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Abstract 16 

We use 3D seismic reflection data from the Levant margin, offshore Lebanon to investigate the 17 

structural evolution of the Messinian evaporite sequence, and how intrasalt strain varies within a thick 18 

salt sheet during early-stage salt tectonics. Intra-Messinian reflectivity reveals lithological 19 

heterogeneity within the otherwise halite-dominated sequence. This leads to rheological 20 

heterogeneity, with the different mechanical properties of the various units controlling strain 21 

accommodation within the deforming salt sheet. We assess the distribution and orientation of 22 

structures, and show how intrasalt strain varies both laterally and vertically along the margin. We 23 

argue that units appearing weakly strained in seismic data, may in fact accommodate considerable 24 

sub-seismic or cryptic strain. We also argue that the intrasalt stress state varies through time and 25 

space in response to the gravitational forces driving deformation. We conclude that efficient drilling 26 

through thick, heterogeneous salt requires a holistic understanding of the mechanical and kinematic 27 

development of the salt and its overburden. This will also enable us to build better velocity models 28 

that account for intrasalt lithological and structural complexity in order to accurately image sub-salt 29 

geological structures.  30 
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1 Introduction 31 

Thick salt deposits have a dramatic effect on the subsequent structural evolution of a basin due to 32 

their unique ability to behave as a fluid on geological timescales, and thus to flow in response to 33 

gravitational driving forces (e.g. Jackson et al., 1994; Jackson, 1995; Hudec and Jackson, 2007; Jackson 34 

and Hudec, 2017). The interaction between sedimentation and salt deformation can lead to extreme 35 

structural complexity in salt-influenced basins, which presents unique challenges when exploring for 36 

and producing hydrocarbons from the subsurface (e.g. Quirk et al., 2012). 37 

Advances in seismic imaging have revolutionised our understanding of the way in which overburden 38 

rocks are deformed by flowing salt. However, due to its characteristic chaotic and transparent 39 

appearance in seismic reflection data, the internal composition and kinematics of salt bodies have 40 

been overlooked. Salt is frequently thought of as a homogeneous body composed of pure halite, but 41 

exposures of salt in mines (e.g. Balk, 1949; Hoy et al., 1962; Kupfer, 1962; Miralles et al., 2001; Schleder 42 

et al., 2008; Burliga et al., 2018) and in the field (e.g. Zak and Freund, 1980; Jackson et al., 1990; Talbot, 43 

1998), as well as geophysical subsurface data (Van Gent et al., 2011; Strozyk et al., 2012; Jackson et 44 

al., 2015; Raith et al., 2016), show that most evaporitic sequences are in fact lithologically 45 

heterogeneous (Fig. 1) (see also Rowan et al., 2019).  Despite this, the impact of this lithological 46 

heterogeneity on the resulting intrasalt deformation and structural evolution is poorly understood.  47 

The young Messinian (latest Miocene) salt giant in the Mediterranean provides a perfect natural 48 

laboratory to study active, early-stage salt tectonics of a thick, lithologically heterogeneous salt sheet. 49 

The Messinian Salinity Crisis (MSC) is a remarkable geological event that occurred between 5.96 and 50 

5.33 Ma (e.g. Gautier et al., 1994; Ryan, 2009; Roveri et al., 2014). During this time, the Mediterranean 51 

Sea was isolated from the Atlantic due to the closure of the Gibraltar Straits, causing rapid evaporitic 52 

drawdown and extensive salt precipitation. This resulted in the widespread deposition of a thick (up 53 

to 2 km), layered evaporite unit across much of the Mediterranean basin. When the Straits reopened 54 

in the Pliocene, the Mediterranean was flooded by marine Atlantic waters, and a clastic overburden 55 

(up to 1.5 km thick) was deposited above the salt. Tectonically-driven tilting of the basin margins, as 56 

well as differential loading of the salt by prograding clastic wedges, triggered gravity-driven 57 

deformation of the Messinian salt, resulting in the development of kinematically-linked zones of updip 58 

extension and downdip contraction (Fig. 2) (Cartwright and Jackson, 2008; Gvirtzman et al., 2013; 59 

Allen et al., 2016). Salt-related deformation in the Levantine Basin is thought to be dominantly driven 60 

by gravity gliding in the north (due to tilting of the margin), and by gravity spreading in the south (due 61 

to loading of the salt where the Nile delta is prograding into the basin) (Allen et al., 2016). This gravity-62 

driven deformation of the salt remains active to the present day. 63 



In recent years the eastern Mediterranean region has attracted renewed interest from petroleum 64 

explorers. Following the Zohr discovery in 2015, the proven pre-salt plays have become the focus of 65 

intense exploration efforts (Esestime et al., 2016). Accurate seismic imaging of the subsalt geology is 66 

necessary to successfully target prospects in the pre-salt. Velocity models must therefore consider the 67 

complex lithological heterogeneity and internal structure of the Messinian salt. Furthermore, 68 

determining the stress state within the deforming salt sheet is important for safe and efficient drilling 69 

through the thick, actively flowing salt. For example, Weijermars and Jackson (2014) show that wells 70 

drilling through thick salt are at greater risk of lost time and are overall costlier, primarily due to issues 71 

related to wellbore stability. Many of these issues could be mitigated by planning well paths that 72 

account for the present and likely future stress state within the salt. However, due to typically poor 73 

seismic imaging within thick salt, and a lack of outcrop and well data, there have been relatively few 74 

studies to constrain the relationship between the intrasalt stratigraphy, structure and the evolution 75 

of stress and strain within the deforming salt sheet.  76 

Furthermore, the few previous studies investigating Messinian intrasalt deformation have yielded 77 

contradictory results. Cartwright et al. (2012) calculate strain on intrasalt layers using seismic data 78 

from offshore Israel (Fig. 2) and interpret an asymmetric Poiseuille flow profile, suggesting a 79 

dominantly pressure-induced flow (Fig. 3a). In contrast, Cartwright et al. (2018) and Kirkham et al., 80 

(2019) more recently identified deformed gas pipes within the salt in the deep Levantine Basin (Fig. 81 

2), which if taken as direct kinematic indicators suggest a Couette flow profile, indicative of drag-82 

induced flow (Fig. 3b). In this study, we use a 3D seismic reflection dataset located offshore Lebanon 83 

in the northern Levantine Basin (Fig. 2) to investigate how intrasalt structure and strain develop within 84 

thick salt during the early phase of evaporite deformation. We compare our results to those arising 85 

from previous studies and thus attempt to resolve existing contradictions regarding intrasalt flow. 86 

Insights gathered from the Mediterranean can also be used to develop our understanding of intrasalt 87 

structure and kinematics in other salt-influenced basins around the world.  88 



2 Data and Methods 89 

Because the Messinian evaporite sequence is young, shallow, and only weakly deformed, it is well-90 

imaged by seismic reflection data. The large (c. 10,000 km2) 3D seismic reflection dataset used in this 91 

study is located offshore Lebanon (Fig. 2). It has near-zero phase with reverse polarity, i.e. an increase 92 

in acoustic impedance (hard kick) corresponds to a negative amplitude, coloured red (a trough), while 93 

a decrease in acoustic impedance (soft kick) corresponds to a positive amplitude, coloured black/blue 94 

(a peak). The seismic data are presented in two-way-time (TWT) and dimensions quoted in ms TWT 95 

are estimated in equivalent depth using velocities given by Reiche et al. (2014) and Feng et al. (2016) 96 

for the intrasalt units and overburden. The vertical resolution (λ/4) of the Messinian interval is 97 

estimated to be 16.8 m using an average velocity of 4200 m/s, but this varies with precise composition. 98 

In this study we investigate the nature and distribution of intrasalt and supra-salt deformation by 99 

mapping intrasalt reflections and seismic facies within the Messinian salt, analysing stratigraphic 100 

relationships within the salt and overburden, generating structure maps, and measuring intrasalt 101 

strain.  102 

Reflections within the Messinian evaporite sequence allow us to measure strain at different levels 103 

within the deforming salt sheet. We follow Cartwright et al. (2012) and calculate the strain along 104 

mapped intrasalt reflections on a series of seismic cross-sections through the contractional domain 105 

(dominated by reverse shear zones and related folds; this allows us to examine how strain varies 106 

horizontally and vertically across the study area. 2D sections are taken perpendicular to the dominant 107 

structural trend (NNE-SSW), which is thus parallel to the direction of bulk salt flow (WNW). Strain is 108 

calculated using simple line-length analysis on individual reflections (i.e. change in line length divided 109 

by original line length; Fig. 4). Line-length analysis measures the total undeformed length of the same 110 

horizon, and thus only includes deformation due to seismically-resolved faulting and folding. A similar 111 

approach to calculating strain has been previously applied in many different tectonic settings, both 112 

with and without salt, using seismic data and/or analogue models (e.g. Cartwright et al., 2012; 113 

Burberry, 2015; Coleman et al., 2017; Butler and Paton, 2010; Steventon et al., 2019). This method 114 

assumes plane strain deformation and preservation of bed lengths and areas, and thus provides a 115 

minimum estimate of shortening. It does not include tectonic layer-parallel compaction, which would 116 

thicken the layers prior to thrusting and folding. Where reflections are truncated by the overburden, 117 

we extrapolate them to where they would intersect with the projected shear zone plane (e.g. Fig. 9). 118 

This introduces greater uncertainty in the uppermost layers, but the resulting trends are consistent 119 

with those observed even where the evaporite sequence is fully preserved. We therefore design this 120 

study to analyse and interpret relative, rather than absolute, values in strain magnitude. Since the 121 

measurements of bed-length are dominantly sub-horizontal, lateral velocity variations would not 122 

impact these significantly and so the vertical axis of the seismic data is given in two-way-time (TWT). 123 

We conclude our study by comparing our results to previous seismic-based studies of intrasalt strain 124 

distribution, and integrating observations from exposures of compositionally analogous deformed 125 

evaporites.  126 



3 Geological Setting 127 

The East Mediterranean Basin comprises two sub-basins; the Levantine Basin to the east and the 128 

Herodotus Basin to the west, separated by the Eratosthenes Seamount (Fig. 2). The basins contain up 129 

to 20 km of clastic material overlying thin, oceanic crust (Aal et al., 2000). The seismic data used in this 130 

study is situated offshore Lebanon, on the eastern passive margin of the Levantine Basin (Fig. 2). 131 

The eastern Mediterranean is a tectonically complex region. Ongoing convergence between the 132 

northward-migrating African plate and the stable Eurasian plate gives rise to active subduction zones 133 

along the northern and western basin margins (Ben-Avraham, 1978). The deformation front of the 134 

Cyprus Arc, dominated by the Latakia Ridge, forms the northern boundary, in a location where 135 

remnant Tethyan oceanic crust is being subducted (Hall et al., 2005). The eastern extension of the 136 

Hellenic Arc, forming an accretionary wedge known as the Mediterranean Ridge, bounds the basin to 137 

the west. 138 

The Levant passive margin provides the eastern limit to the basin (Hawie et al., 2013). N-S oriented 139 

strike-slip faulting occurs onshore in association with the Dead Sea Transform Zone, and the 140 

northwards motion of the Arabian plate relative to the African plate. The north African passive margin 141 

forms the southern boundary, where the Nile river system is draining the African continental interior 142 

and supplying large quantities of clastic material to the basin. The Nile Delta is therefore rapidly 143 

prograding northward out into the basin.  144 

The present structure of the basin thus records the complex interplay of thick-skinned tectonic 145 

processes related to the geodynamic boundary conditions, and thin-skinned tectonics due to the 146 

gravitationally-driven flow of the Messinian evaporites.  147 



4 Margin Characterisation 148 

In this section we focus on characterising the structure and stratigraphy of the salt and overburden 149 

imaged in the present dataset. In the proceeding section we then integrate these observations to 150 

present an interpretation of the salt tectonics. 151 

4.1 Sub-Salt Structure 152 

The base-salt surface dips predominantly to the NW but the precise dip direction rotates laterally 153 

along the margin, from a more WNW dip in the northern part of the study area to a more NNW dip at 154 

the southern edge of the study area (Figs 5 and 6). This margin geometry is the structurally shallow 155 

expression of the Saida-Tyr Platform, also known as the Levant Ramp; a SW-trending, inversion-156 

related high that extends from the Levant margin into the deep basin, and which was formed during 157 

Late Cretaceous continental collision (Nader et al., 2018; Hodgson, 2012). 158 

Where the shelf edge protrudes into the basin in the south, the upper shelf plateau is incised by 159 

several Messinian (or post-Messinian) canyons (Fig. 6). Similar features have been described on the 160 

southern Levant margin, offshore Israel, where they are inferred to provide evidence for sea level 161 

drawdown during the Messinian Salinity Crisis (e.g. Bertoni and Cartwright, 2007). The Latakia Ridge 162 

crosses the northwestern corner of the dataset and is expressed as a large, arcuate, broadly NE-163 

trending anticline on both the base-salt and top-salt surfaces (Figs 6 and 7). 164 

A series of NW-SE-striking, relatively short (up to 6 km) and small-displacement (c. 30-60 ms TWT or 165 

c. 45-60 m) normal faults offset the base-salt in the deeper basin (Fig. 6). In cross-section these appear 166 

to be layer-bound, sub-salt restricted normal faults that terminate at the base-salt. These faults have 167 

been interpreted as syn-sedimentary, active during the late Miocene, and are attributed to an 168 

anisotropic extensional stress field (Ghalayini et al. 2017; Reiche et al, 2014). 169 

Other features of particular interest on the base-salt surface include the prominent NE-trending 170 

anticlines that have relief of up to 650 ms (c. 1 km) (Fig. 6). The folds are 8-28 km long and 2-3 km 171 

wide. These features are definitively not salt-related velocity pull-ups (i.e. geophysical artefacts) given 172 

that the salt is thinner (as opposed to thicker) over their crests. These anticlines initially formed during 173 

the Late Miocene due to NW-SE regional tectonic compression, prior to the Messinian Salinity Crisis, 174 

though it is possible they may have been amplified during later shortening (Ghalayini et al. 2014). 175 

4.2 Supra-Salt Structure 176 

Normal faults and reactive diapirs dominate the updip edge of the margin, delineating an extensional 177 

regime, although the type and orientation of extensional structures vary along the margin (Figs 5 and 178 



7). In the northern part of the study area, supra-salt extension is accommodated by a polygonal 179 

network of mature reactive diapirs and salt rollers (Fig. 7). The reactive diapirs have a characteristic 180 

triangular shape in cross-section and are associated with inward-dipping normal faults across their 181 

crests (Fig. 8). This style of diapirism contrasts markedly with the southern part of the study area, 182 

where extension is accommodated by salt-detached normal faults, sometimes associated with small 183 

salt rollers, that are parallel or sub-parallel to the NE-oriented margin. Mature, high-relief reactive 184 

diapirs are absent in the south of the present dataset (Fig. 7). Further south along the margin, offshore 185 

Israel, high-relief reactive diapirs are also absent in the extensional domain; only salt rollers occur. The 186 

reactive, high-relief diapirs therefore appear to be a relatively localised feature along the Levantine 187 

margin. However, similar diapiric structures have been documented around the circum-Nile 188 

deformation belt (CNDB) (e.g. Allen et al., 2016), and in the equivalent Messinian basins of the western 189 

Mediterranean (e.g. Gulf of Lions; dos Reis et al., 2005). The polygonal distribution of these structures 190 

seems to suggest that the local differential stress (σ2 - σ3) in this area is small, and as such the 191 

structures show no preferred alignment. 192 

The NNE-SSW-striking faults and rollers in the North rotate towards the south to strike broadly WNW-193 

ESE (Fig. 7), closely following the local orientation of the shelf edge and salt pinch-out (Fig 10a). In the 194 

far south a few faults even assume a perpendicular NW-SE orientation (Fig. 7). The major extensional 195 

faults are predominantly basinward-dipping and detach into the salt, with small throws on associated 196 

antithetic faults (Fig. 5). Many salt-detached faults are listric and have an arcuate geometry in plan-197 

view (Figs 5 and 7). Where landward-dipping counter-regional faults do form they lead to the 198 

development of supra-salt anticlines (e.g. Fig. 5). Growth strata in the hangingwalls of the faults 199 

indicate that fault activity initiated in the Pliocene, after the deposition of a thin pre-kinematic layer 200 

(Allen et al., 2016; Elfassi et al., 2019). 201 

A series of closely-spaced, supra-salt buckle folds are located down-dip of the extensional structures 202 

in the northern part of the study area (Fig. 7). The fold axes are NE-oriented (sub-parallel to the salt 203 

rollers in the extensional domain) and they have a peak-to-peak wavelength of c. 1.2 km. The 204 

overburden in the southern part of the dataset, however, remains largely undeformed and shows little 205 

evidence of supra-salt contraction. 206 

4.3 Intrasalt Stratigraphy 207 

The Messinian evaporite sequence in the Levantine Basin comprises characteristically chaotic, low-208 

amplitude, halite-dominated units interbedded with bright, semi-continuous reflections (Fig. 5). These 209 

reflective packages are widely documented across the eastern Mediterranean, and indicate 210 

lithological heterogeneity within the evaporite sequence (Netzeband et al., 2006; Lofi et al., 2011; 211 



Gvirtzman et al., 2013; Feng et al., 2016; Camerlenghi et al., 2019). Herein, we use the Messinian 212 

stratigraphic nomenclature defined by Feng et al. (2017), where the six intrasalt units are termed 213 

(from oldest/deepest to youngest/shallowest): ME1, ME2, MC1, ME3, MC2 and ME4 (Fig. 9). ME is 214 

used to refer to the chaotic (halite-dominated) units whereas MC refers to the reflective units. These 215 

correspond to Units 1 to 6 in Gvirtzman et al. (2013), and ME-I to ME-VI in Netzeband et al. (2006).  216 

The reflective units have been variably interpreted as interbeds of evaporites (gypsum and anhydrite) 217 

and clastics (e.g. Netzeband et al., 2006; Cartwright and Jackson, 2008; Feng et al., 2016). The hazard 218 

and high drilling cost associated with the recovering of cores within the MSC has resulted in a lack of 219 

hard data to constrain the intrasalt stratigraphy. Netzeband et al. (2006) interpret the evaporitic units 220 

to reflect depositional cycles caused by temporal changes in brine salinity driven by variations in sea 221 

level. They suggest that this led to interbedding of the thick, ductile halite with more rigid evaporites 222 

and/or clastic sediments. Feng et al. (2017) and Gvirtzman et al. (2017) use petrophysical data from 223 

boreholes to interpret a succession of thin, clay-rich, clastic interbeds. Feng et al. (2017) also use an 224 

amplitude extraction on the intrasalt horizons to interpret a possible network of basin floor fans, 225 

supporting a clastic mode of deposition. Industrial activity targeting new hydrocarbon prospects has 226 

provided new data, and Meilijson et al. (2019) recently published the first publicly available report 227 

using borehole cuttings to analyse the lithologies of the units at two localities in the Levantine Basin, 228 

offshore Israel. They confirm that the reflective units comprise a high proportion of clay material, with 229 

layers of argillaceous diatomites found within MC1 and at top-ME1, and mixed clastic-evaporitic 230 

interbeds with anhydrites dominating MC2. We are therefore confident that the reflective units 231 

imaged in the present dataset comprise clastic (mostly clay-rich) interbeds, but the detailed evaporitic 232 

heterogeneity and lateral facies continuity remain largely unconstrained. Local factors, such as 233 

proximity to clastic supply and topography of the basin, are likely to result in significant differences 234 

between the Messinian stratigraphic succession in different parts of the Mediterranean. Exposures of 235 

Messinian deposits in marginal basins of the Mediterranean (e.g. in the Realmonte Salt Mine, Sicily) 236 

and analogous evaporite sequences in other basins (e.g. in the Wieliczka Salt Mine, Poland), show that 237 

intrasalt heterogeneity occurs on a range of scales, from mm-scale crystalline impurities up to the 238 

decametre bedding scale (Fig. 1).  239 

The total thickness of the Messinian evaporitic sequence increases seaward toward the centre of the 240 

basin and pinches out updip on the Levant margin (Fig. 10a). Thickness maps of the halite-dominated 241 

units ME1, ME2 and ME3 show relatively little variation across the contractional domain (Fig. 10b-d). 242 

The oldest unit ME1 does, however, thicken across the sub-salt normal faults (Fig. 9; Fig. 10b). The 243 

fact that there appears to be little intrasalt thickness variation across the dataset indicates that 244 

contractional (vertical) thickening of the layers has been broadly uniform across the study area. 245 



MC1 consists of three semi-continuous, high-amplitude, sub-parallel reflections that can be traced 246 

across most of the basin (Figs 9 and 10e). The thickness map for MC1 shows a broadly uniform average 247 

thickness of 85 ms TWT (c. 170 m) across the contractional domain of dataset (Fig. 10d), with local 248 

thickness variations attributed to reverse faulting (e.g. Fig. 9). This unit has a very similar expression 249 

and thickness in the southern Levantine Basin, offshore Israel (Gvirtzman et al., 2013; Feng et al., 2016) 250 

and in the deep basin, offshore Lebanon (Kirkham et al., 2020). 251 

In contrast, MC2 comprises between 4-6 discrete intrasalt reflections and does show some basinward 252 

thickening into the contractional domain, largely due to the angular truncation of intrasalt reflections 253 

against the top-salt in updip areas (Figs 9 and Fig. 10f). Where the full stratigraphy of the unit is 254 

preserved it reaches thicknesses of 180 ms TWT (c. 360 m). In comparison, MC2 is overall thicker to 255 

the south, offshore Israel, averaging 450 m (Feng et al., 2016). This may reflect lateral depositional 256 

variability, likely related to the large input of clastic material from the proximal Nile Delta in the 257 

southern Levantine Basin.  258 

Both units MC1 and MC2, as well as the top-ME1 reflector, show some lateral variation in the 259 

amplitude and continuity of the reflections (Fig. 5). In some places they are very dim and the salt 260 

becomes seismically transparent, which may once again reflect lateral depositional variability in the 261 

thickness and composition of the units. 262 

4.4 Intrasalt Structure and Strain 263 

Intrasalt reflections are folded and faulted across the basin, even where they directly underlie 264 

extensional structures in the overburden (Fig. 5). Structure maps of the intrasalt reflectors show that 265 

the fold axes and thrust planes strike dominantly NNE-SSW (Fig. 11). The thrust faults are 2-5 km long 266 

and have an arcuate trace in plan view (Fig. 11). They are relatively closely spaced (mostly 1-2 km 267 

apart), forming segmented, en echelon arrays separated by unbreached or breached relay ramps. The 268 

thrust planes dip exclusively to the SE with hangingwall folds verging to the NW across the study area 269 

(Figs 5 and 9).  270 

The strike of the faults and fold axes is consistent for all mapped horizons within the salt. While most 271 

intrasalt faults have small displacements (<70 ms or c. 300 m) and are confined to their discrete 272 

reflective units, some larger displacement faults (up to 160 ms or c. 670 m) connect MC1 and MC2 273 

and cross-cut the intervening halite-dominated ME3 (Fig. 9). The intrasalt faults are fully confined to 274 

the salt, terminating at the top-salt, and do not extend up into the overburden. Finally, we observe 275 

that some structures in the overburden appear to be concordant with intrasalt structures (i.e. 276 



overburden folds directly overlying intrasalt thrusts of the same length and orientation), but in other 277 

places intrasalt structures have no expression in the overlying overburden (Fig. 9). 278 

The distribution of the seismically imaged intrasalt strain is highly heterogeneous, varying both 279 

vertically and laterally across the study area. First, strain on individual reflections can vary by 280 

significant amounts (up to 200%) laterally over relatively short length-scales (i.e. between profiles only 281 

8 km apart). Overall strain increases southward, but with significant local variability within the area of 282 

interest (Fig. 12). For example, abrupt local increases in strain occur where intrasalt thrust duplexes 283 

are developed, accommodating a large amount of shortening over a relatively short distance, with 284 

strain reducing significantly away from the structure (Fig. 13). 285 

The cause of such extreme strain localisation is unclear. One possible explanation is that it relates to 286 

relief on the base-salt surface which causes salt flow lines to converge and thus promotes local 287 

contraction (Dooley et al., 2017). The magnitude of relief on the base-salt surface appears relatively 288 

small in the presented two-way-time data, but since the reflective packages are acoustically slower 289 

than the salt (Reiche et al., 2014; Feng et al., 2016), a depth-converted section may show the true 290 

relief to be significantly greater. This highlights the importance of lithologically-controlled variations 291 

in intrasalt velocity when building velocity models and undertaking depth conversion. A uniform 292 

velocity model applied to the entire salt sheet would not account for the lateral velocity variations 293 

due to intrasalt structural complexity and would therefore inaccurately distort the base-salt structure 294 

map. Conversely, other base-salt anticlines mapped in this study are not associated with such extreme 295 

strain localisation or development of intrasalt duplex structures. An alternative interpretation is that 296 

strain localisation may reflect depositionally-controlled lateral facies changes and associated lateral 297 

variations in the bulk strength of the deforming salt sheet. If the salt was locally weaker due to, for 298 

example, an increased proportion of halite and/or thinner clastic units, this would make it more prone 299 

to accommodate any applied stress, serving to localise strain. 300 

The intrasalt strain also appears to vary vertically, as well as laterally, within the deforming salt sheet 301 

(Fig. 9). The averaged vertical strain profile shows that the top-ME1 reflection near the base of the 302 

sheet exhibits the least strain, likely due to increased boundary drag and shear stress at the contact 303 

with the fixed base-salt surface. Maximum strains occur in the centre of the salt sheet at the base of 304 

MC1, with strain decreasing gradually toward the top of the salt sheet in MC2, and a sharp decrease 305 

at the erosional contact with the overlying clastic overburden (Fig. 9). In fluid mechanics, this 306 

resembles an asymmetric Poiseuille flow distribution (Fig. 3c). However, since strain is only 307 

measurable in the brittle units, cryptic strain within the ductile units may be even higher, as has been 308 

shown in some physical models (e.g. Fig. 14; Weijermars and Jackson, 2014). Strain remains very low 309 

in the overburden relative to the intrasalt units.  310 



5 Salt Tectonics 311 

In this section we review the observations described in detail above and pull these together to form 312 

an integrated salt tectonic framework for the Lebanese Levant margin. We interpret the implications 313 

of our observations in terms of gravity gliding, the interaction of salt flow with base-salt relief, the 314 

rheology of the evaporite sequence, and the multiphase evolution of salt deformation. 315 

5.1 Gravity Gliding 316 

 317 

The Levant passive margin can be divided into kinematically-linked salt tectonic domains of updip 318 

extension and downdip contraction, with the listric geometry of the detached supra-salt faults typical 319 

of thin-skinned tectonics on salt-influenced margins (Fig. 5) (Jackson and Hudec, 2017). Their 320 

orientation parallel to the margin and closely following the base-salt dip is indicative of a system 321 

dominated by gravity gliding (Jackson et al., 1994; Jackson and Hudec, 2017) (Figs 6 and 7). The 322 

dominant NE-SW structural trend of the supra-salt faults and buckle folds, as well as the basinward 323 

vergence and trend of the intrasalt faults and folds, indicates a dominant NW direction of transport. 324 

This differs significantly from the NE direction of transport indicated by the structural trend offshore 325 

Israel, c. 150 km to the south of the present study area (Cartwright et al., 2012). This is attributed to 326 

the proximity of the Nile Delta and the associated increased gravity spreading component in the 327 

southern Levantine Basin, the influence of which decrease northwards along the Levant margin (Allen 328 

et al, 2016). 329 

The supra-salt buckle folds are present only in the northern part of the study area, whereas in the 330 

southern part of the study area there is very little overburden contraction despite significant extension 331 

updip. This can be attributed to the proximity of the folds to the Latakia Ridge, which acts as a buttress 332 

to basinward salt flow and thus confines the formation of contractional structures to a relatively 333 

narrow belt. The overburden in the southern part of the study area may therefore appear weakly 334 

deformed because the contraction is more diffuse and taken up over a greater area, or because the 335 

translational zone is much wider, with the buckle folds located further downdip of the available 336 

dataset. 337 

5.2 Influence of Base-Salt Relief 338 

 339 

The flow of salt over relief on the base-salt surface has affected the structural evolution of the salt and 340 

overburden in two notable ways. First, the NE-trending base-salt anticlines have caused the 341 

development of several ramp syncline basins in the overburden, recognised by their landward-dipping 342 

growth strata and onlap surfaces adjacent to the sub-salt anticlines (Fig. 5) (Jackson and Hudec, 2005; 343 



Pichel et al., 2018). Ramp-syncline basins record simple basinward (horizontal) translation and are not 344 

associated with any contractional (e.g. folds or thrusts) or extensional (e.g. normal faults) structures 345 

in the overburden, therefore there is no apparent effect of changes in salt flux across the base-salt 346 

anticlines (cf. Dooley et al., 2017; Pichel et al., 2018). 347 

Second, the expression of the underlying NW-SE-striking sub-salt faults (Fig. 6) can be seen in the 348 

thickness map of ME1 (Fig. 10b) and in the structure map of the top-ME1 reflector. Thickening across 349 

the base-salt faults likely reflects the syn-depositional infilling of residual topography on the base-salt 350 

surface, suggesting the faults were active up to, or during, the deposition of ME1 in the early stage of 351 

the Messinian Salinity Crisis. This supports the interpretation made by Reiche et al. (2014) that these 352 

faults may have contributed to the development of small fault-propagation folds that deformed the 353 

top-ME1 reflection. Reiche et al. (2014) also interpret shallower intrasalt structures in units MC1 and 354 

MC2 on 2D seismic lines, and suggest that these early fault-propagation folds may have 355 

accommodated and focused later tectonic shortening.  However, the younger evaporitic units mapped 356 

within our 3D survey do not appear to show any expression of these subsalt faults, nor any related 357 

thickness changes, and the orientation of the intrasalt contractional structures is different to that of 358 

the sub-salt faults. We therefore conclude that fault activity had ceased during the deposition of ME2, 359 

and that the residual base-salt relief does not appear to have had any significant effect on salt flow 360 

due to the orientation of the faults parallel to the direction of salt flow, as well as their small throw (c. 361 

70 m) relative to the large evaporite thickness (up to 2 km).  362 

5.3 Salt Rheology 363 

 364 

Lithological heterogeneity gives rise to rheological heterogeneity, since the different lithologies have 365 

different mechanical properties (e.g. Albertz and Ings, 2012; Raith et al., 2016; Rowan et al., 2019). 366 

This controls the way in which the intrasalt units respond to applied stresses and accommodate strain. 367 

The reflective units MC1 and MC2 demonstrate dominantly brittle behaviour during deformation, 368 

accommodating most of the contraction with slip on reverse faults (Figs 9 and 11). This contrasts with 369 

the intervening halite-dominated units, which deform in a bulk ductile manner, accommodating strain 370 

principally by viscous flow and thickening. No brittle deformation of these units is visible in the seismic 371 

data. 372 

Our observations are consistent with those of Netzeband et al. (2006) and Gvirtzman et al. (2013), in 373 

that MC1 and MC2 appear to be largely independently faulted and folded, with the ductile halite-374 

dominated layers acting as intra-Messinian detachment levels within the deforming sequence. 375 

Netzeband et al. (2006) assert that the lack of coupling between the units is evidence for syn-376 

depositional deformation. However, mechanical decoupling of the brittle layers via the intervening 377 

ductile layers could also account for this disharmonic deformation (Cartwright et al., 2012; Allen et al., 378 



2016). Furthermore, we observe that some of the larger reverse faults appear to cross-cut the halite-379 

dominated ME3 unit to vertically link faults in MC1 and MC2. We therefore suggest that small, thrust-380 

related vertical displacements may be absorbed by ductile deformation of the ME3 halite unit, 381 

allowing the development of discrete, layer-bound structures within MC1 and MC2, whereas larger 382 

vertical displacements that impose larger vertical stresses (e.g. due to hangingwall uplift) are able to 383 

propagate through the halite to link otherwise discrete structures in MC1 and MC2. 384 

5.4 Multiphase Salt Flow 385 

 386 

The gently folded Pliocene overburden is demonstrably much less deformed than the underlying 387 

intrasalt units (Fig. 9). This phenomenon has been variably interpreted as a result of multiphase salt 388 

flow (Netzeband et al., 2006; Gvirtzman et al., 2013; Feng et al., 2017; Kartveit et al. 2018), or 389 

mechanical decoupling of the salt and overburden, accommodated by shear drag at the contact (i.e. 390 

top-salt) (Cartwright et al., 2012). 391 

The contact between the salt and overburden (i.e. top-salt) is also an erosional unconformity (Fig. 9). 392 

The observed thickness variations across MC2 are largely attributed to erosion of the unit in the updip 393 

domain, as indicated by the truncated intrasalt reflections against the top-salt surface (Figs 5 and 10f). 394 

This means that seaward salt flow, and erosion of the crests of developing structures, initiated prior 395 

to the deposition of the present-day overburden. This is consistent with interpretations by Gvirtzman 396 

et al. (2017) offshore Israel, and more recently by Kirkham et al. (2020) offshore Lebanon, who 397 

postulate dissolution of structural highs due to impingement of the halocline in a stratified water 398 

column. This truncation is conclusive evidence that there have been at least two discrete phases of 399 

salt flow on the Levant margin, first pre- and then post-overburden deposition (cf.  Netzeband et al., 400 

2006; Gvirtzman et al., 2013; Gvirtzman et al., 2017; Feng et al. 2017; Kartveit et al. 2018). Gvirtzman 401 

et al. (2013) also use thickness changes within salt layers and intrasalt onlaps as evidence of syn-402 

depositional flow but no such evidence is documented in the present dataset. We note that even post-403 

depositional deformation can lead to thickness changes within the mobile, halite-dominated salt 404 

layers, and that geophysical artefacts may resemble apparent onlaps (Albertz and Ings, 2012; Allen et 405 

al., 2016). 406 

The multiphase flow model also explains the observed differences between the type and distribution 407 

of structures in the intrasalt units compared to the overburden. If both were deformed together we 408 

would expect more concordance between overburden and intrasalt structures (i.e. intrasalt faults with 409 

large throws associated with uplift in the overlying supra-salt strata).  410 

Shallow growth strata in the overburden and relief on the seabed indicate that active salt tectonics 411 

continue to influence the structural evolution of the Levant margin to the present day. Whereas some 412 

salt-related structures appear to show recent growth, as indicated by their expression in the overlying 413 

overburden and recent growth strata, others have become inactive and show no evidence of activity 414 

post-overburden burial (e.g. Fig. 9).  415 



6 Discussion 416 

The Poiseuille strain profile derived from seismic data in this study is consistent with strain 417 

measurements offshore Israel (Cartwright et al., 2012), although the net direction of tectonic 418 

transport and salt flow is different (i.e. NW as opposed to NE). However, recent studies by Cartwright 419 

et al. (2018) and Kirkham et al. (2019), which utilise a series of deformed fluid escape pipes and related 420 

pockmarks within the post-salt overburden, suggest that the salt layer deformed predominantly by 421 

Couette (Fig. 3b) rather than Poiseuille flow (Fig. 3a). The passively deformed fluid escape pipes are 422 

interpreted as direct kinematic indicators and show the greatest amount of strain at the top of the 423 

salt, decreasing exponentially toward its base. Here we discuss two ways in which these seemingly 424 

contrasting flow patterns (Poiseuille vs. Couette) may be reconciled. 425 

6.1 Subseismic Strain 426 

First, we discuss the way in which strain is accommodated by the different brittle units, decoupled by 427 

the intervening halite-dominated, ductile layers. Seismic data show differences between units MC1 428 

and MC2 in terms of the number and spacing of intrasalt reflections; however, seismic data alone does 429 

not allow us to determine the detailed lithological heterogeneity. We know that lithological 430 

heterogeneity is common in evaporitic sequences (Fig. 1) and that this heterogeneity occurs at a range 431 

of scales; seismic data images only the very upper end of this scale (i.e. >10 m). The available well data 432 

also suggest lithological differences between MC1 and MC2, and that they comprise slightly different 433 

thicknesses of clastic interbeds (Meilijson et al., 2019). 434 

Constraining the intrasalt lithological heterogeneity of the Messinian salt is important, given it controls 435 

how the unit deforms and what we can image seismically. Deformed, heterogeneous evaporites 436 

exposed in the Wieliczka Salt Mine show that strain is accommodated differently between different 437 

units (Fig. 15; Burliga et al., 2018). A m-scale thrusted and recumbently folded structure exposed in 438 

the wall of the mine contains within it several smaller broken units which are too small to be imaged 439 

by seismic reflection data. This means we would be unable to identify, map, and measure the 440 

associated strain with seismic data. Although the Serravallian evaporites exposed in the mine are older 441 

and more deformed than the Messinian, it is plausible that the different units within the Messinian 442 

sequence, with different rheological behaviours, would also accommodate strain differently.  443 

If the upper reflective unit MC2 accommodates more sub-seismic deformation (i.e., short-wavelength 444 

folds and/or low-displacement faults), the unit may falsely appear to be more weakly strained in 445 

seismic reflection data than it actually is (Fig. 16). It is also noted that even though the reflective layers 446 

appear to deform in a dominantly brittle manner, some strain may also be accommodated by cryptic 447 



compaction and/or bed thickening. Again, a seismic-based strain analysis would not detect this and 448 

we may therefore be missing a significant and as yet unquantified percentage of the actual strain (Fig 449 

16). This could account for the discrepancy between the lower strain calculated for MC2 in the seismic 450 

data, versus the higher strain indicated by the deformed pipes. 451 

This leads us to speculate as to the composition of MC2, such that it accommodates more strain by 452 

the formation of sub-seismic structures, and therefore appears at the seismic-scale to be more weakly 453 

deformed than MC1. Even small differences in the lithological stratigraphy of the units may have a 454 

significant effect on how they respond to applied stress. The thicknesses of the brittle interbeds may 455 

play an important role here as bed thickness is a first-order control on how strain is accommodated. 456 

For example, thicker, stronger beds develop folds with a greater dominant wavelength than thinner, 457 

weaker beds (Fossen, 2016). The brittle intrasalt layers are too thin to separately resolve their top and 458 

base with seismic data; the ‘soft kick’ of the top of the layer is immediately followed by the ‘hard kick’ 459 

of the base of the layer, with the resulting superposition generating a single wavelet (Brown, 2011). 460 

There may therefore be unresolved differences in bed thicknesses between MC1 and MC2. Since fold 461 

amplitude is proportional to bed thickness, if MC2 were composed of thinner beds it is possible that 462 

more of the strain would be accommodated by short-wavelength, small-amplitude, sub-seismic 463 

structures than MC1, within which thicker beds promote the development of large-amplitude, 464 

seismically resolvable structures (Fig. 16). Discordant folding of beds with different thicknesses is 465 

evident in onshore exposures of Messinian evaporites in marginal basins, such as those in Sicily (Butler 466 

et al., 2015).  467 

The way in which the reflective units accommodate strain is not only determined by the lithology and 468 

thickness of individual beds within the sequence, but also by the properties of the sequence as a 469 

whole. For example, physical models show that the rheology of an individual sand layer is sensitive to 470 

the thickness of silicone within which it is encased (Fig. 17). In a closed, gravity-driven system, sand 471 

layers encased in thick silicone accommodated horizontal shortening by large-amplitude ductile 472 

folding, whereas sand layers encased in thin silicone accommodated strain on discrete brittle thrusts 473 

(Fig. 17). Therefore, perhaps it is the overall ratio of brittle-ductile materials in the sequence that 474 

exerts a primary control on the resulting deformation.  475 

Physical models using silicone as a salt analogue have previously shown that higher brittle-ductile 476 

strength ratios result in greater localisation of strain whereas more ductile sequences result in more 477 

distributed strain. Davy et al. (1995) define the brittle-ductile parameter (Γ), which controls the large-478 

scale localization of deformation, and associated fault patterns (both density and fault length 479 

distribution). Schueller and Davy (2008) use physical models to show that strain localization occurs 480 



when Γ = >0.5. For smaller Γ, the large-scale deformation, although heterogeneous, never localizes. Γ 481 

= 0.5 can be considered as a rheological transition between ductile-like macroscale rheology and 482 

brittle-like one. In order for seismic-scale thrusts to develop, strain must localise on individual 483 

structures such that they accumulate a critical amount of displacement that can be seismically 484 

resolved. We could therefore speculate that MC2 has a smaller Γ than MC1, which means that it is 485 

more prone to accommodating strain on distributed, sub-seismic scale structures, as opposed to the 486 

larger, discrete thrusts developed in the middle unit (Fig. 16). 487 

6.2 Spatial and Temporal Variability in Salt Flow  488 

An alternative way to explain the apparent discrepancy between flow profiles is that the salt layer was 489 

subject to both Poiseuille and Couette flow, but that the relative contribution of each (and related 490 

deformation) varied through time. On geological timescales, salt deformation can be approximated as 491 

a viscoplastic fluid that flows in response to applied stresses, from areas of high pressure to low 492 

pressure to reach an equilibrium state.  Viscoplastic materials are defined by the presence of a yield 493 

strength, under which strain increases linearly with stress and beyond which the material deforms at 494 

constant stress. Materials that yield to applied stresses by continuous deformation are known as 495 

ductile materials, as opposed to brittle materials which are characterized by the fact that rupture 496 

occurs without any noticeable prior change in shape. If we treat the behaviour of the salt unit as 497 

viscoplastic and the brittle intrasalt layers act as passive strain gauges, the salt will exhibit a Poiseuille 498 

flow profile when responding to a pressure gradient such as a differential load, and a Couette profile 499 

when the flow is drag-induced by a translating overburden.  500 

In nature, seismic data image finite structural style but this may not be representative of the present 501 

day stress state within the deforming sequence. Physical analogue models and numerical finite 502 

element models have generated both Poiseuille (e.g. Cartwright et al., 2012; Gradmann and 503 

Beaumont, 2012) and Couette flow (e.g. Brun and Mauduit, 2009; Schultz-Ela and Walsh, 2002), 504 

demonstrating that salt flow is highly sensitive to the applied boundary conditions, i.e. the relative 505 

contribution of gravity gliding vs. gravity spreading. It is therefore probable that the dominant flow 506 

regime varies through time and space depending on the stresses applied locally to the salt sheet. 507 

When differential loading dominates, salt will deform via Poiseuille flow, and when overburden drag 508 

dominates, the salt will deform via Couette flow. These are end-members of a spectrum, and in cases 509 

where the salt sheet experiences both differential loading and overburden drag, the resulting flow 510 

profile will assume a hybrid form (i.e. asymmetric Poiseuille profile; Fig. 3c). 511 

Based on the mechanical and kinematic arguments detailed above, two phases of deformation are 512 

required to explain the present structure of the salt and its overburden (Fig. 18). The first phase is said 513 



to have occurred syn-depositionally or shortly thereafter, during the Messinian, culminating in erosion 514 

of structural highs, followed by a second, later phase in the Plio-Pleistocene, during which time thin-515 

skinned tectonics were reactivated, deforming both the salt and overburden (Netzeband et al., 2006; 516 

Gvirtzman et al., 2013; Gvirtzman et al., 2017; Feng et al. 2017; Kartveit et al. 2018). During the early 517 

phase of deformation, when there was little gravitational instability due to base-salt tilt, salt flow could 518 

have been driven predominantly by a pressure gradient caused by differential loading (i.e., Poiseuille 519 

flow) (Fig. 18b). These clastic wedges could then have been eroded in the same basinwide margin 520 

uplift event that created the truncation of intrasalt reflections against the top-salt (Fig. 18c) 521 

(Gvirtzman et al., 2017; Kirkham et al., 2020). Later, as basin subsidence resumed and a clastic 522 

overburden was deposited above the salt, additional loading, combined with wholesale tilting of the 523 

margin, could have caused a change to drag-induced (i.e., Couette) flow (Fig. 18e). This is consistent 524 

with the model proposed by Cartwright et al. (2018) showing that the first fluid escape pipe formed 525 

when some overburden (c. 250 m) had already been deposited. This means that the strain recorded 526 

by the deformation of the intrasalt layers is the total flow (i.e., Poiseuille + Couette) experienced by 527 

the salt (Fig. 19), whereas the strain recorded by the pipes reflects only the later Couette phase of 528 

flow. 529 

6.3 Implications 530 

We have shown that planning well paths to account for the present stress state within thick salt bodies 531 

must consider the structural evolution of the salt and overburden, since strain profiles derived from 532 

seismic data may be misleading. Complex rheological sequences mean that stress and strain are not 533 

proportional, and that strain may not be accommodated uniformly within the deforming salt body. 534 

Furthermore, temporal and spatial variability in the dominant flow regime could mean that the 535 

cumulative strain distribution may not be representative of the present intrasalt stress state. It is 536 

therefore important to develop an integrated understanding of the regional and local forces acting 537 

upon the salt sheet, and driving deformation in the system, in order to predict the present stress state. 538 

On the Lebanese Levant margin the salt in now undergoing a drag-induced Couette flow, and as such 539 

a deviated drilling trajectory would be required to minimise shear stress on the borehole (Fig. 20; 540 

Weijermars et al., 2014).  541 
 542 
The heterogeneous distribution of strain within the deforming salt body also means that we must 543 

account for intrasalt heterogeneity when building velocity models to accurately seismically image and 544 

depth convert sub-salt structures. The presence of interbeds with relatively slow seismic velocities will 545 

disrupt travel times, and as such the travel times will be sensitive to the geometry and distribution of 546 

intrasalt structures, particularly where large stacked duplex structures occur (e.g. Fig. 13). We 547 

therefore conclude that intrasalt structure and strain partitioning is an important consideration for 548 

successful petroleum exploration and production, with implications for accurate velocity modelling 549 

and efficient drilling through thick salt.  550 



Conclusions 551 

● Gravitationally-driven salt tectonics have dominated the Levant passive margin since 552 

the Messinian, with a dominant NW direction of transport 553 

● Salt flow is locally restricted around the Latakia Ridge leading to more intense supra-salt 554 

deformation 555 

● Reflective units within Messinian salt deform in a brittle manner and allow us to 556 

measure the relative seismic-scale intrasalt strain distribution 557 

● The lateral seismic strain distribution is irregular, with locally high strains that reflect 558 

locally developed thrust duplexes 559 

● Vertical strain profiles derived from seismic reflection data may not represent true flow 560 

profiles due to limitations in seismic resolution and differences in the way in which 561 

strain is accommodated between units with different rheologies 562 

● The dominant flow regime (Poiseuille vs. Couette) may vary through time and space, 563 

predominantly due to changes in the relative contribution of differential loading (i.e. 564 

gravity spreading) and margin tilting (i.e. gravity gliding) 565 
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G. De Lange, R. Govers, F.J. Hilgen, C. Hübscher, P.T. Meijer, & M. Stoica, 2014, The Messinian 713 

salinity crisis: Past and future of a great challenge for marine sciences: Marine Geology, 352, 25–58. 714 

Rowan, M.G., Urai, J.L., Fiduk, J.C. and Kukla, P.A., 2019. Deformation of intrasalt competent layers in 715 

different modes of salt tectonics. Solid Earth, 10(3), pp.987-1013. 716 

Ryan, W.B.F., 2009, Decoding the Mediterranean salinity crisis: Sedimentology 56, 95–136. 717 

Schleder, Z., Urai, J. L., Nollet,S.& Hilgers,C. 2008. Solution–precipitation creep and fluid flow in 718 

halite: a case study from the Zechstein (Z1) rocksalt from Neuhof salt mine (Germany). Geologisches 719 

Rundschau, 97, 1045–1056. 720 

Schueller, S., and P. Davy, 2008, Gravity influenced brittle-ductile deformation and growth faulting in 721 

the lithosphere during collision: Results from laboratory experiments, J. Geophys. Res., 113, B12404. 722 

Schultz-Ela, D.D. and Walsh, P., 2002. Modeling of grabens extending above evaporites in 723 

Canyonlands National Park, Utah. Journal of Structural Geology, 24(2), pp.247-275. 724 



Steventon, M.J., Jackson, C.A.L., Hodgson, D.M. and Johnson, H.D., 2019. Strain analysis of a 725 

seismically imaged mass‐transport complex, offshore Uruguay. Basin Research, 31(3), pp.600-620. 726 

Strozyk, F., Van Gent, H., Urai, J.L. and Kukla, P.A., 2012. 3D seismic study of complex intra-salt 727 

deformation: An example from the Upper Permian Zechstein 3 stringer, western Dutch offshore. 728 

Geological Society, London, Special Publications, 363(1), pp.489-501. 729 

Talbot, C. J. 1998. Extrusions of Hormuz salt in Iran. In: Blundell,D.J.& Scott, A. C. (eds) Lyell, the Past 730 

is the Key to the Present. Geological Society, London, Special Publications, 143, 315–334. 731 

Van Gent, H., Urai, J.L. and De Keijzer, M., 2011. The internal geometry of salt structures–a first look 732 

using 3D seismic data from the Zechstein of the Netherlands. Journal of Structural Geology, 33(3), 733 

pp.292-311. 734 

Weijermars, R. and M.P.A. Jackson, 2014, Predicting the depth of viscous stress peaks in moving salt 735 

sheets: Conceptual framework and implications for drilling: AAPG Bull., v. 98, p. 911–945. 736 

Zak, I. and Freund, R., 1980. Strain measurements in eastern marginal shear zone of Mount Sedom 737 

salt diapir, Israel. AAPG Bulletin, 64(4), pp.568-581.  738 



Figures 739 

 740 

 741 

 742 

 743 

 744 

 745 

 746 

 747 

 748 

 749 

 750 

 751 

 752 

 753 

 754 

 755 

 756 

 757 

 758 

 759 

 760 

 761 

Figure 1 Compositional intrasalt heterogeneities on a range of scales: a) Coarse, angular crystals of 762 

halite and anhydrite in a clay-rich matrix from the Serravallian evaporite sequence exposed in the 763 

Wieliczka Salt Mine, situated close to Krakow in Poland; b) Interbedded layers of halite, gypsum and 764 

anhydrite from the Late Miocene-Pliocene evaporite sequence of the Mount Sodom diapir, Israel; c) 765 

Microbial gypsum trees and layered gypsum deposits in Sorbas, southern Spain; d) Deformed layers 766 

of Messinian age halite, gypsum, anhydrite ad clay layers exposed in the Realmonte salt mine, Sicily.  767 



Figure 2 Location of 3D seismic data used in this study (pink polygons), and regional context showing 768 

distribution of key tectonic elements in the eastern Mediterranean (modified from Allen et al. 2016). 769 

Boxes A, B and C indicate the locations of previous studies by Cartwright et al., (2012), Cartwright et 770 

al., (2018) and Kirkham et al., (2019) respectively.  771 



Figure 3 Idealised flow profiles through a viscous salt sheet: (A) Poiseuille flow (pressure-induced), (B) 772 

Couette flow (drag-induced), and (C) asymmetric Poiseuille flow (combination of pressure- and drag-773 

induced). 774 
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 782 

Figure 4 Calculation of strain using preservation of bed lengths during contraction (change in length 783 

as a proportion of original bed length). 784 



Figure 5 Seismic section (upper) and interpretation (lower) showing updip supra-salt extension where salt pinches out, and deformed intrasalt reflections 785 

truncating against top-salt. Location shown on inset map and Figures 6 and 7.  786 



Figure 6 Annotated structure map showing relief on the base-salt surface, in particular the 787 

distribution of sub-salt anticlines and normal faults.  788 

 789 

 790 

Figure 7 Annotated structure map showing relief on the top-salt surface, in particular the 791 

distribution of supra-salt normal faults, reactive diapirs and buckle folds.  792 



Figure 8 Seismic section (upper) and interpretation (lower) showing mature reactive diapirs with 793 

crestal normal faults corresponding to velocity pull-ups. Location shown on inset map and Figures 6 794 

and 7.   795 



Figure 9 Seismic section (upper) and interpretation (lower) showing intrasalt stratigraphy and 796 

structure within the contractional domain. Vertical seismic strain profile calculated on brittlely 797 

deforming intrasalt reflectors (extrapolating upper reflectors to account for truncation at the top-salt) 798 

shows maximum strain in centre of the deforming salt sheet.799 



Fig 10 (A) Total salt thickness map showing basinward thickening and pinch-out updip. (B-F) Annotated thickness maps of individual intrasalt units within 800 

the contractional domain. 801 



Figure 11 Detailed structure map of Base-MC1 (Top-ME2) reflection showing dominant NNE 802 

structural trend of intrasalt faults and folds. Rose diagram and location shown in inset.  803 



Figure 12 (A) Location of 2D seismic sections used in strain measurements. (B) Lateral seismic strain 804 

variations plotted along margin (North to South) calculated for individual intrasalt reflections (upper) 805 

and average across all reflections (lower). Red arrows indicate overall trend of strain increasing toward 806 

the South.  807 



Figure 13 Seismic section (upper) and interpretation (lower) showing kilometre-scale thrust duplex 808 

accommodating very high strain over relatively short distance. MC2 reflections truncated at the top-809 

salt. Note very low strain on Top-ME1 reflection. Location shown in inset and Figures 6 and 7.  810 



Figure 14 Physical model using silicone as salt analogue demonstrating overall Poiseuille flow, with 811 

passive strain markers (yellow) showing higher strains in ductile silicone layers than intervening brittle 812 

sand layers (Weijermars and Jackson, 2014). 813 

 814 

 815 

Figure 15 Structures exposed in the Wieliczka Salt Mine in Poland show different ways in which strain 816 

is accommodated by different units depending on their physical properties (e.g. viscosity), thickness 817 

and position in the sequence. Modified from Burliga et al. (2018).   818 



Figure 16 Schematic cartoon showing evolution of strain within a heterogeneous salt sheet. (A) 819 

Undeformed brittle intrasalt units within halite-rich ductile sequence. (B) The upper unit with a lower 820 

brittle:ductile ratio accommodates shortening via small, sub-seismic structures while the lower unit 821 

with a higher brittle:ductile ratio develops seismically-resolvable thrust faults. (C) The upper unit 822 

accommodates strain on two new, seismically-resolvable thrust faults while the lower unit 823 

accommodates strain with slip on pre-existing structures. The result is that the upper unit appears less 824 

strained on seismic data than the lower unit, despite both having accommodated the same magnitude 825 

of shortening.  826 



Figure 17 Cross sectional CT scans of physical analogue models of salt tectonics on a passive margin. 827 

The interbedded sand layer deforms in a ductile manner when encased in thick silicone (upper) and in 828 

a brittle manner when encased in thin silicone (lower). Models run at IFP Energies Nouvelles, Paris.  829 



Figure 18 Schematic structural evolution of the salt deformation on the Levant margin. (A) Deposition 830 

of salt layers, thinning updip toward the shelf. (B) Thick sediments on shelf are deposited 831 

contemporaneously with upper brittle intrasalt units, resulting in gravity spreading due to pressure 832 

difference and basinward Poiseuille flow. The middle intrasalt units accommodate more shortening 833 

than upper and lower units where drag against top- and base-salt hinders basinward flow. (C) Uplift 834 

of the Levant margin causes erosion and dissolution of the sediments and salt layers updip. (D) Basin 835 

subsidence resumes and an overburden is deposited on top of the deformed salt sheet. (E) Greater 836 

subsidence in the deep basin causes margin tilt and gravity gliding is initiated, resulting in a drag-837 

induced basinward Couette flow.  838 



Figure 19 Summing the strain resulting from an early pressure-induced Poiseuille flow followed by a 839 

later drag-induced Couette flow results in an asymmetric Poiseuille flow profile.  840 



Figure 20 Optimal drilling trajectory through a salt sheet deforming via Couette flow in order to 841 

minimise shear stresses acting on the well bore. Peak shear stress of salt layers having Couette flow 842 

can be mitigated by drilling at 45° to the direction of flow in the salt layer. Modified from Weijermars 843 

et al. (2014).  844 


