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Highlights: 37 

• In settings with isolated minibasins and a high salt volume, shortening induces salt flow 38 

• The flow of salt contributes to the translation, tilt and rotation of minibasins during 39 

shortening 40 

• A variety of factors control the amount and timing of minibasin translation, tilt and 41 

rotation during shortening 42 

• The controls include, amongst others: boundary conditions, salt pressures, base-salt relief, 43 

whether primary and secondary welds have formed 44 

• Fold-and-thrust belts in salt basins can vary in style, being strongly influenced by the 45 

volume and distribution of precursor salt  46 
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Abstract 53 

 54 

 55 

Shortening styles in salt-influenced fold-and-thrust belts can vary markedly, with the volume and 56 

distribution of salt prior to shortening being a key control. Here we use a suite of physical models 57 

to examine styles of thin-skinned shortening in settings where the precursor structure comprised 58 

minibasins surrounded by salt (‘isolated-minibasin’ provinces). Our models show that the high 59 

volume of mechanically-weak salt localizes shortening and induces salt flow, and that this salt 60 

flow contributes to three key processes - translation, tilting and rotation of minibasins. First, we 61 

demonstrate that salt flowing around minibasins propels them in the shortening direction, with 62 

translation enhanced by fast-flowing salt streams and impeded by basal friction and buttresses. 63 

Second, we show how minibasin tilt directions and magnitudes vary spatially and temporally  64 

during shortening. Minibasins tilt away from zones of pressurized salt, the locations of which may 65 

shift due to changes in salt flow. Tilts may also change as minibasins pivot on primary welds, or 66 

due to forces associated with minibasin collision. Third, minibasins can rotate around steep axes 67 

during shortening. We speculate that this rotation is caused by a combination of: i) tractions 68 

imparted on the minibasin boundary by flow of adjacent salt; and ii) pivoting on welds. We 69 

synthesize our results in a series of 3-D conceptual models. Finally, we compare and contrast 70 

shortening styles and processes in salt-influenced fold-and-thrust belts with different pre-71 

shortening salt configurations.  72 

 73 

 74 

 75 
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 76 

1 Salt-Influenced Fold-and-Thrust Belts: Thin-Skinned Styles 77 

 78 

Salt-influenced fold-and-thrust-belts are common in orogenic settings and in the down-dip 79 

contractional domains of salt-detached slope systems, displaying a wide range of structural styles 80 

(e.g. Davis and Engelder, 1985; Letouzey et al., 1995; Rowan and Vendeville, 2006; Callot et al., 81 

2007; Morley et al., 2011; Lacombe and Bellahasen, 2016; Duffy et al., 2018; Granado et al., 2018; 82 

Dooley et al., 2019; Legeay et al., 2019). This diversity in structural style arises during shortening 83 

due to: i) the strength difference between the relatively weak salt and relatively strong sedimentary 84 

rocks; ii) variations in the number of salt detachment levels, and iii) the heterogeneous distribution 85 

of salt prior to shortening, a function of salt’s mobility, and in some areas the irregular deposition 86 

of salt across rugose topography. In particular, previous studies have shown how the proportion 87 

and distribution of mechanically weak salt in a system will significantly impact the structural styles 88 

that develop as it shortens (Davis and Engelder, 1985; Letouzey et al., 1995; Cotton and Koyi, 89 

2000; Rowan and Vendeville, 2006; Callot et al., 2007; Dooley et al., 2009; Darnault et al., 2016; 90 

Duffy et al., 2017; 2018; Jackson and Hudec, 2017; Butler, 2019; Legeay et al., 2019). Three end-91 

member configurations of salt typically exist prior to shortening: i) an undeformed flat- or gently-92 

dipping salt layer; ii) an array of isolated stocks or walls encased in a relatively rigid sediment 93 

body (‘isolated diapirs’; Figure 1a); and iii) the focus of this study, settings where minibasins are 94 

surrounded by salt (‘isolated minibasins’, Duffy et al., 2018 and Dooley et al., 2019; Fig. 1b). 95 

Shortened isolated-minibasin settings have previously been termed Wall-and-Basin settings 96 

(WAB), and can include systems with multiple generations of minibasins and salt canopies (e.g. 97 

Harrison and Jackson., 2014; Flinch and Soto, 2017; Kergaravat et al., 2017). In this study we 98 

focus on styles of thin-skinned (‘supra-salt’) shortening, though we recognize that many salt-99 
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influenced fold-and-thrust belts may have additional thick-skinned components (e.g. Legeay et al., 100 

2019).  101 

Where bedded salt is initially undeformed, a basal detachment can form within it during 102 

shortening, with a fold-and-thrust belt developing within its overburden (e.g. Davis and Engelder, 103 

1985; Letouzey et al., 1995; Costa and Vendeville, 2002; Morley et al., 2011). Such thin-skinned 104 

fold-and-thrust belts are typically characterized by: i) an extremely low cross-sectional taper, with 105 

folds and thrusts developed across a wide belt; ii) abrupt changes in structural style at the edges of 106 

the salt basin where deformation is concentrated; iii) regularly-spaced salt-bearing thrusts, broad, 107 

box-like synclines, and narrow, symmetric, salt-cored anticlines; and iv) a remarkable continuity 108 

of structural style, which may extend 10’s or 100s of kilometers along-strike (e.g. Davis and 109 

Engelder, 1985; Letouzey et al., 1995; Morley et al., 2011) (Fig. 2). Natural examples of such 110 

settings include the Valley and Ridge Province of the Appalachians, USA (e.g. Frey, 1973), the 111 

Alps and the Jura Mountains, Switzerland and France (e.g. Laubscher, 1961; Guellec et al., 1990; 112 

Sommaruga et al., 2017; Leitner and Spötl, 2017), the Salt Range, Pakistan (e.g. Grelaud et al., 113 

2002), the Sub-Andean foreland in Peru and Bolivia (e.g. Hermoza et al., 2005; Baby et al. 2018; 114 

McClay et al., 2018), and the Northwestern Zagros Mountains, Iran (e.g. Sherkati et al., 2006; 115 

Dooley et al., 2007) (see Davis and Engelder, 1985 for a more complete list).  116 

Where diapirs have formed prior to shortening, they preferentially localize shortening 117 

strain such that they narrow and rise as they are squeezed. In contrast, at low strains, the 118 

comparatively strong surrounding sedimentary rocks remain mostly undeformed (e.g. Nilsen et al., 119 

1995; Rowan and Vendeville, 2006; Callot et al., 2007; Dooley et al., 2009; 2013; Duffy et al., 120 

2018; Legeay et al., 2019). Duffy et al (2018) synthesize how isolated-diapir provinces shorten 121 

using observations from published natural examples such as the Fars Region of the Zagros 122 
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Mountains, Iran (e.g. Callot et al., 2007; 2012) and the Astrid Fold Belt (e.g. Jackson et al., 2008) 123 

in the Lower Congo Basin, Gabon, as well as data from published and new physical models (e.g. 124 

Callot et al., 2007; Dooley et al., 2009a; 2009b; 2015). They show that in shortened isolated-diapir 125 

systems, faults and folds typically nucleate at diapirs before propagating out into flanking 126 

sedimentary rocks (e.g. Snidero et al., 2019). These structures connect with those from adjacent 127 

diapirs to form a network, with the style and orientation of the structures largely determined by 128 

the pre-shortening configuration of diapirs within the array (e.g. Callot et al., 2007; Dooley et al., 129 

2009; Duffy et al., 2018). Duffy et al. (2018) surmise that the relatively low volume of salt, and 130 

the isolated and poorly-connected nature of the salt bodies in isolated-diapir settings, results in a 131 

thin-skinned system that behaves in a mechanically relatively rigid manner during shortening. 132 

Critically, shortened isolated-diapir settings show greater spatial variability in structural style than 133 

fold-and-thrust belts developed above an initially undeformed salt decollement. 134 

In contrast to shortened isolated-diapir settings, a detailed understanding of the processes 135 

and controls on thin-skinned shortening in isolated-minibasin settings remains largely unknown. 136 

Prior to shortening, settings such as the southeast portion of the Precaspian Basin, Kazakhstan (e.g. 137 

Duffy et al., 2017; Fernandez et al., 2017; Jackson et al., 2019) and the central portion of the Sivas 138 

Basin (central domain), Turkey (Ringenbach et al., 2013; Callot et al., 2014; Kergaravat et al., 139 

2016; 2017; Ribes et al., 2017; Legeay et al., 2019), are interpreted to have had a high salt volume 140 

(Fig. 1b) with each minibasin surrounded by a polygonal network of connected salt walls in map-141 

view. Isolated-minibasin systems are less mechanically-rigid during shortening than isolated-142 

diapir settings, given the minibasins are prone to be essentially disconnected from one another and 143 

mobile. As such the minibasins have the potential to behave independently, with significant 144 

implications for resulting structural styles (e.g. Rowan and Vendeville, 2006; Legeay et al., 2019). 145 
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Fundamental questions remain about how and why the mobile and isolated minibasins translate, 146 

tilt (i.e. around a horizontal axis) and rotate (i.e. around a vertical axis) during shortening. 147 

To address these questions, we first review the fundamental mechanical principles that 148 

control structural styles developed in shortened isolated-minibasin provinces. We couple this 149 

review with observations from a suite of new physical models designed to explore key processes 150 

that occur as isolated minibasin provinces shorten – minibasin translation, tilting, and rotation. We 151 

then synthesise our findings in a series of 3D conceptual models. Finally, we assess the wider 152 

implications of our work, by comparing and contrasting shortening styles and processes in salt-153 

influenced fold-and-thrust belts with different pre-shortening configurations. Our findings 154 

contribute to the growing body of literature highlighting how the geometry and kinematics of fold-155 

and-thrust belts worldwide are strongly controlled by the initial volume and distribution of salt.  156 

 157 

 158 

2 Governing Principles and Characteristics of Shortened Isolated-Minibasin Provinces 159 

 160 

The general principles of isolated-minibasin shortening are outlined by Rowan and Vendeville 161 

(2006). Using physical models, they show that shortening is preferentially accommodated by the 162 

weak salt surrounding the minibasins. In particular, precursor salt walls oriented perpendicular to 163 

the shortening direction narrow or weld shut during shortening. In contrast, diapirs oriented 164 

parallel to the shortening direction widen and forms strike-slip shear zones, whereas those oriented 165 

oblique to the shortening direction typically host oblique-slip transpressional shear zones (Rowan 166 

and Vendeville, 2006) (Fig. 3). Importantly, as the salt deforms during shortening, the strong 167 

minibasins are mobile and translate independently of one another. Thus, minibasins may converge, 168 
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diverge, and collide, as well as rotate around horizontal, and vertical axes (Rowan and Vendeville, 169 

2006).  170 

With these concepts in mind, it is possible to observe a fold-and-thrust belt and look for first-171 

order diagnostic features that would indicate if it derived from shortening of an isolated-minibasin 172 

province. In map-view, diagnostic features include the presence of closely-spaced or welded, ovate 173 

minibasins. These minibasins may be bounded either by a polygonal to irregular network of salt 174 

walls or an equivalent pattern of welds. Salt walls trending in one orientation tend to be narrower 175 

or preferentially welded-out, whereas those trending orthogonal tend to be wider (Fig. 3). 176 

Furthermore, the map-view distribution of extensional, contractional, and strike-slip deformation 177 

at the minibasin boundaries should be complex due to jostling between the mobile minibasins as 178 

they were packed close together (Fig. 3) (Rowan and Vendeville, 2006; Granado et al. 2018; 179 

Legeay et al., 2019). In section-view, diagnostic features can include the presence of internally-180 

undeformed minibasins, extreme minibasin tilts, and highly spatially-variable structural styles 181 

(Rowan and Vendeville, 2006; Kergaravat et al., 2016, 2017; Ribes et al. 2017; Duffy et al., 2017; 182 

Legeay et al., 2019). Critically, structural restorations, salt volume estimates, and the tectono-183 

stratigraphic history of the setting must be compatible with the principle of isolated minibasins 184 

having been initiated prior to shortening (e.g. salt volumes must be relatively high). 185 

Shortened isolated-minibasin provinces occur in the Southeast Precaspian Basin, Kazakhstan 186 

(e.g. Duffy et al., 2017; Fernandez et al., 2017; Jackson et al., 2019), the central portion of the 187 

Sivas Basin, Turkey (Ringenbach et al., 2013; Callot et al., 2014; Kergaravat et al., 2016; 2017; 188 

Legeay et al., 2019), Axel-Heiberg Island, Arctic Canada (e.g. Harrison and Jackson, 2014), the 189 

Northern Calcareous Alps, Austria (Granado et al., 2018), the Betics, southern Spain (Flinch and 190 

Soto, 2017), the Flinders Range, South Australia (Rowan and Vendeville, 2006), and portions of 191 
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contractional domains on the salt-detached slope above the Sigsbee canopy in the Northern Gulf 192 

of Mexico (Duffy et al. 2019; Fernandez et al. 2020) (e.g. Fig. 4). 193 

However, fundamental questions remain regarding the thin-skinned processes that occur as 194 

isolated-minibasin provinces shorten. These questions include: 1) Why do minibasins translate and 195 

what factors may enhance or inhibit translation? 2) What factors influence the variable tilts we see 196 

in natural shortened isolated-minibasin provinces? (cf. Fig. 4c and d); and 3) do minibasins rotate 197 

around vertical (or steep) axes, and if so, what factors influence this? To address these questions, 198 

we will present key observations from a suite of new physical models, highlighting the importance 199 

of salt flow, minibasin interaction, and base-salt relief. 200 

 201 

.  202 

3 Physical-Modelling Approach  203 

 204 

In this paper we use the results of three physical models involving a variety of arrays of isolated 205 

minibasins sinking into a “sea” of salt to investigate processes such as minibasin mobility, 206 

minibasin tilting and minibasin rotation during shortening (Figure 5; see details below). As with 207 

other physical modeling studies of salt tectonics, we simulated rock salt using ductile silicone and 208 

its siliciclastic overburden using brittle, dry, granular material. The silicone was a near-Newtonian 209 

viscous polydimethylsiloxane. This polymer has a density of 950 to 980 kg m-3 and a dynamic 210 

shear viscosity of 2.5 × 104 Pa s at a strain rate of 3 × 10-1 s-1 (Weijermars, 1986; Weijermars et 211 

al., 1993). In some of our models the salt analog was dyed with minute quantities of powdered 212 

pigments in order to track salt flow paths in the completed model (see Dooley et al., 2009, for 213 

further details). Our granular minibasin infills comprised different colored mixtures of silica sand 214 
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(bulk density of ~1,700 kg m-3; grain size of 300-600 µm; internal friction coefficient, µ, = 0.55–215 

0.65; McClay, 1990; Krantz, 1991; Schellart, 2000), and hollow ceramic microspheres (“glass 216 

beads”) having a bulk density of 650 kg m-3, average grain size 90-150 µm, and typical µ = 0.45 217 

(e.g. Rossi and Storti, 2003; Dooley et al., 2009). The hollow spheres serve to lower bulk grain 218 

size, as well as allowing us to modify the bulk density of the suprasalt section and to seed 219 

minibasins that had a density stratification. In all of our models the minibasins were initially seeded 220 

using outward-widening circular templates. Minibasins possessed a dense narrow core of our 221 

granular mixture with a density 1.4-times that of our salt analog, fringed by a wider circular 222 

template with a density 1.2-times that of our salt analog, and finally passing out into an outer fringe 223 

with a density equal to that of our salt analog. Initially our minibasins possessed positive 224 

topography but sank over several hours to produce negative topography with a bowl-shaped 225 

profile. Minibasin infill then infilled negative relief to top salt, firstly as they subsided into the salt 226 

basin and then as the salt massifs rose around the transported minibasins during shortening, 227 

recording the subsidence history as well as the tilting history of each individual minibasin. This 228 

“fill-to-top” approach inhibits encasement or canopy formation above the minibasin array. 229 

Computer-controlled cameras photographed the obliquely-lit upper and basal surfaces of 230 

the models at set time intervals. A digital image correlation (DIC) system, consisting of a high-231 

resolution stereo charge-coupled device system and associated software, tracked the surface-strain 232 

history, subsidence, and uplift values, as well as displacement vectors of the top, and where 233 

relevant, basal surfaces of the model. The speckled nature of the sand and cenosphere mixtures 234 

used in our models are ideal for this type of monitoring system (see Reber et al., 2020 for further 235 

details). Adding syn-kinematic layers means data is incremental for individual layers deposited 236 

during subsidence and shortening stages of our models. We use two main types of DIC maps in 237 
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this paper: (1) height-change maps that pick our minibasin tilting and the rising salt massifs, and: 238 

(2) maps showing displacement in the shortening direction (eastwards) that highlight fast and slow 239 

moving parts of the system. In all cases, where we show height change or displacement maps the 240 

values are calculated over the period of the most recent minibasin infill cycle. For more details on 241 

DIC monitoring techniques the reader is referred to Adam et al. (2005). After completion models 242 

were impregnated with a gelatin mixture, left to partially dry for 12 hours and then sliced into 243 

closely spaced slabs. Coregistered digital photographs of these closely spaced serial sections (≤3.5 244 

mm apart) yielded a 3D voxel of the completed model. Dip sections are the sliced and 245 

photographed cross sections, whereas crosslines, arbitrary lines and depth slices are virtual 246 

sections constructed from the voxel model. As a result, the crossline, arbitrary line and depth slice 247 

images are interpolated and thus not as sharp as those derived directly from photographed dip 248 

sections. 249 

The setup of the three models used in this study are schematically illustrated in Figure 5 250 

along with various parameters. Models 1a and b consisted of an array of minibasins subjected to 251 

shortening once they had subsided deeply into our salt basin. The goal of this model set was to test 252 

the impact of minibasin depth, and welding, on initial minibasin mobility. Primary and secondary 253 

welding also occurred in this model set and we document the impact of these processes on mobility 254 

and minibasin tilting. Note that the salt basin in Model 1 abruptly terminates east of the minibasin 255 

array and thus contractional thickening of our salt analog occurred at this side of the rig during 256 

shortening. In nature this could be the actual edge of the salt basins, where mobility abruptly halts, 257 

or it could be a less mobile part of the salt basin where minibasins have already strongly welded 258 

at base of salt. 259 
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Model 2 tested the impact of a plunging base-of-salt high block on minibasin mobility and tilting 260 

(Figure 5). And finally, Model 3 tested the impact of an array of intrasalt minibasins on salt flow 261 

and suprasalt minibasin translation, secondary welding, and rotation during shortening. 262 

 263 

  264 

4 Minibasin Translation During Shortening 265 

 266 

Why do minibasins translate during shortening? The fundamental process driving minibasin 267 

translation during shortening is captured in the results from the Model 1 set (setup shown in Fig. 268 

5). As the moving endwall shortens the initial configuration, salt preferentially absorbs the 269 

shortening strain and flows eastwards towards the foreland, expelling from between the 270 

minibasins, and thickening in the absence of a mechanically-significant roof (Fig. 6) (see physical 271 

modelling movies in Dooley, 2020). Critically, this flowing salt propels the minibasins eastwards 272 

(Fig. 6). As they translate, the relatively strong minibasins do not deform internally, as shown by 273 

the consistent translation magnitudes within them (color indicating the shortening-parallel 274 

(eastwards) displacement of the top model surface is broadly consistent across each minibasin on 275 

Fig. 6). Furthermore, as we see salt thicken around the minibasins as the system shortens, it means 276 

that in natural shortened basins where the initial salt basin area is unknown, minibasin thickness 277 

cannot be used as a proxy for original salt thickness.  278 

What controls how far and how fast a minibasin translates during shortening? At the largest 279 

scale, a major control on minibasin translation is the direction of strain propagation. Results from 280 

Model 1a show strain propagates eastwards through the system, as indicated by the greater 281 

displacement of salt near the moving endwall (Fig. 6). The eastwards decrease in salt flow 282 
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magnitude means minibasins closer to the moving endwall are propelled more-strongly by flowing 283 

salt and thus translate at higher velocities (orange and green colored minibasins) than those further 284 

east (purple and blue colored minibasins) (Fig. 6). Model 1a results also suggest that the velocity 285 

of translation of every minibasin decreases as cumulative shortening increases (cf. change in color 286 

of each minibasin between Figs 6a and b). We explain this by the fact that sediments were 287 

continually added to the minibasins during shortening and thus they thickened during shortening. 288 

The result being that the thickness of salt beneath each of the minibasins decreased during 289 

shortening, and we summise that the thinner the salt beneath a minibasin, the lower its translation 290 

velocity (cf. 6a and 6b). 291 

Local-scale variations in salt flow velocity can also influence how far and how fast 292 

minibasins translate during shortening. We can explore this in Model 1a in which as salt near the 293 

moving endwall flows eastward, it encounters relatively thick (likely welded) Minibasin 3 (Fig. 294 

6a). This minibasin is not translating basinwards as fast as the salt to its west (SMB3 has lower 295 

shortening-parallel (eastwards) displacements (light-green color) than the salt (orange color)), and 296 

it thus it forms a barrier to the eastward-flowing salt. Eastward-flowing salt diverts around 297 

Minibasin 3, being funnelled into two fast-flowing salt streams (Fig. 6a) (sensu Talbot and Pohjola, 298 

2009), one to the north and one to the south (labelled X and Y on Fig. 6a). The salt stream to the 299 

north (X) is more strongly-developed and is faster-flowing than that in the south (Y), most likely 300 

due to the wider gap (and thus greater salt flux) between Minibasins 1 and 3 than between 301 

Minibasins 2 and 3 (Fig. 6a). The salt streams continue eastwards towards the relatively thin, 302 

unwelded Minibasins 4 and 5, minibasins that were initially located approximately the same 303 

distance from the western endwall. The faster-flowing salt stream behind Minibasin 4 explains 304 

why this minibasin is strongly-propelled and translates further eastwards (light-green color) than 305 
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weakly-propelled Minibasin 5 (dark green to black color) (Fig. 6a). These observations suggest 306 

that how far and how fast an unwelded and otherwise unimpeded minibasin may translate during 307 

shortening is governed largely by the horizontal velocity of the salt stream that is propelling it. 308 

Fundamentally, the horizontal velocity of a salt stream is controlled by proximity to the moving 309 

endwall (a proxy for the orogenic hinterland), and the geometry of the salt flow pathways. Thus, 310 

the distribution of minibasins, their thicknesses, and the sizes of gaps between them are 311 

fundamental controls on minibasin mobility. 312 

 Translating minibasins driven by flowing salt can be impeded in a number of ways. The 313 

most obvious one is due to primary welding, but they can also be impeded by collisions with 314 

positive base-salt relief or intrasalt bodies. Evidence of translating minibasins being impeded by 315 

primary welds is shown in Model 1b where, prior to the onset of shortening, Minibasins 1 and 2 316 

were both located the same distance from the moving endwall (Figs. 5 and 7). Minibasin 1 welded 317 

to the base-salt earlier than Minibasin 2 (as determined by a timelapse underside view of the model, 318 

and the sheared weld visible in Figure 7). We argue that this weld preferentially restricts the 319 

eastward motion of Minibasin 1, resulting in a significant deficit in translation during shortening 320 

relative to Minibasin 2 (Fig. 7). These observations suggest that as a minibasin welds to the base-321 

salt, the increase in friction at the interface may partially or fully impede minibasin translation.  322 

 Minibasin translation may also be impeded when minibasins collide with positive base-salt 323 

relief (or other minibasins that are themselves buttressed). We examine this in Model 2, which 324 

demonstrates the buttressing effect of a plunging base-salt structural high on a linear array of 325 

minibasins (model setup outlined in Figure 5) (see also Jackson et al., 2019, and Dooley et al., 326 

2019). As the moving endwall shortens the initial configuration and the salt is displaced eastwards, 327 

the minibasins are also mobilized, but are gradually buttressed by the plunging base-salt high. 328 
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Minibasin 1, located adjacent to the tallest portion of the base-salt high block, translates a much 329 

shorter distance than Minibasin 3, which lies adjacent to the lowest portion of the base-salt high 330 

(Fig. 8a). Thus, the greater the overlap between the base of the minibasin and the top of the base-331 

salt high block, the more efficient the buttress is.  332 

The presence of intrasalt sediment bodies between minibasins may impede minibasin 333 

translation in a similar way to positive base-salt relief. We explore this in Model 3, which initially 334 

consisted of a series of intrasalt and suprasalt minibasins (see model setup in Fig. 5). As the moving 335 

endwall shortens this system, salt flow propels the shallower western suprasalt minibasins toward 336 

the eastern suprasalt minibasins and intrasalt minibasins. Where intrasalt minibasins are located 337 

directly between the converging suprasalt minibasins they act as buttresses, propping apart and 338 

preventing collision and secondary welding of the suprasalt minibasins (Fig. 9). The SE Precaspian 339 

Basin (Kazakhstan) is a natural setting where this concept is proposed to have occurred (Duffy et 340 

al., 2017).  341 

 342 

 343 

5 Minibasin Tilting During Shortening 344 

 345 

Entire supra-salt and encased minibasins can tilt, that is, rotate around a horizontal axis. Some of 346 

the major causes of minibasin tilting include: i) regional shortening (e.g. Hudec et al., 2009; Lopez-347 

Mir et al., 2014; Kergaravat et al., 2016; 2017; Ribes et al., 2017; Granado et al., 2018, Legeay et 348 

al., 2019); ii) asymmetric subsidence above salt of varying thickness (Dooley et al., 2019; Jackson 349 

et al., 2019); iii) progradational loading (Callot et al., 2016) iii) pivoting of minibasins after 350 

primary welding (e.g. Rowan and Weimer, 1998; Callot et al., 2016; Ge et al., 2019); and v) 351 

kinematic interactions between subsiding minibasins (Fernandez et al., 2020). For non-encased 352 
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minibasins, syn-depositional tilting phases are recorded by the deposition of wedge-shaped growth 353 

packages (e.g. Rowan and Weimer, 1998, Jackson et al., 2019; Fernandez et al., 2020), whereas 354 

post-encasement tilting of minibasins occurs below the salt-sediment interface and is thus not 355 

expressed stratigraphically (Callot et al. 2016; Duffy et al., 2017; Fernandez et al. 2017). In this 356 

section our physical models show how minibasin tilts are highly spatially- and temporally-variable 357 

during shortening. We outline what key factors may influence minibasin tilting during shortening, 358 

addressing in particular the influence of pressurized salt and minibasin interactions with base-salt 359 

relief or other minibasins. 360 

At an early stage of shortening of Model 1b, five out of the six minibasins tilt towards the 361 

moving western endwall (Fig. 10a). A cross-section taken through Minibasins 2, 3 and 4 at the end 362 

of shortening also shows consistent tilting of lower minibasin packages towards the west (Fig. 11). 363 

This systematic early tilt towards the moving endwall occurs prior to any of the six minibasins 364 

welding to the base-salt or to one another, ruling out minibasin collision or welding to base-salt as 365 

potential contributing factors (Fig. 10a). We suggest that this systematic westward tilt direction is 366 

likely a function of the moving endwall continually pumping salt eastward, a process that 367 

pressurizes salt at the eastern end of the salt basin (Fig. 10a). Minibasins tilt westwards, away from 368 

the pressurized salt (sensu Hudec et al., 2009; Fernandez et al., 2020) (Fig. 10a).  369 

Minibasins in Model 1b change tilt direction as shortening strain increases (Fig. 10). An 370 

example is Minibasin 1, a minibasin that was not welded to the base-salt at the onset of shortening 371 

and does not collide with any other minibasins (Fig. 10). At relatively low strains, Minibasin 1 tilts 372 

broadly towards the moving western endwall (WNW in Fig. 10a), then displays a horizontal top 373 

surface (Fig. 10b), before eventually tilting towards the northeast at the highest shortening strain 374 

(Fig. 10c). Given the isolated nature of Minibasin 1 we suggest the likeliest causes of the changes 375 
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in tilt direction are: i) the initially WNW-tilting Minibasin 1 welded to the base-salt at some point 376 

after the onset of shortening and pivoted on the primary weld (sensu Rowan and Weimer, 1998; 377 

Callot et al., 2016; Ge et al., 2019; Fernandez et al., 2020), with the center of mass, geometry of 378 

the primary weld, and minibasin shape favouring tilt towards the northeast; and/or ii) shortening 379 

and relative changes in the location and horizontal translation velocities of minibasins resulted in 380 

shifts in the location of pressurized salt around the minibasin through time, with the minibasin 381 

tilting away from these zones (sensu Hudec et al., 2009; Fernandez et al., 2020). Controls such as 382 

these are likely to be significant for any minibasin, particularly those that do not collide with other 383 

minibasins.  384 

Minibasin tilt directions also change significantly after they collide with other minibasins 385 

(e.g. Minibasins 2 and 3, as well as Minibasins 5 and 6; Fig. 10). For example, the tilt direction of 386 

Minibasin 5 changes by almost 180° from a stage prior, but close, to the onset of collision with the 387 

initially thicker Minibasin 6 (Fig. 10a), to a late stage in the collision process (Fig. 10c). We also 388 

see that at an early stage in its collision with the initially thicker Minibasin 3, Minibasin 2 tilts 389 

southeast (Fig. 10b), whereas later in the collision process it tilts northeast (Fig 10c). We speculate 390 

that when minibasins collide, in addition to the potential for tilt changes due to pivoting on primary 391 

welds or tilting away from zones of pressurized salt, the following factors may influence minibasin 392 

tilt histories: i) whether collision was ‘head on’ or ‘glancing’ and thus the potential for minibasins 393 

to slide past, or pivot and rotate (around a vertical axis) against one another; ii) the relative 394 

horizontal translation velocities of the minibasins; iii) the relative sizes of the minibasins; iv) the 395 

thickness of salt underlying the minibasins prior to collision; and v) changes in the location of salt 396 

streams and pressurized salt through time. 397 
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Model 2 explores how the direction and magnitude of minibasin tilting during shortening 398 

may be influenced by base-salt relief. Height-change maps illustrate how minibasins tilt away from 399 

the southward plunging high block during simple vertical loading as well as during shortening 400 

(Fig. 8b and c). Cross-sections taken through Minibasins 1, 2 and 3 at the end of shortening show 401 

each minibasin initially developed a symmetrical bowl-shaped package that is overlain by a 402 

wedge-shaped package that thickens away from the plunging high block (Fig. 8c). We interpret 403 

that minibasins tilt away from the plunging high due to the higher rate of salt flow from beneath 404 

the western flanks of the minibasins when compared to flow from beneath the eastern flanks (Fig. 405 

8). This is a result of salt flow beneath the eastern flanks of the minibasins being restricted by the 406 

plunging base-salt high creating zones of pressurized salt (sensu Dooley et al., 2018, 2019; Jackson 407 

et al., 2019; Fernandez et al., 2020; Fig. 8). This sets up localized pressure gradients whereby salt 408 

preferentially flows from low pressure zones beneath the western flanks of the minibasins, driving 409 

minibasin tilt (sensu Fernandez et al., 2020). The transition from bowl-shaped package to wedge-410 

shaped package in cross-section marks the onset of asymmetrical salt flow from beneath the 411 

minibasins during the vertical loading stage as the subsiding minibasin was more impacted by the 412 

base-salt high block (Fig. 8b-c). During shortening this was enhanced as the minibasins were 413 

pushed up and onto the base-salt high block. The cross-sections also show where the base-salt high 414 

is lower, the magnitude of tilt away from the high is greater (Fig. 8b), where the minibasins were 415 

forced up and onto the high block, locally enhancing the tilt (Fig. 8c).   416 

Overall, for minibasins surrounded by salt (i.e. not welded to the base-salt or colliding with 417 

other minibasins), tilt changes are likely driven by changes in the locations of pressurized salt, a 418 

factor which may be modified by shortening-induced salt flow or effects of base-salt relief (sensu 419 

Hudec et al., 2009; Jackson et al., 2019; Fernandez et al., 2020). Once minibasins weld to the base-420 
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salt or collide with other minibasins, pivoting on primary and secondary welds become significant 421 

influences. 422 

 423 

 424 

6 Minibasin Rotation Around Vertical Axes During Shortening 425 

 426 

Model 3 shows that minibasins can rotate around vertical axes during shortening (Figs 5 and 12) 427 

(see physical modelling movies in Dooley, 2020). Strikingly, all suprasalt minibasins in Model 3 428 

rotate significantly, with a component of rotation occurring before suprasalt minibasins welded to 429 

the base-salt (or edge of salt) or collided with other minibasins, and a component of rotation 430 

occurring afterwards (Figs. 12-14). Why do minibasins rotate prior to welding? A likely cause of 431 

rotation is evident in Figures 13 and 14a, as the amount of rotation of SMBs 1, 3 and 5 shown 432 

largely accrued prior to welding. In these figures salt streams are developed in the lowest portion 433 

of the salt (and thus detected by the DIC technique). These streams vary markedly in extent and 434 

horizontal velocity, with the difference likely related to the size of the gap between the western 435 

proximal suprasalt minibasins and/or the edge of salt (Figs. 13 and 14a). We propose that 436 

differences in the horizontal velocities of salt streams exert different degrees of traction on 437 

different parts of the outer minibasin surface. This will generate sub-vertical shear on minibasin 438 

margins and promote rotation (Figs. 13 and 14a). This concept is best-illustrated, albeit 439 

simplistically, by suprasalt Minibasin 1, which has a narrow gap between itself and the edge of 440 

salt to its north, and a wider gap between itself and suprasalt Minibasin 3 (Fig. 14a). The wider 441 

gap between suprasalt minibasin 1 and suprasalt Minibasin 3 facilitates a greater flow of salt, and 442 

thus a wider and faster-flowing salt stream than between suprasalt minibasin 1 and the northern 443 
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edge of salt (Fig. 14a). These differences in the horizontal velocities of salt streams to the north 444 

and south of suprasalt Minibasin 1 generate sub-vertical shear on the minibasin boundary, driving 445 

anticlockwise rotation of suprasalt Minibasin 1 (Fig. 14a). However, such logic does not apply to 446 

many of the other suprasalt minibasins. We suggest this is a function of the 3-D nature of both salt 447 

flow and the outer surfaces of the minibasins, as well as limitations of our experimental approach. 448 

Salt streams captured on the underside of the model by the digital image correlation (DIC) 449 

technology (Figs. 13 and 14) are processed entirely in 2D and may only be showing flow patterns 450 

only in the lowest portion of the salt. In reality, these flows will vary upwards in width and 451 

horizontal velocity due to upwards changes in: i) geometry of the minibasins and thus width of the 452 

stream; and ii) the relative effect of drag from the top and base of the salt. To accurately constrain 453 

the sub-vertical shear imparted on a minibasin and test if differential traction exerted by salt 454 

streams on the resulting minibasin rotation we need a high resolution map of the 3-D distribution 455 

of traction exerted on the outer surface of the minibasin. We do not have this data available. 456 

However, we believe the concept outlined here provides the basis for testing in future physics-457 

based numerical models.. 458 

 Minibasins also rotate as they collide and pivot against other minibasins or against the edge 459 

of salt. For example, at intermediate-to-high shortening strains in Model 3, the suprasalt minibasins 460 

collide with intrasalt minibasins in various styles and influence minibasin rotation (Fig. 14). A 461 

good example is intrasalt Minibasin 5, which prior to shortening was welded to the base-salt and 462 

also located close to the southern edge of salt (Figs. 5 and 12). A shortening ensues, suprasalt 463 

Minibasin 5 translates eastward and collides with the northwestern portion of intrasalt Minibasin 464 

5. This off-center collision and continued eastward translation of suprasalt Minibasin 5, in 465 

combination with intrasalt Minibasin 5 becoming pinned to the edge of the salt, facilitates 466 
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significant clockwise rotation of intrasalt Minibasin 5 as it is pushed eastwards (Fig. 12b). We 467 

suggest that the direction, amount and speed at which minibasins rotate after collision is controlled 468 

by factors that include: i) the angle and force of collision; ii) the morphology of minibasin collision 469 

surfaces; iii) the presence, location and extent of primary welds; iv) the direction and speed of any 470 

rotation occurring prior to collision; v) the number of minibasins involved; and vi) whether a 471 

minibasin is pinned against the edge of salt. We also expect that the effect of differences in the 472 

horizontal velocity of salt streams will also exert sub-vertical shear on minibasin surfaces and 473 

promote minibasin rotation even after primary welding or collision with another minibasin. We 474 

suggest that many of the factors outlined here apply and influence minibasin rotation when large-475 

scale supra-salt minibasins collide in nature (e.g. Rowan and Vendeville, 2006). These influences 476 

are summarized in Figure 15. 477 

 478 

 479 

7 Discussion 480 

 481 

7.1.  Conceptual Models of Shortening in Isolated-Minibasin Provinces 482 

Based on observations from our physical models and existing literature, we now present 483 

3D conceptual models that summarise how, why and where many of the key processes and 484 

structural styles occur as an isolated-minibasin province shortens (Fig. 16). As in our physical 485 

models, these conceptual models focus on the thin-skinned component of shortening, with 486 

shortening propagating from the hinterland on the right. We assume the rate of salt rise due to 487 

shortening is balanced by the rate of syn-kinematic sedimentation and erosion of the minibasins, 488 
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such that the top model surface remains essentially flat and no salt canopies, encased minibasins, 489 

or diapir roofs form (other model assumptions outlined in Figure caption). 490 

 Prior to shortening, minibasin subsidence was largely symmetrical, being dominated by 491 

bowl-shaped stratigraphic units (Fig. 16a). The exception is Minibasin 7, which shows a wedge-492 

shaped unit that represents a phase of asymmetrical subsidence developed as the minibasin tilted 493 

away from the underlying base-salt high and towards the thicker salt in its foreland (Fig. 16a) 494 

(Dooley et al., 2019; Jackson et al., 2019). The only driver of salt flow prior to shortening is 495 

therefore minibasin subsidence. 496 

 At low shortening strains, shortening-induced regional salt flow propels minibasins toward 497 

the foreland, with translation of minibasins closer to the hinterland generally initiated before those 498 

in the foreland (Fig. 16b). Salt streams of locally high horizontal salt flow velocity form where salt 499 

flows through gaps between minibasins. Locally high degrees of minibasin translation are expected 500 

ahead of those streams. The net effect of these processes is that minibasins converge and the 501 

intervening salt thickens (diapir rise). In some cases, such as near the hinterland, minibasins 502 

collide, unless propped apart by base-salt relief or encased minibasins. Early stages of shortening 503 

may see minibasins preferentially tilt towards the hinterland (away from the zone of pressurized 504 

salt at the eastern edge of the model (sensu Fernandez et al., 2020)), although these tilts may be 505 

modified by interactions with base-salt relief or adjacent minibasins. At low strains, many salt 506 

walls remain open, particularly those aligned broadly parallel to shortening; as a result, many salt 507 

flow pathways remain open. Sub-vertical shearing imparted by variations in the horizontal velocity 508 

and direction of salt streams is therefore a likely cause of minibasin rotation, along with pivoting 509 

on any primary and secondary welds. Some minibasins may experience horizontal translation, 510 

tilting and rotation simultaneously. 511 
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At high shortening strains, most minibasins will have collided with one or more adjacent 512 

minibasins resulting in a complex map-view distribution of secondary welds, thrusts and 513 

subvertical shear zones (with components of strike-slip, reverse, and normal displacement) (Fig. 514 

16c). Minibasins welded to the base-salt at lower strains continued to translate, shearing the 515 

primary welds. If the shortening strains and induced salt flow are sufficient, some minibasins 516 

aligned in the shortening direction and that shared a secondary weld, may translate as a single 517 

body, much as that seen in our Model 1b (Figure 11). Secondary welds oriented broadly 518 

perpendicular to the shortening direction can be preferentially transformed into thrust welds. These 519 

welds, in combination with the buttressing effects of base-salt relief, drive extreme minibasin 520 

tilting. In general, minibasin tilt directions are likely largely governed by the angle of contact and 521 

relative force of minibasin collisions, with primary welds acting as pivots. In contrast to the lower 522 

strain scenario, the dominant driver of rotation is the relative angle and force of minibasin 523 

collisions.   524 

 525 

7.2.  Influence of Precursor Salt Volume and Distribution on Fold-and-Thrust Belt 526 

Characteristics  527 

We now synthesise how variations in precursor salt volume and distribution can influence 528 

how fold-and-thrust belts develop (Fig. 17). Of particular interest here are the striking differences 529 

between shortened isolated-diapir and shortened isolated minibasin provinces (cf. this paper and 530 

Duffy et al., 2018). Of these initial configurations that contain structured salt, isolated-minibasin 531 

provinces contain the highest volume of precursor salt. This higher salt volume results in a system 532 

with the lowest mechanical rigidity, the most independently-mobile minibasins, and overall, a 533 

different shortening style to isolated-diapir systems (Fig. 17).  534 
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One of the distinguishing characteristics of isolated-minibasin systems is that even at 535 

moderate shortening strains, shortening is cryptic, being accommodated by salt flow and 536 

thickening. As such, unless a thin roof records any deformation, detecting shortening or 537 

unravelling the original pre-shortening configuration of minibasins is more difficult than in 538 

squeezed isolated-diapir systems, where the surrounding sediments visibly shorten (Fig. 17; e.g. 539 

Callot et al., 2007; Dooley et al., 2009). Detecting shortening at higher strains is possible as 540 

minibasins collide and may over- and under-thrust one another and giving rise to degrees of 541 

minibasin tilt (e.g. Duffy et al., 2017; Legeay et al., 2019; Figure 16c). A second difference is that 542 

during shortening of isolated-minibasin provinces, deformation is accommodated either by salt 543 

flow and thickening, or one or a combination of translation, tilt (in a variety of directions), or 544 

rotation of entire minibasins. Minibasins, although dynamic and interacting with other minibasins, 545 

may thus remain internally-undeformed, a feature that is uncommon in shortened isolated-diapir 546 

systems (cf. Gottschalk et al., 2004; Callot et al., 2007; Dooley et al., 2009; Kergaravat et al., 2016; 547 

2017; Duffy et al., 2017, 2018; Ribes et al., 2017; Granado et al., 2018; Legeay et al., 2019). A 548 

third difference is that thrust axes and welds do not form relatively continuous trends oriented 549 

broadly perpendicular (with some deviations) to the regional shortening direction as is typical of 550 

shortened isolated-diapir provinces (e.g. Fars Province of Zagros fold-and-thrust belt [e.g. Callot 551 

et al., 2007]) or even shortened areas of undeformed salt (e.g. Jura Mountains [e.g. Laubscher, 552 

1961]). Instead, the orientations and extents of thrust axes and welds are highly-variable, being 553 

controlled by the shape and disposition of the minibasins and how they have fitted together (Figs. 554 

16 and 17).  555 

We recognise that the high volume of salt in shortened isolated-minibasin provinces leads 556 

to structural processes and styles that differ dramatically from what is classically considered a 557 
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‘fold-and-thrust belt’. However, we argue here it appropriate to classify shortened isolated-558 

minibasin provinces as ‘fold-and-thrust belts’ as: i) at high shortening strains, minibasins can over- 559 

and under-thrust one another; and ii) in natural isolated minibasin systems, it is likely there will be 560 

a thin roof over precursor diapirs that may form local contractional features. 561 

            562 

7.3.  Complex Patterns in Natural Fold-and-Thrust Belts 563 

The pre-shortening salt volumes and configurations we have described (undeformed salt, 564 

isolated-diapir, and isolated-minibasin), represent schematic end-member scenarios intended to 565 

aid understanding of the different mechanical behaviors that govern salt-influenced fold-and-566 

thrust-belt evolution (see companion paper by Duffy et al., 2018). We stress that many natural 567 

fold-and-thrust-belts that develop with structured precursor salt may lie on the continuum between 568 

isolated-minibasin and isolated-diapir scenarios, showing elements of shortening styles associated 569 

with both. A good example is the egg-carton-like precursor salt geometry common in the sub-570 

canopy system of the northern Gulf of Mexico (e.g. Rowan and Vendeville, 2006). Here, isolated 571 

diapirs were connected at depth by salt anticlines that radiated out, and plunged away from the 572 

diapirs, forming a polygonal network (Rowan and Vendeville, 2006). When shortened, the system 573 

behaved partly as a relatively mechanically-rigid isolated-diapir system, with: i) salt 574 

predominantly extruded from the tallest diapirs located at triple junctions; and ii) variations in 575 

shortening styles between diapirs at triple junctions and above the more deeply anticlines (Rowan 576 

and Vendeville, 2006). However, the system also displays elements that suggest it behaved partly 577 

as an isolated-minibasin system, with shortening focused on a polygonal diapir network and 578 

evidence of independently-mobile and rotated minibasins (Rowan and Vendeville, 2006).  579 

When applying the concepts outlined in this paper and Duffy et al. (2018) to natural examples, 580 

note that the volume and distribution of precursor salt that influenced a fold-and-thrust-belt may 581 
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vary spatially and temporally within a given basin. For example, the Sivas Basin, Turkey is 582 

interpreted to have had thinner, undeformed salt in its Western Domain based on the presence of 583 

a simple fold-and-thrust belt characterised by linear folds and thrusts striking perpendicular to the 584 

regional shortening direction (Kergaravat et al., 2016; Legeay et al., 2019). In contrast, its Central 585 

Domain contains many tightly-packed, welded minibasins, some with extreme tilts, and thus 586 

consisted of isolated minibasins prior to shortening (Fig. 4c and d) (Kergaravat et al., 2016; Legeay 587 

et al., 2019). 588 

A second example is the sub-canopy region of the salt-stock-canopy province in the lower-589 

slope of the northern Gulf of Mexico. This area has experienced protracted shortening in the 590 

contractional domain of a gravity-driven slope system detached on the autochthonous Louann salt 591 

(e.g. Diegel et al., 1995; Peel et al., 1995; Rowan et al., 1999; Pilcher et al., 2011; Dooley et al., 592 

2013). Fiduk et al (2016) (their Figure 4) present a regional base salt canopy map that shows 593 

isolated diapirs surrounded by a rigid, continuous sediment body, that is, an isolated-diapir 594 

scenario, in the centre-south region. In contrast, in the northeast, more diapirs are present in the 595 

form of partially-connected linear walls. This configuration is a hybrid of the isolated-minibasin 596 

and isolated-diapir scenarios. Thus, different parts of the same basin contain different salt volumes 597 

and distributions, a factor that may result in different mechanical responses to lateral shortening, 598 

and different fold-and-thrust belt geometries. 599 

Natural fold-and-thrust belts may also contain multiple detachment levels as a result of canopy 600 

development (e.g. Sivas Basin, Turkey [e.g. Ringenbach et al., 2013; Callot et al., 2014; 601 

Kergaravat et al., 2016; 2017; Ribes et al., 2017; Legeay et al., 2019]; northern Gulf of Mexico, 602 

USA [Diegel et al., 1995; Peel et al., 1995]; Axel-Heiberg Island, Artic Canada [Harrison and 603 

Jackson, 2014]) or due to the occurrence of different weak (detachment) layers in the deformed 604 
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section (e.g. Zagros fold-and-thrust belt, Iran [Sherkati and Letouzey, 2004; Verges et al., 2011; 605 

Najafi et al., 2014; Ghanadian et al., 2017; Hassanpour et al., 2020]). Duffy et al (2020) show an 606 

example from the mid-lower slope region of the northern Gulf of Mexico (their Figure 4), where 607 

the sub-canopy consists of isolated feeders (isolated-diapir scenario). In contrast, above the 608 

canopy, isolated minibasins are adrift in the Sigsbee salt canopy (isolated-minibasin scenario).  In 609 

such systems, shortening associated with different detachment levels may thus affect different 610 

precursor salt volumes and configurations, and shortening styles may vary significantly between 611 

deep and shallow systems. This concept is highlighted by the different shortening styles that occur 612 

above and below the allochthonous salt in the Betics (e.g. Flinch and Soto, 2017). 613 

 614 

 615 

8 Summary 616 

 617 

This study has used observations from natural salt-influenced fold-and-thrust belts and a suite of 618 

new physical models to examine the processes and structural styles that occur in shortened iso-619 

lated-minibasin provinces. Our key findings are:  620 

 621 

o When shortening occurs, the weak salt localizes contractional strain and the strong, 622 

mobile minibasins move independently of one another. Shortening in isolated-623 

minibasins provinces may therefore be hard to detect, particularly at low shortening 624 

strains, as shortening is primarily accommodated by salt inflation. This means that 625 

minibasin thickness is not a proxy for original salt thickness in shortened isolated-626 

minibasin provinces.  627 



manuscript submitted to Basin Research 

 

 628 

o As weak salt localizes contraction strain it induces salt flow, in some cases in 629 

highly-localized streams of high horizontal velocities. This flowing salt around 630 

minibasins propels them in the direction of shortening. Several factors can restrict 631 

the translation of minibasins during shortening: i) the presence of relatively thin 632 

salt below the minibasin; ii) friction associated with primary welding; and iii) 633 

collision and buttressing effects of base-salt relief, intrasalt bodies or intrasalt 634 

minibasins. 635 

 636 

o Isolated minibasins commonly tilt during shortening, with the direction and 637 

magnitude of tilt being highly spatially and temporally-variable. In our models, 638 

minibasins tend to tilt gently toward the shortening direction at low strains, which 639 

we attribute here to being a result of differential salt pressure within the basin. A 640 

regionally-consistent tilt direction may therefore indicate shortening, but this tilt 641 

may be modified or even reversed by: i) asymmetric subsidence associated with 642 

structure or relief at base salt; ii) pivoting on primary welds; iii) minibasin collision; 643 

and iv) tilt away from other localized zones of pressurized salt. Tilts can become 644 

extreme at high shortening strains, facilitated by minibasin collision, thrusted 645 

secondary welds, and the buttressing effect of base-salt relief.   646 

 647 

o Minibasins can rotate around vertical axes to significant degrees during shortening. 648 

In the absence of welding and/or collision with other minibasins or base-salt relief, 649 

minibasin rotation is likely caused by sub-vertical shearing imparted on the 650 
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minibasin boundary by variations in the horizontal velocity and direction of salt 651 

streams in 4D. Variations in horizontal flow velocities of streams are likely to 652 

develop as a result of the local geometry and configuration of minibasins (note that 653 

our minibasins are circular in planform), the edges of the salt basin, and the local 654 

dip.  Once minibasins weld to the base-salt, or collide with base-salt relief, intrasalt 655 

bodies or the edge of the salt basin, they may rotate as they jostle with and pivot 656 

against these features, likely aided by continued flow-induced shearing.   657 

 658 

o The kinematics of minibasins in shortening isolated-minibasin systems may be 659 

complex and highly-variable both spatially and temporally. Minibasins may 660 

experience varying degrees and rates of translation, tilt and rotation; in some 661 

circumstances these processes may occur independently, but in others they may 662 

occur simultaneously. The extent to which the different processes affect a minibasin 663 

is likely dependent on factors that amongst others includes: tectonic boundary 664 

conditions; the size, geometry and spatial configuration of minibasins; the thickness 665 

of salt underlying minibasins; and the nature of local base-salt relief. 666 

 667 

By placing the findings of this paper into context with those of companion paper Duffy et al (2018), 668 

we conclude that differences in the volume and distribution of salt prior to shortening result in 669 

different kinematic processes and structural styles in the subsequent fold-and-thrust belts. In 670 

particular, kinematic processes and structural styles vary markedly between settings where 671 

precursor salt is in flat-bedded, isolated-diapir, or isolated-minibasin end-member configurations, 672 

respectively. These end-member settings differ in terms of: i) thrust style and evolution; ii) map-673 

view configuration of faults and welds; iii) degree of internal deformation within the minibasins; 674 
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iv) minibasin mobility: v) the degree to which shortening may be accommodated by cryptic 675 

deformation. We also note how natural fold-and-thrust-belts have developed with precursor salt 676 

volumes and distributions that were hybrids of the end-member scenarios examined in the pair of 677 

papers. Furthermore, basins may show spatial variations in precursor salt volume and distribution, 678 

and this may also vary through time. 679 

 680 
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11 Figure Captions  699 

 700 

Figure 1. Schematic diagrams showing a pre-shortening configuration typical of a) an ‘isolated-701 

diapir province’ and b) an ‘isolated-minibasin’ province. In a) salt makes up a low proportion of 702 

the rock volume and is distributed in discrete salt stocks and walls. In b) salt makes up a higher 703 

proportion of the rock volume and forms a connected network of diapirs that surround isolated 704 

minibasins. The strength of any diapir roof stratigraphy is assumed to be negligible.   705 

 706 

Figure 2. The style of shortening that occur in salt provinces is strongly influenced by whether or 707 

not diapirs were present prior to the onset of shortening.  These forward models maintain salt area 708 

through time (after Hudec and Jackson, 2007). 709 

 710 

Figure 3. Maps showing the top of salt (silicone polymer) at different stages of a physical 711 

modelling experiment into shortening of a system where the pre-shortening salt distribution and 712 

volume was broadly analogous to an isolated-minibasin setting (Fig. 1b): (a) pre-shortening 713 

configuration and (b) after shortening. In a) minibasins are separated by a polygonal network of 714 

deep salt ridges, with shallow diapirs typically located at the ridge triple junctions. In the strictest 715 

sense, our definition of the isolated-minibasin end member, the deep salt ridges would extend 716 

upwards to more fully-isolate each minibasin (see section 7.3). In b) diapirs and the ridges 717 

accommodate shortening and minibasins translate and interact with other minibasins. Redrawn and 718 

modified from Rowan and Vendeville (2006). 719 

 720 

Figure 4. Map and section views showing general characteristics of some natural shortened 721 

isolated-minibasin provinces. (a) Structure map of the Top Kungurian Salt from a portion of the 722 

mildly-shortened SE Precaspian Basin (Kazakhstan). Structural lows host isolated minibasins that 723 

are surrounded by a polygonal network of diapirs (modified from Fernandez et al. [2017]). (b) 724 

geoseismic section taken along the kinked black and white line in a) that shows the main structural 725 

elements of the area. Note the tilting of the supra-salt minibasin fill (modified from Duffy et al. 726 

[2017]). c) Simplified geological map of the highly-shortened central portion of the Sivas Basin 727 

showing the distribution of minibasins (blue), salt (red), and key structural features. Note how 728 

minibasins are isolated from one another, being surrounded on all sides by salt or an equivalent 729 

weld. Map modified from Kergaravat et al. (2016) and incorporating key data from Kurtman 730 

(1973), Guezou et al. (1996), and Poisson et al. (1996). d) Cross-section along Line X-X’ in c) 731 

(parallel to shortening direction) showing a tectonic wedge with thrusts in sub-evaporite strata, 732 

and two generations of supra-salt minibasins separated by an evaporite canopy or an equivalent 733 

tertiary? weld. Note: i) the marked variations in tilts of the minibasins, some are flat-lying whereas 734 

others are highly-upturned; and ii) the tight-packing of internally-undeformed minibasins. Pairs of 735 

black dots mark welds. Redrawn from Kergaravat et al. (2016). 736 

 737 

Figure 5. Chart summarizing the design and parameters used for the physical models presented in 738 

the text. Models are numbered in the order they are introduced in the text. SMB = suprsasalt 739 

minibasin. IMB = intrasalt minibasin. 740 

 741 
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Figure 6. Maps showing the shortening-parallel (eastward) displacement on the top surface of 742 

Model 1a (calculated over a period of one minibasin sand fill cycle) at: a) 4.5 cm cumulative 743 

shortening; and b) 16.5 cm cumulative shortening. Warmer colours equal more eastward 744 

movement. X and Y are salt streams that are flowing eastwards and propelling the eastward 745 

translation of Minibasins 4 and 5 respectively. 746 

 747 

Figure 7. Underside view of Model 1b at the end of shortening. Minibasin 1, which welded to the 748 

base salt earlier than Minibasin 2 has translated a shorter distance eastwards indicating that primary 749 

welding impedes minibasin translation. The white line A-B shows the line of section of the SW-750 

NE-oriented cross-section shown in Figure 11. 751 

 752 

Figure 8. Outputs from Model 2. a) on left is the overhead view at the start of the model run and 753 

on the bottom is a schematic view of the degree of overlap between the base of the minibasins 754 

and the top of the plunging high prior to the onset of shortening. On the right is an overhead view 755 

during shortening showing the shortening-parallel (eastward) displacement on the top surface of 756 

Model 2 (calculated over a period of one minibasin sand fill cycle). Warmer colours represent 757 

faster eastward-moving salt streams. b) views of the height change of top salt surface during the 758 

vertical subsidence stage (left) and during shortening (right). Note the marked tilt of minibasins 759 

towards the moving endwall (west) in both stages. c) W-E-oriented cross-sections through each 760 

minibasin at the end of shortening. Note the westward-thickening growth wedges and the tilting 761 

of the lower section of the minibasins towards the west. All minibasins have translated eastwards 762 

and welded onto the plunging high. Minibasins located adjacent to where the top of the plunging 763 

high is deeper (i.e. less of a barrier) translate further eastwards. 764 

 765 

Figure 9. Outputs from Model 3. a) cross-section views at the end of shortening (location of 766 

sections shown in (b)), and b) underside view of Model 3 at end of shortening. Where one or more 767 

intrasalt minibasins (IMB’s) are located directly between the converging suprasalt minibasins 768 

(SMB’s) they act as buttresses, propping apart and preventing collision and secondary welding of 769 

the suprasalt minibasins. 770 

 771 

Figure 10. Overhead views showing height change maps (calculated over a period of one 772 

minibasin sand fill cycle) that illustrate the translation and tilt changes that occur as Model 1b 773 

shortens at: a) 4.5 cm shortening, b) 16.5 cm shortening, and c). 19.5 cm shortening. Note the 774 

collision of minibasins and the marked spatial and temporal variation in tilt magnitude and 775 

direction as the model shortens.  776 

 777 

Figure 11. SW-NE-oriented cross-section taken through supra-salt minibasins 2, 3 and 4 (oblique 778 

to shortening) at the end of shortening of Model 1b. Growth wedges immediately above the first 779 

blue unit indicate consistent early tilt of minibasins towards the moving endwall. Location of 780 

section shown by line A-B on Fig 7. 781 

 782 

Figure 12. Underside views of Model 3 at a) 16 cm (intermediate shortening strain) and b) 31 783 

cm shortening (high shortening strain). a) Suprasalt minibasins 1, 3 and 5 rotate prior to forming 784 

primary or secondary welds. b) Minibasins can also rotate after forming primary or secondary 785 

welds, pivoting on the welds (including with the edge of the salt basin). Intrasalt minibasins 786 

prevent the collision of suprasalt minibasins during shortening.  787 

  788 
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Figure 13. Underside views of Model 3 at early stages of shortening showing the shortening-789 

parallel (eastward) displacement at the model base (calculated over a period of one minibasin sand 790 

fill cycle). Note the gradual anticlockwise rotation of SMB 3. Small white arrows are vectors of 791 

movement and indicate rotation. Note the development of salt streams between the minibasins.  792 

 793 

Figure 14. Underside views of Model 3 showing the shortening-parallel (eastward) displacement 794 

at the model base at: a) 8 cm shortening, and b) 17 cm shortening. Vector arrows indicate rotation 795 

of minibasins. Some rotations occurred before minibasins welded to the base salt formed 796 

secondary welds (e.g. SMB 3) or, and some occurred afterwards. 797 

 798 

Figure 15. Map-view schematic model showing: i) some of the key drivers of minibasin rotation; 799 

and ii) some common interactions between supra-salt and intra-salt minibasins, that occur as an 800 

isolated-minibasin provinces shortens. Rotations around vertical axes are driven by variations in 801 

the magnitude, horizontal velocity and direction of salt flow as a result of: i) the local configuration 802 

of minibasins and intra-salt bodies; and ii) pivoting against other minibasins, base-salt relief or the 803 

edge of salt. Red = mobile salt. Grey = non-salt, immobile rocks. 804 

 805 

Figure 16. 3-D conceptual block models synthesising the structural styles and processes that occur 806 

in isolated-minibasin provinces as they shorten. a) pre-shortening configuration. b) low shortening 807 

strain. c) high shortening strain. The model is based on a system with a single generation of 808 

minibasins, with no salt canopies, and, with the exception of a single base-salt high, the base-salt 809 

is flat. We assume minibasins are largely unwelded to the base-salt prior to shortening, but as 810 

shortening ensues more minibasins ground to form primary welds – a scenario that ensures the 811 

widest range of structural styles and processes are captured in the conceptual model. We also 812 

assume flow perturbations related to minibasin subsidence were of insufficient scale to modify the 813 

subsidence patterns of adjacent minibasins (cf. Fernandez et al., 2020). 814 

 815 

Figure 17. Schematic comparison of the key characteristics of fold-and-thrust-belts developed 816 

with different precursor volumes and and distributions of salt: a) flat, undeformed salt; b) an 817 

isolated-diapir scenario (sensu Duffy et al., 2018); and c) an isolated-minibasin scenario (this 818 

paper). a) shows a relatively simple set of folds and thrusts striking perpendicular to the shortening 819 

direction and that are continuous along-strike. b) weak diapirs localize contractional strain and are 820 

squeezed. Faults and folds nucleate at diapirs, propagate out into the surrounding sedimentary 821 

rocks and link with those from adjacent diapirs. Folds and thrusts are not continuous along-strike, 822 

instead they deviate to link up precursor diapirs. There are marked along-strike variations in 823 

structural style; welds, squeezed diapirs and thrusted welds at diapirs, compared to folds and 824 

thrusts in the intervening sedimentary rocks. c) minibasins are independently-mobile and 825 

experience translation, tilting and rotation as they are propelled by flowing salt during shorteninig 826 

and collide with one another. Folds and thrusts may be highly-discontinuous and show highly-827 

variable strikes. These factors are governed by the shape of minibasins and the angle of collisions 828 

between minibasins. 829 

 830 
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Model # Regional 
dip

Source layer 
thickness

Total Shortening Model design

Models 1a, 1b 0° 5 cm 33 cm

Model description: 
6 supra salt minibasins (SMB) sunk into a 5-cm-thick salt basin. In Model 1a 
minibasins 3 and 6 subsided until about 1 cm from base of salt before the 
moving endwall began to shorten the basin. All other minibasins were 2 cm 
from base of salt before shortening. In Model 1b all minibasins were 
approximately 2 cm from base of salt before shortening was applied.

Sediments were continually added to the minibasins during shortening.

Model 2 0° 5 cm 12.5 cm

Model description: 
3 supra salt minibasins (SMB) sunk into a 5-cm-thick salt basin. A plunging 
base-salt high block was located to the right of the minibasins going from 2.5 
cm to 0.5 cm across the model. Once the minibasins had subsided to just 0.5 
cm from welding the salt basin was shortened. Sediments were continually 
added to the minibasins during shortening.

Model 3 0° 5 cm 31

Model description: 
5 small minibasins were sunk into a 1.5-cm-thick salt layer before being 
encased (IMB) in a further 3.5 cm of salt analog. 6 suprasalt minibasins (SMB) 
were seeded into the salt basin on either side of the intrasalt minibasin (IMB) 
array. Suprasalt minibasins 4-6 were sunk to where they just welded, whereas 
suprasalt minibasins 1-3 subsided to 2.5 cm from base of salt before 
shortening. Sediments were continually added to the SMBs during shortening.

N-S (strike) section
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