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A B S T R A C T

Mechanical stratigraphy is now recognised as a fundamental control on the development of geological structures
in the upper crust at a variety of different scales. This is perhaps never more apparent than when salt is part of
the crustal section being deformed. The interaction of a ductile salt substratum and a brittle sedimentary cover is
complex, but an understanding of it is essential both from an economic and academic standpoint. Here, I present
first results of a discrete element model which combines a viscous (linear Newtonian) substrate and a frictional-
cohesive cover. The modelling approach is firstly presented and experimental scaling to appropriate geological
timescales discussed. The approach is then applied to 3 experiments simulating extensional deformation, two of
which are thick-skinned and one is thin-skinned. Strain rates in all experiments are c. 1015 s−1. The complex
manner in which salt flows in the substrate and faults develop in the cover are illustrated and their linkage/
evolution examined. Movement of the viscous substrate is the result of both Couette-type and Poiseuille-type
flows and combinations thereof, whilst deformation in the cover takes the form of discrete, dilational faults
which are not directly linked, or only soft-linked, to any sub-salt basement faults. Cover faults typically lose
displacement towards, and tip out at, the cover-substrate interface. In addition, in models with a basement fault,
the fault itself presents a growing and important no-slip boundary which significantly affects viscous flow.
Implications for the timing/evolution of, and strain within, the resultant structures are discussed.

1. Introduction

Geological structures in sedimentary basins, or continental margins,
are rarely simple and much of their complexity arises from the strati-
graphic, and thus mechanical, heterogeneity of the crustal section being
deformed. As a consequence of such mechanical heterogeneity, dif-
ferent sections of the sedimentary upper crust can deform in very dif-
ferent manners. This is particularly marked when salt is part of the
stratigraphy (e.g., Stewart et al., 1996, 1997; Jackson and Lewis, 2016;
Ge et al., 2016, Fig. 1a). This is because evaporite rocks, in particular
salt, are much weaker than most other sediments. The viscosity of rock
salt is subject to some debate but perhaps ranges between 1× 1016 and
1×1018 Pa s (Jackson and Talbot, 1994; Withjack and Callaway,
2000). It will vary additionally depending on mechanical layering
within the sequence itself and laterally. Regardless of the precise value,
this allows it to flow over geological timescales and deform into the
complex structures observed both in the field and in seismic. The in-
volvement of salt in deformation has been studied through many

geological and geophysical observations (e.g., Wu et al., 1990;
Demercian et al., 1993; Marton et al., 2000; Rowan et al., 2000; Tari
et al., 2002; Cartwright et al., 2012; Jackson and Lewis, 2016, Fig. 1a),
principally as the result of hydrocarbon exploration. Significant thick-
nesses of salt occur in many passive continental margins and rifts (e.g.,
the Gulf of Mexico, many West African marginal basins, the Brazilian
margin, the Nova Scotian margin, the North Sea). Continental margins
typically contain a seaward thinning sedimentary wedge which often
includes thick salt units. Moreover, they are characterised by a region of
landward extension and a region of seaward contraction; which may be
attributed to failure of the sedimentary overburden that accompanies
the flow of the underlying salt (e.g., Worrall and Snelson, 1989; Koyi,
1996; Ge et al., 1997; Rowan et al., 2000). In many rift basins, such as
the North Sea, evaporite rocks, including halite and gypsum, form an
important, thick part of the pre-rift stratigraphy and can influence the
structural and stratigraphic evolution of the rift (e.g., Hodgson et al.,
1992; Stewart et al., 1999; Alves et al., 2002; Hudec and Jackson, 2007;
Marsh et al., 2010; Duffy et al., 2013; Lewis et al., 2013). The evaporite
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units may fully or partially decouple the sub-salt deformation from that
in supra-salt strata, giving rise to markedly different structural styles
above and below the evaporite unit (Stewart et al., 1996, 1997;
Withjack and Callaway, 2000; Richardson et al., 2005; Duffy et al.,
2013, Fig. 1a and b). Salt also provides a ductile detachment layer al-
lowing thin-skinned deformation to develop in the supra-salt strata
when tilting induces gravitational sliding (e.g., Stewart and Coward,
1995; Stewart, 2007). The coupling and/or partitioning of deformation
in such mechanically varied sections is complex, but a correct under-
standing of it is essential from both a scientific and an economic
standpoint (e.g., Ferrill et al., 2017).

In addition to the examination of exposed examples, and

seismically-imaged sections, in sedimentary basins, both analogue and
numerical modelling have been used to gain insight into the controls on
salt-involved deformation and the origin, styles and timing of resultant
structures. Physical models have frequently employed weak, granular
materials (dry sand or glass beads) to represent brittle rocks, and have
produced results that bear a good, first-order, resemblance to many
normal fault geometries observed in the upper crust (e.g., Horsfield,
1977; Vendeville, 1988; McClay, 1990). If salt is being considered,
granular materials with different frictional properties or viscous
polymer layers can be used to produce a wide variety of mechanical
stratigraphies which, when subject to boundary conditions appropriate
to salt tectonics, produce interesting and complex geometries (e.g.,
Vendeville, 1988; Dooley et al., 2003; Cartwright et al., 2012, Fig. 1b
and c). Whilst model scaling, construction, running and analysis can
prove difficult and time-consuming, such studies have given profound
insight into salt tectonics (e.g. Vendeville, 1988; McClay et al., 2003;
Dooley et al., 2003, 2007). Numerical modelling studies have also in-
vestigated the mechanisms that drive salt tectonics, including the
buoyancy effects of relatively low-density salt buried beneath denser
sediments (e.g. Podladchikov et al., 1993; Kaus and Podladchikov,
2001), differential loading of frictional sediments on top of a viscous
salt unit (e.g., Last, 1988; Vendeville and Jackson, 1992; Poliakov et al.,
1993; Jackson and Vendeville, 1994; Cohen and Hardy, 1996; Ge et al.,
1997; Schultz-Ela and Walsh, 2001), to full margin-type studies
(Gemmer et al., 2004, 2005).

Overall, these numerical and analogue modelling studies have
shown that several end-member styles of deformation involving salt can
occur: differential loading caused by varying overburden thickness
creates a pressure gradient in the viscous salt and causes a channel
Poiseuille flow to form (Fig. 1d; Turcotte and Schubert, 1982; Gemmer
et al., 2004). With this end-member flow pattern, the overburden is
stable and does not move horizontally (Last, 1988; Cohen and Hardy,
1996; Waltham, 1997). For larger differential overburden thicknesses,
and hence larger pressure gradients, the overburden may become un-
stable and fail, initiating a drag-induced Couette-type flow in the vis-
cous layer (Fig. 1d; Waltham, 1997). In nature, it is likely that salt flows
in many types of environment involve both Couette and Poiseuille
components, resulting in a velocity/displacement field that is a com-
bination of both end-members (Gemmer et al., 2004; Warsitzka et al.,
2015; Cartwright et al., 2012, Fig. 1c and d).

To complement these studies, here I use numerical modelling to
investigate deformation of a crustal section composed of a brittle
(frictional-cohesive) overburden underlain by a ductile (viscous) sub-
strate, under extensional boundary conditions. Most numerical models
(e.g., finite element, boundary element etc), whilst producing a detailed
picture of evolving geometries, stress and strain, do not reproduce the
important, smaller-scale structures in the sedimentary cover, particu-
larly the faults, folds and fractures, seen in both the field and labora-
tory. This is partly a result of the limitations of many numerical codes
(particularly continuum numerical techniques) in modelling sponta-
neous localisation and large displacement on faults but is also a result of
model resolution (cf. Crook et al., 2006; Nollet et al., 2012). In contrast,
discontinuum techniques (such as the discrete element method or
smooth particle hydrodynamics) allow natural fault localisation and
propagation, can incorporate a variety of rheologies, and replicate the
complexity of smaller-scale structures seen in the field and laboratory
(e.g., Saltzer and Pollard, 1992; Gray and Monaghan, 2004; Hardy,
2008). They also allow a detailed analysis of kinematics and strain (e.g.,
Cardozo and Allmendinger, 2009; Hardy, 2011). It is the discrete ele-
ment technique that will be used in the study presented herein. Whilst
discrete element models have previously been applied to over-pressured
shale and salt tectonics, these studies did not include a viscous unit per se
but rather modelled the mobile material as a very weak, non-cohesive,
frictional layer (e.g., Dean, 2014; Dean et al., 2015) or a weakly-bonded
elastic layer subject to global viscous damping necessary for numerical
stability (Pichel et al., 2017). This paper presents an attempt to

Fig. 1. (a) Line drawing of seismic section across the Mikkel structure, offshore
Norway (redrawn from Withjack and Callaway, 2000), (b) Line drawing of an
analogue experiment of deformation in cover above a ductile horizon overlying
a 60° extensional fault (redrawn from Dooley et al., 2003) (c) Conceptual sketch
summarising the interpreted displacement patterns and showing vector profiles
representing material movement in an analogue experiment derived from PIV
analysis (redrawn from Warsitzka et al., 2015), (d) Schematic illustration of
Couette and Poiseuille flow.

S. Hardy Marine and Petroleum Geology 97 (2018) 32–44

33



combine a brittle (frictional-cohesive) overburden underlain by a duc-
tile (viscous) substrate. The coupling between a viscous substrate and a
frictional overburden and their numerical modelling is neither in-
tuitive, obvious or straightforward, but a new approach is presented
herein. Results under boundary conditions appropriate to thick- and
thin-skinned extensional tectonics are presented and their implications
discussed.

2. Methodology

The discrete-element technique used here has the advantage of re-
lative ease in combining internal and external complicated, often
abrupt, boundary conditions (see e.g. Hardy, 2008, 2011; 2016; Hardy
et al., 2009). The discrete element code used here is ¨cdem2D¨, which is
parallelised using OpenMP and was previously used to undertake a
wide variety of structural geology modelling in both 2D and 3D (Hardy,
2008; Botter et al., 2014, 2016). The details of this code applied to
frictional, cohesive materials can be found elsewhere (e.g., Hardy et al.,
2009; Hardy, 2011, 2015) and the interested reader is referred to these
publications. Here, I will focus on the inclusion of a viscous substratum
in this modelling scheme and the issues associated with coupling it to a
frictional-cohesive overburden. Preliminary results of the code were
previously presented and published in extended abstract form (Valencia
et al., 2016) but here the approach will be discussed in detail.

Discrete element models, in common with other numerical techni-
ques, have both advantages and disadvantages when considering their
application to a specific geological problem of interest. On the one
hand, modelling of cover deformation to high strain is an ideal candi-
date for the application of the discrete element technique as it is well-
suited to studying problems in which discontinuities (shear-zones,
faults, fractures etc) are important. It allows deformation involving
unlimited relative motions of individual elements and complex, abrupt
boundary conditions (Cundall and Strack, 1979; Finch et al., 2004:
Egholm et al., 2007; Hardy, 2008, 2011; Thompson et al., 2010).
However, one disadvantage of the technique lies in the necessary, but
tedious and time-consuming, calibration of micro-particle parameters
to emergent physical properties (cf. Egholm et al., 2007; Botter et al.,
2014). Similarly, the sensitivity of models results (e.g. the precise lo-
cation and timing of faulting, number of faults etc) to subtle initial
differences in, e.g., assembly packing is well-known (cf. Abe et al.,
2011). The interaction of many tens of thousands of particles, both
locally and globally, also leads to situations wherein our ability to ex-
plain precisely why a particular fault or fracture grew at the expense of
a neighbouring one is limited. Such issues also exist in analogue mod-
elling where repeated experiments under the same boundary conditions
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 resolution, whilst important previously,
are now no longer a particular concern due to recent rapid advances in
computational power and the parallelisation of many discrete element
codes.

Here, I model the substratum of salt as a simple, linear Newtonian
fluid. Such a fluid is one in which the viscous stresses arising from its
flow, at every point, are linearly proportional to the local strain rate —
the rate of change of its deformation over time. That is equivalent to
saying that these forces are proportional to the rates of change of the
fluid's velocity vector as one moves away from the point in question.
More specifically, a fluid is Newtonian only if the tensors that describe
the viscous stress and the strain rate are related by a constant viscosity
tensor that does not depend on the stress state and velocity of the flow.
Newtonian fluids are the simplest mathematical models of fluids that
account for viscosity and are named after Isaac Newton, who first
postulated the relation between the shear stress and shear strain rate for
such fluids in differential form

=τ μ du
dy (1)

Where

τ is shear stress
μ is a scalar constant of proportionality, the dynamic viscosity of the
fluid
du
dy

is the shear strain rate, the derivative of the velocity component
that is parallel to the direction of shear, relative to the perpendicular
direction

Equation (1) is known as the Newtons Law of Viscosity. This
equation describes a Linear Newtonian viscous fluid with constant
viscosity. The incorporation and calculation of such viscous contact
stresses in 2 dimensions, and thus forces, in the discrete element model
is a moderately straightforward task.

2.1. Viscosity scaling and viscous-brittle coupling

Unfortunately, whilst calculation of viscous and frictional forces in
the numerical model is moderately straightforward, the incorporation
of different constitutive descriptions of behaviour can be hampered by
technical difficulties induced by the distinct nature of the time-in-
dependent (frictional) versus time-dependent (viscous) mechanisms,
and the abrupt/discontinuous change of material behaviour across any
sediment-salt interface(s).

A particular issue revolves around the extremely small time-steps
necessary in many discrete element simulations to both ensure both
numerical stability and high resolution, combined with the extremely
long (geological) timescales over which the modelled materials must be
simulated and deformed (cf. Gemmer et al., 2004, 2005). Typically
discrete element models have time-steps of the order of 0.001s or less
depending on element size, density, elastic modulus, etc. A consequence
of this is that we often require many, many millions of calculation time-
steps to achieve, for example, a desired final fault displacement. For
frictional materials time is independent of deformation and, with to-
day's computing power and parallelisation, as long as numerical sta-
bility is ensured, such large numbers of time-steps do not present any
real computational problem. However, with viscous materials time is
important and deformation must take place over geologically appro-
priate timescales. Obviously, such small time-steps cannot be used to
model geological timescales (100s of thousands to 10s of millions of
years) and therefore some approach to model scaling must be adopted.
As proposed by Last (1988), in problems where deformation is essen-
tially constrained by slow viscous flow, scaling of viscosity is an ap-
propriate technique. The model viscosity can be scaled (decreased) to
speed up the calculation process providing that inertial forces are small
in comparison to viscous forces. An appropriate measure of this is the
Reynolds number (Re), a dimensionless number that gives a measure of
the ratio of inertial forces to viscous forces for given flow conditions.
The Reynolds number is an important parameter that describes whether
flow conditions lead to laminar or turbulent flow. Laminar flow occurs
at low Reynolds numbers, where viscous forces are dominant, and is
characterised by smooth, constant fluid motion; turbulent flow occurs
at high Reynolds numbers and is dominated by inertial forces, which
tend to produce chaotic eddies, vortices and other flow instabilities.

The Reynolds number is defined as:

=

ρvL
μ

Re
(2)

where:

ρ is the density of the viscous fluid (kg/m3)
v is a characteristic velocity of the viscous fluid (m/s)
L is a characteristic length scale (m)
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μ is the dynamic viscosity of the viscous fluid (Pa.s).

For a scaled system, the coefficient of viscosity simply becomes

=μ μ λ/s (3)

Where:

λ is the scaling factor

In a system under quasi steady-state conditions, such a scaling will
simply increase the computed velocities by the same factor

= ⋅v λ vs (4)

As such, and combining Equations (2)–(4), it is clear that the Rey-
nolds number for the scaled computations becomes

= λRe Res 2 (5)

Thus, the scaling factor should be chosen such that the resultant,
scaled, Reynolds number, Res, is « 1. For the system under consideration
in this paper, with a characteristic length scale of 1000m, density of
salt of c. 2200 kg/m3, flow/displacement velocities of c. 0.05m/s and a
viscosity of c. 5× 108 Pa s - the calculated scaled, Reynolds number, Res

is c. 2× 10−4 (see below and Table 1). Thus, for these parameters, the
Res is « 1 and the scaled viscous flows remain steady, smooth and la-
minar. Therefore, if we use a scaling factor, lambda, λ of 109 the natural
viscosity is c. 5× 1017 Pa s and the real world Reynolds number, Re, is
c. 2× 10−22. Models are run for c. 0.23 days of model time - which,
with this scaling factor λ of 109, scales to c. 634 ka in real geological
time (see Table 1). Note that these natural parameters are obviously
subject to some uncertainties, given that both salt viscosity and strain
rate during salt flow are not well constrained and may vary over several
orders of magnitude (Jackson and Talbot, 1994).

A second technical issue when dealing with viscous layers is the
implementation of no-slip boundary conditions. The no-slip condition
for viscous fluids assumes/implies that at any solid boundary, the fluid
will have zero velocity relative to that boundary. This condition is re-
quired both at the interfaces between external model boundaries and at
the internal sedimentary cover-viscous substrate interface. Luckily, this
is not a great technical concern in discrete element models, and one can
easily specify that a particular boundary is no-slip, without creating
technical difficulties or instabilities.

2.2. Model parameters, set-up and boundary conditions

Three different experiments are considered herein, all contain a
viscous lower section 1000m thick (representing salt) and an overlying
frictional-cohesive section 1750m thick (representing a brittle, sedi-
mentary cover). The first example considered contains a basement

normal fault dipping at 30° (Fig. 2a), the second example considers
deformation above a keystone-type graben with 2 opposing 60° faults
(Fig. 2b), whilst the third example is thin-skinned in which the model is
tilted by 5° and then subject to extension via its right-hand wall
(Fig. 2c). These model designs were chosen to illustrate the range of
settings and boundary conditions that the approach can handle; they
are not unique or intended to replicate specific natural examples. The
model in the keystone example is longer in order to accommodate the 2
faults and ensure that they are neither too close to each other or the
model boundaries. In all cases the upper section is marked/coloured
using initially horizontal layers whilst the lower section is coloured
using vertical layers, in order to emphasise their different deformation
styles. Both horizontal and vertical marker layers are initially 60m
thick. The models represent the crustal section (both salt and sedi-
ments) as a densely packed assemblage of c. 47,000 (Expts 1&3) or c.
94,000 (Expt 2) variably-sized, circular elements. Element radii range
from 6.25 to 15.625m (average radius 9.71m) and their density is
2200 kg/m3. These elements obey Newton's equations of motion and
interact with each other under the influence of gravity. Elements are
not bonded to their neighbours and experience either Mohr-Coulomb
frictional or viscous contact interactions with their neighbours (see
Finch et al., 2004 and Hardy et al., 2009 for a full description of the
modelling approach).

In discrete element models such as that used here the parameters
such as strength, coefficient of friction or viscosity 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
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 overlying frictional-cohesive cover used here has been found
to have a bulk coefficient of friction (μ) of c. 0.79 (internal angle of
friction (ø) of c. 38°) and a cohesion (C) of ∼2.5MPa (Table 1). These
values lie within the ranges reported for natural rock masses at a metric
scale and are much smaller than those typically derived from centi-
metre-scale laboratory samples (cf. Schultz, 1996; Strayer et al., 2004;
Holohan et al., 2011). The underlying, viscous substrate has a nominal
dynamic viscosity (μ) of 5×106 Pa s, and this together with the nu-
merical damping used in the model leads to an effective dynamic visc-
osity of c. 5× 108 Pa s. Using a scaling factor, lambda, λ of 109 (see
above and Table 1) thus allows us to model mobile substrates with a
viscosity of c. 5× 1017 Pa s.

Displacement on the basement fault or sidewall is incremented by
0.0001m per time-step (0.002 s) to achieve a total displacement of
1000m in both the case of the basement fault models and the titled
model. Models are run for c. 0.23 days of model time, which scales to c.
0.634 Ma in real geological time (see Table 1). The displacement rate
scales to c. 1.5 m/ka, well within reported fault displacement rates (see
Hardy, 1994). For all three models the scaled strain rates are c. 1015 s−1

consistent with reported geological strain rates (e.g., Baldwin et al.,
2003). The applied basement fault or wall displacement is transmitted
directly to the cover, changing local element interactions and thus
contact forces. As a result of this boundary displacement, the internal
elements are advanced to their new positions within the model by in-
tegrating their equations of motion using Newtonian physics and a
velocity-Verlet based numerical scheme (cf. Mora and Place, 1993).
Element positions are saved during experiments to allow a detailed,
high-resolution analysis of geometry, displacement and strain (cf.
Cardozo and Allmendinger, 2009). The numerical code used has been
parallelised using OpenMP and has been thoroughly tested and verified
against the serial version (cf. Chapman et al., 2007; Hardy, 2015).
Typical experiments like those discussed here take ∼5–7 days of ma-
chine (calculation) time on a desktop machine with two 6-core Intel
Xeon (X5650–2.66 GHz) processors allowing 24 computational threads.

For each experiment discussed herein many different models have
been run with parameters similar to those described below. However,
the specific experiments discussed are representative of the structural

Table 1
Experimental and equivalent, scaled natural model parameters, for standard
strain rate experiments.

Numerical Model Natural Example using
viscosity scaling of 109

Salt Layer Thickness (m) 1000 1000
Salt Layer Density (kg/m3) 2200 2200
Salt Layer Viscosity (Pa.s) c. 5× 108 c. 5× 1017

Total Time (days) 0.23 n/a
Total Time (Yrs) 0.000634 6.34×105

Displacement Rate (m/s) 0.05 5×10−11

Displacement Rate (m/ka) n/a 1.58
Reynolds Number (Re) 0.00022 2.2× 10−22

Cover Layer Angle of
Friction (deg)

38 n/a

Cover Layer Cohesion (MPa) 2.5 n/a
Cover Layer Density (kg/

m3)
2200 n/a
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evolution typically observed under these boundary conditions in that
they contain the reproducible, characteristic features seen in many
models that were run. The important scientific message to be taken
away is not the precise location of an individual fault, but rather the
distinctive, repeatable patterns and sequences of structural behaviour
that emerge from multiple experiments that are represented by the
three experiments shown here.

2.3. Experiment 1

The first scaled 2D numerical experiment reported here considers a
6.25 km by 2.75 km section of the upper crust, subject to displacement
on a single, blind 30° normal fault centrally located at its base (Figs. 2a
and 3). Results are shown after 100, 250, 500, 750 and 1000m dis-
placement on the basement fault. Also shown is the incremental shear
strain calculated over the previous 50m basement fault displacement at
each stage.

An overview of the experimental results allows us to extract some
general, large-scale features: the lack of localisation/faulting within the
viscous (ductile salt) unit, discrete (dilational) faulting in the frictional-
cohesive (brittle cover) unit, and the flow of salt in both the hanging
wall and the footwall of the basement fault. Model evolution can be
summarised as follows: after 100m of displacement on the basement
fault (Fig. 3a), it can be seen that there is some flow of the salt (as
evidenced by deformation of originally vertical markers) and the subtle
development of a steep extensional fault/dilational fracture in the
upper part of the frictional cover; there is no visible faulting within the
viscous unit. In a general sense, the overburden fault is spatially related
to the deeper fault but there is no direct linkage, and faulting does not
initiate at the projection of the basement fault into the brittle cover. As
can be seen from the incremental shear strain, deformation within the
salt unit is quite widespread and diffuse. The flow of salt is subtle but is
towards the downthrown side of the fault. It is concentrated in a wide
zone above the fault tip, although there is also some minor flow in the

Fig. 2. Initial and boundary conditions of the 3 experiments discussed in this paper. In all cases the cover contains a viscous lower section 1000m thick representing
ductile salt, and an overlying frictional-cohesive section 1750m thick representing a brittle, sedimentary overburden. The upper section is marked/coloured using
initially horizontal layers whilst the substratum uses vertical layers, to emphasise their different deformation styles. Both horizontal and vertical marker layers are
initially 60m thick. Arrows indicate boundary displacements applied.
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Fig. 3. Experiment 1: a centrally located basement normal fault dipping at 30° deforms a viscous lower section 1000m thick (representing ductile salt) and an
overlying frictional-cohesive section 1750m thick representing a brittle, sedimentary overburden. Model geometry shown after 100, 250, 500, 750 and 1000m
displacement on the basement fault.
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hanging wall towards the fault. After 250m of displacement on the
basement fault, the zone of salt flow is somewhat wider and, con-
currently, the cover deformation has become more complex (Fig. 3b).
Salt flow now occurs over a wide region of the footwall and is directed
towards the hanging-wall, whilst in the hanging-wall there is a subtle
flow of salt towards the growing fault plane. Discrete, dilational faulting
continues in the cover with several, sub-parallel, faults forming above
the basement fault; in addition, more faulting now occurs in the
hanging wall (Fig. 3b). Of particular note is the development of 2
conjugate normal faults adjacent to the right-hand end-wall. This pat-
tern of deformation continues after 500m displacement. Flow in the
salt is complex, more widespread but continuous (Fig. 3c). At this stage,
apart from close to the right-hand wall, much of the normal faulting is
in the footwall of the basement fault. It is also now that we see the
development of a central block within the cover which is essentially
undeformed. After 750m deformation has propagated even further into
the footwall (with a conjugate normal fault set developing) and salt
flow is complex, but emphasises the dominant flow of salt from footwall
to hanging-wall, and minor flow of salt in the hanging-wall towards the
fault (Fig. 3d). The main cover fault can be seen to be soft-linked to the
basement fault, although there is no discrete faulting per se in the salt.
Analysis of individual, major, faults in the cover show them to be active
together. The final stage of deformation shows this trend to continue
with a wide zone of deformation in the cover. The effect of a growing,
new, no-slip boundary (the fault plane) is very clear in this experiment.
In addition, the salt layer has thinned to approximately 400m near the
edge of the footwall block and faults in the brittle overburden are now
more closely aligned with the basement fault beneath the salt (Fig. 3e).

2.4. Experiment 2

The second scaled 2D numerical experiment reported here considers
a 12.50 km by 2.75 km section of the upper crust (essentially twice as
wide as Expt. 1), subject to displacement on 2 blind, opposing, 60°
normal faults centrally located at its base (Fig. 2b; Fig. 4). Displacement
on these 2 faults produces a symmetric, keystone-type, graben in the
basement. This experiment will highlight the importance of specific
boundary conditions when modelling salt in a setting such as this. In
order to simulate a keystone that drops down due to space created by
moving a right-hand wall outwards, the left-hand part of the model is
kept static, the central keystone is displaced parallel to the left-hand
fault, whilst the right-hand part of the model moves horizontally to the
right at the correct rate to produce a symmetric graben (Fig. 2b). Both
these styles of boundary condition (single fault equivalent to left hand
side of model and keystone block style of full model) have been used in
previous analogue modelling studies (Dooley et al., 2003; Warsitzka
et al., 2015, Fig. 1b and c) and their effect on the resultant pattern of
deformation will be shown here. Results are shown after 100, 250, 500,
750 and 1000m displacement on the basement faults. Also shown is the
incremental shear strain calculated over the previous 50m fault dis-
placement at each stage.

An overview of the experimental results allows us to observe (as
before) several general, large-scale features: the lack of localisation
within the viscous unit, discrete (dilational) faulting in the frictional
unit, and the flow of salt from both footwall blocks towards the central
graben. However, the most striking feature is the asymmetric nature of
deformation in this experiment, with a wide zone of extensional
faulting in the brittle cover above the righthand footwall block and a
more limited zone of deformation above the lefthand footwall block.
Whilst this might not be surprising if one analyses the model set-up, it
emphasises the importance of boundary conditions when modelling
even single faults. Model evolution can be summarised as follows: after
100m deformation on the basement faults there is an initial almost
symmetric flow of salt towards the graben with only gentle flexing of
the brittle cover and no visible faulting (Fig. 4a). After 250m dis-
placement, we see the development of both subtle rotational “reverse”,

and more prominent normal, faults in the frictional cover. Even at this
stage the cover deformation is asymmetric with widely distributed
normal faulting above the righthand footwall block and only minor
faulting above the lefthand footwall block (Fig. 4b). Flow patterns in
the salt reflect this asymmetry in deformation. This pattern of asym-
metry continues and by 500m the left side continues to develop as
before whilst the right side changes dramatically with further propa-
gation of deformation into the footwall with prominent conjugate
faulting developing. The flow of salt is now also asymmetric with a
limited zone of deformation above the lefthand basement fault, whilst
shear-flow dominates above much of the righthand footwall block
(Fig. 4c). Note also the viscous shear of the salt between the down-
thrown keystone block and the overlying, undeformed central cover
section. This pattern continues after 750 and 1000m displacement,
with clear development of conjugate normal faults and mini-graben
above the righthand footwall block. At this stage, faulting also begins to
propagate into the lefthand football block as it collapses (Fig. 4d and e).
In addition, the salt layer has thinned to approximately 325m im-
mediately above the basement fault tips (Fig. 4e).

2.5. Experiment 3

The third scaled 2D numerical experiment reported here considers
the same 6.25 km by 2.75 km section of the upper crust as in
Experiment 1 but without any basement fault, however it is now subject
to an initial tilt of 5° and then extension via its right-hand end-wall
(Fig. 2c; Fig. 5). As before, results are shown after 100, 250, 500, 750
and 1000m displacement on the right-hand wall, along with the in-
cremental shear strain calculated over the previous 50m of wall dis-
placement at each stage.

As before we can observe several general, large-scale features: the
lack of localisation within the viscous unit, discrete (dilational) faulting
in the frictional unit, and the flow of salt downslope towards the
moving right wall. Model evolution can be summarised as follows. After
100m of end-wall displacement one can observe the beginning of
downdip salt flow towards the bottom righthand corner over much of
the viscous unit. Salt flow is very widely distributed and, from the in-
cremental shear strain, can be seen to not be localised (Fig. 5a). There is
no visible faulting in the cover but strain can be seen to be localised in
the shear strain plot at the right end-wall and in the central part of the
brittle cover. After 250m of end-wall displacement, two major, planar
extensional faults have developed near the righthand edge of the model,
with more minor faulting upslope (Fig. 5b). After 500m of end-wall
displacement, extensional faulting has migrated upslope with the de-
velopment of a series of subparallel, synthetic (downslope) normal
faults. There is clearly a dominant, downslope fault vergence and in-
dividual rotated fault-blocks are tilted upslope by 3–5° (Fig. 5c). In
addition, minor (upslope) antithetic faulting has initiated with the
formation of a small graben towards the right-hand edge of the model
(Fig. 5c). Salt flow is now visible over much of the model but is at its
most complex at the right-hand edge of the model. After 750m of end-
wall displacement the same pattern of deformation is observed. The
graben at the right hand end of the model continues to grow (Fig. 5d) at
the same time as antithetic faulting migrates upslope. Of particular note
is the development of an essentially undeformed, sinking block
squeezing out the underlying salt at the right-hand end of the model.
The influence of model edges and boundary conditions will be returned
to in the discussion. This pattern of deformation continues up to 1000m
of end-wall displacement, producing the final geometry (Fig. 5e).

3. Discussion of results

The experiments presented in this paper, as expected, illustrate well
the very different manners in which a ductile substrate and a brittle
overburden respond to imposed (extensional) boundary conditions.
Diffuse, ductile deformation predominates in the viscous salt layer
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whereas localised, dilational faulting occurs in the frictional over-
burden layer (e.g., Fig. 3b; Fig. 5c). However, although the two layers
are physically in contact with each other, the manner in which de-
formation passes from one to another, and links to that in the basement,
is not straightforward. Faults in the brittle cover typically lose all dis-
placement/expression at the salt-cover interface (i.e., they tip out) as
localised deformation passes to distributed flow in the underlying salt
(Figs. 3–6). The interface per se is never offset by faulting but clearly can
develop moderate relief as a result of deformation and flow above and
below it. As such, for the thickness of salt used in these experiments,

while there is often a spatial relationship, there is typically no direct
linkage between the basement fault(s) and the faults above the salt in
the overburden. Thus, the systems are probably best described either as
being unlinked or soft-linked. However, when the salt layer thins sig-
nificantly near the edge of the footwall block, the faults in the over-
burden are more closely related to those beneath the salt, however
there is still no discrete faulting per se within the salt (see, e.g., Figs. 3e
and 4e). However, initially thinner salt layers in such models would be
expected to produce greater linking between deformation in basement
and cover (see below). In general, the model results compare well with

Fig. 4. Experiment 2: deformation above a keystone type graben with 2 opposing 60° faults. This model is wider than Expt. 1 but all other parameters are identical.
Model geometry shown after 100, 250, 500, 750 and 1000m displacement on the basement fault.
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those seen both in nature and in analogue experiments (cf. Fig. 1a,b,c).
They show many key/characteristic features observed when a thick salt
unit lies between basement and cover. These include: a clear decoupling
of deformation between basement and cover, widely-distributed
graben-like conjugate fault systems above the basement footwall,

rotational “reverse” faults in downthrown cover blocks and, in the case
of the inclined base model, tilted fault blocks with approximately
constant spacing and downslope vergence. All of these observations
give us some confidence in the fidelity of the modelling code and the
applicability of the modelling results.

Fig. 5. Experiment 3: thin-skinned and in this experiment the model is tilted by 5° and then subject to extension via its right-hand wall. Model geometry shown after
100, 250, 500, 750 and 1000m displacement on the basement fault.
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The experiments also demonstrate the important role of boundary
conditions in the models and, by analogy, in nature. No-slip boundary
conditions occur at the salt-base, salt-top and at the end-walls. They
condition much of deformation seen in the experiments. This is only to
be expected when considering a viscous, Newtonian material. As in-
dicated by the (initially) vertical markers, the strain patterns in the
viscous layer can be described as shear flow (Couette flow; Fig. 1d)
when they occur between simple, almost planar, boundaries such as
those seen in the tilted model, or the central hanging wall block and the
horizontally moving footwall in the keystone model (Fig. 4; Fig. 5).
However when the viscous layer flows towards a subsiding basement
block (e.g., Figs. 3 and 4) or a moving end-wall (Fig. 5), the (initially)
vertical markers in these zones show a more parabolic shape, which is
characteristic of channelized Poiseuille-type flow (Fig. 1d). In these
cases Poiseuille-type flow occurs where there is either important
basement relief and/or where there is significant thinning (relief) of the
cover due to faulting and endwall movement. In models with a base-
ment fault, the rigid fault plane also introduces a new, growing, no-slip
boundary which can lead to complex salt flow towards, and drag along,
the fault (Figs. 3e and 4e). In general, it can be observed that salt flow is
quite complex; flow patterns typical of both Couette and Pouseueille
flow, and combinations thereof, are seen (cf. Fig. 1c and d).

As viscous deformation depends explicitly on strain rate (cf. Eqn.
(1)), it will prove useful to examine models identical to those presented
above but run with a significantly lower strain rate. These lower strain
rate models will also allow us to examine the effect of model boundary
conditions (and thus edge effects) on deformation style, e.g., the model
asymmetry observed in the case of the keystone experiment. I choose a
strain rate that is 5 times lower than the previously presented results.
Displacement on the basement fault or sidewall is now incremented by
0.00002m per time-step (0.002 s) to achieve a total displacement of
1000m in both the case of the 2 basement fault models and the titled
model. Models are run for c. 1.16 days of model time, which with a
scaling factor, lambda, λ of 109 translates to c. 3.17 Ma in real geolo-
gical time and leads to a much lower Reynolds numbers (see Table 2).
The displacement rate scales to c. 0.315m/ka, well within reported
fault displacement rates (see Hardy, 1994). For all three models the
scaled strain rates are c. 1015-1016 s−1, still consistent with reported
geological strain rates (cf. Baldwin et al., 2003). In Fig. 6 the final
geometries (after 1 km displacement) of both the original and lower
strain rate experiments are shown. What can be seen is that in these
lower strain rate experiments the effect of the boundary conditions is
reduced but it does not entirely disappear. For example, with the lower

strain rate, in the 30° experiment the righthand wall graben is no longer
present and is replaced by a prominent antithetic fault (Fig. 6a). In
addition, faulting in the cover is now more distributed and is not clearly
linked to the basement fault. In the keystone experiment the lower
strain rate reduces some of the asymmetry in deformation but it is still
present (Fig. 6b). However, there is also a noticeable reduction in re-
verse (rotational) faulting above the basement faults, and no viscous
shear (Couette flow) in the salt above the central, downthrown block. In
the mobile righthand wall experiment deformation is broadly similar to
that seen in the standard strain rate experiment, although the role of
antithetic faulting is now more apparent across much of the model
(Fig. 6c), producing conjugate fault sets and a set of graben across the
model rather than tilted fault blocks. However, in all cases, what is
clear is the key role of strain rate (or equivalently, viscosity) on the
nature of deformation both in the mobile substrate and the overlying
brittle cover. In particular, these experiments emphasise the importance
of edge effects when modelling such materials. Clearly edge effects are
difficult to completely eliminate in either analogue or numerical
models, but models such as these allow us to distinguish between edge
effects and real-world behaviour.

A final set of models will now be shown in order to illustrate the
importance of initial salt thickness on linkage between deformation in
the basement and cover (Fig. 7). Shown here are the three final model
configurations (after 1000m displacement) of experiments with a 65°

Fig. 6. Final geometries after 1000m fault and endwall displacement for Experiments 1, 2 & 3 discussed in text (Figs. 3–5) run at the standard strain rate (c. 1015 s−1

bottom row) and equivalent experiments run at a strain rate that is 5 times lower (top row). All other model parameters are identical. Note the reduction of edge
effects in all models and greater localisation of strain in cover.

Table 2
Experimental and equivalent, scaled natural model parameters, for lower strain
rate experiments.

Numerical Model Natural Example using
viscosity scaling of 109

Salt Layer Thickness (m) 1000 1000
Salt Layer Density (kg/m3) 2200 2200
Salt Layer Viscosity (Pa.s) c. 5× 108 c. 5× 1017

Total Time (days) 1.16 n/a
Total Time (Yrs) 0.00317 3.17× 106

Displacement Rate (m/s) 0.01 1× 10−11

Displacement Rate (m/ka) n/a 3.15× 10−1

Reynolds Number (Re) 0.000044 4.4×10−23

Cover Layer Angle of
Friction (deg)

38 n/a

Cover Layer Cohesion
(MPa)

2.5 n/a

Cover Layer Density (kg/
m3)

2200 n/a
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basement fault and a salt layer which is initially 250, 500 and 1000m
thick. Models were run at the standard strain rate (c. 1015 s−1), all other
model parameters are identical to Experiment 1. These models show the
clear influence of salt thickness on the style of linkage between base-
ment and cover. For the model with a thick salt thickness (1000m) the
deformation in the basement is essentially decoupled from that in the
cover (Fig. 7a). In this case, deformation in the cover is distributed and
extends into the footwall. The model with a thin salt thickness (250m)
shows a very different style of linkage; here deformation is localised
and bears a close relationship to the basement fault (Fig. 7c). In addi-
tion, it can be seen that welding is produced in this model in the region

of the basement fault tip. For the intermediate salt thickness (500m),
linkage is transitional between these 2 end members (Fig. 7b).

One distinct advantage of the approach used here is the ability to
visualise deformation, at the same resolution, both within the brittle
cover and the ductile substrate, either through the deformed geometry
of initially regular markers or through strain analysis. In many analogue
studies deformation within the brittle cover is clearly visible, well-de-
fined and analysed in some detail (e.g., Withjack and Callaway, 2000;
Brun and Fort, 2011). While some analogue modelling studies have
used plugs of viscous material (passive markers) to elucidate flow
patterns within viscous layers (e.g., Cartwright et al., 2012), in most
cases flow patterns are either unknown/unquantified (Dooley et al.,
2003; McClay et al., 2003) or approximated using image processing
techniques (PIV) where edge effects complicate the analysis (Warsitzka
et al., 2015). However these, and other, techniques do allow visuali-
sation of displacement/strain in 3D on model surfaces (e.g. Dooley
et al., 2016). The approach used here allows us to much more clearly
see the internal relationships between basement faulting and incre-
mental deformation in the viscous substrate and frictional cover.

Clearly the approach and experiments presented in this paper are
only a first step towards modelling salt and sediments in this discrete
element model. These experiments lack several features which may be
important in salt tectonics and which need to examined/added in future
studies: firstly buoyancy is not included in these experiments, although
recent studies have suggested that it may often be over-emphasised in
analogue models (Allen and Beaumont, 2012) and will be subject of a
further paper. This, and the relatively thick, strong cover used here,
dampen any reactive rise of salt Secondly, differential loading by a
tapering load, or a deltaic wedge growing over an underlying salt layer
has a clear effect upon salt movement and deformation within the se-
dimentary cover (e.g., Cohen and Hardy, 1996; Gemmer et al., 2004).
Also, in general syn-tectonic and post-tectonic sedimentation have been
shown to have an important effect upon salt movement and resultant
deformation (e.g., Warsitzka et al., 2015). Finally, these models have
been run in 2D, while 3D effects are clearly important (Dooley et al.,
2003). All these topics are subjects of ongoing research.

4. Conclusions

This paper has presented a discrete element model of a sedimentary
section composed of a viscous substrate and a cohesive-frictional
overburden, subject to boundary conditions appropriate to both thick
and thin-skinned extension. Models can be scaled to geological time-
scales whilst retaining very low Reynolds numbers. With this paralle-
lised numerical code, model runtimes are measured in days and are
achievable using todays desktop workstations.

The numerical model has been applied to 3 examples involving
extensional deformation, two of which are thick-skinned and one is
thin-skinned. The results are similar to those seen both in nature and in
analogue modelling (cf. Fig. 1a,b & c). Movement of the viscous sub-
strate is the result of both Couette-type and Poiseuille-type flows (and
combinations thereof), whilst deformation in the cover takes the form
of discrete, dilational faults. These faults typically lose displacement
towards, and tip out at, the cover-substrate interface. In addition, in
models with a basement fault, the fault itself presents a growing and
important no-slip boundary which significantly affects viscous flow. For
the salt layer thickness used here, faults in the brittle sedimentary cover
are, in general, unlinked or only soft-linked to any basement faulting.
However, as the displacement on the basement normal fault increases,
the salt layer thins significantly near the edge of the footwall block, and
faults within the cover sequence are more closely related to the master
normal fault via the attenuated salt layer.

As expected, much of the deformation observed within the viscous
salt layer, and thus the frictional cover, is conditioned by (no-slip)
boundary conditions. Deformation in the cover sequence is less affected
by boundary conditions (and edge effects) with lower values of strain-

Fig. 7. Final geometries after 1000m basement fault displacement for 3 ex-
periments with a 65° basement fault and initial salt thicknesses of (a) 1000, (b)
500 and (c) 250m respectively. Models run at the standard strain rate (c. 1015

s−1). All other model parameters are identical. Note the production of salt
welds and linkage of deformation in basement to cover with decreasing initial
salt thickness.
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rate (or equivalently, salt viscosity) than with higher values of strain-
rate. As a result, the distribution and style of deformation both in the
mobile substrate and the overlying brittle cover can change sig-
nificantly. In addition, initially thinner salt layers produce greater
linking between the deformation in basement and cover.
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