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Abstract

Salt tectonics play a critical role on passive margins evolution controlling aspects like structural style, subsidence
patterns and thermal history, amongst others. The salt-bearing Atlantic passive margin of Morocco hosts one of the oldest
stratigraphic records documenting the opening history of the Central Atlantic. However, the available seismic data is
scarce and some offshore basins are still poorly studied, particularly in southern Morocco. Through the interpretation of
an unpublished 2D/3D seismic dataset from the offshore Tarfaya Basin (SW Morocco), this study aims to highlight the
key events that conditioned the evolution of this salt-bearing basin. From proximal to distal regions, the structural style of
the basin is characterized by expulsion rollovers and salt-cored anticlines delimited by primary welded surfaces, evolving
to buried salt sheets surrounded by thick minibasins and finally, diapirs actively deforming the modern seabed. From
Late Triassic to Early Jurassic times, salt was deposited with a basinward thickening wedge-shaped geometry on a
narrow trough developed over thinned continental crust. During the Jurassic, sedimentation and associated salt
withdrawal triggered early salt deformation. Gravity gliding is a common process in salt-bearing passive margins that
requires an originally continuous autochthonous salt layer with a minimum slope angle and longitude to thickness ratio of
the overburden. However, in the Tarfaya Basin, the narrow geometry of the salt-bearing depocenter hampered this
process. Early salt tectonics was probably triggered by slope progradation during the Early Jurassic. During the Early
Cretaceous, the progradation of the Tan-Tan Delta promoted a continued basinward expulsion of salt, the development of
a local salt-detached gravitational system and the proximal extrusion of salt sheets. Finally, from Late Cretaceous to the
Present-day, shortening related to the convergence between Africa and Eurasia resulted in thick-skin inversion and the

rejuvenation of precursor salt structures.

Key words: Salt tectonics, Tarfaya Basin, Rifted passive margins, Central Atlantic, Morocco, Basin evolution
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1. Introduction

The Atlantic passive margin of Morocco extends for more than 1000 km and involves the largest salt basin in
NW Africa containing one of the oldest stratigraphic records documenting the opening history of the Central
Atlantic (Lancelot and Winterer, 1980; Seibold, 1982; Davison, 2005; Tari and Jabour, 2013; Tari et al.,
2017). During Triassic times, extensional basins developed along the future continental margin and in the
Atlas rift system (Dillon, 1974; Uchupi et al., 1976). The Tarfaya Basin (Ranke et al., 1982) extends over an
area of approximately 50,000 km? (Fig. 1) between onshore and offshore southern Morocco and east of
Fuerteventura and Lanzarote Islands (Spain). According to Tari et al. (2012a), the Tarfaya Basin conjugate
margin corresponds to the southernmost region of the Nova Scotia Basin in Canada. Moreover, Tari et al.
(2012a) and Louden et al. (2013) propose that the southern Nova Scotia and southern Morocco conjugate
margins formed within the transition between a magma-rich segment to the south and a magma-poor segment
to the north. Late Triassic (Rhaetian) to Early Jurassic (Hettangian) salt (Fig. 2) is interpreted to have been
deposited during the late syn-rift stage prior to continental breakup (Hafid, 2000; Blackburn et al., 2013), i.e.,
during the crustal thinning stage (syn-thinning salt sensu Rowan, 2014). The lack of deep wells reaching the

top of salt on a distal setting increases the uncertainty in establishing the age of salt.

Salt on rifted passive margins can be deposited during different stages during the rifting history (pre-rift, syn-
rift and post-rift). This impacts on critical factors of salt tectonics evolution such as the prevalence of thick-
skinned extension (typical of pre- and syn-rift salt) or thin-skinned gravity gliding (typical of post-rift salt)
(Rowan, 2014). Moreover, the initial salt thickness and distribution patterns inherent to late syn-rift salt basins
induce distinctive responses to well-known processes like basin tilting due to thermal subsidence or sediment
progradation (Ge et al., 1997; Tari et al., 2003; Gaulier and Vendeville, 2005; Allen and Beaumont, 2016;
Ferrer et al., 2017) and condition its subsequent evolution. In this context, the Tarfaya Basin constitutes an
excellent research area for investigating the relationship between these processes from a salt tectonics

perspective.
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Figure 1. Location map with main regional geological features modified from Wenke (2014). Numbers labeled 1 to
4 correspond to the “Unthinned crust”, “Necking”, “Thinned crust” and “Oceanic” domains (this study), respectively,
modified from Le Roy & Piqué (2001). The dashed lines with the corresponding colors are the limits of each of
these domains. COB: Continent-Ocean Boundary after Miiller, et al. (2008); S1 magnetic anomaly after Roeser
(1982); CJ-1: Cap Juby exploration well; Atlantic fault zones defined after Klitgord & Schouten (1986);, WHA:
Western High Atlas;, EAB: Essaouira/Agadir Basin. The yellow dashed line corresponds to the shoreline position
during Berriasian times (Tan-Tan Delta) following criteria proposed by Arantegui (2019).

From a hydrocarbon potential perspective, southern offshore Morocco is underexplored. Only few exploration
wells have been drilled, and most of them are located on the shelf. At least two working petroleum systems
have been documented onshore (Broughton and Trepaniéré, 1993), in the Essaouira/Agadir Basin (EAB in
future references) (Fig. 1). As for the Tarfaya Basin, the heavy oil discovery offshore Cap Juby in 1969 (CJ-1
in Fig. 1), although undeveloped, proved the presence of an active Jurassic-Jurassic and Jurassic-Cretaceous
petroleum system (Sachse et al., 2016; Tari et al., 2012b; Tari and Jabour, 2013). The main reservoir facies

3
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tested were carbonate build-ups from the Lower and Middle Jurassic, but oil and gas shows were also

described from Lower Cretaceous and Cenozoic sandstones (Morabet et al., 1998).

This study presents unpublished 2D and 3D seismic data calibrated with wells, together with structural and
thickness maps to illustrate the main tectonostratigraphic features of the offshore Tarfaya Basin, focusing on
the salt-bearing depocenter. Seismic interpretation and sequential structural restoration were carried out to
understand the evolution of salt structures. Accordingly, this paper focuses on 1) the basement structure and
its control on evaporite deposition; 2) the possible triggering mechanisms of salt tectonics; 3) the impact of
deltaic progradation and shortening on precursor salt structures. The results offer a comprehensive guide that
may lead to a better understanding of the kinematics and overall evolution of the offshore Tarfaya Basin, as

well as serve as comparison with other neighboring salt-bearing basins such as the EAB.

2. Geological Setting

The pre-rift basement of the Tarfaya Basin consists of Paleozoic low-grade metasediments, deformed and
metamorphosed during the Variscan (Fig. 2) orogeny (Lorenz, 1976; El Khatib and Ruellan, 1995; Piqué et
al., 1998). The basin evolution started with the deposition of a Triassic - Lower Jurassic siliciclastic to
evaporitic (mainly halite) syn-rift sequence (Hinz et al., 1982; Ziihlke et al., 2004; Wenke et al., 2010). During
this stage, sedimentation was controlled by grabens and half grabens striking in a general NE-SW direction
(Le Roy and Piqué, 2001), inherited from the preexisting Paleozoic structural fabric. According to Le Roy et
al. (1997), these structures are compatible with a WNW-ESE rifting axis. The Tarfaya Basin is segmented by
fault accommodation zones striking in a general E-W direction (Heyman, 1989). One of these fault

accommodation zones, the SeH fault (Fig. 1), marks the southern limit of the basin.

Le Roy and Piqué (2001) defined three main structural domains for the Tarfaya Basin: 1) An external
(“unthinned crust” in this paper) domain in proximal areas (labeled 1 in Fig. 1) forming the substratum of the

present coastal zone with an important basement control due to Variscan structural boundaries that were
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reactivated during the early rifting stage; 2) a central (referred as “necking” in this paper) domain (labeled 2
in Fig. 1) characterized by horsts and grabens that form the substratum of the present continental shelf break;
and 3) an inner (“thinned crust” or also called “Proto Atlantic Depocenter” in this study, PAD in future
references) domain in distal offshore areas (labeled 3 in Fig. 1), characterized by dominantly westward
dipping faults. According to Le Roy and Piqué (2001), rifting began in the Early Triassic at the present-day
Tarfaya Basin onshore region, where thick syn-rift strata is preserved in narrow half grabens bounded by E-
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dipping faults, and progressively migrated basinward. By the end of Carnian times, rifting was located at the
necking domain and by Norian to Rhaetian times it affected the thinned crust domain in the distal offshore
Tarfaya Basin. Rifting propagated not only westward but also northward through the EAB (Fig 1), resulting in
extensional deformation acting on the entire margin during Rhaetian? — Hettangian times. Salt age
determination in the Moroccan margin is based on studies in the onshore EAB where the uppermost evaporites
are interfingered with dated basalts from the Late Triassic to Early Jurassic Central Atlantic Magmatic
Province (Hafid, 2000; Tari et al., 2017), combined with data from four offshore wells (Hafid et al., 2008).
However, great uncertainties arise when trying to date its basal section since no conclusive data is available
(Fig. 6.4 in Hafid, et al., 2008). Moreover, onshore the EAB, salt deposition was controlled by N-S to NE-SW
trending grabens with a patchy map-view character (Hafid et al., 2000; Hafid et al., 2006; Tari and Jabour,
2013; Tari et al., 2017; Pichel et al., 2019), adding great uncertainty to the correlation between distant salt

basins.

During the Tarfaya Basin crustal thinning stage (Hettangian to Pliensbachian), thermal subsidence together
with an eustatic sea level rise promoted the deposition of fine grained terrigenous clastics (Wenke, 2014).
Although there is an ongoing debate on the timing of the onset of seafloor spreading and drifting (IDU in Fig.
2), most authors agree it took place between 190 and 170 Ma (i.e., between Pliensbachian and Bajocian times)
(Klitgord and Schouten, 1986; Roeser et al., 2002; Sahabi et al., 2004; Davison, 2005; Labails et al., 2010;
Sibuet et al., 2012). The S1 magnetic anomaly (Roeser, 1982; Roeser et al., 2002) coincides regionally with
the transition between oceanic and continental crust (Fig. 1) and correlates suitably with the western border of
the salt basin (Contrucci et al., 2004; Sahabi et al., 2004; Klingelhoefer et al., 2009; Lawrence, 2019). During
Middle to Late Jurassic times, a passive margin sedimentary sequence was deposited consisting mainly of a
prograding siliciclastic unit followed by proximal ramp and shelf carbonates (Fig. 2) grading distally to marls

(Hinz et al., 1982; Ranke et al., 1982; Heyman, 1989; Le Roy and Piqué, 2001).

In Berriasian times, a basinwide regression exposed and eroded the Jurassic carbonate platform (MDU in Fig.

2) (Michard, 1976; Lancelot, 1977; Lancelot and Winterer, 1980; Wenke, 2014). The supplied sediments
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bypassed the shelf and formed the Tan-Tan Delta, active until Albian times (Martinis and Visintin, 1966;
Ratschiller, 1970; El Khatib and Ruellan, 1995; Steiner et al., 1998; AbouAli et al., 2005; Arantegui, 2019).
During the Late Cretaceous, the initial N-S oriented convergence between the Eurasian and African plates
took place (Guiraud and Bosworth, 1997; Frizon de Lamotte et al., 2009; Neumaier et al., 2016). The low
sedimentation rates combined with a eustatic sea level high stand (Hagq et al., 1987) led to the deposition of a
retrogradational to agradational sequence dominated by mudstones and calciturbidites (Wenke, 2014) with
some influx of turbiditic sandstones in the offshore region (Steiner et al., 1998; Garcia del Olmo et al., 2018;

Martinez del Olmo, 2020).

Convergence between Africa and Iberia continued throughout the Cenozoic, promoting further uplift and
erosion (Sehrt, 2014; Leprétre et al. 2015; Gouiza et al., 2017). Evidence of this major tectonic event is the
Base Cenozoic Unconformity (BCU in Fig. 2) which constitutes the most conspicuous erosional unconformity
in the study area (Michard, 1976, Uchupi et al., 1976; Lancelot, 1977; Lancelot and Winterer, 1980; Stets and
Waurster, 1982; El Khatib and Ruellan, 1995; Hafid et al., 2006; Hafid et al., 2008; Sehrt, 2014; Neumaier,
2016). Onlapping the BCU, the Paleogene deposits consist mainly of fine-grained clastic material (Wenke,
2014), with episodic inputs of turbiditic sandstones and calciturbidites in the deep offshore region (Martinez
del Olmo, 2020). Well data collected from Sandia-1x (Fig. 3) show the presence of limestones with poor
reservoir quality in the Paleocene-Eocene interval (Garcia del Olmo et al., 2018), sand-rich turbidites with
good reservoir characteristics in the Eocene-Miocene succession and mud-rich turbidites in the Pliocene-
Recent interval (Hooghvorst et al., 2019).

Fuerteventura and Lanzarote islands represent the easternmost surface expressions of the Canary Islands
volcanic province, which has been active since the Late Cretaceous (Anguita and Hernan, 2000, van den
Bogaard, 2013). The islands and the associated crustal swell are caused by a sublithospheric thermal anomaly
underlying oceanic crust regarded as the residue of an old mantle plume (Holik and Rabinowitz, 1991;
Carracedo et al., 1998; Fullea et al., 2015). The Fuerteventura Jurassic to Cretaceous succession (Fig. 1)
consist of vertical to overturned beds of Lower Jurassic normal mid-oceanic-ridge basalt (N-MORB) basalts
and Jurassic to Cretaceous clastic and mixed deposits derived from the southwestern Moroccan continental
margin (Robertson and Stillman, 1979; Steiner et al., 1998). The sedimentary succession overlies N-MORB
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flows and breccias representing the first stages of initial seafloor spreading in the Central Atlantic. According
to Anguita and Hernan (2000) and Blanco-Montenegro et al. (2018), the exposure of this sedimentary
succession is explained by the tectonic reactivation of a transfer zone (Fig. 1). This steeply dipping succession
is unconformably overlain by Oligocene submarine volcanic rocks displaying a progressive unconformity.
Finally, the climax of subaerial volcanic activity in Fuerteventura and Lanzarote islands took place between

Miocene and Pleistocene times (e.g., Carracedo et al., 1998; Ancochea and Huertas, 2003).

Tectonic inversion and orogenesis of the Atlas system (i.e. High Atlas and Anti-Atlas, see Ruiz et al., 2011)
took place during two distinct episodes: middle to late Eocene — Oligocene and late Miocene to Pliocene
(Frizon de Lamotte et al., 2009). The earlier event was recorded in the Tarfaya Basin by the Peak Atlasian
Unconformity (Fig. 2) (Wenke, 2014). Higher erosion rates related to the exhumation of the Atlas system
(Wenke, 2014; Sehrt et al., 2018; Gouiza et al., 2017) and the Reguibat shield (Charton et al., 2021a)
promoted an increase in sediment flux to the Tarfaya Basin. The transported sediments bypassed the shelf and
were deposited at the slope and deep offshore regions as channelized turbiditic systems (Garcia del Olmo et

al., 2018; Martinez del Olmo, 2020).

3. Methodology

This study is based on the integration of zero-phase, time-migrated 2D and 3D reflection seismic data
provided by REPSOL together with published well data compiled from 21 boreholes located mostly on the
Moroccan shelf. The study area comprises 32,000 km? including the shelf, slope and deep offshore regions of
the Tarfaya Basin. The 2D seismic dataset has a total length of 7,300 km, whereas the 3D seismic cube covers

an area of 3,460 km? (Fig. 3).

The 2D seismic dataset is composed of different surveys with fair to good image quality, acquired between the

1970s and 2001 and reprocessed by Fugro-Geoteam. The 3D seismic volume was registered by PGS
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Figure 3. Well and seismic dataset. Highlighted in black are the seismic transects presented in
this study.

exploration in 2003. During seismic processing, a Kirchoff pre-stack migration algorithm with a 4.5 km
aperture was applied. The seismic data has a fold of 45 and was acquired with a recording time of 8.2 s. The
volume has a very good image quality regarding the supra salt seismic reflections, whereas it deteriorates

significantly in the pre-salt units (Fig. 4).

The seismic resolution is variable through the different surveys. On the 2D dataset, an average resolution of
15 m was calculated for the Cenozoic, considering an average seismic velocity of 2000 m/s, whereas for the
Jurassic it is estimated to be 62 m considering an average seismic velocity of 3200 m/s. For the 3D data, an
average resolution of 11 m was calculated for the Cenozoic and 35 m for the Jurassic. The velocity model was
divided in six zones (Fig. 2) and was built combining well checkshot data from Wenke (2014) and VSP data
from Sandia-1x well. Velocities were extrapolated following seismically continuous horizons interpreted in

time domain. The seismic data is displayed following the SEG standard polarity convention, i.e., an increase
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in acoustic impedance with depth is represented by a positive reflection event (red color reflections on the
seismic profiles). The 3D model velocities were obtained from checkshot data published by Wenke (2014) and
integrated with well top information from El Khatib and Ruellan (1995). As a result, all the seismic transects

presented through this study are depth converted.

A total amount of 15 horizons and 6 key unconformities (Fig. 2) were tied to wells using checkshot and VSP
time/depth relationships and interpreted following criteria proposed by Wenke (2014) (Tan-Tan and Cap Juby
transects in Fig. 3). Unconformities defined in the onshore and near offshore regions were extrapolated to the
study area where most of them are represented by their corresponding correlative conformities. Volume
attributes like structural smoothing, variance, spectral decomposition and TecVa (Bulhdes and de Amorin,
2005) were calculated to aid in the seismic interpretation process, highlighting faults and salt bodies or
improving the continuity of sub-salt reflectors where necessary. For structural restoration, the methodology of
Rowan (1993) was followed, which incorporates isostatic compensation, decompaction, change in water depth

and thermal subsidence. This workflow was implemented in 3D Move software (© Petroleum Experts).

4. Observations

In the following sections, a series of seismic transects and maps will be presented. Figure 4a illustrate the
tectonic setting of the offshore Tarfaya Basin that will be described in this study: the distal PAD (= thinned
domain), Cap Juby High region (CJH in Fig. 4a) (= necking domain) and the more proximal depocenters

region (Tarfaya and Tan-Tan depocenters in Fig. 5, equivalent to the unthinned crustal domain).

4.1 Seismic Facies

The Paleozoic acoustic basement is characterized by reflectors with inhomogeneous and discontinuous
seismic facies. However, some continuous sub-horizontal layering can be locally defined by high-amplitude
reflections imaging metasedimentary units at the shelf region (Fig. 4a) with seismic velocities around 3800
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m/s (Fig. 2). In contrast, on the northwestern deep offshore region of profile A-A’ (Fig. 4a), basement
reflections are characterized by transparent chaotic facies with no continuity. This subtle change in seismic

facies coincides with the location of the S1 magnetic anomaly (Roesser et al., 2002).

The Triassic is seismically characterized by moderately continuous, heterogeneous, medium to high amplitude
reflectors commonly displaying a wedge-shape geometry that either truncates or pinches-out against the
acoustic basement. Two subunits can be differentiated (Fig. 2): a lower one (Carnian-Norian?) assigned to the
initial phases of graben infill with a marked wedge-shaped geometry (syn-rift), and an upper one (Upper
Triassic) that onlaps and covers basement highs (late syn-rift to post-rift) (Fig. 4). The Uppermost Triassic to
Lower Jurassic evaporites are characterized by internally transparent, chaotic reflections with high reflectivity
contrast with respect to the surrounding units. The presence of diapirs and salt sheets deteriorates the seismic

quality of flanking and underlying units (Fig. 4).

The Jurassic units are characterized by medium amplitude, moderately continuous reflectors. Two subunits are
interpreted: a Lower Jurassic succession (Hettangian — Pliensbachian), and a Middle to Upper Jurassic
(Toarcian — Tithonian) interval (Fig. 4). From the analysis of the seismic sections, it can be noted an increase
in the reflectors’ continuity from the base to the top of the Jurassic. The Lower Jurassic unit shows significant
thickness variations and onlap terminations, whereas the Middle to Upper Jurassic unit tends to truncate

against diapirs’ stems or secondary welded surfaces and displays a more isopachous character (Fig. 4).

The Cretaceous was subdivided into 6 units, separated by key tectono-stratigraphic surfaces (Fig. 2):
Berriasian, Valanginian-Hauterivian, Barremian, Aptian, Albian and Upper Cretaceous. The basal contact is
marked by an erosional unconformity, best imaged in the shelf region (MDU in Figs. 2 and 4a). The overall
seismic character of the Cretaceous reflects fair to good continuity of the seismic events, with moderate
amplitudes and major thickness variations in the pre-Aptian units. Moreover, reflector terminations of
downlap, onlap and truncations related to a general progradational pattern are observed on the pre-Aptian
succession in proximal settings (shelf and slope), whereas pseudo-clinoforms are identified basinward (Fig.
4a). In contrast, the post-Aptian units show a more isopachous character and reduced thickness. Reflectors

11
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resolution version of this figure, please see the supplementary material.
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terminations such as truncations against diapirs stems and onlaps against salt sheets are common. Truncations
against the BCU are particularly frequent (Fig. 4). The Upper Cretaceous is preserved beneath the Base

Cenozoic Unconformity in proximal areas.

Cenozoic seismic facies are characterized by low to moderate amplitude reflectors with good resolution and
continuity. The unit is subdivided into five subunits (Figs. 2 and 4): Paleocene, Eocene, Oligocene, Mio-
Pliocene, and Quaternary to Recent. A great variety of reflector terminations are noticeable, mainly onlaps and
truncations related to the diapirs evolution. Moreover, stratigraphically constrained chaotic and discontinuous
seismic facies are frequently observed in deep offshore region. Finally, it is important to note the presence of
volcanic and intrusive bodies emplaced during the evolution and growth of the adjacent Lanzarote and
Fuerteventura islands. These features, generally located in distal areas, show a high impedance contrast with

the surrounding sediments, and are bounded by unconformities (Fig. 4a).

4.2 Regional Tectonic Features

The structural map of the top of acoustic basement (Fig. 5) shows a set of NE-SW trending horsts and half-
grabens bounded by NW- and SE-dipping extensional faults (Figs. 4 and 5). These faults are mostly planar,
with dipping angles ranging between 45 and 50°. Cap Juby High is the most prominent basement high in the
basin, separating the salt bearing Proto Atlantic Depocenter (PAD in Fig. 5) to the west from the Tan-Tan and
Tarfaya depocenters to the East where, presumably, no significant salt was deposited. Basinward of the Cap
Juby High, the salt layer overlies a faulted basement covered by Triassic strata (Fig. 4). In general, basement
faults do not offset the base of salt, except for major structures like the western faults bounding the Cap Juby

High and faults marking the western limit of the PAD (Figs. 4, 6 and 7).

The top of the acoustic basement in the PAD lies more than 11 km below sea level. Although these depths are
in agreement with published data (Heyman, 1989; Le Roy and Piqué, 2001; Gouiza, 2011), caution is required

since no well has penetrated the complete sedimentary succession and the available seismic dataset do not
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Figure 5. Depth structure map from the top of the acoustic basement. The lineament in Fuerteventura
labeled “F” (Catalan et al, 2005) (yellow dashed line) is interpreted by the reference author as a possible
deep-seated fault on magnetic data. C.F.Z.: Central Flexured Zone (Le Roy & Piqué, 2001); PAD: Proto
Atlantic Depocenter. Wells CJ-1 and MO-3 reached the top of salt on the Cap Juby salt-cored anticline.
Numbers labeled 1 to 4 and their correspondent thick dashed lines correspond to the tectonic domain
boundaries of Le Roy and Piqué (2001). Inset shows a gravity anomaly map (modified from Carb¢ et al.,
2003). The dashed white lines labeled A2 to A4 and G1 represent the edges of gravity highs matching
possible fault bounded basement highs.

allow making confident velocity estimations. The distal limit of the PAD on profile A-A’ (Fig. 4a) is marked
by a set of chaotic reflectors and a step-up of the acoustic basement morphology from 11 to 8 km. This limit
corresponds to a high-angle landward-dipping fault. Lower Jurassic (Sinemurian-Pliensbachian?) sediments

onlap chaotic reflectors in the footwall of the fault interpreted as a volcanic? outer high.
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The S1 magnetic anomaly (Figs. 1 and 5) coincides with the distal limit of the salt basin and is interpreted to
represent the boundary between continental crust to the East and transitional/oceanic crust to the West (COB)
(Hinz et al., 1982; Roesser et al., 2002; Contrucci et al., 2004). Following the criteria adopted by Louden et al.
(2013), the Tarfaya Basin is located at the transition between a magma-poor rifted margin to the North and a
magma-rich margin to the South. This classification is supported by the comparison of seismic refraction
profiles on the North America and NW Africa conjugate margins (Klingelhoefer, et al., 2016; Biari et al.,
2017) and by the presence of SDRs observed on deep seismic reflection profiles in the southernmost region of

the conjugate Nova Scotia margin (Louden et al., 2013; Deptuck, 2020).

Basement highs bounded by NW-SE trending accommodation zones are interpreted on the southern limit of
the salt basin and the PAD (Figs. 4b and 5). These structures have also been identified on gravimetric (upper
left inset on Fig. 5) and magnetic surveys (Carbo et al., 2003; Catalan et al., 2003). The NW prolongation of
these accommodation zones matches with the lineament bounding the steeply dipping and overturned
Mesozoic sedimentary succession exposed on the western coast of Fuerteventura Island (Catalan et al., 2003;

Steiner et al., 1998).

As shown in Figure 5, salt structures are mostly developed within the PAD, between the Cap Juby High to the
East, which acted as a threshold controlling salt thickness during deposition, and the S1 anomaly to the West.
However, some salt diapirs are also interpreted above the Cap Juby High (Figs. 5 and 6). These structures
originated from the basinward expulsion of salt by the prograding wedge of Jurassic sediments (Fig. 6a). The
reduced Upper Triassic thickness observed on profiles A-A’, C-C’ and D-D’ (Figs. 4a and 6) above the Cap
Juby High indicates a lower accommodation space during this period and points to a high paleo-topography
that controlled salt accumulation during the Late Triassic to Early Jurassic interval. Although no salt related
seismic facies are observed in the Tarfaya depocenter, a primary weld and a related expulsion rollover is
interpreted (Fig. 6a) pointing that, originally, a thin layer of salt was present in proximal settings (East from

the MO-3 well in Fig 6a) and was expelled basinward during the Early Jurassic.
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Figure 6. Uninterpreted and interpreted dip-oriented seismic transects. Vertical exaggeration (V.E.) x 1.5. CJH: Cap
Juby High; PAD: Proto Atlantic Depocenter. a) profile C-C’; well MO-3 is projected 3.3 km and Sandia-1x is
projected 3.9 km (see Fig. 3); at its actual location, drilling reached the top salt (Well TD represented by black dotted
line). b) profile D-D’. Diapirs labeled with numbers are described in section 4.3. For a high resolution version of this
figure, please see the supplementary material.

308
309  Figure 5 illustrates NE-SW trending basinward-vergent reverse faults bounding the CJH. To the southwest,

310 these structures terminate against a fault accommodation zone that marks the limit of the PAD and the salt
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basin (Fig. 4b). Despite the low seismic resolution at basement levels, it is possible to interpret some of these
deep-seated reverse faults, responsible for thick skinned inversion (for example, fault labeled “X” in fig. 7).
Moreover, profile E-E’ (Fig. 7) shows a prominent slightly asymmetrical fault propagation fold involving
Triassic strata related to this event. Also, on seismic transects C-C’, D-D’ (Fig. 6), E-E’ (Fig. 7) and F-F’ (Fig.
8), the Mesozoic succession on the eastern depocenter is structurally higher than in the PAD. Furthermore, it

is possible to observe onlapping geometries of Paleocene to Lower Oligocene strata against the folded BCU.

4.3 Salt-Tectonic Features

One of the most important structures in the study area is the Cap Juby High, which is best illustrated on
transects C-C’ and D-D’ (Fig. 6). On these profiles, the proximal region is characterized by a salt cored
anticline located over CJH, called the Cap Juby anticline (Wenke, 2014), drilled by exploration wells MO-3
and CJ-1 (Figs. 3, 5 and 6a). These wells confirmed the top of salt and successfully tested hydrocarbons from
Jurassic reservoirs (Morabet et al., 1998). Sigmoidal geometries of Lower Jurassic to Aptian growth strata
bound this structure to the East with downlap terminations of Lower Jurassic reflectors against the Upper
Triassic marking a primary weld (Fig. 6a). Moreover, a reverse fault cutting through this growth strata interval
and detached on the primary weld is interpreted on the eastern flank of the anticline (Fig. 6). As modelling
shows (Roma et al., 2018), this proximal primary welds can act as a decoupling layer between pre-salt and
post-salt sediments as interpreted in Fig. 6. Basinward from the Cap Juby High, in the area corresponding to
the present-day shelf break and slope, a prominent primary weld is oftenly overlain by salt pillows (Figs. 4a
and 6). Further downdip, slightly asymmetrical salt pedestals which can reach up to 1.5 km of structural relief
(Fig. 4) are separated by primary welds and overlain by onlapping thick Lower Jurassic successions (Figs. 4a

and 9a).
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E’.

(V.E.) x 1.5. Diapirs labeled with numbers are described in section 4.3. For a high resolution version

of this figure, please see the supplementary material.

334

18



335

336

337

338

339

340

341

342

343

344

345

NW 2D [ 3D Seismic [ 2D Seismic SE]|

Pleist.-Recent I Up. Cretaceous [l Lower Jurassic ~. Reverse Fault
] Mio-Pliocene [ Albian Bl Oceanic Crust »/  Extensional Fault
[ oligocene Aptian B satt ®/e SaltWeld
I cCenozoic Volcanics  [_| Barremian ] . ORI
|:| E = ]—UpperTriassic P

ocene Valang./Haut. [ _y Truncation
[ Paleocene B Berriasian I Paleozoic Basement . Depocenter

~~~ Base Cenozoic Unconf. [l Mid-Up. Jurassic 5% Trajectory

Figure 8. Uninterpreted and interpreted dip-oriented seismic transect F-F’. Vertical exaggeration (V.E.) x 1.5. Salt
sheet labeled 3 is described in section 4.3. For a high resolution version of this figure, please see the supplementary
material.

In the PAD, two main types of diapir stems can be described: near-vertical stems that are still open (mostly
located distally) and counterregionally-dipping welded stems (mostly located proximally) (Fig. 9b). Both
types are surrounded by long-lived (Jurassic to Present) minibasins, with maximum thicknesses of 8 km that
have different geometries in the Mesozoic succession (Figs. 4a, 6a, 7 and 8). The vertical stems are flanked by
depocenters whose axial-surface trajectories are stacked vertically or shift slightly landward up-section. In
contrast, the counterregional welds separate minibasins with basinward shifting depocenters, forming pseudo

clinoforms (Fig. 4a).
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Figure 9. a) Jurassic vertical thickness map; CJH: Cap Juby High; b) Lower Cretaceous vertical thickness map
(Tan-Tan Delta). CJH shows low sediment accumulation. Salt structures with counterregional stems tend to be
in areas with thick accumulations related to the prograding Tan-Tan Delta; ¢) Cenozoic vertical thickness map.
Cenozoic minibasins up to 3700 m thick are found in distal locations reflecting active salt related subsidence.

Lateral migration of depocenters is most prominent in the Lower Jurassic to Aptian interval. In both types of
minibasins, the greatest thickness variations are observed in the Lower Jurassic interval (Figs. 4, 6 and 8).
Regionally, Jurassic minibasins with a thicknesses ranging between 1500 m and 3600 m are located in the
southern part of the PAD where vertical stems are predominant (Fig. 9a). In contrast, Lower Cretaceous
minibasins with thicknesses between 1400 m and 3500 m characterize the proximal parts of central and
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northern areas of the PAD where counterregional welds and pseudo-clinoforms are common (Fig. 9b). The

thickest Cenozoic minibasins are found distally (Fig. 9¢c), where open vertical stems are interpreted (Fig. 9b).

As observed in Fig. 9a (in black), a proximal fringe of salt sheets and diapirs underlies the BCU. Most of these
structures are plug-fed salt sheets (Figures 4a, 7 and 8) that often coalesce to form canopies with landward
dipping allosutures and counter-regionally dipping welded stems (Fig. 9b). These salt sheets are

stratigraphically constrained in the Aptian - BCU interval. Figure 10 shows two of these salt sheets from

Figure 10. Seismic profile and detailed interpretation of the salt sheets from profile A-A’
(Fig. 4a). The profile is flattened at the BCU. Arrows indicate basinward salt sheet
advance. See section 4.3 for explanation.

profile A-A’ (flattened to the BCU). The cutoffs at the base of the salt sheets show that lateral emplacement
began during Barremian times for salt sheet 4 and during the Aptian for salt sheet 1. In general, these salt

sheets and canopies exhibit thick Cenozoic roof strata folded above regional (e.g., see salt sheet 1 on Fig. 4a
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and salt sheet 2 on Fig. 7). Structures labeled 1, 2 and 3 (Figs. 4a, 7 and 8, respectively) share similar patterns
of Cenozoic strata (for a map view of these structures see Fig. 9c): constant thickness for the Paleocene-
Eocene interval, strata thinning onto the crests in the Oligocene and Mio-Pliocene intervals, and truncations

against the base of the Pleistocene to Recent succession.

Further downdip, teardrop diapirs and minor salt sheets are observed. These structures, located at the most
distal fringe of salt structures (in purple in Fig. 9c), have arched roofs, upturned collars and flaps and are
actively deforming the seabed (relief > 400 m, see diapir 4 in Fig. 4a or diapir 5 on Fig. 7). Structures labeled
4 and 5 (Figs. 4a and 7 respectively) illustrate the Cenozoic stratal patterns of this distal fringe of structures:
truncations against diapirs flanks for the Paleocene to lower Oligocene succession and onlapping geometries
for the rest of the Cenozoic. Alternatively, in the southernmost sector of the study area, the Paleocene-Eocene
succession onlaps and thins onto the salt (structures labeled 6 and 7 in Figs. 4b and 6b). Regionally, arched
roofs from the more proximal salt sheets include almost the entire Cenozoic succession, whereas the distal
fringe of diapirs have roofs with younger strata (Figs. 4, 7 .8 and 6a). Moreover, the BCU is structurally above
regional over the fringe of proximal buried salt sheets (e.g., salt sheet labeled 1 on Fig. 4a) and below regional
in the Cenozoic minibasins flanking the most distal fringe of diapirs (e.g., minibasins flanking diapir 4 on Fig.

4a).

Even though an almost continuous layer of autochthonous salt is interpreted in the PAD and over Cap Juby
High, there is only minor and local evidence for a salt-detached linked system of extension and contraction.
Seismic transects A-A’ (Fig. 4a) and E-E’(Fig. 7) show a minor proximal peripheral graben, active during the
Early Cretaceous, that marks the updip limit of the autochthonous salt. The small amount of extension (1,5 km
for the peripheral graben of section A-A’) is only partially compensated basinward by subtle contraction (0,5
km). In section E-E’ (Fig. 7), shortening is evidenced by stratal thinning towards the anticline crest. Dating of
the syn-shortening units is possible thanks to the stratigraphic information obtained from HM-1 well that
documents a Valanginian/Hauterivian to up to, at least, Aptian age of the thinned succession (Fig. 7).

However, a precise shortening interval cannot be reliably established due to the eroded stratigraphic record
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now represented by the BCU. Apart from these subtle features observed on profiles A-A’ and E-E’, no other

evidence of a regional salt detached linked system is observed.

4.4 Regional Stratigraphic Trends

Wenke (2014) estimated sediment flux rates based on a reverse 2D flexural model following the methodology
proposed by Bowman and Vail (1999) (Fig. 11). The main uncertainties that could derive from applying this
methodology arise from an erroneous seismic interpretation and/or depth conversion, and the inability of the
numerical modelling tool to accurately estimate crustal stretching (Wenke, 2014). The model shows that the
Early Jurassic was characterized by a relatively high sediment flux to the basin (Fig 11) which decreased
gradually during the Middle and Late Jurassic (note that the peak at 165 Ma occurs at the shelf and should not
be extrapolated to the salt basin). This high sediment flux correlates with high regional subsidence rates
related to the thermal subsidence stage which particularly affected the PAD. From the Middle to Late Jurassic,
high sedimentation rates related to carbonate platform aggradation took place at the Tarfaya Basin shelf region
(Figs. 11). However, the salt basin was not affected by this fast aggradation and its related loading effect since
the platforms were located updip from the proximal salt pinch-out (Figs. 4a and “Tithonian Slope Break” on
9a). We submit that the large thickness variations (ranging from 500 m to more than 3500 m) observed in the

PAD (Fig. 9a) during this stage are related to local early minibasin subsidence.

Q

F—RIFT—35! DRIFT | o -
8 250 ool =8 8 & 35000 A 2o g
_'Q_J' }E Q= |Tan>Tan|a.)|5| C%I o > | [ =l Q.
g 200 B EIS] alologl O 3 1O 8 E i TanTan 10 & c B! &
PR O iy G2 5 TG 852 hom g B oTl §

| 1 101 @ 50 — - S

O = 100 'l oeistige, €S o o I85! 2
c< I i 0O E> = o= 1 1 ! E%}%U'EN: <
2 E s ¥ BiEi S STl £ g 15000 : I ] B2 idglED D
av 0 | ID_:-S_EI @ | .gv ! | | < 10 E:S %.,: E
et o=
= 50 b E ¥ s000 ! T &
w 100 Triassic SJuGa Cretaceous | Cenpzoic ] a i O =

240 200 160 120 80 40 0 240 200 160 120 80 40 0

Age (Ma) Age (Ma)

Figure 11. Subsidence rates and total sediment flux redrafted from Wenke (2014) for the offshore
Tarfaya Basin from a transect located close to seismic transect A-A’ (Tan-Tan transect in Fig. 3)

The base of the Cretaceous is marked by an unconformity recording the erosion of the Upper Jurassic shelf

carbonates (MDU in Fig. 2) (Ranke, et al., 1982). The erosional character of this unconformity is clearly
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observable in the proximal domain (Fig. 4a), whereas it evolves into a correlative conformity basinward.
Overlying this surface is a thick (up to 4 km) Lower Cretaceous prograding sequence as observed in figures 4a
and 9b. Regional seismic interpretation combined with onshore stratigraphy and well correlation allow to
assign these sediments to the distal facies of the Tan-Tan Delta (Martinis and Visintin, 1966; Ratschiller,
1970; Ranke et al., 1982; El Khatib and Ruellan, 1995; Wenke, 2014; Gouiza et al., 2017) exposed at the

onshore Tarfaya Basin (Fig. 1).

Figure 11 shows high subsidence and sediment flux rates related to the Tan-Tan Delta from Berriasian to
Aptian times. The thickness distribution of the sediments derived from the delta is shown in Figure 9b.
Maximum thickness is observed at the proximal (shelf break/slope), central and northeastern areas of the
PAD. The Lower Cretaceous interval is thinner in the southwest (1 to 2.5 km) and especially on the CJH,

where thickness is less than 1 km (Fig. 9b).

The BCU can be clearly identified on all the presented seismic transects. The most prominent basal
truncations against the BCU are observed at the shelf and slope regions. These basal truncations are restricted
to the Aptian to Upper Cretaceous interval (Figs. 4, 6 and 8) except for profile E-E’ (Fig. 7) where the
truncated interval includes the Valanginian/Hauterivian to Upper Cretaceous succession. In distal settings, the
angularity between Cretaceous strata and the BCU progressively diminishes, eventually becoming a
correlative conformity at the distal end of the basin. In this area, the limit between the Cretaceous and the
Cenozoic is identified by a set of high amplitude reflectors (Fig. 4a), with Cenozoic reflectors onlapping
against the BCU. Volcanic rocks are interpreted in the most distal region of the PAD (Figs. 4a and 7). These
bodies are characterized by strong reflectivity and discontinuous seismic character. In general, they are
concordant with the Cenozoic strata, although, in some cases, intrusive bodies are also noticeable at Mesozoic
levels (Fig. 7). In general, Oligocene reflectors onlap most of these volcanic bodies suggesting they have an

extrusive origin.
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5 Interpretation and discussion

5.1 Role of inheritance and paleo-topography (Triassic — Early Jurassic)

The early evolution of the Tarfaya Basin was influenced by the inherited Variscan structures controlling the
location and geometry of the Triassic extensional system (Le Roy and Piqué, 2001) (Figs. 12a and 13a). The
southern boundary of the basin corresponds to the transition from a northern magma-poor to a southern
magma-rich passive margin, as defined by Louden et al. (2013) in the southern Nova Scotia conjugate margin.
As pointed out by Rowan (2014), this transition could imply the presence of a topographic high due to excess
heat and uplift associated with the magmatic event, that may inhibit the development of a salt basin, providing
the barrier that isolated the salt basin from the world ocean to the south (earlier spreading to the S), as is the

case in the Pelotas to Santos Basin transition, in the South Atlantic offshore Brazil (Stica et al., 2014).

Figure 12 shows a four-step structural restoration of a simplified version of seismic transect A-A’ (Fig. 4a).
As can be noticed on the “Top Salt” stage (Hettangian-Sinemurian) (Fig. 12a), the CJH constituted a subtle,
broad paleo-high during salt deposition. Initially, the salt layer was deposited with a wedge-shaped geometry,
with the thickest accumulation at the distal western boundary of the PAD and progressively thinning eastward.
The maximum salt thickness estimated through sequential restoration (Rowan, 1993) at this stage is of ca. 2.0
km adjacent to the basement step-up onto the outer high, with a top salt slope angle of 1.3° and a relative
maximum depth to the top of salt of 2.5 km (Fig. 12a). The absolute basin and brine depths are unknown. Salt
deposition was concomitant with a higher accommodation space in the PAD compared to the more proximal
Tan-Tan and Tarfaya depocenters. This is explained by the basinward shifting of crustal faulting model
proposed by Le Roy and Pique (2001), being the PAD the last to subside. At the same time, crustal thinning
provided most of the subsidence required for salt to be deposited in the PAD while Cap Juby High acted as a
paleo-high (Necking Domain) (Fig. 12a) constraining salt deposition. This evaporitic depositional setting is
analogous to other well-known late syn-rift to post rift salt basins in the world as the Gulf of Mexico or the

South Atlantic (Hudec and Peel, 2019; Rowan, 2020a; Rowan, in press).
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Figure 12. Sequential structural restoration of a simplified version of seismic transect A-A’ (Fig. 4a), following
methodology introduced by Rowan (1993) that incorporates decompaction, calculation of paleo-water depth, thermal
and isostatic subsidence. The black dashed line marking the top of salt on a) represents the hypothetical maximum salt
thickness possible. The actual initial salt thickness is uncertain. Dark-green dashed line on d) represents the estimated
Upper Cretaceous thickness before the Base Cenozoic erosional unconformity.

The nature of the crust underlying the western border of the Tarfaya Basin PAD is uncertain since no well has
penetrated it and geophysical data allow ambiguous interpretations (Roesser et al., 2002; Contrucci et al.,
2004; Minshull 2008; Biari et al., 2015; Klingelhoefer et al., 2016). The presence of highly reflective volcanic
rocks related to the evolution of Fuerteventura and Lanzarote Islands significantly hinders seismic imaging.
However, some first-order interpretations can be made relying on selected seismic profiles (for example,
profile A-A’ in Fig. 4a). The PAD is developed over thinned continental crust in a distal passive margin
setting between the crustal necking and the oceanic crust domains, as defined by Peron-Pinvidic et al. (2017).
This distal domain includes a hyper-extended subdomain which may contain an outer high as the one observed
in figures 4a, 7 and 12a. However, no conclusive evidence regarding the nature of this high exists, only a step

or abrupt change in basement structural relief (see Tugend et al., 2015; Rowan, 2018).

Outer highs are common features present in the distal domain of rifted passive margins like the Santos Basin

(Mohriak, et al., 2008), Gulf of Mexico (Rowan, 2018), the Vering Basin (Gernigon et al., 2003) or offshore
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Gabon (Epin et al., 2021), amongst others. These features are frequently observed in seismic, gravity and
magnetic data but have been scarcely drilled (Manatschal, et al., 2010). As a result, their origin and
composition are highly uncertain in most cases. The most common proposed origins for these features can be
grouped in four different classes: basement allochthons over the hyperextended domain, exhumed mantle,
oceanic/proto-oceanic crust, magmatic underplating/volcanic high. These are only end-member classifications
and different combinations between them can coexist (Tugend, et al., 2018; Sapin, et al., 2021). In general,
basement allochthons display overlapping sedimentary wedges that record the rotation of the faulted block as
it was transported (Peron-Pinvidic et al., 2013) whereas exhumed mantle is commonly structured at 9 to 10 s
TWT (in the absence of dynamic topography or loading) and shows no internal reflectivity (Peron-Pinvidic et
al., 2013). In the PAD, no diagnostic features corresponding to a basement allochthon or exhumed mantle
origin are observed. This leaves only two possibilities left: an oceanic/proto-oceanic or a magmatic

underplating/volcanic origin.

Some distinguishable observed features in the distal domain of the PAD are a change in seismic facies (from
more continuous to chaotic to the west) and a step up in basement morphology (Fig. 4a and 7). Also, as
interpreted on profile A-A’ (Fig. 4a), the top of the oceanic crust is located stratigraphically higher and
westward from the distal pinch-out of the autochthonous salt, which coincides approximately with the S1
magnetic anomaly (Roesser et al., 2002). This is also confirmed by refraction and wide-angle seismic
reflection profiles from the northern Moroccan margin (Klingelhoefer et al., 2016). Moreover, following
Louden et al. (2012), it can be argued that the Tarfaya Basin is located within the transition between a magma
poor and magma rich margin. In addition, some disruptive, high amplitude seismic reflections characteristic of
intrusive bodies are observed overlying the outer high in profile E-E’ (Fig. 7). All these evidences suggest that
the outer high may have a magmatic/volcanic origin. Accordingly, the outer high would predate or at most
have been synchronous with salt deposition since it acted as a distal barrier during this stage (Fig. 12a and
13a). In this context, and following criteria proposed by Rowan (2014), salt deposited in the Tarfaya Basin

should be classified as syn-thinning.
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In the Essaouira Basin (Fig. 1), salt thickness correlates with syn-rift faults (Hafid et al., 2000; Hafid et al.,
2006; Tari et al., 2017) whereas in the Tarfaya Basin most of the faults do not offset salt (Figs. 4a, 7 and 8).
Conceptually, this could be a consequence of either diachronous deposition of salt along the Moroccan margin
or a synchronous salt deposition during the “unzipper” (after Schettino and Turco, 2009 in Rowan, 2014)
opening propagation of the Morocco-Nova Scotia conjugate margins which gets younger to the north (Le Roy
and Piqué, 2001; Schettino and Turco, 2011), allowing syn-thinning salt to be deposited in the thinned distal
domain in the southern Tarfaya Basin (post-tectonic) whereas, at the same time, it may have been deposited in

the necking or unthinned domain in the northern Essaouira Basin (syn-tectonic).

5.2 Early-stage salt tectonics (Early to Late Jurassic)

The high subsidence rates calculated for the thinning stage (Fig. 11), particularly in the PAD (Wenke, 2014),
caused basinward tilting of the basin. Structural restoration of seismic transect A-A’ shows an increase in
slope gradient from 1.3° (Fig. 12a) to 1.7° (Fig. 12b), with relative restored depths to the Top Jurassic of 3.3

km at the distal boundary of the PAD.

Proximal extension and gravity gliding due to regional tilting during the thermal subsidence stage have been
well documented on other salt-bearing basins as being main driving mechanisms for salt mobilisation (e.g.,
Nova Scotia, Angola, NE Greenland, Brazil, NW Mediterranean, among others) (Deptuck and Kendell, 2017;
Hudec and Jackson, 2004; Rowan et al., 2012; Davison, 2007; Granado et al., 2016, respectively). However,
even though there are some evidences of incipient gravity gliding in the proximal domain of the Tarfaya Basin
(Figs. 4a and 7), these are scarce, local and with no correlative early contractional deformation observed in
distal areas. Furthermore, as observed on profiles A-A’ (Fig. 4a) and E-E’ (Fig. 7), this incipient basement-
detached system took place at a later stage of basin evolution (Early Cretaceous), so gravity gliding must be
discarded as a main trigger for salt mobilization. Gravity gliding requires enough dip of the top salt over a
layer with a high longitude (L) / thickness (H) ratio of the overburden (Rowan et al., 2012; Lehner and
Schopfer, 2018). For a slope angle of 1° (close enough to the 1.3° slope measured through structural

restoration on profile A-A’, see Fig. 12a), a L/H ratio of 75 is required to trigger gravity gliding (Lehner and
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Schopfer, 2018). The salt basin on profile A-A’ is ~70 km wide, meaning it would be near the theoretical limit
only when the overburden was ~1 km thick. Moreover, the calculated theoretical value of 75 is considered for
normal-strength siliciclastics, whereas carbonate rocks tend to cement very quickly and are therefore stronger,
implying that a higher dip and/or longer distance is required for failure. Thus, the initial conditions for gravity
gliding did not took place in the PAD due to an insufficient lateral gradient in elevation head. Another factor
that might have hampered early gravity gliding is the possibility that salt was removed from the higher
proximal areas by downslope drainage as proposed for other passive margins (Davison et al., 2012; Quirk et

al., 2012).

Gravity spreading (Nye, 1952; Ramberg, 1981b; Ge et al., 1997) caused by the agrading Jurassic carbonate
platform appears unlikely to have triggered salt tectonics since the basinward edge of the platform was located
landward from the proximal salt pinch-out (Fig. 4a and the “Tithonian Slope Break” on Fig. 9a). However, the
seismic interpretation shows that expulsion rollovers (Fig. 6a, east of Cap Juby High and MO-3 well) and, to a
lesser degree, turtle back structures (Fig. 4a) started to develop in proximal areas during the Early Jurassic.
Furthermore, the general trend of basinward-migrating depocenters observed on almost all seismic transects
and the Jurassic thickness map (Fig. 9a) shows thick proximal minibasins suggesting that salt withdrawal was
a strong driver providing accommodation space for the incoming sediments sourced from the Reguibat Shield
and, to a lesser extent, from the Western Anti Atlas (Leprétre et al., 2015; Gouiza et al., 2017; Charton et al.,
2021a). At proximal areas within the PAD, these early local depocenters progressively shifted basinward
leading to the growth of basinward-leaning diapirs (Figs. 9b and 12b). As pointed out by Rowan (2017), these
diapirs are typically developed at the paleo-slope region. Therefore, we infer that the progradational loading of
the Early Jurassic paleo-slope, basinward from the platform edge and over the proximal part of the salt basin,
likely triggered initial gravity spreading and the onset of salt mobilisation in the central and northern areas of

the Tarfaya Basin (Fig. 13b).
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Figure 13. 3D conceptual model for the evolution of the Tarfaya Basin. a) and b) show a perspective view from the south,
whereas c) and d) show a perspective view from the North. Seismic transect A-A’ is used only as a location reference.
Global eustatic sea level curves from Haq et al., 1987; a) Rift-Drift transition stage; A.A.: Anti Atlas; R.S.: Reguibat Shield
(Gouiza, et al., 2017; Charton et al., 2021a); b) Onset of seafloor spreading (Toarcian?); ¢) Progradation of the Tan-Tan
Delta (Berriasian to Albian). Sediment provenance mainly from the R.S. (Ali, et al., 2014; Charton, et al., 2021a) and
minor contributions from the Western Anti Atlas (Arantegui, et al., 2019). Channelization in sediment routing influenced by
salt structures as described in the onshore Essaouira Basin (Charton, et al., 2021b) d) Effects of shortening. Distal
volcanism from the eastern Canary Islands. See section 4 for explanation.

Although expulsion rollovers and counterregional welds are common in proximal areas, the most distal diapirs
and those near the southwestern border of the PAD have vertical stems and more vertically stacked
depocenters (Fig. 9b) that include Early Jurassic minibasins. It is not clear what factors triggered and
controlled the distribution of these early depocenters located distally from the paleo-slope. It is possible that
cryptic and undocumented small amounts of gravity gliding related with post-rift thermal subsidence and

hinterland uplift may have been responsible for setting up early minor highs and lows that conditioned

subsequent feedback and the initiation of diapirism and minibasin subsidence.
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5.3 Tan-Tan Delta progradation (Early Cretaceous — Late Cretaceous)

The Tan-Tan Delta progradation further promoted the progressive basinward expulsion of salt, as evidenced
by the continued basinward migration of depocenters (expulsion-rollover structures; Ge et al., 1997) and the
seaward-leaning stems during the Early Cretaceous (best exemplified on Figs. 4a, 6a and 7). On the proximal
fringe of salt structures, lateral salt emplacement initiated during the Barremian-Aptian interval (Figs. 10 and
12c¢), likely promoted by a gradual increase in the ratio between salt-supply and sediment-accumulation rates.
As pointed out by Hudec and Jackson (2006), the basal cutoffs of salt against sequentially younger beds can
be used to trace the growth history of salt sheets in map view. Following their criteria, the decrease in
sedimentation rates recorded during the Late Cretaceous (Fig. 11) could have accelerated the lateral
emplacement of the salt sheets (Fig. 10). Moreover, former seaward-leaning feeders (Fig. 13c) evolved into
counterregional secondary welds separating asymmetric basinward-dipping minibasins (Fig. 4a) (for examples
see Rowan and Inman, 2005). As can be observed in Fig. 9b, this system of counterregional welded feeders
tends to match with areas having the thickest Lower Cretaceous sedimentary accumulations indicating it was
fostered by the relatively steep slope gradient of the prograding Tan-Tan Delta (Fig. 13c¢), as it is the case in
the northern Gulf of Mexico and the Scotian margin (Rowan, 2017). In contrast, the more distal fringe of

vertical open feeders (Fig. 9b) probably formed basinward of the Early Cretaceous toe-of-slope.

Along strike differences in sedimentary thickness (Fig. 9b) during the progradation of the Tan-Tan Delta had
an additional impact on salt tectonics. In the northern region of the Tarfaya Basin, with a thicker Lower
Cretaceous succession, the pressure-head gradient caused by the progradational loading promoted minor
gravity spreading (Schultz-Ela, 2001; Rowan, et al, 2004; Vendeville, 2005) in a basinward direction,
triggering a local salt-detached linked system of proximal extension and downdip contraction. This
deformation was restricted to a specific area (only observed on seismic transects A-A’ and E-E’; Figs. 4a and
7, respectively) and did not affect areas where the Lower Cretaceous succession was thinner. Interpreted

growth strata constrain this event between Berriasian and Aptian times. Simultaneously, the more distal
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passive diapirs kept growing driven by sedimentary loading and evacuation of the salt beneath the surrounding

minibasins (Fig. 13c¢).

5.4 Late shortening (Late Cretaceous — Quaternary)

Low-temperature thermochronological and regional studies indicate that an exhumation stage took place in the
hinterlands of the Tarfaya Basin during the Late Cretaceous (Guiraud and Bosworth, 1997; Frizon de Lamotte
et al., 2009; Sehrt, 2014; Leprétre et al., 2015; Gouiza et al., 2017; Charton et al., 2021a), pointing to the
initial convergence between Africa and Eurasia as the main cause (Hafid et al., 2008; Neumaier et al., 2016).
Moreover, Tari and Jabour (2013) proposed tectonic inversion as one of the mechanisms driving salt sheet
extrusion during the Cenozoic in the neighboring Essaouira Basin. Shortening of salt structures on passive
margins may be the result of gravitational failure (Hudec and Jackson, 2004; Rowan et al., 2012; Deptuck and
Kendell, 2017, amongst others). However, gravity spreading or gliding cannot explain the shortening observed
in the Cenozoic (Fig. 12d). First, no evidence for a salt-detached system exists during this period, since no
Cenozoic updip extension is observed along the salt basin. Second, there is no salt weld or detachment that
would link hypothetical updip extension to downdip contraction. Moreover, no gravity-driven deformation can
explain the prominent folded Triassic strata and the inverted Paleozoic basement blocks observed on seismic
transects E-E’ and F-F’ (Figs. 7 and 8). Therefore, the Late Cretaceous and Cenozoic contraction is attributed
to the orogenic shortening caused by the convergence between Africa and Iberia (Guiraud and Bosworth,

1997; Frizon de Lamotte et al., 2009; Neumaier et al., 2016).

The orogenic event caused thick-skinned inversion in the Tarfaya Basin (Fig. 13d), a process evident on the
eastern basement blocks delimiting the CJH and its northern extension (Figs. 6, 7 and 8). There are no
indications, however, of a direct connection between crustal shortening structures and suprasalt deformation.
This can be explained by the fact that salt can decouple deformation without a hard ramp-flat transition, as is
the case in central Poland where the locations of presalt and suprasalt deformation were separated by 30-40

km along the stress direction (Rowan and Krzywiec, 2014). At the margin scale, shortening subsequently led
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to the erosion of much of the Upper Cretaceous succession (BCU) at the shelf and slope regions (Michard,

1976; Uchupi et al., 1976; Sehrt, 2014; Leprétre et al., 2015; Gouiza et al., 2017).

Shortening probably accelerated the lateral emplacement of salt sheets (Figs. 4a, 6, 7 and 8). Moreover, there
was also a marked decrease in sediment-flux rates during Late Cretaceous times (Fig. 11) due to a global sea
level rise and increased subsidence / low exhumation rates in the hinterland of the Tarfaya Basin (Wenke,
2014; Charton et al., 2021a), further promoting salt-sheet advance. Overall, the combined effects of these
processes (thick-skinned shortening and decrease in sedimentation rates) caused an increase in lateral
emplacement rates and contributed to the squeezing of diapirs stems (already affected by sediment

progradation), which eventually led to secondary welding in the proximal domain.

Basinwide, two distinctive types of late salt deformation can be interpreted: proximal salt structures with thick
Cenozoic pre-arching roofs (above regional) and distal diapirs with thinner roofs actively deforming the
seabed (Fig. 9¢). Distal structures display intervals of truncating strata against their flanks (passive stage)
followed by intervals showing basal truncations of pre-arching strata against syn- to post-arching strata (for
example, see distal diapir #5 on Fig. 7). This suggests that these long-lived salt structures have been
rejuvenated (Vendeville and Nilsen, 1995) several times during the Cenozoic (Fig. 12d). Proximal salt sheets
were also rejuvenated by shortening, as evidenced by erosional truncations of thick pre-arching roofs and
onlapping Pliocene strata (Fig. 4a). Most of these more proximal salt structures were rejuvenated during
Neogene times after their feeders and/or the authochtonous salt were welded, whereas the distal fringe of
diapirs and salt sheets continue actively growing to the present (Fig. 13d), actively deforming the seabed.
Active growth in these structures is possible due to the presence of open stems and ongoing salt withdrawal
from distal minibasins (Fig. 9¢c). As shown on the structural restoration (Fig. 12), the initial wedge-shaped
geometry of the salt basin, with the thickest accumulation in the most distal area, allowed for a continuous

supply of salt to these distal structures. At the same time, the proximal salt stuctures were already welded.
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5.5 Comparison with other late syn-rift/syn-thinning salt basins

As observed through the presented seismic profiles, gravity-driven deformation is minimal in the offshore
Tarfaya Basin. A typical reason for this is the timing of evaporite deposition relative to rifting. Early syn-rift
basins have little/no such deformation (e.g., Iberia/Newfoundland, Barents Sea, NE Greenland) (Alves et al.,
2006; Rowan and Lindse, 2017) whereas, in general, mid to late syn-rift basins exhibit large amounts of
gravity-driven deformation (e.g., Gulf of Mexico, South Atlantic) (Davison, 2007; Rowan, 2020b; amongst
others). However, the Tarfaya Basin constitutes an exception to the common structural styles described for
late syn-rift basins. As discussed in section 5.2, the most likely cause is the narrowness of the salt-bearing

depocenter (PAD).

North of the Tarfaya Basin, the Agadir segment of the EAB shows a wider salt basin characterized by isolated
diapirs evolving to a distal toe-thrust anticline (see figure 6.10c in Hafid et al., 2008). Interestingly, these
diapirs are actively deforming the seabed in both proximal and distal locations, in contrast to the Tarfaya
Basin where only distal structures deform the seafloor (Figure 9¢). This could be related to different initial salt
thickness distributions between the two basins. The original salt layer in Agadir might have had a more tabular
shape than the initial wedge-shaped geometry described for the offshore Tarfaya Basin (Figure 12a).
Furthermore, no salt sheets or canopies are described in the Agadir segment, possibly due to a lack of
sufficient progradational loading from the Tan Tan Delta (see the line corresponding to the shoreline position

of the Tan Tan Delta in Figure 1).

Northward, the Essaouira segment of the EAB and the Safi basin display proximal rafts and turtles evolving
basinward to canopies and tongues and a prominent distal toe-thrust system (Tari et al., 2000; Tari et al., 2003;
Tari and Jabour, 2013). This structural style relates to an increase in the width of the salt basin and its general
basinward dipping attitude. Furthermore, the closeness of this region to the Atlas System promoted major
thick-skinned inversion in the proximal domain since Late Cretaceous times (Hafid et al., 2006; Neumaier et
al., 2016; Pichel et al., 2019). This contractional event had a more pronounced effect on the structural style of
the Essaouira and Safi basins than that of the Tarfaya Basin.
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6 Conclusions

This study has presented unpublished 2D and 3D seismic data calibrated with wells from the offshore Tarfaya
Basin. Through a detailed seismic interpretation workflow and sequential restoration, it was possible to build
up a solid tectonostratigraphic framework to characterize the main controlling factors that influenced the salt

basin evolution.

Salt was deposited on a narrow rifted margin over thinned continental crust during the syn-thinning stage. The
western boundary of the basin is a basement step up at the continent-ocean transition which we interpret as a
volcanic outer high. The Cap Juby High constituted a paleo-high which acted as a threshold constraining salt
distribution and thickness to the east. Salt was deposited between Late Triassic and Early Jurassic times with a
wedge-shaped geometry and a maximum thickness at the western distal margin and progressively thinning to
the east. The evaporite basin was split in two by oceanic spreading, with the other half now on the conjugate

Scotian margin.

During the Jurassic, local depocenters and related salt withdrawal were probably triggered by progradational
loading on the demised carbonate slope on a proximal setting. Thermal subsidence might have led to the
regional tilting of the salt basin probably playing an important role as triggering mechanism in the distal basin.
However, no widespread updip extension and related downdip contraction is observed in the Jurassic interval,

probably due to the narrow geometry of the salt basin that hampered gravity gliding.

During the Early Cretaceous, progradation of the Tan-Tan Delta contributed to the already ongoing basinward
expulsion of salt. A proximal fringe of seaward-leaning diapirs located at the paleo-slope and a distal fringe of
salt structures with nearly vertical stems beyond the paleo toe-of-slope were developed. From Barremian
times, the interplay between sediment-accumulation and salt-supply rates led to the emplacement of salt sheets
mainly located in the proximal domain of the salt basin. Sediment loading from the Tan-Tan Delta promoted

the development of a local salt-detached system of linked extension and contraction.
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From Late Cretaceous onwards, shortening related to the convergence between the African and Eurasian
plates resulted in thick-skinned inversion, erosion and the rejuvenation of diapirs and salt sheets.
Consequently, a proximal fringe of diapirs formed secondary welds whereas distal diapirs and salt sheets

continue actively growing, even deforming the modern seabed.
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