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Préambule

Je ne vais pas débuter ce mémoire comme cela se fait habituellement, a savoir par une belle citation que
j’aurais entendue quelque part sans retenir le nom de son auteur ou prise au hasard dans un livre que je
n’aurais pas lu. Je ne vais pas dédier ce manuscrit a une ou plusieurs personnes. J’ai certes mis tous mes
efforts, toute ma patience ainsi que toute mon application a la rédaction des pages qui vont suivre, mais
comme tout travail de recherche, celui-ci se veut incomplet, perfectible et soumis a la critique. Les proches
a qui je pense en ce moment méritent bien mieux. Je ne vais pas non plus remercier mes amis car mieux

vaut étre reconnaissant au hasard qui lui seul m’a permis de les rencontrer.

Que dire alors ? Je vous propose quelque chose d’essentiel.

Je viens d’évoquer le hasard. Ce dernier fait parfois bien les choses surtout lorsqu’il vous donne la chance
de ne point écouter les paroles de certains Professeurs, je devrais plutdt dire « certains enseignants » des
Classes Préparatoires aux Grandes Ecoles. Dans le contexte d’une habilitation, faire référence a des
personnes pour qui la recherche est une discipline étrange, et par-dessus tout étrangeére, peut paraitre hors
propos. Cela est toutefois loin d’étre le cas a mes yeux. Pour une raison connue d’eux seuls, bon nombre
de mes « enseignants » ont décidé de tout mettre en ceuvre afin de sortir du systeme éducatif la jeune
personne que j’étais alors, plus tout a fait un enfant mais loin encore d’étre un adulte. Mesdames et
Messieurs, je me demande encore aujourd’hui comment vous étes arrivés en quelques jours a juger de mes
capacités. Comment osez-vous réserver vos legons et votre aide a un étudiant plutdt qu’a un autre ? De quel
droit vous permettez-vous de me tourner le dos quand je ne comprends pas 1’énoncé d’un exercice alors
que vous-méme n’auriez pas su le résoudre sans vos fiches explicatives ? Mesdames et Messieurs, je suis
aujourd’hui plus qu’a méme de juger votre travail. Il m’est utile au quotidien au poste d’enseignant
chercheur que j’occupe depuis dix ans maintenant, ironie du sort, dans une Grande Ecole d’ingénieurs. Il
est le plus bel exemple de médiocrité que j’ai connu et je vous renvoie a I’apprentissage des principes
fondamentaux de I’enseignement. Ces derniers vous ont clairement échappé et je me demande comment

dans de telles conditions vous pouvez prétendre former, je vous cite, la « future élite de la Nation ».

Je tiens maintenant a m’adresser a tous mes jeunes étudiants pleins de bonne volonté. Je le sais et je
I’assume, je suis souvent dur avec vous mais vous m’avez tot ou tard toujours remercié de vous avoir donné

I’envie d’apprendre. N’acceptez jamais les attitudes que je viens de décrire, ne laissez pas de telles



personnes vous lancer au visage que vous n’étes pas faits pour continuer dans la voie que vous avez choisie.
Soyez sourds a ces misérables discours. La vocation et I’envie sont les clés du succés que je partage avec
vous aujourd’hui. Si mes travaux sont d’une quelconque utilité, je souhaite qu’ils le soient d’abord pour

vous et peut étre en prendrez-vous un jour le relai.

Pour terminer, Mesdames et Messieurs mes « enseignants » des Classes Préparatoires aux Grandes Ecoles,

j’imagine que vous n’allez pas apprécier la lecture de ces lignes. Soyez certains que je vous aime encore

moins.
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1 Curriculum vitae

Dr. Trullenque Ghislain

Structural geologist email: ghislain.trullenque@unilasalle.fr
Institut Polytechnique UniLaSalle French, 1 child

19 rue Pierre Waguet Born on April, 30th 1976 in Perpignan
60026 Beauvais, France (Pyrénées Orientales, Occitanie, France)

1.1 Professional experience

Since 2013:

2011-2013:

2008-2011:

2006-2008:

2005-2006:

Structural geologist.

Institut Polytechnique UniLaSalle, Beauvais, France.

Assistant Professor.

Albert Ludwig University, Freiburg im Breisgau, Germany.
Application specialist.

Oxford Instruments Nanoanalysis GmbH, Wiesbaden, Germany.
Research assistant.

Johannes Gutenberg University, Mainz, Germany.

Training mobility.

International research plus training program at rock mineral physics laboratory, University
of Minnesota Twin Cities campus, Minneapolis (USA) and high pressure and temperature
laboratory, University of Utrecht (The Netherlands).

1.2 Higher education

2000-2005:

1999-2000:

10

PhD thesis. (Magna cum Laude grade).
Institute of geology and paleontology, UniBasel, Basel, Switzerland.

Subject: Tectonic and microfabric studies along the Penninic Front and within the
Dauphinois domain between Pelvoux and Argentera massifs (western Alps, France).

Thesis director: Professor S.M. Schmid.
Dipléme d’Etudes Approfondies.

Laboratory of Geophysics, Tectonics and Sedimentology, Sciences et techniques du
Languedoc University (Montpellier 1), Montpellier, France.

Subject: Consequences of continental subduction on forearc basin and accretionary
wedge deformation in SE Taiwan: insights from analogue modelling.

Supervisor: Prof. J. Malavieille.



1998-1999: Geophysics and Geochemistry Master degree
Paul Sabatier University, Toulouse, France.

Master Thesis: Host rock alteration facies analysis and polyphase silica saturated brines
circulations: insights from ore deposits within the Bourneix district (Limousin, France).

Supervisor: Dr. F. Tollon.
1997-1998: Earth Sciences Bachelor degree.
Paul Sabatier University, Toulouse, France.
1995-1997: Dipléme d’Etudes Universitaires Générales.
Via Domitia University, Perpignan, France.
1995: Classe préparatoire aux grandes écoles.
Joffre Highschool, Montpellier, France.
1994: Baccalauréat C.

1.3 Language, computer practice and received training

1.3.1 Languages

English, German and Spanish: read, written and spoken.

Catalan: read and spoken.

Russian: beginner.

1.3.2 Computer practice

Operating systems: Mac OS, Windows, UNIX.

Reservoir modeling software: MOVE.

Geographic Information Systems software: QGIS, ARCGIS, MOVE.

Crystallographic Preferred Orientation analysis software: AZTEK, INCA CRYSTAL, FLAMENCO,
TANGO, MAMBO, SALSA, MTEX, BEARTEX.

Energy Dispersive Spectrometry and Wavelength Dispersive Spectrometry: INCA.
Office and design software: Microsoft, Adobe suite, OpenOffice, INKSCAPE, GIMP.
1.3.3 Received training

Hoisting equipment operator.

First aid at work.
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1.4 Memberships
Member of the géologues du Sud-Ouest association.
Member of the Géosciences 66 association.

Administration council member of Association Francaise des Professionnels de la Géothermie. 19 rue
Claude Bernard, Paris, France.

1.5 Qualifications
2007: Maitre de conférences qualification. Section 35: Earth and other planets structure and evolution.

2007: Maitre de conférences qualification. Section 36: Solid earth, external envelopes geodynamics, paleo-
biosphere.

1.6 PhD Thesis supervision
Mr. Avakian Benjamin
PhD Thesis started on November 1%, 2021. Thesis duration: 48 months.

Subject: Fluid circulation within shear zones affecting granitic bodies. Geothermal energy production
applications.

Science and engineering Doctoral school ED SI n° 417, CY University (France).
Mrs. Poh Yee Ong
PhD Thesis started on July 1%, 2021. Thesis duration: 36 months.

Subject: CO. storage potential in fractured carbonate reservoir via thermo-hydro-mechanical-chemical
(THMC) simulations.

Institute of Hydrocarbon Recovery (IHR) / Southeast Asia Carbonate Clastic Research Laboratory
(SEACaRL), Universiti Teknologi Petronas (Malaysia).

Dr. Klee Johanne
PhD defense on November 26™, 2021. Thesis duration 37 months.

Subject: Influence of fluid-rock interaction processes and strain on strike-slip zones properties: an analogue-
based multidisciplinary approach. Fractured granitic geothermal reservoirs applications.

EDSTS 585 Doctoral school — Sciences, technology and health, Picardie Jules Vernes University (France).

1.7 Hierarchical responsibilities
Research engineer, fixed term position (September 2021 — January 2022).

Communication assistant, fixed term position (March 2019 - October 2020).
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1.8 Scientific sessions organization

Excursion guide book chapter. Joint Cordilleran — Rocky Mountain section, FT 14 Unraveling the Multi-
Phase History of Southern Death Valley Geology. Geological Society of America, 15-17 Mars 2022. Las
Vegas, Nevada, USA.

Chairman: World Geothermal Congress Reykjavik 2021, session 21B Geology 12. Reykjavik, Iceland.

Chairman: Akademie fur Elektronenmikroskopie und Analytik gemeinnutzige GmbH 2009, Minster,
Allemagne.

1.9 Scientific reviewer
Geosciences.

Journal of Structural Geology.
IFREMER scientific projects evaluator.

Co-editor Geosciences journal special issue: “Enhanced Geothermal Systems and other Deep Geothermal
Applications throughout Europe: The MEET Project”.

1.10 Projects funding

1.10.1 EUTOPIA PhD program 2021
PhD thesis Erasmus+ grant, EUTOPIA European Universities pilot project.

ID: EUTOPIA-PhD-2021-0000000111

Subject: Fluid circulation within shear zones affecting granitic bodies. Geothermal energy production
applications.

PhD thesis co-supervisor.
1.10.2 ERASMUSH+ Strategic partnership

Call 2019 Round 1 KA2 — Cooperation for innovation and the exchange of good practices. KA203 —
Strategic Partnerships for higher education.

Geo3En project (Geothermal Energy European Education Network).

FRAPPE (Fonds Régionaux d’Aide aux Porteurs de Projets Européens) Hauts de France grant.
Project coordinator.

1.10.3 H2020-LCE-2016-2017 / H2020-LCE-2017-RES-IA program

EGS in different geological conditions.

MEET project (Multidisciplinary and multi-context demonstration of EGS exploration and Exploitation
Techniques and potentials).

FRAPPE (Fonds Régionaux d’Aide aux Porteurs de Projets Européens) Hauts de France grant.
Project scientific coordinator.

PhD thesis co-supervisor.
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1.10.4 Metchnikov program, researcher mobility (2017 call)

Exchange mobility grant obtained from French embassy in Russia. Visit of Dr. Alfimova (Precambrian
research center, St. Petersburg University, Russia) to Institut Polytechnique UniLaSalle, Beauvais campus,
France.

Research theme: Insights gained by a combination of Electron Back Scattered Diffraction analysis and
RAMAN spectroscopy in the understanding of weathering processes of Zircon crystals.

1.10.5 Office Franco-Allemand pour la Jeunesse (OFAJ) grant
Grant n° 2014-11-1 (2014) Workshop Grand Est: géologie du Bassin de Paris et du Bassin de la Saar.

Grant dedicated to field excursion funding for 18 German students from Freiburg im Breisgau University
and 17 French students from Institut Polytechnique LaSalle Beauvais.

Project coordinator.

1.11 Scientific publication record

1.11.1 A ranking publication

Fracture spacing variability and the distribution of fracture patterns in granitic geothermal reservoir: a case
study in the Noble Hills range (Death Valley, CA, USA). Chabani A., Trullenque G., Klee J., Ledésert
B.A. Geosciences 11 (12), 520, 2021. https://doi.org/10.3390/geosciences11120520

Fluid-rock interactions in a paleo-geothermal reservoir (Noble Hills granite, California, USA). Part 2: the
influence of fracturing on granite alteration processes and fluid circulation at low to moderate regional
strain. Klee J., Chabani A., Ledésert B.A., Potel S., Hébert R., Trullenque G. Geosciences 11 (11), 433,
2021. https://doi.org/10.3390/geosciences11110433

Fluid-rock interactions in a paleo-geothermal reservoir (Noble Hills granite, California, USA). Part 1:
granite pervasive alteration processes away from fracture zones. Klee J., Potel S., Ledésert B.A., Hébert R.,
Chabani A., Barrier P., Trullenque G. Geosciences 11  (8), 325, 2021
https://doi.org/10.3390/geosciences11080325

Multiscale characterization of fracture patterns: a case study of the Noble Hills range (Death Valley, CA,
USA), application to geothermal reservoirs. Chabani A., Trullenque G., Ledésert B.A., Klee J.
Geosciences 11 (7), 280, 2021. https://doi.org/10.3390/geosciences11070280

Scaling in a geothermal heat exchanger at Soultz-sous-foréts (upper Rhine graben, France): a XRD and
SEM-EDS characterization of sulfide precipitates. Ledésert B.A., Hébert R., Mouchot J., Bosia C., Ravier
G., Seibel O., Dalmais E., Ledésert M., Trullenque G., Sengelen X., Genter A. Geosciences 11 (7), 271,
2021. https://doi.org/10.3390/geosciences11070271

Evidence for 40-41 km of dextral slip on the southern Death Valley fault: implications for the eastern
California shear zone and extensional tectonics. Pavlis T.L., Trullenque G. Geology 49 (7), 767-772, 2020.
https://doi.org/10.1130/G48528.1

Multiple-criteria decision-making for assessing the enhanced geothermal systems. Raos S., llak P., Rajsl I.,
Bili¢ T., Trullenque G. Energies 12 (9), 1597, 2019. https://doi.org/10.3390/en12091597

14


https://scholar.google.com/citations?view_op=view_citation&hl=fr&user=e0vOpTgAAAAJ&sortby=pubdate&citation_for_view=e0vOpTgAAAAJ:5icHVeHT4IsC
https://scholar.google.com/citations?view_op=view_citation&hl=fr&user=e0vOpTgAAAAJ&sortby=pubdate&citation_for_view=e0vOpTgAAAAJ:5icHVeHT4IsC
https://doi.org/10.3390/geosciences11120520
https://doi.org/10.3390/geosciences11110433
https://scholar.google.com/citations?view_op=view_citation&hl=fr&user=e0vOpTgAAAAJ&sortby=pubdate&citation_for_view=e0vOpTgAAAAJ:nVrZBo8bIpAC
https://scholar.google.com/citations?view_op=view_citation&hl=fr&user=e0vOpTgAAAAJ&sortby=pubdate&citation_for_view=e0vOpTgAAAAJ:nVrZBo8bIpAC
https://doi.org/10.3390/geosciences11080325
https://scholar.google.com/citations?view_op=view_citation&hl=fr&user=e0vOpTgAAAAJ&sortby=pubdate&citation_for_view=e0vOpTgAAAAJ:lvd772isFD0C
https://scholar.google.com/citations?view_op=view_citation&hl=fr&user=e0vOpTgAAAAJ&sortby=pubdate&citation_for_view=e0vOpTgAAAAJ:lvd772isFD0C
https://doi.org/10.3390/geosciences11070280
https://scholar.google.com/citations?view_op=view_citation&hl=fr&user=e0vOpTgAAAAJ&sortby=pubdate&citation_for_view=e0vOpTgAAAAJ:fbc8zXXH2BUC
https://scholar.google.com/citations?view_op=view_citation&hl=fr&user=e0vOpTgAAAAJ&sortby=pubdate&citation_for_view=e0vOpTgAAAAJ:fbc8zXXH2BUC
https://doi.org/10.3390/geosciences11070271
https://scholar.google.com/citations?view_op=view_citation&hl=fr&user=e0vOpTgAAAAJ&sortby=pubdate&citation_for_view=e0vOpTgAAAAJ:u-coK7KVo8oC
https://scholar.google.com/citations?view_op=view_citation&hl=fr&user=e0vOpTgAAAAJ&sortby=pubdate&citation_for_view=e0vOpTgAAAAJ:u-coK7KVo8oC
https://doi.org/10.1130/G48528.1
https://scholar.google.com/citations?view_op=view_citation&hl=fr&user=e0vOpTgAAAAJ&sortby=pubdate&citation_for_view=e0vOpTgAAAAJ:GFxP56DSvIMC
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Substitution-induced internal strain and high disorder in weakly radiation damaged hydrothermal zircon
from mt. Malosa, Malawi. Kempe U., Trullenque G., Thomas R., Sergeev S., Presnyakov S. European
journal of mineralogy 30 (4), 659-679, 2018. https://doi.org/10.1127/ejm/2018/0030-2739

High pressure phase transitions of alpha quartz under non-hydrostatic dynamic conditions: a reconnaissance
study at PETRA IIl. Carl E.V., Mansfeld U., Liermann H.P., Danilewsky A., Langenhorst F., Ehm L.,
Trullenque G., Kenkmann T. Meteoritics and  planetary  science 52,  2017.
https://doi.org/10.1111/maps.12840

Properties of a pair of fracture networks produced by triaxial deformation experiments: insights on fluid
flow using discrete fracture network models. Trullenque G., Parashar R., Delcourt C., Collet L., Villard
P., Potel S. Hydrogeology journal 25 (3), 813-827, 2017. https://doi.org/10.1007/s10040-016-1468-x

Reliability of very low-grade metamorphic methods to decipher basin evolution: case study from the
Markstein basin (southern Vosges, NE France). Potel S., Maison T., Maillet M., Sarr A.C, Doublier M.P.,
Trullenque  G., Ferreiro  Malhmann R.  Applied clay minerals (134) 2016.
https://doi.org/10.1016/j.clay.2016.10.003

Deformation and melting of steel projectiles in hypervelocity cratering experiments. Kenkmann T.,
Trullenque G., Deutsch A., Hecht L., Ebert M., Salge T., Schéfer F., Thoma K. Meteoritics & planetary
science 48, no.1, pp.150-164, 2013. https://doi.org/10.1111/maps.12018

Very low-grade metamorphism in the para-autochtonous sedimentary cover of the Pelvoux massif (western
Alps, France). Potel S., Trullenque G. Swiss journal of geosciences, 105, 235-247, 2012.
https://doi.org/10.1007/s00015-012-0102-8

Electron back-scattering diffraction (EBSD) measurements of antigorite lattice-preferred orientations
(LPO). Van de Moortele B., Bezacier L., Trullenque G., Reynard B. Journal of microscopy, volume 239,
issue 3, pages 245-248, 2010. https://doi.org/10.1111/j.1365-2818.2010.03398.x

Consequences of continental subduction on forearc basin and accretionary wedge deformation in SE
Taiwan: insights from analogue modelling. Malavieille J., Trullenque G. Tectonophysics, volume 466,
issues 3-4, p.377-394, 2009. https://doi.org/10.1016/j.tecto.2007.11.016

Effects of irradiation damage on the back-scattering of electrons, silicon-implanted silicon. Nasdala L.,
Kronz A., Grambole D., Trullenque G. American mineralogist, volume 92, p.1768-1771, 2007.
https://doi.org/10.2138/am.2007.2648

Microfabrics of calcite ultramylonites as records of coaxial and non-coaxial deformation kinematics:
examples from the rocher de 1’Yret shear zone (western Alps). Trullenque G., Kunze K., Heilbronner R.,
Stinitz  H., Schmid S.M. Tectonophysics, volume 424, issues 1-2, p.69-97, 2006.
https://doi.org/10.1016/j.tecto.2006.06.004

1.11.2 Book chapters

Editorial of Special Issue “Enhanced Geothermal Systems and Other Deep Geothermal Applications
throughout Europe: The MEET Project”. Ledésert B.A., Hébert R., Trullenque G., Genter A., Dalmais E.,
Hérisson J. Geosciences 12 (9), 341, 2022. https://doi.org/10.3390/geosciences12090341

Unraveling the multi-phase history of southern Death Valley geology. Fleming Z., Pavlis T.L, Trullenque
G. In Field Excursions from Las Vegas, Nevada: Guides to the 2022 GSA Cordilleran and Rocky Mountain
Joint Section Meeting, Vol. 63, p. 67, 2022. https://doi.org/10.1130/2022.0063(04)
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1.11.3 Extended abstracts

Newson, J.A., Trullenque, G., Bossenec, C., Sass, I., Sadek, S., Gautason, B., Greene, R.M. Graduate
Geothermal training in the European Economic Area. Proceedings 44™ New Zealand Geothermal
Workshop 2022, Auckland, New Zealand.

Muhl, L., Avakian, B., Trullenque, G., Ledésert, B.A. Influence of pre-structuration of a reservoir on
permeability evolution in fracture zones. Insights from mechanical testing on an alteration profile. European
Geothermal congress 2022, Berlin, Germany.

Avakian, B., Muhl, L., Trullenque, G., Ledésert, B.A., Hebert, R., Claeys, P. The influence of the pre-
structuration of a basement reservoir on the permeability of fracture zones. European Geothermal congress
2022, Berlin, Germany.

Dalmais, E., Genter, A., Trullenque, G., Léoutre, E., Leiss, B., Mintsa, A.C., Olafsson, D., Rajsl, I. MEET
project: toward large scale deployment of deep geothermal energy in europe. World Geothermal
Congress 2020, Reykjavik, Iceland.

Chabani, A., Trullenque, G., Parashar, R., Pomart, A. Attali, R., Sass, . Modelling of fractured granitic
geothermal reservoirs: use of deterministic and stochastic methods in discrete fracture networks and a
coupled processes modeling framework. World Geothermal Congress 2020, Reykjavik, Iceland.

Klee, J., Trullenque, G., Ledésert, B., Potel, S., Hébert, R., Genter, A. Petrographic and petrophysic
analysis of fractured granites used as an analog of the Soultz-sous-foréts geothermal reservoir: Noble Hills,
CA, USA. World Geothermal Congress 2020, Reykjavik, Iceland.

Dalmais, E., Genter, A., Trullenque, G., Léoutre, E., Leiss, B., Wagner, B., Mintsa, A.C., Bér, K., Rajsl,
I. Meet project: toward the spreading of EGS across europe. European geothermal congress (EGC) 2019
proceedings.

Raos, S., Ilak, P., Rajsl, I, Bili¢, T., Trullenque, G. Assessment of enhanced geothermal projects and their
optimal long-term usage plans by using the DMS-TOUGE decision-making support tool. European
geothermal congress (EGC) 2019 proceedings.

Mintsa, A.C., Leveque, G., Seibel, O., Trullenque, G., Léoutre, E., Marot, M., Ragnarsdéttir, K.R. Meet
project: evaluation of electricity production at low temperature in various geothermal contexts, 5th
international seminar on orc power systems (ORC 2019).

Leiss, B., Wagner, B., Trullenque, G., Genter, A., Bér, K., Milsch, H., Rybacki, E., Vanbrabant, H.,
Friedel, C.H. Variscan metasedimentary rocks as target horizon for developing “enhanced geothermal

systems" in europe. European geothermal congress (EGC) 2019 proceedings.

Ilak, P., Raos, S., Rajsl, I, Bili¢, T., Trullenque, G., Sadek, S., Marusi¢, A. Economic and environmental
assessment of enhanced geothermal systems integration into energy systems: decision-making support tool
for optimal usage of geothermal energy. Medpower, 11th Mediterranean conference on power generation,
transmission, distribution and energy conversion, 2018.

Leiss, B., Wagner, B., Trullenque, G., Genter, A., Bér, K., Milsch, H., Rybacki, E., Vanbrabant, Y.,
Friedel, C.H. Characterisation of variscan metasedimentary geothermal reservoirs: implications regarding
the development of new “enhanced geothermal systems”. Geothermiekongress, Essen, 27.-29. November
2018.
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Trullenque, G., Genter, A., Leiss, B., Wagner, B., Bouchet, R., Léoutre, E., Malnar, B., Bar, K., Rajsl, 1.
Upscaling of EGS in different geological conditions: a European perspective. Proceedings, 43rd workshop
on geothermal reservoir engineering Stanford university, Stanford, California, sgp-tr-213, 2018.

Carl, E.R., Danilewsky, A., Liermann, H.P., Mansfeld, U., Langenhorst, F., Ehm, L., Trullenque, G.,
Kenkmann, T. The behavior of SiO2 under dynamic compression and decompression in a diamond anvil
cell. Bridging the gap Ill: impact cratering in nature, experiments and modelling, university of Freiburg,
Germany, September 21-26, 2015.

Cornillon, S., Trullenque, G., Potel, S., Combaud A., Henk, A., Laux, D. Intérét de deux Approches
géomatiques (SIG et LIDAR terrestre) pour la détermination de champs de contraintes. Cas du pluton
granitique de Malsburg (Forét Noire, Allemagne). SAGEO, Grenoble, France, 2014.

Heinz, C., Trullenque, G., Henk, A. Fracture patterns and geomechanics of fold and thrust structures —
input data for a fracture prediction workflow from the southern Pyrenees (Spain). Geofrankfurt, Frankfurt,
volume 85, 2014.

Kenkmann, T., Ebert, M., Trullenque, G., Deutsch, A., Hecht, L., Salge, T., Schéafer, F.K., Thoma, K.
Deformation and melting of iron-rich projectiles in hypervelocity MEMIN cratering experiments.
Meteoritics and planetary science supplement, september 2013.

Kenkmann, T., Poelchau, M.H., Trullenque, G., Hoerth, T., Schéfer, F., Thoma, K., Deutsch, A. Shatter
cones formed in a MEMIN impact cratering experiment. 75th annual meteoritical society meeting, 2012.

De Bresser, J.H.P., Trullenque, G., Drury, M.R. Evidence for r <a> slip in calcite. Geophysical Research
Abstracts, Vol. 10, EGU 2008 — A — 07521, 2008.

Poelchau, M.H., Trullenque, G., Kenkmann, T. Feather features in quartz: structural and textural insights
from first TEM and EBSD measurements. 74th annual meteoritical society meeting, 2011.

Malavieille, J., Trullenque, G. Evolution of sedimentary basins at the back side of orogenic wedges
developed during subduction of a continental margin under a volcanic arc: insights from the Taiwan orogen
and analogue models. Thrust belts and foreland basins, international meeting, rueil-malmaison, December
2005.

Trullenque, G. Tectonic and microfabric studies along the Penninic Front and within the Dauphinois
domain between Pelvoux and Argentera massifs (western Alps, France). PhD thesis, Basel, 275p., 2005.

1.11.4 Oral communications

Malnar, B., Genter, A., Trullenque, G., Ragnarsdottir, K. Productivity increase of EGS plants by means
of colder fluid re-injection and ORC use. AAPG GTW workshop “geothermal cross over technologies”,
Utrecht, April 17-18, 2018.

Potel, S., Maison, T., Maillet, M., Sarr, A.C., Doublier, M.P., Trullenque, G., Ferreirro M&hlmann, F.
Reliability of very low-grade metamorphic methods to decipher basin Evolution: case study from the
Markstein basin (southern Vosges, NE France). 25eme Réunion des sciences de la terre, Caen, France, 24-
28 Octobre 2016.

Trullenque, G., Collet L., Villard, P., Combaud A. Etude des variations de la géométrie d'une zone de
fracture expérimentale en fonction de la contrainte différentielle appliquée. 24eme réunion des sciences de
la terre, Pau, France. 27-31 octobre 2014.
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Cornillon, S., Combaud, A., Trullenque, G., Bain, O., Henk, A., Chalumeau, L., Devos, A., Lejeung, O.,
Potel, S. Comparaison du contréle géomorphostructural de réseaux Hydrographiques par traitement
automatique sous ARCGIS. Cas des massifs des Vosges et de la Forét Noire. Conférence francophone ESRI
— SIG, Versailles, France, 2014.

Trullenque, G., Kenkmann, T., Stein E. Deformation mechanisms active during catastrophic rock failure:
preliminary results. TSK 14, Kiel, Germany, 26/03-01/04 2012.

Trullenque, G., Stiinitz, H., Kunze, K., Heilbronner, R., Schmid, S.M. Tectonic and microfabric studies
along the penninic front and within the dauphinois domain between Pelvoux and Argentera massifs
(western alps, France). 2nd Swiss geoscience meeting, Lausanne, 2004,

Trullenque, G., Ceriani, S., Figenschuh, B., Schmid, S.M. Polyphase tectonic activity along the penninic
front: implications for the evolution of the western Alps. 1% Swiss geoscience meeting, Basel, 2003.

1.11.5 Posters

Klee, J., Trullenque, G., Chabani, A., Potel, S., Ledésert, B., Hébert, R. Characterization of geothermal
exploitation window in terms of fracture evolution: results from analogue studies of the southern Death
Valley fault zone (CA, USA) and the upper Rhine graben (Germany and France). 12th european geothermal
phd days, 2021.

Klee, J., Trullenque, G., Ledesert, B., Potel, S., Hebert, R. Hydrothermal fluid circulation and alteration
processes in an analogue of a fractured granitic reservoir (Noble hills range, CA, USA). 11th european
geothermal phd days, 2020.

Raos, S., Ilak P., Rajsl, I, Bili¢, T., Trullenque, G. Assessment of enhanced geothermal projects and their
optimal long-term usage plans by using the DMS-TOUGE decision-making support tool. European
geothermal congress (EGC) 2019.

Alfimova, N., Klimova, E., Matrenichev, V., Zinger, T., Trullenque, G., 2017. Lithium in low-temperature
fluid affected zircons. Paleoproterozoic weathering horizon (Karelia, Baltic shield). 19th EGU General
Assembly, EGU2017, Vienna, Austria, 23-28 April 2017.

Kihn, R., Trullenque, G., Douezy, M., Leiss, B. Folding mechanisms and fold kinematics within marble
lenses from the axial zone of the eastern Pyrenees deduced from textural and microstructural
characterization. TSK16, Bonn, Germany, March 2-6, 2016.

Trullenque, G., Parashar, R., Delcourt, C., Collet, L., Villard, P., Potel, S. Simulation des propriétés
hydrauliques d’un réseau de fracture expérimental. Apports de la modélisation numérique par éléments
finis. 25eme réunion des sciences de la terre, Caen, France, 24-28 Octobre 2016.

Cornillon, S., Trullenque, G., Combaud A., Potel, S., Henk, A., Laux, D., 2014. Interest of Two geomatical
approaches (GIS and terrestrial LIDAR) in the stress-field determination: Marlsburg plutonic unit case
(Black Forest, Germany). SAGEO, Grenoble, France, 2014.

Maeder, X., Trullenque G., Drury M., De Bresser, H. Texture development and hybrid deformation
mechanisms in fine grained calcite aggregates deformed in direct shear: constraints from electron
backscatter diffraction analysis. 9" Swiss geoscience meeting, Zurich, 11-13 November 2011.

Potel, S., Trullenque, G. Very low-grade metamorphism in the dauphinois domain, SE of Pelvoux massif
(Alps, France): relationships between deformation and metamorphic Indicators. 20iéme Réunion des
Sciences de la Terre, Strasbourg, 2004.
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Trullenque, G., Schmid, S.M., Heilbronner, R., Stunitz, H., Kunze, K. Progressive shear in naturally
deformed calcitic rocks: microfabric evolution and a new type of oblique c-axis orientation. 1% Swiss
geoscience meeting, Basel, 2003.

Trullenque, G., Ceriani, S., Fuegenshuh, B., Schmidt, S.M. Polyphase activity along the penninic front
between Pelvoux and Argentera massifs (Western Alps, France), EUG-UGS, Nice, France, 2003.

Trullenque, G., Kunze, K., Heilbronner, R., Stinitz, H. and Schmidt. S.M. Microfabric analysis of calcite
ultramylonites as a record of coaxial and non-coaxial strain. TSK IX, Erlangen, Germany, 2002.

Trullenque G., Malavieille, J. Effets d’une subduction de prisme avant arc sur la géométrie d’un prisme
d’accrétion au large de I’ile de Taiwan. Une approche par modélisation analogique. 18° réunion des sciences
de la terre, Paris, 2020.

1.12 Analytical facilities responsible

1.12.1 UniLaSalle

EBSD EDS facility responsible. Tool configuration, trade, maintenance and development.
1.12.2 Albert Ludwig University (Freiburg im Breisgau, Germany, 2011-2013)
Tectonophysics laboratory responsible (Geological institute)

Scanning Electron Microscopy responsible (Crystallography institute)

1.12.3 Oxford Instruments Nano analysis GmbH (Wiesbaden, Germany, 2008 -2011)
EDS, WDS, EBSD Application specialist

Demonstration laboratory responsible (maintenance, product demonstration and customer service)
1.12.4 Johannes Gutenberg University (Mainz, Germany, 2005-2007)

Scanning Electron Microscopy responsible (Gemology institute)

EBSD EDS facility responsible, sample preparation and analysis

1.12.5 University of Basel (Switzerland, 2001-2004)

X-ray textural goniometry laboratory responsible
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2 Career summary and motivation

I am here presenting my candidature in order to obtain an accreditation to supervise research in the future.
I am going to give a summary of education, present my experience and perspectives in terms of teaching
and research dedicated to earth sciences.

I was interested in geology back to my teenage years, and it appeared as an evidence to me that my education
will be dedicated to the vast pool of disciplines related to this science.

My higher education started by one year of so called “classe préparatoire aux grandes écoles”. This one-
year training was not dedicated to earth sciences, nor to integrate an engineering school. My aim was to
gain solid basis in mathematics, physics and chemistry in direct continuity to my higher education. This
fundamental sciences knowledge has been useful during my whole studies at University until my PhD.
Willing to acquire some intensive fieldwork practice and get a first international experience, | applied to a
PhD position at the University of Basel (Switzerland). The subject was dealing with a combined tectonic
and microfabric study along the Penninic front in the Western alpine arc.

My PhD thesis was a great experience. | then decided to pursue my researcher career at international level
and diversify my competences. | wished to gain experience in laboratory practice and tools development as
I consider that technical and engineering skills are mandatory to a scientific career. | spent several years to
train in both scanning electron microscopy and experimental deformation techniques while keeping a
publication record. During that period, | was involved in many teaching activities as in my opinion research
must also benefit to student education.

My competences cover field work, microstructure and microtexture characterization plus petrophysics. This
multidisciplinary profile has been recognized suitable in terms of student training by UniLaSalle, where |
am working as a structural geologist. | developed there a line of research dedicated to renewable energies
development. This sector requires my whole expertise both in terms of academic knowledge and
engineering. | am dealing with business-driven applications having an important societal impact while
treating research-driven geological processes analysis. | am coordinator of several demonstration and
education projects and | wish to further compete for similar grants in the future.

During the past ten years at UniLaSalle, | think | demonstrated my ability to lead research projects. It is
time for me to demand my accreditation to supervise future research in order to obtain some form of
recognition within the scientific community. | am willing to continue in supervising PhD theses and also
apply to Professorship positions at University as a logical career development.

At last, | warmly acknowledge Dr. HDR Potel, GEOS College, B2R research team at UniLaSalle who
accepted to assist me during the process of accreditation demand.
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3 Research activities in the framework of academic training

3.1 Diplome d’Etudes Approfondies (DEA)

| achieved my DEA (5" year University degree) within the laboratory of geophysics, tectonics and
sedimentology at “Sciences et Techniques” Montpellier University (France) under supervision of Professor
Malavieille. The subject was based on a sandbox analogue modeling approach and participated to the
understanding of forearc oceanic lithosphere subduction on accretionary prism geometry.

The chosen geodynamic context was found at Taiwan island, at the junction between Eurasian and
Philippine plates at the northern termination of the Manilla accretionary wedge. The oblique convergence
between these two plates induces an important geodynamic setting evolution from the South to the North
of the island, namely from an intra oceanic subduction between oceanic lithosphere of China sea and
oceanic lithosphere of Philippine plate in offshore domain to a collision between Chinese continental
passive margin and Philippine plate oceanic lithosphere onshore.

This change in subducted crust’s nature is accompanied by a complex deformation of the forearc domain
above the inter plate contact zone. Sediments of the forearc domain suffer increasing amounts of shortening
which in turn form a new ridge back thrusted on the non-active volcanic arc. Erosion of this newly formed
tectonic prism triggers sediment deposition at the back of the Manilla accretionary wedge.

The chosen working hypothesis was based on one hand on experimental work at lithospheric scale by
Chemenda et al. (1997, 1995) and studies dealing on mechanical effects of continental subduction on upper
plate forearc volcanic domain (Boutelier et al., 2003; Chemenda et al., 2001) on the other hand. These
authors have shown that continental margin subduction below volcanic arc may trigger forearc lithospheric
domain rupture. This forearc domain entering the subduction zone induces tectonic slicing permitting to
accommodate shortening together with a shift of velocity discontinuity above the volcanic arc itself. The
effects of such a geodynamic setting on upper levels crustal units’ deformation were unknown.

My first activities were dedicated to the conception of a double velocity discontinuity sandbox deformation
apparatus. | have chosen to use a mylar film in order to represent the China sea oceanic crust. The friction
coefficient on top of the mylar film could be varied either by gluing sand grains or at the opposite by
depositing a fine layer of calibrated glass beads with a grain size in the range of 100 micrometers. The
mylar film was pulled below a fixed and rigid backstop as an analogue to the Luzon volcanic arc. A PVC
plate, assimilated to the forearc domain, was inserted at the interface between the mylar film and the rigid
backstop. The analogue material was an eolian sand whose frictional properties verify the Coulomb model.
The sand thickness was dimensioned in order to simulate mechanical properties of accretionary wedge
sediments (Dahlen, 1984; Dahlen et al., 1984).

During the various series of tests, a first accretionary prism developed at the tip of the stationary PVC plate.
A secondary prism appeared at the tip of the rigid backstop upon mobility allowance of the PVC plate.

My results permitted to understand many structures observed in the field. The tightening in space of the
forearc domain and associated sediment deposits is responsible of the formation of both a new oceanic ridge
back thrusted on volcanic arc and orogenic basin contemporaneous to collision. Erosion products from this
orogenic continental prism are trapped within a piggy-back type basin. Towards the North, on the Taiwan
island itself, prism development continues by arc and forearc units’ accretion.

These results have been published in the Tectonophysics journal (Malavieille and Trullengue, 2009).
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Abstract

In southeastern Taiwan a slice of forearc basement belonging to the Philippine Sea Plate upper-plate is suspected to subduct under the Luzon arc as
a consequence of the transition from oceanic to incipient continental subduction. Effects on the morphology, deformation, geometry of structures and
tectonic evolution of the orogenic wedge in the collision area are numerous. This study examines the impact of forearc lithosphere subduction on
forearc basin and accretionary wedge deformation. A morpho-structural analysis of the geological features observed onland and offshore allows
describing in detail the complex deformation suffered by the area. A combined approach by analogue modeling is applied to better understand the
phenomenon. Comparison between nature and experimental results shows that subduction of a forearc basement slice induces intense shortening and
concomitant deformation in the forearc domain. Such process involves deformation of the forearc basin previously developed in a setting of oceanic
subduction. Sediments of the forearc basin are involved in the growth of a new thrust ridge backthrusted against the basement slope of the volcanic arc
edifice. Sediments coming from the growing orogenic wedge are trapped in the trough developed between its backpart and the topographic high of the
new rising ridge. A syn-collisional orogenic basin develops which structural evolution characterizes the progressive shortening of the forearc domain.
Most of the deformation and tectonic events recorded offshore or onland in the complex area south of Taiwan can be explained using results of our
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specific modeling which well describe the tectonic processes associated with continental subduction under a volcanic arc.

© 2007 Elsevier B.V. All rights reserved.

Keywords: Taiwan; Continental subduction; Forearc deformation: Syn-collisional orogenic basin: Analogue modeling

1. Introduction

In convergent settings, the transition between oceanic and
continental subduction induces major changes in the mechanical
boundary conditions at plates boundary. Simple geological
comparison from south to north of Taiwan shows that a large
piece of the oceanic accretionary system is missing in the domain
involving continental subduction, where remnants of the volcanic
arc edifice (coastal range) are directly juxtaposed with meta-
morphic continental rocks of the central range. Such setting is
difficult to reconcile with classical arc-continent collision models.
Recent works, some based on physical and numerical modeling at
lithospheric scale (Chemenda et al., 1997; Tang and Chemenda,
2000; Chemenda et al., 2001; Boutelier and Chemenda, 2003),
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1 Presently at: Faculty of Earth Sciences, Utrecht University, P.O. Box 80.021,
3508 TA Utrecht, The Netherlands.
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others based on geological and geophysical observations onland
and offshore Taiwan (e.g., Malavieille et al., 1999, 2002; McIntosh
etal., 2005), have demonstrated that an important tectonic process
occurs which is characterized by subduction of a forearc lithosphere
slice under the oceanic lithosphere constituting the upper-plate. At
the beginning of the process, the subduction of the continental
margin strongly increases the stress and strain in the upper-plate
(Shemenda, 1994; Lallemand, 1999; Tang and Chemenda, 2000),
sometimes involving failure and then subduction of a lithosphere
sliver from the forearc domain. The effects of these deep processes
on morphology, internal structure and tectonic evolution of the
accretionary wedge-forearc basin system are numerous but scarcely
studied until now. Using sandbox models, we have studied the
impact of this geodynamic process on deformation at the scale of
the accretionary wedge. We model a setting in which a continental
margin is subducting under an oceanic lithosphere bearing a mature
volcanic arc, inducing subduction of forearc lithosphere. The
results of the modeling are compared with geological observations
from southeast Taiwan and a new interpretation is proposed for the
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morphostructural evolution of the presently active transition from
oceanic to continental subduction occurring in this area.

2. General setting of Taiwan
Arc-Continent collision is classically considered to be exem-

plified by the subduction of the continental margin of China under
the Luzon island arc (e.g, Sibuet, J.-C., and Hsu, S-K., 1997).

Two plates are involved in the complex tectonic setting that
surrounds the Taiwan orogen, the Philippine Sea Plate (PSP),
and the Eurasian plate (Fig. 1). Northeast of the Taiwan area, the
PSP is being subducted beneath the Ryukyu are, which belongs
to the Chinese continental margin. South of the Taiwan Island,
the oceanic lithosphere of the South China Sea subducts beneath
the PSP, inducing the volcanism of the Luzon arc. The relative
motion between the PSP and the Eurasian plate has resulted in

TAIWAN
STRAIT

S~ PHILIPPINE
- SEAPLATE
LANYE O

)

2R

. 3 —

N .! ,.s ‘
-\:‘ X ‘qcﬁve volcano

Fig. 1. Morphostructural map of the Taiwan area showing the main tectonic units which characterizes the transition from oceanic to continental subduction. Sections of
Fig. 11 are localized (blue lines). CP, Coastal Plain; WF, Western Foothills; HSR, Hsueshan Range; LF, Lishan Fault; TC, Tananao Complex; BR, Backbone Range;
CR, Coastal Range; SLT, “Southern Longitudinal Trough™ orogenic basin; HP, Hengchun Peninsula; HR, Hengchun Ridge; HtR, Huatung Ridge; KS, Kaoping Slope;
TT, Taitung Trough; MAW, Manila Accretionary Wedge: FB, Forearc Basin; OCT, inferred Ocean Continent Transition.
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the progressive subduction of the Chinese continental margin
and the development of the Taiwan mountain belt.

Global kinematics indicate that the PSP is currently moving
northwestward (N306°+ 1 © azimuth), with respect to the Eurasian
plate (Seno, 1977; Seno etal., 1993) ata rate ranging between 80—
83 mm/yr (GPS data, Yuetal., 1997; Lallemand and Liu, 1998) or
90 mm/yr (REVEL model, Sella et al., 2002). Because the Asian
continental margin trends diagonally with the Luzon arc, the arc-
continent collision is oblique and the point of continental sub-
duction rapidly migrates southward (Suppe, 1984). The oceanic
lithosphere of the South China Sea was subsequently subducted
beneath the PSP along the Manila Trench in the carly Miocene, as
suggested by the Neogene age of associated volcanism along the
Luzon Arc (Ho, 1986; Richard et al., 1986). The Manila accre-
tionary wedge has developed between the two plates (Fig. 1) and
is still growing today south of 21°20" N (Lewis and Hayes, 1983;
Hayes and Lewis, 1984; Lewis and Hayes, 1984, 1989). North of
21°20" N, the wedge becomes incorporated in the domain of
continental margin subduction, involving progressively lower to
middle Miocene slope and trench sediments (Reed et al., 1992).
The southern tip of Taiwan Island represents the uplifted internal
domain of the oceanic accretionary wedge currently undergoing
the effects of the collision (Lundberg and Dorsey, 1990; Reed
et al., 1992; Huang ct al., 1997). The backpart domain of the
wedge extends offshore southward of the Hengchun Peninsula in
the form of the Hengchun Ridge as far as 20°30" N (Fig. 1). A
realistic scenario for the tectonic evolution of the submarine
accretionary wedge has been proposed by Huang et al. (1997). In
their model, the NW-SE oriented Kaoping Slope west of the
subduction wedge of the Hengchun Ridge represents the part of
the prism associated with the incipient subduction of the chinese
continental margin (¢.g. Huang et al., 1997; Liu et al.,, 1997). The
transition between oceanic and continental crust (OCT, see Fig. 1)

Forearc -
sedimentation = :
//
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in the Eurasian plate is marked approximately by the 2500 m
isobath (Letouzey et al., 1988). Although being oriented ap-
proximately N 70° E to the southwest of Taiwan, the present trend
of this boundary is not regular suggesting that the southward
propagation of collision is not a stable and continuous process as
often supposed.

The geologic setting of the Taiwan orogenic wedge itself can
be summarized as follows. The sedimentary cover of the Chinese
continental margin (see Taiwan Strait in Fig. 1) was accreted in
the northwestern part of the island, and it is still accreting in the
southwestern part, against a backstop formed by the pre-Tertiary
rocks of the Central Range (e.g. Lu and Malavicille, 1994).
Shallow marine sequences of the passive continental margin and
foreland sequences constitute the deformed units of the Coastal
Plain, Western foothills and Hstichshan Range (Ho, 1982, 1988).
During convergence, they were progressively accreted to the
mountain belt along a series of cast-dipping thrusts. The Central
Range includes the Eocene and Miocene (but not Oligocene)
metamorphic Backbone Range. The Lishan Fault, west of the
subduction wedge, is a high-angle west dipping fault (Lee et al.,
1997), which separates the western Backbone Range from the
Eocene—Oligocene units of the Hstichshan Range, both of them
forming the Slate belt (Ho, 1986; Angelier et al., 1990; Teng
ctal., 1991; Clark et al., 1993; Tillman and Byme, 1995). The
Westemn Foothills correspond to a fold-and-thrust belt affecting
Oligo—Miocene strata overlain by a 4-km-thick sequence of
Pliocene—Quatemary molasse (Lu and Hsii, 1992). This fore-
land thrust belt seems inactive north of 24° N, but it is still
growing south of this latitude as shown by seismicity and GPS
measurements (Yu etal., 1997). The Central Range is bounded to
the cast by the Longitudinal Valley, which separates the Central
Range from the Coastal Range (i.c., northernmost segment of the
Luzon volcanic arc). Deformation of the PSP lithosphere within

Fig. 2. Sketch of the “sandbox™ deformation apparatus. S1, Velocity discontinuity associated to the displacement of the Mylar sheet; S2, Velocity discontinuity

associated to the retreat of the mobile plate.
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the Coastal Range is suggested by the 50-km-thick seismogenic
zone beneath the arc domain (Wu et al., 1997). A large part of
the Coastal Range is still well coupled to the PSP, as attested
to by the GPS velocities of 63+9 mm/yr in the direction of
N314°+8°, except north of 23°40" N where rates dramatically
drop to 8-43 mm/yr along the azimuths N292°-352° (Yu et al.,
1997). About 80-90 mm/yr of plate convergence is taken up in
the offshore area north of 24° N, whereas south of 24° N, the
convergence is distributed across the island, with about 30-40 mm/
yr accommodated in the western foothills (Simoés, 2005), 30 mm/
yr in the Longitudinal Valley area (Angelier et al., 1997), and
onland and offshore across the other thrusts of the Coastal Range
units shown in Fig. 1 (Yu et al.,, 1997; Deffontaines et al., 2001;
Malavieille et al., 2002; Shyu et al., 2005).

The Luzon island arc and the associated Manila Trench are
generally considered as early Miocene in age (Juang and Bellon
1984). The northernmost present-day activity of the arc is
observed at the latitudes of the Batan Islands. Younger ages, as
recent as 30 ka, were also found using K—Ar dating on Lutao
and Hsiaolanyu (a small island located south of Lanyu) islands.
The activity of the northern segment thus probably ceased during

the Quaternary at the latitude of the islands of Lutao and Lanyu
(Yang et al., 1996). A progressive increase in continental con-
tamination of andesitic magmas correlates with progressively
younger ages in Coastal Range volcanic rocks. This progression
reflects the systematic increase through time of continentally
derived sediment entering the Manila Trench (Dorsey, 1992), and
the transition from oceanic to continental subduction inducing
subduction of a slice of forearc lithosphere (e.g. Malavieille et al.,
2002), shortly before the cessation of island-arc magmatism.
North—south changes in the geology and morphology of the
Taiwan orogenic wedge reflect the increasing imprint of the
Chinese margin “continental subduction”.

3. Analogue modeling

At a crustal scale, the structure and dynamics of accretionary
wedges has been widely studied using analogue modeling
techniques, allowing a better knowledge of the various processes
controlling their growth. Some of them focused on deformation,
structure geometry and kinematics (Malavieille, 1984; Mulugeta,
1988; Calassou et al., 1993; Lu and Malavieille, 1994; Merle and

A
40cm

Fig. 3. Five evolutionary steps of experiment 3. Friction was low at the base of the sand cake, both on the mylar sheet and on the “forearc” plastic plate. The empty

arrows outline the domain affected by active shortening at each stage.
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Abidi, 1995; Gutscher etal., 1996; Mugnier etal., 1997; Gutscher
et al., 1998a,b; Dominguez et al., 1998a,b, 2000; Gutscher et al.,
2001; Casas et al., 2001; Cobbold et al., 2001; Kukowski et al.,
2002; Martinez et al., 2002; Marques and Cobbold, 2002; Smit
ctal., 2003), others analyzed the impact of surface processes such
as syntectonic sedimentation (Malavieille et al., 1993; Larroque
et al., 1995; Storti and Mc Clay, 1995; Leturmy et al., 2000;
Barrier et al., 2002; Del Castello et al., 2004) or syntectonic
erosion on the dynamics of the orogenic wedge (Persson and
Sokoutis, 2002; Persson et al., 2004; Konstantinovskaia and
Malavieille, 2005; Hoth et al., 2006). At lithospheric scale,
subduction processes have been studied using scaled models
designed to be analogues for lithosphere deformation (Chemenda
etal., 1995, 1997). In this frame, specific experiments devoted to
study the effects of continental subduction on upper-plate island
arcs, have shown that the subduction of slices of fore-arc
lithosphere can occur under specific mechanical boundary
conditions (e.g. Chemenda etal., 2001; Boutelier and Chemenda,
2003). They show that subduction of a continental margin beneath
a volcanic arc, may induce failure of the arc lithosphere at the
vicinity of the volcanic arc, subsequent shortening involving

slicing and subduction of part of the fore-arc domain. In such a
geodynamic setting, processes and deformations occurring in the
upper levels of the crust (i.c., at the scale of the accretionary
wedge or the forearc basin) are poorly known. Our study concerns
the modeling of the accretionary wedge—forearc basin deforma-
tion and evolution, in relation with the subduction of a slice of
upper-plate lithosphere in front of a volcanic arc. The aim was to
better understand the evolution of the complex deformation that
occurs southeast of Taiwan due to the progressive implication of
the Chinese continental margin in the subduction. The geological
features suspected to be correlated with such a tectonic process are
analyzed in the light of our modeling results.

Experimental apparatus and procedure: Each experiment was
performed under normal gravity using an apparatus (Fig. 2)
which simulates the basic geometry and general kinematics of a
subduction zone. The classical sandbox device, close to the one
used by Malavicille (1984) and Lallemand et al. (1992), is
constituted by a horizontal basement bounded by two sidewall
glasses. A 10 cm wide mylar sheet (analogue of the oceanic
plate), lying on the horizontal plate, is pulled beneath a rigid
backstop allowing more than 1.5 m of convergence for cach

oo

al
0 cm cm

Fig. 4. Experiment 7. Friction was low on the mylar sheet at the base of the sand cake, and high on top of the “forearc™ plastic plate.
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experiment. Different roughness of the plastic sheet are used to
test the effect of different frictions at the base of the sand cake.
The rigid backstop (fixed) presents a shape with a low dipping
slope (15°) that represents the voleanic edifice of the island arc
against which the sediments are deformed. To model the
specific kinematic boundary conditions imposed by the
subduction of a forearc basement slice in front of the volcanic
arc, we add a thin mobile plate (PVC plastic) on the mylar sheet
in front of the rigid backstop. The buttress that bounds the
sandbox remains fixed during the experiment, whereas the
plastic plate can slide beneath it, involving progressive short-
ening of the forearc domain during convergence. The friction
can be adapted on the backstop surface and on the top surface of
the mobile plate.

On the mylar sheet, 3 cm of successive coloured sand layers
simulate the oceanic sediments (Fig. 2). They allow building of
the initial accretionary wedge (Manila accretionary wedge) that
developed before the beginning of continental subduction. The
same material is used to progressively fill the trough (forearc

basin) that develops between the rear of the model sand wedge
(accretionary prism) and the rigid backstop (front of the
volcanic arc). The back motion of the PVC plate (analogue of
the forearc basement) is controlled during the experiment run.

The acolian sand used in this study is rounded with a grain
size of less than 300 micrometers and a density of 1690 kg/m3.
The intemal coefficient of friction is 0.57 and the cohesion
Co=20 Pa. The model materials have frictional properties
satisfying the Coulomb theory (Dahlen et al., 1984; Dahlen,
1984) and thus, itis a fair analogue of the rocks of the upper crust
(Krantz, 1991). Sandbox scaling has been widely discussed (see
for example; Lallemand et al., 1992, 1994; Kukowski et al.,
1994; Gutscher et al., 1996, 1998b; Kukowski et al., 2002;
Lohrman et al., 2003) and 1 ¢m in our experiment is roughly
equivalent to 1 km in nature. The same dry sand is used to
simulate the sediments of the accretionary wedge and the
sediments filling the basin (analogue of the forearc basin)
located between the back of the thrust wedge and the rigid
backstop. Two cameras and one video recorder recorded each

Fig. 5. Experiment 5. Friction was high on the mylar sheet at the base of the sand cake, and low on top the “forearc™ plastic plate.
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stage of deformation. Structural interpretations are based on
planar views recorded at the same time as the morphological
perspective views presented.

Each experiment has been performed following three stages.

1) During the first stage, the PVC plate (forcarc basement)
remains fixed to the rigid backstop. Motion of the mylar sheet
allows the growth of a typical doubly vergent sand wedge
which geometry is controlled by the velocity break (S;)
located at the tip of the PVC plate. The internal deformation
of the wedge is characterized by dominant frontward-vergent
thrusts with regular narrow spacing and frontward sequences
of thrust development on one side and, localized back-
thrusting on the backside. Backthrusting controls basin
development during shortening and syntectonic sedimenta-
tion (see a detailed study of this process in Malavieille et al.,
1993; Larroque et al., 1995).

2) During the second stage, a mechanical coupling is realized

between the mylar sheet and the PVC plate. Then, a second
velocity discontinuity (S;) works at the tip of the rigid
backstop inducing shortening in the “forearc* domain. Such a
coupling can be total (this is the case in four of the five
experiments presented) or partitioned (this has been tested on
experiment4). In the first situation, the retreat of the PVC plate
occurs at the same velocity as the motion of the mylar sheet
making the S, velocity break inactive whereas S, concentrates
the deformation. The experiment4 was designed to testa more
complex tectonic situation in which the rate of subduction of
the forearc slice is supposed to be slower than the main
subduction. It has been run to check the effect of a differential
velocity between Sy and S5, the two velocity discontinuities
working together during shortening. The equivalent of a syn-
orogenic basin is initiated since the beginning of this stage. In
the experiments syn-deformation deposit of sand layers with

Fig. 6. Experiment 6. Friction was high on the mylar sheet at the base of the sand cake, and high on top the “forearc” plastic plate.
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different colours allows to visualize the shape and deformation
state of the new “piggy-back orogenic basin.

3) Third stage: after complete removal of the PVC plate
shortening goes on some tens of centimeters until the end
of the experiment.

In the next part, we describe and compare the results obtained
on several laboratory experiments varying two main parameters,
the friction at the base of the sediments and the relative shortening
ratio between the rigid backstop, the moving PVC plate and basal
plastic sheet. The low and high basal friction in the different parts
of the models are obtained respectively by polishing (low friction)
the rigid backstop, the PVC plate and the basal plastic sheet and by
sticking sand grains on their surfaces (high friction). These major
changes in boundary conditions induce the specific deformation
and evolution suffered by the prism and the associated basins
developed on its backpart.
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4. Results of experiments

A series of five significant experiments have been analyzed
allowing to determine the main effects of the different tested
parameters. One of them (experiment 3) is described in detail
(Fig. 3), whereas, as the differences in the others concern minor
points of models evolution, only their original characters are
summarized.

In experiment 3, basal friction on the plastic sheet was low
and friction on top of the PCV plate and rigid backstop was low
too. Kinematics of deformation is analyzed using photographs
taken each 2.5 cm of shortening. During shortening, the step-
by-step input of sand (sediments) in the back part of the
developing thrust wedge allows filling of a syntectonic basin (in
a forearc setting). The sand input is generally chosen to partly
fill the topographic low that develops between the domain of
backthrusting in the wedge (domain of major topographic high

©)

Fig. 7. Experiment4. Friction was low on the mylar sheet at the base of the sand cake, and low on top the “forearc” plastic plate. The PVC plate is removed, the velocity

of the mylar sheet (V mylar on the Fig. 7), is higher than the velocity of the PVC plate

(VPVC). The reference is given relative to the fixed backstop (V backstop=0).
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in actual oceanic wedges) and the rigid backstop (equivalent of
the inner slope of the volcanic edifice). This choice is based on
observation of the present arca extent of the forearc basin
developed south of Taiwan, where the accretionary wedge is
simple. The wedge domains affected by faulting and deforma-
tion are shown on figures by the blue arrows.

During the first stage of modeling (about 40 ¢cm shortening,
Fig. 3a and b), the PVC plate remains coupled with the rigid
backstop. A typical low-friction wedge develops which double
vergence is controlled by the velocity discontinuity located at
the tip of the PVC plate (S, on all the figures). The wedge
growths rapidly by frontal accretion of small thrust units
bounded by a set of antithetic thrusts. The dip of the slope is
low. The zone of backthrusting developed at the rear of the
wedge allows the growth of the basin which deposits remain
undeformed except at the vicinity of the major backthrust.

When the size of the model wedge and associated basin are
assumed to be reasonably comparable to its natural equivalent (the
oceanic accretionary wedge presently observed south of Taiwan,
far from the collision zone, i.c. south of 21° N), we initiate the
retreat of the PVC plate (by coupling the plate with the plastic
sheet underneath) simulating forearc subduction. This induces
major changes in the wedge dynamics characterizing the second
tectonic stage. The frontal growth of the wedge stops and the
deformation concentrates now at the back part of the system, in

[ ] "accretionary wedge"

"orogenic basin"

front of the rigid backstop. A major backthrust allows back-
thrusting of the basin sequences onto the backstop. A series of low
dip thrusts initiate from the new velocity discontinuity (S, on the
figures), they cut and deform the layers of the basin developing a
topographic ridge against the backstop (Fig. 3, stage ¢). When the
new ridge reaches a critical slope, it growth forward and most
of the basin sequences are thrusted on the rear part of the ac-
cretionary wedge.

As shortening increases, deformation allows a new syntectonic
basin to be developed in the synformal structure bounded by
the forearc ridge and the back of the accretionary wedge (Fig. 3,
stage d). This new “orogenic basin® is strongly deformed due to
syn-shortening sedimentation. During the last steps of the PVC
plate retreat and after its complete removal, the main décollement
located at the base of the thrust wedge is reactivated allowing
wedge growth by frontal accretion of new tectonic units. Then,
thrust partitionning resumes, S, controls wedge growth and the
whole model behaves again as a classical accretionary wedge
(Fig. 3, stage d).

The differences induced by parameter changes in cach of the
other experiments are listed below.

In the experiment 7, the friction on top of the PVC plate and
rigid backstop is high. The general evolution of the sandwedge
(Fig. 4, stages a, b, ¢) is quite similar to experiment 3, but the
new ridge developed against the buttress during retreat of the

[:] "forearc basin"
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Fig. 8. All experiments drawn at last deformation stage, showing the geometry and structure of the main tectonic units.



386

PVC plate overthrusts the back part of the accretionary wedge,
giving an open syncline geometry to the deformed basin in the
last stages of shortening (Fig. 4, stages d, ¢). The orogenic basin
is mainly affected by forward thrusting.

In the experiment 5, the friction is high on the mylar sheet
whereas it is low on top of the PVC plate and backstop. The
model shows the characters of typical high friction wedge with a
high dipping slope and forward growth by stacking of long
thrust units (Fig. 5, stages a, b). Here again, as in exp. 7, retreat
of the PVC plate induces ridge growth and overthrusting of the
syntectonic sequences of the basin on the rear part of the
accretionary wedge (Fig. 5, stages ¢, d). After complete removal
of PVC plate, as deformation resumes, the whole thrust wedge
growths again and a new out of sequence backthrust develops at
the boundary between the deformed basin and the rear of the
wedge (Fig. 5, stage ¢). Backthrusting is more developed in this
experiment and affects the orogenic basin too.

In the experiment 6, the basal friction is high everywhere.
Result is very close to model 5 (Fig. 6, stages a, b). Retreat of the
PVC plate induces growing of a doubly vergent ridge above S,

J. Malavieille, G. Trullenque / Tectonophysics 466 (2009) 377-394

(Fig. 6, stages ¢, d). During last stages of shortening, the last
formed out of sequence forethrust cuts the back of the accretionary
wedge, whereas thrusting resumes at the front (Fig. 6, stage ¢). The
orogenic basin is relatively little affected by faulting as it is
passively displaced on top of the sequences of the previous basin.

In the experiment 4, since the PVC plate is removed, the
velocity of the mylar sheet (V mylar on the Fig. 7), is higher
than the velocity of the PVC plate (V PVC). The reference is
given relative to the fixed backstop (V backstop=0). It was
designed to test a more complex tectonic situation in which the
rate of subduction of the forearc slice is supposed to be slower
than the main subduction. The basal friction was low
everywhere in the model as for experiment 3. The evolution
of the sandwedge is similar as exp. 3. As both velocity breaks S,
and S» act together, deformation of the thrust wedge goes on
while the domain of the basin is deformed (Fig. 7, ¢, d, e).
Backthrusting develops at the rear of the thrust wedge, whereas
a new thrust ridge growth in the basin against the backstop.
Both thrust systems work concomitantly until the end of PVC
plate retreat. At the end of shortening, the deformed basin

Table 1
Table izing the main ch s of the five experiments described in the text
Experiment Exp.7 Exp.6 Exp.5 Exp.3 Exp.4
number
Friction on top of  Low High High Low Low
the moving
sheet
Friction on top of ~ High High Low Low Low
the mobile PVC
plate
Friction on top of  High High Low Low Low
the fixed
backstop
Motion of velocity Stepl: V lower- Step1: V lower-plate= Stepl: V lower-plate= Stepl: V lower- Stepl: V lower-
breaks Sl and  plate=Cste and Cste and V moving Cste and V moving plate=Cste and plate=Cste and
S2 relative to V moving plate=0 plate=0 plate=0 V moving plate=0 V moving plate=0
fixed upper- Step 2: V lower-plate>  Step 2: V lower-plate> Step 2: V lower-plate Step 2: V lower-plate> Step2: V lower-plate=

plate (tip of
fixed backstop)

Structure of the
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overthrusts the rear part of the accretionary wedge. It results in a
synformal basin structure bounded by two antithetic thrusts and
carrying in its center a small “orogenic basin” (Fig. 7, stage ¢).
The orogenic basin is mainly deformed by backthrusting.

The Fig. 8 and Table | summarize the main characters of
deformation for the five experiments.

5. Insights of modeling results on the structural evolution of
southern Taiwan

The complex geology and tectonic features of the arca south of
Taiwan are presented using original structural maps (Figs. |

and 9) and geologic cross sections (Fig. 10). The maps and
sections have been designed combining published and unpub-
lished terrestrial and marine data. They include personal field
observations in the southern part of the Taiwan belt, new analysis
of seismic lines obtained on the arca during the 1996 RV
L’Atalante, ACT cruise (Lallemand and Liu, 1997) or older lines
of the 1990 Moana Cruise (given by the courtesy of C-S Liu) as
well as insights of modeling results on the structural evolution of
southern Taiwan.

The transition from oceanic to continental subduction along
the Manila Trench occurs near 22° N, but the impact on
deformation of this major change in the nature of the two plates

© ® N OORON =

Fig. 9. Detailed morphostructural sketch map of southern Taiwan area. Onland and offshore structures and tectonic units are correlated. Symbols and patterns: | — fault,
2 — thrust (teeth on upper plate), 3 — inactive thrust (teeth on upperplate), 4 — fold axis, 5 — minor fault, 6 — drainage, 7 — recent collisional basin, 8 — volcanic

rocks of the Coastal Range, 9 -~ mud volcano, 10 - mass wasting. A and B lines show location of detailed geological cross

in Fig. 1.

of Fig. 10. Same abbreviations as
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is observed as far south as 21° N. Three main morphostructural
domains characterize this transition:

1) Domain of oceanic subduction.

South of 21° N (Fig. 11, section 1), the offshore domain is
characterized by the subduction of the South China Sea oceanic
lithosphere under the PSP. The typical Manila oceanic accre-
tionary wedge develops by accretion ofthe sediments deposited in
the Manila trench against the Luzon arc basement. A wide forearc
basin develops at the rear of the thrust wedge, mainly filled by arc
sediments. This simple setting is the present-day analogue of
processes acting in the past more to the north, before the
beginning of the continental margin subduction. In our experi-
ments, the first stages of accretionary wedge growth simulate the
processes acting during oceanic subduction. During model
shortening the wedge growths by frontal accretion of small thrust
units. The step by step input of sand (sediments) in the back partof
the developing wedge allows filling of a syntectonic basin (in a
forearc setting), which development is controlled by tectonic
wedging and backthrusting (Figs. 36, stages a, b). A recent
similar interpretation is proposed by Chi et al. (2003), based on
the detailed analysis of seismic lines (Taicrust experiment) and
gravity data.

2) Domain of incipient continental subduction.

The general map of Fig. | shows the main structural elements
and morphological units that characterize the deformation in this
domain where a forearc basement sliver is proposed to be
subducting beneath the PSP upper-plate. It reflects the complex
tectonic history suffered by the area. Six morphotectonic
structures constitute the domain of incipient continental subduc-
tion: (1) The Kaoping Slope (KS), (2) the Hengchun Peninsula
(HP) and its submarine equivalent the Hengchun Ridge (HR),
(3) the Southem Longitudinal Trough (SLT) south of the on-land
Longitudinal Valley (LV), (2) the elongated Huatung Ridge (HtR)
forming the castward dam of the Southem Longitudinal Trough,
(3) the Taitung Trough (TT), marked by a sinuous V-shaped

bduction:

continental

valley, and (4) the Luzon volcanic arc including the islands of
Lanyu and Lutao.

Offshore south 0f 22° N, the size, morphology and structure of
the accretionary wedge change significantly owing to the first
effects of the continental margin subduction (Fig. 9). The forearc
basin is shortened in between the rear of the wedge and the
volcanic edifice of the arc. Three morphotectonic units appear: —
alower-slope wedge with a very low dipping slope, — the HR is
an uplified domain of the wedge bounded by a slope break and
characterized by a steeply dipping upper-slope, — the HtR
smaller ridge, composed by deformed strata of forearc sedimen-
tary deposits, separated from the rear of the wedge by the TT
narrow north—south-oriented trough.

Different mechanical interpretations have been proposed for
these tectonic features. Reed et al. (1992) suggested significant
shortening of the central domain of the wedge, with out-of-
sequence thrusting at the boundary between upper and lower
slopes and major backthrusting in the forearc domain. Under-
plating of thrust units in the core of the thrust wedge represents a
possible cause for changes in the dip of the slope, the domain of
low dip slope representing the zone of frontal accretion, the high
dip upper slope marking the area of underplating at depth (see
also experimental studies of Gutscher et al., 1998a, or
Kukowski et al., 2002). The smaller HtR has been interpreted
as deformed sediments of the forearc basin (e.g. Malavicille
etal., 2002). In all the experiments (Figs. 3-7), the development
of a topographic ridge against the low dip backstop marks the
evolution of the sand wedge during the progressive retreat of the
PVC plate. This confirms that in southern Taiwan, the
subduction of a forearc sliver in front of the arc edifice could
be a good explanation for the growth of the Huatung Ridge cast
of the accretionary prism.

North 0f22° N, the HP represents the emerged continuation of
the submarine HR (Fig. 9). Atthis latitude, a large part ofthe slope
sediments from the continental margin is involved in the
accretionary wedge. Onland, the deformation structures of
southemn Taiwan characterize the main tectonics events that
occurred during the growth of the orogenic wedge. Thick series of
Miocene deposits in this area suffered low-grade metamorphism
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and ductile-brittle deformation during the Late Cenozoic
orogeny. Most of the recent field investigations and structural
analysis realized in this area (Chang et al., 2000, 2001; Lu et al.,
2001; Chang et al., 2003) distinguish three main stages in the
deformation history that can be summarized as follows: (1) a first

stage involving an early west-vergent deformation and volume
loss resulting in thrusting, regional tilting of strata, slumping and
subsequent folding (carly slumping being sometimes considered
as a first synsedimentary deformation phase, but as this
deformation occurs during the growth of the accretionary
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wedge, such structures were probably syntectonic of the first
phase); (2) a second stage being dominated by general shear,
which resulted in widespread east-vergent back-folding and back-
thrusting associated with isoclinal folding; and (3) a third stage
mainly involving transpression in association with E~W con-
tractional thrusting and folding, as well as a new penetrative
cleavage. Many of the well-characterized structures in the study
arca disappeared progressively towards the north as deformation
becomes more complex and as exhumation exposes more and
more deep rocks of the Central Range. The evolution of structures
in sandbox models suggests a possible scenario to account for the
complex tectonic history of this area. Early structures of the first
phase (slumping, west vergent thrusting and folding) develops
during the forward growth of the marine accretionary wedge,
before incoming of slope margin sediments. As sedimentary input
dramatically increases with the approach of the continental slope,
it will change the behaviour of the coulomb wedge. Such a
phenomenon has similar consequences on wedge deformation
and structures as incoming of asperities (ridges, secamounts,
plateaus, area of rough basement with strong basal coupling...) in
a critical wedge (see for example modeling of this process in
Lallemand et al., 1994; Dominguez et al., 1998a.b, 2000). Thus,
change in the critical taper and subsequent thickening of the
wedge occur inducing fault reactivations, out of sequence
backthrusting and associated backfolding. The structures
observed onland attributed to a second tectonic stage could
reflect such event. As major consequence, strain and stress
increase induced in the thrust wedge could be responsible for the

Taiwan
orogenic wedge

strong deformation that affects the forearc domain, involving
subduction of a slice of forearc basement (Fig. 11, section 2). As
subduction is oblique transpressive strain partitioning lately
concentrates in this active area producing the E~W contractional
thrusting and folding that is attributed onland to a third tectonic
event (see orientation of fold axis in Fig. 9).

Malavicille et al. (2002) have shown that major shortening
occurs today offshore in the forearc domain, between the Luzon
Arc (islands of Lutao and Lanyu) and the Hengchun Peninsula
of Taiwan. South of Taitung, the difference between GPS data
obtained on the arc islands (Lutao and Lanyu) and on east coast
of the HP confirms that about 40 mm/yr (half of the total
convergence) (Yu et al., 1997) is accommodated offshore. It is
mainly absorbed by west-dipping thrusting beneath the HtR and
in addition by folding and thrusting within the ridge (Fig. 10).
The map (Fig. 9) and digital clevation model oblique view
(Fig. 12) show that two main morphostructural units, the HtR
and the SLT constitute the present forearc domain. Sections a
and b of Fig. 10 show the geometry, deformation structures and
tectonic setting of these units. The SLT is a proximal orogenic
basin developed in a forearc position (e.g., Lundberg and
Dorsey, 1988; Lundberg et al, 1997; Fuh et al., 1997).
Elongated in a north-south direction between 21°50°N and
22°40°N, it is bounded to the west by the 10°-cast-dipping
structural slope of the HP and to the east, by an antiformal
narrow ridge which extends westward from the HR over-
thrusting onto the Luzon arc near 22°05°N. The basin is filled
by Holocene orogenic sediments coming from the Central

Fig. 12. Oblique view (Digital Elevation Model) of the offshore domain SE of Taiwan Island suffering intense forearc shortening. Yellow color outline the “Southern

Longitudinal Trough™ orogenic basin.
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Fig. 13. Geological section of Fig. 10B interpreted at depth using the comparison with structures of'a sandbox experiment. Subd
accounts for deformation, structures and basin geometry observed SE of Taiwan.

Range (Huang et al., 1992). Filling by growth strata record the
relative uplift of the HR, forming a dam for sediments
(Lundberg et al, 1992, 1997). Complex deformation and
progressive tilting of lower series have been imaged from east—
west and north—south seismic lines (Lundberg et al., 1997;
Malavieille et al., 2002). The upper series of the basin are
relatively flat, onlapping the HR to the south, whereas at depth,
the lower strata overlying an imregular basement are gently
deformed. These sequences lie unconformably on top of older,
folded and faulted sequences of the former forearc basin. The
Fig. 13 compares an evolved stage of a sand model to the
geological section (section a, Fig. 10) drawn using all available
data. The interpretation proposed for the processes responsible
at depth for the observed structures is directly inspired by the
experiments. It summarizes the main characters of deformation
(geometry and kinematics) and shows possible mechanisms
able to produce the complex deformation suffered by the arca
during subduction of a forearc basement slice.

2) Domain of mature continental subduction and orogenic
wedge growth.

From 22°40°N to about 24°N, the collision is completed and
the forearc domain is drastically reduced. This northern domain
represents the area where the continental margin of China is
largely involved in the subduction (Cheng et al., 2002). The
wedge growths again by frontal accretion to the west (e.g.,
Simodés, 2005; Simoes et al., 2007), underplating in the central
part of the belt (Beyssac et al., 2006), accretion of parts of the

OCEANTC SEDIMENTARY WEDSGE >:‘

DEFORMED FOREARC DOMAIN -

sLT 5
“orageric basie" Heshungeiige

—~___ basement of the volcanic arc

_ forearc basement slice

of a forearc b slice well

arc-forearc domain, backthrusting and tectonic wedging in the
castern side of the orogenic belt to the east (Malavieille et al.,
2002). The Coastal Range volcanic rocks and associated residual
basins are detached from the Philippine sea plate, overthrusting
the central Range to the west and backthrusting onto the
Huatung Basin to the east. From Taitung to 23°40°N, 30 mm/yr
of shortening are taken up today along the cast-dipping thrusts of
the Longitudinal Valley (e.g. Angelier et al., 1997), and about
20 mm/yr through west-dipping thrusts located offshore close to
the base of the slope (Yu et al., 1997; Malavicille et al., 2002).
The section 3 of Fig. 11 illustrates the deformation of the main
tectonic units constituting the mature Taiwan belt, showing an
evolved stage of processes acting today more to the south. In this
area, the slice of forearc basement is completely subducted under
the PSP lithosphere. Such situation is equivalent to the mature
stages of the experiments when the retreat of the intermediate
PVC plate is completed. The wide orogenic wedge constituted
by all the various accreted units and growing foreland basin is
presently indented by the basement of the volcanic arc. The
tectonic history of this domain is described in Malavicille et al.
(2002).

6. Conclusion
Most of the deformation and tectonic events recorded

offshore or onland in the complex area south of Taiwan can
be better explained using results of our specific modeling which
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well describe the tectonic processes and basin development
associated with continental subduction under a volcanic arc.

To the south, incipient subduction of the continental margin
induces increasing stress and strain in the upper plate. Subsequent
subduction of a forearc basement slice produces intense shortening
and concomitant deformation in the forearc domain. Such process
involves deformation of the forearc basin previously developed in
a setting of oceanic subduction. Volcaniclastic sediments of the
forearc are involved in the growth of a new thrust ridge
backthrusted against the basement slope of the volcanic arc
edifice. A syn-collisional orogenic basin develops which structural
evolution characterizes the progressive shortening of the forearc
domain. Thus, detrital sediments coming from the growing
continental orogenic wedge are trapped in the piggy-back trough
developed between its backpart and the topographic high of the
new rising ridge.

North of the latitude of Taitung, the forearc basement of the
Luzon volcanic arc no longer exists. The wedge growths again by
frontal accretion to the west, underplating in the central part of the
belt, accretion of parts of the arc—forearc domain, backthrusting and
tectonic wedging in the eastern side of the orogenic belt to the east.
Reconstruction of these processes may be useful for the under-
standing of the early stages of mountain building in fossil orogens.
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3.2 PhD thesis

I presented in the previous section my experience in the treatment of large-scale geodynamic processes.
Being missing some fieldwork experience and willing to investigate ductile driven deformation
mechanisms within fault zones | decided to seek for a PhD thesis dedicated to a regional geology thematic.
| paid the utmost attention that the subject included a substantial amount of field practice in terms of
cartography and sampling.

The subject proposed by the research group of Prof. S.M. Schmid, director of the Institute of geology and
paleontology at the University of Basel (Switzerland) hold my attention. The thesis was aiming to a better
understanding of the formation of the western external alpine arc between Pelvoux and Argentera massifs.
The enrolment was planned for a duration of four years and included ten months of investigations in the
field within a scientifically renowned team. | could include in the PhD theme some microfabric
investigations on highly deformed rocks and a low-grade metamorphic study. | had appreciated these two
disciplines during my Master thesis.

I wish here to thank Professor Schmid who considered my candidature. | am going to summarize my main
results while insisting on the adopted multidisciplinary approach which is in my opinion essential to any
research work.

The western alpine arc has an average radius of around 150 kilometers and is limited by SW-NE subalpines
chains to the north and by NW-SE subalpine chains to the south. My field area lied within the southern
portion of the arc between Pelvoux and Argentera massifs. In spite of more than a century of geological
studies within the Alps, no general agreement for a reconstruction in time and space could be found in the
literature. One of the main difficulties is found in the apparent 90 degrees divergence of thrusting directions
between the north and the south of the Pelvoux massif and several evolution models have been proposed in
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the literature (Butler et al., 1986; Platt et al., 1989; Ricou, 1984; Ricou and Siddans, 1986; Vialon et al.,
1989). Ceriani et al. (2001) proposed that Adriatic block indentation was accommodated by a major out of
sequence thrust, the Roselend thrust (RT), which partly reactivates the Penninic front at the rear of external
crystalline massifs. According to their model, activity along the RT is accommodated by dextral movements
along the Insubric line north of the alpine arc and sinistral movements within a major shear zone at the rear
of the Argentera massif.

My studies have evidenced a record of polyphase deformation within the area between Pelvoux and
Argentera massifs.

The first D1 deformation phase is related to Pyrenean orogeny tectonic episode. D1 is found in terms of
relicts within Mesozoic Dauphinois sedimentary series and in external crystalline massifs. The deformation
is visible within inverted hemi grabens type structures.

Alpine D2 deformation is found in the form of consistent NW-directed transport directions along thrusts
carrying external Briangonnais units on top of pre-structured Dauphinois units. These thrusts induce
spectacular mylonitisation phenomena and folding of the Dauphinois sedimentary units. This alpine phase,
in a strict sense, is related to activity along the RT and is ubiquitous in the field both north and south of the
Pelvoux massif.

I could therefore confirm Ceriani et al. (2001) hypothesis and described a major sinistral shear zone at the
rear of the Argentera massif.

My investigations carried within para-autochtonous dauphinois series and Embrunais Ubaye nappe stack
basal decollements have demonstrated that SW directed transport direction described in literature does exist
and is related to a later D3 phase postdating RT activity.

The most recent D4 phase is related to the Durance fault network activity (Delacou, 2004; Sue et al., 2000,
1999) still active at present-day.

I proposed a model which confirmed hypotheses by Ceriani et al. (2001) inferring that the Adriatic bloc
was transported towards the NW along the Roselend thrust. According to my model, the Embrunais Ubaye
helmenthoid flysch nappes were emplaced during this Oligo Miocene episode.

Besides this geological model gained from deciphering geological structures overprint in time and space, |
could demonstrate that metamorphic conditions prevailing in the study area fall within the range between
upper diagenesis and low anchizone instead of epizonal conditions as given in the literature (Potel and
Trullenque, 2012).

Using literature data by Carminati et al. (2004, 1998a, 1998b) | proposed that the D3 phase is related to far-
field stresses within the French SE basin transmitted during Mediterranean basin opening and Apennine
formation.

The second theme of my PhD concentrated on a complete microfabric of a Priabonian marbles sample
series having suffered variable amounts of deformation during the previously mentioned D2 phase.

This work was motivated by 1) the spectacular nature of outcrops encountered in the field, 2) my will to
deepen my theoretical knowledge in microfabric analysis acquired during my Master degree and 3) the
ambiguity related to interpretation of crystallographic preferred orientations (CPO) found in calcitic rocks
where ¢ axis distributions can be oriented normal or inclined either in or against the sense of shear (Schmid
et al., 1987).

My results were based on a combination of studies using thin sections and X-ray textural goniometry
analyses. | have shown that dislocation creep and dynamic recrystallization in the absence of twinning can
lead to two distinct microfabric types. Samples presenting both orthorhombic symmetry in terms of
crystallographic preferred orientation and grain axes are deformed in a co-axial strain regime. Preferential
crystal glide along <10-10> and <02-21> directions along f and r planes with a minor contribution of basal

40



glide in the <a> direction induce a symmetric ¢ axis distribution on each side of the pole to foliation. The
second family of samples showing monoclinic symmetry has been deformed under a non-coaxial strain
regime. Duplex glide in the <a> direction along the basal plane is responsible of a single c axis distribution
at 15 degrees to foliation normal, in the sense of shear.

I used my model of microfabric evolution on samples collected along the Roselend thrust in order to test
its applicability in terms of structural geology. | could again independently confirm the presence of broad
sinistral shear zone at the rear of the Argentera massif as hypothesized by Ceriani et al. (2001). I could also
outline an evolution in terms of strain regime along the Roselend thrust, non-coaxial strain becoming more
intense when approaching the Pelvoux massif rigid bloc.

As a summary to this theme dedicated to microfabric analysis, | could argue that CPO in calcitic rocks can
be used to determine shear senses, but care must be taken regarding twinning development as twins develop
a ¢ axis orientation against the sense of shear.

The results of my PhD thesis have been published in the form of two A ranking articles published in
international scientific journals (Potel and Trullenque, 2012; Trullenque et al., 2006).

Besides research, | was responsible during my PhD of X-ray textural goniometry measurements on demand
from colleagues. | developed a procedure in order to achieve a complete orientation distribution function
analysis and the different routines are available in the appendices of my thesis (Trullenque, 2005).

I was also involved in teaching activities which included laboratory practice and field work supervision.
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Abstract

Microfabrics were analysed in calcite mylonites from the rim of the Pelvoux massif (Western Alps, France). WNW-directed
emplacement of the internal Penninic units onto the Dauphinois domain produced intense deformation of an Eocenec-age
nummulitic limestone under lower anchizone metamorphic conditions (slightly below 300 °C). Two types of microfabrics
developed primarily by dislocation creep accompanied by dynamic recrystallisation in the absence of twinning. Coaxial kinematics
are inferred for samples exhibiting grain shape fabrics and textures with orthorhombic symmetry. Their texture (crystallographic
preferred orientation, CPO) is characterised by two c-axis maxima, symmetrically oriented at 15° from the normal to the
macroscopic foliation. Non-coaxial deformation is evident in samples with monoclinic shape fabrics and textures characterised by a
single oblique c-axis maximum tilted with the sense of shear by about 15°. From the analysis of suitably oriented slip systems for
the main texture components under given kinematics it is inferred that the orthorhombic textures, which developed in coaxial
kinematics, favour activity of <10-11> and <02-2 1> slip along the fand r planes, respectively, with minor contributions of basal-
<a> slip. In contrast, the monoclinic textures, which developed during simple shear, are most suited for duplex <a> slip along the
basal plane. The transition between the dominating slip systems for the orthorhombic and monoclinic microfabrics is interpreted to
be due to the effects of dynamic recrystallisation upon texture development. Since oblique c-axis maxima documented in the
literature are most often rotated not with but against the shear sense, calcite textures alone should not be used as unequivocal shear
sense indicators, but need to be complemented by microstructural criteria such as shape preferred orientations, grain size estimates
and amount of twinning.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Calcite; Microstructure; Crystallographic preferred orientation; Shape preferred orientation; Shear kinematics; Coaxial and non-coaxial
deformation; Texture goniometry; CIP

1. Introduction

Microfabrics, i.e. microstructures and textures, are
* Corresponding author. Tel.: +41 61 267 3607; fax: +41 61 267 3613. important records of deformation conditions and kine-
E-mail address: ghislain.trullenque@unibas.ch (G. Trullenque). matics in deformed rocks. The term texture refers to
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crystallographic preferred orientations (CPO) as used in
materials sciences (Bunge, 1982). Calcite microfabrics
are particularly used to characterise deformation under
low-grade metamorphic conditions, where other miner-
als do not deform by intracrystalline creep but show
cataclastic deformation without dynamic recrystallisa-
tion. Different texture types were distinguished for
“high” or “low” temperature deformation of calcite
(Wenk etal., 1987; Leiss and Ullemeyer, 1999; Leiss and
Weiss, 2000; Leiss and Molli, 2003).

There has been considerable debate about the inter-
pretation of symmetry vs. asymmetry of calcite textures
and their kinematic significance as indicators for pure
shear or simple shear deformation (Kern and Wenk, 1983;
Wenk et al., 1987; De Bresser, 1989; Ratschbacher et al.,
1991; Erskine etal., 1993; Burlini etal., 1998; Leissetal.,
1999; Bestmann et al., 2000; Kurz et al., 2000). Calcite
textures in naturally and experimentally deformed rocks
often exhibit c-axis maxima rotated against the sense of
shear (Schmid et al., 1981, 1987; Lafrance et al., 1994;
Casey et al, 1998). However, there are also textures
reported with c-axis maxima either oriented exactly
normal to the shear direction (Pieri et al., 2001lab;
Barnhoorn et al., 2004; Oesterling et al., submitted for
publication), or slightly rotated with the sense of shear
(Lafrance et al., 1994; Bestmann etal., 2000). Because of
such ambiguities, Lafrance et al. (1994) questioned the
applicability of calcite textures altogether as shear sense
criteria. Further confusion arises from inconsistency in
defining the sample reference frame, i.e. whether the
foliation or the shear zone boundary are taken as the
reference plane, all of which are approximately parallel
only after large finite shear strain. Textures with c-axis
maxima normal to the foliation or symmetrically inclined
in two conjugate orientations with respect to foliation and
lineation have been interpreted as indicating pure shear
deformation (Kern and Wenk, 1983; Wenk et al., 1987).
This interpretation is ambiguous, as there are also textures
reported with c-axis patterns of orthorhombic or even
axial symmetry from shear zones that show convincing
evidence for non-coaxial deformation (e.g. Bestmann et
al., 2000). However, the inverse conclusion is certainly
applicable, namely that pure shear deformation (of an
initially isotropic aggregate) must lead to fabrics with at
least orthorhombic symmetry. Analogously, simple shear
must result in fabrics that possess at least monoclinic
symmetry, but they may have higher (e.g. orthorhombic)
symmetry. Torsion experiments (Pieri et al., 2001a,b;
Barnhoorn et al., 2004) demonstrated that one and the
same simple shear kinematics and identical deformation
conditions result in calcite textures with monoclinic
symmetry at low strain, which evolve into textures with

either orthorhombic or monoclinic symmetry at large
strain.

Apart from texture, a wide variety of microstructural
features are potential kinematic indicators in deformed
rocks (e.g. Passchier and Trouw, 1996). In monophase
aggregates, it is particularly the grain shape fabric, here
referred to as shape preferred orientation (SPO). An
orthorhombic SPO is generally indicative of dominantly
coaxial deformation whereas a monoclinic SPO is
indicative of dominantly non-coaxial deformation (for
calcite see: Schmid et al., 1987; Lafrance et al., 1994;
Bestmann et al., 2000; Pieri et al., 2001a,b). Torsion
experiments (Barnhoorn et al., 2004) have demonstrated
that a monoclinic SPO is established after low strain
(7~ 1) and remains stable under shear deformation up to
large strain.

A number ofrecent contributions (Herwegh and Kunze,
2002; Herwegh and Berger, 2003) have demonstrated that
the presence of very small amounts of nanometer- and
micron-scale second phase particles was of crucial
importance regarding the microfabric evolution of calcite
mylonites. Herwegh and Kunze (2002) concluded that
differences in CPO and SPO geometry (symmetric vs.
oblique) in calcite mylonites sampled within the Helvetic
Alps are related to different amounts of second phase
particles, as they influence the balance between intragra-
nular deformation and dynamic recrystallisation.

This paper describes microstructures and textures
analysed in samples of naturally deformed limestone
mylonites collected along two profiles across the Rocher
de I'Yret shear zone at the rim of the Pelvoux massif
(Western Alps). Microfabrics and field evidence clearly
indicate distinguishable cases for simple and pure shear
dominated deformation for the two sample series,
respectively, which should have occurred simultaneously
under the same temperature and comparable strain rates. It
is concluded that the systematic differences observed in
microstructure and texture are due to different deforma-
tion paths. Hence the two series of samples may serve as
prototypes of distinct types of textures that are indicative
of the kinematics of deformation.

2. Geological framework of the study area
2.1. Regional setting

The Rocher de I’Yret Shear Zone (RYSZ), situated at
the eastern rim of the Pelvoux massif (Western Alps,
France; Fig. 1), separates the Dauphinois domain from the
Penninic units and forms part of the Pennine/Penninic
Front (Merle and Brun, 1984; Mosar etal., 1996; Bagnoud
et al., 1998) also referred to as Pennine/Penninic Frontal
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Fig. 1. Simplified geological overview of the arc of the Western Alps (A: Argentera massif, CM: Combeynot massif, MB: Mont Blanc massif, P: Pelvoux
massif, R: Rhone-Simplon line, S: Simplon normal fault, T: Tonale line, RYSZ: Rocher de 1"Yret shear zone; after Froitzheim et al., 1996; Ceriani et al., 2001).

thrust (Spencer, 1992; Seward and Mancktelow, 1994;
Biirgisser and Ford, 1998). According to Ceriani et al.
(2001), this thrust formerly represented a suture zone
between Dauphinois and Briangonnais/Subbrian¢onnais,
active during Eocene times and related to the subduction
of the Valaisan Ocean. The Valaisan oceanic domain was
closed in sinistral transpression, associated with a top to
the north sense of movement. During a second deforma-
tion stage (Oligo—Miocene), WNW-directed thrusting
along the entire Western Alps on a major out-of-sequence
thrust, the Roselend thrust, completely reworked the

Penninic front. In particular, calcite mylonites were
formed in Eocene sediments (nummulitic limestone) on
top of a regional unconformity, which cuts across the
Jurassic sediments into the basement and is defined by the
deposition of a detrital calcitic conglomerate.

2.2. Temperature conditions during deformation
The degree of Alpine metamorphic overprint of the

eastern rim of the Pelvoux massif, as estimated by
Aprahamian (1974, 1988) by means of illite crystallinity
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(IC) measurements, occurred under epizonal conditions
(IC <2.8 for the RYSZ). Furthermore, temperatures can
indirectly be derived from a contoured zircon fission
track isochron map of the Western Alps compiled by
Fuegenschuh and Schmid (2003). The whole eastern rim
of the Pelvoux massif is characterised by zircon fission
track ages older than 60 My, indicating that the
corresponding rocks had not been exposed to tempera-
tures above the upper limit of the zircon partial
annealing zone, i.e. 320 °C (Tagami et al., 1998), for
60 My. Zircon fission track data from the Briangonnais
and Dauphinois domains, immediately south of the
RYSZ (Seward et al., 1999), yielded ages older than
100 My, which clearly excludes metamorphic tempera-
tures above 320 °C during the Tertiary. Hence,
temperatures must have been around 300 °C or even
slightly below around the whole eastern rim of the
Pelvoux massif. Preliminary results based on new IC
data and fluid inclusion analyses indicate low anchizo-
nal metamorphic conditions (Potel, pers. comm.),

physics 424 (2006) 69-97

putting the epizonal conditions proposed by Apraha-
mian (1974, 1988) again under question.

2.3. Structural setting

At the eastern rim of the Pelvoux massif, the
Roselend thrust (RT) enters the Mesozoic cover of the
external massifs. It thrusts the Combeynot massif (CM)
together with its Eocene sedimentary cover over the
Pelvoux massif towards the West (Fig. 1). Near the
outcrop investigated in this study, the Combeynot
massif joins the RYSZ, which is a km-wide shear zone
that represents the RT in this area.

The RYSZ is an imbricate structure consisting of two
large slices of the Pelvoux massif, the lower “Grangettes”
slice, and the upper “Montagnolle” slice (Gignoux and
Moret, 1938; Gidon, 1954; Gidon, 1979; Beach, 1981;
Ford, 1996). Butler (1992) has described WNW-directed
shearing of nummulitic limestones in a basement/cover
imbricate structure forming the Rocher de 1"Yret summit

Nummulitic limestone and younger deposits
Mesozoic cover
Combeynot/Peyron des Claux basement slice
Montagnolle basement slice
Grangettes basement slice
Pelvoux S.Str.

Penninic domain

[] subbriangonnais undifferenciated

500 m
-

\

2500

L
Col de I'Eychauda

2400

v

Fig. 2. Detailed geological map of the sampling area around the Rocher de 1" Yret shear zone (RYSZ) after field mapping (Trullenque, 2005); sampling

localities 1 and 2 are marked.
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(Fig. 2). According to own regional studies (Trullenque,
2005), this summit consists of a third and very thin
basement slice, together with its Eocene-age stratigraphic
cover, which represents the calcite mylonites investigated
by this study. Thrusting along the RT additionally led to
local strike-slip faults affecting these basement-cover
boudins.

Most of the samples for this study were taken from an
outcrop (locality 1 in Fig. 2) situated within the top-most
parts of the RYSZ. It exposes a layer of mylonitised
nummulitic limestone that was originally in stratigraphic
contact with an isolated basement boudin. At its northermn
edge, this basement-cover boudin is cut by a sinistral
strike-slip zone (Fig. 3a). Lineations and associated shear
sense criteria indicate top-WNW shearing over the entire
area of the outcrop. Deformation inside the crystalline
basement was accommodated by cataclastic faulting and/
or flow (Fig. 4a, b), which is consistent with the very low-
grade metamorphic conditions, while the nummulitic
limestone underwent crystal—plastic deformation.

The main limestone layer is accessible over a horizontal
distance of about 20 m striking NNE-SSW. Its mylonitic
to ultramylonitic foliation is parallel to internal bedding
and to the original stratigraphic contact with the basement
boudin. The layer reaches a maximum thickness of 110 cm
at the southern termination of the outcrop. Abundant
nummulites, several millimetres in size, are preserved in
the bottom 30 c¢cm of the sheared limestone layer. In the
vicinity to the basal conglomerate it also contains a
significant portion of detrital quartz. This quartz—calcite-
mixture develops a strong stretching lineation. Progressive
development of a mylonitic foliation parallel to the
bedding plane can be observed at increasing distance
from the basement and towards the ESE. Decreasing
amounts of recognizable nummulite shells correlate with
increasing degree of dynamic recrystallisation in calcite,

which isalso interpreted as a strong gradient in finite strain
normal to foliation. In this part of the outcrop sampling
was carried out along a traverse normal to the foliation
(profile 1, Fig. 3b).

The strike-slip zone exposed in the northern part of
the outerop (Fig. 3a, ¢) is associated with the formation
of a basement/cover imbricate structure. Along the
strain gradient normal to the strike-slip fault, which
cataclastically dissects the basement units, the limestone
is intensively sheared in a sinistral sense and the upper
levels of the layer are progressively bent around the
basement slice.

Again, progressive disappearance of macroscopically
recognizable nummulite shelves normal to the strike of
the limestone indicates that this unit is affected by
intensive dynamic recrystallisation. The limestone
evolves into an ultramylonitic band showing numerous
isoclinal folds, together witha WNW oriented stretching
lineation defined by quartz grains.

All samples have been taken at the upper part of the
limestone and ultramylonitic band in an orientation
subparallel to the one of the strike-slip fault dissecting
the basement unit (profile 2, Fig. 3c).

The transition in orientation of both foliations and
stretching lineations is rather gradual between the locations
of profile 1 (steeply plunging stretching lineation) and
profile 2 (mostly horizontal or shallowly plunging
stretching lineation) and suggests that deformation of the
limestone layer was coeval in profiles 1 and 2.

A paleostress analysis was performed for a set of 124
co-genetic fault planes dissecting basement boudins and
their Eocene cover. This analysis was carried out using
Tectonic VB software [1] including inversion methods
(Angelier and Mechler, 1977). The results (Fig. 5) show
average orientations of o1 at N264/10 and of 03 at N 154/
60, which are considered to be representative for the

Fig. 4. a) Photomicrograph of the granitic basement cataclastic rock. Large angular patches are dominantly composed of quartz grains and quartz
aggregates. b) Close view of the granitic basement cataclasite along the main strike-slip fault plane.
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Profile 1

Average Foliation: 95/62

Average Stretching Lineation: 143/55
Angle cl/Average Foliation: 7@°
Angle o3/Average Foliation: 7°

Paleostress determination

cl 4+
o7
~ " %plane R

n Av. Fo

Profile 2

Average Foliation: 34/47

Average Stretching Lineation: 112/14
Angle cl/Average Foliation: 36°
Angle o3/Average Foliation: 55°

Fig. 5. Paleostress analysis in the basement adjacent to limestone mylonites: P, B and T axes derived from 124 individual fault planes; average
orientation of the principal stress axes o1 (N264/10), 62 (N0/27), 03 (N154/60) are superposed over projections of macroscopic foliations (labeled
great circles) and stretching lineations (open balls) from profiles 1 and 2 (on average and for the studied samples). Contours of o1, 02 and 03 are

given in multiples of a uniform distribution with a contour interval of 0.3.

orientation of the bulk stress tensor at a larger scale in the
whole RYSZ. Throughout the outcrop, foliation planes
roughly intersect in the intermediate stress axis 02, while
stretching lineations are about perpendicular to it within
the o1-03 plane (Fig. 5). For profile 1, the average
stretching lineation falls close to 03 while the average
foliation is oriented subnormal to ol. This kinematic
framework is compatible with coaxial deformation.

For the ultramylonitic band of profile 2, o1 and 03
fall at intermediate (roughly 45°) angles to the average
foliation and to the average stretching lineation of the
mylonitic layer (Fig. 5). This kinematic framework is
indicative of non-coaxial deformation. If deformation

were restricted to plane strain, for which we do not have
ultimately decisive indications, then profiles 1 and 2
could be related to pure shear respectively simple shear
dominated kinematics.

3. Methods of investigation

Samples were cut normal to the macroscopic foliation
(Sa) and parallel to the stretching lineation (XZ sections).
Approximately 2 pm thick ultrathin sections showing
first order grey in calcite in crossed polarised light were
prepared for microstructural analysis and for mapping of
c-axis orientations by computer integrated polarisation
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(CIP) microscopy (Panozzo Heilbronner and Pauli,
1993, 1994). Vectorisation of grain boundaries was
performed on digital micrographs using a combination of
NIH Image [2] and own software. On average, about
3500 particles were evaluated per sample to determine
their SPO and grain size distributions. The preferred
orientation of the grain long axes was determined using
the PAROR method, while the preferred orientation of
grain boundary surfaces was analysed using the program
SURFOR (Panozzo, 1983, 1984). The determination of
particle grain sizes was performed using the program
STRIPSTAR [3].

Pole figures were measured with a SIEMENS D5000
X-ray texture goniometer in reflexion and transmission
modes for three crystallographic planes (- {10-14},a {11—
20} and & {20-22}) for each sample. Lattice planes and
directions are designated here by Miller—Bravais hexago-
nal indices referring to the structural hexagonal unit cell
with axial ratio ¢/a=3.419 as classified by Wyckoff (1920).
Empirical corrections for defocusing in reflection mode
and for scattering volume in transmission mode were
applied before merging into complete pole figures. The
orientation distribution function (ODF) was calculated
using both MENTEX (Schaeben et al., 1990) and
BEARTEX-WIMV (Wenk et al., 1998) software, and
selected ODF sections are displayed by intensity contour
plots. The quality of the ODF calculations was consistently
satisfactory as verified by confidence parameters (differ-
ence pole figures, RP values, convergence rate) provided
by the respective software packages. The applied conven-
tion for Euler angles (i1, @, ) relates to the one (¢, D,
(2) defined by Casey (1981, his Fig. 3) and Bunge (1982)
by 1=, and o=, +90°, as the crystal coordinate axis
X is placed here parallel to +a instead of m. Pole figures
were recalculated from the ODF for the three measured
reflections and additionally for the basal (0001) and the

{0112} planes, for the inferred slip directions sd/ <10—

11> and sd2 <02-21>, and so are inverse pole figures for
particular specimen directions. All pole figures and inverse
pole figures were treated with inversion symmetry except
for the recalculated +a <—1-120> and —a <11-20> (non-
reduced) pole figures. All figures are displayed using equal
area projections of the upper hemisphere.

The measured orientation distributions were com-
pared to idealised textures, which are modelled to be
composed of a few components around fixed ideal
crystal orientations using Gaussian standard distribu-
tions of constant and isotropic angular spread (half width
0f 40°; software package BEARTEX, Wenk etal., 1998).
These model textures could be regarded as first
approximation for a complete component fit according
to the methods developed by Helming et al. (1994). Pole
figures, inverse pole figures and ODF sections of these
model textures were displayed analogously to those of
the corresponding samples.

4. Microstructure and texture of nummulitic
limestone mylonites

Microstructures and textures in limestone mylonites
were quantitatively described for about 130 collected
and analysed specimens along the Roselend thrust
(Trullenque, 2005). In this huge data set, textural and
microstructural characteristics are largely repetitive and
cluster around two similar but distinct types, which are
represented here by samples from profiles 1 and 2 of
locality 1. Some other cases are exemplified here by one
sample (Sala4) from locality 2. The protolith prior to
shear zone formation is characterised by one weakly
deformed sample (245a), which contains the sedimen-
tary components still preserved.

Texture strength and degree of fabric anisotropy
generally increase with distance from the basement,
which will be interpreted also as gradients in finite strain
and amount of recrystallisation. The three samples
selected for each of the two profiles characterise these
gradients.

4.1. Protolith

4.1.1. Sample 245a (Fig. 6a)

The sample was collected south of the investigated
shear zone and preserves an association of nummulites,
echinoderma fragments and red algae. Two types of
components were observed in the thin section. The first
type consists of nummulite and echinoderm fragments

Fig. 6. Photomicrographs of different limestone samples indicating mostly coaxial deformation (profile 1). Photomicrographs were taken from
standard thin sections (30 pm thick) in transmitted light without polarisers (a, c), and from ultrathin sections (2 pm thick) in cross-polarised
transmitted light (b, d, e, f, g). All sections are oriented normal to foliation and parallel to lineation (horizontal). a) Nummulitic limestone protolith
(sample 245a), weakly deformed prior to shear zone formation. Note the association of nummulites (N) and red algae (RA). b, ¢) Sample MPY 13
shows a strong horizontal Sa foliation and dissolution surfaces (DS) subparallel to Sa. The original radial c-axis distribution around the nummulite
shell is still preserved. d, e) Sample MPY5 shows a horizontally elongated nummulite shell. Microstructural features indicate grain boundary
migration (GBM), rotation recrystallisation and pressure solution processes that have been active simultaneously. Recrystallisation festoons (RF)
normal to the nummulite rim. f, g) Sample MPY?2 is an entirely recrystallised limestone with a grain shape preferred orientation horizontal (parallel to
Sa) and symmetric calcite pressures fringes developed at the rim of detrital quartz grains.
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whose size varies between 0.4 and 3.2 mm. Nummulite
species N. garnieri and N. fabianii were identified. The
shell of these organisms is made up of several rims of
fibrous calcite showing a typical radial c-axis pattern.
The echinoderm fragments are rounded calcite single
crystals and constitute 20% of the rock. The second type

Sample MPY2
a) XZ section

of components consists of red algae mats. They appear
as elongated patches with an average aspect ratio higher
than 10:1. Their internal structure shows micritic calcite
grains with very lobate boundaries and grain size
ranging between 2 and 4 pm. These algae mats form
between 50 and 60% of the rock. The rest of the rock
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Fig. 7. Microstructural analysis of mylonite sample MPY?2 indicating coaxial deformation: The average grain shape ellipsoid is triaxial and parallel to
the structural reference frame. Rose diagrams for orientation distributions of particle long axes (PAROR) and of grain boundaries (SURFOR).
Histograms of volume-weighted grain size distributions. a) XZ section, i.e. perpendicular to foliation and parallel to stretching lineation. b) YZ
section, i.e. perpendicular to both foliation and stretching lineation.
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consists of calcitic matrix material, as well as of detrital
mica, quartz, or mud pellets (Fig. 6a).

Most of the clearly visible shape fabric anisotropy is
attributed to primary sedimentary processes including
compaction and not to tectonic deformation during
thrusting. Thus sample 245a is considered a typical
protolith for the mylonites described below. It shows a
texture that is very close to uniform, with faint preferred
orientations of a-axes perpendicular to and c-axes
within the bedding plane (Fig. 8, top). A very similar
texture was observed in micritic Solnhofen limestone
and attributed to passive alignment of calcite grains with
their c-axes slightly preferred into the bedding plane
(Wenk et al., 1973; Casey et al., 1998).
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4.2. Profile 1

Below we describe progressive deformation in three
samples collected along profile 1 across the southern
part of locality 1 (Fig. 3b).

4.2.1. Sample MPY13 (Fig. 6b,c)

This sample shows a protomylonitic fabric, and
dynamic recrystallisation affected all the biogenic
components. The recrystallisation microstructures are
heterogeneous, because the extent of their development
is sensitive to the initial structure of the components.

Nummulites and echinoderm fragments typically
show a “core and mantle” structure. New grains were

<0221> -a [1120] ¢ (000

Intensities below 1 neglected
linear scale
equal area projection upper hemisphere

Fig. 8. Texture evolution from the protolith (sample 245a) to mylonites across the limestone layer (profile 1). The protolith shows nearly uniform
distributions, which are axial symmetric with faint maxima of a-axes perpendicular and of c-axes parallel to the bedding plane (S0). The three

samples from profile 1 show similar textures of increasing strength with increasing degree of mylonitisation (sorted from top to bottom). Bulk textures

obtained by X-ray texture goniometry,

all pole figures calculated from the ODF. Pole figure contours are given in multiples of a uniform distribution

with a contour interval of 0.2. Intensities below | are neglected. The projection is perpendicular to the macroscopic foliation and the stretching

lineation is horizontal in the projection plane, equal area projection of upper hemisphere.
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Fig. 9. Computer Integrated Polarisation (CIP) images and derived c-axis distributions. Colour look-up table stereogram at lower right. Contours of
the c-axis pole figure given in multiples of uniform distribution with intervals of 0.5. Specimen orientation as above perpendicular to macroscopic
foliation Sa, stretching lineation is horizontal. Holes in the thin-section together with areas of non-constant thickness have been masked using black
colour and were not taken into account in the c-axis pole figure calculation. a) sample MPY2; b) sample MPY28, sinistral sense of shear.

produced by progressive subgrain rotation in echino-
derm porphyroclasts. The internal structure in some
nummulites is well preserved and still shows the radial
c-axis pattern. Echinoderms are more competent than
the surrounding fine-grained matrix and were fragmen-
ted by fracturing as well as deformed by twinning. Some
10% of the area contains nummulites and echinoderms
that are still preserved.

The outer surfaces of nummulites are commonly
oriented parallel to foliation. Dark outlines marked by
relatively insoluble fine grained minerals (hematite,

chlorite, micas) are interpreted as remnants of dissolved
material indicating that pressure solution has also
contributed to the deformation of these calcite rocks.
Some external rims of the nummulites are fragmented
during progressive deformation. Where fragmentation
occurs, the internal parts of the nummulite shells show a
greater degree of dynamic recrystallisation.

The microstructure of this sample is characterised
by further reduced volume fraction of initial
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components due to progressive deformation accompa-
nied by dynamic recrystallisation. Pressure solution
was also active, evident by locally dissolved nummu-
lite and echinoderm fragments. Deformation affected
the entire nummulite shells. The calcite fibres of the
nummulite shells show lobate boundaries with bulges
into neighbouring crystals, indicating grain boundary
migration. Usually, bulges evolve into festoons of new
grains along the fragments. Some of the fibres and

their radial c-axis patterns are partially preserved.
Nummulite shell aggregates are elongated parallel to
lineation. The boundaries of primary twins in echino-
derms are lobate indicating twin boundary migration.
In some places, such twins are bent or overprinted by a
second set of deformation twins. The percentage of
nummulite and echinoderm fragments has been
estimated at no more than 6%, the red algae mats
constitute 20% of the rock.

Fig. 10. Photomicrographs of samples indicating non-coaxial deformation, taken from ultrathin sections in cross-polarised light. a) Sample Gtab2; b,
¢) sample Gtesf2; d, e) sample MPY28. Asymmetric calcite pressure fringes developed at the rim of detrital quartz grains (a, ¢ and e). Oblique grain
shape preferred orientation (Sb) consistent with sinistral sense of shearing in the rock (a, b and d).
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4.2.3. Sample MPY2 (Fig. 6fg) The grains of the dynamically recrystallised matrix are
The main microstructural difference with respect to completely free of deformation twins and show slightly
sample MPY5 is the lack of any relict nummulite shells. lobate boundaries. They occupy more than 90% of the

Sample MPY28
a) XZ section
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Fig. 11. Microstructural analysis of mylonite sample MPY28 indicating non-coaxial deformation: The average grain shape ellipsoid is
triaxial and oblique to the structural reference frame. Same representation as Fig. 7. The grain size distributions show no major differences
compared to sample MPY2. a) XZ section, i.e. perpendicular to foliation and parallel to lineation. Average grain long axis inclined by 15°
to Sa, compatible with sinistral shearing. b) YZ section, i.e. perpendicular to both foliation and lineation. Note the slight flattening of the
grain shape.
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rock. Most pressure shadows filled with calcite fibres
around detrital quartz grains are symmetrically devel-
oped with respect to the foliation.

4.2.4. SPO analysis (Fig. 7)

The SPO of the recrystallised matrix is similar in all
three samples; therefore it is shown here only for sample
MPY2. X—Z sections of the matrix grains show a strong
SPO parallel to the foliation with an average aspect ratio
0f 0.59 and a grain size mode of 12 pm. Y-Z sections
show SPO with the average long axis also parallel to
foliation, an average aspect ratio of 0.8 1 and a grain size
mode of 8 pm. In combination, the average grain shape
ellipsoid is aligned parallel to the structural reference
system XYZ and plots near the diagonal in a Flinn-type
diagram with K~ 1.1 indicating a slightly prolate grain
shape. The microstructure of the dynamically recrys-

{1014} f {0112} sd1 <1011

layer of profile 2

Locality 1: myloni

Locality 2

Fig. 12. Texture evolution in the ultramylonitic band (profile 2). Foliation and stretching lineation are horizontal, sini

tallised matrix displays an orthorhombic symmetry with
respect to foliation and lineation (Fig. 7).

4.2.5. Texture analysis (Fig. 8)

X-ray texture analysis reveals a similar texture type
for all three samples of profile 1, but with strength
increasing with increasing distance from the basement.
The weak texture of sample MPY 13 is significantly
different from that of the protolith sample 245a. The
pole figures display weak maxima of c-axes normal to
foliation and a-axes distributed along girdles parallel to
the foliation (Fig. 8).

In closer detail, pole figure maxima are elongated with
some preference of rotations around the foliation normal,

indicated by girdles and small circles in some pole figure
The c-axis pole figure of the most recrystallised sample
(MPY?2) shows two distinct maxima (ca and ¢f3) at the

sd2 <@221> +a [1120]

sdzo

Intensities below 1 neglected
linear scale
equal area projection upper hemisphere

ral sense of shear. Same

representation as in Fig. 8. Sample Sala4 originates from locality 2 (Fig. 2) and represents intermediate strain kinematics.
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periphery of the pole figure, symmetrically oriented at 15°
from Z. The CIP c-axis pole figure of the dynamically
recrystallised matrix shows a similarly shaped but
stronger maximum normal to the foliation (Fig. 9a). All
textures are characterised by orthorhombic sample
symmetry, and the non-reduced +« and —a pole figures
are approximately identical. The overall patterns are
slightly asymmetric relative to the structural reference
system by some minor rotations around the lineation,
which may be attributed to misalignments with respect to
the foliation plane during specimen collection and
preparation.

4.3. Profile 2

Below we describe progressive deformation along
profile 2 across the sinistral shear zone in the northern part
of the outcrop at locality 1 (Fig. 3c). These rocks were
deformed under the same P—T conditions as the ones from
profile 1. The specific samples were selected to match pair
wise those from profile 1 in terms of the extent of dynamic
recrystallisation and of texture strength.

4.3.1. Sample Gtab2 (Fig. 10a)

The dynamically recrystallised matrix possesses an
inhomogeneous grain size distribution, where diffuse
patches of very fine grain size result from red algae
remnants. While the grain size distributions are compa-
rable between this sample and sample MPY13 from
profile 1, the SPO of their dynamically recrystallised
grains is different. The asymmetric SPO is oblique to the
macroscopic foliation and consistent with sinistral
shearing of the rock which is further confirmed by
asymmetric calcite pressure shadows developed at the
rim of detrital quartz grains (Fig. 10).

physics 424 (2006) 69-97

4.3.2. Sample Gtesf2 (Fig. 10b.c)

In this sample the volume fraction of recrystallised
grains, and presumably also strain intensity, is similar to
that of sample MPYS from profile 1. The matrix of this
sample shows a clearly oblique SPO compatible with
sinistral shearing, further confirmed by asymmetric cal-
cite pressure shadows developed at the rim of detrital
quartz grains.

4.3.3. Sample MPY28 (Fig. 10d,e)

The microstructure is dominated by S—C-structures.
The secondary foliation Sb is at 30° to the primary
foliation Sa, and calcite fibres at the rim of detrital
quartz grains show a clear asymmetry consistent with
sinistral shearing of the rock. There are no deformation
twins in the recrystallised matrix.

4.3.4. SPO analysis (Fig. 11)

The SPO of the recrystallised matrix is similar in all
three samples; therefore it is shown here only for sample
MPY28. In the X—Z section grains have an average aspect
ratio of 0.53 with preferential elongation at 15° to the
foliation. This SPO angle is only half the angle of Sb to Sa,
which was intuitively estimated from the micrographs of
Fig. 10. This indicates some bias towards grain boundaries
instead of grain long axes in the visual determination of
Sb. The grain size distribution has a mode of 12 pm. The
measurements in the Y—Z section indicate flattening of the
grains normal to the foliation with average aspect ratio of
0.81. In combination, the average grain shape ellipsoid
plots near the diagonal in a Flinn-type diagram with
K~1.2 indicating a slightly prolate grain shape. Its
longest and shortest axes lie in the X—Z plane and make an
angle of 15° to the structural reference frame given by
mylonitic foliation and lineation (Fig. 11).

b)[E

Fig. 13. SEM images (BSE mode, 20 kV acceleration voltage) of typical shape fabrics of sample MPY 2 (a) and MPY28 (b). Samples were etched
according to the technique described by Herwegh (2000). Light grey: Calcite; darker equant grains: Quartz; darker elongate grains: White micas.

Second phase particles do not control the shape of calcite grains.
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4.3.5. Texture analysis (Fig. 12)

As in the sample series of profile 1 (Fig. 8), the three
samples possess textures of similar type, but with in-
creasing strength again with increasing distance to the
basement. The weakest texture of sample Gtab2 has
similarly low maxima as sample MPY 13, though they
are strong enough to distinguish it from MPY 13 as well
as from the protolith sample 245a. In difference to
profile 1, the textures of profile 2 are asymmetric with
reference to foliation and lineation, i.e. c-axis maxima
are at 15° from the foliation normal towards the
lineation, and girdles of a-axes are similarly inclined
to the foliation by counter clockwise rotation of 15°
about the structural Y-axis. Corresponding asymmetries

are particularly visible in the » and the sd2 pole figures.
In reasonable approximation, all pole figures contain a
two-fold rotational symmetry about the structural Y-axis
(Fig. 12).

The pole figures of the most recrystallised sample
MPY28 show considerably stronger maxima compared
to the other two samples of profile 2. The poles to the »
planes show one maximum close to Z and another one at
position labelled “r1”. The pole figure for the sd2 slip
direction shows two maxima symmetrically oriented
with respect to the foliation but with different intensities.
Along the girdle distributions of the a-axes, the +a
direction has the maximum in the projection centre,
while the —a direction shows two maxima oppositely

¢) SPO in XZ section
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Fig. 14. Microstructure of sample Sala4 from locality 2. a, b) Photomicrographs of thin sections in cross-polarised light. Oblique grain shape
preferred orientation and asymmetric calcite pressure fringes developed at the rim of detrital quartz grain are both indicative of sinistral shear. ¢)
Microstructural analysis. Grain shape preferred orientation is oblique to Sa by 25° compatible with sinistral shearing of the rock. Grain size

distribution is similar to that in XZ sections of samples MPY2 and MPY28.
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0or 120°

W1=90°, ®=90°, 2

90°, ®=90°, y2=60°

yl=

y1=105°, ®=90°,y2=30°

=30°

75°, ®=90°, 2

yl=

W1=105°, ®=90°, y2=90°

Fig. 16. Equal area projections (upper hemisphere) of ideal crystal orientations used as centres for model distributions. Relevant crystal directions (squares) and poles (circles) are marked.

inclined at 60° from it. The c-axis is tilted by 15° in the
sense of shear, which is confirmed by the CIP pole
figure (Fig. 9b).

Both microstructure and texture of the dynamically
recrystallised matrix indicate a monoclinic symmetry,
with the structural Y-direction as the two-fold symmetry
axis.

4.4. SEM analysis of samples MPY2 and MPY28

The content in second phase particles of samples
MPY?2 (orthorhombic microfabric) and MPY 28 (mono-
clinic microfabric) was analysed. Samples were pre-
pared according to the two-step etching technique
described by Herwegh (2000) and observed under a
scanning electron microscope in backscattered electron
mode (Fig. 13). Quartz and micas inclusions are
distinguished on the basis of their shape and backscatter
contrast. No systematic differences in density, size and
distribution of second phase particles have been
observed between samples MPY2 and MPY28.

4.5. Ultramylonite sample with asymmetric character-
istics

Sample Sala4 was taken at locality 2 (Fig. 2), which
is east of and along-strike from the outcrop of the two
profiles at locality 1. It originates from the hinge of a
fold that re-deformed previously formed calcite mylo-
nites and separates two basement boudins including
their Eocene cover. The grain size distribution is very
similar to those found in samples MPY2 and MPY28,
and likewise the dynamically recrystallised matrix
covers more than 90% of the volume. The microstruc-
ture shows a clear grain shape foliation Sb oriented at
25° to the foliation (Fig. 14a). The grains show sharp
extinction and no deformation twinning. Incipient S—C
type structures are locally recognizable. Calcite pressure
shadows at the rims of detrital quartz grains show an
asymmetry and confirm a sinistral sense of shearing
(Fig. 14b). Quantitative analysis (Fig. 14c) on the X—Z
section yields an average aspect ratio of 0.59 with
preferred elongation at 25° to the lineation, and a grain
size mode of about 12 pm.

This sample Sala4 shows a texture that is intermediate
between that of samples MPY2 and MPY28 (Fig. 12,
bottom): The c-axes form a broad and strong maximum
roughly normal to the foliation. The » planes and the a
directions are similarly oriented as in MPY28, whereas
sdl and sd2 are similar to the patterns in MPY2. The
symmetry of the pole figures deviates visibly from
monoclinic about the Y-axis of the actually inferred
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Table 1
Volume fractions of orientation components in the three model
distributions

Texture components [%] Random MI M2 M3 M4 M4

Model

Co5 75 10 10 0 25 25
Int9 50 175 75 5 15 5
Nonco4 75 125 0 7.5 25 25

structural reference frame, but could be brought into
approximate orthorhombic symmetry, if the reference
axes X and Y would have been rotated within the foliation
plane by 30°.

4.6. ODF sections and ideal crystal orientation models

In the following, the different texture types found in
profiles 1 and 2 and at locality 2 will be discussed.
Samples MPY2 and MPY28 are used to represent
profiles 1 and 2, respectively, since they exhibit the most
strongly developed textures in the two series of samples.
Sample Sala4 from locality 2 represents a third texture
type found repeatedly along the RYSZ.

All textures observed for the limestone mylonites
have in common that the c-axes are preferentially
oriented towards directions at the pole figure periphery
and nearly normal to the foliation plane. Consequently,
the ODF sections displayed in Fig. 15 are restricted to
sections between @=60° and 120°, where the highest

{1014} f {0112} sdl <1011> sd2

ODF densities occur along fibres for fixed Euler angles
close to @=90° and ¢/, =90° and variable /.

Apart from this general similarity, the three sample
textures occupy several orientations with different
frequency. In an attempt to highlight these differences,
model textures are constructed from a set of five ideal
crystal orientation components M1, M2, M3, M4 and
M4'. The orientations (defined in Fig. 16) and width (40°)
of the components were fixed, and only their volume
fraction, ie. their relative weight, was varied, until a
satisfying match to the sample textures was found by
manual trial-and-error (Table 1). It is emphasized that all
three model textures contain between 50 and 75% volume
of grains with orientations drawn from a uniform
distribution, which means that the visible ODF maxima
are actually built of comparatively small volume portions
of the sample. In all three cases, M1 is the strongest
component, while the second strongest component is
either M2 (profile 1) or M3 (profile 2) or M4 (locality 2).

Orientation M1 places the c-axis at an angle of 15°
counter clockwise from the Z-direction of the sample.
Two single poles of r and f planes are located at the
periphery of the pole figure at angles of about 60° and
50° from Z in a conjugate geometry, respectively. These
r and fplanes contain one of the sd2 or one of the sd/
directions at the periphery of the pole figure. A second
sd2 direction in the f plane is not far off the periphery
of the pole figure.

Orientation M2 results from M1 by a rotation of 180°
around either the X or Z-axis. Its projection looks like

-a [1120] ¢ (0e01)

/

Intensities
below 1
neglected

linear scale
equal area
projection

upper
hemisphere

Fig. 17. Pole figures for the three idealized model distributions (co5, int9 and nonco4); same cases as in Fig. 15. Same representation as for the studied

samples (Figs. 8 and 12).



N -a1oydsiuay soddn
2 I

Jo uonoalard eaxe jenba ‘g ‘51 ur se Suumojuo)) Lrdyduad amsy ajod oy Suope (N9 pue N02) way) 0 renorpuadiod pue (¢fo pue 00) BUITXBU STXE-2 JO SUOTOAIIP A1) ‘[RULIOU UOTRI[0] PUB UOTRUL]
UIMIR] ;G 18 SUOHANP AeFNn[Uod oM} “(11(] JU]) UONIAIP dRIPAULIIUL “('Ul] IS) uoneaur] Suryoians ("N *0.) [RULIOU UOLRI[O] 1B SUONOAIP douaigjar ofdums "1 "1 ul se sased awes ‘(poouou

pue GUI “G0) SUOINQLISIP [POUI PazI[eap! 221y 10J pue (7 a[yord won §ZAJIN ‘T L1eoo] woxj pejes 1 apyoid woxy ZAJN) sodures pasijes£1oar jsouwr dary) ayy 10§ sy ojod asioauf ‘g1 Srq

QJaydsiuway
- oer = oper
Jaddn va vam
uo13daloud 0>
paJp 1onba v i UoN
W Rt 15 et
9102S Jpaul]
pa3da1bou
1 M012qG oo o -
S91315uUd3uT e am wam Prad
S o o som sun 8ZAdW
0_, 99 1ger e TRt s et @ Tt
o
=
=3
=
Q,
.M v = oot - amr = opor
~ u e L u e
8 EAR
g . e I v 6IUT
S o s - e 1300
s 81
9
& 2
H &e « ogen oo oone 677 XDU “ oo
m vz v gw we uze g
v
g 97 - som s sepe s YOTOS
W 82 e tgen e e e e T
M €
S
<}
. om o <o com o com womnt
" e e “ ner 4 e e . e . e
2o e e e e 4 e ey G0)
- e e > - -~ g -
™ o - o
- v wam wam
Jom o sm e ZAdW
os 1o o0 w0t e Tt —

‘N1 03 MO St MDD S¥ g unis ‘N4

62



63

90 G. Trullenque et al. / Tectonophysics 424 (2006) 69-97

the mirror image of M1 with respect to either the Y-Z or
X-Y plane, but with the sign of the g-axes inverted.

Orientation M3 is related to M1 by a 60° rotation
around the c-axis at ca. Both orientations place the
basal plane at an angle of 15° counter clockwise from
the plane normal to Z (foliation). Their projections
appear as mirror positions with respect to the basal
plane, again with sign inversion for the g-axes.

The orientations M1, M2 and M3 have a two-fold
symmeltry axis (crystal a-axis) parallel to Y. Thus a texture
that only consists of any amount of these components has
at least monoclinic symmetry with symmetry axis Y. A
texture only with M1 and M2 in equally large portions
possesses orthorhombic sample symmetry. If only M1
and M3 would be present in equal shares, then the texture
would resemble hexagonal crystal (and sample) symme-
try with respect to the crystal c- and g-axes.

The orientations M4 and M4’ have their c-axis
parallel to Z, and one of the a-axes parallel to X. They
are mutually related by a 180° rotation around Y. If they
are equally present then the texture preserves monoclinic
symmetry, otherwise the two-fold symmetry around Y'is
broken.

The pole figures for the three models are shown in
Fig. 17 to be compared with those for the samples of
profile 1 (Fig. 8), profile 2 (Fig. 12) orlocality 2 (Fig. 12,
bottom). They resemble particularly the symmetry of the
three texture types, which is orthorhombic for profile 1
(model co5), monoclinic for profile 2 (model nonco4),
and asymmetric for locality 2 (model int9).

4.7. Inverse pole figures

Inverse pole figures (IPF) were calculated in order
to show the preferential orientation of crystal planes
and directions with respect to certain sample directions
(Fig. 18). These are foliation normal (Z=FoN), stretching
lineation (X=StLin), intermediate direction (Y=IntDir),
two conjugate directions at 45° between X and Z (45°
CCW and 45° CW), directions 15° counter clockwise (cat)
and 75° clockwise (caN) from Z around ¥, directions 15°
clockwise (cf3) and 75° counter clockwise (¢f2N) from Z
around Y.

Like the ODF and pole figures, the IPF show similar
general characteristics. The IPF for Z and ca have the
sharpest concentrations, which are towards the c-axis.
The IPF for X and Y show girdle distributions along
directions in the basal planes, where the lineation (and
similarly caN) is preferentially aligned normal to poles
of m-prisms or A-rhombohedra, and the intermediate
direction has a somewhat higher concentration of a-axes.
The IPF for the two conjugate directions (45° CCW, 45°

CW) show maxima near » and f rthombohedral planes
and sdl and sd2 directions. Subtle differences are
noticed, as only samples from profile 1 and from locality
2 show some shoulder towards » in the IPF for Z, and
only for profile 1 the two IPF for 45° CCW and 45° CW
are identical, as expected for symmetry reasons.

5. Discussion
5.1. Deformation mechanisms

The microfabric evolution shows the following
characteristics with increasing distance to the basement
along both profiles 1 and 2: (1) the extent of dynamic
recrystallisation increases, (2) the dynamically recrystal-
lised grains show an increasing degree of shape preferred
orientation, and (3) increasingly stronger textures devel-
op. These observations lead to the interpretation that the
spatial gradient across the profiles also maps gradients in
finite strain, and that deformation has most likely occurred
by dominant dislocation creep accompanied by dynamic
recrystallisation. While there is some evidence also for
pressure solution and re-precipitation, grain boundary
sliding and/or diffusion creep were presumably not the
dominant deformation mechanisms in our samples,
because those are expected to result in rocks with
isotropic fabrics (Edington et al., 1976; Schmid et al.,
1977; Padmanabhan and Davies, 1980; Schmid et al.,
1987; Rutter and Brodie, 1988).

5.2. Kinematics of deformation: coaxial vs. non-coaxial

The samples from profile 1 exhibit microfabric char-
acteristics, notably in terms of SPO and texture measure-
ments, which possess orthorhombic sample symmetry
with respect to the structural reference frame, defined by
lineation X, foliation normal Z and intermediate strain
axis Y. Fabrics are approximately symmetric with
respect to rotations by 180° around these three axes,
which is almost equivalent to mirror symmetries
perpendicular to them. They do not indicate any
preferred sense of shearing, i.e. do not contain any
record of dominant non-coaxial (simple shear) defor-
mation. We interpret these rocks to be deformed on a
coaxial deformation path, where all three principal axes
are distinct, which is presumably close to plane strain,
i.e. pure shear. The inferred principal stress axes nearly
coincide with the axes of the structural reference frame
of profile 1, i.e. ol is oriented about normal to the
macroscopic foliation and o3 falls near the stretching
lineation, which independently demonstrates conditions
of coaxial strain.
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The samples from profile 2 possess microstructures
and textures that have no more than monoclinic sample
symmetry with a single two-fold symmetry axis around
the intermediate strain axis Y. It is emphasized that the
fabric symmetry could not be raised just by redefinition
of the reference frame, but that there are distinct features
oriented relative to each other that break orthorhombic
symmetry. These are S—C fabrics and asymmetric
pressure fringes in the microstructures, and the position
and weight of orientation components relative to each
other as well as relative to primary and secondary
foliation planes in the textures. Only the intermediate
axes 02 of the inferred principal stress tensor roughly
coincides with an axis (the Y-axis) of the structural
reference frame of profile 2, while ol and o3 are
oriented at equally large angles to foliation and lineation.
These observations are taken as evidence that deforma-
tion of these samples must have occurred on a non-
coaxial deformation path with vorticity axis towards Y,
i.e. simple shear in the idealized case of plane strain
deformation.

In summary, the samples from the two profiles
exhibit contrasting types of fabrics on a microscopic
scale. The microstructural data independently confirms
the conclusions made for the macroscopic scale (Fig. 3).
All data suggest that the specimens of profiles 1 and 2,
i.e. specimens with identical lithological compositions
and strained under the same P—T conditions, deformed
in contrasting kinematic regimes. As the deformation
mechanisms have been identical, and since the influence
of second phase particles has been ruled out in Section
4.4 we interpret the differences in texture as due to the
different kinematics of deformation.

5.3. Asymmetric fabrics

The microstructure of sample Sala4 indicates that
this rock was deformed by a significant amount of
rotational deformation. Its texture shows similarities
with the textures of sample MPY2 (profile 1, coaxial)
as well as of sample MPY28 (profile 2, non-coaxial). It
differs from both as it does not equally balance the
orientation components around M4 and M4'. This
means that none of the three structural reference axes
is actually a two-fold symmetry axis anymore, and the
strain path must have deviated from plane strain. It
remains puzzling that the texture resembles nearly
orthorhombic symmetry with respect to axes rotated by
about 30° around Z, i.e. shifting X and Y within the
foliation plane, because those apparent symmetry
directions have no pendant in the field when back-
projected into geographic coordinates.

5.4. Suitably oriented slip systems

The following slip systems have been confirmed as
dominant slip systems for calcite in experiments of
Tumer et al. (1954), Griggs et al. (1960), Turner and
Heard (1965), Weiss and Turner (1972), Braillon
(1976), Spiers and Wenk (1980), and De Bresser and
Spiers (1990, 1993, 1997):

r {10-14} sd2 <02-21> Turner et al., 1954

Griggs et al., 1960

Turner and Heard, 1965
Weiss and Tumer, 1972
Braillon, 1976

Spiers and Wenk, 1980

De Bresser and Spiers, 1990
De Bresser and Spiers, 1993
Turner et al., 1954

Griggs et al., 1960

Spiers and Wenk, 1980

De Bresser and Spiers, 1990
De Bresser and Spiers, 1993
De Bresser and Spiers, 1997
De Bresser and Spiers, 1997

£ {0112} sd2 <02-21>

£ {0112} sd1 <10-11>

¢ {0001} <a>

Assuming ideal plastic rheology of an isotropic
material, the maximum shear stress is resolved on two
conjugate planes oriented at 45° between the two extreme
principal stress directions, where the normal to one plane
is also the shear direction on the other plane. In coaxial
deformation, the principal directions of stress fall together
with those of strain rate as well as finite strain, thus the
maximum shear stress is expected on planes at 45° to X
and Z. In simple shear as a special case of non-coaxial
deformation, the principal directions are identical for
stress and strain rate, but those of finite strain rotate with
progressive deformation around the Y-axis and converge
to a position, where o 1 and 03 make equal angles 0f45°
both to X and Z. Given that deformation was dominated
by simple shearing and has reached large shear strain, the
angle between the shear zone boundary and the
macroscopic foliation is very small, and it can be assumed
that the o1 direction lies for sinistral shear near the upper-
right/lower-left corners of the XZ-plane. In other words,
the maximum shear stress is then resolved on the foliation
plane and on the plane perpendicular to the lineation.
While both positions are equally suited at a local scale,
only shear on the foliation plane along lineation is
geometrically feasible at the larger scale of a shear zone.

For any given crystal orientation, those slip systems
are most likely to be activated on which the highest
shear stress is resolved, i.e. which are closest to the
above planes and directions of maximum resolved shear
stress. Our paleostress analysis may have given some
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indications for the principal directions of stress, but
there is hardly any constraint on the magnitudes of the
principal stresses. Therefore we restrict the following
discussion on qualitative arguments instead of attempt-
ing to quantity the resolved shear stress by means of the
Schmidt factor, which would require further assump-
tions on the complete stress tensor.

For coaxial deformation (e.g. pure shear) as inferred
for the samples from profile 1, their ideal crystal orien-
tations M1 and M2 (Figs. 14 and 15) both have a 1{sd2]
and a f[sd!] slip system suitably oriented, and to a lesser
extent also a f[sd2] system (Fig. 15). The a direction
that is parallel to the Y-axis is geometrically disabled to
slip, and the other two basal[«] slip systems are rather
unsuitably oriented. For the orientations M4 and M4’
(Figs. 14 and 15), the resolved shear stress vanishes for
all three basal slip systems, but slip on conjugate pairs of
rlsd2] and f[sd2] is possible.

For non-coaxial deformation (e.g. simple shear) as
inferred for the samples from profile 2, their main
orientations M1 and M3 have r and f planes oriented at
60° and 50° to the foliation, which thus are not well
oriented slip planes. The basal plane, inclined at 15° to
the foliation “with the sense of shear”, is the only
potential slip plane that is close to the orientation of the
bulk shear plane, and which could have been activated
by duplex slip along the two a-directions that are not
parallel to Y. However, given the angle of 15° between
basal plane and foliation, it appears that antithetic slip
along the for r planes would also be needed in order to
maintain homogeneous simple shear deformation
(Mancktelow, 1987; Schmid, 1994). Basal [a]-slip
systems are perfectly oriented for the orientations M4
and M4', which, however, do not constitute the primary
orientation components in the textures along profile 2.

3.5. Textures in experimentally deformed samples

The pure shear textures are similar to the “high
temperature type” textures obtained in pure shear experi-
ments of micritic limestones performed by Wagner et al.
(1982) in a testing apparatus with three independent stress
actuators at 400 °C. This experimentally produced texture
consists of two stronger maxima at the periphery of the
pole figure, 30° on either side of the o1 direction and a
third weaker maximum parallel to the 03 direction. Our
textures from profile | somewhat resemble the HT-type
textures of Wagner et al. (1982), as far as both show
orthorhombic texture symmetry with double c-axis
maxima in the X—Z plane closer to Z than to X. Slip on
the » and f planes was inferred to be the dominant defor-
mation mechanism. The corresponding microstructures

(Kern and Wenk, 1983) show a strong SPO consistent with
the imposed coaxial strain path and no twinning or
dynamic recrystallisation. Twinning is also not observed
in the case of our natural samples at Rocher de I'Yret.
Hence the absence of twinning at higher temperatures
appears to be an important criterion of distinction between
“low” and “high temperature” deformation in the sense of
Wagner et al. (1982), especially in the texture evolution
(see also Schmid et al., 1987 their “twinning” vs. their
“Intracrystalline slip” regime). Twinning activity is further
suppressed due to the small grain size in the limestone and
in our mylonites, while a coarse grained marble would still
easily twin under the same conditions. Model simulations
of'the texture evolution by dislocation glide are consistent
with the observed textures in the absence of twinning
(Wagner et al., 1982; Kem and Wenk, 1983; Wenk et al.,
1987).

Since these pure shear experiments have not been
carried out to large enough strains the role of dynamic
recrystallisation for texture evolution could not be
assessed experimentally. It is likely that recrystallisation
by subgrain rotation and local boundary migration
processes do not alter the texture type but strengthen the
texture with progressive deformation similarly as
observed in the RYSZ samples of profile 1.

None of the studies of texture evolution in experimental
simple shear (Schmid et al., 1987; Pieri et al., 2001a,b)
have produced exactly the same textures as those observed
in the RYSZ. Schmid et al. (1987) observed similar
textures in their 800 °C “grain boundary migration regime”
experiments with a distinct c-axis maximum rotated with
the sense of shear relative to foliation, which they also
inferred due to a dominating contribution of slip in the
basal plane. Preferred orientations similar to M3 with ¢-
axes inclined with the sense of shear developed in torsion
experiments of Carrara marble at 500 °C and 600 °C after
very large shear strain (7 = 10, Barnhoom et al., 2004).
Twinning of the initially coarse grained marble controlled
the texture formation at small strain and caused a c-axis
maximum opposite to the sense of shear. Twinning was
less important in the fine grained mylonite at large strain,
which then caused the texture transition.

5.6. Texture evolution in naturally deformed limestones

One geometric assumption often made for texture
interpretation is that during progressive simple shear
deformation accompanied by dynamic recrystallisation,
one or several distinct slip planes tend to align parallel or
at small angles to the bulk shear plane and corresponding
slip directions tend to align with the bulk shear direction
of the rock (Nicolas, 1976; Etchecopar, 1977; Bouchez,
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=

Strain type

c-axis

Suitably oriented
slip systems

Rotational component of strain path increasing

Fig. 19. Sketch summarizing the evolution of the calcite c-axis distribution during the transition from coaxial dominated to non-coaxial dominated
deformation under conditions suppressing twinning. Poles and projections of slip planes and slip directions are reported for the main ideal orientation
components, which are suitably oriented for slip under the assumed kinematics. Black symbols belong to orientations with c-axis at ca (M1, M3),

white symbols at ¢f3 (M2), grey symbols at cy (M4, M4').

1978; Schmid, 1994). Such an orientation of certain slip
systems aligns the microscopic deformation scale
(simple shear by crystal plastic slip on one slip system)
with that of the macroscopic deformation. This align-
ment is only possible for simple shear kinematics.

The previous discussion points out that there seems to be
a gradual shift from predominant rhomb slip (- and fslip) in
pure shear to predominant basal slip in simple shear. This
shift would imply that the kinematics of deformation has an
influence on the activity of the slip systems. At first sight
this appears intriguing, as the critical resolved shear stresses
of the various slip systems should not depend on the
kinematics of deformation. However, the texture evolution
is also influenced by dynamic recrystallisation (Schmid,
1994; Wenk and Tome, 1999). In the case of simple shear,
grains with their c-axis orientations inclined against the
sense of shear are unsuitably oriented for basal slip and may
hence be eliminated by nucleation and preferential growth
of grains that are suitably oriented in terms of basal slip.

Provided that grains with orientations that are not suitably
oriented for basal slip act as local stress raisers during
simple shearing, they could preferentially be consumed by
dynamic recrystallisation. Dynamic recrystallisation results
in a stationary cycle of newly formed small grains (through
subgrain rotation and/or bulging), which grow and deform
by slip until they will be consumed again by their
neighbours. While individual grains permanently change
their size, shape and orientation, the microstructure and
texture on average remain constant with strain after a
certain initialisation. The rate of these recrystallisation
cycles is largely affected by the impurity content at the
micro- and nanoscale (Herwegh and Kunze, 2002). The
nummulitic limestone of RY SZ must be considered arather
impure calcite rock in that sense, as it contains enough
impurities to prevent grain growth and to decelerate the
microstructural resetting.

In summary of our empirical observations, a texture
transition as function of strain path is schematically
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depicted in Fig. 19, following ideas proposed for quartz
by Schmid and Casey (1986). We emphasize, however,
that in case of calcite the simple-shear end-member does
not involve slip along one single slip system only,
namely the basal plane, but antithetical slip on r and f
also contributed to deformation. Slip along a single slip
system is only possible if this slip system is perfectly
aligned with the shear zone boundary and no incom-
patibilities arise at grain boundaries. The obliquity
between basal plane and foliation is too high (15°) in
case of the ultramylonites, for which the foliation is
expected to nearly coincide with the shear zone
boundary.

To our knowledge most published oblique calcite c-
axis textures (see for example Behrmann, 1983; Dietrich
and Song, 1984; Schmid et al., 1987; Ratschbacher et al.,
1991) exhibit maxima oriented “against the sense of
shear”, as expected when calcite e-twinning is respon-
sible for texture evolution (Schmid et al., 1987). In our
samples, however, twinning was suppressed by the small
grain size and elevated temperatures. The c-axis maxima
oriented “with the sense of shear” correspond to what is
consistently found for quartz mylonites (Lister and Price,
1978; Bouchez and Pecher, 1981; Malavieille and
Etchecopar, 1981; Schmid and Casey, 1986; Bhatta-
charya and Weber, 2004), which are similarly attributed
to dominant basal slip.

Two conditions need to be satisfied if the interpreta-
tion of the texture transition discussed so far is correct:
(1) the slip systems involved (7, fand basal plane) need to
have comparable critical resolved shear stresses at the
temperature conditions of deformation, and (2) there
must be very subordinate twinning during deformation.
Condition (1) appears to be satisfied for the high temper-
ature deformation regime (De Bresser and Spiers, 1997).
Condition (2) appears to be satisfied in many experi-
mentally and naturally deformed samples where dynam-
ic recrystallisation dominates (Wagner et al., 1982;
Schmid et al., 1987; Lafrance et al., 1994; Pieri et al.,
2001a,b).

Whether calcite textures and their asymmetry can be
used as unequivocal shear sense criteria remains an issue
of further research and microstructural criteria such as
oblique SPO are certainly more reliable criteria. If no
twinning occurs, it appears that c-axis maxima are either
normal to foliation or rotated synthetically with the sense
of shear. If twinning is dominant during deformation, the
c-axis maximum will be rotated antithetically to, i.e.
“against” the shear sense. Then an asymmetry opposite
to that observed for the samples from Rocher de I’Yret
would be expected. Thus, for all practical purposes,
calcite textures should only be used in conjunction with

shape fabric analyses and microstructural studies of
twinning and dynamic recrystallisation.

6. Summary and conclusions

Two sample series from the Rocher de 1'Yret shear
zone were studied, which deformed at the same time under
conditions of low anchizone metamorphic conditions.
From the fabric analysis of both zones it is concluded that
orthorhombic SPO symmetry is indicative of pure shear
dominated deformation while monoclinic SPO symmetry
is indicative of simple shear dominated deformation. The
textures of these samples also show orthorhombic and
monoclinic symmetries, respectively, and confirm the
conclusion that the two profiles represent cases that are
close to the pure and simple shear end members.

In general, the SPO and texture analysis of samples
from the Rocher de I’ Yret deformation zone indicates that
the symmetry of calcite fabrics appears to indicate simple
shear deformation for monoclinic fabrics. Orthorhombic
fabric symmetry, however, may but does not necessarily
has to indicate pure shear deformation, because the latter
may also be produced by simple shear strain paths as
documented in the literature (Schmid et al., 1987;
Lafrance et al., 1994; Pieri et al., 2001a,b). The type of
c-axis patterns observed in the simple shear samples
shows some deviation from textures reported from other
naturally deformed calcitic rocks, where an oblique c-axis
maximum typically occurs opposite to the sense of shear
due to e-twinning. A c-axis maximum rotated syntheti-
cally with the sense of shear may be also used as a shear
sense indicator provided that it can be demonstrated that
twinning in calcite was of subordinate importance com-
pared to basal slip, which is often the case for fine grained
calcite mylonites.

7. Software used

[1] Tectonic VB 1.5a Ortner, H., 2001. http://geopal.
uibk.ac.at/tvb/front.html.

[2] NIH image public domain software http://rsb.info.
nih.gov/nih-image/download.html.

[3] Stripstar http://www.unibas.ch/earth/micro/soft-
ware/grainsize/grainsize.html.

[4] MENTEX Schaeben et al., 1990.

[5] BEARTEX Wenk et al., 1998.
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Abstract The metamorphic grade from the para-autoch-
tonous cover of the Pelvoux massif (PM, western Alp,
France) was investigated in Priabonian metamarls, through
mineral assemblages, simultaneous measurements of illite
and chlorite “crystallinity”, K-white mica b cell dimension
and K-white mica polytypes content. Kiibler (KI) and
Arkai (Al) indexes display values characteristic for
uppermost diagenetic to low anchizonal conditions. These

results are supported by the incomplete transformation of

K-white mica polytypes from 1My and 2M and are in line
with the not annealed status of zircon fission tracks in the
southeast zone of the Pelvoux massil (Seward et al. 1999).
Our findings differ from previous results, which suggested

epizonal conditions at several places in the northern part of

our field area, but are coherent with the temperature esti-
mation suggested by the mineral assemblage described in
the literature. These results are further supported by
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temperature values deduced from fluid inclusion investi-
ations. A small decrease of KI and Al values is observed
within the basal decollement level of the Priabonian cover,
when going from the least deformed zones to the most
deformed ones. K-white mica b cell dimensions in micas of
the area are in the range 9.000-9.040 A, which corresponds
to an inferred geothermal gradient of 25-35 °C/km, similar
to the values found further north in the Dauphinois domain
(Ceriani et al. 2003). This indicates a long steady state heat
flow corresponding to a long term metamorphic event like
in the eastern Alps.

Keywords Illite crystallinity -
Very low-grade metamorphism - Western Alps -
External crystalline massif

1 Introduction

In the western Alps, the illite “crystallinity” method has
been used in order to differentiate the anchizone from dia-
genesis and epizone domains according to Kiibler (1968).
The general trend of the metamorphic grade, increasing from
W to E, from diagenesis to epizone, is perturbed by tectonic
duplexesand the influence of crystalline basement (Desmons
et al. 1999).

In the northern part of the Pelvoux massif, Ceriani et al.
(2003) studied the low-grade metamorphism in the region
of the Frontal Penninic units (FPU) of the Western Alps
between the Arc and Isére Valleys (Fig. la, b). The results
of the study allowed relating the metamorphism to the
different stages of deformation.

Previous metamorphic studies described south of the
Pelvoux massif a laumontite—prehnite—pumpellyite subfa-
cies (zeolite facies) in the “grés de Champsaur™ formation,
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<« Fig. 1 a Simplified geological overview of the arc of the western

Alps (A Argentera massif, CM Combeynot massif, MB Mont Blanc
massif, P Pelvoux massif, R Rhone-Simplon line, 7 Tonale line); after
Ferreiro Mihlmann (1996), Ceriani et al. (2001) and Ravenne et al.
(1987, 2004). b Tectonic map along the eastern rim of the Pelvoux
massif compiled from (1) geological maps BRGM (1/50,000): La
Grave, Briangon, St Christophe en Oisans, Guillestre, Orciéres and
Embrun and (2) Tricart (1986). Points Yr, Fo, Be, Cha, Do and DoF
refer to samples studied, collected at the eastern rim of the Pelvoux
massif, in the Yret, Fournel, Beassac, Chambran, Dormillouse and
Dormillouse-Fangeas valleys, respectively. RT Roselend Thrust,
RYSZ Rocher de I'Yret shear zone

with rock-forming laumontite (Aprahamian 1988) and
pumpellyite—prehnite in veins (Waibel 1990). On the
metamorphic map of the Alps (Frey et al. 1999) and the
map of metamorphic structure of the Alps (Oberhiinsli
et al. 2004) the sub-greenschist facies (epizone) is found in
the tiny basement of Fournel and Dormillouse valleys (ref.
Fig. 1b).

The aim of this contribution is to present the results of a
study on metamorphic grade in the southern footwall of the
Penninic Basal Contact (PBC, Ceriani et al. 2001), within
the Dauphinois cover of the southeastern rim of the Pel-
voux massif, and to compare the results with those from
Ceriani et al. (2003). The metamorphic grade was inves-
tigated in the globigerina metamarl level and in the
Mesozoic cover by mineral assemblages, simultaneous
measurements of illite and chlorite “crystallinity” using
the KI- and Al-methods, K-white mica b cell dimension
and K-white mica polytypes content. Within the Rocher de
I"Yret shear zone (RYSZ, Fig. 1), results are completed by
a fluid inclusion study. Quartz precipitates found along the
strike slip fault planes dissecting the uppermost basement
units from the RYSZ were analysed. All the methods were
used for a better P-T estimate to get a higher precision on
the metamorphic evolution in this region and to conclude

better with some geodynamic implications. The results of

this metamorphic study are compared to those from Ceriani
et al. (2003) north of the Pelvoux massif, to the FT data
available in the region (Seward et al. 1999: Fiigenschuh
and Schmid 2003) and previous studies describing mineral
assemblage in the “gres de Champsaur”™ (Aprahamian
1988: Waibel 1990).

2 Regional geology

The Dauphinois domain is part of the European margin and
composed of Variscan basement carrying a thick Permian
to Tertiary sedimentary cover. During Mesozoic rifting, the
eastern margin of the European plate was substantially
thinned. Formation of major tilted crustal blocks allowed
for the deposition of thick Mesozoic sedimentary series in
asymmetric half grabens intensively described in literature

(Tricart et al. 1988: Davies 1982: Gillcrist et al. 1987:
Butler 1989: Coward et al. 1991; Huyghe and Mugnier
1995; Lazarre et al. 1996: Sue et al. 1997).

Mesozoic strata are discordantly overlain by a conglom-
erate formation (Gupta 1997), followed by the classical
“Priabonian trilogy” (Ravenne et al. 1987; Apps etal. 2004),
which comprises, from base to top: (1) shallow water num-
mulitic limestone of variable thickness (0-50 m), (2)
hemipelagic globigerina marls (0-50 m), and (3) the “grés de
Champsaur” formation, a regular alternance of turbiditic
sandstones and shales (Perriaux and Uselle 1968: Waibel
1990), whose thickness varies from 700 to 1,200 m. In some
arcas immediately south of the Pelvoux massif, the silici-
clastic deposits contain up to 50 % of volcanic detritus
(Debrand-Passard et al. 1984; Biirgisser 1998).

Locally, three Alpine deformation phases (D, D, and D5)
can be recognized (Trullenque 20035). D;, first phase of
deformation that affected the Dauphinois units corresponds to
the third phase of deformation described by Ceriani et al.
2001, i.e. Oligocene to lower Miocene out of sequence
thrusting along the Roselend thrust (RT). It is the major
deformation phase encountered in the investigated area since
itis related to the thrusting along the RT (Ceriani et al. 2001).
D, deformation structures constantly show WNW-directed
kinematic indicators measured directly along tectonic con-
tacts, i.e. consistent with activity along the RT.

The second D, deformation phase recorded within the
investigated area results in SW-directed movements that
overprint the top-WNW D, deformation features and which
are missing N of the Pelvoux massif. Trullenque (2005) pro-
posed that the D, top-SW deformation phase is linked to the
formation of the Apeninnes chain, as a consequence of the
opening of the Thyrenian basin during Langhian times.

Dj3 structures, normal faults related to the Durance fault
system (High Durance Faulted Zone, Tricart 2004) are the
latest deformation features found in the investigated area.
These normal faults are notably responsible for a strong
geothermal gradient and seismicity recorded along the
Durance valley. The timing of the onset of normal faulting,
also recorded north of Pelvoux, remains a matter of debate
(see Fiigenschuh et al. 1999: Fiigenschuh and Schmid
2003: Tricart et al. 2001). However, in this region, fission
track data on zircon (Seward et al. 1999) reveal that
maximum temperatures were well below greenschist facies
conditions. Seward et al. (1999) interpreted the heating
event as being due to the emplacement of internal thrust
sheets, which thin out westwards.

3 Materials and methods

In marine pelites and carbonates, no diagnostic minerals
and mineral assemblages form at conditions of very



74

238

S. Potel, G. Trullenque

low-grade field. In these rocks, the transitions from non-
metamorphic to very low-grade and from very low-grade to
low-grade metamorphic domains take place through the
diagenetic zone, the anchizone and the epizone, each zone
being characterized by specific values of the illite Kiibler
Index (KI: Arkai et al. 2003). The illite “crystallinity” (IC
or KI: Kiibler 1964) is defined as the full width at half
maximum of the first illite basal reflection in XRD patterns
(Frey 1987; Guggenheim et al. 2002). Guggenheim et al.
(2002) recommended that the use of a “crystallinity index”
should be avoided, although it may be placed within quo-
tation marks when referring in a limited way to previously
referenced work. They also recommended to refer to an
index by relating it to the author describing the procedures
necessary to define the value, regardless of what the index
may actually be describing. Therefore, we will refer for
K-white mica to the illite “crystallinity” for raw data and
to KI after calibration against Kiibler’s scale.

Illite “crystallinity” is considered to be a function of
crystallite thickness, the number of lattice defects (Merri-
man et al. 1990). Temperature is thought to be the main
factor controlling the illite “crystallinity”, but other
parameters like lithology, time, tectonic stress and fluid/
rock ratio may probably have important effect (see Frey
1987). Arkai (1991) and Arkai et al. (1995) proposed a
similar index the chlorite “crystallinity” (ChC) or Arkai
index (AI) to monitor the reaction’s progress.

Twenty-four metamarl samples were collected within
the Priabonian and Mesozoic cover formations of the
Dauphinois. Sampling was restricted to these formations in
order to minimize the petrological effect on the IC. The
outcrops density also limited sampling around the Dor-
millouse and Fournel valleys outcrops are poor. Moreover,
westward the Selle Fault cut out the Priabonian formation.
The nature, age and tectonic setting of this fault are poorly
constrained leading to uncertainties on its effects on the
metamorphic pattern. Therefore, samples were taken in the
Dormillouse, Fournel, Beassac and Chambran valleys and
in the Yret zone (Figs. 1, 2).

In the different samples, the main schistosity is related
to the Dy phase (Trullenque 2005), the D, phase only
affects the area south of an E-W line of Beassac valley. The
clay fraction analysed is generally related to D,.

Samples with detrital mica visible in hand specimen
and/or weathered specimens were avoided as far as possi-
ble to eliminate detrital contamination. Mineral
abbreviations used are from Kretz (1983).

3.1 X-ray diffraction
Clay mineral separation was conducted using techniques

described by Potel et al. (2006). Carbonate removal was
done using a 5 % acetic acid (C2H40,) and washed after

with deionised water. To minimize the effect of possible
detrital clay minerals, we avoided long grinding processes
(<15 s) and repeated the settling procedure for the <2 pm
fraction five times. Illite and chlorite crystallinity was
measured at the University of Giessen on air-dried prepa-
rates, using a D501 Bruker-AXS (Siemens) diftractometer,
CuKo radiation at 40 kV and 30 mA and divergence slits
of 0.5° with a secondary graphite monochromator. Two
slices of each sample were prepared and each measured
two times as air-dried and one time glycolated. The range
of measurement, the time counting and the step size were
as follow: for whole-rock paragenesis between 2 and
70 A°20 with | s and 0.02° step, for air-dried preparate
between 2 and 70 A°20 with 2 s and 0.01° step.

Illite “crystallinity” was calculated using the software
DIFFRACPIus (evaluation/release 2001 by “Bruker AXS)
and MacDiff 4.25 (written by R. Petschick, 17 May 2001).
IC measured in Giessen (1Cgjesen) Values were transformed
into KI values using a correlation with the SW standards
(CIS standards) of Warr and Rice (1994) (Klgg =
1.2702 x ICgiessen — 0.0314) (Table 1). The KI was used
to define the limits of anchizone, and the transition values
were chosen as follows: KI = 0.25 A°20 for the epizone
to high anchizone boundary, KI = 0.30 A°20 for the high
to low anchizone boundary and KI = 0.42 A°20 for the
low anchizone to diagenetic zone. However, the use of the
CIS standards is not universally accepted as giving Kiibler-
equivalent zone limits. Kisch et al. (2004) show that the
CIS standard values are much broader than those obtained
by all other laboratories and that the high- and low-grade
boundaries of the anchizone of the raw values of Warr and
Rice (1994) are much broader than the Kiibler-equivalent.
This discrepancy is likely to reflect errors in the conversion
of the IC values into Kiibler equivalent (Kisch et al. 2004:
Ferreiro Midhlmann and Frey this volume: Ferreiro Mihl-
mann et al. this volume). Therefore, following the
recommendations done by Kisch et al. (2004), we pub-
lished in the Table | the ICgGiessen and ChC to allow
comparison with other laboratories. The same experimental
conditions were also used to determine chlorite “crystal-
linity” on the (002) peak of the second (7 A) basal
reflections of chlorite (Table 1). The ChC measurements
were calibrated with those of Warr and Rice (1994) and
expressed as the Al (Guggenheim et al. 2002):
Al = 0.8775 x ChC + 0.0239. The anchizone boundaries
for the Al were defined by correlation with the KI and are
given as (.24 A°20 for the epizone to anchizone boundary
and 0.30 A°20 for the anchizone to diagenetic zone.

Randomly oriented samples for K-white mica b cell
dimension and polytype determination of K-white mica
were prepared using wood glue on quartz sample holder.
The K-white mica b cell dimension is based on the dggo 331
spacing and on the increasing celadonite substitution that
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Fig. 2 Distribution and values of Kiibler index (KI) and Arkai index (Al) in the studied area. Due to the proximity of the samples Do4,4a,4b;
DoSa,c; DoFla,b; Folbc,e; Fo2b,c and Fo3ab,c the values are shown as averages. RT Roselend thrust

occurs with pressure increase in white mica (Ernst 1963
Guidotti et al. 1989). Guidotti et al. (1989) presented linear
regression equations that quantify the changes in the
K-white mica b cell dimensions of muscovite 2M, that
result from cation substitutions on the interlayer and
octahedral sites. The K-white mica b cell dimension value
was determined by measurement of the (060) peak of the
potassic white mica, if present (Sassi and Scolari 1974), by
using the cell-refinement program WIN-METRIC V.3.0.7
(“Bruker AXS).

Illite-muscovite polytype determination was done using
a curve of 2M/(2M, + IM) peaks ratio calibrated using
different mixture of illite polytype following the technique
described by Dalla Torre et al. (1994). Merriman and
Peacor (1999) recognized that the wealth of data on

variations in white mica polytypism as a function of tem-
perature is generally consistent with predictable trends.
However, they recommended that polytype sequences
should not be used other than as indicators of reaction
progress.

3.2 Microthermometry

Quartz-calcite veins were sampled along the Rocher de
I’Yret shear zone (RYSZ) (Figs. I, 2), in order to sub-
stantiate P-T estimation and to reconstruct the fluid
evolution history during metamorphism (Frey et al. 1980).
Microthermometry investigations were done at the Uni-
versity of Giessen on double polished thin sections and
performed using a Linkam THM 600/S/Geo heating-freezing
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Table 1 Samples
identification, stratigraphic age,
Illite Kiibler index and chlorite

Sample Sratigraphic age Elevation (m) ICgiegen KI lo ChC Al lo

%2M, b (A)

A20  A20 A20 A20 A°20 A°20

“crystallinity™ values of the

<2 pum grain-size fraction Bea Priabonian 1,350

samples (data in A°26), percent Beb Priabonian 1,370
of 2M, polytypes and K-white CHAI  Priabonian 1,700
mica b cell dimension data CHA2  Priabonian 1710
CHA3  Priabonian 1,720
Dol Mesozoic Cover 1,500
Do2 Mesozoic Cover 1,520
Do4a  Priabonian 1,835
Dodb Priabonian 1,835
Do4 Priabonian 1,840

D05a  Mesozoic Cover 2,100
Do5c Mesozoic Cover 2,105
DoFla Mesozoic Cover 1,700
DoFlb Mesozoic Cover 1,700

DoF2  Priabonian 2,400
DoF3  Priabonian 2,200
Folb Priabonian 1,800
Folc Priabonian 1,740
Fole Priabonian 1,740
Fo2b Priabonian 1,760
Fo2c Priabonian 1,760
IC illite “crystallinity” Fo3a Priabonian 2,100
measured in Gies.lscn. KI Kiibler Fo3b Priabonian 2100
Index, ChC chlorite 3 -
“cryslallinily"o!' ll}e 002 Fo3c Priabonian 2,100
chlorite peak, A7 Arkai Index, Fodb  Priabonian 1.640
%2M, percent of 2, YRI  Priabonian 2,700
polytypes. b(A) K-white mica YR2 PriibeniiG 2700

b cell dimension

0.31 036 0.004 030 028 0.004 92 9.024
0.33 0.38 0.004 030 029 0.007 87 9.009
033 0.38  0.007 030 029 0.008 89 9.008
0.36 0.41 0.004 032 030 0.010 72 9.015
032 036 0.002 030 029 0.008 84 9.001
0.33 0.38  0.001 030 029 0.005 81 8.998

0.35 0.40 0.002 032 030 0.010 - 9.006
0.33 0.38 0.004 030 029 0.012 - 9.026
0.34 0.39  0.006 030 029 0.013 - 9.025

0.30 0.34  0.012 029 028 0.012 96 9.010
0.33 0.38 0.004 031 030 0.006 89 9.004
0.32 0.37 0.008 031 029 0.010 79 9.007
0.35 0.41 0.003 032 030 0.007 - -
0.38 045 0.001 033 032 0.019 73 -
0.37 043  0.001 034 032 0.021 85 -
0.33 0.38 0.004 030 029 0.004 84 9.025
032 0.37 0.002 030 028 0.011 88 9.018
0.31 0.35 0.004 029 028 0.021 90 9.010
0.33 0.38 0.003 030 028 0.009 - -
0.32 0.37 0.001 030 028 0.005 95 9.017
0.31 036  0.004 030 029 0.006 90 9.019
0.31 0.35 0.002 029 028 0.009 82 9.028
0.36 042 0.004 032 031 0.007 81 9.025
0.39 0.46 0.017 032 031 0.010 70 -
0.35 041 0.004 031 029 0.005 90 9.016
0.37 043  0.006 033 031 0.003 81 9.021
0.34 0.39  0.006 029 028 0.010 - -

stage coupled to a TMS 94 temperature controller with an
error of +1 °C. The stage is mounted on an Olympus
microscope with a 100x Objective. The heating and
cooling stage was calibrated using synthetic fluid inclu-
sion calibration standard: CO, and H,O from “Bubbles
Incorporation.

Two-phase (consisting of vapour and liquid at room
temperature) fluid inclusions were identified. No dissolved
volatile phase was observed, either by melting of CO, at or
below its triple point of —56.6 °C, nor by formation or
dissolution of clathrate or liquid—vapor equilibrium of a
volatile component such as higher hydrocarbons (HHC),
CH,, CO, N, or H,S. Thus, microthermometry was
restricted to measuring the melting temperature of ice
(Tm;ee) and the bulk homogenization temperature of the
fluid inclusions (Th;). As none of the investigated fluid
inclusions contained any observable gas component,
salinity was derived from the ice melting temperature in
NaCl-equivalence after Hall et al. (1988). Density for fluid
inclusions with homogenisation temperatures less than

200 °C are from the equations of state given by Brown and
Lamb (1989) and for temperatures greater than 200 °C are
from Zhang and Frantz (1987). The isochores were calculated
from the equation of state given by Zhang and Frantz (1987).

3.3 Raman microspectrometry

Gas, liquid and solid phases were investigated at the Uni-
versity of Frankfurt am Main using a Raman microprobe
Leica/Renishaw and the software Renishaw WiRE™ 2.0
and GRAMS. An Argon laser (green laser: 4 = 514.5 nm)
was used as excitation laser radiation. The Raman micro-
spectrometry was used to identify the presence of CH,,
CO,, HHC (C,Hg or C3Hg) and N in fluid inclusions. The
relevant peak is positioned at 2,917 em™! for CHy, 1,285
and 1,388 cm™! for CO,, 2,890 and 2,954 cm™! for C,Hg
or C3Hg, respectively and 2,331 em™! for N, (Burke 2001).
The small size of most fluid inclusions (<10 pm) and the
large vertical dimension of the laser beam focus (4 pm in
diameter) cause the presence of Raman lines of the
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enclosing quartz (1,160 cm_') in the spectra of fluids. This
line does not interfere at all with the CH,, CO, and N,
lines.

4 Results
4.1 Mineralogy

The mineralogy of the studied samples is given in Table 1.

In the Priabonian and Mesozoic meta-marls, the mineral
assemblages consist of quartz + K-white micas + chlorite
and calcite with minor amounts of albite. Gypsum is
detected in some samples from the Fournel and Dormil-
louse valleys (Do2, Fo3a and Fo3c). In the fraction <2 pum,
illite-muscovite predominates, chlorite and quartz are sig-
nificant, and feldspar, if detected, is only present in small
quantities.

4.2 Characteristics of the phyllosilicates

Figure 2 shows the distribution of the KI data, the values of
which are listed in Table 1.

The values in the Dormillouse valley vary between
uppermost diagenetic conditions (0.43 A°20) in the south
and low anchizonal values (0.36 A°20) in the north. In the
Fournel, Beassac and Chambran Valleys, the KI data
indicate low anchizonal conditions (0.35-0.41 A°20). In
the Yret Zone, illite crystallinity values correspond to the
diagenesis/anchizone boundary (0.37-0.43 A°20) (Fig. 2).
No trend can be observed between KI and elevation of the
sample. However, a trend can be observed in each valley or
zone, with an increase from south to north of KI values.
This is similar to that Aprahamian (1988) described.

The distribution of Al values are presented in Fig. 2.
The pattern of very low-grade metamorphism shown by Al
agrees well with the pattern of the KI (Fig. 2). A positive
linear correlation (R? = 0.64) is found between KI and Al
values (Fig. 3a). This gives confidence on the fact that illite
and chlorite “crystallinities” actually refer to the same P-T
conditions and thus the same experienced T—t history.

The percentage of 2M, illite-muscovite polytype relative
to the KI in the studied area shows a positive trend with
increasing metamorphic grade (Fig. 3b).

Sassi and Scolari (1974) determined a semi quantitative
relationship between the K-white mica b cell dimension
and the metamorphic pressure gradient under greenschist
facies condition. They plotted the K-white mica b-values as
cumulative frequency curves in order to compare them
with other metamorphic belts. Guidotti and Sassi (1986)
collated published K-white mica b cell dimension data for
greenschist and blueschist facies rocks. They presented a
qualitative plot of b cell dimension as a family of curves in
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Fig. 3 Correlation between Kiibler index (KI) and Arkai index (Af)
(a) and the 2M,/1M, illite polytype ratio (b), all derived from air-
dried mounts

P-T space. The values presented by Guidotti and Sassi
(1986) do not extend to the sub-greenschist facies. How-
ever, the considerable amount of K-white mica b cell
dimension data from very low-grade metapelites accumu-
lated in different metamorphic belt corroborate the
groupings found by Guidotti and Sassi (1986), as shown by
Merriman and Peacor (1999). K-white mica b cell dimen-
sions were calculated for 21 samples from the anchizone
(three samples were not integrated due to interferences and
poor intensity signal), all fall in the same range with a
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minimum 8.998 and a maximum 9.028 A values (Table 1).
Specimens from the Mesozoic cover have lower values (at
around 9.000 7\). while Priabonian are centred around
9.020 A. However, both value groups are in the intermediate
pressure facies (between 9.000 and 9.040 A) as shown in
Fig. 4 (the curve obtained is similar to the reference curve
from Ryoke), suggesting an inferred geothermal gradient of
25-35 °C/km (Guidotti and Sassi 1986).

4.3 Vein mineralogy, textural relationships
and microthermometry

Samples were collected within the RYSZ, previously de-
cribed by Butler (1992), and consisting in an imbricate of
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Fig. 4 Cumulative curves of K-white mica b cell dimensions for 21

anchizonal samples from our study area (in bold) with reference
curves from Sassi and Scolari (1974) and Guidotti and Sassi (1986)

basement slices and para-autochtonous sedimentary cover.
This shear zone, lying directly below the frontal penninic
nappe stack, has been considered as the map trace of the
RT in this area (Trullenque 2005). All kinematic indicators
measured in the field or deduced from microfabric analysis
of calcite ultramylonites (Trullenque et al. 2006), consis-
tently show a WNW directed sense of transport, consistent
with activity along the RT. No evidence of D, structures
are found in this area.

Samples have been collected along strike slip fault planes
dissecting basement slices and indicating a clear WNW directed
sense of transport. These faults are clearly related to the first
deformation phase Dy. The chronology of the different fluid
inclusion populations (Table 2) is a relative one with respect to
their host mineral and their overgrowth (Mullis 1976).

Veins are mainly composed of small quartz crystals
associated sometimes with calcite crystals. Only two-phase
fluid inclusions (consisting of vapour and liquid at room
temperature) were identified with the microscope. Fibre
quartz is observed in the sample F72. In F92, two fluid
inclusion assemblages are identified. The first one is a two-
phase type in the host quartz and probably of primary type,
i.e. trapped during mineral growth. The second one is over-
printing the first assemblage and probably of pseudo-
secondary type. The true temperature of entrapment of the
fluid inclusions, i.e. mineral growth, was constrained by
intersecting the isochores of primary two-type phase fluid
inclusions with the inferred geothermal gradient deduced
from the K-white b cell dimension (Fig. 5). Isochores were
calculated for the lower and upper homogenization tempera-
ture (Th;) with an average salinity of 5.6 and 13.8 wt. % NaCl
equivalent for samples F72 and F92, respectively.

5 Discussion

The structural metamorphic map of the Alps (Oberhinsli
et al. 2004) indicates lower sub-greenschist facies E of the

Table 2 Fluid inclusion data of two quartz samples from the Yret Zone, Western French Alps

1 2 3 4 5 6 7 8 9 10

Locality FP HM IT n V % Tmyex Thy H,O NaCl
mole % mole %

F72 1 FQ P 66 5 —35+0.6 176.6 £ 183 94.5 5.6

F92 1 vQ Ps 1l 22 5 —6.9 £ 0.9 182.4 £ 155 89.8 10.2

- 2 vQ P 3 5-10 —9.6 £ 0.9 172.3 £ 10.0 87.2 13.8

(1) Locality number. (2) FP fluid inclusion population. (3) HM host mineral—FQ fibre quartz, VQ vein quartz. (4) IT inclusion type—Ps II
pseudosecondary fluid inclusions, P primary fluid inclusions. (5) n; number of measured fluid inclusions. (6) V % volume % of the volatile part
estimated at room temperature. (7) Tmy,., melting temperature of ice (°C)—First number = mean value, second number = standard deviation. (8)
Th; homogenization temperature of fluid inclusions—First number = mean value, second number = standard deviation. (9) and

(10) = approximate mole-% H>O and NaCl (equivalents)
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Fig. 5 Depth-temperature diagrams with isochores representing the
higher and the lower calculated molar volumes for vapour-rich fluid
inclusions and the meam isochores in samples F72 (a) and F92
(b) from the Yret zone. The dashed lines represent the range of
geothermal gradients from 25 and 35 °C/km as deduced from the
K-white mica b cell dimensions. The thick curve represents the
liquid-gas reaction curve of water. CP critical point of water

RT and N of the Pelvoux massif. North of the Pelvoux
massif, Ceriani et al. (2003) described an E-W metamor-
phic gradient on the E side of the RT. In the Briang¢onnais,
they reported an increase from anchizonal to epizonal
conditions from E to W. In the same area, the Dauphinois
domain (in the footwall of the RT) shows epizonal meta-
morphic conditions. The Dauphinois domain in this area is
only affected by one deformation phase, corresponding to
the third deformation phase in the FPU (Ceriani 2001:
Ceriani et al. 2001) and equivalent to D, in our studied area
(Trullenque 2005). The K-white b cell dimensions obtained
by Ceriani et al. (2003) in the Dauphinois Domain are
ranging between 9.000 and 9.030 A similar to those
obtained in our study, indicating similar geothermal
metamorphic gradient between the two areas.

Frey (1987) and Essene and Peacor (1995) showed that
KI cannot be used as a precise geothermometer and only
provide an approximate temperature range. In spite of this,
attempts have been made to relate KI values to absolute

temperatures. This was done in different low-grade meta-
morphic units by comparing the KI data with other
geothermometers (Ferreiro Mihlmann 1994, 1996 Merri-
man and Peacor 1999; Mullis et al. 2002; Potel et al. 2006).
Mullis et al. (2002) have suggested a diagenesis—anchiz-
one boundary in the Alps on the basis of a comparison of
IC versus FI data. This allows to better define the range of
temperature that the SE of the Pelvoux massif was sub-

jected during tectonic evolution.

The KI values indicate that the Dauphinois domain in
the SE of the Pelvoux massif underwent up to low anchi-
zonal metamorphic conditions (Table 1; Fig. 2). According
to Mullis et al. (2002), the boundary is linked to a tem-
perature of around 230-240 °C (similar to the compilation
results from Ferreiro Mihlmann (1994)). This can be
compared to the temperature estimates obtained west of our
studied area in the “gres de Champsaur™ (W of Prapic).
Waibel (1990) described quartz—prehnite % calcite veins
in the “greés de Champsaur”. The country rock is dark
green in colour, enriched in pumpellyite of variable com-
position, and to a lesser extent prehnite, at the expense of
laumontite. Aprahamian (1988) described also mottled
sandstone (facies moucheté), the pale-coloured mottles
being enriched in laumontite as cement and as partial
replacement product of albitized clastic plagioclase and the
darker areas being relatively enriched in chlorite cement.
According to Frey et al. (1991) and Potel et al. (2002), the
coexistence of zeolites (laumontite in this case) and preh-
nite-pumpellyite is restricted to a rather small P-T area
below 240 °C and therefore in the range obtained by using
the correlation from Mullis et al. (2002).

Zircon FT data were gained from the turbiditic “grés de
Champsaur™ and the underlying Pelvoux crystalline base-
ment (Seward et al. 1999). These data provide important
information on the peak temperatures reached during
Alpine metamorphism. For the zircon FT system, several
estimates on the temperature range of the partial annealing
zone exist (e.g. Yamada et al. 1995, 2007; Tagami et al.
1998). Tagami et al. (1998) suggested a temperature range
between 200 and 320 °C to be appropriate, which covers
the temperature range relevant to the metamorphic zona-
tion based on illite “crystallinity” (e.g. Mullis et al. 2002).
The combination of both methods therefore provides
additional constraints on the maximum temperature
reached to the SE of the Pelvoux massif. In the Glarus
Alps, the comparison between fluid inclusion data and
zircon FT data suggests that zircon FT annealing in the
Taveyanne sandstone (a lateral equivalent of the “gres de
Champsaur”) only becomes detectable above 250 °C
(Rahn 2001). The measured K-white mica b cell dimension
values inferred an intermediate geothermal gradient with
25-35 °C/km (Merriman and Peacor 1999). This gradient
seems to be a very conservative approach, however the



80

244

S. Potel, G. Trullenque

result is similar to that found in the Dauphinois domain
north of the Pelvoux massif (Ceriani et al. 2003). Com-
bining this information with the fluid inclusion data
obtained in the Yret zone, a trapping temperature for the
fluid inclusions of 220 4 10 °C can be obtained (Fig. 5a,
b). Consequently, the comparison of KI, FT and fluid
inclusion leads to the conclusion that the SE of the Pelvoux
massif was subjected to temperatures higher than 200 °C,

but lower than 250 °C. This is higher than the estimation of

temperature by Seward et al. (1999) who estimated that the
burial temperature of the “grés de Champsaur™ was not
higher than 200 °C. This implies metamorphic burial
between 7 and 9 km. Neither our KI nor the FT data
(Seward et al. 1999) reveal the presence of a metamorphic
gradient from E to W in the SE of the Pelvoux massif as
described by Aprahamian (1974). The absence of epizonal
KI values in the Vallouise valley (Aprahamian 1974,

1988), moves the anchizone—epizone boundary to the N of

the Pelvoux massif, where epizonal metamorphic condi-
tions are observed (Ceriani et al. 2003). As mentioned by

Ferreiro Midhlmann and Frey (2012), one of the reasons of

the lack of epizonal values, is that the KI values obtained
by CIS calibration led to a broadening of the anchizone
area.

The available metamorphic data from the south of the
Pelvoux massif combined with the available deformation
data allow us to deduce some conclusions concerning the
tectono-metamorphic  evolution in this area. A first
important result provided by the KI, fluid inclusion and FT
data is the fact that the Dauphinois domain exhibits lower
metamorphic conditions compared to the Penninic domain.
According to the metamorphic map of the Alps, the Pen-
ninic domain west of the RT is metamorphosed under
lower greenschist facies (Oberhiinsli et al. 2004). Field
evidences SE of the Pelvoux massif (this paper: Trullenque
2005), indicate that Dy corresponds to the first penetrative
schistosity, marked by very fine-grained K-white mica,
chlorite, quartz and albite. The metamorphic gradient
observed and the formation of the fluid inclusions studied
are related to this deformation phase and the burial heating
(with a maximum of 9 km burial) was generated by the
overthrusted Penninic domain along the RT onto the
Dauphinois domain. As mentioned above, the K-white
mica b cell dimension values in our studied area SE of the
Pelvoux massif, are similar to those obtained in the north
by Ceriani et al. (2003). Therefore, the metamorphic gra-
dient observed in the Penninic domain must be established
before Dy, as observed by Ceriani et al. (2003) further to
the N (the D, observed SE of the Pelvoux massif corre-
spond to the D3, see above). So, we have no trace of an
older metamorphic event.

North of the Pelvoux massif, the metamorphic grade is
higher with epizonal conditions and may be explained by

thicker Penninic units on top of the Dauphinois domain
leading to higher degree of burial and therefore show a
regional metamorphic gradient increasing from S to N.
This is corroborated by the same pressure gradient
observed north and south of the Pelvoux massif in the
Dauphinois domain (same range of K-white mica b cell
dimension).

Ferreiro Mihlmann (2001) in the eastern Alps showed
that in rocks submitted to a long metamorphic event
(20 Ma) and a steady state heat flow, the smectite content
in the anchizone is between 0 and 5 % (90 % of the
samples without smectite), and that under stabile thermal
conditions (equilibrium), KI can be used as a thermometer.
In this region, Henrichs (1993) reported K-white mica
b cell dimension values between 9.000 and 9.022 A and the
compilation of the Ferreiro Midhlmann et al. (2012) shows a
normal to low geothermal gradient (30 °C/km). Compari-
son of our results with KI and K-white mica b cell
dimension values will suggest that the Dauphinois Domain
has been submitted to a relative long heating time like in
the eastern Alps.

6 Conclusion

The tectono-metamorphic history of the Dauphinois
domain in the SE of the Pelvoux is similar that described
by Ceriani et al. (2003) in the north. Peak metamorphic
conditions in the Dauphinois domain are reached during
the overthrusting of the Penninic units during D, top-
WNW directed thrusting along the RT. The metamor-
phism is characterized by temperatures below 250 °C and
higher than 200 °C and a metamorphic gradient between
25 and 35 °C, and a long time event. This range of tem-
perature is compatible with the FT data published by
Seward et al. (1999) indicating that the burial temperature
in the region was lower than 250 °C. Based on our KI
values and the mineral paragenese observed in the W of
the “gres de Champsaur”, no E-W metamorphic zonation
as described by Aprahamian (1974, 1988) is observed.
But, in the studied area, the grade of metamorphism in the
Dauphinois Domain is lower than in the northern of the
Pelvoux massif (Ceriani et al. 2003) confirming the N-S
metamorphic zonation described by Aprahamian (1974,
1988). This is also outlined by the zircon FT ages indi-
cating an increase in age primarily from the north to the
south (Fiigenschuh and Schmid 2003) and supports their
hypothesis that the more southerly located arcas were lees
deeply buried and hence less exhumed. Like proposed by
Ceriani et al. (2001) and Fiigenschuh and Schmid (2003),
the overthrust along the RT of the Penninic units may
caused burial and metamorphism in the external Dau-
phinois units.



81

Very low-grade metamorphism

245

Acknowledgments This manuscript benefited greatly from con-
structive and helpful reviews and comments from M. Rahn and
R. Ferreiro MihImann.

References

Apps, G. M., Peel, F., & Elliott, T. (2004). The structural setting and
palacogeographical evolution of the Gres d’Annot Basin. Deep-
water sedimentation in the Alpine Basin of SE France; new
perspectives on the Gres d’Annot and related systems. Geolog-
ical Society Special Publication, 221, 65-96.

Aprahamian, J. (1974). La cristallinité de I'illite et les minéraux
argileux en bordure des massifs cristallins externes de Belled-
onne et du Pelvoux. Geologie Alpine, 50, 5-15.

Aprahamian, J. (1988). Cartographie du métamorphisme faible a trés
faible dans les Alpes francaises externs par I'utilisation de la
cristallinité de I'illite. Geodinamica Acta, 2, 25-32.

Arkai, P. (1991). Chlorite crystallinity: an empirical approach and
correlation with illite crystallinity, coal rank and mineral facies
as exemplified by Palacozoic and Mesozoic rocks of northeast
Hungary. Journal of Metamorphic Geology, 9, 723-734.

Arkai, P., Faryad, S. W., Vidal, O., & Balogh, K. (2003). Very low-
grade metamorphism of sedimentary rocks of the Meliata unit,
Western Carpathians, Slovakia: implications of phyllosilicate
characteristics. International Journal of Earth Sciences, 92,
68-85.

Arkai. P., Sassi, F. P., & Sassi, R. (1995). Simultaneous measure-
ments of chlorite and illite crystallinity: a more reliable tool for
monitoring low- to very low grade metamorphism in metapelites.
A case study from the Southern Alps (NE ltaly). European
Journal Mineralogy, 7, 1115-1128.

Brown, P. E., & Lamb, W. M. (1989). P-V-T properties of fluids in
the system H,O =+ CO, £ NaCl: new graphical presentations
and implications for fluid inclusion studies. Geochimica Cos-
mochimica Acta, 53, 1209-1221.

Biirgisser, J. (1998). Deformation in foreland basins of the Western
Alps (Pelvoux massif, SE France); significance for the develop-
ment of the Alpine arc. Zirich: ETH. 151 pp.

Burke, E. A. J. (2001). Raman microspectrometry of fluid inclusions.
Lithos, 55, 139-158.

Butler, R. W. H. (1989). The influence of pre-existing basin structure
on thrust system evolution in Western Alps. Geological Society
Special Publications, 44, 105-122.

Butler, R. W. H. (1992). Thrust zone kinematics in a basement-cover
imbricate stack; eastern Pelvoux massif, French Alps. Journal of
Structural Geology, 14, 29-40.

Ceriani, S. (2001). A combined study of structure and metamorphism
in the frontal Penninic units between the Arc and the Isere
valleys (Western Alps): Implications for the geodynamics
evolution of the Western Alps. Unpublished PhD thesis,
Universitidt Basel, 196 pp.

Ceriani, S., Fligenschuh, B., Potel, S., & Schmid, S. M. (2003). The
tectono-metamorphic evolution of the Frontal Penninic units of
the Western Alps: correlation between low-grade metamorphism
and tectonic phases. Schweizerische Mineralogische und Petro-
graphische Mitteilungen, 83, 111-131.

Ceriani, S., Fiigenschuh, B., & Schmid, S. M. (2001). Multi-stage
thrusting at the “Penninic Front™ in the Western Alps between
Mont Blanc and Pelvoux massifs. International Journal of Earth
Sciences, 90, 685-702.

Coward, M. P., Gillerist, R., & Trudgill, B. (1991). Extensional
structures and their tectonic inversion in the Western Alps.
Geological Society Special Publications, 5, 93-112.

Dalla Torre, M., Stern, W. B., & Frey, M. (1994). Determination of
white K-mica polytype ratios: comparaison of different XRD
methods. Clay Minerals, 29, 717-726.

Davies, V. M. (1982). Interaction of thrusts and basement faults in the
French external Alps. Tectonophysics, 88, 325-331.

Debrand-Passard, S., Courbouleix, S. & Lienhardt, M.-J. (1984).
Synthese géologique du Sud-Est de la France. Mémoire du
Bureau de recherches géologiques et minieres, 126 pp.

Desmons, J., Compagnoni, R. & Cortesogno, L. (1999). Alpine
metamorphism of the Western Alps: II. High-P/T and related
pre-greenschist metamorphism. In: Frey, M., Desmons, J. &
Neubauer, F. (Eds.), The new metamorphic map of the Alps.
Schweizerische Mineralogische und Petrographische Mitteilun-
gen, 79 (pp. 111-134).

Ernst, W. G. (1963). Significance of phengitic micas from low grade
schists. American Mineralogist, 48, 1357-1373.

Essene, E. J., & Peacor, D. R. (1995). Clay mineral thermometry—a
critical perspective. Clays Clay Mineral, 43, 540-553.

Ferreiro Midhlmann, R. (1994). Zur Bestimmung von Diagenesehdhe
und beginnender Metamorphose-Temperaturgeschichte und Tek-
togenese des Austroalpins und Siipenninikums in Vorarlberg und
Mittelbiinden. Universitéit Frankfurt, Frankfurter Geowissens-
chaftliche Arbeiten, Serie C 14, 498 pp.

Ferreiro Mihlmann, R. (1996). The pattern of diagenesis and
metamorphism by vitrinite reflectance and illite- “crystallinity™
in Mittelbiinden and in the Oberhalbstein. Part2: correlation of
coal petrographical and of mineralogical parameters. Schweize-
rische Mineralogische und Petrographische Mitteilungen, 76,
23-46.

Ferreiro Mihlmann, R. (2001). Correlation of very low-grade
data to calibrate a thermal maturity model in a nappe
tectonic setting, a case study from the Alps. Tectonophysics,
334, 1-33.

Ferreiro Mihlmann, R., Bozkaya, O., Potel, S., Le Bayon, R., Segvié.
B. & Nieto Garcia, F. (2012). The pioneer work of Bernard
Kiibler and Martin Frey in very low-grad metamorphic terranes:
Paleo-geothermal potential of Kiibler-Index/organic matter
reflectance correlation — a review. Swiss Journal of Geosciences,
this volume.

Ferreiro Mihlmann, R. & Frey, M. (2012). “Standardisation,
calibration and correlation of the Kiibler-Index and the vitri-
nite/bituminite reflectance: an inter-laboratory and field related
study ™. Swiss Journal of Geosciences, this volume.

Frey, M. (Ed.). (1987). Low temperature metamorphism. Glasgow and
London: Blackie & Son.

Frey, M., de Capitani, C., & Liou, J. G. (1991). A new petrogenetic
grid for low-grade metabasites. Journal of Metamorphic Geol-
ogy, 9, 497-509.

Frey, M., Desmons, J. & Neubauer, F. (Eds.) (1999). The new
metamorphic map of the Alps. Schweizerische Mineralogische
und Petrographische Mitteilungen, 79, 230 pp.

Frey, M., Teichmiiller, M., Teichmiiller, R., Mullis, J., Kiinzi, B.,
Breitschmid, A., et al. (1980). Very low-grade metamorphism in
external parts of the Central Alps: illite crystallinity, coal rank
and fluid inclusion data. Eclogae Geologicae Helvetiae, 73,
173-203.

Fiigenschuh, B., & Schmid, S. (2003). Late stages of deformation and
exhumation of an orogen constrained by fission-track data: a
case study in the Western Alps. Geological Society of America
Bulletin, 115, 1425-1440.

Fiigenschuh, B., Loprieno, A., Ceriani, S., & Schmid, S. M. (1999).
Structural analysis of the Subbrian ¢onnais and Valais units in
the area of Mo utiers (Savoy, Western Alps): paleogeographic
and tectonic consequences. International Journal of Earth
Sciences, 88, 201-218.



82

246

S. Potel, G. Trullenque

Gillerist, R., Coward, M., & Mugnier, J. L. (1987). Structural
inversion and its controls; examples from the Alpine Foreland
and the French Alps. Geodinamica Acta, 1, 5-34.

Guggenheim, S, Jr, Bain, D. C., Bergaya, F., Brigatti, M. F., Drits, V.
A., Eberl, D. D, et al. (2002). Report of the association
internationale pour I'étude des argiles (AIPEA) nomenclature
committee for 2001: order, disorder and crystallinity in phyllo-
silicates and the use of the ‘crystallinity index’. Clays and Clay
Minerals, 50, 406-409.

Guidotti, C. V., & Sassi. F. P. (1986). Classification and correlation of
Metamorphic Facies Series by Means of Muscovite by data from
Low-Grade Metapelites. Neues Jarbuch Mineralogie Abteilung-
hefte, 153, 363-380.

Guidotti, C. V., Sassi, F. P., & Blencoe, J. G. (1989). Compositional
controls on the a and b cell dimensions of 2M; Muscovites.
European Journal of Mineralogy, 1, 71-84.

Gupta, S. (1997). Tectonic control on paleovalley incision at the distal
margin of the early Tertiary Alpine foreland basin, southeastern
France. Journal of Sedimentary Research, 67, 1030-1043.

Hall, D. L., Sterner, S. M., & Bodnar, R. J. (1988). Freezing point
depression of NaCl-KCI-H,O solutions. Economic Geology, 83,
197-202.

Henrichs, C. (1993). Sedimentpetrographische Untersuchungen zur
Hochdiagenese in der Kossen-Formation (Ober Trias) der
westlichen Ostalpen und angrenzenden Siidalpengebiete. Boc-
humer geologische und geo-technische Arbeiten 40, 206 pp.

Huyghe, P., & Mugnier, J. L. (1995). A comparison of inverted basins
of the southern North Sea and inverted structures of the external
Alps. Geological Society Special Publications, 88, 339-353.

Kisch, H. J.. Arkai, P.. & Brime, C. (2004). On the calibration of illite
Kiibler index (illite ‘crystallinity’). Schweizerische Mineralogi-
sche und Petrographische Mitteilungen, 84, 323-331.

Kretz, R. (1983). Symbols for rock-forming minerals. American
Mineralogist, 68, 277-279.

Kiibler, B. (1964). Les argiles, indicateurs de métamorphisme. Institut
Frangais Petrole, 19, 1093-1112.

Kiibler, B. (1968). Evaluation quantitative du métamorphisme par la
cristallinité de Iillite. Etat des progres réalisés ces dernieres
années. Bulletin Centre Recherche Pau, S.N.P.A., 2, 385-397.

Lazarre, J., Tricart, P., Courrioux, G., & Ledru, P. (1996). Héritage
téthysien et polyphasage alpin; réinterprétation tectonique du
“synclinal” de I"aiguille de Morges (massif du Pelvoux, Alpes
occidentales, France). Comptes Rendus de ['Academie des
Sciences, Serie II. Sciences de la Terre et des Planetes, 323,
1051-1058.

Merriman, R. J., & Peacor, D. R. (1999). Very low-grade metapelites:
mineralogy, microfabrics and measuring reaction progress. In M.
Frey & D. Robinson (Eds.), Low-Grade Metamorphism (pp.
10-60). London: Blackwell Science.

Merriman, R. J., Roberts, B., & Peacor, D. R. (1990). A transmission
electron microscope study of white mica crystallite size distri-
bution in a mudstone to slate transitional sequence, North Wales,
U. K. Contributions to Mineralogy & Petrology, 106, 27-40.

Mullis, J. (1976). Das Wachstumsmilieu der Quarzkristalle im Val
d'llliez (Wallis, Schweiz). Schweizerische Mineralogische und
Petrographische Mitteilungen, 56, 219-268.

Mullis, J. J., Rahn, M. K. W., Schwer, P., de Capitani, C., Stern, W.
B., & Frey, M. (2002). Correlation of fluid inclusion tempera-
tures with illite “crystallinity” data and clay mineral chemistry
in sedimentary rocks from the external part of the Central Alps.
Schweizerische Mineralogische und Petrographische Mitteilun-
gen, 82, 325-340.

Oberhinsli, R., Bousquet, R., Engi, M., Goffé, B., Gosso, G., Handy,
M., Hock, V., Koller, F., Lardeaux, J.-M., Polino, R., Rossi. P.,
Schuster, R., Schwarz, S. & Spalla, M.L. (2004). Metamorphic

structure  of the Alps (1:1°000°000), Commission for the
Geological Map of the World (UNSECO), Paris.

Perriaux, J., & Uselle, J. P. (1968). Quelques données sur la
sédimentologie des gres du Champsaur (Hautes-Alpes). Geolo-
gie Alpine, 44, 329-332.

Potel, S., Ferreiro, Mdhlmann R., Stern, W. B., Mullis, J., & Frey, M.
(2006). Very low-grade metamorphic evolution of pelitic rocks
under high-pressure/low-temperature conditions, NW New Cal-
edonia (SW Pacific). Journal of Petrology, 47, 991-1015.

Potel, S., Schmidt, S Th, & de Capitani, C. (2002). Composition of
pumpellyite, epidote and chlorite from New Caledonia—How
important are metamorphic grade and whole-rock composition?
Schweizerische Mineralogische und Petrographische Mitteilun-
gen, 82, 229-252.

Rahn, M. K. W. (2001). The metamorphic and exhumation history of
the Helvetic Alps, Switzerland, as revealed by apatite and zircon
fission tracks. Unpublished Habilitation thesis. Freiburg: Albert-
Ludwigs-Universitit. 140 pp.

Ravenne, C., Vially, R., Riche, P., & Tremolieres, P. (1987).
Sédimentation et tectonique dans le bassin marin Eocene
supérieur-Oligocene des Alpes du Sud. Revue de ['Institut
Frangais du Petrole, 42, 529-553.

Sassi, F. P., & Scolari, A. (1974). The b, of the potassic white micas
as a barometric indicator in low-grade metamorphism of pelitic
schists. Contributions to Mineralogy and Petrology, 45, 143-152.

Schmid, S. M., Fiigenschuh, B., Kissling, E., & Schuster, R. (2004).
Tectonic map and overall architecture of the Alpine orogen.
Eclogae Geologicae Helvetiae, 97, 93—-117.

Seward, D., Ford, M., Biirgisser, J., Lickorish, H., Williams, E. A., &
Meckel, L. D, L. L 1. (1999). Preliminary report on fission tracks
studies in the Pelvoux area, SE France. Memorie di Scienze
Geologiche, 51, 25-31.

Sue, C.. Tricart, P., Dumont, T.. & Pecher. A. (1997). Raccourciss-
ement polyphase dans le massif du Pelvoux (Alpes occidentales):
exemple du chevauchement de socle de Villard- Notre-Dame.
Comptes Rendus de I’ Académie des Sciences, Série I1. Sciences
de la Terre et des Planetes, 324, 847-854.

Tagami, T., Galbraith, R. F., Yamada, R. & Laslett, G. M. (1998).
Revised annealing kinetics of fission tracks in zircon and
geological implications. In P. Van den haute, & F. De Corte
(Eds.), Advances in fission-track geochronology: Kluwer aca-
demic publishers, Dordrecht, The Netherlands, pp 99-112.

Tricart, P. (1986). Le Chevauchement de la zone brianconnaise au
Sud-Est du Pelvoux; clé des rapports zone externe—zones
internes dans les Alpes occidentales. Bulletin de la Societe’
Geologique de France, Huitieme Sevie, 2, 233-244.

Tricart, P. (2004). From extension to transpression during the final
exhumation of the Pelvoux and Argentera massifs, Western
Alps. Eclogae Geologicae Helvetiae, 97, 429-439.

Tricart, P., Bourbon, M., Chenet, P. Y., Cros, P., Delorme, M.,
Dumont, T., et al. (1988). Tectonique synsédimentaire triasico-
jurassique et rifting téthysien dans la nappe briangonnaise de
Peyre-Haute (Alpes occidentales). Bulletin de la Societe
Geologique de France, 4, 669-680.

Tricart, P., Schwartz, S., Sue, C., Poupeau, G., & Lardeaux, J. M.
(2001). La dénudation tectonique de la zone Ultradauphinoise et
I"inversion du front Briangonnais au Sud Est du Pelvoux (Alpes
Occidentales); une dynamique Miocéne 4 actuelle. Bulletin de la
Societe’ Geologique de France, 172, 49-58.

Trullenque, G. (2005). Tectonic and microfabric studies along the
Penninic Front between Pelvoux and Argentera Massifs
(Western Alps, France). Unpublished PhD thesis, Universitit
Basel, 301 pp.

Trullenque, G., Kunze, K., Heilbronner, R., Stiinitz, H., & Schmid, S.
(2006). Microfabrics of calcite ultramylonites as records of



83

Very low-grade metamorphism

247

coaxial and non-coaxial deformation kinematics: examples from
the Rocher de I'Yret shear zone (Western Alps). Tectonophysics,
424, 69-97.

Waibel, A.F. (1990). Sedimentology, petrographic variability, and
very-low-grade metamorphism of the Champsaur sandstone
(Paleogene, Hautes-Alpes, France). Evolution of volcaniclastic
foreland turbidites in the external Western Alps. Unpublished
PhD thesis, Université de Geneve, 140 pp.

Warr, L. N., & Rice, A. H. (1994). Interlaboratory standardization and
calibration of clay mineral crystallinity and crystallite size data.
Journal of Metamorphic Geology, 12, 141-152.

Yamada, R., Galbraith, R. F., Murakami, M., & Tagami, T. (2007).
Statistical modelling of annealing kinetics of fission-tracks in
zircon; reassessment of laboratory experiments. Chemical Geol-
ogy, 236, 75-91.

Yamada, R., Tagami, T., Nishimura, S., & Ito, H. (1995). Annealing
kinetics of fission tracks in zircon: an experimental study.
Chemical Geology (Isotope Geoscience Section), 122, 249-258.

Zhang, Y., & Frantz, J. D. (1987). Determination of the homogeni-
zation temperatures and densities of supercritical fluids in the
system NaCl-KCI-CaClI2-H20 using synthetic fluid inclusions.
Chemical Geology, 64, 335-350.



4 Research activities in the framework of professional experience

The summaries of my DEA and PhD thesis have shown some of my expertise in geodynamics, structural
geology and microtectonics. All these competences are needed in the lines of research | am following in
my career.

By the end of my PhD thesis | wanted to deepen my knowledge in the field of texture analysis using Electron
Back Scattered Diffraction (EBSD) techniques. This tool permits a local analysis of CPO and brings
essential additional information to bulk X-ray texture analysis.

In order to better understand development of CPO as a function of strain | decided to implement an
experimental rock deformation set-up. This laboratory approach allows to precisely control displacements
imposed to a given sample. This monitoring is crucial as precise strain estimates in the field are often
difficult.

This ambitious program was intended to better constrain deformation mechanisms affecting geological
materials in both brittle and ductile fields. 1 was fully aware that intensive training was needed in order to
master experimental deformation at a range of pressure and temperatures together with chemical and
crystallographic characterization tools at mineral scale.

In addition, science funding being crucial, | considered that some engineering expertise was important as it
was paving a way to applied research with associated potential investors.

4.1 Training mobility

At the end of my PhD thesis, | applied for a training mobility program in the form of a proposal funded at
50% by the Swiss national fund and 50% by the Freiwillige Akademische Gesellschaft Basel. | received
during this project trainings on a Paterson-type deformation apparatus plus EBSD sample preparation
techniques and analysis under the Scanning Electron Microscope (SEM). This training was first given at
University of Minnesota Twin cities campus (Minneapolis, USA) under supervision of Prof. Kohlstedt and
continued at University of Utrecht (Utrecht, The Netherlands) under supervision of Dr. De Bresser and Dr.
Drury.

During this year of training, | participated to the discovery of a new intracrystalline glide system for calcite,
namely glide in the a <-12-10> direction along the r {10-14} plane (De Bresser et al., 2008). This work
was in the direct continuation of the texture analysis | performed during my PhD and dedicated to
crystallographic response of calcitic rocks subjected to shear deformation.

I used a novel direct shear experimental set-up mounted in an axial loading uniaxial geometry using a gas
pressure vessel at 300 MPa and 1000 K temperature. Oriented calcite single crystals were used as a starting
material for a series of deformation tests up to a shear strain y = 1.5 and a shear strain rate of 1.7x10* s,
Our experiments have shown a nearly steady state creep in the stress-strain curve starting at y = 0.2
indicating the onset of dominant slip on the r plane in the <a> direction.

The analysis of mechanical data indicated that the r <a> slip must be considered when dealing with
interpretation of calcite textures although this new system as a Critical Resolved Shear Stress (CRSS) about
10% higher than the well-known r <-2021>.
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Torsion deformation experiments performed on Carrara marble a few years ago (Pieri
etal., 2001; Tectonophysics 330, 119-140) have shown the development, at high strain,
of a lattice preferred orientation with a sharp single orientation component with the
calcite r{10-14} plane parallel to the shear plane and the direction a<.-12-10> parallel
to the shear direction. This suggested that the r<<a> system is an important slip sys-
tem in calcite, confirmed by results of plasticity models. However, the r<a> system
thus far has not been demonstrated to be operative in calcite, while slip on the r-plane
in the <-2021> direction is well established. We performed direct shear experiments
on single crystals of calcite and now found unequivocal evidence for r<<a>>. Square
samples of size 8x8x0.5 mm have been deformed in a direct shear piston configuration
mounted in an axial loading set-up in a constant volume, internally heated argon gas
medium deformation apparatus. Samples have been deformed to a shear strain of v =
1.5, at a temperature of 1000 K, a confining pressure of 300 MPa and a shear strain rate
of 1.7x10~% s~ The calcite samples were oriented such that either the r <-2021>
or the r<a> system was activated, given that the latter actually exists. Stress-strain
curves show a yield point at about v = 0.2, followed by a quasi-steady state part up
to v = 1.5. We have used Electron Backscatter Diftraction (EBSD) to analyze the de-
formed calcite single crystals. Results clearly show evidence for activity of the r<<a>
system. At the conditions investigated, the r<a> system is about 10% stronger than
the classical r <-2021> system. Detailed misorientation analysis also demonstrated
the local development of small subgrains and recrystallized grains. We are currently
analyzing rotation axes associated with the development of these subgrains.



4.2 Research assistant at Johannes Gutenberg University

The above-mentioned technical competences gave me the opportunity to present my candidature to a
research assistant position opened at the Johannes Gutenberg University, Mainz, Germany. The position
required some substantial technical and engineering skills and the working contract was on a fixed-term
basis.

I was responsible for creating and ensuring maintenance of the EBSD sample preparation laboratory. |
negotiated all orders in terms of polishing equipment and consumables and introduced a set of working
practices at the SEM laboratory. | greatly appreciated this first laboratory management experience. | was in
charge of texture measurements plus data interpretation in a large variety of materials and developed large-
scale imaging plus EDS and EBSD mapping techniques.

Willing to keep some continuity in my publication record, | participated to an experimental mineralogy
study dealing with experimental irradiation damage of silicon crystalline wafers implanted with Si* ions at
temperatures between 23°C and 225°C (Nasdala et al., 2007). | performed EBSD measurements on the
different samples and could show that the initial crystalline order is progressively lost up to complete
amorphization at temperatures below 130°C. Interestingly, the Back Scattered Electron signal is brighter in
irradiated areas while the atomic number of the sample remains constant. Care must therefore be taken
when assigning density variations to minerals using SEM imaging as the degree of crystallographic order
influences signal strength.

During my stay at the University of Mainz, | obtained the “maitre de conferences” accreditation in CNU
sections number 35 and 36.

Willing to share experience in terms of SEM imaging and analytics with students, | proposed a set of
lectures including SEM imaging and analytics to Bachelor and Master level.
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ABSTRACT

Radiation damage in a (initially crystalline) silicon wafer was generated by microbeam ion im-
plantation with 600 keV Si~ ions (fluence 5 x 10™ ions/em?). To produce micro-areas with different
degrees of damage. 14 implantations at different temperatures (between 23 and 225 °C) were done.
The structural state of irradiated areas was characterized using Raman spectroscopy and electron
back-scatter diffraction. All irradiated areas showed strong structural damage in surficial regions (es-
timated depth <1 um), and at implant substrate temperatures of below 130 °C, the treatment caused
complete amorphization. Back-scattered electron (BSE) image intensities correlate with the degree
of irradiation damage: all irradiated areas were higher in BSE than the surrounding host. Because
there were no variations in the chemical composition and, with that, no Z contrast in our sample, this
observation again supports the hypothesis that structural radiation damage may strongly affect BSE

um Dresden-R dorf, Institut fiir Ionenstrahlphysik und Materialforschung. D-01328 Dresden. Germany

images of solids.

Keywords: Back-scattered electron images, Raman spectroscopy, electron back-scatter diffraction,

radiation damage, silicon

INTRODUCTION

In a recent study. Nasdala et al. (2006) described that struc-
tural radiation damage may notably increase the back-scattering
of electrons and. thus, affect the grayscale patterns observed in
back-scattered electron (BSE) images of single crystals. In that
study, the BSE intensity of zircon (ZrSiOs) single crystals cor-
related with the degree of accumulated self-irradiation damage,
with the average atomic number (i.e., Z contrast) being less
significant for the BSE. Their assertion was supported by the
demonstration of how dry thermal annealing of the radiation
damage. which was claimed to have only minor effects on the
chemical composition, leads to a clear decrease of the mean back-
scatter coefficient (17). The authors attempted to explain their
observation with decreased penetration depths of incident beam
electrons in disordered structures. and assigned their observation
as special case of electron channeling contrast.

In the meantime. not the interpretation but the observation
has been questioned by several colleagues suspecting that the
BSE intensity loss upon annealing might be due to changes in
concentrations of elements that are not analyzed in the electron
microprobe, such as loss of water. This aspect has already been
discussed by Nasdala et al. (2006) who stated that if there was
unrecognized loss of water, Z, and, with that. the BSE intensity
should increase, whereas the opposite was observed. On the

* E-mail: lutz.nasdala@univie.ac.at

other hand., it is clear that chemical changes of elements that are
below the detection limit of the electron microprobe, or are not
detectable, cannot be excluded from the outset.

In this paper, we present an unambiguous example for in-
creased electron back-scattering caused by radiation damage.
Structural damage has been produced by the local irradiation of
a silicon wafer with silicon ions. This has produced a crystalline
sample with several heavily damaged micro-areas, which uni-
formly consist of pure Si. Any Z contrast (Hall and Lloyd 1981:
Lloyd 1987) can therefore be excluded in this case.

SAMPLES AND EXPERIMENTAL DETAILS

A synthetic silicon sample. polished parallel to the crystallographic (100) plane,
was implanted with 600 keV Si” ions. Irradiation experiments were done using the
nuclear microprobe at the 3 MV tandetron accelerator of the Forschungszentrum
Dresden-Rossendorf (Herrman and Grambole 1995). The sample chamber was
evacuated to ~10~* mbar. To avoid notable ion channeling effects (e.g.. Raineri
etal. 1991: Dos Santos et al. 1995), the beam was irradiated with an angle of 7°
to the surface normal. The beam was focused to a nearly square area 150 pum in
size. The current density was 80 pA/cm®. and the implantation fluence was 5 x
10* jons/cm®. To produce areas with different degrees of damage. 14 irradiation
experiments under identical conditions but at different temperatures were done.
In doing this, we used the well-known fact that the amorphization rate of ion-
beam irradiated solids depends strongly on temperature (e.g., Wang et al. 1998a,
1998b). To avoid any damage ing upon re-heat i were done
beginning with the highest temperature (225; 200, between 180 and 100 °C at 10°
steps: 80: 34; 23 °C). Implanted areas were placed in a row with separations of
0.3 mm. Considering the high thermal conductivity of silicon and the small size
of the focal-spot area, local heating of the sample as a result of the implantation is
negligible (compare Melngailis 1987).

Micro-Raman measurements were done with a Renishaw RM1000 spectrom-

0003-004X/07/0010-1768$05.00/DOI: 10.2138/am.2007.2648 1768
D from hitp-//pub: i i icle-pdf/92/10/1768/3614522/27_2648Nasdala.indd.pdf
by ghislain trullenque
on 15 April 2021



88

Downloaded from http://pubs. i i icle-p:

NASDALAET AL : BSE IMAGING OF SILICON-IMPLANTED SILICON

eter equipped with Leica DMLM optical microscope, edge filter, a grating with
1200 grooves/'mm, and Peltier-cooled CCD detector. Spectra were excited with
the 632.8 nm emission (8 mW) of a He-Ne laser. Wavelength calibration was done
using Ne lamp emissions. The wavenumber accuracy was better than 0.5 cm™ and
the spectral resolution was determined at 2.2 cm.

Electron back-scatter diffraction (EBSD) Kikuchi patterns (Baba-Kishi 1990)
were obtained on a Zeiss DSM 962 scanning electron microscope (SEM) with W
filament. The accelerating voltage was 20 kV. The sample stage was tilted ~70°
relative to the surface normal and the free working distance was set to 19 mm.
Patterns of manually selected micro-areas were obtained using a Nordlys detector
coupled with the Channel5 computer package (HKL Technology ApS). Accumula-
tion times were 15 s per point.

Back-scattered electron (BSE) imaging. as well as cathodoluminescence (CL)
and secondary electron (SE) imaging. was done using a JEOL 8900 RL electron
microprobe. To obtain BSE images, a paired semiconductor-type detector was
operated in additive mode, then displaying “compositional atomic number contrast™
with a sensitivity of better than 0.1 A-Z. The accelerating voltage was set to 25
kV and the beam current was chosen between 7 and 15 nA. measured on Faraday
cup. Electron channeling patterns (ECP: Brooker et al. 1967; Wilkinson and
Hirsch 1997) were obtained using the so-called pseudo-Kikuchi technique. Here,
the electron beam rocks across a comparably large sample area while scanning
under a low magnification (40x). This results in numerous angles (up to 4.29°) of
the electron irradiation directions with respect to the surface normal, leading to
variations of the total intensity of back-scattered electrons. For details see Brooker
et al. (1967) and Baba-Kishi (2002). Prior to SEM-EBSD analysis and electron
microprobe imaging, the sample was coated with a 150 A thick carbon layer to
avoid potential charging effects. Ultrapure carbon (less than 2 ppm impurities) was
used for this, and the coating thickness was controlled with a Cressington MTM
10 oscillating quartz crystal detector.

CHARACTERIZATION OF THE IRRADIATION DAMAGE

We used Raman spectroscopy (Fig. 1A) to study the degree
of damage produced in the sample by irradiation with 600 keV/
Si” ions. Structural damage was already studied in a nuclear
microprobe using the micro Rutherford back-scatter (RBS)/
Channeling technique, which uses changes in the stopping and
back-scattering behavior of incoming ions to probe structural
changes in the target: procedure and results have been deseribed
elsewhere (Grambole et al. 2007). Raman and RBS/Channeling
spectra obtained in micro-areas that were implanted at tempera-
tures below 140 °C (Raman) and 130 °C (RBS/Channeling).
respectively, indicate complete amorphization. This is also seen
from EBSD patterns (Fig. 2D): the absence of Kikuchi lines and
bands indicates the complete loss of crystal order. Micro-areas
implanted at temperatures of 130/140 °C and higher show gradu-
ally lower degrees of damage, however, significant irradiation
damage (i.c., partial amorphization) is observed in all implanta-
tion areas up to 225 °C.

Monte Carlo simulations using the SRIM-2006 code (see
Ziegler et al. 1985) predicted that irradiation with 600 keV Si™
ions has damaged the Si target in a surficial layer of only ~1 um
thickness. with the maximum density of vacancies generated
through atomic displacements in the depth range 550-800 nm.
We have observed that bands of crystalline Si are fully absent in
Raman spectra of micro-areas that were implanted at tempera-
tures of 130 °C and below (i.e.. the underlying host wafer does
not contribute to the Raman scattered light). This is explained by
the low penetration depth of visible light in amorphous silicon. In
fact, for amorphous Si the depth probed by Raman spectroscopy
with 6328 A excitation is close to 140 nm (De Wolf et al. 1998).
In contrast, with the RBS/Channeling technique the entire dam-
aged layer is probed.

Raman spectra indicate that probed surficial layers of micro-
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FIGURE 1. Analytical characterization of structural damage in S1™-
implanted silicon. (A) Raman spectra (stacked) of the same four areas
as above. (B) Plot of the amorphous fraction calculated from RBS/
Channeling and Raman spectra vs. the implantation temperature.

areas irradiated at elevated temperatures in the range 140-225 °C
consist of remnants of crystalline Si in a (dominating) volume
fraction of amorphous Si. Amorphous fractions fi were deter-
mined from Raman spectra to quantify the structural damage.
Two estimates based on the area integral of the LO=TO band (at
~521 em™) of remnant erystalline Si. and the ratio of integrated
Raman intensities in the wavenumber ranges 100-190 em™
(amorphous dominant) and 920-1000 em™ (erystalline dominant:
see Fig. 1A), gave the same crystalline-to-amorphous ratios
within an error of +1.5%. However. amorphous fractions calcu-
lated from RBS/Channeling (Grambole et al. 2007) and Raman
spectra show notable differences for most partially amorphized
micro-areas (Fig. 1B). We explain this by the consideration that
the two micro-techniques probe different sample depths.

BACK-SCATTERED ELECTRON IMAGING
A BSE image of the Si-implanted silicon wafer is presented
in Figure 2A. The host wafer itself did not yield uniform BSE
brightness, as it would correspond to its uniform chemical
composition and structural state: rather it shows a blurred but
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FIGURE 2. Electron microprobe and SEM images. (A) Back-scattered electron image of the silicon wafer. Five of the Si™-implanted areas are
seen as slightly distorted, bright rectangles. Implantation temperatures are quoted at the left side. I* = arbitrary grayscale values along the line
marked with arrows. (B) Back-scattered image and grayscale plot of the same area after sample tilt. (C) Electron channeling (or pseudo-Kikuchi)
pattern of the same area. The sample position (t1lt) corresponds to A. 1.e.. view roughly along [100]. (D) An EBSD pattern obtained in the micro-area
implanted at 80 °C (left) does not show any indication of diffraction (Kikuchi bands and lines are not seen) and. thus. it indicates amorphization.
The corresponding EBSD pattern of the neighboring host (same experimental conditions: view roughly along [111]) 1s shown right.

somehow regular pattern of slightly brighter and darker patches.
The phenomenon is related to the diffraction of back-scattered
electrons. To verify this, an ECP (in early papers described as
pseudo-Kikuchi or Kikuchi-like pattern) of the same area as
shown in Figure 2A was obtained (Fig. 2C). This image suggests
that the patchy appearance of the host silicon in Figure 2A can
be described as an overlay of the “regular” BSE with a fuzzy
Kikuchi pattern. The latter exhibits fourfold symmetry, which
corresponds to the irradiation direction of the electron beam
close to the [100] axis. The ECP (Fig. 2C) is not equivalent to
the EBSD Kikuchi pattern (right part of Fig. 2D). even though
both have been obtained from the same wafer. The EBSD pattern
exhibits threefold symmetry because tilting the sample prior to
SEM analysis has brought the [111] zone axis close to the center
of the observation direction. Back-scattered electron images of
geological samples are normally not affected by pseudo-Kikuchi
patterns, because regular mechanical polishing does not produce
surfaces whose quality is sufficient to observe these diffraction
features.

The BSE image (Fig. 2A) shows five (out of a total of 14)
irradiated micro-areas, which are easily recognized as bright,
slightly distorted rectangular spots. This observation indicates
that irradiation damage causes a significant increase of the back-
scatter coefficient. The BSE intensity of partially amorphized
areas (i.e.. those that have been implanted at elevated tempera-
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tures) correlates inversely with the implantation temperature and,
thus, it correlates with the degree of damage. The area irradiated
at 225 °C (which represents the lowest degree of damage: Fig.
1B) shows the lowest BSE intensity among all implantation areas
seen in Figure 2A, however, even this spot appears significantly
brighter than the neighboring, undamaged host wafer. Areas
implanted at low temperatures (i.c.. those that have experienced
complete surficial amorphization) are exceptionally high in BSE
(see two spots closest to the bottom of Fig. 2A).

Monte Carlo simulations using the electron trajectory simula-
tion program CASINO v. 2.42 (for the theoretical background
see Newbury and Myklebust 1995) were done to estimate
sampling depths of BSE images. For an accelerating voltage of
25 kV, results predicted that only ~44.2% of detected electrons
are back-scattered from a depth shallower than 1 pm whereas
more than 50% of detected electrons are back-scattered from the
depth range between 1 and 2 um. We may therefore speculate
that observed BSE differences between irradiated areas and host
wafer would have been even more pronounced if damaged layers
had thicknesses >1 pum.

Neither SE nor CL images of the same areas showed notable
differences in signal intensity among implantation spots and host
wafer. This excludes the possibility that high BSE intensities of
implantation areas are due to enhanced quantities of secondary

electrons and/or luminescence emission that. as analytical arti-
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FIGURE 3. Back-scattered electron image of Si0,. The sample
consists of randomly oriented chips of S10; glass (left) and o-quartz
(right) embedded in epoxy. The BSE intensity of the glass is generally
higher than that of quartz.

fact, have been registered by the BSE detector.

It might be speculated that the enhanced electron back-scatter-
ing of radiation-damaged phases is related to their lower density.
However, CASINO simulations predicted that a target’s density
has insignificant effects on 1. Furthermore, it needs to be dis-
cussed critically whether the observed lower BSE intensity of the
host crystal, when compared to the partially or fully amorphized
implantation areas. might be simply due to crystal orientation
contrast (Lloyd 1987). i.e., caused by enhanced channeling of
incident beam electrons into the sample along [100]. If this was
the case, the BSE intensity of the wafer should dramatically
increase, and BSE differences between implanted areas on the
one hand and host wafer on the other hand should decrease, after
tilting the wafer. However, tilting the wafer a few degrees (Fig.
2B) caused insignificant changes in observed BSE intensities.
This observation implies that different crystal orientations are
less significant for the BSE than structural differences between a
crystal and its amorphous analog. A similar observation is made
when comparing the BSE intensities of SiO; glass and a-quartz
(Fig. 3). The latter always yields lower BSE, with comparably
minor BSE differences among o-quartz crystals with different
orientations (i.e., the BSE phase contrast between crystalline
and amorphous clearly exceeds the extent of the BSE crystal
orientation contrast within the crystalline phase).

These observations imply that in the case of a randomly
oriented crystalline target, compared to its amorphous analog,
fewer electrons are back-scattered and/or back-scattered elec-
trons have lower energies (recall that integral electron energies.
not numbers of electrons, are registered by the BSE detector).
This might be explained by the consideration that in crystalline
materials. electrons penetrate on average deeper into the sample
(for instance, along lattice planes after low-angle deflection). A
sound interpretation, however, cannot be given at the present
stage.

Our study reconfirms the observations of Nasdala et al.
(2006): radiation-damaged solids do show higher BSE than their
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crystalline analogs. This structural effect, however. is probably
only of importance in BSE imaging if single crystals show only
minor internal Z contrast. To sort out the causes of the decreased
penetration and absorption and the increased back-scattering of
electrons of radiation-damaged and other amorphous/disordered
phases, more systematic studies are needed.

ACKNOWLEDGMENTS

We are indebted to T. Viczi for experimental assistance and to B. Griffin for
stimulating discussions. Constructive reviews of F. Corfu and an anonymous expert
are gratefully acknowledged. Partial funding of this research was provided by the
European Commission through contract no. MEXC-CT-2005-024878 and Research
Infrastructures Transnational Access (RITA) contract no. 025646

REFERENCES CITED

Baba-Kishi. K.-Z. (1990) A study of directly recorded RHEED and BKD patterns
in the SEM. Ultramicroscopy. 34, 205-218.

(2002) Electron backscatter Kikuchi diffraction in the scanning electron
microscope for crystallographic analysis. Journal of Materials Science. 37,
1715-1746.

Brooker, G.R., Shaw, AMB., Whelan. M.J.. and Hirsch. PB. (1967) Some com-
ments on the interpretation of the “Kikuchi-like reflection patterns” observed
by scanning electron microscopy. Philosophical Magazine, 16, 1185-1191

De Wolf. I. Jiménez, J.. Landesmann. J.-P.. Frigeri. C.. Braun, P. . Da Silva. E.. and
Calvet, E. (1998) Raman and luminescence spectroscopy for microelectronics.
Catalogue of optical and physical parameters. “Nostradamus™ project SMT4-
CT-95-2024. Office for Official Publications of the European Communities,
Luxembourg.

Dos Santos. JTHR.. Grande, PL.. Boudinov, H.. Behar. M., Stoll. R., Klatt. C.,
and Kalbitzer. S. (1995) Electronic stopping power of (100} axial-channelled
He ions in Si crystals. Nuclear Instruments and Methods in Physics Research
B. 106. 51-54.

Grambole, D Herrmann, F., Heera, V.. and Meijer. J. (2007) Study of crystal dam-
age by ion implantation using micro RBS/Channeling. Nuclear Instruments
and Methods in Physics Research B. 260, 276-280

Hall. M.G. and Lloyd, G.E. (1981) The SEM examination of geological samples
with a semiconductor back-scattered electron detector. American Mineralo-
gist, 66. 362-368

Herrmann, F. and Grambole, D. (1995) The new Rossendorf nuclear microprobe.
Nuclear Instruments and Methods in Physics Research Section B: Beam
Interactions with Materials and Atoms. 104, 26-30.

Lloyd. G.E. (1987) Atomic number and crystallographic contrast images with
the SEM: a review of backscattered electron techniques. Mineralogical
Magazine, 51, 3-19

Melngailis, J. (1987) Focused ion beam technology and applications. Journal
of Vacuum Science and Technology B: Microelectronics and Nanometer
Structures, 5, 469495

Nasdala, L.. Kronz, A, Hanchar, JM., Tichomirowa, M., Davis, D.D., and
Hofmeister, W. (2006) Effects of natural radiation damage on back-scattered
electron images of single-crystals of minerals. American Mineralogist, 91,
1738-1746.

Newbury, D.E. and Myklebust, R.L. (1995) NIST Micro MC: A user’s guide to
the NIST microanalysis Monte Carlo electron trajectory simulation program.
Microbeam Analysis. 4, 165-175.

Raineri, V.. Galvagno, G.. Rimini, E., Biersack, JP., Nakagawa. S.T.. La Ferla,
A, and Camera, A. (1991) Channelling implants of B ions into (100} silicon
surfaces. Radiation Effects and Defects in Solids, 116, 211-217

Wang, LM.. Wang, S.X., Gong. WL., and Ewing, R.C. (1998a) Temperature
dependence of Kr ion-induced amorphization of mica minerals. Nuclear
Instruments and Methods in Physics Research B, 141, 501-508.

Wang, LM., Wang. S.X., Gong, WL.. Ewing. R.C., and Weber. W.J. (1998b)
Amorphization of ceramic materials by ion beam irradiation. Materials Science
and Engineering, A253, 106-113.

Wilkinson. A.J. and Hirsch, PB. (1997) Electron diffraction based techniques in
scanning electron microscopy of bulk materials. Micron, 28, 279-308.

Ziegler, JF., Biersack, J.P. and Littmark. U. (1985) The Stopping and Range of
Tons in Solids. Pergamon Press, New York.

MANUSCRIPT RECEIVED MARCH 22, 2007
MANUSCRIPT ACCEPTED MAY 29, 2007
MANUSCRIPT HANDLED BY BRYAN CHAKOUMAKOS

2/10/1768/3614522/27_2648Nasdala.indd pdf



4.3  Application specialist at Oxford Instruments Nanoanalysis GmbH

In the framework of my position at the University of Mainz, | was often in contact with the Oxford
Instruments company manufacturing EBSD, EDS and Wavelength Dispersive Spectrometry (WDS)
detectors. My skills in terms of laboratory management, SEM analytical practice and teaching triggered
some interest by the director of the company branch office situated in Wiesbaden (Germany). | was offered
an EDS-WDS-EBSD application specialist position on an open-ended contract basis.

My activities within the company have been extremely diverse. Product demonstration gave me the
opportunity to study a wide range of materials used by automotive industry, aerospace sector, nano-
composites developers or nuclear security agencies to cite just a few. | was in charge of installing and
calibrating new systems while ensuring customer training and service. | was also representing the company
in many exhibitions. | had a close and privileged link to SEM manufacturers and could train on a wide
range of equipment.

Despite many difficulties related to confidentiality agreements in the industrial sector, and willing to
continue research activities, | participated in some publishing of customers’ results in international
scientific journals (Kempe et al., 2018; van de Moortele et al., 2010).

The contribution by van de Moortéle et al. (2010) was dedicated to the study of antigorite lattice preferred
orientation measurements in a naturally deformed high pressure serpentinite. Antigorite is extremely
challenging in terms of EBSD measurements due to the complexity of it crystallographic cell. Antigorite
structure is a 1:1 laminar structure in which each layer is formed by tetrahedral and octahedral units in a
laminar and wavy stack (Dodony and Buseck, 2004; Evans et al., 2013; Liang et al., 2022). Fine tuning in
terms of sample preparation, acquisition parameters and Kikuchi patterns analysis allowed to reach an
indexing rate above 90%. Antigorite is considered as the main water source within subduction zones and
its dehydration may in turn trigger melting of the mantle, induce seismicity and influence migration and
distribution of chemical elements. Our results highlighted the presence of a strong crystallographic
preferred orientation in the form of a ¢ axis perpendicular to foliation and clustering of a axis. We
interpreted this texture as a result of intra-crystalline deformation consistent with glide along the basal
plane. Texture measurements by means of EBSD was proven feasible and potential applications were
suggested in terms of antigorite bearing rocks petrophysical properties determination.

The contribution by Kempe et al. (2018) deals with a multidisciplinary approach of natural zircon crystals
with a high degree of internal disorder according to Raman spectroscopy but a high degree of ordering
according to optical birefringence. This apparent discrepancy could be explained by 1) the high content of
yttrium, thorium and rare earth elements and 2) a re-interpretation of the physical meaning in band position
and width in the Raman spectra. It was proposed that the zircon lattice is strained as a result of charge
unbalance caused by substitution of trivalent elements being not fully compensated by coupled
phosphorous, niobium or uranium substitutions. In our study, the high degree of disorder was not interpreted
in terms of amorphization but is terms of high misorientation angles within the zircon crystal and observed
by means of EBSD mapping.

91



92

Journal of Microscopy, Vol. 239, Pt 3 2010, pp. 245-248
Received 29 September 2009; accepted 25 March 2010

doi: 10.1111/j.1365-2818.2010.03398.x

Electron back-scattering diffraction (EBSD) measurements
of antigorite lattice-preferred orientations (LPO)

B. VAN DE MOORTELE*, L. BEZACIER*, G. TRULLENQUE?

& B. REYNARD*

*Laboratoire de Sciences de la Terre, Université de Lyon, Ecole Normale Supérieure de Lyon, CNRS,

Lyon Cedex, France

1Oxford Instruments GmbH, Otto-von-Guericke-Ring 10, D-65205 Wiesbaden, Germany

Key words. Antigorite, anisotropy, deformation, EBSD., lattice prefered

orientation, serpentine

Summa ry

Lattice preferred orientations of serpentines induce a strong
anisotropy of various properties in serpentine bearing-rocks.
Lattice preferred orientations had so far been obtained only
by X-ray diffraction techniques. We have applied electron
back-scattering diffraction to the measurement of the lattice
preferred orientations of antigorite in a naturally deformed
high-pressure serpentinite. This technique is very sensitive to
sample preparation that can lead to surface amorphization
in the case of serpentine. A polishing procedure is described
that avoids amorphization and allows accurate electron
back-scattering diffraction measurements with optimized
experimental conditions in a variable pressure scanning
electron microscope. Results indicate that deformation leads
to lattice preferred orientations characterized by extremely
strong c-axis clustering perpendicular to the foliation, as
expected for a layered silicate. In the foliation plane, a
significant clustering of the g-axis is observed and tentatively
attributed to intracrystalline deformation mechanisms. These
data suggest that antigorite deforms mostly by gliding along
the basal plane of the layered phyllosilicate structure, but
that gliding may occur along directions favouring a-axis
alignment. Electron back-scattering diffraction appears to be a
reliable method for determining phyllosilicate lattice preferred
orientations in deformed rocks, with potential applications for
determining anisotropy of properties like seismic velocities or
thermal and electrical conductivities.

Introduction

Antigorite-serpentinites are formed in subduction zones at the
top of the subducting plate interface where [luids liberated
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by dehydration interact with the mantle wedge (Schmidt
& Poli, 1998). It has been proposed that they control
the plate interface coupling because of their supposed low
viscosity (Seno, 2005; Uchida et al., 2009). Deformation
experiments at high pressure have confirmed that they can
deform plastically at subduction zone conditions (Hilairet et al.,
2007). Deformation of serpentinites induces lattice preferred
orientations (LPO) that will be determined by the active
deformation mechanisms. LPO will affect properties such as
sound velocities (Kern et al., 1997) or transport properties
(heat and electrical conductivities, eflective porosity, ...)
by inducing potentially strong anisotropy. Determining LPO
in naturally and experimentally deformed samples will
help comparing the active deformation mechanisms, testing
the validity of experimentally determined flow laws in
natural contexts, and resolving anisotropy of serpentinites.
Determinations of bulk LPO in serpentinites have so far been
limited to the use ol X-ray diffraction (Kern et al., 1997).
This technique has the disadvantage that measured preferred
orientations cannot be linked to individual grain properties like
size and shape. Electron back-scattering diffraction (EBSD) in
scanning electron microscopy allows mapping of local LPO
on rocks polished sections, linking the texture directly with
the grain scale. It is thus desirable to apply such a technique
to serpentinites, but its development may be impeded by
preparation and observation problems inherent to the studied
sample. We describe here a procedure that allows efficient
EBSD mapping onantigorite-bearing natural serpentinite from
Cuba (Auzende et al., 2002).

Sample and methods

We wused antigorite from serpentinite sample Cul2
from the high-pressure Escambray massil (Central Cuba).
Antigorite has a structural formula (Mgs ¢2Feq 1Al 15)
(Si1.96Alp.04)05(0OH)3 57 (Auzende et al., 2002, 2004). The
lattice parameters at ambient conditions were refined from
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X-ray dilfraction data as a = 4.35852 (0.00763) nm, b =
0.92624 (0.0017) nm, ¢ = 0.7246(0.0135) nm and g =
91.160(0.024)°. Antigorite LPO were determined by the EBSD
technique (Lloyd et al., 1990). This technique is based on an
indexation of diffraction patterns (Kikuchi bands) generated
by the interaction between the electron beam and a crystal
lattice.

The quality of the sample surface is critical for obtaining
good indexation efficiency because only the first 10 to 50
nm below the sample surface contributes to the signal
(depending essentially from material density and acceleration
voltage). Artefacts at the grain surface can be generated
during sample polishing (i.e. production of dislocation or
amorphization) that alter the crystallinity of the sample
surface and decrease the quality of the EBSD pattern (EBSP).
In extreme cases, this leads to a decrease of the indexation
efficiency and prevents a statistically reliable determination
of LPO. Here the sample was first cut with a low-speed
precision diamond saw, embedded in a graphite conductive
resin (warm impregnation at T=150°Cand P= 20 MPafor 1
min) and then mechanically grinded using a semi-automatic
metallographic machine (Ecomet Automet apparatus from the
Buehler Company; Buehler GmbH, Dusseldorf, Germany) with
SiC papers (grades P 400; 600 and 1200), Ecomet Automet
apparatus with following conditions: basal plate rotation speed
300 r min~!, individual pressure of 20 N, head rotation
speed = 60 r min~!, time = 1 min for each SiC paper grade.
The mechanical polishing stage was achieved using a series
of colloidal alumina suspensions with following grades: 5.
2, 0.3 and 0.05 pum) for 2-3 min with a lower basal plate
speed (150 r min~!) and same force. The surface quality
was then improved by vibration polishing on a colloidal
silica suspension (particle size .05 um) using a Vibromet 2
apparatus (Buehler Company) for 12 h. At this step, we were
able to obtain good enough EBSP (about 80% indexing after
offline analysis) for LPO determination. However, we increased
the rate of indexing with additional Art ion polishing (10 min
at 3 kV, 30° incidence angle and a sample revolution of
30 rounds per minute) using a Precision Etching apparatus
680 PECS (Gatan Company: Gatan, Inc., Pleasanton, CA,
U.S.A.). This increase of indexing rate was observed for the
different accelerating voltages used and leads to about 90% of
indexation at 30 kV.

As the sample itsell is non-conductive electrically, classical
scanning electron microscopy operation would require
coating of the sample surface with a thin amorphous layer
of either carbon or gold. A very accurate control of the
coating thickness is required because a gold layer only
6 nm thick deposited on strong scatterers (like annealed
nickel foil or a silicon single crystal) can prevent the
formation of any EBSP. The use of a variable pressure
scanning electron microscope could be a good alternative
to the sample coating presented here. Scanning electron
microscopy and EBSD observations were carried out using

an Ultra 55 VP Scanning Electron Microscope (Zeiss; Carl
Zeiss SMT AG, Baden-Wirttemberg, Germany) coupled with
a NordlysS camera (Oxford Instruments Company) with a
maximal resolution of 1344 x 1024 pixels. The variable
pressure mode allows working with no coating and the very
low amount of nitrogen injected in the scanning electron
microscope chamber (maximal chamber pressure 17 Pa) did
not significantly deteriorate the EBSP quality. No charging or
drifting of the measurement area has been observed even after
several hours of uninterrupted measurement.

Another variable is the acceleration voltage that should be
as low as possible to avoid charge effects, and high enough
to maintain a small enough electron wavelength to avoid
deterioration of the EBSP quality. In the case of antigorite
an acceleration voltage below 20 kV leads to a drastic
reduction of the EBSD indexing rate because the Kikuchibands
appear broader on the EBSD detector screen, decreasing the
number of visible crystal zone axes. The best EBSPs were
obtained using 30 kV accelerating voltage, a maximum of
3 nA probe current, 17 Pa pressure and 9 mm working
distance (the desired minimum working distance value was
limited by the size of the sample 30 mm diameter and § mm
thickness).

We used the full camera resolution at the cost of longer
measurement time because, even if the EBSP seem of excellent
quality at 2 x 2 pixel binning the indexing process then results
in systematic misorientation of 180° around the b-axis. EBSP
ateach analysed pointwere recorded on a PC, it takesabout 6 h
for a map of 37 083 points. We used the Channel 5 software
(0I-HKL) to post-process each EBSP offline (during 5 to 10 h,
depending on the set of parameters and of the computer used).
Thismethod allows [ine-tuning of the indexing parameters and
increases the indexation efficiency. We used two polysomes
ol antigorite m = 16 or m = 17 described by Capitani &
Mellini (2004, 2006) to index the EBSP. The best results
were obtained with the polysome m = 17 and the following
soltware-specific parameters: 5 to 7 band centre detected,
Hough space resolution between 105 and 125, number of
reflectors between 39 and 46, O-lock mode level 2 and 10 to
15 frames per point. Noise reduction option was used at the

end of the offline analysis and concerns only 3% of the data.
The final indexation rate of above 90% is particularly good
for such complex structure. Most of the non-indexed points
are found along the grain boundaries and holes where some
crystals were ripped off during polishing. The relative precision
of erystal orientations measured from electron backscattering
patterns is in average less than 1° (Krieger & Lassen, 1996)
but in the present case we estimate the accuracy as 2-3° due
to the complex EBSP.

Results and discussion

The sample section was cut perpendicular to the foliation
(Fig. 1). No lineation could be observed on the hand specimen.

© 2010 The Authors
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Fig. 1. Reflected light image (left) of the sample section perpendicular to the macroscopic foliation. Two textures are visible: (1) small antigorite grain
(Atg) regions with antigorite platelets parallel to the foliation and (2) large lizardite areas (Liz) with randomly oriented antigorite platelets crosscutting
it. LPO were measured by EBSD in two zones of the foliated areas defined by the rectangles. For zone 1, enlarged pictures show the band contrast image
(black and white image where white areas correspond to the best quality of the indexing solution) and the orientation cartography (red blue green
colour channels being linked to the three Euler angles of orientation). Note that dark areas correspond to holes or defects of the sample that appeared
during polishing. Pole figures are shown for individual measurements as points and as density maps for zones 1 and 2. c-axes cluster perpendicular to
the foliation, as expected for a layered structure. a- and b-axes tend to cluster around particular maxima in the foliation whose orientation varies from
place to place. Two observations attest the quality of the EBSD maps: (1) they superimpose on the optical image notably along grain boundaries (no
drifting or distortion of the measurement area) and (2) almost every grain observed lacks isolated wild spikes which is in favour of a correct indexing
routine. In insert (top left), pole figure of Vp and AVg (on the left side of zone 2) calculated from single-crystal elastic constants and LPO obtained by EBSD

measurements using the CareWare software developed by D. Mainprice (Mainprice, 1990).

Two different types of texture could be observed firstly as
zones with a well-defined alignment of the elongated antigorite
grains along the macroscopic foliation, and secondly as large
lizardite grains crosscut by randomly orientated antigorite
platelets. Lizardite is interpreted as relict grains from early,
possibly oceanic, serpentinization that persisted in weakly
deformed areas and antigorite crystallization is coeval of
eclogite facies deformation in the foliated parts of the sample
(Auzende et al., 2002). The foliated zones composed of small
grains (about 10-100 pm in length and 1-20 pm in width)
and were analysed by EBSD.

In both analysed zones, c-axes are clustered within 10°

around the pole to the foliation. This corresponds to the
expected orientation of the layered antigorite structure in

© 2010 The Authors

the maximum flattening plane that can be interpreted either
as passive reorientation of platelets or as efficient dislocation
glide along the weakest interlayer bonds. This is the dominant
characteristic of the rock fabric. The a- and b-axes are thus
mostly within the foliation where they are not randomly
oriented. They cluster along broad maxima in both zones.
These maxima have varied orientation between zones 1 and 2
intherock, and they cannotbe identified with any macroscopic
feature such as lineation. Such maxima are difficult to
attribute to morphological effect such as passive grain
reorientation because there are little dimensional dilferences
in antigorite platelets in the plane of the layers. They may thus
well indicate that intracrystalline deformation mechanisms
operated during LPO development, where dislocation glide in

Journal compilation © 2010 The Royal Microscopical Society. Journal of Microscopy. 239, 245-248
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the ab-plane are favoured along specific directions. Therefore
we suggest that the stacking disorder be observed along [100]
and not along [010] in these antigorite (Auzende et al., 2002)
may be related to deformation mechanisms that lead to the
observed significant orientation of a-axes in the foliation.

The c-axis density observed here perpendicular to the
foliation is larger than that observed in serpentinized
peridotites used for ultrasonic measurements (Kern et al.,
1997), vet the measured sound velocity anisotropy in their
sample was particularly high (about 30% and 40% for Vp and
Vg, respectively). Stronger seismic velocity anisotropy is thus
expected for the present Cuban sample in foliated areas. It
was estimated using single-crystal elastic data measured on
an antigorite picked up from the same rock (Bezacier et al..
submitted to EPSL) as an example of application of EBSD
measurement. The resulting Vp and Vg anisotropy is 38%
and 48%, respectively, as presented in Fig. 1 (on the left side
of zone 2).
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Abstract: Characteristics of two types of zircon from a single rock sample from the Mt. Malosa Massif, Malawi, are presented.
According to Raman spectroscopy. the structure of a yellow hydrothermal zircon grown within a miarolitic cavity seems to be highly
disordered. However, the extent of radiation damage calculated from the Raman data exceeds the degree of disorder that can be
ascribed to the maximum possible internal radiation dose received by the crystals since their formation. Optical birefringence suggests
an ordering degree close to that of well-ordered zircon for most areas in the crystals as may be also concluded from the always sharp
electron backscattered diffraction (EBSD) patterns. Brownish zircon crystals from the wall-rock of the cavity of the same sample are
most probably magmatic in origin. These crystals display a high degree of order and common low contents of radioactive and other
substituting elements (<0.5wt% in total). The absolute ages and U and Th contents of both zircon types were verified by U-Pb
sensitive high-resolution ion microprobe (SHRIMP) analysis and the magmatic zircon is found to be significantly older (292 = 10 Ma)
than the hydrothermal one (121 =9Ma). The apparent discrepancies between the data obtained by various methods for the
hydrothermal zircon may be explained taking into account the unusual chemical composition and structural particularities established
as well as (re-)interpreting the physical meaning of the variations in band positions and band widths in the Raman spectra. Electron
probe microanalysis (EPMA) shows relatively high contents of yttrium (up to 4.8 wt% Y,0;) and the rare earth elements (REE. up to
1.5 wt% oxides in total), occasionally also of thorium (up to 0.8 wt% ThO,). The charge unbalance caused by the substitution of
trivalent elements is not compensated by coupled substitution involving other elements like phosphorus, niobium or uranium. The
unusual composition and substitution is reflected by the related cathodoluminescence (CL) spectra consisting of sharp and intense line
emissions from Dy3 . Sm*", Nd** and Tb** centers in zircon. The broad band emissions normally observed in well-ordered zircon
are quenched. Orientation contrast imaging (OCI) and EBSD reveal textures consisting of relatively large strained orientation domains
showing a distinct distribution pattern. We suggest that internal tensional strain induced by substitution, vacancy formation and related
domain formation may explain the data. Possible consequences of these findings for the understanding of the formation of metamict
zircon should be considered in future research.

Key-words: zircon; strain; EBSD; Raman; disorder; metamict; substitution.

96

1. Introduction

Due to the exceptional behavior and widespread occur-
rence of zircon, its U-Pb geochronology is of great
importance for absolute age determination in geosciences
(e.g., Davis et al., 2003; Harley & Kelly, 2007). Another
topic of long-lasting scientific interest is the use of zircon
ceramics in the storage of radioactive waste (e.g., Gentry
et al., 1982; Ewing et al., 1995; Ewing, 2001). Under both
aspects, an understanding of the phenomenon of zircon

metamictization (occurrence of an isotropic state of
secondary origin; Syme et al., 1977) is crucial because
metamict zircon may not retain the required original age
information (e.g., Davis et al., 2003; Kempe et al., 2015)
and is not always resistant to secondary alteration under
hydrothermal conditions (e.g., Geisler et al, 2003;
Anderson et al., 2008; Soman et al., 2010; Wang et al.,
2014). It is now generally accepted that metamictization of
natural zircon results from the accumulated a-recoil
damage occurring during radioactive decay of U and Th
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incorporated in the zircon structure (e.g., Ewing et al.,
2003).

Beginning from the pioneering work by Nasdala et al.
(1995), a growing number of authors have made use of the
Raman microprobe technique to evaluate the degree of
metamictization of natural zircon on a local scale (see, e.g.,
Nasdala er al., 2003). Advantages of this method are the
high spatial resolution down to micrometer-scale and the
virtual absence of any sample damage at low laser powers.
Additionally, there is no need in sophisticated sample
preparation.

According to the modern concepts of zircon metamic-
tization, the loss of long-range order (periodicity of the
structure according to the lattice model) on nano- to micro-
scale accompanied by a loss of short-range order (fixed
arrangement of the nearest neighbors around single atoms/
ions) results from the growth of structural domains strongly
affected by a-recoil damage and their transformation to a
metamict (fully disordered) state (Murakami ez al., 1991;
Ewing et al., 2003). This concept implies that systematic
changes in density (Holland & Gottfried, 1955; Ozkan,
1976; Murakami e al, 1991), hardness (Ozkan, 1976;
Chakoumakos et al., 1991; Oliver et al., 1994), birefrin-
gence (Holland & Gottfried, 1955; Sahama, 1981; Palenik
et al., 2003), and diffraction properties (Holland &
Gottfried, 1955; Murakami et al., 1991; Rios et al.,
2000b; Nasdala et al., 2002b) as well as in infrared (IR;
Akhmatova & Leonova, 1961; Wasilewski et al., 1973;
Delines et al., 1977; Woodhead et al., 1991; Zhang & Salje,
2001), Raman (Nasdala et al., 1995; Zhang et al., 2000;
Nasdala etal., 2001; Nasdala et al., 2002b, 2003, Marsellos
& Garvers, 2010), electron paramagnetic resonance (EPR;
Nasdala et al., 2003; Kempe et al., 2010) and luminescence
characteristics (Lenz & Nasdala, 2015) are correlated with
cach other and with the dose accumulated.

A zircon sample from Mt. Malosa, Malawi, investigated
here in more detail, demonstrates that this is not always the
case. Some natural zircon may display a high degree of
disorder by one method but does not show it at the same
extent when investigated by other techniques. As will be
discussed in more detail below, such findings may indicate
that other processes leading to high disorder in natural
zircon besides irradiation damage should be considered.

Earlier, this Malawi sample was included into a sample
set investigated by several spectroscopic techniques
including optical absorption (OA), electron paramagnetic
resonance (EPR), Raman, and time-resolved photolumi-
nescence (TRL) spectroscopy (Kempe et al., 2010; Kempe
et al., 2016). According to the Raman data and using the
classification proposed by Nasdala ez al. (1995, 1998), the
disorder in the Mt. Malosa zircon should be estimated as
“Intermediate  to metamict” (Kempe ef al., 2010).
However, subsequent evaluation of thin sections of this
material in transmitted light suggests that the order in these
crystals is rather well preserved with the possible
exception of some high-Th growth zones. This finding
prompted additional studics.

Several facts reported in recent publications or found
during our own rescarch question the assumption that the

theory of zircon metamictization has already reached
maturity. In particular, it was mentioned that the formation
of disordered areas in zircon is sometimes related to
hydrothermal alteration rather than to radioactive decay
(Zhirov, 1952; Rudenko, 1968; Kempe et al., 2004).
Anderson et al. (2008) reported trace element-poor, nearly
U- and Th-free zircon material in late cracks within altered,
trace clement-rich metamict zircon from Nova Scotia. The
former arcas were nearly amorphous according to the
absence of TEM electron diffraction patterns while the
latter showed a somewhat higher ordering degree.

Kempe er al. (2010) found a green natural zircon where
the significant shift in the position of the Raman bands was
not accompanied by related band broadening. Further-
more, an extremely U-rich, green zircon from Sri Lanka
was found to be rather well-ordered (Kempe ez al., 2016).
We also reported an apparently well-ordered, extremely U-
rich zircon from Muruntau (Kempe et al., 2015).

In the following text, we will restrict our self to the case
of the Malawi zircon under consideration here. Additional
work is needed to clarify the situation in all cases
mentioned and to understand their relations to the general
phenomenon of zircon metamictization.

2. Materials and methods

2.1. Geological background

The sample studied comes from a miarolitic cavity as
typically observed in the roof zone of the alkaline granite
massif at the Mt. Malosa, Zomba plateau, Chilwa alkaline
province, southern Malawi (e.g., Eby et al., 1995; Hogdahl
& Jonsson, 1999; Soman et al., 2010). The Chilwa alkaline
province is located at the southern extension of the East
African rift system (Woolley & Platt, 1986; Woolley &
Jones, 1987; Eby et al., 1995). The intrusive rocks vary in
composition from nepheline syenite and quartz syenite to
granite and include also carbonatites (Platt & Woolley,
1986; Woolley & Platt, 1986; Woolley & Jones, 1987; Eby
et al., 1995). Obviously, the formation of the complex is
related to rifting in this part of the continent (Woolley,
1987). At surface, the Zomba-Malosa complex forms a
pear-shaped body in the northern part of the province. The
central part is formed by syenite surrounded by rings of
quartz-syenite and granite (Woolley & Jones, 1987; Eby
et al., 1995). The arca around Mt. Malosa exhibits many
pegmatite cavities carrying exotic Th-rich Zr-Nb-REE-
Be mineralization (Hogdah!l & Jonsson, 1999, Guastoni &
Pezzotta, 2007; Guastoni et al., 2009). Several stages of
hydrothermal activity close to each other in formation time
were observed according to replacement relations within
the pegmatites (Guastoni ef al., 2009; Soman et al., 2010).
Similar mineralization is also present elsewhere in the arca
(Platt et al., 1987).

Three types of zircon may be distinguished in the
pegmatites according to Hogdahl & Jonsson (1999): (1)
translucent reddish-brownish crystals with a complex of
simple forms, (2) opaque short prismatic brownish zircon
and (3) translucent prismatic yellow crystals. The zircon
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crystal 2
a
crystal 1
b
c
—
300 pm

Fig. 1. Cathodoluminescence (CL) and BSE images of the two Type
1 yellowish crystals used for EMPA, CL spectroscopy, SHRIMP and
Raman spectroscopy (crystal 1) and oriented-contrast (OC) imaging,
EBSD and Raman spectroscopy (crystal 2), respectively. The
numbers and locations of the spots in Fig. 1b correspond to the
numbers of analyses obtained by EMPA, CL spectroscopy, SHRIMP
and Raman spectroscopy in other figures, tables and in the text.
SHRIMP spots are visible in the BSE image taken after SHRIMP
analysis.

investigated in this work belongs to the first and third
types. Earlier, Soman et al. (2010) have investigated a
brownish, opaque zircon crystal of the second type
displaying significant secondary alteration features.

2.2. Sample and sample preparation

The crystals of yellowish translucent hydrothermal zircon
used in the present study were prepared from a single rock
sample from the wall of a miarolitic cavity in the alkaline
granite. Crystals formed in free space together with some
quartz and riebeckite. The growth proceeded from the
wall to the center of the cavity. All crystals exhibit simple
combinations of the {100} prism and the {101}
dipyramid and do not show any signs of deformation.
We conclude that the zircon crystals experienced only
fluid pressure and that only fluid-induced brittle but no
plastic deformation could have occurred. As mentioned
above, the degree of disorder in a yellow transparent
crystal termination used in our previous work is
intermediate to metamict according to Raman spectros-
copy (cf. classification by Nasdala ef al., 1995, 1998) with
an average full-width at half maximum (FWHM) of
183+ 1.0cm™" for the v3 (Big) mode of the [SiO4]
tetrahedral groups (Kempe er al, 2010). Subsequent
measurements on several other crystals yielded very
similar results.

D
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Examination of several dozens of grains under a
binocular microscope showed that there is a common
growth zoning which can be paralleled to the internal
texture revealed in five crystals investigated in polished
sections by scanning electron microscopy with back-
scattered electron (BSE) and cathodoluminescence (CL)
imaging irrespective of the variable crystal sizes (Fig. 1):
(1) A core of yellow to greenish coloration with variable
internal textures including sector zoning (zone A in Fig.
lc) is surrounded by an outer zone not clearly
distinguishable under the optical microscope but clearly
visible in CL and BSE images (zone B in Fig. 1¢). (2) The
next zone C is cloudy with many cracks and voids and
displays yellowish-brownish ~coloration and normal
growth zoning under BSE and CL. (3) The transparent
yellow upper crystal termination consists of zone D
exceptionally bright in the backscattered electron (BSE)
contrast with normal growth zoning followed by the nearly
homogeneous zone E darker in BSE and, finally, the thin
zone F with distinct oscillatory growth zoning at the rim.
Sector zoning is well expressed by thin sector G at the
{100} prism faces in BSE and CL images (Fig. 1¢). In few
crystals grown sub-parallel to the wall of the cavity, the
same zoning may be also followed in the opposite
direction from the crystal core.

One crystal of this hydrothermal zircon was oriented
parallel to the ¢ axis using a spindle stage and mounted into
a polished thin section for optical microscopy. Two other
crystals from the same sample were selected for detailed
local analysis. One of these crystals was mounted together
with other zircon in a polished section and gold coated for
BSE and CL imaging and subsequent SHRIMP analysis.
Following this procedure, the gold was removed and the
section investigated by Raman spectroscopy. Prior to the
following electron probe microanalysis and CL spectros-
copy, the sample was carbon coated to prevent build-up of
clectrical charge.

The second crystal was polished with silica gel for
orientation contrast (OC) and CL imaging, electron-
backscattered diffraction (EBSD), and Raman spectros-
copy. The sample was coated with a 2 nm thick platinum
film. This film was later removed to allow subsequent
Raman measurements.

The coarse-grained host rock of the sample around the
cavity contained the second zircon type — brownish
crystals of short-prismatic habit with a combination of a
dominant {110} prism (occasionally also with a weakly
developed {100} prism) and a {101} dipyramid. These
crystals display normal growth zoning, sector zoning and
some recrystallisation features visible under the micro-
scope and in BSE and CL images (Fig. 2). The mode of
occurrence of this zircon type forming intergrowth with
rock-forming minerals suggests a magmatic origin. To
verify the genetic relationships between the two zircon
types, two crystals of the brownish zircon were also
analyzed. One was mounted together with one yellowish
crystal of hydrothermal zircon in a polished section for the
ivestigation procedure including BSE and CL imaging,
U-Pb SHRIMP analysis, Raman spectroscopy, EMPA and
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Fig. 2. CL image of the brownish Type 2 crystal of magmatic zircon
from the host rock used for EMPA, CL spectroscopy, SHRIMP and
Raman spectroscopy. The location numbers of the spots in the figure
correspond to numbers of EMPA, CL, SHRIMP and Raman
analyses in the figures, tables and in the text.

CL spectroscopy. The other brownish crystal was used for
a thin section for optical microscopy with orientation of
the ¢ axis parallel to the sample surface.

2.3. Methods

Optical properties in transmitted light were investigated
using a Carl Zeiss Axioskop 40. The birefringence was
calculated from the interference colors as described by
Palenik ef al. (2003) except that the thickness of crystal
section in the point of measurement of the thin section was
determined using the micrometer drive of the microscope
calibrated to a set of polished diamond slabs with known
thicknesses determined by a micrometer. The estimated
error in birefringence is about+0.002, somewhat higher
than in the work by Palenik e al. (2003).

For electron microscopy, a Jeol JSM 6400 equipped
with a Tracor/Noran Series Il energy dispersive X-ray
detection system, an Oxford Mini-CL detector for CL
imaging and a Mono-CL | mirror system combined with a
transportable spectrograph for CL spectroscopy (Gotze &
Kempe, 2008) was used. For CL and BSE imaging, the
SEM was operated at 20kV and 0.6 nA; CL spectra were
taken subsequent to SHRIMP measurements with a
defocused electron beam (diameter about 20 wm adjusted
to the diameter of adjacent spots from SHRIMP measure-
ments) at 20kV and 3.56 nA. Calibration was done using
mercury and argon emission lines for the blue and red part
of the spectrum, respectively. The acquisition time for the
spectra was 100 s. Due to the low signal intensities, no CL
spectra could be obtained with a focused beam from a
particular Th-rich growth zone appearing bright in the
BSE images of the crystal where no larger arcas without
cracks or voids could be found (cf. below). To display
orientation contrast (OC), BSE imaging was performed at
3kV and 34nA with a working distance of 8 mm.
Additional OC images were obtained using a cold field
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emission JSM 7500F at the Jeol Demonstration Center in
Garching near Munich (Germany). A large-angle BSE
(LABE) detector operated at 1 kV and 50 pA at a working
distance of 4mm yiclded an increased stercographic
contrast.

Four EBSD maps were acquired using a Nordlys S
camera mounted on a ZEISS SUPRA 55VP operated in the
high vacuum mode at 20kV, 1.5nA probe current and
13 mm WD with step sizes 0of 200 nm in variable grids. The
sample tilt was 70°. The Channel 5 (Oxford Instruments)
software was used for data acquisition and evaluation.

For SHRIMP measurements, the two chosen crystals —
one yellow of the first type from the cavity and one
brownish of the second type from the wall rock — were
mounted in epoxy resin together with reference zircon
TEMORA | (Middledale Gabbroic Diorite, New South
Wales, Australia; Black et al., 2003) and reference zircon
91500 (Wiedenbeck et al, 1995), polished and gold
coated. Before SHRIMP analysis, the grains were
documented by reflected and transmitted light photo-
graphs as well as CL and BSE imaging. SHRIMP
measurements were carried out at the Centre of Isotopic
Rescarch of the Karpinsky All-Russian Geological
Research Institute (VSEGEI), St. Petersburg, Russia using
SHRIMP I1. The spot size was set at 20 pm and the beam
current at 4 nA. Five mass scans were collected for each
analysis. Mass resolution at the mass 254U0O was 5200 at
1% peak height. Data reduction was performed using the
procedure proposed by Williams (1998) applying the
SQUID Excel Macro by Ludwig (2000). The Pb/U ratios
were normalized relative to a *°Pb/>**U value of 0.0668
for the TEMORA 1 reference equivalent to an age of
416.75 Ma (Black et al., 2003). Reference zircon 91500
was used as concentration reference material (81.2 ppm
U). Measured against the TEMORA 1 reference during the
same session, it showed some enhanced isotope data
scatter with a calculated Concordia age of 1062427 Ma
(n=35; accepted value 1065.4 + 0.4 Ma).

Subsequent Raman, EMPA and CL measurements were
made as close as possible adjacent to the SHRIMP spots
with locations carefully chosen within the same growth
zones defined by optical, BSE and CL imaging. Additional
locations were also checked, especially when fine zoning
or voids and cracks in the crystal avoided SHRIMP
measurements at a 20 wm scale (as in the Th-rich growth
zone mentioned above and at the crystal rim). Some
Raman measurements were also made within the SHRIMP
spots but yielded essentially identical results as in the
adjacent areas (cf. Nasdala et al., 1998).

Microprobe analysis was performed with an SX-100
microprobe (CAMECA) applying the standard method
used at the GeoForschungsZentrum, Potsdam (e.g.,
Anderson et al., 2008). The acceleration voltage was
20 kV and the beam current 40 nA. Natural and synthetic
zircon (Zr, Si), HfO, (Hf), Y and rare earth element (REE)
phosphates (REE, Y, Sc, and P), pure metals (Ti, Nb, U,
Th), hematite (Fe), corundum (Al), wollastonite (Ca), and
vanadinite (Pb) were used as references. Counting times
were 20 s for Si Ko, Zr Lo, Ca Ko, and Al Kae; 30s for Fe
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Ko, Y Lo, Sc K, and P Kacand 50 s for the other elements
(Hf LB, Ce Lo, Nd LB, Sm LB, Gd LB, Dy LB, Yb Lo, Ti
Ko, Nb Lo, Th Mo, U MB, and Pb MB) both on the peak
and on the carefully chosen background positions on both
sides of the peaks. Iron, Hf, Ce, Nd, Sm, Gd, Dy and Yb
were measured on a LiF crystal while P, Ca, Sc, Ti, Th, U,
and Pb were measured on PET and Si, Zr, Nb, Al and Y on
a TAP crystal. The limits of detection were: Hf —
1900 ppm, Fe — 400 ppm, Al — 130 ppm, Ca — 180 ppm,
S¢ — 160ppm, Nb — 200ppm, Th — 640ppm, U —
840ppm, Pb — 1100 ppm, Y — 440ppm, Ce — 630 ppm,
Nd — 710 ppm, Sm — 720 ppm, Gd — 590 ppm, Dy —
600ppm and Yb — 600 ppm. Phosphorus was not found in
any analysis; the somewhat overestimated theoretical
detection limit for this element was at about 340 ppm. A
search for F was also not successful. Because of the rather
high EMPA detection limits for Th, U and Pb, mainly
results from SHRIMP measurements for these elements
will be used in the following discussion.

Raman measurements were done with a Jobin Yvon
LABRAM HR800 operated in the confocal mode (pinhole
100 wm) at room temperature using the 488 nm line of a
Innova 70C Coherent Ar™ laser (laser power 14 mW on the
sample). The laser was focused on the sample surface
using an Olympus microscope witha 100 x objective. The

spectral resolution of the system was 0.6 cm™ "

2.4. Comparison of spatial resolution of Raman
spectroscopy and EBSD

Because we will compare long-range order probed by
EBSD with the short-range order checked by Raman
spectroscopy, it is useful to recall and discuss here to some
extent the spatial resolution of the two methods.

Raman spectroscopy probes a significantly larger
volume compared to EBSD. In modem Raman microp-
robes, the focused beam may approach about 1 wm as a
minimum diameter constraining the lateral resolution of
the method (Bruneel et al., 2002; Nasdala et al., 2005). A
cone of the laser light is penetrating further into the sample
without sharp depth restrictions for samples transparent in
the region of the laser wavelength used as in the present
case for zircon. Depth resolution may be increased
applying confocal optics (Puppels et al, 1991; Nasdala
etal., 1998; Bruncel et al., 2002; Nasdala et al., 2003). It is
sometimes believed that depth resolution may even reach
2 wm for crystalline materials (Nasdala et al., 2003, 2005).
However, closer evaluation shows that this is by far a too
optimistic value. Normally, about 7 pm or more may be
expected for transparent crystalline materials (Bruneel
et al., 2002; Kranert et al., 2016). As outlined by Everall
(2000), this is mainly due to the refraction at the
air — sample interface when dry objectives are used.
Clearly, this effect is pronounced for zircon with its high
refraction indices (1.92-2.02 for crystalline and 1.75 for
metamict material). We have further verified the sampling
depth for our instrumental setup by a simple experiment
using one and the same crystal of fluorite and zircon,
respectively, to prepare a thin section (30 pm thickness)
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from one half of the sample and a thick section (about
I mm thickness for zircon and about 3 mm for fluorite
limited by the sample sizes) from the other. The sample
pairs were measured in the confocal mode (pinhole
100 pm) on a T64000 (fluorite) and a Jobin Yvon
LABRAM HRS800 (zircon) in one session under the same
conditions with the beam focused on the polished surface.
In both cases, the Raman signal of the fluorite and zircon
modes increased by about 50% in intensity when going
from the thin to the thick section indicating detection of
some additional Raman scattering from sample areas even
below 30um. Recently, Presser & Glotzbach (2009)
reached very similar conclusions on local resolution and
sampling depth for zircon and other transparent materials.

Compared to Raman spectroscopy, spatial resolution of
EBSD mapping is exceptionally high. The EBSD signal
derives entirely from a near-surface zone only some nm
thick. Therefore, spatial resolution depends mostly on the
electron probe diameter, acceleration voltage, and the
average atomic number of the sample and is clearly below
40nm in the given case, considering the relatively high
average atomic number of zircon with Z> 14 (cf.
Humphreys, 2001; Dingley, 2004).

3. Results

3.1. Polarized-light microscopy, optical absorption
and cathodoluminescence spectra

The birefringence in yellowish Type 1 zircon is nearly
constant over the whole grain (red, sometimes yellowish
of second order for sample thicknesses of about 20 pwm),
mostly approaching 0.050 (0.048-0.050) indicative of
well-ordered zircon. At the yellow transparent crystal
termination, there is a zone with a distinct decrease in
birefringence down to 0.031 (0.044-0.031). This zone
coincides with the mentioned Th-rich zone D appearing
bright in BSE images (Fig. 1). Palenik e a/. (2003) found a
linear correlation between birefringence and radiation
dose for Sri Lanka zircons. This, in principle, opens the
opportunity to estimate received radiation doses from
birefringence measurements  for samples from  this
location. It is, of course, dangerous to apply this
relationship to other zircons with a different thermal
history. Provided that our crystals and Sri Lanka zircons
have not experienced significant re-heating after formation
and that the indicated disorder is related to radiation
damage only, an estimate of the received radiation dose
may be attempt basing on the measured birefringence.
For the zone under discussion, birefringence would
correspond to a received radiation dose of 3.7 x 10'*
a-events/g. Note, however, that at least Sri Lanka zircon
experienced some kind of secondary annealing (Palenik
et al., 2003; Nasdala et al, 2004). Therefore, such an
estimate is certainly in error and can only be seen as a very
rough approximation. At the crystal rim F, birefringence
decreases down to 0.038 (0.046-0.038) in some of the fine,
Th-rich oscillatory growth zones whichwould correspond to
an estimated dose of 2.2 x 10" a-events/g, respectively.
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Fig.3. CL spectra of Type 1 REE-rich yellowish hydrothermal zircon (crystal 1) from the cavity. Spot numbers correspond to those in Fig. 1b.

In the brownish Type 2 zircon from the wall rock, the
birefringence is nearly constant around 0.054 indicating
well-ordered zircon (Holland & Gottfried, 1955; Sahama,
1981). Note that the maximum birefringence suggested by
the model proposed by Palenik et al. (2003) is 0.0486 at zero
dose, somewhat below the expected value of 0.055.

According to optical absorption spectroscopy (Kempe
et al., 2010, 2016), the yellow color of the zircon crystals
from the cavity is caused by an edge-like absorption
appearing at about 450nm. Probably, this absorption is
related to charge transfer transitions involving REE that
may have variable valance states in zircon as Ce, Pr, Eu
and/or Tb. Another possible explanation is a “shift” of the
absorption edge into the visible range due to lattice defects
accumulated from radioactive irradiation (Kempe et al.,
2016). The sharp absorption lines appearing in the red part
of the spectra are related to Nd”™ and Er’™, but they have
only negligible mﬂumw on the visible color Remarkably,
absorption lines from U** were not observed in the spectra
(Kempe et al., 2016).

Cathodoluminescence spectroscopy revealed that the
light emitted from yellowish Type | zircon is, if detectable,
exclusively related to sharp line emissions from REE?™
centers (Fig. 3). Identification of the emission lines was
achieved using published luminescence spectra  of
synthetic zircon intentionally doped with single rare carth
clements and considering the observed intensity relations
and fine structures in these spectra besides line positions.
Except general intensity variations, two principal types of

hv achislain trullenaue

spectra can be distinguished in the yellow zircon: (1) CL
spectra of the yellowish-green core region (central part and
rim; zones A and B) and of the yellow crystal arca E
between the zone D with quenched luminescence on one
side and the oscillatory growth zoning at the upper crystal
rim F on the other are of the first type (spectra 1, 2 and 5 in
Fig. 3). (2) The yellowish-brown intermediate region C
between the core (A+B) and the zone D with quenched CL
as well as the growth sectors G of the {100} prism exhibit
the second type (spectra 3 and 8 in Fig. 3).

For the second-type spectra, Cls umsslon is dommdtcd
by four transitions occurring m Dy** ndley Gl P
H|5 1 u.nturud at about 480 nm, *Fo» — Hlm (575 nm),
*Tsp ®Hyyn (665 nm) and *Fg, — ®Hopn (755 nm).
§1mlldr spectra for Dy*™ were reported by Votyakov &
Samojlov (1981), Cesbron er al. (1995), Karali et al.
(2000), Friis ef al. (2010) and — for a part of the related
spectral range — by Trofimov (1962), Gaft e al. (2000),
Finch et al. (2004), Nasdala et al. (2003) and Lenz &
Nasdala (2015). Our spectra are most similar to the
spectrum published by Friis et al. (2010) obtained by
photoluminescence spectroscopy. especially considering
intensity relations and the resolved fine struclurc of the
lines. Besides the intense emissions from Dy>™, there are
only weak lines from Sm®* in these spectra at 6I0nm (cf.
below) and an additional line at 545 nm (Fig. 3). The latter
signal may bc interpreted to arise from Tb** or Er**
Spectra of Er’™ were published by Votyakov et al. (1985,
X-ray luminescence), Cesbron et al. (1995, CL),
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Karali et al. (2000, radio- and thermoluminescence), Gaft
et al. (2000, time-resolved photoluminescence) and partly
by Nasdala et al. (2003, photoluminescence), spectra for
Tb** in lacconi & Caruba (1980, thermoluminescence),
Votyakov & Samojlov (1981, thermoluminescence),
Votyakov et al. (1985), lacconi (1995), Cesbron et al.
(1995), Gaft et al. (2000) and, for a part of the relevant
spectral range, in Trofimov (1962, photoluminescence).
Considering published data, we assign the emission under
question to the Dy — "Fs transition in Th>* because: (1)
the emission in Er*™ in this range is centered at somewhat
higher wavelengths (about 550-555 nm); (2) the related
emission in Tb”™ is by far the most intense in X-ray
luminescence and thermoluminescence (normally exhib-
iting similar intensity relations and fine structures as in
CL) while this is not the case for Er’™.

The CL spectra of the first type differ significantly from
the second type described above. In the first type of
spectra, there is a strong decrease in the relative emission
intensities of the Dy lines and an increase in the intensity
of the emission lines from Sm>*. The latter show the
typical intensity relations and fine structure transitions of
the type 405.«2 — 6Hm centered at 605 nm, 4G5,2 — 6H9_«‘2
(660nm), and 405_‘:2 =5 BHyy5 (703-728 nm). Fine
structure lines from the *Ggs — ®Hgs transition also
occur but overlap with the Dy emission at 580 nm. Similar
spectra were reported by Cesbron et al. (1995), Gaft et al.
(2000), Karali et al. (2000), Nasdala et al. (2003), Friis
etal. (2010) and Lenz & Nasdala (2015) and — fora part of
the range — by Trofimov (1962). Our spectra of Sm**
show a close similarity to the spectra reported by Nasdala
et al. (2003), Friis et al. (2010) and Lenz & Nasdala
(2015).

Dramatic changes occur in the red part of the first-type
CL spectra where strong lines appear at 810.0, 865.9, 873.7
(strongest), 879.0 (weak), 883.4, 8894, 907.2 and
915.6nm. We assign these emissions to the *Fs;, — *lo
(810nm) and *F35 — *lgn (865-916nm) transitions in
Nd**. Luminescence spectra of Nd** in natural zircon are
rarely reported in the literature because the Nd content in the
mineral is normally low to very low. The photolumines-
cence spectra published by Nasdala et al. (2003) and Lenz
et al. (2013) are similar in the fine structure and line
positions but the one by the first authors differs strongly in
intensity relations from the spectrum published by Lenz
et al. (2013) and the spectra obtained in the present work.

The CL signal obtained for the brownish Type 2 zircon
from the wall rock differs from that of the yellow zircon
(Fig. 4). It is dominated by broad bands with only weak
signals from REE*" centers, in particular from Dy*" and
Er*®. Remarkably, only the *F3, — “ly, (404nm) and
4F 30 — 419,:2 (471 nm) transitions in Er’™ are of notable
intensity, while the transitions from lower lying levels,
especially at 530 and 558 nm, are very weak. The most
intense broad band luminescence appears in the yellow
spectral range (centered at 580 nm) while the short-living
“blue” band at about 420nm is suppressed in intensity.
Such a CL behavior is typical of well-ordered zircon with
low REE contents (Kempe et al., 2000).
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Fig. 4. CL spectra of Type 2 brownish magmatic zircon from the
host rock. Spot numbers correspond to those in Fig. 2.

3.2. Chemical composition

The EMPA, EDX analysis in the SEM and the SHRIMP
study revealed an unusual chemical composition for the
yellow zircon from the cavity, but a common one for
brownish zircon from the wall rock. Representative results
of EMPA are listed in Table 1, the positions of related
analytical spots is indicated in Fig. 1b and 2. Most
remarkable are the very high contents of Y and the REE,
occasionally including the light REE, in the yellow zircon.
The Y contents are so high that they appear in the formula
(0.01 atom per formula unit or more; Table 1).

The Th content is comparable to that of U in some areas,
but may be significantly higher, reaching several
thousands of ppm as in the broad zone D optically
indistinguishable inside the yellow transparent crystal
termination mentioned above. This zone D is clearly
visible in the SEM because it appears bright in BSE
images. In this Th-rich zone, Th is easily detected even by
EDX. On the other hand, Fe, Ca and Al contents are
always rather low to very low except some zones in the
crystal core A. The Hf concentration around 1.5 wt% HfO,
may be considered as typical of zircon in granitic rocks but
is, in fact, a little enhanced compared to normal magmatic
zircon from alkaline granites.

Although we have analyzed by EMPA only the even
REE, pronounced fractionation of the REE is observed
throughout the crystal as demonstrated by chondrite-
normalized distribution pattemns in Fig. 5. In the figure, Y
is plotted instead of Ho; the absence of anomaly
demonstrates that there was no significant Y/Ho fraction-
ation (cf. Bau, 1996) during fluid evolution. The first REE
distribution type (Fig. 5) is restricted to the core A. The
distribution is concave with enrichment of the light (Ce)
and heavy (Yb) REE and a relative depletion of the middle
REE. The second type is observed for the zone B
surrounding the core, the zone E in the outer yellow
transparent crystal termination adjacent to the Th-rich
zone and for a related narrow zone in the {100} growth
sector G. Here, all REE including the light, middle and
heavy groups are enriched although there is some relative
depletion of Ce and some enrichment of Yb (Fig. 5). In all
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Table 1. Selected EPMA data and relevant formulae for Type 1 yellowish hydrothermal zircon and Type 2 brownish magmatic zircon from
Mt. Malosa (Malawi). Spot numbers are those shown in Figs. 1b and 2, respectively.

Hydrothermal Type 1

Magmatic Type 2

Point 1 2 3 4 5 6 7 8 1 2
SiO, 31.98 31.97 31.60 31.87 32.05 31.76 31.86 31.62 3238 32.26
ZrO; 63.11 61.99 58.77 59.52 62.23 60.41 60.23 59.50 6591 65.99
HfO, 1.49 1.41 1.45 1.46 1.62 1.41 1.36 1.36 0.99 1.19
Y,0; 033 1.79 4.76 3.29 1.19 2.79 3.07 4.24 <0.05 <0.05
Ce,05 045 0.60 0.16 0.17 0.46 0.13 0.07 0.07 <0.07 <0.07
Nd,O5 0.08 0.38 0.04 0.04 0.57 0.04 0.06 <0.04 <0.04 <0.04
Sm,0; <0.08 0.15 <0.08 0.08 0.18 <0.08 <0.08 <0.08 <0.08 <0.08
Gd,0; 0.06 0.17 0.28 043 0.26 0.39 0.30 0.33 <0.06 <0.06
Dy,0; <0.05 0.14 0.44 0.52 0.19 0.37 0.32 0.41 <0.05 <0.05
Yb,0; 0.07 0.15 0.44 0.24 0.13 0.25 0.33 0.59 0.05 <0.05
U0, <0.08 <0.08 <0.08 0.10 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08
ThO, <0.05 <0.05 0.09 0.75 0.11 0.49 0.43 <0.05 <0.05 <0.05
Nb,Os 0.28 0.24 0.13 023 023 0.17 0.13 0.03 0.02 0.02
TiO, 0.07 0.02 0.02 0.01 0.01 0.01 0.01 <0.01 <0.01 <0.01
Total 98.20" 99.01 98.18 98.71 99.23 98.15 98.22 98.17 99.35 99.46
Contents in wt%
Formula units (apfu) calculated on a two-cation basis
Zr 0.965 0.941 0.899 0.909 0.945 0.925 0.921 0.910 0.992 0.993
Hf 0.013 0.013 0.013 0.013 0.014 0.013 0.012 0.012 0.009 0.010
Y 0.006 0.030 0.079 0.055 0.020 0.047 0.051 0.071 <0.001 <0.001
Ce 0.005 0.007 0.002 0.002 0.005 0.002 0.001 0.001 <0.001 <0.001
Nd 0.001 0.004 0.001 <0.001 0.006 <0.001 0.001 <0.001 <0.001 <0.001
Sm <0.001 0.002 <0.001 0.001 0.002 <0.001 <0.001 <0.001 <0.001 <0.001
Gd 0.001 0.002 0.003 0.005 0.003 0.004 0.003 0.003 <0.001 <0.001
Dy <0.001 0.001 0.005 0.005 0.002 0.004 0.003 0.004 <0.001 <0.001
Yb 0.001 0.001 0.004 0.002 0.001 0.002 0.003 0.006 <0.001 <0.001
8] <0.001 <0.001 <0.001 0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Th <0.001 <0.001 0.001 0.005 0.001 0.004 0.003 <0.001 <0.001 <0.001
Nb 0.004 0.003 0.002 0.003 0.003 0.002 0.002 <0.001 <0.001 <0.001
Ti 0.002 <0.001 <0.001 <0.001 0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Zr position 0.998 1.004 1.008 1.001 1.002 1.003 1.000 1.007 1.001 1.003
Si 1.002 0.995 0.991 0.998 0.998 0.997 0.999 0.992 0.999 0.996
" Including 0.17 wt% FeO and 0.09 wt% CaO
other zones including C with a yellowish-brownish
coloration, the related zone in the {100} growth sector 10,0001
G, the Th-rich zone D, and the rim zone F with narrow
growth zoning, the light REE are relatively depleted and £
heavy REE are strongly enriched as normally found in & 10007
natural zircon and favored by the zircon structure (Speer, &
1982). :a 100

Table 2 compiles U and Th contents defined by & il
SHRIMP. One EMPA analysis from the Th-rich zone D is
also included. The U and Th contents and Th/U ratios of b .

0.6 found in the core (zones A + B) are in a range typical
of magmatic zircon from granitic rocks (¢f. Ahrens, 1965;
Ahrens et al. 1967; Hoskin & Ireland, 2000; Hoskin &
Schaltegger, 2003). In the other zones, however, there is a
strong increase in Th and Th/U ratios up to 6.500 ppm and
7.5, respectively, indicating that the core and the rest
of the crystal may have a different origin. On the other
hand, the transition between these two ranges is relatively
smooth, hinting for a common origin of the whole crystal.
The magmatic zircon from the host rock also displays
enhanced Th/U ratios (2.3-3.9) at normal Th contents
possibly reflecting the Th enrichment in the alkaline rocks.

Ce Nd Sm Gd Dy Y Yb

Fig. 5. REE+Y distribution patterns of yellowish hydrothermal
zircon according to EMPA. Type 1 distribution is found in the
greenish-yellowish core (analytical point 1 inFig. 1b). Type 2 istypical
of the rim zone of the core (point 2) and the zone preceding the
oscillatory zoning atthe rim (point 5). Type 3 distribution was foundin
the remaining zones (points 3,4, 6, 7 and 8). Chondrite normalization
according to Anders & Grevesse (1989) See text for discussion.

A conspicuous feature of the EMPA analyses of yellow
zircon from the cavity are the low analytical totals ranging
between 97.9 and 99.2 wt%. Totals for the wall-rock

from http:/ipub:
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Table 2. Contents of U and Th, U/Th ratios, calculated received radiation doses according to defined SHRIMP ages and line widths (FWHM)
of the v (B;y) Raman mode fitted with a single line for Type 1 (hydrothermal) and Type 2 (magmatic) zircon from Mt. Malosa (Malawi).

Hydrothermal Type 1

Magmatic Type 2

Point 1 2 3 4 5 8 1 2 3
Element contents

U 114 194 130 882 196 55 74 76 24
Th 67 110 393 6591 1452 176 291 230 55
Th/U 0.59 0.57 3.02 7.47 741 3.26 3.93 3.03 2.29
Calculated radiation dose

(120 Ma) 0.05 0.09 0.09 0.96 0.21 0.04 0.06 0.05 0.01
(290 Ma) 0.13 0.20 0.21 2.34 0.52 0.09 0.14 0.12 0.04
Raman line broadening

FWHM"™ 6.2 13.9 18.1 20.3 134 19.2 3.7 3.4 2.9

U and Th in ppm. Dose in 10" a-cvents per g.
' Results for U and Th from EMPA.

"2 FWHM (in em ') of the v3 (B;,) Raman mode fitted with one band and corrected for apparatus function. The error from the fits is between
£1.2 em™" (point 1) and 3.8 cm ' (point 4) for Type 1 and +0.8 cm™" for Type 2 zircon.

Table 3. Results of U-Pb SHRIMP analyses for Type 1 (yellowish hydrothermal) and Type 2 (brownish magmatic) zircon from Mt. Malosa
(Malawi). Errors for calculated ages are one sigma. Th is calculated from the Th/U ratio.

Spot U ppm Th ppm ThU Common B8y 2%pp 207pp2%pp 206pp/ 28U age 206pp238( age
Pb2 o, uncorrected uncorrected Ma (2°4Pb COIT.) Ma (Zme corr.)

Yellow hydrothermal zircon

1 114 67 0.59 59.3 22.14+0.35 0.4870+0.0073 129.2+£4.5

2 194 110 0.57 149 50.46+0.76 0.0867+0.0024 1205+ 1.9

3 130 393 3.02 494 50.70+ 1.00 0.0693 £ 0.0030 122.6+2.5

5 196 1452 741 164 50.12+£0.80 0.0589+0.0023 125.7+2.1

8 54 176 3.26 91.0 48.10+1.20 0.1288£0.0067 119.2£1.2
Brownish magmatic zircon

1 74 291 393 45 21.53+£0.37 0.0536+0.0020 279.7+5.9 2092.1+£4.8

2 76 230 3.03 31 21.34£0.36 0.0607+0.0021 292.1+4.9 292.1£4.9

3 24 55 2.29 6.1 22.01£048 0.0587+0.0033 269.5+8.5 284.1£6.3

zircon (99.4-99.7 wt%) and other zircons measured within
the same session lie in the normal range between 99.5-
100.1 wt%. The deficient results may be partly explained
by the presence of other REE not measured during EMPA,
especially La and Er. However, a calculation using the
REE distribution patterns for rough estimation of the
contents of all REE (excluding Eu) yields still too low
analytical totals between 99.3 and 99.6wt%. This
phenomenon will be discussed in more detail below.

3.3. SHRIMP analysis and absolute age relations

The SHRIMP analysis was conducted to verify the age
relationships between the two types of zircon and to obtain
a data base for dosage calculations. The results are
compared with the values obtained for birefringence and
with data from EMP, Raman and CL. measurements in one
and the same crystal area. We have not aimed at a precise
absolute age determination. Five points were analyzed in
the hydrothermal zircon crystal from the cavity and three
in the magmatic zircon from the wall rock. The results are
listed in Table 3 and plotted in Fig. 6. Most of the

D
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analytical points plot close to or on the Concordia. The
data for the hydrothermal zircon are more discordant and
there is considerable common lead which is an additional
hint at its hydrothermal origin. If all five analytical points
for this zircon are used for calculation without any
assumptions for the composition of common lead, an age
of 122+ 2 Ma (MSWD 1.7) can be obtained (Fig. 6). When
the common lead composition is “anchored” according to
the model by Stacey & Kramers at 0.83 207pp2%°ph initial
ratio, an age indistinguishable within error from the first
one (125 +7 Ma; MSWD 1.8) is found. The Concordia age
for the three most concordant points lies also in the same
range (126+5 Ma; MSWD 0.13). These data are in
remarkable accordance with zircon ages reported by
Hogdahl & Jonsson (1999, 2002, cited in Soman et al.,
2010) and Soman et al. (2010) for zircon from the
pegmatite cavities at Mt. Malosa ranging between
11741 Ma and 123+4Ma, and with the chemical age
calculated by the latter authors for weakly altered thorite
inclusions in zircon (12245 Ma). The K-Ar amphibole
ages of 11143 and 11543 Ma reported earlier by Eby
et al. (1995) are also similar though somewhat younger.
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Fig. 6. Reverse Concordia plot of U-Pb SHRIMP data obtained for
yellowish hydrothermal Type 1 zircon (crystal 1) and brownish
magmatic Type 2 zircon from Mt. Malosa (Malawi). Error ellipses
are two sigma. The strongly discordant point for Type 1 zircon
corresponds to the core and displays high common Pb content.
Nevertheless, calculations including or excluding this point with or
without “anchored” common Pb composition yiclded indistinguish-
able results for the calculated ages. See text for further discussion.

The few U-Pb data for the host-rock zircon studied here
demonstrate that the formation age of that zircon and the
related intrusion age of the granite should be significantly
higher. The calculated U-Pb age for the crystal investigat-
ed is 291411 Ma (MSWD 1.9; Fig. 6). The age data
obtained for both zircon types were used for radioactive
dose calculations listed in Table 2.

3.4. Raman spectroscopy

As in our previous study (Kempe et al., 2010), all Raman
measurements on the two sections of Type 1 zircon yielded
spectra with  significantly broadened Raman bands.
Another, previously unnoted feature is the appearance
of an appreciable asymmetry for the v; (By,) mode. The
latter mode is commonly used to assess the degree of local
disorder (Nasdala et al., 1995, 2001, 2003). Significant
asymmetry may also be seen for the neighboring vy (Ay)
mode (Fig. 7). As demonstrated in Fig. 7, it was commonly
not possible to fit these two peaks adequately with one
band, respectively. Some fitting results are listed in
Table 2. In this table, band widths for yellow Type 1 zircon
are given for a fit using only one band for cach mode,
respectively, in order to allow comparison to other work
(cf. Palenik et al., 2003). In the classical approach, such
large Raman bandwidths (from 6.2 em ™! in the core, but
closer to the maximum value of 20.3 cm ™" in the rest of the
crystal) clearly point to a high degree of radiation damage
in the hydrothermal zircon. In contrast, Raman spectra of
brownish Type 2 zircon show only very weak band
broadening, typical of well-ordered zircon (Table 2).
Similar Raman measurements were conducted on the
second sample of hydrothermal Type 1 zircon. Additionally,
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Fig. 7. Raman spectrum of yellowish hydrothermal Type 1 zircon
with significant band asymmetry. Both the v; (By,) and vy (A,)
modes cannot be adequately fitted with one band (999.7 +0.8 and
967.2+1.1em™" with FWHM 203442 and 25.6+45cm ',
respectively), especially at the peak flanks. This particular spectrum
can be satisfactorily fitted with four bands (from the right to the left:
1001.7£0.5, FWHM 11.1£2.1; 994.5+0.5, FWHM 24.0+2.8;
963.7+0.7, FWHM 82+25 and 947.8£12, FWHM
36.9+4.7cm™"). Note that despite the large uncertainties of the
fit, the pairs of both modes at higher and lower wavenumbers show
comparable bandwidths. The spectrum was taken in the area of point
5 in Fig. 1b. See text for further discussion.

two measurement series along profiles with a step width
of 10 pm were made. As shown below, these profiles
crossed two types of internal textures revealed by OCIL.
Results for the fits of the Raman spectra are plotted in
Fig. 8 and the locations of the profiles are marked in
Fig. 9b. The Raman measurements in this second crystal
were made after EBSD. One profile (number 2) was
partly located inside an area studied by EBSD while the
other probed a “pristine” region. In general, the Raman
results for the second crystal were very similar to that for
the first except that the bandwidths tend to be somewhat
lower in the second crystal. When the v3 (Byg) mode is
fitted with one band, the corrected FWHM varied
between 8.3 and 14.3 cem™". However, the v3 (Byg) mode
of all spectra could be successfully fitted only with two
bands as in crystal 1. Fit results for the two profiles in
Fig. 8 show that in the “pristine” arca (profile 1), the
behavior of both fitted bands is similar with a clear
change both in line position and band width when
crossing from one types of texture to the other, indicating
more “disordered” states in the pronounced texture closer
to the core. Changes in the band width of the higher
frequency band are less well pronounced, however. In the
second profile, the bands are moved to lower wave-
numbers and the bandwidths are increased compared to
profile 1. The texture closer to the core was additionally
affected by EBSD. As can be scen from Fig. 8, the trend
inside this arca is not as clear as in profile 1. This result
demonstrates the influence of electron irradiation

0547/ejm_30_4_0659_0679_kempe_2729_online.pdf
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Profile 1: “pristine” area

Profile 2: after EBSD
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Fig. 8. Results of fits using two bands for the v3 (B;y) mode in the Raman spectra taken along two profiles in crystal 2 of yellowish
hydrothermal zircon. Comparison of the area closer to the crystal core affected by previous EBSD analysis (shaded gray) in profile 2 (right) to
profile 1 (left) demonstrates that the clear trend visible for the “pristine” area in profile 1 was distorted by the electron beam. Error bars defined

for the fit are 2 0. Locations of the profiles are shown in Fig. 9b.

(normally occurring at high doses during EMPA or EBSD
because high beam currents focused in small spots are
needed for these analyses) on the measured Raman
characteristics of zircon. Similar effects were noted
earlier by Nelson et al. (2000) and Nasdala et al. (2002b).

3.5. Orientation contrast imaging (OCI)

The OCI revealed a complex domain structure which
shows no obvious relation to growth zoning visible in CL
and BSE images (Fig. 9). The domain structure is well
expressed in the central part of the crystal and weakens
toward the prism faces and the crystal termination (Fig.
9b). Investigation with the cold field emission SEM
revealed, however, that the domain structure is also
present in these crystal areas (Fig. 9¢), though it is not
clearly discernible with conventional SEM (Fig. 9b). The
domain size may reach several tens of micrometers. On the
other hand, there is a “domain in domain™ structure with
the smallest visible domains measuring several dozens to
hundreds of nanometers in size down to (or possibly
below) the limit of resolution of the OC images (Fig. 9c¢).
The orientation contrast commonly changes gradually
within the domains, indicating high internal strain. In some
places, domain walls are marked by abrupt contrast
changes, which may be additionally outlined by cracks.
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3.6. EBSD results

The location of the EBSD grids is shown in Fig. 10a. Two
maps were obtained from the two areas shown in Fig. 9.
Two additional areas were probed in the growth sector
1100} and the Th-rich zone, respectively. The EBSD
analysis shows that the observed OC is related to gradual
changes in the lattice orientation as well as to abrupt
changes at small angle boundaries (Fig. 10b and ¢). Note
that indexing of EBSD patterns failed only in pits and
cracks although the local resolution of the method is of the
order of a few tens of nanometers, just in the range
assumed for the extent of a-recoil tracks in zircon (Ewing
et al., 2003). This result demonstrates that the long-range
order in the crystal is well preserved. Misorientation angles
at domain boundaries vary from the order of several tenths
(mostly at the crystal termination) up to about 10° (in the
central part of the crystal), occasionally reaching 20°. The
main rotation axis may be defined along [0 1 3] with some
orientation distribution around it. Orientation distribution is
more clearly seen for rotation angles below 5°

Band contrast (BC; height of the diffraction peaks above
the background signal in the Hough space) varies in a
similar manner as the orientation contrast in the OC
images. In general, the BC depends on crystal perfection,
phase orientation and several experimental parameters

7/ejm_30_4_0659_0679_kempe_2739_online.pdf
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OcCl
Cold FEG
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Fig. 9. Oriention contrast images (OCI) of the yellowish hydro-
thermal zircon (crystal 2): (a) CL image of the crystal with the
location of the OCI (b and c). (b) OCI of a central region of the
crystal obtained with conventional SEM (tungsten emitter). The
locations of the two profiles investigated by Raman spectroscopy are
marked on the figure. (c) OCI of a region closer to the crystal
termination taken with a SEM equipped with a cold ficld emission
gun and a large-angle BSE detector.

(Humphreys, 2001). Experimental parameters were kept
constant in our case. The average BC value is the same in
the central part of the crystal (map 1) and at the crystal
termination (map 2) and in the other maps. On the other
hand, variations in BC are much larger in the first case. We
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may conclude that the long-range order is of about the
same (high) degree in all areas probed and that variations
in the BC are dominated by the orientation distribution.

The band slope (BS) parameter is determined by the
width of the peaks in the Hough transform describing the
maximum intensity gradient at the Kikuchi band margins.
The band slope depends on the long-range order,
crystallite size, internal strain and the same experimental
parameters as BC. The BS parameter displays large
variations in the central part of the crystal but only
restricted distribution and higher average values at the
crystal termination. Considering conclusions on BC, we
interpret the variations in BS mainly as a result of
distributions in internal strain and crystallite (domain)
sizes rather than in long-range order.

4. Discussion

It is clear from the above results that the correlation
between U and Th concentrations, age, birefringence,
Raman spectroscopic behavior and structural changes
normally reported for natural zircon and well explained by
the radiation-damage model is not observed for the
yellowish hydrothermal zircon from Malawi, although it
holds for the well-ordered brownish magmatic zircon from
the same rock sample. Several aspects of this apparent
contradiction are discussed in more detail below.

4.1. Degree of disorder

The main problem arising with the interpretation of the
data concerns the degree of disorder in the yellowish
hydrothermal zircon. While a high degree of (short-range)
disorder is indicated by Raman spectroscopy, birefrin-
gence suggests a high degree of short-range order (ordered
orientation of covalent bonds) except for the Th-rich zones
(Table 4). From dose calculations based on U+ Th
contents and U-Pb SHRIMP ages, only weak radiation
damage is expected except for some enhanced values in
the Th-rich zone (Table 4). No significant distortion of the
long-range order is seen by EBSD in all areas investigated.
We conclude from the data that there is a high degree of
long-range order in both the magmatic and hydrothermal
zircon crystals studied.

The Raman data, namely the FWHM defined for the v
(By¢) mode fitted with a single band, may be plotted in a
diagram together with the dose (calculated here from the
SHRIMP data; Fig. 11) as proposed by Nasdala et al.
(2001). The diagram shows that the disorder indicated by
Raman spectroscopy for the hydrothermal zircon is much
higher than can be expected from internal radiation in any
realistic time interval considering the U and Th contents.
All but one data point (calculated for an unrealistic high
age) plot well above the lincar array defined by Nasdala
et al. (2001) as a calibration line for zircon samples with
no evidence for annealing after crystallisation. Deviations
from this line are frequently observed for zircon that
experienced annealing well after formation. In this case,
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Fig. 10. Results of EBSD analysis of the yellowish hydrothermal zircon (crystal 2). (a) CL image of the crystal with the location of the
mapped areas (1-4). (b) EBSD map of region 1 (band contrast + texture contrast) illustrating the orientation domain textures. (c)
Misorientation profile through region 2. (d) Misorientation profile through region 1.

data points plot below the calibration line and projection
on this line by recalculation to other ages is sometimes
used to estimate the original dose and/or the (hydro-)
thermal event responsible for recrystallisation (Nasdala
et al., 2001; Geisler et al., 2003; Dziggel et al., 2005;
Tichomirowa et al., 2005). However, this method is not
applicable in our case. Other approaches are needed to
explain the observed apparent discrepancies between the
data obtained by various methods.

4.2. BSE contrast and CL intensity

In an ecarlier work, we noted two types of zircon
considering BSE and CL contrast: (1) “normal” zircon
with inverse behavior of BSE and CL intensity and (2)
zircon with low CL signal paralleled by “anomalous” low
BSE (Kempe et al., 2000). These relations were further
explored by Nasdala et al. (2006, 2009). The cited authors
found for zircon of the first type analytical totals close to
100 % (Nasdala et al., 2009). Surprisingly, the BSE
intensity was found to correlate well with the broadening
of the Raman peaks in their samples rather than with the
average atomic number as normally assumed in electron
microscopy (Nasdala et al., 2006). The zircon of the
second type showed low analytical totals but there was no
clear correlation with the Raman characteristics (Nasdala
etal.,2009). In our case, the brownish zircon from the host
rock belongs to the first group — CL and BSE contrast are
inversely correlated, the BSE signal is at a “normal” level
and all microprobe analyses show good analytical totals.
The Raman peaks are rather sharp. However, the yellowish
hydrothermal zircon does not fit into a “two-type” schema.
Except for the core region A in some crystals (e.g., in
crystal 1), the CL and BSE signals are inversely correlated,

hv chislain trullenaue

but the analytical totals are always low when the trace-
clement content is high. In general, the BSE signal
intensity in the crystals is at the same level as in the
brownish zircon crystal (i.e. as in “common” zircon). The
Raman peaks in the spectra from the yellowish zircon are
always considerably broadened as further discussed
below. The core region in the first crystal studied in more
detail 1s somewhat similar to zircon of the second type
characterised by Nasdala er al. (2009) because the CL is
quenched while the BSE signal is low (Fig. 1) and Fe and
Ca appear in detectable quantities (Table 1). This
conclusion is also supported by SHRIMP analysis
indicating high common lead (Table 3) and a significant
discordance of the U-Pb system (Fig. 6).

4.3. Element substitution, charge balance,
stoichiometry, and analytical totals

A striking peculiarity of hydrothermal zircon from the
cavity is the high contents of Y and the REE substituting
for Zr as suggested by the microprobe analyses and
formulae calculations shown in Table 1. It is well
established that these elements substitute at the dodecahe-
dral Zr site which is coordinated by eight oxygen atoms
(Speer, 1982; Hoskin & Schaltegger, 2003). However,
replacement of tetravalent Zr by trivalent Y and REE needs
charge compensation. According to the literature, the most
common compensation mechanism is the coupled
substitution of P for Si in the tetrahedral site (see Speer,
1982; Finch er al., 2001; Hoskin & Schaltegger, 2003 and
Harley & Kelly, 2007 for summaries). This mechanism
cannot be operative in our case because P could not be
detected by EMPA. An altemative way of charge
compensation is the coupled substitution of pentavalent
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Table 4. Comparison of estimated doses (in 10'® a-cvents per g) for hydrothermal (Typel) and magmatic (Type2) zircon from Malawi
according to (1) chemical composition and age, (2) Raman spectroscopy using the linear array defined by Nasdala et al. (2001) in the plot
FWHM for the v3 (B,,) Raman mode vs. dose calculated from chemical composition and age and (3) birefringence using the linear relation

defined by Palenik er al. (2003) for Sri Lanka zircon.

Point Dose calculated from age and U+Th (1) Dose estimated from Raman spectroscopy (2) Dose estimated from birefringence (3)

Yellowish hydrothermal Type 1 zircon (120 Ma)

1 0.05 0.30
2 0.09 0.88
3 0.09 1.11
4 0.96 1.33
5 0.21 0.84
8 0.04 1.25
Brownish magmatic Type 2 zircon (290 Ma)

1 0.14 0.14
2 0.12 0.12
3 0.04 0.07

(Note that the relationships obtained between calculated dose and Raman characteristics or birefringence, respectively, were originally not
proposed for dose calculations. This is because such relationships would apply only for cases when the thermal history of the measured and
the reference samples was the same after crystal formation. In the case of Raman, the linear array applies for zircon not re-heated after
formation (Nasdala er al., 2001) as found for magmatic zircon in our case. The linear relationship found for birefringence rests on
measurements on Sri Lanka samples certainly re-heated after formation. See text for further explanations.)

25
Hydrothermal ‘
20 zircon
‘%* (Type 1)
T (%
< 34 ’
S S
O P Dose calculated for:
E 7 0 120 Ma
E 10 5 © 280 Ma
K
.
51
#4— Magmatic zircon (Type 2)
0 0.5 1.0 1.5 20 25

Total alpha dose (10"/g)

Fig. 11. Plot of the FWHM of the v3 (B;y) mode in the Raman
spectra versus dose calculated from SHRIMP data (¢f. Table 2)
according to Nasdala e al. (2001). For hydrothermal zircon, doses
for both U-Pb SHRIMP ages (120 and 280 Ma) were calculated and
plotted in the figure. The points of the magmatic zircon calculated
for an age of 280 Ma plot on the calibration line defined by Nasdala
et al. (2001) for zircons not annealed after formation.

Nb and Ta for tetravalent Zr and Hf (Vinokurov et al.,
1964; Solntsev & Shcherbakova, 1974; Di Gregorio et al.,
1980; Speer, 1982; Smith et al., 1991; Hoskin &
Schaltegger, 2003). Although Nb is present in measurable
quantities in the zircon studied, the content is too low to
compensate the charge unbalance from Yand the REE (see
Table 1). A third possibility of charge compensation often
overlooked is incorporation of pentavalent U at the
zirconium position known from doping experiments
(Vance & Mackey, 1978). The presence of pentavalent
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U in natural zircon is well established by absorption
spectroscopy in the near-IR range (Vance & Mackey,
1974; Zhang et al., 2003). In our case, however, the U
content is also by far too low to account for compensation
although the lack of U** lines in the optical absorption
spectra and of UO,>™ in the luminescence spectra suggests
that nearly all U in this zircon is present in the pentavalent
state. Other suggestions for charge compensation not
applicable in our case were reviewed by Speer (1982) and
Smith et al. (1991) and include charge compensation by
divalent elements (Ca, Fe) or by Al, replacement of
oxygen by hydroxyl groups and formation of holes trapped
on oxygen. Note that no water or OH could be found by
Raman spectroscopy in our case. Finch et al. (2001),
Ushikubo et al. (2008) and Soman et al. (2010) showed or
assumed that Liis a possible compensator. Itis still unclear
which position Li should take in the zircon structure and
we have no hints for Li mineralization at our sampling
location as stated above. Note, however that Li is
frequently present in enhanced concentrations in Zr-
Nb-REE mineralisation. In the case of the Jack Hills
zircon studied by Ushikubo et al. (2008), the Li was found
in zircon in alteration zones apparently formed during
weathering. Lithium together with P could not maintain
charge balance in that case. Lithium was also noted by
Smith ef al. (1991) in zircon from Thor Lake (Canada)
where its content has also been estimated to be too low for
charge compensation. Although we assume that Li does
not fit well into the zircon structure, the role of Li in zircon
merits further investigation.

Summarising, charge unbalance from trivalent elements
replacing Zr and Hf is apparently not compensated by
coupled substitution with other cations in our zircon. In a
comprehensive study on zircon from various localities in
the Alps, Rizzo et al. (2000) have also found a significant
number of cases, where Y+REE substitution was not
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compensated by P or other elements measured. They
concluded that significant distortions in the mineral
structure should result. We assume here, considering the
absence of measurable F, that one possible explanation is
charge compensation by oxygen vacancies, a mechanism
widely unnoticed or neglected (Finch et al., 2001) in the
literature.

There are also hints for further deviations from the ideal
structure which cannot be, however, proven here due to the
low precision level of the microprobe analysis. All non-
formula elements detected (including U, Th and Ti;
Solntsev & Shcherbakova, 1972; Speer, 1982; Harley &
Kelly, 2007) substitute for Zr and Hf. It is, therefore,
interesting to look whether or not stoichiometry is
maintained between the Si and Zr sites. Apparently, there
is a tendency for an increased deviation from stoichiome-
try with increasing contents of trivalent elements (Fig. 12).
If this is not related to an analytical artefact (e.g., to a
systematic overestimation of the Y content for what we
have presently no hint) this deviation from stoichiometry
indicates the occurrence of some additional vacancies on
the tetrahedral (Si) position which, in turn, should result in
an increasing number of oxygen vacancies for charge
compensation. Interestingly, similar non-stoichiometry
effects were noted by Finch ef al. (2001) for synthetic
crystals doped with REE and P. We have noted earlier
another type of deviation from zircon stoichiometry
observed for Hf-rich zircon with an anomalous low BSE
contrast and with low contents of other non-formula
clements. In that case, reversely, a deficit on the Zr position
was apparent (Kempe et al., 1997).

As shown above, our analyses of the Y- and REE-rich
zircon yielded analytical totals below 100 wt%. Similar
low totals for trace-clement rich zircon were reported by
C‘crny" & Siivola (1980) and Pointer et al. (1988) for
hydrothermally altered zircon from the Tanco pegmatite
(Canada) and the Ririwai granite (Nigeria), respectively,
and by Smith et al. (1991) for hydrothermal zircon from
Thor Lake (Canada). These authors assumed an additional
presence of “water” and a role of sub-microscopic voids in
their samples.

The problem of low analytical totals frequently met for
natural zircon was explored by Pointer e al. (1988), Smith
et al. (1991), Pérez-Soba et al. (2007) and is recently
reviewed and further evaluated by Nasdala ez al., (2009,
2010). The conclusion by the first two authors favouring
the incorporation of water or OH groups and/or the
existence of sub-microscopic voids was corroborated by
the data obtained by the latter authors. According to these
models, voids and possible water uptake occur in zircon by
recrystallisation of metamict crystal arcas during hydro-
thermal alteration. In our case, however, low analytical
totals cannot be explained by sub-microscopic voids partly
filled with water. Although there are arcas in the
investigated crystals rich in such voids down to a few
hundreds of nanometres or less in diameter which are often
observed in high-resolution FE SEM imaging, large parts
of the crystals lack such voids. No systematic relation
between low analytical totals and the appearance of voids
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Fig. 12. Evaluation of results of EMPA (data from Table 1):
comparison of apparent site occupancy on the Zr position with the
content of REE+ Y.

in the respective areas could be found. In general, arcas
with voids were avoided during our EMPA and SHRIMP
measurements. This point merits further research.

4.4. Interpretation of Raman spectra

The original interpretation of line broadening and shift in the
Raman spectra of zircon was based on the observation that
changes in the spectra may be correlated with similar
changes in the position and line widths in X-ray powder
diffraction patterns measured for the same samples (Nasdala
etal., 1995). The weakness ofthis approach was in its purely
empirical nature. Ina later discussion, Nasdala ef al. (2002a)
suggested that line broadening observed for the internal vy
vibration results from irregular distortion and tilting of
individual [SiOy4] tetrahedra resulting from strain induced by
point defects (produced by radioactive irradiation) and from
the presence of an amorphous phase, while the Raman band
shift reflects the lattice expansion established by XRD
analysis. Similar conclusions were reached earlier by
Woodhead et al. (1991) applying IR analysis and by Knittel
& Williams (1993) after high-pressure Raman experiments,
but they are in conflict with an XRD single-crystal study on
moderately metamict zircon that demonstrated that changes
in the [SiO,] tetrahedra are negligible (Rios ef al., 2000a).

As revealed by OCl and EBSD, the Raman laser probed
heterogencous crystal arcas (domains) of the hydrothermal
zircon from Malawi with distribution of (1) lattice
orientation, (2) domain sizes, and (3) internal strain. In
general, Raman spectra may be affected by all three factors
(Burns & Scott, 1970; Sanjurjo et al., 1983; Frey & Payne,
1996). However, orientation distribution cannot be
accounted for band shifts here because Raman-active
modes in zircon are not polarized. The influence from
phonon confinement effects within the domains should
also be negligible because the domain sizes are mainly
well above the critical value of 20-30 nm (e.g., Nasdala
etal., 2002a). We propose that the variations in the Raman
spectra may be directly linked to internal strain, an effect
well known from other crystalline materials (e.g.,De Wolf
etal., 1992). In this interpretation, the direction and extent
of the line shifts are a measure of the kind and extent of the
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strain while the line widths characterise strain distribution.
As shown by De Wolf er al. (1992), tensional strain
occurring e.g. at grain boundaries causes mainly line shifts
to lower frequencies while compression shifts the lines to
higher values excluding for “soft” modes. Shifis of Raman
lines to higher values related to compression were
previously reported from high-pressure experiments on
zircon (Knittel & Williams, 1993; Nasdala et al., 2008)
and for zircon enclosed in sapphire (Wang et al., 2006).
We further note that changes in the band position and
widths are also observed for external (lattice related)
modes and are not restricted to the internal modes of the
[SiO4] tetrahedron (see also Nasdala et al., 1995). We may
conclude that line shifts to lower Raman frequencies
observed in our case reflect tensional strain in the
hydrothermal zircon under consideration as suggested
by OC imaging and EBSD.

The internal tension may be explained in several ways. At
least in part, the strain is simply related to the substitution of
larger elements into the Zr site (Solntsev & Shcherbakova,
1974; Hoskin & Black, 2000; Finch et al., 2001).

The influence of substitution into the Zr site on the
Raman spectra of synthetic zircon was studied for the
cases of Hf, Y and U by Hoskin & Rodgers (1996),
Nasdala et al. (2003) and by Geisler et al. (2005) for
Chernobyl “lava™ zircon, respectively. For Hf, a weak
increase in the Raman shift for internal stretching modes
and some decrease for internal rotational and external
modes was observed. No significant changes in the line
widths were reported (Hoskin & Rodgers, 1996).
Substitution of Y or U causes an increase in band widths
and the occurrence of band asymmetry (Nasdala e al.,
2003) as well as a shift to lower wavelength numbers
(Geisler et al., 2005). Note, however, that the maximum
spectral changes observed in synthetic zircon, even for a
substitution of about 12mol % USiOy as for the U-rich
Chernobyl zircon, are well below the changes found in our
study. To give an example, the FWHM in the U-rich
Chernobyl zircon approaches 6.7 em™! for the v3 (Byg)
mode, while up to 20.3 em™! were found for Malawi
zircon. We assume that the effect of line shift and
broadening is further enhanced by vacancy formation and
the problem to compensate for these structural changes by
ordering processes, twinning etc. promoting local strain
domain formation. Note that the zircon structure is very
rigid as reflected by the unusually low thermal expansion
and compressibility of zircon (Ozkan & Jamieson 1978;
Hazen & Finger, 1979; Speer & Cooper, 1982).

Reddy et al. (2006, 2009) assigned similar internal
textures detected by EBSD to deformation events induced
by external stress. Growth in open space and lack of any
signs of deformation preclude such an interpretation in our
case. Summarizing, we favour internal (structural)
mechanisms to be responsible for the occurrence of
tensional strain.

The suggestions made here on the role of internal strain
are corroborated by the results obtained from the Raman
measurements along the two profiles crossing two textural
arcas of orientation distribution in the second crystal
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(Fig. 8 and Fig. 9b). The extent of domain misorientation
measured by EBSD correlates with the extent of assumed
tension and strain distribution indicated by the Raman
spectra. Partial relaxation of strain between the two arcas
seen in the Raman spectra after intense electron irradiation
during EBSD analysis (Fig. 8) may be explained by local
heating effects and by electron trapping in the zircon
structure. namely, oxygen vacancies can act as excellent
electron traps.

Remarkably, the observed domain structure with related
tensional strain distribution may also explain the band
asymmetry observed in the Raman spectra. As shown
above, the resolution of Raman spectroscopy and the
domain sizes are of comparable order. That means that two
or more domains may be present within a single Raman
spot. The resulting effect leading to the appearance of
asymmetric Raman bands in the spectra was carlier
demonstrated by Nasdala er al. (2005) by an intentional
measurement on a boundary between two areas with quite
different degrees of metamictization in a single zircon
grain. The asymmetry may be also related to strain
distribution within single domains.

No asymmetry was observed in our previous study on
single crystals of hydrothermal zircon from the Malawi
sample (Kempe er al., 2010). In that work, the volume
probed by the Raman measurements was further enlarged
by focusing the laser beam below the sample surface with
a resulting signal averaged over a much greater number of
domains. We assume that high statistics in strain
distribution yielded symmetric broad bands in the
resulting composite spectra.

Note that in a conventional study, the Raman spectrosco-
py of the hydrothermal zircon from Malawi would suggest a
high degree of metamictization. Such samples are com-
monly avoided in geochronological studies. However, no
general analytical problems except enhanced contents of
common lead were met during our SHRIMP analysis.

4.5. CL spectroscopy

While the CL spectra of the magmatic zircon reflect the
well-ordered structural state of this zircon with common
broad-band emissions accompanied by some weak line
emissions related to the REE™™, the CL spectroscopy of
the yellow hydrothermal zircon underlines its unusual
character. The strong REE®™ line emissions correspond to
the high contents of the REE in the crystals. Remarkably,
there are crystal areas with even more intense emissions
from the light REE than from the heavy one. Comparable
intense Nd** emission were not yet reported in the
literature for natural zircon. Note that heavy REE fit casier
into the zircon structure than light REE. Accordingly,
higher local distortion may be expected from the very high
light-REE contents. On the other hand, comparison of the
Dy’ emission in well-ordered brownish magmatic zircon
and in the yellowish hydrothermal one does not show any
significant line broadening (cf. Fig. 3 and Fig. 4). Although
this may be related to some extent to the resolution of the
fine structure in our spectra, this observation may also
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indicate preservation of long-range order (resulting in only
weak variations in the crystal field around the REE) in the
hydrothermal zircon despite significant substitution of
non-formula elements (¢f. Lenz ef al, 2013; Lenz &
Nasdala, 2015). However, the more sensitive, common
broad-band emissions related to the defect structure in
well-ordered zircon (Kempe et al., 2000, 2010) are
completely absent in the hydrothermal zircon indicating
that some kind of disorder should be present. We assume
here that the quenching of intrinsic broad band lumines-
cence results mainly from the high vacancy concentration
discussed above.

4.6. Possible consequences for the model of zircon
metamictization

Although the yellowish hydrothermal zircon discussed
above is certainly a very rare and extreme case, we assume
that our findings may also contribute to the general
understanding of the phenomenon of disorder in zircon
and zircon metamictization. Besides the accepted model
assuming radioactive decay as the leading process, there
may be other mechanisms operative and resulting in the
effects observed. One assumption made previously for
metamic minerals in general was that metamictization may
be related to the formation of very small, metastable and
partially ordered domains with high defect densities within
the crystals which show a misorientation distribution
(Pyatenko, 1970; Graham & Thomber, 1974, 1975). The
formation of such domains may or may not be accelerated
by radioactive irradiation. It was further assumed that the
formation of such domains may be induced by a complex
composition, substitution of large cations and/or charge
unbalances (Alcksandrov, 1960; Graham & Thornber,
1974). Note that metamictization most often occurs in
complex oxides where ordering processes are complicated
by the complex chemical composition and in structures
with highly charged cations (Graham & Thornber, 1974,
1975). Meldrum et al. (1999) noted as a result of TEM
investigations on zircon that a polycrystalline structure is
observed in natural metamict zircon which is not
reproduced by ion irradiation. Slightly misoriented
microcrystallites about 100 nm in size were also found
by Bursill & McLaren (1966) in a TEM study on another
metamict zircon. In Fig. 13, we compare the orientation
distribution in the EBSD pole figure [1 0 0] of our Malawi
sample with the orientation distribution reported by Rios
& Salje (1999) for diffuse X-ray scattering of the (4 00)
reflection in the reciprocal space of a slightly metamict
sample from Moroto (Uganda). The similarity is striking.
The latter authors explained their results by an intrinsic
mosaic of the sample and swelling of defective arcas.
Note that according to our interpretation of the line
broadening and shift, Raman spectroscopy of partly
metamict zircon indicates always tensional strain for the
damaged and undamaged crystalline parts present there
along with amorphous regions, according to the accepted
model for zircon amorphization (see Chakoumakos et al.,
1987; Salje et al., 1999; Zhang et al., 2000). In contrast,
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Fig. 13. Similarity in orientation distribution of (a) domains in the
hydrothermal zircon from Malawi illustrated by the central part of
the [100] EBSD pole figure (this work) and (b) for Moroto zircon
(Rios & Salje, 1999) illustrated by diffuse X-ray scattering of the
(400) reflection in the reciprocal space.

compression is expected according to the amorphization
model in highly metamict zircon when the volume swelling
is mainly related to the volume increase by formation of
amorphous regions (Weber & Maupin, 1988), i.e. beyond
the second percolation point (Salje et al., 1999).

In conclusion of this discussion, we would stress the
convergence between both mechanisms of amorphization,
namely complex substitution and radioactive irradiation,
because the «-recoil during the decay of U and Th
produces mostly oxygen vacancies (Bursill & McLaren,
1966; Park et al., 2001; Ewing et al., 2003) which are
responsible for strain and misorientation distribution in the
present case of the Malawi zircon. In the Malawi zircon,
however, oxygen vacancies were rather formed by charge
compensation for trivalent elements substituting into the
zirconium site.

4.7. Hydrothermal activity and cooling history of
the Mt. Malosa complex

Our results may also shed some light on the magmatic and
hydrothermal history of the Mt. Malosa complex.
Although more geochronological work is needed, the
age defined for the apparently magmatic zircon in our
sample indicates that alkaline magmatism at least in the
Zomba-Malosa massif may be significantly older than
previously assumed (Eby ef al., 1995). As a consequence,
K-Ar ages for amphibole and fission track ages for apatite
and zircon reported by the latter authors may reflect
hydrothermal reset ages rather than cooling ages.

5. Conclusion

The example of the unusual hydrothermal zircon from Mt.
Malosa, Malawi suggests that Raman spectroscopy of
partly or strongly disordered zircon may reflect internal
strain due to misorientation domain structures of variable
size. Changes in the spectra may not directly be linked to
the damage of the long- and short-range order in the crystal
caused by radioactive irradiation. This fact again raises the
problem of the nature of the disorder frequently observed
in natural zircon.
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4.4  Assistant Professor at Albert Ludwig University

After several years of practice at professional level in SEM imaging and analytics, | decided to return to
the academic community.

| obtained in 2011 an assistant Professor position within the geology department on the Albert Ludwig
University in Freiburg im Breisgau (Germany). My contract was on a two years fixed-term basis.

I integrated the research team of Professor Kenkmann within a project focused on impact driven mechanical
effects affecting a variety of earth crust materials. This discipline was totally new to me and therefore
exciting plus challenging. Dynamic processes such as pressure and shock waves induce a specific set of
material responses leading to failure (Melosh, 1989). These research activities enriched my earth sciences
culture while using my multidisciplinary approach in terms of fieldwork, microfabric analysis and rock
petrophysical plus mechanical properties characterization.

My activities within the research group and the MEMIN (Multidisciplinary Experimental and Modeling
Impact Research Network, DFG — Research Unit FOR — 887 Experimental Impact Cratering) projects were
multiple. I was in charge of putting back into service and upgrading a FORM+TEST Alpha 2-3000 S triaxial
device, having a 3000 kN axial load, 150 MPa confining pressure and 200°C heating capacities. | also
received the responsibility to develop the EBSD sample preparation facility and manage the SEM
laboratory. | optimized the available EBSD system and participated to installation of an EDS Oxford
Instruments X-Max EDS detector.

My experience in terms of microfabric analysis was used to characterize deformation features of a steel
projectile during an impact experiment (Kenkmann et al., 2013). Hypervelocity cratering have been
modeled using centimeter-size steel projectiles impacting sandstone targets at velocities ranging between
3400 and 5300 ms™. In this contribution, | have been interested in the deformation mechanisms active in
the projectile itself using a combination of SEM imaging and EBSD analysis. Plastic deformation was
dominant in the projectile and was accommodated by a combination of dislocation glide and climb. Some
brittle fracturing and melting of both projectile and sandstone target were observed as well. At the highest
speeds, a significant amount of grain annealing was noticed within the projectile.

| also participated to a research program dedicated to dynamic load of quartz crystals. | proposed to use
both a diamond anvil cell and synchrotron radiation at PETRA 1ll, DESY Hamburg (Germany). This setup
permits to reach pressures in the GPa range, i.e. well above the values obtainable in the previously
mentioned triaxial device while studying simultaneously phase transitions in the mineral. The goal was to
investigate the development of high pressure o quartz polymorphs under dynamic and non-hydrostatic
conditions. Our experiments revealed that a quartz did not transform to coesite as predicted from phase
diagram during static experiments at equilibrium conditions but was instead amorphized and partially
converted to stishovite between 20.7 and 28 GPa (Carl et al., 2017).

Besides my research and laboratory management activities, | was in charge of several lectures in the field
of petrophysics, accretionary prism modeling in sand box apparatuses and general geology. | participated
in several field camps in central Germany and organized a field trip in the Armorican massif in Brittany
(France).
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Abstract-We carried out hypervelocity cratering experiments with steel projectiles and
sandstone targets to investigate the structural and mineralogical changes that occur upon
impact in the projectile and target. The masses of coherent projectile relics that were
recovered in different experiments ranged between 58% and 92% of their initial projectile
masses. A significant trend between impact energy, the presence of water in the target, and
the mass of projectile relics could not be found. However, projectile fragmentation seems to
be enhanced if the target contains substantial amounts of water. Two experiments that were
performed with 1 cm sized steel projectiles impacting at 3400 and 5300 m s~' vertically onto
dry Seeberger sandstone were investigated in detail. The recovered projectiles are intensely
plastically deformed. Deformation mechanisms include dislocation glide and dislocation
creep. The latter led to the formation of subgrains and micrometer-sized dynamically
recrystallized grains. In case of the 5300 ms~' impact experiment, this deformation is
followed by grain annealing. In addition, brittle fracturing and friction-controlled melting at
the surface along with melting and boiling of iron and silica were observed in both
experiments. We estimated that heating and melting of the projectile impacting at 5300 m s
consumed 4.4% of the total impact energy and was converted into thermal energy and heat of
fusion. Beside the formation of centimeter-sized projectile relics, projectile matter is
distributed in the ejecta as spherules, unmelted fragments, and intermingled iron-silica
aggregates.

INTRODUCTION

Abundant extraterrestrial material has been delivered
to Earth throughout its history via impact events; the
physical and chemical processes that affect the
composition and distribution of projectile matter upon
impact, however, are not yet understood in sufficient
detail (Kearsley et al. 2004; Koeberl 2007). Fragments of
the projectile are preserved at young, simple impact
craters, like Meteor (Barringer) Crater, USA (Buchwald
1975; Mittlefehldt et al. 2005); Wolfe Creek, Australia
(Knox 1967); Wabar, Saudi Arabia, Monturaqui, Chile,
Henbury, Australia (Gibbons et al. 1976); or Kamil,
Egypt (Folco et al. 2010, 2011; D’Orazio et al. 2011).

© The Meteoritical Society, 2013.

Large craters only rarely contain projectile relics (Maier
et al. 2006). Traces of the projectile occur in larger and
older impact structures as chemical components (e.g.,
nickel, chromium, osmium isotopes, platinum group
elements [PGEs]) in various settings, including impact
melt rocks and breccias, and fractures in the crater floor
(Grieve et al. 2006; Tagle and Hecht 2006; Tagle and
Berlin 2008). This “‘meteoritic component™ allows the
deduction of the type of projectile via measurement of
the element abundances and ratios of the PGEs,
although interelement fractionation of the PGEs during
emplacement or postimpact alteration may hamper a
correct identification of the projectile type. The best-
known example for a meteoritic component is the iridium

150
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anomaly in the worldwide Cretaceous-Paleogene (former
“K/T”) event bed that represents the distal ejecta of the
approximately 200 km sized Chicxulub impact structure,
Yucatan, Mexico. The Chicxulub impact event triggered
the “K/T" mass extinction event (Hildebrand et al. 1991;
Schulte et al. 2010).

The physical conditions during emplacement of
projectile matter, modes of target-projectile mixing, and
possible fractionation processes are not well constrained
(e.g. Evans et al. 1994; Koeberl 1998). Projectile matter
could be emplaced in condensates from a vapor phase, as
melt droplets, as fine-grained solid material, or as spall
fragments. Experimental cratering with well-defined
projectile matter and sophisticated ejecta catcher
arrangements is a good approach to study projectile
dissemination (Shoemaker et al. 1963; Jammes et al. 1983;
Rowan et al. 1996; Kearsley etal. 2007). Previous
attempts to detect projectile matter in melt lithologies
produced by hypervelocity experiments were made with
scanning electron microscope (SEM) or electron
microprobe (EMP) analysis (Horz et al. 1983; Rowan and
Hoérz 1995). These experiments were performed with
metal targets (e.g., Au, Cu, Al, Mo), and rocks (e.g.,
basalt glass, dunite) or Fe-Ni-PGE alloy (Evans et al.
1994) as projectiles. Only Shoemaker et al. (1963) and
Jammes et al. (1983), who investigated projectiles,
performed experiments in approximate analogy to nature
by using quartz sand or sandstone as targets. Generally,
only limited indications of mixing between projectile and
target melts were reported in these experiments. For
silicate projectiles, Horz et al. (1983) and Rowan et al.
(1996) observed fractionation between some major
elements, which was attributed to selective oxidation/
reduction and/or selective vaporization processes.
Impact-related high-temperature vaporization of silicates
and metals was also investigated by means of laser pulse
experiments (Gerasimov et al. 2005).

The analysis of the deformation inventory of
projectile relics has not been considered in detail so far
and is a focus of this contribution. We present results of
hypervelocity cratering experiments using steel projectiles
(Figs. 1 and 2) and sandstone targets. We specifically
focus on two experiments that were conducted as a pilot
study (P1-2808) (Schifer et al. 2006; Kenkmann et al.
2007, 2011) and test shot (3232) in the framework of
the Multidisciplinary ~ Experimental and Modeling
Impact Research Network (MEMIN), but include for
comparison recent MEMIN experiments. One major goal
of this study is to reach a better understanding of the
parameters that control the fate of projectiles in cratering
events, i.e., their dissemination into the target by
injection, and ejection, vaporization, and condensation.
This study resulted in the selection of appropriate
projectile materials (Ebert et al. 2013) for the recent series

Fig. 1. Optical micrograph of steel SAE 4130 used as a projectile
in the MEMIN cratering experiments PI1-2808 and 3232:
The homogeneous matrix is peppered with heterogeneously
distributed Si-C-rich domains (dark to medium grey) of various
sizes and compositions. Note that the SiC domains are primary
and are not a relic of the sample grinding and polishing
procedure. Reflected light, // nicols.

of impact experiments (Poelchau et al. 2013). The impact
velocities of the experiments presented here are
comparable to those typical for small iron projectiles
decelerated by the Earth’s atmosphere and, hence, are
applicable to small terrestrial craters like the Kamil crater
(D’Orazio et al. 2011).

METHODS
Experimental Setup

Cratering experiments were conducted with a two-
stage light-gas gun developed at the Ernst-Mach-
Institute (EMI), Efringen-Kirchen, Germany (Schifer
et al. 2006). We fired steel spheres of 10 and 12 mm
diameter and masses of 4.1-4.6 g with velocities ranging
between 2500 and approximately 5300 m s~ vertically
onto blocks of Seeberger Sandstein. Cratering and
ejection processes were monitored by a high-speed
framing camera (Fig. 3). Details of the experimental
setup and the obtained craters are given in Kenkmann
et al. (2011) and Poelchau et al. (2013).

Geochemical Analysis

Whole rock geochemical analysis of the target was
carried out by X-ray fluorescence spectroscopy (XRF) on
glass pellets at the Museum of Natural History Berlin
(MfN). In addition, projectile and target materials were
characterized by optical and electron microscopy. The
deformed samples were analyzed using a scanning
electron microscope (SEM, JEOL-JSM 6300 at MfN;
LEO 1525 field emission gun microscope at Albert-
Ludwigs-Universitit Freiburg, ALU) in backscattered
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@ Exp.3232,
3400m/s, front

A Exp.P1-2808,
5300m/s, front

B Exp.P1-2808,
5300m/s, rear

Exp.3232,
D : 3400m/s, rear

Fig. 2. Recovered steel projectiles. A) front, B) rear of the initially spherical projectile of experiment P1-2808. C) front, D) rear of
the projectile relic of test shot 3232. Image width: approximately 2 cm.

Fig. 3. High-speed shadowgraph image of dry experiment P1-
2808, showing a reflected projectile relic (black arrow indicates
bright particle) as it overtakes the central plume. The
brightness indicates a high temperature.

(BSE) and secondary electron mode (SE). High-
resolution element mapping (4076 x 3072 pixels) was
acquired with a Bruker AXS Quantax EDS system using
a silicon drift detector that allows ultra-high resolution.
The energy resolution of <125 eV at Mn-Kuo, resulting in
<48 eV at C-Ka worked at count rates of 100,000 cps.

Texture Analysis

For texture analysis of projectile relics, the technique
of electron back scattered diffraction (EBSD) was
applied. EBSD enables the measurement of the
crystallographic orientation of minerals and metals, and
the calculation of misorientation axes and angles between
any two data points (Prior et al. 1999). Orientation
contrast (OC) images allow the mapping of all
misorientation boundaries in a specimen, and thus
provide a location map for EBSD analyses. EBSD
coupled to OC imaging in the SEM enables complete
specimen microtextures to be determined (Prior et al.
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1999). For the analysis of the texture, the projectile relic
was fully impregnated in epoxy resin and sectioned using
a 0.8 mm thick diamond blade mounted on a precision
saw. A low rotation speed and sufficient cooling were
used to minimize preparation-related deformation
during cutting. Grinding and subsequent polishing were
performed using silicium carbide lapping films and
polycrystalline diamond suspension down to 3 pm grain
size. A final surface treatment with aluminium oxide
suspension was applied using a soft synthetic cloth under
the sample’s own weight for 15 min.

SEM-EBSD work at the LEO 1525 field emission
gun microscope (ALU) was performed under high
vacuum conditions with a 120 pm aperture. Sample
charging due to surface oxidation was avoided by vapor-
depositing a 2-3 nm thick carbon film on the polished
surface. Prior to mounting in the SEM chamber, the
sample was demagnetized using an electromagnetic coil
to avoid image drift during acquisition. Orientation
contrast images on steel were made at 12 kV acceleration
voltage and a sample-to-backscatter detector distance of
less than 2 mm. Atomic contrast images were taken
using the same set-up, but longer working distances.
EBSD analysis was performed using a commercial
Oxford Crystal system with a modified detector. The
SEM was operated at 18 kV and with a 27 mm working
distance. Due to hardware limitations, the minimum
electron back scattered pattern acquisition time was 150
milliseconds per point. EBSD maps were constructed via
beam scanning with a step size of 0.15 um. The crystal
lattice of iron bec (body-centered-cubic) was used for
automatic indexation of the captured diffraction pattern.

RESULTS OF THE CRATERING EXPERIMENTS
Characterization of Projectile and Target

Our analysis mainly concentrated on the experiments
P1-2808 and 3232. In these experiments, we used
spherical projectiles of alloyed heat-treatable steel SAE
4130 (German Industry standard material number DIN
1.7218) whose composition is given in Table 1. Figure 1
illustrates the textural and chemical heterogeneities of
this steel. The homogeneous matrix of this steel contains
heterogeneously distributed Si-C-rich domains of various
sizes and compositions (Si 25-70 wt%, C < 75 wt%).
The melting temperature of SAE 4130 is approximately
1430 °C.

The target material is upper Triassic Seeberger
Sandstein, a sandstone quarried at Seeberg near Gotha,
Germany (Stiick et al. 2011; TRACO-company). The bed
chosen for the target block (bank 5) is an arenitic
sandstone with grain size of 0.17 £ 0.01 mm (Kenkmann
et al. 2011). It exhibits a centimeter-spaced layering with

Table 1. Chemical composition of the projectile matter
in experiment P1-2808 and test shot 3232 used for this
study (steel SAE).

(Wt%) Projectile steel SAE
C <0.33

Si <0.3

P <0.035

S <0.04

Cr 0.92 + 0.17
Mn 0.51 + 0.10
Fe 97.3-98.2
Co 0.14 + 0.03
Ni 0.07 + 0.02
Mo 0.16 + 0.05

a porosity varying between 12 and 20 vol%. Quartz
grains often contain thin coatings of iron oxides and clay
minerals. Accessory minerals are feldspar, mica, zircon,
and hematite. The rock has the following composition
(XRF) [wt%]: 97.2 SiO,, 0.11 TiO,; 1.2 AlO3, 0.25
Fe>03, 0.08 Ca0, 0.02 Na»0, 0.12 K,0, 0.6 LOI (loss on
ignition).

In subsequent experiments, we also used the iron
meteorite Campo del Cielo and the alloyed steel D290-1
as projectiles (Table 2) (Ebert et al. 2013; Poelchau et al.
2013).

Experiment

In experiment P1-2808, a | cm steel sphere (4.1 g)
was launched into an air-dry sandstone block with an
impact velocity of 5340 ms~'. The impact energy was
58.4 kJ. A comprehensive description of the experiments
is given in Kenkmann etal. (2011). Planar impact
approximation using coefficients for iron and Coconino
sandstone (Kieffer and Simonds 1980) yielded a peak
shock pressure of 70 GPa (Poelchau et al. 2013). The air
pressure in the target chamber was 500 mbar. The test
shot 3232 was carried out under identical condition
with an impact velocity of 3400 m s~ (23.7 kJ). For
experimental details of the experiments listed in Table 2,
we refer to Poelchau et al. (2013).

Recovered Projectile

In the experiment P1-2808, 2.84 g (69 wt%) of the
projectile was recovered from a fiber board mounted
approximately 55 cm adjacent to the target surface. The
remaining 31 wt% of the projectile were melted or
vaporized, or dispersed to very fine fragments. The soft-
wood fiber building board surrounding this piece was
burnt, documenting the high temperature of the steel
fragment. This piece was traced in one shadowgraph
image (Fig. 3) as it overtook the expanding central
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Table 2. MEMIN experiments in which larger projectile relics were recovered. For experimental details, see

Poelchau et al. (2013).

Sphere
diameter

Impact

Projectile velocity mass

Projectile Impact Target
energy conditions

Target
dimension

Projectile

: Projectile
relic mass

relic

Experiment material (mm) (ms) (g (kJ)

(sandstone) (cm) (g) (%) characteristics

P1-2808 SAE 4130 steel 10 5340 4.1 58.4

P2-2809 SAE 4130 steel 10 5270 4.1

%)
[S5]
%)
(5]

SAE 4130 steel 10 3400 4.1

E1-3382 D290-1 steel 12 4564 4.6

E2-3383 D290-1 steel 12 4578 4.6 48.2

D4-3299 Iron meteorite 10 3507 4.12 253

D5-3300 Iron meteorite 10 2503 4.14 13.0

E3-3384 Iron meteorite 12 4590 4.6

Dry 100 x 50 x 50 2.84 69.27 One large
bowl-shaped
fragment

Tiny fragments
<1 mm

One large
bowl-shaped
fragment

One mid-size
bowl-shaped
fragment and
irregular-shaped
fragments

One small
bowl-shaped
fragment
and irregular-
shaped
fragments

One large
bowl-shaped
fragment

One large
bowl-shaped
fragment

Irregular-shaped
fragments

Wet - 44% 100 x 50 x 50 — -

Dry 100 x 50 x 50 ~T73

Dry 80 x80x 50 3.23 70.19

Wet - 50% 80 x 80 x 50 58.36

50 x 50 x 50 7.7

50 x50 x 50 3.24 78.33

Wet - 50% 80 x 80 x 50

plume at a speed of about 450 m s~'at 280 ps after the
initial contact of the projectile with the target.

In the experiment 3232, 73% of the projectile was
recovered. Projectiles were also recovered from other
MEMIN experiments (Fig. 4; Table 2). The masses of
coherent projectile relics range between 58% and 92% of
their initial projectile masses. A significant trend between
impact energy and mass of the recovered projectile relic
could not be found (Fig. 5). Likewise, no systematic
correlation could be determined between the water
content of the target and the recovery rate of the
projectile. However, the chance of fragmentation of
the projectile is enhanced if target water is present. For
instance, in experiment E3-3384 (Table 2; Fig4D),
numerous irregularly formed shrapnel fragments
developed. In experiment P2-2809 (Table 2), no larger
fragments could be collected.

Surface Features of the Deformed Projectile

The recovered projectile relics all have the shape of a
deformed bowl with a convex outer and an irregularly

formed or concave inner side, a serrated, sometimes
fragmented brim, and a knobby region in the center of
the inner side (Figs. 2 and 4). The overall shape points to
intense plastic deformation of the projectiles. The
detailed surface analysis of the projectile relic of
experiment P1-2808 shows that the serrated rim is
formed by brittle fracturing under tensile stresses, yet the
fracturing is intimately linked with melting (Figs. 6A-D).
Bubbles and droplets (Figs. 6A, 6C, 7C, and 7D)
indicate a temperature near the liquid—vapor transition
of the steel. Delicate melt filaments bridge the open
fissures (Figs. 6C and 6D). They indicate a rather low
viscosity of the melt. The convex-shaped part of the
projectile relic contains arrangements of parallel trending
grooves and striae, which are similar to slickenside
surfaces that develop on shear planes (Fig. 7A). The
orientation of striae and grooves are perpendicular to the
serrated brim. Some shear planes contain tiny spheroids
(Fig. 7B). Foam textures of burst spheroids indicate
boiling (Figs. 7C-D) as a result of shock and shear
heating. The boiling temperature of iron at ambient
pressure is approximately 2750 °C. The SEM analyses of
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A D4-3299

0.5 cm
—

B E1-3382

C E2-3383

D E3-3384

Fig. 4. Morphologies of recovered projectile relics of MEMIN
experiments. Front and rear sides are shown for each projectile
relic. Shrapnel-like splinters developed in experiment E3-3384
that was performed with a partly water-saturated target.
Experimental details are listed in Table 2 and in Poelchau et al.
(2013).

the composition of melt and spheroids suggest melting of
projectile and target (Fig. 8). Mixing of iron and silica
occurs in various proportions, although Fe analysis in
Si-melt is complicated by the presence of tiny Fe-droplets
(Ebert et al. 2013). A minor fraction of the Si-melt may
have originated from the SiC-rich domains in the steel
(Fig. 1). EDX analyses show that the Fe-spherules
contain traces of Ca, Al and Ti on their surfaces.
Sources of these elements are likely the phyllosilicate

100

]
o
"

~
o
"

o

=)
2
|

Mass,ejic/ Mass;ya * 100

w
o
A

30 T T T
0 20 40 60 80
impactenergy [kJ]

Fig. 5. The ratio of the projectile relic mass to the initial mass
of the projectile strongly scatters and shows no significant
correlation with the impact energy. Data are taken from
Table 2.

coatings around the quartz grains and Ti-oxide minerals
in the target sandstone. Deposition of these coatings may
be due to selective absorption or condensation.

Mosaics of atomic contrast BSE images provide
overviews of cross-sections of the projectile relics of
experiment P1-2808 and 3232 (Figs. 9A and 9B). Their
surfaces are partly covered by highly deformed
discontinuous layers with thickness varying between a few
micrometers and several millimeters. They occur along the
convex and concave sides of the projectiles and, in the
case of P1-2808, also along fractures within the main body
of the projectile relic. In both experiments, these layers are
composed of highly shocked and fragmented quartz
crystals impregnated by a matrix consisting of a
composite silica-oxide and steel melt (Fig. 9D) that was
welded to the projectile surface. Evidence of melting is
given by the presence of quenched Fe-droplets and a foam
structure indicative of degassing in both experiments. The
amorphous nature of the melt is confirmed by the absence
of an electron diffraction pattern in these areas. In the
case of experiment P1-2808 in which a higher level of
shock was achieved, all quartz grains show multiple sets
of planar deformation features (PDF) (Fig. 9D) and the
grains are welded by lechatelierite. In experiment 3232,
PDFs are less frequent.

In experiment 3232, a single crystal (80 um) of zircon
(Fig. 9C) was found in this outer layer. It shows
intersecting  planar to curvi-planar and lensoid
microstructures of a few micrometer width. BSE
orientation contrasts change abruptly and are either lower
or higher than the host grain, suggesting that the lamellae
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Fig. 6. A-D) SEM-SE micrographs of the surface of the recovered projectile relict (experiment P1-2808) showing bubbles of
various sizes and amorphous films decorating the projectile surface. Thin filaments bridging tensional cracks indicate low

viscosities of the melt films.

may represent micro-twins (Timms etal. 2012) or
deformation bands. The diffraction patterns of the lamellae
are weak and vanish with progressive radiation. This
suggests that these areas are strongly deformed domains
that locally lead to amorphization. Granular fabrics
formed by amorphization and decomposition of ZrSiO,
could not be detected (Fiske et al. 1994; Wittmann et al.
2006).

The two cross-sections of the projectile relics of
experiments P1-2808 (Fig. 9A) and 3232 (Fig. 9B)
display convex—concave sickle shapes. However, the
projectile relic of P1-2808 (Fig. 9A) has a more complex
geometry and is subdivided into several splinters. The
projectile relic of experiment 3232 shows a knobby region
near the center of its concave side. This is occupied by a
mass of fragmented quartz grains and steel splinters that
most likely were detached from the projectile relic during
spallation at the rear of the projectile. A thin film of steel
cements the individual elements together. Melting of
quartz grains in this zone is rare.

Deformation of the Recovered Projectile

Orientation contrast imaging was carried out
for the experiments 3232 and P1-2808 (Fig. 10). The

variable intensity of the contrast here does not depend
on differences in the atomic masses, but on the
orientation of the crystal lattice planes with respect to
the incident electron beam due to the electron
channeling mechanism. Orientation contrast within the
recovered projectile of experiment 3232 reveals a strong
grain shape preferred orientation (GSPO). Size,
orientation, and shape of recrystallized grains correlate
with their position within the deformed projectile and
indicate that the microstructures are the result of
impact deformation (Figs. I0A-C). In the vicinity of
the convex side of the sample, grain long axes are
parallel to the curvature of the rim. The diameters of
the crystal domains are usually <2 pm and their aspect
ratios (ratio of long and short axis) may exceed 10. In
the concave portion of the projectile, and in the central
area, a more irregular to chaotic pattern with no clear
GSPO is found. Due to their extremely small size,
several domains do not show a clear diffraction pattern.
Orientation contrast imaging of the recovered projectile
of experiment P1-2808 also displays domains with fine
grain sizes and strong GSPO parallel to the curvature
of the projectile surface (Fig. 10D). The grain sizes are
even finer grained and range in the submicrometer size.
However, these domains alternate with areas of large
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Fig. 7. A-D) SEM-SE micrographs of the surface of the recovered projectile relict (experiment P1-2808). A-B) The smooth and
striated surface is interpreted as a shear plane. Tiny spherules indicate melting by shear heating. C-D) Boiling bubbles and melt

films on a shear plane of the projectiles’ surface.

uniform grain aggregates that are not strained and that
formed perfectly equilibrated triple point networks
(Figs. 10D-F). This is an unequivocal evidence for
grain growth under static conditions and indicates

postshock  thermally induced annealing of the
microstructure.
EBSD mapping of the projectile relic 3232

(Figs. 11A and 11B) shows that the GSPO correlates
with a crystallographic preferred orientation (CPO)
(Figs. 11C and 11D). The maxima of the pole figures
suggest that several symmetrically equivalent glide planes
along {111} and (100) were activated and that slip
occurred in the [110] direction. The CPO indicates that
deformation mechanisms involving dislocation glide and
creep were active and that the projectile was plastically
deformed during its collision with the target rock.
Further evidence of plasticity is observable in the sub
grain and grain boundaries maps shown in Figs. 11E and
11G. Some intensively elongated grains show an internal
development of subgrain boundaries. The cumulated
internal misorientations reach values up to 50° (Fig. 11F)
as a result of elongation. The presence of low-angle grain
boundaries indicates that dislocations have migrated into
low-angle boundaries. Further grain deformation is

accommodated by subgrain rotation and leads to
subgrain rotation recrystallization and the building
of high angle boundaries. As a result of dynamic
recrystallization, fine grains developed. Indications for
subsequent annealing could not be found. In addition to
plasticity, the projectile shows several internal spall
fractures (Fig. 9A).

EBSD mapping of the projectile relic of experiment
P1-2808 (Figs. 12A and 12B) is shown in Fig. 12. The
extreme fine grain sizes (<1 pm) do not allow a proper
EBSD mapping and indexing of crystallographic
orientations. Where grain sizes allow indexing, the GSPO
also correlates with a CPO as in projectile relic 3232. In
contrast, the domains with large grains and stable triple
points do not show signs of a CPO. The grains are
internally strain-free (Fig. 12C). The misorientation
between adjacent grains is random (Fig. 12B). The
selective annealing of the projectile relic of experiment
P1-2808 is most likely a result of the heterogeneous
distribution of SiC inclusions within the steel (Fig. 1). In
domains where SiC inclusions occur, grain boundaries
are pinned and grain growth is prohibited. In domains
that are free of impurities, static grain growth could take
place.
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Fig. 8. Element mapping of the projectile surface (experiment
P1-2808). Iron (green) of the projectile and silicon (blue) show
intense mixing. Both phases indicate melting: iron forms
spherules, whereas silicon forms a thin melt film and delicate
apophyses. (Width of micrographs approximately 400 um.)

Projectile Residues in the Crater Floor and Dispersed in
the Ejecta

In addition to the large bowl-shaped projectile relics,
fine-grained metallic particles were collected in the
MEMIN experiments with a bar magnet from (1) the
ejecta catcher, and (2) the pulverized material decorating
the crater floor surface. The particles, which are
interpreted as residues of the projectiles, comprise of (1)
angular fragments, (2) spheroids that are similar in shape
to spheres produced in gas welding, and (3) delicate
carbon-rich paramagnetic apophyses (Fig. 13). The
apophyses from experiment P1-2808 intensively pervade
and impregnate the fine-grained sandstone target and
weld the quartz grains (Fig. 13). Injection along early
formed fracture planes would theoretically form two-
dimensional injection planes. The dendroid shape
appearance of these apophyses does not support the

8 mm

Fig. 9. A) BSE overview of the studied sample cross-section of
the projectile relic P1-2808 (bright areas: steel, dark grey areas:
sandstone remnants). B) 172 stitched BSE images display a
cross-section of the projectile relic 3232. Note the discontinuous
thin silicate layer at the outer rim of the sample and the
rounded sandstone/steel imbricate next to the inner rim. Stars
indicate areas investigated by means of Orientation Contrast
imaging and EBSD mapping. SF is a spall fracture. C)
Orientation contrast (OC) image of a deformed zircon single
crystal adjacent to projectile relic 3232 (see B for location). D)
BSE image of vesicular lechatelierite and shocked quartz grains
with abundant planar deformation features. This type of shock
metamorphosis is typical in the matter that is glued to
projectile P1-2808.

assumption that the metallic injections occurred along
fracture planes. The compositional variety of the
residues is large and exceeds the range defined by the
compositional  end-members  steel, quartz, and
phyllosilicate; carbon is locally enriched. A possible
source of carbon could be the carbon-rich inclusions in
the steel (Fig. 1) or carbon from the fiber board.

DISCUSSION

Planar impact approximation suggests that the peak
shock pressure in experiment P1-2808 may have locally
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Fig. 10. EBSD coupled to OC imaging in the SEM enables complete specimen microtextures to be determined. Orientation
contrast (OC) images of areas situated along the outer rim of the steel projectile (see location of positions in Fig. 9B). Note the
intense grain shape-preferred orientation and grain elongation dipping NE/SW (A) for position 1, horizontal (B) for position 2,
and dipping NW/SE (C) for position 3 in projectile relic 3232. Long grain axes are oriented parallel to the projectile surface
indicating strain elongation. Orientation contrast images (D) through (F) were carried out on the projectile relic of experiment
P1-2808. They display very fine-grained domains with a grain shape-preferred orientation alternating with annealed domains.

reached 70 GPa (Poelchau et al. 2013). The peak shock
pressure in experiment 3232 may have reached 40 GPa.
The dynamic response of steel and iron to shock wave
loading was investigated, e.g., by Barker and Hollenbach
(1974) or Brar and Rosenberg (1996). The Hugoniot
elastic limit of almost pure iron was found to be
1.37 GPa. This provides a limit for the brittle response of
the recovered projectile. At shock pressures > 13 GPa,
the passage of the shock front causes iron-bcc to
transform into a close-packed phase where most of the
structure is isotropic hexagonal close-packed (hcp) and,
depending on shock strength and grain orientation, some

fraction is austenite face-centered-cubic (fcc) (Kadau
et al. 2007).

The observed melting and even vaporization of steel
in experiment P1-2808 are in stark contrast to the
expected shock and postshock heating of iron. For
instance, iron shocked to 39 GPa experiences a volume
compression of 19% and temperature rise of only
approximately 320-340 °C (Kadau et al. 2007). The
postshock temperature rise of steel upon unloading from
a peak pressure of 60-70 GPa is on the order of only
400 °C. This temperature is clearly insufficient to melt
considerable amounts of the steel projectile, which has a
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Fig. 11. A, B) EBSD maps from locations 1 and 3 (see Fig. 9B) of sample 3232 with step sizes of 0.15 um. The color coding
represents the preferential orientation of the horizontal direction in the given inverse pole figure look-up table. C, D) (100), (110),
and (111) pole figure distributions; equal area projection, lower hemisphere, linear scale, and relative intensity. Orientation data
extracted from maps 1 and 2, respectively. Note the strong CPO related to the plastic deformation of steel. E) Grain/subgrain
boundary maps extracted from a selected region of map 1 (see location A). Image in the background is the EBSD pattern quality
map. Green line: local misorientation between 5 and 10 degrees: red line: local misorientation higher than 10°. F) Misorientation
profile across a highly elongated grain. The value of misorientation is calculated from the first orientation value calculated at point
X. G) Grain/subgrain boundary map extracted from map 2. Same color coding as E).

melting temperature of 1430 °C. Significant differences in
shock impedance between the iron phase and the
<40 pm-sized Si-C-rich domains (Fig. 1) may, however,
explain the presence of solidified Si-rich shock-melt
filaments. Multiple shock reverberation at the iron-SiC
phase boundaries could lead to a shock pressure
equilibration between iron and SiC and would cause a
strong temperature increase in SiC.

A possible source for the strong projectile heating in
addition to shock and postshock heating is the strong
temperature increase in sandstone upon shock loading.

Porous sandstone achieves a shock temperature of
1000 °C at shock pressures of 15 GPa (Ahrens and
Gregson 1964; Stoffler and Langenhorst 1994).
Extraordinary heat pulses in sandstone are caused by the
high shock impedance contrasts between the quartz
grains and the interstitial pores and the abrupt closure of
pore space (Kieffer 1971). In dense quartz, 45 GPa are
necessary to reach this temperature. The temperature
pulse within the porous target may specifically affect the
immediate projectile-target interface and its surrounding
where the heat could be conducted. Shoemaker et al.
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Fig. 12. EBSD mapping results obtained on sample P1-2808
(see Fig. 9A for map localization) using a beam acceleration
voltage of 20 kV and a step size of 180 nm. A) Pattern quality
map. The pattern quality depends on crystal perfection and
phase orientation as well as on experimental parameters
(Humphreys et al. 2001). B) Inverse pole figure map
(Z direction, normal to the plane of measurement) overlain on
the pattern quality map in semi-transparency mode. Note the
color uniformity within the large grains indicating the lack of
internal misorientations. C) Texture component map overlain
on the pattern quality map in a semi-transparency mode. The
rainbow color coding represents the deviation from an
arbitrary  reference  orientation (RO; Euler angles:
Psil = 21.93°, PHI = 40.32°, Psi2 = 32.29°). The blue color
represents no deviation from the reference, the red color a
maximal deviation of 60°. The large angular deviation spread
visible in the histogram to the right of the map indicates the
lack of any crystallographic-preferred orientation.

(1963) performed an impact experiment with a steel
projectile and Coconino sandstone, and estimated that
the total heat flow across the interface is about 4 J cm ™2
leading to a net temperature increase of only 10-20 °C in
the steel projectile. Thus, heat conduction from a hot
target to the projectile is limited and cannot account for
the high temperature within the projectile.

More important heat sources stem from dissipation
of internal energy as heat during plastic deformation and
frictional shearing (Kenkmann et al. 2000; Langenhorst
et al. 2002; Van der Bogert et al. 2003; Spray 2010). Both
processes can be observed in the investigated samples
and are spatially separated. Whereas shear heating
predominantly affected the surface of the projectiles
and even led to localized boiling of iron at the
immediate projectile-target interface, plastic deformation
pervasively heated up the interior of the recovered
projectile by crystal plasticity. The texture analysis of the
projectile relics revealed that both dislocation glide and

dislocation creep played important roles for the ductile
response, whereas twinning is of subordinate importance.
Dislocation glide led to a strong grain shape and
crystallographic-preferred orientation. In the projectile
relic of experiment 3232, this is particularly observed
near the convex outer part of the recovered projectile
and the grain elongation is parallel to the surface
(Figs. 10B and 11A-C). Dislocation creep resulted in
dynamic recrystallization and the formation of fine grain
sizes with low aspect ratios. In the projectile relic of
experiment P1-2808, the dynamically recrystallized grain
size is finer than in experiment 3232, indicating a larger
amount of accommodated strain in experiment P1-2808.
The creep behavior of iron alloys strongly depends on
the C-content (Lesuer et al. 2001). High-temperature
creep with dynamic recrystallization is expected at
homologous temperatures 7/7y of 0.7 and higher,
where Ty is the melting temperature. Dislocation creep
and dynamic recrystallization are associated with atom
diffusion through the crystal lattice. As diffusion is a
rate-dependent process, the period of deformation plays
a critical role. High-temperature creep is restricted to the
period of the contact and compression phase that lasted
approximately 1-2 ps.

The presence of deformation features indicating high-
temperature creep suggests that both projectile relics were
heated to at least 900-1000 °C. For the projectile relic of
experiment P1-2808, the real temperature was most likely
higher than this. The corresponding thermal energy O,
required for a temperature change AT of the projectile
with mass m, is given by O = ¢, m AT. The specific heat
capacity ¢, of steel SAE 4130 is 0.48 KJ ' kgt KL
Thus, 2.3% of the total impact energy (P1-2808: 58.4 kJ)
is consumed for heating the projectile. Assuming that the
entire missing mass (1.26 g) of the projectile in experiment
P1-2808 was melted (31%), a minimum thermal energy of
850 J is required to achieve this temperature and about
365 J to convert the solid at its melting point into a liquid
without increase in temperature (latent heat of fusion of
iron 288 J ¢7!), equivalent to approximately 2.1% of the
total impact energy. This value may represent an upper
limit as it is not sure that the entire missing projectile was
melted. Even boiling of iron was locally found to occur on
shear planes at the projectile target interface and in
residues. However, the quantity of vaporized iron and the
input of heat for vaporization cannot be estimated here,
but may counterbalance the overestimated thermal energy
for melting. To summarize, heating plus melting of the
projectile consumed about 4.4% of the total impact
energy in the case of experiment P1-2808. The projectile
experienced high temperatures for at least 250 ps (Fig. 3).
However, high-temperature creep was restricted to the
period of the contact and compression phase, as the
differential stress required for dislocation motion may
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Fig. 13. SEM-SE micrographs of a paramagnetic fragment collected from the crater floor of the dry experiment P1-2808. A-C)
Apophyses permeate a deformed sandstone aggregate. The branches are enriched in C, Fe, and Si. D) Polished cut surface of one

of the apophyses (SEM-BSE micrograph).

have dropped to zero during the ejection process. After
this time, the projectile relic left the presumably very hot
central ejecta plume (Fig. 3). Static annealing of steel
SAE 4130 occurs above approximately 850 °C. The
observed annealing of the projectile relic of experiment
P1-2808 indicates that this temperature must have
persisted for a while after deformation, whereas in
experiment 3232, the temperature should have rapidly
dropped below 850 °C. In the smaller scale impact
experiment of Shoemaker et al. (1963) who also used a
steel projectile and a sandstone target (impact energy
3.7 kJ), about 10% of the projectile material was melted.
The recovered projectiles of our MEMIN experiments
were strongly distorted. Their convex sides lined the
growing crater cavity. The projectile relic of experiment
P1-2808 was more severely stretched and strained. When
the shock wave was reflected at the inner side of the
projectile, the deformed projectile was subjected to brittle
tensile fragmentation. Subsequently, the splinters were
stacked and pushed together (Fig. 9A). To a lesser degree,
this is also seen in the knobby and rough region in the
inner part of the concave, bowl-shaped projectile relic of
experiment 3232 that contains numerous steel splinters
that were originally located at the rear of the projectile,
but became intermingled with target material that most

likely intruded from the sides, when the projectile fully
penetrated into the target. The recovered material shows a
variety of complex textures and chemical peculiarities. For
example, the origin of the silica in the recovered projectile
matter cannot be constrained with certainty. Textural and
chemical homogeneity of the projectile material are
important to avoid unbalanced mass distribution, and a
clear chemical distinction from the target sandstone. Ebert
et al. (2013) give a detailed geochemical analysis of
projectile—target interaction using Campo del Cielo iron
meteorite material as a projectile.

CONCLUSIONS

Small terrestrial impact craters of several tens to
hundreds of meters in diameter are often formed by iron
meteoroids. While traversing the Earth’s atmosphere, iron
meteoroids with sizes of a few meters to decameters are
often capable of withstanding the aerodynamic stresses
without complete fragmentation. The bodies decelerate to
a few kilometres per second and finally form meteorite
craters like Kamil, Egypt, or Wabar, Saudi Arabia. To
study the fate of these projectiles, hypervelocity cratering
experiments at impact velocities ranging between 2500
and approximately 5300 m s~! with centimeter-sized steel
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projectiles and sandstone targets were carried out. The
masses of coherent projectile relics that were recovered in
different experiments ranged between 58% and 92% of
their initial projectile masses. A systematic relationship
between the impact energy and the relative proportion of
projectile relic could not be found.

A detailed microstructural investigation of projectile
relics showed that their surfaces indicate shearing and
brittle fracturing. Melting and boiling of iron and silica
are evident from the formation of bubbles, droplets, and
melt filaments. For the experiment P1-2808 that was
carried out at an impact velocity of 5300 m s™' and an
impact energy of 58.4 kJ. it is estimated that at least 4.4%
of the impact energy is dissipated by heating and melting
of the projectile. Dislocation glide and creep along with
dynamic recrystallization are the main deformation
mechanisms during plastic deformation of the projectile,
followed by a later annealing of the microstructure.
Small-scale residues of the projectile are distributed in the
ejecta as spherules, unmelted fragments, and intermingled
iron-silica aggregates.
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Abstract—Hypervelocity collisions of solid bodies occur frequently in the solar system and
affect rocks by shock waves and dynamic loading. A range of shock metamorphic effects
and high-pressure polymorphs in rock-forming minerals are known from meteorites and
terrestrial impact craters. Here, we investigate the formation of high-pressure polymorphs of
a-quartz under dynamic and nonhydrostatic conditions and compare these disequilibrium
states with those predicted by phase diagrams derived from static experiments under
equilibrium conditions. We create highly dynamic conditions utilizing a mDAC and study
the phase transformations in s-quartz in situ by synchrotron powder X-ray diffraction.
Phase transitions of a-quartz are studied at pressures up to 66.1 and different loading rates.
At compression rates between 0.14 and 1.96 GPa s~', experiments reveal that a-quartz is
amorphized and partially converted to stishovite between 20.7 GPa and 28.0 GPa.
Therefore, coesite is not formed as would be expected from equilibrium conditions. With
the increasing compression rate, a slight increase in the transition pressure occurs. The
experiments show that dynamic compression causes an instantaneous formation of
structures consisting only of SiOg octahedra rather than the rearrangement of the SiO4
tetrahedra to form a coesite. Although shock compression rates are orders of magnitude
faster, a similar mechanism could operate in impact events.

INTRODUCTION

Quartz is an omnipresent mineral in near-surface
rocks of the continental lithosphere and, therefore,
among the best studied phases under equilibrium
conditions. Its wide occurrence also makes it the most
widely used shock barometer (Stoffler and Langenhorst
1994; French and Koeberl 2010) in impact studies.

High-pressure polymorphs of o-quartz such as
coesite (Coes 1953) are known from different geologic

settings. For example, natural occurrences of coesite
were first reported from impact craters, namely Meteor
Crater, AZ, USA (Chao et al. 1960) and the Ries
crater, Germany (Shoemaker and Chao 1961). Later on,
coesite was found in mantle-derived kimberlites (e.g.,
Smyth and Hatton 1977) and in ultrahigh-pressure
metamorphic rocks of continental collision zones (e.g.,
Chopin 1984).

The thermodynamic stability fields of high-pressure
polymorphs of a-quartz have been experimentally and
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theoretically investigated since 1953 (Coes 1953): o-
quartz transforms to coesite with fourfold coordinated
Si at 2 GPa and to stishovite with sixfold coordinated
Si (Stishov and Popova 1961) at 8 GPa (Kirfel et al.
2001) and room temperature. At quasi-hydrostatic
conditions and room temperature, the high-pressure
polymorphs, coesite I and coesite II, have also been
reported (Cernok et al. 2014).

However, a great mismatch exists when the static
stability field of high-pressure SiO, polymorphs is
compared to the occurrence of these phases during
shock metamorphism. In impact craters, coesite is
found only in diaplectic SiO, glasses that were
exposed to shock pressures in excess of 35 GPa, for
example, Stoffler and Langenhorst (1994). Coesite is
thought to crystallize exclusively upon shock pressure
release from silica melt (Stoffler and Langenhorst
1994; Langenhorst and Deutsch 2012; Fazio et al.
2016). Stishovite, on the other hand, is believed to
form via a solid-solid transition during shock
compression at lower pressures than coesite (French
and Koeberl 2010) and then reverts back to the
amorphous state (Luo et al. 2003). Considering the
high energy barrier of a solid-solid phase transition to
stishovite, a nucleation of stishovite from hot spots of
silica melt is also suggested as a further hypothesis for
the formation of stishovite. The occurrence of
stishovite in melt pockets (Kieffer et al. 1976;
Mansfeld et al. 2017) or melt veins (Langenhorst and
Poirier 2000) supports this hypothesis. Hence, the
formation and preservation of coesite and stishovite
depends on the specific pressure-temperature evolution
during shock compression and decompression.

Furthermore, diamond anvil cell experiments reveal
a complex behavior of o-quartz under compression
(e.g., Dubrovinsky et al. 2004). Reconstructive phase
transitions to the stable high-pressure polymorphs are
often hindered by high kinetic barriers resulting in the
formation of complex metastable phases if heating is
not sufficient (e.g., Choudhury and Chaplot 2006).
Here, we briefly review literature data of SiO, high-
pressure polymorphs, which is relevant for the
interpretation of our results.

Under dynamic compression, og-quartz undergoes a
pressure-induced amorphization in the pressure range
18-35 GPa (McNeil and Grimsditch 1992; Kingma
et al. 1993a, 1993b).  Furthermore, theoretical
investigations of the SiO, system predict a number of
competing metastable postquartz phases that precede or
coexist along the full amorphization (Teter et al. 1998;
Wentzcovitch et al. 1998; Choudhury and Chaplot
2006) indicating that the structural transformation
pathways are highly dependent on the precursor phase
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and the degree of hydrostaticity (Haines et al. 2000;
Ohtaka et al. 2001; Huang et al. 2006).

Quartz (P3,21 space group) may transform to a
monoclinic (P2,/c space group) postquartz phase
(Haines et al. 2001). Its structure is built of 3 x 2

kinked chains of edge-sharing SiOg octahedra.
Theoretical calculations by Teter et al. (1998) and
Martonak et al. (2007) reveal that this phase
transformation is  diffusionless. The monoclinic

postquartz phase (MQtz) has not been discovered in
natural geological settings. This phase is closely related
to stishovite (P4,/mnm space group) that is built of
edge-sharing octahedra forming straight chains. These
two structures are competing because of very similar
activation energies (Teter et al. 1998). Furthermore,
there are many analogous structures that feature chains
of edge-sharing octahedra with different kinking
sequences such as seifertite (2 x 2 kinked chains) or
SnO--type SiO, (4 x 4 kinked chains). Besides the
transition from o-quartz to the MQtz, the formation of
intermediate and metastable phase quartz 11 was
reported (Choudhury and Chaplot 2006). Quartz II
forms above 16 GPa and coexists with the MQtz
(Haines et al. 2001; Prakapenka et al. 2004). The
structure of quartz II is calculated to be monoclinic (C2
space group) and characterized by mixed polyhedral
building blocks: Two-thirds of the silicon atoms are in
octahedral coordination, while the remaining one-third
is tetrahedrally coordinated. This C2 structure is built
up of edge-shared octahedral units with corner-shared
silicate tetrahedra, which form a framework structure.
Computations by Choudhury and Chaplot (2006) show
that quartz Il can form at 9 GPa with o-quartz
persisting metastably up to 32 GPa.

Due to the great complexity (e.g., influence of the
precursor phase) and to the metastability of high-
pressure SiO» phases, previous investigations on o-
quartz at high pressure have left many unanswered
questions concerning the behavior of the material and
the evolution of high-pressure phases.

Here, we present time-resolved X-ray diffraction
experiments under dynamic compression that provide
insights into the kinetics of high-pressure phase
transitions of o-quartz, making use of fast data
acquisition, now available at synchrotrons. Although
the compression rates are much higher and
temperatures are elevated in the context of impact
cratering, these in situ investigations of phase
transitions are a necessary first step to understand the
behavior of SiO, under the much faster compression
rates of impact events. The obtained diffraction patterns
are compared to transmission electron microscopy
(TEM) observations of recovered samples.
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Table 1. The experimental conditions of the nine selected experiments SiO2_RT_01 — SiO2_RT_09.
Compression Hold at Decompression Wavelength
SiO>_RT_x Pyare (GPa) rate (GPa s ) P (GPa) Prax (min) rate (GPa s') P..q (GPa) (A)
01 0.0001 0.14 59.2 60 0.08 16.4 0.28985
02 0.0001 0.20 26.7 120 0.005 H:S 0.48374
03 6.4 0.34 57.1 10 0.13 43.0 0.29135
04 0.0001 0.55 37:5 120 0.15 264 0.48374
05 122 0.79 46.4 10 0.10 36.7 0.29135
06 3.0 1.02 51.0 10 0.10 44.1 0.29135
07 0.0001 1.02 50.4 120 & & 0.48374
08 0.0001 1.69 36.6 120 0.15 8.5 0.48374
09 7.1 1.96 66.1 10 0.15 41.8 0.29135
“Diamonds were broken during compression.
EXPERIMENTAL METHODS 1621) and were subsequently converted to one-

The experiments were conducted in a membrane-
driven diamond anvil cell (mDAC), which was equipped
with diamonds of a culet size of 0.3 mm. The culets
indented 0.25 mm Re-gaskets to 0.020-0.035 mm
thickness before a 0.1 mm hole was drilled at its center.
A mixture of o«-quartz powder (Alfa Aesar, 99.5%,
—400 Mesh, 2 pm, LOT: LOIWO019) and Au flakes as
an internal pressure calibration (about 1 wt%) was filled
into the gasket hole without a pressure medium.

Monochromatic X-ray powder  diffraction
experiments were carried out at the Extreme Conditions
Beamline (ECB) P02.2 at PETRA III, DESY, Hamburg,
Germany (Liermann et al. 2015). The wavelength was
tuned to 0.28985 A for the experiment SiO2_RT_01 and
to 0.29135 A for the four experiments SiO,_RT_03, 05,
06, and 09. The recorded diffraction patterns were too
weak for an unambiguous identification of the high-
pressure phases. In order to improve the quality of the
diffraction patterns, the energy of the beam was
switched from 42.7 to 25.6 keV. These experiments
SiO, RT_02, 04, 07, and 08 were carried out at a
wavelength of 0.48374 A (Table 1). The sample to
detector distance was calibrated using the CeO-
standard (NIST 687) and varied between 369.13 mm
(SiO,_RT_01), 449.81 mm (SiO,_RT_03, 05, 06, and
09), and 431.12 mm (SiO,_RT_02, 04, 07, and 08). The
X-ray beam was focused with either Kirkpatrick-Baez
mirrors (2 x 2 um” focus) or Compound Refractive
Lens systems (8 x 3 pm2 focus). The compression and
decompression was achieved by pumping He gas into or
out of the membrane after activation of the membrane
pressure controller. Identical rates for compression and
decompression were defined, but friction between the
piston and cylinder of the mDAC caused slower rates on
the sample during decompression. During compression
and decompression, diffraction images were taken every
1 (fast compression)-10 (slow compression) s. They were
recorded on a Perkin Elmer area detector (model XRD

dimensional diffraction diagrams using the software
Fit2D (Hammersley et al. 1996).

The experimental data were surveyed using the P02
Processing Tool (Konopkova et al. 2015; Rothkirch,
personal communication). This software provided an
online tool to quickly process and plot the one-
dimensional diffraction patterns as a function of frame
number and, thus, time to create two- and three-
dimensional contour plots. The tool was essential to get
an overview of the compression experiment to define the
onset of phase transitions. For a detailed analysis of the
diffraction patterns including the identification of
phases and the determination of cell parameters, we
used the program package FullProf (Rodriguez-Carvajal
1993).

The LeBail analysis (LeBail et al. 1988) was
carried out from 3 to 15° 20 for all diffraction
patterns. The LeBail method extracts integrated

intensities from powder diffraction data. Therefore, the
structural factor and associated structural parameters
are not needed to be known for a LeBail analysis. The
algorithm involves the refinement of the unit cell,
profile parameters, and intensities of the reflections to
match the experimental diffraction pattern. For each
phase, the lattice parameters and the width of the
reflections at half maximum (FWHM) were refined
using the split pseudo-Voigt function. Given that each
experiment consists of between 1,500 and 3,690
diffraction patterns, a sequential fitting was carried out
if possible.

The 100 and 101 reflections of a-quartz were fitted
independently using the Rietveld method (Rietveld
1967, 1969) in order to obtain the integrated intensities
of the reflections. These integrated intensities were used
to determine the start and progress of the
amorphization of the sample during compression. A
decrease in the integrated intensity defines the start of
the amorphization. An increase in the background or
the typical “glass” hump at low diffraction angles
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Fig. 1. a) 3D diffraction plot of experiment SiO,_RT_01: After stabilization at ambient conditions, the compression of the

material starts with a rate of 0.14 GPa s

. Then, the maximum pressure of 59.2 GPa is maintained for 60 min. The final

decompression of the material reaches 16.4 GPa. The pressure is obtained with respect to gold (Au). b) The pressure-time path
of experiment SiO,_RT_01 is shown. (Color figure can be viewed at wileyonlinelibrary.com.)

cannot be observed in high-pressure experiments due to
the dominant background arising from the DAC.

The transition pressures of the phase transitions are
determined with respect to the appearance of the
strongest reflection of the phase for all experiments. For
stishovite, this is the 110 reflection.

After inspection of the X-ray diffraction pattern,
three phases were further considered: a-quartz, MQtz,
and stishovite. The starting lattice parameters were
a=491239 = 4e-05 A and ¢ = 540385 £+ 7e-05 A for
a-quartz  (Will etal. 1988), «=4.1773 A and
¢=2.6655 A for stishovite (Hill et al. 1983), and
a=766 A, b=410A, c=503A and f=117.9° for
the MQtz (Haines et al. 2001). The unit cell dimensions
computed from the 111, 200, 220, and 311 diffraction
lines of gold were used to calculate the pressure using a
third-order Birch-Murnaghan Equation of State (Birch
1952) with the bulk modulus from Anderson et al.
(1989).

The parameters of the compression cycle of nine
experiments are listed in Table 1. The compression rates
increased from 0.14 to 1.96 GPa s~' with increasing
number of experiments. In some experiments, the
compression started at elevated pressure Py, due to
too strong closing of the mDAC. The maximum
pressure Py, ranged between 26.7 GPa (SiO,_RT_04)
and 66.1 GPa (SiO,_RT_05), and was held constant for
up to 2h (Table 1). Decompression did not reach

ambient pressures but stopped at P.4 due to the
friction between the piston and the cylinder of the
mDAC. The error in pressure is 0.5 GPa.

The identification of phases in the experiments was
difficult because the nonhydrostatic compression caused
high stresses on the grains that result in broadening of
the reflections. Moreover, the weak scattering of o-
quartz and the strong Compton scattering of the
diamonds  decreased the  signal-to-noise  ratio.
Consequently, a LeBail analysis reached its limit and
the position of the low-intensity reflections could not be
determined precisely. They differed strongly from one
refinement step to the next or remained at positions
where no reflection was observed.

For TEM investigations, the recovered sample of
SiO>_RT_4 was pushed out of the gasket with a
needle. Fragments were then ground between two glass
substrates and subsequently dispersed on a lacey
carbon grid. TEM imaging and electron diffraction
were carried out using a 200 kV FEI Tecnai G’
(University of Jena).

RESULTS

Figure la depicts a representative dataset of a slow-
compression experiment (SiO, RT_0l) as a contour
plot of integrated diffraction  patterns. The
corresponding pressure-time curve is shown in Fig. 1b.
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Fig. 2. The evolution of the silica phases during compression in experiment SiO,_RT_01 (compression rate: 0.14 GPa s7'): The
amorphization of s-quartz (Qtz) starts at around 10 GPa. Reflections of stishovite (Stv) occur at 20.7 GPa. At low pressures,
two reflections are observed which could be interpreted as the 211 and 111 reflections of the monoclinic postquartz phase
(MQtz). The pressure is obtained with respect to gold (Au). (Color figure can be viewed at wileyonlinelibrary.com.)

No diffraction signal of coesite was observed in any
of the compression experiments. The main feature
observed in all experiments is the significant drop of the
integrated intensity of the reflections of o-quartz
between 10 and 15 GPa until complete disappearance.
This is attributed to the amorphization of «-quartz.
During amorphization, we also observe broadening of
the reflections due to a reduction in the crystallite size
and/or an increase in lattice distortion of ws-quartz.
Above 20 GPa, o-quartz transforms to the high-
pressure phase stishovite as evident by the appearance
of the 110, 211, 220, 310, and 002 reflections (Fig. 2).

Besides these major phase changes, we observe the
appearance of additional diffraction lines that cannot be
explained by contamination (e.g., Re-gaskets) and seem
to be a feature of the compressed sample. In all runs,
we see at low 20 values from 3° to 8° two reflections
that can be indexed with the strongest 111 and 211
reflections of the MQtz (Fig. 2). These reflections
appear at low pressures. Between 19 and 20 GPa,

another weak reflection becomes visible in runs
SiO>_RT_01, _07, and _08 at 20 values of 4-5° 20
(Fig. 2). It is noteworthy that the appearance of the 111
and 211 reflections goes along with an intensity drop in
the Au 111 diffraction line indicating the compaction of
the sample at the onset of the compression cycle. The
111 and 211 reflections of the MQtz are present in all
runs at highest pressure of the compression cycle.

Figure 3a features a diffraction pattern collected at
the highest pressure of 59.2 GPa. Gold, stishovite, and
the MQtz can be identified. The broad nature of the
diffraction lines and their low intensity in comparison
to the background indicate the large degree of
amorphization and the limited long-range order of the
sample. After remaining at maximum pressure for
60 min, there are no significant changes observed in the
diffraction pattern (Fig. 3b).

During decompression, no further phase transition
is observed (Fig. 4a). The reflections of stishovite and of
the MQtz are observed down to the lowest minimum
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Fig. 3. The evolution of the silica phases while remaining at the maximum pressure of 59.2 GPa. The pressure is obtained with
respect to gold (Au). a) After reaching maximum pressure, reflections of two silica phases are observed: stishovite (Stv) and the
monoclinic postquartz phase (MQtz). b) After 60 min at maximum pressure, no changes are observed in the diffraction pattern.

Collection time per diffraction pattern: 2 s.

pressure of 16.5 GPa. Decompression did not reach
ambient pressures because of the friction between the
piston and the cylinder of the mDAC. Due to a
rearrangement of the powder and the movement of the
gasket, additional reflections of the two silica phases
and rhenium that originate from the gasket are
observed (Fig. 4b).

The recovered sample of SiO, RT_04 was
investigated by means of transmission electron
microscopy (TEM). The microstructural investigation of
a large number of fragments from the crushed specimen
reveals that the vast majority of material was
transformed to amorphous silica. Nonetheless, few
regions contain small crystallites of stishovite embedded
in the predominant amorphous silica as can be seen in
Fig. 5. Using selected area electron diffraction (SAED),
stishovite could be unambiguously identified on the
basis of different zone axis patterns as shown in the
insets in Fig 5. In the center image, linear alignments of
crystallites indicate a solid-state transition into
stishovite. This is supported by the texturing of
reflections in all electron diffraction patterns that were
taken from numerous crystallites in a certain area
indicating a preferred orientation of the crystallites. No
other high-pressure phase of silica could be found by
the TEM investigation of 20-30 fragments of five
samples each. However, the predominant observation of
amorphous silica suggests that most of the x-quartz is

transformed to glass during the pressure evolution,
while only a small amount of stishovite is formed which
is in accordance with the low-intensity reflections of
stishovite compared to the starting reflections of o-
quartz in the synchrotron experiments. The MQtz could
not be found.

DISCUSSION

The presented compression experiments on o-quartz
clearly indicate a complex phase transition history. At
low pressures, small parts of the sample seem to
transform immediately to the MQtz, while it seems that
the bulk of the sample does not transform until above
20 GPa. During the compression between 10 and
15 GPa, the bulk of the sample seems to amorphize as
indicated by the broadening and drop of the intensities
of the o-quartz diffraction lines as well as the increase
in the background signal. This is further supported by
the analysis of the recovered samples with the TEM.
The analysis reveals small crystallites of stishovite in an
amorphous matrix, underlining that the mixture of
amorphous portions and the MQtz phase transforms
directly to stishovite at higher pressures above 22 GPa,
bypassing the stability field of coesite. The transition
from s-quartz to the MQtz in the pressure range from
21 to 35 GPa has been observed in very slow (static)
compression experiments at room temperatures by
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Fig. 4. The evolution of the silica phases during decompression (decompression rate: 0.03 GPa s™'). The pressure is obtained
with respect to gold (Au). Due to a shift of the sample, reflections of rhenium (Re) from the gasket are also observed. a)
Stishovite (Stv) and the monoclinic postquartz phase (MQtz) remain stable, while a-quartz does not reappear. At 49.9 GPa, the
011 reflection of the MQtz occurs. With the end of decompression, new reflections of the MQtz are observed. b) A single
diffraction pattern (collection time: 2 s) reveals the present phases at minimum pressure at 16.6 GPa. Stishovite and the MQtz
are indicated. The overall intensity of the reflections of the silica phases has dropped. (Color figure can be viewed at

wileyonlinelibrary.com.)

Kingma et al. (1993b) and Haines et al. (2001) and,
thus, matches well with our observations of the
transition of the bulk sample. The transformation of
smaller portions of the sample at a much lower pressure
is somewhat puzzling. However, taking into account the
fact that the appearance of the 111 and 211 diffraction
lines go along with a significant drop in diffraction
intensity of gold could indicate that at the beginning,
the sample in the chamber is not well compressed and
moves during the initial compaction. During this
process, it could very well be that few larger grains are
birding between the diamonds and experiencing much
higher pressures than indicated by the pressure standard
of gold and, consequently, transforming much earlier to
the MQtz than the bulk of the sample. The MQtz could
not be found by subsequent TEM analysis.
Nevertheless, it is conceivable that the phase is
metastable and, thus, did not survive the preparation of
the recovered samples as their reflections were observed
under ambient conditions after the experiments. The
transition from the amorphous phase or portion of the
MQtz to stishovite has never been observed at ambient
conditions. Stishovite formation has only been observed
at elevated temperatures, for example, at 1000 K and
55 GPa by Prakapenka et al. (2004). However,
simulations by Martonak et al. (2007) showed that a
direct transition from o-quartz to stishovite may be
possible via the metastable phase quartz Il that is

thought to be the first phase whose structure contains
SiO¢ octahedra forming between 16 and 20 GPa (e.g.,
Haines et al. 2001; Prakapenka et al. 2004). Thus, it is
conceivable that the MQtz can be seen as another
intermediate state aiding the formation of SiOg4
octahedra and helping to induce the transition to
stishovite.

In all experiments, up to three additional reflections
were observed that could not be attributed to stishovite,
the MQtz, or possible contaminations. A distinct
indexing of these reflections was not possible because
the reflections could be attributed to more than one
additional high-pressure phase of o-quartz such as
seifertite or SnO»-type SiO,. Moreover, the low signal/
noise ratio and the circumstance that the reflections of
gold might overlap with important reflections make the
identification of the phases even more difficult.
However, taking the different kinking of SiOg octahedra
between the high-pressure phases into account, the
occurrence of these reflections may resemble a
disordering in the MQtz. On the other hand, the weak
reflection between 4 and 5° 20 might be the 001
reflection of quartz II, although no other observed
reflections can be indexed for this phase. In general,
these observations show the complexity of the
nonhydrostatic compression in the mDAC.

The pressure-induced amorphization of o-quartz
starts between 10 and 15 GPa, which is below the
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Fig. 5. Transmission electron microscopy (TEM) images of the recovered sample of SiO,_RT_04 show regions that contain

crystallites of

ishovite embedded in the predominant amorphous silica. The insets show diffraction patterns with characteristic

zone axes of stishovite. The linear alignment of crystallites represented in the center image points to a solid-state transition into
stishovite. This is supported by the texturing of reflections in the diffraction patterns taken over numerous crystallites indicating

a preferred orientation of the crystallites.

range of 18-35 GPa, as obtained in earlier studies
(McNeil and Grimsditch 1992; Kingma et al. 1993a,

1993b). We suggest that increased strains in a
nonhydrostatic ~ compressed  sample result  in
amorphization at lower pressures, especially when

considering that McNeil and Grimsditch (1992) and
Kingma et al. (1993a, 1993b) used pressure-transmitting
media for their experiments.

To conclude, we conducted nine compression
experiments at various compression rates indicating a
transition of «-quartz to stishovite via an intermediate
MQtz. Recent in situ laser shock experiments on
silica glass showed the formation of stishovite as well,
and are thus in line with this interpretation (Gleason
et al. 2015). During decompression, stishovite and the
MQtz stay stable under minimum pressure of the
compression experiment, while o-quartz does not
recrystallize. In literature, however, o«-quartz was
reported to recrystallize (e.g., Kingma et al. 1993b;
Haines et al. 2001). Haines et al. (2001) discovered
the monoclinic post-quartz phase and quartz in their
recovered samples. Their assumption that quartz II
recrystallizes to o-quartz during decompression helps
us exclude the formation of quartz Il in our
experiments because reflections of o-quartz were not
observed under ambient conditions after the
experiment.

SUMMARY

We use a combination of a mDAC and in situ
powder X-ray diffraction to study the phase transitions
of os-quartz at pressures up to 66.1 GPa at room
temperature and different compression rates up to

2.0 GPas™'. The collection time of one diffraction
pattern is down to 1 s.

The nonhydrostatic compression experiments reveal
that o-quartz transforms even at room temperature
directly to stishovite, skipping the stability field of
coesite. This observation suggests that stishovite could
possibly directly form during shock compression, which
is much shorter but takes place at an enhanced
temperature. This phase transition to stishovite occurs
in our experiments between 20.7 and 28.0 GPa during
compression and slightly increases with an increasing
compression rate. Stishovite remains stable upon
reaching maximum pressure and during the time while
the maximum pressure is kept for more than 1 h.
During decompression, stishovite reflections remain
observable, while no reflections of a-quartz appear in
the patterns. The formation of stishovite was confirmed
by an analysis of the recovered samples in the TEM.

In the course of compression, new reflections can be
observed up to 19.8 GPa, which might be assigned to
the MQtz, although an independent proof of this phase
by TEM analysis was not successful. These new
reflections remain detectable until the maximum
pressure is reached. The reflections are not influenced
by the phase transition of s-quartz to stishovite. Upon
decompression, these reflections do not vanish.

Furthermore, an amorphization of s-quartz starts
between 10 and 15 GPa during compression. The
material becomes more and more amorphized with
proceeding compression until o-quartz transforms to
stishovite. The amount of stishovite formed is very small
and its long range order decreases as shown by the weak
and broad reflections of this phase. After the phase
transition, the amorphization only progresses slightly
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forward as revealed by diffraction patterns taken at
maximum pressures between 26.7 and 66.1 GPa. There
are no other changes with respect to the phases of silica
observed in these diffraction patterns.

Our dynamic compression experiments provide
insight into the kinetics of high-pressure phase transitions
of a-quartz: The experiments indicate that a meteorite
impact causes an instantaneous formation of structures
consisting only of SiOg octahedra rather than the
rearrangement of the SiO4 tetrahedra to form coesite.
Although the compression rates are much higher and
temperatures are elevated in the context of impact
cratering, these present in situ investigations of phase
transitions are a necessary first step to understand the
behavior of SiO, under the much faster compression rates
of impact events. The latter is envisaged to be studied with
a laser shock-compressed sample at X-ray-free electron
lasers (XFELSs) in the future (Gleason et al. 2015).

Acknowledgment—This study was conducted in the
framework of the DFG research unit FOR-887
Experimental Impact Cratering The MEMIN 11
Program (Multidisciplinary Experimental and Modeling
Impact Research Network), project KE 732/23-1
“Dynamic loading and unloading of SiO, aggregates.
Real-time phase transformation monitored by means of
synchrotron beam diffraction.” FL is grateful to the
Deutsche Forschungsgemeinschaft for funds provided
by the Leibniz program (LA 830/14-1) and project
LA830/17-1 within the MEMIN II program. The
authors thank the reviewers Prof. Dr. Alex Deutsch and
Prof. Dr. Fred Horz for their useful comments and
suggestions, which helped to improve the manuscript.

Editorial Handling—Prof. Alexander Deutsch
REFERENCES

Anderson O. L., Isaak D. G., and Yamamoto S. 1989.
Anharmonicity and the equation of state for gold. Journal
of Applied Physics 65:1534—1543.

Birch F. 1952. Elasticity and constitution of the Earth’s

_interior. Journal of Geophysical Research 57:227-286.

Cernok A., Bykova E., Ballaran T. B., Liermann H. P.,
Hanfland M., and Dubrovinsky L. 2014. High-pressure
crystal chemistry of coesite-I and its transition to coesite-
1. Zeitschrift fiir Kristallographie 229:761-773.
Chao E. C. T., Shoemaker E. M., and Madsen B. M. 1960.
First natural occurrence of coesite. Science 132:220-223.
Chopin C. 1984. Coesite and pure pyrope in high-grade
blueschists of the Western Alps: A first record and some
consequences. Contributions to Mineralogy and Petrology
86:107-118.

Choudhury N. and Chaplot S. L. 2006. Ad initio studies of
phonon softening and high-pressure phase transitions of
o-quartz SiO,. Physical Review B 73:094304.

1473

Coes L. 1953. A new dense crystalline silica. Science 118:131—
132.

Dubrovinsky L. S., Dubrovinskaia N. A., Prakapenka V.,
Seifert F., Langenhorst F., Dmitriev V., Weber H. P., and
Le Bihan T. 2004. A class of new high-pressure silica
polymorphs. Physics of the Earth and Planetary Interiors
143-144:231-240.

Fazio A., Mansfeld U., and Langenhorst F. 2016. Coesite in
suevite from the Ries impact structure (Germany): From
formation to post-shock evolution. Meteoritics &
Planetary Science, doi:10.1111/maps.12849.

French B. M., and Koeberl C. 2010. The convincing
identification of terrestrial meteorite impact structures:
What works, what doesn’t, and why. Earth-Science
Reviews 98:123-170.

Gleason A. E., Bolme C. A., Lee H. J., Nagler B., Galtier E.,
Milathianaki D., Hawreliak J., Kraus R. G., Eggert J. H.,
Fratanduono D. E., Collins G. W., Sandberg R., Yang
W., and Mao W. L. 2015. Ultrafast visualization of
crystallization and grain growth in shock-compressed SiO».
Nature Communications 6:8191.

Haines J., Léger J. M., and Chateau C. 2000. Transition to a
crystalline high-pressure phase in ®-GeO, at room
temperature. Physical Review B 61:8701-8706.

Haines J., Léger J. M., Gorelli F., and Hanfland M. 2001.
Crystalline post-quartz phase in silica at high pressure.
Physical Review Letters 87:155503.

Hammersley A. P., Svensson S. O., Hanfland M., Fitch A. N.,
and Hausermann D. 1996. Two-dimensional detector
software: From real detector to idealized image or two-
theta scan. High Pressure Research 14:235-248.

Hill R. J., Newton M. D., and Gibbs G. V. 1983. A crystal
chemical study of stishovite. Locality: Synthetic. Journal of
Solid State Chemistry 47:185-200.

Huang L., Durandurdu M., and Kieffer J. 2006.
Transformation pathways of silica under high pressure.
Nature Materials 5:977-981.

Kieffer S. W., Phakey P. P., and Christic J. M. 1976. Shock
processes in porous quartzite; transmission electron
microscope observations and theory. Contributions 1o
Mineralogy and Petrology 59:41-93.

Kingma K. J., Meade C., Hemley R. J., Mao H., and Veblen
D. R. 1993a. Microstructural observations of o-quartz
amorphization. Science 259:666-669.

Kingma K. J., Hemley R. J., Mao H., and Veblen D. R.
1993b. New high-pressure transformation in o-quartz.
Physical Review Letters 70:3927-3930.

Kirfel A., Krane H. G., Blaha P., Schwarz K., and Lippmann
T. 2001. Electron-density distribution in stishovite, SiO,: A
new high-energy synchrotron-radiation study. Acta
Crystallographica Section A 57:663-677.

Konopkova Z., Rothkirch A., Singh A. K., Speziale S., and
Liermann H. P. 2015. In situ x-ray diffraction of fast
compressed iron: Analysis of strains and stress under non-
hydrostatic pressure. Physical Review B 91:144101.

Langenhorst F. and Deutsch A. 2012. Shock metamorphism
of minerals. Elements 8:31-36.

Langenhorst F. and Poirier J. P. 2000. Anatomy of black
veins in Zagami: Clues to the formation of high-pressure
phases. Earth and Planetary Science Letters 184:37-55.

LeBail A., Duroy H. and Fourquet J. L. 1988. Ab initio
structure determination of LiSbWO6 by x-ray powder
diffraction. Material Research Bulletin 23:447-452.



1474

Liermann H.-P., Konopkova Z., Morgenroth W., Glazyrin K.,
Bednarcik J., McBride E. E., Petitgirard S., Delitz J. T.,
Wendt M., Bican Y., Ehnes A., Schwark 1., Rothkirch A.,
Tischer M., Heuer J., Schulte-Schrepping H., Kracht T.,
and Franz H. 2015. The extreme conditions beamline
P02.2 and the extreme conditions science infrastructure at
PETRA 1I1. Journal for Synchrotron Radiation 22:908-924.

Luo S. N. Ahrens T. j, and Asimov P. D. 2003.
Polymorphism, superheating, and amorphization of silica
upon shock wave loading and release.
Geophysical Research B 108:2421.

Mansfeld U., Langenhorst F., Ebert M., Kowitz A., and
Schmitt R. T. 2017. Microscopic evidence of stishovite
generated in low-pressure shock experiments on porous
sandstone: Constraints on its genesis. Meteoritics &
Planetary Science, doi:10.1111/maps.12867.

Martonak R., Donadio D., Oganov A. R., and Parrinello M.
2007. From four- to six-coordinated silica: Transformation
pathways from metadynamics. Physical Review B
014120:1-11.

McNeil L. E. and Grimsditch M. 1992. Pressure-amorphized
SiO, o-quartz: An anisotropic amorphous solid. Physical
Reviews Letters 68:83-85.

Ohtaka O., Yoshiasa A., Fukui H., Murai K., Okube M.,
Katayama Y., Utsumi W., and Nishihata Y. 2001.
Structural changes of quartz-type GeO, under pressure.
Journal for Synchrotron Radiation 8:791-793.

Prakapenka V. P., Shen G., Dubrovinsky L. S., Rivers M. L.,
and Sutton S. R. 2004. High pressure induced phase
transformation of SiO, and GeO,: Difference and similarity.
Journal of Physics and Chemistry of Solids 65:1537-1545.

Rietveld H. M. 1967. Line profiles of neutron powder-diffraction

Journal of

E.-R. Carl et al.

Rietveld H. M. 1969. A profile refinement method for nuclear
and  magnetic  structures.  Jowrnal  of  Applied
Crystallography 2:65-71.

Rodriguez-Carvajal J. 1993. Recent advances in magnetic
structure determination by neutron powder diffraction.
Physica B 192:55-69.

Shoemaker E. P. and Chao E. C. T. 1961. New evidence from
impact origin of Ries basin, Bavaria, Germany. Journal of
Geophysical Research 66:3371-3378.

Smyth J. R. and Hatton C. J. 1977. A coesite-sanidine
grospydite from the Roberts Victor kimberlite. Earth and
Planetary Science Letters 77:284-290.

Stishov S. M. and Popova S. V. 1961. A new
modification in silica. Geokhimiya 10:837-380.

Stoffler D. and Langenhorst F. 1994. Shock metamorphism of
quartz in nature and experiment: I. Basic observation and
theory. Meteoritics & Planetary Science 29:155-181.

Teter D. M., Hemley R. J., Kresse G., and Hafner J. 1998.
High-pressure polymorphs in silica. Physical Review
Letters 80:2145-2148.

Wentzcovitch R. M., da Silva C., Chelikowsky J. R., and
Binggeli N. 1998. A new phase and pressure induced
amorphization in silica. Physical Review Letters 80:2149—
2152.

Will G., Parrish W., and Hart M. 1988. Crystal structures of
quartz and magnesium germinate by profile analysis of
synchrotron-radiation  high-resolution  powder data.
Journal of Applied Crystallography 21:182—191.

Winnemann K. and Ivanov B. A. 2003. Numerical modelling
of impact crater depth-diameter dependence in an
acoustically fluidized target. Planetary and Space Science
51:831-845.

dense

peaks for structure refinement. Acta Crystallographica 22:
151-152.

4.5 Structural geologist at UniLaSalle
| obtained a permanent position at UniLaSalle Beauvais campus in February 2013.

My teaching duties include lectures at all levels from the engineer and technician curriculum. A complete
list of these activities is given in section 5. | am a member of the Basin Reservoir and Resources (B2R,
URR 7511) research team headed by Dr. Sébastien Potel. | contribute to some subcontracting activities
provided by UniLaSalle and participate to several student’s exhibitions plus international representations
at local, national and international scales.

I wish to first explain the reasons for applying to a position in an engineering school and will then
summarize my main ongoing projects in terms of research and education.

45.1 The choice of a candidature at UniLaSalle

The different positions | held after my PhD allowed me to obtain a panel of scientific and technical
competences plus a solid laboratory management experience. | could enlarge my domains of research and
acquire a good practice in terms of teaching and student supervision. My activities within the private sector
gave me the opportunity to discover several examples of possible collaborations between the public
academic sector and different applied research and development departments within the industrial sector.

The structural geologist position within the geoscience department at UniLaSalle was perfectly adapted to
my profile. At first, | am a member of the Basin Reservoir Resources (B2R) research unit. This research
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activity is my career priority. | propose my own research subjects dealing with reservoir geology and | am
invited to participate to the research activities and publications of my colleagues like the results presented
by Potel et al. (2016). Concerning education, UniLaSalle proposes several study tracks in a varieties of
earth science specialties at engineer and technician levels. My teaching experience is profitable and |
provide an average of 250 hours of lectures per year. UniLaSalle puts forward an intensive training in the
field, promotes international mobility and encourages internships in the private sector. This approach is in
line with my conception of teaching activities.

I am grateful to the UniLaSalle institute who accepted my candidature and specials thanks are expressed to
the Language International and Culture (LINC) for developing my international network. Obtaining a
permanent academic position offered me the possibility to implement for the first time in my career my
own research and teaching projects on the long term. | can use and share my interdisciplinary experience,
together with my international professional network in order to develop some sectors of activity and existing
infrastructures. In terms of teaching, | further enhance the existing curriculum and create new courses of
study. | pay particular attention to include the last research findings within my lectures and promote
international internships in a variety of research laboratories.

4.5.2 The choice of geothermal plus carbon capture and storage

45.2.1 General context

The planet earth is facing since several decades a global warning likely enhanced by human activities related
greenhouse gases emissions. The European community has launched a series of measures and investments
to prospect and utilize a variety of renewable energy resources and lower its dependency to fossil fuels.
This political willingness is further motivated by the complexity of the world’s present geopolitical context
in which access to conventional energy resources is subjected to political crises and associated restrictions.
Energy independence of the European continent is considered as a strategic issue of primary importance in
order to ensure economic and societal prosperity while keeping energy costs under control. Energy
transition policies and environment protection measures have a broad societal impact, they trigger the need
of a collective effort in terms of training, development plus project funding at international scale.

Geologists are at the forefront when dealing with the search multiple resources from the earth’s
underground. Besides the oil and gas plus mining industry to cite only two of them, increasing interest is
noticed in the fields of geothermal utilization and Carbon Capture and Storage (CCS). The European
commission, countries’ governments and private investors have launched a multitude of initiatives in both
these fields. Education is also concerned as an increasing number of lectures dealing with renewable energy
production and means to lower green gases concentration in the earth atmosphere are given at University
and schools of engineering.

Geothermal presents a series of advantages compared to other renewable energy sources: the resource is
virtually inexhaustible, environmental impact is low, energy production is constant and independent from
weather conditions. At present-day, geothermal reservoir utilization is possible in a variety of geological
settings and brine temperature.

Geological sequestration of CO, implies a CO; injection at supercritical stage in a chosen highly permeable
geological formation at great depth with a non-permeable cap unit. The targets are generally chosen within
depleted oil reservoirs, unmineable coal seams or deep saline formations. The storage must last for millions
of years and is strongly dependent on reservoir structure, rock petrophysical properties, fluid rock
interaction processes and associated reaction kinetics.
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It is evident that in the present state of knowledge, the European-scale utilization of geothermal and
geological sequestration of CO; are not reaching their full potential. This delay has multiple explanations
like 1) the lack of direct underground data combined to 2) difficulties in geophysical data interpretation, 3)
a missing global understanding of dual porosity reservoirs, 4) a scarce number of comprehensive training
programs for researchers, engineers and technicians together with 5) a poor communication strategy to
general public, policy makers and stakeholders. For all these reasons multidisciplinary, intersector and
international research and training initiatives are needed.

45.2.2 The concept of reservoir analogue

Gaining a global understanding of a reservoir at depth is a challenging task. At best, the only data available
to the geologist usually consist in an expensive combination of cores and downhole geophysics plus
imaging combined with indirect geophysical data acquired at surface. A quantified geological and
petrophysical characterization of the whole reservoir is therefore subjected to large amount of uncertainties.
A common method designed to populate a statistically relevant database in terms of structural organization
of the reservoir, sample petrophysical properties characteristics, level of fracture connectivity is to work on
naturally exhumed paleo-reservoirs with approaching geological setting at depth compared to the chosen
active reservoir. These exhumed systems are called reservoir analogues.

Many criteria come into play when selecting the reservoir analogue. It is evident that a perfect copy at
surface of a poorly known reservoir at depth is not possible to find and it is important to precisely define
the concept of analogy itself. The analogy between a fossil and an active reservoir consists in chosen similar
characteristics between both objects and a precise determination of these characteristics must be made at
first. It is conceivable that a single reservoir analogue will not permit to cover the whole range of key
parameters needed to design an exploration strategy and information from several analogues are then
needed. Another issue when dealing with reservoir analogue is the inherent tectonic overprint and
retrograde metamorphism during exhumation combined to weathering at surface. Nevertheless, the
analogue-based approach is cost effective and as proven to be extremely valuable especially when
correlated to the active reservoir by wells.

The use of reservoir analogue is usual in the oil and gas sector to outline for example petrophysical
properties evolution controlling the flow of hydrocarbons (Alsop et al., 2014; Barbier et al., 2012; Giuffrida
et al., 2020; Howell et al., 2014; Pranter et al., 2014). Analogue investigations have been applied as well to
eolian (Clemmensen, 1987; Mountney et al., 1999) and fluvial depositional systems (Fielding and Crane,
1987; Gibling, 2006; Keogh et al., 2014).

45.2.2.1 Geothermal reservoir analogues

Geothermal analogues can potentially be found from all geological settings where geothermal energy can
be gained from. These are namely 1) intra-cratonic sedimentary basins which are in general porous
reservoirs with fluid temperatures ranging between 50°C and 150°C, 2) fractured plutonic or metamorphic
basement with fluid temperature ranging between 150°C and 250°C plus 3) volcanic provinces presenting
fluids in a supercritical stage (above 400°C).The use of geothermal reservoir analogues is relatively recent
and data are available for the upper Rhine graben (Bér, 2012; Bér et al., 2011; Bauer et al., 2015; Bossennec
etal., 2022, 2021; Kushnir et al., 2018; Meier et al., 2015; Sass et al., 2011; Schmidt et al., 2015), the North
German basin (Barth et al., 2014; Reyer, 2014), the Thuringian syncline in central Germany (Beyer et al.,
2014), the molasse basin in southern Germany (Homuth et al., 2014), the Harz massif (Peacock et al., 2022)
considered as an analogue to the Leinegraben basement below the city of Géttingen (Lower Saxony,
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Germany), the Death Valley area (Chabani et al., 2021b, 2021a; Klee et al., 2021b, 2021a) used as an
analogue to the Soultz sous Foréts (SSF) and Rittershoffen (RH) reservoir (URG, France) and the Acoculco
caldera complex located within the Trans Mexican Volcanic Belt (Avellan et al., 2020; Hiriart et al., 2011;
Lepillier et al., 2020) to cite only a few.

4.5.2.2.2 CCS reservoir analogues

CCS reservoir analogues are classically divided between natural and industrial analogues. They are both
defined as case studies that permit to identify features either effective or to be avoided for a successful
storage of CO,. These analogues permit to improve both technical know-how and its application. Natural
analogues relevant for the CCS concept are either accumulations that remain stable over geological time
scale or accumulations where evidences of leaking can instead be found. Even if counterintuitive at first
sight, studying the reasons for a leakage permits to outline characteristics to be avoided when selecting
specific sites for geological CO; storage. A vast number of references are found the literature compiling
natural occurrences of CO; (Morgan, 2007; Naruk et al., 2019; Stevens et al., 2005) and natural leakage of
CO; (Annunziatellis et al., 2008; Beaubien et al., 2008; Holloway et al., 2005; Klusman, 2002; Pearce et
al., 2004). CCS industrial analogues consist in Enhanced Oil Recovery (EOR) projects and natural gas
storage. EOR implies the injection of CO; into depleted reservoirs forcing mobility of oil from the injection
well towards the production well. The technique is used from many decades and well-mastered. Natural
gas storage in the underground is also commonly put into practice using depleted oil and gas fields plus
aquifers (Benson, 2005; Perry, 2005).

4,5.2.3 Outline of my research approach at UniLaSalle

Considering the analogue dedicated literature, | realized that the multidisciplinary set of fundamental
research competences that | acquired during my education and professional experience could, when
combined, find direct applications in terms of reservoir utilization. These are namely 1) field mapping and
multiscale domain structural analysis, 2) fluid rock interaction processes, 3) microfabric analysis of highly
strained rocks in both brittle and ductile field and 4) rock mechanical properties. The study of reservoir
analogues allows me to achieve research using and combining the disciplines | am competent in.

My present research is applied to geothermal utilization in fractured basement reservoir with fluid
temperatures between 150°C and 250°C and related analogue studies. | also recently entered the field of
CCS studies investigating its feasibility within fractured reef constructions. My investigations are dealing
with 1) a reconstruction of the tectonic and metamorphic evolution of reservoir analogues, 2) a 3D
representation and statistical analysis of fracture network, 3) a study of chemical and physical processes
responsible of the interaction between the brine and the host rock, 4) the influence of strain and grain
comminution on the Kinetics of alteration minerals development, 5) the study of anisotropy development
within strain related alteration zones and 6) the influence of this anisotropy on fault mechanical and
petrophysical behavior. | propose to combine these different research lines in order to participate in a
realistic conceptual modeling of mechanical, petrophysical, microstructural and microtextural fractured
systems’ properties change upon development of alteration minerals drastically impacting fluid circulation
within the reservoir.

In terms of geothermal energy utilization, my approach gives inputs to model reservoir permeability and
mechanical stability evolution during both stimulation and injection phases. These two parameters are
essential as their precise understanding is used to design reservoir exploitation strategies dedicated to 1)
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maintain both a constant flow rate and fluid temperature and 2) avoid the development of induced seismic
events. My work participates in lowering the risks of geothermal reservoir utilization both in terms of
engineering and societal acceptance of geothermal projects.

In terms of CCS feasibility within fractured carbonates, my research aims at gaining a precise reconstruction
of the reservoir anisotropy. This anisotropy is related to the formation process of the carbonate reef itself
the architecture of which is being overprinted by tectonic deformation. | am using multi-scale data, namely
seismic lines, borehole and core imaging plus sample thin sections. | plan to perform petrophysical
measurements in terms of porosity and permeability estimations on core samples gained from the above-
mentioned borehole. Reservoir architecture and host rock petrophysical data are used as inputs for Thermo
Hydraulic Mechanical (THM) simulations in order to outline possible CO, migrations in time within the
reservoir. Reaction kinetics between the brine and the host rock and related to the acidizing effect of the
gas injection will be modeled separately. My work participates in ensuring CO; storage on the long term
and deciphering potential leakage hazard.

In summary, | am willing to use and develop my scientific expertise in order to bring input used by the
reservoir engineering community.

45.3 Research activities

I have been establishing over the years a cooperation network with a variety of Universities, research centers
and industrial partners. Participants are found in the United States, Europe, Turkey and Asia. This network
is of primary importance in terms of knowledge and facilities sharing plus access to reservoir exploitation
data.

My research funds are mainly granted by highly competitive European projects in the framework of H2020,
Horizon Europe and Erasmus + programs. An additional PhD funding dedicated to exploration of a potential
CCS site is provided by the Technical University of Petronas (Malaysia).

In this section, | am giving a summary of the different research grants | obtained, emphasizing on my
research outcomes.

45.3.1 The MEET research, development and demonstration project

The UniLaSalle candidature to H2020 Low Carbon Energy 2017 call was decided under my instigation. |
obtained some financial support from both UniLaSalle and “Fonds Regional d’Aide aux Porteurs de Projets
Européens” (FRAPPE) in order to prepare the proposal under guidance of a consulting company. I was the
scientific coordinator of the Multidisciplinary and multi-context demonstration of EGS exploration and
Exploitation Techniques and potentials (MEET) project (Trullenque et al. 2018). | ensured its proper
functioning in terms of strategy (opportunities and risk analysis) and operation (project internal animation
plus communication and deliverable review). | was also responsible from a work package dealing with
communication and dissemination to stakeholders of project’s results. A letter certifying my role within the
project in found in appendix to the present candidature. In terms of research, | was supervising one PhD
and two post-doctoral fellows plus one research engineer.

MEET was a demonstration project with a Technical Readiness Level equal to 8 aiming at developing EGS
(Enhanced Geothermal Systems) at European scale. The consortium included 16 European partners with a
variety of industrial partners, research institutes and Universities together. The project had several
demonstration and reservoir analog sites worldwide.
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The main objective of MEET was to enable EGS techniques on existing geothermal power plans and oil
boreholes over a wide range of temperatures. It was proposed to produce electricity using small scale mobile
ORC power units. These represent a lower investment compared to larger scale infrastructures, and can be
deployed at large scale over the European territory. Geothermal brines co-produced during oil and gas
extraction were also valorized in terms of district heating in the framework of the project.

MEET aimed at optimize reservoir productivity and stimulation techniques benefiting from operators’
expertise. A better understanding of geological settings is needed in order to transfer EGS technology in
various environments. MEET demonstrated EGS applications in different geological settings: granitic
basement, Variscan metamorphic provinces, sedimentary basins and volcanic areas taking into account their
various deformation related characteristics.

The project included a series of feasibility studies as a function of technical, economic and environmental
data. The most promising sites were registered in a GIS database available to potential future investors.
MEET participated to economic model simulations in order to prepare future creation of new power plans.

In terms of research | participated to 1) geological investigations carried out in several reservoir analogues,
2) microfabric analysis of scales developing in power plans pipes and heat exchangers (Ledésert et al.,
2021) and 3) the development of a techno economic decision-making tool for future investors (Raos et al.,
2019).

Besides technological and scientific value, MEET gave to me the opportunity as a work package leader to
consider the importance of communication to a broad audience and investors in order to develop new
renewable energy sources.

The MEET project results have been published in a series of international scientific reviews with various
thematic (geological, material science, economic feasibility) and a special issue entitled “Enhanced
Geothermal Systems and other Deep Geothermal Applications throughout Europe: the MEET Project”
(ISSN 2076-3263) is available in the Geoscience journal. I am coeditor of this volume and actively
participated to a series of A ranking articles related to geology and transverse disciplines (Chabani et al.,
2021b, 2021a; Klee et al., 2021b, 2021a; Ledésert et al., 2021; Pavlis and Trullenque, 2021; Raos et al.,
2019).

4,5.3.1.1 Reservoir analogues studies

As a demonstration project, MEET gave emphasis to a variety of geological settings from which geothermal
utilization could be planned. Demonstration sites were found in sedimentary basins with conversion of oil
wells to geothermal wells, VVariscan rocks units widely distributed across Europe and volcanic provinces in
Iceland. Among Variscan formations MEET made a distinction between metasediments plus metavolcanics
basement and granitic basement. Both metasediments plus metavolcanics and granites can be affected or
not by post Variscan extensional tectonics (Figure 1).
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Figure 1: Overview of the four MEET demonstration sites within Variscan reservoirs (after Trullenque et al. 2018).

Considering the classification presented in Figure 1, my research activities were dedicated to the context
presented in the lower left quarter namely Variscan granitic basement affected by post Variscan extensional
tectonics. | coordinated a team in order to study alteration processes and fracture network development in
granitic basement rocks subjected to progressive deformation using exhumed reservoir analogues. | have
applied a multidisciplinary approach involving structural geology, petrographic characterization of
alteration processes and statistical analysis of fracture networks.

The reference demonstration site for the context of Variscan reservoirs affected by post Variscan tectonics
is the SSF reservoir located in northern Alsace (France), within the Upper Rhine Graben (URG). Other data
from geothermal wells are available from the RH power plan and the lllkirch geothermal project. The SSF
power plan consists of several wells drilled down to 5 km depth in fractured granitic crystalline basement.
The SSF production well brings 30kg/s of a geothermal brine with a temperature of 160°C at surface and a
salt concentration of around 100g/L. The site produces 1.7 MWe gross power (Mouchot et al., 2019) using
an ORC unit. The SSF site was intensively studied as a scientific pilot project during two decades with
about 60 PhD thesis and more than 250 publications in peer review journals.

The URG constitutes the central segment of a vast rift system crossing western Europe (Figure 2) and
extending from the Mediterranean to the North sea, called the European Cenozoic RIft System (ECRIS,
Prodehl et al., 2006; Ziegler, 1994, 1992). The URG is about 300 km long and 40 km wide and is bordered
by the Rhenish massif to the North, the front of the Jura mountains to the South, the Variscan VVosges Massif
(VM) to the West, and by the Variscan Odenwald and Black Forest massifs (BFM) to the East. The
maximum crustal extension has been estimated between 5 and 7 km (lllies, 1965; Ziegler, 1994; Ziegler
and Dézes, 2005).
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Figure 2: Overview of the European Cenozoic RIft System (ECRIS). Graphic illustration by Christian Rohr
(https://www.oberrheingraben.de/index.htm).

The URG consists of three segments of about 100 km long and 30 to 40 km wide and widens to 60 km in
the South and 80 km to its northern termination (Grimmer et al., 2017). The URG has been extensively
studied in terms of both its tectonics (Bergerat, 1985; Dezes et al., 2005, 2004; lllies, 1978, 1977, 1974;
Illies et al., 1967; Villemin and Bergerat, 1987) and sedimentary sequences (Bartz, 1974; Doebl, 1970,
1967; lllies, 1977; Lutz and Cleintuar, 1999; Schumacher, 2002; Sissingh, 1998; Ziegler, 1994).

The presence of the URG and its structural organization being intimately related to reactivation of inherited
Variscan faults and shear zones in a polyphase geological context with varying stress-field (Edel et al.,
2007; Frey et al., 2022; Grimmer et al., 2017; Schumacher, 2002), | propose at first to outline the main
features of the Variscan orogeny in Western Europe.

The Variscan orogen is composed of several domains, namely the Northern Phyllite zone, the Mid German
Crystalline High, the Saxo Thuringian and the Moldanubian (Figure 3) (Anderle et al., 1995; Behr, 1966;
Boigk and Schoneich, 1970; Franke, 2014, 2000, 1995, 1992, 1989; Franke et al., 2017; Oncken et al.,
1995; Winchester et al., 2002). These units have been imbricated during Middle Paleozoic convergence
between Laurussia and Gondwana (Behr et al., 1984; Franke, 2000; Giese, 1995; Kroner et al., 2008; Zeh
and Gerdes, 2010).
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Figure 3: Variscan tectonic framework of ECRIS (redrawn after Ziegler and Dezes, 2005).

Three Variscan sutures are observable in Figure 3 namely 1) a south dipping suture between the Rheno
Hercynian zone and the Saxo Thuringian zone, 2) a south dipping suture between the Saxo Thuringian zone
and the Bohemian zone (Lalaye Lubin and Baden Baden zone) and 3) a north dipping suture (Badenweiler
Lenzkirch zone) between the Moldanubian zone and the Bohemian zone (Eisbacher et al., 1989; Franke,
2000; Hegner et al., 2001). As presented in Figure 4a, a reconstruction of the Variscan orogeny during the
Westphalian (313 to 304 Ma) shows an Armorican Terrane Assemblage, i.e. micro terranes and marine
basins separated during the Cambrian from the northern margin of Gondwana (Crowley et al., 2000; Franke
et al., 2017; Kemnitz et al., 2002).
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Figure 4: Geodynamic evolution along the AA’ transect in figure 3 (redrawn after Ziegler and Dézes, 2005).

Ongoing shortening accommodated by opposed subduction zones led to intense volcanic arc activity and
magmatism (Figure 4b). The remnants of the widespread granitic magmatisms are exposed in the
Odenwald, BFM, VM (Okrusch, 1995; Stein, 2001; Timmermann, 2008) and Massif Central (Thiery et al.,
2009). This widespread magmatism thermally destabilized the orogenically thickened lithosphere. During
this period slab detachment and asthenosphere upwelling contribute to the delamination of the lithosphere
and disruption of the Variscan orogen. Mantle derived melts accumulate at the base of the continental crust
and anatexis occurs within the lower crust (von Seckendorff et al., 2004). The collapse of the orogen is
observed and a series of ENE-WSW transtensional pull-apart basins like the Saar-Nahe basin form (Henk,
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1993a, 1993b; Scheck-Wenderoth et al., 2008; Weber, 1995) and Sillon Houiller in Massif Central (Edel et
al., 2013). These basins accumulate thick continental clastics deposits (Figure 4c) up to 10 km (Henk, 1992;
Schéfer, 2011, 1989). The formation of these basins involved the reactivation of Variscan structures in
dextral shear which was coeval with a sinistral reactivation of Variscan shear zones outlining the Hessian
graben, the URG (Boigk and Schéneich, 1970; Eisbacher et al., 1989; Schumacher, 2002; Weber, 1995;
Ziegler and Dézes, 2005) and Sillon Houiller in Massif central (Edel et al., 2013).

From early Permian, the magmatic activity decays inducing thermal subsidence of the lithosphere. Erosion
reduces the Variscan topography until isostatic equilibrium is met (Ziegler et al., 2004; Ziegler and Dézes,
2005) (Figure 4c).

Major dextral translation between Gondwana and Laurussia induced disruption and exhumation of the
Variscan orogen (Ziegler and Dézes, 2005). Based on gravity and magnetic maps Edel and Weber (1995)
argue that during Devonian — Early Carboniferous times large scale displacements are accommodated by a
combined along 1) dextral NW-SE striking South Armorican, Bray, Bavarian, Elbe and Vistula faults and
2) sinistral activity along NE-SW striking Sillon Houiller and URG (see Figure 5).

Dextral Variscan strike slip zones

Sinistral Variscan strike slip zones

Dense bodies (Bohemian / Cadomian terranes}

Late Devonian - Dinantian basins

Major Variscan granite plutens

Faults and geophysical discontinuities active in Variscan time
Variscan thrusts

Boundary of basement outcrops

Axis of the Magnetic Anomaly of the Paris Basin

Figure 5: Structural sketch map of Variscan structures in western Europe (redrawn after Edel and Weber, 1995).

The Sillon Houiller Fault (SHF) has been intensively studied in the literature and its tectonic history has
been long debated. There is a general agreement for a dominant sinistral activity along the SHF (Castaing,
1982; Grolier and Letourneur, 1968; Lerouge, 1987; Letourneur, 1953; Rolin, 1987; Thiery et al., 2009).
The SHF strikes in a NNE-SSW direction, has a length of around 270 km and is interpreted as crustal scale
structure. Sinistral activity along the SHF and the Sainte Marie aux Mines Faults (SMMF) in the VM is
coeval in time to dextral shearing along the above mentioned South Armorican, Bray, Bavarian, Elbe and
Vistula faults.
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Thiery et al. (2009) argue that activity along the SHF consists in a first phase of sinistral wrenching resulting
in a left lateral displacement of 70 km between the base of Middle Visean and Upper Visean. This first
phase of movements along the so-called Proto SHF is accommodated by ductile deformation along steeply
inclined mylonitic zones. The last transtensional deformation increments favor emplacement of granite
intrusives until middle Namurian. A second tectonic episode is responsible Proto SHF reactivation during
Stephanian and opening of pull-apart coal basins i.e. formation of the Sillon Houiller. This reactivation
occurs under brittle deformation conditions and evidenced by numerous breccia and cataclastics
deformation zones.

Biollet granite

» )
Middle-Upper Visean Dextral strike slip zones D\ \ % Messeix granite N

Middle-Upper Visean Sinistral strike slip zones

Stephanian sedimentary basins

Late Devonian - Dinantian basins

Monzogranite intrusions

————— Variscan basement outcropping limit

50 Km

Figure 6: Structural scheme of Variscan domain in French Massif Central (redrawn after Thiery et al., 2009).

Further North Est, in the present location of the URG, Edel et al. (2007) have proposed that during the
Visean a lithospheric scale discontinuity was active in the form of a 40km wide and 400 km long shear
zone (Upper Rhine Graben Shear Zone, URGSZ) trending NE-SW and offsetting in a sinistral sense pre-
Variscan and early Variscan structures (Figure 7). The URGSZ offsets at present low grade terrains from
Proterozoic and/or Early Paleozoic between the Northern Vosges and Northern Black Forest by about 40
km (Edel and Fluck, 1989; Rousset et al., 1993).
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Figure 7: a) structural scheme of the west European Variscan domain, b) structural map of the Upper Rhine Graben area with
extrapolated geophysical data (redrawn after Edel et al., 2007).

During late Visean granitoids like the ones of SSF intruded the lithosphere while being ductile along this
sinistral wrench zone system. As presented in the distribution of magnetic anomalies (Figure 8), the SSF
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granites and other plutonic intrusions from similar age form lenses oriented in a NE-SW direction possibly
bounded by steep faults.
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Figure 8: First vertical derivation of the magnetic anomaly (redrawn after Edel et al., 2007).

The Variscan wrench tectonics has produced in the URG area numerous sinistral strike-slip structures,
oriented NE-SW, which have accumulated large amounts of strain. Given the thermally weakened state of
the lithosphere during Devonian to Carboniferous and the fact that the URGSZ is considered as a
lithospheric-scale structure (Edel et al., 2007) it can be envisaged, like in the SHF, that differential
movements along NE-SW structures were accommodated by ductile deformation processes. Evidences of
ductile shearing of Variscan origin are ubiquitous along the strike of the SMMF and also within the central
part of the BFM showing a dominant NE-SW oriented gneiss foliation. Interestingly the granitoid fabric
shows a similar NE-SW preferential orientation 