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Abstract 14 

The Dehdasht Basin, a small structural basin located in the southeast of the Dezful Embayment 15 

in the Zagros fold-and-thrust belt, has a complex tectonic structure characterized by both 16 

compressional and halokinetic features. 2D numerical models are used to test how geometrical 17 

and rheological parameters affected the Miocene-Pliocene evolution of this deep basin. The 18 

analysed parameters include rate of syntectonic sedimentation and erosion, thickness and 19 

viscosity for the lower detachment (Hormuz salt) and for the upper detachment (Gachsaran 20 

evaporites) developing diapiric salt walls, salt extrusions and minibasins-growth synclines that 21 

characterize the internal structure of the Dehdasht Basin. Assuming reasonable dimensions and 22 

rheologies (0.5 km Hormuz basal detachment with moderate viscosity of 1019 Pa·s, and 23 

Gachsaran upper detachment with a minimum original thickness of 1.5 km and viscosity 24 

between 5·1018 and 1019 Pa·s), our models reveals that an almost intermediate ratio between the 25 
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rates of surface processes and deformation well approximate the geological and geophysical 26 

observations. A local decrease in the thickness of the Hormuz salt below the Dehdasht Basin 27 

with respect to surrounding regions was of great importance for its structural evolution. We 28 

suggest that the large volume of the Gachsaran evaporites presently filling the basin was partly 29 

due to their gravitational flow from the emerging surrounding anticlines into the basin. The 30 

numerical experiments also demonstrate that in a compressional setting, shortening is the main 31 

factor for the rapid initial growth of the diapirs, although, with increasing syntectonic 32 

sedimentation the effect of shortening diminishes.  33 

 34 
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1. Introduction 39 

Piggy-back or wedge-top basins are small structural basins which form within active thrust 40 

wedges usually infilling elongated growth synclines (Decelles and Giles, 1996; Ori and 41 

Friend,1984). Examples of well-studied structural basins are the Axhandle basin in Central 42 

Utah (Talling et al., 1995), the Didid Shiraki Basin in the Kura foreland fold-and-thrust belt of 43 

the Lesser Caucasus orogenic belt (Alania et al., 2015) or the Tremp-Graus-Ainsa Basin in the 44 

South Pyrenees (Chanvry et al., 2018). Sub-basins with different structural or sedimentary 45 

characteristics may also form due to the reactivation of pre-existing basement faults in fold-46 

and-thrust belts (Lacombe and Bellahsen, 2016). One such example is the Dezful Embayment 47 

in the Zagros fold-and-thrust belt (Bahroudi and Koyi, 2004; Sepehr and Cosgrove, 2007, 2004; 48 

Sherkati et al., 2006), which is the focus of our study.  49 

The presence of salt-bearing layers within structural basins significantly affects their structural 50 

evolution, especially during shortening and tectonic inversion (Jackson and Hudec, 2017). 51 

Halokinetic processes driven by overburden load on the adjoining salt source or by external 52 

forces such as horizontal shortening may enhance density-driven salt diapirism triggering 53 

minibasin subsidence (Hudec et al., 2009). Diapir-minibasin systems form in several different 54 

geological settings, and during both extensional and compressional tectonic regimes. For 55 

example, they have been observed in passive margins (the Gulf of Mexico (e.g., Worrall and 56 

Sneslson, 1989), the Angolan Margin (Fort et al., 2004; Martori et al., 2000) and the Campos 57 

and Santos Basins in offshore Brazil (Demercian et al., 1993)), in intra-continental basins (the 58 

Precaspian Basin in Kazakhstan (Volozh et al., 2003)), and in foreland fold-and-thrust belts 59 

(the Zagros (Callot et al., 2012) or the Central Sivas Basin in Turkey (Kergaravat et al., 2016; 60 

Legeay et al., 2019)). The influence of shortening on pre-existing diapirs has been constrained 61 

in several previous studies (Callot et al., 2012; Kergaravat et al., 2017; Vendeville and Nilsen, 62 

1995), and the relationship between compression and resulting structures is well understood. 63 
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However, the contribution of salt tectonics to resulting structures is more difficult to evaluate 64 

due to the coeval interplay of multiple deformation mechanisms. In particular, there is still a 65 

lack of knowledge about the syn-kinematic formation of minibasins during contribution of 66 

shallow salt tectonics and shortening. Improved evaluation of the salt tectonics component is a 67 

major motivation of this study. 68 

In this study, we focus on the Dehdasht structural basin, a lowland area located in the southern 69 

Dezful Embayment (Figs 1). The Dehdasht Basin is bounded by well-developed and high-70 

elevation NW-SE trending anticlines detached above the Hormuz evaporites (Lower Mobile 71 

Group) and exposing Cretaceous and Oligo-Miocene limestones (Sarvak and Asmari 72 

limestones, respectively). The anticlines have a steep geometry, defined by sub-vertical axial 73 

planes and shallowly plunging fold axes. The basin contains several small synclines, filled by 74 

Neogene Mishan marine and Aghajari-Bakhtyari non-marine deposits that are bounded by 75 

narrow ridges of Miocene Gachsaran evaporites (Upper Mobile Group) (Fig. 2). These 76 

synclines as well as the larger-scale surrounding anticlines are sub-parallel to the NW-SE 77 

Zagros trend. The diapiric anticlines and synclines are asymmetric and separated by thrust 78 

faults, therefore clearly having formed during tectonic convergence (Fig. 2). However, almost 79 

rounded synclines enclosed by Gachsaran evaporites in the northwest of the Dehdasht Basin 80 

underline the importance of salt tectonics during their development (Fig. 2a).  81 

Here, 2D numerical modelling has been applied to determine the contributions of different 82 

mechanisms involved in the evolution of the salt-rich Dehdasht Structural Basin. The 83 

importance of surface processes such as variation of sediment flow as well as parameters of 84 

the saline unit including the mechanic properties of the both basal Hormuz salt and upper 85 

Gachsaran detachments have been tested. 86 

 87 
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2. Geological setting of the Dehdasht Basin 88 

The Zagros fold-and-thrust belt extends over ~2000 km from the Makran subduction zone in 89 

the southeast to the East Anatolian Fault in the northwest (e.g., Mouthereau et al., 2012; Vergés 90 

et al., 2011b). The uplift of the Zagros Mountains results from the continental collision between 91 

the Arabian and Eurasian plates following a long period of NE-dipping subduction of the Neo-92 

Tethys Ocean since Late Triassic or Early Jurassic times (e.g., Agard et al., 2011). The Zagros 93 

fold-and-thrust belt is transversely divided into two tectono-stratigraphic zones, the High 94 

Zagros (Imbricate Zone) in the NE and the Zagros Simply Folded Belt (ZSFB) in the SW, 95 

separated by the High Zagros Fault (Fig. 1; Berberian, 1995; Sattarzadeh et al., 2002; Sherkati 96 

and Letouzey, 2004). The ZSFB developed mainly during Neogene times with a deformation 97 

front migrating progressively towards the SW (Hessami et al., 2001; Homke et al., 2004; 98 

Khadivi et al., 2010; Ruh et al., 2014; Vergés et al., 2019). In map view, the ZSFB is 99 

characterized by two structural arcs, the Pusht-e Kuh arc (Lurestan province) in the NW and 100 

the Fars arc in the SE (Fig. 1). The two tectonic arcs are separated along strike by the Dezful 101 

Embayment (Fig. 2A).  102 

The Dehdasht Basin in the southern Dezful Embayment was named the Dehdasht Embayment 103 

by Sepehr and Cosgrove (2007). These authors proposed that the segment of the Mountain Front 104 

Flexure (MFF) running beneath the Kuh-e Siah anticline, to the NE of the Dehdasht Basin, is 105 

connected to another segment located beneath the Mish anticline in the south. More recently, 106 

these two segments of the MFF are interpreted as connected by the N-S trending oblique and 107 

blind Kharg-Mish Fault (Narimani et al., 2012), bounding the closely spaced anticlines to the 108 

east (Fig. 2A). The Kharg-Mish Fault is recognized by changes in the thickness of the 109 

Cretaceous strata (Sherkati and Letouzey, 2004; Sepehr and Cosgrove, 2007) and could 110 

represent an inherited transfer fault separating different segments of the Arabian margin during 111 

the Mesozoic, reactivated during Neogene times (e.g., Navabpour et al., 2014). The NW 112 
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boundary of the Dehdasht Basin is limited by the SE-dipping terminations of the Siah, Kuh-e-113 

Sefid and Bangestan anticlines (Fig. 2A). The non-aligned SE terminations of these two 114 

anticlines make it more difficult to relate them to a blind fault at depth. Furthermore, the Khaviz 115 

anticline forms the southern boundary of the basin where it is potentially affected by the surface 116 

trace of the MFF (e.g. Berberian, 1995) (Fig. 2). 117 

The internal structure of the 1,736 km2 Dehdasht Basin (56 km in length by 31 km in width) is 118 

composed of elongated (8-26 km long) and narrow (2.5-6.5 km wide) synclines filled up of 119 

Mishan and Aghajari-Bakhtyari deposits, mostly with NE-tilted limbs and separated by long 120 

and continuous Gachsaran evaporitic ridges. In the central and SE of the basin, the narrow 121 

synclines are trending NW-SE, parallel to the larger surrounding anticlines (Fig. 2A). The 122 

evaporitic ridges, located in the centre and the East, have diverse SW-verging extrusions 123 

overlaying the adjacent synclines. Towards the NW of the Dehdasht Basin, the structure mainly 124 

consists of Gachsaran evaporites exposing two small rounded synclines of the overlying strata 125 

(Fig. 2A). Line length restoration within the Dehdasht Basin at the level of the Competent 126 

Group layers shows a horizontal shortening of 8–10 km (17-22%) that is compatible with results 127 

from the previous studies in the Dezful Embayment (Sherkati et al., 2006; Najafi et al. 2018). 128 

Furthermore, area-balanced restoration suggests that the Gachsaran evaporites in the Dehdasht 129 

Basin are more than two times thicker than in the surrounding regions. This large change in 130 

stratigraphic thickness may be the result of viscous flow of the evaporites towards the centre of 131 

the Dehdasht Basin during its development, as proposed at a regional scale by Sherkati et al. 132 

(2005). 133 

The Dehdasht Basin evolved under compression and coeval diapirism, triggered by a thick 134 

evaporitic layer (the Gachsaran Formation) between competent layers below and syntectonic 135 

clastic deposits above, similar to other examples such as La Popa Basin in NE Mexico (Rowan 136 

et al., 2003), the Sivas Basin in Turkey (Ringenbach et al., 2013) or Axel Heiberg Island in 137 
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Canada (Harrison and Jackson, 2014). Diapirism within the Zagros fold belt is mostly observed 138 

in the SE Fars region where a large number of Hormuz salt diapirs are cropping out (e.g., Callot 139 

et al., 2012; Jahani et al., 2009) but very little is known about diapiric structures developed in 140 

the Gachsaran evaporites (O’Brien, 1950; Bonini, 2003; Edgell, 1996; Najafi et al., 2018; 141 

Sherkati et al., 2005). 142 

 143 

3. Regional stratigraphy 144 

In this section we discuss about the diverse sequence of sediments which generally form the 145 

Dezful Embayment and the Dehdasht Structural Basin. The stratigraphic succession of the 146 

Dezful Embayment is divided into five groups according to their mechanical behaviour (Fig. 3; 147 

O’Brien, 1950, 1957): (1) The Basement Group (Pan-African crystalline basement), (2) the 148 

Lower Mobile Group (Hormuz salt), (3) the Competent Group (Cambrian to Lower Miocene 149 

platform sediments), (4) the Upper Mobile Group (Miocene Gachsaran salt) and (5) the Passive 150 

Group (Miocene to recent Aghajari and Bakhtyari fluvial-alluvial foreland deposits).  151 

The most important detachment levels in the Zagros fold-and-thrust belt correspond to the 152 

Hormuz and Gachsaran salt levels. The Miocene Gachsaran evaporitic formation (Upper 153 

Mobile Group) when thick enough constitutes a decoupling level between the Competent and 154 

the Passive Groups as observed in seismic lines (e.g., Abdollahie Fard et al., 2011; Najafi et al., 155 

2014). Less important levels are found intercalated within the Competent Group such as the 156 

Late Triassic Dashtak evaporites (e.g., Sepehr et al., 2006; Sherkati et al., 2006). 157 

The Dehdasht Structural Basin is filled by the Gachsaran, Mishan, Aghajari and Bakhtyari 158 

successions, collectively termed the Fars Group (Fig. 3). The uppermost part of the Competent 159 

Group interbedded with shale and marl layers of the Garau, Kazhdumi and Pabdeh-Gurpi 160 

formations is exposed along the surrounding structures. These shale and marl deposits are 161 

considered to represent potential intermediate detachments in the Dezful Embayment as 162 
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described in (Abdollahie Fard et al., 2006; Derikvand et al., 2018; Sherkati et al., 2006) (Fig. 163 

3).  164 

The oldest rocks in the Dehdasht Structural Basin are Early Cretaceous in age. To complete the 165 

stratigraphic column of the Dehdasht Basin down to the basal detachment, previous studies 166 

from the Dezful Embayment such as Alavi (2007) and Sherkati et al. (2006) were used. The 167 

sedimentary sequence from Permian to Jurassic is mostly composed of dolomite and limestone 168 

with layers of evaporites from which Triassic evaporites of the Dashtak Formation conform an 169 

excellent detachment causing disharmonic features especially across the Bangestan anticline 170 

(Sherkati and Letouzey, 2004). From middle Cambrian to lower Permian, the sedimentary 171 

sequence contains mostly sandstone and shale (Fig. 3). At the base of the sedimentary cover 172 

succession, it is assumed that the Cambrian Hormuz salt (or an equivalent basal detachment 173 

level) can have enough thickness to represent an efficient detachment at the basement-cover 174 

interface. Its stratigraphic thickness is proposed to be more than 1 km in the Zagros Mountains 175 

and ~2.5 km in the Persian Gulf (Edgell, 1996). 176 

 177 

4. Numerical model 178 

The numerical experiments conducted in this study are focused to reproduce the tectono-179 

sedimentary interplay observed in the Dehdasht Basin where Gachsaran diapirism occurred 180 

after the initiation of shortening.  181 

4.1. Governing equations and rheological implementation 182 

The mechanical model is based on the equations for conservation of mass and momentum for 183 

incompressible conditions:  184 

 185 

𝜕𝑢#
𝜕𝑥#

= 0																																				(1) 186 

 187 
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−
𝜕𝑃
𝜕𝑥#

+
𝜕𝜏#/
𝛿𝑥/

= 𝜌𝑔#																							(2)						 188 

where 𝑢# is velocity, 𝑥# and 𝑥/ are spatial coordinates, 𝑃 denotes dynamic pressure (mean 189 

stress), 𝜏#/ are deviatoric stresses, 𝜌 and 𝑔# stand for density and gravitational acceleration, 190 

respectively. In order to solve these equations, a two-dimensional finite-difference numerical 191 

code (Ruh, 2017; Ruh and Vergés, 2018) is applied. The governing equations (1 and 2) are 192 

discretized by a fully-staggered non-deformable Eulerian grid and the system of equations is 193 

solved by MATLAB's “backslash” direct solver. Material properties are assigned to Lagrangian 194 

markers advecting freely according to the Eulerian velocity field.  195 

Rheology of the applied materials is considered to have a Maxwell-type visco-elastic stress-196 

strain relationship:  197 

�̇�𝑖𝑗 =
1

2𝜂
𝜏𝑖𝑗 +

1

2𝐺

𝐷𝜏𝑖𝑗
𝐷𝑡
																	(3) 198 

where 𝐺 is the shear modulus and 𝜂 the effective viscosity. The shear modulus is set to 100 GPa 199 

for all rocks in all simulations and effective viscosity is fixed to range between 1017 and 1025 200 

Pa·s. 
=>?@
=A

 indicates the co-rotational time derivative of the deviatoric stress tensor due to rigid 201 

body rotation of materials: 202 

𝐷𝜏𝑖𝑗
𝐷𝑡

=
𝜏#/ − 𝜏#/BCD

Δ𝑡 																											(4) 203 

Brittle/plastic rheology is implemented by the Drucker-Prager yield criterion, which defines the 204 

yield stress σy depending on the friction angle ϕ and the cohesion C: 205 

𝜎H = 𝑃 ∙ 𝑠𝑖𝑛𝜑 + 𝐶 ∙ 𝑐𝑜𝑠𝜑										(5) 206 

Brittle/plastic yielding applies when the second invariant of the stress tensor exceeds the yield 207 

stress locally (F>0): 208 

𝐹 = 𝜏RR − 𝜎H																																			(6) 209 

where 210 
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𝜏RR = 	T
1
2 𝜏#/

U 																																			(7) 211 

4.2. Geometrical setup  212 

The geometrical model setup is defined by a box with a length of 80 km and a height of 15 km 213 

with a numerical resolution of 401 to 76 nodes, respectively (Fig. 4). Each nodal cell contains 214 

16 Lagrangian markers. Despite much larger than the actual width of the natural prototype, the 215 

length of 80 km was chosen because it allows the development of two anticlines with ~30 km 216 

wavelength after about 20% shortening (see Fig. 2). The Dehdasht Basin contains a thick 217 

sedimentary pile with several intermediate detachments however, for simplicity in the 218 

modelling a thinner sedimentary sequence containing one intermediate detachment is used. A 219 

thickness of 7 to 8.5 km (depending on the model) is considered for the modelling sedimentary 220 

sequence which represents the proposed thickness of the undeformed Zagros sedimentary 221 

sequence (Alavi, 2007; Lees, 1952). It consists of two competent layers, corresponding to the 222 

Competent Group of the Dehdasht Basin from lower Miocene down to Lower Cambrian (Fig. 223 

3), with a density of 2700 kg/m3 and an initial viscosity of 1025 Pa·s and three relatively weak 224 

detachment levels with a density of 2200 kg/m3 and viscosities of 1018–1020 Pa·s (depending 225 

on the model; Table 1). According to the Dehdasht Basin, the three mobile levels represent the 226 

basal detachment (corresponding to the Cambrian Hormuz Salt or its equivalent), an 227 

intermediate detachment (corresponding to the Triassic evaporites of Dashtak Formation or the 228 

Lower Cretaceous shale of Garau Formation) and an upper detachment (corresponding to the 229 

Miocene Gachsaran salt layers). The lower and upper competent layers as well as the 230 

intermediate detachment exhibit thicknesses of 3, 2 and 0.5 km, respectively, for all 231 

experiments. However, thicknesses of the lower and upper detachments vary between 0.5–1.5 232 

km (Table 1). A thickness of 1 km is considered for the upper detachment of the reference 233 

model. The undeformed sedimentary sequence is overlain by a sticky-air layer with a viscosity 234 
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of 1017 Pa·s and a density of 1 kg/m3. The application of a sticky-air layer mimics a quasi-free 235 

surface along the rock/air interface imposing negligibly low shear stresses (Crameri et al., 236 

2012). 237 

 238 

4.3. Boundary conditions and surface processes 239 

Horizontal shortening is imposed by a negative constant velocity of vx = -0.01 m/yr on the right 240 

side of the model box (Fig. 4). On the left side, zero horizontal velocity (vx = 0) prohibits 241 

material to move across the boundary. Both lateral boundaries prescribe free-slip vertical 242 

movement. At the bottom, increasing horizontal velocities (vx = 0, 0.005 and 0.01 m/yr) are 243 

applied and separated by two singularity points at x = 25 km and x = 65 km to force the 244 

localization of anticline uplift. Vertical velocity at the base is zero. The top of the model is a 245 

free-slip boundary with a vertical velocity assuring the conservation of volume within the model 246 

box calculated as: 247 

𝑣H = 𝑣X ∙ (𝐿𝑦 𝐿𝑥⁄ )																						(8) 248 

where vy is the vertical velocity along the top boundary and Lx and Ly denote the width and 249 

height of the Eulerian model box. Boundary conditions are equal for all simulations.  250 

Surface processes simulating syntectonic sedimentation and erosion are applied by diffusion of 251 

the surface line according to: 252 

𝜕ℎ^
𝜕𝑡 = 	𝜅 ∙

𝜕Uℎ^
𝜕𝑥U 																												(9) 253 

where 𝜅 denotes the diffusion constant, ℎ^ the surface topography and 𝑥 the spatial coordinate. 254 

Free-slip boundary conditions are applied for both left and right sides of the surface. After 255 

diffusion of the surface line, erosion is applied by converting rock markers above the diffused 256 

line to sticky-air markers. Sedimentation denotes the conversion of sticky-air markers below 257 

the diffused surface line to rock sediment markers with a constant density of 2600 kg/m3 and 258 

an initial viscosity of 1025 Pa·s (Table 1). Both sedimentation and erosion are applied 259 
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individually and can therefore depend on separate different diffusion coefficients. In 260 

experiments presented here, values for surface diffusion range from 10-6 to 10-5 m2/s for both 261 

sedimentation and erosion (Table 1).  262 

 263 

4.4. Applied rheological and surface process parameters 264 

Seven different series of experiment, including the reference model, have been designed to 265 

investigate the role of syntectonic surface processes and variable thickness and strength of the 266 

different detachments on the development of a structural basin (Table 2). Reference model 1 267 

exhibits thicknesses of 1.5 km and 1 km for the lower and upper detachment, respectively, and 268 

a viscosity of η = 1019 Pa·s for each of the detachment levels. Viscosity of 1019 Pa·s is in 269 

agreement with the value for the Newtonian salt layers in the numerical modelling (Chemia et 270 

al., 2008) and also with the average value for the Hormuz salt (Mukherjee et al., 2010). 271 

Furthermore, surface processes of the reference model 1 have equal diffusion coefficients for 272 

both sedimentation and erosion of κ = 2·10-6 m2/s. All presented model series focus on the effect 273 

of one parameter while other parameters will remain equal to the reference model (Table 2). 274 

Model series 2 and 3 test the effects of varying surface process intensity. Model series 4 and 5 275 

investigate the influence of stratigraphic thicknesses of the basal and upper detachment levels. 276 

Model series 6 and 7 examine the impact of detachment strength imposed by variable 277 

viscosities.  278 

 279 

4.5. Limitations of the model 280 

Numerical experiments use several simplifications when simulating the conditions and 281 

rheological properties of natural systems. For example, the applied numerical code is defined 282 

in two spatial dimensions, while deformation, in particular salt activity (i.e., in the Dehdasht 283 

Basin) is a three-dimensional process, i.e. salt flow from or into the section is considered 284 
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negligible in the models of this study. Another limitation is the fixed singularity points applied 285 

to the models to force the formation of the large boundary anticlines of the Dehdasht Basin. In 286 

spite of Sepehr and Cosgrove (2007), Bahroudi and Talbot (2003b) and Ahmadhadi et al. (2007) 287 

who suggest the existence of basement faults to the south of both Kuh-e-Siah and Khaviz 288 

boundary anticlines, there is no data about their activity during Miocene folding in the Dehdasht 289 

Basin. However, Ahmadhadi et al. (2007) propose early reactivation for basement faults in the 290 

central Zagros before the main Mio-Pliocene folding phase. As the focus of this study is on the 291 

evolution of the surface structures in the Dehdasht Structural Basin and there is no clear data in 292 

depth to compare with the numerical models, the possible basement deformation is excluded in 293 

the experiments of this study. However, a controlling model considering the involvement of 294 

two basement faults is also conducted to confirm reliability of our initial setting for the 295 

reference model 1. Uplift of the hanging walls in the controlling model could be completely 296 

accommodated within the basal detachment in our reference model 1 and the resulted structures 297 

in the both models are comparable.   298 

Furthermore, the surface processes applied in the simulations are based on a simplified diffusion 299 

law which do not account for complex erosion and sedimentation events dependent on 300 

erodibility, stream power-law fluvial systems, and so on, which are not always constant and 301 

may change through time and space. 302 

 303 

5. Modelling results 304 

In this section, the results of all the numerical experiments listed in Table 2 are presented. Each 305 

model was run for 1.5 Myr, which resulted in a total convergence of 15 km. Considering a total 306 

model width of 80 km, this corresponds to 19% of shortening, which is comparable to the 307 
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shortening suggested to have taken place in the Dehdasht Basin (Section 2) and in most of the 308 

Dezful Embayment.  309 

Each model developed two main anticlinal structures located above the velocity discontinuities 310 

imposed at the bottom boundary (Fig. 4). These two anticlines are rooted by left-verging thrust 311 

faults of the lower part of the lower competent layer.  312 

5.1. Temporal evolution of the reference model 1 313 

The temporal evolution of rock composition and the second invariant of the strain-rate tensor 314 

of the reference model 1 (see Table 2) are shown in Fig. 5. After 5 km shortening (0.5 Myr), 315 

two major box fold anticlines are formed above the velocity discontinuities separated by one 316 

open anticline of smaller amplitude (Fig. 5A). The major anticlines show a pop-up geometry 317 

since their two flanks are faulted by conjugate thrusts, as illustrated by the strain-rate plot (Fig. 318 

5). Syntectonic processes provide sediments filling in the accommodation space away from the 319 

two major anticlines.  320 

After 10 km of shortening (1 Myr), the foreland directed thrusts containing the larger tectonic 321 

displacement are the most active (Fig. 5B). These thrusts display a listric geometry rooting at 322 

the basal detachment and roofing at the upper competent layer (Fig. 5B). Decoupling along the 323 

intermediate detachment is observed by high strain-rates indicating fish-tail structures 324 

deforming the forelimbs of the two major anticlines (Fig. 5B). Syntectonic sedimentation is 325 

concentrated in the several minibasins subsiding into the thick upper detachment level. 326 

After 15 km shortening (1.5 Myr), the thrusts in the lower competent layer further push the 327 

overlaying strata resulting in more asymmetric fold shapes of the upper competent layer (Fig. 328 

5C). Fish-tail structures in front of the main SW-directed thrust cut through the upper 329 

component group reaching the surface as a reverse back-thrust. Furthermore, some branches of 330 

the intermediate detachment climb up to the surface through the crest of the large anticlines 331 
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(Fig. 5C). The growth of a minor fold/thrust zone in the central surficial basin, between the two 332 

large anticlines, affects distribution of its minibasins by forming two larger ones at the 333 

proximities and one smaller in the centre. Finally, after 20 km of shortening (2 Myr) the 334 

structures in both competent layers show a vergence towards the foreland with upright and 335 

overturned forelimbs (Fig. 5D). Subsiding minibasins above the upper weak detachment appear 336 

in form of growth synclines with a stratigraphic thickness of 2–3 km and a wavelength of ~5 337 

km.   338 

 339 

5.2. Role of syntectonic surface processes (model series 2 and 3) 340 

First, experiments with equal coefficients for sedimentation and erosion are presented (model 341 

series 2). Then, the role of varying sedimentation diffusion coefficients with a fixed erosion 342 

coefficient (model series 3) is investigated. The competent layers show shorter-wavelength box 343 

folds with no vergence, in addition to the two main anticlines, when surface processes are absent 344 

(Fig. 6A; model 2a). The uppermost low-viscosity layer (upper detachment) becomes thinner 345 

(~800 m) above the growing anticlines and thicker (~2 km) within the coeval synclines (Fig. 346 

6A). Applying syntectonic surface processes with a diffusion coefficient of 10-6 m2/s results in 347 

an increase of ~1.5 km of the net displacement of the two main thrusts and the tightening of the 348 

anticlines (Fig. 6B; model 2b). Consequently, the smaller-scale box folds accommodate less 349 

shortening. Syntectonic sediments infill several minibasins of roughly 5 km width (Fig. 6B). 350 

The spatial distribution of these minibasins is controlled by the folding/faulting pattern of the 351 

competent layers. A surface diffusion coefficient of 2·10-6 m2/s shows similar characteristics of 352 

deformation and deposition as model 2b but with wider (0.5-1 km) and deeper (~200-300 m) 353 

minibasins and less pronounced box folds in between the major thrust faults (Fig. 6C; reference 354 

model 1). Further increase in surface diffusion (κ = 5·10-6 m2/s) results in the lack of 355 

deformation between the two main anticlines and the growth of a large syncline infilling the 356 
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space between them without extrusion of upper detachment material in between minibasins 357 

(Fig. 6D; model 2c). Finally, a very intense surface diffusion coefficient of 10-5 m2/s involves 358 

larger but fewer minibasins with wavelengths of 10 km. More pronounced deformation and 359 

uplift of the two thrusts (about 800 m more than model 2c) is observed, with the intermediate 360 

detachment reaching to the surface locally (Fig. 6E; model 2d). 361 

Models of series 3 exhibit a constant diffusion coefficient for erosion (2·10-6 m2/s) while the 362 

intensity of sedimentation varies (Fig. 7; Table 2). In general, the impact of varying 363 

sedimentation on deformation of competent layers is similar as in model series 2. For 364 

experiments with relatively little sedimentation (reference model 1 and model 3a), an anticline 365 

develops within the competent layers in between the two main anticline-thrusts (Fig. 7). More 366 

intense sedimentation (κsed = 5·10-6-10-5 m2/s) diminishes the vertical growth of the two main 367 

conjugate fault systems (Fig. 7; models 3b and 3c). Furthermore, the intense sedimentation in 368 

models 3b and 3c leads to minibasins with larger wavelengths of about 8-10 km and increased 369 

stratigraphic thickness.  370 

 371 

5.3. Influence of detachment thickness (model series 4 and 5)  372 

Model series 4 shows experiments with varying thickness of the basal detachment (Fig. 8). 373 

When the basal detachment is relatively thin (Tb = 0.5 km), the larger fault-propagation folds 374 

of the upper competent layer above the main thrusts become roughly symmetric (Fig. 8A; model 375 

4a). There, short wavelength folding (~13-20 km) occurs away from the main structures. 376 

Minibasins have short wavelengths (2–5 km) and are less abundant towards the centre of the 377 

model domain (Fig. 8A). Increasing thickness of the basal detachment (Tb = 1 km) leads to 378 

foreland-verging thrusted anticlines with close-to-vertical forelimbs and less dipping backlimbs 379 

(Fig. 8B; model 4b). Furthermore, minibasins become slightly wider (~1.5 km) and about 300 380 

m deeper in contrast to the model with a 0.5 km thick basal detachment. In the experiment with 381 
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a basal detachment of 1.5 km (Fig. 8C; reference model 1), a central anticline develops affecting 382 

syntectonic sedimentation and the distribution of related synclines in contrast to thinner basal 383 

detachment models. 384 

Thickness variation of the upper detachment has considerable impact on both the syntectonic 385 

surface structures as well as on the subsurface geology (Fig. 9). An upper detachment thickness 386 

of 0.5 km leads to the formation of a central anticline between the two principal thrusted 387 

anticlines (Fig. 9A; model 5a). Minibasins show wavelengths depending on the underlying 388 

structures of the competent units. Thickening of the upper detachment results in more intense 389 

mechanical decoupling between the component group and the minibasins (Fig. 9B; reference 390 

model 1) and finally prevents deformation of the competent unit in the central part between 391 

principal anticlines (Fig 9C; model 5b). There, minibasins show little dependence of the 392 

underlying structures and steep side walls. 393 

 394 

5.4. Influence of detachment viscosity (model series 6 and 7) 395 

Model series 6 and 7 present the effect of viscosity variation of the different detachment levels 396 

(Figs. 10, 11). A relatively low viscosity of h = 1018 Pa·s for the basal detachment results in 397 

thrusting and folding of the competent layers without any preferred vergence (Fig. 10A; model 398 

6a). The developing folds and thrust sheets show wavelengths of 10 to 20 km and high 399 

amplitudes (Fig. 10A). Minibasins form within accommodation spaces resulting from the 400 

deformation of the competent unit. An increase of basal detachment viscosity to 5·1018 Pa·s, 401 

results in leftward verging main thrust faults (Fig. 10B; model 6b). However, the growth of the 402 

minibasins does not change dramatically with respect to model 6a. Further increase of viscosity 403 

of the basal detachment reduces the amplitude of the central anticline but has little effect on the 404 

surface structures (Fig. 10C, D; reference model 1 and model 6c).   405 
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Viscosity of the upper detachment has a strong effect on the geometries of the minibasins and 406 

furthermore influences the deformation patterns of the competent unit (Fig. 11). A relatively 407 

low viscosity of the upper detachment (hu = 1018 Pa·s) leads to large sediment accumulation 408 

and vertical growth of minibasins that exhibit steep side walls (Fig. 11A; model 7a). Aside the 409 

two principal thrusted anticlines, the competent layers remain largely undeformed. A five- to 410 

ten-times increase in viscosity of the upper detachment, results in the development of a central 411 

anticline (Fig. 11B, C; model 7b and reference model 1). Minibasins grow slower and exhibit 412 

about two- to three-times larger wavelengths in contrast to the models with a very low upper 413 

detachment viscosity. A relatively strong upper detachment (hu = 1020 Pa·s) leads to wider (~9 414 

km wide) and shallower dipping (~20°) growth synclines (Fig. 11D; model 7c). Little thickness 415 

variation of the upper detachment in the model 7c (Fig. 11D) indicates the absence of ductile 416 

flow and more coupling between the competent layers and the syntectonic sediments. 417 

 418 

5.5. Style of syn-shortening minibasins 419 

Syntectonic sedimentation leads to the subsidence of several minibasins into the uppermost 420 

detachment level along which they are ultimately decoupled from the competent layer. The 421 

volume of sedimentation in these minibasins is controlled mostly by the intensity of the surface 422 

processes and the strength of the upper detachment (Fig. 12). Increasing the surface processes 423 

increases the sediment volume in the minibasins (Fig. 12A). Decreasing the viscosity of the 424 

upper detachment level does not drastically change the volume of sedimentation except in 425 

model 7a. Very low viscosity of 1018 Pa· s for the upper detachment (model 7a) leads to a 426 

considerable increase in the sedimentation (Fig. 12B) comparable to the sediment volume of 427 

model 2d with intensive surface processes (Fig. 12A).   428 

Vertical velocity (vy) shows short-wavelength variation along surface structures bounded by the 429 

large anticlines while the underlying competent layer in this part show an almost uniform low 430 
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velocity (Fig. 13). The lower vy within and under the minibasins shows the subsidence between 431 

rising diapirs with increased vertical velocity. This velocity variation illustrates the distribution 432 

of minibasins and the shape of diapirs which have large wavelength in reference model 1 and 433 

model 5b (Fig. 13A and B) compared to model 7a with closely-spaced narrow diapirs and 434 

minibasins (Fig. 13C). Thicker salt source layer in model 5b (Tu = 1.5 km) leads to wider diapirs 435 

(Fig. 13B) compared to the reference model 1 with thinner and model 7a with lower viscous 436 

upper detachment (Fig. 13A and C).  437 

Different types of minibasins are detectable from the experimental models of this study (Fig. 438 

14). Dish-shape minibasins are the most common structures reproduced by the models although 439 

they may show different thicknesses and different wavelengths in models 2b, 6a and 7c (Fig. 440 

14A, D and F). Bowl minibasins are also observed in models 3b, 6a and especially in model 7a 441 

(Fig. 14C, D, and E). Model 2d shows relatively flat-based minibasins containing upturned 442 

strata in form of halokinetic flaps along the walls of diapirs (Fig.14B). 443 

 444 

6. Discussion 445 

6.1. Syntectonic diapirism and sedimentation  446 

Our experiments highlight how variations in compressional tectonics, diapirism and syntectonic 447 

sedimentation influence the style of surface structures (Section 5.5). To analyse the dynamic 448 

evolution of diapirs during convergence, vertical velocity of their rising top are plotted versus 449 

percent of shortening for different thickness and viscosity of the upper detachment layer (Fig. 450 

15). Diapir rising velocities are fast at the beginning of the experiments (up to ~1 percent 451 

shortening; Fig. 15A, B), indicating that diapirs localize very rapidly. The same rising interval 452 

is detected in the vertical velocity of the minibasins (Fig. 15C, D), showing that no localized 453 

subsidence takes place initially. This stands in contrast to the evolution of diapirs rising slowly 454 
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when the overburden is thin (Vendeville et al., 1993). After this initial step, the rise of diapirs 455 

decreases gently with increasing shortening and becomes constant after ~12% of shortening, 456 

except for model 7a. A sharp decrease in the vertical velocity of the minibasins after 2% of 457 

convergence (Fig. 15C, D) reveals they are not uplifting anymore and starting to subside 458 

(negative vertical velocity). Negative buoyancy of the minibasins causes evacuation of the salt 459 

from beneath of the subsiding minibasins toward the diapirs.  460 

A thicker upper detachment level leads to faster diapir growth due to the larger volume of 461 

available incompetent material and consequently the lower viscous drag at the interface 462 

between the salt layer and the overburden (Fig. 15A; Vendeville et al., 1993). This observation 463 

agrees with numerical experiments by Fernandez and Kaus (2015), which show low potential 464 

of a diapir to rise from a thin salt layer with a thickness of 500 m compared to a 1.5 km salt 465 

layer for equal values of viscosity and sedimentation rate. Additionally, minibasins subside less 466 

into a thick incompetent layer (Fig. 15C); they start to have negative buoyancy earlier in the 467 

models with a thinner source layer than the models with a thicker one. 468 

The lower the viscosity, the faster the upward motion of its diapirs (Chemia et al., 2008). 469 

However, in numerical experiments presented here, decreasing the viscosity of the upper 470 

incompetent layer has decreased the rise of diapirs especially in model 7a, except at the higher 471 

shortening of 16-19% where they show almost the same rate (Fig. 15B). Temporal vy evolution 472 

of a diapir in model 7a from a very weak source layer (hu = 1018 Pa· s) displays a considerable 473 

fluctuation; it shows an initial sharp rise followed by a considerable decrease in the diapir rising 474 

up to 6% shortening and another large increase interval from 6% to 19% of shortening (Fig. 475 

15B, D). The minibasin formed in such a detachment level, gets negative buoyancy faster and 476 

more than those in the stronger incompetent layer (Fig. 15D), similar to the results of Fuchs et 477 

al. (2011) showing faster sinking of the sediments when salt viscosity decreases. The same 478 

decrease interval between 2 and 6% shortening is observed in the subsidence rate of the 479 
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minibasin in model 7a (Fig. 15B). This is a result of the overburden thickening and the salt 480 

layer thinning due to fast sinking of the minibasin and consequent salt withdrawal, which 481 

increases the viscous drag within the salt layer (Vendeville et al., 1993). The salt flow increases 482 

again after 6% of shortening when the overburden subsidence is about 0.2 mm/yr (Fig. 15D). 483 

This may show that the subsidence of the minibasin has provided enough driving force to 484 

initiate the growth of its adjacent diapir as shown by Vendeville et al. (1993).  485 

Calculated horizontal velocities within the upper detachment indicate gravity-induced flow 486 

from the growing anticlines towards the basin (Fig. 16). Viscous flow of the uppermost 487 

incompetent material toward the basin results in a significant thickening and accumulation of 488 

weak deposits in the centre of the basin affecting the dynamics of diapirism and minibasin 489 

growth (e.g., Dooley et al., 2017).  490 

 491 

6.2 Comparison to the Dehdasht Structural Basin	492 

The internal structure of the Dehdasht Basin is characterized by elongated synclines of variable 493 

wavelengths separated by ridges of Gachsaran evaporites with common SW-directed extrusions 494 

(Fig. 2). Synclinal depocenters containing growth wedges (e. g. Chengelva syncline, Fig. 2B) 495 

resemble asymmetric dish-shape minibasins (14A), typically developed in numerical 496 

experiments (models 2b, 4b, 5b and 7b). The geometry of the minibasins and that of the 497 

Gachsaran ridges can be compared to the results of numerical experiments in which appropriate 498 

material properties and surface process intensities can be specified. The relatively large area of 499 

Gachsaran outcrops and the relatively small thickness of the suprasalt deposits filling in the 500 

minibasins suggest a rather low depositional rate. Additionally, the ratio between regional 501 

accumulation rate of sediments above (after) the Gachsaran Formation (0.17 mm/yr; Oveisi et 502 

al., 2007) and the uplift rate of the MFF (1.2-2.5 mm/yr; Oveisi et al., 2009) in the Zagros fold 503 
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belt is relatively low. To compare the effects of surface processes intensity obtained from 504 

numerical models to observation from the Dehdasht Basin, we used the non-dimensional 505 

surface diffusion coefficient (κb) proposed by Simpson (2006). If the ratio is below 1, the rate 506 

of surface processes is slow compared to the deformation rate. If κb > 10, surface processes 507 

become efficient in evolution of fold-thrust belt and piggyback basins (Simpson, 2006). Model 508 

2b and the reference model 1 (Fig. 6) which have ratios smaller than 10 (Table 3) and therefore 509 

an almost low/intermediate rate of surface processes with respect to the deformation rate show 510 

the surface structures comparable to the Dehdasht Structural Basin.  511 

The main structural effect of a thicker basal detachment, Hormuz salt, is the development of a 512 

medium amplitude anticline located between the two limiting larger amplitude anticlines, 513 

separating the two minibasins (Fig. 8C). The present low amplitude of this central anticline may 514 

indicate a relatively thin Hormuz salt underlying the Dehdasht Basin (Fig. 2B), in a similar way 515 

as proposed at larger scale by Bahroudi and Koyi (2003a). Furthermore, numerical models 516 

indicated that to initiate viscous flow, down building of minibasins, and diapiric rise and salt 517 

extrusion at least 1 km of original thickness of Gachsaran evaporites is needed (Fig. 9B, C). 518 

However, the strong decoupling between the Competent (subsalt) and Passive (suprasalt) 519 

groups across the Gachsaran evaporites (Fig. 2B) suggests an initial thickness of ductile 520 

evaporites of at least 1.5 km, similar to the model 5b (Fig. 9C). Comparing the structure of the 521 

subsalt Competent Group, the distribution of the Gachsaran evaporites, and the size and 522 

geometry of the minibasins from the Dehdasht Basin to the models, those with viscosities of 523 

5·1018 and 1019 Pa·s for the lower and upper detachments are the ones that approximate the 524 

natural example (Fig. 10 and 11). A viscosity of 1018 Pa·s for the lower detachment results in 525 

folding of the competent unit with shorter-wavelength ~14-17 km, which coincides with the 526 

results obtained by the Fars arc (Yamato et al., 2011) (Fig. 10A). A viscosity of 1018 Pa·s for 527 

the upper detachment generates very short-wavelength (2-3.5 km) and deep (2 km) minibasins 528 
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that is not observed in the Dehdasht Basin (Figs. 11A and 2B). High upper detachment 529 

viscosities of 1020 Pa·s inhibits viscous flow and therefore distributes evenly the suprasalt 530 

deposition (Fig. 11D). 531 

In summary, based on the modelling results, we propose a thickness of 0.5 km for the lower 532 

detachment and a minimum original thickness of 1.5 km for the Gachsaran upper detachment 533 

in the Dehdasht Basin. An average viscosities between 5·1018 and 1019 Pa·s is proposed for both 534 

salt-bearing basal and upper detachment levels.. Accumulation rates were rather low compared 535 

to the deformation rate (κb < 10) to allow large scale extrusion of Gachsaran evaporites. 536 

Additionally, the development of asymmetric minibasins along the northern and southern 537 

boundaries of the Dehdasht basin is the consequence of the nature of the basal detachment and 538 

the structure of the Competent Group (Fig. 2B).  539 

Using the results of the models that provide good estimations for the geological observables a 540 

sequential evolution is discussed (Fig. 17). The Dehdasht Structural Basin contains a multi-541 

detachment stratigraphy that was shortened along a viscous basal detachment. The forelimbs of 542 

the high amplitude Khaviz and Kuh-e-Siah anticlines were faulted by foreland-directed thrusts 543 

rising from the basal detachment after 6% shortening (Fig. 17B). Between them, a smaller 544 

amplitude and symmetric Dehdasht anticline was formed. Syntectonic sediments, deposited 545 

above Gachsaran evaporites developed incipient minibasins. At around 12.5% of shortening, 546 

thicker growth synclines developed during the tightening of the major Khaviz and Kuh-e-Siah 547 

anticlines (Fig. 17C). After 19% convergence, the Khaviz and Kuh-e-Siah anticlines became 548 

narrower and higher above the propagating foreland-directed thrusts while the sedimentary load 549 

along the minibasins enhanced salt expulsion from below the synclines to the salt ridges (Figs 550 

16-17D). The anomalously large thickness of the Gachsaran evaporites in the Dehdasht Basin 551 

is partially due to its gravitational flow from the rising Khaviz and Kuh-Siah anticlines toward 552 
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the centre of basin as has been modelled at the scale of the entire fold and thrust belt by 553 

(Nilfouroushan et al., 2013) (Fig. 16). 554 

 555 

7. Conclusions  556 

We have run eighteen different 2D numerical experiments to better understand the tectono-557 

sedimentary evolution of the Dehdasht Structural Basin in the SE Dezful Embayment in the 558 

Zagros Fold Belt. The results are as follows: 559 

o Intermediate rate of sedimentation and erosion with respect to deformation rate 560 

(reference model 1;	�̃� < 10 ) well approximate the natural example, including the 561 

growth of diapirs between relatively narrow growth synclines-minibasins during 562 

shortening. 563 

o Well-developed diapirs within the Dehdasht Structural Basin form when the pre-564 

shortening thickness of the Gachsaran evaporites (upper detachment) is greater than 1 565 

km (Model 5b Tu = 1.5 km). 566 

o Intermediate viscosity amounting between 5·1018 and 1019 Pa·s for the upper 567 

detachment (Gachsaran evaporites) produce well-developed diapirs fitting observed 568 

ones. Higher viscosities (hu=1020 Pa·s) do not develop diapirs whereas lower viscosity 569 

models (hu=1018) develop a large number of narrow, deep and highly asymmetric bowl 570 

minibasins.  571 

o The present large calculated thickness of Gachsaran evaporites (2.5 km) filling the 572 

Dehdasht Basin is related to their gravity flow towards the basin from the growing 573 

limiting anticlines as observed by the horizontal velocity plots from models. 574 

o Based on the model series 4, it is inferred that the potential 3 times thinner Hormuz salt 575 

layer beneath the Dehdasht Basin compared to its surrounding could have inhibited the 576 
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growth of detachment folds and thus developed a large structural depression surrounded 577 

by elevated anticlines.  578 

o The growth history of the diapirs in the numerical experiments shows that shortening 579 

triggers the rapid initial growth of the diapirs when the sedimentation volume is not 580 

large enough to generate subsiding minibasins. Our models confirm that thickness and 581 

viscosity of the source salt layer are among the important parameters affecting the 582 

concomitant rising of diapirs separating sinking minibasin during compression. 583 
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Figure captions 808 
 809 
Fig. 1. A) Tectono-stratigraphic subdivisions of the Zagros fold-and-thrust belt (based on 810 
Sherkati and Letouzey, 2004 and Vergés et al., 2011a). UDMA: Urumieh-Dokhtar Magmatic 811 
Arc; MZF: Main Zagros Fault; HZF: High Zagros Fault; MFF: Mountain Front Fault; M-ZTF: 812 
Minab-Zendan Transfer Fault; BRF: Balarud Fault; KzF: Kazerun Fault, Kj: Kamaraj segment; 813 
SF: Surmeh Fault; HBF: Hendijan-Bahregansar Fault (or paleo-high); KMF: Kharg-Mish Fault 814 
(or paleo-high); IFZ: Izeh Fault Zone; nDZ: north Dezful; sDZ: south Dezful. B) Topographic 815 
map of the Dehdasht Structural Basin, south Dezful Embayment. 816 
 817 
Fig. 2. A) Geological map of the study area (after Llewellyn, 1973 and McLeod & Akbari, 818 
1970). The deposits located out of the study area are transparent. B) Cross section across the 819 
study area showing the Dehdasht Basin as a large syncline containing several smaller synclines 820 
filled by Mishan, Aghajari and Bakhtyari formations, decoupled from the Competent Group by 821 
the thick Gachsaran evaporites. The cross-section from the Lower Cretaceous down to the 822 
basement (dashed lines) is based on the stratigraphy available for the Dezful Embayment (e. g. 823 
Alavi, 2007 and Sherkati et al., 2006) and the present topography map of the Zagros basement 824 
(Motiei, 1993). Location of the section is indicated in (A). 825 
 826 
Fig. 3. Stratigraphic column of the study area based on geological maps (after Llewellyn, 1973 827 
and McLeod & Akbari, 1970), well data from the Khaviz anticline (NIOC, unpublished report), 828 
and Alavi (2007) and Sherkati et al. (2006). Mechanical behaviour is based on O’Brien (1950). 829 
Absolute ages are based on strontium isotope dating: Ages of base and top of Asmari Formation 830 
from Khaviz anticline (Ehrenberg et al., 2007); ages for Mishan Formation from Aghajari 831 
anticline to the southeast (Pirouz et al., 2015). Thickness of Gachsaran Formation is calculated 832 
by the restoration of the regional cross-sections across the Dehdasht using area constant method. 833 
 834 
Fig. 4. Model setup. Initial geometry includes 8 km of stratigraphic sequence and 7 km of 835 
sticky-air. Two velocity discontinuities are located at the lower boundary (black dots) localizing 836 
deformation during compression.  837 
 838 
Fig. 5. Temporal evolution of the reference model 1. Left column: Rock composition. Right 839 
column: Second invariant of the strain-rate tensor. 1, 2: fore- and back-thrust; 3: connection of 840 
the basal detachment to the intermediate one (fish-tail structure); 4: steeper frontal limb 841 
compared to the previous step; 5: branches of intermediate detachment reaching to the surface; 842 
6: upright frontal limb. Black dots in the strain rate plots show the location of the velocity 843 
discontinuities.  844 

 845 
Fig. 6. Model series 2 shows experiments with varying surface diffusion coefficients (for both 846 
sedimentation and erosion) after 15 km of convergence. A) Model 2a without surface processes. 847 
B) Model 2b, κ = 10-6 m2/s. C) Reference model 1, κ = 2·10-6 m2/s. D) Model 2c, κ = 5·10-6 848 
m2/s. E) Model 2d, κ = 10-5 m2/s. Increasing surface processes increases wavelengths of 849 
minibasins and prohibits formation of a central low-amplitude anticline in between the two 850 
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main thrusts/folds in the competent layers. The colours dark greyish red, light lime and light 851 
grey display basal, intermediate and upper detachments, respectively. Light green colour shows 852 
the competent layer, and syntectonic deposits are shown by alternative black and yellow. The 853 
light blue colour on the right of the models is related to incoming material. 854 
 855 
Fig. 7. Model series 3 shows experiments with different sedimentation values after 15 km of 856 
convergence. Erosion is considered constant with a diffusion coefficient of 2·10-6 m2/s. A) 857 
Model 3a, κsed = 10-6 m2/s. B) Reference model 1, κsed = 2·10-6 m2/s. C) Model 3b, κsed = 5·10-6 858 
m2/s D) Model 3c, κsed = 10-5 m2/s. Higher sediment diffusion coefficient increases wavelength 859 
and stratigraphic thickness of the minibasins and also diminishes formation of conjugate fault 860 
systems in the competent layers. Colour code as for Fig. 6. 861 
 862 
Fig. 8. Model series 4 shows experiments with varying thickness of the basal detachment after 863 
15 km of convergence. A) Model 4a, Tb = 500 m. B) Model 4b, Tb = 1 km. C) Reference model 864 
1, Tb = 1.5 km. In these models diffusion coefficients for the both sedimentation and erosion 865 
are equal. Decreasing thickness of the basal detachment prevents formation of a high-amplitude 866 
anticline in between the two large anticlines and decreases the wavelength of minibasins. 867 
Colour code as for Fig. 6. 868 
 869 
Fig. 9. Model series 5 shows experiments with varying of thickness of the upper detachment 870 
after 15 km of convergence. A) Model 5a, Tu = 500 m. B) Reference model 1, Tu = 1 km. C) 871 
Model 5b, Tu = 1.5 km. In these models diffusion coefficients for the both sedimentation and 872 
erosion are equal. Increasing thickness of the upper detachment decreases wavelengths of the 873 
minibasins and causes well-developed diapirs. It also prevents formation of a central anticline 874 
between the two large anticlines. Colour code as for Fig. 6. 875 
 876 
Fig. 10. Model series 6 shows experiments with varying viscosity (h) for the basal detachment 877 
after 15 km of convergence. A) Model 6a, hb =1018 Pa·s. B) Model 6b, hb = 5·1018 Pa·s. C) 878 
Reference model 1, hb = 1019 Pa·s. D) Model 6c, hb = 1020 Pa·s.  In these models diffusion 879 
coefficients for the both sedimentation and erosion are equal. Decreasing viscosity of the basal 880 
detachment increases the role of competent layers' structures on distribution of minibasins. 881 
Colour code as for Fig. 6. 882 
 883 
Fig. 11. Model series 7 shows experiments with varying viscosity for the upper detachment 884 
after 15 km of convergence. A) Model 7a, hu =1018 Pa·s. B) Model 7b, hu = 5·1018 Pa·s. C) 885 
Reference model 1, hu = 1019 Pa·s. D) Model 7c, hu = 1020 Pa·s.  In these models diffusion 886 
coefficients for the both sedimentation and erosion are equal. Decreasing viscosity of the upper 887 
detachment forms short-wavelength deep minibasins while increasing its viscosity increases 888 
wavelengths and sizes of the minibasins and also amplitude of the central anticline between the 889 
two large anticlines. Colour code as for Fig. 6. 890 
 891 
Fig. 12. Temporal evolution of the sedimentation volume per kilometre after 15 km shortening. 892 
A) Model series 2 (surface processes intensity) and B) model series 7 (upper detachment 893 
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viscosity) compared to the reference model. Increasing the intensity of surface processes 894 
increases sediment volume. Very low viscous upper detachment (model 7a) causes 895 
accumulation of syntectonic sedimentation comparable to that provided by high surface 896 
processes in model 2d. 897 
 898 
Fig. 13. Vertical velocity graphs (vy) for surface structures. A) Reference model 1. B) Model 899 
5b, Tu = 1.5 km. C) Model 7a, hu =1018 Pa·s. Rising diapirs have higher velocity compared to 900 
the subsiding minibasins. Vertical velocities mimic distribution of minibasins and shape of 901 
diapirs. 902 
 903 
Fig. 14. Line drawing for different types of minibasins developed in numerical experiments. A) 904 
Asymmetric dish-shape minibasin, typical minibasins over the basal slope (model 2b). B) 905 
Elongated flat-based minibasin showing halokinetic flaps along walls of diapirs (model 2d). C) 906 
Bowl minibasins with shrinkage to the surface and halokinetic flaps along the narrow cylinder 907 
and flare diapirs (model 3b). D) Bowl and symmetric dish-shape minibasins controlled by 908 
structural style of competent layers (model 6a). E) Very deep, narrow minibasin and narrow 909 
flare and taper diapirs (model 7a). F) Elongated dish-shape minibasin almost parallel to the 910 
underlying competent layer (model 7c). Thin blue lines show surface topography of minibasins 911 
and red lines highlight the shape of diapirs.  912 
 913 
Fig. 15. Role of thickness and viscosity of the uppermost detachment level on the vertical 914 
velocity (vy) of the diapirs and minibasins. A and C) vy temporal history for diapirs and 915 
minibasins in a salt layer with different thickness. A thicker upper detachment level leads to 916 
faster diapir growth and less minibasin subsidence. B and D) vy temporal history for diapirs and 917 
minibasins in a salt layer with different viscosity. Decreasing the viscosity of the upper 918 
incompetent layer (hu) decreases the rising of diapirs except at the higher shortening where they 919 
show almost the same rate. While a very low viscous salt layer results in a faster subsiding 920 
minibasin. The vy profile has been plotted for vertical velocity of the top of first diapirs and 921 
base of the second minibasins, from the right side, located between the two large anticlines. 922 

 923 
Fig. 16. Two-dimensional horizontal velocity (model 5b) illustrating thickening of the upper 924 
detachment due to salt flow. A) After 6% of shortening, and B) after 19% shortening. 925 
 926 
 927 
Fig. 17. Proposed evolution of the Dehdasht Structural Basin with 1.5 km upper detachment 928 
(Miocene Gachsaran evaporites), 1.5 km basal detachment (Cambrian Hormuz Salt) and 929 
moderate syntectonic surface processes (k = 2·10-6). It proposes that the large Khaviz and Kuh-930 
e-Siah anticlines of the Dehdasht Basin are developed from symmetric box folds over conjugate 931 
faults to fault-propagation folds after 19% shortening. It also suggests the well development of 932 
diapirism and minibasins in the Dehdasht Basin after ~12% shortening. Numbers 1 to 3 933 
correspond to the Kuh-e-Siah, deep-root of the Dehdasht and the Khaviz anticlines, 934 
respectively. The black lines show the thrust faults formed in the competent layers during 935 
convergence. Colour code as for Fig. 6. 936 
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Fig. 11 970 
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Table 1- Model parameters 997 

Model parameters 
Total thickness of rock column (km) 7-8.5 

0.5-1.5 Thickness of upper detachment, Tu (km) 
Thickness of intermediate detachment, Ti (km) 0.5 
Thickness of basal detachment, Tb (km) 0.5-1.5 

Surface coefficient, κ (m2/s) 10-6 -10-5 

Frictional angle, f (°) 
Sediments 30 
Competent 30 
Detachments --- 

Density, r (kg/m3) 

Sticky-air 1 
Sediments 2600 
Competent group 2700 
Detachments 2200 

Initial viscosity, h (Pa·s) 

Sticky-air 1017 

Sediments 1025 
Competent group 1025 
Detachment 1018-1020 

Cohesion, C (MPa) 
Sediments 106 
Competent group 106 
Detachment --- 

 998 

  999 
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Table 2- List of the numerical models.  1000 

Model series 

Thickness of detachments 
(km) 

Viscosity of detachments 
(Pa·s) 

Surface process 
(m2/s) 

Basal Intermediate Upper Basal Intermediate Upper 
Sedimentation 
coefficient 

Erosion 
coefficient 

model 1 
(reference 
model) 

1.5 0.5 1 1019 1019 1019 2·10-6 2·10-6 

model 
series 2 

2a 

1.5  0.5  1  1019 1019 1019 

No surface process  
2b 10-6 10-6 
2c 5·10-6 5∙10-6 
2d 10-5 10-5 

model 
series 3 

3a 
1.5  0.5  1  1019 1019 1019 

10-6 
2·10-6 3b 5·10-6 

3c 10-5 

model 
series 4 

4a 0.5  
0.5  1 1019 1019 1019 2·10-6 2·10-6 

4b 1  

model 
series 5 

5a 
1.5  0.5  

0.5  
1019 1019 1019 2·10-6 2·10-6 

5b 1.5  

model 
series 6 

6a  
1.5  0.5  1  

1018 
1019 1019 2·10-6 2·10-6 6b 5·1018 

6c 1020 

model 
series 7 

7a 
1.5  0.5  1  1019 1019 

1018 
2·10-6 2·10-6 7b 5·1018 

7c 1020 
 1001 

  1002 
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Table 3- The non-dimentional surface process diffusivity (�̃�; Simpson, 2006) calculated for 1003 

model series 2 and the reference model 1. 1004 

Models 𝜿  
(m2/s) 

𝜿  
(m2/yr) 

L 
(m) 

�̇�  
(1/yr) 𝜿g* 

model 2b 10-6 31.6 

8000 125·10-9 

4 
reference model 1 2·10-6 63.1 8 
model 2c 5·10-6 157.8 20 
model 2d 10-5 315.6 39 

*�̃� = 𝜅/(𝐿U�̇�); L= initial thickness of the layers; �̇� : initial imposed horizontal strain rate  1005 


