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a b s t r a c t

Scaled sandbox models were used to investigate the 4D evolution of pull-apart basins formed above
underlapping releasing stepovers in both pure strike-slip and transtensional basement fault systems.
Serial sectioning and 3D volume reconstruction permitted analysis of the full 3D fault geometries. Results
show that very different pull-apart basins are developed in transtension compared to pure strike-slip.
Both types of models produced elongate, sigmoidal to rhomboidal pull-apart systems, but the trans-
tensional pull-apart basins were significantly wider and uniquely developed a basin margin of en-
echelon oblique-extensional faults. Dual, opposing depocentres formed in the transtensional model
whereas a single, central depocentre formed in pure strike-slip. In transtension, a distinct narrow graben
system formed above the principal displacement zones (PDZs). Cross-basin fault systems that linked the
offset PDZs formed earlier in the transtensional models.
Sequential model runs to higher PDZ displacements allowed the progressive evolution of the fault
systems to be evaluated. In cross-section, transtensional pull-aparts initiated as asymmetric grabens
bounded by planar oblique-extensional faults. With increasing displacement on the PDZs, basin subsi-
dence caused these faults to become concave-upwards and lower in dip angle due to fault block collapse
towards the interior of the basin. In addition, strain partitioning caused fault slip to become either
predominantly extensional or strike-slip. The models compare closely with the geometries of natural
pull-apart basins including the southern Dead Sea fault system and the Vienna Basin, Austria.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Pull-apart basins are topographic depressions that form at
releasing bends or steps in basement strike-slip fault systems.
Traditional models of pull-apart basins usually show a rhombic to
spindle-shaped depression developed between two parallel master
vertical strike-slip fault segments, also known as principal
displacement zones (PDZs). The basin is bounded longitudinally by
a transverse system of oblique-extensional faults, termed ‘‘basin
sidewall faults’’, that link with the bounding PDZs (e.g. Burchfiel
and Stewart, 1966; Crowell, 1974; Mann et al., 1983; Christie-Blick
and Biddle, 1985; Woodcock and Fischer, 1986; Sylvester, 1988;
Mann, 2007).

The relative motion of the crustal blocks involved in a pull-apart
system can either be parallel to the bounding PDZs (pure strike-slip)
or oblique and divergent to the PDZs (transtensional). However,
traditional models of pull-apart basins usually only consider the case
of pure strike-slip motion (Fig. 1a) (e.g. Crowell, 1974; Mann et al.,
1983; Christie-Blick and Biddle, 1985). Garfunkel (1981) proposes
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that significant changes occur when continental boundary strike-
slip fault systems open with transtensional motion. Transtension
introduces new surface area through the stretching of the plate
edges, and fault slip partitions into pure strike-slip and transverse
extensional components causing complex pull-apart basins to
develop within a wide boundary zone. Three-dimensional elastic
modelling by ten Brink et al. (1996) showed that a small component
(5�) of transtension produces an area of subsidence 2–3 times wider
at the surface compared to pure strike-slip. Accordingly, it is unclear
whether pre-existing pull-apart basin models would also apply to
transtensional pull-apart basins (Fig. 1b) and if not, how a transten-
sional pull-apart basin would evolve temporally and spatially.

Pull-apart basins that have developed with transtensional
displacement on the PDZs are of significant economic importance
and can contain giant hydrocarbon fields (e.g. Matzen Field, Vienna
Basin; Fuchs and Hamilton, 2006), significant mineralisation (e.g.
Escondida, Chile; Richards et al., 2001), and geothermal fields (e.g.
Coso Geothermal Field, California; Monastero et al., 2005). They are
usually zones of intense fracturing (e.g. Vienna Basin; Connolly and
Cosgrove, 1999), elevated heat flow (Bohai Basin; Hu et al., 2001)
and elevated seismicity (Marmara Sea; Armijo et al., 2002).

Scaled analogue modelling has proved to be a useful tool for
simulating pull-apart basin geometries and evolution, with
successful application to both pull-apart basins developed with
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Fig. 2. Plan view of baseplate geometry used in transtensional pull-apart experiment.
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Fig. 1. General characteristics of a pull-apart basin in a dextral side-stepping fault
system. The pull-apart basin is defined to develop in pure strike-slip when a¼ 0� and
in transtension when 0� < a� 45� .
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displacement on the PDZs that is pure strike-slip (e.g. Hempton and
Neher, 1986; Richard et al., 1995; Dooley and McClay, 1997; Rahe
et al.,1998; Sims et al.,1999) and transtensional (Dooley et al., 2004).

This study compares scaled physical models of pull-apart basins
developed with pure strike-slip and with transtensional motion
along the PDZs. Subsequently, the 4D evolution of an analogue
transtensional pull-apart basin is described using a suite of trans-
tensional pull-apart models that have been serially sectioned at
progressively greater levels of strike-slip displacement. Model
results are compared to ancient and modern examples of trans-
tensional pull-apart basins and a synoptic model for transtensional
pull-apart basins is proposed.

2. Experimental procedure

To simulate a right-stepping dextral strike-slip fault system in
rigid basement, aluminium plates were cut with a 30� under-
lapping releasing bend stepover geometry with a stepover width of
10 cm (Fig. 2). For pure strike-slip motion, the plates were displaced
parallel to the trace of the PDZs and for transtensional motion, the
plates were displaced at an angle of 5� oblique and divergent to the
PDZs. During the experiments, the plates were displaced in
opposing directions by stepper motors at an average rate of 2 cm/h.

In each experiment, a thin rubber membrane glued beneath the
plates maintained extension across the PDZ and stepover and
distributed strain across the plate boundaries. A spatially limited
1.5 cm-thick layer of ‘SGM 36’ polymer measuring 21 cm� 11 cm
was placed over the stepover to simulate a local rise in the brittle–
ductile transition at depth, or the presence of a local viscous
decollement. SGM 36, a Newtonian viscous material manufactured
by Dow Corning Ltd., has a density of 965 kg m�3 with an effective
viscosity of 5�104 Pa s at room temperature (20 �C). The use of SGM
36 in analogue modelling is well documented (Weijermars, 1986)
and is analogous to a raised brittle–ductile transition in continental
crust under a pull-apart basin (e.g. Petrunin and Sobolev, 2006;
Monastero et al., 2005) or to a pre-kinematic sequence of brittle
sedimentary rocks over a viscous decollement such as a salt layer
(e.g. Al-Zoubi and ten Brink, 2001; Smit et al., 2008).

The dimensions of the sandpack in the rig were approximately
150� 50� 7.5 cm. Sand at the longitudinal margins of the model
(parallel to strike-slip displacement direction) rested against fixed
walls while sand at the transverse edge of the model was allowed to
spill over freely at the angle of repose to minimize boundary effects.
Dry quartz sand has an average angle of internal friction of 31�,
a negligible cohesive strength (1.05 kPa) and deforms according to
Navier–Coulomb failure, making it a favourable material for simu-
lating the brittle deformation of sediments in the upper crust (e.g.
Horsefield, 1977; McClay, 1990). The scaling of the model was set to
a ratio of approximately 10�5, such that 1 cm in the model repre-
sented approximately 1 km in nature.

The top surfaces of the models were photographed every 1 mm of
strike-slip displacement and scanned with a laser every 2 mm of
displacement according to methodologies described by Whitehouse
(2005). Subsidence of the top surface was calculated from the
incremental difference between successive gridded laser scans of
the top surface.

In this paper, the results of six pull-apart experiments with
identical starting conditions are described. The first experiment
tested the development of a pull-apart basin with 6 cm of pure
strike-slip displacement along the PDZs. Five experiments were then
run with 5� transtensional displacement on the PDZs. These exper-
iments were run to progressively greater transtensional displace-
ments (2, 3, 4, 5 and 6 cm on the PDZs). In all models, syn-kinematic
sedimentation was simulated by completely infilling the basin with
a layer of red sand after 3 cm of strike-slip displacement and a layer
of white sand after 5 cm of displacement. Completed models were
impregnated with a gelling agent and serial vertical sections were
sliced at 4 mm intervals and photographed. The photographs of the
sections were reconstructed in 3D using Paradigm Geophysical’s
VoxelGeo software. Repeat experiments reproduced the results
described in this study.
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3. Experimental results

3.1. Plan view evolution: pure strike-slip

Fig. 3 illustrates the sequence of development that was observed
in the pure strike-slip experiment using photographs and
5 cm

6 cm

1.4 cm

2 cm

3 cm

4 cm

Illumination

c

10 cm

Progressive evolution

Final basin top

5 cm

a

c

b

Fig. 3. Plan view evolution of pure strike-slip pull-apart basin model illustrated with: (a)
subsidence calculated from differential laser scans. Initial and final baseplate geometry sho
subsidence isopach maps generated from laser scanning of the
surface of the model and fault interpretation, with the subsidence
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strike of 22� clockwise to the trace of the PDZ in the basement. The
R-shears linked with the first fault that formed above the stepover,
which was an arcuate, oblique-extensional fault that bounded an
elongate rhomboidal to sigmoidal-shaped area of subsidence.

At 2 cm of strike-slip displacement, the R-shears above the PDZs
continued to propagate and lengthen. Synthetic P-shears propa-
gated between the R-shears at a strike of 4� clockwise-oblique to
the trace of the basement PDZs. Above the stepover, left-stepping
dextral R-shears formed an en-echelon fault array across the
stepover and subsidence continued.

With further strike-slip displacement (3–6 cm), the P-shears
lengthened and linked with the R-shears to form a linear, narrow
throughgoing fault zone composed of shear lenses above the PDZs.
After the addition of syn-kinematic infill at 3 and 5 cm of strike-slip
displacement, inactive faults were buried and only the active faults
propagated upward through the infill. The oblique-extensional
faults that originated from the intersection of the PDZs with the
stepover continued to lengthen along an arcuate trace in plan view
bounding subsidence of the hanging wall block. Above the stepover,
long, oblique-extensional faults with opposite dip polarity propa-
gated longitudinally with a strike of 27� clockwise to the trace of
the PDZs, forming a flat-bottomed, deep, narrow and elongate
rhomboidal-shaped basin comprised of two left-stepping linked
grabens.

3.2. Plan view evolution: transtension

Fig. 4 shows the development of a pull-apart basin with 5� of
transtensional displacement across the PDZs. The initial phase of
pull-apart formation (0–1.4 cm transtensional displacement)
produced left-stepping en-echelon dextral R-shears above the PDZs
at an average strike of 16� clockwise to the trace of the PDZs in the
basement. At the intersection of the PDZs with the stepover, an
oblique-extensional fault developed that coalesced with the closest
R-shear forming the longitudinal margins of subsidence. An elon-
gate rhomboidal to sigmoidal-shaped area subsided to form
depocentres within ellipsoidal zones at opposing ends of the
stepover.

Between 2 and 3 cm of transtensional displacement, R-shears
above the PDZs lengthened and synthetic P-shears initiated with
a strike of 3� clockwise to the trace of PDZs. The R-shears and P-
shears then began to slip with oblique extension while newly
formed oblique-extensional faults propagated in-line with the
borders of the PDZs. Above the stepover, a left-stepping en-echelon
graben system formed that was bounded by en-echelon oblique-
extensional fault segments striking at 28� clockwise to the trace of
the PDZs. Dextral strike-slip fault segments propagated longitudi-
nally across the centre of the basin. Subsidence continued above the
stepover in dual opposing depocentres separated by an intra-basin
high.

From 4 to 6 cm of transtensional displacement, oblique exten-
sion in the faults above the PDZs produced a narrow graben system
in-line with the trace of the PDZs. The faults bounding the graben
system strain-partitioned into left-stepping, segmented strike-slip
faults opposite longer, oblique-extensional faults. This pattern was
reversed longitudinally in the opposing PDZ. At the intersection of
the stepover with the PDZs, an oblique-extensional fault continued
to lengthen with an arcuate trace in plan view.

Above the stepover, left-stepping en-echelon oblique-exten-
sional faults bounding the basin became soft-linked by relay ramp
formation. With increasing displacement, these relay ramps were
breached to form a basin sidewall fault composed of an irregular
trace of hard-linked, left-stepping en-echelon faults. Syn-kinematic
sedimentation, added after 5 cm of displacement, buried the
inactive tips of the hard-linked en-echelon faults. Dextral strike-
slip fault segments at the centre of the basin lengthened and linked,
creating a cross-basin strike-slip fault zone connecting the parti-
tioned strike-slip fault zones bordering the offset PDZs. In the latter
stages, a component of dip-slip began on the cross-basin strike-slip
fault.

The main area of subsidence gradually shifted from the basin
centre to the southern half of the basin in an area bounded by the
basin sidewall fault and the cross-basin strike-slip fault (5 and 6 cm
models in Fig. 4). Finally, two new opposing depocentres formed
within the new subsiding area.

3.3. Vertical sections: pure strike-slip model

Photographs of vertical serial sections were used to reconstruct
isometric views of the internal geometry of the pure strike-slip
model (Fig. 5a). Above the basement PDZs, a graben developed that
was bounded by a simple, narrow, negative flower structure formed
from a set of sub-vertical faults dipping at 65–90� (Sections A, B, F
in Fig. 5a).

At the junction of the stepover with the PDZs, an asymmetric
graben formed bounded by one sub-vertical (80–90� dip) concave-
up fault and one shallow-dipping (35–65� dip) concave-up fault
(e.g. Section E in Fig. 5a). These faults were linked longitudinally to
fault zones above the PDZ and soled into the edge of the ductile
decollement layer at depth (Sections C, E in Fig. 5a). The throw on
some faults (e.g. Section C in Fig. 5a) decreased towards the base of
the fault indicating, both dip- and strike-slip movement on the fault
(e.g. oblique-extension). The fault blocks bounded by these faults
tilted towards the sub-vertical faults (Section C, E in Fig. 5a). Above
the centre of the basin, a deep and narrow graben formed that was
bounded by a set of symmetric, upward-divergent, steeply dipping
(70–80�) concave-up faults that soled into a reactive ridge of
polymer at depth (Sections C, D, E in Fig. 5a). The maximum total
thickness of the basin fill was 2.17 cm (Fig. 5a).

3.4. Vertical sections: transtensional model

Photographs of vertical serial sections were used to reconstruct
the internal geometry of the transtensional model (Fig. 5b). Above
the trace of the PDZs, a narrow graben formed that was bounded by
an array of left-stepping sub-vertical faults. These faults had dips of
65–90� and formed a negative flower structure (Sections A, B, F in
Fig. 5b). The throw on some faults (e.g. Section B in Fig. 5b)
decreased towards the base of the fault, indicating both dip- and
strike-slip on the fault (e.g. oblique-extension).

At the junction of the stepover with the PDZs, an asymmetric
graben formed that was bounded on one side by a shallow-dipping
(35–65�), concave-up fault that soled into the edge of the ductile
decollement layer at depth. The opposite side of the graben showed
a complex fault zone formed by a splay of upward-divergent fault
segments with dips of 65–85� (Sections C, E in Fig. 5b). This fault
zone corresponded to the en-echelon basin margin fault system
in plan view. Above the centre of the basin, a central horst divid-
ed the basin into two symmetric graben bounded by sets of upward-
divergent concave-up faults dipping 60–75� (Section D in Fig. 5b).
The two graben were cross-cut by antithetic, steeply dipping to sub-
vertical (77–90� dip) fault segments with a dip direction that flipped
longitudinally across the basin (Section C, D in Fig. 5b). These anti-
thetic faults formed the cross-basin strike-slip fault zone. The
maximum thickness of the basin fill was 2.17 cm (Fig. 5b).

3.5. 3D visualisation

3D visualisations of the fault architecture from the model
reconstructions show the differences between the models after
6 cm of strike-slip displacement. In the pure strike-slip model
(Fig. 6a), a narrow negative flower structure characterises
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deformation above the PDZs. The central pull-apart basin above the
basement stepover is composed of concave-upward faults that in
plan view are curved in an elongate sigmoidal shape. Syn-kine-
matic sediments that infill the graben are sub-horizontal. At the
margins of the basin, two concave-upward, shallow-dipping faults
that are arcuate in plan view link longitudinally to the offset PDZs
and sole at depth into the edge of the ductile decollement layer.

In the transtensional model (Fig. 6b), an array of left-stepping,
upwardly divergent, and concave-upward helicoidal faults create
a complex and broad negative flower structure above the PDZs. The
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basin sidewalls consist of concave-upward faults that curve into an
elongate sigmoidal to rhomboidal shape in plan view. The basin
interior is cut by a cross-basin strike-slip zone that consists of an array
of conjugate sub-vertical, helicoidal faults linking the offset PDZs. An
intra-basin horst block, bounded by the cross-basin fault system,
forms a relative high in the centre of the basin. The syn-kinematic fill
is sub-horizontal and infills fault-bounded depocentres.
3.6. 4D evolution of transtensional model

Sequential model runs to increasing displacements on the PDZs
allowed examination of the progressive evolution of the models.
After 2 cm of transtensional displacement (Fig. 7a), faults initiated
as upwardly divergent, steeply dipping to sub-vertical planar faults.
Basin-bounding faults above the basin margin (B–B0 and D–D0 in
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Fig. 7a) formed an asymmetric graben that reversed its symmetry
longitudinally across the basin. Basin-bounding faults over the
centre of the basin (C–C0 in Fig. 7a) were symmetric.

With increasing transtensional displacement (3–6 cm models
in Fig. 7a), the initially planar faults became concave-upwards
and lowered in dip angle. At the basin margins, new steeply
dipping to sub-vertical faults initiated in the centre of graben
system. Thickening of the syn-kinematic strata shows that these
new faults, accommodated most of the basin subsidence as
displacement on the PDZs increased (B–B0 and D–D0 in 5 and 6 cm
models in Fig. 7a). In the basin centre, the steeply dipping faults of
the cross-basin strike-slip system initiated both antithetic and
synthetic to the basin-bounding faults (C–C0 in 5 and 6 cm models
of Fig. 7a).

Fig. 8 shows 3D fault reconstructions from transtensional pull-
apart analogue models with 2, 4 and 6 cm of strike-slip displace-
ment on the PDZs. After 2 cm of transtensional displacement
(Fig. 8a), both the faults above the PDZs and through the centre of
the stepover were planar and steep to sub-vertically dipping (70–
90�), while the faults at the basin margins were planar and shal-
lower dipping (60–70�). At 4 cm displacement (Fig. 8b), faults over
the PDZs remained steep to sub-vertically dipping (70–90�) but
began to take on a curved concave-up, helicoidal shape in 3D. Faults
above the stepover became concave-up, helicoidal and lower in dip
angle (60–80�). At 6 cm displacement (Fig. 8c), faults above the
PDZs remained steep to sub-vertically dipping (70–90�). The dip
angles of both the basin bounding faults and the cross basin fault
zone faults became lower, at 50–70� and 60–80�, respectively.

4. Discussion

4.1. A comparison of pure strike-slip and transtensional
pull-apart basin geometries

Overall, both pure strike-slip and transtensional models
produced broadly similar elongate rhomboidal to sigmoidal basins
with arcuate oblique-extensional sidewall faults in plan view (Figs.
3 and 4). This geometry is similar to many active and ancient pull-
apart basins (e.g. Crowell, 1974; Mann et al., 1983; Aydin and Nur,
1985; Christie-Blick and Biddle, 1985; Mann, 2007) and previous
physical models of pull-apart basins (e.g. Hempton and Neher,
1986; Dooley and McClay, 1997; Rahe et al., 1998; Sims et al., 1999;
Dooley et al., 2004).

The elongate shape of our pull-apart basins can be attributed to
the use of a basal ductile decollement similar to Sims et al. (1999).
Models using purely brittle materials without a basal ductile
decollement (e.g. Dooley and McClay, 1997; Rahe et al., 1998) still
produce rhomboidal to sigmoidal-shaped basins but are less
elongate. An identical set of ‘‘outer basin faults’’ (Fig. 6a, b) nucle-
ated at the lateral edge of the basal decollement layer in both
models. The location and presence of these faults is a result of the
use of a laterally confined basal ductile layer in the experiment
design, but similar faulting can be expected in natural systems if an
abrupt lateral termination of a ductile layer at depth exists. In the
models presented in this study, the dip direction of the master fault
switched longitudinally across the basin (Fig. 5a, b). This longitu-
dinal symmetry resulted from the equal rate of strike-slip
displacement between the basement plates. Longitudinally asym-
metric pull-apart basins would be expected when the opposing
sides of the basin move with unequal rates of strike-slip motion
(Rahe et al., 1998; Basile and Brun, 1999), or with only one moving
plate (Rahe et al., 1998; Smit et al., 2008).

Despite the broad similarities, the minor change in plate motion
from pure strike-slip to 5� transtensional displacement across the
PDZs introduced distinct changes in the structural style and intra-
basinal geometry of the models. The maximum depth of the two
basins, equal to the maximum thickness of the syn-kinematic fill
layers, was the same (2.17 cm) (Fig. 5a, b). However, the transverse
limit of the main central basin in the transtensional model (calcu-
lated using the distance between the ‘basin sidewall faults’ in
Fig. 6a, b) was up to 3 times wider than that of the pure strike-slip
model (Figs. 3c and 4c).

The sidewall faults of the pure strike-slip basin were formed
from a single oblique-extensional fault that was long and arcuate in
plan view (6 cm model in Fig. 3b). In contrast, the sidewall faults of
the transtensional pull-apart basin were formed by segmented,
left-stepping en-echelon oblique-extensional faults (3 cm model in
Fig. 4b) that hard- and soft-linked to form an irregular, arcuate
surficial fault trace (5 cm model in Fig. 4b) with increasing trans-
tensional displacement. The pure strike-slip pull-apart basin
developed a single central depocentre (3 cm model in Figs. 3b and
5a) while the transtensional model developed dual depocentres at
opposite ends of the basin that were separated by a relative
structural high (3 cm model in Figs. 4b and 5b). Above the PDZs, the
pure strike-slip model developed a narrow, throughgoing fault
zone of shear lenses (6 cm model in Fig. 3b). The transtensional
model developed a distinct narrow graben system bounded on
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opposite sides by sets of en-echelon dextral strike-slip faults and
oblique-extensional faults that formed in-line with the borders of
the PDZ (6 cm model in Fig. 4b). In the latter stages of the trans-
tensional experiment, a cross-basin strike-slip fault zone formed
that linked the offset PDZs (Fig. 4b) while no cross-basin fault zone
was developed in the pure strike-slip model.

A disproportionately large increase in width (3 times) of the
main, inner pull-apart basin was caused by the introduction of
a small component (5�) of oblique divergent slip between the PDZs.
These results are consistent with results of 3D elastic modelling of
parallel overlapping strike-slip faults by ten Brink et al. (1996), in
which 5� of transtensional slip produced an area of subsidence that
was 2–3 times wider at the surface compared to an equivalent pure
strike-slip model. In transtension, small increases in oblique fault
motion add a large component of region subsidence compared to
pure strike-slip. The increased area of surficial subsidence in our
models was the result of the oblique and divergent movement of
the basin sidewalls. The footwalls of the sidewall faults, which are
pinned to the basement, move away from the hanging wall. This
causes the hanging wall to collapse downwards (Fig. 7) and the dip
angles of faults to lower (Fig. 8). Subsidence is accommodated in
the cover by upward-diverging fault sets that formed negative
flower structures (e.g. Fig. 7). The Marlborough fault system, New
Zealand, contains an example of an array of pull-apart in which
some of the basins are developed in dextral pure strike-slip and
some in transtension due to changes in the orientation of the Hope
fault relative to the regional plate motions (de Mets et al., 1990). A
comparison of the pure strike-slip Poplars and GlynnWye pull-
apart basins (Clayton, 1966; Freund, 1971; Cowan, 1990) with the
transtensional Hanmer pull-apart basin (Wood et al., 1994) shows
that the transtensional Hanmer basin is clearly longer (20 km
compared to 2.5 km) and wider (10 km compared to 1 km) than the
pure strike-slip basins. The increase in size between the two types
of basin along the Marlborough fault system are likely to be at least



Fig. 9. (a) Summary map of faults and basin fill of the Vienna Basin (modified from
Hinsch et al., 2005a; Arzmuller et al., 2006) showing en-echelon faulting along the
basin margins and the development of dual depocentres. (b) Cross-section re-inter-
preted from seismic in Hinsch et al. (2005a) shows an asymmetric negative flower
structure bounded by a splay of en-echelon faults.
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partially influenced by the change from pure strike-slip to trans-
tension, but may also be the result of other factors such as differ-
ences in the initial stepover geometry or the depth to the basement.

An en-echelon marginal fault system composed of overlapping
oblique-extensional faults uniquely developed in our transten-
sional pull-apart models (Figs. 3c and 4c). In physical (e.g. Hempton
and Neher, 1986; Dooley and McClay, 1997; Rahe et al., 1998; Sims
et al., 1999; this study) and numerical (e.g. ten Brink et al., 1996)
models of pure strike-slip pull-apart basins, en-echelon marginal
fault systems do not develop. Instead, these basin margins develop
as a single or terraced margin of sub-parallel, oblique-extensional
faults. En-echelon faulted margins develop similarly in analogue
models of highly oblique rift systems (e.g. Tron and Brun, 1991;
Schreurs and Colleta, 1998; McClay et al., 2002; Gutowski and Koyi,
2007). It is therefore proposed that an en-echelon marginal fault
system in a pull-apart basin is a primary indicator that the basin has
developed with oblique and divergent (e.g. transtensional) motion.

A natural example of a transtensional pull-apart basin with this
structural style is the Vienna Basin, Austria (Fig. 9). The Vienna
Basin is a thin-skinned pull-apart basin that developed on the basal
detachment of the Alpine–Carpathian orogenic wedge in a left
overstep of a major sinistral transform system between the Eastern
Alps and the Western Carpathians. The basin initiated in the
Miocene and was later subjected to compressional inversion in the
Pliocene (Royden, 1985; Sauer et al., 1992; Fodor, 1995; Decker,
1996; Horvath and Clotingh, 1996). A map of the Vienna Basin
(Fig. 9a) shows that the basin sidewalls are dominated by en-
echelon oblique-extensional faults (e.g. Royden, 1985; Hinsch et al.,
2005a,b; Arzmuller et al., 2006) similar to the model results in this
study (3 and 4 cm models, Fig. 4).

In cross-section (Fig. 9b), this en-echelon basin margin system
appears as a negative flower structure bounded by an upward-
divergent splay of faults. This cross-sectional fault geometry is
similar to our transtensional model results (e.g. B–B0 in 3 cm model
in Fig. 7a) with the exception that some faults in Fig. 9b have
a slight reversal of throw that is likely the result of the Pliocene
inversion event. The asymmetry of the graben in Fig. 9b, together
with progressively changing dips of the basin fill, suggests an
asymmetric tilting of the graben. This fault asymmetry is reversed
at the opposite longitudinal margin of the basin (Arzmuller et al.,
2006). These features compare well to those developed near the
longitudinal basin margins in our models (e.g. B–B0 and D–D0 in
Fig. 7a) and to previous pull-apart models (e.g. Dooley and McClay,
1997).

Other natural examples of transtensional pull-apart basin
systems with en-echelon marginal fault systems include the Coso
Wash in California (e.g. Monastero et al., 2005; Pluhar et al., 2006),
the Central Basin of the Marmara Sea, Turkey (e.g. Armijo et al.,
2002), and the Milne Point pull-apart basin, Alaska (Casavant et al.,
2004). The en-echelon basin margin fault systems in our trans-
tensional models formed soft-linked relays that breached with
increasing strain to become a long, hard-linked zigzag fault trace. In
the Pannonian Basin, central Hungary, field observations of hard-
linked relay ramps between en-echelon faults in a transtensional
setting (Fodor, 2007) show that they are oblique-extensional or
pure-extensional faults that strike oblique to the main en-echelon
fault segments.

One of the most striking features in our transtensional models
was the development of dual depocentres separated by an intra-
basin structural high (3 cm model in Figs. 4b and 5b). This feature is
not unique to physical models of transtensional systems (Dooley
et al., 2004, 2007) and has been produced in models of pure strike-
slip pull-apart basins above a ductile decollement (Sims et al.,
1999). Numerical models of pure strike-slip pull-apart basins (e.g.
Rodgers, 1980; Gölke et al., 1994; Katzman et al., 1995) also develop
this feature. This depocentre geometry develops because the area
of maximum extension in both pure strike-slip and transtensional
pull-apart basins occurs at the junction of the PDZs with the
stepover (Bertoluzza and Perotti, 1997). In addition, the develop-
ment of discrete depocentres within a pull-apart basin system can
be the result of an underlying weak layer (Sims et al., 1999) and not
due to plate motions. Nevertheless, our experiments show that the
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development of a dual depocentre system should be greatly
enhanced in a transtensional pull-apart basin (compare 3 cm
models in Figs. 3b and 4b). Natural examples of transtensional pull-
apart basins such as the Vienna Basin in Austria (Fig. 9) (e.g. Fodor,
1995; Arzmuller et al., 2006), the Ghab Basin of the northern Dead
Sea Fault System (Brew et al., 2001), and the Cariaco basin, Ven-
ezuela (Schubert, 1982) exhibit a well-developed dual depocentre
geometry separated by a relative high block that is comparable to
our transtensional models.

A cross-basin strike-slip fault zone forms to allow faults to
straighten and ‘shortcut’ across strike-slip releasing bends as they
widen (e.g. Wesnousky, 1988; Zhang and Burchfiel, 1989; McClay
and Dooley, 1995). Because our transtensional pull-apart basin
model widened significantly faster than the pure strike-slip model
with equivalent PDZ displacement (compare Figs. 3c and 4c), it
follows that cross-basin strike-slip fault systems should be better
developed in transtensional pull-apart basins. This effect is seen in
Fig. 10. Pull-apart systems in the southern end of the Dead Sea fault system. (a) SRTM digit
(Reilinger et al., 2006), the location of the pure strike-slip Dead Sea Basin pull-apart basin in
Structural interpretation map of the Dead Sea Basin pull-apart (Garfunkel and Ben-Avraham
Ben-Avraham et al., 1979; Ben-Avraham, 1985; Ehrhardt et al., 2005).
our experiments where after 6 cm of PDZ displacement a cross-
basin strike-slip fault system was developed only in the transten-
sional model (Figs. 3c and 4c). However, the development of this
fault system is not unique to either pure strike-slip or transten-
sional pull-apart systems and has been observed in analogue
models of both pure strike-slip (Dooley and McClay, 1997; Rahe
et al., 1998) and transtensional pull-aparts (Dooley et al., 2004,
2007, this study). Sims et al. (1999) postulated that throughgoing
cross-basin strike-slip fault systems are not well developed in pull-
apart systems with weak decollements, but the results of this study
show that a cross-basin fault system will develop even above weak
decollements when a pull-apart basin system has sufficiently
widened. De Paola et al. (2007) hypothesized from field observa-
tions that the formation of a cross-basin strike-slip fault is inhibited
in transtensional pull-aparts because fault patterns are disrupted as
the failure mode changes from shear to tensile failure with
increasing strain. Natural examples of transtensional pull-apart
al elevation model topography showing plate motion model derived from GPS geodesy
the north and the transtensional Gulf of Elat (Aqaba) pull-apart basin in the south; (b)

, 1996); (c) Structural interpretation map of the Gulf of Aqaba pull-apart (modified from
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basins suggest that a variety of outcomes may occur. In the Cariaco
Basin, Venezuela, a cross-basin strike-slip fault system developed
through the straightening of the Moron-El Pilar Fault, causing pull-
apart extinction (Jaimes-Carvajal and Mann, 2003). In the Vienna
Basin, Austria (Fig. 9a), continued strike-slip motion caused
extinction of one PDZ and strike-slip motion to transfer through
a linear transfer fault zone across the remaining PDZ (Hinsch et al.,
2005a; Decker et al., 2005).

4.2. A comparison of basins in the southern Dead Sea fault system

The southern end of the well-studied sinistral Dead Sea fault
system (DSFS) (e.g. Quennell, 1958; Freund et al., 1970; Garfunkel,
1981) allows for a comparison of natural pull-apart basins formed
in pure strike-slip and in transtensional settings (Fig. 10). The DSFS
is estimated to have accumulated approximately 105 km of sinistral
slip (Quennell, 1959; Freund, 1965; Freund et al., 1970). 60–70 km of
Pure

strike-slip

pull-apart

basin

Transtensional

pull-apart basin

RS

RS

RS

TBM

EEBM

EEBM

TBM

EEBM

RS

ba

Depocentre

Basin limit

PDZ

Oblique slip
direction

Plate motion

Fig. 11. (a) Plan view location of fault styles in a dextral pure strike-slip (top) and tra
sinistral slip occurred in the Mid-Late Miocene and the remainder
of sinistral slip occurred in a second phase from the Early Pliocene
to present day, during which time a number of pull-apart basins
along the southern DSFS are thought to have formed simulta-
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transtension. In contrast, further north at the location of the Dead
Sea Basin, the plate motion was pure strike-slip (Garfunkel, 1981).
Recent GPS geodetic studies (Reilinger et al., 2006; Mahmoud et al.,
2005; Wdowinski et al., 2004) confirm that these plate motions
continue to the present day.

The differences in geometry and structural style between the
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strike-slip Dead Sea pull-apart basin (Fig. 10b) compare well with
our analogue model results. The Gulf of Aqaba basin is slightly
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than the Dead Sea Basin (180 km compared to 150 km) (Ben-
Avraham, 1985; Garfunkel and Ben-Avraham, 1996). The margins of
the Gulf of Aqaba are dominated by NNW-trending, right-stepping
en-echelon extensional faults that have linked to form a distinct
zigzag pattern (Ben-Avraham et al., 1979). In contrast, the Dead Sea
Basin has a terraced basin margin with sub-parallel oblique-
extensional faults (ten Brink and Ben-Avraham, 1989). Within the
Gulf of Aqaba, major depocentres have formed at opposite ends of
the pull-apart basin while the Dead Sea Basin contains one central
depocentre bounded longitudinally by strike-slip fault segments.
Bathymetric and seismic data from the northern Gulf of Aqaba
show that the northern margin is bounded by an asymmetric
graben system with tilted growth strata (Ben-Avraham et al., 1979;
Ehrhardt et al., 2005). Although these differences compare well
with our models, some of the contrasts in geometry between the
two basins are also undoubtedly controlled by other factors. For
example, the basement geometry of the Gulf of Aqaba is unlikely to
be as simple as our models and may actually reflect a composite
pull-apart system.

The northern extension of the Gulf of Aqaba, a 5-km wide
graben system bounded by oblique-extensional faults, may repre-
sent the in-line graben system developed above the PDZs in our
transtensional models (e.g. Section F in Fig. 5b). Recent mapping
using gravity (ten Brink et al., 1999) and remote sensing (Kesten
et al., 2008) of this area reveals a string of long and narrow buried
basins offset en-echelon by shorter (25–55 km), discontinuous fault
segments. In contrast, the PDZs at the northern and southern
boundaries of the Dead Sea are narrower and predominantly zones
of strike-slip. One major difference to our models is that the main
depocentre of the Dead Sea Basin migrated northwards with
Fig. 12. Three-dimensional geometry of an idealised early stage pull-apart basin
increasing strike-slip on the PDZs (ten Brink and Ben-Avraham,
1989). In our pure strike-slip model, the central depocentre basin
deepened but did not migrate because its location was fixed by the
baseplate geometry.

Fig. 11a shows a comparison of structural styles developed in an
idealised system with both a pure strike-slip pull-apart basin and
a transtensional pull-apart basin, based on the model results and
comparisons with natural examples. The main distinction is the
formation of a terraced basin margin (Fig. 11b) in a pure strike-slip
pull-apart system and a soft- or hard-linked en-echelon basin
margin system (Fig. 11c) in a transtensional pull-apart system. The
en-echelon basin margin fault style should not be confused with
Riedel-shears (Fig. 11d), which also have an en-echelon surface
trace and appear in both systems. A secondary distinction is that
the depocentre in a pure strike-slip pull-apart basin will generally
be at the basin centre while in transtension, significant depocentres
are expected to develop at opposite ends of the basin (Fig. 11a).
Fig. 12 illustrates a 3D synoptic model of an idealised, early stage,
transtensional pull-apart basin based on the results of this study.

4.3. 4D evolution of transtensional pull-apart basins

In our models, increasing strain caused faults to partition into
families of predominantly oblique-extensional and strike-slip
faults. Above the stepover, separation of slip into a discrete cross-
basin strike-slip zone and a separate set of en-echelon oblique-
extensional sidewall faults (3–6 cm models in Fig. 4b) can be
understood as a consequence of strain partitioning. In addition,
faults above the PDZs partitioned into one set of Riedel-shears and
an opposing set of oblique-extensional faults (5–6 cm models in
developing in 5� transtension based on the results of analogue modelling.
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Fig. 4b). Strain partitioning is characteristic of oblique-slip systems
and can be explained by the upward elastoplastic propagation of
a localized basement fault or shear zone at depth (Bowman et al.,
2003). Bowman et al. (2003) showed that the static stress field
above a pure strike-slip fault at depth is a simple strike-slip stress
field, while a buried oblique-slip fault tip propagating from depth
separates into an arrangement of discrete zones of normal, reverse
and strike-slip faulting. King et al. (2005) demonstrated from the
2001 Kokoxili earthquake in China that strain partitioning occurs in
nature even when motion along a strike-slip fault is as little as 2–3�

obliquely divergent (transtensional) to the master fault. Strain
partitioning is observed in the present day in the Vienna Basin
(Fig. 9) where fault movement within the mature transtensional
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pull-apart structure occurs as separate domains of predominantly
strike-slip and predominantly normal faulting (Hinsch et al.,
2005b).

The fault population in the models showed a progressive
lowering of fault dip, a change from planar to listric fault geometries
and the collapse of fault blocks into the stepover with increasing
displacement on the PDZs (Figs. 7a and 8). These patterns were
noted in 4D analyses of analogue and numerical models of exten-
sion above a ductile decollement using X-rays (Schreurs et al., 2006;
Buiter et al., 2006). The patterns in our models cannot be attributed
to the effects of syn-kinematic sedimentation as they were
observed during both phases of sediment-starvation (2–3 cm
models in Fig. 7a) and sedimentation (4–6 cm models in Fig. 7a). 4D
changes in the fault profiles from planar to listric are the result of
faults decoupling from the basement due to the basal rubber/
polymer decollement above the basement stepover, while the
lowering of fault dips is due to the collapse of footwall blocks into
the stepover as the hanging wall of the basin sidewall faults, which
are pinned to basement, move outwards. With increasing
displacement on the PDZs, subsidence generated above the step-
over caused faults to curve concave-upward as they soled into the
ductile decollement layer at depth (Fig. 13). As the structure widens
and collapses inwards, new steeper-dipping planar faults are initi-
ated with geometries similar to the first-formed faults (compare
active faults of B–B0 in 2 and 6 cm models in Fig. 7a).

5. Conclusions

Scaled analogue modelling of pull-apart basins developed above
underlapping, releasing stepovers shows that very different basins
are developed in transtensional (oblique divergent) slip along the
basement master fault zones compared to pure strike-slip. In both
settings the gross geometry consists of elongate, sigmoidal to
rhomboidal, pull-apart basins. However, in transtension the pull-
apart basin margin is characterized by the development of en-
echelon oblique-extensional faults that soft- or hard-link with
increasing displacement on the PDZs. En-echelon faulting is not
observed at the basin margins of the pure strike-slip model, which
instead develops a basin margin composed of terraced, sub-parallel
oblique-extensional faults. Therefore, an en-echelon basin margin
system is an important primary indication that a pull-apart basin
has likely developed in transtension.

Basin size and subsidence patterns are also influenced by
a change from pure strike-slip to transtension. The introduction of
a small amount of oblique divergent slip (5� transtension) causes
the main central basin of the models to be disproportionately wider
(2–3 times). A ‘‘dual opposing depocentre’’ geometry develops in
the early to middle stages of transtensional basin evolution. This
geometry, where depocentres at opposite ends of the stepover
were separated by an intra-basin relative high block, was different
to the pure strike-slip model which had a single central depocentre.
While a significantly greater basin width and the development of
a ‘‘dual opposing depocentre’’ geometry are not unique to trans-
tensional pull-apart basins, they can be used as secondary indica-
tors that a pull-apart basin is developing in transtension.

Digital reconstructions of sequential model runs to higher
displacements on the PDZs allowed the progressive evolution of
transtensional pull-apart systems to be evaluated. In cross-section,
transtensional pull-aparts models initiate as asymmetric grabens
bounded by planar faults. Increased PDZ displacement causes faults
to become concave-upwards and decrease in dip angle as fault
blocks collapse into the stepover. In addition, the faults strain-
partition into domains of predominantly dip-slip or strike-slip
faults. Cross-basin fault systems that link the offset PDZs form
much earlier in the transtensional basin due to an increased rate of
basin widening.
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The general fault and basin geometries of our analogue models
compare favourably to natural pull-apart basins. Within the Dead
Sea fault system, the differences in depocentre location and fault
geometries of the pure strike-slip Dead Sea Basin and the trans-
tensional Gulf of Aqaba (Elat) basin systems compare well to our
respective pure strike-slip and transtensional models. The Vienna
Basin, Austria, demonstrates that the basin margins of natural pull-
apart basins in transtension are also dominated by en-echelon
oblique-extensional faulting and often develop dual depocentres
separated by an intra-basinal high.
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