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ABSTRACT

Sediment-hosted sulphur deposits provide valuable information on sedimentary biogeochem-
ical processes related to microbial activity and are paleoenvironmental proxy records. They are
also used as markers for oil exploration and the largest ones may represent exploitable
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economic resources of sulphur. Biogenic sulphur occurrences associated with Neogene forma- Native sulphur; Neogene; Rif;
tions are found around the Western Mediterranean, in Southern Europe (e.g. Hellin, Lorca, and Morocco

Teruel, Spain, and Sicily, Italy). In northern Morocco, similar geological settings are present
where several sediment-hosted sulphur occurrences were reported by unpublished studies. In
this study, we provide the first description of such occurrences selected from two Neogene
basins in the Eastern Rif (Taza-Guercif and Boudinar) and studied using sedimentological facies
analysis and mineralogical data. The studied facies occur as yellowish sub-spherical concre-
tions, nodules, and laminated structures associated with gypsiferous marls or organic-matter-
rich marly clays and gypsum lenses. Mineralogical analysis revealed a mineralogical assem-
blage composed mainly jarosite, gypsum, and native sulphur. These geo-markers are indicative
of bacterially mediated sulphate reduction and favourable conditions for the formation of
sulphur, especially at the level of the Guercif basin. In contrast, Ras Tarf volcanism probably

contributed to the observed facies in the Boudinar basin through different processes.

1. Introduction

Elemental sulphur (S) is essential for many industrial
applications ranging from fertilisers, sulphuric acid, and
construction industry to emerging uses such as polymer
industry, batteries, and thermal energy storage (Kutney,
2007; Wagenfeld et al.,, 2019). It is widely distributed on
the Earth but rarely found in native form. Notable excep-
tions include sulphur deposits associated with volcanic
hydrothermal systems, primarily along the Pacific Ring
of Fire whose deposits are mined in Indonesia (e.g.
Newhall & Dzurisin, 1988; Scher et al., 2013). In this
setting, native sulphur is commonly associated with
iron oxides and sulphur-bearing minerals including gyp-
sum, pyrite, jarosite and natrojarosite, produced by
hydrothermal alteration and sublimate fumarolic depos-
its (Rodriguez & van Bergen, 2017; Serafimovski et al.,
2015). A second type of native sulphur deposit leading
to significant accumulations is associated with salt dia-
pirs as part of caprock assemblages or with sulphate-rich
lithologies as stratabound mineralisation (Labrado et al.,
2019; Ruckmick et al., 1979). For the second type, biolo-
gical processes are considered to play a pivotal role in
the genesis and accumulations of native sulphur
(Labrado et al., 2019; Machel, 2001).

Until recently, there was a consensus to ascribe
native sulphur associated with evaporites to hydrocar-
bons coming into contact with sulphate minerals in a
system supplied with O, resulting in oxidation of sul-
phides produced by sulphate-reducing bacteria (BSR).
However, this model raises important difficulties regard-
ing the formation of large sulphur deposits, as an excess
of oxygen would negatively affect the microbial sul-
phate-reduction activity and sulphide-to-native sulphur
conversion. Conditions difficult to achieve in nature
would be needed, such as enormous oxygenised water
quantities in an environment constantly supplied with
hydrocarbon (Labrado et al., 2019). Thus, a new hypoth-
esis has been proposed postulating the formation of
native sulphur deposits by microbial activity without
molecular oxygen supply (Labrado et al., 2019). This
gives more consideration to the sulphate-reducing
organisms through their capacity of shifting from harm-
ful sulphide production to native sulphur production as
less energy-yielding catabolism (Labrado et al., 2019).
On the other hand, sulphates could also be reduced to
sulphide abiotically through thermochemical sulphate
reduction processes (TSR) during the late diagenetic and
thermal events linked with metamorphic process (Barré
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et al,, 2021; El Desouky et al., 2010; Muchez et al., 2015).
Sometimes, the BSR and TSR processes could act
together as is the case for the Neoproterozoic Katanga
Supergroup (El Desouky et al., 2010; Muchez et al., 2015).

Several deposits of native sulphur have been reported
in the Mediterranean region (Figure 1). They occur mainly
interbedded in Miocene evaporitic sediments and lime-
stones or as sulphur nodules enclosed in secondary gyp-
sum or carbonate deposits. The most studied
occurrences include Teruel, Hellin, Lorca, Las Minas and
the Granada basins in the eastern and southeastern Spain
(Andreetto et al., 2019; Garcia-Veigas et al., 2015; Lindtke
etal, 2011; Orti et al., 2010; Pineda et al., 2021), and those
of the Messinian succession of Sicily and Northern
Apennines in Italy (Caruso et al., 2015; Rossi et al., 2021;
Ziegenbalg et al., 2010). Over the past decade, research
interest in these deposits has been largely driven by their
scientific value and significant progress in the analysis of
molecular fossils and isotopic geochemistry leading to a
better understanding of their genesis and paleoenviron-
mental conditions.

Rif Mountains

Gharb basin

Mamora basin

Meseta
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In northern Morocco, the Rif domain includes
several Neogene basins resembling those that
host native sulphur deposits in Spain and in ltaly,
in terms of geological setting and lithological
facies. They notably show large gypsiferous marl,
carbonate, and organic matter-rich deposits
(Achalhi et al., 2016; Sani et al., 2000). However,
until now, no available study has addressed the
presence of native sulphur in this area. This study
discusses for the first time the potential of Miocene
sedimentary sequences in northern Morocco to
host native sulphur deposits. For this purpose,
two basins were selected and studied by combin-
ing field descriptions of lithostratigraphical facies
with mineralogical and geochemical characterisa-
tion. Their potential to host native sulphur was
discussed based on known indicative geo-markers,
and on comparisons with similar contexts in the
northern Mediterranean domain, mainly the south-
eastern Spanish basins where native sulphur occur-
rences were reported.
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Figure 1. Simplified geological maps of (a) Southeastern of Spain (modified after Andreetto et al., 2019; Carpentier et al., 2020), (b)
Sicily (modified after Butler & Lickorish, 1997 and (c) Moroccan Rif (modified after Capella et al., 2018).



92 (&) L. BOUBKARIET AL.

2. Geological and stratigraphic setting

The Rif belt in Northern Morocco and the Betic
Cordillera form the westernmost termination of the
Alpine-Himalayan orogenic system (e.g. Platt et al.,
2013). It includes several units, such as the Internal
Zones, the Flysch Units, and the External Zones (e.g.
Iribarren et al., 2009 and references therein). These
units have been influenced by the convergence of
Tertiary compression and subsequently by the perva-
sive extensional event since the early Miocene (Jolivet
& Faccenna, 2000; Platt et al., 2013). In this regional
context, Neogene post-nappes basins that initially
formed the Rifian Corridors were individualised in
response to an E-W extension during Tortonian
(Achalhi et al., 2016; Brahim & Chotin, 1989; Iribarren
et al., 2009; Krijgsman et al., 1999). In northern
Morocco, they include the basins situated between
the Boudinar and Gharb basins from the North Rifian
Corridor and those located between the Melilla-Nador,
Sais, and Mamora basins originated from the South
Rifian Corridor (Figure 1). The Boudinar and Taza-
Guercif constitute key basins of the Rif as they have
been situated along Corridors of the orogen (Figure 1).
Tectonic processes combined with climatic and
eustatic changes lead to the progressive restriction
and closure of these gateways (Pérez-Asensio et al.,
2013 and references therein). Subsequently, the
Mediterranean Sea and the peripheral basins evolved
into evaporitic basins during the so-called Messinian
Salinity Crisis (Roveri et al., 2014).

The Boudinar basin of the North Rifian Corridor is
located in the eastern part of the Rif region (Figure 1)
and developed on a basement composed of
Cretaceous metamorphic nappes or Neogene volca-
nics of the Ras-Tarf massif (e.g. El Azzouzi et al.,, 2014).
Several works have described the lithostratigraphical
sequence of this basin (Achalhi et al., 2016; Cornée et
al., 2016; Merzeraud et al., 2019). Its Neogene sedimen-
tary record starts with Early Tortonian continental con-
glomerates and lagoonal sandy marls -Unit |- (Achalhi
et al.,, 2016). The second unit consists of a marine
conglomerate, sandstone, and a thick (150 m) marine
marls with several interbedded volcanic tuffs (dated ca.
10 — 7 Ma) and limestones (Subunit Ila); Late Tortonian
(e.g. Achalhi et al., 2016). The Late Miocene succession
of the basin ends with a thick (40 m) marine marl
sequence with several interbedded diatomite layers
(Subunit llb; Early Messinian; Achalhi et al., 2016). The
top of Unit Il is truncated by the Messinian Erosional
Surface and covered by thick continental conglomer-
ates with gypsum olistoliths (Late Messinian; Cornée et
al., 2016) and then by thick (up to 150 m) Early Pliocene
marine sandy marls (Merzeraud et al.,, 2019). In addi-
tion, hydrothermal alteration zone is observed within
the volcanic massif of Ras Tarf in the western edge of
the basin (Choubert et al., 1984). Triassic evaporites

(gypsum) outcrops to the south of the basin and
along the Nekor fault in the Taghzout Tassa and
Arbaa Taourirt areas.

The Taza-Guercif basin of South Rifian Corridor is
located in the foreland of the eastern part of the Rif
(Figure 1). The Palaeozoic rocks form the main base-
ment of the basin covered first by a Permo-Triassic
continental sequence (including red marls, evaporites,
and basalts), and then by Jurassic dolomites, lime-
stones, and marls (Bernini et al., 1999; Pratt et al.,
2016). The Neogene deposits of the basin consist of
five lithostratigraphic units separated by a tectonic
unconformity (El Kati et al., 2017; Felletti et al., 2020;
Krijgsman et al., 1999). The first continental sequence
(‘Draa Sidi Saada Formation’) is made up of conglom-
erates and red silty-marls (Serravallian-Middle
Tortonian), progressing towards the transitional and
shallow-marine sequence of ‘Ras el Ksar Succession’
(conglomerates, sandstones, and marls); Upper
Tortonian (Felletti et al., 2020; Krijgsman et al., 1999)
and the deposition of an open-marine sequence of ‘the
Melloulou Succession’. This is overlain in turn by the
transitional and continental deposits of the ‘Kef ed
Deba’ (including Lower Messinian marls and sand),
then by continental conglomerates and lacustrine
limestones of the ‘Bou Irhardaiene’ formations of
Upper Messinian to Plio-Quaternary (Bernini et al.,
1999; Krijgsman et al., 1999). The Melloulou
Succession shows interesting formations composed
mainly of blue marls, turbidites, and gypsiferous
marls, which are well exposed between the Melloulou
and the Zobzit Rivers (Bernini et al., 1999; Felletti et al.,
2020; Pratt et al., 2016). In addition, this Melloulou
succession offers an effective seal for potential hydro-
carbon deposits of the Jurassic carbonates (Bernini et
al., 1999; Felletti et al., 2020; Pratt et al., 2016).

3. Material and methods

A detailed facies analysis has been carried out on three
continuous and complete stratigraphic sections (Table
1): (1) Guercif section (34,030768°N; 3,741,709°W), (2)
Taza-Oued Amlil section (34,179,084°N; 4,314,417°W)
and (3) Boudinar Moulay El Arbi section (35,209,122°
N; 3,682,421°W). Their descriptions include lithology,
texture and geometry of sedimentary bodies, facies
and sedimentary structures.

The facies of interest were sampled systematically at
each outcrop for petrological analysis (Table 1). Thin
sections were prepared and examined using a stan-
dard microscope Leica DM2700P in the Geo-Analytical
Lab of the Geology and Sustainable Mining depart-
ment at Mohammed VI Polytechnic University (UM6P,
Benguerir, Morocco). The mineralogical composition of
selected samples was determined by X-Ray diffraction
on a Bruker D8 Advance using Cu Ka radiation



Table 1. Overview on the studied Neogene deposits for miner-
alogical and geochemical analysis.

Locality G. Coordinate  Sample Comment
Guercif 34.030768°N  Gr01 Lignite
3.741709°W  Gr03 Yellow facies
nodule
Gro4 Yellow facies
nodule
Taza-Oued Amlil 34.179084°N  AmO1 Salt dome
4.314417°W  Am02 Lignite
AmO03 Yellow facies
nodule
Am04 Yellow facies
nodule
AmO06 Yellow facies
nodule
Boudinar Moulay El 35.209122°N  Bd02 Yellow facies
Arbi 3.682421°W  Bd04 Yellow facies
Bd06 Yellow facies

(1.5418 A) T 40Kv and 40 mA at the UM6P laboratory of
Jorf Lasfar (El Jadida, Morocco). The sample powders
were scanned over a diffraction angle (20) ranging
between 5° and 70° with a step size of 0.01°, a time
step of 1's,and 15 min of acquisition time. The X'expert
Highscore Plus with the open crystallography database
(COD 2021; Vaitkus et al., 2021) was used to identify
and quantify the major existing phases in the samples,
with detection limit of 1-5%. Whole-rock major ele-
ment compositions were obtained by X-ray fluores-
cence (XRF) using a PANalytical Epsilon 4
spectrometer at UM6P. Carbon and sulphur contents
were determined using ground and homogenised bulk
solid samples analysed by a LECO CS 300 CS-Analyser
at UM6P.

4, Results
4.1. Stratigraphy and facies description

4.1.1. Guercif

The studied section started in the banks of the
Khendek el Ouaich river (Figure 1). This area exposes
about 20 m thick succession consisting of gypsiferous
marls followed by white cinerites with gastropods,
alternating with lignite and clayey marls units (Figure
2(a,0)). The cinerite levels come from the Guilliz vol-
cano dated at 7.4 Ma (Choubert et al, 1968).
Magnetostratigraphic data performed on this succes-
sion (El Kati et al., 2017), which is part of the ‘Mellelou
formation’, indicate an Uppermost Tortonian age.
Micro-fauna assemblages in these deposits refer to a
lagoonal and lacustrine environment (Colletta, 1977).
This first succession is stratigraphically overlaid by
thick gypsiferous marls (Figure 2(a,b)) of the
Messinian ‘Mellelou formation’. The selected facies as
of interest in this section are present in the Early
Messinian gypsiferous marls (Figure 2(b)), and they
correspond to sub-spherical concretions or nodules
reaching 50 cm in diameter. They occur as yellowish
fine-grained sediment associated with gypsum and
iron oxides (Figure 2(d)) that appear dispersed at
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different levels (Figure 2(b)). The core of these nodules
is composed mainly by gypsum surrounded by yellow-
ish fine-grained sediment and subsequently by gyp-
sum and iron oxides (Figure 2(d,e)). Other facies of
interest are found within the gypsiferous marls as gas
escape features (Figure 3(a,b)). They consist of con-
centric pipe-like structures of silicified marls with gyp-
sum and iron oxides (Figure 3(c)). Felletti et al. (2020)
interpreted these structures in the Guercif basin as a
concretion of authigenic carbonates developed
around a conduit filled with sulphur-bearing minerals.

4.1.2. Taza-Oued Amlil

The section crops out at 5 km east of the Oued Amlil
village and at 20 km west of Taza city (see location in
Figure 1). It is about 30 m thick and shows an Upper
Miocene succession of grey marls and organic matter-rich
dark marls (Figure 4(a, b)). The sequence can be subdi-
vided in two distinct units: (i) the lower unit consists of
13 m-thick dark marls, containing lignite beds (Figure 4(f,
g)) intruded by a salt diapir of Triassic age according to;
Figure 4(h)). The upper unit consists of 14 m thick grey
marls. The facies of interest take the form of nodule
structures (5 to 30 cm in diameter) within the lignite
beds and the top of the grey marls (Figures 4(c,d,f)).
These nodules show gypsum in its core surrounded by
yellowish colour fine-grained sediments, then by gypsum
and iron oxides in the extern part (Figure 4(c-¢€)). Some of
them show quite a resemblance with those found in the
Guercif section with a concentric structure starting with
gypsum in the nodule core followed by yellowish fine-
grained sediments surrounded by gypsum and iron oxi-
des (Figure 4(d)). Nodules associated with lignite and
organic-rich marl unit are surrounded by gypsum, yellow-
ish sandy marls and iron oxides.

4.1.3. Boudinar Moulay EI Arbi

The Moulay El Arbi section is located in the Western
part of the Boudinar basin (near the Ras Tarf Volcanic
Massif; Figure 5(a)), attaining a thickness of about
100 m. The studied section (Figure 5(b,c)) corre-
sponds to the second sedimentary unit (Unit Il) of
the Tortonian-Early Messinian age, as described by
Achalhi et al. (2016). It is mainly formed by grey and
yellow silty marls that are interbedded with white
volcanic tuff layer (Figure 5 B). The facies of interest
are present at the top and bottom of the tuff level
(Figure 5(b,d)). They consist of a complex arrange-
ment of yellowish fine-grained sediment associated
with organic-matter-rich clayey marls, gypsum, and
iron oxides. The yellowish lithologies show diversified
morphologies, ranging from lenses (>10 cm in
length), and centimetric laminae to very irregular
masses arranged parallel to the stratification (Figure
5(d)). They also take the form of cone-shaped concre-
tions over the volcanic tuffs and gypsum crystals
(Figure 5(e)).
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Figure 2. (a) Stratigraphic column of the Guercif composite section. (b) Field overview of the Miocene ‘Gypsiferous Marls’ of the
Melloulou Formation from the Taza-Guercif basin showing scattered large yellowish facies nodules. (c) Field overview of the Latest
Tortonian—Earliest Messinian lacustrine deposits in the Khendek el Ouaich area (Taza-Guercif basin). (d) Detailed view (hand
specimen) of the yellowish-facies nodules associated with gypsum and iron oxides. (e) Microphotography showing the gypsum-

yellowish facies association. YF: Yellowish facies; Gyp: Gypsum.

4.2. Petrographic characterisation

Thin sections of the lignite sample AmO02 collected in
the Taza-Oued Amlil area (see the stratigraphic loca-
tion in Figure 4) show the presence of dark organic
matter with impregnations of pyrite microcrystals
(Figure 6(a,b)). Porosity is filed by a mixture of yellow-
ish-brown cryptocrystalline assemblage with a
mosaic-like structure (Figure 6(a,b)) and large scat-
tered automorphic pyrite and zoned dolomite crystals

(Figure 6(b,g)). Pyrite grains range between 5 pm to
1 mm in size and appear disseminated in the section.
They show automorphic cubic, spherical and framboi-
dal habit, usually surrounded by a corona of iron
oxides (Figures 6(d-f)). The yellow cryptocrystalline
assemblage displays different textures; the first one
of bright yellow colour occupies the core of the por-
osity of the organic matter, surrounded by the second
one that appears like a mosaic or cluster of yellow-
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Figure 3. (a) Field view of the Miocene gypsiferous marls from the Taza-Guercif basin displaying gas escape structures. (b) Field
view and aspect of the gas escape features showing a fumarolic-like structure. (c) Detailed view of silicified marls within the gas

escape features.

brown colour grains (Figure 6(a,b)). The AmO02 thin-
section show also a carbonate articulated alga (Figure
6(h)), microbial crusts, crustacean coprolite and zoned
dolomite grains which indicate a reducing environ-
ment. In the yellowish facies nodules, thin section of
the Am04 sample (see stratigraphic position in Figure
4) show the abundance of large (1 to 5 mm) sub-
automorphic gypsum crystals, surrounded by a mix-
ture of minerals composed of automorphic zoned
dolomite, pyrite, detrital quartz and feldspar particles,
calcite and muscovite (Figure 6(c)). Pyrite dissemi-
nated in the section shows a globular form encrusted
by iron oxides (Figure 6(c)).

Sample Gr03 collected in Guercif area (see stra-
tigraphic position in Figure 2) show similar struc-
ture and mineralogical assemblages as the Am04
sample (Figure 7(a)). It consists of large gypsum
crystals with microfractures filled by bright yellow
matter (Figure 7(a)) surrounded by a mixture of
bright yellowish and brown cryptocrystalline
assemblage and scattered microcrystals of partly
oxidised pyrite (Figure 7(b)). In contrast, the
Boudinar sample BOD02 shows a crust-like struc-
ture of yellowish-brown cryptocrystalline assem-
blage over the white volcanic tuffs (Figure 7(c,d)).
The yellowish-brown cryptocrystalline assemblage
shows a mosaic-like microstructure with bright yel-
low minerals in the cores surrounded by the brown

mineral on the edges (Figure 7(d)). We also note
the abundance of detrital quartz and disseminated
pyrite (Figures 7(c,e,f)).

4.3. Mineral and major-element bulk analysis

The XRD patterns of the selected samples are displayed
in Figures 8 and 9. These samples correspond to the
facies of interest described above as mainly yellowish
sandy masses associated with gypsiferous marls (see,
Table 1). They revealed a mineralogical assemblage
composed mainly of gypsum, jarosite, and quartz. As
accessory minerals, they contain a variety of minerals,
such as iron oxides (mainly goethite), carbonates
(mainly calcite), and silicates (mainly clay). Native sul-
phur occurs in significant amounts in sample AM04
from the Taza-Oued Amlil section. In the other sam-
ples, native sulphur is not detectable, probably due to
the alteration. In terms of elemental contents (Table 2),
the whole-rock XRF analysis show that SiO, (18-24 wt.
%.), CaO (12-30 wt.%.) and total Fe,O3 (5-16 wt.%.) as
well as total sulphur (18—45 wt.%, expressed as sulphur
oxides SOs) represent the most abundant elements.
These contents reflect the mineralogical composition
and show that the sulphur from the studied samples is
mainly associated with gypsum and/or jarosite except
for the samples AM04 whose CaO content does not
exceed 9 wt.% and the Fe content of 14 wt.%.
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Figure 4. (a) Field overview of the Miocene deposits at the Taza-Oued Amlil area. (b) Stratigraphic column at the Oued Amlil area.
(c, d) Detailed view of the yellowish-facies nodules from the upper part of the section, composed of gypsum, yellowish facies and
iron oxides. (e) Microphotography showing the gypsum-yellowish facies association. (f, g) Detailed view of the organic matter-rich
facies (lignite) associated with the basal dark marls. (h) Triassic salt dome outcropping in the base of the Oued Amlil section.

5. Interpretation and discussion

5.1. Stratigraphic correlation with Neogene
basins from Spain and Sicily

Similar to other Rifian Neogene basins, the two studied
basins (Boudinar and Taza-Guercif basins) show geolo-
gical setting and several features comparable to their
counterparts in the Betic region, Southern Spain (Figure
1), which are well known for hosting native sulphur

deposits (e.g. Lindtke et al,, 2011; Orti et al.,, 2010). The
Betic occurrences consist of intermontane and marginal
basins, located mainly in the External Zones of the Betic
chain and characterised by either marine or lacustrine
sedimentation (Figure 1, Table 3). In the Teruel lacus-
trine basin (NE Spain), native sulphur concentrations
occur within the Tortonian Libros Gypsum’ formation
(Figure 10; e.g. Orti et al., 2010). Host sediments consist
mainly of lacustrine gypsum and limestones with lignite
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Figure 5. (a) Simplified geological map of the studied Boudinar area. (b) Overview of the interbedded volcanic tuff in the Tortonian
marls showing yellowish facies at the bottom of the volcanic tuff. (c) Stratigraphic column of the Moulay El Arbi section. (d)
Detailed view of the yellowish facies associated with gypsum, volcanic tuff, iron oxides and dark clayey marls. (e) Yellowish facies

concretions associated to gypsum and dark clayey marls.

beds corresponding to the ‘Bituminous-Calcareous” and
‘Gypsum’ subunits (Figure 10, Table 3; Anaddn et al.,
1992; Orti et al., 2010). These units can be correlated
with similar lacustrine deposits described in this study
from the Uppermost Tortonian succession in the
Khendek el Quaich area of the Taza-Guercif basin
(Figure 2). In the latter, lacustrine carbonates, lignite,
and cinerites alternating with gypsiferous marls are evi-
denced. However, no pure evaporitic deposits occur in
this sequence, where only gypsiferous marls are
observed. Such paleoenvironmental change to a lacus-
trine setting in the uppermost Tortonian can be com-
pared with a similar change observed in the Hellin basin
(Spain, see location in Figure 1(a)). In the latter, the
Neogene succession consists mainly of Middle
Tortonian marine marls with interbedded limestones
and diatomites (Calvo et al., 1978), passing upward to
the thick-lacustrine gypsum and carbonate deposits of
the ‘Las Minas de Hellin Formation’ of Late Tortonian age
(Servant-Vildary et al., 1990). Sulphur-bearing carbonate
strata (mainly diagenetic dolomite) and abundant
nodules of native sulphur occur in the laminated gyp-
sum, carbonate beds and marlstone layers of the ‘Las
Minas de Hellin Formation’ (Lindtke et al., 2011).

In the Spanish marine Lorca basin (see location in
Figure 1(a)), the Upper Miocene deposits consist of
Serravallian sandstones and conglomerates (‘Soriana
Formation’), Tortonian marine marls (‘Hondo Formation’)
and Messinian marls with interbedded diatomite layers
(‘Tripoli Formation’; Andreetto et al., 2019; Carpentier et
al,, 2020; Rouchy et al., 1998; Szelen et al., 2016). Sulphur-
bearing limestones are interbedded within the alterna-
tion of marls and diatomaceous layers of the Tripoli
Formation’ (Andreetto et al., 2019; Rouchy et al., 1998;
Figure 8). This formation can be correlated with the
Messinian Sub-Unit llb of the Boudinar basin (Northern
Morocco), also displaying diatomaceous layers (Figure
10; e.g. Achalhi et al,, 2016). It may also be correlated
with the Messinian Melloulou ‘Gypsiferous Marls’ forma-
tion of the Taza Guercif basin (South Rifian Corridor), in
which we identified sulphur/jarosite nodules.

In Spain, most Neogene basins hosting native sulphur
(e.g. Teruel, Hellin and Lorca basins) are partly developed
on a Triassic basement with evaporites (gypsum and salt;
Table 3, Figure 1). A similar setting is observed in
Morocco, where the Rifian counterparts of the Spanish
occurrences were developed on Triassic evaporitic for-
mations - or in close vicinity. In addition, similar to the
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Figure 6. Thin sections of the Am02 lignite and Am04 yellowish nodules samples (see stratigraphic position in Figure 4). a, b)
Optical photomicrographs of AmO02 thin-section showing dark organic matter (OM) with impregnations of pyrite (Py). The spaces
between the organic matter are filed by a mixture of yellowish-brown minerals (Orange and yellow arrows), pyrite and dolomite
(Do) crystals. (PPL: plane polarised light; CPL: cross polarised light; RL: Reflected-light). c) Optical photomicrographs of Am04 thin-
section showing large sub-automorphic gypsum crystals (Gy) surrounded by a mixture of minerals composed of automorphic
zoned dolomite, circular pyrite, calcite and muscovite (Mus). d, e, f) Detailed photomicrographs of pyrite crystals from Am02
sample showing a globular form surrounded on the edges by iron oxide crusts (Ox). g) Detailed photomicrographs of zoned
dolomite crystals from the Am02 thin section. h) Detailed photomicrographs of articulated algae from the AmO02 thin section.
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Figure 7. Optical photomicrographs from thin sections of the Gr03 yellowish nodules and Bd02 samples (see stratigraphic position
in Figures 2 and 5). (a) Large sub-automorphic gypsum crystals surrounded by a mixture of yellowish minerals and pyrite (Gr03).
(b) Pyrite minerals replaced on the edges by yellowish-brown minerals and iron oxides (Gr03). (c) Bd02 thin section showing pyrite
minerals and yellowish-brown minerals crusts over the white volcanic tuffs. (d) Bd02 thin section showing yellowish minerals
crusted by brown mosaic-like minerals. (e, f) Detailed photomicrographs of pyrite minerals replaced by iron oxides (Bd02).

sedimentary series around the Teruel basin (Servant-
Vildary et al., 1990), the studied Taza-Oued Amlil area is
associated with Triassic salt domes (Figure 4).

In contrast, native sulphur occurrences in the
Caltanissetta basin (Central Sicily, Figure 1) are asso-
ciated with diagenetic limestone (‘Calcare Solfifero’ sub-
unit) and intercalated in the Messinian evaporites
(‘Formazione Gessoso-Solfifera’) resulting from the
Messinian Salinity Crisis (Butler et al, 1995; Decima et
al., 1988; Oliveri et al., 2010; Ziegenbalg et al., 2010). It is
worth mentioning that the Messinian evaporite deposits
are missing in the Neogene post-nappes basins of
Northern Morocco. They were mostly eroded in the
Boudinar Basin and are only recorded as olistoliths over
the Messinian Erosional Surface (Cornée et al., 2016).

5.2. Forming process of the native sulphur

Our field observations of the Neogene Moroccan basins
combined with mineralogical and geochemical charac-
terisation, reveal several facies that can be considered as
hints of sulphur-mineralising environments. Yellowish
facies in the form of laminas, lenses or nodules charac-
terised by mineralogical assemblages of jarosite, silica,
pyrite and gypsum were found in different Miocene
sedimentary sections (Figure 6—Figure 9). The yellow
colouration is mainly due to the presence of jarosite,
which is common in a variety of strongly acidic, sul-
phate-rich environments (Lueth et al., 2005; Martinez-
Frias et al., 2006; Rodriguez & van Bergen, 2015;
Whitworth et al., 2020).
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Figure 8. XRD patterns of the selected Taza-Guercif samples. Gypsum (Gp), sulphur (S), jarosite (Jrs), quartz (Qz), goethite (Go),
mica (Mc).
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Figure 9. XRD patterns of the selected samples from Boudinar. Gypsum (Gp), jarosite (Jrs), quartz (Qz), calcite (Cal).

Table 2. Whole-rock major element concentrations (wt.%) of selected samples from the studied Guercif-Taza and Boudinar
sections.
Sample Si0, TiO, Al,05 Fe,05™" MgO MnO Cao Na,O K,0 P,0O5 SO; (*) CO, (%) Total

Gr 03 245 0.29 3.83 5.85 0.69 0.01 15.9 0.45 1.65 0.13 28.87 0.22 8243
Gr 04 18 0.21 4.35 15.23 091 0.04 16.8 0.69 0.87 0.14 18.36 0.95 76.60
Am 04 18.8 0.25 2.01 14.05 1.58 0.03 8.95 1.09 1.56 0.28 45.77 0.7 95.02
Am 06 9.28 0.14 2.95 1.57 3.19 0.02 259 0.05 0.29 0.42 38.15 3.67 85.63
Bd 02 145 0.19 542 11.62 0.42 0.01 16.9 0.18 1.29 0.32 24.57 0.44 75.84
Bd 04 2.76 0.05 0.7 0.4 0.37 0.01 31 0.07 0.09 1.01 42.90 2.64 81.99
Bd 06 14.6 0.24 2.92 8.06 0.12 0.01 204 0.16 0.77 0.3 26.94 0.33 74.87

*Analyses performed using Leco S/C analyser
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Figure 10. Stratigraphic columns of the Neogene basins hosting native sulphur from the northern edge of the Mediterranean Sea
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According to Rodriguez and van Bergen (2015),
volcanic hydrothermal systems can also produce jaro-
site- and gypsum-bearing assemblages near volcanic
activity by the action of hot acidic fluids enriched in
sulphur and halogens. Such a geological environment
likely occurred in the Boudinar basin, which is located
close to the andesitic Ras Tarf volcano emplaced in a
subduction setting (EI Azzouzi et al., 2014). The first
eruptions of this volcano led to in-filling the Boudinar
basin by stratified volcanic breccias deposited in sub-
marine environment and interbedded with cinerites,
both affected by pervasive hydrothermal alteration (El
Azzouzi et al., 2014). In some cases, jarosite could be
derived from the oxidation of iron sulphides in acid
epithermal environments. Such origin was suggested
by Martinez-Frias et al. (2006) for the Upper Miocene
volcanism-related, hydrothermal suite of Jaroso unit
(SE Spain), where the jarosite-gypsum assemblages
are similar to those observed in the studied Boudinar
basin (Figure 5). In most cases, however, jarosite has
been considered to be derived from the supergene
oxidation of iron sulphides that were originally present

in the sediment (e.g. Whitworth et al, 2020;
Znamenskiy, 1990). Diagenetic pyrite is commonly
found in organic-rich sediments, where forms via bac-
terial sulphate reduction processes (Berner, 1970). This
mineral was observed in all samples of the studied
sections (Figures 6 and 7) and was previously
described in the late Miocene marls of the Rifian
Neogene basins (Amakrane et al., 2016). Pyrite repre-
sents a significant source of reduced sulphur and
leaching by oxidising fluids can account for the forma-
tion of jarosite in near-surface conditions.

In contrast to the Boudinar basin, at the level of the
Taza-Oued Amlil Miocene section, the presence of
native sulphur associated with gypsum and pyrite is
well observed. In this case, we postulate that the pyrite
was formed in a first stage, as a result of sulphide
production and reaction with sedimentary iron phases.
Subsequently, jarosite and native sulphur were formed
probably by bio-oxidation of pyrite (Karikari-Yeboah et
al., 2019; Vithana et al., 2015). In these assemblages as
can be observed in thin sections (Figures 6 and 7),
gypsum may also represent a secondary phase formed



9)upAyue
Bupieag-inydins -

Juolsawl|
palendaiq
pue snoiod -
9leuoqued
—wnsdAb
(01L07) |e 33 WAAIIQ - Hupeaq anyding - anydins aaieu ayij-lapmod -
(S661) "2 32 J3)Ing - aU1$9]90d SUIPA
(0L02) '|e 33 Blequabaiz - You-inydjns — pa|ly-inydins - ueIuISSI
"sJuswpas Ajew $3n1oNJ1s0.01W
(020?) "|e 19 Jonuadie) pue snoa>ewojlelp padeys-po.
(6107) "|e 12 onsa1puy u1 pappaqgiaul pue JeJNdJID 'SNOJUSWe|Y  UBIUISSI|N
(8661) ‘|e 12 Ayonoy SaU01SAWI Jo so1ebaibbe asusg  / ueluouo]

's19ke)

d)ulwe| pue 3jeuogJed
UIYHM JUSWID e se -

'sapey

S|eys-|lo pue julwe]

AjJew syl ulyum ssjnpou
|lews pue s|aA3| uly} -

'spaq snosayisdAb

S ulyum

S3SUI| pue s3|npou

's19he| 3|eys-|10 pa31e|oS| 'S|9A) Uy} -

pue ayujwe| Ajew 'spaq saleuoqted auddolld
(£661) '|e 13 uopeuy - ‘sajeuoqued pue snoaiedjed a3y} Jaddn oy
(£007) "] 38 MO - ‘winsdAb ulyHM "sassew Jejnbail QUIADOIN

(0L07) |2 19 MO - JO ISISUOD SYD0J 1SOH 10 S35UB| "SI|NPON -
Y201 150y
3y3 ul pasiadsip Apuy
suoliejnwndde Auiy -
‘s9jebaibbe |eplogaowy-

"Spaq djeuoaqed

'SalDey J9JRMYSIY pUR ysidelq :,dJep—-ober, -

wnsd4b : 3un wnsdA6 saddq, -

‘Jjes pue wnsdAb :syun 3jes pue wnsdAb 1amoj, -

Inydins yum suoisawi| dnausbelp :,019jyj0s asedje), -

's19fe| winsdAb Ajates pue

‘[ew snoaJed|ed ajwojop Aq pajesedas spaq suolsawl| :,aseg Ip died|e), -
*doy 3y} e SpPaq $H|0JRWOIIS YHUM UOIIRWIO) 3)IWORIp : uonew.od ljoduy, -

:3Y} Sapnpul uoissaddNs djydelbriels ausdol 3yl

-3)jey pue wnsdAb jo Bunsisuod (Jaddn

pue Jamo7) spun diuodeAs om] Yum :(ueluisss|y) un wnsdAo urey, -
'S9UO)SpuUes pue sjiew Jo pasodwod

Jaquisw Jaddn 3y “ISqWISW JAMO] SIY} Ul PIPPIQIIUL I8 SUO]SIWII|
Buneag-inydins jo siake| XIS "uoljeuIlfe sidke| snoddeWOIRIP pue S|ewW Jo
SISISUOD SUO JIMO| Y] "SISQUISW OM] YUM :(UBIUISSI|N) ,uonewlod joduy, -
'S|JeW dULIBW :(URJUOLIO]) ,UOI}BUWIO] OPUOH, -

$31eJ9WO|HU0D puUe S3UOISPUES :(UBI|RARLISS),UOIJRWIO BURLIOS,-

3JO 1SISUO UISeq SIY} Ul UoISsaddNs auddoly Jaddn ayp

"sau0)saWI|
auuasnde| pue saliodeas ‘sysodap J1sepdI|Is ;,uolssaddns ueljoiny taddp, -
'S9UOISPNW 3}eUOQIRD PAPPACIIUI YIm

S9UO01SOWI| SAISSEW :(UBlj0In]) ,2U0)SaWI] eieqieg eJueS-BARN B 3YL, -
'S9U01SAWI| pue

$31eJ9W0|BU0D "SaUOISpUES PapPagIau

YUM SauoIspnw pal :(ueljoin]-ueisajjep) 3iun jeianjje jaddn ayy, -
"SHUN-gns djeuogue)-wnsdAn

pue wnsdAo ‘snoatedje)-snoujwnyig ay] :(ueiss|iep) ,wnsdAo soaqiq ayy, -
*s9)uby|

pue sauolspnw Yim sauolsawi :(uejuobely) ,suoisawr] abejog |3 aylL, -
“(wnsdAo uouopy [3) Med saddn ay3 ul uonejedsul

wnsdAb yum sysodap [eianjje pas :(uejuobely) ,Jun Jelanjje JamoT, -

19MOT  :d0} 0} 35B] WO4H JO SISISUOD UISe [3NI3] Y3 JO P10d3J A1ejudwipas SusboaN ayL

‘uiseq

3y} punoJe ||e sauas Aieluawipas ay) Ul sieadde sawop-}{es dissel] |eIdAdS
‘2)wolelp

pue sjiew ‘33euoqJed Aq UIR[ISA0 °,uoDWIOS UjaH ap Sbull sbT, Y3 JO S)sodap

(Ajew)
A1s o uiseg
tma uoyinos ejlassiueyjed

(soyu0dens
pue s1s1yds)
SUOIRWIO) JISSeL ]|

ureds

uJalseo-yinog uisbq blio7]

‘(sauiodens

pue ‘sauolspues
‘sauoispnwi
"S91eU0CURD) JIA0D

auaboae|ed-disseins (uteds
‘sajuiodens IN) ureyd
disseld) Jaddn uelsq| 3y}

‘Juswaseq uejufdiay 4o Med |e1USD  UISe] [aNIS)

102 L. BOUBKARI ET AL.

(9861) “Arep|ip-1ueAIRS - ul sa1ebaibbe punoy - 91euoqued pue wnsdAb ydiy] :(ueluoyio] a3eT) ,2ouanbas sulsndey, - (sswop-1jes pue (ureds 39)
(0661) Spaq 91euoqied 'syisodap 9jeuoqled uejuoMo]| ‘yied Jaddn sy ul sywoleIp YyUM (sauolsawi| |ebje) spaq wnsdAb) sayiodens suleyd
"|e 13 A1ep|IA-JURAISS - dljwojop pue ul ssjnpou |eausyds - 9le7  Sleuoqued Aliew pue Spew Sulew :(Ueluollo] 3ppIN) ,2dusanbas auney, - dlssel| pue on9g ay1 jo
(LL0T) "|e 3@ dppur] - wnsdAb pajeuiwe|  :se sieadde anydins anneN 03 3|PPIN :uiseq 9y} JO pi0daJ AIRJUSWIPSS  SdUOISAWI| snoadejal)  Med [eusdlxy  uIseq uljldH
EERIVEICTEN] 3201 150y swuoy unydjns aAneN aby Aydesbnens JusWseg Ayjedo uiseg
‘pauodal

U33q dARY S3DUILNII0 InYd|Ns dAIIRU 3I3YM (A[121S pue uleds) eag ueaueLISIPSR Y} Jo 36Pa UIaYIIoU 3y} WOl suiseq auaboa aY3 buisualdeleyd sanyeay diydeibiiesls ulew ay3 Jo Alewwns v *€ ajqel



by reaction of sulphuric acid with carbonates of the
marls (Al-Juboury et al, 2006; Boudreau, 1991;
Ziegenbalg et al,, 2010). However, additional analyses,
particularly isotope data are necessary to confirm their
origin. It should be noted moreover that similar assem-
blages with natrojarosite, native sulphur, and gypsum
have been described by Reolid et al. (2019) in the
Lower Toarcian marls of the Cerradura section (SE
Spain). The interpretation put forward involves BSR
combined with anaerobic oxidation of methane cold
seeps of methane produced in the sediments. The
methane resulted from microbial methanogenesis of
the organic-rich marls, moved within pore-space via
diffusion or as bubbles that formed in the sediment
patches (up to several decimetres in size) and sub-
cylindrical concretions of yellowish powder. These fea-
tures are reminiscent of those observed in the
Tortonian and early Messinian marls of the Taza-
Guercif basin interpreted as the result of anaerobic
oxidation of biogenic methane by microbial activity
(Figure 2; e.g. Felletti et al., 2020). Similar structures
were also described in the Middle Miocene marls of the
Fatha formation (Northern Iraq), associated with jaro-
site, alunite, silica-rich powder, and secondary gypsum
(Al-Juboury et al., 2006) and ascribed to the reaction of
marls with sulphuric acid generated by anaerobic oxi-
dation and leaching of K, Na, Al, Fe and Ca. These
structures were also interpreted in this case as an
indication of sulphur occurrences reported in the area
(Al-Juboury et al., 2006; Al-Sawaf, 1977). Finally, all
markers in this area converge towards processes invol-
ving BSR activity, excluding TSR process because no
thermal event was recorded in these ‘post-nappes’
basins developed by an extensive regime. It should
also be noted that sulphuric acid could also be formed
by sulphide oxidation when meteoric water percolates
through lignite and cinerites present within Miocene
Boudinar and Guercif basins. These conclusions remain
to be confirmed by additional isotopes data.

6. Conclusion

The Neogene basins from the Moroccan Rif display
similar stratigraphic successions and paleoenviron-
mental evolution to nearby Mediterranean basins
including those of Southeastern Spain. Stratigraphic
correlations show that the studied Moroccan
Boudinar and Taza-Geurcif basins share with Spanish
basins several stratigraphic and mineralogical charac-
teristics. However, the numerous occurrences of native
sulphur reported in the SE basins of Spain have not yet
been firmly highlighted by any studies in northern
Morocco. The current study shows the presence of
favourable conditions for the formation of sulphur.
Indeed, structures and mineralogical assemblies
including jarosite, pyrite and gypsum generally asso-
ciated with bacterially mediated sulphate reduction
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activity have been proposed in the Taza-Guercif area.
Some are even associated with native sulphur, such as
at the level of the nodules hosted in the marls of Oued-
Amlil unit. Likewise, a structure generally associated
with biogenic methane seeps have been identified at
the level of the Guercif basin and are quite similar to
existing structures in geological environments condu-
cive to the native sulphur formation. In contrast, jaro-
site- and gypsum-bearing mineral assemblages more
likely result from hydrothermal alteration related to the
volcanic activity of the Ras Tarf volcano near the
Boudinar basin. Despite this progress, further detailed
field, petrological, and geochemical (mainly isotope
data) studies of these Neogene formations are neces-
sary to improve our understanding of the nature and
origin of the sulphur-bearing formation.
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