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Highlights  38 

 The salt-detached slope above the Sigsbee Canopy in the northern Gulf of Mexico is 39 

influenced by a rugose base-of-salt 40 

 We examine how downslope-translating supra-canopy minibasins interact with the rugose 41 

base-of-salt  42 

 Basal minibasin welds obstruct the downslope translation of minibasins and control supra-43 

salt strain patterns 44 

 Typically, an obstructed minibasin shows shortening to its immediate upslope and 45 

extension to its downslope  46 
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 Minibasins can be obstructed to different degrees, likely resulting in differential minibasin 47 

translation 48 

 49 

Abstract  50 

 51 

Salt-detached gravity-gliding/spreading systems having a rugose base-of-salt display complex 52 

strain patterns. However, little was previously known about how welding of supra-salt minibasins 53 

to the sub-salt may influence both the downslope translation of minibasins on salt-detached slopes 54 

and the regional pattern of supra-salt strain. Using a regional 3D seismic reflection data set, we 55 

examine a large salt-stock canopy system with a rugose base on the northern Gulf of Mexico slope, 56 

on which minibasins both subside and translate downslope. Some minibasins are welded at their 57 

bases, and others are not. We suggest that basal welds obstruct downslope translation of minibasins 58 

and control regional patterns of supra-canopy strain. 59 

The distribution of strain above the canopy is complex and variable. Each minibasin that 60 

becomes obstructed modifies the local strain field, typically developing a zone of shortening 61 

immediately updip and an extensional breakaway zone immediately downdip. This finding is 62 

corroborated by observations from a physical sandbox model of minibasin obstruction. We also 63 

find in our natural example that minibasins can be obstructed to different degrees, ranging from 64 

severe (e.g. caught in a feeder) to mild (e.g. welded to a flat or gently-dipping base-of-salt). By 65 

mapping both the presence of obstructed minibasins, and the relative degree of minibasin 66 

obstruction, we provide an explanation for the origin of complex 3-D strain fields on a salt-67 

detached slope and, potentially, a mechanism that explains differential downslope translation of 68 
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minibasins. In minibasin-rich salt-detached slope settings, our results may aid: i) structural 69 

restorations and regional strain analyses; ii) prediction of subsalt relief in areas of poor seismic 70 

imaging; and iii) prediction of stress fields and borehole stability. Our findings are applicable to 71 

other systems detached on allochthonous salt sheets (e.g. Gulf of Mexico; Scotian Margin, offshore 72 

eastern Canada), as well as systems where the salt is autochthonous but has significant local basal 73 

relief (e.g. Santos Basin, offshore Brazil; Kwanza Basin, Angola).  74 

 75 

 76 

1. Introduction 77 

 78 

Salt-detached gravity-gliding/spreading systems with a relatively smooth base-of-salt have 79 

commonly been interpreted in terms of kinematically-linked domains of upslope extension and 80 

downslope shortening, which may be connected by a domain of midslope translation (Fig. 1a) (e.g. 81 

Cobbold and Szatmari, 1991; Brun and Fort 2004, 2011; Hudec and Jackson, 2004; Rowan et al., 82 

2004; Peel, 2014; Jackson et al. 2015). However, recent work has shown that strain patterns are 83 

more complex where translation occurs above base-of-salt relief; this occurs for two reasons. First, 84 

if a base-of-salt high fully protrudes above the salt at the onset of gliding, it may block downslope 85 

flow of salt and its overburden. This may partition the salt-detached slope system into extensional-86 

contractional sub-systems (Fig. 1b) (e.g. Loncke et al., 2006; Ferrer et al., 2017). Second, localized 87 

zones of contraction and extension can occur anywhere on a slope where salt and an overburden 88 

are gliding downslope above base-of-salt relief  (Fig. 1b) (e.g. Cobbold and Szatmari, 1991; 89 

Gaullier et al., 1993; Dooley et al 2017; 2018; Dooley and Hudec, 2017). As salt crosses the base-90 

of-salt relief, local acceleration and deceleration of the salt due to flux mismatches generates zones 91 
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of contraction and extension of the overburden (Dooley et al 2017; 2018; Dooley and Hudec, 92 

2017). 93 

The models above assume the overburden is largely detached from subsalt strata during 94 

downslope transport. However, a factor complicating the downslope translation of salt-detached 95 

slopes is minibasin welding (Krueger, 2010). In this study we use a 3D seismic reflection data set 96 

to examine a salt-stock canopy system on the northern Gulf of Mexico slope. A population of 97 

minibasins have subsided or are actively subsiding into, and have translated downslope above, an 98 

extremely rugose base-of-salt. This structural setting differs from the salt-detached slopes 99 

described in prior related studies in three key ways (e.g. Gaullier et al., 1993, Loncke et al., 2006, 100 

Dooley et al., 2017, Dooley and Hudec, 2017, and Ferrer et al., 2017). First, rather than having a 101 

prekinematic supra-canopy interval of fairly uniform thickness, the supra-canopy is instead 102 

composed of minibasins of variable thickness. Second, there is base-of-salt surface shows relief of 103 

>10 km in places due to the presence of feeders that connect down to the deep (autochthonous) 104 

salt. Third, rather than just one irregularity in the base-of-salt (e.g. the Eratosthenes Seamount in 105 

Loncke et al., 2006), the study area contains a large number of structural highs and lows that vary 106 

in height, spacing and flank gradient. Such a scenario leads to the possibility that if thick enough, 107 

supra-canopy minibasins will interact with the many highs and lows on the base-of-salt surface, as 108 

well as with one another. In particular, base-of-salt highs may obstruct the minibasins from 109 

translating freely downslope. Our study area thus provides an ideal setting to address the structural 110 

styles of obstructed minibasins, and how they affect the pattern of supra-canopy strain in salt-111 

detached slopes. Our findings are applicable to a number of salt-detached slopes where minibasins 112 

and extreme base-of-salt relief occur (e.g. Gulf of Mexico, the Scotian Margin (offshore eastern 113 

Canada), offshore of the South Atlantic Margins, offshore Morocco). 114 
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2. Geological Context 115 

 116 

2.1. Evolution of the Gulf of Mexico 117 

The Gulf of Mexico basin began forming in the Late Triassic due to NW-SE-oriented rifting as 118 

South America split from North America during the breakup of Pangea (e.g. Pindell and Dewey, 119 

1982; Marton and Buffler, 1994). Subsequent Late Jurassic and Early Cretaceous rifting saw the 120 

formation of new oceanic crust as the Yucatan Block moved away from North America and rotated 121 

counterclockwise (e.g. Pindell, 1985; Buffler, 1991; Pindell and Kennan, 2009; Pindell et al 2014; 122 

Rowan, 2014). Isolation from greater oceanic circulation during rifting drove deposition of the 123 

Louann Salt (e.g. Salvador, 1991; Konyukhov, 2008; Bouroullec and Weimer, 2017; Curry et al., 124 

2018). The Louann Salt shows significant variability in its distribution and thickness due to the 125 

rift-related seafloor topography on which it was deposited (Wu et al., 1990; Tew et al., 1991; 126 

Salvador, 1991; Peel et al., 1995; Mondelli, 2010; Hudec et al., 2013). Following an increased 127 

influx of ocean water into the Gulf that prohibited further salt deposition (Carter et al., 2016), 128 

Mesozoic deposition in the Gulf of Mexico was dominated by marine carbonates, with pulses of 129 

localized clastic input (Winker and Buffler, 1988; Galloway, 2008; Galloway et al, 2011). During 130 

the Cenozoic, large volumes of clastics were deposited that: i) loaded the basement such that it 131 

subsided deeply; and ii) forced the shelf margin to prograde several hundred kilometers (e.g., Peel 132 

et al., 1995; Galloway et al., 2000; Galloway, 2008).  133 

 134 

2.2. Salt-Tectonic Context of the northern Gulf of Mexico 135 

This study focuses on the mid-to-lower slope of part of the northern Gulf of Mexico (Fig. 2). The 136 

precise location of the study area cannot be revealed for data-confidentiality reasons, leading us to 137 
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present all maps and sections with false geographic orientations (see below). In the study area, 138 

gliding- and spreading-induced deformation of Louann Salt began in the Late Jurassic (e.g. 139 

Jackson and Talbot, 1991; Diegel et al., 1995; Peel et al, 1995; Rowan et al., 2004; Hudec et al 140 

2013; Bouroullec et al., 2017). Salt diapirs formed between early-formed minibasins and fed a 141 

large allochthonous salt body (the Sigsbee salt canopy; e.g. Diegel et al., 1995; Peel et al., 1995; 142 

Rowan, 1995; Pilcher et al., 2011; Bouroullec and Weimer, 2017). Neogene to recent sediments 143 

subsequently loaded the Sigsbee canopy forming supra-canopy minibasins, the configuration of 144 

which are expressed on the pockmarked seafloor (Figs. 2 and 3) (e.g. Peel et al., 1995; Pilcher et 145 

al., 2011). Critically, as well as subsiding, the supra-canopy minibasins are also translating 146 

downslope gravitationally, a process facilitated by downslope flowage of salt (e.g., Peel et al., 147 

1995; Mount et al., 2007; Krueger, 2010; Hudec et al., 2013).  148 

 149 

 150 

3. Dataset and Methods  151 

We focus on an area of 13,101 km2 that is covered by two 3D prestack, depth-migrated, seismic 152 

reflection surveys that image to 18 km (Fig. 3). The seismic data provided by WesternGeco 153 

Multiclient and CGG are commercially sensitive, so the precise geographic location cannot be 154 

released. All maps are rotated, with “north” arbitrarily defined as up on the maps for ease of 155 

description. Despite these restrictions, we can say that the study area lies in a mid-to-lower slope 156 

setting in the northern Gulf of Mexico. The seismic data are presented such that a downward 157 

increase in acoustic impedance is marked by a peak (black on seismic sections) and a downward 158 

decrease in acoustic impedance is marked by a trough (white on seismic sections). We mapped the 159 

top and base of the Sigsbee canopy across the study area (Fig. 3). 160 
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4. Salt-Tectonic Structure 161 

 162 

In most places, the base Sigsbee Canopy corresponds to the top of the primary minibasins (Figs. 3 163 

and 4a). However, where feeders are present, the base Sigsbee canopy extends downwards to 164 

connect to the top of the deep salt or its equivalent weld (Figs. 3 and 4a). As such, the mapped 165 

surface is diachronous and highly rugose, displaying over 15 km of relief, and with dips ranging 166 

from 0° to >90° (i.e. diapirs feeding the canopy have upward-flaring, overhanging heads (Fig. 4a; 167 

sensu Fig 3). In map-view, feeders are sub-circular to elliptical, with the former typically being 5-168 

12 km in diameter, although the long axes of some of the more elliptical feeders may be up to 30 169 

km (Fig. 4a).  In general, the base Sigsbee canopy surface expresses an egg-crate-like morphology 170 

(Fig. 4a). 171 

 172 

 173 

5. Distribution of Supra-Canopy Extension and Shortening 174 

To understand how supra-canopy minibasins translate across a rugose base-of-salt detachment and 175 

how this influences patterns of overburden strain, we first delineated areas of extension and 176 

shortening in the supra-canopy. Areas containing landward or seaward-dipping, predominantly 177 

dip-slip normal faults formed in zones of bulk extension (Figs. 5a and b). These faults typically 178 

detach downwards into the top of the Sigsbee salt canopy.  In contrast, areas with folds, thrusts, 179 

squeezed diapirs (e.g. narrow diapirs with arched roofs and teardrop shapes) and sub-vertical 180 

secondary welds likely formed in zones of bulk shortening (Figs. 5c-f) (e.g. Brun and Fort 2004; 181 

Roca et al., 2006; Dooley et al., 2009; Duffy et al., 2017; 2018; Granado et al., 2018). Note that 182 
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areas where small outer-arc extensional faults form in zones of bulk shortening are classified as 183 

zones of shortening. 184 

We note that the zones of supra-canopy extension and shortening described above are not 185 

spatially partitioned as we might expect based on a classic three-division structural model of salt-186 

detached gravity-gliding/spreading systems. Given that the setting is in the mid-to-lower slope, we 187 

may expect a predominance of translation and shortening. However, although shortening is 188 

expressed at the toe of the system near the Sigsbee frontal escarpment, the distribution of strain 189 

further updip is patchy and complex (Fig. 6). What is controlling this complex map-view 190 

distribution of extension and shortening?  191 

 192 

 193 

6. Role of Obstructed Minibasins in Controlling the Distribution of Supra-194 

Canopy Strain 195 

 196 

6.1. How can Minibasin Welding Modify Supra-Canopy Strain Patterns? 197 

If we look at the map of supra-canopy strain we see that shortening zones commonly occur 198 

updip of supra-canopy minibasins (structural lows on the top Sigsbee Canopy surface) and 199 

extensional zones commonly occur downdip of minibasins (e.g. A-E on Fig 6). Why is this? We 200 

propose here, in support of an initial concept presented by Krueger (2010), that when minibasins 201 

weld to the base-of-salt, two processes may obstruct minibasins from freely translating downslope: 202 

i)  the increased frictional resistance at their bases; and/or ii) the buttressing that occurs  when 203 

minibasins collide with steeply-dipping base-of-salt features (Fig. 7). Thus, salt and any unwelded 204 
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minibasins from further upslope will typically continue translating downslope under gravity. These 205 

run into the upslope flanks of welded minibasins, which thereby become zones of shortening (Fig. 206 

7). In contrast, downslope of welded minibasins, salt and unwelded minibasins may continue to 207 

move downslope, forming extensional breakaways on the downslope flanks of welded minibasins 208 

(Fig. 7). 209 

This concept is corroborated by a simple physical model of minibasins on a salt-detached 210 

slope (Figs. 8 and 9; see appendix 1 for details on model). In the model, Minibasin 1 becomes 211 

obstructed due to welding against a base-of-salt ramp having previously freely translated 212 

downslope above relatively thick salt (Figs. 8 and 9). Minibasin 2, located upslope and also 213 

originally translating freely downslope above thick salt, runs into the back of the obstructed 214 

minibasin, forming an intervening thrust belt (Figs. 8 and 9). In addition, material downslope of 215 

Minibasin 1 is able to continue to move freely downslope of the obstructed minibasin, with the 216 

zone between the two being characterised by extensional strains (Figs. 8 and 9). On this basis, we 217 

classify any minibasin that has its base welded to the base-of-salt as ‘obstructed’ and typically, 218 

though not always, these will show zones of shortening and extension to their immediate upslope 219 

and downslope, respectively. In contrast, minibasins that are not welded to the base-of-salt or other 220 

obstructed minibasins further downdip, are not restricted from translating downslope. These are 221 

termed ‘unobstructed’ minibasins.  222 

 223 

6.2. Style and Distribution of Obstructed Minibasins  224 

If we now look at seismic cross-sections oriented parallel to the inferred downslope 225 

translation (line locations are withheld for data confidentiality reasons) we see a variety of styles 226 

of obstructed minibasins in our study area (Fig. 10). We find examples where: i) a minibasin has 227 
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subsided into a major feeder to become a bucket minibasin that is welded on its flanks to, and 228 

obstructed by, an 8.5 km high sub-vertical feeder wall (Fig. 10a); ii) minibasins are welded to, and 229 

obstructed by, moderately-to-steeply-landward-dipping highs on the base-of-salt (15-55° dip and 230 

1.2-3.75 km high in the examples shown in Figs. 10b and c); and iii) a minibasin is welded at its 231 

base to, and obstructed by, a gently landward-dipping (<10°) top of the primary minibasin (e.g. 232 

Fig. 10d). In all three examples, the downslope sides of the obstructed minibasins are defined by 233 

zones of extensional breakaway (Figs 10a-d). In contrast, the modes of upslope shortening are 234 

more variable. In some cases upslope shortening is expressed by sub-vertical welds between 235 

upslope minibasins and the obstructed minibasins; this indicates the two minibasins were 236 

previously separated by salt diapirs (Figs. 10a and b). In other cases, shortening is expressed by 237 

the upslope minibasins or supra-canopy stratigraphy overthrusting the downslope obstructed 238 

minibasins (Figs. 10c-d).  239 

Systematic examination of slope-parallel cross-sections, reveals that obstructed minibasins 240 

are common and relatively evenly distributed across the study area (Fig. 11). If we overlay the 241 

map of supra-canopy extension and shortening onto the map of the obstructed minibasins (Fig. 12) 242 

it is striking that the vast majority of the latter show zones of shortening on their upslope sides and 243 

extension on their downslope sides (Fig. 12). The clearest examples of this strain pattern around 244 

obstructed minibasins are shown at locations 1-9 in Figure 12. We therefore conclude that the 245 

presence and ubiquity of obstructed minibasins across the study area explains most of the complex 246 

distribution of extensional and shortening strains (Fig. 12).  247 

There is undoubtedly a strong correlation between the location of obstructed minibasins 248 

and the patterns of supra-canopy extensional and shortening strain. However, should we expect 249 

that every obstructed minibasin will be associated with upslope shortening and downslope 250 
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extension? The simple answer to this is ‘no’ as we can separate those obstructed minibasins that 251 

adhere to the expected strain pattern (red minibasins in Fig. 13) from those that do not (blue 252 

minibasins in Fig. 13). This raises the question: why do some, albeit few (only 3 examples are 253 

noted), obstructed minibasins not influence supra-canopy strain in the manner expected? We now 254 

briefly explore some of the main potential causes.  255 

First, the high degree of shortening at the edge of the Sigsbee Canopy may propagate 256 

upslope from the frontal escarpment and overwhelm the local effects of the relatively local strain 257 

field produced by minibasin obstruction. This may explain why the obstructed minibasin located 258 

near the Sigsbee escarpment in the ‘east’ does not display a well-developed extensional breakaway 259 

on its downslope side (Fig. 13). Second, if a minibasin becomes obstructed at a time when there is 260 

no roof on the surrounding diapirs, then any updip shortening and downslope extension may be 261 

difficult to detect as it will be accommodated solely by cryptic deformation within the salt (sensu 262 

Jackson et al., 2015). Third, if an obstructed minibasin is surrounded by numerous other closely-263 

spaced obstructed minibasins, especially those that are severely obstructed, a shadowing effect 264 

may occur whereby the local canopy salt is relatively immobile and the supra-canopy roof is 265 

pinned in place. As such, the expected upslope shortening zones and downslope extensional 266 

breakaways may not develop (e.g. obstructed minibasin W in Figure 13). 267 

 268 

6.3. Variations in the Degree of Minibasin Obstruction 269 

We have demonstrated that obstructed minibasins are ubiquitous across the study area and 270 

that they can explain complex supra-canopy strains. So far, however, we have not considered the 271 

striking differences in the degree to which minibasins are obstructed and the potential implications 272 

this may have upon the structural evolution of a salt-detached gravity-gliding/spreading slope. 273 
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Using slope-parallel seismic cross-sections, we now describe differences in the degree to which 274 

minibasins are obstructed. We classify the degree to which minibasins are obstructed as either 275 

severe, high, moderate or mild (Fig. 10). We describe severely-obstructed minibasins before 276 

progressing to more mildly-obstructed examples. 277 

We classify a supra-canopy minibasin as severely obstructed where the downslope flank 278 

of the minibasin is welded, and buttressed, against a sub-vertical structural high on the base-of-279 

salt (8.5 km high) (Fig. 10a). A minibasin becomes severely obstructed if it subsides deep into a 280 

feeder to form either a bucket or bowl minibasin. In the example shown in Fig. 10a, the downslope 281 

translation of the supra-salt minibasin is obstructed by the 8.5 km high sub-vertical feeder wall.  282 

We classify a supra-canopy minibasin as highly obstructed where a minibasin is welded, and 283 

buttressed, against a steeply landward-dipping structural high on the base-of-salt (~55° dip and at 284 

least 3.75 km high in the example shown in Figure 10b). If a minibasin is obstructed from 285 

translating downslope by being welded to a moderately landward-dipping high on the base-of-salt 286 

(~15° dip and at least 1.2 km high in the example shown in Figure 10c) then the minibasin is 287 

classified as moderately obstructed. Finally, a mildly-obstructed minibasin refers to one welded at 288 

its base to a flat, or gently landward- or seaward-dipping (e.g. 0-10°) ramp in the base-of-salt (e.g. 289 

Figs. 9 and 10d). A map showing the distribution of obstructed minibasins, with the minibasins 290 

color-coded according to the degree to which they are obstructed is shown in Figure 14. This map 291 

shows significant local variations in the degree of obstruction between adjacent minibasins. For 292 

example, minibasins X, Y and Z are trapped in feeders and thus severely-obstructed, yet 293 

immediately adjacent to each of these are mildly-obstructed minibasins (Fig. 14).   294 

Intuitively, different degrees of minibasin obstruction should lead to differences in 295 

minibasin mobility. The physical-modeling results shown in Figures 8 and 9 suggest that mildly- 296 
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to moderately-obstructed minibasins can, under some circumstances, continue translating 297 

downslope after welding. For example, after 42 hours of the model run (Fig. 8c), Minibasin 1 was 298 

obstructed from moving downslope by the base-of-salt ramp. A major fold-and-thrust belt 299 

developed on its upslope side as the more mobile Minibasin 2 converged (Fig. 8c). However, after 300 

260 hours, despite having welded to the ramp, Minibasin 1 translated further downslope, coming 301 

to rest on earlier-deposited roof material (Fig. 9). We envisage two ways in which an obstructed 302 

minibasin may partially or fully overcome moderate-to-mild base-of-salt obstructions: i) the 303 

gravitational ‘push’ from the downslope-translating salt and supra-salt units located on its upslope 304 

side, an effect that would increase if the dip of the margin increased; ii) salt inflation at the 305 

downslope portion of the slope, a process that may passively uplift or remobilize the otherwise 306 

obstructed minibasin. Overall, moderately-to-mildly obstructed minibasins have a much greater 307 

potential to translate downslope after obstruction, than severely- or highly-obstructed minibasins.  308 

The likely differential translation of minibasins obstructed to different degrees should be 309 

accommodated by 3D strains and deformation. Kruger (2010) suggests that lateral tear faults 310 

(sensu Rowan et al., 1999) could form at the boundaries between minibasins that have different 311 

mobilities. A more detailed examination of the evidence for differential translation in supra-canopy 312 

minibasin systems forms the basis of a companion paper (Fernandez et al., in prep). 313 

 314 

7. Supra-Salt Strain Patterns and Kinematics in Salt-Detached Slope Settings 315 

  316 

In the early stages of margin development when minibasins are relatively thin and do not interact 317 

with the base-of-salt relief, the structural zonation of the salt-detached slope is expected to be 318 
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relatively simple (Fig. 15a). In contrast, later in margin development, when minibasins are thick 319 

enough such that their bases weld to the base-of-salt, they become obstructed. During the latter 320 

stage a more complex strain pattern develops, with shortening strains typically developed 321 

immediately upslope of each obstructed minibasin and an extensional breakaway developed 322 

immediately downslope (Fig. 15b). Furthermore, minibasins can be obstructed to different degrees 323 

(Fig. 15b). Thus, we propose that minibasin obstruction exerts a first-order control on the mobility 324 

of minibasins and the pattern of supra-canopy strain.  325 

We now compare the structural styles, processes and strain patterns observed on in the 326 

supra-canopy of the Northern Gulf of Mexico slope to previous studies of salt-detached slope 327 

systems. First, in this study, many supra-canopy minibasins are subsiding and translating 328 

downslope above a base-of-salt with many closely-spaced, three-dimensionally complex, 329 

structural highs and lows. This results in a high incidence of basal welds and sub-vertical welds 330 

on the minibasin margins that prevent minibasins from translating further downslope and locally 331 

modify the strain field. The slope is thus partitioned into many extensional-contractional 332 

gravitational sub-systems (or ‘flow cells’) developed between the obstructions, many of which 333 

only extend for 10-15 km along-strike. This contrasts markedly with examples from the Liguro-334 

Provencal Basin (Ferrer et al., 2017) and the Nile Deep Sea Fan (Loncke et al., 2006), in which 335 

the base-of-salt has only a few major obstructions (in these cases, volcanic seamounts). These 336 

slope systems are partitioned into fewer and much larger-scale extensional-contractional 337 

gravitational sub-systems. For example, in the case of the Nile Deep Sea Fan system, the 338 

Eratosthenes Seamount modifies the supra-salt strain pattern over thousands of square kilometres 339 

(e.g. Loncke et al. 2006; Allen et al., 2016). 340 
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Second, in this study, the base-of-salt relief is both positive and negative relative to the 341 

regional flat-lying tops of the primary minibasins, with the negative relief marked by feeders (Figs. 342 

3 and 4a). It is striking how severely-obstructed minibasins are trapped and enclosed within the 343 

negative relief of the feeders (Fig. 10a). It is highly unlikely these severely-obstructed minibasins 344 

will ever move. In contrast, when the obstruction is defined by positive relief, such as an isolated 345 

base-of-salt high (this study) or a volcanic seamount (Loncke et al., 2006; Ferrer et al., 2017), it is 346 

possible that the translating supra-canopy may deform so that the obstruction may be fully or partly 347 

overcome (e.g. Fig 1b). Alternatively, under some circumstances salt may inflate to allow 348 

sediments to rise and translate across obstructions (e.g. Dooley et al., 2017; 2018l Ferrer et al., 349 

2017). We therefore suggest that negative relief is more likely to be a permanent obstruction than 350 

positive relief if a minibasin subsides deeply into it.  351 

Third and finally, in the Gulf of Mexico the pattern of supra-canopy strain becomes more 352 

complex with time, becoming compartmentalized into series of flow cells (sensu Peel et al., 1995) 353 

as minibasins weld to the base-of-salt and become obstructed. This contrasts with the system 354 

described in Ferrer et al (2017) in which strain patterns simplify with time. In that study, highs on 355 

the slope result in initial partitioning of strain into sub-systems. However, once enough salt 356 

accumulates upslope of the high such that the high becomes overthrust, the system may 357 

subsequently revert to a single gravitational extensional-contractional system of regional extent. 358 

 359 

 360 

8. Concluding Remarks  361 

We aimed to explain the complex distribution of supra-canopy extension and shortening observed 362 

in an array of minibasins located in the lower slope of the northern Gulf of Mexico. We found that 363 
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where minibasins are of sufficient thickness, they interact with and weld to a rugose base-of-salt. 364 

Welding impacts the translation potential of these minibasins, either by stopping them completely 365 

or slowing them down, depending on the severity of the obstruction. The obstruction of a given 366 

minibasin, in combination with continued downslope motion of the salt and the surrounding 367 

overburden, typically results in zones of shortening immediately upslope of the obstructed 368 

minibasin and extensional immediately downslope. Thus, obstructed minibasins exert a major 369 

control on patterns of supra-canopy strain and may result in a strain pattern that is decidedly more 370 

complex than that observed in salt-detached slopes translating above a smooth base-of-salt. 371 

 By assessing whether a minibasin is obstructed, and if so, to what degree, we may be 372 

able to understand the relative movement histories of minibasins in a given province, and in fact, 373 

predict how a minibasin is moving today. This is valuable for two main reasons. First, if we can 374 

understand the likely minibasin kinematics associated with obstruction, we have a conceptual 375 

framework within which to explain the complex map-view strain fields. Thus, we can make sense 376 

of the geometry, kinematics and distribution of faults, folds and welds in and around obstructed 377 

minibasins, aiding structural restorations. Second, being able to predict present-day minibasin 378 

kinematics may help those drilling boreholes in minibasin provinces to predict likely stress fields 379 

and thus the stability and lifetime of well bores (e.g. Tingay et al., 2011; King et al., 2012).  380 

 In summary, this study has demonstrated the importance of obstructed minibasins and 381 

the influence they can have upon supra-salt strain patterns. It is likely that the process of minibasin 382 

obstruction causes predictable spatial and temporal changes in seafloor topography that control the 383 

location and character of depositional systems, and hence reservoir distribution in other minibasin 384 

provinces. Concepts outlined in this article are applicable to other salt basins where minibasins are 385 
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translating downslope in the presence of significant base-of-salt relief (e.g. North Sea, Gulf of 386 

Mexico, South Atlantic margins, Scotian margin, offshore Morocco). 387 

 388 

 389 
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10. Figure Captions 407 

 408 

Figure 1. (a) Schematic model of a salt-detached slope system with a smooth base-of-salt. Note 409 

the simple extension-translation-contraction structural zonation (modified from Rowan et al., 410 

2004). (b) Sketch of a physical model (modified from Ferrer et al., 2017) showing the structural 411 

styles developed when a mid-slope seamount fully protrudes above top salt at the onset of gliding. 412 

Note how the slope system is partitioned into two extensional-contractional subsystems either side 413 

of the seamount. (c) Schematic model of a salt-detached slope system where a prekinematic 414 

overburden of uniform thickness is passively-translated across a base-of-salt high block (‘step-415 

up/step-down’ scenario shown although ‘step-down/step-up’ scenarios also occur). Key processes 416 

influencing local strains are shown at an early-stage (i) and a late-stage (ii) (modified from Dooley 417 

et al. 2017, see paper for more details). On the updip side of the high block a flux mismatch causes 418 

salt to thicken. This reduces the effects of basal drag, such that salt velocity increases through time. 419 

This eventually causes extension as the overburden and salt pull away from the thickened salt. On 420 

the downdip side of the high block, a flux mismatch initially results in rapid extension. This 421 

extension is facilitated by the absence of a buttress and the proximity of the open toe. Extensional 422 

structures formed on the high block are amplified as they translate through an extensional hinge 423 

and shorten as they translate through a compressional hinge. 424 

 425 

Figure 2. Seafloor bathymetry map of the northern Gulf of Mexico and the Sigsbee Canopy. The 426 

study area is located in the mid-to-lower slope. Bathymetry map sourced from the Bureau of Ocean 427 
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Energy Management. Black lines show offshore protraction areas. Inset shows broader 428 

geographical location of bathymetry data. 429 

 430 

Figure 3. Schematic regional representation of key elements of the deep water Northern Gulf of 431 

Mexico (modified from Pilcher et al (2011). Feeders between the primary minibasins allowed deep 432 

Louann salt to rise and form the shallow Sigsbee canopy, into which the supra-salt minibasins 433 

(yellow) have subsided. Welds are indicated by paired red dots. The red and purple lines indicate 434 

what we have mapped and termed the base Sigsbee Canopy surface (shown in map-view in Figure 435 

4a) and the top Sigsbee Canopy surface (shown in map-view in Figure 4b), respectively. Note the 436 

rugosity of the base Sigsbee Canopy surface and that for the purposes of this study, the surface 437 

extends down the feeders. 438 

 439 

Figure 4. (a) Map view of the highly-rugose base Sigsbee Canopy surface. Purple areas are feeders 440 

and reds show base-of-salt highs (b) Map view of the top Sigsbee Canopy surface, each structural 441 

low hosts a minibasin that has subsided into the Sigsbee canopy 442 

 443 

Figure 5. Seismic cross-sections showing representative examples of features used to classify the 444 

predominant strain in a given area. (a and b) evidence of extensional faults in the supra-canopy 445 

indicate extensional strain. (c) folding, (d) thrusting, and (e and f) secondary welding (squeezed 446 

diapir) all indicate shortening. 447 

 448 
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Figure 6. Map view of distribution of extensional and shortening strains in the supra-canopy 449 

shown above a grayscale view of the top Sigsbee Canopy surface. Note the patchy and complex 450 

distribution of extension and shortening. Importance of locations A-E are discussed in the text. 451 

 452 

Figure 7. Schematic diagram showing the concept of minibasin obstruction. At an early stage (a) 453 

the minibasins are translating downslope but are too thin to interact with the base-of-salt relief. At 454 

a later stage (b), the central minibasin has subsided deep enough that it welds against the base-of-455 

salt. The minibasin is then obstructed from translating downslope and the freely-translating 456 

minibasin further upslope runs into the back of the obstructed minibasin. This creates a zone of 457 

shortening. In contrast, the unobstructed minibasin and salt further downslope continues moving 458 

freely downslope, pulling away from the obstructed minibasin and creating an extensional 459 

breakaway. 460 

 461 

Figure 8. (a-d) Overhead views showing the evolution of the top surface of a physical model of 462 

minibasin obstruction (see appendix 1 for model setup information). (a) Minibasin 1 and Minibasin 463 

2 are translating downslope, updip of a base-of-salt ramp. (b) Minibasin 1 moves closer to the 464 

ramp, feels the effect of the ramp, and slows down. Minor shortening occurs to its upslope flank 465 

as Minibasin 2 continues to move downslope more rapidly. (c) Minibasin 1 is now welded to the 466 

base-of-salt ramp and is therefore an obstructed minibasin. A well-developed fold-and-thrust belt 467 

develops upslope of obstructed Minibasin 1 whereas an extensional breakaway develops to its 468 

downslope. (d) At a much later stage in the evolution of the model Minibasin 1, which was 469 

previously welded to, and obstructed by, the base-of-salt ramp, has translated further down dip, 470 

suggesting that mildly- to moderately-obstructed minibasins can still translate downslope once thy 471 
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have welded to the base-of-salt. (e) Strain map of the top model surface after 42 hours showing 472 

2D strains in E-W direction. Note the marked shortening strains located updip of the obstructed 473 

minibasin and the extensional strains downdip of the obstructed minibasin. The model setup is 474 

documented in the appendix. 475 

 476 

Figure 9. Vertical cross-sections taken from the physical model shown in Figure 8. The locations 477 

of the cross-sections are shown in Fig 8d. Note how MB-1 is welded to the base-of-salt and thus 478 

obstructed. Folds and thrusts (i.e. shortening features) are observed upslope of the obstructed 479 

minibasin and extensional features are observed immediately downslope. 480 

 481 

Figure 10. Seismic cross-sections showing uninterpreted and interpreted examples of obstructed 482 

minibasins i.e. where the bases of supra-canopy minibasins have subsided deep enough that they 483 

have welded to the base Sigsbee Canopy surface. (a) Minibasin has subsided into a major feeder 484 

(severely-obstructed minibasin). (b) Minibasin welded to, and obstructed by, a steeply-dipping 485 

high in the base-of-salt (highly-obstructed minibasin). (c) Minibasin welded to, and obstructed by, 486 

a moderately-dipping high in the base-of-salt (moderately-obstructed minibasin). (d) Minibasin 487 

welded to, and obstructed by, a gently landward-dipping base-of-salt (mildly-obstructed 488 

minibasin). 489 

 490 

Figure 11. Map view showing the number, size and distribution of obstructed minibasins shown 491 

above a grayscale top Sigsbee salt surface map. 492 

 493 
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Figure 12. Map view showing distribution of obstructed minibasins as well as areas of extensional 494 

and shortening strains. Note how many obstructed minibasins are associated with a zone of 495 

shortening immediately to the upslope and shortening to the immediate downslope. Locations 1-9 496 

are clear examples of where obstructed minibasins show shortening strains to their immediate 497 

upslopes and extensional strains to their immediate downslopes. 498 

 499 

Figure 13. Map view showing the outlines of obstructed minibasins in the study area shown above 500 

a grayscale top Sigsbee salt surface map. Obstructed minibasins that show upslope shortening and 501 

downslope extension are coloured red, whereas those that does not display upslope shortening and 502 

downslope extension are coloured blue. Importance of location W is discussed in the text. 503 

 504 

Figure 14. Map view showing the outlines of obstructed minibasins shown above a grayscale top 505 

Sigsbee salt surface map. Polygons are colour-coded according to the degree to which they are 506 

obstructed. Importance of locations X, Y, Z are discussed in the text. 507 

 508 

Figure 15. Schematic model of a salt-detached slope system above a rugose base-of-salt surface 509 

where the supra-canopy stratigraphy is in the form of multiple subsiding minibasins that are 510 

translating downslope. (a) early-stage configuration where minibasin bases have not subsided deep 511 

enough to interact and weld against the rugose base-of-salt. A simple three-division structural 512 

zonation of the slope occurs. (b) late-stage configuration where the minibasins have subsided deep 513 

enough to interact and weld with the rugose base-of-salt. There are varying degrees of obstruction 514 

(red = severe obstruction; orange = high degree of obstruction; yellow = moderate obstruction; 515 
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green = mild obstruction) and a number of extensional-contractional gravitational sub-systems or 516 

‘flow cells’ form between obstructed minibasins. 517 

 518 

Caption for Appendix Figure A1. Overhead view showing the set up for the physical model of 519 

minibasin obstruction, the results of which are shown in Figures 8 and 9 and discussed in the text 520 

(see Appendix 1 for details). 521 

 522 

 523 

Appendix 1: Physical model set up, materials and data capture 524 

 525 

As is common for physical models of salt tectonics, we simulated our salt layer using ductile 526 

silicone polymer (polydimethylsiloxane [PDMS], trade named SGM36; Weijermars, 1986) and its 527 

siliciclastic overburden using brittle, dry, granular materials consisting of quartz sands and ceramic 528 

microspheres. A 3-cm-thick silicone layer formed our canopy analog and this pinched out against 529 

a left-dipping base-salt ramp (Figure A1). Two circular minibasins with a diameter of 15 cm were 530 

emplaced on the model surface as mounded positive reliefs in the positions shown in Figure A1. 531 

To ensure the minibasins formed bowl-shaped depressions the density of the minibasin “fill” was 532 

altered from the center to the periphery of the initial mounds. The central core of the minibasin 533 

was 1.4 times that of our salt analog, and the periphery of the minibasin was the same density as 534 

our salt analog. This density ratio was achieved by varying the proportions of silica sands and 535 

ceramic microspheres in the brittle overburden (see Dooley et al., 2009; for further details). 536 

Minibasin 1 was sunk to 2.5 cm, and Minibasin 2 was sunk to a depth of 2 cm (orange and yellow 537 
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layers in Figure 8) before the entire model (blue surface shown in Figure 7; purple, grey and blue 538 

layers in Figure 8) surface was covered in a 1-cm-thick sand and microsphere mixture. Gravity 539 

gliding was initiated by simply tilting the rig to the right to a dip of 4° (Figure A1), reducing the 540 

effective dip of the base-salt ramp on the right to 6°. 541 

Computer-controlled cameras photographed the obliquely lit upper surface of the models 542 

at set time intervals. These photographs of the surface of the model are shown in Figure 8a-d. 543 

These images were also processed in 2D by a DIC (digital image correlation) software system 544 

(DaVis by LaVision) generating the strain map shown in Figure 8e. For more details on DIC 545 

monitoring and processing techniques, see Adam et al. (2005). The completed model was set using 546 

a gelatin mixture and sliced at intervals of 3 mm generating the section views shown in Figure 9. 547 

 548 
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