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Abstract 

Complex structural styles can be developed within orogenic belts, with crustal 

shortening achieved through a combination of distributed strain and discreet 

thrusting. Soft-linked faults can be defined as structures with discontinuous fault 

surfaces which operate together with folds and other forms of distributed strain 

as a single kinematic and mechanical entity. 

The Haut Giffre region of the French Subalpine Chains at the south-western 

extent of the Morcles nappe, with its well-defined stratigraphy provides an 

excellent opportunity to study the development of such a system of spatially 

discontinuous yet kinematically linked thrust faults, and their interaction with the 

surrounding rock in three dimensions. A novel computer-assisted 

photogrammetric method is presented which, in conjunction with new structural 

mapping aids the construction of accurate geologic profiles and maps of the Haut 

Giffre fold-thrust complex over a wide scale range. 

The diversity of strain localisation behaviour observed in the district, from large-

scale folds to discrete thrusts is largely a result of mechanical heterogeneities 

provided by stratigraphic rheological contrasts within the marl/limestone multi-

layer and inherited weaknesses in the form of extensional faults. 

A correlation between the size populations of faults and folds shows that faults 

and folds that developed in the same region under the same conditions show 

related multi-fractal size-frequency distributions. 

A rolling-hinge model for fold growth supported by outcrop-scale field 

observation of vein arrays is proposed. A geometric analysis of predicted 

flexural-slip dynamics for folding shows that rolling hinge folding may be 

energetically preferable to fixed hinge folding. 

Soft-linkage of thrust faults may be a common feature of thrust system 

development if a model of fault growth by segment linkage is accepted. During 

the soft-linked phase of thrust system development, bulk strength of the multi-

layer, and therefore strain-rate, is likely to be controlled by transfer-zone 

processes rather than fault-propagation and fault slip accumulation processes. 



 ii 

 

Acknowledgements 

This project has been funded in part by NERC studentship GT4/95/142/E. The 

remaining financial assistance has been provided by my Dad, Sarah Brookfield, 

Lloyds Bank plc., the Benefits Agency, the School of Earth Sciences and myself, 

so its quite clear who funds science in the UK.  

Many thanks to Rob Butler and Martin Casey, who between them possess 

refreshingly diverse ideas on all matters structural, for setting up this project with 

fieldwork in some fantastic countryside. They have proof-read this thesis at often 

unacceptably short notice, and for that I am grateful. 

This fieldwork would never have been possible without the motivational, 

logistical and inspirational support of my field assistants: 

❐ Jane Earnshaw – who had an invaluable ability to gaze at the inside of a 

cloud for four weeks without seeing any rocks whilst convincing me that 

doing a Ph.D. was still a good idea. Jane, I owe the fact that I got this far to 

you in those early days. 

❐ Eric Cannon – with whom I discovered the joys of Alpine mountaineering – 

‘How can you not go to the highest point in your field area, man?’ Well we 

did, and that was only the start. 

❐ Esther Brookfield – with whom I share memories of a  beautiful idyllic 

summer in the Alps. We didn’t want to come back – but life would’ve been 

very different then… 

❐ Gavin Elsley – with whom I had a few hair-raising moments trapped half-

way up a 200 m cliff between two colossal waterfalls hurling large boulders 

at us, before running away to find some real mountains in Saas and Zermatt. 

These four have moved on to successful careers in street performance, academia, 

high-finance and oil exploration respectively– which just shows where a field-

assistantship can take you.  

Thanks go to Phil Murphy, whose laconic wit and sober outlook on life provided 

a refreshing perspective on academic life and a lucid view into the infinite Prep. 



 iii 

 

Room store-cupboard. Adrian Hall proof-read bits of this thesis during the final 

moments of the project. Thank-you. Tony Cook of Synopsys provided me with 

some handy programming tools which I wouldn’t have otherwise had access to, 

which made the coding a lot easier. Cheers Tony. 

A special mention for Mark Trout and the folks at Rock Deformation Research 

for much needed all-expenses-paid trips to Greece and Utah to look at something 

other than squashed limestone – well worth the time out, and again to RDR for 

letting me get away with a flexible timetable in the first few weeks of my job so I 

could tie up this project. Thanks to Steve Freeman who ultimately created both of 

these opportunities for me. 

Thanks to Dad, Mum, Ian and Heather for letting me get away with being a drain 

on the Smallshire’s resources for so long without you getting much in return. 

None of you ever asked too many questions about what I was up to - you can see 

the result for yourselves now. 

Rachel Dilley has given her unfailing love and support through the closing stages 

of this project for which, after forty-five thousand words, I struggle to unearth 

the prose with which to express my gratitude. Thanks Rachel - maybe we can 

spend some time together now? 

The sometimes tedious and unrelenting nature of a project such as this can only 

be truly relieved by the enactment of outrageous escapist fantasies. The members 

of the University of Leeds Speleological Association past-and-present have 

contributed to making life a little more interesting than it might otherwise have 

been and have unwittingly caused me to retain my sanity. Now at last, I can 

crawl away from the glare of my monitor and head back for more subterranean 

adventure in the Stygian gloom pervading some secret corner of the Dales… 



 iv 

 

Contents 

THE KINEMATICS OF SOFT-LINKED THRUST SYSTEMS..............................................1 

ABSTRACT ................................................................................................................................... I 

ACKNOWLEDGEMENTS ........................................................................................................ II 

CONTENTS ................................................................................................................................ IV 

TABLE OF FIGURES ..............................................................................................................VII 

TABLE OF TABLES ................................................................................................................. XI 

1 INTRODUCTION................................................................................................................1 

1.1 THE NATURE OF THE PROBLEM...........................................................................................1 
1.2 AIMS OF THE THESIS...........................................................................................................2 
1.3 THESIS LAYOUT..................................................................................................................3 

1.3.1 Terminology.............................................................................................................4 

2 FAULT LINKAGE AND THRUST SYSTEMS - A REVIEW ........................................5 

2.1 INTRODUCTION ..................................................................................................................5 
2.2 THRUST SYSTEM RESEARCH ...............................................................................................5 
2.3 NORMAL AND STRIKE-SLIP FAULT LINKAGE AND GROWTH.................................................7 
2.4 SOFT-LINKAGE IN THRUST SYSTEMS.................................................................................12 

3 AN INTRODUCTION TO THE HAUT GIFFRE ..........................................................16 

3.1 INTRODUCTION ................................................................................................................16 
3.2 TECTONIC CONTEXT FOR THE FIELD AREA........................................................................18 
3.3 STRATIGRAPHY AND BULK RHEOLOGY.............................................................................19 

4 GEOLOGIC PROFILES, MAPS AND CROSS-SECTIONS THROUGH 
COMPUTER ASSISTED PHOTOGRAMMETRY......................................................24 

4.1 INTRODUCTION ................................................................................................................24 
4.2 PREVIOUS USE OF PHOTOGRAMMETRY IN GEOLOGIC APPLICATIONS ................................25 
4.3 OBJECTIVES AND SPECIFICATIONS....................................................................................28 
4.4 METHODOLOGY ...............................................................................................................30 

4.4.1 Introduction ...........................................................................................................30 
4.4.2 Model geometry .....................................................................................................31 
4.4.3 Data collection.......................................................................................................33 

4.4.3.1 Field data............................................................................................................................33 
4.4.3.2 Map data.............................................................................................................................33 
4.4.3.3 Projection data....................................................................................................................33 

4.4.4 Data preparation and conditioning .......................................................................34 
4.4.4.1 Digitising............................................................................................................................34 
4.4.4.2 Mosaic construction ...........................................................................................................34 

4.4.5 Pre-processing interpretation................................................................................35 
4.4.6 Processing algorithm.............................................................................................35 

4.4.6.1 Description .........................................................................................................................35 
4.4.6.2 Implementation...................................................................................................................43 

4.4.6.2 a) Input requirements ....................................................................................................43 
4.4.6.2 b) Object model and code design ..................................................................................44 

4.4.7 Post-processing interpretation ..............................................................................45 
4.5 EXAMPLE .........................................................................................................................45 

Scanning...............................................................................................................................47 
4.5.2 Image conditioning and mosaic construction ........................................................48 
4.5.3 Geologic Interpretation #1 ....................................................................................49 



 v 

 

4.5.4 Digital Terrain Model construction.......................................................................51 
4.5.5 Processing to structural profile .............................................................................52 
4.5.6 Geologic Interpretation #2 of profile.....................................................................56 
4.5.7 Processing to map..................................................................................................57 

4.6 RECOMMENDATIONS FOR FUTURE WORK .........................................................................61 
4.6.1 Functionality..........................................................................................................61 
4.6.2 User interface ........................................................................................................61 

5 FINITE GEOMETRY OF A SOFT-LINKED THRUST SYSTEM: THE HAUT 
GIFFRE.............................................................................................................................62 

5.1 INTRODUCTION ................................................................................................................62 
5.1.1 Standards of accuracy ...........................................................................................63 

5.2 GEOLOGICAL MAP............................................................................................................64 
5.2.1 Grands Fats thrust sheet........................................................................................65 

5.2.1.1 Structure contours...............................................................................................................65 
5.2.1.2 Outcrop pattern...................................................................................................................65 

5.2.2 Central region........................................................................................................66 
5.3 STRUCTURAL PROFILES....................................................................................................68 

5.3.1 AA` : Tenneverge – Tour du St Hubert – Sageroux – Dent de Barme ...................69 
5.3.1.1 Overall geometry................................................................................................................69 
5.3.1.2 LandScope profile – head of the Giffre valley....................................................................71 
5.3.1.3 Discussion ..........................................................................................................................73 
5.3.1.4 LandScope profile – Mont Sageroux..................................................................................79 

5.3.2 BB` : Cheval Blanc – Giffre – Vogealle – Dents Blanches....................................85 
5.3.2.1 Overall geometry................................................................................................................85 
5.3.2.2 Vogealle transfer zone (Pointe Rousse des Chambres).......................................................87 
5.3.2.3 Discussion ..........................................................................................................................89 

5.3.3 CC` : Fer à Cheval – Sans Bet – Avondrue – Dents d’Oddaz ...............................96 
5.3.4 DD` : Nambride – Criou – Tuet.............................................................................98 

5.4 THREE-DIMENSIONAL GEOMETRY ..................................................................................100 
5.5 ANALYSIS OF GEOMETRIC PARAMETERS AND STRAIN PATTERNS....................................103 

5.5.1 Bedding................................................................................................................103 
5.5.1.1 Field data..........................................................................................................................103 
5.5.1.2 Profile data .......................................................................................................................104 

5.5.1.2 a) Tenneverge – Tour du St Hubert – Sageroux – Dent de Barme ..............................104 
5.5.1.2 b) Pointe Rousse des Chambres ..................................................................................105 
5.5.1.2 c) Comparison of field and profile derived data..........................................................106 

5.5.2 Cleavage ..............................................................................................................108 
5.5.3 Bedding-cleavage intersection lineations ............................................................109 
5.5.4 Shear fibre lineations...........................................................................................109 
5.5.5 Folds ....................................................................................................................111 

5.5.5.1 Hinges ..............................................................................................................................111 
5.5.5.2 Axial surfaces ...................................................................................................................111 

5.5.5.2 a) Field data.................................................................................................................112 
5.5.5.2 b) Profile data..............................................................................................................112 

5.5.5.2.b) i Tenneverge – Tour du St Hubert – Sageroux – Dent de Barme.......................113 
5.5.5.2.b) ii Pointe Rousse des Chambres..........................................................................114 

5.5.5.3 Inter-limb-angles ..............................................................................................................115 
5.5.5.4 Fold classification.............................................................................................................121 
5.5.5.5 Buckle-fold case study .....................................................................................................124 

5.5.5.5 a) Vein orientations.....................................................................................................125 
5.5.5.5 b) Vein spatial distribution..........................................................................................126 
5.5.5.5 c) Penetrative strain.....................................................................................................130 
5.5.5.5 d) Minor faults ............................................................................................................130 

5.5.6 Faults ...................................................................................................................132 
5.5.6.1 Orientation distribution ....................................................................................................132 

5.5.6.1 a) Tenneverge – Tour du St Hubert – Sageroux – Dent de Barme ..............................132 
5.5.6.1 b) Pointe Rousse des Chambres ..................................................................................133 

5.5.6.2 Displacement distance analysis ........................................................................................134 
5.5.6.2 a) Pointe Rousse des Chambres thrust.........................................................................134 
5.5.6.2 b) Ottans thrust............................................................................................................135 

5.5.7 Fault and fold population study...........................................................................138 
5.5.7.1 Fault populations ..............................................................................................................139 
5.5.7.2 Fold populations...............................................................................................................144 



 vi 

 

5.5.7.3 Fault and fold population relationships ............................................................................145 
5.5.7.3 a) Methodology: the  Kolmogorov – Smirnov test ......................................................146 
5.5.7.3 b) Results ....................................................................................................................147 

5.5.7.4 Discussion ........................................................................................................................150 
5.5.8 Summary of kinematic axes..................................................................................150 

5.6 SUMMARY......................................................................................................................151 

6 KINEMATICS OF A SOFT-LINKED THRUST SYSTEM: THE HAUT GIFFRE.153 

6.1 INTRODUCTION ..............................................................................................................153 
6.2 BUCKLE FOLD KINEMATICS OF THE MALM LIMESTONE ..................................................153 

6.2.1 Sageroux fold pair - field data review .................................................................154 
6.2.2 Rolling hinge model.............................................................................................156 
6.2.3 Model predictions ................................................................................................158 

6.2.3.1 Flexural slip patterns ........................................................................................................159 
6.2.3.1 a) Static hinge fold-pair calculation ............................................................................161 
6.2.3.1 b) Rolling hinge fold pair calculation..........................................................................162 
6.2.3.1 c) Results.....................................................................................................................163 

6.2.3.2 Strain compatibility ..........................................................................................................165 
6.2.3.3 Minor faults ......................................................................................................................165 

6.2.4 Discussion............................................................................................................165 
6.3 INFLUENCE OF PRE-EXISTING STRUCTURE......................................................................167 

6.3.1 Ottans fault ..........................................................................................................168 
6.3.2 Chambres fault.....................................................................................................170 
6.3.3 Rochers de la Couarra thrust ..............................................................................170 
6.3.4 Minor extensional faults ......................................................................................171 
6.3.5 Discussion............................................................................................................174 

6.4 FAULT LINKAGES AND THRUST SEQUENCES ...................................................................175 
6.4.1 Identification of kinematic entities.......................................................................175 
6.4.2 Thrust sequences..................................................................................................181 

6.5 PROCESSES.....................................................................................................................182 
6.5.1 Spatial organisation of structures........................................................................182 
6.5.2 Bulk transfer zone kinematics ..............................................................................185 
6.5.3 Transfer zone processes.......................................................................................188 

6.6 KINEMATIC MODEL ........................................................................................................189 
6.7 RESTORED PROFILES ......................................................................................................191 

6.7.1 Introduction .........................................................................................................191 
6.7.2 Restored profile AA` ............................................................................................191 
6.7.3 Restored profile BB` ............................................................................................192 
6.7.4 Restored profile CC’............................................................................................192 
6.7.5 Restored profile DD’ ...........................................................................................193 
6.7.6 Discussion............................................................................................................193 
6.7.7 Comparison with the restoration of BUTLER (1992b) ..........................................194 

6.8 SUMMARY......................................................................................................................197 

7 CONCLUSIONS ..............................................................................................................199 

7.1 INTRODUCTION ..............................................................................................................199 
7.2 CONCLUDING STATEMENTS............................................................................................199 
7.3 CONCLUDING REMARKS .................................................................................................209 

A LANDSCOPE PROGRAM CODE.................................................................................211 

A.1 INTRODUCTION ..............................................................................................................211 
A.2 LANDSCOPE.CPP .............................................................................................................211 
A.3 VECTOR.HPP ...................................................................................................................243 

REFERENCES ..........................................................................................................................249 

 



 vii 

 

Table of figures 

Figure 2.1 Block diagram of a soft-linked normal fault system. 10 

Figure 2.2 Block diagram showing the main features of a extensional relay-ramp. __________10 

Figure 2.3 Block diagram showing the main features of a strike-slip relay ramp.____________11 

Figure 2.4 Block diagram of a soft-linked thrust system. ______________________________12 

Figure 2.5 The beam-failure model. ______________________________________________13 

Figure 2.6 Variations in structural style accommodating shortening. _____________________14 

Figure 3.1 Field area location map. _______________________________________________17 

Figure 3.2 The stratigraphic column for the study area. _______________________________23 

Figure 4.1 Relationships between three dimensional geometry of a folded layer, its map 

representation, and the types of section known as vertical cross sections and profiles.

_________________________________________________________________27 

Figure 4.2 Different types of distortion as a result of the type of camera lens used for 

photogrammetry. ___________________________________________________28 

Figure 4.3 Projection geometries. ________________________________________________29 

Figure 4.4 Effect of relief on photographic distortion. ________________________________30 

Figure 4.5 The geometric model used for generation of the projections. __________________32 

Figure 4.6 The camera film sphere _______________________________________________32 

Figure 4.7 Geometry of the projection plane. _______________________________________36 

Figure 4.8 Candidate cells for intersection testing. ___________________________________40 

Figure 4.9 The film sphere orientation vectors. ______________________________________41 

Figure 4.10 Possible fates for a primary ray in two dimensions._________________________43 

Figure 4.12 The assembled photo-mosaic. _________________________________________48 

Figure 4.13 The same mosaic with a first-order geological interpretation _________________49 

Figure 4.14 Part of the 1:25 000 topographic sheet from which the Digital Terrain Model was 

created. ___________________________________________________________51 

Figure 4.15 Three-dimensional perspective view of a surface re-created from the digital terrain 

model.____________________________________________________________51 

Figure 4.16 Raw output from the LandScope program. _______________________________53 

Figure 4.19 A true orthographic projection map view of the photo-mosaic data. ____________59 

Figure 5.1 Photograph looking east-south-east of the 2 km high north-east face of Pic de 

Tenneverge (centre)._________________________________________________68 

Figure 5.2 The original digitally assembled photo-mosaic of the head of the Giffre valley.____74 

Figure 5.3 The photo-mosaic at the head of the Giffre valley after processing with LandScope 75 

Figure 5.4 An up-plunge view of the head of the Giffre valley__________________________76 

Figure 5.5 Schematic of a hard-linked duplex and an alternative model termed a strain duplex. 77 

Figure 5.6 A view from Grand Mont Ruan to the south-south-east towards Pic de Tenneverge. 77 

Figure 5.7 The hangingwall anticline to the Petit Mont Ruan thrust in Malm limestones. _____78 



 viii 

 

Figure 5.8 The north-west verging fold-pair in Malm limestones below Col de Sageroux. ____78 

Figure 5.9 The original digitally assembled photo-mosaic of the Col de Sageroux – Dent de 

Barme ridge._______________________________________________________81 

Figure 5.10 The photo-mosaic of the Col de Sageroux – Dent de Barme ridge after processing 

with LandScope.____________________________________________________82 

Figure 5.12 The Rochers de la Couarra thrust. ______________________________________87 

Figure 5.13 The antiform-synform structures immediately south-east of the Refuge de la 

Vogealle. _________________________________________________________90 

Figure 5.14 Intense pressure solution cleavage in Berriasian marls within the core of he Vogealle 

syncline. __________________________________________________________91 

Figure 5.15 A fold hinge truncated by an extensional fault in the core of the Vogealle synform.91 

Figure 5.16 Schematic of the Vogealle fold-thrust structure. ___________________________92 

Figure 5.17 The digitally assembled photo-mosaic of the north-east face of Pointe Rousse des 

Chambres._________________________________________________________93 

Figure 5.18The photomosaic of Pointe Rousse des Chambres after processing with LandScope. 

Figure 5.19 The profile of Pointe Rousse des Chambres transfer zone. 

Figure 5.20 Minor intra-Urgonian thrust within the Rochers de la Couarra thrust sheet. ______97 

Figure 5.21 The Combe aux Puaires thrust._________________________________________98 

Figure 5.22 The Grand Fats thrust sheet shows very little internal deformation. ____________99 

Figure 5.23 Block diagram of imbricate divergent splays. ____________________________101 

Figure 5.25 Stereoplot showing poles to bedding.___________________________________104 

Figure 5.26 Rose diagram of bedding pitch for the Giffre valley profile.. ________________105 

Figure 5.27 Rose diagram of bedding pitch for the Col de Sageroux – Dent de Barme profile. 105 

Figure 5.28 Rose diagram of bedding pitch for the Point Rousse de Chambres profile. ______106 

Figure 5.29 Stereoplot showing poles to cleavage. __________________________________108 

Figure 5.30 Stereoplot showing bedding-cleavage intersections. _______________________109 

Figure 5.31 Stereoplot showing slickenfibre orientations._____________________________110 

Figure 5.32 Rose diagram of slickenfibre lineation trends. ____________________________110 

Figure 5.33 Stereoplot showing fold hinge orientations. ______________________________111 

Figure 5.34 Stereoplot showing poles to axial surfaces._______________________________112 

Figure 5.35 Rose diagram of fold axial surface pitch for the Grand Mont Ruan – Col de 

Sageroux profile. __________________________________________________113 

Figure 5.36 Rose diagram of axial surface pitch for the Col de Sageroux – Dent de Barme 

profile. __________________________________________________________114 

Figure 5.37 Rose diagram of axial surface pitch for the Point Rousse des Chambres profile. _115 

Figure 5.38 Inter-limb-angle distributions for the Hauterivian, Berriasian-Valanginian and Malm  

units. ____________________________________________________________118 

Figure 5.39 Inter-limb-angle distributions for the Oxfordian, and Bajocian  units.__________119 

Figure 5.40 Scatter plots of inter-limb angle versus axial surface pitch for the Hauterivian, 

Valanginian – Berriasian and Malm units. _______________________________120 



 ix 

 

Figure 5.41 Scatter plots of inter-limb-angle versus axial surface pitch for the Oxfordian – 

Argovian and Bajocian units. _________________________________________121 

Figure 5.42 Histograms of fold class _____________________________________________124 

Figure 5.43 Schematic of the positions relative to the fold structure from which vein orientation 

measurements were made____________________________________________126 

Figure 5.44 Equally spaced, bedding-perpendicular, hinge-parallel tectonic stylolites in Malm 

limestones. _______________________________________________________128 

Figure 5.45 Back-limb of the fold, showing low intensity of veining. ___________________128 

Figure 5.46 Veining patterns in the antiformal hinge of the fold. _______________________129 

Figure 5.47 Overturned limb of the fold - differing extensions accommodated by veining on the 

upper and lower surfaces of the fold. ___________________________________129 

Figure 5.48 A sub-horizontal hinge fault. _________________________________________131 

Figure 5.49 Schematic view of a steeply dipping minor fault on the fold forelimb. _________132 

Figure 5.50 Rose diagram of fault pitch for the Grand Mont Ruan – Col de Sageroux profile. 

               133 

Figure 5.51 Rose diagram of fault pitch  for the Col de Sageroux – Dent de Barme profile. __133 

Figure 5.52 Rose diagram of fault pitch for the Pointe Rousse des Chambres profile. _______134 

Figure 5.53 Displacement accommodated by shearing of a fold forelimb in the Berriasian being 

transferred up-section on to a discrete thrust in the Hauterivian. ______________136 

Figure 5.54 Offset-distance profiles for shearing of a fold forelimb in the Berriasian being 

transferred up-section on to a discrete thrust in the Hauterivian. ______________136 

Figure 5.55 Detail of Ottans thrust with offset markers. ______________________________137 

Figure 5.56 Displacement distance profile for the Ottans fault. ________________________137 

Figure 5.57 Length distributions for faults and axial-surface samples for the three profiles. __142 

Figure 5.58 Length distributions for fault and axial surface samples. ____________________143 

Figure 5.59 Normalised cumulative frequency distributions for fault length and axial-surface 

length.___________________________________________________________149 

Figure 5.60 Summary stereoplot for the orientation data. _____________________________151 

Figure 6.1 Schematic of the spatial and orientation distribution of vein sets observed around 

folds.____________________________________________________________156 

Figure 6.2 Comparison of static and rolling hinge models of asymmetric fold development. _158 

Figure 6.3 Geometry of the static hinge model._____________________________________162 

Figure 6.4 Comparison of integral slip values for values of normalised shortening.. ________164 

Figure 6.5 Comparison of incremental integral flexural slip variation with shortening for both 

static and rolling hinge folds. _________________________________________164 

Figure 6.6 Schematic of the Malm fold pair with its veining pattern. ____________________167 

Figure 6.7 Kinematic model for the structures seen in the Malm limestone in the region of the 

Ottans fault. ______________________________________________________169 

Figure 6.8 Cartoon illustrating a model for the development of the Chambres fault and the 

Rochers de la Couarra thrust. _________________________________________171 



 x 

 

Figure 6.9 A kinematic ramp utilising pre-existing normal fault arrays.__________________173 

Figure 6.10 Cartoon of a soft-linked extensional fault geometry. _______________________174 

Figure 6.11 Profile AA` with superimposed model of individual kinematic entities.  Restored 

template for profile AA`. ____________________________________________177 

Figure 6.12 Profile BB` with superimposed model of individual kinematic entities. Restored 

template for profile BB’. ____________________________________________178 

Figure 6.13 Profile CC` with a superimposed model of individual kinematic entities. Restored 

template of profile CC`. _____________________________________________179 

Figure 6.14 Profile DD` with a superimposed model of individual kinematic entities. Restored 

template for profile DD`. ____________________________________________180 

Figure 6.15 Cartoon of a soft-linked thrust system showing intra-layer shear for different 

structural configurations..____________________________________________184 

Figure 6.16 Soft-linking of two layer-parallel thrust faults via a ductile bead. _____________187 

Figure 6.17 Cross-section through the Haut Giffre. (BUTLER, 1992b) ___________________195 

 



 xi 

 

Table of tables 

Table 5.1 Minimum offsets in profile for the major faults of profile AA`.          70 

Table 5.2 Reorientation of orientation distribution maxima for field measured bedding data in to 

the profile plane used for construction of LandScope profile ________________107 

Table 5.3 Summary of dip isogon fold classification scheme.__________________________122 

Table 5.4 Orientations of bedding and vein sets around the Vogealle synform. ____________125 

Table 5.5 Table showing longitudinal strains due to veining. __________________________127 

Table 5.6 Regression lines and slopes for fault and fold populations.____________________141 

Table 5.7 Results of the Kolmogorov-Smirnov test for fault and axial-surface length populations.

________________________________________________________________148 



 - 1 -  
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1 Introduction 
 

Now there is one outstandingly important fact 

regarding Spaceship Earth, and that is that no 

instruction book came with it. 

R. Buckminster Fuller. 1969. 

1.1 The nature of the problem 
Until relatively recently faults systems in general, and thrust systems in 

particular, were commonly interpreted as fully linked arrays. In such systems 

displacement is transferred through the system between faults which achieve 

geometric and hence kinematic continuity of their fault surfaces. Extensional and 

strike-slip fault systems commonly show segmented fault traces, where 

displacement is transferred through a region of distributed strain across fault 

discontinuities – a transfer zone. Equivalent geometries might be expected to 

form in thrust systems under certain conditions: it is known that complex 

structural styles can be developed within orogenic belts, with shortening 

achieved through a combination of distributed strain and thrusting. Clearly a 

discrepancy exists between the fully connected thrust arrays almost universally 

interpreted through mountain belts – particularly foreland fold an thrust belts – 

and nature. 

It is true that many thrust systems do display a fully hard-linked pattern, and as a 

result of the overwhelming bias in the literature supporting hard linked 

interpretations of thrust belts, soft-linkage of thrusts is clearly seldom considered 

as a possibility by those constructing cross-sections and models of thrust system 

development. 

Although some published thrust system geometries do include unlinked and 

isolated thrust faults, there has been little consideration of how groups of such 

thrusts may act together as single kinematic entities, in a way analogous to 

modern ideas of normal fault development, which are now widely accepted 

amongst structural geology researchers. 
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1.2 Aims of the thesis 
The following objectives have been realised by this research project and are 

recorded in this thesis: 

• to collect accurate and detailed measurements of the geometry of thrust fault 

systems in which true soft-linkage between thrust faults has occurred. The 

field area used for the study is the Haut Giffre region of the Franco-Swiss 

Subalpine Chains. 

• to devise a method of collecting detailed and accurate geometric data from 

inaccessible exposures, so that the primary objective could be achieved. 

• to understand the processes through which such a system may develop, both 

in terms of the large scale kinematics, and the detail of transfer zones. 

• to create a kinematic model to account for the present day geometry of the 

chosen study area: the Haut Giffre. 

This work is not an attempt to determine the mode of emplacement of the Haut 

Giffre portion of the Morcles nappe. Only the details of deformation within the 

right-way-up limb of the nappe itself concern us here. 
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1.3 Thesis layout 
This thesis has a clear structure, with seven main chapters which chart the 

scientific method through data collection process, analysis, interpretation, 

modelling and conclusions. The following chapters comprise: 

Review 

Chapter two. Review of current thinking 

in fault linkage and growth in normal and 

thrust fault systems. 

⇓  

Background geology 

Chapter three. Context setting for the 

geology of the Haut Giffre region of the 

Sub-Alpine Chains 

⇓  

Visualisation technique 

Chapter four. Description of the 

methodology devised and implemented 

for production of accurate structural 

profiles. 

⇓  

Soft-linked thrust system geometry 

Chapter five. A detailed description of 

the finite-strain state of the Haut Giffre 

fold-thrust system. 

⇓  

Kinematic models 

Chapter six. Models and discussion of 

the kinematic evolution of the Haut 

Giffre system. 

⇓  

Conclusions 
Chapter seven. Summary and wider 

implications of the work. 
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In addition, further materials are included loose in the rear pocket of this thesis 

inside the back cover: 

• The author’s geological map of the area, which forms an important part of the 

data and interpretation presented in this thesis. This map is particularly 

relevant to Chapter 5. 

• Structural profiles AA`, BB`, CC` and DD` which also comprise a substantial 

part of the data-set. The section lines for these profiles are shown on the map. 

• A CD-ROM containing: 

! A digital copy of this thesis as a Microsoft Word 97 master document 

with sub-documents. 

! A digital copy of this thesis as an HTML document. 

! A digital copy of the map and profiles in three formats Portable Network 

Graphics (.PNG) and Adobe Postscript (.PS) files and Corel Xara (.XAR) 

files. 

! Source code listings for the LandScope program – also reproduced in the 

Appendix. The code is in ANSI C++ format and stored as plain ASCII 

text .cpp and .h files. 

1.3.1 Terminology 
S.I. units are used throughout. Where map references have been given they are 

the ‘Systeme Geodesique Francais’ co-ordinates relative to the Paris meridian 

these are the figures in blue round the inner border of current I.G.N. 1:25 000 

topographic sheets, not to be confused with the UTM co-ordinates printed in 

black around the outer border of I.G.N. maps. Note that for convenience the most 

significant figures of these co-ordinates have been omitted in this thesis to give 

two two-digit numbers for both easting and northing in kilometres. British 

convention is followed for co-ordinate ordering – eastings are quoted first 

followed by northings. The initial easting digit omitted is 9, the initial northing 

digits 21. For example, the grid reference from this study of [map 3945 3162] 

can be translated into the true French co-ordinate 939·45 km E, 2131·62 km N. 

For the purposes of this study and for the sake of simplicity the French national 

grid has been extended in to Swiss territory. 
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2 Fault linkage and thrust 
systems - a review 

Science must begin with myths, and with the 

criticism of myths. 

 

Sir Karl Popper, ‘The Philosophy of Science’ 

2.1 Introduction 
This purpose of this chapter is to outline some of the research which formed the 

backdrop against which this thesis is set. The first part of this chapter is a brief 

review of relevant geometries and processes described in the thrusting literature. 

This is followed by a section outlining the recent explosion in research 

concerning normal and to a lesser extent strike-slip fault systems, focusing on 

linkage geometries and growth processes. Finally, short review of research 

concerning thrust linkage in contractional fault systems is presented. 

2.2 Thrust system research 
Research into thrust systems has been undertaken now for well over a century, 

with work by PEACH et al. (1888) in the north-west highlands of Scotland and 

MAILLARD (1889) in the Alps being among the earliest examples. Later works set 

out to document examples of thrusting in for example the Appalachians (RICH, 

1934) and the French Alps (GOGUEL, 1948). 

Structural geology research advanced significantly with the development and of 

tools for the construction of ‘admissible’ cross-sections – section balancing –  

formalised in the oft-cited work of DAHLSTROM (1969), a classic piece to which 

the succeeding history of thrust system research owes a great deal. Further work 

continued this tradition, analysing the geometry of thrust systems in detail (e.g. 

DAHLSTROM, 1970; ELLIOTT & JOHNSON, 1980; BOYER & ELLIOTT, 1982; 

GEISER, 1988) from a theoretical and field-based perspective, such that the 

geometry of many thrust systems can be defined with a fairly high degree of 

confidence. Recognition that topological as well as geometrical rules could 
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constrain thrust system interpretation (HOSSACK, 1983; DIEGEL, 1986) further 

advanced the cause of thrust-belt interpretation. 

The mechanics of motion of thrust sheets was examined mathematically by 

ELLIOTT (1976a), with consideration of energy balance (ELLIOTT , 1976b) which 

represented a major advance in thrust mechanics thinking – initiating a practice 

which has continued (e.g. MANDL & SHIPPAM, 1981; SIDDANS, 1984; KNIPE, 

1985; MITRA & BOYER, 1986; WILLET, 1992). 

The common geometric thread running through the works cited above is that of 

thrust system linkage. Thrust systems have been almost universally interpreted as 

consisting of faults which connect, often as imbricate arrays connecting to a 

single sole-thrust at depth (e.g BALLY et al., 1966; BOYER & ELLIOTT, 1982; 

BUTLER, 1992a). Individual thrust faults are commonly modelled as propagating 

up-section from the décollement. Furthermore, following thrust initiation, 

deformation around the thrust fault is partitioned into the hangingwall with most 

models of thrust faulting considering the footwall to the ‘currently active’ fault as 

a rigid block. The order of creation and activation of such thrusts within a system 

has been discussed with alternatives to the familiar foreland propagating piggy-

back model proposed – see BUTLER (1987) and  MORLEY (1987) for reviews. 

Coulomb wedge models of thrust belts (DAVIS et al., 1983) indicate that 

continued internal shortening (and therefore thrust activity) of the belt is required 

as the deformation front advances in order to maintain a critical taper, suggesting 

that synchronous thrusting may be the norm. 

The relationship between faulting and folding in thrust belts has been a popular 

avenue of research. Early models feature failure of extended fold forelimbs as a 

necessary precursor for thrusts HEIM (1921). Fault propagation folding models 

consider folds to be a manifestation of tip-line strains in front of advancing 

thrusts (WILLIAMS & CHAPMAN, 1983; SUPPE & MEDWEDEFF 1984; SUPPE 1985) 

and result in permanent background strain being imparted to the hangingwall 

rocks. Fault-bend-folding and its derivatives (e.g. RICH, 1934; SUPPE, 1983) 

which relate folding to translation over non-planar surfaces has been widely 

applied to thrust belts to explain layer geometries, sometimes without due 

consideration of local structural style. The importance of bulk simple and pure 

shear of nappes as a model to account for fold geometries has also been 



 - 7 -  

FA U L T  L I N K A G E  A N D  T H R U S T  S Y S T E MS  A  R E V I E W  
 

recognised (RAMSAY et al., 1983; CASEY & HUGGENBERGER, 1985; DIETRICH & 

CASEY, 1989; ROWAN & KLIGFIELD, 1992) as boundary conditions which may 

result in the development of new folds, or the modification of existing folds. 

Detachment folding (JAMISON, 1987) is similar in concept to fault-propagation 

folding but need not be related to propagation of the thrust fault. The detachment 

fold accommodates localised shortening behind slip-rate minima, in particular 

tips on thrust faults. 

2.3 Normal and strike-slip fault linkage and growth 
The last twenty years have seen a vast quantity of research on the geometry and 

linkage of normal faults in particular, but strike-slip systems have also received 

some attention. Much of this work has documented the geometry of fault systems 

(e.g. ROBERTS et al., 1991 and references therein), noting that fault zones are 

rarely made of single fault strands, but rather are composed of many smaller 

scale faults. It is the zones of overlap between faults which have received 

particular attention. This section does not aim to review extensional tectonics, 

but to introduce the reader to important terminology and ideas which are relevant 

to the work of this thesis. 

There is a plethora of terminology to describe such systems, much of it 

representing duplication of nomenclature: The relay structure of LARSEN (1988), 

the transfer zone of CHADWICK (1986), the soft-link of WALSH & WATTERSON 

(1991) , accommodation zone of BOSWORTH (1985), the stepover of AYDIN & 

NUR (1985) and the strain transfer zone of MORLEY et al. (1990) all appear to be 

different terms for the same structural configuration – a zone of distributed strain 

between the overlapping tips of two faults. As if this unwarranted repetition of 

naming convention were not enough, the fault-bridge of RAMSAY & HUBER 

(1987) and the term relay-ramp are also synonyms for a particular class of soft-

link in which a panel of rock between the two fault tips undergoes a rotation 

related to displacement gradients near the tips of faults. Such structures have 

been identified in normal fault zones (e.g. PEACOCK & SANDERSON 1991; WALSH 

& WATTERSON 1991; HUGGINS et al., 1995) and more recently in strike-slip 

zones (PEACOCK & SANDERSON 1995). 
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The author suggests the following rationalisation of terminology used throughout 

this thesis: 

• The use of the term soft-link not as a noun, but soft-linked as an adjective to 

describe the kinematic and geometric relationship of faults. This term is 

preferred because of the existence of a convenient antonym - hard-linked.  

• The term transfer zone to describe the region of distributed strain between 

two faults through which soft-linkage is achieved. 

A useful categorisation scheme for fault zones was outlined by WALSH & 

WATTERSON (1991) and reiterated by TRUDGILL & CARTWRIGHT (1994); it is 

reproduced here for convenience and because of its relevance to this project: 

• Unlinked faults. Completely isolated fault segments with no displacement 

transfer or kinematic or mechanical linkage to other faults. 

• Hard-linked faults. Faults that achieve a geometric and kinematic continuity 

through direct connection of their fault surfaces. 

• Soft-linked faults. No direct connection between fault surfaces, but kinematic, 

geometric and mechanical linkage achieved through an intervening zone of 

distributed strain. 

WALSH & WATTERSON (1991) discuss the importance of the scale of 

representation of fault systems; they conclude ‘An array of faults at one scale can 

be … represented by a single fault on a smaller scale representation’. This also 

applies to soft-linkage of faults; faults may be represented as soft-linked at one 

scale of representation, when in detail connecting splay faults arrays may exist 

within a ‘ductile’ transfer zone. WALSH & WATTERSON again: ‘Soft-linked faults 

will appear to be isolated from one another, on the scale of the map or cross 

section in use’. As ever the term ductile must be used and interpreted with 

caution as the scale of observation is again important. The ‘ductile’ transfer 

zones discussed in this work are in-fact examples of mixed-mode deformation – 

a combination of continuous (i.e. folding and cleavage development) and 

discontinuous (i.e. minor faulting) deformation at the scale of consideration. The 

kinematic character ascribed to a particular deformation at a particular scale 

should not be taken as indication of the mechanical processes by which the 
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deformation occurred (WOJTAL, 1989). The mechanics of discontinuous faults 

were examined by SEGALL & POLLARD (1980). 

An ideal soft-linked normal fault system is illustrated in Figure 2.1 which is 

excerpted from PEACOCK & SANDERSON (1991). Both dip-sense and strike-sense 

transfer zones are a possibility, and such transfer zones may be in a variety of 

strain-states depending on the polarity of the overstep – either restraining or 

releasing for faults soft-linked parallel to the displacement vector e.g. dip-sense 

overstep on a normal fault. 

Within transfer zones between normal faults of the same polarity (Figure 2.2) 

relay-ramps often develop. These are characterised by a rotated panel of rock 

between the fault tips containing structures which in conjunction accommodate 

transtension (e.g. PEACOCK & SANDERSON, 1991). With increasing displacement, 

the transfer zone may be breached by connecting splay faults, which will have an 

extensional offset of the same polarity as the parent faults. 

Soft-linkage between strike-slip faults has also been identified (e.g. PEACOCK & 

SANDERSON, 1995). Where the overstep is contractional (Figure 2.3) the transfer 

zone is dominated by an structural assemblage accommodating transpression. 

Note that to prevent space-problems occurring in a constant volume scenario 

some out-of-plane movement must occur (WOODCOCK & FISCHER, 1986; TWISS 

& MOORES, 1992) as the free surface is perpendicular to fault orientations – 

therefore in such systems the resultant fault slip vector is often oblique. 
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Figure 2.1 Block diagram of a displacement-normal offset (A) and a displacement-

parallel offset (B). Displacement-parallel offsets are visible in cross-sections of dip-slip 

faults or map views of strike-slip faults, while displacement-normal offsets are visible in 

map views of dip-slip faults or cross-sections of strike-slip faults. From PEACOCK & 

SANDERSON (1991). 

 

Figure 2.2 Block diagram showing the main features of a relay-ramp – a rotated panel 

developed between two overstepping normal faults of the same polarity. The connecting 

fault in this illustration is also commonly known as a breach fault, connecting splay or 

transfer fault. Structures in normal relay ramps are typically extensional or 

transtensional. From PEACOCK & SANDERSON (1995). 
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Figure 2.3 Block diagram showing the main features of a strike-slip relay ramp, in case 

the manifestation of a transfer zone between a contractional overstep between two 

sinistral strike-slip faults. Strike-slip faults involved in such systems must have oblique 

slip component so the space problems do not occur in the transfer zone (WOODCOCK & 

FISCHER, 1986). From PEACOCK & SANDERSON (1995). 

Displacement-distance analysis of faults is now a widespread and useful 

technique (e.g. WILLIAMS & CHAPMAN, 1983; PFIFFNER, 1985; BARNETT et al., 

1987; WALSH & WATTERSON, 1989; PEACOCK & SANDERSON, 1991; 

CARTWRIGHT et al., 1995) used initially in the analysis of fault tips but more 

recently to examine the transfer of displacement between faults, particularly 

those which are soft-linked. WALSH & WATTERSON (1989) noted minima in 

cumulative displacement-distance plots on overlapping fault segments, but 

realised that adding the continuous (i.e. distributed) deformation within the 

transfer zone to the discontinuous displacement accommodated by the main 

faults smoothed out the displacement distance profiles of fault zones. This is 

excellent evidence for the kinematic linkage of faults through distributed zones 

of deformation in transfer zones. 

As mentioned above, breaching of transfer zones by connecting splay faults has 

been recognised. Such faults are not to be confused with the transfer fault of 

GIBBS (1984) which is effectively a lateral ramp in a normal fault, termed a 

sidewall-ramp by RAMSAY & HUBER (1987). 

A combination of the recognition of connecting splay faults and the suggestion 

that anomalous zones of reduced displacement can be interpreted as relict linkage 

structures (ELLIS & DUNLAP 1988; MANSFIELD & CARTWRIGHT, 1996; 

CARTWRIGHT et al., 1995) fits well with the now widely accepted model of fault 

growth by segment linkage. This linkage model can be used to explain the often 

proposed power-law fault length distribution seen in fault systems (SCHOLZ & 
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COWIE, 1990; MARRETT & ALLMENDINGER 1991, 1992; COWIE & SCHOLZ, 

1992a, b, c; DAWERS & ANDERS, 1995) which cannot arise through tip 

propagation processes alone (CLADOUHOS & MARRETT, 1996; COWIE & SCHOLZ, 

1992c). 

2.4 Soft-linkage in thrust systems 
As discussed in section 2.2 many thrust systems have traditionally been 

interpreted as hard-linked arrays of fully connected faults although geometrically 

soft-linked thrust arrays with both slip-parallel and slip-perpendicular transfer 

zones are possible (Figure 2.4). Although soft-linked thrust systems have been 

inferred in published cross sections (e.g. COLLET, 1943; PFIFFNER, 1981; 

BUTLER, 1985) there was little consideration of the processes and geometry 

within these implicit transfer zones until much later. Linkage of smaller thrusts to 

create large ones was a process considered by GRETENER (1972), DUNLAP & 

ELLIS (1986) EISENSTADT & DE PAOR (1987) and ELLIS & DUNLAP (1988). The 

majority of other thrust faulting models considered propagation of thrusts from a 

basal detachment or sole-thrust at depth (e.g. RICH, 1934; SUPPE, 1985). 

 

Figure 2.4 Block diagram of a soft-linked thrust system showing both displacement 

parallel and displacement normal overlaps of the faults strands. where transfer zones 

will exist. Compare with Figure 2.1. 

The model of EISENSTADT & DE PAOR (1987) considered the initial phase of 

deformation to be the generation of ramps in competent units, followed by their 

linkage through flats developed in incompetent layers as displacement increased, 

although they did not consider deformation in the incompetent layers during the 
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period of soft-linkage units prior to the ramp faults becoming hard-linked (Figure 

2.5). Kinematic linkage of the ramp faults during this soft-linked phase is 

implicit in their model. These authors also provide a brief review of experimental 

studies which confirm their model of initial fracturing occurring in more 

competent layers. 

 

Figure 2.5 The model of EISENSTADT  & DE PAOR (1987). (a) Ramp formation by initial 

failure of competent units. (b) Propagation of faults into incompetent layers – the phase 

we would now term soft-linkage. (c) Breaching of the transfer zone by a layer-parallel 

fault – the hard-linked phase. 

Following the methodology of WILLIAMS & CHAPMAN (1983) based on the 

assumption that strain accumulates occurs only in the vicinity of the advancing 

fault tip, the work of ELLIS & DUNLAP (1988) examined the displacement-

distance profiles for thrust faults on a wide range of scales spanning six orders of 

magnitude. This study correlated displacement maxima on thrust faults with 

nucleation points, noting that many thrusts showed multiple maxima suggesting 

multiple nucleation points and as a logical consequence the linkage of smaller 

faults into large ones. They further suggested that displacement minima represent 

to points at which these once independent fault strands linked – often spatially 

associated with minor fault bends. They further point out that in very large scale 

thrusts any such anomalies in the displacement-distance profile would be likely 

to be obliterated by later, much larger thrust movement. 

In a vintage year for thrust tectonics literature BUTLER (1992a) identified a wide 

variation in structural style across the Alpine foreland thrust belt, varying from 

classic Rocky Mountain style discrete thrusts with fault-bend-folding (SUPPE, 
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1983), through to bulk layer-parallel distributed strain, and various combinations 

of these including the tip-line strain of WILLIAMS & CHAPMAN (1983), and a true 

soft-linked thrust system with separate thrusts kinematically linked by 

intervening distributed strain (Figure 2.6). 

 

Figure 2.6 Variations in structural style accommodating shortening. From left-to-right: 

(a) The classic fault bend fold (SUPPE, 1983) where displacements localise onto a 

discrete thrust. (b)  Discreet thrusting with some shear in the hangingwall. (c) 

Localisation of shear onto the overturned limb of a fold, e.g. HEIM (1921) (d) Layer-

parallel-shortening – a ductile bead. Modified from BUTLER (1992b).  

The ancestry of this thesis can be traced directly back to BUTLER (1992b) which 

focused on the kinematics of linked mixed-mode deformation within the Haut 

Giffre region of the Morcles nappe. This analysis concluded that fold-thrust 

complexes and the individual structures within them can be considered to act in 

unison as kinematic entities analogous to imbricate thrust systems. In the same 

paper a model of buckle fold growth by a rolling hinge mechanism is proposed, 

supported by theoretical arguments concerned with maintaining strain 

compatibility throughout the deformation; no direct field evidence is presented to 

support this model. Furthermore, BUTLER (1992b) claims the concept of fault tips 

has little importance since the leading and trailing tips of adjacent isolated 

strands can be kinematically linked. This contribution also resurrects HEIM’s 

(1921) model of thrust formation to account for geometries displayed by some of 

the more ductile thrust forms observed in some limestone layers. 
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These two papers by BUTLER (1992a, b) together with RAMSAY (1992) criticise 

the widespread application of the ‘Appalachian’ Rocky Mountain thrust model 

with little regard to local structural style, especially in the Alps where they 

consider it often inappropriate. 

An attempt to explain the variation in structural style using the ratio of the 

thickness of incompetent to competent layers is made by PFIFFNER (1993) who 

also based his study within the Helvetic nappes. The conclusion of this study was 

that a low ratio favours imbricate thrusting and a high ratio favours disharmonic 

folding. 

Analogue modelling of the tip-line strains has been undertaken by photoelastic 

and clay modelling by RODGERS & RIZER (1981), with their clay models 

generating the predicted ductile bead in advance of the thrust tip and secondary 

faulting, in effect a damage zone around the main fault. Soft-linkage of thrust 

faults has been recognised in analogue models of multi-layers with layers of 

alternating high and low competence (DIXON & LIU, 1992). Their models display 

kinematic linkage of separate thrust fault strands with nucleation of thrust faults 

in incompetent layers which propagate up section through the forelimbs of 

buckle folds. Their sequence of events therefore is contrary to that of 

EISENSTADT & DE  PAOR (1987). They attribute the regular spacing of imbricate 

thrusts in their model to the characteristic buckling wavelength of their multi-

layer. Further shortening and complete propagation of thrusts through the 

competent layers in the overlying layer led to modification of bedding 

geometries by fault-bend-folding. They also recognise the trait of multi-peaked 

displacement-distance curves following a fault growth by segment linkage 

interpretation. The focus of the study was on fault initiation and propagation, 

with no consideration of the internal ductile transfer zones through which 

separate thrusts were kinematically linked. 
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3 An introduction to 
the Haut Giffre 

3.1 Introduction 
The field work which underpins the research presented in this thesis was 

undertaken in the Haut Giffre region of the north-western European Alps. This 

region straddles the Franco-Swiss border in a area approximately midway 

between Mont Blanc to the south and Lake Geneva (Lac Léman) to the north, 

and forms the headwaters to the embryonic river Giffre (Figure 3.1). The river 

has cut a deep gorge into the massif providing excellent vertical sections with a 

relief of over 2000 m from the Giffre itself to the summit of Grand Mont Ruan at 

3040 m altitude. The upper two-thirds of this relief provide excellent geological 

exposure with the exception of that obscured by isolated glaciers. The 

stratigraphic and tectonic history of this region provides excellent opportunities 

to study the type of soft-linked thrust structure defined in the previous chapter, 

and to examine the interplay between these elements. Geologically the region 

comprises the western extension of the Swiss Helvetic zone of the external Alps 

and consists of layered, dominantly calcareous sediments which have been thrust 

over the Palaeozoic rocks of the Aiguille Rouge massif – one of the  external 

basement massifs of the Alps. Specifically, the cover-sediments of the Haut 

Giffre represent part of the Morcles nappe – the lowest of the Helvetic nappes. 

This section aims to present a geologic backdrop against which the research of 

this project can be viewed. The important features of the stratigraphy will be 

described and the study-area will be placed in an Alpine tectonic context. It is 

outside the scope of this study to review the multitude of models which have 

been proposed to account for the overall geometry of the Helvetic nappes; this 

study uses the Haut Giffre merely as a good example of a particular class of 

structure. The interested reader is referred to e.g. RAMSAY (1963), BADOUX 

(1972), RAMSAY (1981), BUTLER (1985), GILLCRIST et al., (1987); DIETRICH & 

CASEY (1989); RAMSAY (1989); PFIFFNER (1993), COWARD & DIETRICH (1989) 

and references therein. 
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Figure 3.1 Field area location map. (Top) France – the field area is located on the 

Franco-Swiss border in the north-western Alps in the Haut Giffre. The middle inset of the 

north-western Alps is adapted from BUTLER (1985). W is for Wildhorn nappe, M is for 

Morcles nappe. The largest scale map is derived directly from the main field-area map 

produced as part of this thesis – for the colour key see either the large scale map in the 

rear pocket of this thesis or Figure 3.2. 
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3.2 Tectonic context for the field area 
This section briefly sets the Haut Giffre study area within an Alpine tectonic 

context. The field area is located on the normal limb of the Morcles nappe, which 

is the structurally the lowest of the Helvetic nappes. The region lies at the 

western end of the Swiss Helvetics and at the north-eastern limit of the French 

Sub-Alpine Chains. 

In broad tectonic terms the Helvetic zone is overlain to the south by the Pennine 

nappes of the internal Alps and to their northern margin they are thrust over the 

Oligocene to Miocene molasse which exists within the foredeep basin to the 

Alpine mountain belt (RAMSAY, 1981). The rocks within the Helvetic zone 

consist of a multi-layered, dominantly carbonate sequence (described in more 

detail below) which was deposited on the northern European shelf margin of the 

Tethys ocean prior to collision of the Adriatic promontory of the African 

continental plate with the Eurasian plate. Basin geometries for the Subalpine 

Chain presented by DETRAZ  et al. (1987) and DETRAZ & STEINHAUSER (1988) 

show the influence of synsedimentary faults on deposition on the subsiding 

margin during Upper Jurassic to Valanginian times.  

The Swiss Helvetic zone is dissected by major thrust faults into three major 

nappes of which the Morcles in the lowest. Within Switzerland the Morcles 

nappe forms a massive, almost recumbent fold with an intensely strained lower 

limb. This passes laterally westwards across the frontier into the Haut Giffre 

region and thence into the Subalpine Chains proper, where an inverted limb is 

not developed. 

The Morcles nappe developed beneath the Pennine sheets carried by the Frontal 

Pennine Thrust; these sheets are now partly preserved as the Prealpine klippen 

north of the field area towards the foreland. The Mesozoic shelf sediments have 

only experienced low-grade regional metamorphism – having experienced 

temperatures of 100 to 200 °C and pressures between 70 MPa and 150 MPa 

(SAWATZKI, 1975). Internal vertical and lateral metamorphic gradients have been 

identified within the Swiss sector of the Morcles nappe (DIETRICH & CASEY, 

1989) with the vertical component correlated to tectonic overburden and the 

horizontal component to increasing tectonic gradient towards the root zone. 
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RAMSAY (1981) suggested that the Mont Blanc massif is the basement core to the 

Morcles nappe, although an alternative hypothesis proposed by BUTLER (1985) 

proposed that the Morcles nappe lay in the footwall to the Mont Blanc thrust. 

3.3 Stratigraphy and bulk rheology 
This section aims to arm the reader with sufficient knowledge of the stratigraphy 

and bulk mechanical properties of the multi-layer that has been deformed in the 

Haut Giffre fold-thrust array. It is outside the scope of this study to provide a 

detailed review of the palaeogeographic and basin-architectural models that have 

been proposed to account for the various features of this sequence; the interested 

reader is directed to the references within this section. 

The stratigraphy of the field area is almost entirely calcareous in nature 

consisting of marls, calcareous shales and limestones. The detailed stratigraphic 

column of COLLET (1927) is presented in Figure 3.2 and shows the stratigraphy 

of the Morcles nappe which is applicable to the field area. This stratigraphic 

sequence characterised by thick alternating marl-limestone couplets is considered 

to have been deposited on the northern margin of the Tethyan ocean in an 

Atlantic type continental shelf setting (TRICART, 1984; LEMOINE et al., 1986; 

LEMOINE & TRUMPY, 1987) during the Mesozoic. Extensional faults of Upper 

Jurassic to Eocene age are present within the sequence – sometimes showing a 

synsedimentary relationship to the stratigraphy. 

The Mesozoic sequence spans Lower Jurassic to Upper Cretaceous and is 

overlain unconformably by Tertiary molasse units which have developed with 

differential thickness across Tertiary normal faults. These Tertiary layers are 

synorogenic but predate local contractional deformation (BUTLER, 1992b), and 

are therefore incorporated in to some of the structures in the area. A brief account 

of the lithology of each mappable unit is included here as rheology clearly exerts 

a strong control on structural style. 

The Triassic of the Aiguilles Rouges Massif forms the thin cover to a rigid and 

relatively undeformed crystalline Palaeozoic basement above which the thrust 

sheets of the Subalpine Chains have been emplaced. No outcrops of the basement 

were examined during fieldwork for this thesis, however its rigid properties are 

noted as they are important for the boundary conditions of the deformation 
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applied to the thrust system examined. Within the study area it outcrops only in 

the footwall to the Morcles thrust in the south-west of the area. 

The Lias, which is stratigraphically the lowest unit within the Morcles nappe, 

consists of alternating marly-limestones and shales whilst the upper part of the 

sequence is composed of pyritic shales locally known as the schistes noirs, with 

occasional coarse sandstones and marly limestone. (COLLET, 1927; RAMSAY, 

1963). 

The Bajocian unit consists of comparatively thin limestones generally less than 

five metres thick  interbedded with thin calcareous shales and mudrocks. 

Although its competence is significantly lower than the massive limestones of 

the sequence, it still has relatively high competence compared to the adjoining 

layers, and has therefore been designated as ‘competent’ in Figure 3.2. 

The Oxfordian-Argovian sequence, here mapped as a single unit, consists of 

thinly bedded limestone and marls. The thickness ratio of limestone to marl is 

significantly lower than in the Bajocian, resulting in this layer having a much 

lower competence. 

The overlying unit is the Malm limestone, also known within the Subalpine 

Chains as the Tithonian. It is a competent, moderately deep-water marine facies 

limestone which is moderately well bedded on a large scale, with individual beds 

several metres thick with little internal sedimentary structure. The bedding scale 

of about two metres is approximately two orders of magnitude less than the 

thickness of the whole Malm unit, lending this unit a distinct mechanical 

anisotropy. 

As we move from the Jurassic to the Cretaceous across a conformable 

stratigraphic boundary, the Berriasian and Valanginian units are the next units up 

in the sequence. No attempt has been made to differentiate them. In the study 

area the characters of these units are very similar – both consisting of marls and 

limestones, although the Valanginian unit has a higher proportion of limestone – 

the boundary between them is difficult to pin down. In terms of the structural 

geology, there is little to be gained by differentiating these units as mechanically 

they tend to behave in unison as a very low competence unit. 
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The Hauterivian unit consists of alternating soft-marly shales and sandy 

limestones with a distinctive orange-brown colour. Although a clear competence 

contrast exists between the Berriasian-Valanginian and this unit, the Hauterivian 

has been categorised as low competence for the purposes of this study, owing to 

the large competence contrast that exists between it and the overlying Urgonian 

limestone. 

The Urgonian limestone is pure carbonate (98 per cent CaCO3 (RAMSAY, 1963)) 

which forms massive cliffs throughout the Subalpine chains. The unit is massive 

in character with the minimum of internal layering probably rendering it close to 

mechanically isotropic. At approximately half-height there is a thin marly band. 

Mechanically, this unit has the highest strength of any of the units present in 

Morcles nappe. 

The Gault unit is represented in this study as a distinct unit in this study for the 

simple reason that it is easily mappable, owing to is high colour contrast to the 

adjoining light-coloured limestones and the fact that it often forms a prominent 

grassy ledge on cliff sections, separating the Urgonian and Senonian. It is a 

glauconitic with a green to black colour. Mechanically the Gault can be 

considered contiguous with the underlying Urgonian limestones. 

The Upper Cretaceous Senonian limestones are similar in nature to the Malm, 

consisting of well-bedded competent limestones, although the scale of the 

layering is smaller, being typically less than half a metre. Again, this imparts a 

high mechanical anisotropy to the layer. This layer tends to behave in a more 

ductile manner than the other limestones, although it is still considerably more 

competent than the shale/marl dominated units. 

The Eocene unconformably overlies the Upper Cretaceous and consists of 

conglomerates with clasts of the underlying limestone developed preferentially in 

the hangingwalls to extensional faults. Red palaeosols and sandstones are also 

present within this generally thinly bedded sequence. 

There is an extensive body of research on the stratigraphy of the Dauphinois-

Helvetic trough of the French-Swiss Alps. A stratigraphic column has been 

presented by LEMOINE et al. (1986) covering the Triassic to Cretaceous 

succession. The classic column of COLLET (1927), presented here as Figure 3.2, 
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provides more detail of the stratigraphy within the Morcles Nappe, which applies 

more directly to the Haut Giffre study area. DETRAZ et al. (1986) provide a 

stratigraphic column for the Chaine des Aravis showing a sequence much the 

same as that observed in Haut Giffre. A review research concerning the 

stratigraphy and basin-architecture of the northern Tethys Mesozoic margin is 

given by WELBON (1988b, see his chapter 2). 
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Figure 3.2 The stratigraphic column of COLLET (1927). The original drawing has been 

modified to show (1) Colouring of the units as used throughout this thesis (2) 

demarcation of high and low competence layers. Layers with a dark-grey background 

are the high competence ‘brittle’ units, those with a light grey background are the low 

competence units which show predominantly ‘ductile’ deformation styles. The names on 

the left of the column are from COLLET’s original. The names on the right of the column 

are those used throughout this thesis. 
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4 Geologic profiles, maps 
and cross-sections 
through computer 
assisted 
photogrammetry 

I cannot forbear to mention among these precepts 

a new device for study which, although it may 

seem but trivial and almost ludicrous, is 

nevertheless extremely useful in arousing the 

mind to various inventions. And this is, when you 

look at a wall spotted … with a mixture of stones, 

if you have to devise some scene, you may 

discover a resemblance to various landscapes … 

and an endless variety of objects, which you 

could reduce to complete and well drawn forms. 

Leonardo da Vinci 

4.1 Introduction 
During the early stages of the fieldwork undertaken for this thesis it was realised 

that the traditional field-mapping techniques would be inadequate to collect 

sufficient quality data to build-up an accurate description of the structural 

geometries and strain patterns present in the Haut Giffre. Although the degree of 

exposure in the region is ample at approximately eighty per cent, the proportion 

of this exposure which is accessible for contact measurement is much lower. 

Since one of the aims of the thesis was to create accurate structural profiles, 

cross-sections and maps on which three-dimensional restorations could be 

undertaken an alternative approach was required. 

This chapter documents the raisons d'être behind the novel image-processing 

technique that has been developed by the author in order to allow remote sensing 

and analysis of geologic exposures to be made. A brief review of the historical 

precursors to this method is followed by a detailed description of the algorithm 

and processes used to process photographic data for this thesis. Finally, an 
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illustrated example is presented showing various stages in the processing of a 

single data set. 

The main part of the algorithm, described in section 4.4.6, was implemented as a 

program LandScope, a full source code listing of which is supplied in Appendix 

A.  

4.2 Previous use of photogrammetry in geologic 
applications 

Several attempts to use photogrammetry to record geologic structures are 

recorded in the literature. In order of increasing sophistication these are: 

• Tracing and measurements taken from simple photographs or photo-mosaics. 

This is one of the most widely used methods of recording geologic 

geometries in all earth science fields. No attempt is made to correct for 

camera attitude, structural grain, or interaction of geologic surfaces with 

topographic surfaces and results will often have correspondingly high 

uncertainties. 

• Linear transformation in one dimension of photographs, drawings made from 

photographs or maps in order to correct for structural plunge and the position 

and orientation from which the photograph was taken. (Figure 4.1) Data is 

simply projected from one planar surface to another with a simple change of 

scale parallel to one axis. (e.g. RAMSAY & HUBER, 1987) 

• Correction of images – particularly aerial photographs – for distortion of the 

image owing to lens effects, altitude and obliquity and regional topography. 

Localised topographic features are not corrected for. The classic texts of 

THOMPSON (1966a, 1966b) provide a wealth of detail on lens-induced 

distortion in photogrammetry, which affects the position of image details 

within the photograph (Figure 4.2). Image distortion results in a variation in 

scale of an image within a given plane.  

• Piecewise rectification of images to correct for local, but relatively large 

scale topographic effects. (e.g. BÜRGISSER, 1998) This method consists of 

correcting for the topography within each component photograph of a 

mosaic. The topography in the area images by each component photograph is 
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approximated by a best-fit plane through seven points identified in the 

photograph for which real world co-ordinates are known. 

All of the above methods go some way to removing topographic effects, on an 

progressively shorter length-scale, nonetheless the rugged topography of the Sub-

Alpine Chains and the fine level of detail which it was wished to incorporate in 

to structural profiles meant that none of these above listed methods was 

sufficiently accurate – especially given the wide-angle field-of-view required to 

capture these structures on film. Ideally, topographic rectification should be 

undertaken on the same scale as the geological structures it is wished to examine. 
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Figure 4.1 Relationships between three dimensional geometry of a folded layer, its map 

representation, and the types of section known as vertical cross sections and profiles. 

After RAMSAY & HUBER  (1987). 



 - 28 -  

G E O L O G I C  P R O F I L E S ,  MA P S  A N D  C R O S S-S E C T I O N S  
T H R O U G H  C O MP U T E R  A S S I S T E D  P H O T O G R A MME T R Y  

 

Figure 4.2 Different types of distortion as a result of the type of camera lens used for 

photogrammetry. Barrel distortion is shown in A; pin-cushion distortion in B. Modified 

from THOMPSON (1966a). 

4.3 Objectives and specifications 
The solution needed to satisfy the following technical criteria: 

1. No spherical distortion – shape or size variation with angle. The structures it 

was required to record subtend a relatively large angle from the accessible 

and salient vantage points for photography. An orthographic rather than 

perspective projection is required. (Figure 4.3 B) This is an important factor 

when trying to minimise the effects of topographic relief. 

2. No perspective distortion – shape or size variation with distance. Again, there 

is significant variation in distance from the likely camera position to the 

target. For this to be achieved orthographic rather than perspective 

projections must be used. (Figure 4.3 A) This is an important factor when 

trying to minimise the effects of topographic relief  

3. Minimisation of distortion owing to optical effect of the camera. Distortion 

does not affect image quality, rather image position. All cameras (except pin-

hole cameras) suffer from this type of distortion. The effect is greater with 

short focal-length (wide-angle) lenses than with long focal-length (telephoto) 

lenses. Furthermore, distortion increases radially from the centre of the 
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photograph towards the edges in the form of either pin-cushion or barrel 

distortion. (Figure 4.2) 

4. Generate accurate orthographic projections of field data on to an arbitrary 

plane for generation of: 

• maps - horizontal plane 

• cross-sections - vertical plane 

• profiles - perpendicular to structural plunge  

5. Obtain satisfactory results from less-than-ideal vantage points. Ideally, 

photographs would be taken looking down plunge. However, this is rarely 

possible in practice. 

 

Figure 4.3 Projection geometries. A and B illustrate perspective projections with the size 

of images on the image plane (vertical black line) being dependent on both object 

distance (shown in A) or angular deviation from the normal (shown in B). An 

orthographic (sometimes called orthonormal) projection as illustrated in C avoids both of 

these photogrammetrically undesirable effects. 
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Figure 4.4 Effect of relief. Figure illustrates the effect using a vertical photograph. 

Difference in elevation (i.e. distance from the camera at O) displaces the position of the 

photographic image. Consider a camera with lens at O. The true positive image is 

illustrated rather than the film-plane negative image. In nature MB = MC but on the 

photograph these distances are recorded as M’B’ and M’C’ respectively, the distance 

M’C’ being inconsistent in scale with other distances on the photograph because of the 

elevation of C above the surrounding terrain. (Modified from THOMPSON 1966a) .This 

effect must be eliminated if geologic profiles, cross-sections or maps are to be produced 

from photographs. 

4.4 Methodology 
This section outlines the method devised which minimises the adverse affects 

described in 4.3 and which is practicable. 

4.4.1 Introduction 
The program developed by the author, called LandScope, utilises ray-tracing, a 

technique of image synthesis (GLASSNER, 1989) to generate undistorted 

orthographic views of the original photographic data. The ray-tracing method is 

traditionally characterised by the process of determining for each pixel in the 

final (or target) image the origin of the light that causes that pixel to have a 

particular colour. The ray-tracing approach is deeply entrenched in classical, 

geometric optics – light is assumed to travel in straight lines. 

The process outlined below is a development of this technique whereby the 

colour of the topographic surface at a particular point is determined from a 



 - 31 -  

G E O L O G I C  P R O F I L E S ,  MA P S  A N D  C R O S S-S E C T I O N S  
T H R O U G H  C O MP U T E R  A S S I S T E D  P H O T O G R A MME T R Y  

photograph of that surface. A view or projection of that surface can then be 

obtained by further ray-tracing. 

However, for reasons of computational efficiency this process is reversed in the 

implementation and ‘light-rays’ are traced in the reverse direction to normal – 

from the observer to the object – the subset of ray-tracing algorithms known as 

‘visibility-tracing’ as opposed to ‘photon-tracing’. A chain of light-object 

interactions in built in reverse starting at the image surface and working towards 

the photo-mosaic image (the light source). The technique determines the point of 

first intersection between a ray and its environment – this operation executes 

many millions of times per image; each execution should be as efficient as 

possible. 

The full source code for the software described in the section is presented in 

Appendix A. 

4.4.2 Model geometry 
The geometry of the model used is illustrated in Figure 4.5; a digital terrain 

model, projection plane and camera object reside in a virtual world. Calculations 

are largely undertaken in the world co-ordinate system w which is the same as 

that used for creation of the DTM, in the case of this thesis, the French national 

grid. The projection plane has its own local co-ordinate system p, with px and py 

within the projection plane defining its strike and up-dip direction respectively; 

pz is directed parallel to the structural plunge. Within the projection plane lies the 

projected image, with a further local two-dimensional co-ordinate system i, 

having ix and iy respectively parallel to px and py. Note that the origins of co-

ordinate systems p and i are not necessarily coincident. 

The film sphere is an approximation to the true geometry. A single frame 

photographic image has a planar film surface, however, when a mosaic of 

photographs is taken by rotating the camera on a tripod mount, the film surface 

has the geometry of a sphere truncated by many separate planar surfaces – the 

film planes for individual photographs in the mosaic (Figure 4.6). Since at long 

focal lengths each film plane subtends a relatively small solid angle the errors 

introduced by approximating the multiply truncated sphere by a true sphere are 

within acceptable limits of error. 



 - 32 -  

G E O L O G I C  P R O F I L E S ,  MA P S  A N D  C R O S S-S E C T I O N S  
T H R O U G H  C O MP U T E R  A S S I S T E D  P H O T O G R A MME T R Y  

 

Figure 4.5 The geometric model used for generation of the projections. Showing the 

projection plane with its co-ordinate system p, the final projected image and its co-

ordinate system i and the digital terrain model residing in the real-world co-ordinate 

system w. Primary rays are shown in black and secondary (shadow-feeler) rays are 

shown in red. 

 

Figure 4.6 Cartoon of the camera film sphere showing how the combination of each film 

plane from each component image of the photo-mosaic closely approximates a true 

sphere positioned at the centre of rotation of the camera. 
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4.4.3 Data collection 
Outlined below are the data required for this ray-tracing process and the methods 

used to obtain that data. 

4.4.3.1 Field data 
In order to attain the required level of detail during field photography, a long 

focal-length lens was required. This had the beneficial side effect that distortion 

of the image owing to lens effects was also well within the limits of 

acceptability. Nonetheless, with a long focal-length lens the field-of-view is 

narrow and therefore in order to record data over a sufficiently large solid-angle 

several images were juxtaposed into a mosaic. 

A 300 mm focal-length lens was used with a single-lens-reflex camera. This was 

mounted on a tripod with pan and tilt head. Photographs were recorded on 

Kodachrome ISO 64 film for high resolution, with significant overlap between 

the adjacent frames comprising the mosaic for ease of image alignment. 

In addition to the photographs, the position from which the photographs was 

taken was accurately determined using a compass resection with the additional 

benefit of an altimeter precise to ±1 m. This data was subsequently processed 

using a least-squares method with the StarNet program (STARPLUS 1990) to 

obtain the easting and northing for the camera position with the altimeter reading 

for the vertical dimension. 

4.4.3.2 Map data 
In order to remove the apparent irregularities from the geologic outcrop pattern 

caused by its interaction with the topographic surface, a record of the 

topographic surface is required. A digital terrain model (DTM) was constructed 

from published topographic maps by digitising the 10 m interval contours over 

an area corresponding to that which had been photographed. A square grid with a 

20 m horizontal spacing was then interpolated from the irregularly spaced data 

derived from the digitising process using the Surfer program (GOLDEN, 1997). 

4.4.3.3 Projection data 
Further parameters are required in order to define the projection plane position 

and direction (Figure 4.7): 
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• Orientation of the projection plane in the real-world co-ordinate system. 

• Three dimensional position of the origin of the projection plane in real-world 

co-ordinates. 

• Position, scaling and resolution of the final projected image on the projection 

plane. 

• Orientation of the photo-mosaic in the real-world co-ordinate system. 

• Scale of the photo-mosaic in pixels per degree of arc. 

The orientation of the projection plane is simply adjusted to meet the 

requirements of the user, for example horizontal for a map. If accurate profiles 

are required then clearly sufficient contact structural measurements must have 

been made in the field and processed in order to determine an accurate structural 

plunge direction. 

4.4.4 Data preparation and conditioning 

4.4.4.1 Digitising 
In order to digitally manipulate the photographs, each photograph was scanned 

and recorded on Kodak™ Photo-CD™ at the maximum possible resolution of 

3072 × 2048 pixels (Base×64) with a colour depth of 24 bits-per-pixel (∼ 16⋅7 

million colours). 

4.4.4.2 Mosaic construction 
Each photograph was then loaded in to a graphics package which allowed 

assembly of the individual photographs in to the mosaic. Images were cropped to 

removed ragged image edges present on the original scanned images. The ability 

to make photographs semi-transparent during the alignment process significantly 

improved the accuracy of the method, a significant improvement over aligning 

the edges of photographic prints. Further image-processing such as brightness 

and contrast changes could be applied at this point in order to improve the quality 

of the mosaic and differences in image quality between its component frames. 

During this stage registration mismatch errors between overlying  photographs 

were found to be negligible. 

The product of this preparation was a large raster image of the photo-mosaic. 
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4.4.5 Pre-processing interpretation 
A first order geological geologic interpretation is undertaken on the photo-

mosaic. In a process akin to picking horizons on seismic reflection data, 

horizons, and faults were traced on to separate drawing layers, and stored in a 

vector-based object-oriented format. A composite final image, comprising the 

photo-mosaic with the overlaid interpretation, was then exported as a high 

resolution bitmap as source material for the algorithm implemented in the 

program LandScope and described in section 4.4.5. 

4.4.6 Processing algorithm 

4.4.6.1 Description 
The algorithm iterates through every pixel in the target image on a scan-line 

basis and attempts to determine the colour of that pixel through several stages. 

For each pixel in the target image: 

1. Calculate the real-world co-ordinates of the pixel, Ro. This requires a 

straightforward co-ordinate transform from pixel-space on the projection 

plane to real-space. The projection plane, geometry (Figure 4.7) is defined 

by, 

• Real-world co-ordinates of the projection plane origin – its lower left 

corner. 

• Orientation defined by strike, dip and dip direction. 

• Two two-dimensional co-ordinate pairs defining the position of the 

lower-left and upper-right corners of the projected image within the 

projection plane. 

• Resolution of the final image defined as its width and height in pixels. 
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Figure 4.7 Geometry of the projection plane (which may have any orientation in 

real-space). The origin of the plane at po is defined within the real world co-ordinate 

system (not shown). The pz axis is directed into the page. The units of the p system 

are the same as the real-world system. The two-dimensional co-ordinate system for 

the projection image i resides within the projection plane; its units are pixels. See 

text for more details. 

Note that four dimensional homogeneous co-ordinates are used allowing 

translation operations to be incorporated into a single matrix multiplication, 
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With a system of homogeneous four-dimensional co-ordinates representing 

position vectors in 3-space the co-ordinates of the point are given by, 
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however, since ω evaluates to 1 for all points in this application the 

homogenisation of co-ordinates is neglected. 
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The matrix to convert from pixel co-ordinates to the world co-ordinate 

system is constructed by multiplying five component transformations, 

FEDCBAM wi ⋅⋅⋅⋅⋅=→  
(4.3) 

where, 

A is a matrix to convert handedness from the right handed projection plane 

co-ordinate system to the left-handed world co-ordinate system, 
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B is a matrix to convert between the discrete pixel length scale and the world 

co-ordinate system length scale, 
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(4.5) 

C is a matrix to translate the origin of the pixel co-ordinates on to the origin 

of the projection plane (iO # pO), 
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D is a matrix to rotate around the wx axis by the dip angle d, 
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E is a matrix to rotate around axis wz by an angle e equal to 180° minus the 

dip-azimuth bearing, 
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F is a matrix to translate from the origin of the projection plane to the origin 

of the world co-ordinate system, 
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In addition the ray direction Rd is computed as a unit vector normal to the 

projection plane. Its value is, 

EDRd ••



















−
=

0
1

0
0

 

(4.10) 

Note that the fourth vector element ω is 0 in this instance, indicating that this 

is a direction vector, rather than a position vector – and therefore the 

translation component of any transformations applied to this vector will have 

no effect. 

Mp#w and Rd are only calculated once as they are dependent only on the 

projection geometry and not on the co-ordinates or the current pixel. 
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2. Define a primary ray Rp of infinite length with its origin at the current pixel 

and with a direction perpendicular to the projection plane, 

dop tRRR +=  
(4.11) 

where Ro is the ray origin given by equation (4.1), Rd is the ray direction 

given by equation (4.10) expressed as a unit vector, and t is a parameter 

determining position along the ray in terms of distance from the ray origin. 

3. Calculate the three-dimensional co-ordinates of point of intersection of the 

primary ray and the DTM. In the case of multiple intersections the 

intersection nearest to the ray origin is selected: This is the point on the 

topographic surface represented by this pixel in the projection plane. If the 

primary ray does not intersect the DTM then the projection plane pixel is 

colour coded accordingly and the algorithm moves on to the next pixel in the 

projected image otherwise the algorithm continues to step (4). 

In order to accomplish the intersection test the dimensionality of the 

intersection problem is reduced by one, to two dimensions, as the ray is only 

likely to intersect those cells over which the ray passes (Figure 4.8). 

Appropriate DTM cells along the rays path over the DTM are then tested for 

intersection with the primary ray in three dimensions. A special case is 

implemented for vertical primary rays – i.e. map projection. 

If it exists, the primary ray-DTM intersection point is known as RDTM 
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Figure 4.8 The ray is projected vertically on to the DTM, which for simplicity is shown 

here with no relief. Candidate cells for intersection testing are identified and tested in 

turn along the path of the ray for intersection in three dimensions. 

4. Determine whether or not this point on the landscape is visible from the 

camera position from where the photo-mosaic was recorded. To perform this 

intervisibility test a secondary (or shadow-feeler) ray, Rs of finite length is set 

up with its origin at the intersection point determined in (3) above and 

terminating at the optical centre (focal point) of the camera, 

( )
DTMO

DTMODTMs

RCt
RCtRR

−≤≤
−+=

0
 

(4.12) 

where CO is the position of the photo-mosaic camera origin. 

The same ray-D.T.M. intersection algorithm described in (3) is used. If the 

secondary ray intersects the topographic model then the primary D.T.M. 

intersection point determined in (3) is not visible from the camera position 

and therefore the colour of this part of the topographic surface will not be 

recorded in the photographic mosaic; the pixel is colour coded accordingly 

and the algorithm proceeds to the next pixel in the projected image. If the 

intervisibility test is affirmative then the algorithm continues to step (5). 
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5. Determine the intersection point of the secondary ray with the film sphere. 

The intersection point is initially determined in ‘latitude’ and ‘longitude’ 

polar co-ordinates. These are then converted into rectilinear Cartesian co-

ordinates in the pixel co-ordinate system of the photo-mosaic image. 

The orientation of the film sphere is defined by two unit vectors (Figure 4.9), 

both originating at the centre of the sphere, the first Sp directed at the upper 

pole of the sphere and the second Se directed at the origin of the sphere’s 

equator. Se is also in the direction represented by the lower-left corner of the 

photo-mosaic and Sn is perpendicular to Se and parallel to the iy axis of the 

photo-mosaic.  

 

Figure 4.9 The film sphere orientation vectors define the serve to align the photo-

mosaic within the real-world co-ordinate system. Sp is parallel to the vertical edge of 

the photograph and Se points to its origin. Sn is the reverse direction of the 

secondary (shadow feeler ray).  
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The vector Sn is defined as the unit vector in the opposite direction to the 

shadow-feeler vector, 

DTMO

DTMO
n RC

RCS
−
−−=  

(4.13) 

The latitudinal co-ordinate of the intersection is given by, 

( )pn SS •−°= −1cos90φ  
(4.14) 

The longitudinal co-ordinate is given by, 

( )( )npe SSS •⊗−°= −1cos90θ  
(4.15) 

Final camera image co-ordinates are obtained through multiplication by a 

scale factor giving, 

θkix =  
φkiy =  

(4.16) 

where k is a constant relating the number of pixels of the mosaic image 

subtending an angle of one degree. 

6. Resolve whether these rectilinear co-ordinates lie within the rectangular 

region covered by the photo-mosaic image. If the secondary-ray to film-

sphere intersection point lies within the photo-mosaic then the colour of the 

target pixel in the projected image is set equal to the colour of the photo-

mosaic at this point. If the intersection point falls outside of the area defined 

by the photo-mosaic then the target pixel is colour coded accordingly. 

7. Proceed to the next pixel in the target image. 

To summarise the four possible final states of the target pixel determined through 

progressive elimination are: 

• Primary ray did not intersect DTM. 

• No intervisibility between primary ray to DTM intersection 
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• Secondary ray to film-sphere intersection outside bounds of defined 

photographic image 

• Pixel is represented in photomontage. 

 

Figure 4.10 Possible fates for a primary ray in two dimensions. Ray 1 does not intersect 

the DTM. Ray 3 intersects the DTM but the secondary (shadow-feeler) ray determines 

that there is no intervisibility between this point and the camera. Rays 2 and 4 are 

successful and can be traced from the projection plane pixel to the camera 

4.4.6.2 Implementation 
The algorithm was implemented as a program called LandScope in ANSI C++ 

code, a full listing of which is presented in Appendix A. The code, including 

libraries, is intended to be fully portable and although only tested in a 32-bit 

Microsoft™ Windows™ environment the code should compile with any fully 

ANSI compliant C++ compiler. 

4.4.6.2 a) Input requirements 
Input to the software is in the form of files containing: 

• Digital Terrain Model covering the same area as that represented in the 

photo-mosaic and rectangular in shape and defined in the world co-ordinate 

system: Surfer32 (GOLDEN 1997) ASCII grid (.grd) format. 
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• Photograph-mosaic assembled in to a single bitmap raster image: 

Uncompressed Truevision Targa 24-bit colour format (.tga) 

• A text file containing all other set-up information for the program: 

❐ Filename and pathname of the DTM (.grd) file. 

❐ Camera origin: real-world co-ordinates for the optical centre of the 

camera. 

❐ Camera orientation: defined as unit vectors Sn and Se in the real-world 

co-ordinate system. See section 4.4.6.1 step 5 for an explanation. 

❐ Constant k defining the scale of the mosaic. See section 4.4.6.1 step 5 for 

a description. 

❐ Definition of projection plane, 

◆ Position of origin in world co-ordinate system 

◆ Orientation defined by strike, dip and dip direction 

◆ 2D co-ordinates of lower left and upper-right corners of projected 

image within projection plane. 

◆ Resolution of the final image. 

• Filename and pathname of the projected image – i.e. the program output. 

4.4.6.2 b) Object model and code design 
The code is designed under the object oriented paradigm. Libraries define objects 

for abstract data types including matrices, vectors and angles and the operations 

that can occur between them, such as matrix multiplication. Further toolkit-level 

object classes support image manipulation. 

A higher level of abstraction overlays this, with object-oriented description of the 

model, including objects for the digital terrain model, projection plane and the 

image projected on to it and the photo-mosaic camera and its source image (the 

mosaic). 

The main processing of the program is then undertaken at a very high-level, 

handling simply described interactions between rays and DTMs for example. 

This part of the program can be found at the end of the code listing. 
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4.4.7 Post-processing interpretation 
Following construction of the fully rectified image using the LandScope 

program, as described in the previous section, a final geological interpretation is 

undertaken. The pre-processing interpretation described in section 4.4.5 aids 

construction of a final cross-section, map or profile plane projection based 

entirely on the geometry observable in the field. This is the geometric geologic 

data that is used as a large part of the field data for this thesis in order to 

understand the geometric and kinematic constraints on geologic structures. 

Clearly further refinements, from other sources of field data will be incorporated 

at this stage and the geometries produced may be further validated and tested 

using techniques such as restoration and balancing. 

4.5 Example 
This section presents output from the process outlined in section 4.4 at various 

stages from the original photographs through to the final product. Sections 4.5.2 

to 4.5.4  are common to construction of both maps and cross sections. 
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4.5.1 Scanning 
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Figure 4.11 One of

the original scans

from taken from the

Kodak Photo-CD

disc. Note its un-

cropped form with

the untidy edges,

present on the

original 35 mm

slide from which

this scan was

produced. In the

example 

documented in this

section twenty-five

such images were

used to create the

mosaic. 
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4.5.2 Image conditioning and mosaic construction 
 

 

 

 

Figure 4.12 The assembled photo-mosaic consisting of twenty-five component Photo-CD images. Prior to assembly the images have been cropped to 

remove untidy edges and the black borders present on the originals. The image as reproduced here is much reduced in scale for convenience. The 

original would have a width of several metres if reproduced at full-size. The three prominent peaks are, from left to right, (1) a nameless peak, height 2589 

m on the Col de Sageroux – Mont Sageroux ridge; (2) Mont Sageroux 2676 m and (3) Dent de Barme 2756 m. The fact that these three peaks have 

apparently the very similar altitudes in this mosaic strongly supports the motivation behind correcting for apparent distortion of geologic features through 

interaction with complex topographic forms. 
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4.5.3 Geologic Interpretation #1 
 

 

 

 

Figure 4.13 The same mosaic as in Figure 4.12 having had a first-order geological interpretation undertaken on it. Bedding horizons have been identified 

and traced in yellow; faults have been traced in red. Spatial coverage is limited by scree and vegetation. Very little of the geological exposure shown by 

this mosaic is available for contact structural measurement, with the exception of a few localities on the ridge and at the base of the slope. The range in 

distance from the camera to geological structures in the mosaic is from 1200 m on the extreme left, through 2660 m on Mont Sageroux (centre) to 3120 m 

on Dent de Barme (right-most peak). Structural plunge is directed in to the centre of the photograph at about 6° below horizontal.  
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4.5.4 Digital Terrain Model construction 

 

Figure 4.14 Part of the 1:25 000 topographic sheet (I.G.N., 1996) from which the Digital 

Terrain Model was created through manual digitising. All contour traces at 10 m vertical 

intervals were recorded with a 20 m spacing horizontal spacing. For the digitising 

process the sheet was enlarged to 1:10 000 scale. The 2589 m spotheight, Mont 

Sageroux and Dent de Barme, depicted in the photo-mosaic, can be identified on the 

prominent ridge running ESE-WNW across the lower half of the map. The position from 

which the photo-mosaic was taken is shown by the red dot. 

 
Figure 4.15 A three-dimensional perspective view of a surface re-created from the 

digital terrain model. The view is looking west into the valley shown in the map portion in 

Figure 4.14. 
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4.5.5 Processing to structural profile 
Together with the DTM illustrated in Figure 4.15 and the mosaic image shown in 

Figure 4.13 the following text file is given as input to LandScope describing the 

projection parameters. The line numbers in the left column are not part of the 

file. 

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

Landscope

c:\mydocu~1\robert\academic\phd\interp~1\coldes~2\profile.tga

51000 36000 1900

0.0 0.0

1500.0 1350.0

3200 2880

151.0 84.0 NE

c:\mydocu~1\robert\academic\phd\terrai~1\45344834b_ascii.grd

51029 36265 1930

0.104528 0.0173568 0.99437

-0.720005 -0.684699 0.0876385

0.0 0.0

5700

300

c:\mydocu~1\robert\academic\phd\interp~1\coldes~2\bitmap.tga

The lines have the following purpose: 

1. The string ‘Landscope’ identifies the file as a LandScope scene definition. 

2. Path and filename for the output file. 

3. World co-ordinates for the origin of the projection plane 

4. Position of the image origin within the projection plane 

5. Position of the image top-right corner within the projection plane 

6. Projected image width and height in pixels 

7. Orientation of the projection plane – given as strike, dip and direction. 

8. Path and filename for the DTM file in Surfer32 ASCII format 

9. Position of the photo-mosaic camera 

10. Mosaic orientation vector Sp. 

11. Mosaic orientation vector Sn. 
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12. Unused – legacy parameter 

13. Number of pixels in photo-mosaic per degree of arc subtended. 

14. Unused – legacy parameter 

15. Path and filename of the photo-mosaic bitmap. i.e. Figure 4.13 

  

Figure 4.16 Raw output from the LandScope program, having corrected the mosaic 

image for the spherical nature of the film surface and all topographic effects on a 20 m 

length scale. This is a true orthographic projection from the land surface on to a flat 

profile plane. Individual frames comprising the original mosaic can still be discerned; 

note the large scale shape changes that have been applied to the original rectangles. 

Colour coding: Blue – not defined in DTM; Green – defined in DTM but DTM intersection 

not visible from the original camera position; Red – defined in DTM an visible from 

camera but outside bounds of defined photo-mosaic. All other pixels are coloured 

according to their designation in the original photo-mosaic. The vertical dimension of the 

image is 1350 m and the horizontal dimension in 1500 m. The orientation of the plane is 

151°/84°NE.
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Figure 4.17 The output mosaic from LandScope following a clean-up and noise-removal.

Contrast the overall geometry between this and the original mosaic in Figure 4.13;

particularly note difference between true dip and apparent dip of the relatively undisturbed

bedding is the top-centre of the image and how the overall aspect ratio of the geology has

changed. The structure is much thicker than might otherwise be envisaged. 
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4.5.6 Geologic Interpretation #2 of profile 
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Figure 4.18 Second stage, post-

orthonormalisation geologic interpretation.

Grid units are in metres from the origin point

of the projection plane, the world

co-ordinates for which are shown. The

orientation of the profile plane is 151°/84°NE.

Compare this again with the original photo-

mosaic image; the general impression of the

overall structural geometry in the accurately

constructed profile is quite different. Note the

consistency of fold forelimb dip and backlimb

dip, apparently lacking in the original

photograph. 

Key: 

Blue – bedding traces 

Red – fault traces 

Green – axial plane traces 
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4.5.7 Processing to map 
Together with the DTM illustrated in Figure 4.15 and the mosaic image shown in 

Figure 4.13 the following text file is given as input to LandScope describing the 

projection parameters. The line numbers in the left column are not part of the 

file. 

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

Landscope

c:\mydocu~1\robert\academic\phd\interp~1\coldes~2\map.tga

47900 35000 3500

0.0 0.0

2300 1200

2300 1200

090.0 0.0 S

c:\mydocu~1\robert\academic\phd\terrai~1\45344834b_ascii.grd

51029 36265 1930

0.104528 0.0173568 0.99437

-0.720005 -0.684699 0.0876385

0.0 0.0

5700

300

c:\mydocu~1\robert\academic\phd\interp~1\coldes~2\bitmap.tga

 

The description of the purpose of individual lines is the same as that described in 

section 4.5.5. To produce a map rather than a profile the only changes required to 

the input file are the revised specification of the projection plane position and 

orientation, and the revised output filename. 
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Figure 4.19 A true orthographic projection map view of the photo-mosaic data. Colour coding: Blue – not defined in DTM; Green – defined in DTM although 

DTM intersection not visible from the original camera position; Red – defined in DTM an visible from camera but outside bounds of defined photo-mosaic. All 

other pixels are coloured according to their designation in the original photo-mosaic. East-west dimension 2300 m, north-south 1200 m. 
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Map projections generated from photographs using the LandScope software have 

been used to augment traditional field mapping techniques, allowing geologic 

boundaries to be accurately recorded on maps in otherwise inaccessible terrain. 

4.6 Recommendations for future work 

4.6.1 Functionality 
The functionality of the LandScope software could be improved in many ways, 

and it is impossible to enumerate them here. Nonetheless, some specific 

recommendations are outlined below: 

• Add a new type of camera object to allow single-single frame, planar film 

photographs to be processed, rather than just photo-mosaics imaged on a 

virtual spherical film surface. 

• Determine camera position from information within the photograph. In 

theory if the position of at least seven points imaged in the photograph are 

known it is possible to determine the position and orientation from which the 

picture was taken. 

• Optimise the software for speed. Currently, processing large images over 

large areas is computationally less efficient than is feasible. Several possible 

routes for speed optimisation were identified during development, but were 

not implemented owing to time constraints. Currently, large projects may 

take many hours or days of computer time on currently available hardware – 

with optimisation this could probably be reduced to tens of minutes. 

4.6.2 User interface 
Currently LandScope has no user interface as such and input requires careful 

formatting of text files containing set-up parameters. This could clearly be 

improved.
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5 Finite geometry of a 
soft-linked thrust 
system: the Haut Giffre 

The waves of the sea, the little ripples on the 

shore, the sweeping curve of the sandy bay 

between headlands, the outline of the hills, the 

same of the clouds, all these are so many riddles 

of form, so many problems of morphology, and all 

of them the physicist can more or less easily read 

and adequately solve… 

D’Arcy Thompson, On Growth and Form, 1917 

5.1 Introduction 
‘For almost any work in thrust belts, it is essential 

to establish the three-dimensional relations 

between faults’. BOYER & ELLIOTT (1982) 

This chapter describes the finite geometric state of the fold-thrust system 

observed in the Haut Giffre region of the Morcles nappe, within the context of 

the geologic framework for the area provided by chapter 3. Evidence for the 

present day geometry is taken from a variety of sources: 

• Structural mapping and field data collected by the author 

• Photographic data processed into structural profiles, maps and cross-sections, 

using the Landscope program described in chapter 4. 

• Published data. 

The main body of the data is presented as a series of parallel profile projections 

which accurately describe the large-scale finite geometry. A statistical analysis of 

the data from these profiles is then given, which helps to give a greater 

understanding of the nature of deformation in the region: The statistical 

geometric relationship between the fault and fold populations is examined in 

terms of orientation and size. On a smaller scale consideration is given to the 
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variation in structural style between different layers, with detailed examinations 

of outcrop-scale features. 

Soft-linkage of thrust faults implies penetrative deformation of the rock volumes 

separated by fault strands and therefore much of the data collected pertains to 

these rock volumes rather than the faults themselves; any study of the 

connectivity and development of a fault system where soft-linkage is occurring 

must include a detailed analysis of the distributed deformation patterns such as 

folding. 

This chapter presents data and analysis with only limited interpretation. Chapter 

6 develops the analysis given in this chapter into a fuller interpretation, where 

kinematic models to account for the features described in this chapter are 

presented. 

5.1.1 Standards of accuracy 
It is felt that a short note on the accuracy of the data presented herein will aid the 

reader in judging the quality of the data set and the faith that may be placed with 

in it. 

Field data was recorded on a topographic 1:10 000 scale map, enlarged from the 

IGN 1:25 000 sheet (I.G.N., 1996). Positioning was achieved variously through 

inspection, compass resection, and barometric altimetry. Spatial locations of data 

points were recorded to a precision of 10 m horizontally and 1 m vertically. 

However, the uncertainty on these positions is estimated to be ± 12·5 m 

horizontally, i.e. to the nearest 25 m or 1mm at the original map scale and, ± 5 m 

vertically, i.e. to the nearest 10 m. 

Measurement of geologic orientations was done with a magnetic compass with 

correction for regional mean declination. Observations were made to a precision 

of 1°. However, owing to the vagaries of undulose geologic surfaces, the time-

variant geomagnetic field and instrument/user standard error, expected 

uncertainty in these measurements is ± 2·5°, i.e. to the nearest 5°. 

It is difficult to predict meaningfully the true accuracy of profiles derived from 

photographs through the Landscope program. However, a qualitative estimate is 

given here: Horizontal grid spacing of the digital elevation model was 20 m with 
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altitudes measured at the nodes to ± 5 m. A precision camera designed for 

dedicated photogrammetric use was not used. Furthermore, a typical mean value 

for structural plunge was used to construct the sections, which although 

appropriate for most structures will not be perfect. These factors combine to give 

a spatial uncertainty for features in profiles estimated by the author as ± 50 m, 

i.e. to the nearest 100 m, with some local variation, a considerable improvement 

over more traditional profile-construction techniques. 

5.2 Geological map 
A geological map of the study area, showing much of the collected data and 

interpretation has been constructed. The map is stored as a loose sheet in the rear 

pocket of this volume. The map is presented at a scale of 1:15 000 for 

convenience, however, primary mapping was undertaken at 1:10 000 and 

information in the outlying areas (presented to place the work in a local context) 

is taken from the published 1:80 000 geological sheet for the area (B.R.G.M., 

1966). Base maps used for the topography are the relevant 1:25 000 Swiss and 

French sheets (I.G.N., 1996; O.F.T., 1985). The location of this map in relation 

to the rest of the Alps can be determined by reference to Figure 3.1. Areas 

covered by the different data sources are shown in the map key. 

This section aims to provide a description of the key features of this map. 

Detailed descriptions of particular suites of structures are presented later in this 

chapter. 

Very broadly the map region can be subdivided in to four regions: 

1. The Aiguille Rouge massif and Triassic in the footwall to the Morcles thrust, 

shown in the south-west corner of the map. 

2. The Grands Fats thrust sheets which covers much of the southern portion of 

the map area, from Montagne du Criou in the west, Pointe de Sans Bett 

centrally, around the southern margin of the Cirque du Fer à Cheval to the 

Morcles thrust in the east. 

3. The central portion of the sheet, including the Cirque du Fer à Cheval, 

containing many smaller displacement thrusts. 

4. The region to the north of the major Dents Blanches backthrust. 
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The map pattern of the latter three regions, which concern this thesis are 

described here: 

5.2.1 Grands Fats thrust sheet 
The Grands Fats thrust sheet, occupying the southern part of the map shows a 

very simple map pattern, carrying almost the full Mesozoic sequence over the 

sheet to the north. 

5.2.1.1 Structure contours 
Shown on the map are structure contours at 100 m intervals on the Grands Fats 

thrust itself. These contours show that the thrust surface is dipping below 

Montagne du Criou to the south-west at between 14° and 63°, although is more 

typically at about 26°. Further to the east, beneath the peninsular of Malm 

outcrop with Pointe de Sans Bett at its summit, the contours begin to diverge, 

those below 2000 m turning to the south and those above 2100 m continuing in a 

east-south-east trend. This pattern defines a large, almost horizontal thrust 

surface (now eroded) above the Cirque du Fer à Cheval. With respect to the 

regional transport direction – parallel to the section lines on the map – the 

contours define a frontal to oblique staircase trajectory. 

5.2.1.2 Outcrop pattern 
To the north-west, the margin of the thrust sheet is delineated by towering cliffs 

of Urgonian limestones running east-west to the Grands Fats peak itself from 

which the thrust derives its name [map 458 327] . Beneath the Urgonian unit, 

which forms the prominent limestone pavements of Montagne du Criou, the 

Hauterivian is present in the immediate hangingwall to the thrust. This east-west 

outcrop of the thrust is essentially a hangingwall flat upon a  lateral footwall 

ramp. 

To the south-east of Grands Fats, the thrust cuts down into Berriasian-

Valanginian units and through to the base of the Malm limestones at Salvadon, 

defining steep and spectacular hangingwall and footwall ramps. 

The thrust in the region of Pointe de Sans Bett has hangingwall and footwall 

flats, although further to the south, into the Giffre valley hangingwall and 

footwall ramps have developed, cutting down until the immediate hangingwall is 
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composed of Bajocian limestones and the footwall of Oxfordian marls, on the 

south-east rim of the Cirque du Fer à Cheval. The thrust is rooted in a fold-thrust 

structure in the Bajocian unit close to the Morcles thrust. 

The majority of the distributed strain spatially associated with the Grands Fats 

thrust is within the footwall, for example north-west verging minor folds at 

[map 459 325]. The hangingwall thrust sheet shows comparatively little internal 

deformation compared with the footwall; as demonstrated by the simple outcrop 

pattern there is no internal folding within this thrust sheet on length scales 

comparable to the thickness of the mapped units, with the exception of the far 

south-east, where tight folds in the Bajocian and Liassic units produce a 

distinctive outcrop pattern. Aside from this there is minor faulting within the 

sheet, for example small reverse faults – probably reactivated normal faults  - in 

the Hauterivian unit on the eastern limit of Montagne du Criou. The seemingly 

complex outcrop pattern of Gault to Eocene units on Criou is simply interaction 

of topography with similarly dipping layers. 

5.2.2 Central region 
In the bottom of the massive topographic hollow of the Cirque du Fer à Cheval 

there is a poorly exposed window through the Morcles thrust into rocks of the 

Aiguille Rouge massif. Concentric to this window the remainder of the 

stratigraphy in the Cirque and in the Giffre valley upstream of here shows an 

outcrop pattern which appears fundamentally layer-cake. To the north, at the 

head of the Giffre Valley (le Bout du Monde [map 510 345]), is an excellent 

transport parallel cross-section. Here the layering is disturbed by thrusts and 

folds on a scale larger than that of the individual layers. 

Overlying this package to the east and dominating the topography and the map 

pattern, the imposing massif of the Pic de Tenneverge [map 521 326] to Grand 

Mont Ruan [map 534 361] ridge consisting of four stacked thrust sheets. 

Repeated Malm and Berriasian age units comprise the massif, the north-west face 

of which provides an awesome strike-parallel section, on which to observe low-

angle lateral ramps and tight hanging-wall anticlines (Figure 5.1). A series of at 

least seven major thrusts cutting the Malm limestone, around the head of the 

Giffre Valley – and a myriad of minor thrusts not shown on the map – have 
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trailing tips within the Oxfordian marls, with one continuing in to the Bajocian 

limestone. It is surmised that the higher klippen-forming thrusts of Pic de 

Tenneverge would also show a similar geometry had it not been eroded. 

To the north-west of le Bout du Monde [map 510 345], fold hinges can be 

inferred to continue many kilometres along-strike on the basis of map-patterns 

alone: These hinges are sub-parallel, suggesting that folds in the region possess a 

high degree of cylindricity. Prominent apparent thickness variations of the Malm 

unit, manifested as substantial outcrop width variations in the Vogealle region, 

are indicative of large-scale folding within the area. 

Within the Vogealle valley itself – a tributary hanging valley to the Giffre with a 

conveniently transport parallel trend, the Berriasian unit shows signs of intense 

deformation in the form of tight folds in a band spatially related to the large scale 

folding in the Malm unit and thrusting within the Urgonian unit; the Rochers de 

la Couarra and Combe aux Puaires thrusts. This band of deformation is not well 

represented on the map as it occurs on an almost vertical mountainside. 

The Rochers de la Couarra and Combe aux Puaires thrusts both carry relatively 

undeformed Hauterivian and Urgonian rocks in their hangingwalls – with low-

angle hangingwall lateral ramps – over Urgonian to Senonian units. 

Finally, in the Chambres valley, there is a large extensional fault structure down-

throwing to the south, with Eocene rocks infilling its hangingwall. Emplaced 

over this structure is a small thrust sheet carried by the Avondrues thrust, which 

is a diverging splay from underside of the Grands Fats thrust. Structure contours 

constructed on this surface show that this thrust is dipping about 21° to the south-

east. In the area where it outcrops it is for the most part a hangingwall and 

footwall flat structure apart from a minor hangingwall anticline and associated 

ramp. Logically however, a footwall ramp must exist in the eroded portion to the 

south-east. The Grands Fats thrust – Avondrue thrust branch line has been 

constructed and is shown on the map: It has a highly curved form, turning 

through almost 90° over a distance of under 1 km suggesting that the Avondrue 

sheet may be a relatively local structure. 
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Figure 5.1 Photograph looking east-south-east of the 2 km high north-east face of Pic 

de Tenneverge (centre). The section is approximately perpendicular to transport and 

shows spectacular oblique and lateral ramps of the Grand Mont Ruan, Prazon and 

Tenneverge thrusts from the Malm limestone into Berriasian shales. The apparently 

isoclinal fold in the lower part of the section is an oblique section through a tight fold in 

Bajocian limestone. 

5.3 Structural profiles 
This major section presents four structural profiles which have been compiled 

from a combination of field structural measurements, direct observation of 

structures in the field and Landscope generated profiles. 

It should be made clear that these profiles as presented represent a mélange of 

data, interpretation and hypothesis. A clear distinction is made between those 

parts of the profiles which have been directly derived from observation, and 

those less well constrained regions based more on extrapolation and 

interpretation from known data. The statistical analysis of observations from 

well-constrained portions of these profiles in section 5.5 has been used as part of 

a feedback loop in to the less well-constrained areas, in the hope that this leads to 

a more accurate interpretation. 

The locations of the four profiles are illustrated on the map. These straight lines 

show only the approximate location of each profile and interaction with 
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topography of the profile plane is not depicted. Data and interpretation have been 

projected from typically 2 km either side of each profile so the exact position of 

each profile is unimportant. The topographic line depicted on each profile should 

only be used for guidance – it was constructed as a vertical cross-section and 

scaled to the profile. Each profile has two vertical scales: The first shown of 

either end of each profile is a true altitude scale, the second shown by the scale 

bar is a true distance scale parallel to the dip vector of the profile plane. 

The four profiles are parallel in three-dimensions – all having been constructed 

on the 151°/84° NE profile plane. The orientation of this plane was determined 

from field measurements of structural elements including bedding, cleavage, fold 

hinges and bedding-cleavage intersection (see section 5.5 for a summary).  For 

ease of construction and comparison between the profiles the plunge vector is 

assumed to be invariant across the width of the study area to within the standards 

of accuracy of the work, any variation being a local effect. 

The profiles step to the south-east in a down-plunge direction and are 

approximately equally spaced. There is a trend of each profile sampling 

progressively higher parts of the nappe – an effect of approximately constant 

relief coupled with the regional plunge. 

5.3.1 AA` : Tenneverge – Tour du St Hubert – Sageroux – Dent de 
Barme 

Profile AA` is the most north-easterly of the profiles considered and the best 

constrained in terms of available data. Rocks of Bajocian age in the floor of the 

Giffre valley at le Bout du Monde [map 512 345] through to the Urgonian 

limestone on the summit plateau of Mont Sageroux [map 496 363] are sampled. 

The two Landscope data sets are described in some detail below. 

5.3.1.1 Overall geometry 
The main feature of this profile is the array of south-east dipping forethrusts 

developed in the Malm limestone. All of these thrust structures feature 

spectacular hangingwall anticlines defining steep (i.e. high cutoff angle) 

hangingwall ramps (see Figure 5.6 and Figure 5.7). However, flats and low-angle 

ramps are also present resulting in a wide variation of Malm cutoff lengths in 

profile. As already noted Figure 5.1 also reveals the presence of low-angle lateral 
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to oblique ramps in these thrusts – a further cause of cutoff  length variation. 

Footwall synclines are generally present, although less prominently than their 

hangingwall counterparts. Minimum estimates of offsets on these thrusts based 

on the top-Malm horizon are given in Table 5.1. Not all of the faults in the array 

show contractional offsets, a large extensional offset being clearly visible on the 

Ottans fault. 

Fault 
Minimum 

offset 

Tenneverge thrust - 400 m  

Prazon thrust - 250 m 

Grand Mont Ruan thrust - 850 m 

Petit Mont Ruan thrust - 300 m 

Ottans thrust - 100 m 

Ottans normal fault + 450 m 

Dents Blanche thrust unknown 

Table 5.1 Minimum offsets in profile for the major faults of profile AA`. Negative offset is 

contractional, positive extensional. 

The intensity of intra-thrust sheet deformation varies widely between the sheets. 

For example the Petit Mont Ruan sheet and the overlying Grand Mont Ruan 

sheet show barely any signs of internal deformation through folding or thrusting 

other than the hangingwall and footwall synclines described above. Contrast this 

with the intense internal deformation experienced by the Ottans sheet, which 

shows complex folding and thrusting patterns. Deformation in the region of the 

Ottans fault is considered in more detail in section 5.3.1.2. Beneath the Ottans 

fault is a spectacular north-west vergent inclined anticline-syncline pair with a 

thrust emerging from the syncline. This fold pair is considered in more detail in 

section 5.5.5.5. 

The higher thrusts in the sequence partly dip towards the foreland whereas for 

the Grand Mont Ruan and structurally lower thrusts, the dip is consistently 

towards the hinterland. Displacement on this imbricate stack passes down-section 

back in to the Oxfordian where there is a more distributed style of deformation; 

folding being the dominant deformation style. Within the Bajocian unit 
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shortening is accommodated by tight folds with bed extending shears on their 

forelimbs. Accurate correlation of horizons within the Bajocian and Oxfordian 

units across faults and shear-zones has proved impossible. There is no simple 

one-to-one correlation between these shear-zones and the major faults in the 

Malm. 

Displacement on the Malm faults is also transferred upwards on to more 

distributed structures in the Berriasian-Valanginian sequence where again large 

thrusts are absent, shortening being accommodated by distributed strain in a 

similar manner to the way in which it is accommodated in the Oxfordian unit. 

The Hauterivian to Urgonian sequence is only exposed in the upper part of the 

north-west end of the section. There is some folding confined to the Hauterivian 

unit, but generally it shows folds harmonic with the Urgonian limestone (see 

section 5.5.5.3). The major feature accommodating shortening in the Urgonian 

unit is a large backthrust structure which has been overturned to become south-

east dipping; the hangingwall therefore lies structurally beneath the thrust surface 

in its current position. Macro-scale evidence from this profile for this being an 

overturned backthrust rather than a normal fault (inverted or otherwise) is 

limited: This interpretation derives from clearer structural relationships observed 

in the other profiles down plunge from here – particularly DD`. 

5.3.1.2 LandScope profile – head of the Giffre valley 
A major part of the data for the cross-section originates in two profiles derived 

from photographic data using LandScope. The first of these profiles covering the 

region at the head of the Giffre valley is considered here. The original mosaic, 

shown in Figure 5.2 with basic interpretation, consists of 23 individual frames 

taken with a 300 mm lens from near Refuge de la Vogealle [map 490 344 ], and 

contains a high level of detail. Processing with LandScope yielded Figure 5.3 

which is a corrected profile on 151°/84° NE. Further interpretation of this profile 

resulted in Figure 5.4, which has a true-scale grid superimposed. 

The profile contains the lower six (with a small part of the seventh) thrusts of the 

imbricate array developed in the Malm limestone, together structures in the 

Oxfordian and Bajocian units below. 
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The Col des Ottans fault can be seen to have a major extensional offset of ~ 450 

m for the Malm unit. In the immediate hangingwall to this fault a horse is defined 

in conjunction with the Ottans thrust delineating its upper surface. The Ottans 

sheet (the sheet above the horse) shows the most intense deformation of any of 

the thrust sheets developed on this scale. A simple measurement of the flattening 

strain in this sheet, based upon changes in bedding line-length between the pins 

of the Ottans and Petit Mont Ruan faults gives longitudinal strains of –0·21 and 

-0·27 for the lower and upper surfaces of the Malm unit and –0·57 for an intra-

Berriasian horizon, showing that strains within the sheet are highly 

heterogeneous, dependent on lithology. Not only are the finite strains different 

but the differing modes of deformation have operated within the Berriasian marls 

and Malm limestone. The dominant deformation style in the Berriasian unit is 

tight, angular folds with only small numbers of low-displacement thrusts. The 

Malm unit too shows folding but with more open folds, extra shortening being 

accommodated by intra-formational thrusting: An antiformal stack has been 

created [Figure 5.4, 900 300] containing at least four distinct sheets or horses. 

This structure corresponds to a large, tight fold in the overlying Berriasian marls 

and a large rounded fold in the underlying Oxfordian unit, demonstrating how 

equivalent shortening is accommodated by different structural styles at different 

stratigraphic levels. 

Bedding in the Ottans sheet is generally the steepest of the sheets in this profile, 

being steeply foreland directed in contrast to the other sheets which have shallow 

hindward dips; this may be related to the extensional offset of the Ottans fault – a 

possibility explored in Chapter 6. 

The higher thrust sheets present in this profile, namely the Petit Mont Ruan sheet 

and the Grand Mont Ruan sheet, are very similar in character. They are both 

characterised by largely undisturbed bedding, with the exception of minor intra-

formational normal faults and hangingwall anticlines to their parent thrusts. The 

anticline to the Petit Mont Ruan thrust is illustrated in Figure 5.7. Footwall cutoff 

angles vary from ~ 50° at ramps to extended footwall flats – see the south-east 

end of the Grand Mont Ruan thrust.  The hangingwall cutoffs show some over-

steepening in the hangingwall ramps,  showing that some internal straining of the 
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sheets has occurred, other than straightforward fault-bend-folding associated 

with their translation over footwall topography. 

The south-east of the profile is dominated by a major fold-pair with an amplitude 

of ~ 200 m and a wavelength of ~ 350 m (Figure 5.8). The antiform has narrow 

hinge-zones with relatively straight limbs giving a similar chevron fold (see 

section 5.5.5). The synform, which is only partially included in this LandScope 

profile has a more rounded hinge-zone and has been modified by the 

development of an out-of-the-synform thrust. The out-of-the-synform thrust is 

flat towards the foreland but hindwards clearly cuts the hinge-zone of the fold – 

although not at the point of maximum curvature – rather where the bedding is 

sub-vertical. The thrust develops in to a hangingwall and footwall flat structure 

towards the foreland so it is difficult to trace displacements. Strain patterns on 

this fold-pair are examined in closer detail in section 5.5.5.5 and fold kinematics 

in section 6.2. 

Bajocian stratigraphy occupies much of the lower part of the profile to the north-

east. Tight, near symmetric polyharmonic folds accommodate a large amount of 

shortening, some of which is accommodated at a higher stratigraphic level in the 

Oxfordian and Malm units by the fold-pair described above. 

5.3.1.3 Discussion 
Geometrically the imbricate thrusts within the Malm form a strain duplex, 

perhaps better termed a “soft-linked duplex”. This is similar in concept to a 

standard duplex (DAHLSTROM, 1970; BOYER & ELLIOTT, 1982), except that the 

displacements that would otherwise be accommodated by the roof and floor 

thrusts are accommodated by distributed simple shear, the imbricate thrusts 

having fault tips up and down section. (Figure 5.5). There is no requirement for 

hard-linkage of the thrust-faults bounding the upper and lower surfaces of a horse 

as in the standard model. 
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Figure 5.2 The original digitally assembled photo-mosaic of the Head of the Giffre valley. The view in the centre of the image is towards the east-north-east. Bedding form lines are depicted in yellow, faults are depicted in red 

and intermediate ‘horizon lines’ are depicted in green. The four summits left to right are Tête des Ottans, Petit Mont Ruan, Grand Mont Ruan and an unnamed top with altitude 2851 m. The centre of the photograph is dominated 

by the imposing ridge of Tour du St. Hubert with the Glacier du Ruan behind. Only limited interpretation has been undertaken at this stage of the analysis, specifically the  identification of bedding and fault traces. 
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Figure 5.3 The photo-mosaic of Figure 5.2 after processing with LandScope to project the information on to the 151°/84° NE profile plane. To the left of the diagram is north-west and to the right is south-east. The view is up-

plunge. Colour coding is the same as for Figure 5.2. No additional geologic interpretation has been undertaken on this image at this stage. Left to right the same four peaks are visible: Tête des Ottans at the far left, Petit Mont 

Ruan centre-left, and Grand Mont Ruan centre-right on the far side of the large area of no data which is the Glacier du Ruan, hidden behind the Tour du St. Hubert ridge in the original photograph. The 2851 m peak occupies the 

upper-right of the image. 
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Figure 5.4 An up-plunge view of the 151°/84° NE profile of the head of the Giffre valley based on the information in Figure 5.3.  To the left of the diagram is north-west and to the right is south-east. Additional interpretation has 

been undertaken: Axial surface traces have been added, as have further bedding traces. Bedding is shown in blue, axial surfaces in green and faults in red. The upper and lower surfaces of the Malm limestone are depicted in a 

bold line weight. The area for which LandScope data exists is shown by the grey data-mask. The grid scale shows 500 m squares superimposed on the profile plane, this local co-ordinate system has its origin at the world co-

ordinates shown in the lower-left of the diagram. 
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Figure 5.5 Schematic of a hard-linked duplex (e.g. BOYER & ELLIOTT, 1982) and an 

alternative model termed a strain duplex or soft-linked duplex where thrust displacement 

is transferred up and down-section on to distributed shear zones. 

 

Figure 5.6 A view from Grand Mont Ruan to the south-south-east towards Pic de 

Tenneverge. The angular fold on the east (left) side of the ridge is an anticline in the 

Malm limestone in the immediate hangingwall to the Prazon thrust. The summit of 

Tenneverge shows an open fold which in interpreted a being in overturned Oxfordian 

marls in the core of a hangingwall anticline to the Tenneverge thrust. Mont Blanc is the 

large mountain in the far distance. 
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Figure 5.7 The hangingwall anticline to the Petit Mont Ruan thrust in Malm limestones, 

looking north-east. The thrust itself is obscured by scree across the bottom of the 

picture. The cliff section is about 200 m high. The co-ordinates of the same structure on 

Figure 5.4 are [1250  1150]. This structure is at [map 523 357] 

 
Figure 5.8 The north-west verging fold-pair in Malm limestones below Col de Sageroux, 

looking north-east. Cliff height is about 300 m. An out-of-the-syncline thrust can be seen 

cutting the lower end of the forelimb and becoming bedding parallel towards the 

foreland. This structure is at [map 517 357] 
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5.3.1.4 LandScope profile – Mont Sageroux 
The north-western end of profile AA` is well exposed on the north-east face of 

the Col de Sageroux [map 505 361] to Dent de Barme [491 368] ridge. A 

photograph montage of 25 frames of this area was assembled and interpreted 

(Figure 5.9), processed with LandScope (Figure 5.10) and finally re-interpreted 

to give an accurate structural profile. 

The leftmost (north-west) part of the profile is dominated by a large synclinal 

structure which as exposed here contains Hauterivian in its core. This fold lies 

now lies structurally beneath a large fault here interpreted as a large-scale 

overturned backthrust, an interpretation based largely on its geometry further 

along strike in profiles BB` to DD`. This thrust to passes down into Berriasian-

Valanginian stratigraphy before it is lost beneath drift. 

The ground in the hangingwall to this structure (i.e. now beneath it) contains an 

array of many minor faults with pitches of 30° to 50° SE developed in the more 

competent thin limestones of the Berriasian and Valanginian units. Rarely do 

these faults have lengths in profile greater than two or three bed thickness, the 

majority only causing detectable offsets in one competent layer. These faults 

generally show apparent extension, i.e. the structurally higher layer is offset to 

the south-east with respect to the structurally lower layer. 

The lower-left of the profile shows moderately dipping flat beds with an isolated 

development of tight angular folds with minor thrusts in the hangingwall to a 

larger bedding parallel thrust to which they may be fault propagation folds. 

The central portion of the profile, where data is only available near the skyline 

shows relatively undisturbed Hauterivian beds dipping moderately to the south-

east, passing down into another train of tight folds confined to the Hauterivian, 

with an unfolded contact with the more competent Urgonian limestone above, 

forming the summit of Mont Sageroux. 

The lower-right of the profile contains a large-scale antiform in upper Malm 

limestone layers. This is interpreted to be one-half of an antiform-synform pair 

similar in character to the large fold-pair to the north-west end of  the Giffre 

valley LandScope profile. Above this, shortening in Berriasian and 
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Valanginian units has been accommodated by tight folds and minor thrusts, 

generally with small offsets. 
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Figure 5.9 The original digitally assembled photo-mosaic of the Col de Sageroux – Dent de Barme ridge. In centre of image the view is towards the west-south-west. Bedding form lines are depicted in yellow, faults are depicted 

in red and intermediate ‘horizon lines’ are depicted in green. The three summits left to right are 2589 m [map 499 362], Mont Sageroux  [map 496 363]and Dent de Barme [map 489 368].  
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Figure 5.10 The photo-mosaic of Figure 5.9 after processing with LandScope to project the information on to the 151°/84° NE profile plane. To the left of the diagram is south-east, to the right is north-west. The view is down-

plunge. Colour coding is the same as for Figure 5.9. No additional geologic interpretation has been undertaken on this image at this stage. Mont Sageroux is the peak left-of-centre and Dent de Barme is the right-most high point. 



- 83 - 

G E O ME T R Y  O F  A  S O F T-L I N K E D  T H R U S T  S Y S T E M –  T H E  HA U T  G I F F R E  

 
 

Figure 5.11 The down-plunge profile on

151°/84° NE derived from Figure 5.10. 

based on the information in Figure 5.9.  To

the left of the diagram is south-east and to

the right is north-west .Some additional

interpretation has been undertaken: axial

surface traces have been added, as have

some faults. Bedding is shown in blue, axial

surfaces in green and faults in red. The grid

scale shows 500 m squares superimposed

on the profile plane, this local co-ordinate

system has its origin at the world co-

ordinates shown in the lower-left of the

diagram. 
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5.3.2 BB` : Cheval Blanc – Giffre – Vogealle – Dents Blanches 

5.3.2.1 Overall geometry 
Profile BB`, only 2·4 km down-plunge of profile AA`, is strikingly different. The 

only two structures than can be positively correlated between the two profiles are 

the large fold-pair with the out-of-the-syncline thrust and the Dents Blanches 

backthrust. This is not simply due to the fact that a large part of area of this 

profile has been eroded by the embryonic Giffre and is therefore the appropriate 

data is missing – the effect is real. The ground where we would expect to find the 

imbricate thrust array of profile AA’ is largely undisturbed by thrusting; no 

major thrusts are visible in the Malm is the cliff section from [map 486 335] to 

[map 483 317] above les Fleuriers. 

Constraints on the structure within lower parts of the stratigraphy, from mid-

Oxfordian downwards are poor. At this stratigraphic level the only exposure is 

perpendicular to transport and almost without exception inaccessible, however, 

some folding of the Oxfordian unit is recorded – harmonic with and related to the 

large scale fold-pair within the Malm. 

The fold-pair in the Malm limestone exposed around the Refuge de la Vogealle 

has been extensively modified by thrusting – more so than at its up-plunge 

continuation in AA`. A zone of deformation including both folding and thrusting 

extends from this area, up through Berriasian, Valanginian and Hauterivian 

stratigraphy to the Combe aux Puaires and other lesser thrusts in the Hauterivian 

and Urgonian units. This zone is described in detail in section 5.3.2.2. This 

Combe aux Puaires thrust itself is steeply oriented at 61°, locally juxtaposing the 

Hauterivian unit in the hangingwall with Urgonian limestones in the footwall. 

Conjugate shear zones marked by calcite tension gashes in the immediate 

footwall rocks and striations on the fault surface suggest transport towards 340°.  

Six-hundred metres in front of the Combe aux Puaires thrust is the Dents 

Blanches backthrust. Owing to lack of exposure its exact orientation cannot be 

determined, although the vertical bedding in the Hauterivian and Urgonian units 

forming the Dents Blanches in its hangingwall suggest it is almost vertical. 

Hindward from the Combe aux Puaires thrust, the Urgonian limestone rises to 

the Rochers de la Couarra thrust (Figure 5.12) responsible for the prominent 
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Rochers de la Couarra ridge. This thrust is also steep at ~ 60° (Figure 5.12), and 

at a high angle to bedding. The thrust cannot be traced into the Valanginian-

Berriasian units for any distance – down-section its displacement may be 

transferred back on to folds or it may become bedding parallel. 

In the hangingwall to the Rochers de la Couarra thrust and only 400 m to the 

south is the Chambres fault, running the full length of the valley from the Col des 

Chambres [map 476 340] to the Lac des Chambres [map 452 330]. This structure 

has an extensional offset and classic listric structure. The fault detaches on to a 

horizon in the Valanginian unit near the base of the Hauterivian unit. In the 

immediate hangingwall to this fault there is gentle, upright syncline and a smaller 

normal fault antithetic to the Chambres fault The latter is interpreted as an 

accommodation structure to maintain strain compatibility above the listric fault. 

In the upper-centre of the profile the Grands Fats thrust has been projected across 

from CC’. Given the fact  that less that 2 km to the south-east of BB` the Grands 

Fats thrust has a offset of  ~ 1500 m, it is considered geologically reasonable that, 

had it not been eroded, the thrust would be present in this profile. This is 

supported by the construction of structure contours on the thrust surface which 

also predict that the thrust should be present. A steepening of the structure 

contours has been interpreted as a footwall ramp through the competent Malm 

limestones. The Grand Fats thrust is also exposed on the south side of Cirque du 

Fer à Cheval where folded Oxfordian marls and Bajocian limestones can be 

observed in its footwall. 
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Figure 5.12 The Rochers de la Couarra thrust can be see left of centre dipping at about  

60° to the south-south-east (left) picked out by the steep grassy slope. View is looking 

east. There is a clear reverse offset of the Hauterivian unit and overlying Urgonian 

limestones which forms the summit to Pointe Rousse des Chambres – left of centre.  

 

5.3.2.2 Vogealle transfer zone (Pointe Rousse des Chambres) 
The Vogealle valley contains excellent, if somewhat inaccessible, exposures of 

the Malm to Urgonian sequence in a transport parallel cross-section. The results 

of detailed photographic work through this section are presented in Figure 5.17, 

Figure 5.18 and Figure 5.19. Deformation appears to be largely concentrated 

along a linear inclined zone between the major structures in the Malm limestone 

and the Urgonian limestone, the intervening layers being relatively undeformed 

outside of this zone. Within the high-strain zone, fold axial surfaces are 

dominantly sub-horizontal. This zone is the down-plunge equivalent of the Col 

de Sageroux – Dent de Barme part of profile AA`, described in section 5.3.1.4. 

The hindward region of the zone is located in the synform of a large-scale north-

west verging fold-pair – the same as that observed in profile AA`.  A thrust has 

nucleated on the synform (in the position relative to the fold as in AA`). 

Intermediate layers of the Malm limestone display a class 1B parallel folding 

geometry (Figure 5.13) although upper layers of the Malm have detached and 

thrusted to produce a considerably modified fold geometry much tighter than the 
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stratigraphically lower fold surfaces. This helps to maintain strain compatibility 

with the overlying Berriasian marls. These marls show widely varying fold-

classes, from 1B parallel at the antiform to folds highly modified by extensional 

shearing of their overturned limbs. 

In the core of the Vogealle syncline, there is strong evidence for significant 

flattening being accommodated by an intense anastomosing pressure solution 

cleavage. For example strains of –0·61 perpendicular to cleavage recorded by the 

shortening of veins are visible in Figure 5.14. Small scale, calcite filled faults can 

also be seen, present in many orientations in the core of the syncline – there 

being no obvious pattern. Larger extensional faults are present in the marls which 

cut across the axial-surface of the syncline (Figure 5.15). These transfer 

displacement structurally down section from shears on the overturned limb in the 

limestone on to the out-of-the-synform thrust which has developed on the 

mechanical interface at the top of the Malm limestone on the underlying limb 

(Figure 5.16). Lithological contrasts alone are not sufficient to account for all the 

observed variation in structural style. 

This profile provides further excellent evidence for the simultaneous operation of 

faulting and folding with direct displacement transfer between faults and folds. 

At [1600 400] on Figure 5.19 – shown enlarged on Figure 5.53, a shear zone 

developed on the overturned limb of a fold in the Valanginian unit, transfers 

displacement on to a discrete thrust. Further up section, this displacement is then 

apparently ‘lost’; there are no obvious tip-line folds or splays. This suggests that 

the fault goes layer-parallel in the Hauterivian unit – transferring displacement 

forwards through a flexural slip mechanism. 

Forwards, towards the Combe aux Puaires thrust at the north-west limit of the 

high-deformation zone in there is a particularly interesting assemblage of 

structures: Displacement is accommodated on  discrete thrust ramps with 

hangingwall anticlines in the lower part of the profile [Figure 5.19 2000 200] and 

[Figure 5.19 2100 150]. This displacement appears to be transferred forwards 

and up-section on o a train of tight, angular folds in thin limestones and marls – 

possible tip-line folds to the thrusts below. Displacement from these folds is 

transferred still higher to into the Hauterivian layer on to an array of one-time 

extensional faults, some of which have been inverted to produce a pop-up 
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structure. The displacement may be transferred forwards from here along layer 

parallel faults on to the Combe aux Puaires thrust. 

Towards the top of the LandScope profile there is minor folding in the immediate 

footwall to the Rochers de la Couarra thrust. 

5.3.2.3 Discussion 
Geometrically, a single fold-thrust structure in the Malm, namely the Vogealle 

fold-pair, transfers displacements forwards and up-section on to folds and minor 

thrusts in the Berriasian and Valanginian. If as predicted the out-of-the-synform 

thrust emerging from the Vogealle structure is layer parallel and close to the top 

of the Malm limestone, then the folding and thrusting in the Berriasian-

Valanginian accommodates shortening of the hangingwall to this thrust above its 

tip: It is in effect the ductile bead related to fault propagation described by 

ELLIOTT (1976a), the kinematics of which were described by WILLIAMS & 

CHAPMAN (1983). 

Above the zone of dominantly ductile deformation in the Berriasian and 

Valanginian units, brittle mode failure is dominant in the Hauterivian and 

Urgonian limestones. However, in contrast to the Malm limestone in which 

shortening is accommodated by a single fold-thrust structure, shortening here is 

accommodated by several structures, namely the Combe aux Puaires thrust and 

the Rochers de la Couarra thrust. These structures pass back down in to the zone 

of deformation (ductile bead) above the Vogealle thrust. i.e. displacement is 

transferred up-section on to these thrusts. This defines soft-linkage of a single 

thrust structure at a low level on to multiple thrusts at a higher stratigraphic level 

- a ‘soft-linked imbricate fan’. 

The minimum displacement accommodated by the Vogealle structure (folding 

and thrusting) is estimated to be in the region of 400 m. The minimum 

displacement accommodated by the Combe aux Puaires thrust and Pointe Rousse 

des Chambres thrust together with minor intervening thrusts about 300 m. 

Shortening estimates for horizons within the Berriasian-Valanginian units vary 

widely, but are also generally in the range 300 to 400 m. Its is possible within the 

limits of error (bearing in mind that these are minimum estimates), that 

displacement is conserved in the system, although ‘displacement leakage’ from 
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the system, say through layer-parallel slip in the Berriasian unit out to the north-

west would be difficult to detect. 

 

Figure 5.13 Photograph of the structures immediately south-east of the Refuge de la 

Vogealle [488 345], showing the antiform-synform pair developed in upper Malm 

limestones and the Berriasian marls. The fold has been extensively modified by thrusting 

and extensional shearing of the forelimb. The view is looking south-east. Behind the 

large snow patch is The lower part of the Chambres fault can be seen top-right. 
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Figure 5.14 Intense pressure solution cleavage in Berriasian marls within the core of he 

Vogealle syncline. The cleavage is sub-horizontal giving a vertical flattening. Pre-

flattening veins with calcite in-fill accommodate extension at a high angle to cleavage. 

View is looking south-east. 

 
Figure 5.15 A fold hinge truncated by an extensional fault in the core of the Vogealle 

synform within the Berriasian. The fault dips at  45° down to the right through the centre 

of the picture. Field of view is ~ 20 m high. View is looking south-west. 
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Figure 5.16 Schematic of the Vogealle fold-thrust structure. The bold blue line indicates 

the interface between the underlying Malm limestones and overlying Berriasian marls. 

Zones of bed-extending shear developed on the forelimb are shown in grey. The 

extensional fault structure of Figure 5.15 is visible to the lower-left, linking down on to 

the bedding-parallel detachment inferred to exist above the top of the Malm. 

Displacement on the shear-zones localises on to bedding parallel faults. The view is ~ 

100 m high looking south-east. This structure can be seen in the extreme lower left of 

Figure 5.17. 
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Figure 5.17 The digitally assembled photo-mosaic of the north-east face of Pointe Rousse des Chambres consisting of 92 individual photographs.  The view is looking south-west. The apparently highest peak is Pointe Rousse des Chambres, with Les Avondrue just visible to its left. The left-most peak is Point 

de Bellegarde. At the extreme right of the mosaic is Combe aux Puaires. Bedding is in yellow, faults in red,. A fabric – possibly cleavage is denoted by blue lines and is present mainly in the Hauterivian.  and intermediate horizons in green. The face of Pointe Rousse des Chambres as seen in the mosaic is c. 

600 m high.
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Figure 5.18  

 

The Vogealle photographic profile following 
processing by Landscope. The summit of Pointe 
Rousse des Chambres is at the top of the picture. The 
profile has been generated on 151°/84° NE. No 
additional interpretation has been undertaken. Colour 
coding is the same as for Figure 5.17. 
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Figure 5.19 

A down-plunge view of the 151°/84° NE profile of Pointe Rousse des

Chambres. To the left of the diagram is north-west and to the right is

south-east. Additional interpretation has been undertaken: Axial

surface traces have been added, as have further bedding traces.

Bedding is shown in blue, axial surfaces in green and faults in red. The

upper and lower surfaces of the Malm limestone are depicted in a bold

line weight. The area for which Landscope data exists is shown by the

grey data-mask. The grid scale shows 500 m squares superimposed

on the profile plane, this local co-ordinate system has its origin at the

world co-ordinates shown in the lower-left of the diagram. 
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5.3.3 CC` : Fer à Cheval – Sans Bet – Avondrue – Dents d’Oddaz 
Profile CC` is based entirely on field observations and mapping by the author, 

and in the outlying areas on published information. There were no areas suitable 

for useful photo-mosaic construction. It lies 2·6 km horizontally south-east of 

BB` and is parallel to it, being on 151°/84° NE. Many of the structures featuring 

in this profile can be traced directly from profile BB` on the ground, exceptions 

being the Oddaz thrust, the Avondrue thrust and the Grands Fats thrust. The 

existence of lower structures, such as the north-west verging fold-pairs in the 

Malm limestone, is based entirely on down plunge projection from BB` and the 

observation that such folds tend to have long hinge lengths and high cylindricity. 

At the rear of the profile the position of the Grands Fats thrust is relatively well 

constrained, both by outcrop and structure contours constructed on its surface, as 

is the Avondrue thrust which branches from below it. The Grands Fats thrust 

follows a shallow trajectory cutting bedding at a low angle and following a 

staircase trajectory with respect to bedding through the Berriasian and 

Valanginian layers. It forms a steep footwall ramp of 40° to 50° through the 

Hauterivian and Urgonian units. In the immediate footwall to the thrust there is 

some tight, north-west verging minor folds developed in the Senonian limestone 

at [map 460 325]. Where the footwall is composed of Berriasian-Valanginian 

rocks there is intense folding in the immediate footwall but exposure quality 

prevents an assessment of the thickness of this zone – a minimum estimate being 

20 m. 

In the Chambres valley the Chambres fault has developed several minor 

synthetic faults in its immediate footwall all with extensional offsets. Eocene 

rocks are preserved in its hangingwall, these having been subsequently deformed 

in to a prominent open syncline. Towards the foreland, the Hauterivian to 

Senonian dip steeply to the south-east in the Rochers de la Couarra sheet. Within 

this sheet minor thrusts have developed with an excellent example of a minor 

thrust showing equal hangingwall and footwall deformation (Figure 5.20) .The 

Rochers de la Couarra thrust cuts the stratigraphy at a high angle with a dip of up 

to 76°. In the footwall to the Rochers de la Couarra thrust, the rocks of the 

Combe aux Puaires thrust dip away to the north culminating in a prominent 

hangingwall anticline to the thrust, which shows parallel folding in the Urgonian 
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(Figure 5.21). The thrust itself is offset by an array of north-north-east trending 

extensional faults. In the footwall to the thrust, juxtaposed with Urgonian 

limestones in the hangingwall, lie Senonian rocks. These have been tightly 

folded in the immediate footwall to the thrust, and this zone of north-west 

verging folds can be traced parallel to thrust transport for 200 m. The tight 

folding only occurs in the immediate footwall to the thrust in a zone ~ 15 m 

thick. Superposed on to this is a longer wavelength open synform, the north-

western limb of which is in the immediate footwall to the Oddaz backthrust, 

which defines a triangle zone (BUTLER, 1982) in conjunction with the Combe 

aux Puaires forethrust. The Combe aux Puaires thrust is easy to identify where it 

juxtaposes different units, but where its causes Urgonian limestones to be placed 

against Urgonian limestones it is difficult to map. To the north of the Oddaz 

thrust another synform lies in the footwall to the Dents Blanches backthrust, 

carrying sub-vertically bedded Hauterivian and Urgonian units in its 

hangingwall, the Urgonian forming the prominent Dents d’Oddaz ridge. 

 

Figure 5.20 Minor intra-Urgonian thrust within the Rochers de la Couarra thrust sheet, 

remarkable for showing equal hangingwall and footwall deformation. In this view the 

thrust shows an apparent dip of ~ 70° down to the left. View is looking west. The 

Rochers de la Couarra form the skyline. The cliff with the thrust is ~ 100 m high. 
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Figure 5.21 The Combe aux Puaires thrust at [map 457 346] showing a prominent 

hangingwall anticline developed in the Urgonian. Back from the anticline the Urgonian 

dips down on to the fault defining a hangingwall ramp. In the immediate footwall to the 

thrust tight to isoclinal folds are developed in Senonian limestones. This outcrop was 

described in some detail by Welbon (1988b) who surmised that the thrust had nucleated 

on a pre-existing normal fault. The outcrop is ~ 20 m high. View is to the east. 

5.3.4 DD` : Nambride – Criou – Tuet 
Profile DD` crosses the Giffre valley downstream of the Cirque du Fer à Cheval, 

1·7 km south-east of CC` and on the same 151°/84° NE profile plane. 

The main feature of the profile is the Grands Fats thrust sheet which forms the 

plateau of Montagne du Criou. As previously mentioned in section 5.2.1.2, 

internally the sheet shows little deformation other than internal thrusting within 

the Hauterivian (Figure 5.22). Offset on the Grands Fats thrust in this region is 

measured at ~ 1500 m. 

In the footwall to the Grands Fats thrust the Chambres fault cannot be directly 

identified on this section line owing to drift cover. On the profile it is tentatively 

shown within the Urgonian. The profile passes through what may be the tip of 

the Rochers de la Couarra and Combe aux Puaires thrusts. These thrusts may 
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exist in this profile but if so they do not show sufficient offset to cause 

juxtaposition at the surface of different units. Its is difficult to map thrust 

contacts in the Urgonian limestone when it comprises the footwall and the 

hangingwall. In the profile folds have been depicted instead. A major synform 

lies in the footwall to the Dents Blanches thrust. In the hangingwall to the thrust 

is an impressive anticline, defined by the Urgonian limestone of which forms the 

carapace to Pointe du Tuet [map 433 341]. The sub-vertical Urgonian unit on the 

northern limb of this anticline forms the conspicuous Dents d’Oddaz ridge. It is 

the geometry in the hangingwall of the Dents Blanches thrust observed here that 

leads to the interpretation used for profiles AA` to CC`. Within the Berriasian to 

Hauterivian core of the Pointe de Tuet antiform, steeply dipping minor 

backthrusts can be identified, presumably sub-parallel to the main Dents 

Blanches backthrust. 

As with profile CC` the illustrated geometry of the Malm limestone in the 

footwall to the Grands Fats thrust is based upon projection from profile BB’. 

 

Figure 5.22 The Grand Fats thrust sheet shows very little internal deformation. Shown is 

the cliff line from below Dent de Verreu [map 444 298] to below Tête du Grenier [map 

452 311] looking north. The upper third of the cliff is Urgonian limestone, the middle third 

Hauterivian and the lower scree slopes conceal Valanginian and Berriasian immediately 

above the Grands Fats thrust. 
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5.4 Three-dimensional geometry 
This section considers the three dimensional aspect of the Haut Giffre fold thrust 

system; issue such as continuity and connectivity of faults and folds in the third 

dimension i.e. parallel to plunge. 

 The main feature of the sections which changes is laterally is the distinct 

difference in the mode of shortening of the Malm limestone in the hindward 

portions of AA` and CC`. As noted previously there is no evidence for the 

existence of a lateral equivalent of the Petit Mont Ruan and Grand Mont Ruan 

imbricate thrusts to the south-west of BB`, rather a single thrust – the Grands 

Fats thrust – is observed. This change of behaviour must occur in the region of 

BB’ – where unfortunately it has been eroded by the river Giffre. A major strike-

slip zone is not observed between these two domains; more likely is some form 

of soft-linked imbricate diverging splay (Figure 5.23) showing lateral hard-links 

in competent units prone to thrusting but vertical soft-linkage via distributed 

strain in the underlying Oxfordian marls. Total offset of the Ottans to 

Tenneverge faults inclusive is ~ 1·6 km contraction whereas the contractional 

offset on the Grands Fats thrust is ~ 1·5 km, the similarity of these values within 

the limits of measurement indicates that the geometric model of Figure 5.23 is 

viable without requiring high lateral displacement gradients on faults on the 

Malm. 

The only structure that are observed to be continuous across the whole study area 

are the Dents Blanches backthrust and the folds in its immediate hangingwall. 

Nonetheless, this thrust too shows a distinct change in character over the 6·8 km 

distance between AA` and DD`. To the north-east it is inferred to be steeply 

overturned with a syncline it its hangingwall, evidence from the attitude of rocks 

in its hangingwall in the other sections towards the south-west suggests that it 

becomes vertical in the district of the Dents Blanches and is north-west dipping 

(i.e. not overturned) in the region of sections CC` and DD`. 

The prominent fold-pair in section AA` can be mapped through to the fold-pair 

seen at Vogealle in section BB` which remarkable parallelism of fold-hinges. 

This evidence and is used as justification for projecting this structure and the 

second fold-pair in front of it through in to profile CC` and DD`. 
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There is a high degree of lateral continuity between the structures observed in 

sections BB` and CC`. Practically all of the major faults in the Urgonian can be 

traced between these profiles, the main differences being in the observed 

orientation of the faults. The Chambres, Rochers de la Couarra and Combe aux 

Puaires thrusts are consistently steeper in profile BB`. This was also the case 

with the Dents Blanches backthrust. 

Much of the shortening accommodated by discrete thrusting in profile CC` is 

interpreted as being accomplished by folding in DD`, the Combe aux Puaires and 

Oddaz thrusts showing lateral tips in the region of DD`, the folding in DD` 

representing lateral tip-line folds. However, as discussed in section 5.3.4, this 

could be a data quality issue. 

 

Figure 5.23 Block diagram showing imbricate divergent splays. The splays are laterally 

hard linked to a single fault at the high competence red stratigraphic level, but vertically 

soft-linked via a low competence layer (blue). 
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Figure 5.24 Isometric projections of the four profiles AA’ to DD`. The scales of

all three axes are equal. Gridlines parallel to the short axis of the base are

spaced a 1 km with a arbitrary origin at A. Grid lines parallel to the long axis of

the base mark the intersection of the profile planes with zero metres altitude.

The orientation of the four profile planes is 151°/84° NE.
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5.5 Analysis of geometric parameters and strain patterns 
This section delivers a statistical analysis of much of the field data and profile 

derived data from section 5.3. Its purpose is to reveal some of the more subtle, 

and difficult-to-quantify aspects of the structural geology of the region, as to 

provide a sound basis for the hypothesised portions of the map and profiles 

offered in sections 5.2 and 5.3 respectively. The detailed study of fold and fault 

populations must include analysis of both directly measured structural elements 

and fold/fault morphology. Also included are case-studies on particular structures 

to provide information which may be used to model the kinematic development 

of the folds and thrusts of the region – a task undertaken in chapter 6. Analysis of 

field measurements of structural elements provides the basis for selection of the 

profile plane orientations used is the previous section. 

5.5.1 Bedding 

5.5.1.1 Field data 
Direct measurement of bedding has been widely undertaken throughout the field 

area. A compilation of this orientation data is shown in Figure 5.25. The data 

constitute a prominent polymodal π-girdle with orientation 151°/84° NE, with its 

pole parallel to the minimum eigenvector of the distribution at 08°/241°. The 

data is tightly clustered along this girdle with three prominent maxima to the 

density distribution picked out by closed loops of the 8% and 16% contours. 

These pole density maxima have orientations of 27°/155°, 75°/131° and 

73°/022°, giving bedding orientations of 065°/63° SE, 041°/15° SE and 

112°/17° S. The latter two orientations correspond to the right-way-up backlimbs 

of folds; the latter corresponds to the steeply dipping overturned forelimbs of 

north-west verging folds. 

The low spread of the distribution either side of the girdle is an indication of the 

close parallelism of fold-hinges and the cylindricity of fold surfaces in the 

region. 
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Figure 5.25 Equal-area, lower-hemisphere, point-density contoured stereoplot showing 

poles to bedding. Sample size is 279. A best-fit girdle to the data is shown by the broken 

line. 

5.5.1.2 Profile data 
This section presents bedding orientation data derived from the profiles of 

section 5.3. 

5.5.1.2 a) Tenneverge – Tour du St Hubert – Sageroux – Dent de Barme 
The distribution of bedding for the this section is shown in Figure 5.26 for the 

Ruan – Sageroux section and Figure 5.27 for the more frontal Sageroux – Dent 

de Barme section. Together, these profiles sample over 68 km of bedding trace. 

As these are observations made in the profile plane, bedding orientation is 

represented as a strictly two-dimensional bedding-profile intersection orientation 

within that plane, quoted for convenience as a pitch.  

The former shows a bimodal distribution with prominent modal class of 

45° ± 5° NW with a secondary mode of 5° ± 5° SE. The primary modal value 

correlates well with backlimb orientations in the Tour de St. Hubert fold cascade. 

The latter rose diagram starkly contrasts with the aforementioned distribution, 

showing a primary mode of 25° ± 5° SE with a secondary mode of 55° ± 5° SE. 

These two modal values represent the backlimb and forelimb orientations 

respectively, suggesting a typical inter-limb-angle for this section of 30° ± 10°. 
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Mean values have little meaning for non-unimodal distributions so have no been 

quoted. 

The discrepancy between these two distributions can be correlated to proximity 

to the major Dents Blanches back-thrust structure, although as is apparent from 

the rose-diagrams the relationship between these distributions is not a rigid 

rotation about an axis parallel to the regional plunge. 

 

Figure 5.26 Rose diagram of bedding pitch within the 151°/84° NE profile plane for the 

Grand Mont Ruan – Col de Sageroux portion of the profile considered in this section. 

The data for this analysis was derived from LandScope output. The total length of the 

bedding trace included is 57·89 km contained in 130 individual lines. Class interval is 

10°. Note that sector areas are proportional to per cent frequency. 

 

 
Figure 5.27 Rose diagram of bedding pitch within the 151°/84° NE profile plane for the 

Col de Sageroux – Dent de Barme portion of the profile considered in this section. The 

data for this analysis was derived from LandScope output. The total length of the 

bedding trace included is 10·31 km contained in 30 individual lines. Class interval is 10°. 

Note that sector areas are proportional to per cent frequency. 

5.5.1.2 b) Pointe Rousse des Chambres 
The frequency distribution for bedding orientations is shown in Figure 5.28. The 

same caveats apply to this data, as those mentioned in the previous section. The 



- 106 - 

G E O ME T R Y  O F  A  S O F T-L I N K E D  T H R U S T  S Y S T E M –  T H E  HA U T  G I F F R E  

distribution is bimodal with a primary mode of 25° ± 5° NW which corresponds 

to the general backlimb and inter-fold bedding dip from this section – the dip of 

the Combe aux Puaires thrust sheet. A much less prominent secondary mode is 

present at 5° ± 5° SE, with the distribution maintaining high values from here to 

30° SE where there is a sharp cut off. This part of the distribution represents fold 

forelimbs. 

 

Figure 5.28 Rose diagram of bedding pitch within the 151°/84° NE profile plane for the 

Point Rousse de Chambres portion of the profile considered in this section. The data for 

this analysis was derived from LandScope output. The total length of the bedding trace 

included is 6·72 km contained in 80 individual lines. Class interval is 10°. Note that 

sector areas are proportional to per cent frequency. 

5.5.1.2 c) Comparison of field and profile derived data 
In order to demonstrate the validity of orientation data derived from the 

LandScope profiles, the following simple analysis was undertaken.  The three 

orientation distribution maxima identified from field measurements in section 

5.5.1.1 were projected on to the plane in which the profiles were generated. 

Table 5.2 shows the results of this analysis, which correlate well to within the 

limits of error with the various maxima shown in the rose diagrams of Figure 

5.26, Figure 5.27 and Figure 5.28. 
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M : maxima 

orientation 

M ∠  

151°/84°NE 

Pitch of maxima in 

151°/84°NE 

Pitch of equivalent 

bedding in 151°/84°NE 

27° / 155° 6° 26° SE 64° NW 

75° / 131° 1° 76° SE 14° NW 

73° / 022° 7° 79° NW 11° SE 

Table 5.2 Reorientation of orientation distribution maxima for field measured bedding 

data in to the profile plane used for construction of LandScope profile (151°/84° NE). 

Pitches within that profile plane for equivalent bedding orientation for the maxima a 

shown in the right-most column. The second column shows the angular ‘mismatch’ 

between the vector and the plane 
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5.5.2 Cleavage 
A stereoplot of poles to cleavage as measured throughout the study area is 

displayed in Figure 5.29. The distribution in unimodal with the maxima at 

62°/338° corresponding to a plane with orientation 068°/28° SE. The preferred 

cleavage orientation (‘mean’) as defined by the plane normal to the principle 

eigenvector of the distribution is 074°/23° SE with a 95% confidence semi-angle 

of 3·7°. The distribution shape, as defined by the density contours is slightly 

elongate along a great circle sub-parallel to the best-fit girdle to bedding data in 

Figure 5.25. The variation within cleavage orientation compares well with 

variation in bedding orientation, however there is greater spread parallel to the 

regional plunge direction. 

 

Figure 5.29 Equal-area,  lower-hemisphere, point-density contoured stereoplot showing 

poles to cleavage. Sample size is 117. 
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5.5.3 Bedding-cleavage intersection lineations 
The results of direct measurement of bedding-cleavage intersection of displayed 

in Figure 5.30. The central tendency of the distribution determined by the 

principle eigenvector of the distribution in 9°/239° with a 95% confidence semi-

angle of 5·7°. This agrees with the value for fold hinges calculated for 5.5.5.1 to 

4°, well within the limits of error. Therefore, there is no statistically significant 

evidence from these distributions for the transection of folds by cleavage.  

 

Figure 5.30 Equal-area,  lower-hemisphere, point-density contoured stereoplot showing 

bedding-cleavage intersections. Sample size is 39. 

5.5.4 Shear fibre lineations 
Field observations of tectonically induced lineations are shown in Figure 5.31 

and Figure 5.32. Slickenfibres make poor shear sense criteria, so sense was not 

recorded. Therefore, these data represent the trend of slickenfibres but not their 

azimuth of transport direction. The two separate portions of the distribution 

illustrated in Figure 5.31 are therefore merely plunging in opposed directions, not 

showing shear in the opposite direction. The distribution is weakly polymodal. 

The preferred slickenfibre lineation orientation, as defined by the maximum 

eigenvector of the distribution is 12°/141° with a 95% confidence semi-angle of 

7·0°. 
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An alternative presentation of the same data is supplied in Figure 5.32 where 

slickenfibre non-polar trends are displayed. The vector mean trend of the 

distribution is 142° ↔ 322° with a circular standard deviation of 25°. 

 

Figure 5.31 Equal-area,  lower-hemisphere, point-density contoured stereoplot showing 

slickenfibre orientations. Sample size is 98. 

 
Figure 5.32 Rose diagram of slickenfibre lineation trends. Class interval is 10°. Sample 

size is 98. Note that sector length is proportional to frequency. The circular arc with the 

arrow at its centre on the lower-right of the graph illustrate the vector mean and standard 

deviation of the distribution, 
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5.5.5 Folds 

5.5.5.1 Hinges 
A sample of the fold hinge population of the study area is shown in Figure 5.33. 

Fold hinge orientations have been both measured directly in the field and 

constructed for individual folds from bedding measurements around folds using 

β-axis and π-girdle methods. No distinction is made between these types of data. 

The distribution is unimodal, showing a hinge direction dipping shallowly to the 

south-east. Spread in the distribution is predominantly parallel to the prime-

circle, with much lower  variance in the plunge component. The preferred hinge 

orientation, as defined by the principle eigenvector of the distribution is 6°/241° 

with a 95% confidence semi-angle of 4·3°. 

 

Figure 5.33 Equal-area, lower-hemisphere, point-density contoured stereoplot showing 

fold hinge orientations. Sample size is 36. 

5.5.5.2 Axial surfaces 
Very few accurate axial-surface measurements were possible in the field, 

however, abundant axial surface orientation information is available from the 

LandScope generated profiles. Note that axial surface length observations have 

also been made – these are analysed in 5.5.7. 
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5.5.5.2 a) Field data 
Field measurements of axial surfaces were infrequently made owing to 

difficulties in gaining access to suitable exposures and consequent problems of 

recording accurate observations. Nonetheless, the available data is presented in 

Figure 5.34.  It is difficult to make meaningful statistical interpretations of low 

sample sizes such as this, but it is noted that the distribution is bimodal (the 

closed 7% contour near the centre of the plot is thought to be an artefact of the 

gridding algorithm). The primary modal axial surface orientation is 072°/37° SE. 

The preferred axial surface orientation, as defined by the plane normal to the 

principle eigenvector of the distribution is 056°/38° S and the data is non-axial-

symmetric about this direction. A secondary mode is present, showing a sub-

population of folds anti-vergent to the main set. The modal orientation of this set 

is 223°/69° NW – notably more steeply inclined than the synthetic population. 

 

Figure 5.34 Equal-area, lower hemisphere, point-density contoured stereoplot showing 

poles to axial surfaces. Sample size is 15. 

5.5.5.2 b) Profile data 
This section presents axial surface orientation data derived from the LandScope 

profiles of section 5.3. These data are recorded as pitches within the profile plane 

151°/84° NE. 
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5.5.5.2.b) i Tenneverge – Tour du St Hubert – Sageroux – Dent de Barme 
Data collected from the French, more hindward portion of the profile is presented 

in Figure 5.35 and data from the Swiss, more forward area, is shown in Figure 

5.36. These two distributions are again very similar, although there are important 

differences. The first section samples the Bajocian to Valanginian part of the 

stratigraphy whilst the latter samples Malm to Urgonian age rocks. The latter 

section is close to the major Dents Blanches back-thrust structure which may 

have an impact on the orientation distributions. 

The former distribution is essentially bimodal and has a very prominent primary 

modal class of 15° ± 5° SE gently inclined folds containing 35·6% of the whole 

sample. The secondary mode of 85° ± 5° SE is much less significant, although it 

does point to a second population of upright folds. 

The more forward distribution shows a similar overall distribution, although now 

the distribution has a weak tertiary mode. The primary mode is now a moderately 

inclined 35° ± 5° SE with 21·9% of the distribution although the interval 45°± 5° 

SE has an almost as prominent 20·7% indicating that the true modal of the 

distribution has been split by the choice of class boundary phase angle. The 

secondary mode, has a value of 55° ± 5° NW. 

It is noted that a relative rotation of these two distributions of about 30° anti-

clockwise looking down-plunge would bring these populations into close 

statistical coincidence. 

 

Figure 5.35 Rose diagram of fold axial surface pitch within the 151°/84°NE profile plane 

for the Grand Mont Ruan – Col de Sageroux portion of the profile considered in this 

section. The data for this analysis was derived from LandScope output. The total length 

of the axial surface trace included is 8·07 km contained in 57 individual lines. Class 

interval is 10°. Note that sector areas are proportional to per cent frequency. 
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Figure 5.36 Rose diagram of axial surface pitch within the 151°/84° NE profile plane for 

the Col de Sageroux – Dent de Barme portion of the profile considered in this section. 

The data for this analysis was derived from LandScope output. The total length of the 

axial surface trace included is 3·72 km contained in 82 individual lines. Class interval is 

10°. Note that sector areas are proportional to per cent frequency. 

5.5.5.2.b) ii  Pointe Rousse des Chambres 
Axial surface observations extracted from the Pointe Rousse des Chambres part 

of this profile are offered in Figure 5.37. The histogram is polymodal, but is also 

remarkable in having four consecutive empty classes, spanning the range from 

30° NW to 70° NW. The primary modal class is 5° ± 5° SE with 19·7% of the 

total sample, but the adjacent class 5° ± 5° NW with 17·9% propounds the 

possibility that the true maxima of recumbent folds has been divided by the 

class-boundary phase angles. A weak secondary mode exists at 35° ± 5° SE, 

although this may not be statistically significant, being part of the distinct 

recumbent to moderately inclined population. A prominent tertiary mode of 

upright folds is seen at 85° ± 5° NW. 

Again, the character of the distribution is very similar to those in Figure 5.35 and 

Figure 5.36. A rotation of approximately 30° anticlockwise about the plunge 

vector would be required to bring these distributions in to close coincidence. 
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Figure 5.37 Rose diagram of axial surface pitch within the 151°/84° NE profile plane for 

the Point Rousse des Chambres portion of the profile considered in this section. The 

data for this analysis was derived from LandScope output. The total length of the axial 

surface trace included is 3·48 km contained in 68 individual lines. Class interval is 10°. 

Note that sector areas are proportional to per cent frequency. 

 

5.5.5.3 Inter-limb-angles 
This section contains an analysis of inter-limb-angles  for the fold populations of 

the study area as a hole. All measurements were made within the regional profile 

plane – therefore interlimb angles should be relatively accurate, rather than 

apparent values, and axial-surface orientations are presented as pitches within 

this plane. Data was obtained by measuring the interlimb angles and the axial 

surface dip projected through those fold hinges for every hinge within the three 

computer-generated  profiles. 

Histograms showing the distribution of interlimb angles within each unit, and 

further subdivided in to antiform and synform categories are presented in Figure 

5.38 and. Figure 5.38 Depending on the folding mechanism, inter-limb-angles 

will be large at fold initiation and decreasing with fold maturity for static hinges, 

or relatively constant throughout the folding history with a rolling hinge 

mechanism. Discussion of the likely mechanisms is reserved for the chapter 6 

kinematic development. Note that irregular class intervals have been used for 

these charts, to prevent unnecessary quantization towards the limits of the plots 

where distribution densities are low. Therefore, column areas are proportional to 

frequency, not column lengths. 

Scatter graphs of variation in inter-limb-angle with axial-surface pitch are 

presented in Figure 5.40 and Figure 5.41, allowing the variation of one parameter 

with another to be examined. This technique was used successfully by 
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WILLIAMS (1997) to assess the modification of fold geometries with progressive 

deformation: Axial surfaces are expected to rotate into the parallelism with shear 

vector with increasing deformation. 

In the most part, this data is presented and described without kinematic 

interpretation, simply as a record of the finite geometries observed. Kinematic 

interpretation of the data presented here is reserved until chapter 6. 

The data is presented by stratigraphic unit: 

The distribution of interlimb angles within the Hauterivian unit is very 

widespread with a modal class of 45° ± 5° for a sample of 24. There seems to be 

no systematic variation of the proportion of synforms and antiforms contributing 

to each class. There is a relatively large proportion of gentle folds, producing a 

bimodal distribution. There is a relatively sharp cut-off at the tight end of the 

distribution suggesting that ~ 40° is the angle to which Hauterivian folds can 

easily tighten. 

The axial-surface-pitch versus inter-limb-angle scatter plot for the Hauterivian 

unit, although sparse forms a distinct cluster with some outlying data with high 

inter-limb-angles. The main cluster represent a population of moderately inclined 

closed folds, confined within the Hauterivian unit which are disharmonic with 

folding in the Urgonian limestone. The recumbent to moderately inclined gentle 

folds are associated with hanging wall and footwall deformation to a small sub-

horizontal thrust in the Pointe Rousse des Chambres profile. 

The distribution for the Berriasian and  Valanginian units is bi-modal, with the 

modal classes closely spaced at 30° ± 5° and 60° ± 10°. It is likely that the low 

value for the mid-closed inter-limb-angle class is statistically significant, given 

the relatively high sample size of 112, although its geological significance is not 

clear. This distribution, in contrast that for the Hauterivian unit, does not have a 

sub-population of gentle folds. There is a large and distinct step in the 

distribution at ~ 30°, suggesting that Berriasian-Valanginian rocks will not easily 

form folds that tighten beyond this limit. The variation of relative contribution of 

antiforms and synforms to each class is highly systematic, each fold polarity 

contributing about half of each class. This reflects the widespread development 
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of fold-trains in the Berriasian containing many fold pairs of similar geometry 

but opposite polarity. 

The inter-limb-angle versus axial-surface pitch data show a dispersed cluster 

with a very weakly defined linear band on the plot of moderately inclined to 

recumbent folds. Upright folds and steeply inclined forms are barely represented.  

Synforms and antiforms are equally spread over the cluster. 

Interestingly, the inter-limb-angle distribution for the Malm limestones shows the 

lowest range of all the five data-sets examined here 40° to 91°. There is a distinct 

cut-off angle at ~ 40°, suggesting that folds in the Malm unit will not easily 

tighten beyond this value. 

The inter-limb-angle versus axial surface pitch scatter plot shows a relatively 

tight cluster defining a band of data with a steep negative slope. There is no 

systematic variation in the positions of synforms and antiforms on this plot. The 

great majority of the folds are moderately inclined to recumbent. 

The Oxfordian unit shows a very broad distribution of inter-limb-angles with no 

distinct cut-off limit towards the lower end of the inter-limb-angle range. The 

modal class is 60° ± 10°, the most open of any of the inter-limb-angle 

distributions. There is no discernible relationship between axial surface pitch and 

inter-limb angle for the Oxfordian marls. 

The Bajocian limestone displays a wide range of inter-limb-angles with gentle, 

open and tight folds scoring equally in frequency. There is a sharp peak in the 

distribution centred on the 45° ±  10° modal class, with a moderately sharp cut-

off in the distribution at ~ 30°. 

The main feature of the corresponding scatter plot shows a cluster of gently 

inclined to recumbent, closed to tight folds. The trend of this cluster is sub-

parallel to the inter-limb-angle axis, suggesting only a weak relationship between 

the axial-surface pitch and the inter-limb-angle. Some data in the outlying parts 

of the plot represent a wide variety of fold geometries. 
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Figure 5.38 Inter-limb-angle distributions for the Hauterivian (top), Berriasian-

Valanginian (middle) and Malm (bottom) units. Bar areas are proportional to normalised 

frequency in per cent. To obtain the frequency for a class multiply its height in per cent 

per degree by its class width in degrees. 
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Figure 5.39 Inter-limb-angle distributions for the Oxfordian (top), and Bajocian (bottom) 

units. Bar areas are proportional to normalised frequency in per cent. To obtain the 

frequency for a class multiply its height in per cent per degree by its class width in 

degrees.
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Inter-limb-angle variation with axial surface pitch for the 
Hauterivian
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Inter-limb-angle variation with axial surface pitch for the 
Berresian-Valanginian
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Inter-limb-angle variation with axial surface pitch for the Malm
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Figure 5.40 Scatter plots of inter-limb angle versus axial surface pitch in the 

151°/84° NE profile plane for the Hauterivian, Valanginian – Berriasian and Malm units. 
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Inter-limb-angle variation with axian surface pitch for the 
Oxfordian-Argovian
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Inter-limb-angle variation with axial surface pitch for the Bajocian
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Figure 5.41 Scatter plots of inter-limb-angle versus axial surface pitch in the 151°/84°NE 

profile plane for the Oxfordian – Argovian and Bajocian units. 

5.5.5.4 Fold classification 
This section presents an analysis of fold classes observed in the study area. Fold 

classes have been determined from the LandScope derived profiles by using the 

characteristics of dip isogons outlined by RAMSAY AND HUBER (1987). Fold class 

is a good proxy for the mechanical properties of a layer in relation to the multi-

layer. For convenience a summary of the dip-isogon fold classification scheme is 

given in Table 5.3. 
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sub-class 1A strongly convergent isogons 

sub-class 1B parallel fold with isogons perpendicular to layering 

sub-class 1c weakly convergent isogons 

class 2 similar fold with parallel isogons 

class 3 divergent isogons 

Table 5.3 Summary of dip isogon fold classification scheme. After Ramsay & Huber 

(1987). 

Dip isogon lines were constructed on the three LandScope profiles and their 

geometry measured at regular intervals along each layer to determine the fold 

class. This data has been compiled into frequency histograms in  Figure 5.42. A 

cursory examination of Figure 5.42. shows that there are distinct differences in 

the fold geometries expressed by each unit. Care must be exercised when 

interpreting these results as many of the folds have been modified by thrusting, 

including out-of-the-synform thrusts and the creation of antiformal stacks. 

The distribution of fold-classes in the Urgonian limestone is unimodal with the 

majority of the folds conforming to a class 1B parallel geometry.  This may be a 

result of the relatively low amount of shortening accommodated by folding 

within this unit; most of the shortening in the Urgonian unit is taken up by large 

displacement thrust faults. 

Fold geometry in the Hauterivian layer is again predominantly parallel, however, 

compared to the Urgonian limestone, there is a much greater proportion of class 

1C and class 2. It is not clear whether the high frequency for class 1B is due to 

the natural folding response of the rheology of Hauterivian rocks, or whether it 

owes its origin to harmonic folding in sympathy with the Urgonian. If this is the 

case then the class 2 folds may be an expression of the lower competence of the 

Hauterivian rocks compared to the Urgonian limestones. 

The distribution for the Berriasian and Valanginian layers has a mode of class 2 

similar folds. Most of the folds developed in this unit are strongly disharmonic 

with folds in the adjacent layers, with the majority of fold trains confined to the 

unit. The less significant class 1B/1C folds are the manifestation of harmonic 

folding with the overlying Hauterivian and underlying Malm units. 



- 123 - 

G E O ME T R Y  O F  A  S O F T-L I N K E D  T H R U S T  S Y S T E M –  T H E  HA U T  G I F F R E  

There are some surprising results from this analysis. Many workers in the French 

Sub-Alpine Chains have noted that the Malm limestone develops into class 1B 

parallel folds (e.g. BUTLER, 1992b), and this is true in many cases. However, in 

this analysis the highest frequency classes for the Malm limestone are 1C and 2 

folds. Class 1B is only the third most frequent. This can be confirmed by 

examining the original LandScope generated profile (Figure 5.4), where large 

chevron folds with a similar geometry can be discerned easily. Although the 

Malm limestone has a high competence contrast to the Berriasian and Oxfordian 

marls that it is sandwiched between – a situation in which one would expect the 

layer to develop almost ideal class 1B parallel folds, it also has a high 

mechanical anisotropy: The Malm is very well bedded consisting of beds two-

orders of magnitude thinner than the unit as a whole, leading to a capability for 

the creation of chevron folds which have a similar geometry. 

The fold class distribution for the Oxfordian unit is the only one examined here 

that is not unimodal, with distinct high frequencies at class 1B and class 2. The 

parallel folds are harmonic with parallel folds developed in the overlying Malm 

limestone, whereas the similar folds are disharmonic with folding in the Malm 

limestone and often harmonic with folding in the underlying Bajocian limestone. 

Therefore, the distribution includes two separate sub-populations of folds, one 

where the geometry is controlled by the folds in the Malm unit, and a second 

where it is the intrinsic rheology of the layer that is the prime controlling factor, 

rather than extrinsic effects. 

The fold class distribution in the Bajocian limestone is strongly unimodal, 

containing predominantly similar folds, which is sometimes harmonic with 

similar folding in the Oxfordian marls. 
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Figure 5.42 Histograms of fold class for the six units imaged in the LandScope profiles. 

Fold class analysis used the dip-isogon characteristics laid down by RAMSAY & HUBER 

(1987). 

5.5.5.5 Buckle-fold case study 
Shortening in the Malm limestone is accommodated by a combination of folding 

and thrusting. The thrusting has been described in some detail in the previous 

sections of this chapter; this section presents a case study of deformation patterns 

around the large-scale buckle fold pair that runs from below the Col de Sageroux 

[map 507 357] to Vogealle [map 487 345] (Figure 5.8). In order to determine the 

kinematics of fold development in the Malm limestone detailed measurements of 

veining orientation and thickness were made at various sites selected on the fold 
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limbs an hinges. A discussion of kinematic models to account for these 

observations can be found in section 6.2. 

5.5.5.5 a) Vein orientations 
Vein orientations were sampled at three positions on the syncline of the fold-pair, 

on the lower limb, in the hinge zone and on the forelimb. The results are 

presented graphically in Figure 5.43 and numerically in Table 5.4. At each of the 

three locations there is a vein set sub-perpendicular to bedding and sub-parallel 

to the local hinge orientation (16°/226°). On the lower limb there is an additional 

vein set 86° from the first and also perpendicular to bedding. The three localities 

therefore have vein sets that record longitudinal extension of the layers 

perpendicular to the hinge. The second set on the lower limb accommodates 

extension sub-parallel to the hinge. 

Location Bedding Veins 
Bedding ∠  

Veins 

Veins ∠  

Hinge 

205°/61° NW 78° 10° Lower limb 

[4823 3252] 
080°/27° S 

307°/62° NW 82° 75° 

Hinge  

[4824 3330] 

065°/70° SE 158°/19° SW 72° 2° 

Upper limb 

[4787 3339] 

063°/44°SE 029°/39° NW 79° 23° 

Table 5.4 Orientations of bedding and vein sets around the Vogealle synform. Map 

references are given in the first column. See also Figure 5.43 for schematic locations. 
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Figure 5.43 Schematic of the positions relative to the fold structure from which vein 

orientation measurements were made. All stereoplots are equal-area, lower-hemisphere, 

point-density contoured. Solid girdles indicate bedding, dashed girdles indicate mean 

vein orientations and the chain-dashed line indicates best-fit girdle through poles to 

veins. 

5.5.5.5 b) Vein spatial distribution 
A second aspect of the study of veining in the Malm limestone around the large 

fold pair examined the spatial distribution of the veins – specifically their 

thickness and continuity perpendicular to bedding. Measurements were made of 

the aggregate vein thickness at three sites to be determined and therefore the 

amount of longitudinal strain. Separate measurements were made on the upper 

and lower stratigraphic surfaces of individual beds. The results are presented in  

Table 5.5. The backlimb shows sparse veining accommodating very little strain 

(Figure 5.45), in fact a shortening is accommodated by cleavage – section 5.5.5.5 

c) contains more details. The hinge-zone (Figure 5.46) shows a substantial 

longitudinal extension on the outer-arc of the bed achieved by a radial veining 
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pattern parallel to the hinge and perpendicular to bedding. This pattern of greater 

extension on the stratigraphic upper surface of the layer is also evident in the 

upper and middle forelimbs (Figure 5.47). The lower portion of the forelimb 

shows the opposite pattern – greater vein thickness being present on the 

stratigraphic underside of the layer. Vein fill material where fibrous was 

generally orientated perpendicular to the vein walls indicating a tensile mode 1 

fracture. 

 

Location Surface Longitudinal strain e Relative strain 

etop - ebottom 

top 0·02 
Backlimb 

bottom 0·03 
-0·02 

top 0·64 
Hinge  

bottom 0·04 
0·60 

top 0·07 
Upper-forelimb 

bottom 0·04 
0·03 

top 0·13 
Mid-forelimb 

bottom 0·08 
0·05 

top 0·14 
Lower-forelimb 

bottom 0·25 
-0·11 

Table 5.5 Table showing longitudinal strains due to veining measured parallel to 

bedding and perpendicular to fold-hinge owing to veining within individual layers. 
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Figure 5.44 View of equally spaced, bedding-perpendicular, hinge-parallel tectonic 

stylolites (pressure solution cleavage) in Malm limestones. Plan view.  

 
Figure 5.45 A view of the back-limb of the fold, showing the low intensity of veining in 

this region. The thickest bed in the photograph is ~ 1 m thick. Looking north-east. 
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Figure 5.46 Veining patterns in the antiformal hinge of the fold discussed in this section. 

Veins run perpendicular to bedding and parallel to the fold hinge, defining a radial 

pattern in profile at the hinge zone. The view is to the south-west. 

 
Figure 5.47 A view of part of the overturned limb of the fold illustrating the differing 

extensions accommodated by veining on the upper and lower surfaces of the fold. Here 

extension on the stratigraphic topside is greater than that on the stratigraphic underside 

of the layers. View is to the north-east. 

 



- 130 - 

G E O ME T R Y  O F  A  S O F T-L I N K E D  T H R U S T  S Y S T E M –  T H E  HA U T  G I F F R E  

5.5.5.5 c) Penetrative strain 
Within the flat-lying limbs of the fold a strong, evenly spaced pressure solution 

cleavage has developed manifested as tectonic stylolites (Figure 5.44). In 

contrast to the cleavage predominantly developed in marls and shales across the 

study area in general which has an orientation of 074°/23° SE, the cleavage 

developed here is very steep at 070°/87° SE in the upper limb. Bedding in the 

upper limb is oriented at 066°/10° SE. The cleavage forms an angle of 77° with 

bedding and 5° with the local fold hinge. In effect then this cleavage 

accommodates layer-parallel shortening perpendicular to the fold hinge. i.e. the 

cleavage strain is coaxial with the bulk strain accommodated by folding. Typical 

stylolite spacing was 150 mm and the magnitude of the longitudinal strain as 

determined from amplitude is -0·06. 

Ammonites within the Malm limestone provide rare but convenient strain 

markers for determination of strain accommodated on shorter length-scales than 

accommodated by the tectonic stylolites. Ammonites from the flat-lying limb 

were measured and analysed using Blake’s method (BLAKE, 1878; RAMSAY & 

HUBER, 1983). No ammonites were located within the overturned limb. None of 

the ammonites gave axial ratios greater than R = 1·04 for the strain ellipse 

parallel to bedding with long axis parallel to fold hinge. i.e. layer parallel 

shortening perpendicular to hinge (with the assumption of constant volume) is 

-0·04. 

Total longitudinal strain of layer parallel shortening perpendicular to the fold 

hinge in the flat-lying limbs therefore is about -0.10. 

In the forelimb cleavage is inclined at a moderate angle to bedding – being axial 

planar. The cleavage in generally more intensely developed on one side of a bed, 

although its is not clear whether this is related to small-scale lithostratigraphic 

heterogeneities. 

5.5.5.5 d) Minor faults 
It was pointed out in section 5.3.1.2 that the synform has been modified by a 

thrust. Minor thrusts are also relatively common at the antiformal hinge of the 

fold-pair recording failure of the hinge (e.g. Figure 5.48), although these are 



- 131 - 

G E O ME T R Y  O F  A  S O F T-L I N K E D  T H R U S T  S Y S T E M –  T H E  HA U T  G I F F R E  

generally developed on a smaller scale than the out-of-the-synform thrust, 

affecting typically two-or three layers. 

A minor fault has also been revealed by detailed mapping on the overturned limb 

of the fold. It is contractional with respect to the layer, but is steeply dipping 

giving a horizontal extension. Figure 5.49 illustrates a schematic of the structure 

annotated with the orientations of various structural elements. 

 

Figure 5.48 A sub-horizontal hinge fault developed in the antiform of the major fold pair 

within a competent limestone later within the Berriasian unit. Offset on the thrust is 

approximately equal to the bed thickness of the  limestone layer to top-to-the-left. This 

locality is close to the Malm/Berriasian interface and the fault affects a thin limestone 

within Berriasian marls. The fault cannot be traced within the marls. The view is hinge 

parallel looking north-east. 
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Figure 5.49 Schematic view of a steeply dipping minor fault on the fold forelimb. The 

fault is contractional with respect to the layer, although appears to show horizontal 

extension. 

5.5.6 Faults 

5.5.6.1 Orientation distribution 
The data in this section is derived from the LandScope profiles introduced in 

section 5.3. Fault traces have been analysed to derive orientation distributions 

based upon fault length frequency. 

5.5.6.1 a) Tenneverge – Tour du St Hubert – Sageroux – Dent de Barme 
Fault orientation observations extracted from the Grand Mont Ruan – Col de 

Sageroux profile are shown in Figure 5.50.  The distribution is polymodal, with 

the very strong primary mode at 25° ± 5° SE with 32·2% of the total sample. 

Minor secondary and tertiary modes are present at 45° ± 5° NW and 85° ± 5° 

NW respectively. 

The similarity of this distribution to the corresponding axial-surface orientation 

distribution is noted. A anticlockwise rotation of 5° about the plunge vector of 
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the axial-surface distribution with respect to the fault distribution would bring 

them in to good correspondence. 

Data from the Col de Sageroux – Dent de Barme portion of the profile is 

submitted in Figure 5.51. The distribution is weakly polymodal, with the primary 

mode of 45° ± 5° centred on a broad high-frequency lobe spread 40° either side. 

This zone contains 80·4% of the sample. The minor modal classes are barely 

distinguishable from the background, and are not statistically significant. 

 

Figure 5.50 Rose diagram of fault pitch within the 151°/84°NE profile plane for the 

Grand Mont Ruan – Col de Sageroux profile. The data for this analysis was derived from 

LandScope. The total length of fault trace included is 5·66 km contained in 49 individual 

faults. Class interval is 10°. Note that sector areas are proportional to per cent 

frequency. 

 
Figure 5.51 Rose diagram of fault pitch within the 151°/84°NE profile plane for the Col 

de Sageroux – Dent de Barme profile. The data for this analysis was derived from 

LandScope. The total length of fault trace included is 2·16 km contained in 113 individual 

faults. Class interval is 10°. Note that sector areas are proportional to per cent 

frequency. 

5.5.6.1 b) Pointe Rousse des Chambres 
The fault orientation distribution for the Pointe Rousse des Chambres LandScope 

profile is shown in Figure 5.52. The distribution is markedly polymodal, however 

the relatively small sample size means that such apparent polymodality must be 
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interpreted with caution. The primary modal class is 5° ± 5° NW and adjacent 

classes also have high frequencies. This mode is unusual in representing foreland 

dipping faults. A secondary mode is present at 25° SE corresponding to 

hinterland dipping thrusts in the section. Prominent tertiary and quaternary 

modes at 65° SE and 55° NW correspond to inverted antithetic and synthetic 

(with respect to thrusting) normal fault systems within the Hauterivian, that were 

discussed in section 5.3.2.2. 

The qualitative similarity between this fault orientation distribution and the 

corresponding axial-surface distribution of Figure 5.37 is noted. 

 

Figure 5.52 Rose diagram of fault pitch within the 151°/84°NE profile plane for the 

Pointe Rousse des Chambres profile. The data for this analysis was derived from 

LandScope. The total length of fault trace included is 524 m contained in 28 individual 

faults. Class interval is 10°. Note that sector areas are proportional to per cent 

frequency. 

5.5.6.2 Displacement distance analysis 
This section presents an analysis of displacement gradients observed on a fault 

within the study area. Reliable correlation of layers is the major obstacle to more 

widespread application of this technique. Displacement-distance analysis was 

documented by WILLIAMS & CHAPMAN (1983). 

5.5.6.2 a) Pointe Rousse des Chambres thrust 
The Pointe Rousse des Chambres thrust is a relatively minor fault, the geometry 

of which was discussed in section 5.3.2.2 and illustrated is in Figure 5.53. A 

displacement-distance graph for the structure is presented in Figure 5.54. The 

offset on the whole structure (distributed shear and localised faulting) is 

approximately constant at about 74 m. All of the offset is accommodated by the 

fault at distances of 125 m and above. Below this the fault accommodates only a 

proportion of the total slip. The point at which the two curves join is equivalent 



- 135 - 

G E O ME T R Y  O F  A  S O F T-L I N K E D  T H R U S T  S Y S T E M –  T H E  HA U T  G I F F R E  

to the stratigraphic mechanical interface between the Valanginian unit and the 

Hauterivian limestone. The displacement gradient on the fault in the transfer 

from distributed to localised shear is 0·26. 

5.5.6.2 b) Ottans thrust 
This thrust is in the hangingwall to the Ottans normal fault and is sub-parallel to 

it. The two faults together bound a horse, the Ottans normal fault beneath and the 

Ottans thrust above. Figure 5.55 shows the fault and bed markers that were used 

for the measurements. Actual measurements were taken from the profile as 

processed by LandScope, so the distances and offsets should be in true profile. 

The offset-distance plot for the fault is shown in Figure 5.56. From an peak offset 

of 171 m toward the upper end of the fault the displacement reduced down dip 

linearly with a gradient of -0·4 to a local increase of the gradient to -0·8 

corresponding to a small splay in the hangingwall. Below a distance 

corresponding to the top of the Malm limestone the offset is constant at 97 ± 3 m. 

Note that this fault shows the opposite behaviour to that described in the previous 

section: Here offset on the fault in the incompetent Berriasian is greater than that 

in competent Malm. It appears clear that the Berriasian can support far higher 

displacement gradients and therefore hangingwall strains than the Malm, but how 

real is this effect?  The negative gradients of the offset-distance curve show that 

the hangingwall rocks show extension relative to the footwall rocks; in the 

terminology of CHAPMAN & WILLIAMS (1984) there is a relative stretch εr greater 

than one, thereby falling beyond their group three categorisation of fold-thrust 

structures. It seems unlikely that true extension has occurred in the hangingwall, 

especially given the degree of folding immediately adjacent to the fault. Rather, 

it is suggested that this is a stratigraphic effect, there being an originally greater 

thickness of sediment in the hangingwall to the fault suggesting a 

synsedimentary extensional origin for this fault with subsequent inversion. This 

scenario is considered to be especially likely in light of the fact that this fault is 

parallel and linked to the Ottans normal fault, which still shows an extensional 

offset. 
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Figure 5.53 Detail from Figure 5.17 of displacement accommodated by shearing of a 

fold forelimb in the Berriasian being transferred up-section on to a discrete thrust in the 

Hauterivian. The apparent break in the fault trace is a topographic effect. View is to 

south-east and is estimated to be ~ 150 m high. 
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Figure 5.54 Offset-distance profiles for the structure illustrated in Figure 5.53. The lower 

blue line records the offset accommodated on the fault whilst the upper pink line records 

the total offset across the structure (i.e. shear on fold limb plus fault). The distance is 

measured in the hangingwall from an arbitrary reference point. Data points on the 

diagram are left to right G to A of Figure 5.53. 
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Figure 5.55 Detail taken from Figure 5.2 and modified to show fault offset markers. This 

information was used to construct the offset-distance profile of Figure 5.56.  Actual 

offset-distance measurements were taken from the corrected profile (Figure 5.3), 

however, this image is shown for clarity. The height of the field of view is ~ 300 m. 
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Figure 5.56 Displacement distance profile for the fault is Figure 5.55. Actual 

measurements were taken from the LandScope profile (Figure 5.3). The distance is 

measured in the hangingwall from an arbitrary reference point. Data points on the 

diagram are left to right A to G. 
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5.5.7 Fault and fold population study 
Work in recent years has emphasised simple relationships between the lengths of 

individual fault strands or the widths of individual fault zones and their 

displacement.  (e.g. ELLIOTT, 1976a; WATTERSON, 1986; HULL, 1988; WALSH & 

WATTERSON, 1988; MARRETT & ALLMENDINGER, 1991, 1992; SCHOLZ & COWIE, 

1990). Following from this, scale-invariant or fractal geometries present in fault 

networks have been convincingly identified (SCHOLZ & COWIE, 1990, MARRETT 

& ALLMENDINGER 1991, 1992, COWIE & SCHOLZ 1992a, b, c). However, the 

great majority of this work has been undertaken in extensional, sometimes 

inverted, basins. Furthermore, the bulk of the work considers faults in plan view, 

rather than profile or section.  

The use of cumulative-size frequency analysis has been driven largely from the 

demonstration that many populations of faults can be accurately modelled as 

fractal (power-law) distributions and that this distribution is scale invariant. This 

provides a powerful tool to assess the total cumulative strain within a defined 

size range accommodated by a fault population, and ultimately as a prediction 

tool to infer the statistical existence of faults within a population, from a given 

sample. 

Fractal scaling behaviour of faults has been demonstrated to be a useful tool by 

many studies, with the caveat that it can also be an unreliable indicator of total 

fault number. Its use should be with careful consideration of scales of influence, 

and with regard to the dimensionality of the study – in this case two. Fault length 

will be influenced by strain rate, rheology, pre-existing structures, fluid pressure 

and temperature. Variations or anomalies in these factors may produce deviations 

away from an ideal distribution. 

This contribution assesses the scaling behaviour of thrust faults in profile from 

the study area. Furthermore, an attempt is made to assess the scaling properties 

of fold trains. In this study the length of axial surfaces in profile (i.e. between the 

‘tips’ of zero fold amplitude) are used for quantify the size of folds. 

Finally a comparative statistical analysis of the fold and fault populations is 

undertaken to appraise the relationship between these different responses to 

applied deformation. 
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The data used in this section is wholly derived from fault and axial surface traces 

from the LandScope profiles discussed in 5.3. Therefore all references to fault 

length or axial-surface length in this section refer to apparent length as seen in 

the profile plane. Still further, the recorded lengths will always be shorter than 

their true lengths. When apparent fault offset or fold amplitude is below the 

resolving power of the method used to record the traces an apparent tip will be 

observed, however, is difficult to assess the lower limit of fault offset observation 

resolution. 

5.5.7.1 Fault populations 
Logarithmic cumulative frequency distributions of fault length are shown in 

Figure 5.57 for the three LandScope derived profiles discussed in section 5.3, 

with the same data reproduced in Figure 5.58. Any faults shorter than 10 m have 

been filtered from the analysis as 10 m is believed to be a reliable minimum 

resolution of the technique used to produce this data. 

The cumulative frequency curve for the Grand Mont Ruan – Col de Sageroux 

fault data is shown in Figure 5.58a. This profile samples Bajocian to Valanginian 

stratigraphic units. The median fault length is 74 m and the range of lengths is 

from the imposed 10 m lower limit to 932 m. The distribution is distinctly multi-

part and can be closely approximated by linear regression lines on log-log axes 

i.e. power-law, indicating a multi-fractal frequency-length distribution. MARRETT 

& ALLMENDINGER (1992) argue that these faceted plots arise owing to sampling 

bias towards either end of the observed length range, however, WOJTAL (1996) 

suggests that this can occur through effects of the temporal evolution of fault 

systems on fault populations. No attempt has been made to fit regression lines at 

the limits of the distribution where the quality of the data is less certain. Table 

5.6 contains details of the regression lines, showing over what ranges regression 

lines can be successfully fitted to the cumulative frequency curves. 

Fault length data for the Col de Sageroux – Dent de Barme profile is presented in 

Figure 5.57b sampling faults developed in Malm through to Urgonian units. The 

median fault length is 20 m and the range of lengths is 10 m to 136 m. The fault 

length distribution curve as a whole has a similar overall shape to the curve of 

Figure 5.57a but scaled into a narrower range of fault lengths. Again, power-law 
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regression lines closely approximate the distribution, the details of which can be 

found in Table 5.6, indicating fractal scaling over limited scale ranges. 

Finally, data from the Pointe Rousse des Chambres profile is presented in Figure 

5.57c, in which faults within Berriasian to Urgonian stratigraphy are sampled. 

Possibly owing to the lower fault sampling rate for this profile, this distribution is 

best fitted by a single regression curve – again suggesting fractal scaling within 

this population. Nonetheless, there is some suggestion of a smaller scale structure 

within the plot, with several distinct breaks in the slope of the data, perhaps an 

indication of a more complex multi-fractal geometry. 

Figure 5.58a allows direct comparison of fault populations between the different 

profile sections. The Col de Sageroux – Dent de Barme profile and the Pointe 

Rousse des Chambres profile have very similar fault population characteristics. 

The two curves have very similar slopes with the distinct break in slope 

occurring at approximately the same proportion of the sample. It is noted that 

these two profiles lie at equivalent along-plunge structural localities within the 

fold-thrust complex and also sample essentially matching stratigraphic units. It is 

proposed that these two curves represent different samples of the same fault 

population, the main difference being the absolute number of faults within each 

sample, rather than the internal characteristics of those samples. 

The curve of Figure 5.58a representing the Grand Mont Ruan – Col de Sageroux 

profile shows a substantial departure from the curves of the two other profiles. 

The sample includes many faults of much longer length than are present in the 

other samples. Again the distribution can be closely approximated by a two part 

power-law relationship, however, the break in slope of the curve occurs at a 

much higher proportion of the total sample.  Since this profile samples faults 

developed in different stratigraphy to the other profiles and is not in a structurally 

equivalent locality it is suggested that this sample represents a different fault 

population or a sub-population at some larger scale of organisation. 
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Description Parameter    
S 15 m 71 m 102 m 
N 51 31 14 Folds 
C 3·12 0·45 
S 18 m 54 m 111 m 
N 34 24 7 

Grand Mont 
Ruan – Col 
de Sageroux Faults 

C 3·15 0·58 
S 25 m 46 m 101 m 
N 55 30 7 Folds 
C 1·00 0·54 
S 10 m 51 m 
N 64 11 

Col – de 
Sageroux – 
Dent de 
Barme Faults 

C 0·92 
S 15 m 69 m 
N 44 10 Folds 
C 1·03 
S 11 m 41 m 
N 22 7 

Pointe 
Rousse des 
Chambres Faults 

C 1·15 
Table 5.6 Regression lines and slopes. Slopes values C are for the power-law relation 

ship N ∝  S-C, where N is the number of faults greater than or equal to length S, and C is 

the power-law exponent. 
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Figure 5.57 Length distributions for faults and axial-surface samples for the three 

profiles generated by the LandScope program and introduced in section 5.3. Each plot 

was derived from an ordered list of all recorded faults and axial surfaces within each 

profile, with the surfaces ordinal number plotted against its length, on logarithmic axes. 

Regression lines, some of which are multi-part, denote portions of the distribution which 

may conform to a power-law size-frequency relationship. 
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Figure 5.58 Length distributions for fault and axial surface samples. The same data as 

in Figure 5.57 is presented, by category, rather than by area. See the caption for Figure 

5.57 for further details. 
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5.5.7.2 Fold populations 
Logarithmic cumulative frequency distributions of axial surface length are shown 

in Figure 5.57 for the three LandScope derived profiles discussed in section 5.3, 

with the same data reproduced in Figure 5.58. Any axial-surfaces shorter than 

10 m have been filtered from the analysis as 10 m is believed to be a reliable 

minimum resolution of the technique used to produce this data. Axial surface 

length is defined as the distance along the axial surface to where the defining 

folds of the surface have zero amplitude. 

Data for the Grand Mont Ruan – Col de Sageroux profile are displayed in Figure 

5.57a. sampling folds within a Bajocian to Valanginian units. The median axial-

surface length is 92 m with lengths ranging from 10 m (the imposed lower cut-

off) and 565 m.  The cumulative distribution can be very closely approximated 

by a two-part power-law regression line (linear on log-log axes). The ranges over 

which this power-law behaviour holds are recorded in Table 5.6. This suggests 

that this particular sample of folds does indeed show scale invariant geometric 

properties in terms of axial-surface length, over almost one order of magnitude 

for the first regression line. 

Information from the Col de Sageroux – Dent de Barme profile is illustrated in 

Figure 5.57b. This data records folds developed in Malm to Urgonian units. 

Median axial-surface value is 36 m and the length range is 11 m to 345 m. The 

axial-surface length distribution curve as a whole has a similar overall shape to 

the curve of Figure 5.57a, but scaled in to a more limited length range. A two 

part power-law regression line closely approximates the distribution, indicating 

fractal scaling. The details of these regression lines can be found in Table 5.6. 

The curve also shows a deeper structure at length scales below that of the 

regression lines: The distribution shows a distinctive stepped shape at a whole 

range of scales, suggesting much more complex systematic multi-fractal 

geometry that the relatively simple two-stage regression lines would suggest. 

Data from the Pointe Rousse des Chambres profile is presented in Figure 5.57c, 

in which faults within Berriasian to Urgonian stratigraphy are sampled. The 

median axial-surface value is 25 m with a range from the lower 10 m cut-off to 

273 m. Away from the limits of the distribution, the curve is best approximated 

by a single part power-law regression line suggesting a relatively simple fractal 
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scaling law. However, there are departures from this curve again hinting at a 

level of fold organisation at shorter length scales. 

Figure 5.58b allows direct comparison of fold populations between the different 

profile sections. The Col de Sageroux – Dent de Barme and Pointe Rousse des 

Chambres profiles have similar length ranges and close median values, reflecting 

the similarity of these curves. Minor changes in curve gradient are not correlated 

between the two curves, although the overall gradient of the curves is similar (see 

Table 5.6). These two samples were obtained from along-plunge sites in similar 

structural and stratigraphic settings. It is submitted that these two curves are of 

samples from the same fold population. 

The curve of Figure 5.58b of the axial-surface population of the Grand Mont 

Ruan – Col de Sageroux profile is very different, having a much lower gradient 

and a greater range of lengths. This is reflected in the median axial-surface length 

which is roughly three times the value for  the two other profiles. The profile 

samples folds developed in different units and in different structural setting; it is 

proposed that this sample represents a different fault population or sub-

population. 

5.5.7.3 Fault and fold population relationships 
This section presents a comparative study of fault-length and axial-surface length 

distribution data presented in the previous two sections. 

Even a cursory examination of the fault and axial-surface length population 

curves presented in Figure 5.57 indicates a link between the fault lengths and 

axial surface lengths of a given profile. The three pairs of curves show striking 

similarities, including similar gradients and overall curve morphology. 

Furthermore, on these plots the fault population curve consistently lies below its 

counterpart axial-surface population curve, except near the limits of the curves, 

where the quality of the data is less certain. Where the curves show a 

segmentation on a scale smaller than that of the regression lines, this is mimicked 

in the other curve on similar scales, a suggestion that these are recording a real 

effect - a physical property which manifests itself in both the fault and fold 

curves. 
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An explanation for the consistently more numerous axial-surfaces compared to 

faults is that a single fold pair, which may be considered as a single kinematic 

unit equivalent to a single fault, will possess two axial surfaces, and will 

therefore be ‘over-represented’ in the statistics. 

Furthermore, examination of Figure 5.58 reveals that the ordering of the curves 

for the different profiles remains the same for either fault or axial-surface length 

analysis. This also suggests that the physical properties of the rocks within a 

particular section and the stress-history that has been applied to them has a 

similar effect on the fault and fold populations. 

5.5.7.3 a) Methodology: the  Kolmogorov – Smirnov test 
In this section an attempt is made to quantify the degree of correspondence of the 

fault and fold population distributions for each profile. 

The Kolmogorov – Smirnov (KS) test can be applied to continuous distribution 

data with low sampling frequency and investigates the normalised cumulative 

frequency distributions of different data sets. Away from the extrema, which are 

zero and unity by definition, different distribution functions give rise to different 

cumulative distributions. It is the probability function’s behaviour between these 

upper and lower limits, that distinguishes the distribution. The KS D-statistic 

provides a simple test of the null-hypothesis that the two distribution functions of 

two samples Sn1(x) and Sn2(x) are representative of the same population. It is 

defined as the maximum value of the absolute difference between two 

cumulative distributions. 
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The distribution of the KS D-statistic itself, in the case that the data sets are 

drawn from the same distribution, can be calculated to a useful approximation. 

The confidence level associated with the statistic can be obtained by the solution 

to the infinite series, 
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and Ne is the effective number of data points, which in the case of two 

distributions with n1 and n2 data points, is given by, 
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Owing to the approximations involved, an accurate estimate of the probability 

that the maximum observed difference D is due to random fluctuations when the 

distributions are the same is possible only when Ne ≥ 4. In the three studies 

presented in this chapter Ne ≥ 16. The two data sets to be compared in the work 

presented here never have the name number of data points i.e. n1 ≠ n2. It is one of 

the requirements of the KS test that both distributions be normalised, and this has 

been done by normalising cumulative frequency to a zero to unity scale. 

It should be noted that, owing to the nature of the probability distribution, the KS 

test is most sensitive around the median value, and less sensitive at the tails of 

the distribution. This has the effect of making changes in the distribution width 

hard to detect as this predominantly affects the extremes of the data. 

5.5.7.3 b) Results 
The results of the KS test on the three pairs of distributions are illustrated 

graphically as normalised cumulative frequency plots in Figure 5.59. The 

location of Dmax is denoted by the vertical chain-dashed line. The location of the 

first decile and the median are shown by horizontal dotted lines. The numerical 

results of the KS tests are superimposed on the plots and reproduced in Table 5.7. 
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As can be seen from the results, there is an exceptionally high degree of 

confidence that the fault and fold samples for the Grand Mont Ruan – Col de 

Sageroux profile are derived from the same ‘population’. This is also seen 

visually on the plot by the number of times the two curves intersect each other. 

‘Population’ here is used in the sense that there is a virtual population of length-

scales of which the fault and fold populations seem to be physical manifestations. 

In direct contrast to the previously discussed profile, the Col de Sageroux – Dent 

de Barme profile has fault and fold populations which produce a very low 

confidence score on the KS test; these two curves do not intersect at all. The low 

score is probably because this profile contains a relatively large number of small 

faults (i.e. < 30 m in length) to the north-west of the Dents Blanches back-thrust 

in the Hauterivian unit, in an area where there is little recorded small-scale 

folding. 

The Pointe Rousse des Chambres profile scores relatively highly in the KS 

confidence analysis, suggesting that the fault and fold length populations are 

manifestations of the same ‘virtual structure’ length scale population. The curves 

intersect twice. 

Profile Ne lDmax Dmax Qks 

Grand Mont Ruan – Col de 

Sageroux 
21 88 m 9·3% 98·5% 

Col de Sageroux – Dent de Barme 33 24 m 32·2% 0·2% 

Pointe Rousse des Chambres 16 48 m 16·6% 73·3% 

Table 5.7 Results of the Kolmogorov-Smirnov test for fault and axial-surface length 

populations for the three LandScope profiles. See text for explanation. 
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Figure 5.59 Normalised cumulative frequency distributions for fault length and axial-

surface length from the three LandScope derived profiles. 
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5.5.7.4 Discussion 
It has been demonstrated that in some, but not all, examples of mixed-mode 

deformation (i.e. simultaneous folding and faulting) that there is a strong link 

between the length scales on which different classes of structure, namely faults 

and folds. Both faults and folds show a power-law cumulative frequency versus 

length relationship which have a systematic relationship to each other. Fault 

populations are consistently less numerous than fold populations (as defined by 

axial surfaces) and the same relationships exist between fault samples from 

different areas and fold samples from those same areas. 

Clearly then, fundamental physical properties of the multi-layer and the 

deformation which has been applied to it have similar effects on the development 

of both fault and fold populations. The influence of rheological layering on fault 

length populations has been examined by DAWERS & ANDERS (1995) and 

WOJTAL (1996). Apparent deviations away from this ideal distribution may be 

the result of sampling error at the limits of length scale examined (WOJTAL, 

1996). 

These results support the conclusion that, under favourable conditions for mixed 

mode deformations (i.e. temperature, pressure, strain-rate, etc.) thrust faults and 

fold pairs may be considered, at a high level of abstraction, to be kinematically 

equivalent units where the main difference is in the deformation mechanisms 

involved and the degree of strain localisation. 

5.5.8 Summary of kinematic axes  
The three dimensional measurements of structural elements such as cleavage and 

fold hinges have been used to determine the orientation of the profile planes used 

for the construction of the LandScope profiles. A summary stereoplot of the main 

structural elements is given in Figure 5.60.  It can be seen that there is very good 

agreement between the different structural elements, particularly the π-pole to 

bedding, the bedding cleavage intersection lineation and the fold hinges. The 

orientation of the bedding girdle was selected at the orientation for the 

construction of the profiles presented earlier in this chapter as the primary 

purpose of the profile is to record the geometry of bedding. 
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Figure 5.60 Summary stereoplot for the orientation data presented in section 5.5. 

Included are the bedding π-girdle (151°/84° NE) and its pole (08°/241°), mean axial 

surface (056°/38° S), mean cleavage (068°/28° SE), mean measured bedding-cleavage 

intersections 9°/239°, mean shear-fibre lineation 12°/141°, and mean fold hinge 

(6°/241°). 

5.6 Summary 
Detailed structural mapping and photography have yielded a detailed description 

of the geometry of the thrust system within the Haut Giffre. These data are 

presented as a geological map and four profile-plane cross-sections depicting a 

fault system where typically the individual thrusts do not show hard-linkage. 

Deformation in the region is accommodated by a combination of discrete 

thrusting and more distributed strain (folding). Displacements are not generally 

transferred between fully connected thrusts as in a hard-linked thrust system, 

rather displacement is transferred between folds and faults at both the leading 

and trailing tips of thrusts. 

Zones of high distributed or mixed-mode strain in incompetent units spatially 

link brittle faults in competent layers. This transfer of displacements between 

faults without hard-linkage has allowed soft-linked duplexes and soft-linked 

splays to be identified. Displacement appears to be conserved between soft-

linked thrusts although displacement input and leakage to the system could be 

difficult to identify if bedding parallel. 
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Statistical analysis of both field and photogrammetrically measured structural 

elements together with determination of fold-class has allowed the deformation 

patterns in individual profiles and layers to be characterised. This statistical 

analysis shows that variation in fold axial-surface and fault orientation  is 

spatially related to large-scale structure: Faults and fold are steeper close to the 

Dents Blanches backthrust. There is close correlation between the axial-surface 

and fault orientation populations of different areas. 

A comparison of field measurements and photogrammetrically derived 

measurements of bedding orientation validate the results of the LandScope 

program.  

Fold hinges throughout are perpendicular to the thrusting direction of 322° 

defined by mineral fibres, and are sub-parallel with little variation in orientation. 

Almost all folds within the area verge north-west showing typical axial-surface 

dips of ~ 40° although in high strain zones recumbent folds are predominant. 

Veining patterns show a simple spatial and directional relationship to large scale 

fold hinges and bedding. 

Analysis of fault offsets finds that higher displacement gradients – and therefore 

wall-rock strains – are accommodated by low-competence marls than high-

competence limestones. Offset-distance analysis has also allowed stratigraphic 

thickness changes adjacent to now-inverted normal faults to be identified. 

An analysis of fault and fold populations has demonstrated that there is a direct 

relationship between the length-scales at which faults and folds in the region 

have developed, pointing to development of both fault and fold populations being 

controlled by the same characteristics of the multi-layer and the applied 

deformation. 

In summary, a comprehensive description of the geometric elements of a soft-

linked thrust system have been undertaken, in preparation for a discussion of 

kinematic models for the development of such as system. 
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6 Kinematics of a soft-
linked thrust system: 
the Haut Giffre 

δοζ µοι που στω και κιυω την γηϖ 

Give me one firm spot on which to stand, and I 

will move the earth. 

Archimedes, Synagogue bk. 8, prop. 10, sec. 11. 

6.1 Introduction 
This chapter considers the geometric evidence presented in chapter 5 and derives 

from it models for the kinematic development of the fold-thrust system observed 

in the Haut Giffre. A bottom-up approach is taken, considering the kinematics of 

individual structures or classes of structures, and incorporating this in to a larger-

scale model. 

Buckle folds developed in the Malm limestones are considered initially, followed 

by a consideration of the importance of pre-thrusting structures. Then the 

grouping of individual structures into coherent kinematic entities is discussed, 

followed by a section on the relative timing and sequence of activation of these 

structural zones. 

6.2 Buckle fold kinematics of the Malm limestone 
It has long been recognised that buckle-folding is an important process in the 

development of Alpine structures (RAMSAY, 1983; CASEY & HUGGENBERGER, 

1985) and that simple fault-bend folding alone (e.g. SUPPE, 1983) is inadequate 

to explain the diversity of structures seen in the Alpine foreland thrust belt of the 

Subalpine Chains. Large asymmetric folds have a multitude of theories to 

account for their existence in fold and thrust belts. The fault-bend-fold model 

related curvature of thrust sheets to their translation over footwall topography 

(RICH, 1934; SUPPE 1983; BUTLER, 1982b). The fault-propagation-fold model 

describes the development in front of or behind the leading or trailing tips 

respectively of a propagating thrust (SUPPE 1985; SUPPE & MEDWEDEFF, 1990). 



- 154 - 

K I N E MA T I C S  O F  A  S O F T-L I N K E D  T H R U S T  S Y S T E M:  T H E  HA U T  G I F F R E  

A detachment folding model describes folds which accommodate shortening 

above a detachment horizon which at its simplest level generates upright – or at 

least detachment perpendicular forms. These simple folding models are often 

modified by the application of pure and simple shear is various combinations 

(e.g. SANDERSON, 1979; DIETRICH & CASEY, 1989; ROWAN & KLIGFIELD 1992). 

The latter can result in high rotations of fold forelimbs in to the shear plane – 

ultimately resulting in recumbent folds. Many of the ideas of this section were 

initially presented by the author to the 1997 Annual Meeting of the Tectonic 

Studies Group of the Geological Society of London. 

An intimate combination of different structural styles, such as transfer of 

displacement between folds and thrusts, is now perceived to be a crucial element 

of Alpine-style fold-thrust systems (DAHLSTROM 1969, 1970; PFIFFNER 1985; 

DIETRICH & CASEY 1989; EISENSTADT & DE PAOR 1987; BUTLER 1992b). It is 

clear that a greater understanding of the evolution of these buckle folds is critical 

to understanding the operation of the system as a whole. 

This major section examines the geometry and kinematics of buckle fold 

development in the competent limestone layers of the Haut Giffre using the field 

data presented in chapter 5. 

6.2.1 Sageroux fold pair - field data review 
The field data pertinent to this section was presented in 5.5.5, specifically the 

case-study of section 5.5.5.5.  A photograph of the fold can be seen in Figure 5.8 

on page 78. To summarise the features of  the fold pair: 

The antiform shows the following features: 

• moderately inclined horizontal closed fold 

• class 2 to class 1C 

• sharp-hinge zones and straight limbs 

• hinge orientation 00°/245° 

• interlimb angle 64°. 

The synform has the following features: 

• moderately inclined horizontal closed fold 
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• polyclinal hinge with overall lower curvature than antiform 

• substantial modification by an out-of-the-synform thrust 

• hinge-orientation 02°/245° 

• interlimb angle 36° 

The forelimb has an orientation of 065°/56° S and has a length of approximately 

250 m. A distinctive pattern of veins has been identified accommodating 

extension parallel to bedding and perpendicular to hinge on the forelimb and 

hinge zones. Conjugate vein sets are present on the flat-lying limb ahead of the 

fold. It is not clear whether this conjugate set is related to buckle fold 

development – it appears to accommodate a low magnitude hinge parallel 

extension. The degree of extension varies between the upper and lower surfaces 

of bedding layers. Tangential longitudinal strain (RAMSAY, 1963) in the flat-

lying limbs of magnitude -0·10, perpendicular to fold hinge, is recorded by 

strained ammonites and tectonic stylolites. Hinge thrusts and steep minor faults 

on the overturned limb of the fold are present. The ubiquity with which shear 

fibres decorate bedding surfaces testifies to the importance of flexural slip as a 

folding mechanism. Axial planar cleavage of is developed throughout the 

structure, being most intensely developed in the hinge-zones and on the forelimb. 
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Figure 6.1 Schematic of the spatial and orientation distribution of vein sets observed 

around folds in the Haut Giffre.  

6.2.2 Rolling hinge model 
Hinge rolling or migration has often been proposed as a folding mechanism. The 

term rolling is preferred here because hinge migration is a different phenomena 

related to polyphase folding (GHOSH et al., 1996). Examples of rolling hinges 

range from outcrop-scale buckle folds (e.g. BUTLER 1992b); rolling hinges in 

extensional fault systems (e.g. MANNING & BARTLEY, 1994; AXEN et al., 1995; 

AXEN & BARTLEY, 1997); to at the largest scale roll-back of oceanic lithosphere 

at subduction zones (e.g. BOTT et al., 1989; ZIEGLER, 1992). The widely 

accepted model of mobile hinge kinking can also be considered a related process, 

reviewed by WILLIAMS (1997, pp. 140). The migration of a narrow instantaneous 

deformation zone along a layer should result in a broad cumulative width for the 
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deformation zone which will be recorded by minor structures on the fold limbs 

BUTLER (1992b). 

The veining patterns and other geometric features of the Haut Giffre buckle-folds 

can be explained by a simple rolling hinge model. The veining pattern is 

summarised in Figure 6.1.  As one would expect, longitudinal extension is 

accommodated by veining around the outer-arc of the layer  in the hinge zone, 

simply to accommodate the high curvature of the layer (Figure 5.46 shows the 

antiform, see also RAMSAY & HUBER, 1987, their Figures 21.18 and 21.19  for 

similar geometries). However, this pattern of veining extends outwards in one-

direction only, on to the forelimb. The direction of tapering of the veins is of the 

opposite polarity for a sample taken form the lower portion of the forelimb closer 

to the synform. A consistent tapering direction for veins with respect to bedding 

can also be seen in RAMSAY & HUBER (1987) - their Figure 21.13, although an 

alternative interpretation is given, 

The rolling hinge model accounts for this distinctive pattern by invoking 

mobility of the hinge points relative to a fixed marker embedded within the layer. 

Therefore, the lengths of the forelimb and flat-lying limbs are variable. In the 

example shown (Figure 6.2) , two hinge points initially occupy the same site on 

the layer. In order to accommodate shortening material is transferred from the 

flat-lying limb(s) through the fold hinge(s) to the forelimb, causing the hinges to 

migrate away from each other and the forelimb to lengthen. In the example 

shown the hinges migrate at equal and opposite rates along the layer, although 

this is not a requirement. Through this mechanism hinge parallel, bed extending 

veins are generated at the hinge zones and as the hinge moves on to the back 

limb are well preserved on the forelimb, which must be in deviatoric tension for 

the rolling to occur. 
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Figure 6.2 Comparison of static and rolling hinge models of asymmetric fold 

development. Respective shortening values for a, b, c, d and p, q, r, s are the same. 

 

6.2.3 Model predictions 
What are the logical consequences of the rolling hinge model? How do these 

predictions differ from the static hinge hypothesis? In the rolling hinge model the 

forelimb is always overturned and in deviatoric tension. Figure 6.2 p to s may 

represent either a time-series for the evolution of a single fold or four separate 

structures at different stages of development. Given a population of rolling hinge 

folds, each at a different stage of evolution, one would expect some consistency 

in forelimb orientation and interlimb angle. However, one might expect a great 

deal of variation in forelimb length – as a characteristic wavelength  has no 

meaning in  this model. Shape change deformation associated with folding will 

affect all parts of the forelimb, but at different times, the zone of deformation 

migrating along the layer. 

Consider how this compares to the static hinge model: Here shortening is 

accommodated through progressive rotation of the forelimb (cf. EPARD & 

GROSHONG, 1995). The prediction for the qualities of a population of rolling 

hinge folds is opposite to that for the rolling model: Here the will be variation in 

inter-limb angle and forelimb orientation, but forelimb length might be expected 
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to be a function of the characteristic wavelength of the folded layer. Clearly 

shape change deformation  will be concentrated in the hinge zones – the fold 

limbs ideally undergoing only rigid translation and rotations. 

Examination of Figure 5.38c and Figure 5.40c show that the Malm limestone 

shows a much lower variability in inter-limb-angle values than do the other 

layers, with a minimum of 40° and a maximum of 90°, a range of only 50°, 

compared to the next smallest range of 118° for the Berriasian to Valanginian 

marls. This limited range is tentatively taken as supporting evidence for the 

Malm folding in accordance with the rolling hinge model. Clearly, this 

interpretation of the data assumes the validity of the Eulerian (WOJTAL & MITRA, 

1988) or self-similar (FISCHER & WOODWARD, 1992) approach to structural 

evolution – that spatial arrangements of deformation patterns may be considered 

in some sense to be equivalent to temporal deformation patterns. 

6.2.3.1 Flexural slip patterns 
This section assesses through a simple mathematical analysis of the geometry of 

folding kinematics the different ways in which strain compatibility in growing 

folds can be maintained through flexural slip. The analysis presented considers 

only the dynamics of flexural slip – the displacements between individual layers 

– and not penetrative deformation of the layers internally. Only flexural slip is 

explicitly considered here, nonetheless the idea may be extended to 

homogeneous flexural flow by considering a layer to consist of many 

infinitesimally thin layers. 

The model consists of a synform-antiform fold-pair growing on initially 

horizontal layers. The large-scale finite strain state achieved through the 

deformation is identical, however, the kinematics of deformation and therefore 

the strain path differ considerably. In the classical static hinge system the layer 

shortens by developing a pair of static or fixed hinge folds. In the second system 

fold growth is through a mechanism where the fold hinge rolls or migrates along 

the layer with respect to a fixed point. 

For simplicity of calculation and consistency between the two models an ideal 

chevron folding geometry has been used. In reality it is unlikely that this fold 

style would be capable of undergoing both of the strain paths here. Nonetheless, 
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it is believed that on a qualitative level, essentially the same result would be 

obtained if the analysis were extended to more rounded hinges. 

The following assumptions are made: 

• the end-limbs of the model maintain horizontality 

• both synform and antiform hinges accommodate shortening equally 

• slip on bed interfaces in conserved. i.e. the displacement gradient on bedding 

interfaces is equal to one 

• the inter-limb angle is constant on the rolling hinge model. 

It is noted that a linear measure of strain is meaningless when used in a system 

without definite spatial limits such as a thrust belt or fold-pair, and a measure of 

the change of length of the system – the shortening – is preferred. Nonetheless, 

when wishing to compare the features of different models a measure of 

normalised shortening (such as longitudinal strain) is preferable. Here shortening 

is represented as a proportion of the initial forelimb length in the static hinge 

model  (one unit) which is in turn one third of the initial model length which is 

three units long. 

The relationship between linear strain (e) and normalised shortening (s) is given 

by 
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The static hinge  model attempts to capture the classic view of fold development 

whereby initial perturbations in an otherwise flat layer are amplified by the 

folding process, which is in turn a consequence of an applied shortening. Pre-

deformational perturbations are here modelled by prescribed positions for the 

embryonic hinges in the initial conditions. Shortening is accommodated through 

progressive rotation of the forelimb and tightening of the folds. 

The rolling hinge model presents the alternative view of fold kinematics whereby 

initial perturbations are the cause for nucleation of fold-hinges but with further 

shortening these hinges may migrate along the layer with respect to some marker 
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fixed within the layer. Progressive shortening is accommodated through 

lengthening of the forelimb. 

6.2.3.1 a) Static hinge fold-pair calculation 
The first stage of  the calculation is to calculate the response of θ the inter-limb 

angle to a normalised shortening value. As can be seen from Figure 6.3 – owing 

to the fact that the antiformal hinge describes a circular arc – there is a simple 

trigonometric relationship between the shortening value and the folding angle 

and consequently the inter-limb-angle. We can write 

( )θ−°−= 180cos1s  
(6.2) 

( )s−−°= − 1cos180 1θ  
(6.3) 

The next part of the derivation is to determine the relationship between the inter-

bed flexural slip and the inter-limb-angle. Figure 6.3 illustrates the geometry of 

the situation which results in the formula 







=

2
cot2 θbx  

(6.4) 

where b is half the bed thickness. 

Combining (6.3) and (6.4) gives us an  equation relating the amount of flexural 

slip that has occurred between two adjacent layers to a given amount of 

shortening: 

( )







 −−°=
−

2
1cos180cot2

1 sbx  

(6.5) 

Finally, the integral slip can be calculated. This is defined as the offset vector 

integrated over the length (in two dimensions) or area (in three dimensions) of 

the slip surface. Where f is the forelimb length the value for the static hinge 

system is given by 
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( )







 −−°=
−

2
1cos180cot6

1 sfbt  

(6.6) 

 

Figure 6.3 Geometry of the static hinge model. The upper diagram illustrates the semi-

circular locus of the antiformal hinge throughout the shortening history. The lower 

diagram explains the derivation of equation (6.4) where b is the semi bed-thickness, θ is 

the inter-limb-angle and x is the flexural slip offset. 

6.2.3.1 b) Rolling hinge fold pair calculation 
Since θ is fixed in this model the first relationship to be calculated is that 

between the length of the forelimb (f) and normalised shortening (s) for a given 

value of θ. As shortening of the system occurs material is passed through the fold 

hinge from the backlimb on to the forelimb. The length of bed transferred onto 

the forelimb is dependent only on the forelimb and inter-limb-angle giving the 

relationship, 

θcos1+
= sf  

(6.7) 

where f is the length of the forelimb assuming an initial value of zero. 
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The relationship between inter-bed flexural slip and the inter-limb-angle is 

similar to that given in (6.4) but since the layers of the rear-limb of the fold are 

vertically pinned, the flexural slip is accommodated on the forelimb only, all 

relative motion between the layers occurring instantaneously at the hinge (for an 

ideal chevron fold the hinge zone is infinitesimally narrow). Therefore the value 

of the layer offset on the forelimb is double that in (6.4), 







=

2
cot4 θbx  

(6.8) 

Since x is independent of s for the rolling hinge scenario there is no equivalent 

expression to that of (6.5). 

The integral slip for the rolling system is defined here as the slip offset (x) 

integrated over the length that has slipped (in two dimensions) – equivalent to the 

length of the layer transferred from the backlimb to the forelimb (f). This gives, 
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(6.9) 

6.2.3.1 c) Results 
Plots of the values of integral slip against normalised shortening are shown in  

Figure 6.4 for the static hinge system and for eight rolling hinge systems with 

inter-limb-angles ranging from 10° to 80°. From this chart it may be seen that for 

a rolling hinge with and inter-limb-angle of 42° or more the finite integral slip is 

less for the rolling hinge strain path than for the static hinge strain path. 

Furthermore, Figure 6.5 which plots dt/ds against s shows that for a rolling fold 

with inter-limb-angle of 60° or more, the incremental integral slip is less for the 

rolling hinge fold than the static hinge fold for all shortening values. 
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Figure 6.4 Comparison of integral slip values for values of normalised shortening. 

Shortening (t) is as a proportion of initial forelimb length for the static hinge model. Black 

curves are for rolling hinge folds of various inter-limb-angles. The red line is for static-

hinge folds. 
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Figure 6.5 Comparison of incremental integral flexural slip variation with shortening for 

both static and rolling hinge folds. The rolling hinge curve (horizontal pink line) is for 

folds with an inter-limb-angle of 60°. 
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6.2.3.2 Strain compatibility 
An argument advanced by BUTLER (1992b) concerns the area balance of an 

incompetent unit beneath a developing buckle fold in a competent unit. The 

detail of the argument is not reproduced here, the reader is referred to the original 

literature. Suffice to say that a rolling hinge mechanism allows large parallel 

folds to grow without fluctuating depth to basal detachment, a problem 

encountered by the static hinge model, and difficult to solve without invoking 

geologically unlikely kinematic scenarios. 

6.2.3.3 Minor faults 
Steep minor faults on the overturned limb of the buckle folds with an apparently 

extensional offset were described in 5.5.5.5 d). Although in their current 

orientation these faults accommodate horizontal extension, with respect to local 

bedding they accommodate shortening. These faults are interpreted as minor 

thrusts which have been subsequently rotated by the folding process. An analysis 

of their orientation with respect to bedding and their pre-folding orientation 

supports this hypothesis: Rotation of the fault (072°/84° N) back through the 

folding angle about the fold axis given an original fault orientation of 048°/34° S, 

very similar to the orientation of minor thrusts still present in the flat-lying limbs. 

Unfortunately, this observation does not help to distinguish between the two 

folding models. The minor fault may either have undergone a spatially 

progressive rotation as the hinge migrated through that part of the layer, or a 

rigid rotation within wholesale rotation of the forelimb. 

6.2.4 Discussion 
Small scale structures (veins) on fold limbs and hinges can be explained by a 

rolling hinge folding model. Calcite infill material for these veins may derive 

from pressure solution processes forming tectonic stylolites on the backlimbs of 

the fold, or more locally from pressure solution on the inner arc of the folded 

layer, although no direct evidence for this is observed. 

The switch in veining pattern between extension being greatest stratigraphic 

topside rather than the underside occurs between the vein samples done on the 

middle to lower forelimb of the fold, (see Table 5.5 on page 127) suggesting that 

approximately two-thirds of the current forelimb length has passed through the 
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antiformal hinge and one-third through the synform. This deduction allows the 

nucleation point of the fold to be deduced.  This is the point on the unfolded 

layer at which marks the initial location of the proto-fold hinges. (Figure 6.6). 

A simple geometric analysis of flexural slip patterns indicates that less flexural 

slip is required to achieve rolling hinge folding than static hinge folding both in 

terms of finite-slip and incremental flexural slip for folds with an inter-limb-

angle of 60° or more. Furthermore there is a strong strain-compatibility argument 

derived from area balancing, for developing rolling hinge rather than static hinge 

folds. 

The synform is significantly tighter than the antiform, a feature not predicted by 

the model. It is suggested that the static and rolling hinge models are simply ideal 

end-members of a continuum, real folds likely to develop with a combination of 

hinge tightening with forelimb rotation and hinge rolling, with the two 

behaviours occurring either consecutively or concurrently. Such a combined 

mechanisms model could explain the tight synform observed. Furthermore, the 

synform of the fold-pair exhibits a class out-of-the-synform thrust parallel to the 

lower-limb of the fold. This thrust may exist to facilitate removal of material 

from the core of the over-tightening fold in the hangingwall to the thrust rather 

than simple failure of the hinge in shear– although again a combination of both 

causes is likely. The trailing tip of the thrust has not been folded into the synform 

indicating that the process of hinge rolling (for the synform at least) had ceased 

before development of the thrust, indicating that tightening of the fold and 

consequent generation of the thrust was a static-hinge process. Alternatively, 

tightening of the fold and creation of the out-of-the synform thrust may have 

caused the rolling synform to lock in position. 

In summary the following history can be determined: 

1. Initial shortening accommodated by minor thrusting on the scale of 

individual beds. 

2. Nucleation and development of a large-scale buckle fold by a mechanism of 

rolling hinges ± hinge tightening. Creation of diagnostic veining pattern. 

3. Tightening of synform to the extent that an out-of-the-synform thrust 

develops – easing space problems in the core of the growing fold. 
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4. Shortening of the backlimbs through a spaced pressure solution cleavage. 

 

Figure 6.6 Schematic of the Malm fold pair with its veining pattern, illustrating how the 

fold has grown from its nucleation point (yellow spot) by material rolling through the 

hinges from the flat-lying limbs onto the forelimb. In this case approximately two-thirds of 

the forelimb length has travelled through the antiform, and one-third through the 

synform. 

6.3 Influence of pre-existing structure 
Pre-contraction phase basin structures are now commonly recognised to be a 

crucial controlling factor in the development of many fold-thrust systems – the 

Haut Giffre portion of the Sub-Alpine Chains being no exception (BUTLER 1989; 

COWARD et al., 1991; LEMOINE et al., 1981, 1986). The direct impact of basin-

architecture on thrust development in the Haut Giffre was examined in detail by 

WELBON (1988a) and WELBON (1988b). Welbon concluded that many of the 

thrusts in the Giffre region had nucleated on normal faults which were 
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subsequently inverted or provided nucleation points for new thrusts of a different 

orientation. What is the evidence from this study for basin architecture playing 

an important role in the development of the soft-linked thrust system? 

6.3.1 Ottans fault 
The Ottans fault is described in some detail in section 5.3.1.2 with a further 

analysis of the offset distance profile for this fault in section 5.5.6.2 b). It was 

noted that bedding in the hangingwall to this thrust, although highly contorted by 

folding and thrusting is generally much steeper than in other parts of the study 

area, and with the opposite dip-sense – dipping in towards the fault. The offset 

distance study concluded that apparent extensional penetrative strain in the 

hangingwall rocks was unlikely to be real – the more likely cause being a 

increased stratigraphic thickness in the hangingwall. 

A model to account for the geometry of the Ottans faults is presented in Figure 

6.7. It is proposed that this suite of structures initiated as an array of normal 

faults during a period of extension. The offset data suggesting an increased 

stratigraphic thickness in the hangingwall suggests that this extension may have 

occurred in part during Berriasian and Valanginian times. Continued extension 

on these faults, which detach into the marls above the Bajocian limestones, 

resulted in the development of a pronounced rollover anticline structure – a direct 

consequence of the listric form of the normal faults. When placed in compression 

these normal faults responded by reactivating in the reverse sense. Reverse slip 

on the lower Ottans fault was less that the original extensional slip – therefore it 

retains its extensional offset. The higher Ottans thrust however underwent 

inversion of greater magnitude than the original extensional offset. This may 

have caused upwards propagation of this fault (at its thrust sense leading tip) 

towards the Ottans fault – resulting in formation of the horse structure present in 

the finite geometry. The relative timing of movement on the Petit Mont Ruan 

thrust and the Ottans fault complex is unclear, however, COWARD et al., (1991) 

present a hypothetical fault geometry of remarkable similarity to that seen in the 

Ottans and Petit Mont Ruan thrusts. Their research interpreted the higher fault 

(the Petit Mont Ruan thrust in this example) as a break-back thrust, bypassing the 

normal fault in its footwall. 
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In profile AA` therefore, there is excellent evidence for at least some of the 

major thrusts to have originated as extensional faults. 

 

Figure 6.7 Kinematic model for the structures seen in the Malm limestone in profile AA` 

in the region of the Ottans fault. (a & b) Initially an array of normal faults develops. (c) As 

extension continues a rollover anticline is developed in the hangingwall to the Ottans 

fault. (d) Later contractional reactivation causes partial inversion of the Ottans faults and 

total inversion of the Ottans thrust. New folds and thrusts are developed which cross-cut 

the rollover structure. Incipient faults are shown dashed. View is to the north-east. 
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6.3.2 Chambres fault 
The Chambres fault is directly present on profile CC`, but inferred to exist in the 

adjacent profiles. Facies variation in the Eocene hangingwall rocks to the fault 

show that the normal fault has a pre-Alpine-thrusting origin. The fault surface 

itself shows a similar form to the Ottans fault, with a listric geometry having high 

dip in competent limestones and detaching in to low competence marls and shale 

horizons. The Chambres fault is however developed at a higher stratigraphic 

level – with its detachment developed in the Valanginian and affected 

stratigraphy as young as Eocene in its hangingwall. 

As with the Ottans fault, contractional structures are developed in its 

hangingwall, including tight folds in the Valanginian, but an open syncline in the 

Senonian to Eocene sequence in its hangingwall.. Although this proximity of 

contractional structures to a fault with an extensional offset cannot be taken as 

but circumstantial evidence for inversion of the fault – it is felt to be highly 

unlikely that the Chambres fault would not have undergone some contractional 

reactivation during the generation of the thrust structures by which it is 

surrounded. 

6.3.3 Rochers de la Couarra thrust 
Evidence for the Rochers de la Couarra thrust being an inversion structure is 

based on two observations, largely on its high cutoff angle with bedding – more 

characteristic of extensional fault geometries (60°) than pure thrust (30°). This is 

well illustrated by Figure 5.12 on page 87. This fault is developed at the same 

stratigraphic level as the Chambres fault in its hangingwall. Exposure does not 

allow determination of whether this fault has a listric structure at depth, 

detaching into the Valanginian, but if this is the case it is likely to be linked 

kinematically to the flat of the Chambres fault (Figure 6.8). 
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Figure 6.8 Cartoon illustrating a model for the development of the Chambres fault and 

the Rochers de la Couarra thrust. Both structures were originally created as extensional 

faults, with later contractional reactivation causing partial inversion of the Chambres fault 

system and wholesale inversion of the Rochers de la Couarra fault. View is to the SW. 

6.3.4 Minor extensional faults 
Minor normal faults which have been inverted during contraction have 

documented in section 5.3.2.2 where displacement transfer from Valanginian 

folds onto an array of inverted minor extensional faults Figure 6.9. This outcrop, 

situated above the eastern flank of Lac de la Vogealle within the Pointe Rousse 

des Chambres LandScope profile provides perhaps the clearest evidence of pre-

existing normal faults playing a key role in soft-linked reverse fault systems – 

displacement is directly transferred from a thrust through folded layers on to this 

array of faults defining a kinematic ramp – the overall net effect in terms of the 

boundary conditions and the bulk geometric result is one of shortening 

accommodated by displacement across a structure that cuts up section in the 

direction of transport – kinematically equivalent to a thrust ramp. That the mode 

of deformation varies along the kinematic ramp from a true thrust, to folding, to 

inverted normal faults is not geometrically important at an abstract level to the 

role this structure plays in the thrust system as a whole – it is still an inclined 
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structure across which shortening is accommodated. It is not clear whether the 

normal fault array developed as a result of tectonic extension, or is a compaction 

related feature. 
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Figure 6.9 A kinematic ramp from the Pointe Rousse des Chambres profile (CC`) 

utilising pre-existing normal fault arrays. a) Cartoon of the likely geometry before the 

contractional phase. An array of minor extensional faults has developed in the 

Hauterivian. An incipient thrust is shown in the lower layers) The true recent geometry in 

profile, excerpted from Figure 5.19. Shortening is accommodated by a thrust in the lower 

part of the section, from which displacement is transferred on to folds in its hangingwall. 

At a higher level shortening is accommodated by partial reactivation of the normal fault 

array. View is to the south-west. 
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6.3.5 Discussion 
Originally extensional structures which have been reactivated in a contractional 

sense have clearly had a major role in shaping the thrust system of the Haut 

Giffre. Listric normal faults have developed at different stratigraphic levels with 

ramps in the competent limestone layers (Ottans fault in the Malm limestone, 

Chambres and Rochers de la Couarra faults in the Urgonian limestone), 

detaching on to flats developed within marl and shale units beneath the 

respective limestones.  This suggests that prior to the contractional phase of 

deformation a soft-linked extensional fault system existed (Figure 6.10), 

although this was not developed to the same degree of complexity as the thrust 

system which succeeded it. There is no structural continuity between faults 

developed in the Urgonian limestone and those in the Malm limestone. Extension 

in the marl and shale Berriasian sequence have occurred during sediment 

compaction. 

The development of a soft-linked fault system – either extensional or 

contractional – may primarily be a feature of deformation of this type of 

multilayer (with alternating rheologies) up to certain values of bulk finite strain 

and within certain strain rates. 

 

Figure 6.10 Cartoon of a soft-linked extensional fault geometry with listric faults 

developed in the competent Malm limestone (brown) and Urgonian (orange) limestone 

layers and detaching on weak horizons within the Oxfordian (blue) or Berriasian-

Valanginian-Hauterivian marls and limestones.(green).  
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6.4 Fault linkages and thrust sequences 
This section aims to explore the twin questions of: 

• Which faults in the system were active simultaneously as a kinematic unit? 

• What was the order of activation of these kinematic units? 

6.4.1 Identification of kinematic entities 
A kinematic entity is a group of closely genetically related structures which are 

arranged so as to accommodate deformation of the same sense and general form. 

An example is the kinematic ramp of Figure 6.9 in which a thrust fault, 

asymmetric folds and reactivated normal faults act in unison as a single structure 

geometrically equivalent (at a larger scale of organisation) to a single thrust ramp 

or reverse sense shear zone. This section aims to identify groups of structures 

within profiles AA` to DD` which are likely to comprise such kinematics entities. 

If large transient strain gradients are not to accumulate along such entities then 

all parts of the structure must be approximately coeval. 

An interpretation of these zones of deformation for Profile AA` is given in 

Figure 6.11. The zones are parallel and arranged in a non-intersecting en echelon 

array with the exception of the zone associated with the Dents Blanch backthrust 

which cross-cuts the rightmost forethrust zone of the array. These kinematic 

entities are identified largely by the spatial continuity of zones of deformation 

picked out for example by the continuity of axial surfaces. 

The number of kinematic zones present in profile BB` (Figure 6.12) is less than 

that present in profile AA`.  The areas between the kinematic zones show only 

low intensities of deformation, with little folding or thrusting. The highest zone -

associated with the Grands Fats thrust - is the lateral equivalent of the Petit Mont 

Ruan and Grand Mont Ruan zones of profile AA`. (See section 5.4). This 

explains the lower overall complexity of this profile compared to AA`. 

Note that although the Grands Fats thrust is indeed a discreet thrust plane its 

associated zone is illustrated as being wider than this in order to include 

deformation in the immediate hangingwall and footwall to the thrust.  

Profile CC` (Figure 6.13) shows the same overall pattern of kinematic zones to 

BB`, which the same set of zones being present in both profiles. At depth the 



- 176 - 

K I N E MA T I C S  O F  A  S O F T-L I N K E D  T H R U S T  S Y S T E M:  T H E  HA U T  G I F F R E  

detailed geometry of these zones is somewhat speculative, there being no 

exposure of lower stratigraphic levels in this part of the study area. 

The final profile, DD` shown in Figure 6.14 although displaying a similar overall 

pattern of kinematic zones to profiles BB` and CC`, shows significant differences 

at a more detailed level. As discussed in section 5.3.4 the many of the faults, and 

the Rochers de la Couarra thrust in particular, have not been proved to exist in 

the plane of this profile, and lateral tip-line folds were inferred to accommodate 

shortening. However, a lack of actual faults does not imply the non-existence of 

an entity kinematically equivalent to a thrust ramp, even if the displacement 

values are lower, hence a continuous zone has been interpreted. 

There is no evidence for any of these contractional zones being directly inherited 

from a large-scale extensional kinematic ramps which has then undergone 

wholesale inversion. Structures which may have been soft-linked during the 

extensional phase were not necessarily linked during the contractional phase.
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Figure 6.11 Profile AA` (Top) Profile with superimposed model of individual kinematic entities, that is groups of structures acting together as a single kinematic unit. Eight such large-scale entities can be identified in this section. 

Towards the north-west of the profile (right) two such kinematic zones overlap. (Bottom). A restored template for profile AA`, for a pre-contractional, post-extensional time. Looking down plunge to the south-west. 
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Figure 6.12 Profile BB` (Top) Profile BB’ with a superimposed model of individual kinematic entities. Four large-scale entities can be identified in this section. Towards the north-west (right) two such kinematic zones cross-cut. 

(Bottom) Restored template for profile BB’ to a pre-contractional, post-extensional time. It is not known what the original extensional offsets on the normal faults would have been – those shown are possible values. It is not clear 

whether the Rochers de la Couarra thrust is kinematically linked to the zone which includes the Combe aux Puaires thrust. In this profile it is shown as not being linked. cf. Figure 6.13 where the opposite interpretation is given, 

Looking down plunge to the south-west. 
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Figure 6.13 Profile CC`. (Top) Profile CC` with a superimposed model of individual kinematic entities. Four large scale entities can be identified in this section, Towards the north-west (right) two such kinematic zones cross-cut. 

(Bottom) Restored template of profile CC`. Extensional offsets on faults are reasonable estimates. (Bottom) Restored template of profile BB` showing alternative interpretation of kinematic linkage of the Rochers de la Couarra 

thrust into the Vogealle transfer zone which includes the Combe aux Puaires thrust cf. Figure 6.12. Looking down plunge to the south-west. 
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Figure 6.14 Profile DD`. (Top) Profile DD` with a superimposed model of individual kinematic entities. Four large-scale kinematic entities can be identified in this section. Towards the north-west (right) two such kinematic zones 

cross-cut. (Bottom) Restored template for profile DD`. Looking down plunge to the south-west. 
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6.4.2 Thrust sequences 
A central aim in determining the kinematic development of any structural system 

must be to determine the order in which the various kinematic elements of the 

array were active. Without clear cross-cutting or overprinting relationships or 

high precision absolute dating, this can be problematic. 

What is the large scale sequence of activation of the kinematic zones identified in 

the previous section? A key property of a piggy-back thrusting system 

(DAHLSTROM, 1970; ELLIOT & JOHNSON, 1980; BUTLER, 1987) is that 

structurally higher and earlier thrusts will be re-folded by translation over the 

footwall topography of later and structurally lower thrusts. Furthermore, the 

applied deformation causing movement of the stack of thrust sheets over the 

latest thrust is also likely to cause further deformation with that thrust stack. Are 

we looking at the results of a straightforward piggy-back sequence of thrusting? 

In profile AA` we see that the highest three thrusts (Tenneverge, Prazon and 

Grand Mont Ruan) have been folded in to a gentle synform giving unlikely 

original thrust trajectories. The folding of the three hindward thrusts is here taken 

as evidence for them pre-dating the other thrusts in the sequence. There is 

insufficient evidence to date the development of the three thrusts within this 

group. 

Progressing forwards the next four zones have relatively straight trajectories at a 

large scale. To the north-west of the profile a clear cross-cutting relationship 

exists: The Dents Blanches backthrust zone has clearly been folded by the most 

forward of the foreland-verging zones and clearly pre-dates it. 

It is difficult to say with more certainty than this what the deformation sequence 

was. The evidence points to an overall pattern of piggy-back thrusting, with the 

exception of the Dents Blanches backthrust which is out-of-sequence. However, 

one would expect pre-existing normal faults to present an easy reactivation 

opportunity compared to nucleating and propagating new thrusts through the 

sequence, so these may have been reactivated ahead of the main contractional 

foreland-directed deformation front. This fits with the interpretation given in 

6.3.1 that the Petit-Mont-Ruan thrust post-dates the contractional reactivation of 
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the Ottans thrusts. Of course, synchronous movement of thrusts remains a 

possibility. 

Scrutiny of profiles BB` to DD` reveals no further details about the overall 

sequence of activation of the major zones, except that the Grands Fats thrust 

would be coeval with the Tenneverge, Prazon and Grand Mont Ruan thrusts. On 

a more detailed level, the Grand Fats thrust may be a break-back thrust with 

respect to the Avondrue thrust. 

To summarise, the strain pattern that has developed as a result of an applied 

shortening, is one of relatively distinct inclined zones of deformation 

kinematically equivalent to thrust ramps. Interaction and displacement transfer 

between these zones is minimal, each one acting as an independent kinematic 

entity. 

6.5 Processes 
This section aims to investigate some of the kinematic requirements, constraints 

and implications of soft-linkage in thrust belts. What can we infer about the 

detailed internal processes of the transfer zones in the marls between the major 

structures in the competent limestones? 

6.5.1 Spatial organisation of structures 
At first sight, the spatial correlation of individual structures into distinct zones 

which can form effective kinematic entities does not seem to be a requirement of 

the system. Surely, so long as each layer has structures which accommodate 

equivalent amounts of shortening (for pure shear boundary conditions), then the 

relative positioning of these structures is unimportant? In fact the positioning of 

structures into coherent zones reduces amount of deformation required to achieve 

a given amount of shortening. 

Consider Figure 6.15. Two kinematically equivalent and acceptable cross-

sections are presented. Both contain the same three structures – two flat-ramp-

flat thrusts and an asymmetric fold and all three structures in both cross-sections 

accommodate an equal amount of shortening. The only difference between these 

hypothetical sections is in the relative positioning of the individual structural 

elements. In the first example (a), large amounts of simple shear of opposite 
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sense are required along the upper and lower interfaces of unit B to kinematically 

link the separate structures. In the second model (b) the only slip along these 

interfaces is on the main thrust faults near their tips where displacements are 

decreasing anyway. Clearly, all other things being equal, the second model is 

energetically preferable, as large layer parallel shear zones do not need to be 

developed. 

Such a model may help to explain the development of continuous zones of 

deformation, with multiple changes in deformation style, which may be 

considered kinematic ramps. Furthermore, it provides a useful constraint to bear 

in mind when constructing cross sections. Often, when sections are constructed, 

low competence layers are used to good effect in providing convenient ways to 

link strain patterns in different layers. This very simple analysis shows that 

shortening in ductile layers is likely to occur in proximity to the structures 

accommodating shortening in adjacent brittle layers. 
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Figure 6.15 Cartoon of a soft-linked thrust system. The ductile transfer zone is 

represented by the asymmetric fold pair. (a) If groups of structures are spatially 

disorganised then large amounts of flexural shear must be accommodated in the two 

white layers, (b) If structures are spatially organised into coherent zones then shear 

within the ductile layer in minimised. 
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6.5.2 Bulk transfer zone kinematics 
WILLIAMS & CHAPMAN (1983) proposed a model to account for strains the in the 

wall-rocks of faults by making analogues with dislocations accumulated on intra-

crystalline discontinuities. These ideas were further developed by PFIFFNER 

(1985) who presented a plot of footwall distance against hangingwall distance to 

analyse strains near fault tips. In this model a ‘ductile bead’ is generated above 

and in front of the leading tip of a propagating thrust fault. The permanent strain 

accumulated in such as ductile bead is a function of the slip/propagation rate for 

the fault. WILLIAMS & CHAPMAN (1983) also noted that a ductile bead would 

form in the footwall to the trailing tip of a backwards propagating fault. These 

leading and trailing tip elements may be combined into a single model, not on 

opposite ends of the same fault, but as complementary components of a soft-

linked system, with the result shown in Figure 6.16. The ductile bead forms a 

transfer zone between the two spatially disparate, but kinematically linked fault 

strands. In order to conserve area (i.e. maintain strain compatibility) folding of 

the layers surrounding the ductile bead must occur, to give a distinctive bulge. 

Note that refraction of fault trajectories, is often explained by interfering stress 

patterns around fault tips – in this model is can be explained as a consequence of 

a strain compatibility requirement; for constant volume deformation the ductile 

bead must increase in thickness if it is to shorten parallel to thrust transport. 

In this model, (which is purely geometric) the leading and trailing ductile beads 

coalesce in to a single region of high strain. As the displacement on the lower 

thrust diminishes towards its leading tip, the shortening is accommodated by 

penetrative strain of the rock-volume above and in front of the tip. This 

shortening is progressively taken up the higher thrust as displacement on this 

thrust increases away from its trailing tip. Does this model fit with observations 

natural examples of proposed transfer zones? 

Consider profile BB` with a distinct zone of deformation occurring between two 

‘thrusts’ – the Vogealle fold-thrust structure and the Combe aux Puaires thrust.  

The lower thrust of this system emerges directly from the Vogealle syncline and 

must run roughly layer parallel along the base of the Vogealle valley where 
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unfortunately it is not exposed, with its tip hypothesised to be in the region of 

Lac de Vogealle. Above this thrust, the intense folding and small scale faulting 

within the Berriasian and Valanginian layers on the north-east face of Pointe 

Rousse des Chambres is considered to represent the ductile-bead above the 

leading tip of the Vogealle thrust. As displacement on the Vogealle thrust 

decreases, so the strain is taken-up by folding and faulting in the ‘ductile’ bead. 

In addition to simple displacement on the Vogealle thrust, shortening 

accommodated by the rest of the Vogealle fold-thrust structure must be taken in 

to account – this too will be transferred in to the ductile bead. The upper 

boundary of the transfer zone is defined by Pointe Rousse des Chambres thrust 

(examined in 5.5.6.2 a)). This fault was shown to accumulate displacement from 

adjacent folds, although the exact position of its trailing tip could not be 

identified. As previously discussed this fault is probably the same structure and 

the Combe aux Puaires thrust – linked to it by an unidentified layer-parallel fault. 

Furthermore, the geometry of Figure 6.16 indicates that a rotational component 

about a horizontal axis is imparted to the rocks within the ductile bead, giving 

then a gentle foreland directed dip. Figure 5.28 shows just such a dip distribution 

for the bedding in the Vogealle transfer zone. 

What is the ultimate fate of the transfer zone under conditions of increasing 

shortening assuming the faults remain active? Clearly the values of strain in the 

ductile bead will increase, as will the lateral extent of the bead as the faults 

propagate in opposing directions. Eventually, we would expect that the ductile 

bead will not be able to accommodate further shortening through ductile 

processes alone and major brittle failure will occur, resulting in a connecting 

splay or breach fault which cuts through the transfer zone to give a fully 

connected hard-linked thrust system. This is clearly part of the now widely 

recognised phenomena of fault growth by segment linkage (EISENSTADT & DE 

PAOR 1987; ELLIS & DUNLAP, 1988; PEACOCK & SANDERSON, 1991; WALSH 

AND WATTERSON, 1991; COWIE & SCHOLZ, 1992a, b). It is tentatively suggested 

here that the Grands Fats thrust may have developed by this route. Since most of 

the kinematic zones in the district display varying degrees of strain localisation 

as a result of the mechanically heterogeneous stratigraphy, it seems reasonable to 

propose that other thrust faults developed in the same stratigraphic pile would 
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show a similar early kinematic development. The displacement on the Grands 

Fats thrust is significantly greater than on the other thrusts in the region and is 

likely to have breached through any transfer zones and developed into a fully 

hard-linked system, as a result of the ratio of its displacement to the vertical 

length scales on which the stratigraphy can exert control over structural style. 

This interpretation is supported by intense footwall deformation observed where 

the footwall is composed of Berriasian and Valanginian marls which may 

represent a relict transfer zone between the earlier separate components of the 

proto-Grands Fats thrust. The structural style here is similar to that observed in 

the Vogealle transfer zone. 

 

Figure 6.16 Soft-linking of two layer-parallel thrust faults via a ductile bead. The upper 

diagram shows an undeformed grid with incipient thrusts. The lower diagram shows the 

effect of top-to-the-left shear by one unit on the thrust surfaces. A ductile bead is 

generated to accommodate the displacement gradient near the thrust tips. Displacement 

transferred into the ductile bead from the lower fault is transferred ‘out’ of the ductile 

bead by the upper fault. To maintain overall strain compatibility folding occurs above and 

below the bead. 
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6.5.3 Transfer zone processes 
The previous section discussed the bulk kinematics of thrust transfer zones 

between soft-linked thrusts in terms of a ductile bead model. We now turn to the 

internal detail of such transfer zones. 

TRUDGILL & CARTWRIGHT (1994) emphasise that one’s perception of whether 

faults are soft-, hard- or un-linked depends largely on the scale of mapping in 

use. Although we have persistently modelled the bulk geometry of the transfer 

zone as a ductile bead, is this truly the case? What are the modes of deformation 

within such ‘ductile’ beads. Inspection of the structural profiles – particularly 

AA` and BB` shows that ‘ductile bead’ although a useful term is also a 

misnomer. 

A significant amount of small-scale faulting is occurring within these transfer 

zones in shales and marls. The fault and fold length population study undertaken 

in section 5.5.7 suggests that in the case of the Grand Mont Ruan – Col de 

Sageroux and Pointe Rousse des Chambres profiles a statistically significant 

correlation exists between populations of faults and folds. This is interpreted here 

as indicating creation of these populations under the same regime. Since the 

displacement population is related to the length-scale population 

(e.g. ELLIOTT 1976a; WATTERSON 1986; WALSH & WATTERSON 1988; SCHOLZ 

& COWIE 1990) it is inferred that the faults and folds within the transfer zone 

represent related displacement populations; they are the dual manifestation of a 

single event. As strain in the ductile bead intensifies, so fold forelimbs will fail, 

developing into thrusts, and thrusts will grow to the point where they intersect 

and become fully connected; hard-linked. Fault interaction increases with fault 

system maturity (NICOL et al., 1996) – this critical connectivity of the fault 

population within a transfer zone will represent the point at which the macro-

ductile transfer zone ‘fails’ and a major through-going breach fault develops. 

Folding data for the Berriasian and Valanginian which comprise the bulk of the 

Vogealle transfer zone rocks, show a positive correlation (admittedly weak) 

between inter-limb-angle and axial surface orientation (Figure 5.40); this is taken 

as albeit weak evidence for generation of upright open folds, which have 

subsequently undergone simple shear to create tight recumbent forms which are 

class 2 (similar). The interbedded thin limestones and marls of the Berriasian and 
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Valanginian sequences show no signs of fold development through rolling hinges 

– a more traditional fixed hinge model of buckling instability is probably more 

appropriate to the folds internal to these layers. 

Faults within the Vogealle transfer zone are predominantly horizontal or even 

foreland dipping thrusts (Figure 5.52), further emphasising that the overall shear 

plane for the transfer zone deformation is sub-horizontal – in agreement with the 

ductile bead model presented above. 

One of the key properties of a model of fault growth by segment linkage is that it 

supports a scale-invariant or fractal size distribution to structures. This is 

illustrated by the existence of soft-linked thrust systems at different scales and 

nested hierarchically within one another. The kinematic ramp described in 

section 6.3.4 and illustrated in Figure 6.9 is just such an example: Although an 

excellent example of a soft-linked thrust system in its own right, it forms an 

integral part of the Vogealle transfer zone as a whole. To reiterate TRUDGILL & 

CARTWRIGHT (1994), the scale of the study is crucial when considering the soft-

linkage of faults. 

6.6 Kinematic model 
What can we say about the initiation and propagation of the major structures in 

the Haut Giffre? The field evidence indicates that the thrust system is dominated 

by ramps through competent layers, with less common bedding parallel flats. 

Indeed the sites where one might expect the development of flats (or lower angle 

sections) linking such ramps host transfer zones. Initiation of thrust faults on 

layer-parallel flats (RICH 1934; NORRIS 1961) can be discounted. Rather it would 

seem that thrusts initiate within the competent layers, typically when folds lock-

up at relatively low strains. The bedding layers overturn in advance of the 

propagating thrust and the thrust either dissects the fold by cutting through its 

forelimb or has a trailing tip situated in the synform of the fold-pair (an out-of-

the-synform thrust). As displacement accumulates on sets of such structures in 

the competent layers, then clearly the ductile bead transfer zones between them 

must develop – kinematically linking the thrusts in to a single entity. Clearly, 

pre-existing structures (such a normal faults) provide ready-made localisation 
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sites for shortening, their being no requirement for prior buckle-fold formation 

with subsequent failure. 

This is very similar to the beam-failure model of thrust-fault propagation 

advanced by EISENSTADT & DE PAOR (1987) in which thrusts ramps form 

independently in competent layers, and later link through a process of ‘fault 

capture’ and propagation of flats through incompetent layers. EISENSTADT & DE 

PAOR’s illustrations feature thick competent units separated by much thinner 

incompetent units – an initial condition probably predisposed to the propagation 

of fault flats along such detachment-prone layers, through increasing simple 

shear and strain localisation to a true thrust. In direct contrast the stratigraphy of 

the Haut Giffre is characterised by incompetent layers of comparable thickness to 

the competent limestones. This has the following effect on the of EISENSTADT & 

DE PAOR (1987) model: A bedding parallel (or very nearly so) fault can never 

link the separate faults in the competent units – a through going ramping breach 

fault is required, which will be preceded by development of a ductile transfer 

zone of the type described in this thesis. This model predicts that linked fault 

systems develop where faults grow in together and link. ELLIS &  DUNLAP (1988) 

provided segmented displacement distributions for thrusts, supporting such a 

model of thrust growth by segment linkage. It is clear that mechanical 

heterogeneity is the primary control on structural style in the Haut Giffre, which 

in turn impacts on the kinematics of fault growth and fault linkage. 

Soft-linkage in thrust systems may be considered to be a transient geometric 

state. Sufficient displacement must occur on the component thrust faults of a 

system to cause development of a ductile transfer zone which is geometrically 

continuous between the two faults, yet displacement on the system beyond a 

second higher threshold value (dependent on the horizontal and vertical 

separation of the faults) will result in creation of a breach fault and the loss of 

soft-linked status for the system. 

It is difficult to know the controls on strain rate from the evidence presented in 

this thesis. Assuming that initial shortening rates are limited by the strength of 

the competent layers (the beam-failure model) then fault growth processes within 

those layers will be the dominant control on rates of shortening. Once failure of 

the brittle layers is complete these layers will have a very low strength compared 
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to the intervening ductile layers, and are capable of accommodating much more 

rapid strain-rates. After passing this threshold we would expect shortening rates 

to be primarily controlled by the ductile or mixed mode strain-rate sustained by 

the ductile layers within transfer zones. Transfer zone deformation processes 

may be the primary control on strain rate of the whole system. 

This pictures is complicated by the existence of pre-existing weaknesses in the 

competent layers – specifically pre-contractional phase normal faults. These will 

impact significantly on the initial strength of the competent layers – possibly to 

the extent that the incompetent layers are the primary control on strain rate 

throughout the contractional period up until the point at which full breaching of 

the transfer zone occurs. When breaching of the transfer zone occurs and strain 

localises on to a single fault surface the strength of the multilayer will reach a 

minimum and strain rate will be expected to increase. 

6.7 Restored profiles 

6.7.1 Introduction 
This section presents interpretation of the restored of profiles AA` to DD` which 

were presented along with their deformed-state counterparts in Figure 6.11 to 

Figure 6.14. The profile has been restored to post-extensional, pre-contractional 

time. Comparison is made with a previously published restored cross-section 

through the same part of the Haut Giffre. 

6.7.2 Restored profile AA` 
A restored template for profile AA’ is presented in Figure 6.11. The same 

kinematic entities as in Figure 6.11 are shown, these zones being largely 

independent although closely spaced features compared to their length. The 

section has been restored to a post-extension, pre-contraction time. The length of 

the Malm horizon along the portion shown in Figure 6.11 is 8·6 km which gives 

a shortening of 3·9 km from the restored value of 4·7 km. The boundary 

conditions of the bulk deformation within the normal limb of the Morcles nappe 

appear to be close to pure shear, although without the key exposures of the 

Urgonian limestone above the imbricate thrusts behind the Ottans faults (they 

have unfortunately been eroded) this is difficult to determine with confidence. 
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The kinematic zones to not show a pronounced staircase geometry, although they 

are certainly at a lower angle to stratigraphy in the incompetent units compared 

to the competent limestones. 

6.7.3 Restored profile BB` 
The restored template for this profile is presented in Figure 6.12. This profile 

contains fewer kinematic entities than profile AA` but the Grands Fats thrust 

accommodates ~ 1·5 km of shortening – significantly greater than any of the 

structures in profile AA`. 

The Rochers de la Couarra thrust has not been included in the Vogealle transfer 

zone – which also links to the Combe aux Puaires thrust through Berriasian and 

Valanginian units as it is not clear whether this thrust is kinematically linked into 

the same zone – the alternative interpretation is given in the adjacent profile CC`. 

The shortening recorded by the Hauterivian layer between the immediate 

hangingwall of the Grands Fats thrust and the immediate hangingwall to the now 

overturned Dents Blanches thrust is 2·5 km. Note that this measurement is not 

directly comparable with the shortening obtained for profile AA’. 

6.7.4 Restored profile CC’ 
The restoration of profile CC` is provided in Figure 6.13. The profile is very 

similar to that of profile BB`, showing essentially the same structures. Note that 

the contorted shape of the upper portion of the Grands Fats thrust is because this 

is a break-back thrust with respect to the Avondrue thrust – the comparatively 

straight trajectory of the thrust in the deformed-state profile is altered by the 

retro-deformation of fault-bend-folding applied to achieve restoration 

In this profile the Rochers de la Couarra thrust is presented as being 

kinematically linked to the Vogealle fold in the Malm through the Vogealle 

transfer zone in the Berriasian and Valanginian. It is not clear  whether this is 

truly the situation – but this alternative interpretation is presented to contrast with 

that of profile BB’ in the previous section. 

Shortening in  this profile is estimated at 2·4 km between the immediate 

hangingwall of the Grands Fats thrust and the hangingwall of the Dents Blanches 

backthrust. The closeness of this value and that obtained for profile BB` (2·5 km) 
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should not be over-interpreted; these two profiles rely extensively of projection 

of features from one into the other so the similarity of shortening value is to be 

expected. 

6.7.5 Restored profile DD’ 
Profile DD` (Figure 6.14) is structurally the simplest, containing only two large-

scale faults. Most of the shortening in the profile is accommodated by the Grands 

Fats thrust. The shortening value for this section is only 1·4 km; considerably 

less than that for profile CC`. Thrusts that could not be identified on the ground 

because they did not cause juxtaposition of different units were interpreted in this 

profile as lateral lip-line folds. The anomalous shortening suggests that either this 

interpretation is incorrect, or other structures either in the hangingwall to the 

Grands Fats thrust or more external than the Dents Blanches thrust accommodate 

some shortening. 

6.7.6 Discussion 
All four restored profiles show the same overall pattern of linkage, with the 

zones being relatively straight in form and not showing pronounced staircase 

trajectories with distinct flats and ramps, in contrast to traditional interpretations 

of foreland thrust system geometry. The zones have fairly consistent dip (with 

the exception of the major antivergent structure) and are therefore sub-parallel on 

the restored profiles indicating that it may be possible to predict so some extent 

which structures pair-up across transfer zones if this characteristic pattern can be 

determined in part of the profile. The pattern could be extrapolated into less well 

constrained areas of sections and used to infer kinematic linkage of structures 

which might otherwise be interpreted as being independent. Since the details of 

transfer zones are unlikely to elucidated by for example reflection seismic 

surveying, a simple predictive tool  such as this may be of use: Without knowing 

which structures were kinematically linked one cannot perform sequential 

structure-by-structure restorations. 

The steep angle of many of the faults on the restored section suggests that the 

importance of pre-existing normal faults may be been understated in these 

restorations. Many of the faults have geometries which are similar to those which 

retain extensional offset after partial inversion. 
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6.7.7 Comparison with the restoration of BUTLER (1992b) 
The profiles and restorations through the Haut Giffre portion of the Morcles 

nappe which are presented in this thesis are by no means the first. Cross-sections 

through the region have been presented by COLLET (1943); BUTLER (1985) and 

BUTLER (1992b). In this part of the thesis, the latter of these published (Figure 

6.17) examples is compared to the results of this thesis. 

The restored section of Figure 6.17, is characterised by steep ramps, which have 

been correctly illustrated as distributed zones of deformation rather than discrete 

thrusts. The restoration of BUTLER (1992b) differs with the conclusion reached in 

this volume is that in the former the ramp zones are kinematically linked by 

laterally extensive detachments developed at the top of the Malm unit. These are 

not present in the new model – the zones of deformation being remarkably 

continuous and without pronounced staircase geometry high level detachment 

within the nappe. BUTLER’s (1992) model includes a offset of ~ 3·5 km of top-to-

the-north-west accommodated by this shear zone, picked out by the relative 

positions on A and B in the Malm and Urgonian units. No evidence for such high 

values of shear either localised on to a major thrust of distributed throughout the 

Berriasian to Hauterivian package are observed. If such a fault or shear zone 

existed it would have the largest displacement of offset of any structure in the 

district with the exception of the Morcles thrust at the base of the nappe. The 

problem with BUTLER’s (1992b) model is not the concept, but rather its 

application. The grouping of individual thrusts into kinematic entities in 

BUTLER’s (1992b) section is incorrect. For example, the thrust immediately 

hindward of A in the Malm unit (presumed to be the Petit Mont Ruan thrust) is 

not kinematically linked to the thrust immediately hindward of B in the Urgonian 

(the Combe aux Puaires thrust). Work presented in this thesis indicates that 

displacement is transferred from the fold thrust structure immediately hindward 

of B in the Malm unit (depicted as a fold-pair – the Vogealle structure) through 

the Vogealle transfer zone to the Combe aux Puaires thrust hindward of B in the 

Urgonian. 
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Figure 6.17 (a) Cross-section through the Haut Giffre. (b) The restored template, illustrating zones of deformation rather than discrete thrusts. See 

original (BUTLER, 1992b) for section line location. Note that the direction of view is opposite to the new profiles presented in this thesis.
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6.8 Summary 
The strain pattern recorded on the limbs of large-scale buckle fold in the Haut 

Giffre and recorded by vein arrays, can be explained by a model of fold-growth 

by rolling hinges. Flexural slip dynamics of such a folding model are 

energetically more efficient that an equivalent static-hinge folding model for 

inter-limb-angles of 60° or more. The rolling hinge model is supported by a 

strain compatibility argument. Out of the synform thrusts in the same folds 

suggest that static hinge tightening was also involved in the growth of these 

folds. 

There is strong evidence, particularly from the Ottans faults, that pre-existing 

extensional faults have played an important role in controlling the geometry of 

the thrust system. The existence of a soft-linked extensional fault system prior to 

the thrusting has been suggested, although only the position of individual 

extensional structures, rather than their grouping seems to have affected soft-

linked thrust system development. 

The individual structures of the fold-thrust belt can be arranged into kinematic 

entities which acted together in a coherent manner equivalent to thrust faults but 

with a different degree of strain localisation. The arrangement and number of 

these zones is observed to change along strike, the intra-nappe deformation being 

more-complex to the east. It is difficult to ascertain the order of activation of 

these kinematic zones – an overall foreland propagating imbricate array is 

proposed although the evidence is weak. There is better evidence for some 

thrusts being out-of-sequence as they are folded by later, more hindward 

deformation zones. Thrusts derived from pre-existing extensional structures are 

also likely to have been activated ahead of the main deformation front. 

The spatial arrangement of contractional structures into inclined linear zones is 

shown not to be a geometric requirement, but one which minimises the 

deformation required to link individual structures through layer parallel zones of 

simple shear. 

The overall geometry of a transfer zone can be considered as two back-to-back 

tip-line ductile beads on the leading and trailing tips of two kinematically linked 
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faults. With increased shortening, the transfer zone must thicken, causing bulging 

of the surrounding layers. As shortening increases it is predicted that fault-

growth by segment linkage of minor thrusts within the transfer zone will 

ultimately lead to creation of a breach fault and the creation of a hard-linked 

system. 

The order of creation of structures has been addressed and initiation of thrusts as 

layer-parallel flats in weak layers discounted. Field evidence supports nucleation 

of thrusts in failing folds within competent layers, movement on which enforces 

shortening in ductile layers in order to kinematically link the thrusts. 

A new restored profile corrects certain deficiencies in previously published 

examples.
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7 Conclusions 
 

‘And so as the millennium bug of Fate deletes the 

thesis of Destiny, and the postgraduate of Time 

takes his final drag from the coffee cup of 

Eternity…’ 

Humphrey Littleton closing BBC Radio 4’s 

‘I’m sorry, I haven’t a clue!’ 

 

7.1 Introduction 
This final chapter lists the main conclusions of chapters 4 to 6, in which the 

original research component of this thesis is contained. The statements contained 

herein are the direct result of research undertaken in preparation of this volume. 

Terms are not described in any detail and the reader should refer to the 

appropriate chapter to clarify queries. 

7.2 Concluding statements 
Chapter 4 outlined the limitations of some of the techniques of geological 

geometric data collection and presented a novel method of computational 

photogrammetry through which geologic projections of general orientation could 

be derived from field photographs and a digital terrain model of the area in 

question. The utility of this method was presented and its worth is demonstrated 

in chapter 5. 

1. Traditional methods of field data collection in areas of steep and inaccessible 

terrain lack the ability to accurately 

• collect detailed data over a wide range of scales 

• correct for topographically induced distortion effect inherent in non-

ortho-normalised photographs on non-planar surfaces. 

• place work in to a true three-dimensional co-ordinate system 

• obtain useful results from less-than-ideal vantage points 
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2. A ray-tracing method of image synthesis can generate true ortho-normalised, 

distortion-free  projections of field photographs from any direction in 

combination with a digital terrain model, solving the problems in (1) above. 

3. Field photographs processed by the method can be interpreted in a similar 

way to reflection seismic data, by tracing bedding and discontinuities. Two 

iterations of interpretation are required – one prior to and one following 

image rectification 

4. Accurate spatially located geological profiles and cross-sections may be 

created using the output from the algorithm. 

5. The algorithm has been implemented as a ANSI C++ code called LandScope. 

6. The LandScope software is a basic implementation for which several possible 

optimisations have been identified, but have not been implemented. 

Chapter 5 presented a study of the finite geometry of the normal limb of the 

Haut Giffre portion of the Morcles nappe. Data concerning overall geometry and 

spatial position were gathered from three photographs processed with the 

LandScope program, in addition to structural orientation data gathered by 

traditional structural mapping techniques. The data in this chapter provided a 

comprehensive description in three-dimensions of the study area. 

7. The study area can be divided into four tectonic units: 

• Aiguille Rouge massif 

• Grands Fats thrust sheet 

• the foreland north-west of the Dents Blanches backthrust 

• the remainder of the sheet containing a complex thrust array 

8. Structure contours on the Grands Fats thrust define a staircase trajectory, 

which when taken in conjunction with kinematic indicators suggest that 

ramps are frontal to oblique. 

9. The Grands Fats thrust is rooted in a fold-thrust structure close to the Morcles 

thrust at the base of the nappe. 

10. Deformation within the Grands Fats thrust sheet on a meso- to macroscopic 

scale is limited to thrust-sense reactivation of minor faults. 
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11. A north-west verging imbricate thrust array developed in the Malm limestone 

show trailing tips within the Oxfordian marls. 

12. Fold hinges of large-scale folds can be traced for several kilometres in a 

down-plunge direction. 

13. Extensional faults with significant displacements (comparable to those of 

thrusts in the region) are present in an orientation sub-parallel to the thrusts. 

14.  Four structural profiles created in part with the LandScope program were 

created on 151°/84° NE – a profile plane perpendicular to the regional plunge 

vector determined from structural measurements. 

15. Minimum estimates of fault offset can be determined from the structural 

profiles for both large-scale normal and thrust faults. Values range from 850 

m contraction for the Grand Mont Ruan thrust to 450 m extension on the 

Ottans normal fault. In addition the Grand Fats thrust shows an offset of 1500 

m. 

16. Intensity of deformation within thrust sheets varies widely between sheets. 

The most intense deformation is present within the Ottans thrust sheet. 

17. The imbricate thrust array developed within the Malm defines a soft-linked 

duplex. 

18. Bed extending shears on the overturned limb of buckle folds in the Malm 

transfer displacement down-section through extensional faults on to an out-

of-the-synform thrust developed in Malm limestones of the Vogealle fold 

pair. 

19. A zone of deformation with well-defined edges runs between the Vogealle 

fold pair in the Malm limestone to the Combe aux Puaires thrust in the 

Urgonian limestone. This zone of deformation is interpreted as a transfer 

zone between two soft-linked thrusts. 

20. Within the zone, higher flattening strains of -0·61 have been recorded in fold 

cores. Folding within the zone is typically tight to isoclinal recumbent 

asymmetric folds. Minor thrusts are also present. 

21. Minimum shortening estimates for the Vogealle complex of 400 m and the 

Combe aux Puaires thrust of 300 m raise the possibility that displacement is 



 - 202 -  

CO N C L U S I O N S  
 

conserved as it is transferred through the system, although layer-parallel 

displacement leakage from the system would be difficult to identify. 

22. The Dents Blanches backthrust is overturned in the north-east of the study-

area. 

23. The Chambres fault which has a normal offset is in a favourable orientation 

to have undergone partial inversion during the contractional phase of 

deformation, as indicated by the presence of contractional structures in its 

immediate hangingwall and footwall. 

24. Where the Combe aux Puaires thrust passes through Senonian limestones in 

its footwall significant folding and shortening of the footwall has occurred; 

the footwall cannot be considered to be rigid. 

25. To the north-west of the study area the Rochers de la Couarra, Combe aux 

Puaires and Oddaz thrusts may tip-out in to tip-line or fault-propagation 

folds. 

26. To the east of the study area shortening on the Malm limestone is 

accommodated by large-scale buckle folds and an imbricate thrust array 

containing at least seven large thrusts. To the west much of this shortening is 

accommodated by a single structure – the Grand Fats thrust. Such a geometry 

may be explained by lateral hard-linkage within the Malm limestones and 

dip-sense soft-linkage in to adjacent low competence layers. 

27. Compiled bedding measurements form a girdle with pole 08°/241°. Cleavage 

orientation is highly consistent throughout the study area, with a preferred 

orientation of 074°/23° SE. The bedding-cleavage intersection lineation 

preferred orientation is 9°/239°. Shear fibre lineation preferred trend is 322°. 

Fold hinge preferred orientation is 6°/241°. Fold axial surface modal 

orientation is 072°/37° S. 

28. Spatial differences in bedding dip distribution may be related to the 

proximity to the Dents Blanches backthrust. The variation cannot be 

explained by rigid-body rotation of the footwall to this thrust. 

29. The rocks of the Vogealle transfer zone show a gentle foreland directed dip. 
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30. Maxima in the LandScope derived bedding orientation distributions coincide 

with maxima derived from field structural measurements, confirming the 

accuracy of the projection method. 

31. Fold axial surfaces are steeper in the footwall to the Dents Blanches 

backthrust compared to more internal locations. 

32. Fold axial surfaces in the Vogealle transfer zone are predominantly 

horizontal – defining recumbent folds. 

33. The different stratigraphic units show distinctive distributions of inter-limb-

angle in their fold populations. 

34. Scatter plots of inter-limb-angle versus axial-surface pitch show distinctive 

distributions for each of the stratigraphic units. There is generally poor 

correlation between these parameters. 

35. Histograms of fold-classification as defined by dip-isogon characteristics 

show distinctive distributions for each stratigraphic layer. 

36. There is wide variation in structural style controlled largely by stratigraphy 

summarised as: 

A. Senonian – angular tight to isoclinal small-scale similar folding 

B. Gault-Urgonian – broad, low amplitude folds punctured by discreet, 

highly localised thrusts 

C. Hauterivian – as for the Urgonian, but also including partially inverted 

arrays of normal faults 

D. Valanginian-Berriasian – tight angular similar folds, often recumbent 

interlaced with minor thrusts.  

E. Malm – large scale asymmetric buckle folds with out-of-the-synform 

thrusts, large planar thrust faults and large scale extensional faults. 

F. Oxfordian – parallel folds harmonic with those in the Malm and tighter 

similar folds on a smaller scale. 

G. Bajocian – tight to isoclinal folds with extension of forelimbs by 

heterogeneous simple shear. 
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37. Veins developed on the limbs and hinges of a large scale buckle fold 

developed in the Malm limestone show the following characteristics: 

A. Veins are orientated perpendicular to bedding and parallel to fold hinge. 

B. A second vein set on the flat-lying limb accommodates extension parallel 

to the fold hinge 

C. Veins for a distinctive spatial pattern relative to the structural elements of 

the fold. Veins on the forelimb typically taper perpendicularly to bedding, 

the direction of taper being locally consistent but varying systematically 

with position on the fold forelimb. The relative longitudinal strain 

accommodated by this tapering on the forelimb is between 0·03 and 0·11 

in magnitude. 

38. Tangential longitudinal strain of the fold backlimbs perpendicular to fold 

hinge of magnitude -0·10 is accommodated by a spaced pressure solution 

cleavage and other penetrative strain recorded by deformed ammonite strain 

markers. 

39. Minor faults which accommodate horizontal extension but layer-parallel 

shortening are present on fold forelimbs. 

40. Fault orientation distributions in two dimensions on the profile plane show a 

close similarity to the corresponding fold axial-surface orientations. 

41. The displacement-distance profile for the Pointe Rousse des Chambres thrust 

shows a clear progressive transfer from distributed strain – in this case an 

fold-forelimb – to a discrete thrust. The displacement gradient on the fault in 

this region is 0·26. 

42. The Ottans thrust shows a smooth displacement-distance profile with a 

displacement gradient of -0·4 with a local increase to -0·8 correlated with a 

splay fault in the hangingwall. 

43. The Ottans fault hangingwall shows extension relative to the footwall in the 

Berriasian-Valanginian suggesting syntectonic deposition of these sediments 

in the hangingwall to the fault. 

44. Fault length populations displayed as log-log length-cumulative frequency 

plots result in faceted curves indicating a multi-fractal distribution. The 
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controlling length scales for this changes in gradient are comparable to 

stratigraphic heterogeneities. 

45. Fold axial surface length populations also show faceted curves and a 

systematic relationship to the corresponding fault population curve: For a 

given feature length, there will be a greater number of folds than faults of that 

length or below. 

46. The relative abundance of faults or folds of a given size is the same for the 

three study localities. i.e. The same section has the most abundant folds and 

the most abundant faults above a given size.. 

47. The Kolmogorov-Smirnov test can be applied to fault and fold population 

distribution curves to assess their statistical likelihood that they are drawn 

from the same population of length scales. The Grand Mont Ruan to Col de 

Sageroux profile and the Pointe Rousse des Chambres profile gave high 

confidence levels of 73·3% and 98·5% respectively. The Col de Sageroux to 

Dent de Barme profile gives a very low confidence of 0·2% 

48. Under favourable conditions for mixed mode deformations (i.e. temperature, 

pressure, strain-rate, etc.) thrust faults and fold pairs may be considered, at a 

high level of abstraction, to be kinematically equivalent units where the main 

difference is in the deformation mechanisms involved and the degree of 

strain localisation. 

Chapter 6 took the geometric geological evidence of the previous chapter and 

built from it kinematic models to account for and explain the features observed in 

the field. The kinematics of large-scale buckle folding were considered and the 

importance of pre-existing structure was examined. The grouping of individual 

structures into kinematic entities undertaken, coupled with a discussion of the 

timing of activation of these zones. Transfer zone processes were investigated 

and finally restored sections presented and compared to a published example. 

49. The Alpine foreland thrust belt is shortened by structures with a wide 

variation in style. 

50. Distinctive veining patterns spatially correlated with large-scale buckle folds 

(37) can be explained by a rolling hinge folding model – invoking mobility of 

fold hinges with respect to the layer. 
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51. The rolling hinge model predicts consistency of inter-limb-angle and 

variation in forelimb length. The Malm unit for which this folding behaviour 

is proposed shows a narrow range of inter-limb-angles (33). 

52. Geometric models of flexural slip show: 

A. For rolling hinges with pinned backlimbs the flexural slip occurs 

‘instantaneously’ at the hinge for an ideal chevron fold. No movement 

between layers occurs on the forelimb – it is all accomplished at the hinge. 

B. Integral slip values for the rolling hinge model are lower than values for the 

static hinge model for all shortening values is the rolling hinge inter-limb-

angle is ~42° or more. 

C. The incremental integral slip is less for rolling hinge folds for all inter-limb-

angles of 60° or more. 

58. The rolling hinge model avoids strain compatibility issues raised by the static 

hinge model through a consideration of area balance. 

59. Minor faults on fold limbs cannot be used to distinguish between the rolling 

and static hinge hypotheses. 

60. The out-of-syncline thrust developed in the Sageroux synform may alleviate 

space problems in the core of the tightening fold, indicating that fold-

tightening had a role to play in fold development. 

61. The Ottans faults can be successfully modelled as extensional faults (43) 

which have undergone thrust-sense reactivation. Steep bedding in the 

hangingwall to these faults is interpreted as initiating a rollover structure. 

62. The Petit Mont Ruan thrust may represent a break-back thrust with respect to 

the contractional movement on the Ottans faults.  

63. The Chambres fault shows contractional structures in its immediate 

hangingwall and footwall – a phase of contractional movement on this 

extensional fault is considered very probable. 

64. Steep cut-off angles in the hangingwall and footwall to the Rochers de la 

Couarra thrust suggest that it too is a reactivated extensional fault with listric 

form. 
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65. Inverted minor extensional fault arrays play an important role in medium-

scale soft-linked thrust systems. 

66. Soft-linked thrust systems can be nested; with soft-linked geometries existing 

between minor faults within larger scale transfer zones, highlighting the 

importance of scale of observation. 

67. The extensional faults of the Haut Giffre may have been arranged in a soft-

linked normal fault array – although this has not been proved. 

68. The structures of the Haut Giffre can be grouped into coherent zones of 

deformation containing a wide variety of localisation behaviours. The rock 

volumes between these zones are relatively undeformed. 

69. The structural complexity decreases from north-east to south-west across the 

field area – commensurate with increasing strain localisation on to fewer 

structures. 

70. There is no evidence for any thrust-sense kinematic entities being directly 

inherited from a pre-existing extensional equivalent (67). 

71. Weak evidence indicates a foreland propagating imbricate sequence with the 

Dents Blanches backthrust being an out-of-sequence structure. The 

reactivated Ottans fault may also have been active ahead of the main thrust 

front. 

72. The spatial organisation of thrusts and distributed strain in to inclined linear 

zones is a configuration which minimises shear strain between individual 

structural elements. 

73. A transfer zone between contractional faults may be modelled as back-to-

back ductile beads related to the leading and trailing tips of faults involved in 

the fault zone. Shortening within the transfer zone ductile bead results in 

thickening of the zone perpendicular to the faults with consequent  folding of 

adjacent layers. 

74. Increasing shortening will lead to breaching of the transfer zone by a 

connecting splay fault, making the individual thrusts hard linked and 

achieving fault growth by segment linkage. 
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75. The Grands Fats thrust may have evolved through a segment-linkage process. 

Deformed zones in incompetent layers adjacent to the thrust may represent 

relict transfer zones. 

76. The perception of soft-linkage depends on the scale of observation – see also 

(66). Ductile bead is a misnomer for the transfer zones described in this thesis 

– they show mixed-mode strain involving simultaneous faulting and folding. 

77. Progressive linkage and increasing connectivity of intra-transfer-zone fault 

networks may be the process through which initial breaching is achieved. 

78. A model of thrust initiation as flats within low-competency layers can be 

discounted for the Haut Giffre. 

79. Thrusts initiate within competent layers – often as a result of locking buckle 

folds or use of pre-existing weaknesses such as extensional faults. 

80. Where incompetent layers are thick, layer parallel faults cannot link faults 

developed only in the adjacent competent layers. 

81. Mechanical heterogeneity (stratigraphy) is the primary control on structural 

style in the Haut Giffre. 

82. Soft-linkage may be considered a transient state with respect to finite 

displacement. Too little displacement and faults may be considered unlinked, 

too much and they will become hard-linked. 

83. Competent layers (without pre-existing weaknesses) would provide the initial 

control on strain-rate. When complete failure by faulting of the competent 

layers has occurred the transfer zone will control strain-rate until breaching 

occurs. 

84. The normal limb of the Haut Giffre along the line of profile AA` shows 3·9 

km of shortening from an original length of 8·6 km from the hangingwall of 

the Tenneverge thrust to the footwall of the Dents Blanche backthrust. 

Further to the west shortening values as low as 1·4 km are interpreted, 

suggesting that other unrecorded structures outside the study area or removed 

by erosion accommodated some shortening in this area. 
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85. New restored profiles of the normal limb of the Morcles nappe in the region 

of the Haut Giffre obviate the need for extensive intra-nappe detachments 

with large displacements. 

7.3 Concluding remarks 
In this final section I would like to comment on a more subjective and personal 

level on some of the aspects of this body of work which I find particularly 

interesting and of potentially widespread importance. 

In essence this thesis has described and discussed a field area where, because of 

the rheological stratigraphy and the moderate degree of displacement 

accommodated by most of the thrusts, full linkage between individual fault 

strands has not occurred. What we see is a snapshot of an evolving thrust system 

well on its way to becoming a fully linked thrust system – but not quite there. It 

is my opinion that many thrust systems around the world, in areas where there is 

a strong spatial control on rheology on a scale smaller than that of the system as 

whole, and where the incompetent layers are thick enough to develop structures 

more complex than simple flats, have evolved through a geometry similar to the 

one I have described here. A relatively small amount of extra shortening in 

absolute terms – probably less than a doubling of displacement on individual 

thrusts would be sufficient to cause hard-linkage of structures that are soft-linked 

in their present state – and the Haut Giffre would become yet another example of 

a fully linked thrust array. The ‘displacement window’ in which soft-linkage of 

fault segments is a reality may be relatively narrow extending from fault 

initiation through to only moderate displacements before hard linkage occurs – 

the Grands Fats thrust may be an example of this process, yet the evidence (if 

this hypothesis is correct) is subtle. How many other large thrusts show only 

minimal signs of their segmented and soft-linked past? Deformed regions in the 

footwalls and hangingwalls of thrusts might represent dismembered transfer 

zones. Of great importance is the realisation that during thrust system 

development strain-rates are likely to be controlled by the rheology of transfer 

zones rather than fault propagation processes – in order to model fault systems 

should we be directing attention more to the volumes between faults that the 

faults themselves? 
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In what direction should future research into soft-linkage of thrust systems be 

aimed? Some form of dynamic modelling of the growth of such systems is an 

obvious next step. Whether this is achieved numerically or through analogue 

modelling is less important than an understanding of the evolving geometry of a 

soft-linked thrust system that would be gained from such an attempt. A 

worthwhile numerical attempt would probably have to model fault propagation 

of the major faults and strain softening in the transfer zone to represent the 

development of many minor faults. Fault propagation in particular is difficult to 

include in such models. The importance of such modelling cannot be 

understated. At present we have a detailed description of the geometry of a soft-

linked thrust system, but only a fair level of understanding of its detailed 

development and the strain history of transfer zones. Since we are stuck with the 

snapshot provided by the outcrops, numerical and analogue modelling will 

provide the clearest view into the fourth dimension. 

In terms of fieldwork an attempt should be made to identify with confidence 

relict transfer zones in other field areas. Are such structures present in the more 

internal zones of orogenic belts or is soft-linkage and thrust-growth by segment 

linkage confined to the sedimentary layers of foreland fold and thrust belts? 

Soft-linkage in thrust systems has a clear relevance to the hydrocarbon industry – 

if faults are sealing then low-competency source rocks may have much greater 

lateral continuity than high competency reservoir units. Alternatively if faults are 

zones of enhanced fluid flow their connectivity and linkage geometries will have 

significant impact on reservoir models. Strain rates and mechanisms within thrust 

sheets, particularly those parts which are transfer zones will clearly affect the 

fracture and cementation history of the reservoir, with far reaching implications 

for permeability of reservoir blocks. 
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 A LandScope program 
code 
 

A.1 Introduction 
This appendix contains the code for the LandScope program developed by the 

author, a description of which was provided in Chapter 4. Section A.2 contains 

the code for the main LandScope program. References and acknowledgements 

for code fragments are given as comments within the code itself. Only partial 

source code is included for reasons of copyright: Vector class libraries which the 

author modified from BUZZI-FERRARIS (1993) are required by this program, but 

are not reproduced here. However, the class and function prototypes for the 

library are given in A.3, which provides enough information to be able to 

understand operation of the main program. 

A.2 landscope.cpp 
// Landscope version 2

// A program to project photo-montages on to a terrain model

// Robert Smallshire 1997-1998

// Include libraries

#include <iostream.h>

#include <fstream.h>

#include <stdlib.h>

#include <math.h>

#include <string.h>

#include "vector.hpp"

#define SQRT2 1.41421356237

// Macros for lines_intersect function

#define DONT_INTERSECT 0

#define DO_INTERSECT 1

#define COLLINEAR 2
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// Function prototypes

int lines_intersect(float x1,float y1, float x2, float y2, float
x3, float y3, float x4, float y4, float &x, float &y);

char IntTriangle(Vector &Ro, Vector &Rd, Vector &P1, Vector &P2,
Vector &P3, Vector &result, float &t);

char Clip2D(Vector &a, Vector &b, Vector &p, Vector &q);

char debug = 1;

char debugtri = 0;

// Utility functions

template <class X> int sgn(X val) {

if(val>0) return +1;

if(val<0) return -1;

return 0;

}

template <class X> X inrange(X val, X lower, X upper) {

// Brings a value to within range

if(val > upper) return upper;

if(val < lower) return lower;

return val;

}

template <class X> X lowest(X first_val, X second_val) {

// Returns the lowest of two values

if(first_val<second_val) return first_val;

return second_val;

}

template <class X> X highest(X first_val, X second_val) {

// Returns the highest of two values

if(first_val>second_val) return first_val;

return second_val;

}

inline unsigned char lo_byte(int ch) {return (ch & 0xFF);} //
Returns the lo-byte of a 16 bit value

inline unsigned char hi_byte(int ch) {return (ch / 256);} //
Returns the hi-byte of a 16-bit value

inline float degrad(float t) { return (t * 0.017453292);} //
Degrees to radians

float BearingRange(float b) {

// Brings bearings in degrees within range

if(b>=360) b-=360;

if(b<0) b+=360;
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return b;

}

float OctantBearing(char *octant) {

// Returns the bearing in the middle of the eight compass
direction octants

char *compass[] = { "N", "NE", "E", "SE", "S", "SW", "W", "NW"
};

float bearing[8] = { 0, 45, 90, 135, 180, 225, 270,
315 };

for(int i = 0; strcmp(octant, compass[i])!=0; i++);

return bearing[i];

}

float SmallestAngle(float a, float b) {

// To find the smallest angle between two bearings

float c, d;

c = BearingRange(a - b);

d = BearingRange(b - a);

return ((c<=d) ? c : d);

}

Matrix Rotation_x(float t) {

Matrix result(4,4,

1.0, 0.0, 0.0, 0.0,

0.0, cos(t), sin(t), 0.0,

0.0, -sin(t), cos(t), 0.0,

0.0, 0.0, 0.0, 1.0);

return result;

}

Matrix Rotation_z(float t) {

Matrix result(4,4,

cos(t), sin(t), 0.0, 0.0,

- sin(t), cos(t), 0.0, 0.0,

0.0, 0.0, 1.0, 0.0,

0.0, 0.0, 0.0, 1.0);

return result;

}

Matrix SwapHands() {

// Transformation matrix to convert from left to right handed
co-ordinate systems

Matrix result(4,4,

1.0, 0.0, 0.0, 0.0,

0.0, 1.0, 0.0, 0.0,

0.0, 0.0, -1.0, 0.0,
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0.0, 0.0, 0.0, 1.0);

return result;

}

Matrix Translate(float x, float y, float z) {

Matrix result(4, 4,

1.0, 0.0, 0.0, 0.0,

0.0, 1.0, 0.0, 0.0,

0.0, 0.0, 1.0, 0.0,

x, y, z, 1.0);

return result;

}

Matrix Scale(float x, float y, float z) {

Matrix result(4,4,

x, 0.0, 0.0, 0.0,

0.0, y, 0.0, 0.0,

0.0, 0.0, z, 0.0,

0.0, 0.0, 0.0, 1.0);

return result;

}

// Setup data types and object model

// *** Class and function definitions for Colour ***

class Colour {

// Stores r,g,b colour triplet to 24 bit depth

public:

unsigned char r, g, b;

Colour();

Colour(unsigned char sr, unsigned char sg, unsigned char sb);

};

Colour::Colour() {

// Default constructor

r = '\0';

b = '\0';

g = '\0';

}

Colour::Colour(unsigned char sr, unsigned char sg, unsigned char
sb) {

// Assignment constructor

r = sr;

g = sg;

b = sb;
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}

// *** Class and function definitions for Targa ***

class Targa {

// This class supports storage and manipulation of an image
stored in Targa format

private:

unsigned char *Data; // Pointer to a byte array of image data

int x_size, y_size; // Image size in pixels

void Initialise(int x, int y); // Private constructor

char set;

public:

// Constructors

Targa(); // Default constructor

Targa(int x, int y); // Constructs a blank image of the
specified size

Targa(char *FileName); // Constructs from file

// Destructor

~Targa();

// Access functions

int Width() {return x_size;}

int Height() {return y_size;}

void ChangeSize(int x, int y); // Changes the size of the
current image

Colour GetPixel(int x, int y); // Returns colour of specified
pixel

void SetPixel(int x, int y, Colour c); // Sets a specified
pixel to the given colour

void Save(char *FileName); // Saves a targa file

void Load(char *FileName); // Loads a targa file

};

void Targa::Initialise(int x, int y) {

// Private constructor

set = 0;

Data = '\0';

if(x!=0 && y!=0) {

set = 1;

Data = new unsigned char [x*y*3];

// Initialise the array

for(long int i=0; i<(x*y*3); i++) Data[i]=0;

}

x_size = x;

y_size = y;



 - 216 -  

AP P E N D I X A  :  LA N D S C O P E  P R O G R A M C O D E  

}

Targa::Targa() {

// Default constructor

Initialise(0,0);

}

Targa::Targa(int x, int y) {

// Constructs a blank image of the specified size

Initialise(x,y);

}

Targa::~Targa() {

// Destructor

if(set) delete [] Data;

}

void Targa::ChangeSize(int x, int y) {

// Changes the size of the image. Its original contents are
not preserved

if(set) delete [] Data;

Initialise(x,y);

}

Colour Targa::GetPixel(int x, int y) {

// Returns the colour of the specified pixel

long int i;

i = (((y_size-1) - y)*x_size + x) * 3;

Colour result;

result.b = Data[i];

result.g = Data[i+1];

result.r = Data[i+2];

return result;

}

void Targa::SetPixel(int x, int y, Colour c) {

// Sets a specified pixel to the given colour

long int i;

i = (((y_size-1) - y)*x_size + x) * 3;

Data[i] = c.b;

Data[i+1] = c.g;

Data[i+2] = c.r;

}

Targa::Targa(char *FileName) {

Load(FileName);

}
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void Targa::Load(char *FileName) {

// Load image in Truevision targa format

ifstream in(FileName, ios::in | ios::binary);

if(!in) {

cout << "Cannot open file " << FileName << '\n';

exit(1);

}

unsigned char ch, x_lo, x_hi, y_lo, y_hi;

// Trash first twelve bytes of file

for(int j=0; j<12; j++) in.get(ch);

in.get(x_lo); // Get image size

in.get(x_hi);

in.get(y_lo);

in.get(y_hi);

ChangeSize(x_lo + (x_hi*256), y_lo + (y_hi*256));

in.get(ch); // Trash the next two bytes

in.get(ch);

long int i;

for(int y = 0; y < y_size; y++) {

for(int x = 0; x < x_size; x++) {

i = (y*x_size + x) * 3;

in.get(Data[i]);

in.get(Data[i+1]);

in.get(Data[i+2]);

}

}

in.close();

}

void Targa::Save(char *FileName) {

// Save image in Truevision targa format

ofstream out(FileName, ios::out | ios::binary);

if(!out) {

cout << "Cannot open file " << FileName << '\n';

exit(1);

}

out.put((unsigned char)0);

out.put((unsigned char)0);

out.put((unsigned char)2); // Targa type 2

for(int j=3; j<12; j++) out.put((unsigned char)0);

out.put((unsigned char)lo_byte(x_size));
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out.put((unsigned char)hi_byte(x_size));

out.put((unsigned char)lo_byte(y_size));

out.put((unsigned char)hi_byte(y_size));

out.put((unsigned char)24); // 24 bits per pixel

out.put((unsigned char)32);

long int i;

for(int y = 0; y < y_size; y++) {

for(int x = 0; x < x_size; x++) {

i = (y*x_size + x) * 3;

out.put(Data[i]); // Blue

out.put(Data[i+1]); // Green

out.put(Data[i+2]); // Red

}

}

out.close();

}

// *** Class and function definitions for Projection ***

class OrthoProj {

private:

void Initialise(); // Private constructor

void SetOrient(float strike, float dip, char *direction);

Matrix PTW; // Pixel co-ordinate to world co-ordinate
transformation

public:

Vector Origin; // Origin of the projection plane in
world co-ords

Vector Orientation; // Orientation of the projection plane
ie. normal to place and primary ray vector

Vector LowerLeft; // Position of the image within the
projection plane relative to the origin (in projection(world) co-
ordinates)

Vector UpperRight; // Posittion of the image within the
projection plane relative to the origin (in projection(world) oo-
ordinates)

Targa Image; // The image to be generated on the
projection plane

OrthoProj() {Initialise();} // Constructor

OrthoProj(float strike, float dip, char *direction, int
x_size, int y_size, Vector &O, Vector &LL, Vector &UR);

friend istream &operator>>(istream &stream, OrthoProj &obj);

Vector PixToWorld(int x, int y); // Given pixel co-ordinates
in projection space returns the world co-ordinates of the pixel

};
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void OrthoProj::SetOrient(float strike, float dip, char
*direction) {

// Compute the normal vector to the projection plane
(direction of primary ray)

// Two candidate directions for the given strike

float azimuth_a, azimuth_b, dip_azimuth, ob;

azimuth_a = BearingRange(strike + 90);

azimuth_b = BearingRange(strike - 90);

// Which is nearest the octant?

ob = OctantBearing(direction);

// Which azimuth is nearest the octant bearing

float angle_a, angle_b;

angle_a = SmallestAngle(azimuth_a, ob);

angle_b = SmallestAngle(azimuth_b, ob);

dip_azimuth = (angle_a < angle_b) ? azimuth_a : azimuth_b;

Orientation(1) = 0; // Create unit vector vertically
downwards

Orientation(2) = 0;

Orientation(3) = -1;

Orientation(4) = 0;

Orientation = Orientation * Rotation_x(degrad(dip));

Orientation = Orientation * Rotation_z(degrad(180-
dip_azimuth));

PTW = SwapHands() *

Scale((UpperRight(1) - LowerLeft(1)) /
Image.Width(), (UpperRight(2) - LowerLeft(2)) / Image.Height(),
1) *

Translate(LowerLeft(1), LowerLeft(2), 0) *

Rotation_x(degrad(dip)) *

Rotation_z(degrad(180-dip_azimuth)) *

Translate(Origin(1), Origin(2), Origin(3));

}

Vector OrthoProj::PixToWorld(int x, int y) {

Vector Pixel(4, (double)x, (double)y, 0.0, 1.0);

return (Pixel * PTW);

}

void OrthoProj::Initialise() {

Origin.ChangeDimensions(4);

Origin(4) = 1; // Is a position vector

Orientation.ChangeDimensions(4);

LowerLeft.ChangeDimensions(4);

LowerLeft(4) = 1; // Is a position vector
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UpperRight.ChangeDimensions(4);

UpperRight(4) = 1; // Is a position vector

}

OrthoProj::OrthoProj(float strike, float dip, char *direction,
int x_size, int y_size, Vector &O, Vector &LL, Vector &UR) {

Initialise();

Origin = O;

LowerLeft = LL;

UpperRight = UR;

Image.ChangeSize(x_size, y_size);

SetOrient(strike, dip, direction);

}

istream &operator>>(istream &stream, OrthoProj &obj) {

// Get the origin vector

stream >> obj.Origin(1) >> obj.Origin(2) >> obj.Origin(3);

// Get limits and resolution of projected image in projection
co-ordinates

stream >> obj.LowerLeft(1) >> obj.LowerLeft(2);

stream >> obj.UpperRight(1) >> obj.UpperRight(2);

int x_size, y_size;

stream >> x_size >> y_size;

obj.Image.ChangeSize(x_size, y_size);

float strike;

float dip;

char direction[2];

stream >> strike >> dip >> direction;

obj.SetOrient(strike, dip, direction);

return stream;

}

// *** Class and function definitions for Camera ***

class SphereCam {

public:

Vector Origin; // Camera position - centre of the sphere

Vector Sp; // Unit direction vector for 'North pole' of
sphere

Vector Se; // Unit direction vector for equatorial
reference

float u0, v0; // Position of image origin on the sphere

float k; // (pix/rad) Constant of proportionality
between angular distances (rad) on the film sphere and pixels on
the image

float f; // Focal length - radius of the sphere
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Targa Image; // The image storing the photographs

SphereCam(); // Constructor

char GetPixel(Vector Ro, Colour &result); // True if given ray
falls within defined image

friend istream &operator>>(istream &stream, SphereCam &obj);

};

SphereCam::SphereCam() {

Origin.ChangeDimensions(4);

Origin(4) = 1; // Is a position vector

Sp.ChangeDimensions(4);

Se.ChangeDimensions(4);

Sp(4) = 0;

Se(4) = 0;

}

char SphereCam::GetPixel(Vector Ro, Colour &result) {

// Given a world co-ordinate determine if this is represented
within the image and if so the colour at this point

// Calculate the co-ordinates of the intersection with the
sphere given that the ray is aimed at the centre

Vector Ray; // Ray from landscape to camera centre

Vector Sn; // Surface normal to sphere at the point of
intersection

float theta, phi, v, u;

char represented = 0;

int x_pix, y_pix;

Ray = Ro - Origin;

Sn = Ray.Unit();

// Do inverse spherical mapping

phi = (M_PI/2)-acos(inrange(Sn % Sp, (float)-1.0,
(float)1.0));

v = phi;

theta = (M_PI/2)-acos(inrange(Cross(Se, Sp) % Sn, (float)-1.0,
(float)1.0));

u = theta;

x_pix = (int)floor(k * u);

y_pix = (int)floor(k * v);

if((x_pix>=0) && (x_pix<=Image.Width()) && (y_pix>=0) &&
(y_pix<=Image.Height())) {

represented = 1;

result = Image.GetPixel(x_pix, Image.Height()-y_pix);

}

return represented;

}
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istream &operator>>(istream &stream, SphereCam &obj) {

// Get the origin vector

stream >> obj.Origin(1) >> obj.Origin(2) >> obj.Origin(3);

// Get the Sp and Se vectors

stream >> obj.Sp(1) >> obj.Sp(2) >> obj.Sp(3);

stream >> obj.Se(1) >> obj.Se(2) >> obj.Se(3);

stream >> obj.u0 >> obj.v0;

stream >> obj.k >> obj.f;

char CamPhoto[100];

stream >> CamPhoto;

obj.Image.Load(CamPhoto);

return stream;

}

// Class and function definitions for DEM

struct SectionNode {

float t;

float z;

};

class DEM {

Matrix Terrain; // Store for the height field and its
dimensions

Vector LowerLeft, UpperLeft, LowerRight, UpperRight; // 3D co-
ordinates of current cell vertices

float invalid;

float lots;

void Initialise(int x, int y, float x_min, float x_max, float
y_min, float y_max); // Private Constructor with sizing

char TestCell(int x_cell, int y_cell, Vector &Ro, Vector
&Rend, Vector &result);

float b; // Width of border around triangles in DEM when
testing (prevents fp precision problems).

public:

DEM(int x, int y, float x_min, float x_max, float y_min, float
y_max) {Initialise(x, y, x_min, x_max, y_min, y_max);} //
Constructor with sizing

DEM(char *FileName); // Constructor from file

float &DEM::operator()(int row, int col);

int Width() { return Terrain.Rows(); }

int Height() { return Terrain.Columns(); }

Vector Origin; // Origin of the height field in world co-ords

Vector q; // Opposite corner to origin

Vector Spacing; // Size if each cell in world co-ords
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char IntersectionFinite(Vector &Ro, Vector &Rend, Vector
&result); // Ray defined by ends

char IntersectionInfinite(Vector &Ro, Vector &Rd, Vector
&result); // Ray defined by origin and direction.

};

void DEM::Initialise(int x, int y, float x_min, float y_min,
float x_max, float y_max) {

b = 0.01;

invalid = 1.70141e+038;

lots = 1e6;

Terrain.ChangeDimensions(x,y);

Origin.ChangeDimensions(4);

Origin(1) = x_min;

Origin(2) = y_min;

Origin(4) = 1; // Is a position vector

q.ChangeDimensions(4);

q(1) = x_max;

q(2) = y_max;

q(4) = 1; // Is a position vector

Spacing.ChangeDimensions(4);

Spacing(1) = (q(1) - Origin(1)) / (Width() - 1);

Spacing(2) = (q(2) - Origin(2)) / (Height() - 1);

LowerLeft.ChangeDimensions(4);

LowerLeft(4) = 1;

UpperLeft.ChangeDimensions(4);

UpperLeft(4) = 1;

LowerRight.ChangeDimensions(4);

LowerRight(4) = 1;

UpperRight.ChangeDimensions(4);

UpperRight(4) = 1;

}

DEM::DEM(char *FileName) {

// Constructs a DEM model from a Surfer32 ASCII .grd file

invalid = 1.7014e+038;

int x,y;

float x_min, x_max, y_min, y_max, z_min, z_max;

char ch;

ifstream in(FileName);

if(!in) {

cout << "Cannot open landscape file " << FileName << '\n';

exit(1);
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}

for(int j=1; j<=4; j++) in >> ch;

in >> x >> y;

in >> x_min >> x_max;

in >> y_min >> y_max;

in >> z_min >> z_max;

Initialise(x,y, x_min, y_min, x_max, y_max);

// Read in the grid data

// Data is stored in paragraphs for each row in lines of ten
entries terminated by CR

// Paragraphs (rows) are separated by an extra carriage return

in.setf(ios::skipws); // Configure stream to skip white space

for(int iny=1; iny<=Height(); iny++) {

for(int inx=1; inx<=Width(); inx++) {

in >> Terrain(inx, iny);

}

}

in.close();

}

float &DEM::operator()(int x, int y) { // Receiving and assigning
values with control

if((x<1 || x>Width()) || (y<1 || y>Height())) {

cout << "float &DEM::operator()(int row, int col)\n";

cout << "Subscript out of range for terrain\n";

exit(1);

}

return Terrain[x][y];

}

char DEM::IntersectionFinite(Vector &Ro, Vector &Rend, Vector
&result) {

// Tests to see if the ray with ends specified by Ro and Rd
intersects

// the DEM. If it does true is returned and result contains a

// position vector and tri contains 1 if the left triangle was
intersected

// and 0 if the right triangle was intersected.

// Check to see whether 2D projection of ray crosses terrain

char intersection = 0;

// Set up position vectors for the projection of the 'ends' of
the ray on the x-y plane

Vector a(4, Ro); // Start of the ray in x-y

Vector b(4, Rend); // End of the ray in x-y
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if(Clip2D(a, b, Origin, q)) {

// Projected ray passes over terrain

// a and b now contain the co-ordinates of the end points
of the ray within the DEM area.

// Convert a and b to DEM cell co-ordinates

Vector a_dem(4), b_dem(4);

a_dem(1) = (a(1) - Origin(1)) / Spacing(1) + 1;

a_dem(2) = (a(2) - Origin(2)) / Spacing(2) + 1;

a_dem(4) = 1.0;

b_dem(1) = (b(1) - Origin(1)) / Spacing(1) + 1;

b_dem(2) = (b(2) - Origin(2)) / Spacing(2) + 1;

b_dem(4) = 1.0;

float dx, dy;

dx = b_dem(1) - a_dem(1);

dy = b_dem(2) - a_dem(2);

int x_ctr, y_ctr;

// Which octant is the ray in?

if(dx == 0 && dy == 0) {

// Ray is vertical

x_ctr = inrange((int)floor(a_dem(1)), 1, Width()-1);

y_ctr = inrange((int)floor(a_dem(2)), 1, Height()-1);

intersection = TestCell(x_ctr, y_ctr, Ro, Rend, result);

}

else if(dx>=0) {

if(dy>=0) {

if(abs(dx)>=abs(dy)) {

// Octant 1

// x - is the dominant co-ordinate

// Calculate the y-extent of the ray

int y_start, y_end, x_start;

y_start = inrange((int)floor(a_dem(2)), 1,
Height()-1);

y_end = inrange((int)floor(b_dem(2)), 1,
Height()-1);

x_start = inrange((int)floor(a_dem(1)), 1,
Width()-1);

y_ctr = y_start;

do {

// Is this the last row?

int x_end;
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if(y_ctr < y_end) {

// Not last row

// In which cell does the ray leave this
row?

float xi, yi;

lines_intersect(a_dem(1), a_dem(2),
b_dem(1), b_dem(2), 0, y_ctr+1, Width()+1, y_ctr+1, xi, yi);

x_end = inrange((int)floor(xi), 1, Width()-
1);

}

else {

// Last row

x_end = inrange((int)floor(b_dem(1)), 1,
Width()-1);

}

x_ctr = x_start;

do {

intersection = TestCell(x_ctr, y_ctr, Ro,
Rend, result);

x_ctr++;

} while (!intersection && x_ctr <= x_end);

x_start = x_end;

y_ctr++;

} while(!intersection && y_ctr <= y_end);

}

else {

// Octant 2

// y - is the dominant co-ordinate

// Calculate the x-extent of the ray

int x_start, x_end, y_start;

x_start = inrange((int)floor(a_dem(1)), 1,
Width()-1);

x_end = inrange((int)floor(b_dem(1)), 1,
Width()-1);

y_start = inrange((int)floor(a_dem(2)), 1,
Height()-1);

x_ctr = x_start;

do {

// Is this the last column?

int y_end;

if(x_ctr < x_end) {

// Not last column
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// In which cell does the ray leave this
column?

float xi, yi;

lines_intersect(a_dem(1), a_dem(2),
b_dem(1), b_dem(2), x_ctr+1, 0, x_ctr+1, Height()+1, xi, yi);

y_end = inrange((int)floor(yi), 1, Height()-
1);

}

else {

// Last column

y_end = inrange((int)floor(b_dem(2)), 1,
Height()-1);

}

y_ctr = y_start;

do {

intersection = TestCell(x_ctr, y_ctr, Ro,
Rend, result);

y_ctr++;

} while(!intersection && y_ctr <= y_end);

y_start = y_end;

x_ctr++;

} while(!intersection && x_ctr <= x_end);

}

}

else {

if(abs(dx)>=abs(dy)) {

// Octant 8

// x - is the dominant co-ordinate

// Calculate the y-extent of the ray

int y_start, y_end, x_start;

y_start = inrange((int)floor(a_dem(2)), 1,
Height()-1);

y_end = inrange((int)floor(b_dem(2)), 1,
Height()-1);

x_start = inrange((int)floor(a_dem(1)), 1,
Width()-1);

y_ctr = y_start;

do {

// Is this the last row?

int x_end;

if(y_ctr > y_end) {

// Not last row

float xi, yi;
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lines_intersect(a_dem(1), a_dem(2),
b_dem(1), b_dem(2), 0, y_ctr, Width()+1, y_ctr, xi, yi);

x_end = inrange((int)floor(xi), 1, Width()-
1);

}

else {

// Last row

x_end = inrange((int)floor(b_dem(1)), 1,
Width()-1);

}

x_ctr = x_start;

do {

intersection = TestCell(x_ctr, y_ctr, Ro,
Rend, result);

x_ctr++;

} while (!intersection && x_ctr <=x_end);

x_start = x_end;

y_ctr--;

} while(!intersection && y_ctr >= y_end);

}

else {

// Octant 7

// y - is the dominant co-ordinate

// Calculate the x-extent of the ray

int x_start, x_end, y_start;

x_start = inrange((int)floor(a_dem(1)), 1,
Width()-1);

x_end = inrange((int)floor(b_dem(1)), 1,
Width()-1);

y_start = inrange((int)floor(a_dem(2)), 1,
Height()-1);

x_ctr = x_start;

do {

// Is this the last column?

int y_end;

if(x_ctr < x_end) {

// Not last column

// In which cell does the ray leave this
column?

float xi, yi;

lines_intersect(a_dem(1), a_dem(2),
b_dem(1), b_dem(2), x_ctr+1, 0, x_ctr+1, Height()+1, xi, yi);

y_end = inrange((int)floor(yi), 1, Height()-
1);
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}

else {

// Last column

y_end = inrange((int)floor(b_dem(2)), 1,
Height()-1);

}

y_ctr = y_start;

do {

intersection = TestCell(x_ctr, y_ctr, Ro,
Rend, result);

y_ctr--;

} while (!intersection && y_ctr >= y_end);

y_start = y_end;

x_ctr++;

} while(!intersection && x_ctr <= x_end);

}

}

}

else {

if(dy>=0) {

if(abs(dx)>=abs(dy)) {

// Octant 4

// x - is the dominant co-ordinate

// Calculate the y-extent of the ray

int y_start, y_end, x_start;

y_start = inrange((int)floor(a_dem(2)), 1,
Height()-1);

y_end = inrange((int)floor(b_dem(2)), 1,
Height()-1);

x_start = inrange((int)floor(a_dem(1)), 1,
Width()-1);

y_ctr = y_start;

do {

// Is this the last row?

int x_end;

if(y_ctr < y_end) {

// Not last row

// In which cell does the ray leave the row?

float xi, yi;

lines_intersect(a_dem(1), a_dem(2),
b_dem(1), b_dem(2), 0, y_ctr+1, Width()+1, y_ctr+1, xi, yi);

x_end = inrange((int)floor(xi), 1, Width()-
1);
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}

else {

// Last row

x_end = inrange((int)floor(b_dem(1)), 1,
Width()-1);

}

x_ctr = x_start;

do {

intersection = TestCell(x_ctr, y_ctr, Ro,
Rend, result);

x_ctr--;

} while (!intersection && x_ctr >= x_end);

x_start = x_end;

y_ctr++;

} while (!intersection && y_ctr <= y_end);

}

else {

// Octant 3

// y - is the dominant co-ordinate

// Calculate the x-extent of the ray

int x_start, x_end, y_start;

x_start = inrange((int)floor(a_dem(1)), 1,
Width()-1);

x_end = inrange((int)floor(b_dem(1)), 1,
Width()-1);

y_start = inrange((int)floor(a_dem(2)), 1,
Height()-1);

x_ctr = x_start;

do {

// Is this the last column?

int y_end;

if(x_ctr > x_end) {

// Not last column

// In which cell does the ray leave this
column?

float xi, yi;

lines_intersect(a_dem(1), a_dem(2),
b_dem(1), a_dem(2), x_ctr, 0, x_ctr, Height()+1, xi, yi);

y_end = inrange((int)floor(yi), 1, Height()-
1);

}

else {

// Last column
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y_end = inrange((int)floor(b_dem(2)), 1,
Height()-1);

}

y_ctr = y_start;

do {

intersection = TestCell(x_ctr, y_ctr, Ro,
Rend, result);

y_ctr++;

} while (!intersection && y_ctr <= y_end);

y_start = y_end;

x_ctr--;

} while (!intersection && x_ctr >= x_end);

}

}

else {

if(abs(dx)>=abs(dy)) {

// Octant 5

// x - is the dominant co-ordinate

// Calculate the y-extent of the ray

int y_start, y_end, x_start;

y_start = inrange((int)floor(a_dem(2)), 1,
Height()-1);

y_end = inrange((int)floor(b_dem(2)), 1,
Height()-1);

x_start = inrange((int)floor(a_dem(1)), 1,
Width()-1);

y_ctr = y_start;

do {

// Is this the last row?

int x_end;

if(y_ctr > y_end) {

// Not last row

// In which cell does the ray leave this
row?

float xi, yi;

lines_intersect(a_dem(1), a_dem(2),
b_dem(1), b_dem(2), 0, y_ctr, Width()+1, y_ctr, xi, yi);

x_end = inrange((int)floor(xi), 1, Width()-
1);

}

else {

// Last row
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x_end = inrange((int)floor(b_dem(1)), 1,
Width()-1);

}

x_ctr = x_start;

do {

intersection = TestCell(x_ctr, y_ctr, Ro,
Rend, result);

x_ctr--;

} while (!intersection && x_ctr >= x_end);

x_start = x_end;

y_ctr--;

} while (!intersection && y_ctr >= y_end);

}

else {

// Octant 6

// y - is the dominant co-ordinate

// Calculate the x-extent of the ray

int x_start, x_end, y_start;

x_start = inrange((int)floor(a_dem(1)), 1,
Width()-1);

x_end = inrange((int)floor(b_dem(1)), 1,
Width()-1);

y_start = inrange((int)floor(a_dem(2)), 1,
Height()-1);

x_ctr = x_start;

do {

// Is this the last column?

int y_end;

if(x_ctr > x_end) {

// Not last column

// In which cell does the ray leave this
column?

float xi, yi;

lines_intersect(a_dem(1), a_dem(2),
b_dem(1), b_dem(2), x_ctr, 0, x_ctr, Height()+1, xi, yi);

y_end = inrange((int)floor(yi), 1, Height()-
1);

}

else {

// Last column

y_end = inrange((int)floor(b_dem(2)), 1,
Height()-1);

}
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y_ctr = y_start;

do {

intersection = TestCell(x_ctr, y_ctr, Ro,
Rend, result);

y_ctr--;

} while (!intersection && y_ctr >= y_end);

y_start = y_end;

x_ctr--;

} while (!intersection && x_ctr >= x_end);

}

}

}

// intersection = 1 : ray intersects terrain at result

// intersection = 0 : ray does not intersect terrain

}

else {

// Projected ray does not pass over terrain

intersection = 0;

}

return intersection;

}

char DEM::TestCell(int x_cell, int y_cell, Vector &Ro, Vector
&Rend, Vector &result) {

// Tests a DEM cell for intersection with a ray

if(x_cell>Width()-1 || x_cell<1 || y_cell>Height()-1 ||
y_cell<1) return 0;

float t1, t2;

Vector Int1(4), Int2(4);

char intersection = 0;

char intersection1 = 0;

char intersection2 = 0;

float rt;

Vector Rd(4);

Rd = Unit(Rend - Ro);

rt = Magnitude(Rend - Ro);

// Set up vectors for cell vertices

LowerLeft(1) = Origin(1) + Spacing(1) * (x_cell - 1);

LowerLeft(2) = Origin(2) + Spacing(2) * (y_cell - 1);

LowerLeft(3) = Terrain(x_cell, y_cell);

UpperLeft(1) = Origin(1) + Spacing(1) * (x_cell - 1);

UpperLeft(2) = Origin(2) + Spacing(2) * y_cell;
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UpperLeft(3) = Terrain(x_cell, y_cell+1);

UpperRight(1) = Origin(1) + Spacing(1) * x_cell;

UpperRight(2) = Origin(2) + Spacing(2) * y_cell;

UpperRight(3) = Terrain(x_cell + 1, y_cell + 1);

LowerRight(1) = Origin(1) + Spacing(1) * x_cell;

LowerRight(2) = Origin(2) + Spacing(2) * (y_cell - 1);

LowerRight(3) = Terrain(x_cell + 1, y_cell);

Vector b1(4, (double)-b, (double)b, 0.0, 0.0);

Vector b2(4, (double)b, (double)2.414*b, 0.0, 0.0);

Vector b3(4, (double)2.414*b, (double)b, 0.0, 0.0);

// Only test triangles if DEM is valid at this point

if((LowerLeft(3)!=invalid) && (UpperRight(3)!=invalid)) {

if(UpperLeft(3)!=invalid) {

intersection1 = IntTriangle(Ro, Rd, LowerLeft - b2,
UpperRight + b3, UpperLeft + b1, Int1, t1);

if(t1>rt) intersection1 = 0; // Intersection beyond end
of vector

}

if(LowerRight(3)!=invalid) {

intersection2 = IntTriangle(Ro, Rd, LowerLeft - b3,
LowerRight - b1, UpperRight + b2, Int2, t2);

if(t2>rt) intersection2 = 0; // Intersection beyond end
of vector

}

}

// Select the intersection point nearest to the rays origin

if(intersection1 || intersection2) {

result = t1<t2 ? Int1 : Int2;

intersection = 1;

}

return intersection;

}

char DEM::IntersectionInfinite(Vector &Ro, Vector &Rd, Vector
&result) {

// Tests to see if the ray specified by Ro and Rd intersects
the DEM.

// If it does true is returned and result contains a position
vector

// of the intersection.

// Calculate ray-end position

Vector Rend(4);

Rend = Ro + Rd*lots; // Ray only needs to be larger than DEM
- not this large!
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return IntersectionFinite(Ro, Rend, result);

}

char Clip2D(Vector &aa, Vector &bb, Vector &p, Vector &q) {

// Implements Liang-Barsky parametric line clipping

// Clip 2D line segment defined by a and b against an upright
clip

// rectangle with corners at p and q. The function returns
true if

// the visible part of the line seqment is returned in a and
b.

// This function operates only on the first two elements of a
vector

// The remainder are untouched

char Clipt(float denom, float num, float &tE, float &tL);

Vector a(2, aa); // Make sub-vectors

Vector b(2, bb);

Vector d;

float tE, tL;

d = b - a;

char visible = 0;

tE = 0;

tL = 1;

if(Clipt(d(1), p(1)-a(1), tE, tL)) {

if(Clipt(-d(1), a(1)-q(1), tE, tL)) {

if(Clipt(d(2), p(2)-a(2), tE, tL)) {

if(Clipt(-d(2), a(2)-q(2), tE, tL)) {

visible = 1;

if(tL<1) b = a + d*tL;

if(tE>0) a = a + d*tE;

}

}

}

}

aa.SetVector(1, a);

bb.SetVector(1, b);

return visible;

}

char Clipt(float denom, float num, float &tE, float &tL) {

// Implements Liang-Barsky parametric line clipping

// This function computes a new value or tE or tL for an
interior
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// intersection of a line segment and an edge. If the line
segment

// can be trivially rejected, false is returned; if it cannot
be,

// true is returned and the value of tE or tL is adjusted.

float t;

char accept;

accept = 1;

if(denom>0) {

t = num/denom;

if(t>tL) accept = 0;

else if(t>tE) tE = t;

}

else if(denom<0) {

t = num/denom;

if(t<tE) accept = 0;

else if(t<tL) tL = t;

}

else if(num>0) accept = 0;

return accept;

}

char IntTriangle(Vector &Ro, Vector &Rd, Vector &P1, Vector &P2,
Vector &P3, Vector &result, float &t) {

// Given a ray defined by Ro + t*Rd and three position vectors
defining an anti-clockwise

// triangle in 3-space, the function returns true if the ray
intersects

// the triangle. The ray parameter t and the co-ords of the
intersection

// in result.

// Compute the plane equation for the triangle Haynes
(1989)

Vector edge1, edge2;

edge1 = P1 - P2;

edge2 = P1 - P3;

Vector normal;

normal = Cross(edge1, edge2); // Calculate cross product -
normal to plane

normal = normal.Unit();

float d;

d = -(normal%P2);

// Compute the intersection point Didier (1990)

float vd, v;
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vd = normal%Rd;

if(vd<0) {

v = -((normal%Ro) + d);

t = v/vd;

if(t>=0) {

result = Ro + Rd*t;

}

else {

// Ray intersects plane behind the rays origin

return 0;

}

}

else {

// Plane faces away from or is parallel to ray

return 0;

}

// Does the intersection point lie within the triangle

int i1, i2, i3;

// Find dominant axis of normal vector and project the
triangle on to the plane perpendicular to that axis

if(abs(normal(1))>=abs(normal(2)) &&
abs(normal(1))>=abs(normal(3))) i1=1, i2=2, i3=3;

if(abs(normal(2))>=abs(normal(1)) &&
abs(normal(2))>=abs(normal(3))) i1=2, i2=1, i3=3;

if(abs(normal(3))>=abs(normal(2)) &&
abs(normal(3))>=abs(normal(1))) i1=3, i2=1, i3=2;

// Project on to the plane represented by i2 and i3

float u0,u1,u2,v0,v1,v2, alpha, beta;

u0 = result(i2) - P1(i2);

v0 = result(i3) - P1(i3);

u1 = P2(i2) - P1(i2);

u2 = P3(i2) - P1(i2);

v1 = P2(i3) - P1(i3);

v2 = P3(i3) - P1(i3);

char inter = 0;

if(u1 == 0.0) {

beta = u0 / u2;

if((beta >= 0.0) && (beta <= 1.0)) {

alpha = (v0 - beta*v2)/v1;

inter = ((alpha>=0.0) && (beta>=0.0) &&
((alpha+beta)<=1.0));

}
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}

else {

beta = (v0 * u1 - u0 * v1) / (v2 * u1 - u2 * v1);

if((beta >= 0.0) && (beta <= 1.0)) {

alpha = (u0 - beta * u2) / u1;

inter = ((alpha>=0.0) && (beta>=0.0) &&
((alpha+beta)<=1.0));

}

}

return inter;

}

int lines_intersect(float x1,float y1, float x2, float y2, float
x3, float y3, float x4, float y4, float &x, float &y) {

float a1, a2, b1, b2, c1, c2; // Co-efficients of line
equations

float r1, r2, r3, r4; // 'Sign' values

float denom, offset, num; // Intermediate values

//cout << '(' << x1 << ',' << y1 << ") (" << x2 << ',' <<
y2 << ")\n";

//cout << '(' << x3 << ',' << y3 << ") (" << x4 << ',' <<
y4 << ")\n";

// Check for lines of 0 length

if((x1 == x2 && y1 == y2) || (x3 == x4 && y3 == y4)) return
DONT_INTERSECT;

// Compute a1, b1, c1 where line joining points 1 and 2

// is a1x + b1y + c1 = 0

a1 = y2 - y1;

b1 = x1 - x2;

c1 = x2 * y1 - x1 * y2;

//cout << "a1 = " << a1 << '\n';

//cout << "b1 = " << b1 << '\n';

//cout << "c1 = " << c1 << '\n';

// Compute r3 and r4

r3 = a1 * x3 + b1 * y3 + c1;
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r4 = a1 * x4 + b1 * y4 + c1;

//cout << "r3 = " << r3 << '\n';

//cout << "r4 = " << r4 << '\n';

// Check signs of r3 and r4. If both point 3 and point 4
lie on

// same side of line 1, the lines do not intersect

if(r3 != 0 && r4 !=0 && sgn(r3)==sgn(r4)) return
DONT_INTERSECT;

// Compute a2, b2, c2

a2 = y4 - y3;

b2 = x3 - x4;

c2 = x4 * y3 - x3 * y4;

//cout << "a2 = " << a2 << '\n';

//cout << "b2 = " << b2 << '\n';

//cout << "c2 = " << c2 << '\n';

// Compute r1 and r2

r1 = a2 * x1 + b2 * y1 + c2;

r2 = a2 * x2 + b2 * y2 + c2;

//cout << "r1 = " << r1 << '\n';

//cout << "r2 = " << r2 << '\n';

// Check signs of r1 and r2. If both point 1 and point 2
lie on the

// same side of the second line segment, the line segments
do not intersect

if(r1 != 0 && r2 != 0 && sgn(r1)==sgn(r2)) return
DONT_INTERSECT;

denom = a1 * b2 - a2 * b1;

//cout << "denom = " << denom << '\n';;

if(denom == 0 ) return ( COLLINEAR );
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offset = denom < 0 ? -denom / 2 : denom / 2;

//cout << "offset = " << offset << '\n';;

// The denom/2 is to get rounding instead of truncating.

// It is added is added or subtracted to the numerator

// depending on the sign of the numerator

//cout << "Denom : " << denom << '\n';

num = b1 * c2 - b2 * c1;

//cout << "num = " << num << '\n';

//cout << "num/denom" << (num / denom) << '\n';

x = num / denom;

num = a2 * c1 - a1 * c2;

//cout << "num = " << num << '\n';

//cout << "num/denom" << (num / denom) << '\n';

y = num / denom;

return ( DO_INTERSECT );

}

// *** Main program ***

int main ( int argc, char *argv[]) {

cout << "LandScope 2.0\n";

// Check command line arguments

if(argc != 2) {

cout << "No filename given.\n";

exit(1);

}

ifstream TopFile(argv[1]);

if(!TopFile) {

cout << "Cannot open file " << argv[1] << '\n';

exit(1);

}

// Get first line of file

char firstline[10];

TopFile >> firstline;
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cout << firstline << '\n';

if(strcmp(firstline,"Landscope")!=0) {

cout << argv[1] << "is not and Landscope file.\n";

exit(1);

}

char OutFileName[100];

char LandFileName[100];

TopFile >> OutFileName; //
Get file name for output file

OrthoProj Projection; //
Declare Projection to store orientation of projection plane and
the projected image

TopFile >> Projection; // Initialise projection from file

TopFile >> LandFileName; //
Get file name for landscape file

DEM Landscape(LandFileName);

SphereCam Camera; //
Declare a spherical camera object

TopFile >> Camera; // Initialise camera from file

TopFile.close();

// Processing

Colour PhotoColour;

Colour UnDefColour(255, 0, 0);

Colour InvisibleColour(0, 255, 0);

Colour SkyColour(0, 0, 255);

Vector LandInt(4); // Co-ordinates of ray
intersection with DEM

Vector WorldPixel(4); // Co-ordinates of the current
pixel in world co-ordinates

Vector ShadowPoint(4); // Co-ordinates of the point
nearest Camera preventing its visibility of LandInt - not used

Vector Epsilon; // Offset added to origin of
shadow ray to prevent it intersecting the same triangle again.

// Ray tracing

// Iterate every pixel in the projected image

debug = 0;

for(int pixely = 0; pixely < Projection.Image.Height();
pixely++) {

cout << "Processing scan-line " << pixely << '\n';

for(int pixelx = 0; pixelx < Projection.Image.Width();
pixelx++) {
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WorldPixel = Projection.PixToWorld(pixelx, pixely);
// World co-ordinates of pixel

// Does a ray with its origin at WorldPixel and a
direction of Projection Orientation intersect the DEM?

if(Landscape.IntersectionInfinite(WorldPixel,
Projection.Orientation, LandInt)) {

// Primary ray intersected terrain at LandInt

// Send out a shadow feeler from the camera to test
intervisibility between this point and the camera

// Calculate epsilon here!

Epsilon = (Camera.Origin - LandInt);

Epsilon = Epsilon.Unit() * 1;

if(!Landscape.IntersectionFinite(Camera.Origin,
LandInt + Epsilon, ShadowPoint)) {

// Intersection point is visible from the camera

// Determine whether the point is represented in
the photograph

if(Camera.GetPixel(LandInt, PhotoColour)) {

// Point is defined in the photograph - set the
point in the projection

Projection.Image.SetPixel(pixelx, pixely,
PhotoColour);

}

else {

// Point is not defined in photograph

Projection.Image.SetPixel(pixelx,pixely,
UnDefColour);

}

}

else {

// Intersection point is not visible from the
camera

Projection.Image.SetPixel(pixelx,pixely,
InvisibleColour);

}

}

else {

// Primary ray did not intersect the landscape

Projection.Image.SetPixel(pixelx,pixely, SkyColour);

}

}

}

cout << "Saving Image " << OutFileName << '\n';

Projection.Image.Save(OutFileName);
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return 0;

}

A.3 vector.hpp 
This library is necessary for operation of the program. It is developed from a 

subset of a library published by BUZZI-FERRARIS (1993). The source code for the 

function definitions of the Vector class is not included in this thesis for reasons 

of copyright. Class and function prototypes for the library are shown below: 

// Header file for vector class vector.hpp

#ifndef VECTOR_HPP

#define VECTOR_HPP

//#include "utility.hpp"

template <class X> void Swap(X &a, X &b);

template <class X> X abs(X val);

template <class X> int sgn(X val);

double round(double x);

float round(float x);

int xor(int a, int b);

int CompareRow(const void *a, const void *b);

class Matrix; // Preventative statements

class Vector;

class Vector {

friend class Matrix;

private:

static int Count; // for WhoAmI

float *vector;

int dimensions;

int Who;

// Initialise constructors

void Initialize(int nc);

// Private constructor

Vector(char, int nc);

public:

// Constructors

Vector(); // Default constructor;

Vector(const Vector &rval); // copy-constructor

Vector(int nc); // sizes and
initializes at 0

Vector(int nc, double v1, ...);
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Vector(int nc, float *initvalues); // data pointer
constructor from array

Vector(int nc, const Vector &rval); // makes a subvector of
size nc<=n

Vector(int nc, int ielem, const Vector &rval); // likewise
starting from ielem

// Destructor

~Vector();

// Non-modifying access functions

int Size() {return dimensions;}

int WhoAmI() {return Who;}

float GetValue(int i); // Get the value of element i

friend Vector GetVector(int nc, int ielem, const Vector
&rval);

// Modifying access functions

float &operator()(int i); // assigns and receives
vector values with control

float &operator[](int i) {return vector[i];}

void SetValue(int i, float &val); // assigns vector values
with control

float &Vector::Value(int i);

void SetVector(int ielem, const Vector &rval); // modifies
the vector starting from ilem with rval

// Assignment operators

Vector &operator=(const Vector &rval);

// Operations for composing vectors

friend Vector operator&&(const Vector &lval, const Vector
&rval);

// Operations for tests

friend char operator==(const Vector &lval, const Vector
&rval);

friend char operator!=(const Vector &lval, const Vector
&rval);

// Operations

friend Vector operator+(const Vector &lval, const Vector
&rval); // c = a + b

Vector &operator+=(const Vector &rval);
// a = a + b

friend Vector operator-(const Vector &lval, const Vector
&rval); // c = a - b

Vector &operator-=(const Vector &rval);
// a = a - b

Vector operator-();
// b = -a

friend Vector operator*(const Matrix &lval, const Vector
&rval); // y = A * x
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friend Vector operator*(const Vector &lval, const Matrix
&rval); // y = x * A

friend Vector operator*(float lval, const Vector &rval);
// y = 3 * x

friend Vector operator*(const Vector &lval, float rval);
// y = x * 3

friend Matrix operator*(const Vector &lval, const Vector
&rval); // A = x * y

Vector &operator*=(float rval);
// y = y * 3

friend float operator%(const Vector &lval, const Vector
&rval); // c = a . b

friend Vector operator/(const Vector &lval, float rval);
// y = x / 3

Vector &operator/=(float rval);
// y = y / 3

friend Vector Cross(const Vector &lval, const Vector
&rval); // z = x × y

// Inserter

friend ostream &operator<<(ostream &stream, Vector &rval);
// cout << x

// Non-modifying functions

float Magnitude(); // Vector magnitude

friend float Magnitude(Vector &lval);

Vector Unit(); // Calculate the unit vector

friend Vector Unit(Vector &lval);

int Max();

int Min();

int MaxAbs();

int MinAbs();

float Norm();

float Euclid();

// Modifying Functions

void Delete();

void ChangeDimensions(int dim);

float Normalize();

void Reverse(); // inverts the vector

void Sort(); // orders the vector

friend void Swap(Vector *lval, Vector *rval); // swaps two
vectors

friend Vector Gauss(Matrix &coeff, Vector &rhs);

};
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class Matrix {

friend class Vector;

private:

static int Count; // for whoAmI

float **matrix;

int numRows,numColumns;

int size;

int Who;

// Initialize constructors

void Initialize(int mrows, int ncolumns);

// De-initialize

void Deinitialize();

// Prepares assignments

void PrepCopy(int rRows, int rColumns);

// Private constructor

Matrix(char, int mrows, int columns);

public:

Matrix(); // Default constructor

Matrix(const Matrix &rval); // Copy-constructor

Matrix(int rows, int columns);
// Sizes and initializes at 0

Matrix(int rows, int columns, double a11, ...);

Matrix(int rows, int columns, float *initvalues); //
Initializes from array

Matrix(int rows, int columns, const Matrix &rval); // makes
a submatrix or rows,columns

Matrix(int rows, int columns, int irow, int jcol, const
Matrix &rval); // likewise starting from irow,jcol

Matrix(const Vector &rval); // from vector

// Destructor

~Matrix();

// Non-modifying access functions

int Rows() {return numRows; }

int Columns() {return numColumns; }

int WhoAmI() { return Who; }

float GetValue(int row, int col); // Get value of element

Vector GetRow(int i); // gets the row i of a matrix

Vector GetColumn(int j); // gets the column j of a
matrix

// Modifying access functions

float &operator()(int row, int col); // Assigns and
receives values with control
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float *operator[](int r) {return matrix[r];} // Assigns and
receives values without control

void SetValue(int row, int column, float val); // assigns
values with control

void SetRow(int i, const Vector &rval); // substitutes
column i with rval

void SetColumn(int j, const Vector &rval); // substitutes
column j with rval

// Assignment operators

Matrix &operator=(const Matrix &rval); // Assigns one
matrix to another

Matrix &operator=(const Vector &rval); // Assigns one
matrix to another

// Operators for composing matricies

friend Matrix operator&&(const Matrix &lval, const Matrix
&rval); // adds a matrix beneath another

friend Matrix operator||(const Matrix &lval, const Matrix
&rval); // adds a matrix to the side of another

// Test operators

friend char operator==(const Matrix &lval, const Matrix
&rval);

friend char operator!=(const Matrix &lval, const Matrix
&rval);

// Operations

friend Matrix operator+(const Matrix &lval, const Matrix
&rval); // C = A + B

Matrix &operator+=(const Matrix &rval);
// A += B

friend Matrix operator-(const Matrix &lval, const Matrix
&rval); // C = A - B

Matrix &operator-=(const Matrix &rval);
// A -= B

Matrix operator-();
// A = -B

friend Matrix operator*(const Matrix &lval, const Matrix
&rval); // C = A * B

Matrix &operator*=(const Matrix &rval);
// A *= B

friend Vector operator*(const Matrix &lval, const Vector
&rval); // y = A * x

friend Vector operator*(const Vector &lval, const Matrix
&rval); // y = x * A

friend Matrix operator*(float lval, const Matrix &rval);
// A = 3 * B

friend Matrix operator*(const Matrix &lval, float rval);
// A = B * 3

friend Matrix operator*(const Vector &lval, const Vector
&rval); // A = x * y
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Matrix &operator*=(float rval);
// A *= 3

friend Matrix operator/(const Matrix &lval, float rval);
// A = B / 3

Matrix &operator/=(float rval);
// A /= 3

// Inserter

friend ostream &operator<<(ostream &stream, Matrix &rval);
// cout << x

// Modifying functions

void Delete();

void ChangeDimensions(int rows, int columns);

void Sort(int start_row=1, int end_row=-1);

friend int CompareRow(const void *a, const void *b);

friend Vector Gauss(Matrix &coeff, Vector &rhs); // Solves
simultaneous equations by Gaussian elim.

};

#endif
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