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Abstract 

The Santos Basin presents a complex and controversial evolution and distribution of 

salt tectonics domains. The controversies revolve mainly around the kinematically-

linked Albian Gap and São Paulo Plateau. The Albian Gap is a ~450 km long and 60 

km wide feature characterized by a post-Albian counter-regional rollover overlying 

depleted Aptian salt and in which the Albian is absent. The São Paulo Plateau is 

defined by a pre-salt structural high with significant base-salt topography and overlain 

by ~2.5 km thick salt. Another prominent feature is the Merluza Graben, a rift 

depocentre that underlies the southern portion of the Albian Gap and displays 

significant (3-4 km) of base-salt relief. Two competing hypotheses have been 

proposed to explain the origin and kinematics of these provinces. One invokes post-

Albian extension within the Albian Gap and contraction in the Sao Paulo Plateau. The 

other invokes post-Albian salt expulsion in the Albian Gap and salt inflation in the São 

Paulo Plateau without significant lateral deformation. A recent study shows these 

processes contribute equally to the evolution of these domains, also demonstrating 

the importance of the previously neglected base-salt relief. We apply 3D physical 

modelling to test these new concepts and understand the interplay between laterally-

variable base-salt relief, gliding and spreading on salt tectonics. Our results show a 

remarkably-similar salt and post-salt evolution and architecture to the Santos Basin as 

proposed in recent studies. They improve the understanding on the distribution and 

interaction of salt-related structural styles and gravity-driven processes, being also 

applicable to other salt-bearing margins.  

 

 



 3 

1. Introduction 1 

The Santos Basin, located along the South Atlantic Brazilian passive margin, has been 2 

centre of scientific debates regarding the timing and kinematics of rifting and breakup, 3 

the temporal relationship between salt deposition and rifting, and the evolution of salt 4 

tectonic structural styles. The basin presents a complex rifting history, characterized 5 

by a rift jump towards Africa that resulted in an ultra-wide Aptian salt basin defined by 6 

prominent, rift-related pre-salt topography (Lentini et al., 2010; Garcia et al., 2012; 7 

Davison et al., 2012; Heine et al., 2013; Kukla et al., 2018; Pichel et al., 2021). It is, 8 

for that reason, commonly considered the largest and most controversial salt basin in 9 

the entire South Atlantic (Lentini et al., 2010; Kukla et al., 2018; Pichel et al., 2021). 10 

The main controversies regarding its salt tectonics revolve around the unique 11 

structural styles associated with the Albian Gap and São Paulo Plateau, whose origin 12 

and kinematics have been discussed for >30 years (cf. Demercian et al., 1993; 13 

Mohriak et al., 1995; Szatmari et al., 1996; Davison et al., 2012; Quirk et al., 2012; 14 

Jackson et al., 2015a,b; Pichel et al., 2018; 2019c).  15 

The Albian Gap is a remarkably large (c. 450 km long and up to c. 60 km wide) feature 16 

located at the transition between the updip extensional and intermediate translational 17 

salt-tectonic domains of the Santos Basin (Fig. 1a-b). It is spatially and genetically 18 

associated with an equally large, 6-8 km thick, counter-regional post-Albian salt-19 

detached rollover, and by the near-complete absence of the Albian section above a 20 

highly depleted Aptian salt layer (Fig. 1b) (Guerra and Underhill, 2012; Jackson et al., 21 

2015; Pichel and Jackson, 2020b). Two competing hypotheses were originally 22 

formulated to describe its genesis and kinematics (see review by Jackson et al., 2015; 23 

Pichel and Jackson, 2020): (i) the extensional model, which invokes that the gap and 24 

its overlying rollover formed by post-Albian gravity-driven extension accommodated 25 
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by slip on a large counter-regional, listric extensional fault (Demercian et al., 1993; 26 

Cobbold et al., 1995; Mohriak et al., 1995; Guerra and Underhill., 2012; Rowan and 27 

Ratcliff, 2012; Quirk et al., 2012); and (ii) the expulsion model, which argues that the 28 

Albian Gap was fully established earlier, during the Albian, and that post-Albian 29 

deformation was driven by a basinward salt expulsion related to the differential loading 30 

of a prograding continental platform without significant lateral extension (Ge et al., 31 

1997; Gemmer et al., 2004; 2005; Krezcek et al 2007; Adam and Krézsek, 2012; 32 

Jackson et al., 2015).   33 

Immediately basinward of the Albian Gap, the São Paulo Plateau is characterized by 34 

thick (>2.5 km) salt above a large and hydrocarbon-prolific, pre-salt structural high, the 35 

Outer High (Gomes et al., 2009; Davison et al., 2012; Fiduk and Rowan, 2012; 36 

Jackson et al., 2014; 2015a; Rodriguez et al., 2019). The origin and style of salt-related 37 

deformation in the São Paulo Plateau is intrinsically related to the origin and 38 

kinematics of Albian Gap, given they are both part of the same gravity-driven system 39 

(Jackson et al., 2015b). Thus, extensional models for the Albian Gap imply that the 40 

salt and supra-salt post-Albian deformation in the SPP is characterized by translation 41 

and regional contraction (Guerra and Underhill, 2012; Fiduk and Rowan, 2012; Quirk 42 

et al., 2012; Rowan and Ratliff, 2012). Conversely, in the expulsion-driven model, post-43 

Albian deformation is characterized by salt inflation, but with no significant overburden 44 

translation and contraction (Ge et al., 1997; Gemmer et al., 2004; Jackson et al., 45 

2015a,b).  46 

Recent studies, however, demonstrate that salt deformation in the Albian Gap and 47 

São Paulo Plateau is three-dimensionally more variable and complex than previously 48 

described. For example, Pichel and Jackson (2020b) use an extensive, depth-49 

migrated 2D dataset and balanced structural restorations to demonstrate significant 50 
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lateral variability in salt-related structural style within the Albian Gap, and to argue that 51 

both post-Albian expulsion and extension played an equally important role on its 52 

evolution. This is in accordance with the magnitude of translation (~30 km) observed 53 

in ramp-syncline basins in the adjacent São Paulo Plateau (Pichel et al. 2018; 2019c). 54 

Beneath the salt, the underlying basement and basin fill is characterized by a system 55 

of horsts and grabens, including the Merluza Graben (MG) (cf. Garcia et al., 2012; 56 

Magee et al., 2020) and the Santos Outer High (Fig 1b). The Merluza Graben is 57 

partially overlain by the Albian Gap (Fig. 1a), but due to its location and perhaps 58 

complexity, it has been relatively understudied in comparison with its adjacent 59 

structural provinces. The area is characterized by pronounced (up to 3.5-4 km) base-60 

salt relief at its basinward-bounding fault and contains some of the largest diapirs 61 

within the entire basin (Pichel et al., 2021). The presence of prominent base-salt relief 62 

in the Merluza Graben favours the development of squeezed diapirs, contractional salt 63 

anticlines, and ramp-syncline basins, in an area that was previously classified as 64 

purely extensional (cf. Mohriak et al., 2008; Davison et al., 2012; Quirk et al., 2012) 65 

(Fig. 1a-b). Where the Albian Gap and Merluza Graben overlap, there is also a clear 66 

change in the orientation (from NE to N) and style of deformation (i.e., fault and rollover 67 

polarity) in the Albian Gap as it becomes subparallel to the underlying Merluza Graben 68 

in its southern portion (Fig. 1a) (Pichel et al., 2021).  69 

Whilst these recent, largely seismic reflection-based studies have provided advances 70 

in the understanding of salt tectonics in the Santos Basin, the kinematic and 71 

mechanical plausibility of the arising concepts have not been yet tested with physical 72 

or numerical models. In this paper, we use a scaled regional (i.e., representing an area 73 

100 km long by 60 km wide) physical model of the Santos Basin to test hypotheses 74 

related to its salt tectonic evolution and the way in which rift-related relief controlled 75 
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the subsequent salt-tectonic evolution of the basin. The experiment was designed to 76 

test the interplay between: i) rift-related base-salt architecture, ii) gliding and iii) 77 

spreading associated with the more controversial structures in the Santos Basin, i.e., 78 

the Merluza Graben, the Albian Gap, and the São Paulo Plateau (Fig. 2). It is the first 79 

physical modelling experiment to study the linked salt-tectonic evolution of three key, 80 

spatially related structural domains: the Merluza Graben, Albian Gap, and São Paulo 81 

Plateau. Given that salt-related gliding and spreading over an irregular base-salt 82 

surface is common in several other basins (e.g., West Africa, Gulf of Mexico, Campos-83 

Espirito Santo), our modelling results also help us understand regional salt tectonics 84 

in other salt-bearing rifted margins.  85 

2. Geological Setting 86 

The Santos Basin is bound by the Cabo Frio Arch to the northeast and by the 87 

Florianopolis Platform to the southwest (Mohriak et al., 1995; Garcia et al., 2012). The 88 

basin originated during the Early Cretaceous rift event that ultimately led to the 89 

opening of the South Atlantic (e.g., Meisling et al., 2001; Modica and Brush, 2004; 90 

Karner and Gambôa, 2007; Mohriak et al., 2008). Rifting was characterized by ESE-91 

SE extension, which formed NNE-NE-oriented grabens and half-grabens filled by 92 

Barremian, syn-rift, fluvial-lacustrine deposits, and that are overlain by an early-to-93 

middle Aptian, carbonate-dominated sag (i.e., early post-rift) sequence (Meisling et 94 

al., 2001; Davison et al., 2012). Regional fault activity decreased during the early 95 

Aptian and, by the Late-Aptian, a c. 2.5 km thick (on average) salt succession had 96 

been deposited (Davison et al., 2012; Garcia et al., 2012; Pichel and Jackson, 2020). 97 

Salt deposition was controlled by relief inherited from the preceding rift, resulting in 98 

spatial variations in original salt thickness and composition (Davison et al., 2012; 99 

Garcia et al., 2012; Rodriguez et al. 2018). In pre-salt lows such as the Merluza 100 
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Graben and the Deep Marginal Through, salt was up to 3.5-4 km thick (Fig. 1b) (Garcia 101 

et al., 2012; Lebit et al., 2019). Conversely, on pre-salt highs such as the Outer High 102 

in the São Paulo Plateau (Fig. 1b), salt was only c. 1-2 km thick (Garcia et al., 2012; 103 

Davison et al., 2012; Rodriguez et al., 2019).  104 

During the early Albian, the Santos Basin became fully marine due to breakup and 105 

emplacement of oceanic crust resulting in thermally induced post-rift subsidence 106 

(Quirk et al., 2012). During the late Albian, the basin tilted south-eastward, inducing 107 

gravity gliding of the salt and its overburden. Salt-related deformation produced 108 

numerous thin-skinned, predominantly basinward-dipping, salt-detached normal faults 109 

that dismembered the Albian carbonate layer into rafts in the updip extensional domain 110 

(zone of extension, Fig. 1) (Demercian et al., 1993; Cobbold et al., 1995; Guerra and 111 

Underhill, 2012; Quirk et al., 2012). Post-Albian sedimentation was characterized by 112 

margin-scale clastic progradation, with sediments derived from the uplifting of the 113 

Serra do Mar Mountain range (Fig. 1a) (Modica & Brush, 2004). Due to the margin 114 

progradation, deformation gradually migrated downdip into the Albian Gap and onto 115 

the São Paulo Plateau (Fig. 1) (Quirk et al., 2012; Jackson et al., 2015a, Pichel and 116 

Jackson, 2020). Post-Albian salt tectonics was characterized by the basinward 117 

expulsion of salt from the Albian Gap, and the development of a hybrid, extensional-118 

expulsion counter-regional rollover (Pichel and Jackson 2020); this was kinematically 119 

balanced by up to c. 30 km of overburden translation above inflated salt in the São 120 

Paulo Plateau (Pichel et al., 2018; 2019c). There, salt deformation was influenced by 121 

the rift-related base-salt relief and salt thickness variability in the Outer High, resulting 122 

in broadly coeval extension, contraction, and load-driven diapirism, as well as the 123 

development of ramp-syncline basins (Pichel et al. 2018; 2019c). The Albian Gap, 124 

Merluza Graben, and the Deep Salt Basin were likely also influenced by base-salt 125 
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relief due to the complex rifting and break-up history of the basin (cf. Davison et al. 126 

2012; Garcia et al., 2012; cf. Pichel and Jackson, 2020; Pichel et al; 2021).  127 

3. Analogue Modelling 128 

3.1. Materials 129 

A well-sorted and rounded dry silica sand (white and coloured) with an average grain 130 

size of 200 µm was used to simulate brittle rocks of the upper continental crust (pre-131 

salt and overburden in our natural analogue). It is generally accepted that dry silica 132 

sand obeys a Mohr-Coulomb failure criterion at laboratory strain rates (Hubbert, 1951, 133 

Horsfield, 1977). The mechanical properties of this sand were measured by Ferrer et 134 

al. (2017), who demonstrated an angle of internal friction (ø) of 34.6º, a coefficient of 135 

internal friction (φ) of 0.69, a bulk density of 1500 kg.m-3, and a low apparent cohesive 136 

strength of 55 Pa. A transparent, high-viscosity silicone polymer (polydimethylsiloxane 137 

or PDMS) was used to model rock salt (referred in the text as “salt” for simplicity). 138 

PDMS is a near-Newtonian viscous fluid that, at laboratory strain rates, has a low yield 139 

strength, similar to the behaviour of natural salt (e.g., Weijermars and Schmeling, 140 

1986; Dell’Ertole and Schellart, 2013). At room temperature, PDMS has a density of 141 

974 kg.m-3 and a viscosity of 1.6 x 10-4 Pa.s when deformed at a laboratory strain rate 142 

of 1.83 x 10-4 cm.s-1 (Dell’Ertole and Schellart, 2013). Table 1 summarizes the scaling 143 

parameters of the experiments as well as the mechanical properties of the modelling 144 

materials. 145 

3.2. Experimental Setup  146 
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Our model simulates the salt tectonics evolution of the proximal portion of the southern 147 

Santos Basin, comprising its updip salt pinch-out and three main structural provinces: 148 

the pre-salt Merluza Graben, and the post-salt Albian Gap and São Paulo Plateau 149 

(Figs. 3-4). This corresponds to a three-dimensionally variable setting, in which the 150 

pre-salt relief related to the Merluza Graben and adjacent base-salt steps vary along-151 

strike in steepness and orientation, resulting in differences in salt basin geometry and 152 

salt thickness (Figs 4-6). This produces along-strike and temporal variations in gravity-153 

driven gliding and spreading, resulting in complex and multiphase salt tectonics (Figs. 154 

5 and 6). We thus divide the model into a northern and southern domain, in which the 155 

base-salt structures are oriented orthogonal and oblique, respectively, to the main 156 

direction of gravity-driven tectonic transport.  157 

Physical modelling was undertaken at the Geomodels Analogue Modeling Laboratory 158 

(Universitat de Barcelona) in a deformation rig that was 120 cm long and 70 cm wide 159 

(Fig. 4a). Two fixed lateral glass walls and two metal plates confined the analogue 160 

materials during the model run. Dry silica sand was used to build the sub-salt 161 

topography, and a mixture of silica sand and clay was used locally to sculpt a steeper 162 

dip for the sub-salt faults. We modelled two major landward-dipping, sub-salt faults 163 

that display a variable orientation along strike (from orthogonal to oblique to the 164 

tectonic transport) (Fig. 4a). The baseplate was tilted 4º and the polymer was 165 

emplaced above the pre-salt topography. After 48 hours, when the polymer had 166 

settled, a 5 mm-thick, pre-kinematic layer of blue sand was manually poured above 167 

the entire model and levelled with a scraper (Fig. 4b). Deformation was triggered by 168 

tilting of the baseplate a further 2º basinward (driving gravity gliding) and by adding a 169 

wedge of 4 mm thick blue sand (driving gravity spreading) (Fig. 4c).  170 
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Syn-kinematic prograding wedges of white and coloured (red and yellow) dry silica 171 

sand were poured onto the experiment and then levelled every 2 hours. Prior to the 172 

deposition of each syn-kinematic wedge, the baseboard was tilted back 2º. The 173 

regional datum was progressively raised 1 mm before the deposition of each sand 174 

wedge. The roof of the main salt structures elevated above the regional datum during 175 

the experiment were vacuumed to simulate erosion. After the deposition of each syn-176 

kinematic wedge, the baseboard was again tilted 2º basinward to restart gravitational 177 

gliding. A trench of sand and polymer was gradually removed at the basinward metal 178 

plate to create an open-toe system.  At the end of the model run, we covered the 179 

experiment with a fine-grained, post-kinematic, dry silica sand to preserve the final 180 

topography and inhibit further polymer flow. Finally, we section the model into 200 3 181 

mm-thick vertical slices. 182 

3.3. Model Analysis 183 

Computer-controlled high-resolution digital cameras took overhead and oblique, time-184 

lapsed photographs during the experiment to document the model kinematics. In 185 

addition, we also took photographs of specific structures to aid our analysis of the 186 

model results. We used overhead time-lapse photographs and digital image 187 

correlation (DIC) to quantify particle displacements and strain (Adam et al., 2005). The 188 

final sections of the model were also documented by high-resolution photographs to 189 

analyse the along-strike variability of the structures.      190 

4. Results 191 

We first show the map-view evolution of the model using overhead time-lapse 192 

photography (Figs. 5 and 6) with DIC data (Figs 7 and 8). We then describe multiple 193 
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cross-sections throughout different domains of the model and then compare them with 194 

natural examples from the Santos Basin, Brazil.  195 

4.1. Overhead evolution 196 

The earliest stages of the model evolution correspond to deposition of the first two 197 

sedimentary wedges simulating Albian strata and initial seaward tilting of the model 198 

(Fig. 4c and 5a-b). During the first stage, deformation is focussed updip and within the 199 

large half-graben that, in our model, reflects the Merluza Graben (Fig. 5a, 7a and 8a). 200 

Broadly symmetric and linear grabens, cored by reactive diapirs and salt rollers, form 201 

updip of the half-graben, whereas a wide zone of inflated salt and relatively gentle 202 

overburden folding forms within it (Fig. 5a and 8a). This zone of inflation follows the 203 

sub-salt trend, thus being wider and oblique to gravity-driven transport in the south. 204 

Minor, short-wavelength buckle-folds form further downdip of the half-graben, above 205 

the adjacent sub-salt plateau (Fig. 5a and 8a). 206 

Earlier-formed structures are amplified during deposition of the second sedimentary 207 

wedge, which represents Upper Albian strata (Figs. 4c and 5b). Updip extension is 208 

preferentially accommodated along basinward-dipping normal faults, with salt 209 

reaching the surface at the core of early-formed grabens, forming linear reactive-210 

passive salt walls. The ongoing basinward evacuation and inflation of salt above the 211 

Merluza Graben results in amplification of the previous structures, i.e., salt plateau 212 

and gentle overburden folds further downdip (Fig. 5b). To the north, where the half-213 

graben is narrower (30 cm), there is greater inflation and overburden uplift than in the 214 

south where: (i) the graben is wider; and (ii) its associated base-salt step trends 215 

oblique rather than normal to the overall direction of salt and overburden translation 216 

(Figs. 4a and 5b). During this stage, overburden erosion results in development of a 217 
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25-30 cm wide salt diapir that reaches the model surface in the north of graben (Fig. 218 

5b). Further downdip, over the sub-salt plateau (equivalent to the São Paulo Plateau 219 

of Santos), there is widespread salt inflation and overburden buckle-folding (Fig. 5b).  220 

In the next stage, equivalent to earliest post-Albian times, continued progradation 221 

results in additional updip extension and ongoing basinward translation of post-salt 222 

structures, with new normal faults and extensional turtle anticlines developing updip 223 

of the large half-graben (Fig. 5c). Some of the previous reactive-passive walls are 224 

buried, while new ones form slightly further downdip, but still within the graben (Fig. 225 

5c). In the north domain, the wide (~22 cm) diapir inflates further and starts to translate 226 

basinward, beyond the fault bounding the sub-salt half-graben (Fig. 5c, 7b and 8b). 227 

The updip portion of the wide diapir, located above the sub-salt graben, is further 228 

uplifted, and bound by an expulsion rollover that extend throughout the entire length 229 

of the model (Figs. 5c and 8b). Further downdip, over the sub-salt plateau, new salt-230 

cored buckle folds form while earlier-formed folds are tightened (Fig. 5c and 8b).  231 

In the next stage, as the margin progrades, the most proximal salt structures, updip of 232 

the half-graben, become dormant as salt is expelled downdip. Further basinward, 233 

within the sub-salt structural low representing the Merluza Graben, extension 234 

continues, as does the related growth of reactive and passive diapirs (Fig. 5d). The 235 

post-Albian sediments and associated expulsion rollover reach the landward-dipping 236 

sub-salt fault, filling the associated half-graben, whilst expelling most of its salt 237 

basinward (Fig. 5d). Consequently, the wide diapir formed during the second stage 238 

inflates and widens further (to ~34 cm) and, in the northern part of the model, 239 

translating nearly completely beyond the sub-salt fault (Fig. 5d). To the south, where 240 

the inflated salt remained largely covered by Albian-equivalent strata, reactive and 241 
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passive diapirs form in response to overburden extension and dismembering of their 242 

roof (Fig. 5d).  243 

In the following stage (Figs. 6a, 7c and 8c), as sediments prograde beyond the sub-244 

salt half-graben and reach the sub-salt plateau, there is little deformation updip of the 245 

graben. Extension migrates basinward and is primarily accommodated by counter-246 

regional (i.e., landward-dipping) normal faults at the updip portion of the half-graben 247 

(Figs. 6a and 8c). The expulsion rollover formed at the updip edge of the wide diapir 248 

is faulted and associated with counter-regional normal faults (Fig. 6a and 8c). The 249 

diapir widens (reaching up to ~38 cm) and translates further basinward, merging 250 

laterally with passive salt walls to the south. It partially encases Albian folds at its 251 

seaward end whilst developing new folds above its seaward end (Fig. 6a and 8c). The 252 

reactive diapirs formed above the inflated salt in the south are squeezed as they 253 

approach the downdip base-salt step (Fig. 6a and 8c).  254 

The next stage is similar to the preceding one, being characterised by continuous 255 

progradation and basinward migration of extension (Fig. 6b, 7d and 8d). This results 256 

in amplification and advance of counter-regional faults and the downdip expulsion 257 

rollover as well as complete burial of the most proximal structures (Fig. 6b). The wide 258 

salt diapir continues to advance basinward and expand laterally by coalescence with 259 

passive salt walls in the south, reaching up to ~40 cm of width, while a new foldbelt 260 

forms in between them where the salt remains covered by the Albian (Fig. 6b and 8d). 261 

Significant along-diapir variability is observed at this stage, i.e., the wide diapir is 262 

shortened in the south where it is partially covered, whilst it widens to the north where 263 

it reaches the model’s surface and can translate faster (Fig. 6b, 7d and 8d). The distal 264 
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foldbelt is tightened as salt flow is partially buttressed over base-salt steps and by the 265 

gradually basinward-thinning salt over the sub-salt plateau (Fig. 6b, 7d and 8d).  266 

In the next, the structures within the half-graben become largely dormant due to 267 

continuous basinward salt evacuation and overburden translation onto the sub-salt 268 

plateau (Fig. 6c). Updip deformation in the northern portion of the half-graben is 269 

characterized by development of counter-regional normal faults and basinward-270 

dipping extensional rollovers and/or turtle anticlines, most of which associated with 271 

crestal collapse grabens (Fig. 6c). In contrast, southern portion of the half-graben 272 

contains 10-20 cm long, reactive-passive walls that are bound by large, counter-273 

regional faults formed during the previous stage (Fig. 6b-c). The expulsion rollover 274 

also becomes bound by a large counter-regional normal fault at its basinward edge 275 

and is thus classified as a hybrid rollover formed by a combination of salt expulsion 276 

and overburden extension (Fig. 6b-c) (see Pichel and Jackson, 2020). The adjacent 277 

salt diapir now starts to narrow (down to ~30 cm) while still translating seaward (Fig. 278 

6c).  279 

At the last stage, progradation results in complete burial of all salt structures updip and 280 

within the half-graben and nearly complete burial of structures in the updip portion of 281 

the sub-salt plateau (Fig. 6d). Extension is thus localized along the largest counter-282 

regional fault and its overlying rollover, adjacent to the inflated salt over the sub-salt 283 

plateau (Fig. 6d).  284 

4.2. Cross-Sectional Architecture and 3D variability 285 

This multiphase and complex structural evolution described above is also recorded by 286 

the cross-sectional geometry of salt and post-salt structures (Figs. 9-11). Due to the 287 
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lateral variability of the base-salt relief in our model, we present and describe regional 288 

(Fig. 9) and detailed cross-sections for both its southern (Fig. 10) and northern (Fig. 289 

11) domains of the 1) Merluza Graben and 2) Albian Gap and São Paulo Plateau. 290 

4.2.1. Merluza Graben  291 

The cross-sections demonstrate a transition from predominantly extensional 292 

deformation at the updip portion of the sub-salt half-graben, equivalent to the Merluza 293 

Graben, to a more complex, multiphase deformation against its bounding landward-294 

dipping fault, equivalent to the Merluza Fault (Figs. 9-11). In the northern and southern 295 

domains, updip extension is associated with development of listric normal faults, which 296 

are dominantly basinward-dipping updip of the half-graben and landward-dipping 297 

within the graben itself. These faults are cored by asymmetric and/or triangular diapirs 298 

defined as salt rollers and overlain by extensional rollovers and/or turtle anticlines 299 

(Figs. 9-11). The post-salt strata analogous to the Albian succession form a series of 300 

dismembered rafts spaced 2-6 cm (blue in Fig. 1b, 9-11). Flip-flop rollers (cf. Quirk et 301 

al., 2012) and diapir-fall geometries are also observed within and updip of the Merluza 302 

Graben (Figs. 9, 10 and 11b).  303 

Structures developed within the structural low equivalent to the Merluza Graben are 304 

more variable. They present upturned and thinned, near-diapir strata (axial-traces in 305 

dashed black lines, figs. 9-11) indicating an early phase of salt expulsion and load-306 

driven diapirism. This is followed by late extension and diapir collapse, expressed by 307 

the development of large, landward-dipping normal faults and hybrid rollovers (HR) 308 

(Fig. 9a, 10 and 11a). These structures also present small, c. 1cm salt wings on their 309 

flanks and/or inflated diapir bulbs, suggesting a degree of shortening and minor salt 310 

extrusion prior to extension. Further downdip, above the sub-salt fault representing the 311 



 16 

Merluza Fault, there is significant along-strike structural variability. To the north, there 312 

is upturned and thinned Albian strata adjacent to (dashed black lines, fig. 9a and 11a) 313 

or above (Fig. 9b) the Merluza Fault, whereas in the south the Albian forms broadly 314 

tabular rafts that typically terminate 5-8 cm updip of the fault (Fig. 10 and 11b). Diapirs 315 

overlying or just downdip of the sub-salt fault display complex cross-sectional 316 

geometries, being defined by 2-3 cm wide, landward-verging salt tongues that are 317 

near-parallel to the post-Albian strata (Figs. 9-11). The geometry of post-Albian strata 318 

above the Merluza Fault can vary from near-diapir upturn (Figs. 9a-b, 10a and 11a), 319 

to large expulsion rollovers above depleted salt or adjacent to large diapirs (Fig. 9a, 320 

10 and 11).  321 

4.2.2. Albian Gap and São Paulo Plateau 322 

The area immediately downdip of the (modelled) Merluza Graben corresponds to a 25 323 

cm wide, sub-salt high that is characterized by the complete absence of blue sand 324 

(i.e., equivalent to Albian strata). This gap, which we interpret as equivalent to the 325 

Albian Gap (cf., Mohriak et al., 1995; Jackson et al., 2015), extends further landward 326 

onto the Merluza Graben and basinward onto the São Paulo Plateau, varying in width 327 

from 30-40 cm in the southern domain to 40-50 cm in the northern domain (Figs. 9-328 

11). The structure is characterized by welded to depleted salt that is overlain by post-329 

Albian rollovers and turtle anticlines (Figs 9-11). It also contains less prominent, post-330 

Albian, bowl-shaped minibasins with near-diapir upturned strata in its most distal 331 

portions (Fig. 11).  332 

The overhead views described earlier show that the rollovers (HR) and turtle anticlines 333 

are formed by a combination of overburden extension and load-driven salt expulsion 334 

into adjacent diapirs (Figs 9-11). These two processes and their resultant structures 335 
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are spatially and temporally related, occurring in different times and in different places 336 

as the post-Albian equivalent sediments prograde. Extension is accommodated by the 337 

formation of basinward-dipping listric normal faults (red) at the flank of and above 338 

diapirs at the updip portion of the Albian Gap, on the footwall of the Merluza Fault (Fig. 339 

10 and 11a). Load-driven salt expulsion and diapirism are record by either sigmoidal, 340 

rollover-style stratal geometries that are associated with sediment wedges that thicken 341 

basinward, before thinning and upturning against large (3-4 cm tall and 5-6 cm wide) 342 

diapirs to form halokinetic sequences (cf., Giles and Rowan, 2012) (Figs. 9-11). The 343 

diapirs associated with overburden extension are asymmetric, triangular, and are thus 344 

typical of rollers, whereas the ones associated with load-driven processes present 345 

broader and sinusoidal geometries (Figs. 9-10). In the northern domain, where the 346 

Albian Gap is wider, the post-Albian diapir geometries are more variable and present 347 

more evidence for faulting and extension (Fig. 9 and 11a). In the southern domain, 348 

there is little visible extension and less significant turtle geometries, although the 349 

diapirs are more frequent and generally larger (c. 1 cm taller and 3-5 cm wider, Figs. 350 

10 and 11a).  351 

Further basinward, over the next base-salt high defining the São Paulo Plateau, there 352 

are broad (c. 4-10 cm wide) diapirs that pass basinward onto salt-cored buckle-folds 353 

(Fig. 11). The diapirs commonly reach the surface or are covered by very thin (< 1 cm) 354 

post-Albian equivalent strata, and are surrounded by 1-3 cm thick, post-Albian 355 

minibasins. The buckle-folds comprise broadly tabular and folded Albian strata that 356 

are overlain by thin (<1 cm) post-Albian growth strata. (Fig. 11). These structures are 357 

formed as salt is expelled basinward from underneath the Albian Gap and inflates and 358 

shortens by buttressing of salt flow against landward-dipping base-salt steps and the 359 

toe of the model.  360 



 18 

5. Discussion 361 

5.1. Understanding salt tectonic processes in the Santos Basin  362 

Our experiment simulated three-dimensionally variable salt flow and overburden 363 

deformation across a complex framework of base-salt structures; by doing this, our 364 

model explored the origin and evolution of salt-tectonics structures imaged in seismic 365 

reflection data in the southern Santos Basin, offshore Brazil (Figs. 2-4). The base-salt 366 

geometry in the model reproduces the observed regional structural framework (Figs. 367 

3-4) (cf. Rodriguez et al., 2019; Pichel et al., 2019c; 2021), which is defined by a 368 

regionally basinward-dipping base-salt, and a large proximal half-graben (the Merluza 369 

Graben) that passes downdip onto a set of landward-dipping base-salt steps that form 370 

the edge of the São Paulo Plateau (Figs 3-4 and 9-11). Our model also reproduces 371 

the main structural styles and related kinematics inferred from recent studies (Pichel 372 

et al. 2019b-c; 2021; Pichel and Jackson, 2020b). These processes are post-salt 373 

gravity-driven gliding and spreading over three-dimensionally variable base-salt 374 

topography. Our experiments are thus suitable to test these recent hypotheses and 375 

understand what controls the structural evolution and salt tectonics in the area.  376 

At the largest, regional scale, our model replicates the main salt and overburden 377 

structures (Figs. 11 and 12), which display similar distribution, orientation, dimension, 378 

and kinematics to the study-area (Figs. 3 and 12-13). For example, salt rollers, 379 

bounded by either basinward- or landward listric faults and extensional rollovers occur 380 

in the updip portion of the Merluza Graben, whereas complex and variable styles of 381 

diapirism form adjacent to the Merluza Fault. There, deformation is characterized by 382 

early (i.e., Albian to early post-Albian) salt inflation and passive diapirism, followed by 383 

salt expulsion and overburden extension, the latter being accommodated by the 384 

development of counter-regional normal faults (Figs. 5-13). Some of these diapirs 385 
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show evidence of squeezing (Figs. 8-9 and 13a), occasionally displaying small salt 386 

tongues like those observed near the Merluza Fault (Fig. 11b). Post-Albian rollovers 387 

and turtle anticlines form adjacent to and downdip of the Merluza Fault, directly 388 

overlying depleted salt (i.e., Albian strata are absent; Figs. 7-13). The Albian gap in 389 

the model presents nearly-identical scaled dimensions, geometry, orientation and 390 

relationship to the underlying pre-salt framework to the Albian Gap in nature (Figs 12-391 

13). The post-Albian contains turtle anticlines and hybrid rollovers, within which strata 392 

are upturned next to bounding diapirs, or that thin or thicken basinward against listric 393 

normal faults (Figs. 6-13). In the São Paulo Plateau, there is salt inflation as salt is 394 

gradually expelled basinward from underneath the prograding sediments (Figs. 5-9), 395 

and development of broad, near-surface diapirs and salt-cored buckle-folds overlain 396 

by a broadly tabular Albian (Fig. 10) (cf. Pichel et al., 2018; 2019c). The arrangement 397 

of these features indicates an alternation in time and space between load-driven 398 

diapirism, driven primarily by spreading, and overburden extension and translation, 399 

driven primarily by gliding. 400 

Although successfully reproducing many of the key salt and overburden structures, 401 

and the kinematics inferred to lead to their development, discrepancies between our 402 

model and the basin do occur. In our model, in special within the analogue Merluza 403 

Graben, there are: i) greater occurrence of turtle anticlines in its updip portion, ii) 404 

greater complexity and number of diapirs and iii) less salt near or above the Merluza 405 

Fault, where there are larger primary welds (Figs. 9-11). These may be related to 406 

parameters that were not modelled here such as: i) post-salt reactivation of sub-salt 407 

normal faults, ii) salt stratigraphy/internal mechanics, and/or, iii) variation of the post-408 

salt sedimentation rates, aspects that may be worthy testing in future studies. Post-409 

salt reactivation of sub-salt faults would imply an originally thinner salt and a gentler 410 
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basinward dip of the base-salt within the graben at the time of salt deposition. This 411 

would promote less gliding and diapirism in its updip portion and could explain, at least 412 

partially, these discrepancies. In addition, the reactivation of sub-salt faults by thick-413 

skinned extension would likely promote less salt extrusion within and basinward of the 414 

half-graben and, consequently, halt the development of complex diapir geometries. It 415 

would also favour more salt flowing towards and being trapped against its main fault, 416 

explaining why in our models, where the salt layer is not disrupted, the salt deposited 417 

over the modelled Merluza Fault is able to flow basinward of this structure. 418 

We also observe in our models the presence of Albian-equivalent strata encased 419 

within the salt, above the distal sub-salt plateau (Fig. 6a-b). These features form due 420 

to basinward advance of the near-surface salt walls over the previously folded pre-421 

kinematic post-salt strata (Fig. 6a-b). Although such structures have not yet been 422 

described from the Santos Basin, they have been observed in other salt basins (e.g., 423 

Precaspian, Fernandez et al., 2017) and other physical models (Brun and Fort, 2011). 424 

These structures could have formed as a limitation of our modelling approach 425 

associated with the lack of pelagic-type sedimentation in the deep-basin, i.e., this 426 

could have impeded basinward translation of the salt plateau and consequent 427 

encasement of the folded post-salt strata. However, it is also possible that these 428 

features do occur in the Santos Basin but have not been yet properly imaged or drilled. 429 

The presence of seismically reflective, disrupted, and folded strata within some salt 430 

walls in the São Paulo Plateau (Fig. 12), like the ones observed in our models (Figs. 431 

9-11), may support this hypothesis. 432 

5.2. The interplay between three-dimensionally variable base-salt relief, 433 

gliding and spreading 434 
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Our 3D physical experiments capture the complex evolution of gravity-driven salt 435 

tectonics in response to the interplay between gliding, spreading, and laterally variable 436 

base-salt relief. Our work expands on the recent advances in our understanding of the 437 

dynamics of salt flow over base-salt relief (cf., Dooley et al., 2016; 2018; Ferrer et al., 438 

2017; Pichel et al., 2019b) by: (i) simulating salt flow over more variable base-salt 439 

geometries then previously considered; and (ii) by exploring the interplay between a 440 

prograding sediment loading (i.e., spreading) with gravity gliding (Fig. 14).  441 

In our experiments, the landward-dipping normal faults produce half-grabens and 442 

semi-isolated salt sub-basins that promote strong partition of salt flow and overburden 443 

translation. Salt flows basinward along regionally basinward-dipping base-salt and/or 444 

basinward-dipping hangingwalls before it is buttressed against landward-dipping faults 445 

(Fig. 14). This generates extension with development of fault-bounded salt rollers, 446 

extensional turtles and/or rollovers, and downdip salt inflation and shortening over their 447 

bounding fault and/or footwall crests (Figs. 5-11 and 14a-b). This style of structural 448 

partition has been observed in previous physical analogue models (cf., Dooley et al., 449 

2016, 2018; Pichel et al., 2019b).  450 

Our experiment shows that differential loading can enhance or reduce the effects of 451 

salt flux variations driven by gliding over base-salt topography (Fig. 14c), thus 452 

influencing the spatial and temporal distribution of salt structures (Fig. 14b-c). For 453 

example, differential loading over basinward-dipping hangingwalls can amplify top-salt 454 

subsidence and salt inflation at their base or against their bounding landward-dipping 455 

faults. This favours the development of diapirs and associated minibasins or expulsion 456 

rollovers that are larger than in a pure gliding scenario (Fig. 14a-b). This is observed 457 

over the Merluza Fault in the Santos Basin (Fig. 13) and the equivalent structure in 458 

our experiment (Figs. 5-11).  459 
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Conversely, salt expulsion from underneath prograding sediments may promote 460 

transient salt inflation and overburden shortening above basinward-dipping 461 

hangingwalls, where extension would be expected if deformation was driven purely by 462 

gliding. This is the case when basinward-dipping base-salt segments lie immediately 463 

basinward of the prograding wedge/slope (Figs. 5 and 14b). This is observed in our 464 

model where early salt inflation and contraction (i.e., buckle-folding) occurred ahead 465 

of the progradation front and above the basinward-dipping footwall of the largest pre-466 

salt fault, i.e., Merluza Fault (Figs. 5, 8a-b, 14a-b). As the sediment wedge progrades 467 

and the locus of maximum load shifts basinward, beyond the fault, the initially inflated 468 

salt and contractional domain extend (Figs. 6, 8c-d, 14c). This is observed, in both 469 

model and natural examples, by the relatively late development of fault-bounded salt 470 

rollers, extensional and/or hybrid (extension-expulsion) rollovers and turtle anticlines 471 

above previously inflated salt in the footwall of the Merluza Fault (Figs. 6-13). 472 

The timing, geometry and distribution of the salt structures is also influenced by the 473 

orientation (i.e., obliquity) of sub-salt faults and related half-grabens relative to the 474 

direction of tectonic transport, which in turn controls also the steepness and height of 475 

base-salt steps (Figs. 9-11). Consequently, the orientation and dimension of salt and 476 

overburden structures change between the northern and southern domains of our 477 

model (Figs. 5-6) and in nature (Fig. 3), as they tend to follow the trend of the base-478 

salt topography. These are perpendicular to the direction of tectonic transport in the 479 

northern domain and oblique in the southern domain (Figs. 3 and 5-6). In the northern 480 

domain, the largest pre-salt graben is narrower and orthogonal to the tectonic 481 

transport, promoting greater salt inflation and overburden uplift, which is aided by 482 

(simulated) erosion, and that promotes earlier (i.e., Albian) development of a large 483 

diapir (Fig. 5a-b). In the south domain, the wider and oblique pre-salt graben produces 484 
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an equally wide, inflated salt structure. In both domains, the inflated salt has a broadly 485 

similar planform to the underlying graben (Fig. 5). Because of its greater width and the 486 

obliquity of base-salt relief, salt inflation and overburden uplift are less and over a wider 487 

area than in the north domain, so that the salt is not able to breakthrough to form a 488 

diapir (Fig. 5). In the north, the diapir can advance earlier and faster beyond its sub-489 

salt bounding fault, thus becoming gradually wider than laterally equivalent salt 490 

structures in the south (Figs. 5-6).  491 

These lateral variations of salt flow produce gradients of salt thickness/supply and 492 

overburden thickness throughout the remaining model evolution that result in 493 

contrasting styles, kinematics, and dimension of salt structures between the northern 494 

and southern domains (Figs. 5-9). In the north, the greater salt and overburden 495 

translation resulted in greater occurrence of fault-bounded salt rollers and basinward-496 

dipping normal faults, as most of the salt flowed downdip of the footwall of the Merluza 497 

Fault onto the adjacent base-salt plateau (Figs 6-11). In the south, the initially smaller 498 

salt supply promoted less basinward translation and salt expulsion in the footwall of 499 

the Merluza Fault. Consequently, more salt remained there towards the end of the 500 

model, producing taller and more symmetric, load-driven diapirs and minibasins, and 501 

meaning less seaward salt inflation above the base-salt plateau than in the northern 502 

domain (Figs. 6-11). This spatial and temporal variability of salt deformation are also 503 

observed by variations in flow vectors in overhead DIC images (Fig. 7). Where base-504 

salt structures are oblique to transport, there is generally a change in the direction and 505 

magnitude of salt flow. For example, in the early stage of model evolution, there is 506 

divergent salt flow where the Merluza Fault is oblique to the transport direction with 507 

salt flow also becoming oblique and near-parallel to the sub-salt fault (Fig. 7a). At the 508 

early stages of model evolution, the magnitude of lateral salt flow is also greater in the 509 
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south, within the oblique portion of the Merluza Graben where the landward-dipping 510 

base-salt step is gentler and smaller (Fig. 7a-b). Conversely, vertical salt flow and 511 

inflation are greater in the north where the sub-salt graben and its bounding fault are 512 

orthogonal to the transport direction (Fig. 7a-b). These earlier patterns, however, 513 

change at later stages as salt breaks through the cover to form passive diapirs that 514 

accommodate greater lateral salt flow than areas covered by sediments (Figs. 7b-d). 515 

This is seen at intermediate model stages (Figs. 6 and 7b-c), as lateral salt flow is 516 

greater in the north, along the wide diapir formed above the orthogonal segment of the 517 

Merluza Fault. 518 

5.3. Gravity-driven fault polarity and rollover kinematics 519 

Another important feature observed in our model is the spatial and temporal variability 520 

between normal fault polarity, extension-, and expulsion-related processes, and their 521 

resulting depocenter (i.e., rollover, minibasins and turtles) geometries (Figs. 9-11). For 522 

each basinward-dipping base-salt segment, there is commonly a transition between 523 

proximal and/or earlier basinward-dipping faults transitioning downdip, and through 524 

time, into landward-dipping faults (Fig. 9). This suggests that basinward-dipping 525 

normal faults tend to form earlier when the overburden is thinner and thus, primarily 526 

by gliding, whereas landward-dipping (i.e., counter-regional) faults form later when 527 

differential loading (i.e., spreading) becomes more dominant. Whereas basinward-528 

dipping normal faults are readily associated with extensional rollover geometries, the 529 

landward-dipping faults have also more variable growth strata (i.e., rollover and/or 530 

upturned halokinetic-sequences) throughout their width and height (Figs. 9-11) 531 

Extension rollovers are characterized by stratal thickening and downturn towards 532 

normal faults (cf. Jackson and Hudec, 2017). Expulsion rollovers present sigmoidal 533 
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growth strata, with seaward thickening followed by thinning and upturn against their 534 

bounding structure that can be a salt diapir or anticline, and/or normal faults (cf., 535 

Jackson and Hudec, 2017; Pichel and Jackson, 2020b). These are end-member 536 

geometries and structures; it is more likely a combination and/or alternation of these 537 

two processes occur in nature. We, thus follow the terminology of Pichel and Jackson 538 

(2020b) and use extension- and expulsion-dominated rollovers and, in the case where 539 

both processes have a similar contribution, hybrid-rollovers. In our model, extension-540 

dominated rollovers and related turtles are observed almost exclusively in the most 541 

proximal part of the model, updip and above the hangingwall of the Merluza Fault, 542 

where the base-salt dips basinward and where salt was originally thinner (Figs. 9-11). 543 

Further seaward, adjacent to and beyond the Merluza Fault, there are expulsion-544 

dominated rollovers (ER) that are characterized by basinward-dipping, sigmoidal 545 

growth strata that are locally upturned against inflated salt diapirs (Figs 9-11). They 546 

occur above either basinward-dipping (Fig. 9a and 10a) and landward-dipping base-547 

salt (Fig. 10b and 11a) and form in areas of previously inflated salt (Figs. 5-6). 548 

Intermediate, hybrid rollovers (HR) also occur in between those two, updip of the 549 

Merluza Fault (Figs. 10-11a).  550 

6. Implications and Future work 551 

Our model simulates three-dimensionally variable salt flow, diapirism and overburden 552 

deformation driven by the interplay between laterally variable base-salt relief, gravity-553 

gliding and spreading. The model tests the more recent hypotheses (cf., Pichel and 554 

Jackson, 2020; Pichel et al., 2021) for the kinematics of salt tectonics in a highly 555 

controversial province in the Santos Basin by reproducing the spatial and temporal 556 

distribution of the salt tectonic processes and boundary conditions inferred by these 557 

authors. The model produces a remarkably similar evolution and architecture of salt 558 
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and post-salt deformation to the study-area, thus validating the main arguments 559 

proposed in these recent studies and ultimately helping to solve the long-lived debate 560 

of salt tectonics in the Santos Basin.  561 

The results afford an improved understanding on the interaction and distribution of 562 

salt-related gravity-driven processes (i.e., gliding, spreading, and salt flux variations 563 

over base-salt relief) and their associated structural domains. They illustrate the 564 

primary controls on the genesis and 3D variability of depocentres (i.e., extension- vs 565 

expulsion-dominated rollovers, turtle anticlines vs minibasins), normal faults (i.e., 566 

counter-regional vs regional faults) and salt structures (i.e., reactive vs passive 567 

diapirs). They also shed light on the lateral variability of salt and overburden translation 568 

as a consequence of dynamic salt supply and base-salt relief. Thus, despite their focus 569 

in simulating salt tectonics in the Santos Basin, the structural processes and salt-570 

related geometries modelled are also comparable and relevant to many other salt-571 

bearing rifted margins (e.g., Gulf of Mexico, West Africa and other parts of Brazil). 572 

As with all models, this one also presents obvious limitations. There are other 573 

parameters that despite having only local or second-order importance in the study-574 

area and, thus are not included in this model, may be important in other salt basins. 575 

For example, our model does not include reactivation of pre-salt normal faults coeval 576 

to gravity-driven salt tectonics. This is likely to have occurred in portions of the 577 

Campos-Santos basins (cf., Davison et al., 2012; Pichel et al., 2021) as well as other 578 

salt-bearing rifted margins, such as northern Gulf of Mexico, West Africa, and the 579 

North, Red and Barents seas. These locations are also characterised by different rift-580 

related base-salt geometries (i.e., half-grabens with different fault polarities) that 581 

despite not being as important in the study-area as the ones modelled, are relevant 582 

for other parts of Santos (e.g., seaward of the São Paulo Plateau) and other salt 583 
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basins. These and other parameters such as different post-salt sedimentation styles 584 

and rates are worthy testing in the future using physical and/or numerical modelling 585 

studies. 586 
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Figures 594 

595 

Figure 1: (a) Bathymetry and structural maps showing the salt-related structural domains offshore SE 596 

Brazil including the outline of the Merluza Graben and Albian Gap, focus of the study, and seismic 597 

datasets utilized in previous studies from Jackson et al., 2015; Pichel et al., 2019c, 2021 (adapted from 598 

Davison et al., 2012; Pichel and Jackson 2020b). (b) Regional geoseismic cross-section showing the 599 

main regional salt-related structural domains offshore the Santos Basin and the area modelled in our 600 

physical experiment in red polygon (adapted from Jackson et al. 2015b). CFF refers to the Cabo Frio 601 

Fault bounding the Albian Gap.  602 

 603 

 604 
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 605 

Figure 2: (a) Synthetic diagram of previous modelling scenarios (Dooley et al., 2016; 2018) investigating 606 

the effects of base-salt topography on salt flow associated with basinward tilting, gravity gliding and 607 

symmetric base-salt structures. (b) Synthetic diagram illustrating our modelling scenario where we test 608 

the interplay of gliding and spreading over asymmetric base-salt structures characterized by half-609 

grabens and landward-dipping normal faults as observed in the Santos Basin. 610 

 611 
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612 

Figure 3: (a) Base-salt and (b) top-salt maps showing the outline of the Merluza Graben, a major and 613 

complex NNE-NE-oriented base-salt structural low, and the overlying Albian Gap, a 450 km wide and 614 

30-65 km wide structure characterized by a structurally lower top-salt and is bounded basinward by 615 
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large landward-dipping normal faults and inflated and wide salt diapirs in the Sao Paulo Plateau. The 616 

Sao Paulo Plateau is characterized by predominantly NE-NNE-oriented salt structures that formed over 617 

a prominent base-salt structural high, the Outer High of Santos. 618 

 619 

620 

Figure 4: Synthetic diagram illustrating the pre-salt model setup in (a) map-view and cross-section 621 

with two different base-salt domains, the north and south domains where base-salt topography is 622 
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oriented orthogonally and oblique to tectonic transport, respectively. In (b), cross-section 623 

illustrating the initial salt thickness variability across base-salt structures and pre-kinematic post-624 

salt interval in blue. In (c), cross-section showing the onset of salt deformation driven by 2°  tilting 625 

of the model and differential loading by sand wedges. 626 

627 

Figure 5: From (a-d), map-view snapshots of the early stages of the physical experiments 628 

when post-salt sediments prograde up to the largest landward-dipping sub-salt fault, 629 

equivalent to the Merluza Fault. Deformation is focused within the associated graben, i.e., the 630 

Merluza Graben and is characterized by updip extension, and downdip salt inflation against 631 

the Merluza Fault whilst further downdip there is salt-cored buckle folding. Early-stage erosion 632 

is simulated by removing the sediments above largest diapir formed above the graben, which 633 

allows the diapir to reach the surface and advance and widen beyond the graben onto the 634 

adjacent base-salt plateau. White lines in (d) indicate the cross-sections shown in figures 7-9. 635 

 636 
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 637 

Figure 6: From (a-d), map-view snapshots of the late stages of the physical experiments when 638 

post-salt sediments prograde beyond the largest sub-salt half-graben, the Merluza Graben 639 

and onto the downdip sub-salt plateau. Deformation progresses and advances gradually 640 

basinward onto the sub-salt plateau as post-salt sediments prograde. The diapir formed 641 

previously advances further basinward, moving completely over the sub-salt plateau whilst 642 

extension and load-driven rollovers and turtle structures form updip against the Merluza Fault. 643 

The area of previously inflated salt moves laterally and extends, forming reactive diapirs in the 644 

south as it moves beyond the Merluza Fault.  White lines in (d) indicate the cross-sections 645 

shown in figures 7-9. 646 
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647 

Figure 7: 2D DIC overhead imagery showing deformation at key time-steps throughout model 648 

evolution. Colours indicate the magnitude (mm) of horizontal deformation and the arrows are 649 

vectors showing the magnitude and direction of particles movement for a specific progradational 650 

wedge. (a-b) Early stages of model evolution when progradation and deformation are concentrated 651 

updip and within the Merluza Graben being characterized by updip extension and significant salt 652 

inflation against its bounding fault. Note diapir breakthrough at the northern part of the model where 653 

both the sub-salt Merluza Graben and the zone of salt inflation are narrower. (c) Intermediate stage 654 

when progradation reaches the Merluza Fault and the previous inflated salt and large diapir 655 

translate beyond it, above the base-salt plateau. (d) Late stage when progradation reaches the 656 

sub-salt plateau and the bulk of deformation migrates beyond the Merluza Graben, being focused 657 

over the previously inflated salt. Note divergence of vectors in the centre and southern portion of 658 

the model where the sub-salt structure is oblique to direction of tectonic transport. Note also larger 659 

vectors demonstrating greater magnitude of lateral movement where the inflated salt reaches the 660 

surface and form diapirs. 661 
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662 

Figure 8: DIC overhead imagery showing horizontal strain: positive values (warmer colours) denote 663 

extension and negative values (cold colours) indicate shortening throughout model evolution, at 664 

the same time-steps of figure 7. (a) Initial stage showing that the bulk of deformation is focused in 665 

the updip portion of the model in the form of linear extensional structures updip of the Merluza 666 

Graben and inflated salt and salt-cored folds above and adjacent to the Merluza Graben. (b) Early 667 

stage when a wide salt diapir forms above the northern portion of the Merluza Graben and 668 

accommodates most of the deformation and salt inflation within the area. This diapir and the 669 

laterally-equivalent inflated salt in the south are affected by outer-arc extension above their crest, 670 

which is located updip of the Merluza Fault whilst being shortened and developing folds at its 671 

downdip portion above and adjacent to the Merluza Fault. Intermediate stage, (c) the diapir 672 

translates basinward above base-salt relief whilst being shortened at the toe-of-slope as it 673 

becomes covered by sediments whilst previous extensional structures located in the south are 674 

squeezed. At late stages (d), extension migrates basinward, being concentrated at the downdip 675 

portion of the Merluza Graben. The large diapir formed above the Merluza Graben widens and 676 

extends underneath the upper-slope as most of its salt is able to translated basinward beyond the 677 

Merluza Fault. Shortening occurs to the south of the diapir in the form of squeezing of smaller, 678 

previously extensional diapirs, and basinward by buckle-folding against the downdip base-salt 679 

step. 680 
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 681 

Figure 9: Physical model detailed sections from the North domain. Deformation is characterized by 682 

updip salt rollers (R), flip-flop structures (ff) and extensional turtle anticlines updip passing downdip to 683 

extensional and/or hybrid rollovers and more complex diapirs near the Merluza Fault. Further downdip, 684 

above a sub-salt plateau, deformation is characterized by more complex structures such as salt rollers, 685 

variable, i.e., extensional (Ext-R) and expulsion (Exp-R) rollovers, turtle-anticlines (TA) and tall diapirs 686 

bounded by upturned strata. Note the absence of blue material over the sub-salt plateau and within the 687 

most basinward salt structures. 688 

 689 

Figure 10: Physical model detailed sections from the South domain. Similar to the north domain, updip 690 

deformation is characterized by flip-flop (ff) salt rollers and turtle anticlines updip passing downdip to 691 

extensional and/or hybrid rollovers and more complex diapirs near the Merluza Fault. A large 692 

basinward-dipping rollover occurs near and above the Merluza Fault where the blue post-salt section is 693 
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absent. Larger diapirs occur above and/or near the Merluza Fault being bounded by upturned strata, 694 

minibasins (MB) and/or turtle anticlines (TA). 695 

696 

Figure 11: Regional model sections from (a) North Domain, and (b) South Domain illustrating the main 697 

salt-related structural styles of both domains and their relationship with the updip Merluza Graben, the 698 

Albian Gap, where the first post-salt interval is absent, and the inflated salt and associated fold-belt 699 

formed in the downdip end of the model, over the Sao Paulo Plateau. 700 

 701 

Figure 12: Regional seismic profile from the southern Santos Basin illustrating its main rift and salt-702 

related architecture and structural provinces, the sub-salt Merluza Graben, which passes downdip and 703 

partially overlaps laterally with the supra-salt Albian Gap and the inflated salt diapirs and salt-cored 704 

folds in the Sao Paulo Plateau. Base-, top-salt and supra-salt structures are markedly similar to regional 705 

model cross-sections shown in figure 9. 706 
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 707 

Figure 13: Seismic profiles from the (a-b) North domain and (c) South Domain of the study-area in the 708 

southern Santos basin, showing similar styles, spatial and temporal distribution of salt and supra-salt 709 

structures and their relationship to base-salt topography associated with the Merluza Graben and the 710 

Merluza Fault. In (a), salt rollers and extensional rollovers pass downdip to a squeezed diapir over the 711 

Merluza Graben, an` extensional basinward-dipping supra-salt rollover above the Merluza Fault and 712 

large salt rollers with landward-dipping extensional rollovers at its footwall crest. In (b), there are similar 713 

styles of structures with the main difference being above the Merluza Fault, whereas instead of an 714 

extensional rollover there is an inflated salt structure with a landward-verging salt-wing over the Merluza 715 

Fault and overlain by an expulsion-dominated rollover. In (c), where the Merluza Graben is oblique and 716 

wider, deformation is characterized by inflated salt directly overlain by post-Albian rollover strata and 717 

normal faults showing extensional reactivation of previously inflated salt. 718 
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 719 

Figure 14: (a) Synthetic Diagram illustrating the effects of gliding over asymmetric base-salt relief based 720 

on experiments from Dooley et al (2016; 2018). In (b) and (c), synthetic diagrams showing the interplay 721 

between gliding and spreading associated with prograding sedimentary wedges over the same base-722 

salt relief as simulated in our models and observed in the southern Santos Basin. In the initial stages, 723 

where prograding sediments are focused within the most proximal graben there is updip extension in 724 

the form of salt rollers and extensional rollovers above the basinward-dipping hangingwall and 725 

significant salt inflation and diapirism against its fault. This is similar to the simpler gliding scenario 726 

shown in (a), although the degree of updip extension and salt evacuation, as well as of basinward salt 727 

inflation is amplified by the differential sedimentary loading and result in larger and likely more diapiric 728 

salt structures. With continued progradation (c), sediments reach the downdip sub-salt high and the 729 
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area that was previously located ahead of the progradation front and characterized by salt inflation. This 730 

results in salt evacuation and extension of previously inflated salt over sub-salt high and additional 731 

inflation further downdip. 732 
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