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Abstract

The Mississippian (Tournaisian-Visean) of the Jbel Asdaf area in the Tisdafine Basin (Eastern Anti-Atlas, Morocco) has
been, for the first time, the subject of a palynological study. This work aims first to describe the lithological and the
paleontological composition of the Ait Yalla and Tinerhir Formations, then to refine the age, reconstruct the paleoen-
vironment and assess the thermal maturity of the organic matter. The studied section is subdivided, from oldest to
youngest, into three intervals, according to their lithological and paleontological compositions. Lithologically, the
lower interval (lower part of the Ait Yalla Formation) and middle interval (upper part of the Ait Yalla Formation and
basal part of the Tinerhir Formation) consist mostly of clay shales and green shales, respectively, both alternating with
limestone or sandstone beds. The upper interval (upper part of the Tinerhir Formation) is dominated by sandstones,
also alternating with pelitic-sandstone or limestone beds. The kerogen delivered by the analyzed samples is mostly
of continental origin, composed mainly of opaque phytoclasts, while translucent phytoclasts and miospores are less
represented. Marine fraction, consisting mainly of granular amorphous organic matter and some phytoplankton, are
rare. Biostratigraphically, the late Visean Tripartites vetustus—Rotaspora fracta (VF) miospore Zone of the Western Europe
biozonal scheme is recognized with some regards in the Tinerhir Formation, based on the first occurrence of the mio-
spore Rotaspora cf. knoxi. Vallatisporites aff. ciliaris is another biostratigraphic marker taxon of the assemblage, whose
the last occurrence marks the end of the VF Biozone at the top of the analyzed section. Qualitative and quantitative
parameters of the different palynofacies constituents (e.g., shape, size, % of opaque and translucent phytoclasts) show,
from the base to the top of the section, a gradual transition from a distal marine environment generally recognized in
the Ait Yalla Formation towards an intermediate marine environment in the Tinerhir Formation, suggesting a sea-level
fall. Optical analyses performed on the color of palynomorphs, mainly spores, suggest a thermal maturity, ranging
from late mature to early post-mature stage for most of the analysed samples, with a burial depth and a temperature
of at least 3300 m and 90 °C, respectively.
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Introduction

This lithological and palynological study, carried out on
the Ait Yalla and Tinerhir Formations in the Jbel Asdaf
area, aims to contribute new supplementary data to bet-
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Fig. 1 Simplified geological map of the eastern Anti-Atlas (after Baidder et al.,, 2008, 2016; Michard et al., 2008), with location of the study area

established in the eastern Anti-Atlas, where the study
area is located. The first map (1/200,000), generally con-
sidered as provisional, was produced by Clariond (1944).
Complementary but more detailed geological maps were
subsequently produced in the study area, including those
of Tinejdad (1/10,000) by Hadri (1997) and Taroucht
(1/50,000) by El Boukhari et al. (2007). Sedimentologi-
cal and paleontological studies, which have since been
carried out in the area include early investigations of
brachiopods (Clariond, 1934) and also brachiopods and
goniatites (Hindermeyer, 1954, 1955), conducted on the
Carboniferous succession from the Tisdafine Basin. These
are followed by a relevant sedimentological and tectonic
study in the same basin, which allowed paleoenviron-
mental reconstructions, suggesting a deltaic system from
the late Visean—Namurian to the Westphalian (Souahline
et al., 2003). Afterwards, Graham and Sevastopulo (2007)
recognized the late Tournaisian in Jbel Asdaf and lower
Visean in Jbel Tisdafine, based on petrographic analyses
and biostratigraphy of conodonts, foraminifera and bryo-
zoans. Based on foraminifera, Cézar et al (2020) recently
revised the biostratigraphy of lower and middle Visean
outcrops in Morocco, including the Visean succession
in the Anti-Atlas, where the study area is located, and

presented paleobiogeographical interpretations for this
age interval throughout Morocco.

An upper Paleozoic palynological assemblage has been
previously quoted from some subsurface sections located
close to Moroccan Western Meseta, Doukkala—Zem-
mamra area (Rahmani-Antari, 1990; Rahmani-Antari &
Lachkar, 2001). The work of Rahmani-Antari & Lachkar
(2001) has outlined 12 palynozones for the Devonian—
lower Carboniferous interval. The Mississippian assem-
blage is represented by taxa, such as Aurospora macra,
Retusotriletes incohatus, Spelaeotriletes pretiosus, Val-
latisporites ciliaris, V. communis. Later, Playford et al.
(2008) reported from the upper Mississippian Sarhlef
Series, located in the Jebilet Massif, southern part of the
Moroccan Western Meseta, 29 species of miospores,
with five newly established taxa (i.e., Cristatisporites
mixtus, Densosporites dissonus, Indotriradites immu-
tabilis, Vallatisporites extensivus and Endoculeospora
marrakechensis).

In this study, lithological and paleontological analyses
of the Jbel Asdaf section are taken into account, as they
allow a lithostratigraphic subdivision of the Ait Yalla and
Tinerhir Formations into three intervals in the Tisdafine
Basin. For the first time in this basin, a palynological
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Fig. 2 Geologlcal overview of the area (SW omeeJdad ), between the Carboniferous at Jebel T\sdaﬁne and the Ordovician at Jebel Ougnate,
showing the position of the lower Carboniferous of the Joel Asdaf area (re-drawn from El Boukhari et al,, 2007; Fig. 3)

study provided information on the assemblages present
in this region.

Palynological and palynofacies analyses of the col-
lected samples revealed the presence of miospore and
phytoplankton taxa, mixed with phytoclasts and granu-
lar amorphous organic matter, which were used for
biostratigraphic and palaeoenvironmental interpreta-
tions, respectively. The particulate organic matter, as phy-
toclasts, are also used to recognize and interpret changes
of the paleoenvironment. In this study, the size and shape
of the opaque phytoclasts allowed us to outline a distal—
proximal trend during the sedimentation of the analyzed
deposits, considering the interpretations presented in
Tyson (1993, 1995), Tyson & Follows (2000), Mendonga
Filho et al. (2011), Tabara & Slimani (2019), Radmacher
et al. (2020), Tabara et al. (2021). Another aim of our
research was to evaluate the thermal maturity of organic
matter based on the optical method of spore color (Gal-
asso et al., 2019; Hartkopf-Froder et al., 2015; Pearson,
1984; Sorci et al., 2020; Spina et al., 2018, 2021; Sudrez-
Ruiz et al., 2012), needed to reconstruct the subsidence
stages and assess the degree of burial of the sedimentary

series in relation to geodynamic processes that occurred
on a large scale in the Tisdafine Basin.

Geological setting

The Tisdafine Basin belongs to the Paleozoic cover of
the eastern Moroccan Anti-Atlas (Fig. 1), forming part
of the NW African platform. The latter includes a Pre-
cambrian basement cartonized since the Neoproterozoic,
covered outside the massifs, by Paleozoic sedimentary
basins, filled by horizontal or slightly folded deposits.
A major unconformity separates the ancient basement
from its sedimentary cover (e.g., Robert-Charru, 2006;
Soulaimani et al., 2003). The Paleozoic terrains are gen-
erally thin and uniform, all representing sedimentary
platforms that include continental terrigenous to epicon-
tinental marine sediments (e.g., Piqué & Michard, 1989).
The Tisdafine Basin, which forms part of these Paleozoic
terrains, between the central Anti-Atlas and the western
Tafilalt, is also composed of Paleozoic successions that
stretches from the Cambrian to the Carboniferous. The
sedimentary succession exhibits a generally detrital trend
with alternations in carbonate content (e.g., Soualhine
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et al, 2003). During the latest Ordovician, sedimenta-
tion is characterized by a fall in sea level, related to the
Hirnantian glaciation (Clerc et al, 2013; Colmenar &
Alvaro, 2014; Destombes, 1971; Ghienne et al.,, 2014;
Hamoumi, 1988, 1999; Ouanaimi, 1998; Spina, 2015;
Vecoli et al.,, 2011). A vast transgression succeeded this
glaciation during the early Silurian (Llandovery), which is
characterized in this area by hypersiliceous facies, phtan-
ites, and sandstone shales with graptolites (Willefert, in
Destombes et al.,, 1985). On the other hand, the Devo-
nian Period is recognized by diversified lithofacies, with
allochthonous and autochthonous deposits of a more
widespread carbonate nature compared to the previous
periods (Becker & El Hassani, 2020; Rytina et al., 2013;
Ward et al.,, 2013). Sedimentation resumes in the early
Carboniferous with re-mobilized olistostrome deposits of
Devonian—early Carboniferous age (Michard et al., 1982;
Rytina et al., 2013), which precede the flysch group of the
upper Visean of Jbel Tisdafne, notably reported by Hin-
dermeyer (1955), Michard et al. (1982), Destombes et al.
(1983) and Soualhine et al. (2003).

Materials and methods

Jbel Asdaf section

The Jbel Asdaf section is the last outcrop of the Carbonif-
erous terrain towards the south of the Tisdafine Basin. Its
Lambert coordinates are: X=520 and Y=93 (Taroucht
geological map 1/50,000). The succession includes a
thickness of over 250 m of Tournaisian—Visean age sedi-
ments and it is accessible by a small track (about 2 km)
south of the main N10 road, linking Tinejdad to Tinghir
(Figs. 2, 3). In this section, the sedimentary organization
shows variations in depositional conditions, suggesting a
succession of different sedimentary environments during
the Tournaisian. This organization allowed a subdivision
of the section, from oldest to youngest, into three inter-
vals according to their lithological and paleontological
compositions (see description of the three lithostrati-
graphic intervals in section "Stratigraphy, sedimentary
facies and faunal succession of the Jbel Asdaf section").

Palynological preparation and biozonal schemes used

Eight rock samples were processed following standard
palynological preparation techniques as described by
Slimani et al. (2016). Sample surfaces were first care-
fully cleaned to remove contaminants, dried at 100 °C
and then crushed to facilitate the acid treatment. Forty
grams of each sample were initially treated with cold
hydrochloric acid (HCI) (10%), followed by two succes-
sive digestions for 96 h in cold hydrofluoric acid (40%),
to dissolve carbonates and silicates, respectively. The
residue was boiled in HCI (10%) for 20 min to remove
the silicofluorides. After each acid treatment, samples
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were neutralized with distilled water. The residues were
sieved on a nylon screen with a mesh size of 15 pm, and
mounted in glycerine jelly on microscope slides. For this
study, a kerogen oxidation procedure was not applied, to
evaluate the original color of the fossil miospores used
to assess the thermal maturity of the organic matter
recovered from the rocks. Slides were examined under
an Olympus BX53 transmitted light microscope (100 W
lamp power, magnification x400) and palynomorph pho-
tomicrographs, as well as palynofacies constituents, were
taken using a digital Olympus C-400 Zoom camera. The
palynological slides are housed in the botanical collec-
tion of the National Herbarium of Rabat (RAB), Scientific
Institute, Mohammed V University of Rabat, Morocco.
The England Finder (EF) coordinates of the figured speci-
mens are given in Fig. 5.

The biozonal schemes used for age determinations of
the studied sections include the Carboniferous Western
Europe miospore zonation (Clayton et al., 1977; Owens
et al., 2004) and others palynological studies (Brindley &
Spinner, 1989; Owens et al., 2005; Playford, 2015; Rahm-
ani-Antari & Lachkar, 2001; Stephenson & Owens, 2006)
(for more details, see section "Biostratigraphy").

Methodology for paleoenvironment and thermal maturity
assessments
Palynofacies analyses included both qualitative (organic
particle identification) and quantitative (counting 400
unoxidized palynodebris) examinations of the kero-
gen recovered from each sample, in a transmitted white
light microscope. Several previous studies have outlined
diverse classification schemes to classify different com-
ponents of the particulate organic matter—POM (Aggar-
wal, 2021; Mendonga Filho et al., 2011; Schito et al., 2019;
Sudrez-Ruiz et al., 2012; Tyson, 1995). According to these
authors, three main groups of POM were identified for
the present investigation: (1) phytoclasts (mainly opaque
sub-group and more or less translucent sub-group of
organic particles derived from lignin-cellulosic tissues of
terrestrial plants), (2) amorphous organic matter (AOM)
which includes structureless organic components derived
from phytoplankton (granular AOM) or degraded higher
plant debris (gelified AOM) due to bacterial degradation,
and (3) palynomorphs (miospores and phytoplankton).
The paleoenvironmental interpretations (proximal-
distal trend), revealed by the palynofacies compositions,
were obtained according to previous studies published by
Tyson (1993, 1995), Mendonga Filho et al. (2011), Tabara
and Slimani (2019), Radmacher et al. (2020) and Tabéra
et al. (2021). Therefore, the palaecoenvironmental assess-
ment of the analysed section is derived from the following
distribution trends shown by different phytoclast types,
namely: (1) the high proportion of equidimensional,
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Fig. 3 Lithostratigraphic and sedimentologic analyses of the Mississippian succession of the Jbel Asdaf area, showing the lithology, position of

palynological samples (SP numbers), sedimentary structures, and microfacies, including fauna and general texture of thin sections




14 Page 6 of 15

rounded and small opaque phytoclasts mainly suggesting
a distal marine depositional environment as they result
from a lengthy transport; contrastingly lath-shaped, large
opaque phytoclasts are indicative of the short transport
of these organic particles and support a proximal depo-
sitional environment (Radmacher et al., 2020); (2) the
high relative frequency of translucent phytoclasts (cuti-
cles, woody tissues), sometimes large in size, in ancient
deposits suggests a strong terrestrial influx and proxi-
mal/near-shore depositional conditions (Tyson, 1995).
Moreover, the size analysis of opaque phytoclasts can be
used to assess their transport distances from the shore-
line (Jurkowska & Barski, 2017; Tyson & Follows, 2000).
Therefore, the measurements of equidimensional opaque
phytoclasts have been performed using Image] software.
At least one hundred phytoclasts from each sample were
counted, the mean diameters of opaque phytoclasts
(MDOP, estimated in pm) (Table 2) being plotted in the
diagrams proposed by Tyson and Follows (2000, Fig. 2)
and Jurkowska & Barski (2017, Fig. 9). According to this
method, different transport distances of these particles
recovered from the studied section were estimated (see
Results).

In the present study, we adopted optical microscopy
method, such as Spore Color Index (SCI), frequently
used to analyse thermal maturity of organic matter (Hart-
kopf-Froder et al., 2015; Pearson, 1984; Raafat et al., 2021;
Spina et al., 2021; Sudrez-Ruiz et al., 2012). This method
is essentially based on the gradual changes in the color of
palynomorphs, from yellow (immature stage) to brown-
black (late mature/post-mature stages) color, associated
with an increase of thermal maturity of organic matter,
burial depths and temperature. The SCI was assessed
from the color of smooth and unornamented miospore
specimens in unoxidized residues, based on a visual com-
parison to Munsell color standards as proposed by Pear-
son (1984). Several other ornamented miospores were
selected for SCI estimation, but their color evaluation
was made selectively, considering only the lighter colored
spots (lighter brown color) on their surface (e.g., Fig. 5A).
In this research, the thermal maturity of kerogen should
be viewed more indicatively due to the low number of
miospores (which included, as well, the indeterminable
specimens), all the analyzed samples yielded poorly pre-
served palynomorph assemblages.

Results

Stratigraphy, sedimentary facies and faunal succession

of the Jbel Asdaf section

Lower interval

This interval corresponds to the basal part of the Ait
Yalla Formation (upper Tournaisian) (El Boukhari et al.,
2007). It consists of 45 m thick alternation of clay shales
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with limestones and sandstones. The limestone beds are
highly mineralized and show an overall texture of pack-
stone type, according to the classification of carbon-
ate rocks (Dunham, 1962). The clay shales are laminar
and pass progressively to fine sandstones with a porous
appearance. Microscopic analysis of the latter shows fine
facies with well-rounded elements, dominated by quartz
(Fig. 4A). The grains are uniform in size, but cracked and
fissured. Certain quartz grains are nourished by silica,
which tends to bind the whole of the sandstone and shale
elements, showing joints filled with amorphous silica.
The figured elements are often surrounded by an iron
oxide cuticle.

The lithofacies is associated with a fairly varied mac-
rofauna with calyx plates of crinoids, bryozoans, rugose
corals (Zaphrentoides sp.) (Fig. 4B.1, 2), as well as frag-
ments of brachiopods and undetermined mollusks. Bur-
rows (Fig. 4C), algae and plant debris are also common.
The foraminiferal and conodont faunas, identified by
Graham & Sevastopulo (2007) and Cézar et al. (2020),
suggest an upper Tournaisian age.

Middle interval

This interval of lower Visean age (Coézar et al,, 2020)
(70 m thick), comprises the upper part of the Ait Yalla
Formation and the lowermost part of the Tinerhir For-
mation. Its basal part consists of green shales alternat-
ing with limestone to sandstone-limestone beds. The
carbonates show, under a microscope, an overall pack-
stone-like texture. The material is organized in a rough
lamination, highlighted by a concentration of 10-15%
quartz grains in recrystallized micritic mud facies with
oxidized bioclasts. This epigenetic process traces the
cavities of brachiopod shells. Calcite is conserved in a
pseudomorphic state, and some levels are rich in organic
matter (Fig. 4D).

The paleontological content includes micro- and mac-
rofauna. The macrofauna is composed of crinoid remains
(columnals and calyx plates), rugose coral Caninophyl-
lum skouraensis (Fig. 4B.3) and brachiopod debris. The
upper levels of the interval are marked by the appearance
of thin sandstone beds, with calcareous nodules, which
alternate with sandstone and clay shale. Bioturbation fig-
ures and burrows are also present. The brachiopods are
represented mainly by specimens of the genus Spirifer.
The ichnofossils, considered previously as bathymet-
ric markers, are represented by the trace of Zoophycos
(Fig. 4E). At a finer scale, the bioclasts are recognized by
test fragments of macrofauna (lamellibranch) and micro-
fauna (foraminifera). The age attributed herein to this
interval supports the lower Visean age assigned to similar
deposits by Cozar et al. (2020), based on the presence of
the foraminiferal assemblage characteristic of the Cf4a2/
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Fig. 4 Field photos of the studied outcrop, the microfacies and the macrofossil content (Jbel Asdaf area). A Microfacies of upper Tournaisian
sandstones in the Ait Yalla Formation, showing fine facies with well-rounded elements, dominated by quartz. B Some macrofaunal fossils from
the lower and upper intervals. 1-2. Zaphrentoides sp., 3. Caninophyllum skourense, 4. Gigantoproductus giganteus. C Bioturbation and traces fossils
(burrows) in the lower interval. D Microfacies of lower Visean (middle interval) with organic material. E Trace fossils of the ichnogenus Zoophycos
(middle/upper interval). F Laminated structures and algal mats (upper interval)

Cf4f Subzone or MFZ9/MFZ10 Zone (e.g., Conil et al,,
1991; Poty et al., 2006).

Upper interval

This interval represents almost all of the Tinerhir Forma-
tion (135 m thick). The lithofacies is dominated by sand-
stones sometimes with carbonate nodules, alternating

with pelitic-sandstone or calcareous beds. Microscopic
analysis of the sandstones shows a scanty cement and
fragments of lithoclasts, particularly quartz grains of
variable size (1-2 mm). The overall texture of the car-
bonate part is of grainstone type with various fragments
of brachiopods, crinoids, and foraminifera. Despite
the great lithological variation of this interval, certain
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characteristics nevertheless remain consistent. These
include the predominant sandstone fraction, the tabular
geometry of the beds, the abundance of bioturbation and
fossils of marine origin from a fluctuating environment,
particularly the crinoids in a carbonate-rich host rock.
The various beds observed from the base of this inter-
val show a fine laminated organization, similar to that of
beach sandstone. The stratification is generally parallel
and in places forms hummocky cross stratification struc-
tures. The coarser beds contain surface burrows, where
traces of Zoophycos have been recognized. The following
levels show numerous traces of sub-parallel lamination
in the thicker sandstones, as did small cross-laminations
that evolve into curved laminations. The upper sandstone
beds seem to be structureless due to strong secondary
silica recrystallization. On the other hand, the surface
of these beds is affected by a rather spread out bioturba-
tion, which is clearly distinguished due to the color con-
trast. The high degree of this bioturbation means that
the original structures of the fauna, having colonized
this environment, are not preserved and only persist in
the ichnofossil state. Where the sandstones are strongly
carbonated, the skeletal material is relatively better pre-
served, particularly on the upper surfaces of the cal-
careous sandstone beds. Crinoid ossicles are the most
recognizable skeletal remains and are quite common in
the sediment. This predominantly sandstone deposit is
alternated over the entire series by carbonate beds, some-
times laminated with algal mats (Fig. 4F), which extend
like calcareous coatings at each discontinuity surface
after the detrital phases. The top of each bed seems to be
covered by a limestone sheet that covers the underlying
sandstone. This interval shows a sedimentary structure
of tabular geometry, from the slightly bioturbated basal
sandstone, with traces of stratification initially paral-
lel, then cross-stratified and even undulating, to the cal-
careous sandstone with more intense bioturbation and
remains of fragments of a mainly calcareous skelet fauna.
Concerning the age of this interval, the previous studies
have proposed an upper Visean, based on the presence
of algae, especially the genre of Koninckopora sp. (Soual-
hine, 2004), and an assemblage of specific brachiopods,
composed of Productus gr. leuchtenbegensis (Clariond,
1934), as well as Gigantoproductus giganteus (Fig. 4B.4)
and Schizophoria aff. resupinata (Hindermeyer, 1954).

Palynological content

Seven samples from the studied section yielded a poorly
preserved palynological assemblage, represented by five
miospore taxa and some specimens assigned to marine
phytoplankton (Lophosphaeridium spp.) (Table 1). Some
miospores, encountered in this section, are good biostrati-
graphic markers and support the previous age assigned
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to the Mississippian succession of the Ait Yalla and Tin-
erhir formations (El Boukhari et al, 2007). A few speci-
mens of miospores are unrecognizable due to very poor
preservation, probably caused by the high thermal altera-
tion or intense weathering. Sample SP2 was barren of
palynomorphs.

Among the continental palynomorphs, few mio-
spores assigned to Raistrickia cf. radiosa, Rotaspora cf.
knoxi and Vallatisporites aff. ciliaris (Fig. 5A, D, F) were
recorded from the upper part of the studied section
(SP6-SP8 interval). Organic-walled microphytoplankton
assemblages also occurs in low number in the SP3-SP8
sampling interval, being represented only by Lophospha-
eridium spp. (prasinophyte algae) (Fig. 5G—I) which has a
microgranular surface sculpture.

Palynofacies compositions and thermal maturation
assessment

The POM recorded in the Mississippian deposits from
the studied section includes a large proportion of con-
tinental material (95-100% of the total POM recovered
from the rocks), mainly composed of opaque phytoclasts
and less translucent phytoclasts and miospores. The
equidimensional opaque phytoclasts are the most fre-
quently recorded in the kerogen composition (~95-98%
of the total POM), being commonly small in size (20—
45 um) and generally rounded (Fig. 6), suggesting pro-
longed transport (up to 14 km; Table 2). Both lath-shaped
opaque phytoclasts as well as translucent phytoclasts
derived from terrestrial plants are very rare (Table 3).

In the lower part of the studied section (SP1-SP2 sam-
pling interval), a minor fraction of light-colored granular
AOM (marine origin) has been identified (Fig. 6). Conti-
nental and marine palynomorphs are also poorly repre-
sented (< 1%) in the kerogen composition.

For the evaluation of the thermal maturity in the stud-
ied section, the color of pteridophyte spores was com-
pared with the pollen/spore color of the Pearson chart
(Pearson, 1984; Fig. 6) and SCI standard scale used by
Fugro Robertson Ltd. (reproduced in Suédrez-Ruiz et al.,
2012). Optical analysis, performed on palynomorphs
color, showed that SCI values range from 7 to 8.5 (fre-
quent 7.5-8.5; Figs. 5, 6), suggesting thermal maturity
spanning the late mature stage (the end of the oil win-
dow) to the early post-mature stages.

Discussion and interpretation

Biostratigraphy

The age determination is based on the first occurrence
(FO) and the last occurrence (LO) of three marker taxa
(miospores), which were recorded in samples SP6 and
SP8, respectively (Tinerhir Formation; Fig. 7). Rotas-
pora cf. knoxi and Vallatisporites aff. ciliaris are the
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Table 1 Distribution of the palynomorph taxa in the studied samples

Lithostratigraphic unit Ait Yalla Fm Tinerhir Fm
Samples SP1 SP2 SP3 SP4 SP5 SP6 SP7 SP8
Miospores
Raistrickia cf. radiosa Playford and Helby, 1968 Barren 1
Retusotriletes sp. 2 2
Rotaspora cf. knoxi Butterworth and Williams, 1958 1
Vallatisporites aff. ciliaris (Luber) Sullivan, 1964 1
Verrucosisporites sp.
Indeterminable miospores 2 1 2 4 2 2 3
Phytoplankton
Lophosphaeridium spp. 2 5 2 1 1

e
©
\J

Fig. 5 Lower Carboniferous continental and marine palynomorphs from the Ait Yalla and Tinerhir formations. Scale bar for all: 40 pm. EF: England
Finder Coordinates. A Raistrickia cf. radiosa, sample SP6, slide 1, EF C53. B Retusotriletes sp., sample SP7, slide 2, EF N36. C Retusotriletes sp., sample
SP8, slide 1, EF R34. D Rotaspora cf. knoxi, sample SP8, slide 1, EF U34/2. E Verrucosisporites sp., sample SP4, slide 3, EF T31/1. F Vallatisporites aff.
ciliaris, sample SP8, slide 2, EF R22/2. G Lophosphaeridium spp., sample SP6, slide 1, EF C19/1. H Lophosphaeridium spp., sample SP5, slide 3, EF Y34/1.
| Lophosphaeridium spp., sample SP4, slide 2, Y50/1. J Unrecognizable miospore 1, sample SP8, slide 1, EF W44/2. K Unrecognizable miospore 2,
sample SP6, slide 2, EF Y33
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Fig. 6 Palynofacies composition, palaeoenvironment and thermal maturity interpretations inferred for the studied section. Thermal maturity
estimation of organic matter is compiled after several authors (e.g., the spore/pollen color changes correlated with TAl values are adapted from
Pearson, 1984; the correlation of TAl and SCl values with hydrocarbon stages —immature up to overmature— are adapted from Hartkopf-Froder
etal, 2015). The palaesoenvironment interpretation (proximal—distal palynofacies), according to Jurkowska & Barski (2017). AOM: amorphous organic
matter; Op-Eq: equidimensional opaque phytoclast; Op-la: lath-shaped opaque phytoclasts; TP: translucent phytoclast; MDOP: mean diameter of
opaque phytoclasts. The mean diameters of the phytoclasts (in um) were obtained by counting at least one hundred of phytoclasts from each
sample; TAl: Thermal Alteration Index; SCI: Spore Color Index

Table 2 Mean values of measurements performed on the diameters of opaque phytoclasts

Formation Sample no Number of Mean diameter of Standard deviation (SD) diameter Distance from the
measurements opaque phytoclasts (um) of opaque phytoclasts (um) shoreline (Tyson &
Follows, 2000)

Tinerhir Fm SP8 112 4144 1246 ~8-9km

SP6 101 40.12 12.81 ~9-10 km
Ait Yalla Fm SP5 104 36.88 1141 ~11km

SP4 118 3253 7.5 ~14km

SP3 100 36.86 9.96 ~11km

SP2 132 35.94 9,25 ~11.5km

SP1 100 33.98 9.59 ~12.5km

Assessments of transport distances of the opaque phytoclasts from the shoreline, according to the method of Tyson & Follows (2000), are also shown

most important of these taxa. Their co-occurrence
with a relatively short stratigraphic range, limits the
age of the upper part of the section (sample SP8) to
the late Visean (Tripartites vetustus—Rotaspora fracta
'VF' spore Zone). According to Clayton et al. (1977),

Brindley & Spinner (1989), Owens et al. (2005) and Ste-
phenson & Owens (2006), the FO of Rotaspora knoxi is
observed in the lower part of the VF Biozone in western
Europe, while the LO of Vallatisporites ciliaris occurs
in the upper part of the same biozone in Scotland
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Table 3 Mean percentage of particulate organic matter recovered from the studied samples

Formation Sample no Phytoclast Group Amorphous Group Palynomorph Group
(granular AOM)
Opaque Translucent Miospores Phytoplankton
Op-Eq Op-la ™
Tinerhir Fm SP8 97 1 1 - <1 <1
SP6 98 - 1-2 - <1 -
Ait Yalla Fm SP5 97 1 1 - <1 <1
SP4 96 1 2 - <1 <1
SP3 97 - 2 - <1 <1
SP2 95 1 1 3 - -
SP1 95 1 - 3-4 <1 -

Op-Eq: opaque equidimensional; Op-la: opaque lath-shaped; TP: translucent phytoclast; AOM: amorphous organic matter

(Owens et al., 2005). In Morocco, other previous occur-
rences of Vallatisporites ciliaris were recorded from
the upper Tournaisian—lower Visean deposits of the
Doukkala Basin (DOT1 borehole) and “Butte d’Erfoud”
section, Tafilalt area (Rahmani-Antari & Lachkar,
2001). The palynological assemblage of the SP6 sam-
ple, assigned to the Tinerhir Formation, also includes
a taxon with broader stratigraphical range (i.e., Raist-
rickia cf. radiosa), indicating an age not older than late
Visean for this interval, this species being identified in
the Eastern and Western Gondwana (Playford, 2015).

Chronostratigraphy| Miospore Zones 3
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Fig. 7 Zonal scheme and general ranges of selected miospore taxa
recovered from the samples. The Carboniferous miospore zonation
according to Clayton et al. (1977) and Owens et al. (2004)

Various specimens of Lophosphaeridium spp., recorded
in the SP3-SP8 sampling interval, could not be used
for age assignment, knowing that this taxon has a wide
stratigraphic distribution (Mesoproterozoic—Cenozoic;
Loron et al., 2019).

Paleoenvironmental reconstruction

The kerogen from the upper part of the Ait Yalla For-
mation mainly includes equidimensional opaque phy-
toclasts (Fig. 6) belonging to the inertinite group, most
often these having small dimensions and rounded shapes,
suggesting prolonged transport and distal conditions
(Radmacher et al., 2020). The size analysis of equidimen-
sional opaque phytoclasts recovered from the SP1-SP5
sampling interval, with its mean diameters ranging from
32.5 to 36.8 um, indicates a transport distance of these
particles of approximately 11-14 km from the shoreline
(Fig. 6). According to the size analysis of Jurkowska &
Barski (2017), the 35-um size of the opaque phytoclasts
corresponds to a distance of at least 20 km from the
shoreline, this record clearly indicates a distal palynofa-
cies for the SP1-SP5 sampling interval of the Ait Yalla
Formation (lower and middle intervals). The samples SP1
and SP2 from the lower part of the section record a low
abundance of light-colored granular AOM (marine ori-
gin; up to 4%), this type of organic matter being related to
suboxic environments (Tabara et al., 2015).

Two samples (SP6, SP8) from the upper interval of
the Tinerhir Formation show a kerogen composition
quite similar to that recorded in the Ait Yalla Forma-
tion (Fig. 6). However, a slight increase in the size of
opaque phytoclasts was observed, allowing us to assign
this type of organic matter to intermediate palynofacies.
The transport distances from the shoreline covered by
these phytoclasts, according to its mean diameters rang-
ing from 40.1 to 41.4 pm, do not exceed 10 km (Fig. 6).
The palynological assemblage of the Tinerhir Formation
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is mainly represented by miospores (Table 1), which also
suggest land proximity.

The paleoenvironmental change, from distal marine
environment in the SP1-SP5 sampling interval (lower
and middle intervals in the Ait Yalla Formation) to inter-
mediate environment in the SP6-SP8 sampling interval
(upper interval in Tinerhir Formation) inferred from the
quantitative and qualitative analyses of the palynofa-
cies (mainly opaque phytoclasts), is also reflected in the
lithofacies. Indeed, the Ait Yalla Formation (lower inter-
val and lower part of the middle interval) is dominated
by clay shales alternating with limestone to sandstone—
limestone beds, indicating a relatively distal and calmer
marine environment compared to the Tinerhir Formation
(upper part of the middle interval and the upper inter-
val). However, the Tinerhir Formation is dominated by
sandstones sometimes with carbonate nodules, alternat-
ing with pelitic-sandstone or calcareous beds, but show
sedimentary structures characteristic of the proximal
marine environment (e.g., hummocky cross stratification
structures). These records from the Tinerhir Formation
may indicate an intermediate to a proximal marine envi-
ronment with higher energy than in the Ait Yalla Forma-
tion, generally suggesting a sea-level fall.

Regarding to the paleontological content, the installa-
tion of crinoid meadows from the middle to the top of
the outcrop is another argument in favor of the envi-
ronmental change and sea-level fall, inferred from the
palynofacies analyses. All these paleoenvironmental
interpretations are in accordance with those previously
inferred from lithological and paleontological analyses in
the Tisdafine Basin (Graham & Sevastopulo, 2007; Soual-
hine, 2004). A fall in sea-level during the late Mississip-
pian has also been reported by Soualhine (2004) in this
basin.

Thermal maturity assessment

SCI values were obtained mainly on miospores recovered
from the SP4—-SP8 sampling interval, with most of the
evaluated palynomorphs assigned to the Tinerhir For-
mation (samples SP7 and SP8). They range from 7 to 8.5
(frequent 7.5-8.5; Figs. 5, 6), suggesting thermal maturity
spanning the late mature stage (the end of the oil win-
dow) to the early post-mature stage.

A similar thermal maturity, ranging from late mature
stage up to post-mature stage (Thermal Alteration Index
between 3.25 and 3.7), was also estimated for organic
matter recovered from Upper Devonian to Tournai-
sian deposits of the Doukkala Basin, western Morocco
(Rahmani-Antari, 1990). An approximate correlation
between TAI, SCI and the burial history of rocks has
been published by Hartkopf-Froder et al. (2015), and this
information was applied to our thermal maturity data.

A.Talih et al.

According to our miospore color records, as well as the
TAI values estimated by Rahmani-Antari (1990) in Douk-
kala Basin (DOT1 borehole), we can estimate that the
Devonian—Mississippian deposits in the central-western
part of Morocco have reached a burial depth and tem-
perature of at least 3300 m and 90 °C, respectively. The
Colour Alteration Index (CAI) of conodonts from Visean
sediments in the Azrou-Khénifra Basin (Moroccan
Meseta), ranging between 2.5 and 4.5, allowed an estima-
tion of the paleotemperature (90-250 °C). This thermal
maturity is related to the sedimentary burial and tec-
tonic deformations during the Visean stage of the Vari-
scan orogeny (Neqqazi et al., 2014). Similar CAI variation
was previously reported from Devonian sediments in the
same region (Raji & Benfrika, 2009). In the studied sec-
tion of the Tisdafine Basin, the thermal maturity of kero-
gen might also be due to sedimentary burial and tectonic
deformations, most probably related to the general east—
west shortening of the Variscan orogeny that affected all
of Moroccan domains during the Carboniferous (Mich-
ard et al.,, 2010).

Conclusions

The study of a Mississippian succession in the Tisdafine
Basin (eastern Anti-Atlas, Morocco), carried out in the
Jbel Asdaf area, led to the following conclusions:

1. Detailed sedimentological analyses allowed a
lithostratigraphic subdivision of the marine section
into three intervals, based on its lithological and
paleontological composition:

a) The lower interval (basal part of the Ait Yalla For-
mation) consists of alternation of clay shales with
limestone and sandstone, associated with varied
macrofossils, including solitary corals, brachio-
pods and bryozoans, characteristic of the Tour-
naisian.

b) The middle interval (upper part of the Ait Yalla
Formation and the lowermost part of the Tinerhir
Formation) is composed of green shales alternat-
ing with limestone to sandstone—limestone beds
in its lower part, and sandstone beds with cal-
careous nodules, alternating with clay shale in its
upper part. Its fossil content is characterized by
the presence of the brachiopod, crinoid’s mead-
ows and Zoophycos.

¢) The upper interval (upper part of the Tinerhir
Formation) is dominated by sandstones some-
times with carbonate nodules, alternating with
pelitic-sandstone or calcareous beds, and is char-
acterized mainly by an abundance of bioturba-
tions.



Palynology and sedimentology of the Mississippian at Tisdafine

2. POM contents are composed mainly of opaque/
translucent phytoclasts and miospores of continen-
tal origin, while the marine fraction (granular amor-
phous organic matter and phytoplankton) represents
a minor component.

3. Miospore events, including the first occurrence of
Rotaspora cf. knoxi and last occurrence of Vallatispo-
rites aff. ciliaris, confirm the Visean age previously
assigned to the Tinerhir Formation based on inor-
ganic fossils.

4. Quantitative and qualitative analyses of phytoclasts,
which generally dominate the palynofacies constitu-
ents along the section, show that the Ait Yalla For-
mation was deposited in a distal marine environment
and the Tinerhir Formation in an intermediate envi-
ronment, suggesting a sea-level fall. These paleoen-
vironmental changes are also reflected in the lithofa-
cies and the paleontological content. The installation
of crinoid meadows from the middle to the top of the
outcrop is another argument in favor of a sea-level
fall.

5. Optical analyses of the color of spore specimens
identified in the outcrop indicate that the sediments
were buried to a depth of at least 3300 m and experi-
enced burial temperatures of about 90 °C, which are
most probably in relationship with the Variscan orog-
eny.
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