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1 | INTRODUCTION

Abstract

Extensional fault-propagation folds are now recognised as being an important part of
basin structure and development. They have a very distinctive expression, often present-
ing an upward-widening monocline, which is subsequently breached by an underlying,
propagating fault. Growth strata, if present, are thought to provide a crucial insight into
the manner in which such structures grow in space and time. However, interpreting their
stratigraphic signal is neither straightforward nor unique. Both analogue and numerical
models can provide some insight into fold growth. In particular, the trishear kinematic
model has been widely adopted to explain many aspects of the evolution and geometry
of such fault-propagation folds. However, in some cases the materials/rheologies used
to represent the cover do not reproduce the key geometric/stratigraphic features of such
folds seen in nature. This appears to arise from such studies not addressing adequately
the very heterogenous mechanical stratigraphy seen in many sedimentary covers. In
particular, flexural slip between beds/layers is often not explicitly modelled but, para-
doxically, it appears to be an important deformation mechanism operative in such set-
tings. Here, I present a 2D discrete element model of extensional fault-propagation
folding which explicitly includes flexural slip between predefined sedimentary units or
layers in the cover. The model also includes growth strata and shows how they may re-
flect the various evolutionary stages of fold and fault growth. When flexural slip is in-
cluded in the modelling scheme, the resultant breached monoclines and their growth
strata are strikingly similar to some of those seen in nature. Results are also compared
with those obtained using simple, homogeneous, frictional-cohesive and elastic cover
materials. Both un-lithified and lithified growth strata are considered and clearly show
that, rather than just being passive recorders of structural evolution, growth strata can
themselves have an important effect on fault-related fold growth. Implications for the
evolution of and strain within, the resultant growth structures are discussed. A final
focus of this study is the relationship that trishear might have with the upward-widening

zone of flexural slip activation away from a fault tip singularity.

being deformed. Such heterogeneity is now acknowledged
as being of great importance in the evolution of faults and

Geological structures in sedimentary basins are rarely simple folds. Of particular interest here, folding ahead of upward
and much of their complexity arises from the stratigraphic propagating faults is now recognised as being an impor-
and thus mechanical, heterogeneity of the crustal section tant process in extensional basins. Such folds have a rather
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varied nomenclature in the literature: precursor folds, mono-
clines, forced folds, extensional fault-propagation folds, etc.
However, overall, they have very distinctive geometries ob-
served both in the field and on seismic (Figure la—c). Early
in their evolution they are typically single-limbed folds
(monoclines), which are associated with the tips of nor-
mal faults (e.g. Keller & Lynch, 2000; Sharp, Gawthorpe,
Underhill, & Gupta, 2000; Willsey, Umhoefer, & Hilley,
2002; Grant & Kattenhorn, 2004; Jackson, Gawthorpe, &
Sharp, 2006; White & Crider, 2006). Once breached by the
propagating fault, they often show distinctive hanging-wall
synclines and minor footwall anticlines. Growth strata,
where present, often exhibit a distinctive thinning towards
the fault-related fold early in its evolution, whereas later
growth strata are either parallel or may thicken towards the
fault (Figure 1c). The formation and geometry of such folds
has been extensively studied from outcrop (Ferrill & Morris,
2008; Ferrill, Morris, & Smart, 2007; Jackson et al., 2006;
Sharp et al., 2000; White & Crider, 2006), physical analogue
models (Withjack & Calloway, 2000; Withjack, Olson, &
Peterson, 1990), numerical models (Hardy & McClay, 1999;
Jin & Groshong, 2006; Patton, 2004; Willsey et al., 2002)
and from seismic reflection data (Ford, Carlier, Veslud, &
Bourgeois, 2007; Kane, Jackson, & Larsen, 2010; Keller &
Lynch, 2000; Lewis, Jackson, & Gawthorpe, 2013; Maurin
& Niviere, 2000; Pascoe, Hooper, Storhaug, & Harper,
1999). There are undoubtedly many different factors that
control the geometry of fault-propagation folds. However,
the mechanical stratigraphy of the folded cover sequence
has been identified as a primary control with strong me-
chanical contrasts between layers allowing shear/slip along
bedding planes to accommodate folding (Ferrill & Morris,
2008; Ferrill, Morris, & McGinnis, 2012; Ferrill et al., 2007;
Jackson et al., 2006; Lapadat et al., 2016; Smart & Ferrill,
2018). Similarly, large mechanical contrasts between rigid
basement and an overlying, weaker cover may lead to de-
coupling and folding of the cover sequence (Ford et al.,
2007; Kane et al., 2010; Lewis et al., 2013; Pascoe et al.,
1999; Sharp et al., 2000; Tvedt, Rotevatn, Jackson, Fossen,
& Gawthorpe, 2013; Withjack & Calloway, 2000).
Previous mechanical numerical modelling studies of ex-
tensional fault-related folding have either not addressed the
importance of flexural-slip (Finch, Hardy, & Gawthorpe,
2004; Patton, 2004) or, when considering mechanical
heterogeneity have been at a small scale (10-100s of me-
tres; Schopfer, Childs, & Walsh, 2007; Smart, Ferrill, &
Morris, 2009; Smart et al., 2010; Smart & Ferrill, 2018),
or have not permitted breaching of the monocline by fault
propagation (Johnson & Johnson, 2002a, 2002b; Smart et
al., 2010). Furthermore, no previous studies have consid-
ered the development of an extensional fault-propagation
fold and associated growth strata at a kilometric scale.
In addition, as regards kinematic models, over the past
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e Novel discrete element approach to modelling ex-
tensional fault-propagation folds.

e Inclusion of flexural slip reproduces typical natu-
ral examples.

e Complex growth sequences reflect fold and fault
growth.

e Growth sedimentation not only records but also
influences fault-related fold growth.

20 years the trishear model has been widely adopted to
explain many aspects of the geometry of such fault-propa-
gation folds (Allmendinger, 1998; Erslev, 1991; Hardy &
McClay, 1999; Jin & Groshong, 2006; Khalil & McClay,
2002; Zhao, Guo, & Yu, 2017). However, whilst trishear
clearly produces early monoclines and later breached folds
with a geometric similarity to those seen in nature, relat-
ing trishear to field observations of deformation is neither
simple nor straightforward. As such, the geological signif-
icance of the trishear model (like many kinematic models)
is not fully understood (e.g. Allmendinger, 1998; Cardozo,
Jackson, & Whipp, 2011). To complement these studies,
here I use a discrete element model to investigate the evo-
lution of extensional fault-propagation folds. The model
builds on previous work by explicitly simulating flexural
slip between multiple layers in the cover and these mod-
els replicate well the geometries typically seen in nature.
Results are also compared with those obtained using sim-
ple, homogeneous, frictional-cohesive and elastic bonded
cover materials. The model also includes growth strata and
shows how they may reflect the various stages of fold and
fault growth. Differences between models including un-
lithified and lithified growth strata clearly show the effect
that growth strata themselves can have on fault-related fold
geometries; they are perhaps much more than just passive
recorders of tectonic activity. The implications of the model
results for the interpretation of folds and growth strata se-
quences seen in nature and in seismic and the application
of kinematic models to such structures are discussed.

2 | METHODOLOGY

Here I use a discrete element numerical model to simulate the
growth of extensional fault-propagation folds and their associated
growth strata. The discrete element code used here to undertake
these simulations is “cdem2D™ which has been used previously
to undertake a wide variety of structural geology modelling in
both 2D and 3D (as cdem3D). The basic numerical methodology
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and its application to a variety of problems (fault-propagation
folding, orogenic wedge growth, caldera collapse, dike intrusion
on Mars, viscous flow, Gilbert deltas, etc.) have been published
previously (e.g. Botter, Cardozo, Hardy, Lecomte, & Escalona,
2014; Botter et al., 2016; Hardy, 2008; Hardy, McClay, &
Muiioz, 2009; Hardy, 2016; Hardy, 2018a, 2018b). Of particu-
lar interest here, the details of this code applied to elastic and
cohesive-frictional materials can be found elsewhere (e.g. Hardy
et al., 2009; Hardy, 2011, 2015), however an overview is given
below. Here, I will illustrate the use of this modelling scheme to
include flexural-slip and to simulate growth sedimentation asso-
ciated with active extensional fault-propagation folding.

The discrete element technique, in common with other nu-
merical techniques, has both advantages and disadvantages
when considering its application to any geological problem.
Modelling of deformation to high strain is an ideal candi-
date for its use as it is well-suited to studying problems in
which discontinuities (shear-zones, faults, fractures etc) are
important. It also allows deformation involving unlimited
relative motions of individual elements and complex, abrupt
and changing boundary conditions (Cundall & Strack, 1979;
Egholm, Sandiford, Clausen, & Nielsen, 2007; Finch et al.,
2004; Hardy, 2008, 2011; Thompson, Bennett, & Petford,
2010). However, one disadvantage of the technique lies in
the necessary, but time-consuming, calibration of micro-par-
ticle parameters to physical properties (cf. Egholm et al.,
2007; Botter et al., 2014). The interactions of many tens of
thousands of particles, both locally and globally, also lead to
situations wherein our ability to explain precisely why a par-
ticular fault or fracture grew at the expense of a neighbouring
one is limited. Such issues also exist in analogue modelling
where repeated experiments under the same boundary condi-
tions are reasonably reproducible but not in the finer details
of the fault and fracture systems (e.g. van Gent et al., 2010).
Computational limitations on element size and/or model res-
olution, whilst important previously, are now no longer a par-
ticular concern due to recent rapid advances in computational
power and the parallelisation of many discrete element codes.

The discrete-element model described here is a variant/
development of the lattice solid model (LSM; Mora & Place,
1993, 1994; Place, Lombard, Mora, & Abe, 2002). A rock,
or sedimentary, mass is treated as an assemblage of circular
elements, which interact as if connected by breakable elastic

springs (bonds) and that undergo motion relative to one an-
other. The behaviour of the elements assumes that the particles
interact through a ‘repulsive—attractive’ force (Mora & Place,
1993) in which the resultant (normal) force, F,, is given by.

F,=K,(r—R) r<r,intactbond
F,=K,(r—R) r<Rbrokenbond (1)
F,=0 r > R broken bond

Here, K, is the elastic constant (normal spring stiffness)
of the bond, R is the equilibrium distance between the par-
ticles (sum of particle radii), r, is a breaking threshold and
r is the current distance between the particle pair. Particles
within the model assemblage are bonded until the distance
(r) between them exceeds the defined breaking threshold at
which time the bond breaks; in un-bonded assemblages all
bonds are initially broken. The force acting on a bond at this
threshold represents the force necessary for a bond to fail or
yield, or, alternatively, can be cast as the stress acting on a
particle's bond at failure. After this breaking threshold, the
particle pair experiences no further attractive force and the
bond is irreversibly broken. However, if the two particles
return to a compressive contact, a repulsive force still acts
between them.

For a frictional-cohesive material, in addition to treating
the normal force (F,) between particles, I also calculate the
tangential (shear) force, Fy, as a result of displacement (X|)
perpendicular to the vector connecting the particles’ cen-
troids. This frictional force acts in a direction opposite to
that of the relative tangential velocity and is modelled as a
threshold-limited elastic spring with a cohesive force term
(Cp) in parallel with that used to calculate the normal forces
(cf. Cundall & Strack, 1979; Mora & Place, 1994). The mag-
nitude of this force is limited to be less than or equal to the
shear force allowed by Coulomb friction:

Fs: K&‘XS+ CO
Fymax= HF, )
Fstsmaxif (Fs>Fsmax)

where K is the elastic constant (shear spring stiffness) of the
contact, Fg,,,, is the maximum (limiting) shear (frictional)

FIGURE 1

(a) Outcrop of a breached fault-propagation fold from the Suez rift, Egypt (after Withjack et al., 1990; pC— Precambrian,

PKn—Carboniferous, Upper Cretaceous, Kum—Upper Cretaceous, Kuc—Upper Cretaceous, Paleocene, Te—Eocene, Tmp Miocene, Pliocene,

Holocene); (b) detail of Miocene growth-strata from theWadi Baba area, Suez rift, illustrating progressive decrease in amount of rotation. Normal

fault is located on the right of the photograph and the cliff face is approximately 150 m high; (c) Schematic diagram of the evolution from a

monocline above a buried, active normal fault to the eventual breaching of the monocline. This process results in an early synrift sequence that

onlaps and thins towards the monocline overlain by a later synrift sequence that thickens towards the emergent fault. Based on field examples from

the Sinai margin of the Gulf of Suez; approximate horizontal scaled indicated. Redrawn from Gawthorpe et al. (1997). (d) Initial configuration of

the discrete element model used in the simulations presented here—an identical crustal section 6.25 km by 2.77 km is underlain by a basement

normal fault dipping at 70 degrees. (e) Uniaxial unconfined compressive tests of three rheologies used in the models presented here
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force, F,, is the normal force at a contact and u is the inter- normal and tangential forces on each contact/bond that links

particle coefficient of friction. If a contact is ‘lost” between a specific particle to its a neighbours, calculated by
two touching elements (i.e. they separate), then all the forces

between the elements are set to zero. The total elastic force, Fi,= Z fiJ

F; , exerted on a particle is thus obtained by summing the j=la

3
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where f; j is the elastic force (normal and shear) experienced
by particle i from its neighbouring particle j. However, we
include a viscous damping term (proportional to particle ve-
locity) that acts to dampen reflected waves from the rigid
edges/boundaries of our model, preventing a build-up of ki-
netic energy within the closed system, a standard technique
to ensure numerical stability (cf. Mora & Place, 1994; Place
et al., 2002).

Finally, gravitational forces, F = acting on each element
are calculated in the z direction, increasing the vertical stress
with depth. Therefore, the total force (F) on any particle is
given by

F=F,,—vi+F, &)

where v represents the dynamic viscosity and x is the velocity
of the particle. At each discrete time step, the particles are
advanced to their new positions within the model by integrat-
ing their equations of motion using Newtonian physics and a
velocity-Verlet-based scheme (Allen & Tildesley, 1987). In
discrete element models such as that used here parameters
such as strength, coefficient of friction etc, of an assemblage
are emergent properties and do not relate directly to micro-
properties. They are typically assessed through the use of
angle of repose and/or unconfined/confined biaxial numeri-
cal tests (cf. Oger, Savage, Corriveau, & Sayed, 1998; Finch
et al., 2004; Holohan, Schopfer, & Walsh, 2011; Botter et al.,
2014).

The key additional feature presented here is that, unlike
simple homogeneously bonded discrete element assem-
blages, we can choose to have element bonding only ac-
tivated within (a set of predefined) layers and not between
these layers. I incorporate this heterogeneous layering into
the models in order to facilitate flexural slip deformation
along layer interfaces and thus better approximate the typ-
ically anisotropic mechanical stratigraphy of sedimentary
cover rocks, be this a layered sandstone-shale sequence or
salt layers etc. These inter-layer contacts have no cohesive
bonds or friction, in order to make these interfaces as weak
as possible. The interfaces cannot be frictionless in the true
sense, due to the ‘roughness’ of circular elements and thus
there is always some residual, intrinsic friction at the inter-
face; it remains much weaker than a frictional or bonded
interface nonetheless. All other numerical techniques and
approaches used on the elements are identical to those dis-
cussed in previous papers to which the interested reader
is referred (e.g. Hardy et al., 2009; Hardy, 2011, 2015). A
second feature to be presented here is the use of the dis-
crete element technique not only to model deformation of
a pre-existing sedimentary sequence but also to model the
deposition (and subsequent deformation) of a growth sedi-
mentary sequence deposited during active tectonics. After
growth sediments are added to an evolving model, these

elements must be allowed to equilibrate/adjust to a final,
initial deposited state. This is done by pausing any exter-
nal boundary movement after discrete element addition for
a predefined (very small) number of time-steps until the
added elements are in a quasi-static location and effectively
stable. The model then continues as before but with a new
sediment load added to the system; compaction per se is not
considered, but the increased load, as a result of sedimen-
tation, changes forces and element packing at depth. The
specific heuristic used here is to add discrete elements of
variable size (average radius c. 9.5 m), filling up any avail-
able submarine accommodation space. These elements are
chosen randomly and then added sequentially with each
additional element attempting to minimise the remaining
accommodation space until it is filled. They are carefully
placed to ensure that they maximise the filling of avail-
able accommodation space while just touching pre-existing
deposited elements. These growth elements can either be
un-bonded to represent weak, unconsolidated (un-lithified)
sediments or can be bonded/cohesional to represent rapidly
lithified (via compaction or cementation and thus much
stronger) growth strata. I do not consider the transport of
these elements above sea level or their erosion in this study.
The spatial resolution chosen here is arbitrary but it is ap-
propriate to introduce the approach and to achieve realistic
runtimes, with today’s rapid advances in computing power
model resolution is becoming less and less of an issue.

2.1 | Model parameters, set-up and
boundary conditions

Below I present the results of three simple two-dimen-
sional numerical models (experiments) of growth, ex-
tensional fault-propagation folding. I firstly examine
the growth of a fault-propagation fold in a cover section
which is simply frictional-cohesive (Figure 2), then ex-
amine the growth of a fault-propagation fold in a cover
which is homogenous, bonded elastic (Figure 3) and fi-
nally a cover that is bonded elastic within layers but un-
bonded between them to simulate flexural slip (Figure
4). Growth strata in these initial models are considered
to be un-lithified and thus very weak. Therefore these
discrete elements are considered to be purely elastic
and are neither bonded nor frictional-cohesive. In each
case I examine the growth of an extensional fault-re-
lated fold in an identical crustal section with dimen-
sions of 6.25 km by 2.77 km, above a basement normal
fault dipping at 70 degrees (Figure 1d), values chosen
to encapsulate typical field and seismic examples. The
model represents the pregrowth section (the sedimentary
cover above the basement) of the upper crust using ap-
proximately 46,000 elements. After incrementally adding
growth strata, the final models in each experiment are
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Thinning of early growth
/ strata towards footwall

Later growth strata do not thin

Pre-growth

/ Through-going fault

2 distinct growth sequences

Antithetic fault develops

Pre-growth | Growth

FIGURE 2 Experiment 1: a simple frictional-cohesive fault-propagation simulation. Model results shown at (a) 250, (b) 500, (c) 750,
(d) 1,000, (e) 1,250 and (f) 1,500 m displacement on basement fault. Distance scale shown, no vertical exaggeration. Pregrowth strata are

coloured yellow and red. Two growth strata sequences are highlighted; an early package (coloured green and red) and a later one (coloured
yellow and blue)

composed of approximately 100,000 elements. Element
radii range from 6.25 to 15.625 m (average radius 9.5 m)
and their density is 2,500 kg/m3. Here, I choose to define
both pregrowth and growth layers as being approximately

55 m thick, this value is arbitrary but shows the manner
in which flexural slip is activated between them within

the cover. For visualisation purposes such layers are col-
oured in groups of 2 in the model results.



| WiLEY—

Basill \AS EAGE HARDY
Research E

Narrow monocline
thinning of early growth strata

Fault steepens at surface

Pre-growth

Fault propagation begins Later growth strata thicken towards fault

(b)

Minor folding of
un-lithified growth strata

Minor upturn

Through-going fault - monocline breached

Pre-growth I Growth

FIGURE 3 Experiment 2: a simple homogeneous elastic fault-propagation simulation. Model results shown at (a) 250, (b) 500, (c) 750, (d)
1,000, (e) 1,250 and (f) 1,500 m displacement on basement fault. Distance scale shown, no vertical exaggeration. Pregrowth strata are coloured
yellow and red. Two growth strata sequences are highlighted; an early package (coloured green and red) and a later one (coloured yellow and blue)

These discrete elements obey Newton's equations of mo- frictional contact interactions with their neighbours (see
tion and interact with each other under the influence of gravity. Finch et al., 2004; Hardy et al., 2009 for a full description of
Elements can be bonded and/or experience Mohr-Coulomb the modelling approach). In discrete element models such as
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| Growth

Pre-growth

Hanging-wall ¥
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FIGURE 4 Experiment 3: A flexural-slip elastic fault-propagation simulation. Model results shown at (a) 250, (b) 500, (¢) 750, (d) 1,000, (e)
1,250 and (f) 1,500 m displacement on basement fault. Distance scale shown, no vertical exaggeration. Pregrowth strata are coloured yellow and
red. Two growth strata sequences are highlighted; an early package (coloured green and red) and a later one (coloured yellow and blue)

that used here the parameters such as strength, coefficient of
friction etc, of an assemblage are emergent properties and do
not relate directly to micro-properties. They are typically as-
sessed through the use of angle of repose and/or unconfined/
confined biaxial numerical tests (cf. Oger et al., 1998; Finch
et al., 2004; Holohan et al., 2011; Botter et al., 2014). Using
such tests, the frictional-cohesive discrete elements used here
have been found to have a bulk coefficient of friction (u) of

c. 0.70 (internal angle of friction [¢] of c. 35°) and to have a
cohesion of c. 2.8 MPa. The bonded elastic assemblages used
here have been found to have a bulk unconfined compressive
strength (UCS) of c. 23.0 MPa. The Young's modulus (E) of
the bonded elastic assemblage is approximately 1.0-1.3 GPa.
The un-bonded elastic assemblages have a bulk unconfined
compressive strength (UCS) of c. 2.0 MPa. Unconfined com-
pressive tests of the frictional-cohesive, elastic bonded and
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weak (un-bonded) growth materials are shown in Figure le
and are summarised in Table 1. Clearly, the strength of a
heterogenous, layered material in any uniaxial or biaxial test
will depend on the orientation of the layering with respect to
the maximum compressive stress. However, the flexural-slip
model used here has essentially a mixed rheology and thus
will be weaker than the simple elastic model but stronger
than the un-bonded elastic material. These strength values
lie within the ranges reported for natural sedimentary rock
masses at a metric scale and are much smaller than those typ-
ically derived from centimetre-scale laboratory samples (cf.
Schultz, 1996; Strayer, Erickson, & Suppe, 2004; Holohan
et al., 2011), but do lie within the ranges reported for natural
rock masses (cf. Schultz, 1996; Strayer et al., 2004; Holohan
et al., 2011) and are within the range of values used in previ-
ous discrete element studies (e.g. Holohan et al., 2011; Smart
& Ferrill, 2018).

The applied (incremental) basement fault displacement in
each experiment is transmitted to the cover, changing local
element interactions and thus contact forces. As a result of
the change in local forces, the internal elements are advanced
to their new positions within the model by integrating their
equations of motion using Newtonian physics and a veloc-
ity-Verlet based numerical scheme (cf. Mora & Place, 1993).
Element positions are saved during experiments to allow a
detailed, high-resolution analysis of geometry, displace-
ment and strain (cf. Cardozo & Allmendinger, 2009). The
numerical code used (cdem2D) has been parallelised using
OpenMP and has been thoroughly tested and verified against
the serial version (cf. Chapman, Jost, & Pas, 2007; Hardy,
2015). Typical experiments like those discussed here take
ca. 12 hr to run on a desktop machine with two 6-core Intel
Xeon (X5650—2.66 GHz) processors allowing 24 computa-
tional threads. Model results are presented at regular intervals
throughout as ‘time snapshots’.

TABLE 1 Experimental numerical model parameters
Numerical model
Initial model width (km) 6.25
Initial model height (km) 2.77
Element density (kg/m3 ) 2,500.0
Number of pregrowth elements c. 46,000
Total number of pregrowth and growth c. 100,000
elements
Average element radius (m) 9.5

Frict-cohesive cover—angle of friction (deg) 35
Frict-cohesive cover—cohesion (MPa) 2.8
Bonded elastic cover—UCS (MPa) 23

Bonded elastic cover—young’s modulus 1.0-1.3

(GPa)

For each experiment discussed herein many different
models have been run with parameters similar to those de-
scribed above. However, the specific experiments discussed
are representative of the stratigraphic and structural evolu-
tion typically observed under these boundary conditions in
that they contain the reproducible, characteristic features
seen in many models. In a manner similar to outcrop exam-
ples, seismic data or analogue models determining the ‘rep-
resentativeness’ or generality of any geometries observed in
a specific, presented model are, in a sense, subjective. The
important scientific message to be taken away is not thus the
precise location of an individual geometric feature or fault,
but rather the distinctive, reproducible, structural behaviour
and stratigraphic sequences that emerge from multiple ex-
periments. All results are shown after 250, 500, 750, 1,000,
1,250 and 1,500 m displacement on the basement fault. Two
distinct growth packages are highlighted/coloured in order to
show the stratal architectures developed in early (red-green
package) and mid/later (yellow-blue package) fault growth,
the transition occurs at 475 m basement fault slip—chosen
as it best highlights the distinct difference between fold-re-
lated growth strata and fault-related growth strata in all
experiments.

3 | NUMERICAL EXPERIMENT
RESULTS

3.1 | Experiment 1. Basement normal fault
with a cohesive-frictional pregrowth cover
sequence

The first experiment shown here is presented to illustrate the
type of result obtained when the (pre-growth) cover mate-
rial is simply treated as frictional-cohesive. This would be
similar to many of the analogue experiments run using sand
and other granular, frictional materials (e.g. Horsfield, 1977;
Vendeville, 1988; McClay, 1990). The growth materials in
this model are considered to be un-bonded elastic and are
thus much weaker than the pregrowth materials. Overall in
this experiment, one can observe that a monocline per se
does not develop in the cover, but rather there is a narrow,
upward-widening zone of faulting between the footwall and
hanging-wall of the basement fault (Figure 2). In addition,
neither a hanging-wall syncline nor a footwall anticline are
produced. The temporal evolution of structural development
can be summarised as follows: after 250 m displacement, the
basement fault is linked to two, nearly through-going, normal
faults in the cover; an earlier, steeper, fault and a later fault
that dips at approximately 70 degrees (Figure 2a). At this
stage there is no monocline or fold, but rather an upwards-
widening zone of faulting. Faults in this frictional-cohesive
cover propagate rapidly towards the free surface. This results
in differential subsidence from footwall to hanging-wall and
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in a thinning of the early growth strata towards the footwall
(Figure 2a). This is quickly followed however (after 500 m
displacement, Figure 2b) by one major through-going fault
that takes up nearly all displacement in the cover. Thus,
there is no longer any differential subsidence or thinning of
growth strata towards the footwall (Figure 2b). Due to both
the rapid propagation of the faults in the cover and the very
weak nature of the growth strata there is no visible faulting
in the growth strata. With 750 m displacement on the base-
ment fault this pattern of deformation continues (Figure 2c)
but we now see the development of an antithetic fault in the
hanging-wall and some thickening of growth strata towards
the footwall. The antithetic fault forms as a result of the up-
wards-steepening nature of the main cover fault. One can
note that there is no major upturning of beds against the fault,
but rather we see a set of almost horizontal strata separated
by discrete faults. There is also no angular discordance be-
tween the early growth strata (coloured green and red) and
later growth strata (coloured yellow and blue; Figure 2c).
This pattern essentially continues for the rest of the model
evolution (Figure 2d—f); in the youngest growth strata there
is slight upturn (and thus thinning) immediately adjacent to
the fault but it is not remarkable (Figure 2e.f). In addition,
there is some thickening in upper growth strata as the fault
steepens slightly near the free surface (Figure 2f). Note that
because the growth strata are considered to be un-lithified
and thus very weak, low amplitude folding is produced in the
growth section.

3.2 | Experiment 2. Basement normal
fault with a homogeneous, elastic pregrowth
cover sequence

The second experiment shown here is given to illustrate the
type of result obtained when the pregrowth cover material
is simply treated as bonded elastic, strong and homogene-
ous. This is shown to illustrate what would happen if all pre-
growth layers possessed the same strength but no flexural slip
was allowed at layer interfaces (i.e. bonding is homogenous).
This type of rheology might be equivalent to a strong, lithi-
fied and homogenous sandstone or limestone sequence. This
model is analogous to many of the experiments run in pre-
vious numerical studies, where results were interesting but
failed to produce major hanging-wall synclines and did not
include growth strata (e.g. Finch et al., 2004). The growth
strata are considered, as above, to be un-bonded elastic and
are thus much weaker than the pregrowth. Overall in this ex-
periment, in contrast to the frictional-cohesive case, one can
observe that a narrow monocline does develop in the cover
above the basement fault (Figure 3). The temporal evolution
of structural development can be summarised as follows: a
narrow monocline develops above the basement fault early
in the model evolution (after 250 m displacement; Figure 3a),
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with noticeable thinning over it apparent in the early growth
strata. However, the monocline is breached quite quickly as
the basement fault propagates towards the surface linking
with higher-level fractures and faults (Figure 3b,c). The mon-
ocline does not noticeably widen outward or upwards and
its limb achieves a maximum dip of approximately 25-30
degrees. This early evolution is followed by a phase of lo-
calised deformation on one main fault with thickening in the
later growth strata as this fault steepens near the free surface
(Figure 3d—f). There is clearly a distinction between the na-
ture of the different growth sections and some upturn against
the fault but the zone of deformation is neither wide nor up-
wards-widening. In addition, only minor footwall syncline
and hanging-wall anticlines are produced. As before, as the
growth strata are considered to be un-lithified and very weak,
low amplitude folding is produced in the growth section.

3.3 | Experiment 3. Basement normal
fault with a layered, heterogenous elastic
cover sequence

The third experiment shown here is given to illustrate the
type of result obtained when the cover material is not sim-
ply treated as homogeneous elastic, but rather flexural slip
is allowed to occur at the interfaces between all (defined)
elastic layers. This can be considered to be the equivalent of
modelling a heterogenous layered package where a series of
strong sandstone or limestones units are separated by a se-
ries of very weak thin interfaces (eg., shales). As before, the
growth strata are considered to be un-bonded elastic and are
thus much weaker than the bonded pregrowth. Overall, one
can observe that a major monocline develops in this experi-
ment and is subsequently breached. The temporal evolution
of structural development can be summarised as follows: a
prominent monocline develops early in the model evolution
(after 250 m displacement; Figure 4a). This monocline no-
ticeably widens outwards and upwards, with pregrowth beds
steepening downwards (from 10 to 35 degrees) towards the
basement fault tip. In addition, there is very obvious thinning
of early growth strata towards and over the monocline (Figure
4a). However, with continued basement fault displacement,
the monocline steepens and the fault begins to propagate to-
wards the surface (Figure 4b,c), although much slip is still ac-
commodated along the layer interfaces. Pregrowth strata now
steepen from 20 degrees downwards reaching 45 degrees
near the fault tip (Figure 4c). The monocline is now signifi-
cantly wider than before (Figure 4c) and while growth strata
still thin towards it we now see that early growth strata are ro-
tated and steeped and then overstepped by later growth strata.
After 1 km displacement on the basement fault the monocline
is finally breached (Figure 4d) and the early phase of folding
is followed by a phase of localised displacement on one main
fault (Figure 4d—f). This breaching of the monocline leaves a
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wide zone of rotated/folded pregrowth strata adjacent to the
fault (Figure 4d) in the form of a major hanging-wall syn-
cline (up to 1.3 km wide) and minor footwall anticline (up to
750 m wide); both are significantly wider than the small folds
seen in Expts. 1 and 2. From this stage onwards we observe
that there is no major thinning or thickening of later growth
strata towards the footwall. As before, the growth strata are
considered to be un-lithified and very weak and thus low
amplitude folding is produced in the growth section. Both
pregrowth and early growth strata are also upturned and then
unconformably overlapped by later growth strata (Figure 4d—
f). Note the very distinctive progressive fanning of growth
strata from steep but parallel to pregrowth strata to sub hori-
zontal (Figure 4f). The final geometry produced in this model
is strikingly different to the two previous experiments; in par-
ticular note the angular unconformity between the pregrowth
and growth strata, the width of the folds in the pregrowth and
growth sequences and the degree of secondary faulting.

4 | DISCUSSION

The three models shown above have given some insight into
the effect that the rheology of cover materials can have on
the geometry and evolution of extensional fault-propagation
folds. They also show the manner in which growth strata ‘re-
cord’ the evolution of such structures. Clearly, the final ge-
ometry produced in each of these three experiments is quite
different (Figures 2f, 3f, 4f) and they are all able to simu-
late extensional fault-propagation folds to varying degrees.
A very commonly used rheology in numerical and analogue
modelling studies, a frictional-cohesive cover, does not pro-
duce a characteristic monocline at all but rather a zone of
distributed faulting over which growth strata thin. In addi-
tion, no hanging-wall syncline or footwall anticline develops
and there is no major rotation/upturn of strata into the fault
zone (Figure 2) as deformation is dominated by faulting. A
simple, homogenous, elastic cover sequence, another com-
monly used cover rheology, produces a narrow monocline,
thinning of early growth strata towards the fault zone but
only a minor hanging-wall syncline and footwall anticline
(Figure 3). However, models that incorporate mechanical
stratigraphic variability (e.g. Smart & Ferrill, 2018) lead to
very different results than models with a homogeneous cover.
In the study presented here, the use of a cover in which flex-
ural slip is facilitated (via un-bonded multilayer interfaces)
produces both major stratal upturn towards the fault zone, a
hanging-wall syncline/footwall anticline and complex thin-
ning and truncation relationships within growth strata (Figure
4; cf. Figure 1). Thus, if we are trying to simulate and under-
stand the evolution of extensional fault-propagation folds in
nature and seismic, these results provisionally suggest that
some method of including flexural slip in either numerical

or analogue modelling studies is essential. This is not to sug-
gest that some cover materials cannot be adequately simu-
lated using either homogenous frictional-cohesive or elastic
but rather that, in many examples, mechanical heterogene-
ity is very important (cf. Corfield & Sharp, 2000; Jackson
et al., 2006; Lewis, Jackson, Gawthorpe, & Whipp, 2015;
Conneally, Childs, & Nicol, 2017).

In these initial models the growth strata included have
been considered to be very weak (without friction, cohesion
or bonding) and thus behave quite differently to the underly-
ing pregrowth sequence, leading to a degree of decoupling of
the growth from the pregrowth sequence. I will now present
three complementary, additional models (see Figure 5) where
the growth strata are now assumed to have similar material
properties to the pregrowth strata; meaning that they have
the same bonding style, coefficient of friction and cohesion.
However, due to their position in the cover, packing etc. they
will not be statistically identical to the pregrowth strata but
will have very similar strength and material behaviour. This
can be considered to be one end-member scenario whereby
early lithification takes place and the growth strata are thus
much more coupled to the pregrowth strata. This is not an
unreasonable scenario as in these models the final displace-
ment on the basement fault is 1.5 km, which with reasonable,
reported, slip rates may take approximately 1 Ma to accrue
(see Hardy, 1994). It might be expected that during this time
much of the growth sequence would become lithified, either
through cementation or compaction. The final model geom-
etries after 1.5 km of basement faulting for both the lithified
and un-lithified experiments are show in Figure 5. In each of
these three models one can see that the inclusion of growth
strata that are as strong as the pregrowth strata has a quite
significant effect upon fold growth, stratal thickening and
final geometry. In each case, the inclusion of strong growth
strata leads to geometries that are much more similar/consis-
tent between growth and pregrowth. In the frictional-cohe-
sive case (Figure 5a) this also allows some propagation of the
antithetic fault into the growth section and the suppression of
any low amplitude folding. In addition, in the upper growth
sequence (coloured blue and yellow) the measured maximum
thickness, compared to the far-field thickness (1,000 m), de-
creases by c. 10%. In the case of the homogeneous elastic
model (Figure 5b) there is now no major expansion of the
growth sequence towards the fault and early growth strata no
longer turn downward towards the fault; as a result the upper
growth sequence (coloured blue and yellow), compared to the
far-field thickness, decreases by c. 15%. Finally, in the case
of flexural slip (Figure 5c), the overall effect is one of a slight
decrease in the dip of the upturned hanging-wall strata; the
upper growth sequence do not change maximum thickness to
any significant extent. However, many of the basic relation-
ships remain the same, although folding within the growth
strata is suppressed and strata are much more parallel. In
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Un-lithified, weak Lithified, strong
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FIGURE 5 Experiments 1 (a), 2 (b) and 3 (c) with weak growth strata (left column) compared with identical models where the growth strata
are as strong as the pregrowth (right column). Model results shown at 1,500 m displacement on basement fault. Distance scale shown, no vertical
exaggeration. Pregrowth strata are coloured yellow and red. Two growth strata sequences are highlighted; an early package (coloured green and red)
and a later one (coloured yellow and blue)

many ways these effects are logical, in that including a strong, at depth and thus partly conditions the path of deformation.
lithified growth sequence above a growing fault/fold imposes A weak growth sequence is much easier to deform and thus in
a very different boundary/loading condition, increases stress many ways, the fold is more free to develop, less constrained
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and the growth sequence is to an extent decoupled. The se-
quential addition of strong growth strata is conceptually
similar to imposing a horizontal upper surface to the model
repeatedly. In this case the growth sequence is much more
coupled to the pregrowth sequence. Regardless of the par-
ticular rheology used for growth strata, it is clear that growth
strata do not only ‘record’ fold and fault growth but can also
influence it as well. Thus, they are not just ‘passive’ recorders
of fold and fault growth. Also, whilst the differences between
geometries may not be dramatic, as always the ‘Devil is in the
detail’ and one may look for the subtle difference in possible
stratigraphic and structural traps between both end-members.
This is particularly important in many subsurface examples
of extensional fault-propagation folds where there is often
limited seismic resolution and limited well data. As a result,
predicting the geometry/architecture, thickness and location
of both pregrowth and growth reservoirs can prove difficult
(e.g. Corfield & Sharp, 2000; Jackson et al., 2006; Lewis et
al., 2015).

The approach used here to simulate or ‘promote’ flexural
slip between defined layers in the cover materials is probably
one of the simplest possible. However, it does illustrate well
the characteristics of such a deformation mechanism and its
influence upon fault-related fold growth and final structural
and stratigraphic geometries. Clearly, with higher numerical
resolution and many more layers than the 48 used here (in the
pregrowth), finer-scale structures and features would form
but the basic geometries produced would not be altered rad-
ically. Such very-high resolution models are now becoming
tractable with today's computing power and parallelisation;
as long as numerical stability is ensured, such large numbers
of elements do not present any real computational problem.
In addition, this approach is not the first or only manner to
introduce mechanical heterogeneity into a cover sequence,
another option would be, e.g., to introduce multiple weak and
strong layers rather than just weak interfaces between many
strong layers (e.g. Finch et al., 2004; Smart & Ferrill, 2018),
in many ways the field data may condition the approach used
(cf. Smart & Ferrill, 2018). Regardless of the specific ap-
proach used, the inclusion of flexural slip into the modelling
scheme produces results which appear to be strikingly similar
to many seen in nature and in seismic (Figure 1a—c; Figure 4,
Figure 5c). This is not to say that all cover sequences deform
like this, some may well behave in a manner which is closer
to the frictional-cohesive or elastic models.

This brings us to the application of kinematic models to
extensional fault-propagation folds. Models based on kink-
band modelling are not particularly appropriate to such struc-
tures with their curved limbs and downward steepening strata.
Thus, over the past 20 years the trishear model has been
widely adopted to explain many aspects of the geometry and
kinematics of such fault propagation-folds (Allmendinger,
1998; Erslev, 1991; Hardy & McClay, 1999; Jin & Groshong,

2006; Khalil & McClay, 2002; Zhao et al., 2017). Clearly,
trishear can reproduce, with some geometric accuracy, many
of the key features seen in such folds (Allmendinger, 1998;
Hardy & McClay, 1999; Jin & Groshong, 2006; Khalil &
McClay, 2002; Zhao et al., 2017). Also strain prediction
based on the trishear velocity field can provide an estimation
of the magnitude and orientation of the strain ellipses in the
cover. In particular, lines of no finite elongation (LNFE) ap-
pear to be good predictors of the orientations of second-order
faults as proposed by Allmendinger (1998). However, the
parameters that constrain/define trishear: P/S, apical angle,
the concentration factor etc., are poorly constrained and we,
to date, have no idea what these parameters relate to in na-
ture. Thus, a question still remains as to what exactly trishear
is modelling. This is perhaps partly due to the fact that any
kinematic model only produces continuous deformation and
relating this to the discontinuous (metric scale) deformation
seen in the field can prove difficult. The results presented
here perhaps also suggest, where we have a well-layered,
mechanically heterogeneous cover with many potential slip
planes, trishear in this setting perhaps reproduces the manner
in which flexural slip is progressively activated upwards and
outwards from a fault-tip singularity. This interpretation was
alluded to previously by Conneally et al. (2017; their Figure
1la). Khalil and McClay (2002) also noted that wide trishear
angles, where one of the boundaries of the trishear zone is
sub-parallel to bedding, simulate the development of layer-
parallel flexural-slip deformation. In addition, this study has
illustrated that materials used in laboratories and numerical
models much be chosen extremely carefully. In many situa-
tions a frictional-cohesive material may produce very appro-
priate/pleasing results when simulating faulting rather than
folding; however, when comparing to natural examples, field
data need to drive the choice of rheology.

Finally, the approach to modelling extensional fault-
propagation folds presented here is neither unique nor
complete but it does show the power of the discrete el-
ement technique in tackling geological problems with
abrupt or changing boundary conditions and where both
folding and faulting are key features. In this initial study,
I have also not included much more complicated mechan-
ical stratigraphies (both vertically and laterally), but in
principle this is not an issue. The model of growth sedi-
mentation used here is also extremely simple and does not
include base level change and/or erosion, however recent
advances mean that much more complete models of sedi-
mentation per se can now be incorporated into the model
(cf. Hardy, 2018b). The model presented here is also 2D
and obviously natural faults and folds grow in 3D. Finally,
the influence of progressively lithifying growth strata with
depth through time may well have a significant influence
of fold growth and geometry. These and other topics are
subjects of ongoing research.
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5 | CONCLUSIONS Botter, C., Cardozo, N., Hardy, S., Lecomte, 1., & Escalona, A. (2014).

While simple, homogenous, frictional-cohesive or elastic
rheological models can be used to simulate many features
of the upper crust, they fail to appropriately reproduce some
of the key features/deformation mechanisms seen in natu-
ral examples of extensional fault-propagation folds. This is
particularly so when the cover stratigraphy is mechanically
heterogeneous and where footwall anticlines, hanging-wall
synclines and complex growth stratal records of fold growth
are typically all present. Thus, variable layer properties and/
or interlayer slip may well be the most geologically realistic
approach to incorporating mechanical stratigraphy into such
simulations. These features are much better simulated when
mechanical heterogeneity and/or flexural slip is included in
a modelling scheme such as in the discrete element model
presented here. The use of a cover in which flexural slip is fa-
cilitated (via un-bonded multilayer interfaces) produces both
major stratal upturn towards the fault zone, a hanging-wall
syncline/footwall anticline and complex thinning and trunca-
tion relationships within growth strata (Figure 4; cf. Figure
1). The resultant breached monoclines and their growth strata
are strikingly similar to those seen in nature. If we are trying
to simulate and understand the evolution of extensional fault-
propagation folds in nature and seismic, these results suggest
that some method of including mechanical stratigraphy and/
or flexural slip in either numerical or analogue modelling is
essential. Both un-lithified and lithified growth strata have
been considered and clearly show the effect that growth strata
themselves can have on fault-related fold growth. Thus, they
are not just ‘passive’ recorders of fold and fault growth. A
final suggestion of this study is that, in this setting, trishear
perhaps encapsulates the geometric expression of a widen-
ing zone of flexural slip activation away from a fault tip
singularity.
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