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The Albian Gap is a uniquely large (up to 65 km wide and >450 km long), enigmatic
salt-related structure in the Santos Basin, offshore Brazil. It is located near the basin
margin and trends NE (i.e. sub-parallel to the Brazilian coastline). The gap is
characterized by a near-complete absence of Albian strata above depleted Aptian salt.
Its most remarkable feature is an equivalently large, equally as enigmatic, basinward-
dipping, supra-salt rollover that contains a post-Albian sedimentary succession that is
up to 9 km thick. Due to its unique geometry, size, and counter-regional aspect, the
origin and evolution of the Albian Gap has been the centre of debate for >25 years.
This debate revolves around two competing models; i.e. did it form due to thin-skinned
(i.e. supra-salt) extension, or progradational loading and salt expulsion? The
extension-driven model states that the Albian Gap (and overlying rollover) formed due
to post-Albian gravity-driven extension accommodated by slip on a large, counter-
regional, listric normal fault (the Cabo Frio Fault). Conversely, the expulsion-driven
hypothesis states that the Albian Gap was established earlier, during the Albian, and
that post-Albian deformation was controlled by differential loading, vertical
subsidence, and basinward salt expulsion in the absence of significant lateral
extension. This study utilizes a large (c. 76,000 km:), dense (4-8 km line spacing),
depth-migrated, 2D seismic dataset that fully covers and thus permits, for the first time,
a detailed, quasi-3D structural analysis of the entire Albian Gap. In this study we focus
on: i) the evolution of base-salt relief and the original salt thickness variations; and ii)
the geometry of the post-Albian rollover, and its related faults and salt structures. To
constrain the kinematics of the Albian Gap, and how this relates to the evolution of the
base-salt relief, we also apply novel structural restoration workflows that incorporate
flexural isostasy, in addition to a detailed, sequential reconstruction of the intra-gap
rollover sequences. Our results show that the geometry and kinematics of the Albian

Gap vary along-strike, and that both post-Albian extension and expulsion play a


mailto:l.muniz-pereira@imperial.ac.uk

significant role in its evolution. Basinward-dipping growth wedges, salt rollers, and
listric normal faults record extension, whereas sigmoidal wedges, halokinetic
sequences, and upturned near-diapir flaps, the latter two associated with large diapirs
bounding the downdip edge of the gap, record basinward salt expulsion and inflation.
Where the Albian gap is relatively wide (>50 km), these processes alternate and
operate at approximately equal proportions. Our results are consistent with the amount
of basinward translation inferred from the analysis of ramp-syncline basins located
downdip on the Sdo Paulo Plateau. Our results seemingly reconcile one of the longest-
running debates in salt tectonics, as well as having more general implications for
understanding the regional kinematics and dynamics of salt-related structures in other
salt basins, in particular the controls on the development of large, counter-regional
faults.
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1. Introduction

Salt-bearing passive margins are typified by kinematically-linked domains of updip
extension, midslope translation, and downdip contraction and/or salt advance (e.g.
Rowan et al., 2004; Peel 2014; Jackson et al., 2015; Jackson and Hudec, 2017). Each
of these domains are associated with a complex and variable suite of salt structures.
Updip areas of extension are characterized by reactive diapirs, salt rollers, and salt-
detached, listric normal faults, whereas downdip areas of contraction are dominated
by salt-cored (buckle) folds, thrusts, and actively rising, squeezed diapirs. Intermediate
translational domains can have both styles of deformation when developed above
variable base-salt relief (Brun and Fort, 2011; Jackson et al., 2015; Dooley et al., 2016;
2018; Pichel et al., 2019b,c). One of the largest and perhaps the most controversial
salt structures worldwide is the Albian Gap in the Santos Basin, Brazil. It trends NE, is
up to 65 km wide in its south-central part, and extends sub-parallel to the Brazilian
margin for nearly the entire length of the Santos Basin (c. 450 km long). The gap is
located at the boundary between the extensional and translational domains, and is
characterized by the near-complete absence of Albian strata and an equally large, up
to 55 km wide, Late Cretaceous-Paleogene counter-regional (i.e. basinward-dipping)
rollover that overlies depleted Aptian salt (Fig. 1) (Demercian et al., 1993; Mohriak et
al., 1995; Davison et al., 2012; Guerra and Underhill., 2012; Fiduk and Rowan, 2012;

Quirk et al., 2012; Jackson et al., 2015).

Due to its unique size, geometry and counter-regional aspect, the Albian Gap has
been the centre of debate for >25 years (Fig. 2). This debate revolves primarily around
its origin and evolution, which have been variably described by either an extension-

(Fig. 2a) and expulsion-driven model (Fig. 2b). Many authors propose an extension-
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driven origin in which the rollover and the gap itself formed due to post-Albian gravity-
driven extension associated with slip on a large, counter-regional, salt-detached
normal fault, the Cabo Frio Fault (CFF, fig. 1), which accommodates 30-55 km of
lateral displacement (i.e. heave; Fig. 2a) (Cobbold and Szatmari, 1991; Demercian et
al., 1993; Mohriak et al., 1995; Davison et al., 2012; Guerra and Underhill., 2012;
Rowan and Ratcliff, 2012; Quirk et al., 2012). Others suggest an expulsion-driven
origin in which the gap was established earlier, during the Albian, and in which post-
Albian deformation was driven by margin progradation and associated differential
loading, vertical subsidence, and basinward salt expulsion. These processes together
generated the post-Albian expulsion rollover characterising the Albian Gap (Fig. 2b).
This model does not require or invoke significant lateral extension or overburden
translation (Szatmari et al., 1996; Ge et al., 1997; Gemmer et al., 2005; Krézsek et al
2007; Adam and Krézsek, 2010; Jackson et al., 2015). Cross-section based
restorations of the Albian Gap have not yet resolved this debate, as the gap can be
reasonably restored either by post-Albian extension (Fig. 2a), or basinward salt
expulsion following Albian diapirism (Fig. 2b) (Rowan and Ratliff, 2012; Jackson et al.,
2015). In the former model (Fig. 2a), the post-Albian rollover is equivalent to the
hangingwall of a counter-regional, salt-detached normal fault, with diapirs and
minibasins in its footwall translating basinward for a distance equal to the fault heave.
In the latter model (Fig. 2b), the rollover is restored by basinward salt expulsion from
a diapir that decreases in width through time, and in which there is no lateral movement

of basinward minibasins and associated salt structures.

These two competing hypotheses are intrinsically related to another long-lived
controversy, the general salt tectonics and structural evolution of the Sdo Paulo

Plateau, a large, basement-cored structural high located immediately downdip of the
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Albian Gap (Fig. 1b). In the extension-driven model, post-Albian extension within the
Albian Gap is kinematically balanced by the lateral movement of salt and its
overburden on the Sao Paulo Plateau and downdip contraction of the overburden
and/or salt advance via nappe emplacement (Guerra and Underhill, 2012; Fiduk and
Rowan, 2012; Quirk et al.,, 2012; Rowan and Ratliff, 2012). Conversely, in the
expulsion-driven model, post-Albian deformation is characterized by salt inflation and
intense, intra-salt deformation, but not significant overburden translation and

contraction (Ge et al., 1997; Gemmer et al., 2004; Jackson et al., 2015a,b).

Solving these debates is crucial to our understanding of the regional kinematics and
geodynamic evolution of not only of the Santos Basin, but also other salt-bearing
passive margins. Selecting their appropriate kinematic model will help us geometrically
balance basin-scale deformation, and constrain the timing, style, and magnitude of
salt movement, deformation, and sub-horizontal translation, the latter typically being
problematic due to cryptic diapir shortening and extension (Hossack et al., 1995;
Rowan and Ratliff., 2012; Jackson et al., 2015a). Understanding when and how salt
and its overburden deforms has important implications for hydrocarbon exploration
along salt-bearing margins, given it can help us constrain the location and timing of
hydrocarbon migration and trap formation, and the timing of deposition of key
petroleum system elements (e.g. source, reservoir, and seal rocks; Jackson et al.,
2015; Allen et al., 2016; Pichel et al., 2018). In addition, similar kilometre-scale
counter-regional rollovers, geometrically similar to the one in the Santos Basin, are
recognized in the northern Gulf of Mexico (Hudec et al., 2019; C. Rodriguez, pers.
comm, 2020) and in the Kwanza Basin, offshore Angola (Legeay et al. 2019); in both

these locations, the origin of the rollovers is still debated.
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In this study, we present, for the first time, a detailed geometric and kinematic analysis
of nearly the entire Albian Gap (Figs. 1 and 3). Whereas most previous studies focused
on only one or two, dip-orientated (i.e. NW-trending) cross sections through the centre
of the gap where it is widest (Demercian et al., 1993; Mohriak et al., 1995; Ge et al.,
1997; Fiduk and Rowan, 2012; Guerra and Underhill, 2012; Jackson et al., 2015), we
analyse several dip- and strike-oriented sections to understand its true 3D geometrical
and possibly kinematic variability. We use an extensive and modern, 2D depth-
migrated seismic dataset (Fig. 1). Small 2D line spacing (4-8 km) provides a dense,
quasi-3D grid with which to analyse lateral and vertical variations in base-salt relief,
salt and growth strata geometries, and overburden faulting within the Albian Gap. In
addition, we restore three cross-sections from different parts of the Albian Gap,
focusing on the overlying post-Albian rollover, bounding salt structures, and
detachment geometry. By doing this, we are able to constrain the contribution of
different mechanisms (i.e. extension and expulsion) to the formation of the gap and,

we hope, solve one of the longest-lived controversies in salt tectonics.
2. Geological Setting

The Santos Basin covers c. 3.5x10° km? and is bound by the Cabo Frio High to the
northeast and by the Florianopolis Platform to the southwest (Mohriak et al., 1995;
Garcia et al., 2012) (Fig. 1a). The basin originated as a rift during the Early Cretaceous
in response to the opening of the South Atlantic (Fig.1la-b) (e.g., Meisling et al., 2001,
Modica and Brush, 2004; Karner and Gambda, 2007; Mohriak et al., 2008). Grabens
and half-grabens were oriented predominantly NNE-NE due to ESE-SE directed
extension and were filled by largely Barremian, fluvial-lacustrine deposits that are
overlain by an early-to-middle Aptian, carbonate-dominated succession (Meisling et

al., 2001; Davison et al., 2012). The number of active faults and their rate of slip
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decreased during the Aptian and, by the Late-Aptian, a c. 2.5-4 km thick salt
succession was deposited (Fig. 1c) (De Freitas, 2006; Davison et al., 2012; Garcia et
al., 2012). Salt deposition was controlled by an inherited rift topography, resulting in
marked spatial variations in original salt thickness (Davison et al., 2012; Garcia et al.,
2012; Rodriguez et al. 2018). In sub-salt lows such as the Merluza Graben (Fig. 1¢)
(cf. Mohriak et al., 2010), salt was up to c. 4 km thick (Garcia et al., 2012; Lebit et al.,
2019). Conversely, on sub-salt highs such as the Outer High (Fig. 1c), salt was only

. 1.5-2 km thick (Garcia et al., 2012; Rodriguez et al., 2018).

During the early Albian, the Santos Basin experienced fully marine conditions due to
thermally induced, post-rift subsidence and a rise in eustatic sea-level (drift stage, Fig.
1b). This resulted in widespread deposition of a carbonate-dominated succession that
was up to c¢. 1 km thick updip and which thinned basinward to c. 200 m on the Séo
Paulo Plateau (Fig. 1c) (Modica & Brush, 2004). During the late Albian, the basin tilted
south-eastward, inducing gravity gliding of the salt and its overburden. Salt-related
deformation produced numerous thin-skinned, predominantly basinward-dipping, salt-
detached normal faults that dismembered the Albian carbonate platform into rafts in
the updip extensional domain (zone of extension, fig. 1) (Demercian et al., 1993;
Cobbold et al., 1995; Guerra and Underhill, 2012; Quirk et al., 2012). The Albian Gap,
the focus of our study, is located at the basinward (i.e. south-eastern) edge of the

extensional domain (Fig. 1).

Post-Albian sedimentation was characterized by margin-scale clastic progradation,
with sediments derived from the uplifting of the Serra do Mar mountain range (Fig. 1a-
b) (Modica & Brush, 2004). Most late Albian faults in the updip extension domain
became inactive by the end of the Albian and deformation migrated downdip into the

Albian Gap and onto the S&o Paulo Plateau (SPP) (Fig. 1) (Quirk et al., 2012; Jackson

8
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et al. 2015a). Post-Albian salt tectonics was characterized by basinward salt
evacuation from the Albian Gap, local salt welding (Davison et al., 2012; Jackson et
al., 2014; 2015a), and up to c. 30 km of overburden translation further downdip in the
Sao Paulo Plateau (Fig. 1c) (Pichel et al., 2018; 2019c). The base-salt relief and salt
thickness variations associated with the inherited rift topography impacted salt
tectonics on the S&o Paulo Plateau, generating flow partition with localized
contraction, extension and passive diapirism (Garcia et al., 2012; Pichel et al., 2018;

2019c).
3.1 Dataset and Methods
3.1. Seismic Data and Interpretation

We use a vast (c. 76,000 km? areal coverage), zero-phased processed, Kirchoff pre-
stack depth-migrated 2D seismic dataset covering nearly the entire length of the
Santos Basin and the Albian Gap (Fig. 1). The 2D survey comprises NW- and NE-
trending profiles that are oriented sub-parallel to the dip- and strike-direction of the
basin (and Albian Gap), respectively (Fig. 1d). Given the size of the Albian Gap, the
seismic dataset has a relatively small line spacing (c. 4 km and 8 km between dip- and
strike-orientated profiles, respectively), giving it a quasi-3D character. Seismic profiles
have a total record length of 16 km and we display images following the Society of
Economic Geologists (SEG) normal polarity convention, whereby a downward
increase in acoustic impedance is represented by a positive reflection event (white on
greyscale seismic sections) and a decrease in acoustic impedance by a negative
event (black on greyscale seismic section) (Brown, 2011). The seismic data almost
fully images the updip extensional domain and partly images the intermediate

translational and minibasin province (cf. Pichel et al., 2018; 2019; Lebit et al 2019),
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intersecting the updip portion of the 3D seismic dataset used by Jackson et al. (2015b)

and Pichel et al. (2018; 2019) (Fig. 1).

We mapped base- and top-salt based on their distinct seismic expression and
overburden geometries (Fig. 3). As we did not have direct access to borehole data,
mapping of key post-salt horizons were based on their tectono- and seismic-
stratigraphic significance, with age-calibration provided by a number of recently
published, borehole-constrained cross-sections (Garcia et al., 2012; Guerra and
Underhill., 2012; Quirk et al., 2012; Hadler-Jacobsen et al., 2014; Jackson et al.,
2015a; Rodriguez et al., 2018). We mapped a Top Albian unconformity (blue) to outline
the geometry and extent of the Albian Gap (Fig. 4), and a prominent Paleogene
regional unconformity (yellow on figure 1b-c and seismic profiles) that marks the end
of bulk salt deformation across most of the basin (cf. Fiduk and Rowan, 2012; Garcia
et al., 2012; Guerra and Underhill, 2012; Jackson et al., 2015b). We also mapped key
post-Albian (Upper Cretaceous-Paleocene) horizons within the Albian Gap rollover to
constrain its present structural style and to infer its evolution via isopach (thickness

map) analysis.
3.2. Restorations

To restore geometries imaged on seismic reflection profiles we combine decompaction
and unfolding by simple vertical shear, and move-on-fault algorithms, following
established restoration workflows for salt-related deformation (cf. Rowan and Ratliff
2012). Instead of restoring only a single profile (cf. Ge et al., 1997; Rowan and Ratliff,
2012; Guerra and Underhill, 2012; Jackson et al., 2015), we perform 2D structural

restorations of three of the most representative profiles from the Albian Gap.
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We restore these profiles to a gently-dipping, clinoform-like seabed that is
characteristic of many prograding clastic slopes (cf. Hadler-Jacobsen et al. 2014); by
doing this, we incorporate geologically more realistic geometries not applied in
previous restorations of the Albian Gap (Fig. 5a). Although commonly gentle (c. 1°),
the foresets of margin-scale prograding clinoforms can reach up to 16° (Patruno et al.,
2015), dipping 0.5-2° and being c. 50-300m tall in the study-area (see present-day
seabed, figs. 6-10). Thus, previous workflows that restored post-Albian rollover
horizons to a flat top (cf. Rowan and Ratliff, 2012; Jackson et al., 2015) have likely
distorted their original geometries, as well as the gap itself, overestimating the amount
of extension. This is seen by differences in geometry, fault heave and throw for the
same wedge restored to a flat datum (8 km heave and 3.75 km throw) or one restored
to a gently-dipping seabed (7.4 km heave and 3.6 km throw) (fig. 5a). We reconstruct
the approximate paleo-seabed through time using the present seabed as template and
local erosional unconformities and toplaps as additional constraints. Although
estimating the bathymetry over time involves some uncertainty, clear stratal
terminations in and around the Albian Gap afford confidence in our workflow and, we
argue, allows a more accurate representation of growth strata geometries than

previous achieved.

Decompaction is performed using the Sclater and Christie (1980) function, assuming
a carbonate-dominated (i.e. Albian) and siliciclastic-dominated (i.e. post-Albian)
overburden; this assumption is supported by lithological data provided by boreholes
(Guerra and Underhill, 2012; Hadler-Jacobsen, 2014). This step is important because
it removes the effects of compaction through time, and thereby produces a more
accurate visualization of temporal variations in the original rollover geometries,

thickness and associated fault throw (Fig. 5b).
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We also incorporate flexural isostatic compensation in each decompaction step to
guantify and remove the effects of differential loading and basin subsidence, which
ultimately provides more accurate estimates of the base-salt geometry, regional dip,
and related salt thickness through time (Fig. 5c¢). This ultimately permits us to establish
the key boundary conditions governing the evolution of the Albian Gap. We use a
crustal density of 2.78 g/cm?® and lithospheric elastic thickness (Te) of 5 km. We also
test Te values of 1.5, 10 and 15 km but choose Te = 5 km as we (and others;
Scotchman et al., 2006; 2010) argue this is a more valid approximation for highly-
stretched continental crust; the same value has been applied by other studies focused
on the geodynamic evolution of the Santos Basin (Garcia et al., 2012; Rodriguez et
al., 2019). We perform a detailed sequential restoration of the central and most
representative section within the Albian Gap involving 12 steps from Aptian (top-salt)
to present. We then restore additional sections back to the Albian and Aptian; this
allows us to constrain spatial variations in the original dimension of the Albian Gap

and the original Aptian salt thickness, and the overall basin geometry and depth.
4. Distinguishing extension from expulsion

Distinguishing between structural geometries formed by extension vs. salt expulsion
is central to determining the processes responsible for the formation of the Albian Gap.
As we will argue below, we find evidence for both extension (Fig. 6a) and salt expulsion
(Fig. 6b) in the Albian Gap (Figs. 7-9), with the distribution, geometry, and stratigraphic
architecture of the related rollover geometries described in the following section
(section 5). However, in order to provide a geometric framework within which to
interpret our data, we first briefly review the types of rollover geometries produced in

physical models of extension- and expulsion-related salt tectonics, as well as those

12
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identified in natural examples (Fig. 6) (cf. Jackson and Hudec, 2017 and references

therein).

We recognize three rollover-related structural styles diagnostic of salt-detached
extension: i) salt rollers, ii) salt-detached normal faults and, iii) their associated wedge-
shaped growth strata, which thicken towards and are thickest immediately adjacent to
the fault and/or flanking diapir (where present) (Figs. 6a and 7-9) (cf. Mauduit et al.,
1997; Chimney and Kluth, 2002 Brun and Mauduit, 2009; Jackson and Hudec, 2017).
To estimate the amount of extension during deposition of any given sequence, and
thus within each time-step in our restorations, we: i) measure fault heave where
corresponding footwall and hangingwall cut-offs are unambiguously observed (Figs. 7

and 9); or ii) use the width of their hangingwall growth section (cf. heave in fig. 5a).

In the case of differential loading and basinward salt expulsion, we identify three key
rollover-related structural styles: i) sigmoidal wedges that thicken and then thin in the
direction of salt expulsion, typically towards and onlapping onto a bounding diapir (Fig.
6b), ii) significant downdip salt inflation, and iii) halokinetic sequences and/or upturned
flaps flanking the rollover-bounding diapir (Figs. 7-9). As these expulsion rollovers
evolve and underlying salt deflates, older sequences rotate downwards and may not
presently be upturned, instead displaying a sigmoidal shape defined by basinward

stratal thinning towards a sub-horizontal salt contact (Fig. 6b).

Previous quantitative analysis of the post-Albian rollover in the Albian Gap (cf. Ge et
al., 1997; Jackson et al., 2015a) show an asymmetric dip-depth relationship for its
growth strata, arguing against a purely extensional origin for the feature, and thus
suggesting some contribution of loading-driven, expulsion-related processes. Other
studies document c. 28-32 km of post-Albian basinward translation of salt and
overburden within RSBs immediately downdip of the Albian Gap (Pichel et al., 2018),
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also arguing against a purely expulsion origin and therefore indicating also that

extensional processes also occurred.

Although presented as end-member types, the dynamic and kinematic models outlined
above can operate simultaneously. The stratal thickening associated with extension-
driven rollovers tends to generate differential loading of underlying salt, and greater
subsidence and salt expulsion beneath the hangingwalls of their bounding faults.
Conversely, expulsion-driven wedges may also accommodate some sub-horizontal
extension on secondary normal faults, or against the downdip salt wall, especially
when they are deposited above basinward-dipping salt-detachments (sigmoidal
wedges offset by older faults in fig. 7, or wedges terminating against small normal
faults in Fig. 8). For these reasons, we mapped post-Albian rollover wedges based
purely on their large-scale geometry (i.e. sigmoidal vs. basinward-thickening),
informed by geometries observed in physical models and other natural examples, but
without a preferred kinematic or dynamic model in mind. We then use these
geometrical constraints in our cross-sectional restorations to quantify the contribution
of extension vs. expulsion to the formation of the Albian Gap. However, given the two
end-member processes are intrinsically-linked, there is some error in our estimates
(i.e. a period dominated by expulsion includes some extension). Constraining this
estimate is hard (i.e. how much extension occurs during a period otherwise dominated
by expulsion), although it is clear that the thickness of extension- and expulsion-related
wedges is large compared to, for example, the minor amount of fault slip associated
with the latter process. We therefore estimate a relatively small error of £10% to each

restoration step, and to our overall estimate of the contribution of each process.

5. Albian Gap Structural Framework
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The Albian Gap is c. 450 km long. It varies in width from 10-15 km in the northeast
(North Santos Basin) to 30-50 km in its central portion, widening to 65 km in its central-
south portion, before narrowing again to 15 km to the southwest (Figs. 3-4 and 7-13).
The gap is widest (c. 50-65 km) updip of the Sugar-Loaf and Tupi Sub-Highs (cf.
Rodriguez et al., 2018; Pichel et al. 2019), and where it is intersected by a large NNE-
SSW-striking basement-involved fault (i.e. the Merluza Fault, Mohriak et al., 2011) in
the southwest (Figs. 3-4). The gap is associated with a post-Albian, basinward-dipping
rollover that is of equivalent length, 6-10 km thick (Fig. 14a), and up to 55 km wide
(Fig. 7). This rollover overlies salt that is strongly depleted or apparently welded (Fig.
14b). The salt layer ranges from nearly welded in places (<50 m thick) to an average

of 100 m thick and up to 500 m thick salt rollers (Figs. 7-13 and 14b).
5.1. Salt and Fault Geometries

Counter to that previously described, the Albian Gap is not defined on its basinward
edge by a single, through-going (i.e. c. 450 km long), landward-dipping listric fault
(Cabo Frio Fault, cf. Mohriak et al., 1995; Guerra and Underhill, 2012; Fiduk and
Rowan, 2012; Quirk et al., 2012). It is instead bound by a series of smaller (4-12 km
long) fault segments and associated salt rollers (Figs. 7-12). Salt rollers occur within
or defining the outboard margin of the Albian Gap (R in figs. 7-12). The ones within
the gap are relatively small (200-500 m tall on average) (Figs. 7-9), although some are
up to 1.2 km tall (Fig. 13). Rollers bounding the basinward side of the gap are larger
(1-1.5 km tall) than those within the gap but occur only in the northern and southern
sectors of the structure (Figs. 11-12). These rollers are broadly asymmetric and
triangular in shape, and are commonly defined on their landward sides by landward-
dipping listric normal faults (Figs. 7-10), although basinward-dipping faults also occur

in the north (Fig. 11) and south of the gap (Fig. 12). In some cases, both sides of the
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salt rollers are flanked by different-age packages of wedge-shaped strata that towards
them. Such geometries have been described by Quirk and Pilcher (2012), who argue
they document a temporal switch in fault polarity from one diapir flank to the other

(Figs. 11-12) (so-called “flip-flop salt tectonics”; Quirk and Pilcher., 2012).

The dominant landward-dipping faults contain 0.4-1 km thick, basinward-thickening
wedges in their hangingwall. Equivalent-age strata are thin or absent on their footwalls
(Figs 7-8). Where strata are missing, we estimate fault heaves of c. 2-6 km using the
width of their hangingwall growth wedges. Salt rollers and faults generally become
younger, larger, and display greater displacement basinward as indicated by their
progressively younger growth strata and their shallower tip heights (Figs. 7-10). This

indicates that extension migrated basinward.

The basinward limit of the Albian Gap is, therefore, commonly defined by a partially-
to-fully fault-bounded diapir (Figs. 7-8). Where the gap is relatively narrow (<30 km),
the diapir is asymmetric and triangular in cross-section, a geometry characteristic of
reactive (i.e. extensional) diapirs and/or salt rollers (cf. Vendeville and Jackson, 1992;
Jackson and Hudec, 2017) (Figs. 10-11). However, in the central portion of the gap,
where it is relatively wide (>30 km) (Fig. 7-9 and 12), the geometry and size of the
bounding diapir are markedly different and cannot be entirely explained by post-Albian
extension. In this location the diapirs are irregular and semi-circular in plan-view,
rather than linear like those seen to the north and south where extension dominates
(Figs. 3b and 14b). The diapirs are 8-12 km wide, up to 4 km tall, and are partially
defined by a landward-dipping listric fault on their landward margins (Figs. 7-8). Locally
upturned and thinned strata are also observed near the tops of the diapirs on their
landward margins. In contrast, their basinward margins are always flanked by locally

upturned and thinned strata (Figs. 7-8). In other cases, the diapirs are narrower (2-4
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km wide), taller (>4.5 km) and have upturned and thinned strata on both of its flanks
with no evidence of extension (Fig. 9). This upturned strata can vary from km-scale,
so-called composite halokinetic sequences (i.e. CHSs) (cf. Giles and Rowan 2012;
Pichel and Jackson 2020) or multi-km upturned flaps (cf. ‘megaflaps’ of Rowan et al.
2016) (Fig. 15). Larger flaps are more common on the basinward flanks of the gap-
bounding diapirs, whereas CHSs typically occur on their landward sides, within the

Albian Gap.

Both cases indicate that the diapirs bounding the central and widest portion of the
Albian Gap were largely influenced (Figs. 7-8) and, in places (Fig. 9), driven by a
combination of passive and active salt rise. Active and especially passive rise are load-
driven processes and can thus occur in the absence of extension (Rowan et al., 2003;
Jackson and Hudec, 2017). However, bounding diapirs experienced an early phase of
reactive, extension-driven rise, as indicated by the presence of rollover strata
thickening towards listric normal faults flanking their lower, landward flanks (Figs. 7-

8).
5.2. Rollover Geometries

In addition to the intra- and gap-bounding diapirs, the post-Albian rollover geometries
also vary in terms of their geometry and origin (Figs. 7-9). They can be characterized
by i) basinward-thickening wedges that expand towards landward-dipping, salt-
detached (listric) normal faults (Figs. 7-10); or ii) sigmoidal wedges that are thicker in
their centre, but which thin and downlap basinward towards the salt, onto ‘stranded’,

intra-gap Albian blocks or the footwalls of salt rollers (Figs. 7-9).

Whereas the first geometry is readily linked to regional gravity-driven extension (Fig.

6a) (cf. Brun and Mauduit, 1997; Rowan et al., 1999; Jackson and Hudec, 2017), the
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second cannot be explained by the same process (Fig. 6b) (see section 4). Besides,
similar sigmoidal, basinward-dipping and -thinning wedges occur landward of the
Albian Gap where they clearly downlap the Albian interval (Fig. 8); this geometry
cannot be readily explained by slip on a normal fault or, therefore, record extension.
We interpret that these sigmoidal geometries are associated with prograding
clinoforms that were later rotated by the deflation and basinward expulsion of salt (Fig.
6b) (cf. Ge et al., 1997; Jackson and Hudec, 2017). They occur predominantly in the
central-south portion of the Albian gap where it is widest (>35 km, figs. 7-9). We make
the key observations that the wider the gap, the more abundant are the sigmoidal

wedges, and the larger is the basinward-bounding diapir (Figs. 7-8).

The Albian Gap lies downdip of the Serra do Mar mountain range (Fig. 1), which
formed during the Late Cretaceous-Eocene, coeval with the formation of the Albian
Gap rollover (Mohriak et al., 1995; Guerra and Underhill, 2012). Continental uplift
resulted in erosion and basinward progradation clastic sediments into the Albian Gap
(Modica and Brush, 2004; Guerra and Underhill., 2012). Where the gap is wider and
prograding sigmoidal geometries abound (Figs. 7-9), the post-Albian margin
prograded further basinward (Fig. 16). Where the gap is relatively narrow (<35 km),
basinward-thickening wedges dominate, indicating that, in these areas, the gap
formed primarily in response to extension (Figs. 10-11). In summary, there is a positive
relationship between the amount of post-Albian shelf-margin progradation, the amount

of salt expulsion and thinning, and the overall gap width.
5.3. Base-salt Structure and Polarity

Throughout most of the Albian Gap, the base of the salt presently dips gently (<1.5°)
landward and salt-detached extension is controlled by landward-dipping normal faults
that are antithetic to the overall basinward direction of gravity-driven transport (Figs.
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6-9). At its south and north portions, however, this changes. In its northern portion
where it narrows abruptly to <14 km, the gap is bound by a flip-flop roller and a
basinward-dipping normal fault (Fig. 11). In its southernmost portion, basinward of a
major pre-salt rift structure, the Merluza Graben, the Albian Gap is bound on its
basinward side by basinward-dipping, salt-detached normal faults (Fig. 12). The
Merluza Fault has a throw of 3.5 km at the base-salt and is associated with the largest
diapir (c. 8.5 km tall and 10 km wide) within the study-area (and possibly the entire
basin, Fig. 3b). This suggests that the graben was a major structural low prior to and
during (and possibly after) salt deposition, resulting in initially locally thickened salt (c.
2.5-4 km thick). Other small, landward-dipping, basement-involved sub-salt faults
produced 0.5-1 km of structural relief at the base-salt and, thus, contribute to a

regionally rugose base-salt beneath the Albian Gap (Figs. 3a and 7-10).

The thicker succession of Aptian salt within the Merluza Graben resulted in: i) partition
of salt flow with increased diapiric rise updip of the Albian Gap and, ii) a locally steeper,
basinward-dipping base-salt within the Albian Gap due to tilting of the footwall of the
Merluza Fault. The large (c. 10 km wide) diapir near the south-eastern edge of the
Merluza Graben produced an additional c. 10 km of separation of the Albian interval
given the diapir was growing during the Albian (i.e. Albian strata were not deposited
above it). Further basinward, the steeper basinward-dipping base-salt influenced the
style of salt-detached faulting here, which is predominantly synthetic (i.e. basinward-

dipping) and in marked contrast to other areas of the Albian Gap.
6. Restoration

6.1. Kinematics on a salt-detached slope
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Previous structural restorations of the Albian Gap were ambiguous, meaning that the
Albian Gap could be restored by purely salt expulsion and vertical subsidence
(expulsion-model), or regional extension (extension-model) (Rowan and Ratliff, 2012;
Jackson et al. 2015). This ambiguity is at least partly due to the fact these restorations:
i) have not incorporated the variable rollover stratal geometries (i.e. sigmoidal
clinoforms associated with margin progradation vs. basinward-thickening wedges
associated with fault slip), ii) incrementally restored the rollover succession to a flat-
top, distorting the original (i.e. syn-depositional) stratal geometries, iii) have not
included the effects of flexural isostasy, keeping the base-salt static through time, iv)
did not incorporate kinematic constraints provided by structural geometries seen
immediately downdip on the S&o Paulo Plateau. Here we present for the first time, a

detailed sequential restoration of the Albian Gap incorporating these aspects (Fig. 17).

In the main restored section (Fig. 8), centrally located within the Albian Gap, the gap
is presently c. 50 km wide. The cumulative heave on faults flanked by basinward-
thickening, fault slip-related wedges documents c. 26 km of post-Albian extension (Fig.
17a-l). This is equivalent to c. 50% of the current width of the gap, demonstrating that
by Albian times the gap was already there in the form of a c. 24 km wide, c. 2.8 km
tal, and 90-100 km long reactive/passive diapir (Fig. 17m). Early post-Albian
sequences (g, h, j and I) were primarily associated with basinward progradation of the
basin margin by clinoform accretion (Figs. 7-9), and vertical subsidence due to salt
thinning and lateral expulsion. Overlying sequences were predominantly affected by
sub-horizontal extension of the overburden (a-f and i; Fig. 17). The restorations also
demonstrate that extension-dominated wedges commonly involve a secondary
component of differential loading and basinward salt expulsion due to hangingwall

stratal thickening (i.e. note progressive salt thinning beneath extensional wedges; fig.
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17b-f). Conversely, some sigmoidal, expulsion-dominated wedges also demonstrate
a small amount (c. 1-2 km) of extension against the downdip salt wall (Fig. 17g) or,

more commonly, due to ongoing slip on a previously formed fault (Fig. 17h).

Additional restored sections in the central portion of the Albian Gap show that post-
Albian extension varied from 26-28 km (+ 2 km) (Figs. 18 and 19). All restorations
show that where it is presently widest, the gap was already partly formed during the
Albian in the form of a 24-30 km wide passive diapir (Figs. 17 and 18); this diapir was
initially narrower (<2 km) and, likely reactive where the gap is presently narrower (<30
km, fig. 19). Our restorations show that the variable present width of the Albian Gap
was primarily controlled by the original width of the gap during the Albian (i.e. Albian
diapir). They also show that post-Albian extension in the central portion of the Albian
Gap (figs. 7-10) showed little along-strike variability (26-28 km, according to our
restorations; figs. 17-19). Extension nonetheless varied laterally throughout the full
length of the Albian Gap, being as little as 10-12 km in the northernmost portion where
the gap is presently narrower (Fig. 12). Our measurements of extension agree with
estimates of 28-32 km of post-Albian translation of salt and overburden obtained from
the analysis of ramp-syncline basins downdip on the Sao Paulo Plateau (Pichel et al.,
2018). We argue that area was kinematically linked to the Albian Gap, being equivalent

to its (mega)footwall.
6.2. Loading and Flexural Isostasy

Flexural isostasy is associated with the long-wavelength effects driven by the isostatic
response of the crust to sediment loading (e.g. Roberts et al., 1998; Scotchman et al.,
2008; Garcia et al., 2012). Flexural isostasy assumes that any load on the lithosphere
is supported by flexural bending stresses within the immediate area surrounding the

load. Applying flexural isostasy to structural restorations has been shown to yield the
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most geologically realistic results in backstripping workflows (Roberts et al., 1998;

Scotchman et al., 2008). In the Santos Basin, the base-salt beneath and near the
Albian Gap presently dips 0.5-1.5° landward for at least 150 km in the dip direction

(Figs. 7-11), with the exception being the more strongly basinward-dipping footwall of
the Merluza Fault in the south (section 5.3, fig. 12). This is anomalous when compared
to the majority of passive margin salt basins such as in Campos and Espirito Santo
basins, offshore Brazil (Mohriak et al., 2012; Davison et al., 2012; Dooley et al. 2016),
West and Northwest Africa (Marton et al., 2000; Tari et al., 2003; 2012; Hudec and
Jackson, 2004; Peel 2014, Pichel et al., 2019), and the Gulf of Mexico (Rowan et al.,

2004; Hudec et al., 2018), where the detachment presently dips regionally basinward.

Our restorations show that this somewhat unusual, landward-dipping attitude of the
salt detachment in the Santos Basin relates to the presence of the equally enigmatic
and large (450 km long, up to 55 km wide and 10 km thick), post-Albian rollover
associated with the Albian Gap (Figs. 7-8). The restorations also demonstrate that the
base-salt originally dipped basinward 1.2-1.5° (on average) and that it switched
polarity progressively through time due to proximal loading by the thick, post-Albian
sequence now overlying and filling the Albian Gap (Figs. 17-19). The landward dip of
the base-salt was, nonetheless, established relatively early, during deposition of the
two lowermost post-Albian sequences (Fig. 18). Deposition and thus isostatic loading
were focused within the Albian Gap as salt was being expelled from underneath it. Salt
expulsion and diapir growth basinward of the gap generated a barrier that hindered
the basinward transport of sediment (cf. Modica and Brush, 2004; Hadler-Jacobsen,

2014).

Our restorations also show that the original salt thickness was 0.8-1.2 km over pre-
salt highs, 1-2 km in the Albian Gap, and 1.4-2.8 km further downdip and over pre-salt
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lows (Figs. 17-19). Although involving a degree of uncertainty due to, for example, the
out-of-plane movement of salt (cf. Rowan and Ratliff, 2012), our top-salt restorations
are based on, we argue, valid assumptions that the salt was in depositional connection
across pre-salt highs and that unfolding to a gently (<0.5°) basinward-dipping regional
datum is permissible (see Hudec and Norton, 2019; Hudec et al., 2019). Our measured
depositional salt thicknesses are consistent with the estimates of Davison et al. (2012),

Garcia et al. (2012), and Rodriguez et al. (2018).
7. Discussion
7.1. Albian Gap kinematics: expulsion vs. extension

We identified three geometries evidence for gravity-driven, salt-detached, post-Albian
extension within the Albian Gap. These are: i) salt rollers, ii) listric normal faults; iii)
basinward-thickening wedges. Moreover, ramp-syncline basins that indicate 28-32 km
of salt-detached basinward translation on the Sao Paulo Plateau downdip of the Albian
Gap (cf. Pichel et al., 2018) are another diagnostic of equivalent gravity-driven

extension within the Albian Gap as seen from the restorations (Figs. 17-19).

Despite the aforementioned evidence for extension, the sum of observed heaves (<30
km) on individual salt-detached normal faults and stratal separations associated with
related salt rollers cannot account for the entire separation of the Albian interval where
the gap is >30 km wide (Figs. 7-9). Moreover, contrasting diapir and related growth
strata geometries suggest an additional control on its evolution. Three other
observations suggest that post-Albian basinward salt expulsion also played a
significant role in the formation of the Albian Gap: i) basinward-thinning sigmoidal
wedges that downlap onto deflated salt and/or remnant (i.e. intra-gap) Albian blocks;

i) bounding diapirism and salt inflation; and iii) halokinetic sequences or upturned
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flaps. These features are all driven by vertical subsidence and differential loading,

forming completely independent of extension.
7.2. Albian Gap Model

We have argued that the Albian Gap was formed by a combination of thin-skinned
extension and salt expulsion (i.e. differential loading), with these processes operating
in approximately equal proportions during post-Albian times where the gap is widest
(c. 50-60 km). This is equivalent to c. 25-30 km of post-Albian extension in its central
portion, which balances the amount of post-Albian translation recorded in ramp-
syncline basins further basinward on the S&o Paulo Plateau (28-32 km of translation;
Pichel et al., 2018). We therefore propose a revised, hybrid model for the Albian Gap

in which we combine both processes (Fig. 20).

In our model, the gap was formed by: i) post-Albian salt expulsion due to basinward
progradation of a basin margin-attached clastic wedge and differential loading of an
Albian salt wall; the timing and location of sediment input was coeval with and likely
controlled by uplift of the adjacent Serra do Mar (cf. Modica and Brush, 2004), and ii)
broadly coeval extension related to basinward translation and stretching of overburden
above a salt detachment that initially dipped basinward due to post-rift thermal
subsidence (cf. Quirk et al., 2012) (Fig. 20). Post-Albian basinward translation of salt
and overburden occurred downdip (footwall) of the Albian Gap, whereas within the
gap (hangingwall) only the salt translated basinward. The blocks further landward of
the Albian Gap did not move laterally as, by that time, Aptian salt was locally welded
and the base-salt had flipped to dip landward due to isostatic loading by post-Albian
clastic sediments (Fig. 20). This model explains why the gap is wider in its south-
central portion as a result of greater post-Albian salt mobilization basinward, a process
ultimately driven by: 1) greater local salt supply related to the presence of an initially
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volumetrically larger, Albian salt wall, and 2) greater basinward progradation of post-

Albian clastic sediments.

Our model is analogous to the ‘heel-keel model’ (cf. Krézsek et al., 2007; Jackson and
Hudec, 2017) where there is a switch from early basinward-dipping faulting to later
landward-dipping fault. In our case, during the Albian, extension was accommodated
primarily by basinward-dipping listric faults (Fig. 20b). Continuous sedimentary loading
in their hangingwalls drove salt withdrawal, increasing basal drag and ultimately
stopping the associated thin-skinned deformation (cf. Krézsek et al., 2007). Salt
expulsion from their hangingwalls resulted in salt inflation and a large diapir then
formed further downdip; this diapir acted as topographic high above which no Albian
sediments were deposited (Fig. 20b). This area was then able to move faster than the
updip depleted salt segment. This resulted in additional 26-28 km (Figs. 17-19) of
separation of the Albian interval due to post-Albian progradation above the thicker,
more mobile salt, and the development of counter-regional faults (Fig. 20c-d). Our
estimates of salt-detached extension are fairly consistent in the central part of the
Albian Gap (26-28 km; Fig. 17-19), but decrease north-eastwards (c. 10-14 km; Fig.
11) and south-westward (c. 5-6 km) (Fig. 3). The evidence for expulsion (i.e. sigmoidal
wedges, near-diapir upturned strata, and major salt inflation) also decreases away
from the gap centre (Figs. 10-12), suggesting that this process becomes secondary,
likely as a consequence of less margin progradation and related salt loading (Fig. 16)

and an initially narrower or absent precursor (i.e. Albian) diapir.

These counter-regional faults have thin, tabular successions in their footwalls; in some
cases, strata age-equivalent to that observed in their hangingwalls are locally absent,
meaning that their footwall is mostly formed by younger hangingwall growth strata of

a basinward fault (Figs. 7-9). This suggests that these faults formed over inflated salt
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lacking pre-extension Albian sediments and that their footwall was primarily composed
of salt expelled from beneath their adjacent hangingwalls (Fig. 20b-c). In other words,
the Albian was not deposited uniformly within the study-area and that, by the beginning
of the Late Cretaceous, the Albian Gap was already partially present in the form of a
20-30 km wide passive diapir (Fig. 20; see also restorations in Fig. 17-18). This initial
diapiric gap could be explained by a combination of reactive and passive salt rise
during the Albian (see Jackson et al., 2015). The additional 25-30 km of separation of
the Albian interval was subsequently accommodated by post-Albian extension. This
resulted in the basinward expulsion of salt from within this Albian diapir onto the Sao
Paulo Plateau, where salt inflation and 28-32 km of translation are observed (Figs. 17-

20) (c.f. Jackson et al., 2015; Pichel et al., 2019c).
7.3. Why the predominance of counter-regional faults?

In gravity-driven systems, downdip salt flow over a basinward-dipping detachment
typically results in the extension being preferentially accommodated by synthetic (i.e.
basinward-dipping) normal faults (Brun and Fort, 2011; Quirk et al., 2012; Jackson
and Hudec, 2017). Why was post-Albian extension along most of the extensional
domain in the Santos Basin largely accommodated on counter-regional, landward-

dipping normal faults? Three possible hypotheses may explain this:

1) Progressive dip reversal of the salt detachment driven by flexural isostasy

2) Inherited base-salt relief associated with pre-salt rift faults

3) Rapid margin-scale progradation above thick salt and salt expulsion basinward

The anomalous counter-regional dip of the salt detachment within the Albian Gap likely
influenced the style and polarity of overburden faulting, locally favouring antithetic

basal-shear and counter-regional faulting (cf. Brun and Mauduit 2009). However, as
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seen from our restorations, which explicitly account for flexural isostasy, the
detachment originally dipped basinward so that the early development of counter-
regional faults and basinward-dipping rollover was not controlled by the detachment
dip. The flip in base-salt polarity may, nonetheless, have favoured the development of
larger counter-regional faults later in the history of the Albian Gap, after a significantly

thick overburden succession was deposited within it (Figs. 7-10).

The several, predominantly landward-dipping base-salt steps associated with earlier-
formed rift normal faults produced a rugose base-salt that likely influenced the location
and style of supra-salt faulting, as well as local salt rise in the Albian Gap. The
nucleation of salt and supra-salt structures by rift-related base-salt topography is
demonstrated in several studies (Ge et al., 1997; Adam and Krézsek, 2010; Dooley et
al., 2016; 2018; Pichel et a., 2019a,b,c). The base-salt steps within the Albian Gap
may have disturbed net-basinward salt flow, favouring the development of listric
normal faults and salt rollers with the same polarity to the underlying, base-salt relief
that is dominated by landward-dipping steps (Figs. 7-9). However, given that counter-
regional faults also appear above areas with a locally flat base-salt (Figs. 8 and 10),

this effect appears to be secondary.

Physical models of salt-detached rollovers have shown that high-sedimentation rates
favour the development of counter-regional (i.e. landward-dipping) faults (Krézsek et
al., 2007). Prograding margins, such as the Santos Basin, have typically high rates of
accommodation generation and sediment input (Modica and Brush, 2004; Hadler-
Jacobsen et al., 2014). In the Albian Gap, an anomalously thick (> 9 km) overburden
was deposited directly above thick (1.5-2 km) salt during the Late Cretaceous-
Paleogene; this was associated with rapid progradation and hinterland uplift in the

Serra do Mar (Fig. 1).
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We propose that the three mechanisms outlined above jointly influenced the geometry
and kinematics of the Albian Gap. However, we suspect that the main control on the
development of basinward-dipping rollovers and counter-regional faults and,
therefore, the key driver for extension within the Albian Gap was differential loading
associated with progradation above thick, inflated salt (Fig. 20). This resulted in salt
being expelled basinward from beneath prograding clinoforms and from the earlier-

formed diapir, up onto the footwall of counter-regional faults (Figs. 17 and 20).
Conclusions

Our study provides the first ever quantification of the contribution between the two
competing processes generating the Albian Gap, expulsion vs extension. This is
based on systematic analysis of the post-Albian rollover spatial variability and
contrasting growth strata geometries, i.e. basinward-thickening strata vs. sigmoidal
clinoform wedges, distribution of normal faults, and different styles of diapirism. We
identify evidence for post-Albian salt-detached extension as well as evidence for salt
expulsion driven by differential loading within the Albian Gap. This shows that neither
pure post-Albian salt expulsion or extension can fully account for the entire separation
of the Albian interval, nor the observed rollover and diapir geometries within the Albian

Gap.

We also applied a novel structural restoration methodology that, for the first time,
combines decompaction, flexural isostasy, and unfolding of margin-scale rollover
geometries to a gently-dipping seafloor. This allowed us to provide detailed structural
restorations of key sections and to present more accurate estimates of how
overburden extension, vertical subsidence, base-salt geometry, and salt and
overburden thickness, varied through time. Moreover, we incorporate the contrasting

Albian Gap rollover geometries and measurements of overburden translation from the
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adjacent Sao Paulo Plateau as kinematic constraints. We then propose a new model
based on the seismic observations and structural restorations that demonstrates that
the Albian Gap was formed by a combination of post-Albian extension and salt
expulsion at approximately equal proportions where the gap is wider (>50 km). In this
model, the gap was already partially established during the Albian as a 20-30 wide salt
wall. Additional 25-30 km of extension occurred during the post-Albian driven by
margin-scale progradation of sediments over an inflated salt wall, promoting
differential loading and salt expulsion basinward onto the S&do Paulo Plateau. The
extension was therefore controlled by differential loading and expulsion of salt
basinward, which, coupled with the gradual base-salt dip reversal and presence of
base-salt steps favoured the development of counter-regional faults. This work not
only specifically contributes to the long-lived debate of the origin of the Albian Gap,
but also to our more general understanding of the controls on the development of
large, thin-skinned, counter-regional faults that are common on many salt-bearing
passive margins. In addition, we also develop a novel restoration workflow for gravity-

driven salt deformation that can be applied to many worldwide salt basins.
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Fig. 1: (a) Bathymetry and structural maps showing the regional salt-related structural domains
offshore SE Brazil including a new outline of the Albian Gap. (b) Chrono-stratigraphic chart
illustrating the main horizons mapped in this study and timing of relevant tectonic events in
the basin (adapted from Davison et al., 2012). (c) Regional geoseismic cross-section showing
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807 the main regional salt-related structural domains offshore the Santos Basin (adapted from
808  Jackson et al., 2015b). Location of the study-area and seismic survey used in the study are
809  shown by a blue polygon in (a) and (c). (d) 2D and 3D seismic survey used in the study and
810 outline of the Albian Gap. In (a) and (b), CFF corresponds to the Albian Gap bounding fault,
811 the Cabo Frio Fault.
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812
813  Fig. 2: Competing end-member models of the origin and evolution of the Albian Gap: (a) post-

814  Albian extension; (b) post-Albian salt expulsion and basinward inflation (adapted from Rowan
815 and Ratliff, 2012, no vertical exaggeration). Note flat datum during each restoration step. Red
816  dots indicate the limits of the Albian interval and, thus, the extent of the Albian Gap.
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the study-area. (b) Top-Salt map showing the distribution of main salt-detached thin-skinned
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821 normal faults within the Albian Gap. Outline of the Albian Gap in dashed lines and seismic

822  sections presented in the study in black.
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824  Figure 4: Map showing the distribution of the Albian interval and outline of the Albian Gap. The
825  pre-salt Merluza Graben and the main thin-skinned salt-detached normal faults associated
826  with the Albian Gap rollover are also indicated. Note remnants of the Albian interval within the

827  gap in its central-north portion.
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Figure 5: Synthetic diagram comparing restoration workflows and illustrating the novel and
more geologically realistic approaches utilized in the study. (a) Comparison between rollover
wedges being restored to a flat-datum (previous studies, see fig. 2) and to a gently-dipping
seabed (this study). The former overestimates extension as the throw and heave are larger
than when restoring these sequences to a gently-dipping slope bathymetry. (b) Same wedge
from (a) is restored with and without decompaction for comparison. There is c. 25% of loss in
area/volume, and thus overall thickness as well as less throw (c 1.1 km) when decompaction
is not incorporated in the workflow. (c) Comparison between restorations without (previous
studies) and with flexural isostasy (this study), in which the isostatic effects caused by
differential loading are observed. In the former, the base-salt remains the same and presents
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842  an anomalous landward dip throughout the entire workflow, which results also in unrealistic
843  distal salt thicknesses. In the latter, the base-salt gradually changes through time and switches
844  back to a more realistic initial basinward dip resulting also in more reasonable salt thickness

845  through the section.

a) extensional growth b) progradational sigmoidal
wedges wedges

5¢cm
landward 5cm basinward

VE ~2

AT
= near-salt
thickening

846
847  Figure 6: Different styles of rollover growth wedges: a) basinward-thickening extensional

848  wedges with a physical model example in the second row (adapted from Jackson and Hudec,
849  2017) and a seismic example from the Kwanza Basin, Angola in the third-row (after Chimney
850 and Kluth, 2002 and Jackson and Hudec, 2017), and b) basinward-thinning clinoform
851  sigmoidal growth wedges with a physical model example in the second row (adapted from Ge
852 et al, 1997) and a seismic example from the Gulf of Mexico (adapted from Jackson and
853  Hudec, 2017).
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Figure 7: South-central dip-oriented section from the Albian Gap. Salt in pink, Albian in blue,
normal faults in black and an intra-Paleogene regional unconformity in yellow. The main post-
Albian rollover sequences are indicated by thick dashed lines and named S1-S4, intermediate
intervals are numbered and indicated by thin dashed lines for correlation purposes. The post-
Albian rollover presents contrasting growth wedges: expulsion-dominated basinward-thinning,
sigmoidal wedges (white) and extension-dominated basinward-thickening wedges (red). The
gap is 58 km wide being composed by a 50 km wide basinward-dipping rollover and an 8 km
wide salt wall with strata upturn on both its flanks. The gap is also associated with small
landward-dipping listric normal faults that become progressively younger basinward. Small
salt rollers indicated by (R). Seismic data courtesy of TGS and WesternGeco.

NwW ALBIAN GAP =50 km 1 SE

stratal upturn

Figure 8: Central dip-oriented section from the Albian Gap. Salt in pink, Albian in blue, normal

faults in black and an intra-Paleogene regional unconformity in yellow. The main post-Albian
rollover sequences are indicated by thick dashed lines and named S1-S4, intermediate
intervals are numbered and indicated by thin dashed lines for correlation purposes. The post-
Albian rollover presents contrasting growth wedges: expulsion-dominated sigmoidal wedges
(white) and extension-dominated basinward-thickening wedges (red). The gap is 50 km wide
being composed of a 40 km wide basinward-dipping rollover and a 10 km wide salt wall with
strata upturn and halokinetic sequences (thick white lines) on its flanks and a large landward-
dipping normal fault on its landward side. The gap is also associated with small landward-
dipping listric normal faults that become progressively younger basinward. Small salt rollers
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indicated by (R). Seismic data courtesy of TGS and WesternGeco. Black square represents
the zoomed-in section of figure 15.

ALBIAN GAP = 40 km strata uptu 10 km

Figure 9: North-central dip-oriented section from the Albian Gap. Salt in pink, Albian in blue,

normal faults in black and an intra-Paleogene regional unconformity in yellow. The main post-
Albian rollover sequences are indicated by thick dashed lines and nhamed S1-S4, intermediate
intervals are numbered and indicated by thin dashed lines for correlation purposes . The post-
Albian rollover presents contrasting growth wedges: expulsion-dominated sigmoidal wedges
(white) and extension-dominated basinward-thickening wedges (red). The gap is 40 km wide
being composed of a 37 km wide basinward-dipping rollover and 3 km wide salt wall with strata
upturn and halokinetic sequences (thick white lines) on its flanks. The gap is also associated
with small landward-dipping listric normal faults that become progressively younger basinward
and occasionally downlap remnant Albian blocks. Small salt rollers indicated by (R). Seismic
data courtesy of TGS and WesternGeco. Black square represents the zoomed-in section of

figure 15.

NW ALBIAN GAP = 28 km SE

Figure 10: North dip-oriented section from the Albian Gap. Salt in pink, Albian in blue, normal

faults in black and an intra-Paleogene regional unconformity in yellow. The main post-Albian
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rollover sequences are indicated by thick dashed lines and named S1-S4, intermediate
intervals are numbered and indicated by thin dashed lines for correlation purposes. The gap
is 28 km wide being composed of a 27 km wide basinward-dipping rollover and c.1 km wide
reactive (extensional) salt wall/roller defined by a large landward-dipping normal fault. The
post-Albian rollover is dominated by basinward-thickening, extensional wedges (red dashed
lines) associated with small landward-dipping listric normal faults that become progressively
younger basinward. Only one expulsion-dominated sigmoidal wedge is observed (white
dashed line) in the lower sequences. Small salt rollers indicated by (R). Seismic data courtesy
of TGS and WesternGeco.
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Alip-flop. '~
"7 roller

Figure 11: Northernmost section illustrating the switch in fault polarity associated with a flip-
flop salt reactive diapir bounding the Albian Gap. The gap is significantly narrower (14 km)
and associated with a wide 35 km wide extensional turtle anticline further downdip. Seismic
data courtesy of TGS and WesternGeco.
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Figure 12: Central dip-oriented section from the Albian Gap. Salt in pink, Albian in blue and
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normal faults in black. An intra-Paleogene regional unconformity in yellow. The main post-
Albian rollover sequences are indicated by thick dashed lines and named S1-S4, intermediate
intervals are numbered and indicated by thin dashed lines for correlation purposes. The gap
is 58 km wide. It comprises the downdip edge of the Merluza Graben and a 8 km, 8.5 km tall
salt stock at its hangingwall. Further downdip the Albian Gap is defined by two large salt rollers,
the updip one with a flip-flop geometry. Basinward-dipping listric normal faults and extensional
wedges dominate the post-Albian rollover sequence. In this case, extensional wedges are
dominantly landward-thickening (red dashed lines). Expulsion-driven sigmoidal wedges (white
dashed lines) occur only updip of the Albian Gap, within the Merluza Graben. Downdip, the
Albian Gap is bounded by a diapir that shows significant strata upturn on both flanks.. Small

salt rollers indicated by (R). Seismic data courtesy of TGS and WesternGeco.

sw ) ALBIAN GAP NE

Figure 13: Strike-section illustrating the thickness variations with the Albian Gap and its

relationship with the Merluza Graben to the south. Salt in pink, Albian in blue, normal faults in
black and an intra-Paleogene regional unconformity in yellow. Salt rollers are indicated by (R).
The overburden is 9-10 km to the south, with the post-Albian rollover being up to 9 km thick;
whereas to the north it is on average 6-7 km thick. The main post-Albian rollover sequences
are indicated by S1-S4 and with different colours as they vary alongs-strike between
expulsion- and extension-dominated in this section. Seismic data courtesy of TGS and

WesternGeco.
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Figure 14: (a) Overburden thickness map and (b) salt thickness map. The maximum
overburden thickness (9-10 km) and thinner (>200m) salt occur in the proximal domain within
the Albian Gap. Albian Gap outline in yellow dashed line. Seismic profiles from figures 7-13

are numbered and shown by pink lines.
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(a) upturned flaps (b) faulted CHSs upturned flaps

extensional growth strata 5 km

Figure 15: Zoom of near-diapir upturned strata at the downdip edge of the Albian Gap. In (a),
zoom from figure 8 showing composite halokinetic sequences (CHSs) characterized by
localized (c. 1 km) of upturning and thinning on the landward flank of the diapir and larger
upturned flaps on its basinward flank. In (b), a significantly wider diapir presents similar
upturned flaps on its basinward flank. Its landward flank has a lower extensional rollover with
thickening towards the diapir and its bounding fault, whereas the upper section presents
characteristic upturn and stratal thinning of CHSs, being later offset due to propagation of the

lower normal fault.
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Figure 16: Structural maps of key stratigraphic intervals within the post-Albian rollover in the
Albian Gap: (a) S1, (b) S2, (c) S3 and (d) S4 from cross-sections (figs. 7-13). The maps

demonstrate that in the central-south portion where the Albian gap is wider, the shelf-break

rollover point was located 14-20 km further basinward, indicating greater progradation of

sediments. White arrows indicate c. 20 km of shelf-break advance from the initial stages (top

S1) (a) to final stages (top-S4) (d) of margin progradation.

49



957

VE: 2 50 km SE

NW
5km

a) | Aptian salt

1 m . 2.8 km
' N top salt = 0.5°

T T flexural isostasy T T

b) | Albian Albian Gap
24 km

moved

material

T

flexural isostasy

moved
IMEICTE]

flexural isostasy

moved
material

flexural isostasy

moved
material

flexural isostasy

moved
material

flexural isostasy

50



958
959

960
961
962
963
964

moved
material

moved
material

exural isostasy

flexural isostasy |

1

flexuralisostasy

) | Top Cretaceous (S4)

m)| Paleogene (IP)

Nn) |Present Albian Gap = 50 km - pfg.l\ﬁﬂ?an

extension (total)

[ basement B salt B Albian B Top Cretaceous

Figure 17: Detailed sequential restoration of the central and most representative section from
the Albian Gap. The workflow involves decompaction, unfolding, move on fault and flexural
isostasy. Extension on each time-step is indicated by movement of the downdip end wall.
Decompaction and unfolding of post-Albian sequences (a-n) demonstrates that the Albian Gap
accommodated 26 km of post-Albian extension and that the gap was initially and partially
formed already during the Albian as a 24 km wide passive salt wall, resulting in a 50 km wide
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Albian Gap at present. The restoration of the lowermost post-Albian sequences show little (c.
1 km, g-h, h-i, j-l) to no (I-m) extension, with deformation being dominated by differential
loading and salt expulsion. Conversely, the later sequences are dominated by extension and
movement over a large landward-dipping listric normal fault (b-f), although salt expulsion also
occur secondarily due to greater sediment loading on its hangingwall. During the Aptian (a)
and Albian (b), the base-salt dipped regionally >1° basinward but flipped gradually through
time during the deposition of the anomalously thick post-Albian rollover within the Albian Gap.
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Figure 18: Restoration of a section over the southern portion of the Albian Gap (Fig. 7) showing
dip reversal of the base-salt by flexural isostasy due to the deposition of a ¢. 6-7 km thick post-
Abian rollover (fig. 9). The Albian Gap is at present 58 km, resulting from a combination from

post-Albian extension (c. 28 km) and salt expulsion from a c¢. 30 km wide Albian salt wall.
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Figure 19: Restoration of section over the northern portion of the Albian Gap showing dip
reversal of the base-salt by flexural isostasy due to the deposition of a c. 5 km thick post-Abian
rollover (fig. 10). The Albian Gap is at present 28 km, resulting primarily of post-Albian
extension (c. 26 km).
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983  Figure 20: New kinematic model explaining the origin and evolution of the Albian Gap. (a-b)
984  During the Albian, salt deformation was controlled by salt detached extension with basinward-
985 dipping normal faults and development of a 30 km wide reactive/passive diapir downdip. (c)
986  During the early Late Cretaceous, margin-scale progradation of sediments over the earlier-
987 formed passive salt wall resulted in develop of small landward-dipping normal faults
988 (extension) and salt expulsion (differential loading) from the diapir onto the S&o Paulo Plateau
989  further downdip. (d) Continuous progradation resulted in further salt expulsion and extension
990 with development of larger landward-dipping faults and, consequently, salt inflation, diapirism
991 and translation further downdip. The normal faults became progressively younger basinward
992  and larger through time as a consequence of gradual landward-rotation of the base-salt driven
993 by base-salt isostatic readjustment in response to the greater loading within the Albian Gap.
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