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Préambule 

 

Je ne vais pas débuter ce mémoire comme cela se fait habituellement, à 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 à une ou plusieurs personnes. J’ai certes mis tous mes 

efforts, toute ma patience ainsi que toute mon application à la rédaction des pages qui vont suivre, mais 

comme tout travail de recherche, celui-ci se veut incomplet, perfectible et soumis à la critique. Les proches 

à qui je pense en ce moment méritent bien mieux. Je ne vais pas non plus remercier mes amis car mieux 

vaut être 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 plutôt dire « certains enseignants » des 

Classes Préparatoires aux Grandes Ecoles. Dans le contexte d’une habilitation, faire référence à des 

personnes pour qui la recherche est une discipline étrange, et par-dessus tout étrangère, peut paraître hors 

propos. Cela est toutefois loin d’être le cas à mes yeux. Pour une raison connue d’eux seuls, bon nombre 

de mes « enseignants » ont décidé de tout mettre en œuvre afin de sortir du système éducatif la jeune 

personne que j’étais alors, plus tout à fait un enfant mais loin encore d’être un adulte. Mesdames et 

Messieurs, je me demande encore aujourd’hui comment vous êtes arrivés en quelques jours à juger de mes 

capacités. Comment osez-vous réserver vos leçons et votre aide à un étudiant plutôt qu’à un autre ? De quel 

droit vous permettez-vous de me tourner le dos quand je ne comprends pas l’énoncé d’un exercice alors 

que vous-même n’auriez pas su le résoudre sans vos fiches explicatives ? Mesdames et Messieurs, je suis 

aujourd’hui plus qu’à même 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 à l’apprentissage des principes 

fondamentaux de l’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 à m’adresser à tous mes jeunes étudiants pleins de bonne volonté. Je le sais et je 

l’assume, je suis souvent dur avec vous mais vous m’avez tôt ou tard toujours remercié de vous avoir donné 

l’envie d’apprendre. N’acceptez jamais les attitudes que je viens de décrire, ne laissez pas de telles 
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personnes vous lancer au visage que vous n’êtes pas faits pour continuer dans la voie que vous avez choisie. 

Soyez sourds à ces misérables discours. La vocation et l’envie sont les clés du succès 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 être 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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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
https://doi.org/10.3390/en12091597
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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 III. 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 Mälhmann 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., Schäfer 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 l’Yret shear zone (western Alps). Trullenque G., Kunze K., Heilbronner R., 

Stünitz 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) 

https://scholar.google.com/citations?view_op=view_citation&hl=fr&user=e0vOpTgAAAAJ&sortby=pubdate&citation_for_view=e0vOpTgAAAAJ:LhH-TYMQEocC
https://scholar.google.com/citations?view_op=view_citation&hl=fr&user=e0vOpTgAAAAJ&sortby=pubdate&citation_for_view=e0vOpTgAAAAJ:LhH-TYMQEocC
https://doi.org/10.1127/ejm/2018/0030-2739
https://doi.org/10.1111/maps.12840
https://scholar.google.com/citations?view_op=view_citation&hl=fr&user=e0vOpTgAAAAJ&sortby=pubdate&citation_for_view=e0vOpTgAAAAJ:bKqednn6t2AC
https://scholar.google.com/citations?view_op=view_citation&hl=fr&user=e0vOpTgAAAAJ&sortby=pubdate&citation_for_view=e0vOpTgAAAAJ:bKqednn6t2AC
https://doi.org/10.1007/s10040-016-1468-x
https://doi.org/10.1016/j.clay.2016.10.003
https://doi.org/10.1111/maps.12018
https://doi.org/10.1007/s00015-012-0102-8
https://doi.org/10.1111/j.1365-2818.2010.03398.x
https://doi.org/10.1016/j.tecto.2007.11.016
https://doi.org/10.2138/am.2007.2648
https://doi.org/10.1016/j.tecto.2006.06.004
https://doi.org/10.3390/geosciences12090341
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., Šadek, S., Gautason, B., Greene, R.M. Graduate 

Geothermal training in the European Economic Area. Proceedings 44Th 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, I. 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-forêts 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., Bär, K., Rajšl, 

I. Meet project: toward the spreading of EGS across europe. European geothermal congress (EGC) 2019 

proceedings. 

Raos, S., Ilak, P., Rajšl, I., Bilić, 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., Ragnarsdóttir, 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., Bär, 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., Rajšl, I., Bilić, T., Trullenque, G., Šadek, S., Marušić, 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., Bär, 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. 

https://zenodo.org/record/3520825#.XxWibZ4zZPY
https://zenodo.org/record/3520825#.XxWibZ4zZPY
https://digital-library.theiet.org/content/conferences/10.1049/cp.2018.1869
https://digital-library.theiet.org/content/conferences/10.1049/cp.2018.1869
https://digital-library.theiet.org/content/conferences/10.1049/cp.2018.1869
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Trullenque, G., Genter, A., Leiss, B., Wagner, B., Bouchet, R., Léoutre, E., Malnar, B., Bär, K., Rajšl, I. 

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 III: 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. Intérêt de deux Approches 

géomatiques (SIG et LIDAR terrestre) pour la détermination de champs de contraintes. Cas du pluton 

granitique de Malsburg (Forêt 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., Schäfer, 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., Schäfer, 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., Ragnarsdóttir, 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 Mählmann, F. 

Reliability of very low-grade metamorphic methods to decipher basin Evolution: case study from the 

Markstein basin (southern Vosges, NE France). 25ème 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. 24ème 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., Lejeune, O., 

Potel, S. Comparaison du contrôle géomorphostructural de réseaux Hydrographiques par traitement 

automatique sous ARCGIS. Cas des massifs des Vosges et de la Forêt 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., Stünitz, 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., Fügenschuh, B., Schmid, S.M. Polyphase tectonic activity along the penninic 

front: implications for the evolution of the western Alps. 1st 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., Rajšl, I., Bilić, 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. 

Kühn, 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. 9th 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. 20ième Réunion des 

Sciences de la Terre, Strasbourg, 2004. 

https://zenodo.org/record/3773949#.XxbkYJ4zZPY
https://zenodo.org/record/3773949#.XxbkYJ4zZPY
https://zenodo.org/record/3520827#.XxbeGJ4zZPY
https://zenodo.org/record/3520827#.XxbeGJ4zZPY
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Trullenque, G., Schmid, S.M., Heilbronner, R., Stünitz, H., Kunze, K. Progressive shear in naturally 

deformed calcitic rocks: microfabric evolution and a new type of oblique c-axis orientation. 1st 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., Stünitz, 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 l’ile de Taiwan. Une approche par modélisation analogique. 18e 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, I 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. I then decided to pursue my researcher career at international level 

and diversify my competences. I wished to gain experience in laboratory practice and tools development as 

I consider that technical and engineering skills are mandatory to a scientific career. I spent several years to 

train in both scanning electron microscopy and experimental deformation techniques while keeping a 

publication record. During that period, I 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 I 

am working as a structural geologist. I 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. I am dealing with business-driven applications having an important societal impact while 

treating research-driven geological processes analysis. I am coordinator of several demonstration and 

education projects and I wish to further compete for similar grants in the future. 

During the past ten years at UniLaSalle, I think I 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. I am willing to continue in supervising PhD theses and also 

apply to Professorship positions at University as a logical career development. 

At last, I 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 Diplôme d’Etudes Approfondies (DEA) 

I achieved my DEA (5th 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. I 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 Trullenque, 2009). 
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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 I decided to seek for a PhD thesis dedicated to a regional geology thematic. 

I 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. I could include in the PhD theme some microfabric 

investigations on highly deformed rocks and a low-grade metamorphic study. I had appreciated these two 

disciplines during my Master thesis. 

I wish here to thank Professor Schmid who considered my candidature. I 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 Briançonnais 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 

helmenthoïd flysch nappes were emplaced during this Oligo Miocene episode. 

Besides this geological model gained from deciphering geological structures overprint in time and space, I 

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) I 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 c 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. I 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 
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glide in the <a> direction induce a symmetric c 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. I 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, I 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 c 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, I was responsible during my PhD of X-ray textural goniometry measurements on demand 

from colleagues. I 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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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 I am following in 

my career. 

By the end of my PhD thesis I 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 I 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. I 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, I 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, I 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. I 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, I 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 I 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 γ = 1.5 and a shear strain rate of 1.7x10-4 s-1. 

Our experiments have shown a nearly steady state creep in the stress-strain curve starting at γ = 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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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. I 

negotiated all orders in terms of polishing equipment and consumables and introduced a set of working 

practices at the SEM laboratory. I greatly appreciated this first laboratory management experience. I 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, I 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). I 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, I obtained the “maître de conferences” accreditation in CNU 

sections number 35 and 36. 

Willing to share experience in terms of SEM imaging and analytics with students, I proposed a set of 

lectures including SEM imaging and analytics to Bachelor and Master level. 
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4.3 Application specialist at Oxford Instruments Nanoanalysis GmbH 

In the framework of my position at the University of Mainz, I 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). I 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. I was in charge of installing and 

calibrating new systems while ensuring customer training and service. I was also representing the company 

in many exhibitions. I 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, I participated in some publishing of customers’ results in international 

scientific journals (Kempe et al., 2018; van de Moortèle et al., 2010). 

The contribution by van de Moortèle 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 (Dódony 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 c 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. 
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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, I decided to return to 

the academic community.  

I 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. I also 

received the responsibility to develop the EBSD sample preparation facility and manage the SEM 

laboratory. I 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-1. In this contribution, I 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. 

I also participated to a research program dedicated to dynamic load of quartz crystals. I proposed to use 

both a diamond anvil cell and synchrotron radiation at PETRA III, 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 α quartz polymorphs under dynamic and non-hydrostatic 

conditions. Our experiments revealed that α 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, I was in charge of several lectures in the field 

of petrophysics, accretionary prism modeling in sand box apparatuses and general geology. I participated 

in several field camps in central Germany and organized a field trip in the Armorican massif in Brittany 

(France). 
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4.5 Structural geologist at UniLaSalle 

I 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. I am a member of the Basin Reservoir and Resources (B2R, 

URR 7511) research team headed by Dr. Sébastien Potel. I 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. 

 

4.5.1 The choice of a candidature at UniLaSalle 

The different positions I held after my PhD allowed me to obtain a panel of scientific and technical 

competences plus a solid laboratory management experience. I 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, I am a member of the Basin Reservoir Resources (B2R) research unit. This research 
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activity is my career priority. I propose my own research subjects dealing with reservoir geology and I 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 I 

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. I 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, I further enhance the existing curriculum and create new courses of 

study. I 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 

 

4.5.2.1 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 CO2 implies a CO2 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 CO2 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. 

 

4.5.2.2 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). 

 

4.5.2.2.1 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 (Bär, 2012; Bär et al., 2011; Bauer et al., 2015; Bossennec 

et al., 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 Göttingen (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 Forêts (SSF) and Rittershoffen (RH) reservoir (URG, France) and the Acoculco 

caldera complex located within the Trans Mexican Volcanic Belt (Avellán 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 CO2. 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 CO2 storage. A vast number of references are found the literature compiling 

natural occurrences of CO2 (Morgan, 2007; Naruk et al., 2019; Stevens et al., 2005) and natural leakage of 

CO2 (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 CO2 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, I realized that the multidisciplinary set of fundamental 

research competences that I 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 I 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. I 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. I 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. I am using multi-scale data, namely 

seismic lines, borehole and core imaging plus sample thin sections. I 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 CO2 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 CO2 storage on the long term 

and deciphering potential leakage hazard. 

In summary, I am willing to use and develop my scientific expertise in order to bring input used by the 

reservoir engineering community. 

 

4.5.3 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, I am giving a summary of the different research grants I obtained, emphasizing on my 

research outcomes. 

 

4.5.3.1 The MEET research, development and demonstration project 

The UniLaSalle candidature to H2020 Low Carbon Energy 2017 call was decided under my instigation. I 

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). I ensured its proper 

functioning in terms of strategy (opportunities and risk analysis) and operation (project internal animation 

plus communication and deliverable review). I 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, I 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 I 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, Variscan 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. I 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. I 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 Illkirch 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 Vosges 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 (Illies, 1965; Ziegler, 1994; Ziegler 

and Dèzes, 2005).  
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Figure 2: Overview of the European Cenozoic RIft System (ECRIS). Graphic illustration by Christian Röhr 

(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; Dèzes et al., 2005, 2004; Illies, 1978, 1977, 1974; 

Illies et al., 1967; Villemin and Bergerat, 1987) and sedimentary sequences (Bartz, 1974; Doebl, 1970, 

1967; Illies, 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), I 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 Schöneich, 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 Dèzes, 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 Dèzes, 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; 

Schäfer, 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 Schöneich, 1970; Eisbacher et al., 1989; Schumacher, 2002; Weber, 1995; 

Ziegler and Dèzes, 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 Dèzes, 

2005) (Figure 4c). 

Major dextral translation between Gondwana and Laurussia induced disruption and exhumation of the 

Variscan orogen (Ziegler and Dèzes, 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). 

 

 

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. 

 

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 granitoïds 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.  

 

 

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 of biotite crystals interpreted as an initial magmatic fabric 
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acquired during syn-kinematic pluton emplacement under ductile conditions and still preserved at present-

day (Schulmann et al., 2002). 

During the Cenozoic the URG formation is related to a polyphase complex stress-field produced during 

Pyrenean and Alpine orogens with a possible contribution of mantle uplift (Illies, 1975, 1974; Illies et al., 

1967; Monninger, 1985; Ziegler, 1994, 1990). 

The main phases of the Cenozoic URG formation can be summarized as follow: 

• Rifting in the URG area started in the late Eocene as a result of N-S compression which origin is 

to be found in both Alpine and Pyrenean collision zones (Dèzes et al., 2004).  

• Starting in the Oligocene the Alpine orogenic wedge was thrusted onto the European plate towards 

the NW (Ceriani et al., 2001; Trullenque, 2005) and the main E-W extension in URG occurred as 

a result of Northwards compression related to Alpine and Pyrenean collision.  

• In the late Oligocene NE-SW compression reactivates the border faults with a dextral shear sense 

(Schumacher, 2002; Villemin and Bergerat, 1987) 

• During the Miocene, URG was subjected to W and NW directed compressional stresses due to 

frontal Alpine collision within the external crystalline massifs (Dèzes et al., 2004). 

• Since Miocene, the URG acts as a sinistral strike-slip zone (Ahorner, 1975; Bergerat, 1985; Bonjer, 

1997; Bonjer et al., 1984; Buchmann and Connolly, 2007; Delouis et al., 1993; Edel et al., 2007; 

Homuth et al., 2014; Illies, 1977; Illies and Greiner, 1979; Plenefisch and Bonjer, 1997; Rotstein 

et al., 2005; Villemin and Bergerat, 1987) as a response to a far-field stress imposed by the 

convergence between Africa and Europe.  

The above literature review outlines the importance of strike-slip tectonics within the URG itself and at 

European scale since Variscan times. Several phases of NE-SW oriented Variscan fault reactivation are 

observed and strike-slip structures accommodating varying amounts of strain are ubiquitous. Such 

reactivations have also been proposed within the SSF reservoir (Glaas, 2021; Illies, 1972; Rotstein et al., 

2006; Villemin and Bergerat, 1987). My research interest within the MEET project was in turn 

dedicated to a precise characterization of 1) progressive microfabric evolution and 2) coeval 

increasing rock alteration along a strain gradient imposed on granitic rocks deformed in a strike-slip 

regime within the brittle field. Investigations of rock alteration processes occurring during deformation 

are important as they drastically influence both 1) mechanical, hydraulic and petrophysical properties of 

fault zones (Bartier et al., 2008; Charléty et al., 2007; Ledésert et al., 2010) and 2) reservoir response to 

production and stimulation activities. In the geothermal industry, this last topic is sensitive as it may trigger 

mechanical instabilities leading to induced seismicity (Dorbath et al., 2009; Groos et al., 2013; Häring et 

al., 2008). Induced seismicity causes a dramatic effect in terms of societal acceptance of geothermal projects 

(Kraft and Deichmann, 2014) and it is therefore important to lower this risk. In order to achieve these goals, 

I have been coordinating a team with a cluster of expertise covering the fields of regional geology 

understanding and structural analysis of a chosen reservoir analogue province, petrographic and 

geochemical investigation of alteration processes affecting deformed granitic rocks and statistical analysis 

of fracture patterns. My approach contributes to the understanding of the coupled activity of alteration and 

strain within fault zones. Data from a large-scale exhumed reservoir analogue deformed in a strike-slip 

setting provide are compared with fluid-rock interaction models proposed to date from an active geothermal 

site using limited borehole data. 

I define an analogue as a site to gain input in understanding the evolution of given key processes at 

depth on certain types of geological structures. I believe that one of these processes are fluid-rock 

interactions and their evolution depending on deformation amounts in transcurrent structures 
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affecting the crystalline basement. Under these circumstances a perfect copy of the URG is not needed 

and the analogue should satisfy the three following conditions: 

1) Present an array of converging similarities with the URG in terms of large-scale tectonic setting, 

2) Have similar crystalline basement rock petrographic characteristics, 

3) Allow access to exceptionally outcropping conditions where deformation gradients and fluid rock 

interaction processes are particularly well-developed and preserved. 

I have chosen the Noble Hills range structural high, situated along the Southern Death Valley Fault Zone 

(SDVFZ), as reservoir analogue to the SSF demonstration site. The NH area fulfills the three above-

mentioned prerequisites and is ideal for studying under virtually 100% outcrop exposure the complete 

microfabric and petrographical evolution of granitic rocks from a pristine to ultracataclastic state along a 

strike-slip wrench zone. 

The Death Valley (DV) area is situated in California in between the SW termination of the Basin and Range 

province and the NW termination of the Mojave block (Figure 9). DV lies in the core of the Eastern 

California Shear zone which accommodates more than 10% of Pacific-North America plate motion. DV is 

a transtensional system forming a typical pull-apart basin bounded by dextral strike-slip zones, the Northern 

and Southern Death Valley Fault zones (NDVFZ and SDVFZ respectively).  

 

Figure 9: a) large scale structural map of western USA (Norton, 2011), b) Simplified structural scheme of the Death Valley area 

and localization of the NH (redrawn from Burchfiel and Stewart, 1966), c) pull-apart schematic representation of the Death valley 

area and localization of the NH range (redrawn from Burchfiel and Stewart, 1966). 

Based on geometrical reconstructions and facies correlations between units found on each side of the 

SDVFZ Pavlis and Trullenque (2021) have demonstrated a net dextral lateral offset of around 40 km along 

strike of this structure. The NH are interpreted as a slice of Proterozoic basement intruded by Mesozoic 

granites dragged along the SDVFZ and recording a net cumulated slip lower than the total fault trace. In 

addition, the authors propose that much of the dextral slip occurred during the main extension of the DV 

basin i.e. from 12 to 6 Ma. The results by Pavlis and Trullenque (2021) have been using used for the 

organization of a field excursion and publication of the associated field excursion guide (Fleming et al., 

2022). 
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The NH are used with a twofold aim and the results have been obtained in the frame of the PhD dissertation 

from Dr. Klee and the Post-Doctoral fellowships of Dr. Fleming and Dr. Chabani I have been mentoring 

(see supervision section). Klee et al. (2021b, 2021a) investigated fluid rock interaction processes from the 

petrographic and geochemical point of view in terms of pervasive alteration 1) away from fracture zones 

and 2) at low to moderate strain. Chabani et al. (2021b, 2021a) characterized multiscale fracture patterns, 

fracture spacing variability and distribution of fracture patterns within the NH. 

In their part 1, Klee et al. (2021b) have characterized the pervasive alteration of granitic rocks found within 

the NH and compared to the initial protolith found along strike of the SDVFZ about 40 km to the North. 

They used a combination of petrographic, geochemical and petrophysical analyses and completed their 

study by a metamorphic grade study. The authors showed a progressive increase of temperature along strike 

of the NH range towards the south that they relate to a possible differential exhumation. Klee et al. (2021b) 

could evidence three stages of alteration: 1) a pervasive propylitic alteration present in both the protolith 

and NH range, 2) an argillic alteration only present in the NH and 3) a negligible weathering type alteration 

in both the protolith and the NH range. In terms of chronology, the local argillic alteration postdates the 

pervasive propylitic alteration. 

In their part 2, Klee et al. (2021a) found evidences in favor of a polyphase circulation of fluids through the 

reservoir. The authors observe an increase of alteration degree, porosity and calcite contents when 

approaching the fracture zones but could not find a direct link between the degree of alteration and fracture 

density. 
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Chabani et al. (2021b) have proposed a multiscale geometric description of fractures within the NH range 

based on a combination of satellite imagery, aerial and ground photogrametric models, outcrop scan lines, 

hand specimens and rock thin sections. Based on this combination of data they could propose a model 

outlining the structuration of the NH and used this model to discuss the connectivity of the fracture network 

and its potential influence on fluid flow. Using an approach combining facies variability and change in 

fracture trend orientation the authors outlined the presence of three different domains within the NH and 

concluded that connectivity was ruled by both small and large fractures. In addition, fracture orientation 

within the NH shows a dependence to the scale of observation which is not the case for fracture length. 

In a second contribution, Chabani et al. (2021a) used numerous scanlines to characterize fracture spacing 

variability, distribution of fracture patterns and impact of the major faults on fracture distribution and fluid 

circulation. The authors could identify three different fracture sets and argue that 1) clustering of fracture 

distribution is dependent on fracture orientation and 2) clustering intensity is higher close to high strain 

zones. It is concluded that high strain induces clustering of fracture patterns while at moderate deformation 

fracture pattern distribution tends to random or regular. Such distributions having an important impact on 

flow must be taken into account when dealing with numerical simulations.  
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Klee (2021) presented and discussed the mineralogical and petrophysical similarities between the NH 

analogue and the geothermal reservoirs exploited at present in the URG. From a petrographic point of view 

the granitic rocks found in both localities have a similar monzogranite composition. At both places, 

evidences of alteration are present and consist in an early pervasive stage (so-called propylitic alteration) 

followed by an alteration stage which occurred along fractures having channeled fluid flow. This second 

stage of alteration is called argillic alteration (Klee et al. 2021b and references therein). This argillic 

alteration produces a secondary mineral infill in both the SSF (Genter, 1989; Glaas et al., 2021; Klee et al., 

2021b; Komninou and Yardley, 1997) and NH granites (Klee et al., 2021a). In both NH and SSF the argillic 

alteration is later than the propylitic alteration and this second alteration stage can become largely dominant 

in the vicinity of fracture zones (Klee et al., 2021b, 2021a; Vidal et al., 2018). Taking as a reference the 6 

grades of granitic rocks alteration grades used by Glaas (2021) and Vidal (2017), Klee (2021) could produce 

a similar ranking in three grades. Many similarities between the SSF plus RH and NH granites are found in 

terms of progressive development of clay minerals approaching fracture zones. Fractures fillings at SSF are 

heterogeneous and many indications lead to propose a polyphase tectonic history with a possible 

reactivation of inherited Variscan structures during the Mesozoic and Cenozoic. A multistage paleofluid 

circulation has also been proposed for the NH fractures by Klee et al. (2021a) since many similarities are 

found in terms of paleofluid composition with the SSF reservoir. For the NH, quartz veins are interpreted 

as evidence of a first phase of brine circulation followed by a second circulation responsible of illite 

formation. A third circulation phase induces carbonates precipitation and a fourth phase leads to baryte 

deposits. 

From a petrophysical point of view Chabani et al. (2021a) concluded that connectivity within the NH 

reservoir analogue was ruled by both small and large fractures. The presence of high amounts of calcite 

within both the NH and SSF can be only explained if both systems are similarly opened and if brine 

circulation is in both case controlled by the fracture network.  

As a conclusion, a converging array of arguments confirm the working hypothesis namely that the NH are 

considered as a naturally exhumed domain having been affected by a polyphase fluid flow coeval with 

strike-slip activity along the SDVFZ. The validity in terms of reservoir analogue is confirmed. 

 

4.5.3.1.2 Scalings development studies 

In order to produce a constant amount of energy the geothermal industry needs to understand reservoir 

properties and gain from geologists precise models of its architecture and an in-depth characterization of 

rock properties. These data are important to predict reservoir evolution through time, minimize seismic 

hazard during stimulation and production phases and ensure a proper well positioning and orientation. 

Besides reservoir geology, surface infrastructures dimensioning and material resistance to corrosion are of 

primary importance. Given the aggressivity of highly saline geothermal brines, and their change of pressure 

and temperature during exploitation, scalings might develop in pipe lines and heat exchangers lowering 

plant efficiency. 

Given my past expertise as application engineer within the Oxford Instruments company, I have participated 

to a characterization of sulfides precipitates developing in a small heat exchanger tested in the framework 

of MEET. Ledésert et al. (2021) have shown that the shape of galena precipitates is strongly dependent on 

flow turbulence. Portions of the heat exchanger having a turbulent flow show dendritic crystals as a result 

of quick growth while laminar flow present in the tubes induces a slower crystallization leading to well-

developed faces. 
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4.5.3.1.3 Decision Making Tool development 

 

Besides reservoir geology and scalings development within heat exchangers, I have also been involved in 

the development of a multiple criteria decision making tool for assessment of geothermal projects (Raos et 

al., 2019). This tool is designed to help investors and decision makers in terms of risk mitigation and is 

available for download at no charge (https://www.meet-h2020.com/project-results/decision-making-

support-tool/). 

The algorithm uses technical specifications, geological characteristics, spatial data, energy and heat price 

plus social and environment impact as input. My role within this project was to check consistency of the 

available geological data. 
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4.5.3.2 My present research 

 

4.5.3.2.1 Ongoing studies at the Noble Hills analogue (CA, USA) 

 

4.5.3.2.1.1 Geodynamic evolution of the Eastern California Shear Zone 

Pavlis and Trullenque (2021) have shown that the NH were transported along strike of the SDVFZ. Right 

lateral drag and intensive stretching of the Proterozoic basement and Mesozoic granitoids leading to 

formation of cataclastic shear zones and boudinage (Figure 10) have been described by Klee et al. (2021a). 

The authors evidence a strain gradient across the NH, with lower amount of deformation at the back of the 

range compared to the front. This deformation started around 12 Ma ago (Pavlis and Trullenque, 2021) and 

produced an internal anisotropy within the NH with a dominant NW-SE fractures direction in domains A 

and B (Figure 11) defined by Chabani et al. (2021b). 
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Figure 10: NH satellite image with inserts showing dextral transcurrent deformation at the front of the range (figure taken from 

Klee et al., 2021a). 

Klee et al. (2021b) have documented a temperature gradient along strike of the NH, higher temperatures 

being found towards the SE and concluded that the south eastern termination of the NH have been buried 

deeper than the north western part. These findings implicitly suggest a differential uplift along strike of the 

NH which explains the observed topography steepening leading to higher erosion and disappearance of the 

Proterozoic basement and Crystal Springs sedimentary sequence towards the SE. This differential cannot 

be solely explained by means of dextral strike-slip activity along the SDVFZ in an overall transtensional 

setting within the DV area. Niles (2016) has documented south of the Canadian Club Wash (Figure 12) a 

compressive deformation at the front of the NH. I confirm compression in the southeastern part of the NH 

and add that this compressive phase passively transports inherited SDVFZ strike-slip structures towards the 

NE. 
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Figure 11: a) fracture traces found within the NH and subdivition of the range in three domains, b) orientation distributions, c) 

geological interpretation showing that NW-SE fractures are overprinted by the E-W fracture set (figures taken from Chabani et 

al., 2021b). 
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Figure 12: Cross-section at the frontal part of the Noble Hills range (simplified after Niles, 2016). 

The observed compression postdates activity along the SDVFZ and is responsible of the wedging out and 

progressive curvature in map view of the NH in the southeast. This progressive curvature is accommodated 

by a combined sinistral activity along E-W (green distribution in Figure 11b) and NE-SW (red distribution 

in Figure 11b) fractures measured by Chabani et al. (2021b) in their domain B and domain C. The authors 

demonstrate that the E-W structures are offsetting in a left lateral sense the NW-SE fault zones inherited 

from activity along the SDVFZ (Figure 11c) and must therefore correspond to a later deformation phase. 

The NE-SW oriented structures are also postdating activity of the SDVFZ as they are also offsetting the 

NW-SE inherited anisotropy. 

My ongoing research at NH combines high resolution field mapping with radiometric dating of fault rocks 

found along strike of SDVFZ and Garlock Fault Zone (GFZ). I confirm the hypothesis by Chabani et al. 

(2021b) namely that activity along GFZ is postdating movements along the SDVFZ. I am working on the 

publication of these results in the Geology journal (Trullenque et al. in prep). 

 

4.5.3.2.1.2 Influence of inherited structures on later fluid flow 

The above-described late E-W and NE-SW fractures are particularly well-developed at the back of the NH 

range where they occasionally form meter thick veins of baryte. These baryte veins do not penetrate across 

the whole NH and sinistral movements are then accommodated by broad cataclastic zones. It is interesting 

to note that vein opening seems restricted to the back part of the NH where 1) the rocks have suffered lower 

strain compared the front of the range and 2) anisotropy inherited from SDVFZ activity is less pronounced. 

On one hand, it could be argued that the late compressional overprint accommodated by both E-W and NE-

SW sinistral strike-slip structures is of minor importance. Thrusting of SDVFZ inherited structures on top 

of Neogene units found at the front of the NH associated to thrusting of the whole Avawatz range on top of 

NH (Trullenque et al. in prep.) is not in favor of this hypothesis. On the other hand it is more conceivable 
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that penetrative cataclastic deformation associated to argillic alteration described by Klee et al. (2021a) in 

the vicinity of high strain zones induces a different mechanical response of the reservoir to renewed brittle 

deformation in a novel stress regime. 

The intersection between the SDVFZ and GFZ represents an unique opportunity to investigate the role of 

late deformation phases on a pre-structured reservoir in terms of fluid flow in a varying stress regime. The 

response in terms of either 1) opening of sharp fractures or 2) distribution of movements within a diffuse 

zone which prevents to form a sharp flow channel will be further developed in the perspectives session. 

 

4.5.3.2.2 Influence of inherited clay rich zones in reservoir fluid circulation. Combined geochemical and 

mechanical approach at the Schauinsland mining district 

Our investigations along the southern termination of the SDVFZ have confirmed that the NH range can be 

considered as an exhumed geothermal reservoir. This reservoir shows many evidences in favor of a coeval 

fluid circulation during progressive straining of granitic rocks in a strike-slip regime. Klee et al. (2021a) 

have shown that argillic alteration is becoming dominant in the vicinity of high strain zones. This alteration 

leads to the formation of Clay Rich Zones (CRZ) which drastically influence the properties of the reservoir 

rocks. CRZ are generally associated to highly fractured zones of varying orientations. Clay mineral 

formation is responsible of a drastic friction coefficient diminution which prevents elastic stress 

accumulation within the structure. CRZ act therefore as decoupling zones and their petrophysical properties 

in terms of porosity and permeability are extremely variable which in turn influence flow pathways and 

fluid quantities within the reservoir. The mechanical influence of CRZ and the relation to induced seismicity 

during EGS operations has been discussed by  Meller and Ledésert (2017). The authors show that seismic 

events induced during stimulation phases at the SSF reservoir are observed within unaltered granitic rocks 

while altered zones with a significant amount of clays only show little or no seismicity. Besides geothermal, 

the response to strain of rock alteration products leading to formation of CRZ along large scale faults 

influence the mechanical response of the whole system (Schleicher et al., 2010) and in turn its potential 

natural seismic hazard. 

I am interested in the role of these CRZ and structural heritage in general on subsequent deformation 

phases affecting a given geological environment. My research contribution is here focusing on the 

perturbation of brittle mechanical vein opening process when approaching a highly anisotropic and 

mechanically weak inherited CRZ. 

In the URG example, many inherited NE-SW oriented Variscan structures are found nowadays in the 

massifs bordering the graben, in Germany (Rhenish, Odenwald and BFM) and France (Southern VM) plus 

basement below the tertiary sedimentary infill of the graben. We have seen that these structures are 

associated with a 40 km wide and 400 km long crustal scale strike-slip system, the URGSZ, active during 

Visean (Edel et al., 2007). From a large-scale geodynamic point of view, sinistral wrenching along the 

URGSZ is contemporaneous to dextral activity along NW-SE Thuringian, Bray and South Armorican fault 

zones (Figure 5). 

Edel et al. (2007, 2002), Grimmer et al. (2017), Illies (1978) and Schumacher (2002) have insisted on the 

role of inherited NNE-SSW to WSW-ENE Variscan anisotropy on present-day structuration of the URG 

and also on the role this anisotropy had during URG opening in a varying stress-field. 

The NE-SW structures have been reactivated during the Alpine cycle, at least during the Mesozoic and 

Cenozoic periods and still play a role in the present seismicity of the area. Thermal cooling of the 
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lithosphere between Paleozoic and Mesozoic lead Edel et al. (2007) to consider that post-Variscan 

reactivation of these structures occurred exclusively in the brittle field. 

The first major phase of Variscan structures reactivation occurred in the Mesozoic. 

During Trias, the new Alpine rifting cycle began and several rift systems initiating the breakup of Pangea 

developed in Europe (Ziegler and Stampfli, 2001). Continued Mesozoic extension is responsible of the 

opening of the Alpine Tethys during the late Middle Jurassic and Mid-Cretaceous opening of the Valais 

Ocean. The preferential alignment of URG Permian (Boigk and Schöneich, 1970) and Tertiary (Doebl, 

1970, 1967; Schumacher, 2002) sediment sub-basins and isopaches along NE-SW directions is a first sign 

that inherited Variscan anisotropy might have influenced sedimentation within the graben. 

The Mesozoic imprint is also noticeable within the VM in the form of hydrothermal activity within Triassic 

sandstones from the URG (Clauer et al., 2008; Liewig, 1993; Liewig et al., 1987) and Northern VM 

(Tournier et al., 1999). Edel (1997) and Fluck (1992) have discussed the presence of polymetallic veins 

found within the VM and distributed along NE-SW oriented structures. These veins are interpreted by Edel 

et al. (2007) as a sign of reactivation of Variscan structures during the Late Triassic, Early Jurassic break 

up of Pangea. Schleicher et al. (2006b) have documented Jurassic and Cretaceous episodes of Illite clays 

characterizing injections of hydrothermal fluids within altered SSF granite. When combining these 

evidences of hydrothermal fluid circulations to paleomagnetic data to paleostress reconstructions using ore 

veins from the southern VM, Edel et al. (2007) have suggested a first reactivation of some Variscan 

structures consistent with an extensional stress-field during Lias. 

During the Cenozoic extension related to URG opening reactivated again the Variscan structures. 

Based on data from Gentier et al. (2013) and Valley (2007), Armandine Les Landes et al. (2019) define 

four main set of faults within the URG: Inherited Variscan structures NE-SW (set 1) and NW-SE (set 2) 

striking are observed at regional scale. 

Oligocene structures are ordered in two sets: 

• N-S striking and W dipping (set 3). This set could be interpreted as reactivation of 1)  lower 

Carboniferous to Permian sinistral faults during the late Eocene (Schumacher, 2002) or 2) N170° 

sinistral strike-slip faults from late Miocene up to present-day in a NW-SE compression regime as 

a strike-slip system. 

• NNW-SSE striking as E dipping (set 4). This set could be considered as Variscan N20° sinistral 

strike-slip and Variscan N135° dextral strike-slip reactivated during late Eocene and to N170° 

sinistral strike-slip faults. 

Another example of possible Cenozoic reactivation of Variscan structures is found in Glaas (2021) in their 

review of 8 geothermal wells in the central URG. The authors notice that the geometry of permeable 

fractures strikes NNW-SSE for SSF, N-S for RH and NNW-SSE for Illkirch and suggest that these nearly 

vertical fractures could represent an heritage from the Sudete Variscan phase possibly reactivated during 

the Pyrenean compression. Large scale present-day convective transport along the inherited NE-SW 

oriented Variscan structures has also been postulated by Sanjuan et al. (2016) outlining again the influence 

of inherited structures in the present-day fluid circulation within the URG. 

Inherited Variscan structures still play a role in the present-day geological framework of the URG. The 

present stress-field in the URG area is consistent with a NW-SE orientation of σ1 and is constrained by 

both earthquakes focal mechanisms (Ahorner, 1975; Bonjer, 1997; Bonjer et al., 1984; Plenefisch and 

Bonjer, 1997) and in situ measurements (Illies and Greiner, 1979). This orientation is consistent with late 

Miocene compression observed in the Jura as a result of Africa Europe convergence (Bergerat, 1985; 
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Giamboni et al., 2004; Laubscher, 2001; Schumacher, 2002; Villemin and Bergerat, 1987). Seismic activity 

is dominantly recorded in the southern part of the URG and is consistent with sinistral strike-slip motions 

along N-S to NNE-SSW structures though several focal mechanisms do not follow this trend and show a 

N-S to NNW-SSE σ1 direction (Ahorner, 1975; Plenefisch and Bonjer, 1997; Rouland et al., 1983). These 

earthquakes are located on N30-N35° inherited Variscan structures and show dominant strike-slip 

mechanisms. The reactivation of these Variscan structures outlines their importance in the present stress 

distribution in the URG. 

The above literature review shows that reactivation of Variscan, dominantly strike-slip, structures is evident 

through the whole history of the URG outlining the importance of structural heritage on its present-day 

position and tectonic evolution. This structural heritage plays a role in the location of structures from large 

scale tectonics down to local fracture or schistosity development. This anisotropy influences both heat and 

fluid flow within the geological environment inducing possible host rock alteration and regional stress-field 

perturbations. This overall complexity challenges reservoir utilization in terms of ore vein mining, 

geothermal well positioning or long-term storage capacity of CO2. 

The well-constrained geological framework coupled to polyphase deformation and associated brines 

transport makes the URG an ideal natural laboratory to investigate fluid flow perturbations in a complex 

structural setting. The challenge is to find in this area some outcrops with a preserved record of Variscan 

structures and evident signs of reactivation in both Mesozoic and Cenozoic. I am using the well-constrained 

models and associated outcrops at the Schauinsland and Freiamt Sexau (Figure 13) described by Werner et 

al. (2004) and Werner and Franzke (2001) as all the structures they present are found in a restricted 

environment. This precludes the necessity of large-scale extrapolations and inherently associated 

uncertainties. I am using as well some exposures found in an ore mine at Gabe Gottes (GG) (Figure 13) in 

the VM and described by (Hafeznia et al., 2015). 

 

Figure 13: Geological map of the Upper Rhine Graben area (Voges et al., 2004). 
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Figure 14: Simplified geological map around the Schauinsland massif (after Werner et al., 2004). 

The vast majority or ore veins from the Schauinsland and Freiamt Sexau district (Figure 13 and Figure 14) 

have formed during the Cenozoic and the large majority of veins is oriented in a NNE-SSW to NE-SW 

direction. 
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The model of geological evolution proposed by Werner and Franzke (2001) at the Freiamt Sexau district 

can be summarized as follow (Figure 15). 

• 1: Granitic intrusives are emplaced during late Variscan tectonic along dominantly sinistral strike-

slip zones. From a geodynamic point of view, these granites are equivalent to the syn-wrenching 

plutonic activity described by Edel et al. (2007). 

• 2: Strike-slip reactivation of the inherited NE-SW structural directions and formation of meter thick 

CRZ during late lower Cretaceous as a result of a far-field stress propagation linked to opening of 

Tethys and Atlantic oceans. Mankopf and Lippolt (1997) could date these CRZ and obtained ages 

between 290 and 240 Ma (Permian to Lower Trias boundary) using U/He dating method. 

• 3: Second strike-slip reactivation of inherited NE-SW structural directions and deposits of Siderite 

and Baryte ore veins. 

• 4: Post Oligocene third strike-slip reactivation of NE-SW structural directions and deposits of a 

second generation of Baryte veins. 

 

Figure 15: Geological reconstruction of the Freiamt – Sexau mining district (figure translated from Werner and Franzke, 2001). 
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The model of geological evolution proposed by Werner et al. (2004) at the Schauinsland district can be 

summarized as follow (Figure 16). 

• 1: during upper Carboniferous, final stages of Variscan shortening and presence of North dipping 

thrusts belonging to the suture between Moldanubian and Bohemian terranes (so called 

Badenweiler Lenzkirch zone). 

• 2: granitic and lamprophyres intrusions during Upper Carboniferous to Permian, along NE-SW 

directions (Lippolt and Siebel, 1991). These intrusions occur in a timeframe comparable to the 

granitic intrusives along the SHF, and the numerous granitic bodies from the VM and SSF 

(Cocherie et al., 2004). It is proposed that these intrusions are occurring at the end of the sinistral 

wrench tectonic found in the geographical position of the URG at that time. 

• 3: In the lower Jurassic to Upper Cretaceous period, E-W Variscan structures are reactivated as a 

result of a far-field stress propagation linked to opening of Tethys and Atlantic oceans. This 

reactivation produced intense alteration of the host rock and forms meter thick CRZ.  

• 4: During early Cenozoic, a trans-tensive reactivation of the NE-SW inherited structures lead to the 

formation of ore veins, offsetting the previously formed CRZ. 

 

 

Figure 16: Geological reconstruction of the Schauinsland mining district (figure translated from Werner et al., 2004). 

The structural map presented in Figure 17 (see location in Figure 16) shows an example of two ore veins 

running nearly parallel to each other in a NE-SW direction. These are connected by contemporaneous 

Riedel shear type structures (“Diagonalstruktur 2” and “Diagonalstruktur 3”) and paleo-stresses 

reconstructions  show a main compressive direction oriented NE-SW with an extension direction of N130°-

N150° (Werner and Franzke, 2001). 
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Figure 17: Structural map and stress-field reconstruction within the Schauinsland mining district. Dextral offset of the CRZSR by 

ore vein Gang III is depicted (figure translated from Werner et al., 2004). 

The CRZ Schumacher Ruschel (CRZSR) is interpreted as an inherited thrust active during Variscan 

convergence and reactivated as a sinistral strike-slip structure in Mesozoic. The origin of this reactivation 

is a possible far-field stress  propagation related to opening of Tethys and Atlantic ocean (Werner et al., 
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2004; Werner and Franzke, 2001). The CRZSR is oriented at N100-N110° and presents a subvertical dip 

angle. 

A profile across the CRZSR shows all domains described by Choi et al. (2016) with a symmetric 

organization consisting is about 10 m of damage zone on each side of a 1 m thick clayish fault core. Within 

the damage zone, the gneiss host rock is increasingly brecciated and hydrothermally altered when 

approaching the fault core and formation of an incipient penetrative schistosity subparallel to both initial 

foliation and strike of fault core is observed (Huttner and Wimmenauer, 1967). Progressive development 

of clay seams is also noticed when approaching fault core. The fault core is dominated by a total amount of 

at least 60% clays and altered brecciated gneiss clasts. No high temperature ductile stretching is present 

within the gneiss clasts and Werner et al. (2004) have documented in thin section that quartz crystals were 

brecciated with numerous of undulatory extinction. Werner and Franzke (2001) conclude that shearing 

activity along the CRZSR has occurred close to the brittle/ductile transition for quartz at around 300°C. 

Composition of the fault core matrix shows dominant Illite, Illite-Smectite and Chlorite plus some minor 

Kaolinite and Montmorillonite (Werner et al., 2004). From a microstructural point of view CRZ at 

Schauinsland show an anastomosing network of micro shear zones (Figure 18). Boudinated and non-

continuous layers of weakly consolidated gneiss cataclasites of centimeter thickness are found within the 

main CRZ foliation. 

 

Figure 18: Schematic representation from the CRZSR a) at outcrop scale, b) hand specimen (figure translated from Werner et al., 

2004). 

Five features of particular interest for the purpose of my research interest are found when dealing with ore 

veins and CRZ at the Schauinsland mining district: 

• Ore veins encountered within the Schauinsland massif always develop at a very high angle or 

perpendicular to the gneiss foliation, along inherited Variscan NE-SW directions (Figure 19). 

• Ore veins wedge out when approaching CRZ (Figure 19). 

• CRZ are locally thinned and offset in a dextral sense when in contact with the termination of an ore 

vein (Figure 20). 

• Ore concentrations are barely found within the CRZ and only minor occurrences have been locally 

described in nearby districts by Franzke and Werner (1994), Garcia-Gonzales and Wimmenauer 

(1975) and Hofmann and Eikenberg (1991). 

• Mine galleries cutting through CRZ are dry. CRZ are a natural barrier to present-day aquifer or 

meteoric fluid flow within the reservoir. At the opposite, ore veins are often guiding this water 

flow. 
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Figure 19: High resolution mapping alor ore vein Gang VI (figure translated from Werner et al., 2004). 
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Figure 20: Detailed structural mapping showing dextral offset of the CRZSR, related to emplacement of ore vein Gang III. (figure 

translated from Werner et al., 2004). See position in figure 17. 

In my opinion, these five features outline once more the importance of both inherited anisotropy and 

alteration on fracture development and associated fluid flow when a given stress-field is applied to a pre-

structured system. The Schauinsland mining district has an early record of two coeval NW-SE and NE-SW 

shear directions developed during the Variscan orogeny. This structuration at local scale is analogue to 

large scale plate tectonics described in session 4.5.3.1.1 with a coeval activity from Bray plus South 

Armorican Shear Zone and Proto SHF plus URGSZ. Mesozoic reactivation of the NW-SE / E-W structural 

directions induced a pronounced argillic alteration leading to the formation of CRZ. Tertiary deformation 

during development of the URG at pressure and temperature conditions well within the brittle field for the 

gneiss host rock. This brittle rheology is prone to elastic strain accumulation on the non-highly altered NE-

SW structures up to reactivation. In contrast, the mechanical response of the prominent Mesozoic CRZ to 

the Cenozoic stress-field can only be drastically different than the surrounding competent gneiss host rock 
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as temperatures are still high enough to trigger clay plasticity. Strain is therefore accommodated within the 

CRZ by means of bulk shearing with no discrete failure nor void opening which precludes the arrival of 

massive brine flow. Any brittle failure propagating within the competent host rock is stopped when 

encountering a CRZ as elastic strain cannot then be further accumulated. This process can be regarded as a 

switch from brittle to ductile deformation. Void opening within the CRZ is further prevented by 1) their 

unfavorable orientation in the imposed stress-field and 2) the intrinsic non-permeable nature of the clays 

preventing present-day meteoric and aquifer water flow in the galleries. 

The CRZSR is to be considered as an end-member representative of a mature fault system having 

accumulated vast amounts of strain. The mining literature has precisely documented this type of CRZ for 

economic and technical reasons as their presence 1) precludes the development of large exploitable ore 

veins and 2) triggers gallery instability and potential collapse hazard. Less attention has been given to 

inherited fault zones which have not developed a thick clay rich core. The lack of a core process zone can 

be interpreted as a sign of either lower amounts of strain and/or fluid flow along the fault which in turn 

leads to moderate argillic alteration and intrinsic anisotropy development. The role of faults with a non-

continuous clay core in terms of potential barrier to ore-saturated brines and present-day aquifer and 

meteoric flow remains poorly constrained. Klee (2021) has documented an outcrop (Figure 21) found at the 

GG mine in the VM at the entrance of the Gallery P-west described by Hafeznia et al. (2015). 

 

Figure 21: a) ore vein deviation when approaching the contact with an inherited high strain zone (figure redrawn after Klee, 2021), 

b) zoom on the termination of ore vein Gang VI (Werner et al., 2004), note the similar apparent drag and vein thinning. 

The outcrop shows an intersection between a geodic ore vein and a mylonitic shear zone affecting the gneiss 

host rock. As observed in the Schauinsland mining district, the ore vein 1) cuts at a near right angle the 

gneiss foliation and 2) thins when approaching the mylonitic shear zone. The geodic appearance of the ore 

vein is interpreted as a sign of development at relatively shallow levels, i.e. moderate hydrostatic pressure, 

in order for voids to remain opened along strike of the fracture. The mylonitic nature of the shear zone with 

ubiquitous signs of crystal plastic mechanisms in quartz indicates that the shear zone is inherited from an 

earlier high temperature deformation phase having affected the reservoir. Incipient argillic alteration is 
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observed along the foliation and schistosity planes but no continuous CRZ is developed along strike of this 

inherited strained zone. 

This outcrop presents two interesting features: 

1) Centimeter-scale, ore mineral partially filled, geodes and tensile bridges are found along strike of 

the inherited shear zone. These form an interconnected, continuous flow pathway which uses the 

inherited schistosity as a preferential route. 

2) The main geodic ore vein re-appears about 15 m away on the other side of the inherited shear zone 

forming a 30 cm thick geodic vein again cross cutting the gneiss foliation at a near right angle. 

This outcrop at GG illustrates the influence of inherited strained zones in the absence of massive argillic 

alteration. In the present case, the inherited strained zone is affected my minor Riedel type brittle offsets, 

and foliation/schistosity is mechanically prone to reactivation allowing fluid injections parallel to its strike. 

As a working hypothesis I suspect that, as in Schauinsland, the mechanical behavior of the inherited strained 

zone substantially differs from the host rock at a given distance, introducing a local stress-field variation 

with possible reactivation along the foliation and schistosity planes. In the given stress-field, fractures that 

would have propagated for long distances parallel to each other deviate from their initial strike when 

encountering an inherited strained zone. In this peculiar case, the inherited strained zone permits a physical 

connection and brine circulation between fractures that would have remained unconnected otherwise. A 

brine flow deviation occurs along the inherited strained zone in the absence of large lateral shearing 

displacements (Figure 22). The flow-deviation role of inherited structures challenges ore mining activities 

but also well positioning and stimulation designs for the geothermal industry. 

 

Figure 22: Conceptual model showing the observed interactions between late ore veins and a) inherited CRZ, b) high strain zones 

(inspired from Klee, 2021). 

In summary, CRZ are common within the BFM and inherited strained zones were found in the VM. Both 

have influenced the distribution of exploitable ore veins in the different mining districts. As the present-

day distribution of ore veins reflects a past circulation of saturated brines it is obvious that the distribution 

and mechanical plus petrophysical properties of CRZ and other strained zones must be documented in order 

to produce realistic flow models in a given reservoir. 

I am presently working in enhancing the model by Klee (2021) by means of geochemical, mechanical and 

microfabric characterization plus numerical modeling.  In order to do so, I have established a cooperation 
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with the GeoLab department of numerical sciences and modeling at UniLaSalle in order to simulate in the 

near future fluid flow within outcrops previously modeled by means of photogrammetric analysis. I have 

obtained investment funds in order to equip the UniLaSalle SEM laboratory with a combined EBSD and 

EDS system. As described in my perspectives session, this tool is essential to characterize clay phases and 

active deformation mechanisms in CRZ and reservoir host rocks. 

The ongoing PhD thesis by Mr. Avakian in the framework of the Eutopia program is dealing with a high-

resolution characterization of chemical element distribution along a profile perpendicular to the 

Schauinsland CRZSR and parallel to the strike of the Tertiary ore veins. By means of geochemistry we 

intend to trace fluid pathways and map the alteration fronts between the two distinct structures. The 

approach participates to the reconstruction of the geological evolution of the outcrop with a particular 

emphasis on 1) outlining potential permeable zones and 2) link permeability to microtextural and 

microstructural rock characteristics. 

Regarding rock mechanics, preliminary experimental testing of samples taken along a profile perpendicular 

to the CRZSR by Muhl et al. (2022) show 1) a general decrease of both tensile strength and elastic modulus 

when approaching the CRZ and 2) cohesion plus Poisson ratio values much higher than expected in the 

core zone. 

This ongoing research aims to pursue with themes addressed during the MEET project i.e. 1) alteration 

processes characterization in time and space and 2) influence of alteration processes on mechanical and 

petrophysical properties of reservoir rocks during polyphase tectonic evolution. Besides geothermal, this 

research finds direct applications in the field of CCS. It is evident that further work is needed and I will 

present my approach in the perspectives session. 
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4.5.3.2.3 CO2 storage potential in fractured carbonate reservoir via Thermo Hydro Mechanical Chemical 

simulations 

My research work triggered some attention at the Faculty of Science and Information Technology of 

Universiti Teknologi Petronas (UTP) in Malaysia where I was invited to give some lectures in summer 

2022. Members of the Department of Geosciences involved in a CCS research project paid a great attention 

to my multidisciplinary approach in geothermal as it could be easily transferred to CCS. 

As mentioned earlier, geological CO2 sequestration has been proposed to reduce greenhouse gas emission 

in the earth’s atmosphere. A variety of targets have been identified like salt mining cavities, depleted oil 

and gas fields and unmineable coal seams. In any case, great attention must be paid to fault and fractures 

as these have a great impact on the dynamics of injection and sequestration potential of the reservoir on the 

long term. 

Naturally fractured carbonate reservoirs (NFCRs) in Malaysia can serve as underground storage of CO2 to 

help mitigate climate change and greenhouse effect.  Little attention has been given to the NFCRs as 

potential CO2 storage sites due to 1) the high conductivity of the fractures that may lead to increase in 

spatial spreading of the CO2 plume and increase of capillary forces in the fractures and 2) the potential 

reactivity between carbonates and carbonic acid. 

The area of investigation lies in the South China Sea within the Luconia province offshore of the Borneo 

island (Figure 23). 
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Figure 23: a) location anf geological framework of the Luconia province, b) zoom on the EX platform (after Jamaludin et al., 

2021). 

The Luconia shelf is composed by several hundred of Oligocene to recent carbonate platforms which have 

been identified as a gas-dominated province (Cullen, 2014), bounded by the West Balingian line and the 

West Baram line (Jamaludin et al., 2021). 

Jamaludin et al. (2021) have evidenced a series of three tectonic events from the Upper Cretaceous to 

Pliocene associated to episodes of limestone growth in Luconia province. This polyphase tectonic history 

starts by formation of compressional structures during the period Upper Cretaceous to Lower Oligocene 

and closure of the Proto South China Sea (event 1) followed by rifting of the South China Sea until Lower 

Miocene (event 2). This second event triggered the main phase of carbonate growth used as potential targets 

for the CCS project. The third and last event (event 3) is related to renewed regional compression 

responsible of the uplift of the Borneo hinterland which is in turn responsible of a massive clastic 

sedimentation onlapping the previously formed carbonates (see Figure 24). 
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Figure 24: a) SW-NE seismic line from SW and central Luconia (Cullen, 2014), b) and c) high resolution seismic record and 

interpretation of platform EX (Jamaludin et al., 2021). 

Overall, the project will focus at first on analyzing the structural orientation, connectivity and petrophysical 

plus mechanical properties of the fracture networks inherited from the 3 previously described events. In a 

second step, CO2 flow simulations into fractured pores and faults in the reservoir are planned in order to 

evaluate its sequestration potential on the long term. 

In order to achieve this goal, the project is constructed in three major steps: 

• Individual fractures will be studied and characterized using a multidisciplinary approach. The 

access to the hierarchical and mechanical relationships between fracture systems can be led by 

multi-scale approach, which helps the modeling and prediction of the hydraulic reservoir 

properties. This approach is based on studying several geometric fracture attributes such as the 

distribution of orientations, lengths, widths, spacings and fracture densities largely considered 

in spatial organization analysis, from large scale (e.g, fractured reservoir) to micro scale (e.g, 

thin section scale). A detailed multi-scale study is planned using seismic data, well data, well 

samples, and large-scale maps to (1) analyze the fracture connectivity related to the CO2 

injection process, (2) evaluate the fracture system in the complex tectonic setting, and (3) 

understand the fluid flow patterns at the whole fractured reservoir. 

• Sample investigation in the laboratory will on one hand concentrate of petrophysical 

characteristics at UTP and on the other hand in petrographic and microfabric analysis at 

UniLaSalle. The petrophysical investigations will include porosity, permeability, lithological, 

fluid identification and capillary analysis using tools and software in UTP laboratories. Sample 

analysis will consist in bulk X-ray composition determination and micro analysis by means of 

EDS spectrometry under the SEM. High resolution imaging and EBSD characterization will 
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allow to characterize the degree of rock anisotropy as this parameter play a crucial role in fault 

mechanical behavior and on fluid draining capacities. 

• Flow rates simulations and Thermal-Hydraulic-Mechanical-Chemical (THMC) models are 

planned to examine the CO2 injection rate in the fracture networks and predict the effects of 

fluid rock interactions fractures mechanical and petrophysical properties related to the injection 

process. A fully coupled THMC model based on finite element methods is planned to analyze 

the transient stress, pressure, temperature and chemical solute concentration changes 

simultaneously around an injection well and within the whole reservoir. 

Within this recently started project, I am field supervisor of a PhD student, Mrs. Ong (see letter in appendix) 

and I supervise the Master Thesis of Mr. Lubrez. I am involved in the study of reservoir architecture 

representation, fluid rock interaction processes characterization and strain related anisotropy development 

in fault core rocks investigations. 
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5 Summary of supervision and teaching activities 

 

5.1 Supervision 

 

5.1.1 Mentoring of Early Stage Researchers 

1. Mrs. Lena Muhl 

Study engineer, fixed-term contract within the MEET project (September 2021 – January 2022)  

Subject: Influence of tectonic heritage on fault zone permeability. Mechanical testing on samples collected 

across an altered deformation zone 

Mrs. Muhl presented an extended abstract (Muhl et al. 2022) and prepares a A ranking publication in order 

to present her results. 

2. Dr. Arezki Chabani (2019-2021) 

Postdoctoral fellow within the MEET project. 

Research subject: Multiscale characterization of a fracture network within a reservoir analogue. Insights on 

deep geothermal reservoir fluid circulation understanding. 

Dr. Chabani published two A ranking papers (Chabani et al. 2021a, 2021b) and an extended abstract 

(Chabani et al. 2020). 

3. Dr. Zachariah Fleming (2018-2019) 

Postdoctoral fellow within the MEET project. 

Research subject: 3D visualization of a fractured granitic massif at the southern termination of Death 

Valley, CA, USA. Input from photogrammetric techniques to the understanding of structural organization 

on an exhumed geothermal reservoir. 

 

5.1.2 PhD supervision 

1. Mr. Benjamin Avakian 

Subject: Fluid circulation within highly sheared granitic bodies. Applications in terms of sustainable 

geothermal energy production. 

The subject is part of a cooperation between UniLaSalle Beauvais campus (France), CY Cergy Paris 

University (France) and Vrije University Brussels (Belgium). 

Thesis started on November 1st 2021 and financed for a duration of four years by the EUTOPIA program. 

2. Mrs. Ong Poh Yee 

Subject: Assessment of CO2 storage potential in naturally fractured carbonate (NFC) reservoir through 

discrete fracture network (DFN) and dual-porosity model (DPM). 

The subject is part of a cooperation between UniLaSalle Beauvais campus (France) and Universiti 

Teknologi Petronas (Malaysia). 

Thesis started on July 1st 2022 and financed for a duration of three years. 
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3. Dr. Johanne Klee (2018-2021) 

Subject: Influence of fluid-rock interaction processes and strain on strike-slip zones properties: an analogue-

based multidisciplinary approach. Fractured granitic geothermal reservoirs applications. 

Thesis started on October 15th 2018, presented to EDSTS 585 Doctoral school – Sciences, technology and 

health, Picardie Jules Vernes University and defended on November 26th 2021 at UniLaSalle Beauvais 

campus. 

Thesis funded within the MEET project. 

Dr. Klee published two A ranking articles (Klee et al. 2021a, 2021b) and an extended abstract (Klee et al. 

2020). 

 

5.1.3 Master thesis, UniLaSalle (France) 

1. Yaiche Mohamed. Modélisation de circulation fluids au sein d’un analogue de reservoir géothermique. 

2023 

2. Aurélien Lubrez. Study of the facture network system on Miocene carbonate reservoirs in Central 

Luconia Province, Malaysia for fluid flow model in CO2 storage assessment. 2022. 

3. Pek Hung Beh. Microfabric analysis of basement rocks sampled across a deformation profile. Insights 

on alteration processes. 2022. ERASMUS + International Credit Mobility (grant number 2019-1-FR01-

KA107-060920). 

4. Mahdi Chettabi. Petrographic characterization of a granitic analogue: a fluid inclusion study. 2021. 

5. Elena Pavlovskaia. Combined tectonometamorhic studies along a deformation gradient within the 

Noble Hills range, Death Valley, CA, USA. 2020. International Credit Mobility ERASMUS + (Projet 

2018-1-FR01-KA107-046923). 

6. Thi Tuyen Nguyen. Mineralogical characterization of fractured zones in Noble Hills (Death Valley, 

USA) as a surface analogous system of the Soultz sous Forêts granite. 2019. 

7. Sabine Lor. Ingénierie d’affaire, valorisation géothermique de puits pétroliers. 2019. 

 

5.1.4 5th year Engineering graduation thesis, UniLaSalle (France) 

1. Armand Pomard. Accompagnement à la structuration de la filière française de géothermie: Mise en 

place d'outils d'aide à la décision et d'aide à l'animation régionale. MFE Cycle Ingénieur. 2021. 

2. Marc Fargeau. Assessment of the hydrocarbon potential in north African mature basins through play 

analysis. MFE Cycle Ingénieur. 2021. 

3. Valentin Mendes. Etude de la fiabilité de l’essai: détermination des références de compactage d’un 

matériau (essai PROCTOR normal et modifié, norme NF P 094-093). MFE Cycle Technicien Supérieur 

Professionnel. 2018. 

4. Valentin Carrie. Rôle du technicien géologue dans la gestion des sites et sols pollués. MFE Cycle 

Technicien Supérieur Professionnel. 2018. 

5. Clément Delcourt. Spatial variability of the spectral albedo of an alpine snowpack (Col du Lautaret, 

French Alps): comparison between in situ measurements and remote sensing data. MFE Cycle 

Ingénieur. 2018. 

6. Marion Berger. Etude des flux thermiques du massif central. MFE Cycle Ingénieur. 2017. 

7. Marie-Sophie Daly. La réalisation de diagnostics initiaux de l’état des milieux en théorie et en pratique. 

MFE Cycle Technicien Supérieur Professionnel. 2016. 

8. Romain Maire. Investigation of thermo-physical and mechanical parameters of crystalline geothermal 

reservoir rocks of the Upper Rhine Graben (Germany). MFE Cycle Ingénieur. 2014. 
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5.1.5 4th year Engineering project, UniLaSalle (France) 

1. Ruben Attali. Structural characterization of a granitic reservoir analogue based on photogrammetrical 

data. 2020. 

2. Armand Pomart. Characterization of the tectonic settings of an abandonned mine situated at the East of 

the Upper Rhine Graben border (Schauinsland). 2019. 

3. Maylis Casteleyn. Modeling of coastal karstic aquifers. 2017. 

4. Florent Dutheillet de Lamothe. Petrophysical characterization of rocks and correlation of these 

properties with mineralogical composition. 2016. 

5. Marion Berger. Numerical modeling of fluid flow in a fracture network. 2015. 

6. Clément Delcourt. Simulation and numerical modeling of flow in fractured gabbro samples. 2015. 

7. Morgane Douezy. Analyses goniométriques de marbres provenant de la zone axiale des Pyrénées 

Orientales. 2015. 

8. Clément Crayssac. Investigation of Petrology and Geochemistry properties of crystalline geothermal 

reservoir rocks of the Upper Rhine Graben. 2015. 

9. Pauline Villard. Numerical modelling of polycrystalline aggregates in the field of elasticity. 2014. 

 

5.1.6 3rd year engineering project, UniLaSalle (France) 

1. Théo Berthelin et Marie Collignon. Interprétation géologique par approche photogrammétrique. 2018. 

2. Sapha Laaraj et Pauline Lesecq. Traitement de modèles photogrammétriques à des fins de géologie 

structurale. 2018. 

3. Lorraine Coudert de Ceris et Julien Floch. Etude tectono-métamorphique d'un bassin polyphasé 

varisque (Harz, Allemagne). 2018. 

4. Nathan Bliscaux et Thimoté De Tonquédec. Etude tectonique et microstructurale des déformations D2 

et D3 du Cap de Creus (Pyrénées Espagnoles). 2016. 

5. Etude et caractérisation des déformations D1 et D2, Cap de Creus, Espagne. 2015. 

6. Florient Dutheillet de Lamothe. Etude de la déformation D3 du Cap de Creus (Espagne). 2015. 

7. Lucille Collet et Pauline Villard. Etude des variations de la géométrie d’une zone de fracture 

expérimentale en fonction de la contrainte différentielle appliquée. 2014. 

8. Baptiste Beyrie et Morgane Douëzy. Etude des nappes de Coustouged et de Bac Grillera : Problème de 

datation des séries rouges. 2014. 

9. Matthieu Cedou et Thomas Tabary. Etude du gradient thermobarométrique et relations tectono-

métamorphiques. 2014. 

10. Sara Drachenberg et Matthieu Hequet. Etude de la fracturation du granite de Malsburg (Forêt Noire, 

Allemagne). 2013. 

11. Camille Miniere, Camille Mounier, Nassivera Laura. Caractérisation des filons de microgranite et de 

leur encaissant sédimentaire dans le bassin du Markstein (Vosges du Sud). 2013. 

12. Chloé Lazizi et Yugo Yamada. Influence des circulations de fluides sur la validité des marqueurs 

thermobarométriques au sein d’une zone de fracture dans le granite de Malsburg (Forêt Noire, 

Allemagne). 2013. 

13. William Fresser et Ludivine Mathieu. Caractérisation pétrologique et structurale de filons tardi-

varisques intrusifs dans les granites varisques de l’association des crêtes dans le secteur de La Bresse 

(Vosges, France). 2013. 

 

5.1.7 3rd year apprentice project, UniLaSalle (France) 

1. Chloé Boiledieu et Charlotte Vassort. Etude d’un analogue de réservoir géothermique: la carrière de 

Malsburg. 2019. 

2. Théo Berthelin. Interprétation par approche photogrammétrique des couloirs failles de la terminaison 

Sud de la vallée de la Mort (Californie, USA). 2018. 
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3. Armand Pomard et Enzo Armand Lorne. 3D representation of the fracture network in the Upper Rhine 

Graben. 2018. 

 

5.1.8 Technician application project, UniLaSalle (France) 

1. Alison Fry et Stephen Zimny. Etude structurale et microtectonique de marbres mylonitiques 

paléozoïques de la zone axiale des Pyrénées. Création d’un outil pour l’analyse de la zone d’étude et 

analyse de lames minces. 2016. 

2. Tiffany Durand et Marie-Sophie Daly. Etude structurale et microtectonique de marbres mylonitiques 

paléozoïques de la zone axiale des Pyrénées. Etudes de lames minces, construction de coupes 

géologiques, cartographie SIG, photogrammétrie et interprétation de données de goniométrie texturale 

à rayons X. 2015. 

 

5.1.9 Bachelor thesis, University of Freiburg im Breisgau (Germany) 

1. Christoph Blümmel. Der Malsburg Granit. 2012. 

2. Bernadette Bastian. Mantle Plumes, Hotspots und Supervulkane. Eine Evaluierung existierender 

Theorien am Beispiel des Yellowstone. 2012. 

3. Annika Hartung. Geländeaufnahme und Strontiumisotopenanalyse Steinbruch Dieburg, Mainzer Berg, 

Odenwald. 2012. 

4. Tatiana Kalytta. Deformation mechanisms active during catastrophic rock unloading. 2012. 

5. Michael Rudolf. Influence of dehydration reactions on catastrophic rock failure. 2012. 

 

5.2 Teaching activities 

 

5.2.1 UniLaSalle (France) (2013- 2022) 

Responsible of teaching modules in engineering and technician curriculum: geodynamics, tectonics, Alpine 

field trip, regional geology. 

The tables below present all lectures I have given at UniLaSalle since my arrival in 2013. L1 to L3: Bachelor 

level, M1 and M2: Master level, CM: Cours Magistral (lecture), TD: Travaux Dirigés (exercises), TP: 

Travaux Pratiques (practice), AF: Auto Formation (self-training). 

 

5.2.1.1 UniLaSalle Beauvais Campus 

 

2022-2023 

Level Module CM TD TP AF 

L1 Géologie de la France, géologie descriptive 12    

L1 Système terre 22    

L1 Cycle interne 10    

L2 Tectonique et sedimentation 8  40  
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L2 Tectonique quantitative 8    

L2 Photo-interprétation   40 

L3 Camp de terrain: Alpes 8    

L3 MEB, EDS et EBSD 6  8  

M2 MEB, EDS et EBSD 6  8  

M2 Modélisation structurale 8    

 

2020-2022 

Level Module CM TD TP AF 

L1 Géologie de la France, géologie descriptive 12    

L1 Système terre 22    

L1 Cycle interne 10    

L2 Tectonique quantitative 8    

L2 Tectonique et sédimentation 8    

L3 Camp de terrain: Alpes 8  40  

M2 Modélisation structurale 8    

 

2017-2019 

Level Module CM TD TP AF 

L1 Géodynamique interne 22    

L2 Tectonique de couverture 6 12   

L2 Pétrologie du métamorphisme 12    

L3 Initiation recherche acquisition des données   144  

L3 Communication scientifique    8 

L3 Synthèse géologique des orogènes 2  6  

M1 Camp de terrain: Alpes   40  
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M1 

 

Mécanique des roches et stabilité des versants 

rocheux 

8 

 

 4 

 

 

M2 Modélisation structurale 8    

 

2013-2016 

Level Module CM TD TP AF 

L1 Géologie de la France, Géologie descriptive 12    

L1 Cartographie   16  

L1 Géodynamique interne 22    

L1 Camp de terrain, Bassin de Paris   36  

L1 Cycle interne 12    

L2 Photointerprétation   24 8 

L2 Pétrologie du métamophisme 12    

L2 Tectonique descriptive   20  

L2 Camp de terrain, Alpes   80 

L2 Camp de cartographie semi-autonome, Pyrénées   36 

L3 Initiation recherche et acquisition de données   24  

L3 MIR synthèse et rédaction    70 

L3 MIR présentation orale    42 

M1 Caractérisation multiparamètres des roches 4    

M1 Mécanique des roches et stabilité des versants 8  4  

M1 Communication scientifique    8 

M2 Modélisation structurale 6    

M2 Encadrement stage, rédaction de rapport 4   
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5.2.1.2 UniLaSalle Intensive Study Program Geo3En (2022) 

The MEET project has highlighted a lack of young qualified engineers and technicians dedicated to 

geothermal. I initiated some actions in order to fill this gap and obtained an ERASMUS + strategic 

partnership grant. The Geo3En project (Geothermal Energy European Education Network) was a 

consortium of three Universities, namely Technical University of Darmstadt (Germany), University of 

Zagreb (Croatia) and University of Reykjavik (Iceland) plus the UniLaSalle school of engineering at 

Beauvais and Amiens campuses. I was coordinator of this pioneering project and received organizational 

support from the LINC department at UniLaSalle. 

Geo3En targeted the construction of an international Master-level curriculum of excellence. The 

competence matrix covered all engineering expertise necessary to increase the contribution of geothermal 

within the renewable energies market. The panel of competences included disciplines in geology, material 

science, mechanical engineering, energy network management, reservoir modeling, economic intelligence, 

project management, entrepreneurship and legal plus environmental aspects. 

In order to fulfill the industrial needs, several stakeholder consultations in the form of questionnaire and 

program presentation during online live events have been organized in France, Germany, Croatia and 

Iceland. The program integrated the latest research and innovation results in the curriculum in order for this 

last one to remain competitive at all time. Many internships in research laboratories have been proposed to 

students in order to give them the possibility to enlarge their professional networks within academic society 

and continue their education as PhD candidates.  

Some of the planned Geo3En lectures have been tested during the spring 2022 season. Candidates from the 

different involved institutions have received a grant for participation to a series of four intensive study 

programs (ISP), each program being under leadership of a partner. The ISP were organized in two parts, 

namely four weeks of online lectures in the field of geology (UniLaSalle), energy engineering (University 

of Zagreb), petrophysics (TU Darmstadt) and economics (University of Reykjavik) followed by four weeks 

of site visits. At the end of the program students have delivered a report dealing with a virtual feasibility 

study and used data from the different sites visits. 

The Geo3EN program has been presented at the New Zealand Geothermal Workshop in the form of an 

extended abstract (Newson et al., 2022). 
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5.2.1.3 UniLaSalle, invited lecturer at Technical University Petronas, Perak (Malaysia) (2022) 

Stress and strain (Master level, 8 hours lecture). 

Fluid rock interaction processes within active geothermal reservoirs. Insights from reservoir analogues 

(Master level, 8 hours lecture). 

 

5.2.1.4 UniLaSalle, invited lecturer at University of Goettingen (Germany) (2018) 

3D numerical techniques of reservoir visualization (Master level, 40 hours lecture). 

 

5.2.2 University of Freiburg im Breisgau (Germany) (2011-2013) 

Petrophysical properties of geological materials (Bachelor and Master levels, 40 hours lecture). 

Geophysical methods in laboratory and in the field (12 hours lecture and practice in the field). 
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Sandbox analogue modeling (Bachelor and Master level, 6 days lectures and practice in the laboratory). 

Field mapping camp (Bachelor and Master levels, 3 hours lecture plus two field camps per year). 

Field excursion in the Armorican Variscan massif (Bachelor and Master levels, 10 days field camp). 

 

5.2.3 University of Mainz (Germany) (2005-2007) 

SEM imaging techniques and EBSD/EDS analytics (Bachelor and Master levels, 40 hours lecture and 

practice at SEM). 

 

5.2.4 University of Basel (Switzerland) (2001-2004) 

Field course assistant (Bachelor level, 7 days of excursion). 

Structural geology lectures assistant (Bachelor level, 12 hours lectures). 
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6 Perspectives 

I presented in section 4.5.2 the reasons why I oriented my lines of research and my teaching programs 

towards applied geosciences. I am willing to continue in this way and bring my contribution in order to 

deepen understanding of reservoir systems. Efforts must be continued in terms of fundamental research and 

development plus education in order to face societal challenges, increase the economic competitivity of 

renewable energy systems and increase the social perception of reservoir utilization. 

 

6.1 Research perspectives 

Interpreting the role of inherited anisotropy in the structural evolution of a given domain requires in my 

mind a deep understanding of mechanical properties evolution of rocks involved in a strain zone knowing 

that coeval chemical interactions with fluids are occurring. Chemical reactions lead to the formation of new 

minerals having different mechanical properties than the initial host rock. These new minerals induce in 

turn a different mechanical response to loading. de Ronde et al. (2005) have for example described reaction-

induced weakening of plagioclase-olivine composites using an experimental approach in a Griggs apparatus 

at temperatures of 900°C and 1000-1600 MPa. The authors observe weakening when solid-solid reaction 

between anorthite and forsterite occurs. Weakening is interpreted in terms of a switch from dislocation 

creep to grain size sensitive deformation mechanisms, imposed strain being localized and accommodated 

by interconnected layers of fine-grained reaction products. 

The reservoir analogue studies I perform are based on data gained from indirect geophysical methods and 

structural analysis of outcrops having suffered polyphase deformation. Fault reactivation is deduced from 

geometrical criteria like structure offsets and superposition of kinematic indicators. The geological history 

is reconstructed step by step and is further completed by radiometric dating and thermobarometric 

modeling. In the future, I am willing to gain a deeper understanding of processes active during fault 

reactivation. I will investigate three different subjects: 

1) Microfabric analysis of inherited magmatic foliations and their role in the guidance of fractures 

upon loading, 

2) Alteration products microfabric analysis and role of alteration products in the mechanical plus 

petrophysical properties evolution of fault zones, 

3) Coupled stress strain and flow simulations. 

These three subjects are strongly coupled and require both my field and laboratory expertise. 

 

6.1.1 Microfabric analysis of inherited magmatic foliations and their role in the guidance of 

fractures upon loading 

Trullenque et al. (2017) have argued that loading conditions play a role in the geometry of fracture patterns. 

Their study is based on an experimental deformation approach of gabbro samples using a triaxial apparatus. 

Fracture networks have been digitalized to obtain a Discrete Fracture Network (DFN) model used as input 

for a fluid flow simulation. Figure 25 depicts a large thin section gained from an entire deformed core 

sample, the picture being obtained by stitching a series of transmitted light photographs using a motorized 

and computer-controlled stage optical microscope in polarized, non-analyzed light. Fractures with a non-

measurable aperture at optical resolution have been manually digitalized as polylines. Fractures with a 

visible opening are treated as polygonal surfaces. The polyline-type fracture orientation distribution relative 

to σ1 is consistent with a dominant NW-SE orientation. The polygon-type fractures show a N30° strike 

relative to σ1. The density of polylines being about one order of magnitude higher that the density of 
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polygons, it is conceivable that small-scale fractures do participate to the overall brine flow within the 

reservoir. The presence of these abundant small-scale fractures may 1) trigger large scale fracture 

connectivity, 2) enhance heat exchange between the brine and the host rocks and 3) facilitate fluid rock 

interaction processes leading to host rock propylitic alteration. 

 

Figure 25: a) thin section overview, b) and c) fracture mapping and orientation from an experimentally deformed sample presented 

in Trullenque et al., 2017). 

A closer view in the mineral distribution within the thin section shows a clinopyroxene Grain Shape 

Preferred Orientation (GSPO). This GSPO is oblique to the thin section and forms an angle of about 30° to 

σ1 (Figure 26). The clinopyroxene crystals tend to form a connected network and present many contact 

points on both sides of their elongated crystals. I interpret this alignment as evidence of a preserved 

magmatic pseudo-foliation, frozen during final cooling of the pluton. The elongated shape of the 

clinopyroxene crystals is related to the intrinsic crystallographic nature of the mineral which is in turn 

passively transported with a preferential alignment of the grain long axis in the direction of magma flow. 

A comparison between the experimental fracture pattern and clinopyroxene GSPO (Figure 26) shows 

two features of prime interest: 1) the average orientation of polyline-type fractures is parallel to the 

bulk GSPO and 2) fractures tend to dominantly develop within the clinopyroxene and olivine crystals. 

The plagioclase crystals are comparatively less fractured than clinopyroxene and olivine. This feature 

is striking as bulk elastic modulus of plagioclase is lower compared to clinopyroxene and olivine. 
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Figure 26: a) outline of the main diagonal clinopyroxene GSPO, b) fracture pattern (after Trullenque et al., 2017). 

The rock samples used by Trullenque et al. (2017) have been drilled in an abandoned quarry in the Unit 1 

from Odenwald massif in the so-called Frankenstein complex (Barth, 1970; Kirsch et al., 1988; Kreher, 

1994; Stein and Dietl, 2001). Kirsch et al. (1988) indicate that this gabbro unit has been emplaced in the 

time frame 359 ± 3 Ma and 362 ± 9 Ma along the Rheic suture marking the suture between Avalonia and 

Armorica microplates (Franke, 2000; Linnemann et al., 2007, 2004; Siebel et al., 2012; Stampfli et al., 

2002). These gabbros are older than intrusives found in the Vosges (Boutin et al., 1995; Schaltegger et al., 

1996) and SSF granite (Alexandrov et al., 2001). At outcrop scale, the gabbro unit appears massive, and no 

signs of fracturing nor alteration are present. Hand specimens are homogeneous with no obvious evidence 

of any compositional layering making these samples an ideal material for experimental testing. 
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Figure 27: a) localization of the Odenwald massif within the URG, b) simplified geological map from the Odenwald massif 

(Trullenque et al., 2017), c) AMS distribution (data from Greiling and Verma, 2001). 

Greiling and Verma (2001) have studied microstructure of granodiorite-granite intrusions from the nearby 

Unit III (Krohe, 1992; Stein, 2001) in the southern Odenwald massif. The authors notice the presence of a 

penetrative foliation related to syn-emplacement deformation of the pluton in a ENE-WSW trending strike-

slip corridor. The age of this intrusion is estimated at 326-338 Ma (Kreuzer and Harre, 1975; Schubert et 

al., 2001) consistent with sinistral wrenching activity along the URGSZ (Edel et al., 2007). In addition to 

microstructural analysis, Greiling and Verma (2001) studied the Anisotropy of Magnetic Susceptibility 

(AMS) of their samples and find a similar ENE-WSW trending magnetic foliation and lineation. ENE-

WSW magnetic fabrics has been reported in other intrusives within the VM (Edel et al., 2013) and in the 

cores of the SSF granitic reservoir (Schulmann et al., 1997) as well. All together these data indicate that a 

geometrical relationship exists between the orientation of magnetic fabric and the strike of the main 

Variscan structures. AMS studies are therefore highly relevant in order to further characterize inherited 

Variscan anisotropy related to early pluton emplacement well before subsequent tectonic reactivation of 

Variscan structures 

AMS fabric is usually discussed in terms of Crystallographic Preferred Orientation (CPO) acquired in the 

deforming magma before its full crystallization (Bouchez, 2000). If the apparent geometrical 

relationship between the inherited magmatic foliation and orientation of subsequent fractures 

(Figure 26) is confirmed then AMS fabric could also be integrated in fracture development modeling 

upon subsequent loading in the brittle field. In order to test this hypothesis, I am planning to 1) couple 

AMS fabrics to CPO data in reservoir rocks and 2) investigate the possible relationship between the 

AMS fabric and the geometry of fracture patterns in plutonic rocks. I am willing here to use my 

experience in the field of texture analysis on the same samples used by Trullenque et al. (2017) and obtain 

at first local CPO data by means of EBSD measurements from the thin sections presented in Figure 26. 

These CPO data will be used to model the rock magnetic anisotropy using the same approach and database 

as presented by Biedermann (2018) and Biedermann et al. (2020). In a second stage the AMS data derived 

from CPO analysis will be compared to AMS laboratory measurements on remaining intact cores in order 

to check AMS fabric consistency and potential deviations between both approaches as discussed by 
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Biedermann et al. (2020). In a third stage the AMS pattern is to be compared to a multiscale fracture pattern 

analysis in order to possibly confirm a systematic relationship between orientation of both fractures and 

magnetic ellipsoid axes. This fracture analysis will be performed in the field along well-investigated fault 

zones like the SMMF in the VM and on experimentally deformed samples loaded in a given direction to 

the previously measured magnetic fabric. 

 



410 

 



411 

 



412 

 



413 

 



414 

 



415 

 



416 

 



417 

 



418 

 



419 

 



420 

 



421 

 



422 

 



423 

 

 



424 

 

 



425 

 

6.1.2 Microfabric analysis of strained reaction-induced alteration products. Mechanical and 

petrophysical properties evolution of fault zones 

Deformation processes in CRZ have been largely documented in the literature. It has been argued that the 

presence of clays contributes to the weakness of faults (Carpenter et al., 2011; Shimamoto and Logan, 1981; 

Wang et al., 1980; Wu et al., 1975; Wu, 1978) which in turn may trigger aseismic slip (Schleicher et al., 

2012, 2010). Haines et al. (2013) review the influence of CRZ on permeability and permeability anisotropy 

on faults and argue that this influence is related to 1) an increased number of fine grains produced by 

cataclastic processes and filling pore throats (Morrow et al., 1984; Takahashi et al., 2007), 2) shear induced 

fabric elements development (Brown et al., 1994) and 3) presence of interlayered porous clastic layers 

(Faulkner et al., 2010; Faulkner and Rutter, 1998). The presence of CRZ influences geothermal reservoir 

utilization as noticed by Meller and Kohl (2014). The authors notice that the formation of CRZ has two 

major effects: 1) hydrothermal alteration lowers the host rock mechanical resistance as evidenced by an 

increased number of borehole breakouts when crossing enriched clay zones and 2) stress-field re-orientation 

up to 90° across CRZ. The authors argue as well that CRZ, besides being mechanically weak, are forming 

decoupling horizons rotating the principal stress component. These two effects challenge reservoir 

simulations both for the geothermal industry and CCS projects. CRZ weakness has also been correlated to 

the crystallographic structure of clay minerals. On one hand, (001) planes present a relatively low CRSS 

due to weak interlayered bonds which facilitates plane slip (Moore and Lockner, 2004; Wu, 1978). On the 

other hand, weakly bonded water molecules adsorbed in clays (like smectites and vermiculites) can be 

released during shearing creating some pore pressure which in turn lowers frictional strength (Bird, 1984; 

Colten-Bradley, 1987; Ikari et al., 2007; Wu, 1978). Haines et al. (2013, 2009) have investigated fabric 

development in natural and artificial fault gouges and documented relatively weak CPO in CRZ by means 

of X-ray texture goniometry. CPO intensity strengthens with increasing shear strain and normal stress but 

the overall fabric intensity remains low. This observation challenges the above interpretations in which the 

weakness of clay rich fault zones is explained by means of anisotropic crystal structure. According to 

Haines et al. (2013), CRZ mechanical weakness is due to a combination of grain size sensitive mechanisms, 

particle morphology and polymodal grain size distribution. In their deformation experiments, the authors 

observe the rapid development with applied strain of thin B and R1 Riedel-type Shear zones (RS) along 

which deformation is rapidly localized (nomenclature after Chester et al. 1985). The development of RS in 

a CRZ influences both its mechanical plus petrophysical properties and triggers changes in terms of indirect 

geophysical signal (Haines et al., 2013). RS dissecting the CRZ could act as possible fluid pathways 

depending on their microfabric characteristics. 

The conceptual model presented in Figure 28, shows a set of important information regarding CRZ 

evolution with strain: 

• A linear elastic behavior is recorded in the friction / strain mechanical data diagram upon reaching 

a peak stress. 

• Work softening occurs upon formation of incipient RS. With increasing strain, B and R1 RS 

increase their length and R1 RS dissect the whole sample. At this stage, the material exhibits a 

stable sliding behavior in the friction / strain record. 

• With ongoing sample deformation, the angle between the R1 and the shear zone boundary is 

becoming smaller and microlithons back rotate in a position where the (001) planes are 

perpendicular to the main compressive stress (see Figure 28). This rotation is accommodated by 

internal deformation in the microlithons. 
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Figure 28: a) clay fabric elements evolution during increasing strain (redrawn after Haines et al., 2013), b) representative (001) 

pole figure from experimentally deformed samples in compression and shear (Haines et al., 2009). Shear plane terminology 

according to Chester et al. (1985). 

It is important to deepen the microfabric analysis of CRZ with emphasis on deformation mechanisms 

operating both in the microlithons and RS. I will perform a study on natural CRZ found within the 

SDVFZ analogue and within the CRZSR at the Schauinsland mining district. Both these places have a well-

constrained geodynamic setting and deformation gradients can be sampled along exceptional outcrop 

exposures. The CRZSR presents the additional advantage to be sheared again during a later event so that 

inherited potential texture is reworked in an orthogonal direction. Two orthogonal deformation gradients 

are present at CRZSR and the mechanisms active during such reworking were never investigated. Other 

drill core samples from the Luconia province are also available as CRZ represent a potential CO2 leakage 

hazard when dealing with CCS projects in a faulted carbonate environment. 

The similarity in terms of geometrical characteristics between the experimentally produced and natural 

samples from the CRZSR is striking (see Figure 29). Both samples present a comparable penetrative 

foliation dissected by oblique RS. Foliation is seen to be laterally dragged along highly localized sinistral 

R1 structures in which Haines et al. (2013) suggested the activity of cataclastic deformation processes. This 

proposition is based on SEM imaging only as the width of these deformation zones is too small to be 

measured by means of X-ray texture goniometry measurements. Due to the difficulty in focusing the X-ray 

beam on a single microlithon, deformation processes in this domain remain as well poorly constrained. 
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Figure 29: a) interpretation of an experimentally produced clay shear zone (Haines et al., 2013), b) note the striking similarity 

with field sampled taken along the CRZSR (modified after Werner et al., 2004). 

The experiments by Haines et al. (2013) have been performed under dry conditions using high purity illite, 

montmorillonite and chlorite as a starting material. Under such circumstances, new mineral nucleation is 

not possible and the analogy with natural CRZ in which neo-crystallization of alteration clay minerals are 

observed (Schleicher et al., 2006a, 2009, 2010, 2012) is not straightforward. It is conceivable that neo-

formed alteration minerals accommodate shear movements by grain size sensitive processes like grain 

boundary sliding assisted by fluids as inferred on fine grained limestones (Schmid et al., 1977) provided 

that their growth remains limited by second phase particles (Brodhag and Herwegh, 2010). In case of grain 

growth, crystal plasticity on favorably oriented slip planes could in turn occur (De Bresser et al., 2001). To 

my knowledge, a study dealing with active deformation mechanisms in neo-formed clay crystals 

within a progressively strained CRZ is not available at present and I propose to fill this gap. I am 

willing to use a combination of synchrotron tomography and bulk texture measurements, EBSD plus 

Transmission Electron Microscopy (TEM) to do so. 

High energy synchrotron radiation is ideal to measure bulk rock texture within a rock volume. In addition, 

the fine spot size can be focused on individual domains like microlithons while preserving an acceptable 

statistic compared to X-ray goniometry. Besides texture, tomography imaging gives a volumetric 

distribution of the RS while imaging in 3D pore and voids shape plus phases distribution. Such information 

is needed to characterize CRZ anisotropy in space. 

The EBSD technique presents the advantage to measure crystallite orientation under the SEM at a resolution 

at least equal to the electron beam diameter. This approach is needed to map the progressive development 

of misorientations across the R1 RS and within the microlithons themselves (see proposed study domains 

in Figure 29). Orientation maps can be used to outline active deformation processes like possible grain 

boundaries migration, subgrain rotation or grain bulging and in turn infer the onset of crystal plasticity 

instead of cataclasis. In combination with EDS, it is then possible to characterize at micron scale both 

crystallographic and chemical changes occurring on natural RS. Chemical changes and possible nucleation 

of new phases are ruled out in the experiments by Haines et al. (2013) as the procedure was performed in 

dry conditions but can be expected in natural CRZ as clays are considered as progressive alteration products 

from a given host rock (granite at SDVFZ, gneiss at Schauinsland). Precise EBSD mapping gives in 

addition the true grain size distribution by means of misorientation angle between neighboring grains with 

a much finer resolution compared to laser diffraction granulometers. Seismic anisotropy being related to 

the preferential alignment of minerals, I am planning as well to use both bulk and local texture information 

in order to build models of seismic anisotropy to be compared with ultrasonic wave measurements on bulk 

centimeter size samples. These models will permit to correlate the progressive contribution of RS 
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development along a natural strain gradient with a possible decrease of Vp and Vs wave velocity as 

proposed by Haines et al. (2013). The authors interpreted these lower velocities as an effect of crack opening 

and shear localization along RS but in the absence of a precise characterization of deformation mechanisms, 

this concept remains to be verified. 

When even higher resolution is needed, clay crystallographic nature and orientation will be studied using 

TEM facilities available within my network. TEM lamellae are gained using a Focused Ion Beam facility 

mounted on a high-resolution Field Emission Gun SEM in order to sample directly within a microlithon 

and a RS. By means of TEM, I plan to investigate the crystallographic d-spacing value on a crystallite in 

order to decipher its nature, orientation relationship between neighboring crystals and other physical 

parameters like internal stress (by means of densities of dislocations measurements) and degree of 

crystallinity.  

This second line of research participates to the fundamental understanding of CRZ evolution depending on 

strain with possible implications for natural fault mechanical understanding. The study finds a direct 

application in terms of reservoir flow modeling and prediction of both induced seismicity during geothermal 

activities and CO2 leakage hazard when planning CCS projects. 

 

6.1.3 Coupled stress, strain and flow simulations 

The discussion proposed in section 4.5.3.2.2 plus the lines of research given in sections 6.1.1 and 6.1.2 

outline the need of a deeper mechanical understanding of stress and strain distribution within 1) anisotropic 

reservoir rocks and 2) pre-structured reservoirs with occurrences of inherited CRZ. 

 

6.1.3.1 Stress distribution and fracture propagation in crystalline basement rocks 

A striking similarity is observed when comparing the orientation of experimentally produced fracture 

patterns and clinopyroxene plus olivine spatial distribution while plagioclase crystals are comparatively 

less fractured. This observation is puzzling as plagioclase have a lower bulk and shear elastic modulus 

compared to clinopyroxene and olivine. 

I am willing to test an hypothesis dealing with the concept of force chain as commonly described for 

granular materials (Majmudar and Behringer, 2005; Peters et al., 2005; Sun et al., 2010; Zhang et al., 

2017). It is obvious that no direct comparison can be proposed between a packed aggregate of loose particles 

and a magmatic rock with all minerals being sintered. Nevertheless, I find conceivable that contact points 

between mechanically hard crystals showing a preferred long axis alignment as a result of magmatic 

flow may induce a heavy stress concentration upon elastic rock loading. The local high stress on 

contact point might be sufficient to induce failure of these minerals. This incipient failure is in turn 

guided by the intrinsic anisotropic nature of the mineral along a preferential family of 

crystallographic planes or cleavage. I propose that fracture coalescence, leading to catastrophic 

sample failure, is being triggered by force chains developed within the connected network of 

mechanically hard minerals. In order to test this force chain and load-bearing frame concept leading to 

stress concentration between neighboring minerals and crack inception, I am willing to use a numerical 

approach and have established a cooperation involving colleagues from the GeoLab department at 

UniLaSalle and LSPM laboratory, University Sorbonne Paris Nord (France) and FachHochschule 

Augsburg (Germany). I propose to use a combination of crystallographic orientation measurements and 

nanoindentation tests. The nanoindentation technique is a common practice in material science (Merson et 

al., 2008; Müller et al., 2009; Villain et al., 2007) and applications have also been proposed in earth sciences 
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(Mukherjee and Misra, 2023). Indentation tests allow to locally measure the hardness and calculate the 

Young’s modulus of a given mineral depending on its crystallographic orientation. Combining 

nanoindentation to EBSD measurements allows to extrapolate the Young’s modulus for all crystal 

orientations present in a given thin section. The grain distribution map, in which each grain is assigned a 

Young’s modulus value is then directly imported in a numerical simulator and a stress distribution upon 

loading is computed. This numerical modeling permits a direct visualization of stress concentrations to be 

compared with the magmatic foliation orientation. 

I propose to study pristine crystalline rocks from the type presented in section 6.1.1 (gabbros) plus granitic 

rocks to be sampled in the VM and gneiss rocks available within the Schauinsland mine, away from the 

CRZSR and ore veins.  

 

6.1.3.2 Stress distribution and decoupling horizons within a pre-structured reservoir 

Besides inherited magmatic foliation I have discussed in session 4.5.3.2.2 the role of inherited CRZ and 

high strain zones in the guidance of fracture opening within the reservoir. 

I want to investigate a working hypothesis dealing with a possible short-lived reservoir connectivity upon 

fracture propagation in a pre-structured reservoir. Figure 22a clearly shows the present lack of connectivity 

between the ore vein north of CRZSR and the ore vein south of it. It is evident that the CRZSR must not be 

considered as an endless constant barrier and that fractures within the gneiss have possibilities to find 

connections with depth. Nevertheless, I want to investigate the possibility of a short-lived connection 

across CRZ upon fracture propagation within the reservoir and brutal arrival of the brine. Plastic 

deformation being strain rate dependent, it is conceivable that a transient opening phase affecting 

the whole outcrop allowed brine flow. Due to the plastic nature and mechanical weakness of the CRZ, 

this opening subsequently closed as a result of stress release and bulk clay shearing. The outcrop at 

the GG mine (Figure 22b) is considered as intermediate in the sense that the inherited shear zone did not 

reach a full argillic alteration and inherited schistosity, along altered but still competent host rocks, acted 

as a combination of plastic flow and elastic driven space opening. The result is a deviation of later brine 

flow along the strike of the inherited shear zone. 

I propose to perform a set of numerical simulations with a geometry consisting in a weak plastic layer 

deforming by bulk shearing pinched between two rigid blocks able to accommodate elastic strain. The use 

and development of numerical codes dedicated to the mechanics of facture propagation is a challenging 

task especially when dealing with anisotropic domains. This line of research will require some substantial 

development of simulator solutions applied to material fatigue, but I am confident that the team I mentioned 

in session 6.1.3.1 is willing to invest the effort. 

This project will trigger valuable output in the field of reservoir stimulation design and understanding the 

processes involved in hydraulic stimulations. Possibly, the migration of seismic clusters along the 

Robertsau fault in the Strasbourg Vendenheim area (Schmittbuhl et al., 2022) could be in part explained by 

a transient fluid flow upon opening of a an initial flow barrier domain. 

 

6.2 Teaching perspectives 

The European union shows a clear willingness in terms of investments dedicated to the development of 

renewable energy resources. 



430 

 

I have described in the previous section my future lines of research participating in a better understanding 

of reservoirs in order to exploit them in a secure and sustainable manner. This research finds direct 

applications in terms of reservoir utilization like geothermal and CCS projects development. 

It is however clear that research and development alone will not be sufficient to reach this ambitious goal 

and applied reservoir science is only conceivable when establishing industrial partnerships favoring 

employment of young researchers, engineers and technicians. Based on my preparatory Geo3EN program 

I now propose to create an applied training curriculum in the form of an Erasmus Mundus Joint Degree 

(EMJD) targeting these three career profiles. Given its international and networking-oriented nature, EMJD 

gives the best chances of rapid employment in key sectors of the geothermal energy business. 

The first pillar of the training program I propose deals with the study of low, medium to high and high to 

superhigh temperature geothermal reservoirs. Students are proposed a lecture catalog in order to gain a 

high-end expertise in terms of field geological data acquisition, petrophysical multi-parameters 

characterization, database treatment, fluid flow and heat transfer modeling plus risk mitigation measures in 

terms of potential mechanical instabilities development. 

The second pillar is dedicated to surface installations engineering in terms of energy production, conversion 

and transport, turbine engineering, heating network, material resistance to corrosion and encompassing 

measures to prevent excessive scaling formation within equipment. 

The third pillar concerns a variety of transverses competences which are necessary in terms of both 

professional integration and cooperation with research and development departments within the industrial 

sector and academics. These competences exceed by far the reservoir and surface installation engineering. 

I propose for example to 1) share and develop professional networks in participating to a series of 

international events and creation of working groups, 2) insist on project proposal writing and application to 

competitive grants, 3) give entrepreneurship project management and market analysis lectures, 4) learn how 

to establish a successful communication and dissemination strategy and 5) present some aspects dealing 

with ethics, intellectual property rights and open science. 

Student mobility is placed at the forefront with the opportunity for them to obtain double or triple degrees 

and follow common study semesters between schools of engineering and partner Universities. 

 

6.3 Future projects 

In order to reach my goals in terms of research and teaching I have applied to a first series of grants proposed 

by the European commission. 

 

6.3.1 The MININGHEAT project 

Program MSCA Doctoral Networks 2021/2022, Call HORIZON-MSCA-2021/2022-DN-01, Topic 

HORIZON-MSCA-2021/2022-DN-01-01, Type of Action HORIZON-TMA-MSCA-DN. 

Project acronym: MININGHEAT (Multidisciplinary Integration and Networking for Increased 

sustainability of Geothermal HEAT). 

First submission on November 15th 2021: 86.6/100 (Excellence 4.2/5 ; Impact 4.5/5 ; Implementation 

4.4/5). 

Second submission on November 15th 2022, results expected in April 2023. 
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The Multidisciplinary Integration and Networking for Increased sustainability of Geothermal HEAT 

(MININGHEAT) project is a Doctorate Network training program aiming to bring a pool of highly qualified 

Early Stage Researchers (ESR) on the employment market. The consortium is constituted by a panel of 16 

partners (11 Universities, 1 school of engineering, 3 industrials) in Iceland, United Kingdom, the 

Netherlands, France, Germany, Switzerland, Italy and Turkey. 

From a research point of view, the PhD thesis subjects are interdependent and aim at 1) enhancing fluid 

circulation modeling within geothermal reservoirs of various geological settings, 2) preventing the 

development of mechanical instabilities during stimulation and exploitation phases, 3) lowering 

environmental, economic ricks and 4) increasing societal perception of geothermal. 

Besides research activities the program is willing to train ESR to a large panel of theoretical and applied 

disciplines in other for them to acquire a set of transverse skills. MININGHEAT offers the possibility to 

transfer research knowledge to successful industrials strategies. 

I am going to be the coordinator of MININGHEAT in terms of scientific coordination and administrative 

coordination and training plus dissemination. From a more specific point of view, I will be in charge of a 

PhD thesis supervision aiming to establish a link between rock microfabrics and petrophysical properties. 

The chosen approach consists in a combination of petrographic investigations dedicated to host rock 

alteration processes and strain related anisotropy development. This research participates to a more realistic 

upscaling of laboratory data to natural conditions present within the reservoir. In order to achieve this 

research work, the chosen technical approach relies on both X-ray diffraction, EBSD, EDS and synchrotron 

radiation (P21.2 beamline, PETRA III, DESY Hamburg, Germany) analytics plus SEM and TEM imagery. 

 

6.3.2 The GEMINI project 

The GeothErMal EngINeerIng (GEMINI) project is a planned EMJD program constructed using the 

different outputs from Geo3EN. 

GEMINI aims at training a pool of geothermal engineers at a level of excellence, directly employable in 

key sectors from the geothermal business. 

The GEMINI curriculum is divided in two main tracks dedicated to “above surface” and “below surface” 

engineering. The curriculum covers the fields of geosciences, energy production, conversion and transport, 

economic intelligence and communication. Students with initial geological competences will be oriented 

towards reservoir engineering at depth while students with no initial educational background will in turn be 

encouraged to follow lectures dealing with surface installations, marketing, entrepreneurship and energy 

science engineering. The GEMINI novelty is to establish transverse competences between surface and 

reservoir engineers as the consortium is convinced that successful worldwide development of geothermal 

energy is conditioned to teamwork and activities understanding between these two communities. 

I am going to be the coordinator of GEMINI, ensuring day to day management of the program and reporting 

to the European Commission. I am involved in a set of lectures and field excursions on geothermal reservoir 

analogues. 
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7 Conclusions 

 

I have presented a summary of my career and have emphasized on the plurality of my competences. I have 

insisted on both by interdisciplinary approach and international mobility that I consider mandatory in terms 

of research and teaching. I gained so far a large professional network and I am grateful to all colleagues 

participating to the different projects I am coordinating at present and wish to lead in the future. I am willing 

to repeat that my fundamental approach in geosciences has direct industrial applications. 

A steadily growing professional network offers to me the possibility to establish new cooperation ventures 

leading to success of several European projects. I achieve fundamental research and share experience with 

engineers at international level while developing new curriculum demanded by both students and industry. 

In the future, I plan to contribute to scientific progress in terms of reservoir understanding in a large variety 

of geological settings with applications in geothermal and carbon capture and storage. Science and 

education are needed in these relatively new applied fields and to cover societal challenges and needs in 

general. 

My lines of research participate to the understanding of fault mechanics and rock deformation processes 

active in a variety of geodynamic contexts. 

In order to conclude, my career perspectives show the willingness to bring knowledge, develop a variety of 

educational programs and to participate to a global effort in terms of fundamental and applied research, 

climate protection and green energy production. 

 

 

 

  



433 

 

8 Résumé 

 

Ce mémoire rassemble l’ensemble de mes activités et perspectives de recherche en matière de 

géodynamique à grande échelle, analyses tectoniques et de microfabriques, déformation expérimentale, 

analyses par microscopie électronique à balayage et modélisation. Je considère qu’une approche 

multidisciplinaire est nécessaire afin de comprendre la complexité d’un système géologique donné en 

termes d’évolution structurale, de circulation de fluides et de processus d’interaction fluide/roche. Ma ligne 

de recherche est partagée au sein d’une communauté internationale de chercheurs et d’industriels et 

j’accorde une grande importance à la publication de mes travaux dans des revues scientifiques, à la 

communication avec le public, à l’enseignement aux élèves, à l’encadrement de thèses de Doctorat ainsi 

qu’au parrainage de jeunes chercheurs. 

Je désire consacrer mes futures recherches à la compréhension 1) du rôle combiné de la déformation et des 

processus d’interaction fluide/roche sur la cinétique de réaction conduisant au développement de minéraux 

d’altération et 2) l’influence de ces produits d’altération et du développement d’une anisotropie sur les 

propriétés mécaniques et pétrophysiques des zones de faille, le tout dans une large gamme de conditions de 

température et de pression. Ces deux domaines sont intimement corrélés et leur étude permet de mieux 

appréhender les paramètres clé, chimiques et physiques, contrôlant les propriétés de transport de fluide au 

sein de systèmes fracturés. 

Mes activités ont des applications directes en termes d’utilisation sécurisée et durable des réservoirs 

géologiques tant pour l’exploitation géothermique que pour la capture et le stockage du carbone dans divers 

contextes géologiques. Mes travaux participent aux défis sociétaux en termes de préservation de 

l’environnement ainsi qu’à la compétitivité économique des énergies renouvelables. 
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9 Abstract 

 

This thesis summarizes my research activities and perspectives which cover a variety of domains namely 

large-scale geodynamics, tectonic and microfabric analysis, experimental deformation, SEM based 

analytics and modelling. I am considering that a multidisciplinary approach is necessary in order to 

understand the complexity of a given geological system in terms of structural evolution, fluid circulation 

and fluid rock interaction processes. My line of research is shared within both a community of international 

researchers plus a pool of industrials and I give an utmost importance to present the results within scientific 

journals, communicate to public, teach students, supervise PhDs and mentor young researchers. 

I am planning to dedicate my future research activities to the understanding at a wide range of temperature 

and pressure conditions of 1) the interplay between increasing strain and fluid rock interaction processes 

on alteration mineral reaction kinetics and 2) the influence of rock alteration products plus anisotropy 

development on fault mechanical and petrophysical properties. These two domains are intrinsically 

correlated and studying them aims to better constrain chemical and physical key processes governing fluid 

transport properties in fractured systems. 

My research line finds a direct application in the safe and sustainable utilization of geological reservoirs in 

terms of geothermal energy plus carbon capture and storage in a variety of geological conditions. It 

participates to global societal challenges like environmental protection while ensuring economic 

competitiveness of renewable energy systems.  
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