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a b s t r a c t

Upper Triassic continental clastics (TAGI: Trias Argilo-Greseux Inferieur) in the Essaouira Basin are largely
restricted to the subsurface, which has limited analysis of the depositional environments and led to
speculation on potential provenance of the fluvial systems. Facies analysis of core from the Meskala Field
onshore Essaouira Basin is compared with tentatively time-equivalent deposits exposed in extensive
outcrops in the Argana Valley, to propose a process orientated model for local versus regional sediment
distribution patterns in the continuously evolving Moroccan Atlantic rift during Carnian to Norian times.
The study aims to unravel the climatic overprint and improve the understanding of paleo-climatic var-
iations along the Moroccan Atlantic margin to previously recognised Upper Triassic pluvial events.

In the Essaouira Basin, four facies associations representing a progressive evolution from proximal to
distal facies belts in a continental rift were established. Early ephemeral braided river systems are
succeeded by a wet aeolian sandflat environment with a strong arid climatic overprint (FA1). This is
followed by the onset of perennial fluvial deposits with extensive floodplain fines (FA2), accompanied by
a distinct shift in fluvial style, suggesting increase in discharge and related humidity, either locally or in
the catchment area. The fluvial facies transitions to a shallow lacustrine or playa lake delta environment
(FA3), which exhibits cyclical abandonment. The delta is progressively overlain by a terminal playa with
extensive, mottled mudstones (FA4), interpreted to present a return from cyclical humid-arid conditions
to prevailing aridity in the basin.

In terms of regional distribution and sediment source provenance, paleocurrent data from Carnian to
Norian deposits (T5 to T8 member) in the Argana Valley suggest paleoflow focused towards the S and SW,
not directed towards the Meskala area in the NWas previously suggested. A major depo-centre for fluvial
sediments is instead located in the southern Argana Valley, possibly the Souss Basin. To effectively source
the reservoir sandstones found in the Meskala Field, a more local provenance area has hence to be
envisaged. Despite this, the direct comparison of the genetic evolution of sedimentary sequences in the
Argana Valley and Essaouira Basin shows a similar progression from dominantly arid ephemeral depo-
sitional environments to humid perennial sedimentation, returning to prominent arid conditions. This
suggests climatic control in both regions, where an enhanced humid signal drives perennial fluvial flow
in otherwise arid dominated sequences. On a regional scale, this is suggested to record the impact of
strong Triassic pluvial events previously recognised in other basins along the Central Atlantic margin
during the Carnian to Norian periods.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Prior to the exploration efforts in SWMorocco, the development
of new theories about global continent evolution during the initial
stages of rifting along the Atlantic margin had already highlighted
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the importance of the investigated Moroccan basins for global pre-
drift reconstructions (e.g. Van Houten, 1977; Manspeizer et al.,
1978; Jansa and Wiedmann, 1980; Stets and Wurster, 1981; Hinz
et al., 1981; Manspeizer, 1982, 1988; Laville and Petit, 1984;
Beauchamp, 1988; Medina, 1991, 1995; Piqu�e and Laville, 1996;
Piqu�e et al., 1998; Baudon et al., 2012; Leleu et al., 2016). With
the discovery of hydrocarbons in the central part of the Agadir-
Essaouira Basin (Fig. 1) in the early 1990's numerous studies eval-
uated the Triassic petroleum systems of Morocco (e.g. Broughton
and Tr�epanier, 1993; Morabet et al., 1998; Hafid et al., 2000;
Bouatmani et al., 2004). Apart from a facies classification based
on electrical log character of wells in the Meskala Field (Bouatmani
et al., 2004), most studies have a strong focus on the structural
evolution, with little focus on integrated sedimentological analysis,
leaving the regional facies distribution and provenance for the
prolific Upper Triassic sandstone reservoirs within the greater
Agadir-Essaouira Basin open to speculation. Broughton and
Tr�epanier (1993) for example suggested the entire Triassic
sequence of the Argana Valley as the eastward extension of the
central Essaouira Basin, hence part of the sediment routing from
the provenance area, while seismic interpretations and new dating
of the overlying basalts led Hafid et al. (2000) to the conclusion,
that only the upper part (Middle to Upper Triassic) of the Argana
series was connected to the central Essaouira Basin, whereas the
lower part was deposited in an isolated rift arm.

To-date, the relationship between Upper Triassic clastic sedi-
ments in the Argana Valley to Triassic reservoir sandstones of the
central Essaouira Basin remains uncertain. In order to improve the
regional understanding of the spatial distribution of these exten-
sive fluvio-aeolian reservoir facies in SW Morocco, this study pre-
sents new sedimentological analyses of core data from the central
Essaouira Basin (Meskala Field), integrated with results from
sedimentological outcrop studies of the Argana Valley (Tadrart
Ouadou Sandstone member, T6; Mader, 2005; Mader and Redfern,
2011), and additional published descriptions for Carnian-Norian
deposits from the Argana Valley exposures (Brown, 1980;
Hofmann et al., 2000). The study aims to integrate the sedimen-
tological data within a regional climatic framework, improving the
understanding of the control on sedimentation of extreme Triassic
humid events as summarised by Preto et al. (2010) or proposed by
Arche and Lopez-Gomez (2014) for example.

2. Geological setting

Triassic sediments in Morocco outcrop within the Middle and
High Atlas mountain chain, along thewesternmargin of the African
platform, and have also been encountered by wells in the Essaouira
and Souss Basins, and along the present offshore Moroccan conti-
nental margin (Fig. 1). The Triassic sequences of Northwest Africa
typically overlay a major unconformity and are deposited on
Palaeozoic rocks deformed by the Hercynian and older orogenies.
Deposition of the Triassic sequences took place in a series of (half-)
grabens or strike-slip basins related to rifting along the Atlantic
margin during the break-up of the Pangaean continent (Mattis,
1977; Van Houten, 1977; Manspeizer et al., 1978; Laville and Petit,
1984; Medina, 1988, 1991, 1995) (Figs. 1 and 2). Recent research
suggests a change in how rift-basin geometry along the Central
Atlantic Margin is viewed, and rather than the typical narrow rift-
basin geometries more uncharacteristic broad sag-type basin styles
have been reported, particularly for the Eastern provinces (Baudon
et al., 2012; Leleu et al., 2016). The Triassic deposits infilling these
basins commonly consist of coarse alluvial conglomerates, conti-
nental fluvial or aeolian sandstones, and alternations of fine silt-
stones, with evaporitic or non-evaporitic (playa) mudstones. In
most parts of Morocco, the Triassic red beds are capped by the

CAMP basalts (Central Atlantic Margin Province), which in turn are
conformably transgressed, or interfinger, with limestones, dolo-
mites, algal stromatolites, anhydrites, mudstones and halite de-
posits of an Early Jurassic sabkha environment (e.g. Courel et al.,
2003).

3. Structural evolution

Mesozoic sequences in SW Morocco record the break-up of the
super-continent Pangaea where crustal thinning and deep seated
thermal activity led to the development of the Atlantic Ocean
(Veevers, 1994). The Moroccan passive margin on the eastern side
of the central Atlantic Ocean (e. g. Van Houten, 1977; Manspeizer
et al., 1978; Piqu�e et al., 1998) demonstrates at least four major
tectonic phases influencing deposition of Latest Palaeozoic to Early
Mesozoic strata (Manspeizer et al., 1978; Laville and Petit, 1984;
Piqu�e et al., 1998). In a time period covering the Permian to the
Middle Triassic, extensive uplift with related crustal thinning along
the axis of the future Atlantic defines the initial phase of break-up
(Van Houten, 1977). The second, late Middle Triassic tectonic phase,
resulted in strike-slip faulting along E-trending fracture zones and
initiated W trending Tethys transgressions (Piqu�e et al., 1998).
During the Late Triassic, continued rifting along the proto-Atlantic
axis led to the deposition of clastic-evaporite sequences up to
5000 m thick in a relatively broad rift-setting with sag-geometries
(Leleu et al., 2016) (Figs. 1 and 2B). Shearing occurred dominantly
along E- to W-trending fracture zones inducing the decoupling of
African and North American segments (Manspeizer et al., 1978),
creating a pathway for Tethyan transgressions from E toW. In a last
major tectonic phase (Late Triassic to Early Jurassic) global plate
reorganisation led to crustal extension and seafloor spreading,
resulting in massive extrusions of olivine and quartz tholeiitic ba-
salts and igneous rock emplacement across a large area of North
America and West Africa described as the Central Atlantic Margin
Province (CAMP) (Marzoli et al., 1999; McHone, 2000; Olsen et al.,
2000; Youbi et al., 2003; Knight et al., 2004; Marzoli et al., 2004;
Verati et al., 2007; Whiteside et al., 2010; Deenen et al., 2010).
During this last phase, a strong transcurrent component with
transtension is proposed by Laville and Petit (1984), while Piqu�e
et al. (1998) suggest normal faulting during this final syn-rift
stage in Morocco.

4. Basin fill

The Agadir-Essaouira Basin forms part of the El Jadida-Agadir
rift segment (Fig. 1). It developed as a set of half-grabens and un-
derlies an extensive area of the modern day eastern passive Atlantic
margin (Piqu�e et al., 1998). The nomenclature utilised to describe
the Agadir-Essaouira Basin varies widely due to the complex basin
segmentation and the lack of sufficient sub-surface or outcrop
control (e.g. Soci�et�e Ch�erifienne des P�etroles, 1966; Brown, 1980;
Broughton and Tr�epanier, 1993; Piqu�e et al., 1998; Hafid, 2000).
For consistency, the sediments of theMeskala Field are described in
this paper as clastics deposited within the “central Essaouira Basin”,
and the term “Argana Valley” is adopted synonymously to describe
clastic deposits exposed in the present day Argana physiographic
depression due to the lack of a so far clearly defined outline or
structural framework for a potential “Argana Basin”.

4.1. Central Essaouira Basin (Meskala Field)

The Essaouira Basin is situated in central western Morocco and
extends towards the N and S of the city of Essaouira, offshore and
onshore, along the present day coastline (Figs. 1 and 2). The central
basin is limited in the N by the Tensift-fault zone, and to the S by the
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Fig. 1. A (inset) Location map of Morocco displaying the main structural domains with the WSW-ENE trending High Atlas, the SW-NE trending Middle Atlas, the Rif domain in the
North, and the Moroccan and Oran Mesetas located in central Western and Eastern Morocco. The subsurface study was carried out in the central Essaouira Basin (1) on core of wells
from the Meskala Field, while the outcrop study was undertaken in the Argana Valley (2), exposing extensive Permo-Triassic strata along the southern extends of the High Atlas
mountain chain. B The map displays the structural framework of Mesozoic (Triassic to Early Jurassic) basins in SW Morocco (modified after LeRoy and Piqu�e (2001); with additions
for the Argana Valley modified after Brown, 1980). Triassic depo-centres either known from outcrop or the sub-surface are marked in orange, and key wells are marked in red (e.g.
well MKL101bis). In the literature several of the SW-NE to WSW-ENE trending sub-basins and half-grabens displayed are summarised as the Agadir-Essaouira Basin (orange dotted
line). For the Argana Valley paleocurrent data for Carnian to Norian deposits (compilation from Brown, 1980; Mader, 2005; Mader and Redfern, 2011) are superimposed on the
structural map of SW Morocco: black arrows are supported by field data, whereas grey arrows mark anticipated transport routes. Within the Argana Valley exposures, field data
suggests main transport direction towards the S, SW locally to the W (see Fig. 12 for more detail). Only minor fluvial deposits show clear SE to NW flow directions, which could
indicate a direct sediment transport link to the Meskala field. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Amsitten fault complex (Fig. 1). The basin contains an up to 4500 m
thick sequence of Mesozoic strata (Broughton and Tr�epanier, 1993)
(Fig. 3). Middle Triassic to Lower Jurassic continental red beds were
deposited in an extensional rift setting, overlain by several kilo-
metres of salt (Fig. 2C). Salt depositionwas largely driven bymarine
incursions into the deepening basins from the Tethys during Upper

Triassic to Lower Jurassic times (Courel et al., 2003). Extensive
emplacement of basalts reaching thicknesses of up to several
hundred meters occurred around the Triassic-Jurassic boundary,
and can be related to the CAMPmagmatism (McHone, 2000; Knight
et al., 2004; Nomade et al., 2007; Deenen et al., 2010) (Fig. 2C).
During the Atlasic (Alpine) tectonic phase from Late Eocene to

Fig. 2. A shows the surface locations of key wells in the greater onshore Essaouira Basin as well as the approximate location and distance to the outcrop exposures in the Argana
Valley to the SE (orange). The Meskala Field lies in the central part of the explored Essaouira Basin, and the red lines mark key cross-sections that are displayed and discussed in
Figs. 2B,C, 4. B The W-E running cross-section (A-A0) exhibits the subsurface distribution of Triassic to Early Jurassic major depositional sequences. An overall broad rift-basin
morphology with a west-ward shift of main depositional units is apparent, and Carnian to Norian sandstones (sT2) extend across the prominent Meskala-Zelten horst (see also
Fig. 2C) (simplified cross-section is based on seismic interpretations by Piqu�e et al. (1998) and LeRoy and Piqu�e (2001)). C The close-up integrated well and seismic correlation (B-B0)
across the Meskala Field into the Jeer Field to the E shows clear thinning of Upper Triassic reservoir units across the horst towards the W (modified after Broughton and Trepanier,
1993). Along the top, the Upper Triassic is bound by salt deposits and an extrusive basalts (basalt superieur) capping the reservoir units sub-regionally. The basalt is subsequently
overlain by Early Jurassic deposits and younger sedimentary units (see also 2B; sT3). In the E part towards the Jeer Field, sills can be intrusive into the Upper Triassic deposits (basalt
inferieur). The key well discussed in this study Mkl101bis is located in a central to northern position of the Meskala Field (2A). Offset wells MKL1 and MKL4 (2A,C) contain Os-
tracodes (Darwinula, Lymnocythere) (Silmane and ElMostaine, 1997), suggesting a Carnian to Norian age for the investigated Triassic deposits. Absolute ages for intrusive dolerites
from adjacent well JRP-1 (2A,C) yield a Norian age (210 Ma). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Oligo-Miocene, the Essaouira Basin was moderately uplifted and
tilted towards theW, which led towidespread erosion of overlaying
Cretaceous deposits. To the E, the onshore part of the Essaouira
Basin is still buried below younger Mesozoic strata. Uncertainties
exist in the thickness and distribution of the (Late) Triassic se-
quences towards the SE, in direction of the Argana Valley Triassic
exposures due to the thick cover of Jurassic and Cretaceous series
and the lack of seismic control (e.g. Piqu�e et al., 1998; Hafid et al.,
2000; LeRoy and Piqu�e, 2001).

4.2. Argana Valley

Extensive exposures of Permian and Triassic sediments are
exhibited in the Argana Valley, located along the roughly N-S
trending modern day physiographic depression, which runs par-
allel to the southern extents of the High Atlas mountain chain be-
tween Imi N'Tanoute in the N and Ameskroud in the S (Fig. 1). The
valley developed during Cenozoic times, when rivers draining
southward from the emergent High Atlas eroded through Creta-
ceous and Jurassic strata, resulting in the exposure of nearly
1500 km2 of rocks. The Permian to Early Jurassic continental red

bed sequence rests unconformably on Palaeozoic sediments, and
attain an overall thickness of 4500 m (Duffaut et al., 1966; Tixeront,
1973). The Argana basalt reaches thicknesses of up to 400 m and
separates the Permo-Triassic lithostratigraphic members T1 to T8,
from the Lower Jurassic units T9 and T10 (AitChayeb et al., 1998; El
Hachimi et al., 2011) (Fig. 3). Radiometric ages have been recalcu-
lated for basalt flows to 197 ± 0.7 and 201.7 ± 2.4 Ma (Verati et al.,
2007) (Table 1), suggesting a stratigraphic age of Sinemurian to
Rhaetian calibrated to the timescale of Gradstein et al. (2012),
associating them to the CAMP magmatism (Knight et al., 2004;
Marzoli et al., 2004; Verati et al., 2007; Deenen et al., 2010). In
contrast to the central Essaouira Basin, there is no direct evidence
for marine incursions into the Argana area during Upper Triassic or
Lower Jurassic times (Hofmann et al., 2000).

Recent structural studies (Baudon et al., 2012; Leleu et al., 2016)
highlight dominantly wide-rift or broad sag-basin styles for the
eastern provinces, supporting earlier diagnostic work of Hofmann
et al. (2000). During the Cenozoic, Alpine deformation caused
high-angle faulting in the Central High Atlas, but onlyminor folding
of the Mesozoic sedimentary rocks occurred. The tectonic overprint
led to the formation of fault blocks, but in most cases no steep

Fig. 3. Stratigraphic columns of the Essaouira Basin (left) and the Argana sequence (right), summarising major lithostratigraphic units for both study areas. For the Argana se-
quences lithostratigraphic members (T1-T10) and corresponding formations are displayed (after Tixeront, 1973; Brown, 1980). Members T5-T8 represent deposits of Carnian to
Norian age that are considered to represent the time equivalent sequences in the Meskala Field in Essaouira (both highlighted in orange). Although dating is sparse for the Essaouira
sequences, a Carnian to Norian age for the investigated sandstones is postulated based on biostratigraphic ages from offset wells as well as integration of stratigraphic consid-
erations and the relative position to intercalated dolerites and overlying basalts (CAMP) (see also Fig. 2C). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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tilting took place and in general the dip of Triassic strata is less than
30� (Van Houten, 1977; Manspeizer et al., 1978; Manspeizer, 1988,
1994; Beauchamp, 1988; Medina, 1995; Mader and Redfern, 2011;
Baudon et al., 2012).

5. Upper Triassic stratigraphy

Dating is a challenge in continental settings, which commonly
lack direct biostratigraphic control. Palynological data is sparse, and
the only conclusive age data available, that is comparable between
the two regions of investigation is presented by the basalt deposits
related to the CAMP volcanism. Argana Valley basalt flows yield an
absolute age of 197 ± 0.7 Ma and 201.7 ± 2.4 Ma. Within the central
Essaouira Basin, dolerite samples fromwell JRP-1 have an absolute
age of 210 Ma (JRP-1: 2768 m, 3163 m from Oujidi et al., 2000)
(Fig. 2C). No conclusive ages for the thick flow basalt sequences
within the Meskala Field were however available (Fig. 2C). A
summary of the stratigraphic framework calibrated by the sparse
relative age data is provided for the two areas (Fig. 3, Table 1) to
allow for an integrated conclusion on the time-equivalence of the
two areas and implications made in view of regional sedimentation
patterns.

5.1. Central Essaouira Basin

A tectono-stratigraphic framework for the Essaouira Basin based
on seismic interpretation was proposed by LeRoy and Piqu�e (2001)
(Figs. 2B and 3). Within this tectono-stratigraphic framework the
Mesozoic sequences were sub-divided into four sedimentary
mega-sequences (LeRoy et al., 1997; Manspeizer et al., 1978; Piqu�e
et al., 1998) (Fig. 2B). The lowermost Upper Triassic to Lower
Jurassic mega-sequence comprises red, silt-rich clastic deposits,

thick evaporites and intercalated basalts, deposited during the syn-
rift phase (Piqu�e et al., 1998; LeRoy and Piqu�e (2001)). This mega-
sequence is composed of three smaller-scale sedimentary se-
quences. The lowermost sequence sT1 is restricted to a westward
tilted half-graben (Piqu�e et al., 1998; LeRoy and Piqu�e (2001)),
while the second sequence sT2 is thickest along the western border
of the half-graben (Fig. 2C). This sequence has been penetrated by
well JPR-1, and comprises fluvial sandstones of Carnian age (Piqu�e
et al., 1998; LeRoy and Piqu�e (2001)) (Fig. 2C). The uppermost unit
sT3 overlies an interpreted intercalated basalt and the maximum
thicknesses of sT3 can be observed further towards the west
(figures 2B,C), highlighting the general westward shift of depo-
centres as suggested by Piqu�e et al. (1998) (Fig. 2B).

In the Meskala Field the Upper Triassic continental facies are
overlain by reoccurring mudstones, and approximately 240 m of
salt, eventually capped by an approximately 270 m thick basalt
sequence (Figs. 2C, 4). A lower Liassic age has been assumed for the
salt and mudstone sequences (Hafid et al., 2000; Broughton and
Trepanier, 1993; Youbi et al., 2003). The thick basalt sequence can
be traced regionally on seismic into the Jeer Field (Hafid et al.,
2000) (Fig. 2C) and has also been penetrated by wells in the
Meskala Field (Fig. 4). Both, the extrusive basalts, as well as the
intrusive sills found within the Upper Triassic deposits (Fig. 2C) are
expected to be related to the well documented CAMP event
(McHone, 2000; Knight et al., 2004; Nomade et al., 2007; Deenen
et al., 2010). The correlation is reinforced by more conclusive
biostratigraphic data available for nearby wells MKL-1, where os-
tracodes of the genus Darwinula (between 3027 and 3300 m), and
of the genus Lymnocythere in MKL-104 (2964 m) (Silmane and
ElMostaine, 1997) were recorded, both supporting a Carnian to
Norian age in linewith the radiometric ages of the basalts. Since the
CAMP event is documented to be very short-lived with an

Fig. 4. Schematic cross-section across the Meskala Field, displaying key wells in relation to the reservoir interval (yellow), overlying salt (pink) and basalt (olive green) as well as
core availability, location and total depth (TD) of the wells in meters below surface location (BSL) (the exploration wells are close to vertical) (modified after ONAREP, 1995). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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expulsion window as short as 1,5 Ma (McHone, 2000; Nomade
et al., 2007), some confidence with respect to the absolute timing
is hence placed on the proposed chronostratigraphic framework.

5.2. Argana Valley

The exposed rift-sequences have formerly been divided into the
Ikakern, Timezgadiouine and Bigoudine Formations, bound at the
top by the Argana Basalt (Duffaut et al., 1966; Tixeront, 1973)
(Fig. 3). The formations have further been subdivided into ten
lithostratigraphic units numbered T1 to T10 (Tixeront, 1973; Brown,
1980; Hofmann et al., 2000). The Permian Ikakern Formation (T1
and T2) is characterised by alluvial fan and high-sinuosity
meander-plain conglomerates with interbedded sandstone and
siltstone alternations (Tixeront, 1973; Jones, 1975; Brown, 1980),
the Timezgadiouine Formation (T3 to T5) consists of braided or
meandering fluvial channels, and cyclical playa deposits (Tixeront,
1973; Brown, 1980; Hofmann et al., 2000). The base of the Big-
oudine Formation rests conformably on underlying mudstones and

fines, but can locally be unconformable and erosive exhibiting
coarse ephemeral alluvial conglomerates (Mader, 2005; Mader and
Redfern, 2011). The greatest part of the T6 member however con-
sists of braided river deposits, perennial fluvial sandstones and
aeolian dunes (Mader and Redfern, 2011), while the thickest part of
the Bigoudine Formation (T7 to T10) displays highly cyclical and
laterally extensive playa deposits (mudstones, siltstone, sandstone
intercalations) (Tixeront, 1973; Brown, 1980; Hofmann et al., 2000;
Tourani et al., 1999). A relatively well constrained biostratigraphic
framework was established for the Permo-Triassic Argana Valley
sequences combining the work of previous authors with new
biostratigraphic data (Jones, 1975; Dutuit, 1976; 1977; Manspeizer
et al., 1978; Fiechtner et al., 1992; Tourani et al., 1999, 2010; Jalil
and Peyer, 2007; Jalil et al., 2009; Klein et al., 2010, 2011; Verati
et al., 2007) (Table 1). The chronostratigraphic framework sug-
gests a Carnian to Norian age for the (uppermost?) T4, T5, T6, T7
and T8 deposits (Fig. 3). Consequently a review of T4/T5, T6 and T7/
T8 members is provided in this study in view of major fluvial flow
in the Argana Valley analogous to depositional ages anticipated for

Table 1
Compilation of biostratigraphic data and absolute ages available for the Argana sequence. Carnian to Norian deposits time-equivalent to the Meskala field sediments are
represented in Argana by members (?T4) T5 to T8 (highlighted by yellow stripy pattern). Where contradicting datums were available, the more unreliable dates are greyed out
in the figure and only the best data sets are highlighted in black font for the chronostratigraphic age column (Dutuit, 1988; Hminna et al., 2012; Hunt and Lucas,1991; Jalil, 1999;
Jalil and Dutuit, 1996; Jalil and Janvier, 2005; Lucas, 1998; Voigt et al., 2010).

Member Author Palynology Radeometric 
Ages Chronostratigraphic Age*

Verati et al. (2007) 197.8 ± 0.7 Ma                 
201.7 ± 2.4 Ma Rhaetian to Sinemurian

Fiechtner et al. (1992) K-Ar 205 ± 17 Ma Norian to Pliensbachian

Manspeizer (1978) Ar-Ar 200 to 210 Ma Rhaetian to Norian

T8 Tourani et al. (1999)
Assemblages similar to T7 with very good 
Camerosporites secatus  and abscense of 
Corollia/Classopollis (11)

11 Earliest Norian (or younger)

T7 Tourani et al. (1999)
Patinasporites densus (6) Paracirculina 
quadruplicis (10) Camerosporites secatus 
(9) Spirtisporites spirablis (8)

10/9 Late Carnian to Early Norian      
8  Late Carnian (Tuvalian)(or younger)  

T6 Tourani et al. (1999) Pseudoenzonalasporites summus (7) 
Patinasporites densus (6)

7 Late Carnian (Tuvalian) to Norian     
6 Carnian to Middle Carnian    

Dutuit (1976, 1977);        
Jalil & Dutuit (1996); 
Hunt & Lucas (1991); 
Lucas (1998)

Phytosaurs  (A) Paleorhinus 
magnolucus (5), Angistorhinus 
talainti Metoposaurs (B) 
Metoposaurus azerouali 
Dicinodonts  (C) 
Moghreberia nmachouensis

5 Late Triassic;                                  5 

Paleorhinus-biochron (Pangaea): Late 
Carnian (Tuvalian)                  

A/B/C Assembleage: Carnian to Upper 
Carnian

Tourani et al. (1999) undated; poor data recovery

Jalil (1999)

Phytosaurs, 
Metopausaurs, 
Aetosaurs and Placerias-
like forms

Carnian (Middle to Late Carnian) 
resembles Upper Triassic European 

and American assemblages: no 
distinct dating!

T4 Jalil (1999)

T3
Jones (1975);     
Tourani et al. (2010)    
Klein et al. (2011)

Volcanics: 247±15 Ma (2); 280±15 
Ma (3), 300±15 Ma (4)

 Olenekian (1)                          (Middle 
Triassic ( 2 ); Permian ( 3 ) Upper 

Carboniferous ( 4 ))

T2

Dutuit (1988);          Jalil 
& Dutuit (1996);       Jalil 
(1999); Jalil & Janvier 
(2005);           Voigt et 
al. (2010);                
Hminna et al. (2012)     
Klein et al. (2010)

Upper Permian; Permian (Ufimian-
Kazanian)(A/B)

T1 Jones (1975)
Volcanics in conglomerates 247±15 

Ma
Upper Permian to Middle/Lower 

Triassic

A
rg

an
a 

B
as

al
t

T5

Vertebrates

Diploid amphibians (A) Diplocolus 

minimus            Chaptorinid 
reptiles (B)  Moradisaurinae                   

Diplocaulida,Capthorinida, 
Pareiasauria, Hylodichnus, 
Pachypes, Amphisauroposus; 
Eretopus, Dromopus  

Chirotherioid traces (1) 
(Synaptichnium, Chirotherium, 
Brachychirotherium, Isochiotherium)

Capitosauris remains Cyclotosaur 
(x)

O
t is

ch
al

ki
an

 L
an

df
au

na
ch

ro
n

* calibrated to Gradstein et al. (2012)
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the Essaouira sequence in the Meskala Field.

6. Core and facies analysis: central Essaouira Basin, Meskala
Field

Core analysis of wells from the Meskala Field was undertaken
(this study) and results were subsequently compared to outcrop
data and literature from the Argana Valley. An almost fully cored
section fromwell MKL101bis is presented and discussed in terms of
the sedimentological evolution of the basin. MKL101biswas chosen
as the example well, as it contains the most continuous Triassic
section cored in the Meskala Field (Fig. 4). It hence offers the pos-
sibility to study a continuous vertical Triassic profile without major
gaps. The generalised facies associations resulting from this work
are under-pinned by additional wells. In total ten litho-sedimentary
facies (sub-facies) were identified and combined into four facies
associations (FAs) (Table 2). Facies associations of well MKL101bis
are discussed from base to top, the core is described with absolute
thickness in centimetres, and core gaps were noted where present
(Figs. 5e10). The detailed facies description and interpretation for
the core intervals is provided in Tables 2e5, while in the following a
brief summary of the facies associations is provided.

6.1. Summary facies associations

Facies Association 1 (FA1) consists of three sub-facies and is
dominated by very fine to fine grained sandstones (Table 3; Fig. 5).
Finer material is sparse, but minor amounts of clay can be found in
the form of thin (<10 cm) mudstone horizons. Sedimentary struc-
tures include horizontal or low angle stratification (Fig. 9A),
massive bedding or inverse grading. Secondary angular cavities
(<1 cm in diameter) were abundant within this sandstone domi-
nated unit. The facies association was interpreted to represent
ephemeral fluvial braided river deposition in transition to a wet
aeolian sandflat environment (Table 3).

FA2 comprises four sub-facies and is dominated by compound,
well-sorted, very fine to fine-grained sandstone units interbedded
with thick mudstone intervals (Table 4; Fig. 6). The thickness of
individual sandstone packages ranges from approximately 50 cm to
up to 4 m, with interbedded dark red to purple mudstone units up
to 2 m thick, and minor siltstones interspersed. The ratio between
sandstone andmudstone dominated intervals is approximately 3:2,
and sediments of FA2 were interpreted to represent perennial
fluvial channels with adjacent floodplain fines (Table 4).

FA3 contains three sub-facies (Table 5; Figs. 7, 8), which are

Table 2
Summary of facies associations and related litho-sedimentary sub-facies. Both, description and interpretation of the main depositional units are provided in the table. More
detailed descriptions and depositional environment descriptions are summarised in Tables 3e5, and illustrated in Figs. 5e10.

Facies
Association
(FA)

Sub-Facies
Code (sfa)

Description Depositional Environment/Interpretation sub-facies Climatic Implications

Sfa FA

FA 1 1a Vfs; minor sltst-mdst; horizontal to low
angle stratification; minor ripple
stratification; massive; colour change from
grey to red; angular dissolution

Ephemeral fluvial channels Ephemeral fluvial braided
river deposition transition
to wet aeolian sandflats

periodic arid-humid
changing to dominantly
arid

1b Mixed grey vfs-fs, vfs; finely laminated to
adhesion ripple cross-stratified andmottled
(rooted?); winnowing; reworked material;
abundant secondary angular dissolution

Channel abandonment
facies (paleosols, rooting,
deflation)

1c Fs; well sorted; horizontally laminated;
well cemented; patchy pink cement
(anhydrite?); winnowed; distinctively
orange coloured

Wet aeolian sandflats arid

FA 2 2a Intercalated mdst-sltst; horizontal
lamination or highly destratified; dark red
to purple; minor vfs-fs in form of ripples
interbedded

Floodplain deposits Perennial fluvial channels
with floodplain deposition

humid in hinterland,
periodic arid to humid in
depositional setting

2b Vfs-fs; horizontal lamination to low-angle;
or massive to destratified; well cemented;
pink colour; fining upward sequences

Fluvial channels (perennial)

2c Clast dominated conglomerate; dark grey or
red/purple mudstone rip-up clasts; vfs-fs
sst matrix; interbedded with dark-grey
mudstones

Sheet flood/splay deposits

2d Mdst; black; enriched w organic material;
minor sltst interbedded (ripples)

?Lacustrine/Playa lake
shales

FA 3 3a Vfs-fs; medium steep to massive
destratified; remnant horizontal, wavy
laminations; abundant water escape
structures and syn-sedimentary faulting;
erosive bases with reworked material

(Fluvial) Channels/Delta top
(destratified)

Fluvial delta plain to delta
top deposition

humid in hinterland,
periodic arid to humid in
depositional setting

3b Vfs-sltst; fining-upward cycles; well
preserved horizontal lamination and ripple-
cross bedding; thin mudstone horizons and
clay drapes are intercalated; locally minor
bioturbation

Delta plain/Delta top with
delta mouthbars

3c Sltst-mdst; red to purple; massive;
alternating with black mdst enriched with
organic debris; inter-bedded vfs ripple
cross-stratification; abundant water escape
structures; calcretes

Delta top transition to playa
(floodplain)

FA 4 undivided Mdst; dark red to purple; minor sltst;
mottled; minor horizontal lamination

Playa mudstones Playa deposition arid
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Table 3
Detailed descriptions and summary interpretation for Facies Association 1 with sub-ordinate sub-facies 1a to 1c. The deposits of this FA are interpreted to report ephemeral
fluvial, braided river deposition in transition to a wet aeolian sandflat environment and abandonment of the system (Fig. 11A). A summary log with typical lithological
characteristics of this facies association is in addition displayed in Fig. 5.

FA1 Sub-Facies Code (sfa) Description Interpretation: Ephemeral fluvial braided river
deposition in transition to wet aeolian sandflats

1a
Ephemeral fluvial channels

Sub-facies 1a consists of moderately well-sorted, very fine-
grained, horizontal to low-angle stratified reddish grey
sandstones (Fig. 5). They often appear massive or
destratified and are very well cemented. Typically up to
three 1 me2 m thick sandstones were recognised
throughout the cores. There is an apparent increase in
destratification up section. The sandstones are often capped
at the top by a thin (<10 cm) black to dark grey mudstone
horizon. Silt or finer sandstones can be interbedded with
the mudstones in form of thin ripple- or horizontal
lamination. The intercalated mudstones show a distinct
colour change from dark grey and black to dark red up
section. Angular cavities seemingly unrelated to primary
stratification can be abundant.

The dominance of horizontal to low-angle stratification,
the sheet-like character with sharp top and basal
contacts and the overall lack of fine material are
interpreted to represent sheetflood fluvial deposition
during repeated discharge events (Miall, 1977, 1996,
2006; Fisher et al., 2008; Anderson et al., 1999). No clear
erosive bases or higher angle cross-bed sets which
would point to deep, confined channels were
recognised, and deposition in a non-confined braided
river system is inferred (Miall, 1977, 1996, 2006; Bridge,
1993; Bridge, 2003, 2006). Occasional interbedded thin
mudstone horizons that cap these well sorted
sandstones are interpreted to be genetically linked and
record deposition from suspension during low-energy
flow conditions of waning flow (Miall, 1977;
Turnbridge, 1981; Kumar et al., 1999; Newell et al.,
1999; Platt and Keller, 1992; Owens et al., 1999; Bridge,
2003, 2006). Massive sandstones defined by prominent
destratification and minor remnant faint patchy
lamination often associated with these deposits, are
hence interpreted to represent post-depositional
modification and dewatering during abandonment.
Finer, often ripple-laminated sandstones, were mainly
recognised at the tops of individual packages, and
associated to bedform migration by unconfined
tractional flow while lower flow regime conditions
prevail (e.g. Jopling and Walker, 1968).

1b
Channel abandonment facies

(paleosols, rooting, deflation,
etc.)

This sub-facies consists of alternations of very fine to fine-
grained sandstones that are either a) light grey and
horizontally laminated, b) greyish to red with adhesion
ripple stratification, c) dark grey, horizontally laminated,
with abundant angular cavities, or d) dark red with wavy to
horizontal lamination and a mottled (rooted?) appearance.
Additionally, thin (<10 cm) dark grey mudstones with
abundant organic debris and coaly fragments may be
interbedded. Individual bed thickness is centimetre to
decimetre scale, and the sediments appear generally very
mottled, disrupted and destratified. The sub-facies is further
characterised by abundant secondary dissolution cavities.

The mixed interval of sub-facies 1b is characterised by
sedimentary structures related to exposure, where
highly mottled sediments as a result of rooting or
disrupted stratification due to evaporation processes
are common. Adhesion ripple stratification as well as
interbedded sandstones with sharp top and basal
surfaces suggest periodic deposition. Reworked organic
matter and organic clasts are also present, and the
development of a weakly developed immature
palaeosol is hence proposed (Retallack, 1988).

1c
Wet aeolian sandflats

Sub-facies 1c consists of fine-grained, very well-sorted,
exclusively horizontally laminated sandstones, which are
less well cemented in comparison to the deposits of sub-
facies 1a and 1b. The stratification is very well preserved,
and distinct inverse grading is characteristic. The very well
sorted sandstones lack any fine material, and they are
defined by a discrete colour change to orange-pink, that
corresponds with the occurrence of patchy pink (?
anhydrite) cements.

These deposits above an internal bounding surface are
generally slightly coarser and appear winnowed,
displaying inverse grading. The sandstones show a
marked colour change to orange-pink above the
immature paleosol. Concurrently, the interbedded
mudstones exhibit a change in colour from grey-black
(suggesting reducing conditions) to red (oxidising
conditions). The dominance of horizontally bedded
inverse stratification in the sandstones is interpreted to
highlight the transition from a shallow braided fluvial
system (sfa1a) to a wet aeolian sand-flat environment
(sfa1c), dominated by fluctuating water tables in a semi-
arid to arid environment (e.g. Kocurek and Nielson,
1986; Kocurek, 1988).

Secondary processes Angular cavities are distinctive in this FA and overprint a variety of sub-facies. The cavities are angular and typically <2 cm in
diameter. In the sandstone dominated part of sub-facies 1a, they initially don't appear to be related to depositional sedimentary
structures. However, they show an association with facies where primary lamination is strongly altered by dewatering
processes. Considered in context to the overall depositional environment, the cavities could represent ghosts of clay rip-up
clasts along the bases of braided fluvial sheet flood units or shallow channels. In sub-facies 1b similar dissolution cavities are
concentrated to specific horizons. These deposits were instead interpreted as immature paleosols, and the cavities are proposed
to record dissolution of an early calcite cement, or gypsum layers related to evaporation and subsequent capillary groundwater
processes (Retallack, 1988).
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repeated in three distinct fining-upward cycles. The two lower
cycles, consist of 8e10 m thick sandstone dominated fining-
upward sequences, while the upper cycle exhibits about 4e5 m
thickness (Figs. 8 and 10). Each fining upward cycle features a
sharp, locally erosive basal contact, and the sandstones are inter-
bedded with minor mud- to siltstone intervals (Figs. 7, 8 and 10).
Overall, FA3 is dominated by fine to very fine-grained, ripple cross-
bedded to less abundant massive or destratified sandstones. Cal-
cretes or coaly interbeds are abundant, and the sequences is
generally overprinted by root traces or mottling throughout.
Dewatering structures and wavy horizontal lamination are abun-
dant, and only remnant horizontal to low-angle lamination can be
observed in the sandstones. Overall, a transition from fluvial delta
top to shallow ?lacustrine or playa lake delta deposition is sug-
gested (Table 5).

In contrast to the sandstone dominated FA1 to FA3, FA4 is

dominated by dark red to purple, mottled mudstones which can
change progressively into dark red to purple silt- to mudstones
with minor horizontal or wavy-horizontal lamination, regularly
reverting back to cleaner mudstone intervals (Table 5; Fig. 8). Minor
very fine to fine grained sandstone intervals are interbedded in the
form of small-scale (<1 cm) adhesion ripple stratification. Unlike
the lower units and mudstones interbedded in the sandstone
dominated FA2 and FA3, no intercalated dark grey to black
mudstone intervals or thicker (>1 cm) sandstone intervals were
observed. Full playa deposition with little clastic input to the sys-
tem is hence anticipated (Table 5).

7. Depositional model Essaouira

Taking into account the climatic overprint inferred from sedi-
mentary structures recorded in core, a progressive evolution from

Fig. 5. Lower 8,65 m of cored section from MKL101bis. This part of the core exhibits facies association 1 (FA1) with detailed description of grain size, sedimentary structures, colour
and cementation if apparent. In the interpretation column, the facies interpretation (sub-facies code) is displayed, whereas the detailed interpretations for this FA are summarised in
Table 3. The deposits of this facies association were interpreted to represent ephemeral shallow braided river deposits, with abandonment of the system towards the top and a
transition into a wet aeolian sandflat environment. The legend provided for this figure is applicable for Fig. 5e10. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.).
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Table 4
Detailed descriptions and summary interpretation for Facies Association 2 with sub-ordinate sub-facies 2a to 2d. FA2 was interpreted to represent perennial fluvial conditions
with extensive floodplain deposition and associated creveasse splay deposition (Fig. 11A). A summary log with typical lithological characteristics of this facies association is in
addition displayed in Fig. 6.

FA2 Sub-Facies Code (sfa) Description Interpretation:Perennial fluvial channels with
floodplain deposition

2a
Floodplain deposits

Sub-facies 2a consists of dark red to purple
mudstones with minor siltstone or fine grained
sandstone intercalations. Particularly where silt-
and sandstones are interbedded, horizontal or wavy
as well as ripple lamination is observed. The fine
grained sandstones often consist of centimetre-
scale single ripple trains forming beds up to 2 cm. In
general the mudstones appear highly destratified.
Small rootlets were recognised as well as
dewatering structures. The mudstone dominated
intervals are up to 2 m thick. Towards the top of the
section slickensides were observed.

Above a major bounding surface, sedimentary
facies changes (Fig. 6) into several meter thick
compound sandstone intervals (sfa2b),
interbedded with several meter thick, dark red
to purple mud-siltstone units (sfa2a). The
upward-fining sandstone units are interpreted
to represent fluvial channels (sub-facies 2b)
within an extensive floodplain environment
(sub-facies 2a) (e.g. Miall, 1996; Nanson and
Croke, 1992; Kumar et al., 1999; Newell et al.,
1999; Colombera et al., 2015). The intercalated
very fine-grained sandstone deposits are up to
4 m thick, and are suggested to represent both
amalgamated sheet-like sandstone elements,
and more confined (crevasse) channel deposits
(Nanson et al., 1986; Miall, 1996; Bristow et al.,
1999; Bridge, 2003; Medici et al., 2015). In
general it can be noted that silt- to sandstone
material is commonly interbedded with the
mudstones, suggesting frequent low-energy
flood events with non-confined flow during
times when fluvial discharge exceeds the
systems capacity (Bridge, 2003, 2006; Cain and
Mountney, 2009).

2b
Perennial fluvial channels

This sub-facies comprises of very fine to fine
grained (0.088e0.177 mm), very well sorted, well
cemented, horizontal to low-angle laminated grey
to light pink coloured sandstones (Fig. 9A). The
sandstones are also massive or destratified in part.
Locally, moderately steep cross-bedding,
particularly along the basal contacts of individual
sandstone packages are apparent. These thick
clastic units range between 150 and 400 cm,
exhibiting fining-upward from fine to very fine sst
and sltst with an increasing mud component. The
upper parts of the fining-upward sequences can be
dominated by ripple laminations and are often
mottled and destratified along their top boundaries.

2c
Sheet flood or splay deposits

This lithofacies comprises of clast-rich
conglomerates consisting of dark grey or red
mudstone rip-up clasts and minor organic debris
within a very fine silt- to very fine to fine grained
sandstone matrix (Fig. 9B). Individual beds are up to
50 cm thick, have an erosive base and sharp top, and
can locally be interbeddedwith dark greymudstone
layers. In the mudstones abundant mud-filled
simple burrows were recognised. The burrows are
mainly vertical from the top surfaces down, with
diameters of <0,5 cm and vertical length of 1e2 cm.

Conglomeratic, sharp based and possibly sheet-
like deposits of sub-facies 2c are interpreted to
represent overbank, splay and sheetflood
deposition. They become more prominent up
section, which could suggest progradation of
the crevasse splays.

2d
Lacustrine/Playa shales

Up to 40 cm thick organic-rich black mudstone
horizons, interbedded with thin siltstone
intercalations featuring minor wavy to fine ripple
lamination.

The top bounding surface of this sequence is
marked by the deposition of a 40 cm thick black
mudstone horizon (sub-facies 2d). A
transgressive event, related to expansion of a
shallow (playa) lake, or alternatively the
development of laterally extensive inter-pond
area on the floodplain with reducing conditions
is anticipated (e.g. Wright and Mariott, 1993;
Mariott and Alexander, 1999; Bridge, 2003). For
both scenarios high groundwater tables are a
prerequisite.
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FA1 to FA4 suggests the following major depositional stages:

- FA1: ephemeral braided river deposition to wet aeolian sandflat
environment (Fig. 11A);

- FA2: perennial fluvial deposits with extensive floodplain fines
(Fig. 11B);

- FA3: fluvial deposits in transition to a shallow lacustrine delta
environment with distributary mouthbars and cyclical aban-
donment of the fluvial facies (Fig. 11C);

- FA4: playa environment with extensive, highly mottled
mudstones.

With the exception of FA1 and FA4, the main reservoir intervals
comprise stacked fining-upward sequences interbeddedwith thick,
occasionally organic-rich mudstones (Figs. 10 and 11). The sand-
stones in FA1 differ from the overlying sandstone deposits of FA2/
FA3 by being slightly coarser in grainsize, less well sorted, lacking
fines and exhibiting a different fluvial style. The FA1 sandstones are
typically horizontally laminated and imply sheet-like deposition
with a high relatively well sorted sandstone content and little fines
(Fig. 11A). The lack of fines is assumed to be related to proximity to
source, but could also imply lateral confinement (e.g. Wright and

Mariott, 1993). Overall, the sandstones of FA1 were interpreted to
represent episodic discharge in a shallow braided river system
(Fig. 11A), and in comparison to FA2 and FA3 a more proximal
depositional setting is proposed. Within FA1 an obvious change
from dark grey mudstones enriched with organic matter, to dark
red to purple, often mottled mudstones was observed. While the
presence of organic matter implies vegetation and humid condi-
tions to transport and preserve the plant material, the shift from
overall reducing to oxidising conditions is inferred from the colour
change. More humid conditions, at least in the catchment area, are
therefore proposed for the lower part of the system, but a shift in
local climate to more arid (oxidising) conditions is apparent.
Abandonment of the fluvial system is suggested, marked by an
immature paleosol implying an extended time of exposure (sub-
facies 1b). Above this internal bounding surface, a phase of ampli-
fied aridity is interpreted to have led to the development of a wet
aeolian sandflat environment (sub-facies 1c). Increased winnowing
of the sandstones, a dominance of horizontally bedded and inverse
graded deposits suggest augmented evaporation processes with
fluctuating groundwater levels. This interpretation is supported by
the recognition of a patchy anhydrite cement overprinting sub-
facies 1c. This type of cementation has previously been associated

Fig. 6. Above a 40 cm core gap to the basal part of the core in MKL101bis (Fig. 5), the 13,46 m described display facies association 2 with detailed description of grain size,
sedimentary structures, colour and cementation if apparent. The facies interpretations for FA2 are summarised in Table 4 and were interpreted to represent deposition in a perennial
fluvial environment with extensive floodplains and associated crevasse splay deposition (for lithology legend see Fig. 5). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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with alternating groundwater levels, where above the groundwater
table in the presence of saline waters and evaporation, the anhy-
drite is precipitated in form of patchy cements in an overall arid
setting (Glennie, 1970).

A prominent change in depositional environment from sheet-
like ephemeral flow to metre-scale fluvial channel deposits and
abundant, thick floodplain fines succeeds FA1 (Fig. 11B). Several
fining-upward sequences of well sorted, very fine grained sand-
stone packages associated with extensive dark red mudstones are
documented (FA2). A fluvial setting with abundant crevasse splay
and overbank deposition within laterally shifting facies belts
associated with the migration of channels within an extensive
floodplain environment is proposed (e.g. Miall, 1996) (Fig. 11B). The
fining-upward profiles may reflect cycles of increased water avail-
ability and discharge, or simply lateral autocyclic migration and
avulsion of the system. Extensive dewatering of the sediments and
syn-sedimentary faulting observed in these units however implies
relatively oversaturated sandstones, possibly related to more hu-
mid conditions. The increased influx of water to the area may has
further led to a raised groundwater level, which favoured the
dissolution of early calcites or evaporates indicated by the angular
cavities prominent in FA1. The colour of the interbedded floodplain

fines points towards overall oxidising conditions, however where
deposition was rapid, preservation of dark black mudstones,
deposited under reducing conditions is possible. Alternatively,
shallow semi-permanent lakes on the floodplain could be envis-
aged. The presence of reworked organic-rich to almost coaly
reworked deposits in an overall oxidised floodplain environment is
thus interpreted to suggest cyclical shifts between humid andmore
arid conditions, whereby the humidity could have been restricted
to the catchment area.

The fluvial deposits become increasingly interdigitated with
transgressive deposits, suggesting the expansion of an adjacent
shifting shoreline (FA3) (Fig. 11C). Each of the fining-upward se-
quences exhibits deposition of dark grey or black organic-rich
mudstones at the top (Fig. 10) interpreted to document the direct
influence of a longer-lived shifting shoreline. These black organic-
rich deposits change in composition throughout the interval,
from organic-rich mudstones with organic wood-plant debris
<40%, to coaly layers composed of 80e100% organic material, to-
wards the top. The sandstones change from clearly defined fluvial
channel deposits to dominantly ripple cross-stratified sandstones
with abundant organic-rich to almost in-situ coal beds. The envi-
ronment of deposition changes into a delta setting with

Fig. 7. In these 13,83 m of core from MKL101bis, facies association 3 is described (continued in Fig. 8). The sediments of this facies association were interpreted to be deposited in
transition from a fluvial environment to a delta environment with distributary mouthbars, characterised by the abundance of ripple cross-stratification and coaly interbeds. Delta
top facies with organic-rich mudstones, paleosols and rooting is observed (for lithology legend see Fig. 5). The detailed interpretations for this FA are summarised in Table 5.
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Table 5
Detailed descriptions and summary interpretation for Facies Association 3 and 4 with sub-ordinate sub-facies 3a to 3c.The deposits of FA3 were interpreted to consist of fluvial
delta plain to delta top deposits in a shallow (playa) lake environment (Fig. 11C), whereas the mudstone dominated FA4 was interpreted to highlight full playa conditions. A
summary log with typical lithological characteristics of these facies associations are in addition displayed in Figs. 7 and 8.

FA3 Sub-Facies Code (sfa) Description Interpretation: Fluvial to delta plain and delta top
deposition

FA 3 3a
(fluvial) Channels to delta
top (destratified)

Sfa3a is on first account very similar to sub-facies 2b,
characterised by moderately steep cross-bedded or
massive, destratified very fine to fine grained
sandstones which are light grey in colour.
Thicknesses of individual sandstone units are
comparable (up to ~4 m), but in contrast to sub-
facies 2b, the basal contacts of sub-facies 3a are often
erosive and basal contacts contain reworked
material, such as calcrete (?dolocrete) nodules
(Fig. 9C). The reworked nodules are orange to
whitish in colour and typically <1 cm in diameter,
aligning with the foresets of the medium steep
cross-bedding.

Above a black shale marker horizon, two to three
fining-upward sequences were recognised that
comprise 70e80% of FA3 (Figs. 8 and 10). Both
fining-upward sequences consist of moderately
steep cross-bedded to massive deposits (sub-facies
3a) in the lower part, transforming into ripple cross-
stratification interbedded with thin organic-rich
mudstone intercalations in the upper part (sub-
facies 3b). Sedimentary evidence is ambiguous, and
sedimentary features could record similar facies
previously described in crevasse splay deposits and
lacustrine deltas (Miall, 1996; Bridge, 2003).
Certainly in the lowermost sequence investigated in
the core, the erosive based, moderately steep cross-
bedding with abundant reworked coarse material
suggests an erosive channel base and large scale
dune migration from traction currents. As flow
wanes, abandonment of the system would lead to
extensive ripple laminated strata as observed.
However, the entire second finning upward cycle is
dominated by ripple-cross stratification
throughout, featuring abundant climbing ripple
trains above a sharp but non erosive basal contact.
The abundance of organic material interbedded
further suggests transition into a more lacustrine
delta depositional environment, with subaqueous
levees or delta-mouthbar deposits (e.g. Miall, 1996;
Bridge, 2003).

3b
Delta plain or delta top
and delta front mouthbars

Sub-facies 3b is dominated by very fine grained
sandstones to siltstones with very well-defined and
well-preserved ripple cross-stratification, planar
trough-cross bed sets and minor horizontal
lamination or massive appearance. The ripple facies
consist of stacked, small scale (2e4 cm) planar
cross-bed sets with s-shaped foresets, and finer
material lining the latter (Fig. 9D). Individual ripples
are low relief, often <1 cm, almost merging into
horizontal lamination. The ripple cross-stratified
sandstones are either intercalated with thin (~5 cm
thick), dark grey mudstone-siltstone horizons, or
abundant thin, black, organic-rich mudstone layers
with a coaly character (Fig. 9C). Locally, small
vertical burrows and rootlets intersect the
mudstones. Water-escape structures and syn-
sedimentary faulting appear throughout. The upper
2me4m of each fining upward cycle are dominated
by this sub-facies.

3c
Delta top in transition to
playa (floodplain)

This sub-facies shows similarities to sub-facies 2a,
with heterolithic deposits characterised by up to
3 m thick mudstone-siltstone-sandstone packages.
The mudstone intervals are overprinted by an
abundance of rootlets and highlight an overall
mottled appearance as in sub-facies 2a, but the
reddish background facies can in contrast be
interbedded with dark grey to black mudstones
enriched with organic debris (up to 5 cm large
clasts). In addition, up to 30 cm thick layers packed
with orange coloured calcrete (?dolocrete) nodules
(<1 cm) were observed (Fig. 9D). The interbedded
coarser material is defined by sharp basal contacts,
that are typically ripple cross-stratified and massive
to destratified with visible water-escape structures
towards their top contacts. The orange coloured
nodules do not follow any obvious bedding, but are
concentrated in packed layers with little matrix
surrounding them.

At the base of the lower fining-upward sequence
(Figs. 8 and 10), the occurrence of reworked orange-
coloured pedogenic nodules suggest the
development of palaeosols (calcrete/?dolocrete)
(Retallack, 1988; Khalaf, 2007) within the adjacent
floodplain or delta top. In the upper fining-upward
sequence in-situ calcrete nodules were recognised.
In these sediments primary stratification of the host
sediment is distorted and sedimentary structures
indicative of reworking and flash-flood deposition
are lacking, confirming the preservation of more
mature paleosols in the system. In addition, the
upper part of each cycle contains abundant organic-
rich layers, adhesion ripples, mottling and rooting,
interpreted to represent periodic exposure,
following either a shifting lake shoreline or simply
lateral channel switching on the flood or delta plain.

FA4 Sub-Facies Code (sfa) Description Interpretation: Playa Fines

FA 4 Playa deposits The FA is dominated by dark red to purple, mottled
mudstones which can change progressively into
dark red to purple silt- to mudstones with minor
horizontal or wavy-horizontal lamination, regularly
reverting back to cleaner mudstone intervals. Minor
very fine to fine grained sandstone intervals are
interbedded in the form of small-scale (<1 cm)
adhesion ripple stratification. In contrast to the
lower units and similar mudstones observed in FA2
and FA3, no intercalated dark grey to black
mudstone intervals or thicker (>1 cm) sandstone
intervals were observed.

The dominance of dark red mudstones is
interpreted to represent full playa conditions (e.g.
Hofmann et al., 2000; Arche, 2007). Repeating
shallowing and subsequent drying of the playa is
indicated by an increase inmottling and rooting and
the abundance of adhesion ripple stratification.
Destratification and water-escape structures are
common and the deposits show a high degree of
exposure (e.g. Nanson et al., 1986; Hofmann et al.,
2000).
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distributary mouthbars and abundant inter-pond areas (Fig. 11C),
with more permanent water available. Simultaneous with the in-
crease in organic matter to the system, the input of sandstones
seems to decrease considerably. This decrease in clastic input could
be an effect of numerous scenarios: less fluvial input related to
decreased run-off and possibly an increase in aridity in the hin-
terland (Schumm, 1968; Smoot, 1991; Shanley and McCabe, 1994;
Howell and Mountney, 1997; Blum and Tørnqvist, 2000; Nanson
et al., 1998), a less efficient hinterland source (e.g. Leleu and
Hartley, 2010), or simply basin closure and back-filling or back-
stepping of the system (e.g. Schumm, 1993). While an increase in
humidity would be inferred from the high amounts of organic

matter present, strong evidence for increased aridity is provided by
the paleosols observed in the system. The formation of these
nodular calcretes requires sufficient precipitation to translocate the
carbonate, but equally prerequisites high evaporation rates (Reeves,
1976). Typically they form during arid to semi-arid intervals
following humid periods (Wright, 1992; Alonso-Zarza, 2003), or
alternatively, calcretisation takes place in the vadose zone within
the floodplain during arid climates (Wright, 1992; Wright and
Marriot, 1996; Alonso-Zarza, 2003; Khalaf, 2007). Both processes
imply rather arid climates, which is also reflected in the increased
destratification and related evaporation processes recognised in the
host rock towards the top of the sequence. An increase in aridity,

Fig. 8. Summary description of facies association 3 and 4 (15, 60 m). The sediments of facies association 3 were interpreted as delta top sediments with abundant organic-rich
mudstones, paleosols, small channel or splay deposits and a high amount of rooting and mottling. The upper 7,5 m of core represent facies association 4, and are interpreted to
exhibit full playa conditions under dominantly reducing conditions (note that FA 4 is note presented to scale) (for lithology legend see Fig. 5). The detailed interpretations for these
FA are summarised in Table 5.
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possibly within a system that still promotes high groundwater ta-
bles is therefore envisaged, and a combination of basin closure and
changes to the prevailing climate back to more arid conditions is
suggested.

Gradually, towards the top of the logged section, the input of
coarser sandy material ceases entirely, and an extensive playa
environment with dominantly oxidising conditions, governs the
last phase of deposition (FA4). Arche (2007) reviewed the appro-
priate use of the term playa, concluding that subsurface hydroge-
ology, evaporite geochemistry and tectonic regime are crucial to
accurately define a particular playa or sabkha setting. With respect
to the investigated deposits it remains open to discussion whether
the term playa, i.e. deposits of continental dry depressions, versus
sabkha defined as marine saline flats along arid shorelines is
appropriate, as the exact nature of the shoreline could not be
distinguished during this study. The sedimentological data suggests
shifting shorelines, and only minor amounts of evaporite deposits
were recognised. However, thick salt deposits of marine origin
overlay the investigated deposits (figures 2B,C, 4), which certainly
suggest marine incursion at a later stage. But since no direct marine
indicators were recognised in the investigated deposits, a
rechargeable or through flow playa system (Arche, 2007) with
possibly a well-developed playa lake remains the preferred inter-
pretation for the studied interval (FA4).

8. Discussion: regional impact

The Argana Valley is located approximately 80 km SE of the
Meskala Field (Figs. 1, 12), where Carnian to Norian continental
deposits (T4/5, T6, T7/T8) have been studied in outcrop by several
authors (Tixeront, 1973; Jones, 1975; Brown, 1980; Hofmann et al.,
2000; Tourani et al., 2010; Mader and Redfern, 2011). In the past,
the Argana sequence has been proposed to represent the proximal
equivalent of the prolific reservoirs in the central Essaouira Basin
(Brown, 1980; Broughton and Tr�epanier, 1993; Hafid et al., 2000).

Owing to the lack of extensive subsurface and seismic data it is

not possible to correlate directly between the Argana Valley ex-
posures and the central Essaouira Basin subsurface section, thus
these conclusions have been largely based on assumptions of
structural trend predictions and limited paleocurrent data (e.g.
Tixeront,1973; Brown,1980;Medina,1991,1995). Our study focuses
on the sedimentological and climatic evidence from Carnian to
Norian deposits in both areas, and conclusions that might be drawn
from the sediments preserved. For the purpose of this comparative
study, a synopsis of sedimentological workwith emphasis onmajor
fluvial flux in the Argana Valley as well as the concurrent climate is
presented.

8.1. Literature review of Carnian to Norian deposits (?T4/T5, T6, T7/
T8), Argana Valley

Based on Duffaut et al. (1966), Tixeront (1973) and Jones (1975)
early work, Brown (1980) generated a synopsis on the tectono-
stratigraphic evolution of the Argana Valley (Figs. 3, 12). In terms
of facies distribution, Brown (1980) summarises the T4/T5 member
as floodplain deposits with intercalated meandering river sand-
stones, T6 is described as a deltaic complex with westward pro-
grading delta-mouth bars, and T7/T8 were attributed to delta-
plains and mud-flats with distributary channel deposition. Field
measurements of flow directions led Brown (1980) to the conclu-
sion that all sediments in the Argana Valley are initially derived
from the E, and distributed towards the W following E-W trending
basement faults (Fig. 12). He emphasises the predominance of
normal faulting and suggests that some of the structures in the
lower units functioned as tilted fault blocks, which influenced
lateral sediment distribution throughout deposition of the entire
Triassic sequences. Measurements for the Timezgadiouine (T4/T5)
and Bigoudine Formation (T7/T8) led Brown to conclude that
sediment dispersal is imposed by the Tirkou and Timezgadiouine
horst (Fig. 12), diverting sediments S and N into the grabens
respectively. Within the grabens paleocurrents are towards the W.
Although not explicitly discussed, the measurements published by

Fig. 9. Core pictures of MKL101bis, exhibiting a compilation of sedimentary features distinctive for facies associations FA2 (Fig. 9A, B) and FA3 (Fig. 9CeE).
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Brown (1980) clearly highlight a prominent S to SW component in
addition to westerly trends, both in the Timezgadiouine and the
Bigoudine Formation (Fig. 12). Hofmann et al. (2000) presented
detailed sedimentological work with a focus on paleoclimate in
view of observed cyclicity, sediment accumulation history and ba-
sin evolution of the mudstone dominated sequences T4, and T7 to
T10. Their work focuses on the mudstone dominated units and
highlights a great degree of lateral continuity of cyclical mudstones
deposits throughout the basin. The interbedded sandstone domi-
nated facies has been described as unconfined sheetfloods, possibly
related to ephemeral meandering streams (T4), a mixture of
sheetflow deposits, often affected by haloturbation, sheet delta
deposits with mud-draped wave ripple lamination, mixed fluvial
aeolian massive deposits overprinted by haloturbation, and purely
aeolian cross-bedded deposits interbedded with thick mudstone-
claystone alteration of an arid saline shallow ephemeral lake
environment (T7/T8). Hofmann et al. (2000) did not provide flow
directions for any of the sandstone dominated facies, however
highlights a general trend of progressive thickening and coarsening
of the sandy facies. This coarsening upward trend is ascribed to a
basinward migration pattern driven by a gradual climatic drying.
Moreover, Hofmann et al. (2000) stresses the lateral continuity of
T4, T7-T10, which they attribute to shifting facies belts between a
marginal to a more central basinal position. A very flat basin
topography is suggested based on the lateral extend of aeolian
marker beds. Hofmann et al. (2000) further states that based on the
cyclical stacking pattern, the extensive lateral extent of individual
cycles and sheet-like character structural movement can be dis-
counted. The observed cyclicity was assigned to oscillatory fluctu-
ations in paleoclimate instead, and an overall drying upward cycle,
which generated fluctuations in the playa basin driving lateral
shifts in sediment distribution was hence suggested.

8.2. Field study of T6, Argana Valley

An extensive field study (Fig. 12) focusing on the sandprone
Tadrat Oudaou Sandstone member (T6) was carried out by Mader
and Redfern (2011), who presented a comprehensive sedimento-
logical model. Two main phases of sediment flux to the Argana
Valley during T6 times were proposed, interrupted by a phase of
pronounced aridity throughout the basin (Figs. 13e17). The early
fluvial phase documented represents a coarse ephemeral alluvial
fan to braidplain setting (Figs.13, 14 and 17A), characterised by high
amounts of channel switching and restriction to the centre of the
Argana Valley exposures (Fig. 12, locality 1, 2). Extensive flow
directional measurements suggest dominantly E to W flow with
sub-ordinate SE to NW flow directions (Figs. 12 and 14). Remnant
aeolian deposits as well as products of aeolian deflation are
commonly interbedded throughout. Towards theW (Fig.12, locality
2), in flow direction of the conglomeratic facies, the fluvial deposits
display a mere thickness of 2 m, which was attributed to reflect
pinch-out of the system toward W and NW (Fig. 17A).

The second major fluvial phase, characterised by highly aggra-
dational, and more perennial fluvial deposition, extensively
distributed and exposed throughout the Argana Valley
(Figs. 15e17B). The size and internal complexity of individual

Fig. 10. Simplified summary litholog, documenting sedimentary facies associations
and interpretation of the major sequences recognised across the Meskala Field using
MKL101bis as an example. The core spans close to 60 m, with a minor core gap of
40 cm in the lower part of the well (see also Fig. 4 for position within the well). The
continuous core was interpreted to represent a progressive evolution from an

ephemeral fluvial to wet aeolian sandflat system. A marked change in fluvial deposi-
tional style and architecture from sandrich, shallow, sheet like ephemeral channels to
larger, perennial fluvial channels with extensive rooted floodplains and paleosols is
apparent. Reducing conditions are dominant in the accumulation area, even though
the fluvial style and accompanying deposits suggest more perennial, possibly humid
conditions. This more perennial fluvial system further develops into a shallow delta
setting that is progressively followed by extensive playa deposition under reducing
conditions.
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channels suggests a relatively long-lived fluvial system (Figs. 13A
and 15). During this late fluvial phase flow directions of fine
grained perennial channels are predominantly from N to S in both
the northern most locality (Fig. 15A) and the southernmost locality
(Fig. 15B). The southernmost locality (figures 12, locality 4) was
interpreted to have acted as a major depo-centre for the basin, with
maximum thicknesses of T6 preserved (up to 70 m) (Fig. 15B). E to
W flow directions were established for the central locations (Fig.12,
locality 1), and a N-S running axial drainage system, fed by fluvial
tributary systems from the E (for example in central Argana, locality
1) feeding the southern and southwestern Argana realm during this
depositional stage was suggested (Figs. 14 and 17B). Subtle changes
in basin geometry affect spatial variations and facies variability
throughout. The fluvial system is terminated along a sharp exten-
sive upper bounding surface and the onset of aeolian sedimenta-
tion (Mader and Redfern, 2011), which is subsequently
transgressed by lacustrine mudstones of the T7 member (Hofmann
et al., 2000).

8.3. Implications for regional sediment distribution

While growth faults are reported by Brown (1980) and Medina
(1991, 1995) to be common, neither Hofmann et al. (2000), Mader
and Redfern (2011) nor Baudon et al. (2012) recognise strong evi-
dence for syn-sedimentary fault control during the Upper Triassic.
Minor faults were attributed to dissolution of evaporites and linked
collapse features (Hofmann et al., 2000). Mader and Redfern (2011)
highlight the possibility of limited fault controlled accommodation
space only for the basal early fluvial phase in the centre if the
Argana Valley (Fig. 12, locality1), but point out that accommodation
space equalised during the late fluvial phase of T6, and that facies
distribution observed is a consequence of laterally shifting facies
belts driven by the local climate rather than tectonic movement.
Baudon et al's. (2012) work suggest that the prominent NNE
striking faults are post-depositional, and Hofmann et al. (2000)
further concluded that sedimentary cycles observed within the
Carnian to Norian T4, T5, T7 and T8 members related to a flat basin
topography were correlatable with identical thickness over several

10s of kilometres. Baudon et al. (2012) who contributed the most
recent structural review for the area, highlights the impact of the
Massif Ancien as a potential structural buffer between the Central
High Atlas to explain the slower subsidence observed, and suggests
a wide sag-basin type geometry for the Late Triassic section in the
Argana Valley rather than narrow half-graben settings. This un-
characteristic broad basin morphology has further been docu-
mented on seismic lines in the Central Essaouira Basin (Hafid et al.,
2000), and is supported by a recent regional review of the Atlantic
margin by Leleu et al. (2016). Both, the recent sedimentological and
structural studies suggest that during Carnian to Norian times
equalisation of accommodation space prevailed, and that the in-
fluence of deep seated structural highs as well as E-W trending
basement faults had little to no influence on sedimentation as
previously suggested (e.g. Brown, 1980; Laville and Petit, 1984;
Medina, 1991, 1995). The main driving factor for the cyclicity
observed were climate related, while lateral sediment distribution
was attributed to autocyclic processes with fluctuating facies belts
and compensational shifting (Hofmann et al., 2000; Mader and
Redfern, 2011).

Paleocurrent flowmeasurements from Brown (1980) andMader
and Redfern (2011), show two dominant directions of fluvial flow
for the Timezgadiouine (T4-T5) and Bigoudine (T6-8) Formations:

a) E to W flow direction;
b) NE-SW and/or N to S.

Whilst an E-W paleocurrent component is prominent along the
easternmost exposures, closest to the Eastern basin bounding
margin, theWestern exposures record a prominent N-S and NE-SW
direction (Figs. 12 and 17). A distributary system, feeding a south-
erly accommodation sink is suggested, not one focusing flow to the
present day central Essaouira Basin in the NW (Meskala Field)
(Fig. 1), casting further doubt on the model proposed by Brown
(1980), Broughton and Tr�epanier (1993) and Hafid et al. (2000)
who tentatively identified the Triassic sequence of the Argana
Valley as the direct sediment provenance for the central Essaouira
Basin.

Fig. 11. Depositional model for sediments investigated in core from the Meskala Field. The figure displays the major depositional units summarised in FA 1 (A), FA2 (B) and FA3 (C).
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Although the comparison of the Carnian to Norian sedimentary
facies suit in the Argana Valley and the Essaouira Basin in context to
common basin models (e.g. Matthews and Perlmutter, 1994) could
suggest a direct proximal-distal relationship, regional sedimento-
logical evidence is conflicting. For example, for deposition of T6
(Argana Valley) a model scenario could be envisaged, where T6
represent the proximal to mid-distal end member, and deposits
from the central Essaouira Basin exhibit the transition from the
mid-distal to distal playa (?lake) end member. To further use T6
fluvial deposits as a model scenario, a sediment fairway with direct
SE to NW fluvial flow from Argana to Essaouira would be required
to specifically feed the accommodation space in the Meskala Field
following this direct source to sink relationship (Fig. 1). While
general facies distribution fits the model, field evidence from the
Argana Valley of T4/T5, T6 and T7/T8 (Brown, 1980; Mader and
Redfern, 2011) suggests, that direct SE to NW fluvial flow was
only recognised close the easterly expected bounding fault entry
points (Brown, 1980; Mader and Redfern, 2011), and subordinately
for the early alluvial phase of T6, which is anticipated to be laterally
restricted to central Argana Valley (Fig. 17A). Instead, S/SSW flow
directions dominate along the western most exposures (Fig. 12),
and both Brown (1980) and Mader and Redfern (2011) indicate
increased accommodation space in the S. The onset of regionally

extensive, isopachous lacustrine and playa strata of T7 to T10
(Hofmann et al., 2000) would typically be interpreted as wide-
spread post-rift sedimentation with major fluvial input to the sys-
tem terminating in a closed basin setting. Leleu et al. (2016) point
out that within wide rift-basin geometries, the onset of lacustrine
strata could also fall into the late syn-rift stages of basin evolution,
hence imply continued subsidence and accommodation space
creation. A potential exit point for sediments in a fill and spill
scenario would hence be the S, or SW/W (Fig. 1). The next ‘sink’
towards a southerly direction is the Souss Basin (Fig. 1), where thick
Triassic deposits have been confirmed by drilling. Dependant on
basin geometries towards the SW/W, interconnection and cross-
basinal flow of sediment, changing flow direction from S to N in
the newly developing western extensional basins, and then leading
into the central Essaouira Basin area, would have to be envisaged
(Fig. 1). This scenario would be analogous to fill and spill models for
Triassic rift systems such as the Sherwood sandstone in the UK for
example (Wills, 1970; Audley-Charles, 1970). With the progressive
westward shift of active rift development in SW Morocco (LeRoy
et al., 1997) a scenario where sediment is “stored” in the southern
Argana or Souss Basin, later subsequently recycled and transported
axially along the rift to the N through the newly developing
western extensional basins, could be imagined. A certain

Fig. 12. Geological map of the Argana Valley displaying the lateral distribution of Permian to Lower Jurassic members and formations between Imi N'Tanoute in the North, and
Ameskroud in the South. Structural elements (major faults as defined by Tixeront, 1973) are added. An overlay with flow directional measurements from Brown (1980), Mader
(2005) and Mader and Redfern (2011) for Carnian to Norian sequences is provided. Study localities 1 to 4 of the outcrop work from Mader (2005) and Mader and Redfern
(2011) are marked in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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diachronism between the source and sink would however have to
be expected in this scenario.

The continuous evolution from proximal fluvial facies to distal
delta or playa lake end member conditions in the Meskala Field
presented in this study, are however anticipated to suggest a more
local source to sink relationship. The Central Jebilet Massif located

in the NW (Fig. 1) could present a more local hinterland source
instead, or, similar to speculations for the Argana sediment routing
(Mader and Redfern, 2011), the Anti Atlas could be envisaged as the
easterly hinterland source. Further regional provenance studies are
required to reconstruct the Triassic hinterlands of Morocco with
refined precision.

Fig. 13. Overview on fluvial deposits exposed in the Argana Valley (Fig. 12, locality 1). 13A Roughly N-S trending ridge exposes the early and late fluvial phases. The base of T6 (1 -
white dashed line) in this locality is erosive and unconformable on underlying mudstones of T5. The early fluvial phase (white dashed line, interval between lines 1 and 2) thickens
towards the N and pinches-out towards the S, thinning from 2m to 0.5 m along this part of the outcrop over a short distance. The base (interval 3, white line) of the late fluvial phase
incises deep into underlying floodplain fines of the early fluvial phase. The channels show large-scale cross-bed sets up to 2 m thick. 13B Coarse pebble conglomerates with minor
amounts of fine material, highly erosive, characterise the early fluvial phase (scale bar 2 m). 13C Deposits of this early fluvial phase thicken from the exposure in 13A of 1 m, to more
than 10 m within ~1 km distance. A sharp internal bounding surface (white arrow) can be recognised over several hundred metres, which could suggest some degree of
confinement.

Fig. 14. Simplified two stage depositional model for the early fluvial facies as recognised in locality 1 (Argana). 14A Infill of early accommodation space by coarse alluvial fans and
braided rivers. The deposits pinch-out to the S, and the main transport direction is towards the W, subordinately NW, with an easterly hinterland source. 14B The figure highlights
the progressive deposition of the low-sinuosity braided river system, sourced from the E. A likely hinterland source could be presented by the Anti Atlas or the Massiv Ancien
further in the NE.
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8.4. Regional climate

The climate-driven overprint on sedimentation in the two
studied basins is considered a major driver for sedimentary archi-
tectures, while higher-order tectonically induced changes in basin
morphology and subsidence rates are assumed to have led to the
sequence-scale basin fill. Sediments in both study areas were rec-
ognised to be strongly overprinted by the local climate and the
climatic regime in the catchment-area (Hofmann et al., 2000;
Mader and Redfern, 2011; this study). Sedimentological evidence
from the Argana Valley suggest a cyclical evolution from: (a) a
dominance of arid climatic conditions with subordinate cyclical
humid pulses, resulting in the deposition of stacked ephemeral
channel deposits, and a documented direct effect on local
groundwater tables affecting deposition-preservation of aeolianites
within the fluvial sequences; (b) an increase in humidity
(discharge) inferred from a change in fluvial architecture to
perennial flow, with deeply incising channels reflecting an ampli-
fied climatic signal; (c) a return to aridity with full aeolian condi-
tions and minor humid pulses towards the top of T6. In the

Essaouira Basin, an analogous climatic evolution with (a) ephem-
eral braided river deposits followed by abandonment of the system
shifting into a wet aeolian sandflat environment, is interpreted to
highlight prevailing arid conditions with sub-ordinate humid pul-
ses; (b) the onset of perennial fluvial deposits with extensive
floodplain fines and subordinate cyclical aridity expressed by cal-
crete deposits, documents a pronounced shift related to increased
discharge and prominent humidity, most likely in the catchment
area; (c) playa environment with extensive, highly mottled mud-
stones and predominately arid overprint record a return to overall
aridity.

An intriguing aspect when comparing the Upper Triassic
Essaouira with the Argana sequence is the observed well-defined
shift from pronounced aridity to fluvial sedimentation with a
prominent perennial character and a subsequent return to arid
conditions. Moreover, the fluvial deposits exhibit sedimentary
characteristics of long-lived, extensive perennial systems, atypical
for the overall arid Triassic period. In the Essaouira Basin, the
perennial deposits are for example associated with organic-rich
shales and coaly interbeds, while in Argana the perennial fluvial

Fig. 15. Late fluvial phase Argana Valley. 15A The Amzri section (locality 3) exposes T6 along a roughly E-W trending ridge. White lines highlight the internal fluvial architectural
elements of a major river system draining towards the S, SW. 15B 3D view along a modern river bend in the southern Argana Valley close to the Anglou Dam (locality 4) shows an
approximately 70 m thick stacked fluvial unit, composed of amalgamated fine grained sandstone sheets. The fluvial package is thinning towards the W, and exhibits transition into
distal floodplain fines in this direction. The main flow direction is towards the S. The system shows a highly aggradational pattern (see also Fig. 17B).

Fig. 16. Simplified depositional model for the late fluvial (perennial) phase (locality 1). Transport direction of fine grained, sand dominated fluvial sandstones is dominantly from
East to West (WSW), and extensive floodplain fines to the North. In contrast to the early fluvial phase, the deposits are much cleaner, contain little to no extraformational clasts, and
exhibit large (up to 2 m) bedforms of stacked fluvial dunes and bars. The fluvial system is laterally not confined as observed for the early phase.
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channels incise deeply into underlying strata, reflecting large river
systems with exaggerate flow. This stands in direct contrast to the
Triassic climate which is generally characterised by a “hot house”
world with temperate warm conditions throughout (Kutzbach and
Gallimore, 1989; Dubiel et al., 1991; Robinson, 1973; Parrish, 1994).
Various climate models have in addition acknowledged the exis-
tence of extreme climatic regimes during the Triassic, and a
dominance of strong monsoonal circulation patterns has been
recognised (e.g. Kutzbach and Gallimore, 1989; Crowley et al., 1989,
1992; Dubiel et al., 1991; Parrish, 1994; Parrish and Curtis, 1982;
Wang, 2009). Analogous to the modern monsoons, the Pangaean
monsoonal circulations are thought to have occurred due to the
sensible heating of the vast Pangaean continent, the symmetry
across the equator during the Triassic enhancing cross-equatorial
thermal contrast and the existence of the warm Tethyan seaway
in-between maximising the pressure contrast (Young, 1987;
Parrish, 1994; Kutzbach, 1994) (Fig. 18). Monsoonal circulation
patterns can successfully be tested in the rock record (e.g. Nanson
and Croke, 1992; Nanson et al., 1998; Radis et al., 2004; Sugai,
1993; Blum and Valastro, 1994; Holbrook, 2001; Gibling et al.,
2005), and have been hinted at in studies of over-and underlying
strata of the Argana Valley (Olsen et al., 2000; Hofmann et al.,
2000). The strong seasonality, paleosols (calcretes) or coaly layers
observed in the studied sections, further proposees a direct rela-
tionship to Pangeanmonsoonal patterns. On a regional scale, recent
publications suggest particularly the Late Triassic was interrupted
by a series of regionally significant humid events (e.g. Preto et al.,
2010), the most prominent being the “Carnian pluvial event”

(Simms and Ruffell, 1989, 1990; Simms et al., 1995; Parrish, 1994;
Colombi and Parrish, 2008; Preto et al., 2010; Arche and Lopez-
Gomez (2014)). The strong humid pulses preserved in the sedi-
mentological record of Carnian to Norian strata in the Argana and
Essaouira Basins could suggested that these pluvial events also
impacted the SWMoroccan basins. Arche and Lopez-Gomez (2014)
had already suggested that the Argana Basin fell within the regional
trend of the Carnian pluvial event, and this study implies an even
more regional extent to Essaouira. Similar to basins studied in
Arche and Lopez-Gomez (2014) regional approach, the Essaouira
sequence exhibits a shift to arid condition sedimentation patterns
following the amplified humidity. In contrast to Arche and Lopez-
Gomez (2014) however, the Tethyan transgression is not assumed
to have reached as far west as Essaouira during the Carnian inferred
from the lack of clear marine indicators from this core study
(Fig. 18). Preto et al. (2010) summarised additional Upper Triassic
humid events during the Norian, which have recently been docu-
mented along the northernmost extents of the Pangaen equatorial
regions in the Central North Sea Basin (e.g. McKie, 2014). In view of
the sparse age dating from Eassaouira it could be speculated, that
there is a link to a later Norian humid event instead. Nevertheless,
results from both Moroccan basins aid in redefining the paleo-
geographic and paleoclimatic setting along the south-eastern ex-
tends of the Tethyanmargin (Fig.18), placing themwithin the realm
of mega-monsoonal oscillations during the Upper Triassic, and
providing further evidence for the impact of regional pluvial events
on the stratigraphy of SW Morocco. In terms of the direct effect of
monsoonal oscillation patterns, general circulation models (GCMs)

Fig. 17. Spatial sediment distribution of the early (17A) and late fluvial phases (17B) recognised for T6 in the Argana Valley. The distribution pattern is superimposed on the
structural framework of Tixeront (1973). 17A The limited extend of the early fluvial phase to the centre of the valley is highlighted, with a clear pinch-out mapped towards the S, N
and NW. 17B The spatial distribution of the late fluvial phase, with large, possibly longer-lived rivers extend throughout the entire valley exposures. Only in one locality (2) a
dominance of aeolian deposits and only minor distal fluvial intercalations (away from main fairway) was recognised, why for this locality a fluvial margin position was postulated.
The dominant transport direction of fluvial flow in locality 3 and 4 are towards the S (SW), whereas locality 1 exhibits an E-W (E-WSW) transport direction. Based on this facies
distribution a roughly N-S running channel belt with extensive floodplain deposition, and a fluvial tributary systems from the E is postulated (green). Particularly for the N to S
running channel belt, the hinterland source is more speculative and both the Anti Atlas, but also contribution from the Massie Ancien could be anticipated. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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for Pangaea during Upper Triassic times (Sellwood and Valdes,
2006) give rise to multiple assumption as to when strong rainfall
could have affected the AOI (figures 18A,C): during the winter
monsoon, as predicted for Arabia and NE Africa (Fig. 18B), or during
the tropical summer monsoon (Fig. 18C). The predominantly E toW
wind directions preserved in aeolianites of T6 in the Argana Valley
led Mader and Redfern (2011) to believe that the climatic regime
during the arid phases reflects the Pangaean winter, while humid
pulses are driven by the Pangaean summer monsoon, however also
point out the possibility of a rainshadow position. Whether
maximum rainfall affected the AOI during Pangaean summers, or
whether the Pangaeanwintermonsoonmodelled for Arabia and NE
Africa reaches as far as SW Morocco remains speculative, however

provides clear evidence for the eastern extends of monsoonal os-
cillations affecting the SW Moroccan basins in general.

9. Conclusions

Depositional model Essaouira Basin (Meskala Field)

Detailed core analysis from the main reservoir unit in the
Meskala Field (central Essaouira Basin) has led to a defined suite of
facies associations, which merit a new facies model for the Upper
Triassic deposits. Four facies associations were defined and inter-
preted to represent a progressive evolution from ephemeral fluvial
deposits characterised by episodic discharge in a shallow braided

Fig. 18. Summarises regional aspects of Upper Triassic sedimentation patterns and the regional distribution of prevalent dry climates, modelled for Upper Triassic times (Sellwood
and Valdes, 2006). A Regional location map of Triassic basins situated around 250 N on the Pangaean continent within the main corridor of mega-monsoonal oscillations (sensu
Kutzback and Gallimore, 1989) (map modified after Turner et al., 2001; Sahabi et al., 2004; Turner and Sherif, 2007; Arche and Lopez-Gomez (2014); Leleu et al., 2016). The black
arrows highlight major transport directions of Upper Triassic alluvial/fluvial sediments investigated during this study, as well as from additional literature data (1 this study; Mader
and Redfern, 2011; 2 Fabuel-Perez et al., 2009a,b; 3 Turner et al., 2001 4 Arche and Lopez-Gomez (2014); 5 Mader, 2005; Hubert and Forlenza, 1988). Super-imposed is the extend of
the Tethyan ocean towards the W during Carnian times (after Arche and Lopez-Gomez, 2014 with edits for the central Essaouira Basin). For the Essaouira basin the paleogeographic
model was modified from the original as a result of this study, which suggests major marine incursions to be later than Carnian, possibly as late as Earliest Liassic. B & C General
circulation models (GCMs) for the Upper Triassic (simplified after Sellwood and Valdes, 2006) . B shows the modelled simulation of mean seasonal precipitation for the northern
hemisphere “winter” season (December- JanuaryeFebruary) of the Upper Triassic Pangaean continent. The red box positions the AOI and its surrounding basins in a zone of
pronounced aridity (<0.5 mm/day rainfall), while during the summer months (June-July-August) mean seasonal precipitation is modelled to be < 8 mm/day in the equatorial top
low latitudes surrounding the eastern Tethys (summerwet, tropical). The annual shift between these climatic extremes results in extensive evaporite and calcrete deposition in the
Tethyan region (Scotese, 2000). While Argana exhibits a more intra mountainous year-round arid climate, possibly in a rain-shadow position, evidence from the Meskala Field of
calcrete deposits as well as coaly interbeds points towards direct influence of monsoonal-oscillations with an overall hot and predominantly arid climate interspersed with short
wet seasons. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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river system, evolving into a wet sandflat environment during a
phase of pronounced aridity. Above a clear bounding surface, a
rapid change in depositional environment from sheet-like
ephemeral flow to metre-scale fluvial sandstone packages with
very fine-grained channel deposits and abundant, thick floodplain
fines follows. Several fining-upward sequences were documented,
and a fluvial perennial river setting is proposed. Subsequently, the
fluvial deposits become increasingly overprinted by transgressive
phases of an adjacent lacustrine or playa lake shifting shoreline.
The environment of deposition changes into a delta setting with
distributary mouthbars and abundant inter-pond areas on the
delta-top. The sandstones change from clearly defined fluvial
channel deposits to dominantly ripple cross-stratified sandstones
with abundant organic-rich intercalations and paleosols preserved
on the floodplain. Water availability and more perennial conditions
were inferred. Towards the end of this transgressive phase, the
overall input of sandstones decreases considerably and an exten-
sive playa environment returning to oxidising conditions in an arid
climate is proposed.

Regional sediment distribution patterns SW Morocco

A comparison is made between the studied deposits in the
Essaouira Basin and time-equivalent sections of Carnian to Norian
age in the Argana Valley. The key question, whether sediments
exposed in the Argana Valley were directly linked to the Essaouira
Basin, affording a direct sediment source for the prolific Upper
Triassic reservoirs in the Meskala Field is addressed. Although a
proximal to distal facies relationship between the Argana Valley
and Essaouira Basin is superficially apparent, SE to NW directed
fluvial flowwas only subordinately recognised in the Argana Valley
questioning this direct source to sink relationship. Sedimentolog-
ical data from the sandstone dominated facies in the Argana Valley
indicate a dominantly W to SW to S paleoflow instead, which on a
regional scale supports increased accommodation creation to the S/
SW. Regional sedimentary evidence further suggests that sediment
storage during the Carnian to Norian is likely to be in the southern
Argana Valley or southern Souss Basins, which gradually filled
during the Upper Triassic, masking the previous inherent structural
grain of initial half-grabens (Hofmann et al., 2000; Mader and
Redfern, 2011; Baudon et al., 2012). No evidence for continuous,
extensive NW flowing fluvial flow which would have been repre-
sentative of a direct sediment fairway to the central Essaouira Basin
was recognised, hence a more local provenance for the Meskala
reservoirs is anticipated.

Paleo-climatic implications

Pronounced, possibly short but intensive wet seasons in an
otherwise dominantly hot, arid climatic setting were documented
in both studied localities. A link is made to regionally extensive
Upper Triassic pluvial events such as the well document “Carnian
pluvial event”. Results from this study aid in breaching the gap for
paleogeographic and paleo-climatic reconstructions of the eastern
Atlantic margin and the extent of Late Triassic Tethys
transgressions.
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