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A B S T R A C T   

We present a forward numerical modeling approach for fault-bend folding based on a velocity description of 
deformation. The approach incorporates algorithms capable of modeling multiple fault bends of different ge-
ometries (e. g. fault bends not stepping up from a detachment), imbricates, and variable velocity-boundary 
orientations, with corresponding varying slip ratios. When modeling contraction, the approach is capable of 
reproducing rounded-hinges and parallel folds with localized bed thinning or thickening commonly observed in 
natural structures. Extensional fault-bend folds can be modeled using the same set of equations, with the minor 
modification that velocity boundary orientations are defined independently of the fault shape. The modeled 
structures conserve area, and commonly observed features of extensional fault-bend folds, such as rollover 
structures with growth, are produced. Thus, we present a unified inclined-shear and flexural-slip general 
transformation associated with displacement over bends in faults, describing the theoretical framework which 
we have implemented in the associated program, fbfFor. We show the utility of this kinematic approach by 
matching seismic reflection examples, analog models, and mechanical models of fault-bend folds to create 
progressive, balanced kinematic interpretations and gain further insight into the formation of these structures.   

1. Introduction 

In the last half-century, the most successful constraints on subsurface 
structural interpretations in complexly deformed areas have involved 
some version of structural balancing (Lingrey and Vidal-Royo, 2015 and 
references therein). Structural balancing as first described by Dalhstrom 
(1969) involves checking various compatibility conditions between the 
observed deformed state and inferred initial state— for example, testing 
whether cumulative line lengths of several deformed beds in a cross 
section are equal. A cross section that passes this test is said to be 
balanced and thus a permissible interpretation because the section could 
have resulted from the deformation of an initially continuous flat-lying 
sequence of beds (Woodward et al., 1989). Modern implementations of 
these balancing constraints in the form of computer algorithms have 
made balancing easier (Kligfield et al., 1986; Moretti and Larrère, 1989; 
and several unpublished algorithms within commercial structural 
modeling packages such as GEOSEC, LithoTect, LOCACE, Move, and 
StructureSolver), by automating the measurement of geometric quan-
tities and allowing for simple transformations, such as simple (inclined) 
shear or flexural slip, or some other form of unstraining of a fault block 

based on a target geometry. Nonetheless, the iterative process of 
adjusting initial and final geometries remains labor intensive, even with 
modern workstation packages. A notable exception is StructureSolver, 
which allows for real-time display of balanced models (Eichelberger 
et al., 2015). 

Even if a section is balanced and restored, conventional balancing 
remains fundamentally limited in that, while solutions are permissible, 
they are non-unique, and the method provides little guidance to 
distinguish between different permissible solutions. Other constraints 
are commonly employed, such as independent geophysical datasets, 
regional stratigraphic relationships and structural style for an area (such 
as known detachment levels), and basic structural geology concepts— 
for example, that thrusts generally cut up section in the direction of 
tectonic transport (Elliott, 1983). Nonetheless, probably the greatest 
headway into objectively determining the best, balanced interpretations 
in fold-and-thrust belts (and to a lesser extent extensional settings) has 
been through theories that relate fold shape and fault shape. 

It is widely accepted that there is a genetic relationship between 
folding and faulting for many map-scale structures in the upper crust, 
such as the structure from the well imaged fold-and-thrust belt in the toe 
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of the Niger Delta shown in Fig. 1 from Shaw et al. (2005). More spe-
cifically that deformation in such systems is accommodated not just by 
translation and rotation of rocks due to displacement on faults, but also 
by internal strain within fault blocks. Such strain is commonly manifest 
as folding related to propagating fault tips (Suppe and Medwedeff, 
1990), incompetent thickening and folding associated with detachments 
(Epard and Groshong, 1995; Poblet and McClay, 1996) and most 
commonly due to flexural-slip folding of overlying rock layers because of 
displacements on nonplanar faults (Suppe, 1983). Indeed, such defor-
mation has long been recognized to form the characteristic, recognizable 
geometry of ramp anticlines in fold-and-thrust belts (Rich, 1934), which 
are now more commonly termed fault-bend folds (Suppe, 1983). Anal-
ogous fault-bend folding relationships have been delineated for exten-
sional fault systems (Xiao and Suppe, 1992). For a comprehensive, 
recent review of fault-related folding see Brandes and Tanner (2014). 

Fault-related folding theories were first implemented as analytical 
relationships between geometric quantities; these analytical solutions 
have been applied to great effect extensively in the published literature 
(Shaw et al., 2005, and others). However, use of such analytical solu-
tions is practically limited to simple, angular cases or requires 
time-consuming hand construction of sections by expert practitioners. 
While some natural fault-related fold structures are demonstrably 
angular (Yue et al., 2005; Hubert-Ferrari et al., 2007) and readily 
modeled using the analytical solutions, in other cases, observations of 
rounded fold hinges and progressive change in limb dip are observed (e. 
g., Tavani et al., 2005; Amos et al., 2007; Benesh et al., 2007), while at 
other study locations the relative applicability of angular or rounded 
hinges, and constant or smoothly-varying dips are strongly contested 
(for example, Ford et al., 1997 and Suppe et al., 1997). These observa-
tions require approaches capable of reproducing these commonly 
observed features. Further strain-based studies of map-scale fault-bend 
folds appear to provide further support for the observation that strain in 
these systems is primarily accommodated by flexural slip (Wiltschko 
et al., 1985) with only second-order deviations, unless thrust sheets were 
deeply buried (for example, Evans and Dunne, 1991). 

In order to facilitate easier creation of interpretations of natural 
structures, algorithms have been implemented to facilitate building 
balanced forward models of some sub-classes of fault-related folds 
(Contreras and Suter, 1990; Hardy 1995; Hardy and Ford, 1997; and 
Allmendinger, 1998; and several unpublished algorithms within com-
mercial structural modeling packages such as GEOSEC, LithoTect, 
LOCACE, Move, and StructureSolver). The most successful of the pub-
lished algorithms are perhaps those related to trishear modeling in 
which numerical solutions have been coupled with inverse modeling 
approaches (Allmendinger, 1998; Cardozo and Aanonsen, 2009; Oakley 
and Fisher, 2015). However in the case of fault-bend folding, the focus of 
this study, extant forward modeling algorithms are characterized by the 
following limitations: simple flat-ramp-flat geometries (or models that 
must contain detachments), exclusively angular bends, rigid adherence 

to line-length conservation in contraction (no local layer thickening or 
thinning), or, for computational convenience the opposite (unrealistic 
layer thickening and thinning), use of a single inclined-shear orientation 
for extensional structures, no real temporal change in deformation 
during progressive deformation (that is, not a numerical solution), an 
inability to maintain even approximate layer thickness in folds across 
imbricated thrust sheets, constant slip across fault bends, and no ca-
pacity to simultaneously combine inclined-shear and flexural-slip algo-
rithms into a unified progressive model. 

We present a flexible kinematic approach to modeling fault-bend 
folding that resolves the aforementioned shortcomings. We begin by 
reviewing the geometric solution to fault-bend folding of Suppe (1983), 
and then extend it to a velocity description of deformation associated 
with movement over bends in faults. This numerical solution has sig-
nificant advantages over existing approaches and produces models that 
capture many of the most commonly observed geometries of fault-bend 
folds in natural systems; within this single approach, not only can 
angular fault-related folds be modeled, but rounded faults and folds, 
parallel contractional folds with only localized bed thinning or thick-
ening, and imbricates that display complex growth strata geometries 
(Hughes and Shaw, 2014 and others) may also be modeled with equal 
success. Finally, we generalize contractional and extensional fault-bend 
folding into a unified theory and explore the heterogeneous strain that 
occurs in these models during folding. 

The numerical approach requires several algorithms in order to be 
fully realized. We have written a program fbfFor to implement this, but 
it is our intention here to explain these algorithms in sufficient detail 
that they may implemented in the aforementioned commercial packages 
which have many existing algorithms and data structures to support 
structural modeling, or by other researchers in the future. 

2. Geometric formulation of fault-bend folding 

Fault-bend folding is a common folding process in the upper crust of 
the Earth that occurs when blocks of rock are displaced over non-planar 
fault segments (Suppe, 1983). Quantitative relationships between fold 
and fault shape for these structures allow for the construction of 
balanced, retrodeformable structural interpretations (Woodward et al., 
1989), and facilitate more accurate interpretations of seismic reflection 
profiles (Shaw et al., 2005). Thus, quantitative modeling of these 
structures has been widely applied to improve structural interpretations 
for use in earthquake hazard prediction (Shaw and Suppe, 1996), neo-
tectonics (Lavé and Avouac, 2000), hydrocarbon exploration (Gallango 
et al., 2002), and regional tectonics (Fuentes et al., 2012). Furthermore, 
fault-bend folding has been shown to likely occur on other terrestrial 
planets, such as Venus (Connors and Suppe, 2001). 

The fault-bend folding theory developed by Suppe (1983) is a geo-
metric formulation of the relationship between fold shape and fault 
shape in contraction, based on the constraints of conservation of line 
length and orthogonal layer thickness (and by implication conservation 
of area). The formulation is derived for the case of parallel layers that are 
folded as a result of displacement over a discrete fault bend (Fig. 2) and 
specifies the resulting changes in dip of bedding and faults, and slip 
ratios across the bend. Therefore, the geometric solution is a recasting in 
terms of angles of the contractional balancing criteria for structures that 
form by fault-bend folding. That is, those interpretations that fully honor 
the fault-bend folding equations are inherently balanced because they 
must conserve line length, layer thickness and area. From Suppe (1983) 
the change in fault dip across a fault bend, φ, is related to the interlimb 
angle of the fold, γ, and cutoff angle between the fault below the bend 
and the bedding adjacent to it, θ, by 

φ = tan− 1
(

− sin(γ − θ)[sin(2γ − θ) − sin θ ]
cos(γ − θ)[sin(2γ − θ) − sin θ ] − sin γ

)

(1) 

Through the law of sines the ratio, R, of the magnitudes of the output 
Fig. 1. Well-imaged fault-bend fold from the toe of the offshore Niger Delta. 
Seismic image from Shaw et. Al (2005), and shown courtesy of AAPG, no 
vertical exaggeration. 
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slip, S2, to input slip, S1, across a fault bend is related to these angles by 

R=
|S2|

|S1|
=

sin(γ − θ)
sin(φ + γ − θ)

. (2) 

As per Suppe (1983), sign conventions for these equations are such 
that for concave “synclinal” bends − 90◦ ≤ θ < 0◦, and for convex 
“anticlinal” bends 0◦ > θ ≥ 90◦, with 0◦ > φ ≥ 90◦, and 0◦ > γ ≥ 90◦. The 
solution with these sign conventions is appropriate for contractional 
bends (Fig. 2). We generalize this relationship for extensional bends in a 
later section. 

This analytical approach has been commonly used to develop 
balanced subsurface interpretations in fold and thrust belts (e. g. Shaw 
and Suppe, 1994; and many other studies), and also has allowed for the 
geometric forward modeling of fault-bend folds (e. g. Mount et al., 1990; 
Shaw et al., 1999; Shaw et al., 2005). While this methodology is a 
substantial improvement over conventional balancing in that there ex-
ists predictive capability in areas where data are scarce, practical and 
methodological constraints still limit its application. Because the 
discrete analytical formulation of the existing method makes it difficult 
to construct complicated models with multiple, interfering kink bands 
(Medwedeff and Suppe, 1997), the manual nature of model construction 
limits its use to seasoned practitioners of the method. Furthermore, the 
time it takes to construct a single model in practice limits the number of 
alternative solutions that can be realistically considered. In addition, 
structures that do not fully honor the conservation of line-length and 
layer thickness assumptions inherent to the method are not well 
addressed by the existing formulation. In particular, parallel folds that 
are generally rounded, such as those that develop over smoothly curving 
fault-bend folds, are difficult to produce because the simplifying of fault 
shape into a few discrete fault bends results in models that contain 
discrete kink bands, which do not always replicate the folds observed in 
nature. For example, the thrust sheet in Fig. 1 displays a round, parallel 
fold associated with a curved thrust. 

3. Numerical formulation for the kinematics of fault-bend 
folding 

3.1. Fundamental velocity relationship 

Several velocity descriptions for forward modeling contractional 
fault-bend folding have been developed (Johnson and Berger, 1989; 
Contreras and Suter, 1990; Hardy, 1995; Egan et al., 1999; Hardy and 
Poblet, 2005). These all essentially make use of the concept of domains 
of consistent velocity bounded by faults and/or axial surfaces. However, 
these existing approaches either are limited to a simple-step fault ge-
ometry, do not conserve layer thickness, or otherwise model only a 
restricted class of structures. Thus, there is a need for a more general 
approach to modeling fault-bend folding capable of capturing the 
broader range of structures observed in natural settings. 

We generalize the velocity description of Hardy (1995) by consid-
ering displacement along any fault-bend geometry. As shown in Fig. 3 
the input slip vector, S1, before a fault bend can be decomposed into 
vertical (v1) and horizontal (u1) velocity components 

S1 =

[
u1
v1

]

(3) 

Because the fault acts as a boundary condition, motion is parallel to 
the fault segment with slope θ 0 

u1 = |S1|cos θ0 and v1 = |S1|sin θ0 (4)  

where |S1| is the magnitude of the slip vector, S1. Note that fault slopes 
are relative to an external Cartesian coordinate reference frame and thus 
designated with a 0 subscript, unlike the fault-bend fold angle of (1) and 
(2). For horizontal beds the fault slope θ 0 = θ, the cutoff angle in (1). 
Throughout this report a 0 subscript will refer to any angle in the 
external reference frame. For simplicity here we define u1 ≥ 0. 
Decomposition of the output slip vector, S2 is likewise 

S2 =

[
u2
v2

]

(5)  

with the output vertical and horizontal components beyond the bend 

u2 =R|S1|cos(θ0 +φ0) and v2 =R|S1|sin(θ0 +φ0) (6)  

where φ 0 is measured counterclockwise from the fault bend, such that φ 
0 < 0 for convex “anticlinal” bends and φ 0 > 0 for concave “synclinal” 
bends. The velocity boundary between these velocity domains, 
emanating from the fault bend is defined by γ 0 which is derived from γ in 
(1), where |γ 0 | = γ, for horizontal beds in contraction (Fig. 3), and 0◦ >

γ 0 ≥ 90◦ for convex “anticlinal” bends and − 90◦ ≤ γ 0 < 0◦ for concave 

Fig. 2. Relationship of slip vectors to geometric entities for a contractional fault-bend fold, after Suppe (1983). Input slip is S1; output slip after the fault bend is S2. a) 
Concave bend. b) Convex bend. 

Fig. 3. Horizontal and vertical slip velocity vectors across a fault bend. Input 
vectors are u1 and v1; output vectors after the fault bend are u2 and v2. The 
orientation of the vector difference S2–S1 is the orientation of the velocity 
boundary between domains of constant input velocity S1 and output velocity S2. 
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“synclinal” bends. This orientation, S2–S1, satisfies the block-contact 
condition Waltham and Hardy (1995) where adjacent areas of 
different velocities should have no gaps or overlaps during deformation 
and serve as a boundary condition to the different velocity domains, just 
as faults act as a boundary condition. The velocity boundary is analo-
gous to the active axial surface for the geometric solution of Suppe 
(1983) where layers are folded (strained) as their velocity changes. For 
one fault bend there thus exists two velocity domains on either side of 
this velocity boundary, and all material (e. g. lines or points) moves with 
the same velocities, S1 or S2, within one of the velocity domains (Fig. 4). 

Note that the slip ratio, R, in (2) is the ratio of the magnitudes input 
and output slip so we can state these output velocities in terms of the 
input slip magnitude, fault shape, and interlimb angle by 

u2 =
|S1|cos(θ0 + φ0)sin(γ − θ)

sin(φ + γ − θ)
and v2 =

|S1|sin(θ0 + φ0)sin(γ − θ)
sin(φ + γ − θ)

(7) 

For the boundary conditions of conservation of layer thickness and 
line length, γ is implicitly related to φ and θ by (1) and can be solved 
iteratively. For successive bends, the previous output slip can be 
considered the input slip for the next bend, with corresponding θ, φ, γ, 
and R for that bend. The new γ is still determined relative to the fault 
bend, but because the beds are generally not flat when entering the 
velocity boundary, γ 0 in the external Cartesian reference frame will 
generally not be equal to γ and has to be computed, based on θ. For cases 
where no solution exists for γ, such as large anticlinal bends or inter-
fering kink bands, a γ ′ is employed to allow for changes in layer 
thickness and line length (as discussed later). Thus, the velocities are a 
function entirely of the initial slip, fault shape and bed geometry relative 
to the fault. For thrust-fault shapes in which the fundamental fault-bend 
fold equations are valid, (4) and (7) produce hanging wall fault-bend 
folds that conserve cross-sectional area, layer thickness, and line 
length identical to Suppe (1983), see Fig. 5a. 

3.2. Algorithmic implementation of the velocity solution 

There are conceivably many ways to implement the above velocity 
solution algorithmically. Successful implementations would handle all 
model parameters and in particular the fact that cutoff angles may 
change during the progressive development of a fault-bend fold (Suppe, 
1983), and thus the velocities and velocity boundaries may change 
during progression of a model. We present a method here based on 
computation occurring over a series of discrete time steps. Such an 
approach also allows for other time-dependent processes, such as 
deposition of syntectonic (growth) strata associated with fault-bend 

folding (Fig. 5), subsidence, compaction, and erosion. For this numeri-
cal approach we discretize the input slip into an incremental slip S1 and 
compute φ, θ and γ at each time step for all points before a fault bend. 
Output slip S2 at this time step, and all associated new fault-bend angles 
are likewise computed progressively across the initial and subsequent 
bends (Figs. 4 and 5). 

Layers are treated as polylines composed of multiple linear segments 
bounded by two points (Fig. 4b). Pregrowth layers, the layers present 
before deformation commences, are assigned an initial geometry (lateral 
extent, height, and dip), and growth layers are created at a given time 
step based on assigned ages. Growth layers are similarly assigned a 
lateral extent, height, and dip, and truncate at preexisting layers if those 
layers are present at that height. Every point in every layer lies within a 
velocity domain as defined by the velocity boundaries (Fig. 4a). At 
subsequent time steps the points may move from one velocity domain to 
another if they cross a velocity boundary (compare red circles in Fig. 4b 
with 4c), but they always stay associated with their original layers, and 
their original ordination with respect to each other, unless a fault is 
imposed. The displacement of points within one velocity domain occurs 
by adding the incremental slip vector S for that domain to the existing 
position of the points (Fig. 4c). Faults are treated as polylines with points 
at each fault bend. Deformation is confined to the hanging wall. The 
footwall is considered fixed to an external reference frame, unless sub-
sidence or compaction occurs. 

As explained in the previous section, the equations that govern the 
velocity boundaries are a function of the fault-bend fold angles φ, θ, and 
γ; thus, these angles need to be computed at every time step. For the first 
time step we use θ 0 = θ. For subsequent time steps all segments within 
the previous velocity domain before a fault bend are treated as potential 
cutoff orientations and the Euclidian distance between the mean posi-
tion of each segment and the fault bend is calculated. The orientation of 
the closest segment (shown in Fig. 4b as the green segment) is used to 
solve for θ. The motivation for choosing the closest segment to the fault 
bend is that parallel fault-bend folding (flexural slip) is plausibly 
controlled by mechanical bedding anisotropy near a fault bend where 
deformation is occurring. In most geometric constructions of fault-bend 
folding this is implicit. Other more elaborate determinations for the 
cutoffs, such as weighted means for all segments, could be implemented 
and would be an interesting area of future study. Other segments near a 
fault bend will generally share this orientation, and those farther away 
may be less likely to have this orientation, whether because they are 
growth strata or simply because of changes in bedding orientation from 
folding in previous time steps. This has implications for layer-parallel 
strain, as discussed in a later section. Thus, for each time step new 

Fig. 4. a) Two velocity domains defined by the fault 
and velocity boundary. Box indicates region shown in 
enlarged portions. b) Before displacement at an in-
cremental time step. Layers are composed of linear 
segments of two points each. For clarity, later figures 
do not show the points. The closest segment before a 
fault bend is shown in green. The angle between this 
segment orientation and the fault bend defines the 
cutoff angle θ for the time step. Velocity boundary 
and output slip velocity vectors are derived from this 
angle as discussed in the text. Three marker points are 
highlighted in red to show movement. c) After 
displacement at an incremental time step. Incremen-
tal input slip velocity vectors for all points before a 
fault bend S1, and incremental output slip velocity 
vectors for all points after a bend S2 are shown for 
points on the layers. The cutoff angle θ for this fault 
bend that governs the velocity boundary is shown as a 
green tick next to the fault bend. (For interpretation 
of the references to color in this figure legend, the 
reader is referred to the Web version of this article.)   
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velocity boundaries are computed, and points are assigned to distinct 
velocity domains based on their positions relative to the velocity 
boundaries. The cutoff orientations that govern the velocity boundaries 
for that time step are shown as green ticks adjacent to the fault bends 
shown in Fig. 4c and several subsequent figures. The particle paths for 
select particles are shown as olive-green lines in Fig. 5 and many sub-
sequent figures. These are relative to an external reference frame, thus 
these shown motion parallel to the fault. The footwall is fixed with 
respect to the external reference frame, thus without motion, and plot as 
fixed points. 

This incremental computation is perhaps the fundamental distinc-
tion between the approach presented here and previous forward 
kinematic-modeling approaches to fault-bend folding because phe-
nomena such as changes in the fault-bend fold angles that may evolve 
throughout progressive development of the structure are automatically 
handled. That is, velocity boundaries may change despite input incre-
mental slip and fault shape remaining the same throughout deformation. 
For example, this approach solves for the change in cutoff θ, and the 
corresponding necessary change in interlimb angle γ at the anticlinal 
bend, that results when material is transferred up the ramp, and material 
from the back limb reaches and then surpasses the upper bend refolding 
the dip panel to flat as material is translated along an upper detachment 
(Fig. 5a; and the switch in active axial surfaces A and B’ of Suppe, 1983, 
his Fig. 3, and in the creation of degenerate axial surfaces 12BT and 
12BL of Medwedeff and Suppe, 1997, their Fig. 10). Further slip results 
in only widening of the flat panel on the crest of the structure as the front 
limb is translated along the upper flat. Beyond this extreme example, the 
necessity to incrementally compute velocities and associated dependent 
variables is actually a fundamental requirement to producing nominally 
parallel folds with rounded hinges in cases with more subtle fault bends 
and cutoff geometries because the cutoff angles are potentially changing 

through many fault bends as deformation progresses, as discussed in a 
subsequent section. 

As is common in most numerical approaches, the discretization can 
result in modeling artifacts. For example, in this framework a segment 
can span a velocity boundary, and thus can have an ephemeral history 
that deviates from the overall history (Fig. 4b and c). In the case of 
Fig. 5a the minor, faint bands of extension or contraction in the pre-
growth strata are an artifact of the size of the segments. Using smaller 
segments (more points per layer) and more time steps can minimize the 
artifact, but there is a trade off in using very small segments because 
cutoff determinations may deviate from the general overall dip of the 
layers entering a bend in complicated models. Furthermore, computa-
tional time increases linearly with more segments. Such a modeling 
artifact is not the origin of any appreciable layer-parallel strain shown in 
the models. Segments within the velocity domain that are parallel to the 
segment used for the cutoff determination will be folded with no layer- 
parallel strain; segments with other orientations will show layer-parallel 
strain. We explain in detail in a subsequent section why this the case, 
and the layer-parallel strain that may result. 

3.3. Simple flat-ramp-flat 

The angular fold in Fig. 5a is the result of the angular fault shape. 
That is, there are two bends in the fault, and thus two changes in velocity 
with associated folding at the velocity boundaries. The particle paths 
show the velocities as the deformation progresses. These paths are 
composed of discrete angular sections because they mark the motion 
parallel to the angular fault. Inspection of the layer-parallel strain shows 
there is no strain in the pregrowth strata. Because area and line length 
are conserved layer thickness is also conserved. The pregrowth portion 
of the fold is parallel and deformed by flexural slip because all of the 

Fig. 5. a) Progressive development of an angular fault-bend fold due to displacement over a flat-ramp-flat with high growth sedimentation. Ramp angle is 20◦. Layer- 
parallel-strain (LPS) is restricted to the folded growth strata. b) Progressive development of rounded fault-bend fold due to displacement over a curved flat-ramp-flat, 
approximated as 3 small bends at the flat-ramp and ramp-flat transition. Ramp angle is 20◦. LPS is essentially restricted to the folded growth strata. Velocity 
boundaries are green dashed lines; cutoff geometries are green ticks near fault bends. Particle paths relative to an external, fixed reference frame are shown for select 
points as olive-green lines. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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pregrowth beds entering a velocity boundary were parallel, and thus 
after passing through the velocity boundary remained parallel. Much of 
the growth strata likewise are parallel to the pregrowth strata where 
deposited concordant to the pregrowth layers. 

The substantial strain in regions of the growth results from growth 
panels that were deposited flat-lying over dipping pregrowth, and then 
were refolded at the upper bend. As discussed in the previous section, 
the velocities are governed by the geometry of the pregrowth cutoff 
angle near the fault bend. Beds in that velocity domain that are in a 
different orientation do not deform by flexural slip and are sheared. This 
implementation is the same result as the geometric solution that Suppe 
et al. (1992) devised for folding growth triangles. More complicated 
kinematics could be implemented, such as initiating another fault at the 
growth-pregrowth unconformity boundary because of a change in cutoff 
angles in order to maintain parallel folding throughout the model. This 
would require a change in the orientation of the velocity boundary at the 
growth-pregrowth boundary, and recalculation of fault-bend fold angles 
associated with this new fault. We show in a later section how a similar 
approach can be implemented for the case of imbrication, but a full 
treatment with respect to growth strata is beyond the scope of this study. 
Furthermore, we think this is unlikely in most cases. In our view the 
first-order, simple, base case is appropriate in most cases, where the 
preferred velocity boundary orientation is dictated by the angle that 
allows for parallel folding of competent pregrowth strata, while the 
bedding of young, more-poorly consolidated growth strata that are 
farther from the fault bend have far less mechanical influence on the 
deformation and are sheared. 

3.4. Curved faults and rounded-hinge, parallel folds 

In prior approaches, the balancing of curved thrust ramps has been 
accomplished by using a center of rotation to move blocks and minimize 
shear to localized regions (Erslev, 1986; Seeber and Sorlien, 2000 
leading to long back limbs for relatively small displacements above 
gently curving ramps. A rounded-hinge kinematic formulation without 
changes in layer thickness or line length, but with a leading-edge 
loose-line, has likewise been developed by Tavani et al. (2005). In the 
approach presented here curved faults and folds are modeled within a 
unified framework of a general fault-bend folding solution. The fault in 
Fig. 5b is composed of 6 bends instead of the 2 bends of the angular 
flat-ramp-flat model of Fig. 5a. This approximates a curved fault, and the 
curved fold in Fig. 5b that results from application of this method shows 
almost complete parallel behavior for the pregrowth layers. A curved 
fault results in a curved fold because many cutoff angles with small fault 
bends are governing the velocity boundaries which essentially sweep 
through the progressive fold development. That is, just like the major 
change from ramp to flat, as each folded dip panel reaches the next bend 
a new cutoff angle θ is computed, with corresponding new fault bend φ 
and interlimb angle γ at each time step. If there are several small fault 
bends, such as in Fig. 5b, the passage of beds through them results in 
correspondingly small changes in the fold shape, and a rounded fold 
results. Thus, the particle paths are more curved because they move 
parallel to a curved fault. Furthermore, the models show the refolding of 
the back limb to a widening flat crest during progressive displacement 
on the fault, like the angular model. Inspection of the layer-parallel 
strain shows almost no strain in the pregrowth layers through the pro-
gressive development of the fault-bend fold (Fig. 5b). As with the 
angular model of Fig. 5a, the growth strata are strained in places because 
they were deposited flat-lying over dipping pregrowth, and deform by 
non-flexural-slip folding. Because this shearing occurs over multiple 
bends, the resulting strain is more diffuse than in the angular case. 

3.5. Deviation from parallel behavior 

The models such as those in Fig. 5 that result from solving (1) and 
(2), termed “parallel behavior” by Suppe (1983), were motivated by the 

fact that in contractional regimes folding within thrust sheets is usually 
observed to be parallel (e. g. Fig. 1). Dahlstrom (1969) used the geo-
metric test of consistent line lengths because it was more tractable, but 
he explicitly points out that this is because layer thickness and area are 
assumed to have not changed significantly (i.e., mostly parallel 
behavior). As in Dahlstrom (1969) and Suppe (1983), most studies of 
fold and thrust belts are predicated on the assumption that while these 
approaches are applicable to first-order structures, local, second-order 
deviations from parallel behavior are common. 

Many existing modeling approaches for fault-related folds have 
explored either distributed or localized shear in portions of structures. 
Suppe (1983) in fact addressed shearing associated with 
non-layer-parallel slip in the front limbs of imbricate fault-bend folds. 
Many fault-propagation folding models have incorporated shear into 
their formulation or investigated the role of distributed shear in 
fault-propagation fold geometry (Jamison, 1987; Mitra, 1990; Suppe 
and Medwedeff 1990; Mosar and Suppe 1992) most likely motivated by 
the fact that layer-thickness variations are more commonly observed 
with this class of structures. Additionally, most trishear models result in 
changes in layer thickness, particularly in the footwall, during trishear 
fault-propagation folding (Erslev, 1991; Hardy and Ford, 1997; All-
mendinger, 1998). Models that describe detachment folds, such as Epard 
and Groshong (1995), also call upon layer-parallel strain to describe the 
deformation in at least the cores of these structures. No general theory, 
however, exists for fault-bend folding that allows for local, modest de-
viation from parallel behavior. Such an approach would provide a more 
flexible technique that would provide practitioners with the ability to 
evaluate whether or not strict adherence to line-length balancing con-
straints were desirable or appropriate for modeling natural structures. 

Recall that a change in velocity across a fault bend is defined by γ 0. 
Because S1 and S2 are displacement vectors, the vector difference be-
tween these, S2–S1, is the orientation of the velocity boundary (Fig. 3), 
with an appropriate magnitude needed to close the vector circuit. Use of 
this vector difference is analogous to the restoration vector solution of 
Novoa et al. (2000) for growth fault-related folds. Any other orientation 
of velocity boundary from 0◦ > γ 0 ≥ 90◦ for an anticlinal bend or − 90◦ ≤

γ 0 < 0◦ for concave synclinal bends is permissible in order to still honor 
the block-contact condition, and therefore conserve area. Imposition of a 
different orientation for S2–S1 will however result in a new S2 magni-
tude, thus resulting in a change in line length, i. e. layer-parallel strain, 
as well as a different position for the leading edge of the deformed block 
(Fig. 6). The vector difference, S2–S1, during folding can be applied to 
bed lengths if they themselves are considered as vectors (Fig. 6b–g) for a 
given input slip such that the initial bed length, l1 is folded to bed length, 
l2 by vector addition 

l2 = l1 + S2 − S1, (8)  

and the layer-parallel strain, e expressed in terms of the magnitudes of 
the bed vectors 

e=
|l2| − |l1|

|l1|
. (9) 

Fig. 6a shows contours of constant layer-parallel strain for the case of 
identical fault geometries, of |θ | = φ, with varying velocity boundaries 
|γ 0| = γ ’. For an anticlinal bend this is a simple step to a décollement. 
Suppe (1983) showed that the solution of (1) is doubled-valued in γ for 
the anticlinal case, with larger γ (mode 1) and smaller γ (mode 2) 
possible shapes for the fold. The line of e = 0 in Fig. 6a is the familiar 
case from Suppe (1983) of calculating γ from (1), shown in Fig. 6c. This 
is equal to γ 0 for the horizontal beds, and for simplicity we use this 
geometry for all the models in Fig. 6. For the case of θ ≤ 30◦, bed 
thinning and lengthening occurs where γ ’ > γ (Fig. 6b), and thickening 
and shortening where γ ’ < γ (Fig. 6d). Like Suppe we focus here on the 
mode 1 case because these are the most commonly observed fault-bend 
fold geometries. The double-valued nature of (1) results in no solution 
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for θ > 30◦. For these larger fault bends, with any imposed γ ′, bed 
thinning and lengthening occurs (Fig. 6a). Nonetheless, inspection of 
Fig. 6a shows that e is double-valued for θ < 45◦, and there exists a 
minimum elongation, and an associated γ ′ from this can be computed. In 
our implementation, we default to this minimum elongation, but also 
allow any other imposed γ ′ from the user. In the examples section we 
show why this may be necessary in order to match observed fault-bend 
folds. For a synclinal bend a similar line of -θ = φ is present where e = 0, 
and that bed thinning and lengthening occurs where γ ’ > γ (Fig. 6e), and 
thickening and shortening where γ ’ < γ (Fig. 6g). 

More generally, for all constant differences between fault cutoffs 

relative to fault bends |θ | = φ ± n, where n is the angular difference 
between θ and φ, there exists a line of no layer-parallel strain that is the 
solution to (1) and is double-valued with respect to γ (Fig. 7). Similar 
trends in layer-parallel strain occur across this boundary: bed thinning 
and lengthening occurs for γ ’ > γ, and thickening and shortening for γ ’ 
< γ, and for an anticlinal bend a maximum θ exists for that fault bend φ 
beyond which bed thinning and lengthening occurs for all γ ’. 

Fig. 6a shows that where γ ’ = γ ± 10◦ the amount of layer-parallel 
strain is modest. For example, in the anticlinal bend case shown in 
Fig. 6, θ = φ = 20◦ for the case of a steeper velocity boundary γ ’ = 85◦, 
layers are thinned and beds are lengthened by 3.8% (Fig. 6b); for a 

Fig. 6. Strain associated with layers folded across a fault bend with varying velocity boundary orientations. a) Contours of constant layer-parallel strain for the case 
of identical fault geometries, a simple step to a décollement, that is |θ | = φ, with varying velocity boundaries |γ 0| = γ ’. b and e) Layer-parallel extension occurs, and 
output slip is greater, if velocity boundary is steeper than the solution to the fundamental fault-bend folding equation. c and f) No layer-parallel strain if velocity 
boundary is defined by solution to the fundamental fault-bend folding equation. d and g) Layer-parallel shortening occurs, and output slip is less, if velocity boundary 
is shallower than the solution to the fundamental fault-bend folding equation. 
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shallower velocity boundary γ ’ = 70◦, beds are thickened and shortened 
by 5.5% (Fig. 6d). Similar ranges of LPS are observed in synclinal bend 
models: beds lengthened 5.4% for γ ’ = 85◦ (Fig. 6e), and shortened 
6.0% for γ ’ = 70◦ (Fig. 6g). This minor sensitivity of layer-parallel strain 
for high γ ′ and low θ and φ is significant because most fault bends in 
contraction reside in this range of the parameter space, particularly for 
small changes in fault angle, that is, curved faults. Thus, using this 
approach it is possible to model contractional fault-bend folds that 
deviate locally from parallel behavior, but are for the most part parallel, 
while always maintaining cross-sectional area, in an explicit way, to 
match for example an outcrop where LPS is observed in a thrust sheet, or 
to evaluate the magnitude of LPS implied by matching an observed 
structural geometry and layer thickness changes in seismic reflection 
data. The imposing of γ 0 is closely related to the deformation of the 
growth strata in Fig. 5. The strain that results in the growth strata is the 
result of some of the beds being sheared because they lie in an orien-
tation other than the one prescribed by flexural slip during the defor-
mation. We explore the important aspect of layer-parallel strain in more 
detail later, but first we complete our fundamental velocity solution for 
fault-bend folding by including extensional fault-bend folding within 
this framework. 

4. Generalization to extensional fault-bend folding and inclined 
shear 

Extensional fault-bend folding shares many commonalities with 
contractional fault-bend folding, but differs in a fundamental way. It is 
observed in many natural structures that layer thickness is not conserved 
as rocks are displaced across extensional bends, and that the orientation 
of axial surfaces that divide regions of homogenous dip are oriented in a 
direction consistent with Coulomb shear with the maximum compres-
sive stress being generally vertical. Thus, in the most commonly-applied 
method, extensional fault-related folding is modeled as folding that is 
accomplished by simple shear inclined at an orientation of about 60–70◦

relative to the earth’s surface (White et al., 1986; Dula, 1991; Xiao and 
Suppe, 1992; Shaw et al., 1997), although other workers have explored 
variations in this angle including considering vertical inclined shear 
(Nunns, 1991; Poblet and Bulnes, 2007). In this section, we demonstrate 
how the previously described contractional fault-bend folding velocity 
approach, indeed the same equations, may be generalized to accom-
modate extensional fault-bend folding through inclined shear. 

This generalization can be made provided we modify the sign 

conventions from contractional fault-bend folding so that for the 
extensional fault bend 0◦ > φ ≥ − 90◦ (Fig. 8). As in contraction for 
concave “synclinal” bends − 90◦ ≤ θ < 0◦, and for convex “anticlinal” 
bends 0◦ > θ ≥ 90◦, and 0◦ > γ ≥ 90◦, and where γ is the inclined shear 
orientation, and the cutoff θ is from horizontal. With this change, (2) is 
fully valid (see Fig. 8), and the slip ratio, R, can be computed. The use of 
the same equation (2) through (7) with these sign conventions allows for 
a velocity modeling of extensional fault-bend folding that produces folds 
and associated growth triangles, similar to the geometric solution of 
Xiao and Suppe (1992) as shown in Fig. 9. Because an inclined shear 
orientation γ ′ is always imposed, γ ’ = |γ 0|. Deviation from conservation 
of line length and layer thickness will occur, but not cross-sectional area. 
In fact, inclined shear results in significant layer-parallel strain for all 
beds that move through a velocity boundary, except for the degenerate 
case in which beds are parallel to the velocity boundary. For example, in 
Fig. 9a we use a γ 0 = 65◦, and layer-parallel extension is particularly 
high (up to 60%) for beds that have moved through more than one fault 
bend (Fig. 9a). The strain in folded growth strata is particularly clear in 
the growth triangles in the model. As per Xiao and Suppe (1992) we use 
antithetic inclined shear orientation for γ 0 for concave bends, where 0◦

> γ 0 ≥ 90◦, and synthetic inclined shear orientation for γ 0 for convex 
bends, − 90◦ ≤ γ 0 < 0◦, in order to maintain an extensional sense of 
shear (Fig. 9). In extensional convex bends in order for the block-contact 
condition to hold, it is clear that |γ 0| > θ must be honored, and prac-
tically |γ 0| should be much larger than θ, or very significant strain oc-
curs as the beds deform across the steepening bend in the fault. 

In the models of Fig. 9, a subsidence was imposed such that the ac-
commodation space is filled by the deposited growth strata. Because the 
particle paths are relative to an external reference frame, the hanging- 
wall particle paths are now the vector sum of that due to folding and 
subsidence. The footwall particle paths show simple subsidence. Within 
the framework of the velocity-based approach described herein, this 
simply represents an additional uniform motion relative to the external 
reference frame. Such a uniformly applied component to the velocity 
field does not change the geometry or strain discussed here; it is, how-
ever, more representative of the real-world reference frame that typifies 
the formation of extensional fault-bend folds, and further provides the 
initial framework for future implementation of more complex patterns 
of subsidence and accommodation. Compaction could also be repre-
sented in this velocity-field based framework. However, because 
compaction induces a strain that would obscure the point being made 
here of strain associated with displacement over extensional bends, it 

Fig. 7. Lines of no layer-parallel strain for all constant differences between fault cutoffs relative to fault bends |θ | = φ ± n, where n is the angular difference between 
θ and φ. Shown underneath is the fundamental fault-bend folding graph from Suppe (1983). 
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has not been applied in the models shown in this manuscript. 
Thus, the approach outlined herein provides a unified algorithmic 

representation capable of accurately modeling both flexural slip and 
inclined shear, providing a generalized approach that allows these 
mechanisms to be simultaneously utilized in modeling a single cross- 
section or even individual structure. All that is needed to determine 
extensional from contractional bends is to consider the sense of motion 
on the fault segment before a bend. We define fault segments with θ 0 ≥

− 3◦ as contractional bend and those with θ 0 < − 3◦ as extensional. The 
reason for this somewhat arbitrary, non-zero distinction is that some 
detachments may subtly cut down section and we have found this al-
leviates imposing inclined shear related to undulating detachments 
when it is not necessary, or desirable. By casing for fault-bend type 
(contractional or extensional), and when extensional imposing a specific 
magnitude of the inclined shear angle, it is trivial to use the same 
equations and kinematically model a linked system in one cross section, 
such as is commonly observed in passive margin settings where inclined 
shear is observed associated with rollover anticlines on the shelf with toe 
thrust structures that tend to deform by flexural slip (Damuth, 1994). 

5. Strain associated with fault-bend folding 

We have already touched on the layer-parallel strain associated with 

folding as beds move over non-planar faults such as in contractional 
growth strata (Fig. 5), and virtually all extensional bends (Fig. 9). Dis-
played in Fig. 10 are the finite strain for all orientations within the finite 
strain ellipses during progressive displacement over a fault bend in 
extension (Fig. 10a) and contraction (Fig. 10b). Fields of extension 
within the strain ellipses are in red, and fields of contraction in blue, 
with magnitude proportional to the color saturation, as with the layer- 
parallel strain displays. The orientations of no finite strain are white. 
During the displacement, beds that have experienced only translation 
show undeformed strain ellipses and all orientations exhibit no finite 
strain, as expected. Strain is recorded only in the discrete fold limb as a 
progressively widening simple shear band whose boundary is oriented 
parallel to the velocity boundary. 

For the extensional bend (Fig. 10a), one orientation of no finite strain 
within the fold limb is oriented parallel to the velocity boundary as is 
required in simple shear, and at a high angle to the layers, as is appro-
priate for applications of inclined shear (Xiao and Suppe, 1992, and 
others). The other orientation is not particularly relevant to 
layer-parallel strain across an extensional fault-bend because with 
consistent antithetic inclined-shear orientation over a concave bend, 
initially horizontal layers are in the fields of extension of the strain el-
lipse throughout deformation (Fig. 10a). This is true for typical, gentle, 
primary stratigraphic dips. As beds move through additional concave 

Fig. 8. Relationship of slip vectors to geometric entities for an extensional fault-bend fold. Input slip is S1; output slip after the fault bend is S2. a) Concave bend. b) 
Convex bend. 

Fig. 9. Progressive development of a multi-bend extensional fault-bend fold due to displacement over a normal fault with multiple bends. a) A concave fault starting 
at a dip of 65◦, flattening to a detachment. b) A complex fault shape with the fault starting at a dip of 65◦, flattening to 10◦ and steepening in a convex bend to 18◦. 
Layer-parallel-strain (LPS) is extensive throughout the folded pregrowth and growth strata. Velocity boundaries are green dashed lines. Particle paths relative to an 
external, fixed reference frame are shown for select points as olive-green lines. These paths include a component of subsidence, thus the footwall also has a nonzero 
(subsidence only) velocity. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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bends, they remain in the fields of extension, and thus continue to 
extend and record significant layer-parallel elongation (Fig. 9a). Syn-
thetic shear across a convex bend will result in a similar lengthening of 
the layers throughout the displacement history (Fig. 9b) for gently 
dipping incoming beds, for the same reason—that they lie in the fields of 
extension throughout their deformation. For certain fault-bend geome-
tries the other orientation of no finite elongation in inclined shear can 
approach the fault dip beyond the bend. This could result in complex, 
subsidiary faulting that approaches the second no-finite-strain orienta-
tion, as seen in some analog models of rollover structures (Cloos, 1968). 
This complexity is not modeled here, but would be an interesting area 
for further research both from a mechanical and kinematic standpoint. 

It might seem apparently sensible to use an analogous Coulomb shear 
orientation for the velocity boundary in contractional structures, with 
the maximum compressive stress assumed to be generally horizontal 
such as has been proposed by Lingrey and Vidal-Royo (2015) for in-
clined shear restoration of contractional structures. However, the fact 
that parallel (or approximately parallel) folding dominates in thrust 
sheets suggests that layer anisotropy dominates in flexural slip defor-
mation, and it is the ramp that may be more reflective of that angle. 
Parallel fault-bend folding results in a shear parallel to bedding and a 
rotation of the beds at the fault bend (Suppe, 1983), but this is also 

equivalent to a shear parallel to the axial surface (De Paor, 1994). Thus, 
the velocity boundary (active axial surface of Suppe) is that orientation 
for which an overall shear is equivalent to this bedding-parallel shear 
and a rotation of the beds, and that still creates a parallel fold. That is, in 
this formulation it is inclined shear with an angle determined by (2) 
through (7), and because layer thickness is conserved this orientation for 
the contractional case is the orientation of no finite strain oriented 
parallel to the velocity boundary. The other orientation of no finite 
strain is that parallel to bedding (Fig. 10b). 

Notably, in the case of multiple bends with small phi (that is, curved 
faults), the complex finite strain still results in mostly parallel folding 
and thrust sheets with significant internal strain limited to a few regions 
of the structure, such as in the steep front limb (Fig. 11). Notice that one 
orientation of no finite strain is parallel to the beds for the most part. In 
general, the other orientation is not parallel to any one velocity 
boundary. This is because during the deformation, the velocity bound-
aries have changed as several folded beds encounter new fault bends 
with new cutoffs (Fig. 11a). The finite strain ellipses therefore express 
heterogeneous strain from a complex deformation path. Significant 
(close to 20%) local layer-parallel strain exists in the fold in Fig. 11b, 
particularly in the steep front limb. The resultant thrust sheet geometry 
therefore exhibits primarily parallel behavior with important, but local, 

Fig. 10. Finite strain for all orientations within finite strain ellipses during progressive displacement over a fault bend. Fields of extension within the strain ellipses 
are in red, and fields of contraction in blue, magnitude consistent with the saturation of the color, as with the layer-parallel strain displays. The orientations of no 
finite strain are white. a) In extension one line of no finite strain is parallel to the velocity boundary. b) In contraction one line of no finite strain is parallel to the 
velocity boundary, and the other orientation is that parallel to bedding. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 
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deviations, characteristic of observations from natural thrust sheets in 
many fold-and-thrust belts. The key insight is that this has been 
accomplished without change in input slip or fault shape during the 
deformation, and with default solutions for γ based on θ and φ. 
Furthermore, no loose line is created; that is, strain is confined to the 
folded beds, and there is no required affine shear. 

This visualization provides insight into the practice of choosing pin 
lines for flexural-slip unfolding, commonly employed in cross section 
restoration (Lingrey and Vidal-Royo, 2015 and references therein). 
Standard practice is to choose flat beds as a location for the pin line, as 
there is assumed to be no bedding parallel shear. For discrete fault bends 
(Fig. 10b), choosing the orientation of no finite elongation in the fold 
limb, which is also the velocity boundary orientation would likewise 
result in no loose line. For beds that have moved through multiple bends 
however, there is not necessarily one orientation (Fig. 11a). The orien-
tation of the line of no finite strain, and thus appropriate pin, is close to 
vertical, but changes throughout a limb. Furthermore, even though the 
fold is mostly parallel there is local layer-parallel thickening. Thus, a 
non-vertical loose line in the undeformed state would likely occur 
regardless of the pin location because of differing amounts of thickening 
and thinning for different layers. This is more simply portrayed in the 
models of Fig. 6. The models are area balanced, but line-length 
balancing of models such as these would result in a loose line, not 
from affine shear but because some of the cutoff beds have differing 
extents to which they have experienced LPS. In more complicated 
fault-bend folds such as in Fig. 11 the use of line-length balancing of 
beds could thus lead to an interpretation of affine shear to a thrust sheet 
when in fact local bed thinning and lengthening has instead occurred. It 
is no wonder that during classical line-length balancing of cross sections 
with rounded thrust sheets and imbrication typical of natural systems, 
the use of pins for unfolding sometimes results in an undesirable loose 
line. 

The generalization presented here is that all fault-bend folding in this 
formulation can be thought of as due to heterogeneous inclined, simple 
shear, and that flexural slip in contractional fault-bend folds is a special 
case of multi-orientation inclined shear where defined lines of no finite 

strain result in conservation of layer thickness and line length. Thus, one 
does not need to choose between flexural-slip or inclined-shear ap-
proaches when modeling areas that have experienced fault-bend 
folding; both can be represented in a heterogeneous inclined, simple- 
shear framework. This allows for simultaneous extension and contrac-
tion to be modeled, such as in linked structures in gravity-driven passive 
margin deformation (Damuth, 1994). This also allows for deformation of 
complex orientations when the dip of beds change with depth and no 
flexural-slip solution is possible without the creation of additional faults 
(such as the growth strata examples discussed above) but still maintains 
area balance. More importantly, deviations from flexural slip can be 
incorporated purposefully by defining the velocity boundary indepen-
dently of the solution for (1), which is required to model steep ramps, 
multiple bends, imbrications, and localized high-strain regions as we 
discuss in the examples section below. 

6. Further considerations of the velocity solution 

6.1. Velocity boundary interference 

Because the velocity boundaries in these models are commonly not 
parallel there exists the potential for boundaries that cross each other. 
Thus, a full solution that conserves cross-sectional area must take into 
account the slip vectors associated with overlapping velocity domains. 
Inspection of the vector circuits in Fig. 12 shows that the overlapping 
domain’s slip vector S13 = S1– S2 + S3. A useful way to think of this is 
that the overlapping domain is “missing” the intermediate velocity 
domain. For overlap of another domain, a similar vector summation 
applies, with the intermediate “missing domain” subtracted from the 
summation of the domains. For much of the parameter space for 
contractional structures, particularly curved faults, the velocity bound-
aries are steep, and thus velocity boundary interference is not present or 
is minimal (e. g. Fig. 5b). Nonetheless to properly account for the full 
velocity field, and conserve cross-sectional area, velocity boundaries 
must be checked for overlap and the full vector summation applied when 
needed. 

Fig. 11. a) Finite strain for all orientations within the finite strain ellipses during progressive displacement over a curved fault with several bends. The orientation of 
no finite strain is parallel to the beds for the most part. b) Layer-parallel strain (LPS) for the same progressive model as a). LPS is essentially restricted to the folded 
growth strata. Velocity boundaries are green dashed lines. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.) 
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The resulting structure from the discrete ramp-flat-ramp structure in 
Fig. 12 results in an anticline-over-syncline similar to that demonstrated 
by Medwedeff and Suppe (1997) and Novoa et al. (1997) using a similar 
fault shape for a geometric solution to kink-band interference during 
fault-bend folding. In order to maintain parallel behavior their solutions 
employed complex branching axial surfaces with multiple kink bands, 
and increased slip along slip surfaces joining kink bands. In our solution 
the beds that have resided below an overlapping velocity domain 
experience localized layer-parallel strain and a progressive change in dip 
between kink bands (Fig. 12). A flat-ramp-flat interaction, featuring a 
subtly curved fault, results in modest localized strain (Fig. 11). It is our 
view that for most natural thrust sheets modest localized strain (thick-
ening and thinning of beds) and curved limbs are more representative of 
observed structural geometries than a proliferation of kink bands and 
rigid adherence to parallel behavior. Thus, we adopt this approach in 
our method; however, we acknowledge that there are other possible 
kinematic solutions to alleviate velocity boundary interference. If flex-
ural slip is fully relaxed, one solution would be to change the orientation 
of the velocity boundaries so that they don’t interfere by making the 
boundaries have a steeper slope (Townsend, 2011). The fundamental 
limitation with this approach is that imposing steeper velocity bound-
aries will result in layer-parallel elongation of the entire limb (e. g. 
Fig. 6a) rather than the localized strain that results from 
velocity-boundary interference. Another solution would be the genera-
tion of an out-of-the-syncline thrust to accommodate the space problem 
due to the interference. Each of these possible solutions are justified by 
observations from natural structures, and as such the implementation, 
and evaluation of their relative utility in different geological circum-
stances warrants further detailed investigation beyond the scope of this 
study. 

6.2. Fault imbrication 

Thus far we have considered displacement over one fault during 
progressive slip, but imbrication requires consideration of additional 
factors. A straightforward approach to deformation associated with a 
second, break-forward fault in contraction or break-backward fault in 
extension would be to have deformation governed solely by the cutoff 
geometry on the second fault. In this scenario, the first fault acts as a 

passive boundary, and the previously deformed hanging wall orienta-
tions are sheared, much like the cases of growth strata and multiple 
bends discussed earlier. In the case of extensional fault-bend folding, this 
seems permissible since there is no governing bedding anisotropy 
(Fig. 13), and such a solution is equivalent to inclined-shear modeling of 
extensional structures with more than one fault. For contractional 
imbrication, however, this passive fault results in significant layer- 
parallel strain (Fig. 14a). While there may be natural cases in which 
mechanical bedding anisotropy does not dominate in contractional 
structures, it is worth exploring the viability of modeling kinematically 
parallel behavior for imbricates (Fig. 14b). It was pointed out by Suppe 
(1983) that from a geometric standpoint, axial surfaces must refract 
across the first fault in order to conserve layer thickness, and that new θ, 
φ, γ, and R must be determined to correctly characterize this geometry. 
This has been addressed by using the concept of folding vectors by Shaw 
et al. (1999) and also Shaw et al. (2005). They pointed out that folding of 
the previous fault during break-forward imbrication involves a change 
in length of the first fault, and thus some reactivation of slip on the first 
fault is necessary in order to conserve layer thickness. 

We approach the solution of imbrication in contraction from a ve-
locity standpoint in a similar vein to these authors. We solve for the 
reactivation of the hinterland fault during break-forward imbrication 
(Fig. 15) by computing the shear strain associated with the change 
(positive or negative) in length of the folded fault segment, |S12|, to its 
new length, |S22|, by considering the shear of S12 in the γ reference frame 
as S12γ 

S12γ =

[
u12γ
v12γ

]

=

[
cos γ − sin γ
sin γ cos γ

][
u12
v12

]

. (10) 

The shear that S12γ experiences to become S22γ is 

S22γ =

[
1 tan(2γ − 180)
0 1

][
u12γ
v12γ

]

(11)  

With the additional reactivated slip, S22r, required on second fault equal 
to the difference in the magnitudes of the initial and final length of the 
fault segment 

|S22r| = |S22γ| − |S12γ |. (12) 

Fig. 12. Velocity slip vectors associated with inter-
fering velocity boundaries. All points in a domain 
between a velocity boundary have the same velocity 
slip vector. See text for discussion of solution to 
vector circuit. Layer-parallel strain is localized to part 
below the overlapping velocity boundary. Domains of 
constant slip are colored. Particle paths relative to an 
external, fixed reference frame are shown for select 
points as olive-green lines. (For interpretation of the 
references to color in this figure legend, the reader is 
referred to the Web version of this article.)   

C.D. Connors et al.                                                                                                                                                                                                                             



Journal of Structural Geology 143 (2021) 104252

13

This additional slip, S22r, is the output slip after the bend, and thus 
the magnitude of input slip, |S21r|, is a function of the slip ratios for both 
faults 

|S21r| =
|S22r|

R2R1
. (13)  

With the imposed reactivated slip, S21r, on the new fault using Eq. (3) 

through (7), with the new fault geometry, θ2 and φ2, over which the beds 
can move on this reactivated fault, this geometric change also provides 
for a new associated fold shape γ2, and thus the orientation to the ve-
locity boundary that separates the velocity domains changes (Fig. 15). 
We model all increased slip due to reactivation as coming from the 
hinterland because slip is already coming from that direction and thus 
can take advantage of existing thrust systems. Reactivation of slip along 
the older fault occurs as the underlying slip occurs. For the case of fault 
segments that get extended, the reactivation only is required up until the 
velocity boundary defining the reactivated bend. After that bend, beds 
above and below the older fault move together with the same slip vector 
(S12 in Fig. 15). For fault segments that are shortened due to refolding, 
reactivation requires sending slip from the bend into the foreland. For 
example, in the refolding of a front limb to flat (as in Boyer and Elliot 
(1982) style angular imbricates and duplexes) not calculating the 
reactivation would result in significant thickening of the refolded limb 
and would not refold the beds to flat (Fig. 16a). In contrast, accounting 
for reactivation results in properly refolded and flattened layers to the 
previous front limb of the fault-bend fold, with no layer-parallel strain. 
Only modest additional folding occurs on the back limb as slip on the 
reactivated fault is sent into the foreland (Fig. 16b). The progressive 
model in Fig. 16c shows the kinematics associated with these iconic, if 
idealized, structures. 

As with the single-fault models, discretization of slip and use of 
polylines can result in minor modeling artifacts, particularly for very 
angular fault models. This is particularly true because the second fault 
itself now must be discretized beyond its original few fault bends, as 
evidenced by the additional velocity boundaries emanating from refol-
ded fault bends (Figs. 14, 16 and 17). These new bends themselves need 
to be translated by the kinematics associated with the underlying fault. 
The computation of layer-cutoffs on a fault can also result in artifacts, 
particularly because cutoff information can become ambiguous when 
moving through multiple bends; this occurs, for example, when velocity 
boundaries converge, such as in the final step of the progressive model of 
Fig. 16c. Nonetheless, using this reactivation approach, these kinematic 
numerical models of angular structures (Figs. 14 and 16) closely 
approximate parallel behavior and closely resemble geometric solutions 
of Suppe (1983), Shaw et al. (1999) and Shaw et al. (2005), with the 
added advantage that they can be implemented numerically and applied 
to quickly create cross sections using a modeling program such as fbfFor 
that would otherwise have required significant manual construction 
using the existing analytical framework. 

Curved-fault, imbricate models can also be generated that are area- 

Fig. 13. Break-backward extensional imbricate using constant velocity 
boundaries. Velocity boundaries are green dashed lines. Particle paths relative 
to an external, fixed reference frame are shown for select points as olive-green 
lines. These paths include a component of subsidence, thus the footwall for any 
imbricate also has a nonzero (subsidence only) velocity. Final model removes 
all annotation to show fault and fold shape clearly. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 14. a) Break-forward contractional 
imbricate using velocity boundaries gov-
erned by the foreland thrust, and a passive 
hinterland thrust. Such an approach results 
in significant layer-parallel strain in the 
overlying thrust sheet. b) Break-forward 
contractional imbricate using velocity 
boundaries governed by the foreland and 
hinterland thrusts, with reactivation of the 
hinterland thrust. Such an approach results 
in almost parallel behavior, limited by the 
numerical determination of the cutoffs and 
reactivated slip passing through multiple 
bends, as discussed in the text. Velocity 
boundaries are green dashed lines; cutoff 
geometries are green ticks near fault bends. 
Particle paths relative to an external, fixed 
reference frame are shown for select points 
as olive-green lines. Final model removes all 
annotation to show fault and fold shape 
clearly. (For interpretation of the references 
to color in this figure legend, the reader is 
referred to the Web version of this article.)   
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balanced but include some layer-parallel strain (particularly without 
reactivation), resulting in smoothly varying limb dip (Fig. 17a). While 
these share some features with imbricates commonly seen in seismic 
data, both the strained back limb and the growth strata reveal the lack of 
reactivation of the refolded structure. Reactivation (Fig. 17b) in contrast 

results in development of continuous growth strata often observed in 
natural structures (e. g. Hughes and Shaw, 2014, their Fig. 13), and a less 
strained back limb. While attempting to obtain even more parallel 
folding might be more representative of real structures, the extent to 
which this can be achieved while moving through more than one bend 

Fig. 15. Velocity slip vectors associated with reactivated slip during fault imbrication in order to create parallel behavior for contractional imbricates. Geometry is 
for the refolding of the ramp associated with the hinterland thrust of Fig. 14. Slip vectors and geometric entities are discussed in the text. 

Fig. 16. Refolding of a front limb to flat during 
break-forward imbrication. a) Not calculating fault 
reactivation (using a passive hinterland fault) results 
in significant thickening of the refolded limb and does 
not refold the beds to flat. b) Accounting for fault 
reactivation results in properly refolded and flattened 
layers to the previous front limb of the fault-bend 
fold, with no layer-parallel strain. Only modest 
additional folding occurs on the back limb as slip on 
the reactivated fault is sent into the foreland. c) 
Progressive model of refolding a front-limb to flat 
during imbrication, and removes the strain in the 
front limb, as evidenced in the refolded circular strain 
ellipses. Velocity boundaries are green dashed lines; 
cutoff geometries are green ticks near fault bends. 
(For interpretation of the references to color in this 
figure legend, the reader is referred to the Web 
version of this article.)   
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during reactivation is limited from a computational perspective. Each 
reactivated bend requires a different additional slip amount to accom-
modate the change in fault length associated with refolding, and new 
velocity-boundary orientation. However, because slip associated with 
reactivation must pass from the hinterland of the section through each 
bend, such variable slip per bend cannot be achieved through any 
known solution we can imagine. The result of this is even apparent in the 
case of imbrication of angular faults by inspecting the pattern of strain in 
the structure (Fig. 14b); the additional slip required to refold the front 
limb must pass through all previous bends in the fault, resulting in 
modest LPS of the imbricate back limb due to this additional slip. For 
small fault bends the result is plausible (Fig. 17b), but cases can be 
created in which the additional strain far exceeds that which has been 
observed in natural structures. Thus, in our modeling program fbfFor we 
implement a heuristic that best accomplishes the dual objectives of 
optimizing slip reactivation to minimize layer-parallel strain while also 
ensuring conservation of cross-sectional area. In this approach, addi-
tional reactivated slip enters from the hinterland for the largest segment 
that changes slip (generally the largest fault bend), and slip on the other 
bends is calculated based on this value, resulting in modest local 
thickening and thinning. Because reactivation from one bend transfers 
this extra slip throughout other bends, area is not necessarily conserved. 
We employ an iterative solution that evaluates the area balance of the 
resultant model, and modifies the amount of reactivation until a solution 
is constructed that conserves cross-sectional area across the section. 

Use of this heuristic results in imbricate geometries more represen-
tative of those observed in natural systems; this is exemplified by, for 
example, the distinct differences in growth strata between the two 
models in Fig. 17, as discussed above. In these models, cross-sectional 
area is always conserved, but some localized layer-parallel strain oc-
curs (Fig. 17b). While more complex routines could be developed, with 
creation of secondary faults, there is no getting around the fact that if the 
slip due to reactivation is coming from one direction, that slip must pass 
through any other bends encountered before the bend. Because of this, 
some new second-order folds and faults must develop or layer-parallel 
strain must occur. Such additional second-order strain is commonly 
observed in natural structures, and perhaps is a necessary condition of 
accommodating folding through multiple bends with internally consis-
tent slip magnitudes. Detailed comparison of the location, spatial extent, 
and magnitude of strain in natural structures with that predicted by 
these various assumptions would be valuable to further evaluate these 
methodological assumptions and would be a fruitful topic for further 

analysis. Even with these caveats, however, we consider the approach 
employed here a demonstrable improvement over existing approaches. 
Models created with this approach minimize layer parallel strain, can be 
quickly and easily generated in order to test a range of models for 
application to specific natural structures, and most importantly, they 
look like natural, imbricate fault-bend folds. 

7. Applications to seismic, analog, and mechanic examples 

We have presented a numerical kinematic approach to forward 
modeling of fault-bend folds. We have explained the default parameters 
and the motivations for these, and shown how many of these parameters 
can be modified and still conserve cross-sectional area. Fig. 18 provides 
a sampling of different forward models of fault-bend folds generated 
with the same algorithmic approach with more complexity than the 
simple models used to demonstrate particular concepts thus far. All are 
area balanced, and for contractional structures display mostly parallel 
pregrowth deformed strata, demonstrating the ability to create balanced 
models for complex structural scenarios. In this section we show the 
application of this kinematic approach to observed fault-bend folds in 
seismic data, as well analog and mechanic models. Our philosophy is to 
use the default parameters first to see how closely the models match the 
general theory, and then in some cases to modify parameters, particu-
larly the velocity-boundary orientations, in order to attain a better 
match to the data. One of the primary advantages of analytical fault- 
bend folding methods that has enabled its extensive use is its predic-
tive capability. Because this is diminished by relaxing strict adherence to 
the parallel fault-bend folding equations, we seek to minimize this de-
viation from theory. 

7.1. Seismic example 

Our first example is a contractional fault-related fold well imaged in 
2D, depth-converted, time-migrated, seismic-reflection data from the 
outer fold and thrust belt of the Niger Delta, offshore Nigeria (Shaw 
et al., 2005) shown uninterpreted in Fig. 1. This structure was chosen for 
its relative simplicity and the clarity with which the seismic reflection 
image constrains the fold and fault geometry. While we acknowledge 
that in most cases seismic data one wishes to model will be more 
ambiguous, demonstrating this method in such a well-constrained case 
demonstrates the validity of the approach presented here. In the 
deep-water Niger Delta, contractional deformation in the distal toe of a 

Fig. 17. a) Progressive development of 
rounded fault-bend fold imbricate due to 
displacement over curved flat-ramp-flat 
faults with no reactivation. Extensional 
layer-parallel strain occurs in the non- 
reactivated refolded back limb. b) Progres-
sive development of the same imbricate as a) 
but with fault reactivation. Layer-parallel 
strain is minimized, but not completely 
eliminated due to the numerical approach as 
discussed in the text. Cutoff geometries are 
green ticks near fault bends for final time 
step. Velocity boundaries are not show 
because they are prevalent and would 
obscure the fold shape and extension, but 
can be inferred from the cutoffs. Particle 
paths relative to an external, fixed reference 
frame are shown for select points as olive- 
green lines. Final model removes all anno-
tation to show fault and fold shape clearly. 
(For interpretation of the references to color 
in this figure legend, the reader is referred to 
the Web version of this article.)   
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Fig. 18. Examples of different growth fault-bend folds that can be generated using the approach discussed in this report. a) curved imbricate with erosion. b) curved 
imbricate breakthrough with erosion. c) Positive inversion structure. d) Negative inversion structure with imbricate and erosion. e) Break-forward duplex. f) 
Steepening followed by flattening extensional rollover. g) Break-backward extensional imbricate. h) Linked extensional-contractional structure. 

Fig. 19. a) Comparison of kinematic model to seismic image from Niger Delta (Shaw et al., 2005). show in Fig. 1 b) Layer-parallel strain is minor in the model, 
confined mostly to front-limb growth strata. Despite the fact the asymmetric structure does not look like a typical fault-bend fold, the lack of significant strain and 
parallel behavior suggests the structure is likely due to displacement over a curved fault. 
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linked gravitational collapse system is accommodated by faulting and 
folding of deep water pelagic and turbiditic sediments with a regional 
lower detachment in the Akata Shale (Corredor et al., 2005; and others). 
This particular structure is characterized by a long, gently dipping back 
limb that dips less steeply than the thrust ramp. The front limb of the 
structure is narrower and slightly steeper, and truncation of reflectors in 
the front limb as a cutoff against flat layers in the footwall defines an 
upper flat detachment near the paleo-seafloor. Fanning of limb dips in 
the syntectonic section, limb-width asymmetry, and more shallowly 
dipping back limb than thrust ramp dip are characteristic of shear 
fault-bend folds (Suppe et al., 2004); observation of these characteristics 
for this structure were used to argue for interpretation of this structure 
as a shear fault-bend fold (Shaw et al., 2005). However, comparison with 
kinematic models using the methodology described in this paper dem-
onstrates that these features can be at least equally well reproduced with 
a multi-bend, fault-bend folding solution. 

The model shown in Fig. 19a was constructed by manual adjustment 
of the height of horizontal sedimentary layers, the number of bends, 
amount of slip, and sedimentation rate relative to slip rate to match the 
geometry of reflectors in the seismic reflection image. This interpreta-
tion represents a kinematically permissible interpretation that provides 
an accurate match to the seismic reflection image. This model consists of 
1950 m of slip on a rounded fault approximated by 6 synclinal and 5 
anticlinal subtle bends, and variable syntectonic sedimentation rate. The 
seismic reflection image of the syntectonic section shows some reflectors 
that truncate and onlap the growing structure, while other layers are 
continuous across the crest of the structure. These variable growth ge-
ometries are accurately reproduced with this model through variation of 
the slip rate relative to the sedimentation rate, analogous to the 
dimensionless growth parameter, G, from Suppe et al. (1992). When slip 
rate is high relative to sedimentation rate, topography is developed at 
the crest of the structure, and subsequent sedimentation onlaps onto the 
topographic surface; conversely, when slip rate is low relative to sedi-
mentation rate, sediments overtop the anticlinal crest, leading to the 
formation of continuous layers. 

As velocity-boundary orientations are recalculated at each time step 
in the model based on cutoff geometries and the fault-bend equations as 
discussed earlier in this report, layer thickness is nearly fully maintained 
in the pregrowth; less than 4% layer-parallel shortening occurs in very 
limited regions of the forelimb (Fig. 19b). Up to 5% layer-parallel 
extension occurs throughout the front-limb growth strata due to the 
fact that velocity boundary orientations are governed by the pregrowth, 
and as they pass linearly up through growth layers of different dips, must 
necessarily result in modest strain, as discussed in the theoretical models 
of Fig. 5. 

Overall the model output matches the imaged structure quite well: 
the hanging wall, footwall, fault, and growth all generally match 
(Fig. 19a). This is the case even though the structure doesn’t look like a 
conventional fault-bend fold (Fig. 19b). It has a long back limb, as well 
as a non-zero hanging wall cutoff in the lower part of the ramp despite 
the fact that it steps up from a detachment, and it has a rounded fold 
shape. Also, the growth strata do not show the classical growth triangles 
but rather show fanning of dip. These are all because of the gently 
curving ramp and movement through multiple velocity domains, as 
shown in earlier models presented in this report (e. g. Fig. 11). 

While we suspect most researchers would be quite pleased with this 
model fit, there are important, though subtle, deviations from the 
imaged structure, such as in the footwall below the ramp. We believe the 
over-pressured Akata Shale has caused a small velocity sag that was not 
fully removed in the depth conversion from the time migration. Other 
subtle misfits may be due to 2D acquisition and time processing. In 
addition, modeling assumptions or simplifications for this model, such 
as assumed horizontal deposition and no compaction, may not be fully 
valid. Likewise, default velocity boundary orientations governed by 
cutoff geometries were assumed, and perhaps a better fit could be ob-
tained if these were imposed independently. In the next two examples, 

which are more constrained in many ways, we do explore variations in 
velocity boundaries. There may be more challenges than those listed 
above. This speaks to the need for an inversion approach that searches 
this complicated parameter space to explore and arrive at optimal 
models. While this is a goal of our ongoing research, we highlight here 
that the flexible forward modeling approach described herein is capable 
of generating an excellent fit to this interesting fault-bend fold even 
without application of such optimization methods. 

7.2. Analog model example 

In an effort to explore the most appropriate method for modeling 
extensional fault-related fold kinematics, Dula (1991) created analog 
models using clay to observe the geometry of folding that results from 
displacement over non-planar normal faults. After evaluating the rela-
tive success of various kinematic descriptions, including slip line, in-
clined shear, constant displacement, constant heave, and constant bed 
length, Dula concluded that inclined shear with an angle of approxi-
mately 20◦ from vertical proved the most successful description of the 
overall geometry and strain path. Through detailed balancing, Poblet 
and Bulnes (2005) noted that modeling the geometry as an extensional 
fault-bend fold with this fixed inclined shear angle of 70◦ does not result 
in a fully accurate characterization of the analog model. Their quanti-
tative analysis used both the geometry of the layers and the inscribed 
circles in the analog model which deformed into ellipses. Indeed, they 
concluded that no one inclined shear angle matches the structure 
particularly well. The deformation paths recorded in the initial analog 
modeling study (Dula, 1991, his Fig. 9b) exhibit a non-linear trajectory, 
which hints at the likelihood that a temporal variation in shear angle is 
appropriate. 

We find that the fit to the analog model is improved by representing 
not only the two main synclinal bends, but additional observable subtle 
synclinal and anticlinal bends (Fig. 20a); however, inclusion of this 
detail is still unable to provide an adequate fit. The best-fitting inclined 
shear angle determined by Dula, 70◦ (Fig. 20a overlay), and our best- 
fitting single inclined shear orientation, 85◦ (Fig. 20b), result in mis-
matches in the hanging wall at the fault and at the rollover hinge. 
However, a satisfactory fit to the analog model geometry can be 
attained; to achieve this, the velocity boundary orientations were iter-
atively varied over time and space until a satisfactory result was ob-
tained. We found that the best-fitting model included four synclinal 
bends and two subtle anticlinal bends: the shallow synclinal bends (1 
and 3) have a shear angle that varies linearly through the first quarter of 
the model run from 57◦ to a constant value of 72◦, the deep synclinal 
bends (5 and 6) vary over the same portion of the model run from 67◦ to 
85◦, and the anticlinal bends (2 and 4) have a constant inclined shear 
angle of 85◦ (final state of this model and the velocity boundaries is 
shown in Fig. 20c). The change in the velocity boundary orientation as 
displacement progresses is consistent with the non-linear trend in the 
particle trajectories that was observed in the original model by Dula, and 
suggests that temporal variations in the strength of the material due to 
accruing strain is a potentially important phenomenon that is necessary 
for accurately describing the evolution of such structures. The accuracy 
of this model is independently validated by the close agreement between 
the strain that accrued during deformation of the analog model and the 
predicted strain from the best-fitting kinematic model (Fig. 20d). 

This temporally and spatially variable, inclined-shear, kinematic 
approach mostly answers the conundrum posed by Poblet and Bulnes 
(2005) of why no one inclined shear orientation fits the analog model 
well. Nonetheless, there are still small misfits between our best-fit ki-
nematic model and the analog model. There are likely many reasons for 
this, including some practical limits to image reproduction, but also 
because it is possible that a small amount of the strain is not due to 
fault-bend folding. However, we are likely at the limit of the ability to 
analyze this model further, and we would argue that the final kinematic 
model is an excellent fit, and provides insight into the formation of this 
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analog model. It also suggests a sobering reality for natural extensional 
rollover structures. We are not saying that all, natural structures 
necessarily behave in the same manner, but there is no reason to think 
that they may not also experience temporally and spatially variable 
inclined-shear. 

7.3. Numerical mechanical model example 

While a comparison with analog models provides valuable insights 
into the growth of geologic structures, numerical mechanical modeling 
approaches have been widely applied to understanding the growth of 
geologic structures because they feature additional benefits, including the 
ability to more accurately represent rock properties and to monitor the 
evolution of stress and strain throughout the deformation process (Strayer 
et al., 2004; Hardy and Finch, 2007; Stockmal et al., 2007; Albertz and 
Lingrey, 2012; Albertz and Sanz, 2012; Dean et al., 2013; Hughes et al., 
2014; Hughes and Shaw, 2015; and others). Though highly informative, 
like any modeling approach, they have limitations as well. These include 
assumptions that must be made regarding the strength and rheologic 
behavior of materials at the spatial and temporal scales of interest, and an 
inability to forward model specific natural structures without being 
highly prescriptive about the model geometry. However, it must be 
possible to describe the growth a structure both in terms of its rock 
properties (mechanically) and how its geometry evolves over time 
(kinematically); thus, a comparison of these two approaches holds the 
potential of harnessing the insights and capabilities inherent to each 
method. This will be explored in more detail in a forthcoming study, but 
we show an example of such a comparison here to highlight the utility of 
such an approach. 

Numerical mechanical modeling has proven useful in providing 
guidance into how kinematic expectations might deviate from what is 
observed in natural structures due to rock properties, and in how fault- 
related folds are likely to evolve outside of the analytical solution space 
for conventional kinematically modeled fault-related folds (Strayer 
et al., 2004; Hardy and Finch, 2007). Previous numerical mechanical 
modeling studies of fault-related folds have demonstrated that synclinal 
bends in shortening are in close accordance with analytical fault-bend 
folding expectations, but anticlinal bends depart more significantly 
from kinematic predictions (Benesh, 2010). Approximation of angular 
hinges in fault-bend folds as rounded has been identified as a useful 
representation of the effect that rock strength has on broadening the 
axial surface of folding from infinitesimally thin into a distributed axial 
zone (Suppe et al., 1997). This further provides one explanation for the 
observation of limb rotation indicators in growth strata deposited over 
fault-bend folds in some natural systems (e.g., Benesh et al., 2007). 
Furthermore, such mechanical models have been used to provide insight 

into the nature of structures that develop outside of the classical 
fault-bend folding parameter space, where layer thickness preservation 
is no longer possible (Hughes et al., 2014). 

While these previously mentioned mechanical-model studies high-
light deviations from first-order kinematic expectations, it is possible to 
use the relaxed kinematic constraints described in this paper to char-
acterize the growth of these structures, providing a useful way to 
describe the geometric evolution of such structures. An example of this is 
demonstrated in Fig. 21, a discrete element numerical mechanical model 
of a contractional anticlinal fault-bend fold. This model was generated 
by creating a synthetic rock mass of strong and weak layers out of 
discrete particles that interact with each other through interparticle 
friction, bond strength, and particle deformation; these micro- 
mechanical properties were calibrated to represent laboratory values 
for average rock strength, within a 15 km wide model bounded on the 
bottom by a thrust ramp and flat detachment. The model was then 
shortened through displacement of the left wall in 3 m increments at a 
strain rate of 3 m/s then relaxed quasi-statically, until a total shortening 
of 1.5 km was accrued; during this process, the right model boundary 
wall displaces only as necessary to maintain constant stress along the 
model wall (more details about the model may be found in Hughes et al., 
2014). 

In this model case, the fault ramp-to-flat dip change of 40◦ has no 
solution in the classical analytical fault-bend folding equations (Suppe, 
1983) because it is impossible to preserve layer thickness across such a 
severe fault bend. Nonetheless, it is still a fault-bend fold: it is a fold that 
formed due to displacement over a non-planar fault. Just as with the 
mechanical model generated here, in nature one can easily imagine 
folding due to displacement on a ramp that is greater than 30◦, and 
flattens at an upper detachment. The mechanical model provides insight 
into the geometry that might emerge under these conditions, given a 
realistic representation of rock properties. For this particular model set 
of properties and boundary conditions, the resulting fold geometry ex-
hibits several properties that should be satisfied in any proper kinematic 
model, including rounded fold hinges, and systematic layer thinning in 
the fold limb and thickening in the syncline (Fig. 21a). 

We approximate the fault bend as a series of more subtle bends, and 
the velocity boundaries that separate the fold domains are explicitly 
prescribed, to generate a satisfactory fit to the structural geometry 
(Fig. 21b and c). We impose the same slip on the ramp as the mechanical 
model and specify velocity boundaries, and compute the output slip 
using (7) as described earlier. The best-fitting fold solution shown here is 
the result of 4 bends, with velocity boundary dips of 90, 82, 75, and 66◦, 
from left to right, that are fixed throughout the duration of shortening. 
By passing material through these fanning velocity boundaries over 
time, an accurate representation of the rounding of the fold hinge and 

Fig. 20. Comparison of kinematic model to clay analog model from Dula (1991). a) 70◦ constant antithetic and synthetic velocity boundaries do not fit the analog 
model well. b) 85◦ constant antithetic and synthetic velocity boundaries do not fit the analog model well. c) Spatially and temporally variable velocity boundaries fit 
the analog model well. d) Strain ellipses from c) showing corresponding visual fit to strain ellipses from analog model. 
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progressive development of layer thickness changes is achieved 
(Fig. 21b). That the model accurately describes the growth history of the 
structure, and not just its final geometry, is demonstrated by the good-
ness of fit between the mechanical (yellow/brown layers) and kinematic 
model geometries (green layers), which record the temporal progression 
of structural growth. A further check on the appropriateness of this 
model is that the known amount of shortening into, and slip out of the 
upper detachment in the mechanical model are well matched by the 
kinematic solution. The ability to represent rounded fold hinges and 
variability in layer thickness in fault-bend folds within a kinematic 
framework, previously the exclusive domain of mechanical models, 
provides great potential utility to structural geologists, as it allows for 
the more precise matching of natural structures that exhibit these fea-
tures. Also provided is a tool for predicting the distribution of strain 
implied by such a structural deformation path (Fig. 21c). In this case, the 
LPS is heterogeneous with close to 30% extension in the steeper part of 
the front limb, and around 5% shortening adjacent to the syncline; such 
a prediction may prove useful in many applied settings in which a pre-
diction of second-order strain is necessary. 

As with the two other examples, there is very minor misfit, but we 
once again point out that no kinematic approach previously could model 
this steep ramp structure nearly as well, if at all. One could incorporate 
temporally varying velocity boundaries (such as was done with the 
analog extensional model) to potentially subtly improve the fit, model 
hillslope processes on the crest of the fold to better match the smooth 
topographic surface, or impose tectonic compaction, but such factors 
would only provide modest improvements and must necessarily be of 
minor significance, given the goodness of fit of the model shown here. 
Using a kinematic approach, we have in virtually every respect captured 
the geometry of the rounded, front limb, the progressive deformation as 
indicated by the growth strata, and the associated slip magnitudes. The 
kinematic model took seconds to run on a modern PC, and thus many 
potential models can be explored easily with this approach. 

Though one of the great values of conventional kinematic ap-
proaches is their unique and predictive angular relationships between 
features, which is diminished by relaxing the constraints in the manner 
described here, there are many examples such as that in Fig. 21 that are 
not adequately or even possibly modeled kinematically with previous 
approaches. A comparison with a broad range of mechanical models 
would serve to limit the range to the values that are most physically 
plausible, which will be fully explored in a forthcoming manuscript. 

8. Discussion 

The velocity-based approach to fault-bend folding presented in this 
paper provides a flexible, easily utilized method for structural geologists 
to implement in their interpretations of complex natural structures. 
Improved accuracy of subsurface structural interpretations has the 

potential to reduce uncertainty in applications as diverse as petroleum 
exploration, seismic hazard assessment, and tectonics studies. Further-
more, the ability to extract essential components of their deformational 
history, such as strains, particle paths, and instantaneous velocity vec-
tors, provided by this method, has immediate utility to research in 
thermochronology, landscape evolution, and progressive strain studies 
in tectonics, and reservoir modeling and subsurface fluid flow prediction 
in hydrologic and energy-systems applications. 

Even though this approach integrates significant variations, the 
velocity-based framework is such that further velocity-based de-
scriptions of structural and stratigraphic processes could also be inte-
grated into the framework. This would provide even greater ability to 
match observations in natural systems. Examples of potential further 
improvements include more complex stratigraphic processes such as 
erosion, compaction, and progradation, and further tracking of struc-
tural and stratigraphic parameters over the course of the modeled 
structural and stratigraphic evolution, such as burial history. Further 
additions of lateral subsidence variations due to flexure, and other far- 
field processes, unrelated to fault-bend folding would also improve 
direct applicability to natural systems. Specific structural modeling ad-
ditions that build on the approach presented here and that could also be 
integrated into the modeling framework include trishear, structural 
wedges (triangle zones), and layer-specific layer thickening and 
thinning. 

While the flexible extensions to kinematic forward modeling algo-
rithms of fault-bend folding presented here address some of the limita-
tions to conventional balancing, these extensions present their own 
potential challenges in that the parameter space potentially greatly ex-
pands. For one, it might be difficult to truly determine the best param-
eters. If only the final deformed state is known, then multiple equivalent 
kinematic solutions could exist which would make the forward- 
modeling task potentially even more challenging. The basis for the 
range of parameters that are appropriate warrants more extensive future 
study including more detailed comparison with natural examples, and 
analog and numerical mechanical models of fault-related folds. Ulti-
mately an inverse scheme that explores the parameter space to match 
structures observed in nature would be useful. The ability to reasonably 
limit the parameter space is a required precursor to any useful inversion 
modeling scheme using this approach. We envision this to be done in an 
objective way, informed by constraints from mechanical modeling, but 
guided by the knowledge of structural geologists, freeing them from 
some of the existing drudgery of rigorous section construction. 

9. Conclusions 

We have presented a velocity-based, kinematic forward-modeling 
approach to fault-bend folding that ameliorates many of the limita-
tions of existing approaches, enabling structural geologists to construct 

Fig. 21. Comparison of kinematic model to discrete-element mechanical model. a) Output from mechanical model constructed with a 40◦ ramp shows a rounded 
front limb with substantial layer-parallel strain. b) Kinematic model using variable velocity boundaries fits mechanical model fold shape, growth strata, and output 
slip. c) Layer-parallel strain shows thinning on steep front limb, and modest thickening in syncline, consistent with mechanical model output in a). 
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forward kinematic models of geologic circumstances that are substan-
tially more varied and complex than was previously possible. When 
modeling contraction, the approach is capable of reproducing rounded- 
hinges and parallel folds with localized bed thinning or thickening 
commonly observed in natural structures. Temporally and spatially 
variable inclined-shear extensional models are likewise easily modeled. 
We have written a computer program, fbfFor, for constructing balanced 
sections that experience fault-bend folding based on the concepts pre-
sented here, and which was used to generate the models in this study. 
The program is free, and can be downloaded by contacting the first 
author. 
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