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ABSTRACT Scaled 3D sandbox models have been used to investigate the 3D geometry and
evolution of transtensional pull-apart basins. In this paper two representative analogue
models were constructed to simulate the evolution of a 5° transtensional pull-apart
basin formed above an underlapping, 45° strike-slip releasing bend basement stepover.
Model 1 had 1:1 relative motion between opposing plates whereas Model 2 had 2:1
relative plate motion. In both experiments, a rhomboidal pull-apart basin developed
with one central depocentre that was bounded by en-echelon basin margin faults.
The early stages of basin evolution were characterised by basin subsidence and the
nucleation of en-echelon normal faults. In the latter stages strike-slip occurred along
the en-echelon normal faults, a cross-basin strike-slip fault formed and incremental
basin subsidence decreased. Model 1 developed a symmetric basin whereas Model 2
developed a weakly asymmetric basin that had very active basin margin faults above
the faster moving plate and a segmented cross-basin strike-slip fault system. The
models were compared to the Cinarcik basin, Sea of Marmara. Both the analogue
models and the natural prototype were characterised by basin margins bounded on one
side by a simple, steeply-dipping normal fault and on the other side by an en-echelon
array of steeply-dipping normal faults. The Model 1 showed similarities to the central
and eastern part of the Cinarcik basin.

Key words: analogue modelling, pull-apart basins, transtension, en-echelon faults, Cinarcik basin, Sea of
Marmara.

1. Introduction

In this study, the 3D geometry and evolution of a pull-apart basin in a transtensional regime
was investigated using scaled sandbox models. Previous analogue models of pull-apart basins
have proved to be a useful tool for simulating pull-apart basin geometries and evolution in both
pure strike-slip (Hempton and Neher, 1986; Richard et al., 1995; Dooley and McClay, 1997;
Rahe et al., 1998; Sims et al., 1999) and in transtensional regimes (Dooley et al., 2004; Wu et
al., 2009). These analogue model experiments simulate deformation in the sedimentary cover
above a pre-defined underlying basement fault system.

The analogue modelling experiments presented here were designed to simulate the evolution
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Fig. 1 - Plan view of the baseplate geometry used for the experiments. Transtension was produced by displacement
of the plates 5° oblique to the principal displacement zones (PDZs). The stepover was underlain by a thin rubber
membrane that stretched as the plates were displaced.

of a pull-apart basin above a basement stepover of a left-stepping, underlapping releasing bend
in 5° dextral transtension (Fig. 1). In particular these models were designed to simulate the
evolution of structures formed over the principal displacement zones (PDZs) and the basement
stepover. In the models a single horizontal basal decollement was used in order to clearly
demonstrate the link between displacement along the PDZs and the structural evolution of the
cover sequence. Crustal complexities or mantle discontinuities were not incorporated and this
should be taken in to account when comparing the analogue model experiments with natural
prototypes characterized by complex geodynamic settings.

These experiments build upon previous studies of transtensional pull-apart basins (e.g.,
Dooley et al., 2004; Wu et al., 2009) by using a new basement stepover geometry designed
to be similar to that proposed by Armijo et al. (2002) for the Cinarcik basin, in the Sea of
Marmara, Turkey. The comparison between the analogue modelling experiments and the natural
system could contribute to the further understanding of the relation between the evolution of the
Cinarcik basin and the North Anatolian Fault (NAF) in the Sea of Marmara (e.g., Sengor et al.,
1985). The experiments also tested the effects of differential relative plate motion, a kinematic
boundary condition of the Marmara Sea for the past 5 Ma that is indicated by Marmara sea
geodesy and geological studies (e.g., Armijo et al.,1999; McClusky et al., 2003). The pull-
apart basin experiments presented here used transtensional plate motions that specifically allow
comparison with the Sea of Marmara, which is located in a transition zone between a pure
dextral strike-slip regime to the east of Izmit Gulf and a primarily extensional system to the
west, in the Aegean Sea [Armijo et al. (1999) and references therein].

2. Analogue model procedure
The analogue model experiments described in this paper were designed to simulate the

evolution of a pull-apart basin in a dextral transtensional regime (Fig. 1). The experiments
were performed using baseplates with a 45° underlapping releasing bend and a 10 cm stepover
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geometry. Transtension was obtained by displacing the plates 5° oblique and divergent to the
PDZs. The stepover was underlain by a thin rubber membrane that was glued beneath the plates
to simulate mid-crustal stretching. The sandbox had unconstrained longitudinal margins and had
dimensions of approximately 100x50x10 cm. In order to simulate the sedimentary cover above
a basement-induced fault system, a 7.5 cm dry quartz sand layer was used. Dry quartz sand with
31° angle of internal friction and a negligible cohesive strength has been widely demonstrated to
be a suitable modelling material for simulating the brittle deformation of sediments in the upper
crust (e.g., Horsefield, 1977; McClay, 1990). The models have a scaling ratio of approximately
107 such that 1 cm in the model corresponded to ~1 km in nature. They were deformed without
the addition of syn-kinematic sediments in order to allow continuous monitoring of the surface
deformation.

During the experiments, the two baseplates were moved in opposite directions by stepper
motors with an average velocity of 4x10~ cm/s to a total horizontal displacement of 8 cm.

Two 5° transtensional experiments are described in this paper. Model 1 had a 1:1 relative
plate motion whereas Model 2 had a 2:1 plate motion in order to test the effect of differential
plate motions on the evolution of the fault system. Sequential digital photographs of the upper
surface were taken every 1 mm of horizontal offset on the PDZs. Laser scans were taken after
every 1 cm of horizontal offset on the PDZs.

3. Analogue model results

Fig. 2 shows the 2D plan view evolution of Model 1 with 5° transtension and a 1:1 relative
plate motion. Photographs are complemented by laser scan images of the model surfaces
depicting total subsidence and interpreted faults. After 1 cm of horizontal displacement, two
oppositely-dipping normal faults had developed in the stepover region (Fig. 2b-1). Dextral
Riedel-shear (R-shears) faults formed above the PDZs with a strike of 25° relative to the PDZs
(Fig. 2b-1). At 2 cm displacement a rhomboidal proto-basin had formed in the stepover region
that consisted of a central graben and external grabens (Fig. 2b-2). As the basin subsided, above
the PDZs the R-shears continued to develop and lengthened, synthetic P-shears started to form,
and en-echelon faults propagated at the margins of the basin (Fig. 2b-2). After 3 cm, the pull-
apart basin was well-developed with one central depocentre (Fig. 2b-3), P-shears were clearly
developed, linking the dextral R-shears above the PDZs. Between 4 and 5 cm of displacement
the normal fault that bounded the southern basin margin began to accommodate significant
strike slip displacement and overprinted the earlier normal faulting (Figs. 2b-4 and 2b-5). Above
the PDZs, a narrow and elongate graben system formed from the linkage of anastamosing
en-echelon fault segments (Figs. 2b-4 and 2b-5). After 6 cm of horizontal displacement new
N-S oriented fault segments began to initiate within the pull-apart basin (Figs. 2b-6 and 2b-7).

Incremental basin subsidence (Fig. 3) was calculated by subtracting successive laser scans
of the model surface. At each stage the maximum subsidence occurred within the central
depocentre. Maximum incremental subsidence per 1 cm strike-slip displacement along the PDZs
gradually increased to a maximum of 6.5 mm at 3 and 4 cm of strike-slip PDZ displacement
(Figs. 3a to 3d). Incremental subsidence decreased conspicuously to ~4 mm at 5 and 6 cm of
strike-slip PDZ displacement (Figs. 3e and 3f). The marked decrease in basin subsidence was
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Fig. 2 - Plan view evolution of Model 1 with 5° transtension and 1:1 relative plate motion illustrated by: a) time-lapse
overhead photography; b) laser scan data showing total depth of basin and interpreted faults.
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Fig. 3 - Incremental basin subsidence in Model 1 with 5° transtension and 1:1 relative plate motion for the first 6 cm of
horizontal displacement along the PDZs. Incremental basin subsidence was calculated from successive laser scans and
faults were interpreted from sequential photographs.

concurrent with the development of a major cross-basin strike-slip fault system (e.g., Figs. 3e
and 3f), which linked the offset PDZs.

Fig. 4 shows the 2D plan view evolution of Model 2 with 5° transtension and a 2:1 relative
plate motion. Here the experimental results are displayed such that the faster moving plate is at
the bottom margin (i.e., south) with respect to the photographs. This orientation is maintained
in subsequent figures to enable the later comparison to the NAF system, which has a present
day faster-moving southern plate (McClusky et al., 2003). Early basin evolution in Model 2
was characterised by a rhomboidal area of subsidence above the basement stepover (Figs. 4b-1
and 4b-2). After 1 cm of horizontal displacement, basin-bounding normal faults generated on
the side with the faster moving plate (i.e., the lower left plate with respect to the photographs of
Fig. 4b-1). As horizontal displacement continued, the normal faults lengthened and linked (Fig.
4b-2). Basin-bounding normal faults generate on the side with the slower moving plate (i.e., the
upper right plate with respect to the photographs) and an asymmetric basin was formed in plan
view (Fig. 4b-2). Dextral R-shear faults formed above the PDZs with a strike of 25° relative to
the PDZs (Fig. 4b-2). As displacement along the PDZs increased, basin margin faults on the
side with the faster moving plate had conspicuously higher displacements than on the opposite,
slower-moving side of the model basin. A cross-basin strike-slip fault system began to form at 4
cm of horizontal displacement on the PDZs (Fig. 4b-4). The cross-basin fault system consisted
of a number of segmented, dextral strike-slip segments that nucleated and linked across the
basin floor (Figs. 4b-4 to 4b-7). Incremental basin subsidence patterns for Model 2 (Fig. 5)
show that basin subsidence was highest at the basin centre. The basin was weakly asymmetric
and had higher subsidence and fault displacements on the side with the faster moving plate in
the early stage of formation.
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Fig. 4 - Plan view evolution of Model 2 with 5° transtension and 2:1 relative plate motion illustrated by: a) time-lapse
overhead photography; b) laser scan data showing total depth of basin and interpreted faults.
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Fig. 5 - Incremental basin subsidence in Model 2 with 5° transtension and 2:1 relative plate motion for the first 6 cm of
horizontal displacement along the PDZs. Incremental basin subsidence was calculated from successive laser scans and
faults were interpreted from sequential photographs.

4, Discussion

4.1. Comparison of analogue Model 1 and 2 geometries

Models 1 and 2 (Figs. 2 and 4) both generated rhomboidal pull-apart basins. These basins
were characterised by a single depocentre and basin margins with half-graben geometries. Above
the offset PDZs, a distinct, narrow in-line graben system was formed and segmented, en-echelon
normal faults formed where the basin margin faults linked to the offset PDZs. Similar features
were formed in analogue models of transtensional pull-apart basins (Dooley and McClay, 1997;
Rahe et al., 1998; Wu et al., 2009). Both models developed a cross-basin strike-slip fault system
that linked the offset PDZs (e.g., Zhang et al., 1989; Dooley and McClay, 1997). In Model 1
a decrease in incremental subsidence occurred coeval with the development of the cross-basin
strike-slip fault system.

Model 1, with 1:1 relative plate motions, produced a relatively symmetric basin (Fig. 2). In
contrast Model 2, with 2:1 differential plate motions, produced an asymmetric model basin that
was particularly conspicuous from its initial incremental basin subsidence patterns (Figs. 5a to
5¢). The basin asymmetry appeared to be the result of the higher fault activities above the faster-
moving plate (Figs. 4b-1 and 4b-2). The faults above the faster-moving southern plate in Model
2 formed first and hard-linked to form long fault traces (Fig. 4). In contrast the faults that formed
above the slower moving northern plate in Model 2 were shorter and segmented. In published
pure strike-slip analogue models, basin asymmetry due to differential plate motions occurred from
the net movement of material away from the pinned, slower moving plate and towards the faster
moving plate (Rahe er al., 1998). The model presented here show that basin asymmetry formed
above differential plate motions is likely to be even more pronounced in transtensional settings,
where there is greater net extension across the opposing basement blocks (e.g., Figs. 5a to 5c¢).
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Fig. 6 - a) Regional tectonic setting of the Marmara Sea pull-apart system [modified from Armijo et al. (1999, 2002)].
b) Regional structural geometries of the Sea of Marmara region. Black dot shows the epicentre of the 1999.08.17
Izmit earthquake (M 7.4). Dotted box indicates details enlarged in Fig. 7. NAF = North Anatolian Fault; EAF = East
Anatolian Fault; DSF = Dead Sea Fault; K = Karlinova triple junction. Grey vectors indicate the relative motions with
respect to Eurasia derived from GPS (McClusky et al., 2003).

4.2. Comparison with the Cinarcik basin

In this section, the geological setting of the Cinarcik basin is briefly reviewed. Tectonic
models for its formation are described. The analogue modelling results from this study are then
compared to the plan view geometries, depocentre locations and cross-sections from Cinarcik
basin.

4.2.1. Geological setting

The Cinarcik basin forms the easternmost seafloor depression at the Sea of Marmara (Fig. 6).
Its evolution is related to the NAF, a right lateral transform fault that has splayed into two main
branches in the Sea of Marmara region (Barka and Kadinsky-Cade, 1988; Barka, 1992; Yaltirak,
2002; Sengor et al., 2005). The NAF initiated in eastern Turkey between approximately 10 and
13 Ma and propagated westwards toward the Sea of Marmara (Sengér, 1979; Sengér et al.,
1985; Hubert-Ferrari et al., 2002). On the basis of geological and present-day geodetic data
(Armijo et al., 1999; McClusky et al., 2000) the northern branch of the NAF appears to transfer
the most of the right-lateral strike slip motion across the Sea of Marmara [24+]1 mm yr':
McClusky et al. (2003)].
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Deep seismic reflection interpretations across the Sea of Marmara and Cinarcik basin show
a number of faulted, tilted upper crustal blocks that form a negative flower structure (Laigle et
al., 2008), whose faults detach above deep surface (Bécel et al., 2009, 2010). The Moho and
the lower crust shallow towards the centre of the basin (Bécel et al., 2009).

The structures and geomorphology of the Cinarcik basin has been described by geological
and geophysical data (e.g., Okay et al., 2000; Le Pichon et al., 2001; Armijo et al., 2002;
Demirbag et al., 2003; Go6kasan et al. 2003; Carton et al., 2007). In plan view the Cinarcik
basin is approximately 50 km long, 20 km wide and has a rhomboid shape (Okay et al., 2000;
Armijo et al., 2002; Kurt el al., 2013). The northern and southern margins of the eastern
Cinarcik basin contain a series of down-to-the-basin normal faults (Okay et al., 2000; Armijo
et al., 2002; Carton et al., 2007). The northern basin bounding fault has formed at an angle
of about 30° to the E-W striking NAF and displays right-lateral offset of seafloor structures
(Armijo et al., 2002). At the western end of the basin, thrusts and folds have been interpreted
[Le Pichon et al. (2001) and reference therein]. The western margin of the basin is separated
from the Central basin by a topographic high (i.e., Central High). The basin is predominantly
flat-bottomed with maximum depth of 1270 m. The bathymetry of the northern margin dips
towards the south at approximately 17° over a zone 3 km wide. In contrast the bathymetry of
the southern margin has a more gentle dip of 7-10° towards the north over a zone 4-6 km wide
(Okay et al., 2000).

The maximum syn-kinematic sedimentary thickness in the Cinarcik basin is estimated at
5-6 km (Carton et al., 2007). Sediment thickness maps reveal that the main depocentre has
gradually migrated eastwards over time (Carton et al., 2007).

4.2.2. Tectonic models of the Cinarcik basin

Based on morphobathymetry, seismic reflection data and geological evidence, the Sea
of Marmara has been interpreted as a series of active, or inactive, transtensional pull-apart
basins (Barka and Kadinsky-Cade, 1988; Armijo et al., 1999, 2002; Rangin et al., 2004).
85 km of strike-slip displacement since 5 Ma has been interpreted between the Ganos and
the Izmit faults that form the offset PDZs (Armijo et al., 1999). Within the greater pull-apart
basin, shorter strike-slip fault segments link the Cinarcik, Central and Tekirdag sub-basins
(Fig. 7a). At the Cinarcik basin the northern border fault has been strain partitioned into two
fault strands, one of which has mainly strike-slip displacements and the other mainly normal
displacements (Armijo et al., 2002). Reconstructions indicate that a significant amount of
extension ~ 2 km has occurred at the northern border of the Cinarcik basin (Armijo et al.,
2002).

A second model has interpreted a single throughgoing dextral strike-slip fault zone that has
connected the Izmit and the Ganos faults (Fig. 7b) (e.g., Sengor et al., 1985; Aksu et al., 2000;
Imren et al., 2001). The single strike-slip zone was supported by the predominance of pure
strike-slip focal mechanisms at the Sea of Marmara, while en-echelon faults at the seafloor
are interpreted as P-shears and antithetic Riedel shears of the fault zone (Le Pichon et al.,
2001). Although a throughgoing strike-slip fault is interpreted along the northern border of
the Cinarcik basin, it is acknowledged that the deformation at the Cinarcik basin is complex:
the eastern basin is a zone of extension whereas the western basin is a zone of shortening and
rotation (Le Pichon et al., 2001).
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Fig. 7 - Schematic representation of the two main structural models of the NAF in the Marmara Sea fault zone, which
connects the Izmit and Ganos faults: a) pull-apart basins [modified from Armijo et al. (2002)]; b) single thoroughgoing
dextral strike-slip [modified from Le Pichon et al. (2001)]. Bathymetry is in metres.

Newer models have used deep seismic reflection profiles to interpret the Sea of Marmara
as a series of tilted, asymmetric half grabens (Seeber et al., 2006, 2010; Laigle et al., 2008). In
these models the Cinarcik basin formed at a bend in the NAF and basin subsidence was due to
oblique slip on a steeply-dipping, non-vertical transform fault (Seeber et al., 2006, 2010). The
Cinarcik basin depocentre moved with the Anatolian plate but was fixed relative to the opposing
Eurasian plate, thereby generating a characteristic shingled, asymmetric wedge of syn-kinematic
strata (Seeber et al., 2010).

In the next section the ‘pull-apart basin’ model for the Cinarcik basin is assessed by
comparison of the analogue model geometries from this study to its published subsurface
geometries.

4.2.3. Comparison of plan view geometries

A comparison of the plan view geometries of Model 1 and Model 2 and the Cinarcik basin is
shown in Fig. 8. Both the model and natural prototype display a narrow, elongate full graben at
the basin centre. However, in the analogue model the graben has developed at the basin centre
(Fig. 8c) whereas at the Cinarcik basin the graben is offset towards the NE border fault (Figs.
8a and 8b). Both the model and natural prototype have relatively similar border faults that
define an elongate rhomboidal basin. The Cinarcik basin, however, displays a much stronger
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Fig. 8 - Comparison between maps of the Cinarcik basin and models 1 and 2: a) morphobathymetric map [modified
from Armijo et al. (2002)]; b) map showing fault interpretation [modified from Armijo et al. (2002) and Carton et al.
(2007)], also shown in Figs. 10a and 11a: fn = northern escarpment fault; fc = intra-basin fault; fs1 = southern margin
fault; fs2 = inner boundary fault; fs3 = southwest bounding fault; in blue the location of seismic profiles shown in Figs.
10a and 11a; c) total subsidence and interpreted faults of Model 1 after 6 cm of horizontal displacement along the PDZs;
in blue the location of cross sections shown in Figs. 10b and 11b; d) total subsidence and interpreted faults of Model 2
after 6 cm of horizontal displacement along the PDZs.

basin asymmetry than was developed in Model 1. The western Cinarcik basin is wider than
the east side and has an elongated SW-NE trending depression that is bounded to the west by
the ‘Central High’ structure (Figs. 8a and 8b). Folds and thrusts have been interpreted in the
region from shallow seismic profiles [Le Pichon et al. (2001) and reference therein]: none of
these features were developed in either Models 1 or 2 (Figs. 8c and 8d). If the Cinarcik basin
is indeed a pull-apart basin, the asymmetry of its western half could possibly be explained by
pre-existing basement geometries that were different to the idealized analogue model baseplate
geometries (Fig. 1).

The Model 2 pull-apart basin with differential 2:1 relative plate motions developed a
weakly asymmetric basin that had its main basin-bounding faults above the faster-moving
‘southern plate’ (Figs. 4 and 8d). In contrast, the Cinarcik basin has the opposite asymmetry:
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its main basin-bounding fault is fixed to its slower-moving northern margin (e.g., Fig. 6b). This
mismatch of basin margin fault geometries between analogue models and natural prototype
suggests that the Cinarcik basin asymmetry is not likely explained by a transtensional pull-
apart basin developed with differential relative plate motions. Instead, the model results suggest
that ‘transform-bend’ basin models, which interpret oblique extensional slip along a single
northern border fault system (e.g., Seeber et al., 2006, 2010), may better explain the border
fault asymmetry of the Cinarcik basin than a pull-apart basin hypothesis. Transform-bend basin
models are supported by the observation that many basins developed continental transform
bends that have asymmetric plan view geometries (e.g., Mann 2007). Basins that develop
asymmetry towards a transform fault have been explained by extension normal to the regional
strike of the transform, concurrent with transform strike-slip motions (Ben-Avraham and
Zoback, 1992).

4.2.4. Comparison of cross-sectional geometries

The fault geometries in the 3D isometric view in Fig. 9 were constructed by connecting
surface deformation from Model 1 with known locations of basement discontinuities (i.e., the
baseplate geometry). Although serial sections were not acquired to confirm the fault geometries,
other similar analogue models constructed with sand display steeply-dipping, nearly planar fault
geometries (e.g., Dooley and McClay, 1997; Rahe et al., 1998). The interpreted Model 1 fault
geometries reveal en-echelon faulted pull-apart basin sidewalls that have a stepped topography
(Fig. 9). Deformation above the PDZs was characterized by a shallow, narrow graben system
(i.e., PDZ graben system), whose faults converged downwards to form negative flower
structures.

In Figs. 10a and 11a the internal geometries of Cinarcik basin have been illustrated by six
cross-sections interpreted from reflection seismic data by Carton ef al. (2007). For comparison,
six similarly-oriented sections are shown through Model 1 after 6 cm of horizontal displacement
on the PDZs (Figs. 10b and 11b). At the eastern Cinarcik basin (Fig. 10), both the model
and natural prototype had a northern margin formed by a steeply-dipping normal fault splay
and a southern margin formed by an array of steeply-dipping, synthetic normal faults. A 3D
visualisation shows the geometric similarities in the basin margin faults, the position of an
en-echelon margin fault system and the general morphology of both the eastern Cinarcik basin
and of the model (Fig. 12).

On the basis of the pattern of the syn-kinematic sedimentary sequences imaged along the
interpreted seismic profiles of Fig. 10 [modified from Carton et al. (2007)] we can recognize
two evolutionary phases in the central portion of the Cinarcik basin (Fig. 10, profile 134): an
initial phase where vertical motion was mainly accommodated by the northern side; and a later
stage, when tectonics along the southern margin prevailed. Analysis of the laser scans from the
Model 1 indicated a similar deformation pattern in plan view during the basin evolution (Fig. 3):
as the horizontal displacement increased from 4 to 6 cm, the highest subsidence rate migrated
from the northern margin toward the southern margin.

The western half of the Cinarcik basin is wider towards the west and is composed of a deep,
flat-bottomed basin bounded by high-displacement normal faults (Fig. 11a). The northern
margin is formed by a single, steeply-dipping normal fault with associated splays while the
southern basin margin is shaped by an array of synthetic normal faults (Fig. 11a). A sag within

710



3D analogue modelling of transtensional pull-apart basins Boll. Geof. Teor. Appl., 55, 699-716

Fig. 9 - 3D visualisation and vertical profiles of transtensional pull-apart basin Model 1 after 6 cm of horizontal
displacement along the PDZs. Dotted red lines = interpreted faults.
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Eastern Cinarcik Basin

Fig. 10 - Comparison of interpreted seismic profiles (a) across the eastern Cinarcik basin [modified from Carton ez al.
(2007)] with three similarly-oriented profiles across Model 1 after 6 cm of horizontal displacement along the PDZs (b).
Vertical exaggeration in (a) is about 4 for the seafloor, but it gradually decreases as it deepens within the sedimentary
sequence, in (b) is about 4. Profile locations shown in Figs. 8b and 8c.

the syn-kinematic basin sediments in profiles 145 and 152 appears to have formed a discrete
sub-basin (Fig. 11a) (Carton et al., 2007). In contrast the western half of the Model 1 analogue
model pull-apart basin became narrower and shallower towards the west and did not compare
well with the western Cinarcik basin (Fig. 11b).

Deviation from the analogue model geometries at the western Cinarcik basin (Fig. 8a) may
indicate the influence of pre-existing basement structures in the area (e.g., Okay et al., 2000;
Rangin et al., 2004) and geodynamic settings that comprise upwarped lower crust and flower-
style branching faults that cut the entire crust (Bécel et al., 2009). The intra-basinal structural
highs and sub-basins at the western Cinarcik basin, such as the Central High with over 400 m
of bathymetric relief, could also be explained by pull-apart basin formation over a weak, ductile
basal decollement (Sims et al., 1999; Wu et al., 2009). This is supported by seismic images
of the deep structure to ~30 km depth below the Sea of Marmara that indicate tilted basement
blocks developed over an intracrustal detachment (Laigle et al., 2008; Bécel et al., 2009, 2010).
Alternatively these features have been interpreted as a series of thrust faults and associated folds
due to oblique shortening (Le Pichon et al., 2001).
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Western Cinarcik Basin

Fig. 11 - Comparison of interpreted seismic profiles (a) across the western Cinarcik basin [modified from Carton ez al.
(2007)] with three similarly-oriented profiles across Model 1 after 6 cm of horizontal displacement along the PDZs (b).
Vertical exaggeration in (a) is about 4 for the seafloor, but it gradually decreases as it deepens within the sedimentary
sequence, in (b) is about 4. Profile locations shown in Figs. 8b and 8c.

Fig. 12 - 3D view showing a comparison of the eastern part of the Cinarcik basin between the seismic profiles shown in
Fig. 10a [modified from Carton et al. (2007)] and the Model 1 after 6 cm of horizontal displacement. Section 3 as in Fig. 9.
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5. Conclusions

The two analogue models run with an underlapping 45° releasing stepover and 5°
transtensional displacements developed an elongate rhomboidal pull-apart basin characterized
by en-echelon faults at the basin margins and one central depocentre. A distinct narrow graben
system developed over the PDZs. The model basins evolved in two main stages: an early stage
characterised by basin subsidence and normal faulting and a second stage with predominant
transcurrent movement characterised by the formation of a cross-basin strike-slip fault system.
The model pull-apart basin with equal 1:1 relative plate motion was symmetric in plan view.
In contrast, the model with differential 2:1 relative plate motion developed a mild asymmetric
basin, characterised by a more active basin margin fault over the faster moving plate, and had a
segmented cross-basin strike-slip fault.

Both the analogue models and the Cinarcik basin developed a narrow, elongate full graben
in the basin centre. In the eastern half of the Cinarcik basin the analogue Model 1 roughly
reproduced the northern border fault of the Cinarcik basin, an array of left-stepping en-echelon
faults on the southern margin of the Cinarcik basin, and a dextral strike-slip fault above the
PDZ. In cross-section both the eastern Cinarcik basin and the Model 1 had a northern margin
formed by a steeply-dipping normal fault splay and a southern margin formed by an array
of steeply-dipping, synthetic normal faults. The western Cinarcik basin is less similar to the
analogue models in this study. The analogue model basin narrowed towards the west whereas
the western Cinarcik basin is wider and is bounded by a NE-SW trending morphobathymetric
high (i.e., Central High).

The results of the analogue models in this study suggest that an underlapping releasing
basement stepover with 5° transtensional 1:1 displacement is sufficient to produce the
approximate fault geometries and the shape of the Cinarcik basin, particularly in the eastern
sector. This would support the applicability of a transtensional pull-apart structural model
for the Sea of Marmara (e.g., Armijo et al., 1999, 2002). However, differences between the
asymmetric geometries of the Cinarcik basin and the analogue model pull-apart basin indicate
that additional structural complexities exist. These may be related to pre-existing basement
structures, a weak basal decollement layer, or extension normal to a transform fault bend.
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