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Abstract. The resultant geometries of inverted rift systems are different depending on a large variety of factors that include, 
among others, the presence of decoupling layers, the thickness of the pre- and syn-extension successions or structural 
inheritances. The following research focusses on the inversion of an extensional domino-style basement fault system with a 15 
pre-extension salt layer using analogue models to understand the role of pre-existing structural features during inversion. 
Models investigate how different overburden and salt thicknesses, inherited extensional structures, and salt distribution 
condition the evolution during inversion. The experimental results show that models with thick salt can partially or totally 
preserve the extensional ramp-syncline basin geometry independently of the overburden thickness. In contrast, models with a 
thin salt layer result in a total inversion of the ramp-syncline basins with the development of crestal collapse grabens and 20 
extensional faults affecting the overburden. Inversion also triggered the growth or reactivation of salt-related structures such 
as primary weld reopening and/or obliteration, diapir rejuvenation, salt thickening or thrust emplacement. The use of analogue 
modelling allowed to address the processes that controlled the growth and evolution of these structural elements during the 
inversion. Experimental results also provide a template of different structural styles resulting from the positive inversion of 
basins with a pre-extensional salt layer that can help subsurface interpretation in areas with a poor seismic imaging. 25 
 
 

1. Introduction 

Basin inversion is conditioned by the inherited structural grain and the stratigraphic elements but also by the tectono-
sedimentary evolution through time (Nemčok et al., 1995; Turner and Williams, 2004; Panien et al., 2005; Bonini et al., 2012; 30 
Lacombe and Bellahsen, 2016). In inverted rift systems, it is common the presence of broad anticlines at the hanging wall of 
the major basement faults made up of either post-extension or syn-inversion rocks, that in turn are cored by thickened syn-
extensional successions (Fig. 1) (e.g., Badley et al., 1989; Gowers et al., 1993; Bonini et al., 2012; Jagger and McClay, 2018; 
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Hansen et al., 2021). Inversion also entails a shift in the depocenters’ location, with the extensional ones located close to the 
major basement fault (Fig. 1a), and the ones related to the inversion flanking the newly formed structural relief made by the 35 
uplifted basin (Fig. 1b to d) (Jagger and McClay, 2018). If rift basins include salt layers, the degree of linkage between the 
overburden and the basement highly constraint the extensional evolution but also their subsequent inversion (Steward and 
Clark, 1999; Jackson et al., 2013; Rowan and Krzywiec, 2014). The location of inherited salt or extensional structures, salt 
and overburden thicknesses or primary salt welds developed under extension are the most important factors in conditioning 
coupling/decoupling during subsequent inversion (Withjack and Callaway, 2000; Withjack et al., 2000; Dooley et al., 2005; 40 
Ferrer et al., 2014 and 2023; Roma et al., 2018a; Granado et al., 2021). These factors also constrain the contractional 
reactivation of inherited structures or the development of new compressional structures determining the structural style (Koyi 
et al., 1993; Duffy et al., 2013; Carola et al., 2015; Coleman et al., 2019; Tari et al., 2020; Dooley and Hudec, 2020). In salt-
bearing rift basins, salt acts as a contractional detachment, with diapirs and salt walls, as the weakest structures of the basin 
infill, and where deformation is going to be concentrated during early inversion (Costa and Vendeville, 2002; Brun and Fort, 45 
2004; Callot et al., 2007; Dooley et al., 2014; Dooley and Hudec, 2020). Shortening rejuvenates salt structures buried at the 
end of the extension and the overburden can be pierced by diapirs, even with a thick overburden (Bonini et al., 2012; Roma et 
al., 2018b; Dooley and Hudec, 2020). At this stage, salt can extrude forming sheets (Jackson and Hudec, 2017). As shortening 
progresses, diapirs are squeezed developing secondary welds, thrust welds or decapitated diapirs (Dooley et al., 2014; Roma 
et al., 2018b; Vidal-Royo et al., 2021; Rowan et al., 2022). 50 
 

[Figure 1] 

Analogue modelling investigating the inversion of former extensional basins with isotropic infills has been widely addressed 
in the literature (i.e., Buchanan and McClay, 1991; Letouzey et al., 1995; Yamada and McClay, 2003; Jagger and McClay, 
2018), but the number of works of inverted basins with mechanical anisotropies in the sedimentary fill caused by salt layers is 55 
scarce (for a detailed review, the reader is addressed to Bonini et al., 2012). While some of these studies considered pre-rift 
salt (i.e., Brun and Nalpas, 1996; Withjack and Callaway, 2000; Dooley et al., 2005; Burliga et al., 2012; Ferrer et al., 2016 
and 2023), others investigate the role of syn-rift salt during inversion (i.e., Del Ventisette et al., 2005; Roma et al., 2018a; 
Dooley and Hudec, 2020). Regardless of when salt was deposited (pre- or syn-extension), most of these works used non-
rotational rigid blocs with different geometries and configurations to constrain the geometry of basement faults. Dooley and 60 
Hudec (2020) used an original setup based on polymer seeds to constrain the geometry of segmented rifts subsequently 
inverted. The resulting basins were filled with syn-rift salt and they analysed the styles of shortening in the sub- and supra-salt 
section. 
 
The present work complements and expands upon the experimental program presented by Ferrer et al. (2023), in which from 65 
a systematic set of 2D analogue models simulating an extensional domino-style basement fault system, different parameters 
controlling the architecture and kinematic of salt-bearing rift basins are studied (i.e., the interplay between pre-kinematic salt 
and overburden thicknesses, the syn-kinematic sedimentation rate, and the development and evolution of primary welds). 
Taking advantage of the extensional templates in the experiments with a single pre-kinematic salt layer from Ferrer et al. 
(2023), the present work reproduces the positive inversion of those models. In this new experimental program, two parameters 70 
(salt and pre-extensional overburden thicknesses) have been systematically tested to understand how inherited salt-related 
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structures preferentially localise contractional deformation in a domino-basement fault system during inversion, but also, how 
reactivation of primary extensional welds occurs. The set of extension-inversion models presented in this work is intended to 
answer several key questions when working in inversion tectonic settings with the presence of a decoupling layer. One of the 
most important points is to understand how salt-related structures are affected during the compressional stage but also how 80 
salt migrates during this stage. Linked with salt migration, comprehending the behaviour of primary salt welds and how they 
progress is of importance in interpreting the evolution of structures through time as well as the final geometry of the inverted 
basin. 

2. Experimental methodology 

2.1 Experimental program, setup, and procedure 85 

The experimental program was carried out in a rig consisting of five fault blocks simulating a domino fault system (Fig. 2a). 
The 70 cm long by 25 cm wide deformation rig is made up of five metal blocks whose geometry simulates four basement 
faults (F1 to F4 in Fig. 2a). Four blocks were able to rotate while one was kept fixed at the end of the rig. Each rotational block 
was attached to a basal trellis system that transmitted the motions (Fig. 2a). Extension and compression was applied by an 
electric motor worm-screw at a velocity ratio of 4.6 mm/h. The sandbox was closed by two lateral glass walls that enabled to 90 
record the kinematic evolution of the experiments (Fig. 2a). It should be noted that the design of the rig makes the fault 
displacement greater in F4 progressively decreasing towards F1. In this way, for a specific experimental configuration, this 
allows the comparison of equivalent structures with different evolutionary stages for both extension and inversion at each 
basement block (Fig. 2). For more details, it is suggested to read the work by Jagger and McClay (2018) and Ferrer et al. 
(2023) where the experimental apparatus is explained in detail. 95 
 

[Figure 2] 

The pre-extensional unit distribution was characterized by a flat basement (provided by each metal block placed horizontally) 
overlayed by a 30 mm-thick pre-kinematic unit of alternating layers of blue, white, and black silica sand that were levelled 
with a scraper (e.g., Krantz, 1991; Lohrmann et al., 2003). Transparent polymer (either 5 or 10 mm thick depending on the 100 
model, see Table 1) was deposited on top of the quartz sand. The final pre-kinematic cover sand was placed overlying the 
polymer and alternating 2.5 mm-thick blue, white, and black sand layers flattened with the scrapper up to a total thickness of 
7.5 or 15 mm depending on the model (Fig. 2a and Table 1). 
 

[Table 1] 105 

 The four extensional experiments (DOM4, DOM5, DOM6, and DOM8) by Ferrer et al. (2023) were subsequently repeated 
with the same parameters to later apply total inversion (DOM9, DOM12, DOM19, and DOM21 respectively). As a result, the 
experimental program presented in this work consists of four pairs of extension-inversion models that can be directly compared 
(Table 1). 
 110 
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At the beginning of the extension, the dip of the four faults limiting the metal blocks was 60º towards the moving wall. As the 
extension increased, the counterclockwise rotation of the blocks caused the decrease in dip of the fault plane (faults F2, F3, 
and F4) reaching 50º at the end of the extension (Fig. 2b). The dip of F1, limited by the static footwall block, remained 125 
invariable throughout the experiment (Fig. 2b). All models underwent 10 cm of total extension (Table 2), and syn-kinematic 
sedimentation was added systematically every 5mm of extension keeping the pre-extensional regional datum constant (top of 
pre-kinematic unit above the static block). The newly developed basins were filled by alternating red, white, and black syn-
kinematic sand layers and the positive reliefs caused by salt inflation were episodically eroded with the scraper and the sand 
vacuumed (Fig. 2b). The extensional procedure was systematically repeated for models DOM9, DOM12, DOM19, and 130 
DOM21, but they were subsequently shortened 10 cm to reach total inversion (Fig. 2c and Table 1). During this stage, no syn-
kinematic sedimentation was applied nor erosion and therefore, the top of the model corresponded to the inverted geometry of 
the extensional basins. This procedure was applied to not distort the inversion of the faults and the contractional reactivation 
of salt structures by the syn-kinematic sedimentation. 
 135 
At the end of the experiments, both pairs of extension-inversion models were covered with sand preserving the final topography 
but also preventing polymer flow. Finally, they were preserved with a gelling agent and sliced perpendicular to the trend of 
the major structures in closely spaced vertical serial sections (3mm-thick) with a slicing machine. 
 

2.2 Mechanical properties of the analogue materials and scaling 140 

Analogue materials consisted of layered moderately well-rounded colored and uncolored dry quartz sand simulating the brittle 
behavior of the upper crust rocks (Davy and Cobbold, 1991; Lohrmann et al., 2003), and a silicone polymer 
(polydimethylsiloxane or PDMS) that deformed as a viscous flow simulating salt in nature (Weijermars, 1986; Weijermars et 
al., 1993; Couzens-Schultz et al., 2003; Dell’Ertole and Schellart, 2013). The silica sand, with Mohr-Coulomb rheology 
(Horsfield, 1977), was sieved to homogenize the grain sizes averaging 65 to 125 µm. To color it, dyes were used without any 145 
appreciable disturbance in the mechanical properties. The sand has a bulk density of 1500 kg.m-3, an angle of internal friction 
between 30-35º, a coefficient of internal friction of 0.59, and a low apparent cohesive strength of 78-142 Pa (Jagger and 
McClay, 2018). The PDMS polymer used to simulate the salt has a density of 972 kg.m-3 and a viscosity of 1.6 x 10 4 Pa.s 
when deformed at a laboratory strain rate of 1.83 x 10-4 Pa.s at room temperature thus having a near-perfect Newtonian behavior 
(Ferrer et al., 2016). Finally, the methodology by Hubbert (1937), Davy and Cobbold (1988), and Schellart (2000) has been 150 
used to dynamically scale the models with natural analogues by a factor of 10-5 (Table 2). 
 

[Table 2]  

2.3 Data capture, analysis, and visualization techniques 

Time-lapse photography, with images taken every 2 minutes with high-resolution cameras, was used to record the evolution 155 
of the models both, from the laterals as well as from the top of the model. Once the models were finished, they were closely 
sliced, and the resultant vertical slices were photographed with high-resolution cameras. Photographs of the final vertical slices 
were used to create 3D voxels that allow to be virtually sliced in any direction (see Dooley et al., 2009; Ferrer et al., 2016 and 
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2022 for more details). The workflow proposed by Hammerstein et al. (2014) has been improved in-house converting the final 
serial sections into synthetic seismic (Fig. 3), allowing them to be imported into commercial software (Petrel from 
Schlumberger and PaleoScan from Eliis) (Ferrer et al., 2022). The resultant input data is a 3D SEG-Y of each model that is 
then used to perform the interpretation of the different faults and horizons. Since the data is then possible to be visualised in 
3D, the interpretation is better constrained in all directions thus reducing the uncertainties (Fig. 3). Once the interpretation is 165 
finished, the different elements can be gridded and trimmed against cutting elements and obtaining a final 3D structural model 
of each experiment. This workflow allows to use all the software capabilities (i.e., visualisation, interpretation, and surface 
modelling) to then obtain high-resolution surfaces that are well-constrained, and therefore, interpolation issues, as well as 
oblique geometries are minimised (Fig. 3). 
 170 

[Figure 3]  

3. Experimental results 

This section presents the results of the four pairs of extension-inversion models that integrate the systematic experimental 
program (Table 1). Models DOM4, DOM5, DOM6, and DOM8 analyse the interplay between the thickness of the pre-
extensional polymer layer and the overburden above a planar-rotational basement fault system whereas, DOM12, DOM19, 175 
DOM9, and DOM21 focus on the inversion of these extensional models (Table 1). To make it clearer, this chapter has been 
divided into two sections where the initial one summarizes the results of the extensional models (see Ferrer et al., 2023 for a 
more detailed description of models DOM4, DOM5, DOM6, and DOM8), and the second section reports the evolution of 
extensional models during subsequent inversion. 

3.1 Extensional stage 180 

The results from the extensional models show that, in general, there is a similar pattern in the development of structures and 
geometries affecting the overburden (Fig. 4) but with significant differences depending on the ratio between polymer and 
overburden thicknesses. Subsalt extensional half-grabens with antithetic faults are the most prominent structures 
accommodating extension in the sand unit as the basement blocks rotate. Salt migration occurs in all models thus conditioning 
on the one hand the coupling between basement/overburden and the development of primary welds that compartmentalize the 185 
salt layer; and on the other hand, the development of salt-related structures. Syn-extensional sand layers are mostly deposited 
in salt-detached ramp syncline basins (sensu Roma et al., 2018b and c) that grow at the hanging wall of each fault block (Fig. 
4). As Ferrer et al. (2023) reported, the depocenter location changes abruptly once primary welds develop above the footwall 
cutoff of the basement faults. This triggers the development of salt-detached structures at the upper hinge of the adjacent 
monoclines (Fig. 4).  190 
 

[Figure 4] 

Model DOM4 with a thin polymer and a thick pre-kinematic overburden is characterised by the development of drape fold 
monoclines above the major basement faults during early extension (see structural configuration above F1 in Fig. 4a). As the 
extension progresses, the monoclines are breached, eroded, and the basinward panel rotates clockwise attaining a steeply 195 
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dipping attitude (compare different evolutionary stages from F2 to  F4 in Fig. 4a). The salt layer partitions the deformation 
below and above it, and therefore, salt-detached structures developed at different structural positions to accommodate 
extension. Salt migration favours the development of salt-cored anticlines slightly offset of the basement faults at the upper 
hinge of the monoclines. Basement impinging on the pre-kinematic overburden triggers the development of crestal collapse 
grabens at the crest of the salt-cored anticlines by thin-skinned extension (F2 in Fig. 4a). As deformation progresses, basement 210 
faults cut through the complete sedimentary succession and crop out favouring the breaching of the basinward monocline 
developed at the early stages of deformation (F3 and F4 in Fig. 4a). Salt welds develop in three of the four fault blocks thus 
recording salt migration towards the diapirs that developed at the footwall of the extensional faults. Further extension entails 
the fall of reactive diapirs with the development of collapse grabens that are filled with syn-extensional sediments (Fig. 4a). 
 215 
Model DOM5 with a thin polymer and a thin overburden also developed drape fold monoclines dipping towards the moving 
wall but in this case, they are narrower and with a higher dip than in model DOM4 (compare the dips of the drape monoclines 
above F1 in Figs. 4a and 4b). As extension progresses, the tilt of the monoclines increases developing a forced fold and local 
salt inflation. Forced folds were breached and a discontinuous fault weld developed between the overburden panel of the forced 
fold and the extensional fault plane (Fig. 4b). Like in model DOM4, salt migration developed salt-cored anticlines, but in this 220 
case, they were locally eroded. The impinging of the basement against the overburden (pivot or weld point sensu Dooley et al. 
(2003)), formed salt welds that pinned the deformation above and below the decoupling layer. This triggered the growth of 
small crestal grabens at the thinned eroded roof of the salt-cored anticlines that rapidly evolve to thin-skinned low-angle 
basinward-dipping listric faults (Fig. 4b). Likewise to model DOM4, primary welds developed below the synclinal basins at 
the hanging wall of faults F2, F3 and F4. 225 
 
Model DOM6 with a thick polymer and thick overburden displayed a smooth initial topography with the development of drape 
monoclines above the basement faults and salt-cored anticlines slightly offset of the basement faults due to salt migration (Fig. 
4c). As deformation progressed, the impinging of the basement against the overburden nucleated steeply dipping to vertical 
faults that breached the monoclines (Fig. 4c). Like in models DOM4 and DOM5, early extension is partially accommodated 230 
by extensional grabens affecting the pre-kinematic roof of the salt-cored anticlines (F2 in Fig. 4c). Basement impinging 
enhanced the growth of salt-detached basinward-dipping faults affecting the grabens and isolating asymmetric triangular 
reactive diapirs at their footwall. The thick pre-kinematic overburden and the sedimentation rate applied to the model inhibited 
salt piercing and reactive diapirs that were progressively buried (see reactive diapirs above the footwall of F3 and F4 in Fig. 
4c). Due to the salt/overburden thicknesses, salt welds between cover and basement do not develop below the ramp-syncline 235 
basin, and they are only localised at the basement impinging areas and at the hanging wall of the salt-detached basinward 
dipping fault in rotating block 3 (Fig. 4c). 
 
Finally, model DOM8 with a thick polymer and a thin overburden displays mostly outcropping diapirs flanked by ramp 
syncline basins (Fig. 4d). As in the other models, a drape fold formed above the basement faults at the beginning of the 240 
extension (Fig. 4d). However, the dip of the drape fold at the end of the model is the highest of all the models (almost 80º 
dipping basinward at the end of the experiment) (Fig. 4d). The relationship between the salt and overburden thicknesses favours 
a quick migration of salt during the early stages of extension and the development of wider and higher salt-cored anticlines 
than in any other model. This also causes the rise of the roof above the fixed regional surface, which is systematically eroded 
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during the deposition of syn-extensional sand layers. Consequently, there is an erosional salt piercement that triggers the 
growth of passive diapirs. The lack of salt-detached extensional faults as extension increases is due to the widening of these 
diapirs accommodating extension (Fig. 4d). Salt welds between the overburden and the basement developed below the main 
ramp syncline syn-extensional basins were favoured by salt migration that in turn favoured the subsidence of the basin. With 
increasing extension and therefore, more salt migration, the welds widened away from the depocenter towards the edges of the 250 
fault blocks (Fig. 4d). 
 

3.2 Inversion stage 

The four extensional models described in the previous section were repeated without changing any of the parameters and were 
inverted by reversing the sense of motion on the system (Fig. 2c). At the end of compression, models were totally inverted 255 
(Bally, 1984) recovering the amount of extension. All the pre-extensional units were elevated attaining an almost horizontal 
attitude and at the same height as the regional (reference level that has not been deformed neither under extension nor under 
compression which is located at the end fixed wall) at the end of the models (Fig. 5). During inversion, all the models show 
how inherited extensional basement faults were compressionally reactivated (F1 to F4, in Fig. 5) but also, the development of 
shortcuts at the footwall of basement faults (Fig. 5). Arching and uplifting of the synclinal basins were noticed in all the models, 260 
but although the amount of shortening is the same in all the models (10 cm), the evolution, structural height and geometry of 
the basins is clearly different (Fig. 5). As far salt structures are concerned, these models provide a set of reactivated salt 
structures by tectonic inversion from which their inherited extensional geometry is well known. 
 

[Figure 5] 265 

Model DOM12, which is the inverted equivalent to DOM4 (Table 1), displays all the salt-detached ramp-syncline basins arched 
and totally uplifted with crestal collapse grabens developed during the inversion phase (Fig. 5a). Compression also caused the 
squeezing of inherited reactive diapirs and the inversion of the grabens (compare structures from Fig. 4a and Fig. 5a). All the 
newly developed footwall thrusts affecting the overburden are foreland-directed (fixed wall of the model). It is interesting how 
fault welds inherited from the extensional stage are reactivated during the inversion and are opened. At the early stages of 270 
shortening, reactivation of the inherited extensional basement fault occurs. When certain amount of extension is recovered and 
structural relief generated during inversion, compressional deformation is transferred towards the foreland shearing along the 
salt detachment reactivating the hinterland dipping faults of the overburden extensional grabens together with the development 
of shortcuts (Fig. 5a). During this process is when the weld reopening occurs due to the impinging of the hanging wall of the 
basement shortcut to the overburden. This can be identified by the shortened length of the welded succession between the 275 
overburden and basement above all the faults. In contrast, the location and the length of the primary welds below the ramp 
syncline basins barely change during the inversion (compare the welds in Figs. 4a and 5a). 
 
Model DOM19, which is the inverted equivalent to DOM5 (Table 1), displays similar geometries as DOM12 with all the ramp-
syncline basins uplifted and completely inverted. Due to the inversion and uplift of such extensional basins, crestal collapse 280 
graben or extensional normal faults dipping towards the foreland are formed at the outer arch of the sedimentary succession 
(Fig. 5b). Compressional deformation also produced the inversion of the low angle basinward-dipping listric faults inherited 
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from the extensional episode. This reactivation produced either overthrusting of part of the pre-kinematic overburden or folding 
and uplifting of the half-grabens at their hanging wall (F2 and F4 respectively in Fig. 5b). In contrast, the structural style of 295 
the inverted half-graben related to F3 is slightly different, and although the inherited listric fault was inverted, it was 
subsequently decapitated by a foreland-directed thrust (F3 in Fig. 5b). This difference on the structural style could be related 
to a greater impinging of the hanging wall of the basement shortcut against the overburden. Contrasting with the overburden 
deformation, the deformation at the basement level is mostly accommodated by the recovery of the extension at the main 
basement fault as well as by the development of footwall shortcuts (Fig. 5b). 300 
 
Model DOM9, which is the inverted equivalent to DOM6 (Table 1), shows a quite different structural style compared to models 
DOM12 and DOM19. In this case, the thick salt layer and the thick overburden played a key role in the deformation of the 
overburden and the geometry of the salt-related structures during the inversion. The arching and uplift of the inverted basins 
at the end of the shortening were smaller than in the two previous models and no crestal collapse grabens developed (Fig. 5c). 305 
Compressional deformation amplified the salt-cored anticline above F2 (compare Fig. 4c and Fig. 5c). An interesting feature 
of this model are the foreland-directed thrusts that nucleated at the apex of the reactive diapirs and override the syn-extensional 
sequences of the footwall (F3 and F4 in Fig. 5c). The thick overburden inhibited the inversion of the former extensional fault 
and a new thrust broke through the extensional fault leaving part of it at the hanging wall of the thrust (Fig. 5c). In addition, 
the clockwise rotation of the basement blocks during inversion caused the reactivation of primary welds below the different 310 
ramp-syncline basins and the reopening of the inherited fault welds above the main faults (compare the location of primary 
welds in Figs. 4c and 5c). 
 
Finally, model DOM21, which is the inverted equivalent to DOM8 (Table 1), are the only models where salt  is exposed at 
surface at the end of both stages (i.e., extension and inversion) developing passive diapirs and salt sheets  (compare Fig. 4d 315 
and Fig. 5d). Salt migration had an important role in this model as evidenced by the fact that the inherited salt-detached ramp-
syncline basins with onlaps at both limbs (Fig. 4d) are displayed as turtle structures at the end of the inversion (basins above 
F1 and F2 in Fig. 5d). The clockwise rotation of the basement blocks during inversion reopened the fault welds at the cutoff 
of major basement faults allowing salt migration towards the diapirs as the inherited primary welds below the basins reactivated 
(compare the location and extension of primary welds in Figs. 4d and 5d). The extrusion rate allowed the preservation of a 320 
pre-kinematic shoulder next to the diapir above F2 (Fig. 5d). In contrast, the thick hanging wall of the faults developed by 
basement impinging during the extensional episode in faults F3 and F4 (Fig. 4d) collapsed and sunk into the salt (Fig. 5d). 
While some of these collapsed blocks become welded after sinking (F4 in Fig. 5d), others rotated counter-clockwise expulsing 
salt probably during and after sinking (F3 in Fig. 5d). 
 325 

4. Discussion 

Several questions have risen after performing the experiments and evaluating the results. Among others, the most important 
are: a) How does the style of salt-related structures change during inversion?; b) How does the basement configuration under 
extension conditions the distribution of syn-tectonic sediments? and; c) How does inversion tectonics impacted the salt 
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migration, primary welds, and the final geometry of the inverted basin?. The aim of this section is to provide insights on those 
questions. 350 
 

4.1 How does the style of salt-related structures changes during inversion? 

Salt distribution is a key aspect that should be considered when interpreting the evolution of a basin, specially if it is affected 
by several stages of deformation. In this scenario, the initial salt distribution would be difficult to reconstruct due to the 
continuity of the salt layer and the lack of syn-deformation sequences (Yin and Groshong, 2006; Rowan and Ratliff, 2012). 355 
Analogue modelling allows to understand processes (e.g., along and/or out-of-plane salt migration, welding and others) and 
geometries that might develop in nature and therefore, knowing how salt migrated through time will help to understand the 
location of basins or newly developed faults. In the present experimental program, salt migration occurred during the 
extensional phase, with salt accumulations towards both, the hanging wall and footwall of the basement extensional faults (see 
Fig. 3 by Ferrer et al., 2023). The counter-clockwise rotation of the basement blocks triggered salt migration that in turn, it is 360 
controlling the development of salt-detached ramp-syncline basins, the formation of primary and fault welds, the nucleation 
of salt-detached extensional faults, and the rise and fall of diapirs (Fig. 4 and Fig. 6 a to d). These processes are discussed in 
depth by Ferrer et al. (2023), and for such reason, they are not going to be described in detail in this section. Nevertheless, a 
highlight of the most important points is given so to then understand how the inherited extensional configuration conditions 
the evolution during tectonic inversion.  365 
 

[Figure 6]  

The pre-extension configuration of the model was characterised by salt being flat layered and isopachous throughout the model. 
At the beginning of the extension, salt was stretched and migrated towards the footwall and, especially, the hanging wall of 
the main basement faults (Fig. 4 and Fig. 6a to d). Sinking of ramp-syncline basins pushed away the underlaying salt by 370 
differential loading (Hudec and Jackson, 2007), and finally touched down forming a primary weld that can enlarged as 
extension increased and salt was expulsed (Fig. 4 and Fig. 6a to d). In addition, drape monoclines developed above each 
basement fault, and if extension progressed, the basement impingement against the overburden forced the breaching of these 
monoclines by faulting (Fig. 4). Relict salt can be trapped at the footwall of antithetic faults along the basement fault plane 
forming discontinuous welds (Fig. 4a and b) (Rowan et al., 2012). Salt is also expulsed downward as the syncline-basins drag 375 
onto the basement fault forming a composite fault-fault weld surface (Stewart, 2014). If the extension continues, significant 
shear can be involved along these surfaces. 
 
The inherited structural grain as well as the continuity of the salt layer or its welded equivalent at end of the extension highly 
condition the processes and structures developed during a late shortening event (i.e., inversion). Salt thickness, as has been 380 
previously described during extension, controls coupling/decoupling between basement and overburden during the 
contractional deformation (Letouzey et al., 1995). Under compression pre-existing diapirs (i.e., passive diapirs in model 
DOM8, Fig. 4d), as the weakest part of the models, are squeezed earlier increasing the salt-rise rate. This fact, together with 
the lack of syn-inversion sedimentation, allows the emplacement of allochthonous salt sheets in an extrusive advance mode 
(Hudec and Jackson, 2006) (Fig. 5d). During inversion, buried diapirs were rejuvenated, and or the inherited salt-detached 385 

Eliminado: . Even more, 

Eliminado: the basin

Eliminado: if it migrated through time and 

Comentado [OF33]: TD: Rewrite this. 

Comentado [OF34R33]: Done. 

Eliminado: The advantage of a

Eliminado: is the possibility 390 
Eliminado: occur or 

Eliminado: the evolution of the model 

Comentado [OF35]: TS: This sentence is relatively long making 
it difficult to grasp all the information 

Comentado [OF36R35]: Sentence shortened to clarify 

Eliminado: the impinging of the basement against the 
overburdenwelding of overburden to subsalt basement, 

Eliminado: development 395 
Comentado [OF37]: TD: Barely discussed in this section 

Comentado [OF38R37]: We have included references to Figs. 
6a to d in the following paragraphs that describes the salt geometries 
at the end of the extension. As we noted, a detailed review was 
provided by Ferrer et al. (2023) and we prefer to avoid overlaps 
between both manuscripts. 

Eliminado: hydraulic-head gradient

Eliminado: the top of the basement 

Eliminado: not considering



10 
 

extensional faults above them were inverted (white faults in models DOM12 and DOM19, Fig. 5a and b), or newly formed 
thrusts nucleating at the apex of the reactive diapirs developed (yellow faults of the overburden in model DOM9, Fig. 5d) 400 
(Roma et al., 2008a). In addition, the thickness of the cover sequence above salt accumulations (salt-cored anticlines) 
conditioned the locus of thrusts during inversion favouring the development of thrusts if the cover was either already thin or 
thinned by local erosion during extension (hinterland-directed thrust above F2 in Fig. 5b compared to Fig, 4c, and Fig. 6f). In 
contrast, a thick pre-extensional overburden (salt-cored anticlines above F2 in Fig. 4c) will confine the salt during the 
compression and salt accumulations will be accentuated (equivalent structures in Fig. 5c and 6g). On the other hand, regional 405 
shortening forced the clockwise rotation of the basement blocks (thick-skinned deformation) having a critical impact on the 
inherited weld distribution that was strongly modified (Fig. 6). Depending on the structural position, welds can be enlarged if 
they were developed in the central part of basement blocks, but they can also be reopened where basement blocks impinged 
the overburden in models with a thick salt layer (DOM9 and DOM 21, Figs. 5c and d respectively). This process can be 
deduced by comparing the location of welds developed during the extensional phase that are either not present at the end of 410 
compression or that have shifted their location during the inversion phase of the model (Fig. 6 a to d against Fig. 6 e to h). 
 

4.2 How does the basement configuration under extension condition the distribution of syn-tectonic sediments? 

It is well established that if salt is thick enough, deformation can be decoupled above and below the salt layer but also 
conditioning the location of newly developed structures at the foreland (e.g., Withjack et al., 1989; Koyi et al., 1993; Jackson 415 
and Vendeville 1994; Stewart and Clark, 1999; Withjack and Callaway 2000; Alves et al., 2002; Dooley et al. 2005; Ferrer et 
al., 2012 and 2016; Duffy et al., 2013; Lewis et al., 2013; Warsitzka et al., 2015; Carola et al., 2017; Jackson et al., 2019; 
Dooley and Hudec, 2020). This process can be observed in the experiments by comparing the isobaths map of the base of salt 
and the thickness map of the syn-extensional successions (Fig. 7). At a first glance, it is obvious that this decoupling occurs 
since both, the thickness maps of the salt and the overburden are different (Figs. 6 and 7) but also by the misalignment in space 420 
of the syn-extensional depocenters and the deepest points of the downthrown basement blocks (Fig. 7). More in detail, these 
parameters present differences that allow to investigate even deeper the impact of salt and cover thickness into the evolution 
of all models as discussed below. 
 

[Figure 7] 425 

In the models with a thin polymer layer and a thick overburden, the main extensional faults caused the downthrown of the 
hanging wall down to depths of more than -40 mm in areas close to the basement extensional faults (Fig. 7a). During this stage, 
the combination of salt migration and downthrown displacement allowed for the developed ramp-syncline basins reaching a 
maximum thickness of 36 mm. The depocenter is not located right above the basement extensional faults but close to them 
(Fig. 7e). In contrast, the other end member is the model with a thick polymer and thin overburden which displays the same 430 
displacement for the deeper levels with more than -40 mm of throw (Fig. 7c) whereas, the thickest syn-sedimentary succession 
reaches between 28 mm and up to 32 mm at the thickest part (Fig. 7g). The models with a thin polymer and overburden display 
downthrown displacements of up to -40 mm (Fig. 7b) and syn-extensional successions up to 36 mm to 40 mm (Fig. 7f) thus 
behaving as a more coupled deformation and therefore, the influence of salt in these cases is less important. Finally, in the 
models with a thick polymer and a thin overburden, the extensional faults show downthrown displacements of up to –40mm 435 
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in areas close to the faults (Fig. 7d) and ramp-syncline basins reach a thickness up to 28mm (Fig. 7h). The deformation in these 
two models behaves fully decoupled with a high impact of the salt thickness with diapirs triggered by the erosion of the pre-
kinematic overburden on the salt-inflated areas (Fig. 4d).  
 
All the described extensional geometries can be attributed to the decoupling level that provides the polymer by simply 445 
comparing these geometries with the ones developed under the same parameters but with models lacking the polymer such as 
the ones performed by Buchanan and McClay (1992) and by Jagger and McClay (2018). The results from the models of the 
previous authors under extension show how the location of the main depocenters is immediately above the basement 
extensional faults and with a trajectory that is parallel to the main fault (Fig. 2a of Buchanan and McClay, 1992 or Fig. 4a of 
Jagger and McClay, 2018). In contrast, the models reported by Ferrer et al. (2023) and here, show how the location of the 450 
depocenters is highly conditioned by the thickness ratio of salt vs overburden and that they are not located immediately above 
the main extensional faults. In addition, through time, the trajectory of the salt-detached ramp-syncline depocenters is not 
lineal but curved thus recording the salt migration process that occurs as extension progresses (Fig. 4). This work includes an 
extensive discussion of the depocenters’s evolution during extension and as well as the factors controlling it. 
 455 

4.3 How does inversion affects salt migration, primary welds, and the final geometry of the inverted basin? 

The comparison of the geometries presented in this work with the ones from the literature using similar experimental apparatus 
but without mechanical anisotropies (i.e., Buchanan and McClay, 1992 and Jagger and McClay, 2018) stands out that the 
polymer acts as a mechanical discontinuity and impacts on the development of inversion structures. Their results show how 
thick-skinned contractional deformation reactivated inherited basement extensional faults as reverse and developed new 460 
shortcuts at their footwalls (Figs. 2 to 6 of Buchanan and McClay, 1992 or Figs. 4 to 9 of Jagger and McClay, 2018). In 
contrast, in this research, the contractional deformation is partitioned by the effective salt layer. Thick-skinned deformation 
reactivated basement structures and developed shortcuts (F1 to F4 white basement faults in Fig. 5), while the overburden is 
thin-skinned deformed as in the experiments of Ferrer et al. (2016) or Dooley and Hudec (2020). Foreland- and hinterland-
directed thrusts (Fig. 5c and Fig. 5b respectively), compressionally amplified salt-cored anticlines (Fig. 5c), and salt sheets 465 
(Fig. 5d) are the main salt-related structures developed at the overburden. In addition, a correlation between polymer thickness 
and overburden structural relief has been observed in the experiments. Independently of the pre-kinematic overburden 
thickness, the thinner the polymer the higher the structural relief (Fig. 8). Therefore, the role that the salt layer plays in the 
development of structural relief is related to the degree of decoupling between sub- and supra-salt units. As pointed out before, 
the structures will depend on the ratio between polymer and overburden thicknesses and consequently, in natural cases, the 470 
thickness of the decoupling layer must be considered when interpreting either the actual geometry of inverted basins, when 
deriving the evolution of a basin, or the evolution during inversion. For that reason, the following subsections discuss the role 
of salt migration, the behaviour of primary welds, and the basin configuration at the end of inversion.  
 

[Figure 8] 475 

Comentado [OF41]: TS: + Lines 372-373: “[…] the trajectory of 
the salt-detached ramp-syncline depocenters is not lineal but curved 
thus recording the salt migration process that occurs as extension 
progresses […]” – I struggle to understand this sentence. Please be 
more specific here.  

Comentado [OF42R41]: This process and the evolution of the 
deponcenters during extension is extensively developed in the Ferrer 
et al., 2023. In order to avoid a longer and tedious article, we prefer 
to refer the interested reader to this work.  

Comentado [OF43]: TD: Discussion of thick polymer models? 
This seems incomplete... 

Comentado [OF44R43]: We have added some sentences 
describing Figs. 7d and 7h (thick polymer models). 

Comentado [OF45]: TS: Structure the discussion within 
additional subsections for more clarity 

Comentado [OF46R45]: New subsection titles have been added 
and some parts of the discussions shortened and restructured 
according to reviewer’s suggestions.  

Eliminado: The compressional geometries and newly developed 
structures are highly influenced by the decoupling layer. When …he 
comparisong…of the these …eometries presented in this work with 
the ones from the literature developed with…sing similar 
experimental apparatus and setups…ut without mechanical 640 
anisotropies performed by…i.e., Buchanan and McClay, 
by …agger and McClay, (…018),…stands out that the polymer acts 
as a mechanical discontinuity and impacts on the development of 
inversion structures. Their results show how thick-skinned 
contractional deformation the structures accommodating deformation 645 
during the inversion are …eactivated inherited basement extensional 
faults reactivated …s reverse faults …nd developed new shortcuts 
developed …t their footwalls (Figs. 2 to 6 of Buchanan and McClay, 
1992 or Figs. 4 to 9 of Jagger and McClay, 2018). In contrast, in this 
research,the our models here presented,…the contractional 650 
deformation is partitioned by the effective salt layer. Thick-skinned 
deformation reactivated contractional reactivation of …asement 
structures and developed shortcuts occurs…(F1 to F4 white basement 
faults in Fig. 5), while the overburden is thin-skinned deformed as in 
the experiments of Ferrer et al. (2016) or Dooley and Hudec (2020).  655 
but the deformation is effectively decoupled by the polymer layer. In 
this sense, the main contractional structures are salt-detached 
Ff…reland- and hinterland-directed thrusts (yellow faults affecting 
the overburden in …ig. 5c and Fig. 5b respectively), compressionally ... [1]
Comentado [OF47]: TS: + Lines 386-389: “[…] of structures 
allowing to generate relief is directly related to the degree of 
decoupling between […]” – This is an important statement! ... [2]
Comentado [OF48R47]: We have rewritten this section. We 
think that in this way it is clearer as suggested by the reviewer. 

Eliminado: ing…on the ratio between polymer and overburden 
thicknesses,…some structures might develop more predominantly 
than others …nd consequently, in natural cases, the thickness of the 
decoupling layer must be considered when interpreting either the 635 ... [3]
Comentado [OF49]: TD: A bit long-winded and meandering 
here 

Comentado [OF50R49]: We have rewritten this section to avoid 
“winding and meandering” as the reviewer mentioned. 



12 
 

4.3.1. How is salt migration affected during inversion? 

One of the processes observed during inversion was the shearing and reopening of inherited primary welds. Reopening of salt-
depleted mechanical contacts is well observable when comparing salt thicknesses at the end of the extensional and the 585 
compressional stages (Fig. 9). Mapping the welded areas both, after extension and after inversion, shows that their location is 
not perfectly aligned or even some welds developed under extension not being present at the end of inversion (Fig. 9a). For 
simplicity, the location of welds at the end of extension has been split into two different groups in this figure. The first group 
are welds developed below the salt-detached ramp-syncline basins (Fig. 9b) whereas the second group are welds developed 
immediately on the footwall cutoff of the basement fault (pivot or weld point sensu Dooley et al., 2003) (Fig. 9c). The first 590 
group of welds develops when the sinking ramp-syncline basins touch down to the basement during extension and widen updip 
(Fig. 9b). As extension progresses, basinward salt-detached extensional faults are triggered by the impinging of basement 
blocks against the overburden (Ferrer et al., 2023). This results in a characteristic geometry where the weld is flanked by two 
salt accumulations bounded by faults, one at the hanging wall of the basement fault and the other at the footwall of basinward-
dipping salt-detached extensional fault (reactive diapir in Fig. 9 a and b). During the inversion, the clockwise rotation of the 595 
basement blocks forces the reopening of inherited primary welds from the hinterland towards the foreland as seen by the shift 
in welds location between extension and inversion stages (Fig. 9 a and b). This process is common in models where decoupling 
is more accentuated and therefore, models with thicker polymer successions are more prone to reactivate this type of welds 
under compression (DOM9 of Fig. 5). The second group of welds is characterised by two salt accumulations separated by a 
weld developed at the footwall cutoff of the basement fault where it impinges against the overburden during the extensional 600 
counter-clockwise rotation of basement blocks (Fig. 9c). The local weld formed by basement impinging can increase in length 
as basement extension progresses. Salt is gradually expelled downward as the overburden rolls onto the basement fault plane 
enhanced by the counter-clockwise rotation of basement blocks. As Steward (2014) proposed, the coupling between the 
basement and the overburden also allows the reactivation of the weld developed above the basement fault as a fault weld with 
increasing extension (Fig. 4). 605 
 

[Figure 9] 

4.3.2. How does the primary weld behave during inversion? 

The reopening of extensional fault welds is a continuous process that involves the inversion of the former extensional basement 
fault as well as block rotation above and below the salt (Fig. 10). The pre-inversion configuration is characterised by a fault 610 
weld as well as weld below the ramp-syncline basins that puts in contact the succession above and below the decoupling layer 
(Fig. 10a). Once compression initiates, inversion of the basement fault starts to uplift the whole hanging wall succession and 
rotation of the basement block occurs. At this mild inversion stage, both welds are still closed, and inversion is evidenced by 
the development of a foreland-directed thrust generating some structural relief that is going to be active up to the end of 
compression (Fig. 10b to d). As inversion progresses, the fault weld is totally reactivated and reopens thus connecting the two 615 
salt accumulations developed during the extensional stage and allowing the salt to passively flow between the two 
accumulations (Fig. 10c). This explains why some of the welded areas under extension are not present at the end of the 
inversion as shown in figure 9a. In addition, salt flow is enhanced by the counter-clockwise rotation of the ramp-syncline basin 
thus causing the reopening of the weld developed below the basin, and therefore, the newly generated space is filled by salt 
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(Fig. 10b). During this stage, sub-salt compression is partially absorbed by the reverse movement of the former basement 
extensional fault but also by the generation of footwall shortcuts. Finally, total inversion is characterised by the almost 
horizontal disposition of sub-salt strata, the total reopening of the fault weld, and an active process of weld reopening and salt 
diapirism as the ramp-syncline basin continues to rotate (Fig. 10d). 
 630 
Experiments show this process is more accentuated in models with a thick polymer layer since decoupling is also more 
accentuated while in models with a thin polymer layer, reopening hardly occurs as shown by the preservation of the basement 
impingement at the end of compression which was developed at the footwall of the master faults during extension (Fig. 5 a 
and b and Fig. 6 e and f). It is important to remark that in the models, as in nature, it is not the salt that reopens the welds, but 
rather the basement blocks involved in the compressional deformation that does the active work (thick-skinned deformation). 635 
The role of salt is passive and twofold: 1) it flows and occupies the space generated during the rotation of blocks, and 2) it acts 
as a decoupling layer allowing the overlying basins to accommodate the thick-skinned deformation. It is also worth mentioning 
that the confinement of the salt coupled with the non-existence of inherited salt structures (i.e., diapirs and walls) could play a 
major role in conditioning weld reopening. A well-developed network of diapirs, inherited from the extensional episode, could 
inhibit the reopening of welds since they would be preferentially squeezed at the onset of the compressional deformation 640 
developing salt sheets (Dooley et al., 2009; Santolaria et al., 2021). Once most of these diapirs were secondarily squeezed and 
depending on the volume of preserved salt in the source layer, the primary welds could be reopened. This is a factor that has 
not been tested in the current research and it is worth to consider in future models. 
 

[Figure 10] 645 

Although the experimental outcome presented here shows how two different types of primary welds (i.e., welds below salt-
detached ramp-syncline basins and welds developed above basement faults) inherited from an extensional episode reopened 
during subsequent thick-skinned contractional deformation, to our knowledge, the process that leads to the welds reopening 
has not been described in the literature. The closest process for explaining weld reopening below the salt-detached ramp-
syncline basins would correspond to salt delamination of deep salt wings described in the Northwest German and Polish basins 650 
(Baldschuhn et al., 2001; Rowan and Krzywiec, 2014). According to Hudec (2004), in that case, the Late Cretaceous regional 
shortening produced the injection/intrusion of the deeper Permian Zechstein and Rotliegend salt into shallower Triassic Röt 
salt forming wings on the flanks of many salt diapirs of the area. Rowan and Krzywiec (2014) point out that compressional 
deformation was not injected salt into the wings, and that the process must be viewed as a passive flow into the space created 
during folding and uplift of the flanking strata adjacent to the diapirs during the squeezing of buried diapirs by regional 655 
shortening. Dooley et al. (2009) described a similar process in analogue models simulating deeply buried diapirs that were 
subsequently compressionally rejuvenated. According to this work, the space generated by the uplift of the footwall thrust 
allowed salt to flow back into the source layer during the squeezing of a deeply buried diapir by a thick roof defining an 
outward intrusive plume. In our opinion, in this case, the use of the term intrusion would not be appropriate since salt is only 
passively flowing towards the new space created by cover uplift during regional shortening. In the models presented here, the 660 
welds below the ramp-syncline basins are reopened due to the rotation of basement blocks, which are decoupled from the 
cover by the salt layer, they delaminate generating new space that is passively occupied by salt. Similarly, in the welds that 
reopened above basement faults (Fig. 11), the active mechanism is the thick-skinned inversion that caused the inversion of the 
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fault and the uplift/rotation of the adjacent basement blocks. Nevertheless, in this case, the two isolated salt volumes by a 
primary weld formed by the basement impinging against the overburden at the end of the extension (Fig. 4c and d), are 
connected allowing the salt to passively flow between these two areas (Fig. 5c and d). The reopening of those welds is not 
suitable for the delamination process since the control of the vertical movements of the basement blocks during inversion is 
critical for reopening. It should be noted that thick-skinned contractional deformation during inversion is the motor that 680 
controls weld reopening and that the salt merely flows into the newly created spaces. This process has never been described in 
the literature, neither in real cases nor in analogue or numerical models, and therefore, this research provides new insights on 
weld reactivation and salt tectonics which should be considered in the future. 
 

4.3.3. How is the final geometry of the basin at the end of the inversion stage? 685 

Finally, of interest is the geometry of the ramp-syncline basins at the end of the compressional stage and how it relates to the 
initial thickness of salt. In all the cases with a thin polymer succession, a total inversion of the basin is observable (Fig. 5 a and 
b), whereas in models with a thick polymer, the resultant geometry of the ramp-syncline basins does not show a total basin 
inversion rather, no inversion at all or a partial inversion is documented (Fig. 5 c and d). In the models with a thick polymer 
and a thick overburden, the hinterland basins are slightly rotated and thrust over the more external basins while the basins 690 
located in a more foreland position preserved the extensional geometry. In these models, deformation is absorbed by the salt 
migration into thickened salt-cored anticlines and uplifting of the overburden (Fig. 5c). The preservation of the extensional 
geometries pre-dating the development of fold-and-thrust belts is rather common as reported in several basins that underwent 
partial inversion and orogens around the world such as the Apennines, the Pyrenees or the Betics (Scisciani et al., 2014; Carola 
et al., 2015; Saura et al., 2015; Escosa et al., 2018). On the other hand, models with a thick polymer and a thin overburden 695 
sequence are characterised by geometries grown during the inversion stage related to salt migration processes which developed 
turtle structures but also the generation of salt sheets or salt glaciers (Fig. 5d). Similar processes have been described in Gabon, 
Morocco, the sub-Alpine fold-and-thrust belt where compressional salt glaciers are developed during the growth of the orogen 
(Ventisette et al., 2005; Hudec and Jackson, 2006; Jackson et al., 2008; Graham et al., 2012; Fernández et al., 2020; Flinch 
and Soto, 2022). 700 
 
In summary, the results shown in this research provide a useful tool when working in areas that underwent inversion of an 
extensional system with a pre-extensional decoupling layer. The resultant geometries can be categorised depending on the 
different thicknesses of both, the salt and the pre-extensional cover successions (Fig. 11). While a thin salt and thin pre-
extensional cover results in a more coupled deformational style both during extension and inversion (Fig. 11), the opposite 705 
occurs when the salt and the pre-extensional successions are thick and therefore, a completely decoupled deformation is 
observed (Fig. 11). This behaviour has long been reported in several works based on analogue modelling (e.g., Jackson and 
Vendeville, 1994; Jackson et al., 1994; Withjack and Callaway, 2000; Withjack et al., 2000; Dooley et al., 2003 and 2005; 
Bonini et al., 2012; Ferrer et al., 2014 and 2023; Roma et al., 2018a; Dooley and Hudec, 2020). In the model with a thin salt 
and thin pre-extensional cover, the geometries after extension are characterised by a short and steeply dipping monocline which 710 
develops a long fault-weld with impingement of the basement and, above the monocline, an extensional basin located close to 
the basement extensional fault (Fig. 11). The geometries after total inversion are characterised by the preservation of the 
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basement impingement and by the total inversion of the syn-extensional succession with collapse faults affecting this 
succession (Fig. 11). In the model with a thick salt and pre-extensional successions, the geometries after extension are different 715 
depending on the thickness of the pre-extensional overburden. If it is thin, passive diapirs develop by erosion of a salt-inflated 
area and therefore most of the extension is accommodated within these structures (Fig. 11). In contrast, a thick cover results 
in the development of reactive diapirs that with the syn-extensional sedimentation rate applied in the experiments ended up as 
buried salt accumulations (Fig. 11). Although the geometries and processes are different, in both cases there is the development 
of a large monocline, the growth of an extensional basin above the monocline whose depocenter is not located close to the 720 
main basement fault and a less important basement impingement compared to the previous case. The geometries after total 
inversion are also different depending on the cover thickness and for a reduced cover, the most common geometry is the 
preservation of some of the outcropping salt structures and the development of salt sheets whereas, with a thick cover, the 
reopening of welds and the development of foreland-directed thrusts are the most important structures absorbing shortening 
(Fig. 11). 725 
 

[Figure 11] 

5. Conclusions 

Geometries and evolution of inversion tectonics of domino extensional basement-fault systems have been previously 
investigated by some authors using analogue models but without testing the role of a mechanical discontinuity such as a salt 730 
layer and consequently, the influence of a decoupling layer has never been performed before. This study focussed on revealing 
the implications accounted during the inversion of extensional basement-fault half-grabens with a pre-extensional intermediate 
decoupling layer by means of analogue modelling. 
 
One of the main results shows that the ratio between polymer and overburden thicknesses highly conditioned the evolution of 735 
the former extensional basins under compression. The amount of overburden structural relief developed during the inversion 
is directly related to the thickness of both, the syn-extensional deposition as well as the polymer layer. From the experimental 
program it is proposed that the thicker the polymer and overburden successions, the smallest the overburden structural relief. 
In contrast, when the polymer layer and the overburden are the thinnest, the resultant overburden structural relief is the highest. 
This is related to the coupling of the deformation between the successions above and below the polymer layer and therefore, 740 
when the two successions are completely coupled, the inversion of basement faults uplifts the overburden succession thus 
increasing the overburden structural relief. 
 
Another main result from the study is the characterisation of inherited weld reopening during the compressional episode. Even 
that weld reopening under compression occurs to a greater or less extent in all models, welds developed in models with the 745 
thickest polymer and syn-extensional successions are the most likely to be reactivated. During extension, welds were developed 
either below the salt-detached ramp-syncline basins or immediately above the basement faults. In the former case, the weld 
developed during extension by salt migrating towards the adjacent hanging wall and footwall of basement faults. During the 
compressional episode, the weld is partially reactivated reopening the hinterland due to the counter-clockwise rotation of the 
overburden and at the same time, it is enlarged towards the foreland. In the latter case, the extensional weld was generated due 750 
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to salt migration as well as sagging of the overburden until the succession was impinged by the basement at the footwall cutoff 755 
point. During inversion, the weld reopens thus connecting the two salt accumulations and allowing the salt to passively migrate 
between the two and resulting in that at the end of the compression there is not a record of the presence of this extensional 
weld. 
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 990 

Figure 1. Schematic example of basin inversion of a domino-style basement fault lacking a decoupling layer. a) 
Structural configuration at the end of the extensional episode; b) early stage of inversion with the reactivation of the 
basement fault producing an incipient basin uplift; c) mild inversion stage and development of shortcuts affecting the 
whole sedimentary succession; and d) final configuration when total inversion is reached. Note the different distributions 
of the syn-kinematic depocenters (i.e., extension and inversion successions). Redrawn from an analogue model by 995 
Jagger and McClay (2018).  
 

Comentado [OF75]: TD: This is important so annotate it and 
discuss in the text. 
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Figure 2. Sketch of the deformation rig used to simulate extension of domino-style basement fault system. a) Pre-1000 
extensional configuration and sedimentary infill characterised by a bluish layered sand pack with an intervening polymer 
covering the entire model. b) Configuration at the end of extension characterised by a reddish syn-kinematic sand pack 
deposited as basement faults increase displacement. c) End of the compression configuration reaching total inversion. 
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Comentado [OF77]: TD: Alter colors to match the text 

Comentado [OF78R77]: The different sandpacks of the figure 
correspond to simplified versions of the model. As the figure caption 
states, bluish colors correspond to pre-kinematic while reddish colors 
are associated to syn-extensional unit.  
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Figure 3. Example of a 3D SEGY generated from the vertical slices of the model showing the ability to display or hide 
the interpretation but also the final 3D structural model generated from the interpretation of the input data.  
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 1015 

Figure 4. Central cross-section of the different extensional experiments illustrating the structural styles developed after 
10 cm of extension (see parameters in Table 1) (modified from Ferrer et al., 2023). a) Model DOM4 (thin polymer – thick 
pre-kinematic overburden); b) Model DOM5 (thin polymer – thin pre-kinematic overburden); c) Model DOM6 (thick 
polymer – thick pre-kinematic overburden); and d) Model DOM8 (thick polymer – thin pre-kinematic overburden). Note 
how depending on the ratio between polymer and pre-kinematic overburden thicknesses results in the development of 1020 
different salt-related structures but also different salt-detached ramp-syncline basin architectures. The white dashed line 
indicates the boundary between pre- and syn-extensional units. White dots correspond to primary welds. AAPG©2023, 
reprinted and modified by permission of the AAPG whose permission is required for further use. 
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Comentado [OF79]: TD: But locations are the same in all – 
roughly 

Comentado [OF80R79]: We agree that structures develop at the 
same position in all sections because the along-strike section is 
located at the same across-strike position in all models. In addition, 
the experimental apparatus constrain the location of salt structures by 
the rigid basement blocks/faults.  
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 1030 

Figure 5. Central cross-section of the different compressional experiments illustrating the structural styles developed 
after total inversion (10 cm of shortening) (see parameters in Table 1). a) Model DOM12 (thin polymer – thick pre-
kinematic overburden); b) Model DOM19 (thin polymer – thin pre-kinematic overburden); c) Model DOM9 (thick polymer 
– thick pre-kinematic overburden); and d) Model DOM21 (thick polymer – thin pre-kinematic overburden). The white 
dashed line indicates the boundary between pre- and syn-extensional units. White dots correspond to primary welds 1035 
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figure. 

Comentado [OF85]: TS: Figure 5: As in Figure 4, the white 
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Comentado [OF86R85]: New sentences to indicate the meaning 
of the dashed line.  



27 
 

 

 

Figure 6. Salt isopach maps after extension (a to d) and after total inversion (e to h). Notice how the scale range in 
models DOM6, DOM8, DOM 9 and DOM21 (c, d, g and h) is double the range of the other models. 
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Comentado [OF87]: TD: 3D constructions of the salt volume 
might be clearer to illustrate this. Not clear from the text nor 
from this figure what point is being made here 
 

Comentado [OF88R87]: Thanks for the suggestion. A 3D 
construction is showed in Fig. 3. We considered that the comparison 
between model surfaces was easier in map view than in 3D views. In 
addition, the lack of along-strike structural variations allows to easily 
interpret the structures in map view. We appreciate the suggestion 
and we will take it into account for future works. 

Eliminado: Polymer

Eliminado: of the polymer level 1055 
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Figure 7. Base salt map at the end of extension (a to d) and isopach maps of the syn-extension at the end of extension 
(e to g). 
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Figure 8. 3D Voxels of DOM19, DOM12, DOM21, DOM9 displaying the effect that the decoupling layer is having in the 
development of overburden structural relief after total inversion. Notice how faults close to the moving wall display more 1075 
reverse displacement due to the apparatus design. 
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Figure 9. Weld reactivations. a) Map overlapping the weld distribution after extension and inversion. b) Weld reactivation 
example located below the salt-detached ramp-syncline basin. c) Weld reactivation example located above a basement 
extensional fault. See figure 5 for fault labeling.  
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Comentado [OF90R89]: We have done a systematic 
experimental program to be able to compare the same experiment at 
the end of extension and inversion stage. Nevertheless as the 
reviewer knows, specially modelling salt tectonics, is quite difficult 
to ensure a perfect match between models with the same setup. We 
have tried to minimize those variations to ensure the maximum 
reproducibility between experiments. However, we expect subtle 
variations that will not impact on the general outcome of the model.  

Comentado [OF91]: TD: Not strictly a weld as salt is present 
between the two. Be careful how this is phrased. 

Comentado [OF92R91]: Agree. Previously replied in the 
revised version of the manuscript as the reviewer suggested (effective ... [4]
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 1100 
Figure 10. Sequential evolution of weld reopening from the post-extensional configuration to total inversion of a fault 
weld case example from experiment DOM9. F, R, W, S letters above the different processes correspond, respectively, 
to Fault (F); Rotations of sedimentary blocks (R); Welds (W); Salt migration (S). 
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Figure 11. Summary figure displaying the different salt-related structural styles that resulted from extension and inversion 1115 
of the different experimental configurations. Notice how the thickness of the salt layer (or its welded equivalent) conditions 
the coupling/decoupling of the overburden succession thus conditioning the structural style. 
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Table 1. Summary table with the main characteristics of the experimental program included in this article. 
 
 1145 
 
 
 
 
 1150 
 
 
 
 
 1155 
 
 
 
 
 1160 
 
 
 
 
 1165 
  



34 
 

 

 
Table 2. Scaling parameters used in the experimental program. 
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