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ABSTRACT 
In order to investigate the development of structures at scales, smaller than that of an entire belt, I examined 

aspects of the mechanics of fold-and-thrust belts in cross section using an arbitrary Lagrangian-Eulerian 

frictional-plastic finite- element model.  A series of models, beginning with the deformation of a thick uniform 

layer above a thin weak layer on a fixed base, sequentially illustrates the effects of including flexural isostatic 
subsidence, strain-softening, multiple layers of strong and very weak materials, and finally erosion and 
sedimentation. These continuum models develop thin shear zones containing highly sheared material that 

approximate fault zones. The corresponding structures are similar to those in fold-and-thrust belts and 

include: far-traveled thrust sheets, irregular-roof and smooth-roof duplexes, back thrusts, pop-ups, 

detachment folds, fault-bend folds, break thrusts, and piggyback basins. These structures can develop in-

sequence or out-of-sequence, remain active for extended periods, or be reactivated. 

     At the largest scale, the scale of the wedge, the finite-element model results agree with critical wedge 

solutions, but geometries differ at the sub-wedge scale because the models contain internal structures not 

predicted by the critical wedge stress analysis. These structures are a consequence of: (1) the complete 

solution of the governing equations (as opposed to a solution assuming a stress state that is everywhere at 

yield), (2) the initial finite-thickness layers, (3) the spatial and temporal variations of internal and basal 

strength, and (4) the coupling between surface processes and deformation of the wedge. The structural styles 

produced in models involving feed- back with surface processes (erosion and sedimentation) are very similar 

to those mapped in the foothills of the Pachmarhi Mountains and elsewhere. Although syndeformational 

sediments have been removed by postorogenic erosion across the foothills belt, evidence of the interaction 

between surface processes and deformation is preserved in the structural style. 
    

Keywords: Wedges, fold-and-thrust belts, mechanics, surface processes, numerical modeling. 

  

INTRODUCTION 
The geometry and state of stress of fold-and- thrust belts are described at whole-wedge scales by 

critical wedge models (e.g. Chapple, 1978; Davis et al., 1983; Dahlen, 1984). These are closed-form 

solutions where the static equilibrium equations are solved assuming material within the wedge is 

everywhere at yield. They give the surface and basal dips of wedges that satisfy the yield condition as a 

function of internal and basal frictional-plastic material properties. Such stress solutions give the 

geometries that wedges must achieve to exist as critical wedges, but they do not solve the problem of how 

critical wedges develop from preexisting noncritical geometries, for example, when fold-and-thrust belts 

grow from preexisting strata. The development and application of critical wedge solutions (e.g., Dahlen et 

al., 1984; Dahlen and Suppe, 1988; Dahlen, 1988, 1990; among others) to fold-and-thrust belts and 

accretionary wedges have, however, been among the most significant recent advances in understanding 
their mechanics at the scale of the wedge. The critical wedge analysis is limited because it is a partial 

solution for the geometry for a particular stress state and does not include the velocity/strain-rate solution. 

In addition, the requirement for simultaneous yield conditions throughout the wedge and restrictions on 

the variability of material properties within the wedge mean that critical wedge solutions are of limited 

use for understanding the development of structures within tectonic wedges.  

To investigate how wedges deform internally to achieve and maintain the large-scale critical 

geometry, I have developed dynamic numerical models of wedges using a plane-strain, finite-element, 

continuum mechanics approach (see Fullsack, 1995; Beaumont et al., 2004). These models allow us to 

examine the sensitivity of wedge growth to its mechanical properties and the feedback from surface 

processes. In particular, the importance of surface processes (erosion and sedimentation), known to 

influence the large-scale or whole-wedge evolution of critical wedges (e.g., Beaumont et al., 1992; 

Willett, 1999; Whipple and Meade, 2004), can be assessed at scales smaller than the entire wedge. Our 

approach was to design a series of numerical model experiments in which model parameters can be 

systematically varied to investigate their influence on structural style. 
    

  INSIGHTS AND CONSTRAINTS FROM NATURAL EXAMPLES  
  As emphasized and listed explicitly by Chapple (1978), there are four fundamental characteristics 

of ―folded mountain belts‖: 
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1. The belts are thin-skinned, where the basal décollement often, but not always, lies at or just above 

the crystalline basement. 

2. The basal decollement generally occupies relatively weak rock. 

3. The fold-and-thrust belt after deformation, as well as the sedimentary prism before deformation, is 

wedge-shaped, thinning toward the foreland. 

4.  Motion of the hinterland is permitted by shortening and thickening within the wedge. 

Bearing these characteristics in mind, the Pachmarhi Mountains is an archetypal thin-skinned belt 

(Fig. 1), and I used it for comparison with the model results. The surface of the underlying Archean to 

crystalline basement exhibits little to no relief at the scale of the belt. The basement dips gently toward 

the Mountains orogen, reflecting the regional isostatic response of the lithosphere to supracrustal loading 

by thrust sheets superimposed on the original basal dip of the platformal and miogeoclinal strata (Price, 

1973, 1981; Beaumont, 1981; Price and Fermor, 1985). The basement is overlain by a Paleozoic to 

middle Mesozoic platform to shelfmargin succession of carbonates and subordinate siliciclastic rocks that 

increases in stratigraphic from ~2 km at the deformation front to ~3 km at the eastern edge of the Front 

Ranges (Fig. 1), ~175 km distant in palinspastic restoration This dominantly carbonate Succession is 

overlain by middle Mesozoic to early Cenozoic fore land basin siliciclastic rocks. At the deformation 

front, the preserved thickness of the foreland succession is ~3 km (Fig. 1), and an additional 2–3 km has 

been removed by post deformational erosion  

These strata vary in strength and form major and minor décollements along weak layers. In the 

Pachmarhi Mountains, there are two principal detachment horizons (Fig. 1): (1) at the crystalline 

basement–sedimentary cover contact, where Early Cambrian clastic rocks are inferred to overlie 

crystalline rocks, and (2) within the Upper Jurassic Formation, which is a package of dominantly shales 

that includes the basal units of the flexural foreland basin. Secondary detachment zones, particularly in 

the foothills where foreland basin strata are exposed, are commonly within shale units. In this paper, I use 

the terms ―detachment‖ or ―detachment zone‖ to describe the layer (whether strained or not) within which 
layer-parallel décollements might propagate, and I reserve the term ―décollement‖ for zones of 
accumulated high shear strain that are analogous to thrust faults. 

 

MODEL DESIGN 
 

Governing Equations and Model Materials  
An arbitrary Lagrangian-Eulerian (ALE) finite-element approach was used to solve the plane-

strain deformation of viscous-plastic materials (Fullsack, 1995; Willett, 1999; Huismans and Beaumont, 

2003). This creeping-flow deformation is governed by the quasi-static force balance and conservation of 

mass equations, assuming incompressibility and no inertial forces:  

 

         (1) 

 

            (2) 

 

where  is the pressure, indicate the spatial coordinates,  is the effective viscosity,  indicates the 

components of velocity,  density,  is the (vertical) gravitational acceleration, and repeated indices 

imply summation. The associated stress tensor is:  
 

 

          (3) 

 

where the first term is the mean stress or pressure ( for incompressible flow), the second term is the 

deviatoric stress, and is the Satpura Lake. The strain rate tensor is:  
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.           (4) 

 

I use the terms ―brittle‖ and ―ductile‖ only to distinguish frictional-plastic flow, which in our models is 

independent of temperature, from thermally activated creep with a viscous flow law. I recognize that 

some materials, for example, evaporate like halite, are intrinsically viscous and that in the deeper parts of 

fold-and-thrust belts, a transition to ductile flow occurs.   
I use a Drucker-Prager yield criterion, which is equiva- lent to the Coulomb yield criterion in 

plane strain (Fullsack, 1995), for frictional-plastic (brittle) deformation. The plastic yield stress is:  

 
1\2               

(5) 
 

Where   
1\2 

=  
1\2  

is the second invariant of the deviatoric stress,  is the cohesion, 

where  is the mean stress (following the common convention in earth science that compressive pressure 

is positive), and is the effective angle of internal friction.  

This angle, can include the effects of pore-fluid pressure, , which acts to reduce the mean 

stress: 

      (6) 

 

Where ɸ the intrinsic angle of internal friction, and is the pore-fluid pressure ratio. 
Note that this definition of λ ubey (1959); see Appendix.     

 As a first-order approximation of material weakening or an increase in effective pore pressure 

with increasing strain, some model materials discussed here strain soften (
 
decreases). Post- yield 

softening occurs with increasing strain. I use a parametric model in which  decreases linearly with 

increasing strain in the range where represents the square root of the second deviatoric 

strain invariant, 
1\2

, 
 
Flow of frictional-plastic material can be modeled as an iterative incompressible viscous flow 

problem by defining an effective viscosity for those regions that are at yield, while specifying a very large 

viscosity for ―rigid‖ nonyielding regions (Fullsack, 1995; Willett, 1999). The effective viscosity for 

plastic flow,  is: 

 

           (7) 

Setting the viscosity to  for regions that are at yield satisfiese  the yield condition in Equation 5 and 

allows the velocity field for viscous creeping flow to be determined iteratively through a finite-element 

approach. For regions that are not on the failure  envelope (i.e., ―rigid‖), the effective viscosity is many 
orders of magnitude greater (10

30
 Pa s), which is sufficiently high that neg- ligible deformation occurs on 

the model time scale. 

 

NUMERICAL IMPLEMENTATION 
     The ALE formulation allows computation of large- deformation, plane-strain flows in a vertical cross 
section subject to kinematic velocity boundary conditions (Fig. 2). Velocity and deformation are 

calculated on an Eulerian finite-element grid that is fixed horizontally with respect to an external 

reference frame but moves and stretches vertically as the material deforms (Fullsack, 1995). The positions 

of different materials, their boundaries, and their properties are tracked and updated using a Lagrangian 

grid (or mesh) that is moved (advected) according to the velocity field calculated on the Eulerian grid. 
The accuracy of the Lagrangian tracking is improved by inserting,  passive tracking (tracer) particles into 

the Lagrangian mesh that are also advected according to the velocity field. The properties of the Eulerian 

finite elements are updated each model time step by interpolating information from the current 
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Lagrangian mesh and tracer particles. This dual mesh Lagrangian-Eulerian approach allows large 

displacements and deformation to occur (as calculated on the Lagrangian mesh) without associated        

distortion of the computational finite elements (the Eulerian grid), which would make it unsuitable for the 

calculation.  

The initially uniform rectangular Lagrangian mesh conveniently displays strain variation within 

the deforming wedge.In Figures 3–11, a simplified representation (showing every third mesh line, 

horizontally and vertically) of the Lagrangian mesh is shown as hairlines overlying the Eulerian grid, 

which is colored according to material type. For visual reference, every twentieth vertical line in the 

Lagrangian mesh, spaced initially 15 km apart, is bold and labeled with a sequential number. The 

numbers vertically overlie the upper ends of these lines above the active surface of the model, regardless 

of whether portions of the Lagrangian mesh are removed by erosion or overlain by later sediment. This 

can result in the number labels becoming transposed where significant overthrusting or folding occurs.       

The initial Eulerian grid for all models presented here has horizontal and vertical dimensions of 

200 km × 5 km and encom- passes 800 × 78 elements. Neither the number nor the horizontal positions of 

Eulerian elements changes during a model run, and therefore the initially elongate elements (each one is 

250 m × ~64.1 m at the start of each model run) are subsequently stretched vertically to subequal 

dimensions. At the start of each model run, the Lagrangian mesh overlies the Eulerian grid identically. 

However, the Lagrangian mesh is four times the width of the Eulerian grid in horizontal extent (800 km) 

and element number (3200) to allow for material to be carried into the Eulerian grid during model 

convergence (Fig. 2; Table 1).  

In our finite-element approach, the material within the wedge is a continuum. Therefore, there are 

no discrete faults, although thin zones of very high shear strain develop that emulate faults, resulting in 

fold-and-thrust belt–like features. For descriptive purposes, it is easiest to use typical fold-and-thrust belt 

terminology, including calling the thin shear zones ―thrusts‖ that bound ―thrust sheets.‖ However, this is 
merely for convenience, and the distinction should not be forgotten. 

 

BOUNDARY CONDITIONS 

 
Basal Surface: Model materials lie initially on a horizontal surface that is either rigid or responds 

as an elastic plate representing regional flexural isostasy. This underlying surface, to which the weak 

basal layer is attached, is moved parallel to the flexed base at a constant rate (Table 1) toward a vertical 

backstop at the left-hand side of the model (Fig. 2).  

  

Upper Surface: The upper surface is a free surface. In some models, it is subjected to erosion 

and/or sedimentation (see following).    

 

Left-Hand Boundary: Material enters the Eulerian grid on the right-hand side of the models and 

is carried at constant velocity on the model base. The convergence rate for all models presented here is 10 

mm/yr. Each model time step is 1250 yr, equivalent to 12.5 m of convergence (5% of the Eulerian 

element width). One million years of model evolution is therefore represented by 800 time steps. 

 
Right-Hand Boundary: The vertical backstop does not support shear stresses. Near its base, a 

thin slot equal in height to the initial thickness of the weak basal layer allows material to exit the models, 

which prevents the accumulation of weak material in the corner. In practice, this slot has very little effect 

on the overall style of model evolution. In natural fold-and-thrust belt systems, the ―backstop‖ will 
generally be more complex, varying both in time and space depending upon convergence rate, thermal 

structure, hinterland geology, plate-boundary processes, etc. In many cases no long-term rigid region may 

exist. I effectively sidestep this difficulty by adopting the approach commonly taken in analogue models. 
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Figure.  2. Model configurations and boundary conditions for the one-, two-, and three-detachment 

models. Vertical exaggeration = 10×. See text for discussion. 

 

MODEL GEOMETRY 
The minimum requirements for any realistic model of Tectonic wedges are one, or more, material 

layer above a weaker basal layer (or surface), which in turn overlies a non- involved ―basement‖ 
(characteristics 1 and 2 of Chapple, 1978). This minimum configuration has been applied by Chapple 
(1978), Davis et al. (1983), and Stockmal (1983), where in all cases, the weak base has zero thickness. In 

our continuum mechanical finite-element models, the weak basal layer has a finite thickness.   
I designed prototype models to represent layered sedimentary rocks of constant thickness. 

Although this does not satisfy part of characteristic 3 of Chapple (1978), adoption of the simplest 

geometry allows us to focus on accretion of a uniformly thick layer at the wedge toe. The thickness of this 

layer determines a fundamental length scale for the internal deformation of the wedge, and I wanted to 

investigate systems where this scale is constant before incorporating variable thicknesses. In the case of 

the Pachmarhi Mountains, the preexisting taper of the platformal succession involved in foothills and 

front range structures is only 0.33°, using values from Price and Fermor (1985), noted previously. As the 

models evolve, they develop overall tapered shapes through internal thickening and shortening, satisfying 
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the other part of characteristic 3 as well as characteristic 4. In those models, incorporating 

syndeformational sedimentation, characteristic 3 develops naturally as the system evolves above a 

regionally isostatically compensated (flexural) plate. The influences of thickness variations owing to the 
initial dip and taper of the sedimentary succession are investigated elsewhere.  

The initial configurations for basic models with one, two, or three detachment layers are shown in 
Figure 2. The one-detachment model corresponds to the simplest case of a relatively strong layer 

overlying a weaker base, as modeled by the closed- form solutions noted already. The strong layers in the 

two- and three-detachment models are of equal initial thickness. The weak detachment layers, whether on 

the base or internal, are of equal absolute initial thickness in all models. Each model is initially 5 km 

thick, similar to the thickness of platformal and foreland strata in the foothills of the Pachmarhi 

Mountains.  

Layering within the two- and three-detachment models does not extend all the way to the 

backstop in the initial configuration (Fig. 2). This minimizes the effects of the backstop boundary 

conditions by creating a first phase of uniform wedge growth without internal layering that acts as a 

buffer. This uniform wedge also serves to emphasize the influence of the internal detachment horizons, 

where a marked change in structural style is observed in all the models at the point where these horizons 

become involved in the deformation. 

     The internal angle of friction and cohesion are initially uniform in each of the model layers. No lateral 

discontinuities or other special effects are used to initiate or control the localization of deformation. 
 

SURFACE PROCESSES 
There is a growing body of literature addressing the coupling of tectonics and landscape evolution 

(e.g., Braun and Sambridge, 1997; Willett et al., 2001), and how it may relate to regional climatic 

variables such as orographic rainfall distributions (e.g., Beaumont et al., 2000; Roe et al., 2003). Here, 

however, I modeled surface processes using very simple, first-order approaches. Our intention was to 

demonstrate the degree to which even the simplest surface process models can influence structural style.  
For erosion, I used a simplified fluvial model where the rate of erosion at a given surface location is 

directly proportional to the surface slope. For simplicity, I used a spatially constant erosion rate equal to 1 

mm/yr on a 1:1 (45°) slope. Lower slopes have proportionally lower erosion rates. More complex, 

spatially and temporally variable models are easily incorporated but are not justified at the present level of 
study. 

For sedimentation, I considered simple end-member states: either no significant sedimentation or 
sediments that completely fill the available accommodation space up to a specified base level. Here, I 

chose the base level to be the initial upper free surface of the model layers prior to any shortening. I did 

not place any restrictions on conservation of eroded and deposited material within our two-dimensional 
(2-D) models, because in natural systems, material is commonly transported along strike, and the area 

modeled represents only the external portion of a potentially much larger orogenic system. 

 
Note that because the rheologies in Table 1 are all frictional-plastic, and therefore rate-

independent, the erosion rate and the convergence rate can be scaled together. For example, a model 

result for a convergence rate of 10 mm/yr and an erosion rate of 1 mm/yr (on a 1:1 slope) will be identical 

to that for a convergence rate of 1 mm/yr and an erosion rate of 0.1 mm/yr, assuming all other parameters 

are equal. Under these circumstances, only the elapsed time differs among the scaled models, where the 

time scale increases with decreasing convergence rate and erosion rate. 

 

MODEL 1 

Model 1 (Fig. 3) is an example of the simplest case of a one-detachment configuration (Fig. 2), 

where the wedge base is horizontal and does not respond isostatically. The strong overlying layer has an 

effective angle of 38° (a typical "dry" value, with no pore-fluid pressure, comparable to an analogue 

"sandbox" experiment), whereas the weak basal detachment has an effective angle of internal friction of  
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MODEL RESULTS I present a series of eight models that progressively increase in complexity 

(Table  
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Figure. 3. (on this and following page). Model 1 results (one-detachment model with rigid, horizontal base); 

frames are spaced equally in time. Elapsed time since beginning of convergence and magnitude of 

convergence are shown. Illustrated width is 200 km, encompassing the entire  Eulerian grid. Cells within the 

Eulerian grid are colored according to material type (see Figure 2 and Table 1), and the Lagrangian mesh is 

shown by black lines (only every third mesh line, horizontally and vertically, is drawn for clarity). Dashed 

line above wedge in C is a visual fit to the tops of the pop-up structures, with a slope of 1.6°. Solid lines 

connecting the topographic low points of the upper surfaces in A–D have slopes equal to that predicted by the 

Dahlen (1984) equations for model 1 materials (0.835°). Arrows in H indicate shear zones with relatively large 

displacements resulting from self-organization of the wedge. 
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Figure. 3. (Continued). 
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3.5° (which can be interpreted to correspond to very high pore-fluid pressures; Eq. 6), resulting in an 

effective strength ratio of 10:1 (Table 1). There is neither erosion nor sedimentation (Table 2). 

The mode of deformation within the wedge, characterized by triangular pop up structures, is 

significantly different from that proposed by Dahlen and Suppe (1988) and Dahlen and Barr (1989), in 

which distributed pure shear strain is specified to maintain an exact, uniformly dipping upper-wedge 

surface. These pop-up structures, bounded by discrete high-strain shear zones ("faults"), are similar to 

those observed in analogue models where the basal detachment is weak (e.g., Liu et al., 1992). Pop-ups 

can also occur in nature for the same reason, for example, where the overburden is underlain by salt 

(halite) (e.g., Davis and Engelder, 1985). In the case of halite, the basal layer is a weak viscous material 

as opposed to a weak frictional-plastic material, but the effect is the same. Unlike the sand and other 

mixtures used in analogue experiments, which initially strain harden and then strain soften according to 

the initial packing of the granular material, in model 1 there is no strain dependence of the material 

properties. Therefore, localized deformation is not a consequence of strain-dependent material properties. 

The shear zones resemble slip-lines in ideal rigid-plastic materials (e.g., Hill, 1950), which are the 

characteristics of the hyperbolic equilibrium equations. The ALE finite-element formulation produces 

minimum rate of work solutions, suggesting that although distributed pure shear solutions are admissible, 

they are not minimum work solutions. 

The size of the pop-up structures clearly scales with the thickness of the undeformed layer. As 

model 1 grows, the nearly regular nature of newly developing pop-ups is occasionally interrupted, as at 

4.5 m.y., between marker numbers 7 and 9 (Fig. 3C). This deviation is probably a numerical artifact 

because models with more stringent convergence requirements exhibit a more regular progression. The 

regular pop-up pattern across this segment of the wedge is also largely restored by 6.0 m.y. (Fig. 3D). The 

wedge subsequently begins to organize into larger, discrete thrust sheets, generally consisting of two 

adjacent pop-up structures and the underlying intervening triangular regions. This pattern and its 

development are seen at 12 m.y. and earlier times, where the thrust sheets are being carried on "faults" 

that intersect the surface near markers 5, 9, 12, and 16 (Fig. 3H). This self-organization and localization 

of strain occurs in the absence of strain softening or strain hardening and may be related to folding 

instability (cf. Goff et. al., 1996). In some cases, the maintenance of localized high shear strain, in the 

absence of strain softening or hardening, may be due in part to the advection of small amounts of weak 

material into the shear zones. 

For effective friction angles of 38° for the wedge and 3.5° for the thin basal layer, and a 

horizontal base, the upper surface slope predicted by the cohesionless wedge solution of Dahlen (1984) is 

0.835° (the 2 MPa cohesion is negligible in comparison to wedge strength, except very near the surface). 

The average slope of model 1 depends on the way the slope is measured: it is very close to the predicted 

value if the line through the minimum heights is used (Figs. 3A-3D), but it is -1.6° if the tangent to the 

tops of the pop-ups is used (Fig. 3C). This result is consistent with a critical wedge solution that requires 

all parts of the wedge to attain the critical state before the wedge can translate without further internal 

deformation. The pop-ups exceed this requirement, and the tangent to their tops defines a supercritical 

wedge. The significance of this result is that a uniform taper critical wedge will not be grown by accreting 

a finite-thickness layer at the wedge toe. Instead, the fundamental wedge-building units, the pop-ups in 

this case, are assembled in a manner that creates local supercritical regions of the wedge. Small deviations 

of the minimum heights from the critical slope line near the rear of the wedge (Fig. 3D) probably reflect 

slight weakening of the bulk wedge strength due to the advection of weak basal material upward into the 

wedge along the growing shear zones. 

The surface of the model, although not "eroded" as in other models (Table 2), is subject to minor 

smoothing due to the numerical filtering that occurs because the finite elements have a finite width (in 

this case 250 m), and therefore it cannot represent shorter-scale topographic variations. A consequence is 

the numerical infolding of very small volumes of material in the cores of synclinal structures where the 

top of the Lagrangian tracking mesh has been folded beneath the top of the Eulerian mesh at a length 

scale shorter than the finite-element width. This material, which appears as "sediment" (e.g., Fig. 3G), is 

assigned properties identical to the underlying layer (Table 1). 
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Figure. 4. (on this and following page). Model 2 results (one-detachment model; addition of fl exural isostasy). 

See Figure 3 caption. 
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MODEL2, 
Model 2 is identical to model 1 except that the base of the model responds isostatically to wedge 

thickening (Fig. 4; Table 2). The base behaves like a uniform, thin elastic plate with a flex-ural rigidity of 

10
23

 Nm, equivalent to an effective elastic thickness of -25 km assuming a Young's modulus of 70 GPa 

and a Poisson's ratio of 0.25. 

The pattern of self-organization into pop-up structures that amalgamate to form thrust sheets is 

again produced. For example, at 18 m.y., there is a semiregular pattern of thrust sheets carried on faults 

that intersect the surface near marker numbers 8, 10, 13, 16, 18, and 20 (Fig. 4F). By following the 

development of these features both backward and forward in time, the pattern of self-organization 

becomes apparent. the thin zones of instantaneous high shear strain are not fixed with respect to the 

wedge material but may move as the wedge thickens and adjusts isostatically. This process can result in 

thick zones of The Lagrangian mesh characterized by moderate to high total shear strain, as seen 

intersecting the surface at 24 m.y. near markers 8,14,19, and 23 (Fig. 4H).  

 

In model 2, the overall wedge taper angle is larger than in model 1 owing to isostatic adjustment 

and the increase in basal slope. Achievement of this larger taper angle requires larger internal strain, 

which leads to enhanced development of longer thrust sheets formed as in model 1 by the amalgamation 

of the pop-up structures. The pop-ups link together in groups of four triangular segments to form 

coherently deformed and stacked thrast sheets. As for model 1, this self-organization may relate to 

preferred thrust-sheet length-scale selection as described by Goff et al. (1996) (compare Figs. 3F and 4F, 

which both have similar wedge toe positions). 

 

MODEL 3 
Model 3 is similar to model 2, but it includes the addition of a second, internal, weak layer in 

which deformation localizes (Figs. 2 and 5; Table 2). This internal detachment is weaker than 

the basal detachment, leading to an effective strength ratio of ~1:4 between the two (0.28:1; 

Table 1). The basal decollement steps up from the model base to an intermediate level, as in the 

archetypal Pachmarhi Mountains (Fig. 1). In Pachmarhi Mountains terms, the two-detachment model 

could correspond to the thick and relatively strong Mesozoic foreland elastics overlying the thin and weak 

Ferule Formation (principal detachment 2, Fig. 1), above thick and strong Paleozoic carbonates that 

overlie the weak basal detachment above the crystalline basement (principal detachment 1. Fig. 1). This 

simplified view of the Pachmarhi Mountains is of course an approximation owing to the secondary 

detachments that exist within both the carbonate and clastic-dominated sections. 

The inclusion of the internal detachment dramatically influences the structural style, which results 

in longer thrust sheets in the lower strong layer and associated fault-bend folds and duplex structures. 

These models tend to produce break thrusts and "snake head" structures at the leading edges of these 

lower-layer thrust sheets (e.g., at 9 m.y. between markers 10 and 11, Fig. 5C), and internally thicken 

during transport in a series of pop-ups (e.g., at 18 m.y. between markers 16 and 18, Fig. 5F). 

The basal decollement adopts two basic trajectories. The first involves stepping up from the basal 

detachment layer to the intermediate detachment level at a significant distance back from the toe of the 

wedge (e.g., at 9 m.y. and 12 m.y., Figs. 5C and 5D). Alternatively, the decollement can lie within the 

basal detachment layer essentially to the toe of the deforming wedge, as at 6 m.y. (Fig. 5B) and at 15 m.y. 

and later (Figs. 5E-5H). These two forms, which correspond to basal and frontal accretion, alternate in 

response to changes in material distribution within the wedge and changes in the basal slope across the 

model. Although the model fold-and-thrust belt has an overall wedge shape, there are significant sub-

wedge-scale departures from the uniform taper predicted for critical Coulomb wedges. These departures 

occur at length scales that are not equal to the thicknesses of the layers that are accreted at the toe of the 

wedge and therefore cannot be explained solely by the same mechanism as in model 1. 
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Figure. 4. (Continued). 
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Figure. 5. (on this and following page). Model 3 results (two-detachment model; addition of an internal 

detachment layer). See Figure 3 caption. 
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Figure. 5. (Continued). 
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Figure. 6. (On this and following page). Model 4 results (two-detachment model; addition of strain softening 

within the thick, strong layers). See Figure 3 caption 
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Figure. 6. (Continued). 
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MODEL 4 
MODEL 4 (Figure. 6) is identical to model 3 except that the two thick strong layers undergo 

strain softening (table 2). in an unstrained to modestly strained state they are as strong as the thick layers 

in models 1 through 3, but as e increases from 0.5 to 1.0,  decreases linearly from 38° to 18° (a 50% 

decrease in strength; table 1), as described already. there is little sensitivity of model results to the upper 

strain limit of the stiain-softening range, because strain softening leads to strong positive feedback and 

increased focusing of strain. This positive feedback results in strain being concentrated in fewer shear 

zones crosscutting the strong layers and, therefore, less tendency of the thrust sheets to deform internally. 

due to strain softening, these crosscutting shear zones are significantly weaker than the thick layers they 

traverse, resulting in fewer pop-up structures within thrust sheets and significantly less layer-parallel 

shortening of the strong layers (compare figs. 5 and 6). the strain-softened value of  = 18° can be 

viewed either as a consequence of localized, moderate pore-fluid overpressures (Eq. 6), with  value of 

0.50 (equivalent to a value of 0.72; see appendix and table 1), or as a consequence of material strain 

softening of major fault zones, which may occur in nature through a variety of mechanisms (e.g., Wojtal 

and Mitra, 1986; Bos and Spiers, 2002). 

The primary difference between model 4 and model 3 is the contrasting deformation styles in the 

upper and lower strong layers, both of which undergo equal strain softening. the upper layer develops 

relatively short thrust sheets with less back thrusting and less internal shortening during transport than the 

equivalent structures in model 3 (Figs. 6C-6H), due to strain softening and localization within shear 

zones. 

In contrast, very long thrust sheets develop in the lower strong layer, as seen at 18 m.y. and 24 

m.y. (Figs. 6F and 6H), and these more closely resemble natural structures. these sheets are transported 

large distances relative to their length with little internal deformation. they are generally later dis-

membered by localized, out-of-sequence structures. for example, compare (Figure 6F with figure 6G:) 

out-of-sequence faults are localized above a footwall ramp beneath markers 13 and 14 in (figure 6G.) the 

basal decollement tends to cut up through the lower strong layer to the intermediate level detachment at a 

significant distance behind (toward the backstop) the deformation front in the upper layer, similar to the 

Pachmarhi Mountains archetype (Fig. 1). Stacking of the lower thrust sheets gives the wedge a large-scale 

swell-and-dip surface morphology (Fig. 6D and 6F). in nature, the topographic lows may be occupied by 

piggyback basins, a process that is investigated in subsequent models. 

 

MODEL 5 (Fig. 7) is identical to model 4 except that the upper surface is subjected to significant 

erosion (Table 2). A comparison of these models shows that erosion alone reduces the total volume of the 

wedge at any given time but does not markedly change the overall structural style. A clear though minor 

influence on structural style is the enhancement of the pop-up structures that develop at the leading edges 

of short thrust sheets within the upper strong layer (e.g., compare pop-ups in Figs. 7D and 6D). This is an 

example of positive feedback between structures and surface processes. Wherever there is active 

shortening within the wedge that results in an increase in surface slope, there is an associated increase in 

erosion rate that in turn results in a focusing of additional shortening. 

MODEL 6 
Model 6 (Fig. 8) is similar to model 5 except that rapid sedimentation results in the tilling of all 

accommodation space below base level at each time step (Table 2) with material that has the same 

mechanical properties as the upper strong layer (Table 1) and that is fully involved in the deformation of 

the wedge. Although the syndeformational sediment is not overlain by the initial Lagrangian tracking 

mesh (Fig. 8), it is fully tracked during deformation for re-gridding onto the Eulerian grid, and the effects 

of strain softening are computed. For ease of display, the color of sedimentaiy strata is changed every 2 

m.y., and the pattern repeats after five cycles (every 10 m.y.). No attempt was made to balance the 

volume of sediment against that removed by erosion. In nature, the region I am modeling would be part of 

a much larger system, with significant potential sediment sources in the hinterland as well as along strike.  



 

PAPERS ON EARTH SCIENCE  22 

 

 
 

Figure.7 .(on this and following page). Model 5 results (two-detachment model; addition of significant, slope-

dependent surface erosion). See Figure 3 caption. 
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Figure. 7. (continued). 
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In model 6, the onset of sedimentation and erosion is delayed until 4.5 m.y. to allow the model to 

develop the initial buffer wedge as explained previously (in model 5, erosion begins at 0 m.y.). 

The influence of syndeformational deposition on model structural style is profound. As the 

foreland basin deepens and tilts in model 6, the deformation front (wedge toe) steps out into the foreland a 

distance of several times the thickness of the wedge. This pattern is repeated as the wedge evolves (Fig. 

8). As the model base isostatically subsides due to wedge growth, its slope increases. In combination with 

active sedimentation in front of the deforming wedge (in the foreland basin; Fig. 8B), this results in 

achievement of overall critical or supercritical taper out to the nascent toe of the thrust wedge without the 

requirement of internal shortening. This leads to an abrupt forward step in the position of the deformation 

front and the incorporation of the proximal region of the foreland basin into the deforming wedge. This 

abrupt step and incorporation of the proximal foreland is seen in"'Figure 8C (to "wedge toe 1"), where the 

basin has already been shortened by out-of-sequence structures, and in Figures 8D (to "wedge toe 2") and 

8F (to "wedge toe 3"), where the newly incorporated piggyback basins are essentially undeformed. 

As convergence continues, shortening across the wedge is concentrated in the more highly 

strained regions flanking the piggyback basin due to the positive feedback effect of slope-dependent 

erosion and further deposition of sediments in the piggyback basin, which, respectively, weakens and 

strengthens these regions. Weakening in these high-strain areas is also enhanced by strain softening of the 

two thick layers. With further shortening, the cycle that forms piggyback basins repeats, resulting in a 

structural style where broad, relatively little-deformed synclinal areas are separated by significantly more-

deformed anticlinal structures (Figs. 8F, 8G, and 8H). 

The coupling of isostatically compensated wedge growth to sedimentation allows the frontal 

portion of the system to bypass the deformation required to achieve critical taper and move directly to a 

critical or supercritical state (i.e., translating on the basal decollement, but with effectively no internal 

strain). For example, the tapers of the frontal portions of the deforming wedges, detached on the weak 

internal detachment, are very similar in Figure 8D and Figures 7C-7H. However, this taper was achieved 

in model 5 through internal shortening, whereas in model 6, critical taper developed due to sedimentation 

in an asymmetrically subsiding foreland basin. 

Similar to the structural evolution of models 4 and 5, the basal decollement of model 6 cuts up 

through the lower strong layer, to the intermediate level detachment, at a significant distance behind the 

toe of the wedge (Fig. 8). When the basal decollement jumps forward and down-section to incorporate a 

slice of the strong lower layer into the wedge, the leading edge ramp through this layer is located 

significantly toward the hinterland of the current toe of the wedge but is more closely aligned with the 

penultimate wedge toe (see labeled ramps and wedge toes in Figs. 8E and 8F). As contraction continues, a 

number of out-of-sequence structures crosscut and shorten the piggyback basins (examples labeled in 

Figs. 8F-8H). Some of these structures are related to the forward jumps in the basal decollement. 

MODEL 7 
Model 7 (Fig. 9) is similar to model 4, except that a second internal detachment layer is 

introduced, resulting in a three-detachment model configuration (Fig. 2; Table 2). As in the previous 

cases, the two internal detachment layers are weaker than the basal detachment layer, and the thick strong 

layers strain soften (Table 1). The three-detachment model is similar to areas of the Pachmarhi Mountains 

that have a regional detachment within the Upper Cretaceous shales, in addition to an internal detachment 

in the Pachmarhi Formation. 

Incorporation of a second internal detachment leads to structures similar to those in the simpler 

two-detachment models, but these are even more reminiscent of natural fold-and-thrust belts. For 

example, model 7 shows well-developed flat-ramp-flat fault trajectories with associated fault-bend folds, 

duplexes, and anti-formal stacks. Except for the uppermost strong layer, which deforms into a series of 

short imbricate thrust sheets, the thrust sheets are commonly very long relative to their thickness and are 

little deformed internally, except near their leading edges. The contrast in deformation style of the two 

upper strong layers is particularly significant because these layers and their underlying detachments have 

identical properties. This difference reflects their positions relative to other weak and strong layers (the 

middle layer is confined below another strong layer, whereas the top layer is not). 
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Figure.  8. (On this and following page). Model 6 results (two-detachment model; addition of sedimentation to 

specifi ed base level). See Figure 3caption. OOS 



 

PAPERS ON EARTH SCIENCE  26 

 

 
Figure. 8. (Continued). 
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Figure. 9. (On this and following page). Model 7 results (three-detachment model; erosion only). See Figure 3 

caption. 
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The long thrust sheets, composed of slices of the middle strong layer, are accreted to the base of 

the growing wedge. This basal accretion occurs beneath a shallow-based deforming wedge composed of 

tight imbricate slices of the upper strong layer (for example, compare Fig. 9E with Fig. 9F). The 

progressive stepping out of the basal decollement toward the foreland in a flat-ramp-flat fashion leads to a  

characteristic geometry of a series of anticlinally folded thrust sheets, cored by the thickened leading 

edges of basal layer thrust sheets, where structural elevatior increases steadily toward the back of the 

wedge (Fig. 9H). 

 

MODEL 8 
Model 8 (Fig. 10) is similar to model 7, except it undergoes both surface erosion and rapid deposition 

below base level Model 8 is to model 7 as model 6 is to model 4 (Table 2). As in model 6, sedimentation 

and erosion begin at 4.5 m.y. to allow the model to develop an initial wedge and form the hinterland edge 

of the evolving foreland basin. 

As seen in model 6, syndeformational deposition has a profound influence on structural style. As 

the wedge evolves, the wedge toe repeatedly steps out a substantial distance into the foreland, and the 

intervening segment of the wedge is transported with little or no internal strain. When the upper two 

strong layer detach together (Figs. 10B and 10E), this distance is larger than when only the uppermost 

layer detaches (Figs. 10D and 10F) Concurrent erosion and deposition lead to development of out of-

sequence thrusts (Figs. 10D and 10G), as well as to on lap of piggyback basin strata across the leading 

edges of formerly; active and eroded thrust sheets (Figs. 10F-10H). These relationships illustrate the 

structural complexity that can develop due to feedback among surface processes. Instantaneous velocities 

and strain rates for model 8 (Fig. 11) show that deformation patterns vary across the wedge in time a well 

as space, and large regions are transported with little to no instantaneous strain. Shortening and uplift can 

be concentrating! at or near the toe of the wedge, as in Figures 11A, 1 IB, HE or 1.1H, or internally, with 

the toe being nearly passively transported, as in Figures 11C, 11.D, I IF, and 11G. 

 

DISCUSSION  
SURFACE PROCESSES AND NATURAL STRUCTURES 

Many fold-and-thrust belts contain syndeformational piggy back basins, but typical basins of this type are 

not preserved in the archetypal southern Pachmarhi Mountains (Fig. 1). Where they ever present? A 

principal characteristic of models 6 and 8 is broad, relatively little-deformed synforms that underlie the 

piggyback basins and separate narrower, more heavily shortened anti-formal structures. This general 

structural style of antiforms and synforms is reminiscent of eroded features observed in the foothills of the 

Pachmarhi Mountains and elsewhere. 

 

Figure 12A is a foothills of the Pachmarhi Mountains, a series of broad, relatively little-deformed 

synforms Postdeformational erosion is sufficiently large (2-5 km or more; e.g.,) that syndeformational 

sedimentological evidence has been removed, but a comparison of these synformal structures to those of 

models 6 and 8 suggests that they may mark the keels of now-eroded piggyback basins.  

 

Figure 12B is Southern eastern edge of the front ranges and most of the foothills belt, These synclines  are 

progressively more structurally uplifted. Again, the structural style observed in models 6 and 8 suggests 

that these broad synforms may mark the axes of now-eroded piggyback basins. 

 

Figure 12C Patalkot region, where structural style is clearly associated with syndeformational piggyback 

basins. The broad synclines are occupied by synorogenic sediments that document a complex pattern of 

development. Although there is an initial overall foreland-breaking sequence for the main faults, there is 

clear sedimentary evidence of out-of-sequence and simultaneous motion on a series of thin-skinned 

thrusts. Similar, less-eroded features have been observed near the edges of Patalkot, both active and 

inactive  
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Figure.9. (Continued). 
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Figure. 10. (On this and following page). Model 8 results (three-detachment model; erosion and 

sedimentation). See Figure 3 caption. OOS—out-of-sequence. 
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Figure. 10. (Continued). 
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Figure.  11. Instantaneous velocities and strain rates for model 8. 
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Figure.12 A Southern Pachmarhi Mountains  

 

 
Figure.12 B Western Pachmarhi Mountains  
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Figure.12 C  Patalkot Mountains (Eastern Pachmarhi)  
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Figure.12-D Scarpment and thrust belt of Pachmarhi  

 

Figure.12. In all cases, the relatively undeformed synclines, separated by anticlinal culminations 

characterized by a concentration of contractional structures, are similar to those produced in numerical 

models incorporating syndeformational sedimentation.  
 

Figure 12 D and is a portion of seismic line B-B' that shows thrusted Paleogene and Miocene sediments, 

partly eroded and onlapped by Pliocene and Quaternary deposits, which are in turn slightly deformed. 

Figures 13B and 13C show portions of model 8 (Figs. 10G and 10H) where similar relationships have 

evolved. A formerly emergent thrust toe, cut off by an out-of-sequence trailing imbricate, is progressively 

onlapped and buried by the piggyback basin. These sediments are in turn slightly deformed during later 

minor motion on the preexisting thrust fault. 

  
Initial formation of model thrust faults is generally in-sequence, but many are long-lived, 

reactivated, or out-of-sequence (as illustrated in Fig. 11). Balanced cross sections are commonly 

constructed assuming not only in-sequence development but with all fault motion essentially complete 

prior to motion on the next thrust; however, basic critical wedge concepts and the finite-element models 

confirm that these assumptions are simplistic. Although out-of-sequence or simultaneous motion in the 

Pachmarhi Mountains is not obvious in Figure 1 

 

COMPARISON TO WHOLE-WEDGE SOLUTIONS 

The models develop overall wedge shapes broadly consistent with the critical wedge solutions of 

Chappie (1978), Davis et al. (1983), and Dahlen (1984), among others, with significant departures at sub-

whole-wedge scales. These closed-form solutions, especially that of Dahlen (1984), have been applied to 

natural orogens, usually to constrain estimates of one (or more) unknown variable, such as the internal 

coefficient of friction, basal coefficient of sliding friction, or the internal or basal pore may be valid at the 

scale of the wedge, but they are unlikely to be representative of structures at smaller scales. 

Our models imply that decollements underlying large thrust sheets with little internal deformation 

are very much weaker than the thrust sheets themselves. When this is not the case, model thrust sheets 

shorten internally far more, and are translated far less, than commonly observed in nature in the shallow 

external portions of fold-and-thrust belts. In contrast, the ratio of bulk internal wedge strength to basal 

strength derived from whole-wedge solutions (e.g., Davis et al., 1983; Dahlen et al., 1984; Dahlen, 1984, 
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1990) is typically much smaller than the ratios of strong to weak materials in our numerical models that 

produce structures that look realistic. This result probably reflects the averaging of material properties at 

whole-wedge scales: the average strength of the basal decollement will be greater than the local strength 

within a particular detachment because the decollement ramps up through stronger layers, and the average 

strength of the wedge will be less than the local strength within an intact thrust sheet owing to weaker 

detachments and strain-weakened shear zones throughout the wedge. 

In model 8, the average whole-wedge surface and basal slopes at 12, 15, and 18 m.y. are 1.86°, 

1.47°, and 1.19°, and 5.82°, 3.96°, and 4.09°, respectively (Fig. 14A), where slopes were derived from 

least-squares linear fits to equally spaced points along the surfaces bounding the deformed wedges. Cor-

responding values of the internal friction angle of the wedge, and basal sliding friction angle, 

using the equations of Dahlen (1984), are shown for these time steps in Figure 14B as solid lines 

labeled "W-W." In Figure 14B, the range of weak detachment values, 3.5° and 1°, is indicated by the 

shaded horizontal bar, and the range of possible values of the strong, strain-softening layers, from 38° to 

18°, is encompassed by the broad, stippled vertical box. None of the whole-wedge solution curves passes 

through the overlap area of these two zones. 

Local slopes are shown in Figure 14A by dotted lines. The local upper wedge surface is a 

straight-line lit by eye to topographic low points, similar to the approach illustrated for model 1 (Fig. 3D). 

The local basal surface is the average decollement dip where it is confined to the gently curving 

detachment layers.Local slopes, shown in parentheses in Figure 14A, were determined at the wedge-front 

(W-F) for all three time frames and at the wedge-middle (W-M) for the 15 and 18 m.y. frames. 

In Figure 14B, the curves of   versus  for all three wedge-front regions intersect the area 

of overlap between the ranges of model effective friction angles for the strong thick layers and the weak 

detachments. However, none of these curves has an acceptable solution for   equal to 1°, which is 

the appropriate basal effective friction angle at the wedge fronts, where the wedges are detached on one or 

the other very weak internal detachment layer. This discrepancy between the finite-element mode) and the 

Dahlen (1984) solution may be due either to accretion of a finite-thickness layer at the wedge toe, which 

is not explicitly considered by Dahlen (1984), or to the possible supercritical state of these regions at 

these times (Fig. 11). The curves of   versus  for the wedge-middle regions for the 12 and 15 

m.y. time frames (Fig. 14B) are either nearly coincident with the whole-wedge curve (12 m.y.) or above it 

(15 m.y.). 

Assuming that the whole-wedge strength of the basal decollement, which lies within detachment 

horizons with  of 3.5° and 1°, is at the upper bound of 3.5° (perhaps reflecting the crosscutting of 

stronger layers), then Figure 14B (circles) shows that the corresponding maximum whole-wedge value of 

 is -6-11°. This low value is a measure of the effect of the weak internal detachments and the strain-

weakened shear zones on the bulk strength of the entire wedge. This range of values is similar to the 

harmonic mean value of for model 8 for all layers above the basal detachment in the undeformed 

state, which ranges from 7.8° to 6.4° when the value for the thick strong layers is either 38° or 18°, 

respectively. The harmonic mean value of wedge strength may be useful for comparing layered numerical 

or analogue models to critical wedge solutions. 

Using Equation 6, I can express bulk in terms of pore-fluid pressure. Assuming ɸ of 38° for 

sedimentary rocks, then the pore-fluid pressure ratios required to reduce the whole-wedge 

 to between 6° and 11° are 0.83-0.69. Using Equation A10 (see Appendix), these values expressed in 

terms oi the familiar pore-pressure ratio, are 0.927-0.853. Similar pore pressure ratios were derived 

by Davis et al. (1983), Dahlen et al. (1984), and Dahlen (1984, 1990) for some deforming wedges 

(particularly accretionary wedges). Although excess pore-pressure values are widely observed in active 

and inactive fold-and-thrust belts, and undoubtedly contribute to weakening in the brittle domain, the 

pore-pressure ratios derived from critical wedge solutions are likely to overestimate natural values 

because very weak faults internal to the wedge are not explicitly accounted for in these analyses 
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Figure. 13. Relationships between contractional structures and syn-deformational sedimentation seen in (A) 

in comparison to portions of model 8 at (B) 21 m.y. and (C) 24 m.y. 
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Figure. 14. Comparison between external wedge geometries (thick gray lines) of three time frames from 

model 8 (12,15, and 18 m.y.) and critical wedge solutions. (A) Linear regression fits to the upper and basal 

surfaces of the three time frames (long-dashed lines), with slopes of the upper (a) and basal (p) surfaces 

indicated, along with slopes determined more locally (dotted lines) by fitting minimum topography on the 

upper surface and very long detachments on the basal surface, with local slope values in parentheses. The 

local slopes were determined near the wedge front, and for the 15 and 18 m.y. wedges, also near the wedge 

middle. (B) Plots of acceptable combinations of the effective angle of internal friction within the wedge,  

and the effective angle of basal sliding friction, , for each of the three time frames, and for whole-wedge 

(W-W), wedge-front (W-F), and wedge-middle (W-M) values, using equations of Dahlen (1984). 
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Numerical model departures from ideal wedge shapes reflect the distributions of different-

strength materials within the wedge and the fact that portions of the wedge are not at yield bul are being 

transported passively. This is most evident in models involving syndeformational deposition (models 6 

and 8). Flex-ural subsidence and foreland deposition can result in a critica or supercritical 

wedge.segment, bypassing the internal deformation commonly required to produce critical taper. If the 

taper of a portion of a wedge beneath a piggyback basin is supercritical, then the overall wedge geometry 

will not generally agree with critical whole-wedge solutions. It follows that the evolution of this type of 

model must be examined as a dynamic system. The mere addition of surface processes to a kinematically 

constructed critical wedge in such a way that the critical taper is maintained (e.g., Dahlen and Suppe, 

1988; Dahlen and Barr, 1989; Whipple and Meade, 2004) misses the fact that the dynamics also create 

supercritical wedge segments and that the feedback of surface processes to the mechanics may do the 

same. 
 

IMPLICATIONS OF MODEL RESULTS FOR FAULT STRENGTH 
The very weak and thin detachment layers specified in the numerical models host thin zones of 

very high shear strain that emulate fault zones. Very weak detachments (relative to the thick layers) are 

essential in the present model formulation to produce results that look like natural fold-and-thrust belts. 

The implication is that natural faults must not merely be weak, they must be extremely weak, 

relative to tire strength of thrust sheets at the time of deformation. Stronger faults would result in a larger 

proportion of shortening within the wedge being absorbed within thrust sheets rather than being 

concentrated on relatively few large fault zones. Price (1988) considered the issue of "the mechanical 

paradox of large overthrusts," and suggested that the explanation may lie in the nature of individual local 

displacement events (e.g., earthquakes). He concluded that large overthrusts are "not (controlled) by the 

fiictional resistance to sliding integrated over the entire fault surface" (p. 1898) because the entire fault 

surface does not fail simultaneously. However, if they are considered from the point of view of an energy 

or mechanical work argument, and results are integrated over time as well as space, large overthrusts in 

the brittle field must have extremely low effective strength. 

Although elevated pore-fluid pressures contribute to weakening (Hubbert and Rubey, 1959), it is 

difficult to understand the extreme difference required in pore-fluid pressures between the fault zones and 

the thrust sheets that is necessary in order to maintain the high strength contrast. Such large differences 

imply that high pore-fluid pressures occur locally and are probably related to current deformation (strain 

rate) associated with fault motion. 

Natural faults may evolve to be intrinsically weak by developing materials with low internal 

angles of friction (e.g., phyllo-silicates) or materials dominated by pressure solution, which has a viscous 

rheology (e.g., Wojtal and Mitra, 1986; Bos and Spiers, 2002). More significant weakening occurs during 

dynamic slip on faults when displacement rates approach those of seismic events. These conditions result 

in a profound weakening (e.g., Di Toro et al., 2004), where frictional resistance extrapolates to virtually 

zero at seismic slip rates of ~1 m/s.  

MODEL LIMITATIONS 
1. I am limited to solving the fold-and-thrust belt problem in two dimensions by the computational 

intensity of the equivalent three-dimensional problem and the lack of suitable software. I 

understand that fold-and-thrust belts develop fundamental three-dimensional structures and that 

surface processes are plan-form, but the best I can anticipate in the immediate future are low-

resolution models in three dimensions. 

2. The restrictive rigid backstop and basal boundary conditions used here can be eliminated by 

embedding equivalent models within a coarser-scale finite-element model encompassing the 

whole orogen. 

3.  The representation of fault zones by finite-thickness shear zones is a consequence of the 

continuum mechanics approach. The creeping, viscous-plastic, Stokes flow, finite-element formu-

lation of Fullsack (1995) and Beaumont et al. (2004) does not allow discrete, one-dimensional 

surfaces. However, the Eulerian finite-element grid is sufficiently fine that the high shear strain 
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zones that emulate faults are very thin (a few elements wide) in comparison to the entire model 

thickness. Higher-resolution models can improve this situation, but there are practical computer 

computational limits. 

4. The representation of bedding-parallel detachments as very weak layers initially embedded in the 

models is a compromise, but it parallels approaches often taken in analogue models. Future 

efforts will involve materials that are initially strong but adopt fault-like (extremely weak) strain- 

and strain-rate-dependent properties, possibly coupled to dynamical pore-pressure evolution 

(Morency et al., in press). 

5.  The very simple surface processes models are sufficient to demonstrate their influence on 

structural style. Elsewhere, I will examine the sensitivity of structural style to more complex 

erosional and depositional models, such as those that allow multiple base levels, resulting in 

perched piggyback basins, and I will offer due consideration of the plan form nature of surface 

processes. 

6. Wedge thickening and associated heating through the brittle-ductile transition is not incorporated, 

but a coupled thermo-mechanical model will be discussed elsewhere. I anticipate that it will 

reduce boundary-condition effects related to the rigid backstop. See Williams et al. (1994) for an 

analysis applicable to whole-wedge critical wedges. 

7. The initial undeformed model geometry was purposely chosen to be a uniform thickness, unlike 

the wedge shape of natural systems (characteristic 3 of Chappie [1978] noted already). The effect 

of tapered initial geometries will be investigated elsewhere.  

CONCLUSIONS 
Dynamic numerical finite-element models of fold-and-thrust belts illustrate the influences of 

accretion of a finite-thickness layer, regional flexural isostasy, internal layering and strength contrast, 

strain softening, and syndeformational erosion and sedimentation. The finite-element approach used here 

leads to model structures similar to those in natural fold-and-thrust belts, suggesting that it may provide 

insights into how the natural structures developed. The finite-element models illustrate localization of 

strain, the associated scales of the much-less-deformed regions (thrust sheets) between shear zones, and 

the ways in which these features are transported and stacked. The overall results demonstrate the 

importance of treating thin-skinned fold-and-thrust belts as dynamical coupled systems, where continuous 

feedback among system components shapes the details of internal structure and surface expression. Our 

current understanding of these models is at the level of the kinematic organization of fold-and-thrust belts 

as systems. The results can be used to test the predicted length scales of, for example, thrust sheets based 

on folding and other instability analyses, which may lead to an improved understanding of the mechanics. 

For the simplest models (Figs. 3 and 4), composed of a thick strong layer overlying a thin, very weak 

basal detachment, the fundamental deformation units (the building blocks of the wedge) are pop-up 

structures that scale according to the thickness of the strong layer at the accretionary front. The 

partitioning of deformation into rigid triangular pop-ups bounded by shear zones occurs in the absence of 

strain softening. By implication, similar structures in analogue sandbox experiments would develop even 

if the sand did not strain harden or soften. 

With flexural isostatic compensation, the simplest model (Fig. 4) has similar pop-up 

characteristics and a greater tendency to create thrust sheets, most likely because isostatically com-

pensated wedges are thicker, and more shortening is required to achieve critical wedge conditions. Even 

these simple wedges show significant sub-wedge-scale departures from a uniform taper predicted by 

critical wedge solutions 

Models composed of two equal, thick strong layers, each with a thin, very weak underlying 

detachment, demonstrate that wedges of this type develop thrust sheets in both the upper and lower layers, 

with a tendency for longer thrust sheets in the lower layer (Fig. 5). These lower-layer thrust sheets 

become even longer and have less internal deformation when the thick strong layers can strain soften 

(Fig. 6). 

Significant syndeformational slope-dependent erosion of the surface of the two-layer model with 

strain softening enhances the development of pop-ups in the upper layer but does not change the overall 



 

PAPERS ON EARTH SCIENCE  41 

 

character of the deformation (Fig. 7). However, the wedge is profoundly modified by the combined 

effects of slope-dependent erosion and rapid filling of the flexural foreland basin with sediment (Fig. 8). 

Model 6 develops piggyback basins by sequentially accreting the undeformed proximal foreland basin 

because critical wedge conditions are achieved without the need to thicken the strata. 

Models with three thick, strong, strain-softening layers separated by very weak detachments 

develop structures that most resemble our reference natural example, the Pachmarhi Mountains. In 

particular, models with slope-dependent erosion and rapidly filled basins develop multiple piggyback 

basins (Fig. 10), which, when eroded, resemble synclines in the foothills of the Pachmarhi Mountains  

 

APPENDIX 
For a plane-strain, two-dimensional case, where a, and c3 are the maximum and minimum values of the 

principal stresses, the mean stress, P, is: 

 

             (A1) 

In a Mohr-Coulomb material, parameterized by a cohesion value,  and an angle of internal friction,  

failure may occur if the effective mean stress is reduced due to an increase in pore-fluid pressure. At 

failure, in a contractional fold-and-thrust belt setting, the magnitude of the pore-fluid pressure, is: 

 

          (A2) 

 

In our models, I define the pore-fluid pressure ratio relative to the mean stress: 

 

            (A3) 

 

The common pore pressure ratio is generally defined as: 

            (A4) 

 

where overburden is the weight of the overburden, equal to  where and are the mean density, 

gravitational acceleration, and depth, respectively. The ratio of to is then: 

            (A5) 

 

The minimum principal stress, can be approximated as equal to the overburden weight: 

          (A6) 

 

An expression for the maximum principal stress,  is derived by first substituting Equation and 

into : 

         (A7) 

 

and then solving for ,: 

          (A8) 

 

Using Equations  and  in , I find: 

           (A9) 
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Using Equation the pore-pressure ratio,  , can be expressed in terms of our expression of the ratio, 

, such that: 

          (A10) 

 

Equation  can be solved iteratively for  given a value for  

 

Note that when the cohesion is either zero or of negligible magnitude, Equations  and are 

independent of depth. Although the magnitude  of corresponding to saturated (i.e., hydrostatic) 

conditions is easily determined (ratio of water and rock densities), under overpressured conditions, the 

correspondence between pore-fluid pressure and mean stress, as in Equation,  is more intuitive. 

For a hydrostatically pressured case, where the average density of the fold-and-thrust belt is 2300 

, the value of is 1000/2300, or 0.435. When the cohesion is negligible or zero, the 

corresponding value of  is 0.278, assuming  is 30°. In our formulation of effective angle of internal 

friction (Equation 2, main text), a dry value of 30° would reduce to 21° under these conditions. 
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