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Figure 1.1 Three main types of interactions between compressional structures and pre-existing extensional structures: (a) planar normal fault, with synextensional units (stippled pattern) thickening in the hanging wall; (b) normal fault reactivated as as reverse fault resulting in an inversion structure; (c) normal fault providing a stress concentration for the localization of thrust faults; (d) normal fault folded and decapitated by later-formed compressional structure. Arrows in b-d indicate the direction of compression [Mitra, 1993].	2
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Abstract

Pre-existing normal faults are commonly cited as influencing both the sequence of faulting and the location of thrust faults in fold-thrust belts. Scaled experimental models for both frictional and ductile detachments were conducted to study the influence of pre-existing normal faults on the subsequent development of thrust faults. Frictional detachment experiments used layers of silica sand directly overlying the detachment, whereas ductile detachment experiments used layers of sand representing sediments overlying silicone gel, representing a ductile layer in 60° angle normal faults. The experiments suggest that the normal faults influence the location and orientation of the frontal thrusts rather than the sequence of fault propagation. Furthermore, the influence is more pronounced for detachment folds and thrusts formed above a ductile detachment than for duplexes above a frictional detachment. The orientation of the normal faults influences the orientation of subsequently formed thrust faults in different ramp settings, so that normal faults with orientations oblique to the direction of contraction result in oblique frontal thrusts. Offsets in the location of the normal faults along lateral ramps or transfer zones result in offsets in the location of the frontal thrusts. The effect of the pre-existing normal faults on the thrust-fold geometry depends on the relative distance between the normal fault and the forethrust positions, detachment type, and the geometry of the normal fault. The results are directly applicable for understanding the locations and orientation of thrust faults, mapping of fold-thrust structures using surface and subsurface data, and for comparison with natural examples.
iv
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1 [bookmark: _Toc469567973]Introduction
[bookmark: _Toc469567974]Introduction
 The formation of the sedimentary basins is commonly associated with the formation of normal faults, resulting in symmetric grabens or asymmetric half-grabens. Contraction induced by tectonic or gravitational forces results in reverse faults and the interaction between these faults and the pre-existing extensional structures occurs during the closure of the basin. Three main types of interactions occur between compressional structures and pre-existing normal faults [Mitra, 1993] (Figure 1.1): (1) the normal faults can be reactivated as reverse faults resulting in the formation of inversion structures, (2) the normal faults can act as buttresses and provide stress concentrations for the localization of thrust faults, and (3) the normal faults can be folded and decapitated by the reverse or thrust faults. 
In this thesis, I address the geometry and kinematic evolution of fold and thrust structures formed by the buttressing effect of pre-existing normal faults. A normal fault, which offsets a stiff stratigraphic unit, provides a mechanical perturbation and hinders the propagation of the fold and thrust belt towards the foreland [Mitra, 1988; Butler, 1989; Sassi et al., 1993; Tavarnelli, 1996]. Further contraction at the perturbation results in a fault-related fold whose forelimb and backlimb may cut by thrust ramps branching off the basal detachment. The normal fault is eventually truncated or thrusted over, and the compression front migrates toward the foreland. 
	[image: E:\Experiments powerpoints\Oblique Ramp ductile detachment\Drawings\normal fault interactions.png]

	[bookmark: _Ref469591628][bookmark: _Toc469568009]Figure 1.1 Three main types of interactions between compressional structures and pre-existing extensional structures: (a) planar normal fault, with synextensional units (stippled pattern) thickening in the hanging wall; (b) normal fault reactivated as as reverse fault resulting in an inversion structure; (c) normal fault providing a stress concentration for the localization of thrust faults; (d) normal fault folded and decapitated by later-formed compressional structure. Arrows in b-d indicate the direction of compression [Mitra, 1993].


Both the sequence of thrust formation and the location of thrust faults may be influenced by the presence of pre-existing normal faults. Furthermore, their geometries and trends may be influenced by the normal faults. Therefore, a detailed analysis of the different types of structures formed above normal faults during contraction is useful for interpretation of fold-thrust structures. 
This study investigates the role of the pre-existing normal faults on fold-thrust geometries developed above both ductile and brittle detachments using scaled sandbox experiments with different normal fault geometries. The models are compared with examples of natural fold-thrust belt structures that are influenced by pre-existing normal faults. 
[bookmark: _Toc469567975]Objectives 
The main objective of the current study is to analyze the influence of pre-existing normal faults on the geometry and kinematics of the fold-thrust structures using scaled sandbox models. The study considers structures formed above the two types of basal detachments: (a) brittle (sand), and (b) ductile (silicone gel), and investigates a number of normal fault settings, including frontal, lateral, and oblique, and more complex settings, including offset, oblique intersecting, and curved ramp settings (Figure 2.1). This analysis mainly emphases on the evolution and geometry of the frontal thrust and associated folds developed above the normal faults. Moreover, quantitative analysis of the wedge height, fault spacing, fault dip, and the position of the frontal thrust relative to the top of the normal fault are interpreted using cross sections, progressively deformed top images, and 3-D laser scanning data. The model results are compared with natural fold-thrust belts with pre-existing normal faults. These models may be useful to interpreting the subsurface structures using surface and subsurface data. 
[bookmark: _Toc469567976]Previous studies
The geometry, kinematics, and dynamics of the fold-thrust belts could be related to many parameters such as lithology of the deforming crust, decollement dip, pre-existing extensional structures such as normal fault, tectonic underplating, basal friction, oblique convergence, and surface processes such as erosion [Schreurs et al., 2006; Nilforoushan et al., 2008]. There have been many comprehensive studies that focused on the effects of brittle and ductile detachments on the propagation, topography, geometry, and strain in fold-thrust belts [e.g., Davis and Engelder, 1985; Cobbold et al., 1989; Costa and Vendeville, 2002; Bahroudi and Koyi, 2003]. Thrust front reaches farther in area detached on a ductile detachment whereas above a brittle detachment area shortening is accommodated by additional uplift and penetrative strain [Cotton and Koyi, 2000].
A role of pre-existing normal faults on fold-thrust development is observed in several fold-thrust belts including southwestern Appalachian, Alps, Alberta Foothills, and Potwar Salt Range Province. Sassi et al. [1993] investigated the mechanical role of the pre-existing faults in thrusting along a detachment using analog and numerical models. The pre-existing faults resulted disturbed dilated zones with 10-20 % lower friction angle than the homogeneous sand. In the thrust systems, reactivation of the faults depends on their orientations to the stress field and spacing of the pre-existing faults. [Cotton and Koyi, 2000] used sand as the frontal ramp to show the deformation style above a ductile and a frictional detachment. Dixon and Spratt [2004] used centrifuge models to explain the effect of lateral ramp and tear faults in the Limestone Mountain area of the southern Alberta Foothills thrust system. They found a transverse link between two frontal ramps is unstable and the transverse link is abandoned to form a transfer zone. Faisal and Dixon [2015] also used a centrifuge analog models to investigate the structure differences in the frontal and the lateral ramp settings and compared those structural variations along and across strike structures in the Salt Range and Potwar Plateau.
Kinematic models that show  the influence of pre-existing normal fault on thrust ramp development are explained by Mitra [1993] (Figure 1.1) and Tavarnelli [1996]. Restored balance sections are used to explain the role of pre-existing normal fault in detachment thrusting in Southwestern Appalachian [Mitra, 1988],Western Alps [Butler, 1989], and Umbria-Marche Apennines [Tavarnelli, 1996]. Buttressing effect of the normal fault can result in localization of thrust, upright folds, strain, and cleavage intensification in the thrust belts [Butler, 1989].
Inversion structures kinematics and geometries formed by the compressional reactivation of pre-existing normal fault are well documented in detail [Glennie and Boegner, 1981; McClay, 1989; Mitra, 1993; Mitra and Islam, 1994]. In previous studies, the importance of the pre-existing normal faults without undergoing reactivation in fold-thrust geometries has been noticed, however, the detail investigations of the fold-thrust geometries detached on brittle and ductile detachments in different normal fault settings using analog modeling with detail interpretation are scarce. 

2 [bookmark: _Toc469567977]Methodology 

Analog models are scaled experiments that use low strength materials such as sand, clay, wax, silicone putty, and beads to simulate tectonic processes [Hubbert, 1937; Koyi and Mancktelow, 2001]. Geological data from many fold and thrust belts suggest that the structural inheritance in the form of a various type of heterogeneities such as pre-existing arrays of faults, decollement horizons due to ductile materials (clay-evaporites), and stratigraphy pinchout have important implications for the fold and thrust structures  [Butler, 1989; Jean Letouzey, 1990]. In this study, two sets of experiments for brittle (sand) and ductile (silicone gel) detachments were conducted with pre-existing normal faults acting as buttresses that influence the development of thrust faults. The fold and thrust geometries in two different detachment sets are compared to investigate the role of the normal fault for different normal fault settings. The primary questions addressed were: (1) the role of the normal faults in influencing the geometry and location of the thrust faults; (2) the difference in the influence for ductile and brittle detachments, and (3) whether the normal faults influence the sequence of development of the thrust faults. 
1 [bookmark: _Toc468125980][bookmark: _Toc468126137][bookmark: _Toc469567978]
[bookmark: _Toc469567979]Set up of the sandbox experiment 
A sandbox of 57 cm X 33 cm X 15 cm was used for the experiments. Wood and steel blocks pre-cut into different configurations have been used in the past to represent basement faults for analog experiments [Sanford, 1959; Lowell, 1970; Horsfield, 1977; Groshong and Rodgers, 1978; Tsuneishi, 1978; Withjack et al., 1990; Bose and Mitra, 2009]. In the current study, pre-existing normal faults were simulated with a wood block 0.7 cm thick pre-cut so as to form a fault dipping 60° towards the hinterland. Eleven different sets of experiments were done that included both brittle and ductile detachments, including: (1) a single frontal ramp: model BDFR and model DDFR, (2) a frontal ramp offset along a vertical transverse fault: model BDOFR and model DDOFR, (3) an oblique ramp trending degrees: model BDOBR and model DDOBR, (4) a frontal ramp bounded by a vertical lateral ramp: model BDLR, and model DDLR, (5) two frontal ramps with an oblique intersection: model BDOBIR, and (6) a curved frontal ramp: model BDCR and model DDCR (Figure 2.1). These configurations were chosen because they represent some of the common possibilities in natural structures. The basin formed on the downthrown side of the pre-existing normal fault was filled up to the top of the normal fault (wood block) with sand or sand overlying silicone gel to represent brittle and ductile detachments, respectively. Loose sand was sieved and distributed uniformly into the box to form a total thickness of about 3 cm above the top of the wood block to represent the sedimentary cover (Figure 2.2).
 A motorized backstop shortened the section with the constant speed of 1.5 cm/hour for 6 hours for a net shortening of 9 cm. The models were illuminated oblique to the contraction direction to differentiate foreland and hinterland dipping thrusts. Sequential top photograph images were taken at regular intervals using a digital camera mounted above the sandbox to capture the progressive deformation. Uniform 0.5-inch-wide square grids imprinted on the top of the model enabled tracking of the deformation. After each hour of shortening, the experiment was stopped for a short time to scan the 3-D model topography. After completion of the experiment, the models were covered with loose sand and saturated with water to cut cross-sections parallel to the contraction direction. Rigid side walls resulted in edge effects along the margins. Therefore, the top images were trimmed off on the margins to remove edge effects. The interpretation of the main structures in the center of the model was not affected by the edge effects.
[bookmark: _Toc469567980]Material properties and scaling
This study used fine-grained sand ranged from 0.15 - 0.2 mm. The geometry of the sand wedge and the kinematics of the internal structure are controlled by the internal friction and cohesion. It also depends on the detaching layer whether brittle or ductile, detachment thickness, cover sediment compaction, an overburden thickness, basal friction between the material and the pre-existing fault or discontinuities. The cover sediments on the top of the basal detachments (sand for brittle frictional detachment and silicone gel for ductile detachment) was 3 cm thick dry quartz sand, a Mohr-Coulomb material with negligible cohesion. Silicone gel, a Newtonian viscous fluid, (from Crazy Aaron Enterprises ©) [Karama, 2014] used had a viscosity of 10.1 X 104 Pas and density of 0.9 g/cc and represents the salt. The experimental material properties, geometry, and kinematics such as density, viscosity and strain require proper scaling [Hubbert, 1937; Weijermars and Schmeling, 1986]. The model settings had a geometric scaling of 105 i.e. 1 cm in the model corresponding to 1 km in nature. In regard to time, each hour of shortening in the experiment corresponded to 1 million years in nature. To distinguish between two interlayers white sand was colored with dark gray which did not modify the bulk material properties significantly. The pre-existing normal fault was simulated by a wood block of 0.7 cm thick pre-cut at about 60° dip dipping towards the hinterland. The wood block is rigid and act as buttress and controls the geometries of the thrusts and prevents the detachment deformation beyond it toward the foreland in the current experiment setups.
[bookmark: _Toc469567981]Model Interpretation
The progressive deformation in each model was interpreted using sequential top photos. In experiments involving brittle detachments, imbricate thrusts formed with a high taper angle [Letouzey et al., 1995] and greater relief. The frontal structure verged toward the foreland, whereas in the ductile detachment experiments asymmetric detachment folds formed in the hinterland, and more symmetrical frontal pop-up structures grew coevally with a low taper angle in the foreland. The detachment folds were faulted during further contraction. The frontal ramp created a foreland verging fault-related fold. The normal fault influenced the location and geometry of the frontal thrust but not the sequence of faulting. The frontal thrust orientated oblique to the contraction direction results in oblique thrust fault. Offset and lateral ramp settings result in two variable propagating frontal wedges connected with the transfer zone  [Dixon and Spratt, 2004]. Transverse structures connecting the two wedges were rotated and eventually become unstable. 
Cross-sections were used to measure the fault dip, distance from the top of the normal fault to the base of the forethrusts, and to interpret the lateral and vertical propagation of the structures. In addition to thrust geometries, cross-sections of the ductile detachment models were used to map the silicone distribution. 3-D laser scanning data were used to create the topography and profiles of the deformed models. 
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[bookmark: _Ref469591706][bookmark: _Toc469568010]Figure 2.1 Plan view of the experiments showing the position of the pre-existing normal faults. Basin south of normal faults was filled with sand (brittle) or silica gel (ductile) detachment up to the level of the top of the normal fault (wood) which was further covered with 3 cm sand and compressed from south to north. (a) A frontal ramp; (b) a frontal ramp offset along a vertical transverse fault; (c) an oblique ramp trending 76 degrees; (d) a frontal ramp bounded by a vertical lateral ramp; (e) oblique intersecting frontal ramps; and (f) a curved frontal ramp.
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	[bookmark: _Ref469591932][bookmark: _Toc469568011]Figure 2.2 Frontal ramp brittle detachment experiment set up (Model BDFR) (Fig. 2.1a). (a) 3-D view; (b) cross-section A-A’. In all experiments, shortening was from South to North.






3 [bookmark: _Toc469567982]Results 

All models were deformed at a rate of 1.5 cm/hour for 6 hours to obtain a total shortening of 9 cm. Three different top view photos of deformed sand models at 3, 6, and 9 cm are shown for all experiments. For reference, the north direction has been placed horizontally to the right of the page. In all models, the contraction was applied from the south (left) to the north (right) (Figure 3.1). All the sections were orthogonal to the shortening direction (north-south) and were facing the east. The height of the wedge was measured above the top of the initial undeformed sand. Baseline kinematics and deformation mechanisms for the formation of the foreland verging imbricate thrusts and duplexes in the brittle detachment, and the development of symmetric to asymmetric detachment fold, pop-up, and pop-down structures are explained, respectively in the brittle (model BDFR) and ductile (model DDFR) detachments on the frontal ramp experiments. In other complex ramp experiments, only the main differences in the structures and geometries of the fold-thrust belt between different ramp settings and among two types of detachments brittle and ductile are discussed. 
2 [bookmark: _Toc468125986][bookmark: _Toc468126143][bookmark: _Toc469567983]
[bookmark: _Toc469567984]Model BDFR: Brittle detachment on a frontal ramp
Foreland verging duplexes consisting of five imbricate thrust sheets (T1-T5) were formed (Figure 3.1) which were transported into the foreland as piggyback stacks. The deformation started with a foreland verging fold where a forethrust developed connecting inflection points on the beds. The deformation in the hinterland was controlled dominantly by a backthrust BT1 formed near the backstop. The strain was dissipated in thickening of the wedge and foreland propagation of forethrusts (Figure 3.2). The map view of the frontal thrust, T5, followed the geometry of the frontal ramp of the pre-existing normal fault. T5 first formed parallel to the normal fault and then stepped over it (Figure 3.1c & Figure 3.2). The forethrusts (T1-T4) progressively increased dips from 24° to 34°, as they were rotated and carried by the younger forethrusts toward the foreland (Figure 3.2). Fault spacing between thrusts T1-T2 and T3-T2 was 1.6 cm, T3-T4 was 2.4 cm and T4-T5 was 6 cm (Figure 3.3). Frontal thrust T5 formed at a greater fault spacing than its predecessor forethrusts (T1-T4), due to the presence of a pre-existing normal fault as the frontal ramp. Therefore, the normal fault ramp influenced the location of the frontal thrust fault, but not the sequence of faulting.
Backthrust BT2 developed due to the buttressing effect of the frontal ramp and to accommodate the deformation from the frontal thrust T5. In the final stage, the height of the wedge was 3.7 cm above the initial top sand (Figure 3.3). The frontal thrust, T5, formed 1.7 cm from the normal fault. This model BDFR is the prototype model which shows the baseline kinematic and geometries of the fold and thrust belts for the brittle detachment and serves as a comparison for subsequent more complex normal fault geometries for brittle detachments.
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	[bookmark: _Ref469591992][bookmark: _Toc469568012]Figure 3.1 Progressive top photos of the brittle detachment on a frontal ramp experiment, model BDFR, with fault interpretation. (a) 3 cm shortening; (b) 6 cm shortening; (c) 9 cm shortening. A-A’ shows the cross-section line for Figure 3.2.
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[bookmark: _Ref469592053][bookmark: _Toc469568013]Figure 3.2 Section A-A’ of a brittle detachment on a frontal ramp experiment model BDFR (see Figure 3.1 for location). Foreland verging imbricate forethrusts showed a systematic decrease in dips in the direction of transport in a piggyback thrusting sequence. BT1 = backthrust, T1-T5 = forethrusts younging in age. (a) Section image; (b) line drawing of a section A-A’ with fault interpretation.
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	[bookmark: _Ref469592246][bookmark: _Toc469568014]Figure 3.3 Final top surface profile along A-A’ of the brittle detachment on a frontal ramp experiment, model BDFR, (Figure 3.1) after 9 cm shortening. Elevations are above the initial undeformed sand top (0 cm shortening).


[bookmark: _Toc469567985]Model DDFR: Ductile detachment on a frontal ramp
The deformation started with a formation of a backthrust and related faulted detachment fold, followed by a forethrust and a similar related structure. Both structures were asymmetric and were associated with back thrusts. (Figure 3.4). The structures became tighter with increasing deformation with the silicone gel flowing into the cores of the folds. The backthrusts and forethrusts rooted in the basal silicone layer. The frontal thrust, T3, climbed the frontal ramp of the normal fault and onto the upper flat (Figure 3.4 & Figure 3.5). 
In this model, the deformation front traveled 8.7 cm toward the foreland from the top of the normal fault. Propagation of the frontal thrust toward the foreland was farther in this model DDFR compared to the model BDFR; however, the wedge height was less than in model BDFR. 
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	[bookmark: _Ref469592379][bookmark: _Toc469568015]Figure 3.4 Progressive top photos of the ductile detachment on a frontal ramp experiment, model DDFR, with fault interpretation. (a) 3 cm shortening; (b) 6 cm shortening; (c) 9 cm shortening. A-A’ shows the cross-section line for Figure 3.5.  
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[bookmark: _Ref469592408][bookmark: _Toc469568016]Figure 3.5 Cross-section A-A’ of a ductile detachment on a frontal ramp experiment, model DDFR (see Figure 3.4 for location). T1-T3 = forethrusts, BT1-BT2 = backthrusts. (a) Section photo (b) line drawing of the section with fault interpretations.

	





[bookmark: _Toc469567986]Model BDOFR: Brittle detachment on a frontal ramp offset along a vertical transverse fault
Deformation was initially similar to the model BDFR with the formation of forethrusts T1 and T2 (Figure 3.6b). Additional shortening created the frontal thrusts T3 which first nucleated on the west frontal ramp and then nucleated on the east frontal ramp. Both segments climbed the frontal ramps and were connected by a transfer zone or a relay ramp at the offset frontal ramp boundary (Figure 3.6c). Movement on the frontal thrust rotated imbricate thrusts T1 and T2 to greater dips and the fold profile in the wedge became more rounded (Figure 3.7). After the formation of the frontal thrust T3, the wedge height increased in the west frontal ramp. The deformation front propagated farther toward the foreland in the east frontal ramp compared to the west frontal ramp (Figure 3.6). A symmetric frontal wedge formed on the frontal ramp to the east and a broad asymmetric wedge developed on the frontal ramp to the west. The slope of the imbricate wedge varied from 9 degrees to the east and 16 degrees to the west. The offset frontal ramp increased the taper angle on the west side. The key differences from the model BDFR are: (1) the formation of the transfer zone (2) hinterland structures on the backlimb bounded by backthrusts (BT1, and BT2) (Figure 3.7) and (3) more backthrusts formed in this model BDOFR compared to the model BDFR. 	
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	[bookmark: _Ref469592578][bookmark: _Toc469568017]Figure 3.6 Progressive top photos of the brittle detachment on an offset frontal ramp, model BDOFR, with fault interpretation. (a) 3 cm shortening; (b) 6 cm shortening; (c) 9 cm shortening. A-A’, B-B’, and C-C’ show the cross-sections lines for Figure 3.7.
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	[bookmark: _Ref469592629][bookmark: _Toc469568018]Figure 3.7 Cross-sections of the brittle detachment on offset frontal ramps, model BDOFR. (a) A-A’ section; (b) line drawing of a; (c) B-B’ section; (d) line drawing of c; (e) C-C’ section; (f) line drawing of e (see Figure 3.6 for section locations).   




[bookmark: _Toc469567987]Model DDOFR: Ductile detachment on a frontal ramp offset along a vertical transverse fault
 The effect of the pre-existing offset frontal ramps on thrust geometry was seen from the very first forethrust T1 in the model DDOFR. This effect is obvious and earlier in the ductile detachment (model DDOFR) than its brittle detachment counterpart (model BDOFR) (Figure 3.8). As in the model BDOFR, the frontal thrust T2 first nucleated on the west frontal ramp and later connected to the frontal thrust formed on the east frontal ramp by a transfer zone (Figure 3.8). Frontal thrust T2 used the pre-existing normal fault ramps to form the frontal thrusts. The shape of the backthrust BT2 also followed the shape of the frontal thrust T2 (Figure 3.8). The backwedge height rose higher on the west frontal ramp after the formation of the frontal thrust T2. Backthrust BT2 had more displacement on the east frontal ramp area than on the west frontal ramp area. The transfer zone curvature on the model DDOFR was greater than that on the model BDOFR (Figure 3.8). The slope of the imbricate wedge increased from 7° in the east frontal ramp to 11° in the west frontal ramp. 
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	[bookmark: _Ref469592863][bookmark: _Toc469568019]Figure 3.8 Progressive top photos of the ductile detachment on offset frontal ramps experiment, model DDOFR. (a) 3 cm shortening; (b) 6 cm shortening; (c) 9 cm shortening. A-A’, B-B’, and C-C’ show the cross-sections lines for Figure 3.9.
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	[bookmark: _Ref469592929][bookmark: _Toc469568020]Figure 3.9 Cross-section of the ductile detachment on an offset frontal ramps experiment, model DDOFR. (a) A-A’ section; (b) line drawing of a; (c) B-B’ section; (d) line drawing of c; (e) C-C’ section; (f) line drawing of e; (see Figure 3.8 for sections locations).   



[bookmark: _Toc469567988]Model BDOBR: Brittle detachment on an oblique ramp trending 76 degrees
In this model, the normal fault was oblique to the direction of maximum shortening, trending 76 degrees.  Formation of the first forethrust T1 was followed by T2 which branched from T1 and was in a more forward position to the east. Similarly, thrust T3 was followed by T4 which had a more forward position (Figure 3.10). The geometry of both T2 and T4 was in conformity with the oblique trend of the normal fault. Finally, the frontal thrust T5 showed a clear oblique trend, with the eastern part in a more forward position, and offset from the western part along an oblique transfer zone. The base of the frontal thrust was oblique and approximately parallel to the trend of the normal fault (Figure 3.11). The frontal thrust propagated 8.6 cm in the east and 10 cm in the west from the top of the normal fault. 
Therefore, unlike previous models, the oblique trend of the normal fault was reflected not only in the final formed thrust, but also in the branching segments of earlier formed faults.  The general trend of lateral propagation of the faults was from west to east. The taper angle in the east was 14°, and in the west, was 16°, so that the structural relief was greater to the west. 
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	[bookmark: _Ref469593022][bookmark: _Toc469568021]Figure 3.10 Progressive top photos of the brittle detachment on an oblique ramp trending 76 degrees experiment, model BDOBR with fault interpretation. (a) 3 cm shortening; (b) 6 cm shortening; (c) 9 cm shortening. A-A’ and B-B’ show the cross-sections lines for Figure 3.11.
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	[bookmark: _Ref469593047][bookmark: _Toc469568022]Figure 3.11 Cross-section interpretation of the brittle detachment on an oblique ramp trending 76 degrees experiment, model BDOBR (a) A-A’ section; (b) line drawing of a; (c) B-B’ section; (d) line drawing of c (see Figure 3.10 for sections locations).




[bookmark: _Toc469567989]Model DDOBR: Ductile detachment on an oblique ramp trending 76 degrees
The ductile detachment resulted in two faulted detachment folds verging towards the foreland, with related backthrusts. The trend of the first thrust T1 was normal to the direction of maximum shortening, and largely unaffected by the normal fault. The second thrust T2, however, had an oblique trend, similar to that of the normal fault (Figure 3.12). As in other ductile detachment models, the base of the frontal thrust was very close to the base of the normal fault, and almost parallel to it (Figure 3.13). Both forethrusts had curved geometries, and this is interpreted to be largely due to edge effects along the boundary of the model (Figure 3.12). 
The structure developed a steeper wedge and greater relief to the west compared to the east. The development of the second thrust and the movement of the thrust sheet over the normal fault also occurred with a smaller amount of shortening (3 cm), compared to the brittle detachment experiment. This is due to the faster rate of propagation and lower taper angle of ductile detachment fold-thrust belts than those with a brittle detachment.
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	[bookmark: _Ref469593134][bookmark: _Toc469568023]Figure 3.12 Progressive top photos of the ductile detachment on an oblique ramp trending 76 degrees experiment, model DDOBR with fault interpretation. (a) 3 cm shortening; (b) 6 cm shortening; (c) 9 cm shortening. A-A’ and B-B’ show the cross-sections lines for Figure 3.13.
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	[bookmark: _Ref469593153][bookmark: _Toc469568024]Figure 3.13 Cross-section interpretation of the ductile detachment on an oblique ramp trending 76 degrees experiment, model DDOBR. (a) A-A’ section; (b) line drawing of a; (c) B-B’ section; (d) line drawing of c (see Figure 3.12 for sections locations).





[bookmark: _Toc469567990]Model BDLR: Brittle detachment on a frontal ramp bounded by a vertical lateral ramp
In this model, a frontal ramp of the normal fault was bounded by a lateral ramp offset along a transverse fault (Figure 3.14). Here the deformation was initially similar to the model BDFR with the formation of forethrust T1. Additional shortening created the frontal thrusts T2 which first nucleated on the west frontal ramp and then it connected to the forethrust T1 on the east. Then the frontal thrust, T5, developed on the west frontal ramp and climbed the normal fault (Figure 3.14). The forethrusts T2 and T3, and forethrusts T5 and T4 were formed nearly at the equal position on the east and west in contrast to the more forward position of the forethrsuts in the model BDOBR. Thus, it confirms these forethrusts T4 and T5 were using the pre-existing normal faults’ ramps as the thrust ramps. The frontal thrust, T6 was formed in the transverse fault area and was connected to the frontal thrusts T4 and T5 on the sides. However, this frontal thrust T6 did not use the transverse fault as a thrust ramp which as opposed to the model DDLR (Figure 3.15). Fault spacing between younger faults is smaller than the fault spacing between the older faults. Forward propagation of the forethrusts were hindered by the lateral ramps once the frontal thrusts climbed the frontal ramp because of the close spacing of the lateral ramps and the transverse fault. Though this effect was not observed in the ductile detachment, model DDLR which was because of the ductile detachment. 
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	[bookmark: _Ref469593283][bookmark: _Toc469568025]Figure 3.14 Progressive top photos of the brittle detachment on a frontal ramp bounded by a vertical lateral ramp, model BDLR. (a) 3 cm shortening; (b) 6 cm shortening; (c) 9 cm shortening. A-A’, B-B’ and C-C’ show the cross-sections lines for Figure 3.15.
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	[bookmark: _Ref469593314][bookmark: _Toc469568026]Figure 3.15 Cross-section interpretation of a brittle detachment on a frontal ramp bounded by a vertical lateral ramp, model BDLR. (a) A-A’ section; (b) line drawing of a; (c) B-B’ section; (d) line drawing of c; (e) C-C’ section; (f) line drawing of e (see Figure 3.14 for sections locations).   




[bookmark: _Toc469567991]Model DDLR: Ductile detachment on a frontal ramp bounded by a vertical lateral ramp
Deformation resulted in the formation of the foreland verging imbricate thrusts, T1 and T2 (Figure 3.16). Forethrust T3 nucleated on the west frontal normal ramp first and propagated laterally to the east. The frontal thrust T4 climbed the east frontal normal ramp and propagated westward. Later both T3 and T4 propagated almost equally to the foreland.
The geometry of frontal thrust T5 was influenced by that of the normal fault. T5 formed close to T3 and T4 along the eastern and western areas, but in a more frontal position in the central part of the model. This central segment connected with the eastern and western segments along oblique faults to form a curvilinear trace convex towards the foreland. The geometry of the fault followed the geometry of the normal fault and transverse normal fault ramps. The curvature of T5 and its structural relief increased with increasing shortening. The frontal wedge sloped at 24-29° along the lateral ramps and 23° on the frontal segment (Figure 3.17). The easier and farther thrust propagation is seen in the ductile detachment model DDLR than its counterpart model BDLR which was due to the ductile detachment. 
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	[bookmark: _Ref469593375][bookmark: _Toc469568027]Figure 3.16 Progressive top photos of the ductile detachment on a frontal ramp bounded by a vertical lateral ramp experiment, model DDLR with fault interpretation. (a) 3 cm shortening; (b) 6 cm shortening; (c) 9 cm shortening. A-A’, B-B’, and C-C’ show the cross-sections lines for Figure 3.17.
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	[bookmark: _Ref469593435][bookmark: _Toc469568028]Figure 3.17 Cross-section interpretation of the ductile detachment on a frontal ramp bounded by a vertical lateral ramp experiment, model DDLR. (a) A-A’ section; (b) line drawing of a; (c) B-B’ section; (d) line drawing of c; (e) C-C’ section; (f) line drawing of e (see Figure 3.16 for sections locations).




[bookmark: _Toc469567992]Model BDOBIR and BDCR:  Brittle detachment on oblique intersecting ramps and brittle detachment on a curved ramp
Model BDOBIR used two oblique faults trending 76 degrees and making nearly 150 degrees at a intersection point (Figure 3.18). This system may result from an orthorhomic strain pattern [Reches, 1978]. BDCR used a gently curved normal fault ramp, which may result from two oblique faults connecting along a smooth curve. In both cases, duplex structures with stacked faults were formed (Figure 3.18 & Figure 3.20). The trends of early formed thrust faults were unaffected by the geometry of the normal faults, and developed a stacked thrust faults on duplex structures (Figure 3.19 & Figure 3.21). The frontal thrust ramped up approximately 7.3 cm from the top of the normal fault for the intersecting normal faults, and 7.6 cm from the top of the normal fault for the curved fault.This fault showed a very similar geometry trend to the normal fault with an angular geometry in the first model and a more curved geometry in the second (Figure 3.19 & Figure 3.21).
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	[bookmark: _Ref469593484][bookmark: _Toc469568029]Figure 3.18 Progressive top photos of the oblique intersecting ramps on a brittle detachment experiment, model BDOBIR with fault interpretation. (a) 3 cm shortening; (b) 6 cm shortening; (c) 9 cm shortening. A-A’, B-B’, and C-C’ show the cross-sections lines for Figure 3.19.
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	[bookmark: _Ref469593546][bookmark: _Toc469568030]Figure 3.19 Cross-section interpretation of brittle detachment on oblique intersecting ramps experiment, model BDOBIR. (a) A-A’ section; (b) line drawing of a; (c) B-B’ section; (d) line drawing of c; (e) C-C’ section; (f) line drawing of e (see Figure 3.18 for sections locations).   
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	[bookmark: _Ref469593504][bookmark: _Toc469568031]Figure 3.20 Progressive top photos of the brittle detachment on a curved ramp experiment, model BDCR with fault interpretation. (a) 3 cm shortening; (b) 6 cm shortening; (c) 9 cm shortening. A-A’ and B-B’ show the cross-sections lines for Figure 3.21.
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	[bookmark: _Ref469593552][bookmark: _Toc469568032]Figure 3.21 Cross-section interpretation of the curved ramp on a brittle detachment experiment, model BDCR. (a) A-A’ section; (b) line drawing of a; (c) B-B’ section; (d) line drawing of c (see Figure 3.20 for sections locations).



[bookmark: _Toc469567993]Model DDCR: Ductile detachment curved ramp
Model DDCR used a ductile detachment and a curved ramp, except there was greater curvature of the normal fault ramp than in model BDCR (Figure 3.22). Deformation resulted in two faulted detachment folds vergent towards the foreland with associated back thrusts. The first thrust had a linear trend, but thrust T2 developed a curved shape parallel to the trend of the curved normal fault. The frontal thrust T2 was formed when the model was shortened to 3 cm, so that it developed earlier than in the brittle detachment model. It propagated 10 cm from the top of the normal fault in the middle of the model. Progressive contraction translated the frontal wedge to the foreland and increased the height of the wedge. The backthrust BT2 (Figure 3.23) was formed south of the frontal thrust T2 and followed the shape of the frontal thrust T2. 


	



Shortening
3 cm

(a)

	 [image: C:\Users\lenovo\AppData\Local\Microsoft\Windows\INetCacheContent.Word\Curved_silicone_3_2cm.png]

	


Shortening
6 cm

(b)

	[image: C:\Users\lenovo\AppData\Local\Microsoft\Windows\INetCacheContent.Word\Curved_silicone_6 _2cm.png]

	
Shortening
9 cm
(c)

	[image: C:\Users\lenovo\AppData\Local\Microsoft\Windows\INetCacheContent.Word\Legend.png][image: C:\Users\lenovo\AppData\Local\Microsoft\Windows\INetCacheContent.Word\Curved_silicone_top_2.png]

	[bookmark: _Ref469593709][bookmark: _Toc469568033]Figure 3.22 Progressive top photos of the ductile detachment on a curved ramp experiment, model DDCR with fault interpretation. (a) 3 cm shortening; (b) 6 cm shortening; (c) 9 cm shortening. A-A’, B-B’, and C-C’ show the cross-sections lines for Figure 3.23.
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	[bookmark: _Ref469593727][bookmark: _Toc469568034]Figure 3.23 Cross-section interpretation of the ductile detachment on a curved ramp experiment, model DDCR. (a) A-A’ section; (b) line drawing of a; (c) B-B’ section; (d) line drawing of c; (e) C-C’ section; (f) line drawing of e (see Figure 3.22 for sections locations).  



4 [bookmark: _Toc469567994]Discussions- Natural Structures

3 [bookmark: _Toc468125999][bookmark: _Toc468126156][bookmark: _Toc469567995]
[bookmark: _Toc469567996]Pine Mountain Thrust Sheet
0. [bookmark: _Toc469567997]Field structures
The Appalachians Mountains were formed by a series of orogenic events in the Paleozoic, of which the late Paleozoic Alleghenian orogeny is the dominated one affecting the foreland thrust belt in the southern Appalachians. The Pine Mountain thrust bounds the southern Appalachian thrust sheet to the northwest. The thrust sheet associated with the thrust fault was bounded by the Wallen Valley and Hunter Valley thrusts to the southeast (Figure 4.1). Two tear faults, the Russell Fork and Jacksboro faults bound the Pine Mountain thrust to the northeast and southwest, respectively (Figure 4.1). In a general section, the Pine Mountain thrust brings the Cambrian Rome Formation over the Devonian Chattanooga Shale and then to the surface. An anticline-syncline pair is formed as a result of the movement of the thrust sheet over the ramp. 
Stratigraphic units in the Pine Mountain Thrust can be divided into a number of lithotectonic units which controls the geometry of the structures. It includes the Precambrian crystalline basement and Precambrian to Cambrian basal clastic sequence, which is generally not involved in the thin-skinned deformation. The Lower Cambrian Rome Formation and the Middle to Upper Cambrian Conasauga Formation consist mostly of incompetent shales and carbonates. The basal detachment of the thrust belt is located in the lower part of the Rome Formation. The Cambrian Maynardville Formation and the Cambro-Ordovician, the Knox Group, consist of interlayered 
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	[bookmark: _Ref469593872][bookmark: _Toc469568035]Figure 4.1 (a) Geological map of the Pine Mountain thrust sheet showing the major folds and thrusts. (b) Inset map: Structure map of the center fenster area of the Pine Mountain thrust sheet showing the location of a cross-section C-C’ ( Figure 4.2). S2 to S8 are seismic profiles. a = Chestnut Ridge fenster, b = Martin Creek fenster, c = Possum Hollow fenster, d = Bethel fenster, e = Big Fleenortowrn fenster, f = Sulphur Spring fenster, g = Town Branch fenster, 1 = Brooks well, 2 = Rosenbaum well, 3 = H.B. Nolan well, 4 = R. L. Bales well, 5 = Hobbs well, 6 = Hensley well, 7 = L. S. Bales well, 8 = McClure well, 9 = Snodgrass well [Mitra, 1988].




dolomites and limestones which are competent units that deform mainly by fracturing and imbrication. In the central area of the Pine Mountain thrust, the Maynardville Formation is separated from the Conasauga Formation by an intermediate detachment. The Middle Ordovician Chickamauga Group consists dominantly of limestones which deform by minor folding and imbrication as well as fracturing and pressure solution. The Upper Ordovician units consist of an inhomogeneous sequence of thin-bedded shales alternating with limestones and sandstones. The Devonian Chattanooga Formation consists of the upper detachment for the thrust belt. The Mississippian and Pennsylvanian units consist mostly of competent limestone and sandstone. 
The Pine Mountain thrust is folded by underlying thrust forming horses and duplexes that result in erosional fensters in some places. The two major oil-producing areas include the Sulphur Springs and Big Fleenortown fensters in the Ben Hur area, and the Martin Creek, Chestnut Ridge and Possum Hollow fenster in the Rose Hill area. The structure consists of three overlapping ramp anticlines associated with three thrust sheets in the Martin Creek fenster area (Figure 4.2). The three thrusts sheets are the Pine Mountain, Bales I, and Bales II sheets. The Pine Mountain thrust climbs from the Cambrian Rome Formation to the base of the Cambrian Maynardville Limestone of the Conasauga Formation, and finally to the base of the Devonian Chattanooga Shale. The Bales I thrust climbs from the Rome Formation to the base of the Chattanooga Shale which folds the Pine Mountain thrust with steepening of the frontal limb with dip exceeding 60°. 
Seismic data show that the location of the Bales II is related to a pre-existing basement normal fault (Figure 4.3). The thrust brings the Rome Formation over the Conasauga Formation. Moreover, the folding associated with the Bales II thrust creates the irregularities in the geometry of the Bales I thrust. Mitra [1988] constructed and interpreted several cross-sections in the Pine Mountain thrust sheets by using well, seismic, and field data. These cross-sections are then plainspastically restored to check that they are balanced and to estimate the shortening in each section. They are also used to construct maps showing the geometry of the major thrusts in the deformed and restored sections (Figure 4.2). The cross section represented in Figure 4.2 incorporates surface data and seismic reflection profiles S3 and S4 (Figure 4.3) and confirms the presence of the pre-existing normal fault. Mitra [1986a] suggested the role of additional lateral and oblique thrust ramps and tear faults in the evolution of the Pine Mountain thrust geometry. Kinematic interpretation of the geometry of the Pine Mountain thrust changed northeastward from a single thrust ramp to a double ramp. The displacement of the ramp may have been caused by the minor discontinuity or buttressing effect from a pre-existing normal fault and a change in the regional dip of the Rome detachment. 
[bookmark: _Toc469567998]Comparison to the experimental model
Martin Creek fenster area (Figure 4.2) resembles the brittle detachment on the frontal ramp experiment (Figure 3.1 & Figure 3.2) (model BDFR), as suggested by the parallel orientation of the Clinch Port, Wallen Valley, and Pine Mountain thrust sheets in the map view (Figure 3.1). Note the fault spacing also increases from the Clinch Port thrust to the Pine Mountain thrust which is also observed in the model BDFR. The frontal thrust, Bales II thrust has a small amount of slip, because it is in its early stage of deformation, so the model BDFR does not exactly replicate this thrust, in which the frontal thrust had undergone significant shortening.
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	[bookmark: _Ref469593912][bookmark: _Toc469568036]Figure 4.2 Section C-C’ from the Figure 4.1 (a) Balanced cross-section; (b) restored section through the Martin Creek fenster [Mitra, 1988]; and (c) interpretation and comparison of the Pine Mountain thrust systems with the brittle detachement on the frontal ramp (model BDFR) section. 1-7 are well names mentioned in Figure 4.1. 
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	[bookmark: _Ref469593929][bookmark: _Toc469568037]Figure 4.3 Interpreted (time-migrated) seismic profiles S3 and S4 along section C-C’ in the Martin Creek fenster area (see Figure 4.1 for location) [Mitra, 1988].




The geometry and position of the forethrusts are controlled by the presence of the normal faults which is observed in the Bales I and Pine Mountain thrust sheets folded by the Bales II subthrust. Imbricate thrusts are translated in a piggyback sequence and rotated. Although the main objective of the current modeling approach is not to replicate the exact structural styles of Pine Mountain fold-thrust geometry and kinematics, however, the model BDFR explains the general geometry of the Pine Mountain thrust belts as controlled by the pre-existing normal fault. Usually, fold-thrust structures within the pre-existing normal fault are interpreted in a cross-section along the thrust dip. The experimental models suggest that the dip cross-sections with the pre-existing normal fault may look similar in general for different normal fault settings; however, when examined in three dimensions, different structures may form spatially and temporally in different ramp configurations.
[bookmark: _Toc469567999]The Western Alps thrust system
[bookmark: _Toc469568000]Field structures
The Alps is formed from the closure of the Ligurian-Piemontese oceanic domain that opened during the Jurassic period after the Permo-Triassic to Early Jurassic rifting [Von Raumer et al., 1999; Guillot et al., 2009]. Later the Alps thrust sheets were emplaced during the Late Cretaceous, and Tertiary compressional phases which were affected by a highly heterogeneous crust within the Liassic half-grabens inherited from the rifting stage. In some places this compressional deformation was strong enough to obscure the pre-compressional basin geometry. During late Cretaceous, flysch basins developed in the internal domains which suggest the onset of the closure of the oceanic area and beginning of the continental collision. The deformation was highly variable between the rigid basement and the weak Jurassic sediments. The primary objective of the current study is to explain the natural structures with the help of experimental models. Therefore the stratigraphic detail in the Western Alps is not presented in this thesis and see Debelmas and Kerckhove [1980] and Lemoine et al. [1987] for stratigraphic detail.
Most of the structures that developed during the rifting stage exhibit larger displacements than pre-rift structures, and have played a vital role in the location of the thrust-fold belt in the Tertiary contraction. The Frontal Pennine thrust formed during the Tertiary contraction is the major tectonic boundary that separates different Mesozoic units and divides the external and internal tectonic domains [Debelmas and Kerckhove, 1980] (Figure 4.4). 
[bookmark: _Toc469568001]The Jura thrust systems	
In the Jura, the Sole thrust detached Mesozoic cover sediments along Triassic evaporites which created detachment folds and imbricate faults above an undeformed rigid basement. The Jura fold-thrust belt and Bresse basin is bounded by two sets of normal faults which dip to west. The dipping of the normal faults and the contraction direction are same (Figure 1.1c). Thus, they did not act as buttress to the cover sediments. The frontal termination of the Jura detachment lies close to the Bresse basin. It lies in the more forward position of the sub-Alpine thrust systems. Enay [1982] proposed that the emergent fontal thrust overstepped and truncated at the Bresse basin normal faults (Figure 4.4). In this orientation, these normal faults were unfavorable for reactivation during contraction. Nevertheless, their presence dropped the Triassic detachment to the west and prevented the activation of the detachment. So they control the site of the emergent thrust front in the Jura area [Butler, 1989]. Similar detachment between the basement and cover sediment occurs in the sub-Alpine thrust systems as observed beneath the Jura. Geophysical studies show the basement top beneath Jura thrust systems dips towards eastwards until it reaches the buried leading edge of the external Belledonne massif which is the surface expression of a hanging wall anticline lying on the frontal Alpine basement thrust or Sole thrust. 
[bookmark: _Toc469568002]The Western Alps Vercors Sub-Alpine thrust systems
In the west Vercors district, the frontal thrust ramp is nucleated on a pre-existing normal fault named as Faille de l’Iser dipping towards the oncoming thrust sheets. Two sets of normal faults formed the asymmetrical sloping graben (Figure 4.6). In this region, the Jura and sub-Alpine thrust belts converge and becomes narrow. In some places, normal faults are truncated by the later thrusts [Butler et al., 2006]. The detachment occurs in Liassic shale between the cover sediment and the basement which is basement involved in places where the basement is uplifted (Figure 4.7). The simplified balanced and restored cross-sections though the Vercors sub-Alpine thrust belt show the location and geometry of the Alpine frontal thrust controlled by the pre-existing normal faults (Figure 4.5 & Figure 4.6). This result is confirmed by the seismic, surface, and stratigraphic data. Moreover, the backthrust displacement and location are also controlled by the normal fault. Regional uplifts are spread out in the Vercors area which can be related to the steeply dipping normal faults probably penetrating deeply into the crust before acquiring listric geometry which are generally difficult to invert by dip slip movements. Furthermore, there is no evidence of reactivation of the normal fault as inversion except in the deeper crust [Butler, 1989].  They form buttresses to displacement on cover detachments and gently inclined basement faults. This decrease in displacement on the hanging-walls due to buttresses leads to the generation of layer parallel shortening, gentle to tight folds depending on the amount of contraction, back-folds, backthrust systems, and short cut thrust geometries. 
[bookmark: _Toc469568003]Models representing the Jura and the Westerns Alps thrust systems
None of the current models can exactly replicate the Jura and western Alps thrust sheets because the pre-existing normal fault in the Jura is dipping away from the oncoming thrust front  (normal faults dipping towards the contraction direction in all experiments). Basin had sloping full graben structure before contraction in the western Alps. However, the farther propgation of the frontal Alpine thrust could be related to the ductile detachment models. The offset frontal ramps models explain the general structures formed in the western Alps although all structures from both experiments and nature do not match or form. The ductile detachment on offset ramp model (Figure 4.8a) could explain the general Jura thrust belt deformation style. The major pre-existing normal faults in the Jura fold-thrust belt are far from the sub-Alpine thrusts which lie near to the Bresse basin (Figure 4.4) whereas, in the Chambery and Vercors area the pre-existing normal faults are close to the sub-Alpine thrust belt. The frontal fold-thrust belt of the Jura lies ahead west of the main sub-Alpine (Bornes) thrust systems. While in the Vercors area, they are continuous and become narrow. Due to the farther offset of the pre-existing normal faults that dips away from the contraction direction in the northwest and ductile detachment at the Jura area, the frontal Alpine basement thrust propagated farther in the Jura than in the Vercors. The curved transfer zone or relay ramp joins this thrust in Burger hills and Chambery areas as observed in the models DDOFR and BDOFR (Figure 4.8a & Figure 4.8b). Molasse basins in the Annecy regions is wider and deeper which is formed by the displacement of the sub-Alpine and the Jura thrust systems. Similar molasse basin was developed in the ductile detachment on the offset ramp experiment, model DDOFR (Figure 4.8a & Figure 4.8c). However, no major backthrust formed in the Jura as was observed in the model DDOFR. 
Vercors subalpine thrust detaches in the Liassic shale, which resembles the brittle detachment on offset ramp configuration (model BDOFR). Foreland verging duplexes imbricate thrust sheets were formed and the frontal ramp was located by the pre-existing normal faults (Figure 4.6 & Figure 4.7). This model also explains the large scale backthrust in the Dome de la Mure massif (Figure 4.6).
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	[bookmark: _Ref469594179][bookmark: _Toc469568038]Figure 4.4 Simplified tectonic map of the NW Alps showing the main structural units and locations of the cross-sections (Figure 4.5 & Figure 4.6) FPT = Frontal Pennine thrust, BBT = Basal Brianconnais thrust, SB = SubBrianconnais zone, AAT-Austro-alpine thrust. The inset shows the location of the study area [Butler, 1989]. 
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	[bookmark: _Ref469594320][bookmark: _Toc469568039]Figure 4.5 (a) Simplified balanced; (b) restored cross-section through the Jura and sub-Alpine chains along the Bornes transect (see Figure 4.4 for location). The frontal thrust overstepped and truncated pre-existing normal fault Bresse basin faults. UHT = Ultrahelvetic thrust, EBM = External Belledonne massif, A = Annecy town [Butler, 1989].
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	[bookmark: _Ref469594282][bookmark: _Toc469568040]Figure 4.6 (a) Simplified balanced; (b) restored cross-section through the Vercors subalpine along the Bornes transect (see Figure 4.5 for location). B = Cole de la Bataille area 5 km south of line [Butler, 1989].
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	[bookmark: _Ref469594301][bookmark: _Toc469568041]Figure 4.7 Simplified true scale restored crustal section through the Vercors and neighboring districts showing the distribution of Mesozoic basins and the predicted geometry of the bounding normal faults. The dashed line shows the future position of the Alpine Sole thrust system [Butler, 1989].
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	[bookmark: _Ref469594385][bookmark: _Toc468205987][bookmark: _Toc469568042]Figure 4.8 Partial top photo after 9 cm shortening in offset ramp experiments showing fault interpretation of the Western Alps. (a) Ductile detachment (model DDOFR) shows the general structures like the Jura fold-thrust belt; (b) brittle detachment (model BDOFR) explains the Vercors sub-Alpine thrust. (c) Cross-section A-A’ and (d) cross-section B-B’.






[bookmark: _Toc469568004]Northeastern Salt Range-Potwar fold-thrust belts
[bookmark: _Toc469568005]Field structures
The Salt Range-Potwar fold-thrust belt is developed south of the Himalayas because of a continuous collision between India and Eurasia plates [Baker et al., 1988; Jaumé and Lillie, 1988]. This collision caused southward-verging fold-thrust deformation in this region above a basal detachment within the Neoproterozoic Salt Range Formation[Lillie et al., 1987]. There are three main zones of tectonic deformations across the Salt Range-Potwar Plateau: from north to south, these are the Northern Potwar deformation zone (NPDZ), the Soan syncline, and the Salt Range (Figure 4.9). 
The progressively propagating southward thrust system has brought allochthonous Cambrian to Quaternary sedimentary units to the surface and overthrusted over Quaternary rocks of the autochthonous foreland basin [Crawford, 1974; Seeber and Armbruster, 1979]. The South Potwar Basin is hydrocarbon prolific because of the well-developed anticlinal structures. In this region the rocks range in age from Precambrian to Recent and comprise four major unconformity-bounded sequences [Jaswal et al., 1997]. They are (1) Precambrian crystalline rocks of the Indian craton, (2) Neoproterozoic evaporite (Salt Range Formation), (3) Cambrian-Eocene (Carapace strata), and (4) Miocene-recent molasses sediments (Rawalpindi and Siwalik groups).
The Precambrian crystalline basement that is cut by normal faults from Neoproterozoic rifting dips gently to the north at 1° in the Salt Range and 3°-4°in the Potwar. Thrust ramp is situated above a north-dipping basement normal fault that has a displacement of 1 km, decreasing toward the east which is well imaged on seismic profiles [Lillie et al., 1987; Baker et al., 1988] (Figure 4.10). 
The NPDZ consists of a complex stack of imbricated thrust faults. Jaswal et al. [1997] state that the NPDZ is a passive roof duplex with a roof thrust located at the base of the Murree Formation and a sole thrust at the top of the basement. The transition between the South Potwar Basin and the NPDZ is separated by the triangle zone located beneath the Khari Murat forethrust and the Soan backthrust [Baker et al., 1988; Jaswal et al., 1997]. The Potwar Basin, an autochthonous foreland basin is bounded by the Salt Range thrust in the south and by the Soan backthrust or Dhurnal Fault in the north. It subsequently became a piggyback basin. Complex detachment folds, hinterland and foreland-verging thrusts faults are observed in the eastern part of the basin whereas, few deformation features are observed in the western part [Lillie et al., 1987; Baker et al., 1988]. The emergent Salt Range Thrust places the Salt Range Formation and Cambrian-Eocene Carapace rocks onto recent sediments [Gee, 1980; Yeats et al., 1984]. This Salt Range Thrust becomes blind in the east Potwar. Grelaud et al. [2002] used the seismic data to forward model the present compressional structures in the Salt Range and Potwar Plateau. They showed the pop-up structures and fault bend fold developed above the pre-existing normal faults (Figure 4.10 & Figure 4.11). 
Qayyum [1991] suggests an east-dipping transverse fault or lateral ramp cutting cover sediment but not a basement at the east end of the Salt Range province. This lateral ramp produced telescoping deformation style and a lateral culmination, apparent as Chambal Ridge. In contrary rigid translation deformtion style controlled by the frontal ramp is observed in the Salt Range [Faisal and Dixon, 2015].
[bookmark: _Toc469568006]Comparison to the experimental models
Normal faults also influence the location of other thrust faults in the area. Brittle detachment on the frontal ramp, model BDFR, explains the NPDZ that has imbricated thrusts and duplex structures with an incipient of backthrust at the hinterland. The Soan syncline and Salt Range Thrust structures can be explained by the ductile detachment on the frontal ramp experiment, model DDFR (Figure 4.12b). The Eastern Potwar Plateau deformation zone is likely similar to a ductile detachment on the lateral ramp experiment, model DDLR (Figure 4.13). As observed in the East Potwar Plateau, the frontal thrust in the lateral ramp ductile detachment model propagated farther on the back end of the lateral ramp (Figure 4.13). In this region, broader pop-up structures and gentler folds developed in the eastern Potwar Plateau than in the central and western Potwar Plateau. Narrower tight small detachment folds, pop-ups, and thrusts are developed in the central and western side as observed in the model (Figure 4.13).  
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	[bookmark: _Ref469594784][bookmark: _Toc469568043]Figure 4.9 Geological map of the eastern Salt Range and Potwar Plateau. A-A’ is seismic transect. MBT = Main Boundary Thrust, KMF = Khari Murat fault, DT = Domeli Thrust, SRT = Salt Range Thrust, RF = Riwat Fault, SB = Soan Backthrust (Adapted from Grelaud et al. [2002])
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	[bookmark: _Ref469594825][bookmark: _Toc469568044]Figure 4.10 Initial and final geometry from the THRUSTPACK model of the Salt Range and Potwar Plateau compared with the corresponding interpreted cross-section. (a) Initial stage model (Oligocene) with predefined tectonic units corresponding to the cross-section prior to folding; (b) Depth-converted cross-section using seismic data (see Figure 4.9 & Figure 4.11); (c) Result of the forward modeling [Grelaud et al., 2002].
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	[bookmark: _Ref469594867][bookmark: _Toc469568045]Figure 4.11 Interpreted seismic lines into the cross section (see Figure 4.10). (a) Line drawing showing the varying shape of the Salt Range thrust and north dipping normal fault responsible for creating the thrust ramp. C-E = Cambrian to Eocene carbonates [Grelaud et al., 2002].
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	[bookmark: _Ref469594925][bookmark: _Toc469568046]Figure 4.12 Model explaining tectonics evolution of tectonic zones of Potwar Salt Range Province. (a) Brittle detachment on the frontal ramp experiment, model BDFR showing NPDZ (Northern Potwar Deformation Zone) (see Figure 3.1); (b) ductile detachment on the frontal ramp experiment, model DDFR (see Figure 3.4) explains the formation of Soan Syncline, Salt Range, Salt Range Thrust, and Punjab Plain.
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	[bookmark: _Ref469595023][bookmark: _Toc469568047]Figure 4.13 Ductile detachment on a frontal ramp bounded by a vertical lateral ramp experiment, model DDLR that includes structures in the eastern and western Potwar Plateau. PP = Potwar Plateau, SRT = Salt Range Thrust.





[bookmark: _Toc469568007]Conclusions
1. The analog models for both brittle and ductile detachments suggests that pre-existing normal faults play an important role in determining the geometry and kinematics of fold-thrust belts. The normal faults influence the location and orientations of later formed thrusts, rather than the sequence of fault propagation. In some instances, the presence of the normal faults changes the fault spacing. 
2. The normal fault acts as a buttress and influences the position of the base of the thrust fault. For brittle detachments, the base off the thrust is usually a small distance from the normal fault, whereas for ductile detachments, the base is either at or very close to the normal fault. Frontal fault dips are greater for ductile detachments than for brittle detachments.
3. Favorably oriented frontal thrusts along the normal fault propagate faster and farther when the frontal thrust uses the normal fault as a ramp.
4. Brittle detachment result in a slower propagation of the deformation front to the normal fault, the formation of a larger number of faults, and a steeper wedge, whereas ductile detachments result in faster propagation of the front to the normal fault and a gentler taper. 
5. A linear frontal normal fault ramp results in a linear frontal thrust. Normal faults oriented obliquely to the contraction direction result in oblique frontal thrusts, whereas normal faults with offsets result in thrust fronts with transverse or oblique segments. Backthrusts formed during the formation of the structures also have geometries and orientations that follow the geometry of the normal faults.
6. Curved normal faults result in curved frontal thrusts. The obliquity of the transfer fault is greater for a ductile detachment. For frontal ramps separated by two lateral ramps, two transfer zones develop in both brittle and ductile models. 
7. In summary, the effect of the pre-existing normal faults on the thrust-fold geometry depends on the relative distance between the normal fault and the forethrust positions, detachment type, and the geometry of the normal fault. 
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1.5 cm shortening	3.0 cm shortening	4.5 cm shortening	284.15094824516001	-0.43982217936896001	6.0 cm shortening	283.44410509032002	-0.15751327821812	7.5 cm shortening	4.2425566229568998	4.9496493934497998	5.6567421639426003	6.3638349344353999	7.0709277049282004	7.7780204754210001	8.4851132459138991	9.1922060164067005	9.8992987868995002	10.606391557392	11.313484327885	12.020577098378	12.727669868871001	13.434762639363999	14.141855409855999	14.848948180349	15.556040950842	16.263133721334999	16.970226491828001	17.677319262320999	18.384412032813	19.091504803306002	19.798597573799	20.505690344291999	21.212783114785001	21.919875885277001	22.62696865577	23.334061426262998	24.041154196756001	24.748246967248999	25.455339737742001	26.162432508234001	26.869525278727	27.576618049219999	28.283710819713001	28.990803590205999	29.697896360698	30.404989131191002	31.112081901684	31.819174672176999	32.526267442669997	33.233360213163003	33.940452983655	34.647545754147998	35.354638524640997	36.061731295134003	36.768824065627001	37.47591683612	38.183009606612003	38.890102377105002	39.597195147598001	40.304287918090999	41.011380688583998	41.718473459076002	42.425566229569	43.132659000061999	43.839751770554997	44.546844541048003	45.253937311541002	45.961030082032998	46.668122852525997	47.375215623019002	48.082308393512001	48.789401164005	49.496493934497003	50.203586704990002	50.910679475483001	51.617772245975999	52.324865016468998	53.031957786962003	53.739050557454	54.446143327946999	55.153236098439997	55.860328868933003	56.567421639426001	57.274514409919	57.981607180410997	58.688699950904002	59.395792721397001	60.10288549189	60.809978262382998	61.517071032875002	62.224163803368	62.931256573860999	63.638349344353998	64.345442114847003	65.052534885339995	65.759627655832006	66.466720426324997	67.173813196818003	67.880905967310994	68.587998737804	69.295091508295997	70.002184278789002	70.709277049281994	71.416369819774999	72.123462590268005	72.830555360760997	73.537648131252993	74.244740901745999	74.951833672239005	75.658926442731996	76.366019213225002	77.073111983716998	77.780204754210004	78.487297524702996	79.194390295196001	79.901483065689007	80.608575836181998	81.315668606673995	82.022761377167001	82.729854147660006	83.436946918152998	84.144039688646004	84.851132459138995	85.558225229631006	86.265318000123997	86.972410770617003	87.679503541109995	88.386596311603	89.093689082094997	89.800781852588003	90.507874623080994	91.214967393574	91.922060164067005	92.629152934559997	93.336245705051994	94.043338475544999	94.750431246038005	95.457524016530996	96.164616787024002	96.871709557515999	97.578802328009004	98.285895098501996	98.992987868995002	99.700080639487993	100.40717340998	101.11426618047	101.82135895096999	102.52845172146	103.23554449194999	103.94263726244	104.64973003294	105.35682280343001	106.06391557392	106.77100834442	107.47810111491	108.1851938854	108.89228665589	109.59937942639	110.30647219687999	111.01356496737	111.72065773787	112.42775050836001	113.13484327885	113.84193604934001	114.54902881984	115.25612159033	115.96321436082	116.67030713132	117.37739990180999	118.0844926723	118.79158544278999	119.49867821329001	120.20577098378	120.91286375427001	121.61995652477	122.32704929526	123.03414206575	123.74123483624	124.44832760673999	125.15542037723	125.86251314771999	126.56960591821	127.27669868871	127.98379145920001	128.69088422969	129.39797700019	130.10506977067999	130.81216254117001	131.51925531166	132.22634808216	132.93344085264999	133.64053362313999	134.34762639364001	135.05471916413001	135.76181193462	136.46890470510999	137.17599747560999	137.88309024610001	138.59018301659	139.29727578709	140.00436855757999	140.71146132806999	141.41855409856001	142.12564686906001	142.83273963955	143.53983241003999	144.24692518053999	144.95401795103001	145.66111072152	146.36820349201	147.07529626250999	147.78238903299999	148.48948180349001	149.19657457399001	149.90366734448	150.61076011496999	151.31785288546001	152.02494565596001	152.73203842645	153.43913119694	154.14622396743999	154.85331673792999	155.56040950842001	156.26750227891	156.97459504941	157.68168781989999	158.38878059039001	159.09587336089001	159.80296613138	160.51005890187	161.21715167235999	161.92424444285999	162.63133721335001	163.33842998384	164.04552275434	164.75261552482999	165.45970829532001	166.16680106581001	166.87389383631	167.5809866068	168.28807937728999	168.99517214778001	169.70226491828001	170.40935768877	171.11645045925999	171.82354322975999	172.53063600025001	173.23772877074001	173.94482154123	174.65191431173	175.35900708221999	176.06609985271001	176.77319262321001	177.4802853937	178.18737816418999	178.89447093467999	179.60156370518001	180.30865647567001	181.01574924616	181.72284201666	182.42993478714999	183.13702755764001	183.84412032813	184.55121309863	185.25830586911999	185.96539863960999	186.67249141010001	187.37958418060001	188.08667695109	188.79376972157999	189.50086249207999	190.20795526257001	190.91504803306	191.62214080355	192.32923357404999	193.03632634453999	193.74341911503001	194.45051188553001	195.15760465602	195.86469742650999	196.57179019700001	197.27888296750001	197.98597573799	198.69306850848	199.40016127897999	200.10725404946999	200.81434681996001	201.52143959045	202.22853236095	202.93562513143999	203.64271790193001	204.34981067242001	205.05690344292	205.76399621341	206.47108898389999	207.17818175439999	207.88527452489001	208.59236729538	209.29946006586999	210.00655283636999	210.71364560686001	211.42073837735001	212.12783114785	212.83492391834	213.54201668882999	214.24910945932001	214.95620222982001	215.66329500031	216.37038777079999	217.07748054129999	217.78457331179001	218.49166608228001	219.19875885277	219.90585162327	220.61294439375999	221.32003716425001	222.02712993475001	222.73422270524	223.44131547572999	224.14840824621999	224.85550101672001	225.56259378721001	226.2696865577	226.97677932818999	227.68387209868999	228.39096486918001	229.09805763967	229.80515041017	230.51224318065999	231.21933595114999	231.92642872164001	232.63352149214001	233.34061426263	234.04770703311999	234.75479980361999	235.46189257411001	236.1689853446	236.87607811509	237.58317088558999	238.29026365607999	238.99735642657001	239.70444919707001	240.41154196756	241.11863473804999	241.82572750854001	242.53282027904001	243.23991304953	243.94700582002	244.65409859050999	245.36119136100999	246.06828413150001	246.77537690199	247.48246967249	248.18956244297999	248.89665521347001	249.60374798396001	250.31084075446	251.01793352495	251.72502629543999	252.43211906593999	253.13921183643001	253.84630460692	254.55339737740999	255.26049014790999	255.96758291840001	256.67467568888998	257.38176845939	258.08886122988002	258.79595400036999	259.50304677086001	260.21013954135998	260.91723231185	261.62432508234002	262.33141785283999	263.03851062333001	263.74560339381998	264.45269616431	265.15978893481002	265.86688170529999	266.57397447579001	267.28106724627997	267.98816001678	268.69525278727002	269.40234555775999	270.10943832826001	270.81653109874998	271.52362386924	272.23071663973002	272.93780941022999	273.64490218072001	274.35199495120997	275.05908772171	275.76618049220002	276.47327326268999	277.18036603318001	277.88745880367998	278.59455157417	279.30164434466002	280.00873711515999	280.71582988565001	281.42292265613997	282.13001542663	282.83710819713002	283.54420096761999	284.25129373811001	284.95838650859997	285.6654792791	286.37257204959002	287.07966482007998	287.78675759058001	288.49385036106997	289.20094313156	289.90803590205002	290.61512867254999	36.692675975457	36.672301478945002	36.643753733381999	36.587986477469002	36.504421927803001	36.389011530394001	36.222341825845	35.977778655156001	35.679633981293001	35.329461753766999	34.943744488923002	34.576782645103002	34.235212338098002	33.947465638768001	33.744976906967999	33.606301323948003	33.535760735163997	33.521106091128999	33.505624658495002	33.486236189392002	33.457542432629999	33.394913939329001	33.299346322463002	33.159303198553999	32.942896747271	32.691415532995997	32.411566529034999	32.128098545307999	31.872752740454001	31.646085290133001	31.462901367548	31.332946598505998	31.250100173697	31.218135298566001	31.224631231937	31.230030338574	31.237344530398001	31.257243938573001	31.302050675033001	31.348570898258998	31.383790697412	31.399931505920001	31.412612130073999	31.420904665371999	31.409342399153999	31.360461479664998	31.286684245309999	31.191129552016001	31.117098963177	31.040562316517001	30.957355567234	30.879110445142	30.818255984882999	30.771269040090001	30.737389165484998	30.681702858971999	30.619457068100999	30.555364497882	30.486895469596	30.426277068912999	30.372383685254	30.321405572688999	30.249849276563001	30.168437304360001	30.081896966995	30.042831217991999	30.012878860880001	29.988539443994998	29.977923365864999	29.994360531866999	30.032783563675	30.096202184628002	30.137126097898001	30.175458389946002	30.216249620244	30.273755642466998	30.338089694118999	30.406530827474999	30.473138532669999	30.529091214491	30.564410474900001	30.568694785026	30.574159574989999	30.586453483014999	30.602268320227001	30.600799039984999	30.595525319486001	30.599507018535	30.629482885137001	30.638796055813	30.633476155286001	30.615240063365	30.607062577802999	30.596225436996001	30.582736669498999	30.565317466976001	30.548180347323001	30.52015120746	30.475717395261999	30.398661838418001	30.348107738734001	30.319560059764999	30.301439722322002	30.269947543246001	30.242377851619	30.231700884973002	30.250456046945999	30.239330600963999	30.193712806998001	30.119702278738	30.038388574887001	29.940611262596001	29.806997936125001	29.608967990629001	29.365979220888999	29.077717863444999	28.711175355632001	28.307830262494001	27.878777071510001	27.439776208363	26.976162003121999	26.494487926346999	25.993692664766002	25.539309117333001	25.139431798613	24.792013172082999	24.502036948802999	24.287792427144002	24.148254533161001	24.111133034468999	24.125854958274001	24.143064378738	24.155348094539999	24.155456801168	24.131542492678999	24.072923994381	23.944601705124999	23.797100119229999	23.623510934098	23.418519394962999	23.090793170983002	22.734015759443999	22.352146793922	21.948087204627999	21.509901127620001	21.071157460540999	20.651890849962001	20.345829042094	20.097261337289002	19.905694829797	19.810149158169001	19.760536022989999	19.739792384655001	19.74087178528	19.760239140191999	19.793708261426001	19.838069272085999	19.813397863527001	19.709117038565001	19.537541133386	19.293180650172999	18.984257963828998	18.619095132236001	18.190140911341999	17.751619565929001	17.338369017346	16.944831625829998	16.548282173052002	16.184926164179998	15.851556545955001	15.556330326602	15.325860831442	15.187952364547	15.151818808718	15.269562179871	15.364342238496	15.444036500525	15.513336301526	15.594489726958001	15.641639922623	15.63878584371	15.565985897411	15.523810638960001	15.504356630456	15.494214122786	15.447373140732999	15.366331251465001	15.243427934999	15.049773649322001	14.810329593167999	14.527845991102	14.198266120943	13.877088955393001	13.545104714015	13.178129142124	12.739886650081999	12.278796642989001	11.802356686302	11.317161645397	10.836628173479999	10.384506142257001	10.021741541395	9.7840038458103002	9.6209648608255005	9.5269497097092994	9.4731404264041998	9.4083955037077001	9.3412316548293006	9.3080658457051992	9.3246096321328995	9.3745041677846004	9.4572729609565993	9.5099870128867998	9.5505454205306997	9.5772164485596001	9.5575310017216992	9.4869087248592994	9.3782039421130996	9.2310553556464008	9.1449888945767004	9.0987455764171994	9.0897148460644992	9.0690136605751004	9.0306057787051	8.9788347473970003	8.9187538471166992	8.8705452587745004	8.8403301345912997	8.8351938442533999	8.8921877258443995	8.9310036486503996	8.9443537369548007	8.9055346445605004	8.8483534289995003	8.7663980224157001	8.6441412608003994	8.4700834944967003	8.3205983562120007	8.2090230039184995	8.1536381156809004	8.0844888046852006	7.9983089518521	7.8810361393301003	7.7159610689229003	7.5070724269792004	7.2497914859143	6.9466898033906004	6.6515662749421001	6.3495389639586	5.9846558545380004	5.5505043659947004	5.0897336734275003	4.6208854607348	4.1601124374426997	3.7107110446443001	3.2851144757244	2.9801158530509002	2.7905163538025999	2.6820440494397002	2.6497840379830002	2.6589051486285	2.6747385092048002	2.6900805249828998	2.6891987573269001	2.7052373484096002	2.7564130981336001	2.9019937618139999	3.0123623277289999	3.0916907004461001	3.1354322017805001	3.1762105094179001	3.2010379475596	3.1954880276429001	3.0827624709322001	3.0048299040709998	2.9607318537263998	2.9620156561522002	2.9759622275278002	2.9902696667713999	3.0036948072673	3.0194907036973002	3.0175850829680999	2.9981919273457001	2.9532408910083001	3.0156029985182	3.1016560417513999	3.1904554957668001	3.2088271106319999	3.2332580624260001	3.2667687741817	3.3226702238308001	3.2797491583781002	3.2029273092778001	3.1188740759571001	3.1044398631323	3.0991938418620002	3.0977895736457999	3.0927931876636001	3.0859788350691	3.0672317066359001	3.0208005439679	3.0150187443901002	3.0814883177031001	3.2237126846763	3.3248003047957999	3.388677232919	3.4358186829628998	3.4998587684081999	3.5328800953905	3.5066001671317002	3.4003776147978999	3.345262165366	3.3324794211656998	3.3554280805293	3.4013740326463999	3.4402208569366999	3.4688872209156001	3.4817093203312002	3.4424593510071002	3.4106192462253002	3.4014965447938001	3.5017406115412002	3.6277247452511001	3.7467351406973002	3.8102640908612	3.8841047461769	3.9443724433114999	3.9820183122692998	3.8997924848472998	3.7972780541290998	3.6999782668962	3.6796357041765	3.6886359176218999	3.7055441639655999	3.7217777420145	3.7277667689056	3.7093152065984998	3.6692672044830998	3.6211617006935	3.6345709658580998	3.6874705008515001	3.7747480619161999	3.8409662132239002	3.9018679625761998	3.9599505422402999	4.0193958718438001	4.0296505852784001	4.0019968084573998	3.9382722970277002	3.9033764099649999	3.8937371647693002	3.9117742814010001	3.9290641362104002	3.9383857567892999	3.9339988836769	3.8896697527817001	3.8433730391919001	3.8217489918573002	3.8495567586977999	3.8948336440019999	3.9368805466565999	3.9771616932807001	4.0417429586802003	4.098252588067	4.1302825827729999	4.1066636433022001	4.0678475711535	4.0339381589672003	4.0102775231954997	4.0175924910541001	4.0374602710548997	4.0604335851929001	4.0653943703684998	4.0318244030057002	4.0074598974007998	4.0149287231502999	4.0757842300674003	4.1485721428964002	4.2281184890115	4.2991154648416998	4.3857761866166998	4.4610702654637002	4.4980353611200004	4.4816572595046997	4.4544128557525999	4.4259528535644996	4.4483703602953	4.5013953191424001	4.5717125438841997	4.6462503290408996	4.7076182670115996	4.7364210915029998	4.7234660098247003	4.6918552955318997	4.7048938540487004	4.7587396134595998	4.8584054231391001	4.9208509467150998	4.9721882038284004	5.0242311472968	5.0642630951295997	5.0589544404564997	5.0068197338851999	4.9035319642438999	4.8426089422318004	4.8144421371292001	9.0 cm shortening	4.2425566229568998	4.9496493934497998	5.6567421639426003	6.3638349344353999	7.0709277049282004	7.7780204754210001	8.4851132459138991	9.1922060164067005	9.8992987868995002	10.606391557392	11.313484327885	12.020577098378	12.727669868871001	13.434762639363999	14.141855409855999	14.848948180349	15.556040950842	16.263133721334999	16.970226491828001	17.677319262320999	18.384412032813	19.091504803306002	19.798597573799	20.505690344291999	21.212783114785001	21.919875885277001	22.62696865577	23.334061426262998	24.041154196756001	24.748246967248999	25.455339737742001	26.162432508234001	26.869525278727	27.576618049219999	28.283710819713001	28.990803590205999	29.697896360698	30.404989131191002	31.112081901684	31.819174672176999	32.526267442669997	33.233360213163003	33.940452983655	34.647545754147998	35.354638524640997	36.061731295134003	36.768824065627001	37.47591683612	38.183009606612003	38.890102377105002	39.597195147598001	40.304287918090999	41.011380688583998	41.718473459076002	42.425566229569	43.132659000061999	43.839751770554997	44.546844541048003	45.253937311541002	45.961030082032998	46.668122852525997	47.375215623019002	48.082308393512001	48.789401164005	49.496493934497003	50.203586704990002	50.910679475483001	51.617772245975999	52.324865016468998	53.031957786962003	53.739050557454	54.446143327946999	55.153236098439997	55.860328868933003	56.567421639426001	57.274514409919	57.981607180410997	58.688699950904002	59.395792721397001	60.10288549189	60.809978262382998	61.517071032875002	62.224163803368	62.931256573860999	63.638349344353998	64.345442114847003	65.052534885339995	65.759627655832006	66.466720426324997	67.173813196818003	67.880905967310994	68.587998737804	69.295091508295997	70.002184278789002	70.709277049281994	71.416369819774999	72.123462590268005	72.830555360760997	73.537648131252993	74.244740901745999	74.951833672239005	75.658926442731996	76.366019213225002	77.073111983716998	77.780204754210004	78.487297524702996	79.194390295196001	79.901483065689007	80.608575836181998	81.315668606673995	82.022761377167001	82.729854147660006	83.436946918152998	84.144039688646004	84.851132459138995	85.558225229631006	86.265318000123997	86.972410770617003	87.679503541109995	88.386596311603	89.093689082094997	89.800781852588003	90.507874623080994	91.214967393574	91.922060164067005	92.629152934559997	93.336245705051994	94.043338475544999	94.750431246038005	95.457524016530996	96.164616787024002	96.871709557515999	97.578802328009004	98.285895098501996	98.992987868995002	99.700080639487993	100.40717340998	101.11426618047	101.82135895096999	102.52845172146	103.23554449194999	103.94263726244	104.64973003294	105.35682280343001	106.06391557392	106.77100834442	107.47810111491	108.1851938854	108.89228665589	109.59937942639	110.30647219687999	111.01356496737	111.72065773787	112.42775050836001	113.13484327885	113.84193604934001	114.54902881984	115.25612159033	115.96321436082	116.67030713132	117.37739990180999	118.0844926723	118.79158544278999	119.49867821329001	120.20577098378	120.91286375427001	121.61995652477	122.32704929526	123.03414206575	123.74123483624	124.44832760673999	125.15542037723	125.86251314771999	126.56960591821	127.27669868871	127.98379145920001	128.69088422969	129.39797700019	130.10506977067999	130.81216254117001	131.51925531166	132.22634808216	132.93344085264999	133.64053362313999	134.34762639364001	135.05471916413001	135.76181193462	136.46890470510999	137.17599747560999	137.88309024610001	138.59018301659	139.29727578709	140.00436855757999	140.71146132806999	141.41855409856001	142.12564686906001	142.83273963955	143.53983241003999	144.24692518053999	144.95401795103001	145.66111072152	146.36820349201	147.07529626250999	147.78238903299999	148.48948180349001	149.19657457399001	149.90366734448	150.61076011496999	151.31785288546001	152.02494565596001	152.73203842645	153.43913119694	154.14622396743999	154.85331673792999	155.56040950842001	156.26750227891	156.97459504941	157.68168781989999	158.38878059039001	159.09587336089001	159.80296613138	160.51005890187	161.21715167235999	161.92424444285999	162.63133721335001	163.33842998384	164.04552275434	164.75261552482999	165.45970829532001	166.16680106581001	166.87389383631	167.5809866068	168.28807937728999	168.99517214778001	169.70226491828001	170.40935768877	171.11645045925999	171.82354322975999	172.53063600025001	173.23772877074001	173.94482154123	174.65191431173	175.35900708221999	176.06609985271001	176.77319262321001	177.4802853937	178.18737816418999	178.89447093467999	179.60156370518001	180.30865647567001	181.01574924616	181.72284201666	182.42993478714999	183.13702755764001	183.84412032813	184.55121309863	185.25830586911999	185.96539863960999	186.67249141010001	187.37958418060001	188.08667695109	188.79376972157999	189.50086249207999	190.20795526257001	190.91504803306	191.62214080355	192.32923357404999	193.03632634453999	193.74341911503001	194.45051188553001	195.15760465602	195.86469742650999	196.57179019700001	197.27888296750001	197.98597573799	198.69306850848	199.40016127897999	200.10725404946999	200.81434681996001	201.52143959045	202.22853236095	202.93562513143999	203.64271790193001	204.34981067242001	205.05690344292	205.76399621341	206.47108898389999	207.17818175439999	207.88527452489001	208.59236729538	209.29946006586999	210.00655283636999	210.71364560686001	211.42073837735001	212.12783114785	212.83492391834	213.54201668882999	214.24910945932001	214.95620222982001	215.66329500031	216.37038777079999	217.07748054129999	217.78457331179001	218.49166608228001	219.19875885277	219.90585162327	220.61294439375999	221.32003716425001	222.02712993475001	222.73422270524	223.44131547572999	224.14840824621999	224.85550101672001	225.56259378721001	226.2696865577	226.97677932818999	227.68387209868999	228.39096486918001	229.09805763967	229.80515041017	230.51224318065999	231.21933595114999	231.92642872164001	232.63352149214001	233.34061426263	234.04770703311999	234.75479980361999	235.46189257411001	236.1689853446	236.87607811509	237.58317088558999	238.29026365607999	238.99735642657001	239.70444919707001	240.41154196756	241.11863473804999	241.82572750854001	242.53282027904001	243.23991304953	243.94700582002	244.65409859050999	245.36119136100999	246.06828413150001	246.77537690199	247.48246967249	248.18956244297999	248.89665521347001	249.60374798396001	250.31084075446	251.01793352495	251.72502629543999	252.43211906593999	253.13921183643001	253.84630460692	254.55339737740999	255.26049014790999	255.96758291840001	256.67467568888998	257.38176845939	258.08886122988002	258.79595400036999	259.50304677086001	260.21013954135998	260.91723231185	261.62432508234002	262.33141785283999	263.03851062333001	263.74560339381998	264.45269616431	265.15978893481002	265.86688170529999	266.57397447579001	267.28106724627997	267.98816001678	268.69525278727002	269.40234555775999	270.10943832826001	270.81653109874998	271.52362386924	272.23071663973002	272.93780941022999	273.64490218072001	274.35199495120997	275.05908772171	275.76618049220002	276.47327326268999	277.18036603318001	277.88745880367998	278.59455157417	279.30164434466002	280.00873711515999	280.71582988565001	281.42292265613997	282.13001542663	282.83710819713002	283.54420096761999	284.25129373811001	284.95838650859997	285.6654792791	286.37257204959002	287.07966482007998	287.78675759058001	288.49385036106997	289.20094313156	36.692675975457	36.672301478945002	36.643753733381999	36.587986477469002	36.504421927803001	36.389011530394001	36.222341825845	35.977778655156001	35.679633981293001	35.329461753766999	34.943744488923002	34.576782645103002	34.235212338098002	33.947465638768001	33.744976906967999	33.606301323948003	33.535760735163997	33.521106091128999	33.505624658495002	33.486236189392002	33.457542432629999	33.394913939329001	33.299346322463002	33.159303198553999	32.942896747271	32.691415532995997	32.411566529034999	32.128098545307999	31.872752740454001	31.646085290133001	31.462901367548	31.332946598505998	31.250100173697	31.218135298566001	31.224631231937	31.230030338574	31.237344530398001	31.257243938573001	31.302050675033001	31.348570898258998	31.383790697412	31.399931505920001	31.412612130073999	31.420904665371999	31.409342399153999	31.360461479664998	31.286684245309999	31.191129552016001	31.117098963177	31.040562316517001	30.957355567234	30.879110445142	30.818255984882999	30.771269040090001	30.737389165484998	30.681702858971999	30.619457068100999	30.555364497882	30.486895469596	30.426277068912999	30.372383685254	30.321405572688999	30.249849276563001	30.168437304360001	30.081896966995	30.042831217991999	30.012878860880001	29.988539443994998	29.977923365864999	29.994360531866999	30.032783563675	30.096202184628002	30.137126097898001	30.175458389946002	30.216249620244	30.273755642466998	30.338089694118999	30.406530827474999	30.473138532669999	30.529091214491	30.564410474900001	30.568694785026	30.574159574989999	30.586453483014999	30.602268320227001	30.600799039984999	30.595525319486001	30.599507018535	30.629482885137001	30.638796055813	30.633476155286001	30.615240063365	30.607062577802999	30.596225436996001	30.582736669498999	30.565317466976001	30.548180347323001	30.52015120746	30.475717395261999	30.398661838418001	30.348107738734001	30.319560059764999	30.301439722322002	30.269947543246001	30.242377851619	30.231700884973002	30.250456046945999	30.239330600963999	30.193712806998001	30.119702278738	30.038388574887001	29.940611262596001	29.806997936125001	29.608967990629001	29.365979220888999	29.077717863444999	28.711175355632001	28.307830262494001	27.878777071510001	27.439776208363	26.976162003121999	26.494487926346999	25.993692664766002	25.539309117333001	25.139431798613	24.792013172082999	24.502036948802999	24.287792427144002	24.148254533161001	24.111133034468999	24.125854958274001	24.143064378738	24.155348094539999	24.155456801168	24.131542492678999	24.072923994381	23.944601705124999	23.797100119229999	23.623510934098	23.418519394962999	23.090793170983002	22.734015759443999	22.352146793922	21.948087204627999	21.509901127620001	21.071157460540999	20.651890849962001	20.345829042094	20.097261337289002	19.905694829797	19.810149158169001	19.760536022989999	19.739792384655001	19.74087178528	19.760239140191999	19.793708261426001	19.838069272085999	19.813397863527001	19.709117038565001	19.537541133386	19.293180650172999	18.984257963828998	18.619095132236001	18.190140911341999	17.751619565929001	17.338369017346	16.944831625829998	16.548282173052002	16.184926164179998	15.851556545955001	15.556330326602	15.325860831442	15.187952364547	15.151818808718	15.269562179871	15.364342238496	15.444036500525	15.513336301526	15.594489726958001	15.641639922623	15.63878584371	15.565985897411	15.523810638960001	15.504356630456	15.494214122786	15.447373140732999	15.366331251465001	15.243427934999	15.049773649322001	14.810329593167999	14.527845991102	14.198266120943	13.877088955393001	13.545104714015	13.178129142124	12.739886650081999	12.278796642989001	11.802356686302	11.317161645397	10.836628173479999	10.384506142257001	10.021741541395	9.7840038458103002	9.6209648608255005	9.5269497097092994	9.4731404264041998	9.4083955037077001	9.3412316548293006	9.3080658457051992	9.3246096321328995	9.3745041677846004	9.4572729609565993	9.5099870128867998	9.5505454205306997	9.5772164485596001	9.5575310017216992	9.4869087248592994	9.3782039421130996	9.2310553556464008	9.1449888945767004	9.0987455764171994	9.0897148460644992	9.0690136605751004	9.0306057787051	8.9788347473970003	8.9187538471166992	8.8705452587745004	8.8403301345912997	8.8351938442533999	8.8921877258443995	8.9310036486503996	8.9443537369548007	8.9055346445605004	8.8483534289995003	8.7663980224157001	8.6441412608003994	8.4700834944967003	8.3205983562120007	8.2090230039184995	8.1536381156809004	8.0844888046852006	7.9983089518521	7.8810361393301003	7.7159610689229003	7.5070724269792004	7.2497914859143	6.9466898033906004	6.6515662749421001	6.3495389639586	5.9846558545380004	5.5505043659947004	5.0897336734275003	4.6208854607348	4.1601124374426997	3.7107110446443001	3.2851144757244	2.9801158530509002	2.7905163538025999	2.6820440494397002	2.6497840379830002	2.6589051486285	2.6747385092048002	2.6900805249828998	2.6891987573269001	2.7052373484096002	2.7564130981336001	2.9019937618139999	3.0123623277289999	3.0916907004461001	3.1354322017805001	3.1762105094179001	3.2010379475596	3.1954880276429001	3.0827624709322001	3.0048299040709998	2.9607318537263998	2.9620156561522002	2.9759622275278002	2.9902696667713999	3.0036948072673	3.0194907036973002	3.0175850829680999	2.9981919273457001	2.9532408910083001	3.0156029985182	3.1016560417513999	3.1904554957668001	3.2088271106319999	3.2332580624260001	3.2667687741817	3.3226702238308001	3.2797491583781002	3.2029273092778001	3.1188740759571001	3.1044398631323	3.0991938418620002	3.0977895736457999	3.0927931876636001	3.0859788350691	3.0672317066359001	3.0208005439679	3.0150187443901002	3.0814883177031001	3.2237126846763	3.3248003047957999	3.388677232919	3.4358186829628998	3.4998587684081999	3.5328800953905	3.5066001671317002	3.4003776147978999	3.345262165366	3.3324794211656998	3.3554280805293	3.4013740326463999	3.4402208569366999	3.4688872209156001	3.4817093203312002	3.4424593510071002	3.4106192462253002	3.4014965447938001	3.5017406115412002	3.6277247452511001	3.7467351406973002	3.8102640908612	3.8841047461769	3.9443724433114999	3.9820183122692998	3.8997924848472998	3.7972780541290998	3.6999782668962	3.6796357041765	3.6886359176218999	3.7055441639655999	3.7217777420145	3.7277667689056	3.7093152065984998	3.6692672044830998	3.6211617006935	3.6345709658580998	3.6874705008515001	3.7747480619161999	3.8409662132239002	3.9018679625761998	3.9599505422402999	4.0193958718438001	4.0296505852784001	4.0019968084573998	3.9382722970277002	3.9033764099649999	3.8937371647693002	3.9117742814010001	3.9290641362104002	3.9383857567892999	3.9339988836769	3.8896697527817001	3.8433730391919001	3.8217489918573002	3.8495567586977999	3.8948336440019999	3.9368805466565999	3.9771616932807001	4.0417429586802003	4.098252588067	4.1302825827729999	4.1066636433022001	4.0678475711535	4.0339381589672003	4.0102775231954997	4.0175924910541001	4.0374602710548997	4.0604335851929001	4.0653943703684998	4.0318244030057002	4.0074598974007998	4.0149287231502999	4.0757842300674003	4.1485721428964002	4.2281184890115	4.2991154648416998	4.3857761866166998	4.4610702654637002	4.4980353611200004	4.4816572595046997	4.4544128557525999	4.4259528535644996	4.4483703602953	4.5013953191424001	4.5717125438841997	4.6462503290408996	4.7076182670115996	4.7364210915029998	4.7234660098247003	4.6918552955318997	4.7048938540487004	4.7587396134595998	4.8584054231391001	4.9208509467150998	4.9721882038284004	5.0242311472968	5.0642630951295997	5.0589544404564997	5.0068197338851999	4.9035319642438999	Distance (mm)
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anticlines separated by an intermediate syncline in the Bethel and ‘The Pine Mountain thrust sheet, also known as the Cumberland
Sulphur Springs fenster sections, t0 a partially overlapping duplex-  Mountain overthrust block (Butt, 1927), is the westernmost major thrust
imbricate system in the Big Stone Gap section. sheet in the southern Appalachian thrust belt in Virginia, Tennessee, and

The total shortening associated with the Pine Mountain thrust  Kentucky (Figs. 1 and 2). The surface exposure of the thrustshee consists
system decreases from about 70,000 ft 21.3 km) at the southwest end of a rectangular block about 125 mi (200 km) long and 25 mi (40 km)
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Figure 1. Geological map of the Pine Mountain thrust sheet, showing major folds, bounding thrust and tear faults and important fensters
(modified from a compilation by Harris and Milici, 1977). The locations of cross sections X-X', Y-Y', and Z-2' (Fig. ) and seismic profile S
(Fig. 5) are also shown. Boxed corners show the location of the detailed map in Figure 6.
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Figure 6. Map showing the lo-
cations of cross sections A-A” to
F-F' and seismic profiles S2 to S8
in the central fenster area of the
Pine Mountain thrust sheet. Loca-
tions of important fensters and
- wells discussed in the text are indi-
Py, cated by letters and numbers,
ALy respectively. a. Chestnut Ridge
fenster. b. Martin Creek fenster.
c. Possum Hollow fenster. d. Beth-
el fenster. e. Big Fleenortown
fenster. f. Sulphur Springs fenster.
g. Town Branch fenster. 1. Brooks
well. 2. Rosenbaum well. 3. H. B.
Nolan well. 4. R. L. Bales well.

5. Hobbs well. 6. Hensley well.
ZpmIEs 7. L. S. Bales well. 8. McClure
well. 9. Snodgrass well.
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originally mapped by Buts (1927) and subecquenly n more deal by (232 m).and cnered the Midle Ordovicn Trenton Formation n the
Miller and Fuller (1954). Drilling of the Shell L. S. Bales | well (Harris,  Bales I thrust sheet. At 3,375 ft (1,029 m), the well passed through the
1967) revealed that the Pine Mountain thrust was folded by the underlying ~overthickened Middle Ordovician Chickamanga Group and entered the
Bales thrust. The structural interpreation of Harris (1967, 1970) appears  Cambro-Ordovician Knox Group. Between 6,102 ft (1861 m) and
to be the most widely accepted one, and it has been reproduced in modi- 6,410 ft (1,955 m) the well passed through the Cambrian Maynardville
fied form by several authors (Harris and Milici, 1977; Coskren, 1981;  Limestone and a thin slice of the Conasauga Formation and cut through
Ballard and Wiltschko, 1987). the Bales I thrust to enter a faulted zone in the Chepultepec Dolomite. The

‘The cross section presented in Figure 10 incorporates surface data  wel bottom was at a depth of 8,020 ft (2,446 m) n the Cambrian Copper
from Miller and Fuller (1954) and Englund and others (1961), subsurface  Ridge Dolomite.
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Figure 11. Interpreted seismic profiles 3 and S4 (time-migrated) along section C-C" in the Martin Creek fenster area (Fig. 10).
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