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Serbo-Macedonian massif (SMM) is a crystalline terrane, situated between the northeast-vergent Carpatho-Balkan and
southwest-vergent Dinaride chains of the Eastern Mediterranean Alpine orogenic system. It is outcropping in southeastern Serbia, southwestern Bulgaria, eastern Macedonia and southern Greece. Its affiliation to European or African plate
basement is still questionable due to the lack of reliable geochronological dating and detailed structural investigation
along its boundaries. The massif is also a key area to understand the bipolarity of the Alpine orogenic system, as well as
the interaction of the Pannonian and Aegean back-arc extension during the Cenozoic time.
SMM is generally considered as comprising an Upper (low-grade) and a Lower (medium to high-grade) unit (Dimitrijević,
1959). The protoliths of the both units are reported as volcano-sedimentary successions, which have later been intruded
by magmatic rocks during several consecutive pulses. On our mission to discern the main magmatic episodes and understand the evolution of the SMM, we have dated metamorphic rocks from both units, as well as undeformed igneous rocks
from the area. Conventional U-Pb zircon datings were carried out on multiple grains from the total of nineteen samples.
For the first time the presence of Permo-Triassic (253±13 Ma), as well as late Variscan magmatism (315±9 Ma), is recognised in the Serbian part of the SMM together with Ordovician (483-442 Ma) and Cadomian (562-525 Ma) ones.
These datings, together with a careful examination of the field relationships, allowed us to conclude that the Lower SMM
is consisting of pre-Ordovician volcano-sedimentary sequences and magmatics, intruded by Ordovician magmatic rocks.
The Upper SMM (Vlasina and Morava units) contains gneissic basement, intruded by Ediacaran (Cadomian) magmatic
rocks, all together covered by Silurian-Devonian volcano-sedimentary sequence. The youngest magmatic episode in the
SMM occurred in the late Eocene and was related to the intrusion of Surdulica granodiorite and subsequent latitic volcanism lasting until the early Oligocene.

REFERENCES
Dimitrijević, M. D. 1959. Osnovne karakteristike stuba Srpsko-makedonske mase. (Basic characteristics of the column of
the Serbo-Macedonian Mass). First symposium of the SGD, Abstracts.
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1.2
Development of permeable structures in Graben systems – geothermal
reservoirs in the Upper Rhine valley
Baillieux Paul 1, Schill Eva1, Moresi Louis2
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School of Mathematical Sciences, Monash University, Wellington Rd Clayton 3800 VIC, Australia

2

Many geothermal anomalies occuring in non-volcanic graben systems (France, Germany, Turkey) are found to be linked to
special tectonic structures of naturally enhanced hydraulic conductivity allowing heat transport by f luid circulation. In the
Upper Rhine Graben, it has been observed that the localization of the thermal anomaly of the European EGS site Soultz corresponds to an area in the horst structure where seismic sections reveal high fault density (Baillieux et al., 2011). Similar interpretation has been deduced for magnetotelluric studies (Geiermann & Schill, 2010). This thermal anomaly has been explained by f luid convection through the two major reservoir faults (Soultz and Kutzenhausen faults) with permeability between
10-14 and 10-16 m2 in the reservoir area (Kohl et al., 2000). For the example of Landau f luid convection cells have been simulated
parallel to the two main faults (Bächler et al., 2003). This shows that fault zones are of particular interest for EGS.
In this study, we aim at simulating the development of an asymmetric graben with its internal fault distribution using key
geodynamic information of the Upper Rhine Graben. The results are interpreted in terms of distribution of deformation
pointing to geothermal favorable zones of naturally enhanced hydraulic conductivity.
The geometry of rifting and its type of extension is linked to the amount of strain softening (the relation which describes
the decrease of strength of a rock when subject to faulting) in the brittle upper crust, the thickness of the upper crust, the
viscosity and strength of the lower crust, the extension rate and other processes such as gravitationally driven deformation, isostasy, magmatism and necking (Buiter et al., 2008).
The recent thermo-tectono-stratigraphic forward modeling of the Upper Rhine Graben (Hinsken et al., 2010) suggest plane
strain deformation and rifting at very low strain rate of about 1.7x10-16 s-1 involving brittle-elastic deformation of the crust
and ductile deformation of the highly viscous, high strength upper mantle.
We have simulated the development of deformation of the Upper Rhine Graben using “Underworld”, a geodynamic platform using a Lagrangian particle-in-cell finite element scheme (Moresi et al., 2007).
The results are benchmarked using the 3D geological model and deep seismic information from the Soultz site and the
graben structure, respectively (Brun et al., 1992; Baillieux et al., 2011). For lower crust viscosity values of 5x1021 to 1022 Pa.s
we approach the patterns of deformation observed in the Upper Rhine Graben.
For an intermediately strong to a strong lower crust, we find that after development of symmetrically conjugated faults,
a preferential orientation develops into one main fault crossing the entire upper crust, which accommodates the deformation in this phase of graben formation. The presence of such a fault is suggested in the crustal-scale seismic exploration
of the Rhine Graben (Brun et al., 1992). In the following phase a second boundary fault appears and the minor fault density is increasing in the area next to that boundary fault. This is also observed in the seismic results and provides indication for an asymmetric distribution of fault zones within a larger tectonic unit. This may explain also the fault density
and temperature distribution in the horst structure of Soultz.

REFERENCES
Bächler, D., Kohl T., et al. (2003). ‘Impact of graben-parallel faults on hydrothermal convection - Rhine Graben case study’.
Physics and Chemistry of the Earth 28(9-11): 431-441.
Baillieux, P., Schill E., et al. (2011). ‘3D structural regional model of the EGS Soultz site (northern Upper Rhine Graben,
France): insights and perspectives’. Proceedings, Thirty-Sixth Workshop on Geothermal Reservoir Engineering,
Stanford University, Stanford, California, SGP-TR-191.
Brun, J. P., Gutscher M. A., et al. (1992). ‘Deep crustal structure of the Rhine Graben from seismic ref lection data: A
summary’. Tectonophysics 208(1-3): 139-147.
Buiter, S. J. H., Huismans R. S., et al. (2008). ‘Dissipation analysis as a guide to mode selection during crustal extension
and implications for the styles of sedimentary basins’. Journal of Geophysical Research-Solid Earth 113(B6): -.
Geiermann, J. & Schill E. (2010). ‘2-D Magnetotellurics at the geothermal site at Soultz-sous-Forets: Resistivity distribution
to about 3000 m depth’. Comptes Rendus Geoscience 342(7-8): 587-599.
Hinsken, S., Schmalholz S. M., et al. (2010). ‘Thermo-Tectono-Stratigraphic Forward Modeling of the Upper Rhine Graben
in reference to geometric balancing: Brittle crustal extension on a highly viscous mantle’. Tectonophysics In Press,
Accepted Manuscript.
Kohl, T., Bächler D., et al. (2000). ‘Steps towards a comprehensive thermo-hydraulic analysis of the HDR test site Soultzsous- Forêts.’. Proc. World Geothermal Congress 2000, Kyushu-Tohoku, Japan, May–June 2000, pp. 2671–2676.
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1.3
A simple thermo-mechanical shear model for the Morcles fold nappe
Bauville Arthur, Epard Jean-Luc & Schmalholz Stefan Markus
Institut de Géologie et Paléontologie, Anthropole, Université de Lausanne, CH-1015 Lausanne (arthur.bauville@unil.ch)

The Morcles nappe in the western Swiss Alps is a kilometer scale recumbent fold. It exhibits a uniform top-to-the-north
shear sense and a shear strain that increases from the top (in the normal limb) to the bottom (in the overturned limb). We
present a simple one-dimensional (1D) mathematical shear zone model to explain the first order geometry and strain
pattern of the Morcles fold nappe. The applied simple shear model set-up is motivated by previous kinematic models for
the formation of the Morcles nappe (Dietrich & Casey 1989, Epard & Escher 1996).
Our model is based on f luid dynamics and also considers a temperature dependent viscosity. In our model strain localization at the base of the nappe is controlled by a decrease in the temperature dependent viscosity. We derive an analytical
solution for the horizontal (i.e. parallel to the shear zone) velocity which varies vertically across the shear zone. The velocity variation is controlled only by a single dimensionless parameter β. β depends on the activation energy of the applied
f low law and the temperature profile across the shear zone which both are relatively well constrained by rock deformation experiments of calcite (e.g. Schmid et al., 1979 and Schmid et al., 1980) and thermometry (e.g. Kirschner et al. 1995).
We use the calculated velocity to deform an initially straight line that makes an initial angle α with the shear direction.
The final shape of the deformed line, including shapes of recumbent folds, depends on three parameters: β, α, and the
finite shear strain, γ (i.e. total horizontal displacement across the shear zone divided by shear zone thickness, Figure 1).

Figure 1. Results of numerical simulations showing the deformation of an initially straight and oblique line for various sets of parameters α – β – γ. The upper boundary is fixed while the bottom boundary moves to the right with a constant velocity. The horizontal axis
x* and vertical axis z* are normalized by the shear zone thickness. The strain localization, controlled by β, needs to be high enough to
create an overturned limb that develops for high enough values of γ.

We apply our model to simulate the formation of the first order features of the Morcles fold nappe. We use the
Schrattenkalk (Urgonian) unit in the Morcles nappe to define a curved reference line which represents the first order
geometry of the frontal part of Morcles fold nappe, i.e. the north dipping normal limb and the overturned limb. We perform a large number of shear zone simulations to determine the set of values for β, α and γ which fit the reference line
best. The obtained range of best fit values for β is in agreement with field-based temperature estimates and f low laws of
calcite.
Our 1D f luid dynamic shear zone model can explain several first order features of the Morcles fold nappe, such as (1) the
recumbent fold geometry, (2) the uniform top-to-north shear sense and (3) the increase of shear strain towards the base of
the nappe in the overturned limb.
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Our first order model results are, therefore, in agreement with (1) geometrical constrains for the shape of the Morcles
nappe, (2) kinematic constrains for the finite shear strain distribution within the nappe and (3) physical constrains for
rheology (f low law) and temperature.
We use the best fit parameters to retro-deform the reference line which provides estimates for the horizontal movement
of the Morcles nappe between 10 and 15 km. We further apply an elaborated 1D shear zone model in which the deformation is driven by a horizontal pressure gradient. The results indicate that for standard calcite f low laws and temperature
profiles constrained from field data the shear zone thickness is of the order of a few kilometers in agreement with the
size of the Morcles fold nappe. Horizontal pressure gradients in the order of 1 to 10 MPa/km are necessary to yield horizontal velocities in the order of centimeters per year.
Our simple thermo-mechanical model provides important results for a better understanding of the dynamics of fold nappe formation and yields the basis for further, more elaborated, 2D models for the formation of the Morcles nappe.

REFERENCES
Schmid, S., Boland, J. & Paterson, M. 1977: Superplastic f low in fine-grained limestone. Tectonophysics 43(3–4), 257–291.
Schmid, S., Paterson, M. & Boland, J. 1980: High temperature f low and dynamic recrystallization in Carrara marble.
Tectonophysics 65, 245–280.
Dietrich, D. & Casey, M. 1989. A new tectonic model for the Helvetic nappes. In: Alpine Tectonics (edited by Coward, M. P.,
Dietrich, D. & Park, R. G.). Geological Society special publication, 47-63.
Epard, J. L. & Escher, A. 1996. Transition from basement to cover: A geometric model. Journal of Structural Geology,
18(5), 533-548.
Kirschner, D. L., Sharp, Z. D. & Masson, H. 1995. Oxygen-isotope thermometry of quartz-calcite veins - unraveling the
thermal-tectonic history of the subgreenschist faces Morcles nappe (Swiss-Alps). Geological Society of America
Bulletin, 107(10), 1145-1156.
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The role of seamount subduction in the evolution of convergent margins: constraints from the Paleo-Tethys suture zone in Iran
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University of Sistan and Baluchestan, Iran
3
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Seamounts of volcanic origins are very abundant in modern oceans and may play a significant role in the evolution of
convergent margins. Integrated satellite and ship-track bathymetry data show that >200’000 seamounts occur today in the
world, covering >12% of the ocean f loor (Hillier & Watts, 2007). Seamounts are morphologically and compositionally distinct from the “normal” ocean f loor, and geophysical and geochemical observations along modern convergent margins
show that seamount subduction is an important process, which can notably trigger: (1) mass-wasting of the forearc wedge
and subduction erosion by abrasion of the upper plate (e.g. Ranero & von Huene, 2000); and (2) compositional changes of
the arc magmatism (e.g. Hoernle et al., 2008). In addition, field observations indicate that accreted seamount material is
abundant along some margins (e.g. Buchs et al., 2011), indicating that seamounts can contribute to the construction of
convergent margins at shallow depth. However, processes of seamount subduction or accretion are still poorly constrained
in space and time, and poorly documented in deeper levels of the subduction zone. We have investigated a Variscan accretionary complex exposed along the Paleo-Tethys suture zone in Iran, which provides new constraints on the role of
seamount subduction in the long-term evolution of convergent margins.
The studied accretionary complex belongs to the Anarak-Jandaq composite terrane, which formed along the northern
Paleo-Tethyan margin between the Devonian and Triassic and was exhumed during the closure of the Paleo-Tethys in
Triassic times (Bagheri & Stampf li, 2008). Combined field observations, satellite multispectral data and geochemical analyses allow recognition of four types of lithologic assemblage in the complex: (1) meta-igneous rocks and marble that represent accreted fragments of seamounts; (2) arc-derived meta-igneous rocks; (3) meta-greywacke considered to represent
accreted forearc or trench-fill sediment; and (4) serpentinized peridotite bodies of undefined origin, which locally contain
altered volcanic intrusives and pillow lavas in blueschist facies conditions. These lithologies occur as kilometer-sized slices
preserved in low, greenschist and blueschist facies conditions. Most of the fragments of seamounts and arc-derived metaigneous rocks are embedded within a matrix of accreted meta-greywacke. This suggests that subducting seamounts were
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dismembered and partly underplated during their transit to deeper levels of the subduction zone. Similarly, the occurrence of arc-derived meta-igneous rocks in the accretionary complex is interpreted to record underplating of mass wasting
products.
Our results show that subducting seamounts that have the potential to trigger mass wasting and subduction erosion in
the shallowest parts of the subduction zone may contribute to the construction of the margin at greater depth. This is an
important result, because the accretionary or erosive nature of modern convergent margins is commonly inferred based
on the nature and evolution of the outermost, shallower part of the margins, and subducting seamounts are generally
thought to cause net subduction erosion (e.g. Ranero & von Huene, 2000).
In addition, the geochemistry of the accreted seamounts in Iran is similar to that of typical ocean island basalts, with only
minor differences in f luid-mobile element contents. We calculated that seamount subduction occurs today at a rate of
~0.34 seamount km-1 Ma-1 along the Pacific margins. High rate of seamount subduction at a global scale, distinct composition of seamounts relative to that of the “normal” ocean f loor, and preservation of the seamount composition to deep
levels of subduction zones indicate that seamounts are likely to play a major role in the chemical cycle of the silicate
Earth; an estimation of the chemical f lux related to seamount subduction is in progress.

REFERENCES
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Hillier, J.K. & Watts, A.B., 2007: Global distribution of seamounts from ship-track bathymetry data. Geophysical Research
Letters 34, L13304.
Hoernle, K., Abt, D.L., Fischer, K.M., Nichols, H., Hauff, F., Abers, G.A., van den Bogaard, P., Heydolph, K., Alvarado, G.,
Protti, M. & Strauch, W., 2008: Arc-parallel f low in the mantle wedge beneath Costa Rica and Nicaragua. Nature
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Ranero, C.R. & von Huene, R., 2000. Subduction erosion along the Middle America convergent margin. Nature 404, 748755.

1.5
Apatite ID-TIMS U-Pb Thermochronology: An example from southern
Ecuador.
Ryan Cochrane1, Richard Spikings1, Jörn Wotzlaw 1
1 Department of Mineralogy, University of Geneva, Switzerland (ryan.cochrane@unige.ch)
Thermochronological methods assume that daughter isotopes are lost by a temperature-dependant mechanism, e.g. fickian diffusion and that isotope loss by f luid assisted mechanisms is negligible. If these assumptions are true, a combination
of age and a second variable, which provides information about daughter isotope loss can provide thermal history information over a given temperature range. The 40Ar/39Ar (biotite and alkali feldspar), fission track (zircon and apatite) and
(U-Th)/He (zircon and apatite) methods have been extensively applied to the Andean cordilleras of Ecuador (e.g. Spikings
et al., 2001, 2010), and reveal thermal history information during the previous ~75 Ma, since the time of collision of the
Caribbean Large Igneous Province (CLIP) with the north-western Andean margin. Partial daughter isotope loss occurs at
temperatures between ~350 – 40°C with these methods. The thermally activated diffusion of Pb in titanite and apatite
occurs at temperatures of ~650-550°C and ~550-450°C (e.g. Schoene and Bowring, 2007) and hence may be suitable to
constrain the cooling and exhumation histories of the northern Andean margin prior to the collision of the CLIP.
This study aims to investigate the pre-CLIP tectonic history of Ecuador by combining titanite and apatite U-Pb data with
hornblende and white mica 40Ar/39Ar data to quantify the post-anatectic thermal and burial/exhumation histories of
Triassic migmatites and granites.
We present preliminary apatite U-Pb ID-TIMS dates obtained from a Triassic (247.2 ± 4.3 Ma, zircon U-Pb LA-ICP-MS) S-Type
granite collected from southern Ecuador, which formed during early rifting of western Pangaea. U-Pb ages have been
acquired from seven grain size aliquots in which the grain size diameters vary from 90 ± 10 um to 350 ± 10 um (all euhedral grains), spanning a closure temperature range of 450 – 510 °C for cooling rates of 10°C/my (assuming that Pb is lost
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by thermally activated diffusion). The grain size aliquots yield very precise concordant 238U/206Pb ages that range between
137.87 ± 0.34 and 94.53 ± 0.47 Ma. Furthermore, a positive age-to-grain size correlation implies that volume diffusion is
the dominant process controlling Pb loss. We have obtained a set of time (t)-temperature (T) solutions (Figure 1) for the
preliminary data using a controlled random search procedure provided by the HeFTy software (version 1.6.7; Ketcham
2009), using the diffusion parameters of Cherniak et al. (1991; Activation Energy of 54.6 Kcal/mol; Absolute Diffusivity of
1.27 X 10-4cm2s-1). Geological constraints for the t-T solutions provided considerable freedom, and are i) zircon crystallization at ~247 Ma during a thermal spike that caused widespread anatexis (Figure 1, A), and ii) cooling during 75-65 Ma as a
consequence of the collision of the CLIP. The thermal history solutions satisfy the U-Pb ages obtained from four size aliquots. The best fit t-T solutions (Kolmogorov-Smirnoff goodness of fit > 0.4) reveal a period of Early Cretaceous heating
from ~200°C to ~510°C during 140-100 Ma (Figure 1, B), at rates of ~10°C/my, followed by a period of rapid cooling from
~510°C to ~300°C that started at 100-95 Ma (Figure 1, C).
We propose that the Jurassic trench migrated westward, accompanied by slab rollback that forced the arc axis to migrate
oceanwards, and drove rapid extension in the upper plate forming the Alao/Salado Basin. We attribute heating of the
Triassic basement rocks to i) asthenospheric upwelling that accompanied extension and the formation of transitional
crust, and ii) basin sedimentation burial. Rapid cooling at ~100Ma is attributed to exhumation that accompanied rock
uplift, which was driven by closure of the marginal Alao Basin during the rapid westward migration of the South American
Plate during the Early Cretaceous.
The thermal history solutions obtained from apatite U-Pb data acquired from a single rock corroborate independent geological observations. Additional U-Pb thermochronology is scheduled to further assist in constraining the tectonic evolution of the Ecuadorian and Colombian margin prior to 75 Ma.

Figure 1: Time-temperature (t-T) history produced for 4 apatite 238U/206Pb ages.
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Causes of single-sided subduction on Earth
Fabio Crameri, Paul Tackley, Irena Meilick, Taras Gerya, Boris Kaus
Departement Erdwissenschaften, ETH Zürich, Sonneggstrasse 5, CH-8092 Zürich (fabio.crameri@erdw.ethz.ch)

1

Subduction zones on present-day Earth are strongly asymmetric features (Zhao 2004) composed of an overriding plate
above a subducting plate that sinks into the mantle. While global self-consistent numerical models of mantle convection
have reproduced some aspects of plate tectonics (Moresi & Solomatov 1998, Tackley 2000, van Heck & Tackley 2008), the
assumptions behind these models do not allow for realistic single-sided subduction. Here we demonstrate that the asymmetry of subduction results from two major features of terrestrial plates: (1) the presence of a free deformable upper
surface and (2) the presence of weak hydrated crust atop subducting slabs. We show that by implementing a free surface
on the upper boundary of a global numerical model instead of the conventional free-slip condition, the dynamical behaviour at convergent plate boundaries changes from double-sided to single-sided. Including a weak crustal layer further
improves the behaviour towards steady single-sided subduction by acting as lubricating layer between the sinking plate
and overriding plate.
For this study we perform experiments in 2-D and 3-D global, fully dynamic mantle convection models with self-consistent
plate tectonics. These are calculated using the ﬁnite volume multigrid code StagYY (Tackley 2008) with strongly temperature and pressure-dependent viscosity, ductile and/or brittle plastic yielding, and non-diffusive tracers tracking compositional variations (the ‘air’ and the weak crustal layer in this case).
In conclusion, a free surface is the key ingredient to obtain thermally single-sided subduction, while additionally including
a weak crust is essential to obtain subduction that is both mechanically and thermally single-sided.

Figure 1. 3-D spherical single-sided subduction shown for temperature (left) and viscosity isosurfaces (right).
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1.7
The neutral lines in buckle folds
Marcel Frehner1
Geological Institute, ETH Zurich, Sonneggstrasse 5, CH-8092 Zurich (marcel.frehner@erdw.ethz.ch)

1

The neutral line in a buckle fold is a fundamental concept in structural geology. It divides areas of outer-arc extension
from areas of inner-arc shortening. Indeed, in natural folds so-called outer-arc-extension structures (Figure 1) or inner-arcshortening structures (Figure 2) can occur.

Figure 1: Folded Carboniferous quartzwacke-layer near
Almograve, Portugal. Extension in the outer arc of the fold
is evident from outer-arc-extension structures, i.e., quartzfilled extensional fractures perpendicular to the folded layer.

Figure 2. Folded Triassic limestone-marl multilayer sequence near Bad Eisenkappel, Austria. Shortening in the
inner arc of the multilayer fold is evident from an innerarc-shortening structure, i.e., a brittle thrust of approximately 20 cm offset.

In the past, folds have been constructed kinematically from a given neutral line geometry using the tangential longitudinal strain (TLS) pattern. In this study, a mechanical finite element (FE) model is used to numerically buckle single-layer
folds with Newtonian and power-law viscous rheology. Two neutral lines can be distinguished:
The incremental neutral line (INL) (zero layer-parallel strain rate)
The finite neutral line (FNL) (zero finite layer-parallel strain)
The former develops first and migrates through the layer from the outer towards the inner arc ahead of the latter (Figure
3). Both neutral lines are discontinuous along the fold and terminate either at the bottom or top interface of the layer. For
decreasing viscosity ratio between layer and matrix and for decreasing initial amplitude, the neutral lines develop later
during folding and, for some cases, no neutral line develops (Figure 4). The dynamical behaviour of the neutral lines is
similar for Newtonian and power-law viscous rheology if the viscosity ratio is large, but substantially different for small
viscosity ratios (Figure 5).
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Figure 3. Simulation snapshots of a progressively shortened Newtonian single-layer fold with the indicated modelling parameters.
Colours represent the layer-parallel strain rate normalized by the absolute value of the externally applied strain rate. The INL is drawn
as a thick black line. The FNL is drawn as a thick red line. Finite strain ellipses with their major axis and a passive, initially orthogonal
marker-grid are plotted. The upper-left diagram shows the layer parallel strain rate and the positions of the two neutral lines on the
axial plane trace, normalized by the current thickness of the layer at the hinge, with increasing shortening (and scaled stretch). The
dots indicate the shortening for which the different simulation snapshots are plotted.

Figure 4. Shortening value at the first appearance of the
neutral lines in the single-layer fold for all simulations using
a Newtonian rheology.

Figure 5. Positions of the two neutral lines on the axial
plane trace of different power-law single layer folding
simulations, normalized by the current thickness of the
layer at the hinge.
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1.8
3-D numerical modelling of oceanic spreading initiation
Gerya Taras1
Institut of Geophysics, ETH-Zurich, Sonneggstrasse 5, CH-8057 Zurich (taras.gerya@erdw.ethz.ch)

1

Mid-ocean ridges sectioned by transform faults represent prominent surface expressions of plate tectonics. A fundamental
problem of plate tectonics is how this orthogonal pattern has formed and why it is maintained. Gross-scale geometry of
mid-ocean ridges are often inherited from respective rifted margins. Indeed, transform faults seem to nucleate after the
beginning of the oceanic spreading and can spontaneously form at a single straight ridge.
Due to the limited availability of data, detailed interpretations of nucleation and evolution of the orthogonal spreading
pattern are difficult and controversial. Analogue and numerical modeling have to be additionally employed. Two main
groups of analogue models were implemented (Gerya, 2011 and references therein): (i) themomechanical freezing wax
models with accreting and cooling plates and (ii) mechanical models with viscous mantle and brittle lithosphere. The
freezing wax models reproduced characteristic orthogonal ridge - transform fault patterns but often produced open spreading centers with exposed liquid wax, which is dissimilar to nature. On the other hand, in the mechanical models, new
lithosphere is not accreted in spreading centers, which is conf licting with oceanic spreading. Numerical models of transform fault nucleation (Gerya, 2011 and references therein) mostly focused on short-term plate fragmentation patterns and
strain reached in these numerical experiments was too small to test the long-term evolution of transform faults. Recent
large-strain numerical experiments (Gerya, 2010) studied spontaneous nucleation of transform faults at a pre-existing
single straight ridge but the initiation and maturation of the orthogonal pattern after continental plate breakup remained
unaddressed.
I present new 3-D numerical thermomechanical model of oceanic spreading initiation suggesting that orientation and
geometry of transform faults and spreading centers changes with time as the result of accommodation of new oceanic
crust growth. The resulting orthogonal ridge-transform system is established on a timescale of millions of years from an
arbitrary plate breakup pattern. By its fundamental physical origin, this system is a crustal growth pattern and not a
plate fragmentation pattern. In particular, the characteristic extension-parallel orientation of oceanic transform faults is
a steady state orientation of a weak strike-slip fault embedded in between simultaneously growing offset crustal segments.
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1.9
Linking titanium-in-quartz thermometry and quartz microstructures:
strong evidence of continued vein formation during strain localization
Härtel Mike1, Herwegh Marco1
Institute of Geological Sciences, University of Bern, Baltzerstrasse 1+3, 3012 Bern

1

Detailed microstructural examinations on mylonites from the Simplon Fault Zone (SFZ) in southern Switzerland revealed
the transition of different recrystallization processes in quartz veins of the footwall, ranging from Grain Boundary
Migration Recrystallization (GBM) over Subgrain Rotation Recrystallization (SGR) to Bulging Nucleation (BLG), from the
rim towards the centre of the shear zone. GBM-microstructures can be recognized at distances of more than 4400 m from
the centre and at around 1200 m distance they start to be progressively overprinted by SGR (in the northern part), producing a kilometer-wide mylonite zone comprising ribbon textures in the quartz veins. Near the centre of the SFZ, coremantle-structures develop and bands of bulging grains transect older quartz ribbons. This microstructural sequence displays the cooling-related localization of strain from initial temperatures over 600 °C down to temperatures lower than 350
°C with respect to their dynamically recrystallized grain sizes. However, the age relations between all the quartz veins
remained unknown and some microstructures do not fit into this pattern. The application of Ti-in-quartz geothermometry revealed highest temperatures of 535 ± 17 °C as formation temperatures of GBM-samples, which is lower than the ex-

Swiss Geoscience Meeting 2011

Platform Geosciences, Swiss Academy of Science, SCNAT

pected formation temperature. The reason for this discrepancy is the continuous adjustment of Ti-concentrations in
quartz, during dynamic recrystallization in the GBM-regime. Within the zone of SGR-affected mylonites a very wide spread
of temperatures occurs, ranging from 376 ± 6 °C up to 509 ± 4 °C. Taking into account that SGR overprints former microstructures, but inhibits the readjustment of Ti-concentration in quartz, these temperatures are considered to display the
formation temperatures of the subsequently precipitating quartz veins, following the localization of strain. These data
allow us to differentiate between veins by their relative age relations and to follow the path of the inhomogeneous overprint of the old microstructures with ongoing strain localization during exhumation and cooling.

1.10
Comparing thin-sheet to fully 3D models with application to the IndiaAsia collision
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1

2

Various models have been proposed to explain tectonic deformation during continent collision. A frequently applied model is the thin viscous sheet model which is however not fully three-dimensional (3D) and assumes a priori diffuse thickening as the dominant deformation style.
We compare a fully 3D multilayer numerical model with a corresponding thin viscous sheet numerical model for the
scenario of continent indentation. In our comparison we focus on the three basic viscous deformation styles thickening,
buckling (folding) and lateral crustal f low. Both numerical models are based on the finite element method (FEM) and employ either a linear or power-law viscous rheology. The 3D model consists of four layers representing a simplified continental lithosphere: strong upper crust, weak lower crust, strong lithospheric mantle and weak asthenospheric mantle. The
effective viscosity depth-profile in the 3D model is used to calculate the depth-averaged effective viscosity applied in the
thin-sheet model allowing a direct comparison of the models.
We quantify the differences in the strain rate and velocity fields, and investigate the evolution of crustal thickening, buckling and crustal f low resulting from the two models for two different phases of deformation: (1) indentation with a constant velocity and (2) gravitational collapse after a decrease of the indenting velocity by a factor 5. The results indicate that
thin-sheet models approximate well the overall large-scale lithospheric deformation, especially during indentation and for
a linear viscous rheology. However, in the 3D model, additional processes such as multilayer buckling and lower crustal
f low emerge. These are ignored in the thin-sheet model but dominate the deformation style in the 3D model within a
range of a few hundred kilometers around the collision zone and indenter corner. Differences between the 3D and thinsheet model are considerably larger for a power-law viscous than for a linear viscous rheology and especially buckling and
lower crustal f low are significant in the 3D model.
3D multilayer models provide a more complete picture of continental collision than thin-sheet models as they enable
studying the timing, location and relative importance of different processes simultaneously which is especially important
for the 100 km scale around the collision zone and indenter corners.
In a second study we apply the 3D model to the India-Asia collision, where we distinguish between the Indian and the
Asian domain, i.e. material parameters are varying both in the vertical and horizontal directions. The model geometry is
set up using available geophysical data. From the CRUST2.0 dataset topography and depths of the lithospheric layers are
used to set up the vertical layering, and measured Bouguer anomalies are applied to constrain the density structure. The
viscosity distribution is controlled by comparing viscous and gravitational stresses. Viscosities must be large enough to
counteract or equilibrate gravitationally induced stresses, so that the model does not f low under its own weight (i.e. collapse). We then perform instantaneous indentation of India into Asia to represent the present day state of the continentcontinent collision. The impact of various rheological profiles on the velocity, stress and strain rate fields is studied and
compared to geophysical observations, such as GPS velocities and anisotropy directions.
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1.11
Slow Pseudotachylites
Matej Pec1, Holger Stünitz2 and Renée Heilbronner1
1

Geological Institute, Basel University, Basel, Switzerland (matej.pec@unibas.ch)
Department of Geology, Tromsø University, Tromsø, Norway

2

Tectonic pseudotachylites as solidified, friction induced melts are believed to be the only unequivocal evidence for paleoearthquakes. Earthquakes occur when fast slip (1 – 3 ms-1) propagates on a localized failure plane and are always related
with stress drops. The mechanical work expended, together with the rock composition and the efficiency of thermal
dissipation, controls whether the temperature increase on a localized slip plane will be sufficient to induce fusion.
We report the formation of pseudotachylites during steady-state plastic f low at slow bulk shear strain rates (~10-3 s-1 to
~10-5 s-1 corresponding to slip rates of ~10-6 ms-1 to ~10-8 ms-1) in experiments performed at high confining pressures (500
MPa) and temperatures (300°C) corresponding to a depth of ~15 km.
Crushed granitioid rock (Verzasca gneiss), grain size ≤ 200 µm, with 0.2 wt% water added was placed between alumina
forcing blocks pre-cut at 45°, weld-sealed in platinum jackets and deformed with a constant displacement rate in a solid
medium deformation apparatus (modified Griggs rig).
Microstructural observations show the development of an S-C-C’ fabric with C’ slip zones being the dominant feature.
Strain hardening in the beginning of the experiment is accompanied with compaction which is achieved by closely spaced
R1 shears pervasively cutting the whole gouge zone and containing fine-grained material (d < 100 nm). The peak strength
is achieved at γ ~ 2 at shear stress levels of 1350-1450 MPa when compaction ceases.
During further deformation, large local displacements (γ > 10) are localized in less densely spaced, ~10 µm thick C’-C slip
zones which develop predominantly in feldspars. In TEM, they appear to have no porosity consisting of partly amorphous
material and small crystalline fragments with the average grain size of 20 nm. After the peak strength, the samples weaken by ~20 MPa and continue deforming up to γ ~ 4 without any stress drops. Strain localization progresses in the C’-C slip
zones and leads to the formation of pseudotachylites. Rough estimates of slip rates in the deforming slip zones are 2 to 4
orders of magnitude higher (~10-2 ms-1 to ~10-6 ms-1 ) than the bulk induced slip rate but clearly slower than seismic.
The composition of the pseudotachylites is usually more ferro-magnesian and less silicic than that of the bulk rock.
Microstructural observations show the presence of corroded clasts of especially quartz, injection veins and bubbles with a
strong shape preferred orientation within the molten material following the local f low pattern. The pseudotachylites are
locally folded; their thickness varies between < 1 µm to 10 µm. Pseudotachylites have a distinct CL signal compared to any
other material present in the less deformed experiments.
Our results indicate that pseudotachylite formation at the bottom of the seismogenic layer may not necessarily be connected with stress drops and thus with earthquakes.
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Spatial distribution of quartz recrystallization microstructures across the
Aar massif
Peters Max1, Herwegh Marco1, Wehrens Philip1
1
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In the Aar massif, main foliation and major deformation structures were developed during NW-SE compression associated
with the Alpine orogeny (Steck 1966). To be precise, shearing at the brittle to ductile transition may have initiated at different stages between 22-20 myr and 14-12 myr, followed by purely brittle deformation at around 10 myr (Rolland et al.
2009). In light of the onset of dynamic recrystallization in quartz, Bambauer et al. (2009) defined a quartz recrystallization
isograde in the northern part of the Aar massif. To the south, the grain size of recrystallized grains increases due to an
increase of metamorphic temperatures from N to S.
The aim of the current project is to carry out quantitative analysis on changes of the dynamic and static recrystallization
behavior of quartz. A series of thin sections, covering an entire N-S transect from Guttannen to Gletsch, gives insights into
the long lasting deformation and exhumation history of the crystalline rocks of the Aar massif. In addition, Titanium-inquartz geothermometry (Kohn and Northrup 2009) was performed to learn more about the deformation temperatures and
associated microstructural changes on the retrograde path.
In this N-S section, two general types of microstructures have to be discriminated: (i) weakly to moderately deformed host
rocks and (ii) intensely deformed mylonites to ultramylonites out of high strain shear zones. (i) Volume fraction and size
of recrystallized quartz grains increases towards the south showing grain size changes from around 5 µm up to ca. 250 µm.
Southern microstructures are characterized by complete recrystallization.
In terms of recrystallization processes, a transition from bulging recrystallization in the N to subgrain rotation recrystallization in the S occurs. Such a change in recrystallization processes combined with grain size increase points towards
areduced differential stresses with increasing temperature (Bambauer et al. 2009). (ii) In contrast to the granitic host rocks
the mylonites and ultramylonites show smaller recrystallized grain sizes. compared to their host rocks, but they They also
reveal a general grain size increase from N to S. Here, enhanced strain rates compared to the host rocks result in overall
smaller quartz grains.
In the S, microstructures from (i) and (ii) show equidimensional grains with 120° triple junctions and straight grain boundaries. Such microstructures are typical for static annealing. For that reason, we suggest a post-deformational temperature pulse mainly affecting the southern part of the Aar massif. This annealing stage might correlate with the f luid pulse
between 12-10 myr suggested by Challandes et al. (2008).
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1.13
Structure of the Helvetic nappe system of the Swiss Alps and adjoining
France and Austria.
Pfiffner O. Adrian
Institut für Geologie, Universität Bern, Baltzerstr. 1+3, Bern (adrian.pfiffner@geo.unibe.ch)

A new structural map of the Helvetic nappe system at the scale 1:100’000 has been prepared in the course of the past
years based on a project initiated by John Ramsay in 1978. After revisions and expansion of the map area a digital version
is now available (Pfiffner et al. 2009). The map consists of 7 individual sheets, each with a cross section and its own legend
and . Considerable overlay between the map sheets help to facilitate lateral correlations. The map contains the traces of
faults as well as the axial surfaces of large-scale folds. Lithologic units have been kept simple and adapted to the scale of
the map.
The aim of the structural map series of the Helvetic zone is to show the lateral continuity of folds and thrusts, their spatial orientations and mutual interference as well as to highlight the characteristics of the fold-and-thrust structures in
individual regions and units. The Helvetic zone, or nappe system, is subdivided into two zones with rather different structural style, the Helvetic nappes proper and the underlying Infrahelvetic complex. The Helvetic nappes comprise allochthonous sediments that were dislocated along a basal thrust fault over distances of several tens of kilometers. The Infrahelvetic
complex encompasses all units beneath the basal thrust of the Helvetic nappes. It consists of pre-Triassic crystalline
basement rocks and their autochthonous Mesozoic and Cenozoic sedimentary cover. The simplified map in Fig. 1 gives an
overview of the nappe systems and foreland basins of the Central Alps. The major basal thrusts of the Helvetic nappes as
well as the major transverse faults are also included along with the orientations of the fold axes of large-scale folds. As
example a cross section of the Helvetic nappe system in central Switzerland ranging from the Molasse Basin to the rear of
the Gotthard massif is shown in Fig. 2.

Fig. 1
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The lateral continuity of the Helvetic nappes must be considered separately for the basal thrusts and the nappes as a whole, and the internal fold-and-thrust structures of the nappes. From west to east, the following units constitute the major
nappes: Chaînes subalpines in Haute Savoie (France), Diablerets and Wildhorn nappe in western Switzerland, Axen and
Drusberg nappe in central Switzerland, Glarus nappe complex and Säntis nappe in eastern Switzerland, with the Säntis
nappe extending into Vorarlberg (Austria). The lateral change from the Diablerets-Wildhorn pair to the Axen-Drusberg
pair occurs across the Kandertal, and the change to the Glarus-Säntis pair across the Linthtal. In both instances the change
is associated with a subvertical N-S striking fault with transform character. The change from the Chaînes subalpines to
the Diablerets-Wildhorn pair must be sought across the Rhone valley. But erosion removed a substantial part of the originally neighboring nappes prohibiting a more thorough interpretation. The displacement along the basal thrust of the
nappes is on the order of 10 to 50 km.

Fig. 2

At several locations relatively small imbricates occur in the footwall of the basal thrusts. They include the Gellihorn nappe and the Plammis and Jägerchrüz slices in the Kandertal-Leukerbad area, the Wissberg slice near Engelberg and the
Griessstock and Clariden slices south of Klausenpass. In all of these cases the units can be interpreted as pieces detached
either from the footwall dragged along the base of the nappes or as pieces detached from the hanging wall and overridden
by the nappes.
The nappe-internal deformation includes large-scale folds and thrust faults with displacements typically being between 1
and 5 km. Very often folds and thrust faults are kinematically linked (fault-propagation and fault-bend folds). Detachment
folds are observed where mechanically weak sediments are originally had a significant thickness. Examples include the
Early and Midlle Jurassic sequences in the Axen nappe in the areas around Interlaken and Engelberg and the Palfris Shale
at the base of the Drusberg and Säntis nappes. In map view the fold axes trend parallel to the general strike at first sight.
At some localities, however, the fold axes are arcuate in shape. Examples are found in the Chaînes subalpines, in the Axen
and Drusberg nappes east of Kandertal and the Glarus nappe south of Walensee. The fold arcs are caused basin inversion
and owe their shape to the original basin geometry.
A number of subvertical faults with transform character are responsible for major changes in the internal structure of the
nappes. The faults are oriented at high angle to the fold axes of the nappes and have a strike-slip component. The most
prominent ones are located in the valley of Lac d’Annecy, east of Samoëns, between Wildhorn and Wildstrubel, along
Thunersee, NE of Pilatus, at Engelberg, along Urnersee, west of the Rhine Valley (Sax-Schwende), east of Au and from
Sonthofen to the south.
In the Infrahelvetic complex imbricate thrusting is more pervasive and folds display a more ductile behavior of the strata.
Two large-scale recumbent folds that developed a thrust fault on the inverted limb after extensive shearing. The western
example, the Morcles nappe, has its fold axes forming a culmination above the Aiguilles Rouges and Mont Blanc massifs
that is due to the late updoming of the two basement units. In the eastern example, the Doldenhorn nappe, the fold axes
define a fold arc. Their SW plunge in the west prohibit a direct connection with the fold axes of the Morcles nappe, which
plunge to the NE where the folds disappear into the subsurface. In both nappes, the core of the recumbent anticline is
made of thick Early and Middle Jurassic strata and can be interpreted as an inverted basin.
From the Jungfrau area to Urnersee, the autochthonous cover sediments of the Aar massif are intricately folded and faulted. Most of the axial surfaces and thrust faults dip to the NNW owing to rotation in conjunction with the late, Miocene
uplift of the massif. Farther east a major recumbent fold, the Windgällen fold, has a core of Permian volcanics and involves the crystalline basement, too. From here to the east thrust faults and axial surfaces in the Infrahelvetic complex dip
generally speaking to the SSE.
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Several deformation phases can be recognized in the Helvetic zone. A first event (Plaine Morte and Pizol phase, resp.) implies the emplacement of allochthonous strip sheets of Penninic, Ultra- and South-Helvetic orign along thrust faults that
were parallel to bedding in the footwall (footwall f lats) towards the close of the Eocene. The thrust faults were subsequently passively folded. The next event encompasses thrusting and internal deformation of the Helvetic nappes (Prabé and
Calanda phases, resp.) in Oligocene times. It was followed by thrusting and internal deformation of the autochthonous
cover of the pre-Triassic basement rocks that resulted in the formation of the Aiguilles Rouges – Mont Blanc and Aar –
Gotthard massifs (Kiental phase in the west, Calanda phase in the east) in Late Oligocene – Early Miocene times. Continued
uplift of the western Aar massif (Grindelwald phase) and the Aiguilles Rouges – Mont Blanc massifs took place in Mid to
Late Miocene times, coeval with folding and faulting in the Jura Mountains.
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A sedimentological investigation of the Neogene deposits of the Zagros foreland basin in SW Iran reveals a continuous
and largely gradational passage from supratidal and sabkha sediments at the base (represented by the Gachsaran
Formation) to carbonates and marine marls (Mishan Formation with basal Guri carbonate member) followed by coastal
plain and meandering river deposits (Agha Jari Formation) and finally to braided river gravel sheets (Bakhtyari Formation).
This vertical succession is interpreted to represent the southward migration of foreland basin depozones (from distal foredeep and foredeep to distal wedge-top and proximal wedge-top, respectively) as the Zagros fold–thrust belt migrated
progressively southward towards the Arabian foreland. This vertical succession bears a striking similarity to modern depositional environments and sedimentary deposits observed in the Zagros region today, where one passes from mainly
braided rivers in the Zagros Mountains to meandering rivers close to the coast, to shallow marine clastic sediments along
the northern part of the Persian Gulf and finally to carbonate ramp and sabkha deposits along the southeastern coast of
the Persian Gulf. This link between the Neogene succession and the modern-day depositional environments strongly suggests that the major Neogene formations of the Zagros foreland basin are strongly diachronous (as shown recently by
others) and have active modern-day equivalents.
Today the Zagros foreland exhibits a variety of different active depositional environments. From the Arabian craton towards the Zagros Mountains in the north, one typically observes a transition from sabkha and supratidal environments to
carbonate ramp (distal foredeep), marine basin and coastal plain (foredeep) and finally to meandering and braided river
systems (wedge-top). This horizontal transition in depozones also approximately matches the vertical passage in interpreted palaeoenvironments for sedimentary deposits of the foreland basin during the Neogene. These deposits include the
mainly evaporitic Gachsaran Formation (dominantly supratidal and sabkha), the Mishan (mainly shallow to open marine
marls), Agha Jari (mainlymeandering river and f lood plain deposits), and the Bakhtyari Formation (dominated by braided
river deposits). We interpret this vertical succession to ref lect the progressive evolution of the basin from distal to proximal as the mountain front and foredeep migrate southwards with time. Moreover, we suggest that the link between modern and Neogene deposits implies that the various formations are strongly diachronous. Thus, rather than being regarded
as time surfaces, the Neogene formations in the Zagros are probably best thought of as diachronous depozone markers.
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Figure 1. Schematic block diagram (a) and chronostratigraphic diagram (b) of the Zagros foreland basin showing the proposed link between Neogene units and the modern-day environments.
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A late Paleozoic back-arc basin on the western Gondwana margin: age
and geodynamic setting of Permo-Carboniferous sedimentary rocks of
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After a long period of igneous quiescence during the Siluro-Devonian, magmatic arc activity recommenced along the western Gondwana margin in the early Carboniferous (~345 Ma; Bahlburg et al., 2009). During the same period sediments of
the Ambo Group accumulated in the dominantly continental basins of Peru. At many locations plant remains are preserved indicating a late Viséan – earliest Serpukhovian age and a warm-temperate, humid climate (Azcuy and di Pasquo,
2005). In the Pennsylvanian a marine transgression covered a significant part of Peru and largely overf lowed the limits of
the Mississippian Ambo basins. Transgression continued and reached its maximum extent in the lower Permian. The
platform carbonates deposited in this epeiric sea are referred to as the (Tarma)-Copacabana Group. The upper levels of the
Copacabana Group are assigned to the Artinskian (lower Permian) based on palynology and foraminifera (Doubinger and
Marocco, 1981).
In this study we present Laser Ablation ICP-MS U-Pb age determinations on detrital and volcanic zircons, and whole rock
geochemical compositions on lavas from 5 stratigraphic sections and several key samples from central and south-east Peru.
For the first time isotopic age constraints for the Ambo and Copacabana groups are available. Maximum detrital ages for
the Ambo sandstones fit well with ages assigned to the plant fossils in the literature. Subsequent f looding of the Ambo
basins at the Mississippian-Pennsylvanian boundary coincides with global sea level rise (Haq and Schutter, 2008). However,
our study shows that the basin did not remain exclusively marine till the Artinskian but rather experienced important sea
level f luctuations tentatively coupled to Permo-Carboniferous glaciation cycles. Most significantly we discovered that the
Copacabana Group ends with a continental interval of red bed and volcanic deposits that was previously attributed to the
Triassic Mitu Group. Emersion of the Copacabana basin continued until sediments were exposed above base level creating
the erosional hiatus with the overlying Mitu Group, this disruption coincides with the eustatic low across the PermoTriassic boundary (Haq and Schutter, 2008).
U-Pb ages for the Ambo and Copacabana groups overlap with those for the peraluminous granitoids of the CuscoVilcabamba area obtained in this study. The Permo-Carboniferous plutons of north and central Peru have been interpreted
as a continental arc based solely on their whole rock geochemistry (Nb, Ta, Pb anomalies; Miskovic et al., 2009). However,
we argue that the same geochemical signature can be explained by recycling of continental crust in the melt. We therefore reinterpret the late Paleozoic granitoids and sediments from the Eastern Cordillera as remnants of a back-arc system.
The research area is too far inboard from the present day trench (~400 km) to be simply related to a subduction zone,
neither is there evidence for Phanerozoic terrane accretation to the Peruvian margin. It seems more likely that the coexisting Permo-Carboniferous continental arc was removed at the time of extensive subduction erosion associated with the
break-up of Pangea.
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The thermal budget of a planet is balanced by the generation of heat, e.g. by the decay of radioactive elements, and the
heat loss at the surface. On Earth, plate tectonics has been proved to be an efficient mechanism of mantle cooling: it
transports hot material to the surface, which then cools, and recycles cold slabs back into the mantle by subduction. On
Earth, however, plate tectonics is limited to the oceanic part of the surface, while continents does not actively take part in
it and are thought to thermally insulate the mantle. It has formerly been shown, that thermal insulation does not necessarily decrease the total heat f low, but can even enhance it leading to a more efficient cooling of the mantle. Although
being counter-intuitive at a first glance, this idea is reasonable as thermal insulation increases the average mantle temperature, which can lead to a more rapid mantle overturn and increased oceanic heat f low as it reduces the viscosity [1].
Here we use 3D spherical numerical simulations with self-consistently evolving oceanic plates and continents f loating on
top of the mantle. In these models we investigate the evolution of temperature and heat f low below continents and oceans,
using different initial configurations of continents.
In the simplest case with only one continent we find a generally high, strongly time-dependent oceanic heat f low. Its timedependence is driven by the generation of new plate boundaries: the formation of a new boundary leads to smaller oceanic
plates, i.e. shorter wavelength, accompanied with peaks in heat f low and a decrease in suboceanic temperature. On the
other hand very large oceanic plates correlate with periods of hot oceans. In the case of large plates, their boundaries
might be far away from the continental margin, which implies less insulation of the continental convective cell and a
relatively low subcontinental temperature. The temperature below continents is highest when plate boundaries are close
to the margin as this corresponds to the maximum possible insulation. Consequently, a notable anti-correlation between
suboceanic and subcontinental temperatures can be observed.
In cases with multiple continents the anti-correlation is less pronounced as the assembly and dispersal of continents additionally inf luence subcontinental temperature. In these cases f luctuations of temperatures below individual continents
can be much larger and during selected periods the temperature can be lower than below the oceans. If several continents
are assembled in a chain-like structure, these cool continents are located at the edges of the chain.
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1.17
Effect of single and multiple décollement layers on thrusting dynamics in
fold-and-thrust belts
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Thin-skinned fold-and-thrust belts related to convergence tectonics develop by scraping off a rock sequence along a weaker
basal décollement. Such décollements are often formed by water-saturated shale layers or low-viscosity salt horizons.
A two-dimensional finite element model with a visco-elasto-platic rheology is used to investigate the structural evolution
of fold-and-thrust belts overlying different décollement horizons. In addition, the inf luence of several weak layers in the
stratigraphic column is studied. The characteristics of the layered rock sequence are identical, applying an internal friction angle of 30° and a viscosity of 1025 Pa∙s for all simulations. Model shale décollements are purely frictional, with friction angles ranging from 5° - 25° and the same viscosity as the layered overburden. Model salt layers have viscosities
ranging from 1017 - 1020 Pa∙s and same friction angle and cohesion as the layered sequence.

Figure 1: Profiles of selected fold-and-thrust belts comprising different detachment types. a) Cross-section through the Makran accretionary wedge, SE Iran (adapted from [1]). Detachments are frictional and consist of over-pressured shale. Additional detachments exist
within the deformed sedimentary pile. b) Profile through the South-western part of the Simply Folded Zone in Zagros, SW Iran (adapted from [2]). The Zagros is an example of a fold belt related to thick salt layers acting as detachment. Several weak salt layers within
the sedimentary pile were detected [3].

Results show that fold-and-thrust belts with a single frictional basal décollement generate thrust-systems ramping from
the décollement to the surface. Spacing between thrust ramps depends on the thickness of the overlying sequence. If the
“salt” décollement has low viscosity (1018 Pa∙s), isolated box-folds (detachment-folds) occur. Multiple viscous salt layers
with the same viscosity (1018 Pa∙s) lead to long-wavelength folding. The structural evolution of simulations with an additional low-frictional layer strongly depends on the strength relationship between the basal and the additional, within-sequence décollement. If the within-sequence décollement is weaker, underplating occurs and leads to antiformal stacking
at the rear of the fold-and-thrust belt. In the distal part, where deformation is restricted to the upper part of the rock pile,
imbrication occurs with a wavelength depending on the depth of the intermediate weak layer.
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Figure 2: Simulations with multiple décollements. a) Base and intermediate décollement consist of shale (geen and blue).
All shale related simulations are compressed for 6.34 Ma. Upper subfigure: Intermediate décollement stronger than basal
décollement. Total wedge taper is dependent on strength of base décollement. Middle subfigure: Intermediate and base
décollement have same strength. Lower subfigure: Basal décollement stronger than intermediate one. Underplating leads
to antiformal stacking at the rear of the wedge. Imbrication at the toe of the rock pile with wavelength depending on
depth of décollement. b) Simulations with two salt layers (grey scale) compressed during 4.98 Ma. Upper subfigure: High
salt viscosity produces drag towards the backstop. Middle subfigure: Fault-propagation folds with no preferred vergence.
Very low surface taper Lower subfigure: Low salt viscosity and increased salt thickness form open folds with long
wavelengths .
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In Morocco, the High and Middle Atlas of Morocco are intra-continental fold-thrust belts situated in the southern foreland
of the Rif orogen (Fig. 1). It is a key natural laboratory because it 1) is the southern and westernmost expression of AlpineHimalayan orogeny, and 2) possibly encompasses Pre-Cambrian to recent evolution of the region. Phases of shortening and
exhumation of this orogen remain however ill constrained and the few available quantitative data do not allow the
present-day high topography (over 4000m) to be explained.
In order to put constrains on the recent orogenic growth of the Atlas system, we investigated the temperature-time history of rocks combining extensive low-temperature thermochronological analysis (Fission tracks and (U-Th)/He on zircon and
apatite) and peak temperature estimation by Raman spectroscopy of carbonaceous material (RSCM) and U-Pb ages.
The target area is a NE-SW oriented transect crossing the different structural segments of the western Atlas away from
present-day fault systems (Fig. 1). Results are much contrasted from one domain to the other. Pre-Cambrian bedrocks from
the Anti-Atlas domain yield old Fission-Track ages on zircon (340-300 Ma), apatite (180-120 Ma) but also U-Th/He (150-50
Ma) still on apatite.
These datasets are interpreted, with the help of thermal modelling, to record passive margin up and down movements
during the break-up of the Pangea. U-Th/He pair dating on both apatite (80-55°C) and zircons (200-160°C) minerals are
much younger in the High-Atlas once the Tizi N’Test Fault System (TNT), or SAF (Fig. 1) passed to the north, ranging between ~35-5 Ma and 85-30 Ma respectively. Similarly, maximum peak temperatures vary across the TNT, with maximum
temperatures of 500-450°C in the axial zone and less than 250-200°C in the Souss plain to the south. Once all datasets
combined, they indicate that uplift occurred in the Axial Zone in the Oligocene due to tectonic inversion and crustal shortening and remain constant since allowing a 6-7 km thick pile to be eroded.
Low-thermochronological analyses have also been performed on Cretaceous deposits in the region. Results indicate that
these deposits have been reset to temperatures greater than 80°C. This suggests that a post Cretaceous sedimentary pile
of at least 3 km in thickness is missing, and as a result that a 3-4 km thick pile of substratum have been eroded in the
Axial Zone. Our extensive thermochronological dataset provide for the first time constraints that evidence heterogeneous
exhumation history across and along the chain.
All these constraints are put together with structural, geochemical and geophysical informations to discuss the recent
tectono-thermal evolution of the Atlas system in the frame of the Africa-Europe convergence and thinning of the lithosphere.
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Figure 1. Top: Schematic map of northern Africa showing the main domains in Morocco, i.e. from north to south Rif-Tell, Meseta (ME),
Middle-Atlas (MA), High-Atlas (HA), Anti-Atlas (AA), Tindouf Basin (TB) -Saharan Domain (SH) and Reguibat Shield towards the West
Africa Craton (WAC) and finally the Tarfaya-Dakhla Basin (TDB) to the SW along the Atlantic Ocean. The studied area (red rectangular)
south of Agadir corresponds to the western segment of the Atlas system than encompasses Precambrian inliers, i.e. the Ifni (IF),
Kerdous (KE) and Igherm (IG) within the Paleozoic Anti-Atlas domain. SB: Souss Basin. Ag.: Agadir. Thin dashed blue line: corridor for
<110 km thick lithosphere (Fullea et al., in press). Bottom: Topographic profile across the region against the strike of the orogen (x10
vertical exaggeration) - see thick dashed red line for location, horizontal and vertical axis in kilometres.
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Did Laurentia and Gondwana play terrane tennis in the Palaeozoic? The
implications of a Iapetus convergent margin in the Merida Terrane,
Venezuela
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The tectonic, metamorphic and palaeogeographic origin of the basement terranes of the circum-Maracaibo region,
Venezuela and Colombia, are poorly understood. A majority of the reconstructions of western Pangaea place the Merida
Terrane of western Venezuela between the Guyana Shield, Mexican and Central American terranes, and hence unravelling
its tectonic history is a key step to reconstructing western Pangaea. We aim to develop a robust framework for the age and
tectonic origin of the Merida Terrane by using new, in-situ LA-ICP-MS zircon U-Pb geochronology on isotopically and geochemically characterised igneous and metamorphic rocks of the basement complexes.
Widespread I- and S-type arc magmatism and amphibolite facies metamorphism of sedimentary rocks of the Iglesias
Complex occurred between the late Cambrian and early Devonian (500-415 Ma), corresponding to a north facing Iapetus
continental arc. Detrital zircons from these metasedimentary rocks are early Cambrian and older, which provide a maximum age for deposition. A magmatic hiatus in the Merida Terrane spans the Devonian to Permian, from ~415- 75 Ma.
A compilation of previous work suggests that faunal assemblages from several locations in the Merida Terrane reveal significant assemblage transitions. Faunal affinities change from Gondwanan in the Cambrian, to Acado-Baltic in the
Ordovician, to Appalachian in the Silurian. This shift is also characteristic of the Avalonia microcontinent, which rifted
off Gondwana in the Cambrian and accreted to Baltica and finally Laurentia in the Silurian.
To the south of the Merida Andes, the Apure Fault separates the Early Palaeozoic igneous and metamorphic belt from the
Guyana Shield. The latter exhibits extensive Cambrian rifts which were reactivated in the Jurassic, and K/Ar dates obtained
from biotite and feldspar from the basement rocks of the Guyana Shield suggest that the Palaeoproterozoic crust has not
experienced a significant thermal event since ~1Ga. Therefore, we propose that the Apure Fault is the south-eastern
boundary of the Merida Terrane.

We propose two contrasting scenarios for the evolution of NW Gondwana and the Iapetus and Rheic oceans:
A) The Merida Terrane may be autochthonous or para-autochthonous to Gondwana, which would imply that the NW
corner of Gondwana was a Cambrian to Silurian active margin. This implicitly means that the rift to drift transition
which led to the opening of the Rheic Ocean in the Cambrian-Ordovician did not occur this far west, precluding the
Rheic Ocean separating NW Gondwana from Laurentia, which in turn suggests that these two supercontinents were
close or perhaps connected by the Silurian. A simultaneous back-arc to rift-to drift transition, as required for the opening of the Rheic Ocean in the Cambrian-Ordovician, would lead to scenario B:
B) The Merida Terrane may be an allochthonous, Avalonia type terrane which separated from Gondwana in the CambrianOrdovician due to back-arc basin becoming an oceanic spreading centre (Figure 1). In this scenario, NW Gondwana
would become the southern passive margin of the Rheic Ocean; the Merida Terrane would at the same time be the
southern Iapetus active margin and the Rheic Ocean northern passive margin (Figure 1). In the Silurian, the Merida
Terrane would, like Avalonia, collide with Laurentia during as the Iapetus closed, resulting in the Acadian orogeny in
the Appalachians. Following the Amalgamation of Pangaea it would have been re-accreted to Gondwana.
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Figure 1. Tectonic sketch for an allochthonous Merida Terrane as described in Scenario B (see text). Drawing is not to scale.
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1.A.1
Evidence of transition tectonic regime as seen at Hi’iaka and Zal regions on Io.
Leone Giovanni1, Gerya Taras1, Tackley Paul, J.1, & Moore William, B.2
1

Institute of Geophysics, ETH Zürich, Sonneggstrasse 5, CH-8092 Zürich (giovanni.leone@erdw.ethz.ch)
Department of Atmospheric and Planetary Sciences, Hampton University, 21 Tyler Street, VA 23668 Hampton

2

Io is the most volcanically active body of our Solar System, it’s average global thermal output of 2.4 W/m2 is higher than
that of the Earth. It has been suggested that its mantle may be vigorously convecting (Tackley et al., 2001), but no signs
of plate tectonics have been seen so far on its surface. In some cases, mountains appear to be cut and laterally displaced
along a transform fault that seems to be a rifting margin (Figure 1 taken from Bunte et al., 2008) and occur as isolated
massifs also characterized by lineaments typical of tectonic activity (Figure 2a). A similar morphological pattern that occurs in parts of the Earth oceanic crust (Figure 2b-c), although the timescale and the process differ according to the different tectonic regimes and resurfacing rates.

Figure 1. “Galileo SSI mosaic obtained during orbit I27 f lyby in
February 2000 from image I27ZALTRM01. Resolution is 335 m/
pixel. North is up. Illumination is from the left.” (from Bunte et
al., 2008). Zal mountains along with associated Zal Patera are
displaced along a transform fault from which lava f lows erupted on the surface.

Figure 2. Comparison of Io surface structures (a) with numerical models of magma-assisted spreading under terrestrial conditions (b-c). (a) Galileo image PIA02540 showing Hi’iaka Mons
along with the associated Hi’iaka Patera (the darker semi-circular feature in the middle of the image). (b) topographic pattern
for oceanic spreading associated with shallow elongated magma
chambers (Gerya, submitted). (c) topography rise associated
with an emplacement of large dike-like intrusion into the crust
(Gerya and Burg, 2007)

O’Neill et al. (2007) identified conditions in which mantle convection may lead (or not) to lithospheric failure and include
Io (as well as Venus and Europa) in a transition regime between stagnant and active (mobile) lid, being the latter on Earth
regarded as the unique case seen in the Solar System.							
However, although failure of the lithosphere does occur (Figs. 1 and 2a), we think that a good coupling between the mantle and the asthenosphere is not achieved on Io due to the low viscosity of the partially-molten asthenosphere and thus the
induced lithospheric stresses would be too small to form the observed mountains, which may instead be caused by ‘heat
pipe’ resurfacing being more rapid in some areas (above regions with high tidal dissipation) than others, causing lateral
differences in lithosphere-crust thickness and, hence, in stress. We plan to perform new simulations including the effect
of volatiles on partial melting, heat-pipe resurfacing, mantle-asthenosphere coupling, and laterally variable lithosphereasthenosphere thicknesses, in order to understand lithospheric stresses and hence the formation of mountains, which
should allow us to better match the new models to the available spacecraft and groundbased data.
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1.A.2
Thermo-chemical convection in spherical geometry: influence of core’s size
Yang Li, Frédéric Deschamps & Paul. J. Tackley
Institute of Geophysics, ETH Zürich, CH-8092 Zürich (yang.li@erdw.ethz.ch)

Seismological observations indicate that strong lateral compositional anomalies are present in the deep mantle (Trampert
et al., 2004). Meanwhile, numerical models of thermo-chemical convection have shown that reservoirs of primitive dense
material can be maintained at the bottom of the system. In particular, Studies in 3D-Cartesian geometry pointed out the
parameters that control the stability of dense reservoirs include the chemical density contrast between the dense and regular material, and the thermal viscosity contrast (Deschamps & Tackley, 2008,2009). In addition, the Clapeyron slope of
the 660-km phase transition may act as a filter for the dense material.
We continue this work in 3D-spherical geometry, which is the geometry of planetary mantle, using the code STAGYY
(Tackley, 2008). We study the inf luence of several parameters on the stability of primitive dense reservoirs, including the
ratio of the radius of the core to the whole shell ( f ),the buoyancy ratio (B),which is the chemical density contrast between
dense material and regular material, and the volume fraction of dense material ( X ).
Preliminary results suggest that 1) the ratio f doesn’t have much inf luence on the stability of the dense reservoirs, but it
has an inf luence on the detailed structure (shape) of these reservoirs (Fig.1). 2) The buoyancy ratio is the most sensitive
parameter (Fig.2). For small (<0.18) buoyancy ratio, the initial layer of dense material is swept out. On the contrary, for
buoyancy ratio larger than 0.3, we observe stable layering. For intermediate buoyancy ratio, pools of dense material are
forming and remain stable in the bottom of the spherical shell. Future work will explore the inf luence of the volume
fraction of the dense reservoirs.
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Figure 1. (a-b) isosurfaces of composition c=0.5 (f=0.8 for a, f=0.5
for b), (c-d) snapshots of temperature field (f=0.8 for c, f=0.5 for
d) at t=0.0106(4.5 Gyr).

Figure 2. (a-c) isosurfaces of composition c=0.5 for B=0.18(a),
0.22(b), 0.25(c) and (d-f, snapshots of temperature field for
B=0.18(d), 0.22(e), 0.25(f) at time t=0.0170(7.2Gyr).

1.A.3
Effect of rheology on mantle dynamics and plate tectonics in superEarths
Tackley Paul1, Ammann, Michael2, Brodholt John1, Dobson David1 & Valencia Diana3,1
Department of Earth Sciences, ETH Zürich, Switzerland  (ptackley@ethz.ch)
Department of Earth Sciences, University College London, UK
3
Department of Earth Atmospheric and Planetary Sciences, MIT, USA
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The discovery of extra-solar “super-Earth” planets with sizes up to twice that of Earth has prompted interest in their possible lithosphere and mantle dynamics and evolution. Simple scalings (Valencia et al.,2007; van Heck and Tackley, 2011)
suggest that super-Earths are more likely than an equivalent Earth-sized planet to be undergoing plate tectonics. Generally,
viscosity and thermal conductivity increase with pressure while thermal expansivity decreases, resulting in lower convective vigor in the deep mantle, which, if extralopated to the largest super-Earths might, according to conventional thinking,
result a very low effective Rayleigh number in their deep mantles and possibly no convection there. Here we evaluate this.
(i) As the mantle of a super-Earth is made mostly of post-perovskite we here extend the density functional theory (DFT)
calculations of post-perovskite activation enthalpy of Ammann et al. (2010) to a pressure of 1 TPa. The activation volume
for diffusion creep becomes very low at very high pressure, but nevertheless for the largest super-Earths the viscosity
along an adiabat may approach 10^30 Pa s in the deep mantle, which would be too high for convection. (ii) We use these
DFT-calculated values in numerical simulations of mantle convection and lithosphere dynamics of planets with up to ten
Earth masses. The models assume a compressible mantle including depth-dependence of material properties and plastic
yielding induced plate-like lithospheric behavior, solved using StagYY (Tackley, 2008). Results confirm the likelihood of
plate tectonics and show a novel self-regulation of deep mantle temperature. The deep mantle is not adiabatic; instead
internal heating raises the temperature until the viscosity is low enough to facilitate convective loss of the radiogenic heat,
which results in a super-adiabatic temperature profile and a viscosity increase with depth of no more than ~3 orders of
magnitude, regardless of what is calculated for an adiabat. It has recently been argued (Karato, 2011) that at very high
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pressures, deformation by intersticial diffusion may become more effective than by vacancy diffusion, possibly causing in
a decrease of viscosity with pressure along an adiabat. This would allow ~adiabatic temperatures in the deepest mantle.
(iii) In the context of planetary evolution: If, as is likely, a super-Earth was extremely hot/molten after its formation, it is
thus likely that even after billions of years its deep interior is still extremely hot and possibly substantially molten with a
“super basal magma ocean” – a larger version of the proposal of Labrosse et al. (2007) although this depends on presently
unknown melt-solid density contrast and solidus.

Figure 1. Convection and plate tectonics in planets with 1, 3, 5, 7 and 10 Earth masses (from left to right). Plotted are temperature (top)
and viscosity (bottom).
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1.A.4
Thermal convection in the outer layer of icy satellites
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Recent spacecraft missions exploring the outer planets of the Solar System provided new data that increased our knowledge about the internal structure of icy satellites. The existence of a global sub-surface ocean located between an outer
layer of ice I and a basal layer of high pressure ices have been proposed forty years ago (Lewis, 1971). As the primordial
ocean cools down, ice crystallizes both at its top and its bottom, and if the heat transfer in the outer ice I layer is not efficient enough, a liquid ocean can be maintained in between the two layers of ice. The presence of an ocean is thus controlled by the heat transfer in the outer ice layer. Convection is likely the most efficient way to transfer heat through this
ice layer (McKinnon, 2006; Deschamps & Sotin, 2001), but the regime of convection (and therefore the heat transfer) depends on the rheology of the f luid. In the case of ice, viscosity is strongly temperature dependent and thermal convection
in the outer ice shell follows a stagnant lid regime. A rigid stagnant lid forms at the top of the system, and convection is
confined in a sublayer (Davaille & Jaupart, 1993).

Figure 1. Thermal structure of the convective layer for Ra=5.7.105 and Δμ=105

Many numerical studies including strongly temperature-dependent viscosities have been performed in 2D Cartesian geometry allowing the determination of scaling laws between the temperature of the well-mixed interior and the ratio of the
top viscosity to the bottom viscosity.
In this work, we present new models of thermal convection in spherical geometry, which we use to model the heat transfer through the outer layer of icy moons. We use STAGYY (Tackley, 2008) to run simulations in 3D spherical geometry (fig.
1) with a ratio of the core radius to the total radius of 0.80 (meaning that the ice shell represents 20% of the satellite’s
radius). We consider the only source of heat to be from the bottom of the ice layer (internal heating is neglected). Under
these conditions, we study the dependence of the temperature of the well-mixed interior (Tm) on the effective Rayleigh
number (Ra) (describing the vigor of convection) and the ratio of viscosity (Δμ) (fig. 2). For a range of Ra between 105 and
107 and a range of Δμ between 104 and 106, we obtained the scaling law:
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Figure 2. Determination of the temperature of the well-mixed interior Tm as a function of the parameter γ=ln(Δμ).

Compared to Cartesian geometry, the average temperature in the convective layer (Tm) is lower which means that the
conductive lid is less developed.
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1.B.1
Pb, Sr and Nd in intra-ocean subduction zone: 2D geochemical-thermomechanical modeling
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3
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Isotopes behave differently in different processes involved in a subduction zone such as slab dehydration, mantle wedge
hydration and partial melting. Therefore, they are indicative of when and where different processes are active. The aim of
this study is to extend the 2D coupled petrological-thermo-mechanical numerical model (I2ELVIS) of intra–oceanic subduction processes to include a treatment of isotopic signatures. With this extension we hope to gain more insights into the
recycling system within the mantle wedge and are able to visualize the interaction between slab components and the
depleted mantle. This will allow us to draw conclusions form isotopic signatures in arc lavas about the involved chemical
processes.
The hydration and dehydration processes in subduction zones release chemical components from the subducting slab into
the overlying wedge, where arc magma sources are established. These sources can geochemically be considered as a threefold mixture of wedge peridotite, basaltic ocean crust and sediment (Klimm et al., 2008). A chemical contamination of slab
components with wedge peridotite leads to specified signatures in arc magmas. It is widely accepted that two slab components play a key role in this contamination: first, the altered oceanic basalt crust, and second its thin layer of sediment
(e.g. Poli & Schmidt, 2002). The chemical contribution of the oceanic crust is restricted to a few trace elements, most notably Pb and the large alkalis (e.g. Rb) and alkaline earths (e.g. Sr) (Klimm et al., 2008). For these reasons, there is a general
consensus that the sediment contributes its isotopes to the wedge via a silicate melt, whereas the basalt makes its contribution via an aqueous f luid (Elliott et al., 1997). Based on these results and the well known enrichment of LILE and Pb, U,
Th, and B in island arcs in respect to the N-MORB as well as the decrease of HFSE, and Nd, Ta, Zr, and Hf (McCulloch et al.
1991, Tatsumi et al. 1995, 2003, Elliott 2003, Stern 2002), we focus on a limited number of elements (Pb, Hf, Sr and Nd)
for our numerical model.
Our first results show a significant increase of Strontium and Lead and a slight increase of Hafnium and Neodymium in
the newly formed crust relative to the depleted mantle (DMM), comparable with data from the literature. In addition, the
evidence for slab derived f luid /melt (basalt and sediments) in the new crust is obvious.
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Long term evolution of subduction-collision systems: numerical modelling
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Subduction-collision zones are natural systems that are controlled by both deep lithospheric and surface processes.
In order to model the dynamics of such regions, we have conducted two dimensional and three dimensional numerical
simulations of long lasting subduction-collision systems. The study takes into account complex rheological behaviour
(plasticity, viscous creep and Peierls creep) as well as a quasi free surface.
We show that continental collision is likely to lead to slab detachment and/or slab rollback. Slab detachment can occur
over a large range of depths (40 to 400 km) and is mainly controlled by the thermal age of the subducting oceanic slab.
Each of those breakoff types displays a complex rheological behaviour during the plate necking stage. For initially old slabs
(50-80 My), olivine’s Peierls creep in olivine is a key mechanism for slab detachment that can effectively weaken the slabs,
causing them to break at shallower depths.
Models involving different depths of breakoff are subject to different topographic evolution, but always display a sharp
breakoff signal. Each slab breakoff end-member is characterised by a subsequent surface uplift in both foreland and hinterland basins. Time averaged (over 5 My) uplift rates range between 0.1 km/My for deep detachment and 0.8 km/My for
shallow detachment. In contrast, instantaneous surface uplift rates may reach larger values and vary drastically through
time. Our study indicates an quasi linear relationship between the depth of detachment and the rate of time averaged
surface uplift.
Continental crust subduction was observed in the experiments involving oceanic lithosphere initially older than 30 My.
Different extensive (late-collisional) processes such as slab rollback and slab eduction were modelled and are responsible
for the exhumation of buried rocks. The exhumation rates of HP material are generally found than larger than surface
uplift rates. These models are likely to undergo large rebound following breakoff and plate delamination if the subducted
oceanic slab is old enough.
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1.B.3
Extension of chemically stratified mantle lithosphere: numerical modeling
Jie Liao, Taras Gerya
Department of Earth Sciences, Swiss Federal Institute of Technology, Sonneggstrasse 5, CH-8092 Zurich (jie.liao@erdw.ethz.ch)

Using a 2D coupled thermo-mechanical numerical mode, we investigate the extension and breakup of the continental lithosphere. Different from the ‘standard’ lithospheric model setup where the mantle lithosphere is a homogeneous layer,
we introduce a hydrated mantle layer in the mantle lithosphere in our model.
By changing the depth and thickness of the hydrated layer, we find out, the extension and breakup of the compositional
layered mantle lithosphere significantly differ from the ‘standard’ case, and the deformation is mainly affected by the
depth rather than the thickness of this hydrated layer (Figure. 1). In a low depth, the hydrated layer is only a low viscosity layer emplacing into the overlying mantle and curst. In a deep depth, due to the water, partial melting occurs in the
hydrated layer. The partial melting upwells and thins the overlying mantle, and this may apply to North China Craton
where the old, depleted continental lithospheric mantle has been replaced by young, fertile ‘oceanic’ mantle(Menzies et
al., 2007).

Figure 1. Modeling results with the hydrated layer at different depth and thickness.
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Decoupled and coupled multilevel preconditioners for problems in elasticity and variable viscosity Stokes flow
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gmail.com)

In this work, we focus on the development and comparison of several multilevel preconditioners for solving problems in
elasticity and Stokes f low applied to geodynamic applications. The main stumbling block to developing robust, scalable
multilevel preconditioners for these applications is that the coefficients in the differential operator (e.g Youngs modulus,
viscosity) typically exhibit large variations in space. We consider that our methods should be able to solve problems which
exhibit coefficient variations which are either continuous or discontinuous.
When considering coupled partial differential equations, we have several options in how to construct the multilevel preconditioner. For example we can (i) choose to split the PDE into individual scalar components and apply a multilevel precondition to each scalar sub-problem and couple the entire system with a stationary block iterative method like Jacobi, or
SOR(SSOR), (ii) generate the multilevel hierarchy of the coupled problem and on each level, define the smoother using a
node based decoupling of the individual fields or (iii) consider some hybrid method where we generate the multilevel hierarchy of the coupled problem and define the smoother by splitting the discrete coarse grid PDE into individual scalar
components (as in (i)).
The performance of the three styles of multilevel preconditioners are compared for a range of different coefficient structures associated with elasticity and Stokes f low for prototypical geodynamic problems. The problems consist of setups
with rigid inclusions employing a range of different geometries (dimensionality) and length scales. We also examine some
cases in the Stokes regime involving a von-Mises yield surface. The trade-offs between the different strategies are compared
and discussed.
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1.B.5
Crustal Growth at Active Continental Margins : Numerical studies
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Active margins are important sites of new continental crust formation by magmatic processes related to the subduction
of oceanic plates. We investigate these phenomena using a three-dimensional coupled petrological-geochemical-thermomechanical numerical model, which combines a finite-difference f low solver with a non-diffusive marker-in-cell technique for advection (I3ELVIS code, Gerya and Yuen, PEPI,2007). The model includes mantle f low associated with the
subducting plate, water release from the slab, f luid propagation that triggers partial melting at the slab surface, melt
extraction and the resulting volcanic crustal growth at the surface. The model also accounts for variations in physical
properties (mainly density and viscosity) of both f luids and rocks as a function of local conditions in temperature, pressure, deformation, nature of the rocks, and chemical exchanges.
Our results show different patterns of crustal growth and surface topography, which are comparable to nature, during
subduction at active continental margins. Often, two trench-parallel lines of magmatic activity, which ref lect two maxima
of melt production atop the slab, are formed on the surface, see Figure 1. The melt extraction rate controls the patterns
of new crust at different ages (Zhu et al., Journal of Earth Science,2011). Moving free water ref lects the path of f luids, and
the velocity of free water shows the trend of two parallel lines of magmatic activity. The formation of new crust in particular time intervals is distributed in finger-like shapes, corresponding to finger-like and ridge-like cold plumes developed
atop the subducting slabs (Zhu et al., G-cubed,2009; PEPI,2011). Most of the new crust is basaltic, formed from peridotitic
mantle. Granitic crust extracted from melted sediment and upper crust forms in a line closer to the trench, and its distribution ref lects the finger-like cold plumes. Dacitic crust extracted from the melted lower crust forms in a line farther
away from the trench, and its distribution is anticorrelated with the finger-like plumes.

Figure 1. Topography evolution at (a) 7.2 Myr and (b) 13.5 Myr since the beginning of the model calculation and new crust development
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We demonstrate the potential applicability of our model to clustering of arc magmatism in several subduction zones, such
as Baja California (Ramos-Velázquez et al., Revista Mexicana de Ciencias Geológicas,2008), North Island of New Zealand
(Booden et al., J. Volcanol. Geotherm. Res., 2010), Northeast Japan (Kimura and Yoshida,Journal of Petrology, 2006);
Ecuador (Schütte et al., Tectonophysics,2010) and Lesser Antilles (Labanieh et al., EPSL,2010).
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with time (c) 7.2 Myr and (d) 13.5 Myr, which corresponds to melt extraction fraction atop the subduction slab, shown as the temperature isosurface of 1200K in gold yellow.
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1.C.1
Quartz microstructures and crystallographic preferred orientation:
which shear sense do they indicate?
Rüdiger Kilian1, Renée Heilbronner1, Holger Stünitz2
1
Geological Institute, Department of Environmental Sciences, Basel University, Bernoullistrasse 32, CH-4056 Basel, Switzerland. (ruediger.
kilian@unibas.ch)
2
Department of Geology, University of Tromsø, Dramsveien 201, 9037 Tromsø, Norway

Crystallographic preferred orientation (CPO) and shape fabrics of dynamically recrystallized quartz are currently used as
shear sense indicators. We show that the CPO and shape fabric in a polyphase rock do not necessarily indicate the shear
sense at the global scale of the shear zone but rather at the local scale of the deforming and recrystallizing quartz aggregates.
In lower amphibolite facies shear zones in the Gran Paradiso metagranodiorite, magmatic quartz grains have recrystallized dynamically by subgrain rotation and grain boundary migration to a constant grain size and deform inside a very
fine grained feldspar-mica matrix. The polycrystalline quartz aggregates behave as objects with a higher viscosity embedded in a lower viscosity matrix.
A global and a local reference frame are distinguished, the former with respect to the entire shear zone width (~centimeter to decimeter scale), the latter with respect to each deforming quartz aggregate (~micrometer to millimeter scale).
Quartz develops a strong CPO with the [c]-axes forming a peripheral maximum inclined synthetically with the inferred
local shear sense. At low strain the local shear sense of porphyroclasts is systematically opposite to the global shear sense.
The original crystallographic orientation of the magmatic quartz grains has a minor inf luence on the developing CPO.
The orientation of the surface fabric is related to the orientation of the [c]-axis maximum and the microscopic shear sense
in the quartz aggregate. The geometry of the surface fabric ranges from monoclinic to symmetric depending on the relative contribution of grain boundary migration.
It is inferred that f low partitioning between the quartz aggregates and the matrix controls the local kinematics. CPOs are
only reliable shear sense indicators in polyphase rocks if the most highly strained parts are analyzed where spin of the
aggregates with respect to the shear zone boundary has ceased.
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Plastic deformation of quartz micropillars under uniaxial compression at
room temperature
Maeder Xavier1,2, Rudy Ghisleni1 & Michler Johann1
2
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39, 3602 Thun, Switzerland (Rudy.Ghisleni@empa.ch, Johann.Michler@empa.ch)
1
Faculté des géosciences et de l’environnement, institut de géologie et paléontologie, UNIL, CH - 1015 Lausanne (xavier.maeder@unil.ch)

Quantification of the mechanical properties of crystalline materials at micro and nano length-scales is as important as it
is challenging. It has been recently discovered that the mechanical behaviour of a crystalline material can change as the
size of the system in question approaches any characteristic length scale associated with the dislocation processes of the
material (Michler et al. 2007). Several proprieties are affected by a material’s internal and in some cases external length
scales, such as the yield stress, the brittle-to-ductile transition temperature and the fracture toughness. Such length-scale
dependent values of the mechanical proprieties of rocks materials and minerals may constrain the deformation behaviour
of mylonite or ultramylonite where the grain size reaches micro- to nano-meter scale. In order to address this issue, SEM
insitu micropillar compression of natural quartz has been preformed. Two sets of samples have been tested with compression axis perpendicular to respectively the c- and the z-planes. The result show that ductile deformation occurs at room
temperature with pillar of 1 micron diameter for both orientations, with yield stress between 3 to 4 GPa. Pillar oriented
parallel to the c-axis show rhombohedra slip planes and the ones parallel to the z-axis show basal slips. SEM insitu micropillar compression is a very promising method to study plastic deformation behaviour at small scale of rock minerals.
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1.C.3
Control of temperature, pressure gradient and flow law on the formation
of crustal-scale shear zones: results from 1D thermo-mechanical modeling
Maeder Xavier1, Schmalholz Stefan1 & Bauville Arthur 1
1
Faculté des géosciences et de l’environnement, institut de géologie et paléontologie, Quartier UNIL-Dorigny, CH - 1015 Lausanne (xavier.
maeder@unil.ch, Stefan.Schmalholz@unil.ch, Arthur.Bauville@unil.ch)

Localization of deformation plays a major role during tectonic processes. It is at the origin of many geological structures
at all scale from the formation of deformation bands within single grains up to crustal and lithospheric scale shear zones.
Deformation in continental collision belts is typically driven by such localizations, which especially result in the formation of fold nappes and thrust sheets. There is considerable speculation as to which process dominates the localization behavior. We present a dynamically self-consistent pressure-driven thermo-mechanical 1D numerical model to study the
formation of shear zones in the upper crust. The numerical model is based on the finite element method. Our model
consists of a sediment layer and its underlying basement. For the sediment layer we consider several calcite f low laws for
diffusion creep and dislocation creep (both power-law and Peierls law). For the basement we apply several f low laws for
quartz and granite. We study under what thermal and pressure conditions the shear zones form either at the base of the
basement unit or at the base of the sediment layer, or at both locations simultaneously. We also investigate the impact of
thermal coupling through shear heating on shear zone formation. We further apply our model to the Morcles fold nappe
in the western Swiss Alps by considering previously published estimates for strain rates, stresses, f low laws and temperatures. We identify the thermal and pressure conditions for which the model results fit best the field observation and
estimates for stress and strain rate. The advantage of the applied 1D dynamic shear zone model is that neither the strain
rate nor the stress is prescribed at any point in depth but is controlled by the applied overall pressure gradient, the temperature profile and the f luid dynamic force balance within the shear zone. The results of our simplified 1D model will
be used to set up a more elaborated 2D model for the formation of crustal scale shear zones and nappes.
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1.C.4
Texture development and hybrid deformation mechanisms in fine grained
calcite aggregates deformed in direct shear: constraints from electron
backscatter diffraction analysis
Maeder Xavier1,2, Ghislain Trullenque3, Marty Drury1 & Hans De Bresser1
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Studies on naturally and experimentally deformed calcite and olivine aggregates have demonstrated that even fine grained
materials that are expected to exclusively deform by grain size sensitive (GSS) mechanisms, develop a weak but distinct
LPO (texture) at high strain. This raises the question to what extend the evolution of the microstructure results in a change
from simple GSS or grain size insensitive (GSI) creep to complex composite f low, with related change in the rheology of
the material.
To investigate this behaviour, we conducted new deformation experiments on fine grain calcite aggregates (Solnhofen limestone). In one type of experiments, square samples of 8x8x0.5 mm have been deformed in a direct shear piston configuration mounted in an axial loading set-up in a constant volume, internally heated argon gas medium deformation apparatus. Samples have been deformed to a shear strain of γ = 6, at temperatures of 600, 700, 800 and 900 °C, 300 MPa
confining pressure and a shear strain rate of 1.7x10−4 s−1.
Conditions have been chosen such after Schmid et al., 1977, that the experiments represent deformation in the GSI (lower
temperature) and GSS (higher temperature) creep fields. We used Electron Backscatter Diffraction (EBSD) to determine the
texture strength of the samples, the distribution of misorientation axes and the grain size distributions.
The results show an oblique shape preferred orientation at 35° to 40° to the shear plane and a moderate LPO in all samples. The c-axis preferred orientation shows a girdle with one main maximum at a variable angle to the shear plane. The
c-axis maxima girdle becomes slightly stronger, more steeply oriented and oblique to the shear plane with increasing
temperature. All samples show a similar misorientation distribution with a main peak at low angle. Subgrain formation
and rotation with misorientations up to 10° occurred in the coarser grains even in the experiments at high temperatures.
This shows the formation of new high angle boundaries. Starting grain size of the experimentally treated Solnhofen limestone was 3.4 micrometer. While no change in grain size occurred during shearing at 600°C, we observed an increase with
temperature at higher temperature, to 8.4 micrometer at the end of the experiment at 800°C.
The formation of subgrains and subgrain rotation, along with the fact that the misorientation rotation axes plot preferentially in the center of the figures for the low angle boundaries (5-15°), subparallel to the rotation axes of the imposed
simple shear, suggest a component of dislocation creep to the overall deformation in all the samples.
We used the same gas medium apparatus for a second type of experiments on samples of Solnhofen limestone, namely
axi-symmetric compression tests in strain rate stepping mode. The results of these tests show an increase of the power law
stress exponent with increasing strain at high temperature (1100-1200 K), suggesting grain growth inf luencing the creep
behaviour. Low stress exponents (n~2) were found at lower temperature, remaining constant with strain except at high
stress.
All these observations suggest that the GSS regime inferred for fine grained calcite aggregates at relatively low strain may
be a transient stage evolving into hybrid deformation and GSI regime at high strain, mainly due to grain growth during
the deformation. Thus natural superplastic behaviour, in impure calcite rocks like Solnhofen limestone, would be limited
to low temperatures, where grain growth is slow, or limited to low strains at high temperatures.
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1.C.5
Mechanics of kink-bands during torsion deformation of muscovite
aggregate
Misra Santanu and Burg Jean-Pierre
1
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The growth, geometry and mechanical behaviour of grain-scale kink-bands were investigated during layer parallel noncoaxial deformation (torsion) of synthetic polycrystalline aggregates of muscovite at constant displacement rate
( γ̇ = 3 .10− 4 s-1) and various confining pressures (CP = 50 - 300 MPa), temperatures (T = 300 - 800 °C) and finite shear
strains (g = 0.2 - 5.0). The kink-instabilities developed during elastic to plastic transition (yield) at finite shear strain of ca.
0.2. The shear stress required to form the instabilities is a function of pressure and temperature and range from ca. 20 to
90 MPa within the experimental conditions. The kink bands formed in non-coaxial torsion tests are asymmetric, involve
strain partitioning, show complex microstructures with incremental deformation and have a life time as the structure
destroys at ca. g = 5. These results suggest a domain of pressure and temperature conditions where kink-band structures
should be common. Results obtained from torsion experiments are compared to those of layer parallel axial compression
conducted with the same displacement rate at 600 °C and 300 MPa for 5, 10 and 17% bulk shortening. Combining microstructures viewed on surfaces parallel and perpendicular to the torsion plane, a schematic 3D geometrical model is
constructed to discuss the kink mechanism, the microstructural evolution and the mechanical behaviour.

1.C.6
K-Ar dating of some synkinematic clay fault gouges from Neoalpine
faults
Pleuger Jan1, Zwingmann Horst2, Manser Monika1 & Mancktelow Neil1
Geologisches Institut, ETH Zürich, Sonneggstrasse 5, CH-8092 Zürich (jan.pleuger@erdw.ethz.ch)
CSIRO Division of Petroleum Resources, School of Applied Geology, Curtin University, Bentley WA 6102, Australia
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In the Central Alps, several large-scale, localised faults were active during the same, though not always the entire,
Oligocene to Miocene time span (Neoalpine fault array, including the Insubric Fault). These faults are generally interpreted
as to result from the partitioning of strain induced by the crustal convergence between the European and Adriatic plates.
The progressive uplift of the Penninic nappe stack with respect to the Southern Alps is ref lected by increasingly brittle
style of deformation. Due to the absence of syntectonic sedimentary basins west of the Giudicarie Fault, the timing of
faults has to rely on isotopic mineral dating and low-temperature geochronological data, e.g. fission track dating. We
provide K-Ar ages of clay fault gouges collected from some prominent faults of the Neoalpine fault array, namely the
Canavese Fault, the Giudicarie Fault, and faults along the southern border of the Aar Massif.
The Giudicarie Fault separates two segments of the Periadriatic Fault with an apparent offset of c. 80 km. The Passeier
segment of the Giudicarie Fault was active at c. 17 Ma which is the age of a pseudotachylite from that fault (Müller et al.
2001, Int. J. Earth Sci. 90, 623-653). A 16.84 ± 0.38 Ma K-Ar age of a fault gouge from the North Giudicarie Fault confirms
the c. 17 Ma age of fault activity.
The Canavese Fault accounts for vertical relative displacement between the Penninic Alps and the Southern Alps and a
poorly constrained amount of dextral displacement between the two blocks. Two clay-rich fault gouges from the pass
between Valle Loana and Val Grande (20.18 ± 0.54 Ma) and Valle Sessera (20.92 ± 0.63 Ma) represent late stages of dextral
faulting along the Canavese Fault. A 33.05 ± 0.69 Ma age from south of Val Sessera is either inherited from adjacent Early
Oligocene andesites or represents thrusting of the Ivrea Zone over the andesites.
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Between the Aar and Gotthard external “massifs”, the trend of the Rhone, Urseren, and Vorderrhein valleys follows the
ENE-WSW strike of the Urseren-Garvera Zone and several low-grade ductile shear zones and brittle faults. There is no
continuous fault along the southern boundary of the Aar Massif but brittle displacements were dispersed over numerous
parallel smaller faults which overlap along strike. Fault gouges collected from these faults yielded ages of c. 13.5 to 11.7
Ma. The displacement sense could only locally be determined. The average fault orientation is 161/79 and the average
displacement direction 245/31 implying a north-side-up component in addition to the dextral sense of displacement. Our
data thus constrain the onset of uplift of the Aar Massif with respect to the Gotthard “Massif” and confirm the change
from ductile to brittle tectonics in Serravallian times. They demonstrate that dextral displacement took place along large
segments of the southern boundary of the Aar Massif and suggest a kinematic link to coeval dextral shearing along the
Rhone Fault and orogen-parallel extension along the Simplon Fault.

1.C.7
The Origin of Olivine B-type Fabric in naturally deformed Peridotite:
insight from the Ronda large-scale Mantle Shear Zone (Spain)
Précigout Jacques1 and Hirth Greg2
Department of Structural Geology and Tectonics, ETH-Zürich, Zürich, Switzerland (jacques.precigout@erdw.ethz.ch)
Department of Earth Sciences, Brown University, Providence R.I., USA
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2

Strain-induced olivine Lattice Preferred Orientation (LPO) mostly controls the propagation of seismic waves in the mantle.
Hence, it strongly affects the imaging of mantle structures through analyzing of elastic waves coming from deep earthquakes (Ismaïl and Mainprice, 1998). Understanding the relationships between mantle deformation and olivine LPO is thus
crucial to objectively interpret the deep mantle structures. Here, based on detailed documentation of olivine LPOs in the
Ronda peridotite (southern Spain), we provide evidences of f low-normal a-axis LPO, i.e., B-type fabric, within a kilometerscale ductile shear zone. This fabric occurs upon entering the shear zone and describes a progressive transition from A-type
fabric (parallel-f low a-axis LPO) to B-type fabric. While B-type fabrics have been described from several localities, to our
knowledge this is the first olivine fabric transition ever observed in naturally deformed peridotites. Furthermore, while
the olivine fabric strength (Jindex) increases in the A-type fabric domain towards the center of the shear zone, the Jindex
progressively decreases in the B-type fabric domain.
Based on deformation experiments, A-type fabric occurs during high-temperature/low-stress deformation of anhydrous
olivine aggregates (Zhang and Karato, 1995; Jung and Karato, 2001). In contrast, the B-type fabrics have been observed
under a wide range of conditions: 1) at high-temperature/low stress conditions in the presence of melt (Kohlstedt and
Holtzman, 2009); 2) at high-stress in the presence of water (Jung and Karato, 2001); 3) under dry conditions at very high
pressure (> 3 GPa; Jung et al., 2009); and 4) during diffusion-creep in the presence of orthopyroxene (Sundberg and Cooper,
2008). In our natural example, we conclude that the B-type fabric arises from enhancing diffusion creep at the expense of
dislocation creep, because: 1) the B-type fabric is observed to overprint the typical fabric of anhydrous peridotite (A-type),
2) the Ronda peridotites were deformed at pressures lower than 2 GPa at sub-solidus conditions (Garrido et al., 2011), and
3) the A-type/B-type transition correlates with a decrease of temperature, grain size and fabric strength (Jindex) towards
the inner shear zone. Our results moreover indicate that B-type fabric is somehow related to large-scale mantle shear zones, and hence it could characterize a signature of lithosphere-scale mantle strain localization.
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Grain size evolution in 2D numerical simulations:
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Grain size reduction along with a switch in deformation mechanism (dislocation creep to diffusion creep) has been proposed to result in lithospheric-scale localization, thus being a mechanism to promote subduction initiation (e.g. Braun et al.
(1999), Montési and Hirth (2003)). Recently, Rozel et al. (2011) proposed a grain size evolution law for olivine derived from
first principles. This law differs from most previously published laws as it relates grains size reduction to deformational
work (the tensor product of stress and strainrate).
We implemented this evolution law in the 2D finite element code MILAMIN_VEP and investigate the effect of grain size
reduction on deformation style.
First results indicate that grain size reduction does promote localization for a range of parameters. However, due to the
rapid grain growth, the memory effect of grain size reduction is rapidly lost once deformation stops.
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1.D.1
Nano-seismology on the Fribourg Lineament - Switzerland
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As part of two joint PhDs, we study the very small seismicity along the Fribourg Lineament and in the larger Fribourg area.
The Fribourg Lineament or Fribourg Zone is represented by an alignment of weak seismic events that seems to show recent
signs of increased activity (Kastrup 2007). The lineament runs in a South-North direction west of the city of Fribourg –
Switzerland, and is parallel to the Fribourg structure (Figure 1). The orientation of these two features differs strongly from
the structures in the surrounding areas that show a general SW-NE trend.
To date, the Fribourg Zone is monitored by two seismic mini-arrays (SNS- Seismic Navigating System) located around the
lineament (Figure 1). Each array consists of one 3D central sensor and three 1D sensors with an aperture of about 100 m
(Joswig 2008). Such a configuration permits localization of events using recorded data from one station only. However, to
complete the monitoring, data from the Swiss Permanent Network are downloaded via the Swiss Seismological Service.
Detection of seismic events is enhanced by a pattern recognition method applied on spectrograms of recorded data.
Spectrograms show amplitude or energy content for the frequency range of the data. This permits to extract and recognize
earthquake signals from noise and therefore allows detection to near zero local magnitude. Localization of detected events
is then done interactively through HypoLine, a software especially suited for SNS records. In addition, signals from all kind
of networks can be processed too. HypoLine is very different from other well established programs for hypocenter location
(Hypo71, HypoLayer, etc) because it doesn’t work like a black box. In HypoLine, every onset change induces immediate
simulation update in affected parameter space. This means that it is possible to see direct effects of phase picking change
on location solution or vice versa to see simulated phase picks while choosing one probable location. This trial- and -error
process is very powerfull since it makes it possible to take into account the geological sense in the manifold of possible
choices.
In order to obtain a better understanding of the observed seismicity and its links to the tectonics of the Fribourg Structure,
a 3D faults plane model was built in ArcGIS (ArcScene). The model was elaborated using data from InterOil (for Resun AG)
based on oil company seismic surveys of the Western Molasse Basin (Mosar 2011). Interpretation of lines yielded five interpolated stratigraphic surfaces (base Tertiary, base Malm, top Lias, top Muschelkalk and base Mesozoic) and fault cut
lines on respective levels.
First results show that all the seismicity is confined in the sedimentary cover, most of it in the Tertiary cover. A cluster of
recent aftershocks SW of lake Murten shows no correlation with known faults. This shows that despite the most precise
3D model available to date, reinterpretation of seismic lines in some areas, may lead to new structural models (Figure 1).
It also documents the importance of combining studies on week seismicity and tectonics.
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Figure 1: Tectonic Map of the Fribourg Zone showing location of detected earthquakes
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Triassic magmatism recorded by detrital zircons in South Alpine
sedimentary units.
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Since decades, Triassic magmatism in the Alpine Tethys zone has been matter of controversial discussions. According to
Crisci et al. (1984), Triassic magmatic products in Lombardy (Southern Alps) are interbedded with Anisian - Ladinian (245228 Ma) carbonatic sequences and Ladinian - Carnian (237-216 Ma) continental terrigenous or transitional deposits. K/Ar
and Rb/Sr ages on biotites dated the beginning of the volcanism at 225 Ma (Crisci et al. 1984). Petrographic and geochemical data of those volcanics reveal a calk-alkaline affinity, suggesting a continental convergent margin environment.
However, according to these authors, geological evidence indicates dominating extensional movements during the Middle
Triassic in the Southern Alps.
Garzanti (1985, 1986) suggested that the erosion of a southern volcanic belt provided the bulk of fine-grained and moderately sorted siliciclastic detritus in the deltaic to lagoonal Carnian (228-216 Ma) sequence of the Bergamasc Alps. The
volcanic input should have started in the Early Carnian (Calcare Metallifero Bergamasco Fm) and became prominent in
Early - Middle (Val Sabbia Fm) and Late Carnian (S. Giovanni Bianco Fm), and a final diminished supply in the topping
Gorno Fm. According to mineralogical and chemical data, the sandstones would be comparable with such as derived from
modern Pacific-type magmatic arcs, depicting an evolution of the source rocks from andesites and dacites during the deposition of the Val Sabbia sandstones towards rhyodacitic ignimbrites present in the S Giovanni Bianco Fm.
Castellarin et al. (1988) focused on compressional structures in the Central Dolomites. Those structures would be incompatible with an extensional geodynamic setting (crustal rifting) as assumed by other authors. The calc-alkaline character
of the Triassic magmatic series is considered to be more in agreement with a compressional geodynamic setting rather
than with an extensional one. Furthermore, the time-space distribution of the Middle Triassic magmatic rocks in the
Southern Alps coupled with their petrochemical affinity, would closer fit with modern volcanic arcs. Nevertheless,
Castellarin et al. (1988) also conclude that the general geodynamic context of the Southern Alps due to their ensialic character, does not fit their oceanic model.
With regard to the controversial interpretation of the origin of Triassic magmatism, we present in this work first geochemical data (laser ablation U-Pb ages, Hf isotopes and trace elements concentrations) on detrital zircons extracted from the
Carnian Val Sabbia Formation (Fig. 1a) and other Triassic Alpine sandstones. These results are complemented with petrographical and standard modal grain analysis of the sandstones.
The Val Sabbia Fm sandstone reveals a prominent age population ranging between ≈ 256 - 220 Ma, with a peak at 240 Ma
(Fig. 1a, b). The ratio of Hf isotopes (εHf(t)) shows a constant and narrow range between - 4 and - 6. Such values would indicate a young crustal component dominating the magma formation. A driving continental rifting environment can be
suggested. These result will be compared with other Triassic sandstones from the southern Alpine Tethys margin.
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Figure 1: Geographical location (N 45o 41’ 57.8’’ / E 10o 20’ 43.1’’) of the investigated Val Sabbia Fm outcrop (a), histogram of measured
detrital zircon U/Pb ages with probability curve (red) (b), concordia diagram (c), and the Hf isotope ratios plotted against age (d).
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Paleotopography of the Miocene European Central Alps
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Recent geologic and geodynamic models for the Central European Alps propose that the bulk of topography was built
through the Pliocene, mainly based on the observation of a strong increase in sedimentation and erosion rates during the
last 5-6 Ma, suggesting that the Alps never attained elevations as high as today. Here, we aim to quantify the Miocene (2014 Ma) paleoelevation of the Central Alps through stable isotope paleoaltimetry. The novelty of the approach presented
here, which renders it rather insensitive to past climate change, is to analyze stable isotope proxies of identical age, both
from high internal parts of the Alpine orogen and from the adjacent foreland basin that was at or near sea level. We compare hydrogen isotopic ratios (δD) in mica and chlorite that interacted with meteoric water along the Simplon detachment,
a major normal fault that developed at high elevations, with meteoric water compositions deduced from carbonate-bearing paleosols of the North-Alpine foreland basin.
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In the North-Alpine foreland basin, we present oxygen and carbon isotopic compositions of pedogenic mudstones and
carbonate concretions. These terrestrial paleosols, dated with ca. 100 ka precision, serve as our point of reference for stable isotope paleoaltimetry, since they formed at or near sea level. Here, δ18O and δ13C values vary between +19 to +25‰
(SMOW) and -7 to +1‰ respectively and show close correspondence to global climate change during the mid-Miocene climatic optimum. In the Simplon fault zone, detachment-related muscovite (-126‰) and chlorite (-135‰) δD values from
the brittle hanging wall provide unequivocal evidence for syntectonic meteoric water interaction. This result is supported
by a strongly localized pattern of meteoric water interaction in the footwall mylonites where recrystallized muscovite and
biotite have δD values of -108‰ and -140‰, respectively. Detailed 40Ar/39Ar and fission track geochronology constrains the
timing of isotopic exchange during the ductile to brittle transition of the detachment to ca. 14-15 Ma.
Using the relative differences between meteoric water composition in the foreland and internal regions of the orogen, our
isotope data are consistent with an average altitude difference of 2300 m ± 500 m during the mid-Miocene. Our results do
not necessarily agree with the proposition that the main formation of topography started only 5-6 Ma ago, since the Alpine
elevations were similar or even higher than those of today already in the mid-Miocene. This implies that the bulk of Alpine
topography was built during the construction stage of the Alpine orogenic wedge when accretion rates outpaced erosion
and sediment evacuation rates.

1.D.4
Fault architecture at the brittle-ductile transition in sedimentary rocks –
examples from the SW Helvetics (Swiss Alps)
Cardello Giovanni Luca1 & Mancktelow Neil S.1
Geological Institute, Sonneggstrasse 5, CH-8092 Zurich.  (luca.cardello@ethz.ch)

1

Most crustal earthquakes are triggered on faults at the brittle-ductile transition, which in the continental crust commonly occurs in sedimentary rocks buried to depths of 8 to 13 km, depending mainly on the geothermal gradient and the
tectonic regime (in particular, whether faults are dominantly normal, thrust or strike-slip). In the SW Helvetics, oblique
normal faults that cross-cut the Alpine nappe-stack and developed during Neogene time under very low metamorphic
grade are currently exposed at the surface. Some of these faults are quite long (5-12 km) and show significant accumulated
displacement (> 1 km), which makes them good candidates for past seismogenic structures with earthquakes of similar or
even higher magnitude (Mw ≥ 6.0) compared to those presently recorded in this highly active seismic area (Rhône Valley).
The current study investigates the fault architecture as preserved in the field with the aim of establishing the processes
involved in fault slip accumulation. Locally, is possible to establish a transition from mylonitic to cataclasitic fabrics (e.g.
on the Rezli fault), with a complex interplay of processes including pressure solution, veining, mineralization on fault
planes and repeated brecciation. Generally, the fault architecture, as well as the vein distribution and composition, changes with the lithology, and therefore varies both along and across major faults. Where fault displacement is large and
different formations are juxtaposed across a fault, the fault core and damage zones develop a complex architecture involving more important f luid circulation, veining and f luid-rock interaction, whereas faults with minor displacement (a few
metres) are generally simpler and narrower, with veining concentrated close to the fault. This implies that the damage
zone tends to broaden with increased displacement, rather that the fault increasingly localizing on a narrower zone.
Despite that, there are also many examples of fault broadening. Nevertheless, veining and pressure solution are apparently always related with the initial stages of faulting. Mode-1 veins, commonly developed in an en-echelon pattern, are locally dissolved by stylolites, which are themselves later crosscut by veins and, finally, also by discrete fault planes. This implies multiple and interrelated processes of dissolution, crack opening, and mineralization and therefore faulting. Such a
succession of events is better developed and more broadly distributed in basinal limestones (e.g., Early Lias, Quinten and
Seewenkalk Fm.) and in boudinaged limy horizons (e.g. Nummulitenkalk), rather than in shales (e.g. Oxfordian,
Zementstein), slates (e.g. Late Lias), limey-sandstones (Wildstrubel Fm.) and platform grainstones (Schrattenkalk), where
such processes tend to localize close or inside the damaged zone. Shale-rich formations tend to develop S/C structures in
the fault core whereas the more calcareous or sandy units show more discrete faulting. Despite the similar kinematics of
the fault planes mapped in the field to the focal mechanisms calculated for recent earthquakes (Maurer et al. 1997), there
is no hard evidence of faulting in Quaternary deposits. The fossil fault structures described represent exhumed faults developed at the brittle-ductile transition, which experienced little significant late brittle faulting during exhumation.
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Dextral movements between the Pennine Front and Mont Blanc massif in
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The area of Courmayeur, located in the uppermost Aosta Valley (I), is geologically very interesting, as several major tectonic units occur in close proximity and the relative relationship between these units is not unequivocally established. The
Helvetic and Ultrahelvetic meta-sediments (HU) form a narrow band ca. 4 kilometres wide between the Pennine Front and
the Mont Blanc backthrust. They include a small basement sliver, the Mont Chétif slice (MC), forming a 7 kilometre long
and few hundred metres wide outcrop that is lithologically comparable to the Mont Blanc external crystalline massif (MB).
Due to its footwall position in the immediate vicinity of the Pennine Front (PF), the observed deformation structures are
considered to ref lect movements on the PF itself. The PF, separating the internal (Penninic and Briançonnais) and the external (Helvetic and Ultrahelvetic) part of the Alps, is a major fault zone that can be followed around the bend of the
western central Alps (e.g. Ceriani et al., 2001). The MC itself is heterogeneously deformed, ranging from mylonites,
through weakly foliated granites, to effectively undeformed granite. It is made up of many shear zones, as well as brittle
structures. The main mylonitic foliation dips steeply toward SE, with a stretching lineation plunging shallowly toward
ENE. Shear sense criteria consistently show that the PF had an oblique dextral-reverse sense of movement in this area.
To the NW, the HU are bound by the Mont Blanc backthrust (MBbt), a steeply NW-ward dipping reverse fault zone that
locally places the MB over its sedimentary cover. It has, similar to the PF, an oblique dextral thrust geometry, but with the
opposite thrust sense and moderately steep SW-ward plunging lineations. The HU are wedged between these two shear
zones and show a multi-stage folding history, with the main foliation being a spaced crenulation cleavage (regional S2),
which mainly records NW-directed thrusting. Transcurrent movements in the cover units are restricted to abundant calcite slickenfibres and striae, mainly dextral but with infrequent sinistral faults forming conjugate sets.
These different tectonic structures indicate a long history of dextral transpressive movement, since these structures are
supposed to be active at markedly different times. The main activity along the PF is generally considered to be Oligocene
(Ceriani et al., 2001), whereas the shear zones related to the MBbt are dated to be active around 16 Ma (Rolland et al., 2007).
It is planned to date the shear zones in the MC that overprint the main mylonitic fabric as part of the current study. These
shear zones are themselves later overprinted by chevron type folds, partly developing a new spaced crenulation cleavage
(regional S3), which clearly predates the brittle slickenfibres occurring in the HU. Fault-slip analysis on such faults indicates NE-SW directed compression, which is 90° to what would usually be expected in the western Alps, where the main
structures are typically related to regional SE-NW directed compression. However, the MB lies in the southwestward continuation of the Rhône-Simplon fault system, whose dextral movements clearly extend around both sides of the MB in
both the Chamonix and Ferret valleys. The MB lies in the position of a restraining bend relative to these movements and
the observed change in compression direction could be explained as due to this restraining bend geometry.
The strike of the MB turns from a roughly N-S orientation NE of Courmayeur to an ENE-WSW orientation further SW. It
is noticeable that features such as the MC and the MBbt occur exactly at this corner point of the massif, which also happens to be the area where the topography of the MB reaches its maximum height. We postulate that this is an area stress
concentration, induced by the geometry and position of the basement massif relative to the continuation of the RhôneSimplon fault system, which would produce the observed thrust and back-thrust pair in an overall dextral transpressive
regime.
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1.D.6
Multi-disciplinary study for the exploration of deep low enthalpy geothermal reservoirs, Neuchâtel, Switzerland
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The authorities of the canton of Neuchâtel, in the Western part of Switzerland, is willing to develop geothermal energy
for district heating in the two main cities of the canton: Neuchâtel, located along the Lake of Neuchâtel, and La Chaux-deFonds situated in a high valley of the Jura Massif. The geology of both areas is linked to the Jura Range and present complex structures, where the landscape is composed of anticlines associated with overthrust faults, which are overcut by
strike-slip fault and secondary faulting events. The rock formations go from the Trias, which forms the detachment layer,
up to the Quaternary rock. Bedrocks are mainly composed of limestones and marls, which can reach a thickness of several
hundreds meters. The three main deep aquifers investigated in this area, from the shallowest (≤ 400 m below surface) to
deepest (< 2000 m), are the Malm, the Dogger and the Muschelkalk. The estimated temperatures, based on previous studies,
should range between 20 to 65 °C, which are function of depth, elevation and groundwater velocity. The expected low
temperature is mainly due to the presence of karstic systems, which drains the heat towards the low elevation of the basin.
The present study is based on gravimetry surveys, 3D geological models and 3D gravimetry models to best characterize
the underground structures and to find areas where the rock properties would be favourable to geothermal exploitation.
This means targets where permeability and porosity are high in the potential aquifers, allowing a significant f low at the
future production wells.
The results indicate that gravity anomalies are associated with both shallow and deep geological structures in the two
exploration sites and that high resolution of dense grid gravity measurements combined with realistic 3D models of the
geological structures allow to characterize interesting features for deep geothermal exploration. Gravity corrections were
carried out with a computing code using different DEM resolution ranging from a very high resolution (0.5 m pixel in the
vicinity of each station) toward a lower resolution (25 m for the distal areas as far as 110 km away from each station). The
bathymetry of the Lake of Neuchâtel (218 km2) has been used to correct gravity effects from the large volume of water
along the Lake shore of Neuchâtel.
The combination of 3D geological models with a high resolution gravity survey allows to better constrain the geometry of
the Triassic formation, just above the detachment layer, as well to quantify the karstic processes, which could affect the
three deep aquifers.

1.D.7
Strong rupture and postseismic response of the 8 June 2008 Achaia-Elia
earthquake in Western Pelopennese, Greece
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On 8th June, 2008 a strong earthquake occurred in western Peloponnese, only 30km SSW of the major port city of Patras
of moment magnitude Mw=6.4. Fortunately no large population exists near the source region and thus loss of life and
property damage was minimal. However the strong shaking associated with the event did cause significant damage to
mostly unreinforced structures near the source region. The earthquake exhibits an approximately 25km long NE-SW tren-
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ding aftershock distribution that together with fault plane solutions, clearly indicates right-lateral strike slip on a near
vertical dipping fault which is not associated with existing mapped faults (Ganas et al., 2009). Thus it is suspected that
these events form a newly-developed transform accommodating part of the Aegean-Eurasian boundary.
To record possible post-seismic surface deformation, a local network of nine continuous GPS sites was rapidly deployed in
24 to 48 hours and maintained for approximately six weeks (Fig.1a). The sites included one base station at the University
of Patras and eight stations near the early aftershock locations, which were distributed almost longitudinally and laterally to the main trend of the aftershocks. Sites were installed either on rooftops of visibly undamaged 1-2 story houses, or
on exposed bedrock in open fields.
Six weeks of daily point-position solutions were determined using JPL-GIPSY(Fig.1b) and for the first three days 15s kinematic solutions relative to site UPAT were determined using the Track software included with GAMIT/GLOBK (Fig.1c). Even
though numerous aftershocks of magnitude ML=2-4 continued in this region during the recording period, no discernible
early post-seismic deformation was identified across the network using either the daily or the rapid kinematic solutions
(Fig.1b,c). Some shifts which are observed in the kinematic solutions, are mainly short-lived (less than 1 day), not correlated across stations and are likely not tectonic in origin.
Furthermore based on analyses of InSAR images (ascending scenes on 2007.12.16 and 2008.07.13), it was shown that little
interference consistent with coseismic activity is identifiable, implying probable buried or even detached slip in the subsurface (Feng et al., 2010).
Thus based on GPS data and InSAR images analyses it was not revealed any significant post-seismic slip or coseismic surface deformation, respectively,

Figure 1. a) Location of the temporary network of nine continuous GPS sites (red diamonds). The solid line represents the approximate
25-km long projected fault trace estimated from main shock and 1-day of aftershocks(yellow circles). b) JPL-GIPSY daily solutions for
post-seismic period. c) GAMIT-Track solutions for the first 3-day of recording. The data are 5-minute averaged 15-sec kinematic solutions relative to site UPAT.

which came in contrast with the highly energetic estimated rupture for an earthquake with hypocentre depth of ~25km.
The suggestion is that the lack of surface deformation can be explained by a thick f lysch layer, which covers the earthquake region, disassociates fault slip from the surface (Feng et al., 2010). Thus the geodetic evidence of the 2008 June 8,
earthquake and numerous smaller strike-slip events reveal an immature NE-SW trending dextral transform fault zone in
the western Pelopennese, making more clear the until then motion of the region (Hollenstein et al., 2008).
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1.D.8
Fault-controlled formation of a primary turbiditic channel within the
Gurnigel Flysch at the Voirons Massif (Haute-Savoie, France) during the
Late Eocene.
Ragusa Jérémy1, Ospina-Ostios Lina Maria1 & Kindler Pascal1
1
Section of Earth and Environmental Sciences, University of Geneva, 13 rue de Maraîchers, CH-1205 Geneva
(Jeremy.Ragusa@unige.ch)

The Vachat Quarry outcrop is an exceptional exposure of the Vouan Conglomerates (Gurnigel Flysch) where primary turbiditic channel deposits were studied. The quality of the exposure has allowed the observation of a tectonically induced
channel in the proximal part of a turbiditic system. The presence of a fault emphasizes the inf luence of tectonic activity
in the geometry of this turbiditic system. Our results provide evidences of a tectonically generated canyon contrasting with
the erosional model proposed by Frébourg (2006).
The studied section is located at about 20 km to the East of Geneva, on the western f lank of the Mont Vouan (Voirons
Massif). The outcrop called “The Vachat Quarry” is one of the most important and well-preserved millstone quarry of the
area. About 100 m long and reaching a depth of 35 m in some places, this outcrop is crosscut by two vertical faults.
The Vouan Conglomerates consist of plurimetric beds of cobbly and pebbly sandstones with sparse conglomeratic layers.
The matrix can be described as a feldspar-rich arkose (Ospina et al., submitted). Shaly intervals are extremely rare in this
formation. This formation has been interpreted as the proximal part of a turbiditic system (Frébourg, 2006) of Late Eocene
and Early Oligocene age (Ospina et al, submitted).
The outcrop exposes highly amalgamated beds composed of facies F1 to F2 (Mutti, 1992) (Fig. 1). At their base impressive
load casts and bioturbation traces can be observed. Only one F3 layer was noticed. The latter is not laterally continuous
and presents an erosional base. Along the section a massive and thick F5 facies bed was used as a “reference” level (Fig 1).
Locally two really well-preserved F6 facies layers were observed.
The northern fault constitutes a major break. Beds from both fault blocks (1 & 2) cannot be correlated, implying a important offset. The “reference” bed is displaced by about 5 m by the southern fault, affecting fault blocks 2 & 3. This displacement has promoted the deposition of additional beds in fault block 2.
The good quality of the exposure allows to us to identify two primary turbiditic channels (facies F1 to F3) separated by
transitional (channel to lobe) deposits (F5 facies). In the central part of the outcrop a decametric channel can be observed.
The axial part of this channel shows erosional features (facies F3 and localized lens of pebbles). Transitional deposits are
superimposed on the latter (facies F5, Mutti, 1992). The tectonic activity of the second fault has created a small hemigraben which controlled the formation of the channel. The depression generated was progressively filled by a second
channel (F1 to F2 facies).
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Figure 1: Lateral facies variations in Vachat Quarry section.

1.D.9
Large-scale geometry and structural evolution of the Bernhard nappe
complex, Valais, Switzerland
Scheiber, Thomas1, Pfiffner, O. Adrian1, Schreurs, Guido1
1
Institute of Geological Sciences, University of Bern, Switzerland
thomas.scheiber@geo.unibe.ch

In order to understand the formation mechanisms of large-scale crystalline basement nappes within continental collision
zones, the internal geometry and structural evolution of such basement nappes has to be assessed. The Bernhard nappe
complex, exposed within the Penninic zone of western Switzerland, represents a major nappe complex which is ideal to
study nappe-forming processes within continental collision zones. However, its large-scale geometry and structural evolution is still enigmatic. According to the classical model of Argand (1916), the Siviez-Mischabel nappe (which is the major
and central part of the Bernhard nappe complex) represents a large-scale, isoclinal, basement-cored, recumbent and northvergent fold, surrounded by Permo-Triassic sediments. In contrast, Markley et al. (1996) proposed that the Bernhard nappe
complex consists mainly of thrust sheets which were placed on top of each other, without the development of large-scale
isoclinal folds. In addition, Marthaler et al. (2008) proposed that the entire nappe complex is cross-cut by large subhorizontal post-nappe top-to-the-W shear zones, which might be kinematically linked with the Simplon-Rhone shear zone.
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In this contribution we present three new N-S to NNW-SSE structural profiles across the central part of the Bernhard nappe complex between the Turtmann Valley and Val de Bagnes. We discuss the field evidence for the two models of Argand
(1916) and Markley et al. (1996), and propose that the discrepancy between the models could be the result of the presence
of a Permo-Carboniferous trough in the western part of the study area, which caused an overturned limb, and the absence
of this trough in the eastern part of the study area, which exhibits mainly thrusting. We present a structural model for
the investigated area, which includes (1) the preservation of a pre-alpine(?) fabric in parts of the crystalline basement,
which is overprinted by (2) a south-dipping to subhorizontal top-to-the-N fabric associated with large-scale thrusts, which
in turn is overprinted by (3) south-vergent folds with a N-dipping spaced cleavage associated with the large-scale Mischabel
backfold. This basically two-phase alpine evolution with first a thrust-related, subhorizontal fabric overprinted by a second, backfolding-related fabric seems to be characteristic for the Middle Penninic basement nappes of the Alpine orogen
(e.g. Suretta nappe, Scheiber et al., 2010).
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3D FEM modeling of fold nappe formation in the Western Swiss Alps
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The fold axes of the Morcles fold nappe in western Switzerland plunges to the ENE whereas the fold axes in the more eastern Doldenhorn nappe plunges to the WSW. These opposite plunge directions characterize the Wildstrubel depression
(Rawil depression). In the center of the Wildstrubel depression the ultrahelvetic nappes lying above the Helvetic nappes
are outcropping as isolated klippen (Ramsay, 1981, Fig. 1).

Figure1: Left: 3D geometry model of the Helvetic nappes and the Wildstrubel depression. Right: 2D profile of the Morcles, Diablerets
and Wildhorn nappe. (Ramsay, 1981)

The external basement in the western Swiss Alps exhibits significant ductile deformation. However, the higher units of
the sedimentary cover often form more brittle thrust nappes where weak layers act as detachment horizons. An exception
is the Morcles nappe which is the result of layer contraction and shearing (Ramsay, 1981). During the compression the
massive limestones were more competent than the surrounding marls and shales, which led to the buckling characteristics
of the Morcles nappe, especially in the north-dipping normal limb (Fig. 1).
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There are no 3D numerical studies which investigate the dynamics of the formation of the large-scale 3D structure including the Morcles and Doldenhorn fold nappes and the related Wildstrubel depression. Such studies require a numerical
algorithm that can accurately track material interfaces for large differences in material properties and for large deformations. We present a numerical algorithm based on the finite element method (FEM) which can simulate 3D f luid f low for
a power-law viscous rheology. Our FEM code combines a numerical marker technique and a deformable Lagrangian mesh
with re-meshing (Poliakov and Podladchikov, 1992) and is used to study the formation of 3D fold nappes similar to the
ones in the Western Swiss Alps. The numerical method requires the interpolation of material properties to the integration
points because the layer interface can lie within a finite element. To guarantee accuracy the number of integration points
in the finite elements is increased considerably. The interpolation is only performed during several re-meshing steps when
the deformed Lagrangian mesh is too distorted. During the re-meshing the global coordinates of the contour points specifying the interface between different materials remain unchanged and the new local coordinates of the contour points
are interpolated from the element nodes of the new mesh (Fig. 2). Our new FEM code is tested for large strain density
driven diapirism and single-layer folding of power-law viscous layers by comparing numerical results with analytical solutions. Also, the 3D results of the new code will be compared with 2D results of existing and tested 2D numerical codes
for cylindrical folding.
In our first simulation with a simple set-up a recumbent fold with an overturned fold limb is modeled by compressing a
strong layer against an even stronger block (Fig. 2). We will explain the applied numerical method and present preliminary results for the formation of the Morcels-Doldenhorn fold nappe system.

Figure 2: First results of a 3D simulation of a cylindrical single layer fold with overturned limb for a viscosity ratio of 50 between the
layer and the matrix and 10000 between the rigid block and the matrix. A: Initial geometry. B: Geometry after 20% shortening. C:
Geometry after 45% shortening before re-meshing. D: Geometry after 45% shortening after the re-meshing.
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1.E.1
Kinematics of Doruneh Fault in central Iran: two different behaviors
since Eocene time
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Email: sasan_bagheri@yahoo.com

The Doruneh fault is one of the most striking transcurrent faults in Iran which an important part of convergence between
Iran and surrounding plates has been accommodated along this fault since Cenozoic time. This northwardly curved fault
with a 700 km length transects the Iranian crust wideness in a nearly N70 E direction (Fig. 1). The Doruneh fault has been
known as the northwest border of the Central-East Iranian Micro-continent (CEIM) since the Paleogene time when the NeoTethyan back-arc suture line was formed during the closure of the Sabzevar ocean.
Regarding the kinematics of the Doruneh fault, there are only a few data have been published without consensuses about
its movements and rate of displacement and convergence. What exists are the seismological data related to the neotectonic
activities of its eastern part (Berberian, 1976). According to these evidences, the researchers consider a left-lateral displacement with different convergent rates related to its recent action. In this work we studied three and separate domains
with proper outcrops along the fault: the Ashin, Pis-Kuh, and Zeber-Kuh complexes.
At the western termination of the Doruneh fault near Nain, the Ashin ophiolitic mélange complex comprising the various
units of the late Cretaceous Nain ophiolite accompanied by Eocene f lysch and volcano-sedimentary deposits (Sharkovski
et al., 1984) exposed as a crescent-shape structure in northern side of the Doruneh fault (This disrupted assemblage is
unconformably overlain by Oligocene red detritus beds. The Ashin complex shows a restraining right-lateral strike-slip
duplex structure seems to define the CEIM was largely displaced in respect to the Great Kavir Block.
Few ten of kilometers toward northeast, the second studied structure is the Pis-Kuh complex (Aistov et al., 1984) constructed exactly on the Doruneh fault near to the Jandaq town. Here, a thick pile of dominantly Eocene detrital beds is appeared
in form of a positive f lower structure including northeast-verging thrusts, Riedel and conjugate Riedel shears, and leftstepped en echelon folds overlies Oligo-Miocene folded beds and underlies the Pliocene unconformity surface. This structure seems to define a left-lateral displacement and northeast convergence during late Miocene time.
The Zeber-Kuh complex (Eftekhar-Nejad et al., 1977) southwest of Kashmar town as well as the same strike-slip duplexes
in the south of Sabzevar basin, respectively at south and north side of the Doruneh fault emerges as an exotic duplex block.
Half-folds with some northeast axial planes, asymmetrical stacked horses, and minor faults in the late CretaceousPaleogene volcano-sedimentary rocks around the Doruneh fault may give us some proofs related to the right-slip movement for the Doruneh fault.
The information come from mentioned areas direct us to propose the Doruneh fault has had two different behavior since
Eocene time, if we imagine these complexes are all parts of blocks which affected by a single main fault. It seems the
Doruneh fault has been governed by a transpressional stress field synchronous with the CEIM anticlockwise rotation and
the Sabzevar ocean closing, so acted as a dextral strike-slip fault, while since Miocene time when it was pushed by the
forces originated of the Iran-Arabia collision, it moved sinistrally.
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Figure 1. The Doruneh fault satellite picture and location of studied complexes

1.E.2
New information on radionuclides concentration in phosphorites
originating from Tunisia and Algeria
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Phosphorites were considered a source of radioactive materials, and the uranium behavior therein was discussed in several
publications such as (Altschuler, 1980 and Volkov (1994). The principal constituent of phosphate rock (or phosphorite) is
the mineral apatite. The typical phosphate (P2O5) concentration of the rock is about 15-40%, with clay, sand, carbonate and
other impurities present in varying quantities.
In this study we investigate the radiological hazard of naturally occurring radioactive material in Tunisian and Algerian
phosphorite deposits. Phosphorites samples were collected from the phosphorite mines (Fig.1). The Tunisian and Algerian
phosphorites occur in the Late Paleocene and Lower Eocene (Ypresian-Lutetian) in age (Sassi, 1984 et Zaïer, 1999). Activity
concentrations in all the samples were measured by alpha spectrometry and gamma spectrometry.
Alpha spectrometry analyses show that the specific activity values of 238U, 234U and 235U in the samples of Tunisian phosphorite were 327±7 (321–327), 326±6 (325–331) and 14.50±0.72 (13.90-15.57) Bq. kg−1, respectively.
Specific activity measured by gamma spectrometry in the samples of the Tunisian and Algerian phosphorite show a small
difference.
Specific activity levels of 40K; 226Ra, 232Th, 235U and 238U in the phosphorite samples from Tunisia were respectively
71.10±3.80, 391.54±9.39, 60.38±3.74, 12.72±0.54 and 527,42±49.57 Bq.kg−1 and Algeria were 15.72±1.73, 989.65±12.52,
12.08±1.20, 47.50±1.52 and 1148.78±7.30 Bq.kg−1, respectively (Table1 and table2).
The measured value of specific activity of 232Th and 40K in the Tunisian phosphorite samples is relatively higher than that
found in the samples of Algerian phosphorite. The measured activity of uranium (238U) in the Tunisian phosphorite
(527±49) Bq.kg−1 is lower than in Algerian phosphorite. The measured activity of 238U in the Tunisian phosphorite samples
was (527-1315±65) 238U Bq.kg−1 which is higher than its maximum background value of 110 Bq.kg−1 in soils of the various
countries of the world and similarities of a number of phosphorites mines in the world (M. Tufail et al., 2006 and ashraf
et al., 2001). Different geological origins of phosphorites deposits are the main reason for the large spread in worldwide
specific activities. Present study reveals that phosphorite deposits contain natural radioactivity higher than background
level.
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Figure 1. Location of phosphorite sampling sites in the area under study in Tunisia and Algeria.

Table 1 Specific Activity of 226Ra series, 232Th series and 40K in Bq/kg dry weight in Tunisian and Algerian phosphorite samples.
Sample code
and description
Phosphorite
sample
Gamma
spectrometry

Sample

Tu1
Tu2
Tu3
Tu4
Tu5
Alg1
Alg2
Alg3

ore
ore
ore
ore
ore
ore
ore
ore

Ra ±E

226

Th ±E

K ±E

232

Ra. equiv

40

226

71,12±3,84
68,09±2,91
65,37±3,41
73,10±2,78
73,25±3,58
15,728±1,73
9,85±1,37
13,71±1,26

532,6158
418,9824
468,5124
544,2279
525,1603
1019,0349
1037,5252
1135,6612

(Bq/Kg dry weight)

rock
rock
rock
rock
rock
rock
rock
rock
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391,54±9,39
283,37±8,31
327,73±9,39
384,08±7,85
372,29±8,23
989,65±12,52
1014,94±32,47
1109,16±28,34

60,38±3,74
58,17±3,25
63,25±2,93
72,63±2,61
67,46±3,02
12,08±1,20
10,49±1,04
11,15±2,04
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Sample code and
description
Phosphorite
sample

U±E

238

U and 234U) in Bq/kg dry weight and uranium equivalent in ppm in

235

U±E

235

234

U±E

Uranium
equivalent (ppm)

(Bq/Kg dry weight)

A
l
p
h
a
spectrometry
Tu1
ore rock
Tu2
ore rock
Tu3
ore rock
Tu4
ore rock
Tu5
ore rock
Alg1
ore rock
Alg2
ore rock
Alg3
ore rock
Gamma
spectrometry
Tu1
ore rock
Tu2
ore rock

327.45±6.79
327.21±6.82
323.40±7.18
321.81±7.61
321.58±7.62
889.40±7.18
882.40±6.23
879.40±5.17

13.90±0.60
15.57±0.65
14.94±0.84
14.94±0.83
15.13±0.85
32.94±0.84
28.94±0.23
37.18±0.15

331.39±6.42
326.61±6.35
326.43±6.99
326.43±6.99
325.71±6.95
627.43±6.99
631.43±5.34
627.43±4.28

26.7913
26.7717
26.4600
26.3299
26.3110
72.7691
72.1504
50.3025

527,42±49,57
438,18±34,25

12,72±0,54
15,18±0,32

nd
nd

43,15
35,8282

Tu3
Tu4
Tu5
Alg1
Alg2
Alg3

539,36±32,52
531,89±45,39
532,29±38,15
1148,70±87,30
1315,28±94,17
1248,15±91,23

14,63±0,41
13,52±0,39
17,72±0,32
47,50±1,52
44,96±1,21
48,96±1,05

nd
nd
nd
nd
nd
nd

44,1013
43,4905
43,5233
93,98
107,61
102.0564

ore
ore
ore
ore
ore
ore

rock
rock
rock
rock
rock
rock
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1.E.3
Constraining collision events through arc magmatic record:
The India / Arc / Asia collision
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2
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Threes suture zones mark the Himalayan collision, and despite intensive research, the timing of the formation of these
sutures still debated. The Tsangpo suture separates India from Eurasia in central and eastern Himalaya with estimates ranging from 70 to 35 Ma. In the Western Himalaya, separated from the Eurasian plate (Karakoram) to the north by the Shyok
suture, and from the Indian plate to the south by the Indus suture, lies the Kohistan-Ladakh Arc (KLA). This geological
entity is recognized as a fully preserved oceanic arc, formed in the Tethys Ocean and now incorporated in the Himalayan
collision system. The age collision estimate between the Arc and Eurasia range from Mid-Creataceous to Oligocene, whereas the India / Arc collision is well constrained at ~50 Ma. The middle to upper crustal part of the KLA is made of plutonic
rocks ranging from diorite to granites, together with Volcano-sedimentary units. The crust-forming granitoids records a
magmatic activity between >120 and 30 Ma, covering the range of estimated India / Arc and Arc / Eurasia collisions. Here,
we present a detailed geochronological and isotopic study of the KLA granitoids in order to pinpoint the exact timing of the
change in isotopic composition relating the colliding continent and to identify the possible sources accounting for those
differences. This approach is based on the observation of modern Continent/Arc collision systems where the subduction of
the leading edge of the colliding continent can be tracked in space and time by the composition of the magmatic products.
We present U-Pb and Hf isotopic data on zircon coupled with Nd isotopic data on whole rocks from the KLA granitoids. In
the southern part of the KLA, close to the Indus suture, a pronounced and abrupt shift in isotopic composition is observed
from typical juvenile oceanic arc isotopic signature (εNd(i) ≈ +1; εHf(i) ≈ +10) during the Jurassic/Early Paleocene to more
evolved but highly variable crustal like composition in the Eocene/Oligocene (-10 < εNd(i) , -4; -15 < εHf(i) < 0). This change
corresponds to the formation of the Indus suture. Inherited Paleozoic zircon crystals in the Eocene/Oligocene rocks indicate
the participation of the Indian continental crust in their formation thus indicating that the Indian crust was underplated
below the juvenile KLA therefore giving a minimum constraint on the India / KLA collision. In the North of the KLA, close
to the Shyok suture, the change from juvenile arc signature to a more evolved crustal like isotopic composition occurred
10 Ma later. Inherited zircon grain record identifies the Karakoram crust as being involved in the source of the young granitoids, thus constraining the final India-Arc / Karakoram collision in late Eocene. This collisional scenario can be transposed
all along the Himalayan belt, defining the Shyok-Tsangpo suture zone as the locus of the final India / Eurasia collision.
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Petit-spot-like volcano exposed in Costa Rica
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The study of intraplate ocean volcanoes is fundamental to better understand the dynamics of the Earth mantle and plate
tectonics. An important question related to the origin of these volcanoes is the mode of production of basaltic melts at
depth, which could be thermally-driven and related to the presence of deep mantle plumes, or tectonically-driven and
related to fissure propagation in the lithosphere. Although access to intraplate ocean volcanoes is essential to determine
their mode of formation, most of them develop entirely under submarine conditions and have remained unstudied.
Accretionary complexes that expose fragments of ancient oceanic sequences can provide an alternate way of investigating
intraplate ocean volcanism (Buchs et al., 2011).
Petit-spot volcanism recently found in the west Pacific is considered to represent a new type of tectonically-induced volca-
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The accreted volcano consists of tectonic stacks of volcano-sedimentary material that includes vesiculated pillow lavas,
volcanic breccias and thick radiolarite beds intruded by igneous sills compositionally similar to the lavas. Major and trace
element contents of the igneous rocks indicate an alkalic, moderately fractionated composition, and support very low
degrees of partial melting in the garnet stability field. Three lines of evidence indicate that the studied volcano is volcanologically and compositionally analogous to modern petit-spot volcanoes: (1) tectonostratigraphic observations in the
accretionary complex indicate that the accreted volcano was a once a small-sized edifice on the ocean f loor; (2) the accreted volcano is composed of an unusual lithologic assemblage very similar to that of petit-spot volcanoes (Fig. 1); and (3)
normalized trace element patterns of the basalts from the accreted volcano are very similar to those of petit-spot volcanoes in Japan, and distinct from those of typical OIB, MORB and off-axis seamounts. Step-heating 40Ar-39Ar dating on comagmatic amphiboles gave two ~175 Ma ages of formation for the accreted volcano. Tectonostratigraphic and biochronologic data (Bandini et al., 2011) clearly document a ~110 Ma age of accretion, and indicate that the volcano did not formed
close to a subduction zone or a mid-ocean ridge, and this constitutes an important difference with modern petit-spot
volcanoes. Petrological modelling indicates that the accreted volcano may have been produced by low-degree partial melts
from the low-velocity zone and metasomatic veins at the base of the lithosphere, without need for thermal anomalies in
the mantle. Therefore, we propose that petit spot-like volcanoes such as that accreted in Costa Rica may represent a ubiquitous feature on the ocean f loor, which ref lects tectonically-induced leaking of melts pre-existing at the base of the lithosphere and can form far from mid-ocean ridges and subduction zones.

Figure 1. A-B) Selected lithologies of the petit-spot-like volcano accreted in Costa Rica. A) Sills and radiolarites forming the substrate of
the volcano. B) Pillow breccia. C) Structure of petit-spot volcanoes in Japan (Hirano et al. 2006), with inferred positions of lithologies
shown in (A) and (B).
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nism on Earth, which forms very small volcanic edifices in response to plate f lexure near subduction zones (Hirano et al.,
2006). Despite their significance to asses the extent to which tectonic processes can trigger intraplate ocean volcanism,
few petit-spot volcanoes have been recognized to date and it remains unclear if they are common on the ocean f loor.
Documenting new occurrences of petit-spot volcanoes is therefore essential to improve our understanding of intraplate
ocean volcanism. We report here on the first example of an accreted volcanic edifice similar to modern petit-spot volcanoes. The edifice is recognized based on a combination of field observations, geochemical analyses, radiometric dating and
biochronologic data in the Santa Rosa Accretionary Complex (Baumgartner & Denyer, 2006) in northern Costa Rica.
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Taiwan has been created by collision of the Luzon Volcanic Arc with the Eurasian continental margin during late Miocene
to early Pliocene. It is not a simple arc-continent collision. There are two opposite subductions involved. In the east the
Philippine Sea plate is subducting below the Eurasian plate whereas in the south the Eurasian plate is plunging under the
Philippine Sea plate. Due to the north-south orientation of the Luzon Arc and the northeast-southwest orientation of the
Chinese continental margin the collision is assumed to propagate southwards. The velocity of the southward migration of
the collision and therefore the orogen migration and the movement of the sedimentary basin was calculated by using
geometrical constraints (84 km/Ma; Suppe (1981)) and tectono-sedimentary analyses (31 km/Ma; Simoes and Avouac (2006))
respectively. The foreland basin records the collision process and shows characteristic patterns of facies distribution, subsidence and deformation.
The aim of this study is to compare the subsidence of different scenarios of collision, plate loading and f lexure with the
known subsidence in the western foreland. By use of a Finite Differences model for elastic plates, different f lexural scenarios were simulated. In order to achieve a best fit with the observed subsidence pattern in the foreland, a simple scenario with changeable f lexural rigidity and tectonic scenarios that include the different continental and oceanic plates were
chosen. In addition, the modern topography as well as the bathymetry were implemented as an additional load.
The observed facies distribution and the calculated subsidence show linear subsidence curves whereas the resulting subsidence curves of the numerical modelling are non-uniform subsidence curves. The depocenters do not correspond along
the modern Taiwan mountain front. However, the exact shape of the different stages of evolution is still unclear.
Concerning the FD modeling, the various f lexural models show that an intra-plate stress of at least 1e9 Pa is necessary for
a significant inf luence on the def lection and therefore the forebulge evolution. In addition, the implemented bathymetry
with topography as a load changes the pattern of the forebulge along the mountain belt and within the Taiwan Strait.
More precise information about the tectonic behaviour of subduction zones on basin evolution would improve the model
significantly (e. g. 3D models).

Figure 1. Simulation for experiments with an elastic thickness of
13 km. A: The load in the lithospheric plate: green no load, red the
Taiwan orogeny, blue the Philippine
Sea plate (water column); B: The tectonic situation including the
Philippine Sea plate, the Eurasian
plate and the South China sea plate.
C: The resulting def lection of the lithosphere in meters. D: Evolution of
the def lection with increasing load.
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We surveyed f luvial terraces over a wide area in order to decipher the Quaternary increment of crustal shortening, the
rate of fold growth and the deformation pattern of the thin-skinned Makran Accretionary Wedge. We focused on three
major fold systems associated with three crustal scale thrust faults where the rivers abandoned continuous terrace surfaces. Reconstructed terrace profiles revealed two regional dominant wavelengths, about 5 km in the northern part of the
study area and about 15 km in the south.
The presence of two wavelengths suggests the existence of two décollement layers at two rooting depths. This result is
consistent with published constructed cross sections in onshore Makran and subsurface data in offshore Makran. To estimate shortening rates, we used two methods:
I. Conservation mass,
II. Strain contour diagram.
Estimated crustal shortening rates based on conservation mass model are averaged over Pleistocene time to be 0.5 mm/a
north of the Gativan Thrust and 0.9 mm/a toward the south, on the hanging wall of the Chahkhan Thrust. This change
in shortening rate is consistent with thin-skinned tectonic regime where recent deformation is more active toward the
front of the wedge.
The estimated long-term shortening rate across these fold systems accounts for ~20% of the total shortening rate (~
6mm/a) and 2% of the total convergence rate (~ 19mm/a) recorded by kinematic GPS measurements between Arabia and
Eurasia, across the Makran subduction zone. The strain contour diagram is derived by plotting two geometrical fold parameters: the thickness–to-wavelength (A/l) and the amplitude-to-wavelength (H/l) ratios.
Our data plotted in this diagram confirm that the strain accommodated by the studied folded terraces is <20% of total
shortening on each individual fold structure and all data indicate together a very low viscosity contrast (< 10%) of the
folded terraces with their shale-dominated basement. The shortening estimated with this method is in good agreement
with estimates from the mass conservation model.
The geometry of deformed terraces combined with the strain contour diagram consistently indicates incipient fold growth
and buckling as the dominant process responsible for recent folding. Despite active deformation and relatively high shortening rate across Makran, the geophysical record shows nearly absent seismic activity. We propose that strain accumulated in folds over intermediate décollement levels within a thick, incompletely lithified sedimentary cover explain the essentially aseismic recent tectonics in Makran.
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1.E.7
Paleogeographical restoration and ramp tectonic evidence in Tunisian
Tellian domain: Ain El Bey-Bou Awen area (northwestern Tunisia).
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Tunisian Alpine rang (fig.1-A), is a collision feature drown after mi-lower Miocene compression between Kabyle block and
Tethysian African margin (Cohen, 1989). Limited respectively, to Southern and Eastern by Saharan platform with sub-tabular
structure and the Sahel hidden beneath recent formations (Castany, 1953; Zargouni, 1985; Frizon de Lamotte and al., 1995).
Internal part or Tellian area of Tunisian Alpine belt is a stacking gravitary thrust sheet in mi-Miocene, folded in upper
Miocene and Quaternary (Rouvier, 1977). Numidian f lysch or upper unit, overlap with tectonic contact underlying units
or numidian underneath-units, which are from NW to SE: Adissa, Ain Draham, ED Diss and Kasseb units. On the other
hand, regarding some authors (Ould Bagga and al., 2006; Aridhi and al., 2011), tectonic recovery between numidian underneath-units are not suitably significant to justify “thrust sheet” expression.
Studied area is localized in front of this internal zone which constitutes it’s mainly external linkage. It corresponds to the
SW tip imbrication zone of authors (Solignac, 1927 ; Castany, 1953 ; Kujawski, 1969 ; Rouvier, 1977), wholesale from Béja to
Mateur and characterized by Paleocene and Eocene tectonic stacking, following their translation toward SE (Solignac, 1927).
According Caire, 1973, this zone affected by large displacements, is qualified as “thrust sheet” continuity. Where, referring
to Rouvier, 1977; it would be only affected by limited displacements, since did not leave its origin homeland. In the internal
Alpine belt domain of Tunisia, NW “thrust sheet” area, tectonic inversion was drown by thrusting system as f lat and ramps.
These features produce imbricate tilted monocline the, how their tips are taken by local cylindrical anticlines over frontal
ramp, orthogonal to displacement trend (Ould Bagga and al., 2006; Aridhi and al., 2011). Pronounced structures blocks,
diversity of their geometry and their kinematic installation, are the mainly facts that qualified imbricate domain from
Maghrebides belt. In this paper, will show that structures geometrical variability are related to both major effects, such as,
position of this area in a more external alpine zone and tectonic Mesozoic heritance which its effect became as significant
as horizontal constraint, at the front of this belt.

Fig.1: Geological map of northwestern Tunisia and location maps detail.
*A: The Maghrebides (DELGA Durand, 1980).
*B: Geological Map of northern Tunisia (Mining National Office, 1985, extracted and modified), and location of lateral folds.
a: Magmatic rocks; b:Triassic; c:Jurassic; d:Cretaceous; e:Palaeogene; f:Numidian (Oligo- Miocene f lysch); g: Mio-Pliocene; h: Quaternary.
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1.E.8
Link between topography and large-scale tectonics of Southern India: A
preliminary study based on river profile analysis
Mandal Sanjay Kumar, Burg Jean-Pierre & Haghipour Negar
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Spatial distribution and rates of active deformation provide important constraints on the geodynamics of deforming
lithosphere. Yet, such data are often difficult to acquire in eroding landscapes where poor preservation of geomorphic or
stratigraphic markers impedes strain reconstruction. Recent advances in the understanding of the relationship between
bedrock channel profile and erosion rate have allowed applying them as an index of differential rock uplift rate in steady
state landscapes. The current model suggests that the local rate of differential rock uplift should exert a primary control
on the gradient of channel longitudinal profile form. In practice, discrimination of this effect from the inf luence of substrate heterogeneity, sediment f lux, orographic precipitation, and transient changes in channel profile shape has proved
difficult.
The west coast of Peninsular India is a high elevation passive margin that formed when India broke away from Madagascar
around 88 Ma and then from the Seychelles-Mascarene platform at c.65 Ma. At the same time, the Réunion hotspot was
reaching its peak activity. The approximately 1600 km long NNW-SSE trending mountain range of Western Ghats is characterized by a spectacular west facing ‘great’ escarpment and very youthful relief that suggest recent and ongoing uplift.
Recent studies of exhumation and erosion rate suggest that the escarpment has been retreating eastward but the actual
mechanism, timing and magnitude of retreat remain poorly understood. The rate and distribution of deformation along
the Western Ghat and in the interior of Southern Indian Peninsula is needed to understand the evolution of high topography in intraplate settings. We investigated channels draining the western and eastern f lank of Western Ghat between
~8ºN and 21º6’N. We extracted and analyzed channel profiles from digital topographic data from the SRTM of 90m nominal resolution utilizing a group of built-in functions in ARC/INFO and a suite of MATLAB scripts developed by Snyder et
al. (2000) and Kirby et al. (2003). In most cases, we observe smooth concave up profiles. Where channels exhibited distinct
knickpoints separating reaches of varying gradient, we analyzed each reach independently. Our preliminary analysis of
the longitudinal profile of bedrock channels reveals systematic differences in the channel steepness indices along the
trends of Western Ghats. The well-defined Western Ghats escarpment is only partly associated with surface volcanics in
the north, whereas the southern part is characterized by Precambrian basement. Therefore, the lithology has a limited
inf luence on channel steepness. Our preliminary investigation shows that variation in channel steepness along the
Western Ghats might instead result from differential rates of rock/surface uplift. Higher uplift rates are associated with
the crest of the Western Ghats and they systematically increase towards south. This rate variation is also manifested by
highest mountain elevation in the south.
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1.E.9
Direct versus indirect thermochronology: What do we truly trace?
An example from SE Peru and its implication for the geodynamic development of the Andes
Geoffrey M.H. Ruiz
IMG, Uni. Lausanne, CH-1015 Switzerland  (geoffrey.ruiz@unil.ch)
To quantify long-term denudation rates, research groups commonly applied low-temperature thermochronometric methods to rock now exposed at the surface. This approach on bedrocks from the hinterland is sometimes limited since
erosion has often removed the record of earlier stages of orogenic growth. To overcome this shortcoming, researchers have
increasingly studied since 20 years orogenic sedimentary records combining detrital thermochronological analyses with
sedimentary petrography but also modeled detrital age populations from true bedrock catchments.
We propose here to study the denudation history of a region located in the Eastern Cordillera of SE Peru. Our approach
consists on analysing present-day erosional products along five different river catchments for the Apatite Fission-Track
(AFT) thermochronometer. Up to four age populations were extracted from the analyses of 100 grains per sample. Age
populations range between 80 and 0.5 Ma with a majority of age populations younger than 10 Ma. These AFT analyses
from the ‘true’ present-day erosion product of the chain are compared with ones from an ‘artificial’ one we generated and
this to investigate the recent evolution of the eastern Andes. The artificial detrital record was engendered by the combination of 197 individual grain ages we recently produced from a bedrock profile in the region. Interestingly, the ‘artificial’
sand express a clear homogeneous AFT signal with a single and pooled AFT age of 4.1 ± 0.1 Ma. This age is identical to the
youngest age population (P1) we extracted from the ‘true’ sand within the same catchment (4.4 ± 0.4 Ma) and suggest that
the ‘true’ dated grains of the P1 population were derived from, if not this one, a region with similar thermal record. Our
results are of main importance because they indicate for the first time that a detrital age population, once statistically
individualized and limitations of the method perfectly excluded, most likely ref lects the erosion in a single part of a catchment. In the eastern Andes of Peru, the older age populations we extracted are probably derived from upper levels within
the catchment that ref lect by their presence, but not directly quantify, former denudation. Reversely, the youngest age
populations for all present-day river sands are younger than 6.8 Ma. These data point towards lower levels of the eastern
Andes that undergo rapid denudation and this since recent time because of the preservation of older thermal record.
The approach we developed is innovative and aims to reduce the amount of necessary analysis to constrain long-term
denudation rates in different orogenic settings. It also hosts a methodological aspect by comparing results from direct
(bedrock) and indirect (present-day river sands) thermochronological analyses within the same catchment.
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1.E.10
Provenance studies in sands and sandstones from the Bay of Bengal,
Myanmar
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Since the discovery of the giant Shwe gas field offshore Myanmar, the Bay of Bengal has become the focus of one of the
last unexplored deep water basins in the world. Due to the relative inaccessibility of the Arakan (Rakhine) area (Fig. 1)
onshore and its offshore islands, we are faced with a lack of any modern integrated study, and hence of the understanding
of the Total Petroleum System. One of the main problems is the origin of the sands, eg., do they all belong to the Bengal
fan and are as such derived from the Himalayas, or can local fans be expected in addition, sourced from the onshore
Rakhine area and possibly as far as from the Myanmar Central Basin (MCB).
The Rakhine hill ranges and the Rakhine coastal area (Indo-Burman Ranges, IBR, Fig. 1) are a result of the collision between
the Indo-Australian plate and SE Asian plate. The IBR is a N-S oriented arc, which forms the tectonic barrier between the
Assam shelf in the west and the MCB in the east. It represents an active accretionary wedge linked to the eastward subduction of the Bengal basin oceanic crust. The IBR comprises sedimentary, metasedimentary, intrusive and volcanic rocks
forming the back-bone of an accretionary prism including slivers of dismembered ophiolite obducted over the east-dipping
subduction zone.
The present research is aimed at tracing back the provenance of the Eocene to Miocene turbiditic sediments included into
the accretionary wedge along the Bay of Bengal, western Myanmar (Fig. 1). The investigations will allow to understand the
relationship between large scale tectonic processes during deposition of the sediments along the eastern margin of the
Bengal fan.
Heavy mineral assemblages indicate the derivation of the clastic material from (1) granitoids, associated volcanics and/or
recycled rock series (ultrastable zircon, tourmaline, rutile, ZTR-association), (2) medium-grade metamorphic rocks (garnet,
epidote group, chloritoid), and (3) ophiolitic rocks (chromian spinell). This excludes the origin of the detritus from the
Himalayan range and Bengal fan respectively, because these sediments are typically bearing high-grade metamorphic
heavy mineral grains (Allen et al., 2008). In modal counts (e.g. Dickinson, 1985), the variably feldspar-bearing litharenites
show a provenance from transitional to dissected arc sources and recycled orogenic terranes. Volcanic-hypabyssal lithoclasts strongly dominate over sedimentary and metamorphic lithic grains. These petrographic results clearly indicate the
sources of the detrital material in the IBR and associated volcanic arcs.
Laser ablation ICP-MS detrital zircon U-Pb age results from 3 Eocene and 2 Oligocene sandstones show coherent patterns.
The Late Cretaceous peaks ranging 95-85 Ma (≈ Cenomanian - Coniacian) dominate the age distributions. The Palaeogene
is represented by peaks ranging from approx. 50-30 Ma (Eocene - Early Oligocene). The sources of these zircons are in
majority the volcanic arcs within the IBR (Cretaceous) and Inner Volcanic Arc, MCB (Tertiary). Minor reworking of Early
Mesozoic, Palaeozoic and pre-Cambrian zircons is observed. One particular sample of Eocene sandstone is characterized
by a very broad Palaeozoic and pre-Cambrian zircon distribution pointing to a main provenance in the Shan Plateau.
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Figure 1: Schematic tectonic map of Myanmar (from Bender, 1983). The box indicates the working area in the Rakhine
coastal area.
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