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Thrust belts and foreland basins record both the main phases of orogenic evolution and the coupled 
influence of deep (flexure, plate rheology and kinematics) and surficial (erosion, sedimentation) 
geological processes, at different time scales. They constitute important targets for scientists interested 
in both fundamental and applied (fluids, hydrocarbons) aspects. The meeting, to be held in December, 
2005, jointly sponsored by the Société Géologique de France and the Sociedad Geologica de España 
will offer the opportunity for geologists from various domains of our community to discuss and 
understand new data sets on high resolution seismicity, high-frequency sequential stratigraphy, 
geochemistry and provenance studies, geodesy and vertical motions. These modern aspects will be 
combined with (more) classical field studies and analogue/numerical modelling in order to provide a 
timely comprehensive overview of processes governing the evolution of orogenic belts and adjacent 
forelands. 
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E. BUROV (UPMC, Paris, France) 
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R. GRAHAM (Amerada-Hess, London) 
F. GUILLOCHEAU (Rennes Univ., France) 

F. LUCAZEAU (IPG Paris, France) 
F. METIVIER (IPG Paris, France) 
F. MOUTHEREAU (UPMC, Paris, France) 
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P. VAN DER BEEK (LGCA, Grenoble, France) 
J. VERGES (Barcelona, Spain) 
S. VIOLETTE (UPMC, Paris, France) 
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- Geophysics and imagery, architecture and structural evolution, monitoring, 3D maps 
- Hydrocarbon systems, MVT ore deposits, fluids, fluid-rock interactions, evolution of the 

porous medium, transfers 
- Multi-scale deformation: fracturing, analogue models, numerical models, field analogues 
- Field studies, structural geology and long-term deformation, fold-and-thrust belt 

evolution, fault-activation sequences 
- Active tectonics in frontal portions of orogen 
- Topography, vertical motion, paleo-elevation 
- Subsidence history in flexural basins 
- Erosion, transport, sedimentation: geological and geochemical data, mass balance, 

analogue models, climatic and tectonic controls 
- Surficial and deep Earth coupling, Tectonics and Climate, Modelling 
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December, 14th, 2005 
 

•  8.15 : Welcome of the participants. Late registrations 
•  9.00 :  Welcome address IFP : G. Fries 
•  9.15 :  Introduction Task Force Sedimentary Basins : S. Cloetingh 
•  9.30 : Keynote, inaugural : E. Burov 
                  Coupled lithosphere-surface processes in collisional context   

 
Session 1. Surficial and deep Earth coupling, Tectonics and Climate, Modelling 

Chair : S. Cloetingh and M. Scheck-Wenderoth  

   
• 10.00 : Doglioni C. 
                       Thrust belts parameters and asymmetries 
• 10.15 : Bonnet C., Malavieille J., Mosar J. 

                                How do uplift, sedimentation and erosion interact in the Alpine evolving orogen from Eocene to  
                                present ?  – Analogue modelling insights 

• 10.30 : Di Giulio A., Fantoni R., Picotti V., Toscani G., Zanferrari A., Zattin M., Albertini C. 
Anatomy of a multiple thrust belt-foreland basin system: the Venetian-Friulian basin (Cenozoic, 
NE Italy) 
 

• 10.45 – 11.15 : Coffee break – Poster session 
 

• 11.15 : Missenard Y., Leturmy P., Frizon de Lamotte D., Zeyen H., Sébrier M., Petit C., Saddiqi O. 
Thermal versus tectonic origins of the unusual foreland domain of the High Atlas, Morocco 

• 11.30 : Teson E., Teixell, A., Ayarza, P., Arboleya, M.L., Alvarez-Lobato F., and García-Castellanos D. 
 Evolution of the Ouarzazate foreland basin (Morocco). Interplay between thrust and buoyant 
loads 

• 11.45 : Mouthereau F., Lacombe O.,  Meyer B. 
Regional Topography and Structural Style in the Zagros Fold Belt: insights from Critical Wedge 
Modelling 

• 12.00 : De Vicente G.,Vegas R., Cloetingh S., Muñoz A., Elorza F.J., Sokoutis D., Alvarez J.,Olaiz A. 
The Cenozoic constrictive deformation of Iberia 

• 12.15 : Simpson G.D.H. 
                       Interactions between fold-thrust belt deformation, foreland flexure and surface mass transport 
• 12.30 : Morency C., Huismans R.S., Beaumont C., Fullsack P. 

Numerical insights into the dynamical coupling of pore fluid pressure (or flow) and mechanical 
deformation of the lithosphere 

• 12.45 : Schemmann K., Kukowski N., Oncken O. 
Plateau vs. fold-and-thrust belt: strain partitioning in the Central Andes, first modelling results for 
the decoupled mode 

 
 
• 13.00 – 14.30 : Lunch 
 
• 14.30 : Watts A.B., Jordan T.A., Wyer P. 
                       Gravity anomalies, flexure, and the evolution of foreland basins 
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Session 2 : Geophysics and imagery, architecture and structural evolution, 3D maps  
Chair : K. Osadetz and F. Lucazeau 

 
• 14.45 : Chaker R., Jardin A., Krzywiec P. 

Understanding seismic propagation in complex triangle zones 
• 15.00 : Bêche M., Kirkwood D., Jardin A.,Roure F. 

2D Depth Seismic Imaging in the Gaspé Belt, a Structurally Complex Fold and Thrust Belt in the 
Northern Appalachians 

• 15.15 :  Ellouz N., Lallemant S., Leturmy P.Battani A., Buret C., Castilla R.,Cherel L., Desaublaux G., Deville  
  E., Ferrand J., Lügke A., Mahieux G., Mascle G., Mouchot N.,Mühr P.,  Pierson-Wickmann A.-C.,  
  Robion Ph., Schmitz J., Danish M., Hasany S., Shahzad A. 

  Offshore frontal structure of the Makran accretionary prim: The CHAMAK Survey  (Pakistan) 
• 15.30 : Ferrer, O., Roca, E., Benjumea, B., Ellouz, N., Muñoz, J.A. and the MARCONI team 

The north Pyrenean Front and related foreland basin along the Bay of Biscay: constraints from the 
MARCONI deep seismic reflection survey 

• 15.45 : Mougenot J.-M., Petton R., Correa A.,Champanhet J.M. 
COLOMBIA: Tangara Block – From 2D to Sparse 3D– An assessment of exploration methods in a 
complex tectonic setting. 

• 16.00 : Moretti I., Macris A.,  Lecomte J.-F.,  Leclerc A., Titeux M.-O. 
KINE3D: Construction and restoration in complex areas 

 
• 16.15 – 16.45 : Coffee break – Poster session  
 

Session 3. Topography, vertical motion, paleo-elevation 
Chair : P. Leturmy 

 
• 16.45 : De Grave J., Buslov M., Metcalf J., ,Van den haute P., Vermeesch P., McWilliams M. 

A multi-method chronometry approach for reconstructing the thermo-tectonic evolution of thrust 
belts: a case study from Central Asia. 

• 17.00 : Van der Beek P., Bernet M., Pik R., Huyghe P., Mugnier J.L., Labrin E 
Orogenic exhumation of the central Himalaya recorded by detrital fission-track thermochronology  
of Siwalik sediments, Nepal  

• 17.15  Robert X., Van der Beek P., Mugnier J.-L., Labrin E 
Thermochronological analysis of sediments from the Karnali River (Nepal) : constraints on the 
kinematics of the frontal Himalayan prism.  
 
 

Session 4 . Active tectonics in frontal portions of orogens 
Chair : J.P. Burg 

 
• 17.30 : Oveisi B., Lavé J., van der Beek P., Benedetti L., Braucher  R. 

Recent fold activity in the Central Zagros: implications on fold kinematics and deformation style of  
the orogenic prism 

• 17.45 : Simoes M., Avouac J.-Ph. 
Spatio-temporal evolution of the foreland basin and foothills deformation: implications for the 
kinematics of mountain building in Taiwan 

• 18.00 : Nivière B., Giamboni M. 
Kinematic evolution of a tectonic wedge above a flat-lying decollement: the Alpine foreland at the 
interface between Jura Mountains (N Alps) and Upper Rhine Graben. 
 

• 18.15 – 19.00 : Poster session 
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December, 15th, 2005 

 
 

Session 5 . Field studies, structural geology and long-term deformation,  
fold-and-thrust belt evolution, fault-activation sequences 

Chair : J. Vergès and M. Ford 

 
•  9.00 :  Keynote : B. Colletta 

Passive and active inherited faults in fold and thrust belts 
 
•   9.30 : Butler R., McCaffrey B. 

Thrust activity vs thrust sequences: implications for deformation /deposition interactions. 
•   9.45 : Cobbold P.R 

  Hydrocarbon generation, a mechanism of detachment in thin-skinned thrust belts 
• 10.00  : Burg J.P., Schmalholz S., Bahroudi A., Simpson G., Dollati A., Frehner M. 

Preliminary structural results from the Makran Accretionary Wedge (SE-Iran). 
• 10.15 :  Mosar J., MEBE team 

                The Eastern Great Caucasus - an active fold-and-thrust belt. 

 
• 10.30 – 11.00 : Coffee break – Poster session 
 
• 11.00 : Alavi M. 

Structures of the Zagros fold-thrust belt in Iran  
• 11.15 : Bellahsen N., Fiore P., Pollard D. 

Growth of basement fault-cored anticlines 
• 11.30 : Krzywiec P., Vergés J. 

Comparison of the Carpathian and Pyrenean thrust fronts: role of the foredeep evaporites and 
basement morphology in wedge tectonics and formation of triangle zones 

• 11.45 : Rangin C. 
               Oblique motion partitioning along the active west Sunda fold and thrust belt: an unexpected balance. 

• 12.00 : Matenco L., Cloetingh S., Leever K., Bertotti G. 
Coupling between foreland and backarc basins post-orogenic deformations: (post)collisional  
evolution of the SE Carpathians – Transylvania basin corridor 

• 12.15 : Alania V.M., Beridze T.M., Chagelishvili R.L., Enukidze O.V., Khutsishvili  S., Mikeladze V.,  
                       Pophkadze N., Razmadze A.  

  Oligocene-neogene growth strata at eastern Achara-Trialeti fold and thrust belt, Georgia 
• 12.30 : Lingrey S. 

Plate Tectonic Setting and Cenozoic Deformation of Trinidad 

 
• 12.45 :  J.P. Brun: Aim and prospects of joint meetings between European Geological  
                                     Societies 

 
• 13.00 – 14.15 : Lunch 

 
• 14.15 : Leleu S., Manatschal G., Ghienne J-F. 

The morpho-tectonic evolution and sedimentary record of early convergence in a pre-structured 
foreland setting: the example of the Provence (SE France). 

• 14.30 : Molinaro M., Leturmy P., Frizon de Lamotte D., Guézou J.C. 
Structure and morphological signature of basement faulting in the Eastern Zagros Fold Thrust Belt 
(Iran). 
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• 14.45 : Mugnier J.L., Berger A., Bernet M., Huyghe P., Jouanne F. , Robert X., Van der Beek P. 
A kinematical model of the Himalayan thrust belt in Nepal 

• 15.00 : Probulski J., Laskowicz R. 
An Attempt to reconstruct the western outer Carpathians structural geological model, on the base  
of available exploration geophysics and surface geologic data, along the regional seismic line from  
Dukla to Rzeszów. 

• 15.15 : Scrocca D. 
A “new” definition of the Apennine thrust belt front (Italy): relationships with the geodynamic 
evolution of the subducting Adriatic plate 
 

• 15.30 – 16.00 : Coffee break – Poster session 
 
 
Session 6.  Multi-scale deformation : fracturing, analogue models, 

numerical models, field analogues 
Chair : R. Butler and F. Mouthereau 

 
• 16.00 :  Ahmadhadi F., Daniel J.-M., Lacombe O., Mouthereau F. 

Early fracture development within Asmari carbonates in the central Zagros folded belt, SW Iran:  
An insight into the role of basement faults on Lower Tertiary facies changes and possible forced- 
folding. 

• 16.15 : Callot J.-P., Jahani S., Letouzey J., Sherkati S. 
The role of pre-existing diapirs in fold and thrust belt development. 

• 16.30 : Dula F., McAllister E., Younes A., Pugh J., Gunst A.-M. 
Kela-2 Field:  Structural Model and Risk of Fault Compartmentalization 

• 16.45 : Stockmal G.S., Beaumont C., Nguyen M.,Lee B. 
Coupling between surface processes and thin-skinned structural style: Insights from dynamical  
numerical modelling 

• 17.00 : Maillot B., Mengus J.M., Daniel J.M. 
Friction coefficients by inversion of sandbox kinematics 

• 17.15 : Grelaud S., Nalpas T., Callot J.-P., Vergès J. 
Development of triangle zone in frontal part of orogens: Insights from analogue modelling. 
 

 
• 17.30 – 18.30 : Task Force “Sedimentary Basins” ILP 
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December, 16th, 2005 
 

 
Session 7 . Hydrocarbon systems, MVT ore deposits, fluids, 

fluid-rock interactions, evolution of the porous medium, transfers 
Chair : R. Swennen and S. Violette 

 
 

•   9.00 :  Keynote : A. Travé 
                        Petrology and geochemistry applied in solving paleo-fluid reconstruction in foreland  
                         fold-and-thrust belts. An overview of some Spanish examples. 

 
•   9.30 : Labraña G.,Taberner C., Rejas M., Vergés J. 

Fluid evolution in a fractured anticline (Sant Corneli anticline, southern Pyrenees).              
•   9.45 : Machel H.G., Buschkuehle B.E., Michael K. 

        Squeegee flow into the Rocky Mountain Foreland Basin, Canada. 
• 10.00 : Sciamanna S., Zapata T., Zamora G., Sassi W., Wygrala B., Hanschel T., Kornpihl K., Lampe C. 

2D Basin Modeling in Thrust Belt: from Structural Evolution to Fluid Flow Modeling, a Case  
Study from Neuquen Basin, Argentina. 

• 10.15 : Vandeginste V., Swennen R., Ellam R.M., Osadetz K., Faure J.L. 
Paleofluid flow in the Canadian Cordillera Foreland Fold-and-Thrust Belt. 

 
• 10.30 – 11.00 : Coffee break – Poster session 

 
• 11.00 : Keynote : B. Wygrala 

Structural and petroleum systems modeling -never the twain shall meet? 
 

• 11.30 : Scheck-Wenderoth M., Adam J.,  Di Primio R. 
Combined effects of Tectonics, Sedimentation and Erosion on Hydrocarbon Dynamics in the 
Sicilian Thrust Belt. 

• 11.45 : Osadetz K.G., Chen Z., Newson A. 
Observations and Challenges Related to the Petroleum Potential Appraisal in Thrust Belts. 

• 12.00 : Schneider F., Callot J.P., Faille I. 
Petroleum system appraisal in compressive area; examples from Venezuelian Foothills. 

• 12.15 : Muchez Ph., Heijlen W., Banks D., Blundell D., Boni M., Grandia F. 
Timing and extensional tectonics of basin-hosted Zn-Pb deposits in Europe 

 
• 12.30 : Keynote : R. Graham 

Thrust belts and hydrocarbon exploration – Is it worth it? 
 

 
 

• 13.00 – 14.15 : Lunch 
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Session 8.  Erosion, transport, sedimentation: geological and geochemical data, mass 
balance,  analogue models, climatic and tectonic controls 

Chair : C. Puydefabregas and F. Guillocheau 
 
 

• 14.15 : Keynote : H. Sinclair 
Punctuated Asymmetry in the Growth of Thrust Wedges and Foreland Basins 

 
• 14.45 : Campani M., Jolivet M., Labaume P., Brunel M., Monié P., Arnaud N. 

Denudation kinematics of an orogenic prism: integrated thermochronology and tectonic study in 
the W-Central Pyrenees (France-Spain). 

• 15.00 : Castelltort S., Simpson G. 
On the growth of drainage networks in widening linear mountain belts. 

• 15.15 : Hoth S., Kukowski N., Sinclair H. 
Orogenic cycles in foreland basin stratigraphy 

• 15.30 : Artoni A., Rizzini F. ,Roveri M. , Gennari R., Manzi V., Papani G., Bernini M. 
Tectonic and climatic control on sedimentation in late Miocene Cortemaggiore wedge-top basin  
(northern Apennine, Italy). 

• 15.45 : Joseph Ph., Callec Y., Ford M., Guillocheau F. 
Tectonic, eustatic and climatic controls on the turbidite fill of the sw alpine foreland basin (grès  
d'Annot system) 

• 16.00 : Souquière F., Labaume P., Jolivet M., Chauvet A. 
Tectonic control on diagenesis in a foreland basin: Combined petrologic and thermochronologic 
approaches in the Grès d’Annot sub-basin (French Alps) 

• 16.15 : Scarselli S., Simpson G.D.H., Allen P.A., Minelli G., Gaudenzi L. 
Relationships between deformation and sediment routing system in active fold and thrust belts: the 
Marche Apennines (Italy). 

 
• 16.30 : Keynote : C. France-Lanord 

             Suspended Sediment Variability in the Ganga Basin : Implications for Erosion      
                         Geochemical Budget and Organic Carbon Flux. 
  
 

Session 9 .  Flexure and subsidence history in foreland basins 
Chair : A.B. Watts 

 
 

• 17.00 : Tensi  J., Razin Ph., Mouthereau F., Serra-Kiel J., Robin C. 
Preliminary results on stratigraphy and subsidence history in the Zagros foreland (Dezful-Izeh  
area). 

• 17.15 : Leseur N., Mollier M., Ford, M., Bourlange S., Bourgeois O. 
Three dimensional flexure of the European plate north of the Alps 
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Session 1. Surficial and deep Earth coupling, Tectonics and Climate, Modelling 
 
 - Muñoz J.A., Amilibia A.,  Carrera N.,  Roca E., Mon R., Chong G., Sàbat F. 
    Tectonic shortening and mass balance along a geological cross-section of the southern Central Andean orogen at  
    25.5º S 
- Hetényi G. ,Cattin R., Vergne J., Náb�lek J.L.,  
   Effective elastic thickness of the India Plate from receiver function imaging, gravity anomaly and  
   numericmodelling.  

 
 

Session 2 : Geophysics and imagery, architecture and structural evolution, 3D maps 
 

- Castilla R., Mouchot N.,Ellouz N., Mahieux G., Leturmy P., Loncke L. 
  Morpho-tectonic and sedimentary processes of pakistani Makran accretionary prism 
- Dhont D., Luxey P., Xavier J.-P., Gouyet J.-F. 
  Building of 3-D Geologic Maps from Reference3D data 
- Pascal C.,  Navarro S. 
   Casual relationships between seismicity and sediment thickness in the Aquitaine Basin. 
- Singh V.P., Duquet B., Léger M.,  Schoenauer M. 
   Velocity determination in foothills using evolutionary algorithms. 
- Stampolidis A., Tsokas G.N., Kiratzi A.,  Moretti, I. 
   Complex attributes analysis of gravity data combined with seismological information in Western Greece 
- Tarapoanca M., Tambrea D., Avram V. 
   Geometry of the south Carpathians / Moesia boundary. 

 
 

Session 4 . Active tectonics in frontal portions of orogens 
 
 
- Carbó A., Córdoba D., Martín Dávila J., ten Brink U., Herranz P., Von Hilldebrandt C., Payero J., Muñoz Martín A., Pazos  
   A., Catalán M., Granja J.L., Gómez M. & GEOPRICO-DO Working Group  
  Morphotectonic analysis of the Muertos Deformed Belt (Northeastern Caribbean Plate). 
- García V.H., Cristallini E.O., Cortés J.M., Rodríguez C. 
  Structure and neotectonics of Jaboncillo and Del Peral anticlines. New evidences of Pleistocene to Holocene?  
  deformation in the Andean piedmont. 

 
 

Session 5 . Field studies, structural geology and long-term deformation,  
fold-and-thrust belt evolution, fault-activation sequences 

 
  

- Alzaga Ruiz H., Lopez M., Seranne M., Roure F. 
  The Tampico-Misantla basin: interference of the short-lived Laramide thrust belt on the long-term evolution of the   
  western Gulf of Mexico passive margin 
- Barbarand J., Saint-Bézar B., Rachidi M., Pagel M. 
   The Red Beds of the South Atlasic Front (Goulmima, Morocco) : a lithostraphigraphic unit with a different burial   
   history involved in a thrust and belt kinematic sequence. 
- Benaouali-Mebarek N., Frizon de Lamotte D., Roure F. 
   Kinematics, uplift and erosion in foreland fold-and-thrust belts: a case study of the Tell- Atlas system in North  
   Algeria 
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- Bertotti  G.  
  The transitions zones between orogens and foredeep: key area for the understanding of (late stage) continental   
  collision 
- El Euchi H., Saidi M.,  
   Northern Tunisia thrust belt: Deformation Models and Hydrocarbon Systems 
- El Euchi H., Ben Yaagoub J., Ouahchi A., Ferjaoui M. 
   Palaeozoic Tectonics and Hydrocarbon systems in Southern Tunisia. 
- Fernández-Fernández E.M., Jabaloy, A., González-Lodeiro, F.   
   The structure of the Malaguide Complex in the Vélez Rubio area (eastern Betic Cordillera). 
- Ghazli R. 
  Structural model approach of the Chelif basin  
- Grelaud S., Vergès J. 
  Structural analysis of the front of the Bóixols thrust sheet: the Sant Corneli and Bóixols anticlines (Pyrenees, Spain). 
- Hardebol N.J., Callot J.P., Faure J.L.,  Bertotti G., Roure F. 
   General principles and application of combined thermal and kinematic modeling in the SE Can. Cordilleran Front   
    Ranges 
- Jabaloy A., Fernández-Fernández E.M., González-Lodeiro, F., Sanz de Galdeano C. 
   The structure of the eastern Betic Cordillera (SE Spain). 
- Jahani, S., Letouzey, J., Frizon de Lamotte D. 
   Fold, fault and Hormuz salt in the southern Zagros (Iran), study of the Dehnow anticline. 
- Krzywiec P., Aleksandrowski P., Madej K., Florek R., Siupik J. 
   Lateral variations of the Carpathian thrust front and the Carpathian foredeep basin (S Poland). 
- Le Roy C., Rangin C., Aranda M., Le Pichon X.  
  Crustal shortening and gravity sliding processes along the western margin of the Gulf of Mexico. 
- Tent-Manclús J. E., Estévez A., Yébenes A. 
   Rotated Thrust associated to the Crevillente strike-slip Fault (Aspe, Southern Spain). 
- Tent-Manclús J. E., Soria J. M., Estévez A., Lancis C., Caracuel J. E., Yébenes A 
  The creation of the Abanilla Thrust as the result of the onset of the Trans-Alborán Shear Zone in the Fortuna Basin   
  (SE Spain). 
- Puelles P., Ábalos B., Gil Ibarguchi, J.I. 
  Ductile thrusts and sheath folds as long-term deformation indicators at deep tectonic realms (Bacariza formation,  
  Cabo Ortegal, NW Spain). 

 
Session 6. Multi-scale deformation : fracturing, analogue models, 

numerical models, field analogues 
 
 

- Ahmadi R., Allanic C., Ouali J., Mercier E., Launeau P., Van-Vliet Lanoë B., 
   Fault-related fold, hinge migration and fractures network: Study cases of Fault-propagation fold from the Tunisian  
   Atlasic Thrust and Fold Belts. 
- Amrouch K., Lacombe O., Mouthereau F., Dissez L.,  
  Quantification of orientations and magnitudes of the late Cenozoic paleostresses in the Zagros folded belt from    
  calcite twin analysis. 
- 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. 
- Tavani S., Storti F., Salvini F.,  
   Double-edge fault-propagation folding. 

 
 

Session 7.  Hydrocarbon systems, MVT ore deposits, fluids, fluid-rock interactions,  
evolution of the porous medium, transfers 

 
- Addoum B., Khennaf N., Roure F. 
   Petroleum potential of the Tellian domain (North Algeria): A Mediterranean perspective 
- Benchilla L., Stagpoole V., Funnel R 
  Petroleum system analysis in an inverted basin: a case study within the Taranaki Basin (New Zealand). 
- Breesch L., Swennen R., Vincent B. 
  Fluid flow reconstruction in hanging and footwall rocks along faults in the Northern Oman Mountain thrust belt  
  (United Arab Emirates). 
- Cruz C., Sage L., Schneider F. 
   Petroleum system evaluation of a compressive structure: the example of Madrejones (Bolivia). 
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- Dewever B., Swennen, R., Heverlee 
Fluid flow along a tectonic mélange thrust zone and in its overlying thrust sheet: the Iudica-Scalpello example  
(Sicilian accretionary wedge). 

- Ferket H., Swennen R., Ortuño Arzate S., Roure F. 
Fluid flow reconstruction in the Laramide fold-and-thrust belt of eastern Mexico.  

- Le_niak G., Such P., Dziadzio P. 
Integrated characterisation of the Miocene sandstones from Rzeszow area of the Carpathian foredeep. 

- Matyasik I ., Mysliwiec M., Le_niak G., Such P. 
The relationship between hydrocarbon generation and development of reservoir traps: the Miocene hydrocarbons 
fill the devonian reservoir. 

- Newson A. 
Finding Large Gas Reserves in the Foothills of the WCSB 

- Picotti V., Bertozzi G., Capozzi R., Papani L., Sitta A.,Tornaghi M. 
The hydrocarbon system of the northern Apennines and central Po plain: Miocene sediment dispersal pattern and 
tectonics  

- Sherkati S., Rudkiewicz J.L., Letouzey J.  
Evolution of maturity in Izeh zone (Iranian Zagros) and link with hydrocarbon prospectivity.  

- Vandeginste V., Swennen R., Gleeson S.A., Ellam R.M. 
Mississippi Valley-type Pb-Zn ore deposits at the Kicking Horse Rim (southeast British Columbia, Canada). 

- Vilasi N., Swennen R. Mezini A., Roure F. 
Diagenesis and fracturing in Paleocene-Eocene Carbonates from the Ionian Basin (Albania). 
 

 
Session 8. Erosion, transport, sedimentation: geological and geochemical data, 
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PETROLEUM POTENTIAL OF THE TELLIAN DOMAIN (NORTH ALGERIA): 

A MEDITERRANEAN PERSPECTIVE 
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INTRODUCTION 

 
The Tellian domain belongs to the central segment of the Maghrebides thrust belt, which extends from 
Morocco to Tunisia and constitutes the southern segment of the Alpine orogen in the Western Mediterranean 
(Addoum et al., 1996; Frizon de lamotte et al., 2000; Bracene, 2001). This orogen is bordered to the north by 
the Alboran Basin in the west and by the Algerian-Provençal Basin farther east. The Algerian Tellian domain 
displays similar tectono-stratigraphic assemblages as in the Moroccan Rif allochthon (Andrieux, 1971), which 
connects with the Gibraltar Arc in the west, and as in the Numidian allochthon in Tunisia and Sicily, which 
connects with the Calabrian-Apenninic Arc in the east. 
In Algeria, the complex Tellian allochthonous structural domain is bounded to the north by the Kabylides 
Massifs, which constitute the inner part of the Alpine thrust belt. To the south the autochthonous foreland is 
made up of dominantly undeformed High Plateaus and partially inverted and folded Saharan Atlas, making a 
transition towards the stable Saharan Platform. 
The Neogene geodynamic evolution of North Algeria has been strongly affected by the opening of the 
Western Mediterranean Basin, whereas its Mesozoic and Paleogene history was controlled by the opening of 
the Western Tethys first, and by the subsequent closure of this ocean and the long lasting interactions between 
the European and African plates. 
Petroleum exploration in the Tellian domain has been until now limited, despite early discoveries and oil 
production in the Chelif Basin in the west and in the central segment of the Tellian thrust front at Oued 
Gueterini, and the obvious occurrence of surface seeps and oil and gas shows in numerous exploration wells. 
 
I- MAJOR TECTONOSTRATIGRAPHIC UNITS of the TELLIAN DOMAIN 
 
The northern part of the Tellian domain belongs to the inner zone of the Maghrebian Alpine belt, and 
comprises the Kabylian exotic terranes, which are made up of tectonically complex allochthonous crystalline 
basement of European affinities, associated with metamorphosed Paleozoic series (Vila, 1980; Wildi, 1983). 
On top the Kabylian basement, Mesozoic to Eocene sedimentary cover derived from the northern passive 
margin of the Tethys constitutes tectonic imbricates of the "Chaîne calcaire", which are tectonically overlain 
by flysch nappes. 
Farther south, the Tellian allochthon is made up of Cretaceous to Paleogene basinal series derived from the 
distal portion of the former North African passive margin of the Tethys. Tectonic windows in the Constantine, 
Bibans and Ouarsenis areas account for the local exposure of parautochthonous units, which have been widely 
overthrust by the Tellian allochthon. 
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      Figure1: Location of the Tellian Domain 
 
South of the Tellian thrust front, a narrow Neogene foreland basin develops in the central part of the Tell in 
the so-called Hodna Basin (Addoum et al. 1996; Bracene, 2001), whereas a large thrust-top Neogene basin 
occurs farther west in the Cheliff Basin (Maghraoui et al., 1996; Ghazli, 2000). 
   
II- GEODYNAMIC EVOLUTION and PRESENT ARCHITECTURE of the TELLIAN DOMAIN 

 
The geodynamic evolution of North Algeria can be summarized into three successive stages (Auzende, 1978; 
Frizon de Lamotte et al., 2000):  
- 1) The Tethyan rifting episode, which started during the Triassic (Ziegler, 1993, 1998), accounting for the 
deposition of thick Triassic to Upper Jurassic series with local volcanic episodes within the Tellian domain, as 
well as farther south in northeast-trending grabens of the Atlas. 
- 2) The post-rift thermal subsidence of the passive margin, which started during the Upper Jurassic. This 
passive margin evolution came progressively to an end in Upper Senonian time due to active convergence 
between Europe and Africa.  
- 3) Alpine tectonic inversion initiated during the Eocene in both the Tellian and Atlas domains (Atlasic 
episode). It was followed by further compression and nappes emplacement during the Neogene.  
 
Rotation of the Corsican-Sardinian block, coeval roll-back of the subduction zone towards the east and back-
arc opening also resulted in the opening of a new oceanic basin north of Algeria during the Oligocene and 
Neogene. 
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                    Fig.2 Petroleum results in the Western Mediterranean area   
 
III- PETROLEUM OCCURRENCES  
 
1- Tellian Domain 
 
The long lasting evolution of the North African passive margin resulted in the deposition of numerous 
organic-rich series. Subsequent burial beneath younger deposits and/or allochthonous units was sufficient to 
enter these potential source rocks into the oil or in the gas window, depending on their structural position. 
Seemingly, good reservoirs occur in both carbonate and sandstone series, at different position of the 
stratigraphic column.  
Successive tectonic episodes resulted in the development of structural traps. However, the main exploration 
risk relates to the occurrence of a major erosional episode during the Oligocene in the foreland and 
parautochthonous units, and to the timing of the maximum burial of potential souce rocks, which either 
predates or postdates this erosional event.  
Despite its petroleum potential, the Tellian domain has been only poorly explored to date, with only about 20 
wells having been drilled between 1975 and 2005 (Addoum et al., 1996). In the Hodna Basin, oil has been 
found in Cretaceous, Eocene and Miocene deposits, whereas Jurassic series have been little tested, despite the 
occurrence of bitumen in Mississippi Valley Type ore deposits locally hosted in Jurassic dolomites.  
In the Cheliff Basin, oil has been produced from Miocene series, whereas the Cretaceous is yet 
underexplored, despite the occurrence of surface oil seeps in Cenomanian series. 
 
2- Petroleum occurrences in adjacents Western Mediterranean/Maghrebides domains 
 
Apart of localized oil and gas production in the far-travelled basinal series of Sicily and in the Bradano 
allochthon, oil has been recently discovered in sub-thrust plays in parautochthonous platform units of the 
Southern Apennines (Casero et Roure, 1993, Ziegler et Roure, 1996, Slimane et al., 2000). In Morocco, oil 
and gas discoveries have been made at the front of the Rif allochthon, in a similar position as at Oued 
Gueterini.  
In Tunisia and northeastern Algeria, numerous oil and gas seeps occur also in allochthonous units made up of 
Oligo-Aquitanian Numidian flysch, and related plays are likely to develop in the adjacent domain.  
To date, a single deep well (4496 m) has been drilled in the 80'ies in the Algerian offshore, evidencing some 
source rock and reservoir potential in the Miocene series, whereas oil discoveries have been made in the 
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Neogene sequences of the nearby Cheliff Basin, thus increasing the interest for resuming the exploration of 
the Algerian offshore. 
 
 IV- CONCLUSION  
 
Extensional and then compressional geodynamic processes successively affected the Tellian domain from the 
onset of the Tethyan passive margin development to late stage Alpine imbrications, and controlled the 
evolution of effective petroleum systems, starting with the deposition of numerous source rock intervals (i.e., 
Jurassic, Cretaceous, Paleogene and Neogene), being then followed by numerous episodes of petroleum 
generation and migration in the Hodna and Cheliff basins. In contrast, post-orogenic opening of the Western 
Mediterranean Basin resulted in the deposition of thick Oligocene and Miocene series in the offshore, which 
may account also for other, albeit yet untested petroleum systems. 
Although present discoveries at Oued Gueterini and in the Cheliff are located in the allochthon or in Neogene 
series, recent success of the exploration in sub-thrust plays in the Southern Apennines and Sicily and the wide 
occurrence of surface seepages and oil shows in the Tell support the idea that petroleum exploration in North 
Algeria is still at an early stage, and that there is hope for further discoveries within or beneath the Tellian 
allochthon. 
 
BIBLIOGRAPHY 

 
   Addoum B., Belhaoues S., Maache B. and Lassal A. (1996), Algérie du Nord: nouvelle conception géodynamique et 

potentiel pétrolier. Sonatrach Internal Report. 
   Andrieux J. (1971), La structure du Rif Central: étude des relations entre la tectonique de compression et les nappes de 

glissement dans un tronçon de la chaîne. Notes et Mémoires du Service Géologique du Maroc, 235, Rabat. 

   Auzende J. M. (1978),  Histoire tertiaire de la Méditerranée. PhD Thesis, Univ. Paris VII. 
   Bracene R. (2001), Géodynamique du Nord de l’Algérie: impact sur l’exploration pétrolière. PhD Thesis, Univ. Cergy-

Pontoise. 
   Casero P. and Roure F. (1993): Neogene deformations at the Sicilian-North African plate boundary. In Roure F., editor, 

IFP/Research Conférence, March 1993, Arles, France. 
   Frizon de Lamotte D., Saint Bezar B., Bracene R. and Mercier E. (2000). The two main steps of the Atlas building and 

geodynamics of the Western Mediterranean. Tectonics,19, 4. 
   Ghazli R. (2002). Evolution structurale et pétrolière du Bassin du Chélif (nord de l'Algérie).   Master Thesis, IFP.  
   Meghraoui M., Morel J.L., Andrieux J. and Dahmani M. (1996). Tectonique plio-quaternaire de la chaîne tello-rifaine et de 

la mer d’Alboran. Une zone complexe de convergence continent-continent. Bull. Soc. Géol. France,167, 5. 
   Slimane M., Benabdelmoumene M.S. and Khennaf N. (2000). Perspectives pétrolières de l’Offshore algérien dans le 

contexte méditerranéen. Sonatrach Internal Report . 
  Villa J. M.(1980). La chaîne Alpine d’Algérie orientale et des confins algéro-tunisiens.  PhD Thesis, Univ. Paris VI. 
  Wildi W. (1983). La chaîne tello-rifaine (Algérie, Tunisie, Maroc). Structure, stratigraphie et évolution du Trias au 

Miocène. Rev. Géolog. Dyn. Géog. Physique, 24. 
  Ziegler P. A. and Roure F. (1996). Systèmes pétroliers des bassins et chaînes plissées alpines méditerranéennes. Atelier 

international sur les bassins méditerranéens, Paris. 

  Ziegler P.A. (1993). Evolution of Peri-Tethyan basins as a mirror of Tethys dynamics. In Roure F., editor, IFP/Peri-Tethyan 
Research Conference, March 1993, Arles, France. 



Thrust Belts and Foreland Basins, International Meeting, Rueil-Malmaison, December 2005 
Abstracts Volume 

****************************************** 

 17

 
FRACTURE DEVELOPMENT WITHIN ASMARI CARBONATES IN THE CENTRAL ZAGROS 

FOLDED BELT, SW IRAN: AN INSIGHT INTO THE ROLE OF BASEMENT FAULTS ON 
LOWER TERTIARY FACIES CHANGES AND POSSIBLE FORCED-FOLDING 

Faram AHMADHADI1, Jean-Marc DANIEL2, Olivier LACOMBE3, Frédéric MOUTHEREAU3 
 

1Iranian Offshore Oil Company (IOOC), IOOC Tower - 12th Floor, Geology & Petrophysics Department, # 
38, Tooraj St., Vali-e-asr Ave., Chamran Crossing (Park-vey), Tehran, Iran, Post code: 19395 

2Institut Français de Pétrole (IFP), Division Geologie et Geochimie, 1 et 4, Rue de Bois-Préau, 92506 Rueil-
Malmaison Cedex, France 

3Université P. & M. Curie - Paris VI, Laboratoire de Tectonique, UMR 7072 CNRS, T46-45, E2, Case 129, 4  
place Jessieu, F- 75252 Paris Cedex 05 France 

 
1. Introduction  
  

Fractures in folded sedimentary rocks are usually interpreted to be a result of folding (Stearns, 1968; 
Stewarts and Wynn, 2000). Between different groups of so called fold-related fractures, axial joints are 
supposed to be the result of local extension in the folds. Furthermore, based on consistent relation of the 
fractures to bedding orientation, even on the noses of folds, they are supposed to be in direct relation with 
folds geometry and especially bedding attitude (Stearns and Friedman, 1972; Nelson, 2001).  

The Asmari Formation is one of the main reservoir rocks in southwest of Iran. This Formation crops 
out along the Zagros folded belt and is well-known as carbonate fractured reservoir. Many studies dealing 
with the fracture pattern of the Asmari carbonate have been carried out and are still in progress. While 
McQuillan (1973, 1974, and 1985) stated that some of the fracture orientation EARLY bears no relation to the 
folds, Gholipour (1998) believes that the Asmari fractures are associated with vertical and axial growth of 
concentric folding. Furthermore, the relative chronologies of different fracture sets with folding are still 
controversial.  

From a geodynamic point of view, different models for the evolution of the Zagros mountain system 
in southern Iran have been proposed (e.g. Falcon, 1967; Stocklin, 1968; Ni and Barazangi, 1986). For most of 
them, the northward movement of the Arabian plate during Tertiary time has resulted in thrust faulting and 
overfolding in the imbricated belt adjoining the trench zone and more gentle folding in the simply folded belt 
to the southwest. Berberian (1995) has described different morphotectonical divisions of the Zagros folded 
belt, which were developed after this continental collision. No published information on basement depths is 
known from seismic refraction or reflection and without such knowledge it is difficult to give a clear image of 
basement faults pattern and their role in geodynamic evolution of the Zagros folded belt. Our aim in this paper 
is to show that the Zagros basement faults have strongly controlled the paleogeography in the Lower Tertiary 
and have produced a possible early phase of cover forced-folding. This has probably played a significant role 
during the early stage of fracturing within the Asmari Formation and before the main phase of folding of the 
cover which occurred in Miocene-Pliocene (Stöklin, 1968; Berberian, 1981). We have a new look to the 
facies variations in the central part of the Zagros fold belt from Upper most Cretaceous to Lower Miocene. 
Then, based on our proposed conceptual geodynamical evolution model, development of a group of fractures 
in the Asmari Formation is discussed.                           
 
2. Geological setting and tectonic evolution of the Zagros fold belt  
 
The Zagros fold belt is located along the north-eastern margin of the Arabian plate (Fig.1a). It forms a 200-
300 km wide series of folds extending for about 1200 km from eastern Turkey to the Strait of Hormuz. The 
main morphotectonical regions in the Zagros fold belt in the studied area are bordered by the major deep 
seated basement faults (Fig.1b). The approximate location and geometry of these faults, despite lack of 
detailed deep crustal knowledge in the Zagros, have been defined using geodetic survey, precise 
epicentre/hypocenter locations, seismic reflections studies, topographic and morphotectonic features in the 
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Zagros (M. Berberian, 1995). Among these faults we can mention the High Zagros Fault (HZF), the Mountain 
Front fault (MFF), the Dezful Embayment Fault (DEF), and the Zagros Fore-deep Fault (ZFF) in the studied 
area (Fig.1b). Another group of basement faults, as shown in Fig.1b, are N-S trending faults which were 
developed during the latest Proterozoic and early Cambrian in the Arabian basement (Beydoun, 1991). During 
the Mesozoic, and especially in the Triassic and Late Cretaceous, the N-S uplifts and basins, related to this 
group of basement faults, were intermittently reactivated (Edgell, 1992). The Izeh Fault, the Kharg-Mish 
Fault and the Kazerun Fault are the examples of this group in the studied area.      

   
3. Fracturing  
 

The orientation of the fractures was measured in several anticlines located in the Izeh zone and in the 
northern part of the Dezful Embayment and within the uppermost part of the Asmari Formation. The 
dominant lithology is mudstone to wackstone. In the Khaviz anticline (Fig.1b&2) fracture measurements were 
performed around its south-eastern nose. This anticline is remarkably rectilinear with a general axial trend of 
about 120° and dip of the flanks of about 30°. The structural dip at its nose reaches to about 15°.  The NE 
flank is a little gentler than the SW flank. As shown in Fig.2, a group of factures which are perpendicular to 
bedding and have a strike of 145°-165° always exist around the nose and are oblique to the local bedding 
trend. Even more deviation from structural trend is seen in the stations No. K3, K9, and K10. They are located 
almost along an arbitrary N-S trending line. No N-S fault was observe neither on the measurement location 
nor on the geological  map. The Razi anticline (Fig.1b&3) is located in the northern part of Mountain Front 
Fault (MFF) at about 56 km south-eastward of the Khaviz anticline. The fracture orientations were measured 
along a valley cutting the anticline axis and both flanks were accessible to measure. This anticline has a quite 
gentle geometry and structural dip even reach to less than 10°. The highly fractured Asmari Formation is quite 
remarkable in this anticline. Once again, a group of fractures striking N140°-N160° are seen permanently 
among fracture data (Fig.3).  
 
4. Lower Tertiary Paleogeography  
 

Paleofacies evolution of the central part of the Zagros, a region between Bala-Rud (BR) Fault to the 
west and Kazerun Fault to the east, during the Lower Tertiary was taken into account based on previous 
studies (James and Wynd, 1965; Berberian and King, 1981; Motiei, 1993) and the paleologs of drilled wells 
in the Dezful Embayment. We especially focus on Oligocene and Lower Miocene paleofacies. The Zagros 
basin with marine carbonate platform sedimentation became established from early Jurassic and continued 
until Miocene time with the greatest subsidence being in the northeast, possibly along several faults 
(Berberian and King, 1981). The Upper cretaceous is represented by an almost uniform continental margin 
carbonate platform in the most part of the Zagros basin. Following the obduction of the ophiolites during late 
Santonian-early Campanian time (80-75 Ma) along the High Zagros belt (Berberian and King, 1981), neritic 
carbonates of Ilam Formation and deeper water marl and shales of Gurpi Formation (Campanian-
Maastrichtian) were deposited in most part of the Zagros basin. During Palaeocene and Eocene the Pabdeh 
(neritic to basinal marls and argillaceous limestones) and the Jahrum (massive shallow marine carbonates) 
Formations formed the deposited sediments in the middle and the both sides of the Zagros basinal axis. This 
basin was gradually narrowed by Lower Oligocene time and Lower Asmari, including the carbonate, deeper 
marine marl, and sandy limestone (Ahwaz Member) were deposited (Fig.4a). Different intra-basins and facies 
including clastic facies (Ahwaz/Ghar sandstone Member), carbonate and evaporites (Kalhur Member), 
presumably, well developed during Upper Oligocene-early Miocene time (Fig.4b).     
 
5. Discussion and conclusion   
 

The presence of fractures, which are conventionally called axial fractures, oblique to the fold axis and 
even to local bedding attitude in the studied anticlines seems inconsistent with the fold-related fracture model. 
Furthermore, the intensive fracturing within the Asmari Formation in the Razi anticline, with near horizontal 
structural dip, shows no possible relation between fracturing and folding. On the other hand, the orientations 
of the main fracture group (~N140°-160°) despite the lack of their direct relations with the folds, are similar 
in the two mentioned anticlines. These cases strengthen the idea that this prominent fracture group should 



Thrust Belts and Foreland Basins, International Meeting, Rueil-Malmaison, December 2005 
Abstracts Volume 

****************************************** 

 19

have developed under an extensional stress field which affected at least the Asmari Formation before the main 
phase of folding of the cover during Miocene-Pliocene times.  

To develop such a fracture (joint) group (parallel to general trend of the Zagros folds) within 
sedimentary strata, the minimum stress axis (�3) should be normal to fracture plane and the maximum stress 
axis (�1) supposed to be in the fracture plane, either horizontal or perpendicular to bedding plane. So, 
regardless of the �1 orientation, the �3 should be perpendicular to the general trend of the folds in the studied 
area. It is necessary to invoke an extensional stress field in the sedimentary cover (e.g. Asmari Formation). To 
explain the presence of such a stress field early before the main folding phase in the central Zagros, the basin 
architecture during Asmari sedimentation has to be taken into account. Both the geographic distribution of the 
facies and the location of the basement faults appear remarkably consistent. The Pabdeh basin during Eocene 
time covered almost a wide area from the south of the High Zagros fault toward the Zagros Foredeep Fault. 
The depocenter of this basin gradually narrowed and migrated toward somewhere between the MFF to the 
north and ZFF to the south following the progradation of the carbonate platform and clastic facies of the 
Lower Asmari Formation during the Lower Oligocene (Rupelian). During the latest Oligocene-early Lower 
Miocene (Chattian-Aquitanian), a narrow evaporitic intra-basin was formed directly and with no intermediate 
facies (e.g., shallow marine limestone and dolomite) on the argillaceous deeper marine facies of Lower 
Asmari Formation. The localization of this intra-basin somewhere between the MFF toward its northern 
margin and the DEF toward its southern margin (Fig.5) and also an abrupt facies change between marl and 
evaporite suggests a direct relation between this restricted lagoon intra basin and Deep-seated basement faults. 
In the south of the Asmari basin, clastic facies of Ahwaz/Ghar sandstone Member seems to be controlled by 
the Zagros Foredeep Fault (ZFF). We suggest that, such a basin architecture and facies variations and 
localization during the Asmari sedimentation and even early before (Rupelian) could be due to the 
reactivation of deep-seated basement faults (Fig.6). This reactivation could induce, at least locally, the 
extensional state of stress above NW-SE trending basement faults (e.g. MFF, ZFF) and within uppermost part 
of sedimentary cover (e.g. the Asmari Formation). Alternatively, the hypothesis of a regional cause to explain 
the observed extensional state of stress is currently tested through a model of flexurally-controlled stresses. 
This will help to discuss the development of fracture patterns in the early stage of  deformation in the Izeh 
zone.   

The observed N-S trending fracture set in the studied area (e.g. Khaviz anticline) and the localization 
of measurement sites containing this fracture group near underlying N-S trending basement faults (e.g. IZHF 
and KMF) suggest that they should have initiated long before any fracture set as the reactivation of N-S 
trending basement faults occurred since the latest Cretaceous (Edgell, 1992). Our observation in the Asmari 
Formation suggest that this reactivation even continued to Lower Tertiary and N-S trending fractures, related 
to transverse basement faults, developed locally in this formation.    
     

 
 

Fig.1: The studied area in northeastern margin of the Arabian plate (a). The location of studied anticlines and the main 
basement faults in the Zagros folded belt (b). ZFF: Zagros Foredeep Fault, DEF: Dezful Embayment Fault, MFF: 

Mountain Front Fault, HZF: High Zagros Fault, IZHF: Izeh-Hendijan Fault, KMF: Kharg-Mish Fault, KZ: Kazerun 
Fault.  
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Fig.2: Fracture orientations in the Khaviz anticline                 Fig.3: Fracture pattern in the Razi anticline 
 

 
 

Fig.4: Paleogeography of the Asmari basin at the Lower Oligocene (a) and early Lower Miocene (b). 
 

 
Fig.5: A conceptual model for early forced-folding and related fracture development due to the Oligocene 

reactivation of basement faults in the central Zagros.  
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Since balanced cross sections concept has been popularised, a specific interest is becoming apparent 

for the study of folding processes within Thrust and Folds Belts. Several kinematic fold models have been 
proposed for evolution of thrust-related folds and detachment folds (Suppe 1983, 1985…). These models 
respect the “excess area law” at every stage of their kinematic history. Dahlstrom (1990) emphasises the fact 
that respecting this law necessary involves that at least one hinge, often several, should migrate during fold 
growth. The concept of hinge migration is thus a very sensitive and significant point, in such a way that only 
few authors question the validity of this concept. 

The goal of this work is to confirm that the study of structural features (fractures) within some thrust-
related folds of southern Tunisia Atlas, can not demonstrate the hinge migration. Conversely, we will show 
that it is possible to demonstrate the reality of hinge migration with geomorphological features. 

Several authors (Creuzot & al., 1993; Outtani & al., 1995; Addoum, 1995) have confirmed the 
abundance of thrust-related folds in the Gafsa Basin (Southern Tunisian Atlasic fold belts), and especially the 
Fault-Propagation Fold. The model of Fault-Propagation Fold, prospect a hinge migration of the former 
syncline hinge toward shortening direction, and a continuous material feeding from both syncline-hinges 
(Suppe & Medvedeff, 1984 ;  Suppe & Medvedeff, 1990).  

The tectonic consequence, observed on Jebel Sehib, consist of differential fracture density observed 
along folded area. The fracture density mapped all over the fold body and measured, on the same stratigraphic 
level, fits perfectly to the internal deformation prospected by the fault-propagation fold model (Mercier et al 
1997). This deformation is considered as a consequence of limb simple-shear occurring while fold growth. 
Thus, simple-shear gives a highest fracture density in the former limb (having the bigger layer dip), a 
relatively medium fracture density all over back limb (having the lower layer dip), and the lowest fracture 
density in anticline hinge area, witch supposed to be passively uplifted during all fault-propagation folding 
process. 

The nature of fractures, conjugated vertical fracture system, informs about pure shear deformation and 
not a simple shear one. This can be explained by a deformation in two main steps: 

1- Layer parallel shortening giving an homogeneous fracture system, 
2- Development of the fold within fault-propagation model, including simple shear deformation 

in both limbs. This simple shear stress reactivate the original fracture net with became locally enhanced 
relatively to the value of the shear (more important at the forelimb). 
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Fig. 1 – a): Location map of Sehib anticline, b): fracture density map observed on the massive limestone 
of Abiod Formation out-corping all-over the fold core, c): simple shear deformation in fault-
propagation fold model. 

 
Nevertheless, even it confirms the Fault-propagation fold model; the fracture density can not 

demonstrate the hinge migration, so that we will explore the morphological argument in attempt to 
reconstitute the time evolution of potential hinge migration.  

Some of geomorphic consequences have, already, been discovered and published such-as the “flap 
structures” (Mercier & al., 1994; Saint-Bezard & al., 1998), but new hallmarks are noticed in the present work 
and consisting on: 

     Flexures in recent pediment in the way of box-discordance modelled by Rafini & Mercier (2002) 
showing former syncline hinge migration. This deformation is observed in most of fore-limbs of Gafsa Basin 
anticlines, it shows an uplifted boundary of the Holocene pediment parallel to the main relief. A shoulder 
links this boundary to the flat lads, just at the end of outcrops.  
 

 
Fig. 2 – Shoulder deformation observed on recent pediment south limb Alima anticline. 
a): Diagram showing geometry of sedimentary layers at southern foothill of Alima Mont;  
b): Deformation steps as prospected by Rafini & Mercier model, simulating hinge migration in fault-
propagation fold, using local data of Alima Mont: the final step (4) fits exactly with the field data. 
 

Perched longitudinal valleys: at foot hill longitudinal valleys drains transversal parallel net 
coming thought the core of the anticline. At two places in the Gafsa Basin (Alima & Sehib anticlines), we 
observe a longitudinal valley up-lifted in the main relief composed of the upper Cretaceous massive limestone 
(Abiod Formation). Instead of the limb maximum dip (around 15°) this valleys cross the limb longitudinally.  
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Fig. 3 – a): SPOT 4 view of Alima Mont, b): Drainage net established on the main structural relief: 
massive limestone of Abiod Formation. c): Kinematics diagram explaining the perched collector 
position as a consequence of a northern syncline hinge migration. 
 
Disturbed drainage net-work meanders: In the northern foot-hill of Stah Es Souda anticline, we observe a 
sinuous river composed of half meanders. These meanders are caught at their southern part against the 
northern limb of the anticline. This position can be explained by a continuous material feeding from northern 
side of the growing thrust-fold. 

 

 
Fig. 4 – a): SPOT 4 view of  Stah Es Souda Anticline, b): Drainage net of the main valleys (Oued Oum 
El Araies) showing disturbed meander system at north foothill of the anticline, c): Diagram simulating 
the occurrence of disturbed meander throughout back hinge migration of fault-propagation fold model. 
 

Both perched longitudinal valleys and disturbed meander argue the back syncline hinge migration of 
the fault-propagation fold. The up-lifted pediment boundary indicates the former hinge migration. Moreover, 
other geomorpholgical, not developed in the present abstract, can demonstrate the hinge migration, such as 
the organisation of the drainage net or the erosion rate profile on a growing thrust-related fold.  

 
 In conclusion we consider that the thrust-related fold of the Gafsa Basin are mainly Fault-propagation 
folds, confirmed by the fracture deformation style observed over these anticlines, and are hinge migrating 
folds confirmed by geomorphic traces observed in both syncline hinges of the fold. 
 
 
 
REFERENCES 
 
ADDOUM B. (1995) – L’Atlas Saharien Sud-oriental : Cinématique des plis-chevauchements et reconstitution du bassin 
du Sud-Est Constantinois (confins algéro-tunisiens). Thèse Doc. ès-Sci. Univ. Paris XI Orsay.  
CREUZOT G., MERCIER E., OUALI J. et TRICARD P. (1993) – La tectogenèse atlasique en Tunisie centrale : Apport 
de la modélisation géométrique. Eclogae geol. Helv. 86/2 : 609-627 (1993). 
DAHLSTROM, C. D. A. (1990).- Geometric constraints derived from the law of conservation of volume and applied to 
evolutionnary models for detachment folding. A. A. P. G. Bull. , 74/3, p. 336-344. 
MERCIER E., T. DE PUTTER, J.L. MANSY, & A. HERBOSH (1994) – L’écaille des Gaux (Ardennes belges) : un 
exemple d’évolution tectono-sédimentaire complexe lors du developpement d’un pli de propagation. Géol. Rundsch. 83, 
p 170-179. 



Thrust Belts and Foreland Basins, International Meeting, Rueil-Malmaison, December 2005 
Abstracts Volume 

****************************************** 

 25

MERCIER, E., OUTTANI, F. & FRIZON DE LAMOTTE, D. (1997) -Late evolution of fault-propagation folds: 
principles and example. J. Struct. Geol. 19, 185-193 
OUTTANI F., ADDOUM B., MERCIER E., FRIZON de LAMOTTE D. & ANDIEUX J. (1995) – Geometry and 
kinematics of the south Atlas front, Algeria and Tunisia. Tectonophysics 249 (1995) 233-248. 
RAFINI S. & E. MERCIER (2002) – Forward modelling of foreland basins progressive unconformities. Sedimentary 
Geology, 146, (2001), p 75-89. 
SAINT BEZARD B., FRIZON de LAMOTTE D., MOREL J. L. & MERCIER E. (1998) – Kinematiks of large scale tip 
line folds from the High Atlas thrust belt, Morocco. Journal of Structural Geology, Vol. 20, N° 8, pp. 999 to 1011, 1998. 
SUPPE J. (1983) – Geometry and kinematics of fault-bend folding. American Journal of Science, Vol. 283, September, 
1983, P. 684-721. 
SUPPE J. (1985) – Principles of structural geology. Englewood Cliffs, New Jersey, Prenctice-Hall Inc. 537p. 
SUPPE J. & MEDWEDEFF D. A. (1984) – Fault-propagation folding. G. S. A. abstract with programs., p.670. 
SUPPE J. & MEDWEDEFF D. A. (1990) – Geometry and kinematics of Fault-propagation folding. Eclogae geol. Helv., 
83(3), p. 223-241. 
 



Thrust Belts and Foreland Basins, International Meeting, Rueil-Malmaison, December 2005 
Abstracts Volume 

****************************************** 

 26

 
OLIGOCENE-NEOGENE GROWTH STRATA AT EASTERN ACHARA-TRIALETI FOLD AND 

THRUST BELT, GEORGIA 
 

V. M. ALANIA (1), T. M. BERIDZE (1), R. L. CHAGELISHVILI (1), O. V. ENUKIDZE (1), S. 
KHUTSISHVILI (1), V. MIKELADZE (2), N. POPHKADZE (1), and A. RAZMADZE(1) 

 
(1)Institute of Geology Georgian Academy of Sciences 

(2) State Agency for Regulation Oil and Gas Resources of Georgia 
 

This works represents preliminary data of the project “Oligocene-Neogene Growth Strata and Kinematic 
Evolution in the Eastern Achara-Trialeti of Eastern Georgia” incorporated in new Task Force on 
“Sedimentary Basins” of International Lithosphere Program (ILP). 
The following questions concerning geometry and age of deformations, have served as the reason of our 
researches: When did Cenozoic compressive deformation start within eastern Achara-Trialeti? What is the 
structural style of deformation and geometry of syntectonic sediments? 

In this paper we are represent of the geometrical modeling of growth strata, which has supplied kinematic 
description of deformations. 

 
Regional geology. Georgia as a part of the Caucasus region is situated within the Alpine-Himalayan belt and 
consists of major thrust and fold belts: The Greater Caucasus and Achara-Trialeti, divided by Georgian 
(Rioni-Kartli-Mtkvari) foreland basin. The Achara-Trialeti thrust and fold belt to the south of the Kartli 
foreland basin are interpreted as a north-vergent thrust belt driven by emplacement of a basement wedge 
during the collision of the Arabian Plate with the Tethyan subduction zone in the post-Oligocene (Bancks et 
al., 1997). According to Robertson (2000) the initial Arabia-Eurasia collision took place as long ago as the 
early Miocene (~16-23 Ma). At the pre-collisional stage of the alpine tectonic cycle (Mesozoic-Eocene), north 
of the ocean Tethys, the following tectonic units were developing above the north-vergent subduction zone: 
(1) the Ttranscaucasian island arc separated by the Cretaceous-Paleogene Achara-Trialeti intra-arc rift into the 
South-Transcaucasian volcanic and the non-volcanic North-Transcaucasian branches; (2) the back-arc basin 
of the Greater Caucasus (Adamia et al., 2001). 
 
Stratigraphy and Basin evolution. The stratigraphic relationships in the Achara-Trialeti are complicated by 
phases of tectonism in the Cenozoic. We describe the stratigraphy of eastern Achara-Trialeti using a proposed 
sequence stratigraphic framework: megasequences (syn-rift megasequences – Paleocene-Middle Eocene and 
transitional megasequences – Upper Eocene) based on the major tectonic events and their related 
unconformities.     
 
Structure of the Eastern Achara-Trialeti fold and thrust belt. The Achara-Trialeti is mainly trending east 
west through southern Georgia and comprises thick Cretaceous-Tertiary strata deformed by fault-related 
folds. The structure of east Achara-Trialeti fold and thrust belt is thin-skinned fold and thrust belt and 
includes fault-bend folds, fault-propagation folds, duplexes and triangle zone (Alania et al., 2003).   
 
Timing of compressive deformation from growth strata in the study area. We present of N-S balanced 
and forward kinematic models based on field observation, well and seismic reflection profiles (NPL 01-118 
and NPL 01-121) data in order to better understand of structural evolution of east Achara-Trialeti fold and 
thrust belt. In the study area the geometries and tectonic histories are evaluated based on the growth strata 
present in overlying fault-related folds. The complex geometry of growth strata deposited on the back limb of 
the Samgori anticline can be explained by using a Medwedeff and Suppe (1997) model of a multibend fault-
bend folding with constant layer thickness. Analysis of syntectonic deposits preserved at eastern Achara-
Trialeti fold and thrust documents the evolution of compressive deformation during ~30 Ma as well as the 
thrust system kinematics. Structural data from the seismic reflection profiles indicate in Upper Eocene time 
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west to west north–oriented compressional/transpresional regime. Seismic lines show that some extensional 
faults reactivated during the deformation. 
 
Conclusion. Seismic and structural data from the eastern Achara-Trialeti fold and thrust belt indicate a two 
stage of Cenozoic compressive deformation: (1) compressional-extensional (Upper Eocene), and (2) 
compressional-contractional (Oligocene-Neogene).  
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The Zagros fold-thrust belt in Iran forms the external part of the Zagros active orogenic wedge.  It 

includes a sequence of ~7–12 km thick heterogeneous sedimentary cover strata, composed of alternating 

incompetent and competent layers, and the underlying Proterozoic crystalline basement with complex pre-

Zagros structural fabric. The wedge, which includes the deformed state of the Zagros sedimentary basin, is in 

its subcritical condition and is experiencing intense internal deformation towards reaching a critical state.  The 

deformation, which initiated in Late Cretaceous, has progressively migrated southwestward, and has recently 

become concentrated in the outermost parts of the orogen.   

Among the various factors involved in the structural evolution of the Zagros fold-thrust belt, the 

mechanically weak layers of the cover strata have played a significant role in development of several 

detachment horizons, numerous SW-verging in-sequence and out-of-sequence thrust faults, and associated 

fault-propagation and fault-bend folds.  Six retrodeformable cross sections, which are restored to their pre-

Zagros deformation states, reveal geometry of the Zagros structures and their interrelationships in various 

sectors of the belt.  They suggest variable minimum shortening, ranging from ~19% to ~30%, across the belt.  

They can be used for palinspastic restoration of the Zagros sedimentary basin.  
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The Gulf of Mexico is an oceanic-crust-floored basin, surrounded by continental passive margins. Mid-
Jurassic rifting between North America and Yucatan block lead to continental break-up and onset of oceanic 
accretion in the deep-basin during Late Jurassic. It was followed by drifting and anticlockwise rotation along 
probable NW-SE flow lines, until latest Jurassic, when the mid-oceanic accretion jumped southeast of the 
Yucatan block. Subsequently, the continental margins have been subsiding, mostly controlled by thermal 
recovery of the lithosphere and sedimentary loading.  
 
The Tampico-Misantla Basin extends across the western margin of the Gulf of Mexico between latitude 20° 
and 22° south. It is bounded to the west by the Sierra Madre Oriental, a Laramide folds and thrusts belt. 
According to most geodynamic reconstructions, this N-S striking basin is set over a transform margin, whose 
NS structural grain played a major part in the geodynamic evolution. 
 
A generalised west to east section across this basin displays:  

- In the mountainous hinterland, east-verging folds and thrusts affect formations of Jurassic and 
Cretaceous carbonate shelf. Lack of basement rock exposures suggests thin-skinned thrusting.  

- In the piedmont and coastal plain, terrigenous marine Palaeocene unconformably overly the 
Cretaceous shelf carbonates; however, structural relationships and slumping, suggest syntectonic deposition 
of these Palaeocene formations.  

- Palaeocene to Eocene marine terrigenous formations underlies the coastal plain. Borehole and 
seismic data suggests a wedge that progrades eastward, over a NS-striking structural high, occupied by 
Cretaceous reef carbonates, beneath the present-day coast (« Faja de oro »). In particular, late Palaeocene to 
early Eocene sediments display typical deep sea fan turbidite sequences, deposited in a NW-SE elongated 
trough (“Chicontepec palaeocanyon”). 

- In the present shelf area, seismic reflection data display a major extensional, east-dipping, growth 
fault and up to 5km thick Neogene  infilling. The growth structures are initiated on the eastern side of the 
structural high that acted as a hinge zone. The extensional fault detaches above a Jurassic to Palaeocene 
sequence that gently dips eastwards. 

- A thick sedimentary wedge affected by diapirs and thrusts that balance the upstream extensional 
faulting underlies the slope. 

- Finally, a tabular sequence overlies the deep basin floored by oceanic crust 
 
Whilst the offshore part of the basin records the evolution of a late Jurassic to Present  passive margin, the 
onshore outcrops and available seismic profiles beneath the piedmont give evidence for an episode of 
thrusting and folding, during latest Cretaceous to early Eocene. Sedimentary facies evolution and sequence 
analyses of both outcrops and borehole data across the Tampico-Misantla Basin allow documenting the 
interplays of contractional tectonics with the overall thermal subsidence and sedimentation of the continental 
margin. 
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The latest Cretaceous-Palaeocene episode of contractional tectonics in the hinterland of the passive margin 
had consequences: 
 

- A flexural basin was developed in the hinterland of the passive margin, between the thrusts in the 
piedmont, and the inherited structural high. The so-called “Chicontepec Canyon” is one expression of this 
small-scale foredeep. 

- This structural high acted as forebulge for the foreland basin in the west, and a hinge zone for the 
continental margin to the east. 

- Subsidence pattern across the basin was modified accordingly: increased subsidence leading to 
drowning of the carbonate shelf in the west, while in the east, the passive margin continued to subside by 
thermal contraction of the lithosphere. 

- Uplift of the Laramide thrust-belt as from latest Cretaceous induced erosion and increase of 
terrigenous flux,  

- Flexural subsidence in the foredeep, accommodated the increased terrigenous during late 
Cretaceous to Palaeocene, while sedimentation rate in the margin dropped. 
 
After cessation of thrusting, the margin resumed its thermally driven, long-term subsidence, and the rapidly 
prograding terrigenous sequences reached the slope and basin. As a result, this increased sedimentary load 
triggered and maintained gravity tectonics.  
 
The interference of the Laramide folding and thrusting was pivotal in terms of petroleum system. 
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The Zagros fold belt is located along the NE margin of Arabian plate within the active convergence 

zone between the Arabian and Eurasian plates (Fig.1). In Iran, the Arabia-Eurasia convergence is trending N-
S to NNE. The most reliable convergence vector is provided by recent GPS studies at the Arabian plate scale 
and corresponds to a velocity of about 22-25 mm yr-l in a N010°E direction at longitude 56°E (e.g.,Vernant et 
al., 2004). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                       

The purpose of this work was to determine paleostress orientations and differential stress magnitudes 
associated with development of the Zagros belt in the Fars area. For this aim, we carried out a stress 
inversion of calcite twin data collected from late Cretaceous-Cenozoic carbonate formations along a 
transect running from the Iranian plateau north of the MZT to the Persian Gulf. Stress orientations are 
compared to those determined independently from the tectonic analysis of Mio-Pliocene mesoscale fault 
patterns and to the seismotectonic stress field derived from inversion of earthquake focal mechanisms 
(Lacombe et al., submitted). The relationship with the late Cenozoic/current kinematics and the 
sismological signature of basement-involved shortening is discussed. 

 
1. Geological setting of the Fars area 
 

The Fars region is limited to the West from the Dezful by the Kazerun-Borazjan Fault, a seismically 
active major right-lateral strike-slip fault, and to the East from the Makran by the Minab-Zendan Fault 
system. The Main Zagros Thrust (MZT) is the geological boundary between the Iranian Plateau to the North 
and the Zagros fold belt to the South. It corresponds to the suture, currently inactive, between the colliding 
plates of central Iran and the Arabian passive continental margin. South of the MZT, the High Zagros (or the 
Imbricate Zone) consists of a highly faulted thrust belt with a NW-SE trend. This belt is bounded to the SW 
by the High Zagros Fault (HZF) and is upthrusted onto the northern part of the Folded Belt.  

The Zagros belt developed mainly as a result of 
folding (and thrusting) of the Cenozoic foreland 
sequence and the underlying Paleozoic-
Mesozoic deposits of the formerly rifted Arabian 
margin and platform. The Phanerozoic Arabian 
sedimentary pile is roughly 6-15 km-thick and 
was detached from the underlying Precambrian 
basement by the thick Cambrian Hormuz salt 
layer. Basically, the Zagros folded belt was built 
first by folding (and thrusting) of the 
Phanerozoic cover all over the range during the 
Mio-Pliocene; This thin-skinned deformation 
phase was followed by a generalized 
involvement of the basement in shortening 
(thick-skinned tectonics)(e.g., Molinaro et al., 
2005). Early localized basement thrusting (early 
basement fault  reactivation ?) is  nevertheless  
strongly suspected since the middle Miocene 
(Mouthereau  et al., submitted). Fig.1 : Geodynamic setting of the Arabia-Eurasia collision. 

Arabia-Eurasia convergence vectors after NUVEL1 (DeMets et 
al., 1990, black) and GPS studies (Vernant et al., 2004, white). 
Velocities in cm/yr. 
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After the Permo-Triassic rifting event of the Arabian Tethyan margin and the Zagros passive 
continental margin setting of the Jurassic-Middle Cretaceous, the tectonic evolution during the Upper 
Cretaceous was governed by the closure of the NeoTethys and the collision of the Arabian and lranian plates. 
The southward obduction of Tethyan ophiolites on the Arabian margin prior to collision occurred along the 
Zagros belt in the Coniacian-Santonian. Following the deposition of the Oligocene shallow marine limestones 
of the Asmari Formation, the Fars Group (Gachsaran, Mishan, Agha Jari formations) spans the period from 
the Miocene to Pliocene; these formations represent a first-order regressive sequence and their succession 
reflects the progressive infilling of the Zagros foreland basin.  The main phase of folding of the detached 
cover is thought to have occurred since the (middle)-upper Miocene and during the Pliocene throughout the 
entire belt. 

 
2. Method of paleostress determination using calcite twin analysis 
 

   E-twinning is a common deformation mechanism in calcite aggregates deformed at low P and T. In 
the present work, we determined paleostress orientations and magnitudes using computerized inversion of 
calcite twin data. This technique has proven to be suitable for identifying geologically significant 
superimposed stress regimes in polyphase tectonics settings. The technique allows detection of twinning 
events predating or postdating folding, based on consideration between principal stress axes and bedding 
attitude.  

The method assumes homogeneous state of stress at the grain scale and constant critical resolved shear 
stress (CRSS) for twinning. The inversion process is similar to that used for fault slip data, but it takes into 
account both the twinned planes and the untwinned planes (the latter correspond to potential twin planes 
which never sustained a resolved shear stress exceeding the CRSS).The inverse problem consists of finding 
the stress tensor that best fits the distribution of measured twinned and untwinned planes. The orientations of 
the 3 principal stresses σ1, σ2, and σ3 are calculated, as well as the value of the Φ ratio (Φ=(σ2-σ3)/(σ1-σ3), 
with 0�Φ�1) indicating the magnitude of σ2 relative to σ1 and σ3.  

  If many twins are found to be not consistent with the stress tensor solution, the twinned planes 
consistent with the tensor are withdrawn, and the inversion process is repeated with the residual twinned 
planes and the whole set of untwinned planes; this new trial aims at identifying additional stress tensors that 
may account for a significant part of the remaining (unexplained) twin data. Where polyphase tectonism has 
occurred, this process may allow separation of superimposed stress tensors, each of them accounting for 
subsets of data.  

Because the CRSS for twinning can be considered constant for samples displaying a nearly 
homogeneous grain size and a given amount of internal twinning strain, differential stress magnitudes related 
to each stress tensor can further be estimated (see details in Lacombe, 2001). For a given palaeostress 
orientation, this (σ�-σ3) value corresponds to the peak differential stress attained during the tectonic history of 
the rock mass. 

 
3. Results of tectonic analyses 
 
 
 
 
 
 
 
 
 
    
 

             Analysis of calcite twin strain has 
been carried out from limestones from the late 
Cretaceous-Paleocene Pabdeh-Gurpi Fms, Eo-
Oligocene Asmari-Jahrom Fms, and Miocene 
Qom, Gachsaran and Mishan Fms. In both the 
matrix and the veins deformation occurred 
under a thin-twin regime (Fig.2), suggesting 
that temperature remained lower than 150°-
200°C and that internal strain by twinning did 
not exceed 3-4%.  
 

  Fig.2 : Example of twinned crystals from a vein  
                   (mean diameter of grains : 0.2 mm) 
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The reconstructed paleostress orientations are homogeneous throughout the folded belt and the 
southern part of the Iranian plateau, with a consistent mean N020° compressional trend (Fig.3). This 
compressional trend reflects orogenic stresses prevailing in the cover mainly after the Miocene-Pliocene 
folding episode. Mechanical coupling between the foreland fold-thrust belt and the Iranian plateau at that 
time is demonstrated by the consistency of stress orientations North and South of the MZT. 

In two samples, calcite twin analysis also reveals an early NE-SW compression; attitude of computed 
stress axes with respect to bedding supports that this trend prevailed just before and during folding (Fig.3).  

These regimes are in good agreement with those independently derived from the tectonic analysis of 
mesoscale faulting (Lacombe et al., submitted : Fig.3). The significance of the early NE-SW compression can 
be discussed alternatively in terms of early stress deviations or block rotations in relation to the Kazerun-
Borazjan/Karebass/Sabz-Pushan/Sarvestan strike-slip fault system.  

The late, post-folding N020° compressional trend is in good agreement with the present-day state of 
stress derived from the inversion of focal mechanisms of earthquakes in the Fars (Lacombe et al., submitted) 
which reveals a consistent N020-030° compression with a low ratio between differential stresses. This regime 
accounts for a combination of strike-slip and thrust type mechanisms through likely permutations between σ2 
and σ3 stress axes for fault patterns and earthquakes whatever their magnitudes. Peak differential magnitudes 
show a decreasing trend from the HZF (71 MPa +/-13) toward the Persian Gulf (30 MPa +/-6), while the 
values are nearly constant in the Iranian plateau (~ 40 MPa)(Fig.4). In contrast, the differential stress 
magnitudes related to the NE-SW compression prevailing before and during folding of the detached cover are 
lower, around 30 +/- 6 MPa). 

 

 
  Fig. 3 : Paleostress tensors computed from calcite twin analysis. (red dots : after Amrouch, 2005; white dots : after 

Dissez, 2004; black lines : compressional type; with white arrows : strike-slip type).   Comparison with results of 
fault slip analysis (Lacombe et al., in press)  
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4. Discussion and conclusions 
 

For the post-folding N020° compression, the decrease of differential stress magnitudes may reflect either 
the (plastic ?) stress release toward the deformation front or simply the increase with depth of the differential 
stress (and therefore the differential exhumation of rocks), because shortening, erosion and exhumation 
commonly increase from the front toward the backstop in fold-thrust wedges. However, the latter effect 
remains presumably minor in the Fars since the structural elevation in the folded belt remains nearly constant 
between the deformation front and the HZF as shown by the nearly homogeneous distribution of cover 
shortening across the width of the belt. 

    The good consistency of the N020° compressional trend derived from (Mio)-Pliocene microfaulting 
and calcite twinning observed in the cover mainly after folding with the N020-030° present-day 
compressional trend derived from inversion of focal mechanisms of basement earthquakes (and of possible 
cover earthquakes, with foci depth < 8km) suggests that the orientation of the σhoriz max  is similar in both 
the cover and the basement and has been so since the end of the main episode of folding of the cover. It can 
be concluded that decoupling by the Hormuz salt was presumably less efficient during basement-involved 
shortening (still active thick-skinned deformation stage) than during the previous Mio-Pliocene thin-skinned 
deformation stage (which has mainly ceased by now). If this trend is confirmed by forthcoming studies, our 
results could support the fall off in crustal differential stresses toward the belt front across a still active 
foreland fold-thrust belt. 
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Introduction 
The Variscan orogeny developed in the Iberian Peninsula between the Late Devonian and the Late 

Carboniferous. The three main phases of compressive deformation (D1, D2 and D3) are now well described 
and constrained in time in a wealth of papers (see Martínez-Catalán et al., 1990, 1992, 1999, 2003; Pérez-
Estaún et al., 1993, 1994; Abalos et al., 2002; Simancas and Pérez-Estaún, 2004). However, after the main 
deformation phases ended about Westphalian B times (i.e., lower Moscovian, about 310 M.a.), it has been 
debated for a long time when the Alpine cycle of extensional tectonics started, a difficult question to solve 
because the long period between the upper Westphalian and the Upper Permian (Thuringian), that is from 
about 310 M.a. to 253 M.a. is recorded only in small, isolated outcrops of continental siliciclastic rocks and/or 
andesitic-basaltic volcanic rocks, all of them of Early Permian age. The Pyrenees have a more complete rock 
record for this period of time. In the Iberian Ranges (Fig. 1), they are always unconformity-bounded, 
postdating the emplacement of the tardi-Variscan granitoids and associated metamorphic events (Sopeña et 
al., 1988; López-Gómez and Arche, 1992, 1993; Lago et al., 2004). These basins record only a tiny fraction of 
time of this long period (Fig. 1), so it is reasonable that the details of the Variscan-Alpine transition are still 
open to several alternative interpretations. 

 

Tectono-stratigraphic framework 
The most accepted tectono-stratigraphic interpretation of this period and the origin and evolution of 

the related sedimentary basins is that of a long transitional period between the Variscan and the Alpine events 
dominated by a dextral strike – slip regime in the Iberian Peninsula, controlled along E-W major dextral strike 
- slip fault systems at its northern and southern limits, coeval with the lithospheric collapse of the Variscan 
belt (Doblas et al.,1994 a, b; Gonzalez-Casado et al., 1996). Real Alpine extension started only during the late 
Permian for these authors (Sopeña and Sánchez – Moya, 2004). 

There is an alternative interpretation proposed by Arche and López-Gómez (1996) and López-Gómez 
et al. (2002) that relates the origin and evolution of these basins to a dominant extensional tectonic regime in 
the interior of the Iberian microplate along NW-SE normal faults and N-S associated sinistral strike-slip faults 
as an intraplate tectonic response to the stress at the southern and northern margins, that is, a precursor 
extensional tectonic regime of the generalised extension developed from late Permian times onwards in the 
Iberian microplate. 

 

The Minas de Henarejos Basin: sedimentological and biostratigraphic data 
The Minas de Henarejos basin, exposed nowadays in a small outcrop measuring 600by 500meters 

(Fig. 1) is an apparent exception among the lower Permian basins of the Iberian Ranges for several reasons: 
its reputed age is Stephanian B or C (Late Carboniferous) according to the paleobotanical data of Melendez et 
al. (1983) and Wagner et al. (1983), that is, older than the Autunian age of the rest of related basins in the 
Iberian Ranges, it is the only one containing thick coal beds and shows a compressive, syn-sedimentary 
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deformation (Fig. 2) that contrasts with the extensional syn-sedimentary regime of the other basins. If the age 
is correct, then this outcrop is the only remain in the whole Iberian Ranges and Central and Southern Iberia of 
a compressive tectonic event older than the extensive (or transtensive) Autunian basins and younger than the 
latest known Variscan compressive event in the Iberian Peninsula. 
Recent open-cast mining works have exposed the complete sedimentary succession (Fig. 2), only about 100 
meters thick, much less than previously reported. It consists of two parts: the lower one, lying unconformably 
on the folded Silurian basement consists of metric fining-upwards grey sandstone-siltstone sequences, 
interpreted as distal alluvial fan facies with N to NW paleocurrents. The upper part consists of breccias, 
sandstones, black slates and coal beds, containing a rich macroflora. It is interpreted as lacustrine and 
freshwater swamps and associated small deltas facies accumulating in an interior basin. The uppermost part of 
the sedimentary succession is now unconformably covered by Upper Permian conglomerates and not 
exposed. 

The upper part of the succession is deformed by a series of compressive structures (Fig. 2) clearly 
coeval with sedimentation: fan-like sequences thickening away from the thrusts, marked lateral thickness 
changes in the coal beds, large scale bed-parallel detachements, small scale normal faults and thrusts and soft 
sediment folds.    
The overlying late Permian conglomerates of Upper Permian age (Fig. 1) are unaffected by this compressive 
tectonic event. 

The age of the rich macroflora found in the upper pat of the succession must be reevaluated, because 
Broutin et al. (1999) have demonstrated in some coeval French basins (Lodève, Autun), with very thick 
sedimentary successions and rich macrofloras, that there is a vertical alternation of grey intervals with 
“Stephanian B-C” macrofloras and red intervals with “Autunian” macrofloras. They demonstrated that both 
assemblages are coeval and that the former represent hygrophyte associations and the latter, xerophyte ones; 
the vertical succession of floras is thus climatically controlled and any of them can be found in a time interval 
ranging from the Late Carboniferous to the early Permian, so they have very poor biostratigraphic precision. 
Therefore, there are no reasons that forbid considering the Minas de Henarejos macroflora more or less coeval 
with the lower Permian floras described elsewhere in the Iberian Ranges (Virgili et al., 1974, 1984; Sopeña, 
1979) and, consequently, the result of the same tectonic event. Different paleofloristic realms could coexist 
along the Iberian Ranges controlled by different climatic conditions. 

The presence of syn-sedimentary compressive structures in the Minas de Henarejos basin has not 
been described up to now and is in sharp contrast with the extensive nature of coeval basins, but can be 
explained by local control by a sinistral strike-slip fault system along its E margin. This orientation is 
compatible with the observed NW-SE normal fault systems observed in other coeval basins, as the kinematic 
models of Christie-Blick and Biddle (1985) have shown. 
 

Conclusions 
The Minas de Henarejos basin can be reasonably considered as coeval with the rest of Autunian 

basins of the Iberian Ranges. The boundary master faults of these basins can have different orientations and 
mechanisms under a single strain field peripherically induced. This early extensional phase caused a diffuse, 
punctiform response on the Variscan basement.  
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Tectonic and climate are regarded as major controlling factors on sedimentary succession, also in 

foreland basin system. In between emerged orogen, mainly under erosion, and foredeep basin, with high 
sedimentation and subsidence rates, the wedge-top basins are the more suitable to investigate the tectonic and 
climate interplay on sedimentary record of foreland basins. In the Mediterranean area, the refined and high-
resolution late Miocene chronostratigraphic scheme, with Global Boundary Stratotype-Section and Point 
(GSSP) (Hilgen et al., 2000; Van Couvering et al., 2000), makes it possible to constrain also the tectonic and 
climatic ciclicity. 

 
At the foothills of Northern Apennine, the Cortemaggiore Wedge-Top Basin (CWTB from now on) is 

bounded by two thrust-related folds (fig.1): the north-east vergent and overturned Salsomaggiore anticline, to 
the south; the arcuate Cortemaggiore anticline, buried to the north. The Salsomaggiore anticline, a poliphased 
and complex structure well exposed in a tectonic window, is framed by Langhian-Serravallian foredeep units 
overridden by allochthonous units (fig. 1). The former are a stack of tectonic slices of lower Cretaceous to 
lower Eocene oceanic and subduction-related accretionary prism deposits (Ligurian units) unconformably 
overlaid by middle Eocene-early Messinian shelfal to coastal and evaporitic wedge-top deposits (epi-Ligurian 
units). Throughout extensive stratigraphic and structural studies, integrating surface and subsurface data, the 
sedimentary succession, the architecture and progressive development of CWTB during the late Miocene 
could be defined. 

Since late Tortonian-early Messinian, the Cortemaggiore anticline is the leading edge of the Northern 
Apennine orogenic wedge (Rizzini et al., 2004) in response to a tectonic pulse that must precede the 
Tortonian-Messinian boundary at 7.2 M.a. (Hilgen et al., 2000). The CWTB was created; emipelagic marls, 
thin-bedded turbidites and euxinic shales associated to marly and gypsum levels are the first evidences of a 
confined basin with restricted water circulation. At the same time, the Salsomaggiore anticline, already 
uplifted in Serravallian, was an obstacle to the advancement of the allochthonous units (Artoni et al., 2004). 
Primary evaporitic gypsum was deposited in perched epi-Ligurian wedge-top basin on top of the 
allochthonous units and intra-basinal highs (Rizzini et al., 2004; Manzi et al., 2005). The evaporitic deposits, 
that at regional scale started at 5.96 M.a. (Krijgsman et al., 1999), correlate to the Mediterranean salinity crisis 
(Hsu et al., 1997; Roveri et al., 2001) and they preserve a marked ciclicity related to a generalized climate 
change in coincidence of a minimum in earth orbit eccentricity (Krijgsman et al., 1999). 

The intra-Messinian tectonic pulse, a major tectonic phase that affected the whole Northern Apennine 
(Roveri et al. 2001) and Mediterranean area (Mantovani et al., 1997), created a regional-scale unconformity 
(intra-Messinian unconformity) that, erosional and angular in marginal basins, passes to correlative 
conformity in deeper basins (Roveri et al., 2001). During this tectonic phase, the CWTB, one of the marginal 
basins, is further shortened and, contemporaneously, filled by gravity-driven mass-wasting deposits derived 
from destabilized allochthonous units. A major lens-shape body, few kilometers wide and estimated volumes 
more than 100 km3, is elongated parallel to the Salsomaggiore anticline and occupies the CWTB’s depocenter 
(Rizzini et al., 2004) (fig. 1). The masses departed from a denudational area, above the Salsomaggiore 
anticline hinge zone, and accumulate in the CWTB where they  form embricate thrust-stack (fig. 1). At the 
bottom of the chaotic mass, monogenic gypsum arenite and breccia, locally associated to large blocks with 
primary evaporitic depositional features, are debris flows containing olistolites derived from nearby epi-
Ligurian perched basins and intra-basinal highs. Going upward, the largest and widespread volume of the 
wasted masses is made of pieces and kilometers-wide klippens of dismembered allochthonous units. The 
upward increase in dimensions of wasted masses is interpreted to reflect a progressive increase of relief 
steepness of the inner border of the CWTB and, likely, of the orogenic wedge. When the steepness started to 
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increase, the gypsum-bearing debris flows are the first product to be formed; continuing to rise, the relief 
allowed huge masses of allochthonous units to slide. 

The mass-wasted deposits and the intra-Messinian unconformity are sealed by late Messinian post-
evaporitic (p-ev) unit (figs. 1, 2), well-known in the Apennine and Mediterranean area as hypoaline Lagomare 
succession (Cita et al., 1975; Roveri et al., 1998). The available Messinian chronostratigraphic scheme frames 
the intra-Messinian unconformity at 5.6 M.a., by means of biomagnetostratigraphic dating of the correlative 
conformity in deeper basin setting; then, close to the base of post-evaporitic unit a regional volcanoclastic 
level is radiometrically dated at 5.5 M.a. (Odin et al., 1997). These refined dating restrict the formation of the 
mass-wasting deposits to a time interval minor than 100.000 years; nonetheless, gyspum debris flows and 
slided masses might have been multiple and instantaneous events forming coalescing chaotic masses. 

Sedimentological analysis, carried out on sealing post-evaporitic units all around the Apenninic foredeep 
(Roveri et al., 1998 and 2001), show that the Lagomare succession generally starts with turbiditic, shelfal 
deposits and, toward the top, evolves to fluvio-deltaic deposits. The former are characterized by a well-
develop cyclical pattern and named p-ev2 by Roveri et al. (1998). In the CWTB, the outcropping p-ev2 
deposits are organized in three major thinning upward, transgressive cycles topped by a fourth-one, showing a 
coarsening upward, regressive trend (fig. 2). The three lower cycles consist of sandstone lobes related to 
retrograding fan-delta system; the uppermost cycle shows evidence of mouth bars and is interpreted as a river-
delta system. The uppermost cycles contain fine-grained horizons made up of a varved-like alternation of thin 
claystone beds and marls; locally, thin mudstone and carbonate-rich beds are associated to lacustrine 
deposition. At regional scale, the post-evaporitic unit, starting with the intra-Messinian unconformity (5.6 
M.a.), is capped by the sudden return of marine conditions at 5.33 M.a., base of the Pliocene (Van Couvering 
et al., 2000). Recently, the base of the p-ev2 unit is tentatively placed at 5.44 M.a., based on comparison with 
astronomic curves (Roveri et al., 2005). Those values pose the Lagomare cycles in the range of 
astronomically-controlled climate changes with precessional or obliquity periodicity. During dry periods, 
characterised by base-level fall and catastrophic fluvial floods, related to episodic heavy rainfalls, the 
development of coarse-grained fan-deltas was enhanced. Instead, wet periods were characterised by base-
level rise and consequent development of back-stepping, finer-grained fan-deltas or river-deltas and lacustrine 
deposits. 

 
Tectonic and climate controls on sedimentary succession of CWTB act at different frequencies (fig. 2). 

Tectonics control acts at low frequency (order of 1 Myr) and produces major and fast morphologic changes of 
the basin: generalized uplift, creation of new basins or structural highs characterise the inception of 
Cortemaggiore anticline and the regional scale intra-Messinian tectonic pulse. The former also triggered the 
production of syn-tectonic mass-wasted deposits which suddenly changed the basin morphology. Climate acts 
at variable higher frequency (order of 20-70 kyr); it both distributes laterally and cyclically stacks vertically 
the sediment supplied to erosion by tectonic uplift or, for evaporitic environment, the precipitates from water 
column at variable salinity conditions. The fluvio-deltaic and evaporitic deposits, postdating the main tectonic 
pulses, were rather controlled by high-frequency, climatically-driven, base-level, sediment supply changes or, 
in case of evaporites, brine level and water dilution changes. However, the climate changes driving these 
high-frequency cycles are not yet fully understood and defined for most part of the late Miocene succession. 

The tectonic and climatic controls should have acted homogeneously and synchronously over the entire 
Northern Apennine foreland basin system, because cyclicity and depositional characters of late Miocene 
succession are a common feature of the whole Mediterranean area. 
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Fig. 1: location map and geological sketch map integrating surface and sub-surface data of the Cortemaggiore Wedge-
Top Basin (CWTB). Line drawing from a seismic reflection profile (Line 1) crosses the Salsomaggiore anticline where 
exposed in a tectonic window. 

 

 
 
Fig. 2: stratigraphic cross-section across the Cortemaggiore Wedge-Top Basin derived from outcrop and subsurface data. 

Ciclicity for outcropping evaporitic and p-ev1 post-evaporitic unit is still to be precisely defined. Chronostratigraphic 
scheme for late Miocene are reported. Numerical ages constrain the relative ciclicity of tectonic and climatic controls. 
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Introduction 
 

Results of a petrological study of Upper Jurassic–Lower Cretaceous continental red sandstones are 
presented. These units ( the Red Beds) have been involved in the High-Atlas fold and thrust belt. This 
formation has been sampled in two sites according to their position to the main thrust front. These analyses 
are integrated into a forward modeling which describes the kinematic evolution of a regional cross section 
from the tabular zones to the main thrust of the south High Atlas front (Morocco, Goulmima's region). 
Objectives are to recognize the physical and chemical rock modifications that are related to the sedimentary 
burial history, to those that result from subsequent tectonic phases.  

 
Couplings between diagenetic processes, development of microstructures and building of regional 

structures are the main keys for understanding reservoir properties. The evaluation of the reservoir appears as 
one of the essential factors of the risk during the decision-taking of the implanting and the production of 
drillings. This complexity is due to the different processes which interact: conditions of deposit, sedimentary 
compaction and diagenesis, tectonic compaction, fracturing, and fluid interactions during subsidence and 
inversion stage of the basins. The development of predictable models to understand the modifications of 
physical properties of the reservoir requires integrated and multidisciplinary studies of field analogs. 
 
Regional setting and sampling 

 
The High-Atlas belt is an intra-continental chain which results from tectonic inversion of Mesozoic 

basins. Two main phases are recognized for the building of the Atlas Mountains: the first corresponds to a 
rifting phase which began during Triassic times with the breakup of Pangea and ends with the opening of the 
central Atlantic Ocean at the Middle Jurassic. The second step is associated to the closure of the basin and to 
the formation of reliefs that start at the Latest Eocene (Laville and Piqué 1992). The phase of rifting leads to 
the creation of conjugated normal faults which limited the Atlas basins. Detrital continental deposits 
accumulate first in these basins, followed by evaporites. Then, the subsidence accelerates, leading to the 
invasion of at first, shallow maritime conditions (limestone platform of Middle Lias) then becoming gradually 
deeper leading to more marly deposits at the Upper Liassic times. The post-rift period begins with the deposit 
of the Red Beds, a detrital continental red sandstone formation of Upper Jurassic-Lower Cretaceous age 
(Jenny et al. 1981). During Cenomanian, marine conditions are back with platform limestone deposits 
overlying the whole basin and overflowing widely the African craton. From Upper Eocene begin the phase of 
inversion of the basin and the building of the chain. 

 
The Goulmima area which has been studied in detail (Saint Bézar et al. 2002), belongs to the South 

Atlas Front of the Atlas fold and thrust belt. More precisely it is situated at the transition between the tabular 
Saharan domain and the folded domain of the Atlas. The lack of syn-tectonic deposits allows perfect 
conditions of observation and sampling in the overall region. Using the forward kinematic software elaborated 
by Mercier et al. (1997), we describe the kinematic evolution of this area.  

The region exhibits three major anticlines from South to North: the Tadighoust, the Idanssane and the J. 
Ta’bbast anticline (Fig. 1). The J. Ta’bbast and Tadighoust fault-propagating-folds, have been developed at 
the tip of a southward propagating thrust fault following a general “piggy-back” sequence. In detail, the 
kinematic forward model appears more complicated with break-back thrusting. Indeed, the development of 
the fault-bend-fold Idanssane anticline corresponds to a late reactivation (in-out-of sequence) of the main 
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thrust fault. This late anticline localizes under the J. Ta’bbast anticline and represents consequently the first 
step of the development of a duplex structure. It is proposed from this kinematic model that the Idanssane 
anticline has been buried under 1500m of sediments linked to the J. Ta’bbast thrust. 

We assume that the overburial of the Idanssane area in comparison to the Tadighoust area might be 
recorded by differences in the rock parameters. To test this model, we have sampled the red beds outcropping 
in the Idanssane and Tadighoust anticlines. Four samples have been selected at the Idanssane site from the top 
to the bottom of the red beds formation. At Tadighoust, 15 samples have been selected from top to bottom. In 
this area, the thickness of the red beds is constant with 400 m thick. 

 

 
 

Figure 1 : kinematic cross-section of the South Atlasic front near Goulmima. 
 
 
Petrological results 

 
Optical, scanning electron and cathodoluminescence microscopy have been used to determine the 

detrital and authigenic phases of the red sandstones from both sampling sites. 
 
Mineralogy is composed at around 70-85% by detrital quartz grains from different origins with size 

ranging between 100 and 400 µm among samples. Quartz grains are well sorted and have a sub-rounded to 
rounded morphology. Iron oxides – hydroxides (hematite and goethite) represent around 5-15% of the detrital 
phase. K-feldspars are present in both sites but with different proportion: at Idanssane, K-feldspars represent 
7-9% and are currently partly dissolved and/or transformed into clays; at Tadighoust, K-feldspars represent 
10-15% of the detrital phase and are fresh in general. Clays represent a minor part of the detrital phase and are 
expressed by illite, chlorite and kaolinite. 
At the Idanssane site, grain fabric shows the effect of pressure/solution processes during compaction with 
concavo-convex and suture contacts. At Tadighoust some pressure/solution process can be also observed but 
most of the fabric is matrice supported.  

Cements are formed by quartz overgrowths and by large sparite calcite. Quartz overgrowths are 
observed in both sampling sites although silicification is much more important in the Idanssane site where 
overgrowths are up to 50 µm and developed all around the grains. In both sites, two overgrowth generations 
are individualised. Al content of the quartz overgrowths in comparison with detrital grains has been measured 
to determine the origin of silica. Measurements have been realised using a Cameca SX100 electron 
microprobe. Al content is higher in the overgrowths (<900 ppm) than in the detrital grains (<250 ppm). Al 
content increases from the interior to the exterior of the overgrowth limits. The second generation of 
overgrowths has a higher Al content than the first one. These results indicate that the main source of silica is 
associated with quartz dissolution during compaction and an increasing dissolution of the K-feldspars 
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component during cementation. Presence of clays and iron oxides between detrital quartz grains and quartz 
overgrowths make the fluid inclusion observation very difficult and no measurable inclusion has been found.  
At Tadighoust, quartz overgrowths are small and most of the cement is formed by large calcite crystals. This 
calcite cement is not observed at Idanssane.  Calcite in fractures filling is also localy found. 32 fluid 
inclusions of this calcite filling has been analysed with a Th around 158±17°C. 

Porosity is locally reduced by authigenic iron oxides and authigenic clays. 
 
Porosity has been measured using petrographical thin sections by counting detrital minerals, cements 

and porosity per field of view. Porosity has been also measured by water saturation of plugs. Samples from 
the Idanssane site are characterised by low porosity whereas samples from the Tadighoust site display higher 
porosity. 

Difference between the two sites is also expressed by the clay mineralogy. Samples have been studied 
by X-rays diffractometry using a PanAnlytical X-pert Pro with a Cu anticathod. At Idanssane, clay fraction is 
composed mainly by smectite and illite with low amount of kaolinite and chlorite. At Tadighoust, illite and 
kaolinite form the whole clay fraction. 
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In compressive systems, the superficial mass transfers are strongly controlled by crustal deformation 

processes. However, many uncertainties still remain concerning the real relationships between tectonic, 
erosive and depositional events in fold and thrust belts and foreland basins. In order to bring new constraints 
on the dynamics of those systems and the associated effects on surface processes, we used a joint structural 
and stratigraphic approach to provide coupled structural and sedimentary mass balances. 

 
We chose the Central Albanides as a studied case. This area shows a typical orogenic foreland system 

where the syn-compression sediments are very well preserved. First, two regional seismic sections were 
interpreted, balanced and unfolded to provide a structural view of the targeted zone at different times during 
compression (Fig 1). A synthetic chronostratigraphic chart of Albanian syn-tectonic deposits was also drawn 
from field, well and seismic data (Fig 2). Based on the previous geological model, a coupled structural and 
stratigraphic forward modelling of the Central Albanides was finally carried out using the Thrustpack and 
Dionisos softwares (© IFP). 
 

 This coupled modelling allowed us to iteratively correct and refine the structural and stratigraphic 
geometry and history of the Central Albanides. The modelling also leads us to quantify the sedimentary 
transfers in this region in response to the thin- and thick-skin deformation into the fold-and-thrust belt. 
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Fig. 1: Regional balanced cross-sections of the Central Albanides. 

 
Fig.2 : Chronostratigraphic chart of the syn-compression deposits 

 

 
 
 



Thrust Belts and Foreland Basins, International Meeting, Rueil-Malmaison, December 2005 
Abstracts Volume 

****************************************** 

 49

 

 
 

Fig. 3: A) Structural and sedimentary mass balances. B) Stratigraphic response into the basin. 
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Abstract 

The Gaspé Peninsula is located in the Québec part of the Northern Appalachians and the present geometry of 
this belt is complicated by the fact that the rocks were deposited on and deformed over a previously structured 
foothills type basement. The objective of the recent seismic data acquired in 2002 for the Ministère des 
Ressources naturelles, Faunes et Parcs du Québec was to obtain new seismic cross-sections in this complex 
fold and thrust belt in order to better interpret the subsurface structural style of the Acadian belt as well as the 
underlying Taconian basement. The surface geology displays high complexity, with sub-horizontal to sub-
vertical bedding, open to tight folds and normal, reverse and strike-slip faults. A depth seismic imaging study 
was carried out on a 2D cross section through the Acadian structures to compute more reliable depth seismic 
images. The challenge of seismic processing was the determination of the velocity model introduced in depth 
migration. For this case study, various methods for velocity model determination  from interpretative 
estimation to advanced travel time inversion was applied and the combined interpretation of these depth 
migrated images was used to confirm the new structural model for the Gaspé Belt.  

Introduction 

In fold and thrust belt settings, the determination of fault system and layer thickness are often difficult due to 
poor seismic image quality. Seismic processing based on pre-stack depth migration associated with efficient 
depth velocity model building could be applied to obtain improved geometrical knowledge about faults and 
structures. This processing carries out a more accurate time to depth conversion and a better focus of seismic 
energy. This complete and advanced processing will be applied on a 2D seismic line acquired in 2002 for the 
"Ministère des Ressources naturelles, Faunes et Parcs du Québec" across the central part of the Gaspé 
peninsula.  

Geology of the Gaspé Belt  

The Gaspé Peninsula is located in the Québec part of the Northern Appalachians and contains the most 
complete Mid-Paleozoic stratigraphic sequence of the Canadian Appalachians. Rocks of the Gaspé Basin rest 
unconformably on a Mid-Ordovician Taconian fold and thrust belt (Figure 1). They were in turn deformed by 
the mid-Devonian Acadian orogeny and are now part of the Gaspé Belt. The present geometry of the belt is 
thus complicated by the fact that the rocks were deposited on and deformed over a previously structured 
foothills type basement. The Gaspe belt is separated into three structural domains that are characterized by 
differing stratigraphic and structural features. These are, from north to south, the Connecticut Valley-Gaspé 
synclinorium, the Aroostook-Percée anticlinorium, and the Chaleurs Bay synclinorium. The structure of the 
belt is dominated by regional northeast–trending Acadian folds, with fold wavelengths and interlimb angles 
that differ in each domain and a cleavage that also varies in intensity in the different domains. Regional faults 
either border the domains such as the "Shickshock Sud" fault in the northern part of the belt, or cut across 
them such as the "Grand Pabos" fault in southern Gaspé. Preliminary geological interpretations of recently 
acquired seismic data accross the Gaspé belt show that the folds at surface are related to blind thrusts at depth. 
Profiles shot in western and central Gaspé show structures typical of thin-skinned deformation, including 
imbricate thrust faults, thrust propagation folds, duplexes and a possible triangle zone (Morin and Laliberté, 
2002a, Kirkwood et al, 2004).  
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Depth seismic imaging 

In foothill settings, time processing results in seismic images showing poor resolution and interrupted 
reflectors, leading to uncertain structural interpretation which can be far from the geological truth (Figure 2). 
Depth migration processing is suitable to provide the best seismic images in terms of geometry. Both pre-
stack and post-stack depth migration techniques directly compute depth sections, but require the construction 
of a depth velocity model describing the lateral and vertical velocity variations.  

Depth velocity models 
 
Two different types of velocity parameterization could be introduced in IFP depth migration software. 
Smooth velocity models are computed using travel time inversion method especially dedicated to complex 
structural imaging. Blocky velocity models could be estimated in order to determine the apparent dip and the 
geometrical feature of steeply dipping events like faults. The algorithm allows taking geological information 
through a priori model and constraints and the fast ray tracing associated with the efficient velocity model 
building allow testing most probable solutions. 

Combined structural geology and seismic interpretation 

The migrated seismic cross section is used as a basis for a new geological interpretation which is performed in 
the depth domain giving realistic subsurface geology. The use of seismic depth images for the geological 
interpretation of the Gaspé belt has greatly improved the geometrical model in the more structurally complex 
areas. For example, the fault-fold relationships and tectono-sedimentary characteristics in the cambro-
ordovician units are better understood and deep-seated thrusts, backthrusts and décollements are more clearly 
imaged (Figures 3 and 4). 
Moreover the contribution of the data gathered in the field to the geological interpretation of specific seismic 
images has helped to establish the link between the superficial and the deepest structures. By combining the 
geological and seismic data we are able to improve the structural and tectono-sedimentary models of the 
Gaspé belt. The new depth seismic images obtained during this study clearly show that the thrusts also affect 
the Taconian fold and thrust belt beneath the Gaspé belt. 

Conclusion 

A study of the structural framework of the Gaspé Belt was undertaken in the Gaspé Peninsula by combining 
field work, structural geology study and seismic depth imaging along a regional mega-transect in the central 
part of the Gaspé Peninsula. This applied method indicates that the integration of all available geological 
knowledge and of accurate depth velocity model building techniques is efficient because we are now able to 
propose a more reliable structural model the Gaspé belt along the studied mega transect. This structural model 
will be improved and completed by applying the same methodology for the other recorded seismic profiles. 
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Figure 1 : Geological map of the Gaspé Peninsula and 2D seismic line location 
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                                    Figure 2 :  Seismic section migrated in time domain (northern part) 

Figure 3 :  Structural interpretation of depth migrated seismic image describing the relationship between faults and sedimentary 
units in Siluro-Devonian layers 

Figure 4 :  Seismic section migrated in depth domain showing inversion of fault during compression and 
thickening across syncline. 
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Buckle folds and forced folds (Fig. 1) have been opposed through the deformation or not of the basement 

rocks underlying the sedimentary cover. The deformation of the basement in the forced fold model is 
simplified and assumed a localized thrusting surrounded by rigid blocks. Thus, the shape of the fold is mainly 
controlled by the geometry of the thrust fault and the stresses in the overlying fold are exclusively those 
arising from below. 

 

 
 

Fig. 1: Left: Trishear model of a forced fold. The basement (dark gray) deforms only along the thrust fault. In the cover 
(light gray), deformation occurs exclusively in a triangular zone attached to the fault tip where some shear folds the 
layers. Right: sketch of buckle folds. The cover is folded above an un-deformed basement that is not shortened. 

 
Since the 50’s, however, geologist have shown distributed deformation in basement blocks at significant 

distance from the thrust fault. On seismic lines through various uplifts in the Rocky Mountains (Fig. 2), one 
can see clear curved basement-cover interface that witnesses a distributed deformation in the basement. Field 
study in basement rocks have also shown distributed deformation throughout the basement around thrust 
faults.  

 

 
 

Fig. 2: Line drawing from interpreted seismic lines in From Stone (1993). Note that the basement-cover interface is 
curved, suggesting distributed deformation in the basement hangingwall block. 

 
Another way to discuss the basement rocks behavior is to study fracture patterns in the sedimentary layers 

of a fold and determine if the patterns are compatible with a rigid basement or not. In this study we show that, 
at Sheep Mountain, a Laramide fold in Wyoming, USA, a vertical, compression-parallel joint set apparently 
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formed during the early Laramide orogeny, at the very beginning of the folding event. Field data indicate that 
this joint set has a heterogeneous distribution over the fold: joints are much less numerous in the forelimb 
than in the hinge and backlimb (Fig. 3a). 

Using 3D elastic dislocation models (Fig. 3b), we show that early slip along an underlying thrust fault 
would have locally perturbed the surrounding stress field, inhibiting joint formation above the model fault tip 
line. Relating the absence of joints in the forelimb of the Sheep Mountain Anticline to this stress perturbation, 
we are able to constrain the forelimb kinematics finding that the forelimb was originally located in the 
hangingwall, above the upper tip of the thrust fault. Thus, the mode of folding at Sheep Mountain is 
constrained: the anticline developed with a fixed hinge and rotating limbs, while the underlying basement 
rocks deformed (Fig. 3c). 

 

 
 

Fig. 3: a) Fracture data at Sheep Mountain Anticline, Wyoming, USA. The NE-SW early fractures (thick great circle) are 
present in both the backlimb and the hinge, but are significantly less abundant in the forelimb. b) Elastic model of stress 
perturbation around a thrust fault. In blue, compressive stresses, in red, tensile stresses. c) Conceptual model of a 
basement fault-cored anticline. The fold grows above the fold due to the basement distributed deformation. The hinge is 
fixed and the limbs are rotating. 

 
This study illustrates the fact that the basement blocks (around thrust faults) may deform during the folding. 

This has been shown and suggested many times in the past but rarely taken into account in conceptual, 
kinematical, analogue, and mechanical models. Considering that, the differences between buckle and forced 
folds may not be that extreme (yet important). Especially, the way stresses are transmitted to the cover, in the 
basement fault-cored fold, is not exclusively vertically but also horizontally due to the far field compression. 
This has drastic consequences on fracture initiation and reactivation in the cover and the activation of other 
deformation mechanisms (pressure solution, for example). 
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The crustal and lithospheric geometry of the Western Mediterranean mainly results from: (1) Late 
Cretaceous-Neogene convergence between Europe, Iberia and Africa and related subduction of the 
Maghrebian Tethys Ocean underneath the southern continental margin of the Iberian plate ([1], [7], [3]), 
and (2) the tectonic inversion of pre-existent continental Mesozoic rift systems. By the Oligocene, the 
inferred “westward” and “eastward” retreat of the subducting Tethys oceanic slabs promoted the 
formation of an array of extensional basins (València Trough, Ligurian-Provençal, Alboran, Tyrrhenian 
and Algerian basins) by back-arc spreading in the upper, Iberian plate. This subduction zone was also 
responsible for the development of the complex system of orogens present along the southern Iberian and 
northern African continental margins (Betic-Balearic thrust system and Maghrebides, respectively). 

In this setting, the Maghrebian Cenozoic orogenic domain is classically separated into two different 
systems: the Tell-Rif or Maghrebides, and the Atlas. Fringing the West Mediterranean Sea, the Tell-Rif 
system (Tell in Algeria and Tunisia, Rif in Morocco) is part of the circum Mediterranean “Alpine system” 
([5] and references therein). The Tell system comprises: (1) the Inner Zones (or Kabylides) of European 
affinities [3], (2) the Flysch domain, which corresponds to the former sedimentary cover of the 
Maghrebian Tethys, and (3) the External Zones (Tell s.s.), corresponding to the inverted African palaeo-
margin of the Maghrebian Tethys. By contrast, the Atlas system is an “intra-continental” (i.e. intra-plate) 
chain developed in the foreland of the Tell-Rif at the site of a pre-existing continental extensional basin 
[6].  

The aim of the present study is to precise and improve our understanding of the kinematic and tectonic 
evolution of the Tell and the Atlas in Central Algeria. Their interactions with the opening of the 
Mediterranean Sea is also addressed. For this purpose, we present a regional N-S balanced cross-section, 
modified from sections by Bracène [4] and Roca et al. [8] (Fig.1). This section crosses the whole orogenic 
system in Central Algeria from the Sahara Platform to the Mediterranean Sea and provides the first 
estimate of N-S horizontal shortening for this segment of the orogenic system. It is based on ancient 
geological mapping and interpretation of unpublished subsurface data (industry lines and exploration 
wells). On this basis an original kinematic and geodynamic scenario is proposed in which the major role 
of the subduction in the development and subsequent uplift of the Tell is emphasised.  

Restoration of the southern segment of the section, comprising the Atlas and External Tell systems, yields 
a minimum value of 40 km (20%) of horizontal shortening (Fig.1). For this part of the section, a four-step 
kinematic scenario (Fig. 2), illustrates the main stages of the deformation history: (1) late Eocene “Atlas” 
deformation pulse, (2) early Miocene deposition of a thick flexural sequence, (3) middle-late Miocene 
emplacement of the Tell nappes and (4) late Miocene to present out-of-sequence thrusting.  

The late Eocene “Atlas” event is well documented. It accounts for about 13 km of horizontal shortening 
within the African plate. It just preceded the slab roll-back and the coeval transit of the Kabylides from 
Europe to Africa. This important phenomenon is accompanied by general subsidence, development of an 
accretionary prism in the Maghrebian Tethys but only limited deformation in the African foreland. The 
middle Miocene final docking and collision of the Kabylides with Africa led to 25 km of horizontal 
shortening within the External Tell domain. The subsequent slab break of allowed a renewal of the 
compressive deformation in the whole orogenic domain, which continues up to now. 
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On this basis, a conceptual geodynamic model is proposed for the whole Maghrebian orogen. After the 
Atlas event, the model emphasises the role of subduction responsible for: (1) flexuration of the subducting 
plate (slab pull effect); (2) development of both accretionary prism and back-arc basin and (3) late uplift 
linked to slab break-off. 

In Central Algeria, the horizontal movements, the sequence of deformation and their links with 
geodynamic processes are now quite well established. By contrast, the calibration of the associated 
vertical movements (subsidence vs uplift) remains under-constrained. We think that future work must 
focus on this aspect, which is of crucial interest to progress in the understanding of the coupling between 
deep-Earth and surface processes and also for a valuable evaluation of energetic resources. 
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Figure 1. Restoration of the North Algerian regional cross-section. a. Present day state, b. Restored 

section, for the Atlas and the External Tell only, at the end of Cretaceous times. [2]. 
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Figure 2. A four steps kinematic model illustrating the tectonic evolution of the North Algerian domain 

[2]. 
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The evaluation of petroleum systems in structurally complex regions is a particularly challenging 
task for present-day petroleum exploration. It necessitates a good understanding of pre- syn-, and post-
tectonic processes which can be inferred from seismic structural and kinematic models.  
 

The area selected for this study is a transect near the Kupe Field, within the Taranaki Basin, New 
Zealand. The west-east transect crosses the Taranaki Fault in the east to the Manaia Fault in the west. It 
includes several regions, each with a different geodynamic evolution; plays associated with the allochthonous 
reverse fault and plays associated with the autochthonous sedimentary succession. The structural architecture 
has been reconstructed based on the seismic interpretation.  
 

The CERES 2D software was used to reconstruct and balance this transect from the onset of 
deformation in the Eocene through to the present day. CERES 2D models predicted hydrocarbon saturations, 
fluid flow and pore  
fluid pressure history at several reservoir levels. Well test and production data from the Kupe South Field 
were used to calibrate the overall porosity/permeability values at reservoir scale (DST tests) and validate the 
CERES 2D modelling.  
 

This new basin modelling approach to a structurally complex region has provided a better 
understanding of:1) the potential fluid migration pathways, 2) the role of faults and associating fracturing, 3) 
the influence of under/overpressuring during basin evolution, 4) the history of maturation and migration of 
hydrocarbonsand  and  5) the distribution of potential hydrocarbon accumulations. 



Thrust Belts and Foreland Basins, International Meeting, Rueil-Malmaison, December 2005 
Abstracts Volume 

****************************************** 

 61

 
THE TRANSITIONS ZONES BETWEEN OROGENS AND FOREDEEP: KEY AREA FOR THE 

UNDERSTANDING OF (LATE STAGE) CONTINENTAL COLLISION 
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Dept. Tectonics/Structural Geology, Vrije Universiteit Amsterdam 

Relevance of transition zones 
In map view, most orogens are flanked by sedimentary basins elongated parallel to the chain itself and hosting 
a sedimentary infill produced and deposited during the development of the mountain chain. In simplistic 
models, subsidence of these basins is directly associated with the load caused by the orogenic load. During 
shortening, the internal parts of the foredeep are progressively incorporated in the external parts of the thrust 
belt and once convergence ends, thrusting and subsidence will end.  
Some basins, such as parts of the Swiss Molasse follow this pattern. Here, the transition zone between orogen 
and foredeep basin is marked by the “sub Alpine Molasse”, a set of N-vergent thrust sheets composed of 
Molasse sediments sometimes with their Mesozoic substratum (Fig. 1).  
 
 
Fig.1- Section from the Helvetic thrusts to the Jura Mountains. From Schmid and Kissling, 2000 
 
 
 
 
 
 
 
 
In numerous other cases, a geological section across the transition zone between the orogen and the adjacent 
foredeep provides very different geometry. The most characteristic feature of these anomalous settings is the 
presence of a thick, sometimes few kilometres, succession of foredeep sediments dipping away from the  
mountain belt, towards the basin (Fig. 2).  
 
This geometry in its first order features is intriguing and its correct understanding bears important 
consequences on the interpretation of vertical and horizontal movements in the late stages of continental 
collision. It implies a) that the depositional margin of the foredeep basin (therefore, the width of the basin is 
not constrained), b) the orogen, or at least part of it, was lying underneath the foredeep basin instead of 
laterally and that, c) important subsidence must have affected (external parts of) the orogen following the 
main stages of contraction (Fig. 3). The associated issue is, obviously, that of how was the “anomalous” 
architecture reached. 
 
 
Fig. 2 – The problem: Foredeep rocks inclusive 
 of Molasse sediments are titled towards the  
 foreland. 
    Modified after Vann et al. 1986 
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The zones of transition between orogens and foredeep are, therefore, a precious source of information which 
bears important consequences for the overall evolution of the system composed of the thrust belt on one side 
and the foredeep basin on the other. 

Case studies 
Settings where such geometries are found are common. We have identified them in recent years in the 
Carpathians, along the Northern Apennines and to the N of the Ligurian Alps. Geological sections through 
these domains look amazingly similar.  

The Carpathians and their foredeep 
The Romanian segment of the Carpthains, is flanked by an 
elongated basin, the Carpathian foredeep. One of the 
deepest segments of the foredeep is the Foc�ani 
Depression (Tarapoanca et al., 2003) (Fig. 4). The 
evolution of the basin and the architecture and evolution of 
the transition zone has been recently investigated in the 
frame of ISES.  
Prior to and during the main stages of shortening, 
subsidence affected the Carpathian foredeep and the 
Foc�ani Depression in particular. Little morphology was 
associated with the mountain belt in the Sarmatian, when 
major shortening ended. Following the Sarmatian, 
subsidence persisted in the region. At a later stage, the 
internal parts of the system began moving upwards, 
thereby narrowing the width of the Focsani Depression. 
Exhumation was contemporaneous with subsidence in the 
remaining part of the Focsani Depression. There is no major fault within the foredeep sediments which 
acquired their present position by tilting towards the foreland. The same pattern continued until present and 
Quaternary beds are at elevations of several 100s m and tilted towards the foredeep (Nicea et al., in press).  
The kinematics which have led to the inversion of movements and the present day geometry are poorly 
known. Deep seismics does not resolve the presence of a deep back-thrust producing the observed foreland 
dip. However, even if present, it geometry would not be sufficient to explain the amount of subsidence and 
subsequent uplift. 

 

The Northern Apennines 

Fig. 3 – Implications of the “anomalous” geometry of the transition 
zone. Bertotti et al. in press 
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Most of the foothills of the Northern and 
Central Apennines is formed by a several 
hundred metres thick band of Pliocene 
shales and Pleistocene sands dipping 
towards the foreland. 
In Emilia-Romagna, the present day 
topography and overall architecture have 
been acquired after the Early Pleistocene. At 
this time, the previously submerged frontal 
parts of the Apennines began moving 
upward and reaching subaerial conditions. 
This provoked to onset of progradation of 
sands bodies into the subsiding Po Plain. 
At the local scale, the exhumation of the 
frontal part of the orogen was associated 
with the activation of normal faults. At the 
scale of the belt, the tectonics of these 
events is debated with explanations ranging 
from the effects of an asthenospheric high 
lithospheric buckling.  

 

The Ligurian Alps and the western Po Plain 
The present day Ligurian Alps are flanked to the N by a >4 km thick sequence of mainly marine sediments 
dipping towards the Po Plain foredeep and beneath the Pliocene to Present strata of the central part of the 
Plain.  
Major shortening and exhumation in the Ligurian Alps ended around 38 Ma (e.g. Carrapa et al. 2003). Shortly 
after, most of the relief had been eroded and the region started subsiding allowing for the transgression of 
Oligocene transitional clastics on most of the region. Despite the absence of major shortening the entire area 
was affected by subsidence until ~26Mya when internal part of the basin began moving upward. Older strata 
were brought to the surface and eroded thereby feeding the most external depositional zones. With time, the 
couple exhumation/uplift in the south and subsidence in the N moved to the N. The overall tectonics which 
controlled these movements are unknown. 
Small thrusts, proposed in the S and in the N 
are unable to explain the coexistence of 
vertical movements with different sign and 
the migration of the couple.  

General discussion 
“Anomalous” settings such as those 
described above display a number of 
common points 

a. Following the end of 
major shortening, the orogen, or parts of it, 
began subsiding thereby creating 
accommodation space for a thick succession of sediments was deposited on top of it. Subsidence affected also 
wide areas in front of the orogen.  

b. Subsidence in the most internal parts of the system, that is, the orogen and the adjacent 
“foredeep” ended and the same regions began moving upwards. During the same time subsidence continued 
in the more external sectors of the foredeep. As a consequence of the exhumation/uplift of the internal sectors 
the basin became narrower and hosted sediments recycled from the exhuming domains. 
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c. Exhumation in the internal areas and subsidence in the external ones are achieved by means 
of a regional (tens of km) tilting of the strata towards the foreland. Depending on the 
relative positions of the pivot point and sea level, upward moving areas might have become 
exposed and eroded and subsiding areas continuing hosting marine sediments.  

d. In some cases, the area experiencing upward movement expanded and/or shifted towards 
the foreland. The site of maximum subsidence also moved towards the foreland resulting in 
a “wave” moving towards the foreland. 

e. The various parts of the system are not separated by major faults.  
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The evolution of the Alpine orogen is largely governed by the kinematics of the thrust and fold development. 
The internal dynamics of the mountain belt is well established and documented. Recently, studies have 
focused on the influence of surface processes on the dynamics of the orogenic wedge and the evolution of 
topography. To better constrain the role of erosion and deposition on the Alpine morphology and their 
interaction with lithospheric-scale processes such as tectonics, we realized a series of analogue modelling 
experiments. Our aim is to analyze tectonic processes and foreland Molasse basin evolution developed in the 
northern part of the orogen in response to the Alpine compression (from Eocene to Present), under given 
conditions of erosion/sedimentation. Our set-up is based on a retro-deformed section of the western Alps by 
Burkhard & Sommaruga (1998) that extends from the Penninic Nappes (South-East) to the Jura fold-and-
thrust belt (North-West).  
 
Successive models have been tested to constrain the geometry of the different tectonic units/depositional 
realms. We have simplified the orogenic lid to a homogeneous unit representing mainly the Penninic. It 
overrides basement and cover units considered to be the equivalent of the European margin; from south to 
north: Ultrahelvetics, Helvetics, Autochthonous and Jura, including the associated basement massifs. The 
different present units in the basic setup are simulated by analogue materials (sand and silica powder) chosen 
for their rheological contrasts. For instance, the basement units are formed by a very cohesive mix of silica 
powder and sand. In contrast, the more “deformable” and easily erodable cover units are composed of sand 
only. Glass bead layers are employed as décollement levels in the series: Triassic layers at the base of the 
Mesozoic cover and the base of the first Marine Molasse deposits (UMM). They are also used to model the 
inherited normal faults bordering the basement units and currently playing as reverse faults. 
 
In the following we present and discuss results and insights obtained from one experiment only among the 15 
performed. In this experiment the Penninic overrides the European basement and cover units in an initial stage 
of the orogen corresponding to the closure of the alpine oceanic domain with no erosion/sedimentation. Then 
the orogen becomes aerial and we erode material to maintain the original slope of the wedge and we regularly 
deposit “Molasse sediments” in the foreland. 
 
We observe a continuous and important internal deformation of the Penninic lid due to retrothrusting [Fig.1] 
and a piggy-back basin appears rapidly at its passive front. While the different décollement levels are 
successively activated (for instance the décollement of the Helvetic nappes is particularly visible), then they 
continue to be active all together. Thus, the formation of the orogen seems to be a continuous phenomenon 
and not a succession of events, as purposed by some authors. A major structural development during the 
experiment is the formation of the basement nappes stack [Fig.1]. The combined effect of tectonics and 
erosion leads to localization of the exhumation of basement units (Mont-Blanc, Aiguilles Rouges and “Infra-
Rouges” massifs) and a part of the autochthonous European foreland basement is underplated spontaneously 
as a succession of slices. Mesozoic cover is trapped in the nappes stack formed by the basement units that 
become vertical backward and are strongly sheared. Due to erosion and tectonics, which lead to uplift of 
external basement units, the frontal part of the Penninic lid is isolated and forms the equivalent of the Préalpes 
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klippen [Fig.1]. Another very interesting fact in our experiment is that the Jura development [Fig.1] roots in a 
unique décollement level through the basement. Final volumes of eroded and sedimented material in the 
experiment are in a good agreement with the percent purposed for the Alps since they constitute almost 15% 
of the Penninic eroded material. Furthermore, syndeformational erosion makes it possible that important 
volumes of material are eroded out of the geological record. This bears important consequences on possible 
restorations of cross sections, which would underestimate original lengths and total Alpine shortening. 
 
 
Figure 1. Principal structural elements during the analogue modelling experiment. 
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FLUID FLOW RECONSTRUCTION IN HANGING AND FOOTWALL ROCKS ALONG FAULTS 
IN THE NORTHERN OMAN MOUNTAIN THRUST BELT (UNITED ARAB EMIRATES) 

L. BREESCH1, R. SWENNEN1 and B. VINCENT2 

 
1Fysico-chemische Geologie, K.U.Leuven, Celestijnenlaan 200C, B-3001 Heverlee, Belgium 

2Institut Français du Pétrole, Departement de Géology et Géochimie, 1 et 4, avenue de Bois-Préau, F-92852 
Rueil-Malmaison Cedex- France 

 

1. Introduction 
Recently, foreland fold-and-thrust belts are the topic of many integrated studies considering their structural 
style of deformation, regional fluid flow and petroleum systems (Roure et al., 2005). Fluid flow associated 
with the obduction and/or overthrusting of tectonic nappes is often supposed to influence the reservoir 
properties of the rocks surrounding the thrust faults. In a compressional regime fluids normally migrate 
upwards and laterally along thrust faults into foreland basins (Muchez & Sintubin, 1998). Regional fluid flow 
with large fluxes takes place mainly along the important thrust faults and shear zones whereas the fluids in 
synkinematic fractures are often host-rock buffered (Muchez & Sintubin, 1998).  
Calcite-cemented fractures can provide information about fluid flow. Cross-cutting relations and fracture 
orientations are used to link the vein generations to the different stages in the mountain belt formation. 
Petrographic and geochemical analyses (including stable isotope, Sr-isotope and fluid inclusion analysis) on 
the calcite cements allow determining the type of fluid and diagenetic environment. To assess the influence of 
fluid flow along thrust faults, calcite-cemented fractures in the hanging and footwall rocks have been studied.  

2. Geological setting 
The Oman Mountains extend 700 km from the Strait of Hormuz to the Indian Ocean. This mountain belt 
formed during two compressive phases. A slice of oceanic crust and upper mantle, together with ocean basin, 
slope sediments and volcanics were obducted onto the eastern continental margin of the Arabian Platform 
during the Late Cretaceous (Glennie, 1995). The second compressional event caused large-scale folding, steep 
reverse faulting and thrusting of the whole autochthonous and allochtonous package 15 km westwards along 
the Hagab thrust on top of Hawasina basin sediments (Fig. 1; Searle, 1985). The exact timing of this event is 
still debated (Warrak, 1996) but took place somewhere between the Paleocene and the Miocene.  
The focus of this study is on Wadi Ghalilah in the Musandam carbonate platform, which is para-
autochtonous. In this second most northern wadi of the Musandam platform on the Emirates territory, one of 
the Cenozoic steep reverse faults crops out. In the hanging and footwall of this fault several calcite cemented 
fracture generations have been recognized and a different fluid flow history has been reconstructed for both 
sides.  
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Fig. 1 : NW-SE transect through the Northern Oman Mountains (After Searle, 1988). 

3. Results 
Hanging wall 
The hanging wall rocks are part of the Late Triassic to Early Jurassic Ghalilah Formation. These shallow 
marine carbonate mudstones and wackestones with stromatolitic and fenestral fabrics contain iron-rich 
calcite-cemented fractures. Three main generations could be differentiated and placed in paragenetic order, 
based on colour and cross-cutting relationships: iron-rich brown veins (H1), grey veins (H2) and white-yellow 
veins (H3). They all predate burial stylolitization. Their luminescence is variable but mainly dull luminescent. 
The δ18O values are fairly constant but vary slightly between -8.0 and -7.0 ‰. The signatures for δ13C range 
from -1.5 to 0.0 ‰ and increase from “H1” over “H2” to “H3” (Fig. 2). The hanging wall host rock displays 
more variable δ18O values (from -8.0 to -5.5 ‰) and δ13C signatures similar to those of the white-yellow veins 
(H3; δ13C around -0.5‰). Marine values from Triassic-Jurassic carbonates, which can serve as reference 
values for marine carbonates of the Ghalilah Formation vary for δ18O between -3.0 and 0.0‰ and for δ13C 
between 0.0 and +4.0‰ (Veizer et al., 1999). 

Footwall 
The rocks in the footwall of the reverse fault in Wadi Ghalilah belong to the Early Cretaceous Musandam 4 
Formation (Searle, 1988). Various generations of calcite-cemented fractures can be recognized in these 
greyish carbonate mudstones and wackestones based on their cross-cutting relations and microscopic 
characteristics. Macroscopically they all display a white colour and contain little or no iron (based on staining 
with Alizarine-red S and K-hexacyanoferrate) and are non-luminescent. The fracture generation “F1” 
originated before development of burial stylolites. Vein generation “F2” cross-cuts these burial stylolites but 
predates the development of tectonic stylolites. Fracture generation “F3” and “F4” formed after the tectonic 
stylolites. Dedolomitised rhombohedra occur along the stylolites. The strike of the tectonic stylolites varies 
between NS to N10E with a dip of 60 to 80° to the east. Veins “F3” and “F4” form an orthogonal joint system 
with strikes and dips respectively between NS to N20W and 50 to 68° eastward and N70W to EW and 
dipping 60 to 80° northwards. The stable isotope values of the different calcite-cemented fracture generations 
show an elongated cluster (δ18O between –6.7 and –2.5‰ and δ13C between +1.5 and +1.7‰) around the host 
rock signatures (δ18O = –3.8‰ and δ13C = +1.7‰; Fig. 2). Marine values for Lower Cretaceous rocks in 
literature vary between -2.5 to -2.0‰ for δ18O and +2.5 to +4.0 ‰ for δ13C (Van Geet et al., 2002). 



Thrust Belts and Foreland Basins, International Meeting, Rueil-Malmaison, December 2005 
Abstracts Volume 

****************************************** 

 69

-2,0

-1,5

-1,0

-0,5

0,0

0,5

1,0

1,5

2,0

-10 -8 -6 -4 -2 0

δδδδ18O

δδδδ13C

F1

F2

F3

F4

host rock FW

H1

H2

H3

host rock HW

 
Fig. 2: Stable isotope signatures of the different calcite-cemented fracture generations and host rocks 

in hanging wall (1) and footwall (2). 

4. Discussion  
The first important observation is that both host rocks and calcite-cemented fractures in the hanging wall and 
footwall differ completely in their macroscopic, microscopic and stable isotope characteristics. 

Hanging wall 
All the veins in the hanging wall of the fault predate the burial stylolites and thus cannot provide information 
about the fluids involved during or after tectonic deformation. The δ18O and δ13C signatures are quite depleted 
compared to the marine values of the Late Triassic to Early-Jurassic. The rather constant δ18O values and 
variable δ13C values are interpreted as characteristic for meteoric fluids with increasing water-rock 
interaction. The variable luminescence and the iron content also support this hypothesis. The host rocks which 
reflect similar characteristics either were recrystallized by the same fluids or vein formation was rock buffered 
after the host rock was recrystallized. To confirm the meteoric water diagenesis fluid inclusions in the calcite-
cemented fractures will be analysed for salinity. 

Footwall 
The isotope signatures of the host rocks differ significantly from the marine values of the Early Cretaceous. 
The host rocks most likely have been recrystallized, possibly by warm fluids. The fracture generations “F1” 
and “F2” developed before deformation took place (pre-tectonic stylolites). Host-rock buffered fluids, which 
circulated in the footwall, are interpreted to be responsible for their stable isotope and cathodoluminescence 
characteristics. Tectonic stylolites are usually formed during the onset of the tectonic compression. Since the 
Musandam platform was only buried and not deformed during the compression in the Late Cretaceous, the 
tectonic stylolites must have formed in the Cenozoic compression event. In addition the orientation of the 
tectonic stylolites is perpendicular to the EW direction of the compression. The orthogonal joint system “F3” 
and “F4” probably developed during this compressional deformation. The “F4” veins, which are parallel to the 
regional maximum horizontal stress, are interpreted as syntectonic hydrofractures whereas the perpendicular 
“F3” veins could be due to outer-arc extension of the drag folds near the fault (van der Pluijm & Marshak, 
1997). The cathodoluminescence characteristics and the δ13C isotope signatures of the post-tectonic stylolite 
veins in the footwall are very similar to those of the host rock. Consequently the fluids present in the 
syntectonic fractures were host-rock buffered. The larger spread in the δ18O signatures is interpreted as 
cooling of hot fluids which migrated along the thrust fault and into the “F4” fractures. 

5. Conclusions 
The hanging wall and the footwall of the reverse fault in Wadi Ghalilah form two separate fluid systems. In 
the hanging wall, there is no evidence for the presence of syntectonic fluid flow. There are no synkinematic 
fractures present. Only pre-burial calcite-filled fractures, which probably formed in a meteoric environment, 

2 

1 
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occur. In the footwall, in contrast, an orthogonal system of syntectonic fractures is found. The fluids 
responsible for the precipitation of the calcite infill of these fractures, which migrated along the thrust fault 
only infiltrated in the footwall. These fluids were warm but host-rock buffered. Consequently their influence 
on the footwall rocks is rather limited. Therefore, Cenozoic reverse faulting hardly influences the distribution 
of reservoir properties inside the para-autochtonous carbonates of the Musandam units. 
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Introduction 
The Makran accretionary prism results from the convergence between the Arabian and Eurasian plate since at 
least the Cretaceous (Dercourt et al. 1993). It extends over about 1000 km between the Minab, dextral 
transform fault to the west and the sinistral, Chaman transform fault to the east, in Pakistan. The present-day 
convergence rate between Arabia and Eurasia is about 4 cm y-1 in a roughly NS direction (DeMets et al. 
1990). Shortening and abundant sediment supply led to the formation of the accretionary prism that grew 
seawards by frontal accretion and underplating of trench fill sediments (Platt et al. 1985). Nowadays, the 
frontal 100–150 km’s are submarine. More than 350 km of the Cenozoic accretionary prism are exposed on 
land, from the coast to the Jaz Murian Depression to the north. 
The main objectives of the work on the Makran Accretionary Wedge are to study the rheology of the 
accretionary wedge, especially the deformation behavior of fluid saturated, porous rocks, and to investigate 
the interaction between deformation of the lithosphere and erosion and deposition on the surface. The study 
combines field work and related data analysis and numerical modeling (finite element method) of 
accretionary wedge formation.  
During a first reconnaissance field work between November 1st and November 20th 2004 the following main 
lithologies and structures have been observed.    

Lithologies 

Ophiolites 
Dismembered ophiolites occur along the Makran – Jaz Murian boundary, commonly as large outcrops of 
serpentinites, gabbros, leucogabbros, rare plagiogranites, pillowed and brecciated basalts and radiolarites. To 
the north and northwest of Fannuj, those rocks are underlain by a tectonic “mélange”, i.e. ophiolite-derived 
blocks isolated into a serpentinite matrix with rodingite selvages.  

Eocene 
Turbidites with typically rhythmic alternation of brown sandstone and lighter-coloured shales (so-called 
Guredak Formation, McCall 2002) display many top and bottom sedimentary structures and are intensively 
folded (figure 1). The coloured mélange is a chaotic formation with an argillaceous to shaly matrix containing 
mixed blocks of various compositions (limestones, sandstones, shales, argillitic cherts, basalts and 
serpentinites). It essentially consists of dissociated turbidites with levels of mud flows, showing transitions 
from rather regularly layered sandy layers alternating with a shaly matrix, to pebbly mudstones and 
conglomerates with a shaly matrix.  

Oligocene 
A turbidite sequence with nearly no cleavage and a few carbonate layers represents early Oligocene sediments 
(McCall 2002). 
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Miocene 
A more than 3000 m thick, light-coloured turbidite sequence that may include Pliocene rocks in its upper part 
is dominated by calcareous, neritic siltstones. It is enriched in calcareous sands upwards, with apparent up-
sequence coarsening. In places, veins filled with remobilized gypsum reveal the presence of evaporate facies, 
not seen in the field. The environment of deposition was therefore very shallow.  

Pleistocene 
Coarse fanglomerates are unconformable over wide areas of the southern Makran. They cover a 
paleotopography, which produces some differences in altitude of the unconformity.  

Quaternary 
The quaternary is comprised of consolidated coast fluvial sandstones and more recent, unconsolidated 
sediments (dunes). 

Structures 

Folds 
No evidence of refolding was found, despite the clear succession of events that folded Eocene-Oligocene 
rocks (figure 1) and later formed the broad folds that affect the Miocene sequences. The lack of superposed 
folds suggests homoaxial folding through time before the Late Pliocene fanglomerates, which, however, may 
have been warped on a very large scale. The most intense folding event is considered to be late Miocene to 
early Pliocene in age (McCall 1997). The single regional cleavage, pervasive in Eocene-Oligocene rocks, is 
parallel to axial planes of those folds and does not bear any prominent stretching lineation. This cleavage is 
developed in both the coloured mélange and the underlying turbidites, less pervasive in the younger 
sequences, as mentioned above. The close relationship between folding and faulting is obvious, and fold 
limbs may display truncated sandstone layers. Folds in the southern Makran contrast in style. They are open, 
with long wavelength (> 20 km) and comparatively low amplitude (few 100 m).  

Faults 
Many bedding planes of the lower-Eocene turbidites bear slicken-sides, striae and mineral fibers orthogonal to 
the local fold axes. Opposed senses of movements on successive fold limbs indicate that bedding-parallel slip 
surfaces represent flexural-slip mechanism rather than bedding-parallel thrust segments. 
North-dipping and south-dipping thrusts (thrusts and backthrusts, respectively) are regionally pervasive, in 
nearly all formations. Thrusts constitute the dominant family, in particular in the flysch with exotic blocks. 
However, a general SSW-NNE compression seems obvious.  
Normal faults are relatively frequent in the south, in particular near the coast, rarer in the north. They are 
associated with sediment filled, open fractures, as at the NE entrance of Charbaha. The fault affects the 
Pleistocene sequences and are likely analogous to the normal faults cutting Plio-Pleistocene shelf sequences 
in seismic sections offshore (Platt et al. 1985).  
Two sets of apparently conjugate (they have no systematically consistent crosscutting relationships to each 
other) strike-slip directions has been observed throughout the visited area. All strike slip faults consistently 
cut and offset the main thrusts and folds and are thus clearly later than these in any given area. Some however 
die out rapidly along their length and appear to have transferred displacement onto EW trending thrusts and 
folds. The dominant set is sinistral with the major faults trending mainly SW-NE. They are parallel to the 
offshore sinistral, transfer faults recognised off-shore Pakistan, across the active front of the Makran 
(Kukowski et al. 2002). This latter point may suggest that some of the strike-slip faults may be very recent. 
As a first approximation, the conjugate strike-slip faults accommodated a roughly N-S shortening and EW 
extension, a direction that could be expected from known convergence directions. This consistency, on 
another hand, demonstrates the relevance of our data, which provides more detailed information on the 
general shortening direction field. 

Prospective work 
The turbiditic sequences are characterized by multilayer folds (figure 1). Although some of the folds are very 
tight, nearly isoclinal in place, hinges and limbs appear to be comparatively little fractured and veins are rare. 
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Yet, the turbiditic sequences exhibit a very low metamorphic grade and folding ranging from chevron to cusp 
style has occurred at only a few kilometers depth. It is usually assumed that at such depths the deformation of 
rocks is dominated by brittle fracture and frictional sliding. However, the folded turbidites suggest that the 
deformation has been effectively quasi-ductile producing non-fractured fold hinges. An important question to 
investigate is what physical parameters are responsible for the quasi-ductile deformation behaviour of the 
turbiditic sequences under low confining pressures. Fluids may be suspected to play an important role, 
however, fluid pressures are generally thought to reduce the effective stress of rocks and, hence, decrease the 
failure shear stress of rocks. Also, folding may have been controlled by plastic flow within the fold hinges and 
quasi-ductile flow of the shales present between the more competent sandstone layers. A second hypothesis to 
test is our interpretation of sagging Miocene synclines within soft mélange, thus underscoring the importance 
of compression in the development of large folds on the accretionary prism.  
Numerical finite element simulations using viscoelastoplastic rheologies coupled with porous fluid flow will 
be employed to study under which rheological and fluid flow conditions sedimentary rocks prefer to fold 
rather than to fault, and how important the sagging tectonics may be while utilizing relevant density and 
viscosity values. One aim is to determine dimensionless parameters that control the transition between folding 
and faulting. The numerical results need to be cross-checked with field measurements that constrain shape 
and thickness variations around selected folds, and the quality of outcrops in the Makran, offering a wide 
range of fold shapes, is ideal. Numerical modeling using a coupled fluid-solid approach will provide 
important new insight in the deformation behavior of layered sedimentary rocks during the formation of 
accretionary prisms, fold and thrust belts and orogens. In particular, we hope to constrain the stress, pressure 
and fluid pressure conditions under which the deformation in the accretionary prisms stops to be folding-
dominated to be entirely brittle, hence triggering disruption and the formation of mud flow and blocks as in 
the mélange. 
All classical techniques of structural geology will be applied, including systematic fault measurements to 
constrain the bulk and local kinematics. We expect to be able to identify regions that have been rotated after 
early faulting, which should present rotated fault tensors, and regions that have escaped post-thrusting 
rotation. We also expect to constrain regions where normal faulting is pervasive, from regions where normal 
faulting seems absent.  
Sampling is further needed for fossil and fission-track dating, since the stratigraphic knowledge revealed 
much weaker than we anticipated, with facies correlations over more than 100 km between fossil sites and 
supposed age of similar rocks, although the facies variations in turbidite basins renders these correlations 
hazardous. Rock samples may be used to separate heavy minerals and constrain sources of these huge 
amounts of turbidite sequences. 
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Figure 1. South (left)-facing chevron folds and thrusts in Eocene turbidites near (south of) Polé Sarbaz. GPS: 
N26°31’49.4”; E061°11’27.3”. 
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In nature, mountains grow and stay as localized tectonic features over geologically important periods 

of time (> 10 Myr).  Yet, from the mechanical point of view, any mountain range that exceeds 3 km in 
altitude, should flatten and collapse within  few  Myr as a result of gravitational spreading (collapse) of its 
ductile crustal root. Even if the root does not collapse, the mountain range would be levelled by surface 
denudation that leads to an exponential decay of the topography of ranges with a characteristic time constant 
on the order of 2.5 Myr. (Figure 1).  

 
Figure 1. Erosional and gravity collapse of a mountain range in the  absence of compensating mechanisms. 

 
A number of studies have recently compiled rates of denudation at the scale of major river basins. 

These studies indicate that denudation is primarily influenced by topography so that rates of denudation 
appear to be systematically high in areas of active tectonic uplift. Common (but not minimal) values of mean 
denudation rates in such areas would be of the order of a few 0.1 mm/yr to about 1mm/yr at the scale of large 
drainage basin. Such rates are generally consistent with estimates derived from balancing sediment volumes 
over geological periods of time. Thermochronologic studies indicate, however, local values as great as 1 
mm/yr. The discrepancy between local and basin averaged estimates is due to the fact that tectonic uplift is 
probably distributed in brief pulses over localized domains within a drainage basin.  Consequently, in the 
absence of efficient tectonic feedback, common values of denudation rates should lead to the disappearance of 
a major mountain belt like the Tien Shan in a few million years .  

To explain the paradox of long-term mountain persistence and localized growth, a number of workers 
have emphasized the importance of dynamic feedbacks between surface processes and tectonic evolution. 
Indeed, surface processes modify the topography and redistribute tectonically significant volumes of 
sedimentary material (normal loads) over large horizontal distances. This may result in dynamic loading and 
unloading of the underlying crust and mantle lithosphere, whereas topographic contrasts are required to set up 
erosion and sedimentation processes. Tectonics therefore could be a forcing factor of surface processes. 

Isostasy provides an immediate feedback mechanism that links subsurface and surface processes. 
Redistribution of surface loads by erosion and sedimentation must induce tectonic deformation to maintain 
isostatic balance. Vertical uplift is expected to partly compensate unloading in the area subjected to 
denudation while subsidence should occur in response to loading by sedimentation. This feed back 
mechanism may lead to some coupling between denudation and tectonic uplift. A first consequence is that the 
time needed to erode a topographic relief must take into account removal of the topographic relief and of the 
crustal root. If local isostasy is assumed and if horizontal strains are neglected, denudation is dynamically 
compensated by uplift and the characteristic time of decay of the topography would then be of the order of 10 
m.y.  It has been argued that some kind of positive feedback may then arise . If the slopes of valleys steepen 
during river incision, isostatic readjustment following denudation in a mountain range may result in a net 
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uplift of the higher summits in spite of the average lowering of reliefs. Erosion might thus induce some uplift 
of topographic summits leading in turn to enhanced erosion. A rapid uplift of the Himalayan belt during the 
last few million years may have resulted from this process (Figure 2). However, while the peaks might reach 
higher elevations following isostatic adjustment, the net effect of erosion in that view is crustal thinning. 
Thus, the isostatic reaction alone seems to be important but not fundamental ingredient in mountain building 
processes.  

We suggest an additional feedback mechanism by lateral crustal flow. According to this mechanism, 
erosional removal of material from topographic heights (dynamic unloading) and its deposition in the foreland 
basins (dynamic loading) should result in horizontal ductile crustal flow that may oppose gravitational 
spreading of the crustal roots and may eventually  drive a net influx of material towards the orogeny.   

 
Figure 2. Conceptual model of India-Eurasia collision: possible feedback between surface processes, 

isostatic reaction and subsurface crustal flow. This model  was used as a setup for numerical experiments 
mentioned in the text. 

To demonstrate the importance of the interactions between surface processes and ductile crustal flow, 
and to verify some earlier ideas on evolution of collision belts, we used a fully coupled (mechanical behaviour 
- surface processes - heat transport)  numerical models, which combine brittle-elastic-ductile rheology, fault 
localization, and erosion/sedimentation mechanisms (Figures 3,4). 

 
Figure 3. Numerical models of surface erosion and sedimentation based on non-linear diffusion 

erosion equation and fluvial transport equations (Kooi-Beaumont approach).  
 The numerical experiments confirm the idea that surface processes selectively remove most rapidly 

growing topography, resulting in dynamic tectonically-coupled unloading, and depose the eroded matter in 
the foreland basins, resulting in additional loading and subsidence. As a result, a strong feedback between 
tectonic and surface processes can be established and regulate the processes of mountain building: if the 
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tectonic rates grow, the erosion rates grow too and prevent the mountain from reaching gravitationally 
unstable geometries. As tectonic rates diminish, the erosion rates follow,  so that the topography is less eroded 
allowing the mountain to continue its growth.  For Tien Shan (Central Asia) settings, erosion rate may be high 
(e.g., 0.5-0.9 mm/y), close to the rate of tectonic uplift (e.g., 0.7-1.1 mm/y), and few times higher than the 
residual rate of topographic uplift (0.15-0.2 mm/y).  

The experiments demonstrate that feedback between surface and tectonic processes may allow the 
mountains to survive over very large time spans (e.g., 50 Myr). This feedback favours localized crustal 
shortening and stabilizes topography structures in time.  

Our experiments on Idian-Asia and Alpine collision demonstrate that, depending on the intensity of 
the surface processes, horizontal compression of a 2-D section of continental lithosphere with some initial 
topographic irregularity can lead either to strain localization below a growing range or to distributed 
thickening.  Homogeneous thickening occurs when erosion is either too strong (in that case any topographic 
irregularity is rapidly washed out by surface processes), or too weak (the crustal root below the range spreads 
out laterally with formation of a flat "pancake-shaped" topography). In our modelling, mountain growth 
results from dynamical coupling between the advection at the surface by surface processes and at depth by 
flow in the lower crust. Intracontinental orogenies could arise from such a coupling without the help of any 
other source of strain localisation. 

 
Figure 4. Coupled numerical model of Alpine collision, with surface topography controlled by 

dynamic erosion. This model demonstrates that erosion-tectonics feedback help the mountain belt to remain 
as a localized growing feature for about 30 Myr. Note that final gravity collapse at 50 Myr results  from 
erosion-tectonic misbalance after important amounts of shortening. Bottom, left: material phase field 
evolution at 7.7 Myr. Bottom, right: shear stress field. The numerical code (Parovoz) solves Newtonian force 
balance equations (large strain mode) coupled with brittle-ductile-elastic constitutive equations for main 
material phases, heat transfer equations and surface processes equations. Colour code:  purple – 
sediment/subduction channel; salad green – upper crust; yellow – lower crust; blue – lithosphere mantle; 
green – asthenosphere.  
 

It appears that deformation of continents is very sensitive to surface processes (and thus climate). The 
way Central Asia has absorbed indentation of Asia may somehow reflect this sensitivity. Previous numerical 
models of continental indentation that were based on continuum mechanics, but neglected surface processes, 
predicted a broad zone of crustal thickening, resulting from nearly homogeneous straining, that would 
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propagate away from the indentor. In fact, crustal straining in Central Asia has been very heterogeneous and 
has proceeded very differently from the predictions of these models: long lived zone of localized crustal 
shortening have been maintained, in particular along the Himalaya, at the front of the indentor, and the Tien 
Shan, well north of the indentor; broad zones of thickened crust have resulted from sedimentation rather than 
from horizontal shortening (in particular in the Tarim basin, and to some extent in some Tibetan basins such 
as the Tsaïdam). Present kinematics of active deformation in Central Asia 
corroborates a highly heterogeneous distribution of strain. The 5cm/yr convergence between India and stable 
Eurasia is absorbed by lateral extrusion of Tibet and crustal thickening, with crustal thickening accounting for 
about 3cm/yr . About 2 cm/yr would be absorbed in the Himalayas and 1cm/yr in the Tien Shan. The 
indentation of India into Eurasia has thus induced localized strain below two relatively narrow zones of active 
orogenic processes while minor deformation has been distributed elsewhere. Our point is that, as in our 
numerical experiments, surface processes might be partly responsible for this highly heterogeneous 
distribution of deformation that has been maintained over several millions or tens of millions years. First 
active thrusting along the Himalaya and in the Tien Shan may have been sustained during most of the 
Cenozoic thanks to continuous erosion. Second, the broad zone of  thickened crust in Central Asia has 
resulted in part from the redistribution of the sediments eroded from the localized growing reliefs. Moreover, 
it should be observed that the Tien Shan experiences a relatively arid intracontinental climate while the 
Himalayas is exposed to a very erosive monsoonal climate. This disparity may explain why the Himalaya 
absorbs twice as much horizontal shortening as the Tien Shan. In addition, the nearly equivalent climatic 
conditions on the northern and southern flanks of the Tien Shan might have favoured the development of a 
nearly symmetrical range. By contrast the much more erosive climatic conditions on the southern than on the 
northern flank of the Himalaya may have favoured the development of systematically south vergent 
structures. While the Indian upper crust would have been delaminated and brought to the surface of erosion 
by north dipping thrust faults the Indian lower crust would have flowed below Tibet. Surface processes might 
therefore have facilitated injection of lindian lower crust below Tibet. This would explain crustal thickening 
of Tibet with minor horizontal shortening in the upper crust, and minor sedimentation.  

We thus suspect that climatic zonation in Asia has exerted some control on the spatial distribution of 
the intracontinental strain induced by the India-Asia collision. The interpretation of intracontinental 
deformation should not be thought of only in terms of boundary conditions induced by global plate kinematics 
but also in terms of global climate. Climate might therefore be considered as a forcing factor of continental 
tectonics. 

 
 To summarize, we suggest three major modes of evolution of mountain ranges (Figure 5):  
 

- Erosional collapse (erosion rates are higher than the tectonic uplift rates) 
- Localized growth mode (rigid feedback between surface processes and tectonic 

uplift/subsidence that may favour continental subduction at initial stages of collision) 
- Gravity collapse (or “plateau mode”, when erosion rates are insufficient to compensate tectonic 

uplift rates. This  may produce plateaux in case of high convergence rate) 
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Figure 5. Modes of evolution of mountain ranges as a function of the coefficient of erosion and 

tectonic strain rate, established for numerical experiments with spatial resolution of 2 km x 2 km. Note that 
the coefficients of erosion are scale dependent.  

 
We conclude that surface processes must therefore be taken into account in the interpretation and 

modelling of long-term deformation of continental lithosphere. Conversely, the mechanical response of the 
lithosphere must be accounted for when large-scale topographic features are interpreted and modelled in 
terms of geomorphologic processes. We suggest that a next generation of tectonically realistic models is 
needed to account for dynamic feedbacks between tectonic and surface processes. With that, new 
explanations of evolution of tectonically active systems and surface topography can be provided. 
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End member models for the structural evolution of thrust arrays are classically represented as a 
choice between foreland-directed, piggy-back thrusting and hindward-migrating, break-back sequences. 
Geometries that do not conform with those expected from strict piggy-back models are commonly described 
as being “out-of-sequence”. However, these analyses presuppose that individual thrusts within an array form 
in a specific order and that in essence, an individual structure accumulates all its displacement through a 
continuous period of time during which no other thrusts are active. These concepts were developed through 
the early 1980s (Boyer & Elliott, 1982; Butler 1987) using exclusively outcrop data from moderately 
exhumed parts of thrust belts where the critical relationships for choosing between models for thrust 
sequences are structural. Through the 1990s however, increasing use of field relationships in emergent fold 
and thrust belts, allied to seismic from still-buried systems has incorporated stratigraphic data from growth 
strata to investigate thrust activity. These studies, from the front ranges of the Pyrenees (Vergés & Muñoz, 
1990; Meigs, 1997), sub-surface of the Po plain, Pakistan Himalayas (Burbank et al., 1996) and Maghrebian 
of Sicily (Butler & Lickorish, 1997) all show that thrust-fold systems are commonly active in synchronous 
series. While there may be a general trend for deformation to migrate forelandward through time so that the 
evolving thrust belt incorporates new material, the thrust wedge itself is continuously reshaped internally. In 
strict piggy-back models the evolving geometry of the thrust wedge simply reflects processes operating at its 
base. Clearly then, the evolution of surface topography (or bathymetry in sub-aqueous examples), the 
distribution of intra-montaine (or mini-) basins and the sinuosity of sediment dispersal pathways will all be 
sensitive to the activity of thrust and folds below.  
  While it has been for some time known, if not widely appreciated, that emergent thrust systems 
do not conform to models of thrust sequences, the realisation that duplexes also show complex displacement 
patterns is new. In classic buried (but now exhumed) systems such as the Moine Thrust Belt, roof thrust 
geometries do not simply follow the predictions of the models of Boyer & Elliott (1982). Although the thrust 
sheets that mantle imbricate systems are commonly bulged into culminations by these imbricates (a classical 
part of the duplex model), in detail the thrusts that carry these sheets truncate the leading edges of the 
imbricates below (Butler, 2004; Butler et al., 2006). This leads to smearing out of ductile units and the 
decoration of major thrusts with detached lenses derived from its footwall. These features are found along 
major Alpine thrusts for example. In the southern Apennines, breaching thrusts arising from the Apulian units 
breach the overriding allochthon but are then offset, so that surface structures are difficult to link directly back 
into the subsurface without excellent seismic data. In regions such as this that host hydrocarbons, 
understanding these processes is important for they may impact on the communication of fluids between 
different structural units.  
  Through the generation of differential uplift, thrusts impact on Earth surface processes. How 
displacement is partitioned within an array of thrusts is important in controlling amplification rate. This in 
turn will govern, in conjunction with sedimentation rates, the stratigraphic architectures of growth strata at 
individual folds. This is manifest not only in the distribution of syncline-hosted mini-basins but also in the 
evolution of slopes. The sensitivity of depositional systems to the structural evolution of their substrate is 
well-illustrated by deep-water (gravitational) fold and thrust belts such as the Niger apron. Although thrusts 
step out into progressively deeper water over the long-term, arrays of 5-6 thrusts are active synchronously 
across strike. Lateral variations in how displacement is partitioned across the thrust arrays generate plunge 
variations on the related folds. These in turn directly impact on the sinuosity of submarine channels, not only 
at the wavelength of the folds but also on a shorter wavelength in repose to related gradient changes. These 
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channel disruptions in turn impact on the distribution of sand in the growth strata and on deposition rates in 
adjacent parts of the belt. This also impacts on the geotechnical properties of the seabed – especially 
influencing the propensity for mass wasting processes over sediment aggradation. Sediment pathways are also 
influenced by larger-scale variations in displacement partitioning. Abrupt lateral changes activate oblique 
compartmental faults that preferentially locate submarine channels (Morgan, 200). Thus thrust activity in this 
setting has a direct influence on depositional processes (including the depositional patterns of reservoir units). 
It is expected that similar interactions and feedbacks exist in sub-aqueous foreland thrust belts such as the 
Apennines and early parts of the evolution of the western Alps, although subsequent deformation has largely 
obliterated the critical evidence. Similar processes may occur in subaerial settings such as the Himalayan 
thrust front in Pakistan (e.g. Burbank et al., 1996).  
  The interaction of deposition and thrust sequences is not a one-way process. Sedimentation across 
growing anticlines inhibits fold amplification and therefore the displacement on the associated thrust. Under 
constant tectonic loading conditions this will promote greater deformation elsewhere in the system. In 
submarine systems such as the Niger apron, thrust activity nearer the sediment source can cause ponding and 
increased deposition across the active fold. This in turn inhibits further amplification, causing the deformation 
to migrate (generally forwards). In 3D this may promote compartmentalisation of the thrust belt, driven by the 
sites of preferential sediment supply. In other situations fold uplift may cause channel incision and promote 
sediment bypass, thereby driving further amplification at the fold.    
  Examples of feedbacks between deposition and deformation in submarine thrust belts will be 
contrasted with subaerial settings, especially with regard to the activity of displacements through thrust arrays 
in two and three dimensions.  
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Abstract 
 
The aim of the paper is to discuss (1) the role of pre-existing salt structures on the Zagros fold and thrust belt 
development; (2) the possible mechanisms accounting for rapid salt extrusion; (3) the relative location of 
emergent diapirs and tectonic structures. We based our interpretations on geological observations, with 
comparison with analogue sand box experiments. We argue that the driving mechanism of Hormuz 
halokinesis during the Zagros folding and erosion, is the squeezing of pre-existing salt diapirs, which also 
influenced the location of thrusts and strike slip faults. Emergent diapirs occurred above pre-existing domes 
along these faults, or at the plunging axes of the folds. Diapirs exposed in the core of the anticlines could be 
detached from the footwall. 
 
Introduction 
 

The mechanisms of diapirism in the Hormuz series have been a subject of interest for many years in 
the Iranian Zagros (Harrison, 1930; Ala, 1974; Kent, 1979; Furst, 1990; McQuillan, 1991; Talbot and Alavi 
1996; Edgell, 1996). The two major salt formations in the Persian gulf and the Zagros folded belt are the 
Eocambrian Hormuz series, and the Oligo-Miocene Gachsaran Formation, both present in the Zagros folded 
zone, where the Hormuz salt outcrop as allochthonous salt plugs. Within the Persian gulf, circular structures 
are thought to be draped over deep pillows of Hormuz salt (Edgell, 1996). In the Dezful embayment the salt 
layer only occurred in the Gachsaran Formation. Most authors emphasized the role of the Hormuz series and 
Gachsaran Formation in allowing decollement and disharmony in the Zagros folded belt (e.g. Bahroudi and 
Koyi, 2003). 

Kent (1979), which showed that most of the salt intrusions in the Fars region occurred during the 
Neogene Zagros folding, also evidenced pre-orogenic salt movements. Based on new available data, Motiei 
(1995) showed that early salt movements began during Permian times. Talbot and Alavi (1996) attributed 
initiation of the salt structures to local manifestations of the Neo-Tethys subduction before the Zagros 
orogeny. Concerning the mechanisms of salt extrusion, Kent and most of the authors before the 1990's 
believed that the Hormuz salt rose from depth due to hydrostatic forces. Jackson & Vendeville (1994) incited 
Edgell (1996) and Talbot & Alavi (1996) to mention the probability of rapid salt extrusion in the Southwest of 
Iran due to the local pull-apart structures which have been created as a result of the intersection of basement 
wrench faults and Zagros thrust fault trends (figure 1). 
 
Geological setting 
 

The Zagros orogenic belt consists of a thick sedimentary sequence which covers a Panafrican 
basement. The Hormuz series, which were deposited in the Persian gulf and Zagros areas in latest 
Proterozoic-lower Paleozoic times generally consists mainly of salt and anhydrite, followed by shallow 
marine, lagoonal and continental deposits (Sherkati & Letouzey, 2004) deposited during a long period of 
remarkable tectonic calm until the Middle Cretaceous. The total thickness of the sedimentary column 
deposited above the Hormuz salt before the Neogene Zagros folding can reach over 8 km. Local uplift of the 
present-day High Zagros during the Permian was followed by more intense Mid-Triassic movements 
(Berberian and King, 1981). In the Zagros basin, the deposition of marine sediments lasted from Permian to 
Miocene times. The closure of the Neo-Tethys is marked on the Zagros platform by (1) Coniacian to 
Santonian obduction of ophiolites; and (2) pronounced reactivation of pre-existing N-S basement faults (Koop 
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and Stoneley, 1982). Compressive stress in the Zagros margin lasted until the lower Miocene continental 
collision and the Miocene Zagros orogeny, with thin skinned tectonic and SW propagation of the foreland 
basins. 

 

 
 

Figure 1: Three mode of salt plug extrusion: 1 vertical wall diapir squeezing; 2 salt pillow acting as ramp; In both case, 
the salt may constitute the core of a fold; 3 ascent of salt in a pull-apart structure. 

 

The Infracambrian salt and evaporites occurred in several subsiding basins in the Gulf region, 
Oman, Central Iran, Pakistan and Northwest India, but are missing along NS trending Panafrican Arabian 
arches. The extent of the salt in the Zagros and Persian gulf is deduced from emergent diapirs in the Zagros 
folded zone. From seismic data in Oman and Persian Gulf, halokinesis was very active during the Paleozoic 
(e.g. Letouzey & Sherkati 2004; figure 2). A strong, local unconformity related to growth of salt domes 
during the Tethys rifting event was observed at the base of the Mesozoic sequence in High Zagros (figure 2). 
Seismic interpretation show that Hormuz salt diapirism was still active at that time, at last in the southern 
Persian gulf and in some parts of the Fars domain. Most of the emergent diapirs in the Zagros region reaches 
the surface during the Neogene-age Zagros folding (Harrison, 1930; Kent, 1979; Sherkati & Letouzey, 2004). 
In the Zagros folded zone, some of the diapirs are still active, and forms large 1000m high domes, with salt 
glaciers up to 8 km long (figure 2). 

 
Physical experiments 
 

We used analogue laboratory experiments to study the mechanisms of salt extrusion, and the role of 
possible pre-existing salt structures in the localisation of newly formed thrust, fold and tear faults. We choose 
sandbox experiment visualised by X-ray tomography (Colletta et al. 1991). We use dry granular materials 
(sand and coryndum) to simulate brittle sedimentary rocks which obey a Mohr-Coulomb failure criterion, and 
a viscous Newtonian material (silicone putty with a viscosity of 2x104 Pa.s) is scaled to salt. All the models 
were deformed by moving the vertical wall at velocity of about 1.7 cm/h. We also investigated the influence 
of erosion and sedimentation during shortening. Based on our observations we assume that emergent diapirs 
location was due to the presence of pre-existing salt domes or locally in wrench fault deflection or pull-apart 
zones. 
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Figure 2: Evidences of pre-Zagros salt movement: 1 The Darang structure shows two major unconformity in the 
Palaeozoic and Mesozoic; 2 Omanese salt in passive margin setting shows emergent plugs; 3 Unconformity at the base 
of the Mesozoic related to salt dome growth; 4 Active salt glacier in the Northern Fars. 

 

 
Figure 3: Time evolution of a vertical section crossing a diapir: 1 with a vertical diapir, 2 with a pillow; 3 with a pillow 
and a thin sedimentary section (close up on a pop-up fold). 

 

 
With pre-existing salt structures, diapirs are horizontally squeezed during shortening, and contraction 

forces the silicone upward through the overburden layer. As already observed in similar experiments 
(Letouzey & al., 1995), the models suggests that the initiation of thrust and wrench faults is influenced by 
pre-existing salt diapirs (weak zones). The shape of the diapir has a strong influence: pillow like diapir act as 
favourably oriented ramps to localise the thrust faults, whereas conical or finger like diapir are more easily 
squeezed (figure 3). During squeezing, the diapir focus the shortening deformation, leading to tight folding 
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and pop-up structures (figure 3). Between diapirs, the fold evolve to classic ramp anticline with gentle limbs, 
thus drawing a contorted pattern of thrust in map view. 

Erosion, and more generally thin overburden, favour development of emergent diapirs during 
compression, whereas sedimentation (or thick overburden over pre-existing diapirs), prevent or slows down 
diapir emergence. Depending of the initial diapir shape and distribution, folds may developed between 
emergent diapirs. In other models diapirs are cut and passively transported, over ramp, within the folds. In 
other words emergent diapirs must occurred either at the plunging axes of the fold, but some diapirs exposed 
in the core of anticlines are detached from their root. They emerge after squeezing and/or erosion. 
 
References: 
 
Bahroudi, A., and Koyi, H., 2003. Effect of spatial distribution of Hormuz salt on deformation style in the Zagros fold 
and thrust belt: an analogue modelling approach. J. Geol. Soc., London, 160, 719-733. 
Berberian, M., and King, G.C.P., 1981. Towards a paleogeography and tectonic evolution of Iran. Can. J. Earth Sci., 18, 
210-265. 
Colletta, B. Letouzey, J., Pinedo, R., Ballard, J.F., and Balé, P., 1991. Computerized X-ray tomography analysis of sand 
box models: examples of thin-skinned thrust system. Geology, 19, 1063-1067. 
Edgell, H.S., 1996. Salt tectonics in the Persian Gulf basin. In Alsop, G.L., D.L. Blundell, I. Davison (Eds), Salt 
Tectonics, Geol. Soc. London Spec. Pub. 100, 129-151. 
Furst, N.I., 1990. Strike-slip faulting and diapirism in the South-eastern Zagros range. Proc. Symposium on Diapirism 
(Iran), 149-181. 
Harrison, J.V., 1930. The geology of some salt plugs in Laristan. Quater. J. Geol. Soc. London, 86, 463-522. 
Jackson, M.P.A. and Vendeville, B.C., 1994. Regional extension as a geologic trigger for diapirism. Geol. Soc. Am. 
Bull., 106, 57-73. 
Kent, P.E., 1979. The emergent Hormuz salt plug of Southern Iran. J. Petrol. Geol., 2, 117-144. 
Koop, W.J., and Stoneley, R., 1982. Subsidence history of the Middle East Zagros Basin, Permian to recent. Ph. Trans. 
R. Astron. Soc., London, 305, 149-168. 
Letouzey, J., Colletta, B., Vialliy, R., and Chermette, J.C., 1995. Evolution of salt related structures in compressional 
settings. In Jackson, M.P.A., Roberts, D.G., and Snelson, D. (Eds): Salt Tectonics: A Global Perspective. Am. Assoc. 
Pet. Geol. Mem., 65, 41-60. 
McQuillan, H., 1991. The role of basement tectonic in the control of sedimentary facies, structural pattern and salt plug 
emplacement 
Motiei, H., 1995. Petroleum geology of Zagros. Geol. Survey Iran Pub. (in Farsi), 589pp. 

Sherkati, S., and Letouzey, J., 2004. Variations in structural styles and basin evolution in the central Zagros (Izeh zone 
and Dezful embayment), Iran. Marine Petrol. Geol., 21, 535-544. 
Talbot, C. ad Alavi, J.M., 1996. The past of a future syntaxis across the Zagros. In Alsop, G.L., D.L. Blundell, I. Davison  

(Eds), Salt Tectonics, Geol. Soc. London Spec. Pub. 100, 89-109.



Thrust Belts and Foreland Basins, International Meeting, Rueil-Malmaison, December 2005 
Abstracts Volume 

****************************************** 

 86

                        

                       DENUDATION KINEMATICS OF AN OROGENIC PRISM: INTEGRATED  

          THERMOCHRONOLOGY AND TECTONIC STUDY IN THE W-CENTRAL PYRENEES  

                                                                     (FRANCE-SPAIN) 

 
M. CAMPANI, M. JOLIVET, P. LABAUME, M. BRUNEL, P. MONIE, N. ARNAUD 

 
Laboratoire Dynamique de la Lithosphère, cc 060, CNRS-Université Montpellier II, 34095 Montpellier 

Cedex5, France (Corresponding author: pierre.labaume@dstu.univ-montp2.fr) 
 
 Erosion of the relief associated with the build up of an intra-continental orogenic prism leads to sediment 
transfer from the range to the foreland basins. Although this is a well-known principle, the detailed kinematic 
relationships between thrust activity, tectonic burial and uplift, erosion and sedimentation rates are still to be 
quantified. Combining tectonic and thermochronological approaches, we date the tectonic burial and uplift 
related to two major crustal thrusts in the W-Central Pyrenees, and discuss implications for the tectonics of 
the south-Pyrenean foreland basin. 
 
 Geological setting. The Pyrenean belt results from the Late Cretaceous–Tertiary collision between 
Europe and Iberia. Limited northward continental subduction of the Iberian plate resulted in the formation of 
a major south-directed thrust system, comprising the Axial Zone of the belt where the Palaeozoic basement is 
exhumed and uplifted above 3000 m, and the South-Pyrenean Zone (SPZ) where the thrusts ramp in the 
Meso-Cenozoic cover (e.g. Muñoz, 1992). Syn-orogenic Paleogene sedimentation occurred in the SPZ, with 
southward migration of the depot-center related to thrust front propagation. To the south, the Miocene 
molasses of the Ebro basin seal the SPZ thrust front. 

Dating of the activity of the Axial Zone-SPZ thrust system has been until now mainly derived from 
the analysis of the tectonic-sedimentation relationships, that are exceptionally well preserved in the south-
Pyrenean basin (e.g. Séguret, 1972; Labaume et al., 1985; Muñoz, 1992; Teixell, 1996; Vergès et al., 2002). 
By contrast, only a few absolute ages of tectonic activity have been determined by thermochronology in the 
Axial Zone, essentially in the central and eastern Pyrenees (Fitzgerald et al., 1999; Morris et al., 1999; 
Maurel, 2003). 

Our study concerns the Néouvielle and Bielsa massifs, two Variscan granite plutons (Gleizes et al., 
2001; Roman-Berdiel et al., 2004) of the Axial Zone located in the hanging wall and footwall of the major 
south-verging Gavarnie thrust, respectively (Séguret, 1972) (Fig. 1). After the Gavarnie thrusting in the Late 
Eocene- Oligocene, the Bielsa massif and the overlying Gavarnie nappe were uplifted and folded when the 
underlying Bielsa thrust acted (Casas et al., 2003). 

 
Methodology. Thermochronology sampling of each massif was done in two different ways (Fig.1): 

(i) vertical profiles in order to calculate the exhumation rates; samples were collected from 1900 m to 3100 m 
in Néouvielle and from 1100 m to 2600 m in Bielsa; and (ii) horizontal profiles in order to constrain the 
relationships between cooling and thrust kinematics. Ar/Ar data on K-feldspar and biotite, and apatite fission 
track analysis (AFTA) provide a complete temperature-time history for the samples between c.a. 400°C and 
c.a. 60°C, from which cooling and exhumation rates can be calculated together with the exhumation age of 
the different thrust units. Study of deformation conditions in the Gavarnie thrust fault mylonites, and in shear 
zones in the Néouvielle massif also provides information on the burial depth during thrusting. 
 
        Tectonics. On the studied section (Fig. 1), the Gavarnie thrust placed Devono-Carboniferous series 
onto the Permo-Triassic and Cretaceous sedimentary cover of the Cambro–Ordovician metamorphic 
basement, with at least 9 km of displacement (Séguret, 1972). At outcrop scale, the deformation is clearly 
localized within the base of the Silurian shales and the top of the underlying Santonian limestones. On thin 
section, the limestones feature mylonitic shear zones comprising calcite crystals deformed mainly by intense 
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twinning on <e> planes, with both thin and thick twins, but also by incipient plastic deformation. This 
observation is confirmed by EBSD analysis. This association of mechanisms indicates a temperature of 250-
300°C during the deformation, also confirmed by the occurrence of plastically deformed quartz grains in the 
limestone mylonite. This temperature range accords with microthermometry of fluid inclusions in veins 
associated with the thrust contact (McCaig et al., 2000). 
 Within the Néouvielle granite, the Alpine deformation is localised in N120-trending, steeply dipping 
mylonite corridors. Shear movement is mainly reverse towards the south with displacements up to 200-300 m 
(Henderson and McCaig, 1996), and is dated at 47 to 48 ± 2 Ma by the Rb/Sr method (Wayne and McCaig, 
1998). Structural interpretation of geological maps suggests that these shear zones correspond to the eastern 
termination of the Eaux-Chaudes thrust, one of the major Alpine thrusts in the northern part of the Axial Zone 
(map in figure 1). Plastic deformation of quartz and the preferential orientation of c-axis quartz grains indicate 
temperatures of 300-350°C during the deformation. 
  
Geochronology. All the samples are located in figure 1. 
 Ar/Ar results. Ar/Ar total ages on biotite for the Néouvielle massif are comprised between 207.23 ± 2.1 
Ma (NV1) and 233.35 ± 2.27 Ma (NV7). For the Bielsa massif, ages of 277.27 ± 2.58 Ma (BS5) and 249.51 ± 
2.35 Ma (BS6) were obtained. For all the samples, the age spectra are highly discordant. 
 Age spectra obtained on K-feldpars are also very discordant, showing evidence both of excess argon and 
argon loss in Alpine times. Total ages for the Néouvielle massif are 202 ± 2 Ma (NV1) and 53.23 ± 0.5 
(NV7). For the Bielsa massif, ages are 209.98 ± 0.2 Ma (BS1) and 283.68 ± 8.51 Ma (BS6). Only the base of 
the Néouvielle massif (NV7) yields an Alpine age, much younger than ages of all other samples. 
 Fission tracks results. Central ages obtained on the vertical profile in the Néouvielle massif are 
comprised between 35 ± 2 Ma at the top (NV1) and 22 ± 2 Ma at the base (NV7), with mean track lengths of 
12.6 ± 2 µm and 12.9 ± 1.5 µm, respectively. Sample BL1 situated to the east in the small Arreau massif 
gives an age of 32 ± 2 Ma similar to the top of the Néouvielle but for an altitude of only 900 m. Ages from the 
horizontal profile (PE2, NV7 and NV13) are all similar, around 25 ± 2 Ma. Track length modelling shows a 
similar cooling history for the top of the Néouvielle (NV1) and Arreau (BL1) with a cooling rate of 3°C/Ma 
from c.a. 35 to 30-25 Ma followed by a strong decrease in cooling with rates of about 0.5°C/Ma. The base of 
the Néouvielle presents the same cooling history but the decrease in cooling rates appears later, around 15 to 
13 Ma. Final exhumation below 60°C occurred around 5 Ma. 
 The Bielsa massif shows central ages significantly younger than the Néouvielle massif. They are 
comprised between 18 ± 2 Ma (BS1) and 11 ± 1 Ma (BS6) with mean track lengths of 13 ± 2 µm for both 
samples. Samples BS1 and BS7 both situated just below the Permian unconformity surface have similar ages 
of 18-19 ± 2 Ma for a difference of 1500 m in altitude. Track length modelling of samples BS1 and BS6 
shows a simple cooling history with a constant cooling rate of about 3°C/Ma. 
 
 Main tectonic implications. Synthesis of thermal history of the Néouvielle and Bielsa massifs is shown 
in figure 2. In both massifs, the total reset of apatites fission tracks implicates warming above 110°C, i.e. 
burial of at least 4 km assuming a mean geothermal gradient around 30°C/km. The deformation mechanisms 
in fault zones attest temperatures around 300°C. However, it is not clear if these temperatures traduce thermal 
equilibration of the massifs at 10 km depth, or if they are related to advection of hot fluids in fault zones. The 
lack of significant argon resetting in biotites and K-feldspars outside the shear-zones is in favor of the second 
alternative. The Ar/Ar feldspar age around 53 Ma at the base of Néouvielle dates the maximum burial of this 
massif. This age corresponds to that of the Eaux-Chaudes/Monte-Perdido nappe emplacement, coeval to the 
first stages of subsidence of the south-Pyrenean basin (Labaume et al., 1985; Teixell, 1996). It may also be 
the age of other thrusts in the northern part of the Axial Zone, in particular the Pic du Midi thrust located 
north of Néouvielle (Fig. 1). Hence, burial of the Néouvielle massif may have begun in relation to the 
subsidence and filling of the basin, then continued due to propagation of the thrust front above the massif. The 
AFTA indicate rapid exhumation of the massif between around 35 Ma, which corresponds to the age of 
activity of the Gavarnie thrust determined in the basin. Identical AFTA ages on the horizontal profile across 
the massif indicate that it was exhumed as an homogeneous unit by movement on the Gavarnie thrust ramp, 
i.e. with a negligible effect of the vertical shear zones crossing the massif. Slowing of cooling after 25 Ma 
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may correspond to reduced erosion associated with filling up of the Ebro basin during the Miocene, before 
development of the Ebro drainage system that triggered rapid final exhumation (Babault et al., 2005). 
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 Burial of the Bielsa massif also probably started in relation to subsidence and filling of the basin during 
the Early Eocene, then continued due to thrusting of the Gavarnie nappe during the Late Eocene-Oligocene. 
AFTA ages around 18 Ma show that the massif was exhumed during the Middle Miocene. The same ages 
found at different altitudes along the erosion surface at the top of the granite show that the massif was 
exhumed below 110°C before tilting of this surface in the frontal limb of the Bielsa thrust ramp anticline. This 
implies that the Bielsa thrust was still active after 18 Ma, which is much younger than the last episode of 
deformation registered on the SPZ frontal thrust in the basal Aquitanian (c.a. 23 Ma; Hogan and Burbank, 
1996). 
 Therefore, these thermochronological data show that burial and exhumation within the Axial Zone 
progressively migrated southwards, in relation to the sequential activation of the main crustal thrusts. We also 
show that tectonic activity along the southern edge of the Axial Zone continued during the Middle Miocene, 
after sedimentary sealing of the south-Pyrenean frontal front. This is significantly younger than admitted ages 
for the end of the Pyrenean compression, implying that Miocene out-of-sequence thrusting, not recognised 
until now, should be found in the SPZ. 
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Abstract: 
 

 Muertos Deformed Belt is a tectonic feature inside of a microplate tectonic setting and located within the 
Northeastern Caribbean Plate Boundary Zone (Byrne et al, 1985¸ Mann et al, 1984). This deformed belt is 
occupying a broad band of active compression regime with an east-west trend in the south of Hispaniola and 
Puerto Rico islands (Ladd et al, 1977, Ladd & Watkins, 1980). Aseismic Aves Ridge is limiting the belt by its 
east side, while to the west side; it is outcropping in the south of Hispaniola due to the intersection with the 
aseismic Beata Ridge (Biju-Duval et al, 1982). The deformed belt is limited to the south by the Muertos 
Trough (5000 m depth), where the Caribbean oceanic crust is being underthrusted beneath western Puerto 
Rico and eastern Hispaniola (Ladd et al, 1977; Byrne et al, 1985). An underthrusting rate of 3 mm/yr has been 
calculated in the south of Hispaniola (Calais et al, 2002), although this process disappears eastwards about 
65ºW (Masson and Scanlon, 1991). 
 

The Northeastern Caribbean Boundary Zone has been widely studied since the 50's, but most works 
focused in the north of Hispaniola and Puerto Rico islands (Dolan et al, 1998; ten Brink et al, 2004), while 
that in the south area there is less information.  

During April 2005, a geophysics cruise aboard the Spanish Oceanographic Research Vessel 
“Hespérides” was carried out in this area of the Northeastern Caribbean Plate. Multibeam bathymetry, gravity, 
magnetic and seismic data were acquired during the cruise. The seismic experiment consists in the acquisition 
of high resolution profiles, multichannel reflection profiles and deep seismic sounding. Land seismometers, 
streamer and OBS were used to record the seismic data. The OBS have been left at seabed where they will be 
recording the seismicity for a continuous period of 6 months.  

 
We present here the morphotectonic interpretation of the multibeam systematic survey in Muertos 

Deformed Belt area and the relationship with seismicity and kinematic data (GPS). Active deformation 
features have been widely found in the area from bathymetry model and high resolution seismic profiles, 
including: folded and faulted recent sediments, submarine landslides scars associated with faults and fault 
scarps cutting submarine canyons, all these features show  a little erosion. Future works will integrate 
potential field data and deep seismic data, which will allow us to elaborate tectonic models for this active and 
complex boundary plate. 
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Figure: Gray shaded Three-dimensional digital model from multibeam bathymetry 

to the south of Hispaniola and Puerto Rico islands. 
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INTRODUCTION 
 

Many linear mountain belts display patterns of strikingly regularly spaced drainage basins 
transverse to their main structural trend. Hovius (Hovius, 1996) quantitatively assessed this regularity by 
measuring in eleven mountain belts worldwide the ratio (R) of mountain belt width (W, taken from the main 
divide to the mountain front) to the spacing (S) of the main catchment outlets at the range front. The data 
show that, despite the strong climatic and tectonic differences between these ranges, most spacing ratios (R) 
for individual drainage basins are in a narrow range between 1 and 5 around a mean of 2.7.  

Given that mountain belts are recognized to widen during their evolution, the observation of a 
nearly constant spacing ratio R for mountains with different widths has been interpreted as evidence that, as 
topography grows, a balance must be maintained between the lengthening of the main streams and the 
widening of drainage basins (Hovius, 1996; Talling et al., 1997). This enlargement of the drainage basins is 
generally believed to take place by erosion through processes such as sideward capture of streams and 
drainage divide collapse (Jones, 2004; Talling et al., 1997). It thus implies a major re-organisation of the 
drainage network during, or after, the widening of the mountain belt. However, although processes such as 
sideward capture and divide collapse are occasionally observed in analogue experiments (Hasbargen and 
Paola, 2000; Parker, 1977), and numerical simulations (Pelletier, 2004; Simpson and Schlunegger, 2003), 
evidence for their past occurrence in nature is rare (Howard, 1971). It is thus doubted whether they are 
relevant for the organisation of river systems at large scales (Talling et al., 1997). The purpose of this paper is 
to suggest an answer to the question raised by Hovius (1996): “what causes linear sections of active mountain 
belts around the world to be characterized by a consistent regularity of catchment spacing?”. 
Here we first propose an alternative new conceptual model of drainage basin evolution in a growing mountain 
range.  
 
CONCEPTUAL MODEL 
 

Let us consider the widening of a simple linear mountain range. Two cases can be envisaged, either 
(1) there is a foreland alluvial plain that separates the range front from the sea, or (2) the foreland is 
submarine and the sea is at the range front. When the mountain front propagates and the range widens, these 
areas outside the range become uplifted, emerged if previously submarine (case 2), and progressively 
incorporated into the erosional topography. In both cases there is a period immediately preceding the 
incorporation into the range during which these areas are both subaerial and receive the rivers flowing out of 
uplifted reliefs (Fig. 1). When they enter these low slope and yet un-dissected surfaces, the rivers coming 
from the erosion zone become free to move laterally and eventually coalesce as they flow towards the sea, 
giving rise to a dendritic geometry in which they become naturally more spaced away from the relief (Fig. 1). 

We suggest that the dendritic river network which pre-exists outside the mountain becomes incised 
and frozen or “quenched” in the landscape as the foreland is uplifted (Fig. 1). Thus in our view, the 
dependency of river spacing on the distance to the divide observed in linear mountain belts simply reflects the 
dendritic geometry produced by the coalescence of streams on the lowland margins adjacent to uplifted 
topography that are progressively incorporated into the erosion zone during mountain belt widening.  
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Figure 3 Conceptual sketch of drainage network development in widening topography. The rivers wander and 
coalesce on the lowland plains outside the range, increasing their spacing downstream (red arrows) at a rate 
which depends on the angle αααα (orientation in plan view) with which streams flow with respect to the regional slope 
(white arrow). The resulting dendritic network gets “quenched” in the landscape as the range front progressively 
propagates (steps 1, 2 and 3) and the foreland is uplifted. Depending on climate, a secondary network invades 
(right) or not (left) the surfaces between newly incised streams. If precipitation occurs later on the left part, the 
secondary network that will invade these surfaces will be more elongate because of the higher regional slope built 
during deformation. 
 

This model is consistent with a number of natural observations. First, in many current mountainous 
settings worldwide, it is commonly observed that when rivers flow out of uplifted relief they enter low slope 
plains where they can move laterally as alluvial rivers (Schumm, 1977). Second, in some mountain belts (e.g. 
Pyrenees, European Alps) where alluvial bodies deposited in the now uplifted foreland are preserved, it has 
been shown (Jones, 2004; Trümpy, 1980) that the position of the rivers that were feeding these systems has 
not changed notably over significant time periods (107 yr). This clearly indicates that large modern rivers 
deeply incised into now uplifted forelands were once alluvial rivers depositing at the range front. Third, in 
many active collision zones (e.g. Himalaya, central Apennines, Bolivian Andes), the large-scale drainage 
network is made-up of rivers that originate behind the highest peaks and flow transversely through the orogen 
across the main structural trend. The simplest explanation for these observations is that these rivers are 
antecedent to deformation (Oberlander, 1985) and extended progressively downward as the mountain range 
widened, rather than cutting backward across the range (by headward growth). Fourth, it is often observed 
that rivers cutting into bedrock at the front of orogens (e.g. Oregon Coast Range, Taiwan) have a meandering 
course similar to that of meandering alluvial channels. Although the possibility that bedrock meanders form in 
situ (Barbour and Stark, 2004) cannot be excluded, an other explanation is to view them as inherited from an 
earlier alluvial stage, as is the case in our model (Fig. 1). 
 
 
 
 
 
CONCLUSIONS 
 
Here we have propsed a model of drainage basin evolution in which the river network grows “downward” or 
“mouthward”, as opposed to the classical view of drainage basin evolution in which the river network grows 
“headward”. 
We conclude that the observed relationship between the width of a mountain belt and the spacing of major 
streams at its front does not require drainage reorganisation as previously suggested (Hovius, 1996; Jones, 
2004; Talling et al., 1997) but that it is rather inherent to the dendritic geometry of drainage networks. We 
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suggest that this dendritic geometry results from the coalescence of rivers outside mountain ranges and is 
progressively incorporated in the erosion zone as orogens widen. Thus the evolution and organisation of 
drainage networks in linear mountain ranges occurs primarily (1) outside the uplifted topography where river 
networks are now observed and most commonly studied, and (2) prior to erosion even though rivers may now 
be deeply incised in eroding landscapes. As a consequence, the geometrical properties of these networks are 
essentially independent of the tectonic and climatic processes that affect the orogen, and instead reflect the 
geometrical properties of the un-dissected surfaces on which they started to incise. 
We will show further our quantitative analysis of what controls the actual geometry of drainage networks in 
linear mountains in the framework of our model. Lastly we will discuss some implications of our findings for 
the general scaling properties of drainage networks.  
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The Makran accretionary prism is located in the Northwestern part of the Indian ocean, in South of 
Iran and Pakistan (fig 1.). It results of the subduction of the Indian plate under Eurasian plate since the late 
Cretaceous (White, 1982; Harms et al., 1982; Platt et al., 1985). Following the CHAMAK data acquisition 
cruise, along the Pakistani active margin (fig.1), several studies have been undertaken as parts of an integral 
project in the aim of understanding the functioning of the Makran accretionary prism.. Among all the 
activities, the analysis of gas samples end cores, the treatment and interpretation of multichannel seismic-
reflection lines, 3;5 kHz profiles and the morphotectonic analysis of multibeam bathymetry data represent the 
main lines of investigation. The purpose of this poster is to present a preliminary interpretation of certain 
seismic lines and results (also preliminar) from the analysis of echo-sounder data. 

 

 
 

Fig. 1. A: Regional tectonic map of Northwest Indian Ocean. Modified after Kukowski et al., 2000) ; B : 
Bathymetric map covered by Chamak survey. 

 
 
SEDIMENTARY PROCESSES AND TRANSFERT 

 
The analyse of 3,5 kHz profiles allowed to determine 7 echo-facies families. Each echo describe 

sedimentary processes and/or sediments occurring on the three provinces highlighted by bathymetric map (fig 
1), i.e the accretionary prism in the north, the Indus deep-sea fan in the south and the abyssal plain wedged 
between the two others. 

 
     The accretionary prism is characterised by perturbed area (ridge, mass wasting, relief/erosion effects) 

and calm area (piggy-back basin) where hemipelagic sedimentation occurs (fig. 2) The abyssal plain is much 
more complex with an important sediment transport in the west part, described by a progressive transition of 
echo-facies from canyon number 4 (fig. 2). The east part, near the discharge system of canyon 5 and 6, is an 
erosive area characterised by instabilities and erosive substratum or coarse sediments. The northern border of 
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abyssal plain, near the front of the prism, is represented by the same echo-facies than piggy-back basins but 
the difference between the two is that turbiditic sedimentation occurs in the abyssal plain contrary to a 
hemipelagic sedimentation. A bathymetric relief of the “Little Murray Ridge” appears in abyssal plain like a 
perturbed area (relief/erosion effects) (fig. 2). 

 
The third province is a non active part of the Indus deep-sea fan which collapse southward in the 

proximity of the transtensive system of the Murray Ridge (fig. 2). Hemipelagic sedimentation is the main 
process occurring in this area, but it is complicated by relief effects link to normal faults along its southern 
border. The northern limit, between deep-sea fan and abyssal plain, is a transition area (combination of 
hemipelagites/turbidites and coarse sediment echo-facies) where slope failures occurs. 

 
 

STRUCTURAL ANALYSIS 
 

Multi-channel seismic reflection lines show the deformation of ocean floor sediments forming a, 
sometimes complex, network of ridges with a conspicuous surface expression. Such deformation results from 
the activity of north dipping thrusts arranged in an imbricate fashion allowing for the thickening of the 
sediment pile toward the continental platform (north). An irregular deformation front is identified on both 
seismic lines and bathymetry as well as important lateral variations on thrusts continuity. Piggy-back basins 
have developed northerly of most of the ridges showing multiple sedimentation-deformation events. 

 
A north-south seismic line has been chosen among all to illustrate several aspects observed in the 

Makran accretionary prism (Fig. 3). A north-dipping regional unconformity, marked by the onlap 
terminations of the overlaying sequence, can be seen near the southern limit of the line. The tilting of this 
surface is a consequence of the flexure due to the charge imposed by the accretionary prism. Above the 
unconformity, a sedimentary sequence is composed of packages of high amplitude and highly continuous 
reflectors (hemipelagic sediments?) and medium to high amplitude and poor continuity reflectors (distal 
turbiditic facies?). This sequence shows little or no flexure and can be recognized to the north deformed by 
the imbricate thrusts described above. A lateral facies variation of the supposed distal turbiditic sequences is 
inferred from the presence of channel-like geometries deformed inside the folds on the imbricate thrusts 
sheets. 
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Fig.2. Echo-facies distribution map in the oriental Makran 
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                   Fig. 3. seismic line through Makran accretionary prism and abyssal plain. 

 
At the foot of the deformation front an active channel can be recognized (on both seismic and bathymetry 

data) showing an onlap filling over an erosive surface. The deformation front, highly variable laterally, shows 
in this section an asymmetric fold that can be modelled as a structure of dominant northward vergence. The 
imbricate system observed north of the front allows for the formation of several piggy-back basins. To the 
south, these basins are small and of limited depth. On the contrary, to the north two wide bassins are present 
showing a history of multiple deformation pulses with several onlap surfaces indicating their progressive 
tilting. 

As in other sectors of the prism, the imbricate system accounts for the important structural relief (~ 2 sec. 
TWT visible in this section) created as a consequence of the off scrapped sediments from the oceanic crust. 

In addition to the work on seismic interpretation, a series of sandbox experiments are being carried out to 
model several aspects of the internal structure observed in the prism. Further steps shall include a more 
complete definition of the structural setting and the kinematic evolution of this part of the prism as well as the 
systematic study of several parameters controlling the external and internal geometry of accretionary prisms. 

 
CONCLUSIONS 

The analysis of sedimentary processes and morphological data allow us to predict that flows in 
provenance of Makran’s coastal rivers are not negligible. Despite this observation, no quantification of 
Makran sediment flux prevents to discuss on an quantification of fluvial sediment supply. 

The seismic reflection lines of the Makran accretionary prism show a wide diversity of processes 
expected to occur in active margins. Among these processes the tilting of oceanic lithosphere supporting the 
prism, the deposition of turbiditic systems and their “rapid” incorporation in the compressive deformation and 
the formation of deep piggy-back bassins showing deformed internal sequences are common to all the seismic 
lines interpreted so far. 
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Getting a geologically realistic seismic image still remains a big challenge in foothills exploration as geology 
displays high structural complexity accounting for strong lateral velocity contrasts, whereas seismic data 
show low signal to noise ratio. Ranges of seismic imaging tools, including time migration, re-datuming, and 
depth migration, have been developed to deal with this. When the velocity variations are strong, depth 
migration is definitely required and directly provides seismic images in depth. However, the construction of 
detailed depth models describing velocity variations is essential.  
This study aims at showing that an improvement of the imaging of complex geological structures especially 
triangle zone regimes is the result of a better understanding of the geophysical origin of seismic wave 
propagation through the subsurface. This is obtained by kinematic and dynamic seismic modeling. In this 
respect, a workflow combining seismic modeling and depth migration is proposed. The modeling results 
should lead to a consistent and accurate structural velocity model of the subsurface, which will be next used 
for depth migration and depth structural model building. A synthetic case study from the Canadian Rocky 
mountains triangle zone and a real case study from the frontal part of the Polish Carpathians are presented, in 
order to illustrate the benefits of this approach. 

Introduction 

Oil and gas exploration in complex structural plays continues to produce huge risks associated with the 
quality of the seismic data. Seismic imaging problems are mainly due to complex structures which 
incorporate units with highly contrasting velocities, have steep dips and are composed of closely spaced folds 
and faults. In the future, the development of new prospects will rely on our ability to detect targets previously 
unrecognized. In thrust belt exploration, we move from surface anticlines to increasingly more complex and 
deeper structures. To reduce the risks in drilling into structural targets, seismic modeling which is the 
simulation of seismic response to subsurface structure is a useful tool. It is a means of defining the limits of 
seismic resolution, assessing the ambiguity of interpretation or making predictions. We will recall the 
geological and geophysical characteristics of triangle zones and present synthetic and real applications of 
combined modeling imaging method. 
  
Geological settings 
 
Triangle zones are particularly prominent at the foothills margin. It appears in areas where conjugate thrusts 
are developed as a result of the compressive stress propagation onto the foreland. A triangle zone or passive 
roof duplex is composed of a sequence of dipping autochthonous rocks juxtaposed against opposite-dipping 
strata contained in imbricate thrust structure. These sequences are usually underlain by relatively underformed 
rocks. The roof and floor of the thrust have opposite vergence, and merge at depth to form a frontal tip line 
that marks the eastern extremity of the intercutaneous wedge (thin passive roof duplex structure at the eastern 
tip of the triangle zone). The wedge will continue thickening and advancing into the foreland basin until a 
critical point along the lower detachment approached. At this critical point, a more external lower detachment 
surface is formed to accommodate the stress field caused by this progress. The deactivated part of the lower 
detachment and strata in its hanging wall are subsequently incorporated into the intercutaneous wedge and the 
process is repeated until a critical taper point is reached, beyond which wedging cannot continue. Then, a new 
upper detachment is developed toward the foreland, along with abandonment of the old upper detachment 
which is passively folded and carried above the stacked horses (figure 2). 
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Seismic imaging difficulties 
 
The quality of the seismic image in thrust belt area is often disappointing. This is linked to the wave field 
physical propagation effects that affect seismic data in complex structures. Several factors reduce the 
effectiveness of seismic methods. Firstly, the poor signal to noise ratio due to the irregularities in near-surface 
structure, the inadequate penetration of energy from seismic sources, the poor geophone coupling on surface, 
and the energy scattering surfaces. Secondly, the large velocity contrasts cause uneven focussing of the 
seismic energy in the subsurface, making the complex geological structure associated with this velocity 
distribution hard to image. Reflecting horizons are affected by shadow zones that might be interpreted as large 
scale faulting or no-data zones. Thirdly, the structural complexity give rise to irregular seismic wave 
propagation. As a consequence, structural seismic interpretation based on conventional time sections is 
difficult. Therefore, depth imaging is the preferred tool in the petroleum exploration of complex areas. 
However, seismic depth migration requires an accurate velocity model to focus the energy and deliver a 
reliable depth image of the subsurface. In this case, seismic modeling is of great interest. For a given 
subsurface depth velocity model, synthetic seismograms are numerically computed and then compared with 
the real seismic data. If the two agree to within an acceptable level of accuracy, the given depth velocity 
model can be taken into being a reasonably accurate model of the subsurface and thus, used for the depth 
migration. Apart depth velocity model building, modeling is also used in complex zones to define the limits 
of seismic resolution, the extent of seismic distortion and assess the ambiguity of interpretation. 
 
Geological modeling workflow 
 
We propose an advanced geological modeling workflow to understand and overcome the poor quality of 
seismic image encountered in complex structures due mainly to the geophysical nature of seismic wave 
propagation. This approach is based on seismic forward modeling techniques and was applied on synthetic 
and real data sets (figure 1). 
As seismic data contains kinematic and dynamic information, seismic forward modeling could be split into 
kinematic and dynamic aspects. Kinematic modeling computes seismic reflection traveltimes and paths. 
These data contain information about the structure and subsurface wave propagation velocities. Whereas, 
dynamic modeling contains information about the reflection coefficient and thus, the amplitude along wave 
path. 
IFP model builder and ray tracer software John is found to be quite appropriate to model complex geological 
features such as triangle zones. Blocky velocity models with simple or complex velocity variations within the 
main sedimentary units are built based on geological framework and seismic time interpretation. With this 
parameterization, structural boundaries are modeled by velocity contrasts. Furthermore, smooth velocity 
models are computed using gradients and smooth velocity variations at boundaries. All these velocity models 
are introduced as input for kinematic and dynamic seismic modeling. The kinematic modeling was performed 
via John by 2-D and 3-D Two Point Paraxial ray tracing which is a suitable ray tracing method for complex 
geological features. Ray path and traveltimes are computed and used to produce synthetic seismic data. The 
dynamic modeling was performed with acoustic wave propagation via finite difference wave equation 
algorithm and is useful for amplitude studies. 
 

 
 
 
 
 
 
 
 

Figure 1: Combined modeling and migration loop 
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♦ 2D-3D synthetic seismic case study 
The synthetic case study is based on a geological model from the Canadian Rocky mountains triangle zone 
(figure 2). The ray path distortion occurring as a consequence of structural dip and complex velocity field 
distribution impacts the seismic image and introduces ambiguity in the seismic structural interpretation. In 
fact, the complicated travel paths of the seismic waves yield pull up effect, shadow zones and geometrical 
deformation of seismic events (figure 3). Another common problem is the incomplete illumination of some 
reflectors due to the high velocity contrast. Furthermore, via the acoustic dynamic modeling we notice that the 
bending of the acoustic waves through the geological structures causes a non-hyperbolic move out which 
implies the use of specific depth imaging algorithms such as Pre-SDM able to handle this problem. 

 
 
 
 

 
 
 

♦ 2D Real case study 
The Outer Carpathians comprise several thrust sheets with the Zglobice and Stebnik units as the most external 
ones. Numerous structural models were proposed for the orgenic front, mostly assuming a classical 
hinterland-dipping imbricate thrust system. An interpretation of new seismic data calibrated by dipmeter data 
proved that the Zglobice unit represents a passive roof duplex occurring in the core of a well developed 
triangle zone (figure 4). 
Thus, a blocky velocity model was built using the time seismic interpretation and the geological framework. 
2-D Two Point Paraxial ray tracing was performed and enables to record propagation time from the sources 
to the main reflectors. These traveltimes are convoluted with a seismic wavelet to obtain synthetic 
seismograms. When these data are coherent with the observed data, the resulted velocity model was smoothed 
and introduced as an input for Post-SDM migration. Thus, an improvement of the image in the depth domain  
led to a better seismic interpretation. 

H-14 

2 

Time 
(s) 

H-14 Pull 

Shadow zones 
1 

Figure 2: Impact Points and traveltimes obtained by zero-offset ray tracing on the Canadian blocky 2-D 
Velocity model. Large velocity contrast and structural complexity caused  ray path distortions. 

Figure 3: Synthetic Seismogram obtained by  kinematic two point paraxial ray tracing modeling. 
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The approach presented here has been shown to be well adapted for representing complex geological 
structures such as triangle zones. We have illustrated the practical used of both kinematic and dynamic 
seismic modeling with the synthetic Canadian Rockies mountains and the real Polish Carpathians models. 
Furthermore, we have highlighted the problems that affect these models. To resolve interpretation 
uncertainties by improving the quality of the seismic image, a combined migration and modeling loop was 
addressed. Based on geophysical and geological framework, a depth velocity model was built for the 
modeling. The synthetic and the real data were compared. When two agree to within an acceptable level of 
accuracy thus, the depth velocity model was used for depth migration and structural model building. 
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Figure 5: Interpreted Post-stack seismic depth image (after krzywiec et al., 2004)  computed using a 
smooth velocity model. 
 

Figure 4: Frontal  part of the Polish Carpathians 2-D depth  blocky velocity model. 
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Foreland of large mountains ranges with their fold-and-thrust belt and flexural basin provide records of the 
history of mountain growth. The Junggar basin, north of the Tian Shan, Western China, is a unique case of 
examples where the development of folding and rate of sedimentation in the flexural basin can be unravelled 
from the sedimentary record.  The Tianshan is a 2500 km long Est-west mountain belt that dominated the 
central Asia topography with summit higher than 7000 m. The range was originally built during Devonian to 
Carboniferous, then reactivated during Cenozoic by the India-Asia collision. On both its northern and 
southern sides the Tianshan present piedmonts composed by series of fold and thrust belts with excellent 
surface exposures. Deep structures are constrained by seismic lines run for gas and oil exploration. We 
combine structural model of the piedmont and foreland basin with chronological constraints on the 
stratigraphy derived from magnetostratigraphic sections. It turns out that reactivation of the Tian Shan started 
about 15Myr ago and that deformation rates increased significantly by about 11Ma.  
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Introduction 
A typical thin-skinned fold-and-thrust belt has the form of a triangular wedge, above a basal detachment. If 
the apical angle of the wedge is small, this means that there is little resistance to shear at the base (Dahlen, 
1990). The lubricant may be either a ductile layer or fluid overpressure. Of the many mechanisms that account 
for overpressure, the commonest would appear to be compaction and hydrocarbon generation (Swarbrick and 
Osborne, 1998). The former becomes less significant, as the potential source rocks become old and lithified. 
A good case for hydrocarbon generation can be made in some foreland fold-and-thrust belts, where source 
rocks are old, petroleum systems are young, ductile layers are absent, and outcrops are of good quality 
(Cobbold, 1999). 

 
Northern Alaska 
In Northern Alaska (Fig. 1), thin-skinned thrusting has accompanied clastic sedimentation since the Late 
Cretaceous (Bird and Molenaar, 1992; Bird, 1994).   

 
Fig. 1. Northern Alaska. Structural map (centre) shows thick-skinned Brooks Range (including NE Salient), thin-skinned 
fold-and-thrust belt, wells (Tunalik and Inigok-1) and hydrocarbon domains (where white contours are for vitrinite 
reflectance in %). Cross section A-B (bottom) shows thin-skinned folds and thrusts, detachment in Jurassic rocks, and 
vitrinite contours (Ro). Data are from Bird and Molenaar (1992), Bird (1994) and Montgomery (1998). Charts (top) 
illustrate burial history for NE Salient (after Parris et al., 2003), pressure profile for Tumalik well (after USGS, 2004) 
and events chart for main petroleum systems (after Bird, 1994).  

 

The thrust wedge has a very small apical angle. It has detached on Jurassic strata, which are recognized 
source rocks for hydrocarbons (Montgomery, 1998). In the oil-bearing foreland bulge, the source rocks are 
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immature, whereas in the thrust wedge, they reached the oil and gas windows in the Late Cretaceous (Bird, 
1994; Parris et al., 2003). Thus generation and migration were coeval with detachment. The deformation front 
marks the leading edge of the gas window. Deep wells (such as Inigok-1) have encountered lithostatic 
overpressures within source rock (Law and Spencer, 1998; USGS, 2004). Hydraulic fractures of Late 
Cretaceous age contain inclusions of thermogenic gas (Parris et al., 2003).  

 
Central Sub-Andes 

In the Central Sub-Andes (Fig. 2), thin-skinned thrusting has accompanied clastic sedimentation since the 
Pliocene (Dunn et al., 1995; Husson and Moretti, 2002; Etchavarria et al., 2003). 
 

 
Fig. 2. Central Sub-Andes. Map shows deformation front (red line), and depth to detachment in km (white numbers), 
against background of shaded relief. Data are after Dunn et al. (1995), Baby et al. (1995), Echavarria et al. (2003), and 
Husson and Moretti (2002). Cross section (A-B) is after Echavarria et al. (2003). Events chart and burial history are after 
Dunn et al. (1995).  

 

 
 

The resulting thrust wedge has a very small apical angle  (Cobbold, 1999). The main detachment is in 
Silurian shale, but there is a secondary detachment in Devonian shale. Both are recognized source rocks 
(Dunn et al., 1995). In Pliocene times, the former reached the gas window, as the latter reached the oil 
window (Dunn et al., 1995). Thus generation and migration were coeval with detachment (Cobbold, 1999). At 
a depth of 7 to 8 km, the deformation front marks the leading edge of the gas window (Fig. 2). Wells have 
reached high overpressures within Devonian shale (Dunn et al., 1995; Law and Spencer, 1998). 
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Tierra del Fuego 
In Tierra del Fuego (Fig. 3), thin-skinned thrusting was coeval with clastic sedimentation from Late 
Cretaceous to Miocene times (Alvarez-Marrón et al., 1993; Diraison et al., 1997). 

 
 

 
 
Fig. 3. Tierra del Fuego. Map shows thrusts (red traces and triangles), and boundaries (white lines) between zones where 
source rock is immature, or has produced oil, wet gas, or dry gas (after Pittion and Gouadain, 1992; Diraison et al., 
1997). Cross sections (A-B and C-D) are after Alvarez-Marrón et al. (1993) and Diraison et al. (1997), respectively. 
Events chart is after Pittion and Gouadain, 1992).  

 
The resulting thrust wedge has a very small apical angle. The main detachment is in Early Cretaceous 

marine shale, which is a recognized source rock (Pittion and Gouadain, 1992). In the foreland, it is immature, 
whereas in the foothills it reached the oil window in the Miocene. Thus generation and migration were coeval 
with detachment. At a depth of 3 km, the deformation front marks the leading edge of the oil window. Wells 
have reached high overpressures within the source rock (Law and Spencer, 1998). 
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Fold and thrust belts deform generally during a short period of time (few tens of millions years) in 

an rather homogeneous strain field. However the complete structural evolution of these provinces is much 

longer and they have suffered several early mild  tectonic events inducing faults that control at different 

degrees the subsequent compressional structures. In areas such as the frontal part of the Southern Bolivian 

Andes, folds and thrusts  are very cylindrical and structures seem to develop in a simple forward imbricate 

thrust system which is mainly controlled by the depth to a gently dipping planar detachment. On the 

contrary,  the architectures of  several mountain belts  like the  Colombian Eastern Cordillera, the 

Venezuelan Merida Andes, the French Subalpine Massifs, ...  are directly controlled by early extensional or 

strike- slip fault systems. Reactivation of former faults is directly dependent upon their attitude with respect 

to the main regional compressional stress field but also dependent upon their locations in the strain  field. 

Passive transport , folding  or reactivation of early faults (normal and strike-slip) is documented at various 

scales. Even if they are not directly reactivated, the early faults which control the horizontal and vertical 

distribution the  of the potential detachment horizons, have a direct incidence on the fold and thrust 

geometry. Any regional or local change in the architecture of the belt must be considered as  potentially 

induced by inherited structures.    

Balanced cross-sections, palinspastic reconstructions as well as sandbox experiments clearly 

demonstrate the structural control of early faults  However, because of the strong overprint of the fold and 

thrust structures their role is  generally disregarded or underestimated while they constitute one of the main  

key for the complete understanding of the structural evolution of compressional belts.   
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Introduction 
 
This paper is a synthesis of a study carried out to understand and quantify the petroleum system related to the 
Madrejones structure, located in the leading edge of the Subandean Thrust Belt, in the Southern sector of 
Bolivia. In particular, the overpressure regime was an important issue of the study.  
The work flow used to understand this complex geological feature was: (1) structural analysis and cross-
section balancing, (2) reconstruction of the thermal regime, (3) calibration of the overpressures and (4) 
evaluation of the hydrocarbon migration.  
 
Known elements of the petroleum system  
 
The existence of gas accumulations in the Palaeozoic reservoir proves the existence of a petroleum system in 
the area. This petroleum system is characterised by more than one source rock, at least two reservoir levels 
and various seals.  
The proven source rock in the area is Los Monos (Mid-Devonian). Two other probable source rocks are Icla 
(Low-Devonian), and Kirusillas (Silurian). The kerogen is a marine type II/III and the TOC is around 1 wt%.  
The reservoir levels involved in this study are the Devonian sandstones of Huamampampa and Icla and the 
Low-Devonian – Up Silurian sandstones of Santa Rosa.  
The thick shale section of Los Monos is the main regional seal, which contributes to create and preserve the 
overpressure observed in this area. The shale layers of Icla and Kirusillas are also good local seals.  
 
The construction of the 2D balanced cross-section.  
 
The 2D structural cross-section was built from a 2D seismic line extracted from a 3D seismic cube. This 
section is perpendicular to the axis of the structure and almost parallel to the direction of the regional 
compression (Fig. 1).  
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Figure 1: Lithology and structure at 0 MA. 

 
 
The structural interpretation was validated through the restoration and balancing of the section. Therefore, a 
deformation sequence chronology was proposed.  
The thrusting and folding of the Devonian and Carboniferous layers are not the result of one single structural 
event. The first event happened around 5 Ma ago and structured the Devonian layers with a detachment level 
located around the base of the Silurian rocks. This first event is followed by the activation of a second 
detachment level placed inside the shale of Los Monos Formation. 
 
Reconstruction of the thermal regime 
 
The thermal regime reconstruction consists in the calibration of the heat flow history. The calibration is done 
against temperature and maturity data measured in wells. A general evolution of the heat flux is determined 
with respect to the geodynamical evolution of the studied area. 
A good calibration is reached with the following thermal history:  
Cold regime during the Palaeozoic and the Mesozoic with a heat flux around 40 mW/m²;  
A rifting event that took place in a region near the study area at the end of the Cretaceous with a heat flux 
around 75 mW/m²;  
Since the end of the Tertiary to the present an average heat flux around 65 mW/m2 has been calibrated in 
order to respect the present day thermal gradient around 28 °C/km;  
The ice period at the end of the Palaeozoic (265 – 346 MA) has been accounted for by the reduction of the 
surface temperature.  
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Figure 2: Pressure calibration and overpressure profile. 

 
 
Reconstruction of the overpressure regime 
 
The pressure regime is characterized by high overpressure in the Silurian and Devonian levels. The regional 
seal of Los Monos is the main permeability barrier. As a consequence, the fluids cannot escape from the 
Huamampampa reservoir level and the overpressure can reach values up to 50 MPa (Fig. 2).  
The overpressure modelling shows that a smooth increase of the overpressure is observed during the 
sedimentation of Los Monos during the Palaeozoic. After that event, the system relaxed and went back to a 
hydrostatic normal pressure. The overpressure increased drastically during the Tertiary thrusting, as a result of 
the overburden caused by the very rapid sedimentation of the Tertiary molasse.  
 
Hydrocarbon Generation and expulsion 
 
The Kirusillas source rock is completely mature since 240 Ma, while Icla reached a TR of 100% at the 
beginning of the Tertiary (around 50 Ma). The Los Monos source rock has been mature since 20 Ma in this 
area (Fig 3). Since the structure is young (less than 5 Ma), it should be noticed that the source rocks have 
generated their potential before the deformation. 
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Figure 3: Transformation ratio in the present. 

 
 
In this study the expulsion occurs when the hydrocarbon saturation reaches a given threshold. With a 
threshold set to 15%, the three source rocks began to expel hydrocarbons before the creation of the structure. 
Thus the presence of hydrocarbon in the structure could only be explained by remobilisation from previous 
trap or by late expulsion of the remaining hydrocarbons in the source rock. These two scenarios could not be 
tested within the frame of this study. 
 
Conclusions 
 
The use of a 2D basin model able to account for folding and thrusting allowed us to build a consistent 
scenario including the structural evolution, the thermal reconstruction, the overpressure generation and the 
hydrocarbon maturation, expulsion and migration.  
The resulting model is well calibrated against the observed data. The temperature, maturity and pressure data 
are well reproduced in the area of the study. 
Maturation of the source rock is older than the deformation time. The classical approach that considers a 
saturation threshold to simulate the expulsion of the hydrocarbon should be used with care in this area. 
Indeed, the hydrocarbons may have been trapped and then remobilised during the last 5 Ma or late expulsion 
of non-expelled hydrocarbons might have occurred during thrusting.  
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Using a multi-method geochronology and thermo-chronometry approach, we attempted to 
reconstruct and constrain the thermo-tectonic history of the Central Asian mountain belts and show the 
potential of this approach in the research of thrust belts and orogens in general. A wide area in Central Asia is 
subjected to active tectonic deformation as a distant effect of ongoing indentation of the Indian plate into the 
Eurasian continent (fig. 1).  
 

 
 
Figure 1: Major tectonic features in Central Asia: ATF = Altyn Tagh Fault, GLD = (Mongolian) Great Lakes 
Depression, IRF = Irtysh Fault, KKF = Karakoram Fault, MBT = Main Boundary Thrust, RRF = Red River Fault, TFF = 
Talas-Fergana Fault, WSF = West Sayan Fault. Boxes delineate sample areas for this case study. 
 

As a consequence, the world’s largest system of intracontinental mountain belts has developed 
between the Pamirs and the Baikal rift zone, stretching for over 5000 km (Molnar and Tapponnier, 1975). The 
general morphology of this Late Cenozoic Central Asian Deformation Zone (CADZ) can best be described as 
a series of distinct mountain belts, e.g. the Tien Shan and Altai-Sayan, alternated with large, relatively 
undeformed basins, e.g. Tarim and Junggar. The latter frequently serve as foreland basins to the growing 
intracontinental mountain belts and are underlain by rigid (microcontinental), crystalline basement. At their 
margins, the Meso-Cenozoic cover of many of these basins is often overridden and deformed by thrust sheets 
from the adjoining intracontinental mobile belts. This is well illustrated by the Tien Shan for example, in 
north-south cross-section, the mountain belt as a whole is a pop-up or flower structure, with northward 
dipping thrust faults along the southern border with Tarim, and southward dipping thrust planes at its northern 
border with the Junggar Basin. Deformation and mountain building in the CADZ is constrained along such 
thrust faults, but also along vast strike-slip faults, leading to a regional transpressive tectonic regime. These 
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fault zones generally represent ancient sutures zones or other inherited zones of weakness in the lithosphere 
and hence form prime sites for tectonic reactivation. 

The aforementioned ancient structural fabric was largely constructed during the Paleozoic growth 
of the Eurasian continent with the Siberian craton as rigid core. A wide variety of tectonic units ranging from 
microcontinents to seamounts were accreted to Siberia-Eurasia, while the widespread emplacement of huge 
volumes of crustal magma’s added to the growth of the continent. Late Paleozoic-Early Mesozoic large-scale 
strike-slip deformation increased the complexity of this intricate tectonic mosaic even further (�engör et al., 
1993). 

During the Mesozoic, many of the Central Asian Paleozoic belts became reactivated and renewed 
denudation-erosion of these belts resulted in the deposition of thick clastic sequences in the adjoining foreland 
basins, as well as in newly forming, fault-controlled intramontane basins. This is very clear for example in the 
Tien Shan area and the adjoining Tarim and Junggar basins and the Altai Mountains with the adjacent 
Mongolian-Siberian basins and the Junggar basin. The driving forces for this tectonic reactivation are 
generated by the continued growth of the Eurasian continent with a variety of Mesozoic collision-accretion 
events of different scale at its southern margin. In the case of the Tien Shan, Mesozoic reactivation is 
contemporaneous with the Cimmerian orogeny, associated with the accretion of the Cimmerian units, in 
particular the Tibetan Qiangtang and Lhasa units, at the active Tethyan margin of Eurasia. Reactivation of the 
Altai belt in the Late Jurassic-Early Cretaceous is possibly related to collision of the amalgamated Siberian 
continent with a composite of North Chinese-Mongolian terranes. The ensuing Mongol-Okhotsk orogeny 
seems to have propagated deformation as a far-field effect to the Altai belt. 
Widespread peneplanation during a Late Cretaceous - Paleogene period of stability affected Siberia and 
Central Asia. An associated peneplanation surface can be traced in the entire region. This surface was 
abruptly deformed at the onset of the modern tectonic reactivation of the CADZ as explained above. This Late 
Cenozoic building of the CADZ in the framework of ongoing India-Eurasia convergence seems to follow a 
north-south trend (De Grave et al., in press), with activity in the southern realm, e.g. in the Tien Shan, being 
evident since the Late Miocene (~15 Ma ago), while to the north, in the Altai area for example, mountain 
building and denudation seems to be constrained to the Plio-Pleistocene (~5 Ma) (De Grave and Van den 
haute, 2002). 

We use a multi-method chronometric approach in order to confirm, refine and further constrain the 
(thermo-) tectonic evolution of the CADZ, focusing on two regions: the Siberian Altai Mountains and the 
Kyrgyz Tien Shan. Appropriate mineral species for each method were separated from basement rock samples 
(mainly granitoids and gneiss) from the Siberian Altai Mountains, in particular from the Teletskoye graben 
area in the NE of this mountain belt (fig. 1). Our study areas in the Kyrgyz Tien Shan are located in the 
northern Tien Shan batholith and microcontinent, mainly around the Issyk-Kul basin (fig. 1). 
Using U/Pb SHRIMP-RG dating, zircons from post-collisional and batholithic granitoids from both Central 
Asian belts were analysed. Their Late Ordovician-Early Silurian formation (crystallization) ages are 
remarkably similar and attest to the widespread growth and accretion of the Eurasian continent. We find ages 
ranging between 417-461 Ma for the Altai samples and 420-459 Ma for the Tien Shan zircons (fig. 2). During 
this time, several collision events took place in the Altai (Mongolia-Altai and Tuva-Mongolia microcontinents 
docked with Siberia) and subduction of the Tien Shan Ocean emplaced the northern Tien Shan batholith. 
The “post-magmatic” and pneumatolitic cooling of these granitoids can be reconstructed by using 40Ar/39Ar 
dating on several mineral species with different closure temperatures (TC) for Ar-mobility. We used 
hornblende (TC ≈ 500-550°C), muscovite (TC ≈ 350°C), and biotite (TC ≈ 250-300°C) to constrain this cooling 
in time (fig. 2). For the Altai samples we find a rapid Late Devonian-Early Carboniferous cooling 
approximately between 350-390 Ma, while a Late Permian (~260 Ma) event might indicate the timing of 
regional Permo-Triassic strike-slip deformation during Pangea assembly. For the Tien Shan the results gave a 
less high-resolution picture, but generally are similar again, and are roughly situated between 360-400 Ma. 
The Permian event is not recognized, on the contrary, the Tien Shan samples show further cooling from the 
Late Carboniferous through the Triassic (~360-200 Ma) as shown by K-feldspar 40Ar/39Ar analysis (fig. 2). 
We should mention here that the samples from the Tien Shan batholith are clearly from a large, undeformed 
granitic pluton, while the Altai samples were collected from smaller igneous complexes, separated by large 
strike-slip and shearzones. 
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Figure 2: General time-temperature models for the Siberian Altai Mountains, Teletskoye region (top) and the Kyrgyz 
Tien Shan, Issyk-Kul region (bottom). Crystallization ages of the igneous basement rocks are given by U/Pb SHRIMP-
RG dating of zircon, subsequent ‘post-magmatic’ cooling ages are obtained by 40Ar/39Ar chronology on various mineral 
species (hornblende, muscovite, biotite, K-feldspar). Apatite fission-track thermochronology and thermal history 
modelling reconstructs the low-temperature history of the study areas. The apatite (U-Th)/He method is used to constrain 
the thermal histories at shallow-crust to ambient temperatures. 
 
 

The low-temperature history of both areas was investigated by means of an extensive apatite 
fission-track (AFT) study. For the Altai samples we found Late Jurassic to Cretaceous apparent AFT ages of 
~160-65 Ma. AFT lengths clearly show signs of prolonged thermal shortening and numerical modelling of 
this data yielded a rapid Late Jurassic-Early Cretaceous cooling, a Late Cretaceous to Early Neogene period 
of stability and a final, Plio-Pleistocene (~5 Ma) cooling to ambient temperatures (fig. 2). Late Jurassic-Early 
Cretaceous cooling can be related to denudation of the ancestral Altai Mountains during the Mongol-Okhotsk 
orogeny and the formation and subsidence of large orogen-adjacent basins that accumulated the clastic 
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sediments derived from the growing ranges. The Late Cretaceous to Early Neogene period of stability 
corresponds well with the development of a coeval regional peneplanation surface. The recent, Late Cenozoic 
and still active building of the modern Altai Mountains and its resulting denudation can be linked to the 
young rapid cooling event exhibited in our model (fig. 2). Preliminary apatite (U-Th)/He dating corroborates 
the Mesozoic events (ages between 70-180 Ma), but hitherto fails to underpin the Late Cenozoic cooling. 
Nevertheless, a multitude of tectonic and sedimentologic evidence supports the results obtained from AFT 
modelling. 

This low-temperature evolution is comparable to that of the Kyrgyz Tien Shan. Apparent AFT ages 
also vary generally between ~160-65 Ma, although on average, slightly older ages are recorded. Again, AFT 
lengths clearly show signs of prolonged thermal shortening. Modelling reveals a rapid Jurassic-Early 
Cretaceous cooling, a Late Cretaceous - Paleogene period of stability and a final, Late Miocene to Recent 
(~15 Ma) cooling to ambient temperatures (fig. 2). Also, a small Oligocene (~20-40 Ma) reheating event is 
shown. The Mesozoic cooling seen in our modelled time-temperature paths is interpreted as denudation of the 
Tien Shan during the Cimmerian orogeny. As a distant effect of collision of the Tibetan units, the Tien Shan 
mobile belt was reactivated and subjected to erosion and denudation. The resulting sediment load was 
deposited mainly in the flexural foreland basins of Tarim and Junggar. The Late Cretaceous - Paleogene 
period of stability here is also linked to regional tectonic quiescence and peneplanation. Onset of the building 
of the modern Tien Shan is earlier with respect to the Altai and starts around 15 Ma ago. This suggests that 
CADZ reactivation in the framework of India-Eurasia convergence is progressively younger to the north. 
Finally, an Oligocene reheating event is shown locally for some samples around Issyk-Kul basin in the NE 
Kyrgyz Tien Shan. It is probably associated with a local geothermal gradient increase during Oligocene 
emplacement of diabasic rocks in the immediate vicinity of the sample localities. 

Multi-method chronometry has confirmed and refined the tectonic evolution of Central Asia, and 
has constrained some of the key events in time. The results presented here are part of a more extensive 
regional study, but show the potential of this approach, not only for the area under investigation, but also for 
the research of thrust belts and mountain belts in general. 
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Flow lines describing the Africa motion relative to Eurasia show clearly a N-S convergence since the end of 
the Mesozoic (Dewey et al, 1989, Rosenbaum et al., 2002). The Iberian Peninsula, the Iberian Plate or simply 
Iberia, has been thereafter continuously subjected to compression and related crustal shortening. This plate 
convergence is the origin of the unusually vigorous relief of its interior and of its intraplate tectonic frame (De 
Vicente et al. 2004). 
The most part of this convergence is assumed at the Cantabrian-Pyrenean border, the Africa-Eurasia plate 
boundary during the Palaeogene, causing A type subduction and subsequent collision in the Pyrenees. As a 
result of this collision, the deformation is transferred both to the interior of Iberia and to the Cantabrian 
segment of the plate boundary. In this latter region, strain is localized mainly along the Cantabrian Thrust, a 
crustal-scale underthrust with the same polarity of the Pyrenean subduction (Pulgar et al., 1996). During and 
chiefly after the Pyrenean collision, part of the convergence is also assumed in the interior of Iberia, the lower 
plate. This causes the inversion of a former Mesozoic intracontinental rift, the building of the intraplate 
Iberian Chain, and the deformation of the Variscan crust, the Iberian Massif, by means of basement uplifts 
and strike-slip fault corridors.  
In the Iberian Chain, the convergence is assumed in the previous extended crust by the inversion the main 
normal faults. Nevertheless, a strong lateral component, due to its oblique position, must be envisaged during 
this inversion process. In fact, tectonic analysis, and vertical-axis paleomagnetic rotations (Juarez et al., 
1998), show a clear transpressive deformation in both Castilian, southern, and Aragonese, northern, 
distinctive branches of the chain.  
With regard to the Iberian Massif, part of the deformation is nucleated along the left-handed stike-slip fault 
corridors of Regua-Verín and Vilariça, two confined strike-slip belts, that transfer part of the shortening at the 
Cantabrian boundary to the main basement uplift of the interior, the Central Syatem, (Vegas et al., 2005). The 
other part of the deformation is accommodated in several basement uplifts corresponding to the already 
mentioned Central System, to the Toledo-Villuercas mountain alignment and to the Sierra Morena. These 
basement uplifts have been ascribed to a process of lithospheric folding (Cloething et al., 2002). This 
ascription is based on results of a spectral analysis of gravity and topography of central-western Iberia that 
point to the existence of a dominant wavelength of 200 (±50) km in both the topographic and gravity 
undulations. The gravity power spectra also show a large wavelength of at least 500 km, which probably 
reflects the high average elevated base level of Iberia, with a steep contrast at the borders. These 
characteristics of the signal spectra has been interpreted as a process of lithospheric folding in response to 
Alpine tectonics. The presence of different wavelengths in the gravity and topographic signal could be related 
with mechanical decoupling of the lithosphere. Short wavelengths are related with crustal folding controlled 
by the elastic thickness of the lithosphere and previous mechanical discontinuities.  
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Figure 1: Stress pattern trajectories (Shmax) and main structures surrounding Iberian Peninsula during Eocene.  
Moreover, this regular pattern of intraplate deformation is coherent with a broad zone of accommodation of 
the convergence in the lower plate, i.e. the great African Plate plus the Iberian promontory. In this context, the 
convergence was accommodated in several subparallel basement uplifts, or plis-de-fond, in the Variscan 
massifs of both the Iberian Peninsula and northern Africa  (Spanish Central System, Montes de Toledo, 
Sierra Morena, Djibelets, Anti-Atlas). Thereafter, inside this lower plate, deformation is localized along the 
previous stretched zones  the Mesozoic rifted basins that were inverted to form the Iberian and Atlas chains 
 as well as along other fault zones inherited either from the Variscan deformation or from the successive 
stages of the opening of the Atlantic. Furthermore, it is generally accepted that the final uplift of all of these 
chains postdates the collision in the Pyrenees and thereafter one can relate undoubtedly this distributed 
intraplate deformation to the Pyrenean orogen, the main source for stress transmission processes from the 
Iberia-Europe plate-boundary. From this intraplate pattern, a solid attachment of Iberia to Africa can be 
inferred. This mechanical coupling is also needed to produce lithospheric and crustal folds in studied finite 
element modelling. 
The solid attachment of Iberia to Africa during the Tertiary is also supported by palaeomagnetic data from 
recent studies on rocks of two Lower Jurassic great dolerite dykes of Spain-Portugal and Morocco  
Plasencia-Messejana and Foum Zguid  (Palencia et al., 2003; Palencia, 2004, unpublished Thesis). These 
data indicates that no substantial latitudinal motion has occurred between the African and Iberian plates since 
the last 200 Ma, the age of the intrusion of the dykes. This is inferred from the fact that the rocks of both 
dykes yield an identical palaeomagnetic pole. This precludes any latitudinal motion between them since the 
earliest Jurassic.  
The tectonic consequences of this palaeomagnetic study indicate that the Mesozoic Africa-Iberia relative 
motion must be purely longitudinal, since this kind of motion cannot be detected because of the geocentric 
axial dipole nature of the geomagnetic field. This agree with the transform-like motion along a roughly E-W 
plate-boundary. On the contrary, a significant north south directed convergence, and hence substantial 
latitudinal motion, must be discarded if one takes into account the palaeomagnetic data (Vegas et al., 2005). 
Indeed, there is a good concordance between the APW paths of Africa and Iberia for the Tertiary (Palencia 
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2004, unpublished Thesis), indicating that no important relative motion, in the paleomagnetic sense, has 
occurred at the boundary between Africa and the Iberian Peninsula since the Eocene. 
Within this constrictive frame, tectonic analysis of both strike-slip and main thrusts in the interior of Iberia 
shows a coherent distribution of stress trajectories for the Palaeogene-Upper Middle Miocene stage of 
Eurasia-Africa convergence (Fig. 1). This paleostress configuration is coherent with: a) the clockwise rotation 
from N-S to NE-SW of the main strike-slip faults (Pontevedra-Padrón, Regua-Verín Vilariça, Plasencia); b) 
the persistence of the �y N-S direction only in the central part of Iberia and its progressive rotation to a NW-
SE orientation near the Atlantic coast; c) the coeval building of the Portuguese Central System and southern 
Galicia sierras (NW-SE directed �y); d) the simultaneous influence of an indent-like collision in the Pyrenees 
and the ridge-push of the Mid-Atlantic divergent plate-boundary. In the Iberian Chain, the N-S orientation of 
�y explains most of the important thrusts in the Iberian Chain (Cameros, Utrillas), the transpresive character 
of area close to the Central System (Castilian Branch) and the westward escape of the Altomira Range.  
The main consequence of this paleostress reconstruction is the convergence of stress trajectories in the interior 
of Iberia during the Oligocene-Lower Miocene time span (centripetal �y). In this context, the sense of the 
tectonic transport (the main vergences) in the basement elevations and strike-slip faults of the Iberian foreland 
is centripetal, towards the Duero and Tagus basins. A neutral point of stresses appears necessarily in the 
peninsular interior of Iberia, implying some deformation constrictive conditions for the intraplate 
deformation. In these circumstances almost every discontinuity is potentially active, so the presence and the 
orientation of pre-existing first order faults (discontinuities affecting the entire upper crust ) can nucleate the 
deformation imposing the stresses characteristics and the local tectonic transport directions .  
Moreover this paleostress configuration can explain the results of paleostress analyses carried out in Iberia, in 
which almost always there appear four distinct �y maximums: N-S, NE-SW, E-W and NW-SE. They would 
reflect an different underlying fault pattern. It can be concluded that the main deformation in the interior of 
Iberia would be the result of a single process accompanied by some constrictive deformation conditions, such 
the mechanical coupling between Africa and Iberia and the appearance of a stresses neutral point in the 
peninsular centre during the Oligocene-lower Miocene. Thus, the results of the stress inversion tensorial 
analyses , very abundant in the Iberian Range, ought to be interpreted as a deformation partitioning process in 
the sedimentary cover, induced by basement structures, rather than as the activity of successive tectonic 
phases.  
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Introduction 
In a joint research project, K.U.Leuven and Institut Français du Pétrole (IFP) researchers have been studying 
fluid migration and hydrocarbon occurrences in Foreland Fold and Thrust Belts (FFTB) worldwide (Albania, 
Algeria, Canada, Mexico, Pakistan, U.A.Emirates, …) over the last 7 years. A combination of structural, 
petrographic and geochemical tools has been used in these different FFTB’s to constrain fluid migration 
(aqueous as well as organic fluids) and its effects on reservoir characteristics. One of the main questions to be 
addressed is whether thrust/fault zones and over- and underlying strata represent one open or two more or less 
separate hydrogeological systems. The open system is from exploration point of view more interesting 
because fluids that are not in equilibrium with reservoirs are likely to alter these rocks by cementation, 
dolomitization, secondary porosity development etc. Study of the literature indicates that synkinematic 
fractures in a compressional tectonic regime are often filled with fluids that are geochemically buffered by the 
host-rock. By contrast, open systems with large fluid fluxes and mass transfer are frequently present along the 
main thrusts and shear zones (e.g. Kirschner & Kennedy, 2001).  
The aim of present study is to unravel the relation between fluid flow in a décollement horizon and in 
overlying units of an accretionary wedge. The Iudica-Scalpello units in the front of the Sicilian wedge offer 
an ideal study area because of the co-occurrence of good outcrops of the décollement zone and overlying 
Mesozoic Neotethyan basinal series.  
Geological setting 
The Sicilian subduction complex was formed during the Mio-Pliocene due to the convergence between the 
African and European continent. In the front of the complex, an exposed still active accretionary wedge is 
present and duplexes mainly consist of Neogene sediments. Southward transport took place on a tectonic 
mélange of Cretaceous-Eocene age (mélange varicolore) (Roure et al., 1990). Our study focuses on Mesozoic 
Neotethyan pelagic sediments (Iudica-Scalpello units) that were incorporated in the wedge by means of 
tectonic underplating (Roure et al., 1990). Sampling and fieldwork focused on two strongly fractured and 
veined lithologies with emphasis on the first one: thinly bedded cherty carbonate mudstones (Upper Trias) 
and red marly ‘Scaglia’ strata (Eocene).  
Outcrops of Mesozoic basinal units are scattered in three EW trending belts that are cut by mainly NS 
oriented lineaments (with variations of 45° in both directions). The lineaments are characterized by intense 
calcite mineralization. Two contrasting hypotheses can be put forward to explain the origin of these 
lineaments: 1) EW extensional movements related to the opening of the Ionian basin and the Malta 
escarpment during the Eocene (Barrier, 1992). 2) Fault structures are formed in relation with large-scale 
rotations (up to 100°) during the Neogene compressional regime (Speranza et al., 2000). Guarnieri (pers. 
comm.) confirms rotations in the studied area of 30 to 40°, based on structural associations. Second 
hypothesis is favoured by the fact that lineaments occur also but to a lesser degree in the Neogene deformed 
sediments. 
Fluid flow in the mélange varicolore 
In a microthermometric study performed by Larroque et al. (1996), fluid flow in the mélange varicolore main 
thrust zone was reconstructed. The mélange varicolore is characterized by typical "blocks-in-matrix" texture 
and consists of a clayey matrix with dispersed blocks of chert and carbonate mudstone. The blocks have 
experienced intensive hydrofracturing and hydrofracture cements were precipitated from low saline fluids. 
Homogenization temperatures show an increase with time from ± 80°C for oldest quartz cements, between 80 
and 120°C for Fe-poor and between 150 and 200°C for the youngest Fe-rich calcite cement. Petrographic and 
geochemical analyses performed by Dewever et al. (submitted) further constrained the fluid origin. Based on 
the stable isotope signatures of calcite cement and the precipitation temperatures from the microthermometric 
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study of Larroque et al. (1996), and using the formula of O'Neill et al. (1969), meteoric nature of the fluids 
involved can be excluded. The stable isotope data, together with the occurrence of mélange varicolore mud 
volcanoes in the wedge and high Fe and Mn contents in the calcite cements, derived from interaction with 
clays, support a clay dewatering origin of undercompacted mélange varicolore for the fluids migrating in the 
décollement horizon. Mesozoic Iudica-Scalpello units were never buried below 4 km (Roure et al., 1990) 
although Larroque et al. (1996) observed homogenization temperatures (up to 180° C) that suggest deeper 
burial. Therefore, Larroque et al. (1996) hypothesized focused fluid flow of hot fluids from deeper crustal 
levels along the décollement horizon. These hot fluids were mixed with fluids derived from dewatering of 
undercompacted clays and both contributed to the fluid flow in the mélange varicolore.  
Fluid flow in the Mesozoic basinal units 
Field and petrographic observations enabled the differentiation of four vein generations in the Mesozoic 
basinal units.  
a)  Very thin veinlets with Fe-poor calcite cement. They are cut by horizontal burial stylolites and are almost 
always vertical with respect to the latter. They are contemporaneous with the burial stylolites and most likely 
formed during burial under principal vertical stress (σ1).  
b) Vein generation two consists of veins that are mostly perpendicular to bedding with vary-ing thickness (0,2 
to 6 cm). Their orientations and the frequent occurrence of slickenfibers suggest that they were formed during 
folding and deformation (Twiss & Moores, 1992).  The veins are filled with Fe-rich calcite cement with 
occasionally Fe-poor calcite cement at the outer rim of the fractures, reflecting reopening of generation a) 
fractures. 
c) Numerous thick calcite veins (up to several dm in width) occur with dominantly NS orientation. They are 
subvertical to bedding and cemented with Fe-rich calcite crystals.  
d) At least two outcrops show completely fractured strata where carbonate mudstone angular clasts occur 
within a matrix of Fe-rich calcite cement. Some samples show on their outer rim alternation of Fe-poor and 
Fe-rich calcite cement. Occasionally, fluorite crystals occur in these veins. Their cubic habit suggests 
precipitation in open cavities. Part of the crystals is corroded, indicative for a phase of dissolution before 
calcite precipitation. Vein generations a) to c) occur within the clasts. This suggests that brecciation and 
associated fluid flow occurred during the last stages of deformation. The presence of fluorite shows that also 
more exotic, possibly hydrothermal fluids were transported.  
Vein generation a) was formed during burial while vein generations b) to d) were formed during 
compressional deformation. However, their mutual temporal relationships are not so clear. 
The calcite cements in the four types of fractures are often turbid due to the presence of small clay or 
mudstone inclusions. The cements mostly have a sector-zoned dull orange to brown luminescence. The 
carbonate mudstone host-rock displays an identical slightly brighter luminescence. Calcite crystals are often 
pervasively twinned and crystals show a broad range in size from several mm to less than 40 µm. Large 
crystals sometimes pertain to two crosscutting veins. All these features suggest rather strong low-temperature 
recrystallization of calcite cement (Dewever et al., submitted, Kennedy & White, 2001). Twin morphology 
indicates that recrystallization occurred below 170°C (Ferrill et al., 2004). 
 
Results from stable isotope analysis of vein calcite cements (generation b) to d)), Triassic mudstone and 
Scaglia marly host-rocks are given in figure 1. The stable isotope signatures for oxygen and carbon suggest 
strong host-rock buffering effect for the sampled vein generations, probably caused by intense water-rock 
interaction. Even generation d) breccies veins that are typically associated with rapid fluid flow and which 
show evidence of exotic fluid flow (cfr. fluorite precipitation) show calcite values that are similar to the host-
rock. Veins clearly inherited the δ13C signature of their enclosing host-rocks. Most veins have also similar 
δ18O signatures as the host-rock and the normal Triassic marine signatures (Frisia-Bruni et al., 1989). 
Different vein orientations/generations (especially NS and EW) do not show marked differences, as is usually 
the case (e.g. Ferket et al., 2005). A shift towards both slightly enriched and depleted δ18O values is observed. 
The negative trend could be interpreted as caused by temperature fractionation or due to precipitation of 
calcite out of fluids with a meteoric origin. The positive trend is indicative for fluids derived from smectite-
illite transformation or for fluids that interacted with evaporites (cfr. Van geet et al., 2003). The first 
hypothesis is rejected because the sediments have never been buried below 4 km and  smectite-illite 



Thrust Belts and Foreland Basins, International Meeting, Rueil-Malmaison, December 2005 
Abstracts Volume 

****************************************** 

 122

transformations starts taking place at temperatures typically for burial below 4 km. It is clear from figure 1 
that especially samples from the NS fault zone are enriched in δ18O and only few samples from synkinematic 
veins and NS veins have enriched signatures with respect to the host-rock. The only evaporites that could 
have interacted with fluids are of Messinian age and overlie the Mesozoic basinal units. The NS lineaments 
were formed during Pliocene rotational movements, at the end of the compressive phase. During this 
deformation, it is likely that part of the earlier formed veins reopened as these represent weak features in the 
rocks. 
 
The trace element content (Sr, Fe, Mn) of the Triassic carbonate mudstone considerably differs from that of 
the Cretaceous Scaglia. This difference is also reflected in the trace element content of veins within the 
different host-rocks, indicating a strong lithological control on the build-in of trace elements in the calcite 
cement. Most veins are slightly enriched in Fe and Sr while they are depleted in Mg with respect to the 
enclosing Triassic carbonate mudstone. This is typical for formation waters (Moore, 2001). Calculation of 
molar ratios of Mg, Ca, Sr, Fe and Mn, using the methodology and reasoning applied in Travé et al. (2000) 
(and references therein) and assuming equilibrium during precipitation further supports this hypothesis. The 
negative δ18O stable isotope trend could thus be interpreted as caused by temperature fractionation. 
 
 

 
Figure 1: Stable isotope signatures of host-rock, different vein generations and NS lineament. The rectangle shows 
normal Triassic marine signatures (Frisia-Bruni et al., 1989).  Gray coloured vein samples are enclosed by marly 
Scaglia lithology. 

 
Efforts to measure homogenization temperatures (Th) of fluid inclusions failed due to the metastability of the 
inclusions. Most inclusions in both fluorite and calcite are single phase. Two phase inclusions have changing 
liquid-vapour ratios after heating/cooling and/or the vapour bubble disappears after cooling. Artificial 
stretching was performed to be able to measure eutectic (Te) and last melting temperatures (Tm) of calcite and 
fluorite. Te values for calcite are around -17° C. Tm values for calcite are around -1° C and for fluorite around 
-3° C. The preliminary data suggest that fluids in the Mesozoic basinal units were very low saline. 
 
The geochemical data indicate that the décollement zone and overlying units represent two separate closed 
hydrological systems during deformation. Fluids in the Mesozoic basinal units are strongly host-rock buffered 
due to intense water-rock interaction while focused fluid flow of hot metamorphic fluids and fluids derived 
from undercompacted clays occurred within the décollement horizon. However, the occurrence of fluorite in 
breccia veins might indicate that also localized rapid migration of more exotic (saline or hydrothermal) fluids 
occurred, probably during the final stages of deformation. Further research is necessary here to explain the 
origin of the fluorite. 
During rotational movements in the Pliocene, large NS lineaments were formed and part of the synkinematic 
veins was reopened. During this wrench deformation, fluids derived from Messinian evaporites infiltrated 
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from above along these high permeability fractures and faults. Calcite cements from the different generations 
show similar petrographic features and similar geochemical signatures, possibly due to recrystallization 
during wrench tectonics. Knowledge on the influence of recrystallization on the geochemical signal of the 
vein calcite cements is rather limited. Signatures seem to be flattened out towards values of the host-rock by 
recrystallization.  
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Abstract—Recent discoveries in Earth Sciences are mostly related to technologies allowing graphical 
representations of volumes. Here, we present a way to produce mathematically and geometrically correct 
three-dimensional (3-D) geologic maps consisting of the volume and shape of all geologic features of a given 
area. The method is innovative in that it only uses surface information coming from the Reference3D data 
consisting of a SPOT5 Digital Elevation Model and orthoimage. It is based on a modeling algorithm that only 
uses surfaces calculated from scattered data points and that intersect following a series of geologically sound 
rules. The major advantage of using such technology is that it provides the user with a way to quantify 
geology. The case study chosen to illustrate the method is located in the western Saharan Atlas mountains. 
The 3-D visualization and cross-sections help in the understanding of the geometrical relationship between 
the different geologic features, allowing the characterization and visualisation of potential oil reservoirs. 

Keywords-3-D Geological Modelling;Atlas;Oil Reserves. 

 

Introduction 
Modern geology requires accurate representation of layer volumes. Three-dimensional (3-D) geologic 

models are increasingly the best method to constrain geology at depth. Until now, geologic volume modeling 
has been based on the interpretation of 2-D and 3-D seismic surveys and/or well log data. 
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Quantitative structural analysis related to surface geologic mapping has been obtained using stereoscopic 
remote sensing imagery (Berger et al., 1992; Bilotti et al., 2000). It allows the calculation of the strike and dip 
of bedding, which can be used to supplement field mapping (Banerjee and Mitra, 2004). more recently, 
(Fernandez et al., 2004) presented a methodology to generate 3-D reconstructions of geologic surfaces by 
integrating geologic mapping and field data. Here, we go further in that we present a way to generate efficient 
and accurate representations of geologic structure volumes at depth a using remote sensing dataset. This 
approach is innovative in that it is based only on surface information coming from the Reference3D product 
consisting of a SPOT5 Digital Elevation Model and a SPOT5 HRS orthoimage, which allow a remarkable 
accuracy for geologic mapping. Indeed, due to its perfect matching between elevation data and surface 
information combined with its superior accuracy without GCPs (planimetric accuracy 15 m at 90%, elevation 
accuracy 10 m at 90%), geological analysis and interpretation can be performed prior to any field survey, with 
results fully compatible with GPS measurements. 

The method is applied in a context of oil exploration in the Western Saharan Atlas mountains. Our aim is 
to present a 3-D geologic map which not only gives quantitative data at the surface (i.e., bed strikes and dips) 
but also at depth. The map then provides the opportunity to describe the geometry of the oil reservoirs 
through different graphical representations. 

 
Processing 

First, we have analyzed and interpreted the Reference3D product in order to present an updated geologic 
map of the area (Fig. 1). After the digitization of each geologic contour, a numerically defined surface (2-D 

Figure 1. Perspective view of a SPOT5 orthoimage draped over the SPOT5 DEM. Each geologic contour has been 
digitized from visual interpretation of the image (colored points). 
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grid) is then passed through the digitized points in order to predict the position of each geologic feature 
throughout the 3-D map volume. We used a 3-D modeller (EarthVision developed by Dynamic Graphics Inc.) 
to intersect the 2-D grids following geological rules and to generate layer volumes (Fig. 2). The 2-D grids are 
modified until their intersection with the DEM fits the contours of the geological map. Furthermore, the dip 
and throw of each fault grid are studied and corrected to agree with the local geological settings. Each time 
we modify the input data set, the whole 3-D geological map is recalculated in a trial and error process. Once 
the 3-D map has been calculated, graphical representations allow the user to examine it from various 
directions, slice it to generate cross-sections, or disassemble it to examine individual geological units. 

 
Results 

The 3-D map makes the geometry of the studied area understandable at first glance, even by non specialists, 
the relationships between layers and faults being self explanatory. Such display provides information on the 
regional tectonic history in a way that a simple standard geologic map cannot render. Graphical 
representations allow the user to examine it from various directions, slice it to generate cross-sections, or 
disassemble it to examine individual geologic units (Fig. 3). We have cut the 3-D model into four pieces 
along two cross-sections. 

 
Conclusions and Future 

From the Reference3D product alone, we have been able to generate an accurate three-dimensional 
geologic map of the Western Saharan Atlas mountains that highlights with extreme clarity the structure of the 
studied area. Using these data, it is possible to quantify, with as much accuracy as the input data permit, the 
geometrical relationships between faults and horizons. The 3-D geologic map reveals features that standard 2-
D geologic maps or satellite images by themselves could not show. 

These results are of major significance when planning future wells. The oil industry could use such 
methodology to accurately monitor oil resources and to plan future installations. Such a model could also 
describe any other underground resources. Since the Reference3D data set can be provided worldwide with 
the same level accuracy without any GCPs needed, this methodology can be applied to other parts of the 
world, using the same kind of input geologic map, complemented with field and remote sensed data when 
needed and available. 3-D maps will also prove to be powerful tools in other social related concerns such as 
agricultural irrigation, well management, natural risks management, tectonic studies, and mining. 
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Figure 2. From the digitized contours (faults and horizons), we have calculated 2-D grids that intersect following 
geologic rules using an earth-modeling package. Each fault surface has been first calculated (top). A layer is made of 
an assemblage of several fault block volumes (middle). The perspective view represented at the bottom corresponds to 
the digital geologic contours and faults. Two cross-sections are shown and display underground geology. 

Figure 3. The 3-D map has been cut along two cross sections. Each side of the cross-section is pushed away from the 
other in order to display the cross-section in the lowest layers of the model and its relationship with the neighboring 
areas. 
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The present day architecture of the Venetian-Friulian Basin (VFB) is the complex result of the overlapping 
effects of the Cenozoic collisional systems developed in the area in different times and with different 
directions of tectonic transport: the Dinaric system during Paleocene-Eocene, the eastern Southern Alps 
system during Middle Miocene-Holocene and, more distant, the Northern Apennines system since Pliocene 
(Fig. 1). 
 

 
Figure 1  - Tectonic map of the study area (green polygon). Red arrows indicate the direction of tectonic 
transport in the surrounding belts. SVFS = Schio-Vicenza Fault System; IL = Insubric Line; PGL = Pusteria-
Gailtal Line.   
 
The VFB was selected for a research project focussed on the relationships among tectonics, exhumation, 
erosion in the three belts and lithospheric flexure, sea level change and basin filling in their common foreland. 
To challenge this topic an integrated approach was chosen in order to: 

- unravel in 3D the present day architecture of the Cenozoic basin fill succession; for this task more 
than 1400 km of seismic lines were analysed, interpreted, depth converted  and used to obtain a 3D 
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reconstruction of several key surfaces (top Mesozoic carbonates, bottom of Chattian-Langhian and 
Serravallian-Messinian sequences, Messinian unconformity, bottom Quaternary); 

- unravel the sea-bottom topographic evolution of the basin through paleobathymetric constraints 
obtained by crossing micropaleontology and facies analyses (well and outcrop samples) and seismic 
geometries); 

- define the flexural response of basin lithosphere to belt loads through 2D flexural modelling along 
key transects; 

- constrain time, rate and amount of rock exhumation in the surrounding belts through apatite fission-
tracks analyses on outcropping rocks; 

- reconstruct the evolution of clastic distribution pathways through time by means of provenance 
analyses on clastic sediments investigated through the integrated study of framework composition, heavy 
mineral association and fission-track ages of clastic apatite grains; 
All these data sets were combined into an evolutionary model of the continuous re-distribution of rock masses 
from the erosional to the depositional part of this complex collisional setting as a result of the interplay 
between deep processes (tectonics, lithospheric flexure, exhumation) and surface processes (uplift, erosion, 
deposition, base level changes). 
In the following, the main steps of the VFB foreland basin evolution are shortly described giving special 
emphasis to the relations with the tectonic evolution of the surrounding belts. 
The VFB history as foreland basin begins in the Paleocene-Eocene time interval, due to the collisional 
tectonics developed in the Dinaric system. It caused the westward migration of the belt-foreland system 
coupled with inversion tectonics of the eastern margin of the Friulian carbonate platform, its eastward tilting 
and the filling of the generated foredeep that was also partially involved in the belt front.  
Nevertheless, during this first collisional step, an important role was still played by the basin topography 
inherited from the Mesozoic rifting-drifting evolution of the Adriatic microplate. The main features of this 
topography were the above mentioned wide and relatively flat carbonate platform sharply passing westward, 
by means of a steep slope, to a deep and relatively narrow basin (Belluno Basin) dividing the Friulian 
Platform from the Trento Plateau. 
The topographic break forming the margin of the platform is still evident in the VFB subsurface due to its 
very short wavelength with respect to that of later flexural deformations (fig. 2A). It provides a fundamental 
reference for the sea-bottom topography at the beginning of the VFB collisional evolution, allowing a 
distinction for Paleogene  time between the inherited Mesozoic accommodation space from the new space 
created by the lithospheric flexure caused by the load of the Dinaric chain. 
During Eocene-Oligocene the basin topography was progressively smoothed by the gravity driven 
accumulation of clastic sediments provided by both Eastern Alps and Dinaric belt, with the latter having an 
acme of exhumation with a fast dismantling of its frontal part during this time as confirmed by fission-track 
ages. This led to the complete erasing of the previous sea-bottom topography during latest Oligocene-early 
Miocene when a shallow marine sedimentation occurred all over the basin. 
Consequently, the top of the Chattian-Langhian sequence provides the new, pretty flat, reference topographic 
surface that seals the previous basin flexure and is affected only by later deformations. Looking at this 
horizon, it is possible to distinguish very clearly the Dinaric from the Southalpine flexural effect on the VFB 
lithosphere, with the latter very clearly recorded by the present day geometry of the top surface of Chattian-
Langhian sediments (fig. 2B). 
The new accommodation space created by Middle-Late Miocene northward flexure under the load of eastern 
Southern Alps was filled by clastic sediments forming a southward thinning wedge whose northern part is 
currently exposed in the frontal sectors of the belt.  
Consistently with fission-track ages, that point out an active exhumation of eastern Southern Alps rocks just 
around 10-15 Ma, coeval with the time of activation of all the major S-verging Southalpine compressional 
structures, provenance analyses performed on these outcropping sediments clearly highlight the beginning of 
an important detrital contribution from the basement and sedimentary covers of the eastern Southern Alps, 
pointing out that the fast exhumation phase revealed by thermochronologic data in the belt caused its 
definitive emergence, active subaerial erosion and development of a well organized drainage network in the 
erosional part of the system. On the other hand, the depositional part of the system (the VFB) another time 
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underwent a substantial smoothing of the basin topography by means of gravity driven turbidite sediments 
recording a clear Late Miocene shallowing up trend. 
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FIGURE 2 – 2D flexural modelling along two regional scale sections oriented orthogonal to the Dinaric belt 
(sketch A; modelled surface top carbonate) and to the eastern Southern Alps belt (sketch B; modelled surface 
bottom Serravallian ; after Barbieri et al., 2004). Location of modelled profiles reported in figure 3. PL= 
Periadriatic Line; VT = Valsugana thrust front. 
 
This context was abruptly modified by the extreme base level lowering linked to the Mediterranean salinity 
crisis during late Messinian. During this step, the whole basin experienced a subaerial erosion producing a 
basin-scale unconformity surface sealed by open marine Pliocene sediments recording the abrupt sea-level 
rise at the end of the crisis. 
The strongly irregular surface produced by the Messinian erosion and the resulting highly variable 
distribution and paleo-waterdepth of Pliocene sediments makes more difficult to decipher the flexural effects 
of the Northern Apennines system on the VFB during latest Miocene-Pliocene time. This effect becomes 
easier to be investigated in the Quaternary after that basin topography was smoothed for the last time by 
Pliocene sediments. Nevertheless, at the moment this effect during Quaternary sounds weak and somewhat 
questionable at least for Middle-Late Pleistocene. 
At the same time, latest Messinian-Pliocene-Quaternary tectonics experienced by the eastern Southern Alps 
doesn’t result to have renewed the northward flexure of the foreland. 
As a whole, the 3D overlapping effects of the two reported phases of flexure (the Paleogene Dinaric one and 
the Miocene Southalpine one) superimposed on the inherited Mesozoic topography are clearly recorded in the 
VFB subsurface by the top Mesozoic carbonates (Fig. 3); its culmination in the interference region between 
the peripheral bulges of the two systems is particularly evident and represents one of the most striking 
character of the present day VFB architecture. 
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Figure 3 – Isodepth map of top carbonate surface clearly recording the interference figure due to overlapping 
inherited Mesozoic topography and flexural effect of the Dinaric system (Paleocene-Eocene) and Southern 
Alps system (Miocene). Dashed thick lines refer to the regional profiles modelled in figure 2. 
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THRUST BELTS PARAMETERS AND ASYMMETRIES 

 
Carlo DOGLIONI 

 
Dipartimento di Scienze della Terra, Università La Sapienza, Roma, Jtaly carlo.doglioni@uniromal.it 
 
The thrust belts are the combination of distinct parameters, e.g., the dip of the foreland monocline, the 
topographic envelop, the structural envelop, the foredeep subsidence rate, the prism uplift rate, the thrusts 
spacing, the depth of the basal decollement, the convergence rate, the shortening rate, the subduction rate, 
the heat flow variability , the thickness and composition of the upper and lower plates, the erosion rate, the 
sediment supply in the foredeep, the extension rate, etc. (Fig. 1). However, two main types of subduction 
zones and related orogens can be distinguished, i.e., 1) those where the subduction hinge migrates away 
from the upper plate, and 2) those in which the subduction hinge migrates toward the upper plate (Fig. 2). 
Apart few exceptions, this distinction seems to apply particularly for E- or NE-directed subduction zones 
(Fig. 3) and W-directed subduction zones respectively (Fig. 4). Moreover, the rate of subduction is larger 
than the convergence rate along W -directed subduction zones, whereas it is smaller along E- or NE-
directed subduction zones. Along W -directed slabs, the subduction rate is the convergence rate plus the 
slab retreat rate, which tends to equal the backarc extension rate. Along E- or NE-directed slabs, the 
shortening in the upper plate decreases the subduction rate, and no typical backarc basin forms (Fig. 3). 
Subsidence rate in the foredeep is much faster (> 1mm/yr) along foredeeps of W-directed subduction zones 
and the regional monocline is steeper. The prism related to these subductions has shallow depth of the basal 
decollement and is composed mostly by shallow rocks and sedimentary cover. The structural elevation is 
instead very elevated along orogens related to E-NE-directed subduction zones where the basal decollement 
is deeper than the crust and deep rock are extensively involved in the orogen. 
Relative to the mantle, the W -directed slab hinges are fixed, whereas they move west or southwest along E- 
or NE-directed subduction zones. The single vergent accretionary prism related to W -directed subduction 
zones is formed at the expenses of the shallow layers of the lower plate (Fig. 4). The orogens generated by 
E- NE-dipping subductions are double vergent since the early stages, and upper plate rocks mostly compose 
them until the continental collision takes place, eventually more extensively involving the rocks of the 
lower plate (Fig. 3). The convergence/shortening ratio in this type of orogens is higher than 1 and is 
inversely proportional to the viscosity of the upper plate. Higher the viscosity , smaller the shortening and 
faster the subduction rate. The convergence/shortening ratio along W -directed subduction zones is instead 
generally lower than 1. 
These asymmetries can be related to the rotational forces controlling plate tectonics. 
 
References 
Doglioni C. (1994): Foredeeps versus subduction zones. Geology, 22,3,271-274. 
Doglioni C., Harabaglia P., Merlini S., Mongelli F., Peccerillo A. & Piromallo C. (1999): Orogens and slabs vs their 
direction of subduction. Barth Science Reviews, 45, 167-208. 
Doglioni C., Carminati B. and Cuffaro M. (2006): Simple kinematics of subduction zones. Int. Geol. Rev., in press. 
Mariotti G. & Doglioni C. (2000): The dip of the foreland monocline in the Alps and Apennines. Barth & Planet. Sci. 
Lett., 181, 191-202. 
Scoppola B., Boccaletti D., Bevis M., Carminati B. & Doglioni C. (2006): The westward drift of the lithosphere: a 
rotational drag? Bull. Geol. Soc. Am., in press. 
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Fig. 1. The orogens are structured by the combination of a number of parameters, the most important listed in the figure. 

 
Fig. 2. Basic kinematics of subduction zones, assuming fixed the upper plate U. Movements diverging relative to 
the upper plate are positive, whereas they are negative when converging. Upper panel a: the trench diverges from 
the upper plate, and the subduction rate is faster than the convergence rate. In this case the backarc extension 
increases the convergence rate. Lower panel b: the trench converges toward the upper plate and the resulting 
subduction rate is slower with respect to the convergence rate. That is because the shortening in the orogen 
decreases the subduction rate. 
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Q u ic k T im e ™  a n d  aT I F F  ( L Z W )  d e c o m p r e s s o ra r e  n e e d e d  t o  s e e  t h is  p ic t u r e .  
 
Fig. 3. The E- or NE-directed subduction zones have typically faster convergence rates when oceanic lithosphere 
(black) is subducting. During the oceanic subduction (upper panel), the convergence is partitioned both in the 
upper plate shortening and in the subduction rate. The subduction hinge H moves toward the relatively fixed 
upper plate, and its velocity represents the upper plate shortening. The orogen in the upper plate is double 
vergent, no backarc basin forms. At the collisional stage (lower panel), also the lower plate is extensively 
shortened, and the western deformation border (H) is shifted westward. The convergence rate is partitioned 
between upper and lower plate shortening, and subduction rate. 
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Fig. 4. The W-directed subduction zones have in general the subduction hinge migrating away from the upper 
plate U, here considered fixed. The retreat of the slab hinge allows extension in the hangingwall and the opening 
of a backarc basin. The accretionary prism is mainly composed of shallow rocks offscraped from the top of the 
downgoing lower plate, apart from basement slices of inherited orogens to the west. The sum of convergence and 
hinge retreat determines the subduction rate. The arrival of continental lithosphere (green) at the trench slows 
down the subduction, but the continental lithosphere can subduct at least to 150-200 km. The involvement of the 
continental crust allows deeper decollement depth of the accretionary prism, generating a thicker belt. This 
setting might remain active even when the convergence rate is null. In this case the subduction rate will be the 
same of the hinge retreat. 
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KELA-2 FIELD:  STRUCTURAL MODEL AND RISK OF FAULT COMPARTMENTALIZATION 

 
Fred DULA, Eddie McALLISTER, Amgad YOUNES, Jonathan PUGH, and Akke-Marijke GUNST 

Shell Exploration & Production International Centre, P.O. Box 60, 2280 AB Rijswijk-ZH, The Netherlands 
 

Kela-2 Field is a major overpressured gas accumulation located within the Kuqa depression in the 
northern part of the Tarim Basin of west China.  During field evaluation, a structural model was developed to: 
1) explain the present-day geometry of the top reservoir, 2) constrain the geometry of the southwest flank of 
the anticline where steep dips and poor-quality seismic reduced  mapping confidence, 3) clarify the structural 
evolution, and 4) assess the likelihood of compartmentalization due to intra-field faults.  

Our interpretation of the Kela-2 structure identifies three major south-verging thrust faults with one 
major and one minor north-verging back-thrusts. The south-verging thrusts form an imbricate stack of thrust 
sheets which collectively form a wedge that indents into the Tertiary overburden of the Baicheng Depression.  
Each thrust sheet is bounded on the top and bottom by a thrust fault, with a constant imbricate thicknesses 
being maintained across the entire structure. The resultant model provides the potential for significant 
prospectivity within the near field area, at deeper structural levels within the older thrust sheets.  

A revised interpretation of the steep southwest forelimb of the Kela-2 field is proposed in which the 
highly-deformed, steeply south-dipping dip panel is attributed to hanging wall translation through the active 
axial surface of the convex-up fault bend that forms the transition from ramp to upper flat.  This translation 
induced penetrative deformation, probably dominated by small-scale faulting, that disrupted stratal continuity 
thereby contributing to the poor quality of the seismic along the southwest flank.  The degradation in seismic 
quality is also attributed in part to the steep south dips along the southwest flank of the Kela-2 anticline. 

The interpreted Kela-2 structure was balanced using constant bed-length and thickness constraints.  
The restoration provided a first order understanding of the structural evolution of the field but was limited by 
the lack of a more regional data set. Based on  the age and thicknesses of strata in the relatively undeformed 
Baicheng Depression, the Kela-2 imbricate stack is shown to have grown within a 5 m.y. time window from a 
maximum depth of burial for the reservoir of 6.4 km. Three south-verging sheets define the Kela-2 structure, 
with the lower sheet being the earliest to be emplaced.  As deformation proceeded, uplift migrated from south 
to north, and relief increased as the younger thrust sheets were stacked over the older sheets. This thrusting 
sequence is consistent with a forward thrusting model where later sheets detach and stack on top of earlier 
sheets while the trailing end of the sheet is still conformable to regional dip line. Shortening was measured at 
each stage of the reconstruction. The measurements demonstrate that maximum shortening, exceeding 20%, 
occurred during stage two and three which represent the emplacement of thrust sheets 2 and 3.  Individual 
shortening amounts are within the 20 – 30% range published for the Tarim basin, with a total finite shortening 
of approximately 50%.   

To assess the potential for fault compartmentalization within the field, an analysis of intra-field faults 
was undertaken. This analysis provided estimates of fault densities and defined domains of differing fault 
style at the reservoir level.  Manual picking of faults from 2D traverses suggests that a fault is present on 
average every 500m in a north-south direction, whereas the automatic extraction from the T8 horizon grid 
predicts a fault every 250 m. This fault density range (1 fault / 250 m – 1 fault/500 m) provides an estimate of 
the best and worst case scenarios.  The fault throw distribution for all faults that offset T8 horizon has been 
calculated with the largest fault throw being almost 60% of the reservoir thickness. The total population of 
fault throws is skewed toward throws in the 30 ms range.  A study of amplitude thickness extractions at the 
T8 level provides a better definition of fault traces and patterns than conventional time slice analysis alone. 
The Kela structure has been divided into four domains based on structural style and intensity of deformation.  

Prediction of fault sealing is dependent on fault rock properties which inturn requires an 
understanding of the high net-to-gross host rock properties (grain size, texture, composition, porosity) at the 
time of deposition and at the time of faulting. The stress state at the time of faulting also plays a critical role 
in determining the petrophysical properties of the fault rock. Overpressure in the Kela-2 reservoir section may 
have reduced the effective confining stress at the time of faulting and thus reduced the intensity of cataclasis 
during faulting. Geomechanical models of fault rock property evolution have assumed a hydrostatic pore 
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pressure (higher effective confining stress) and thus represent a worst case scenario. Overpressure may also 
have prevented normal compaction and helped preserve the relatively high porosities in the reservoir which 
has been buried to depths in excess of 6 km. Modelling of cataclastic fault rock permeabilities using Shell 
proprietary technology suggests that faults in the S1 lithofacies will have a permeability of approximately 47 
mD. Faults in the S2 lithofacies are predicted to have a permeability of approximately 1 mD. Given these 
fault rock permeabilities and the associated average matrix permeabilities of the S1 (147 mD) and S2 (19 mD) 
facies, intra-reservoir faults are predicted not to significantly baffle gas flow during production.  



Thrust Belts and Foreland Basins, International Meeting, Rueil-Malmaison, December 2005 
Abstracts Volume 

****************************************** 

 138

 
PALAEOZOIC TECTONICS AND HYDROCARBON SYSTEMS IN SOUTHERN TUNISIA 

 
H. EL EUCHI1, J. BEN YAAGOUB2, A. OUAHCHI1 & M. FERJAOUI1 

1ETAP, Tunisia 
2ENI, Tunisia 

 
Introduction 
 
The actual structural configuration of Tunisia resulted in a complex tectonic framework obviously marked by 
three major events: 

- The Palaeozoic events which could be resumed in the Caledonian and Hercynian orogenies 
separated by sag periods. 

- The Mesozoic movements starting at the Middle-Late Triassic and interpreted as intra-craton 
rifting followed by active margin development of the Tethys through the Jurassic- Cretaceous time interval. 
However, latest Aptian- Early Albian period is characterized overall Tunisia by an E-W shortening.    

- Later, the tertiary events mainly compressive started during the Late Cretaceous with the 
beginning of the conversion between Africa and Europe plates. This conversion led to the collision by the late 
Eocene-Early Oligocene which produces the « Pyrenean compression » characterized by the thrusting of the 
crystalline (Kabylian) and deeper sedimentary (Triassic-Jurassic) units and the formation of large fore deep 
basins filled later during the Oligocene-Early Miocene by the Numidian turbidites. During the late Miocene, a 
second thrusting movement induce the detachment and displacement of these turbidites and also the upper 
Cretaceous-Oligocene units. This movement continue through Pliocene –Quaternary and is mainly 
characterized during this period by wrenching, associated folds   and reverse faults. 
These tectonic cycles had closely controlled the basins architectures and settings and consequently the 
sediments types accumulated with these receptacles. Theses vertical and lateral sequences range from the 
continental /fluvial environments to the open deep marine basins through the flat shallow marine platform and 
slope eras. 
  
The present paper will focus particularly on the Palaeozoic events and their influence on the petroleum 
systems evolution. 
Regionally, in the Algerian and Libyan basins, the Palaeozoic outcropping data coupled with the seismic and 
well logs information indicates clearly that this time interval is mainly characterized by two major shortening 
phases respectively the Caledonian and the Hercynian compressions fossilized by large scale anticlines, high 
erosion amount and widespread unconformities. In Tunisia, due to the lack of any Palaeozoic outcrops, the 
interpretation is based only on the subsurface data, principally 2D seismic with fair to good quality and the 
correlation with the regional results. 
 
Tectonic framework 
 
In North Africa, the Paleozoic tectonics is well defined particularly in Southern Algeria and Western Libya 
within the Ghadames basin and surrounding zones. It followed the Pan-African orogeny (600My) interpreted 
as an E-W shortening induced by the collision between the West African craton and the Eastern  mobile zone 
considered as an active margin (Schlumberger;1995, Boujemaa,;1987). In Tunisia, the pre-Cambrian is 
scarcely penetrated by wells situated only on the Telemzane arch. This substratum corresponds to eruptive, 
granite and metamorphic rocks unconformably overlain by the conglomerates shales and sandstones of the 
base of the Cambrian-Ordovician.   
 
Cambrian-Ordovician extension 
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In Algeria, the Cambrian-Ordovician unconformably overlay the definitely stabilized pre-Cambrian. This 
unconformity is also well defined in Tunisia and corresponds to a regional conglomerate separating the 
Cambrian from different younger series. Locally, in Foum Belrem area (Algeria), eastwards of the El Biod 
high, N-S normal fault trends separate different Cambrian-Ordovician basins. In Tunisia, seismic data show 
thickness differences closely related to the activity of normal faulting during the Cambrian-Ordovician time 
interval. Some local unconformities are also induced by these faults. Basaltic layers were also detected within 
the Tremadocian. These scarce but useful data demonstrate that the Cambrian-Ordovician was characterized 
by an E-W extension. 
Taconian shortening 
The Cambrian-Ordovician extension is followed by a widespread transgression during the Arenigian-
Llandvirnian. In the Algerian Sahara, the Caradocian is characterized by glacial series with numerous 
intraformational unconformities closely related to climatic changes. This event was coupled with shortening 
along the N-S tectonic trends leading to a regional uplift and aggressive erosion which could reach locally the 
pre-Cambrian. In southern Tunisia, the Taconian event is well defined both in Ghadames and Chotts basins. It 
is represented by the angular unconformity separating the “top –lapped” Ordovician from the Silurian (on-lap 
and down –lap) with local gaps.  Numerous strike slip and normal faults were detected. Folds are either 
compressional or fault-related folds. The erosional activity is relative to the herited geometry and also to the 
amount of deformation. 
 
 Caledonian unconformity 
 
In Libya and Algeria this event was initiated during the late Silurian due to the collision between West Africa 
and North America (Eschikh, 1998). It induced a widespread uplift and important erosion, particularly on the 
southern and southwestern flanks of the Ghadames basin. 
In Tunisia, the chotts basin fossilized a Silurian-Devonian progressive gap. In its northern part, the early 
Silurian is absent and the Fegaguira formation (Late Silurian –Early Devonian) overlay unconformably the 
Ordovician. Towards the south, neibourghing the Telemzane Arch, the Late Triassic volcanic series overlay 
immediately the Ordovician. In the Tunisian part of the Ghadames basin, there is no significant gap within the 
Silurian-Devonian excepting the Gedinian which is locally absent. 
This gap is associated to a major unconformity aged Early Devonian and assimilated to the well known 
Caledonian one. However, and despite its clearance in Algeria and Lybia, the Caledonian compression is not 
well characterized tectonically in Tunisia. Moreover, numerous syn-sedimentary normal faults inducing 
lateral variations are fossilized in the Silurian-Devonian. 
 
 
 
 Hercynian Orogeny 
 
In Algeria, the hercynian movements are subdivide into two periods: 
*The Visean event 
* The Late Paleozoic event 
In the Illizi basin, the lateral variation of the Tournaisian-Visean series and their erosion along the Tihemboka 
uplift (Boujemaa, 1987) are subsequent to a NE-SW shortening deformation well fitted with NW-SE 
identified trends in the area. 
The uplift of the ElBiod (Algeria), Dahar(Algeria-Tunisia) and Naffoussah(Libya) is related the Westphalian-
Early Permian major tectonic event which induced the intensive erosion of the  whole or partly Paleozoic. 
This phase is interpreted as a N120 compression during the Late Carboniferous –Early Permian leading to 
gentle dipping and large anticlines and reverse faults. 
In Tunisia, the hercynian unconformity is well defined and represents the largest and biggest of the area. It is 
associated according to different authors to the highest amount of erosion, particularly on the Telemzane high 
where the Late Triassic volcanics are immediately on the Cambrian. In the Ghadames basin, the Late Triassic 
overlay progressively from the North to the South different and well successive older series with locally a 
clear angular unconformity. In the Djeffara basin, The Late Permian-Triassic fossilized a notable opening 
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events characterized by lateral variations of thickness and facies associated to normal faults and tilted blocks. 
The whole sequence is draped by the syn-rift deposits of the Late Triassic which announced the major 
tectonic inversion from the Palaeozoic shortening cycle to the Mesozoic opening  
 
Petroleum impact 
 
The Palaeozoic active tectonics had very important influence on the Palaeozoic-Early Mesozoic Saharan 
hydrocarbon systems. Hence, the Taconian event is crucial either for the formation of the Ordovician 
structural traps (Sabria…) or for the geometry of the Silurian stratigraphic traps (Oued Zar….).It is also very 
important for the trapping and migration of oil and gas from the Silurian source rock to the Ordovician 
sandstones via faults and principally in some areas along the angular unconformity. 
The lateral and vertical extension and geometry of the Ordovician and Silurian reservoirs represented by 
fluvial to shallow marine sandy bars are closely related to this active tectonics which control also the porosity-
permeability by fracturing. 
The unconformities assumed the role of excellent migration pathways for a more or less long distance. The 
erosional activity should be considered in any basin modelling and reconstruction.  
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NORTHERN TUNISIA THRUST BELT: 

DEFORMATION MODELS & HYDROCARBON SYSTEMS 
 

Hassen EL EUCHI & Moncef SAIDI 
 

ETAP, TUNISIA 

 
 
     The integrated use of the geological, geophysical and geochemical data of northern Tunisia onshore & 
offshore led to an inversion model from the tethyan rifting and subsequent evolution of the north African 
passive margin to the late Cretaceous -Tertiary orogeny inducing the thrust fold belt and associated basins. 
Respective deposits characterize each tectonic cycle; Triassic syn-rift and Jurassic-Cretaceous open marine 
series are related to the Mesozoic opening, Palaeogene- Neogene clastic sequences are closely controlled by 
the tertiary shortening. For hydrocarbon prospectivity and despite its early stage of exploration, this domain 
could be considered as an emerging area with encouraging ingredients. Four reservoirs are described; the 
Maastrichtian and Ypresian fractured limestones and the Oligocene- Early allochtonous turbiditic and its 
autochtonous sandy equivalent. These reservoirs associated to four source rocks ( Albian, Cenomanian-
Turonian, Ypresian and Oligocene-Early Miocene) led to at least three active petroleum systems. The 
maturity of these source rocks is closely related to the napes displacement, which assumes the overburden and 
increases the heat flow.  
If traps formed during Serravalian-Tortonian thrusting period are preserved, these should contain mainly oil 
and gas. Older traps, when preserved, are likely to contain oil sourced by Cretaceous source rocks. 
The timing of hydrocarbon expulsion, constitutes a favorable parameter for exploration, as it generally late 
Miocene-Pliocene post-dating the formation of major traps. Different structures such as ramps, thrusted 
anticlines, triangle zones, pop-ups and undergone well conserved faulted blocks should be attractive traps for 
significant oil & gas accumulations. 
Unconformities, thrust surfaces, high angle reverse faults and normal faults are thought to be migration 
pathways. Vertical migration is also considered, particularly within the numidian reservoir-source rock 
couple. 
The main targets are represented by the Ypresian and the Maastrichtian in the onshore and the Numidian and 
Ypresian within the offshore area (Table1) 
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Figure1 : Northern Tunisia structural domains  
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Figure2: Structural modelling of northern Tunisia thrust belt 
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Table1: Main Petroleum targets within northern Tunisia thrust fold belt 
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OFFSHORE FRONTAL PART OF THE MAKRAN ACCRETIONARY PRISM 

THE CHAMAK SURVEY  (PAKISTAN) 
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(6) BGR Stilleweg 2, 30665 Hannover (Germany) 
(7) NIO Street 47 block 1, Clifton, Karachi (Pakistan) 

(8) Pakistany Navy , 11 Liaquat Barracks, Naval Headquarter Karachi (Pakistan) 
 

 
CHAMAK campaign took place in September October 
2004 on the offshore frontal part of the Makran prism 
in Pakistani waters. The zone covered with 
bathymetry, seismic acquisitions and coring operations 
is located between  62°30 - 65°30E & 23° et 25°N 
(Figure 1).  
 
 

 Figure 1: 3D simplified Block of CHAMAK area of 
acquisition   
 
 
 
Between the two major collision systems of the Zagros (Iran) and Himalayas (Pakistan-Tibet), the oldest 
oceanic crust of the Indian ocean is now subducted below the formerly accreted Eurasian blocks. The 
subduction of this old oceanic crust, composed of the oceanic part of Indian and Arabian plates, probably 
started at the end of the Cretaceous resulting in the development of a volcanic arc over Pakistan and 
Afghanistan borders. The Makran accretionary prism results from the northward motion of the oceanic crust 
with an average speed of 4 cm/year at present. Huge historic seisms, as those registered in 1945, are purely 
related to compressive focal mechanisms. They are responsible for the emergence of several Islands, linked 
with the development of mud volcanoes which testifies on the steady overpressure regime imposed at depth. 
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 Our specific interest on the Makran prism was driven by the following facts:  
1) two thirds of the are emerged at present, allowing a detailed structural study onshore,  
2) the frontal part is located offshore, where the most recent processes can be analysed, and seems to be more 
or less linear as far as it joins the transform fault systems  
3) the sedimentary rates are varying along strike trough time 
4) numerous fluid and gas seepages are described outlining the Pressure and fluid dynamics linked to the 
horizontal deformation combined with high sedimentary rates. 
  
During the CHAMAK survey, a detailed bathymetric map covering 650000Km2 have been picked up (figure 
2). 
 

 
 
Figure 2: CHAMAK location map of the main acquisitions, bathymetry, seismic profiles and cores 
 
Preliminary  results outline the non-linearity of the front. The variation in tectonic style along strike is linked 
with to two interacting  factors : 1) architecture of the subducting plate where oblique ridges, the little Murray 
Ridge and some mounts,  parallel to the Murray Ridge S.S. have been identified, and 2) variation along strike 
of the sedimentary rates, due to a change in the location of the sediment supply source - i.e. Indus (draining 
Himalayan erosion products), or sediment directly produced from erosion of the prism itself. The new dating 
and determination of paleoenvironments from a previous onshore  study on the Makran (in 2001, see Ellouz et 
al, this congress) outlined a drastic change of the main sedimentary supply at the end of Miocene times. 
The results coming out of CHAMAK 1 allow to obtain a good definition and image of the morphology and 
the 3D geometry of the submerged part of the prism, which was poorly documented. The data acquired have 
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been mixed with the Sonne data acquired in 1998 by Geomar and BGR. From seismic data the structural style 
as well as chronology of the deformation will be analysed. 
  
 
Along strike variation of the tectonic style linked to basement ridge 
 
The two N-S profiles CHAMAK 5 and CHAMAK 8 are located in the central part of the Pakistani Makran, 
where the front's shape reflects a non-cylindric deformation along strike.  
In the profile 5 (Figure 3a), the deformation front is represented by the development of a single thrust more 
than 20 km off the previous frontal sheet, rooted on more shallow detachment level than the level implied in 
the inner thrusts.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3a: NS-profile Chamak 5 
Figure 3b: NS-profile Chamak 8 
 
 
The geometry of the front is very different on CHAMAK 8, where the Frontal part is formed by the stacking 
of several thrust sheets, resulting in a drastic sharpening of the surface geometry profile. The nature of the see 
mount at the front is complex. It is clearly  linked with an old basement high on which  probably an horst 
structure has been recently rejuvenated by the southward progression of the compressive front. This strong 
heterogeneity in the subducted plate has to be related to the blocking of the deformation which will not 
propagate southward until a critical stability profile will not be reached. 
 
 
Morphological signature of an  oblique Ridge subduction. 
 
South of the Makran accretionary prism front, an  alignment of mounts following a rough NE-SW direction 
enter progressively the subduction processes. An abnormally elevated zone along the Makran prism leads 
straight on one of these mounts suggesting that the ridge has been partly subducted and has deformed the 
prism (fig. 4, profile C). 
 
A morphological analysis of the prism surface has been performed in order to characterize the morphological 
effects of the subducted ridge along several morphological sections perpendicular (N-S, dip) or parallel (E-W, 
along-strike) to the prism. Dip sections allow to compare the vertical position of the piggyback basins.  
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The two western profiles profiles A and B (Figure 5-1 ) are located out of the so-called "uplifted zone" and 
there flat areas corresponding to piggy-back basins level are approximately at the same depth. On figure 5-2, 
one section is crossing the uplifted zone (profile C) while the other is out of this zone. All flat areas 
corresponding to piggy-back basins are shifted and an offset of 400-500 m can be measured. 
 

 
 
Figure 4: Bathymetric map of the Makran accretionary prism. Black lines refers to cross sections of figure 
5. 
 
 This offset is also observed along the northern escarpment but rapidly disappear north of it. The area of the 
prism uplifted due to subduction of the LMR is 40-50 km long (N-S direction) and is 20-30km wide (E-W 
direction). 
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Figure 5 : Bathymetric sections across the Makran accretionary prism (see figure a for location)  
 
CONCLUSIONS 
Structural interpretation firstly outlines the strong architecture variation in architecture of the frontal part of 
the prism along strike, linked with  geometry of the subducted plate, depth of decollement and sedimentary 
rates variation. The connection between the onshore part and the highly deformed offshore part of the prism is 
expressed by a large, nearly un-deformed, platform, bounded to the south by a major fault (northern 
escarpment).  
For future work on Chamak data, see other abstracts (Castilla, Mouchot et al, this workshop). 
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TECTONIC EVOLUTION VERSUS SEDIMENTARY BUDGET 
ALONG THE MAKRAN ACCRETIONARY PRISM . 

 
N. ELLOUZ-ZIMMERMANN (1) E. DEVILLE(1), C. MÜLLER(1), S. LALLEMANT(2), A. 

SUBHANI(3), A. TABREEZ(4) 
 

(1) IFP, direction Géologie Géochimie, département Géologie Structurale (France) 
(2) Université de Cergy-Pontoise (France) 

(3) Geological Survey of Pakistan Karachi (Pakistan) 
(4) NIO Karachi (Pakistan) 

 
 

A triple junction joins the three Arabian-Eurasian-Indian plates, corresponding to the connection 
between a tectonic accretionary prism (Makran Prism), a transform fault system (Chaman-Ornachnal) 
along which the northward motion of Indian plate was accommodated and finally, an intra-oceanic 
transtensional Ridge (Murray Ridge). 
 
Geodynamic setting and tectonic evolution: 
  
The Makran accretionary prism results from the subduction of the Arabian Sea ocean floor beneath the 
Afghan block microplates now accreted on Eurasian continent. Present-day architecture of the Makran 
prism results from the subduction which has started during Late Cretaceous times, as testified by the 
initiation of the volcanic arc. The northward subduction of the oceanic parts of the Arabian and Indian 
plates took place after a period of re-organisation and collision of the various micro-blocks with 
Eurasia, forming the overriding plate (so-called Eurasian-Afghan plate).  

  
 
Figure 1: Present-day tectonic  plate setting around the Makran accretionary prism 
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The progressive closure of the space between Eurasian-Afghan and Indian plates, as well as the 
tectonic involvement of the sediments deposited in the trench, resulted in the migration of the front 
toward the south and the Southwest, and consequently, the migration to the South of the paleo-
Indus delta and fan, i.e. main sediment supply during Paleogene and Miocene times.  
 
During the Neogene, the last stage relates to the oblique convergence between Afghan and Indian 
plates, which is accommodated along the left-lateral Chaman-Ornachnal transform zone. During 
this stage, the Sulaiman and Kirthar ranges developed, inducing the de-localization of the Indus 
River farther to the east.  
 
Convergence  between Eurasian accreted microplates and Arabian-Indian plates has been 
permanent since Late Cretaceous, but the process is not continuous in rates and direction. The main 
variation in the convergence rates and convergence vectors occurred during Oligocene times and is 
related to the opening of the Aden Gulf. African plate dislocation resulted 1) in the northward 
motion of the Arabian plate, and latter to a major compressive event in Zagros, 2) in a rotation of 
the subducting plates, 3) in the oblique extension along the Murray Ridge, and as a result 4) in an 
along strike variation of subduction speed during Miocene times, due to the collision to the West in 
Zagros. 
 
On the opposite of this permanent convergence the present-day architecture of the prism suggest 
locally a strong slowing down even a stop of the deformation. An original feature of the Makran 
accretionary prism is the large nearly un-deformed platform. This platform runs along the coastline 
which is raising rapidly. The deformation front is shifted progressively to the south. The Makran 
Platform develops in fact between two zones where compression processes are very active.  
South of Maschkel Basin, the  main structural units of the Makran prism have been investigated in 
2001, and from North to south, they involve sediment more and more recent: Paleogene-E. Miocene 
in Kech Band,  up to E. Pleistocene in the Coastal Range. The Pliocene and Pleistocene series 
developed mainly offshore, in the platform and in frontal part of the prism.  
 
 
Role of sedimentary input in the Pakistani Makran 
 
Up to Neogene time the main sedimentary input was driven either by the Indus River (mainly the 
growing Himalayas) or by the indian basement itself. The trench associated with the subduction was 
progressively filled by these erosion products. Major part of the sediments was at that time 
transported by the paleo-Indus River and was deposited in the available space: subduction trench 
and  narrow ocean between Afghan and Indian plates).  
 
At Present and since Late Miocene time, due to the growing-up topography of the Kirthar and 
Sulaiman Ranges, the Indus delta and fan have been re-located east and south of Karachi, whereas 
the main offshore sedimentation develops on the Indian Plate, south of a prominent offshore 
structure, the Murray Ridge. The growing Makran prism itself is located north of the Murray Ridge. 
Since late Miocene, most of the sediment input derived from the erosion of the prism itself and is 
delivered from the North either from small non permanent rivers, or through a diffuse distribution 
(figure 2). 
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Figure 2: Present-day sedimentary supply of the Makran accretionary prism 

 
 
On the figure 3, the huge late Pleistocene progradation over previously deformed thrusts induced a 
de-localization of the compressive deformation, which resulted in the migration of the front to the 
South and the development of out-of-sequence thrusts along coastal range and Turbat Valley. 

s            N 
 
 
 
 
 
 
 

  
 
 

 
 
        Figure 3: Interpretation of the N-S profile south of Gwadar,   (data from Harms et al 1992)  
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Figure 4: Analogue experiment (X ray Tomography), simulation of a high sedimentary prograding 
wedge in a purely compressive model, development of coeval thrust and normal faults.  
 
With the help of analogue modelling (figure 4), discussion will turn around the importance  of 
interaction between: 

• sedimentary rate and, 
• location of the maximum sediment deposition 

in the location of the deformation in accretionary prisms. 
 
 
See: Ellouz et al and Castilla et al, this workshop,  on the CHAMAK survey-  offshore frontal part 
of the Makran prism. 
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FLUID FLOW RECONSTRUCTION IN THE LARAMIDE FOLD-AND-THRUST BELT OF 
EASTERN MEXICO 
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The Veracruz petroleum province in the western Gulf of Mexico hosts a complex petroleum system with 
different source rocks, plays, hydrocarbon migration pulses and fields of variable maturity and composition. 
In order to understand the petroleum system, a study of the deformation and fluid flow of the area through 
time is required. The western part of the area is constituted of a Cretaceous isolated carbonate platform, 
presently deformed by Laramide fold-and-thrust belt (FTB) tectonics. Thin-skinned thrust sheets culminate 
towards the tectonic front zone in a stack of duplexes that host oil and gas reservoirs. The latter zone is buried 
below a foreland basin, the Veracruz Basin. Within the Tertiary series of this basin, several biogenic and 
thermogenic gas fields occur. In addition to a well constrained kinematic reconstruction, the processes that 
affected the reservoirs before and after trapping (i.e. diagenesis) need to be unravelled and coupled to the 
kinematic evolution in order to build realistic migration models. Finally, these results can be translated 
towards a PVTX-t modelling with adequate software that allows for pressure (P), volume (V), temperature (T) 
and composition (X) changes through time (t). The ultimate goal is to answer exploration-related questions 
and understand better the deformation and fluid flow processes during and after foreland deformation. The 
Veracruz region is an excellent case-study for this purpose, since the area underwent a varied fluid flow 
history. The main questions relate to the origin of the fluids in the often mixed reservoirs, to the role of 
several potential source rocks, to the timing of migration and the available pathways, and to the effect of 
several karst episodes. Although the area displays a particular deformation evolution, some processes are 
typical of fold-and-thrust belt evolution and might thus be extrapolated to other areas. 
 
Eight main stages have been distinguished in the deformation – fluid flow evolution of the area based on 
detailed diagenetic investigation of reservoir analogues and core material (e.g. Ferket et al., 2003a). 
Crosscutting relationships between diagenetic phases and different sets of stylolites allow to link the 
paragenesis to the deformation agenda. The reconstruction shows a progressive change of passive margin, 
over active FTB, towards foreland basin subsidence and finally towards a transpressional deformation of the 
basin. 
 

1) A first stage (Cenomanian – Santonian) is dominated by local fluid circulation, controlled mainly 
by sealevel changes. However, early diagenesis is often determinative for the porosity-permeability evolution 
of the rock and consequently, also for later fluid flow which often accentuates primary characteristics (e.g. 
Ferket et al., 2003b).  

2) During Campanian, a major hiatus in the platform sedimentation occurs. Petrography and 
geochemistry revealed the development of a karst system at the top of the Santonian limestones. 
Kinematically, this phase can be interpreted in relation to foreland flexuring. 
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3) Early syntectonic veins and breccia (Maastrichtian – Paleocene) bear cements that are not in 
equilibrium mineralogically, geochemically and isotopically with the host rock. Structural and paleostress 
conditions indicate hydrofracturing as responsible mechanism (Ferket et al., 2004). The expulsion of 
formation waters is linked to progressive layer-parallel shortening (LPS) reducing pore widths and increasing 
fluid pressures. 
 

4) Late syntectonic veins comprise shear-related veins reflecting host rock buffered fluids. These 
veins, however, are frequently reused by later, non equilibrium fluids. They contribute to bed-parallel 
reservoir heterogeneity. Further, evidence of oil migration can be found in residual bitumen within stage (3) 
and (4) fractures, thermochemical sulfate reduction in deep, evaporite-rich intervals, and in exhumed oil 
reservoirs (paleoseeps) in the area. Paragenetic relationships and microthermometry indicate that oil migration 
took place during and/or shortly after FTB deformation in the western patform (i.e. Paleocene). However, at 
present this area is subjected to extensive karstification and does not display any economical interest. 
 

5) Erosion and influx of meteoric water affected also the tectonic front zone in the east. Bacterially 
mediated calcite spherulites testify of a second (late Eocene – Oligocene) oil migration stage, which however, 
was succeeded by biodegradation and paleoseepage in the westernmost (i.e. elevated) part of the tectonic 
front. 
 

6) During Oligocene and Miocene, the Veracruz Basin subsided rapidly, increasing burial 
temperatures. The main and higher mature phase of hydrocarbon migration (i.e. petroleum migration pulse 3) 
relates to this period. Moreover, new, gas-prone source rocks were deposited within the Tertiary series. 
 

7) During the mid-Miocene, transpressional deformation relating to the Chiapaneco event affected 
the Veracruz Basin, resulting in the formation of structural traps and intensive faulting. The latter event 
caused remigration of earlier entrapped petroleum. 
 

8) Mid- and Upper Miocene sedimentation led to the formation of several stratigraphical traps (i.e. 
meander and channel deposits). These reservoirs presently host biogenic or mixed, biogenic and thermogenic 
(remigrated) gas (i.e. a fourth petroleum migration) from Miocene source rocks. 
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THE STRUCTURE OF THE MALAGUIDE COMPLEX IN THE VÉLEZ RUBIO AREA (EASTERN 
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Introduction 
 The Betic Cordillera is located in the South and Southeast of Spain. This orogen is divided into External 
Zones (or South-Iberian Domain) and Internal Zones (or Alboran Domain; Balanyá & García-Dueñas, 1987). 
Both Zones are separated by the rocks of the Flysch Trough Units (Fig. 1). In the Eastern Betic Cordillera, the 
External Zones and the Flysch Trough Units overthrust the Internal Zones rocks by means of a thrust system 
with a top-to-the-SE sense of movement (Paquet, 1969; Lonergan, 1993). In the Vélez Rubio area, the 
footwall of this thrust system is the Malaguide Complex. In this work, we study the internal structure of the 
Malaguide Complex and its relationship with the contact between the External and Internal Zones. We aim is 
to determine the structures that are previous and contemporaneous to the convergence between the External 
and Internal Zones. 
 
Geological setting 
 In the area studied, the rocks of the External Zones belong to the Subbetic UNits. The first compressive 
deformations recorded in the Eastern Subbetic Units are Lower Burdigalian folds with an original NNE-SSW 
trend and vergence towards the East (Fernández-Fernández et al., 2004). These folds were tightened during 
the Middle Burdigalian, having undergone vertical axis rotations too, responsible for the arched axial surfaces 
(Fernández-Fernández et al., 2004). Compression culminated with the SE-directed overthrust of the Subbetic 
Units over the Flyschs Trough Units. The thrust surface is covered unconformably by Upper Burdigalian 
sediments (Fernández-Fernández et al., 2004). 
 The Flyschs Trough Units in the eastern Betics are made up of clays and sandstones (Solana Fm.) 
attributed to the Aquitanian. These rocks overthrust with a top-to-the SE sense of movement the Burdigalian 
sediments capping the Internal Zones of the Cordillera. The thrust surfaces develop probably during the Late 
Burdigalian times. 
 The Internal Zones of the Betics consist in several Tectonic complexes, superposed from bottom to top as 
follows: Nevado-Filabride Complex, Alpujarride Complex and Malaguide Complex. The contacts between 
these complexes are extensional detachments. In the eastern Betics, the extensional detachment associated 
with the Alpujarride/Malaguide contact shows a top-to-the-ENE sense of movement (Aldaya et al.1991; 
Lonergan & Platt, 1995). 
 The internal structure of the Malaguide Complex in Sierra Espuña (Fig. 1) is composed by a system of 
late Eocene to Oligocene thrusts with a top-to-the NNO sense of movements (Lonergan, 1991). Moreover, 
Middle Miocene folding produced NE-SW folds with NW vergence. 
 The sequence of the Malaguide Complex in the Vélez Rubio area begins with a Palaeozoic basement (Piar 
Gr., Late Silurian to Late Carboniferous), deformed during the Variscan orogeny, and overlaid by a Mesozoic 
to Cenozoic sedimentary cover, which is usually detached. The cover sequence begins with red clays, 
sandstones and conglomerates of the Saladilla Fm. (Middle to Late Triassic), which are overlaid by 
limestones and dolostones of Jurassic to Early Eocene age. These rocks are unconformably capped by brown 
calcarenitas, sandstones and pelites of the Ciudad Granada Fm. of Early to Middle Aquitanian age (González 
Donoso et al., 1988); this formation contains clasts derived exclusively from the Malaguide Complex. (Geel, 
1973). The sequence ends with the Fuente-Espejos Fm. (Early to basal Late Burdigalian, González Donoso et 
al., 1988). This Formation lies unconformably over the previous rocks, being composed of grey marls with 
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levels of calcarenites, sandstones and conglomerates. These detritic rocks contain fragments from the 
Alpujarride and Malaguide complexes; the upper part of the succession contains fragments from the Subbetic 
and the Flyschs Trough Units too (Geel, 1973). 
 

 
 
Figure 1.- Geological sketch of the eastern Betic Cordilleras, the arrows indicate the sense of movements of 
the compressive structures during the External-Internal Zones convergence and the and also the sense of 
movement of the Alpujarride/Malaguide detachment. 
 
Structure of the Malaguide Complex 

The oldest Alpine structure recognized in the rocks of the Malaguide Complex is a slaty cleavage, 
usually subhorizontal, affecting the Paleozoic and Triassic rocks (Piar Gr. and Saladilla Fm.) of the lower part 
of the complex. The foliation is axial plane of E-W trending folds vergent to the North. This slaty cleavage 
has also been described in other areas of the eastern Betic Cordillera (Fig.1, Nieto et al. 1994; Booth-Rea, 
2001). 

Other ancient Alpine structure is a decollement between the Paleozoic basement and the cover. This 
decollement is characterized by fault rocks with NNW-SSE striae and kinematic criteria (S-C structures, trails 
of crushed clasts,…) indicating a top-to-the-NNW sense of movement (Fig. 2). In the northern outcrops of the 
Malaguide Complex, the decollement thins and omits part the Triassic Saladilla Formation, as well as part of 
the Jurassic to Lower Eocene rocks. The decollement is capped by the Ciudad Granada Fm. suggesting a pre-
Aquitanian age, probably Oligocene. 

The ancient Alpine structures are cut by a set of reverse and right-handed reverse faults (Fig. 2). The 
number of these faults is variable and increases from West to East. These faults have an ENE-WSW trend and 
dips to the North from 45º to 90º (Fig. 2). The striae have SE-NW to ENE-WSW trends, with kinematic 
criteria indicating a top-to-the SE sense of movement. These faults cut the Ciudad Granada Fm., being 
covered unconformably by the Fuente–Espejos Fm., thus indicating a Late Aquitanian age for this faulting.  

The basal contact of the Malaguide Complex with the Alpujarrride Complex is a extensional 
detachment fault (Aldaya et al. 1991; Lonergan y Platt 1995). It has an ENE-WSW orientation and is 
deformed by a NW-vergent fold (Fig. 2). Striae and kinematic criteria show a sense of movement towards the 
ENE for the hanging wall of this detachment (Aldaya et al., 1991). This detachment cuts and omits westwards 
both the reverse Upper Aquitanian faults and the front of the Alpine slaty cleavage (Fig. 1). The obliquity 
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between thee two sets of structures (no more than 20º) allows interpreting the detachment as a low angle 
normal fault. The hanging wall of the detachment is the Alpujarride Complex, whose rocks have undergone 
an Alpine HP/LT metamorphism (Goffé et al., 1989). 

 

 
 
Figure 2.- Geological cross section of the Malaguide Complex east of Vélez Rubio (see Fig. 1 for location). 
 
Discussion 

The oldest Alpine structures in the Malaguide Complex are the slaty cleavage and the decollement 
with a top-to-the-NNW sense of movement. These structures can be correlated with similar structures in 
Sierra Espuña and Sierra Tercia (Lonergan, 1991; Nieto et al. 1994; Lonergan y Platt 1995; Booth-Rea et al., 
2002), where they have been interpreted as predating the convergence between the Internal and the External 
Zones. These structures are cut by two sets of structures of Lower Miocene age: (i) the reverse and right-
handed reverse faults with top-to-the-SE sense of movement and (ii) the extensional detachment with top-to-
the-ENE sense of movement. 

The top-to-the-SE reverse faults have a Late Aquitanian age, predating the development of 
compressive structures in the Subbetic and Flysch Trough Units (fold and thrust system of Burdigalian age). 
These faults record a right-handed transpressive deformation, in the same way as the Burdigalian structures of 
the Subbetic Units (Fernández-Fernández et al., 2004). This evolution indicates that the transpressive 
deformation first began in the hinterland (Internal Zones or Alboran Domain) and then migrated to the 
foreland (External Zones or South-Iberian Domain).  

   The Late Aquitanian reverse faults are sealed by the Fuente-Espejos Fm. This formation recorded 
the erosion and approximation of the thrust front of the Subbetic and the Flyschs Trough Units during the 
Lower Burdigalian. The Fuente-Espejos Fm. also recorded the erosion of the HP/LT metamorphic rocks of 
the Alpujarride Complex, thus indicating that this complex has been exhumed at this time. This exhumation 
was produced by the movement of the Alpujarride/Malaguide detachment, a low angle normal fault that thins 
the Malaguide complex and allows the exhumation of its footwall. The ages determined by fission tracks on 
apatites and zircons (Johnson, 1993; Platt et al., 2005) indicate the cooling of the Alpujarride rocks (footwall 
of the detachment) below 320ºC and 120ºC between 21 and 18 Ma. These ages agree with the presence of 
Alpujarride clasts in the Fuente-Espejos Fm. (Early to basal Late Burdigalian), while they lack in the Ciudad 
Granada Fm. (Early -Middle Aquitanian). However, these ages suggest that the right handed transpressive 
structures associated with convergence of the External and the internal Zones and the extensional structures 
responsible for the thinning of the Malaguide Complex are coeval. Both types of structures acting coevally 
can explain why the Betic Cordillera shows at present a crust with a standard thickness, lacking significant 
thickening or thinning of the crust. 
 



Thrust Belts and Foreland Basins, International Meeting, Rueil-Malmaison, December 2005 
Abstracts Volume 

****************************************** 
 

 

 

160

References 
Aldaya, F., F. Alvarez, J. Galindo Zaldívar, F. González Lodeiro, A. Jabaloy & F. Navarro Vilá. (1991). The Maláguide-

Alpujárride contact (Betic Cordilleras, Spain): a brittle extensional detachment. Comptes Rendues L'Académie des 
Sciences. Paris. 313(Série II-101): 1447-1453. 

Balanyá, J. C. & V. García Dueñas (1987). Les directions structurales dans le Domaine d'Alborán de part et d'autre du Détroit 
de Gibraltar. Comptes Rendues L'Académie des Sciences. Paris. 304, Série II(15): 929-932. 

Booth Rea, G. (2001). Tectónica Cenozoica en el Dominio de Alborán. Tesis doctoral. Universidad de Granada: 240pp. 
Fernández-Fernández, E.M., Jabaloy, A., González-Lodeiro, F. (2004). Lower-Miocene deformation in the hanging-wall of 

the Internal-External Zone Boundary of the Betic Cordillera: Deformation at the edges of vertical axis rotation domains 
in oblique convergent margin. In: Grocottt, McCaffrey, J., K. J. W., Taylor, G. & Tikoff B. (eds.): Vertical coupling and 
decoupling in the lithosphere Geological Society of London Special Publication Londres (UK) 227, 249-277.  

Geel, T. (1973). The geology of the Betic of Malaga, the Subbetic and the zone between these two units in the Velez Rubio 
area (Southern, Spain). GUA Papers of Geology. 5, 179pp. 

Goffé, B., Michard, A.,  García-Dueñas, V., González-Lodeiro, F., Monié, P., Campos, Galindo-Zaldívar, J., Jabaloy, A., 
Martínez-Martínez, J. M.& Simancas, J. F. (1989). First evidence of high-pressure, low-temperature metamorphism in 
the Alpujarride nappes, Betic Cordilleras (SE Spain). European Journal of Mineralogy. 1, 139-142. 

González Donoso, J. M., Linares, D., Molina E. & Serrano., F. (1988). El Mioceno inferior de Chirivel (Almería): 
Bioestratigrafía, cronoestratigrafía y significado tectosedimentario de las formaciones de Ciudad Granada y Fuente-
Espejos. Revista de la Sociedad Geológica de España, 1, 53-71. 

Johnson, C. (1993). Contrasted thermal histories of different nappe complexes in SE Spain: Evidence for complex crustal 
extension. In: Séranne M.&  Malavieille. J., (eds.) Late Orogenic Extension in Mountain Belts. 209. 

Lonergan, L. (1993). Timing and Kinematics of deformation in the Malaguide Complex, Internal Zone of the Betic 
Cordillera, Southeast Spain. Tectonics 12(2): 460-476. 

Lonergan, L. & J. P. Platt (1995). The Malagide-Alpujarride boundary: a major extensional contact in the Internal Zone of 
the eastern Betic Cordillera, SE Spain. Journal of Structural Geology. 17(12): 1655-1671. 

Nieto, F., N. Velilla, D. R. Peacor & M. Ortega Huertas. (1994). Regional retrograde alteration of sub-greenschist facies 
chlorite to smectite. Contributions to Mineralogy and Petrology. 115: 243-252. 

Paquet, J. (1969). Étude geologique de l'ouest de la Province de Murcie (Espagne). Mémoire Société Géologique de la 
France. 3:1- 270. 

Platt, J. P.  Kelley, S. P. Carter A. & Orozco M. (2005). Timing of tectonic events in the Alpujárride Complex, Betic 
Cordillera, southern Spain . Journal of the Geological Society, London, 162, 1–12. 

 



Thrust Belts and Foreland Basins, International Meeting, Rueil-Malmaison, December 2005 
Abstracts Volume 

****************************************** 
 

 

 

161

THE NORTH PYRENEAN FRONT AND RELATED FORELAND BASIN ALONG THE BAY OF 
BISCAY: CONSTRAINTS FROM THE MARCONI DEEP SEISMIC REFLECTION SURVEY 
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Keywords: Pyrenees, Bay of Biscay, subduction, inversion tectonics, Mesozoic, Cenozoic. 

 
The Pyrenees form a doubly vergent mountain belt which resulted from Late Cretaceous-Cenozoic 
convergence between Iberian and Eurasian plates. They extend from the eastern Alps to the Atlantic Ocean 
NW of the Iberian Peninsula, displaying different characteristics along strike. Between France and Spain, the 
Pyrenees s.s. developed over a previous thinned continental crust and forms a continental collisional orogen 
with limited subduction of the continental Iberian lithospheric mantle and lower crust underneath the Eurasian 
plate. More to the West, in the Cantabrian Pyrenees, the oceanic crust of the Bay of Biscay became involved 
in the Pyrenean orogen but, unlike most oceanic lithosphere, was only moderately subducted. Instead, 
deformation was mainly concentrated in the previously thinned Iberian continental crust of the Bay of Biscay 
Iberian continental margin. Recording this structural change, in the Pyrenees s.s., the North Pyrenean front is 
made up by basement involved north-directed thrusts developed from the inversion of the extensional faults 
that bounded to the north most of the main Lower Cretaceous intracontinental basins inheritated from the 
opening of the Bay of Biscay. In contrast, in the Cantabrian Pyrenees, the North Pyrenean front has been 
interpreted as an accretionary prism located in the front of present-day Cantabrian continental slope that 
deforms Cenozoic and Mesozoic sediments of the Bay of Biscay oceanic basin . 

In September 2003, a deep seismic reflection survey (MARCONI 1), consisting of 11 seismic profiles, was 
carried out in the eastern part of the Bay of Biscay (fig. 1) in order to improve the structural knowledge of this 
area as well as to understand the different tectonic processes involved  through time. Together with the 
ECORS-Bay of Biscay deep seismic profile and the industrial seismic lines, this survey allowed to 
characterize the change in the structural style of the North Pyrenean front and to highlight the role played by 
the pre-existing Mesozoic structures in the deformation pattern of this front. 

Seismic profile interpretation show that two domains exist in the Bay of Biscay with a different Pyrenean and 
north-foreland structural evolution: the eastern, Basque-Parentis sector and the western, Cantabrian sector. 

In the eastern sector, the North Pyrenean front is located close to the coast at the bottom of the Basque 
continental slope. It corresponds to an E-W trending major thrust controlled by the inversion of a major Early 
Cretaceous extensional fault bounding the Basque basin to the north. Northwards in front of the North 
Pyrenean thrust system; the frontal thrust sheet overlaps the top of a Cenozoic undeformed foreland basin. 
The North Pyrenean foreland basin, in this eastern sector, lies on the top of a continental domain composed of 
the Parentis basin and the Landes plateau. This latter plateau was uplifted during the Early Cretaceous times 
between the Parentis basin to the north and the Basque basin to the south. In this plateau and northwards, no 
significant contractional deformations are observed within the Cenozoic sediments, and the present-day 
structure is controlled by north and south-dipping normal faults bounding a complex system of Mesozoic 
half-grabens including the Parentis basin itself (fig. 2A). Cenozoic sediments in this area are only deformed 
by salt walls and diapirs involving Triassic evaporite-mudstone. The growth of these diapirs took place 
mainly during the Mesozoic opening of the Bay of Biscay, but they have been then squeezed during the Late 
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Cretaceous-Paleogene convergence between Iberian and European plates. This indicates that, although minor, 
some Pyrenean contractional structures developed also in this area. 

 

Figure 1: Simplified tectonic map of northwest Iberia with the location of the MARCONI deep seismic 
profiles. 

 

In the western, Cantabrian, sector, the North Pyrenean front is shifted to the north and its geometry clearly 
differs from the eastern sector. It is a northward-directed blind thrust imbricated stack interpreted previously 
as an accretionary prism (fig. 2B). This thrust system deforms both the Mesozoic and Cenozoic cover  of the 
northern Pyrenean foreland basin , located in front of the Cantabrian continental slope, which is also shifted to 
the north with respect to the eastern sector front. The North Pyrenean foreland basin lies on the top of the 
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crust of the Bay of Biscay abyssal plain which has been interpreted as oceanic or transitional, unlike in the 
eastern sector. 

The transition between these two well differentiated sectors of the north Pyrenean structure corresponds to a 
soft transfer zone trending NNE-SSW, located north of Santander (fig. 1). In this 50 km wide zone, the 
continental crust between the Cantabrian and the Basque north Pyrenean front is affected by major north-
dipping NE-SW to E-W Early Cretaceous extensional faults. The coincidence of this transfer zone with the 
eastern border of the Bay of Biscay oceanic crust denotes that the different characteristics along strike of the 
north Pyrenean structure in the Bay of Biscay are related to a dramatic change in the nature of the subducted 
crust from continental to the east, to oceanic or transitional westwards (being continental to the east and 
oceanic or transitional to the west). Therefore the rift system developed between Iberia and Eurasia during the 
Early Cretaceous appears as a major factor controlling not only the location and features of most of the 
Pyrenean thrust sheets but also the overall structure of the chain.  
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SUSPENDED SEDIMENT VARIABILITY IN THE GANGA BASIN : IMPLICATIONS 
FOR EROSION GEOCHEMICAL BUDGET AND ORGANIC CARBON FLUX. 

Keynote 

 

Christian FRANCE-LANORD (1), Valier GALY(1) Albert GALY (2) and Sunil K. SINGH(3) 
 

(1)   Centre de Recherches Pétrographiques et Géochimiques, CNRS, BP 20 54501 Vandoeuvre les 
Nancy, France - cfl@crpg.cnrs-nancy.fr 

(2) Dep. of Earth Sc., University of Cambridge, UK 
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 Himalayan erosion generates one of the world largest sediment transport system. A keypoint for 
the interpretation and the geochemical budget of the Himalayan sedimentary record is to understand and 
quantify modern river fluxes. This reveals to be a difficult task in such large river system as there is a 
large seasonal variability and because floodplain sequestration and the bedload transport are potentially 
important but not measurable. Direct measurements on rivers in Bangladesh provide data on dissolved 
and suspended particle fluxes. Galy and France-Lanord [Geology 29, 23-26] used a geochemical budget 
to approach these additional fluxes and proposed that they should be approximately equal to that of the 
suspended load flux (about 400 Mt/yr for the Ganga).  However, such budget relies on the 
representativeness of the chemical composition attributed to the different endmembers.  The uncertainty 
on geochemical composition of erosion fluxes makes it difficult to assess derived fluxes as those for 
particulate organic carbon or silicate weathering. 
 
 Here we present new data on river sediments of the Ganga in Bangladesh and in the Gangetic 
plain that allow a more reliable assessment of the suspended sediment composition. Sampling has been 
performed during monsoon periods of 2001, 02, 04 and 05. Sampling includes depth profiling in order 
to take into account the mineral sorting during transport. Depth profiles show systematic trends.  For 
instance, Al2O3/SiO2 ratio evolve from 0.25-0.35 at the surface down to 0.15-0.27 at 10 m depth mainly 
as a response to the progressive decrease of the (micas+clays)/quartz ratio. Grain size distribution also 
evolves in parallel from a unimodal distribution around 20 µ m at the surface to a bimodal distribution 
with a second mode around 200 µ m at depth. Particulate organic carbon is also dependent of this 
sorting process with higher concentrations associated to fine grain sediments of the surface. All 
sediments define a positive correlation between total organic carbon content (TOC) and Al2O3/SiO2 
ratio. Throughout all the system, the organic carbon content is therefore determined by the 
(micas+clays)/quartz ratio. Elements like Na, which is controlled by plagioclase, and Ca controlled by 
carbonates do no not show comparable systematic evolution with depth. 
 
 The data show that in Bangladesh, the suspended sediments are clearly enriched in Al and Fe 
relative to the average Himalayan sources. Using a simple geochemical mass balance and assuming 
steady state erosion of the Himalayan part of the basin, these data imply that the fluxes of bedload 
transport and floodplain sequestration do represent 50 to 70 % of the suspended load fluxes. This result 
confirms our preliminary budget and suggests that the Himalayan range drained by the Ganga delivers 
an erosion flux above 1100 Mt/yr.  Along the Ganga course, the suspended sediments appear 
progressively depleted in SiO2 likely as a response to the deposition of quartz rich sediments in the 
floodplain. This lead to an increase of the TOC in the suspended particles along the floodplain. As there 
is no significant change of the mineralogical control of the organic carbon content all over the basin, 
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this increase seems to be due to mineralogical sorting rather than simple organic carbon reloading. 
Coupling hydrodynamic data (current velocities measured with ADCP) with organic carbon contents 
allow to re-evaluate the mean organic carbon content of the suspended particles in the Ganga river. 
Preliminary results lead to a mean TOC ranging between 0.3 and 0.4 %. This combined with the erosion 
flux would significantly reduce the estimations of organic carbon flux associated to the sedimentary 
transport of the Ganga. 
 
 Taking into account the mineralogical sorting associated to the transport dynamic of the river is 
essential for geochemical approaches of erosion budgets. It also allows more accurate characterization 
of the sediment sources and of the weathering stage of the sediments. 
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STRUCTURE AND NEOTECTONICS OF JABONCILLO AND DEL PERAL ANTICLINES. 
NEW EVIDENCES OF PLEISTOCENE TO HOLOCENE? DEFORMATION IN THE ANDEAN 

PIEDMONT. 
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INTRODUCTION 
The neotectonic features developed in the northern region of Tunuyan Graben (figure 1a) have been 

previously studied by field works and photo-interpretation (Polanski, 1963; Yrigoyen, 1993, Cortés, 1993, 
Costa et al., 2000). We integrate surface and subsurface data to develop an original schematic structural 
section and we analyze detailed topographic profiles and aerial photos to evaluate the structure and 
neotectonics of the area. This is located at 33º20’SL near the southern end of the central segment of Central 
Andes, in the Cordón del Plata foothills (figure 1a). The structural units recognized in the region are: 
Cordillera Frontal, Cerrilladas Pedemontanas and Tunuyán Graben (figure 1a). 

The Cordillera Frontal was uplifted as a rigid block during the Plio-Pleistocene and is composed by a 
Carboniferous sedimentary basement covered with volcanic rocks associated with Choiyoi Group and 
intruded by Upper Paleozoic and Triassic granitoids (Polanski, 1958). In the study region this mountain belt 
can be divided in two segments: Cordón del Plata and Cordón del Portillo (figure 1a). The Cordón del Plata 
thrust-front is represented by La Carrera fault-system which was active until Pleistocene times (Caminos, 
1979; Cortés, 1993). Nevertheless, the Cordón del Portillo thrust-front doesn’t emerge and is covered by 
alluvial conglomerates indicating a decrease in neotectonic activity towards the south (Cortés et al., 1999). 

In the Cerrilladas Pedemontanas region Miocene to Pleistocene synorogenic deposits crops out in 
three NNW-trending belts of low altitude hills (figure 1a). These hills are the superficial expression of 
compressive deformation of Triassic depocenters of Cuyo basin that began in Late Pliocene and is still active 
(Irigoyen et al., 2002). Previous researchers have identified both thin- and thick-skinned tectonic styles that 
coexist in a complex arrangement (Sarewitz, 1988, Kozlowski et al., 1993, Cristallini et al., 2000, 
Chiaramonte et al., 2000).  

The Tunuyán Graben (figure 1a) was defined by Polanski (1963), and comprises a Late Pliocene? to 
Holocene intermountain basin located between the Cordillera Frontal to the west and the Cerrilladas 
Pedemontanas to the east. Neogene synorogenic deposits and thin Triassic layers are presents in subsurface. 
Upper Pliocene to Middle Pleistocene coarse alluvial sediments were accumulated as response to latter 
orogenic pulses in the Cordillera Frontal. Folds and scarps developed in Pleistocene alluvial deposits are 
evidences of active tectonics in this zone (Cortés et al., 1999). 

 
 
 
STRUCTURE 
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Integration of seismic lines with new field data made possible the structural modeling of Jaboncillo 
and Del Peral anticlines (figure 1b). Seismic lines across both folds show that they were formed above an 
east-vergent very low-angle thrust (García, 2004). Two detachment levels are outlined within the Mariño Fm. 
and they are linked by a low-angle ramp located below Jaboncillo anticline (figure 1b). Del Peral anticline is 
compound by Middle Pleistocene sediments and Neogene units (figure 1c). This structure is interpreted as a 
fault-propagation fold developed by the eastward migration of the shallower thrust, loosing displacement to 
the south and interfering with the Totoral fault to the north.  

Jaboncillo hills are composed by Middle Pleistocene coarse alluvial sediments (La Invernada Fm.) 
and little Neogene outcrops, that are observed in the bedrock of some cross-cutting creeks near the fold hinge 
(figure 1c). Jaboncillo anticline is modeled as a fault-bend fold formed above the linking ramp. As it can be 
interpreted from the structural sections, this structure is a doubly-plunging anticline with a curved fold axis 
(NNE-trend in the south and NW-trend in the north) (figure 1c). Both folds define a thin-skinned structural 
style that contrasts with the dominant one in the Cerrilladas Pedemontanas, where basement is involved in the 
deformation.  

 
NEOTECTONICS 
Three scarps developed in Jaboncillo hills were identified. These are regularly spaced and have a sub-

parallel map design with a general NNW-trending (figure 1c). Another common feature is that the eastern 
block is the elevated one, indicating, together with its straight map design, that these are fault-scarps. We 
interpret that these have been formed by very shallow backthrusts detached within incompetent layers of La 
Pilona Fm (Late Middle Miocene). In the NE sector, the easternmost fault-scarp affects Upper Pleistocene 
terraced alluvial deposits (Las Tunas Fm.), allowing us to infer Late Pleistocene tectonic activity. The map 
design of the scarps respect to the general trend of the fold axis also indicates that dextral strike-slip 
displacements probably occurred in this region (figure 1c). A local pediment-shaped surface developed above 
both folds was recognized. This is better preserved in the backlimbs and it was formed during an erosive 
period near the Middle to Late Pleistocene. The original slope of the pediment was of about 4º-5º to the east, 
but at the present is nearly horizontal to 1º dipping to the west; therefore a little counter-slope rotation is 
interpreted. This rotation is linked with folding activity in both anticlines during Late Pleistocene times. 

Field work mainly consisted in the survey of ten detailed topographic profiles across both hills, 
following creeks and hilltops. The hilltops profiles have been used to verify the presence of the scarps in 
sectors where these features are poorly preserved. Likewise, an accurate recognition of the pediment surface 
was possible in these profiles. The creeks equilibrium-profiles were analyzed in detail. Convex-up profiles of 
Jaboncillo creeks are founded and it was possible to define several segments with different dips. Some 
changes in the stream-sinuosity are associated with these dip-changes, increasing the sinuosity with dipping. 
Streams equilibrium-profiles characterize an unbalanced zone associated with Jaboncillo anticline. Using all 
creek profiles the SL (stream-length) index was calculated (Hack, 1973). The results were represented in a 
map of SL index values which indicates sectors with perturbations in the equilibrium profiles (high SL 
values). These perturbations are associated with: fault-scarps activity, modern folding and lithological 
variations. 

 
 
 
CONCLUSIONS 
1. Jaboncillo and Del Peral anticlines are fault-related folds developed above a very low-angle thrust 

with shallow detachment levels within the Mariño Fm. (Middle Miocene) defining a thin-skinned tectonic 
style. 

2. The fault scarps and pediment-shaped surface affects Middle to Late Pleistocene deposits (La 
Invernada and Las Tunas Formations) indicating tectonic activity in these times. 

3. The zone with convex-up creek equilibrium profiles and some perturbations determined by high SL 
values are strong evidences of Late Pleistocene to Holocene? deformation. 
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STRUCTURAL MODEL APPROACH OF THE CHELIF BASIN  
 

Rachida GHAZLI   
 

Sonatrach, Activité Amont, Division Exploration 
Avenue du 1er Novembre. Boumerdes 

 
 
Introduction : 
 
This paper is focused on the interpretation of the central part of the Chelif basin of a seismic reflection profile. 
The target of this paper is trying to define the style of the basin.  
 
Database: 
 
The structural model is based on the geometry of the basin integrating various data sources. (i.e. surface 
geology, well data, seismic cross-sections) 
The interval velocities used for the inversions of the principal profile were chosen from the seismic lines. 
 
Geological setting:  
 
The Chelif basin is located in the western part of North Algeria (Figure 1)  
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It corresponds to a tertiary basin with three sedimentary cycles, Lower Miocene, Upper Miocene and  
Pliocene. These sediments consist on sands at the basinal and marls “Marnes bleues” at the top. The deposits 
overlie on a basement undifferentiated, separated by the alpine unconformity (Figure. 2)  
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Figure. 3   Structural map of the Chelif basin 
 
Many periods of deformation are recorded and such a structural model was involved. 
The Chelif basin is reflected at the surface by a set of NE- SW fault- folding at its north border from Akboube 
region going E-W between Ain Zeft and El Biod regions (Next figure, 3).  
 
The basin is defined as a piggy-back basin over a main basal detachment corresponding to the cretaceous 
marls and sometimes to the Triassic salt (Figure. 4).  
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Figure. 4 Different periods of the tectonic events through time of the Chelif basin 
I tried to propose a thick skinned style involving the Palaeozoic deposits beneath Mostaganem plateau and 
thin skinned through the south border of the basin.   
This concept goes with the global tectonic of the African - European plates collision. The consequences still 
occur until now by earthquakes (Figure. 5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                     Figure. 5 A regional cross-section of the Chelif basin 
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The potential of this basin is enhanced by the two important oilfields which were discovered in the thirteen’s 
and named Ain Zeft and Tliouanet, situated respectively in the northern border and the southern one of the 
basin (Next Figure. 6). The principal sandy reservoirs are tertiary, corresponding essentially to the basal 
terms of the Lower and Upper Miocene.      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                Figure. 6  Oilfiels location in the Chelif basin 
 
 
The geochemical modelling worked with Genex software took in account the different geological events and 
revealed positive results in terms of timing and potential source rocks from the basement (Cretaceous, 
Palaeocene) (Figure. 7)   
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Figure. 7  Generation and expulsion hydrocarbons graphs 
of a well simulation (CH-1) of the Chelif basin 

 
 
 
 



Thrust Belts and Foreland Basins, International Meeting, Rueil-Malmaison, December 2005 
Abstracts Volume 

****************************************** 
 

 

 

177

 
THRUST BELTS AND HYDROCARBON EXPLORATION – IS IT WORTH IT? 

Keynote 
 

R.H. GRAHAM 
Amerada Hess 

 
Twenty years ago we regarded thrust belts as one of the frontiers of future exploration – analogous 

with new (deep water) technology and new (ex- soviet block) geography. All were thought of as areas where 
existing exploration was immature, and therefore that was where the future lay.  By their nature the structures 
developed in thrust bests are complex and commonly difficult to define seismically. It was hoped that new 
approaches, both geophysical and geological, might unlock the potential. 

Over those 20 years, deep water has delivered enormous new reserves, and even though exploration 
hopes for China proved unfounded, Russia is now the major source of European gas. However, the same 
twenty years has not seen an equivalent increase in delivery from thrust belts – why not? 

In many ways the fundamental elements of thrust belts mitigate against hydrocarbon prospectivity. 
Thrust belts elevate rocks which were once more deeply buried and consequently there is a danger of burned 
out source rock and tight reservoir. There are complex timing issues of trap development and maturation. 
Although there are significant accumulations in some thrust belts, they require special combinations of 
circumstances (the colossal accumulations in the Zagros stand out, but this seems to be unique on earth, and 
deep water toe thrust systems are a very different kettle of fish)   

One can try to define the criteria (in addition to pre-requisites of source and reservoir presence) 
which are necessary for delivery in thrust belts. Burial which post-dates the structural generation is probably 
the most significant of these and it can occur in a variety of ways, which are outlined. 

Should we consider thrust belts worth the exploration risk, we need to ask what approaches will 
enable us to make the best of the difficult job. One powerful approach is to use modelling software such as 
I.F.P.’s ‘Thrustpack’ or ‘Ceres’. An example is summarised.  Another approach may be to incorporate more 
closely into our geometrically-dominated thinking on thrust belts those new approaches which focus on the 
fluids themselves, on fluid pressures and fluid migration. Derived from geochemically based basin modelling, 
their emphasis on petroleum fronts, migration through shales and a confidence in fault seal might alter some 
of our perceptions.    
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DEVELOPMENT OF TRIANGLE ZONE IN FRONTAL PART OF OROGENS: 
INSIGHTS FROM ANALOGUE MODELLING 

GRELAUD S.(1), NALPAS T.(2), CALLOT J.-P.(1) and VERGÈS J.(3) 

(1) Institut Français du Pétrole. Geology-Geochemistry Division. 1 et 4 avenue de Bois-Préau. 92852 Rueil-
Malmaison Cedex. France 

(2) Géosciences Rennes UMR CNRS 6118. Bâtiment 15. Université de Rennes1. Campus de Beaulieu. 35042 
Rennes Cedex. France 

(3) Group of Dynamics of the Lithosphere. Institute of Earth Sciences "Jaume Almera", CSIC. Lluís Solé i 
Sabarís s/n. 08028 Barcelona. Spain 

Keywords: sandbox  analogue models, triangle zone, orogen front 

Geometries of orogen fronts can schematically be categorized between two end-member types: (1) 
emergent front with part or whole sedimentary cover thrusted over undeformed foreland basin (e.g. 
Himalayas, Alps, Salt Range) and (2) buried fronts where the frontal thrust forms a triangle zone with a 
backthrust carrying the foreland units over the front itself (Canadian Rockies, Bolivian Andes). Evolution of 
fold-and-thrust belts is strongly dependant from mass transfer and efficiency of the décollement at the 
basement/cover interface. Backthrusting within the sedimentary cover in front of the folded belt is in general 
possible when an intermediate decoupling level exists. In regard of the numbers and efficiency of the 
decollement levels, the Potwar and Canadian Rocky Mountain constitute two extreme cases whereas the 
Zagros occupies an intermediate position (Fig. 1). This has an influence on the sedimentation pattern, with 
either small inner-belt basins (Zagros), or large foreland basin at the front (Rocky Montains) or within the belt 
(Potwar). 

 

Figure 1. Parameters influencing geometries in fold-and-thrust belts. Basal friction is maximum in Canadian Rocky 
Mountain whereas it is minimum in the Potwar (Fermor and Moffat, 1992; Grelaud et al. 2002; Molinaro et al., 2005). 
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Shortening rate, erosion and sedimentation were investigated through analogue modelling. Two types 
of models were performed. In both types a four layer silicon/sand pile was maintained between a fixed wall 
and a mobile wall horizontally pushing the materials. Models were built without lateral limits to avoid border 
effects. Models of type I were designed to obtain a single structure therefore half of the model lied on a thin 
plate sticked to the mobile wall. This apparatus forced the sole thrust to nucleate at the basal discontinuity of 
velocity at the tip of the plate. 

Influence of shortening rate was tested first. In presence of an efficient upper ductile layer, a triangle 
zone forms early, during the first increment of shortening and is synchronous of the sole thrust. Activity on 
this triangle zone reduces with increasing shortening and the deformation is accommodated by short 
wavelength pop-up structures related to the upper décollement level. High shortening rates do not drastically 
affect the main structure except the development of a backthrust, with a reduced displacement, connected to 
the lower ramp on the backlimb of the structure. 

The upper décollement level allows generation of a backthrust on top of the lower thrust sheet to 
accommodate the upward displacement of this lower plate of sand acting as a rigid wedge. 

In models of type II, the plate inducing a discontinuity of velocity was removed to allow propagation 
of compressive deformation along the basal décollement. Erosion was simulated by aspirating sand on top of 
the growing relief and deposition was done by powdering sand within the depressions. 

In the absence of erosion, the triangle zone does not develop as shortening is accommodated far from 
the front by short wavelength pop-up structures formed above the upper décollement level and connected to 
the inital lower ramp (Costa and Vendeville, 2004). A new sole thrust is created far from the former one when 
the load locked the movement on the first lower thrust (Fig. 2). 

 
(a) 

 
(b) 

Figure 2. Type II model (a) without erosion, and no deposition. Shortening rate is 1 cm per hour. (b) Erosion and 
deposition. Shortening rate is 4 cm per hour. 

Erosion, by gradually removing the load on top of the rigid body maintains activity of the backthrust 
thus leading to the apparition of a "true" triangle zone. All the shortening is accommodated by this double 
verging system. In this case the foreland remains undeformed (Fig. 3). 
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Figure 3. Comparison of model with erosion with cross-section through the Southern Fars arc in the Zagros fold-and-thrust 

belt (Iran) by Molinaro et al. (2005). 

 
A high shortening rate and an efficient upper décollement induce both development of the triangle 

zone and thrusting in front of the initial thrust. In this case, erosion does not balance the rapid uplift favoured 
by the stacking of units which behave in a more brittle way with shorter wavelength. 

Analogue models allow to demonstrate that development of a triangle zone in front of orogens is 
controlled by the competition between existence and efficiency of an upper decollement level, shortening rate 
and mass transfer. Erosion is the main parameters influencing development of structures when shortening 
rates are low or medium. The Salt Range can not be modelled with these models because of the existence of 
the upper décollement level and mainly because deposition is more important in the reality than in the models 
performed here. Rapid deposition in the Potwar basin increased rigidity of the thrust sheet that ran without 
any deformation towards a buttress which deviated basal décollement towards the surface. On the contrary the 
Zagros front can easily be modelled with this type of model as the Gascharan salt forms an upper décollement 
level in front of the lower ramp. 
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STRUCTURAL ANALYSIS OF THE FRONT OF THE BÓIXOLS THRUST SHEET: 
THE SANT CORNELI AND BÓIXOLS ANTICLINES (PYRENEES, SPAIN) 

GRELAUD S.(1), VERGES J.(2) 
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The Bóixols thrust sheet formed by inversion of the Mesozoic Organyà basin and forms the 
uppermost structural unit of the South Central Pyrenees. The Organyà basin was the main axe of inversion 
during Late Cretaceous as it was thrusted towards the south following the limit of the basin (Garcia-Senz, 
2002). Most of the infilling of the basin is Lower Cretaceous in age separated from upper Cretaceous post-rift 
limestone by a Cenomanian unconformity. The syncline of Santa Fe dominates the area and was backthrusted 
on the Nogueres basement slices towards the north tardily in Late Eocene time whereas the frontal parts of the 
thrust sheet to the south were built in the latest Cretaceous time (Arbuès, 1996). The Bóixols anticline belongs 
to this front. It is a fault-propagation fold (Bond and McClay, 1995) exhibiting a vertical forelimb. It grew 
above a ramp connected to the Triassic evaporites at the base of the sedimentary cover. The Bóixols thrust is 
emergent at the front of the fold and becomes rapidly blind to the west below the adjacent Sant Corneli 
anticline in continuation of the Bóixols fold. The area was mainly studied because of the sedimentological 
interest it represents and was the subject of very few structural observations. 

Thus the axe of the Sant Corneli fold plunging towards the west led previous authors to interpret it as 
the lateral termination of the Bóixols anticline. Structural analysis highlights a separation of the two 
compressive structures by a set of normal faults oblique to their axes, The trend of these faults changes to 
become parallel to the Bóixols anticline as they reach its roof. The total thickness of the Lower Cretaceous 
synrift infilling is much more developed in the Bóixols than within the Sant Corneli anticline and these 
normal faults accommodated inversion of the two sedimentary piles at the same time.  

In the studied area, outcropping conditions allowed to study fracturing in the syn-rift and post-rift 
deposits from one flank to another. Three sets of joints commonly developed during folding are recognized. 
Longitudinal joints perpendicular to bedding are dominant and cab be observed in subhorizontal position in 
the forelimb of the Bóixols anticline. The best-developed microstructures on the backlimb are joints 
perpendicular to bedding and oblique according to the anticline axe. The density of cross fold joints is more 
important in the hinge zone. Efficiency of the thrust allowed good preservation of the forelimb which is not 
cut or displaced by late fracturing re-using sub-horizontal fractures. Paradoxically it favoured collapse of the 
forelimb by normal faults generated at the interfaces of the vertical layers. Normal faults guided by fracture 
pattern affected the whole area and collapsed the Bóixols anticline as it was growing. These faults developed 
in response of regional tilting towards the west where the Late Cretaceous basin developed.  
Building of the Bóixols and Sant corneli anticlines is similar with that of buried reservoirs. The 
sedimentological inheritance played an important role during the compressive deformation as the Sant Corneli 
grew on the border of the Organyà basin which forms the body of the Bóixols thrust sheet. This example 
constitutes an excellent analogue of basin inversion structures in buried tectonic settings and their control on 
fluid evolution in similar reservoir situation. 
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3D GEOLOGIC MODELING AND TECTONIC CONTROL ON STRATIGRAPHIC 
ARCHITECTURE: EXAMPLE FROM UPPER CRETACEOUS DEPOSITIONAL SEQUENCES OF 

THE TREMP BASIN (SOUTH-CENTRAL PYRENEES) 
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1155, Université de Pau et des Pays de l’Adour 64013 PAU, France 

 
Aim and scope 
Geologic studies in the Tremp area, located in the central part of the South-Pyrenean foreland basin, have 
been formerly based on the description of facies (Mey et al., 1968; Nagtegaal, 1972). The development of 
sequence stratigraphy allowed a better understanding of the organization of the deposits in relation with the 
Bóixols thrust (Simó, 1985; Specht, 1989; Déramond et al., 1993; Ardèvol et al., 2000). Nonetheless, the 
mapping of the different depositional sequences and their spatial arrangement remains unclear. In order to 
better interpret the arrangement of the sequences and to determine the factors influencing the sedimentation, 
we have developed a method which aims for building a volumetric (3D) geological model of the area. Our 
first step has been to use an input dataset comprising aerial photographs at 50 cm resolution, a Digital 
Elevation Model (DEM) with 10 m ground pixel size and field observations in order to establish an accurate 
mapping of the geologic contours of the depositional sequences. These data have been integrated into a GIS 
(Geographical Information System) by georeferencing them in a common projection system (Fig. 1). Then, 
we have built a 3D map from the combination of (1) our newly released geologic map, (2) the integration of 
the dip and strike of the beddings, (3) balanced cross-sections and (4) the retrocontrol of the model by 
restoration. 
We have applied this approach to the upper Cretaceous 
Aren group composed by the Orcau-Vell (bottom) and 
Santa Engracia (top) depositional sequences (Simó, 1985; 
Sgavetti, 1992; Déramond et al., 1993; Ardèvol et al., 
2000). The Orcau-Vell depositional sequence begins with 
a Lowstand Systems Tract (LST), followed by a 
Transgressive Systems Tract (TST), and ends with a 
Highstand Systems Tract (HST). We have redefined the 
slope fan and Gilbert delta deposits forming the basis of  
the Santa Engracia depositional sequence as a Falling 
Stage Systems Tract (FSST), which is followed by a TST 
and a HST. 
The 3D model shall be used to determine the geometric 
relationships between the depositional sequences, to 
characterize the tectonic control on the sedimentation, and 
to quantify the sedimentation volumes and rates.  
Analysis of aerial othophotos 
The mosaic of aerial photos at 1:5,000 scale provides a 

Figure 1. Input data used to create the 3D map: (a) a mosaic of 
aerial orthophotos at 1/5,000 scale; (b) a digitized topographic 
map at 1/25,000 scale (topographic contours in green); (c) a 
geologic sketch map of the different systems tracts (from Specht et 
al., 1991, modified). 
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synoptic view of the studied area. Each geologic feature (fault and horizon) has been visually digitized from 
the analysis of geomorphic criterias (morphology, colour and texture) identified on perspective views 
constructed from the drapping of the aerial photos onto the DEM. Our analysis allowed to update the geologic 
map of Specht et al. (1991). 

Steps used to build the 3D geologic model 
The building of the 3-D geologic model is based on the approach of Dhont et al. (2005) that uses a 3-D 
modeller (Earthvision package) to generate surfaces from digitized points. Here, we have taken into account 
the dip and strike of the beddings in order to better model the geology at depth and constrain the attitude of 
the different surfaces at the scale of our study (Fig. 2). 

The attitude of the modelled surfaces have been best constrained using two perpendicular cross-sections 
(Vergés, 1993) displaying the top of the Santa Engracia and the basis of the Orcau-Vell depositional 
sequences that limit the volume of sedimentation (Fig. 3). The last step is the in-depth modelling of the N-S 
trending normal fault that cuts the central part of the studied area. This has been done with a 3D 
reconstruction tool (3DMove). 

Architecture of sequences 

We used the 3D model to analyze and reconstruct the deposits environment of the different systems tracts. 
The Orcau-Vell depositional sequence starts with a LST (Fig. 4A) characterized by the eastward decrease of 
its thickness. This can be explained by the spreading of a subaerial unconformity from east to west during 

Figure 2. (A) Building of a geologic surface from the integration of dip data. (a) The basis of the Orcau-Vell 
sequence (red points) is modeled by the use of a set of points on a plane of given bedding attitude (blue points). (b) 
Zoom of the same plane: the created points lie above and below the topographic surface and display a bedding 
measurement of N120°-35°SW. (c) The horizon surfaces is generated to pass through all the points. (B) Creation of 
dip data by using the flatirons of the different boundaries. (a) Creation of a plane by the tessellation method using 
the points forming the flatiron. (b) Extension of this surface in a bigger volume. (c) Transformation of the plane into 
a steady set of points further integrated to the file corresponding to the input digitized horizon. 
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the deposition of the LST. The overlying TST is thin (average thickness of 34 m) and displays a high 
concentration of glaucony and microfauna, showing a decrease in basin supply. In return, the HST of the 
Orcau-Vell depositional sequence is well developed, presenting an average thickness of 173 m. This HST 
consists of deltaic deposits whose distribution is relatively homogeneous with a facies changing eastwards 
from marls to sandstones. The Orcau-Vell depositional sequence is controlled by the rise of the base level and 
is characterized by a shift in the sedimentation rate. The main supply direction recorded in the systems tracts 
of the Orcau-Vell sequence is aimed towards the north-west.  
The emplacement of the normal fault in the central part of the study area is coeval with the transition between 
Orcau-Vell and Santa Engracia depositional sequences. This fault could result from the westward propagation 
of the Sant Corneli anticline, generating a slope trending east-west. Together with the increase in the slope 
gradient, the Orcau-Vell sequence deposits destabilized, allowing the development of a gravitational normal 
fault. This normal fault therefore controlled the statigraphic architecture and created a depression that 
channelled the turbidites and the Gilbert delta deposits corresponding to the FSST of the Santa Engracia 
depositional sequence (Fig 4B). The slope fan shape and the paleo-stream directions recorded for this FSST 
indicate a paleo-drainage towards the south-west, which is perpendicular to the north-westward direction 

 
Figure 3. Southwest view of the volumetric geologic model displaying the 3-D geometry of the systems tracts of both 
Orcau-Vell and Santa Engracia depositional sequences. The model has been cut along two cross-sections in red on 
the upper left figure, allowing to see the geometric relationships between the different systems tracts at depth. 

Figure 4. (A) Southwest view of the systems tracts forming the Orcau-Vell depositional sequence. The TST and HST 
have been moved upward to better display their geometry. (B) The model has been separated into two blocks along 
the normal fault surface, displaying the FSST of the Santa Engracia depositional sequence (slope fan and Gilbert 
delta deposits). (C) Same view with the TST and HST of the Santa Engracia depositional sequence settled on the 
previous systems tracts.  
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recorded by the Orcau-Vell depositional sequence. This abrupt change in paleo-current directions can be 
induced by the fault ramp angle that prevents the stabilization of sediments in a E-W direction. A thin TST 
(average thickness of 38 m) lies on the FSST, showing the decrease in the basin supply (Fig. 4C). The 
transition between a FSST and a TST is not standard in terms of sequence stratigraphy and implies a tectonic 
control to justify the lack of LST. Uplift the Sant Corneli may have consequently stopped and the area 
subsided, inducing a rapid rise of the base level. The HST corresponding to the end of the Santa Engracia 
depositional sequence is 2.5 times thicker in the eastern part of the study area than in the west. This difference 
can be explained by a local increase of the subsidence on the hanging wall of the Sant Corneli anticline due to 
topographic loading. 

Conclusions 
On a methodological point of view, the use of a 3D geologic map has been proved to be necessary for the 
characterization of both the geology at the regional scale and the local relationships between tectonic features 
and sedimentation. Another major interest is that such technology provides the user with a way to gain access 
to geologic features at depth in areas of rugged topography inaccessible for seismic surveys. On a thematic 
point of view, the 3D model allowed us to better characterize the tectonic control of the Sant Corneli anticline 
on the stratigraphic sequences. 
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Geological Context 
The present study focuses on the south-easternmost Canadian Cordilleran Foreland Belt (SE British Columbia 
& SW Alberta) to improve the understanding of the progressive kinematic and thermal evolution across the 
regionally trending Lewis profile (Fig. 1.). The Lewis transect encompasses the Purcell Anticlinorium, in the 
west, consisting of a thick Proterozoic passive margin sequence marking the easternmost expression of thick-
skinned thrusting. The Purcell Anticlinorium is rooted by the Lewis thrust that crosscuts the complete 
Proterozoic, Paleozoic and Mesozoic sequence and transported the Proterozoic rocks onto upper Cretaceous 
foredeep deposits of the Latest Cretaceous Belly River formation. 
The Paleozoic sequence consists of carbonates deposited in a persisting passive margin setting and is 
decoupled from the overlying Mesozoic clastic sequence by Jurassic shales of the Fernie Formation. Thick 
coal seams exist in the overlying Kootenay formation. The overlying Cretaceous sequence is deposited in an 
eastward migrating foreland setting as result of the approaching Laramide Orogen from the west since late 
Jurassic onward. Deformation lasted till late Paleocene-Eocene with the formation of a triangle zone. Late 
Eocene-Oligocene extensional features represented by two halfgrabens, the Flathead Valley graben bordering 
the Clark Range and the Rocky Mountain Trench, mark the end of this shortening. 
 

 
 
Fig. 1. Simplified and balanced Lewis Transect serving as template for the kinematic modeling and outlining 
the principle structural entities alongside with a time chart of the main tectonic occurrences. 
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The project at large aims for a proper understanding of the kinematic and thermal evolution during the peak 
period of foreland belt (main range to foothill) development and  comprises both crustal scale thermal 
kinematic and asthenosphere-lithosphere geodynamic modeling. First, a proper description of the sedimentary 
and upper crustal deformation history is obtained with the construction of a set of structural balanced profiles. 
The consequences of timing and kinematics of the burial and deformation history on the temperature and 
maturation history have been tested. The processing of maturity ranks and fission track data (AFT) acquired 
from surface sampling and well chips combined with forward thermal and maturation modeling provide 
control on the amounts, timing and wavelength of vertical movements and thermal perturbation for the frontal 
belt and adjacent foreland. Tentative extrapolated to depth provide constraints for the subsequent lithosphere-
astenosphere scale geodynamics modeling. 
The large scale geodynamic modeling can in return provide a quantitative understanding of the dynamics of 
underlying processes controlling the basal heatflow and temperature history and also provide a mean to 
couple crustal to mantle scale geodynamics. 

 

Inferences on thermal and maturation history 
With a strong focus on the kinematics of the Foreland Belt, it is worth to reassess the often assumed premise 
that maturity ranks (publicly accessible – e.g. England and Bustin, 1986) result from peak temperatures 
reached prior to thrusting due to pure sedimentary burial (Haquebart and Donaldson, 1974).  
 
A set of conceptual 1D forward burial-history models (i.e. utilizing IFP Genex software) have been 
constructed that provides a set of exemplifying thermal and maturation histories to test the validity of several 
often made premises. Simplified scenarios embracing a wide range of possible burial and thermal histories, 
illustrate that comparable maturity ranks can be achieved with highly variable burial histories and peak 
temperatures. In fact, the maturation history results from the composite effect of temperature over time and 
thereby the possibility to embrace multiple phases. 
Furthermore, the inference of required overburden and ancient geothermal gradient (basal heatflow) from 
coalification gradients is hampered by superficial and local thermal perturbations as consequence of advection 
processes like vast sedimentary burial and structural stacking that are often underestimated. Modeling 
illustrates that given the uncertainties involved in the construction of coalification gradients, the inference of 
overburden and basal heatflow is an awkward task. 
Finally, conceptual well modeling illustrates that measured maturity ranks can be achieved both with purely 
sedimentary burial as well as with primarily structural stacking. Though pre-orogenic coalification remains 
the preferable premise in the understanding of the maturation for the Foreland Belt in recent publications, 
Pierson and Grieve  (1985) already demonstrated the significance of post-orogenic coalification for the Fernie 
Basin. 
 
As consequence, the reliance on maturity ranks to resolve ancient thermal gradients remains unsatisfactory 
without the integration with AFT (Apatite Fission Track) T-t modeling. A combined approach with VR 
(Vitrinite Reflectance) measures for a large and dense regional coverage in conjunction with FT cooling 
modeling for accurate constraints on timing as applied by Osadetz et al. (2004) better ascertain the 
temperature and exhumation history. Further improvement can be achieved by a tighter spatial connection of 
the VR and FT sampling locations and alongside with spatially tighter linked kinematic studies of the 
involved structures. 
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Thermal-kinematic modeling 
Forward 2D thermal-kinematic modeling (i.e. with IFP Thrustpack software – Sassi and Rudkiewicz, 1999) is 
performed on an already validated, balanced structural profile with the use of the thermo-kinematic modeling 
tool Thrustpack and includes the testing of reasonable kinematic scenarios. The consequences of sequence, 
timing and rate of thrustsheet displacement for the temperature and maturation history are being tested and 
controlled by the above described inferences on the burial and exhumation history. The modeling includes the 
sedimentary burial of the lower Paleozoic and Mesozoic source rocks, the successive displacement of the 
Lewis and more frontal thrustsheets during the late Cretaceous to Eocene and the large wavelength uplift of 
the Front Range and Foreland in conjunction with graben formation since Eocene. The study concentrates 
more on the foothill region, including the Waterton and Pincher Creek gas fields. It enhances the insight in 
timing of the generation and expulsion of hydrocarbons and the prediction of hydrocarbon migration 
facilitated by additional fluid flow modeling (i.e. IFP Ceres software). 
More conceptual thermal-kinematic modeling is used to test consequences of structural stacking for the 
history  of the thermal gradient in footwall blocks through different scenarios to elucidate the thermal history 
for the footwall of the Lewis thrust sheet and the effects of duplex systems in affinity of the Fernie Basin. Ter 
Voorde et al. (2004)  illustrated with several numerical scenarios  the consequence of simultaneous versus 
successive fault-block uplift, stacking and erosion providing more accurate means to interpret the thermal 
history for the footwall block. 
Despite the fact that thermal proxies reflect perturbations that are strongly determined by upper crustal 
processes like sedimentary blanketing, solid block advection by thrust sheet displacement and many 
remaining entangling questions, a tentative attempt for linkage with underlying driving mechanisms on the 
extended scale of crustal and astenosphere-lithosphere dynamics is regarded as useful. The performed 
thermal-kinematic modeling do confirm two episodes of uplift, the first linked to upper Cretaceous thrust 
tectonics and the second one in Eocene-Oligocene times accompanied by the formation of halfgraben 
systems. It also provides estimates of the amount of eroded strata of a few kilometers from main into foothill 
ranges waning into an uplifted foreland.  
 
Subsequent Geodynamic modeling 
Large-scale geodynamic modeling can provide valuable insight in driving mechanisms that could link 
lithospheric thermal perturbations with upper crustal kinematics and associated uplift history.  
The Foreland Belt marks the transition zone where many crustal and upper mantle geophysical parameters 
change from the stable North American Craton in the east to the adjacent Canadian Cordillera in the west. Not 
only the significant thinning of thermal lithosphere as revealed by seismic sounding studies (e.g. Clowes et 
al., 1995) and surface heatflow patterns (Lewis et al., 1992; Hyndman and Lewis, 1999), also variations in 
compositional layering and rheological stratification poses entangling questions on its signature, origin and on 
the geodynamic implications e.g. strain style and localisation and timing and coupling with the superficial 
geologic history (e.g. Lowe and Ranalli, 1993). 
Significant attention has been paid to the geodynamic implications of core complex formation in the more 
internal zones of the Canadian Cordillera (Liu, 2001; Vanderhaeghe, 1997, 1999, 2003). While considered as 
a necessity to account for the net mass balance, much less attention has been paid to possible connection of 
the core complex formation with Front Range and Foreland Tertiary tectonics.  

 

Conclusions and Acknowledgements 
This study illustrates that a careful reassessment of critical premises on the burial history within a Foreland 
Belt by means of integrated thermal-kinematic modeling enhances insight in the thermal and maturation 
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history. These are crucial parameters for a proper understanding of the relative timing of petroleum generation 
and trap formation in an area marked by significant structural complexity and large petroleum accumulations.   
We gratefully acknolwledge the support of the Geologic Survey of Canada and Devon Canada. 
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The Kashi foreland basin in NW China contains >8 km of syn-tectonic sediments related to uplift and 
deformation along the southern margin of the Tian Shan during late Tertiary time.  Rapid facies changes, both 
vertical and lateral (north-south) within the basin stratigraphy, are associated spatially with faults and folds in 
the Kashi foreland.  Sedimentary facies change from fault-proximal, angular breccia deposits that dominate 
the sequence in the footwall of the Kashi-basin bounding thrust-fault (KBT) to fine-grained, fluvio-lacustrine, 
gypsiferous beds (Wuqia Group and lower Atushi Formation) associated with more distal foreland deposition.  
Nine  magnetostratigraphic sections totaling 10,000 m of vertical section (Figure 1) through the entire basin 
sequence, and correlated with the Geomagnetic Polarity Timescale of Cande and Kent (1995), indicate 
continuous deposition since ~ 18 Ma.   These data show the temporal relationship of both conglomerate 
deposition and progradation to growth strata (ie. initiation of deformation) associated with individual 
structures.   We hypothesize that the southward migration of deformation across the basin is a highly 
punctuated process that fundamentally controls the timing and rate of gravel progradation and vertical 
coarsening in the active foreland.   

The distinctive Xiyu Formation forms a wedge of conglomerate that thins and interfingers with silt 
and sand ubiquitously towards the south (distal basin) and locally east-west. Over this expanse, the Xiyu 
Formation changes from a >2 km-thick, poorly-sorted, cobble-boulder breccia in the north to <500 m-thick 
fluvial, well-sorted, well-rounded, pebbly-conglomerate that caps the basin sequence in the southern, distal 
basin.  The Xiyu conglomerate is interpreted to represent alluvial-fan deposits sourced from the Tian Shan 
range north of the Kashi Basin.  The thickest vertical accumulations of conglomerate coincide with the 
location of the highest-order rivers that cross the basin, implying that these antecedent river systems are long-
lived and are responsible for deposition of the conglomerate facies since basin deposition began ca.18 Ma. 

The Xiyu conglomerates are widely distributed around the margin of the Tian Shan, and have been 
inferred to represent either the Plio-Pleistocene initiation of deformation of the Tian Shan (e.g. Huang and 
Chen, 1980) a change in either climate (Burchfiel et al., 1999; Molnar et al., 1994), or a climate-affected 
erosion rate (Zhang et al., 2001).  In contrast, our data show that the Xiyu conglomerate is a time-
transgressive formation that has continuously prograded south since the initiation of basin deposition in early 
Miocene time.    Magnetostratigraphic data (Figure 1) constrain the age of the Xiyu conglomerates at 16 Ma 
proximal to the Kashi Basin Thrust (KBT) in the north, at 9 Ma in the south limb of the Keketamu anticline in 
the middle of the fold-and-thrust belt, and at 1.95 Ma on the south limb of the Atushi anticline region near the 
southern extent of the deformation zone (Figure 2).   Thus, the Xiyu conglomerates likely do not represent a 
distinct climatic or tectonic event from a single time period. 

Deposition rates, calculated from magnetostratigraphy, vary spatially and temporally within the basin 
(Table 1).  Between 18-13 Ma, deposition rates are higher (~300 m/m.y.) proximal to the KBT and lower 
(~200 m/m.y.) ~20 km south of the KBT.  From 13-5 Ma, deposition rates generally increase from 300 to 500 
m/ m.y. up-section.   After ~ 5 Ma, deposition rates are high (~800m/ m.y.) in the Atushi anticline area, but 
decrease to 500-700 m/m.y. further south (Kashi Anticline) in the more distal basin.   
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Initiation of deformation on individual structures has also been determined throughout the basin.   
The northernmost studied structure is the Kashi Basin Thrust (KBT) that bounds the northern limit of 
extensive Neogene deposition (Figure 2). Uplift of the hanging wall of the KBT is constrained at 19 ± 3 Ma 
by an apatite fission-track cooling age.  Deposition in the footwall of the KBT commenced shortly after 19 
Ma, as the basal age of Neogene deposits are between 18-19 Ma.  Growth strata ages determined by 
magnetostratigraphy are 4-3 Ma (Keketamu Anticline), 2-1 Ma (Atushi Anticline), and ~1 Ma (Kashi 
Anticline) respectively (Figure 2, Table 1). The ages of growth strata can be shown to vary systematically 
along strike on a single anticline, providing evidence for lateral fold propagation.  The age of the Middle 
Kashi Basin Thrust (MKBT, Figure 2) is more difficult to constrain, but can be approximated at younger than 
14 Ma based on the youngest age for the deformed Miocene sediments in the hanging wall of the fault. 
Deformed fluvial terraces of middle to late Pleistocene age in the hanging wall of the MKBT are evidence for 
modest deformation continuing to the present.   Thus, our chronologic data indicate that deformation has 
migrated south towards the basin since ~19 Ma, but migration seems to have occurred in pulsed jumps 
localized on specific structures that get younger towards the foreland.  Moreover, deformation can either 
persist on a given structure after a new one initiates in a more proximal position, or it can be renewed 
following a hiatus in deformation, thereby producing out-of-sequence folding or faulting. 

Our data reveals the spatial and temporal relationships between the onset of basin deposition, gravel 
deposition and progradation, and pulsed deformation in the developing Kashi foreland basin.  The Xiyu 
Formation first appears in the stratigraphy ~ 60 m above the unconformity with the pre-Cenozoic basement in 
the footwall of the KBT.  Clast size, sorting, and composition of the oldest Xiyu conglomerates are consistent 
with initial unroofing of Paleozoic source rocks to the north.  Thus, we infer that the Xiyu Formation 
originally developed as a syn-tectonic deposit responding to growth of the KBT.  Deposition in the footwall 
of the KBT continued until at least 14 Ma, when the deformation front jumped at least 10 km (restored 
distance) southward to the Middle Kashi Basin Thrust, resulting in a reduction of subsidence of the proximal 
footwall of the KBT.  During ongoing shortening on the Middle Kashi Basin thrust, the KBT footwall 
sediments were uplifted and deformed, causing re-working and erosion of the oldest Xiyu conglomerate and 
re-deposition further south of the young thrust.  Deformation jumped again at 3-4 Ma when it again shifted at 
least 10 km south to the Keketamu anticline. Subsequently, further jumps in the locus of deformation 
occurred at ~2 and ~1 Ma in the Atushi and Kashi anticlines, respectively.  Uplift above these structures has 
not only acted to reduce local subsidence and deposition in the hanging wall of these structures, but also 
formed a mid-basin high that acted to pond piggy-back basin sediments in the northern basin.  These 
lacustrine and fluvial piggy-back basin deposits lie in angular unconformity above the oldest Cenozoic 
deposits, as well as above the pre-Cenozoic basement in the northern Kashi Basin. We propose that the Xiyu 
conglomerates do not represent a distinct climatic or tectonic event from one time period, but instead are the 
result of southward migrating deposition, uplift and re-working of conglomerate in response to migrating 
tectonism.  Some variations in the conglomeratic migration rate and the shape of the conglomeratic wedge 
may be responses to imposed climatic changes (see Heller and Paola, 1992).  Uplift above a new structure 
causes decreased subsidence and deposition above that structure, increased subsidence and deposition south 
towards the foreland, and a proximal source for coarse-grained sedimentation within the basin.  These data are 
consistent with faulting and uplift beginning at ~19 Ma and punctuated migration of the deformation front 
southwards across the Kashi foreland since that time. 
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NORTH 
BASIN   

SOUTH 
BASIN 

      SECTION 
Ayakequiana 
(Y) 

Qigalike 
(L) 

Lower 
Keketam
u (K) 

Upper 
Keketamu 
(K) 

Atushi 
Anticline(A) 

Kashi 
Anticline 

          AGE ~18-14 Ma 
~18-13 
Ma ~14-8 Ma 

~8.5-4? 
Ma ~5.5-1Ma 3-0 Ma 

       AVG 
DEPOSITION  

       RATE 300 m/m.y. 
200 
m/m.y. 

300-350 
m/m.y 

400-500 
m/m.y. 800 m/m.y. 

500-700 
m/m.y. 

     AGE OF 
DEFORMATION 19±3 Ma NA NA 3-4 Ma 1-2 Ma 1.5-1.0 Ma 

BASAL XIYU AGE 15.5±0.5 Ma NA 9±0.5 Ma NA 1.5±0.2 Ma <1 Ma 

*The ages are derived from the basal age of growth strata in the measured section, except in the 
Ayakeqiuana section where uplift is based on an apatite fission track age in the hanging wall of the 
KBT that cuts the section.  
NA: no data available 
 
Table 1: Age determinations for different aspects or the stratigraphic sections, based on 
magnetostratigraphy.  



Thrust Belts and Foreland Basins, International Meeting, Rueil-Malmaison, December 2005 
Abstracts Volume 

****************************************** 
 

 

 

194

 



Thrust Belts and Foreland Basins, International Meeting, Rueil-Malmaison, December 2005 
Abstracts Volume 

****************************************** 
 

 

 

195

 

 



Thrust Belts and Foreland Basins, International Meeting, Rueil-Malmaison, December 2005 
Abstracts Volume 

****************************************** 
 

 

 

196

EFFECTIVE ELASTIC THICKNESS OF THE INDIA PLATE FROM RECEIVER FUNCTION 
IMAGING, GRAVITY ANOMALY AND NUMERICAL MODELLING 

 
György HETÉNYI 1,* , Rodolphe CATTIN 1 , Jérôme VERGNE 1 , John L. NÁB	LEK 2 

 
 

1 Ecole Normale Supérieure, Laboratoire de Géologie, 24 rue Lhomond, 75005 Paris, France 
2 Oregon State University, 104 Ocean Admin Bldg, Corvallis, Oregon 97331, USA 

* hetenyi@clipper.ens.fr 
 
 
 
 
The rheology of the lithosphere has been subject to controversy since several years. This is mainly 

due to the difficulty to determine accurately the effective elastic thickness (EET), which depends on the 
decoupling within the lithosphere. In the flexural basin of the Himalayan foreland, current estimates give an 
EET from 36 km up to 80 km. This wide range is mainly due to the lack of geometrical constraints on the 
flexure of the India plate. The aim of this work is to assess the EET using thermo-mechanical modelling and 
the geometry of the main lithospheric structures imaged from the Hi-CLIMB experiment. 

The geometry of the Ganges basin is obtained by the method of receiver functions adapted for 
subsurface structures. The analysis of synthetic waveforms and non-linear inversions show 5 km of sediments 
overlying a 35 km thick crust, both very gently dipping (1°). 

Receiver functions, obtained by the analysis of teleseismic signals recorded at all Hi-CLIMB stations 
on the main profile, are also used to isolate direct and multiple conversions from the Moho. It enables us to 
obtain a continuous and accurate geometry of the Moho from the Ganges basin up to Central Tibet. 
Associated to pre-existing geophysical data, including deep well and gravity data, this dataset enables us to 
better constrain the 2-D model. 

Numerical modelling with three layers and various rheologies give a high EET under the Indian 
continent (>60-70 km), which abruptly drops to 30-40 km in the Ganges basin 200 km south of the MFT. 
These results suggest a coupled Indian lithosphere in agreement with a “jelly-sandwich” rheology. 
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Introduction 
 
Peripheral foreland basin systems result from the flexural down-bending of continental lithosphere in 
response to tectonic and topographic loading during continent-continent collision (Price 1973). A variety of 
parameters, among them: (i) the effective elastic thickness (Te) of the involved lithospheres, (ii) the 
magnitude of the loads imposed on the foreland by the orogenic wedge and the subducted lithospheric slab, 
(iii) the rate and direction of convergence, (iv) the amount of erosion of the orogenic wedge and the dispersal 
system within the foreland and (v) eustasy; have been investigated with respect to their influence on spatial 
evolution of foreland basin systems and their sedimentary infill (e.g. Sinclair et al. 1991; Allen et al. 2001; 
Clevis et al. 2004). However, orogenic growth was either assumed to increase linearly with time or was 
forced to accelerate/decelerate for certain time periods to simulate thrust events (e.g. Jordan and Flemings 
1991; Clevis et al 2004). Within this continuum approach of orogenic growth, stratigraphic cycles were 
explained in terms of (i) eustatic sea level changes, (ii) variations of the amount of sediments delivered to the 
foredeep or (iii) to result from "forced" thrust events.   
The objective of this study, which is based on scaled-sandbox simulations, is to highlight that orogenic 
growth is a non-steady process, although convergence might be continuous. We further point out that discrete 
thrust events are an emergent phenomenon of orogenic growth and result in a punctuated growth of the 
former. The consequences are finally explored with respect to cycles within the stratigraphic record of 
foreland basins.   
 
 
Experimental set up 
 
Granular flow of sieved, dry quartz sand is characterised by a strain dependent deformation behaviour with 
pre-failure strain hardening and post-failure strain softening and shows thus a similar non-linear deformation 
behaviour as crustal rocks in the brittle field (Lohrmann et al. 2003). Based on the mechanical properties of 
the used sand, a geometric scaling factor (~105) was derived (Hubbert 1937). The kinematic boundary 
conditions inferred from natural bivergent orogens are simplified and integrated in a 2D sandbox: load driven 
flexure is simulated by two elastic plates, which overlap in the centre of the sandbox and are only fixed at 
their respective outward sides. The lower plate is supported by a spring to adjust its stiffness. Lower plate 
subduction and basal shear is simulated by a conveyor belt, made of sandpaper, which is drawn by a motor 
beneath the tip of the upper plate. Convergence is in the order of 150 cm, i.e.  ~150 km in nature. To promote 
frontal accretion within the retro-wedge, a thin glass-bead layer was introduced as a potential detachment 
horizon between the sand and the upper plate. An additional glass-bead layer was incorporated in the lower 
third of the 6 cm thick sand-layer, which covers the upper and lower plate equally, to allow for coeval frontal 
and basal accretion. Digital optical image correlation (PIV) provides a time-series of the displacement field 
and allows thus the quantification of deformation and surface uplift. These data were finally used to calculate 
hypothetic flexural profiles.  
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Results 
 
The kinematic evolution of the bivergent sand-wedges agrees very well with results from other sandbox and 
numerical simulations (e.g. McClay and Whitehouse, 2004; Willett et al., 1999). This reproducibility, despite 
different set ups and methodological approaches, demonstrates thus the robustness of the chosen kinematic 
boundary conditions. In addition, model evolution is in good agreement with observations from natural 
bivergent orogens such as the European Alps or the Pyrenees (Pfiffner et al. 2000; Beaumont et al. 2000). 
Common characteristics comprise: (i) asymmetry of the convergence geometry, (ii) the polarity of the mass-
transfer, (iii) the bivergence of structures, (iv) the emergence of a pro- and a retro-wedge, the former with a 
low, the latter with a high surface slope, (v) the dominance of deformation in the pro-wedge during early 
stages of collision and migration of deformation into the upper plate during later stages of convergence, and 
(vi) the flexural down bending of the plates.  
 
Although convergence was constant throughout the experiment, time series data indicate that the rate of 
lateral and vertical growth of the pro-wedge is not constant, but was found to depend on the phase within the 
accretion cycle. The latter can be divided into a thrust initiation phase, an underthrusting and a re-activation 
phase. We further found that the lateral growth of the pro-wedge is accelerated during the thrust initiation 
phase, whereas the vertical growth is accelerated during the late stages of the underthrusting phase. Direct, as 
well as indirect evidence for the conceptual model of accretion cycles is derived from analogue and numerical 
simulations as well as from field studies (McClay and Whitehouse, 2004; Naylor et al., 2005 in press; Jones et 
al., 2004; Meigs et al., 1996).  
 
Our results do further imply that the mass distribution within an orogenic wedge and thus the load distribution 
upon the foreland plate changes predictably during an accretion cycle. Consequently, the rate and magnitude 
of creation of accommodation changes as well. The magnitude and duration of stratigraphic cycles generated 
by this mechanism would be determined by the thickness of the accreted units to the orogenic wedge.  
The duration of stratigraphic cycles within the Ebro and the North Alpine foreland basin (Nijman et al. 1998; 
Sinclair et al. 1998) is found to be in a similar range (105-106 years) as accretion cycles documented from 
accretionary wedges. Thus, deciphering the spatio-temporal evolution of forebulge depozones, which are very 
sensitive to base level variations, might  provide a test for the above hypothesis.  
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Abstract 

The analogical models of thrust systems show the development of back-thrusts in the rear of orogenic 
wedge. In these back-thrusts, the rocks of the orogenic wedge overlay the back-stop with a sense of 
movement opposite to the whole advance of the system. The weight of these back-thrusts can produce a 
“foreland basin” (although located on the hinterland) which records the evolution of both the back-thrusts and 
the back-stop itself. 

In this work, we analyze by means of field data and seismic profiles the internal structure of the 
eastern Betic Cordillera (SE Spain) which constitutes a good natural example of such back-thrusts and “back-
foreland” basin developed during the Burdigalian.  
 
Geological setting 
 The eastern Betic Cordillera shows a different organization from the western and central sectors of the 
Betic Cordillera (Fig. 1). One of the main differences is the absence of a foreland basin (Guadalquivir Basin) 
eastwards of longitude 3ºW, where the External Zones (also known as the South-Iberian Domain) outcrop up 
to near the meridian 39ºN. Moreover, the front of the Internal Zones (or Alboran Domain) is also displaced to 
the north and overlaid by the External Zones (Paquet 1969; Lonergan 1991), contrary to the other sectors of 
the Cordillera. Another difference is the small representation of the turbidites and olistostromes of the Flyschs 
Trough Units, which are mostly absent in this sector. 
 Within the External Zones, three main zones have been differentiated: the Prebetic to the North and the 
Subbetic to the South, separated by the Intermediate Units. The Prebetic is made up of a thick Triassic to 
Lower Tortonian sequence with essentially shelf and paralic facies, which is detached from the Variscan 
basement of the Iberian Massif. This cover is slightly folded and, only in the northern and western frontal 
sectors of the Prebetic, the deformation increases showing a system of thrusts-splays associated with the basal 
decollement. The Intermediate Units overlay the Prebetic with a top-to-the-NW basal thrust (Platt et al. 2003). 
The Subbetic is composed by Triassic to Aquitanian sedimentary rocks of essentially pelagic facies. The 
Subbetic shows a synformal structure with its northern border thrusting northwards onto the Intermediate 
Units, while its southern border thrusts southwards onto the Internal Zone rocks. The Flyschs Trough Units is 
made up of Aquitanian sediments with pelagic facies, outcropping below the basal thrust of the Subbetic. 
 The Internal Zones are formed in the Eastern Betic Cordillera by three tectonic complexes, from top to 
bottom: the Malaguide Complex, the Alpujarride Complex, and the Nevado-Filabride Complex.  The 
Malaguide Complex is composed by a Variscan basement and a Middle Triassic to Middle Eocene 
sedimentary cover. During the Alpine orogeny, this tectonic complex underwent a thrusting stage at Late 
Eocene-Oligocene times. The Alpujarride Complex is composed by a Palaeozoic to Upper Triassic sequence 
of metamorphic rocks affected by North-vergent recumbent folds deformed by later South-vergent folds. The 
Malaguide and Alpujarride complexes are separated by a brittle extensional detachment with a top-to-the-East 
sense of movement, which was active around 18 Ma as suggested by fission-track ages (Johnson, 1993). 
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Figure1.- Geological Sketch of the study area with the location of the seismic profile BT-3. 

 
Field data 
 Most of our field data come from the area of contact between the External and Internal Zones near Vélez 
Rubio (Figs. 1 and 2). In this sector, the Subbetic consist in a thick succession with frequent changes of facies 
and thickness associated with normal syn-sedimentary faults. This succession begins with a lower pre-rift 
sequence of Early to Middle Jurassic age, essentially formed by dolostones and limestones. It follows a syn- 
to post-rift sequence, mainly made up of marls and clays with a Late Jurassic to Aquitanian age. 
 The Subbetic is deformed by non-cylindrical open to close folds which are vergent towards the South and 
East. Their axial traces change from ENE-WSW to N-S  depicting and arc (Fig.) Progressive unconformities 
in the nuclei of several synforms indicate that this folding initiated as open cylindrical folds in Early 
Burdigalian times, having been tightened to non-cylindrical folds during the Middle Burdigalian (Fernández-
Fernández et al., 2004). Palaeomagnetic data (Allerton et al. 1993; Platt et al. 2003) show that the curvature of 
the axial traces is a consequence of the Neogene deformation, the original fold orientation being NNE-SSW 
with an eastward vergence. 
 The Subbetic overthrusts the Flyschs Trough Units rocks with a top-to-the-SE sense of movement; the 
thrust surface being eroded and locally covered by Upper Burdigalian sediments. This thrust surface is folded 
by NNE-SSW and ENE-WSW folds, which can be associated with a lower thrust-system. This lower thrust-
system cut in the hanging wall the upper first generation thrust system giving way to breached-duplexes. This 
lower thrust-system superposes the Subbetic and the Flyschs Trough Units over the Malaguide Complex, 
which in turn is covered by Burdigalian sediments (Fuente-Espejos Formation, Geel 1973). The Fuente-
Espejos Fm. Is a 100 m thick sequence of marls, calcarenites and conglomerates with slumpings and 
fragments of both overlying (Subbetic and Campo de Gibraltar) and underlying rocks (Alpujarride). Geel and 
Roep (1998) indicate that these rocks reflect a rapid basin subsidence during the Burdigalian. Towards the 
northeast, in the Río Pliego area, these sediments increase their thickness 
 The Malaguide Complex internal structure consist in Aquitanian right-handed reverse splays with a top-
to-the-ESE and -E sense of movement, which cut across older extensional faults of probable Oligocene age. 
This structure is, in turn, cut by the Alpujarride/Malaguide extensional detachment, which shows lower part 
of the structure of the Malaguide Complex to the East. All of these structures are affected by a north-vergent 
fold, responsible for the subvertical dips of the extensional detachment and the reverse splays. 
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Figure2.- Seismic profile BT-3 and line drawing interpretation of the same. The Internal Zones rocks 
(Alpujarride + Malaguide) acts as the backstop of deformed Subbetic + Flyschs rocks. 
 
 
The BT-3 seismic profile 
 This multichannel seismic profile was acquired by the CGS in 1977 for hydrocarbon exploration. 
According to the Spanish laws, one copy of this profile was deposited in the “Instituto Geológico y Minero de 
España” (IGME), where it is available for public uses in the SIGEOF (Internet Geophysical Information 
System; http://www.igme.es/internet/sigeof/INICIOsiGEOF.htm). A paper copy was scanned and vectorized 
by REXIMseis Ltd, and has undergone post-stack processing, including a coherence filtering and a 
deconvolution. The profile has a mean SE-NW trend, with a SE-section of 44 Km length followed by a NW-
section of 20 Km length. The record includes the first 4s (twtt, Fig.) which approximately correspond to 10-11 
Km assuming standard seismic velocities for the upper crust, or 9-10 Km assuming lower seismic velocities. 
 In the SE-end of the profile, a band of high-amplitude discontinuous reflectors dip towards the north with 
a thickness of 100 to 200 ms, which increases northwards. This band reaches the surface at the Fuente-
Espejos Fm. outcrops, thus representing very plausibly these rocks. Over these reflectors, an area with chaotic 
seismic facies with no reflectors corresponds with the outcrops of the olistostromes and turbidites of the 
Flyschs Trough Units. Below the high-amplitude reflectors interpreted as the Fuente-Espejos Fm, a series of 
discontinuous reflectors with high-amplitude corresponds to the Malaguide Complex. In the NW-end of the 
profile, a set of high-amplitude continuous reflectors shows the location of the Prebetic with SE dips. Below 
these reflectors, oblique reflectors of intermediate-amplitude indicate the location of the Variscan basement. 
Over the Prebetic, we have marked the location of the basal thrusts of the Intermediate Units and the 
Subbetic. 
 
Discussion 
 During the Alpine evolution of the eastern Betic Cordillera two main stages can be identified. The first 
one is Middle Burdigalian in age and corresponds to a right-handed transpression (Lonergan, 1991) 
responsible for the arching and tightening of eastward vergent folds (Fernández-Fernández et al., 2004). This 
first stage ended with the thrusting of the Subbetic and the Flyschs Trough Units over the Internal Zones. The 
second stage was a NW-SE compression with an associated NE-SW extension, starting in Middle Miocene 
times. 
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 Associated with the thrusting occurred during the right-handed transpresión, a foreland basin was 
developed over the Internal Zones of the Cordillera due to the load of the back-thrusted rocks. The sediments 
in this basin were deformed and covered by the back-thrusts. The existence of extensional detachments in the 
Internal Zone rocks coeval to the thrusts can explain the subsidence of this basin during the convergence.  
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Abstract 

The Dehnow anticline is located in the Fars province, southern part of the Zagros folded belt in Iran (Fig 1). It 
is a large box fold, cored by Cretaceous limestone. It contains two smaller elongated and narrow 
culminations, located in right lateral en-echelon to each other (Fig 2). 

Many salt diapirs are observed to the East of Dehnow anticline. Among them, Kamesh is a non-active small 
one, Kalat is an active salt diapir and Gavbast is a large circular dome suggesting a salt diapir which has not 
reached the surface yet. In contrast, to the West part of the Dehnow anticline, there is no salt diapir to the 
West, up to the Kuh-e Namak. The front of the Zagros folding show a northward curvature in this area, We 
know that this region without salt diapir is the northern prolongation of the Qatar Arch were Hormuz salt is 
absent. Previous authors postulated deep seated basement fault running in NW-SE and NE-SW direction in 
Fars domain (Fig 1). They also suggested that these basement faults controlled the occurrence of Hormuz salt 
diapirs. 

Array of strike-slip faults on the surface of the Dehnow Anticline show a right lateral principal displacement 
zone with a trend of N 35 W which cross the structure. We suggest that the dextral shear zone observed in the 
Dehnow anticline is located above the transitional zone between a low basal friction zone presence of Hormuz 
salt and a high basal friction zone due to the absence of Hormuz salt toward the Qatar Arch.  

 

Introduction: 

Dehnow Anticline is located in Fars domain, in southern part of the Zagros folded belt in Iran (fig 1). The 
Zagros active fold-thrust belt is the result of structural evolution of depositional history: a platform phase 
during the Paleozoic; rifting in the Permian Triassic; passive continental margin (with see-floor spreading to 
the northeast) in the Jurassic-early Cretaceous; subduction to the NE and Ophiolite-radiolarite emplacement in 
the late Cretaceous; and collision and shortening during the Neogene (Falcon, 1969; Berberian & king, 1981).  
Some Authors, (Falcon, 1969; Kent, 1979; McQuillan, 1991; Hesami, et al 2001), believe that the 
emplacement pattern of the emergent salt domes in the southeast of the Zagros is related to basement 
structure, and postulate that deep seated basement faults are running in NW-SE, NE-SW and N-S directions 
(Barzegar 1992). They also suggest that basement faults control the occurrence of Hormuz salt diapirs. On the 
other hand, Bahroudi & Koyi; (2003) Letouzey and Sherkati (2004); Sherkati et al. (2005) believe the 
Hormuz salt series plays a significant role in controlling fold and fault deformation as low-friction basal 
decollement level, at least in the Fars and High Zagros Area. This paper attempt to discuss, which of these 
mechanisms, controls the formation of the Dehnow anticline. 
Most of the previous works which has been done in study area were related to hydrocarbon exploration, 
Geological maps of South-East Fars 1:250000, Gavbast 1:100,000 and NIOC geological reports. 
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Fig 1: Location map, distribution of the Hormuz Salt diapirs, major structural elements, postulated 

basement faults, strike-slip faults and salt diapir trend line.   

 

Observation 
Dehnow anticline is a box fold covered by Cenomanian limestone (Sarvak fm). It is combination of two 

smaller anticlines, Lavarestan and Eshkanan. Shape of Lavarestan is a whale back structure and Eshkanan is 
an elongated and narrowed structure. They form a right lateral en-echelon pattern (fig. 2). Based on the field 
observations, four fault trends have been recognized on the Dehnow anticline, each trend shows one or two 
different faulting mechanisms. Strike-slip faults are ranged from pure to oblique movement.  

The Dehnow anticline is located in a transitional zone between NW-SE trending fold to the west and E-
W trending fold to the East. The surface structural pattern of this anticline suggested that a NW-SE dextral 
shear zone cross the Dehnow anticline: Array of strike-slip faults on the surface; right lateral en-echelon fold 
axes; bending of the fold axes. 
Based on the seismic section the thickness of the sedimentary column above the basal Hormuz salt 
decollement is about 7 to 8 km. A lot of salt diapirs have been observed in the east part of the study area 
(Fig1), among them, Gavbast, Kameshk and Kalat salt diapirs are located just near the Dehnow anticline. The 
first one, Gavbast, has not exposed yet and was covered by the late Jurassic and the early Cretaceous rocks, it 
was active during late Cretaceous. Second one, Kameshk, is not active at the present. Third one, Kalat is 
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located south east of the study area, is active. In the other hand, to the west part, there is no a salt diapir up to 
the Kuh-e Namahk. 

 

 

Fig 2: Digital elevation Model of the study area, showing the salt diapirs, array of strike-slip 

faults and folds geometry on the Dehnow anticline.  
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Discussion 
The inferred dextral shear zone could be developed by two mechanisms: either reactivation of underlying 
NW-SE trending deep seated fault, as suggested by previous authors, or friction variations within the basal 
decollement level. 
The basal decollement layer plays a significant role in fold-thrust belt deformation (Letouzey et al 1995). The 
presence of thick sedimentary cover and large distribution Infracambrian-Cambrian age Hormuz salt layer as 
basal decollement can give rise to fast propagation of the deformation front and a lower taper (Letouzey et al 
1995; Bahroudi & Koyi 2003; Sherkati et al. 2005). The front of the Zagros folding shows a northward 
curvature west of the Dehnow anticline, up to the Kuh e Namak structure, this region without any salt diapir, 
is the northern prolongation of the Qatar Arch where Hormuz salt is absent. 
 
Conclusion: The dextral shear zone observed in the Dehnow anticline area, suggests that this anticline is 
located above the transitional zone between a low basal friction zone due to the presence of the Hormuz salt 
basin in the southern Fars domain, and a high basal friction zone due to the absence of the Hormuz salt north 
of the Qatar Arch. 
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The Grès d'Annot is one of the world's best known examples of sandy turbidites. The system can be described 
as a confined turbiditic ramp that developed in the alpine foreland basin of SE France from Bartonian to 
Rupelian times and that was fed by multiple-source fan deltas (Joseph and Lomas 2004). This system is a 
good analogue for sand-rich turbidite reservoirs deposited on active fold and thrust belts at the deep water toes 
of delta systems, where the structurally controlled sea floor topography has played a key role in the location 
and geometry of reservoir bodies. 
 
In SE France the Nummulitic series (Lutetian-Rupelian) of the Alpine foreland basin records an initial marine 
transgression across the European foreland (Calcaires Nummulitiques) followed by deepening of a sediment-
starved basin (Marnes Bleues). From Bartonian onward this basin was gradually filled with clastic turbidites 
(Grès d'Annot and equivalents), up to 1400 m thick, sourced from the Sardinia-Corsica and Maures-Esterels 
massifs. Facies belts of the foreland basin migrated progressively toward the W-WNW so that stratigraphic 
contacts are diachronous. The thickness of the Nummulitic series is highly variable reaching a maximum of 2 
km. 

 

Structural evolution 
The basin substrate comprises a dominantly carbonate succession of the Triassic to Upper Cretaceous Tethyan 
passive margin, overlying Variscan crystalline basement. This was deformed by the Pyrenean-Provençal 
orogeny into EW oriented structures in the latest Cretaceous and early Tertiary, providing a complex subcrop 
below the Eocene unconformity. Later Alpine structures oriented NW-SE to NNW-SSE form the western arm 
of the Western Alpine arc. Kinematic indicators indicate that alpine contraction in the SE France foreland 
basin was toward the SW to WSW from the Eocene to the Miocene (Lickorish and Ford 1998). 
We discuss a series of Tertiary depocentres located along a NE-SW cross section from the Frontal Pennine 
Fault NE of Argentera massif, to the Valensole basin just south of Digne (Figures 1 & 2). Cross section 
restoration gives an estimated 23 km of NE-SW alpine shortening (24%). Most shortening was 
accommodated on the frontal Digne Thrust, with secondary thrusts and folds within the Digne thrust sheet 
itself. While a major detachment occurs in Triassic (Keuper) evaporites, a deeper detachment within 
crystalline basement is postulated to balance the section. Major paleo-normal faults were reactivated during 
Alpine shortening. 
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Figure 1. Regional geological map of SE France showing the position of the cross section presented in Figure 2. 

 
Figure 2. NE-SW balanced cross section through the Southern Subalpine fold and thrust belt of SE France (located on 
figure 1; based on Gas 2003). (a) present day structure, (b) restoration to end Cretaceous giving SW directed shortening 
of around 23 km. Stratigraphic units in (b) are simplified. 
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The passive margin sequence comprises a thin shelf succession (Provençal platform) in the southwest and a 
thicker, deep water succession in the northeast (Vocontian Trough), which thins eastward. Thickness and 
facies variations within the Tertiary Nummulitic series indicate that alpine shortening was ongoing during 
sedimentation. As is typical for an evaporite based fold and thrust belt, the deformation front initially 
migrated rapidly toward the foreland and then remained stationary while the whole of the wedge top 
deformed internally. Gentle open folds developed on the basin floor and, during deposition of the Grès 
d'Annot, turbidity flows were channelled along N-S to NW-SE synclinal axes (Figure 3). Toward the end of 
the Rupelian the internally derived Embrunais-Ubaye nappes were emplaced across the foreland basin. 
 
Grès d'Annot depocentres along the section line of Figure 2 are those of Sanguinière and Chalufy and finally, 
the most westerly and youngest turbidite depocentre of the Barrême syncline. Each depocentre was an active 
syncline. Stratigraphic architecture and facies distributions record the interaction of gravity flows with 
structurally controlled slopes on the seabed. Paleoflow was predominantly from the south and along the axes 
of the synclines (Figure 3). In the Sanguinière depocentre, folding activity died out during deposition of the 
lower Grès d'Annot. Deposition continued until turbidites filled the syncline and spilled westward into the 
Chalufy depocentre. 

 
Figure 3. Paleogeographic evolution of the Grès d'Annot sub-basins (Joseph and Lomas 2004). 

 
Sequence stratigraphy 

The Grès d'Annot Formation can be interpreted as the regressive part of a second-order transgressive-
regressive cycle (sensu Mitchum & Van Wagoner 1991 : duration around 10 Ma) including the whole 
Nummulitic Trilogy : this cycle registered the deepening (Calcaires Nummulitiques and Marnes Bleues), then 
the shallowing and filling of the foreland basin (Grès d'Annot) and is clearly of tectonic origin. 
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Figure 4. NW-SE oriented correlation profile across the southern sub-basins of Saint Antonin – Annot - Grand Coyer – 

Chalufy - Trois Evêchés (modified from du Fornel 2003). 
 

The Grès d'Annot Formation is itself organized in several units (A to G) that have been correlated in the 
whole system (Figure 4) and are interpreted as fourth-order depositional sequences (duration around 200-400 
ka). These correlatable sequences are probably related to eustatic and/or climatic changes that induced cyclic 
variations of the sand input in relation to erosion of the source area and trapping of sediment in shallow 
marine environments (fan deltas). In the Annot sub-basin (Figure 4), they are organized in two third-order 
depositional sequences (duration 1–3 Ma) : the first one of Priabonian age mainly (units A and B) registered 
the filling of the Annot ponded sub-basin, that was already structured before the Grès d'Annot deposition 
(synsedimentary activity of the Braux paleofault during Calcaires Nummulitiques and early Marnes Bleues) ; 
the second one of Rupelian age (units C to F) registered the spilling of coarse-grained sediments to the 
Chalufy – Trois Evêchés sub-basin over the Grand Coyer paleohigh. 

 
These third-order depositional sequences have been tentatively correlated to global sea level variations 
(Callec 2004), but several arguments indicate that these variations are highly modulated by the tectonic 
deformation of the foreland : 

- the sequence boundary at the bottom of unit C is marked by the abrupt arrival of pebbles 
conglomerates at Saint Antonin, Annot and Grand Coyer : this erosive surface seals synsedimentary 
deformation (tilting) at Grand Coyer (du Fornel et al. 2004), 

- 3D quantitative stratigraphic modelling of the whole Grès d'Annot system (du Fornel 2003, 
Euzen et al. 2004) indicates a strong change of the sediment supply from Eocene (main activity of the 
northeastern Sanguinière sub-basin during Priabonian) to Oligocene (main activity of the southwestern Annot 
sub-basin during Rupelian) : this change is interpreted as a shift of the sediment source linked to an uplift of 
the southern source area (Corsica-Sardinia and Maures-Esterels massifs),  
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- at a larger scale (second-order cycle), the maximum of deepening appears diachronous, with a 
location of the major maximum flooding surface in Priabonian at Annot and Rupelian at Barrême : this 
"jump" can be related to the western migration of the area of maximum subsidence due to the westward 
propagation of the orogenic wedge (Callec 2005). 

Therefore the third-order sequences appear as tectono-eustatic sequences with a strong distortion induced by 
local tectonic deformation : uplift may induce a forced regression in the basin, that is correlative to normal 
progradation/aggradation of the turbidite deposits in more subsiding areas. 
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1. Introduction 
 

It has been for long recognized that rock salt, due to its specific bulk properties, is one of the most 
important components of sedimentary basins. Evaporites in general, and rock salt in particular, is also of key 
importance for evolution of fold-and-thrust belts, as evaporitic layers often form preferred levels of 
detachments within the orogenic wedge. The majority of the detached fold-and-thrust belts displace above 
pre-shortening evaporites (see compilation in Letouzey et al., 1995). However, some of fold-and-thrust belts 
also use syn-compressive evaporitic levels related to deposition within their foredeep basins, as it is the case 
for the Spanish Pyrenees and the Polish Carpathians that are discussed in this paper. Another example of the 
fold belts that also uses foredeep salt as the detachment level is provided by the Zagros Mountains and the 
Gascharan salt. 

The combined effects of the foredeep basin morphology during deposition of evaporites and 
distribution of the surrounding non-evaporitic depositional systems influence the position, extent and 
thickness of the foredeep evaporitic successions. The continuous forward propagation of the thrust front often 
result in forward and upward migration of the evaporitic units. 

The Carpathians and the Pyrenees belong to the Alpine – Himalayan orogenic belt formed by the 
closure of the Tethys Ocean. At present, the frontal part of the S Pyrenees is well exposed, whereas front of 
the Polish Carpathians is mostly buried, especially in their central segment described below. In both the S 
Pyrenees and N Carpathians, the foredeep evaporitic layers constitute the principal detachment levels for the 
late development of both fold-and-thrust systems, with a strong coupling between tectonics and sedimentation 
and vice versa. 

In our paper we compare the well exposed S Pyrenees thrust front region detached above foredeep 
evaporitic levels with the buried front of the central Polish Carpathians. This area has been the focus of an 
extensive seismic surveying, covering most of the region. In this comparison, some of the interpretations that 
were proved to be valid for the S Pyrenees have been applied to interpret the frontal Carpathian region in 
terms of a wedge tectonics and triangle zones. Presented interpretation has to be regarded as a preliminary 
model based on geometric analysis of seismic data that has to be refined by further litho- and biostratigraphic 
studies. 
 
2. The South Pyrenean frontal triangle zone – a summary 
 

The external folded domain of the Southern Pyrenees is detached above several foreland 
syntectonic evaporitic layers (e.g. Ramírez, 1975; Vergés et al., 1992). These foreland evaporites, ranging in 
age from middle Eocene to middle Oligocene, migrated to the SW in front of the advancing thrust sheets 
(Vergés et al., 1992). The position, extent and thickness of these evaporites as well as the shape of the 
southwards transported Pyrenean thrust front constrain the position, geometry and trend of the series of 
detached anticlines in the Ebro Basin. 
 

The most important foreland detachment is located above the middle Eocene, 300-m thick Cardona 
salts on top of which a trend of continuous NE-SW trending anticlines developed (e.g. Sans & Vergés, 1995). 
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The tip line of the Pyrenean shortening corresponds in this region to a backthrust with NW vergence. Towards 
the SW boundary of the Cardona salt basin, the detachment climbs to the about 1,000 m thick middle 
Oligocene Barbastro evaporites. Above the ramp, the Barbastro and Sanaüja anticlines developed with their 
forelimb detached as a backthrust along the overburden - evaporites contact (Sans et al., 1996; Sans & 
Vergés, 1995). 

This large structural domain located between the major S-directed Pyrenean thrust in the N and the 
N-directed backthrust along its SE and SW boundaries has been interpreted as a triangle zone by Sans et al., 
(1996). 
 
3. Wedge tectonics of the central Polish Outer Carpathians 
 

The Carpathian orogenic belt consists of three main tectonostratigraphic domains: the Inner 
Carpathians, the Pieniny Klippen Belt and the Outer Carpathians that were subjected to several shortening and 
subduction events since the Late Jurassic. The Outer Carpathians are genetically linked to the Carpathian 
foredeep basin that developed in front of the advancing orogenic wedge (for recent summary see Oszczypko 
et al., 2005). Foredeep infill consists of the Eggerian to Sarmatian (approx. upper Chattian – lower Tortonian) 
sedimentary sequence with the zones of the maximum subsidence considerably displaced towards the North 
for each phase of the basin development. Presently, in front of the Outer Carpathian flysch (pre-Miocene) 
units, a zone of deformed foredeep deposits exists of variable width, reaching max. 10km in the studied area 
located between Kraków and Tarnów. Undeformed foredeep infill preserved in front of the Carpathians 
consists of the Upper Badenian – Sarmatian (approx. Upper Serravalian – Lower Tortonian) siliciclastic 
succession, with important evaporitic level at its bottom. Traditionally, one continuous evaporitic level was 
proposed to be present within the Badenian infill of the Polish Carpathian foredeep (cf. Oszczypko et al., 
2005). 

Analysis of recently acquired seismic data from the area east from Krakow (i.e. from the central 
segment of the Polish Carpathians) revealed that front of the Polish Carpathians located within the Miocene 
Zgłobice unit could is related to wedging tectonics, and that previous tectonic models of the Carpathian 
orogenic front mostly assuming a classical foreland-vergent imbricate thrust system have to be partly 
modified. 

The Zglobice unit is located in the footwall of the main N-verging flysch (pre-Miocene) Carpathian 
nappes and is composed of three different tectonic sub-units (slices) deforming Miocene foredeep deposits: 
D
bno, Wojnicz and Biadoliny slices. Most southern D
bno slice is also N-verging, most northern Biadoliny 
slice is defined by S-verging backthrust and N-verging thrust, which at the same time could be recognized as 
the most frontal thrust of the entire Carpathian orogenic wedge (cf Krzywiec, 2001). Intermediate Wojnicz 
slice is therefore bordered by N-verging D
bno slice and S-verging backthrust of the Biadoliny slice, and 
could be defined as a triangle zone (cf. Krzywiec et al, 2004; for overview of triangle zones and related 
nomenclature see MacKay et al., 1996). The Wojnicz slice is strongly internally deformed, with some traces 
of S-dipping tectonic slivers carrying upper Badenian - Sarmatian siliciclastic strata. 

Major detachments of this Miocene thrust system are related to the upper Badenian evaporites. 
Within the frontal part of the triangle zone of the Wojnicz slice two evaporitic horizons overlap laterally, one 
being uplifted by passive backthrusting of the Biadoliny slice, and another being preserved in its 
autochthonous position beneath the triangle zone (cf Krzywiec et al., 2004). Such configuration suggests that 
in this area two overlapping evaporitic horizons were deposited, contrary to previous models assuming single 
evaporitic level developed within the entire basin.  
 
4. Discussion and Conclusions 
 

The fronts of the Pyrenees and Carpathians share a common feature that is the existence of 
syntectonic foredeep evaporitic levels that are younger towards the foreland due to their migration in front of 
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the thrusting. These evaporites exerted a strong control on the evolution of both thrust systems during late 
stages of their development. 

Within the frontal Pyrenees thick and laterally extent evaporites were deposited, and this resulted in 
development of a much wider triangular zone than in the Polish Carpathians. Zones of overlap of particular 
evaporitic levels define location of ramps, backthrusts and related triangle zone. 

Central part of the Polish Carpathian orogenic wedge is characterized by presence of thinner and 
less extent evaporites, that nevertheless played important role in shaping of the orogenic front. Qualitative 
tectonic reconstruction based on time-migrated / depth-converted seismic lines suggest that most probably 
east from Tarnów city two overlapping evaporitic levels were deposited. Zone of their overlap coincides with 
northern slope of deep (200 - 300m and more) erosional paleovalley cut into the Mesozoic cover of the lower 
(foreland) plate. Such relationship between basement morphology and thrust structure of the orogenic wedge 
suggests that basement irregularities governed deposition of the Badenian evaporites, and locally resulted in 
deposition of two evaporitic levels. During thrusting movements northern slope of this paleovalley provided 
local buttress that focused compressional stresses generated within the orogenic zone. Interplay of both effects 
– locally overlapping evaporitic horizons and buttressing of the compressional stresses – resulted in formation 
of the triangle zone of the Zglobice unit. 
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1. Polish Outer Carpatians and the Carpathian foredeep basin – an introduction 
 
The Carpathian orogenic belt consists of three main tectonostratigraphic domains: the Inner Carpathians, the 
Pieniny Klippen Belt and the Outer Carpathians that were subjected to several shortening and subduction 
events since the Late Jurassic (for recent review see Picha & Golonka, 2005). The Outer Carpathians in 
Poland form a well developed thrust-and-fold belt, approximately 300 km long and 50 to 120 km wide, 
composed of several thin-skinned thrust sheets (units / nappes), built mostly of the Cretaceous through 
Paleogene predominantly deepwater flysch sediments. 
 
The Outer Carpathian belt is flanked by the Miocene Carpathian foredeep basin. The Carpathian foredeep 
basin is a sedimentary basin which stretches for more than 1 300 km from the Danube in Vienna (Austria) to 
the Iron Gate on the Danube (Romania). In the west, the Carpathian foredeep is linked with the Alpine 
molasse basin and on the east it passes into the Balkan foreland basin. The Carpathian foredeep is filled with 
predominantly clastic Miocene sediments with important evaporitic horizons. Its development was 
intrinsically linked with final stages of evolution of the Carpathian orogenic wedge and subduction of the 
foreland (lower) plate (for recent review see Oszczypko et al., 2005). 
 
Basement of the Polish Carpathians and their foredeep basin is formed by two distinct tectonic domains: the 
East European Craton and the Palaeozoic (West European) Platform that are divided by the Teisseyre – 
Tornquist Zone (TTZ). Along the TTZ the Mid-Polish Trough developed and was inverted in the Late 
Cretaceous – Palaeogene times. The pre-Miocene substratum of the Carpathians is fairly inhomogeneous, 
both regarding its lithostratigraphy and the top surface morphology. From top to bottom it comprises 
Cretaceous, Jurassic, Triassic, Permian, Carboniferous, Devonian and Lower Paleozoic sedimentary 
succession, erosionally truncated at various levels and overlying intensely folded and low-grade 
metamorphosed Neoproterozoic to Early Cambrian and/or medium-grade metamorphosed Proterozoic 
crystalline rocks of the basement. 
 
Miocene foredeep deposits could be presently found both in autochthonous position beneath the Outer 
Carpathian flysch nappes as well as in allochthonous position within the most frontal zone of the orogenic 
wedge where they form the external Zglobice and Stebnik units of the thrust belt. To the north the foredeep 
infill remains mostly undeformed. 
 



Thrust Belts and Foreland Basins, International Meeting, Rueil-Malmaison, December 2005 
Abstracts Volume 

****************************************** 
 

 

 

217

2. Lateral variations of the orogenic front Polish Carpathians – an overview 
 
Systematic analysis of geological and geophysical data from the area between Przemysl and Krakow (S 
Poland) revealed important alongstrike variations in the tectonic style of the Carpathian orogenic front and the 
foredeep basin. Two factors seemed to have controled evolution and structural geometry of the thrust front 
and the foredeep basin: (1) structure of the foreland plate, and (2) extent of the Upper Badenian evaporites 
(rock salt). 
 
In its eastern segment, which is superimposed on the Teisseyre - Tornquist Zone, the Carpathian orogenic 
front shows fairly simple structure, defined by generally flat-lying foreland-verging imbricates, branching off 
the major sole thrust that overlies undeformed Miocene foredeep deposits. Locally, Miocene deposits could 
be found above the flysch nappes. They could be related either to post-kinematic deposition above the thrust 
front or – potentially – to southward backthrusting of the Miocene foredeep infill. No indications of syn-
kinematic Miocene depositions within the orogenic front have been encountered. 
 
The basement of the eastern part of the foredeep basin is characterised by a complex system of normal and 
reverse faults, with throw up to several hundreds of meters or more (cf. Krzywiec, 2001). These faults are 
older inherited tectonic discontinuities that were reactivated due to the combined effect of the flexural 
extension of the foreland (lower) plate and compression generated within the continental collision zone. 
Activity of some of these fault zones included important strike-slip component (Krzywiec et al., 2005). 
 
Significantly different structure of the Carpathian front and of the foredeep basin is observed towards the 
west. In the area between Krakow and approx. Pilzno within the Carpathian front fairly broad (up. to 10km) 
zone of deformed foredeep deposits developed. Newly acquired seismic data allowed for identification of 
triangle zone and related deformations in this area, characteristic for wedge tectonics (Krzywiec et al., 2004). 
The wedge tectonics resulted from a combined effect of the diverse erosional topography of the pre-Miocene 
basement top surface and of the areal extent and lithological changes (salt�gypsum�anhydrite) of the 
foredeep evaporites occurring near to the base of the infill succession. This interplay produced a well-
developed triangle zone with a passive-roof duplex in its center, composing the main part of the Miocene 
Zglobice unit. The frontal roof backthrust of the triangle zone is overlain by a typical foreland-dipping frontal 
monocline, in places disturbed by major, synclinal detachment folds attributed to shortening in the 
hangingwall of the frontal roof backthrust of the duplex. Some of the tectonic structures inferred in this unit 
were classified as syn-depositional, coeval with sedimentation of the upper portion of the post-evaporitic 
siliciclastic foredeep succession. Similar model of wedge tectonics and the triangle zone could most probably 
applied for the famous Wieliczka salt mine located within the deformed Miocene rock salt near Krakow. In 
this area no seismic data are available to testify this concept, however geological cross-sections presented in 
previous decades (e.g. Tolwinski, 1957) and based on mine, outcrop  and well data clearly resemble triangular 
geometry associated with wedge tectonics. Following this interpretation, the Wieliczka salt mine would be 
located in the axial part of the Miocene triangle zone. Backthrusting of the Upper Badenian – Sarmatian 
foredeep infill above the evaporites could also be observed at the front of the so-called Gdow tectonic 
embayment. In this area, numerous wells and seismic data show that thrusting involved also Mesozoic 
succession of the lower plate. 
 
Contrary to the eastern segment, basement of the central Carpathians and the foredeep basin shows only very 
minor and localised normal faulting related to flexural extension, and its present-day morphology is related 
primarily to Palaeogene erosion and incision. Small degree of observed basement reactivation is related to 
orientation of main basement fault zones – they dip to the NE while compressional stresses generated within 
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the Carpathian collision zone were acting generally S – N, hence hangingwalls of the basement fault zones 
have not been subjected to major reactivation. 
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THE MAXIMUM ICE AGE (WÜRMIAN, LAST ICE AGE, LGM) GLACIATION OF THE 
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LINES, ICE THICKNESSES, LOWEST FORMER ICE MARGIN POSITIONS AND SNOW-LINE 
DEPRESSION IN THE MT. EVEREST-MAKALU-CHO OYU MASSIFS (KHUMBU- AND 

KHUMBAKARNA HIMAL) 
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In the Khumbu- and Khumbakarna Himalaya an ice stream network and valley glacier system has been 
reconstructed for the last glacial period (Würmian, Last Ice Age, Isotope Stage 4-2, 60- 18 Ka BP, Stage 0) 
with glaciogeomorphological and sedimentological methods (Fig.1). It was a part of the glacier system of the 
Himalaya and has communicated across transfluence passes with the neighbouring ice stream networks 
toward the W and E. The ice stream network has also received inflow from the N, from a Tibetan ice stream 
network, by the Kyetrak-Nangpa-Bote Koshi Drangka in the W, by the W-Rongbuk glacier valley into the 
Ngozumpa Drangka, by the Central Rongbuk glacier valley into the Khumbu Drangka and by the antecedent 
Arun Nadi transverse-valley in the E of the investigation area (Fig.1). The ice thickness of the valley glacier 
sections, the surface of which was situated above the snow-line, amounted to 1000-1450 m (Fig.3). The most 
extended parent valley glaciers have measured approx. 70 km in length (Dudh Koshi glacier), 67 km (Barun-
Arun glacier) and 80 km (Arun glacier) (Fig.1). The tongue end of the Arun glacier has flowed down to c. 500 
m and that of the Dudh Koshi glacier to c. 900 m asl. At heights of the catchment areas of 8481 (or 8475) m 
(Makalu), i.e. 8848 (or 8872) m (Mt. Everest, Sagarmatha, Chogolungma) this is a vertical distance of the Ice 
Age glaciation of c. 8000 m. The steep faces towering up to 2000 m above the névé areas of the 6000-7000 
m-high surfaces of the ice stream network were located 2000-5000 m above the ELA. Accordingly, their 
temperatures were so low, that their rock surfaces were free of flank ice and ice balconies. From the 
maximum past glacier extension (Stage 0) up to the current glacier margins (recent), 13 (altogether 14) glacier 
stages have been differentiated and in part 14C-dated (Tab.). They were four glacier stages of the late glacial 
period (I-IV), three of the neoglacial period (V-‘VII) and six of the historical period (VII-XII=recent). By 
means of 130 medium-sized valley glaciers the corresponding ELA-depressions have been calculated in 
comparison with the current courses of the orographic snow-line (Tab.). The number of the glacier stages 
since the maximum glaciation approx. agrees with that e.g. in the Alps and the Rocky Mountains since the 
last glacial period. Accordingly, it is interpreted as an indication of the Würmian age (last glacial period) of 
the lowest ice margin positions. The current climatic, i.e. average glacier snow-line in the research area runs 
about 5500 m asl. The snow-line depression (ELA) of the last glacial period (Würm) calculated by four 
methods has run about 3870 m asl, so that an ELA-depression of c. 1630 m has been determined. This 
corresponds to a lowering of the annual temperature by c. 8, i.e. 10°C according to the specific humid 
conditions at that time. 
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Figure 1: Quaternary-

geological and glacio-
geomorphological map of the 
Khumbu- and Khumbakarna 
Himal (Mt.Everest-, Cho Oyu- 
and Makalu massifs) in the 
Central Himalaya. With regard to 
the frames Fig.3 and 19 see Kuhle 
2005 Fig 3 and 19). 
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Figure 2: Picture 
taken from the orographic 
right valley flank of the 
middle Bote Koshi Drangka 
above the inflow of the 
Langmoche Drangka at 4390 
m asl (Fig.1 on the right 
below the transfluence pass 
No.82) from the triangle-
shaped large-scale terrace 
remnant of the Late Glacial 
ground moraine pedestal (IV) 
(= Sirkung Stade, see Table) 
facing NE up the Bote Koshi 
Drangka. No.4 is the 8202 m-
high Cho Oyu, No.68 the 
6186 m-high Kyajo Ri. (�) 
is a gneiss boulder the size of 
a hut (cf. person on the left) 
situated c. 100 m away from 
the slope foot. Its material 

does not outcrop on the slope behind it on the left. Accordingly, this is an erratic moraine boulder 400 m 
above the talweg on this cross-profile (No.25) of the Bote Koshi (Fig.1). (.... and ----) is the Würmian 
minimum ice level between 5400 (….) - 5100 (----) m asl at this locality indicated by the preserved polish line 
(cf. Fig.35). Analogue photo M.Kuhle, 27/03/2003.  

 
Figure 3: (Profile 25): Cross-section 
(not exaggerated) seen down-valley 
across the Bote Koshi from the 5673 m-
peak somewhat S of Kyajo Ri (Fig.2 
No.68; Fig.1 above peak No.17) to the 
5080 m-ridge (on the right below 
transfluence pass No.82) in the SE-crest 
of the 5967 m-peak. The Ice Age glacier 
has polished out the valley cross-profile 
and formed a trough. As far as up the 
slopes the trough bottom is covered by 
ground moraine. Its accumulation, 
which up to 4500 m is several hundred 
metres thick, concerns remnants of a 
Late Glacial (Stage IV; s. Tab.) 
basement of a pedestal moraine. The 
maximum glacier filling of this cross- 
profile has been reconstructed for the 
last glacial period (Würmian: c. 60-18 

Ka). According to the upper limit of the ground moraine cover preserved, reaching up to c. 5000 m, and also 
according to the glacigenic abrasions on the valley flanks up to an abrasion limit about 5100 m asl, the glacier 
trim-line ought to have run at 5100 m asl (Fig.2 ---- on the very right). The maximum past ice thickness down 
to the rock ground of the valley bottom amounted to c. 1250 m. In this profile the Ice Age glacier surface lay 
c. 1300-1500 m above the synchronous High Glacial snow-line (ELA).  
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Table: Average snow-line depression of medium-sized valley glaciers in the Ngozumpa valley (south 
slope of Cho Oyu) from the Late-Glacial Dhampu-Stage (III) to the recent Stage X (see Fig.1 frame 
Fig.19) 

 
 

stade exposure (in order 
 of importance) 

average snowline 
 altitude (m a.s.l.) 

average snowline 
 depression (m) 

average glacier 
 length (km) 

number of glaciers 
 taken into account 

minimum age  
before 1950 (yrs) 

(1) (2) (3) (4) (5) (6) (7) 

Dhampu III E 4715 815 2.75 1 older than 4165 

Sirkung IV E, S 4763 767 5.05 2 older than 4165 

Nauri V E, S, SW 4970 560 2.81 7 4165 

Older Dhaulagiri VI E, S, W, SW 5073 457 3.50 10 2050-2400 

Middle Dhaulagiri ‘VII E, SW, SE, NE, S, W 5253 277 3.10 19 younger than 2050 

Younger Dhaulagiri VII S, SE, E, NE, N, W 5383 147 2.17 18 440 

VIII E, S, NE, W, SE, NW 5431 99 1.98 22 320 

IX E, NW, NE, S, W, SE 5453 77 1.74 12 younger than 320 

X S, E 5478 52 1.57 2 80-30? 

Recent E, S, N, NE, SE, W, NW 5530 0 1.53 30 30-0 

     total 123  
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FLUID EVOLUTION IN A FRACTURED ANTICLINE 
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Introduction   

Fracture-seal precipitates provide information on the evolution of fluids linked to the kinematics of 
tectonic structures. This approach has been used for the study of the Sant Corneli anticline in the southern 
Pyrenees (Fig. 1).           
     The Sant Corneli anticline is a fault propagation fold formed during the inversion of the former 
Lower Cretaceous Organyà Basin. These Lower Cretaceous strata outcrop in the core of the anticline and are 
uncorformably covered by Upper Cretaceous platform deposits.

The anticline is asymmetric with a south subvertical flank in both hangingwall and footwall of the 
south directed thrust. The anticline is affected by a fracture system developed during folding. The petrologic 
study of fracture-filling cements has enabled the characterisation of the crack-sealing mechanisms. Fractures 
and faults are here evaluated as possible conduits or barriers during the paleofluid circulation. 

 
 
 
 
 

 
 
 
 
 

 

 

Fig.1. - Geologic scheme of the Northeast of the Iberian Peninsula. (Vergés et 
al. 1995).   The red rectangular zone delimits the area of  St. Corneli-Bóixols 
anticlines.  a) Zoom of  the area. (Garcia-Senz,2002) with the situation of the 
studied samples . 
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Fluid evolution 

     The reconstruction of fluid evolution has been based on petrographic and geochemical studies: 
(i) microscopy (conventional petrography and cathodoluminescence), (ii) isotopic composition (δ13C, δ18O) of 
calcite cements and (iii) host rock and fluid inclusion microthermometry of isolated cement generations. 
     We analyse samples: a) from the core of the anticline in Lower Creataceous limestones, b) from 
the thrust front zone and c) from a normal fault located  along the upper contact of this thrust zone. 
      Crack-seal textures are observed in syntectonic fractures associated to the anticline formation. 
Calcite is a common fracture cement and  is locally accompanied by fluorite. The oldest calcite cements are 
crack-seal elongated crystals, orange and dull luminescent. These crystals exhibit intense cleavage 
characteristic of tectonic deformation and are post-dated by bright orange and concentrically-zoned calcite. 
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Fig. 2. Isotopic composition plot of the fracture samples (�13C  vs.  �18O) the numbers indicate the 

location of the samples in Fig.1. 
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Pairs of photographs showing the relationship between elongated-blocky calcite crystals (crack-seal) and clear 
blocky calcite filling late fractures. a: Plain parallel light. b: Cathodoluminescence. 
The left pair corresponds to a sample in the thrust core: Elongated-blocky calcite displays homogeneous 
orange luminescence patterns while late blocky calcite is dull. Notice the irregular and corroded boundaries 
between orange and dull luminescent calcite generations and the presence of fluorite (blue luminescent). 
The right pair corresponds to a sample related with the normal fault and with hydrothermal influence: 
Elongated-blocky calcite crystals are dull while clear blocky calcite precipitated during later fracture stages 
displays orange bright luminescence. 
  

Two different isotopic trends have been recorded (Fig.2): 1) lineal trend with constant carbon 
isotopic composition     (� 30/00  V-PDB) and progressively  lower oxygen isotopic composition and 2) a 
trend starting in negative values  both of   δ13C (�-70/00  V-PDB) and δ18O (�-60/00  V-PDB),  followed by  a 
progressive increase of  δ13C and a progressive decrease of δ18O values. Fluid inclusion microthermometry 
of these crack-seal calcite crystals shows homogenization temperatures increasing along the growth 
direction of the crystals. Salinities remain constant (�15 wt% NaCl eq.). The lineal trend is interpreted as 
corresponding to the typical burial trend while constant carbon values and negative oxygen isotopic 
compositions suggest the possible inflow of a deep-seated fluid with organically-derived CO2. 87Sr/86Sr 
analysis under progress ratio will help to interpret this trend. 
Conclusions 
   Cements from the fractures in the core of the anticline, as well as from the frontal thrust zone indicate a 
progressive increase of temperature of parental fluids during vein growth. This is interpreted in this work, 
as produced during the progressive burial of the anticline, synchronous to its development.  
   Cements from the normal fault show a similar increase of the temperature of parental fluids during vein 
growth during  progressive burial as well. However, the large number of samples with lower δ13C values 
suggests the inflow of deep-seated hydrothermal fluids or the inflow of organically-derived CO2 in the 
system.

0,5 mm 
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Structural development of the foreland of the Sierra Madre fold belt in northeastern Mexico 

was strongly influenced by the distribution of salt deposited during the development of the adjacent 
Gulf of Mexico. Moreover, subsidence history of the foreland region was impacted by the subduction 
history of the Farallon slab, which began to sink beneath western Mexico in Early Cretaceous time 
and arrived below northeastern Mexico in the Eocene. Sub-basins of the foreland region considered in 
this study include the Parras and La Popa basins, which are currently separated by a large detachment 
fold that formed late in the Cretaceous (Fig. 1; Soegaard et al., 2003; Couch, 2005). The La Popa 
basin contains salt of late Middle and earliest Late Jurassic age deposited in a pull-apart basin 
peripheral to the Gulf of Mexico basin. Salt thickness in the La Popa basin is variable; original 
maximum thickness may have been as much as 2000 m, but the deep salt section has been much 
reduced by diapirism. A thinner salt section is present beneath the Sierra Madre orogen and serves as 
the principal detachment for the fold belt; however, no salt is present in the Parras basin, where folds 
and thrust faults are detached in the Parras Shale of Campanian age.  
 
 Exposed structural relations and growth strata in Upper Cretaceous and Paleogene rocks of 
the La Popa and Parras basins record two phases in the evolution of a foreland-basin system strongly 
influenced by salt. (1) From Santonian to mid-Maastrichtian time, the foreland region north of the 
Sierra Madre foldbelt, whose time-equivalent front remains imprecisely located, was a flexural 
foredeep with stratal patterns dominated in the south by orogenward thickening and in the north by 
localized depocenters created by salt withdrawal and diapirism. Growth strata adjacent to local salt 
stocks and a salt wall consist of halokinetic sequences separated by angular unconformities of 
pronounced discordance but limited lateral continuity, contain unambiguous diapir-derived fragments, 
and thicken monotonically away from the salt structures into adjoining salt-withdrawal minibasins 
(Giles and Lawton, 1999, 2002; Rowan et al., 2003). We infer that diapirs overlie basement steps 
created by faults inherited from the transtensional salt-basin history in the Late Jurassic. (2) From 
mid-Maastrichtian to approximately mid-Eocene time, the foreland was a depositional wedge top on 
which sedimentation patterns resulted from interplay of salt withdrawal and shortening-driven rise of 
periclinal to nearly concentric anticlines detached at different levels. Growth strata deposited during 
this phase of basin development likewise thin onto salt  diapirs, some of which occupied the crests of 
folds; elsewhere, strata demonstrably thicken into contractional growth synclines that lack diapiric salt 
or a salt detachment. Provenance of growth strata during the second phase included the Sierra Madre 
fold belt, a magmatic arc terrane in western Mexico, and the local diapirs. Rapid northward advance of 
the depositional wedge top probably resulted from detachment development within the weak salt layer 
lying primarily beneath the northern part of the foreland-basin system. The northern salt layer is not 
continuous with the salt detachment beneath the Sierra Madre foldbelt, but the two detachments are 
kinematically linked via basement inversion structures (Fig. 2). An increase in convergence rate 
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between the Farallon and North American plates, which roughly coincides with the onset of the 
second phase, is likely of secondary importance to wedge-top advance. Although diapirism in the La 
Popa basin has recently been interpreted as having post-dated shortening (Millán-Garrido, 2004), 
diapir-derived detritus and stratal thinning adjacent to salt bodies unambiguously document passive 
diapirism from Aptian through middle Eocene time, the age range of strata exposed in the basin 
(Lawton et al., 2001). These data imply that diapirism began shortly after deposition of the salt, 
although there are no surface exposures or seismic data to verify early onset of salt rise. However, 
diapirism was clearly in progress prior to the onset of regional shortening in the Maastrichtian. 
 
 Published data (Gray et al., 2001) and our own thermal maturation data indicate that foreland 
subsidence, unexplained by the load of the adjacent orogen, continued beyond the termination of 
shortening and finally ended in the Oligocene. This subsidence resulted in accumulation of an 
additional 4 km of strata on the deformed foreland basin and Sierra Madre foldbelt. New U-Pb data 
processed at the Stanford/USGS SHRIMP facility indicate the presence in the El Papalote diapir of an 
intermediate igneous intrusion with an age of approximately 55 Ma, roughly equivalent to an ash of 
56.40 ± 0.87 Ma in the upper part of the stratigraphic section. We interpret the post-shortening 
subsidence and Eocene magmatism as related dynamic effects caused by asthenospheric circulation 
above the subducted Farallon slab. As noted by Gray et al. (2001), cooling of the foreland region took 
place shortly after maximum burial, at approximately 40-35 Ma. Post-Eocene, plateau-like uplift 
recovered all of the Paleogene subsidence and established the current average elevation of 
approximately 1000 m in the foreland region. Uplift corresponds to the onset of voluminous silicic 
magmatism in western Mexico and likely has a dynamic origin as well. 
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Figure 1.  Location of La Popa (LP) and Parras (PB) basins in foreland of Sierra Madre Oriental. 
Other geologic features:  BA, Burro arch; CP, Coahuila Platform; La Gavia anticline, separating La 
Popa and Parras basins; MS, Monterrey salient of Sierra Madre fold belt; SA, Salado arch; SB, 
Sabinas basin.  
 
 

 
 
Figure 2.  North-south cross section through Parras and La Popa basins (Couch, 2005).  Jm,  Minas 
Viejas Formation (Jurassic salt); Ju-Kl, Upper Jurassic-Lower Cretaceous platformal carbonate 
strata; Kpa, Parras Shale (Campanian); Kcp-Kpt and Km-Tv; Upper Cretaceous and Paleogene 
strata of Parras and La Popa basins, respectively. La Gavia anticline, an inversion structure, 
separates the two basins. 
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THE MORPHO-TECTONIC EVOLUTION AND SEDIMENTARY RECORD OF EARLY 
CONVERGENCE IN A PRE-STRUCTURED FORELAND SETTING: THE EXAMPLE OF THE 

PROVENCE (SE FRANCE) 
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EOST-CGS, 1 rue Blessig, 67 084 Strasbourg Cedex 
 
 
The Provence, located between the Pyrenees, the Alps and the Ligurian Sea, records a complex tectono-
sedimentary evolution during the early stage of Alpine convergence. In the following we discuss the 
paleogeographic evolution and main Variscan to Early Cretaceous tectonic events and their reactivation on a 
regional and local scale. We use the sedimentary architecture and alluvial fan deposits to understand the 
morpho-tectonic evolution and its linkage to the nature and timing of the compressive deformation. 

 

 
Figure 1: Present-day map of  western Europe and its paleogeographic evolution: (a) Tectonic sketch map 
showing the distribution of the Eurasia, Iberia, Adria and Africa continental areas and the distribution of the 
tectonic elements derived from them. The oceanic units are remnants of the Mesozoic Tethys. Large-scale 
paleogeographic reconstruction for: (b) the Late Cretaceous and (c) the Late Jurassic. AA: Austroalpine; B: 
Briançonnais; D: Dauphiné; LP: Liguria-Piemonte Ocean; NF: Newfoundland; SA: southern Alps (modified 
from Manatschal and Bernoulli 1999). 

 
Our study shows that the depositional architecture of syn-tectonic sediments during initial 

convergence in a foreland setting is strongly controlled by inherited structures. The major results are that: (1) 
the beginning of the convergence stage is recorded by the migration of depo-centres, and (2) localised areas of 
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uplift and alluvial fans deposition coincide with the reactivation of basement structures. These observations 
suggest that the initial response to convergence was distributed and related to the reactivation of basement 
structures (thick-skinned tectonics) that predates the development of thrust sheets during the subsequent 
Eocene collision. 

 

Inherited structures and palaeogeographic evolution of the Provence 
The Variscan orogeny and the subsequent Carboniferous and Permian transtensional/extensional events 
resulted in a heterogeneous crust intersected by an array of fault systems and intra-continental basins. These 
structures represent major inherited weaknesses that were reactivated during later events. During the early 
Jurassic, the Provence was affected by large-scale extension that eventually lead to the opening of the Alpine 
Tethys ocean separating the European and Adriatic plates in late Middle Jurassic time (Fig.1c). The syn-rift 
sediments in the Provence were deposited in fault-bounded basins in a proximal domain of the European 
margin. The deposition of micritic carbonates and shales in the basins next to massive carbonate platforms 
over adjacent structural highs resulted in strong lateral heterogeneities in the Jurassic sedimentary sequences. 
Contrary to the expected continuous post-rift thermal subsidence, the proximal European margin was 
reactivated and locally uplifted during late Jurassic to Early Cretaceous time (Graciansky & Lemoine, 1988). 
This extensional event, probably related to the opening of the Bay of Biscay further to the west, is associated 
with an overall uplift of the northern Provence (the so-called “Durancian isthmus”), while to the south 
(southern Provence) and to the north (Vocontian basin), basins continued to subside (Fig.1b). Thus, prior to 
the onset of Alpine convergence in Late Santonian time, the European basement in the Provence was pre-
structured by several events and the overlying cover sequences show strong lateral variations. 
 
Sedimentary architecture of the Provence 
On a N-S directed section across the Provence, the thickness variations and facies of the sedimentary units 
record a first order response to compression (Fig.2). The most striking feature is the migration of the depo-
centres during onset of convergence (Late Santonian). The previously subsiding basins to the north 
(Vocontian Basin) and south (Beausset Basin) were filled and possibly uplifted while parts of the former high 
zone (“Durancian isthmus”) started to subside, leading to the formation of E-W trending basins with up to 1 
km of Campanian to mid-Eocene sediments (e.g. Arc and Rians Basins). These basins were bounded by 
anticlinal pop-up structures that formed over reactivated Permian (Roure & Coletta, 1996), Jurassic and/or 
Early Cretaceous structures (Chorowicz et al., 1989).  
 
The Arc Basin and its northern margin (Montagne Sainte-Victoire area) 
The area of the Montagne Sainte Victoire preserves the transition between one of these E-W trending basin to 
the south (Arc Basin) and a fault-controlled anticlinal pop-up structure to the north (Roure & Coletta, 1996). 
The morpho-tectonic evolution of this basin-parallel mountain range is recorded in syn-tectonic Late 
Cretaceous and Palaeocene alluvial-fan deposits exposed along the northern margin of the Arc basin 
(Montagne Sainte Victoire area).  

These alluvial fans record a complex morpho-tectonic evolution. The distribution of sedimentary 
facies and the syn-tectonic depositional architecture in these alluvial fans indicate that changes in the source 
area correspond to the development of thrust activity in the core of the anticlinal pop-up structure during the 
Late Maastrichtian. The alluvial fans show a strong along-strike variation in their distribution that are 
interpreted to be controlled by both inherited basement structures (Permian crustal-scale faults, e.g. Aix-
Durance Fault) and facies variations in Jurassic shelf carbonates (Leleu, 2005). Deformation in the anticlinal 
pop-up structure is continuous from Mid-Campanian to Palaeocene. 
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Figure 2: Reconstructed N-S directed sections across the Provence showing the thickness variations of 
sedimentary units and their evolution from late Santonian to Palaeocene times. 
 

The study of the northern margin of the Arc basin in the Montagne Sainte Victoire area combined 
with subsidence history in the Arc Basin, enable to propose the following sequence of events: 

- Late Santonian/Early Campanian: Migration of the depocentre into the area of the future Arc 
Basin and development of the topography in the Montagne Sainte Victoire, no preservation of alluvial-fan 
deposit; 

- Mid-Campanian: High subsidence rate in the basin, alluvial-fans (bajada system), along the 
basin parallel ranges forming juvenile catchment areas; 

- Late Campanian to early Paleocene: Progressively decreasing subsidence rate in the basin, 
well-developed alluvial fans and integrated catchments. Changes in alluvial-fan system reflect migration of 
the deformation in the mountain range; 

- Late Paleocene to earliest Eocene: Basinal subsidence continues, alluvial fans ceased and the 
topography was onlapped and covered by basinal sediments; 

- Mid-Eocene: Last compressional event in the Montagne Sainte Victoire that is 
contemporaneous with nappe emplacement further to the South (Ste-Baume and Cap Sicié nappes). 
Sedimentation in the Arc Basin stops, as indicated by the lack of mid to upper Eocene sediments below 
Oligocene succession in the Arc basin. 
 
Early convergence in a pre-structured foreland setting: a tectonic model 
The syn-compressional sedimentary record in the Provence together with the tectono-sedimentary evolution 
of the northern margin of the Arc basin, are incompatible with classical flexural models for foreland basins. 
Highest topography and greatest subsidence rates occur early in the tectonic evolution, well before the major 
Eocene compressive event. The subsidence progressively decreases with time and is minor during the Eocene. 
The sequence of events is more compatible with the re-activation of inherited crustal structures within the 
European margin suggesting that early compression is better explained by a thick-skin tectonic model (Fig.2). 
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This interpretation may explain some of the Late Cretaceous to pre-nummulitic deformation events occurring 
northward in more proximal domains of the European margin. 
 

Conclusion 
During early convergence, subsidence occurred over wide, poorly deformed zones (e.g. the Arc 

Basin) that were bounded by weak and highly deformed zones. These zones show a complex morpho-tectonic 
evolution that includes uplift, erosion and deposition of recorded in syn-tectonic alluvial-fan systems.  

Convergence in the Provence started in the Late Santonian simultaneous with the onset of 
convergence in the Pyrenean and the Alpine domains. In contrast to the latter, the Late Cretaceous to 
Paleocene deformation, also referred to as the Pyreneo-Provençal deformation phase, is only weakly 
overprinted by the later Eocene to Miocene collision and not buried under thick sediments of the foreland 
basin. As a consequence of the opening of the Ligurian Sea, the Provence escaped Oligocene collision and 
preserves early compressional structures. Therefore, the Provence may represent one of the best-exposed 
examples where the morpho-tectonic evolution during early collision is recorded in the sedimentary record in 
a foreland setting. 
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The rifting and oceanization of the Gulf of Mexico (GOM) Basin was completed by Late Jurassic. 
During the Cretaceous and the Cenozoic, no significant tectonics were registered into the basin along its 
western boundary, except for the formation of the Mexican Ridges that are generally interpreted as due to 
shortening above a major decollement, in response to growth listric faulting. This purely gravitational process 
was triggered by the initiation of salt diapirism offshore Texas and western Yucatan. 

 
In this paper we document the presence of modest but significant crustal Neogene tectonics along 

the Mesozoic Gulf of Mexico (GOM) western margin, between Tuxpan and Veracruz where salt is either rare 
or missing. Based on extensive offshore 2D and 3D industrial multi-channel seismic reflection surveys 
provided by PEMEX, we have mapped structures below the main decollement level (6 to 8s-twt) that appear 
to us to have controlled growth faults and gravity tectonics. A deep seated reverse fault zone rooted into the 
crust approximately follows the N170° trending flexure of the margin. Although it only accommodates a 
rather limited amount of shortening, we suggest that the gravitational sedimentary collapse above the major 
decollement was triggered by this deep crustal faulting. The amount of shortening present in the deep water 
Mexican Ridges is not balanced by the limited and generally overestimated amount of shelf-wide extension 
present along the shelf-slope break. We propose rather that it is mostly related to this crustal shortening 
process.  

 
To conclude, we have mapped a Late Neogene and still active crustal structure that we interpret as 

the northern extension of the Late Miocene Chiapas Fold Belt blanketed by coeval and still active gravity 
sliding processes. Finally, we discuss the existing link between this dextral N170° fault zone and the western 
termination of the active Polochic-Motagua fault system within the Gulf of Mexico geodynamic regional 
framework. 
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THREE DIMENSIONAL FLEXURE OF THE EUROPEAN PLATE NORTH OF THE ALPS 
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Houssiniere - BP 92208, 44072 Nantes Cedex 3, France 
 
A 3D model of the base Trias was constructed from published structural and stratigraphic data for an area of 
80.000 km² of the Alpine foreland (in gOcad) and was coupled with the 3D model of the European Moho 
(Dèzes and Ziegler 2001). The flexure of the European plate below the North Alpine Foreland Basin was then 
analysed along 12 profiles drawn orthogonal to the Alps from eastern Switzerland to the Chambery region of 
eastern France. The observed curvature of both boundaries was compared to the 2D flexure model of a thin 
elastic and semi-infinite plate (Turcotte and Schubert 2002). The study of the flexure focused on the lateral 
variations of three parameters: the position of maximum deflection, the elastic thickness of the European plate 
and the position of the point load. 
 - In eastern Switzerland : a good correlation is observed between observed profiles and the mathematical 
model of 2D flexure. The load is placed under the Aar external crystalline massif (depth between 6 and 11 
km) and we can notice an eastward increase of the elastic thickness in agreement with previous authors 
(Stewart and Watts 1997); . 

- In western Switzerland : the correlation becomes less clear west of the Upper Rhine Graben and the 
Turcotte and Schubert (2002) model no longer fits the observed values in the Jura region. The forebulge crest 
on the base Trias and on the Moho shifts northward by 90 km to form an arc that mirrors that of the Jura fold 
belt. In addtion, the basement profile flattens out below the Jura. In order to improve correlation with the 
numerical model it is necessary to move the application point of the load northward by about 30 km and to 
increase the elastic thickness of the European plate.  

These different observations indicate that the Jura behaved as a new load to the north of the Alps. The 
development of the Jura generated an additional flexure, which cannot be accommodated in the Turcotte and 
Schubert (2002) model except by an increase of the elastic thickness of the European plate, which is 
considered as artificial. These results challenge those of previous authors, which do not take into account the 
Jura's influence in modifying the flexure in the Alpine foreland (Gutscher 1995; Stewart and Watts, 1997). 
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INTEGRATED CHARACTERISATION OF THE MIOCENE SANDSTONES FROM RZESZOW 
AREA OF THE CARPATHIAN FOREDEEP. 

 
Grzegorz LE�NIAK2, Piotr SUCH2, Piotr DZIADZIO1 

1 - Polish Gas and Oil Company 
2 – Oil and Gas Institute, Krakow, Poland 

 
A sedimentological, petrophysical and petrological research project has been carried out, on the Miocene 
succession in the southern Carpathian Foredeep basin of SE Poland, which is based on examination of ca. 800 

m core combined with analysis of wire line logs from 
14 wells. Totally 154 core samples were 
investigated. The main goal of performed work was 
to share regional trends in development of reservoir 
properties of the Miocene, (sarmatian) sandstones 
which are the base reservoir rocks of gas reservoir in 
analysed area (Fig.1.).  
A set of investigations consist of, facies, well log, 
sequence stratigraphy analyses and  computer 
analyses of images, cathodoluminescence and scan 
microscopic analyses and investigations of pore 
space parameters (density, porosity, permeability, 
mercury porosimetry) (fig.2) were made. 
Compaction and cementation models and impacts of 
these processes were estimated. 
 
 

 
Six facies and four facies associations were distinguished: (1)massive to laminated sandstone, 

(2)thin-bedded fractionated and laminated sandstone, (3)thin-bedded sandstone with low-angle cross 
lamination, (4)calcium carbonate cemented sandstone, (5)siltstone and (6)mudstone and (A)channel fill facies 
association, (B)levee and interchannel facies association, (C)tabular heterolits sheets facies association,  
tabular sandstone sheets (depositional lobes) facies association. Facies association analysis combined with 
seismic data and well logs created 3D depositional architecture and geological model of investigated area. 

Classical thin section petrologic analyses, cathodoluminescence and scannning microscopy 
analyses were performed. The Miocene sandstones are subarkose, arkose, sublitharenite and litharenite. 
Cements are represented by contact clay cement, clay-carbonate matrix, carbonate and quartz cements. 
Virtually every sample contained all the types of cements (Le�niak G. & Such P., 2001, Pettijohn F.J. at al., 
1972). 

Compaction and cementation processes were analysed to estimate porosity loss. Lunegard theory 
(Lunegard P.D., 1992, Such P. & Lesniak G., 2001) was applied. The results are published in Fig.3. For fine 
grained sandstones (predominant grain diameter less than 0.125 mm) both compaction and cementation affect 
porosity loss while for coarse grained sandstones (predominant grain diameter greater than 0.125 mm) only 
mechanical cementation affect this parameter. 

Porosity, permeability and mercury porosimetry allow to describe reservoir and filtration properties 
of rocks. Porosities are generally high (15-37%). Filtration properties depend on threshold diameter and 
fractal dimension. Generally, investigated sandstones represents spherical grains model modified by 
lamination and number of cement. Cross plot porosity – permeability is shown in Fig. 4.  
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Four classes of similarity of pore space were 
 extracted (Such, 2002). Main parameters  
are published in Table 1 

 
 
Tab. 1 Parameters of pore space 

Class Porosity 
[%] 

Treshold 
diameter 

[µm] 

Fractal 
dimension 

% of pores 
> 1 µm 

I 
II 
III 
IV 

>25 
>20 
>15 
>15 

>20 
10-20 
3-10 
3-10 

>2.97 
2.94-2.97 
2.90-2.94 

<2.9 

>75 
>60 
>45 

10-40 
 
Only class I and II represents good reservoir sandstones, other classes are too microporous (threshold 
diameter lower than 10 µm).Vertical and horizontal permeability showed strong anisotropy (7:1).  
Parameters affected anisotropy were described and numerically parameterised using thin sections and 
computer analyses of images. Mainly elongation and circularity were taken into account. Several thin 
laminated samples shows structure of pore space similar to pseudo fractures. In such type of samples coarse 
grained sandstones create 0.5 mm path of fluid migrations between fine grained lamines. At last several 
relative permeability analyses were done. Generally investigated samples showed strong damages of pore 
space by reservoir waters. Base permeabilities to water were lower than 0.17. 
Conclusions 
Prospecting aspects of the work caused to take the associations as base elements of geological architecture. 
The associations are good identified on well logs. Table 2 contains correlation between the associations and 
the classes of similarity of the pore space.  It is shown that good reservoir sandstones occurs only in channel 
fill facies association and in levee and interchannel facies association. 
Tab. 2 Correlation classes of similarity and associations 

Class Association 
I 
II 
III 
IV 

Channel fill facies  
Channel fill facies, Levee and interchannel facies  
All 
Channel fill facies, Levee and interchannel facies  
Tabular heterolits sheets facies 
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Inside channel fill facies association very good reservoir and filtration properties of sandstones and gas 
accumulations are connected with its top parts. 
Good reservoir sandstones and gas accumulations in levee and interchannel facies associations are gathered 
with naturally elevated structures over builded in outer zones of channels. 
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PLATE TECTONIC SETTING & CENOZOIC DEFORMATION OF TRINIDAD: 
FOLD-BELT RESTORATION IN A REGION OF SIGNIFICANT STRIKE-SLIP 

 
Steven LINGREY 

ExxonMobil Production Company 
 

 
The geology of northeastern South America reflects transpressional deformation of a Cretaceous-

Paleogene passive margin by the plate boundary interaction with an eastward advancing Caribbean plate 
(Figure 1). Structural elements affecting Trinidad and the adjacent Gulf of Paria include a complex mix of 
contraction, extension, and strike-slip. Detached fold-thrust style deformation is predominant, but its coherent 
expression is complicated and concealed by subsequent right-lateral strike-slip and associated extensional 
deformation. The plate tectonic history in this region involves three plates, the South American plate, the 
North American plate, and the Caribbean plate (Norton, 1996; Mueller et al., 1999; Pindell and Kennan, 
2001). Pre-Cenozoic extension between North and South America lead to a north-facing passive margin for 
eastern Venezuela and Trinidad. In the early Cenozoic, relative plate motions between North and South 
America became mildly contractional. In the Trinidad region, deformation and localized uplift of some 
elements of the passive margin began. Through the Oligocene, the leading edge of the Caribbean plate 
advanced eastward imposing a transpressional deformation onto the passive margin of eastern Venezuela and 
Trinidad. In the late Miocene, Caribbean-South American relative motion becomes fundamentally 
translational. 

The consequences of this evolving plate tectonic history on Trinidad are three episodes of 
deformation (Finch et al, 1999; Babb and Mann, 1999; Pindell and Kennan, 2001). First was an ambiguous 
period of early deformation, some elements of which appear to have activated modest crustal 
contraction/uplift within the passive margin. Second was a developing period of southeast-vergent, detached 
and basement-involved fold-thrust contraction corresponding to the diachronous, transpressional east-
southeastward advance of the Caribbean plate. The nature of the deformation appears to reflect a strain 
partitioning with oblique convergence accommodated by the combined motions of an east-west right-lateral 
strike-slip system on the north and an east-northeast trending, southeast-vergent dip-slip contraction system in 
the fold-thrust belt(e.g. Ave Lallement, 1997).  Right-lateral strike-slip offsets are approximately 150-200 km; 
magnitudes of shortening are on the order of ~120 km in Eastern Venezuela and of ~60 km in Trinidad 
(Schubert, 1984; Vierbuchen, 1985; Parnaud, et al, 1995; Roure et al, 1995). Third was a period of distributed 
right-slip shear across Trinidad and Gulf of Paria due to a change in relative plate motion to due-eastward 
translation. Strike-slip systems become predominant and spread southward with right-stepping relays that 
localize rhombochasm-style extensional basins. 

Restoration of Trinidadian fold-thrust contraction is complicated. Transects across present-day 
foldbelt geography cross zones of important strike-slip, violating the condition of plane strain. Map-based 
methods using an interpreted set of micro-plates were used to account for the various regions of contraction, 
extension, and strike-slip since the Late Oligocene. Two palinspastic maps were interpreted: a) a 10.5 Ma 
base map and b) a 25 Ma base map. Restoration of the third episode of deformation creates a palinspastic base 
(10.5 Ma map) for better understanding the original shape and distribution of the Trinidadian fold-thrust belt. 
Estimates of rhombochasm extension and strike-slip offset constrain the model. Restoration of the second 
episode of deformation creates a palinspastic base (25 Ma map) for better understanding the original shape 
and distribution of passive margin depositional systems. Restoration studies in the Eastern Venezuelan 
foldbelt serve as a quantified analog for proportional strains in the narrower, younger Trinidadian foldbelt. As 
a check on the map-based restorations, a transect across the eastern Gulf of Paria/Southwest Peninsula of 
Trinidad was made upon the 10.5 Ma palinspastic base map. Section-based methods of foldbelt restoration 
were applied to this section to assess net contractional shortening. The magnitude of shortening determined by 
the section restoration (61 km) is in agreement with the estimate of shortening made on the basis of projection 
from Eastern Venezuela (56 km).  
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Figure 1. Regional tectonic setting of Trinidad and adjacent Gulf of Paria showing fault patterns that define the South 
American-Caribbean plate boundaries. North-northeast trending contractional faults (burgundy) mark accretionary 
complex at leading-edge (east) of the Caribbean Plate where Atlantic oceanic crust is consumed by west-dipping 
subduction. East and west-northwest trending faults (red and orange) mark right-shear transform boundary at southern-
edge of the Caribbean plate. Current relative plate motion between South American (fixed) and Caribbean plates is due 
eastward. Earlier (pre-Late Miocene) relative plate motion was east-southeastward and hence transpressive. 
Contractional strain is recording in the East Venezuelan and Trinidad fold and thrust belts. Foldbelt in Venezuela is 
largely intact; foldbelt in Trinidad is, however, cross-cut and deformed by the widely distributed zone of transform-
related right shear. 
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SQUEEGEE FLOW INTO THE ROCKY MOUNTAIN FORELAND BASIN, CANADA 
 

Hans G. MACHEL*, Beate E. BUSCHKUEHLE**, and Karsten MICHAEL**   
 

*Department of Earth and Atmospheric Sciences, University of Alberta, Edmonton, Canada   
** Alberta Geological Survey, Edmonton, Canada  

 
                    This study investigates past and present fluid flow through Devonian carbonate aquifers in 
the deep part of the Rocky Mountain foreland basin near Jasper, Alberta, Canada. The main objective is to 
characterize the effects of regional, tectonically induced (squeegee-type) fluid flow within these aquifers 
during the Laramide orogeny, which formed the Rocky Mountains  during the late Cretaceous to early 
Tertiary. As many of these Devonian carbonates host sweet or sour gas pools, this study is not only of 
academic interest but also has implications for hydrocarbon exploration and development.    
 The main lines of evidence to trace paleo-fluid flow in this region are the distribution and 
geochemical composition of  late diagenetic, sparry calcite and dolomite cements, and the Sr isotope 
composition of the surrounding shales and the underlying Precambrian metasediments. The present fluid flow 
in this region is characterized by means of the chemical composition, pressures, and  hydraulic heads in the 
present formation waters.  
 The main aquifer under investigation is the Southesk-Cairn carbonate complex and adjacent 
areas (Figure 1). Highly elevated 87Sr/86Sr-ratios in late diagenetic calcite and dolomite cements within these 
carbonates of up to 0.7323 decrease in an overall eastward direction to 0.7132 (Figure 2). Similarly, pressure-
corrected fluid inclusion homogenization temperatures  decrease eastward from 231 to 166 deg C. These data 
indicate sublateral injection of formation fluids into the Devonian carbonate aquifer from a basin-external, 
probably metamorphic source close to or within the deformed belt during deep burial. In some locations, 
basin-external fluids appear to have been injected via subvertical faults from below, with highly radiogenic Sr 
derived from the metasedimentary basement, or sublaterally via the intervening Cambrian clastics.  
 The fluxes and possible geothermal anomalies during injection of these ‘radiogenic fluids’ 
appear to have been rather low, as estimated from the volumes of late calcites with elevated 87Sr/86Sr-ratios 
and from their fluid inclusion homogenization temperatures. Reasons for the low fluxes include low volumes 
of expelled fluids and a relatively poor hydraulic connection between the source of these fluids and the 
Devonian aquifers. Also, tectonically induced fluid flow appears to have been laterally rather limited, 
extending perhaps only 100 to 200 km into the foreland basins, where the radiogenic Sr signal disappears. 
Another important finding is that late diagenetic carbonate cements from outcrops in thrust sheets of the 
Rocky Mountain Front Ranges do not exhibit the highly elevated 87Sr/86Sr-ratios found in the subsurface.  
 The present formation fluids in these aquifers display several distinctive and in part 
unexpected results. Their stable isotope values suggest an  origin as meteoric water with extensive water-rock 
interaction, or as a residual evaporative brine diluted by metamorphic water (Figure 3). Meteoric waters can 
be ruled out in this particular aquifer system in this part of the basin, however, as this aquifer appears to be 
closed to post-Laramide influx of meteoric water. The hydraulic heads suggest a general northeasterly and 
updip flow (Figure 4a), but the gradients are so small that the fluids are nearly stagnant. The salinity 
distribution shows brines that are less saline and thus  relatively ‘light’ downdip, and highly saline and thus 
‘heavy’ farther updip, forming a lobate interface (Figures 4, 5). The light brine appears to have just enough 
head to counteract the downdip gravity drive of the heavy brine. The head of the light brine that is pushing the 
heavy brine updip may be a residual from tectonic loading. The heavy brine itself probably is the residual of 
halite deposition farther east, somewhat diluted by metamorphic water derived from tectonic loading in the 
west.     
 These findings have several important implications. Firstly, large-scale hydrothermal 
dolomitization, which requires large fluxes and has been advocated recently for the deep part of the Alberta 
basin and similar geologic settings elsewhere, is not possible by squeegee-type flow, unless the fluids are 
focused into and funneled through relatively narrow confined aquifers. Secondly, the  pervasive Laramide-
aged remagnetization of much of the sedimentary sequence close to the limit of the disturbed belt in Alberta is 
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not possible by this type of flow. Lastly, the recognition that metamorphic Sr, albeit present in the deep basin, 
is absent from at least some of the thrust sheets in the Front Ranges, indicates a different type of hydrologic 
regime during their formation.     
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Figure 1:      Location map of study area in west-central Alberta, Canada, showing the distribution of platform and reef 
carbonate aquifers (white) surrounded by shaly aquitards (grey) in the Late Devonian Woodbend Group (D3).     

 

 
Figure 2.       Distribution of Sr-isotope values of late calcite cements in the Southesk Cairn Complex northeast of Jasper 
(area shown in Fig. 1, right).  Arrows denote inferred flow of 87Sr-enriched fluids from west to east.  
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Figure 3:       Stable isotope values of seven formation waters (numbered) obtained from well heads in the Southesk 
Cairn carbonate complex, along with various reference values. The linear trends originating at the meteoric water line are 
from a study of formation waters father south in the basin.  The curved trends and fields for other reference formation 
waters are from the literature.   

 
Figure 4.       Distribution of hydraulic heads (50 m contour interval) and salinity (25 g/l contour interval) in the 
Woodbend (D3)-Beaverhill Lake aquifer. The lower-salinity brine appears to be pushing the higher-salinity brine updip 
to he northeast. The region shown in this diagram overlaps with, and is slightly larger than, the area labeled “study area” 
shown in Figure 1 and enlarged in Figure 2.   
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Figure 5:   Hydrogeological cross section perpendicular to the deformation front, roughly parallel to line G-G’ in Figure 
1, showing conceptually the upward flow of both the light and the heavy brine,  with an interdigitation of the two along 
an interface.   
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RIVER DEFLECTIONS IN THE RHINE-BRESSE TRANSFER ZONE (FRANCHE COMTE).  
– GEOMORPHIC EXPRESSION OF THICK-SKINNED FAULTING IN THE NORTHERN ALPINE 

FORELAND? 
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cedex, France 

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

The Rhine-Bresse Transfer zone in eastern France is part of the European Cenozoic rift system linking the 
Rhine graben with the Bresse Graben. The intracontinental transfer zone parallels Paleozoic basement faults 
as well as the northern border of the Jura fold and thrust belt. 

Geomorphological studies reveal active tectonic deformation in the region. 
 
The Forêt de Chaux is a floodplain located at the border to the Bresse Graben and consisting of alluvial 
gravels of Alpine provenance that were deposited by the ancient Rhine-Aar river system between 3.2 and 2.6 
Ma (Petit et al., 1996).  
The area reveals an asymmetric drainage pattern. During the Quaternary, the Doubs and Loue rivers have 
been shifted northward and southward respectively, suggesting uplift along an NE-SW axis located in the 
middle of the Foret de Chaux. Contrasting incision patterns of tributaries of the Doubs and Loue rivers also 
suggest recent uplift of the median part of the Foret de Chaux. The axis of uplift is aligned with the axis of the 
Citadelle anticline exposed further east, in the City of Besançon. This alignment suggests a recent uplift of the 
Citadelle anticline. 
 
Similarly to the Foret de Chaux, the Ognon valley, located ahead of the Jura outermost thrust (so-called 
Avant-Monts thrust), also displays evidence for Quaternary to recent deformation (Campy, 1984). The most 
convincing evidence consists of a northwestward shift of the Ognon river course, which erodes its older 
(supposedly Pleistocene) terraces located to the northwest. 
Optically Stimulated Luminescence (OSL) dating is being tentatively applied to date the uplifted terraces. 
Beside estimation of incision rates of the river, the dating of terraces may also provide long-term uplift rates 
along the Avant-Monts thrust.  
 
The tectonic nature of Pliocene to Pleistocene uplift in the Rhine-Bresse transfer zone is a matter of ongoing 
scientific debate (Giamboni et al. 2004). Comparison of paleo- and recent stresses derived from in situ 
measurements (Becker, 2000) plead against the continuation of thin-skinned tectonics in the area. 
Furthermore, the focal depth (15 km) of the 23/02/2004 Mw 4.5 Besancon earthquake http://geoazur.unice.fr/, 
2004) and the high dip angle (> 45°) of the likely seismogenic fault yields toward the activity of basement 
faults (Conroux, Y. et al. 2004). Industry seismic reflection lines north of the Foret de Chaux area show that 
the Avant-Monts thrust merge with a steep Paleozoic basement fault. These observations indicate a possible 
relationship between the above-described surface deformation features and reactivation of basement faults. 
 
The project is carried out within the framework of the ELTEM-funded EUCOR URGENT program. 
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FRICTION COEFFICIENTS BY INVERSION OF SAND BOX KINEMATICS 
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Géologie-Géochimie, Institut Français du Pétrole 

 
Abstract of the abstract 
The goal of the present work is to answer the following question: What can be said about the friction 
parameters of sand from thrust clips observed in a sandbox ? Inverse problem theory combined with an 
analytic forward model yields quantitative answers that are compatible with independent friction 
measurements. 
 
Description of the experiments  
We conducted a series of twelve experiments where a layer of dry Nemours sand was compressed by the 
horizontal movement of a rigid ramp. All relief created was continuously eroded. The compression resulted in 
the development of back thrusts in the sand (Figure l(a)), and possibly of a spontaneous ramp if the imposed 
one was not favorable (Figure l(b)). Ramps with various dips and surfaces were used : PVO and varnished 
wood (group A), P150 sand paper (group B), plaster coated wood (group C), and a fiber glass sheet (group 
D). Dip value, ramp material, and sand layer thickness for each experiment are listed in Table 1 (columns 2 to 
4). The dips of the ramp (ϕ) and back thrusts (θ) were systematically measured from the scanner images. The 
mean value and standard deviation of the ramp dip (ϕ) and back thrust dip (θ) are given in table 1 ( columns 5 
and 6) . In the experiments 5, 6, and 9, the imposed ramp was shortcut by a less dipping spontaneous ramp in 
the sand. This qualitatively different behaviour, and the very fact that it did not occur in the ten other 
experiments despite the wide range of ramp dips tested, brings information on the rheological parameters of 
the sand and the ramps that will be quantified by the inversion procedure. 
The goal of the present work is to draw quantitative conclusions on the friction parameters of the sand onto 
itself and on the four ramp materials (A, B, C, D). The answer is found by inverting all the dip data (ramp and 
back thrusts) with respect to the frictional parameters. This implies the resolution of a direct problem. 
 
 
 
 
 
 
 
Figure 1: Scanner images of two typical experiments where the movement of the rigid ramp creates back 
thrusts in the sand (case I) and may be shortcut by the creation of a ;pontaneous ramp (case 2). 
 
 
 
Direct problem  
The direct problem is the following : what are the dips of the two reverse faults (ramp and back thrust) 
appearing in the sand as functions of the dip of the imposed ramp and of the friction parameters ? The forward 
model used to answer this question was first proposed by Maillot and Leroy (2003), from a model of metal 
cutting by Merchant (1944, 1945), and validated experimentally for sand by Maillot and Koyi (2005). The 
solution consists in finding the dips that minimize the total dissipation in the structure, with a two step 
procedure. First, the mean forces acting on the thrusts are computed by invoking the global equilibrium of the 

 



Thrust Belts and Foreland Basins, International Meeting, Rueil-Malmaison, December 2005 
Abstracts Volume 

****************************************** 
 

 

 

245

ramp hanging wall (ABC, Figure 1), and by assuming a Mohr-Coulomb behaviour of the thrusts. Then, these 
mean forces are combined with the kinematics of the sand, deduced from the scanner images, to compute the 
dissipation along both thrusts. Second, the total dissipation is minimised with respect to the thrust dips ϕ and 
θ. The optimal thrust dips are the solution of the direct problem. The occurrence of shortcuts (experiments 5, 
6, 9) are taken into account by comparing the optimal dissipations for both kinematics (with and without 
shortcuts). In the case of shortcuts, the solution coincides with the dips of conjugate reverse faults that would 
be obtained both from a Mohr circle construction and by Anderson's theory of faulting. Anderson's prediction 
is similar to the one used here in that it is the result of a minimisation. The difference is that Anderson 
assumes a known stress field whereas we start from a known kinematics, which is directly linked to 
observables and from which we calculate mean forces by invoking global equilibrium. This is a more versatile 
approach and yields more general results since it is able to predict the occurrence of shortcuts by comparing 
various kinematical scenarios. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Inverse problem  
The inverse problem is the following : what are the values of the friction coefficients compatible with the 
observed dips of our twelve experiments? Since four types of ramp materials were used (groups A, B, C, D in 
table 1) , the inversion must be carried out independently for each type to yield a friction coefficient αR for 
each material. Also, since the same sand was used in all experiments, a single internaI friction coefficient αB 
is sought. The inversion consists in calculating a misfit between the observed and the theoretical thrust dips 
for every possible value of αR and αB, and then in transforming this misfit into a probability: 
 
 
 
 
where X stands for the type of ramp material (A, B, C, or D), and nx is the number of experiments with ramp 
material X. θopt and ϕopt are the theoretical dips. The result of the inversion is shown in figure 2. For each type of 
ramp material, absiscae represent αR, and ordinates αB.  
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These plots represent the maximum quantitative information on friction coefficients that can be extracted from the 
data with our forward model. The grey bars indicate independent measurements of the friction angles (Maillot and 
Koyi, 2005) (frictions on ramps A and C have not been measured): they are all within or very close to the regions of 
high probability (>= 0.6), thus showing their consistency with the observations, the forward model, and the inversion 
procedure. 
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In convergent settings, the transition between oceanic and continental subduction induces major changes in 
mechanical boundary conditions. Recent works, some based on physical and numerical modeling at 
lithospheric scale (Chemenda et al., 1997; 2001; Boutelier et al., 2003; Tang et al., 2001), others based on 
geological and geophysical observations onland and offshore Taiwan (Malavieille et al., 2002), have 
demonstrated that an important tectonic process occurs which is characterized by the subduction of a forearc 
lithosphere slice under the oceanic lithosphere constituting the upper-plate. At the beginning of the process, 
the subduction of the continental margin strongly increases the stress and strain in the upper-plate (Chemenda, 
1994; Lallemand, 1999; Tang et al., 2001), sometimes involving failure and then subduction of a lithosphere 
sliver from the forearc domain. In such settings, the nature and mechanical strength of the two interacting 
plates is crucial for the evolution of subduction process. The effects of these deep processes on morphology, 
internal structure and tectonic evolution of the accretionary wedge-forearc bassin system are numerous and 
few studied. 
Using sandbox models, we have studied the impact of this geodynamic process on deformation at the scale of 
the orogenic wedge. We model a setting in which a continental margin is subducting under an oceanic 
lithosphere bearing a mature volcanic arc, inducing subduction of forearc lithosphere. The results of the 
modeling are compared with geologic observations from southeast Taiwan (Figure 1) and a new interpretation 
is proposed for the morphostructural evolution of the presently active transition from oceanic to continental 
subduction occurring in this area (Figure 2). 
The progressive subduction of the continental margin of China induces (1) to the south, major eastward 
backthrusting and shortening of the forearc domain between the former oceanic accretionary wedge and the 
Luzon arc volcanic edifice and (2) to the north, accretion of parts of the arc domain to the collisional belt 
associated with westward thrusting and block rotation.  
Our experiments allow a better understanding of the complex interactions of tectonic deformation, sediment 
dispersal, and basins development along eastern Taiwan.  
In the southern domain, the Longitudinal Valley disappears offshore to the south below the Southern 
Longitudinal Trough, which is a collisional basin filled with Holocene orogenic sediments lying 
unconformably on deformed and folded strata of the former forearc domain. Present deformation has jumped 
to the east, and it is characterized by the growth of a sedimentary ridge (the Huatung ridge, the rear part of the 
former Manila oceanic accretionary wedge including forearc basin and intra-arc basins sequences), which 
overthrust the basement of the island arc. Part of the island arc (Lutao area) is affected by subsequent 
shortening. Structural observations show that the forearc basement of the Luzon arc no longer exists north of 
the latitude of Taitung resulting in the complete closure of the forearc domain and removal of sedimentary 
basins early developed at the rear of the orogenic wedge (Figure 2).  
These observations have important consequences for the reconstruction of the early stages of mountain 
building in ancient orogens. 
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Figure 1 : Morphostructural sketch map of the Taiwan orogenic wedge showing location of major tectonic 
features and sedimentary basins. Blue lines show the 3 sections of figure 2. 
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Figure 2 : From south to north (bottom to top of the figure) : - Stage 1. Oceanic subduction, development of 
the Manila accretionary wedge and forearc basin. - Stage 2. Subduction of forearc lithosphere and shortening 
of the forearc domain at the back of the thrust wedge. - Stage 3. Subduction of the Chinese continental margin 
inducing intense deformation and closure of the forearc-arc domain. 
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DEFORMATIONS: (POST)COLLISIONAL EVOLUTION OF THE THE SE CARPATHIANS – 

TRANSYLVANIA BASIN CORRIDOR 
 

L. MATENCO, S. CLOETINGH, K. LEEVER AND G. BERTOTTI 
 

Netherlands Research School for Integrated Solid Earth Science, Faculty of Earth and Life Sciences, Vrije 
Universiteit, Amsterdam, The Netherlands, (2) University of Bucharest, Faculty of Geology and Geophysics, 

Bucharest, Romania, E-mail: liviu.matenco@falw.vu.nl 
 
 The Carpathians represent a key site for studying processes linked to lateral variations in continental 
collision mode, development of unusual foredeeps and relationship with opening and evolution of backarc 
basins, large scale post-collisional deformations and differential vertical motions along the orogen. The SE 
part of this highly arcuate orogen presents an adequate opportunity to study large scale Pliocene-Quaternary 
(neo)tectonic patterns associated mainly with significant differential vertical movements along, and across the 
orogen. In this context, intra-plate folding due to the Pliocene to Quaternary inversion of the locked 
Carpathians foreland and Transylvania basin system appears to play a more important role than hitherto 
assumed. Deformation is asymmetric, with larger wavelengths in the Carpathains foreland, the amplitude 
gradually decreasing towards the Apuseni Mountains. In the Carpathians foreland, along the entire sector of 
the East and South Carpathians where the Moesian platform is present in the foreland, the frontal part of the 
thin-skinned nappe pile is covered by post-collisional Uppermost Miocene to Quaternary deposits with up to 
5 km thickness. Particularly large subsidence in the centre and large scale tilting on the western flank of the 
Focsani basin is just a Pliocene-Quaternary interference of a crustal folding mechanism with increased effects 
in this particular sector of the chain. Here, the inversion taking place at the end of the Pliocene has led to large 
scale vertical movements have, actively changing the shape of the basin, the overlying topography and the 
rivers network. This has led to exaggerated Pliocene-Quaternary sedimentological features, as a direct result 
of the interplay between actively uplifting source areas, mass transport in the adjacent basins and possible 
climatic changes taking place at the beginning of the Quaternary. The amplitude of the subsidence in the 
Focsani basin area is furthermore exaggerated by the uplift in the neighbouring East-European/Scythian 
block, undergoing contrasting lithospheric folding. Towards the Carpathians hinterland, the amplitude of the 
vertical movements is gradually decreasing. The overall folding mechanism induced a Pliocene – Quaternary 
uplift, recorded in the Persani and Apuseni Mountains, and subsidence in the Brasov basin and, at a reduced 
scale, further to the west in the Transylvania basin. In the later, the Middle Miocene salt formation detaches in 
the post-Pannonian times the larger wavelength folding subsidence of the pre-Miocene basement from the 
very short, up to 20km shallow folds of the Middle – late Miocene sequence. The basin has recorded 
significant tilting movements, and near the South Apuseni Mountains, large scale NE-SW oriented thrusting 
took place, reactivating inherited Cretaceous-Eocene Transylvanides structures. The large scale differential 
Pliocene – Quaternary deformations depicted in the present study reflect the impact of the lithosphere to 
surface processes on the recent topography in post-collisional times. It represents also a prime example of the 
impact of inherited crustal and lithospheric structure on the recent evolution of continental intraplate areas. 
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Two similar structures were observed in the Miocene basement near Rzeszow (Fig. 1) There were the 
Devonian rise rounded by the Miocene sediments , signed as T-3 and J-9 areas (Mysliwiec M., Madej K., Bys 
I., 2004). The well were bored to each of them. T-3 is fills by hydrocarbons while in J-9 only weakly gas 
saturated brine was found.  
The petroleum system in these areas was tested to explain why only one of them is filled by hydrocarbons. At 
last geological, seismic, well log, petrophysical, petrological and geochemical investigations were performed 
(Fig. 2). 
Geological model. Because the spatial shape of the top of the Miocene basement was created by erosion, 
mainly during the Palaeogene times, the traps for hydrocarbons are located in eroded or faulted blocks sealed 
by the sub-Miocene unconformity. The seal is usually provided by the Miocene cover of the shale deposits 
precluded the migration of hydrocarbons and retained their accumulation in the traps. The long period of the 
outcropping and erosion during pre-Miocene times caused the increase of the reservoir properties in the skin 
part of the basement rocks. In cases where the Miocene succession was started from the porous reservoir 
rocks the hydrocarbons are trapped in the basement and in the overlying Miocene deposits together. The 
differentiation of the basement top reaches sometimes 2000 m what caused the charging of the older basement 
reservoirs by the Miocene biogenic gas. 
In the investigated part of the Carpathian Foredeep the upper part of the Miocene basement consists of the 
Devonian sandstone and carbonate. Floor part of the Devonian sediments is built of quartz sandstones. The 
upper reservoir Devonian carbonates look similar in both observed structures. There are karstified and 
fractured rocks described as “tectonic breccia” but no faults were observed neighbourhood. The good part of 
fractures inside the “tectonic breccia” is filled by mud-clay sediments.   
Petrophysical investigations. Porosity, permeability and pore space investigation (mercury porosimetry and 
thin sections) were done for matrix of investigated rocks. Additionally thin sections, polished sections and full 
diameter cores were investigated to estimate parameters of fracture net (porosity, permeability). Quartz 
sandstones in T-3 structure show good reservoir properties (porosity 8-21%, permeability (8-100mD). In J-9 
their reservoir parameters decreases radically (porosity up to 3% and permeability equal to zero). Carbonate 
rocks are similar in both structures. They shows fracture – porous type of rocks. The base reservoir 
parameters are published in table 1. 
Tab.1. Reservoir parameters of carbonate rocks 

Porosity (%) Permeability (mD) Structure 
fracture matrix fracture matrix 

T-3 
J-9 

2-16 
1-14 

<4 
<7 

11-112 
2-20 

<1 
<1 

 
Source rocks analyses. Rock Eval, bituminological and biomarkers analyses were performed to characterise 
source rock. Source rocks were identified both in the Devonian and in the Miocene sediments in T-3 structure. 
There are no source rocks in the Devonian sediments of J-9. Source rocks of the Devonian in T-3 shows high 
level of thermal maturity in the main phase of the oil window (genetically II type of kerogene –oil prone). 
They realised in great part their generation potential. 
Source rocks of the Miocene shows homogenous character due to organic matter content and quality of 
kerogene. Kerogene organic matter (III type of kerogene) has low hydrocarbon index and allow to classifieds 



Thrust Belts and Foreland Basins, International Meeting, Rueil-Malmaison, December 2005 
Abstracts Volume 

****************************************** 
 

 

 

253

these rocks as source rather to gas, but, it is known that in the first phase of thermocatalic processes both gas 
and liquid hydrocarbones are generated. 
Correlation source rock/oil. Oil accumulated in the Middle Devonian sediments shows more the one origin 
of generation. It was confirmed by isotopic and biomarker composition. For example cadalene was found. 
This biomarker is one of components of resins and can be correlated with the Miocene source rocks. Analysed 
oil is light, low sulphur content and it seems to be degraded. The only possible process is in this case – 
process fractional vaporisation (Canipa-Morales N. K, at al., 2003, George S. C., at al., 2002). These type of 
processes are known and can be connected to rising pressures in oil reservoir. In oil reservoir leaves residual 
oil, while gas stream takes lighter hydrocarbons. Such types of hydrocarbon accumulations are present in the 
Miocene rocks in analysed area. 
 
Proposed model of the T-3 and J-9 trap development. 
Before a transgression of the Miocene sea two basement elevations existed covered by strongly karstified 
carbonate rocks of the Devonian in the analysed area. During transgression water filled all the Karst voids. 
The Devonian sediments were sealed in the next period by the mud-clay Miocene sediments. The karstified 
rocks collapsed under the stress of overlaying beds. In the same time the mud-clay Miocene matter was 
intruded into fractures and caverns of carbonate rocks (Moore C. H., 2001, Loucks R. G., 1999). These 
processes took place in both structures. Differentiation occurred when hydrocarbon generation started up. 
In T-3, where good the Devonian source rocks existed, generated hydrocarbons drainage water from good 
sealed trap. Two potentially directions of water drainage were possible: down into reservoir the Devonian 
sandstones or side by side into the Miocene rocks. 
This process did not take place in the J-9 structure. Migrated waters, probably, in the great part are 
responsible for destroying of sealing cover of the trap. 
In such situation the Miocene hydrocarbons generation filled up the T-3 trap while in the J-9 structure caused 
only gas saturations of brines in some levels. 
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The Moroccan topography exhibits two major intracontinental mountain belts, the Middle Atlas and 

the High Atlas, linked with the Africa Europe collision. They correspond to Cenozoic fold and thrust belts 
with moderate shortening (15% in the Middle Atlas – Gomez et al., 1998; 15 to 24% in the High Atlas – 

Teixell et al., 2003) and very high 
topography (up to 4200m, Jbel Toubkal). 
The Middle and High Atlas are thick-
skinned belts resulting from the inversion 
of Triassic and Jurassic basins during two 
phases of shortening, Late Eocene and 
Pleistocene to Quaternary (Frizon de 
Lamotte et al., 2000). It is striking to notice 
the very poor development of associated 
foreland basins along the border of those 
belts, especially about North and South of 
the High Atlas belt, where shortening is the 
highest.  
 

In this study, we focus on the 
South Atlas front (see fig. 1), where the foreland exhibits major topographic and geological discontinuities. 
The South Atlas Front (Russo, 1934) is a major deformation zone inherited from Triassic-Jurassic rifting. In 
Morocco, this front is the northern limit of two Cenozoic flexural basins: the Ouarzazate basin and the Souss 
Basin. Despite being in the same structural position in relation to the High Atlas belt, they present major 
differences: to the east, the Ouarzazate basin is uplifted to a mean altitude of 1300m and undergoes erosion, 
whereas to the west the Souss basin is slightly subsident and at an altitude running from sea level to 600 m.  
Between them, and in front of the highest peaks of the High Atlas belt, the foreland basin is absent, being 
replaced by the so-called Siroua Plateau, a Precambrian high with a mean altitude of 2100 m. It supports a 
voluminous Miocene volcano, the Siroua s.s. (3000 m high).  

Based on field work, SRTM and Landsat, we propose an interpretation of those lateral discontinuities 
in the foreland domain, and a quantification of the processes which lead to this topography.  
 
A thermal effect 

The topographic difference between the basins can be partly explained in terms of thermal doming 
above a thinned lithosphere. In 1996, Seber et al. proposed that a thermal anomaly could contribute to the 
relief of the Atlas belt. Recently, the geometry of this anomaly has been described by Frizon de Lamotte et al., 
2004 and Teixell et al. 2005, Missenard et al., in press. We made the first attempt to quantify the effect of this 
anomaly on the topography of Morocco (Missenard et al., in press). In this work the geometry of the 

Fig. 1: location of the studied zone 
in Morocco. 
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lithosphere is based on modelling of gravity (Bouguer and Free Air anomaly), Geoid, topography and heat 
flow data under the High Atlas (figure 2a) (Zeyen and Fernandez, 1994). By comparison between the present-
day topography (i.e. sustained by lithospheric thinning) and a topography modeled without lithospheric 
thinning, we quantify the lithospheric contribution along 4 profiles. (figure 2b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
In the foreland domain this effect is in the order of 1000 m in the Ouarzazate basin, 1100 m in the Siroua 
massif and around 1300 m in the Souss basin. Without the thermal thinning: 
- The Souss basin suffers a huge subsidence linked with the mountain building on one hand and with the 
crustal thinning along the Atlantic margin on the other hand.  
- The Ouarzazate basin lies at 300m, which is the present day level of the undeformed Hammadas, underlain 
by a typical 30 km thick crust.   
- The Siroua plateau is at a lower altitude (1000 m) but the thermal anomaly is not sufficient to explain its 
topography.  
 
A magmatic effect 
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Teixell et al. (2005) propose to link the alkaline magmatism in Morocco with the occurrence of a thin 
lithosphere beneath the Atlas mountains. This magmatism contributes to the topography of the Siroua plateau 
with the construction of a volcano (Siroua, 3300m) but has also a deeper effect. We digitized the contact 
between Precambrian basement and volcano formations on the 1/50 000 geological maps (De Beer et al., 
2000) in order to reconstruct the pre-volcano surface. This surface exhibits an elongated dome, 500m higher 
than the border of the plateau, along a N160° direction. This dome which is superimposed with the volcanic 
centers, leads us to propose that it results from magma injections in the upper crust during the activity phases. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
A tectonic effect                                                                                                                                           
The South Atlas Front bordering the foreland domain is well identified north of the Ouarzazate and Souss 
basins. It is the result of inversion of the Triassic-jurassic rift during Cenozoic shortening (Laville et al., 
2004). The reactivation of this fault system during Cenozoic controlled the development of the foreland 
basins. However, until now, the geometry of the alpine structure around the Siroua plateau was unknown. 
Previous authors suggested that the Eastern and Western South Atlas Fronts were connected via the 
Tizi’N’Test fault zone.  

Here we propose (see fig. 3) that the compressive deformation has propagated South of the Siroua Plateau 
reactivating the Anti Atlas Major Fault (AAMF), a Pan African suture (Choubert, 1947). This hypothesis is 
supported by field observations showing that the fault affects the Miocene lavas. The 500m throw calculated 
for the AAMF therefore explains 25% of the 2100m mean topography of the Siroua Plateau.    

To summarize, the lateral topographic and geological variations along the South Atlas foreland are the 
combination of three main processes: 

- A thermal anomaly uplifting the Ouarzazate basin and the Siroua plateau of 1000 m.  
- The reactivation of the AAMF south of the Siroua Plateau, contributing for 500 m to the topography  

Fig. 3: Structural sketch of the Siroua Plateau, at the junction between the Souss basin and Ouarzazate 
basin. The deformation propagates south of the Plateau on the AAMF. 
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of the plateau. 
- A 500 m high dome among the Siroua volcano due to magma injections during the activity phases. 

As the Siroua Plateau is partly covered by Cretaceous marine limestones which suppose that this zone was not 
higher than 250 m at this time, other contributions to the topography have to be found. The missing 250 m 
may be related to dynamic uplift, which is not taken into account in our model, in relation to the supposed 
mantle plume at the origin of the lithospheric thinning. 
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Introduction 
 

In the Zagros Fold Thrust Belt (ZFTB) of Iran (Fig.1) it is now firmly established that the basement is 
involved in the deformation. The strongest line of evidence for this assertion comes from the relatively intense 
mid-crustal seismic activity which characterises the ZFTB (Jackson & Fitch 1981, Berberian 1995, Talebian 
& Jackson 2004). The focal mechanisms determined in Zagros are predominantly of reverse type and occur at 
depths no greater than 20 km (Talebian & Jackson, 2004). Another argument which is invoked is the 
existence of irregular chains of topographic and structural uplift (in the order of several km) visible 
throughout Zagros. Based upon these two criteria, seismicity and topographic steps, Berberian (1995) 
proposed a map of the main active basement faults in the ZFTB (Fig.1). 

 

 
Fig.1. Physical map of the Zagros Fold Thrust Belt (ZFTB), showing the main lateral subdivisions of the belt. Heavy black lines: main 
basement faults (HZF and MFF) after Berberian (1995). Boxed areas: locations of studied areas in Figs. 2 &3. Seismicity (1909-
2004) after Engdahl & Bergman (2004) 
 

The main objective of this study is to present new mapping of the basement faults in the so-called 
Fars Arc of the ZFTB. We first present detailed analysis of the geometry and morphology of a selection of 
basement-involved structures. Then, based on serial topographic profiles through the Fars Arc, we identify the 
main topographic steps associated to basement faults and plot them on a map. Additional constraints for 
plotting the faults are provided by the structural and morphological analyses described in paragraph I. 
 

I. Geometry and morphology of basement involved structures 
 

It has been shown (Molinaro et al. 2005, Sherkati et al. 2005) that in the Eastern Zagros Mountains 
basement control on surface structures only occurred at a late stage of the tectonic evolution. In other words, 
the current thick-skinned style of Zagros deformation succeeded a more general thin-skinned phase of 
orogeny. This chronology is particularly well illustrated by spectacular interference patterns, in which early 
detachment folds are cut by late oblique basement faults. These kinds of patterns are observed recurrently 
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throughout eastern Zagros. In the central Fars Arc faults and folds strike parallel to each other so the 
distinction between separate tectonic phases is less obvious.  

 

 
Fig. 2 (I) Structural (Landsat 7 photo) and (II) shaded relief (SRTM data) maps of folds in the eastern limb of the Fars Arc. Length of 
profiles a) and b) in degrees. c) Conceptual model for the evolution of the Shab anticline 
 

The majority of folds visible on the satellite photo in Fig. 2-I, located in the eastern limb of the Fars 
Arc, display E-W trends. However, one anticline (Shab anticline) presents a marked deflection in trend to a 
NE-SW orientation in its central part. Such deflections are frequently observed in folds in the eastern limb of 
the Fars Arc and have been classically interpreted as the effect on the cover of strike-slip movement along 
underlying basement trends (Hessami et al. 2001). However, a topographic profile (Fig. 2-IIIa) extracted from 
a DEM (SRTM) of the area (Fig. 2-II) along the entire length of the Shab anticline shows that this deflection 
is associated to a distinct step in topography. This step becomes even more apparent when considering the 
position of the top of the Asmari formation, reconstructed from geological maps. Such a step, of 
approximately 1500 m, cannot be produced by strike-slip movement but is only compatible with reverse 
movement along an underlying NE-SW trending basement fault (Fig. 2-IIIc). This is confirmed by the 
observation, directly south of the Shab anticline and in line with the NE-SW trend, of another anticline 
thrusting towards the east over a syncline.  

 

II. Map based on topographic profiles 
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A total of 44 topographic profiles (GTOPO-30) where extracted throughout the Fars Arc. The profiles 
have variable azimuths in order to maintain their direction roughly parallel to the inferred directions of 
tectonic transport throughout the arc. Analysis of these profiles shows that two main wavelengths can be 
separated in the Zagros topography: 

1) A short wavelength (25-30 km), corresponding to the folds within the cover 
2) A large wavelength (50-100 km) corresponding to regular plateaux of rising elevation towards the 

interior separated by steps. 
 

 
Fig. 3 Shaded relief map (SRTM data) of the eastern Fars Arc, with basement faults involved in the ZFTB. The red lines result from 
the interpolation of points corresponding to steps identified along a series of topographic profiles 

 
Particular attention was given to the position of Agha Jari cored synclines along each profile. Simple 

folding along a horizontal basal decollement does not modify the elevation of the synclines. Therefore 
uplifted synclines must result either from imbrications in the cover or from basement faulting. Since previous 
studies have shown the basement to be involved in several folds, we consider that this is the main process 
controlling the uplift of synclines in the area of our study. Based on this assumption, the main structural / 
topographic steps where identified on each profile and then plotted on the shaded relief map in order to map 
the faults (Fig. 3). 

The basement trends identified in this study show similarities with the ones drawn by Berberian 
(1995) (Fig.1). However, more faults are depicted with this study because we base ourselves on steps not only 
in topography but also, based on the synclines, in structural elevation. Berberian (1995), on the other hand, 
focused only on topographic steps induced by active basement faults. From our study it also appears that 
while the trends of the faults remain substantially unchanged throughout the Fars Arc, yet their geometry 
changes along-strike. In particular, fault segmentation appears to increase towards the south-east when 
approaching the Zagros – Makran transform zone.  

This change in fault geometry is also reflected by a marked change in the geometry of the folds. Folds 
throughout the Fars Arc have very low aspect ratios (half wavelength / axial length ratio). However, in the 
eastern limb of the Fars Arc aspect ratios increase noticeably, reflecting a reduction in lateral continuity of the 
structures (Fig.2) (Molinaro et al. 2004). This is probably due to the fact that while in the centre of the Fars 
Arc faults are few and wide apart and often parallel to the folds, and therefore do not interfere with each 
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other, in the easternmost Fars faults are more closely spaced and the folds are oblique with respect to the 
basement faults. 
 

 
Fig.4 Frequency histograms showing variations of half wavelength / axial length ratios of folds throughout the Fars Arc. Based upon 
geological maps (Molinaro et al. 2004) 
 

III. Conclusions 
 

Based on the structure and morphology of individual structures in the Eastern Fars Arc, we show the 
effect of basement faults on deformation in the cover. These are shown to be mainly reverse faults and not, as 
had been previously suggested, strike-slip trends. Analysis of serial topographic profiles throughout the Fars 
Arc allows us to identify the main topographic steps associated to basement faulting, which are then plotted 
on a shaded relief map of Fars Arc. The faults show an increase in segmentation in the eastern limb of the 
Fars Arc. This change in geometry may be related to the influence of inherited transverse structures within the 
Arabian basement, related to the Oman Line transform fault system which developed during Permo-Triassic 
Neotethys rifting. 
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     The influence of pore fluid pressure on the mechanical behavior of porous rocks is still a key 
question. Experimental studies have demonstrated that rock strength is strongly influenced by fluid pressure. 
The first order fluid pressure effect can be understood in terms of the effective stress concept introduced by 
Terzaghi, where the effective stress affecting the solid matrix, is the difference between the total stress 
applied to the composite medium (matrix + fluid) and the fluid pressure. In many instances the pore fluid 
pressure is defined parametrically to be proportional to the weight of the overburden but a more complete 
treatment of the problem requires the calculation of pore fluid pressure in the coupled system. 
     We use an Arbitrary Lagrangian-Eulerian (ALE) finite element method to investigate the 
influence of fluid pressure on the 2D plane-strain deformation of models with simple geometry and 
rheological structure. Two non-linear differential equations describe the evolution of fluid pressure and 
porosity for an incompressible matrix with a viscous-plastic rheology. The fluid pressure evolution is 
described by a diffusion equation with a source/sink term depending on the dynamical pressure (mean stress), 
while the evolution of the porosity is dictated by the viscous-plastic behavior of the matrix. The feedback to 
the mechanical part is achieved by using a Drucker-Prager plastic yield criterion in which yield strenght 
depends on the calculated effective pressure. 
     This type of coupled fluid flow-mechancical deformation model has many potential applications 
in geodynamics including deformation of the lithosphere, fault mechanics, salt tectonics, sediment 
compaction and the evolution of thin-skinned fold-and-thrust belts and accretionary wedges.  
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We have developed within the GOCAD framework a complete workflow to construct 

and restore structural model in complex zones. It concludes the tools to incorporate surface 
data usually missing in the geomodelers, such as Digital elevation model, geological maps, 
dip values, and already done 2D cross sections (Fig1) and the processes to use them in 
complement of the classical subsurface data, seismic images and wells. 

  
 
 
 

 
 
 
 

A - DEM and 
projection of the 
structural map 
on the 
topography 

B - Construction 
of the surface 
taking into 
account the 
surface data, 
wells and  2D 
cross-sections 

Fig 1: example of construction based on surface, 1 and 2D data. 

 
 

Specific tools based on geological knowledge and user hypotheses of the appropriate 
deformation mode (flexural slip, simple shear ..) , facilitate the construction of the horizons 
and faults and allow the drawing of the missing parts in a geologically coherent manner. 
KINE3D allows also to switch easily between 2D and 3D representations of the models since 
it is definitively easier to draw in 2D. 

Software features ensure a full analysis of the fault network and classical 
representations (Schmidt and Wulff diagram) are available, one may, as well, study the dip 
and azimuth evolution of any specific fault.  

Based on geological knowledge, an analysis of the current geometry of a 3D model may 
highlight the incoherences, such as in top-bottom wrong geometrical relationship, fault-
horizon incompatibilities, etc... Corrective actions are then possible within the toolbox. All 
geological contexts: compressive, extensive, gravity gliding, pre- syn- and post-tectonic 
sedimentation are specially treated. The tools for the construction of the 3D block include a 
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quantitative exploration of the structures, i.e. fault displacement, thicknesses of the various 
layers, shortening and/or extension, strain tensor, etc.  

 
2D restoration , in cross-section as in surface are then possible. 
 
Finally, we developed also a new methodology for 3D restoration by coupling a 

geometric modelling software and a mechanical finite-element code. This method allows the 
geologist to impose the displacement on the main faults in order to get an adequate restored 
geometry and to compute the 3D strain and stress fields within the main blocks based on the 
unfolding with the mechanical approach. Complex meshing of the solid take into account 
heterogeneities due to the layering and facies variation. Complex meshing of the solid take 
into account heterogeneities due to the layering and facies variation. Results are discussed on 
compressive and extensional contexts, as well as in backward and forward approaches.  

Figure 2 shows the restoration in a compressive case illustrated by the restoration of a 
faulted anticline with massive sand and shaly beds in the Bolivian sub andean Zone. This case 
has been also restored with 2D surface unfolding processes and we will compare the 
information that geologists may get from the various methods (Moretti et al., 2005).  

After a presentation of the tools to help at the construction, we will present tests done to 
check the representativity of a stress field computed in 2 and 3D  

 
 

 
  

 
 

�

�

6

Final geometry

Volume meshing

One of the components of the stress tensor 
=> better modeling of the fracture network based on the 
knowledge of the strain and stress regimes versus time 
in complex structures

 

Fig 2: 3D restoration 

 
Related publication: Moretti, I., F Lepage and M. Guiton, 2005, 3D Restoration : Geometry 
and Geomechanics, Oil and Gas technology, in press. 
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The Great Caucasus is Europe’s highest mountain range, at the cross-road of Europe, Asia 
and Arabia. Its eastern termination, in Azerbaijan, plunges into the South Caspian Sea, one of the 
world’s major oil provinces, and area of geostrategic and geopolitical importance to western 
countries. Some of the world’s major oil reserves are hosted in sediments deposited in the very deep 
basin formed by the South Caspian ( > 20km). The provenance/source of the sediments is the Great 
Caucasus where they are eroded and subsequently carried by large rivers such as the Volga, the 
Samur and the Kura. The Great Caucasus is not only Europe’s highest mountain range, but also it is 
the fastest growing. The growth of the Caucasus is due to the rather fast convergence between the 
Arabian plate and the Eurasian plate, leading to continued earthquake activity and growth 
(surrection) of the mountain range. 
 

The overall geodynamic setting of the Great Caucasus corresponds to a continental 
collision with a north-directed subduction developing in the upper plate a southward propagating 
foreland fold-and-thrust-belt. The tectonic features of the ECG are those of a doubly verging 
mountain-belt with two external fold-and-thrust belts. The pro-wedge (front) is located to the South 
and overrides the Kura Basin, whereas the retro-wedge (back) is located to the North and overrides 
the Terek Basin. Detailed studies on the tectonic style are available only for few regions, f.ex. the 
southern slope of the Great Caucasus in Georgia, in the Crimea area, or in the northern  foreland of 
the EGC in Dagestan (Russia). A detailed investigation of the tectonic structures of the Azerbaijan 
portion of the EGC has also been carried out. 
 

In the present-day understanding the Great Caucasus is seen as an active orogen that 
results from the collision between the Arabian plate and Eurasia. The mountain growth is thought to 
be fairly young, as recent as latest Tertiary. From cross-cutting relationships and strucural 
observations in the field it is, however clear that tectonic events started as early as Paleocene, and 
were more or less continuous throughout the Tertiary. 
 

The Eastern Great Caucasus is a unique mountain belt where tectonic activity is 
expressed in the morphology,  both in the past basin framework and in the present setting, 
which makes it a unique natural laboratory to investigate the links between lithospheric and 
surface processes. 
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COLOMBIA: TANGARA BLOCK – FROM 2D TO SPARSE 3D – AN ASSESSMENT OF 
EXPLORATION METHODS IN A COMPLEX TECTONIC SETTING 

 

J.M.MOUGENOT1, R.PETTON2, A.CORREA1, J.M.CHAMPANHET1 

1TOTAL, France -   2HOCOL,, Colombia (now TOTAL, Angola)
 

Introduction 
The Tangara Block (Hocol operator, Talisman and Total) is located in the foothills of the eastern 
Colombian cordillera (Llanos basin). The Tangara South prospective structure is located at the 
geologic boundary (Llanos Foothills) of the Cordillera orogenic thrust front in the west and the 
relatively flat lying Llanos Basin in the east. The Cusiana-Cupiagua-Volcanera trend lies further 
south in a similar structural position. The corresponding Cusiana, Cupiaga, Liria and Floreña BP 
fields have produced till now around 1.1 MMboe from the Mirador, Barco and Guadalupe reservoirs 
which are expected in the Tangara South prospect at a depth between 5000 and 6000 m TVD subsea. 
The overall Tangara South structure shape is thought to be roughly cylindrical, elongated in the NNE 
direction along a 50 km trend. It is about 4-5 km wide. 
 
A relatively dense 2D grid (2 km between dip lines on average) already covers most of the 
prospective trend. The lines were reprocessed in 2001-2002 with a Pre-Stack Time Migration 
sequence (PSTM). This reprocessing gave useful information concerning: 

- The geometry of the frontal fault (Thin skin instead of thick skin) 
- The main risk of the prospect (absence of reservoirs). 
- The absence of a seismic marker related to the top of the reservoir 
- The definition of five possible areas for surface well location. 
- The confirmation of the southern closure of the prospect. 

 
However, the likely compartmentalisation of the trend could not be properly assessed with the 2D 
grid, even after reprocessing, and the Tangara association decided to acquire 3D data in 2002 over 
the block in order to: 

- Confirm the presence of reservoir in the structure. 
- Precise the geometry of the structure and of the frontal fault. 
- Better evaluate and constrain the drilling risks (overpressures, faults…) related to an 

exploration well. 
 
In recent years, the 3D surveys acquired in this area with a "conventional" design were generally 
characterised by very high acquisition costs and strong operational difficulties due to a very complex 
social and environmental context. Various publications (Bouska, [1], [2], Blangy, [3], [4]) gave the 
principles of the "sparse 3D" design and mentioned that it has been successfully implemented in 
recent 3D surveys in northern Argentina to overcome similar difficulties at a cost much smaller than 
for 3D surveys acquired with a "conventional" design. TOTAL was involved in the design of the 3D 
survey planned by HOCOL and therefore evaluated the opportunity to implement a similar sparse 
design for Tangara.    

Survey design 
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The design of sparse 3D was based on the "technical limit" principles described in the above 
publications: one tried to determine what would be the lowest field effort (shot and receiver density 
per km2) that would be acceptable to fulfil the survey objectives which are the structural imaging of 
a deep target. The domain of application of the sparse 3D is actually limited to this kind of 
objectives: due to the very irregular offset distribution in the bins (some bins have no offset smaller 
than 2000 m), this design cannot be used to image shallow targets and reservoir characterisation 
from amplitudes could be problematic.  
Decimation tests from previous 2D data were therefore performed to simulate different 3D 
acquisition parameters (bin size, fold, minimum offset, etc...) and check whether the large shot and 
receiver line intervals implemented in Argentina could also be used in Tangara.  
 
We selected the following acquisition parameters: 

- Receiver line interval: 750 m 
- Shot line interval: 750 m in the central part of the survey, 1500 m on the survey edges  
- All lines are slalomed to try and avoid the obstacles and the steeper slopes 
- Shooting template: fixed spread of 12 receiver lines (line length: 14 to 15 km, number 

of active channels: 3500 to 4000) 
- Receiver lines oriented along the dip direction and shot lines along the strike direction 

of the structure 
- Receiver interval 50 m and shot interval 100 m 
- Bin size: 25 m (dip) X 50 m (strike) 
- Seismic source: 5.4 kg dynamite in single hole at 12.5 m depth 

Acquisition  
The acquisition contract of this 544 km2 survey was awarded to GRANT GEOPHYSICAL.  
The field operations lasted from August 2002 to March 2003 but the 6034 shots were recorded with 
a SERCEL 408UL unit in only 72 days from December 1st to February 10th. We estimate that the 
low shot density (11 shots per km2 in average) allowed dividing the acquisition cost per km2 by a 
factor of 4 compared to "conventional" 3D surveys acquired in the area. 
The flexibility offered by the sparse 3D technique minimised the operational constraints by avoiding 
most of the obstacles related to hazardous or environmentally sensitive areas such as: 

- Steep dipping or unstable slopes, flooded or floodable areas, water springs, dense 
land cover, etc. 

- Infrastructures in urban , cultivated or industrial areas.  
It is estimated that approximately 75% of the anticipated obstacles have been avoided by taking 
advantage of the flexibility of the technique. It must be mentioned that GRANT did not suffer from 
any Lost Time Injury for 2.3 million man-hours of exposure. 
A key factor in the success of the operation is related to the preparation and planning of the program. 
The extensive use of the recently acquired high definition airborne and satellite imaging, digital 
elevation model, and surface geological mapping and detailed environmental plan allowed us to 
optimise the location of the source and receiver lines while limiting to a minimum any scouting to 
the area.  

Processing 
In this foothills environment, the processing cost represents only a few percent of the survey 
acquisition cost. Processing in parallel in different processing centres is therefore advised as the 
resulting image can be very dependent on the applied processing sequence (Bouska, [5]). 
HOCOL decided to award the processing of this 3D to four different centres: 
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- two processing contractors (A and B) applied a "fast-track" processing sequence 
(post-stack time migration) 

- contractor A and TOTAL in-house processing centre in Pau applied a full-Kirchhoff 
pre-stack time migration sequence (Pre-STM). 

- contractor C applied a pre-stack depth migration to data pre-processed by TOTAL. 
 
The following chart summarises the main steps of the three time processing sequences: 
 

Contractor A Contractor B TOTAL 
Fist-break statics Yes Yes Yes 
Linear noise 
attenuation 

No Wavelet transform F-Kx-Ky filter in cross-
spread domain 

Velocity analysis + 
surface consistent 
residual statics 
iterations 

3 3 2 

F-X-Y Random 
Noise Attenuation 
(RNA) 

On common offset 
cubes 

In cross-spread and 
in receiver domains 

In cross-spread domain 

Trim statics Yes Yes No 
Post-stack migration Yes Yes N/A 
Full Kirchhoff Pre-
STM 

Yes N/A Yes 

RNA after PRE-STM On Pre-STM stack N/A On common offset cubes 
and on Pre-STM stack 

 
Due to the poor signal to noise ratio, the processing of this kind of 3D data is slow and difficult and 
the Pre-STM processings of Contractor A and TOTAL lasted approximately 11 months. Input from 
HOCOL or TOTAL interpreters was regularly provided for most of processing test analysis and 
especially for Pre-STM velocity analysis  

Results evaluation  
Strong efforts were deployed to improve S/N all along the sequence and the application of F-X-Y 
Random Noise Attenuation (RNA) before stack or Pre-STM seems to be one of the main differences 
between the different processing sequences. Contractor A applied RNA to offset cubes while 
contractor B and TOTAL applied RNA on cross-spreads. The strong differences in continuity 
observed on the resulting images seem mainly due to the way this RNA is applied (cf. comparison 
between contractors A and B post-stack migrations on figures 3 and 4). 
Source generated and back-scattered noise is known to be a major cause of the poor S/N in 
mountainous areas and the 3D RNA algorithms seems to be one solution to attenuate this noise in 
domains where it is randomised.  
After interpretation of the different cubes, Contractor A Post-STM cube is generally preferred but 
there are some areas where the other processings can locally provide  a better image. It fully justifies 
the recommendation to perform multiple processing of this kind of foothill data.  
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Comparisons between previous 2D lines and random lines extracted from 3D time migrated cubes 
generally show an improvement of the seismic image and confirm the noise attenuation potential of 
3D processing algorithms. However the top reservoir is still not properly imaged. 

Conclusions 
For TOTAL the Tangara 3D survey was the first evaluation of the potential of the sparse 3D method 
for deep target exploration in fold and thrust belts:: 

• Compared to "conventional" 3D surveys acquired in the same area, the acquisition 
turnaround per km2 has been dramatically reduced and we estimate that the 3D acquisition cost per 
km2 in the area has been reduced by a factor of 4  

• The resulting image is very dependent on the processing contractor or sequence and 
multiple processing of this kind of data by different contractors is recommended. 

• The 3D data generally show a much less noisy seismic image compared to previous 
2D data. The 3D confirmed and detailed the geometry of the structural trends defined on the 2D 
PSTM reprocessing but it did not reduce the risk of the prospect as it did not properly image  the top 
reservoir. 
From a general point of view, the methodology applied for the exploration of the Tangara Sur 
prospect shows that:an alternative exploration sequence can be proposed:: 
 2D PSTM reprocessing ----> drilling Tangara-1 well ----> Acquisition of a sparse (or full 
conventional?) 3D if discovery ----> (Appraisal wells). 
 

 
           Figure 1: Survey layout                           Figure 2: TOTAL Pre-stack time migration 
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Figure 3: Contractor A post-stack migration           Figure 4: Contractor B post-stack migration 
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The Zagros Mountains form a broad orogenic domain in Iran, approximately 2000 km long and 500 
km wide, which results from the Tertiary accommodation of the convergence between the continental margin 
of the Arabian plate and the Iranian continental block (Fig. 1).  

 

 

Fig. 1: Simplified geodynamic framework 
of the Zagros fold belt. Black arrows show 
the present-day convergence between the 
Arabian plate and stable Eurasia deduced 
from current global plate motion Nuvel 1A 
(De Mets et al., 1994). The grey rectangle 
indicates the study area of the Fars 
province. The inset shows the distribution 
of earthquakes (2.4 <mb <7.4) in the 
Zagros collision belt with focal depths 
lower than 35 km issued from ISC and 
CMT catalogs (1965-2003). It shows that 
the Fars domain at the front of the MZT 
highlighted by seismicity, accommodates 
part of the Arabia-Eurasia convergence. 
Many of the earthquakes in the Zagros 
correspond to events occurring in the 
basement. Inset : D. for Dezful and F. for 
Fars areas.  

Prior to the collision, the Arabian plate underwent the obduction of the neo-Tethys ocean onto its 
northern continental margin during the Late Cretaceous. Remnants of the obducted ocean or one of its 
derivative (e.g., back-arc or fore-arc oceans) are presently preserved along the Main Zagros Thrust (MZT), a 
major NE-SW trending fault zone (Stoneley, 1990; Ziegler, 2001). To the North of the MZT, the Sanandaj-
Sirjan tectono-metamorphic belt, onto Central Iranian plateau, represents the former active margin of the 
Iranian microplate (Fig. 1). To the South, the Zagros Simply Folded Belt (ZSFB) results from of the ongoing 
shortening of the northern Arabian continental margin. Shortening involves both the 12 km-thick Paleo-Meso-
Cenozoic sedimentary cover (Stocklin, 1968) and its Precambrian basement. The folded Meso-Cenozoic 
sedimentary cover overlies a basal layer of salt represented by the Cambrian Hormuz formation which is up to 
1-2 km thick (Fig. 2). This basal salt layer has been generally seen as the main décollement responsible for the 
“whaleback” morphology of folds typical of the Zagros Folded Belt. Bounding to the South the Zagros 
Folded Belt from the Coastal Plain of the Mesopotamian basin and the adjacent Persian Gulf seaway, the 
Mountain Front Fault (MFF) is a main topographic and morphological feature.  

The age of the ophiolite obduction is relatively well constrained as Santonian-Campanian (Berberian 
and King, 1981) although its mechanism of emplacement remains uncertain. In contrast, dating the collision 
sensu stricto, i.e., the short period during which the closure of Neo-tethys took place in the Zagros is still 
debated. Depending on the data and arguments used, the age of the collision ranges from Eocene to Pliocene. 
Whatever the dating of the onset of the collision there is little doubt that the main episode of cover shortening 
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in the Zagros folded belt has occurred after the deposition of the Agha Jari alluvial fan system (Fig. 2); i.e., 
since 5-10 Ma. We know that a major plate reorganization occurred probably ca. 5 Ma as suggested by the 
increase of deformation in the Zagros but also in the Caspian basin and along East and North Anatolian faults 
(Allen et al., 2004). Additionally, given the major angular unconformity between the continental 
conglomerates of the Bakhtyari formation and the underlying units observed throughout the Zagros Folded 
Belt, the main phase of fold development in the ZFB was considered to be intra-Pliocene according to James 
and Wynd (1965). This plate reorganization is however not easily related to the other evidence of the onset of 
collision at the Oligocene-Miocene (Koop and Stoneley, 1982; Agard et al., 2005). Anyhow, the deformation 
in the High Zagros has probably been initiated before the Pliocene as the initial clastics were shed into the 
Zagros basin during the upper Miocene ages. 

 

 

Fig. 2 : Lithofacies and 
simplified stratigraphy of the 
Zagros basin. The major 
tectonic events undergone by 
the continental margin of the 
Arabia plate are shown on the 
right-hand side of the figure. 
The main current controversies 
concern the timing of the 
collision and its relation to 
cover folding, regional 
shortening and the present 
topography.  

Some recent synthetic studies dealing with local tectonic/stratigraphic relationships in the ZFB 
(Hessami et al., 2001) interpreted several local angular unconformities and disconformities as related to the 
growth of the Zagros folded belt. They concluded that folding in the ZFB started at the end of the Eocene, in 
agreement with other studies, and then propagated in-sequence southward. This result gives rise to several 
major issues. If an Eocene age is confirmed for the onset of folding in the ZF do this observation be easily 
related to collision ? On the other hand, if in-sequence propagation is established for the ZFB it would 
interestingly differ from classical structural models of folded belts that develop above a very weak base since 
the sequence of deformation often reflects rearward propagation (Costa and Vendeville, 2002; Smit et al., 
2003) or very fast propagation of the wedge front (Bahroudi and Koyi, 2003).  

Our objectives are to examine the timing and the spatial distribution of folds activity across the Fars 
domain of the ZFB. In the attempt to identify fold-related unconformities within the ZFB, the possibility for 
unconformity to be related only to local salt movements caused by the buoyancy of salts relatively to its 
overburden deserves attention. Consequently, the unconformities observed in the field are always tentatively 
replaced in the frame of the diapiric provinces and timing of emplacement (Fig. 3). A particular attention is 
paid to the tectono-stratigraphic relationships between fold uplift and coeval sedimentation to identify the 
tectonic signal. On a larger scale, this is replaced in the framework of the basin stratigraphy provided by basin 
reconstruction from field studies. Then we examine the regional uplift of the Zagros Folded Belt in the light 
of recent numerical modelling (thermal-induced or tectonically-controlled uplift, see Fig; 4). We finally 
tentatively proposed a kinematics model of the propagation of local folding/regional uplift in the Zagros 
Folded Belt.  
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Fig. 3: Angular unconformity within the 
Mishan limestones. This suggests a 
Miocene activity of folding.  

 
The folded synorogenic deposits of the Agha Jari Formation reveal that the construction of the Fars 

was achieved after a second more important episode of shortening 10 Ma ago. If buckling was the main mode 
of deformation in the cover we expect that folds grew simultaneously as soon as the required critical stresses 
was attained throughout the folded belt. This is supported by the numerous intraformational unconformities 
observed in the Agha Jari formation (Fig. 5). No important differential regional topography is required at that 
time. Hence no important changes in the conditions of deposition are required across the belt.  
 

 

Fig. 4: Geological map and section 
across the Asaluyeh anticline. This 
fold developed above the Mountain 
Front Fault to the South of the 
Zagros Fold. The lack of Gashsaran 
Formation on the southern flanck 
of the Asaluyeh anticline suggests 
an early stage of folding (Miocene) 
100 km from the Surmeh Fault 
northward which is known to be 
active at that time (Mouthereau et 
al., GJI, in press) 
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formation (Pliocene-
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The Zagros fold-thrust belt (Fig. 1) results from the continent-continent collision between the 
Arabian margin and the Eurasian plate following the closure of the Neo-Tethys ocean during the 
Tertiary (Stocklin, 1968; Falcon, 1974). Despite some still ongoing controversies about the timing of 
the onset of the collision (Hessami et al., 2001) there is little doubt that the main episode of cover 
shortening in the Zagros folded belt has occurred since about 10 Ma as suggested by the youngest 
folded strata of the Agha Jari formation.  Shortening of about 70 km derived from balanced sections 
across the Zagros folded belt (McQuarrie, 2004) gives a shortening rate of 7 km/Ma consistent with 
the present-day rate of 0.7 cm/yr based on GPS studies (Vernant et al., 2004). A major unconformity 
between the Agha Jari formation and the Bakhtyari conglomerates indicates that cover shortening 
has decreased or ceased 5 Ma ago. During or since the deposition of the Bakhtyari Formation the 
Zagros fold belt undergone a regional uplift whose origin still remains enigmatic.  
 

 

Fig. 1: Simplified geodynamic 
framework of the Zagros fold belt. 
Black arrows show the present-day 
convergence between the Arabian 
plate and stable Eurasia deduced 
from current global plate motion 
Nuvel 1A (De Mets et al., 1994). 
The grey rectangle indicates the 
study area of the Fars province. The 
inset shows the distribution of 
earthquakes (2.4 <mb <7.4) in the 
Zagros collision belt with focal 
depths lower than 35 km issued 
from ISC and CMT catalogs (1965-
2003). It shows that the Fars 
domain at the front of the MZT 
highlighted by seismicity, 
accommodates part of the Arabia-
Eurasia convergence. Many of the 
earthquakes in the Zagros 
correspond to events occurring in 
the basement. Inset : D. for Dezful 
and F. for Fars areas. 

 
The Fars province is located to the South-East of the Zagros fold belt (Fig. 1). The 

deformation in this part of the belt is characterized by periodic folding with axial lengths sometimes 
greater than 200 km. This fold geometry is outlined by the limestones beds of the Asmari Formation, 
which is one of the main oil reservoirs in the Zagros. The folded Meso-Cenozoic sedimentary cover 
is about 10 km thick and overlies a basal layer of salt represented by the Cambrian Hormuz 
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Formation which is up to 1-2 km thick. This salt-bearing formation is known to be particularly 
mobile as it forms one of the largest province of salt diapirs worldwide (Jackson et al., 1990; Talbot 
and Alavi, 1996).  

In an attempt to explain the geometry and kinematics of folding in such a salt-based fold belt, 
(Davis and Engelder 1985) noticed that applying the theory of frictional wedges to the Zagros folded 
belt is not straightforward because of the salt-based plastic décollement. They consequently adapted 
the theory of thrust wedges based on a plastic pressure-independent behaviour of the décollement 
level. In parallel, sand-box experiments involving silicone putty as an analogue to viscous properties 
of salt décollement provided important results on the way the spatial distribution of salt controls the 
shape of the folded belt and the sequence of deformation (Jackson et al., 1990; Weijermars et al., 
1993; Costa and Vendeville, 2002; Bahroudi and Koyi, 2003).  
 

The low topography (Fig. 2) and the lack of clear fold vergence were considered to be 
characteristic of a thin-skinned fold-thrust belt controlled by the extreme weakness of the salt at its 
base (Davis and Engelder 1985). Such salt-based wedges have very narrow tapers <1° and are 
characterized by the absence of significant topography. Jaumé and Lillie (1988), applying the same 
analytical approach to the case of the Potwar Plateau-Salt Ranges, showed that an increase in the 
décollement dip β, e.g., due to plate flexure, would theoretically lead to slightly negative or 
essentially flat topography�. Recent works reveal that the mechanisms of deformation within such 
fold belts are not fully explained by the current critical wedges theory. In this aim we would like to 
test in the light of the recent data on the Zagros structure and constraints on the rheology of salt if 
such theory can produce the observed topography.   
 

 

Fig. 2 : Topography derived 
from SRTM data and 
estimated topographic slopes 
across the Fars. 

 
 

Seismotectonic studies over the last 20 years have provided evidence that the Precambrian 
basement is shortening and thickening (Jackson, 1980; Berberian and King, 1981; Ni and Barazangi, 
1986; Berberian, 1995). For instance, Jackson (1980) first observed that dips of nodal planes are 
typically in the range 30°-60°, suggesting that shortening in the basement results from the inversion 
of normal faults formed during the Paleozoic–Mesozoic Tethyan rifting of the Arabian margin. 
Because earthquake hypocenters have been poorly constrained, basement deformation has not been 
considered by some authors as critical for understanding the topography, geometry and kinematics of 
the Fars folded belt. On the other hand, recent seismological studies based on the relocation of 
earthquakes or new accurate estimates of the depths of earthquakes from local seismological 
network have confirmed that many of the hypocenters are effectively located below the sedimentary 
cover (Talebian and Jackson, 2004; Tatar et al., 2004). This has renewed our interest in basement 
involvement and its possible control on the geometry and kinematics of the Zagros fold belt.   
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Fig. 3: (Left) Topography of the Central Fars (90 
m resolution STRM data). The uplift associated 
with folding at the MFF and the Surmeh Fault is 
clearly outlined. (Above) Local topographic 
sections across: a) the MFF and b) the Surmeh 
Fault. Numbers on the left side of the drawing 
correspond to number of the sections on the left 
Figure. For both the MFF and the Surmeh Fault, a 
major topographic step is observed. 
Seismotectonic studies (Berberian, 1995) suggest 
that steps are  related to the uplift on buried 
basement reverse faults.   

 
The idea of involving the Precambrian basement below the salt décollement in deformation is 

not recent. For instance, one can refer to a work by (Comby et al., 1977) republished in (Egdell, 
1996) who proposed a cross-section of the Fars in which the basement comprises two large thrust 
slabs above which the sedimentary cover is folded independently above the mobile Hormuz Salt 
Formation. Also, geophysical modelling and interpretation of Bouguer gravity data have been used 
as a link between the deflection of the Arabian plate below the Zagros and the response of crustal 
thickening at different levels, within the Hormuz salts and the basement to about 25 km above a 
ductile lower crust (Snyder and Barazangi, 1986).  

More recently, balanced cross-sections (e.g, Sherkati and Letouzey, 2004) suggest that 
basement thrusting is required to explain the present-day topography and the difference in elevation 
of the Paleozoic and Mesozoic Formations. Balanced cross-sections in the South-Eastern Fars 
(Molinaro et al., 2004) also suggest that the Precambrian basement is involved in tectonic 
thickening. In an attempt to propose the timing of basement involvement deformation, a recent 
model (Molinaro et al., 2005) suggests that the development of the thick-skinned folded belt became 
prominent 5 Ma ago following an initial episode of thin-skinned folding in the Zagros. These 
numerous hypotheses need to be tested in the light of a mechanical modelling. 

In this study, we test and validate mechanically different hypotheses proposed for the present 
and long-term kinematics of the Zagros folded belt: 1) a shallow wedge of sedimentary cover 
detached above a salt-based décollement; 2) a thick wedge of upper crystalline basement decoupled 
above a ductile lower crust. The input data are topography (see Fig. 3), seismicity and geological 
data. The topography in such an active folded belt is believed to be a direct response to the 
mechanics of the wedge. The topographic data are analyzed in order to identify large wavelengths 
that are related to distributed deformation across the Fars and shorter wavelengths reflecting the 
topographic signature of folding. Then we examine whether the thin-skinned or thick-skinned style 
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of deformation better reproduces the observed topographic patterns. We adopt a critical wedge 
approach (Davis et al., 1983; Dahlen, 1990) to test both hypotheses. Our results suggest that if a 
tectonic wedge is required to reproduce the observed pattern of seismicity, the geological data and 
the first-order topography the Zagros folded belt it should involve the crystalline basement.   
 

The thin-skinned model and the observed topography (Fig. 4) 
First, we show (Fig. 4) based on critical wedge theory applied to non frictional salt-based 

critical wedges that the assumption of a thin-skinned fold belt detached above a viscous layer of salt 
is unable to produce the observed topographic slopes. We note that low internal strength of rocks 
and/or very high yield of salt would be required in the wedge to produce the observed topography. 
The first hypothesis disagrees with the friction of most rocks in compressional settings and the 
second possibility is inconsistent with the rheology of salt at such depths (8-10 km).  

 

 

Fig. 4: (top) Model of a brittle-ductile thin-
skinned critical wedge. A brittle frictional 
behaviour is assumed for folded sedimentary 
cover that is translated above a viscous 
(Newtonian) décollement. (Bottom) Plot in 
cross-section of the maximum (positive) and 
minimum (negative) topographic slopes 
obtained for different pore fluid-pressure, 
viscosities and thickness of salts. The 
topographic slopes predicted are 
approximately zero. Comparison with the 
observed topography indicates that the 
hypothesis of salt-based critical wedges is not 
able to reproduce the observed topography. 
The salt is too weak to build the observed 
topography. 

 
The thick-skinned model and the observed topography (Fig. 5) 
In a second part we have tested a model of critically-tapered brittle-viscous wedge involving 

the crystalline basement. This model reproduces the observed topographic slopes across the Fars 
province, better than a shallower sedimentary brittle-ductile wedge alone does. In this model, the 
lower crust was deformed by simple shear and behaved as an intracrustal decoupling level allowing 
the accretion of the crystalline basement at the front of the MZT. An average cold crustal geotherm 
of 10-15°C/km consistent with Moho temperature of 450-675°C is able to thermally-weakened 
sufficiently the lower crust which flows at depth deeper than 20 km in agreement with the depth 
distribution of seismicity derived from recent studies (Maggi et al., 2000). This study suggests that 
the shortening and thickening of the Precambrian basement may be a major mechanism controlling 
the growth of the topography in the Fars. This model further supports predictions from the most 
recent cross-sections balancing (Molinaro et al., 2004; Sherkati and Letouzey, 2004), gravity 
modelling (Snyder and Barazangi, 1986) or other studies based on seismotectonic studies (Berberian, 
1995). So the deformation in the cover seems to have little effect on the growth of the topography 
even though it may strongly control the deformation styles observed at the surface.  
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Fig. 5: (top) Model of thick brittle-ductile 
critical wedge.  A frictional behaviour is 
assumed for the upper crustal rocks. The 
upper crust is accreted at the front of the 
MZT above a lower crust with a non-
Newtonian viscous behaviour. BDT: brittle-
ductile transition; TDLC: Thickness of the 
ductile lower crust, Hd: the depth at which the 
upper brittle crust is effectively detached 
from the mantle. (bottom) Model results. 
Topographic slopes obtained for different 
compositions of the lower crust (granulite, 
diabase or quartz-diorite). The values of the 
effective viscosities and shear stresses for 
granulite and diabase are sufficient to 
reproduce the observed topographic slopes in 
the Fars.   

 
Fault-related Folding versus buckle folding 
In contrast with the thick crustal wedge model, a model of imbricate thrust sheets in the 

cover, that are translated above the Eo-cambrian salts of the Hormuz Formation, reveals that salt 
strata have viscosities that are too low to support the regional load arising from the overlying cover 
and consequently to form the topography of the Zagros folded belt. A thick salt layer will not survive 
as it is squeezed out in less than 1 Ma. We may expect that below some synclines the base of the 
sedimentary cover directly overlies the basement. The local topography related to monoharmonic 
folding in the cover appears essentially superimposed on the regional topographic slope that is 
created by the thickening of the basement. Two different mechanisms can be proposed to explain the 
wavelength of surface folding.  

The first one considers that folding results from the accommodation of deformation along 
regularly spaced thrust faults rooted to depth in the weak salt décollement. This hypothesis follows 
the classical description of the Fars folded belt as a thrust wedge sliding above an extremely weak 
décollement. For such folded belts the compressional stress is much less inclined than in the case of 
fold-belts involving stronger décollements (e.g. Taiwan). We found that very low internal friction 
angles of 12°-24° (µ=0.2-0.4) are required to produce fault-related folding with the observed 
wavelengths which disagrees with the friction of most rocks in compressional settings. The second 
hypothesis assumes that the sedimentary cover behaves as a brittle-elastic media that may buckle 
above a layer with very low viscosity and density like salt. This solution has the advantage of neither 
requiring the macroscopic failure of the sedimentary rocks nor producing any regional topographic 
slope. Under sufficient differential stresses, the sedimentary rocks will bend periodically above 
viscous salt. Because the sedimentary layer is brittle-elastic, the effective elastic thickness of the 
sedimentary layer can dramatically reduce to roughly H/2 (e.g., Burov and Diament, 1995). Given a 
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sedimentary cover thickness H above the décollement of about 8 km, we obtain buckling 
wavelengths of 21-26 km that are in the range of observations for acceptable stresses of the order of 
200-300 MPa and for friction coefficients that are consistent with Byerlee’s law. This suggests that a 
model of buckling of the sedimentary cover fits the wavelength of folding better than a fault-related 
folding model does. We conclude that bulking is a reliable mechanism to explain the observed 
folding.  
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1. Introduction 

During all stages of the evolution of sedimentary basins, Zn–Pb deposits may form in different types of rocks 
present in the basin. Such mineralization is often classified in two main categories: sediment-hosted 
exhalative (SEDEX) and epigenetic Mississippi Valley type (MVT) deposits. In Europe, the majority of such 
deposits have long been regarded as having formed in an extensional setting. Recently, however, it has been 
suggested that the majority of MVT deposits, including the European ones, formed in foreland basins mainly 
during compressional tectonic events at restricted times in the history of the Earth (Leach et al., 2001).  

The aim of this paper is to demonstrate that important Zn–Pb deposits in Europe, including both MVT and 
other types, resulted from the migration of similar types of fluids during phases of extensional tectonics. 
These deposits include the SEDEX-originated Meggen and Rammelsberg (both in Germany), and the MVT 
ores of Upper Silesia (Poland), the Verviers Synclinorium (Belgium), the Maestrat basin (Spain), the 
Cévennes (France) and the eastern Alps.   

 

2. Tectonic setting and age of Zn–Pb deposits 

The world-class SEDEX deposits of Meggen and Rammelsberg occur in Middle Devonian siliciclastic rocks 
(390 to 375 Ma) of the Rhenohercynian basin. The ores are finely laminated, affected by soft sediment 
deformation often interlayered with the sedimentary host-rocks. Mineralization is associated with pulses of 
extension, contemporaneous subordinate bimodal volcanism and deep synsedimentary faulting (Large and 
Walcher, 1999). The tensional pulses were superimposed on a regional subsidence during the post-rift phase 
of basin development. The faults provided favourable conduits for the migration of brines into third-order 
basins during a period of elevated heat flow.   

Most MVT deposits in Europe have traditionally been related to Mesozoic extensional tectonics, ultimately 
associated with the break-up of Pangea but recent papers have suggested younger ages for mineralization and 
a closer relation to Alpine tectonism. For example, the giant MVT mineralization in Upper Silesia has been 
regarded for a long time as of pre-Middle Jurassic age (Sass-Gustkiewicz et al., 1982). Based on 
palaeomagnetic studies on late-stage dolomite, Symons et al. (1995) suggested a mid-Tertiary age for 
mineralization, supporting  ore genesis from gravity-driven fluid flow associated with the Alpine orogeny. In 
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contrast, direct Rb–Sr dating by Heijlen et al. (2003) of main-stage sulphides (sphalerite and marcasite) 
yielded an isochron model age of 135 ± 4 Ma for the main mineralizing event. The isochron age is further 
supported by an identical Rb–Sr binary mixing model age. So, the main stage of sulphide formation can be 
related to Early Cretaceous crustal extension preceding the opening of the Arctic–North Atlantic system. 

 In the Verviers district (Belgium), field evidence shows that Zn–Pb mineralization occurred in the Mesozoic. 
The fault-bounded mineralization crosscuts all Variscan structures but Cretaceous sands and shales rest 
unconformably on eroded mineralization contained within Dinantian rocks near the deposit of La Calamine. 
These ores are comparable with the sandstone-hosted Zn–Pb deposits of Maubach–Mechernich (western 
Germany), ~40 km to the southeast, and possibly formed at the same time. Direct Rb-Sr dating of ZnS from 
these deposits yielded a Middle Jurassic age of 170 ± 4 Ma (Schneider et al., 1999). The Middle Jurassic in 
the North Sea rift was characterized by a period of major rifting and volcanism. 

The Zn–Pb deposits in the Maestrat basin (eastern Spain) are also associated with rift or post-rift stages 
(Grandia et al., 2000). Fluid migration leading to Zn–Pb mineralization occurred between the Late Cretaceous 
and Early Palaeocene (80 to 60 Ma) as revealed by U–Pb dating of ore-stage calcite, which yielded an age of 
62.6 Ma ± 0.7 (Grandia et al., 2000). The basin itself formed during a rift episode in the Late Jurassic and 
Early Cretaceous, followed by a post-rift stage at least until the Maastrichtian. 

In the eastern Alps there are more than 200 Pb–Zn deposits in Middle to Upper Triassic carbonates. There has 
been much discussion during the last three decades concerning the age and type of mineralization (Zeeh et al., 
1999). However, most evidence indicate a intra-Triassic to early Jurassic age.  

The metallogenesis of the Zn–Pb deposits of the Cévennes area (France) has long been regarded as very 
complex, characterized by a superposition of mineralizing events (Fogliérini et al., 1980). At the Noailhac–
Saint-Salvy deposit, disseminated sphalerite occurs in carbonaceous sandstones and finely laminated 
sphalerite is present in Middle Cambrian black schists. The sphalerite may be enclosed by metamorphic 
minerals (garnet, diopside) that formed within the contact metamorphic aureole of a granodiorite, dated 
isotopically at 304 Ma (Pin, 1991). A second phase of mineralization, more important than the first, is related 
to karstic cavities and their sedimentary infill in Cambrian dolomite. A third phase of mineralization was 
thought to result from the reworking of earlier mineralization phases during the Triassic and formed a 
mineralized conglomerate. Fragments of pyrite and sphalerite concretions, ovoids of sphalerite and 
fragmented lamellae of barite resulted from the reworking of an earlier deposit (Fogliérini et al., 1980). This 
indicates a pre-Late Triassic age for at least part of the ore deposit. The fourth phase was thought to have 
taken place during the Early Jurassic with the formation of fissures encrusted by sulphides and quartz, 
covered by milky barite (Fogliérini et al., 1980). Karst sediments with reworked laminated sulphides were 
tilted by tectonic movements during the Early Jurassic. Recent palaeomagnetic studies by Rouvier et al. 
(2001) of the rocks in the Cévennes area showed a well-defined direction of remagnetization, which 
corresponds to an Early to Middle Eocene age (60 to 50 Ma). As proposed by Rouvier et al. (2001), the 
palaeomagnetic age could reflect a widespread fluid flow event during the compressional phase between the 
Late Cretaceous and Late Eocene, but a relationship with MVT formation is not proven. 

The same superposition of mineralizing events as in the Cévennes, could be observed in the Palaeozoic-
hosted Zn-Pb deposits of SW Sardinia (Boni et al., 1996), whose ages are, however, poorly constrained. 
However, the field evidence shows that there is an important mineralizing phase related to Mesozoic tensional 
tectonics (Boni et al., 1992).  
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3. Conclusion 

The overview presented in this paper shows that in Europe, various types of sediment-hosted base-metal 
deposits formed in areas of the crust undergoing tectonic disruption in an overall extensional or 
transpressional framework. From a prospective point of view, it is therefore best to focus on those areas in 
Europe that underwent, at least locally, an important extension with an associated high heat flow.    
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A KINEMATICAL MODEL OF THE HIMALAYAN THRUST BELT IN NEPAL 
 

J.L. MUGNIER, A. BERGER, M. BERNET, P. HUYGHE, F. JOUANNE, X. ROBERT, P. VAN DER 
BEEK 

 
We present here a synthesis of various recent studies on the Himalayan belt that allows to propose a model of 
the evolution of the thrust belt and its relief. 
A mid-crustal ramp deduced from the present-day deformation of the Himalalayan belt: the present-day 
deformation field has been studied by GPS (Jouanne et al., 2004) and by mechanical modelling (Berger et al., 
2003). It is suggested that the basic flat-ramp-flat model can be applied at crustal scale in Himalaya. 
Deformation above and along the upper flat is brittle and is controlled by a seismic cycle, whereas 
deformation along the lower flat is ductile. The mid-crustal ramp is steep and the best fit in mechanical 
models for the dip of the mid-crustal ramp is 30°. The depth of the bottom of the ramp is close to the brittle 
ductile transition, but the transition is either along the ramp or along the lower flat.  
 

 
 
Figure 1 : 2D numerical model of the present-day deformation (Adeli code) along a cross-section of the 
central Nepal. The brittle-ductile transition is located at the base of a mid-crustal ramp, and most of 
displacement is locked along the ramp and the upper flat (a) comparison of data and predicted horizontal 
velocity, (b) comparison of data and predicted vertical velocity, (c) preferred model (From Berger et al., 
2003). 
 

Deformation above the upper flat: the upper flat defines the base of a brittle wedge. The total 
shortening rate through the Himalayan wedge since the Miocene is 19 mm/yr with uncertainties that are 
respectively 2, 6 and 5 mm/yr for present-day, Holocene and long term shortening rates. 

In this outer zone, most of the displacement presumably occurs during major seismic events. During the 
Holocene, the Main Frontal Thrust (MFT) has been active, but portions of the piggy-back thrusts of the Outer 
Belt also showed episodes of activity that varied from a few meters to several tens of meters displacement. 
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The ratio of the MFT shortening versus the total Himalayan shortening varied laterally from 1 to less than 0.5, 
and out-of-sequence thrusting occurred behind the MFT, in the Sub-Himalayas and in the Lesser Himalayas.  

These episodic out-of-sequence reactivations occurred at various time scale from less than 20 Ka 
(Mugnier et al., 2005) to more than 1 Ma (Robert, 2005).  

 
Uplift and surface deformation above the mid-crustal ramp: fast uplift (more than 4 mm/yr) occurs 

above the mid-crustal ramp (Lavé and Avouac, 2001) and reactivations locally occurs at the transition 
between high and lesser Himalaya. They could be related to “out-off  the syncline thrusting” of the crustal 
scale ramp anticline or to out-of-sequence thrust branched off the lower flat of the Himalayan detachment.  
 
 Frontal migration of the mid-crustal ramp: The thrust system of Himalaya is characterised by a 
general forward propagation of the tectonics, with an activity of the Main Central Thrust (MCT) that occurred 
mainly before 18 Ma (DeCelles et al., 2001) and the Main Frontal Thrust (MFT) that is presently active since 
1.8-2.4 Ma (Mugnier et al., 2004). The continuous exhumation evidenced by the fission track dating (Bernet 
et al., 2005, Van der Beek et al., 2005) since 15 Ma could be related to erosion above mid-crustal ramps, an 
interpretation implying the permanence of an active mid-crustal ramp and the forward propagation of the 
thrust system. A scenario of propagation, based on balanced–cross-sections, sources provenance studies 
(Huyghe et al., 2005) and facies migration in the basin illustrates this concept. 
 

Migration of the foreland basin: the southward migration rate of the deposition pinch-out of the 
Siwalik group is 19 mm/yr and equals the Himalayan shortening rate since ~15 Ma. For the older syn-
orogenic group, the pinch-out migration rate was smaller than the shortening rate and erosion locally occurred 
at the end of its deposition, due to tectonic reactivation of lineaments of the Indian shield. We suggest that 
this change in the basin development is linked to the detachment of the subducted Indian lithosphere that 
induces an isostatic rebound of the Himalayan belt before 15Ma. 

 
  Relief implication: if the above scenario is correct, the last regional uplift event occurred 15 Ma ago 

and the width of the Himalayan belt is decreasing since ~8 Ma. This decrease would be related to a budget 
where erosion is greater than solid advection.  
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Fig. 2 from Huyghe et al. (2005) Incremental balanced restoration of the Himalayan fold-thrust belt in far 
western Nepal. MFT: Main Frontal Thrust; MBT: Main Boundary Thrust; RT: Ramgarh Thrust; DT: 
Dadeldhura Thrust; MCT: Main Central Thrust; 1: foreland basin; 2: Autochtonous Indian craton; 3: Lesser 
Himalayan thrust sheet; 4: Ramgarh thrust sheet; 5: duplex of the Lesser Himalaya; 6: Dadeldhura thrust 
sheet; 7: High Himalaya. Rocks of thrust sheets 2, 3, 4 and 5 have �Nd(0) values close to those of the Lesser 
Himalayan material; rocks of thrust sheets 6 and 7 have �Nd(0) values close to those of the High Himalayan 
material. The final geometry is adapted from the balanced cross-section of DeCelles et al. (2001) using the 
sequence of thrusting deduced from our own work. The heavy full lines indicate the active thrusts, and the 
vertical arrows refer to the zones of high uplift at the hanging wall of the ramps. The negative values above 
the horizontal arrow on the right side correspond to the amount of shortening; the italic values on the left 
side indicate the distance between the position of the present-day Karnali section and the frontal relief of 
Himalaya.   
(a) Geometry at ~15 Ma: the Dadeldhura thrust sheet overthrusted the Lesser Himalaya prior to 13 Ma, a 
tectonics that led to erosion of rocks with High Himalayan affinities. (b) Geometry at ~11 Ma: the 
emplacement of the Ramgarh Thrust between 13-10 Ma led to the erosion of the Lesser Himalayan rocks 
ahead of the Dadeldhura thrust sheet. (c) Geometry at ~8 Ma: the duplexing of the lower part of the Lesser 
Himalaya after 10 Ma uplifted the Dadeldhura sheet and the High Himalaya, and brought to erosion rocks 
with εNd (0) values close to those of High Himalayan material. The simultaneous propagation of the 
detachment thrust to the MBT decreased the distance between the present-day Karnali section and the frontal 
relief and led to recycling of sediments of the pre-Siwalik foreland basin that have εNd (0) values close to those 
of the High Himalayan rocks. (d) Geometry at ~5 Ma:  the main phase of growth of the Upper Lesser 
Himalayan Duplex led to erosion of Lesser Himalayan and High Himalayan rocks. (e) Present-day (0 Ma) 
geometry: the uplift above the mid-crustal ramp leads to erosion of the Lesser Himalayan and High 
Himalayan rocks. 
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The Andes is the type orogen for subduction contractional systems but many uncertainties still exist 

about the crustal structure and few complete cross-sections have been done and published. Estimates of 
shortening have been in the past years a matter of debate mainly as far as the deficit of tectonic shortening to 
account for the known crustal thickness is concerned. Estimates for this shortening have mainly relied on 
shortening calculations made on cross-sections of parts of the orogen (Baby et al., 1997). It is known that 
along strike motion of material do occur in most mountain belts and has to be taken into account in any 
precise orogenic mass balance. It has also recently argued that the shortening deficit in the Andes results from 
plane strain calculations not considering the out of plane section motion of material (Hindle et al., 2005). 
However, 2D estimates of shortening on cross-section balancing are still a first valid approximation to a mass 
balance and construction of cross-sections across the entire Andean orogen is a priority.  
 

 
 

Figure 1: Location of the Cross-section in the Central Andes 
 

A complete cross-section of the Central Andes at 25.5º S has been constructed based mostly on surface 
geological data (Figs. 1 and 2). This work has involved field mapping and interpretation of aerial and satellite 
images across all the main structural units at this Andean transect. Structural data have been acquired all 
along the cross-section. Interpretation of seismic reflection profiles has also integrated where available, 
mostly in the eastern part of the cross-section. Published geophysical data have used to constrain the deep 
crustal structure (see references below). 
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Along this cross-section, crustal mass balance and shortening estimates along the non-thinned South 
America crust shows that shortening based on the flexural-slip restoration of the bottom of syn-compressive 
rocks (bottom of the Cenozoic in Argentina and of the Cretaceous in Chile) is of 108 km whereas the 
shortening based on the South America crust area restoration, considering an initial crustal thickness of 38 
km, increases to 271 km (Fig. 2). This denotes that contractional structures only explain 39,85% of the 
Andean crustal thickening along the presented section, and that the remaining Andean crustal thickening 
(60,15%) is related to other processes. It should be noted, that this thickening non explained by the observed 
contractional structures is equivalent to 163 km of non-thickened South America crust and not very different 
to the area of the low-velocity zone observed at middle crust levels. 
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FINDING LARGE GAS RESERVES IN THE FOOTHILLS OF THE WCSB 
 

Andrew NEWSON 
 

B.Sc. P.Geol., Moose Oils Ltd, Calgary, Alberta, Canada 
 
 
The Foothills of the Western Canadian Sedimentary Basin (WCSB) has a long history of natural gas 
production for the Canadian and American markets. As a supplier to the North American gas market, the 
Foothills will continue to play an important role over the next 10 years due to the steady upward pressure on 
natural gas prices resulting from increased demand and decreased supply. This firming in price, coupled with 
the existence of an established infrastructure in the Foothills, will allow the economical development of many 
of the remaining natural gas prospects.  
 
One of the reasons for the unique nature of the 
Foothills belt is the type of geological structures 
that are found in the surface and subsurface. The 
Foothills is part of the larger fold and thrust belt 
of the Rocky Mountains, a geological structural 
domain where the sedimentary rock of the WCSB 
has been deformed by horizontal compression. 
The rocks have been effectively shortened by one 
of two mechanisms. In some cases, the structural 
complexes have reservoir rocks faulted and 
stacked on top of each other to form structures in 
which the reservoir rock may be fault repeated 
two or three times. In other cases, the rocks have 
been folded by the horizontal compression into 
tight folds where the reservoir rock may be 
broken or fractured.  
 
The Foothills plays have been divided up based 
on structural style, stratigraphic framework and 
history of exploration. They are the First, Second, 
Third Generation, Stratigraphic and Triangle 
Zone play types. (Fig. 1). 
 
Production from the various play types has 
changed over time. Early production was 
dominated by the Reef/Stratigraphic, First and 
Second generation plays. Since the mid 1980’s the Third generation and Triangle zone plays have contributed 
an increasing amount to the annual production. (Fig. 2) Recent discoveries, whose production rates are still 
unpublished, would appear capable of significantly changing this production profile. 
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Based on the latest work by the Canadian Gas Potential Committee the Foothills have 27 TCF yet to be 
discovered in existing plays. The three largest fields left to be discovered in the WCSB will be in the Foothills 
and each will be greater than 1 TCF in size. 
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MOUNTAINS (N ALPS) AND UPPER RHINE GRABEN. 
 

Bertrand NIVIÈRE and Marzio GIAMBONI + 

 
UMR 5212 Modeling and Imagery in Geosciences, University of Pau, IPRA, BP 1155 F64013 Pau Cedex, 

France; +Geologisch-Paläontologisches Institut, Universität Basel, Bernoullistrasse 32, CH-4056 Basel, 
Switzerland. 

 

The northern structural deformation front of the Alps is marked, at the border between France and 
Switzerland, by the Jura Mountain. This thrust and fold belt implies the Mesozoic and Cenozoic sedimentary 
cover decoupled from its Paleozoic basement throughout a decollement level located in the Late Triassic 
evaporitic marls (Buxtorf, 1907). In front of that deformation front, the southern Upper Rhine graben (Basel-
Mulhouse area) shows a Plio-Pleistocene thin skinned buckling interpreted as a northward propagation of the 
Jura thrust and fold belt up to Mulhouse proceeding from a succession of four ~10 km apart ramps (fig. 1; 
Nivière and Winter, 2000; Giamboni et al, 2004). The deformation appears strongly controlled by the 
Oligocene structural inheritage. The development of the frontal ramp in Mulhouse has to be related to the 
Oligocene significant vertical offset of the Triassic evaporite along the Mulhouse Railway Station fault 
preventing for a propagation of the decollement farther to the north. In the same way, the fold propagation is 
laterally segmented by the N20°E trending Oligocene fabrics (from East to West, Rhine Valley flexure fault, 
Allschwil-Istein fault system and Illfurth fault) which acts above the decollement as lateral ramps. We also 
suggest that the thin-skinned propagation is oblique with respect to the Oligocene fabrics giving rise to a left-
lateral-reverse kinematics along the western ramps. It results to the West in the development of a shallow 
anticline along the Illfurth fault (fig. 1). 

The Plio-Quaternary activity of this thin-skinned tectonics induces the growth of a sedimentary 
tectonic wedge attested by the northward tilt of the Pliocene deposits of the west-flowing paleo-Rhine (the 
‘Sundgau gravels’, fig. 2) and by the regional topographic slope, comprised between 1.4° and 1° to the north 
(fig. 3a). At the local scale, the deformation concentrates above ramps whose activity is documented by the 
Pleistocene terrace remnants of the Rhine at east (fig. 3) and of the Largue river at west (fig. 4). 

Timing and strain rates of deformation are determined and we estimate strain rates of three 
parameters that describe the ongoing wedge build up. The sole thrust migration rate appears very fast with 
respect to the shortening rate in the Alpine foreland, and episodic. A period of very fast migration rate of the 
deformation precedes a pause in the forward migration corresponding to the nucleation and development of a 
frontal ramp. The uplift rate relating to ramping above the frontal ramps (~ few 0.1 mm/y) appears quite 
consistent with convergence rate in the Alpine foreland as given by geodetic measurements. This uplift rate 
would decrease with the development of the ramp and the coeval increase of the vertical load. The integrated 
tilting rate, comprised between 1 and 2 m°/ky, appears quite constant and is assumed to reflect the 
contribution of a continuous deformation in the wedge thickening. However, a slight decrease of the tilting 
rate is observed during periods of very fast sole thrust migration. These field data suggest a non steady-state 
development of a tectonic wedge. The role of gravity in this episodic behaviour would be strong. 

The topography of the Sundgau domain appears concave along a north-south transect (fig. 3a) 
whereas the theory rather predicts a convexe morphology (e.g. Chapple, 1978; Davis et al., 1983; Dahlen, 
1984). The implementation of a kinematics numerical model, based on the three components of the 
deformation recorded by the Rhine terrace remnants, suggests that this tectonic wedge is not yet mature. 
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Figure 1. a- Location of the study area (box) within the Alpine foreland. Ligth grey is the Cenozoic deposits. 

The box is fig. 1b (study area). b- Topographical map of the Sundgau and its surroundings (source: IGN 

topomap) with a morphostructural interpretation. Is. F.: Istein fault, Ill. F.: Illfurth fault, Dor F.: Dornach 

fault, M. F.: Mulhouse fault.  
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Fig. 2: Base map (in meters above sea level) of the Pliocene “Sundgau gravel”.  

 
Fig. 4 : Cross section accross the Dannemarie frontal ramp showing the folding of a- the “Sundgau gravels”, 
and b- the Pleistocene terrace remnants of the Largue river. Location in fig. 1.  
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Figure 3 a- Topographic cross-section across the Sundgau (source: IGN topomaps). Solid line is the mean 
elevation along strike of a 58x5 km S-N trending box from Ferrette to Mulhouse. Shaded area is the standard 
deviation around mean elevation of the box width. b- Projections of drillings and outcrops of the bottom of 
the Rhine terraces (T0-T5) along a S-N cross section across the Sierentz hollow (location in fig. 1b). Triangles 
are the bottom of the whole T0-T2 terraces as given by drillings, diamonds, circles and squares are the bottom 
of T3 T4 and T5 respectively (open from outcrops, bold from drillings). Solid line is the Rhine river. Inset in 
fig. 2b shows the deformation of T3 above the Magstatt ramp. The long range tilting is interpreted as the result 
of the wedge growth and short length-scale deformation as the consequence of ramping. c- Projections of the 
bottom of the Wechselian terraces T0-T2 as given by drillings. T0 is the alluvial plain. Dashed lines denote the 
best linear regression across the data. d- Topography of T1 showing an offset above the Mulhouse-Rixheim 
ramp. Inset in fig. 2d shows the incision rate of the Rhine river between 15 and 30 ky as given by the 
morphology of the riser (Nivière and Marquis, 2000). Positions in km (extended Lambert 2 projection), 
elevation in m. 
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Petroleum potential appraisal in thrust belts and tectonic wedges presents special methodological and data 
challenges.  Canada, being a large nation, has several structural provinces, of variable tectonic style and 
exploration intensity, which provide an effective “window” onto the challenges that the assessor of petroleum 
potential addresses, as a function of, tectonic style and assessment method.  We examine and compare three 
petroleum appraisal methods: the anticlinal paradigm, petroleum system analysis, and statistical methods. 
Historical Perspectives -- The Anticlinal Paradigm: 

The best, but most expensive, way to appraisal petroleum potential is to drill, using either the 
antclinal or stratigraphic entrapment paradigm as a prospect selection technique.  Today familiarity makes us 
contemptuous of the anticlinal paradigm, but history indicates just how novel and successful it was, even with 
the most rudimentary technologies.  T.S. Hunt, expounded the anticlinal paradigm, knowledgeable of the 
buoyancy of petroleum and the impermeable nature of some rocks.  His hypothesis was motivated by 
observations of bitumen impregnations in the crests of anticlines in Atlantic Canada and the location of 
petroleum seepages relative to compaction drape folding over Silurian reefs in southwestern Ontario.  An 
important and attractive feature of the anticlinal paradigm is its predictive power regarding the size of 
individual accumulations. 

During the last two decades of the 19th century, petroleum exploration began in earnest in the 
Western Canada Sedimentary Basin, specifically in Cordilleran Foreland Belt.  The deep glacial drift, nearly 
horizontal strata covering much of the Plains, and lack of modern geophysical methods frustrated early 
explorers.  To the south in the United States, where the glacial deposits were absent, the immense structures 
of the Laramide Foreland extended well to the east of the Cordilleran Foreland Belt.  In a number of Canadian 
places many hundreds of miles east of the Rockies, such as along the Clearwater River, near Avonlea 
Saskatchewan and even into Manitoba, significant bedrock structure could be mapped through the mask of 
glacial till.  This led to the initial, albeit, fundamentally incorrect assumption that a deeply eroded equivalent 
to the American Rocky Mountain Foreland Province involving the Precambrian basement extended into 
Canada beneath the veneer of glacial till.  As a result, the current distinctions between the Interior Platform 
and Cordilleran structural provinces were not recognized until the late 1920's to mid-1930's when a series of 
investigations by G.S. Hume suggested that structures geographically far removed from the Rocky Mountains 
were due to either compactional drape or salt effects.  (Hume was partly correct about the salt, but it was 
dissolution not diapirism that was the primary control on many Interior Platform structures).  However it was 
not until the late 1940s and early 1950s that a coherent structural model distinguished the Cordillera from the 
Interior Platform was developed such that basement involvement during Laramide Foreland Belt orogenesis 
could be completely discounted.   

The anticlinal theory proved successful in the Cordilleran Foreland Belt because: there were 
effective petroleum systems and seals, and because several reservoirs were of the “ramp” carbonate and 
“sheet” sand style, making the exploration effort primarily a “bump” hunt, once the structural style and 
prospecting methods were established.  Most important was the recognition that the “basement” was not 
involved in the deformation, allowing for the correct interpretation of seismic data and the delineation of 
prospects.  Several other early, but fortuitous, discoveries depended primarily on either fracture porosity and 
lateral facies variations.  Lateral facies variations were related to “abrupt margin” carbonate and “linear” 
sandstone reservoir styles, while fractures provided important permeability in otherwise “tight” reservoirs.  
Also important was the recognition of the role of the thrusts themselves, which were commonly conduits for 
petroleum migration, but which also provide a portion of the seal in many reservoirs.   
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The extrapolation of the anticlinal theory beyond the Western Canada Foreland Belt has met with 
mixed results, even in Canada.  In the Sverdrup Basin, it resulted in one of the technically most successful 
exploratory efforts ever, while the northern parts of the Cordilleran Foreland Belt have generally produced 
disappointing results, although, some discoveries have been made recently in regions that were considered 
barren previously.  In general the success of the anticlinal paradigm depends greatly on the style of porosity 
development in potential reservoir formations.  However, when information is limited, particularly in the 
early stages of exploration, the anticlinal paradigm provides the most important tool for both petroleum 
appraisal and prospect identification. 
Petroleum system analysis and models: 

Petroleum systems analysis and models are the newest of the methods applied to understanding 
petroleum potential in thrust and fold belts.  These methods employ studies of source rock occurrence, 
richness, kerogen composition and thermal history as inputs to a variety of models of varying sophistication 
that allow for the characterization of petroleum system function and history.  The confidence in appraisals 
based on petroleum system analysis depends strongly on the amount of data that is available, such that this 
method depends on and generally lags with respect to the anticlinal paradigm.  Neither is there a simple 
method of extracting accumulation size data from the results of petroleum system calculations, not only 
because of uncertainties in the calculation, but because of lack of detail and control on the secondary 
migration pathway and untested trap configurations.  Still, such analyses can provide very important 
confirmation that a total petroleum system exists, and that the appraisals provided by other techniques will 
indicate attractive prospects to exploit, as illustrated by the study of the Skeena Fold Belt in the Intermontane 
Terrane of central British Columbia.  A commonly underestimated and undervalued aspect of petroleum 
system analysis is its potential to predict the absolute upper limits of resource potential.  We suggest that 
important additional study aimed at employing petroleum system analyses to these ends would be most 
useful.   
Statistical Methods 

There are a number of statistical methods, which can likewise be employed in petroleum appraisal.  
The most important of these are methods based on discovery history results, which infer that the sample of 
discovered petroleum accumulations can be used to infer the population, or superpopulation, of numbers and 
volumes of accumulations in a play.  An excellent example of this type of analysis is available from the 
Cordilleran retro-wedge setting in southern Alberta. Even where no discoveries exist, it may be possible to 
infer the accumulation size distribution and the potential number of accumulations using risked geoscience 
data, as in the pro-wedge setting of Pacific Margin.  These techniques are extremely powerful because of they 
predict undiscovered accumulations as a function of their potential size range, although unlike the anticlinal 
paradigm they are not geographically specific.  However, historical analysis demonstrates that this method 
tends to provide a conservative resource appraisal, more likely due to the risks applied to the inputs than due 
to the method itself.  Recently, attempts have been made to extend statistical resource assessment methods to 
be geographically representative and considerate of the effects of the “exhaustion of potential” by exploratory 
activities.  Some geographic methods are dependent on independent estimates of the potential and focus on 
the distribution of it, while others can provide a simultaneous estimate of potential and its most probable 
distribution, as a function of previous exploration activity.   

All three methods provide important contributions to petroleum potential appraisal.  While 
petroleum systems analysis cannot provide information regarding undiscovered accumulation sizes, such 
studies help to characterize important risks not explicitly characterized by the other two analyses.  Statistical 
methods provide important, accumulation size-based characterizations of the undiscovered resource that can 
help to guide the efforts of prospect and play detection and characterization within the set of competing 
opportunities.  Finally the only certain method to prove petroleum potential is to drill, as long as relationships 
between structure and reservoir are adequately understood. 
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   The Zagros is a young and active orogenic belt where geomorphology and seismicity provide 
invaluable constraints on the style of deformation. Although the general features of the geology and the 
structure of the Zagros belt are now well understood, detailed data on the distribution of active deformation 
and seismotectonic behaviour across the belt are still poorly constrained. These questions can be addressed by 
applying tectonic geomorphology methods. Remnants of warped and tilted fluvial terraces of rivers systems 
traversing the centeral Zagros provide evidence for recent crustal deformation in the study area. The Dalaki 
River intersects several possibly active structures, including the Mountain Front Flexure or Mountain Front 
Fault (MFF), and drains rocks of the Zagros sedimentary succession characterised by highly variable 
resistance to incision. The MFF constitutes an important but unexposed structural element (termed blind 
master thrust) that delimits the short-wavelength folds and the Cretaceous-Paleogene outcrops in its hanging-
wall throughout the Simple Folded Zone (SFZ). Along the Dalaki River, up to ten levels of Quaternary strath 
terraces can be distinguished up to 100 km upstream from the MFF. They were classified based upon their 
spectral signature on SPOT imagery and in the field. Terrace elevations have been measured using digital 
elevation models and in the field using a digital altimeter and kinematic GPS. 

To estimate deformation rates, we have focused on the frontal limb of an active structure along the 
MFF (Gisakan fold, Fig. 1), where terraces are particularly well preserved and can be easily correlated, and 
where incision can be unambiguously interpreted as resulting from tectonic uplift. In order to deduce fault 
displacement from the uplift profile across the MFF, we assume rigid translation above the 36-42° dipping 
ramp. Using this rule, the ~100m maximum vertical displacement of the T6 level would correspond to a slip at 
depth on the ramp of 160 ± 10m since T6 terrace formation.  Dating of the terraces along the Dalaki River, in 
particular of level T6, is currently in progress and will provide an estimate of the uplift and shortening rate 
accommodated by the MFF. The dating will also help to confirm our preliminary terrace correlation and uplift 
profile reconstruction.  

In order to constrain the finite deformation of the sedimentary cover and the depth to basement we 
have constructed balanced cross-sections SFZ (Figs. 1, 2). Our balanced sections suggest that both the 
Hormuz salt and the Miocene evaporites of Gachsaran Formation act as ductile décollements at the base and 
within the upper part of the sedimentary cover, respectively. The sections show that folds can propagate as a 
thin-skinned system over the backlimb of master folds and above the Gachsaran décollement without a clear 
vergence. In contrast, thick-skinned deformation over the basal décollement level develops a system of master 
fault-cored folds with a clear vergence toward the foreland. Thick-skinned models require large-scale 
basement imbrications and ~2 km of relative offset of the crystalline basement, and predict 3-4 km of 
shortening in the basement compared to 15-25 km in the sedimentary cover. In particular, thick-skinned 
tectonics is expected to produce broad uplifted zones. The exhumation of Cretaceous limestone along the 
MFF footwall ramp implies ~6000 m of vertical displacement (Fig. 2). Based upon reported sesimic data, it 
appears that seismogenic deformation can be located in the lower part of the sedimentary cover, at least close 
to the MFF.  

 The relative elevation profile of terraces above the present channel of the Dalaki River (Fig. 3a) indicates 
significant incision up to a distance of 70 km upstream of the MFF, which corresponds to a distance 
orthogonal to the fold strike of ~35 km, and clearly increasing in amplitude toward the fault. Further upstream 
the river drains parallel to the structures and the relative elevation of the terraces drops to close to zero, 
indicating more subdued incision further east. At this stage, i.e. in view of our preliminary terrace correlation, 
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incision rates appear roughly constant through time. This would suggest that incision is not linked to the 
transient response of the river to a climatic or geomorphic perturbation, but probably responds to continuous 
tectonic uplift. We thus interpret the incision profiles as reflecting a ~35 km-wide zone of roughly uniform 
uplift. Such broad vertical deformation east of the MFF is compatible with a ramp rooting at least in the 
middle crust (probabily deeper than 15 km) and not only involving deformation of the sedimentary cover. 
 Although the elevation of the Dalaki terraces indicates much more subdued uplift east of the point P on Fig. 
3, several indices of active or recent tectonics, expressed by deformation of Bakhtyari formations are 
observed in this area. A case example is the Baladeh monocline in the most eastern part of the study area (Fig. 
1 & 4). The Baladeh monocline has a flat topped, broad fold form; growth strata on the backlimb indicate that 
the monocline folding was active during Bakhtyari conglomerate deposition. This monocline constitutes the 
south-western flank of a wide syncline that has been reactivated as a parasitic fold due to lithological 
inhomogeneity, probably associated to the high detachment level of the Gachsaran Formation. The maximum 
vertical displacement of Quaternary conglomerates relative to the present-day river (~90 m) is encountered 
near the front of the structure. The continuous vertical displacement field of the Quaternary conglomerate at 
the flat top-limb (~2-km wide) suggests that the Baladeh monocline developed by a mechanism of distributed 
upward movement. There is a clear curvature zone between the top- and front-limbs, where the elevation of 
conglomeratic strata shows an abrupt change. Based upon the geometry of the monocline, we propose it 
developed as a kink-like fold structure that terminates laterally. If we consider an idealized geometrical model 
of décollement folding, then from simple angular relationships the deformation of the T20 level is equivalent 
to a horizontal shortening d = 95 ± 10m in a NE-SW direction. Assuming an age of 1-2 Myr for the Bakhtyari 
formation in Baladeh region and a roughly continuous deformation since, we estimate that the mean uplift and 
shortening rates associated to Baladeh monoclinal structure has been 0.04-0.08 mm/yr and 0.5-0.1 mm/yr 
respectively.  
 

 
  
Fig. 1. (right) Summary of fault plane solutions of large earthquakes in the Central Zagros. Base map 
modified from Berberian, 1995; topographic contours with 1000-m interval. Grey-shaded arrow indicates rate 
and direction of horizontal tectonic transport in mm/yr for Boushehr station in the central Iran-fixed reference 
frame for the period 1999-2001 (Vernant et. a., 2004). Projection in UTM, zone 39N, WGS 84. (left) Shaded 
Relief DEM of the study area, with superimposed location of the Dalaki River and available large seismic 
events (two focal mechanisms of large earthquakes; Harvard CMT solutions).  Dashed white lines indicate 
balanced cross-section (Fig. 2). Image dimensions: 47 km along N-S, 80 km Along E-W; 
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Fig. 2. thick-skinned model that requires ~2 km of relative offset of the crystalline basement. In contrast, 
using imbricate thrust sheets of strata to fill excess area (thin-skinned model) requires an unreasonably 
large amount (62%) of total shortening.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.  (a) Longitudinal terrace profile along the Dalaki River up to 100 km projected distance upstream from 
the MFF. Terraces are projected onto the valley axis of the river. (b) Longitudinal profile of the Dalaki River 
and strath surfaces (indicated by fine lines projected onto the valley axis). Upstream of the point P, the river 
drains parallel to the structures and the relative elevation of terraces drops to close to zero.   
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Fig. 4. (left) Geomorphological map and elevation of the T20 terrace projected onto profile A-A’, 
perpendicular to the Baladeh monocline along the Dalaki River. Deformation of the Bakhtyari surface (T20), 
which covers the flat top-limb of the Baladeh monocline, indicates active or recent tectonics. Vertical 
displacement field changes gently over 2 km from the frontal culmination toward the back-limb. (right) 
Cross-section (V=H) indicating a succession of bedding-plane parallel thrusts in the hangingwall of the 
original ramp over which the monocline developed. The continuous vertical displacement field of the 
Quaternary conglomerate at the flat (~2-km wide) top-limb suggests that the monocline developed by a 
mechanism of distributed upward movement.    
 
 
 We suggest that thick-skinned seismic deformation propagates over the basal ductile décollement of 
Hormuz salt and develops a system of master fault-cored folds (e.g. Gisakan master fold) with a clear SW-
ward (foreland-directed) vergence, and large amplitude and wavelength, as expressed by the displacement of 
geomorphic surfaces. In contrast, Neogene gypsum and marls of the Gachsaran Formation play and important 
role by decoupling thin-skinned deformation within Neogene-Quaternary sediments from lower portions of 
the rock cover and thin-skinned folded structures grow over this decoupling level. We suggest that this 
shortening is a manifestation of aseismic deformation and failure to consider the relative contributions of thin- 
and thick-skinned deformation patterns and their mechanisms may lead to an overestimate of seismic hazard. 
Because seismicity has been shown to be mostly localised in the upper crystalline basement, we suggest that 
using only seismic data is not adequate to quantify the spatial distribution of recent crustal deformation or to 
estimate strain at various scales throughout the Zagros. 
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CASUAL RELATIONSHIPS BETWEEN SEISMICITY AND 
SEDIMENT THICKNESS IN THE AQUITAINE BASIN 

 

Christophe PASCAL (1) and Sébastien NAVARRO (2) 

 

(1) NGU, Geological Survey of Norway, 7491 Trondheim, Norway, christophe.pascal@ngu.no 
(2) Institut de Physique du Globe, 4, place Jussieu, 75052 Paris, France. 

 

The Aquitaine Basin formed on a crustal domain consolidated during the Hercynian Orogeny 

(Curnelle and Dubois, 1986). The basin has been submitted to various phases of extension and subsidence 

from Permian to Late Cretaceous but most of the sedimentary pile accumulated passively, in Tertiary times, 

after the onset of the Pyrenean orogeny (Brunet 1986). Tertiary compressive deformation is mainly focused 

on the southern margin of the Aquitaine Basin (Rocher et al. 2000), where well-developed fold and thrust belt 

structures are documented, but leaves almost untouched most of the sedimentary cover north of it. The 

present-day seismicity in the Aquitaine Basin concentrates at its edges, where the sedimentary cover is thin or 

even missing, leaving the centre of the basin almost void of earthquakes. 

The factors that determine the distribution of intraplate seismicity have been a matter of debate and 

controversy for decades (e.g. Sykes et al., 1978). In the present contribution we propose a plausible 

mechanical model to explain the observed correlation between seismicity and sediment thickness in the 

Aquitaine Basin. In order to quantify the impact of variations in sediment thickness on the distribution of 

earthquakes, we modified the analytical method introduced by Johnston (1989). The method involves the fault 

stability margin concept (i.e. FSM) and was originally designed to explain the lack of seismicity in 

continental areas covered by large ice-sheets, as well as the tremendous late-glacial surface ruptures observed 

in Fennoscandia. The FSM measures the distance between a given friction line and the Mohr circle, as such, 

high positive FSM values suggest that faulting is unlikely whereas very low or negative values indicate 

faulting. 

A crucial assumption introduced here is that basement faults are much weaker than faults offsetting 

sediments. Basement faults are seen as long-lived mature structures characterised by well-developed fault 

products and fabrics. Recent experimental work (Bos and Spiers 2002) confirms the intuitive view (e.g. 

Pascal and Gabrielsen 2001, Holdsworth 2004) that such faults present friction values much lower than values 

assumed traditionally (Byerlee 1978). This view is also being supported by geological (e.g. Imber et al. 2001) 

and seismological observations (e.g. Townsend and Zoback 2001) that demonstrate that long-lived structures 

tend to focus strain and are merely weaker than 'Byerlee' faults. Because most of the sedimentary cover in the 

Aquitaine Basin has been deposited in a relatively quiet setting, it is reasonable to assume that the faults in 

sediments do not present well-developed fault products and fabrics (at least away from the narrow area  
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affected by Tertiary folding and thrusting) and, consequently, that these faults display relatively high 

friction coefficients in contrast to the long-lived basement faults. 

 Based on the assumptions listed above, using previously published isopach maps for the Aquitaine Basin 

and considering wide ranges of realistic values for the input parameters (i.e. fault friction, applied boundary 

stresses), we computed FSM spatial distributions at top-basement depths. The modelling results suggest high 

positive FSM values below the major depocentres and low to negative FSM values at the margins of the 

basin. The simulated FSM patterns indicate that seismicity is inhibited by the weight of the sediments at the 

centre of the Aquitaine Basin, but that basement faults are in an unstable state at its margins, in good 

agreement with the actual earthquake distribution in SW France. 
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In the central Po plain and the facing Apennines foothills, a recent research project aims deciphering 

the complex geological evolution to develope a model for the hydrocarbon system.  
A long-lasting problem is the origin of the source for oil and gas: the presence of mostly thermogenic gas and 
fractionated light oils points to deep source(s). Geochemical analysis of hydrocarbon and potential source 
suggest a possible contamination of oils within the Tertiary reservoirs. Therefore we address our attention to 
possible deeper, Mesozoic, sources. 
The Mesozoic paleogeographic domains reconstructed for the Southern Alps can be prolonged southward till 
the Apennines foothills. The NW- trending Neogene foreland basins and structures of the Apennines overlie 
the upper Triassic rocks of the Lombardian Basin, basically N- oriented. A “Southalpine” substrate of the Po 
plain account for the distribution of the source, as well as the structural style, due to the lateral variations of 
the thickness of the detached sedimentary cover. 
The foreland basins were characterized by two different depocenters (the Gonfolite for the Southern Alps, the 
Macigno - Cervarola for the Northern Apennines) until Serravallian, when the proximity of the two fronts 
allowed the creation of a single complex central basin. The latter was segmented by a number of intrabasinal 
highs, due to inversion of previous extensional structures and activation of thrust fronts verging to the South 
(Southalpine) and the North (Apennines). The sediment was supplied from the Northwest (western Alps) and 
from the North (central Alps) until the Tortonian, when the Southalpine became predominant. The 
northwestern source is revealed by the presence of detrital blue amphibole, absent in the sediments deriving 
from the North. 
The foredeep migrated to the north, following the northward emplacement of the Ligurian gravity nappe and 
the forward evolution of the thrust belt. After the Messinian, however, no more advancement is recorded of 
the thrusts and foredeep in the studied portion of the Northern Apennines (Fig. 1). 
Although the oil sources are limited, the wide distribution of gas-prone sediments ensures an adequate supply 
for exploration. The main risk, however, is the quality of reservoir, to face it we developed a model in which 
the distribution and composition of sands have been taken into account. We propose that the most important 
parameter is the time span between deposition and deformation of the sand-rich units, only short span 
allowing for the preservation of sufficient primary porosity. Due to the strong subsidence, in fact, the sand-
rich units have been strongly buried, except for the growing highs. 
In this view, basin inversion plays an important role in creating intrabasinal highs, whose evolution is 
independent from the main thrust front, and very difficult to model, because of the selectivity of this process.  
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Figure 1 A cross section from the Northern side of the Apennines to the Po Plain between Parma and the Lake Garda, 
showing the structural style and the main geometry of the sand-rich units. Note the inverted basin between the Brè and 
Piadena wells. 
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AN ATTEMPT TO RECONSTRUCT THE WESTERN OUTER CARPATHIANS STRUCTURAL 
GEOLOGICAL MODEL, ON THE BASE OF AVAILABLE EXPLORATION GEOPHYSICS AND 

SURFACE GEOLOGIC DATA, ALONG THE REGIONAL SEISMIC LINE FROM DUKLA TO 
RZESZÓW. 
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 The Polish Carpathians form the northern part of European Carpathians arc, one of the elements of Alpine 
mountains chain. Based on differences in tectonic development they are subdivided into inner and outer 
Carpathians. The Inner Carpathians are considered as a continuation of Northern Calcareous Alps and formed 
a part of Apulian microplate, a promontory of the African plate.(�l�czka A,Cieszkowski M., 2001)  Mainly 
calcareous sedimentation, which took place from Early Triassic to Cretaceous, was leading in this zone. Late 
Cretaceous tectonic movements caused the folding of the Inner Carpathians belt. 
 The Outer Carpathians are composed of Upper Jurassic to Lower Miocene flysch deposits, which are 
completely uprooted from their basement and separated from the Inner Carpathians by the Pieniny Klippen 
Belt suture zone. The Western Outer Carpathians /Polish part/ form an accretionary wedge. Its formation was 
completed by the Late Oligocene/ Miocene. The flysch deposits of Outer Carpathians built up several nappes 
sub-horizontally overthrust onto the Miocene deposits of the Carpathian Foredeep or directly onto 
Precambrian-Mesozoic rocks of the Carpathian Foreland. (Golonka et all 2003). From the south to north there 
are: Magura Nappe, Fore-Magura Group of nappes, Silesian Nappe, Sub-Silesian Nappe and Skole Nappe. 
These units developed from the different plate tectonic realms: Magura and Pieniny Klippen Belt are 
connected with the alpine Tethys, while Silesian, Sub-Silesian and Skole Nappes developed on the rifting 
European platform (Golonka, J. et all, 2003). 
 The following geodynamic evolution stages could be distinguish in such defined Outer Carpathians 
(Slaczka & Kaminski, 1998, Golonka & Slaczka, 2000):  
I - syn- and postrift - formation of passive margin and basins with the attenuated crust  
II - early collisional - development of subduction zones, partial closing and of oceanic basin 
inversion/uplifting of intra-basinal source areas and development of flysch basins  
III - orogenic, perhaps terrane - continent collision with the accompanying convergence of two large 
continents  
IV - postcollisional. These stages correspond quite well with the global sequence stratigraphy (Golonka & 
Kiessling, 2002), the three megasequences encompassing one stage, they are also closely related to the major 
changes in the climate setting of the region. (Golonka, J. et all, 2003) 
 
 
The structural model of Outer Carpathians has been presented based on an example regional seismic profile 
/fig.1/. This seismic section is especially localized to show the subsurface development of region. The section 
shows several nappes that are as follows from south to north: Silesian, Subsilesian and Skole. The surface 
geologic map, tectonic map, Bouger gravity anomaly, distribution of seismic velocity, geothermal gradient 
map and regional seismic profile have been used to construct this model. The lithostratigraphic data have been 
generalized into megasequences /Enfield 1998/ based on the physical and especially mechanical properties 
taking into consideration available lithostratigraphical scale and surface geological map. There have been 
distinguished five megasequences with constant physical properties /fig.2/. This division was the base of the 
interpretation of seismic section and well data. Compatibility with distribution of gravity field data, 
geothermal gradient map and surface fault patterns were the calibration of prepared model. They have been 
prepared a palinspastic restoration to interpret the deep subsurface structural elements.  
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 The workflow presented below allowed constructing the structural model of the central part of Outer 
Carpathians up to the bottom of Carpathian thrust belt system along the available seismic profile. The 
presence of intrabasinal paleoridges postulated before by several authors (Bieda et al. 1963, Ksi��kiewicz, 
Samsonowicz, Ruhle 1965, Kruczek 1999, Koszarski, �l�czka 1973) has been confirmed.  The deep settled 
elevations beneath the Carpathians stack of nappes have been recognized in southern and northern part of 
analyzed seismic section. The position of mentioned above deep elevations cannot be associated with the 
Outer Carpathians sedimentary basins. 

Reconstruction of geodynamic development history of Outer Carpathians and describing the 
Carpathian oil system will be the main target of the next regional seismic profiles, which are planed to 
execution in future. 
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Fig.3. Deformed and restoration model sectionsS 
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DUCTILE THRUSTS AND SHEATH FOLDS AS LONG-TERM DEFORMATION INDICATORS 

AT DEEP TECTONIC REALMS (BACARIZA FORMATION, CABO ORTEGAL, NW SPAIN) 
 

PUELLES, P., ÁBALOS, B. and GIL IBARGUCHI, J.I. 
 

The Cabo Ortegal Complex forms a part of the so-called Allochthonous Complexes of the northwestern 
Iberian Peninsula. In the Cabo Ortegal Complex (Fig. 1) metaperidotites, eclogites, high-pressure granulites 
and gneisses (Vogel, 1967; Gil Ibarguchi et al,. 2000, and references therein) record metamorphic pressures 
that point to oceanic and continental subduction and subsequent collision to explain their structure and 
evolution (Ries and Shackleton, 1971; Martínez Catalán et al., 1997). It is in such tectonic settings where 
thrusting occurs in conjunction with formation of folds.  
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Fig. 1. Simplified geological map of the Cabo Ortegal Complex after Ábalos et al. (2000) showing the high-grade/high-
temperature metamorphic nappes. 

 
The granulite-facies Bacariza Formation constitutes a heterogeneous unit that crops out extensively in 

the central sector of the Cabo Ortegal Complex (Vogel, 1967; Galán and Marcos, 1977; Puelles, 2003). 
Recognition of (i) ductile thrusts bounding the different units and (ii) sheath folds at the map scale (Fig. 2), 
along with petrographic, microstructural and geothermobarometric data collected in these rocks, permit to 
decipher and interpret the long-term deformation registered during the evolution of the units that make up the 
Cabo Ortegal Complex.  

Granulites of the Bacariza Formation are mainly basic to intermediate in composition, although 
granulitic, carbonate-rich or mineralogically more exotic varieties also exist. On the basis of modal variations 
in the abundance of mafic and felsic mineral several lithotypes have been differentiated in order of decreasing 
outcrop area (Puelles, 2003; Fig. 1): (G1) plagio-pyrigarnites, (G2) intermediate to felsic, plagioclase-rich 
granulites, (G3) Mg-rich mafic granulites, (G4) pyrigarnite, or plagioclase-poor ultramafic granulites, and 
(G5) granulitic orthogneisses.  
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Fig. 2. A-A’geological cross-section of the central sector of the Cabo Ortegal Complex (Fig.1 for location and 
scale) showing the structural relationship between ultramafic rocks, high-pressure granulites (Bacariza Formation: G2-
G4), eclogites and high-pressure gneisses (Banded and Cariño). The contacts between the different units correspond to 
ductile thrusts. Note the eye fold structures occurring in the Bacariza Formation, here interpreted as lineation-
perpendicular geometries of sheath folds. 

 
Based upon microstructural and petrographic criteria, and on the nature and the geometrical 

relationship of both major and penetrative minor structures, a HP deformational event can be identified. This 
is, in turn, composed of two successive episodes: D1 and D2 (Ábalos et al., 2003; Puelles, 2003; Puelles et al., 
2005a).  

The main deformation phase recorded high-pressure granulite facies conditions (up to 790 °C and 1.6 
GPa) and gave rise to the development of a compositional banding parallel to a S1 foliation and L1 mineral 
and stretching lineation. The NNE-trending lineation is subhorizontal (mean orientation of 13º/016º) and it is 
defined by the preferred orientation of high-pressure minerals (clinopyroxene, garnet, kyanite, rutile and 
zoisite/clinozoisite). A NNE-directed sense of movement of the hanging-wall blocks is recognized. Folds 
deform the high-pressure foliation and develop at places an axial planar foliation defined by the preferred 
orientation of high-pressure mineral assemblages. Therefore they are considered to be coeval with a 
polyphase high-pressure deformation. Sheath folds have been also identified in several outcrops as well as on 
the map scale (Ábalos et al., 2003).  

During D2 (740 ºC and 1.4 GPa) localized deformation took place (Ábalos et al., 2003; Puelles et al., 
2005b). The stable mineral association is similar to that of D1, although the microstructures displayed are 
essentially mylonitic. This deformation phase is related to the formation of ductile thrusts at the contact with  
the overlying peridotites and underlying eclogites (Fig. 1). As a consequence, S1-L1 were transposed in 
ductile shear zones and a new generation of isoclinal and sheath folds, and associated mylonites developed. 
The majority of the shear zones are subhorizontal (S2 foliatons with a mean orientation of 15º/095º) with 
associated L2 stretcthing lineations plunging ca. 10º/025º.  

The pervasive retrogression undergone by the primary high-pressure mineral assemblage is caracteristic 
of these rocks. Fine-grained symplectitic aggregates made of secondary clinopyroxene and plagioclase 
statically replaced primary clinopyroxenes (1.4 GPa and 742 ºC). This symplectitization was followed by a 
posterior D3 amphibolite-facies retrogression (1.3 GPa and 705ºC) that involved cooling and deformation 
partitioning into discrete shear zones. The late evolution of these rocks is related to D4 deformation processes 
under low-grade amphibolite to greenschist facies conditions. 

The compositional heterogeneity of these rocks, the recorded high pressures and the structural data 
collected indicate evolution at deep tectonic realms of an oblique subduction/collision orogenic channel. The 
calculated P-T conditions for the metamorphic peak during D1 (1.6 GPa and 790º C) would indicate that these 
rocks reached depth values of ca. 60 km around ca. 390-400 Ma, suggesting a geothermal gradient of ca. 15º 
C/km. However, the slight variation of the P-T conditions from N to S depending on the distance measured in 
the direction of the regional lineation from the northernmost point of the formation shows a decrease in T and 
P in the order of 50º C and 0.2 GPa. A similar tendency has been recognized in the adjacent eclogite 
formation (Mendia, 2000). This variation in pressure from N to S in the order of 0.2 GPa would indicate 
apparent dip angles of ca. 25º. Thus, the real dip of the subducting slab should have been about 60º W 
(Ábalos et al., 1996).  

Once the granulites were accumulated in the subduction conduit they were underplated by other units 
with different previous metamorphic history (eclogites, peridotites) leading to the formation of a unique 
entity. Ductile thrusts and sheath folds developed and along with the previously formed structures evolved 
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with the progression of deformation. Meanwhile, a syn-convergent extrusion (Chemenda et al, 1995) began 
under HP conditions (Gerya and Stöckhert, 2002). This is testify to by the decompression and minor cooling 
associated with D2 (740 ºC and 1.4 GPa) that took place ca. 380 Ma.  

After the formation of a single complex, the different units shared a common exhumation history 
induced by extensional tectonics along with syn-convergent extrusion (Platt, 1993). This is proved by the 
further decompression and cooling indicated by (i) symplectitization (1.4 GPa and 742 ºC), (ii) pervasive D3 
amphibolitization (1.3 GPa and 705ºC) of the HP mineral assemblages (ca. 375 Ma), and (iii) later 
retrogression under greenschist-facies conditions. The exhumation process would have finished with full 
collision during the early Carboniferous (360 Ma, cf. Dallmeyer et al., 1997). All this exhumation process 
would have lasted 15-20 My (Van Calsteren et al., 1979; Peucat et al., 1990; Dallmeter et al., 1997). 
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OBLIQUE MOTION PARTITIONING ALONG THE ACTIVE WEST SUNDA FOLD AND THRUST 
BELT: AN UNEXPECTED BALANCE. 

 
Claude RANGIN 

CNRS Collège de France, Chaire de Géodynamique, Cerege, BP 80, 13545 Aix en Provence, France. 
 

The active plate boundary that fringes the western part of SE Asia is the site for subduction of oceanic 
and continental crust as well as submarine ridges. Co-seismic motion during the great Sumatra earthquake 
was mainly evidenced by thrust faulting normal to the curvature of the Andaman trench. However Neogene 
finite motion along this plate boundary is oblique to hyper-oblique from the northern tip of Sumatra to 
northern Andaman Islands, suggesting strike slip faulting and wrenching has to be taken into account for the 
deformation of this wide fold belt. 
Dextral strike slip is partly accommodated along the Sumatra and Sagaing faults, but a significant part of this 
motion affects the accretionary wedge. 

We discuss here new marine geophysical data collected with r.v. Marion Dufresne during the 
Andaman 2000, Bengale 2005 and Sumatra-aftershocks 2005 cruises and geological data acquired into the 
field in Myanmar and Bangladesh from northern Borneo to Assam. 
Offshore Sumatra detailed mapping has revealed dextral wrenching affects the whole accretionary wedge and 
its backstop on the site of the Great Sumatra earthquake. 
Offshore Myanmar, the northern Andaman trench is a rather pure strike slip fault zone merging northwards 
with the Indo-Burmese-Assam belt. In southern Myanmar en echelon folding and dextral wrenching 
characterizes this narrow wedge accommodates more than half of the strike slip motion of this hyper-oblique 
convergent zone as indicated by GPS studies. In northern Myanmar and southern Bangladesh, the Kaladan 
Fault that affects the wedge inland is a pure dextral fault connecting northwards to a major out of sequence 
dextral wrench zone. 
This study shows the lithospheric Sagaing-Sumatra faults accommodate only part of the strike slip component 
of motion along this hyper-oblique convergent zone. 

These observations are shedding light on the unexpected high finite rate of strike slip fault 
deformation that affects this 2000 km long active accretionary wedge; this could have consequences for the 
presently active hydrocarbon exploration in the Bengal basin. 
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THERMOCHRONOLOGICAL ANALYSIS OF SIWALIK SEDIMENTS FROM THE KARNALI 

RIVER SECTION (WESTERN NEPAL): CONSTRAINTS ON THE KINEMATICS OF THE 
FRONTAL HIMALAYAN PRISM. 

 
Xavier ROBERT, Peter VAN DER BEEK, Jean-Louis MUGNIER, Erika LABRIN. 

Laboratoire de Géodynamique des Chaînes Alpines, 38 000 Grenoble, France. 
 
 

Foreland basin sediments contain a record of the dynamics of the orogenic prism in a continental 
collision context (e.g., Burbank, 1992; Cederbom et al., 2004; Harrison et al. 1993). Here, we study the 
dynamics of the Miocene-Recent Siwalik accretionary prism of the Himalayan orogen, which is constituted of 
several thrust slices adjacent to the active orogenic front. We report new detrital apatite fission-track data 
from Miocene to Pliocene Siwalik Group sediments. We have analysed 13 samples collected along the 
magneto-stratigraphically controlled Karnali River section in western Nepal (Gautam & Fujiwara, 2000). 
Both apatite and zircon fission-track ages were determined from these samples; they are reported in a 
companion paper at this meeting (van der Beek et al, this meeting). 

The specific goal of this study was to quantify the onset of activity as well as the deformation 
history recorded by the Main Frontal Thrust (MFT), the active frontal thrust of the system. We use detrital 
apatite fission track (AFT) thermochronometry because this system is sensitive to post-depositional heating 
within the sedimentary basin due to its relatively low closure temperature (110 ± 10°C; Gallagher et al. 1998). 
As a sample is buried deeper in the sedimentary basin and reaches temperatures at which fission tracks start to 
anneal (T ≥ 60°C), the information it contains concerning source-area exhumation is progressively erased. 
This loss of information is, however, counterbalanced by complementary constraints on the post-depositional 
thermal history, which will be most clearly recorded by the deepest and most completely reset samples (Carter 
& Gallagher, 2004; Cederbom et al., 2004; Rohrman et al., 1996). We complete the dataset presented by van 
der Beek et al. by including confined fission track length measurements (after Cf-irradiation of the samples 
improving confined-track revelation efficiency) to constrain the thermal history, as well as etch-pit width 
measurements to provide a kinetic proxy (e.g., Carlson et al., 1999; Barbarand et al., 2003). 

 
The upper part of the Karnali section yielded samples with AFT ages older than the stratigraphic age and 
increasing downsection, characteristic of unreset samples. Deeper samples, in contrast, have an increasing 
proportion of single-grain AFT ages younger than the stratigraphic age and ages decrease downsection, 
characteristic of partly annealed samples (Figure 1). The transition between the two (i.e., the top of the pre-
exhumation Partial Annealing Zone) occurs at ~2500 m depth, indicating a pre-exhumational geothermal 
gradient of 15-20°C within the basin, in accord with vitrinite reflectance data and heat flow measurements in 
Ganges basin wells. The annealed AFT samples from the lower part of the Karnali section have a consistent 
minimum age (i.e., youngest age population) peak of 2 Ma, suggesting that the onset of exhumation of this 
part of the Siwaliks along the Main Frontal Thrust took place at this time.  
 
Mean confined track lengths vary from ~12 µm in unannealed samples to <10 µm in the deepest and most 
strongly annealed samples. We inverse the track-length data to further constrain the thermal history of the 
samples using the AFTSolve package (Ketcham et al. 2000) that allows incorporating kinetic data (Figure 2). 
Best-fit thermal histories show initial heating of the sediments related to burial within the foreland basin, 
followed by a phase of constant temperatures during a period of up to 5 My and extremely rapid cooling of 
the sediments since <1 Ma, which we interpret as being due to exhumation along the MFT. Predicted peak 
temperatures are between 80-110°C for all samples, suggesting a strongly non-linear geothermal gradient, 
possibly due to heat advection by fluids within the basin. The results also clearly show that the mean and 
minimal thermochronological ages of partially annealed samples are not simply related to a specific tectonic 
event. 
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Finally, we confront these inverse model results with predictions of a forward numerical tectono-thermal 
model using the IFP (Institut Français du Pétrole) Thruspack Package. From a reconstructed initial basin 
geometry and a tectonic scenario we calculate thermal histories for the rocks along the Karnali River section 
and use these to predict the corresponding apatite fission track ages and length distribution using AFTSolve. 
Taking into account all available constraints, our best-fit models suggest that initiation of the MFT took place 
after 2 Ma with an important recent shortening around 20 mm.yr-1 from 0.3-0.1 Ma to today. The activity of 
MFT cannot have been homogenous through time; it has either accelerated recently or activity has been 
discontinuous through the last 2 My. 
 
Keywords: orogenic prism, Himalaya, Siwaliks, Main Frontal Thrust, fold and thrust belt, thermal gradient, 
thermochronology, apatite fission tracks, numerical modelling, time - temperature paths 
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Figure 1. Stratigraphic ages (thick continuous line), central (black diamonds) and minimum (white squares) 
AFT ages, and confined AFT length distributions for samples collected along the Karnali River section (µ is 
the mean confined track length and e the standard deviation). Note (1) the switch from unannealed to 
partially annealed samples at ~2500 m depth; (2) the consistent 2 Ma minimum age in the lowermost 4 
samples, and (3) the decrease in mean track length downsection. 
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Figure 2. Synthesis of the best-fitting thermal histories for the different samples from the Karnali River from 
inversion of thermochronological data using AFTSolve (Ketcham et al. 2000); thermal histories are cut off at 
the depositional age for readability, even though the complete history since initial exhumation in the source 
area was modelled for each sample. Note the extremely rapid recent cooling recorded by all samples and the 
small range of maximum temperatures attained. 
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RELATIONSHIPS BETWEEN DEFORMATION AND SEDIMENT ROUTING SYSTEM IN 
ACTIVE FOLD AND THRUST BELTS: THE MARCHE APENNINES (ITALY) 

 
SCARSELLI S. (1); SIMPSON G.D.H.(1); ALLEN P.A. (2); MINELLI G. (3) & GAUDENZI L.(4) 

 

(1) ETH Zurich; (2) Imperial College, London; (3) Università degli di Studi di Perugia; (4) Edison Oil 
Company (Italy) 

 
1. Introduction 

The present project has been developed to further understand interactions between deformation and sediment 
routing systems (including both erosion and deposition) in active fold-thrust belts. We focus our investigation 
on the Northern Apennines fold-thrust belt in the Marche region (Italy). We choose to concentrate on two 
aspects that are particularly poorly understood, (1)  how deformation, sedimentation and erosion migrated in 
time and space within the Marche region during the Cenozoic, and (2) whether (and if so, how) surface 
processes such as erosion, deposition or sea level variations may have influenced deformation. As outlined by 
Alvarez (1999) this region provides several interesting and unresolved problems. First, the anticlinal ridges in 
the actively deforming region are cut by transverse rivers in deep gorges. How these rivers came to cut the 
growing structures is unclear, because the region is thought to have been below sea level until the folds began 
to form. Second, several of the transverse rivers intersect the anticlinal ridges at their highest structural and 
topographic position (i.e. at the axial culmination). Is it possible that these remarkable features represent 
examples whereby erosion has amplified the local deformation, leading to non-cylindrical fold structures? 
Third, did the Messinian salinity crisis, involving a sea level drop of approximately 1 km in the 
Mediterranean basin, have any influence on the development of the NA fold-thrust belt? 
Our investigations began with the observations of Alvarez (1999) and from the problems that he left 
outstanding. Alvarez (1999) summarized the model of Mazzanti & Trevisan (1978), developed to explain the 
relationship between the drainage network and tectonic evolution of the NA fold-thrust belt. In the model, two 
mechanisms - antecedence and superposition - are thought to have acted together to produce the features seen 
in the Apennines. Since the publication of Alvarez (1999), it has been noted that sedimentary evidence in 
support of this model (such as debris produced by erosion of the incipient folds and coastline deposits in front 
of the folds) is lacking. In addition, the model is not able to explain rivers cutting along the axial culminations 
of the folds. For these reasons, we have decided to carry out this investigation in the same area surveyed by 
Alvarez (1999) with the aim of determining the evolution of the folds, the palaeogeographic conditions during 
the deformation in terms of marine or continental environments and the connection with river incision. 

  
2. Geological setting 

The Marche Apennines, located in the southern sector of the NA (Northern Apennines), constitute a NE-
verging, arcuate foreland fold and thrust belt. They began to develop in the Miocene and continued through 
the Pliocene and Pleistocene toward the Adriatic Sea where the active thrust front is now located. The major 
tectonic phase in the Marche occurred during the Upper Miocene-Lower Pliocene, contemporaneous with the 
Messinian salinity crisis in the Mediterranean (Conti et al., 1994; Cibin et al., 2001; Mazzoli et al., 2002; 
Roveri et al., 2003). The belt is characterized by a series of NW-SE trending, asymmetric folds detached from 
the underlying basement along the Triassic Evaporites and Anhydrites (Lavecchia et al., 1984; De Feyter et 
al., 1984). The anticlines have a wide, flat, gently west dipping crestal zone and in many case steep, 
overturned limbs, usually associated with outcropping or blind thrusts (Barchi & al., 1998). These structures 
have been thought to develop in two stages with initial concentric buckling later followed by thrusting (Barchi 
& al., 1998). The total shortening in the belt has been calculated to be approximately 30% (Mayer et al., 
2003). Although all of these characteristics indicate a broadly in sequence propagation of deformation, out-of-
sequence thrusting frequently occurs.   
The stratigraphic sequences in the NA can be grouped in five main lithological and tectonic domains, each of 
them comprising formations homogeneous for the origin, the internal stratigraphy and the geological 
evolution (Barchi et al., 1998). From the bottom to the top the NA formations have been grouped into 
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Basement, Evaporites, Carbonates, Marly Carbonates and Turbidites. The Basement never outcrops in the 
Marche. It is characterized by Permian conglomerates and sands deposited in a fluvial, beach and deltaic 
environment. The Evaporites are made up of more than 1500m of alternating anhydrites and dolomites 
outcropping in a few anticlines and drilled in some wells. The Carbonates represent a 2000m thick sequence 
of multilayered limestones from the Liassic carbonatic platform of the Calcare Massiccio to the Eocene 
pelagic limestones of the Scaglia Rossa. The Marly Carbonates comprise the upper part of the pelagic 
Umbria-Marche sequence and transitional formations, representing hemipelagic sediments of the foreland 
ramp (from Oligocene Scaglia Cinerea to the Miocene Schlier Formations). The Turbidites are syntectonic 
flysch deposits with thicknesses ranging from 2000 to 6000m. Across the Marche they show strong laterally 
variability in age, composition, compaction and evolution. The Upper Miocene Turbidites (Marne di 
Serraspinosa, Ghioli di Letto, Gessoso Solfifera, San Donato and Colombacci) are located in the central and 
eastern side of the Marche region. They are composed of sandstones, marls, clays and evaporites and 
characterized by three broad facies associations: deep water, shallow-water to transitional and fluvio-
lacustrine (Artoni, 1993). The Pliocene-Pleistocene deposits of the Outer Marche basins are made by clays, 
silt, marls and subordinate sandstones. 
 

3. Overview of the Messinian salinity crisis 
During the Messinian the Mediterranean basin was affected by a sea level fall of ca. 1000m causing the 
emersion of large areas and the deposition of evaporitic sequences distributed in the majority of the basin. It is 
thought that two main phases characterized the salinity crisis: the first sea level drop (5.9-5.64Ma) was a 
regional sea level drop of moderate amplitude (100m) that precipitated marginal evaporites. The second sea 
level drop (5.52-5.33Ma) was a large magnitude event (1500-2000m) that dried up most of the abyssal plains 
in the Mediterranean Sea (Clauzon et al., 1995; Clauzon et al., 1996; Krijgsman, 1999a; Lofi et al., 2003). 
The crisis had two main effects: deposition of marginal and deep basin evaporites and erosion of the shelves 
with downcutting of deep canyons followed by distant effects ranging from the Gilbert-type delta made of 
latest Messinian Lower Pliocene sediments filling the Messinian canyons, to the complete rebuilding of the 
shelves (Clauzon, 1990; Lofi et al., 2003). In the NA the first stage is represented by local deposits of deep 
water gypsum associated with exposured areas. The second stage in the NA is characterized by a progressive 
passage from continental, at the beginning of the crisis, to transgressive marine facies in the latest Messinian-
lower Pliocene.    
 

4. Fold and thrust belt evolution in the Marche Apennines 
Reconstruction of the Marche Apennines fold-thrust belt evolution has been realized using high resolution 
seismic data distributed in a network covering the outer Marche, combined with field data. The total covering 
grid is represented by more than 1000km of seismic lines revealing a 2D-image of subsurface (the seismic 
lines have been produced by Edison Oil Company). The migration of the thrust front in time and space has 
been evaluated in five major fold and thrust structures.  They developed from the west to the east margin of 
the outer Marche with a wavelength of 5-10km and strike lengths of 15-30km. These structures have been 
buried by the last transgression during Pliocene-Pleistocene. As a result they outcrop only in small areas.  
The Serra San Quirico (SSQ) structure is located on the eastern side of the Monte San Vicino-Frasassi-
Arcevia (MFA) Apenninic front. The structure is characterized westward by the main thrust front of the MFA 
and eastward by two smaller thrusts. The main tectonic phase is coeval with the end of the Messinian salinity 
crisis and the beginning of the deposition of the Colombacci Fm (5.63Ma) as indicated by onlapping and 
growing upper Messinian sediments. The lower Pliocene terrains have not been involved in the deformation 
and they erode and transgress over the Messinian structures. The Messinian erosional unconformity cuts 
partly or totally the Messinian deposits. 
The Rosora (RO) structure is located east of SSQ. The RO is characterized by a back thrust and associated 
conjugate thrust, with an amplitude of 6km and an offset 300-500m. The infra-lower Pliocene unconformity 
(around 5Ma) indicates the age of the deformation as observed by the onlap geometry and thickness changes 
in the earliest lower Pliocene terrains. The middle lower Pliocene terrains represent post-tectonic facies, 
covering the RO structure with gently-dipping attitudes. 
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The Montecarotto (MC) structure develops in front of the RO structure and it outcrops on the east side of 
Montecarotto hill with amplitude of 7 km and length of 15 km. The structure is characterized by late 
Messinian terrains overthrusting lower Pliocene sediments along a 30˚westerly dipping fault with an offset of 
1200m. The MC is considered to be an out-of-sequence structure as it is located between two older structures 
(RO and JE thrusts). The MC was deformed during the deposition of the middle Pliocene sediments (3.6 Ma). 
The Jesi (JE) structure is located east of the MC thrust and is completely buried by 500m of middle and upper 
Pliocene sediments. The JE has a length of 30 km, amplitude of 7 km and fault plane dipping westward. In the 
hangingwall of the thrust an asymmetrical fold has developed and a piggy back basin is located between the 
JE and the MC structures. The piggy back basin is occupied by syn-tectonic lower Pliocene sediments. The 
tectonic evolution began in the lower Pliocene (5.3 Ma) and continued through the middle and upper Pliocene 
as indicated by growth strata, onlapping, pinch-out geometries, and progressive deformation in the depocenter 
of the footwall basin. The foreland side of the thrust is occupied by a 15 km width basin filled with 3000m of 
syn-tectonic sands, marls and clays. After deposition of the middle Pliocene terrains, the hangingwall of the 
JE structure was overthrust by the MC out-of-sequence structure.  
The Monsano-Polverigi (MP) structure is located eastward of the JE structure. Most of the MP is covered 
with Pleistocene sediments but it outcrops for few kilometers in the Polverigi hill. The MP is characterized by 
a 30˚westerby dipping thrust extending for at least 30 km in length. In the footwall of the MP structure a 2.2 
km deep basin develops. The MP thrust deforms the middle-upper Pliocene deposits located in the distal 
foreland area of the previous structure (JE). Deformation began in latest upper Pliocene and proceeded 
through the lower Pleistocene (1.8 Ma). The lower Pleistocene sediments filled the foreland basin and 
onlapped the MP structure. 
 

5. Evolution of the sedimentary basins in the Marche Apennines 
during the Messinian salinity crisis 

By the end of the Tortonian the eastern Marche region was involved in deformation. This produced changes 
in the depositional environment outlined by the passage from deep water pelagic sediments (Schlier Fm) until 
the late Tortonian (7.1Ma), to progressively transitional and shallow water turbidites during the Messinian 
(5.9Ma). At 5.9Ma the depositional history of the Marche Apennine was strongly affected by the Messinian 
salinity crisis. During the first salinity crisis event (5.9-5.52Ma, Clauzon et al., 2005) the Marche Apennines 
were characterized by deposition of isolated deep water laminated evaporites. The first event was followed by 
a short sea level rise, recorded elsewhere in the Mediterranean basin but not in the Marche region (Clauzon et 
al., 2005). At 5.52Ma the second sea level drop (1500-2000m, Clauzon et al., 2005) affected the whole 
Mediterranean region and the Marche Apennines were exposured and subjected to widespread erosion as 
evidenced by the presence of an extensive unconformity in seismic lines and in boreholes. During this phase, 
the Marche region was affected by incision of deep gorges by rivers receiving freshwater from the forming 
Apennines, as suggested by the presence of palaeo-channels associated with the Messinian unconformity. 
Seismic lines with NW-SE orientations, parallel to the Apennines strike, show canyons of 400m deep 
downcutting the stratigraphic sequences. The river canyons are located below the present-day positions of the 
main rivers that implies no significant change in the drainage area position through time. Several boreholes, 
located in and around the main drainage areas and perpendicular to the fluvial valley, show a thickening of the 
post-Messinian sediments below the present day river positions and a lack of Messinian and/or pre-Messinian 
deposits. In the Marche sector the subaerial conditions persisted less than in other Mediterranean regions 
because of the continuous input of fresh water. The Adriatic Sea transgressed during upper Messinian 
depositing the Ghioli di Tetto and the Colombacci Fms (5.6-5.3 Ma, Clauzon et al., 2005) which represent the 
low-stand and transgressive system tracts. The Colombacci Fm is characterized by different members 
reflecting the evolution of the depositional environment. The first members, present only in the northern 
Marche, are organized in river and deltaic facies indicating a climatic change with respect to the evaporitic 
event, with circulation of fresh water. The last members are characterized by hemipelagic marls alternated 
with sandy intervals that indicate the progressive deepening of the basin and the passage from coastal-deltaic 
to pelagic depositional environments. The last members are considered as maximum transgressive flood 
deposits. Open marine conditions were fully established in the early Pliocene with the regional Zanclean 
transgression affecting the whole Mediterranean Sea. During the Pliocene and Pleistocene the Marche area 
was subjected to pelagic deposition and the erosional Messinian morphologies were completely buried by 
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2000-3000m of marine sediments. The area remained below the sea level until the Quaternary, until it was 
uplifted to the present-day sea level. This has led to recent erosion and re-incision of the old Messinian river 
valleys, taking advantage of the easily erodible marly-clay sediments. 
 

6. Preliminary conclusions 
Field data together with seismic line reconstructions indicate the Messinian as the period of major tectonic 
activity in the inner and eastern side of the Marche Apennines.  Further East deformation started in the 
Messinian and continued throughout the Pliocene and Pleistocene.  
The five structures described above are deformed in different time periods and they are related to different 
climatic and depositional system conditions that created clear and different relations between the deformation-
uplift history and the transgressive-regressive system. As the most important tectonic activity in the Marche 
Apennines is coeval with the Messinian salinity crisis we hypothesize that the early drainage network 
developed at the same time as the thrusts and folds. During the subaerial period the rivers may have carved 
channels and gorges into the actively growing folds determining the observed relationships between 
transverse rivers and axial culminations that may be the result of the local amplification of fold structures 
caused by river erosion (Simpson, 2004). During the Zanclean transgression the palaeo-river canyons and the 
growing fold and thrust structures were completely buried by the Pliocenic prograding sediments and the 
open marine environment was reestablished. The tectonic activity migrated eastward and developed below sea 
level. During the last emersion the rivers have gradually eroded the Pliocene-Pleistocene deposits before 
exhuming the buried structures and extending the coastal plain seaward.  
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In a feasibility study, a combined approach of physical modelling, structural restoration and petroleum system 
modelling was used to investigate the relevance of tectonics, sedimentation and erosion processes on HC 
dynamics in the foreland thrust belt of Eastern Sicily.  

During Afro-European plate collision, the 300 km broad African shelf, including source rocks at several 
stratigraphic levels, was progressively deformed and incorporated into the southward propagating thrust 
wedge consisting of inverted rift-basin sediments, detached syntectonic turbidite beds and foredeep 
sediments. Variable accretion, sedimentation and erosion processes resulted in multiphase thrusting and a 
complex thrust architecture.  

For the simulation of the feedback mechanism between deformation, sedimentation and erosion, we used 
granular-flow experiments. The fault kinematics, burial history of source rocks, and formation of structural 
traps were deduced by high-resolution optical strain monitoring techniques. The experimental data were used 
as input for petroleum system analysis. Our experimental results show that erosion and sedimentation strongly 
control fault kinematics and tectonic mass flux in the thrust wedge. Erosion increases exhumation rates and 
tectonic mass transfer in the thrust wedge, whereas external sedimentary loading (foredeep) and internal 
unloading (denudation) control the underthrust distance, frequency and lifespan of individual duplexes.  

The integration of 4D physical simulations with structural balancing techniques and petroleum basin 
modelling software yields  conclusions on the generation, maturation and migration of hydrocarbons in the 
setting of a foreland thrust belt affected by surface processes. 
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Deformation processes and underlying mechanisms are in general well understood, but our knowledge of the 
distribution of strain accumulation and its variation in space (from orogen scale to small scale structures) and 
over different time scales (from geological scale up to 107yrs to seismological scale within 10-1-101yrs) is as 
yet insufficient. However, if we want to understand issues ranging from long-term deformation of the 
continental lithosphere to seismogenic hazard distribution, the knowledge of scaling properties of deformation 
accumulation in lithosphere fluctuating around failure equilibrium is crucial.  
 
In the Central Andes, long-term deformation implies a lateral continuity of synchronous strain accumulation 
over several hundreds of kilometres within strike of the main structural units, which suggests a high degree of 
correlation (Schemmann & Oncken 2005, Oncken et al., in review). In contrast, seismological events tend to 
cluster, mathematically often described as random point processes. We make use of analogue models 
allowing for a high spatial and temporal resolution to examine when and how the patterns of strain 
accumulation change and to be able to detect a break of scale-dependent behaviour.  
 
Another advantage of modelling to field studies is the possibility of examining factors and their influence on 
the system separately and therefore independently by implementing known changes in the model experiments. 
Thus, we evaluate several parameters, both immanent to the system like rheological contrasts or preexisting 
weaknesses and external such as plate configuration and geometry. 
 
We designed an analogue set-up of one of the two plateau orogens worldwide, a segment of the Central Andes 
(17-23°S). Characteristic for both geological settings are the existence of a low-velocity zone beneath the 
plateau, and the collision of an indenter into the continent, which are most prominent features crucial for the 
translation into a model.  
 
The low-velocity zone beneath the Altiplano plateau imaged at a depth of about 20 km (Yuan et al. 2000) is 
especially important, as it causes a decoupling of the upper and lower crust, which implies independent 
localization and propagation of deformation. Royden et al. (1997) consider the coupling mode to be crucial 
for the orogen type; plateaus can only form in a decoupled mode, which is accounted for by zones of melt and 
weakness. 
 
The “indenter” in the Central Andes is represented by the forearc, which behaves as a rigid block moving 
towards the South American continent, and thereby “forming” the orogen. The structural units of this orogen 
are from west to east: the Western Cordillera, the Altiplano plateau, the Eastern Cordillera, the Subandean 
fold-and-thrust belt and the foreland which is underlain by the Brazilian Shield (which itself acts as a rigid 
backstop). The two cordilleras developed first, followed by the plateau itself. Coeval with a halt of strain 
accumulation in these structures was the beginning of deformation activity in the Subandean belt.  
 
Other features of the mentioned segment include an oroclinal bend, which has developed due to differential 
shortening, as well as preexisting weaknesses delineating the shape of the plateau (namely the magmatic arc 
to the west of the plateau and a rift of Jurassic age to the east).  
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In our 3D-models, a metal plate simulates the rigid forearc moving into the experiment set-up. The system is 
closed at the sides, and material can move against a backstop. To account for differential shortening resulting 
in the oroclinal bend, the metal plate is bent, so that the highest amount of convergence (equivalent to 
shortening) occurs in the middle of the model. As we simulate the decoupled case where the upper crust 
deforms independently from the asthenosphere, it is appropriate to use granular materials only, which are of 
time-independent Coulomb-type rheology. 
 
Each of our experimental settings includes a variation of factors such as rheological properties (for the basal 
decoupling layer as well as for each structural unit), which in turn results in different material flux within the 
model; the effect of preexisting weaknesses, the bending of the “indenter”, as well as kinematic boundary 
conditions (open/ closed system; presence of backstop). 
 
We show that only a special combination of parameters results at first in the development of the Cordilleras, 
followed by plateau formation and a subsequent “jump” of strain localization into the fold-and-thrust belt, 
with a concomitant halt of deformation activity in the plateau itself. This implies that 1) it is not imperative 
but rather questionable that strain accumulates by propagating sideways within an orogen, 2) driving factors 
for strain accumulation are manifold and often become effective in conjunction with each other, and 3) each 
set of parameters causes its own distribution and partitioning of strain in time and space, which could not be 
resolved from field data alone.  
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Introduction 
The area selected for this study is a north-south transect within the Eastern Venezuelan Basin. The focus of 
this study was to understand the geological history of the two major reservoir units (Upper Cretaceous and 
Oligocene Formations) of the El Furrial structure. In a first step, mineralogical and geochemical data from the 
two Formations were collected. Some data were also collected for the surrounding seal, the Carapita black 
shales. In a second step, basin modeling techniques have been used in order to achieve an understanding about 
the temperature, pressure and fluid evolution in the considered reservoirs.  

Data 
The sandstones of the San Juan Formation are moderately to well sorted with a fine to medium grain size 
(from 0.125 to 0.5 mm). Monocrystalline quartz grains comprise the major detrital constituent with 
abundance ranging from 60% to 70%. Feldspars are the second most important detrital grains ranging from 
4% to 14% in abundance. Quartz overgrowths around detrital quartz grains are well developed in the coarse-
grained samples. Locally, two generations of quartz overgrowths can be observed. The onset of silicification 
occurs at temperatures ranging from 100 to 125°C (Schneider et al., 2005). 
 
 

 
Figure 1: (a) Geometry and lithology distribution of the section at present day.  (b) Zoom of the section 
showing the area of main interest. The white dot indicates the El Furrial structure 
 
The thick sandstones of the Merecure Formation were deposited during the Lower Oligocene transgression. 
The detrital components are made up of monocrystalline quartz grains (97 %). Syntaxial quartz overgrowths 
constitute the most important diagenetic phase, resulting  in extensive cementation of the reservoir  and a 
decrease of the matrix porosity. Trapping temperatures of aqueous fluid inclusions within the quartz cement 
range from 80°C to 130°C, and probably took place during Lower-Middle Miocene, when the reservoir was 
still part of the foreland (Bordas Le Floch ,1999).  
Calcite veins can be observed in the black shale layers of the Miocene Carapita Formation. They may have 
been formed by hydrofracturing and they are filled by calcite cement. The fluid inclusions study associated 
with a reconstructed thermal history allowed to conclude that this fracturing period is dated from 22 to 16 Ma 
(Bordas Le Floch ,1999). 
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Basin modelling 
 
The geometry evolution scenario is characterized by five major episodes in the geodynamic evolution. (1) The 
first episode represents the formation of a prerift megasequence in Paleozoic time. The corresponding 
sediments are included in the brittle upper crust of the Ceres section. (2) The second episode corresponds to a 
rifting period during Jurassic and earliest Cretaceous times. Only the upper part of the synrift sediments is 
considered and the corresponding sediments are partly included in the brittle upper crust in the Ceres section. 
(3) The third episode corresponds to a period of passive margin development during the Cretaceous to 
Paleogene. In the Ceres section, this episode begins with the deposition of the Barranquin Formation and ends 
at -22.5 Ma. (4) From –22.5 to -15 Ma., the fourth episode captures the deposition of the synflexural 
Naricual-Carapita Formation, and is characterized by a phase of tilting with deposition of a thicker isopach in 
the northern part of the section. (5) The fifth phase occurs from -15 Ma onward when the thrusts developed.  
 
The computed temperatures were compared to the observed temperature data until a reasonable fit was 
reached. A good fit was obtained for a thermal heat flow of 40 mW.m-2 and a basement radiogenic source 
term equal to  1.7 µW.m-3 . 
With realistic permeability values for the different formations are applied, the simulation reproduces the 
observed hydrostatic water pressure in the southern part of the section and overpressure in the El Furrial 
structure. 

  
 

Figure 2: Computed fluid velocity evolution along the stratification in the Oligocene sandstones from the El Furrial structure. Positive 
velocity means flow towards the North and negative velocity means flow toward the South. 

Figure 3: Computed HC saturations at present day and filling history of the El Furrial structure.  
 
The simulated fracturation ratio of the Carapita seal suggests that these shales might have fractured between 
21 and 15 Ma. This period of fracturation is related to the increase of the fluid pressure as a consequence of 
the tilting period where low permeable sediments are deposited with a quite high sedimentation rate. This 
fracturing period of the Carapita seal is very close to the one defined by Bordas Le Floch (1999). 
A calibration of the chemical compaction model (Schneider et al., 1996) within Ceres has been performed 
with data from the Upper Cretaceous San Juan Formation.  The results show that a good fit between the 
modeled and observed porosity system is reached with activation energy of 17.5 kJ/mole and a macroscopical 
viscosity of 29.2 GPa.Ma. 
The fluid flow history has been analysed for the Oligocene age Merecure Formation. For the Oligocene 
sandstones of the El Furrial structure, the fluid flow history is a direct consequence of the deformation and 
lithology distribution. 
From the deposition of the late Cretaceous-Oligocene reservoirs until the beginning of the foreland tilting, the 
fluid flow remained dominantly vertical due to the compaction-driven dewatering of the sediments. 
 
During regional tilting (foreland burial) from -23 Ma to -15 Ma, impervious sediments were deposited with 
higher sedimentation rates in the north of the transect, and as such, paleo-fluids escaped southward along the 
stratification with an average velocity of 10 - 20 km/Ma. These fluids were at thermal equilibrium with the 
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Oligocene sandstones in the north, but recorded higher temperatures than adjacent sediments in the El Furrial 
area. This episode is characterized by an increase of the overpressure in the Oligocene and Upper Cretaceous 
sandstones and can be correlated with an hydraulic fracturing of the sealing Carapita black shales. 
Between -15.0 and -12.0 Ma, i.e. at the onset of thrusting, the El Furrial structure is partially sealed in its 
northern part by the Querecual Formation of the Pirital unit.  This is correlated with a decrease of the fluid 
flow toward the south.  
Around -12.0 Ma, as the Pirital thrust was still active, the northern part of the El Furrial structure was then 
directly in contact with the Cretaceous reservoir formations of the Pirital unit. As the water trapped in the 
Cretaceous aquifers of the Pirital unit could then escape farther south, the fluid flow toward the south in the 
Oligocene of the El Furrial structure increased drastically to reach velocity of 20 km/Ma. This episode gave 
rise to an exchange and mixture of fluids with different temperatures and compositions that probably resulted 
in additional, but minor, episodes of quartz precipitation.  
From -10 Ma onward, the El Furrial thrust became active and as a consequence, the communication of the 
Oligocene sandstone toward the south was progressively reduced until it became completely disconnected 
from the autochthonous foreland at about -7.5 Ma. At this time, the fluid flow toward the south was 
drastically reduced and ultimately even became reversed, thus inducing a progressive reflux of the fluids 
toward the north as a direct consequence of the southern closure of the structure. 
Since -5 Ma, the El Furrial structure became sealed again at its northern border. From this time to present, the 
structure has remained closed. This closure of the El Furrial structure is characterized by a strong and very 
recent decrease of the water flow velocity to about zero km/Ma. 
 
The simulated filling history of the El Furrial structure shows that the initial hydrocarbons generated by the 
Querecual source rock first reach the sandstones of the San Juan Formation. This occurred around 17 Ma ago. 
At around 12 Ma, the hydrocarbons reached the Oligocene sandstones. The increase of the hydrocarbons 
saturation in the Oligocene sandstone is correlated with the creation of the El Furrial structure some 7 to 5 Ma 
ago. 
Furthermore, the simulations showed that the filling history of the El Furrial structure is contemporaneous 
with its fault bend fold deformation. As a consequence, what is now its southern flank was filled by 
hydrocarbons when it was at the top of the anticline structure. This may be an explanation for the “exotic” tar 
mat.  

Conclusions 
An important contribution of this work is the construction of a coherent scenario for the geological 

evolution of the El Furrial structure.  
Porosity evolution of the Oligocene and Upper Cretaceous sandstones can be well simulated with a 

chemical compaction model. 
Quartz overgrowths display oxygen isotope values (δ18O) that suggest the main phase of quartz 

cement precipitated from marine waters, whereas the second generation of quartz overgrowth probably 
formed from evolved basinal fluids. This is consistent with the results from Ceres modeling, which 
demonstrates that formation (marine) waters were circulating in the system without restraint until tectonic 
accretion occurred. Then, due to the deformation, deeper and shallower sedimentary units were in tectonic 
contact, which probably resulted in the opening of the geochemical system. In other words, fluids with 
different temperatures and compositions (evolved basinal fluids) entered the system, resulting in additional 
but minor silicification.  

The simulated hydrofracturing of the Carapita seal prior to the hydrocarbons filling of the structure is 
consistent with the previous works. 

At last, it seems that the hydrocarbon filling of the El Furrial structure was contemporaneous with its 
fault bend fold deformation. 
 

References 
Bordas Le Floch N., 1999. Diagenèse, compaction et déformation des réservoirs gréseux dans les chaînes plissées. PhD 

Thesis, University Paris VI, 261 p. and annexes. 



Thrust Belts and Foreland Basins, International Meeting, Rueil-Malmaison, December 2005 
Abstracts Volume 

****************************************** 
 

 

 

333

Roure, F., Carnevali, J., Gou, Y., and Subieta, T., 1994. Geometry and kinematics of the North Monagas thrust belt 
(Venezuela). Marine and Petroleum Geology, 11, 347-362.  

Schneider F., Pagel M., Hernandez E., 2005. Basin modelling in a complex area: Example from  the Eastern Venezuelan 
foothills, in R. Swennen, F. Roure and J. Granath, eds., Deformation, fluid flow and reservoir appraisal in foreland fold 
and thrust belts, AAPG Hedberg Series, no 1, p. 357-368. 

Schneider, F., Potdevin, J.L., Wolf, S. and Faille, I., 1996. Mechanical and chemical compaction model for sedimentary 
basin simulators. Tectonophysics, 263, 307-317. 

 



Thrust Belts and Foreland Basins, International Meeting, Rueil-Malmaison, December 2005 
Abstracts Volume 

****************************************** 
 

 

 

334

 
2D BASIN MODELING IN THRUST BELT: FROM STRUCTURAL EVOLUTION TO FLUID 
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Abstract 
A 2D petroleum system modeling has been performed along an east-west cross section located in the Faja 
Plegada y Corrida del Agrio, in the Neuquen basin, Argentina for subthrust prospect evaluation.  This 
modeling has been carried out integrating IFP & IES 2D modeling tools that allow to perform the entire 
workflow from forward structural, thermal and maturity modeling to pressure and hydrocarbon fluid flow in 
compressive structural settings. The dynamics of the modeled thrust belt has shown that 2D modeling is a 
minimum requirement to assess and predict the potential of a petroleum system in complex areas and to avoid 
misinterpretations that may arise when a simple 1D modeling approach is used. Implications for prospect risk 
evaluation are addressed by hydrocarbon migration modeling using two end-member erosion scenarios. 
Model results are discussed and compared with drilling results. 
 
Key words: Thrust Belt, subthrust play, forward structural modeling, erosion rates, heat flow history, 
hydrocarbon migration. 

Introduction 
The results of the 2D petroleum systems modeling, performed at the scale of a prospect, are used here to 
highlight the advantages of a 2D basin modeling approach for a better assessment of the petroleum potential 
in complex structural environments, where both hangingwall and footwall thrust blocks are investigated. The 
modeling has been performed along an approximately 30km east-west cross section, located in the external 
zone of the Faja Plegada y Corrida del Agrio in the Neuquen basin, Argentina. The Neuquen basin is a 
triangular-shaped basin covering more than 160,000 km2 with an Upper Triassic-Cenozoic sedimentary 
succession of more than 7 km in thickness containing several source rocks and Jurassic through Cretaceous 
reservoir intervals (Vergani et al., 1995). The study area is characterized by a combination of  both fault-bend 
and fault-propagation structures, later deformed by reverse basement-involved faults (Zapata et al., 2002). 
Detailed cross-cutting relationship analysis and volcanic radiometric dating suggest that the initiation of 
deformation started during late Mesozoic time (Zamora et al., in press). 
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The modeled cross section is shown in Fig. 1 together with the major tectonic and petroleum systems 
elements. Location of the calibration boreholes is also shown. The most prolific source rock interval in the 
study area is the Late Jurassic Vaca Muerta formation, a thick marine shale sequence containing sapropelic 
organic matter (Type-II like  kerogene) with an average TOC content of 3% and locally with values up to 
10% (Villar, 2003). An important regional source rock interval exists in the Lower Cretaceous Agrio 
formation, containing an oil-prone kerogen type with an average TOC content of up to 3%. Even though this 
interval does not seem to be an important hydrocarbon contributor in the study area, it has been considered 
during the modeling for sensitivity and migration risk evaluation. 
 

Modeling methodology 
The study was performed by integrating two tools: i) the  2D Thrustpack developed by IFP (Institut Français 
du Pétrole, Sassi et al., 1998) that allows the (1) reconstruction of the structural evolution of foreland and 
folded thrust belts using a forward kinematics deformation algorithm; (2) model the evolution of the thermal 
regime and (3) monitor the onset of hydrocarbon generation; ii) the  2D PetroMod package developed by IES 
(Integrated Exploration Systems GmbH) that allows to forward-model 1) the pressure, 2) temperature and 
source rock/s maturity history and 3) fully PVT-controlled multi-component fluid migration. The integration 
between them has been done using the TecLink® tool developed by IES (Hantschel & Broichhausen, 2002) 
which allows direct access to overthrusted paleo-geometries calculated with existing tools for tectonic 
modeling such as 2D Thrustpack in PetroMod simulators. Thus, the superior functionality of the respective 
tools is retained. 

Modeling 
The structural evolution has been reconstructed by means of two different end-member erosion scenarios: a 
progressive erosion process since the beginning of deformation (70 Ma), called hereafter Model A; one single 
erosion process during the last deformation phase (40 Ma), called hereafter Model B. Fig. 2 shows the two 
scenarios through burial histories calculated at selected observation points. Fig. 3 shows the paleo sections 

representing one of the geometrical evolution 
scenario (e.g. Model A) and used as input for the 
thermal and migration modelling. Both structural 
scenarios were used to confront different basal 
heat flows histories (constant in space but 
variable in time) in order to evaluate source rock 
maturity histories, once the present-day thermal 
regime was calibrated using measured borehole 
temperatures data. 
  
Thermal and maturity modeling have shown 
(Sciamanna & Sassi 2004) that interplay between 
lithologies thermal properties, surface 
temperature and cross section topography 
evolution during the forward modeling affect the 
distribution of the isotherms across the section, 

producing a non-trivial relationship between burial and thermal histories. This non-trivial relationship is 
shown in Fig.4 by boreholes W2 (Fig.1), when a constant in space and time basal heat flow is used: variable 
burial histories do not affect maturities through thrust hanging-wall and footwall units in the same direction. 
Different footwall maturity levels were achieved even though the hangingwall calibration was the same. 
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The timing of hydrocarbon generation and the consequent prospect charge history were shown to be strongly 
dependent on basal heat flow histories.  

 
 
Three basal heat flow histories were considered (1) a constant heatflow through time, (2) an increasing basal 
heat flow with an Upper Cretaceous heatflow peak at 60 Ma, and (3) an increasing basal heat flow with a 
Miocene heatflow peak at 15 Ma.  
 
Conclusions 
This modeling exercise has shown that different erosion rates may allow the same hangingwall maturity 
calibration but a different maturity history of the footwall, and may also strongly affect the anticipated 
reservoir properties of the sub-thrust play. Although numerical models inherently imply significant 
uncertainties due to the extensive number of required input parameters, model resolution or simply lack of 
information, the modeling allowed factors to be addressed such as reservoir quality and the timing of 
hydrocarbon generation which represent major risk factors for the discovery of economic hydrocarbon 
accumulations in the study area. 
 
Acknowledgements: The authors would like to thank Repsol-YPF  for their permission to publish the 
presented data. 
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Introduction  
The Apennines is generally considered an excellent geodynamic laboratory to analyse the complex 
interactions between the flexural behaviour of a segmented subducting lithosphere and the tectonic evolution 
of the related accretionary wedge (e.g., Royden et al., 1987).  
The interpretation of the CROP M-15 seismic reflection profile, acquired within the framework of the Italian 
deep crust exploration project (CROP Project; Scrocca et al., 2003), and a review of all the available 
geological and geophysical evidences suggests a different interpretation of the Apennine thrust front in the 
Adriatic sector with respect to the commonly accepted description.  
This interpretation shed a new light on the tectonic evolution of the Apennines accretionary prism that 
accompanied the development of the Tremiti lineament, a right-later lithospheric tears that permits different 
amount of slab retreat between the Central and Southern sectors of the subducting Adriatic plate (Doglioni et 
al., 1994). On these bases, it has been possible to highlight the relationships between the inhomogeneous 
flexural behaviour of the two slab segments and the related segmentation of the Apennine thrust front. 
 
 
The Apennine thrust front and the Mid Adriatic Ridge 
The external front of the Apennine accretionary prism is generally located according to the Structural-
Kinematic Map of Italy (Consiglio Nazionale delle Ricerche, 1992), a widely used reference for the geology 
of the Italian area. In this commonly accepted interpretation, the external front of the Apennine accretionary 
prism is traditionally described, in the Adriatic Sea, as a wide arc located about 10-30 km off-shore. The 
southern prolongation of this arc, N-S oriented, crosses the coast line in correspondence of the town of 
Pescara, where the thrust front assumes on-shore a less advanced position in correspondence to the transition 
between the Central and Southern Apennines.  
However, the interpretation of the CROP M-15 seismic reflection data, acquired within the framework of the 
Italian deep crust exploration project (CROP Project; Scrocca et al., 2003), combined with a review of the 
available geological and geophysical data, suggests a different reconstruction of the Apennines thrust front. 
It should be noted that the Central Adriatic Sea is also characterised by the presence of the so-called “Mid-
Adriatic Ridge” (Finetti, 1982), also known as “Central Adriatic Deformation Belt” (Argnani & Frugoni, 
1997), made up of structural highs distributed along a dominant NW-SE to WNW-ESE trend. The majority of 
these folds have been interpreted as contractional structures (thrust related folds; e.g., Bally et al., 1986; De 
Alteriis, 1995) although evidences of salt diapirism have been also recognised (e.g., Ori et al., 1986; De 
Alteriis, 1995). Some structures seem to combine both compressional tectonics and diapirism (e.g., Bally et 
al., 1986). 
Some of the MAR’s folds developed on pre-existing Mesozoic horst and show seismic evidences of tectonic 
inversion along pre-existing Mesozoic extensional faults at the end of the Lower Cretaceous and in Tertiary 
times, as also suggested by well data. The origin of the Cretaceous events have been related to the onset of the 
convergence between Europe and Africa while the Tertiary tectonic inversions have been attributed to far-
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field effects of the Apenninic and Dinaric compression or to diapirism (e.g., Argnani et al., 1993; De Alteriis, 
1995; Bertotti et al., 2001).  
However, it is generally agreed that a main tectonic phase took place in middle/late Pliocene-Quaternary all 
over the MAR’s structures, as clearly demonstrated by the widespread occurrence of folded deposits and 
growth strata. Moreover, a very recent activity is also documented by deformations affecting the sea-floor 
(e.g. Argnani & Frugoni, 1997). This evidence is in good agreement with the distribution of the present day 
seismicity in the Central Adriatic area and with the few available focal mechanisms, which suggest a 
compressive stress field with minor strike-slip components (e.g., Mariucci et al., 1999). 
The interpretation of the CROP M-15 seismic line, integrated with a review of the multichannel seismic 
reflection profiles and well data available at the Italian Ministry of Industry, suggest a new hypothesis about 
the nature of the MAR. The interpretation of this data-set revealed that the main detachment of the fault-
related folds that made up the MAR should be located at the base of the Mesozoic sedimentary cover (likely 
within the Upper Triassic evaporites) and that this detachment can be linked westward with the regional 
detachment of the Apennine accretionary wedge. It should be noted that in this interpretation the last phase of 
tectonic activity of the MAR (Late Pliocene-Late Quaternary) is related to the forelandward propagation of 
the Apennines décollement at depth. 
 
 
Discussion and Conclusion 
Based on the described evidences, the MAR should be formally included in the Apennine accretionary wedge, 
being the actual Apennines external thrust front located on its north-eastern side (Fig. 1). This is an 
interpretation in some ways already proposed by Bally et al. (1986) that, curiously enough, has been generally 
disregarded in the following studies. 
The late Pliocene-Quaternary propagation of the Apennine thrust front in the central Adriatic, and the related 
development of the MAR’s folds, strongly influenced the distribution of the Quaternary deposits (post 1.4 
Ma) which show two main depocenters (Bartolini et al., 1996). The first sub-basin, at the eastern edge of the 
Peascara Basin, mainly develop during the Early Pleistocene while the second one, located at the SE edge of 
the Po Plain basin (i.e., NE with respect to the MAR), is characterised by a subsidence maximum in Late 
Quaternary time (e.g., Calamita et al., 2003). These data suggest that the flexural retreat of the subducting 
Adriatic lithosphere is still an active process also in the Central Adriatic domain (north of the Tremiti 
lineament), in good agreement with already recognised north-eastward retreat of the Adriatic subduction in 
the same time span in Po Plain an in the northern Adriatic (Carminati et al. 2003). 
The kinematic of W-directed retreating subduction zones implies that the shear between the down-going and 
retreating lithosphere and the eastward compensating mantle is transferred upward, generating the shortening 
within the accretionary wedge (Doglioni et al., 1999). Consequently, the late Pliocene-Quaternary flexural 
retreat in the central Adriatic sector may have induced the more pronounced forelandward propagation of the 
Apennine thrust front in this area with respect to the Southern Apennines.  
The proposed tectonic interpretation is nicely consistent with the present-day stress field in the Northern 
Apennines that, north of the 43° N, is characterised by a compressional regime along the outer north-eastern 
side of the belt and by an extensional stress field in the back arc region (Mariucci et al., 1999). By accepting 
the position of the Apennine thrust front along the north-eastern edge of the MAR the extension-compression 
pair may be followed also south-eastward in the central Adriatic. 
Moving south-eastward, the MAR contractional deformations progressively vanish approaching the Tremiti 
lineament. This tectonic feature separates the Central Adriatic domain, which underwent high subsidence 
rates during the Pliocene-Pleistocene due to eastward rollback of the hinge of the Apennine subduction, from 
the southern Adriatic-Apulian region that experienced uplift since the middle Pleistocene (e.g., Doglioni et 
al., 1994).  
Based on the proposed new interpretation of the Apennine thrust front, the Tremiti lineament not only 
represents the right-lateral lithospheric transfer zone between two sectors of the subducting Adriatic plate 
characterised by different amounts of flexural retreat but it also seems to be responsible for a segmentation of 
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the Apennine thrust belt (Fig. 1). Accordingly, the Tremiti lineament may be considered the actual tectonic 
boundary between the central/northern and southern segments of the Apennines accretionary prism).  
In conclusion, the Northern Apennines can be considered a lively accretionary prism and its activity may be 
related to the active subduction of the Adriatic lithosphere, confirming the strong genetic relation between 
subduction zone processes and large scale deformation within accretionary wedges. 
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Figure 1 – Tectonic scheme of the Adriatic domain. Based on the proposed interpretation the Apennine thrust 
front should be placed on the NE side of the Mid-Adriatic Ridge. The differential slab retreat between the 
Central and Southern sectors of the subducting Adriatic plate has been accompanied by a different tectonic 
evolution of the related segments of the accretionary prism that ended up with a segmentation of the Apennine 
thrust front.  
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   Paleozoic and Mesozoic reservoirs (Neocomian and Cenomanian carbonates) in Izeh zone of Central Zagros 

are potential targets for hydrocarbon exploration. We have carried out a regional study to reconstruct the 

history of subsidence, temperature and maturity of source rocks through geological times in that area. The 

relationship between the evolution of the fold and the thrust belt and the thermal history of the source rocks is 

recognized as a critical parameter for hydrocarbon exploration, together with the location of source rocks, 

which are present in various structural settings along a regional transect crossing the belt. 

    This study is based on integration of field work, seismic profile interpretation and well data. Genex 

software was used to handle compositional generation and expulsion. Probable Lower Paleozoic source rock 

matured everywhere in Izeh zone at Jurassic time and expulsion of liquid hydrocarbon mostly occurred at 

Cretaceous time before Zagros folding. It is suggested that presence of paleo-structures and Triassic 

evaporites, acting as top seal, are the two main factor for successful Permian gas exploration. Generation and 

expulsion behavior of Jurassic and Albian source rocks considerably varies within Izeh zone. Thickness of the 

Late Cretaceous–Eocene sediments and first vertical movements at regional scale in the inner part of the belt 

influenced considerably the maturation and expulsion of hydrocarbon from these source rocks. The detailed 

timing of structural formation is therefore a crucial factor for trap assessment in Mesozoic targets. 
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SPATIO-TEMPORAL EVOLUTION OF THE FORELAND BASIN AND FOOTHILLS 
DEFORMATION: IMPLICATIONS FOR THE KINEMATICS OF MOUNTAIN BUILDING IN 

TAIWAN. 
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The Taiwanese range has resulted from the oblique collision between the Luzon volcanic arc and the Chinese 
continental margin, that started ~ 6.5 Ma ago (e.g. [Lin, et al., 2003]) in the northern portion of the island, and 
has since propagated to the south [Byrne and Liu, 2002; Suppe, 1981, 1984]. In addition to that, the foreland 
stratigraphy and subsidence history has been extensively documented in the past by well-logs, seismic 
investigations onshore and offshore Taiwan, as well as studies of the foreland sediments incorporated into the 
foothills by the westward prograding orogen [Covey, 1984a; 1984b, 1986; Lin, et al., 2003; Shaw, 1996; Yu 
and Chou, 2001]. This young orogeny is thus ideal to investigate the spatio-temporal evolution of the range 
and how it was recorded within the adjacent foreland. We take advantage of these data to form a quantitative 
kinematic model of the coupled evolution of the range and basin.   
Sediment isopach maps show that the sedimentary depot-center has been migrating southwards at a rate of 31 
+/- 10/5 mm/yr over the last ∼3.5Myr. This rate most probably reflects the southward propagation of the load 
applied on the flexural foreland basin associated with the growth of the orogenic crustal wedge. This rate 
might thus be used to relate sections at different latitudes across the Taiwanese range into time steps. In 
addition, we used the sedimentation history recorded in the PKS-1 well-log, within the Pakuashan anticline, to 
retrieve the rate of westward progradation of the range over the foreland. Accounting for the orogenic growth 
during the same time period, we estimate the long term shortening rate across the range to 39.5-44.5 mm/yr 
over the last ~1.5 Ma. 
We compare this estimate with recent determinations of slip rates of the most frontal faults within the Western 
Foothills in Central Taiwan [Simoes, et al., in prep.-a; Simoes, et al., in prep.-b]. About ~ 31 mm/yr of 
shortening would be accommodated on the sole Changhua and Chelungpu thrusts. The remaining ~ 11mm/yr 
are most probably taken up further east by the Shuangtung fault. Our study thus indicates that the few major 
faults in the foothills of Central Taiwan have been accommodating most of (if not all) the shortening across 
the range, leaving little, if any, internal deformation within the range. This is in contrast with the distributed 
pattern of shortening predicted from the critical wedge model, usually inferred for Taiwan [Dahlen and Barr, 
1989].  
 
This analysis of the foreland basin and foothills system brings quantitative constraints on the kinematics of 
mountain building in Taiwan and appeals for some reappraisal of mountain –building processes in the case of 
this orogen. 
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INTERACTIONS BETWEEN FOLD-THRUST BELT DEFORMATION, FORELAND FLEXURE 

AND SURFACE MASS TRANSPORT 
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Interactions between fold and thrust belt deformation, foreland flexure and surface mass transport are 
investigated using a newly developed mathematical model incorporating fully dynamic coupling between 
mechanics and surface processes. The mechanical model is two dimensional (plane strain) and includes an 
elasto-visco-plastic rheology. The evolving model is flexurally compensated using an elastic beam 
formulation. Erosion and deposition at the surface are treated in a simple manner using a linear diffusion 
equation. The model is solved with the finite element method using an arbitrary Lagrangian-Eulerian scheme 
with marker particles. Because the model is particle based, it enables straightforward tracking of stratigraphy 
and exhumation paths and it can sustain very large strain. It is thus ideally suited to study deformation, 
erosion and sedimentation in fold-thrust belts and foreland basins. 
 

The model is used to investigate how fold-thrust deformation and foreland basin development is 
influenced by the non-dimensional parameterκ�  which can be interpreted as the ratio of the deformation time 
scale to the timescale for surface processes. Large values of κ�  imply that the rate of surface mass transport is 
significantly greater than the rate of deformation. When 1κ ≤�  the rates are surface processes are so slow that 
one observes a classic propagating fold-thrust belt with well developed wedge top basins and a largely under-
filled foreland flexural depression. Increasing the rate of surface processes relative to the rate of deformation 
(i.e., increasingκ� ) displaces the main location of deposition progressively towards the foreland and causes 
widespread erosion in the core of the fold-thrust belt. This has several important effects. First, it increases the 
proportion of foredeep deposition relative to wedge-top deposition, and therefore has a major influence on the 
style, nature and rate of sedimentation. Second, it leads to more rapid and widespread exhumation in the fold-
thrust belt, reducing the surface slope, the extent of thickening and the degree of flexural subsidence. The 
combined result of these first two points is that mass is more rapidly recycling between the foreland and the 
fold-thrust belt. This recycling may mean that much of the early history of the fold-thrust belt – foreland basin 
system is partially or totally removed. Third, the increase in the erosive flux from the fold-thrust belt relative 
to the flux of accreted material may slow or even halt widening of the deformation zone. However even if a 
steady state mass balance is attained, thickening in the fold-thrust belt may continue and the foreland basin 
may continue to subside. Fourth, erosion and sedimentation may influence deformation through modifying 
shear stresses acting on the basal decollement. For example, sedimentation, by increasing basal shear stresses, 
tends to inhibit fault activity, to favor development of foreland-verging structures and to increase both the 
spacing between thrusts and the time between periods of frontal propagation. Erosion, on the other hand, by 
removing mass, tends to maintain fault activity, leading to more localized deformation. Together, these effects 
indicate that erosion and sedimentation, rather than passively responding to tectonics, play an active and 
dynamic role in the development of fold-thrust belts and foreland basins.  
 

The results imply that regional differences in relative rates of surface processes (e.g., due to different 
climatic settings) may lead to distinctly different fold-thrust belts and foreland flexural basins. For example, 
orogens that have developed under conditions where erosion and sedimentation were relatively efficient (e.g., 
Taiwan) are characterized by (1) narrow belts of deformation with slow rates of thrust front propagation (2) 
deeply exhumed (3) have little deposition on the wedge top relative to the foredeep which is often largely 
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filled. These features contrast with orogens developed under conditions where erosion and sedimentation 
were relatively inefficient (e.g., Barbados prism) which tend to be wide with rapid rates of thrust front 
propagation. Sedimentation tends to occur dominantly in local wedge top basins leaving the foredeep flexural 
basin largely empty of sediment.   
 

Results also imply that a change in the relative rate of surface processes through time, for example 
related to emergence of an initially submerged orogen above sea level, may lead to a distinct change in 
behavior of the fold-thrust belt and foreland basin. For example, one anticipates that early development under 
water in the low energy environment will involve a rapidly widening orogen with slow deposition in piggy-
back basins. However, as the fold-thrust belt is uplifted above sea level and erosion and deposition become 
more efficient, one expects to observe a slowing of thrust front propagation, rapid exhumation and a switch 
from slow deposition in wedge-top basins to rapid deposition in the foredeep. On the basis of these model 
predictions, it is hypothesized that temporal changes inκ� associated with emergence of fold-thrust belts above 
sea level play an important active role in explaining the flysch to molasse transition observed in many 
foreland basins.    
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INTRODUCTION 
 
Our understanding of the tectonic evolution of thrust wedges and foreland basins has been greatly advanced 
by the coupling of observation with model experiments. The approximation of fold and thrust belts as 
critically tapered wedges (Chapple, 1978; Davis et al., 1983) laid the foundations for numerical and analogue 
models of doubly-vergent orogens (e.g., Malavielle, 1984; Huiqi et al., 1992; Beaumont et al., 2000). 
Similarly, the recognition of foreland basins as a flexural response to the load of the mountain belt enabled 
coupled thrust wedge/foreland basin models to be developed (e.g., Sinclair et al., 1991; Johnson and 
Beaumont 1999).  Despite the progressive evolution towards more sophisticated models, the ability to test 
model outputs against the recordable metrics of orogenesis remains a major challenge. This mismatch has 
current relevance to the debate centred around the relative roles of climate versus tectonics in the erosion of 
mountain belts (Molnar 2003), and to the assessement of steady state concepts in orogenesis (Willett and 
Brandon, 2002). 
 
In order to overcome this problem, and to quantify the signal of natural variability in the tectonic forcing, we 
have developed a discrete element model of orogenesis. This model permits the study of the structural activity 
on individual thrust faults, in the context of the growth of the mountain belt as a whole. The model can be 
scaled to enable predictions of the natural duration and magnitude of changes in deformation that should be 
expected during growth of a mountain belt without recourse to additional forcing such as climate variability. 
 
DISCRETE ELEMENT MODEL EXPERIMENTS 
 
A discrete element model is a computational model in which the elements are represented by discrete particles 
that interact through normal and tangential contact forces. In contrast to a finite element model for orogenesis 
which deforms as a continuum, thrust faulting is an emergent property of discrete element models, and hence 
is more comparable to sand-box experiments. Subject to appropriate tectonic boundary conditions (Naylor et 
al; 2005) the position of the elements is updated by numerical integration of the equations of motion (Cundall 
and Strack, 1979). Random packings of three disc cluster particles were used to overcome problems of over 
rotation (Jensen et al., 1999). The experiments simulate the accretion of a uniform foreland succession into an 
orogen that is located over an S-point, which approximates the subduction point separating material accreted 
into the orogen, from those on the underthrust plate (Willett et al., 1993); the subducted plate is not shown. 
Many ubiquitous features and processes of mountain belt evolution emerge from the  discrete element model 
simulations (Naylor et al; 2005). The model does not attempt to simulate isostatic compensation for the 
topography generated.  
A series of experiments were run in order to evaluate the natural variability of the signal of structural forcing 
on the following, commonly recorded metrics within an orogen. 1) Surface uplift in the centre of the 
mountain belt; 2) Outward growth of the orogen by thrust propagation 3) rates of exhumation of rocks from 
within the orogen (measured through mineral cooling ages). We can compare the magnitude and duration of 
structures and events predicted by the model to natural examples by scaling to the thickness of the rock layers 
that are accreted from the underthrust plate. 
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A number of simple, testable predictions can be made from these experiments: 
 
• Pro-wedges have a very different structural style and deformation history to retro-wedges. 
• Tectonic forcing of erosion by rock uplift and higher strain rates will be greatest in the pro-
wedge. 
• The rocks with the highest grade of metamorphism should be exhumed in the retro-wedge (NB. 
Maxima in erosion and depths exhumation will be offset). 
• The natural variability in the tectonic forcing will have timescales of 0.1 to 4 Myr dependent 
upon rates of convergence and the thickness of accreted units. This is critical to scaling studies of erosion 
rates in active orogens. 
 
FORELAND BASINS 
 
The recognition of the significant contrasts in the growth of pro- and retro-wedges impacts on the pro- versus 
retro-foreland basins. These two basin types have different subsidence mechanisms and therefore, should have 
contrasting stratigraphic development. Pro-foreland basins are driven by both subduction and the growth of 
the thrust wedge. Retro-wedges are only determined by the growth of the thrust wedge, and therefore should 
experience slower, linear episodic subsidence histories compared to rapid, accelerating and smoother 
subsidence histories in pro-foreland basins.  
 
PYRENEES 
 

The Pyrenees record approximately 60 Myr of upper crustal accretion, erosion and sedimentation that 
developed from Late Cretaceous to early Miocene times. Approximately 165 km of plate convergence was 
accommodated by four phases of orogenic growth that can be summarised in terms of their generic orogenic 
development as follows: 1) Early inversion of passive margin extensional faults, initiating the pro-wedge. 2) 
Growth by a combination of frontal accretion and underplating to the pro-wedge; symmetrical and steady 
record of erosion and foreland basin sedimentation. 3) Cessation of pro-wedge frontal accretion with 
propogation of the retro-wedge deformation front. 4) Accelerated growth of pro-wedge antiformal stack 
induced by underplating; accelerated erosion over antiformal stack and increase in sediment discharge to pro-
foreland basin; stabilisation of outer pro-wedge by sediment blanketing. 
 
We demonstrate that this asymmetry of growth is a natural outcome of the tectonic forcing of a doubly-
vergent orogen and foreland basin system, and requires no climatic or additional tectonic forcing. In addition, 
the apparent punctuated record of exhumation and thrust activity can be explained as the natural variability of 
a growing orogen. We therefore view the Pyrenees as a type-example of a doubly-vergent orogen. 
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VELOCITY DETERMINATION IN FOOTHILLS USING EVOLUTIONARY ALGORITHMS 

 

Vijay P. SINGH, Bertrand DUQUET, Michel LEGER (IFP, Rueil-Malmaison, France) and 

Marc SCHOENAUER (Inria, Future, France) 
 
 
Abstract:  

The presence of rugged topography, many folds and faults, complex velocity distribution, and 
irregular data coverage makes difficult to identify the overthrust structures, either by seismic imaging or 
geological methods. We present an integrated automatic velocity extraction technique. In a previous work, we 
optimized a geological structure with respect to dip and fault location information. In this work, with the 
structure assumed to be known, we optimize the velocity field by using multi-objective evolutionary 
algorithms. Proposed technique is able to find a good velocity model., This is the first time, to the best of our 
knowledge, that multi-objective optimization is applied to a velocity optimization. These results, obtained on 
a known structure velocity field identification problem, show the power of the proposed representation. 
Direction of further research is the simultaneous identification of unknown structure and velocity field.  
 
1. Introduction  

Day by day increasing of demand and price of a non renewable and depleting resources of energy 
compel  for prospecting in geologically complex regions in order to meet the energy demand. One of the most 
challenging prospecting fronts is foothills region. The rugged topography, complex sub-surface structure, 
velocity distribution, irregular data coverage and little prior velocity information of overthrust regions pose 
significant processing challenges. Therefore, accurate sub-surface imaging and extracting significant 
information from seismic data becomes critical to explore such complex geological region. 

The velocity analysis is one of the most severe hindrance in the current methodology of seismic data 
processing. The accurate determination of velocity becomes even more difficult when working in a 
geologically complex area. The accuracy of velocity decisive   for other steps, yet state of the art technique is 
industrious and based on the oversimplified models of wave reflection and refraction. Modern survey 
generates data to such an extent that manual techniques could manage only a tiny fraction. Efforts made till 
date are either unidisciplinary or use partial information from other disciplines making the systems 
incomplete in some or other aspects. Therefore accurate seismic imaging and determination of velocity 
distribution in such  complicated regions requires a multidisciplinary and automatic approach.  

 We attempt to estimate the velocity using a multidisciplinary approach. Our approach includes 
geological and geophysical modeling and  optimization using evolutionary algorithms. We are solving our 
problem in three steps. First step optimize the geological structure of a given region, the second step optimize 
the velocity model using a given geological structure, and the third will optimize the geological structure and 
velocity field simultaneously. We use evolutionary algorithms because our structural (geological) 
optimization  is a discrete problem and geophysical optimization process is nonlinear. Evolutionary 
algorithms are very robust  in handling discrete and nonlinear problems and efficient enough to find global 
solution. After a recall of our result about the first step (Section2), we present in this paper our result about 
the second step i.e. velocity optimization with known structure. 

 
2. Structural optimization: 

The presence of rugged topography, many folds and faults, makes difficult to identify the geologic 
structures, either by seismic imaging or geological methods. We have presented a subsurface identification 
approach using multi-objective evolutionary (Singh et al. 2005). Here is a concise summary of our structural 
optimization approach.  
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 This geological modelling, which may be backward (Moretti et al., 1989) or forward (Endignoux et al., 
1989), is very cumbersome and human time consuming. For identifying a foothill structure, a purely 
geological inverse problem is defined and solved by using  evolutionary algorithms. In this inverse problem, 
the unknowns are the faults parameter of a structure, and the data are layer dip or fault location measured on 
the topographical surface or along a well (Figure 1a). The kink model (Contreras and Suter, 1990) is used for 
the deformation of the model from a geologically initial state to the final present state. After deformation, dip 
and fault locations values are computed on this final model and compared to the field data, which gives two 
least-squares criteria suitable for optimization . An optimization result of a target mountain front model 
(Figure1a), with five layers and three faults are  shown. in  figure 1b and 1c. 

 

Velocity Optimization : 
In areas of complex geology, prestack depth migration is the only way to produce an accurate image 

of the subsurface. Migration velocity analysis is based on the principle that the image in the migrated data 
will be distorted when an erroneous velocity is used. The degree of distortion depends on the magnitude of 
the velocity error and length scale over which signal propagated with velocity. After prestack migration of 
prestack data sets, the imaged data are sorted as common image gathers (CIG) in angle domain. In each CIG 
the data have the same horizontal location regardless of subsurface structure. After prestack migration with 
correct velocity, the imaged depth of individual event at a CIG must be the same regardless of the angle and 
subsurface structure. 

 The efficiency of migration velocity analysis depends upon the process of updating the subsurface 
velocity and structural information. For updating the velocity model the gradient method Chauris and Noble 
(1999), and Sheng P. (2004) use the gradient information present in the system. The limitations of gradient 
method is to cope with nonconvex, multimodel and even ill-posed functions forced researcher to use 
probabilistic schemes (Sen and Stoffa, 1991; Mansanné and Schoenauer, 2001) that use stochastic transition 
rules and do not impose any special requirement about the nature of objective function. The probabilistic 
methods are good in finding global minima but suffer from slow convergence and very high computational 
cost. . 

  The main shortcomings of previous attempts of velocity optimization probabilistic methods are 
straightforward use of a global method, lack of a priori information (velocity increase with depth), narrow 
valley objective function (semblance and least-squares objective function). To alleviate these problem we 
propose a more robust and integrated scheme.  

- Use of geologically optimized structure for velocity estimation. Which is a very strong input    
information. the other problem based information could be increase of velocity with depth. 

- Use of both Semblance (semb) and differential semblance (DS) function simultaneously. (DS has a 
long valley of attraction ( Plessix et al 1995) and  Semb is very sensitive near to the true model). Both of this 
function will make a fast convergence  towards a global solution. 
Because two objective function are simultaneously optimized , multiobjective evolutionary algorithm (�-
MOEA by Deb et al. 2003) is being used for velocity optimization. The optimized geological structure is 
equipped with different velocity and were optimized according to the two objective functions. During the 
optimization, in place of  random initial velocity model, we generated a semi random model (half random 
model and half model velocity increase with depth) and  frequency range of 10-20Hz is used . The self 
adaptive SBX crossover and polynomial mutation (Deb and Agrawal, 1995) operator is being used for 
velocity update Using proposed technique we are able to find  good velocity models. The angle gather  CIG 
(figure 2c) is  flat and well resolved  migrated image (figure 2b) is obtained. 

Discussion and conclusion: 
We have presented a two step automatic velocity extraction technique. This proposed technique is 

able to find a good solution. This technique is using available geological and geophysical  information. In this 
technique a set of numerically optimized  solution are obtained 

 Moreover, this is the first time, to the best of our knowledge, that multiobjective optimization is 
applied for velocity optimization. The first results, obtained on synthetic geological identification problems, 
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show the power of the proposed representation, even if we restricted this representation to fixed geometry and 
variable layers velocity  for those preliminary experiments. Another direction is of course to experiment the 
full power of the proposed technique with respect to the variable geometry and layer velocity. Though there 
are some good hints about the geometry  and layer velocity thanks to pre-geological and well information, 
there is always a chance that we miss some faults and get ambiguous velocity, using the variable number of 
parameter  will then make full sense where we could use variable number geometry  and layer velocity.  

 
 
 

Figure 1 Results on the 3-faults model: (a) 
is the target structure. (b) and (c) are result 
structures. Structure (b) is similar to target 
structure in all respects. Structure (c)  is 
also similar to the target structure but fault 
locations are slightly different. However, 
both structures coincide with the target at 
observation points. 
 

 

 

 

 
 

Figure 2  Results on the velocity model: (a) is the migrated image (b) is the angle CIG and (c) is the 
migrated image using  optimized velocity and (d) is the corresponding gathering. The angle CIG of 
optimized model is  planer, which  certify that velocity model is correct. 
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TECTONIC CONTROL ON DIAGENESIS IN A FORELAND BASIN: COMBINED PETROLOGIC 
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(Corresponding author: pierre.labaume@dstu.univ-montp2.fr) 

 
 In foreland basins, thrust front propagation induces deformation and tectonic burial of sediments early 
after deposition. Hence, diagenesis is likely to be strongly controlled by tectonics and not only by sedimentary 

burial. We describe here the case example of the Grès d’Annot Formation, an Upper Eocene-Lower 
Oligocene turbiditic succession of the Alpine foreland basin of SE France. Combining petrographic study 
with apatite fission track analysis (AFTA), we show the correlation between the gradient of diagenesis across 
the basin and the westward wedging of the nappes that overthrust the basin soon after turbidite deposition. 
 
Geological setting.  
The Grès d’Annot cap the Mesozoic-Paleogene succession forming the inner part of the external Alpine units 
(Fig. 1). To the NE, the Grès d’Annot are thrust by the inner Alpine Briançonnais units. In the northern part of 
the basin, the Grès d’Annot are covered by the Embrunais-Ubaye nappes (Kerckhove, 1969). 
The onset of Grès d'Annot deposition ranges from Bartonian in the east to Early Rupelian in west (Du Fornel 
et al., 2004). Turbiditic currents flowed from S to N or SE to NW (Ravenne et al., 1987) and filled distinct 
depot centers formed by early folding of the substratum during the Eocene (Apps et al., 2004). An 
olistostrome associated with an erosional surface abruptly interrupted the Grès d’Annot deposition during the 
Early Rupelian and was itself overlain by the Embrunais-Ubaye nappes (Kerckhove, 1969). Folding and 
thrusting of the external Alpine units during the Oligo-Miocene was first rooted in the inner Alpine units, then 
in the basement thrusts that uplifted the Argentera and Barrot Palaeozoic massifs and caused the depot centre 
migration westward in the Barrême and Digne basins (Lickorish and Ford, 1998). Late N-S to NNW-SSE and 
ENE-WSW normal faults, locally reactivated by strike-slip, cut the nappes and their substratum down to the 
Palaeozoic basement (Labaume et al., 1989). 
 
The Grès d'Annot have been the source of highly influencial models of turbiditic system development (Joseph 
and Lomas, 2004). Only a few studies dealt with the sandstone petrography (Jean et al., 1985; Garcia et al., 
2004). They showed the arkosic composition of the sandstone, and identified their sources mainly in the 
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Hercynian granitic massifs of Corsica and, in the SW part of the basin, in the Palaeozoic of the Maures-
Esterel massif. However, they paid little attention to the diagenetic evolution of sandstones. 
 
Methodology.  
We sampled a section transverse to the basin from Bersezio in the NE to Annot in the SW, following in the 
NE part the lateral border of the Embrunais-Ubaye nappes, with 18 samples located at the base or the top of 
the succession. The grade of diagenesis was determined on thin section under the optical microscope and 
MEB. We characterised the mechanisms of compaction, the nature of cements and the porosity, the latter 
measured by MEB image analysis. We also characterised the mechanisms of deformation and mineralogy of 
veins in fracture and fault zones, in order to compare them with the diagenesis of the host rock. To obtain 
comparable results, we selected mainly samples with medium grain size. AFTA was then performed on some 
of the key samples to estimate the age and maximum temperature of diagenesis and deformation. AFTA also 
provided information on the maximum extent of the Embrunais-Ubaye nappes and the chronology of their 
erosion. 
 
Diagenesis.  
A strong difference in the grade of diagenesis is sensible in the field along the studied section, passing from 
relatively friable sandstones in the SW (Annot area), to strongly lithified sandstones NE of Grand Coyer 
(CYb-CYt). 
In the samples from the Annot area, the porosity is detectable under the microscope and mainly consists in 
primary intergranular porosity and subsidiary fracture porosity, with measured values from 6.4% to 27.1% 

(Fig. 2). The sandstone compaction is weak and often induced internal brittle fracturing of grains. On the 
other hand, pressure solution at grain contacts and quartz overgrowths are weakly developed or absent. The 
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main cement is calcite that post-dates the quartz overgrowths. Its abundance is very variable at all scales, 
controlling the value of the preserved porosity. 
North of Grand Coyer, the porosity dramatically decreases to values always below 5% (Fig. 2). Low porosity 
is correlated to a strong imbrication of detrital grains, due to pressure solution at grain contacts and grain 
mineral overgrowths. Calcite cement is often present, but with a rather low concentration. It precipitated after 
grain imbrication, either in small preserved intergranular pores, or by mineral replacement inside silico-clastic 
grains, mainly feldspars. 
 
Deformation mechanisms.  
The Grès d’Annot usually show weak macroscopic deformation, mainly marked by fractures and local faults 
and mineral veins. In the Annot area, N-S to NE-SW normal to strike-slip faults formed during the first stages 
of basin filling (Tomasso and Sinclair, 2004), but later faults of same direction also exist. In several samples 
from this area, minor fault zones comprise cataclastic slip bands featuring intense grain breakage and grain 
fragment compaction, but no cement (Fig. 2). At Braux (BRb), a NNW-SSE fault with both normal and strike 
slip striations features calcite veins, with frequent inclusions of detrital grains showing that the sandstone was 
poorly lithified when fractures opened. 
In the NE part of the section, late (post-nappe) faults are frequent from Montagne de l’Avalanche (MAt) to 
Restefond (RTF). They are N-S to NNW-SSE and ENE-WSW normal faults locally reactivated by strike slip 
(Labaume et al., 1989, Du Bernard, 2002). Fault zones are characterised by the abundance of stylolites and 
quartz veins (Fig. 2). Cataclastic bands are associated with the slip surfaces, but unlike those of the Annot 
area, they are cemented by quartz. Quartz veins and stylolites also occur at Bersezio (BEt) below the 
Briançonnais thrust front. The veins are filled by comb quartz grains, with a late fill of calcite cement. Quartz 
plastic deformation occurs along stylolite peaks at Restefond and in quartz veins at Bersezio. At Restefond, 
syn-kinematic white micas formed in the cataclastic shear bands, giving a sigmoidal foliation (Du Bernard, 
2002). 

 
Thermochronology.  
Apatite fission track central ages can be separated in three groups (Fig. 3). Group A corresponds to the 
samples from the NE half of the section, from Bersezio (BEt) to Vallon de la Lance (LAb). These samples 
yield recent ages between 7 and 12 Ma indicating a total reset of apatites by warming above 110°C before 
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cooling during the Late Miocene. Group B corresponds to the samples in intermediate position on the section, 
i.e. at Grand Coyer (CYt and CYb) and Le Ruch (RUb). This group presents bipolar ages which characterise a 
partial reset by warming between 60 and 110°C, between 8 and 16 Ma. Group C corresponds to the samples 
from the Annot area south of Le Ruch. These samples show multipolar ages around mean values between 30 
and 35 Ma, characteristic of a very limited reset by warming inferior at 60°C. 
 
Discussion.  
Sandstone diagenesis and deformation mechanisms show a correlated evolution from the SW to the NE of the 
studied section. In the Annot area, the weak compaction, relatively high porosity and mainly brittle 
mechanisms of compaction and tectonic deformation attest weak burial and low temperature. The lack or very 
weak development of pressure solution and quartz overgrowths indicates temperature <80°C (e.g. Oelkers et 
al., 1996), and the abundance of calcite cement, the only one in tectonic veins, is also compatible with low 
temperature. By contrast, the very low porosity and strong development of silica transfer by pressure solution 
both in compaction and faulting mechanisms shows that the part of the section NE of Grand Coyer underwent 
deeper burial with temperature >80°C. At the extreme NE of the section (Restefond and Bersezio), plastic 
deformation of quartz and white micas neoformation attest temperatures of 250-300°C. These results match 
with those of AFTA also showing a gradient of warming before denudation from <60°C in the SW to >110°C 
in the NE. In the Le Ruch-Grand Coyer area, the partial reset of apatites between 60°C and 110°C correlates 
with the transition from low-grade diagenesis in the SW (<80°C) to higher grade diagenesis (>80°C) in the 
NE. 
  
The geological context strongly suggests that the gradient of temperature across the basin reflects the 
difference in burial below the thrust units (Fig. 4). Assuming a geothermal gradient of 30°C/km, the burial 
reached 8-10 km in the NE, below the Briançonnais thrust front and the inner part of the Embrunais-Ubaye 
nappes. Decreasing temperatures toward the SW resulted from the wedging of the nappes toward the foreland, 
with thickness about 4 km just north of Grand Coyer and less than 2 km south of Le Ruch. The Annot area 
was shallowly buried below the nappe toe, and possibly the SW-most outcrops with the weakest diagenesis 
(Rouaine) remained ahead the thrust front. Due to depot centre shift westward in the Barrême basin during the 
Oligocene, this external part of the Grès d'Annot basin did not experience either deep sedimentary burial. At 
Grand Coyer, the older age at the top (CYt) compared to the base (CYb) reflects the valley erosion with a 350 
m elevation difference. In other places, differences of AFTA ages between neigbouring samples probably 
reflect local tectonic and/or thermal complications such as fluid circulation in faults. 
  
The structural map shows that the nappe front reconstructed from our data corresponds to the along strike 
projection of the present nappe front preserved from erosion a few km NW of the studied section (Fig. 4). 
Therefore, the nappes originally extended southeastward where they have been completely eroded during 
uplift of the basement thrusts of the Argentera and Barrot massifs during the Middle to Late Miocene. These 
results are consistent with those of Bigot-Cormier (2002), who showed that denudation of the Argentera 
massif basement begun during the Early Miocene (zircon fission track ages mainly around 22 Ma), then 
continued through the Miocene and Pliocene (AFTA ages with two main groups around 6 Ma and 3.5 Ma). In 
the Grès du Champsaur, equivalent to the Grès d'Annot north of the Embrunais-Ubaye nappes, Seaward et al. 
(1999) found AFTA ages equivalent to ours, mainly between 6 Ma and 12 Ma. 
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The region of western Greece (37oN – 41oN; 18oE- 23oE) which included the Ionian Islands and the 

western parts of the mainland is bounded by significant active structures which are clearly depicted in the 
topography. Focal mechanisms of earthquakes indicate compressional regime along the western coasts, strike 
– slip faulting in the Ionian Islands, and normal faulting inland. In this work we use the information obtained 
from geophysical analysis with the geological and seismological information in an attempt to better resolve 
active structures. It is known that complex attributes analysis is frequently used for extracting the dimensional 
and physical parameters of the buried structures that stimulate magnetic fields. Usually in order to apply the 
aforementioned analysis the gravity data should be transformed to equivalent magnetic data using the pseudo-
magnetic transformation. We applied the complex attributes analysis on both gravity and pseudo-magnetic 
datasets. Estimates of the parameters of the sources were inferred. These estimates concern the local depth, 
strike, dip and “pseudo-susceptibility” or “density” contrast. The estimated local parameters are in agreement 
with the results obtained by previous interpretations and conclusions inferred by other methods. The 
combination with seismological data is attempted to assess the geological and tectonic setting of the region.  
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The first-order mechanics of thin-skinned thrust-and-fold belts (TFBs) are adequately described by the well-
known “critical wedge” existence theories of Chapple (1978), Davis et al. (1983), and Dahlen (1984). These 
closed-form descriptions solve the static equilibrium equations by assuming the wedge is everywhere on the 
verge of failure. This assumption, as well as restrictions on spatial variability of material properties (e.g., 
Dahlen, 1990), limits the applicability of these theories to “whole wedge” scales. Therefore, they are not 
appropriate to examining mechanics within TFBs, at scales smaller than the entire wedge. 
 
Dynamical numerical models are not similarly constrained, allowing examination of structures within the 
wedge, and the prospect of a deeper understanding of TFB mechanics, beyond insights obtained through 
“whole wedge” theories. Furthermore, numerical models allow us to examine feedback relationships, such as 
those involving surface processes (erosion and sedimentation), and regional isostatic adjustment. Although 
the effects of erosion and sedimentation on orogenic-scale deformation are widely appreciated (e.g., 
Beaumont et al., 1992; Willett, 1999; Whipple and Meade, 2004), a similar understanding within TFBs is 
lacking. 
 
We describe numerical experiments of thin-skinned TFB deformation using an arbitrary Lagrangian-Eulerian 
(ALE) 2-D, finite-element, continuum mechanics code, capable of accommodating very large strain (see 
Fullsack, 1995, and Beaumont et al., 2004). In the undeformed state, each model is generally composed of 
layered materials of specified thickness, extent, rheology (e.g., frictional-plastic, viscous, etc.), and 
mechanical properties. In models discussed here, all materials have a finite yield strength, i.e., they are plastic. 
We use a rigid-plastic pressure-dependent formulation known as a Drucker-Prager material (equivalent to a 
Mohr-Coulomb failure criterion in plane-strain). Pore-fluid pressure effects can be incorporated through the 
use of an effective angle of internal friction. Materials can have constant properties, or strain-harden or strain-
soften. 
 
A variety of boundary conditions can be imposed on the FE models. Here, we impose velocity boundary 
conditions where the base of the model moves at constant velocity toward a vertical frictionless “backstop” 
and subducts beneath it; the base carries a foreland succession that is deformed against the backstop 
(equivalent to the backstop being pushed at constant velocity into the foreland succession). During 
deformation, the upper surface of the thickening wedge can be exposed to surface processes, allowing 
erosional removal and deposition in sedimentary basins. We are presently using simple, first-order models to 
describe erosion and deposition, with the goal of trying to understand how even the simplest forms of surface 
processes can influence structural style. The models also accommodate regional isostatic adjustment to 
mechanical thickening, sedimentary basin filling, and erosional unloading. 
 
Within the continuum mechanics FE models, faults are not modelled explicitly. However, narrow high-strain 
zones develop spontaneously, and can yield structures very similar in style to those in TFBs (Figure 1). These 
fault-like shear zones develop in models with constant material properties, but are better developed when 
materials strain-soften, due to positive feedback effects. A broad range of structures is observed in the 
numerical models. These include far-traveled thrust sheets, irregular-roof and smooth-roof duplexes, 
antiformal stacks, backthrusts, pop-ups, nascent triangle zones, detachment folds, break-thrusts, and 
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piggyback basins. Substantial variations in fundamental structural style can result from relatively minor 
variations in input parameters. 

 
Figure 1: An example of a “two-detachment” model experiment (see text description) illustrating the 
development of fault-like, narrow, high-strain zones and associated structures. All materials have constant 
Coulomb strength (effective angle of internal friction, φ) except for the green material, which strain-softens. 
The φ angles are: yellow, 15°; purple, 3°; green, 33° to 25°; and red, 10°. Note the smooth-roof duplex 
structure, the formation of long thrust sheets, and the step-up of the basal decollement from the red 
detachment layer to the purple detachment layer. Only a portion of the FE model is shown (total model width 
is 400 km). 
 
As noted above, in the undeformed state, most models are composed of a series of layers, of contrasting 
thickness and strength. The example in Figure 1 is of a model type we refer to as “two-detachment”, in 
reference to the number of initial layers that are relatively thin and weak (red and purple layers in Figure 1). 
Each of these thin and weak layers is overlain by a much thicker, and generally, significantly stronger layer, 
designed to act as a “competent” beam (green and yellow layers in Figure 1). 
 
Efforts to date have focused on determining the ranges of material properties that produce “faults” (shear 
zones) and thrust sheets that have geometries similar to those in nature. Perhaps not surprisingly, a large 
strength contrast between the thick layers and thin detachment horizons is necessary to produce model 
structures reminiscent of those in the external brittle zones of TFBs (see Figure 1 caption for example values). 
In most models, the layered geometry does not extend all the way to the rigid backstop. This is intended to 
minimize the effects of the backstop boundary conditions on the resulting structures. 
 
Substantial changes to structural style are observed in model experiments that include significant surface 
processes, especially syndeformational sedimentation. Figure 2 shows two time steps from two three-
detachment models (three thin, weak detachment horizons, each overlain by strong and thick layers). The 
upper model of each pair (Figures 2a and 2c) is subjected only to very minor surface processes (diffusional 
smoothing resulting, for example, in sediment (yellow) deposited in the cores of synclines). The lower model 
of each pair (Figures 2b and 2d) is subjected to slope-dependent erosion, and sedimentation occurs wherever 
the upper surface of the model lies below “base level”, which here is the elevation of the upper surface prior 
to shortening. 
 



Thrust Belts and Foreland Basins, International Meeting, Rueil-Malmaison, December 2005 
Abstracts Volume 

****************************************** 
 

 

 

362

 
Figure 2: Comparison of three-detachment models without (a and c) and with (b and d) significant 
syndeformational surface processes. Note that the layered geometry does not extend all the way to the 
backstop, to minimize boundary condition effects. The backstop is located 30 km left of the end of this figure. 
For the model with surface processes (b and d), the slope-dependent erosion magnitude varies with position: 
zero from 0 to 50 km from the backstop, a constant value from 100 km to the end of the model, and a linear 
increase between 50 and 100 km. This affects structural development, and localizes the antiformal stack. The 
brown and green layers, and the yellow “sediment” have identical material properties, and strain-soften (φ 
from 33° to 25°). The thin detachments have φ angles of: purple, 1°; red, 5°. Only a portion of the FE model is 
shown here (total model width is 400 km). 
 
Figure 2b shows how regional isostatic adjustment due to structural thickening and loading results in flexure 
leading to deposition in a foreland basin. With continued shortening and foreland sedimentation, this leads to 
a situation where the deformation front can step forward into the foreland a large distance relative to the 
thickness of the undeformed layers (Figure 2d), essentially bypassing the creation of “critical” taper via 
internal shortening. Stepping forward in time, this process tends to repeat itself, such that a characteristic 
structural style develops, involving relatively broad and little-deformed synclinal structures separated by 
narrower, substantially more deformed anticlinal culminations. Figure 3 shows a more-evolved state of the 
model in Figure 2d, and a comparison with structures in the Foothills of the Southern Canadian Rocky 
Mountains. Although erosion in Alberta has removed any direct evidence for syndeformational piggyback 
basins, the structural style can be interpreted as the “fingerprint” of such an interaction between deformation 
and surface processes. Similar, less eroded, features are observed near the leading edges of other orogens.  
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Figure 3: (a) Same model as shown in Figure 2b and d, but at larger degree of convergence. (b) Portion of cross-

section across the Southern Canadian Rocky Mountain Foothills, from Ollerenshaw (1978). 
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One of the most arcuate segments of the Alpine chain is represented by the South Carpathians where the 

strike of the orogen changes from E–W to N–S and again E–W to the Balkans (fig. 1). The present-day 

structuring of the Carpathians system is the result of a quite long-lasting Alpine-type evolution that includes: 

periods of lithospheric stretching and break-up, plate convergence and collision, orogen parallel extension and 

core-complex formation, rotation and wrenching, basin opening and inversion. 

 Following the Mid-Cretaceous closure of the narrow, Severin ocean which had separated two pieces of 

lithosphere derived from the European margin (Dacia and Moesia), the ongoing contraction led eventually to 

the overthrusting of the Supragetic/Getic/Severin nappe assemblage onto the distal Moesia (i.e. the 

outcropping Danubian Autochthonous) as well as to duplex formation inside the latter by Late Cretaceous 

times (e.g. Sandulescu, 1988; Berza et al., 1994). The Tertiary kinematics is complex, however the overall 

picture of the tectonic transport of the Carpathians units towards the present-day position around the Moesia 

corner is generally accepted (e.g. Ratschbacher et al., 1993; Schmid et al., 1998). The displacement of the 

Carpathians units was essentially made along the Cerna-Timok major strike-slip fault system. 

In this contribution we shall bring some new elements on the South Carpathians / Moesia boundary using data 

from seismic lines shot across the Timok lineament together with information from wells and some of our 

field observations. The subsurface data were particularly useful as the contact between the South Carpathians 

and Moesia is hidden beneath the Neogene sedimentary fill which onlaps onto a Getic klippe to the south and 

directly onto the Danubian Autochthonous to the north (fig. 1).  

The Timok fault system is parallel to the South Carpathians and bounds to the east a basin (Zegujani), which 

hosts more than 5 km-thick sediments mostly of Neogene age. In contrasts to the outcropping dextral Cerna 

fault, which was active mainly during the Oligocene times (Berza and Draganescu, 1988), the Timok fault had 

a longer tectonic activity. Outcropping only to the south of Danube river, the Timok fault (fig. 2) is a flower 

structure separating the uplifted outer part of the Getic/Severin nappe welded to the Danubian Autochthonous 

from the deep basin formed onto the Moesian lithosphere since the Late Paleogene-Early Miocene.  

Integration of the field with the subsurface data provided herein suggests that farther west of this line a deep 

buried external thrust affecting the Danubian Autochthonous exists beneath the outcropping Getic klippe. 

This duplex is also interpreted to the north suggesting the Danubian Autochthonous crops out in its hanging-

wall. We would propose that both this thrust plane and Timok fault itself originate from an ancient Triassic-

Jurassic rifting event that pre-dated the opening of the Severin ocean. Such fault system striking roughly N–S 
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was described to the westernmost edge of Moesia (fig. 1) by Matresu (2004) and would explain why quite 

thick Triassic deposits can be found on Moesia and are missing on its, Danubian Autochthonous, distal part. 

There the crystalline basement is overlain by Jurassic formations only. 

 Based upon the structural and thickness pattern in the neighboring Zegujani basin, we propose the Timok 

fault functioned during at least the Early Miocene as a transfer fault accommodating the displacement of the 

Carpathians units by NNE-directed extension to the east. Accordingly, despite the apparent continuity of the 

actual Timok fault, its curved shape was progressively achieved no earlier than the Late Miocene (end 

Badenian-Sarmatian) when the anastomosed system evolved into a dextral shear zone (fig. 1). This is 

suggested by the continuity of the outcropping ENE-WSW dextral strike-slip system towards the east and the 

evidences of Late Miocene and younger deformations (including recent ones as shown by displaced terraces 

seen on satellite images). 

 Within a regional framework, the Early Miocene NNE-ward displacement of the Carpathians units is 

accommodated to the north by shortening in the Pienides (Sandulescu, 1988) and retro-foredeep formation on 

the Transylvanian northern margin (e.g. Huismans et al., 1997). This implies a coevally pure dextral strike-

slip-to-oblique shortening in the East Carpathians evolving wedge (as previously supposed by Matenco, 1997) 

in contrast to a pure shortening, postulated for a long time (e.g. Sandulescu, 1988).   

 The vertical offset along the Timok fault is more than 2 km. The Late Miocene (Sarmatian) sediments 

thin to the west and north and outcrop overlying the Cretaceous nappe pile whilst on the eastern side of the 

fault they change dramatically the thickness and elevation. It appears that when the Carpathian units started 

rotating along the Timok fault in Late Miocene times, the nappe pile became decoupled from western Moesia, 

thus leading to accelerated subsidence of the latter. Moreover, this would explain why the westernmost 

extremity of Moesia records no significant contractional deformation whereas thrusting proceeded along the 

belt culminating eventually with the emplacement of the Subcarpathians nappe by Latest Sarmatian (e.g. 

Sandulescu, 1988). 
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FIGURE 1 Geological setting. Double red arrows indicate the Triassic-Jurassic rifting and the approximate 

location of the fault system described by Matresu (2004). 
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FIGURE 2 Seismic line across the Timok fault system (location in fig. 1) 
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DOUBLE-EDGE FAULT-PROPAGATION FOLDING 
 

TAVANI S., STORTI F., SALVINI F. 
 

Dipartimento di Scienze Geologiche, Università “Roma Tre”, Largo S. L. Murialdo 1, I-00146 Roma, Italy 
 

Fault-propagation folding is a common folding mechanism in thrust-and-fold belts and accretionary 
prisms. Several geometrical models relating the fold shape to the ramp shape have been proposed. In all these 
theoretical models, ramps always emanate from a basal fault and propagate upwards. We developed a new 
kinematic and geometric model of fault-propagation folding, named double-edge fault-propagation folding. 
The model simulates folding at thrust ramps as a function of their nucleation site and propagation history 
within the folded multilayer (Fig. 1). The fold shape is dictated by the initial length and location of the ramp, 
its dip, and the S/P ratio (i.e. ramp slip versus propagation) of both the upper and lower ramp tips. This 
solution increases the geometrical flexibility of fault-propagation folding releasing, for example, the direct 
dependence between the backlimb dip and the ramp dip, as double-edge fault-propagation folding is 
characterised by a backlimb panel not necessary parallel to the ramp. This feature is commonly observed in 
thrust-related anticlines, within fold-and-thrust belts and accretionary prisms. The dependence of the fold 
shape on the fault behaviour provides a tool for implementing the role of mechanical stratigraphy and 
environmental conditions of deformation into geometrical models. 

 

distance

 
 
Figure 1: Synoptic template showing the geometrical variability of double-edge fault-propagation 

folding induced by change in the ramp dip, ramp nucleation zone width and position, and S/P ratio of the fault 
tips. The inserts show the shapes of displacement-distance diagrams constructed along the ramps. The grey 
areas indicate the thickness of layers faulted before folding. 
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PRELIMINARY RESULTS ON STRATIGRAPHY AND SUBSIDENCE HISTORY IN THE 

ZAGROS FORELAND (DEZFUL-IZEH AREA) 

 
J. TENSI1, PH. RAZIN2, F. MOUTHEREAU1, J. SERRA-KIEL, C. ROBIN 

 
1Laboratoire de Tectonique, UMR 7072, UPMC, 4 Place Jussieu, 75252 Paris Cedex 05, France 

2 EGID Bordeaux 3, 1 allée Daguin 33607 PESSAC Cedex 

The Zagros collision results from the closure of the Tethys ocean during the Late-Cretaceous (Talkin, 
1972; Berberian and King, 1981). The convergence between the Iranian micro-continent and the Arabian 
passive continental margin resulted in two contrasted events: 1) the obduction of the Tethyan oceanic 
lithosphere onto the Arabian margin usually dated as Turonian/Campanian (Stoneley, 1990; Ziegler, 2001) 
and 2) the collision itself whose initiation is not well constrained. Remarkably, since the Paleocene (i.e., 
coevally or slightly after the obduction) the Zagros basin was filled by up to 6-7 km of sediments (Motiei, 
1993). Such accumulation requires an efficient mechanism to create the space available for sedimentation. In 
the context of convergence, the loading of the continental margin by crustal shortening may rapidly bend and 
flex the lithosphere by significant amounts thus producing the necessary tectonic subsidence.  

In this study we present sedimentary and stratigraphic informations collected in the Dezful-Izeh area to 
the North of the HZF (High Zagros Fault). This data are used to highlight the evolution of the northern part of 
the Zagros basin since the Paleocene-Eocene in terms of plate flexure.  
 

 
 
Fig. 1: Geodynamical context of the Study  
(above) and sedimentary record in Persian 
 gulf (to the right).  
White rectangle indicates the localization of this study. Geodynamical history is shown with the sedimentary 
record (picture on the right) 
 

This study shows three distinctive stages of subsidence in the Zagros basin during the Cenozoic.  

 ? 
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Between the Late Cretaceous and the Paleocene (above the Gurpi Formation of Maastrichtian age) 1 km 
of flyschs (Amiran formation) were deposited. This suggests a significant increase of the accommodation 
space at the Paleocene. The turbidites found at the base of the Amiran Formation become more proximal 
upward with the arrival of deltaic-front type deposits. The Amiran Formation displays progressive onlaps that 
may suggest the turbidites were deposited in a flexural basin. If a plate flexure may satisfactorily fits the 
sedimentary observations, the definition of the nature of the load still requires 2D modelling of the basin 
history. Fossiliferous carbonate beds intercalled in the fan-delta system are dated to Late Paleocene 
(Thanetian). The continental fluvial Kashkan Formation at the top of the regressive sequence reveals that the 
basin is completely filled at the Eocene.  
 

 
 
Fig. 2: Paleocene deepening of the Dezful-Izeh area as recorded by the Gurpi-Amiran-Kashkan 
succession.    The picture on the top and the associated log together show the complete Amiran Formation in 
Sepid Dasht Valley (south Dorud). Pictures on the bottom from left to right are successively the transition 
between Amiran-Kaskan Formation, the fan-delta that develops at the top of the Amiran Formation, and the 
deep hemipellagic to turbiditic basal part of Amiran Formation. 
 

Above the Kashkan Formation, a carbonate platform establishes and covers the whole area. It is 
characterized by shallow-peritidal facies at its base that evolves toward a plateform facies during Cuisian 
(Nummulites and Foraminifera). Above the platform, deep water deposits are associated with gravity 
instabilities. This may be tentatively interpreted as a new flexural event during the Eocene (Lutetian to 
Priabonian from faunal datation) due to renewed subsurface or surface loading which remains to be tested. 
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Fig. 3: Eocene northward deepening in the north part of the Dezful-Izeh area (south of Aligudarz). The 
central picture shows the deepening succession from alluvial Kashkan Formation toward Lutetian collapse of 
a Cuisian plateform. A cross-section in the bottom and a sedimentary log to the left complete the observation. 
Three pictures on the top illustrate the gravity flow nature of the deposits above the Cuisian plateform.  
 

A second carbonate platform formed by the well-known Asmari limestones (Oligo-Miocene) the 
developed. The basin deepens again as it is suggested by the development of a siliciclastic turbiditic system. 
At that time, most reconstructions suggest that the collision has already started. So the observation that a 
seaway still existed in the High Zagros is surprising. This sequence is covered by Miocene conglomerates that 
filled up the basin. To the South in the Dezful depression, those conglomerates may be tentatively correlated 
with the alluvial and delta fan system of the Fars Group.  

 

 
 
Fig. 4: Post-Asmari Miocene siliciclastic turbidites (south of Aligudarz). The picture on the top and the 
associated log show the deepening and following filling of the Miocene basin. Pictures in the bottom 
respectively refer to the back-step of Asmary Formation, the siliciclastic turbidites and the conglomeratic 
filling of the flexural basin.  
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The Cuisian platform and Eocene-Oligocene turbidites units were not clearly identified in the previous 

studies since they are only exposed on the northern flank of the High Zagros. In the Zagros Folded Belt to the 
south, the Oligo-Miocene Asmari carbonate platform lies directly upon the Kashkan Fm. or upon the 
Paleocene Pabdeh Fm. The complete wedging of the Lower Eocene – Lower Oligocene carbonate units in the 
southern domain is interpreted as the result of platform margin collapses feeding the carbonate turbiditic 
systems to the north and/or of a peripheric deformation and erosion before the Asmari transgression. 
Moreover, this Late Eocene – Oligocene deformation is related to the major deformation pointed out in 
Kermanshah zone.  

 
 

 
 

Fig. 5: Schematic cross-section of the Zagros flexural basin in the Dezful-Izeh area. The picture outlines 
the three distinctive stage of flexural subsidence. Notice the Eocene flexural basin which is localized 
northward regarding the Paleocene one. 
 

It is of a major interest to note that the Eocene – Oligocene foredeep basin identified between Borujerd 
and Kooran at the front of the MZT was probably localized in a more internal zone than the previous 
Paleocene foredeep (Amiran Formation). It means that the arabian plate response to loading migrates to the 
north. If crustal shortening is the load responsible for the observed plate deflection, which remains to be 
tested, there is no geological evidence of such structural units northward. Hence we assume that they are 
presently buried beneath the Sanandaj-Sirjan Zone. This consideration has important implications concerning 
the paleotectonic restorations, and particularly the amplitude of the Oligocene and Mio-Pliocene successive 
tectonic shortening, the width of the paleomargin and successive foreland basins.  
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MIOCENE COVER FOLDING IN THE ZAGROS FOLD BELT: PRELIMINARY RESULTS 

FROM THE TECTONIC/SEDIMENTARY ANALYSIS OF THE SIM ANTICLINE (CENTRAL 

FARS) 

 
J. TENSI1, F. MOUTHEREAU1, O. LACOMBE1, S. CASTELLTORT1 

1Laboratoire de Tectonique, UMR 7072, UPMC, 75252 Paris Cedex 05, France 
 

The Zagros orogen results from the closure of Tethyan ocean during Late-Cretaceous/Cenozoic time 
(Talkin, 1972; Berberian and King, 1981). Inherited faults from the Tethyan rifting are seen to have controlled 
the deformation of the Zagros fold belt. This has resulted in several structural domains with particular 
sedimentologic record (Sepher and Cosgrove, 2004). For instance, the Miocene deposits are clearly controlled 
by the Surmeh Fault (Mountain Front Fault, MFF of Sepher and Cosgrove) a major still active basement 
reverse fault. Within the Fars Group, the Gachsaran-Razak Formation indicates marine environment to the 
South while they are continental to the North of the Surmeh Fault (MFF in Figure 2). Moreover, gravity 
collapse processes are preponderant toward the MFF which seems to indicate an activity of this forced fold at 
that time (Figure 3). 

 

 
 Fig. 1: Structural setting of the Zagros Fold-Belt showing the major fault zones, distribution of 
oil and  gas fields and the Hormuz salt diapirs from (Sepher and Cosgrove, 2004). The rectangle 
indicates the herein studied area in the Fars domain. 

 
Hence, the sedimentological analysis at the basin scale supports the hypothesis of a tectonic control of the 

basin architecture by major basement structural trends since the Miocene. In this study we aim to further 
examine the growth of folding (Meymand-Sim anticlines area) to the North of the Surmeh Fault (equivalent to 
MFF) since the Miocene. At that time, the sedimentary sequence is roughly explained by a transgressive 
sequence which initiates with the deposition of a thick alluvial fan with cyclic deposition of evaporitic 
deposits at the top of which a shallow-marine deposition dominates (Razak and Mishan Formations).  
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Fig. 2: Facies evolution from Razak (north) to Gachsaran (south). Zagros basin architecture in the 
Fars at the top from (Sepher and Cosgrove, 2004). Photographs on the right show alluvial fan deposits 
(Razak formation) in the northern flank of the Sim anticline. On the Left are the photographs of its 
lateral equivalent (Gachsaran Formation) in the northern flank of the Zalemi anticline. 

The numbers of evidence of slope instabilities (debris flows in Figure 3) together with angular 
synformational unconformities in the Razak-Gashsaran formation suggest a coeval activity of folding. Then 
the drowning of the Zagros basin occurs as the Mishan marine limestones were deposited. Locally to the 
south of the Sim and Meymand anticline reefal limestones developed. This may further indicate the likely 
development of folding activity at that time. Since little evidence of basement faulting exists in that domain, 
thin-skinned detachment folding or buckle folding (above the Hormuz salt) was probably the major 
mechanism for folding. Above a regional-scale alluvial fan (Agha Jari Formation) with local marine 
incursions blanketed the Zagros fold belt. This testifies for a major change in the dynamic of the Mountain 
Belt at the end of the Miocene-early Pliocene. Then folding becomes more pronounced and the final 
topography was achieved through the reactivation of basement faults. 

 
Fig.3. Gachsaran Facies in the South Flank of the Takhteh Anticline. Debris flow (matrix supported 

conglomerates) indicates instabilities during carbonate sedimentation in this area. 
 

 

NE SW 
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Fig. 4: Unconformity during Miocene deposits in Sim anticline area. Sedimentologic log and 
photographs are localized on the central 3D-Landsat view. Unconformity at successive level in the 
Miocene stratigraphic column may be interpreted as a result of fold activity.  
 
The current stratigraphic correlations and accurate sedimentary analysis will provide further informations 

on the local evolution of folding with regard to the regional basin development. This would lead to better 
constrain the hydrocarbon migration, maturation and entrapment sharply linked to both the basin scale flexure 
and the local fold growth. 
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SUBSIDENCE HISTORY AND FLEXURAL BULGE DEVELOPMENT IN THE TAIWAN 
FORELAND: TIME CONSTRAINTS ON THE TRANSITION FROM SUBDUCTION TO ARC-

CONTINENT COLLISION AND ITS GEODYNAMICAL IMPLICATIONS 
 

J. TENSI1, F. MOUTHEREAU1 , O. LACOMBE1 

1Laboratoire de Tectonique, UMR 7072, UPMC, 75252 Paris Cedex 05, France 
 

The present-day Taiwan orogen results from the Plio-Pleistocene and still active collision between the 
Eurasian continental plate (EU) and the oceanic Philippine Sea Plate (PSP) including the Luzon Arc (Fig. 1). 
Because of the oblique NW-SE convergence between the South China continental margin that trends N60°E 
and the Luzon arc that strikes N10°E, the collision migrated southward along the Eurasian margin (Suppe 
1984). As a result, the successive geodynamical stages, from oceanic subduction (or incipient collision) in 
southern Taiwan to post-collision in the Okinawa trough can be identified (Teng 1996) along the strike of the 
Taiwan belt, where collision culminates today.  

 

 

Fig. 1: Structural units, 
geodynamic and 
kinematic context at the 
Eurasian-Philippines 
Sea boundary. The 
present forebulge 
determined by Yu and 
Chou [2001] is shown in 
dashed. CP: Coastal 
Plain; CR: Coastal 
Range; ECR: Eastern 
Central Range; HR: 
Hsuehshan Range; LVF: 
Longitudinal Valley 
Fault; OCT: Ocean-
Continent transition; PH: 
Peikang high; TB: 
Tainan Basin; WF: 
Western Foothills. 

 
Several conceptual geodynamical models based on plate reconstructions have placed numerous 

constraints on the Neogene evolution of the Taiwan collision (Barrier & Angelier 1986, Huang et al. 1997, 
Lallemand et al. 2001, Malavieille et al. 2002, Suppe 1984, Teng 1990, 1996). One can tentatively divide 
these models into two groups. The first category of models supports the hypothesis of a single collision event 
between the Arc of Luzon and the Eurasian continental margin. The age of the collision onset is still 
controversial since it ranges from 12 Ma up to 2 Ma for some authors. The second set of models is based on 
the recognition of diachronous sedimentary unconformities and diachronous tectonic mélanges across the belt. 
Those events have been interpreted in terms of two-stage collision or obduction-collision at 8 Ma and at 3 Ma 
respectively (Chang & Chi 1983, Delcaillau et al. 1994, Huang 1984, Lu & Hsü 1992, Pelletier & Stephan 
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1986). It is clear based on this brief review that little is known on the early stage of the collision. The recent 
studies of the subsidence history in the western foreland of Taiwan have focused on the pre-orogenic history 
of the continental margin from Paleogene rifting to break-up stage (Lee et al. 1993, Lin et al. 2003, Shaw 
1996, Yu & Teng 1988).  

Our main concern in this study is to examine the timing of the initiation of the collision and the 
precursory mechanisms that have controlled the early stages of its development. To this aim, the sedimentary 
and stratigraphic record in the western foreland basin is used to analysis the subsidence history in the Chinese 
continental margin over the last 30 Ma with a particular focus on the period ranging from 16 Ma (assumed 
initiation of convergence) to the present. Prior to this analysis, all available well-based and outcrop-based 
stratigraphic data are combined in order to provide a comprehensive dating of the Neogene formations 
throughout the Taiwan foreland. More than 101 wells located offshore and onshore in the Coastal Plain and 
the Western Foothills were available for this study. To examine the possibility that the observed subsidence 
pattern can be interpreted as a response of the Chinese margin to tectonically-induced loading, we perform 2D 
reconstructions of the evolution of the plate flexure over time using a simple geometric approach for the last 
16 Ma. Finally, in order to constrain the nature of the load(s) we seek to fit the data by a deflection model 
using a 2D numerical flexural modelling of a purely elastic plate. We specifically examine what combination 
of 1) surface or subsurface loads; 2) elastic thickness and 3) orogenic parameters such as the rate of 
advancement of the orogen or erosion provide the best explanation of the observed subsidence pattern. 
Ultimately, the results are replaced in the framework of the geodynamic setting in order to discuss the early 
stage of the initiation of the collision and its evolution over time. 

The recent acquisition of seismic-reflection profiles in the western Taiwan basin has clearly 
demonstrated the presence of a major unconformity at the base of the foreland basin sequences (Lin et al. 
2003, Yu & Chou 2001). An age of 6.5 Ma has been proposed for this unconformity based on the dating of 
basaltic rocks in offshore drillings (Lin & Watts 2002). The progressive onlaps of the synorogenic deposits 
onto the Chinese continental margin sequences and its geometry indicate strong similarities with the 
development of a flexural unconformity induced by the migration of the forebulge. Below the unconformity, 
passive margin syn-rift and post-rift sedimentary sequences are clearly observed.  

Other data from field informations have confirmed for years the occurrence of a major late Miocene 
unconformity between the shallow-marine Kueichulin formation and the Nanchuang Formation. Based on 
biostratigraphic data a roughly consistent age of 12-8 Ma has been tentatively proposed for this unconformity 
(Fig. 3). The diachronism of this unconformity is not surprising if we interpret it as a forebulge unconformity 
resulting from the propagation of a lithospheric bulge into the continental margin. Indeed, the stratigraphic 
hiatus produce by the forebulge migration into the margin is expected to increase away from the orogenic load 
(Crampton & Allen 1995). The progressive onlaps of synorogenic strata onto flexed Neogene and Paleogene 
pre-orogenic strata explain why the unconformity is younger, i.e., 6.5 Ma, closer to the current position of the 
flexural bulge.  

The western Taiwan basin evolved from a stage where the sediments eroded from the thrust wedge 
were trapped within a shallow-marine basin to a stage during which the sediments overcome the flexure and 
finally flow over the bulge. This typical coarsening-upward sequence shows strong similarities with the filling 
history in other foreland basins like the Alpine foreland. Differences can however be noticed such as the lack 
of carbonate platform, so the transition from passive margin to foreland setting is obscured at Taiwan. Also 
the initial transgression on the continental margin is not followed by the deposition of deep-marine turbidites. 
Then due to the increase of crustal shortening the surface processes such as erosion increased as well. This 
episode of renewed activity at 4-5 Ma is characterized by the deposition of the Chinshui Shales outlining a 
transgressive interval. Reworked fossils and orientation of paleo-currents found in this formation confirm that 
the basin is  
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fed from the East, i.e., from the orogen (Covey 1984). These two-stages evolution from underfilled to 
overfilled conditions have been widely observed in foreland of orogens. In Taiwan one issue is to demonstrate 
that a relation exists between the observed sedimentary succession in the basin and the plate flexure.   

 
 

 

Fig. 2: Structural units of the 
Taiwan orogen (a) and its 
foredeep (b).   

 
The subsidence pattern in the Taiwan foreland reveals that the Chinese continental margin recorded 

three major tectonic stages. These episodes are roughly synchronous over the whole western Taiwan basin 
and may be tentatively replaced in the framework of the geological history. We finally distinguish three 
successive stages: 1) the thermal subsidence related to the long-term decay of heat in the mantle associated 
with the spreading of the South China Sea (~30 Ma to ~14.6 Ma); this stage is interrupted by a post break-up 
extension at approximately 20 Ma whose origin has been discussed in previous studies; 2) a still enigmatic 
episode of lithospheric uplift and tectonic quiescence occurred in most basins and affect a broad domain 
(~14.6 Ma to ~4 Ma); this event occurred slightly after the cessation of spreading in the SCS 16 Ma ago and 
the collision with the north Palawan block south of Taiwan;  3) the basin shape changes as the subsidence 
increased to the East while the outer part of the foreland is uplifted (~4 Ma to present). We note that the 
flexure recorded at ~4 Ma occurred coevally throughout the basin. Despite some along-strike variations, the 
good correlation of the subsidence pattern throughout the foreland basin suggests that the local subsidence 
history obeys to regional rules rather than local tectonic causes. As a consequence, we suggest that the long-
term localized then migrated uplift results from a unique mechanical process in relation the development of a 
lithospheric bulge rather than two distinctive processes separated in time and space.  

We have suggested that during the mid-Miocene the Chinese continental margin recorded a regional 
flexurally-controlled uplift. This uplift or quiescence stage was initiated coevally along the strike of the 
foreland basin after 14.6 Ma. Based on the previous geometric modeling, we identified an initial static stage 
during which the bulge was growing without horizontal forelandward 
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Fig. 3: Subsidence curves. Example in 
the Taichung area.   

 

 
migration. It is followed by a stage at 4 Ma, characterized by the acceleration of the subsidence 

throughout the Taiwan foreland basin. This stage marks the beginning of the westward migration of the 
forebulge and flexural profile into the foreland in agreement with the progressive onlaps of the Kueichulin 
formation. This second stage is recorded coevally in all parts of the basin except in Chiayi area where it 
appeared later at 2 Ma as a consequence of the important erosion recorded on the Peikang High. This 
contrasted bimodal evolution of the plate flexure in the foreland of western Taiwan deserves a particular 
attention.  

In order to evaluate the role of surface loads or subsurface loads as well as erosion in producing the 
observed forebulge evolution we carried out a numerical simulation.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4: Evolution of the flexure of the lithosphere from the forebulge initiation (14.6 Ma) to present-

day.  Results differ from the expected simple migration of a forebulge which would be initiated over an 
oceanic plate.  Te is fixed from previous estimates: 13 km for the Chiayi/Peikang area and 18 km for the 
Taichung area.  a/ Taichung forebulge evolution.  b/ Chiayi forebulge evolution. 
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At 14 Ma, the plate reconstructions suggest that the plate boundary or plate break between the Eurasian 
and Philippines Sea was located approximately between 1100 km and 800 km southeastward from its present 
position depending on the rate of convergence considered 80 km/Ma or 56 km/Ma. At that time, the 
convergence had produced neither significant topography nor important thickening in the former Taiwan 
accretionary prism. In order to test whether the Miocene accretionary wedge is able to produce the observed 
pattern of subsidence we assume it was developing at the front of the Luzon Arc by sliding above the oceanic 
lithosphere of the Eurasian plate. The plate boundary, i.e., the plate break in the Eurasian plate is located 
about 1000 km to the South-East of the present plate boundary. Unfortunately, we have no clear idea of the 
width and the height of the accretionary prism at that time. However, if we reasonably assume that the 
accretionary wedge is critically tapered and represented by a thin-skinned tectonic style, we set the taper angle 
at 1° and the width of the wedge at 100 km giving a maximum height of ~2 km above sea-floor. Then, we 
assume that the load related to the emplacement of thrust sheets is assumed to displace air and the depression 
is filled with water. The maximum depth of the flexural depression on a plate of Te=13-18 km produced by 
such a wedge-shaped load is about 200-250 meters. More interesting is the forebulge height of ~45-56 meters 
and the forebulge position at about 170-200 km from the plate break. This model clearly shows that the plate 
configuration cannot reasonably reproduce the subsidence pattern observed about 800 km farther to the West. 
This result was predictable because to first order this is the strength of the Eurasian lithosphere that controls 
the wavelength of deformation.  
Hereafter, we aim to find what combination of mechanical parameters is able to produce the observed flexure. 
We calculate plate flexures for different Te (Lin & Watts 2002, Mouthereau & Petit 2003) and different 
bending moments applied at the plate end. No surface topography is assumed since well data indicate little 
siliclastic sedimentary supply at that time. The geometry of the flexural profiles obtained using numerical 
modelling is assumed to represent the evolution of the basin shape. Hereafter, we simply attempt to fit the 
observed geometry of the reference isochron with that of the base of the foreland predicted by numerical 
model of. Some discrepancies may appear in the depth position since bathymetric effects are not considered in 
the numerical model.  We first examine the case of the profile of the northern part of the foreland. An elastic 
thickness of 18 km was chosen. Using such a thickness, the plate deflection at 8.6 Ma is accounted for by 
bending moments of about 1017 Nm/m. Then only a very slight increase of the bending moment is required to 
fit the observed deflection at 4 Ma. The plate break is located at about 80 km to the East of the forebulge 
position. The forebulge height may reach about 800 m and the maximum deflection at the plate break may be 
of 3000 m. Based on this study, the evolution of the plate deflection between 14 Ma and 8 Ma can be 
reproduced by the increase of bending moments applied at the plate end. As the plate boundary at 14 Ma can 
not be invoked, other subsurface loads should necessary be proposed. As the subsidence has a short 
wavelength the subsurface load should also have a local control.  Taking into account the plate configuration 
at that time, obduction (Pelletier & Stephan 1986) may be suggested as a relevant mechanism. The passage of 
the South China Ridge into subduction may have provided an efficient mechanism to initiate the obduction.  
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The "Aspe serie" (Azéma, 1977) is located in the Alicante province (SE of Spain) north of Elche and between 
the localities of Alicante and Crevillente. Geologically is situated in the confluence of the Crevillente Fault 
(After Foucault, 1974), and the Vinalopó "Accident" (Azéma, 1977). It has one of the most complete (respect 
to the number of rock units) Late Cretaceous-Paleogene successions of the Betic Cordillera (Tent-Manclús y 
Estévez, 2003) but its complicate structure of thrust and slice zones complicate any stratigraphic study. This is 
the main reason that some workers asigned it to the Subbetic (Azéma, 1977) and others to the Prebetic (Nieto 
Albert, 1997). The outcrops (Fig. 1) are located to the north of the Crevillente Fault which separates the 
Internal Zone, to the south and External Zone, to the north, in the area (Tent-Manclús, 2003).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Situation map of the cretaceous-tertiary rocks south of Aspe (Alicante). 

 
The "Aspe serie" outcrops are rectangular in map view with the oriented SW-NE long axis. The four sides are 
fault related. The NW border mainly covered by recent deposits corresponds to the Hondones left-lateral 
strike-slip fault, still active. The opposite SE side was covered by Upper Tortonian-Recent deposits after the 
end of the activity of the Crevillente Fault. The Pantano de Elche Diapir cuts the NE side, this diapir is the 
most southern one of the diapiric line that forms the Vinalopó "Accident". Finally, the last SW side is thrust 
by "Subbetic Front" supposed to be by most workers (Azéma, 1977) the most eastern outcrop of the Subbetic. 



Thrust Belts and Foreland Basins, International Meeting, Rueil-Malmaison, December 2005 
Abstracts Volume 

****************************************** 
 

 

 

383

As mentioned before, Nieto Albert (1997) considered the "Aspe serie" part of the Subbetic so the eastern limit 
of the subbetic was the Vinalopó "Accident". 
The easy erodable "Aspe serie" form a low relief ridge between the southern Bajo Segura Basin and the Aspe 
quaternary depression. This can be interpreted as the product of the recent tectonics elevating the rectangular 
outcrop. The activity of the Hondones Fault create this elevated block as a pressure pull-up ridge. The recent 
onset of the drainage pattern has permitted to study the inherited structure. 
The most striking feature of its structure is the NE-directed thrust faults, when in the Betic Cordillera the 
main thrust fault are NW-directed (Fig. 2). These thrusts should have form in previous times because, they are 
cut by most modern SW-directed thrust, and the expected folds and thrust of the N070ºE-directed Hondones 
Fault would have a N100º-115ºE strike orientation and the follow rotation of those structures will decrease the 
angle to become parallel to the main fracture zone. The thrusts should have been produced associated to 
another stress regimen not related with the Hondones Fault. The major part of the formation of the "Aspe 
serie" structure may be the result of the Crevillente Fault activity and afterward was modified by de pull-up 
structurure associated with the Hondones Fault. The apparent shortening deduced after balancing the cross 
sections increases away from the NW border, the one of the Hondones Fault. The left-lateral movement of the 
Hondones Fault should be absorbed by the fault trace (the Principal Displacement Zone, PDZ, of the fault) in 
the NW border but away from it the deformation should produced the creation of the SW-strike thrust (Tres 
Hermanas, Road Aspe-Elche and Poligono Aspe slices) resulting in a supposed shortening increase away 
from the fault.  
The Crevillente Fault is a N070ºE-strike transpressive right-lateral strike-slip faut forming a major flower 
structure of 40 km (De Smets, 1984). Its activity will produced thrust sheets directed to the W over the 
northern block of the Sudiberian Margin, and opposite, to the E in the southern block, Internal Zone. The 
"Aspe serie" is located in the northern block so the original strike of the thrust should had be to the W. Its 
actual strike to the NE is the result of the clockwise rotation of the whole block of the "Aspe serie" due to the 
right-lateral slip of the Crevillente Fault.  
The differences in the produced structures of the Hondones Fault and Crevillente Fault can be explained by its 
different scales. The Hondones Fault seems to have a pull-up or flower structure about 4 or 5 kilometers wide 
much more smaller of the major flower structure 40 kilometer wide of the Crevillente Fault (De Smets, 1984). 
When the Crevillente Fault was active, the "Aspe serie" block was located in a wide PDZ together with other 
various-kilometer size block embeded in a matrix of scalty clay. There the blocks rotate as it did the studied 
area. In the other hand, the "Aspe serie" block actually is over the Hondones Fault which PDZ is only tens of 
meter wide and it is located in the NE border of the block. The increase in the difficulty to the movement 
away from the PDZ creates the SW-strike thrust. 
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Fig. 2. Block diagrams of the study zone. In the upper right corner a block diagram shows the tectonic units. A: 
Amoladeras hill; M: Morteros shale quarry; and 3H, Tres Hermanas hill. The lower block diagram is composed of a serie 
of three geologic section in perspective. K3: Cofrentes shales (keuper); K4-K5: Cerro Molina Gypsums and Dolomies 
(keuper); rK: reworkerd keuper (tertiary); C1: Represa Formation (Middle-Upper Albian); C2: whitish grey limestones 
(Cenomanian-Turonian); C3: reddish marls and marly limestones in couches rouges facies (Turonian-Lower 
Maastrichtian); C4: Marls with olistostromes (Upper Maastrichtian); P1: Marls with turbidites (Early-Middle Paleocene); 
P2: Dark limestones with olistostromes (Upper Palecene); P3: black and red clays (Paleocene-Eocene boundary); Ra: 
Rasa limestone Formation (earliest Early Eocene); E1: grey marls (Early Eocene lower part); E2: Nummulites 
calcarenites, marls and limestones (Early Eocene, upper part); E3: red marls (Middle Eocene); O1: grey marly limestones 
(Oligocene); Vi: Vinalopó Limestones (Early Tortonian); M1: orange calcarenites (Early Tortonian); TII: conglomeratic 
limestones (Upper Tortonian); TII-MeI: Conglomerates, shales, and silts (Upper Tortonian-Messinian); P-Q: reddish 
rounded conglomerates; Q: coluvial quaternary deposits. 
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The Trans-Alborán Shear Zone (TASZ) is a major active left-lateral strike-slip fault zone running 
from Alicante to the Cabo de Gata (Almería), separating the "Meseta type" crust to the west and the most 
thinned "Cartagena type" crust to the east (De Larouzière et al., 1988). This is not a single fault but a set of 
strike-slip faults relaying from south to north: Carboneras, Palomares, Alhama de Murcia, and the north 
border of the Bajo Segura Basin faults (Fig 1). The onset of the stress field responsible for the TASZ occurred 
in the Upper Tortonian-Early Messinian (Jonk and Biermann, 2002), but the Palomares strike-slip Fault was 
already active from the Early-Middle Miocene (Weijermars, 1987; Huitbregtse et al., 1998; Jonk and 
Biermann, 2002). The horizontal slip of the faults forming the TASZ reduces from south to north: 25 km of 
the Palomares Fault movement since the earliest Messinian to 4 km in the northern border of the Bajo Segura 
Basin (Tent-Manclús, 2003). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. A: Geologic sketch of the Eastern Betic Cordillera (modified of De Larouziére et al., 1988) showing 
the strike-slip faults forming the TASZ. B: Geologic map of the Fortuna and Bajo Segura Basin and the 
location of the study area.  

 
The study zone (Fig. 1) corresponds to the northeastern end of the Alhama de Murcia Fault where its 

interaction with a major suture zone, the Internal-External Zone Boundary, bend the TASZ to the East near 
the transition from the Fortuna to the Bajo Segura basins. The stratigraphic study of these basins have shown 
two major sedimentary discontinuities which are linked to the onset of the Sierra de Abanilla uplift , resulting 
from the beginning of the Abanilla Thrust, and to the Messinian Salinity Crisis. The onset of the TASZ in the 
Fortuna Basin coincides with the Tortonian Salinity Crisis defined by Krijgsman et al. (2000) (Soria et al., 
2005).  
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The Alhama de Murcia Fault can be traced northward to the Fortuna Basin where the whitish masive 
Fortuna Marls difficulted the recognition of any major or minor fault planes. Nevertheless, the Alhama de 
Murcia Fault seems to cross the center of the Fortuna basin, according to cartographic criteria. Moreover, 
where the N050ºE Alhama de Murcia Fault is supposed to met the Abanilla Sierra, the southwestern part of 
the Abanilla-Crevillente N070ºE lineament, a major thrust fault, the Abanilla Thrust, can be recognized. At 
the southern slope of the sierra abundant fault planes are developed in the highly weathered Fortuna Marls, 
principally near the Abanilla village, indicating a high activity of the Abanilla Thrust.  

The eastern block of the left-lateral Alhama de Murcia strike-slip Fault moves northwards against the 
Internal-External Zone Boundary suture, which produces the deviation of the stresses. As a result, a 
compressive ridge, manifested by the Abanilla Thrust, was developed giving rise to the Abanilla Sierra. This 
compressive ridge ends sharply in the hide fault plane. In the western block no visible characteristics can be 
observed, but minor local extensive stress would be expected.  

The onset of the compressive local stress producing the uplift of the Abanilla Sierra is a consequence 
of the TASZ development. The first indications of Abanilla Thrust activity can be recognized in the 
sedimentary succession of the neighbouring Fortuna Basin (Fig. 2). There, the Upper Tortonian sediments are 
the homogeneous whitish Fortuna Marls sedimented in an open marine environment without coarse terrestrial 
inputs. However, on the top of the Fortuna Marls appears a conglomeratic unit whose clasts clearly indicate a 
provenance from the Internal Zones. This conglomerate marks an important event producing relevant changes 
in the sedimentation with development of evaporitic facies (gypsum) in the center of the Fortuna Basin. This 
gypsum beds indicate not just a climatic change but also a new configuration in the basin morphology.  They 
appear in the center of the Fortuna Basin, and not in the Bajo Segura Basin what suggest a tectonic control 
rather than climatic. 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
Fig. 2. Correlation of the  Tortonian-Messinian allostratigraphic units in the Fortuna and Bajo Segura basins. 

 
The onset of the TASZ induces the uplift of the surrounding Internal Zones (Sierra de Orihuela and 

Abanilla Thrust; Fig. 3). This recent relieves were intensely eroded by a set of fan deltas where the northern 
ones are feed by External Zone clasts and the southern ones by Internal Zone clasts. 
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Fig. 3. Paleogeographical sketches of the Fortuna Basin for the pre-Tortonian Salinity Crisis (upper) and 
during the Tortonian Salinity Crisis (lower). 

 
New sampling and processing of the evaporitic facies has yielded calcareous nanoplancton fauna of 

the CN9a of Okada and Burkry (1980) biozone just on top of the first evaporit beds, which indicates an Upper 
Tortonian age for the beginning of the Tortonian Salinity Crisis in the Fortuna Basin. 
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Much of the High Atlas mountain belt lacks a peripheral foredeep. In this context, the Ouarzazate 

foreland basin constitutes a unique sedimentary record of the development of the Atlas mountains (Teixell et 

al., 2003, and references therein). It is a small, elongated basin (max. 35 km across and 700 m deep) located 

in the southern margin of the central High Atlas. To the north, the Ouarzazate basin is flanked by the marginal 

thrust belt of the High Atlas (the Sub-Atlas zone; Choubert and Faure-Muret, 1962) involving proximal 

foreland deposits, and to the south it is bordered by the Precambrian of the Anti-Atlas massif, a wide, 100 km-

scale arch that plunges beneath the basin. The elevation of the present-day surface of the basin ranges 

between 1600 (north) and 1200 m (south). We present preliminary results of an integrated study of the 

Ouarzazate foreland basin that includes tectono-sedimentary analysis, local gravity and seismic interpretation, 

lithospheric potential field modelling, and flexural forward-modelling. 

 

Analysis of tectonics and sedimentation relationships in the marginal thrust belt indicates that the basin 

was active and experienced syntectonic aggradation from late Eocene to late Pliocene times. During the late 

Eocene and the Oligocene, deformation was concentrated in the distant High Atlas hinterland, whereas the 

marginal thrust belt of the Sub-Atlas zone was scarcely deformed. Deformation jumped forelandwards in late 

Oligocene to early Miocene time, when complex sequences of synchronous thrusting created the Sub-Atlas 

zone, entraining the earliest sediments and locally-sourced terrigenous and lacustrine deposits. This is attested 

by growth strata and numerous angular unconformities.  

 

The gravity signature of the Ouarzazate basin shows some anomalous features. The free-air gravity 

anomaly presents high values of around 70-80 mGals, which are explained by the high average elevation of 

the basin and the little sediment thickness. In addition, the Bouguer gravity anomaly is characterised by very 
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low values of around -160mGals, similar to those found in the central part of the orogen (Ayarza et al., 2005), 

where the crust is supposed to be thickest. As suggested by the free-air anomaly, the contribution of the 

sedimentary infill of the Ouarzazate basin to such negative values is relatively minor. Shallow (4 s TWT) 

vertical incidence seismic profiles acquired by Onarep provide an excellent control of the basin floor and of 

the main buried structures. 

 

Modelling of topography, gravity and geoid of a lithospheric profile from the Atlantic Ocean to the 

Saharan craton suggested the existence of an asthenospheric rise beneath the Atlas mountains and the 

Ouarzazate basin (Teixell et al., 2005). Associated alkaline volcanism surrounding the basin started in late 

Miocene times (~11 my ago) (Berrahma & Hernandez, 1985; Berrahma et al., 1993), and hence lithospheric 

thinning coexists with regional compression and foreland sedimentation in the area. Flexural modelling taking 

into account the interaction between thrust loads and the buoyant load deduced from mantle structure 

addresses singular features of the Ouarzazate basin as its small dimensions, its high mean elevation, and the 

topographic gradient.  
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The detailed petrology of the veins filling fractures, coupled with their distribution, geometry and 
microstructural study, are indicative of the mechanisms and kinematics of fluid-deformation relationships and 
time of fluid flow. The geochemical composition of the fracture-filling minerals and their comparison with 
the geochemistry and mineralogy of their host rocks give assessment of the composition and origin of the 
fluids which circulated through the fractures, fluid-sediment interactions, and fluid migration paths. Finally, 
the integration of all these data within a specific geological setting in a foreland fold-and-thrust belt constrains 
the relative timing of fluid flow and its relationship to deformation, the source of fluid, the fluid driving force 
and the environmental conditions during cement precipitation. 
Thus, after field work, a petrographic and geochemical study of the cements filling the faults is needed for a 
complete reconstruction of the fluid flow history. 
 
 
The south-Pyrenean fold and thrust belt 
Ainsa 

In the frontal part of the south-Pyrenean Eocene thrust-fault system, syn-kinematic fluid flow during the early 
compressional deformation of the foreland basin marls is evidenced macroscopically by the abundance of 
calcite shear veins within the thrust-fault zones and folds. 
The crack-seal mechanism of formation of the shear veins attests the episodic nature of fault-slip and 
associated fluid flow in fractures. Distribution of the veins suggests that the main source of fluid was the 
dewatering of the overpressured poorly permeable marls from the thrust footwalls, probably related to both (i) 
vertical compaction due to burial under thrust sheets, and (ii) tectonic horizontal shortening. These fluids were 
drained upwards towards the thrust-fault zones, in which they migrated laterally towards the thrust front due 
to the anisotropy of the fracture permeability in these zones. 

The δ34S and 87Sr/86Sr ratio of the host marl calcite and of the calcite and celestite in the veins away from 
the thrust-fault zones indicate that the original water trapped interstitially in the marls was Eocene seawater. 
The elemental composition (Ca, Sr, Mg, Mn, and Fe), δ18O, and δ13C of the same samples reveal a change 
of the porewater composition from marine to formation-water during the early burial stage. Fluid inclusion 
analyses of the celestite in the veins reveal the presence of a hot, saline ascending fluid restricted to these 
discontinuities, where it was mixed with the local formation water. These two types of fluids were drained 
towards the thrust-fault zones where they acquired a higher 87Sr/86Sr ratio, probably related to local fluid-
sediment reactions. Indeed, dickite precipitated during cleavage formation in the most intensely strained part 
of the fault zones, and its formation was probably mainly controlled by stress. δ18O depletion in the calcite 
from the structurally highest/innermost thrust-fault zones suggests also the influence of meteoric water 
derived from the emerged part of the belt in these structures. 
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The earlier fluid regime in the Ainsa basin was an intergranular (porous) flow regime (compactional flow) 
allowing for a pervasive isotopic, and elemental exchange of the marls prior to vein formation. With the onset 
of compressional deformation, channelised flow along tectonic slip surfaces became dominant. 
 

El Guix anticline 

The El Guix anticline is the southernmost structure of the south-Pyrenean fold and thrust belt (NE Spain). 
Compressional activity in the area represents the latest stages of Alpine compressional tectonics and affects 
the Upper Eocene-Oligocene fluvio-lacustrine deposits overlying an evaporite sequence. The evolution 
pattern of the fractures containing calcite cement consists of three stages of microfractures which reflect the 
evolution of the structure and the relationships between fluids and thrust development. In each fracture, 
deformation started with a network of discontinuous microfractures which acted as traps for local meteoric 
fluids (stage 1). During the second stage, dilatant thrust faults serving as the conduit for both evolved 
meteoric ascending and local meteoric fluids were developed. Migration of fluids through the thrusts was 
multiepisodic. After the precipitation of cements in microfracture stage 2, the thrusts were practically 
occluded by calcite cements, acting as fluid barriers and dividing the structure into different hydrological 
compartments. The last stage of microfracture (stage 3) is attributed to a younger phase, where the circulation 
of fluids concerned only meteoric fluids and the previously formed fractures acted as barriers to fluid 
circulation. 
Meteoric fluids, with high Fe/Mn and Fe/Mg ratios, without Na and Sr, enriched with 13C and with low 
87Sr/86Sr with respect to their host rock were widely distributed in the structure through out all its evolution, 
within a relatively open palaeohydrological system. Evolved meteoric fluids, with lower Fe/Mn and Fe/Mg 
ratios, with Na and Sr, depleted in 13C and with high 87Sr/86Sr with respect to their host rock were only present 
during thrust faults development (stage 2) within a relatively closed palaeohydrological system. The 
underlying evaporites acted as the lower boundary of the aquifer. 
 

Comparison between different thrust fronts of the same system reveals that the Pyrenean fold and thrust belt 
and its deformed southern foreland basin were compartmentalised hydrologically in time and space. During 
the early Eocene, when the thrust front affected soft-sediment in the Ainsa basin, the thrust faults were 
dominated by a medium scale fluid flow. The fluids in the basin were basically formation fluids derived from 
Eocene marine waters trapped in the underlying Eocene marls, although influences of meteoric waters were 
also present. During the middle Eocene, coeval with the Gavarnie thrust emplacement, the thrust fault was 
dominated by a medium scale fluid flow. The fluid was basically a hypersaline Sr-rich brine stored within 
Triassic redbeds. No evidence of a significant input of either surface or metamorphic fluids during thrusting 
was found. During the same period, in the crystalline basement of the central Pyrenees the thrust faults were 
dominated by a large scale fluid flow mainly derived from the underlying silicate rocks as a result of 
metamorphic devolatilisation reactions. During the Oligocene, the most external part of the fold and thrust 
belt developed on top of a salt detachment horizon. The thrust front affected cemented continental materials 
of late Eocene-Oligocene age. At this moment, the thrusts were conduits for meteoric fluids arriving from the 
surface and also for evolved meteoric fluids migrating short distance upwards after being in contact with the 
underlying evaporitic beds.  
 

The Linking Zone 

The Linking Zone (NE Spain) is a fold and thrust belt that, together with the Catalan Coastal Ranges and the 
Iberian Chain, constitutes the southern flank of the Ebro basin. Compressive deformation occurred during the 
late Eocene-early Miocene affecting a Hercynian basement, a Mesozoic cover and syntectonic Tertiary 
conglomerates.  
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The integration of the structural study of the fractures with the petrologic and geochemical study of the 
cements filling the fractures reveals two episodes of fluid circulation during compressive deformation. The 
first episode occurred during the early stages of the fold and thrust belt development and includes two 
different fluids responsible for precipitation of two types of calcite cement. δ18O, δ13C, 87Sr/86Sr ratio, Mg, Fe, 
Mn, and Sr content of the calcite cements indicate that the first type of calcite cement precipitated from 
meteoric fluids derived directly from the surface and circulating through the undeformed and highly porous 
Tertiary syn-tectonic conglomerates within an open palaeohydrogeological system. The second type of calcite 
cement precipitated from an originally meteoric fluid which evolved to a formation water composition 
probably due to a high interaction with Mesozoic rocks. The Triassic shales and evaporites of the detachment 
levels served as barriers forcing the fluids to move laterally above them. 
The second episode of fluid circulation occurred during the last stages of fold and thrust belt development, 
after the major uplift of the interior belt and formation of the relief. Two different fluids are recognised during 
this episode as being responsible for precipitation of two types of calcite cements. These two groups of 
cements precipitated from meteoric waters evolved to a formation water composition probably due to 
interaction with Mesozoic and Paleozoic rocks, being the low δ18O of the second probably due to high 
temperatures of precipitation. 
The study of the fluid flow evolution during the Linking Zone fold and thrust belt development shows that the 
main factors controlling the fluid flow dynamics were the existence of a high relief, whereas the host rocks 
and the type of structure did not play an important role. 
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The Kicking Horse Rim is a paleogeographic narrow NNW-SSE oriented element that influenced 
sedimentary facies throughout the Middle Cambrian to Early Ordovician and consists of peritidal carbonate 
strata lying west of subtidal platform deposits of the same age and east of slope and basinal strata. This 
structure does not only form the approximate transition between the Main Ranges (in the west) and the Front 
Ranges (in the east) of the Canadian Cordillera foreland fold and thrust belt, which distinguishes zones of 
different deformational behaviour related to lithology, but this Kicking Horse Rim area also hosts different 
features that indicate significant focussed fluid flow which is expressed, for example, in the occurrence of 
zebra dolomites (Vandeginste et al., 2005) and Mississippi-Valley type (MVT) ore deposits. Additionally, the 
dolomites of the Wapta Mountain, which host the world-famous trilobite site, could be related to particular 
conditions related to the paleogeographical situation. 
 

This study focuses on the Kicking Horse and Monarch Pb-Zn mineralizations that are hosted in 
Middle Cambrian carbonate rocks and located in Yoho National Park about 5 km northeast of Field (southeast 
British Columbia). The Kicking Horse Mine on Mount Field forms the northwestern part of a NNW-SSE 
oriented MVT ore deposit and is separated from the southern part, i.e. the Monarch Mine on Mount Stephen, 
by the Kicking Horse River valley. The linear transect of the ore deposit forms the crest of a broad anticline 
(Cook, 1975) and is parallel to and between two normal faults, namely the Fossil Gully Fault in the west and 
the Stephen-Cathedral Fault in the east. The ore deposit area lies in the footwall block according to both 
normal faults. 
 

The Middle Cambrian host rocks testify to dolomitization and brecciation (partially) predating ore 
formation. The mineralogy of the ore bodies consists of pyrite, sphalerite and galena with the Monarch ores 
containing more galena than the Kicking Horse deposit. Different sulphide phases can be distinguished based 
on texture, colour and occurrence/relation with other sulphide generations. Apart from the sulphides, also 
dolomite and minor quartz, sericite, chlorite and calcite are present in the studied mine area (see paragenetic 
sequence in Figure 1). Different dolomite types have been divided in two groups, namely 1) dolomite 
associated with sphalerite and/or galena (and often also pyrite) precipitations which is grey (DsgG) or white 
(DsgW) and 2) dolomite associated with only pyrite which is grey (DpG), white (DpW1 and DpW2) or 
reddish (DpR). The DpW2 phase has only been found in the Kicking Horse Mine and is characterized by its 
cm-large crystals and commonly occurs in association with chlorite. 
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Figure 1. Generalized paragenetic sequence of Kicking Horse and Monarch ore deposits.  

 
The ore deposits have been described as Mississippi Valley-type mineralizations since they occur in 

carbonate (dolomite) host rocks, they are stratigraphically controlled (Middle Cambrian Cathedral 
Formation), spatially related to highs (anticlinal structure) and not associated with igneous rocks (according to 
criteria defined by Sverjensky, 1986). Moreover, the temperature (homogenization temperatures of 62 to 
182°C) and salinity (19 to 26 wt% CaCl2 eq.) of the responsible fluids lies within the range of MVT fluid 
conditions (temperature of 50 to 200°C and salinity of 15 to 30 wt%; Wilkinson, 2001). Fluid inclusion 
microthermometric analysis in our study showed lower homogenization temperatures in sphalerite and quartz 
than in dolomite. Also the good stoichiometry (50 to 53 mole% CaCO3) and depleted δ18O values (-21 to –
14‰ VPDB) in the dolomites support burial diagenesis and relatively high formation temperatures (TH � 
93°C for dolomite). The fact that the trend of δ18O values in the dolomites cannot be correlated with 
differences in homogenization temperatures suggests that the former is correlated with differences in the 
oxygen isotopic composition of the fluids that precipitated the different dolomite phases. 
 

Crush-leach measurements on fluid inclusions suggest that galena and sphalerite, for which Br had 
a concentration below the detection limit (0.003 ppm), precipitated from a mixture of a halite-dissolution 
fluid, an evaporated-seawater fluid and probably also a diluted fluid. For pyrite, quartz and dolomite, the fluid 
inclusion geochemical data (molar Cl/Br of 302 to 697 and Na/Br of 105 to 591) indicate that the responsible 
fluid originates from evaporation of seawater and is for 20% mixed with a diluted fluid. Li is enriched 
compared to the SET and suggests interaction with siliciclastic units. This is consistent with the measured 
radiogenic Sr isotope ratios. Fluid-rock interaction is also indicated by K and Na values, which are higher in 
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the Monarch Mine samples compared to the Kicking Horse samples. This might indicate a higher influence of 
dissolution of K and Na-feldspars in the Monarch Mine. 
 

It is interpreted that the ores formed from mixing of a sulphur-bearing halite-dissolution fluid with a 
metal-rich seawater-evaporated fluid that had been mixed for 20% with a diluted fluid. The sulphur-bearing 
fluid had probably infiltrated through overlying layers, while the metal-bearing fluid came from below, 
probably from the feldspathic sandstone-rich layers of the Gog Group. The fact that several geochemical 
parameters (Fe, Mn, Na concentrations, δ18O, δ13C, 87Sr/86Sr) show a rough paragenetic trend (see Figure 2) in 
the Kicking Horse dolomites is probably related to the residence time of fluids in the Gog Group with the first 
expelled fluids testifying to the highest fluid-rock interaction. These fluids were probably released in episodic 
pulses as suggested by the many sulphide and dolomite phases. This might be related to fault activity. 
 

Figure 2. 87Sr/86Sr versus δ18O plot of the different carbonate phases from the Kicking Horse ore deposit. 
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Paleofluid flow processes in complexly deformed areas, like the Canadian Cordillera foreland fold-
and-thrust belt, are difficult to reconstruct. Such deformed systems are often marked by the development of 
folds, stylolites, different generations of faults, veins, cementations, cleavage, etc. While faults can be 
generated under different stress conditions, e.g. in compressional as well as extensional regimes, which can be 
deduced from structural relations, it is often difficult to differentiate between faults having acted either as 
fluid pathways or as fluid flow barriers. Furthermore, they can be reactivated and thus reflect several episodes 
of fluid circulation. Also the amount of fluids that are tectonically expelled and the timing of expulsion 
relative to the main deformation phase is still under discussion. For the study of fluid flow generated in 
compressive orogenetic systems, like the foreland fold-and-thrust belts, the Canadian Cordillera forms an 
excellent study locality seeing the favourable outcrop conditions in the study area of SW-Alberta and SE-
British Columbia and the fact that the system has been extensively studied from stratigraphic, sedimentologic 
and structural point of view (Price, 1981). Its tectonic evolution is especially marked by Late Jurassic to Early 
Cretaceous terrane collision, Late Cretaceous to Paleocene transpression (mainly compression in the study 
area) and Early to Middle Eocene transtension dominated by extension in the study area (Price, 1994). As a 
result, the Foreland Belt is composed of a stack of NW-SE thrust sheets, testifying to the severe compression 
regime prograding from west to east.  
 

A combination of a structural (structural orientations of veins, fault-slip data), petrographical, 
geochemical (stable carbon and oxygen and radiogenic Sr isotopes) and fluid inclusion study has been applied 
to reveal paleofluid flow in the Canadian Cordillera foreland fold-and-thrust belt. 
 

Two outcrops in the Foothills, ten outcrops in the Front Ranges and two outcrops in the Main 
Ranges have been investigated. Samples have been taken in formations of different ages (Fig. 1). The 
Foothills outcrops are situated on the west flank of the Moose Mountain anticline and consist of Lower 
Carboniferous Rundle Group layers. To the northwest, four sampled outcrops lie close to Exshaw in the Front 
Ranges and from east to west, comprise layers of the Cambrian Eldon Formation, subsequently the Upper 
Devonian Palliser Formation and the two most western outcrops belong to the Mississippian Exshaw and 
Banff Formations. Another outcrop in the Front Ranges is situated close to Canmore and contains layers of 
the Devonian Palliser Formation and Mississippian Exshaw and Banff Formations. The remaining five Front 
Ranges outcrops are located near to Banff. From northeast to southwest, the first outcrop samples belong to 
the Mississippian Livingstone Formation, the second to the Permian-Pennsylvanian Rocky Mountain Group 
and Triassic Sulphur Mountain Formation, the third to the Mississippian Exshaw and Banff Formations and 
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the last two to the Mississippian Livingstone Formation. More to the northwest, two outcrops in the Main 
Ranges are situated close to Field and consist of layers of the Middle Cambrian Cathedral, Stephen and Eldon 
Formations. 
 

 
 
Figure 1: Geological map (modified from Wheeler et al., 1996) with location of sampled outcrops and 
paleostress regimes calculated for each outcrop separately. 

 
 
The striated fault measurements have been analysed for 13 outcrops (Fig. 1) following the methods of 
Etchecopar et al. (1981) and Delvaux (1993) to distinguish several populations and to calculate the 
corresponding paleostress tensors. These tensors have been corrected afterwards for the magnetic declination 
of 17°E in the area. Six different paleostress regimes could be distinguished:  

1) NE-SW to ENE-WSW compression to strike-slip,  
2) NW-SE to WNW-ESE extension,  
3) NE-SW to ENE-WSW extension,  
4) strike-slip with NS to NNE-SSW compression direction,  
5) NE-SW to ENE-SWS compression and  
6) strike-slip with NE-SW to ENE-WSW compression direction.  
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Paleostress regimes 1, 2 and 5 have been detected in more than half of the outcrops, whereas the others have 
been found in only three or four outcrops.  
 
The calculated paleostress regimes 1 and 2 on back-tilted values testify to a NE-SW  to WNW-ESE main 
stress probably present in Middle Jurassic to Late Cretaceous due to convergent tectonic movements along the 
North American western border. Paleostress regimes 3 and 4 are probably locally prevalent during the 
development of the Rocky Mountains. In contrast, the mainly bed-on-bed slipping striations representing 
paleostress regime 5 testify to a major NE-SW to ENE-WSW compression, which agrees with the general 
Late Cretaceous to Paleocene transpression of the Laramide Orogeny according to Price (1994). Finally, 
paleostress regime 6, namely strike-slip with NE-SW to ENE-WSW compression direction, corresponds to 
the Early to Middle Eocene transtension (Price, 1994). 
 
 
Three groups of veins could be separated from the whole vein data set based on macroscopic and microscopic 
characteristics. First, open partially cemented tension gashes are marked by clear calcite crystals that display 
no or only very fine cleavage twin planes. They represent the most recent group. Second, shear-related veins 
are characterized by slickenfibres and ‘en echelon’ vein arrays. Most veins of this group postdate layer 
parallel shortening stylolites (LPSS). The third group consists of veins with a breccia outline and which 
postdate bedding parallel stylolites (BPS). The remaining veins that could not be assigned to one of the three 
mentioned groups have been separated on a structural-chronological base, namely bedding parallel veins 
(BPV), pre-BPV veins and post-BPV veins. Pre-BPV veins consist of pre-BPS, but mainly of post-BPS but 
pre-LPSS veins, whereas bedding parallel veins are formed during and mainly after LPSS development and 
post-BPV veins postdate LPSS. 
 
This vein study and certainly the interpretation of geochemical measurements is here complicated by the fact 
that most of the veins have been re-used, i.e. most veins are a complex structure of different vein generations. 
Moreover, their texture is often blurred by the high degree of deformation and burial which the area has 
undergone in its geological history. 
The youngest generation, namely the partially cemented tension gashes, reflects the least affected, i.e. most 
reliable geochemical signature characteristic for its group. They have very depleted δ18O values and fluid 
inclusion data indicate that these calcites are the result of non-saline (0 wt% salt) fluids. Moreover, their 
cathodoluminescence-banding supports variations in oxido-reduction environments that point towards 
involvement of a meteoric (derived) fluid. Indeed, in the study area surface waters can obtain δ18O values of -
20‰ VSMOW (Hitchon and Friedman, 1969). 

The majority of veins (except for the tension gashes) have δ18O values similar to the host rock and are 
interpreted to be host rock buffered. These veins also have 87Sr/86Sr values similar to the host rock. In 
contrast, the more depleted δ18O values are often the result of ‘contamination’ by the occurrence of other vein 
generations (often the type of tension gashes) within the analyzed vein that may influence its geochemical 
signature. Similarly, Kirschner and Kennedy (2001) have discussed the trend towards more depleted δ18O 
values observed in the data of Bradbury and Woodwell (1987) and suggested that this trend is the result of 
precipitation from evolved meteoric water that infiltrated in the fold-and-thrust belt in a post-tectonic stage 
during uplift and exhumation. 
 
 
 
 
 



Thrust Belts and Foreland Basins, International Meeting, Rueil-Malmaison, December 2005 
Abstracts Volume 

****************************************** 
 

 

 

400

References 
 

Bradbury, H. and Woodwell, G., 1987. Ancient fluid flow within foreland terrains. In: Goff, J. and Williams, B. (Eds.), 
Fluid flow in sedimentary basins and aquifers. Geological Society of London, Special Publication, 34, 87-102. 

Delvaux, D., 1993. The TENSOR program for reconstruction: examples from the East African and the Baikal rift zones. 
Terra Abstracts, Abstract Supplement to Terra Nova 5, 216. 

Etchecopar,A., Vasseur, G. and Daignieres, M., 1981. An inverse problem in microtectonics for the determination of stress 
tensors from fault striation analysis. Journal of Structural Geology 3, 51-65. 

Hitchon, B. and Friedman, I., 1969. Geochemistry and origin of formation waters in the western Canada sedimentary basin – 
I. Stable isotopes of hydrogen and oxygen. Geochimica et Cosmochimica Acta 33, 1321-1349. 

Kirschner, D.L. and Kennedy, L.A., 2001. Limited syntectonic fluid flow in carbonate-hosted thrust faults of the Front 
Ranges, Canadian Rockies, inferred from stable isotope data and structures. Journal of Geophysical Research 106, 8827-
8840. 

Price, R.A., 1981. The Cordilleran Thrust and Fold Belt in the southern Canadian Rocky Mountains. In: McClay, K.R. and 
Price, N.J. (Eds.), Thrust and nappe tectonics, Geological Society of London, Special Publication, 9, 427-448. 

     Price, R.A., 1994. Chapter 2: Cordilleran Tectonics and the Evolution of the Western Canada Sedimentary Basin. In: 
Mossop, G. and Shetsen, I. (Eds.), Geological Atlas of the Western Canada Sedimentary Basin. Canadian Society of 
Petroleum Geologists and Alberta Research Council, Calgary and Edmonton, 13-24. 

Wheeler, J.O., Hoffman, P.F., Card, K.D., Davidson, A., Sanford, B.V., Okulitch, A.V. and Roest, W.R., 1996. Geological 
map of Canada. Geological Survey of Canada, “A” Series Map, 1860A. 

 
  



Thrust Belts and Foreland Basins, International Meeting, Rueil-Malmaison, December 2005 
Abstracts Volume 

****************************************** 
 

 

 

401

OROGENIC EXHUMATION OF THE CENTRAL HIMALAYA RECORDED BY DETRITAL 
FISSION-TRACK THERMOCHRONOLOGY OF SIWALIK SEDIMENTS, NEPAL. 

 
Peter VAN DER BEEK1, Matthias BERNET1, Raphaël PIK2, Pascale HUYGHE1, Jean-Louis MUGNIER1, 

and Erika LABRIN1 

 
1Laboratoire de Géodynamique des Chaînes Alpines, Université Joseph Fourier, Grenoble, France 

2Centre de Recherches Pétrographiques et Géochimiques (CRPG-CNRS), Vandoeuvre lès Nancy France 
 

Foreland basin sediments contain a record of denudation rates in the source area that may be recovered 
by thermochronological analyses of detrital apatite, zircon and mica grains (e.g., Garver et al., 1999; von 
Eynatten and Wijbrans, 2003). Here, we report new detrital zircon and apatite fission-track data from 
Miocene to Pliocene Siwalik Group sediments in central and western Nepal, encompassing the Neogene 
foreland basin deposits of the Himalayas, to determine the long-term exhumational history of the central 
Himalayas, which has been only poorly constrained so far. We have analyzed some 30 samples collected from 
modern river sediment and from sandstone of magneto-stratigraphically controlled sections of the Siwaliks 
along the Karnali, Surai, and Tinau rivers in western and central Nepal. The new detrital data provide 
important new insights in the long-term exhumation history in the central Himalaya, as well as on the thrust 
propagation sequence and burial-exhumation history of the foreland fold-and-thrust belt. Here, we address the 
source-area exhumation signal carried by these data; in a companion study (Robert et al., this meeting) the 
implications for the kinematics of the fold-and-thrust belt will be addressed. 

Zircons were dated in order to estimate long-term exhumation rates using the lag-time concept (cooling 
age – depositional age) and for analyzing the overall pattern of exhumation (e.g., Bernet et al. 2001). Zircon is 
a particularly robust mineral during erosion and sediment transport and is not easily reset after deposition in a 
basin because of its relatively high closure temperature of ~240°C (Hurford 1986; Brandon et al. 1998), 
making it an ideal system to track variations in source-area exhumation rates. The complementary, lower 
temperature AFT system allows testing for shorter-term variations in exhumation rates. Because of its 
relatively low closure temperature (110±10°C), however, AFT thermochronology is also sensitive to the 
thermal evolution of the foreland basin itself. Typically, stratigraphically higher samples that have not been 
buried deep enough for partial annealing to occur will retain a source signal whereas deeper samples will 
record the burial and exhumation history within the basin. 

All our samples where dated with the external detector method and we used multiple mounts with 
different etch times for the zircon samples to allow detection of the full grain-age spectrum. The observed 
grain-age distributions were decomposed into major grain-age components or peaks using a binomial peak-
fitting approach (Brandon 1996). Our zircon data indicate three main age groups, which are found 
consistently in our samples (Figure 1). The oldest age group shows fairly constant peak ages between 80-120 
Ma and is a typical example of a static peak, which demonstrates recycling of zircon with pre-Himalayan 
cooling ages. The second age group reflects a second static peak at 15-18 Ma, which is observed in each 
sample. This peak may be related to a fast exhumation and cooling event associated with possible slab break-
off around 18 Ma and/or with episodic movement along major thrust-faults, such as the Main Central Thrust. 
The youngest age group displays a moving peak with a relatively constant lag-time of 4±1 My, which 
translates into a long-term exhumation rate of 1-1.5 km/My. This peak first appears around 11 Ma and is 
evidence of continuous exhumation in the central Himalayas, probably driven by continuing uplift and river 
incision in the High Himalayas.  

We have developed a technique to double-date single-grain zircons using both the fission-track (FT) 
and U-Pb methods, in order to discriminate different potential sources and to identify systematic relationships 
between source area and exhumation rate. Zircons with pre-Himalayan FT ages characteristically have U-Pb 
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ages of 500-1000 Ma, indicating they were likely derived from Tethyan Himalaya sedimentary rocks or now 
nearly completely eroded Greater Himalayan protoliths. U-Pb ages are spread between ~1000 and ~2500 Ma 
for zircons belonging to both other FT age groups (i.e. both the 15-18 Ma static peak and the 4 My lag-time 
moving peak), suggesting that both the Greater and Lesser Himalayas appear to be sources for these zircons. 

Apatite fission-track samples from above ~2500 m stratigraphic depth are unannealed and reveal source-
area age signals in all three sections. Minimum AFT ages for unannealed samples from the Karnali section 
show a decreasing lag time, from ~4 My at 8 Ma to ~2 My at 3 Ma, suggesting increasing source-area 
denudation rates (Figure 2). The unannealed Surai samples are consistently younger than, and therefore 
inconsistent with, previously reported magnetostratigraphic ages for this section. When using the unpublished 
magnetostratigraphic data of T.P. Ojha (pers. commun.), these data indicate lag times of ~1 My, similar to 
those found in modern river sands from the Marsyandi and Trisuli rivers, as well as to in-situ AFT ages from 
the Marsyandi catchment. These lag times indicate higher source exhumation rates (~2.5 km/My) for this 
central Nepal section as compared to the western Karnali section. The most recent samples from both sections 
show increasing lag times upsection, which we interpret as increasing input of recycled material. 

This study shows how the combination of different thermochronological techniques on the same samples 
(or even the same mineral grains) may provide important new insights on the evolution of both the source 
area and the sedimentary basin from which the samples were collected. A companion study (Robert et al., this 
meeting) shows how annealed apatite samples from the same sections can be used to infer the kinematic 
history of the fold-and-thrust belt. 
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Fig.1 A) Simplified geologic map of Nepal, showing sample locations of the Karnali, Surai Khola and Tinau 
Khola sections in the Siwaliks of western and central Nepal. B) Lag-time plot of detrital zircon fission-track 
ages of the Siwalik samples. Lines indicate lag times of 0, 4, 8, 12, 16, and 20 My. Circle size indicates size 
of peak, which were determined with BINOMFIT.  30-60 zircons were dated per sample. 
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Figure 1. Structural map of the Albanides with the 
location of the studied area (modified after Albpetrol-
OGGI) 

DIAGENESIS AND FRACTURING IN PALEOCENE-EOCENE CARBONATES FROM THE 
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 One of the most challenging tasks in present-day 
hydrocarbon exploration is the reconstruction of the 
diagenetic processes during the footwall stage and of the 
deformation history of potential reservoir lithologies and 
its hydrocarbon charging in overthrusted settings. The 
Ionian Zone in southern Albania is one of such areas. It 
belongs to the Alpine orogeny and forms a westward 
thrusting fold-and-thrust belt, with the Triassic evaporite 
as the major decollement level. 
The tectonic evolution of the Albanides included a 
Middle Liassic–Late Cretaceous phase of oceanic rifting 
accompanied by a passive margin formation and are 
divided into two major divisions: the internal and external 
Albanides. The internal zone consists of two platform 
areas (Sazani and Kruja, Figure 1), which are separated 
by the Ionian Basin. This basin can be split into three 
belts: the Berati, Kurveleshi and Cika belts. The internal 
zone consists of Triassic evaporite-carbonate and Jurassic 
to Eocene carbonate sequences in a syn-rift and post-rift 
setting, covered by Oligocene thick flysh and molasse 
sedimentary successions from early Miocene to Recent 
age.  
Several mature petroleum fields are located in the 
northern part of the Ionian Basin and occur in both 
carbonate and clastic reservoirs. The storage of oil and gas 
accumulations is largely improved by the presence of a 
dual matrix/fracture porosity. 



Thrust Belts and Foreland Basins, International Meeting, Rueil-Malmaison, December 2005 
Abstracts Volume 

****************************************** 
 

 

 

405

 
A petrographical inspection of the carbonate rocks has been carried out based on thin-sections petrography by 
using polarizing-, cathodoluminescence- and scanning electron microscopy to reconstruct the diagenetic 
evolution through time. Additionally, a stable isotope study is carried out to get information on the fluid 
characteristics. A detailed reconstruction of the fluid history is based on the crosscutting relationship of 
fractures and their relationships with respect to compactional and layer parallel shortening stylolites. Bedding 
parallel stylolites (BPS) define the vertical compaction, which reflect the burial stage, while layer-parallel 
shortening stylolites (LPSS) are related to horizontal tectonic compaction (Sassi and Faure, 1997). 
 
The objective of this contribution is to give a better understanding of the mechanisms, timing of fracturing 
and fluid characteristics during the Albanides fold-and-thrust belt evolution. Special attention has been given 
to the late diagenetic processes, which group several processes, which reflect disequilibrium with the host 
rock (e.g. cementation, dolomitization, secondary porosity development, …; Roure et al., 2005). 
Consequently the latter processes may have an important impact on present-day reservoir characteristics. 
 
Focus of this contribution is the Kelçyra area, which is located in the Berati Belt in the eastern part of the 
Ionian Basin, represents the Paleocene-Eocene surface analogue of the Upper-Cretaceous-Eocene carbonate 
reservoirs in the Ionian Zone. It corresponds to the best carbonate reservoir intervals, according the Albpetrol 
geologists (Albpetrol, 1993). The lithology of the Paleocene-Eocene interval consists of carbonate turbidites 
and debris flows. This mudstone, with about 10% of pelagic foraminiferal fauna, indicates deep marine 
depositional conditions. 
 

Fluid flow characteristics are initially, i.e. during shallow burial in the footwall stage, rock-buffered and 
define the early diagenetic stage (Figure 2: Cal-1). The cementation of the turbidites reflects a deep “marine 
burial” setting (Melim, 2002; Dewever et al., in press). This period is characterized by dissolution of unstable 
sedimentary components due to recrystallization/cementation by marine fluids (Shackleton, 1986). 
During the burial stage (pre- to syn-BPS), the turbidites and pelagic mudstones underwent physical 
compaction related to foreland flexuring, which resulted in a dramatic loss of primary porosity. 
Due to increasing tectonic stress in the Middle Oligocene, a horizontal stress developed as main compressive 
stress. Complex vein textures without preferential-orientation, like crack-seal type veins, are related with the 
formation of overpressured fluids in the footwall of thrusts. The isotope values with depleted δ18O values (-
6‰ to -0,7‰ V-PDB) are interpreted in terms of precipitation at elevated temperatures (Cal-2), which reflect 
different fluid pulses and/or differences in non-equilibrium precipitation temperature between host-rock and a 
marine fluida. The prefolding compressional stage creates topographic relief, formed during thrust 
emplacement. This period is characterized by the development of LPS stylolites, prograding from east to 
west. 
During the onset of this compressional stage, shear fractures tend to develop. Calcite precipitation (Cal-3) 
consists of fibrous calcite crystals along shear planes and indicates a dextral displacement. The isotope 
signature, with δ18O values ranging between -3.9 and -5.57‰ V-PDB, implies hot marine or meteoric derived 
fluids. 
Folding and faulting occurred from Upper Oligocene to Pliocene. Maximal burial would have been reached 
during Late Oligocene stage (Roure et al., 2004), which is in agreement with the depleted oxygen isotopic 
results. δ18O and δ13C values of the paleofluid (Cal-4) plot from -1.8‰ to -4,0‰ and +2 to -4‰ V-PDB 
respectively. During the folding, re-opening of existing fractures allows external fluids to enter the system as 
well as infiltration of detrital clays, reflecting emergence of the study area. In fact, the migration of reactive 
fluids (i.e. meteoric fluids) along fractures results in dissolution phenomena and secondary porosity 
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development. A telogenetic karst network developed post-dating the deformation with the creation of large 
dissolution pores. Based on the burial evolution, the karstification period is placed in the Burdigalian.  From 
then onwards the influx of non-marine fluids is assumed, explained by the high paleo-topographic position of 
the studied area. Moreover, infiltration of clay sediments, in relation to near-surface circulation of meteoric 
water, occurs around dedolomitized crystals. 
Subsequently a dolomitic fluid filled some of the open fractures and secondary pores in the matrix. The 
dolomite crystals, which are scattered in veins, are red carmine luminescent and possess euhedral shapes. 
However calcitized zones often occur in dolomite crystals, due to the dedolomitization process. Consequently, 
a high resolution analysis, such as SIM (Secondary Ion Mass spectrometry), is needed to precise the origin of 
the dolomite crystals. 
During the backthrusting stage, fluid circulation (Cal-5) along the near surface evaporite decollement level is 
assumed to have occurred. They have formerly been interpreted by Van Geet et al. (2002) as indicator for the 
interaction with Triassic evaporites, which occur along the decollement horizon. In addition barite occurs in 
some secondary pores and indicates precipitation of remobilized sulphate. These minerals normally imply 
high salinity fluids and hot fluid temperature; which would point to a hydrothermal origin. However, fluid 
inclusion analysis is needed to confirm this interpretation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2- Carbon and oxygen isotopic compositions of the limestone host-rocks and of the different infill 
fractures. 
 
Finally, during the emergence of the system, postdating uplift, a renewed circulation with meteoric water 
affected the strata (Cal-6). As a consequence for the second time, a complex karst network is created by 
dissolution of a part of euhedral dolomites as testified by the rhombohedral shape of the secondary pores and 
the dedolomitization of others. Thus the dedolomitization likely occurred as a result of the migration of a 
karst-related meteoric water into dolomitized areas. δ18O and δ13C values of this paleofluid plot from +0.4‰ 
to -3,5‰ and +2 to -6‰ V-PDB respectively, which allow to postulate a marine to meteoric fluid.  
Involvement of meteoric fluids with soil derived CO2 is a likely explanation for most δ13C data. 
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The Bouguer gravity anomaly ‘high’ and ‘low’ couples that characterise thrust and fold belts and their 

flanking foreland basins are one of the most distinctive features of the continental gravity field. The 

anomaly patterns form long linear belts and can be explained by a model in which foreland basins form by 

lithospheric flexure in front of migrating thrust and fold loads. By comparing the observed Bouguer 

anomaly to the calculated anomaly due to the flexed top and bottom of the crust, constraints have been 

placed on the elastic thickness, Te, of continental lithosphere. Results show a wide range of Te values (up to 

70 km and higher) and there has been some debate concerning their validity, especially estimates that have 

been obtained using spectral techniques. We have therefore developed a non-spectral 2-D finite difference 

method that can be used to determine spatial variations in Te at orogenic belts directly from grids of 

Bouguer gravity anomaly and topography data. Comparisons with the results of forward modelling based on 

profiles show that the method is a robust way to estimate Te and its spatial variation, especially in regions 

with high Bouguer gravity anomaly signal to noise and surface (i.e. topographic) to sub-surface (i.e. buried) 

load ratios. We have applied the method to the Himalaya-Tibet, Andes, and Alpine collisional systems. The 

results are presented here here and their implications examined for topics such as the stratigraphic 

“architecture” of foreland basins, the structural styles that develop in fold and thrust belts, and the 

inheritance of rifted margin mechanical properties during orogenesis. 
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STRUCTURAL AND PETROLEUM SYSTEMS MODELING - 
NEVER THE TWAIN SHALL MEET? 

Keynote 
 

Bjorn WYGRALA 
IES Integrated Exploration Systems, www.ies.de, Aachen, Germany 

 
 

"East is East, and West is West, and never the twain shall meet", Rudyard Kipling (The Ballad of East and 
West) 

 
Structural modeling is used to validate geological interpretations in structurally complex geologic 
environments, especially in cases of salt, extensional and compressional tectonics. In salt provinces, structural 
modeling offers an efficient approach to balance salt volumes through geologic time. In extensional settings, 
structural modeling can help to improve reconstructions, especially for fault and fault property modeling. 
However, structural modeling is particularly relevant in compressional environments, as it is the only 
methodology that can help to overcome the fundamental limitations of visualizing and interpreting structure 
in thrustbelts.  
 
Petroleum Systems modeling is used to simulate hydrocarbon generation and migration processes through 
geologic time. Due to its excellent match with the Petroleum Systems methodology, the related modeling 
technology is now commonly described as petroleum systems modeling and is considered to be an 
evolutionary step forward from classical basin modeling techniques which were directed purely at thermal 
history and hydrocarbon maturation modeling. Considerable technical advances have been made during recent 
years, especially with the addition of improved phase/component handling methods. 
 
As far as the evolution from 2D to 3D is concerned, structural and petroleum systems modeling are at 
different stages. Due to the additional complexities and the resulting time and cost constraints, structural 
modeling is still predominantly performed in 2D. This can also be seen in the more widespread availability 
and application of 2D structural modeling tools, while only few commercial vendors offer 3D structural 
modeling tools inspite of the overall trend in the industry to increasing usage of 3D. In petroleum systems 
modeling, the step from 2D to 3D has already been completed, 2D and 3D software systems provide identical 
technical features, and 2D and 3D usage is now defined by data availability and cost - a situation which is 
quite similar to seismic data acquisition and interpretation. 
 
So why should there be an interest in applying the two technologies together, i.e. in somehow connecting 
structural and petroleum systems modeling? 
 
The key problem is in the petroleum systems modeling simulators which always simplify or even over-
simplify their automatically reconstructed paleo-geometries. All 'classical' simulators have a fundamental 
limitation as the movements of the cellular or mapped geological objects are vertical as they are followed 
through their history of burial and uplift. Lateral movements of objects and geometries are not taken into 
account, resulting in serious geometric deficiencies. The simplest example is "the dreaded paleo-kink" which 
can be created by backstripping a vertically gridded geologic section with simple extensional faults. Paleo-
geometries become meaningless as stratigraphic units with 'zero thicknesses' in faulted zones at present are 
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used to restore the paleo-sections. This is a problem that basin and petroleum systems modelers have been 
struggling with for more than 20 years! 
 
Petroleum migration modeling is especially effected by these geometric deficiencies as it is predominantly 
buoyancy controlled and therefore sensitive to geometric inaccuracies. Relative timing issues between 
generation, migration and the geometries of migration paths and traps are also particularly critical in thrustbelt 
environments. So connecting structural and petroleum systems modeling appears to be essential in order to 
correct the fundamental geometric errors that limit the value of petroleum systems models.  
 
Connectivity approaches between structural and petroleum systems modeling vary between two 'end 
members' which can be defined as integrated and linked tools: 
 
Integrated structural and petroleum systems modeling offers the best possible technical approach. Full 
integration means that the structural reconstruction, and the thermal, pressure and fluid flow simulations are 
fully coupled with continuous feedback between all parameters throughout the entire simulation run. This 
'perfect' solution has however so far not been attained as it is an extremely complex task. It appears that even 
if it were possible, there will always be some functional limitations compared to the pure structural and 
petroleum systems modeling tools. 
 
Linked tools utilize the same specialist structural and petroleum systems modeling tools that structural and 
petroleum systems modelers are already using. They enable present and paleo-geometries from structural 
modeling packages to be loaded into the petroleum systems modeling packages. During the petroleum 
generation and migration simulations, the paleo-geometries are then fully controlled by the structural 
modeling interpretations and the full functionality of each tool is retained. However the thermal, pressure and 
fluid flow modeling is completely decoupled from the structural modeling. This is especially critical for 
pressure calculations: approximations can be used but the limitations are obvious. 
 
The dimension of the models offer further challenges to the development of connections between structural 
and petroleum systems modeling. All attempts to develop integrated tools have only made real progress in 
2D, while full workflows for linked approaches are also only commercially available in 2D. Development of a 
fully integrated 3D tool is not being tackled by any group at the moment, while linked approaches in 3D are 
only slowly being refined due to lack of support from the industry and also apparently due to the lack of 
applications: rarely are basin scale models subjected to a fully 3D structural reconstruction. 
 
Both approaches still have fundamental technical limitations. One example is the development of thin and 
'self-perpetuating' high-pressure zones at the base of thrust sheets during their movement - a process which 
actually enables thrust-sheet movements over long distances to take place. However, coupling these processes 
with multi-phase/n-component petroleum migration modeling, especially in and around fault zones, is still a 
long way off. 
 
The developers/vendors all face similar problems which start at a very basic level: a lack of understanding of 
the complexities of the technology in the geoscience user community. This leads to frustrations and deferred 
applications, the 'wait for the next release' syndrome, which in turn slows down the development pace. A 
circulus vitiosus is created as easily exposed technical deficiencies make it difficult to argue for applications. 
The next problem is the lack of financial viability and the vendors may have to face the fact that the 
technology is not preceived to be sufficiently important by the industry and the market is simply too small to 
support more rapid and sophisticated developments. 
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So shall structural and petroleum systems modeling ever meet? Both integrated and linked approaches will 
continue to be developed, even if the pace is gradual. Both will be enhanced, for example by the addition of 
improved n-component petroleum phase modeling and in particular by fault and fault property modeling. The 
crucial question is 3D as there are no integrated development projects under way. With minimum 5 year lead 
times, this means that commercial applications are also at least 5 years away. Linked approaches are being 
developed in 3D and the conceptual validity has been proven, but progress is slow due to limited funding by 
the industry, i.e. due to the limited perceived value. Probably the most important limiting factor is rather 
simple, though: it is the time and cost required to reconstruct regional scale (i.e. charge system) models in 3D. 
So unless the vendors and users can make a convincing case to the industry, the geologist's dream of a fully 
integrated structural and petroleum systems modeling tool is still many years ahead. 
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