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Abstract. This work uses sandbox analogue models to anatheeformation and subsequeiriversion ofa decoupled
extensionabystem comprised of twgegmented haljrabenswith thick early syn-rift salt. The segmented half grabestsike
perpendicular to the direction of extension and subsequent shortBifinyg createdfirst a basement topography that was
infilled by modelsalt, followedby a second phase of extensard sedimentation, followed afterwards by inversidaring
the second phase of extensisgnrift synclineminibasins developed above the basenest¢nsionakystemand extended
beyond the confireof the fault blocksSedimentary downbuilding and extension initiated the migrationaafainsalt to the
basemenhighs, formingsalt anticlines, reactive diapirs, and salt walls perpendicular tdithetion of extensionexcept for
along theransfeaccommodatiozone where a slightly oblique salt anticline developeekersionresulted in decoupled cover
and basement thrust systemsruidts in the cover system nucleated along squeezed salt structigderanprimary welds.
New primary welds developegherethe cover sequence touched down on basement thrust tips due tcsaftlditrusion,
and syn-contractionaldownbuilding caused bjoading of syn-contractionalsedimentationModel geometriegeveal the
control mposed by the basement configuration and distribution of salt in the developnzetitraét fronfrom the inversion
of a saltbearing extensional systerm 3D, theinteraction of salt migrating from adjacent syft basins cammodify the
expected salt structure geometry, whiohy in turn influence thdocation and style of thrust in the cover sequence upon
inversion.Results are compared ttoe northern LusitaniaBasin offshore Portugadnd thelsdbena areaf the SoutkCentral
PyreneesSpain

1 Introduction

Salt tectonics plays a key role in the development of extenslmsihs such asthe Permian and Triassic basiims
Northwestern Europge.g.,Ziegler and &n Hoorn, 1989Stewart & Coward, 199%tewart, 2007Soto et al.2017; Ahlrichs

et al., 2020)Salt tectonics is also responsible for the characteristic structural stytesafcumMediterraneamlpine fold-
andthrust belts such as théonian-Albanides(e.g.Velaj et al, 1999, the Tunisian Atlas(e.g.Said et al.2011), the Swiss
Helvetics (e.gSala et al. 2014and Jurdold-andthrust belt{(Sommaruga, 1999}he southern Pyreneés.g.Mufioz et al.

2018, the NortherrCalcareoud\lps of Austria(e.g.Granado et al2019) or the SW FranceSulrAlpine system(e.g.Célini

et al, 2020) In saltbearing extensional systems, the interaction betwgtmsionabasement faults and overlying salt lag/er

acts as the primary control on the structural evolution ofpthetsalt cover system (e.g., Vendeville and Jackson, 1992;
Vendeville et al., 1995; Withjack et al., 1990; Koyi et al., 1993; Withjack and Callaway, 2000; Dooley et al., 2003, 2005;
Richardsa et al., 2005; Fig. 1puring thick-skinned extensiona#t migrates towards the fault plane in the downthrown block
below the cover sequence, forcing the-siftdepocenters to develop away from the fault plane, while extensional forced folds
develop Aove the footwall block (Vendeville and Jackson, 1995; Withjack and Callaway, 2000; Richardson et al. 2005; Ferrer
et al., 2014, 2016 and 2022; Tavani and Granado, 2015). Since rift basins are typically segmented by interacting basemet
faults and slip trasfer systems, (e.g., Gibbs, 1984; Morley et al., 1990; Gawthorpe and Hurst, 1993; Coward, 1995) salt flow
and associated sediment distribution may be significantly modified, departing from simpler 2D models. Evacuation of salt in
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Figure 1. Block diagram illustrating the structural style of decoupled extensional rift haklgraben with thick early syn-rift salt,
modified from Richardson et al. (2015).

rift basins by differential sedimentary loading upon crustal extension may sagtifi@ssist in creating accommodation space

(e.g., Stewart et al., 1996, 1997; Dooley et al., 2003, 2005; Richardson et al. 2005), but also obscures the subsidsnce patte
of the presalt basement (e.g., Moragas et al.,@®trauss et al., 2021) as wat thermal records (Lescoutre et al., 2019).
When extension is coeval to salt evacuation produced by differential sedimentary loading, the geometry of the hanging wall
synrift depocenters may strongly depart from classical wdikgebasins thickeningnto active basement faultsbscuring

the presalt basemersdtructural stylde.g., Richardson et al., 2005; Ferrer et2016 2022, Roma et gl2018; Granado et al.

2021; Fig. 1). During shortening related fateconvergencebasement faults may eactivated to different degrees, while

the postsalt stratigraphy isisually sheared off from its autochthonous rifted basement. When this is the case, the original
relationships between the pestlt stratigraphy and the basement structures respofwiloleistal thinning may not be directly
observedé€.g.,Callot et al., 2012Mencdset al., 2015; Mufioz et al., 2018; Granado et al., 2019 and 2021; Snider@@t 9j.

Célini et al, 2020).Just as extensional faults play an important role during qulesé¢ shorteningyansfeaccommodation

zones also may exert a strong control, leading to structurally complex 3D patterns of deformation, erosion, and sediment
dispersal, as well as the associated salt flow pattémdate, models adecoupled extensional rift basingth early salt do

not illustrate how salbelow adjacent segmented hgtabensnteracts acrosthe interveningransfeaccommodatiorzones

(Fig. 1)However there are few works of natural case studissing-witladdressintnowtransfeaccommodatiozoneswithin
segmented rifsystems have been incorporated into contractionaldotéthrust bels (e.g., Beauchamp, 200Mtencoset al.,
2015)This is of particular importance whehese extensiongtansfeaccommodatiorzones are characterized bgrly salt
structures, such as salt diapirs or salt shdssmay alter the expected geometriesthickness and distribution of sediment
across théransferccommodatiorzone

There is a substantial number of scaled physical analogue modeling seliag with extension and inversion of rift basins
(Koopman et al., 1987; Brun and Nalpas, 1996; Buchanan & McClay, 1991,NIe@qy, 1989; 1995; 19963artrell et al.,
2005;Panien et al., 2005; Schreurs et al., 2006; Konstantinovskaya et al., 2B@T gt al., 2016; Granado et al., 2017; Zwaan

et al., 2022)Someprograms modeled grabens and fatibens over rigid basement blocks, which significdiotigethebasin

inversion style (e.gDooley et al., 2005Burliga et al., 2012; Ferrer et al.QP6 2022 Moragas et al., 2074 Roma et al.,
2018a)While-oOtherexperimental programs provide key insights into the styles of salt diapirs that develop along the margins
of synextensional depocenters, the role of extensional salt structures in absorbing deformation early in shortening and the
reactivation of welds a$rusts (i.e.thrust weld¥ during shortening of individual hatfrabensi(e., Dooley et al.,2003, 2005;
Moragas et al., 2071 Stewart, 2017Roma et al., 2018&jansen et al., 202FEerrer et al.2022 Mir6 et al.,2022).
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In this work we aim to inveigate the tectonic inversion of segmented rift systems involving salt by developing an analogue
modeling program. We have focused on the accommodation zones between stepped extensidnapfeadis-by the Late
JurassieCretaceous rifted margin inkad in the SouttCentral Pyrenegdlartin-Chivelet et al., 2019, a and.fihe Pyrenean

rifted margin has resulted from the superposition of rift systems @stalje and polyphas#lird et al., 202). An upper
Triassic evaporitic unit wadeposited at the end of a first Triassic rift event and was subsequently deformed by the main
polyphase Late Jurassitarly Cretaceous rifphaség. During this main rift event the crust was hyperextended and
consequently theasementunderneatiante wasexhumed andhe Triassic-evaperitagasincorporatednto the extensional
system (Manatschal et al., 2021)The rifted margin was subsequently inverted during the Late CretaPatesgene
contractional deformation as the Iberian and European platedeztiMufioz, 1992; Manatschal et al., 202M)any rifted
margins along North Africa and Western Europe have followed a similar evolution, although with slightly differentcages

rift maturity, and subsequently inverted during the Alpine orogeny. Exanapéethe Atlas Mountains, the Iberian margins,

the SW Alpsand the Southern North Seghese margins were superimposadhe Variscan orogenic belt and some of them
involved external parts of the orogen characterized by deformed and slightly metamoggaiseehtary successions. The
analoguemodeling program reproduces such mdtage rifting before the tectonic inversiabowing the basement to be
deformed We have focused on the interaction between individual laterally segmentediftsyrasins across
transfeaccommodatiorzones In order to reproduce the desire geometry of stepped extensional faults involving the basement
we have used silic@seeds embeddento adeformablecoulomb analogue materjaland similarly to previous studie®fun

and BeslieNalpas 1996 Le Calvez & Vendeville, 2002ZZwaan and Schreurs, 2017; Dooley and Hudec, 2028)have
followed a similar approacto Dooley and Hudec (2020)ubwith some significant differencéisatwe will discuss below.

In this work, wemodify the previousetup of Dooley and Hudec (202® focus on the interactioof the salt and suprsalt
sediment systeracross theransfeaccommodatiorzone between two haffrabens withan experimental prografermed
byconsisting othree analogue modets-in which extensioris followed by contractional deformation, without and wsgn
contractionakedimentatiorfseeTables 1 and 3. Our modelsaim to answer a series of questions related to the formation and
deformation of laterally segmented sha#aring rift basinsi) how doesa late synrift salt layer decouple the suprand sub

salt during subsequengxtensional and contractional deformatievents ii) how does the salt control thdepocenter
distribution and geometry, iilow does salt influence sediment distribution across$rtvesfeaccommodatiozone, iv)how
isdoesthe inherited architectu the sup and suprasalt systems across thensfeaccommodatiozoneinfluenceinversion

and contractional deformatior@ur modeling resultarecompaedto natural systemesharacterized by different degrees of
structural reactivation, and saletachd shorteningthe Northern Lusitanian Basin offshore Portugyghe Southern Pyrenees
Traditionally, these salt tectonic provinces have been important to the exploration and production of hydrocarbonss While thi
is still the case, these provinces arevraf importanceto the energy transition within the European Union, and across the
globe (i.e., European Commission, 2021; Duffy et al.,1202uffy et al., 2023 Extensional salt tectonic provinces may
provide the correct setting for the energy stordgeydrogengas (H), compressed air, natural gasCHa), and the longerm

storage of CQ@ while their inverted counterparts may provide untapped potential as sources of geothermal energy (e.g.,
Gasanzade et al., 2021; MariRoberts et al., 202Klves et al., 2022; Miocic et al., 2022).

Table 1. Experimental models described in this paper.

Experimental Model Modelled process Total Extension Total Shortening
Model 1 Extension 15cm

Model 2 Extension + Shortening 15cm 25cm

Model 3 Extension + Shortening withsyn- 15 cm 25cm

contractionabedimentation

2 Analogue Modeling Program
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The goal of the experimental program is to madbelformation and contractional deformatiortwb saltbearing hakgraben
basins segmented @n interveningransfeaccommodatiorzone. The models were constructed using modeling materials
suitable to simulate upper crustal deformation (see Davy abtédlihy 1991; Weijermars and Schmeling, 1986; Schellart,
Il art
w toefticiera of friction € &) af @.6, argl araavenages i z e

, and f eortedgwaitzn g r |

fricti on®arfdconhesivefstreBgthldf ~55aPascals iwks uske (Fesrér etyal. o

and

2017). Sand displays an elastic/frictional plastic behavior with transiezin hardening prior to transition to stable sliding
(e.g., Lohrmann et al2003; Adam et al. 2005peingmaking ita reasonably good mechanical analogue of upper crust brittle
rocks. The material used to simulate rock salt was Rhodosil GUMréB Bluestar Silicones, a transparent viscous
polydimethylsiloxane silicone polymerith adensity 0f972 kg/n¥ at room temperaturand aviscosityof 1.6 x 1@ Pa-s when
deformed at an experimental strain rate of 1.83 % dd/s (Ferrer et al., 20L6Table 2). The polymer behaves as a near
Newtonian fluid having very low yield strength and a stress exparamearlyl atthe abovementionedexperimental strain
rate. NeaiNewtonian silicong@olymercan be assumed as a reasonable first order approxmadtsalt rheology for analogue
(Dell 6Ertol e
polymer and the standard salt tectonics terminology used when describing podjetent structres.

S ¢ has b dyronym tsiliceng 1 3 ) .

Table 2. Scaling parameters used in the experimental program-sali

the-nature-value-for-each-parameter.
Quantity Equation  Model Nature Scaling ratio
Thickness
Sand overburden 20i 60 mm 2i 4 km 1.0x10°1.5 x 1¢¢
Salt/polymer 10 mm(minimum) 1000 m 1.0x 10
Length(L) lcm 1 km 1.0x10°
Density( 1 )
Overburden 1500 kg-m® 2700 kg-m3 0.55
Model salt/polymer 972 kg-m3 2200 kg-m3 0.44
Density contrast 528 500 1.05
Gravitational acceleratiofn) 9.81 mis? 9.81 mis? 1
Overburden coefficient frictiofe ) 0.7 0.8 0.87
Cohesvie strength 55 pa 50 x 16 Pa 1.1 x10°
Deviatoric stres¢ 1P G J=g-L 121Pa 1.17 x 16 Pa 1.0x10°
Polymer layer viscosityd) 1.6 x 10 Pa-s 10'% 10 Pa-s 1.6 x 10 1.6 x 10'%Pa-s
Strain ratg U) U oA 3.47 x 10
Time (t; 5 t=1/ U 1h 0.32Ma
Velocity (v) v = L 1cm/h 3.17mmly
0.6 cm/h 1.90mmly
Gravity-aceceleration 9-81 m- 981 m< 1

125 2.2 Experimental setup and procedure

The experimental program consists of three mo(fEdble 1):Model 1, as the baseline modéhvolves rifting of the sak
bearing segmented rift system. Mo@etomprises rifting and inversion of the fgstem and Model 3 involvesifting and
inversionwith syn-contractionakedimentation.
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The experimental setp uses modeling procedurg@silar to those reportdaly Dooley and Hudec (2020). The a4t was built

on a metal rig withmaximumdimensions ofl14cm long by 50 cm wide and 30 dail. The model boundaries were laterally
set by glassvalls andmovablebackstops at either erffig. 2). The basal saip of the model consisted o8@ cmlenghby 50
cmwidelatex rubber sheddcated in the center of the model atthched to a 35 cm long metal base plate on one side and a
mylar plastic sheetn the other side (Fig. 2). The metal plate anyiar sheet werattachedo the-backstopsExtension and
shortening were achieved bpmputercontrolled motonjnven WOrmscrews thapulled or pushed thmovablebackstog at
therequlredvelocmes (see below) A A

sheetsA 2 mm thick Iayer of ponmecovered the basal pIatH served, first, as a basddetachmento accommodate the
transference of deformation from the moving walls during extension and shortanthgecond, it absorbed angdesired
deformationcaused byheunderlying basal materiafthe metal plate, rubber sheet, and mylar steegt;McClay et al., 2002;
Amilibia et al., 2005Dooley and Hudec, 2020Jhe model setip does have limitations, howevé&ixtension focuseth the
proximaldomain with respedb both movin

g backstopsandas a result, marginajrabens andninibasins developedn-along the lateral marginsf the modelclose to
the backstops

asseera&ed—hal@;aben@eeme%nes{-l;@—booley and Hudec (2020)5eda series oénechelorrectangular prisms qn‘olymer

that resulted in thextensional collapse dfi¢ polymer slabsind thedevelopment ofymmetricalgrabensas the polymer was
stretched and evacuateguch This configuration, combined with the close spacing of the stepped rectangular prisms of
silicone, resulted into the formation of a continu@rabenin the basement and a continuous stgaid minibasin as
extensional deformation progressed without the development of significant accommodation zones (Figs. 5, 6 and 10 of Dooley
and Hudec, 2020We usedtriangularpolymerprisms toconstrain thdocation anddevelopment ofistric faultsto create half
grabenbasin geometrieasopposedo the symmetric minibasinandbasemengrabensreproducedy Dooley and Hudec
(2020).FheBothtriangularprismsmeasured.5 cm long, 7 cm wide, and 4 dall-alengther-highestpartThepolymerseeds

were laterally and longitudidly offset from each other tpromotethe development oé transfer zonébetween the fault
segmentsiucleated at each se€the basasetup andthe twopolymerseeds wereapidy buriedto ensure the preservation

of their triangular shapey 9.4 cm thick sand padimulating the baseme(ite., white sequence in Fig. Rarhe upper part of

the sand packensistconsised of alayeredsequence a@ mm thickbluewhite-grey sind layergo constrain deformation in

the upper part of basemd(iig. 3). It is important to note that thesdiconeseeds do not represent preexisting salt structures,

butinstead-representinherited-zones-of weakness-in-the asustated abovéncalize the development of faults ahdf-

grabes in specifigpositions within the model

The different evolutionary stages of the sandbox models were indicated by a specific color sand packr{#itstape rift
systemcomprised thee phasei which extension was achieved by pulling both moveable wélidension velocities were
determinedrom the results o$everal test model¥he nmoving wallspulled the metal plate and mylar sheet attached to them
and consequentlstretcledtherubber sheet in the center of the model, focusing extensional deformation in the overriding sand
pack and stretched and thinned the silicone seeds, which localized listric faults and the developmenradiemalf(Fig. 3b).

In rifting stagel, the basement sand pack was extended to createifsyibasins above the polymer seeds amd a
transfeaccommodatiorzone Combined velocity during this phase whsm/h (ie.i.e., the total velocity considering the
movement of both moving wallsThis velocityis comparable t@.52 mm/yin nature WhICh falls within the range ohtes
obseved in presendday rifts, such ashe East African RiftRIift (Saria et al., 2004 Models underwent a total of 9 cm of

extension during this first phase createsufficientbasement topographgr the supresalt synrift basinsbefore the addition
of the early sysrift model salt layer
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Figure 2. Experimental setup. (a) Section view of model setip through one of the silicone seeds illustrating the placement tdie
triangular prism within the basement sand pack on top of the basal setp. (b) The plan view figure illustrates the organization of
the basal setup materials. V.D. stands for velocity discontinuity; these discontinuities are present at the edges lo¢ trubber sheet

175 where it connects to the metal plate and mylar sheet. The basal silicone layer that covers the basalipds 0.2 cm thick and extends
across the entire set up. The two prismatic silicone seeds are located within the rubber sheet and dfged from each other by 7 e
in the horizontal and vertical directions.

hase.

At the end of the first rift stagéhe entire model was covered by a layesy#rift model salt with a minimum thickness of 10

180 mm above théasemenhighs The polymerwas added in pieces and allowed to homogenize for 48 hotiisthe layer
obtaned a completely horizontal surface delof air bubblesThe nodel salt was covered byregionald mm thick pair of
white and light blue sand layep®ferred to th@re-kinematic layerFig. 3a)simulating a preift unit.

Rifting stage2 consisted o6ix episode®f extension with @ombinedvelocity rate 0f0.6 cm/h(slower tharstagel) each of
thesefollowed by deposition oélternating layers ofvhite and red santd produce loading of thenderlyingsynrifty model
185 salt_This rateis equivalent to 1.9nm/y in nature, which while slower than the previous rate, still falls withinaiteepted
range of valuegor the East African Rif{Saria et al., 2014 slower extension rate was used in this stageause of the
strain dependent behavior of the polymeydel salt layerAfter the deposition of each layenodekwereleft for sedimentary
depocenters tdownbund to smk into the salbrmlng mlnlbasmie g., Rowan and Vendeville, 2006; Santolarla etal., 2021)
] , A ; extension.
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Figure 3. Experimental tectonostratigraphic units and final distributions through each model. (a) Schematic stratigraphic cain
of the tectonostratigraphic sand packages and their representative colors. (b) Representative cross sadtioough Model 1 showing

the distribution of the individual sand packagesafter-the-depesition-of the syn-rift and postrift succession (see Fig. 4c) (c)
Representative cross section through Model 2 showing the distribution of layers at the end siiortening_(see Fig. 7c) (d)
Representative cross section through Model 3 at the end of shortening with the addition of syontractional sedimentation(see Fig.

10c)

before the next episode of extension. For each layer, sand was added in the demtensfdreated by the pulse of extension.
Downbuild time for each syrift layer lasted from 15 maximum, to 8 h minimum. For the first two sifi layers, the
regional elevation of sedimentation was maintained at thefithye prekinematic sand packfter that, the regionadlevation

of sedimentationvas raised 1 mm for each syift sand layer to preserve those structures formed by model salt inflation and
preventismodel salextrusionto the model surfae The surface of the model was levelethgs scraper after the deposition

of each sand layer tmaintainthe regional elevation. Leveling caused erosion on the crests of positivecaeigefd by salt
inflation. The rate of symift sedimentation increased with each layer as differential sedameloading increased the rate of
downbuilding and extrusion of model salt from underneath the main depocéntgrsxtruded model salt was periodically
removed from the model surface by carefully cutting it away.

At the end ofthe-extension, thentire model was covered by a 10 mm thick pdssuccession of alternating 2 mm thick
layers of white and yellow sangdstrift phase). The layers in this succession were depositeégb-same-tirtansecutively,
without anypauses for downbuildin@sin the previous extensional seadlodel 1 was stopped after the addition of thepost
rift succession and used as the baseline model for the shortening experiments (Fig. 3).




Lastly, models 2 and 3 were shortened producing the inversion of the segmentesioas basinscontractional hasé.
Before the onset of shortening, the deformation rig was tilted 3° towards the hinigoland rightin all section figuresjo
favor the model attaining its critical taper required to initiate the basal sliditigeathrust wedge with thedstinternal
215 deformation possible (i.e., Chapple, 1978; Graveleau,2(2) Additionally, this tilt creates &w angleunconformity at
the base of the syeontractional successi@imilar to thaidentified in theSouthCentral Pyrenees (e.q., Mufioz et al., 2018)
After the extension and before the onset of shortening, the mglsdetached from the moving wall and fixed to the basal
plate to detackand shorterthe sand by moving the backstop wall over the mylaesishortening was accomplished by
movingthatenly the wall on the righthand side of the model, previously attached to the myla ighegush from behind
220 model experimental design) to a maximum of 25 cm of shortening with a velo€itg afn/h which is equivalent t@5 km
and 1.9 mm/y in nature, respigely. This phase of the model differs from the Dooley and Hudec (202@)psehich did not
involve tilting of the deformation rig and used dual motor shortening by which both moving walls cordphesseodel,
preventing the propagation of a thrust fravibdel 2 was shortened without erosion or addition ofsymtractional sand.
Conversely, Model 3 was shortened with the addition of alternating green and whitengsactional sand layers. Syn
225 contractional sand layers were added every 3.6 cm of short&edgnentary rate of 2 mm/6 houos 0.08 mm/y in nature
at the toe of the systgpnraising the regional 2 mm for each new layer. During shortening, extruded model salt was removed
periodically from the surface simulating erosion.

2.3 Data capture and analytical techniques

Overhead Igh-resolution timelapse photographs were taken every 90 seconds by a corgouteolled digital camer#o

230 record the kinematic evolution of the expeeints Videos from the timdapse photosf each model have begeneratedsee
SupplementaryMaterial). To simplify the description of the experimental resultg tover structures have been named
according to their time of developmentd structural stylé.e.,T1, T2, BT3, etc.T for thrusts, BT foback-thrudbackthruss,
and P for pogup structures, G for grabens).

At the end of each experiment, the models were sktéatervalsof 3 mmusing an apparatus designed by the Geaisod
235 |aboratoryand photographedPhotos taken of the serial vertical crsgstions werghen imported tdmageprocessing
software to produce 3D voxel moddig interpolating the space between each esestional image to create a 3D volume
These voxelsvere used to extract virtual sectgsuchasinlinesand deptkslicesfor analyzingthe 3Dstructural variatiorof
each mode(Dooley et al. 2005 Ferrer et al., 2016Granado et al., 2017; Santolaria et al., 20¥bxels were also used to
interpretkey stratigraphic horizons, fault planes, welds and to extract structure maps and true stratigraphic thickness maps o
240 key sand packages.

3. Experimental Results
3.1Model 1: Multistage Rifting

This section describetid experimental results dfie baselineModel 1 to illustratethe threedimensions8D geometries,
tectonostratigraphic architecture, athe structural style®f suprasaltrift basins that developed above thegmented half

245 grabens separatdry an extensional accommodation zdhatdevelopedduring thebasementnvolved extensiomal phases
Serial sections of this modébm the final slicing of the modend the virtual sections produced from those highlight the
threedimensiondd3D geometries, tectonostratigraphic architecture, and the structural styles developed during the basement
involved extensioal phases (Fig. 4). These sections highliglthe laterd termination of the basement faudkng strike the
location and extent of model salt structur@sdthe changes in thicknes$ the model salt, synft succession, and postt

250 succession-Top view photographfFig. 5) and the timéapse video (see Supplementagterialfor Model 1)illustratethe
evolution of the model surface throutite second phase extensionas well as therosional leveling of the cover sequence




and the inflation and extrusion ofiodéd salt_Selected sucture and true stratigraphic thickness maps showitiaé 3D
distribution of the basement fault system, the model salt, arsy/théft succession at thend of the model (Fig. 6).

Crosssections shouwnastetbasement faultwith aconcave upwardsstric geometry rooted at the highest pointtoépolymer
255 seeds(M aster Faulll andMaster Fault 2an Figs.4a c). These faults trend orthogonal to the extension dlre,CMnIe their

260
iszglehracter
265
3 , a olloy . d-¢)- velop y a bn of the sé
270 i d-anticli relop Ve , iclinblabte i wing-the io 3 ler{Fig—4¢). In
A } ed iratio bo VisYelk iFighasins (



Salt
@) | antizline | ) | b2

(c) Reactive diapir mb1

E Post-rift succession : Weld s Rubber sheet

E Syn-rift succession

I:I Pre-kinematic layer
[] Model satt
- Basement

\\ Active normal fault

Figure 4. Interpreted representative cross sections {@), and virtual inlines (d-f) through the central minibasins (mb1 and mb2) and
the basementiransfer-accommodationzone ofthe results ofModel 1 (multistage rift model). Inset top view imageshows section
locations Abbreviations: HG i half graben; HW i hanging wall.; mb1 minibasin; MF i Master Fault; SST1 silicone seedZ-AZ |
transferaccommodationzone.

280 lateral extension is imposed by the width of the polymer saedsio not extend across the accommodation zone (Fig. 4b)
The trianqular shape of both seeds constrains the development of another listric fault in the footwall of the mastigr ones. Sl
attained by the master faults produces -gadtbens above both polyn seeds, characterized by hanging wall rollover
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anticlines. In the case daster Fault 2this rollover hasmassociated crestal collapse graben. The rollover anticlines are also
bound by antithetic extensional faults developed at the other tip obihmer seeds (Fig. 4a, dYlaster Fault Jattains more

slip than Master Fault 2and consequently, both faults create different accommodation space at the syncline minibasins
developed on their downthrown hanging walls. Conversely, the intervangammodtion zone in betweeMaster Fault 1
andMaster Fault 4s characterized by a dense array of-lafid rightdipping extensional faults with limited displacement
describing a central horst bounded by two grabens (Fig. 4b).

While the structural style of sament is characterized by faulting and rollover anticlines, the salt overburden is characterized
by decoupled deformation in the form of folding (i.e., broad synclines and anticlines) and salt structures (Fig. 4acima). Sy
basins develop above tlenging walls oMaster Fault Jand Master Fault Aminibasin 1andminibasin 2 respectively).

These synclinal depocenters are filled by-sxitensional layers that pinch out laterally. The model salt layer shows important
thickness differences, being adly depleted above the major basement faults to thickened by inflation in the footwall of these
faults and above the basement rollover hinges (Fig. 4 a and c). A diapir developed by crestal extension and erosion of the se
inflated anticline developed abe the rollover anticline d¥laster Fault lallowing the extrusion of a salt glacier (Fig. 4c). In
theaccommodatiozone, inflated salt above the basement horst separates the lateral terminations of both synclinal minibasins

(Fig. 4b).

Virtual inlines Fig. 4 d to f) show the geometry of the ayit minibasins along strike, the distribution of model salt, and the
basement fault plane intersections. In these sections, theftsgrinibasins display similar geometries to those displayed in

the crosssectons, with laterally lapping early syift layers, and their thickest succession coincident with the center of the
minibasin. The distribution of model salt is roughly even across the inlines passing through the minibasins depocenters. By
contrast, modesalt is thickest and shows an uneven distribution through the transfer zone, whereriftesagnession is

thinnest (Fig. 4e).

Early thickskinned extensioafter deposition of the pHenematic layertriggered model salt movemeand formation of

drape fold above the major basement faulighile salt inflation occured at the basement rollover hing€&ig. 5a). Some

grabers developedalong the crest of developing salt anticlines near the edges of the (Rigdé&a). As extension ineased
migration of model salt from below the synclines towards the hinge of the basement rollovers increased producing significant
inflation in saltcored anticlinest{ueish colors irig. 5b).At the same timedrape monoclines formed above major basgme

faults also allowingthe development of sailtflated anticlinesin the footwall of those faultsF{gs. 4a, 5b, and 6c)lhe
stretching produced #tecrest of some aheseanticlines allow the development of grabéimat thinned the overburdeie(,
minibasin 1 Fig. 58. In addition, the relief generated balt inflationfavored the erosion of many of these anticlifidgeish

colors in Fig. 5h)After 4.2 cm of extension, the syncline bagingpagatdaterally. At this point a depressed zone safsl

the anticline developed at the hinge of the basement rollover relateidib@sin 1land the onelevelopedabove the footwall

of Master Fault AFig. 5b). As deformatioprogressedthe syncline basins become wider and gerffiay. 5¢) as the last
broadly uniform syrrift layers indicate (Fig. 4&). The sedimentation rate applied to the model resulted in the burial of most

of the salicored anticlines, and a diapir only developed during this late extensional stage (Fig. 5¢). This diapir formed by a
combination of crestal stretching and erosion as the unconformity betwekim@ngatic and sykinematic layers indicates

at both flanks of the structure (Fig. 4c). A salt sheet extruding towards the inner part of the syncline basin form#weduring
endof rifting (Fig. 5¢) and the diapir grew passively during the deposition of therifiosand pack (Fig. 4c).

Thickness of the postft layers is quite uniform. However, close to the model salt sheet (Fig. 5c¢), thickness of the first post
rift layer inaeases towards the extruding model salt, below which the basieibfsin lis welded to the top of the basement
(Fig. 4c). Timing of welding is thus coincident with the end of rifting for the footwall welds, while weldingnitbasin 1
below the thicketspostrift succession occurs during past salt extrusion associated with sediment loading.

The top basement structure map shows two main structural lows associated with the displacement maxima of the master faul
above the silicone seeds (Fig. Bdalf-graben 1 propagated along strike across the whole model width (Fig).. Alis is
probably related to the presence of the underlying velocity discontinuity (V.D. in Fig. 2) that favors extension logalization
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lateral slip transfer along the striké the silicone seed, and the formation of the lardepocenter of Model 1. Conversely,
extension alongylaster Fault Dproduces a more diffuse structural pattern, with one largest depocenter right of the master fault,
and another depocenter shifted te thottom right of the modebver thevelocity discontinuity(Fig. 6a). As shown by the
structural maps (Fig. 6a), the basement top atrhresfeaccommodatiorzone lays deeper than thasemenhighs.

A true thickness map of the autochthonous model saltt(ie. stratigraphic thicknessapin Fig. 6b) depicts the position and
shape of the welded areas of mi ni basins 1 and 2 (fiWo
autochthonousalt at the tip of the footwall blocks of the extensional faults (i.e., nearly welded areas; compare Fig. 4 and Fig.
6d). An apparent single salt anticline continues from the hanging wMlasfer Faultl links with the salt anticline in the
footwall of Master Fault Zcross théransfeaccommodatiozone (Figs. 6¢ and d).

Distribution of the sy#rift succession thickness is illustrated on the true stratigraphic thickness matpu@ estratigraphic
thicknessmap on Fig. 6¢). The map shows that the-sgftndepocenters display an elliptical pattern, whose thickness
distribution follows the location and trend of the basement extensional faults. A ridge of thiift sgdiments links the
footwall of Master Fault 2with the hanging wall oMaster Faultl, marking the trend of a salt anticline across the
transfeaccommodatiozone. Toward$laster Faull hanging wall the salt anticline becomes a-sattuding wall (Fig. 6c¢).
Additional synrift depocenters also follow the trend of the basement top and skifted from the position ahinibasin 1
andminibasin 2 These depocenters are proximal to the velocity discontinuities (i.e., edges of the rubber sheet).
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(a) 1.2 cm total ext.

0.6 cm 0.6 cm
«— —
(b) 4.2 cm total ext.
2.1cm 21 ¢m
“— —_—
(c) 6 cm total ext.
3cm 3cm
<« —_—

345 Figure 5. Overhead views illustrating the surface evolution of Model Imultistage rifting) after 1.22.4, 4.2 and 6 cm of extension,
respectively. (a) Incipient grabens developed during the early extensio&41.2 cm) at the top of the prekinematic overburden; (b)
syncline basins fninibasin 1 and minibasin 2) development castrained by the slip of basement faults rooted at the polymer seeds
during mild extension. Saltinflated areas (bluereddish color) are locally eroded; and (c) a salt sheet extrudes from a passive diapir
developed by erosional piercement during the latexéension. During this stage, synclinal basins are wideAbbreviations: ext.

350 extension; Gi graben; mbi minibasin; TZ-AZ T transferaccommodationzone
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Figure 6. Structure and true stratigraphic thickness (TST) maps of key horizongom the voxel results of+ Model 1 (multistage
rifting) : (a) Top basement structure map, (b) TST autochthonous salt map, and (c) TST syift map. Light gray lines in figures b
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and c represent the basement structuregbbreviations: mb i minibasin; MF T Master Fault; V.D. T velocity discontinuity; W 1
355 weld.

3.2Model 2: Shortening without syn-contractional sedimentation

This section describes the results of Model 2, whiak subjected t85 cm of shorteningfter undergoing the same extensional
phases as Model (Fig. 7). Besides the periodic removal of extruded siliconeaddition of syn-contractionalsurface
| processe§.e., erosionor sedimentation) wergerformed onthe modelThe serial sections highlight thiereedimension3D
360 geometries ofleformedsalt structures and the involvement of the gmlt basement in a broadly forelgmpagatingequence
of thrust imbrication (Figs.&d). Top view photographs (Fig. 8) and time lapse e&{see Supplementaiaterialfor Model
2) illustrate thekinematicsof the saltdetachedhrust system, and themntractional deformation falt structures deloped
during previous extensional phask both the sections and top view photographs, the structures in the coladrededby a
letter representing structure type followed by a numépresenting the order in which the structures develdpegradition
365 of the frontal limbs of surfacbreaching thrustelated folds is common throughout time@deling

During shortening the contractional deformation hés been decoupled along ttsynrift model salt Underneath,he
basementinvolved thrust systenas been detached alotige basal silicone layeruncating the previously developed
extensional faultHowever, the master basement extensional faults have been partially reactivated along the shallow dipping
portions, aghe main thrusts have also been nucleated in the figeads, thus reproducing inversion tectonics geometries,

370 such as shortuts (Fig 7. a). The distribution of the model surface elevatiahatesto the inversion of thsebasement
extensional faut Thus, the lowest regional elevation is located in the footwall ofthiestsinverting themaster extensional
faults (Fig 7. A, ¢).The ction throughminibasin 2displaysa broadhinterlandplateauin the hanging wall othe inverted
Master Fault 2which shows a shoedut in the upper part of extensiondaster Fault AFig. 7a). The hinterlangre-salt
basement is also affected two fordand propagatinghrustswhich transfer the displacement upwards intostyrerift model

375 salt late backthrugbackthruss cut theethrusts.The contractional structuid the postsalt successiois represented by salt
detached thrusts andack—thrudbackthruss and related folds (Fig. 7alJnlike the basement structure, there is not a
predominant vergencéfter 25cm of shorteningninibasin 2remains weldedb the basemertt two points, the footwall and
the hanging wallof the invertedViaster Fault Zbasement fault (i.eits original locationaccording to Model 1. Above the

| thinnersynrift cover sequence deposited on the footwall ofMaster Faul® is back-thrudbackthrused over the syrrift

380 depocenter ofninibasin 2 generating thaighest structural elevatiasf the section. Additional structures asgpopup in the

| foreland related to the squeeziagd secondary weldingf diapirs(P4), a saltdetachedack-thrudbackthrusttransporting
minibasin 2with afrontal pop-up structure(BT3); a hinterlanedippingthrust involvingthe marginalsyn-rift minibasin(T1);
triangle zone welded to the basement buried below resedimentedfipeastiiments and allochthonous salt sheet (Fig. 7a).

The section along the basemeérstrsfeaccommodatiorzone is characterized by a smoother change in the topography in
385 comparison to the previous section (Fig. 7b). The basement structure corresponds to an imbricated wedge of thaeists and
thrusbackthruss, cutting through inherited extensional faultse ™ection also displays two structural highs related te salt
detached structures. The regional elevation is controlled by the basement thrust system, however, the topographic surfac
ahead of the frontal thrust system is more gradual than in the preeitiens(Fig. 7a, b). The detached cover succession in
the foreland is characterized by tWweck-thrudbackthruss, one formed after the squeezing of a salt wall (BT4) angkca
390 thrusbackthrusiocated immediately ahead of the foremost basement thou®T6). The central salt structure is formed by
a fully welded salt wall with a preserved pedestal, flanked by the lateral terminationsrdt syimibasin landminibasin 2
A salt sheet developed above this structure, with the majority of the saisiertflowing towards the hinterland in response
to the hinterlandlipping slope. Time of salt extrusion began during the-gfisas shown by the allochthonous salt deposited
on top of the syxift succession, and continued to extrude during shortenintj the salt sheet was cut off from its source
|395 due to welding. At the hinterland, thrusts andssk-thrudbackthrustinteract each other to develop pops and a triangle
zone underneath an allochthonous salt sheet (Fig. 7b).
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Figure 7. Interpreted representative cross sections {@) through the central minibasins (mbl and mb2) and the basemen
transferaccommodation zone of the results of Model 2_(shortening, no sedimentation) plus a virtual inline through the
transferaccommodationzone (d). Individual structures in the cover thrust system are labelled according to their timing of kinematic
ewolution. Inset top view image shows section location&bbreviations: BT 1 back-thrustbackthrust; G i graben; mb i minibasin; P

T pop-up structure; SST silicone seedT 1 thrust; TBP i trailing branch point .

The section througiminibasin 1shows a different topographic distribution than the previous two sections (Fig. 7c). The frontal
basement thrust is located further to the left (foreland) because of the invensiastef Fault land its silicor seed Silicone

Seed 2) This seed alsoontrolled the nucleation of Baek-thrudbackthrustsystem which produced the uplift of the former
rollover anticline and the

highest structural elevation. The paesit succession display consistent foreland vergence of thrusts and related folds,
contrary to the other two sections of ModelMinibasin 1preserved a relatively low structural position at the end of the
contractionadeformationin the footwall of the thrust that resultddom the breakthrough of the squeezed salt anticline and
related salt structurdén addition,minibasin lis welded to the basement at three different pdiraa the footwall ofMaster
Faultl, and in two places on the hanging wé&lreland verging thiits developed in the hinterland part of the motké
marginal minibasirat the rear of the wedde imbricated ora thrustsheet andolded into twodipping panels a shallowly
dippingthrust tip, and steeply dipping batiknb. The transition of both paats is marked by a crestal collapse graben structure
(Fig. Tc).

A virtual inline through the basememénsteaccommodatiozoneshows the lateral stack of the pgsit succession with the
reduced sysift succession in a hanging wall position of either the thrust ob#lsé&thrusbackthrusi(Fig. 7a, ¢, d)Model
salt thickness is thinnest belawinibasin landminibasin 2(evenwelded belowminibasin 2 and thickens in the basement
transfeaccommodatiozone with the thickest position along the margimafibasin 1

The kinematic evolution of the cover sequence during the shortening phase can be track&mpusdewimages thrust
chronology chart, antime-lapse videogseeSupplementaryaterial for Model 2 and Fig. 8) The postsalt thrust system
developedasa foreland propagatingi¢ht to lef)) sequencgalthough salt structures were reactivated in the foredhedd of
the thrust front since early stages of shorteififig. 8). At the onset of shorteningxtensional faults and diapirs occurred in
the left margin (foreland) of the modglig. 8a).This extensionatieformationprobablydevelopedn response to the 3° tilt of
the deformation rig toward the hinterlanthe first thrust T1) developed in the hterland against thbackstop(Fig. 8a)
Time-lapse videos show thaalt wall squeezing occurred across the madier about 6 cm of shortening (~25% of total
shortening)coeval with the development difie second foreland verging thrust in the hinterjafidrust 2 (Fig 8b and
SupplementarMateria). The back-thrudbackthrusi{BT?2) to the rightof Thrust2 as can be sedn sections 7a and 7hb, are
not clearly visible from the top view images, except for a slight indenture in the hanging Watust2 (Figs. 8bd). After

12 cm of shortening (~50% of total shortening) thruststesmk-thrudbackthruss nucleate along thealt walls in the model
(Fig. 8c).Thethrust chronology chadisplays an irregulatiming of thrust nucleatiomvith irregular time gaps betweehe
initiation of each thrustFig. 8e).

The transfeaccommodatiorzone between the master extensional faults at the onset of shortening is characterized by the
presence of a diapir located at the intersection between the salt anticline developed above the rollover avitisliaefedult

1 and the salt anticline atalfootwall ofMaster Fault Zcompare Figs. 5, 6 and 8). This diapir has been squeezed since early
stages of shortening and feeds an allochthonous salt sheet that occupies the structural low between theinihesied

and minibasin 2minibasins (Figs7d and 8). As deformation progressed, iaek-thrudbackthrusithat resulted from the
squeezing of the salt anticline in the footwalMdster Fault ZBT3) and the thrust at tidaster Faulf rollover salt anticline

(T3) connect with the salt weld die squeezed diapir (Figs. 7 and 8). Near the end of shortening, a thrust (Ez)c&nd
thrusbackthrus(BT6) develop in the foreland ahead of thesfeaccommodatiozone (Fig. 8c).

The top basement structure and true stratigraphic thickness maps of-tifesyetession and model salt are shown in Figure
9. The top basement structure map shows foreland propagating thrusts. The highest elevation of the basement sits in the cen
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of the model and is the result of the connection of the sharof the invertedMaster Fault Zault with the popup developed

on the previous rollover anticline dfaster Faultl fault. A subtle change of strike and a decrease of structural relief &isng t

high occur in théransfeaccommodatiozone(Fig. 9a). The basemeirtvolved frontal thrust shows a significant change of

strike and a resulting concave geometry in map view as a result of the connection of the inverted major extensional faults
forward of thetrarsfeaccommodatiorzone, contrasting with the more prominent uniform structural trend in the-saipra
succession (Fig. 9b).

The model salt distribution map shows the relationship between the model salt and both the basement and cgseartigust s
(Fig. 9b). The salt thickness map reveals that the number of welds increadekltimahis shortened model. The preexisting
primary welds alongninibasin landminibasin 2are more extensive than at the end rifting (Model 1), forming more ekngat

and wider zones of contact between the cover and basement systems (Figs. 6b, 9b). The preexisting salt walls in th
transfeaccommodatiozone and foreland of Model 2 act as sources for salt sheets until they are secondary welded (Fig. 8a
d) and now appe as high amplitudandshort wavelength anticlines adjacent to elongated secondary thrust welds (Fig. 9b).
The distribution of model salt is influenced by the geometry of the basement and cover thrust systems. The basement thru:
fronts can easily be tcad in thetrue stratigraphic thicknessap and the cover thrusts initiate on the areas of early model salt
structures (Figs. 9b, 7@.
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Figure 8. (a-d) Top-view images illustrating the contractional kinematic evolution of Model 2(shortening, no sedimetation),

including the timing of thrust initiation, model salt extrusion from salt sheets, contractional welding of salt sheet¢e) Graph

illustrating the thrust chronology of the major thrusts and back-thrustbackthrusts. Abbreviations: BT i back-thrustbackthrust; G
465 1 graben; mbi minibasin; MF i Master Fault; P T pop-up structure; short. i shortening; T thrust.
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black and cower thrusts are in dark magenta Abbreviations: BT T back-thrustbackthrust; mb i minibasin; MF 7 MasterFault; T T
thrust; W 1 weld.

The true stratigraphic thickness/n-rift map highlights the distribution of the syiit succession and location of the cover
thrust systems in relation to the skift depocenters (Fig. 9c). Across the model, the-sfgrdepocenters remain in the

footwalls of the thrusts, except forehmarginal minibasin in the hanging wall Bfirust1 which is adjacent to the moving

backstop and forms the first cover thrust (T1).

3.3Model 3: Shortening with syn-contractional sedimentation

Model 3 was subjected the same extensional and shortenimgcesses as Model b addition to the periodic removal of
extruded siliconesyn-contractionakedimentation was added every 6 hoessefy 3.6 cm of shortenifgwhile the regional
was raised 2 mm for each lay8&erial sectionsighlight the forelandorogradatiorof asyncontractionakedimentary wedge
that thins towards the feland, onlapping the underlying sdktachedstructuresn the cover sequencg€ig. 10). Top view
photographs (Fig. 11) and timd@pse videos (see Supplementdtaterialfor Model 3 illustrate the influence of theyn
contractionalsedimentation on the kinematics of the gldtached thrust systenand the contractional deformation of
preexisting salt structureB) both the sections and top view photographs, the structures in the colayedeewith a letter
representing structure type followed by a number representing the order in which the structures deAliopkthdel 2,
degradation of the frontal limhsf surfacebreaching thrustelated folds is common throughout.

As in Model 2,the master extensional faults have been reactivated by the nucleation of theoththetsliconeseeds. The
basement thrust systedetacleson themodel saltayer, crossctithe minor extensional faultand control the slope of the
model surfac€Fig. 10ac). The surface slope consistently dips to the left across all three sections. In the section through
minibasin 2 the frontal thrust reactivatinglaster Faul2 controlled the location of the syagontractional depocenter in its
footwall and the uplift ominibasin 2(Fig. 103. The accommodation space of this depocenter increased by salt evacuation of
the former salt inflated area in the footwall of the preexiskitapter Faul2 extensional faul{compare Figs. 4a and 10a).
Evacuated salt was extruded to faaraalt sheet forward afinibasin 2 Uplift of minibasin 2in the hanging wall of the thrust
reduced the accommodation space for thecgymtractional succession deposited above, which contrasts with the thick syn
contractional succession above the thin-gft series in the footwall of the thrust, thus reproducing a classical basin inversion
geometry, although no extensional faults affected thegaissuccessiofrigs. 4a and 10aYyhepostsaltcover sequendeas

been decoupled from the basemegadless ofwhetherit has beenvelded to the basement in multiple places. The foreland
propagating thrusts in the cover sequencesavecedby model salt, which has broken through the thrust tips and extrudes on
to the surfacesallochthonous sakheets (see Supplementdmaterial) The footwall and hanging wall cutoffs for thrusts
Thrustl andThrust3, as well as the thrust welded saltiiwvarecharacterized by reduced stratigraphy of therdymand post

rift successiongjemonstratinghe presence of inflated model salt in these positions prior to short&hiaghrust tip of T1 is
overturned and folded over the underlysgrcontradional sedimentary wedg&.he salt wall that developed to the right of
minibasin 2during extension is secondary thrust welded atptteekinematic layemwhile model salt is preserved in the salt
stock above the weld (Fig. 10a).b&ek-thrudbackthrusi{BT4) developed in the foreland cover sequence to the right of the
welded marginal minibasin. Across the section, therffyminibasins are incorporated in the hanging walls of the thrusts and
baek-thrudbackthrust

The section through the basemémahsfemccommodatiozone reveals a cover thrust system decoupled from the basement
thrust stack. In only one point at the foreland the marginatifiyminibasin is welded to the footwall of a preexisting normal
fault (Fig. 10b). A significant amount of rdel salt is present in the section above the basemestenccommodatiozone.

The basement thrust stack through #kesfeaccommodatiorzone ischaracterized by foreland propagating thrusts, unlike
the large imbricate thrust fan that occupiestthesfeiaccommodatiozone in Model 2 (Figs. 7b, 1Rb
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Figure 10. Interpreted representative cross sections {&) ad virtual inlines (d) through the central minibasins (mb1 and mb2) and
the basementransferaccommodationzone ofthe results ofMode 3 (shortening with syn-contractional sedimentation) Individual
structures in the cover thrust system are labelled according to their timing of kinematic evolutiorinset top view image shows section
locations, Abbreviations: BT i back-thrustbackthrust; mb i minibasin; P pop-up; SSi silicone seedT i thrust; TBP i trailing
branch point,).
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Along the section throughinibasin 1 the basement thrust system extends farther into the foreland by reactivation of the
silicone seed related wittaster Faulfl (Fig. 10c). Little shortening is taken up by the two thrustskamek-thrudbackthrust

that developed in the central area of Beetion, while the two thrusts that nucleate in the trailing branch point (TBP)
accommodate most of the shortening in the basement across this dédwliikeminibasin 2 minibasin 1has not experienced

uplift in the hanging wall of thrust that reactiedtMaster Faull, and the depocenter of the syontractional succession is
located above the minibasin depocenter. The existente of

_basement frontal thrust cannot be inferred from the geometry of theadbsticcession (Fig. 10c). The cover segaamelds

to the basement in four locations; one weld per marginal minibasin and two weldsralobgsin 1 one weld on to the
footwall of Master Faulfl and the other weld on its hanging wall (Fig. 10c). Less model salt is preserved in the cover thrusts
in comparison to the other sections across Model 3. The hanging Wélhedt1 is thrust welded on the lower reaches of its
footwall, preserving inflated model s#@lelowthe central part ofts hanging wallThrust3 has no model saétlong itsbase,

and the thrust tip is characterized by a-o@pstructure above an overturned and folggacontractionafootwall syncline.

The hanging wall o hrust3 forms a very shallowly dipping panel towards the hinterlaviterea8ackFhrusBackthrust3

is not present in this sectioklinibasin 1lis welded to the basement in the footwallTbfust3, and on the footwall df1aster

Fault1. Theforelandmost cover structure in this sectidaveloped on the hinterland side of the welded margmaibasin

aswell andcorresponds ta popup structure.

A virtual inline from the 3D seismic volungenerated from the sliced sectiaiows alongstrike changes of the geometry of
the repeated cover success(fig. 10d).The highest basement elevatigts on the left, belowninibasin 2 where the cover
sequence is welded in two plaaasd does not coincide with the highest structural elevatioross the inline, the model salt
is discontinuous, interrupted by welds at the lower source laytr a thin allochthonous layein the central part of the line
between the footwall and hanging wall Difirust3. The syn-contractionalsedimentary wedge thins over the crests of the
uppermost folds near thrust tips and is thickest in the center of the line.

The kinematic evolution of the cover sequence during the shortening phase can be tracked utipgdivideos ants
illustratedhere bytop view imagesand a thrust chronology chageeSupplementary Materiand Fig.11). The postsalt
thrust systendeveloped as a foreland propagatimght to lef) succession (Figll). At the onset of shorteningyn
contractionakxtension occurs in the foreland, as in Mod@e&eSupplemental Materidibr Model 3. Pre-contractionamodel

salt diapirsextrudel salt onto the model surface (Fig. 11a). T1 develops in the hinterland proximal to the backstop with an
arcuate thrust frontUnlike Model 2 where two thrus{3 1 and T2)develop in the hinterland proximal to the backstop, only
one thrus{T1) develops in thisegion(Figs. 8a, 11a)Only the first twosyn-contractionalayersare depositeth the hanging

wall of T1.As T1 continues to propagdtmward a graberoccursat the crest of the thrustlated anticlineTime-lapsevideos
reveal that salt wall squeezingcursatabout 6 cn{~25% of shortening) across the entire mqée. 113. The squeezed salt
walls nucleatéack-thrudbackthruss (BT2) andhrusts(T3) at around 12 cm (~50% of shorteninghdthe syn-contractional
sedimentary wedge continues to prograde towards the foreland (Fig. Dbiwnbuilding occurs across the
transfeaccommodatiozone in response tmntinued extrusion of model salt from isolated salt plugs (Fig.. Bkb) 8 cm of
shortening, the individual thrusts nucleated along the salt walls im&@vged into asingle thrust front with smalback
thrusbackthruss and popups developing in the hanging wall (Fig. 11c). The height of the thrust froftrokt3 is grea
enough to restrict deposition of sgontractional sand to its footwall. Continued degradation of the thrust frariraét1

and syncontractional extension on its hanging wall led to model salt piercing in its thrust froftasarhrusBackthrusi2

(Fig. 11c). This led to model salt extrusion that, with further shortening, extends laterally aloftgubel thrust front,
breaking through more of the front toward the top of the model (Fig. 11d). The forelangh poqucture, bounded/lhrust

4 andBackThrusBackthrus#, develops at around 20 cm of shortening and creates enough elevation to restrict deposition of
the final syncontractional sedimentary layer in the footwallTdfrust4, along the top of the model, and in the top lodithe
footwall of Back-ThrusBackthrust4 (Fig. 11d). The asymmetry in the deposition of this final layer of sand is attributed to the
large volume of extruded model salt coming from salt walls along the modellédgtarust chronology chart displaymare
regular pattern of thrust initiation timingith a roughly linear tren@Fig. 11e).
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The top basement structure map reveals four structural steps that have decreasing average elevations from right to left (Fi
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(b) 3rd syn-contractional layer
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(c) 5th syn-contraction layer
18 cm

(e) Model 3 thrust chronology
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| Figure 11. (a-d) Top-view imagesillustrating the contractional kinematic evolution of Model 3 (shortening with sedimentation)
including the timing of thrust initiation, model salt extrusion from salt sheets, contractional welding of salt sheets, andhe
distribution of syn-contractional sedimentation. (e) Graph illustrating the thrust chronology of the major thrusts and baek

580 thrustbackthrusts. Abbreviations: BT 1T back-thrustbackthrust; G i graben; MF T Master Fault; P pop-up structure; T T thrust.
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Figure 12. Structure and true stratigraphic thickness (TST) maps of key horizong-from the voxel results ofModel 3 (shortening
with_sedimentation): (a) Top basement structure map of Model 2, (b) TST synift map, and (c) TST autochthonous salt map.
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Basement thrusts are in black and cover thrusts are ilark magenta Abbreviations: BT T back-thrustbackthrust; MF 7 Master
Fault; mb 7 minibasin; T 7 thrust; W i weld.

on the foreland side of each main normal fault and associated half graben; a lateral ramp in the thrust sheddastead of
Fault 1links the thrust sheet with the thrust aheatylabter Fault 2

The map Bowing the distribution of salt thickness highlights the relationship between the model salt and the thrust systems
(Fig. 12b). As in Model 2, thieue stratigraphic thicknessilt map reveals that the number of welds increase$aid@uring
shorteningThe precontractional primary welds alomginibasin landminibasin 2are more extensive and the welded along

the foreland and hinterland sides of both minibasins (Fig. 12b). New primary welds are present along the top half df the mode

and correspond witthe area of

significant syncontractional model salt extrusion (Figs. 11, 12b) and with the areas of highest elevation along the basement
thrust sheets in the hinterland (Figs. 12a, 12b). Like Model 2, the basement thrusts leave clear imprints on the fgzdd model
distribution and the thrust fronts can easily be interpreted across the thickness map. The cover thrust system leaves a le
obvious influence on the final model salt distribution. Salt anticlines and salt walls appear asdgtdegiructures in the

modd salttrue stratigraphic thicknesaap, below the cover thrusts (Fig. 12b). The largest amount of preserved model salt
across the basementnsfeaccommodatioizone occurs below the hanging wallTdfrust3 (Figs. 10ab, 12b).

Thetrue stratigraphic tikknessnap of the sysift successiomeveals the location of the syift depocenters and their location
in relation to the cover thrust system (FI@c). Unlike Model 2, thedepocenters do not consistently remiai the footwalls
of the thrust sheet¥he lefthand(foreland)marginalminibasinformsthe hanging wall oBackThrusBackthrusé. However,
no thrust develops ahead (forelandwardjniriibasin land, thereforeminibasin lremains in the footwall ofhrust 3at the
end of the modelAs in Model 2, the thinnegtartof the synrift successiois adjacent to thinterpretedhrust fronts of each
of the faults in the cover thrust systérig. 120).

4. Discussion

In the followingsection weanalyze thénfluence ofsalt inthe formation anéhversionof laterally segmented sdiearing rift
basins Our analoguenodels are then comparedrtatural examples dfaltbearing rift basingnverted to different degrees,
namely the northern Lusitani@asin of Portugahnd the Souttrn Pyrenees of Spain

4.1 Extensional deformation and synrift sedimentationin salt-bearing segmengd rifts

In our models, e synrift basin geometry andelaed sedimentdistribution are strongly controlled by the position of the
underlying presaltbasement faults, the amount and rate of slip attained by those faults, the original distaibdtibitkness

of model salt, as well as the thicknessl mechanal propertieof the analogue modeling materiglse., the sand and the
polymer, see Table Z¥.g.,Withjack et al., 1990, Withjack and Callaway, 206@yrer et al., 2014, 2018022; Tavani and
Granado, 2015Roma et al., 2018 Granado et aR021) In our models, swift faults nucleated over velocity discontinuities
imposed by the experiments¢tup: at the lateral basglolymerpinch-outs,at the transition points between the three basal
materials, anét the edgeof thesiliconeseedgha controlled the location of the major fau(sig. 2). Thetriangular section

of the silicone seedsconstrained thawucleaion of listric master faultsi(e., Master Faultl and -Master Fault 2 Gentle
differences are found regarding fault slip and curvature of the major faults, likely related to the proximity of the ihodel sa
seeds with respedb the velocity discontinuitiesSmaller planar extensional faults develop along ttleer velocity
discontinuitiesThe metal plate contafzirmsacts as more effective discontinuitgndcreatingextensional faults with greater
offset than thsefaults that nucleate along the rubbandmylar-sheet contast The relatively greater offset created by the
thickness of the metal plate compared to the thinness of the mylar sheet may thus relate to diffefaunltesucleation
effectivenessAdditionally, thevelocity discontinuity along the metal pladteundaryis proximal tothe fault tip ofMaster
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Fault 1and the underlying silicone seffeig. 6¢) Iti |s likely that the stresses are not unlform alonqiheone seeds as they
625 develop halflin i Ay he S|m|Iar

The pre-rift and syn-rift sediments weld to the basement in the
footwall and hanging wall of the basement fault

. Syn-rift sediments
The pre- & syn-rift form a drape monocline Z

in the footwall of the basement fault
above a low salt anticline

__| Pre-kinematic cover
Salt layer

Pre-salt basement

Folded
pre-kinematic

layer Salt flows away from the lows

towards highs, using fault

Salt layer planes and relay ramps

Faulted basement

Syn-rift sediments thicken away from
the fault due to salt evacuation by

Dominant basement fault sediment loading and fault slip

640 Figure 13. Block diagram illustrating the structural style of decoupled exensional rift half-graben with thick early syn-rift salt and
a thin pre-kinematic layer bed showing the migration and inflation of salt away from the hakgraben and the development of a
synclinal minibasin within the basement halfgraben. Modified and updated from Richardson et al (2005).

grabens with rightlipping master faults on the lefthand side and minor faults on the righthand side, in section view (Figs.
4a,c), and this could also influence the effectiveness of the metal plate velocity discontinuity as it is on the ledtiofnt sid
645 model set up and proximal to Silicone Seed 1 (Figlr2dur models, the large syrift extensional faults grew by the lateral
propagation of their tips, in a rather similar fashion to natural systeims Peacock and Sanderson, 1991; Cartwright,et a
1995), whereas across thecommodatiorzone inbetween, a more diffuse fault array develaps forms a horst in cross
section(Fig. 4b) However, this horst structure forms a saddle in map view with a lower elevation than the adjacent basement
alongstrike (Fig. 6a)The results of our modeling program highlight two key points: the relative timing of fault activity and
650 the intervening phases of syift sedimentation Avea strong impact on the geometry of syfnbasins and that the thick (i.e.,
1cm minimum) layer of syimift salt deposited aftethe first stage of riftindavored the complete decoupling of extensional
deformation between the prand the possalt extensional systems. As a result, two very different extensional deformation
styles aveloped. Similar results have been obtained in analogue models by Doolef2803l. Vendeville et al(1995,
Withjack et al(1990, andWithjack & Callawg (2000). The model salt and cover sequence accommodate basement extension
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via stretching andhinning. The interplay between basement extension andfswedimentary loading initiate salt migration

from the basement lows towards the margins of the sedimentary depocenters, as observed as well in previous works (e.c
Ferrer et al., 2014; Grana@ébal. 2021; Hudec & Jackson, 2007; Kehle, 1988; Koyi et al., 1993; Roma et al.; P

and Hudec, 2020 This creates a positive feedback loop that acceleratenignation of salt from the basement lows as the
subsiding minibasins thicken and lsideeper (e.g., Santolaria et al. 2021a). However, the dimensions and location of the
depocenters fominibasin landminibasin 2do not reflect the underlying basement geometries. In-canskstrikesections,

the synrift minibasins have symmetrical synclinal geometries that hamper the interpretation of the location and polarity of the
underlying basement faults (Fig. 4), andglontradict thetructural-degmassumptiothatstateshe geometry of sedimentary

fill in the hanging wall of a fault is directly related to the shape of the normal(fau)twhite et al. 1986). The margins of the
minibasins extend beyond the undantyidownthrown basement blocks, masking the locations of the normal faults (Figs. 4a,
c; 6b). Without prior knowledge of the basement tectonic history, it would be very difficult to link the kinematic evalution

the cover depocenters to the underlyingelasnt extensional system. Yet the depocenters of théfsyminibasins develop
adjacent to the underlying basement faults and their locations still correlate with the displacement maxima of the Hlanging wa
block (Figs. 4a, c; compare Fig.1 and Fig.T3)e thickness map of the syift succession highlights that the areas of thinner
stratlgraphy correspond W|th areas of underlylng model salt mflatlon in the form of plllows antlcllnes and salt wsdls acro
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Figure 14. 3D schematic block diagrams illustrating the relationship between basnent fault extension and the migration of salt
caused by extension and downbuilding of cover strata (a), and how the salt interacts with the underlying basement thrust eyst
and controls the location of thrusts through the cover sequence during subsequeshortening (b).

690 accommodatiomone, while areas of nesteposition/erosion correspond with locations where inflated salt has pierced the cover
sequence and spread over the model surface (Figh&3e results are important for the interpretation of seismic data, and the
location of wells in presalt targets. In our models, areas of salt inflation are found over the footwall blocks away from the
underlying basement faults (e.q., Koyi et al., 1988thjack & Callaway, 2000Dooley and Hudec, 202@ranado et al.
2021), but also along tlrEecommodatiozone as an elongate, slightly sinuous salt anticline crossing from the hanging wall of

695 Master Fault 1o the footwall oMaster Fault 2In this salridge across theccommodatiomone, the thickest salt accumulation
corresponds to the salt wall over the hanging waMaster Fault 1Remnant salt is trapped against the fault planes of the
master faults and the overlying hanging wall cover succe$¢Bign. 4ac and 13).

Based on the results of our experimental program, we have updated the 3D block diagram from Richardson et al. (2005) t«
summarize the key salt structures, cover depocenters, and other features related to the interplay betweeaxtassioen
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