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ABSTRACT

This study addresses some aspects of the 
kinematics and structural setting of the Medi-
terranean Ridge accretionary complex, partic-
ularly those aspects related to the occurrence 
and distribution of Messinian evaporites. The 
approach is by (1) identifi cation of the geom-
etry of deformation through reprocessing of 
existing multichannel seismic refl ection data 
from the Levantine Basin, aimed at the defi ni-
tion of the velocity fi eld and depth imaging; 
(2) physical modeling in the laboratory, aimed 
at the study of the kinematics of shortening of 
sedimentary sequences detaching on viscous 
décollements; and (3) comparison between 
the results of the two approaches.

We conclude that the thick Messinian 
sequence of the Levantine Basin is composed 
primarily of salt, so that the entire evapo-
ritic sequence can be expected to behave as 
a viscous material. It follows that the main 

detachment of the post-Messinian wedge is 
located at the base of the Messinian salt layer. 
A viscous (salt) décollement would produce 
thrusting trending normal to the shortening 
direction, but boundary conditions affect 
structural trends even more than stress and/or 
movement direction. Both strain partition-
ing and the formation of major strike-slip 
faults within the post-Messinian wedge are 
prevented by the high angle of convergence 
between the African and Aegean plates as 
well as by the low intraplate friction. In addi-
tion, we show that curved and anastomosing 
thrust fronts are refl ected in the cobblestone 
topography of the Mediterranean Ridge. We 
fi nally postulate that extension may occur in 
the central Mediterranean Ridge as a result 
of the geometry of the plate boundaries. This 
extension is considered as a possible cause of 
mud volcanism and mud diapirism.

Keywords: Eastern Mediterranean, Mediter-
ranean Ridge, Messinian evaporites, accretion-
ary wedge, physical modeling, salt tectonics.

INTRODUCTION

The Mediterranean Ridge and Collisional 
Tectonics of the Eastern Mediterranean

The Mediterranean Ridge can be considered 
to be a doubly vergent accretionary complex 
developed above the convergent plate bound-
ary between the African and Eurasian plates 
(Fig. 1). The irregular shapes of the converging 
plate boundaries cause diachronous continental 
collision (Finetti, 1976; Kastens, 1991; Kastens 
et al., 1992; Le Pichon et al., 1995; IMERSE 
Working Group, 1997; Camerlenghi, 1998; 
Reston et al., 2002a, 2002b). The structural 
style of the Mediterranean Ridge varies con-
siderably along the plate boundary, refl ecting 
lateral changes of backstop geometry, thickness 
and lithology of the deforming sedimentary 
sequence, angle of convergence and syntec-
tonic deposition (Chaumillon and Mascle, 
1995; Polonia et al., 2002). The backstop of the 
Mediterranean Ridge, i.e., the Hellenic arc, is 
tapered and trenchward dipping (Byrne, 1993). 
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A peculiar hummocky topography defi ned as 
“cobblestone topography” by Hersey (1965), 
whose origin is still debated today, characterizes 
the entire accretionary complex in spite of the 
lateral changes in structural style.

The main regional detachment surface at 
the outer Mediterranean Ridge is thought to be 
located either within the Messinian evaporites 
(Mascle et al., 1994; Chaumillon and Mascle, 
1995; Chaumillon et al., 1996; Mascle and 
Chaumillon, 1998; Polonia et al., 2002) or 
in overpressured horizons lying just beneath 
the evaporites (Reston et al., 2002a). Below 
the inner parts of the wedge, the detachment 
becomes progressively deeper and cuts into 
the top of the Mesozoic carbonates along clay-
rich horizons sampled in tectonic windows of 
mud volcanoes (i.e., Aptian pelites—Cita et 
al. [1981] and Chaumillon and Mascle [1997], 
upper Oligocene shales—Camerlenghi et al. 
[1995], and the interface between Mesozoic 
deep-water carbonates and overlying Oligo-
cene–Miocene sedimentary rocks—Robertson 
and Kopf [1998] and Reston et al. [2002a]).

In the western Mediterranean Ridge, plate 
convergence is nearly orthogonal. Thrusting and 
folding parallel to the Ionian backstop account 
for shortening and uplift, which results in the 
tectonic addition of post-Messinian material 
to the outer front of the accretionary wedge. 
Sedimentary material belonging to the Afri-
can foredeep and foreland are scraped off the 
descending African plate and accreted into the 
wedge front. The Sirte and Messina foredeep 
basins remain undeformed.

The central Mediterranean Ridge is currently 
the locus of incipient continental collision. 
Here, the African oceanic lithosphere has been 
completely subducted, and the sedimentary 
wedge has been uplifted to shallowest water 
depths. The internal structure of the ridge is 
masked by intensive deformation and wide-
spread occurrence of mud volcanism, suggest-
ing the presence of pressurized fi ne-grained 
sedimentary rocks at depth (Robertson and 
Kopf, 1998; Limonov et al., 1998; Kopf, 1999; 
among many others).

In the eastern Mediterranean Ridge, shorten-
ing is expressed as gentle asymmetrical folding 
of both the Messinian evaporitic sequence and 
the overlying Pliocene–Quaternary terrigenous 
cover. This deformation style is in part a con-
sequence of oblique convergence along the 
Herodotus foredeep and the sedimentary load 
exerted by the Nile deep-sea fan.

In the western and eastern sectors of the outer 
wedge, the structural style is affected by geologic 
structures rooted in the incoming continental 
crust of the African plate (Kastens et al., 1992; 
von Huene et al., 1997; Hieke and Dehghani, F
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1999; Abdel Aal et al., 2000; Fig. 1). These struc-
tures reactivated older inherited basement faults, 
and exerted some control on the deposition and 
distribution of the Messinian evaporites.

The Messinian Evaporites of the 
Mediterranean Ridge and Evaporite 
Rheology

The structural complexity of the Mediter-
ranean Ridge accretionary wedge is further 
infl uenced by the variable thickness and lateral 
extent of evaporites resulting from the Messin-
ian (late Miocene) desiccation of the Mediter-
ranean Sea (Hsü et al., 1973). Evaporites were 
deposited at various positions in the subduction 
zone, including the top of the accretionary 
wedge as well as the frontal zone of deforma-
tion (Tay et al., 2002).

Because of the present deep-water setting 
and the large burial depth, the knowledge of 
the composition of the Messinian evaporite 
sequence in the Eastern Mediterranean Basin 
from direct observation, mainly Deep Sea 
Drilling Project (DSDP) drilling, is poor (Hsü 
et al., 1978). Exploration wells in the marginal 
areas of the Nile Delta indicate that anhydrite 
is the prevailing Messinian mineral. However, 
in basinal settings, the inferred composition 
is halite, which deforms in diapiric structures 
along extensional faults (Abdel Aal et al., 2000). 
Estimates of the thickness and areal extent of 
the Messinian evaporites at a Mediterranean 
regional scale have been produced by seismic 
data analysis (Montadert et al., 1978). In this 
analysis, the acoustic facies of the thickest Mes-
sinian deposits that occupy the largest deep-sea 
Mediterranean basins is associated with halite 
(see also Hsü et al., 1973). In the Messinian 
evaporitic deposits, the association of halite 
with deep basinal settings is supported by fi eld 
observations of the thick Messinian salt that 
crops out in Sicily (Schreiber, 1988; Lugli et 
al., 1999), where the halite body is sandwiched 
by evaporitic gypsum and carbonates. Similar 
genetic models have been proposed from dif-
ferent areas of the world (Schmalz, 1969; Sloss, 
1969; Busson, 1990).

During burial, the gypsum-anhydrite diage-
netic transformation occurs, so that anhydrite 
is always and solely found at burial depths of 
>1000 m (Shearman, 1983). The brittle-ductile 
transition for anhydrite ranges from 75 to 125 °C 
and from 1.6 to 2.5 km, depending on grain size, 
at strain rates ranging between 1.8 and 13 × 10–13 
s–1 (Müller et al., 1981). Natural halite, which 
always contains some brine, is ductile during 
low strain rates, even at very low pressures and 
temperatures (Urai et al., 1986). It is thus likely 
that the Messinian evaporites in the deep basins 

of the eastern Mediterranean Ridge represent the 
weakest horizon of the Cenozoic sedimentary 
succession and represent the main detachment 
since the Messinian. The style of deformation of 
the Mediterranean Ridge accretionary complex 
is therefore thought to have changed after the 
deposition of thick Messinian salt assemblage; 
the style differences allow the identifi cation of 
pre- and post-Messinian wedges (Kastens et al., 
1992; Kukowsky et al., 2002).

Open Problems and Aims of the Paper

The Mediterranean Ridge salt-bearing accre-
tionary complex offers a unique window on the 
infl uence of salt on deformation of sedimentary 
sections among world’s convergent margins. 
Although regional geophysical studies con-
ducted in the past 20 years suggest constraints 
on the nature and internal structure of the 
Mediterranean Ridge (see, e.g., Westbrook 
and Reston, 2002), some important problems 
remain unresolved: (1) Are the Messinian evap-
orites dominantly composed of salt so that they 
behave as a thick viscous detachment layer, or 
should the evaporites be considered a multilayer 
composed of alternating frictional and viscous 
intervals having different rheological proper-
ties? (2) Are there geographical variations 
in evaporite thickness and composition, and 
especially, is the outer part of the central ridge 
underlain by salt, thus detaching along a viscous 
layer? (3) If the evaporites behave as a thick vis-
cous décollement, does this behavior infl uence 
the kinematics and thrust sequence within the 
wedge? (4) Has the strain been partitioned in 
the eastern area of the post-Messinian wedge?

These questions are addressed here through 
an integrated approach involving reprocess-
ing and advanced prestack depth migration of 
existing multichannel seismic refl ection data 
from the Levantine Basin as well as physical 
modeling in the laboratory. Depth conversion 
and migration of multichannel seismic refl ec-
tion profi les from selected areas having simpler 
geologic structures provide the basis for an opti-
mum design of scaled physical models. In turn, 
the results from modeling suggest more likely 
reconstruction in areas where the interpretation 
of geophysical data are somewhat ambiguous.

GEOMETRY AND INTERNAL 
CONFIGURATION OF SALT 
STRUCTURES IN THE LEVANTINE 
BASIN

Seismic Analysis

In order to better constrain the distribution of 
salt and salt types in the Eastern  Mediterranean 

Basin, we consider seismic data from the Levan-
tine Basin.

We have used four multichannel seismic 
profi les of the MS (Mediterranean Sea) data 
set collected by OGS (formerly Osservatorio 
Geofi sico Sperimentale) in 1973 (Finetti and 
Morelli, 1972, 1973; Fig. 2 herein). The profi les 
are located in key areas at the transition between 
the abyssal plain and the outer front of the accre-
tionary complex in the Levantine Basin.

The data were reprocessed completely at 
OGS, using Focus and GeoDepth (Paradigm 
Geophysical; Table 1). The regeneration of the 
stack sections, >25 yr after generation of the 
original sections, showed a considerable quality 
improvement (Fig. 3).

Subsequently, a number of prestack and 
poststack processing routines have been applied 
both at OGS and at IGM (Istituto di Geologia 
Marina) in order to reconstruct the fold geom-
etry, the thickness, and the lateral extent of the 
rock salt (ductile layer) and the thickness of the 
post-Messinian stratigraphic units involved in 
the deformation. These routines include decon-
volution, detailed velocity analyses, poststack 
migration, depth conversion, dip move out 
(DMO), and prestack depth migration. We have 
focused our attention to the velocity distribution 
with depth, through closely spaced semblance 
analyses, acoustic tomography and ray tracing, 
and the utilization of the results of the expand-
ing spread profi les (ESP) described in DeVoogdt 
et al. (1992).

A Seismic Type Section of the Messinian 
Evaporitic Unit

The deep-water Messinian evaporitic sec-
tion in the Mediterranean Sea corresponds to 
an acoustically transparent interval between a 
strong, irregular high-amplitude top refl ector 
(M) and a high-amplitude fl at and continuous 
basal refl ector (T) that can be mapped over 
wide areas (Finetti, 1976). Changes in internal 
acoustic character have been described by Mon-
tadert et al. (1978). In the Levantine Basin, the 
excessive thickness of the evaporitic section and 
the larger than average thickness of the Plio-
cene–Quaternary terrigenous cover commonly 
combine to depress the base of the evaporites to 
depths of >5–6 km below sea level, well below 
the seafl oor-multiple refl ection. Because of the 
limited distance between source and receivers of 
the MS profi les (maximum 2400 m), the mul-
tiple attenuation algorithms are not effective, 
and the acoustic information from this interval 
is incomplete.

We have searched for the best occurrence of 
a complete, undeformed record of the evaporitic 
sequence and found it in the northern part of 
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profi le MS-53 (Fig. 4). Here the internal struc-
ture between the top and basal Messinian refl ec-
tors shows distinctive layering. The entire unit’s 
thickness typically decreases toward the sides of 
the basin. The velocity analysis conducted by 
picking each internal refl ector in addition to the 
top and basal Messinian refl ectors has revealed 
interval velocities typical of rock salt (halite), 
ranging from 4200 to 4700 m·s–1, throughout the 
unit. By comparison, pure anhydrite compres-
sional velocity is higher (>6000 m·s–1), whereas 
that of pure gypsum typically ranges between 
5700 and 6000 m·s–1. The velocity of anhydrite-
bearing evaporitic rocks may be lower than that 
of the pure mineral and fall in the same range 
as halite (Clark, 1966). However, the basinal 
setting and the acoustically transparent facies 
suggest a rock salt composition for this unit 
(Montadert et al., 1978). The Messinian basal 
refl ector marks a velocity inversion between 
high-velocity rock salt (above) and normal-
velocity Miocene siliciclastic rocks (below) 
and is thus characterized by polarity inver-
sion. No other polarity inversions exist in the 
target unit. The absence of velocity inversions 
within the high-velocity layer suggests that the 

entire unit is made by a signifi cant proportion 
of halite. Internal layering indicates that litho-
logic changes may exist in the lower part of the 
unit. We speculate that the layering refl ects the 
presence of anhydrite beds. Alternatively, the 
layering refl ects either marls and carbonates or 
terrigenous sedimentary rocks stratifi ed within 
the evaporites, in which case the eventual veloc-
ity anomalies and/or the thicknesses of these 
nonevaporitic layers are below the resolution 
of the MS data set. If nonevaporitic layers exist, 
they must be a few tens of meters thick at most, 
compared to the overall thickness of the entire 
salt unit of >3 km.

Similar conclusions have been drawn from 
velocity analyses conducted on correlative evap-
oritic units within gentle folds of the Herodotus 
foredeep (profi les MS-52 and -58).

Salt-Cored Folds

In the outer wedge of the eastern Mediterra-
nean Ridge, deformation is distributed in a wide 
area of gentle folding where no abrupt defor-
mation front marks the transition between the 
abyssal plain and the outer accretionary wedge 

(Fig. 5). In response to increasing burial of the 
salt body by terrigenous sedimentary deposits 
(which are now thicker than 3 km in the sedi-
mentary basins between adjacent anticlines), 
the folds near the Nile deep-sea fan are charac-
terized by longer average wavelength (10 km) 
than those located more to the west. Fold 
wavelength increases toward the north, as well 
as fold amplitude, as a progressively thicker 
sedimentary packet is involved in the deforma-
tion. The folding along the southern edge of the 
Mediterranean Ridge is symmetrical, but folds 
to the north display only seaward vergence. 
Many asymmetrical folds are probably related 
to thrusts dipping ~25° to the north and splaying 
from the sole thrust located at the base of the 
Messinian evaporites. Shortening by line-length 
balancing along the segment of profi le MS-58 
displayed in Figure 5 has been estimated at 
~7%–8%. This fi gure is a fi rst-order approxima-
tion because it does not take into account verti-
cal and horizontal compaction, dewatering, and 
shear at an angle to bedding, as we have no data 
from which to estimate these effects.

When detected, the base of the evaporitic 
unit is often discordant with the top of the unit 

Figure 2. Location of the MS 
(Mediterranean Sea) multichan-
nel seismic refl ection profi les 
in the Levantine Basin. Thin, 
gray dashed lines locate profi les 
available but not processed for 
this study. Bold segments of 
lines locate sections displayed in 
this paper: (A) see Figure 5; (B) 
see Figure 12; (C) see Figure 4.
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in the core of the anticlines, thus suggesting the 
occurrence of a décollement along the base-
of-salt refl ector. Before depth migration, the 
décollement displays pull-up effects caused by 
the variations in thickness of the salt layer. Thin-
ning and wedging-out patterns present in the salt 
overburden may have developed as a result of 
uplift/subsidence effects related to syndeposi-
tional movement of the salt.

The Impact of Salt on Eastern 
Mediterranean Tectonic Styles and 
Kinematics

The main obstacle for reconstructing the 
kinematics of the accretionary process in the 
Eastern Mediterranean Basin is the geographi-
cal constraint of the thickness and composition 
of the Messinian evaporites. Shortening styles 
and kinematics of the eastern Mediterranean 
Ridge depend on the areal extent, the composi-
tion, and, thus, the rheology of the evaporites.

By assuming a viscous behavior for the evap-
orites that mainly consist of halite, Costa and 
Vendeville (2002) demonstrated that the esti-
mated strength of a low-viscosity  décollement 

is at least one order of magnitude lower than 
that of a clay horizon having the coeffi cient 
of fl uid pressure λ = 0.8. We assume that the 
weakest layer in the post-Messinian wedge is 
represented by the evaporites, which thus rep-
resent the main detachment level in the post-
Messinian Mediterranean Ridge. In fact, the 
stratigraphic and tectonic setting of the eastern 
part of the ridge differs from that of the western 
part. The thickness of the evaporites and the 
overlying Pliocene–Quaternary cover of the 
eastern Mediterranean Ridge is three to four 
times higher, and plate convergence is highly 
oblique (Fig. 1). In addition, the evidence col-
lected by seismic analysis and modeling in the 
eastern Mediterranean Ridge for a décollement 
within the entire Messinian layer needs no 
reasons to postulate the presence of a weaker 
horizon below the salt layer.

Shortening styles and kinematic relationships 
effectively depend on whether the evaporites are 
composed of a thick, homogeneous salt or some 
multilayer combination. The mechanical prop-
erties of basal detachment horizons essentially 
can be considered low viscosity in the former 
case and frictional in the latter.

Above frictional detachment surfaces, the 
main variables controlling deformation style 
and morphology are the thickness and density of 
the sedimentary cover, the amount of frictional 
resistance, and the coeffi cient of fl uid pressure 
at detachment layers. High basal friction favors 
preferential slip along forethrusts and leads to an 
overall asymmetry of the belt (Davis et al., 1983; 
Davis and Engelder, 1985; Mulugeta, 1988; 
Costa and Vendeville, 2002). By contrast, when 
underlain by a low-viscosity décollement, the 
thickness of brittle sedimentary rocks does not 
affect the viscous shear stress that resists trans-
lation at the base of the brittle section. Instead, 
the key factors constraining deformation are 
the thickness of the viscous layer itself and the 
shear-strain rate (Weijermars et al., 1993).

Evaporites composed of thick, homogeneous 
salt behave as a low-viscosity décollement. The 
main implication of viscous detachments is that 
deformed wedges have low critical taper (<1°); 
therefore, even minor amounts of shortening are 
propagated forward faster and farther compared 
to those detaching on frictional horizons (Davis 
et al., 1983; Dahlen et al., 1984; Costa and 
Vendeville, 2002). It is not uncommon for the 

Figure 3. Comparison between (A) an original 1973 stack section and (B) the new section 
obtained from the reprocessing. The quality improvement consists of a higher-frequency 
content and greater coherency in the shallow units, higher lateral continuity of the deeper 
refl ectors, and a reduction in certain amplitude artifacts from the Messinian refl ectors that 
were introduced in the original processing by the application of AGC (automatic gain con-
trol). TWT—two-way travel; S.P.—shotpoint.

TABLE 1. OGS MULTICHANNEL SEISMIC 
REFLECTION PROFILES

Profi le Length
(km)

MS-50 1551
MS-52 476
MS-53 (1–2) 417
MS-58 364

Acquisition parameters
Ship positioning LORAN
Seismic source FLEXOTIR
Source depth 14 m
Shot interval 100 m
Streamer length 2400 m
Intertrace 100 m
Nearest offset 320 m
Fold 12
Sampling 4 ms
Record length 10 s
Recording fi lter 10–72 Hz

Standard processing sequence
Amplitude recovery
Correction for spherical divergence
Manual editing of traces and quality control
Prestack deconvolution
Mutin of far traces
RMS velocity analysis (every 5 km)
Stack (with 12-fold coverage)
Time variant fi lter
Variable window balancing
Scaling and display (1:40,000 horizontal scale, 5 cm/s 
vertical scale)

Note: MS—Mediterranean Sea. RMS—root mean 
square.
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Figure 4. Seismic display of the type seismic section of the Messinian evaporites on line MS-53b (see Fig. 2 for location). (A) Stack section regen-
erated from the original data collected in 1971. (B) Prestack depth migration of part of the section displayed in A. (C) Typical velocity profi le 
obtained across the evaporite section. Note that acoustic lamination within the high-velocity Messinian salt does not produce velocity anomalies.
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time interval between the formation of different 
folds or thrusts above viscous detachments to be 
so short that syntectonic sedimentation patterns 
cannot resolve the sequence of structural defor-
mation if only the standard chronostratigraphy 
scale is used (Costa and Vendeville, 2002). It 
is generally observed that fold-and-thrust belts 
detaching on salt are doubly vergent and thus 
symmetric as a whole (Davis and Engelder, 
1985; Philippe et al., 1996; Rowan, 1997; Mar-
rett, 1999; Trudgill et al., 1999).

MODELING THE MEDITERRANEAN 
RIDGE

General Models Design

The kinematic development of salt structures 
can be complex to unravel. Especially in situa-
tions in which little data on rock lithology and 
rheology exist, scale-model studies can play a 
key role to constrain the kinematic possibilities 
for deformation. Boundary conditions can be 
controlled throughout the whole deformation 
process, and a further important advantage of 
experimental modeling is that it considers the 
evolution through time in systematic steps. 
Modeling materials must have a scaled rheo-
logical similarity to rocks of natural prototypes 
(Weijermars and Schmeling, 1986). Thus, the 
rheology of the various horizons composing the 
natural system must be known in order to prop-
erly reproduce their behavior in models. Models 
with brittle material above a viscous substra-
tum realistically reproduce the structural style 
observed on seismic profi les of salt- bearing 

areas (Weijermars et al., 1993). Following the 
most recent literature (Costa and Vendeville 
[2002] and references therein), our models 
were designed by assuming a viscous behavior 
for the evaporites and by considering the main 
detachment horizon of the system as located 
at their base. This assumption comes from the 
following observations: (1) the very low taper 
of the post-Messinian wedge requires a very 
weak detachment layer, and a viscous horizon 
provides the weakest detachment layer possible; 
(2) the base of the evaporites is often discordant 
to their top, which is folded, whereas the former 
is fl at; and (3) the peculiar topography of the 
outer ridge (cobblestone topography of Hersey 
[1965]; SCATT geometry of Costa et al. [2002]) 
has been shown to occur only when wedges 
detach on viscous décollement horizons.

The fact that the interval velocity of the evapo-
rites of the eastern Mediterranean Ridge is typi-
cal of rock salt constitutes a crucial piece of data 
for designing models suitable to reproduce the 
natural system. Because of the great burial depth 
of the Messinian evaporites in the Herodotus 
foredeep, the pressure-temperature conditions 
are such that anhydrite layers within the halite 
bodies would not affect the overall ductile rheol-
ogy of the evaporitic sequence. By contrast, the 
deformation of the Pliocene–Quaternary clastic 
cover is assumed to be brittle. In fact, there are 
no geologic indicators of overpressure in this 
distal turbidite sedimentary sequence.

Several physical experiments were performed 
at the laboratory of the Department of Earth 
Sciences of the University of Parma. They were 
designed to reproduce deformation above an 

evaporitic layer behaving both as a single vis-
cous layer and as a multilayer. In the former case 
we used only one thin viscous layer, whereas in 
the latter we used two viscous layers separated 
by one frictional layer. We also varied the areal 
extent of the viscous décollement within the 
accretionary system, as well as the shape of the 
salt basins, to study the infl uence of these varia-
tions on kinematics and geometry. For the same 
purpose, the ratio between the thickness of the 
brittle cover and the viscous salt was varied in 
each experiment (Table 2).

In our models, dry quartz sand and glass 
microbeads were used to reproduce the brittle 
sedimentary cover (Krantz, 1991), and vis-
cous silicone polymer was used to reproduce 
viscous rock salt (Table 3). The brittle cover 
consists of several sand layers with different 
colors but identical mechanical properties, so 
that no mechanical anisotropy exists. We used 
glass microbeads—a frictional-plastic material 
weaker than the overlying sand but considerably 
stronger than the viscous silicone—to reproduce 
frictional weak detachment layers like shale or 
overpressured horizons. Silicone SGM36 is a 
transparent PDMS polymer manufactured by 
Dow Corning and is often used to reproduce the 
behavior of salt in physical models. SGM36 has 
no yield strength and is non-Newtonian at strain 
rates larger than 10–2 s–1, but may be considered 
Newtonian at the strain rates used in our experi-
ments (Weijermars et al., 1993).

In designing our models we followed the 
rules of scaling analysis already reported in 
the literature (Hubbert, 1937; Ramberg, 1967; 
Vendeville et al., 1987; Eisenstadt et al., 1995).

TABLE 2. CHARACTERISTICS OF THE MODELS

Model Dimension
(length × width × 

thickness)
(cm)

Materials Scaling Shortening
(%)

Lateral 
walls

Backstop Shortening 
velocity
(mm/h)

Deforming 
structures

Sequence of 
propagation

1 60 × 20 × 4 Sand + silicone
(two layers)

10–5 30
(18 cm)

Yes Straight 4 Box folds + thrusts Normal

2 40 × 100 × 0.6
(max)

Sand + silicone 10–6 26
(10.5 cm)

No Shaped 3 Cuspate-lobate folds + 
thrusts

Back and forth

3 60 × 60 × 2 Sand + silicone 10–5 35
(21 cm)

Yes Straight 5 Box folds + thrusts Normal

4 80 × 120 × 1.5
(max)

Sand + silicone + glass 
microbeads

10–6 17
(14 cm)

No Shaped 3 Cuspate-lobate folds 
+ box folds + thrust-

related folds

Back and forth

5 80 × 120 × 1.5
(max)

Sand + silicone 
(two layers in the eastern 
area) + glass microbeads

10–6 19
(15 cm)

No Shaped 3 Cuspate-lobate folds 
+ box folds + thrust-

related folds

Back and forth

6 70 × 60 × 2
(up to 3 cm on 

the delta)

Sand + silicone (two layers) 
+ glass microbeads

10–5 22.5
(15.7 cm)

Yes Straight 3 Box folds + thrusts Back and forth

10 80 × 33 × 2 Sand + silicone (two layers) + 
glass microbeads

10–5 22.5
(15.7 cm)

Yes Straight 3 Box folds + thrusts Normal
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Experiments Reproducing the Entire 
Mediterranean Ridge (Regional Models)

The Mediterranean Ridge is ~1200 km wide 
and 300–400 km long. Two models reproducing 
the entire Mediterranean Ridge system (Table 2, 
models 4 and 5) were scaled by a length fac-
tor, L*, of ~10–6. The resulting thickness of the 
sequences involved in the deformation was then 
<1 cm. Instead of being constructed within a 
confi ned sandbox, the models were developed 
on a tabletop equipped with a moveable, rigid 
backstop (Fig. 6), whose shape was designed 
to be similar to the natural backstop of the 
Mediterranean Ridge (i.e., the Hellenic nappes 
of Le Pichon et al., 1995 [2002]; also called 
the Aegean nappes [Fig. 7]), they consist of 
the Ionian backstop and the Levantine backstop 
of Figure 1. The backstop was moved forward 
(“southward”) with a constant velocity of 
~3 mm/h, driven by an electronically controlled 
engine. In this way, uniaxial constant shortening 
was applied to the models until they attained a 
total shortening of ~20%–30%.

Both models contained a strip of sand in front 
of the backstop (Fig. 7); this sand was designed 
to reproduce the pre-Messinian wedge detached 
along frictional basal layer (Cenozoic and 
Mesozoic shales). The foreland, shaped like the 
Cyrenaica Peninsula, was also made of sand.

Models 4 and 5 differ only in the nature of the 
viscous basal décollement (Table 2). Model 4 
(Fig. 7) reproduces the Mediterranean Ridge 
by assuming that the central area, between the 
Cyrenaica Peninsula and the island of Crete, 
was tectonically uplifted above the base level 
for salt deposition during the Messinian sea-
level lowstand (Chaumillon and Mascle, 1995; 
Robertson and Kopf, 1998; Reston et al., 
2002b). As a consequence, there is no viscous 
layer over that area, and a frictional detachment 
is imposed for the entire accretionary history 
of the central ridge. Because the actual taper 
angle of the central Mediterranean Ridge is ~5°, 
smaller than that typically shown by wedges 
detached on frictional basal layers (~8°–12°) 
but larger than that of typical salt detachment 
(often <1°), a frictional but weak detachment 
(e.g., overpressured shale) is imposed. In the 
model, this detachment is approximated by a 
layer of microbeads overlain by sand.

Model 5 (Fig. 7) assumes that a thin layer 
of salt was deposited in the central Mediter-
ranean Ridge during the Messinian (Camer-
lenghi et al., 1995). The main detachment 
through that area therefore changes from 
frictional to viscous in Messinian time. The 
Messinian proto-wedge in the central area 
was simulated by using a thin silicone layer 
stratifi ed between sand and microbead layers.

TABLE 3. PHYSICAL PARAMETERS OF THE MATERIALS USED IN THE MODELS

Materials Density
(g/cm3)

Grain size
(µm)

ϕ
(°)

η
(Pa·s)

Sand 1.75 300 30 -
Glass beads 7.82 250–320 15.5 -
Silicone SGM-36 0.976 - - 2 × 104

   Note: ϕ = Angle of internal friction; η = dynamic shear viscosity.

Figure 6. Deformed regional model (top view). The frame on the right-hand side defi nes the 
area reproduced in the partial models (numbers 1, 3, 6, and 10); the moving wall corresponds 
to the side close to the backstop. Dashed line—trace of the outer deformation front (reproduc-
ing the present-day front); continuous line—trace of the pre-Messinian deformation front. 

Figure 7. Regional model setup. The illustration outlines the difference between model 4 and 
model 5. Further details in the text.
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In both models the stratigraphy of the Levan-
tine Basin includes frictional layers within the 
thick salt body (marls and carbonates or ter-
rigenous sedimentary rocks of Polonia et al., 
2002). Thus, the Messinian unit is reproduced 
with a multilayer of sand and silicone.

Experiments Reproducing the Eastern 
Mediterranean Ridge (Partial Models)

In contrast with the regional models, we ran 
four thicker models (models 1, 3, 6, and 10) to 
reproduce in more detail the geometry of the 
deformation structures of the Levantine Basin 
and compare them with our seismic images. 
For this purpose we designed a series of mod-
els reproducing only the eastern side of the 
Mediterranean Ridge; thus these models were 
scaled by a length factor L* of ~10–5 (Table 2). 
This scale factor means that σ* = 5 × 10–6, ε* = 
5 × 108, t* = 2 × 10–9 and that the running time 

of the models (~50 h) corresponds to a geologic 
time interval of ~3 m.y. All models were built 
in sandboxes with the moving wall oriented 
parallel to the Mediterranean Ridge (Fig. 6). 
By moving one end wall at a constant velocity 
of 3 mm/h, the models deformed until a total 
shortening of ~30% was attained. The amount 
of shortening in the frontal part of the deform-
ing models was ~10%, which is similar to that 
calculated for those parts of the Mediterranean 
Ridge reproduced in the processed segments of 
the MS-58 and MS-52 profi les.

Model 10 was designed to reproduce the 
infl uence of oblique convergence on strain. A 
triangular rigid backstop imposed a 60° angle 
between the direction of convergence and the 
plate boundary (Fig. 8). A sand strip parallel 
to the plate boundary reproduced the pre-Mes-
sinian proto-wedge. In some experiments, we 
reduced the infl uence of lateral friction by lubri-
cating each sidewall with thin, vertical coatings 

of viscous silicone where the sand layer inter-
sected the sidewall. Because of the low applied 
strain rate, the silicone coatings offered little or 
no resistance to forward translation of the model 
during shortening. In this way, the edge effect 
due to the lateral walls is reduced, although it is 
not completely removed.

MODELING RESULTS

Regional Kinematics and Thrust Geometry

Models 3, 5, and 6 deformed following a 
back-and-forth sequence of thrust propagation 
(Fig. 9; Costa and Vendeville, 2002). These 
kinematics occur only, but not always, in mod-
els having a viscous basal décollement layer 
(Costa et al., 2002). As stated in the last-cited 
paper and confi rmed by these models, the back-
and-forth sequence is favored by the presence 
of tapered backstops and by a length-to-width 

Figure 8. Line drawing of the deformation 
structures affecting partial model 10 (top 
view). Thrusts cutting the wedge (white area) 
that has detached on the viscous silicone tend 
to become normal to the shortening direction 
as the deformation propagates forward. On 
the contrary, thrusts cutting the frictional 
wedge form parallel to the backstop boundary. 
Arrows indicate the direction of convergence.

Figure 9. Overhead photographs of model 6 during deformation. The photographs show 
the shape of the thrust traces as well as the sequence of both forethrust and backthrust 
nucleation. The fi rst thrust affecting the frictional backstop made of sand (upper part of the 
model) is rather straight and continuous (photograph 1). On the contrary, the thrusts affect-
ing the part of the wedge that detached along the viscous silicone are curved and anasto-
mosing (photographs 2–5). Final stage of model is shown in photograph 6. The photographs 
also highlight the sequence of thrust nucleation through time (back-and-forth sequence of 
propagation).



COSTA et al.

890 Geological Society of America Bulletin, July/August 2004

ratio (L/W) of the viscous layer of <1 (Costa 
et al., 2002). Length and width are measured 
normal and parallel, respectively, to structural 
strike. This latter condition minimizes any 
edge effects due to the lateral pinch-out of 
silicone against sand (which is very strong and 
more diffi cult to deform) and allows the back-
and-forth sequence of propagation to occur. By 
contrast, in model 4, the two areas underlain by 
silicone in the eastern and western sectors are 
not wide enough to follow the back-and-forth 
sequence of thrust propagation. The lack of 
stratigraphic data on the Pliocene–Quaternary 
sequences fi lling the syntectonic basins at the 
top of the synclines did not allow us to recon-
struct the actual sequence of fold-and-thrust 
propagation at the Mediterranean Ridge front. 
Nevertheless, the rapid forward progression of 
deformation structures in salt-bearing wedges 
would make it diffi cult to unravel the propaga-
tion sequence even if the stratigraphy of these 
basins had been known (Costa and Vendeville 
2002). Also for this reason the back-and-forth 
sequence of propagation is clearly demon-
strated to occur in the models but is still to be 
proved in natural settings.

Models 4 and 5 show initially linear and 
continuous propagation of deformation fronts in 
the frictional pre-Messinian wedge reproduced 
by sand or sand and microbeads (central area 
in model 4). When deformation reaches areas 
underlain by the silicone layer (thus creating 
the Messinian and post-Messinian wedge), the 
deformation fronts become shorter, curvilinear, 
and anastomosing one to another (model 5 and 
lateral sides in model 4, Fig. 10).

Composition and Rheology of the 
Deforming Sequences

Partial models 1 and 6 clearly show that the 
frictional sheet (either sand or glass microbeads) 
lying between the two silicone layers deforms 
by folds that are disharmonic to the folds affect-
ing the cover (Fig. 11). By contrast, the seismic 
sections show that the horizons responsible 
for the acoustic layering within the Messinian 
evaporites, although discontinuous, deform 
with the same geometry as the overlying cover 
(Fig. 12). Therefore, either the layering within 
the evaporites is made of nonevaporitic sedi-
mentary rocks, which are too thin to infl uence 
the overall rheology of the multilayer, or the 
acoustic layering is caused by sheets of refl ec-
tive viscous evaporite (e.g., anhydrite or impure 
salt). In either case the entire Messinian layer 
is expected to behave as a viscous décollement. 
The persistent high seismic velocity obtained 
throughout the intra-Messinian lamination sup-
ports this conclusion.

Furthermore, in support of an entirely vis-
cous evaporitic layer, we observe that, given 
the thickness ratio between brittle cover and 
viscous evaporites observed in seismic profi les, 
 décollement folding reproduced by an entirely 
viscous Messinian layer is, by far, the most 
common deformation style found in the Levan-
tine Basin, as opposed to box folding (Fig. 13).

By comparison, the Messinian evaporites of 
the western Mediterranean Ridge have been 
modeled in the laboratory by using dry sand 
with a layer of glass microbeads just beneath 
to simulate an overpressured clay-rich horizon, 
identifi ed as the possible detachment horizon 
(Kukowski et al., 2002; Reston et al., 2002a). 
During deformation, the system was therefore 
forced to detach along the weaker glass micro-
bead layer. The conclusion was that an over-
pressured layer of clastic material just below an 
impermeable evaporitic layer could represent a 
surface weaker than the evaporites themselves. 
Although the possibility of overpressure at some 
depth below the evaporites cannot be ruled out 
and is supported by the widespread occurrence 
of mud volcanism along the inner Mediterranean 
Ridge, the use of a frictional material (sand) to 
model the evaporites seems to us inappropriate. 
The results, thus, cannot be directly compared to 
the results of our study.

Geometry of Deformation due to Oblique 
Convergence

Oblique convergence may cause strain par-
titioning in the overriding plates (Pinet and 
Cobbold, 1992; Tikoff and Teyssier, 1994; 
Teyssier et al., 1995; Lallemand et al., 1999; 
Chemenda et al., 2000, among many others). 

The  convergence angle between the Aegean 
and African plates along the eastern part of 
the Mediterranean Ridge exceeds 45°. The role 
of strain partitioning in producing strike-slip 
tectonics in the western (Ionian) and eastern 
(Levantine) sectors of the Mediterranean 
Ridge and its rigid Hellenic backstop has 
been suggested by several authors (Huchon et 
al., 1982; Le Pichon et al., 1982, 1995, 2002; 
Chaumillon and Mascle, 1997; Mascle and 
Chaumillon, 1998; Polonia et al., 2002). The 
strike-slip component of stress affecting the 
overriding plate during oblique convergence is 
inversely proportional to the angle of subduc-
tion with respect to the plate boundary (Pinet 
and Cobbold, 1992; Tikoff and Teyssier, 1994). 
Platt (1993) demonstrated that partitioning 
also depends on the rheology of the deforming 
wedge. Exactly what factors infl uence strain 
partitioning is still controversial (cf. Jarrard, 
1986, among many others).

Although our simple models are not suitable 
to investigate the problem of oblique conver-
gence in its complexity, they help to better 
understand the kinematics of oblique conver-
gence within a wedge detaching along a very 
weak, viscous horizon (i.e., at the bottom of 
the salt basin or within it), as in the case of the 
Mediterranean Ridge Messinian wedge.

Partial model 10 was designed to test the 
problem of strain partitioning in salt basins. 
Results show unequivocally that thrusts affect-
ing the sand strip in front of the backstop 
(the frictional wedge) and also the inner part 
underlain by silicone form parallel to the edge 
of the backstop itself. The large L/W ratio of 
this model (1.6–2.0) and its lateral confi ne-
ment did not allow the strain to be partitioned 

Figure 10. Overhead photograph of model 4 after deformation showing the different shape 
of the fronts formed either by frictional detachment (continuous fronts) or by viscous décol-
lement (anastomosing fronts). Further details in the text.
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along strike-slip and dip-slip faults. Here the 
control on thrusting direction is completely 
exerted by boundary conditions rather than by 
movement direction. Conversely, in the outer 
area underlain by silicone, as the deformation 
propagates forward, thrusts gradually rotate 
toward a direction normal to the shortening 

direction. The viscous fl ow seems thus mainly 
infl uenced by movement direction (Fig. 8). In 
the models reproducing the Mediterranean 
Ridge as a whole, which are thus kinematically 
more realistic, thrusts form parallel to the edge 
of the backstop. In fact, in regional models 4 
and 5 we observe deformation only by folds 

that are sometimes thrust related and strike 
parallel to the southern edge of the rigid back-
stop. Both continuous and astamosed thrust 
fronts (see previous section) are subparallel to 
the backstop edges also where convergence is 
oblique to the plate boundaries (right side of 
the models, reproducing the deformation in the 

Figure 11. Vertical cross section cut at the center of model 1. The ptygmatic folds affect the layer of glass microbeads placed between the two 
silicone layers (lower multilayer). These lower folds are disharmonic to the folds in the overlying frictional cover, which are mainly box folds.

Figure 12. DMO plus poststack depth-migrated seismic section of profi le MS-52 across the transition between the Herodotus foredeep and 
the accretionary wedge close to the Nile deep-sea fan (see Fig. 2 for location). The seismic section clearly indicates that the base of the evapo-
ritic unit is discordant with the top of the sequence and with infra-evaporitic layering, implying the occurrence of a décollement along the 
base-of-evaporites refl ector. In the area close to shotpoint 2925, the upper evaporitic unit has constant thickness, and only the lower section 
shows a marked thickness decrease. This circumstance may suggest that only the deeper parts of the evaporitic interval have become mobile 
and produced salt fl owage toward incipient diapiric structures.
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Levantine Basin; Fig. 10). On the other hand, 
this  geometry of deformation is widespread 
also in the Mediterranean Ridge, according to 
multibeam bathymetry (Mascle and Chaumil-
lon, 1998; Lobrieu et al., 2000).

In our models the absence of strike-slip 
faulting in the post-Messinian wedge is dem-
onstrated by cross sections cut normal to 
thrusting. This result means that, in the models, 
the obliquity between plate boundaries and 
shortening direction was not partitioned in the 
outer part of the wedge where it detached along 
the viscous silicone, as was also found by Platt 
(1993) for viscous wedges. Strain partitioning 
has been obtained in the laboratory when obliq-
uity of convergence ranges between 0° and 20° 
(Pinet and Cobbold, 1992; “wrench-dominated 
transpression” of Tikoff and Teyssier, 1994). 
In our models, where obliquity exceeds 45°, 
as in the eastern Mediterranean Ridge, we have 
obtained a pure-shear–dominated transpression. 
In such settings, movement along thrusts is 
known to be of oblique-slip nature (Pinet and 
Cobbold, 1992; Jarrard, 1986).

Chemenda et al. (2000), investigating 
oblique subduction by physical models, found 
that strain partitioning takes place when intra-
plate friction is high and the overriding plates 
contain weak zones. In our models neither the 
former nor the latter features occur. That the 
décollement within the Mediterranean Ridge 
reached progressively deeper strata in the 
pre-Messinian wedge has been proposed by 
various authors on the basis of several lines 
of evidence (Cita et al., 1981; Camerlenghi et 
al., 1995; Chaumillon and Mascle, 1995, 1997; 
Reston et al., 2002a). If the décollement did 
reach the pre-Messinian wedge, the basal fric-
tion could have been higher, and some weak 
zone inherited by the fault systems could have 
affected only this part of the wedge. On the 
contrary, in the post-Messinian Mediterranean 
Ridge, where the evaporites are widespread, 
a high-friction horizon could not have repre-
sented the main detachment.

In conclusion, the results of the present study 
also suggest that strain partitioning is probably 
limited to the pre-Messinian wedge.

Implications for the Origin of the 
“Cobblestone Topography” and Mud 
Volcanism

The partial and regional models’ results 
contribute to the understanding of two shal-
low geologic phenomena that characterize the 
Mediterranean Ridge accretionary complex. 
The hummocky topography of the Mediterra-
nean Ridge consists of short and curved ridges 
enclosing ponded basins. This morphology 
probably has a deep infl uence on the pattern 
of sedimentary transport and facies distribu-
tion within the basins, so that sedimentary 
sequences fi lling even adjacent basins could 
not be correlated. A number of causes have 
been proposed for the unusual morphology, 
including subsurface salt dissolution, folding 
and faulting, diapirism, and gravitational sliding 
of sedimentary rocks above a weak secondary 
décollement at the top of the evaporites (see 
Kastens, 1981; Camerlenghi and Cita, 1987; 
Reston et al., 2002a). All these directly or indi-
rectly relate the topography to the presence of 

Figure 13. Vertical cross section of model 4 showing deformation features comparable in geometry and size with those shown by line draw-
ings from line MS-52 and MS-58. ME—Messinian evaporites; PQ—Pliocene–Quaternary sedimentary cover.
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evaporites in the shallow subsurface. Lobrieu et 
al. (2000), instead, attributed the topography to 
a left-lateral displacement within shear zones. 
The results of our partial models with differ-
ent L/W ratios further demonstrate that this 
topography may also have resulted from short, 
curved, and anatomizing thrust fronts that form 
in a deforming salt basin (Fig. 9; SCATT geom-
etry of Costa et al., 2002). The thinner the cover 
above the salt, the shorter the thrust. Our models 
also demonstrate that the presence of a viscous 
décollement is necessary but not suffi cient to 
produce this kind of deformation, which is also 
favored by the presence of tapered backstops 
and by a salt basin L/W ratio of ≤1.

Regional model 4 shows that in the area 
where the main mud-volcano fi elds of the cen-
tral Mediterranean Ridge are located, thrusting 
is accompanied by stretching (Fig. 14). The 
mud volcanoes are preferentially developed in 
front of the southern protrusions of the backstop. 
This areal distribution suggests that stretching 
normal to the shortening direction, due to the 
geometry of plate boundaries, could play a sig-
nifi cant role in favoring the ascent of overpres-
sured mud toward the seafl oor. The extrusion of 
deep-seated, overpressured mud that has pas-
sively risen as a part of the hanging wall of the 
main thrust planes (Costa and Vendeville, 2001) 
is therefore enabled by tectonic thinning and 
localized extension, eventually accompanied by 
rapid methane gas expansion.

CONCLUSIONS

The combined results of seismic analysis and 
physical modeling in the laboratory allow the 
following conclusions:

1. The Messinian sedimentary section within 
the Levantine Basin is composed primarily of 
salt, which has a thickness of >3 km. Intra-
Messinian seismic lamination is produced by 
thin physical discontinuities with an overall vis-
cous behavior. The entire evaporitic sequence 
behaves therefore as a viscous material. As a 
consequence, the post-Messinian geometry and 
kinematics differ drastically from that of the 
pre-Messinian frictional wedge.

2. The main detachment of the post-Messinian 
wedge is located at the base of the Messinian salt 
layer. The viscous décollement has, most prob-
ably, prevented the formation of major strike-slip 
faults within the post-Messinian wedge.

3. Because of the central Mediterranean 
Ridge’s taper, which is lower than expected 
above frictional detachments but larger than 
that typical of a viscous décollement, the central 
Mediterranean Ridge has probably detached on 
a weak horizon, composed of thin salt or over-
pressured shale.

4. Extension occurs locally in the central 
Mediterranean Ridge as a result of the geom-
etry of the plate boundaries. This extension is 
considered as a possible cause of the area’s mud 
volcanism and mud diapirism.

5. Viscous décollement along salt tends to 
produce thrust faults trending normal to the 
shortening direction, but boundary conditions 
affect structural trends even more than stress 
and/or movement direction. Strain partition-
ing, as well as the formation of major strike-
slip faults within the post-Messinian wedge, 
is prevented by the high angle of convergence 
between the African and Aegean plates and by 
the low intraplate friction.

ACKNOWLEDGMENTS

This study was performed under Eni—Agip Divi-
sion contract no. 01-7909457/AB. We thank Zvi 
Koren and Dan Kosloff for providing the GeoDepth 
software. We also thank the reviewers, C. Ebinger, 
W. Lickorish, and A. Robertson, whose suggestions 
greatly contributed to improving the paper.

REFERENCES CITED

Abdel Aal, A., El Barkooky, A., Gerrits, M., Meyer, H., 
Schwander, M., and Zaki, H., 2000, Tectonic evolution 
of the Eastern Mediterranean Basin and its signifi cance 
for hydrocarbon prospectivity in ultradeep water of the 
Nile Delta: The Leading Edge, v. 19, p. 1086–1102.

Busson, G., 1990, Le Messinienne de la Méditeranée…vingt 
ans après: Geologie de la France, v. 3–4, p. 3–58.

Byrne, D.E., 1993, Mechanical role of backstops in the 
growth of forearcs: Tectonics, v. 12, p. 123–144.

Camerlenghi, A., 1998, The Mediterranean Ridge: A salt-
bearing accretionary complex in the framework of 
continental collision, in Cloetingh, S., ed., Sedimen-
tary basins—Models and constraints: Proceedings of 
the International School of Earth and Planetary Sci-
ences (Siena, September 1996): Amsterdam, Elsevier, 
p. 215–241.

Camerlenghi, A., and Cita, M.B., 1987, Setting and tectonic 
evolution of some Eastern Mediterranean deep-sea 
basins: Marine Geology, v. 75, p. 31–56.

Camerlenghi, A., Cita, M.B., Della Vedova, B., Fusi, N., 
Mirabile, L., and Pellis, G., 1995, Geophysical 
evidence of mud diapirism on the Mediterranean 
Ridge accretionary complex: Marine Geophysical 
Researches, v. 17, p. 115–141.

Chaumillon, E., and Mascle, J., 1995, Variation latérale des 
fronts de deformation de la Ride Méditerranée (Médit-
eranée orientale): Bulletin de la Société Géologique de 
France, v. 166, p. 463–478. 

Chaumillon, E., and Mascle, J., 1997, From foreland to 
forearc domains: New multichannel seismic refl ec-
tion survey of the Mediterranean Ridge accretionary 
complex (Eastern Mediterranean): Marine Geology, 
v. 138, p. 237–259.

Chaumillon, E., Mascle, J., and Hoffmann, H.J., 1996, 
Deformation of the Western Mediterranean Ridge: 
Importance of Messinian evaporitic formations: Tec-
tonophysics, v. 263, p. 163–190.

Chemenda, A., Lallemand, S., and Bokun, A., 2000, Strain 
partitioning and interplate friction in oblique subduc-
tion zones: Constraints provided by experimental 
modeling: Journal of Geophysical Research, v. 1105, 
p. 5567–5581.

Cita, M.B., Ryan, W.B., and Paggi, L., 1981, Prometheus 
mud breccia: An example of shale diapirism in the 
Western Mediterranean Ridge: Annales Géologiques 
des Pays Helléniques, v. 30, p. 543–570.

Clark, S.P., Jr., ed., 1966, Handbook of physical constants: 
Geological Society of America Memoir 97, 587 p.

Costa, E., and Vendeville, B.C., 2001, Diapirism in con-
vergent settings triggered by hinterland pinch-out of 
viscous décollement: A hypothesis from modeling, in 
Koyi, H.A., and Mancktelow, N.S., eds., Tectonic mod-
eling: A volume in honor of Hans Ramberg: Geological 
Society of America Memoir 193, 276 p.

Costa, E., and Vendeville, B.C., 2002, Experimental insights 
on the geometry and kinematics of fold-and-thrust belts 
above weak, viscous evaporitic décollement: Journal of 
Structural Geology, v. 24, p. 1729–1739.

Costa, E., Mosconi, A., and Cavozzi, C., 2002, Fold-and-thrust 
belt on salt: Kinematics and 3D geometry of thrust fronts 
in natural settings and in physical models: Bollettino di 
Geofi sica Teorica ed Applicata, v. 42, p. 162–166.

Dahlen, F.A., Suppe, J., and Davis, D., 1984, Mechanics 
of fold-and-thrust belts and accretionary wedges: 
Cohesive Coulomb theory: Journal of Geophysical 
Research, v. 89, p. 10,087–10,101.

Davis, D.M., and Engelder, T., 1985, The role of salt in fold 
and thrust belts: Tectonophysics, v. 119, p. 67–88.

Figure 14. Stretched areas (shown by white dashed circles) mainly located in front of the pro-
trusions of the backstop (model 4). Locations of these areas in the model roughly correspond to 
those of the main mud volcano fi elds in the Mediterranean Ridge (see Fig. 1 for comparison).



COSTA et al.

894 Geological Society of America Bulletin, July/August 2004

Davis, D.M., Suppe, J., and Dahlen, A., 1983, Mechanics of 
fold-and-thrust belts and accretionary wedges: Journal 
of Geophysical Research, v. 88 , p. 1153–1172.

DeVoogdt, B., Truffert, C., Chamot-Rooke, N., Huchon, P., 
Lallemant, S., and Le Pichon, X., 1992, Two-ship deep 
seismic soundings in the basins of the Eastern Medi-
terranean Sea (Pasiphae cruise): Geophysical Journal 
International, v. 109, p. 536–552.

Eisenstadt, G., Vendeville, B.C., and Withjack, M.O., 1995, 
Introduction to experimental modeling of tectonic 
processes: Geological Society of America, Continuing 
Education Course Notes, unpaginated.

Finetti, 1976, Mediterranean Ridge: A young submerged 
chain associated with the Hellenic Arc: Bollettino di 
Geofi sica Teorica ed Applicata, v. 28, p. 31–62.

Finetti, I., and Morelli, C., 1972, Wide scale digital seismic 
exploration of the Mediterranean Sea: Bollettino di 
Geofi sica Teorica ed Applicata, v. 56, p. 291–342.

Finetti, I., and Morelli, C., 1973, Geophysical exploration of 
the Mediterranean Sea: Bollettino di Geofi sica Teorica 
ed Applicata, v. 15, p. 263–341.

Hersey, J.B., 1965, Sedimentary basins of the Mediterranean 
Sea, in Whitard, W.F., and Bradshaw, W., eds., Subma-
rine geology and geophysics: London, Proceedings, 
17th Symposium of the Colston Research Society, 
p. 75–91.

Hieke, W., and Dehghani, G.A., 1999, The Victor Hensen struc-
ture in the central Ionian Sea and its relation to the Medina 
Ridge (Eastern Mediterranean): Zeitschrift der Deutschen 
Geologischen Gesellschaft, v. 149, p. 487–505.

Hsü, K.J., Cita, M.B., and Ryan, W.B.F., 1973, The origin 
of the Mediterranean evaporates, in Hsü, K.J., Ryan, 
W.B.F., et al., Initial reports of the Deep Sea Drilling 
Project, Volume 13 (Part 2): Washington, D.C., Gov-
ernment Printing Offi ce, p. 1203–1231.

Hsü, K.J., Montadert, L., Bernoulli, D., Cita, M.B., Erick-
son, A., Garrison, R.E., Kidd, R.B., Mélières, F., 
Müller, C., and Wright, R., 1978, History of the Mes-
sinian salinity crisis, in Hsü, K.J., Montadert, L., eds., 
Initial reports of the Deep Sea Drilling Project, Leg 42 
A: Washington, D.C., Government Printing Offi ce, 
p. 1053–1078.

Hubbert, M.K., 1937, Theory of scale models as applied to 
the study of geologic structures: Geological Society of 
America Bulletin, v. 48, p. 1459–1520.

Huchon, P., Liberys, N., Amgelier, J., Le Pichon, X., and 
Renard, V., 1982, Tectonics in the Hellenic Trench: A 
synthesis of sea-beam and submersible observation: 
Tectonophysics, v. 86, p. 69–112.

IMERSE Working Group (von Huene, R., Reston, T., 
Dickmann, T., Fruehn, J., Le Pichon, X., Pascal, G., 
Chamot-Rooke, N., Lallemant, S., Le Meur, D., Lou-
coyannis, M., Roussos, N., Babasillas, D., Nicolich, R., 
Cernobori, L., Westbrook, G.K., Graham, D., 
Warner, M., Lonergan, L., Tay, P.L., and Jones, K.), 
1997, Mediterranean Ridge structure: Results from 
IMERSE: Eos (Transactions, American Geophysical 
Union), v. 78, p. 155.

Jarrard, R.D., 1986, Relations among subduction param-
eters: Reviews of Geophysics, v. 24, p. 217–284.

Kastens, K.A., 1981, Structural causes and sedimentological 
effects of the “cobblestone topography” in the Eastern 
Mediterranean [Ph.D. thesis]: San Diego, University of 
California, Scripps Institution of Oceanography, 201 p.

Kastens, K.A., 1991, Rate of outward growth of the Mediter-
ranean Ridge accretionary complex: Tectonophysics, 
v. 199, p. 25–50.

Kastens, K.A., Breen, N., and Cita, M.B., 1992, Progres-
sive deformation of an evaporite-bearing accretionary 
complex: SeaMARC: I. Seabeam and piston core 
observations from the Mediterranean Ridge: Marine 
Geophysical Researches, v. 14, p. 249–298.

Kopf, A., 1999, Fate of sediment during plate convergence 
at the Mediterranean Ridge accretionary complex: 
Volume balance of mud extrusion versus subduction 
and/or accretion: Geology, v. 27, p. 87–90.

Krantz, R.W., 1991, Measurements of friction coeffi cients 
and cohesion for faulting and fault reactivation in 
laboratory models using sand and sand mixtures: Tec-
tonophysics, v. 188, p. 203–207.

Kukowski, N., Lallemand, S.E., Malavieille, J., Gutscher, M.-A., 
and Reston, T.J., 2002, Mechanical decoupling and basal 
duplex formation observed in sandbox experiments with 
application to the Western Mediterranean Ridge accre-
tionary complex: Marine Geology, v. 186, p. 29–42.

Lallemand, S., Liu Char-Shine, Dominguez, S., Schnurle, 
P., Malavieille, J., and the ACT Scientifi c Crew, 1999, 
Trench-parallel stretching and folding of forearc basins 
and lateral migration of the accretionary wedge in the 
southern Ryukyus: A case of strain partition caused by 
oblique convergence: Tectonics, v. 18, p. 231–247.

Le Pichon, X., Lyberis, N., Angelier, J., and Renard, V., 
1982, Strain distribution over the Mediterranean 
Ridge: A synthesis incorporating new sea-beam data: 
Tectonophysics, v. 86, p. 243–274.

Le Pichon, X., Chamot-Rooke, N., Lallemant, S., 
Noomen, R., and Veis, G., 1995, Geodetic determina-
tion of the kinematics of central Greece with respect 
to Europe: Implications for Eastern Mediterranean 
tectonics: Journal of Geophysical Research, v. 100, 
p. 12,675–12,690.

Le Pichon, X., Lallemant, S.J., Chamot-Rooke, N., Lemeur, 
D., and Pascal, G., 2002, The Mediterranean Ridge 
backstop and the Hellenic nappes: Marine Geology, 
v. 186, p. 111–125.

Limonov, A.F., Ivanov, M.K., and Foucher, J.-P., 1998, 
Deep-towed side scan survey of the United Nations 
Rise, Eastern Mediterranean: Geo-Marine Letters, 
v. 18, p. 115–126.

Lobrieu, B., Satra, C., and Cagna, R., 2000, Cartography by 
multibeam echo-sounder of the Mediterranean Ridge 
and surrounding areas: Brest, Ifremer-Ciesm, Ifremer 
Editions, scale 1:1,500,000.

Lugli, S., Schreiber, B.C., and Triberti, B., 1999, Giant 
polygons in the Realmonte mine (Agrigento, Sicily): 
Evidence for the desiccation of Messinian halite basin: 
Journal of Sedimentary Research, v. 69, p. 764–771.

Marrett, R.A., 1999, Stratigraphy and structure of the Juras-
sic and Cretaceous platform and basin systems of the 
Sierra Madre Oriental: A fi eld book and related papers: 
San Antonio, South Texas Geological Society, 121 p.

Mascle, J., and Chaumillon, E., 1998, An overview of the 
Mediterranean Ridge collisional accretionary complex 
as deduced from multichannel seismic data: Geo-
Marine Letters, v. 18, p. 81–89.

Mascle, J., Chaumillon, E., Hoffmann, H.J., Rehault, J., 
et l’equipe scientifi que embarquée, 1994, Premiers 
résultats de la campagne de sismique réfl exion mul-
titrace PRISMED à travers la branche ionienne de 
la Ride Méditerranéenne: Paris, Comptes Rendus de 
l’Académie des Sciences, v. 318, p. 651–657.

Montadert, L., Letouzey, J., and Mauffret, A., 1978, 
Messinian event: Seismic evidence, in Hsü, K.J., 
Montadert, L., et al., Initial reports of the Deep Sea 
Drilling Project, Volume 42: Washington, D.C., Gov-
ernment Printing Offi ce, p. 1037–1050.

Müller, W.H., Schmid, S.M., and Briegel, U., 1981, Defor-
mation experiments on anhydrite rocks of different 
grain sizes: Rheology and microfabrics: Tectonophys-
ics, v. 78, p. 527–544.

Mulugeta, G., 1988, Modeling the geometry of Coulomb 
thrust wedges: Journal of Structural Geology, v. 10, 
p. 847–859.

Philippe, Y., Colletta, B., Deville, E., and Mascle, A., 1996, 
The Jura fold-and-thrust belt: A kinematic model based 
on map-balancing, in Ziegler, P.A., and Horvàth, F., 
eds., Peri-Tethys memoir 2: Structure and prospects 
of alpine basins and forelands: Paris, Mémoires du 
Muséum d’Histoire Naturelle, v. 170, p. 235–261.

Pinet, N., and Cobbold, P.R., 1992, Experimental insights 
into the partitioning of motion within zones of oblique 
subduction: Tectonophysics, v. 206, p. 371–388.

Platt, J.P., 1993, Mechanics of oblique convergence: Journal 
of Geophysical Research, v. 98, p. 16,239–16,256.

Polonia, A., Camerlenghi, A., Davey, F., and Storti, F., 2002, 
Accretion, structural style and syn-contractional sedi-
mentation in the Eastern Mediterranean Sea: Marine 
Geology, v. 186, p. 127–144.

Ramberg, H., 1967, Gravity, deformation and the Earth’s 
crust: San Diego, California, Academic Press, 214 p.

Reston, T.J., Fruehn, J., von Huene, R., and IMERSE Work-
ing Group, 2002a, The structure and evolution of the 
western Mediterranean Ridge: Marine Geology, v. 186, 
p. 83–110.

Reston, T.J., von Huene, R., Huene, R., Dickmann, 
Klaeschen, D., and Kopp, H., 2002b, Frontal accretion 
along the western Mediterranean Ridge: The effect of 
Messinian evaporites on wedge mechanics and struc-
tural style: Marine Geology, v. 186, p. 59–82.

Robertson, A.H.F., and Kopf, A., 1998, Tectonic setting and 
processes of mud volcanism on the Mediterranean 
Ridge accretionary complex: Evidence from LEG 160, 
in Robertson, A.H.F., Emeis, K.-C., Richter, C., and 
Camerlenghi, A., Proceedings of the Ocean Drilling 
Program, Scientifi c results, Volume 160: College Sta-
tion, Texas, Ocean Drilling Program, p. 665–680.

Rowan, M.G., 1997, 3-D geometry and evolution of a 
segmented detachment fold, Mississippi Fan fold belt, 
Gulf of Mexico: Journal of Structural Geology, v. 19, 
p. 463–480.

Schmalz, R.F., 1969, Deep water evaporite deposition: A 
genetic model: American Association of Petroleum 
Geologists Bulletin, v. 53, p. 798–823.

Schreiber, B.C., ed., 1988, Evaporites and hydrocarbons: 
New York, Columbia University Press, 475 p.

Shearman, D.J., 1983, Syndepositional and late diagenetic alter-
ation of primary gypsum to anhydrite, in Schreiber, B.C., 
ed., Sixth International Symposium on Salt, Volume 1: 
Toronto, Canada, Salt Institute, p. 41–55.

Sloss, L., 1969, Evaporite deposition from layered solutions: 
American Association of Petroleum Geologists Bulle-
tin, v. 53, p. 776–789.

Tay, P.L., Lonergan, L., Warner, M., Jones, K.A., and the 
IMERSE Working Group, 2002, Seismic investigation 
of thick evaporite deposits on the central and inner unit 
of the Mediterranean Ridge accretionary complex: 
Marine Geology, v. 186, p. 167–194.

Teyssier, C., Tikoff, B., and Markley, M., 1995, Oblique 
plate motion and continental tectonics: Geology, v. 23, 
p. 447–450.

Tikoff, B., and Teyssier, C., 1994, Strain modeling of dis-
placement-fi eld partitioning in transpressional orogens: 
Journal of Structural Geology, v. 16, p. 1575–1588.

Trudgill, B.D., Rowan, M.G., Fiduk, J.C., Weimer, P., 
Gale, P.E., Korn, B.E., Phair, R.L., Gafford, W.T., 
Roberts, G.R., and Dobbs, S.W., 1999, The Perdido 
foldbelt, northwest deep Gulf of Mexico, Part 1: 
Structural geometry, evolution and regional implica-
tions: American Association of Petroleum Geologists 
Bulletin, v. 83, p. 88–113.

Urai, J.L., Spiers, C.J., Zwart, H.J., and Lister, G.S., 1986, 
Weakening of rock salt by water during long-term 
creep: Nature, v. 324, p. 554–557.

Vendeville, B., Cobbold, P.R., Davy, P., Brun, J.P., and 
Choukroune, P., 1987, Physical models of exten-
sional tectonics at various scales, in Coward, M.P., 
Dewey, J.F., and Hancock, P.L., eds., Continental 
extensional tectonics: Geological Society [London] 
Special Publication 28, p. 95–107.

von Huene, R., Reston, T., Kukowski, N., Dehgani, G.A., 
Weinrebe, W., and the IMERSE Working Group, 1997, 
A subducting seamount beneath the Mediterranean 
Ridge: Tectonophysics, v. 271, p. 249–261.

Weijermars, R., and Schmeling, H., 1986, Scaling of Newto-
nian and non-Newtonian fl uid dynamics without inertia 
for quantitative modelling of rock fl ow due to gravity 
(including the concept of rheological similarity): Physics 
of the Earth and Planetary Interiors, v. 43, p. 316–330.

Weijermars, R., Jackson, M.P.A., and Vendeville, B.C., 
1993, Rheological and tectonic modeling of salt prov-
inces: Tectonophysics, v. 217, p. 143–174.

Westbrook, G.K., and Reston, T.J., 2002, The accretionary 
complex of the Mediterranean Ridge: Tectonics, fl uid 
fl ow, and the formation of brine lakes—An introduction 
to the special issue: Marine Geology, v. 186, p. 1–8.

MANUSCRIPT RECEIVED BY THE SOCIETY 20 DECEMBER 2002
REVISED MANUSCRIPT RECEIVED 30 OCTOBER 2003
MANUSCRIPT ACCEPTED 13 NOVEMBER 2003

Printed in the USA


