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Preface

The 14" Symposium on Tectonics, Structural Geology andl@goof Crystalline Rocks (TSK14) is
the first TSK meeting to be held on the coast. hNemt Germany is void of metamorphic and structural
geology outcrops and study of their processes regjgioing underground into salt mines or drivindeas
as the Harz Mountains. This is precisely what wi aa for the field trip. Nevertheless, marine rass
iIs much closer to the TSK topics than might be etg@ The plate tectonics revolution in the enthef
60s of last century would not have been possibihout research on the oceans. Many structural
concepts for deformed rock associations found enctimtinents have their modern counterparts below
the oceans. Today, marine research cruises cotargignificantly to tectonic research using a ntwdte
of geophysical methods, sampling of the ocean flaod deep sea drilling. The collaborative research
center (SFB) 574 "Volatiles and Fluids in Subductfmnes”, a joint research venture between Chmistia
Albrechts-University Kiel and the GEOMAR Helmholzentre for Ocean Research Kiel, combines
marine and onshore research on subduction zonegses in Central and South America. Among other
topics the DFG-funded Excellence Cluster “The FeifOcean” is concerned with marine geohazards and
georesources and, thus, tectonic studies. Relagedts in marine geophysics, tectonics, metamorgic
magmatic petrology will be presented during TSKag,well as several results from other marine and
onshore research projects. We also invite you thegasome deeper insights into our work and our
research facilities.

The program of the symposium covers a wide rangeuafent research in tectonics, geodynamics,
structural geology and metamorphic petrology. Weewa/erwhelmed by the large variety and the high
quality of the submitted contributions. As the admitions did not go through a peer-review, thehatg
remain responsible for the content of their abssta€here will be talks and posters on all of the s
initially announced topics

1) Subduction zones and collisional orogens,

2) Rifting, spreading and transform faults,

3) Metamorphism, deformation and geochronology,

4) Fabrics, rheology and deformation mechanisms,

5) Brittle deformation, neotectonics and earthqualkceesses,
6) Pluton emplacement, volcano-tectonics und imgaotogy,

with many contributions covering two and more oérth The program of the plenary sessions from
Wednesday, March 28 to Friday, March 30, 2012, has largely been organized around thesestop
Abstracts are listed in alphabetical order of ir& fiuthor and this abstract volume includes dingglist

of all the participants.

We are also happy about the strong interest irtlitee workshops and the field trip. We thank the
workshop conveners and the field guides for thesag preparatory work. Thanks also to the keynote
speakers for accepting our invitations and presgntheir research making this event even more
interesting. Financial support through sponsor$lyiphe Future Ocean Excellence Cluster (Kiel), ZEIS
Germany, JEOL Germany, and K.U.M. (Kiel) is kindigknowledged. Last but not least we would like to
thank the organizers of the last TSK meetings ankfurt (2010), Karlsruhe (2008) and Gottingen @00
for their advice and support while planning thisngpsium.

We are delighted about your participation and yaamtributions to posters, talks and discussiond, an
we hope that you will enjoy your time in Kiel antthe Baltic Sea.

Kiel, March 2012
Michael Stipp
Jan Behrmann
Christian Berndt
Volker Schenk
Klaus Ullemeyer



Vorwort

Das 14. Symposium 'Tektonik-Strukturgeologie-Kiigtgeologie' (TSK 14) ist das erste TSK-
Treffen, das an der Kiste stattfindet. Norddeutsudhlist frei an metamorphen und strukturgeologische
Aufschliissen, und diese Forschung erfordert Urgedebeit in Salzbergwerken oder Fahrten zumindest
bis zum Harz. Genau dies ist fur die Exkursion esehen. Ungeachtet dessen liegt die Meeresforschung
naher an den TSK-Themen, als es vielleicht erwaviet. Die plattentektonische Revolution am Ende
der 60er Jahre des letzten Jahrhunderts ware oleerebforschung nicht mdglich gewesen. Viele
strukturelle Konzepte deformierter Gesteinsverdgedehftungen auf den Kontinenten finden ihre
modernen Gegenstiicke unter den Ozeanen. Heutentraggine Forschungsfahrten durch die
Anwendung geophysikalischer Methoden, Probennahwoam Meeresboden oder Tiefseebohrprojekte
bedeutend zur tektonischen Forschung bei. Der $fardehungsbereich SFB 574 "Volatile und Fluide
in Subduktionszonen", ein Forschungsprogramm derist@n-Albrechts-Universitat Kiel und des
GEOMAR Helmholtz Zentrums fir Ozeanforschung Kiarbindet Forschung im Meer und an Land zur
Untersuchung von Subduktionszonen- Prozessen inralerund Mittelamerika. Der von der DFG
geforderte Exzellenzcluster "Ozean der Zukunft"abef sich neben anderen Themen mit marinen
Geogefahren und Georessourcen und somit mit teddben Studien. Damit verbundene Ergebnisse der
marinen Geophysik, Tektonik, metamorphen und maigotagn Petrologie als auch Ergebnisse weiterer
Meeres- und Kistenforschungsprojekte werden auf 8&14 vorgestellt. Wir laden Sie auch ein, einen
tieferen Einblick in unsere Forschungstatigkeit &iodschungseinrichtungen zu gewinnen.

Das Programm des Symposiums umfasst eine weite bBaitel aktueller Forschung in Tektonik,
Geodynamik, Strukturgeologie und metamorpher Ragiel Wir waren Uberwaltigt von der grof3en
Vielfalt und der hohen Qualitat der eingereichtegitidige. Da die Beitrdge nicht begutachtet wurden,
sind die Autoren allein fur die Inhalte ihrer Kuagungen verantwortlich. Es wird Vortrage und Roste
zu allen ursprunglich angekindigten Themenbereigaden:

1) Subduktionszonen und Kollisionsorogene,

2) Rifting, Spreading und Transformstérungen,

3) Metamorphose, Deformation und Geochronologie,

4) Gefuge, Rheologie und Deformationsmechanismen,

5) Bruchhafte Deformation, Neotektonik und Erdbeiyeresse,
6) Platznahme von Plutonen, Vulkanotektonik unddkigeologie,

wobei viele Beitrage zwei und mehr von diesen abelec Das Programm der Plenarsitzungen von

Mittwoch, 28. 3. bis Freitag, 30. 3. 2012 orierttigich weitestgehend an diesen Themenbereichen. Die
Kurzfassungen sind in alphabetischer Reihenfolgd neem Erstautor aufgefiihrt, ein Adressverzeichnis

aller Teilnehmer ist ebenfalls Bestandteil diesaadgs.

Wir sind auch sehr erfreut Uber das grof3e Interaasden drei Workshops und der Exkursion und
bedanken uns bei den Workshop-Leitern und den Bxkusfuhrern fur ihre grof3artige Vorbereitung.
Unser Dank gilt auch den eingeladenen Hauptredfigrihre Bereitschatft, ihre Forschung vorzustellen
und dadurch diese Veranstaltung noch interessantgestalten. Uber finanzielle Unterstiitzung durch
den Exzellenz-Cluster "Der Ozean der Zukunft" (KidEISS Deutschland, JEOL Deutschland und
K.U.M. (Kiel) sind wir sehr erfreut. Nicht zuletzhochten wir uns bei den Organisatoren der letzten
TSK- Treffen in Frankfurt (2010), Karlsruhe (2008hd Gottingen (2006) fur ihren Rat und ihre
Unterstitzung bei der Organisation dieses Sympobiedanken.

Wir freuen uns dber Ihr Kommen und lhre Poster-ithags- und Diskussionsbeitrage und winschen
Ihnen einen angenehmen Aufenthalt in Kiel und anCigsee.

Kiel, im Marz 2012
Michael Stipp
Jan Behrmann
Christian Berndt
Volker Schenk
Klaus Ullemeyer



PROGRAM

Monday, 26.3.2012

9.00 —
ca. 18.00

WORKSHOP “Deformation of polymineralic rocks in nature and experiment”
convened by Marco Herwegh, Ridiger Kilian and Rilbacki

Tuesday, 27.3.2012

9.00 —
ca. 18.00

WORKSHOP “Significance of long-term deformation and permeability of rock salt
and clay for storage and waste disposal”
convened by Bernd Leiss, Janos Urai and Gernolduful

9.00 —
ca. 18.00

WORKSHOP “Thermodynamic calculations with the Theriak/Domino software
package”
convened by Thorsten Nagel

Wednesday, 28.3.2012

9.00 SALUTATION, OPENING OF THE SYMPOSIUM
9.20 Impact cratering on Earth and on Mars: defining the impact trajectories by
structural analysis
Thomas Kenkmann
9.50 The MEMIN research unit: hypervelocity impacts into geological materials
Michael H. Poelchau, Thomas Kenkmann, Klaus Thohiex Deutsch, Tobias Hoerth
and Frank Schafer
10.10 Porosity Reduction in the Sub-Surface of Experimerally Produced Impact Craters
in Sandstone
Elmar Buhl, Michael H. Poelchau, Thomas Kenkmaneoi@ Dresen and Klaus Thoma
10.30 BREAK and POSTERS
11.00 Thermomechanical interaction of stoped blocks witmagma — the role of
volatile exsolution
Steffi Burchardt, Valentin R. Troll, Harro SchmeajirHemin Koyi and Lara Blythe
11.20 Magnetic fabric studies in flood basalts — how to&f information on
magma flow direction
Stefan Schobel and Helga de Wall
11.40 New Approaches in Rock Deformation and Recrystallation Analysis at POWTEX

Neutron Diffractometer, FRM Il Germany
Jens M. Walter, Michael Stipp, Klaus Ullemeyer, iHat Klein, Bernd Leiss,
Bent T. Hansen and Werner F. Kuhs
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12.00 Deformation mechanisms active during catastrophicack failure:
preliminary results.
Trullenque, G., Kenkmann, T. and Stein E.

12.20 LUNCH BREAK

13.00 - POSTER SESSION

15.20

15.20 Polyphase deformation in NW Namibia — tools to reaustruct regional tectonics
Cees Passchier, Xavier Maeder and Rudolph Trouw

15.50 Dislocation creep of dry quartz
Rudiger Kilian, Renée Heilbronner, Holger Stlinkndreas Kronenberg
and Caleb Holyoke

16.10 Mechanical behaviour of anhydrite rocks: results offield investigations and
mineralogical-geochemical studies
Michael Mertineit, Joachim Behlau, J6rg Hammer, ihdiel Schramm and Gernold Zula

16.30 Experimental boudinage of anhydrite in rock-salt mdrix: The impact of bulk finite
strain geometry
Gernold Zulauf, Janet ZulauMichael Mertineit and J6rg Hammer

16.50 Metasomatic fault weakening at the Moresby Seamourtetachment in the western
Woodlark Basin (offshore Papua New Guinea)
Romed Speckbacher, Jan H. Behrmann, Michael SEipgrsten Nagel, Julia Mahlke
and Colin W. Devey

17.20 ICE BREAKER “MS Stadt Kiel”

20.00 Pier GEOMAR east shore

20.30 Pier GEOMAR west shore

Thursday, 29.3.2012

9.00

Depth-dependent extension, two-stage breakup and pleted lithospheric
counterflow at rifted margins
Ritske S. Huismans

9.30

New 3D seismic data and high-resolution bathymetrgata give insight into active
deformation in the Gulf of Cadiz
Gareth J. Crutchley, Christian Berndt, Dirk Klaeseland Doug G. Masson

9.50

Erkundungsmafl3nahmen zum tiefengeothermischen Poteiat der
Leinetalgrabenstruktur
Bernd Leiss, David C. Tanner, Axel Vollbrecht, THeinrichs, Gernot Arp und GGG

10.10

Scales of deformation within a compressional flowestructure modelled by varying
the amount of fault-zone complexity
David. C. Tanner, Steffen Prufer, Dirk Kuhn and Gttée M. Krawczyk
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10.30

BREAK and POSTERS

11.00 The Eastern Alps-Western Alps boundary: crustal scke sections from
western Austria
Bernhard Fugenschuh, Hugo Ortner, Hannah Pomelacéll Schulz and Michael
Zerlauth

11.20 The Giudicarie Fault System (Alps, Northern Italy): Evolution of a major
Alpine fault system
Hannah Pomella, Michael Stipp and Bernhard Fugersch

11.40 HP-metamorphism in the Adula Nappe, Central Alps
Sascha Sandmann and Thorsten J. Nagel

12.00 Exhumation of fault blocks in the internal Sesia-Lazo Zone and the Ivrea-Verbano
Zone (Biella, Italy): Insights from FT-data, U/Pb ages and structural data
Alfons Berger, Ivan Mercolli, Bernhard Figenschul &lotburga Kapferer

12.20 LUNCH BREAK

13.00 - POSTER SESSION

15.20

15.20 Tectonic enigmas revealed from petrological and gebemical studies of the Lesser-
and Higher Himalaya in Sikkim, India
Sumit Chakraborty

15.50 Exhumation of subducted oceanic lithosphere at th8outh American convergent
margin (Raspas Complex, Ecuador)
Ralf Halama, Petra Herms, Timm John, Volker Schén&ter Garbe-Schénberg and
Folkmar Hauff

16.10 Control of reaction kinetics on mantle serpentinizéion and double Benioff zones
Karthik lyer, Lars H. Rupke, Ingo Grevemeyer ansodaPhipps Morgan

16.30 What were the protoliths of the Middle Allochthon? Answers from zircon dating and
geochemistry of metamorphosed sedimentary and magrii@arocks of the Ammarnas
Complex, central Scandinavian Caledonides
Jens C. Grimmer, Fredrik A. Hellstrom, Axel Gerdesl Reinhard O. Greiling

16.50 BREAK and POSTERS

17.20 Archean UHT metamorphism and Paleoproterozoic rewadking at Uweinat in the
East Sahara Ghost Craton
Shreya Karmakar and Volker Schenk

17.40 The granulite facies Ongole domain of the Eastern l&ts Belt, India —
A Proterozoic island arc?
Tapabrato Sarkar and Volker Schenk

18.00 The role of extraction and out-of-sequence thrustig of nappes for the exhumation of

(ultra)high-pressure rocks — A case study from Lagali Cignana
(Western Alps, Italy)
Frederik Kirst, Nikolaus Froitzheim, Thorsten Ngd&érnd Leiss and Jan Pleuger

7




18.20 A numerical study of conditions during thin-skinnedthrust initiation and
propagation: the example of the Jura mountains
David Hindle and Melanie Lohrmann-Bromm

19.30 SYMPOSIUM DINNER

Friday, 30.3.2012

9.00 Numerical Modelling of Subduction and Collision Pracesses
Taras V. Gerya
9.30 Intra-oceanic subduction initiation caused by sheaheating: What are the odds?
Marcel Thielmann and Boris J.P. Kaus
9.50 Bending-related faulting and mantle serpentinizatio at deep-sea trenches
Ingo Grevemeyer
10.10 Two plates many subduction zones: The Variscan oregy reconsidered
Uwe Kroner and Rolf L. Romer
10.30 Extremely rapid exhumation from eclogite-facies coditions to the surface in the
Rhodope mountains, Bulgaria
Thorsten Nagel, Nikolaus Froitzheim, Silke Jahn-AMaria Kirchenbaur
and Neven Georgiev
10.50 BREAK and POSTERS
11.20 Cosmogenic nuclides: applications in tectonic geomuhology
Ralf Hetzel
11.50 Quantifying vertical surface motion on different time-scales, example of Crete,
Greece
Stefanie Rieger, Nico Adam and Anke M. Friedrich
12.10 Characterization of deeper crustal pseudotachylytes
Uwe Altenberger, Giacomo Prosser, Antonella Graarte Christina Giunter
12.30 LUNCH BREAK
13.30 On the scale-invariance of fractures
Michael Krumbholz; Steffi Burchardt; David C. Tamn€hristoph Hieronymus and
Hemin Koyi
13.50 Correlation of joints and fracture cements in Cretaceous carbonate rocks, Mt.
Chianello, Italy
Francesco Dati, Stefano Mazzoli, Stefano VitaldjeSdollet and Christoph Hilgers
14.10 Evidence for coseismic rupture in a low-strain intaplate rift (Lower Rhine

Embayment, central Europe)
Simon Kubler, Anke M. Friedrich and Manfred R. Sker




14.30 PLENARY DISCUSSION

POSTER PRIZE
VOTE FOR THE NEXT TSK LOCATION

ca. 15.30 ENDING OF THE SYMPOSIUM

ca. 15.30 | Departure for FIELD TRIP “Salt tectonics and Harz mountains’ geology”
Guides: C.H. Friedel, H. Blanke, H.J. Franzke, tatttheister and D.C. Tanner

ca. 19.00 | Bad Helmstedt, overnight stay

Saturday, 31.3.2012

8.00 Salt tectonics
Salt mine Morsleben, Deutsche Gesellschaft zumuBauBetrieb von Endlagern (DBE)

Effects of salt tectonics on cover sediments
Quartz sand mine Walbeck

Harz northern margin fault
Teufelsbach, Blankenburg

ca. 18.00 | Blankenburg, overnight stay

Sunday, 1.4.2012

8.00 Calcmylonites in Devonian reef limestones
Elbingerode, Ribeland

Crystalline basement units, Eckergneiss
(depending on weather conditions)

Deformation structures in the Culm Fold zone
Triangle zone/Okertal; Kellwassertal

ca. 21.00 | Kiel, GEOMAR
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POSTER CONTRIBUTIONS

Index

Title and authors

4.1

Measuring Structural Data with Smartphone Devies
Peter Appel

5.1

Brittle deformation during exhumation of eclogtes and blueschist of the Bantimala
Complex, Sulawesi: evidence for intra-slab shearing
Rauno Baese and Volker Schenk

2.1

Structural investigations of the spreading sysin north of the Rodriguez Triple
Junction (Indian Ocean)
Carolin Bartsch, Udo Barckhausen, Thomas Kuhn dndiUSchwarz-Schampera

11

Large scale 3D geometry of deformation structws in the Aar massif and overlying
Helvetic nappes (Central Alps, Switzerland) — A comlined remote sensing and field
work approach

Roland Baumberger, Philip Wehrens and Marco Herwegh

1.2

Strain in the Adula Nappe, Pennine Alps, Switz&and
Jan H. Behrmann, Robert Keizer, Marcel Mizera aeerRahlf

3.1

Evidence for Mesoproterozoic UHT metamorphismd two metamorphic events in
the central Namaqualand Metamorphic Complex (Kakama Terrane), South Africa
Julia Bial, Volker Schenk, Steffen Bittner and Pégepel

4.2

The role of stress on chemical compaction ofiié shale: An experimental study
Rolf H. C. Bruijn, Bjarne S. G. Almqvist, Phil M.d@&ison and Ann M. Hirt

4.3

AMS fabrics in a Permian laccolith from Tabarz(Thuringia, Germany) —
a reconnaissance study
Carlo Dietl

1.3

Wavelength selection in 3D multilayer detachmerolding
Naiara Fernandez and Boris J.P. Kaus

3.2

The Eckergneiss complex — state of the art amgben questions
Carl-Heinz Friedel and Kai Fischer

1.4

The Vardar Ocean suture in the Rhodopes and thaximum-allochthony hypothesis
for the Hellenides

Nikolaus Froitzheim, Silke Jahn-Awe, Dirk Frei, Ash Wainwright, Roland Maas, Neve
Georgiev, Thorsten J. Nagel and Jan Pleuger

5.2

Segmentation of the 1960 and 2010 Chilean eagjtiekes controlled by a

giant slope failure

Jacob Geersen, David Vdlker, Jan Behrmann, Dirls¢tian, Wilhelm Weinrebe, Sebasti
Krastel and Christian Reichert

an

15

A Silurian top-to-NW ductile shear zone in theSeve Nappe Complex (central
Scandinavian Caledonides, Sweden): The top of a Sthan palaeo-extrusion wedge?
Jens C. Grimmer, Johannes Glodny, Kirsten Drigyggies Kontny and Reinhard O.
Greiling
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2.2

Strukturgeologisches 3D-Modell des Ostlichen Lreetalgrabenstérungssystems bei
Bovenden/Sudniedersachsen
Johannes Groffmann, Bernd Leiss und David C. Tanner

6.1

The structure and evolution of magmatic compless in fold-and-thrust belts — a case
study of Cerro Negro, Neuquén Province, Argentina
D. Gdurer, O. Galland, H. A. Leanza, C. SassierRnd. Cobbold

1.6

How does the Okhotsk plate deform? Insights fim 3d numerical modelling
David Hindle

5.3

New Approach to Detect Possible Quaternary Temic Activity in the Alpine
Foreland Basin, Southern Germany
Markus Hoffmann and Anke M. Friedrich

4.4

Mineralogisch-geochemische Charakterisierung deStal3furt-Hauptsalzes (Knauelsalz
bis Kristallbrockensalz) im Salzstock Gorleben
Hjordis Holler, Michael Schramm, Michael Mertinennd J6rg Hammer

2.3

Influence of viscous channel thickness on thedelopment of overlying brittle
deformation patterns under extension: new insightérom analogue modeling
Ruth Keppler, Filipe Rosas and Thorsten Nagel

2.4

The effect of preexisting joints on normal faulevolution — Insights from field work
and analogue modeling
Michael Kettermann, Heijn van Gent, Christoph Gnétzand Janos Urai

5.4

Recent stress directions in basement rocks afighern Sweden deduced from open
microcracks — first results
Michael Krumbholz and Axel Vollbrecht

4.5

Texture analysis of mylonitic marbles from theRhodope Metamorphic Core Complex
(Greece) — A preliminary study in view of its kinenatic evolution
Rebecca Kihn, Bernd Leiss and Markos Tranos

3.3

Alpine HP-metamorphism in orthogneisses from th Adula nappe (Lepontine Alps)?
Robert Kurzawski, Thorsten Nagel, Sascha Sandmiashdacek Kossak

5.5

Joint patterns and vein formation in a fractured carbonate reservoir analogue,
Eifel, Germany
Dennis Laux, Tomas Fernandez-Steeger, Philippe Buand Christoph Hilgers

4.6

Numerical investigation of stresses in sinkingarbonate stringer in salt body
Shiyuan Li, Steffen Abe and Janos Urai

3.4

(U)HP metamorphism in the Makbal Complex, Tianean Mountains (Kazakhstan &
Kyrgyzstan): Different P-T evolutions of intimately interlayered ultra high- and high-
pressure rocks

Melanie Meyer and Reiner Klemd

3.5

Isobaric evolution of staurolite-andalusite-cadierite-sillimanite schist in the Central
Pyrenees — Early Variscan metamorphism of the Astehilospitalet domes
Jochen E. Mezger and Jean-Luc Régnier
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2.5

Rifted structures of conjugated margins in thel'yrrhenian Sea
Moeller, S., Berndt, C., Grevemeyer, |., KlaescHgnRanero, C.R., Sallares, V.
and Zittelini, N.

4.7

Texturanalyse des Steinsalzgefugetyps "Kristddrocken"
Hans-Heinrich Miller, Bernd Leiss und Michael Schma

3.6

A slap for eoarchean slab melting
Thorsten J. Nagel, J. Elis Hoffmann and Carsten Réiin

4.8

Mikrostrukturelle Charakterisierung von Karbona tgangen im Unteren Muschelkalk
des Leinetalgrabens — erste Ergebnisse
Christian Nikolajew, Axel Vollbrecht, Bernd Leisadi Alfons v.d. Kerkhof

4.9

Spatial distribution of quartz recrystallization microstructures across the Aar massif
Max Peters and Marco Herwegh

5.6

Migration pathways in Upper Carboniferous uncowentional reservoirs, Southern
Ruhr Area, North Rhine-Westphalia, Germany
Stefan Pietralla, Martin Salamon and Christoph étitg

3.7

Disequilibrium textures in lower crustal rocks:Magmatic fabrics in the Eastern
Segment, SW Sweden
Bettina Richteand Uwe Altenberger

4.10

Interpretative model of shearband boudins intenal evolution in HT ductile
shear zones

Benedito C. Rodrigues, Mark Peternell, Anténio Mouvlartin Schwindinger
and Jorge Pamplona

411

On the distribution and morphology of grain baindary fluids in natural rock salt
Joyce Schmatz, Marc Sadler, Guillaume Desbois andsIL.Urali

6.2

Investigation of Nb-Ta-enriched Pegmatites inhie Eastern Alps
Tobias Schneider, Jurgen Konzett, Bernhard Fugeihsahd Frank Melcher

4.12

Ultrasonic wave velocities during experimentadeformation of silty clays from the
Nankai accretionary prism
Kai Schumann, Michael Stipp, Dirk Klaeschen and Bahrmann

4.13

Synchrotron texture analysis of naturally ancexperimentally deformed water-rich
sediments from the Nankai Trough offshore Japan
Kai Schumann, Michael Stipp, Bernd Leiss and JaBdfirmann

4.16

Deformation fabrics of quartz- and calcite-rith mylonites from the Moresby Seamount
detachment, Woodlark Basin (offshore Papua New Guin)
Romed Speckbacher, Michael Stipp, Florian Heiddikzawd Jan H. Behrmann

4.14

Triaxial deformation experiments indicate strag sediments at the deformation front,
and weak sediments at the rear of the Nankai accreinary prism
Michael Stipp, Malte Rolfs, Yujin Kitamura and JdnBehrmann

4.15

Experimental deformation of partially molten glite in simple shear
Michael Stipp, Jan Tullis and Alfons Berger
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5.7

Fluid-enabled inversion of half-grabens in unaosolidated Upper Pleistocene sands
David C. Tanner, Christian Brandes and Jutta Wiragem

4.17

Microfabrics and deformation mechanisms of hycarbon-bearing
Gorleben rock salt
Nicolas Thiemeyer, Maximilian Pusch, J6rg Hammaet &ernold Zulauf

4.18

Evaluation of Crystallographic Preferred Oriertations applying whole pattern
deconvolution method
Roman Vasin and Klaus Ullemeyer

1.7

Heat flow in the Southern Chile Forearc contrded by large-scale tectonic processes
Lucia Villar-Mufioz, Juan Diaz-Naveas and Jan H.rB&nn

1.8

Terrane accretion at active continental marginsNumerical Modelling
Katharina Vogt and Taras V. Gerya

5.8

Tectonic control on submarine mass wasting o@entral Chile
David Volker and Jacob Geersen

1.9

Structural Evolution in the Aar Massif (Central Alps): First attempts of linking the
micron- to the kilometer-scale
Philip Wehrens, Roland Baumberger and Marco Herwegh

3.8

Petrological and structural observations alonghe Nestos Shear Zone in southern
Bulgaria with emphasis on grandite-cpx-bearing rock
A. Katrin Wellnitz, Thorsten J. Nagel and Nikolaa®itzheim

2.6

Strukturgeologisches 3D-Modell des Nordcampusbaches der Georg-August-
Universitat Gottingen — eine erste Naherung
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Characterization of deeper crustal pseudotachylytes

Uwe Altenberger, Giacomo ProssgrAntonella Grandeand Christina Giintér

! Institute of Earth and Environmental Sciences,vdrsity of Potsdam, Karl-Liebknecht-Str. 24, D-1@#btsdam-Golm,
“Dipartimento di Scienze Geologiche, Universitalal@asilicata, Potenza, Italy,
3stituto di Geoscienze e Georisorse-CNR, Pisa

Fault-related pseudotachylytes provide unambigymosf for ancient earthquakes. They are usually
formed at upper crustal levels. However, evidenedvdd from both present seismicity and fossil
earthquake sources indicate that the lower conihenust may also be a site where seismic evanis ¢
be generatedn exhumed orogens it is important but difficultrecognize whether the pseudotachylyte
formed in the upper, seismogenic crust or in thetilumiddle to lower crust.

Field relations, micro-fabrics as well as newlyni@d phases from upper and deeper crustal samples
are often very similar. Although pseudotachylytels deeper origin could be affected by later
metamorphic overprint, a comparison of pseudotatéylof different regions reveals that a distincti®
possible. We have analyzed pseudotachylytes fréf@reint rock types to ascertain their depth of talus
origin. Different protoliths were selected to tasiv lithology controls pseudotachylyte compositand
textures.

The high-temperatures condition of all pseudotagkygl (>>1200°C) prevents the use of temperature-
sensitive minerals for geothermometry. However,idgfp pressure-related phases, formed directly or
subsequently to melt generation, can be used itnastthe depth of the paleo-seismic event.

In felsic migmatites and felsic granulites as vesllin metabasites cauliflower-shaped or euhedraketa
directly crystallized from pseudotachylyte melts ridar andesitic composition. Euhedral garnets are
formed directly from melt or from cauliflower gamseduring post-pseudotachylyte metamorphic
overgrowth. Experimental studies indicate a minimiemmation pressure of about 0.75 GPa. Quenched
needle- to feather-shaped high-alumina orthopyrexeccurs in contact with newly crystallized
plagioclase. The pyroxene crystallizes in garne¢-fand garnet-bearing mafic veins. The simultaneous
growth of orthopyroxene and almandine also suggastteep origin of the pseudotachylyte melt. In
contrast, upper crustal pseudotachylytes of sinpitatoliths contain no garnets or only garnet tsli¢n
addition, they are devoid of newly grown orthopyeng. In conclusion, even though pseudotachylyte
formation possibly includes disequilibrium processgeeculiar minerals and microstructures are iniea

of crystallization at depth.
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Measuring Structural Data with Smartphone Devices

Peter Appel

Institut fir Geowissenschaften, Christian-Albreettsversitat Kiel, 24098 Kiel, Germany

Recent smartphones have bulid-in sensors whiclused to measure the orientation and geoposition
of the device with high precision: (1) an acceleeten provides the vector of the earth's gravitydfir
the coordinate frame of the device, (2) the magneter measures the earth‘'s magnetic field and #® G
receiver chip provides the latitude and longituderdinates for its location. | here present a sphame
software (a so-called app) that calculates fromdidii@ of these three sensors the angle of thendifihe
direction of the dip and that turns the phone mtersatile and full-working geocompass that candssl
in the field instead of a conventional compass.

The phone can directly be placed on the foliatiten@ and needs only rough adjustment in the
direction of the dip. In the initial stages of thalculations, the software defines a vectoirom the
readings of the accelerometer X and Y values (vemimponents in the direction of the long and short
sides of the device body). The dip direction is dngle between the projection of this veatdrom the
phone's coordinate system onto a horizontal plamke the azimutal vector that is obtained from the
magnetometer. The angle of the dip is calculatethfthe Z component of the accelerometer (direction
perpendicular to the device body) and the abovetiored vectown. Because the readings of the sensors
are obtained at a high rate, a realtime stereogrggubjection for the current orientation of thevibe can
be displayed. This feature helps to visualize #iationships between 2D projection diagrams antl rea
world (3D) orientation and has shown to be stimagafor students in structural geology classesdhe
field.

All stored measurement data are shown in a Schanidt/ulff net for quick data evaluation in the
field. Additionally, a joint diagram shows the dibution of the strike values. The measurement,data
together with GPS coordinates and additional mégackan be transfered to a computer either by eonail
via Wi-Fi network. The locations of the measuremenints are shown in a Google Maps view.
Furthermore, the app provides the option to chedsether you measure the dip direction relativento t
magnetic or geographic north pole and whether yaasure lineations or planes. The app is called
.Lambert* and will run on Apple iPhone devicesidtonline available and can be downloaded from the
iTunes App Store.
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Brittle deformation during exhumation of eclogitesand blueschist of the Bantimala
Complex, Sulawesi: evidence for intra-slab shearing

Rauno Baegeand Volker Scherk

'SFB 574 ,Volatiles and fluids in subduction zoneGHristian Albrechts Universitat Kiel, D-24118 Kiel

The Bantimala Complex of SW Sulawesi (Indonesigjoses HP and UHP metamorphic rocks, which
derive from a subduction zone that was active dyitire Cretaceous. During this time the oceanict@is
the Ceno-Tethys was subducted beneath the Sundetamichent in the north (Parkinson et al., 1998).
The complex is composed of tectonic slices thatirsteglayered and composed of either sediments (e.g
cherts) or metamorphic rocks (blueschists, eclegiaicaschists). Different metamorphic processes ca
be studied in these rocks as the prograde bludsstimgite transformation during subduction of the
oceanic crust and the fluid-rock interaction preessthat took place during uplift and retrogression

The aim of this study is to unravel the formatidrdidferent kinds of breccias, which show evidence
of brittle deformation during uplift. The deformaii started at eclogite-facies conditions but cargth
through the blueschist facies up to the greenscfasies. Brecciated eclogites with rehydrated
glaucophane-bearing material in the matrix betwerclasts indicate a brittle deformation phasendur
uplift from eclogite-facies to blueschist-facies nddions. Whereas blueschist-facies clasts in a
greenschist-facies matrix reflect lower grade ctods during deformation.

Thermobarometric calculations show that differéhieschist and eclogite samples derive from
different subduction depths within the slab. Initidd, because some of the samples were formedrunde
similar pressure conditions (2.6-2.7 GPa) but vagypeak temperatureAT=150°C) and assuming that
these rocks were formed during the same subduptioress at nearly the same time, they seem toaderiv
from different depths (original vertical) withingHithospheric slab.,.The breccias of the mafidksoof
the Bantimala Complex reflect an exhumation protieaswas driven by imbrication of different slicafs
the subducted slab.

The formation of the breccias during uplift andegtession of the slab rocks and the observation of
the displacement of the former stratigraphy witthe slab argues for an exhumation of the HP/UHP
rocks during compression. The HP/UHP rocks areendtedded and therefore were not carried by a low
viscosity and low density matrix (e.g. serpentinjtdherefore, exhumation was driven by intra-slab
shearing and upward directed motion of single slidénis kind of exhumation is similar to that désed
by Angiboust et al. (2012) for ophiolites of thestern Alps. As in the case of the Bantimala Complex
even UHP rocks were exhumed, it becomes evidenthisexhumation mechanism is effective even at
great depth.
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Parkinson,C.D., Miyazaki, K., Wakita, K., Barber,JAand Carlswell, D.A. (1998). The Island Arc184-200.
Angiboust, S., Langdon, R., Agard, P., Waters, mal @hopin, C. (2012). J. metamorphic Geol.. 30637-

23



Structural investigations of the spreading systemarth of the Rodriguez Triple
Junction (Indian Ocean)

Carolin Bartsch Udo BarckhausénThomas Kuhhand Ulrich Schwarz-Schampéra

'Federal Institute for Geosciences and Natural Resesi(BGR), Stilleweg 2, D-30655 Hannover

The German industry depends on the import
of base and precious metals for almost 100%.
One important source for such metals are
volcanic-hosted massive sulfide deposits
(VMS) on land. However, these deposits once
formed on the seafloor. Therefore, there is
ongoing investigation and exploration whether
modern seafloor massive sulfides (SMS) also
could be mined for those metals. By order of
the German Federal Ministry of Economics
(BMWi) and in coordination with the
International Seabed Authority (ISA), the BGR
explores potential areas at the Rodriguez Triple
Junction (RTJ) in the Indian Ocean. One goal is
the identification of inactive SMS systems with
the aid of modern exploration techniques. The
Central Indian Ridge (CIR) separates the
African and Indian plate. The CIR meets the
Southwest Indian Ridge (SWIR) and the
Southeast Indian Ridge (SEIR) at the RTJ. The
JE e BEE Geoh | -Bedh poster shows the first results of the cruise
INDEX 2011 with respect to bathymetry and
Fig. 1. Bathymetric map of one survey area (Segripnt | magnetics. The active slow-spreading rift axis
overlain by magnetic anomalies. Dashed lines and of the CIR strikes approximately North-South.
numbers are crustal ages in m.y. The ridge was mapped over six segments and is
characterized by five so-called non-transform
discontinuities (NTD after Briais, 1995) and onansform fault, the Gemino transform fault. In segine
1 (Fig. 1) the rift valley is asymmetrical with sfeslopes in the East and shallower slopes in tetamn
part. It includes an overlapping spreading ce®3() which is well expressed in the magnetic pesfil
and in the bathymetry. The recent axial valley shaw offset to the West at this location. A liftkether
south in segment 1 the axial valley shows a mareufial and sigmoidal bend towards the East. Also th
recent spreading center follows this direction geatowards the East, which can be seen in the rtiagne
anomalies. This graben may have been abandonedreeently or might even still be active (Briais,
1995). One question which should be answered witlenframework of a dissertation is the effect of a
overlapping spreading center in terms of hydrottaractivity. Furthermore, spreading rate analydes a
the Central Indian Ridge should be made with a @mpn between the center of the magnetic anomaly
and the bathymetric expression of the spreadintecevhere they display a notable discrepancy. eutur
work will include a finite-element modeling to irstegate the history and reason for uplift of thage
flanks. With this modeling the question why suchuryg crust segments show an obvious uplift may be
answered.
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Large scale 3D geometry of deformation structuresiithe Aar massif and overlying
Helvetic nappes (Central Alps, Switzerland) — A commined remote sensing and
field work approach

Roland Baumberger, Philip Wehrens and Marco Herwegh

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

Allowing deep insight into the formation history af rock complex, shear zones, faults and joint
systems represent important sources of geologifafmation. The granitic rocks of the Haslital esll
(Switzerland) show very good outcrop conditionsstady these mechanical anisotropies. Furthermore,
they permit a quantitative characterisation of alheve-mentioned deformation structures on the large
scale, in terms of their 3D orientation, 3D spatiigtribution, kinematics and evolution in 3D.

A key problem while developing valid geological 3models is the three-dimensional spatial
distribution of geological structures, particulanith increasing distance from the surface. That is
especially true in regions, where only little oreawo “hard” underground data (e.g. bore holesygln
mappings and seismics) is available. In the stu#gg,amany subsurface data are available (e.g. cross
sections, tunnel and pipeline mappings, bore heles). Therefore, two methods dealing with the
problems mentioned are developed: (1) A data aitiquis processing and visualisation method, (2) A
methodology to improve the reliability of 3D modeégarding the spatial trend of geological struesur
with increasing depth:

* Using aerial photographs and a high-resolutiontaligelevation model, a GIS-based remote-
sensing structural map of large-scale structurainehts (shear zones, faults) of the study area was
elaborated. Based on that lineament map, (i) arsh@@e map was derived and (ii) a geostastistical
analysis was applied to identify sub regions apylie for serving as field areas to test the metloago
presented above.

During fieldwork, the shear zone map was evaluabgdverifying the occurrence and spatial
distribution of the structures designated by rensatesing. Additionally, the geometry of the struetu
(e.g. 3D orientation, width, kinematics) was chiégdsed and parameterised accordingly. These tasks
were partially done using a GPS based Slate PCttamdrieldMové™ software, in order to ease the
subsequent data processing.

 Findings from the field work were visualised in 88ing the Mov&” software suite. Applying its
specific tools and incorporating own field date #iructure’s near-surface 3D settings was modelted
a second step, the combined use of surface andirfades data helped to predict their trend with
increasing distance from the surface, bypassingighhdifference of partially more than 2000m.

Field work shows that the remote-sensing structorap fits very well with the field observations.
Nevertheless, the shear zone map underwent ativieerafinement process, based on own observations
in the field as well as on already existing mapgsol clearly describes the lithological subdivisiaf the
study area.

The incorporation of the data into the 3D modellsagtware points towards the fact, that own large-
scale data fits very well with small-scale struesiprovided by recent studies in the same areathast
exact interplay in terms of orientation, kinematesl evolution is not clear. Additional analysisneeded
in order to gain more detailed insight into theadefation history of the rocks in the study area.
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Strain in the Adula Nappe, Pennine Alps, Switzerlad

Jan H. BehrmarinRobert Keizet, Marcel Mizerd and Peer Ralflf

'GEOMAR, Helmholtz-Zentrum fiir Ozeanforschung, Wistdir. 1-3, D-24148 Kiefinstitut fiir Geowissenschaften,
Christian-Albrechts-Universitat Kiel, Ludewig-Metr. 10,

The Adula Nappe in Western Grisons and North Tic{Baviss Alps) is a structurally coherent
fragment of continental crust that has been suleduttd great (minimum 50 km) depth during Tertiary
Alpine orogeny. The main body of the nappe is ntben 40 km long in N-S direction, and, due to the
30° eastward dip of the Pennine stack of nappeskEthV width of outcrop is between 10 and 20 km. In
the central part the structural thickness of thepeais approximately 3-5 km, and is the resulttairg
N-S oriented ductile stretching and subhorizontatténing, expressed by a shallowly east-dipping
penetrative foliation. The northern terminationtioé nappe is complicated by imbrication and folging
whereas the central and southern parts are charactdy interleaved and tightly folded paragnessse
foliated and folded marbles, numerous occurrentésudinaged Alpine-age (Eocene) eclogites, and two
thick continuous layers of augen gneisses with & bdtcrop length of 20 km. Shear sense of ductile
deformation is top-to-north throughout. Overprigtinelationships suggest that ductile shearing was
during the retrograde overprint after Alpine ectizgition, and hence must be related to exhumatfon o
the high-pressure rocks.

In a field survey carried out in Summer 2011 weehaged the Fry method of strain analysis to
estimate the state of deformation in the augensgesi Principal axes of strain are oriented rerbéyka
similar throughout the nappe, with average N-Stating of about 100% (total range: 30-200%). Grand
average of shortening normal to the foliation iswtb0%, with maximum values up to more than 70%.
The northern part of the investigated area (betwdieterrhein and San Bernardino Pass) shows strong
partitioning into oblate and prolate strain geomestrwhile the central part (south of San Bernardin
Pass) is characterized by plane strain. Most aeslfrem the southern part (south of Piz de Tresenlm
and along Val Calanca) show deformation in thetdlahg field. Ductile deformation in the Calanca
Gneiss was at high enough metamorphic grade tw glastic stretching of Plagioclase along with the
rock matrix (temperatures > 500°C): here the Liskthod (Lisle, 1977) was used in addition to analys
of position fabrics and yielded similar results. Theck on the compatibility of strain between the
packages of paragneiss and the augen gneisseshfapes were analyzed in the YZ section, normal to
the stretching lineation and subparallel to thal fakes. Almost all folds have approximately similar
geometry (class 2 folds in the sense of Ramsay7)1%here class 1C geometries were observed, the
homogeneous overprinting strain was calculatedgu$ia method of Milnes (1971). YZ axial ratios rang
from 1.21 to 3.57. These values are comparabladset obtained from analyses using the Fry and Lisle
methods on augen gneisses, indicating that the rbaoly of the Adula Nappe deformed fairly
homogeneously, leaving rock successions intact, rastricting fracture and boudinge to the most
competent rock types, such as the eclogites.

We summarize by stating that ductile deformationrduthe exhumation stretched the Adula Nappe
considerably, and reduced its tectonic thicknesaliyut 50%. This means that the imbricated nappe
originally occupied a cross sectional area of asie25x10 km in the Eocene subduction channel,
eventually choking it, and preventing the deepdlwf the sedimentary fill of the Valais Trough dbed
in the north and upward the subduction zone. Winatmpted the nappe to collapse and extend while
moving back up the subduction channel is less cf@ae possible cause may be plastic weakening while
being heated by the overriding upper plate.
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Exhumation of fault blocks in the internal Sesia-Lazo Zone and the Ivrea-Verbano
Zone (Biella, Italy): Insights from FT-data, U/Pb ages and structural data

Alfons Berget, Ivan Mercoll?, Bernhard Fiigenschtiand Notburga Kapferer

Ynstitute for Geology and Geography, UniversityCafpenhagen,DK-1350 Copenhaddnstitute for Geology, University of
Bern, CH-3012 BerrfInstitute of Geology and Paleontology, Universityrmsbruck, Innrain 52, A-6020 Innsbruck

The combination of magmatic, structural and fissithack (FT) data is used to unravel
Oligocene/Miocene near surface tectonics in therivati Western Alps. This includes reburial of pafts
the already exhumed Sesia-Lanzo Zone and theiegukst re-exhumation. The preservation of a paleo-
surface allows a detailed reconstruction of theuexdtion, burial and re-exhumation of different tet
blocks. We define blocks on the base of FT daté&egmaagnetic data and available fault data. Near-
surface, rigid block rotation is responsible foe tieburial of the Lower Oligocene paleosurfaceart pf
the Sesia-Lanzo Zone (the Cervo Block) and for dbejugate uplift of deeper portions of the Ivrea-
Verbano Zone (the Sessera-Ossola Block). This biottion around the same horizontal axes produces
in the currently exposed portions of the two bloaysite different temperature/time paths. While the
surface of the Cervo Block is buried, the lowert mdirthe Sessera-Ossola Block is uplifted. Thetiata
is constrained between the age of emplacementeoBiklla Volcanic Suite on top of the Sesia-Lanzo
Zone and the intrusion of the Valle del Cervo &utThe Biella Volcanic Suite Valle del Cervo Pluto
have been dated by single zircon grain U/Pb methadd results in ages of 32.5 and 30.5 Ma,
respectively. After this relative fast movements toncerned blocks remained in (or underneath) the
partial annealing zone of zircon until in Aquitamiimes they were rapidly uplifted into the partial
annealing zone of apatite. The further stage olupwtion out of the partial annealing zone of apatit
extends over the entire Miocene.

In addition to the well-known post-collisional defmation in the axial- and external Western Alpg, th
internal units (i.e. the upper plate) hold an appastable position in terms of exhumation.
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Evidence for Mesoproterozoic UHT metamorphism andwo metamorphic events in
the central Namaqualand Metamorphic Complex (Kakama Terrane), South Africa

Julia Biaf, Volker Schenk Steffen Biittnérand Peter Appél

Ynstitut fir Geowissenschaften, Christian-Albreetitsversitat Kiel, 24118 Kiel, German§Department of Geology, Rhodes
University, Grahamstown, South Africa

The Namaqualand Metamorphic Complex (NMC) of Soéthca and Namibia is a classic low-
pressure granulite-facies metamorphic terrane shabunds the Kaapvaal craton to the south (Waters,
1989). Its formation is related to the Mesoproterozamalgamation of the supercontinent Rodinia and
represents a segment of the global network of Glteraged belts (1.3-1.0 Ga). The evolution of bedt
is characterized by two phases of granitoid magma({il210-1180 Ma and 1040-1020 Ma) (Robb et al.,
1999; Clifford et al., 2004).

Robb et al. (1999) associates only the secondesktiphases of granitoid magmatism (1040-1020 Ma)
with the regional low pressure amphibolite to gtaatfacies metamorphism, reaching locally UHT
conditions (>900°C) in the far southwest (e.g. Wst&989), whereas Clifford et al. (2004) suggésis
both phases corresponds to a single metamorphle ogaching peak P-T conditions at 1210-1180 Ma.
The lack of HP metamorphic rocks is characteristiall the Mesoproterozoic belts of southern Africa

We present new results on the P-T-t evolution ofapelites from the Namaqua basement in the
central part of the belt, NW of the Pofadder lineainby analysis of reaction textures and U-Th-tBtal
monazite geochronology. Both petrological and gemoblogical data sets suggest two metamorphic
events separated by a phase of retrogression. @thin first event UHT conditions have been locally
attained as suggested by orthopyroxene-cordierteldspar-quartz symplectites forming pseudomorphs
after osumilite. Garnet that coexisted with osumil{Grt 1; X,y = 0.268) is replaced by late-stage
orthopyroxene-cordierite-plagioclasezbiotite intesgths. Within these pseudomorphs a second
generation of poikilitic garnet (Grt 2;w = 0.215) is growing enclosing all phases formeéraGrt 1.
Further evidence for UHT metamorphism provide teedusuggesting the stability of spinel-quartz and
corundum-quartz at the thermal peak. At a retragstdge of the P-T path these assemblages fornmed th
garnet-sillimanite rims and/or garnet-coronas, alachinous orthopyroxene (>7 wt% 28)s)

A clockwise P-T path is indicated by sillimaniteepgomorphs after kyanite and relics of staurolite
preserved as inclusions in garnet, occurring omlpwer grade areas closer to the northern marfgineo
belt. Cordierite = biotite coronas around garnetrppgroblasts provide evidence for late-stage
decompression.

Two stages of monazite growths have been datedtihdtiJ-Th-total Pb method at 1189+14 Ma and
1004+14 Ma. These two ages are interpreted to lederevith the two metamorphic events deduced from
reaction textures. The clockwise P-T path of thst imetamorphism and the recognition of two digtinc
metamorphic events is at variance with former wanmkhe Namaqualand Metamorphic Complex.
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The role of stress on chemical compaction of illitshale: An experimental study

Rolf H. C. Bruijrt, Bjarne S. G. AlmqvistPhil M. Bensofhand Ann M. Hirt

! Geological Institute, ETH Zurich, CH-8092 Zuriémstitute of Geophysics, ETH Zurich, CH-8092, Ziric

Physical properties of basin sediments are stroaffigcted by diagenesis. For the case of shale
diagenesis, the mechanical processes that domimatee upper 2-3 km of sedimentary columns have
been simulated in the laboratory. In contrast, dhahprocesses that dominate in deeper basin d@main
are poorly constrained by laboratory studies. Iditaah, the effect of tectonic forces has receilitte
attention in physical experiments.

We report on a series of compaction tests in wiexgbosing the sample to well-controlled elevated
temperature and pressure conditions relevant tp dasin-simulation activated chemical processes. We
prepared our own synthetic samples by compactiig ghale powder into crystalline metapelite using
three-stage process, employing different stresklsfi¢o evaluate the effect of tectonic forces on
compaction. In the first stage, dry powder (MapledicShale, New York, USA) was mechanically
compacted in a hydraulic cold-press with a vertloald of 200 MPa. The second stage employed a hot
isostatic press (HIP), set at 170 MPa confiningguee and 590 °C, to ensure powder lithificationthie
final stage, further compaction was achieved bhiegirepeating the HIP treatment or by performing
confined deformation tests in a Paterson-type gadiwmm apparatus. During the second HIP event,
temperature and pressure were set at 490 °C and/Pa2 Three different stress fields were applied in
the Paterson apparatus: confined compression, nahftorsion or isostatic stress. Deformation was
enforced by applying a constant strain rate randmogn 7x10° to 7x10* s'. Experiments were
performed at 300 MPa confining pressure and a fteegperature of 500 °C, 650 °C, 700 °C or 750 °C.
These conditions were chosen based on a thermodyfianward simulation of mineral stability fields.

Compaction is quantified by connected porosity,saimopy of magnetic susceptibility and mica
texture strength. The synthetic metapelites range f1.0 to 17.1 % in porosity, reflecting variation
experimental conditions. SEM investigation ideesfichemical compaction as an increasing amount of
authigenic phengite and biotite, coupled with arease in detrital illite and related sub-micronyela
micropores as a function of porosity. UltrafineZ{um) quartz and biotite form with a shape-preferred
orientation, which gives rise to foliation. This arostructure development is ascribed to fluid-aedis
mass transfer, which is controlled by permeabditysotropy. The presence of micro-folds and kinks i
both isostatically compacted samples, and samgias were compacted by axial compression, is
explained by exhausted pore closure. Pore closutieei dominant strain accommodation mechanism in
all compressed samples. Magnetic fabric and ciggtaphic texture show a linear evolution with
compaction, regardless of the applied stress fide.observe that differential stress acceleratesatal
compaction, without modifying the evolution of fabrand the measured properties, and state that
laboratory strain rates did not change the mechanisf compaction. We conclude that tectonic forces
have no effect on the development of magnetic ptgseand texture in chemically compacting pelites
when strain is accommodated primarily by pore clgsi
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Porosity Reduction in the Sub-Surface of Experimerally Produced Impact Craters
in Sandstone

Elmar Buht?, Michael H. Poelchdu Thomas KenkmartnGeorg Dreseétand Klaus Thomia
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Geosciences, Potsdam, Germaﬁl}raunhofer Institute for High-Speed Dynamics, ERtgiburg, Germany

The impact crater formation in porous materials $taswn to be strongly affected by the presence of
pore fluids. To better understand the role of tangerosity and pore space saturation during crater
formation, the research unit MEMIN (MultidisciplinaExperimental and Modeling Impact Research
Network) was founded in 2009 and is funded by tlen@an Research Foundation (DFG). Within this
framework hypervelocity (ca. 5 km/s) impact cratgriexperiments at into dry and saturated (ca. 90%)
sandstone (Seeberger Sandstein, Bank 3) were pedoat the two-stage acceleration facilities of the
Fraunhofer Ernst-Mach-Institute (EMI) in Freibu@ermany. For analysis of the crater sub-surfaae thi
section were prepared and investigated by strdctoma@pping. This revealed different modes of
deformation with increasing distance from the ardli@or. Also differences between the “dry” and the
“wet” were found. To quantify damaged-induced chemop target porosity with respect to the calculate
impact point source, quantitative image analysitwese (ImageJ) was used on the basis of BSE
micrographs (1.1 * 1.6 mmiResults of the porosity alteration with depth carsben in the figure below.
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Porosity variation within the dry (gray) and thetwklack)
target. Porosity is plotted against the distancéhtoimpact
point source.

We suggest that the presence of pore fluid redtleegore collapse below the crater. Presumably the
pore fluid reduced the shock impedance mismatcivéet grains and interstitial pores. It thus reduces
and redistributes the stresses at grain-grain kemes] which cause intragranular fracturation dngt
compaction.
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Thermomechanical interaction of stoped blocks withmagma — the role of
volatile exsolution
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The interaction of country-rock fragments detacliiemn the roofs and walls of crustal magma
chambers through magmatic stoping is charactefiyecomplex interactions of chemical, thermal, and
mechanical processes. Evidence of the occurrenoggfatic stoping is abundant at walls and roofs of
exposed plutons worldwide. However, the volumestoped blocks within plutons, as well as the amount
of chemical contamination of the magma by xenddisisimilation, are out of all proportion to what the
abundance of stoping-related structures suggestavdiing the fate of stoped blocks in magma
chambers would shed light on processes such dsriination of continental crust, magma emplacement
in the upper crust, enrichment of crustal companémdt ultimately form mineral deposits, explogivof
volcanoes etc.

Xenoliths erupted in volcanic areas in subducti@mez ocean-island, and continental intra-plate
settings worldwide may provide an additional pectipe on the fate of stoped blocks. These xenoliths
frequently show signs of partial melting and vdéixsolution that together lead to the formatidn o
vesicles and vesicle networks, leaving the xen®htith a “frothy” texture and extremely low densi
We show examples of the texture and density of sxeholiths that originated from igneous,
sedimentary, and metamorphic rocks.

Furthermore, we present 2D Finite Differences modéthe thermomechanical processes triggered by
volatile exsolution in xenoliths sinking within aagma chamber. The results show that the associated
density decrease leads the xenolith to float (aftemnitial stage of sinking) instead of sink. Ceqgently,
stoped blocks in crustal magma chambers may ristha@oroof region of the magma chamber and
eventually leave the system during an eruptions Timy provide an explanation for the absence gtlar
volumes of stoped blocks in magma chambers andlikervation that volcanic rocks frequently exhibit
stronger crustal contamination than their plutegaivalents (cf. Meyer et al., 2009).
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Tectonic enigmas revealed from petrological and gebemical studies of the
Lesser- and Higher Himalaya in Sikkim, India

Sumit Chakraborty

Institut flr Geologie, Mineralogie und GeophysikihR Universitdt Bochum, Bochum, Germany

The eastern Himalayan state of Sikkim in India esggoan excellent and continuous sequence of
Lesser- (LH) and Higher (HHC) Himalayan rocks tkatves as a natural laboratory for petrological
studies. We have carried out petrological and gewmetal studies, including thermobarometry,
geospeedometry and isotopic dating using diffetechiniques (U-Pb in zircon and monazite as well as
Lu-Hf dating of garnets) on the LH as well as thd@rocks. These reveal three tectonic enigmas that
will be posed in this talk.

It is found that if different thermodynamic techaés (e.g. individual thermobarometry, calculatién o
pseudosections) for calculation of pressure andpéeature of metamorphism are used with proper
attention to kinetic controls it is possible to aht robust estimates (e.g. checks using interlayere
sequences of rocks of different bulk compositiafdp and T from these rocks. The common practice of
using only compositions from the rim, or from there, of zoned metamorphic minerals (e.g. garnets) i
not kinetically reasonable and yields incorrect anedrphic field gradients. We find that the LH
represents a coherent and continuous inverted Barrsequence where P (at peak T) as well as T
increases with metamorphic grade. This tight camstion permissible tectonic models of metamorphism
is consistent with numerical geodynamic models wherelt triggered exhumation produces such
sequences. However, the age of growth of garndiffsrent at different grades, with garnets at lowe
grades being younger (e.g. 13 my at sillimanitedgras. 11 my at garnet grade). This poses a tectoni
puzzle that needs to be resolved.

The amphibolites included in the LH as well as tHHEIC sequences appear to have all been
metamorphosed at similar conditions (e.g. 9-12 kB@0 °C), but these conditions are different from
those of the surrounding country rocks. This intisahat the amphibolites were metamorphosed earlie
at a different tectonic setting (suppported by tediisotopic data) and were then subsequently exagla
within the metapelitic sequence. The mechanicalhraeism of emplacement in their current setting
within the metapelitic rocks remains somewhat emitjn

The HHC rocks were metamorphosed at about 800 Wlénkbar, isothermally decompressed to
about 4 — 5 kbar and then cooled to below 600 °@emely rapidly (several 100 °C/my), as shown by
geospeedometry and dating of zircons and monaZites. demonstrates that it is possible to have
extremely rapid cooling unrelated to exhumation poses very important questions about the connectio
between cooling rates and exhumation. Moreoverctiwding rate as well as the geochronological data
reveals unequivocally that there are at least tleoks within the HHC that were exhumed at different
rates and at different times. Therefore, if a clehrilow model is to apply to these rocks, one needs
multiple channels. Alternately, models other thharmel flow need to be considered to explain th&€HH
rocks.
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New 3D seismic data and high-resolution bathymetrgata give insight into active
deformation in the Gulf of Cadiz
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The nature of active deformation in the Gulf of @ads important for developing a better
understanding of the inter-plate tectonics and rerealing the source of the 1755 Great Lisbon
earthquake. New, high-resolution 3D seismic dataaka classic pull-apart basin that has formea@ron
east striking fault in the Southern Lobe of the fGaf Cadiz accretionary wedge. Geometrical
relationships between an array of faults and aatetibasins show evidence for both dextral andtsahi
shear sense in the Southern Lobe. Strike-slipifauitithin the lobe may provide a link between fian
accretion at the deformation front and extensiod gravitational sliding processes occurring further
upslope. Inception of the strikeslip faults appe¢araccommodate deformation driven by spatiallyardr
accretion or gravitational spreading rates, or bdthis implies that active deformation on strikgssl
faults in the Southern Lobe is unrelated to theppsed modern inception of a transform plate boundar
through the Gulf of Cadiz and underscores the itgpae of detailed bathymetric analysis in
understanding tectonic processes.
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A) Seafloor surface of the seismic cube plotted inMJZone 29N coordinates. The white line
(striking ESE) shows the location of the seismictisa displayed in (B) and (CB) ESE striking
seismic section extracted from the seismic cubeti¢at exaggeration at the seafloor is ~3.2.)
C) Interpretation overlain on the seismic data.
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Correlation of joints and fracture cements in Cretaceous carbonate rocks,
Mt. Chianello, Italy
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The study area is located in the southern ApenrandE-direct fold and thrust belt formed by two
main parts: the Apennine accretionary wedge andbtined Apulian Platform Inversion Belt (Mazzoli et
al.2008). The carbonate ridge of Mt. Chianello &tpf Apennine Platform domain and comprises a
1200 m thick sequence of Cretaceous shallow watdonates. This succession can be considered a good
analogue for the fractured carbonate reservoirebuim the Val D Agri area (Lucania region, southern
Italy). In this study, we establish the deformatsmguence of joint patterns in carbonate rocksrelade
them to the regional deformation history. Resuliit ve integrated in a study to the fracture ceragah
processes and stylolite.

The analyses succession has been deformed by Masbene extensional tectonics related to the
forebulge and foredeep stage, followed by compoessistage causes the formation of folds and thrust
and finally by post-collisional Pliocene-Pleistoeesirike-slip and final extensional tectonics (\état al.
2012). The Cretaceous rocks are affected by pemvasets of tensional joints associated to conjugate
Miocene normal faults. Joints and veins form ahagbnal set striking NNE-SSW and WNW-ESE, both
oriented normal to the bedding.

Petrographic analyses show that all the veins laaeacterized by blocky calcite and dolomite crystal
and straight twins (type | and Il). Early beddingemal veins are associated to “background” joints
because their orientations are coherent with theension NW-SE (early extensional event). In
cathodoluminescence, these vein cements show lmméscence levels, whereas the vein-wall interfaces
resembles stylolites which are frequently more hascent (next shortening stage). These syntaxias ve
were cemented luminescent euhedral calcite ovetgsowm the vein centre, followed a latest stage of
anhedral quartz filling the pore space.

The wealth of microstructural observations matcivedl with the joint pattern, but also provides
additional information on the deformation histonydathe evolution of pore space and fluid migration
pathways.
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AMS fabrics in a Permian laccolith from Tabarz (Thuringia, Germany) —
a reconnaissance study
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The Tabarz quarry exhibits Permian laccoliths ofjotiic and lamprophyric composition which
intrude siliciclastic rocks of the Oberhof Formati.ower Permian) with a variegated compositiomfro
fine grained sandstones to breccia. One of theseliths was investigated for its magnetic fabric.

The magmatic body has an E-W extension of c. 100hrts center it is 20 m high. Its E' contact with
the hosting sediments is faulted (steep normal,faultrending). The western margin is intrusiveeTh
outer part of the laccolith (4/50f the intrusive body) consist of a very fine ged lamprophyre with
spessartitic composition. The ground mass con®is®® % of plagioclase + 15 % hornblende + 5 % ore
minerals. Up to 10 % of the rock volume are takgmplagioclase phenocrysts of up to 2 mm size (+esom
pyroxene crystals). The central part of the subamilc intrusion (1/% of the laccolith) is occupied by a
dark red to purple, very fine grained rhyolite wiKHfeldspar phenocrysts of up to 4 mm length (+ som
sphene and hematite crystals). The ground maskeofhyolite is rich in glass and opaque minerals
(probably mainly hematite and magnetite). Most meysts in both rock types have euhedral shapes.
However, also anhedral individuals with rounded arehular margins occur together with agglutinated
feldspar crystals. Moreover, both lithologies difecied by slight hydrothermal alteration.

So far, five samples - taken along an W-E transeobss the laccolith - were investigated for their
magnetic susceptibility and fabric. Susceptibilisygenerally high (18 - 10%. This indicates that a
ferrimagnetic mineral, probably magnetite, is therier of magnetic susceptibility However, the rliyo
sample from the center of the intrusion has a sqiskty of only 102, in contrast to the lamprophyric
samples from the outer parts of the intrusion. sy of all AMS fabrics is low (P' generally belo
1.05) as it is typical for magmatic flow fabricsr@iida 1982). AMS ellipsoids from both the intrusion
margins have prolate shape while those from theoldh's center are oblate. Also the directionabdat
the AMS ellipsoids, i.e. the orientations of theiain axes change in response to the sampling gbets:
magnetic lineations (i.e. the long axis of the ARI®psoid) generally plunge moderately. Howevere on
sample taken 50 m W of the laccolith's center digph steep magnetic lineation. The same is tnuaéo
short axis of the AMS ellipsoids (i.e. the pole tbe magnetic foliation): the magnetic foliation is
generally steep, but within the center of the l#tic@t dips moderately to the S.

The fact that the magnetic fabrics differ signifidlg across the laccolith is interpreted to be rimsult
of magma flow within the intrusion. The flow fabiiigterpretation is supported by the low anisotropy
the AMS ellipsoids (Hrouda 1982). The pancake stdaddS ellipsoids from the center of the intrusion
might reflect flattening deformation during magnh@wf into the laccolith, while the cigar shaped AMS
ellipsoids from the margins may be caused by cHadmaagma flow. Similar magmatic flow fabrics as
those observed in the Tabarz laccolith were founddwvada et al. (2009 a and b) in an experimentally
produced dome (made from plaster of Paris) asagelithin a trachytic lava dome.
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Wavelength selection in 3D multilayer detachment filding
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Many fold-and-thrust belts are dominated by crustale folding that exhibits fairly regular fold
spacing. For example, the Fars region in the Zajtosntains shows a fold spacing with a normal
distribution around a dominant wavelength of 14 Kn3 Km, yet having a wide variability of aspect
ratios (length to wavelength ratios; Yamato et2011). To which extend this is consistent withrastal-
scale folding instability or how the regional spariof folding can be used to constrain regional
rheological parameters are not fully resolved gaest To get insights into these problems we have
investigated the dominant wavelength selection tnua multilayer system (Schmid and Podlachikov,
2006) with three different viscosities: lower dalfer (1), and overlying weak layersg)() and competent
layers ). Two different tools have been used for this gt 2D semi-analytical solution and a 3D
finite element numerical code (LaMEM).

Mechanical phase diagrams derived from the semisacea approach and based on two viscosity
ratios (R=n¢ns and R=nJnw) can be used to distinguish different folding ngdsome of which have
not been described previously. The diagrams shavRhand R combination values under which
transition from gravity dependent to no gravity eegent domain occurs. The salt thickness to oveglyi
overburden ratio (KH,) is another controlling parameter within the nawty dependant domain,
whereas within the gravity dependant domain, tHe teéckness must be below a critical value for
detachment folding mode to occur (mainly/H4, controlled folding mode). These results are in
agreement with the folding modes defined for a taweer system (Schmalholz, 2002).

Numerical simulations were performed to study thbdity of the phase diagrams beyond the initial
folding stages for which the semi-analytical metl®@pplicable. The fold wavelength of the quasi-2D
and 3D simulations is obtained using spectral amslgnd its evolution and selection during deforomat
is tracked. The final wavelength that is in fadested during strain is in agreement with the daliaad
phase diagrams and therefore, the observed foldrgpsogether with 3D numerical models and a semi-
analytical theory can successfully be used to caimsthe effective viscosity structure of the defed
layers.

a)

No gravity

Figure 1. a) 3D phase diagrams of gravity influehatetachment folding. b) Result of different nuroali models
corresponding to numbered stars in the phase diagra
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The Eckergneiss complex — state of the art and op&uestions

Carl-Heinz Friedéland Kai Fischér

Y andesamt fiir Geologie und Bergwesen Sachsen-ADHaft.18 Halle/S. *Martin-Luther-Universitat Halle-Wittenberg,
Institut fir Geowissenschaften D-06120 Halle/S.

The ca 10 krh large Eckergneiss complex (EGC) is the largesstatjne complex of the mid-
Europian part of the Rhenohercynian zone, which mayide important information about age,
provenance and metamorphism of the crystallinerbaseof this zone.

The EGC is exposed in the NW part of the Harz Mainst (Germany). It forms an NE-SW striking
tectonic slice of medium to high grade crystallineks within the very low-grade Paleozoic rockghed
Harz, and is bounded by large bodies of gabbrogaadite that intruded at lowermost Permian age {295
280 Ma, e.g. Zech et al. 2010). The crystallineksodominantly consist of corderite (pinite) bearing
gneiss, quartzite and mica schist, while metavabsa@amphibolites) occur only subordinately. Thigla
the composition of accessory detrital mineralsaatk a protolithe of pelitic to psammitic compasiti
developed at a passive continental margin (Martam@Bojav 2003). U/Pb-SHRIMP dating of detrital
zircons from quartzitic rocks of the EGC revealeamihantly Mesoproterozoic ages (900-1800Ma)
which implies a SW-Baltica provenance of sedimgnéatucts and not Avalonian basement (Geisler et al.
2005). The youngest SHRIMP ages of 410 £ 10 Ma ynipht sedimentation and metamorphism must
have taken place between lower Devonian and lowsrnRermian, thus a Cadomian age of
metamorphism can be excluded.

P i P Protholite age: younger than 410 Ma
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Figure 1: Different paths of metamorphic evolutafrthe EGC. a) After Franz et al. (1997), stillassng a
Cadomian age of granulite facies metamorphism (MLAfter Martin-Gombojav (2003); note, the P-Tidie
of amphibolite grade metamorphism is not constichimg P-T data (from Fischer & Friedel 2009, modijie

The EGC wagpenetratively deformed (D) and metamorphosed uadgrhibolite and granulite facies
conditions, respectivelyM1, M2) before the rocks were overprinted by emhtmetamorphism and
subsequent hydrothermal alteration (M3, M4 fig. Hpwever, the tectono-metamorphic evolution (M1,
M2) is still a matter of debate. Franz et al. (1P6Btained an anti-clockwise P-T path from graimuilit
(M1/D1) to amphibolitic conditions (M2/D2, fig. Laontrary, Martin-Gombojav (2003) found textural
evidences for a clockwise P-T evolution with a mstage of deformation and related amphibolite facie
metamorphism (M1/D1), followed by a high-grade thal overprint without deformation (M2, fig. 1b).
This path is supported by strong recrystallizatmal a lack of texture, but well constrained P-Tadae
not yet available (Fischer & Friedel 2009). Anotlggren question is related to the exact timing of
metamorphic stages in order to recognize the lyistod mechanisms of exhumation of the EGC.
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The metamorphosed thrust stack of the Rhodopegyaelement of the Aegean-Hellenic orogenic
system, comprises a level with ophiolites (Middlkoghthon) under- and overlain by continent-derived
allochthons. The Upper Allochthon represents theogean margin; the origin of the Lower Allochthon
is controversial, either from a former microcontingDrama) or from the margin of Apulia. For
ophiolites in the Middle Allochthon, ages betweaotErozoic and Triassic have been discussed. U-Pb
dating of zircon from a metamorphosed plagiograageociated with metagabbro in one of the ophiolite
slivers (Satovcha ophiolite) yielded a Late Ju@sgie (160 + 1 Ma), similar to the ages of the Geév
and other ophiolites in the eastern Vardar Zonedérimg the Rhodopes to the SW. Trace element
compositions and Sr and Nd isotope ratios showttie@plagiogranite and the metagbbros are cogenetic
and represent supra-subduction zone ophiolites.tfHoe element patterns closely resemble the ohes o
the Guevgueli ophiolites (Zachariadis, 2010), dmeldssociation with Late Jurassic arc-type graistes
another feature that applies both to the Guevgymiolites and the Rhodope Middle Allochthon. This
suggests that the Middle Allochthon comprises tleamorphosed suture zone of the Vardar Ocean. In
consequence, the Lower Allochthon most likely représ the Apulian margin and the Drama
microcontinent did not exist. The “root” of the \dar suture is at the NE boundary of the Rhodopes.
Fragments of the floor thrust of the Internal Heitkes (Nestos-Olympos Thrust) have become spreiad ou
over a distance of 500 km, measured parallel tahthesting direction, by rollback-related extensidhe
amount of SW-ward rollback of the Hellenic subdotzone in the last 45 to 40 Ma is also about 500
km, and the average rate of rollback 1.1 to 1.2Fcm
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The Eastern Alps-Western Alps boundary: crustal scke sections from
western Austria
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Several crustal-scale cross-sections were consttuottween the Rhine valley in the west and the
Kleinwalser valley in the east in Vorarlberg. Thenstruction was based on published data, surface
geology, drillings as well as on reinterpreted islines. The general geological architecture i t
examined area can be described as a typical fatétda-and-thrust belt, comprising the tectonictaraf
the Subalpine Molasse, (Ultra-)Helvetic, Pennirdod Austroalpine nappes. Along the south-dipping
listric Alpine basal thrust these units overthrdstiee autochthonous Molasse. The Subalpine Moliasse
multiply stacked, forming a triangle-zone (MULLER &. 1984). A well-defined seismic feature is the
European basement together with its autochthonowsr cslightly dipping southward from about 3500m
BSL to approx. 6500m BSL in the south. Furthermoiscontinuous double reflector, interpreted as th
base of the Helvetic nappe complexes (approx. 80mMOBSL in the southernmost parts), could be
identified.

The internal structure of the Helvetic nappe steculd hardly be resolved. The assumed hinterland
dipping duplex-structure of the Helvetic nappesiitssfrom surface and borehole-data. However, there
are at least two Helvetic nappes needed to fillavlable space. The deeper one, termed “Hohememse
nappe” (WYSSLING 1985), is overlain by the supediiy exposed “Santis nappe”. In the southern part
of the Santis nappe (below the “Bregenzer Wald”)suspect a Dogger basin (cut across by well VBG
Aul) which is bordered by two steep lateral ranggspompanied by tear faults in the hanging wall.

Based on our sections, the shortening within thévétie nappes has been calculated using the
Cretaceous “Kieselkalk” and the Jurassic “Quint@mdstone”as a reference. The shortening amounts to
approx. 50%, which is on the same order comparegtimates from eastern Switzerland (SCHMID et al.
1997, TRUMPY 1969).

Drilling Dornbirn SSVl;
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= Fault Lower Freshwater Molasse % Autochthonous / Upper Jurassic
E Quaternary Lower Marine Molasse Autochthonous/ Triasssic - M-Jurassic
|:| Upper Freshwater Molasse m Préttigau-Flysch European Basement

Upper Marine Molasse m Ultrahelvetic

Detail of N-S section with triangle structure irethower Freshwater Molasse
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Segmentation of the 1960 and 2010 Chilean earthque& controlled by a giant slope
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About 1000 km of the South Chilean margin were utgd in 1960 by the Mw 9.5 Great Chile
Earthquake. Early in 2010 the immediate area totreh was affected by the Mw 8.8 Maule Earthquake.
In the area of the rupture boundary three gianistleene submarine slope failures are observed in
bathymetric and reflection seismic data. The sligileres each shifted volumes between 253 lamd
472 knt of slope sediments, compacted accretionary wedaggerial and continental framework rock
from the continental slope into the trench. Seismaitection data image an undisturbed well layered
sedimentary trench fill and a continuous décolleimerthe areas where no slope failures are observed
However, at the exact locations of the slope fadyumhich coincide with the boundaries of the 1860
2010 ruptures, chaotic slide deposits compose diwerl part of the trench-fill. At these locations no
continuous décollement has developed. We speculae the underthrusting of the highly
inhomogeneous slide deposits prevents the develupofi@ continuous décollement and thus the buildup
of a thin (few millimeters) slip zone that is conious in space as necessary for earthquake rupture
propagation. Thus the 1960 Great Chile — 2010 Maddhquake rupture boundary seems to be
controlled by the underthrusting of products ofngigaubmarine slope failures which impeded further
propagation of earthquake rupture during both ewe®wur results emphasize that upper plate mass
wasting, if it impacts on the internal structurel aomposition of the subduction channel rocks, mawg
a key role in defining seismotectonic segmentatioconvergent plate boundaries.
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Numerical Modelling of Subduction and Collision Pracesses
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Despite four decades of development of plate técttreory and practice a number of first order
guestions concerning nucleation, dynamics and deafisonvergent plate boundaries remain unresolved.
Indeed, serious restrictions for answering thesstipns are related to natural space-time limiteatiof
human ability to directly observe very slow and geéate tectonic and mantle processes. Consequently
numerical analysis of these processes is used ammtenore actively to complement observations with
quantitative numerical modelling results. The faling unresolved outstanding problems of plate
tectonics will be discussed in this lecture: (Altiation of subduction, (B) crustal growth in sulotion
zones, (C) the fate of subduction, continentalisioth, arc/continent assembly, continental subducti
and slab detachment.

(A) Initiation of subduction: The gravitational instability of an old oceanictplas believed to be the
main reason for subduction. However, the bendind simear resistance of the lithosphere prevent
subduction from arising spontaneously. Many hypstsehave been proposed to obviate this restriction
but no undisputable examples of the ongoing imitratare yet known. The major obstacle in the
possibility to directly investigate subduction iatton is the uncertainty about localities wherbduction
starts now. As suggested by 2D numerical experisnepbntaneous subduction initiation at a passive
margin is a long-term process with a “hidden” pha$anitial movements that are not expressed in
diagnostic subduction features such as trench aaghmatic arc. The main challenge is, therefore, to
identify possible subduction initiation localiti@s the world by evaluating numerically probabiliby
subduction initiation at existing passive marginsd aoceanic plate boundaries (based on a local
lithospheric/mantle structure and acting tectowicés). Further progress will also crucially depemd
applying high-resolution 3D modelling that takeodiiccount actual plate geometries.

(B) Crustal growth in subduction zones. Volcanic arcs are thought to be the main sitesroflpction
of continental crust, particularly in post-Archadanes. Crustal growth rate estimates in magmats a
are widely variable and partly controversial. Nuit&r modelling studies of long-term evolution and
associated crustal growth in magmatic arcs areeyatively limited. The predicted rate of crustrfation
positively correlates with the rate of trench ratrand is close to the lower edge of the obserarde of
rates in arcs. Computed spatial and temporal pattemelt/crust production rate in 2D and 3D appdar
to be strongly controlled by the thermal-chemidainpes rising from slabs which are comparable to the
spatial periodicity and the life extent of volcaclasters in nature. Recent natural observatiodshégh-
pressure melting experiments with subducted rocKamges indicate that silicic melts that are
documented in arcs can be formed inside the pluinethe future intraoceanic and oceanic-continental
subduction should be modelled in 3D and resultsilshioe compared with key magmatic arcs worldwide.

(C) Continental collision, arc/continent assembly, continental subduction, slab detachment:
Continent-continent and arc-continent collisions i@evitable consequences of plate tectonics. <o
processes often culminate subduction episodesrgatisé fate of subduction, orogenesis, arc/continen
assembly, continental subduction and subductedddtdchment. In the last two decades 2D numerical
simulations have been widely used to investigatgigent-continent collision and significant proges
has been achieved in our understanding of thionectregime. In contrast, numerical modelling of
arc/continent assembly is limited by 2D simulatmhepisodic accretion of small continental terranes
based on mechanical model with kinematic lower lo@uy condition. Applicability of 2D models to
natural collisional orogens is restricted as oregerallel movements (that can easily take several
hundred kilometers) cannot be described. Howevely a few 3D numerical modelling studies of
continental collision have been published so fanbkmited by relatively coarse resolution and demp
lithospheric geometries. Further progress in oudeustanding of collisional processes is crucially
dependent on performing realistic high-resoluticodedling in 3D.
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Bending-related faulting and mantle serpentinization at deep-sea trenches
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The understanding of the Earth’s water cycle i®mehtly linked to the subduction of water at deep s
trenches. The transfer of water into the deep Eaititerior is related to the alteration and hyoinatof
the incoming lithosphere. The release of water feubhducting lithospheres affects the composition of
the mantle wedge, enhances partial melting andyergy intermediate-depth earthquakes. Water is
transferred with the incoming plate into the suliduczone as water trapped in sediments and opieh vo
spaces in the igneous crust and as chemically baater in hydrous minerals in sediments and oceanic
crust (Jarrad, 2003). However, if water reachesuppantle rocks, significant amounts can be traredfe
into the deep subduction zone as water-bearing raliserpentine (Peacock, 2004). Serpentinites have
nearly the same chemical composition as mantledpeie except that they contain approximately 13
wt% water in mineral structures.

Seismic refraction and wide-angle data were caliett a number of active continental margins in the
trench-outer rise to investigate the impact of begdelated normal faulting on the seismic progsrif
the oceanic lithosphere prior to subduction. Swsvgyovided data from offshore of Nicaragua
(Grevemeyer et al., 2007; Ivandic et al., 2008),leCliContreras-Reyes et al., 2008), and Tonga
(Contreras-Reyes et al., 2011). At all settingsdgraphic joint inversion of seismic refraction amidle-
angle reflection data yielded anomalously low s@&sfwave velocities in the crust and uppermost
mantle seaward of the trench axis. Crustal velexitire reduced by 0.2-0.8 km/s compared to normal
mature oceanic crust. Seismic velocities of theeumpst mantle are 7.4-7.8 km/s and hence 5-12%rlowe
than the typical velocity of mantle peridotite. hesystematic changes in P-wave velocity from titero
rise towards the trench axis indicate an evolutipn@ocess in the subducting slab consistent with
percolation of seawater through the faulted andtdired lithosphere and serpentinization of mantle
peridotites. The observed velocity reduction sutggdsat mantle serpentinization reaches 12-25%s,Thu
processes occurring in the trench-outer rise affedeed the Earth’s water cycle and indicate that
significant amount of waters are transferred i subducting lithosphere and hence carried ta¢ep
Earth interior.
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A Silurian top-to-NW ductile shear zone in the Sev&lappe Complex (central
Scandinavian Caledonides, Sweden): The top of a $Sxhan palaeo-extrusion wedge?
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The central Scandinavian Caledonides comprise a-dotl-thrust belt emplaced onto the
Fennoscandian Shield during Silurian times duriog-to-ESE tectonic transport. The degree of
metamorphism generally increases from E to W frbedxternal sub-greenschist facies nappes in the E
to higher grade metamorphic nappes in the W. Laogde late- to post-orogenic WSW-directed
extension to transtension during early Devoniaresimnd related exhumation of high-grade metamorphic
rocks are well known for the westernmost more maemparts of the Scandinavian Caledonides (e.qg.
Braathen et al. 2002). In the more external pdrtekeScandinavian Caledonides the Slipsiken sheae
near Klimpfjall (southern Vé&sterbotten, Sweden) asafes the medium to high-grade Seve Nappe
Complex (SNC) in the footwall from the greensclysade Koli Nappe Complex (KNC) in the hanging
wall, hence displaying normal fault geometry. Rus tductile shear zone, development due to Devonian
extension was tentatively suggested (e.g. Braatheh 2002). We provide structural, geochronolagic
petrological, and geochemical data to test possiétl Devonian ductile extension along this slzeae.

The Slipsiken shear zone comprises ca. 1 km of mitydogarnet-micaschists with intercalations of
minor gneisses, amphibolites, and ultramafic roékg. pseudosection calculation in the NCKFMASH
system reveals P-T conditions @f600-650°C, 10-11 kbar for the observed peak-metahio mineral
assemblage (garnet - biotite - white mica - K-fphlifs- plagioclase) of the garnet-micaschists. Simil
temperatures are constrained by conventional ghingte thermometry. Stretching lineations trertg- S
NW with a top-to-NW normal sense of shear, whicldésived from rotated clasts and S-C-fabrics as
observed elsewhere along the SNC-KNC boundary (Bguw 1973; Greiling et al. 1998). The
micaschists show increasing degrees of anisotrbplyeomagnetic susceptibility with increasing degre
of mylonitization due to inferred synkinematic magte growth (Kontny et al. 2012). Multimineral Rb-
Sr-data for a mylonite sample yield a well-consteai isochron age of 431 + 9 Ma.

The lack of both, significant retrograde minerahations and of cataclastic overprint indicates that
ductile shearing ceased at lower crustal levelsfarider exhumation most likely was transferreatioer
structures, or accomplished by other processesiation of nappe stacking is up to now poorly
constrained in this part of the Caledonides. Weoltygsize that normal shear on top of the Seve Nappe
Complex was coeval with thrusting at the base, thrming an extrusion wedge as proposed by Ring and
Glodny (2010) for other orogenic belts. In any ca#ise combined top-to-NW kinematics and
geochronological data clearly rule out Devonianeasgional shear along the Slipsiken shear zone and
mark instead Silurian large-scale top-to-NW ducstesar, possibly related to the exhumation of high-
grade metamorphic rocks in the course of Scandigpa stacking. Scandian top-to-ESE vergent thrusts
may have been active at about the same time, aslukd also for other parts of the Central Scandara
Caledonides (Gee et al. 2010). The regional eaglyoDian extensional paleostress field most likelgd
its expression in commonly observed distinct egetptartz coated, NW- to N-striking joints.
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What were the protoliths of the Middle Allochthon? Answers from zircon dating and
geochemistry of metamorphosed sedimentary and magrii@rocks of the Ammarnas
Complex, central Scandinavian Caledonides
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The central Scandinavian Caledonides comprise al-dotl-thrust belt emplaced onto the
Fennoscandian Shield during Silurian top-to-(E)8&dnic transport. The nappes are subdivided heo t
Lower, Middle, Upper and Uppermost Allochthons wiitie Lower and Middle Allochthons representing
the former margin of Fennoscandia. The Ammarnas [fl&xrs a distinct nappe complex in the Middle
Allochthon of the central Scandinavian Caledonidesonsists of several hundred metres thick unifor
meta-greywacke successions of greenschist metamay@de containing kilometre-scale allochthonous
lenses of pre-Caledonian crystalline basement rocks

The crystalline basement rocks are alkali-calciad atominated by gabbros, monzo-gabbros,
monzonites, and quartz-monzodiorites and other rslilate rocks reflecting together a high-K suite. |
comparison with MORB the rocks are enriched in LR&kl depleted in HFSE. Ductile deformed
feldspars in mylonitic gneisses indicate at leastelr amphibolite facies metamorphic overprint. ibo s
U-Pb-Th SIMS analyses of zircons from two rock skEmpvere performed at the NORDSIM facility at
the Museum of Natural History in Stockholm: An ameiss of quartz-monzodioritic protolith
composition yielded a weighted averad®b?°Pb zircon age of 1799+10 Ma and a metasyenite sampl
yielded a weighted averag&PbF*Pb zircon age of 1786+7 Ma. One zircon analysitheforthogneiss
yielded a concordia age of 967+20 Ma. Our geochalmand geochronological data suggest that the
basement rocks of the Ammarnds Complex represagimients of the early 1.81-1.76 Ga igneous phase
of the Transscandinavian Igneous Belt (=TIB 1) vatpossible, but poorly understood Sveconorwegian
overprint. Similar protolith ages with a poorly strained Sveconorwegian overprint are documented
from allochthonous crystalline basement rocks i@ kiddle Allochthon about 100 km south of the
Ammarnas Complex (Greiling et al. 2002).

In contrast to the crystalline basement rocks, rteta-greywacke succession were metamorphosed
under greenschist facies conditions. Lithoclast$ geochemical data indicate that the greywackeg wer
mainly derived from granitic-granodioritic rocks. AHCP-MS dating of zircons vyields 7%
Neoproterozoic, 52% Mesoproterozoic, and 41% Palaterozoic’®’Pbf*°Pb-ages with two prominent
age peaks at 1.64 Ga and 1.5 Ga, and a broaddistn of Sveconorwegian (1140-900 Ma) and pre-
Sveconorwegian” (1340-1140 Ma) ages (Grimmer &Cdl1).

Recent studies from various places in the Middléo&ithon yielded similar detrital zircon age
distributions (Kirkland et al. 2011, Be’eri-Shlevet al. 2011, Bingen et al. 2011). We interpret the
Ammarnas Complex as a Neoproterozoic basin fragmesiich accumulated detritus from the
Sveconorwegian orogen and the TIB. Neoproterozasins covered large areas between Baltica and
Laurentia in the North Atlantic Region (NAR; Kirkld et al. 2011). The sedimentary rocks of these
basins and parts of their crystalline basement constitute major parts of the Middle Allochthontire
Scandinavian Caledonides. We tentatively interpteeé amphibolite-grade metamorphism, our
geochronological data, and those of Greiling et(2002) as late- to post-Sveconorwegian magmatic-
metamorphic overprint of the westernmost TIB-ropkedating deposition of the greywacke succession
between 730 and 630 Ma.
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Strukturgeologisches 3D-Modell des 6stlichen Leinatgrabenstérungssystems
bei Bovenden/Sudniedersachsen
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Zum Verstandnis der kinematischen Entwicklung deginktalgrabenstruktur in der Region
Gottingen/Sudniedersachsen  und im Rahmen der dortigErkundungsmalRnahmen zum
tiefengeothermischen Energiepotential spielt dienreis der Geometrie und der Raumlage der
Storungssysteme eine Schlisselrolle — insbesomdédeblick auf den Stockwerksbau (a) variszisches
Grundgebirge, (b) Zechsteinsalze und (c) mesozessEreckgebirge.

Auf der Basis von Kartierungen, aktuellen detailbe Profilaufnahmen sowie Bohrkleinauswertungen
flacher Geothermiebohrungen wurde das 0stliche Ns8&eichende Stérungssystem mit

Grabenschulterbereich und dem mit ca. 20° zur 8grhin einfallende Grabeninnere im Bereich
Bovenden fir das Deckgebirge modelliert. Uber dienuSation der Schollenbewegungen und
unterschiedlicher geometrischer Annahmen der grabeparallelen Aufwoélbungsstruktur im

Grabeninneren kénnen u.a. die Fragen diskutiertieverob es sich hierbei um eine Rollover-Struktur
oder um Inversionstektonik handelt (wie z.B. vonnfier et al. 2010 postuliert) und ob die

Zechsteinsalzlage als Abscherhorizont fungierte wamit das Storungssystem tatsachlich den
angenommenen listrischen Verlauf hat. Eine erstgaremende Profilmessung der natirlichen
elektromagnetischen Strahlung scheint die AnnahmeseStorungsbindels bzw. einer Stérungszone zu
bestatigen.

SE

Topographie

Grabeninneres
Graben-
randsiorung

Abb. 1: Strukturmodell des &stlichen Leinetalgradiérungssystems bei
Bovenden/Sudniedersachsen. a) 3D-Geometrie des e@mmeren und der
Grabenrandstérung des Leinetalgrabens bei Bovend&rabeninneres und
Grabenschulter reprasentiert durch die Basis dasrelm Muschelkalks). b) & c) 2D-
Schnitte der 3D-Darstellung von a) mit steilem by flachem listrischen Einfallen der
Grabenrandstérung (c).
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The structure and evolution of magmatic complexesnifold-and-thrust belts — a case
study of Cerro Negro, Neuquén Province, Argentina
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In contrast to the classical concept of magma dsoeextensional settings, recent studies show that
volcanism also occurs in compressional settinge i&ture of the interplay between magmatism and
tectonics in fold-and-thrust belts however, remansnajor question, notably in active margins. The
mechanisms of magma transport in such settingswdredher magmatism affects tectonic deformation
need to be addressed.

Therefore, we carried out detailed structural mag@nd sampling of an intrusive complex: the Cerro
Negro of Tricao Malal, Neuguén Province, Argentifidis intrusive system belongs to a magmatic
province that intruded into the intensely deformdggtio fold-and-thrust belt, located between 37°8 an
38°S in the Argentinean foothills of the Andes. Thkl-and-thrust belt has resulted from intense E-W
shortening, and contains tight folds and thrusending N-S. The intrusive complex crops out as a
network of sills and dykes around a main intruseldhof which are of andesitic composition.

The plumbing system of Cerro Negro is well exposedthat the structural relations between the
intrusions and the tectonic structures can be studiVe have identified at least two generations of
intrusions: two thick sills that predate or are\adewith deformation, and numerous sub-vertical efy/k
that strike N-S, i.e. perpendicular to the shorigni

We observed that the main intrusive body and thessiyrave formed in a central anticline, the dykes
being close to the hinge. Furthermore, the dykesstut folded sills, postdating all visible defotioia.
From the structural and temporal relationships betwthe anticline and the dykes, we infer thatlloca
stresses controlled the formation of the dykesmduouter-arc stretching. This illustrates how taato
deformation may control magma emplacement. Conlerdige traces of the main tectonic structures
curve around the intrusive complex, suggestingttatatter influenced the tectonic deformation.
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Exhumation of subducted oceanic lithosphere at th8outh American convergent
margin (Raspas Complex, Ecuador)
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High-pressure low-temperature (HP-LT) metamorplicks provide important information on the
evolution of convergent margins and fossil subductitones. In contrast to continental rocks, buaral
exhumation of oceanic rocks have received relativielle attention. A global survey revealed that
exhumed oceanic crust has typically experience#t pesssure conditions of <2.3 GPa, corresponding to
depths of about 70 km, and is systematically aasediwith serpentinites that are relatively buoyant
compared to dry mantle and provide the driving édiar exhumation (Agard et al., 2009).

In the Andes of South America, HP-LT metamorphicksoare conspicuously rare, demonstrating that
exhumation of oceanic crust is almost impossiblhis setting despite ongoing subduction for mbent
150 million years. This has been attributed to fadtduction, which does not favor hydration of the
mantle and causes dehydration to take place attegreepths (Agard et al., 2009). The Raspas
metamorphic complex in southwest Ecuador is on@ffew occurrences of HP-LT rocks at the South
American convergent margin and one of the few HRiajes that contain the whole lithological
sequence of a typical subducting slab (Feiningg80)

Most of the Raspas eclogites have trace elementhgeaical signatures similar to mid-ocean ridge
basalts (MORB; John et al., 2010). These MORB-®gegites exhibit Sr and O isotopic compositional
differences on outcrop scale and Sr-Nd isotopindsetypical for seafloor alteration, interpretedb®
inherited from variably altered oceanic crust (Hadaet al., 2011). The serpentinized peridotitesnsho
major and minor elemental trends that reflect higlyrees of melt depletion, consistent with trends
observed for oceanic slab mantle. Some of the senimed peridotites have positive Eu anomalies and
geochemically resemble oceanic serpentinites. Boelgemical data provide evidence that the mafic and
ultramafic rocks of the Raspas complex are of oiceangin and experienced seafloor alteration.

Peak metamorphic conditions for eclogites and dashleritoid-kyanite metapelites are overlapping at
about 1.8-2.0 GPa and 550-600 °C (Gabriele e2@D3; John et al., 2010). Serpentinized peridotites
have experienced similar peak metamorphic tempastihecause some samples are chlorite-tremolite
harzburgites that exhibit pseudo-spinifex textunds orthopyroxene blades which formed due to
deserpentinization at >600 °C. Hence, the Raspaspex is one of the few locations worldwide where
HP deserpentinization, thought to be a key faaocbnvergent margin magmatism, can be observed.
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Cosmogenic nuclides: applications in tectonic geomuahology

Ralf Hetzel

Institut flr Geologie & Paldontologie, Westfaliscélhelms-Universitat Miinster, Corrensstr. 24, D48 Miinster

The permanent bombardment of the Earth by highggneosmic-ray particles generates cosmogenic
nuclides such a$Be, ?°Al, %Cl in near-surface rocks. The analysis of thesdiges allows dating a wide
variety of landforms as well as determining erosiates at the outcrop and catchment scale. With two
field examples from the Andes and Tibet, | dematsthow cosmogenic nuclides can be used to quantify
the slip rates of active faults and to deciphergioavth of fault-bounded mountain ranges.

The eastern margin of the Andean Precordilleraheracterized by a high level of seismicity and
several destructive earthquakes have occurredsmebion during the last few hundred years. UsfBg
exposure dating of tectonically offset terraces &mdt scarp profiles we quantified slip rates and
coseismic displacements for two thrust faults: Befias and Cal faults near Mendoza (Schmidt et al.
2011a,b). At the Pefias fault, a terrace that iicadly offset by ~11 m has ¥Be age of ~12 ka. When
combined with the fault dip of 25°, this age and tlertical displacement yield a Holocene shortening
rate of ~2.0 mm/a, which is more than half of therent, GPS-based shortening rate in the Preceralll
At the Cal thrust fault farther south, the ages affisets measured on three terrace levels indtbateslip
on this fault has accelerated in the late Holod&wamidt et al. 2011b). At both thrust faults, fmeallest
vertical scarp offsets (0.8-1.0 m) are interpredsdcoseismic displacements, which suggests thae the
faults are capable of producing magnitudg .9 earthquakes. This is corroborated by an gaatke on
the Cal fault that destroyed Mendoza in 1861. As @ual fault extends into the downtown area of
Mendoza, this fault poses a serious seismic hapatide one million inhabitants of the city (Salomein
al., in review).

Tibet, the world's largest plateau, continues towgtaterally at its northeastern rim, where initial
mountain-building and plateau-forming processes lzastudied (e.g. Hetzel et al., 2002; 2004). Ia th
region, elongate mountains that are similar in eHag differ in length and local relief represetftedent
growth stages of fault-bounded mountain rangeszgiedt al., 2004). One of these ranges —7th&m-
long Yumu Shan — is an isolated range bounded kgctne NW-SE striking thrust fault. Fault scarps a
the mountain front, wind gaps, and hanging pald@okhraents indicate that the Yumu Shan continues to
grow laterally and vertically. Scarp profiles allBe exposure ages of deformed alluvial fans anddluv
terraces yield rock uplift rates of ~800 and ~50@/ka for the central and eastern parts of the range
respectively (Palumbo et al., 2009). Since the nogkft rate in the central part of the Yumu Shan i
higher than catchment-wid€®Be erosion rates of ~180 to ~280 mmi‘k@Palumbo et al., 2010), the
mountain range has not yet reached an erosioradystate and continues to grow. In contrast, nmeant
ranges in the higher and more interior parts okefT#rode at rates up to ~800 mm/ka. Hence, thismeg
has presumably attained an erosional steady statdyich rock uplift is balanced by erosion (Palwoéi
al., 2011).

References

Hetzel, R., Tao, M., Niedermann, S., Strecker, MIRR-Ochs, S., Kubik, P.W. (2004)erra Noval6, 157-162.
Hetzel, R., Niedermann, S., Tao, M., Kubik, P.Wy-Ochs, S., Gao, B., Strecker, M.R. (2002ature417, 428-432.
Palumbo, L., Hetzel, R., Tao, M., Li, X. (201Xerra Nova23, 42-48.

Palumbo, L., Hetzel, R., Tao, M., Li, X. (201@Geomorphology.17, 130-142.

Palumbo, L., Hetzel, R., Tao, M., Li, X., Guo, 2009).Tectonics28, TC4017.

Salomon, E., Schmidt, S., Hetzel, R., MingoranceHampel, A. (in review)Bull. Seismol. Soc. Am.

Schmidt, S., Hetzel, R., Kuhimann, J., Mingorarfee Ramos V.A. (2011aEPSL302, 60-70.

Schmidt, S., Hetzel, R., Mingorance, F. and Rarxo&, (2011b).Tectonics30, TC5011.

48



How does the Okhotsk plate deform? Insights from 3ehumerical modelling

David Hindl€

Yinstitut fir Geowissenschaften, Friedrich Schillémiversitat Jena, D-07749 Jena

The Okhotsk (Okh) plate is one of the last fromstién tectonics. Sandwiched between the giant
Eurasian (Eur) and North American (NAm) plates, tBer-Okh-NAm triple junction lies almost
coincident with the Eur-NAm pole of rotation. Thiauses increasing amounts of convergence to be
presumably absorbed across Okh the further sowthgoms. North of the triple junction, the Eur-NAm
plate boundary is formed by the Arctic spreadingti@s and ultimately the North Atlantic ridge.

How exactly Okh behaves in response to Eur-NAm eogence remains somewhat mysterious. There
are several hypotheses (Hindle et al. 2006, 20081 ) but so far no clear evidence favouring ang oh
them.

This study uses 3 dimensional, distinct elementenical modelling of the convergence process to try
to understand the likely behaviour of Okh at thespnt day. The study uses the present day geoofetry
Okh, to delineate the lateral boundaries of theioregas well as inverting topography to give an
approximation of crustal thickness, assuming Asgstasy. The model has a layered, frictional rigaglo
and bounding fault frictions can also be variedréflect different hypotheses about how slip is
accommodated across the region. The model rhedadoglyain rate independent, and thus, instantaneous
Airy isostatic equilibrium is the basal/surface hdary condition applied in the vertical direction.

correct plate geometry is used balls float on viscous asthenosphere and are
dynamic plate boundary conditions isostatically c
can be incorp&rated-— - ! e o

gravity directed
towards earth centre

50km thick elastic-plastic crust

Simulation geometry for Okhtosk plate — showingali@n of the region and also the 3d approach usiagherical
radially oriented gravity vector, acting againg&umyant aesthenosphere/mantle lithosphere.
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A numerical study of conditions during thin-skinnedthrust initiation and
propagation: the example of the Jura mountains

David Hindlé and Melanie Lohrmann-Bromm

Ynstitut fir Geowissenschaften, Friedrich Schillémiversitat Jena, D-07749 Jena

Although the role of thin-skinned tectonics in tbéeolution of the Swiss, Jura-Molasse fold-thrust
system is now well-established, a number of questiremain open regarding the detailed dynamics of
their growth and emplacement.

The system represents the most external and Bééstmation of the western Alps, forming between
~12 - 2.5 Ma. The Jura-Molasse consists of an tted, Tertiary Alpine foreland basin sequencendyi
above Mesozoic, Tethyan margin sediments, mostlyarteates and marls, which are detached from the
underlying, mostly Permo-Carboniferous "basement'thick (up to 200m) accumulations of halite
within Triassic evaporites. The geometry of thetayswas broadly wedge shaped, with a depocentre
original depth to detachment of ~6.5km (Burkhard &mmaruga, 1998) falling to less than 1km at the
basin rim. It has recently been proposed (Hindl@08& Willett and Schlunegger, 2010) that this
geometry, itself the result of flexural bendingttoé European lithosphere in response to loadingifiine
orogeny, is the key to the mixture of stable skidand active shortening that affected the Jura-bsaa
over its history. At the largest scale, this maylve true, leading to a non-deforming, stableislid
Molasse Basin region due to the steeper anglesofieked basement, and a strongly shortened Jura
mountains, external to this, lying over a lowergdig basement.

However, the detail of thrust formation, and seaqiremis still ignored in these explanations. Intfac
within the Jura chain itself, there are 3 distimzirpho-tectonic zones, the "Haute-Chaine" (eastesim
and a true, fold-thrust belt), the "Plateau Jue'zone with little shortening and generally flainty
Mesozoic sequences, and most external, the "Faisckaa”, which are generally characterised asgoein
narrow zones of intense deformation, but with &dgnt structural style to the Haute Chaine. Qhade
these zones can evolve has up until now remainei@am

We present a numerical modelling study using andiselement technique, into the mechanics of
thrusting and sliding in the system. We use thtored geometry of the Jura-Molasse from Burkhamil an
Sommaruga (1998) and apply 25km shortening tout. f@odel consists of a "weak" (friction angle ~5°-
15°) Triassic detachment layer, a "strong" (frintiangle ~25°-35°) Jurassic sequence, and an ongrlyi
"unconsolidated” but frictional Molasse. We findaththe combination of weakness of the basal
detachment and strength of the Jurassic (presunidhblyn) layer is critical in determining the total
number of anticlines formed, the degree of bacltimg, and the presence or absence of out-of-sequen
evolution of structures, as well as the actual lethgmplitude of overthrusts/folds. The stableislid
Molasse region by contrast appears, as prediaduk tittle-affected by small changes in basal proes
or material strength, and instead is controlledhgyinitial basin geometry prior to thrusting.

Haute Chaine

Simulation result with ~20km shortening. Haute Q@keai Plateau and Faisceaux units clearly developamte also
backthrusting and stable-sliding Molasse.
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New Approach to Detect Possible Quaternary TectoniActivity in the Alpine
Foreland Basin, Southern Germany

Markus Hoffmanh and Anke M. Friedrich

! Department fiir Geo- und Umweltwissenschaften, ligiaximilians-Universitat Miinchen, LuisenstraRe 37
80333 Minchen, Germany

The geomorphology of tectonically active regions isecorder of climatic and geodynamic processes
on different scales in space and time. One examipbe complex landscape that is influenced by both,
tectonic and climatic processes, is the northerpin&l foreland basin. In this basin lithospheric
subsidence occurred throughout the Tertiary, bpears to have ended a few million years ago. Gaven
current geodetic velocity field of less than 1 mgn/yr between the Eurasian plate and the Adridtitep
and a likely Euler pole location in the centralvagstern Alps, active lithospheric deformation wobtel
expected in the western and eastern Alps and tbdtand basins, respectively. Thus, the goal of ou
project is to quantify the amount of deformatiolwrg the southern boundary of the Eurasian plate,
despite the more dominant climatically induced gerghic response.

In order to reconstruct the Quaternary tectonic ggmmorphic record of the foreland basin region, we
determined the tectonic boundary conditions ongioral scale. This first step of our analysis isntya
based on a synthesis of published subsurface feades inferred from published seismic reflection
transects and boreholes. The seismic data covéhgegnging from 500 m to about 3,5 km below the
surface, in Tertiary sediments. Hence, the en@&dbhic deformation has been inferred to coinciite w
the upper bound of the seismic data. No data aa#ade in younger deposits above 500 m. Therefore,
Is presently unclear whether tectonic activity amntd beyond the Pliocene. The Tertiary Hills regio
the NE portion of the foreland basin is characetihy asymmetric hill slopes that are generally
attributed to Pleistocene aeolian loess deposdiwh reworked river networks. However, as some ef th
basement-faults are located directly below the asgtric hills, we currently cannot rule out a teéton
origin of this landscape.

Previous workers had attributed the pronounced amtny to climatic variations that caused
asymmetric river network developments and therefwezletermined asymmetric surface pattern. From
these observations we developed three approachesttour hypothesis: (1) regional analyses of -high
resolution topographic and subsurface data, (2pnedj geomorphic investigation on river profilesda
(3) local shallow geophysical prospection. Our ipnglary field mapping, river profile and DEM
analyses and geophysical investigations are gdyerahsistent with the interpretation referring to
climatic processes as driving factor, but we preptbat the observed geomorphology is also influénce
by the structural framework of the basement faaltsl enables us to detect possibly results of local
tectonic activity after the late Miocene. The dethianalyses is in progress and shows promising
correlations between surface morphology effects thay have been caused by tectonic activity —
providing an alternative interpretation of the atvee morphology.
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Mineralogisch-geochemische Charakterisierung des &Bfurt-Hauptsalzes
(Knauelsalz bis Kristallbrockensalz) im Salzstock Grleben

Hjordis Holler, Michael Schramm, Michael Mertinaitd J6rg Hammer

Bundesanstalt fiir Geowissenschaften und Rohsg&tffieweg 2, 30655 Hannover

Seit 1979 wird der Salzstock Gorleben als potdaseEndlager fur warmeentwickelnde Abfalle
untersucht (Bornemann et al. 2008). Um Aussagem dlee Langzeitsicherheit und die Eignung des
Salzstocks als Endlager treffen zu konnen, sind urafangreiche Kenntnisse zur mineralogisch-
geochemischen Zusammensetzung sowie zur GeneSaldgesteine und besonders des als Wirtsgestein
fur die Endlagerung vorgesehenen Hauptsalzes erard. Exemplarisch wurden an Proben des
Hauptsalzes der Bohrung 02YER20 RB254 mineralogigdthemische, petrographische und
rasterelektronen-mikroskopische Untersuchungenhdfcihrt.

Mit Hilfe der ICP-OES wurden die Haupt- und Spuremiponenten (Na, K, Ca, Mg, CI, Csr, Br)
bestimmt und in Verbindung mit der XRD der quatit'a Mineralbestand ermittelt. Der hieraus
abgeleitete Bromidgehalt der Halite ist ein wichigHilfsmittel zur genetischen Interpretation von
Evaporiten (z.B. Braitsch 1962). Prinzipiell wirdeibfortschreitender Meerwassereindunstung in
charakteristischer Weise verstarkt &mnstelle des Cin das Kristallgitter neu gebildeter Halite eingab
Anhand der Anderungen im Bromidgehalt kann fesadiéstverden, ob eine ungestort progressiv
fortschreitende Eindunstung, bzw. eine naturlichbfofge der Schichten erhalten geblieben ist,
metamorphe Prozesse stattgefunden haben oder ebVvenfialtung bzw. Verschuppung der Schichten
vorliegt. Zusatzlich wurde ein feinstratigraphisstrofil der Bohrung 02YER20 RB254 erstellt, um in
Verbindung mit makroskopischen Untersuchungen unetrographischen Untersuchungen die
Internstrukturen im Hauptsalz in diesem Bereich Slgigstocks zu erkunden.

Die Analysen ergaben, dass der Anhydrit-Gehalt vi@genden und mittleren Teil des Hauptsalzes
(Knauel- und Streifensalz) zum Hangenden (Kristaltkensalz) hin von durchschnittlich 5 auf 2 Gew.-
% abnimmt. Im Gegensatz dazu steigt der Bromidgelah Liegenden tber den mittleren Teil zum
Hangenden von 66,7 Uber 79,7 auf 136,9 pg/g HBig& Bromidwerte zeigen den Verlauf einer
Uberwiegend progressiv fortschreitenden Eindunst&eg der Untersuchung der DUnnschliffe mit dem
REM konnten neben den Mineralen Halit, Anhydrit uRdlyhalit folgende akzessorische Minerale
identifiziert werden: Albit, Baryt, Coélestin, Hanmat Imenit Kalifeldspat, Kaolinit, Sylvin, Pyrit,
Xenotim und Zirkon sowie gerundete und idiomorphgae. In fast allen Dinnschliffen wurde mit
Karbonat vergesellschafteter Anhydrit beobachtahe Emdgliche Erklarung dafir ist, dass durch
Transgression frisches, an Karbonat geséattigtesriéesser auf mit Anhydrit und Halit gesattigtes
Meerwasser getroffen ist.
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Depth-dependent extension, two-stage breakup and pleted lithospheric
counterflow at rifted margins

Ritske S. Huismans

Dep. Earth Science, Bergen University, Bergen, Mgrw

Uniform lithospheric extension predicts basic pmips of non-volcanic rifted margins but fails to
explain other important characteristics. Significdiscrepancies are observed at ‘type I' marginst{sas
the Iberia—Newfoundland conjugates), where largetsrof continental mantle lithosphere are expased
the sea floor, and ‘type II' margins (such as sarttewide central South Atlantic margins), wher@nth
continental crust spans wide regions below whichtioental lower crust and mantle lithosphere have
apparently been removed. Neither corresponds téoramiextension. Instead, either crust or mantle
lithosphere has been preferentially removed. Udyrgamical models, we demonstrate that these margins
are opposite end members: in type |, depth-depeérekt@nsion results in crustal-necking breakup teefo
mantle-lithosphere breakup and in type Il, the evseg is true. These two-layer, two-stage breakup
behaviours explain the discrepancies and have aaipdins for the styles of the associated sedimgntar
basins. Laterally flowing lower-mantle lithosphamay underplate both type | and type Il margins,
thereby contributing to their anomalous charadieds
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Control of reaction kinetics on mantle serpentinizéion and double Benioff zones

Karthik lyer', Lars H. Riipk&? Ingo Grevemeyéand Jason Phipps Morgan
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D-24148 Kiel, GermanyDepartment of Earth and Atmospheric Sciences, Gotheversity, Ithaca NY 14853, USA

The subduction of partially serpentinized oceanantie may potentially be the key geologic process
leading to the regassing of Earth’s mantle and &ks® important consequences for subduction zone
processes such as element cycling, slab deformaimhintermediate-depth seismicity. Little is kmow
about the quantity of water that is retained in #feb during mantle serpentinization (Billen, 2009)
Recent studies using thermodynamical and/or exgeiah models of subduction zone processes have
assumed that the mantle is uniformly serpentinteesl depth determined from the equilibrium staypidit
serpentine minerals in P-T space (e.g. Hacker. g2@D3). This approach yields an incomplete pectir
the pattern of serpentinization that may occur purbending-related faulting; an initial state tht
essential for quantifying subsequent dehydratiatgsses. In order to provide further constraintshen
pattern of hydration and the amount of water trapipethe subducting mantle, we build a 2-D reaetive
flow model incorporating the kinetic rate-dependend serpentinization based on experimental results
(Martin and Fyfe, 1970). After simulating hydratipnocesses at the trench outer-rise, we find tinat t
water content in serpentinized mantle strongly ddpeon the age of the subducting lithosphere and
subduction rate, with values ranging between 1.8xt@ 4.0x10 kgm? reactive water uptake into the
subducting mantle column. Serpentinization alsaltesn a reduction in surface heat flux towards th
trench caused by advective downflow of seawater tim¢ reaction region. Observed heat flow redustion
are larger than the reduction due to the minimurtesvdownflow needed for partial serpentinization,
predicting that active hydrothermal vents and chemthetic communities should also be associated wit
bend-fault serpentinization. Model results agre¢éhvgrevious studies that the lower plane of double
Benioff zones can be generated due to dehydrafisarpentinized mantle at depth. The depth-depdnden
pattern of serpentinization including reaction kice predicts a separation between the two Benioff
planes consistent with seismic observations (Bnskziet al., 2007).
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Archean UHT metamorphism and Paleoproterozoic rewcdking at Uweinat in the
East Sahara Ghost Craton

Shreya Karmakarand Volker Scherk
!Institute for Geosciences, University Kiel, 24118IKGermany

The enigmatic East Sahara Ghost Craton lies imtrtheastern part of Africa. It occupies the area
between the Arabian-Nubian Shield in the East &edTuareg Shield in the West and the Congo Craton
in the South. Its northern margin is obscured uitenerozoic cover. In its present status, it ihaea
craton nor an orogenic belt in the classical megsof the term (Bates and Jackson, 1980).

Previous geochronological and isotopic data indicdte existence of a craton prior to the
Neoproterozoic orogenic events, possibly since Mrehean. But the craton is thought to have
decratonized during Neoproterozoic time (Black &amebeois, 1993; Liegeois et al., 1994) or suffered
repeated intense thermal events during Paleopmuierdime (Bea et al. 2011). This decratonizatien i
also supported by seismic tomography studies oicAfrwhich indicate the presence of a cratonic root
below the Sahara Ghost Craton only to depths otitah60 km, while roots below the West African,
Congo and Kalahari Cratons extend down to a dep#b® km (Begg et al. 2009). The root beneath the
Ghost Craton was separated from the crust possifigr thickening as a result of Neoproterozoic
collisional events.

The Uweinat region is dominated by high-grade miggicagneisses and granulites of metapelitic,
charno-enderbitic and mafic compositions, uncon@dyiy overlain by undeformed Phanerozoic
sediments. All these metamorphic rocks are intruglegbost tectonic granitoids and alkali-syenités t
latter forms ring complexes (Abdelsalam et al. 20Q&tra-high-temperature metapelites from a Idgali
between Jebel Uweinat and Jebel Kamil, occur in@ason with fuchsite-quartzite and BIFs, whicle,ar
in some places, interbanded with charnockitic ggemisThe metapelites are highly heterogeneoudyocal
in their mineral assemblage and show a variety aftiphase reaction textures. The sequence of
reactions, as deduced from inclusions in porphwstsl symplectites and corona assemblages, together
with petrogenetic grid considerations record a RMolution with the following distinct stages:
(1) Equilibration of initial ultra high T assembksy(Spr-Qz) in the deep crust (10-12 kbar) followgd
near isobaric cooling. During cooling, sillimaniteas transformed to kyanite. This resulted in the
assemblage Grt+Sil/Ky+Opx+Spr co-existing with mg¥) Subsequently, as a result of decompression,
to 6-8 kbar, at ca. 1000°C (with some initial heg}j a sequence of symplectite assemblages
(Opx+Sil+Spr+Crd / Opx+Spr+Crd / Opx+Crd / Crd+Spulgeveloped at the expense of garnet,
orthopyroxene and sillimanite. This stage of nsathiermal decompression implies a rapid ascerteof t
metapelites to mid crustal depths. (3) Regrowtlyarhet at the expense of symplectite assemblages an
development of late biotite, sapphirine and ortliopgne due to back-reaction of melt with residual
garnet and symplectite minerals indicate a stageeaf isobaric cooling. The second and third stajes
the evolution are also supported by textures frlioenmhafic granulites. Complete to partial replacenoén
garnet porphyroblasts by orthopyroxene and plagselsymplectites, and clinopyroxene relicts within
orthopyroxene represent the stage of near isothetecampression, while the regrowth of garnet adoun
the symplectite orthopyroxene grains represenstfige of isobaric cooling.

BSE Images and U-Th-total Pb dating of monazitéengreeveal that the grains, occurring as inclusions
within garnet, are compositionally homogeneous laade an apparent age of 2.6 £ 0.1 Ga. The grains
occurring outside garnet, in the symplectite or rmatshow complex compositional zoning and are
younger 1.9 + 0.1 Ga, but sometimes with a corengithe older age. This indicates that the early pi
the evolutionary history (1) occurred during Archeime at 2.6 = 0.1 Ga; while the isothermal
decompression of the granulites occurred durirg Ratleoproterozoic time at 1.9 + 0.1 Ga. The asdume

Pan-African decratonization is not reflected in thetamorphic history of the crust at Uweinat.
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Impact cratering on Earth and on Mars: defining the impact trajectories by
structural analysis

Thomas Kenkmarin
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Impact crater formation is a highly dynamic and pter geological phenomenon, and methods of
structural geology are capable of giving insighi® ithe details of the deformation processes thaiiro
during crater formation from the nano to kilo-meteale.

The impact process can be subdivided into thregestai) contact and compression, (ii) excavation
(iif) modification. The initial hypervelocity impaof a body with a planetary surface generatesogksh
wave at the impactor-target interface. As a reshé#,impactor and a similar volume of target roaks
compressed to very high density, which raises tlesgure and temperature of these materials. The
amplitude of the excursion decays with distanceeltad by the shock wave. Behind the shock wave, a
rarefaction wave generated by reflection of theckhwave at the free surface (i.e., the rear of the
projectile and the air-target interface), releages compressed material from its high-pressuree stat
Shock wave compression is irreversible, whereasrdpoession is reversible; hence, the passage of the
shock wave results in a net increase in temperauack particle velocity in the rocks. The residual
velocity component in the target rocks after unlngdrom shock pressure is the most important aspec
that distinguishes hypervelocity impacts from the belocity impact of a projectile. It induces ateraal
flow, the so-called excavation flow. This is dired¢toutwards, away from the point of impact, which
leads to the actual opening of a deep bowl-shapeiyc Eventually, the excavation flow is halteddan
the cavity stops growing, when insufficient kinedéicergy remains to displace the target againsiwis
weight (gravity-dominated cratering) or against tiehesive strength of the target material (strength
dominated cratering). The resulting cavity at thd ef the excavation stage is called the transianity
and is typically 10-20 times the size of the projecin diameter. The cross-sectional shape of the
transient crater is often assumed to be a parabulith a depth-diameter ratio of roughly 1/3. Whihe
excavation flow describes the motion of target mateway from the impact center the modification
flow is the reverse of this and acts to close thadient cavity. Gravity and buoyancy are the ppiaic
forces that drive the collapse of the transienttga®®epending on the degree of modification, thwlf
crater is classified into either a simple or compteorphology.

This contribution focuses on processes relatedrateic modification: Impact-induced deformations
often exhibit a radial symmetry. Effects of impaudiliquity on transient cavity modification and the
associated sub-surface structure have long bedaated, or even ruled out, and have been investigat
only recently. The geometry of the ejecta blankas wegarded as the only indicator to decipher atimu
and angle for an oblique impact. However, recerttig,deep internal structure of the eroded craver f
and central uplift was tested as a tool to deteeitmpact vector. These terrestrial studies wenebioed
with high-resolution remote sensing studies of Marimpact craters. It could be shown that th&astaf
upturned bedrock layers in central uplifts is orerage perpendicular to the impact trajectory. Some
statistical noise and bias can occur due to sti@thng. The usefulness of strike orientation as an
indicator for defining impact trajectories is valtéd and confirmed by the presence of asymmetitia)
blankets and crater ellipticity. An uprange dipstfata is pre-dominant if layers are not in an gipri
position. This uprange dip is a consequence ofkstgcof tilted bedrock that experienced a top-
downrange shearing. The main faults in centralfispdif oblique impact craters trend both paraltetite
impact trajectory and perpendicular to it. Faultsatiel to the trajectory are predominantly stratip-
faults, whereas those perpendicular to the trajgcce reverse or normal faults that accommodate th
propagation of the central uplift center from ug@nn downrange direction by imbricated stacking of
inclined layers.
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The geometry of continental rifts is controlled different factors, such as the rheological strafpdy
of the crust and the thickness of its layers. Tiience of a ductile, mid-crustal layer on theemsional
deformation pattern of the overlying brittle criets been examined in previous analogue experiments
(Brun et al. 1994, Tirel et al. 2006). These prasistudies, however, only focus on the influencéhef
varying viscosity of this ductile layer, the stra@te and the amount of extension.

Through sand-silicone analogue experiments (sagdfjgwe studied the influence of the varying
thickness of a mid-crustal ductile layer on theeestonal fault pattern in the upper brittle cru@ur
models show that thinning of a lower ductile sihedayer (representing middle crust) is an effectiay
of delocalizing deformation in an overlying britdand layer (representing upper crust).

colored sand layers
as markers %

Photograph

Silicone (PDMS‘) to model a ductile middle crusi' ¥

Figure shows photograph and interpretation of gregment with a thin silicone layer after 36% of
extension. Black lines show faults and fault movetne

The experiments involving thin viscous layers, leemtstributed brittle fault patterns effectively
simulate continental rifting of relatively coldosV straining crust, including a brittle upper cr(stand), a
thin ductile middle crust (silicone) and a stromgvér crust (Perspex bottom of the experiment). Our
experiments demonstrate that a distributed britformation during extension can be achieved withou
gravitational collapse of a thermally modified daettal crust.
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Huge hydrocarbon reservoirs worldwide are bounbiiitie lithologies that are affected by interagtin
fracture networks. For a better prediction of resgrqualities a basic investigation of such intdi@ns is
important. In this context, the present work aims dn understanding of the effect of preexistingtjo
sets on normal fault geometries. Methods usedhigr work include a field study, remote sensing and
analogue modeling.

The Grabens Area of the Needles fault zone in theyGnlands National Park, Utah/USA was chosen
as field prototype. This arcuate array of youngbgres (estimated to be younger than 100 ka) extends
over several kilometers along the Colorado RivePammian brittle lithologies with distinct preexmsj
joint sets. The graben-bounding normal faults faimdue to gravity-driven extension above
Pennsylvanian evaporites. The well-preserved opscrand the stratigraphic similarity to producing
reservoirs make this region a perfect field anagogu

The work in this area included more than 70 gropexdetrating radar (GPR) surveys along and across
graben floors. Remote sensing of this area comkisfegeographic information system (GIS)-based
mapping of over 20,000 joints and 500 faults fraghiresolution orthoimagery as well as calculatiohs
drainage pattern and dip directions from digitavation models.

For the analogue modeling cohesive and very firrgagd hemihydrate powder was used as an analog
for brittle lithologies. To create cohesionlessmopmnts within the sensitive powder, sheets ofgrapere
attached on strings inside the deformation box. pbwder was then sieved in, embedding the sheets
almost entirely. Finally the paper was carefullgnoed by using the strings, leaving thin open voids
this work the angle between the strike of the jsett and a defined basement-fault was incrementally
changed between 0° and 25°. Analytic methods irclhayh resolution time-lapse photography and
particle imaging velocimetry (PIV) to analyze tlpagal deformation patterns.

The GIS analysis revealed a correlation betweent jand fault orientation. Sinkholes, mapped in
airborne imagery and in the field, indicated stdggping dilational faulting close to the surfacéid is
consistent with the observation that graben walleade with original joint surfaces without sliakenes
or toolmarks. Additional measurements of heave thnow at some outcrops allowed estimating fault
dips at depth. The GPR surveys worked well forupper 10 m of sediment and the interpreted profiles
implied an ongoing horizontal extension as wellimsome cases changing rates of displacement or
sedimentation. The analogue models finally confdnmbe findings that faults localize along the
preexisting joints at the surface, requiring a ¢eam fault geometry at depth. The models came itip w
very similar structures and features as observetheanfield and airborne imagery. Hence, it could be
shown that preexisting joint-sets do affect norfaalt geometries distinctly.

References
Kettermann, M. (2011). The effect of preexistingpise on normal fault evolution — Insights from flelork and analogue
modeling. MSc thesis, RWTH-Aachen

58



Dislocation creep of dry quartz
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Small scale shear zones formed during heterogenewmoghibolite facies condition in the Truzzo
granite in the Penninic Tambo nappe. Magmatic qugrains recrystallized dynamically by subgrain
rotation and grain boundary migration. The preseca monoclinic shape fabric and a crystallographi
preferred orientation are typical for deformationdslocation creep. Dynamically recrystallizedane
grain sizes vary between 200 and 750 um which atdideformation at at relatively low differential
stresses (5 - 30 MPa).

Fourier-Transform-Infrared (FTIR) spectroscopy edsewater contents mostly below 200 H&i0n
the interior of recrystallized grains (in the foraf discrete OH peaks and very little broad band
absorption). This water content is in the rangeadfies reported for dry Brazil quartz. Primary magjm
quartz grains contain fluid-inclusion-rich areasthwia broad absorption band and higher water
concentrations. Recrystallized grains are dry, pixctr postkinematic inclusion trails. These
measurements present the first data on strictlyaengstalline water contents of dynamically
recrystallized quartz in nature.

Dry quartz is extremely strong and does not defoyndislocation creep in deformation experiments at
the low differential stress levels that would cepend to natural deformation. In contrast, deforomat
experiments on wet polycrystalline quartz have poed flow laws that can be extrapolated to natural
conditions, which yield satisfying results.

This is in contrast with our data of the dry quadeforming by dislocation creep at relatively low
differential stresses at natural strain rates. 2oypto the conventional concept of recovery, catacand
observations imply that quartz would be hardens@ aonsequence of grain boundary migration because
fluid inclusions are expelled. The drainage ofdlimclusions and microstructures in the feldsparami
matrix indicate that water during deformation wakeast present in the grain boundary region.

FTIR measurements of natural deformed quartz regoairt literature include grain boundaries and
usually yield concentration of up to several 10004.0'Si. Therefore it is concluded that either
introduction of water into the deforming grains mbave been transient or that the intragranulaemwat
concentrations, which are rheologically effectivetne naturally deformed Truzzo granite, are much
lower than those previously reported in the literat
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In the Pennine Alps of Switzerland and Italy a ktatocean- and continent-derived nappes from the
Piemont-Ligurian paleogeographic domain is expo3éese are from bottom to top the eclogite-facies
Zermatt-Saas zone, the greenschist- to bluesdugd Combin zone and the polymetamorphic Dent
Blanche nappe. Between the Zermatt-Saas zone an@dmbin zone a pressure gap of 1.4 to 2.0 GPa
exists. The Combin Fault, the contact between theseunits, has been interpreted either as a lange
to-the-SE normal fault accommodating exhumatiothefunderlying (ultra)high-pressure rocks (Reddy et
al., 1999) or as a major top-to-the-NW thrust (Rif§95). However, structural work in the Lago di
Cignana area (Valtournenche, Italy) where a coraptedss-section through this nappe stack is exposed
shows that the Combin Fault is in fact a mixedawtton fault (Froitzheim et al., 2006).

The first deformation phase was probably charazgdriby top-to-the-NW shearing associated with
burial of the units but structures related to #nent are hardly preserved, except an internatfoh in
Zermatt-Saas garnets. During subsequent nappe eznpdat the Combin zone was thrust towards the
NW over the Sesia/Dent Blanche block in the sowhead the Zermatt-Saas zone in the northwest
leading to penetrative greenschist-facies defownatvithin the Combin zone with NW-SE striking
stretching lineations. (U)HP-rocks of the Zermag$S zone display E-W striking stretching lineations
and top-to-the-(S)E shear bands which develope@ruhgih-pressure conditions and are interpreted to
have formed during extraction of the overlying niamwedge of the Sesia/Dent Blanche block to the
(S)E. At the trailing edge of the extracting wedhge Zermatt-Saas and Combin zones came into direct
contact. Ongoing NW-directed movement of the Conzaine, as supported by x-ray texture analyses of
quartz mylonites from the base of the Combin zd¢eetto development of a top-to-the-NW greenschist-
facies shear zone in the uppermost part of the Z#+8aas zone just above (U)HP-rocks. Subsequently,
the Sesia/Dent Blanche nappe was thrust out-ofesexpu towards the NW over the Combin zone.
Mylonites from the basal contact of the Dent Blanctappe, the Dent Blanche Basal Thrust, display
diverse microstructures which are the result of tbp-to-the-NW shearing event.

The proposed tectonic model and sequence of thgussi able to explain the large pressure gap
between the Zermatt-Saas and Combin zones andotodpra consistent tectonic scenario for the
exhumation of Zermatt-Saas (U)HP-rocks. Structwalk in the Lago di Cignana area suggests that the
Combin fault represents a mixed extraction faulticlwhdeveloped as a result of extraction of the
Sesia/Dent Blanche mantle wedge to the (S)E. Atiells, the Sesia/Dent Blanche nappe was thrust out-
of-sequence over the Zermatt-Saas and Combin Zeaéig to its present-day structural position @m t
of the nappe stack.
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Two plates many subduction zones: The Variscan oregy reconsidered
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The Variscides of Central Europe are the resulthef convergence of the plates of Gondwana and
Laurussia in the Paleozoic. This orogen is chariaet@ by the juxtaposition of blocks of continentalist
that are little affected by the Variscan orogengasated by high strain zones containing the reodrd
subduction-related processes. Traditionally théh leggain zones are interpreted as former activee pla
boundaries between one or more postulated micexplaandwiched between the two major plates.
Contrastingly, paleo-bio-geographic constraints dé¢ombination with geochemical and isotopic
fingerprints of the protoliths implicate that thenNéscides are the result of the exclusive inteoactf the
two plates of Gondwana and Laurussia.

Here we combine the two-plate approach with a tletge geodynamic scenario comprising an
oceanic subduction stage followed by intracontiakmiccretion-subduction processes and finally by
orogenwide transpressional tectonics. This modelegyia consistent explanation for the spatial
arrangement of the continental blocks essentialaffected by Variscan orogenic processes, the
intracontinental subduction zones, and the sequefcdeformational, magmatic, and metamorphic
events. Furthermore, it explains the coexistencanafine basins close to orogenic domains with
contemporenous (U)HP metamorphism in the intereetiens of the orogen.

The present lobate shape of the Variscan orogeheigesult of oblique convergence between the
decoupled Iberian and Saxothuringian subplates Langiussia during the transpressional stage of the
orogeny.
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Studying the statistical distribution of fracturengnsions, as well as their spatial distributicnof
great importance in many fields of applied geologyg. to determine the quality of fractured resgsvo
for geothermal energy or CO2 sequestration. Comyndhe study of fracture systems is restricted to
small areas and a limited range of scales dueetsite of the accessible outcrops or samples,|soitog
the resolution of the measuring method. In addjtivactures and fracture systems can frequently be
studied only in two dimensions, i.e. only fracttnace lengths are measured.

Fracture properties (i.e. length and width) are mmmly assumed to be scale-invariant within a certai
range, i.e. they follow a power-law distributionhérefore, knowing the fractal dimension of the size
distribution of a given property within a fractupepulation, allows conclusions to be drawn from an
accessible scale to another, inaccessible scale.

We studied fracture trace lengths and patternsaat4specimen-, outcrop-, and map scale, which
cover a large area of the Transscandinavian IgnBelis The dataset comprises 11 fracture maps that
contain 8641 fracture trace lengths.

In addition to the power-law distribution, we tektine fracture trace lengths for a number of other
statistical distributions (log-normal, exponentigRayleigh, Chi-square, and Weibull). First, we
transferred the probability density functions ofcleadataset to cumulative frequency distribution
functions to avoid arbitrariness in bin sizes. Wahnon-linear, least-square fit we calculated the
parameter(s) of the distribution function. The goess-of-fit was evaluated using three methodsth@)
residual sum of squares, (2) the Kolmogorov-Smirsttistics, and (3) p-values using 10,000 syntheti
datasets. To determine the fractal dimension offtheture pattern we used the standard box-counting
method.

The statistical tests showed that each individaghskt is best described by a log-normal distiiouti
However, scaling up the different datasets to ammomcumulative frequency distribution indicatesttha
the fracture trace lengths follow a power law vatfractal dimension of about 1.8 over about 8 araér
magnitude. The variation between the log-normatritistion observed at hand-specimen, outcrop, and
map scale and the power law for a combination b@dles may result from censoring effects due to
(1) the shape of individual fractures, (2) theiolpability of intersecting the outcrop surface, aslvas
(3), the level of intersection of fracture and eafpcsurface.

Analyses with the box-counting method show that ftheture patterns are not scale-invariant. The
box-counting dimension increases with increasirgesbecause it is a measure of the complexity and
maturity of a fracture system, which increases vgtiale. Consequently, the complexity of fracture
pattern is scale-variant.
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Microcracks in rocks are indicators for crustakesses. Due to the fact that the tensile strength of
minerals is lower than their shear strength theontgjof microcracks should be of Mode 1 (extensipn
type (e.g. Kranz, 1983). These microcracks shawdgardless of driving forces and crack mechanisms
(e.g. Vollbrecht et al., 1998), propagate perpamdicto the minimum principal compressive stress
direction ©3). Thus, the frequently developed steeply dipgirecks should be oriented normal to the
least horizontal normal stresshj and parallel to the maximum horizontal normaless GH),
respectively. Consequently, open microcracks thahegplly represent the latest generation of
microcracks should reflect the (sub)-recent maxinmamzontal stress direction.

We determined the strike direction of open microksain granitic and metasedimentary rocks from
5 localities distributed over an area of about k66 in the Precambrian basement of southern Sweden.
The orientation of microcracks was determined s&pdr for quartz and feldspar grains on polished
horizontal slices of oriented samples.

For the whole area, microcracks display a pronodipeeferred NW-SE strike. The deduced direction
of oH (136°) correlates with published data of in-sttess measurements and focal plane solutiongin th
area. Microcracks in samples taken close to lacgéesfaults, that are expected to have been rgcentl
active due to isostatic uplift, show no deviatidram this common stress direction, holding eithar f
small-scale fault-related stress reorientationy amlindicating that local stress relieve was caatglly
accommodated along pre-existing, open macrofrasture
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The spatio-temporal recurrence pattern of destreaarthquakes represents one of the most enigmatic
problems in intraplate earthquake geology. Lowhstnatraplate rifts such as the European Cenoatiic r
system (ECRS) are subject to considerable seisarartls, because fault activity is highly disparate
space and time and our knowledge about the reaeref large earthquakes is still rudimentary.
Particularly in the Lower Rhine Embayment, the Nvdrzh of the ECRS, it has been debated whether
earthquakes can be large enough at all to causgceuupture or if displacement along fault scasps
rather accomplished by steady, aseismic creep.

We present new results of a trench study that iexegsmogenic ground rupturing associated with the
ML 6.2 + 0.2 Diren earthquake, Germany’s largestdnical earthquake. This is the first evidence of
coseismic ground rupturing in this part of Europecentennial time scales. At the trench site, Hudt fis
covered by <5 m-thick Holocene fluvial gravel arldofl deposits overlaying Devonian shale. We
mapped a surface offset of ~1 m and a ~10 m wide od localized deformation expressed by abundant
fractures with aligned and broken clasts affectimg entire gravel. Mapping of 237 fractured clastd
the long-axis orientation of ~10.000 clasts defiaefeformation zone coinciding with the surfaceseiff
and two offset markers within the gravel layers.

We interpret these features as the result of coseisleformation at the near-surface end of the
rupture. We rule out alternative processes whicly lead to fracturing of pebbles such as freeze-thaw
weathering or sediment loading effects, since bimhgravel fabric and fracture planes coincide wugth
the fault orientation. We preclude slow deformatitue to aseismic creep as governing process t@ caus
rupturing of pebbles this close to the surfacethés would require an overburden stress of several
hundreds of meters according to modelling res@tgy( Eidelmann, 1992). With a significantly smalle
overburden, as in this study, a high different@ederation force, such as a shock wave produceahby
earthquake rupture or a seismic wave would be mkdédeovercome the pebble’s shear resistance.
Preliminary radiocarbon data bracket the youngesttehorizon to Latest Holocene age.

In conclusion, we identified coseismic deformatianthe trench site, because special conditions
produced a number of features not usually observether fault exposures. The thin sedimentary cove
(<5 m) above basement rocks and the high groundwatite, which may reduce the shear strength of the
pebbles, may have played an important role in primduthis deformation pattern. our study emphasizes
that ground rupturing earthquakes can be produgetimal faults in the European rift system. Tlaistf
has to be taken into consideration for future aptisno improve earthquake hazard assessments of the
region.
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The Rhodope Metamorphic Core Complex (RMCC) locatedorthern Greece is the most prominent
feature of the Hellenic hinterland. It is the seresposure of the Pangeon Unit (PU) of the Rhodope
Massif underneath the Serbomacedonian Massif alentrymon Line (or Strymon Valley detachment)
and underneath the higher metamorphic Sidironent ($J) of the Rhodope Massif along the Nestos
shear zone.

The PU consists of massive marbles, which upwairligrcalate with several horizons of schists,
whereas the SU mainly consists of migmatic gnejsapgphibolites, orthogneisses, mafic and scarce
ultramafic rocks. The exposed rocks of the Panddoit indicate intense shearing towards SW and
appear in NE-SW-trending narrow strips due to #miary NE-SW trending isoclinal, recumbent
D1-folds and the similarly trending NE-SW large ojeickle D2-folds.

The formation of the RMCC is attributed to theitast orogenic or late-orogenic processes. However,
the time-related precise onset and mechanism umbdeh the RMCC has been formed and developed
remains as an unsolved problem. The brittle deftomasuggests that the post-orogenic extension
generally began in the Late Miocene by followinta Oligocene transpressional regime driven by the
late collision between Apulia and Eurasia platescdntrast, the ductile deformation suggests that t
orogen collapse after the collisional stacking wesponsible for the formation of the RMCC.

This contradiction inferred from the brittle andctlle structures of the region forces us to figoug if
a gquantitative fabric analysis with the focus oa thystallographic preferred orientations (textuodshe
PU-marbles can contribute to a better understanafitige kinematic development of the RMCC. For this
reason, five representative mylonitic marble sasfiem the PU have been sampled in the Lekani Mts.
along a 25-km-long sampling section oriented nortmahe Strymon Line and the Nestos shear zone, as
well as normal to the large megafolds. X-ray textanalyses were applied with a diffractometer setup
especially designed for rock samples (e.g. largasm@ble sample volumes).

Microstructure analyses revealed grain sizes rangiom about 0.04 mm to 1 mm. Three samples
show a heterogeneous distribution with alternating and coarse-grained layers. Four samples displa
an oblate and one sample a prolate grain shapsam@lples with the long axes parallel to the mylonit
foliation. In all samples grain boundaries are rioteate, sutured or amoebeous. Twinning occurs most
pronounced in three samples. Some samples showamalints of quartz and mica.

All samples show two different and distinctly dey@td texture types with different orientations in
respect to the mylonitic foliation. Type A is dedohby an axial symmetric c-axes point maximum which
can be oriented nearly parallel to the foliatiorrmal or tilted with or against the mineral lineatio
Texture type B shows c-axes as a well-developatigyitistribution around the mineral lineation wéh
maximum normal to the mylonitic foliation.

The differently developed calcite texture types #melr varying directional relationship in respéat
the mylonitic foliation as well as the differentligveloped microstructures demonstrate in this $insdy,
that local kinematic characteristics are presemvethe marbles of the Lekani Mts. and that a more
systematic study can significantly contribute te #malysis of the deformation history of the Rhaxop
Core Complex.
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The Adula Nappe in the Central Alps represents ftiener most distal portion of the European
continental margin, which got subducted in the lBecand reached eclogite-facies conditions.

So far, HP conditions have been identified in eitésg garnet peridotites which occur as lenses in
metapelitic bands. All these units are intenselfpaieed together with layers of various orthognessse
without obvious HP-indicators. It is unclear whetlig) orthogneisses completely reequilibrated after
exhumation from HP-conditions, (2) got subducted Hdid not equilibrate at depth, or (3) never
experienced such conditions and rather got juxtgbosgainst the unambiguous HP-shists during
exhumation in the subduction channel. Recent ssusliggest that the Adula Nappe has been subducted
and exhumated as a coherent block during the atpigenic cycle (e.g. Herwartz et al. 2011).

We search for evidence of HP conditions in orthigges from the central Adula Nappe (Alp de
Ganan, Fig. A). In the study area, orthogneissesiroas 1 to hundreds of meters thick layers welded
together with garnet-phengite schists enclosindepdy fresh eclogites. White mica inclusions in K-
feldspar porphyroclasts from augengneisses shovehaat Si contents up to 3.5 Si cations p.f.u. in
contrast to distinctly lower contents in matrix stals. Additionally, large matrix grains show zooat
with increasing Si-content towards the core (Fig. Buch phengitic mica is generally accepted to
represent HP-conditions and may be used for geot®rg. These first petrological hints support our
working hypothesis that orthogneisses have expegteilP-conditions together with the eclogite begarin
metapelitic successions. We propose that the Adlappe has been subducted and exhumated as a
coherent block.
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A: Tectonic overview map of the Adula Nappe (ciroleicates the location of the working area). B:vA. Si content
p.f.u. in phengite from two augengneiss sampleanidnds represent single matrix grains with low &ntent and
inclusions in K-feldspar with high Si. Squares shavwoning pattern of one big mica crystal. The @itent increases
towards the core.

References
Herwartz, D., Nagel, T.J., Muenker, C., SchereE.Bnd Froitzheim, N. (2011). Nature GeosciencE/8;183.

66



Joint patterns and vein formation in a fractured cabonate reservoir analogue,
Eifel, Germany

Dennis Laux, Tomas Fernandez-Steeger?, Philippe Muchez? angt6ph Hilgers

'Energy- & Mineral Resources Group, Department o§éReoir-Petrology, RWTH Aachen University, Willltersse 2,
52056 Aachen, Germany, 2Department of Engineeriagl@y and Hydrogeology, Lochnerstrasse 4-20, 520&ghen,
Germany, 3Division of Geology, K.U. Leuven, Celestilaan 200e - box 2408, 3001 Heverlee, Belgium

The study area is located at the frontal part efNIE-SW striking Variscan fold-and-thrust belt, wlhi
is truncated by Mesozoic to Cenozoic NE-SW normallt. Multiple quarries expose Variscan
Carboniferous dolo- and limestones, one of themcited by the seismically active Sandgewand normal
fault. In this study, we present results from argu#ocated in the footwall of the Sandgewand ndrma
fault. The rocks were affected by several fluidses| as displayed by multiple generations of vaivis.
aim to better constrain the joint sets and up-sitededistribution of joints and faults from cm-regional
scale. Results will be integrated with the fluidstbry as displaced by vein to better constrain the
structural diagenesis in carbonate rocks.

Major joint sets strike NE-SW (parallel to the feldf the Variscan orogeny), NW-SE (parallel to the
recent stress direction and the normal faults), EBid ESE-WNW (both associated to the recent
maximum dextral shear-stress). ENE-WSW striking see associated with transfer faults. NNW-SSE
striking sets only appear near the Sandgewand-famit are associated with the equal orientated
subvertical veins in the quarry.

Joints appear to rotate towards the Sandgewant-fauglgesting a strike slip component on that fault
Major faults have been observed in the Hastenraéinrg by integrating virtual planes in our lasearse
Their direction continuously changes towards thed§awand fault. To prove the accuracy of the joint
orientations derived from terrestrial laser scabhDAR), we compared such data with traditional
geological compass measurements and smartphoneuraeasts (using the app Rock-Logger on
Motorola Defy). Data derived with the mobile appvbabeen shown to match well with traditional
techniques.

Large >10 cm wide veins cut vertically through therry wall over several meters and are filled with
calcite, galena, dolomite and sphalerite. Fluidusion measurements have homogenization tempesature
of 45-84°C. This indicates a depth of 1.5 to 2.2 for the generation of the veins. The fluid
composition shows a NaCl-CaQbrine. Large veins are only found in the vicin{gB0m) and strike
parallel to the main Sandgewand-fault. Multiplelsgpevents were dated in a single vein at 170+4Ma,
followed by a second sealing event at 134+2Ma (8iclan et al. 2007).
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Im Rahmen regionaler energiepolitischer Ziele, Aliteile erneuerbarer Energien in den néachsten 30
Jahren auf bis zu 100% zu erhdhen, spielt die Frageh tiefengeothermischen Potentialen eine
zunehmende Rolle. Die Stadt Géttingen liegt im Béreles dstlichen Hauptstorungssystems der generell
N-S-streichenden Leinetalgrabenstruktur, so dasddia Stadtbereich bzw. die Region insbesondere die
Frage nach dem stérungsgebundenen tiefengeothéemifotential im Fokus steht (Leiss et al. 2011a).

Kenntnisse zur Raumlage, Geometrie und Reichweste Stérungssysteme des Leinetalgrabens
basieren bislang nahezu ausschliel3lich auf Kartgern, da es in der Region nur wenige tiefe Bohminge
(max. 1500 m) gibt und keine verwertbare Seismikliegt. Aufgrund des Stockwerkbaus aus (a)
variszischem Grundgebirge, (b) Zechsteinlager &n860 bis 1000 m Teufe Graben-Ostschulter) und (c)
mesozoischem Deckgebirge, ergibt sich die Frage,dieb Stérungssysteme des Deckgebirges im
Zechsteinsalinar mechanisch entkoppelt sind odeh $is in geothermische Zielhorizonte des
Grundgebirges fortsetzen. Die im Deckgebirge bedalede Verknupfung von Dehnungs- und
Kompressionsstrukturen kann durch unterschiedlichematische Entwicklungsmodelle erklart werden,
z. B. durch eine zweiphasige inversionsuberpragéhndng (Tanner et al. 2010) oder durch ein
einphasiges ,Pull-Apart’-Modell (Vollorecht und Taer 2011). Aktuelle Arbeiten z. B. zur
Rekonstruktion von Paldospannungssystemen (Nikelageé al 2012) und zur strukturellen 3D-
Modellierung (GroBmann et al. 2012, Werner et @ll2) dienen u.a. der Prifung dieser Modelle (s.a.
Leiss et al. 2011b).

Um die strukturellen Beziehungen zwischen den tektonischen Stockwerken zu klaren und damit
das tiefengeothermische Potential besser quaetiéai zu kdnnen, sollen zwei senkrecht zueinander
stehende reflexionsseismische Profile mit einemfgaéieg bis zum anvisierten geothermischen
Zielhorizont im variszischen Grundgebirge, d.h. ibi®ine Tiefe von ca. 5000 m realisiert werdent De
Verlauf der beiden NW-SE bzw. NE-SW Profile ist dabo gewahlt, dass idealerweise die Raumlage
sowohl der variszisch streichenden Strukturen, aalsh der Tiefenverlauf der jingeren NNE-SSW-
streichenden Haupt- und WNW-ESE-streichenden Qarensgssysteme im Deckgebirge abgeleitet
werden kann.
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A large number of salt bodies contain layers ofboaate material, often called 'stringers'. These
stringers have stresses inside them due to theifgedeéformation caused by gravitational loading and
viscous drag due to the salt flow around the stnin@etailed knowledge of the internal stressethén
stringers could have significant implications faample, for structural interpretation and the assent
of drilling risks. An important question which rems to be investigated is how those stresses depend
the depth location of the stringer in salt body.

In this work, we set up a numerical model ugimgFinite Element Modeling (FEM) package ABAQUS
simulate a stringer sinking in a block of salt. Thedel consists of a stringer passively sinkingdias
large (6000m high and 10000m wide) salt body dugetusity contrast between salt and carbonate. Using
this model, the stresses inside the stringer asergbd for different depth location of the stringer

Results show that the distribution of horizontaésses in the sinking stringer is strongly depehdan
its depth location. If the stringer is in a deeipon (near the bottom of the salt body), the hantal
stress near the top of the central part of thegr is less compressive than the vertical stredstlze
reversed situation occurs near the bottom of tmérakepart. However, in the shallow position (nédze
middle part of the salt body), the horizontal sfresar the bottom of the central part of the séiing less
compressive than the vertical stress and the regtesguation occurs near the top of the central. par
Using the numerical models the difference betweertical and horizontal stress in the stringer is
calculated quantitatively and the depth locatioresehthe horizontal and vertical stress generaléy ar
equal inside the stringer can be determined.
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Understanding deformation behaviour of salt rocksmportant for several purposes, e.g. rocksalt
mining, cavern industry, or construction of a raditive waste repository. In Germany Permian rotksal
particularly the z2 sequence of the Stassfurt isnitggarded as an appropriate host rock for hightywe
nuclear waste. The composition of different ungayticularly the z3 sequence of the Leine unit, is
characterized by stratigraphically and locally ajfiag amount and number of anhydrite layers. Fog{on
term safety considerations, the mechanical behawbthese anhydrite layers and their capacitytéoes
and transmit saline solutions in fissures and $asiiould receive attention.

The studied anhydrite samples were collected fimgriMorsleben salt structure and from the Gorleben
salt dome, both in Northern Germany. In Morslel@thydrite rocks from the Anhydritmittelsalz (z3AM)
were analysed. The Anhydritmittelsalz is charazesti by a rhythmic stratification of rocksalt and
anhydrite layers. The anhydrite layers are up ¥or2.thick (Behlau & Mingerzahn 2001). In Gorleben
the so-called Gorleben-Bank of the middle Orange&@8OSM) has been studied. The Gorleben-Bank is
an anhydrite bearing bed with an overall thickres3.5 to 70 cm (Bauerle 2000).

The anhydrite rocks of both localities are stronglgformed by folding, boudinage, thrusting,
fracturing, and formation of shear bands. Fissares boudin necks are filled with salt, basicalljita
and carnallite containing high amounts of fluidlusions. The bromide content of halite in boudickse
differs clearly from the bromide content in thersunding rocksalt (difference ca. 40 pgBr/g haliié)e
reason is that metamorphic intrasalinare brinesrar@ved in the rocksalt flow resulting in changas
the bromide content.

In fold hinges veil-like opaque phases occur. kesthareas granular anhydrite crystals are veryl smal
(grain size < 50 um). Similar features can be razagl close to the boundary anhydrite boudin —
rocksalt. The grain size is also very small, amghFamounts of opaque phases are present. Compared t
folds, shear bands are common and clearly pronauides small grain size and the development of the
opaque seams probably result from pressure sojutibite the slightly soluble opaque phases remain a
place, and the soluble components (halite, antg)dare removed. Another important deformation
mechanism is grain boundary migration, indicatedolmate grain boundaries.

Towards the central part of a boudin, the graie sicreases. Additionally, different generationd an
types of anhydrite crystals like fan-shaped anaudar crystals can be distinguished. The grain size
reaches up to 3.5 mm. Large anhydrite crystals sivmulose extinction, twinning planes and subgrains
A grain-shape fabric and, close to shear bandsstare (LPO) result from recrystallization.

All these macro- and microstructures suggest theietl anhydrite rocks to have been deformed in the
brittle-ductile deformation regime, which is comipé with literature data (e.g. Muller et al. 1981)
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Kyrgyzstan): Different P-T evolutions of intimately interlayered ultra high- and
high-pressure rocks

Melanie Meyetf and Reiner Klemd

'Geozentrum Nordbayern, Universitat Erlangen-Nurmhd»-91054 Erlangen

Occurrences of UHP (ultra high-pressure) metamaorpbcks in orogenic belts provide a unique
opportunity to obtain insight into subduction zqrecesses at great depth (> ca. 80 km) since tleey a
the only natural, direct witness of such processes.

The Makbal (U)HP Complex is exposed on both sidehe Kazakh-Kyrgyz border. It is part of the
Tianshan orogen which is located in the south-veéghe Central Asian Orogenic Belt (CAOB), the
biggest Palaeozoic orogen on Earth. The Tianshageor extends for approx. 2500 km from north-
western China over Kyrgyzstan and Kazakhstan tkistggn This mountain range contains several HP-
UHP locations, but in contrast to the well studiédinese Tianshan occurrence so far only a few
petrological studies have been undertaken on thdoBa&Complex.

Former studies on the Makbal Complex focused on WhePasedimentary rocks (garnet-chloritoid-
talc schist) and HP eclogites, which normally ocasr boudins in the metasediments. This study,
however, comprises a detailed petrographic andologfic investigation of the different rock types
constituting the Makbal Complex. Besides garnetstdid-talc schists (host rocks) and eclogiteshbo
of which have already been subject of previousistu¢e.g. Tagiri et al., 2010), a blueschist-facsk
was also investigated.

Until now, only conventional geothermobarometritcatations, which revealed strongly variable peak
pressures conditions ranging between 28 and 13dtltamperatures 560 °C, have been undertaken for
the (U)HP rocks of the Makbal Complex (Tagiri et &01Q. In the present study P-T pseudosection
modelling of the different rock types was condudiadthe first time. This approach is used to deiae
the P-T conditions and metamorphic evolution ofdtigerent (U)HP rocks. The peak metamorphic event
was interpreted to have occurred between 510-50@ddarding to recent SHRIMP U-Pb zircon dating
of eclogites and garnet-chloritoid-talc schistleé Makbal Complex (Konopelko et al., 2011).

The strongly variable peak metamorphic conditiarduding the intimate interlayering of high- and
ultra high-pressure rocks were also reported frotimero localities of the Tianshan. The intimate
occurrences of these rocks suggest that they wareed from different depths of the subduction zone
and subsequently juxtaposed during exhumation mitie subduction channel.
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Staurolite- and cordierite-bearing rocks are gdhecansidered to be the result of polymetamorphism
e.g. medium to high pressure regional metamorpH@iowed by a low pressure-high temperature
thermal event (Pattison et al. 1999; Mezger et2804). Staurolite-andalusite-cordierite schist are
common in the Aston and Hospitalet domes of theaAZone of the Central Pyrenees. Textural evidence,
i.e. preserved crenulation inclusion trails in@dbses, suggest that nucleation of staurolite,lasitiaand
cordierite occurred within a narrow time frame dgrthe development of the main schistosity, and thu
can be interpreted as paragenetic.

Pressure-temperature conditions during peak-mefamsmn were obtained from 18 samples using
conventional thermobarometry (Holdaway 2000, 20@iglland & Powell, 2009). In addition,
pseudosections from three samples were construttbeé KFMASH and MNNCKFMASH systems with
THERMOCALC 3.33 using the data set tcds55 (Holl@&&owell, 2009). Both methods yield similar
results, peak pressures between 3—4 kbar throudjodutdome structures, and temperatures rangimg fro
525-625 °C. The P-T space and succession of stabmblages (st-cd-bi-and, cd-bi-and, cd-bi-gili, ¢
bi-sill-mu) produced by the pseudosections is imyvgood agreement with observations from thin
sections, and corresponds to a prograde isobaripdth.
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Pseudosection in the KFMASH system of a schist ftberwestern Aston dome with
observed parageneses outlined in bold. Arrow itdgcpossible isobaric P-T path.

and = andalusite, bi = biotite, cd = cordierite, mumuscovite, sill = sillimanite,
st = staurolite.

In the field, mineral isograds are flat-lying arelated to early Variscan (Visean) magmatism that
affected the Aston and Hospitalet metapelites arthogneisses during the main phase Variscan
deformation. The present shape of the isogradeatsflthe younger, late Variscan development of the
Aston and Hospitalet gneiss domes.
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Stretching and thinning of the continental lithosgh leads to rifting and the formation of passive
continental margins. However, there are still opgaastions regarding the development of rift basg,
the relationship between horizontal extension hjtiiag and vertical crustal thinning. The Tyrrhemia
Sea is a young rift basin of Neogene age locatatlanVestern Mediterranean. Here, it is assumed tha
rifting and opening of the basin commenced in thietext of slab rollback during the subduction a# th
lonian lithosphere. The advantages of studyingpificesses here are the conjugated margins whech ar
very close to each other. We present results adissc reflection profile (MCS) crossing the North
Tyrrhenian Sea along 41° N. The data of the 24Qdag geophysical profile were acquired in April and
May of 2010 during the MEDOC-Cruise in a two-shipeaation with the Spanish and Italian vessels
Sarmiento de GambandUrania. The basin is characterized by N-S striking harst graben structures
indicating that the rifting occured in W-E direatioThe MCS section shows a detailed image of thk in
of these grabens, reveals normal faults and stegtwithin the brittle upper crust to a depth & &m.
Integrating drilling information of ODP leg 107, weentified Messinian syn-rift and Plio/Pleistocene
post-rift sediments. The deep and thick Messinigaperites near the Sardinian continental margin
support the idea that this area marks the origiiftirfig, subsidence and initial flooding. A comsam of
crustal structures between the Sardinian and Caiapanargins reveals significant differences in kloc
size and in sedimentary thickness, which decrease West to east. The horizontal extension in thesiV
was accommodated by the formation of large hordtgaaben structures while extension in the East was
generated by a series of smaller blocks and faliltese fault-bounded blocks dip at angles betw@én 2
and 35°. A still open question is whether thesdt$auere created at higher angles (~60°) and rottte
~30° or were initially formed at these low angles.
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Kristallorocken sind charakteristische cm- bis dmge, laminierte Steinsalzgefluigetypen, die vor
allem in der Stassfurt-Formation des Zechsteins Ziemtraleuropéischen Becken vorkommen. Die
Kristallorocken ko&nnen gebrochen, boudiniert odesbagen bzw. gefaltet sein. Mit Hilfe von
Rontgentexturanalysen konnten Kuster et al. (20B8hweisen, dass es sich bei den Kristallborocken um
Einkristalle handelt, die Relikte urspriinglich ged€®& Einkristallstrukturen reprasentieren. Die
schichtparallele Internlamination ist auf untersdich hohe Anteile fester und stellenweise
vorkommender fluider Einschliisse zurickzufuhren sti€il et al. 2011). Unklar ist bislang der
Mechanismus der Gefugeentwicklung. Die Einkristallguren kdnnen bereits vor der Deformation bei
der Ausfallung aus der Salzlauge oder bei der Diage durch Sammelkristallisation entstanden sein.
Unwahrscheinlich erscheint eine postdeformative r8akristallisation eines feinkdrnigen Gefliges, da
dabei die Lamination sicherlich nicht erhalten geign ware.

Ziel der vorliegenden Studie ist es, die kristalfgghische Orientierung einer gréf3eren Anzahl von
Kristallorocken in  Bezug zur Foliation zu messen, mu (a) Aussagen zum
Gefluigeentwicklungsmechanismus und (b) zum Defoonatierhalten tber die Ableitung von aktivierten
Gleitsystemen machen zu kénnen. Rontgentexturagralygurden an 8Kristallorocken aus einem
Probenblock aus dem ehemaligen Kalisalzbergwerke Assnvie an 7 Proben aus den Bergwerken
Gorleben und Teutschenthal durchgefihrt.

Die Ergebnisse zeigen keine klare kristallogragtes®/orzugsorientierung der Kristallbrocken in
Bezug zur Foliation. Anhand der gebogenen Kristattken kdnnen unterschiedliche Gleitsysteme
abgeleitet werden. Am haufigsten tritt das am keisten aktivierbare Gleitsystem {110}<011> auf. Es
lassen sich aber auch die Gleitsysteme {100}<116d& {111}<110> nachweisen. Damit scheint das
rheologische Verhalten der Salzbrocken, d.h. obwsibrend der Deformation bruchhaft oder duktil
reagieren von der kristallographischen Ausgangstieiring unabhangig zu sein. Ein einheitliches
Kristallwachstumsmodell bzgl. Prazipitation konntde schon bei Kister et al. 2010, ebenfalls nicht
nachgewiesen werden. Aufgrund der uneinheitlichegelnissen bei der bislang geringen Anzahl
untersuchter Kristallbrocken sind weitere stattstesAussagen nicht maglich.
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In the Central Rhodopes, the deepest exposed tedtmel is represented by metamorphic continental
basement-cover thrust sheets which are toped ltlgadolgically divers unit to which we refer as midd
Allochthon. The middle Allochthon represents a migt of various continental and oceanic rocks with
different, partly Mesozoic protolith ages. Oddly,contains ky-spl-crn-spr-bearing eclogites of Mald
Eocene age as well as foliated granitic intrusimnisower Eocene age suggesting major internal tecto
boundaries yet to be explored. This compound umi$ wlaced on top of the pre-Mesozoic basement
which we attribute to the Adriatic continental miar@nd the entire nappe pile was then subject to
dramatic Late Eocene extension associated witfotineation of sedimentary basins and core complexes.
The metamorphic basement containing Middle Eocefmike-eclogites is covered with unmetamorphic
Upper Eocene sediments and volcanoclastics. SotHare is no evidence for post-Eocene tectonic
boundaries between eclogites and sediments inatléia suggesting exhumation from >60 kilometers
depth to the surface in less than 6 Ma. Regiontnsion was immediately followed by a pronounced
pulse of granitic magmatism. The same Late EocenEarly Oligocene magmatic event is found in
Serbia external of the ophiolitc Vardar suture &stof the Rhodopes. Like other authors for theasion
in Serbia, we attribute extension and magmatisnthen Rhodopes to an event of slab rollback and
associated upwelling of astenospheric mantle falgvdelamination of continental crust from the dewn
going Adriatic slab after closure of the Vardar Coom Accordingly, the lower portion of the nappéepi
in the Rhodopes would represent a tectonic windaw structural levels external, i.e. structuralgnbath
the Vardar Suture.
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A slap for eoarchean slab melting
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Earth’s first continental crust is largely composgfdmagmatic rocks with tonalitic-trondhjemitic-
granodioritic composition (TTGs). There is a viuwliscussion whether TTGs o form by melting of
hydrated MORB-like oceanic crust in subduction zowe alternatively by melting within thickened
mafic arc crust or oceanic plateaus. In order tst tdifferent melting scenarios, we combine
thermodynamic calculation of partial melting infdrent mafic host rocks and at different presswidis
subsequent modeling of trace element partitionietyvben residual assemblages and coexisting tanaliti
melt. The resulting modeled trace-element compmsstiare than compared with observed ones. We
consider water-absent partial melting of modern RRB and of a typical Eoarchean arc tholeiite from
the Isua Supracrustal Belt. The latter represdrgscountry rock of World's oldest and arguably best
preserved TTGs, the Itsaq Gneiss Complex of SWtaad. Isua tholeiites contain less Al and Na and
more Fe and Mg as compared to present day MORBharsdform amphibole-rich and plagioclase-free
residues even at low pressures. At 10 kbar, modeledlitic partial melt of MORB displays a trace
element composition very different from the onesesbed in TTGs. At higher pressures (14 and
18 kbar), with an eclogite as residue, the modélade element compositions become more similar to
natural ones, but several parameters are stillsariso, producing tonalitic melt from an essemyialry
residue requires enormously high temperatures.eBtyffitting trace element patterns at reasonable
temperatures are achieved by using Isua tholesiteost rock and melting pressures of 10 and 14. kbar
Some key observations in TTGs can only be repratiuseng Isua tholeiite as protolith. These are, for
instance, the pronounced negative Ti anomaliesptiséive anomalies of Zr and Hf relative to Sm and
Nd, and the variation in the Nb/Ta ratio. For satements, e.g., Th and Ti, the better fit for thel¢iite
protolith is partly inherited from the host rocketyan appropriate fractionation by the residualspha
assemblage is paramount. Formation of the Earidissb continental crust is therefore best explaimgd
melting within tectonically thickened mafic islamde crust.
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Mikrostrukturelle Charakterisierung von Karbonatgdn gen im Unteren Muschelkalk
des Leinetalgrabens — erste Ergebnisse

Christian Nikolajew, Axel Vollbrecht, Bernd Leissdi Alfons v.d. Kerkhof
Geowissenschaftlich@entrum der Georg-August-Universitat Géttingen, TB87 Gottingen

An Proben aus dem Unteren Muschelkalk wurden vesdehe Ganggenerationen anhand ihrer
Orientierungen, Altersbeziehungen, Mikrostrukturen, Kathodolumineszenzfarben und
Wachstumstexturen umfassend charakterisiert. Dobdiokalitat liegt am stdlichen Ende des Ahlsburg-
Lineaments, einer durch Halotektonik mitgepragtenildinalstruktur innerhalb des nordlichen Teilssde
Leinetalgrabens ca. 15km nérdlich von GottingenAp. Karbonatgange treten hier im Vergleich zur
Umgebung besonders haufig auf. Es konnten funf tgamgscharen unterschieden werden, deren
Altersbeziehungen z.T. noch nicht eindeutig geksimtd (Abb.1). Zuséatzlich treten faserige kalzitisc
Lagenharnische auf, die etwa senkrecht zur An@kikchse ausgerichtet sind und daher auf
Biegegleitung wahrend der Aufwdélbungsphase der &ing- Antiklinalstruktur zurtickgefiihrt werden.
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Gange mit groRtenteils blockigem Kristallgefiige
["] Gange mit faserigem bzw. geldngtem Kristallgefiige
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Abb.1: links: Vereinfachte Geologische Karte desnktalgrabens. Quartdre und Tertiare Bedeckung siclst abgebildet.
Der schwarze Rahmen markiert die Probenlokatiomnér et al. 2010, verandert); rechts: Schematiséieckbild mit
Raumlage der Karbonatgange in Bezug zur Antiklinaksur im Steinbruch Elvese. Fragezeichen: bislangh ungeklarte
Altersbeziehungen.

Innerhalb der Gange treten blockige, stengelige fasdrige Kristallisationsgeflige auf, wobei i.d.R.
jeweils eine Wachstumsform dominiert. Auch fur noakopisch homogene Domanen belegen die durch
Kathodolumineszenzfarben abgebildeten Feinstrukt@wi@ee z.T. komplexe Kristallisationsgeschichte.
Wassrige hochsalinare Fluideinschlisse (z.T. ucitezdliche Tochterkristalle) deuten darauf hin,sdas
die assoziierten hydrothermalen Losungen mit tiéEgenden Salzhorizonten in Verbindung standen
(R6t, Zechstein). Spezielle Kathodolumineszenzfarlike auf Mikrodomé&nen beschrankt sind, lassen
auch auf meteorische Einflisse schliel3en.
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Polyphase deformation in NW Namibia — tools to reaustruct regional tectonics

Cees PasschierXavier Maederand Rudolph Troufv
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The Ugab-Goantagab Domain of NW-Namibia is a secgieof Neoproterozoic metaturbidites,
deposited on basement at the edge of the Congoncrht the western Ugab zone, the sequence was
deformed under greenschist facies conditions imeskale asymmetric NS- trending folds of apparently
simple geometry with a single foliation, overpriohtby EW trending younger folds. Detailed field
mapping and analysis of vein systems has shownthleafiolds have a complex history, formed in non-
coaxial flow and probably changed from an uprighgmmetric to an asymmetric geometry during
progressive deformation. Towards the east, in tban@&agab Domain, there is a gradual transition to
another tectonic regime with more intense deforomatand development of km-size sheath folds.
Reconstructed flow patterns here show an oriemagradient of flow kinematic axes, and a change of
these with time. In this area, north directed ttingsis dominant. On a large scale, the observed
deformation patterns can be attributed to two anagevents, the first a late Neoproterozoic oblique
collision of the Rio de la Plata and Congo cratalasig a NS trending mobile belt. The second evexgt w
a Cambrian collision along an EW trending mobil& between the combined Congo-Rio de la Plata and
Kalahari cratons, with partial reactivation of tbkler mobile belt. The western Ugab area is mostly
affected by the first macrotectonic event, theerasGoantagab area by the second event.

First generation fold in Neoproterozoic turbiditdghe Ugab valley, NW Namibia.

It is possible to reconstruct the local sequencewveints using classical overprinting criteria sash
overprinting foliations, folds and veins. The compty of local tectonics, however, and the
macrotectonic evolution are hard to reconstruchwitir static, classical structural geology tooleyK
ring structural gradients and other lateral charigethe style and geometry of structures refleotvfl
gradients due to the complex 3D rearrangementrektbratons. The area in NW Namibia shows these
complexities because of nearly perfect exposura@ idesert environment: similar complex structural
gradients can be expected in other areas, butdoktcrop obscures them and we may not be aware of
their existence. One of the major challenges itotecs is to try and develop tools to recognise thipe
of complexity in areas with poor outcrop, and depahethods to describe and interpret them.
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Spatial distribution of quartz recrystallization mi crostructures
across the Aar massif
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In the Aar massif (Swiss Central Alps), main fabat and major deformation structures were
developed during NW-SE compression associated tiwéhAlpine orogeny (Steck, 1968). Shearing at the
brittle to ductile transition may have initiated different stages between 22-20 Ma and 14-12 Ma,
followed by purely brittle deformation at around W@ (Rolland et al., 2009). In light of the onsét o
dynamic recrystallization in quartz, Bambauer et(2009) defined a quartz recrystallization isograd
the northern part of the Aar massif. To the sotlitl,grain size of recrystallized grains increasesto an
increase of metamorphic temperatures from N to & @im of the current project is to carry out
quantitative analysis on changes of the dynamicsaaiit recrystallization behavior of quartz. Aissrof
thin sections, covering an entire N-S transect fi@ottannen to Gletsch, gives insights into the long
lasting deformation and exhumation history of thgstalline rocks of the Aar massif. In addition,
Titanium-in-quartz geothermometry was performetetzn more about the deformation temperatures and
associated microstructural changes on the retregrath.

In this N-S section, two general types of microstnees have to be discriminated: (i) weakly to
moderately deformed host rocks and (ii) intensefpdned mylonites to ultramylonites out of highagtr
shear zones. (i) Volume fraction and size of rdatiyiged quartz grains increase towards the south
showing grain size changes from around 5 um upata280 um. Microstructures are characterized by
complete recrystallization in the S. In terms o€rystallization processes, a change from bulging
recrystallization in the N to SGR recrystallizatiand the transition to grain boundary migration §B
recrystallization in the S occurs. Such a changeanystallization processes, combined with graze s
increase, points towards reduced differential seeswith increasing temperatures (Bambauer et al.,
2009). This temperature gradient is also corroleordity a switch in the active glide systems in quart
from basal to rhomb dominated glide. (ii) In costréo the granitic host rocks, the mylonites and
ultramylonites show smaller recrystallized grairesi compared to their host rocks, but they alsealex
general grain size increase from N to S. Here, meegth strain rates compared to the host rocks rasult
overall smaller quartz grains.

In the south, microstructures from (i) and (ii) shequidimensional grains with 120° triple junctions
and straight grain boundaries. Such microstructaregypical for static grain growth. For that r@aswe
suggest that towards the end of a deformation dpjsstrain discontinuously localized in narrow shea
zones. In contrast to that, stress relaxationantargin of such a zone of deformation would besalt
of decelerated deformation rates or elevated temtpes. This stage of static grain growth might
correlate with a fluid pulse between 12-10 Ma aggested by Challandes et al. (2008) originating in
post-tectonic annealing. Constraints on the graddeformation based on grain size data and CPO
analyses will be presented, supporting the hypahbat various deformation stages are well preserv
in statically recrystallized structures.
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Migration pathways in Upper Carboniferous unconventonal reservoirs,
Southern Ruhr Area, North Rhine-Westphalia, Germany
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The study area is situated in the transition zdrthe Variscan Rhenish Massif and the Ruhr foreland
basin about 15 km north of Wuppertal. The geoldgicats in the study area comprise strata of the so
called “Fl6zleere” (coal-barren) in the south ahd tFl6zfiihrendes” (coal-bearing) Upper Carbonitero
in the north. The Weuste quarry has been exammedriicular, where the oldest coal seams of thar Ru
basin (Sengsbanksgen and Sengsbank seam, Sproleh®ekichten, Namur C) crop out. A columnar
section of this quarry has been logged at highluéso, in order to understand, illustrate and expkhe
depositional environment of this part of the Caifmous Ruhr basin. Furthermore, rock and coal
samples have been taken in the quarry, which haem lexamined by means of vitrinite reflectance
(% R) measurements. These measurements have provitieitesireflectance values in a range between
1.471 and 1.588 (% R By means of these measurements the SengsbankadgeBengsbank coal is
classified as medium to low volatile bituminous Icoa according to German DIN as “Fettkohle”. In
order to determine the major joint pattern in thedg area, fracture measurements in the mappirg are
were carried out. Three major joint sets were fouwstdking NW-SE (~80-90°), ENE — WSW (~70-75°)
and NE — SW (~25-35°). This joint pattern is in @cance with the large scale Variscan deformation
pattern. Own mapping data were integrated with iphbt surface and subsurface data towards a @rst 3
model using 3d Move.

Results are compared to core samples taken fromwngaing drilling site near Ratingen (Germany)
(TVD= 74.5 m), which have been examined in termgitinite reflectance (% R and total organic
carbon. Unfortunately, the drilling did not reatte texpected Upper Alum Shale (Visé-Namur), which is
considered a source rock for shale gas. Howevemltained vitrinite reflectance values from theria
B formation have been compared to the samples tiikenthe Weuste quarry (Namur C). With a range
of 3.024 — 3.174 (% R these rocks have been buried deeper and have dogmsed to far higher
temperatures than the quarry samples. Based onitétreflectance values a maximum rock temperature
(Ty) in a range between 225 and 230 °C could be ekl This temperature range can be correlated to
a maximum burial depth for the rocks of around 7600

Data were integrated in a 3D model of the studw,avehich helped to identify possible migration
pathways for fluids in the reservoir rocks.
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The MEMIN research unit: hypervelocity impacts into geological materials
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To date, the impact cratering process has seld@n bbserved “in-situ” on a planetary scale. While
post-impact analysis of craters by remote sensimffeeld work gives many insights into the process,
impact cratering experiments have several advastémeimpact research: 1) excavation and ejection
processes can be directly observed, 2) physicainpeters of the experiment can be defined and varied
including projectile velocity, mass, density, andmerous target properties, and 3) cratered target
material can be analyzed post-impact in an unafeumeroded state. Insights gained from impact
cratering experiments can then be applied to pdepesicale craters.

The MEMIN-Project (Multidisciplinary Experimentahd Modeling Impact Research Network) is a
delocalized DFG research unit (FOR 887) that fosuseimpact experiments into geological materials t
comprehensively understand details of the cratepraress through real-time in-situ measurements,
extensive post-impact analysis and numerical mode{Bchéfer et al. 2006, Kenkmann et al. 2011).
Among several other aspects, MEMIN is also focusethe effects of porosity and pore space saturatio
on impact crater formation, and their implicatidosplanetary-scale cratering.

Cratering experiments are carried out at the tasliof the Ernst-Mach-Institut, Freiburg, Germany,
using two different two-stage light-gas guns. Seraditeel spheres weighing 67 mg were accelerated to
~5 km/s and impacted into dry and water-saturatattistone cubes. Larger steel and iron meteorite
(Campo del Cielo IAB) spheres weighing 4.1 andg/vgere accelerated to 2.5-5.3 km/s into dry and 50%
saturated blocks. As target material, Seebergedssame was used, with an average porosity of
23.1+0.5%, and a uniaxial compressive strength (U236.3+1.7 MPa.

In the experimental setup, high speed framing cameith a frame rate of up to 5*l@rames per
second document the impact process. Ultrasoundseatached to the target measure the passape of t
shock wave and post-impact reverberations, andiap®dtness plates, termed “ejecta catchers”,
positioned adjacent to the target surface captanelstone particles and traces of the projectiletege
during cratering.

Impact crater dimensions were then measured W8 &ser scanner. Our results confirm that crater
size (measured as volume) is directly proportidoathe kinetic energy of projectile. Interestingtize
effect of porosity becomes apparent when crateumeb of the sandstone and non-porous rocks are
compared. For the same impact energy and roughlifasiimpact conditions (projectile mass, density
and speed) the same crater volumes result, in gpitee fact that the target’s strength strongRuences
its size (e.g., UCS of impacted basalts used farparison are one order of magnitude higher at 380+6
MPa). Apparently, porosity dampens the shock wanteraduces the amount of impact energy available
to work against the target’s strength to form desta

The details of how exactly pore space affects tiecls wave are currently being examined, using
results from numerical modeling and evaluation @hhspeed videos, ultrasound sensors and ejecta
catchers. Microstructural analysis of deformatioachmnisms and pore space reduction in the crater’s
subsurface is being performed, and will be presenyeBuhl et al. at this conference.
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The Giudicarie Fault System (Alps, Northern Italy): Evolution of a major
Alpine fault system
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The Periadriatic fault system is the longest andtnootstanding fault systems in the Alps, extending
for some 700 km from north-western lItaly to Sloweniihis fault system separates the Western-, Gentra
and Eastern Alps in the north from the SouthernsAlp the south of it. The Giudicarie fault system
represents the central, approximately NE-SW-tremdegment of the Periadriatic fault system andozan
subdivided into: (1) the Southern Giudicarie fa(®) the Northern Giudicarie fault, and (3) the kier
Mauls fault. In spite of numerous studies on thea@eatic fault system during the last 100 yeding
role of the Giudicarie fault system is still contensial. One end-member model assumes an originally
straight Periadriatic line, sinistrally offset dyetGiudicarie fault system in the Miocene due ®NXNNW-
ward advancing Southalpine indenter. The other madiber model argues for an originally curved
Periadriatic line, overprinted by Neogene compresai inversions on an inherited Early Permian to
Lower Liassic NE-SW trending horst and graben stméc Based on a multidisciplinary approach, we
present further data in order to decide which magietore likely.

Along the Giudicarie fault system detailed mappamgl structural analyses have been carried out and
the units forming the foot- and hanging wall haeem analysed with respect to their structural eiaiu
and time-temperature history. On Paleogene Peaidclintrusions, termed “tonalitic lamellae”, which
crop out along the Northern Giudicarie fault and Meran-Mauls fault, geochronological, geochemical,
and paleomagnetic analyses have been performedder to investigate under which conditions they
intruded and how they have been deformed.

The results of this multidisciplinary study leadtbhe following evolution-model of the Giudicarieuta
system:

a) Oligocene: Intrusion of the northeastern unitdhe Adamello batholith adjacent to the straiglextral
strike-slip Periadriatic line. The northern rimtbé batholith is dextrally sheared.

b) Late Oligocene / earliest Miocene: The NNW-wardvement of the Southalpine indenter leads to a
bending of the fault.

c) Early Miocene: The brittle Passeier fault, Nerthand Southern Giudicarie fault sinistrally offdee
bent segment of the Periadriatic line. Along thelmern part of the bent segment (Meran-Mauls faault)
nearly continuous tonalitic body persists, wherabsg the Northern Giudicarie fault only small
boudinaged bodies rotated during the later briigildting are present.
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Disequilibrium textures in lower crustal rocks: Magmatic fabrics in the
Eastern Segment, SW Sweden
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The Southern part of the Eastern Segment in SW &wisddominated by a complex metamorphic and
magmatic evolution. Magmatic series are overprirttgdmultiple high-temperature and high-pressure
events. However, relict magmatic fabrics and milseeae still preserved. Typical examples of local
disequilibrium crop out in Getteron and around I18k&rjo. In Getteron metagabbros still show magmati
large-scale cross-bedding, although the mineral®gpmpletely metamorphosed. While the metagabbros
of Skarjo still contain primary magmatic phasese Tgarnet-bearing mafic rocks contain magmatic
olivine (Fa3F0s7) and plagioclase (An.19, which is metamorphic reequilibrated. Metamorptaactions
led to the formation of corona textures betweerpitary magmatic minerals.

There are two different coronas developed arouadithgmatic phases. At first, magmatic plagioclase
is surrounded by small, newly formed garnet gra8excondly, a small rim of plagioclase is often fedm
around olivine and magmatic orthopyroxene. Besidlesie is symplectitic intergrowth of olivine and
plagioclase as well as plagioclase and garnetddltian, biotite and hornblende form pronouncedsrim
around iron-rich opaques (illmenite and magnetite).

Fortunately, magmatic as well as metamorphic ofrmpenes coexist and afford the determination of
the metamorphic origin of the corona structurean&mrthopyroxene grains are encrusted by garnet,
hornblende and metamorphic plagioclase whereas gthms are overgrowing magmatic olivine.

Based on the minerals and structures several ogaciind stages of the prograde rock evolution ean b
reconstructed.
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Fig. 1: Thin section of the magmatic fabsi and corona structures in the metagabbr
lake Skarjo. Magmatic, strongly altered plagioclasesurrounded by garnet (centr
Furthermore, opaques are surrounded by biotitdhanablende.
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Large earthquakes at subduction zones requiredtiaailation and sudden release of large amounts
of elastically stored energy, which builds up whbe plate interface is locked. This leads to etasti
bending and in turn to transient vertical surfaspldcement of both, the down-going and the upteep
during the seismic cycle. Quantification of thisrtsient vertical deformation behaviour, therefore,
provides important constraints on models of thettepake cycle”. We collected vertical displacement
data on the island of Crete using radar interfetoyne

Crete is an ideal test case to observe the ingensewvertical surface motion due to its proximibythe
Hellenic subduction zone. The island was affectgthlge earthquakes in the past, e.g., in 365 Absa
> 8 earthquake occurred along a reverse fault Atk of Crete, and induced sudden vertical upfift o
the SW part of Crete of up to 9 m. The PersisteattSrer Interferometry (PSI) approach providesah t
to quantify vertical motion of the Earth's surfagéh millimeter accuracy and a wide spatial coverad
hundreds of kilometers. We used the observatioSalsystem for wide areas (PSI-WAP), developed at
the German Aerospace Center (DLR). Data of the ERS=2 satellitesvere used for the PSI analysis.

The results of the PSI WAP analysis for W-Cretadate uplift of the SW corner of W-Crete of up to
5 mm/yr in the line-of-sight (LOS). The middle paftW-Crete appears more or less stable, whereas th
eastern part of W-Crete is subsiding with up to a/ym (LOS). Therefore, the vertical motion of SW-
Crete shows the same sense during the intersepsmiad as for the coseismic event of 365 A.D. These
results are inconsistent with predicted verticaltioro during the earthquake cycle of the subduction
interface model of Hyndman and Wang (1993). Weefoee suggest that the 365 A.D. earthquake did
not occur along the main plate interface. Our @amore consistent with elastic strain accumufatio
along a fault in the overriding plate. Thereforasitlikely that the 365 A.D. earthquake may occdrre
along the Hellenic Trench, a major reverse faulihe Aegean microplate located 25 km away from the
SW corner of Crete. Detecting a geodetic signalindurthe interseismic period suggests strain
accumulation for a possible earthquake in the &jtaither along the plate interface or along at fiauthe
overriding plate.
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The internal structure of a shearband boudin resultrom an original igneous, hydrothermal or
metamorphic segregation tabular rigid body is gesulof scientific interest. It allows understanglithe
deformation mechanisms acting on homogeneous quagtgegate activated during simple shear
progressive deformation.

This work is focused on the characterization of itternal evolution of shearband boudins, using
microtextural analysis, fluid inclusions studiesgctal and OCP analysis. The proposed interpretativ
model shows the several structural stages thabeanell established during the process of the mater
evolution of shearband boudin.

In the first stage a quartz-rich layered body walsnstted to the boudinage process. This layer has
most likely a segregation or igneous and hydrotlaéexture, in equilibrium with Lcw or Lwc fluids,
catched in isolated fluid inclusions (FI). The gaa@abric is supposed to be random or controllecaby
nucleation/growth process. In continuity, with magw minor time gap, were preserved vapor-carbonic
fluids (Vc) in intracrystaline trails.

The boudinage process starts when the original lagiieved enough viscosity contrast relatively to
the surrounding matrix, caused by a differentialesst field. Two main transformations occur
simultaneously: i) a change in the external shajle @ontinuous evolution from tabular rigid body to
sigmoidal assymetric morphology (shearband boualit), ii) localized dynamic recrystallization in the
sharp-tips (parameter defined by Pamplona and Beelsi 2011) and, along the boudin's margin and
grain boundaries. The smaller recrystallized graiparticularly in the sharp-tip domains (StD)
accommodate most of the external strain and preghevlarger, relict grains in the centre.

The dynamic recrystallization was one single precesdicated by grain boundary fractal dimension
analysis that results in a single mean fractal dsren D:py = 1.13. Most strain is accommodated in the
StD and the c’type structures. As a consequend@sostrain partitioning the small recristallizedagtz
grains in the StD define c-axis patterns indicatmginferred anthithetical shear sense. Neverthetas
recrystallization process is very complex, implyimg internal rotations around kinematics axis 4 an
in amphibolitic facies conditions.

Two sub-stages inside the deformation stage arerenbrded by textural analysis and fluid inclusion
studies. The first of these sub-stages is chaiaeteby the formation of the heterogeneous domain
(HtD). The external envelope of the boudin is lbcakermeable to the penetration of external alumio
fluids with crystallization of a paragenesis don@tbby andalusite. This episode is recorded bynasst
of transgranular and intracrystaline trails of dlumclusions within andalusite grains and quartarng in
the whole body of the boudin.

The last deformation episode shows the final foromadf blunt-tip domain and secondary shear planes
(¢’ type-l and c'type-Il structures — shearband dionuparameters defined by Pamplona and Rodrigues,
2011), sometimes marked by sillimanite crystallaat
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HP-metamorphism in the Adula Nappe, Central Alps
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The Adula Nappe in the Lepontine Dome (Central Alpwitzerland and Italy) is derived from the
former distal continental margin of the Europeaat®that was subducted beneath the Adriatic mamgin
Eocene times. It mainly consists of various gneaisgigh layers of garnet-micaschist, marble, andidsd
of mafic and locally of ultramafic rocks. High-psese and ultra-high-pressure conditions are preserv
in eclogite and ultramafic rocks but are virtualysent in gneisses and thus in the bulk of theedps
unclear whether the Adula Nappe is assembled famksrof different age and metamorphic grade during
intense mixing in a subduction channel or represanhore or less coherent basement block which was
exhumed in a single tectonic event.

We present major element distribution patternsamet from eclogite and garnet-micaschist and new
Lu-Hf garnet age data. In the southern Adula Nagpmet in eclogite does not reveal any growth
zonation and consistently shows Eocene Lu-Hf agbs. central Adula Nappe is characterised by the
presence of two populations of garnet. A first gatien shows Variscan Lu-Hf ages, a second one an
Alpine (Late Eocene) age (Herwartz et al., 2011s #tudy). Alpine garnet reveals perfectly presdrve
growth zonation without any diffusive reequilibaii In the northern Adula Nappe garnet is exclugive
of Variscan age. Also garnet in micaschist showaingsize distributions and zonation patterns very
similar to garnet from adjacent eclogite suggestimag they share the same metamorphic history.

We propose that the Adula Nappe represents a agherece of old European basement with
Mesozoic synclines that was subducted towards thehsin late Eocene times. Alpine metamorphic
conditions completely reequilibrated Variscan addages in the southern part of the Adula Nappe. The
Alpine metamorphic overprint decreases towardsthréhern part of the unit, where Variscan garnet wa
almost unaffected by Alpine metamorphism. The entimit underwent the Alpine metamorphic cycle as
a coherent block.
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The granulite facies Ongole domain of the Eastern kats Belt, India —
A Proterozoic island arc?

Tapabrato Sarkaand Volker Scherlk
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The Eastern Ghats Belt is an assembly of seveaalujte terrains with different metamorphic ages on
the eastern coast of India. It is bounded by thegl®hum craton in the north and the Bhandara craton
and Eastern Dharwar craton in the west. Shear zaloeg) which the granulites are thrusted over the
cratonic units, mark the western margin of the EGB.

Recent work has established four major crustakweparated by tectonic boundaries (Dobmeier and
Raith, 2003): the Late Archean Jeypore and Rempgaliince (northwest and north), the Mesoproterozoic
Eastern Ghats Province (east), and the late Palateopzoic Ongole domain (southwest). The Ongole
domain is mainly composed of a suite of felsic gi@es (charnockites and enderbites) within which
migmatitic metapelitic granulites and basic graglioccur as enclaves and rafts. The charnockigs a
the enderbites are of different generations showiogplex cross cutting relationship in outcrop,
indicating that the later Ongole domain grew thitougany felsic to mafic intrusions. The metapelitic
granulites are Fe-Al rich hercynite-quartz beaningks showing beautiful reaction textures, helpful
deducing prograde and retrograde mineral reactiGesthermobarometric data from previous workers
and the considerations from the deduced minerattivees in the petrogenetic grid show that the
hercynite-quartz bearing granulites evolved throwgh anticlockwise P-T trajectory reaching peak
metamorphic conditions of about 10kbar and 10088Iywed by a near isobaric cooling at depth.

The best tectonic model (Waters, 1991) that suppdtiT metamorphism of a hercynite-quartz
bearing granulite, evolving through an anticloclevis-T trajectory is a magmatic arc at a continental
margin, where voluminous mantle derived magmas waresferred to higher levels causing medium P,
ultrahigh T metamorphism, accompanied and followgdrustal thickening and then slow cooling at mid
crustal levels.

In the Ongole domain the monazite apparent age labgu shows that the history of the high
temperature metamorphism ended between 1600-1550 TMaugh monazite does not record pre-
intrusion tectonothermal events, the apparent aghsate that the tectonothermal events in the @ngo
domain are older than the formation of Rodinia, patinger than Columbia formation. Thus, the
accretion of the possible Ongole island arc acdrgtdetween the two supercontinent forming events.

LA-ICPMS zircon dating and trace element analy$ishe intrusive rocks are aimed to decipher the
formation history and the magmatic processes tiratéd the island arc of the later Ongole domain.
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On the distribution and morphology of grain boundary fluids in natural rock salt
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Solution-precipitation creep and dislocation cre&y a significant role in the rheology of salt sl
(Urai and Spiers, 2007). These deformation mechaniare strongly controlled by inter-granular fluid
phases and grain boundary structures.

Grain boundary-fluid morphologies occur in a coatim ranging from semi-continuous fluid films to
arrays of tube shaped inclusions or isolated nglaerscal inclusions. Up to now, there is no quantre
description of the distribution and morphology,ther related to the nature of the adjacent graiosto
the pT-conditions inside the salt body. Such infation, however, is needed to fully reconstruct the
deformation behavior of a wet salt rock.

We present a detailed study on the distributionrmodohology of fluid inclusions in grain boundaries
of domal salt with special emphasis on the relatorthe dominant deformation mechanism in the
respective grains, in order contribute to our ustarding of the interplay of these two features.
Herewith, we use a special designed U-stage tlatvslthe investigation of fluid inclusions in th&ape
of the grain boundary using thick sections witthi@kness of up to 100 um. Grain boundary fluid® als
occur in the range of a few nm. Therefore we preaaraccompanying study using the same samples in
which we investigate the grain boundary morpholagyg fluid inclusion trails with high-resolution SEM
by matching surface pairs of grains.

Left: Olympus Invertoscope equipped with an U-stdlgat allows investigation of
grain boundaries in a plane. Right: Array of differ shaped and sized fluid inclusions
in Asse salt. Image width is 100 pm.
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Investigation of Nb-Ta-enriched Pegmatites in the &stern Alps
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Permian lithospheric thinning led to T-dominated tangorphism in the Alps accompanied by

numerous magmatic activities (Schuster & Stiwe 820 the Eastern Alps the highest degrees of this

Permian event are largely constrained to an E-Vikirsty belt that was overprinted by high-P

metamorphism during the Eoalpine cycle (Eoalpirghipressure belt (EHP), Schmid et al., 2004). The

Schneeberg and Texel complexes form the westernmsostrences of the EHP.

From the eastern parts of the Koralpe-Wolz unieehiNb-Ta-enriched Permian pegmatites were
already known, the most prominent being the Li @red Spodumene-Pegmatite located at the

Weinebene (God, 198€,erny et al., 1989), Europe’s largest Li deposite Berendipitous find of a Nb-
Ta-enriched pegmatite in the Texel unit (Konze®9Q) has further strengthened the correlation wieh
Koralpe-Wdlz unit.

This presentation focuses on the pegmatite deposite Texel complex which owes its existence to

the complex interplay of rifting, subduction undhernation (FIoss et al., 2012). A wide variety of

structural, mineralogical and chemical methodssisduto gain new insights into this pegmatite deposi

The data is furthermore correlated with the otleina deposits offering the unique opportunity tody
the genesis of Nb-Ta enriched pegmatites in théegbf alpine tectonics.

Tectonic map of the Alps showing Nb-Ta-phase begagagmatites: A — Texel Complex, B — Spittal an Deau
(Millstatt Complex), C — Pusterwald-Bretstein-Laah{Rappold Complex), D — Weinebene-Brandriickenrgife
Complex). All pegmatites lie within the Koralpe-V¥¢dhappe system. Based on the tectonic map of the (@chmid
et al., 2004).
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Magnetic fabric studies in flood basalts — how toef information on
magma flow direction

Stefan Schobéknd Helga de W4l
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The determination of the flow direction in lavayile can be problematic, when macroscopic flow
indicators are missing. The anisotropy of the mégrseisceptibility is a sensitive tool, which caloyide
useful information of the flow characteristics agigles insight into the mechanism of emplacement of
massive, featureless lava flows like those fornilogd basalt provinces.

Commonly, the principle axes of the AMS ellipsoik ariented with respect to the flow fabric,
whereby kax (magnetic lineation) is aligned parallel to thewfldirection and ki, normal to the flow
boundaries. Buthis model is not always applicable. One major [aawbis the occurrence of abnormal
fabrics (a phenomenon, where the magnetic axes seém transposed). Even samples inside the same
flow, situated very close to each other can shaffarent adjustment of their magnetic axes. Vasiou
approaches were made to explain this behaviordrast years. It seems that the origin of thesadsb
either lays in the physical-magnetic behavior oé terromagnetic minerals or originates due to
rheological and magmatic processes within the fiova. Furthermore, in basalts with a high portian o
Fe (Ti) Oxidesthe influence of the magnetic remanence on the etagisusceptibilityneeds to be
evaluated The AMS of titanomagnetites with intermediate tghhTi substitution can be influenced by
the field amplitude applied during the AMS measwata

For this key study we sampled a N-S transect of Ktfilin the northern part of the Deccan traps in
India, the Malwa plateau’he flow thickness typically varies between ten amdnty meters, but much
thicker flows also exist. A total of 202 samplessddeen analysed for the orientation of the AMS
principle axes and the shape/ anisotropy of the AMisoids. The result show that AMS measurements
in flood basalts need a thorough flow-evaluatiofoteflow directions can be inferred.

N N

n=900 n=525

1
Lambert azimuthal projection - lower hemishere Lambert azimuthal projection - lower hemishere

Figure shows density plots of the derivated flovediions for the Malwa plateau before (left) angiaf
(right) flow evaluation.
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Ultrasonic wave velocities during experimental defiamation of silty clays from the
Nankai accretionary prism

Kai Schumanh Michael Stipp, Dirk Klaeschehand Jan H. Behrmahn
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We have investigated 19 whole-round sediment dooes the shallow frontal thrusts, and the hanging
wall to a major active splay fault in the Nankacistionary prism offshore SW Japan. Cores were
recovered during IODP Expeditions 315 and 316. Bephge of the cores is between 48 mbsf (meters
below seafloor) and 128 mbsf. Quantitative X-rafjrdction analyses show a rather uniform compositio
of the silty clay samples. They consist of 16-25q&artz, 13-34 % feldspar, up to 14 % calcite, and
30-60 % clay minerals. Clays are 16-33 % smecBiB45% illite, up to 10 % kaolinite, and 15-30 %
chlorite (Qo and WNDERwOOD, 2012). Particle size distributions show 60-85%y¢l10-34% fine silt,
4-8% medium silt and < 0.3% of coarser fractionse Bamples were deformed in a triaxial cell, using
sample cylinders of 50 mm in diameter and up to &0 in length, under consolidated-undrained
conditions, confining pressures of 400-1000 kP&ladkisplacement rates of 0.01-9.0 mm/min, andaup t
~50 % axial compressive strain. Three types ofstestre conducted: (1) single step compression
experiments at constant confining pressure andladisment rate, (2) pressure stepping compression
experiments at constant displacement rate and thffiseent confining pressures, and (3) displaceimen
rate stepping experiments at constant confininggume and increasing displacement rate.

Bender element velocity measurements were carrigd doring the triaxial shear tests. While
increasing the confining pressure, p- and s-walecity measurements were conducted in 100 kPa.steps
After reaching the final confining pressure, poregsure relaxation was ensured by keeping the sampl
under static conditions overnight. During the defation phase of the experiment, p- and s-wave
velocities were measured in arbitrary time intesvahcorrect first arrival detection using an aubio
single trace algorithm, were identified by sortithg time series data into common shear test gathers
Primary, multiple, and converted phase were ideatiby seismic time series analysis. Manually picke
travel times in the common shear test gathers weed to calculate propagation velocity variatioms f
each experiment. A static correction removed medaik detecting the first arrival time. Based on
velocity data refinements, systematic changesaretastic properties can be determined and coecktat
changes in bulk density and pore space as welbasmpositional and microstructural differences
between the samples. Ultrasonic p- and s-wave wglageasurements yielded 300 — 2400 m/s for the
p-waves and 100 — 1000 m/s for the s-waves. Pfatsep versus the p-wave velocity show two different
developments during the experiments. The first grofusamples (e.g., KO18, displacement rate stgppin
shows a strong increase of the p-wave velocityu@d®350 m/s) during pressurization, which is atiiéol
to the closure of microcracks. During the singlepst a Vp increase of 200 m/s (first step) andradou
100 m/s during the second and third pressure stepbserved. The second group, (e.g., K019,
displacement rate stepping) shows a p-wave velaootgease of 800 m/s during pressurization and a
relatively high velocity level of 1650 m/s thereaftDuring the displacement rate steps, Vp is ikalbt
constant and increases only slightly (20 m/s in imaxn). Since Vp is an expression of the elastic
moduli, which is strongly correlated to diagen&tmnpaction and tectonic strain, the high veloaciyel
of sample K019 and the constant p-wave velocitynduthe single displacement rate steps points to an
overconsolidation of this sample. Our observatismggest that acoustic velocity is correlated topam
stiffness, effective stress, and may be used asxy for the burial and consolidation history.
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Synchrotron texture analysis of naturally and expeimentally deformed water-rich
sediments from the Nankai Trough offshore Japan
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Texture analysis of clays and clay rich sedimestagistandard X-ray goniometry is problematic due
to artifacts from sample cutting, high water comtamd polishing, as well as from severe beam
defocussing effects at small 2-theta angles. Becatithe short wave lengths (in the range of 0.12d
high energy, synchrotron radiation is a versatiel for fast multi-mineral phase texture analydrs.
contrast to X-ray goniometry, larger sample volurnas be measured, as the synchrotron beam has a
penetration depth at mm- to cm-scale, dependinghermaterial. This effectively reduces the surface
effects. We have carried out synchrotron textudyesms on a set of mudstone samples from the Nankai
trough and accretionary prism offshore Japan. Bngptes were recovered by IODP expeditions 315, 316
and 333 of the NanTroSEIZE project from a depthgeabhetween 25 mbsf (meters below seafloor) and
522 mbsf. Two different groups were analyzed: Fissimples were taken as recovered from drilling;
second, samples were additionally experimentalfprdeed in a triaxial deformation apparatus at Kiel
University up to axial strains of 46%. Accompanyipetrographic and fabric analysis yielded data on
composition, grain size, microstructure, and str&m average, the samples are uniform silty clays
composed of approximately 40% clays, 25% quart% 2&ldspar, and 10% calcite. Grain size fractions
range from clay to fine sand, with the clay frantinaking up 65-85% of the sample volumes.

Synchotron texture measurements were carried otlieaDORIS W2 beam line of the “Deutsches
Elektronen Synchrotron” (DESY) in Hamburg, Germahy.order to determine complete pole figures
sample cylinders of 2 cm in diameter and 2 cm nglle were measured in a phi angle-range from -90 to
+90° in 5° steps. A MAR 345 image plate detectos wastalled at a distance of 1.30 m behind the
samples. The detector data were analysed withdlpedi the MAUD software package (Lutterotti et al.
1997). To fit theoretical spectra to the measurath,dbackground level, sample detector distance,
wavelength as well as the necessary cell parametses set. An E-WIMV algorithm (modified from the
WIMV algorithm of Matthies and Vinel, 1982) was dder texture calculation.

Rietveld refinement results using MAUD show that ttompositions of the Expedition 333 samples
from the incoming plate differ from the relativeiniform Expedition 315 and 316 samples of the
accretionary prism. The differences in compositwe mirrored by differences in texture. For example
specimen 333-C0012C-4H-5 (25 mbsf) is mainly coreposf quartz and feldspar (68%) and 24% illite
with the illite showing a weak preferred orientatidhe accretionary prism samples display texttoes
illite, kaolinite and montmorillonite. In the deptange between 90 mbsf (sample 315-CO001E-11H-1)
and 220 mbsf (sample 316-C0006E-30X-1) there isargitong change in the degree of crystallographic
preferred orientation. One important observatiothé the textures relate to bedding parallel cartipa
rather than to tectonic deformation, as in zoneste¢p bedding (see Kinoshita et al., 2009) theimmax
of poles to basal reflections of the sheet siligatemain at high angles to bedding The synchroton
textures can be compared with the shape preferiedtations of sheet silicates seen in scannincfrele
micrographs (BSE images) of the Expedition 315 2t samples.

The results reflect a pioneering effort to use sytbn radiation to analyze the textures of weakly
deformed, highly porous, water-rich material in @rdto achieve quantitative full 3D texture
characterization. Our data are a proof of condsgatause the problem can be solved much easierr@ mo
compacted and stronger deformed material.
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Metasomatic fault weakening at the Moresby Seamourdetachment in the western
Woodlark Basin (offshore Papua New Guinea)
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The Woodlark Basin (east of Papua New Guinea) isrgthe most studied examples for an active
transition from continental rifting to seafloor spding. The submerged Moresby Seamount detachment
(MSD) is arguably the best exposed active detachffiaeit in the world, and is the candidate struetur
for future crustal break and ocean floor spreadMgny experimental studies indicate that continenta
lithosphere is too strong to be parted by plateotec forces, if brittle rupture is to occur in tgpl crustal
rocks. Yet geological evidence suggests that detaoh faults in rifts are weak, and can thus operate
under low differential stresses. However, nearfge¢hdecades of debate have failed to explain haialin
crustal weakening and sustained operation of detanhfaults occurs. While high fluid pressures sissi
in maintaining low strength of the faults in thette regime, other processes must be in operabon
create ductile mylonites (today exhumed at thelsegfcapable of aseismic flow at greater depth. A
fundamental process for this could be an enrichnoéritveak” minerals, like calcite or quartz in the
mylonites.

Using a dredged suite of 8 protoliths, 9 catacdasdénd 11 mylonites we carried out whole rock
compositional analysis to investigate mass tranafecesses, fluid source and fluid flow along th&
The results demonstrate that deformation is indeembmpanied by important metasomatic changes,
which are driven by a major active hydrothermalerysconnected to the fault zone. Immobile elements
(essentially Zr, Hf, and P) of protoliths and faubicks provide a reference frame for calculation of
material gains and losses during syntectonic diteraSi, Ca, and to a lesser extent K and Mn were
syntectonically enriched throughout the MSD, whihere is depletion in Fe, Ti, Mg, and Al. Mass
balance calculations show that deformation is ag@aoied by mass increase whereby 100 g of protolith
converts to 149 g of mylonitic fault rock due te tformation of numerous mesoscopic to microscopic
quartz and calcite veins and ongoing cataclastit @astic deformation. The enrichment in quartz and
calcite causes the switch from dominant brittleléminant plastic deformation at low differentiadests.
Continuous mylonitization is accompanied by comiunsl weakening of the fault rocks and widening of
the fault zone. Maximum estimated flow stress isMR2a, inferred from the dynamically recrystallized
quartz grain size. The time-integrated fluid fluruples fluid flow and chemical reactions and is
calculated as 3xfm*m? — 1x16m®m?, thus quantifying the MSD to be an important fleishduit. The
MSD with its intense metasomatic alteration repnesa focused discharge zone of a hydrothermal flow
system, likely present from the beginning of detaeht operation, and still exhibiting active vemghe
lowermost part of the outcropping MSD-surface.

We propose an important genetic link between fraof fluid flow, metasomatism, crustal
weakening, and the development of the MSD. Theaseleof crust-derived fluids appears to be a
mechanism for the localization and long-lastingrapen of low angle normal faults in the Woodlark
Basin.
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Deformation fabrics of quartz- and calcite-rich mylonites from the Moresby
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The Woodlark Basin (east of Papua New Guinea) atassic example of an active transition from
continental rifting to seafloor spreading. The sebgped Moresby Seamount detachment (MSD) is
arguably the best exposed active detachment fiawdtte world. The fault rock protoliths are domirgnt
mafic (gabbros, dolerites). Yet we observed faotks derived from these protoliths, which are iich
quartz and calcite. We infer that the infiltratiari calcite and quartz by hydrothermal fluids is
deformation related and an important weakeninggse@long the MSD.

To better understand the deformation switch frotaaasis to plastic flow and related weakening in
the MSD we analyzed the deformation fabrics of filnalt rocks by ligh-optical and crystallographic
preferred orientation (CPO) measurements that wanéed out based on automatically indexed electron
backscatter diffraction patterns. The mylonitic fabdisplays a small grain size and a polyphase
composition comprising not only quartz and calciiet also feldspar, chlorite, mica and minor phases
Chlorite forms either the foliation or representgakish, ultra-fine-grained chlorite matrix. Quart
displays subgrain rotation and bulging recrystatian microstructures. Calcite is arranged in layer
(stretched aggregates) and/or disseminated in ythanitic matrix.

The calcite porphyroclasts and recrystallized graisplay c-axis pole figures with maxima clos&to
Related a-axis orientations are subparallel toXMeplane. These CPOs are indicative of dominar sli
on the basal plane. The quartz CPOs, however, askav and more difficult to interpret. C-axis pole
figures display weak cross girdle fabrics whichegpto be rotated about 30-60° around the Y-dwacti
Strongest CPOs are shown by the r- and z-rhomboplderes. The weak CPOs suggest that the
accommodated strain is low or that other defornmatitechanism than dislocation creep considerably
contribute to strain accommodation in quartz.

The results indicate that the strong stretchingdtion of the fine-grained MSD mylonite samples is
mainly formed by calcite, as the calcite pole fegicorrespond to the kinematic framework. The quart
pole figures are in an oblique orientation to fida and stretching lineation suggesting a rotaton
relocation of the fabric after plastic flow of qtarThe following rheological development is propds
for the MSD: The detachment originally operatedcayaclasis accompanied by quartz and subsequent
calcite veining. When the amount of quartz was légbugh to cause a switch from dominant brittle to
dominant plastic deformation, monophase quartzr&ay®rmer veins) deformed by dislocation creep,
while fine-grained aggregates of quartz, feldsphlgrite and mica deformed by diffusion creep. ddadt
in the quartz layers, strain accommodation was lagvsoon as the amount of precipitated calcite was
high enough to form interconnected weak layersstaflow of calcite accommodates most of the
deformation as indicated by a strong mylonitic fabHence, the MSD is characterized by a continuous
weakening during ongoing activity. From cataclasisfinally plastic flow of calcite shearing of the
detachment required less and less differentiagstre
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Triaxial deformation experiments indicate strong sdiments at the deformation front,
and weak sediments at the rear of the Nankai accrenary prism

Michael Stipp", Malte Rolfs?, Yuijin Kitamura® and Jan H. Behrmarin

'Helmholtz-Zentrum fiir Ozeanforschung Kiel (GEOMGRrmany)? TU Hamburg-Harburg (Germanyj,JAMSTEC,
Yokusuka (Japan)

The NanTroSEIZE (Nankai Trough Seismogenic ZoneeExrpent) drilling project of IODP in the
SW Japan forearc is the first-ever attempt to eme instrument the updip end of the seismogenicgsar
a subduction zone. For the tsunamigenic potenfiahe active frontal thrust system in the Nankai
accretionary prism it is important to know if thedgments are dominated by localized brittle defaroma
and related near-surface fault slip, or altern&ivey distributed deformation and strain weakening
causing a strain-dissipative creep-like behaviars. ahswer this question, 17 core samples of IODP
expeditions 315 and 316 (e.g., Kinoshita et alg@Qdrom a depth range of 48-128 m below sea floor
were experimentally deformed in a triaxial cellngssample cylinders (5 cm in diameter, up to 10icm
length) under consolidated and undrained conditiangonfining pressures of 400-1000 kPa, room
temperature, axial displacement rates of 0.005¥0rifmin and up to axial compressive strains-48%.

After saturation and consolidation geotechnicabdeation tests at constant confining pressure and
displacement rate were performed in compressiorspile the consistent low depth range and the
lithological similarity of the sample cores, thergdes can be separated into two distinct ‘rheolalgic
groups’. The first sample group shows deviatoriakpstress after only a few percent of compressional
strain (<10%) and a continuous stress decreasepaféd conditions. Simultaneous to this decreaseeth
is a pore pressure increase indicating contradiehtvior characteristic of structurally weak matleri
(e.g. Sultan et al., 2004). The second sample gdmgs not weaken at all, but displays strengthening
characteristics until finite strain. These samles structurally strong (e.g. Sultan et al., 2004y they
are characterized by a decreasing pore pressuheingteasing compressional strain indicating dilata
behavior after a maximum pore pressure at <10%nstfa few exceptional samples with somewhat
intermediate behavior weaken only moderately telatively high residual strength level or they shaw
steady-state like behavior at constant deviatisteess. Their pore pressure/strain-relationships
correspond more or less to what is commonly expleftie structurally weak material with some slight
variations.

The structurally strong samples tend to be oveaieed and are all from the drill holes at the td
the accretionary prism, while the weak and prefeéa#y underconsolidated samples are from the hamngi
wall of the Megasplay fault. This geomechanicalrabterization corresponds to the tectonic dispmsiti
of more distributed deformation and folding at tpasm toe and strong faulting and localized
deformation in the Megasplay zone. Hence, we patuihat brittle faulting of the structurally weak
sediments of the Megasplay zone in response toge lkseismic event is capable of producing surface
breaks generating tsunamis. In contrast, the siraity strong sediments from the accretionary prism
are more amenable to slow, stable slip and digeibdeformation (folding) within large volumes. The
observed difference in rheological behavior is ¢f@re a key for understanding strain concentratiod
brittle faulting within the rather uniform silty dnclayey sedimentary sequence of the Nankai
accretionary prism.
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Experimental deformation of partially molten aplite in simple shear
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(USA),’Department of Geography and Geology, Universit€openhagen (Denmark)

The strength of the intermediate and lower crusigsificantly affected by partial melting depenglin
mainly on rock composition and geothermal gradi€he tectonic processes which are important fot mel
distribution and transport and which result in tausveakening are not yet well understood. Natural
migmatites are usually overprinted by annealing @atbgression during uplift and exhumation, laygel
obliterating the deformation structures and miatagtres of their partially molten history. Defortoa
experiments on partially molten crustal rocks hawefar been conducted in pure shear geometry and
mostly under low confining pressures in the britkformation field, both of which are not represéine
of nature. We carried out deformation experimentsimple shear that predominates in the crust and
especially crustal shear zones. Undrained expetsneare carried out on Enfield aplite at ~1.5 GPa,
900°-1000°C, anek 5*10° s?, conditions which favor crystal plastic deformatiof quartz and feldspar
(DellAngelo and Tullis, 1988). Sample slices 1.8-Inm thick were placed between the shear pistons
with the shear plane at a 45°-angle to the comjaesdirection. Maximum shear strain in the
experiments ig ~ 2.8. Despite difficulties in controlling the melbntent by varying the amount of added
water, we were able to achieve the full range dflérto crystal plastic deformation mechanismstiwi
decreasing melt content Enfield aplite displaysaadition from discrete fracturing at a high an@téo0-
90°) to the shear plane (>20 vol.% melt), to castot shearing (10 - 20 vol.% melt) and to cryptaktic
deformation (<10 vol.% melt) with shear bands &waer angle (~10-50°). Stress-strain records of the
cataclastically and plastically sheared samplgsayssignificant weakening after yielding, whilense of
the fractured samples with high melt content weeakvfrom the beginning of shearing. The strong
dependence of deformation mechanism on melt comeptimarily due to the undrained experimental
conditions; drained conditions were technically featsible in our high pressure/high temperaturaipet
Similar transitions in deformation mechanisms h#&een observed with increasing temperature or
decreasing strain rate (decreasing differentiassl Plastic deformation of the aplite is indidaby
dynamic recrystallization microstructures of quaatm initially also of albitic plagioclase. Fineagred
polyphase shear band layers of plagioclase, quiérfeldspar and some mica and other minor mineral
phases are suggestive of diffusion creep and draumdary sliding. Melt is concentrated along shear
bands. In the samples with dominantly cataclastat laittle deformation, the segregation of the raek
the transport inside the fractures appears to be mibective as most of the melt occurs in thettrees
and at the sample-piston interface and not didibas it is the case in the plastically deformmues.
Melt concentration during plastic deformation causeakening (e. g., Holtzman et al., 2003) thasadd
the likely weakening by grain size reduction andsbgar zone/shear band-formation in these samples.
The combination of these processes might reslttcal weakening of the intermediate and lower crust
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Fluid-enabled inversion of half-grabens in unconsadlated Upper Pleistocene sands
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In an open sand pit near the Osning Thrust, an tJppeEstocene alluvial-aeolian complex (the so-
called Upper Senne) is exposed. These unconsalida@iments contain a set of syn-sedimentary half-
grabens that have been partly inverted (see figW& connect the structural development with the
lithospheric stresses caused by the Late Pleistoicensheet and related movement on the OsningsThru
(Brandes et al., in press).

N S

pre-growth strata | | growth strata

Fig. 1: Series of inverted half-graben structungsosed in the Oerlinghausen sand pit. Note
the thickening of beds towards the fault, indicatiof syn-sedimentary movement. The
stereographic projections show the consistent m@utth dip of the faults. The panel shows the
outcrop situation in May 2009. Scale bar 1m, (talkkem Brandes et al., in press).

The “graben bounding faults” are only distinguisieaby their (lighter) colouring (see figure). They
are thin (1-3 cm thick) and, as can be seen, theeno shortcutting during inversion. Material e t
fault zone is unconsolidated and partly consistiwélized sand that was mobilized by overpressured
porewater during earthquakes (Brandes & Winsemsuiom.). There is widespread evidence for excess
pore pressure during seismic activity (i.e. saras| Brandes & Winsemann, subm.). In some cases
fluids from sand dykes can be seen to have mignatefirentially into the faults. We propose tha th
fault material was more porous than the surroundmaderial and used the resulting fluid capture retyri
overpressuring to allow the inversion to take place
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Scales of deformation within a compressional flowestructure modelled by varying
the amount of fault-zone complexity
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We analysed a 120m long and 20m high fault zonéimviTriassic limestones. It form part of a
transpressive positive flower structure that oytsran the Leine Valley in the central German state
Lower Saxony. The fault surface topography was rdeteed with a LIDAR device with a spatial
resolution of 4 cm. We ascertained 5 fabrics orfélé surface, they are, in order of decreasiag:si

1. 20m long and 5m short segments, which are ReduEr surfaces,

2. each long segments is helicoidal,

3. a strong relationship between fault angle arttiing stiffness,

4. ca. 4m wide zones of positive and negative Ganssirvature, and

5. a dip-direction parallel fabric with amplitudefsca. 5 cm.

Our analysis shows this was a sinistral strike{gligt that was later reactivated as a dip-slipishr
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Obliqgue shaded-relief image of the fault as deteemiby LIDAR. Short segments are indicated by astawabrics
1-3, as mentioned in the text, can be seen inefief r

Using the fault geometry reduced to the differesales of the fabrics, we show the resulting strain
around the fault when the fault blocks are kineo@dlty displaced. The strain distribution is detered
by the kinematics and fault geometry, the straiangities increases with the resolution of the modé
show how simplification of the fault geometry caad to gross underestimation of the related strain
the fault near-field.
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Intra-oceanic subduction initiation caused by sheaheating: What are the odds?
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Subduction is one of the main features of plateotecs, yet it remains unclear how subduction sthrt
on Earth. Shear heating has been proposed to play@ortant role in i) creating deep focus as vasl|
intermediate-depth earthquakes (Ogawa, 1987) andrdéating lithospheric-scale shear zones, thus
creating a weak decoupling interface that enahlbsexjuent subduction initiation.

To understand the physics of this mechanisms, Kaulodladchikov, 2006 conducted a scaling
analysis for simplified viscoelastoplastic rheoksgyand found that the boundary between localizatizh
no localization is quite sharp. Crameri & Kaus @Phnd Lu, Kaus, & Zhao (2011) extended this
analysis to more realistic lithospheric setups dathonstrated that shear heating induced lithospheri
scale localization might occur for Earth-like parders. It is however unclear if a lithospheric-ecsthiear
zones on its own evolves into a subduction zone.

Here, we use numerical models to adress the guestishear heating induced subduction initiation.
In the framework of our models, we can identify rfalifferent regimes, of which two show subduction
initiation. We then develop scaling laws that aldeato predict the behaviour of our models, thus
providing means to better understand the physisher heating induced subduction initiation.

Our results suggest that shear heating inducedustibd initiation is more likely to initate in a
lithosphere consisting of dry olivine rather thaetwlivine. A large plate age does not necessarily
increase the potential for subduction initiatios,iaincreases the potential for convective insii#s to
occur.

References

Crameri, F., & Kaus, B. (2010). Parameters thatrobfithospheric-scale thermal localization orréstrial planets.
Geophysical Research Letters, 37, doi:10.1029/2QD23921

Kaus, B., & Podladchikov, Y. (2006). Initiation lofcalized shear zones in viscoelastoplastic rodtsrnal of Geophysical
Research, 1110i:10.1029/2005JB003652

Lu, G., Kaus, B., & Zhao, L. (2011). Thermal loealiion as a potential mechanism to rift cratésysics of the Earth and
Planetary Interiors 111,doi:10.1029/2005JB003652

Ogawa, M. (1987). Shear instability in a viscoetastaterial as the cause of deep focus earthqua&asal of Geophysical
Research, 92, 13,801-13,810

99



Microfabrics and deformation mechanisms of hydrocabon-bearing
Gorleben rock salt
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The Gorleben salt dome in northern Germany has le@stigated for the last decades as a possible
site for nuclear waste disposal. Rock salt is \wnyable as host rock for waste disposal, becatiieeo
specific barrier properties of rock salt (low peabiity, low porosity and low water content). Aliingh
the fluid-controlled deformation mechanisms of r@at are well known (e. g. Schulze, 2007, Urai &
Spiers, 2007), the behaviour and the pathways wéidl during diapiric emplacement of salt are not
completely understood.

Hydrocarbons are assumed to migrate from subjaZenhstein carbonates into the Gorleben salt
dome (mostly autochthonous Zechstein products ftioenmal alteration of the organic matter of the
StalRfurt-Karbonat, Gerling et al. 2002, Bornemainal.e¢ 2008). They occur f.i. in the cross cut Istia
the first exploration area (EB1) and play a siguaifit role in the discussion about the suitabilitythe
Gorleben salt dome as an adequate storage plabeyfdy active nuclear waste. The distribution leége
hydrocarbons within the salt dome is object of ggmal exploration restarted in November 2010. Our
structural research is focused on the relation éetwstrain and hydrocarbon distribution in the Gweh
Hauptsalz (z2HS).

Samples from 6 m long horizontal drill cores froross cut 1 west (depth ca. 840 m) reveal presence
of fluid inclusions (brines and hydrocarbons) dfedent sites: (1) halite grain boundaries, (2)\atitie
clusters or inclusions, (3) artificial cracks in EBamples or caused by sample preparation. Fluid
inclusions occur in various shapes. Bubbles, dripeanching networks, vermicular lines and fluich$
display a manifold inventory of different types ftiid inclusions. Especially intracrystalline anhiyd
inclusions are covered by stripes and bubbleswéidl Fluorescence microscopy shows that artificial
cracks may contain thin films of hydrocarbons, kuger entering immediately after cracking. Forsthi
reason, brittle fractures (originating during irgese diapiric uprise or from EDZ and sample prepam
seem to be the main pathways for fluid migratiomoss salt structures (see Zulauf et al., 2010).
Additionally, clusters of anhydrite crystals havapiped hydrocarbons due to their enhanced porosity.

The halite grains reveal strong subgrain fabricgerAge subgrain sizes are ranging from 113 to
231 um and indicate low stress differences (0.98-MPa). The differential stress does not show a
correlation with the amount of hydrocarbons. EBSialgses of halite suggest that subgrain rotation
recrystallization (SGR) played a minor role ashswn by the majority of the misorientation anglés o
the subgrains.
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Deformation mechanisms active during catastrophicack failure:
preliminary results.
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A number of catastrophic geological scenarios saglearthquakes, landslides, or meteorite impacts
are characterized by a sudden stress release fiofjavperiod of short or long lasting loading. Frtme
study of naturally deformed rocks we suggest thabmasiderable amount of deformation is occurring
during this highly dynamic phase of unloading. ®sttthis hypothesis deformation experiments under
triaxial conditions ¢1, 62 =63) have been performed on gabbro and granite sarmole the Odenwald
massif (Germany).

The starting material presents a homogeneous nigobgre free from internal deformation.
Cylindrical samples of 100 mm diameter and 200 rangih have been used for this study.

The experimental set up consists of an externabtdd pressure vessel mounted on a frame able to
produce uniaxial loads up to 3000 kN. The chosepeemental conditions are a sample confining
pressure of 1500 bars and sample temperature 6C20Mis corresponds to a depth of 8 km assuming a
geothermal gradient of 25°C/km.

Catastrophic rock failure is produced by a suddelease of confining pressure, according to a
procedure tested by Weiss and Wenk (1983) on afraddiriggs apparatus. In our case, a complete
release of confining pressure is achieved withge&onds due to the very low viscosity of the cangin
medium. Sample failure occurs within this time mgd.

The produced deformation zone consists of a shiagodal fracture inclined about 60° from sample
long axis.

The material present on the fracture walls conta pulverulent layer of about 1 mm thickness,
white in color. SEM investigations reveal the prese of a very fine comminuted material, at sub-
micrometer in size.

Further energy dispersive spectrometry and X-réfyadition analyses are planned to characterize in
more details the nature of this fault gauge.

References
Weiss and Wenk (1983): Experimentally produced gestachylite in Gabbro. Tectonophysics 96, 299-310.

101



The long-term creep behavior of rock salt in nature
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The rheology of rocksalt under low differentialests and very low strain rates is of fundamental
importance for the predictions of long-term stapibf nuclear waste repositories, and our undedstan
of the dynamics of salt-related sedimentary basihieh host the majority of oil and gas accumulation
on Earth, but estimates of this rheology vary avamny orders of magnitude and are subject of much
controversy.

Here we compare (i) in 3D seismic images of theh&gxn salt giant in NW-Europe the position,
shape and density of isolated Anhydrite - Dolomitelusions formed by tectonic disruption of initial
sedimentary layer, and (ii) estimates of their geddonal sinking velocity over the Tertiary, witfi)
numerical simulation of the gravitational sinkingtikese inclusions through salt over geologic tusang
the competing rheologies (Newtonian and Power-leavjesponding to solution-precipitation creep and
dislocation creep and conclude that the salt sadimg the inclusions can not have deformed by
Newtonian solution-precipitation creep becauseitibkisions would have sunk to the bottom of the sal
during the 60 Ma of tectonically quiet Tertiary.

This is in agreement with the ubiquitous structofgrain boundaries in Zechstein salt, in which the
small but omnipresent brine phase is arrangedailatisd fluid inclusions separated by water-freargra
boundary which does not allow solution-precipitatiprocesses so that the only possible deformation
mechanism is dislocation creep. Recent results gshatat the differential stress levels found acbtire
stringers the grain boundary fluid films indeed lgeointo such grain boundary inclusion arrays. Our
results provide strong constraints for the longrteneology of Zechstein salt, and point to a compées
yet poorly understood constitutive behavior undenditions where these grain boundary films are
activated and deactivated in a nuclear waste repygsi

* Presented at the workshd@ignificance of long-term deformation and permégpof rock salt and
clay for storage and waste disposal”
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Evaluation of Crystallographic Preferred Orientations applying whole pattern
deconvolution method
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Quantitative texture analysis (QTA; texture = cajlsigraphic preferred orientation) of polycrysteds
usually performed on a small number of diffractipole figures. In Geosciences, this is practical for
monophase samples and, from time to time, for sasnpbnsisting of only few high-symmetrical mineral
phases. However, many rocks consist of low-symeatdonstituents and/or the number of constituents
is large, leading to complex diffraction patternghwmany peak overlaps. In such cases a different
approach is recommended.

If diffraction patterns comprising a sufficientlyide d-range {: lattice spacing) are recorded, the
concept of RETVELD structural refinement can be combined with the QR#etveld (1969) introduced a
method to evaluate the crystal structure from adgevsample diffraction pattern. Analytical functson
were added later on to the basal algorithm, allgwior simple texture corrections (e.g., Dollase @98
More recently, methods of modern texture analyssewncluded, leading to the possibility to detereni
crystal structure, texture and residual strain #immeously (Von Dreele, 1997; Lutterotti et al. 9T
Particular algorithms are implemented in ®\sandmMAUD software packages (Larson and Von Dreele
2004; Wenk et al. 2010). In the following we use MauD software to evaluate the mineral textures of a
retrograded eclogite sample* and to demonstrateativantage of so-called 'Rietveld Texture Analysis'
(RTA) over QTA from diffraction pole figures.

Diffraction spectra were recorded at the TOF neutdiffractometer SKAT in Dubna, Russia
(Ullemeyer et al. 1998) using a 5x5° measuring dtiis infers, that in total 1368 spectra have been
obtained from the sample). First, as many poleréguas possible were extracted from the diffraction
spectra and QTA was performed applying e algorithm (Matthies and Vinel 1982). QTA was
possible for two phases only (almandine, omphacitg)both phases peak overlaps with low-intensity
reflections of the other rock constituents haddabcepted. Second, RTA was applied to the santd set
diffraction spectra, revealing the textures ofratik constituents.

The random texture of almandine can be confirmedbbth methods, whereas corresponding
recalculated pole figures of omphacite show difiees. The muscovite (001) pole figure obtained by
means of RTA and the experimental muscovite (0@l¢ figure are different as well. All the observed
discrepancies can be mainly attributed to the ttzatt the pole figure extraction from complex diéftian
spectra is usually not free from peak overlapseast leading to erroneous texture determinatidhgs
may be of particular importance for the predictmfnthe anisotropic physical rock properties frone th
mineral textures. Modelling the elastic moduli aflbrock as an example shows that, in fact, difiess
are valid.

The results indicate that RTA offers advantages sta@ndard QTA. In particular, the textures of all
phases in polymineralic rocks can be determinedtdugn important property of applied method: the
deconvolution of the recorded experimental spectintm particular mineral spectra. Also, phase vaum
fraction could easily be obtained from the sameo$efata. Nevertheless, we want to point out thigh'
guality' input data are essential and that theutest of phases with low volume fractions should be
judged with care.

* consisting of almandine 23.8%, omphacite 37.5%soovite 19.3%, quartz 4.0%, albite 9.6%, hornbiehd%.
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Heat flow in the Southern Chile Forearc controlledby large-scale tectonic processes
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From north to south, the Southern Chile forearaffscted by the subduction of the aseismic Juan
Fernandez Ridge, a number of major oceanic frazares on the downgoing Nazca Plate, the active
Chile Ridge spreading center, and underthrustinghef Antarctic Plate. The tectonic structure is
characterized by intense deformation of the lowettioental slope within a variably wide accretignar
wedge. In places the middle and upper slope ictaifieby out-of-sequence overthrusting and by normal
faulting. In the area of the Chile Triple Junctiah46°S latitude most of the forearc is destroygd b
subduction erosion, to be rebuilt further southsbgiment offscraping and accretion from the Antarct
Plate.

The Southern Chile forearc has been intensivelyoeag by reflection seismic surveys, and has been
drilled by the Ocean Drilling Program during twopexlitions (ODP Leg 141 - Behrmann et al., 1992;
ODP Leg 202 — Mix et al., 2003). The widespreaduo@nce of gas hydrates has been known for some
time. Regarding the analysis of reflection seissactions we have used data of R/V SONNE Expeditions
101 and 161, R/V VIDAL GORMAZ Expeditions VG02 antG06, and R/V ROBERT CONRAD
Cruises RC2901 and RC2902. Using bottom water tesstyoe data obtained from the World Ocean Data
Base (NOAA) and an acoustic velocity model constdifrom the seismic sections, and measurements
of temperature, thermal conductivity and acouséeity from ODP boreholes, we use the position of
the Bottom Simulating Reflector (BSR) in reflectisaismic sections to estimate the heat flow through
the forearc in an area between 32°S and 47°Sdatitu

Heat flow in most of the upper and middle contiméstope is on the order of 50-80 mWnirhis is
normal for continental basement and overlying slepdiments, and is true also for those parts in the
south of the area that are being underthrustedobyybung oceanic crust. The middle and lower sppe
however, in some places display up to 50% increlsedl flow. Here the sea floor is underlain by zone
of active deformation and accretionary wedge bogdiThis observation cannot be easily reconcilet wi
models of conductive heat transfer, but is an mithe that advecting pore fluids from deeper in the
subduction zone may transport a substantial pahieoheat there. The size of the anomalies indsduizt
fluid advection and outflow at the sea floor isfasle rather than being restricted to individualltfau
structures, or mud volcanoes and mud mounds,ths isase in other convergent margins.

Two large areas with higher heat flow correlatepace with tectonic phenomena, however. Firstly, on
the lower slope above the subducting Chile Ridgé648, values of up to 280 mWhindicate that the
overriding South American Plate is effectively lehby subjacent zero-age oceanic plate materia on
regional scale. Secondly, offshore Valparaiso, ghgection of the subducting Juan Fernandez Ridge
defines a large area of scattered positive heat fliaxima located on the middle continental slopel a
broadly connected to the Valparaiso Basin. We stispieat these could be connected to zones of
increased hydraulic conductivity at depth in regsoto deformation and fracturing above the subdgcti
Juan Fernandez Ridge.
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Terrane accretion at active continental margins: Nmerical Modelling

Katharina Vogt and Taras V. Gery&

! Institute of Geophysics, Swiss Federal Institut&afhnology (ETH-Zurich), CH-8092 Zurichinstitute of Geology,
Moscow State University, RUS-119899 Moscow

The oceanic floor contains allochthonous terramesir(ct ridges and arcs, continental fragments and
volcanic piles) that move with the oceanic crustl anay collide with continental margins to form
collisional orogens that are believed to have dbuted to the growth of the continental crust (&gn-
Avraham et al., 1981).

The dynamics of terrane accretion and its implaratn relation to crustal growth were analyzed gsin
a thermomechanical-pertological numerical modedrobceanic-continental subduction zone. The model
is based on the i2vis code (Gerya and Yuen, 200@) solves the governing equations of mass,
momentum and energy for a viscous-plastic rheology.

Our results indicate that allochthonous terraneg saé@duct or accrete depending on their rheological
strength and the negative buoyancy of the downgsliaig, which is imposed by its thermal structure.

Subduction of cold and dense oceanic lithosphetpled with the collsion of rheologically strong
terranes results in deep subdution. Crustal matemey be subducted back into the mantle or be
incorporated into active arcs that form above thereding plate. Terranes with a weak crustal strec
that are embedded in young oceanic lithospher&easeprone to subduction and may be accreted in for
of collisional orogens and accreted terranes. Weeaktal material is scrapped off the downgoingeplat
and added to the continental margin, which leadspad growth of the continental crust and may Itesu
in plate failure associated with slab break offcéises where slab break off occurs a new subduntioe
Is formed behind the accreted terrane.
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Tectonic control on submarine mass wasting off Cerdl Chile

David Volker and Jacob Geersen

GEOMAR | Helmholtz Centre for Ocean Research, Wisislr. 1-3D-24148 KielGermany

Submarine landslides are an important but undemestid geological hazard. They can destroy
offshore installations like cables and oil platfe;nand generate destructive tsunamis that can @éwas
populated shorelines regionally. Off Central andtS8ern Chile more than 60 submarine landslides were
identified based on a unique bathymetric datasat tias continuously extended and refined over
16 years and 16 scientific cruises and that noweiow 90% of the continental margin. Despite of the
good documentation, still little is known about tmechanisms that caused the individual slope failur
events, about the frequency of such events andration to the powerful earthquakes that hagpsne
each 50-100 years.

To investigate the preconditioning and triggeringcimanisms for the landslides we combine the high
resolution swath bathymetric data set with reflattseismic profiles and sediment-echosounder data.
particular we focus on how the tectonic regimet #ignificantly varies along-strike, impacts on tiipe,
shape and frequency of slope failures. Furthermeee,investigate how the direct and instantaneous
seismic loading generated by the magnitude 8.8 &B&althquake that ruptured parts of the study @mea
the 27 February of 2010 impacted on the slopelgtat$uch a comparison is possible as we mapped th
rupture area bathymetrically before and shortlgrate earthquake.

Our results indicate that the spatial occurrencevofgroups of landslides - lower slope collapsed
failures that affect the entire slope - are clogelgted to the tectonic segmentation of the fareand
that the long-time tectonic stress regime is a méotor preconditioning slope failure. The seismic
loading by the Maule earthquake, on the other Haad surprisingly little effect in triggering km-giz
submarine landslides, albeit steep slopes, ubigustenass wasting of the past and extreme vertical
acceleration in the rupture area.
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New Approaches in Rock Deformation and Recrystallstion Analysis at POWTEX
Neutron Diffractometer, FRM Il Germany
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Bent T. Hansehand Werner F. KuHls
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Geowissenschaften, Universitat Kiel, Otto-Hahn-Ptht D-24118 Kiel, Germany

For the quantitative analysis of crystallographieferred orientations (CPOs) neutron diffractiols ha
become a vital tool due to the high penetrationabdpies of neutrons. Quantitative texture anayisi
commonly used for the investigation of fabric deyshent in mono- and polyphase rocks, their
deformation histories and kinematics. Furthermdne tuantitative characterization of anisotropic
physical properties by bulk texture measurememsesachieved.

The new neutron diffractometer POWTEX (POWder artXilire) is designed as a high-intensity
diffractometer at the research reactor FRM Il irchang, Germany by groups from the RWTH Aachen,
Forschungszentrum Jilich and the University of @g&én. The design of POWTEX is complementary to
existing neutron diffractometers (SKAT at Dubna,sBa; GEM at ISIS, UK; HIPPO at Los Alamos,
USA; D20 at ILL, France; and the local STRESS-SRIEG SPODI at FRM 1) as it is focused on fast
(texture) measurements for either time-resolvecegrents or the measurement of larger sample series
as necessary for the study of large scale geologjicectures.

By utilizing a range of neutron wavelengths simudtausly (TOF-technique), a high flux
(~ 10 n cm?s™?) and a high detector coverage (9.8 sr) effectdxture measurements without sample
titing and rotation are standard. Furthermore th&rument and the angular detector resolution is
sufficient for strong recrystallisation texturesvesll as weak textures of polyphase rocks. Thetalye
sample environments will be implemented at POWTEMwang in-situ time-resolved texture
measurements during deformation experiments orsadgkce and other materials. In addition a fuenac
for 3D-recrystallisation analysis of single grawdl be realized complementary to the furnace that
already exists for fine grained materials at thackyotron beamline BW5 at HASYLAB, Germany
(Klein et al. 2009, and references therein).

The in-situ triaxial deformation apparatus is operated by etemechanical spindle drive with a
maximum axial load of 200 kN. The deformation appas will be redesigned to minimize shadowing
effects on the detector. The HT experiments wilcheied out in uniaxial compression or extensiod a
an upgrade to triaxial deformation conditions isisaged. The load frame can alternatively be used f
ice deformation by inserting a cryostat cell fomperatures down to 77 K with a triaxial apparatus
allowing also simple shear experiments on ice.ilbt@es range between i@nd 10 s* reaching to at
least 50 % axial strain. The furnace for the rdafiigation analysis will be a mirror furnace with
temperatures up to 1500° C, which will be rotatabteund a vertical axis to obtain the required
stereologic orientation information.
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Structural Evolution in the Aar Massif (Central Alp s): First attempts of linking the
micron- to the kilometer-scale

Philip Wehrens, Roland Baumberger and Marco Herwegh
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The Aar massif belongs to the external massift©iefAlps and is mainly composed of granitoids and
gneisses. Despite numerous detailed studies ipabedecades, the overall exhumation history aed th
associated massif internal deformation (internadistdistribution and its evolution in time, kinetica
etc.) are largely unknown at present. In this pripjee aim to investigate the role of shear zonethe
deformation history at a variety of scales. In tostext it is important to understand their mitnostural
evolution, the involved deformation processes, kiagcs and relative ages as well as the associated
changes in rheology.

A GIS-based remote-sensing structural map, verifigdfieldwork, (see Baumberger et al., this
volume) served as base for our investigations.dlathical differences between the units (CentraleAar
granite, ZAGr; Grimsel granodiorte, GrGr and gnesdscause strain to localize along these contacts.
Furthermore, the initial magmatic differentiatiom ithe granitoids locally controls the Alpine
deformational overprint because of differencesfiaative viscosity during solid-state deformatidrhis
behavior is illustrated by the increase of foliatimtensity and the number of shear zones per rock
volume from ZAGr to GrGr.

Preliminary results show that deformation at thbddndary of the Aar massif has to be distinguished
from the central and the southern part. In the INstéep NE-SW trending foliations and shear zorids w
subvertical lineations represent the major stréstuifhe shear zones acted both as normal faultasand
reverse faults, which mostly used pre-existingolitigical boundaries between the different gneissun
In a later stage, E-W trending shear zones andr siaals with moderate dipping angles cross cut the
earlier structures. They always show a top to tbetiNcomponent and might be related to the lat¢hnor
directed movements of the Aar massif. Yet, no alis@ge dating has been performed on such strgcture

The central and southern part have NE-SW (dip attirt@C0-180°) and NW-SE trending shear zones
dissecting the Central Aar granite (ZAGr). The shamnes, mostly with steep lineations, are of deicti
origin sometimes overprinted in a brittle mannegafk shear sense indicators of NE-SW structurew sho
south block up and down movements for individuaashzones. In addition some of these strike-slip
shear zones have both subhorizontal and subvefiedtions. They may represent a late strike-slip
reactivation of earlier vertical movements.

Crosscutting relationships indicate that the NWsBEar zones are younger than the NE-SW ones, and
acted as dextral strike slip zones (subhorizomehtions).
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Petrological and structural observations along théNestos Shear Zone in southern
Bulgaria with emphasis on grandite-cpx-bearing rock

A. Katrin Wellnitz, Thorsten J. Nagel and Nikolaa®itzheim

Steinmann-Institut, University of Bonn, D-53115 Bon

We describe the Nestos Shear Zone in the areanaleil village, SW Bulgaria. This shear zone
represents the base of an Eocene crustal wedgsepadates two major tectonics units of the Rhodopes
the Lower Allochthon in the footwall from the stturally higher Middle Allochthon in the hanging wal
It is defined by an about 2 km thick mélange zorectv consists of various high-metamorphic rocks
including garnet-micaschists, amphibolites, ortteges, marbles, and eclogites. From two localities
Greece, microdiamonds have been reported as inokisn garnets from micaschists. In our study area,
garnets in similar rocks from the same structuraél display exsolution of rutile needles and isans
of highly ordered graphite which have been desdrihdJHP-metamorphic rocks elsewhere.

Amphibolites close to the protolith boundary cont&nses of spectacular calcsilicate rocks. These
consist mainly of grandite garnet (10 - 30% andeadiomponent) and diopside- hedenbergite
clinopyroxene. Additionally, they contain epidotquartz, plagioclase, and occasionally calcite.
Irregularly-shaped lenses of these rocks meastwe31meters in diameter. The surrounding amphigolit
is banded and consists mainly of hornblende, ptdgse and pyroxene. Element maps and back-scattered
images reveal a patchy zonation in garnet whichimerpret as growth zonation. In some samples,
pyroxene shows an oscillatory zonation which sutggéisat fluid mobility and chemistry played an
important role during formation. We present edmilim assemblage diagrams calculated with
THERAIK-DOMINO software and discuss the stabilignge of observed assemblages and the relevance
of CO, content in coexisting fluids.
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Strukturgeologisches 3D-Modell des Nordcampusberdies der Georg-August-
Universitat Gottingen — eine erste Naherung

Henrike Werner Bernd Leis} Till Heinrichs' and David C. Tannér
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Der Nordcampus der Georg-August-Universitdt Godimgliegt im Bereich des 0dstlichen
Hauptstorungssystems des NS-verlaufenden Leinat#gs. Im Bereich des Nordcampuses weist das
NNE-SSW streichende Storungssystem einen Ost-Westisenden sinistralen Versatz auf. Dieser
komplexe Stérungszonenbereich liegt in einem mdggwechen Talbereich ist von teilweise méchtigen
Quartarsedimenten bedeckt, so dass der Storungsf/bdw. —versatz der Gesteine des Keupers und Jura
gegen die des Muschelkalkes nicht direkt kartiestden kann. Die Kenntnis der strukturgeologischen
Situation dieses Bereiches spielt aber sowohl mbhtik auf das Verstandnis der regionalen Entwicglu
des Leinetalgrabensystems (vgl. z.B. Vollbrecht drahner 2012), als auch fur die Erkundung des
oberflachennahen und tiefengeothermischen Poten{siehe Leiss et al., dieser Band) und die
hydrogeologische Situation hinsichtlich der GéténgVasserversorgung eine Schlisselrolle.

Im Zuge der Erkundung bzw. ErschlieBungsmal3nahnvegier oberflaichennaher geothermischer
Sondenfelder (ein Feld bis zu 40 Sonden a 140myevurzunachst zwei Erkundungsbohrungen fur
Thermal Response Tests (Teufen 30m/150m) und zavel®@m voneinander entfernte Bohrungen fur
Grundwassermessstellen (Teufen 140m/132m) niedexga Die in dieser Arbeit durchgefihrte
Bohrkleinauswertung erlaubt eine stratigraphischamoinung und in Kombination mit den
Bohrkleinauswertungen sehr flacher Bohrungen (bmx.ml2 m) eines alteren hydrogeologischen
Gutachtens (Meischner 1980), der geologischen HKgrtmdlage des Umfeldes und den
strukturgeologischen Aufnahmen der siidlich des GesianschlieBenden Ebelhof-Uberschiebungszone
(Heinrichs 2012) eine erste Naherung an ein strgktlogisches 3D-Modell.

In den Bohrprofilen wurden vor allem die Gesteires @beren Muschelkalks und des Unteren bis
Mittleren Keupers angetroffen. Die Bohrprofile kéam lithologisch gut miteinander korreliert werden
und belegen, dass sie sich alle noch im Graberennbefinden und die Hauptstorungszone folglich
Ostlich verlaufen muss. In allen Bohrprofilen kaemtdie Ceratitenschichten (mo2) bestimmt werden,
allerding ist in keiner der Bohrungen der Trochki@lk (mol) zu identifizieren, der aufgrund der Teeuf
der Bohrungen zu erwarten ist. Grinde dafir koneiee Schichtverdoppelung der Ceratitenschichten
oder ein Aussetzten des Trochitenkalks aufgrund Stiimungen oder einer Antikline (Heinrichs 2011)
sein. Anhand réntgendiffraktometrischer Analysenriken in den Bohrungen auch dolomitische Banke
nachgewiesen werden, die ein Hinweis auf den NétleMuschelkalk sein konnten. Dies wiurde
bedeuten, dass der mol nicht vorhanden, sehr gediclgig oder, sehr untypisch, ohne
Crinoidenstielglieder ausgebildet ist.

Auf der Basis aller genannten Daten wurden fir @BsModell die Basisflachen des Unteren
Muschelkalks und des Keupers interpoliert und zumsam mit den bereits kartierten Stérungen und
Schichtgrenzen sowie mit Hilfe von bereits gemesserschichteinfallen modelliert und liefert einen
wichtigen Beitrag fur das in Entwicklung befindleelhegionale Strukturmodell.
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Experimental boudinage of anhydrite in rock-salt marix: The impact of bulk finite
strain geometry

Gernold Zulauf', Janet Zulaut, Michael Mertineit? and J6rg Hammér

'Goethe-Universitat Frankfurt/Main, Altenhoferall2geD-60438 Frankfurt/Main’Bundesanstalt fir Geowissenschaften und
Rohstoffe, Stilleweg 2, D-30655 Hannover

In the present paper we are focusing on boudindge single layer of anhydrite (Gorleben deep
borehole 1004) embedded artificially in weaker Assek salt (Speisesalz Na2SP). Coaxial deformation
of the anhydrite layer results in boudins, whiclowhdifferent geometry depending on the bulk finite
strain fields (plane, constrictional and flatteniognditions). Parts of these studies have alreanb
published (Zulauf et al., 2009, 2010, 2011). Here,will show and discuss the impact of the bullaistr
field on the geometry of the deformed anhydriteelaythe latter being oriented perpendlcular to the
principal shortening axig,. Deformation conditions were as follows= 345 °C¢ = ca. 1 * 10 s*, and
e, = ca. -30%. Under these conditions rock salt i®reed by non-linear viscous creep (subgrain
rotation), whereas anhydrite deforms under britit&sous conditions (Zulauf et al., 2010, and rafees
therein).

The deformed samples were analyzed using X-rax atanpomography (CT), microscopy and EBSD.
In all experiments the thickness of the deformegedaH:, is almost the same like the initial layer
thicknessHi.The fracture spacing to layer thickness ratioefrefd to as aspect ratidj;) was calculated
by dividing the boudin width\\,, through the finite layer thicknesd;. Most of the necks between the
boudins are entirely filled with halite. Howeven, & few cases where the layer is thick, halite nats
able to fill the neck completely (for further ddsabpn microfabris and deformation mechanisms, see
Zulauf et al., 2010).

In cases obulk constriction most of the boudins are trending oblique to thagpal strain axes.
There is an almost linear increase in boudin witbudin wavelength) with layer thickness; the aspec
ratio, Wy, is almost the same ranging from ca. 0.5 to Zi%édctions cut perpendicular to tkeaxis, the
anhydrite layer shows weak folding (sensu Zulauf Zalauf, 2005).

In samples undergoingulk flattening there is a clear pattern of radial and concemgcks. The
direction of radial necks does not show a signifigareferred orientation in plan-views. With incsewy
layer thicknessH;, the mean diameter of the boudins in plan-views, increases almost linearly from
ca. 1.5 to ca. 3.0 mm. The aspect raiif)(is ranging from 0.8 to 1.8.

In cases obulk plane strain the sections cut parallel to tKeaxis and perpendicular to the layer show
striking boudinage of the anhydrite layer. The bosdare more continuous than the constrictional
boudins. Similar to the other cases of boudinage wtidth of boudins increases with layer thickness]
the aspect ratio is almost constant at ca. 1.2 0.6

The results suggest that the shape of the boudinsignificantly controlled by the finite strain
geometry, whereas the boudin aspect ratig) {s almost the same for all cases of bulk finttaia fields.
The mean values of the aspect ratios range from @B and thus are lower than those described from
natural torn and drawn boudins (e.g. Goscombe.eP@03). Boudinage of anhydrite by formation of
extension fractures should be controlled by thestier of stress from the viscous rock-salt maiixhe
brittle anhydrite layer (Ramberg, 1955). The fragtspacing scales with layer thickness, which is
referred to as fracture saturation (Bai et al., 0The concept of fracture saturation is basettiotional
coupling between the competent layer (anhydritedb@m) and the incompetent rock-salt matrix. The
modeling results of Bai et al. (2000) indicate tmatture saturation results from a domain of caspive
layer-parallel stress that is attained at an agpeict of ca. 1. As this value is compatible witie taspect
ratio of the anhydrite boudins, interfacial sliptween anhydrite and rock salt was probably not
significant.
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Microfabrics and deformation mechanisms of experimetally deformed and
recompacted Asse rock salt: The impact of grain bawdary brine

Janet Zulauf andsernold Zulauf
Goethe-Universitat Frankfurt/Main, Altenhoferall2eD-60438 Frankfurt/Main

The deformation mechanisms known to operate in satkat temperatures relevant for engineering
and natural conditions (T = 20 — 200°C) are (1¢tineing and dislocation glide, (2) pressure soluamd
grain boundary sliding, and (3) dislocation creépra{ and Speers, 2007, and references therein).
Selection of these mechanisms is significantly led by the presence of humidity and brine. In
dilatant salt, humidity from the environment orrfrdluid inclusions in the salt matrix can spread ou
through opened pathways influencing the mechatiebbvior of salt (e.g. Hunsche and Schulze, 2002).
Small amounts of saturated grain boundary brine sugoport solution precipitation creep (e.g. Spédrs
al., 1990), fluid-assisted grain boundary migrat{@&thenk and Urai, 2004), or reduction in effective
stress resulting in Coulomb fracture.

In the present paper we are focusing on the mibrafs and deformation mechanisms of Asse rock
salt that was experimentally deformed and re-comgolaander dry and wet conditions. Most of these
grains are equidimensional with a grain size oflcemm. The largest grains are 10 mm in diameteio Tw
samples were deformed in a Karman-type triaxidirtgsapparatus at BGR Hannover until maximum
strength was attained. Deformation conditions wasdollows: temperaturd, = 30°C, strain rate¢ =
1.0E-05 1/s, confining pressui,on: = 3 MPa. Subsequently the deformed samples wetempacted at
Pcont = 30 MPa, first afl = 60°C for 33 days, and then at room temperatare28 days. Before re-
compaction started, one sample was saturated va@l Nrine, whereas the other sample was left ‘dry’.

To reveal the microstructure of the re-compactetdpdes, etched thick sections were investigated
under transmitted and reflected light. The textwes analyzed using EBSD, and the three-dimensional
network of open fractures was investigated usirty banedical and a Micro-Computertomograph.

All of the samples show (1) a network of fluid imsions along grain boundaries, (2) open
microfractures with a mean length of 3 mm and witlls decorated by a film of opaque phase, (3) kmal
inclusions of cataclastically deformed anhydritbeTopen microfractures in halite are attributedhi®
deviatoric stress imposed by the triaxial apparakbey occur as inter- and intragranular extengmode
) fractures. Some of the intragranular types slaomorthogonal pattern reflecting the cleavage titeha
The misorientation is small across intragranulaeromicrofractures suggesting rotation did not @ay
significant role during microfracturing.

Striking differences between the ‘dry’ and ‘wet'ngales are shown by (1) the amount of open
microfractures, (2) the degree and type of cryskastic deformation, (3) the type of open and eset
microfractures. The ‘wet’ salt displays almost hafithe number of open fractures compared to thg ‘d
sample. Moreover, in the ‘wet’ sample the numbesudigrains and recrystallized grains is higher ihan
the ‘dry’ sample. Recrystallization seems to redudim both subgrain rotation and grain boundary
migration. The latter is indicated by lobate graoundaries, which are particularly frequent andrgirin
the ‘wet’ sample. The number of re-closed micrdiuaes is significantly higher in the ‘wet’ sample.
There is also evidence for precipitation of a ndaage in or adjacent to open fractures of the "s@thple
which have not been analyzed yet.

From the results presented above, it is concluthatl the degree of crystal plasticity in form of
dislocation glide and climb is much higher in thest’ sample compared to the ‘dry’ sample. The visco
strain, accommodated by crystal plasticity, made m&-closure of previously opened microfractures
possible. This observation is in line with previalsservations that small amounts of brine couldltes
significant softening of rock salt (e.g. Talbot aRdgers, 1980; Urai et al., 1986; Hunsche and Zehul
2002). In the present case of coarse-grained thatprine-induced softening was driven by enhanced
subgrain formation/rotation and grain boundary mtign. In cases where the grain size is much smalle
than in the investigated Asse salt, pressure soludnd re-precipitation of solved halite could astan
additional mechanism contributing to the softerafigock salt.
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