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Abstract Typical pull-apart structures were created in
scaled clay experiments with a pure strike-slip geometry
(Riedel type experiments). A clay slab represents the
sedimentary cover above a strike-slip fault in the rigid
basement. At an early stage of the development of the
deformation zone, synthetic shear fractures (Riedel
shears) within the clay slab display dilatational behav-
iour. With increasing basal displacement the Riedel
shears rotate and open further, developing into long,
narrow and deep troughs. The shear displacement and
the low angle with the prescribed principal basal fault set
them apart from tension gashes. At a more evolved
stage, synthetic segments (Y-shears) parallel to the basal
principal fault develop and accommodate progressive
strike-slip deformation. The Y-shears connect the tips of
adjacent troughs developed from the earlier Riedel
shears, resulting in the typical rhomb-shaped structures
characteristic for pull-apart basins. The Strait of Sicily
rift zone, with major strike-slip systems being active
from the Miocene to the Present, comprises pull-apart
basins at different length scales, for which the structural
record suggests development by a mechanism similar to
that observed in our experiments.

Keywords Strike-slip faults Æ Pull-apart basins Æ Riedel
shear Æ Analogue experiments Æ Clay models Æ Clay
properties Æ Strait of Sicily rift zone

Introduction

Pull-apart structures occur at different length scales
(millimetre to plate boundary) in a wide range of tec-
tonic settings. Typical pull-apart basins form in the
sedimentary cover above strike-slip faults in the base-
ment. The formation and accumulation of hydrocarbons
renders these basins economically important—their
structural evolution is of interest for oil and gas explo-
ration.

Several mechanisms have been proposed for pull-
apart basin formation. The most popular mechanism is
local extension between two en echelon basement strike-
slip fault segments (e.g. Aydin and Nur 1982; Mann
et al. 1983). These can be right-stepping with dextral
shear or left-stepping with sinistral shear. The local
extension is accommodated in the sedimentary cover by
normal faults at the releasing oversteps and bends
(Fig. 1a). As alternatives, two other mechanisms have
been proposed for the formation of pull-apart basins: a
distributed (simple) strike-slip shear mechanism and a
Riedel shear mechanism.

Distributed shear is envisaged to occur in weak layers
of evaporites or overpressured shales, and above a broad
strike-slip zone in the basement. This causes distributed
shear deformation in the overlying competent sedimen-
tary layers. Pull-apart basins can develop at releasing
steps during fault interaction, coalescence and linkage
(An and Sammis 1996 Fig. 1b).

The Riedel shear mechanism implies formation of
pull-apart basins in the sedimentary cover along Riedel
faults connected by segments of strike-slip faults, which
are subparallel to a single principal displacement fault
(PDZ) in the basement (Dewey 1978; Hagglauer-Ruppel
1991). The Riedel faults initiate first, while the strike-slip
segments develop at a later stage and finally cause the
formation of the pull-apart basins (Fig. 1c).

The development of pull-apart basins has been investi-
gated theoretically (e.g. Rodgers 1980; Segall and Pollard
1980), numerically (e.g. Gölke et al. 1994; Katzman et al.
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1995), and experimentally for two en echelon strike-slip
faults in the basement (e.g. Hempton and Neher 1986;
McClay and Dooley 1995; Rahe et al. 1998). The exper-
iments used a variety of set-ups and different materials.
Synthetic and antithetic shears (referred to as Riedel and
conjugate Riedel shears) and Y-shears were observed to
develop in the laboratory experiments and are wide-
spread in nature (e.g. Tchalenko 1970; Barlett et al. 1981;
Gamond 1983; Gapais et al. 1991; Logan et al. 1992;
Marone 1998; Schreurs 2003).

In this study we performed clay analogue experi-
ments to study the formation of pull-apart basins by
the Riedel shear mechanism. The aim is (1) to gain
insight into the structural and kinematic evolution of
pull-apart basins above a single strike-slip fault in the
basement, and (2) to explore the influence of the shear
strength of the clay and the thickness of the clay slab
on the development of structures, with the perspective
of appropriate scaling.

Previous analogue experiments on pull-apart basin
formation

Here we give a short account of previous analogue
experiments on the formation of pull-apart basins by
one of the three principal mechanisms outlined above.

In en echelon strike-slip fault experiments the set-up
consists of two straight basement discontinuities later-
ally offset to form a step-over of pre-determined geom-
etry (set-up 1 in Fig. 2). The location and geometry of
the modelled pull-apart structures are primarily con-
trolled by the prescribed geometry in the basement
(McClay and Dooley 1995; Le Calvez and Vendeville
2002).

The distributed strike-slip experiments are based on
distributed flow in a weak layer (set-up 2 of Fig. 2). This
can be simulated using a rubber or foam plastic sheet, or
with sophisticated designs using multiple Plexiglas bars
(Schreurs and Coletta 1998; Schreurs 2003) or multiple
block units moving relative to each other in simple shear
(Hoeppener et al. 1969). The experiments of An and
Sammis (1996) were based on gravity sliding of a clay
slab on a tilting board. In such experiments, the mate-
rials used to model the sedimentary cover are mainly
clays (Cloos 1955; Hoeppener et al. 1969; An and
Sammis 1996). The pull-apart structures observed by
Cloos (1955) and Hoeppener et al. (1969) mainly origi-
nated along primary shear fractures, while those devel-
oped in the experiments of An and Sammis (1996) were
bound by primary (s1 or s1’) and secondary shear frac-
tures or tension joints (s2 and T; Fig. 1b).

The Riedel-type experiments simulate the transfer of
deformation from a reactivated single and straight
strike-slip fault in the basement into an overlying ini-
tially undeformed sedimentary cover. In the experi-
ments, the single fault in the basement is simulated by
two adjoining rigid plates, one of which can be moved
parallel to the boundary in a dextral or sinistral manner
(Cloos 1928; Riedel 1929, see set-up 3 of Fig. 2). Pull-
apart structures bound by synthetic Riedel shears might
have formed in the original clay experiments of Riedel,
since he noted the opening of the synthetic shears at a
later stage of deformation (Riedel 1929, p 363).

For this type of experiments, the properties of the
material used for the simulation of the sedimentary
cover are suspected to play a crucial role. In the wet clay
experiments of Hagglauer-Ruppel (1991), very small
pull-apart structures formed occasionally not only at the
earliest small shear fractures, similar to the distributed
shear experiments described above, but also at Riedel
shears (Fig. 1c). Soula (1984) obtained similar results
using sand and talc as analogue materials. The results of
Soula (1984) and Hagglauer-Ruppel (1991) are signifi-
cantly different from the Riedel type strike-slip experi-
ments of earlier workers (e.g. Tchalenko 1970; Wilcox
et al. 1973; Mandl 1988); possible reasons are discussed
in a later section with respect to differences in material
properties.

Fig. 1 Three mechanisms for the development of pull-apart basins.
a En echelon right-stepping dextral strike-slip faults. Pull-apart
basins form at the overstep or bend (Mirror image for the left-
stepping sinistral faults). b Distributed shear. Pull-apart basins
form during linking and coalescence of main faults. S1 and S1¢ are
primary synthetic and antithetic strike-slip faults, respectively.
T and S2 are tension and secondary synthetic strike-slip faults,
respectively (simplified from An and Sammis 1996). c Riedel shear.
1 Initiation and coalescence of first generation shears into Riedel
faults. 2 Strike-slip displacement and rotation of Riedel shears. 3
Development of Y-faults, parallel to the principal displacement
zone (PDZ). Pull-apart basins form at the passive Riedel faults
(modified from Hagglauer-Ruppel 1991)
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Mechanical properties of soft clay used in analogue
experiments

Mechanical properties of clay

Laboratory constituted clays are excellent analogue
materials to simulate brittle and ductile deformation in a
sedimentary cover because of the following advantages:

(a) High deformability
(b) Brittle and ductile behaviour
(c) Wide range of variation in strength
(d) Delicate and persistent structural pattern.

Requirements (b) and (c) are mainly achieved
through the variation of the water content of the clay
pastes. For this purpose, the clay paste needs to be
statistically isotropic and homogeneous, i.e. laboratory
constituted and not an ‘‘as is’’ natural deposit.

In view of dynamic scaling laws, Cloos (1928) and
Hubbert (1937) emphasised that the clay pastes appro-
priate for tectonic analogue experiments must be of ex-
tremely low shear strength, which can only be achieved
at water contents at or beyond their Atterberg liquid
limit (Whitlow 2001). The consistency of such clay
pastes is simply inconvenient for soil mechanics and
geotechnical laboratory testing, e.g. in direct shear or
triaxial compression. So far no method is available to
measure stresses and strains in extremely soft clays,
loaded at very low effective stresses. Moreover, tradi-
tional soil mechanics had developed strength models for
two basic classes of soils: sands being frictional and
brittle, and clays being cohesive and ductile, neither
being appropriate for the description of the clay pastes
used in analogue modelling. Uncertainties on the no-
tions of drainage condition (drained versus undrained)

posed additional problems. Modern soil mechanics
demonstrated that the traditional concepts to describe
soil behaviour need to be replaced by new ones taking
into account the state of the material and the boundary
conditions (see below).

Here we first give a short outline of those aspects of
clay behaviour, which are relevant in tectonic analogue
experiments. For a background, the reader is referred to
textbooks on basic soil mechanics concepts (e.g. Whit-
low 2001), and on the critical state soil mechanics theory
(Schofield and Wroth 1968; Atkinson and Bransby 1978;
Wood 1990). To scale the clay experiments we need clays
of extremely low shear strength and with a critical shear
angle at failure similar to that of rocks in nature. In
addition, we need to know the density of the clay paste
at a specified water content. Physical and mechanical
properties of the clay need to be determined at the state
and at boundary conditions close to those used in the
analogue experiments. Therefore a new procedure to
determine the basic properties of modelling clays is
introduced. It is based on routine tests performed in soil
mechanics laboratories, on available correlations be-
tween the determined physical properties and the shear
strength parameters, and on the material state (e.g.
physical and mechanical properties, degree of satura-
tion) and boundary conditions (e.g. drainage condition,
stress ratio, type of performed test).

Physical state conditions in analogue modelling

Soil mechanics usually classifies clays into two catego-
ries: normally consolidated clays and overconsolidated
clays. The consolidation state here refers to the stress
history of a natural clay since deposition. The consti-
tuted clay is a mixture prepared in the laboratory, and

Fig. 2 Basement configuration
of the three mechanisms in
Fig. 1 before and after
deformation. Set-up 1 two offset
discontinuities for the en
echelon mechanism. Set-up 2
simple shear of a basal plate for
the distributed shear
mechanism. Set-up 3 one
straight discontinuity for the
Riedel shear mechanism
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thus not subject to the typical process of consolidation.
While a geoscientist would probably regard constituted
clay as being in the unconsolidated state, it would be
considered as normally consolidated in soil mechanics.

In scaled clay models, a clay–water mixture is pre-
pared to obtain a very low shear strength, and a con-
sistency which allows easy handling and preparation of
clay slabs. Most clays display an extremely low shear
strength at their liquid limit and beyond it (Atterberg’s
LL or WL). At this state the clays are fully saturated or
nearly so. Originally used for soil classification purposes,
the Atterberg liquid (WL or LL) and plastic limits (WP

or PL) are the bounding water contents between which
the consistency of the soil is plastic. Consistency at this
point is a physical state characteristic at a given water
content. The range of plastic states is given by their
difference and is termed plasticity index (IP or PI). The
Atterberg limits, determined with specific technical
testing methods (Whitlow 2001), reflect the mineralogi-
cal characteristics of the clay size fraction.

The analogue experiments last up to 4 h. This time
span is too short for a significant amount of water to be
drained out or infiltrated during the experiment, which
means that undrained conditions prevail.

Shear strength

Critical state soil mechanics (Schofield and Wroth 1968)
provides a unified elastic–plastic model of soil behav-
iour. It should not be confused with the ‘‘critical state’’
in the critical taper theory (Davis et al. 1983; Dahlen
et al. 1984), although both are based on the Coulomb
failure criterion.

Mechanical tests show that the shear strength of
clays depends primarily on the consolidation state. In
the undrained condition, pore pressure increases in
response to loading and becomes constant at the crit-
ical state while the volume is kept constant throughout
shearing. At failure, there is a unique relationship be-
tween shear stress, normal stress, and volume (void
ratio). A series of tests on normally consolidated clay
will produce a critical state line passing through the
origin (r¢ = 0, sf = 0):

s ¼ s0 ¼ r0 tan/cs0 ¼ ðr� uÞ tan/cs0

where s is the total shear stress at failure, s¢ is the
effective shear stress on the shear/slip surface at failure,
r¢ is the effective normal stress on the shear/slip surface
at failure r is the total normal stress on the shear/slip
surface at failure, u is the fluid pressure acting on the slip
surface at failure and /cs¢ is the angle of shear resistance
at the critical state.

The rheological behaviour and the shear strength of
the clay paste depend secondarily on the proportions of
clay and other minerals, on the nature of the clay min-
erals, and on the water content. The shear strength of
fine-grained soils is related to the plasticity index, the
clay size fraction (CF; particles below 2 lm in diameter),

and the nature of clay minerals. Volume changes or
deformations occur by shear displacements or by sliding
among particles or both (Sridharan 2002).

Dilatancy effects in normally consolidated clays are
negligible to zero. Normally consolidated clays have no
cohesion. The latter is explained in terms of an inade-
quate testing stress range, and any true cohesion in
terms of effective stresses is either zero or very small (e.g.
Bolton 1979; Santamarina 1997). The physical state of
the material and the type of test used to determine the
shear strength should match the conditions attained in
the tectonic analogue experiments as close as possible.

Shear strength is best measured with a laboratory or
a hand operated shear vane (Pilcon/Geonor�, used in
this study). It is easy to handle and offers a direct
reading dial. The determined values were found to
compare well to those obtained in undrained triaxial
compression results (e.g. Serota and Jangle 1972). The
critical angle of friction /cs¢ is determined in triaxial
compression tests. It is subject to technical problems
caused by the extremely soft consistency of the model-
ling clay, however.

An empirical correlation between the plasticity index
(IP or PI) and the critical angle of friction (/cs¢) obtained
in triaxial compression tests on normally consolidated
clays (e.g. Ladd et al. 1977; Terzaghi et al. 1996) shows
that the lower the plasticity index the higher is the crit-
ical angle of friction.

Based on the considerations above, silty clays and
clays of the kaolinitic group with a low clay fraction
(CF< 50%) are most suitable for the purpose of tec-
tonic analogue modelling. They have a low to medium
plasticity index (PI < 20%, and WL < 40%) and their
critical shear angle /cs¢ ranges between 29� and 38�.

Scaled clay models with Riedel shear mechanism

Material properties of the clay slabs

The material used to model the sedimentary cover in our
strike-slip experiments is a silt-rich clay commercialised
for ceramic purposes under the name ‘‘Kaolin-O’’. It is
supplied by Erbslöh/Geisenheim Vertb., Germany,
whose laboratories determined the mineralogical and
chemical compositions. The clay minerals are kaolinite
and illite. Quartz in the silt fraction makes up about
30% of the material. The physical and mechanical
properties required for scaling have been determined at
the soil mechanics laboratory of the Ruhr-University
Bochum, Germany. The errors on the measurements are
estimated to be less than ±2 on the last digit quoted in
the tables; they are considered as insignificant for the
present purpose.

Kaolin-O, a well graded silty clay, shows a wide
distribution of particle sizes (from 1.5 to 55 lm), the clay
size fraction CF being 41%. The Atterberg liquid and
plastic limits of Kaolin-O are determined as 33% and
23%, respectively. The corresponding plasticity range is
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relatively low (Ip= 10%). The shear strength of the clay
pastes was varied by variation of the water content
(w%). The bulk density, void ratio, degree of saturation,
and the shear strength determined for the three materials
used in our experiments, controlled by the water content
(w = 38, 42 and 48%), are presented in Table 1.

Following critical state soil mechanics (Schofield and
Wroth 1968), this clay is classified as normally consoli-
dated clay; it has no cohesion intercept and fails at

s0 ¼ r0 tan /cs0

To derive the angle of internal friction /cs¢ from the
plasticity index of the material we used the empirical
correlation curve of Terzaghi et al. (1996), which was
obtained from triaxial compression tests on normally
consolidated clays. The plasticity index of 10% corre-
sponds to /cs¢ = 32�.

Scaling

Frictional sliding of mainly clastic sedimentary rocks at
shallow depths (z < 10 km) may be described by a
Mohr–Coulomb criterion, as discussed by Weijermars
et al. (1993), where cohesion is taken as zero as in our
model. In this case, the model to nature ratio of shear
strength is as follows:

s� ¼ r � tan /� ¼ q � g � k � tan /�

where r*, q*,g*, k* and /* are the model to nature
ratios of normal stress, density, gravity, length and
friction angle. Provided that the angle of internal friction
of the modelling material corresponds to that of sedi-
mentary rocks, this will send us back to the scaling law
introduced by Hubbert (1937). Table 2 summarises the
scaling properties of the used clays and of sedimentary
rocks. With the experiments being performed in the
same gravity field as in nature, 1 cm in the model cor-
responds to a length between 50 and 500 m in nature. A
4 cm thick clay slab is then equivalent to a 200–2000 m
thick sedimentary cover.

Experimental set-up

The Riedel shear experiments were performed on a
deformation table designed at the tectonic laboratory at

the Ruhr-University Bochum (Brix et al. 1985). The
motor-driven deformation table consists of two rigid
plates, each 1 m long and 0.5 m wide. One of the plates is
fixed to the frame of the apparatus, while the other is
moved horizontally at a constant rate of 0.4 mm/min.
The discontinuity between the plates simulates a dextral
strike-slip fault in the basement, the pre-defined PDZ
(Fig. 3). The long dimension of the clay slab can be ex-
tended up to 4 m with available accessories mounted on
top of the deformation table. The amount of horizontal
displacement is read from a fixed ruler, with a pointer
connected to the moving plate. A wooden frame was used
to fill the modelling material to the desired thickness
(4 cm in the standard experiment), and to smoothen the
upper surface of the slab. Passive circular markers were
then drawn on the upper surface to visualise the defor-
mation process and to allow displacement measurements.

The experiments were performed to a maximum dis-
placement of 83 mm. Photos taken at regular intervals
document the progressive deformation and formed the
basis for further analysis. In some experiments a digital
video recorder was used. The cameras and the cam-
corder were mounted on a rail, which is fixed on the
laboratory’s ceiling just above the deformation table.
The view is perpendicular to the upper surface of the
slab. The dark lines seen on the plane view photos are
strings extended a few centimetres above the surface and
their corresponding shadow lines. They were added for
the purpose of monitoring the vertical displacements
generated along the shear zone; this aspect is not dealt
with in the present paper. The scanned photos and
digital images were analysed using an image analysis
software (Core Image Analysis), which allows the mea-
surement of properties such as length, area and angles.

In the present study, first a standard model with a
clay slab of constant thickness (4 cm) and shear strength
(1.5 kPa) was conducted. Then the parameters were
varied in two series of experiments. In series (A) the
shear strength of the clay slabs was varied, while the
thickness was similar to the standard model. In series (B)
the thickness of the clay slabs was varied while their
shear strength remained unchanged.

Results

Standard experiment

The standard experiment produced a series of typical
pull-apart structures in the model. Their progressive

Table 1 Undrained shear strength (Su), bulk density (qb), void
ratio (e), and degree of saturation (Sr) corresponding to the water
content of the clay pastes (w%) used in this study

water content (w%) qb (g/cm3) Su (kPa) e Sr (%)

38 1.79 2 1.1 95
42 1.75 1.5 1.2 96
48 1.70 0.5 1.3 99

Note: water content is also termed moisture content or humidity in
soil mechanics literature. It is the ratio of the weight of water
contained in the pores to the weight of the solid dry material in a
given mass of soil expressed as a percentage

Table 2 Properties of the modelling material and of sedimentary
rocks with the scaling ratios.

Sedimentary rocks Model Ratio

Bulk density (g/cm3) 1.7–2.7 1.75 0.64–1
Shear strength (Pa) [10–100]·106 1.5·103 2·10�4–10�5
Friction angle (�) 25–40 32 1
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development can be subdivided into three stages,
depending on the horizontal basal displacement amount.
In the present study the dextral basal displacement is
normalised with respect to the thickness of the clay slab
(NBD = normalised basal displacement), the width of
the formed strike-slip zone in the model being dependent
on the thickness of the slab.

The initial stage comprises the formation of Riedel
shear fractures, as observed in other studies (e.g. Sylvester
1988). The first visible fractures appeared on the surface
of the model after an NBD of 0.34 (i.e. after 1.36 cm of
displacement). These first order fractures are of very
small size (less than 1 mm), distributed along a defor-
mation zone with a total width (or thickness) of about
6 cm at the surface and V-shaped in profile. Upon further
displacement, these fractures coalesced to form en eche-
lon left-stepping synthetic and antithetic shear fractures,
in the following referred to as Riedel and conjugate Ri-
edel shears. They became fully developed at an NBD of
about 0.6. The lengths of the Riedel shears range between
2 and 8.8 cm, and their orientations vary between 8� and
23� to the principal basal displacement zone (Fig. 4a).
Some of these Riedel shears display an extensional
component, which here is a displacement normal to the
shear direction. In the example shown in Fig. 4a, the
Riedel shear fractures open by up to 14% of the amount
of basal displacement, following a clockwise rotation by a
few degrees. The presence of shear displacement as well as
the small angle to the basal displacement zone distinguish
them from the tension fractures, which are usually ori-
ented at about 45� to the principal displacement zone and
do not show any shear displacement. In the experiments
by Cloos (1928) and Riedel (1929) tension fractures were
observed to form only when water was sprayed on the
surface of clay models.

The conjugate Riedel shears concentrate at the
overstepping areas between the Riedel shears, with
initial angles of orientation of 70–75� to the shear
direction (Fig. 5). They show shear displacement and
progressive rotation. They are observed to rotate 18–
20� clockwise, while new ones developed at the initial
angles. Rotation results in the characteristic ‘s¢ shape.
The conjugate Riedel shears serve to transfer the hor-
izontal displacement from one Riedel shear to the
adjacent one. They are not analysed further here, since
they are not directly related to the formation of the
pull-apart structures.

At an NBD of about 0.82 (i.e. D = 3.28 cm), Y- and
sometimes P-shears initiate at some places along the
strike-slip zone. These are synthetic shear fractures that
are roughly parallel to the principal displacement zone
(Fig. 4b). The Y-shears are regarded as the surficial
segments paralleling the principal displacement zone.
They preferentially form at the tips of the Riedel shears,
rarely cutting through them, and accommodate the
continuing strike-slip deformation while pulling the sides
of the now passive Riedel shears further apart. Where
the formation of the Y-shears was delayed, push-up
structures developed instead at the restraining over-
stepping areas. Vertical displacement is expressed
through the presence of a reverse component at the
conjugate Riedel shears, and of small scale fold and
thrust features.

Once the boundary Y- and P-shears were fully
developed, the rhombic shape characterising the pull-
apart basins is easily recognised (Fig. 4c). The angle of
intersection between the two sets is below 30�. With
further displacement two or more neighbouring struc-
tures can coalesce to form a long, narrow and deep
complex or composite pull-apart basin (Fig. 4d).

Fig. 3 Experimental set-up. a
The deformation table. PDZ,
a discontinuity between two
rigid boards. b Installation of
wooden frame for filling with
clay and smoothing of surface.
c Removal of wooden frame,
extension of strings above the
surface. d Plane view of the slab
surface before deformation
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Influence of shear strength and thickness of the clay slab

The development of pull-apart structures at the Riedel
shear fractures as described in the section above was

observed in all experiments. The variation of the thick-
ness and the shear strength of the clay slab was found to
affect the width of the deformation zone and the number
of shear fractures and pull-apart structures within the

a b

Fig. 5 Plane view of strike-slip deformation zones in various models by comparison to the standard model. Series (A): models of similar
thickness (4 cm) and varying shear strengths. Series (B): models of similar shear strength (1.5 kPa) and varying thickness value. The
structures are shown for a normalised basal shear displacement to thickness ratio of about 0.82. Z and S are, respectively, the thickness
and the shear strength of the clay slab

Fig. 4 Progressive development
of pull-apart basins in standard
experiment NA4 at normalised
basal displacement magnitude
(NBD). a Initiation and
development of Riedel shears.
b Initiation and development of
the Y- and P-shears, incipient
pull-apart structures. c Fully
formed pull-apart structures at
the Riedel shears. d Coalescence
of neighbouring pull-apart
structures. See text for more
details
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deformation zones, counted for a slab length of 50 cm.
These results are displayed visually in Fig. 5a, b, and in
Table 3.

Influence of the shear strength (series A)

In series A clay slabs with water contents between 38
and 48% were used. This range corresponds to un-
drained shear strengths between 0.5 and 2 kPa. Even for
relatively small differences in water content compared to
the standard model (NA4 in Fig. 5a), significant varia-
tions in the deformation zone geometry were observed.
First, the width of the shear zone increases with
increasing shear strength for a constant thickness
(Fig. 6; Table 3). Second, the experiment with low shear
strength (NA7) shows only a few conjugate Riedel
shears. These structures are much more frequent in the
experiment with higher strength (NA10). Also, the
number of Riedel shears increases with decreasing shear
strength, and their spacing decreases accordingly
(Fig. 5a, Table 3). Finally, the first shear fractures ap-
pear at the surface of the slab at a higher NBD when the
shear strength of the clay is reduced. The first shear
fractures appeared at an NBD of 0.38, 0.34 and 0.32 in
models NA7, NA4 and NA10, respectively. The effect of
shear strength is noticeable in Fig. 5a. At an NBD of
about 0.82, the Y-shears are at an initial stage of
development in model NA7, whereas they are already
well developed at the same NBD in model NA10.

Influence of the thickness of the clay slab (series B)

The Riedel experiments of series B are characterised by a
similar shear strength (1.5 kPa), and a variable thickness
of the clay slab between 2 and 8 cm (Fig. 5b). The
thickness of the clay slab turns out to control the width
of the deformation zone, as shown in Table 3 and Fig. 6.
The width of the strike-slip deformation zone is pro-
portional to the thickness of the slab. Also, the number
and the spatial distribution of the shear fractures formed
within the deformation zone are strongly controlled by
the thickness of the clay slab. For example, the conju-
gate Riedel shears are completely absent in the model
with a clay slab thickness of 2 cm (NA9 in Fig. 5b). A
minimum thickness of 4 cm is required for their devel-
opment. Also, the number of Riedel shears per unit

length is inversely proportional to the thickness of the
clay slab (Table 3).

Figure 5b shows how these Riedel shears are dis-
tributed in space. The shear fractures developed in the en
echelon pattern in all models, with a tendency for do-
mains to overlap with increasing thickness of the clay
slabs. They form a simple en echelon arrangement in
model NA9 (2 cm thick), a mixed form of en echelon
arrangement with domains of double- to triple-parallel
traces in model NA4 (4 cm thick), and a more complex
arrangement in model NA8 (8 cm thick). In this model
3–4 Riedel shears form domains with parallel traces. In
this case, one of them is observed to become dominant
and to develop into a pull-apart structure. Additionally,
the greater the thickness of the clay slab, the larger is the
amount of basal shear displacement required for the
shears to appear at the surface. For an NBD of 0.82 as
in Fig. 5b, the basal displacement D was 16, 33 and
64 mm in models NA4, NA9 and NA8, respectively.

Comparison with other analogue modelling studies

In this section the results of the present study are
compared with previous Riedel type experimental
studies. The specific properties of the Riedel type
experiments are (1) the presence of a free upper surface
(no vertical load is applied, and no general confine-
ment), (2) the maximum principal stress is horizontal
and not vertical as in the case of soil mechanics tests,
and (3) the shear propagation and rotation is trans-
ferred from the basement to the upper surface. The
latter property is referred to as basement induced
wrenching by Mandl (1988). Distributed (simple) shear
models and layered (upper crust/lower crust) models
are not considered here.

Comparison with previous sand models

Our results are similar to those obtained by Soula (1984)
in single layer models of fine-grained sand and talc
powder. According to Soula (1984) the used sand and
talc had a rather high cohesion, while Deramond et al.
(1983) report the opposite. The physical and mechanical
properties of the used materials are not described further
by these authors.

Table 3 Influence of shear
strength (Su) and thickness (Z)
of the clay slabs on the
geometrical characteristics of
deformation zones formed in
the models

NA4 NA7 NA8 NA9 NA10

Dimension (cm) 36·90 35·90 35·90 20·90 35·90
Thickness (cm) 4 4 8 2 4
Water content (%) 42 48 42 42 38
Undrained shear strength (kPa) 1.5 0.5 1.5 1.5 2
Displacement rate (mm/min) 0.41 0.44 0.43 0.42 0.40
Width of shear zone (cm) 5.2 4.1 11.5 2.2 5.7
Number of pull-apart structures 6 7 2 8 5
Average distance between
pull-apart basins (cm)

9.7 3.9 13.2 4.4 9.1
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Sandbox experiments dedicated to the influence of
material properties on the development of strike-slip
structures have been recently presented by Schöpfer and
steyrer (2001). This study relies on a detailed specifica-
tion of the physical and mechanical properties of used
materials, which allows their comparison with other
sandbox studies. Although similar in terms of cohesion
and internal friction, sand and clay behave quite differ-
ently during deformation, which makes their compari-
son difficult. The differences are mainly related to the
grain size distribution and grain shape, and to the
behaviour of water in the pore space. Dry sand under
stress deforms mainly by dilatancy and frictional flow
(e.g. Schöpfer and Steyrer 2001), whereas hydro-physi-
co-chemical effects at the interparticle contacts are
important for clays (e.g. Ladd et al. 1977; Bolton 1979;
Sridharan 2001). The clay particles are of platy shape,
small size, and have electric charges in the presence of
water. Wet clay under stress deforms by sliding along the
long platy surfaces of the particles, strongly affected by
pore pressure under undrained conditions.

Comparison with previous clay models

In contrast to sandbox experiments, the properties of the
clays used for physical modelling are rarely specified,
with the exception of Tchalenko (1970 and references to
earlier work), and Lazarte and Bray (1996). Because
clays show a wide range of behaviour at different states
and conditions, it is very difficult to pinpoint which
property or combination of properties might result in
the opening of Riedel shear fractures. It is not clear, for
instance, whether the plasticity index of the clay material
is important, and what the influence of the mineral
composition and the strength is.

The development of pull-apart structures presented
in this study has not been described in the Riedel
experiments of Tchalenko (1970) and Lazarte and Bray
(1996). The plasticity index Ip of Kaolin-O used in our
study is very low (10), whereas it was very high for the
kaolinite–bentonite mixtures used by Lazarte and Bray

(1996) (104 and 118, see Table 4). As described above
in an earlier section, the plasticity index reflects the clay
size fraction of the material and the nature of the
minerals, and has a direct effect on the mechanical
behaviour. The clay fraction of the kaolinitic clay used
by Tchalenko (1970) was more than 95%. This might
explain the absence of the opening of Riedel shears at
the later stages of deformation. Also, the deformation
rate might be of importance for the geometry of the
failure structures. For the purpose of earthquake sim-
ulation experiments, Lazarte and Bray (1996) used high
basal displacement rates (0.17–1.19 mm/s). They ob-
tained smoothly curved surfaces in plane view and in
profile. The marked V-shape was not observed. They
noted that boundary conditions such as the model
geometry and the presence or absence of boundary
constraints (lateral confinement) and the material duc-
tility (here referred to as plasticity) had a significant
influence on the model response. Tchalenko (1970)
concluded that continued research on the mechanisms
of shear zone evolution should take into account other
parameters.

Natural example of possible Riedel type pull-apart basins

Natural pull-apart basins that may have formed with the
Riedel mechanism described in the present study are
observed at different length scales on Gozo Island
(Malta), which belongs to the Plio-Quaternary Strait of
Sicily Complex rift zone. It is located on the eastern
Pelagian platform of the Central Mediterranean, mid-
way between Sicily and Tunisia. This WNW-ESE
trending complex rift is about 380 km long and 100 km
wide, and marks the boundary between the continental
lithospheres of the African and the Eurasian plates. Its
structure has been explored in geophysical studies,
boreholes, and structural analyses carried out on the
Pelagian islands and at Cap Bon in Tunisia. Details,
interpretations and reviews of these different studies are
given by Reuther (1980, 1990), Cello (1987), and Boc-
caletti et al. (1990).
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Fig. 6 The dependency of the
width of the strike-slip zones on
the thickness and the shear
strength of the clay scaled
models
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The continental crust in the strait of Sicily is about
20 km thick, and the sedimentary cover primarily con-
sists of the Meso-Cenozoic platform carbonate series
about 5 km thick. The Pantelleria, Malta, and Linosa
basins are the major structural depressions associated
with the complex rift zone (Fig. 7). They are 70–140 km
long, and 15–30 km wide. The sedimentary filling of
these basins consists of mainly Plio-Pleistocene turbi-
dites, with an average thickness of 1–2 km, locally
exceeding 3 km.

Most of the NW–SE to E–W trending bounding
faults show oblique displacement with a significant
dextral shear component. The post-Miocene remote
stress field inferred from structural data, fault plane
solutions and in-situ stress measurements is character-
ised by a NW–SE to NNW–SSE trending maximum
horizontal stress. E–W to WNW–ESE trending transfer
faults, which had developed during the Jurassic, were
reactivated in the early Miocene as a result of dextral
strike-slip motion between the African and the Eurasian
plates (Morgan et al. 1998). The fault systems of the
major depressions in the sedimentary cover began to
develop in the late Miocene to early Pliocene. Defor-
mation continues to the present day, related to ongoing
extension and dextral displacement (Jongsma et al.
1985).

One of these E–W trending dextral strike-slip fault
zones is located south of Gozo Island, where various
stages of pull-apart basin development are observed on
several length scales (Reuther 1980, 1990). A similar
structural pattern was recently described by Kim et al.
(2003) in the area north of Gozo Island, where pull-
apart structures are developed along mesoscopic strike-
slip zones. According to these studies, first-generation
synthetic shears and faults (Riedel and conjugate Riedel
shears) are formed, which are succeeded by extension
fractures (Fig. 8). Reuther (1990) also described the re-
verse sequence. The faults occur on several length scales,
with lengths ranging from centimetres to several hun-
dreds of metres. Second-generation synthetic faults that
are subparallel to the major fault zones (Y- and P-
shears) link and pull the sides of the first-generation
shears and extension fractures apart. It has been ob-
served that the shape of the pull-apart structures formed

from the Riedel shears was relatively long, narrow, and
trapezoid, whereas the pull-apart structures formed
from the extension fractures were wide trapezoids with
higher intersection angle (Fig. 8a). Reuther (1980) ob-
served that a horizontal clockwise rotation up to 20� is
associated with the pull-apart structures of larger size, as
well as formation of new Riedel shears and extension
fractures. Plio-Quaternary pull-apart basins of kilome-
ter-scale, formed by the mechanism described here, may
be found offshore the Pelagian platform.

Discussion

The natural examples described above show that both
extension fractures or normal faults and shear fractures
or strike-slip faults can bound pull-apart structures
formed along a strike-slip zone. Kim and Sanderson
(2004) found that the strike-slip faults on Gozo Island
shared many geometric features at different scales, the
self similarity of the deformation zone structure being
supported by a fractal analysis. The strike-slip zones in
the Plio-Quaternary Strait of Sicily Complex rift zone
are interpreted to be due to the reactivation of deep
seated E–W to WNW–ESE trending faults, and due to
fault propagation into the overlying sedimentary rocks.
Assuming that the processes are similar to the Riedel
type mechanism, the results of our experiments may help
to understand their formation and evolution.

The first brittle structures that form in the clay
models are the en echelon Riedel and conjugate Riedel
shears. In the natural examples, this corresponds to the
synthetic and antithetic strike-slip faults. No extension
fractures were generated in our experiments, while ear-
lier studies (e.g. Riedel 1929; Wilcox et al. 1973; Smith
and Durney 1992) showed that such structures can ap-
pear at an early stage of deformation. The extension
fractures and normal faults described by Reuther (1990)
and Kim et al. (2003) also formed at an early stage. The
Y- and P-shears formed at a later stage in our models
correspond to the E–W trending synthetic faults in the
natural examples. In this case the strike-slip motion is
transferred to the E–W trending segments of the fault
zone, pulling apart the previously formed synthetic and

Table 4 Comparison of material properties between different clays

Property Tchalenko (1970) Clays of Lazarte and Bray (1996) Present study

Name and composition Kaolin Mix A kaolinite/bentonite Mix B kaolinite/bentonite Kaolin-O kaolin/silt

PL and WL 24–60 21–125 22–140 23–33
PI 36 104 118 10
Water content 45–56% 103–113% 112–118% 38–48%
Consolidation Unknown Normal Normal
Shear strength Unknown Slightly above 2 kPa 0.5–2 kPa
CF 95% Unknown 41%
Friction angle 23� Unknown 32�

Sources: Tchalenko (1970), Morgenstern and Tchalenko (1967) and Lazarte and Bray (1996). PL and WL Atterberg’s plastic and liquid
limits; PI plasticity index or range; CF clay fraction with size below 2 lm
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antithetic strike-slip and normal faults apart and creat-
ing the basins. This explains the major strike-slip com-
ponent observed along the faults bounding the basins, as
well as the small angle of about 22� (Fig. 8b) between
the long axis of the basin and the E–W principal fault.
For a bounding normal fault an angle close to 40� would
be expected.

At a much larger scale, two models have been pro-
posed for the evolution of the Plio-Quaternary Strait of
Sicily Complex rift zone, both corresponding to the
experimentally observed Riedel type mechanism. The
differences between the two models are mainly due to
differing assumptions on the orientation of the maxi-
mum horizontal stress: Reuther (1980, 1990) assumes rH
to be oriented in a NW–SE direction, Cello (1987) and
Boccaletti et al. (1990) assume a NNW–SSE direction.
Both models neglect the strike-slip component observed
along the bounding basins and their axial orientation.

The pull-apart structures produced in our present
Riedel type experiments offer an alternative explana-

tion, which is intermediate between the two proposed
models. All the structural trends developed during the
Pliocene to Quaternary tectonic activity within the
Strait of Sicily Pelagian platform can be found in our
model for rH oriented at about 45� to several E–W to
WNW–ESE dextral principal displacement zones at
depth. In this case the basin bounding faults, which
show both normal and dextral displacement, are sug-
gested to represent Riedel type strike-slip faults. In our
dextral shear experiments, the Riedel shears initiated at
angles between 8 and 23� to the principal displacement
zone, but were affected by a clockwise rotation of up to
4�. The bounding oblique faults of the major basins of
the Strait of Sicily Complex rift zone are mainly ori-
ented at angles between 10 and 40� to the inferred
principal E–W trending strike-slip faults at depth. This
suggests that rotation of these structures may be more
important than in the model. Reuther (1980) reports
rotations by up to 20� in the pull-apart basins along the
South Gozo fault.

A

B

Fig. 8 Centimetre to several
hundreds of metres long pull-
aparts formed by the Riedel
shear mechanism on Gozo,
Malta a after Kim et al. (2003),
b after Reuther (1990)

Fig. 7 The Strait of Sicily
Complex rift zone. Modified
after (Boccaletti et al. 1990 and
Reuther 1990). 1 Strike-slip
fault. 2 Deep basement fault. 3
Normal fault. 4 Thrusts and
nappes front. 5 Plio-Quaternary
basins
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Nilsen and Sylvester (1999) recognised six main types
of strike-slip basins based on the geometry and kine-
matic setting, of which only the simple pull-apart type
has been experimentally modelled so far. Also, many of
the natural pull-apart basins may have a complex his-
tory. The different experimental set-ups used to model
these basins are not contradictory (e.g. Hempton and
Neher, 1986; McClay and Dooley, 1995; this study).
They demonstrate several feasible mechanisms, one of
which may be dominant at a certain stage or certain
scale during the evolution of the basins. For natural
pull-apart basins, the underlying Riedel mechanism can
be identified from geological and geophysical field evi-
dence. The main criteria are (1) presence of both a
normal and a strike-slip component along the bounding
faults of the incipient basins, (2) the relatively low angle
between the oblique bounding faults and the principal
strike-slip segments (below 30�), and (3) the high aspect
ratio of the basins: with a long axis, a small width, and
great depth.

The proposed evolution is close to the model of
composite pull-apart basins proposed by Aydin and Nur
(1982, their Model 1, Fig. 6 on p 99), where the length of
the basin is equal to the offset at the bounding strike-slip
faults, and the width of the basin is the sum of the widths
of the initial pull-apart elements (Fig. 9a).

In the experiments, the length of the pull-apart
structures, usually used to estimate the strike-slip offsets
in nature, does not reflect the total horizontal displace-
ment along the basal deformation zone. The reason is
that the initial Riedel shear fractures which bound the
developing pull-apart structures accommodated a sig-
nificant amount of the basal displacement prior to the
formation of the basins (Fig. 9b).

In all three mechanisms introduced in the first chap-
ter, the displacement along the basal fault is important,
since the formation of pull-apart basins commences only
after the development of the Y- and P-segments. In
contrast, models based on the en echelon basement

strike-slip fault type mechanism show that step-over
geometry in the basement is a primary factor controlling
the location and geometry of the pull-apart structures.

During the processes that lead from original sediment
deposition to the formation of consolidated rocks,
material properties of the sediments and sedimentary
rocks undergo significant changes. Our scaled analogue
experiments have shown that material properties dis-
tinctly influence the development and geometry of pull-
apart basins forming above a basement strike-slip fault.
This infers that in nature the processes of pull-apart
basin formation may differ if they take place in sedi-
mentary rocks of different stages of consolidation.
Therefore it might be crucial for understanding pull-
apart basin formation in nature to know the exact tim-
ing and history of basin evolution relative to related
tectonic and depositional processes. Such an effort is
only possible if geophysical structural imaging, struc-
tural geological field work, and laboratory experimental
modelling are conducted in close relation.

Conclusions

The Riedel mechanism of pull-apart formation is
investigated in scaled analogue experiments with clay
slabs of variable thickness and shear strength repre-
senting the sedimentary cover. The shear strength
(controlled by the water content) and the thickness
control the width of the deformation zone, the number
and spacing of the Riedel shears, the presence or absence
of the conjugate Riedel shears and the amount of basal
shear displacement required for the shear fractures to
appear at the surface. The dependencies can be sum-
marised as follows:

1. The width of the strike-slip deformation zone in-
creases with increasing shear strength and with
increasing thickness of the clay slab.

a b

Fig. 9 Evolution of widths and
lengths of pull-apart basins
according to a Aydin and Nur
(1982), and b the results of our
clay analogue models. wo Initial
width of pull-apart basin; w
width of coalesced pull-apart
basin; l length of basin equal to
fault offset; PDZ principal
displacement zone; R Riedel
shears/faults; Y shears/faults
parallel to PDZ
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2. The number of conjugate Riedel shears increases with
increasing shear strength. A minimum thickness of
4 cm (corresponding to 0.2–2 km in nature) is re-
quired for their development.

3. The number of Riedel shears increases with decreas-
ing shear strength, and their spacing decreases
accordingly. Also, the number of Riedel shears per
unit length is inversely proportional to the thickness
of the clay slab.

4. The shear fractures developed in an en echelon pat-
tern in all models, with a tendency for more complex
arrangement with increasing thickness of the clay
slab.

5. The amount of basal shear displacement required for
the first shears to appear at the surface increases with
decreasing shear strength and increasing thickness of
the clay slab.

In order to scale such models, clays of extremely low
shear strength and with a critical shear angle at failure
similar to that of sedimentary rocks are needed. In
addition, we need to know the density of the clay at a
particular water content. It is important that the physi-
cal and mechanical properties of the clays are deter-
mined at the state and boundary conditions
corresponding to those attained in the tectonic analogue
experiments. Clays that fulfill the above criteria are
nearly saturated silty clays and clays of the kaolinitic
group, deformed under undrained conditions at very low
effective stresses. Such clays are characterised by a low
clay fraction (CF< 50%), a low to medium plasticity
index (PI < 20%, and WL < 40%), and an angle of
internal friction /cs¢ between 29 and 38�.

In the experiments, the length of the pull-apart
structures, usually used to estimate the strike-slip offsets
in nature, does not reflect the total horizontal displace-
ment in the basement. The initial Riedel shear fractures
bounding the developing pull-apart structures accom-
modated a significant amount of the basal displacement
prior to the formation of the basins. The close corre-
spondence between the experimental results and the
natural examples of pull-apart basins in the Strait of
Sicily Rift suggests that the mechanisms of basin for-
mation may be scale-independent.
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