kislov, 1998]) have shown huge variations of %0 for olivine (from +2.6%o0
to +19%o). We suppose that these values are the result of technical disadvantages of the old fluorination methods. Recent
studies of [Orsoev, 2010] for narrow zone of Ioko-Dovyren intrusion have shown similar results to our data. Our study gave
the first systematic data on §'®0 for minerals and rocks of Ioko-Dovyren layered intrusion.

Almost constant values of olivine 8'*0 in Ioko (flank) profile for the first 2000 m of intrusion allow us to suppose nor frame
rocks, nor xenoliths could not affect on magma composition significantly. Dispersion of §*0 values in other parts of int-
rusion could be caused by intrachamber processes.

The 3'®0 values for olivine and bulk rock represents frame-rocks influence only near xenolith-rich zones. Interval of the
influence is about 200-250 meters (fig. 1), and it is located above xenolith zones. Probably, it is the result of anatectic melt
and fluid upwards migration [Mollo et al., 2010].

Values of %0 in olivine and bulk rocks conform to slab melting products [Bindeman et al., 2005]. It is important result,
because magma origin and history are still under discussion.
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Figure 1. Zones with xenoliths caused increased level of CaO in olivine and values of 3'%0.

2.9

Volcanostratigraphic Controls on the Occurrence of Massive Sulfide
(VMS) Deposits in the Semail ophiolite, Oman

Gilgen Samuel Andreas’, Diamond Larryn William!, Ivan Mercolli!

Institute of Geological Sciences, University of Bern, Baltzerstrasse 1+3, CH-3012 Bern (samuel.gilgen(@geo.unibe.ch)

The Semail ophiolite in northern Oman is capped by up to 2 km of basaltic—andesitic lavas that host copper-dominant,
Cyprus-type, volcanogenic massive sulfide (VMS) deposits. This study identifies the multiple volcanostratigraphic horizons
on which the deposits are situated, based on characterization of footwall and hanging-wall lavas from 16 deposits or de-
posit clusters. Comparison of their field and petrographic features, compositions of igneous clinopyroxenes and whole-
rock geochemical signatures permits their classification within a modified version of the established regional volca-
nostratigraphy.

Four extrusive units host VMS deposits: Geotimes (earliest), Lasail, Alley and Boninitic Alley (latest). The latter was known
only at a few localities but the present study reveals its regional extent and significance as a host for VMS deposits. The
new results show that VMS deposits sit on or near the Geotimes/Lasail and Geotimes/Alley contacts as well as entirely
within the Lasail, Alley and Boninitic Alley Units. The Geotimes and Lasail Units represent Late Cretaceous, ocean spread-
ing ridge and related off-axis volcanic environments respectively. Highest Cu grades tend to occur in deposits lying on or
within the Geotimes. The Alley and Boninitic Alley Units represent younger, subduction-related volcanism prior to
Coniacian—Santonian obduction of the ophiolite. Highest Au grades occur in deposits within the Boninitic Alley.

In contrast to earlier studies, the new results show that essentially every horizon that marks a hiatus in lava deposition
in the Semail ophiolite, i.e. contacts between the four major eruptive units, and umbers and sedimentary chert layers
within the units, has exploration potential for Cu—Au VMS deposits.
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Quantification of successive reactive melt flow episodes in a
layered intrusion (Unit 9, Rum Eastern Series, Scotland)
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In plutonic rocks formed by the accumulation of crystals, reactive melt flow (or infiltration metasomatism) modifies the
composition and geochemistry of the percolating liquid and the crystal mush through which it migrates. Displacing the
liquid line of descent from that of a simple, closed-system differentiation trend changes the mineral saturation tempera-
ture, geochemistry and texture, resulting in the formation a texturally and chemically different rock. Here we present a
detailed multidisciplinary study of Unit 9 of the Rum Eastern Layered Intrusion, Scotland, to identify and quantify the
importance of such processes in the development of these cumulate rocks. Unit 9 is composed of Plg wehrlite with poiki-
litic Plg and Cpx, troctolite with interstitial Cpx, and equigranular gabbro (Figure 1). Gabbro enclaves occur within trocto-
lite. Cpx rims are poorly developed in layered Plg wehrlite and troctolite and bulk rock analyses display distinct Eu posi-
tive anomalies, evidencing loss of interstitial liquid. Cpx rims are Cr-poor, REE-rich and display low La/Sm ratio relative to
associated cores. Troctolite is overlain by gabbro, separated by a wavy horizon. Gabbro Cpx show discrete reverse Cr and
REE zoning and a constant high La/Sm ratio. Interstitial Cpx in troctolite and equigranular Cpx in gabbro become progres-
sively oikocrystic towards the northern edge of an intrusive Plg wehrlite sill, forming poikilitic gabbro with Cpx oiko-
crysts. Oikocrysts consist of Cr-rich (~1.1 wt% Cr,0,), moderate REE, and high La/Sm anhedral cores (corel) that enclose
randomly oriented small (up to 0.5 mm) Ol and Plg inclusions (Figure 2). Cores are overgrown by a moderate-Cr (~0.7 wt%
Cr,0,), REE-poor, high La/Sm anhedral zone (core2). Oikocryst rims are Cr-poor (~0.2 wt% Cr,0,), REE-rich and display lower
La/Sm ratio. They enclose large (1 mm) oriented Plg and Ol crystals. The rim thickness increases from the base of Unit 9
to the top. Cpx rim crystallization is synchronous with cumulate pile compaction.

Equilibrium liquids responsible for Cpx precipitation were calculated using partition coefficients. The liquids parental to
the Plg wehrlite, troctolite and poikilitic gabbro Cpx cores display a higher La/Sm ratio and higher REE content than the
corresponding rims and associated picritic dykes. The REE pattern of the liquids in equilibrium with the Cpx cores is in-
terpreted as a signature of partial melting, compatible with the resorption texture. Cpx corel of all lithologies crystallized
from the parental Rum picritic liquid. Cpx core2 are best explained by 59% partial fractional melting of a gabbroic assemb-
lage (Rum interstitial crystals or bulk gabbro), mixed with 70% picritic liquid, with subsequent Rayleigh fractional crys-
tallization (F = 1-0.6). Gabbro enclaves within troctolite are relics after partial melting. The multiple generations of Cpx
are witness to successive melting episodes resulting from repeated incursions of picritic melt. Cpx rims are best explained
by partial melting (34%) of a Cpx-poor gabbroic assemblage, mixed with picritic liquid (70%) and subsequent Rayleigh
fractional crystallization (F = 1-0.3).

Subsequent intrusions of Plg wehrlite sills induced partial melting of the Unit 9 gabbro. Once porosity was sufficient,
differentiating liquids from the Plg wehrlite percolated throughout the crystal mush pile, mixing with interstitial liquid
and crystallizing the interstitial crystals. Thus, through reactive melt flow, the composition of the percolating liquid and
the cumulate rocks differ from simple fractionation products along the Rum liquid line of descent.
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Figure 1. Vertical sketch of the Rum Eastern Layered Intrusion (Unit 9), showing the Plg wehrlite - troctolite - gabbro succession.
Troctolite and gabbro are separated by a sharp wavy horizon. Troctolite grades into poikilitic gabbro towards the Plg wehrlite northern
extremity, with large Cpx oikocrystic. The poikilitic gabbro forms an oblique channel throughout the overlying gabbro. Gabbro en-
claves occur within poikilitic gabbro.
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Figure 2: Rum poikilitic gabbro Cpx EMPA Cr map. Blue italic values are calculated equilibrium melt La/Lu ratios (using DREE of Wood &
Blundy, 1997). Note the two successive episodes of Cpx partial melting, overgrown by a Cr-poor, LREE-depleted rim. Red dots show LA-
ICP-MS analyses. C1=Core1, C2=Core2, R=Rim.
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Barium isotope fractionation in coral skeleton:
Tracking anthropogenic contaminations?
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We plan to gain a first order view of the marine Barium (Ba) isotope cycle by measuring the Ba isotopic composition of
carbonates and seawater. Ba in ocean water originates from two major natural sources, i.e. terrestrial weathering and
hydrothermal precipitates. Further, an additional Ba source is coming from the use of diagenetic barite in drilling mud
for oil and gas exploration. Barium with an exploration/production origin is found in modern sediments and is a potenti-
al source of stress for scleractinian corals (e.g. Lepland and Mortensen, 2008). A special focus, therefore, is the question
whether the different Ba sources are reflected in Ba isotope ratios of carbonate archives.

The present sample set is composed of modern scleractinian coral skeletons. Some corals were cultured in monitored
aquaria (CSM, Monaco) others originate from natural environments (warm water corals: the Bahamas/Florida, cold water
corals: the Norwegian shelf). The analytical procedure includes the application of a *°Ba/***Ba double spike, a cation ex-
change column followed by isotope measurements on a Nu Instruments Multicollector ICP-MS. The Ba fractionation of the
samples is compared to a Ba nitrate standard solution, IAEA BaCO3 and BaSO4 standards, and a natural limestone standard
(BSC-CRM 393).

Coral skeletons show a significant positive fractionation (mean = 0.4 + 0.05 %o, 2 SEM) compared to the Ba nitrate standard
solution (+ 0.1 %o, 2SD, N=270). This signature is significantly different from barites from a massive Cambrian deposit
(-0.5%0) and a further diagenetic barite (von Allmen et al. 2010) as well as from experimental orthorhombic Ba carbonate
(von Allmen et al., 2010, unpublished data).

Thus, corals from different environments bear the potential to serve as an archive of environmental influence on the Ba
cycle (e.g. upwelling regions or influenced by terrestrial or industrial input). Given that the most important economic
occurrences of barite are stratabound massive beds, it appears reasonable to test the hypothesis that potential Ba pollution
from drilling fluid are detectable in corals, based on Ba isotopes. Thus, our results clearly encourage a further investiga-
tion of the Ba cycle by means of Ba isotope analyses on different natural materials and settings. The more the Ba cycle is
constrained in detail, the better the anthropogenic influence can be deciphered from the natural signal, for instance in
the vicinity of drilling sites, where barium-enriched drilling muds are in use.
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Ore-forming fluids associated with the early mineralization
at Cerro de Pasco, Peru

Rottier Bertrand, Kouzmanov Kalin, Fontboté Lluis

Earth and Environmental Sciences, University of Geneva, rue des Maraichers 13, CH-1205 Geneva, Switzerland
(Bertrand.Rottier@unige.ch)

Cerro de Pasco, central Peru, is a large Cordilleran base metal deposit formed along the eastern margin of a diatreme-dome
complex, as part of the Miocene metallogenic belt of central and northern Peru. It was formed during two stages of mine-
ralization by fluids with contrasting fs,, fo, and pH (figure 1). Recent work (Rottier et al., 2013) has shown that stage-1
consists of a number of pyrrhotite pipes that grade outwards into massive Fe-rich sphalerite and galena rims; they are
structurally controlled by major N-S faults. Their inner parts contain minor arsenopyrite and Fe-rich sphalerite, as well as
traces of chalcopyrite, galena and stannite (Baumgartner et al, 2007). During stage-2, a massive body consisting mainly of
pyrite and quartz was emplaced. It is associated with a pervasive sericite-pyrite alteration affecting the diatreme-dome
complex. Subsequent to the emplacement of the pyrite-quartz body, high-sulfidation mineralization was formed. It is
expressed in the western part of the deposit, as a set of E-W—trending Cu-Ag-(Au-Zn-Pb) enargite-pyrite veins hosted by the
diatreme-dome complex, and, in the eastern part, as large well-zoned Zn-Pb-(Bi-Ag-Cu) carbonate replacement ore bodies
(figure 1).

A systematic microthermometry study on primary and pseudo-secondary fluid inclusions assemblages (FIAs) in quartz
and Fe-rich sphalerite from the pyrrhotite pipes and their rims, and in quartz from the pyrite-quartz body, has been per-
formed for the first time. All the fluid inclusions are aqueous, liquid-rich, with 20-30 vol% vapor phase.

Quartz- and sphalerite-hosted fluid inclusions from the pyrrhotite pipes show a systematic center-to-rim decrease of ho-
mogenization temperature (Th), from 355° to 205°C, and salinity, from 15.2 to 3.23 wt% NaCl equiv. (figure 2A). This
pattern results from mixing between a hot and saline magmatic fluid with dilute meteoric waters.

FIAs hosted in quartz from the pyrite-quartz body show a complex pattern. The large majority homogenize at 270-220°C
(figure 2B). A few FIAs have lower Th, between 220° and 175°C. These FIAs are always hosted by the last growth band of
crystals or are from samples from the upper part of the pyrite-quartz body, thus recording the cooling of the system. Fluid
salinity varies from 16.13 to 2.4 wt% NaCl equiv; in most of the studied quartz crystals salinity decreases towards the
crystal border without correlation with Th. This implies a progressive fluid dilution at roughly constant temperature,
related to mixing with a less saline magmatic fluid or with a heated meteoric fluid. One FIA presents higher salinity (~23
wt% NaCl equiv.) and low eutectic temperatures (<-50°C), indicating presence of CaCl,-dominated fluids (figure 2B), pos-
sibly due to local input of basinal brine-type fluids or formation waters.

CO, has been detected by Raman microspectroscopy in all FIAs from the pyrrhotite pipes and their outer sphalerite-bea-
ring rims. In FIAs from the pyrite-quartz body, CO, has been detected only in samples taken from depths <200 m from the
present day surface. Such a vertical zoning is indicative of phase immiscibility between CO, and H,0.

These preliminary results are consistent with the new field and textural findings (Rottier et al, 2013) indicating that pyr-
rhotite pipes constitute the earliest mineralizing events at Cerro de Pasco. Further, the results suggest complex mixing of
magmatic fluids with others coming from different sources. LA-ICP-MS analyses of fluid inclusions will contribute to a
better understanding of the fluid evolution within the studied sequence.
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Figure 1. Block diagram showing the two stages of mineralization (modified from Baumgartner, 2007).
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Figure 2. Microthermometry results: A. Pyrrhotite pipes and their rims, B. Pyrite-quartz body (quartz-hosted FIAs). CO, presence detec-
ted by Raman microspectroscopy. Salinity values not yet corrected for CO, content.
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Distinguishing metacarbonatites from marbles — Challenge from the
carbonate-amphibolite-epidotite rock association in the
Pelagonian zone (Greece)
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! Geological Institute, ETH Zurich, Sonneggstrasse 5, 8092 Ziirich, Switzerland (filippo.schenker@erdw.ethz.ch)
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Carbonate rocks were found in association with amphibolites and epidotites in the greenschist- to amphibolite-facies
metamorphic basement of the Pelagonian zone (Greece). The mafic rocks both include and are truncated by the carbon-
ates, hinting to a cogenesis of siliceous and carbonatic magmas/fluids. The carbonates have an isotopic signature of §*C
ranging from -5.18 to -5.56 (%o vs. PDB) and of $'®0 from 10.68 to 11.59 (%o vs. SMOW) giving them the geochemical char-
acteristic of carbonatites (magmatic carbonates). Mafic rocks have high Nb and Ta concentrations, typical for alkaline
basalts. Therefore, textural relationships and geochemical signals in both the silicate and carbonate rocks hint at a coge-
netic, mantle origin. SHRIMP U-Pb zircon ages from a carbonate bearing amphibolite date the intrusion at 278 Ma (mag-
matic zircon cores), well before the metamorphic event at 118 Ma (metamorphic zircon rims).

However, the concentration of rare earth elements (REE) in the carbonates, amphibolites and apatites is lower than in
typical carbonatites, probably because of the interaction with metamorphic fluids during the Cretaceous metamorphism.
Since these low REE concentrations raise doubts regarding the carbonatitic origin, other processes altering the $'*C have
to be considered. Skarn metasomatism can fractionate the §°C in the carbonates to carbonatitic values, but the absence
of a Cretaceous contact metamorphism speaks against that possibility leaving the suggestion that the carbonatite rock
association sign the Permian opening of the Tethys Ocean in the eastern Mediterranean.
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Evaluation of the mineral potential in the Bjgrnesund greenstone belt,
southern West Greenland, combining multivariate studies, field work
and geochemistry
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The Bjornesund area is dominated by amphibolites containing bodies and slivers of ultramafic to mafic rocks and gneiss
whereas grantic rocks and anorthosite are minor (Fig. 1). Based on regional qualitative and quantitative mineral potential
mapping for gold the Bjornesund West and East areas were selected for field work with the aim to provide new detailed
information, sampling and mapping from the area in order to characterise the geological environment, follow up on re-
sults from the mineral potential mapping and processed remote sensing data and evaluate the possibilities for gold min-
eralisations in the areas. A newly compiled, detailed and geo-referenced digital geological map, a new gold discovery and
recognition of areas potential to host Ni and platinum group element (PGE) resulted from this work. The most interesting
gold occurrences were found in a hydrothermally altered shear zone. This several tens-of-metre wide shear zone is located
in the Bjornesund West area (Fig. 1). The shear zone trends northeast-southwest and dips 80 degrees towards the southeast.
It can be followed over several hundreds of metres along strike. This shear zone contains a 50 cm yellow-brownish, rusty
stained amphibolite, which hosts parallel quartz-carbonate-feldspar veinlets. Chip samples over 50 cm, within the amphi-
bolite hosted quartz-carbonate-feldspar veined shear zone yield 569 ppb Au, and alteration related to this Au-mineralization
is of the Grt, Bt, Iron oxide-hydroxide type (Kolb et al. 2013).



Artifical neural network analysis has been used for mineral potential mapping and this analysis has predicted the area
where the gold was found as being favourable. Elevated Ni/Mg ratios from analyzed stream sediment samples have also
indicated the same area as being favourable. Lithogeochemistry was applied and based on immobile-element-ratio classi-
fication seven types of amphibolites were discriminated and the gold horizon was found to be located at the contact of
basalt A and basalt E (Schlatter & Stensgaard 2012). Interpretation of ASTER remote sensing data have identified anoma-
lous levels of Fe* and the follow up field work has shown that several of these anomalous areas correspond to extensive
rust zones which in term were caused by surface weathering of ultramafic dunitic and pyroxenitic rocks. Chemical analy-
sis of samples from these rust zones have revealed elevated Ni, Cr, Co and PGE contents, and pentlandite, which was
identified using an electron microprobe.

These findings indicate that the Bjernesund anorthosite-greenstone belt has the potential to host economic mineral depos-
its: gold and possibly Ni-PGE deposits. Field work has confirmed that the area is highly prospective, as outlined prior to field
work. The spatial association of gold and Ni-PGE occurrences in the Bjgrnesund area is intriguing and possibly is related to
a deep seated crustal structure which has brought ultramafic dunitic and pyroxenitic rocks from deeper parts of the crust
to higher levels as well as fluids associated with gold. The results presented here show that the multidisciplinary approach
using qualitative conceptual and quantitative mineral potential multivariable studies, geological maps and lithogeochem-
istry can be applied to generate targets previous to field work. Field work on the ground should then subsequently be
carried out in order to successfully confirm that such predicted areas are indeed host to mineral resources.
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Figure 1. A newly compiled, detailed and geo-referenced digital geological map (modified from Escher & Pulvertaft 1976) showing the
Bjornesund West and East areas, as well as the location where gold was discovered in 2009 by using mineral potential mapping.
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Modeling water-rock interactions in Icelandic hydrothermal systems
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We present first results of a modeling study on the mineralogical and porosity evolution of Icelandic hydrothermal sys-
tems. The study is part of the COTHERM project (COmbined hydrological, geochemical and geophysical modeling of geot-
THERMal systems) that is an integrative research project to advance our understanding of the sub-surface processes of
magmatically-driven natural geothermal systems.

The geothermal systems of interest are typically high enthalphy systems where a pluton located at few km depth increases
the geothermal gradient and triggers a hydrothermal circulation. The bedrock is expected to interact and equilibrate with
circulating fluids. The spatial and temporal variable mineralogical evolution typically depends on the composition, tem-
perature (and pressure) of the circulating fluid, the composition of the rock and the character of the fluid pathways
(fractured or porous medium).

We investigate two hydrothermal systems: Krafla, for which the water recharge consists of meteoritic water; and
Reykjanes, for which the water recharge mainly consists of seawater.

In a first attempt, we model only one fluid path with a 1D porous media approach with the OpenGeoSys-GEM code. The
open source code OpenGeoSys for modeling multi-physics problems is based on Finite Elements (Kolditz et al. 2012) and is
used to calculate fluid flow and heat and mass transport. The code is coupled with the numerical kernel of the GEM-
Selektor geochemical modeling package (Kulik et al. 2013). The GEM approach minimizes the total Gibbs energy of the
system computed from species amounts and primal chemical potentials. The kinetic control of mineral dissolution/preci-
pitation reaction constraints on the mass balance can be enforced for any chemical species based on various kinetic equa-
tions (e.g. Palandri & Kharaka, 2004; Pham et al., 2011).

We consider a fluid pathway from the surface to 3 km depth, and back to the ground surface. Initially at each grid node
we attribute specific P and T conditions. The composition of the injected fluid is, depending on the case, meteoric water,
sea water, or a mixture of both. In a first attempt we set a constant temperature along the fluid path based on an enhan-
ced geothermal gradient. More realistic models will be based on results from another COTHERM subprojects which con-
centrates on the realistic simulation of fluid and heat transport including phase changes and multi-phase flow.

The initial rock composition is a fresh basalt. We considered basalt minerals dissolution kinetics according to Palandri &
Kharaka (2004). Reactive surface areas are supposed to be geometric surface areas, and are corrected using a spherical-
particle dissolution model. For secondary minerals, we consider that they reach partial equilibrium, assuming that prima-
ry mineral dissolution is slow, whereas secondary mineral precipitation is rather fast. Our first modeling results evidenced
that such a concept is not able to satisfactorily describe mineralogical assemblages as observed in the field by Gudmundsson
& Arnorsson (2005) and by Icelandic partners of the COTHERM project. Currently we work on implementing kinetic con-
trols also for secondary minerals.

Proper account for mineral precipitation kinetics in reactive transport modeling is a challenge, because:
1. Available experimental kinetic parameters are relatively sparse in the literature; when exist, they are often inconsis-
tent;

2. The experimentally determined mineral surface area is not necessarily the same as the reactive mineral surface area;

3. Since secondary phases do not exist initially, their nucleation rates must be included in the kinetic model. It is then
not completely clear how the reactive surface area evolves in time because it is related to nucleation mechanisms,
which are poorly known.
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Magmatic-hydrothermal fluid evolution of a multiphase
porphyry-centered system:
the Miocene Morococha district, central Peru
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“Institute of Isotope Geochemistry and Mineral Resources, ETH Zentrum, CH-8092, Zurich

The world-class Miocene Morococha mining district in central Peru represents one of the best examples of multiphase
porphyry-centered systems, overprinted by a late-stage Cordilleran polymetallic vein and replacement type mineralization
(Bendezu et al., 2008; Kouzmanov et al., 2008). Detailed geological, geochronological and structural studies on both por-
phyry and polymetallic ore-bodies in Morococha have been recently reported (Bendezt et al., 2008; Catchpole et al., 2011).
In this contribution we present new data on the magmatic-hydrothermal fluid evolution at Morococha, combining fluid
inclusion microthermometry, LA-ICP-MS, SEM-CL, and Raman microspectrometry analyses on the high-T-P porphyry style
mineralization.

The recently identified centers that represent this porphyry style mineralization include the following three that are
studied in this work (Fig. 1): i) Codiciada Cu-Mo center (9.3 — 8.8 Ma); ii) Ticlio Cu-Au center (8.3 — 8.05 Ma), and iii)
Toromocho porphyry Cu-Mo center (7.7 — 7.2 Ma). Codiciada and Toromocho consist of composite stocks, while Ticlio
represents essentially a single intrusion. In order to constrain temperature and pressures of ore formation, we have ap-
plied microthermometry on vapor-liquid “boiling” assemblages in early quartz (+/- sulfides) stockwork veins. Results give
temperatures and pressures ranging from 533° to 450 °C / 380 - 400 bar in Codiciada, 460° to 350 °C / 230 to 255 bar in
Ticlio and 350° to 300 °C/ 120 to 150 bar in Toromocho. These estimations are supported by the titanium-in-quartz geo-
thermometer (Wark and Watson, 2006), using trace-element LA-ICP-MS data for the host quartz crystals. Pressure esti-
mates are indicative of magmatic and hydrothermal activity in the area and are in good correlation with available data on
the erosion / uplift history of the system as a whole. The Codiciada center was formed at higher pressure and depth,
compared to the 0.5 my younger Ticlio center and the still 0.3 Ma younger and shallower Toromocho center (Fig. 2). Such
a scenario is typical for telescoped systems worldwide (Sillitoe, 1994, 2010) and may have important implications for ex-
ploration strategies in multiple porphyry-centered districts.

On respect to the fluid composition studied by LA-ICP-MS, presence of high concentrations of Cu, Mo as well as S has been
observed in each center, among other elements. Ongoing study will elucidate if the three mineralized centers share the
same magmatic source or are fed by independent pulses of magma. Especially interesting is the presence of significant
concentrations of elements commonly considered as “immobile”, such as Ti, Y, La, Ce, and V in the intermediate-density
high-temperature fluid inclusions, regarded as analogues of the pristine magmatic fluid, as well as in the hypersaline
liquid inclusions resulting from phase separation.
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Figure 2. Age vs. pressure diagram showing the ranges for the three studied porphyry centers.
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Effects of crystallization and bubble nucleation on the seismic properties
of magmas

Tripoli Barbara Andrea’, Cordonnier Benoit!, Ulmer Peter!
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Seismic tomography of potentially hazardous volcanoes is a prime tool to assess the physical state of magma reservoirs.
Processes occurring in the conduit or in the chamber, such as crystallization and bubble exsolution, control the magma
rheology, hence the style of volcanic eruption. Elastic parameters of vapor-saturated, partially molten systems are thus
providing fundamental information for the identification of such reservoirs under active and seemingly dormant volca-
noes.

We investigated a chemically simplified melt analogous to andesite and trachyte, in the system Ca0-Na,0-Al,0,-5i0,-H,0-
CO, (Picard et al, 2011), which undergoes plagioclase crystallization and bubble exsolution. Using a Paterson-type internal-
ly-heated gas pressure apparatus, we measured the ultrasonic velocities at a constant pressure of 250 MPa and at a fre-
quency of 0.1 MHz. Samples have been first heated at 850 °C for 30 minutes. Subsequently, the temperature has been
decreased to 650°C at a rate of 0.5 or 0.1°C/min and velocities were recorded each 45 minutes. The Paterson apparatus
doesn’t permit a fast quench. Consequently, a serie of cold-seal experiments at identical pressure conditions but with ra-
pid-quenching at various temperature have been undertaken.

Seismic velocities are strongly affected by bubble nucleation and crystallization (Carrichi et al, 2009). We will thus present
new experimntal results that clarify the dependence of the seismic velocities on the evolution of microstructures (bubble-
and crystal-size distribution) as well as the evolution of composition (melt and crystals).
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Molybdenum isotopes: the new tracer to identify subducted material?
Hints from the altered oceanic crust and oceanic eclogites.

Vils Flurin'#, Elliott Tim?, Willbold Matthias?, Teagle Damon?
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During movements of the oceanic crust away from mid-ocean ridges, hydrothermal alteration of the oceanic crust imparts
distinct elemental and isotopic signals. The change in isotopic composition of the altered oceanic crust compared to unal-
tered MORB provides important tracers to identify the involvement of fluids/melts released from the subducted slab in the
formation of volcanic arc basalts and ultimately of deep recycling of subducted material. Over the last decade, many stu-
dies demonstrated the great potential of Mo isotopes in the understanding of ocean processes and continental weathering.
These studies showed that Mo is a redox-sensitive tracer. Although recent studies suggest that diffusion can play an im-
portant role in isotope fractionation, the heavy element Mo, forming large oxyanion complexes, is unlikely to be substan-
tially isotopically fractionated by diffusion.

In the first part of the project, samples from the deepest drill hole into the Pacific Oceanic crust (IODP Site1256) were
analysed for Mo isotopes and Mo concentrations. A profile through the complete upper altered oceanic crust (passing
pillow basalts, sheeted dyke complex, and gabbros) at ODP Site 1256D has been sampled and Mo isotopes and Mo concen-
trations have been measured. The studied samples show high variability down-hole (over 1.5%o §°**°Mo), with a tendency
to increase with depth. The heterogeneous dehydration of the oceanic crust might lead to extraction of the heavier isoto-
pic ratio in the source of arc volcanoes, while the lighter isotopic ratio might be the source for the light isotope ratio found
in some ocean islands basalts. In general, it seems that the altered oceanic crust has an isotopic ratio slightly heavier than
average continental crust and mantle, highlighting the potential of Mo to fingerprint recycling of subducted material,
depending on the consequences of processing beneath the arc.

Eclogites are the high temperature/ high pressure dehydrated equivalent of the altered oceanic crust, thus are the indica-
tion of the isotopic composition of material transported into the deep mantle after a full range of subduction zone pro-
cesses have acted upon it. In additions, some subduction related metasediments were analyzed. The samples studied come
from Syros and the Alps, both identified as exhumed fragments of subducted oceanic crust. The samples show that there
is a significant change in §°**°Mo as lithologies change from hydrated blueschists to anhydrous eclogites. The changes in
isotopic compositions indicate that heavy Mo leaves the subducted slab, resulting in an isotopically light residue.
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Cl isotopes in melt inclusions
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Chlorine is an important volatile element. Its two stable isotopes are used to track the global halogen cycle and to deter-
mine fluid sources. Chlorine isotopes are fractionated by fluid/rock interaction, degassing, diffusion and mineralogical
transformations. However, the range of Cl isotopes in terrestrial rocks has been shown to be relatively limited (~-2.0 to
+2.0%o, e.g., Barnes et al., 2008), requiring precise measurements of &*’Cl. Usually Cl isotopes are measured by TIMS or
IRMS, and only a few measurements have been performed so far by ion probe. Previous SIMS studies reported a reproduc-
ibility of 0.8 to 1.5%o (2 Standard Deviation (SD)) for glasses with > 200 ppm Cl (e.g., John et al., 2010; Straub and Layne,
2007). Using the SwissSIMS, a CAMECA IMS 1280-HR, we have been able to obtain a precision as good as 0.4%o (2SD), with
a beam size of 10 microns, in glasses containing only 100 ppm Cl. With such a precision, it is now possible to study the Cl
isotopic composition of melt inclusions trapped in olivines.

In this study, we will analyze melt inclusions representing both primary (in high Fo olivines) and more evolved (at least
partly degassed) melts. This dataset will allow us to better understand the behavior of Cl in the mantle and to bring new
clues on the behavior of Cl isotopes during shallow magma degassing.
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Development of 5®0 and &’Cl SIMS analysis on biotites
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Fluids are a major driving force in many geologic processes. They lower the melting temperature, are behind many ore
forming processes and facilitate mineral reactions, for example. C-O-H fluids are the most common fluids and chlorine is
thought to be the main anion in those fluids. Stable isotopes of C-O-H-Cl carry information on source, pathways, and me-
chanisms of fluid-rock interaction. Advances in stable isotopes analysis by Secondary Ion Mass Spectroscopy (SIMS) permit
isotopic analysis in minerals with high spatial resolution. SIMS analyses are typically rapid (4-10 minutes/analysis), so that
today we can obtain large amount of in-situ data with a spatial resolution of 5-20mm, at relatively low cost and high speed.

SIMS analyses are hampered by large matrix effects; in some cases more than 10%o absolute (Eiler et al. 1997; Riciputi et
al. 1998). To correct for instrumental mass bias and matrix effects it is crucial to have reliable standard materials of the
same structure and composition. We present §'*0 and §°*’Cl analysis obtained with the new SwissSIMS facility in Lausanne
on biotites spanning the annite-phlogopite solid solution. So far we have identified 2 potential standards, in which the
reproducibility (26) of 8*’Cl analysis are ca 0.3%o, that of §'®0 better than 0.3%o. Considering that magmatic fluids have a
&%"Cl signature of -0.5 to 2%o, whereas marine pore waters are comprised between -8 and 0%o (Banks et al. 2000; Barnes et
al. 2008), this reproducibility is good enough to discriminate between fluid sources
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High chloride concentration in biotites of host rocks documents
infiltration of fluids exsolved from the Torres del Paine granites

Siron Guillaume!, Baumgartner Lukas P.!, Bodner Robert!, Putlitz Benita!, Miintener Othmar*
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The Torres del Paine intrusive complex (TPIC) is located in southern Patagonia east of the Patagonian batholith. It intruded
between 12.6-12.45 Ma (Leuthold et al 2012, Michel et al. 2008), and was constructed by three major granites laccolith
intrusions and by underplating of a mafic sill complex, which formed again in 3 major batches (Leuthold et al. 2012). The
TPIC intruded the Cretaceous Punta Barossa and Cerro Toro Formations at a depth of ca. 3 km, creating a small, well-ex-
posed contact aureole. The previous study by (Bodner 2013) determined that the temperature in the contact aureole never
exceed 550°C. The chlorine content of biotites increases in the vicinity (1-20m from contact) of the intrusion from 50-
500ppm to over 1500 ppm. Most samples in the far-field have less than 300 ppm.

Samples with high chloride concentrations in biotite contain biotite, k-feldspar, and cordierite, with no or very minor
retrogression. We interpret this to be the result of Cl-rich, igneous fluids infiltrating these samples at peak metamorphic
temperatures. Stable isotope compositions of hydrogen in biotites also reflect an igneous source for these fluids. The fact
that only 3 out of 16 samples located within 30 meters of the contact show high chlorine concentrations reflects channe-
lized, limited infiltration of fluids.

Preliminary calculation based on Zhu and Sverjensky (1991) give a predicted total dissolve chlorine content 5 mol in the
fluids, while non-infiltrated rocks have fluids with total chlorine concentrations as low as <0.1 m. The high chlorine con-
centrations are typical for Cl-enriched fluids exsolving from a crystallizing magma attaining fluid saturation. Fluid satu-
ration of magmas is also documented by the presence of abundant miarolitic cavities in the granites. Further work is
planned using 3D, 80 and especially §*’Cl of biotites, since chlorine isotopes and the other isotopes isotopes aqueous
fluids exsolved from magmas carry characteristic signatures, allowing them to be identified.
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Development of a quartz oxygen isotope standard for the SwissSIMS
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The SwissSIMS facility is build around a dynamic secondary ion mass spectrometer (SIMS), the CAMECA 1280HR. The fa-
cility became operational in January, 2013. It was acquired by the universities of Bern, Geneva and Lausanne, the ETHZ,
and the Swiss National Science foundation. It is housed by the University of Lausanne in its new Geosciences building. The
1280HR is optimized for high mass resolution analysis (>20K), has a dual primary ion beam (oxygen and Cesium), and can
reach a spatial resolution (Ce-source) of ca. 2-5pm). Its use is for stable isotope geochemical analysis in solids, and in-situ
dating of accessory minerals, for example.

Since January, we have been involved in developing our proper standards for analysis of different isotopic systems. SIMS
instruments are plagued by large instrumental mass fractionation (IMF), which depends on instrument settings, the mat-
rix analyzed and sample preparation. As a consequence, a standard grain of at least a few 100pm size, with known com-
position, matching structure and major element composition of the mineral or glasses to be analyzed needs to be mounted
on each SIMS sample block.

A quartz standard has been developed for oxygen isotope analysis using the central part of a 15cm long quartz crystal from
a pegmatite in the Torres del Paine, Chile. Laser fluorination analysis produced a §'®0 value of 9.8 + 0.24%o (20, n=5), using
quartz NBS-28 as reference. SIMS analysis resulted in uncorrected values between 3-24%o §'°0. Instrumental drift was
corrected by using one grain as a reference (e.g. assigning it the value of 9.8%o). It was analyzed 4 times every 10-15 ana-
lysis of any other grain of the Paine 1 quartz. Drift corrected data of ca. 100 analysis on 10 grains had a reproducibility of
0.37%o (20). Within single grain variability of 0.18-0.47%o was obtained. We are currently testing if this standard for oxy-
gen isotopes can be used for trace elements like Ti, Na, Al
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Uncertainties of the laser ablation ICPMS analysis:
how do they arise and how do we calculate them?
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Inductively coupled plasma mass spectrometry (ICPMS) is a major branch of modern mass spectrometry with important
applications in Earth Sciences. In combination with the laser ablation (LA) sample probing, it is widely used for the in-situ
determination of trace element abundances and isotope ratios in solids. Some of such determinations require the calcula-
tion of concentration or concentration ratio uncertainties as a compulsory part of the analytical result. Curiously, neither
the fundamental sources of noise in the ICPMS nor methods used for the practical uncertainty calculation are thoroughly
discussed in the literature. Regarding the fundamental sources of noise, it is declared without explanation that the Poisson
process is involved in the generation of ICPMS signals. Regarding the uncertainty calculation methods used in practice,
they are often buried in computers programs used for LA-ICPMS data reduction without a detailed analysis of their prop-
erties and limitations.

To explain the appearance of the Poisson process in the distribution of ICPMS count numbers, we consider this distribution
as a limiting case of the binomial distribution constrained by inefficient ion transmission from the ICP to the detector.
The ICP is an atmospheric pressure ion source. The extraction of ions from the ICP into the spectrometer ion channel, kept
under vacuum, is a technical challenge: most ions generated in the ICP are lost during the extraction. Thus, if a large
number (M) of ions face the sampler cone per time interval, but the probability (p) for each individual ion to reach the



detector and be registered is low, the numbers (N) of actually registered ions per time interval (per analysis) are Poisson
distributed with a mean and variance equal to pM. This formalism is valid if the number M of ions subject to extraction
per time interval is constant. However, due to turbulences in the torch and instabilities of the sample introduction system,
M fluctuates with time. This is the case of the so-called doubly stochastic, or mixed, Poisson process. It could be imagined
that a subset of N values is acquired at one M, an other subset — at an other M, etc., after which all subsets are mixed in
proportions corresponding to the probability of occurrence of a given M value. The mixing results in the appearance of an
excess variance in the distribution of count numbers compared to the variance of an ordinary Poisson process (constant
M). The excess variance shows a quadratic dependence on the signal intensity. In weak signals, it is insignificant. Such
signals can be approximated by an ordinary Poisson process with a variance equal to the mean count number. In strong
signals, it increases. The excess variance in the uncertainty of ICPMS signals is otherwise known as flicker noise, although
it is an integral part of the doubly stochastic Poisson process, not an individual noise component. We review mathematical
formalisms existing to describe it using correlation properties of the signal, and show how to use the conditional inten-
sity (autocovariance) function of the signal to derive the entire uncertainty.

Although the Poisson description of uncertainty in ICPMS is a causal model describing the sources of fluctuations and not
only their extent, it requires estimating the autocovariance function above and invokes a complex mathematical formal-
ism, especially in the case of transient signals typical of LA-ICPMS analyses. Therefore, descriptive approaches based on
the individual sweep intensities or their ratios are widely used and still remain the only practical solution for the uncer-
tainty estimation of strong ICPMS signals with a significant excess variance due to double stochasticity. These approaches
can be divided in three large groups: (1) ratio of the mean intensities; (2) mean of the intensity ratios, (3) intercept, or re-
gression-based, approach. We showed in a recent work that using approaches (2) and (3) can yield indefinite results in
terms of the both intensity ratio value and its uncertainty; these results are influenced by the extent of the signal fluc-
tuation and averaging for the standard and the sample (Ulianov et al., 2012). Approach (1) is devoid of these deficiencies
and can be recommended, but requires developing methods to calculate the mean intensity uncertainty for a transient
signal. We suggest two such methods: differencing and signal segmentation. The differencing method invokes transform-
ing the original series of sweep intensities into a series of intensity differences obtained from each two consecutive sweeps.
This series is not transient, even if the original signal is transient. The standard deviation of the mean for this series is
easy to compute, which allows to immediately calculate the uncertainty for the original transient signal. For a single col-
lector ICPMS, this method shows excellent performance on tests, including comparisons with uncertainties calculated
from a number of replicate analyses of the same material. We recommend this method. The segmentation method is based
on the uncertainty computation for the individual signal segments, each of them being considered as non-transient. The
total uncertainty is then obtained by error propagation. This very straightforward method is, however, limited to signal
showing little transience, where it can also be recommended.

Estimating the uncertainty of the individual isotope intensity (intensity ratio) is a pre-requisite for the calculation of the
concentration and concentration ratio uncertainties. It is, however, not the only component necessary to obtain them.
Another important component is the uncertainty of the mass bias. In the current LA-ICPMS practice, especially in the
practice of high-precision isotope ratio analysis, the mass bias is obtained by (repetitively) analysing one single standard.
This results in a small mass bias uncertainty further decreasing with increasing the number of replicates. At the same
time, repetitively analysing a second standard does not ensure that the mean mass bias value from the first standard is
reproduced because, for example, the two standards can show different laser induced fractionation patterns. The solution
is to use a multi-standard regression based calibration of the mass bias, which potentially increases the concentration
ratio uncertainty, but reduces its inaccuracy.
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The shift in Raman-peak position of the 823/855 cm™ olivine doublet, caused by stress and strain, was studied for several
olivine compositions with a LabRAM HR High Resolution Raman spectrometer from Horiba Scientific with a focal length
of 800mm. A spectral resolution of approximately 0.33 cm™ and a peak position uncertainty after peak fitting of approxi-
mately 0.1 cm™® were achieved using a 2400 grating. The individual olivine crystals were mapped by Raman- and electron
microprobe before and after annealing at 1350°C and slow cooling down to 500°C during 30 hours. The use of a 2400 grat-
ing necessitates recording both a reference peak (Rayleigh line zero position) and the doublet olivine peak at circa 823 cm™
and 855 cm™ respectively. The peak positions of the doublet depend on the chemical composition of the olivine grains,
Mg-rich olivines showing higher wavenumbers than the Fe-rich ones (Kuebler et al. 2006). Raman maps were acquired to
show both the peak positions and the FWHM (full width half maximum) of the doublet before and after annealing the
sample. FWHM maps (Figure 1) are especially useful to visualize progressive changes in crystallographic orientations
within a grain (Ishibashi et al. 2008). The peak positions of stress- and strain-free olivine crystals can be plotted against the
associated olivine compositions (Fo-values). The resulting diagram can further be used to quantify the amount of stressed
olivine crystals in selected kimberlite samples, for which conventional methods (e.g. polarized microscopy and EBSD) are
inoperable.

A 400 ) 400 A0

Figure 1. Raman map visualizing the FWHM (full width half maximum) of the first peak of the olivine doublet at circa 823 cm-1, re-
vealing a gradual change in relative peak intensities of the doublet and thereby a progressive change in crystallographic orientation wi-
thin the grain.
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Recognizing metamorphic stages and tectonic slices in HP-terranes:
Case study in the Sesia Zone (NW-Alps, Italy)
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The dynamics of assembly of HP-terranes is of major geotectonic significance. We report on a field-based study in the Sesia
Zone, a HP-terrane that formed during Alpine convergence. Traditionally, three main parts of the Sesia Zone have been
recognized, all of them deriving from the rifted NW-margin of the Adriatic continent. Our work is examining internal
tectonometamorphic limits, both spatial and temporal, within the Sesia terrane. Here, the focus is on the main body,
traditionally called the Eclogitic Micaschist Complex (EMC).

By combining structurally controlled sampling, based on existing tectonic studies, with petrological analysis and mineral
chronometry (allanite, zircon), we show that the EMC is non-uniform and comprises discrete tectonic slices. These show
substantially different PTdt-paths and thus represent mobile fragments during the convergent history. An internal frag-
ment (called Druer slice) experienced eclogite facies as early as 85 Ma (allanite Th/Pb SHRIMP age at 2 GPa, 560°C), followed
by decompression at ~74 Ma (zircon age at ~1.6 GPa, ~570°C). By contrast, a more external fragment (Fondo slice) shows
evidence of pressure cycling (Rubatto et al. 2011), with an eclogite facies peak at 75 Ma (allanite Th/Pb age at 1.7 GPa,
~550°C), a decompression stage at ~68 Ma (allanite Th/Pb age, lower Si-contents of phengites) and a second HP stage bet-
ween 65-60 Ma (allanite Th/Pb age, P between 2.0 and 1.4 GPa , ~550°C). Recently, we started investigating the Lillianes
area, some 16 km far away along strike from the Fondo slice. This area comprises micaschists with a HP foliation (compo-
site D1/D2, eclogite to blueschist facies) and weak (greenschist facies) retrogression. Assemblages include multiple genera-
tions of phengite, garnet, glaucophane (+early omphacite) and allanite, plus quartz, epidote, chlorite, and titanite rimming
rutile. Microstructural and mineral-chemical data indicate that growth zones in garnet and allanite correspond to distinct
HP stages. In some cases, these can be related to discrete phases of deformation (D1/D2, D3).

Garnet cores are strongly porphyroclastic (mm-size), with two or more rims. Allanite composite grains have a LREE-rich
metamorphic core believed to be stable with early grt plus first generation phe (Si-rich), gln, and rutile. Allanite rims (one
or more) show lower LREE and seem to be stable with second generation phe, gln and probably grt. Preliminary Th-Pb age
data, obtained by in situ LA-ICP-MS, span from 80 to74 Ma for allanite cores, and 68-62 Ma for allanite rims.

Thermobarometry for each stage is in progress, but so far these ages compare well with the two HP stages of the Fondo
slice (Regis et al. 2013).

Field-based research is being continued to define the size and geometry of tectonic slices that constitute the Sesia HP
terrane. Kinematic constraints quantifying the relative mobility of such fragments are sorely needed, as the scale of mi-
xing within subduction channels is poorly known. Understanding the overall processes in subduction channels will bene-
fit from field data in order to test results from numerical models.
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Whiteschists - protoliths and phase petrology
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Whiteschists appear in numerous high- and ultrahigh-pressure rock suites and are characterized by the mineral assemb-
lage kyanite + talc (+- quartz or coesite; cf. Schreyer 1973). Thermodynamic modelling using the THERIAK-DOMINO pro-
gram of De Capitani & Brown (1987) demonstrates that whiteschist mineral assemblages are well stable up to pressures of
more than 4 GPa but may already form at pressures of 0.5 GPa (Franz et al. 2013). The formation of whiteschists is rather
depending on the composition of the protolith, which requires elevated contents of Al and Mg as well as low Fe, Ca, and
Na contents, as otherwise chloritoid, amphibole, feldspar, or omphacite are formed instead of kyanite or talc. Furthermore,
the stability field of the whiteschist mineral assemblage strongly depends on X(CO,) and f{0,): already at low values of
X(CO,), CO, binds Mg to carbonates strongly reducing the whiteschist stability field whereas high f{O,) enlarges the stabi-
lity field and stabilizes yoderite. Similarly, elevated amounts of sulfur may extract iron from the system fixing it to phases
like pyrite or pyrrhotite and thus extend the whiteschist stability field. We conclude that the scarcity of whiteschist is not
necessarily due to unusual P-T conditions, but to the restricted range of suitable protolith compositions and the spatial
distribution of these protoliths:

1.) Continental sedimentary rocks, which typically have been deposited under arid climatic conditions in closed evaporitic
basins. These rocks are usually restricted to relatively low latitudes and often contain large amounts of the clay minerals
palygorskite and sepiolite (Figs. 1A &B). Marine sediments generally do not yield whiteschist mineral assemblages as ma-
rine shales commonly have too high iron contents. Sabkha deposits may have too high CO, contents.

2.) Hydrothermally and metasomatically altered felsic to mafic rocks, e.g. metasomatic gneisses, hydrothermally altered
volcanic rocks or mafic rocks with hydrothermal palygorskite veins. Furthermore, eclogite facies quartz veins also yield
whiteschist mineral assemblages. Ultramafic rocks, which often yield elevated contents of Mg and Al, contain far too
little SiO, and therefore generate the mineral assemblage olivine + spinel instead of talc + kyanite at the appropriate me-
tamorphic P-T conditions.

Although thorough pre- or syn-metamorphic metasomatism with removal of alkali elements, Ca and Fe may well lead to
suitable protoliths for whiteschists (see Chopin 1991, John et al. 2004, Ferrando et al. 2009 and citations within), our cal-
culations demonstrate that whiteschists can also form by closed-system metamorphism, which implies that the chemical
and isotopic composition of these rocks provide constraints on the development of the protoliths.

Sedimentary protoliths of appropriate geochemical composition occur in and on continental crust. Therefore, whiteschist
assemblages typically are only found in settings of continental collision or where continental fragments were involved in
subduction.
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Figure 1. (A) Equilibrium phase diagram of palygorskite (ideal formula) and (B) of a continental, palygorskite-rich pelite from Springbok
Flats (RSA; cf. Heystek & Schmidt 1953). Whiteschist stability fields are marked grey.
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Geochemical study of mineral paragenesis from Alpine-type veins
in the western Swiss Alps.
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The minerals in Alpine-type veins bear witness to fluid circulation in the crust. The veins are part of the porosity and
permeability of the rocks and allow for the transfer of elements in an open or closed system. By studying the geochemist-
ry and structures of such veins formed during the tectonism of the Alps an insight into the origin, composition, and
evolution of fluids during retrograde Alpine metamorphism can be gained (e.g., Mullis, 1996) These extensive veins have
been well studied for the central Swiss Alps (e.g., Sharp et al. 2005, and references therein) but for the western Swiss Alps,
apart from the Mont-Blanc massif (e.g., Rossi, 2005), less is known about their age, conditions of formation, and origin.

The purpose of the present study is to use various bulk (CO,-laser assisted fluorination extraction technique) and in-situ
techniques (EMPA, LA-ICPMS, SIMS) to analyze the isotopic and major and trace element composition of the vein minerals
in the Western Alps. In addition, fluid inclusion microthermometry and Raman spectroscopy provide information on the
composition and variability of fluids from which the minerals precipitated for the different and contrasted growth envi-
ronments. Oxygen isotopic composition of quartz together with co-existing phases (chlorite, calcite, epidote, hematite,
titanite, monazite) are studied to help constrain the conditions of formation of the veins sampled from the western part
of the Swiss Alps.

A number of sites have been sampled (Fig. 1), including contrasting host-rock types and representing rocks formed at
different metamorphic conditions. Early macroscopic and SEM-CL investigations (Fig. 2) on quartz showed that growth
conditions and P-T-X evolution influence the habitus considerably. As previously noted (Ramseyer and Mullis, 1990),
growth mode (rapid vs. slow and discontinuous vs. continuous) influences the luminescence and trace element incorpora-
tion in quartz.

The bulk oxygen isotope compositions measured so far vary by up to 1%o in different growth zones of the crystals. §'*0
values measured on quartz from the Central Alps previously showed variable zonation depending on the conditions of
growth (Jourdan et al. 2009a). Ongoing in-situ analyses with the new Swiss SIMS on a larger array of natural hydrothermal
quartz will provide high-resolution data to link growth processes with trace element and oxygen isotope zoning.
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Figure 1: Tectonic map of the area Figure 2 a. Syntectic extensional vein with co- the area studied
studied and giving the sampling and giving genetic quartz and epidote (scale bar 1 mm). b. Quartz
sites. vein with complex fluid history (scale bar 250 microns). c.

Amethyst crystal (2 cm) with brazilian twinning and cyclic
growth. d. (enlargement of c.) typical layering of amethyst gene-
ration with clear variable luminescence (scale 250 microns). e.
Complex and disturbed growth of a skeletal quartz from Val
d’Nliez.

Note the arrangement of growth sectors (scale 250 microns). (a:
thick section in polarized light; b, d and e: SEM-CL images; c:
SEM-BSE image).
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Oxygen isotope and trace element behavior in rhyolites from the
contact-aureole of the Chaltén Plutonic Complex
(Mt. Fitz Roy, Patagonia, Argentina)
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The Chaltén Plutonic Complex (CHPC) is located near the village of Chaltén at the frontier between Chile and Argentina
in southern Patagonia. It consists of a suite of calc-alkaline mafic and granitic rocks emplaced in several successive bat-
ches. High-precision U/Pb zircon dating yield ages between 16.90 + 0.05 Ma and 16.37 + 0.02 Ma (Ramirez et al. 2012). The
host-rocks include a Paleozoic clastic sequence (Bahia de la Lancia Formation), Jurassic rhyolites and volcanoclastic rocks
(E1 Quemado Complex), and a Cretaceous pelitic sequence (Rio Mayer Formation). The intrusion of the CHPC post-dates the
major regional deformation cycle.

The rhyolite and volcanoclasstic rocks are the most common host-rocks in the contact-aureole of the CHPC. The simple
mineralogy of those rocks provides the opportunity to use the contact-aureole as a well-constrained natural laboratory to
investigate trace-element thermometry (e.g. Ti in quartz) and stable-isotope exchange kinetics for some key minerals
(mainly quartz and zircon). We use conventional and ion-probe data (SwissSIMS) in order to decipher the effect of defor-
mation and partial melting on trace-element and isotope exchange. Understanding these mechanisms will in turn help to
further constrain intrusion mechanism.

Partial melting in the Chaltén contact aureole is limited to small zones at gabbro and tonalite contacts with rhyolites, but
no partial melts have been found along granite-host-rock contacts. An anastomosing network of veins of quartz, feldspar
and almandine-rich garnet characterizes the rhyolitic migmatites. This network is most prominent at 10m to 15m from
the contact. Some cm-scale shear zones concentrated partial melt. On a microstructural scale partial melt is segregated
along quartz-feldspar grain boundaries. They show typically cuspate grain boundaries with melt penetrating along the
edges.

Petrologic investigations show that melting is the result of biotite breakdown to cordierite and garnet. Thermodynamic
calculation for these peraluminous rhyolites indicate that first melt occurs at 650-700°C and pressures around 3kbar.
Simple thermal calculations yield maximum temperatures of about 550°C at the mafic-rhyolite contact, which is 100-
150°C lower than the required temperature for partial melting. More complex thermal models (multiple pulses of intrusi-
on, fluid flow) will be needed to obtain temperatures this high.

Melting in the rhyolitic migmatites was intense enough to partially reset U/Pb ages as indicated by a younging of zircon
ages (obtained by laser ablation). Non-metamorphosed rhyolite samples show undisturbed Jurassic ages consistent with
the previous stratigraphic characterization.

The Jurassic rhyolites show quartz phenocrysts of several millimeter-size. Pre- and syn-intrusive deformation has produced
texturesinthese phenocrystsvarying from undeformed toundulose quartzuptoheavily recrystallized. Cathodoluminescence
(CL) images suggest that quartz phenocrysts from weakly deformed samples (from the low-grade aureole) preserved the
magmatic zonation with a bright CL core. CL images of recrystallized quartz (from the high grade aureole) show a complex
pattern of dark CL bands, which partly mimics the shape of subgrains.

Oxygen isotope values obtained by laser fluorination show relatively high §'®0 values between 11-13 %o for both whole
rocks and quartz phenocrysts. Quartz-phenocrysts and their whole rocks seem to be in (near) magmatic equilibrium out-
side the contact aureole i.e., show small high-temperature fractionations. Approaching the contact the fractionation bet-
ween quartz phenocrysts and their whole rocks increases.

Ion-probe data by SwissSIMS from phenocrysts of the low-grade aureole confirms the high $'*0-value obtained by laser
fluorination. The §'®0 composition of individual phenocrysts is relatively homogenous, and shows no indication of isotope
exchange along cracks. This is in contrast to the observations of King et al. (1997), and suggests that these quartz phen-
ocrysts preserved their magmatic values.

Oxygen isotope profiles across two deformed and partially recrystallized quartz crystals from the high-grade aureole show
a more complex pattern. Both profiles show sharp, local changes in the oxygen isotope value of more than 1%o. Based on
the textural observations we assume that these spikes are correlated to the small, low luminescence zones separating
different subgrains However, this has to be further verified by more SEM and CL work and further ion-probe analyses
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We assume that oxygen isotope fractionation is the result of partial equilibration during heating, followed by sluggish,
diffusion driven re-equilibration during cooling, as predicted by the FGB model of Eiler et al. (1993). Diffusion is enhanced
due to deformation-induced formation of domain- and subgrain boundaries, as seen in CL images as a network of narrow
dark CL bands. Those fast diffusion pathways reduce diffusion distances for stable isotopes and trace elements.
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Biotite Rb-Sr and Rutile U-Pb age data confirming an extensive
Neoproterozoic overprint in the Eastern Ghats Belt (India)
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The Eastern Ghats Belt (EGB) is a granulite facies metamorphic belt along the East coast of India, and is a patchwork of
discrete crustal segments with distinct geological histories. It records the formation and destruction of at least two earlier
supercontinents, namely Columbia (ca. 2.1 — 1.8 Ga) and Rodinia (ca. 1.0 — 0.9 Ga); as a part of the amalgamation of India
and East Antarctica, and Australia into the SWEAT (SW United States and East Antarctica) terrane.

Four crustal domains with unique isotopic signatures and ages can be distinguished within the EGB (Rickers et al., 2001).
The highest-grade metamorphism was attained during the regional metamorphism at ca. 950 Ma.

To reconstruct the post-peak evolution after the 950 Ma metamorphic imprints, biotite Rb-Sr and rutile U-Pb ages were
determined for biotite-rich metapelitic gneisses. These ages range from 437 — 615Ma for the biotites with a general trend
of a younging towards the Northwest. Rutile U-Pb ages range from 480 — 531Ma and record ages slightly younger than the
biotite Rb-Sr ages, in samples where mineral pairs could be dated. The biotites have high Mg content, and the general
mineral assemblage for all samples is that typical of high temperature granulites: plag + phl + sil + grt and, depending on
the protolith, kfs, crn or crd. Common accessory mineral phases are: rt, zrc, spl, ap, spr.

Very young biotite and rutile ages like these are unlikely to be the result of slow cooling from the granulite facies condi-
tions at ca 950 Ma. Instead they record a low-grade static thermal overprint of the orogenic belt. This overprint coincides
with high-grade meteamorphism in southern India and Sri Lanka (ca. 580-550 Ma), during the Pan-African orogeny. The
young ages on a regional scale extend the known area of the pan-African overprint in India significantly.
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Nb/Ta, Zr/Hf and HREE to Understand Accessory Mineral Thermometers
at High and Ultra-High Temperatures.
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Zr-in-Rutile is a newly established thermometer calibrated both empirically and experimentally (e.g. Zack et al., 2004a;
Ferry & Watson, 2007). Its validity and precision as thermometer at intermediate temperatures (400-650°C) has been shown
in various geologic settings. However, the application of this thermometer to high and ultra-high temperatures (700-
1100°C) is more problematic since investigations on small terranes or even single samples result in a large set of tempera-
tures. Moreover, the application of Zr-in-Rutile and Ti-in-Zircon to single samples results in contrasting temperatures.
With the aim to explain these contrasting temperatures, we study the systematics of these thermometers at high and
ultrahigh temperature using the lower crustal section of the Ivrea-Verbano Zone (IVZ) as an example.

The IVZ consists of a metamorphic heterogeneous formation (the so-called kinzigite formation, mostly composed by pa-
ragneiss whose metamorphic grade ranges from amphibolite in the southeast to granulite conditions in the northwest)
intruded by a Mafic Complex. The Mafic Complex consists essentially of gabbros and diorites with minor pyroxenites and
ultramafic intercalations. The lower (northwestern) and the central part of the mafic complex are rich in metric to hecto-
metric paragneiss septa (host-rock) originated from the kinzigite formation. We collect rutile and zircon from these high-
ly metamorphic paragneiss septa.

Zircons and rutiles are investigated by LA-ICP-MS. For Zr-in-Rutile we apply the thermometer of Tomkins et al. (2007) as-
suming 8 kbar, for Ti-in-Zircon we apply the thermometer of Ferry and Watson (2007).

Temperatures (T) obtained by both thermometers in single samples are contrasting: samples showing ultrahigh Zr-in-
Rutile T (950-1000°C) show a second population of “rutile” T close to 750-800°C and, if present, one population of Ti-in-
Zircon T close to 850°C. Samples showing ultrahigh Ti-in-Zircon T (~970°C) show a second population of “zircon” T close
to 850°C and one population of Zr-in-Rutile T close to 750-800°C. No sample shows ultrahigh temperatures (UHT) recorded
by both Ti-in-Zircon and Zr-in-Rutile thermometers. Ti-in-Quartz thermometer records UHT in all rutile-bearing samples.

The geochemistry of zircon and rutile coupled with their textural context can help in the interpretation of these contras-
ting results. Particularly useful are the Nb/Ta ratio and the HREE profiles in zircon, and the Zr/Hf ratio in rutile. The ap-
parently contrasting results can be explained as a consequence of 1) two generations of rutile, one of UHT and one of lower
T, 2) subsequent recrystallization at lower T of part of the UHT generation, 3) protracted zircon growth and 4) heteroge-
neous and evolving zircon solubility and aTiO, in the rocks.

In the IVZ rutile grew mainly as a consequence of biotite breakdown. Rutile growth can dramatically fractionate Ta from
NbD, thus the topology of the Nb/Ta vs Ta line for a zircon population helps us to understand which zircon rim preceeds
rutile growth, and which rim grows during or after rutile.

The HREE profiles in zircon yield important information concerning the competition of zircon with other phases with
high HREE partition coefficient (e.g. garnet). Zircon with steep HREE profiles are interpreted as grown in garnet free do-
mains or in open system, zircon with flat HREE profile are interpreted as grown in garnet bearing domains and in a closed
system.

Our zircons rim with high Ta and low Nb/Ta (i.e grown before rutile growth) have steep HREE profiles and yield lower T
compared to rims with low Ta and medium to high Nb/Ta (i.e grown during or after rutile growth). The UHT zircons with
low Ta and medium to high Nb/Ta ratio are split in two populations: one with higher Ta, lower Nb/Ta and steeper HREE
profiles and one with lower Ta, higher Nb/Ta and flat HREE profiles.

Hf in rutile shows a strong correlation with T obtained by Zr-in-Rutile, but the preference of rutile for Hf compared to Zr
increases with decreasing T. Thus, theoretically, rutile recording UHT should have higher Zr/Hf compared to low T rutile.
Some samples show exclusively this trend, but some samples additionally show some low T rutile with high Zr/Hf. We
interpret this signature as evidence for two generations of rutile: (1) one growing at UHT (High Zr/Hf and high Zr-in-rutile
T°C, high W), some of these rutile grains recrystallize at lower T (low Zr/Hf ratios, but still high W), and (2) one group,
which grew at lower T in a domain controlled by zircon dissolution (high Zr/Hf, low Zr-in-Rutile T, low W). The presence
of both generations in a single sample is found in a highly depleted mostly zircon-free paragneiss septa. The UHT genera-
tion is confined to the restitic part of the septa (gr+sill+cor+ru+sp), the low T generation is confined to the melt (pl+ruzq).

A model making the link between the obtained temperatures, the geochemistry of zircons and rutile and the geological
evolution of the rocks will be presented.
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CO,-rich fluid inclusion in upper mantle xenoliths from Nyos
and Barombi-Mbo lakes: Cameroon Volcanic Line
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The western part of Cameroon displays an alignment of Tertiary to Recent alkaline volcanoes, plutons and grabens over a
distance of more than 1600 km, which is known as the Cameroon Volcanic Line (CVL). The CVL stretches from the island
of Palagu through the Gulf of Guinea to Lake Chad within the African continent. Recently, the CVL has been considered
as a major lithospheric structure tapping a hot deep asthenospheric zone. Nyos and Barombi-Mbo alkali basalts are be-
tween 1.5 and 0.2 my old (Déruelle et al., 2007), and their pyroclastic deposits include a large number of ultramafic xeno-
liths (Temdjim et al., 2004; Teichou et al., 2007).

The studied xenoliths are spinel lherzolites, mostly composed of olivine, orthopyroxene (commonly enstatite), and clino-
pyroxen e (diopside) with granular and porphyroclastic textures. CO,~bearing fluid inclusions have been studied by pe-
trography, microthermometry and Raman spectroscopy. Based on fluid inclusions petrography, the Barombi and Nyos
xenoliths contain abundant CO,-rich inclusions, trapped in orthopyroxene, clinopyroxene and olivine.

In Barombi xenoliths, fluid inclusions are mostly hosted by orthopyroxene and clinopyroxene and have negative-crystal,
elongated, round, sub-round and irregular shapes with sizes varying between 2 and 48pm. They contain either only one
phase (liquid) or two phases (liquid and vapor) at room temperature. All inclusions are generally grouped along healed
fractures.

By contrast, in Nyos xenoliths, fluid inclusions are mostly hosted by orthopyroxene and olivine, they are randomly dis-
tributed and isolated and are generally located along healed fractures. We can distinguish two well-defined fluid inclusion
types. Type 1 is negative crystal shaped, irregular, sub-angular and round inclusions hosted by orthopyroxene, with sizes
between 7 and 27pm, containing two to three phases at room temperature. Type 2 are hosted by olivine, have negative
crystal and sub-round shapes, contain one to two phases at room temperature, and have sizes ranging between 4 and 14
pm.

In Barombi xenoliths, CO, melting temperature range between -58.0 and -56.6 °C, whereas, in the Nyos samples, there is a
wider range between -68.0 and  -56.8 °C. These data suggest that in most cases, the fluid phase is pure CO,. Homogenization
temperatures into the liquid and vapor phases are between -48.1 and +31.1 °C in the Barombi-Mbo xenoliths, and be-
tween -38.1 and +31.1 in the Nyos xenoliths.

The calculated density of CO, based on our microthermometric data yields a range of 0.20 to 1.15 g/cm?® for the Barombi-
Mbo inclusions, whereas those of Nyos have densities between 0.77 and 1.06 g/cm®. Microthermometry suggests the pres-
ence of other dissolved gas phase(s) in the fluid inclusions trapped in the xenoliths, which show values of melting tem-
peratures below the one of pure CO, (<-56,6 °C). Raman microspectroscopy confirms that such fluid inclusions contain H,S
besides CO, in Barombi xenoliths.
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Control of magma recharge and buoyancy on the frequency
and magnitude of volcanic eruptions
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The frequency at which volcanic eruptions occur is inversely proportional to the volume of magma released in a single
event. The basic requirements for a volcanic eruption to occur are that enough heat is supplied to the crust to assemble a
body of eruptible magma and that overpressure is sufficient for the magma to reach the surface without solidifying.
Starting from these basic principles we used thermo-mechanical calculations and Monte Carlo simulations to quantify the
relative contribution of magma fluxes and the physical properties of the crust on likelihood and volume of volcanic erup-
tions. The calculations were performed considering the periodic input of magma in pulses of different size and shape in-
jected at various frequencies The average rate of magma supplied to the upper crust over hundreds of thousands of years
appears to control the volume of magma that can potentially be released during a single eruption, whereas the time in-
terval between short-lived pulses of magmatism, affects the total duration of magma injection preceding an eruption. Our
calculations reconcile the relationship between erupted volume and upper crustal magma residence times, and replicate
the correlation between erupted volumes and caldera dimensions. Our modelling shows that relatively small and frequent
eruptions are triggered by magma injection while buoyancy is important to trigger large eruptions. These calculations
permit to identify the physical processes controlling the relationship between frequency and magnitude of volcanic erup-
tions and increase our capability of determining the temporal evolution of volcanic activity in different volcanic systems.
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A new occurrence of kosmochlor in Cr-jadeite rocks from
Kenterlau-ltmurundy (Lake Balkhash, Kazakhstan)
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Petrographic, petrologic and geochemical investigations on Cr-jadeite rocks from Kenterlau-Itmurundy near Lake Balkhash
(Kazakhstan) reveal five different rock groups. Jadeitites show irregular, medium-grained white sections made up of decus-
sate jadeite crystals and fine-grained sections made up of aligned Cr-jadeite. Omphacite jadeitites show a homogeneous, pale
green color with randomly oriented jadeite crystals, which are overgrown by omphacite on their rims and along fractures.

Phlogopite-analcime jadeitites show decussate, white sections made up of jadeite and foliated, partially microfolded green
layers and spots consisting of Cr-jadeite. Analcime and phlogopite formed late in fractures in the jadeite-rich sections.
Phlogopite- omphacite jadeitites reveal an inhomogeneous mineral distribution with a dark-green matrix made up of sheaf-
like aggregates of Cr-omphacite and white spots of decussate prismatic jadeite crystals. Post-crystallization deformation is
evident by bent and twisted pyroxenes while phlogopite formed post-tectonically on fractures and grain boundaries.

Due to the extreme textural inhomogeneity, transitions between these four groups are blurred. Kosmochlor-analcime-albite-
omphacite jadeitites reveal an inhomogeneous fabric with decussate, white sections, pale-green shear bands, and dark green
layers. Again, white jadeite-rich sections formed pre-tectonically while shear bands display aligned Cr-omphacite and Cr-
jadeite. In rare cases, these bands contain small aggregates of kosmochlor.



The main occurrence of kosmochlor is in the dark green layers, where it mantles strongly corroded chromite grains.
Microprobe investigations of two kosmochlor-bearing rocks and one phlogopite omphacite jadeitite reveal extreme mineral
compositional variability. Pyroxene zoning with jadeite cores and rim sections of omphacite or Cr-omphacite are wide
spread. Similarly, kosmochlor aggregates are very inhomogeneous covering a wide range in the pyroxene plots (Figs. 1 A&B).
Similar textures have been observed by other investigations (e.g. Shi et al. 2005) and are due to pre-, syn- and post-tectonic
crystallization processes. Distinct inhomogeneities are also revealed by ED-XRF spot analyses, which show a strong compo-
sitional variability from section to section.

As evident from these investigations, nearly pure jadeite formed pre-tectonically. During subsequent deformation, Ca- and
Cr-rich fluids led to the formation of omphacite, Cr-omphacite, Cr-jadeite and eventually to kosmochlor. The largest modal
amount of kosmochlor formed pre- and syn-tectonically in chromite-bearing layers of the rocks. Analcime, albite and phlogo-
pite formed post-tectonically and during late brittle deformation.

Until now, terrestrial kosmochlor has been described from Burma (Ou Yang 1984), New Zealand (lkehata & Arai 2004), Japan
(Anthony et al. 1995), Kola peninsula and Lake Baikal, Russia (Zozulya et al. 2003; Reznitskii et al. 1999). Similar to these
occurrences, the presence of kosmochlor in Cr-rich jadeitites from Kenterlau-Itmurundy, is explained by appropriate rock
composition, pervasive HP/LT conditions (i.e. 600°C at 1.2 GPa; Dobretsov & Ponomareva 2009). According to their rock
fabrics and to the geology of the area we interpret the Kazakhstan jadeitites as P-types as defined by Tsujimori & Harlow
(2012).
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Figure 1. Microprobe analyses from the kosmochlor-bearing samples 104276 (A) and 104277 (B) reveal the great compositional variabili-
ty of pyroxene in these rocks.
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Kosmochlor from Myanmar - Investigations on a possible miscibility gap
in the solid solution jadeite-kosmochlor
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Petrographic, petrologic and geochemical investigations on kosmochlor-bearing rocks from the so-called Jade Mine Tract,
near Hpakan, Kachin State (Myanmar) reveal five different lithologies. Kosmochlor(-bearing)-clinoamphibole-jadeite rocks and
schists show aggregates of radiating dark green kosmochlor formed around strongly corroded chromite grains. Kosmochlor
is partly replaced by a light green rim of Cr-jadeite or Cr-omphacite, which in turn shows diffuse grain boundaries towards
jadeite. Post-crystallisation folding is evident by partly aligned matrix minerals. Albite-glaucophane-kosmochlor-Cr-jadeitites
reveal an inhomogeneous fabric consisting of lenses made up of kosmochlor and Cr-jadeite. Again, kosmochlor aggregates
are intergrown with tiny fragments of chromite. Foliated sections mainly consisting of albite and glaucophane cut through
these structures. Kosmochlor-bearing jadeite clinoamphibolites also show an inhomogeneous mineral distribution with richte-
rite-rich sections and sections made up of Cr-jadeite and Cr-omphacite. The occurrence of kosmochlor, which is mainly
enclosed in Cr-jadeite and richterite, is restricted to small spots. The last rock types are kosmochlor-bearing clinoamphibole
phlogopite jadeite schists and kosmochlor-analcime-microcline jadeitites, which bear kosmochlor and Cr-jadeite in microfractures
formed by post-crystallisation deformation. Eventually, dynamic recrystallisation may be observed. Along these fractures,
Cr-rich fluids percolated leading to the formation of Cr-pyroxenes.

All investigated rocks are boulders, which formed as dikes in serpentinised, ultramafic bodies. The growth of kosmochlor,
Cr-jadeite, Cr-omphacite as well as sodic and sodic-calcic amphiboles was due to metasomatic reactions between jadeitite
and depleted peridotite at HP/LT-conditions (T~450°, P=10-15 kbar; cf. Shi et al., 2005; Harlow et al. 2007).

Microprobe investigations on one probe of each lithology reveal massive mineral chemical inhomogeneities especially in
the case of kosmochlor. Strongly zoned minerals with increasing Cr content towards the rims are common. Furthermore,
jadeite, Cr-jadeite and Cr-omphacite also show extremely complex internal structures (i.e. irregular zoning, exsolution
textures and microcrystalline intergrowth). Q-Ko-(Jd+Ae) plots show clusters of data points at distinct compositions on the
join Ko-(Jd+Ae) (Fig. 1 A). An apparent lack of data points between 25-40 mol-% Ko and 62-71 mol-% Ko might be a hint at
a possible miscibility gap in this system. This tendency becomes more indistinct with plotting all results in one diagram
(Fig. 1 B), which may be due to microcrystalline intergrowth beyond the resolution of the microprobe or local geochemical
inhomogeneities of the rock. Additionally, the well-known miscibility gap in the system (Jd+Ae)-Omp (Davidson & Burton
1987) can be observed in every sample.

The existence of a miscibility gap has been discussed by several authors (e.g. Abs-Wurmbach & Neuhaus 1976, Yang 1984,
Mével & Kiénast 1986). As evident from these investigations, even two or three gaps seem possible. However, to prove these

hypothetical gaps, transmission electron microscope (TEM) investigations as well as further experimental and thermody-
namic data are needed.
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Figure 1. Microprobe analyses from the sample KBBH1 (A) and all samples (B) reveal possible miscibility gaps along the join Ko-(Jd+Ae).
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Multiple quartz generations associated with polymetallic mineralization
at Colquijirca, central Peru: a fluid inclusion and SEM-CL study
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The Colquijirca district in central Peru is an 8 km-long mineralized N-S corridor centered onto the dacitic diatreme-dome
complex of Marcapunta, and comprises two distinct mineralization styles Bendezud and Fontboté (2009). A first high-sulfi-
dation disseminated Au-Ag mineralization event/stage was emplaced within the diatreme-dome complex. A later sulfide-
rich polymetallic epithermal event/stage, exhibiting zonal metal distribution, mostly replaces favorable carbonate rocks
of Late Triassic-Lower Jurassic and Early Cenozoic age. Zonation consists of enargite-luzonite in the core of the system
grading into intermediate-sulfidation assemblage of chalcopyrite-sphalerite-galena and eventually Zn-bearing carbonates
towards the periphery. Preliminary fluid inclusion data were reported by Bendezua (2007). This work focuses on mineral
textures and relationships and presents results of the subsequent fluid inclusion study.

Applying the scanning electron microscopy-cathodoluminescence (SEM-CL) technique on representative samples from
Colquijirca, five different generations — Q1 to Q5 — have been distinguished (Figure 1). Q1 is associated with pyrite and
replaces the carbonate host rocks. Pyrite-free banded colloform quartz precipitation followed (Q2). These two early quartz
generations precede mineralization and are devoid of fluid inclusions. They are later brecciated and fine-grained quartz
(Q3) with numerous liquid-vapor (L-V) fluid inclusions is deposited. Q3 is associated with fine-grained pyrite and contains
barite-celestite and anhydrite inclusions. Coarser-grained quartz (Q4), with sphalerite, hematite, pyrite, and rare enargite
inclusions, overgrows Q3. Inclusions are often associated to one of Q4 outermost growth bands. In places, Q4 is overgrown
by Q5 containing inclusions of aluminum phosphate-sulfate (APS) minerals, most likely woodhouseite. Q3 and Q4 are
present throughout the deposit and contain fluid inclusion assemblages that can be classified as primary L-V using the CL
textures of quartz; secondary L-V and boiling assemblages are also observed in certain Q4 grains.

Preliminary study of quartz- and sphalerite-hosted fluid inclusions and available isotope data suggest mixing between a
hot (300°C), moderately saline (6-7 wt% NaCl eq.), magmatic-derived fluid and cooler meteoric waters. This study also
shows that homogenization temperatures (Th) are strongly controlled by the distance of a given sample to the assumed
center of the magmatic-hydrothermal system — Th decreases outward from 300°C, next to the diatreme-dome complex to
190°C 3.5 km northward (Bendeza 2007).
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The present study was performed on quartz-hosted primary fluid inclusion assemblages (FIA); all of which contain aque-
ous, liquid-rich fluid inclusions having a vapor phase of 15-25% vol.%. Relative timing was established based on SEM-CL
study (Figure 1) and mineral inclusions associated with individual growth bands.

FIAs hosted in the inner part of Q4, devoid of any mineral inclusions have salinities and Th decreasing outward from 11
to 3.3 wt% NaCl eq. and 264° to 220°C, respectively. Subsequent growth zones are associated with 5 to 20 pm-large pyrite
inclusions. They contain FIAs with salinities ranging from 3.15 to 9.2 wt% NaCl eq. while Th ranges between 204° and
240°C. Salinities in these FIAs may however be overestimated as CO, has been detected in some inclusions using Raman
spectroscopy. This pyrite zone is often overgrown by a zone containing 5 to 10 pm-large hematite and scarce 20 pm-large
sphalerite crystals. FIAs associated with the hematite zone have lower salinities 2.8-3.2 wt% NaCl eq. and homogenize
between 270° and 290°C. Such a fluid evolution requires several pulses of a moderately saline (around 11 wt% NaCl eq.)
magmatic fluid mixing to various degrees with heated meteoric waters.

The ongoing work unravels a complex fluid history. It shows that the polymetallic mineralization at Colquijirca is the
result of several distinct pulses of magmatic fluids. Further well constrained FIAs study performed in both gangue and
ore minerals coupled with LA-ICP-MS analyses of individual fluid inclusions, and in situ §'®0 analysis of hydrothermal
quartz are planned in order to support this hypothesis.

Figure 1: Multiple quartz generations replacing the carbonate host rock (Q1 & Q2) and associated with polymetallic mineralization (Q3
& Q4); a composite SEM-CL image.
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Neoformation of “exotic” copper minerals from gel-like precursors
at the Exotica deposit (northern Chile)
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Cu-rich solutions seep out presently at several parts of Mina Sur (Lambiel 2012, 2013), the exotic mineralization south of
the giant porphyry Cu-deposit of Chuquicamata (Atacama Desert, northern Chile; Pinget 2011, 2012). At the places where
these solutions outflow, they give rise to the formation of blue and green Cu-bearing gel-like precipitates (Fig. 1a). Within
these gels, typical exotic Cu-minerals such as atacamite, brochantite and other less common Cu-sulfates such as devilline,
spangolite, schulenbergite have been determined using XRD, SEM, ESEM, and FTIR (Fig.1b), some present only in trace
amount. Malachite crusts underneath gels were recognized. Chrysocolla, the main copper mineral of the exotic minerali-
zation, was never identified in the copper gels.

The ClISO, ratio of water-gel solutions dominated by Cu-sulfates is < 0.25 and about 2.38 in water-gel solutions dominated
by Cu-chloride. The Cu-hydroxide-chloride atacamite is associated with solutions with a pH slightly below 6. Most Cu-
sulfates (e.g. brochantite, spangolite) are associated with slightly acidic water (pH 6.0 to 6.5) whereas the Cu-sulfate devil-
line is stable in gel associated with near neutral to slightly alkaline water (pH 7.2 to 7.8). Gels kept in sealed bottles deve-
loped within months textures similar to those seen in exotic veins. Similarities in terms of mineralogy, chemistry and/or
texture suggest that these gel-like materials are a normal and major step in the formation of exotic Cu-mineralization.
Several authors have proposed elsewhere that chrysocolla is formed by the solidification of a hydrogel of Cu-silica. The
findings of the present work suggest that other copper minerals such as atacamite also develop within gel-like materials.
Gel and neoformed Cu-minerals within gels in Mina Sur may mirror past ore formation processes of porphyry Cu-deposits
in northern Chile.

A total of 27 water samples were analyzed for their chemical composition (major and trace elements), stable isotope com-
positions of water (8'*0 and &%H, Fig. 1c) and sulfate (6°*S and 3'*0, Fig. 1d). The results suggest that in the northeast side
of the Mina Sur pit, gels are derived from industrial waters that have leached copper oxide zones located north of Mina
Sur. On the southern part of the pit, the outflow of high CI and NO,- rich waters suggest that the lower, saline aquifer of
the Loa basin is involved and crops out. The §*S and §'®0 values of the dissolved sulfate in these waters suggest its deriva-
tion from Oligocene to Pleistocene evaporites of the Loa basin. These saline outflows give rise in places to Cu-rich gels
partly containing atacamite. The most plausible source of Cu contained in these outflows of saline waters is an unknown
supergene enriched zone buried below the southern part of the pit. The continuous gel formation (since 2005) and the
abundance suggest that the Cu-source may be important.
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Figure 1 A) Occurrence of copper rich gel in the southernmost part of Mina Sur. B) Cu-sulfate (devilline?) in a gel precipitate north of
Mina Sur (ESEM micrograph, sample 2N) C) Oxygen and hydrogen isotope analyses of water samples from Chuquicamata and the
Calama region. D) Sulfur and oxygen isotope composition of dissolved sulfates and gypsum/anhydrite from Chuquicamata and the
Calama region (8*S of Chuquicamata primary sulfides from Zentilli et al., 1994 and Smuda, 2008; isotope composition of sulfate from
local salares (hatched area) from Rech et al., 2003)
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Timing of polymetallic Pb-Zn mineralisation in the Laki district, southern
Bulgaria — constraints from “°Ar/**Ar dates

Buret Yannick?!, Kouzmanov Kalin!, Spikings Richard!, Gerdjikov Yanko *

'Earth and Environmental Sciences, University of Geneva, Rue de Maraichers 13, CH-1205 Geneva (burety@tcd.ie)
“Department of Geology, Sofia University, 1000-Sofia, Bulgaria

The Central Rhodopean Dome (CRD), in southern Bulgaria and northern Greece, is composed of high-T, low-P gneisses and
marbles which were exhumed along detachment faults during post-collisional extension, resulting in widespread migma-
tisation and local anatexis. Peak metamorphic temperatures are recorded at 35.9 + 0.2 Ma (Ovtcharova et al., 2003), whe-
reas cooling below ~ 300°C occurred between 36 and 34 Ma (Kaiser-Rohrmeier et al., 2013). Regional acid magmatism (~ 33
— 30 Ma; Ovtcharova et al. 2001), occurring throughout the CRD as dykes and sub-volcanic bodies, cross-cuts detachment
faults and sedimentary basins, and is commonly spatially associated with polymetallic Pb-Zn veins and metasomatic repla-
cement bodies.

The CRD hosts six Oligocene Pb-Zn mining districts: Laki, Davidkovo, Ardino, Enyovche, Madan and Thermes (from north
to south), all of which display similar mineralisation styles (polymetallic veins and metasomatic replacement bodies) and
are all located proximal to the Middle Rhodopean detachment fault. Fluid inclusion studies from the Madan (Kostova et
al., 2004; Kotzeva et al., 2011) and Laki (Buret, 2012) districts reveal similar temperatures and salinities of the mineralising
fluids (~ 300 — 350°C; ~ 1 — 10 wt % NaCl eq) for both districts. However, previous studies, based on *°Ar-**Ar dating of
sericite indicate a significant age difference between the Laki (~ 29.5 Ma) and the Madan (~ 30 — 30.5 Ma) districts, which
suggests an overall younging of mineralisation towards the north (Kaiser-Rohrmeier et al., 2004).

This study applies high-precision “°Ar/*?Ar thermochronology to hydrothermal and metamorphic K-feldspar from the Laki
mining district. In order to better constrain the timing of mineralisation, K-feldspar separates were dated from vein selva-
ges and a mineralised polymictic volcanic breccia containing intergrown hydrothermal K-feldspar and sulfides.
Hydrothermal K-feldspar from non-mineralised sub-volcanic bodies were also dated to establish the extent of the hydro-
thermal activity in the Laki district, while metamorphic K-feldspar from gneiss spatially unrelated to mineralisation was
dated to constrain the upper age limit of metamorphic K-feldspar in the vein selvages.

Our data obtained from hydrothermal and metamorphic K-feldspar reveal three stages: (1) ~ 33 — 33.5 Ma, pre-mineralisa-
tion metamorphic K-feldspar; (2) ~ 32 — 30 Ma, K-feldspar from vein selvages and mineralised polymictic breccia; and (3) ~
27 —29.5 Ma, post-mineralisation hydrothermal K-feldspar from non-mineralised sub-volcanic bodies.

“OATP°Ar dates from stage (1) closely match U-Pb zircon dates from sub-volcanic bodies in the Laki district, which form part
of the Borovitsa volcanic zone (~33 Ma; Ovtcharova et al., 2001), and therefore can be interpreted as being thermally reset
by magmatism.

The range of “°Ar/*’Ar dates displayed during stage (2) is indicative of partial to complete resetting of metamorphic
K-feldspar by the hydrothermal, mineralising fluid. Consistent minimum dates of ~ 30 Ma from the vein selvages and
corresponding hydrothermal K-feldspar dates obtained from a mineralised polymictic breccia from the Chetroka mine, as
well as fluid temperatures of 300-350°C recorded during the main stage of mineralisation in the Djurkovo mine, suggest
that mineralisation in the Laki district ceased at ~ 30 Ma, and was coeval with hydrothermal activity in the Madan district
to the south.

Post-mineralisation hydrothermal fluid circulation (at temperatures <200°C) during stage (3) resulted in the precipitation
of hydrothermal K-feldspar within the previously altered sub-volcanic bodies from 27 — 29.5 Ma, possibly corresponding
to previously published *°Ar/*°Ar sericite dates from the Laki district.
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A magmatic origin of ore-forming fluids in Carlin-type deposits?
Fluid inclusion studies on Carlin-type deposits and a Au-Cu porphyry
deposit on the Carlin and Battle Mountain-Eureka trends, Nevada

Simon J. E. Large, Edine Y. N. Bakker, Philipp Weis, Markus Wille, Christoph A. Heinrich, Michael W. Ressel

Eocene ore deposits of the Great Basin in north-central Nevada are collectively the US’ largest producer of gold. They
resulted from an ideal combination of early tectonics making the determining structures for later events, and several
phases of metamorphism and magmatism, causing fertile fluids and melts to rise in the crust into a stratigraphy of
reactive, carbonate rocks covered by non-reactive, siliceous cap rock (e.g. Dickinson, 2006). The majority of deposits are
aligned in three main trends: the Carlin, Getchell and Battle Mountain-Eureka trends. While many studies have identi-
fied similarities between the individual structurally-controlled, sediment-hosted deposits, the source and evolution of
the mineralizing fluid remain debated. Recent studies favour a conceptual model including a deep magmatic fluid sour-
ce (e.g. Muntean et al., 2011) rather than a sedimentary or metamorphic fluid source. This magmatic-hydrothermal
hypothesis implies that Carlin-type Au-deposits are distal products of gold transported in fluids derived from a large,
deep-seated intrusive body. On the Carlin trend itself, there is only indirect evidence for the existence of Eocene plutons
at depth. However, in the Battle Mountain-Eureka trend, gold mineralization that formed at relatively higher P-T is
found in proximity to Eocene granodioritic intrusions. Under the conditions prevailing in the Carlin area, transport of
gold via similar magmatically-derived fluids over large distances would be feasible (Heinrich, 2005). Two joint fluid
inclusion studies on both of these sub-parallel trends were performed aiming to determine the major- and trace-element
composition of the ore forming fluids.

Here, we present results from petrographic observations, fluid inclusion microthermometry and laser ablation ICP-MS
analyses on fluid inclusions from the Copper Canyon Cu-Au porphyry, located at the northwest end of the Battle Mountain-
Eureka trend and from the Gold Quarry and Chukar Underground Carlin type deposits located on the central Carlin-trend.
An Eocene granodioritic porphyry is central to the deposits at Copper Canyon and is thought to be the cupola of a larger
intrusion that acted as the source of fluids and metals (Cu, Au, Ag, Mo, Pb, Zn) for the deposits. It is hypothesized that the
granodiorite cupola and its associated ore fluids could represent the highest P-T part of gold-producing hydrothermal
systems, which formed the proximal skarn-hosted Au-Cu mineralization at Copper Canyon, whereas Carlin-type Au mine-
ralisation may have been formed as more distal products of similar systems, at lower temperature and preserved in areas
that were eroded less deeply.

Copper Canyon contains abundant fluid inclusion assemblages of vapour, intermediate-density, aqueous and hypersaline
fluids in quartz veins and garnets. We present evidence for phase separation of a moderately saline intermediate density
supercritical fluid splitting into a vapour and a brine under relatively high pressures. Subsequent small variations in pres-
sure upon cooling of the vapour, caused parts of the vapour to contract to a liquid. Fluid inclusions in quartz and barite
from the Carlin trend deposits have a very similar appearance to the contracted vapour liquid. Similarities in the chemical
composition of fluid inclusions of the different sources indicate chemically similar source.
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Estimation of environmental contaminations value of heavy metals
in the sediments of Sari area with using geochemical parameter
of Enrichment Factor (EF)
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Sedimentary samples can provide comprehensive pieces of information such as sedimentation rates, changes of weather
conditions during the different periods and the concentration of heavy metals in their deposition environments. Aimed at
assessing heavy metal contamination, this study focused on 11 sediment samples from two regions (l:e., Larym and
FarahAbad in Sari area); which 9 samples were selected through trenching at depths between 0 to 70 cm and two others
from surface sediment. The samples were transferred to laboratories of geological survey of Iran for ICP analysis. The se-
diment of the Caspian coastal plains is the combination of the batch and sediments deposited especially in the southern
Caspian Sea by the effect of waves and different currents; which from sedimentology perspective and environment are
characterized by changes of genus and granulometry in the southern part from the western regions to the east coast. Fine
grain particles, because of their high adsorption capacity, is a factor in the absorption and potential accumulation of toxic
elements in sediments. Figure 1 shows position of study area and sampling stations.

|| | ——— e 1
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Fig.1 Shows Position Map of Sampling Stations Marked with Green color

Comparison of mean of the concentration of heavy metals with the mean of the global sediments and the crustal mean
indicates that the cobalt element concentration (15.08 ppm) is between the mean scores of the global sediments and crus-
tal. Mean scores of concentrations of chromium, copper, and manganese (respectively 88.700, 22 and 688.92 ppm) are lo-
wer than those of the Global sediments and crustal mean. While the means of lead and zinc concentration (20.75 ppm and
102.70 ppm) are higher than those of the global sediments and crustal and the mean of nickel concentration (52.50 ppm)
is approximately equal to that of the global sediments; the concentration less than that of the crustal average. Obviously,
differences between the concentration means of the elements in the study area and the global sediment and earth’s crust
are due to Geological and different climatic conditions in various parts of the Earth (Table 1).
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Table 1. Concentrations of heavy metals in the studied sediment samples

ppm % —
Sample No.
Co Cr Cu Zn Pb Mn Ni Ee(Fe203) Ca (Ca0)
L1-1 20.2 58.0 33.3 125.5 40.6 766.2 76.6 8.3 6.5
L1-2 13.9 125.7 201 96.1 24.5 540.5 56.1 5.9 13.3
L1-3 17.8 132.0 11.2 95.2 12.2 738.7 49.4 71 19.2
L2-1 21.6 44.6 38.7 121.3 33.6 725.5 75.8 6.9 121
L2-2 9.7 69.5 6.9 51.9 13.2 616.9 323 3.9 16.4
L3-1 11.0 150.2 71 57.6 9.7 7411 36.5 4.9 18.6
L4 10.1 7.7 38.8 222.0 18.2 692.2 33.3 3.7 16.6
F2-1 12.5 112.7 12.2 79.6 121 763.1 38.8 5.1 15.5
F2-2 18.5 711 33.6 118.6 26.8 594.3 74.6 6.1 1.5
F2-3 20.8 108.6 34.0 111.0 31.9 807.2 73.8 6.7 14.8
F-1(reference sample) 9.8 31.6 6.1 51.0 5.5 592.5 30.3 3.5 15.7
Earth crust’ 20.0 100.0 50.0 75.0 14.0 850.0 80.0 41 41
—lokal sediments’ 14.0 90,0 33,0 95.0 19,0 770.0 52.0 4.6 6.6

!(Ref. Bowen 1979)

For the evaluation of the pollution of heavy metals, geochemical parameter of Enrichment Factor (EF) was used. EF is used
to compare inter-region geochemical trends, and also to identify anthropogenic pollution. Heavy metal enrichment factors
(EF) were estimated. Their EF means are also as follows: Pb> Cu> Cr> Zn> Ni> Co> Mn. On the basis of the EF mean of each
element, the sediments were classified from moderate enrichment with lead and copper, deficient enrichment with nickel
and cobalt, and to mineral enrichment with chromium and zinc. Also EF indicating that 1) cobalt and nickel have a geo-
genic origin; 2) zinc, copper and lead have both geogenic origin and an anthropogenic origin; 3) chromium element has
source of biogenic and partly anthropogenic origins.
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Petrographic and sedimentologic investigation of boulders
in the riverbed of the ‘Hauensteiner Murg’
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In the framework of a comprehensive petrologic and sedimentological study of gravels delivered by the tributaries of the
Rhine River performed at the geosciene institutes of the University of Basel, pebbles carried by the ‘Hauensteiner Murg’
were investigated. This small river, which has a length of 22.4 km, is located in the Hotzenwald area of the Black Forest
(southern Baden-Wuerttemberg, Germany).

Pebbles were sampled at six different locations along the whole river course, from the spring southwest of ‘Lochhduser’
and to the mouth in the village Murg, where the river merges with the Rhine. Based on hand specimens and thin sections
of the pebbles the mineral phases and their modal amount were identified and the rock fabric evaluated to draw conclu-
sions on the formation of the rock. In case of metamorphic rocks, a rough estimate of the metamorphic PT conditions and
evolution was possible. In addition, the frequency of boulder-types occurring at specific sampling points has been recorded
and their sphericity and roundness have been measured for a sedimentologic analysis. By comparing the pebble petrogra-
phy with geological maps (Metz & Rein, 1958) and literature data (Pfannenstiel & Rahm, 1963; Giinther, 2010; Geyer &
Gwinner, 2011) the boulders found in the ‘Hauensteiner Murg’ could be assigned to their parent rocks. To confirm the
preliminary results the petrographic findings were linked to the sedimentologic data to get an insight into the transpor-
tation processes and their energy levels over the transport distance. The combination of both, petrographic and sedimen-
tologic results were useful to decipher where the boulders originate from.

Very important is that the sampling points (1) and (6) were within the reach of a former glacier. Sampling point (1) was
influenced by the Black Forest glaciation and sampling point (6) by the Alpine glaciation, both during the Riss glacial pe-
riod. Point (6) is close to the Rhine River, which very likely transported some gravel during high-flood stages into the
mouth of the ‘Hauensteiner Murg’. Rocks originating from the center of the Black Forest glaciation around the ‘Feldberg’
have also been found.

The southern Black Forest is mainly build up by the Variscan basement rocks. It is divided from north to south into seve-
ral domains: Baden-Baden-Zone, North and Middle Black-Forest crystalline complex, Badenweiler-Lenzkirch-Zone and
Southern Black Forest crystalline complex. The latter is passed by the the ‘Hauensteiner Murg’. Although sampling point
(1) is located in the Albtal granite, lots of gneiss pebbles have be found. These rocks are assigned to the gneiss-anatexite
complex of Todtmoos and have been transport by the Feldberg glacier. Towards the sampling point (2) the ‘Hauensteiner
Murg’ crosses some porphyry granites and quartz veins, which then enrich the pebble inventory. A similar origin is assu-
med for lamprophyre pebbles at sampling point (5). Sampling point (3) is also located in the Albtal granite, but also boul-
ders originating from north of the spring, like a gabbro from Ehrsberg and a ‘Barhalde’-granite have been encountered.
Due to the proximity to the gneiss complex of the Wiese-Wehra valley the number of gneiss pebbles increased. Sampling
point (4) is located within the gneiss complex of the Wiese-Wehra valley, which results in a further distinct increase of the
abundance of gneiss pebbles. Furthermore, two amphibolite pebbles may orginate from the Gisiboden area close to
Todtnau. Orthogneiss pebbles were taken from sampling point (5). Their provenance area is also situated north of the river
head. At sampling point (6) the pebble spectrum markedly differs from others because of the numerous sedimentary—-rock
pebbles. Red sandstone from the Buntsandstein formation outcropping northwest and northeast of sampling point (5) are
quite frequent. The presence of pebbles consisting of Melser sandstone and limestone pebbles could clearly ascribe to the
Helvetic realm of the Alps.

The marked difference of sphericity between sampling points (1) and (2) (Fig. 1) is due to the input by the Feldberg-glacier
at (2). The sandstones at the mouth of the ‘Hauensteiner Murg’ also have a high sphericity, which resulted from the long-
distance transport out of the Alpine region.
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Figure 1: The general trend of increasing sphericity with transport distance is interrupted at sampling location (2) by the input of glaci-
er-carried pebbles.
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Oxygen and hydrogen stable isotopes in waters and soils from the Visp
catchment, Valais, Switzerland
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Samples of soil and surface water were collected along a transect of 30 km with 1600 m of difference in altitude in the
valleys of Saas Fee and Visp in the Swiss Alps. Mineralogical, chemical, and isotopic (O and H) compositions as well as
physical parameters were determined in order to study water-rock interactions, first stages of clay mineral formation, and
a possible influence of altitude on the isotopic composition of soils during weathering of the parent rock. Further data
from GIS based modeling of the total watershed as well as sub-catchments allows to study elevation profiles, distribution
of precipitation and the occurring host rock lithologies.

The background of this work is to explore the usability of hydrous minerals in foreland sediments derived from Alpine
weathering for paleoelevation studies, based on the altitude effect in stable O and H isotopes.

Waters have a range of §'®0 and 8D values typical for precipitation and snow and glacier melt water in high-Alpine regions.
The major ions are characterized by the dissolution of host rock minerals, leading to an enrichment of Ca, sulphate, K,
and Mg ions along the stream. Mixing with side streams and the artificial input of waters derived from high elevations
due to hydropower utilization can be observed in both the isotope and ion composition.

The mineralogical composition of the soils corresponds to the occurrence of ophiolitic material in higher elevations and
granitic gneisses and mica schists in lower regions. Phyllosilicates from early-stage weathering and transformation of illi-
te and chlorite to interstratified minerals (vermiculite, illite-vermiculite, chlorite-vermiculite and illite-smectite) are
present already in high altitudes but their abundance is higher in lower altitudes as well as in the fine grained separates.
This is also supported by higher water contents, lower 0D values and a shift to a more illitic character of mica minerals in
the <2 pm material.

The overall isotopic composition of the soil samples however is still similar to values of the host rock material and in $'*0
no significant change is noticeable between the different size fractions.

This suggests that the present climate and this environment do not allow for the neoformation of larger quantities of clay
minerals in contact with ambient water.
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4.1

Deccan Volcanism: a main trigger of environmental changes leading to
the KTB mass extinction?

Thierry Adatte?, Alicia Fantasia', Bandana Samant? Dhananjay Mohabey?, Gerta Keller®, Hassan Khozyem' & Brian Gertsch'

'ISTE, Lausanne University, 1015 Lausanne, Switzerland (thierry.adatte@unil.ch)
? Department of Geology, Nagpur University, Nagpur 440 001, India
? Department of Geosciences, Princeton University, Princeton NJ 08540, USA

Model results predict that Deccan Traps emplacement was responsible for a strong increase in atmospheric pCO, accom-
panied by rapid warming of 4°C (Dessert et al., 2001) that was followed by global cooling. During the warming phase, in-
creased continental weathering of silicates associated with consumption of atmospheric CO, likely resulted in the draw-
down of greenhouse gases that reversed the warming trend leading to global cooling at the end of the Maastrichtian.

Massive CO, input together with massive release of SO2 may thus have triggered the mass extinctions in the marine realm
as a result of ocean acidification leading to a carbon crisis and in the terrestrial realms due to acid rains (Fig. 1). Global
stress conditions related to these climatic changes are well known and documented in planktic foraminifera by a diversi-
ty decrease, species dwarfing, dominance of opportunistic species and near disappearance of specialized species. Recent
studies indicate that the bulk (80%) of Deccan trap eruptions (phase-2) occurred over a relatively short time interval in
magnetic polarity C29r (Chenet et al., 2007). Multiproxy studies from central and southeastern India place the Cretaceous-
Tertiary (KT) mass extinction near the end of this main phase of Deccan volcanism suggesting a cause-and-effect relati-
onship (Keller et al., 2012).

In India a strong floral response is observed as a direct response to Deccan volcanic phase-2. In Lameta (infra-trappean)
sediments preceding the volcanic eruptions, palynoflora are dominated by gymnosperms and angiosperms with a rich
canopy of gymnosperms (Conifers and Podocarpaceae) and an understory of palms and herbs (Samant and Mohabey, 2009).
Immediately after the onset of Deccan phase-2, this floral association was decimated leading to dominance by angiosperms
and pteridophytes at the expense of gymnosperms. In subsequent intertrappean sediments a sharp decrease in pollen and
spores coupled with the appearance of fungi mark increasing stress conditions apparently as a direct result of volcanic
activity. The inter-trappean sediments corresponding to Phase-2 (80% of Deccan basalt emissions, latest Maastrichtian) are
characterized by the highest Chemical Index of Alteration (CIA) values. This can be explained by increased acid rains due
to SO, emissions rather than a global climatic shift, because clay minerals from the corresponding sediments do not reflect
a significant climate change. The increased weathering is coeval with the sharp decline in pollen and an increase in fungal
spores observed by Samant and Mohabey (2009) and corresponds to the main phase-2 of Deccan activity.

Beyond India, multiproxy studies also place the main Deccan phase in the uppermost Maastrichtian C29r below the KTB
(planktic foraminiferal zones CF2-CF1 spanning 120ky and 160Ky respectively), as indicated by a rapid shift in ¥”Os/'3¢0s
ratios in deep-sea sections from the Atlantic, Pacific and Indian Oceans (Robinson et al, 2009), coincident with rapid cli-
mate warming, coeval increase in weathering, a significant decrease in bulk carbonate indicative of acidification due to
volcanic SO,, and major biotic stress conditions expressed in species dwarfing and decreased abundance in calcareous
microfossils (planktic foraminifera and nannofossils). These observations indicate that Deccan volcanism played a key role
in increasing atmospheric CO, and SO, levels that resulted in global warming and acidified oceans, which led to increased
biotic stress that predisposed faunas to eventual extinction at the KTB.
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4.2

High precision time calibration of the Permo-Triassic boundary mass
extinction event by U-Pb geochronology

Baresel Bjorn', Bucher Hugo?, Schaltegger Urs!
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Thermal Ionization Mass Spectrometry (TIMS) has and continues to be the principal analytical method for geochronolo-
gists, allowing high sensitivity and high time resolution analyses of single grain samples. For zircon geochronology, the
advent of multicollector instruments, the development of double spike methodologies coinciding with the reassessment
of the uranium decay constants and further improvements in ion counting technology led to nowadays precision better
than 0.1% for single grain and 0.05% for population ages, respectively. These analytical innovations now allow to calibra-
te the record of biological evolution at a resolution relevant to magmatic and biological timescales.

To construct a revised and high resolution calibrated time scale for the Permian-Triassic boundary (PTB) we use U-Pb
zircon geochronology from ash layers in the marine Nanpajiang Basin (South China) in combination with quantitative
biostratigraphic methods and carbon isotope variations across the PTB. Establishing stratigraphic tie points between the
Late Permian to the Early Jurassic allows globally valid intercalibration of biochronological, chemostratigraphic, and ast-
rochronological time-series with radio-isotopic ages for quantifying extinction and recovery rates.

-
-
w

Symposium 4: Cycles and Events in Earth History



—
—
Symposium 4: Cycles and Events in Earth History ‘ B

4.3

Depositional geometries in the Tierwis and Schrattenkalk Formations: a
geochemical and sequence stratigraphic correlation
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Urgonian platform carbonates are a common feature of subtropical and tropical shallow-water environments of late Early
Cretaceous age. They include the remains of rudists, corals, chaetetids and stromatoporoids, which are interpreted as in-
dicators of a predominantly photozoan, oligotrophic carbonate-producing ecosystem. The late Early Cretaceous is also
marked by the occurrence of several oceanic anoxic episodes, such as the latest Hauterivian Faraoni and the early Aptian
Selli Events, which are both interpreted as the consequence of generalized eutrophic conditions. These observations imply
that the late Early Cretaceous underwent larger fluctuations in nutrient supply, which may have interfered with the evo-
lution of the widespread Urgonian platforms.

Our goal is to study the interactions between paleoceanographic and paleoclimatic change, and Urgonian carbonate buil-
dup in the northern, Helvetic Alps. This unit remains understudied relative to its counterparts in eastern and central
France. We specifically intend to compare the Urgonian units of late Barremian age and early Aptian age, which are sepa-
rated by the so-called “Lower Orbitolina Beds”. The late Barremian was less affected by anoxia, whereas the early Aptian
witnessed progressive change in paleoceanographic conditions, which led up to the Selli Event.

The preliminary results of a selection of representative sections from the Helvetic Alps will be shown. They were analyzed
both for their phosphorus and stable-isotope (C, O) contents, as well as for their microfacies in order to develop a sequence
stratigraphic framework. One of the key features is the total disappearance of a late Barremian depositional sequence in
proximal areas, and the progressive morphological change of the platform, from a ramp-like (early Barremian) to a distal-
ly-steepened platform (late Barremian and early Aptian).

4.4
Latemar - What dictates the rhythm?

Brack Peter!
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Around two decades ago the ca. 600 sedimentary cycles identified in the Middle Triassic platform interior at Latemar in
the Dolomites (northeastern Italy) became a reference example for Mesozoic shallow water carbonates that were conside-
red to record Milankovitch-type sedimentary rhythms. By 1987 L.A. Hardie, R.K. Goldhammer and co-workers had estab-
lished a solid cyclostratigraphy based mainly on visual analysis and , Fischer plots“ of bedding patterns. Support for the
then “in vogue” interpretation came from sophisticated mathematical analysis (Goldhammer & Hinnov 1991; Preto et al.,
2001) and available age constraints were largely neglected or discredited. However, the Milankovitch interpretation of the
Latemar cycles was soon challenged by new paleontological evidence and later by U-Pb-zircon age constraints for the cyc-
lic interval. The contradicting results triggered a heated debate known in the literature as the ,Latemar controversy“.
Another, probably related consequence was that the then state-of-the-art radio-isotope data were not considered in the
International Geological Time Scale until 2011, i.e. almost 15 years after they had been published!

Meanwhile a precise calibration of the Latemar stratigraphy has been established on the basis of elements observed in
both, platform carbonates and corresponding basinal successions: i) macrofossils (mainly ammonoids), ii) physical strati-
graphy (tracing of sedimentary layers and intervals between platforms and basinal successions), iii) different generations
of U-Pb zircon age data of tephra layers, iv) patterns of magnetic reversals and data series on magnetic susceptibilites. The
result is one of the arguably best calibrated Mesozoic platform-basin settings with a short duration in the order of 1 myr.



The ca. 450 m thick “cyclic” succession at Latemar corresponds to only a small interval of basinal sediments at short dis-
tance (< 4 km) from the toes of actively growing platforms (Fig. 1). The short-term carbonate production in the Middle
Triassic was evidently high and probably compares to recent figures. Unlike many modern settings only little sediment
was available for far travelled off-platform transport.

The age calibration of the “cyclic” portion at Latemar results in an average duration in the order of 1-2 kyr for the 600+
shortest “beats” (Kent et al., 2004; Spahn et al., 2013). These are considered to reflect small amplitude fluctuations of sea
level. Frequencies of the Milankovitch band seem to be superimposed on this basic signal (e.g., Meyers 2008). The driver
of such a short rhythm remains unknown but Pleistocene examples suggest that short low amplitude (< 10 m) sea level
fluctuations may also be preserved in modern environments.

Carbonate platform Basinal succession

~5m
Cimon del Latemar (Latemar Lst.)

“cyclic” platform interior interval:
ca.450 metres thick
> 600 “cyclic” beds

>

Chieseiceras

............

asinal equivalent

_______

Seceda (Buchenstein Fm.)

ca.8 m of basinal sediments
correspond to the 450 m thick
“cyclic”interval at Latemar!

Figure 1. Comparison of the Latemar stratigraphy and the basinal succession at Seceda. The thickness of the basinal carbonates corres-
ponding to the “cyclic” interval at Latemar is almost two orders of magnitude smaller!

Full lines indicate the distributions of the oldest and youngest ammonoid genera used for correlation. Dotted lines mark possibly corre-
sponding tephra layers. The time span represented by the Latemar as shown is < 2 myr and possibly as small as 1 myr or even less.
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4.5

Detrital and nutrients influxes in the Northwestern Tethyan margin
during the Valanginian: new insights from weathering changes during
the Weissert episode
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The Valanginian stage is characterized by a positive carbon isotope excursion (CIE, 1.5%o), the so-called « Weissert Event »
(Erba et al., 2004). This event coincides with a widespread crisis of carbonate producing biota associated with important
platform drowning events (F6llmi et al., 1994). The formation of the Parana-Etendeka large igneous province (LIP) (ca. 134
Ma) (Janasi et al., 2011) has been widely assumed to be responsible for an increase of CO,, triggering long-term greenhouse
conditions, increased weathering and elevated nutrient transfer rates from continents to oceans. However, many aspects
of this model have recently been questioned. Climate is the fundamental parameter of the model proposed in the previous
studies as it is linked to both geodynamic and stratigraphic events. However, despite the ongoing importance of the deba-
te on Valanginian climate variations, there are relatively few studies that detail high-resolution climatic changes during
the positive C-isotope shift.

The aim of the study is to assess the changes in terrigeneous and nutrients influxes in the Vocontian Basin associated to
fluctuations in weathering processes. The used herein multiproxies approach is focused on high-resolution mineralogical
(clay assemblages) and geochemical (major elements, CaCO, and phosphorus contents) analyses performed on the marl-
limestones alternations of the Upper Berriasian—Valanginian Orpierre section (SE France). This section consists of a conti-
nuous sedimentation, well-time calibrated by biostratigraphy and cyclostratigraphy (Charbonnier et al., 2013).

At Orpierre, it appears that mineralogical and geochemical trends reflect a primary signal driven by palaeoenvironmental
changes. Based upon the previous cyclostratigraphic study, performed at Orpierre, terrigeneous, nutrients and clay inf-
luxes are calculated for the first time during the Valanginian.

The fluctuations of the terrigeneous, phosphorus and clay influxes reflect changes in terrigeneous inputs and nutrients
levels linked to changed in the weathering regime in the source areas. At Orpierre it appears that during the Valanginian
time interval, the weathering pattern results mainly from climate variations. Three major climate episodes have been
highlighted: (i) at the Late Berriasian—Valanginian boundary : the Berriasian—Valanginian Episode (BVE) with a duration
of ~576 kyr ; (ii) at the Early—Late Valanginian transition that includes the positive carbon isotope excursion : the Weissert
episode (WE) with a duration of ~653 kyr ; and (iii) in the Late Valanginian : the Late Valanginian—Hauterivian Episode
(VHE) with a duration of ~516 kyr. These episodes are marked by higher terrigeneous and nutrient influxes related to
enhanced humid conditions. They coincide with major platform demises in the northwestern tethyan margin. Over the
full record, they closely follow the variations in the insolation induces by Earth orbital parameters. Particularly, maxima
eccentricity are recorded when the wetter conditions and the higher terrigeneous inputs are recorded in the Vocontian
basin. The orbital forcing is probably the major driving force behind the palaeoenvironmental changes that prevailed in
the northwestern margin during the Berriasian—Valanginian interval.
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Orbital chronology of the Lower-Middle Aptian: Palaeoenvironmental
implications (Serre Chaitieu section, Vocontian Basin, France)
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In the early Aptian, the OAE 1a is well defined by a negative 3"*C excursion followed by a positive §'*C excursion, covering
the Deshayesites deshayesi and Dufrenoya furcata ammonite zones (Menegatti et al., 1998). To estimate the time required
for the carbon cycle recovery following the major disruption due to anoxia after OAE1a and to provide durations of ammonites
biozones, a cyclostratigraphic approach was performed in the Aptian of the Vocontian Basin (VB). The sedimentary succes-
sion mainly consists of hemipelagic blue-grey marl with frequent slumping and turbidites controlled by syn-sedimentary fault-
ing, but in the Serre Chaitieu (SC) section located close to Lesches-en-Diois, resedimented material represents less than
10% of the succession (Friés & Parize, 2003) making this section a reference for cyclostratigraphy.

At the base of the SC section, above the OAE1a called “Niveau Goguel”, marls become clearer and the carbonate content
increases up to the “Niveau blanc”, a limestone bed considered as a reliable marker throughout the VB (Fig). Above this bed,
the continuous hemipelagic sedimentation is interrupted by a centimetric calciturbidite, which may have induced the erosion
of some meters of marls (Bréhéret, 1997). The section studied encompasses the Deshayesites deshayesi Zone to the end of
the Epicheloniceras martini Zone (Dutour 2005). Using a field Spectral Gamma Ray (SGR), 450 measurements were per-
formed with a sample step of 20 cm. Each measured point was sampled for calcimetry, clay mineralogy and magnetic sus-
ceptibility (MS). Spectral analyses were then performed on all proxies. The lower part of the section (0 to 25 m) shows rela-
tively low SGR and MS values while from 25 m to the top of the section, these values increase. These two parameters show
a good correlation (r = 0.79), while carbonate content and MS show an inverse correlation, which confirms that the MS reflects
mainly the clay content. Clay mineral assemblages consist of illite, illite/smectite mixed-layers (I/S), kaolinite and chlorite. The
proportions of illite and kaolinite covary and fluctuate in opposition with I/S. Cyclic fluctuations of relative proportions of clay
minerals are particularly well expressed by the kaolinite/chlorite ratio. Spectral analyses, using the multi-taper and the ampli-
tude spectrogram methods, were performed on SGR, MS, CaCO, and K/C signals to detect sedimentary cycles related to an
orbital forcing throughout the series. The geochronometer 405-kyr eccentricity cycle well expressed and significant (up to 99%
confidence level) is used to provide a robust temporal framework. More than five 405-kyr eccentricity cycles are recognized
(Fig.), allowing a total duration of at least 2.33 myr for the whole sedimentary succession to be proposed. The minimum dura-
tion of the D. furcata Zone is assessed at 0.46 myr, the duration of the E. martini Zone at 1.45 myr. Amplitude spectrograms
show a strengthening signal of obliquity during the D. furcata Zone, which would confirm the global cooling characterising this
interval, probably leading to the development of low-extension polar ice and the lowering of the sea level. Finally, the return
to equilibrium in the carbon cycle in the aftermath of OAE1a covering the G. ferreolensis foraminifer Zone occurred in more
than 1 myr.
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Cyclic Sedimentation in the Drusberg Beds, Wagital region, Helvetic Alps,
Switzerland
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The Lower Cretaceous limestones of the Drusberg Beds in the Wigital region of the central Helvetic Alps (Switzerland)
exhibit three orders of rhythmic (cyclic sedimentation) in several well-exposed outcrops, (Fig. 1):

1. small scale laminations (.1mm to 1mm thick),
2. alternating limestone and marl beds (10 to 20 m thick), and
3. rhythmic units (2 to 6 m thick).

The clear interrelationships of the rhythms, excellent correlativity along strike, and the record of unbroken sedimentation
lend good bases for discussing variations in bedding and facies, climate control of the depositional record, and of periodi-
cities relating to rhythmic sedimentation. The marine basinal environment of deposition did not itself change, but the
Drusberg sediments were affected by terrigenous detritus in suspension, variations in current regimes, and changes in
nutrient supply, ocean anoxic events, temperature, and salinity of the surrounding water. Clearly, most of these may be
interrelated in complex ways.

The first order (mm) cycles appear to be modes of deposition influenced primarily by variations in autochthonous sedi-
mentation and local current regimes, perhaps even storm tempestites. These rhythms are clearly sedimentary-spatial and
time-irregular. The wavy appearance of the bedding surfaces is most probably due to diagenetic transfer of calcium carbo-
nate. The second cyclic order (cm) may have been influenced by local basin paleotopography as the controlling factor of
facies variations. Shoals could have provided local detritus and shielded seaward basins from terrigenous influxes. Anoxic
conditions may have alternated with more oxidizing environments (Fo6llmi, 2012).

The third order of cyclic sedimentation, (m-scale), may mirror real periodic cyclic fluctuations on a planetary-global scale.
Global climate during the Quaternary exhibits periodicities and variations in the calcium carbonate content similar to
those of the rhythmic units. The only true regular time cycles are related to planetary motions, the orbital eccentricity,
obliquity, and precession of Earth’s movements. Combining these periodicities give the well-known Milankovitch cycles of
ca. 110,000 years. Using the biostratigraphy of Follmi & Godet (2013, Fig. 6), the Drusberg Beds were deposited over a time
period of ca. 1-2 Ma. Many of the third order (m-scale) cycles between the underlying Altmann Beds and the overlying
Schrattenkalk formation can be correlated, but the total number varies along strike due to the diachronous inception of



the younger Schrattenkalk. The number of m-scale cycles in the Wégital area range from 7-15. The number of Milankovitch
cycles in the bracketed 1-2 Ma time period range from 9-18 and certainly occurred during the Lower Cretaceous. Thus it
is possible that global climatic variations caused by planetary motions and may be reflected in the m-scale rhythmic sedi-
mentation of the Drusberg Beds.

Figure 1. Briinnelistock, Wagital, Schwyz (view looking SW from Oberseetal). Middle: Drusberg Beds, below, dark marly Altmann Beds,
top of image, thick banks of the light gray Schrattenkalk Formation (photo R. Freeman).
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Environmental and climatic changes on the Brazilian shelf during the
Campanian-Maastrichtian
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The upper Campanian to upper Maastrichtian interval was examined in the Olinda sub-basin near Recife, Brazil, to deter-
mine the response of inner to outer shelf environments in the equatorial Atlantic realm to global environmental and cli-
matic changes of the late Campanian — Maastrichtian time. A multi-proxy approach involving sedimentological observa-
tions, carbon and oxygen isotopes, organic matter quantification and evaluation, bulk-rock mineralogy and planktic fora-
minifera biostratigraphy was carried out on three cores (Olinda, Poty and Itamaraca) drilled in 2005.

Sediments consist of phosphatic marly limestone topped by bioturbated light to dark gray marly limestone/marls.
Although planktic foraminifera preservation is relatively poor, integrated planktic foraminifera and isotopic stratigraphy
reveals that Poty and Itamaraca cores span the entire Maastrichtian, whereas the Olinda core is truncated with a major
hiatus between the late Campanian and the late Maastrichtian (planktic foraminifera biozones CF8 to CF3). Each core
shows a disconformity at the Cretaceous-Tertiary (KT) boundary similar to the short hiatus (280 kyr) observed by Gertsch
et al. (2013). Bulk-rock mineralogy suggests a secondary dolomitization of the phosphatic marly limestone interval with
the absence of calcite and the prevalence of dolomite, ankerite and Ca-apatite. Calcite (50-90%) and phyllosilicates (20-30%)
are dominant in the bioturbated marly limestone/marl interval. Organic carbon is abundant (up to 4%) and of mixed origin
(terrestrial and marine) indicative of both marine productivity and input of terrestrial organic matter from continents on
the Brazilian shelf.

Isotopic measurements on bulk sediment suggest that oxygen isotopes are strongly affected by dolomitization. Minor
diagenetic effect leads to negative values (up to -4.6%o) in the marly limestone/mar] interval, but climatic trends are well-
preserved with characteristic negative excursions in the terminal Maastrichtian indicative of warming events associated
with Deccan volcanic activity. Carbon isotopes are more reliable with overall positive values (0 - 2%o). A negative shift in
the terminal Campanian correlates well with global carbon isotope records (Wendler, 2013). In the Maastrichtian, carbon
isotope trends show a plateau in the early Maastrichtian (up to CF4) followed by a regular increase up to the KT disconfor-
mity. This contrasts with global carbon isotope curves that record a positive excursion in the late Maastrichtian and sug-
gests a local influence.
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Experimental investigation of molybdenum solubility under low atmos-
pheric O, concentrations: Implications for pre GOE conditions
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The history of the rise of atmospheric oxygen in the late Archean is a matter of considerable debate. Mass independent
sulfur isotope fractionation in marine sediments before the great oxidation event (GOE; ~2.4 Ga ago), is generally conside-
red to be the best indication of an anoxic early atmosphere (Farquhar et al. 2000). Model calculations performed by Pavlov
et al. (2002) suggest that the O, level prior to the GOE was not higher than 10-5 in respect to the present atmospheric level
(PAL). However, this model result is not yet confirmed by experimental findings. New trace elemental isotope proxies as
e.g. molybdenum (Wille et al. 2007) or chromium (Frei et al. 2009) suggest a mild increase in O, before the GOE, starting
at around 2.7 Ga. These elements are redox sensitive and exhibit isotope fractionation, when oxidized to in water-soluble
oxyanions.

The relation of Mo isotope fractionation to atmospheric O, levels is not yet quantified. To improve on this parameter, we
conducted laboratory experiments on molybdenite (MoS,) using a glove box set up. The oxygen concentration in the N,
atmosphere of the glove box has been controlled with platinum scrubbers and logged with an external computer.
Pulverized molybdenite samples, pre-treated in a several weeklong process to reduce and wash out impurities and oxidized
surfaces, have been put in water at different atmospheric oxygen concentrations ranging from 0 to 320 ppm. The O, con-
centration needed to oxidize and partially dissolve the molybdenite has been found to be around 3-10-4 PAL and therefore
slightly higher than the proposed value of Pavlov et al. (2002). The laboratory conditions used in our setup probably results
in a maximum value of the needed oxygen. In any case, these results indicate that prior to the GOE the atmosphere has
already seen a whiff of oxygen with concentrations probably slightly higher than suggested until now.
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Valanginian Weissert event in a shallow-platform setting, Zagros fold-
thrust belt, southern Tethys
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A well-defined, positive carbon isotope excursion (2.03%o in 6'*C) was recognized in a shallow platform carbonate succes-
sion, the Fahliyan Fm. Location is in the Zagros fold-thrust belt of SW Iran, corresponding to the northeastern part of the
Arabian Platform. This significant perturbation and change in the carbon cycle, is reported for the first time from the
Southern Tethyan realm. It is interpreted as corresponding to the “Weissert Event”, dated late Early Valanginian-early Late
Valanginian (135 Ma). The excursion may be related to (1) a rise of CO, in the atmosphere-ocean system, (2) an increase
in the amount and preservation of buried organic carbon and/or (3) the growth of extended photozoan platforms which
operated as a sink for dissolved inorganic carbon of continental origin.

In the Zagros fold-thrust belt, an important phase of carbonate-platform growth started in the Late Triassic, and continu-
ed until the Early Cretaceous along the northeastern passive margin of the Arabian Plate (Alavi 2007). Platform margins
are rather stable, reflecting different settings in the Zagros region: neritic conditions prevailed in the Fars and Khuzestan
areas, while pelagic facies were deposited in the Lurestan area during the Early Cretaceous.

The dataset used for this study includes two outcrops respectively located in the Fars and Izeh zone, that were studied in
details for biostratigraphy and facies analysis, essentially based on benthic foraminifera and dasycladacean algae.The da-
ting was calibrated using the Sr-isotope method following the LOWESS version 4:08/04 (Howarth and McArthur 1997,
McArthur et al. 2001). The benthic foraminifera and calcareous green algae found in shallow-platform deposits were
identified and, relying on sequence stratigraphy and platform-basin transects, indirectly dated by assemblages of plankto-
nic foraminifera, dinoflagellates and calpionellids occurring in interbedded deeper marine intervals. A portable gamma-
ray spectrometer (GRS) was used to measure the in-situ total gamma values, and to quantify three major naturally radio-
active elements, potassium (K), uranium (U) and thorium (Th) in the studied outcrops. Results were used to correlate the
amount of clay content and siliciclastic input, considered a proxy for organic matter.

Seventy measurements of stable carbon and oxygen isotopes of sedimentary carbonates were carried out on 200-300 pg of
powdered bulk samples, derived from the sediment matrix alone. In order to avoid lithology and diagenetic-related side
effects, rock samples were first slabbed to avoid calcite veins, then washed with normal and pure waters, dried at 110°C
in an oven, and finally crushed and homogenized in an agate mortar.

Besides the positive carbon isotope excursion, in the studied sections the interval assigned to the Weissert Event is charac-
terized by the highest amount of uranium (up to 9.0 ppm), tentatively explained by the precipitation of authigenic urani-
um under oxygen-depleted conditions. Preliminary interpretation consequently calls for the signature of a short-lived
anoxic event which, new for the record, is identified in the shallow-platform setting of the study area. Based on oxygen-
isotope analyses carried out so far, such an anoxia was likely accompanied by global warming and greenhouse conditions.

In the same intermission, a biotic crisis occurred in the marine realm, with the extinction of approximately 50% of the
genera of benthic foraminifera and 75% of the genera of dasycladacean algae. Only opportunistic photozoan communities,
presumably tolerant to oxygen-poor conditions, are found within the corresponding interval. Moreover, the average size
of some dasycladacean algae was affected by anoxia. Specimens from the Berriasian and Early Valanginian are large, whe-
reas those from the Late Valanginian and Early Hauterivian are dwarfed (Hosseini et al. 2013). The same is true for benthic
foraminifera, only low spiral and basal-inflated trocholinids being present within this interval.

We are thankful to the Exploration Directorate of the National Iranian Oil Company (NIOC) and also to the Department of Geology and
Paleontology, University of Geneva for permission, under a co-operation agreement, to publish this abstract as a part of an ongoing Ph.D.
thesis of the first author. This research was partly supported by a grant from the Société de Physique et d’Histoire naturelle de Genéve (SPHN,
“Bourse Lombard”).
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Response of terrestrial environment to the Paleocene Eocene Thermal
Maximum (PETM).
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The late Paleocene Early Eocene transition (56Ma) is marked by the warmest climate period of the Cenozoic, known as the
Paleocene Eocene Thermal Maximum (PETM). The importance of the PETM studies is linked to the fact that the PETM
bears some striking resemblances to the human-caused climate change unfolding today (Zachos et al. 2001; 2005 and
Norris et al 2013). Most notably, the culprit behind it was a massive injection of heat-trapping greenhouse gases into the
atmosphere and oceans, comparable in volume to what our persistent burning of fossil fuels could deliver in coming cen-
turies. Knowledge of exactly what went on during the PETM could help us foresee what our future will be like. The res-
ponse of the oceanic and continental environments to the PETM is different. Many factors might control the response of
the environments to the PETM such as paleogeography, paleotopography, paleoenvironment, and paleodepth. Herein, we
present two different examples from terrestrial environment and their response to the PETM warming.

In northwestern India, the establishment of wetland conditions and related thick lignite accumulations reflects the res-
ponse of the continental environments to the PETM. This continental climatic shift towards more humid conditions led
to migration modern mammals northward following the migration of the climatic belts. What remains uncertain is the
timing and tempo of this mammal migration event and whether it originated in Asia or more specifically out of India.

Biostratigraphy and carbon isotope analyses in three lignite mines located in NW India reveal the presence of both PETM
and ETM2 organic carbon isotope negative excursions and demonstrate that modern mammals appeared in India after the
PETM. Relative ages of this mammal event based bio-chemo- and paleomagnetic stratigraphy support a migration path
originating from Asia into Europe and North America, followed by later migration from Asia into India. The delayed ap-
pearance of modern mammals in India suggests a barrier to migration that is likely linked to the timing of the India-Asia
collision.

In contrast, at Esplugafereda, north-eastern Spain, the terrestrial environment reacted differently; increased weathering
due to enhanced runoffled to the formation thick paleosoil accumulation enriched with carbonate nodules (Microcodium
like) suggesting a coeval semi-arid climate (Retallack 2001, Calvet et al., 1999). §®0/3'°0O analyses performed on these soil
nodules formed during the PETM provide important clues to better constrain the temperatures, intensity of warming and
PCO, fluctuations through the PETM. Preliminary data shows: 1) two significant §C shifts with the lower one linked to
the PETM and the upper corresponding to the Early Eocene Thermal Maximum (ETM2); 2) §'®0/3'°0 analyses of two diffe-
rent carbonate nodule types (microsparitic and micritic) reveal a temperature increase of around 10°C during the PETM;
3) This warming corresponds to a significant increase in PCO, values; 4) a prominent increase in kaolinite content within
the PETM linked to increased runoff and/or weathering of adjacent and coeval soils. These preliminary results demonstra-
te that the PETM coincides globally with extreme climatic fluctuations and that terrestrial environments are very likely
to record such climatic changes.
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Continental climate reconstruction during late Eocene-early Oligocene in
Europe
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The most recent shift between greenhouse and icehouse climate modes is placed at the Eocene—Oligocene transition (EOT,
~34 million years ago—Ma), where the marine record reveals stepwise cooling and increased ice accumulation at high lati-
tudes. The terrestrial responses to the EOT climate change, however, show strong spatial heterogeneity and the reported
palaeo-climate records are often contradictory (Kohn et al., 2004; Grimes et al., 2005; Zanazzi et al., 2007; Hooker et al.,
2009; Hren et al., 2013). Here, we present stable isotope data for tooth enamel of large, herbivorous terrestrial mammals
from Europe’s mid-latitudes (N 40-50) to better comprehend the continental environment during the late Eocene—early
Oligocene between 40 and 27 million years ago.

Our isotope data show general decrease in average 6'*0,,, and 6°C values during the studied period, but strong spatial
heterogeneity is apparent as well. Southern maritime localities have high and steady isotope values indicating warm and
dry climate till 32 Ma. Northern sites, yielded lower isotopic values with an average offset of -2.4 %o in 6**0,,, from the
southern localities. These data indicate different moisture sources (Atlantic vs. Tethys Ocean) in these regions and point
to the existence of an already moderately high Alpine chain at this time. Further on, variation in the isotope values in the
north reveals a minimum of 1.3 + 0.7°C drop in mean annual temperature at the EOT, confirming this cooling event in
the terrestrial realm of Europe.

After 30 Ma, we find more fractionated meteoric water in Central Europe, which we explain by sudden relative altitude
changes of at least 1100 meters based on modern relationship between altitude and isotopic composition of precipitation
in the Alps. Considering that the proto-Alps acted already as a climatic barrier before 30 Ma, average palaeo-altitude could
have been as high as 2000 meters in the Alps by the end of the Early Oligocene.
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Latest Permian to Early Triassic high-resolution stable carbon isotope
record from North-east Greenland
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Large and rapid fluctuations of the global carbon cycle during the Late Permian and Early Triassic left a global imprint in
the organic carbon isotope record observed in numerous Permian—Triassic sections (Payne et al., 2004; Galfetti et al., 2007).
Expanded and well preserved successions, i.e. Norway and NE Greenland covering the lower part of the Lower Triassic
(Griesbachian/Dienerian), are crucial for assessing the evolution of the carbon cycle in detail. Sections of this interval are
rare, and often incomplete or condensed. Expanded sections also allow the construction of a reliable biostratigraphic zo-
nation, and therefore a better assessment of the temporal patterns of recovery after the end Permian mass extinction
events, in both marine and terrestrial ecosystems.

At the north-western margin of Pangea, the rifting system between Greenland and Norway led to the accommodation of
thick sedimentary sequences of earliest Triassic age. In East Greenland this interval is represented by a succession of del-
taic sediments reflecting a general regressive trend. They are an excellent archive to study the evolution of terrestrial and
marine ecosystems during this time. At Hold with Hope (East Greenland, 74°N) a 700m a thick fossiliferous succession of
the Wordie Creek Formation has been logged and sampled.

Here we present a high resolution lithostratigraphic and organic carbon isotope record of a composite section, covering
the uppermost Permian and the lower part of the Lower Triassic (Dienerian). Palynofacies data are used to assess the com-
position of the organic matter.

Measurements of about 580 samples show several distinct trends and major shifts in the organic carbon isotope record.
The following major excursions can be recognised (from 1 to 8): 1. a first negative shift of ca. -6%o corresponds to the
unconformity between the Late Permian Ravnefjeld Fm. and earliest Triassic Wordie Creek Fm., regionally known as the
lithological Permian—Triassic boundary; 2. after a short interval with stable carbon isotope values around -28%o a second
negative shift of -4%o (to values of ca. -32%o) follows. This correlates with the negative carbon isotope shift recorded in
numerous globally distributed Permian—Triassic successions. 3. This shift is followed by a steady trend to more positive
carbon isotope values. 4. This trend culminates in a distinct positive shift reaching values of ca. -22%o, comparable to the
values of the Ravnefjeld Fm.; 5. Another negative shift of ca. 7%o leads again to negative values of around -31%o; 6. This
interval of low carbon isotope values is followed by a steady positive trend reaching values around -26%o. 7. At around
350m a step-like negative shift follows with a minimum at around -32%o, its most negative values are observed close to
the Bukkenites rosenkrantzi-bearing layers, possibly corresponding to the Griesbachian—Dienerian boundary (Bjerager et al.,
2006). 8. The last part of the curve shows fluctuating but progressively more positive values, reaching ca. -23%o at the top
of the section. Palynofacies data reflect alternating marine and terrestrial conditions in the lower part of the section
changing to predominant terrestrial conditions near the top.

At basinal scale our isotope data are closely comparable with the coeval section from the Trgndelag platform in Mid-
Norway (Hermann et al., 2010). At global scale similar trends can be observed in organic carbon isotope records from
Pakistan (Hermann et al., 2012). In NE Greenland the distinct negative shift (7) tentatively interpreted to be close to the
Griesbachian—Dienerian boundary can be compared and correlated to the shifts in the carbonate carbon isotope records
from the Arabic Peninsula (Clarkson et al., 2013) and from China (Galfetti et al., 2007; Korte & Kozur, 2010). Thus our data
from NE Greenland reflect multiple and major changes in the global carbon cycle, which occurred at the onset of the
Triassic within less than one million years.
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events of the Toarcian Stage with high-precision geochronology
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The emplacement of the Karoo Large Igneous Province (LIP) has been previously invoked as a causal mechanism for Lower
Toarcian ocean anoxia, climate change, and marine biotic turnover. This causal relationship has been questioned because
of a general lack of precise geochronologic constraints. One narrow time interval in the Early Toarcian in particular, ap-
proximately at the level of the H. falciferum ammonite zone, has received much attention because it contains a prominent
negative carbon isotope excursion (CIE) of global importance, as well as other geochemical and biological perturbations.
Potential links to igneous activity have been proposed as causal mechanisms, one of them being the release of massive
amounts of carbon to the atmosphere via rapid sill emplacement in the sedimentary Karoo basin. Here we test some of
these hypotheses with new high-precision U-Pb zircon and baddeleyite dates from both the Toarcian sedimentary record
in southern Peru, as well as of volcanic rocks and sills from the Karoo volcanic province.

The U-Pb zircon dates come from tephra interstratified with ammonites in marine sedimentary rocks in southern Peru
(Palquilla section near Tacna). We also present new U-Pb zircon and baddelyite dates from three sills and one rhyolite of
the Karoo LIP. The duration of falciferum Zone negative CIE is now constrained by U-Pb zircon ages to be between 1.4 and
0.75 myr and is likely of shorter duration on the basis of stratigraphic relationships. The age of the falciferum Zone is bet-
ween 182.097 + 0.085 Ma and 183.17 + 0.24 Ma (20 analytical uncertainty), thus the Pliensbachian-Toarcian boundary must
be somewhat older than 183 Ma. The onset of the falciferum Zone CIE appears to correlate in time with the onset Karoo LIP
dike emplacement. Sill emplacement, however is recorded by our data to take place over a time span of some 2 million
years. It is therefore substantially longer than the duration of the falciferum zone CIE and cannot be considered as one
catastrophic event that caused global ocean anoxia, instantaneous carbon gas release, global warming, and biotic pertur-
bation. Volcanic activity in the Karoo persisted at least until 179 Ma.

Our new U-Pb results support the interpretation made on the basis of published “°Ar-**Ar data that Karoo LIP magmatism
had a duration of more than 4 myr from approximately 183 to 179 Ma, and therefore do not support global extinction or
anoxia hypotheses that require rapid magmatism of Karoo LIP.
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Towards accurate numerical calibration of the Late Triassic: High-
precision U-Pb constraints on the duration of the Rhaetian
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Numerical calibration of the Late Triassic stages is arguably the most controversial issue in Mesozoic stratigraphy despite
their importance for assessing mechanisms of environmental perturbations and associated biologic consequences prece-
ding the end-Triassic mass extinction. Here we report new CA-TIMS zircon U-Pb dates for volcanic ash beds within the
Aramachay Formation of the Pucara Group in Northern Peru that place precise constraints on the maximum age of the
Norian-Rhaetian boundary. Previous estimates for the age of this boundary and the duration of the Rhaetian stage were
primarily derived from magnetostratigraphic correlations of biochronologically well constrained Tethyan sections and the
astrochronologic record of the Newark basin. Different correlation schemes lead to the concept of a short (4 m.y.) versus
long Rhaetian (up to 10 m.y; for a synthesis see Ogg, 2012). Sampled ash beds are closely associated with a characteristic
uppermost Norian bivalve assemblages comprising the last occurence of large flat clam Monotis subcircularis as well as thin
shelled Otapiria aff. 0. norica and Oxytoma cf. 0. inaequivalvis. Zircon U-Pb dates of sampled ash beds constrain the deposition
age of this interval to be between 205.70 Ma and 205.30 Ma. We further recalibrate previously published zircon U-Pb dates
for ash beds bracketing the Triassic-Jurassic boundary in the same basin (Schoene et al., 2010; Guex et al., 2012) employing
the most recent calibration of the EARTHTIME tracer solution. These dates constrain the duration of the Rhaetian to be
<4.5 m.y., thus strongly supporting the concept of a short Rhaetian. This ends a prolonged controversy about the duration
of this stage and has fundamental implications for the rates of paleoenvironmental deterioration inferred for the Late
Triassic, culminating in the end-Triassic mass extinction and provides an absolute tie-point for magnetostratigraphic and
cyclostratigraphic correlations of marine and continental Late Triassic sedimentary sections.
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Origin of Devonian conical mud mounds of Hamar Lakhdad Ridge, Anti-
Atlas, Morocco: hydrothermal or hydrocarbon venting ?
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In the Eastern Anti Atlas desert of Morocco, 8 km S-E of Erfoud stands the Hamar Laghdad ridge. An E-W orientated mo-
noclinal ridge of 8 km length for 1.5 km width, which exposes a Devonian sedimentary succession crossed by important
senestral N-E to S-W transforming faults. The western part of the ridge overlies directly the Silurian shales succession,
whereas the eastern part spreads over 100 m thick pillow basalts of early Devonian age. This particularity produced a sig-
nificant difference in the sedimentation patterns. The western part of the ridge consists of marine outer shelf sediments
dominated by shales and marls intercalated with scarce fossiliferous limestones enriched in cephalopods (orthoceratids)
deposited during the Pragian and early Emsian. However, the eastern part experienced shallower deposition characterized
by crinoidal limestones.

The most interesting features consist of a constellation of 48 calcareous cones emerging from the sediment surface, the
Kess-kess; they are 30 to 60 m in diameter and 30 to 50 m high. They correspond to thick limestone layers organized
around a central funnel. The mound walls, as the inter mounds layers, are enriched in fossil especially crinoids, but the
mounds seem to have been colonized from time to time by communities of organisms such as bivalves et corals. Some of
these mud mounds have been formed during the early Devonian (Kess-Kess) and others (Hollard mound) later in the middle
Devonian. Some neptunian dykes and up to 0.5 m large cemented fractures postdate the Kess Kess, but predate the forma-
tion the Hollard mound.

Two different interpretations mainly based on stable isotopes analyses have been proposed for the origin of these peculiar
carbonate mounds: (1) accretion of the material driven by hydrothermal venting linked to volcanism (Mounji et al, 1998),
(2) hydrocarbon venting (Peckman et al., 1999). The sediment micrite of the Kess Kess is characterized by very negative
880 values, ranging from -10 to -6%o0 VPDB and positive 5'°C values, between 0 and 2%o (Fig.1), which suggest a precipita-
tion from hydrothermal waters derived from underlying volcanic intrusives.

The mounds also contain cemented cavities (stromatactis). The latter are filled by three different generations of cement
with 880 6-8%o higher than the host rock, in or near the field of early Devonian seawater. Some fully recrystallized corals
(Auloporids) have also been observed in the limestone layers and in the mound flanks indicating that at least some of the
stromatactis are in fact relicts of dissolved organisms fossils recrystallized later in isotopic equilibrium with sea-water.

A younger mud mound framework of middle Devonian age (Peckmann et al., 1999) is present in the western part of the
ridge. They are characterized by very low 8'*C values (-22%o to -10%o VPDB) derived from degradative oxidation of metha-
ne or higher hydrocarbon. The neptunian dykes and associated fractures are more variable fluctuating between very low
8'°C and 6'®0, and normal Devonian values (-22%o to -10%o0 and 0%o to 4%o VPDB, respectively), indicating a precipitation
of the earliest cement influenced by both hydrothermal circulations and hydrocarbon venting (Fig.1, phase A) followed by
normal marine carbonate cement precipitation (Fig.1, phase B)

In addition, the distribution of the saturated hydrocarbons (analyzed by GC-MS) in both Hollard mound, neptunian dyke
and associated fractures samples indicates a similar origin for the petroleum staining these rocks (Silurian graptolith
shales). The generation/expulsion of this petroleum was most probably accelerated by exceptionally high geothermal gra-
dient linked to regional volcanism. For the first time, a model integrating both Kess-Kess and Hollard mound formation is
proposed. To sum up, the younger mudmounds (Hollard mound) originated in an environment influenced by hydrocarbon
venting, contrary to the older Kess-Kess, which are related to hydrothermal venting
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Figure 1. Cross plot of 3'%0 versus §°C for the Kess-Kess sediment, Kess-Kess stromatactis, neptunian dykes and associated fractures,
Hollard mound stromatactis
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Sedimentological, mineralogical and geochemical study of sediments
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The sedimentary beds (infra- and inter-trappeans) associated with Deccan volcanism in India are located in the eastern part
(Madhya Pradesh and Maharashtra States) of the Traps, in the Nagpur, Chandrapur and Chhindwara districts. These sedi-
ments were deposited in terrestrial environments during periods of quiescence of the volcanic activity, mainly in alluvial-
limnic to lacustrine environments.

A sedimentological, mineralogical and geochemical approach has been achieved to evaluate the changes triggered by the
Deccan volcanism in central part India. The results have been compared with the existing palynological data (Samant and
Mohabey, 2009). Bulk rock, clay minerals, phosphorus, organic matter and major/trace elements analyses indicated that
the inter-trappean sediments deposited during the Deccan volcanism do not reflect the same characteristics than the
infra-trappeans sediments preceding the volcanic eruptions.

Sedimentological and mineralogical observations indicate alluvial-limnic environment under arid climate for the deposi-
tion of the infra-trappean sediments. Moreover, palynoflora are dominated by gymnosperms and angiosperms with a rich
canopy of gymnosperms (Conifers and Podocarpaceae) and an understory of palms and herbs. The low content in organic
matter could be related to excessive desiccation and/or oxidation under arid conditions (Samant and Mohabey, 2009).

The eruption of Deccan volcanic flows severely affected the environment. Inter-trappean sediments associated with volca-
nic phase-1 and phase-2 were deposited in terrestrial to lacustrine environments under arid seasonal climate alternating
long dry and short humid cycles. Moreover, clay minerals indicate a predominance of smectites resulting from the basalts
alteration. Dinoflagellates, diatoms and ostracods blooms in the sediments preceding phase-2 could be related increased
micronutrients availability. Organic matter is well preserved in the sediments deposited before the onset of the main
volcanism phase consists of a mixed source with low oxidized lacustrine organic matter and terrestrial inputs. Trace ele-
ments (Ba, Cu, Ni, Zn, U and V) revealed a high productivity under low oxygenated conditions.

A strong floral response is observed with the onset of the main volcanism phase leading to dominance by angiosperms
and pteridophytes at the expense of gymnosperms. In subsequent inter-trappean sediments a sharp decrease in pollen and
spores coupled with the appearance of fungi mark increasing stress conditions apparently as a direct result of intensified
volcanic activity. The organic matter analyses indicate a strong degradation suggesting that the biomass was oxidized be-
cause of strong volcanic activity and resulting acidic conditions. The chemical index of alteration (CIA) shows a gradual
increase culminating within the main phase of volcanism reflecting increased acid rains. Ti/Al and K/(Fe+Mg) ratios are
high and close to Deccan average basalt values indicating a strong influence from the basalts.

Mineralogical and geochemical observations indicate more contrasted sources for the sediments deposited after the main
phase of volcanism and paleontological observations indicate a floral and fauna recovery.
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The Jabal Rayah meteorite impact crater, Saudi Arabia
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Only two certain and two likely meteorite impact sites are so fare known on the Arabian Peninsula (Fig. 1): 1) The Wabar
impact crater cluster in Saudi Arabia (e.g., Philby, 1933; Wynn and Shoemaker, 1998; Gnos et al., in review), 2) the Jebel
Wagqf as Suwwan impact structure in Jordania (e.g., Kenkmann et al., 2010), 3) the As Shutbah impact crater in Saudi
Arabia (e.g., Gnos et al., 2011) and 4) the obscured Albian Murshid impact crater in Oman (Levell et al., 2002). Only in the
Wabar case impact melts and fragments from the iron meteorite impactor were found. Shocked material and shatter cones
have also been found at Jebel Waqf as Suwwan and at Ash Shutbah.

The ~5.5 km sized Jabal Rayah ring structure (Fig. 1) is the fifth impact crater on the Arabian Peninsula. It is a strongly
eroded, complex impact crater located in Saudi Arabia, 68 km NE of Tabuk at 28°39’N and 37°12’E (Fig. 1). It is well visib-
le on aerial and satellite photographs (e.g., Garvin and Blodget, 1986) and was mapped by Janjou et al. (1997). Erosional
processes led to a relief inversion. A ring depression consisting of displaced blocks of Silurian to Early Devonian strata is
now forming a topographically outstanding, up to 150 m high ring crest. The displaced blocks show internal folding and
faulting and some of the sediment packages were thrust over others. The drainage towards the centre of the structure is
controlled by a set of radial faults. The central uplift part of the structure consists of strongly folded, graptolite- and
orthocone-bearing micaceous sandstones of the Qusaiba Formation of Early Silurian age. This part is eroded to the level
of the surrounding plateau and partially covered with gravel.

Despite the fact that the sampled sediments are devoid of shock features, outward plunging fold axes of the central uplift
and folded and displaced blocks forming the ring crest clearly indicate an impact origin of the ring structure. Based on
the crater diameter it can be estimated that the rocks forming the central uplift come from a depth of ~400 m.
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Figure 1. Overview map of the Arabian Peninsula showing known impact craters and the Jabal Rayah ring structure located NE of
Tabuk.
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The importance of the Early-Middle Triassic boundary (EMTB) lays in the fact that this boundary marks the end of the time
interval characterized by the biotic recovery after the end-Permian mass extinction. Therefore, to gain highest possible
time accuracy and precision for quantification of biotic processes, we undertook a detailed calibration of the EMTB with
high-precision CA-ID-TIMS U-Pb age determinations on zircons from volcanic ash beds interbedded with biostratigraphi-
cally well dated marine sedimentary sections. These dates have been used to quantify and calibrate different stratigraphic
schemes across the EMTB in the Nanpanjiang basin in South China. Despite an optimal control on the continuity of the
studied stratigraphic record and on the accuracy of analytical procedures, we recognized that some single ash-beds yielded
ages that are too old and contradict the stratigraphic succession. We therefore try to tackle questions such as: How can
we improve the confidence in the interpretation of zircon dates as proxies for the age of deposition of these ash beds? How
can we define more precisely and accurately EMT boundary?

We sampled 14 volcanic ash beds within a 15m stratigraphic section bracketing the EMTB in the Monggan-WanTuo section
(Luolou Fm., NW Guangxi) in the Nanpanjiang basin, South China. The section is biostratigraphically well calibrated with
conodonts (Goudemand et al., 2012). Our ash bed data start with the so called “green-bean rock” (GBR), which is a compo-
site volcaniclastic greywacke, customarily used as a mapping unit to separate Lower from Middle Triassic marine rocks in
the Nanpanjiang Basin (Lehrmann et al., 2006).

In 9 out of 14 ash beds zircon dates are following the stratigraphic succession within analytical uncertainty (from the late
Early Triassic Luolou Formation — 247.41 + 0.12 Ma to the Middle Anisian “Transition Beds” — 246.44 + 0.14 Ma). The stu-
died sequence shows four samples with reworked zircons, indicating that the zircons in this magma batches were crystal-
lizing over a long period of time or remobilized from deeper levels within the same magmatic system. Another four
samples show clear residual lead loss (mainly the lower part of the section represented by GBR). If such Pb loss is combined
with the presence of antecrystic material, no information can be reliably derived from such material.

This study exemplifies that in such complex cases the number of analysed samples to build up a robust dataset that agrees
with the stratigraphic sequence can be substantial. Through analysis of an insufficient number of samples, not recogni-
zing reworked greywacke type layers, missing lead loss effects and magmatic reworking effects, one could arrive at high-
ly inaccurate numbers for rates of sedimentation and biotic change.

Spline interpolation age model for the eight selected radiometric ages yields an EMTB boundary age of 247.11+0.08 Ma.
This result is well within the uncertainty interval of the previous 247.2 + 0.4 Ma age of Lehrmann et al. (2006), which was
obtained by linear interpolation between two U-Pb ages. The new EMTB age interval is significantly more accurate and
precise and is based on the robust residual maximal associations of conodonts, avoiding biostratigraphical discrepancies.
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Sea level and current controlled sedimentary successions in the
Hawasina Basin (Oman) during the Late Jurassic to Early Cretaceous time
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The Oman mountains preserve a Late Jurassic to Cretaceous continental margin transect with the Arabian carbonate shelf
and the adjacent deep Hawasina Basin. The whole nappe pile containing the continental margin transect is today outcrop-
ping in the Central Oman Mountains. The sediment successions of the Hawasina Basin (Sumeini, Hamrat Duru and Kawr
Group) provide the opportunity to investigate the response of an eastern Tethyan equatorial ocean system to multiple
perturbations of the carbon cycle in the Cretaceous.

The Hawasina Basin and also the easternmost Arabian Platform was affected by the Late Jurassic sea level rise and by re-
gional tectonic (Rousseau et al. 2005). The widespread change “to a “Maiolica Facies” of the Rayda, the Lower Sid’r and also
the Nadan Fm documents this transition in oceanography.

Chemo- and biostratigraphy serve for correlation of the pelagic facies across the Hawasina Basin. Pelagic to hemipelagic
conditions existed until the time of the Valanginian carbon isotope excursion. With the onset of this excursion chert and
silicification features in the pelagic sediments disappeared for a while. On the seamounts (Kawr Group) the top of the
Nadan Formation (Maiolica facies) is marked by a hardground spanning the Valanginian to the Early Cenomanian time.
The hardground documents intensification of an erosive deep current. Chemostratigraphic work combined with radiola-
rian biostratigraphy from Blechschmidt et al. (2004) shows a reduced sedimentation rate with a strong silicification during
the mid-cretaceous time in the Hamrat Duru Group. The hardground and the reduced sedimentation reflect the current
pattern as simulated by Hotinski and Toggweiler (2003).

Because of the equatorial position of the Arabian Platform and the offshore Hawasina Basin, the wind driven equatorial
current produced an upwelling current bringing nutrient rich water masses to the surface of the Hawasina Basin. This
may explain the chert pulse during the onset of the OAE1a. Until now the data suggest that the Hawasina Basin was not
affected by major anoxia during the OAE 1 and 2.
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Alpine Geology
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5.1

Rb-Sr isochron ages from phengite inclusions in garnets from eclogite
facies metasediments of the Zermatt-Saas Fee Zone (Western Alps)

de Meyer Caroline M. C.!, Baumgartner Lukas P.!, Beard Brian L.?, Johnson Clark M.?

Institut des Sciences de la Terre, Université de Lausanne, CH-1015 Lausanne, Suisse
“Department of Geosciences, University of Wisconsin, 1215 W. Dayton, Madison 53706, WI, USA

The ultramafic, mafic and metasedimentary units of the Zermatt-Saas Fee Zone (ZSZ) (Western Alps) were subducted to
eclogite-facies conditions, reaching peak pressures and temperatures of 20-28 kbar and 500-600 °C. The rocks were parti-
ally retrogressed to greenschist-facies conditions during exhumation. Published Rb-Sr isochron ages obtained on matrix
phengites in metasediments of the ZSZ are believed to date cooling to below the closure temperature of phengite of ca.
500 °C. Here we present Rb-Sr isochrons of phengite fully included in garnets to date garnet growth. We show that garnet
acted as a shield for the completely included phengites, preventing Rb and Sr isotopic exchange with the matrix.

Garnets were separated from two metasedimentary samples from Triftji, using the Selfrag apparatus. Phengites included
in garnet were manually recovered from abraded garnet separates. The Rb and Sr isotopic compositions of the phengite
inclusion separates and of matrix minerals were analysed using the TIMS at the University of Wisconsin. Phengite inclu-
sion ages for the samples are 44.25 + 0.48 Ma and 43.19 + 0.32 Ma. They are ~4 m.y. older than the corresponding matrix
mica ages of 40.02 + 0.13 Ma and 39.55 + 0.25 Ma, respectively. To explain the 4 Ma difference in age for the phengites
included in the garnet and the phengites in the matrix we suggest that: (a) phengites were included during prograde gar-
net growth; (b) inclusion of phengite in the garnet allowed for total isolation of the inclusions for isotopic exchange with
the matrix, and hence the micas were protected against re-equilibration during the further prograde and subsequent ret-
rograde path, even though the metamorphic peak exceeded the closure T of the Rb/Sr system in phengite- ; and (c) the 44
Ma inclusion age is a mixed age for the incorporation of phengite in garnet, weighted towards the later part of the garnet
growth; hence towards the peak of the prograde metamorphism. The results are consistent with previous Sm-Nd and Lu-Hf
geochronology on the ZSZ. They confirm that at least parts of the ZSZ underwent peak metamorphic HP conditions
younger than 43 m.y. ago, followed by rapid exhumation to upper greenschist-facies conditions at 39.9 + 0.5 Ma.
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5.2
Constraining Alpine brittle deformation with hydrothermal monazite
Edwin Gnos', Alfons Berger?, Emilie Janots®, Martin Whitehouse?, Michael Soom* Robert Frei® & Tod Earle Waight®

'Natural History Museum, Route de Malagnou 1, CH-1208 Geneva (edwin.gnos@ville-ge.ch)

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

3[STerre, 1381 rue de la piscine, F-38041 Grenoble

“‘SwedishMuseum of Natural History, Box50007, SE104-05 Stockholm, Sweden

*Department of Geosciences and Natural Resource Management, Section of Geology Oster Voldgade 10 1350 Kobenhavn K, Danmark

Two millimeter-sized hydrothermal monazites from an open fissure (cleft) that developed late during a dextral transpres-
sional deformation event in the Baltschieder valley, Aar Massif, Switzerland, have been investigated using electron micro-
probe and ion probe. The monazites are characterised by high Th/U ratios typical of other hydrothermal monazites.
Deformation events in the area have been subdivided into three phases: (D,) main thrusting including formation of a new
schistosity; (D,) dextral transpression; and (D,) local crenulation including development of a new schistosity. The two
younger deformational structures are related to a subvertically-oriented intermediate stress axis, which is characteristic
for strike slip deformation. The inferred stress environment is consistent with observed kinematics and the opening of
such clefts. Therefore, the investigated monazite-bearing cleft formed at the end of D2 and/or D3, and during dextral
movements along NNW dipping planes.

Interaction of cleft-filling hydrothermal fluid with wall-rock results in REE mineral formation and alteration of the wall-
rock. The main newly-formed REE-minerals are Y-Si, Y-Nb-Ti-minerals and monazite. Despite these mineralogical changes,
the bulk chemistry of the system remains constant and thus these mineralogical changes require redistribution of ele-
ments via a fluid over short distances (cm). Low-grade alteration enables local redistribution of REE, related to the stabi-
lity of the accessory phases. This allows high precision isotope dating of cleft monazite. 2*Th/***Pb ages are not affected by
excess Pb (Janots et al., 2012) and yield growth domain ages between 8.03 + 0.22 Ma and 6.25 + 0.60 Ma.

The monazite crystallization is coeval or younger than 8 Ma zircon fission track data (Michalski and Soom 1990) and hence
occurred below 280°C.
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5.3
Tracing Permian lower continental crust through rifting and orogeny
Barbara E. Kunz'!, Brigitte von Niederhdusern!, Paola Manzotti? Pierre Lanari' & Martin Engi!

! Institute of Geological Sciences, University of Bern, Baltzerstrasse 1+3, CH-3012 Bern, Switzerland (barbara.kunz@geo.unibe.ch)
2 Géosciences Rennes, UMR-CNRS 6118, Université de Rennes 1, 35042 Rennes Cedex, France

In the Western Alps crustal fragments of the Austroalpine domain, once belonging to the northwest margin of Adria, are
widely distributed. The IIDK in the Sesia Zone and the Valpelline in the Dent Blanche show numerous similarities to the
Kinzigite Formation of the Ivrea Zone. The IIDK and Valpelline show a large variability in Alpine overprint, therefore
correlation of these units to their origin in the Adriatic margin is often difficult. Marginally overprinted mineral assemb-
lages indicate amphibolite to granulite facies metamorphic conditions. However sometimes only mineral relics, pseudo-
morphs and zircon crystals preserve the high-T history of the rocks. Zircons are known to be very robust to resetting
under severe geological conditions and are thus used as archives.

To be able to compare and link the lower crustal fragments in the Western Alps to the Ivrea Zone, it is necessary to un-
derstand the variability of ages and textures in zircons related to metamorphic grade. Recent high precision geochrono-
logy in the Ivrea Zone (e.g., Ewing et al., 2013, Peressini et al., 2007) has resolved three relatively short-lived (metamorphic)
events during Carboniferous/Permian time. Ewing et al. (2013) showed that the Ivrea Zone was affected first by a regional
metamorphic event at ca. 316 Ma, a second contact metamorphic event around 276 Ma and a third event most likely re-
lated to fluid flow at ~258 Ma. Samples for the present study were collected in two valleys along two metamorphic field
gradients within the Kinzigite Formation.

(1) In Val Strona di Omegna (N-Italy) a regional field gradient is exposed, with P-T conditions ranging from 650°C at 3—6
kbar to >900°C at 10-12 kbar (Ewing et al., 2013; Luvizotto & Zack, 2009; Redler et al., 2012). Zircon crystals in the lowest
grade samples (mid amphibolite facies) show no datable overgrowth rims. Detrital cores have variable textures (igneous
and metamorphic clasts), with ages clustering into three groups: the oldest one is Grenvillian (950-1000 Ma), the second
and dominant group clusters around the Cadomian orogeny (530—650 Ma), and a third group preserves Variscan ages (~350
Ma). Towards higher metamorphic grade (T~750°C), zircon crystals are rich in inclusions (mostly sillimanite, minor feld-
spar and quartz) and have detrital cores; these show the same age distribution as the lowest grade samples (Grenvillian,
Cadomian, Variscian). The Carboniferous/Permian metamorphic overgrowth rims show three age groups (315 Ma, 290 Ma
and 270 Ma). At highest grade (=900°C) few very small detrital cores are present. Zircons crystals in leucosomes show less
complex textures, and the rim morphologies indicate growth in the presence of the anatectic melt. In melanosome do-
mains zircon rims are more heterogeneous and have textures typical of high-grade metamorphism, such as planar growth
banding, radial sector zoning and fir-tree sector zoning. Zircon ages show a similar distribution as the other samples (304
Ma, 273 Ma, 261 Ma); however, absolute ages are shifted towards younger ages.

(2) In Val Sesia (N-Italy) the metamorphic field gradient is dominated by contact metamorphism. The metamorphic con-
ditions range from 680-940°C and 4-7 kbar (Redler et al., 2012). Zircons show detrital cores with complex resorption and
overgrowth textures. The detrital cores have Cadomian ages of ~570 Ma and Caledonian ages of ~430 Ma. Zircon mantles
have ages of ca. 310 Ma, and rims ages cluster around 290-280 Ma.

Zircon ages obtained from the IIDK and Valpelline units show similar patterns in their overall Carboniferous/Permian age
distribution as in the Ivrea Zone. However absolute ages for the individual slices deviate from those the Ivrea Zone; pre-
liminary data indicate the following pattern:

Ivrea IIDK Valpelline
315/290 /260 302 /285/271 2871274 | 264 Ma
304 /2731261

So far it remains ambiguous whether these differences are due to partial preservation or indicate real differences in the
original crustal positions within the Adriatic margin; additional work is underway.

These observations are promising as a help in correlating slices of continental crust, exposed now as tectonic blocks scat-
tered across the Western Alps. Indeed, their approximate crustal position prior the Alpine rifting, subduction and uplift
may be related to the Ivrea Zone, where continuous metamorphic field gradients are established, especially when the
P-T-data of the Carboniferous / Permian metamorphic imprint in each tectonic fragment is also incorporated in the
analysis.
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5.4

Tracing the continuous P-T path in metamorphic rocks by combining
thermobarometry with a micro-mapping approach

Lanari Pierre?!, Loury Chloé?, Burn Marco’, Riel Nicolas®, Rolland Yan?, Schwartz Stéphane?®, Guillot Stéphane®, Vidal
Olivier®, Engi Martin!

! Institute of Geological Sciences, University of Bern, Baltzerstrasse 1+3, CH-3012 Bern, Switzerland (pierre.lanari(@geo.unibe.ch).
2 Géoazur, UMR7329-CNRS, UNS, 250 rue Albert Einstein, Sophia Antipolis, 06560 Valbonne France.
3 ISTerre, University of Grenoble 1, CNRS, 1381 rue de la Piscine, 38041 Grenoble, France.

Our understanding of geodynamic and processes in subduction zones critically relies on estimates of the pressure-temper-
ature (P-T) conditions of crystallization of metamorphic mineral assemblages. In subduction-collision mountain belts,
eclogitic rocks have witnessed burial to LT-HP conditions followed by rapid exhumation. In favorable cases a series of as-
semblages remains, preserved in the same sample, with metamorphic minerals that grew at different times and under a
range of equilibrium conditions of P, T, pH and fO2. Such distinct assemblages provide the opportunity to calculate the
preserved local equilibrium condition and to construct a detailed P-T path from a single thin section. Ideally, P-T estimates
can be correlated with deformational microstructures observed at micrometer scale. The identification of relationships
between microstructures, chemical variations and metamorphic conditions demands contiguous compositional data in at
least two dimensions, i.e. compositional maps.

To explore links between microstructure and P-T equilibrium conditions X-ray images acquired using the electron micro-
probe are very useful. The X-ray data processing involves several steps such as (i) analytical standardization, (ii) classifica-
tion, (iii) structural formulae and (iv) estimation of P-T conditions. These tasks are achieved using a MATLAB®©-based
graphical user interface program XMapTools (Lanari et al. in press, freely available at http://www.xmaptools.com). To esti-
mate P-T conditions of crystallization at the micrometer scale, XMapTools include a set of ~50 empirical and semi-empir-
ical thermobarometry functions and can easily be coupled with forward (i.e. Gibbs free energy minimization) and inverse
(i.e. multi-equilibrium) modeling calculations.

In this contribution we present some select examples of application of XMapTools to rocks from NW Himalaya, from the
Atbashi Range and from the Alps. In the Himalayas, an extensively retrogressed eclogite sample from the Stak massif,
northern Pakistan was investigated (Lanari et al. 2013, in press). A continuous P-T path and P-T maps (Fig. 1) were calcu-
lated from the eclogite stage to amphibolite-facies retrogression. In the Atbashi Range (southern Tien-Shan, Kyrgyzstan) a
large massif (10 x 100 km) of continental HP rocks was investigated to reconstruct the geodynamic evolution of the north-
ern rim of the Tarim basin (Loury et al. 2012). In the Alps (Glacier-Rafray Klippe, Aosta valley), phengite in leucocratic dyke
was analyzed to link P-T conditions to the timing of the HP metamorphism. These examples will illustrate how X-ray data
can be used to decipher P-T paths. In such case, P-T estimates have been estimated using both inverse modeling multi-
equilibrium and equilibrium phase diagrams computed for a specific rock composition using forward modeling software
(Theriak-Domino).



Pressure (Kbar) Tempearature (“C)

Figure 1. Pressure and Temperature maps of clinopyroxene modified from Lanari et al. (2013, in press). This eclogite sample comes
from the Stak massif in Himalaya (N Pakistan). HP omphacite grains are destabilized into symplectite of clinopyroxene + amphibole +

plagioclase.
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5.5

The volcano-sedimentary evolution of a Late-Variscan intermontane
basin in the Swiss Alps (Glarus Verrucano) as revealed by zircon U-Pb age
dating

Dominik Letsch', Wilfried Winkler!, Daniela Gallhofer?, Albrecht von Quadt?

Geological Institute, ETH Zentrum, Sonneggstrasse 5, CH-8092 Zurich, Switzerland
% Institute of Geochemistry and Petrology, ETH Zentrum, Clausiusstrasse 25, CH-8092 Zurich, Switzerland

The Late Palaeozoic Glarus Verrucano basin formed in an intermontane graben in the aftermath of the Variscan orogeny.
Its entirely continental fill, the Glarus Verrucano, mainly consists of immature alluvial fan and playa deposits with inter-
calated bimodal volcanics (basalts and rhyolites, see Figure 1). It can attain a maximum thickness of 1600 m. Despite its
importance for local and regional geology, no modern sedimentologic or stratigraphic studies on the GVB exist.

Figure 1.The youngest volcanic rocks in the Glarus Verrucano: ignimbritic rhyolites (“Schénbiiel quartzites”, Upper Chrauchtal, Canton

Glarus). In thin sections the characteristic recrystallized glass shards can easily be recognized. Age: 268 Ma. From Letsch et al. 2013.

For the present project we sampled volcanic rocks (rhyolitic tuffs) for high-precision zircon U-Pb dating (CA-TIMS) and
clastic sediments for detrital zircon U-Pb dating (LA-ICP-MS). In the Glarus Verrucano we distinguish two volcanic episodes
(Figure 2). A first phase (Mdren Formation) was of bimodal character with basaltic lava flows and rhyolitic flows (mainly
ignimbrites). The lowest rhyolitic tuff (Sample DL V5) yielded a zircon U-Pb age (CA-TIMS) of 285 Ma. A second phase
(“Schénbiiel quartzites”, Schénbiiel formation, Figure 1) was exclusively of rhyolitic (ignimbritic) character. One ignimbri-
te layer (sample DL V7) yielded an U-Pb age (CA-TIMS) of 268 Ma. Thus, the lifespan of the Glarus Verrucano basin can be
estimated as at least 17 Ma.
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Figure 2. Schematic stratigraphic sections through the Verrucano in the Freiberg (left) and Murgtal/upper Chrauchtal area (right).
Asterisks indicate sampling sites (green/red: sample yielded enough/not enough zircons for analysis). Stratigraphy mainly after unpub-
lished PhD theses summarized by Triimpy and Ddssegger (1972). From Letsch et al. 2013.

The detrital zircon ages from four samples (DL V1, V4, V6, V9) yielded mostly unimodal to slightly bimodal age distribu-
tion patterns with dominantly late Variscan ages (296 to 298 Ma) and subordinate older ages (with a maximum at 458 Ma,
Ordovician). Synsedimentary zircons were present in each sample. Thus, the Glarus Verrucano records fast erosion and
exhumation of the surrounding source areas, which were mainly composed of rather young intrusive rocks.
Synsedimentary volcanism culminated in the Early Permian but continued into the early Late Permian.
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5.6
New tectonic limits in the Central Alps : the case of the “Simano nappe”
Masson Henri', Steck Albrecht!

Institut des Sciences de la Terre, Université de Lausanne, Geopolis, CH-1015 Lausanne

The “Simano nappe” is a classical tectonic element of the Lower Penninic nappes in the Central Alps. It consists in a large,
mainly gneissic body, situated geographically between the Maggia-Sambuco and the Adula nappes. Our researches reveal
that it is a composite body made of at least two tectonic units of completely different origin, separated by a major Alpine
thrust.

1.- The lower unit, the Verzasca nappe, lost most of its sedimentary cover, probably by early syn-tectonic erosion. Remnants
of its Mesozoic cover are preserved as boudinaged lenses which discontinuously materialize the axial trace of a deep iso-
clinal recumbent syncline. Its Triassic is similar to rocks of same age in the Teggiolo zone, on the other side of the Maggia
synform.

2.- The upper unit, the Campo Tencia nappe, has a very different constitution. The Triassic of its sedimentary cover (called
the Campo Lungo zone) is similar to the Triassic of several units that belong to the middle part of the Lower Penninic
nappes (e.g. Monte Leone, Adula, Valser Schuppen, etc). Recent researches provide hints that this Triassic is a reduced,
littoral equivalent of the Brianconnais Triassic platform.

The differences in the petrographic composition of the gneissic basements of these two parts (orthogneisses abundant in
Verzasca, scarce in Campo Tencia, etc) had been noticed long ago by previous authors who already considered the possibi-
lity of a subdivision of the “Simano nappe” into two or more “Lappen” (a distinction generally abandoned on modern
tectonic maps). However our proposition is different as it is also based on significant differences of their Mesozoic cover
series: these reveal different geological evolutions and different paleogeographical positions before their coupling during
an early stage of Alpine tectonics. The presence in the “Simano” gneissic body of a few remnants of the Triassic cover of
the Verzasca nappe confirms this interpretation. Consequently the origin of the Campo Tencia nappe is internal with re-
spect to the Verzasca nappe.

We will discuss several consequences of these new observations.
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Retrograde evolution of paleo- to recent fluids and their impact on
mineral precipitation in the Gotthard base tunnel between
Amsteg and Sedrun, Switzerland

Mullis Josef' & Wolf Mathias’

'Mineralogisch-Petrographisches Institut, University of Basel, Bernoullistrasse 30, CH-4056 Basel (josef.mullis@unibas.ch)

The present study is focused on eight selected Alpine fissures situated in different crystalline units of the Aar massif along
the Gotthard railway base tunnel. Preliminary results of the fluid evolution from paleo- to the recent fluids are presented
and preliminarily interpreted.

Due to compressional tectonics, the investigated Alpine fissures opened at PT-conditions of 350 - 410 °C and 3.5 - 4 kbar
(Mullis et al., 2001; Mullis, 2011). Episodic tectonic activity affected these fissure systems. According to such tectonic
events, already formed fissure minerals like quartz were systematically sheared, broken and reheald, trapping fluids du-
ring retrograde conditions.

Salinity of the trapped fluids evolved from 10 wt % in the earliest fluid inclusion population to < 2 wt % NaCl equivalents
in the latest detected fluid inclusion population. Comparing fluid compositions of paleofluids with recent fluids
(Bergwdsser; Bucher, 2011; Seelig & Bucher, 2010), bulk salinities decrease to values between 0.27 to 0.035 wt %.

Due to the episodic tectonic events, several paleofluid populations and at least 3 mineral assemblages formed. One mine-
ral assemblage within the Central Aar granite (Alpine fissure 42 W) is characterized by precipitation of anhydrite, baryte
and pyrite, showing &*S of anhydrite of 25.6 %o.

Preliminary interpretation:

1. The decrease in salinity within paleofluids during retrograde conditions along a geotraverse through the Central
Alps is well known (Mullis et al., 1994). Dilution of salt-enriched metamorphic fluids is interpreted predominantly
by infiltration of meteoric water due to enhanced tectonic activity.

2. Sulfur infiltration during retrograde conditions is interpreted to originate from overlying Triassic evaporites (above
the crystalline rocks of the Aar massif), due to strong tectonic events.

3. The decrease in salinity from the youngest paleofluids (within fluid inclusions of fissure minerals) to recent waters
(Bergwasser) of up to 100 times is controlled by meteoric waters, the neotectonic fault networks, the actual orogra-
phy of the Alpine body, and in consequence, the deep lying discharge systems along the concerned valleys.

To improve the presented preliminary results, more stable isotope and ICP-MS investigations are planned.

REFERENCES

Bucher, K. 2011: Bergwisser. In: P. Amacher und T. Schiipbach, NEAT-Mineralien, Kristallschétze tief im Berg; 176-193.
Verlag: GEO-Uri GmbH, Amsteg.

Mullis, J. 2011: Entstehung alpiner Zerrkliifte und Kluftminerale im Gotthard-Basistunnel, Abschnitt Amsteg-Sedrun und
im Zugangs- und Kabelstollen von Amsteg. In: P. Amacher und T. Schiipbach, NEAT-Mineralien, Kristallschitze tief im
Berg; 194-229. Verlag: GEO-Uri GmbH, Amsteg.

Mullis, J., Dubessy, J., Poty, B. & O’Neil, J. 1994: Fluid regimes during late stages of a continental collision: Physical,
chemical, and stable isotope measurements of fluid inclusions in fissure quartz form a geotraverse trough the
Central Alps, Switzerland, Geochim. Cosmochim. Acta, 58, 2239-2267.

Mullis, J., Overstolz, M., Wyder, R., Rahn, M., Peretti, A. & Amacher, P. 2001: Fluid inclusion investigations of fissure
minerals from NEAT transects (Gotthard and Loétschberg base tunnels) trough the Central Alps: Preliminary results.
EUG XI, Strasburg, April 8th - 12th, 2001, Journal of Conference, Abstracts, 6/1, 258.

Seelig, U. & Bucher, K. (2010): Halogens in water from the crystalline basement of the Gotthard rail base tunnel (Central
Alps). Geochim. Cosmochim. Acta 74, 2581-2595.

-
| IS
(9]

Symposium 5: Alpine Geology



=y
H
=]

Symposium 5: Alpine Geology

5.8

Provenance analysis of the Voirons Flysch (Gurnigel nappe, Haute-Savoie,
France): highlighting two major sources

Ragusa Jérémy’, Ospina-Ostios Lina Maria®! and Kindler Pascal!

! University of Geneva, Section des Sciences de la Terre et de 'environnement, 1205 Genéve (jeremy.ragusa@unige.ch)

Our provenance analysis has identified two major sources for the Voirons Flysch. The first one supplied most of the mem-
bers of this flysch and is similar to that of the Gurnigel Flyschs. It is characterized by a high content in quartz and sedi-
mentary clasts. The second one is specific to the Vouan Conglomerates and is localized in basement rocks. Next steps will
be to provide a sedimentary model and the paleogeographic location of the Voirons Flysch basin.

In the Chablais Prealps, the Gurnigel nappe is represented by the Voirons Flysch which is exposed in the Voirons and
Vouan massifs and in some minor reliefs. This flysch is subdivided into three units: (1) the Voirons Sandstones (VS) basi-
cally constituted by a thick-bedded sandstone series, punctuated with some conglomeratic layers; (2) the Vouan
Conglomerates (VC) formed of m-thick beds of matrix-supported conglomerates with subordinate sandstones; and (3) the
Saxel Marls (SM) represented by a series of m-thick marl layers separated by thinly bedded sandstones. Finally to the NE,
the Allinges Sandstones (AS) is considered as the lateral equivalent of VC or the VS, according to previous works. This
succession is interpreted as a sequence from intermediate (VS) to proximal (VC and AS) turbidites, topped by distal turbi-
ditic/contouritic facies (SM).

Biostratigraphic investigations (Ospina-Ostios et al., 2013) have rejuvenated this flysch from the Middle Eocene to the Late
Eocene - Early Oligocene, which is in discrepancy with most palaegeographic models where the Gurnigel nappe is subduc-
ted earlier (up to the Middle Eocene) while the North Penninic flyschs go up to the Oligocene. Additionally few sedimen-
tological studies have been made and provenance interpretation of this flysch is mainly based upon the other Gurnigel
Flyschs studies.

More than 250 thin sections have been elaborated from the three members of the Voirons Flysch. Each thin section has
been stained in order to differentiate alkaline feldspars, plagioclases and quartz. Counting of 300 points per section was
made following the Gazzi-Dickinson method. Quartz and feldspars enclosed in lithoclasts have been counted in a dedicated
class. Other constituents have also been taken into account as extra-counting.

All samples have been classified as quartzo-feldpathic sandstones with variable composition. They are depleted in litho-
clasts. Most of them plot into the Continental Block field in Qm-F-Lt ternary diagrams (Dickinson and Suczek, 1979) and
are organized into two clusters. The first one regroups the VS, SM and AS in the Transitional continental to Mixed area,
while the second group is located in the Basement uplift field. This separation between the former group and the VC is
confirmed by the relative content in lithoclasts (mainly sedimentary in the former and metmorphic to volcanic in VC).
Additionally heavy-mineral analysis reveals a rich content in garnet for the VC, whereas the other members are characte-
rized by a more important ZTR content.

Compared to the other Gurnigel Flyschs (Winkler, 1984; Winkler et al., 1985), VS, SM and AS members present similarities
and seem to have same provenance than the former: Continental block to clastic wedge provenance according to Garzanti
et al. (2007). However, there is some difference as, for example, the lack of tourmaline. The VC is, in contrast, not related
to the Gurnigel provenance. Its source is more influenced by basement, with high content in feldspars and relative rich-
ness in metamorphic rocks. These characteristics imply an Axial Belt provenance (Garzanti et al., 2007) with some inputs
from a Magmatic Arc.
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Structure and kinematics of the northern Adula nappe (Central Alps,
Switzerland) and its emplacement in the Lower Penninic nappe stack.

Cavargna-Sani', M. & Epard, J.-L.*

! Institut des sciences de la Terre, Université de Lausanne, Bdtiment Géopolis, CH-1015 Lausanne, mattia.cavargna-sani@unil.ch

The Adula nappe belongs to the Lower Penninic domain of the Central Alps. It consists mostly of pre-Triassic basement
rocks containing also numerous eclogites. The Adula nappe has the peculiarity to comprise several cover occurrences
within the basement. The nature of the deformation experienced by the nappe reveals a complex history with several
deformation phases.

The purpose of our study is a better understanding of the Alpine kinematics of the northern Adula nappe with a special
focus on the early deformation phases responsible for the nappe emplacement. This study is mainly based on a detailed
geologic mapping of several representative key-areas in the Northern Adula nappe. It has been also extended to a multi-
scale structural analysis of the nappe at a broader scale.

We recognized that the nappe emplacement is associated with two phases of deformation. The early Ursprung ductile
deformation phase is characterized by folds that are compatible with a top-to-the-south shearing. The Zapport phase, par-
tially contemporaneous with the Ursprung phase, produces the main structural features of the nappe by ductile north
directed shear and forms two generations of isoclinal nappe-scale folds. These folds are revealed by a detailed mapping in
areas preserved by later deformation. The Zapport phase folds are complex synclines cored by the sedimentary cover at
the front of the nappe.

In the Eastern transect of the Central Alps, the Adula nappe and the nappes derived from paleogeographic domains lo-
cated south of the Adula domain (hyper-extended margin) are mostly emplaced by detachment and basal accretion in the
Alpine accretionnary prism. In contrast, the Adula nappe and the other nappes located northward in the paleogeography
are derived from a coherent European slab and form fold-nappes. The specific paleogeographic position of the Adula do-
main at the leading edge of a coherent European slab explains why this unit was subducted to depth sufficient to form
eclogites. This leads the Adula nappe to act as a major shear zone during the nappe emplacement.

Two later deformation phases postdate mainly the nappe emplacement. The Leis and the Carassino deformation phases
are principally characterized by NW-vergent folds. These deformations affect the nappe front formed during the previous
nappe emplacement phases.
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Fluid-infiltration driven formation of reaction rims between carbonates
and silica-rich sediments during contact metamorphism of the
Buchenstein formation in the Southern Adamello contact aureole, Italy.

Katharina Marger, Thomas Mueller

Institut fiir Geologie, Mineralogie und Geophysik, Ruhr-Universitdt Bochum, Universitdtsstr. 150, D-44801 Bochum, Germany
katharina.marger@rub.de, thomas.mueller-1@rub.de

Contact aureoles provide a unique natural laboratory to study rates and mechanisms of mineral reactions. Metamorphic
reactions in contact aureoles are often driven by fluid-infiltration leading to large element fluxes and metasomatism
between adjacent lithologies with different bulk composition. Intrusion of southern Adamello batholith into mainly dolo-
mitic and calcareous sequences of lower to middle Triassic sediments produced a variety of metamorphic reactions and
metasomatic textures. In this study, we present a detailed petrographic and geochemical characterization of the evolving
reaction rims in the Buchenstein formation. The latter consists of well bedded pure limestones with nodular chert layers
and some volcanoclastic, shale and sandstone intercalations. We collected a total of 12 samples with different grade of
metasomatic overprint. Most samples locations are on the southern slope of Monte Frerone, ~ 50 m below the peak near
the contact with the intrusion. Samples with lower grade metamorphism are collected about 400 m below the peak and
one almost non-metamorphic sample was collected in Valle del Gaver south of the Monte Blumone.

Four zones with different mineral assemblages can be distinguished in the investigated samples. Progressing from marl to
hornfels layer the zones are as follows: (1) calcite + clinopyroxene, (2) wollastonite, (3) quartz + plagioclase + clinopyroxe-
ne, and (4) plagioclase + quartz + biotite. Layer (1) is mostly homogeneous and dominated by coarse-grained (up to 800 pm
in diameter) calcite with some fine-grained (50 pm) rounded clinopyroxene. Layer (2) consists almost entirely of wollasto-
nite with a few xenomorphic clinopyroxene crystals. Here, two different textures of wollastonite can be recognized: a) grey
elongate radiating aggregates and b) short prismatic grains of brightly yellow color showing lamellar twinning. The grain
size of both wo-occurrences is strongly variable ranging from 20 to 750 pm in diameter. A continuous increase in size of
the clinopyroxenes is observed in layer (3) towards the silica-rich hornfels layer. On the opposite side, i.e. at the contact to
the wollastonite-rich layer, the typical grain size does not exceed 20 pm and clinopyroxene forms small roundly grains,
which overgrow plagioclase in a quartz dominated matrix. Clinopyroxene is already up to 300 pm and forms xenomorphic
poikilitic grains near the hornfels contact. In this zone, plagioclase is the dominating phase in the matrix. Plagioclase
crystals are strongly xenomorphic with many inclusions of quartz. In contrast, idiomorphic twinned plagioclase (up to 200
pm) can be observed beneath fine-grained clinopyroxene in the zone near the contact to the wollastonite layer. A few up
to one millimeter broad veins dominated by coarse-grained clinopyroxene and some plagioclase occur in layer (3). Layer
(4) is a hornfels with a mostly homogeneous fine-grained plaqioclase-quartz-matrix. Here, biotite occurs as small (up to 20
pm) flaky grains, but are also rarely found as aggregates as large as 200 pm in diameter. A preferred orientation of biotite
parallel to the overall layer structure can be observed. Some idiomorphic titanite crystals are found, mostly in contact with
clinopyroxene within the transition zone between layers (3) and (4). The whole sequence described above is about 5 cm in
length and repeats itself on hand specimen scale, whereas the exact width of different layers can vary between samples.

Element X-ray maps measured by electron microprobe show a general decrease of Al and Si from the hornfels towards the
calcite-dominated layer. Reverse, observed Ca-concentration decreases from carbonate to the hornfels layer. Taken to-
gether, these gradients represent the major element fluxes of Ca, Al, and Si during fluid-infiltration at elevated tempera-
tures.
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Fluid investigation on prograde, T-max and retrograde inclusions in
quartz from the southern part of the NEAT Gotthard base tunnel,
Central Alps: preliminary results.

Proce Medea', Mullis Josef!

'Mineralogisch-Petrograpisches Institut, University of Basel, Bernoullistrasse 30, CH-4056 Basel (medea.proce@stud.unibas.ch)

The present study is focused on fluid inclusions in quartz, which are formed during increasing, maximum and decreasing
temperature conditions.

The main topics to investigate are:

1. the evolution of fluid composition during prograde, T-max and retrograde conditions

2. the evolution of fluid composition and pressure at 400 °C from Biasca to the North of the Piora valley

3. the fluid evolution from the metasedimentary rocks of the Piora valley toward the crystalline units situated North
and South of them

4. the difference between surface and NEAT base tunnel fluids.

Quartz samples were collected especially from Alpine fissures within the NEAT Gotthard base tunnel between the
southern Gotthard massif and Biasca, situated in the Penninic Leventina nappe. In addition samples were also collected in
quartz segregates (QS) and in Alpine fissures of the Piora valley.

All fluid inclusions are investigated by microthermometry. Prograde fluid inclusions are systematically found in the QS.
They are stretched or decrepitated and contain the highest amount of CO,. Tessin habit quartz (THQ) that were formed
close to the T-max contain CO,-enriched fluids in + idiomorphic inclusions. Late retrograde H,O-enriched fluid inclusions
are common in both, QS and THQ.

Results:

1. The evolution from prograde (in QS) over < T-max (in early THQ) to younger retrograde (in THQ) fluid inclusions dis-
play a characteristic decrease in CO,-content, from 2 65 to < 5 % CO, at pressures from ~3 to < 2 kbar.

2. Prograde fluids show a decrease of CO, from the Piora valley toward the Lucomagno nappe in the South and the
Gotthard massif in the North.

3. T-max fluids in the base tunnel show an increase of CO, and fluid pressure from South (Leventina nappe) to North
(Piora valley).

Discussion and preliminary conclusions:

1. The source of CO, are metasedimentary rocks of the Piora valley and metasediments situated under the Leventina
nappe. This is supported by fluid inclusions containing the highest CO,-content located on prograde overprinted QS.
Thus CO, was predominantly produced by decarbonatisation of metasedimentary rocks (Mullis et al. 1994).

2. Decrease of CO, within the given locality is probably controlled by meteoric water contribution and carbonate preci-
pitation during retrograde conditions, what has to be proved by stable isotope investigations.

3. Fluid migration decreases from the Piora valley toward the crystalline Gotthard massif and the Lucomagno nappe.
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Lu-Hf ages form the Zermatt-Saas Fee ophiolite
Susanne Skora'?, Lukas Baumgartner’, Clark Johnson?

! Institute of Mineralogy and Geochemistry, University of Lausanne, Geopolis, CH-1015 Lausanne (Susanne.Skora@erdw.ethz.ch)
% Institute of Geochemistry and Petrology, ETHZ, Clausiusstr. 25NW, CH-8092 Ziirich
? Department of Geosciences, University of Wisconsin-Madison, 1215 W Dayton Street, Madison, WI-53706, USA

The Alpine chain is a classic continent-continent collisonal orogen that formed by the collision of Apulia/Africa with the
Europe, after the closure of the Liguro-Piemont oceanic trough. Today, the remnants are exposed in the Western Alps as
eclogite facies rocks of the Zermatt-Saas Fee (ZSF) unit. The eclogites have been the focus of many geochronological studies
aiming at constraining the Alpine high-pressure event. Garnets are particularly useful, because they clearly belong to the
HP paragenesis. There is a large spread in garnet-isochron ages throughout the ZSF unit, depending on the location and/
or decay system. This spread can either have a petrologic and/or a geologic origin. For example, it was shown that due to
differences in prograde Lu (enriched in early grown garnet cores) and Sm (enriched in late-grown garnet rims) zoning, Lu-
Hf ages can be skewed towards the onset of garnet growth, whereas Sm-Nd most closely dates peak metamorphism (Skora
et al. 2009). Conversely, it is well possibly that the ZSF unit was subducted diachronously. This study aims to shed light on
garnet age differences found in the ZSF unit.

We have combined trace-element zoning in garnets with new Lu-Hf garnet geochron ages in order to extract information
on its prograde growth. In total, 4 new Lu-Hf ages from Pfulwe (49.9 + 3.3; 51.9 + 2.7; 46.9 + 3.6; and 47.0 + 2.3 Ma) and
one from Chamois, Valtournenche (52.7 + 2.7) are very similar to the Lu-Hf age from Lago di Cignana, Valtournenche (48.8
+ 2.1, Lapen et al. 2003). The similarity of Lu-Hf ages and Lu zoning suggest that all these localities have shared a similar
prograde tectonic history. In fact, we have suggested that the Lago di Cignana garnets have grown over 20 m.y., peaking
at around 40 Ma (Skora et al. 2009). Two Saas-Fee and one Val d‘Ayas samples, however, produced much younger Lu-Hf
ages (40.7 + 2.3; 38.1 + 4.5; and 39.2 + 2.2, respectively), which are close to exhumation ages of the Zermatt-Saas Fee zone.
Neither differences in whole rock geochemistry, nor differences in rare earth element zoning can be held responsible for
this discrepancy. This suggests a much later prograde history for these samples, and growth times that were much shorter
(<10 m.y.) when compared to the other locations.

Combined, the new Lu-Hf ages suggest that the ZSF was subducted diachronously. Areas that have oldest Lu/Hf ages (~50
Ma) are structurally located highest in the obducted ZSFO. Their inferred prograde garnet growth interval results in initi-
al subduction ages which are close to what is permitted by other geological constraints. We conclude, that these areas
must have originated at the southernmost realm of the Liguro-Piemont ocean, being subducted first. On the other hand,
samples dated from the Saas Fee area yield young Lu/Hf ages (~40 Ma age). Here the eclogite are structurally just above the
Monte Rosa unit (Brainnconais/Europe), at the structural base of the ZSF. Hence their paleoposition was likely the norther-
most realm of the Liguro-Piemont ocean, subducting last. We interpret the first group to have had significantly longer
prograde garnet growth times compared to the second group, which is well reconciled with the fact that, initially, the ZSFO
was subducted oblique, turning into a near-perpendicular subduction zone towards the end.
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Drowning history of Jurassic carbonate platform, Northern Atlasic fringe
(NE ALGERIAN)
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? Normal superior school , zouaghi faculty, Constantine zip:25000

This study focuses on an area located at the convergence of the allochthonous and the Atlasic forelands of the Northren
Algerian Alpine Belt. The objective of this work is to reconstruct the drowning history of the Jurassic carbonate platform,
and discuss its relationship with the geodynamic evolution of the Southern Tethysian margin.

The identification and interpretation of drowning events in the platforms can help significantly to the reconstruction of
the depositional, tectonics and eustatic history of these platforms.

The drowning of carbonate platforms was the subject of several stratigraphic and sedimentological researches in different
places on the planet, at different periods of Phanerozoic times (Read, 1980, 1982, 1985, Kendall & Schlager, 1981, Schlager,
1981, 1989, Santantonio 1993).

The stratigraphic interpretation and correlation of the study area Jurassic series from a few cross-sections, have allowed
the highlighting of the platform physiography during this geological period and individualizing three stratigraphic units.
The synthesis of bio-sedimentological data reveals diversified facies, involving various deposits environments ranging from
supratidal to deep pelagic peleoenvironments. These facies have evolved within subsidante carbonate ramp. Thereof has
experienced drowning (Toarcian) and filling (Tithonian, Berriasian) phases, in relation with the eustatic sea level changes
at the global scale and regional tectonics.

i
K
[
B
i
L
-

——

11
Ekher

i

P T T T

L e
Tmaa

O Domoran | T:Baomian O Dogger

O Olorgian | KT Cmweruigans Toroman
i
H

D : Domerian T :Toarcian Dg: Dogger Ox :Oxfordian K-T :Kimmeridgian-Tithonian
Figure 1.Correlation of the Jurassic series

REFERENCES

Kendall, C. G. ST. G., & Schlager, W. 1981: Carbonates and relative changes in sea level .Marine Geology 44, 181—-212.

Read, J. F. 1985: Carbonate platform facies models. American Association of Petroleum Geologists, Bulletin, 69, 1-21.

Santantonio, M .1993: Facies associations and evolution of pelagic carbonate platform / basin systems: examples from the
Italian Jurassic .Sedimentology, 40, 155 —181.

Schlager, W. 1981: The paradox of drowned reefs and carbonate platforms. Geological Society of America, Bulletin, 92,
197-211.

Schlager, W. 1989: Drowning unconformities on carbonate platforms. In Controls on carbonate platform and basin development
(eds Crevello, P. D. et al.), Society of Economic Paleontologists and Mineralogists, Special Publication, 44, 15-25.

-
Ul
-

Symposium 5: Alpine Geology



-
[9,]
N

Symposium 5: Alpine Geology

P 5.6

Diffusion-controlled garnet growth in silicious marbles of the Adamello
contact aureole, N-Italy
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Metamorphic textures and spatial variations of chemical and isotopic composition are direct records of the temporal evo-
lution, i.e. mineral reactions and mass transport of elements/isotopes in a rock and its mineral phases. More specifically,
metamorphic mineral growth can be described by a combination of interface controlled and diffusion controlled pro-
cesses. In this study, we present petrological and geochemical data combined with textural modeling to constrain the
conditions and the reaction mechanism during contact metamorphic garnet growth in the southern Adamello Massif,
Italy.

A petrological study was conducted on a contact metamorphic siliceous carbonates from the Adamello Massif, Italy. The
sample contains garnet porhyroblasts (Grs, And, Alm Pyr CaTi,), sitting in a fine-grained matrix of calcite+diopside+wolla
stonite+anortite. The porphyroblasts are idiomorphic and poikiloblastic, ranging between 0.3-1 cm in diameter with small
inclusions being uniquely diopside. In the hand specimen garnets are surrounded by concentric coronas of about 0.6-1.2
cm, indicating a diffusion-limited reaction mechanism to be responsible for the garnet formation.

In course of this study samples have been characterized regarding their mineralogical composition and textures using
polarization microscopy, EMPA and cathodoluminescence microscopy. Additionally, the stable isotopic composition of
carbon and oxygen of matrix calcite has been determined.

X-ray maps of garnets show distinct growth zoning, with Al decreasing from core to rim and Fe showing the inverse zoning
pattern, whereas the distribution of Ca is homogenious. Stable isotopic compositions of carbonates from halos and matrix
do not show any significant variation. However, measured values are in perfect agreement with previous results indicating
the infiltration and equilibration of the carbonates with a light magmatic fluid phase. (Gerdes, et. al. 1999, Mueller, et. al.
2009).

Pseudosections have been calculated using the software package PerpleX (Connoly, 2005) based on the bulk rock compo-
sition of collected samples to constrain the garnet forming reaction history. Results indicate that garnet was produced by
the breakdown of wollastonite, calcite and anorthite at water-rich conditions (XCO2= 0.3) and temperatures around 630°C.
Limited transport of reacting species led to a depletion of wollastonite and anorthit surrounding the garnet porphyroblas-
ts, representing the concentric halos seen in the hand specimen. The spatial relation of garnet and halo radius indicate a
transport limited reaction mechanism.

The observed textures can successfully be reproduced using the SEG program (Foster, 1993), which has also been applied
to decipher the relative phenomenological diffusion coefficients of Mg, Al, Ca and Si. Assuming no chemical potential
gradient for Ca and a pore fluid being undersaturated in CO, (which can be justified by fluid infiltration during contact
metamorphism), the wollastonite free zone is about the same size as the anorthite halo. Textures corresponding to the
sample can be reproduced, assuming the wollastonite concentration being higher than the anorthite concentration and
the transport of Al being about two orders of magnitude faster compared to Si. However, the modeled halo sizes strongly
depend on the modal abundances and thus inverted concentrations for wollastonite and anorthite in the starting rock
would result in inverted halo distributions.
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Symposium 6: Stratigraphy in Switzerland

6. Stratigraphy in Switzerland - new data
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Tracing the extent and formation of the Oxfordian limestone-marl suc-
cessions of the Effingen Member
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Institute of Geological Sciences, University of Bern, Baltzerstrasse 1 + 3, CH-3012 Bern
3Bohringer AG, Miihlegasse 10, CH-4104 Oberwil

“Proseis AG, Schaffhauserstrasse 418, CH-8050 Ziirich

The Effingen Member consists of an up to 240 m thick intercalation of limestones and marls in northeastern Switzerland.
Individual limestone beds are mostly bundled in 3 - 12 m thick successions which are surrounded by calcareous marl
successions. The sediments were deposited in an epicontinental sea during the lower to middle Oxfordian (Late Jurassic)
in about 2 Myr with a depositional centre between Brugg and Olten (“Argovian’ realm, Wetzel et al. 2003). Towards the
west the epicontinental basin was limited by a carbonate reef and platform (“’Celtic’’ realm), which prograded to the sou-
theast during the Oxfordian. Previous studies have focused mostly on the correlation of basinal and shallow marine sedi-
ments or individual limestone-marl successions using outcrops.

In this study, facies, extent and stratigraphic correlation of the limestone and calcareous marl successions within the
Effingen Member are studied using morphological mapping, geophysical borehole analysis, macro- and microfacies analy-
sis and seismic facies analysis. Whereas it is was postulated that the most characteristic of the limestone successions, re-
ferred to as Gerstenhiibel Beds, can be followed on a large scale (Gygi & Persoz 1986), the extent of the other successions
was not known so far. Our study shows that the limestone successions can form morphological elements in the field that
can be followed over up to 500 m based on high resolution LiDAR mapping. Clay mineral content records derived from
geophysical logging represent a powerful tool to correlate boreholes on a previously unprecedented resolution. Based on
this analysis certain limestone successions especially in the upper Effingen Member can be followed over at least 20 km,
which is consistent with seismic facies analysis. The Gerstenhiibel Beds can also be followed over several kilometers but
towards the west they seem to thin and change their characteristics. Limestone successions consist mostly of micrite
which is presumably transported from the northwestern platform or from local shallow marine swells in the east. A de-
tailed analysis of the clay mineral content suggests a diachronous transition of the top of the Effingen Member to the
overlying more calcareous sediments from the central Argovian basin both towards east and west. It is postulated that the
intercalation of limestone and calcareous marl successions was forced by climate cycles in combination with sea level
changes in a differentially subsiding basin.

REFERENCES

Gygi, R.A. & Persoz, F. 1986: Mineralostratigraphy, litho- and biostratigraphy combined in correlation of the Oxfordian
(Late Jurassic) formations of the Swiss Jura range. Eclogae Geol. Helv. 79/2, 385-454.

Wetzel, A., Allenbach, R. & Allia, V. 2003: Reactivated basement structures affecting the sedimentary facies in a
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6.2

Die Rolle der Biostratigraphie fiir die Korrelation lithostratigraphischer
Einheiten

Hostettler Bernhard

Naturhistorisches Museum der Burgergemeinde Bern, Bernastrasse 15, 3005 Bern und Institut fiir Geologie, Universitdt Bern,
Baltzerstrasse 1+3, 3012 Bern. bern61@bluewin.ch

Die Definition lithostratigraphischer sedimentirer Gesteinskorper basiert auf rein lithologischen Kriterien wie Fazies,
Ablagerungsraum, Sedimentstrukturen, Partikel, Porositdt, Farbe, u.s.w., wobei Unter- und Obergrenze generell nicht
isochron sein miissen.

Wird aber die rdumliche Entwicklung eines solchen Sedimentkorpers in der Zeit betrachtet, ist es am einfachsten die
Biostratigraphie zu verwenden. Neben der zeitlichen Abgrenzung des Gesteinskorpers kénnen so gleichzeitig auch
Schichtliicken und deren Dauer ermittelt werden.

Zur biostratigrapohischen Datierung konnen unterschiedlichste Organismengruppen herangezogen werden. Fiir die Jura-
Zeit erreicht man mittels Ammoniten die beste zeitliche Auflosung. Die zeitliche Aufldsung ist aber abhingig vom
Ablagerungsraum und von der Sedimentationsgeschwindigkeit.

Wie Figur 1 zeigt, ist die biostratigraphische Auflésung in der koenigi-Zone relativ schlecht: Dies kann damit erklart wer-
den, dass wihrend dieser Periode die Karbonatplattform vorriickt und der Lebensraum deshalb immer seichter wird.
Solche Bedingungen sind fiir Ammoniten ungiinstig. Gleichzeitig wird hier im Callovien die grosste Sedimentmenge ab-
gelagert.

Die beste zeitliche Aufldsung weist das Renggeri-Member auf: Hier betrdgt die Meerestiefe deutlich mehr als 50 Meter, was
zu diversen Ammonitenfaunen fiithrt. Eine gleichzeitig hohe Sedimentationsrate erlaubt eine gute Abgrenzung der sich in
der Zeit folgenden Ammonitenpopulationen.
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Figur 1. Chronostratigraphische Einordnung der lithologischen Einheiten im spaten Bathonien, Callovien und frithen Oxfordien im

zentralen Nordwestschweizer Jura.
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6.3
Neugliederung der Trias in der Nordschweiz — ein Arbeitsbericht
Peter Jordan'

! Geologisch-Paldontologisches Institut, Universitdt Basel, Bernoullistrasse 32, CH-4056 Basel
(peter.jordan(@unibas.ch; peter.jordan(@boe-ag.ch) /
Arbeitsgruppe ,Jura-Ost“ des Schweizerischen Komitees fiir Stratigraphie SKS

Die Arbeitsgruppe ,Jura Ost“ des Schweizerischen Komitees fiir Stratigraphie SKS (Burkhalter & Heckendorn 2009) hat im
Herbst 2012 vorgeschlagen, die Trias des Ostjura aufgrund von Literaturdaten entsprechend den Vorgaben von Remane et
al. (2005) neu zu gliedern (Jordan 2012). Der Vorschlag wurde vom Komitee wohlwollend aufgenommen und wird von der
Schweizerischen Landesgeologie im Rahmen von Harmos unterstiitzt.

Im Vordergrund stehen dabei die Ansprache in Geldnde und Bohrungen sowie die Kartierbarkeit. Entsprechend ergeben
sich insgesamt sechs Formationen. Um die Korrelation mit den bis anhin verwendeten stratigraphischen Einheiten zu
erleichtern, werden 18 Member bezeichnet.

Fiir verschiedene Formationen finden sich auf Schweizer Boden keine Typusprofile, die den Anforderungen von Remane
et al. (2005) entsprechen. So wird hier jeweils eine Kombination von Typlokalitit (namengebende Ortlichkeit mit rudimen-
tdren Aufschliissen) und Paratypusprofil (vollstindiges Referenzprofil in Bohrung) vorgeschlagen.

Eine Ubernahme der in Deutschland verwendeten Formationen mitsamt ihrer Typusprofile wurde gepriift und verworfen.
Die im Zentrum des Germanischen Beckens oft mehrere Dutzend Meter méchtige Formationen keilen in der hier betrach-
teten Randzone so stark aus, dass sie, um der Anforderung der Kartierbarkeit zu geniigen, zusammengefasst werden
miissen. Ferner entspricht die randliche Auspriagung in einigen Fillen kaum mehr der im Beckeninnern vorherrschenden
Fazies.

Die vorgeschlagene Gliederung ist rein lithofaziell. Jiingere Untersuchungen im Germanischen Becken haben gezeigt, dass
die Formationsgrenzen oft diachron sind (z.B. Franz et al. 2013). Wie weit dies auch in der Nordschweiz nachweisbar ist,
bleibt abzukliren. Die vorgeschlagene Gliederung ist so ausgelegt, dass sie durch zukiinftige Erkenntnisse zwar verfeinert
und prézisiert aber wohl kaum in Frage gestellt werden kann.
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6.4
Stratigraphic scaling and correlations — mind the gaps !
Morard Alain'

! Swiss Geological Survey (SGS), Federal Office of Topography swisstopo, Seftigenstrasse 264, CH-3084 Wabern

For the harmonisation of the legend of the Geological Atlas of Switzerland 1:25’000, a revised lithostratigraphic scheme is
under development [Morard et al. 2012]. The present contribution is a first personal reflection about some fundamental
options for the graphical presentation of the results of this project, to be further discussed by the stratigraphic community.

From field logging to basin analysis and further correlations, different kinds of stratigraphic representations are used.
These mainly differ in the choice of the parameter used as vertical scale, whereas the horizontal axis usually represents
lateral variation:

(a) In a first step, individual profiles are measured and drawn proportionally to their original thickness. The identification
of marker beds is the most basic (though not always straightforward and univocal) method to correlate one profile to the
next.

(b) In order to consistently “map” the stratigraphic succession in a given region, a first lithostratigraphic synthesis is es-
tablished as a working legend. Observed discontinuities at formation boundaries can be integrated at this point.

(c) With some chance, a relative age can already be assessed in the field, e.g. based on fossil finds. Careful analysis may
later provide a more detailed relative datation (stage, biozone, isotopic event, ...). This step is nowadays often simultaneous
to — if not preceded by — the next one.

(d) Ultimately an interpretation in terms of absolute ages and durations can be tentatively proposed. This involves critical
assumptions concerning both the specific case under study and the reference chart used.

As can readily be seen from the virtual example illustrated in Fig.1a—d, each scaling technique has its own strengths and
limitations. The most problematical pitfalls concern the (non-)representation of hiatuses and diachronism, as well as the
pervasive distortion of either spatial proportions or time (or both). All these shortcomings ultimately result from the non-
linear and fragmentary nature of the stratigraphic record.

For our harmonisation project, a compromise has to be found between scientific correctness (spatial pattern and temporal
succession), ease of reading (deliberate symbolism vs. pseudo-realism), but also stability relative to future age revisions. In
this respect, and keeping in mind that the project is aimed at the elaboration of a legend for field geological mapping, the
representation scheme should primarily highlight the geometrical relationships of the elemental lithostratigraphic units
— i.e. formations, including the nature of their contacts. Our challenge is thus to try and develop a “scaling method” so-
mewhat intermediate between Fig. 1b and 1c.

REFERENCES
Morard, A., Burkhalter, R., Mori, A. & Strasky, S. 2012: Lithostratigraphy of Switzerland: options and challenges for a
harmonisation, Abstract Volume 10th Swiss Geosciences Meeting, p.173.
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Figure 1. Alternative representation schemes with differing vertical stratigraphic scaling for a simple virtual geological situation (dis-

cussion in the text).
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Chrono- and Biostratigraphy of the Opalinus Clay of the
Mont Terri Rock Laboratory, Canton Jura, Switzerland

Reisdorf Achim'?, Hostettler Bernhard? Waltschew Anton?, Jaeggi David* & Menkveld-Gfeller Ursula?

! Geologisch-Paldontologisches Institut, University of Basel, Bernoullistrasse 32, CH-4056 Basel (achim.reisdorf@unibas.ch)
? Naturhistorisches Museum der Burgergemeinde, Bernastrasse 15, CH-3005 Bern

? Niirnberg, Germany

* Mont Terri Consortium, Swisstopo, Fabrique de Chaux, Rue de la gare 63, CH-2882 St-Ursanne

Since the existence of the Mont Terri Project, for the first time, the Opalinus Clay has been subjected to a macropaleon-
tological study. Ammonites were extracted from bedrock from a number of small exposures and a drill core at the Mont
Terri Rock Laboratory. In addition, ammonites were obtained from excavated material of a particular stretch of drifting.

From the faunal spectrum, it was possible to make a biostratigraphical subdivision of the basal strata of the Opalinus Clay.
Pleydellia aalensis s.1., P. fluitans, P. subcompta?, P. leura and P. costula were found in the >10-meter-thick basal strata of the
Opalinus Clay. The stratigraphical occurrence of these ammonites is evidence that a significant part of the Opalinus Clay
of the Mont Terri Rock Laboratory belongs most certainly to the latest Toarcian (aalensis Subzone, Aalensis Zone).
Furthermore, there is evidence in the exposed section that the Late Toarcian ammonite fauna was succeeded without si-
gnificant facies change by an Early Aalenian faunal assemblage that included Leioceras opalinum. These macropaleontolo-
gical and lithological facts corroborate our micropaleontological data set.

The basal strata of the Opalinus Clay of the Mont Terri Rock Laboratory are lithofacially significantly different from the
deposits of the same age of the Tabular Jura and the eastern Folded Jura, which appear in a mostly phosphoritic marly
facies (= Gross Wolf Member after Reisdorf et al. 2011, “Jurensis-Schichten” sensu Jordan 1983, “Jurensismergel” sensu
Miiller 1984). When considering the facies and the thickness relationships of the latest Toarcian in the Mont Terri area,
however, there exists a strong affinity with the strata south of Freiburg i.Br., Germany (cf. for example Etter 1990;
Geologisches Landesamt Baden-Wiirttemberg 1996; Wetzel & Allia 2003).
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Lithostratigraphy in the Prealps: proposed units in the area
of Chateau-d'Oex

Dall’Agnolo Stephan’, Plancherel Raymond?

1 swisstopo, Swiss Geological Survey, Seftigenstrasse 264, CH-3084 Wabern (stephan.dallagnolo@swisstopo.ch)
2 CH-1822 Chernex

The edition of map sheet 144 Chateaux-d’Oex (Plancherel & Dall’Agnolo in prep.) of the Geological Atlas of Switzerland
1:25000 showed the necessity of proposing several lithostratigraphic units for formal definition. Many of them are derived
from established names and are officialised by using the term of «Formation» or «kMember» instead of «Couches» and will
not be discussed here. Other units are new or replace informal names. A novelty is that melanges are treated and described
like formations (or groups).

In the Préalpes médianes, the Formation des Erpilles (Carnian) is proposed as formal substitute for the «formation bré-
chique» (Baud 1972). The best profile is found at the rock face close to Erpilles.

The Combe du Pissot Formation, of early Toarcian age is proposed following the classic profile described by Jeannet (1913)
in the Tiniére valley. This formation consists of bituminous shales (Couches du Creux de I’Ours) and glauconitic marls
(Couches des Chevalets) as a lateral facies variation.

Within the Staldengraben Formation (Septfontaine 1983) of middle Jurassic age the Soladier, Verdy, Vanil Carré and Col de
Lys Members are proposed as replacement of the subunits A, B, C, D.

The Torrent de Lessoc Formation (Oxfordian) is proposed to replace the «calcaires noduleux». A good profile is described
by Weiss (1949) in the gorges de Mury near Lessoc.

The «Calcaires massifs» (Kimmeridgian-early Berriasian) are now formally subdivided into two formations. These are the
medium to thick bedded limestone of the Moléson Formation and the massif limestone of the Dorffliie Formation. Very
comprehensive descriptions can be found in Heinz & Isenschmid (1988).

The Sciernes d’Albeuve Formation (Berriasian-Barremian) replaces the «calcaires plaquetés formation» (Spicher 1966).
Excellent profile descriptions can be found in Boller (1963).

The Cuvigne-Derrey Formation stands for the so called «Flysch des Préalpes médianes» described by Favre (1952).

The Coulaytes Melange (late Eocene-early Oligocene) is proposed as a formal unit representing the «Flysch a lentilles de
Couches Rouges» (Badoux 1962) on top of the Préalpes médianes.

A similar but not identical unit is called Melange des Mattes and represents the «Flysch a lentilles de Couches Rouges» on
top of the Breccia nappe.
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New lithostratigraphic formations of the middle penninic Klippen nappe
(late Triassic — early Jurassic)

Kempf Oliver’, Dall’Agnolo Stephan!, Funk Hanspeter?

Tswisstopo, Swiss Geological Survey, Seftigenstrasse 264, CH-3084 Wabern (oliver.kempf@swisstopo.ch)
2Seminarstrasse 26, CH-5400 Baden

In the course of editing a new map sheet of the Geological Atlas of Switzerland 1:25°000 (map sheet Alpnach; Funk et al.
in prep.) the formal definition of four lithostratigraphic units is proposed. The investigated units are part of the middle
penninic Klippen nappe and are of late Triassic (Rhaetian) to early Jurassic (Hettangian — Pliensbachian) age. The proposed
formations are based on stratigraphic profiles that were originally described in great detail by Christ (1920) in the
Stanserhorn region.

Late Triassic

1. Lickengraben-Formation, Rhaetian: Christ (1920, p. 9 ff.) describes a detailed profile in the Liickengraben near
Wiesenberg on the southern flank of the Stanserhorn (Swiss coordinates: 670.110/197.725). The profile is composed of ca.
45 m micritic, sparitic, dolomitic and sandy limestone beds with occasional marl intervals.

Early Jurassic

2. Horngraben-Formation, Hettangian: The Jurassic profiles were originally described by Christ (1920, p. 19 ff.) at the lo-
cality «Brandgraben», which is today named «Horngraben» (667.875/197.175) southwest of the Stanserhorn summit. The
profile of the Horngraben-Formation is composed of ca. 70 m micritic, sparitic, oolithic and sandy limestone beds.

3. Brand-Formation, Sinemurian: A ca. 37.5 m thick profile follows up-section of the Horngraben-Formation. The profile
consists of dark gray sparitic limestone beds (echinoid-breccia) and a siliceous micritic limestone at the top of this unit.

4. Obflue-Formation, Pliensbachian: The profile follows on top of the Brand-Formation in the Horngraben and is composed
of ca. 27 m gray siliceous micritic limestone beds interbedded with thin layers of brown marl.
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The Middle Triassic (Anisian) marine transgression in central Switzerland,
comparisons with the Jura Mountain and the Brescian Prealps

Rebetez Daniel!, Ramseyer Karl!

! Institut fiir Geologie, Universitdt Bern, Baltzerstrasse 1+3, CH-3012 Bern

During the basal Triassic, a shallow sea flooded the crystalline basement in central Switzerland. The knowledge on this
transgression, i.e., stratigraphic allocation, depositional environment and paleogeographic setting, has been refined by
numerous geologists since the end of the 18th century (e.g., Brunnschweiler, 1948; Widmer, 1949). Still, chronology, dy-
namics and direction(s) of this transgression remain unclear. First efforts based on palynological data (Gisler et al., 2007)
indicated a marine transgression direction from the Tethys towards the Jura Mountains at lowermost Anisian time.

This study focuses on different stratigraphic sections in central Switzerland, i.e., Scheidndssli, Limmernsee, Val Punteglias,
Obersand, Schwandi and Hiifihiitte, where lack of vegetation, well-exposed rocks and little tectonic deformation allowed
detailed logging. The first sediments deposited on the weathered crystalline basement consist of conglomerats and sands-
tones. Numerous sedimentary structures such as ripple marks or channels can be observed in this siliciclastic unit.

Following-up section, the clastic beds become thinner and dolomite layers appear randomly until they dominate. In the
uppermost 20 m of the sequence, dolomite beds become massive and show a well-developed stacking pattern. The tops of
the Triassic sections are erosive surfaces followed by black shales of Lias to Dogger in age. The thickness of these sedimen-
tary deposits vary from one section to another with an West to east decreasing trend. The Val Punteglias section is the
thickest (54 m), and the Schwandi section the thinnest (9 m).

Facies and microfacies determinations, sedimentary structure analyses as well as stable isotope analyses (3'°C, §'®0) have
been carried out. Preliminary results show that the sedimentary record displays several depositional sequences implying
that high-frequency relative sea-level fluctuations were superimposed onto the general transgressive trend. These obser-
vations allow to correlate the six locations and to give indications about the depositional system and paleotopography.

This data have been compared with a borehole from the Jura mountains (Weiach) and with two well-documented sections
of the Brescian Prealps (Northern Italy) i.e. Dosso Alto and Bagolino (Brack & Rieber, 1986; Brack et al., 2005) where isoto-
pic analyses have been carried out. This allows getting a better understanding on the Alpine realm at middle Triassic times.
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7.1

Shallow-water events in the Sandino Forearc Basin,
Nicaragua — Costa Rica, evidence for subduction of seamounts?

Andjic Goran’, Baumgartner-Mora Claudia’ & Baumgartner Peter O.!

Institut des Sciences de la Terre, Université de Lausanne, Bdtiment Géopolis, CH-1015 Lausanne (goran.andjic@unil.ch)

The Sandino Basin corresponds to a latest Cretaceous — Neogene forearc basin that is exposed today in the southwestern
Nicaraguan Pacific coastal plain and in the northwestern corner of Costa Rica (Astorga 1987, fig.1). It consists of an elon-
gated, slightly-folded belt of approximately 160 km long and 30 km wide. The basin developed between the Campanian
and the Pliocene and includes essentially deep-water detrital sequences and basinal to platform carbonates in minor pro-
portions (Astorga 1987; Hodgson 1998). The latter deposited at different steps of the basin evolution. The initial stage of
basin development is only observed in the Santa Elena Peninsula (Costa Rica), where the basement of the southern part of
the basin crops out. The basement consists of a tectonic stack of a serpentinite massif (Santa Elena Ultramafic nappe) on
a mid-Cretaceous accretionary complex (Santa Rosa Accretionary Complex; Baumgartner & Denyer 2006). The stacking of
these two units is believed to have taken place when their intraoceanic arc collided with the pre-existing margin. This
thrust uplifted parts of the tectonic pile to shallow-water environments, as it is deduced from the mid-Campanian El Viejo
Fm. (Baumgartner et al. 1984). This formation exhibits rudist-rich platform limestones in its proximal parts and slope
deposits in its distal parts, both containing reworked clasts of the serpentinitic basement (Baumgartner et al. 1984).
Shallow-water environments were rapidly drowned as the tectonic pile subsided in the forearc setting of the Mid-American
Trench. A discordance (~ 20°) is observed between the slope sediments and the subsequent deposit of pelagic limestones
(Piedras Blancas Fm., mid-Campanian — Up. Maastrichtian).

Basin evolution is then dominated by detrital sedimentation through Paleocene-Miocene times (Hodgson 1998). The detri-
tal sediments range from thin-bedded distal turbidites to plurimetric proximal debris-flow and rarely record shallow-wa-
ter conditions. However, Tertiary shallow-water limestones have been observed in several places, in Nicaragua and Costa
Rica. They always appear as isolated outcrops which do not present stratigraphic contacts with the neighboring detrital
sequences. The presence of these short-lived platforms could be attributed to localized uplifts in the forearc area, as the
possible consequence of seamount subduction. The best-preserved exposure of platform limestones is located on the small,
undescribed Isla Juanilla (0.15 km?). The whole island is made of reef carbonates, displaying corals in growth position as-
sociated with coralline red algae. A small outcrop of a wackestone containing abundant Lepidocyclina ssp. of the L. undosa-
favosa group permits to attribute an Oligocene age to this reef.

Finally, the Pliocene El Salto Fm. (Hodgson 1998; Nicaragua, fig.1) represents shallow-water, untilted terraces that deposi-
ted after the Miocene folding of the forearc basin (NW-SE fold axes).
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7.2

Radiolarians and radiolarites, Pangea breakup and the plate tectonic
evolution of the Caribbean region

Baumgartner Peter O.', & Sandoval, Maria Isabel' & Escuder-Viruete, Javier?

! Institut des Sciences de la Terre, Université de Lausanne, Batiment Géopolis, CH-1015 Lausanne (peter.baumgartner@unil.ch)
% Instituto Geoldgico y Minero de Espafia, 28760 Tres Cantos, Madrid, Spain.

The now well-known Mesozoic radiolarian record yields several hundred morpho-species for any time interval. Most spe-
cies have a global distribution either in a low latitude belt and/or in a still poorly defined, bipolar high palaeolatitude re-
gion (Figure 1).

While an intermittent marine connection through Pangea via the western Tethys-Central Atlantic — and the Proto-
Caribbean rift area may have existed since the late Early Jurassic, low latitude cosmopolitan radiolarian assemblages are
known only since the middle Bathonian from the Central Atlantic (DSDP Ste 534, UAZ95:6, Baumgartner & Matsuoka
1995). While a Toarcian (late Early Jurassic) breakup is well constrained for the Central Atlantic, the place and timing of
initial ocean crust formation between the Americas (Gulf of Mexico or Proto-Caribbean?) is still poorly constrained.
Although oceanic crust seemingly started to form in the early Late Jurassic (158 my), recent plate tectonic reconstructions
show important obstructions throughout the Late Jurassic and early Cretaceous between the Central Atlantic, the Proto-
Caribbean, and the Colombian back-arc basin, which in turn was separated from the Pacific by a mature arc.

Ribbon-bedded radiolarites are the most common oceanic sediment in Circum-Pacific remnants of Panthalassa. They ran-
ge in age from Middle Palaeozoic to Late Cretaceous. Remnants of Palaeotethys also yield radiolarites of Late Palaeozoic to
Early Triassic age. Remnants of Neotethyan ocean basins are characterized by Middle Triassic to Late Jurassic, sometimes
early Cretaceous radiolarites. Although low latitude radiolarian assemblages spread into the early Central Atlantic, their
productivity was too low to produce radiolarites. Middle to early Late Jurassic radiolarite facies can still be found in the
Subbetic realm of SW-Spain and in the Rif on N-Morocco, but are absent from Jurassic sections of the Central Atlantic, such
as exposed in Fuerteventura (Canary Islands) or drilled at DSDP Site 534 (Blake Bahama Basin). The radiolarite facies is
also absent from pelagic realms related to the Proto-Caribbean (e.g. Guaniguanico Terrane of NW-Cuba) and the Gulf of
Mexico (e.g. Taman Formation of East-Central Mexico). Detrital sediments dominate in the Middle Jurassic and pelagic
carbonates characterise the late Jurassic-early Cretaceous in these “intra-Pangean” realms.

We interpret Jurassic-Early Cretaceous pelagic carbonates in the Central Atlantic and the Proto-Caribbean realms as the
consequence of more oligotrophic surface waters than those of the adjacent Tethys and

Panthalassa (Baumgartner 2013). The Central Atlantic was a ‘Mediterranean-type’ ocean basin, such as the Modern Red
Sea. It was (and still is) a carbonate ocean, characterised by an anti-estuarine circulation.

What about the radiolarite occurrences in the Antilles and Cuba? Ribbon radiolarites in these areas are systematically
related to oceanic seafloor basalts of various (within plate, primitive island arc, or rarely MORB) origins. Many occur as
blocks in serpentinite-matrix mélanges (Cuba, Puerto Rico) that are reminiscent of Franciscan-type, subduction-related
mélanges of the Pacific facade of Central and N-America. Radiolarian biochronology indicates an age range from Aalenian
to Cenomanian (Bandini et al. 2011). Pre-Late Jurassic radiolaites (e.g. Bermeja Complex , Puerto Rico) cannot be Proto-
Caribbean in origin (Montgomery et al. 1994), because they would be coeval with syn-rift detrital and evaporitic sediments
known from Proto-Caribbean margins. The Aguacate Chert resting on the MORB-type Loma La Monja volcano-plutonic
sequence has been considered as Late Jurassic in age and of Proto-Caribbean origin. Our recent findings indicate that at
least part of the Aguacate Chert is Middle Jurassic in age, hence cannot be of Proto-Caribbean origin.

Our conclusion is that the Jurassic-Early Cretaceous ribbon radiolarites of the Antilles belong to exotic terranes of Pacific
origin, which were emplaced into the Caribbean area in front of the Caribbean Large Igneous Province. These radiolarites
are a major augment for the allochthony of the Modern Caribbean Plate.
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Figure 1. Palaeogeographic map for 165 Ma (Bathonian) adapted from Bandini et al. (2011) showing major oceanic radiolarian bio-provin-
ces and low/high accumulation radiolarites.
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7.3

New conodonts from the Griesbachian microbialite in South China:
implications for an improved definition of the base of the Triassic

Morgane Brosse’, Nicolas Goudemand'?, Asa M. Frisk!, Aymon Baud? Borhan Bagherpour’, Hugo Bucher®

! Paleontological Institute and Museum, Zurich, Switzerland;
? Paleobiology Group, Stanford University, USA;
3 Parc de la Rouvraie 28, Lausanne, Switzerland.

* presenting author: morgane.brosse@pim.uzh.ch

A new sampling of Early Triassic (Griesbachian) conodonts is obtained from the microbialite overlying the latest Permian
peri-reefal shallow water limestone in Wuzhuan section (Nanpanjiang Basin, Guangxi, South China). High resolution sam-
pling in the lower twelve meters of the Luolou Formation provides rather diversified conodont faunas and allows const-
ructing a well resolved conodont distribution for this crucial earliest Triassic interval. In the Wuzhuan section, the nine
meters thick microbialite is bracketed by two calcarenite beds and contains several fossiliferous lenses. The co-occurrence
of typical Permian foraminifera such as Paraglobivalvulina mira (Reitlinger) and Dagmarita chanakchiensis (Reitlinger) in the
calcarenite underlying the microbialite indicates a late Permian age. Our preliminary results indicate the presence of one
residual maximal horizon (RMH) based on conodont faunas in the microbialite and of a second one in the overlying calca-
renite. The lowest RMH occurs four meters above the base of the microbialite and is defined by Neogondolella taylorae
(Orchard) and Neogondolella n. sp. A. The second RMH from the calcarenite that caps the microbialite is defined by the co-
occurrence of Isarcicella staeschei (Dai and Zhang) and Isarcicella isarcica (Huckriede). The lowest RMH including N. taylorae
partly overlaps with the N. taylorae interval zone established in sections without microbialite such as Meishan and Shangsi.
However, the N. taylorae RMH is here reported for the first time from section with microbialite in the Yangtze platform or
the Nanpanjiang basin. The second RMH partly overlaps with the Isarcicella isarcica interval zone recorded above the mic-
robialite in other sections. Although H. parvus is dominant in Wuzhuan and in other microbialite-bearing sections, its first
occurrence has been documented as diachronous. In Wuzhuan, the most appropriate conodont association for constrai-
ning the base of the microbialite is the RMH with N. taylorae and N. n. sp. A.
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The ruminant inner ear: evolutionary perspectives
Loic Costeur!

! Naturhistorisches Museum Basel, Augustinergasse 2, CH-4001 Basel (loic.costeur@bs.ch)

The inner ear or bony labyrinth contains the organs of hearing and balance. It’s housed inside the petrosal bone which
has historically been a source of phylogenetic information for mammals and for cetartiodactyls in particular (e.g., Luo and
Gingerich, 1999; O’Leary, 2010; Theodor, 2010). After the seminal work of Gray (1907), several studies focused on the inner
ear itself in primates, rodents, “insectivores” or marsupials to investigate functional signals (Schwarz, 2012), phylogenetic
patterns (e.g., Gunz et al., 2012; Ekdale, 2013) or developmental issues (Sdnchez-Villagra & Schmelzle, 2007). But its use
remains very limited in ruminants. The morphology of the inner ear in basal artiodactyls has been described only recently
(Theodor, 2010; Orliac, 2012) and very few is known on morphological variability, ontogenetic changes or relevance of
potentially significant phylogenetic characters. The inner ear being a strongly functionnal structure, the relevance of
characters has to be taken with caution. However, recent works successfully started to tackle this issue (Jeffery et al.,
2008).

I will review the use of the inner ear in ruminant research and show how this structure can be useful. The more and more
widespread use of high resolution X-ray computer tomography has made it possible to reconstruct relatively easily the
inner ear in extant and extinct taxa without destruction of the skull. Studying the bony labyrinth involves looking at
variability, a time-consuming but feasible task. I will show examples taken from extant taxa in different ruminant fami-
lies (Tragulidae, Bovidae, Cervidae and Moschidae) to illustrate ontogenetic changes or morphological differences. I will
also incorporate extinct taxa from the same families (especially the musk-deer family, i.e., Moschidae) for which I could
investigate morphological variability and possibly discriminate species of the same genus.

Comparative morphological descriptions of the inner ear yield interesting insights, but quantitative data are needed for
statistically sound comparisons. I will then emphasize this need and show what future works, especially involving geo-
metric morphometrics, could bring to the understanding of the shape signal born by the ruminant inner ear.
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Figure 1. Four inner ears of the fossil musk deer Micromeryx (Mammalia, Moschidae), reconstructed from high resolution CT-scans of a
skull and three isolated petrosals from the Middle Miocene German locality of Steinheim. Note the variability in the number of cochle-
ar whorls for instance.
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Geographic isolation, land connection, and evolution of the terrestrial
mammalian associations during the Cenozoic in South America:
the carnivorous zone
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% Palaeontological Institute and Museum, University of Ziirich, Karl Schmid-Strasse 4, CH- 8006 Ziirich (juanchorrillo@gmail.com)

The physical isolation of the South American continent during most of the Cenozoic resulted in an endemic fauna. The
eutherians and metatherians were the major components of the mammalian associations with the carnivorous adaptative
zone occupied by metatherian sparassodonts. The Sparassodonta has been registered from the Paleocene to the Pliocene.
They were predominantly hypercarnivores and with a broad range of body sizes, locomotory capabilities, and morpholo-
gies, including some extreme specializations, such as the sabre-tooth thylacosmilids.

Placental Carnivora started to occupy the carnivorous adaptative zone since the Late Miocene in South America. However,
after the complete formation of the Panama Bridge, during the Pleistocene, the richness of the placental carnivores mas-
sively increased. There was temporal overlap of Sparassodonta and Carnivora during the Late Miocene—Early Pliocene but
no ecological superposition. This suggests an opportunistic ecological replacement, as part of a larger faunistic turnover,
in contrast to a competitive displacement.

The oldest placental carnivores in South America currently found are in Argentina, in the south tip of the continent.
Recent discoveries in northern South America provide further information about the interchange with North America.

Fossil and and present day distribution of mammals in South America highlight the importance of the tropics and the
Andes during the interchange. The diversity of northern immigrants in South America abruptly increased since the Late
Miocene, reaching in the Quaternary about half of the total mammalian fauna. In fossil and current terrestrial ecosystems
from South America, mammals with North American origin dominate in temperate and high altitude zones, whereas
mammals with South American origin dominate in the tropics.
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Eocene migrations of European mammals
Hiard Florent!
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During the Eocene, Europe was an isolated archipelago, separated to Africa by the Tethys, to Asia by the Turgai strait and,
since the late early Eocene, to North America by the opening of the Atlantic Ocean (e.g. Brinkhuis et al 2006, MacFadden
1992). During this epoch, the mammalian fauna of Europe was characterised by a high level of endemism, such as in the
terrestrial cetartiodactyls (e.g. Erfurt and Métais 2007).

However, the biostratigraphy and of the evolution of European mammals suggest several arrivals of migrants from other
continents. Two main questions remain: Where they came from and which ways did they use. Asia and North America
are the two main possibilities of their origin. From America, the mammals could cross the North Atlantic by the DeGeer
dispersal route. Mammals could also come from Asia, crossing the Turgai strait or following a corridor made by central
Asia and Anatolia. Arguments in favor or at the contrary in the detriment of those different possibilities will be discussed.
Furthermore, an overview of the Eocene mammals from other parts of the world will highlight the difficulties to answer
to those different questions.

g !

~ ATLANTIC o
QCEAN,

INCHAMN
CCEAMN

b rsour
ATLANTICY - -
OCEAN # Aol

&

Figure 1. Eocene paleogeography with potential origins and migratory ways of European mammals (Modified from Scotese 2001).
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Latitudinal shifts of Palaeozoic marine invertebrate gigantism
and global change

Christian Klug', Kenneth De Baets?, Bjorn Kroger®, Mark A. Bell* and Dieter Korn®

! Paldontologisches Institut und Museum, Universitdt Ziirich, Karl Schmid-Strasse 4, CH-8006 Ziirich

2 Universitdt Erlangen, Loewenichstr. 28, D-91054 Erlangen, Germany

* Museum fiir Naturkunde, Humboldt-Universitdt zu Berlin, InvalidenstrafSe 43, D-10115 Berlin, Germany
* Department of Earth Sciences, University College London, Gower Street, London, WC1E 6BT, UK

Since the Cambrian Explosion, giant marine invertebrate species have evolved iteratively in several groups. In the
Palaeozoic, marine invertebrate gigantism was heterogeneously distributed through time and space; changes in maximum
sizes show no clear relationship with atmospheric or oceanic oxygen and other environmental factors. Although gigantism
has found an explanation for Carboniferous land invertebrates in the atmospheric oxygen peak, marine gigantism has not
been studied empirically and explained comprehensively.

By quantifying the spatiotemporal distribution of the largest representatives of some major marine invertebrate clades,
we assessed links between ecological parameters and giant growth. These occurrence data suggest that temperature and
latitude in combination with oxygen played important roles. Marine invertebrate gigantism developed in certain phases
and regions with a greater number of extremely large species and their occurrences shifted independently from middle
towards low latitudes during the Palaeozoic in all examined groups. This trend roughly coincides with the Late Devonian
to Carboniferous cooling and regression as well as with a rise in atmospheric oxygen. This shows how global environmen-
tal changes can control the geographical distribution of organisms and that the optimal ecological requirements might
differ depending on body size: extremely large organisms might react less flexibly to ecological changes.
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The evolution of Pleistocene camelids from El Kowm, Syria

Pietro Martini'?, Loic Costeur?, Jean-Marie Le Tensorer’, Peter Schmid"?
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The Camelidae (Artiodactyla) originated in North America during the middle Eocene (~45 Ma). In the Miocene they became
very successful, and diversified into at least 20 genera (Honey et al. 1998). The first genus in the Old World was Paracamelus,
which is recorded since the latest Miocene (MN13, ~7 Ma). It was likely ancestral to modern Camelus (Pickford et al. 1995).
However, the evolution of Eurasian camelids is poorly known. Several species are recognized, but most are based on scar-
ce material or have been described only superficially.

A good opportunity to study the diversity and evolutionary trends of Eurasian camelids is provided by the fauna of the El
Kowm Basin (central Syria). This region is rich in Palaeolithic archaeological sites with abundant mammalian fossils. The
complete sequence spans the early to late Pleistocene, from 1.5-1.8 Ma to 50 ka (Jagher and Le Tensorer 2011). Camelids
are the most frequent faunal elements in all layers. Here we present preliminary results from the analysis of this camelid
succession. The material studied was excavated in three sites (Ain al Fil, Hummal and Nadaouiyeh Ain Askar) within few
km from each other.

The oldest remains from Ain al Fil (Early Palaeolithic, Early Pleistocene, between 1.8 and 1.5 Ma) suggest the coexistence
of two species, one dromedary-sized and one much larger. Later forms from the lower section of Hummal are also larger
than modern camels, with long limbs and small heads. A size reduction is seen from the Early to the Late Pleistocene. A
Middle Pleistocene skull from the rich sample of Nadaouiyeh Ain Askar (Acheulean layers, about 400 Ka) has a unique
morphology. Fossils that are similar and somehow intermediate between the two modern species are frequent only in the
Late Pleistocene of Hummal (Mousterian layers, 150 to 50 Ka). During this period they coexisted with a highly distinctive
giant species, which is the most recent example of the formerly common giant camels.

The study of Pliocene and Pleistocene fossil camelids is hampered by the lack of knowledge about the comparative mor-
phology of the recent camel species, the dromedary C. dromedarius L. and the Bactrian camel C. bactrianus L (Peters & von
den Driesch 1997). Our project begins with a morphometric analysis of the modern species that will allow the identifica-
tion and description of the several species found in the El Kowm sequence.
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Unique method of tooth replacement in Placodontia (Diapsida,
Sauropterygia), with new data on the dentition of Chinese taxa

Neenan James M.!, Li Chun?, Rieppel Olivier®, Bernardini Federico*, Tuniz Claudio*, Muscio Giuseppe®, Scheyer Torsten
M.!

! Paldontologisches Institut und Museum der Universitdt Ziirich, Ziirich, Switzerland, (james.neenan@pim.uzh.ch)
? Institute of Vertebrate Paleontology and Paleoanthropology, Chinese Academy of Sciences, Beijing, P. R. China.

3 The Field Museum, Chicago, IL, USA

* The ‘Abdus Salam’ International Centre for Theoretical Physics, Multidisciplinary Laboratory, Trieste, Italy.

> Museo Friulano di Storia Naturale, Udine, Italy.

The placodonts of the Triassic period (~251-201 mya) represent one of the earliest and most extreme specializations to a
durophagous diet of any known reptile group (e.g. Rieppel 2000). Exceptionally enlarged crushing tooth plates on the
maxilla, dentary and palatine cooperated to form ‘crushing areas’ in the buccal cavity (Mazin & Pinna 1993). However, the
extreme size of these teeth, combined with the unusual way they occluded, constrained how replacement occurred
(Rieppel 2001). Using an extensive uCT dataset of 11 specimens that span all geographic regions and placodont morphoty-
pes, tooth replacement patterns were investigated. In addition, the previously unknown dental morphology and formulae
of three Chinese taxa is described for the first time.

Placodonts have a unique tooth replacement method and results appear to follow a phylogenetic trend (Fig. 1). The plesio-
morphic Placodus species show many replacement teeth at various stages of growth, with little or no discernable pattern.
On the other hand, the more derived cyamodontoids tend to have fewer replacement teeth growing at any one time, re-
placing functional teeth diagonally across the palate and/or in functional units. Cyamodus, Sinocyamodus and Macroplacus in
particular show strong modularity, with unilateral replacement of teeth that form functional units. The highly nested
placochelyids Psephoderma and Psephochelys have fewer teeth and, as a result, only have one or two replacements in the
upper jaw, and supports previous suggestions that these taxa had an alternative diet to other placodonts (Rieppel 2002).
Importantly, all specimens show at least one replacement tooth growing at the most posterior palatine tooth plates, indic-
ting increased wear at this point and supporting previous suggestions that this was the main site of crushing (Rieppel
2002).

P. inexpectatus has a very similar dentition to the European P. gigas, although there is one extra anterior dentary tooth pla-
te and the anterior dentary teeth as well as premaxillary teeth are much shorter and bulbous in the former (Fig. 2A). The
teeth of Sinocyamodus are numerous and small (Fig. 2B), similar to the condition seen in a sub-adult Cyamodus hildegardis
(Kuhn-Schnyder 1959), evidence that this is also a sub-adult. Psephochelys has fewer teeth and an edentulous rostrum (Fig.
2C) and is very similar to that of the European Psephoderma, indicating a comparable diet and feeding strategy.
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Figure 1. Schematic representations of placodont skulls in palatal view showing tooth replacement stages. Grey teeth indicate presence
of a functional tooth, whereas white represents absence. Stage 1, the replacement tooth is a thin layer of enamel and does not resemble
a functional tooth. Stage 2, the replacement tooth begins to resemble a functional tooth, but has not reached full size. Stage 3, the re-
placement tooth has reached approximately full size.
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Figure 2. The dentitions of the Chinese placodonts Placodus inexpectatus (A), Sinocyamodus (B) and Psephochelys (C). Abbreviations: d, den-
tary; m, maxilla: pl, palatine; pm, premaxilla.
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Ammonite biostratigraphy ... what utility? Example of the Aptian
Griinten Member and Luitere Bed in the Alpine Helvetic domain.
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A first model for the stratigraphy of the Aptian sedimentary succession in the northern Alps originated early in the twen-
tieth century (Jacob & Tobler 1906; Heim 1913; Fichter 1934) with the following age attribution to the lithological suc-
cession: the Upper Urgonian Member (Deshayesites oglanlensis to D. deshayesi ammonite zones), the Griinten Member
(Dufrenoyia furcata zone), the Luitere phosphatic Bed (Epicheloniceras martini and Parahoplites melchioris zones), Gams Beds
(Parahoplites melchioris zone), and the Brisi Sandstone and Limestone Beds (Acanthoplites nolani zone). In the early XXIth, more
precise studies based on sedimentological, geochemical, mineralogical and biostratigraphic analyses, allow to assign more
precise ages to these units (Linder et al. 2006; Follmi & Gainon 2008; Follmi 2009) with an age corresponding to the D.
oglanlensis and D. forbesi zones for the Upper Urgonian Member, D. deshayesi and D. furcata zones for the Griinten Member,
and E. martini and P. melchioris zones for the Luitere bed.

Recent results, based on comparisons with the Chabert Formation on the Ardeche Platform (SE France), and geochemical
analyses and numerous new ammonite findings including Deshayesitidae and Cheloniceratinae from the Helvetic Alps,
allow for a new and more precise stratigraphic and biostratigraphic subdivision of the Griinten member and the Luitere
Bed, resulting in a new interpretation of the age of the Luitere bed and some important modifications in the ammonite
biozonal attributions.
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A correlation with the Ardéche Platform allows to date the basal Rohrbachstein interval to the late early D. forbesi zone
based on the discovery of the last Procheloniceras accompanied by classical Deshayesites from this zone. The lower Griinten
Member is dated as the Roloboceras hambrovi subzone and the D. deshayesi zone thanks to the index fossil from the R. hamb-
rovi and D. grandis sub-zones, and also by comparison of the carbon isotope curves. The Plaine Morte Bed is dated as the
late D. grandis subzone — early D. furcata zone by the discovery of the index forms. The Upper Griinten Member is dated as
the D. furcata zone by the observation of the index fossil. The alpine ammonite fauna composing the Luitere Bed allows
the recognition of three distinctive phosphatic fauna (Luitere 1 to 3), which may separate two third-order sequences be-
longing to the D. furcata zone and to the E. martini zones. For the moment, only the first sequence was observed in the
Rawil (Swiss Alps) outcrop (F6llmi & Gainon 2008), separated by two distinct phosphatic layers, the Plaine Morte and
Luitere Beds, which meet laterally.

Inversely, these new stratigraphic scheme allows for a better understanding of the ammonite species created by the past
on these beds of reworking (e.g. Jacob & Tobler 1906) and of their age attribution, species used as indexes in the past or
present biostratigraphy by ammonites (e.g. Colombiceras tobleri, Epicheloniceras buxtorfi).
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Figure 1. Schematic plot of lithostratigraphic units in the Helvetic Realm from Linder et al. (2006) with on the right the different ages
assigned, the position of the phosphatic beds, and the FAD / LAD of Deshayesitidae and Cheloniceratinae ammonite families and subfa-
milies.
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Radiolarian biostratigraphy and Miocene to Recent Cocos Plate motion in
the frame of the tropical, E-Pacific palaeoceanographic setting (IODP Exp.
344, off Costa Rica).
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! Institute of Earth Sciences, Géopolis , University of Lausanne, CH-1015 Lausanne

The IODP Expedition 344 (the “Costa Rica Seismogenesis Project” CRISP 2) drilled a transect across the convergent margin
off Costa Rica (Figures 1, 2).

Five sites were drilled during seven weeks of expedition: Site U1381 (8°25.7027'N, 84°9.4800'W, 2064.6 m water depth) is
~4.5 km seaward of the deformation front on the incoming (Cocos) plate, offshore Osa Peninsula and Cafio Island, Costa
Rica. Recovery was 103.8 mbsf. Site U1414 (8°30.2304'N, 84°13.5298'W, 2459 m water depth), also located on the incoming
plate, recovered 375.2 mbsf of sediments and basalt. The following sites were drilled in the Neogene slope apron of the
upper (Caribbean) plate. Site U1380 (8°35.9879'N, 84°4.3918’W, 502.7 m water depth). The coring reached 800 mbsf. Site
U1412 (8°29.1599'N, 84°7.7512’W, 1965 m water depth), involved drilling four holes with a maximum depth of 350.4 mbsf.
Overall core recovery at this site was moderate (average of 59%), but became poor toward the bottom. Site U1413
(8°44.4593'N, 84°6.8095'W, 540 m water depth), recovered sediments to 582.2 mbsf.

Micropaleontogical samples were collected at all sites. Two sites from the Cocos plate were selected to obtain a detailed
biostratigraphy of the middle Miocene to Recent oceanic sequence deposited on the incoming plate. At both localities ra-
diolarian assemblages are well preserved and abundant. The sediments recovered from the two sites consist mainly of
calcareous nannofossil ooze with foraminifers, diatoms and radiolarians. 295 samples were prepared with the standard
method for Neogene Radiolarians. It consisted of extracting the radiolarians by washing the sample first with HCI 10%
in order to digest carbonate and then washing it with H,0, 10% to destroy organic matter. Residues were collected with a
60pm mesh sieve.

The objectives of this study are: 1. detailed radiolarian biostratigraphy of the early-middle Miocene to Recent sequence of
the incoming plate (Site U1381C, U1414A) and 2. a taxon-quantitative analysis aimed at tracing faunal changes related to
the northward movement of the sites and to palaeoceanographic changes in context of the final closure of the Middle
American Isthmus.

According to the modern plate motion vector, (7.3 cm/year, Mann 2007). Site U1414 A and U1381 C were located slightly
south of Equator during the middle Miocene. Radiolarian assemblages of that age should therefore reflect the influence
of the cold tongue generated by the South Equatorial Current. In contrast, today the sites are located in the influence of
the warm North Equatorial Countercurrent (Fig. 2).

To achieve these objectives, 300 specimens will be counted per sample to obtain a representative faunal spectrum.
An age model will be based on the radiolarian zonation for the tropics (Riedel et al 1978), the nannofossil zonation and
paleomagnetic data that will be analyzed by others scientists of the expedition.
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Figure 1: Location of the drilled sites of IODP 344 Expedition off Costa Rica
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Figure 2: Oceanography of the tropical E-Pacific and projected displacement of the studied sites since middle Miocene.
Taken from Baldessin et al (in preparation)
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Upper Cenozoic dolostones from the Mayaguana Bank, SE Bahamas:
new insights from a core study

Erika Baldessin!, Pascal Kindler', Gyéngyvér Fischer' and Fabienne Godefroid!

! Section of Earth and Environmental Sciences, University of Geneva, 13 rue des Maraichers, CH-1205 Geneva (Erika.Baldessin(@unige.ch)

Preliminary study of a core retrieved from the Mayaguana Bank (SE Bahamas) reveals the occurrence of two distinctive
dolomitization episodes in Cenozoic limestones. One of them only affects karst infills without influencing the encasing
limestone, whereas the other is pervasive and completely replaces the parent carbonate facies.

Massive, pervasive dolomites have been described in the subsurface of the Bahamas for decades (Supko, 1970; Dawans,
1988), but the precise dolomitization mechanism remains uncertain (Machel, 2004). One core drilled on the north coast of
Mayaguana contains intervals of both “karstic” and massive dolomite, and offers an opportunity to better constrain the
dolomitization processes at the origin of these rocks.

Mayaguana is a small, elongated (57 x 13 km) carbonate island lying between latitudes N 22°15’ - N 22°30’ and longitudes
W 72°40° - W 73°10’ (Pierson, 1982) in the SE part of the Bahamas archipelago. Godefroid (2012) described several lithos-
tratigraphic units exposed on the island, including the Mayaguana and the Little Bay Formations. The Mayaguana
Formation consists of a Lower Miocene (18.4-18.7 Ma), fine-grained, hard limestone with numerous larger benthic forami-
nifers, whereas the Little Bay Formation is an Upper Miocene (5.59-6.81 Ma), solid, fine-grained, fabric-destroying dolosto-
ne, made of a dense network of microsucrosic dolomite.

A 43 m-long core was drilled at Little Bay with a CME 750X rubber-tired core drill by Martin Marietta Materials Company.
Back in Geneva, the core was cut in half, logged and sampled for analyses.

Different findings were made during the preliminary examination of the core. First, the core spans a time interval from
the Oligocene (Rupelian-Chattian according to the occurrence of the porcelaneous benthic foraminifer Praerhapydionina
delicata) to the Early Miocene, with the Mayaguana Formation forming its top. This formation presents small karstic cavi-
ties and fissures filled with white, laminated, hard dolomite (Fig. 1) which is tentatively correlated to the Little Bay
Formation. A pervasive dolomite occurs more deeply in the core (Fig. 2) and completely replaces the parent bioclastic li-
mestone. These two types of dolomite likely result from distinctive a