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Abstract

The sedimentary architecture of the Essaouira-Agadir Basin in Morocco is strongly influenced
by development of Atlasic and Atlantic early Mesozoic riftings. The basin is now part of the
Western High Atlas after Alpine exhumation and exposes several salt-cored anticlines
perpendicular to the NW Africa coast. We study two of these salt-cored anticlines to
understand how their tectonic evolution influence seaward sediment pathways during
Mesozoic exhumation of long-lived sedimentary sources in the hinterlands. We gather
structural data in Google Earth and use it in Move 2D to derive the thickness of sedimentary
units in both E-W salt-cored anticlines. Results show salt mobilisation and topographic growth
of these anticlines diverge the sedimentary routing of paleodrainages during the Early to
Middle Jurassic exhumation of the Moroccan hinterland, and thus suggest a causal

relationship.
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Introduction

Salt mobility leading to surface topography influences sediment pathways. Extensive fieldwork
and high-resolution 3D seismic surveys document this relationship between halokinesis and
sediment channelling in fluvial and shallow-marine environments (e.g., Venus et al., 2015; Rojo

and Escalona, 2018), but this relationship is unexplored in onshore areas with scarce field data.

Salt mobility markedly affected the post-rift evolution of the Moroccan passive margin, in NW
Africa. A key example is the influence of Triassic salts of the Eastern Diapiric Province in the
post-rift sedimentary architecture of Agadir-Essaouira Basin in the western High Atlas (EAB,
Fig. 1) (e.g., Michard et al., 2008; Tari et al., 2012). The intense influence of halokinesis in this
basin is expressed as salt-cored anticlines in the onshore, allochthonous salt bodies, diapirs
and tongues offshore Essaouira, and up-right tear-drop diapirs offshore Agadir (e.g., Hafid et
al., 2008; Pichel, 2018). Evidences along two segments of the Central High Atlas suggest that
the former basin was intensely deformed by diapirs during the Mesozoic (e.g., Saura et al.,

2014; Verges et al., 2017; Moragas et al., 2018).

The EAB evolution is dominated by rifting events, regional exhumation and burial patterns (e.g.
Frizon de Lamotte et al., 2009; Domenech, 2015; Ghorbal, 2009; Saddiqgi et al., 2009). The
former basin developed at the junction between the Central Atlantic and Atlasic riftings during
the Triassic to Early Jurassic, and was exhumed during Alpine shortening (e.g., Michard et al.,
2008). Presently part of the Western High Atlas, the basin exposes tens of km-long salt-cored
anticlines roughly orthogonal to the coast (e.g. Michard et al., 2008). It is unclear if Jurassic to
Cretaceous crustal exhumation of the massifs surrounding the EAB (e.g. Ghorbal et al., 2008)
contributed to salt mobilisation and/or led to topographic growth of the anticlines, thereby
conditioning former fluvial pathways delivering sediments from the Meseta, High Atlas, and

Anti-Atlas domains.

This paper constrains timing and evolution of salt-cored anticlines in the Western High Atlas
and discusses whether onshore sediment pathways and offshore sediment distribution are
controlled by the topographic expression of those anticlines. We present a workflow to gather
geological, structural and stratigraphical data remotely, and to derive cross-sections that are
palinspastically restored. We use the workflow to track the topographic grow of two salt-cored
anticlines in NW Africa and discuss how it influences nearby sedimentary pathways. Results

allow us to compare the time of salt mobilization in the onshore, in the offshore and in the
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Central High Atlas basin, and thus, the discussion on potential links with the vertical motions

across the Moroccan passive margin.

Geological setting

The Western High Atlas connects the High Atlas fold belt, a Triassic-Jurassic rift basin of the
Tethys, and the Atlantic passive margin (Fig. 1; Michard, 2008; Teixell et al., 2003). Terrestrial
Triassic rocks are mainly exposed in a 2500 to 5000 m thick sequence in the Argana Valley (Fig.
1b) (Brown, 1980; Ellero et al., 2012; Pique et al., 2002). Intercalated in the Triassic rocks, two
tholeiitic basalt flows of the Central Atlantic Magmatic Province (CAMP) yield absolute ages of
~201 Ma (Michard et al., 2008). Intercalated or deposited on top of this sequence, evaporites
in variable amounts outcrop along the margin (Hafid, 2000; Hafid et al., 2006; Tari and Jabour,
2013; Fig. 1a). Thickness changes are attributed to the initial configuration of the salt-bearing
sub-basins, as dictated by pre-rift basement structures (Tari and Jabour, 2013). Salt deposition
occurred on top of coastal syn-rift sedimentary sequences in half-grabens or laterally to them
(Hafid et al., 2006; Tari et al, 2013), and evaporites of Lias (Lower Jurassic) age are

documented in the Anklout and Imouzzer anticline (Ambroggi, 1963).

The Mesozoic sedimentary record exposed in the Western High Atlas is arguably one of the
most complete and fully exposed of NW Africa (e.g. Hafid et al., 2000, Luber, 2017; Duval-
Arnould, 2019). The thickness of syn- and post-rift Mesozoic sequences reaches up to c. 7 km
in the EAB onshore (Ellouz et al., 2003; Zihlke et al., 2004; Tari and Jabour, 2013; Luber, 2017;
Duval-Arnould, 2019) and large-scale anticlines formed by salt diapirism are imaged in the EAB

offshore (e.g., Hafid et al., 2006; Pichel et al., 2019; Figs. 1b and 1c).

The Africa-Europe collision forced the Alpine inversion since Late Cretaceous (Hafid et al,,
2006). NNW-SSE-directed shortening led to the reactivation of Mesozoic normal faults and
forced buckling of both pre-Mesozoic basement and its sedimentary cover, ultimately resulting
in the thick-skinned thrusting and folding (Teixell et al., 2003). The Alpine compressional phase
overprinted salt-cored anticlines, thereby hindering our capacity to infer salt mobility during

the Mesozoic (Michard et al, 2008).
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Figure 1 | a) Map of salt structures in the Agadir-Essaouira Basin (EAB) in relation with faults

and folds (after Tari et al.,, 2012). b) Simplified Mesozoic litho-stratigraphic column (after

Choubert, 1957, Michard et al., 2008; Duval-Arnould, 2019). c) Geological map of the area

(after Hollard et al., 1985).
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Material and methods

We map the attitude of geologic horizons and markers, and define their geospatial position,
using Google Earth alongside satellite images from the Shuttle Radar Topographic Mission
(STRM) and its Digital Elevation Model (DEM), of 90 m spatial resolution and c. 16 m vertical
error (Hofmann and Winde, 2010; Rusli et al., 2014). We measure dip angles and azimuths of
geologic horizons and markers at km-scale using a 3D plane-solver Google Earth plugin,
developed by J. Jamieson and G. Herman and now interrupted (see http://

www.impacttectonics.org/ GeoTools/3pphelp.html). Stratigraphic markers are defined on

remote sensing images on the basis of colour changes and 1:50,000 geological maps (e.g., Jaidi
et al., 1970). To check the quality of this data set and complement it, we took field
measurements (contact coordinates and attitudes) in both anticlines studied (see appendices
A and B). Measurements obtained digitally and in the field differ by less than ~10 %. It should
also be noted that the DEM in Google Earth is not always accurate for steep slopes (Richard

and Ogba, 2016).

We test the geometrical consistency of structural cross-sections using palinspastic
restorations. This method reduces uncertainties (Dahlstrom, 1969; Elliot, 1983; Mitra and
Namson, 1989; Durand-Riard et al., 2009) and/or allows discrimination between diapirism and
shortening (Fahmi et al., 2013). This study preserves the thickness of marine-dominated rocks
and uses flexural slip unfolding (Moretti, 2008) to rotate fold limbs to a horizontal datum or an
assumed regional surface. Flexural slip is removed during rotation of fold limbs by layer-parallel
shear and according to a defined fold axes. During flexural slip unfolding, line length is
preserved and true bed thickness is constant, leading fold area conservation in the unfolding

direction (Moretti, 2008).


http://www.impacttectonics.org/
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Thickness changes along the anticlines
Amsittene

The ENE-WSW-striking Amsittene Anticline is a c¢. 40 km-long asymmetric fault-propagation
fold (Ferndndez-Blanco et al., 2020 EarthArXiv; Fig. 2). The Oxfordian beds in the fold northern
flank are overturned in the west of the fold, with S-SE dips up to 40°, and dip 20°-30° to the N-
NW in the east of the structure. Constant dip angles of 25 to 30° S-SE along the southern flank
yield an axial plane that dips c. 85° towards the SSE. Halokinetic effects are only observed in
the west of the anticline, where an intrusive Triassic salt outcrops leads Jurassic layers to dip
away from it. Thickness variations from the Lias (Sinnemurian-Toarcian) to the Tithonian along
a NW-to-SW band show an overall thickness decrease from the northern flank towards the

east (Fig. 2d).

In the southern limb, all formations progressively increase in thickness to the west. The
Callovian, the Oxfordian and the Kimmeridgian, with thicknesses of ¢c. 50 m, c. 140 m and c. 80
m in the east of the structure, thicken westward along the southern limb to 140 to 200 m, over
300 m and c. 100 m, respectively. The clastic of the Dogger (Aalenian-Bathonian) and Callovian
horizons show stronger thinning than younger formations (appendix C). Profiles A and B show
northward thickening for all horizons, when restored to the Oxfordian (Fig. 2a). We recover a
tectonic shortening of 10-15% along the same direction (Fig. 4) that is consistent with previous

estimates (Fernandez-Blanco et al., 2020 EarthArXiv).
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Figure 2 | a) Geological map of the Amsittene Anticline based on Google Earth mapping. See
the appendix A for dip measurements. b) Cross-sections A, B, and C, running perpendicular to
the fold axis. c) Resulting thickness maps for Middle and Upper Jurassic horizons using the
Paradigm Gocad® ‘kine3d-1’ tool. The resolution of the thickness maps suggests a precision of

around 20 m and lies below the thinnest formations modelled in the anticline.
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Imouzzer

The NE-SW-striking Imouzzer anticline is c. 15 km long with a hinge line plunging SE (Fig. 3).
Jurassic and Cretaceous rocks are folded asymmetrically and no Triassic salt outcrops at the
fold core. Syn-sedimentary onlap structures, normal faulting and asymmetric sedimentary
thinning suggest active salt diapirism during the Dogger, Callovian and the rest of the Jurassic
to Early Cretaceous times (see appendix B). Thicknesses in the Dogger vary slightly along the
anticline axis and range from c. 150 to 330 m (Fig. 3c). Thickness variations occur in relation to
salts (see Fig. 3 and appendix B for field locations). The thickness of Callovian rocks average 80
m and remains relatively constant throughout the profiles, except for thickening near salt
outcrops. Thus, this horizon does not follow thickness trends observed for the Dogger (Fig. 3c).
No thickness variation was calculated for Oxfordian and Kimmeridgian units since their data
points are too far apart to provide meaningful results, but contain siliciclastic material
(appendix C). Results of the structural geometry show a clear difference in the deformation on
the Lias unit, especially when compared to that of the Dogger (Fig. 3c). This suggest that
Oxfordian rocks were deposited horizontally atop an inherited Liassic anticline. Restoration of

NW-SE cross-sections show that shortening varies between ~9 to 6% (Fig. 4).
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Figure 3 | a) Geological map of the Imouzzer Anticline based on Google Earth mapping. See the
appendix B for dip measurements. b) Cross-sections D, E, and F, running perpendicular to the

fold axis. C) Resulting thickness maps for Dogger and Callovian horizons using the Paradigm

Gocad® ‘kine3d-1’ tool.
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Figure 4 | Cross-sections and restauration to the Oxfordian (J5-4; top of the stratigraphic units)

using 2D Move® for a) Amsittene and b) Imouzzer anticlines.
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Implications and discussions
Salt mobilisation

Our results suggest Triassic evaporites were mobile in both anticlines from Early to Middle
Jurassic (Fig. 5) and that salts were sealed by Late Jurassic carbonates with systematic N-S and
E-W thickness variations (Figs. 2 and 3). In the Amsitenne anticline, salt mobilisation occurs in
Early to Middle Jurassic (Fig. 5a), and in the Imouzzer anticline (Fig. 5b) the Liassic salt formed
a bulge during the Lias and Dogger (Fig. 6a), which strongly deformed the two sedimentary

units and possibly led to crestal erosion.

Rock thickness that increase away from the fold axis and nearby salt bodies suggest
topographic growth in the sea surface, possibly aided by syn-sedimentary extensional faults
(see figures A and B2 of the appendices A and B). In the Agadir-Essaouira Basin (EAB), folds
expressed on the sea-floor led to the formation of large carbonate reefs and reef foresets (Fig.
6a; Duval-Arnould, 2019). Relatively-thin evaporites of Toarcian age interbedded in carbonate
layers are in good agreement with the observations of thin salts causing structures dominated
by thrusts and narrow box-fold anticlines (Hudec and Jackson, 2007). The chaotic patterns of
salt deformation in the Imouzzer anticline (see figure B1 of appendix B), suggests salt mobility

shortly after deposition.

Early and Middle Jurassic salt mobilisation in the Central High Atlas has been inferred from
sedimentary onlaps described by Saura et al. (2014) and later reviewed in Moragas et al.
(2018). While the salt mechanisms in the offshore EAB may differ are from those onshore,

timing of early salt mobilisation is similar (Neumaier et al., 2015; Pichel et al., 2019; Fig. 6b).

13
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Mechanisms

Salt deformation is unlikely to develop roofs several hundred meters thick, like those shown
here, without a component of regional strain (Hudec and Jackson, 2007). Thus, we favour
tectonic-induced salt diapirism (Bertotti and Gouiza, 2012; Pique et al., 1998; Stets, 1992).
Regional shortening is suggested for the Tidsi and Amsittene anticlines (Bertotti and Gouiza,
2012; Fernandez-Blanco et al., 2020 EarthArXiv) to explain structures, syn-sedimentary

deformation and the Middle Jurassic to Early Cretaceous exhumation in the EAB.

During the Jurassic, coeval vertical motions of opposite sense resulted in burial of the EAB (e.g.,
Bertotti and Gouiza, 2012) and erosional exhumation of surrounding massifs (Fig. 6b; e.g.,
Ghorbal, 2009; Gouiza et al., 2017), thereby leading to a gradient in topography (assuming
exhumation is linked to uplift), and possibly a hydraulic head within the Triassic salts.
Consequent salt lateral flow in the EAB initiated the concomitant Jurassic folding and the
migration of salt diapirs distally from east to west (Hafid et al., 2006; Tari and Jabour, 2013)
and led to thickening of Jurassic successions towards the south-west, from near zero in the
Argana Valley to ~1 km in the continental shelf break (Zihlke et al., 2004). The Cretaceous
series similarly thickens westward, from ~750 m east of the EAB to ~2.5 km (Zihlke et al.,,
2004). Westward thickening of Mesozoic successions corroborates a westward slope that may

thus have led to lateral salt mobility and fold growth.

Alternatively, salt mobilisation may be due to thermal loading (Hudec and Jackson, 2007),
induced by the extensive magmatic activity in the Late Triassic (Central Atlantic Magmatic
Province; e.g., Davies et al., 2017), or by reactivation of ~NE-SW basement normal faults (e.g.,

Hafid, 2000; Pique et al., 2001), as described for the offshore areas (Neumaier et al., 2015).

15
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Relations with source-to-sink systems

Transport, sediment channelling and depocenter location (Fig. 6a) are likely the result from the
surficial expression of folding and other paleo-topography in the EAB (Fig. 7). Kilometre-scale
erosional exhumation occurs in the Meseta and High Atlas during Middle Jurassic to Early
Cretaceous and in the Anti-Atlas during Triassic to Middle Jurassic and Late Cretaceous (Fig.
6b; Charton, 2018). Sediment transportation and temporary sinks developed in the EAB with a
persistent westward paleo-flow direction in Early Jurassic (Appendix C; Domenech et al., 2018),
Middle and Late Jurassic (Ambroggi, 1963; Stets, 1992), and Cretaceous (Essafraoui et al., 2015;
Luber, 2017).

Middle Jurassic-Early Cretaceous salt mobility (Fig. 6), marked by thickness variations in up to
10 km wide mini-basins, suggests deep-water fans may have forced differential loading, thus
expelling the salts (Fig. 7). Most eroded material deposits over the rifted margin, south of
offshore EAB (Agadir segment; Pichel et al.,, 2019). There, turbiditic deep-water fans likely
deposited in the Middle Jurassic and Early Cretaceous (Fig. 7b and 7c; Lancelot and Winterer,
1980; Tari et al., 2012). Early Cretaceous fluvial systems sourcing detritus and leading to a
sedimentary succession of ¢. 7 km atop the Triassic salt (Pichel et al., 2019) are preserved and

exposed in the onshore EAB (Luber, 2017; Luber et al., 2019).

16
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Figure 7 | Tentative paleo-reconstructions of the EAB and surrounding massifs (made from the
compilations of paleogeography, depositional environment, and structural maps; see
references below) during four selected times (Fig. 6b). Exhumation, presence in subsurface,
and tentative shoreline after Charton (2018). Salt structures outlined in the offshore of the EAB
and High Atlas after Michard et al. (2008), Hafid et al. (2010), and Moragas et al. (2017). Timing
of salt mobilization after Figure 6b and references therein. a) Late Triassic. Salt basin outlines
after Pichel et al. (2019) and Tari et al. (2013), paleocurrents after Brown (1980), Courel et al.
(2003), and Mader (2005), and paleo-reconstruction after Domenech et al. (2018); b) Middle
Jurassic. Tentative shoreline after Charton (2018), paleocurrents after Stets (1992), and paleo-
reconstruction after Nemcok et al. (2005) and Tari et al. (2013). c) Barremian-Aptian. Tentative
shoreline after Charton (2018), paleocurrents after Luber (2017), Cavallina et al. (2018),
Haddoumi et al. (2018), and paleo-reconstruction after ONHYM (2004), Nemcok et al. (2005)
and Tari et al. (2013). d) Present-day situation.

19



Non-peer reviewed Earth ArXiv preprint | submitted for publication

Conclusions

This study shed new light into the controversial question about whether salt-cored folds in the
EAB are shaped by Cenozoic compressional forces or Mesozoic salt diapirism. The results show
that salt mobilisation was already active during the Early to Middle Jurassic and, therefore,
before the Atlasic orogeny. Mobilisation of Triassic and Liassic salt layers was most likely
initiated by Jurassic exhumation patterns in the hinterland and subsidence towards the
offshore, causing a hydraulic head gradient that led to lateral salt flow. Another possible
scenario is a period of regional shortening in the Jurassic, similar to what was postulated in

previous studies, but no supporting evidence could be added from the present work.

As a consequence of early fold growth, the anticlines controlled the sediment pathways of
eroded material, coming from the exhumed Variscan massifs in the hinterland, being shed
towards the present-day offshore basin. We submit that the location of depocenters (deep-
sea fans) of Jurassic to Early Cretaceous age are therefore dependent on the location of the

salt-cored anticlines in the EAB.

20
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Appendix
A - Amsitene fieldwork and dip measurements

Figure Aa shows a large normal fault cutting the Oxfordian with a displacement of around 50m
(location a.2). The axial plane is dipping 60° to the North. The fault zone is characterised by a
cataclasic fault zone and marl smeared out on the fault. The yellow marl, which is also visible
on satellite images, is the key feature to determine the style of displacement and to measure
the displacement itself. Indications for a compressional stress regime with regional shortening,
are given by en-echelon structures, joints, and stylolites, which are not parallel or
perpendicular to bedding. They indicate a shortening direction of roughly NE-SW, although
joints and stylolites in figure veins indicate two different stress directions, one NW-SE and
another one NNE-SSW. The latter seemed to have occurred later in time, since the joints
connect pre-existing fractures or veins and do not cross them. Still, these features show that
the anticline has previously been involved in two different tectonic shortening events, later

than the Callovian.

On the northeastern side of the anticline at location a.1 (Fig. 2), Dogger to Kimmeridgian rocks
are exposed. A cliff of almost 15m of carbonate rocks, most likely Dogger to Callovian rocks,
shows discontinuous layers forming onlap structures (Fig. Ab and c). Onlaps occur towards the
south, i.e. the center of the anticline. These onlaps result in a thickening of more than 5m over
a distance of about 50m towards the north (Fig. Ab). This results in a change in dip from 25° in

the upper section to 15° in the lower section.
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Dip

13/141
21/330
14/345
25/162
17/153
22/154
19/160
49/338
35/158
40/172
38/175
31/166
35/164
33/159
33/164
31/161
25/155
28/162
25/164
24/163
21/162
22/165
16/149
17/166
11/138
16/013
22/349
32/161
22/189
23/168
46/343
13/163
33/163

Latitude

31°10'12.98"N
31°11'2.55"N
31°11'1.79"N
31°9'21.04"N
31°9'42.97"N
31°9'48.17"N
31°10'21.36"N
31°11'50.50"N
31°11'31.01"N
31°11'20.27"N
31°11'14.68"N
31°9'13.83"N
31°9'6.75"N
31°9'16.67"N
31°9'29.10"N
31°9'31.49"N
31°9'38.76"N
31°9'42.55"N
31°9'52.55"N
31°10'3.79"N
31°10'2.99"N
31°10'6.12"N
31°10'29.44"N
31°10'41.37"N
31°11'6.28"N
31°11'49.96"N
31°12'0.19"N
31°11'34.60"N
31°11'26.61"N
31°9'1.86"N
31°12'8.85"N
31°10'29.50"N
31°9'21.01"N

Longitude

9°38'49.50"W
9°39'3.13"W
9°39'50.24"W
9°40'1.25"W
9°39'8.18"W
9°38'43.17"W
9°37'24.07"W
9°37'16.49"W
9°38'9.03"W
9°38'58.57"W
9°39'25.21"W
9°40'1.16"W
9°40'0.69"W
9°39'38.29"W
9°39'2.00"W
9°38'40.04"W
9°38'40.09"W
9°38'10.42"W
9°37'44.84"W
9°37'43.59"W
9°37'2.68"W
9°36'37.80"W
9°35'57.46"W
9°35'27.35"W
9°34'53.53"W
9°35'2.30"W
9°36'18.47"W
9°37'59.99"W
9°38'25.40"W
9°38'34.36"W
9°36'43.62"W
9°34'48.66"W
9°38'37.96"W

Formation
Dogger
Dogger
Dogger
Callovian
Callovian
Callovian
Callovian
Callovian
Callovian
Callovian
Callovian
Oxfordian
Oxfordian
Oxfordian
Oxfordian
Oxfordian
Oxfordian
Oxfordian
Oxfordian
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yellow Marl —

Figure A | a) Normal faulting and b-c) syn-sedimentary onlap structures in the Dogger to

Callovian.
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B - Imouzzer: fieldwork and dip measurements

Thick layers of salt (gypsum) are interbedded in carbonate layers of the Lias (Fig. B1). Salt layers
are dipping NE following the morphology of the fold core. Deformation of the carbonate layers
interbedded in the salt are found all along the valley, showing multiple folding structures and
diapir intrusions (Fig. B1d). The orientation of the bedding is different from the general trend
of NW dipping layers at the western flank. The thickness of the salt can be assumed to amount

at least to 50m, since the base of the salt is not visible.

In the Northern part (Fig. B2a), Liassic-Dogger sediments dip 68° NNW, forming a conformable
contact. The marly to sandy deposits of the Dogger, with thicknesses of 200 to 250m, are
strongly deformed. Folding is observed at the base (Fig. B2b and c), whereas towards the top
deformation features are of a faulted nature, showing normal faulting and smaller fold
structures (Fig. B2d). Subtle changing thickness of those layers from S to N of a normal fault
might indicate syn-sedimentary deformation. The contact from Dogger to Callovian is showing
an angular unconformity (Fig. B2a). The contact angle between the two is extrapolated to
approximately 30°meaning that the Dogger might have had a structural dip when the Callovian

was deposited.

Joints, en-echelon structures and stylolites in Callovian rocks indicate two different shortening
directions. The NNE-SSW compressional features can likely be linked to the Alpine shortening.
The NW-SE, however, is either a result of an earlier local rotation of the compressional axes
within the Alpine orogeny, or pinpoints towards a much earlier compressional event, maybe in
the Middle or Later Jurassic, which led to the mobilisation of the salt and an early stage of fold

growth.
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Dip

23/285
37/308
25/299
34/321
01/296
12/141
11/146
32/299
41/301
44/306
36/307
21/280
40/301
33/127
14/145
22/122

Latitude
30°41'29.78"N
30°41'53.71"N
30°42'49.88"N
30°43'38.48"N
30°43'42.21"N
30°41'38.33"N
30°41'18.29"N
30°40'54.58"N
30°41'58.99"N
30°43'4.24"N
30°43'59.63"N
30°44'30.93"N

30°40'53.13"N
30°40'28.78"N

30°41'29.56"N
30°40'37.19"N

Longitude

9°29'34.34"W
9°29'32.33"W
9°28'38.29"W
9°28'4.30"W

9°26'40.14"W
9°28'17.30"W
9°28'33.67"W
9°30'8.19"W

9°29'37.21"W
9°28'40.20"W
9°27'44.03"W
9°27'38.20"W
9°30'14.12"W
9°28'53.57"W
9°28'18.50"W
9°28'45.83"W

Formation
Dogger
Dogger
Dogger
Dogger
Dogger
Dogger
Dogger
Dogger
Oxfordian
Oxfordian
Oxfordian
Oxfordian
Oxfordian
Oxfordian
Oxfordian
Oxfordian
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Figure B1 | Pictures of salt in the core of Immouzer anticline and related deformation. See

locations on figure 3 of the main text.
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Figure B2 | Dogger showing an angular uncorformity, folding, and normal faulting.
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C — Facies variation and siliciclastic influx

Along the Imouzzer and Amsittene anticlines, disparities in term of siliciclastic influx have been
recorded (Duval-Arnould, 2019; Fig. C). Along the Imouzzer Anticline, the N-W flank records
siliciclastic deposits during the Middle to Upper Orfordian (Fig. C, S2), which are absent along
all the eastern flank of the anticline and in the SW part of the anticline. In the Amsittene
anticline, the same Oxfordian siliciclastic influx is observable along the northern and southern
flanks, but a prior siliciclastic influx (Fig. C, S1), dated Lower to Middle Callovian is also visible

along the northern flank of the anticline while absent along the southern flank.

For the Amsittene Anticline, another important sedimentological aspect is the facies variations
in the Callovian deposits (Duval-Arnould, 2019). The southern flank Callovian deposits present
deeper facies and deeper water fauna (abundant ammonites) compared to the northern flank.
This indicates the presence of a topographic high in the northern part of the anticline. Some
potential salt movements might have happen prior to the Callovian stage to create this high.
The high could also have acted as a barrier to siliciclastic deposits coming from the north, which
would have deposited in this shallower domain, and forbade them to reach the other side of

the Anticline.

For the Imouzzer Anticline, the north and south of the anticline present fairly similar deposits
thicknesses during the Callovian (Duval-Arnould, 2019). The Callovian facies are homogeneous
along the anticline and followed by coral build-ups during the Oxfordian. This coral-rich unit is
then interrupted in the north of the anticline by cross-bedded siliciclastic deposits. This
siliciclastic influx (S2) is not recorded towards the south of the anticline. It takes place at the
same stratigraphic position in the Amsittene and Imouzzer anticlines and have been therefore
interpreted to be due to the same processes. Everywhere in the basin, a strong regression

marks the end of the coral-rich units and the transition to shallow water, tidal-flat deposits.

The deposition of siliciclastic deposits on the north of the Imouzzer anticline and in the
Amsittene anticline could be an accumulation induced by higher energy settings, linked to their
location on topographic highs (Duval-Arnould, 2019). In the locations AMCA and ASH, the
higher energy settings persist after the siliciclastic influx, and carbonates grainstones
progressively replace the sandstones, before the onset of the generalized regression and the

development of tidal-flat deposits all over the basin.
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Figure C | Simplified logs from Jurassic outcrops in the studied anticlines (after Duval-Arnould,

2019)
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