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Some aspects of current State of Knowledge on Triassic series on both sides of the Central
Atlantic Margin / Quelques aspects de l’état des connaissances des séries triasiques de part et
d’autre de la Marge Atlantique

Presentation of the special issue following the Second International Congress on the Permian and
Triassic, Casablanca, Morocco, 2018 — Editorial

Some aspects of current State of Knowledge on

Triassic series on both sides of the Central Atlantic

Margin

Sylvie Bourquin∗, a and Rachid Essamoudb

a Univ Rennes, CNRS, Géosciences Rennes - UMR 6118, F-35000, Rennes, France

b Dynamics of Sedimentary Basins & Geological Correlations Laboratory, Faculty of
Sciences Ben M’Sik, Hassan II University of Casablanca. B.P. 7955, Sidi Othmane,
Casablanca, Morocco

E-mails: sylvie.bourquin@univ-rennes1.fr (S. Bourquin),
rachid.essamoud@univh2c.ma (R. Essamoud)

The Second International Congress on the Per-
mian and Triassic, coinciding with the Eighth Meet-
ing of the Moroccan Permian and Triassic Group,
ICPT2-GMPT8, was held at the Ben M’sik Faculty of
Sciences in Casablanca, from 25 to 27 April 2018.
More than 60 international researchers participated
in this congress: Morocco, Spain, Italy, France, Ger-
many, England, Mexico.

The first two days were devoted to plenary lectures
and oral communications grouped into 5 sessions.
We were thus able to attend:

– 4 plenary lectures led by internationally
renowned researchers: Sylvie BOURQUIN
(Rennes, France) on “Late Permian to Middle

∗Corresponding author.

Triassic sedimentation at the western peri-
Tethyan domain: comparison between Eu-
ropean and North African basins”, Jonathan
REDFERN (Manchester, England) on “As-
sessing the contribution of local versus re-
gional drainage systems on the provenance
of Upper Triassic fluvial deposits, Morocco”,
Jörg SCHNEIDER (Freiberg, Germany) on
“Carboniferous, Permian and Triassic conti-
nental biota of Morocco—a state-of-the-art
summary” and Nassreddine YOUBI (Mar-
rakech, Morocco) on “The Permian and
Triassic-Jurassic Large Igneous Provinces of
Morocco: Current State of Knowledge and
Future Research Directions”,

– 30 oral communications distributed in 5
sessions: Palynology, paleoenvironments
and paleoclimates (session 1), Paleontology,
biostratigraphy and paleoenvironments (ses-
sion 2), Sedimentary basins and geodynam-
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ics (session 3), Mineralization (session 4),
Magmatism and geochronology (session 5),

– 20 posters.

A round table discussion was held at the end of
the second day of the congress, during which debates
took place on different aspects of this specific pe-
riod of the Earth’s history, in particular on paleoenvi-
ronmental, paleogeographic, paleoecological recon-
structions, the Permian-Triassic transition in the ter-
restrial domain, paleoecological data or the impor-
tance of CAMP volcanism.

The third day was devoted to an excursion in
the coastal Triassic basin of Berrechid-ElGara-
Benslimane-Mohammedia, guided by Abdelkrim
AFENZAR and Rachid ESSAMOUD, (Hassan II Uni-
versity of Casablanca) with the participation of 27
attendees.

This special issue gathers works carried out on the
Triassic basins on both sides of the Atlantic margin,
presented during this ICPT2-GMPT8 congress, ad-
dressing different geosciences themes:

– Afenzar A. & Essamoud R.—Sedimentologi-
cal and sequence stratigraphy analyses of the
syn-rift Triassic series of the Mohammedia-
Benslimane-ElGara-Berrechid basin (Moroc-
can Meseta).

– García-Ávila M., Mercedes-Martín R., Juncal
M. & Diez J.B.—New palynological data in
Muschelkalk facies of the Catalan Coastal
Ranges (NE of the Iberian Peninsula).

– El Hachimi H., Youbi N., Madeira J.,
Marzoli A., Mata J., Bertrand H., Bensalah
M. K., Boumehdi M. A., Doblas M., Medina
F., Ben Abbou M. & Martins L.—Physical
volcanology and emplacement mechanism
of the Central Atlantic Magmatic Province

(CAMP) lava flows from the Central High
Atlas, Morocco.

– Juncal M. A., Diez J. B., De la Horra R.,
Barrenechea J. F., Borruel-Abadía V. &
López-Gómez J.—State of the Art of Trias-
sic Palynostratigraphical Knowledge of the
Cantabrian Mountains (N Spain).

– Khalloufi B. & Jalil N.-J.—Overview of the
Late Triassic (Carnian) actinopterygian fauna
from the Argana Basin (Morocco).

– Villanueva-Amadoz U., Gerwert Navarro M.,
Juncal M. A. & Diez J. B.—Paleobotanical and
Palynological Evidence for the Age of the
Matzitzi Formation, Mexico.

We would like to thank the editors of the
Mersennes group for their editorial assistance for
the preparation of these articles for Comptes Ren-
dus Geoscience of the Académie des Sciences, the
reviewers of these articles, as well as all the partic-
ipants in the Casablanca Congress and especially
those who allowed sharing their scientific advances
in this thematic issue.

Sylvie Bourquin
Associated Editor
France
sylvie.bourquin@univ-rennes1.fr

Rachid Essamoud
President of GMPT, Invited Editor
Morocco
rachid.essamoud@univh2c.ma
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Sedimentological and sequence stratigraphy

analyses of the syn-rift Triassic series of the

Mohammedia–Benslimane–ElGara–Berrechid basin

(Moroccan Meseta)

Abdelkrim Afenzar∗, a and Rachid Essamouda

a Dynamics of Sedimentary Basins & Geological Correlations Laboratory, Faculty of
Sciences Ben M’Sik, Hassan II University of Casablanca. B.P. 7955, Sidi Othmane,
Casablanca, Morocco

E-mails: karim.afenzar@gmail.com (A. Afenzar), r.essamoud@gmail.com
(R. Essamoud)

Abstract. Sedimentological analysis has shown that during the syn-rift phase (Upper Triassic) the
Mohammedia–Benslimane–ElGara–Berrechid basin (MBEB) is characterized by detrital and evapor-
ite sediment filling. A gradual decrease of palaeoslope over time led to the evolution of paleoenviron-
ments of proximal alluvial fans system to braided rivers and then to an anastomosing system. These
environments evolve finally to an alluvial plain associated with a coastal plain where playa lakes, mud-
flats and lagoons had developed.

We have identified fourteen genetic sequences which are included in four progradational-
retrogradational minor cycles that are themselves grouped in one major cycle. These cycles are re-
lated to the variations of the base level. The dominance of the retrogradation phases giving an asym-
metrical appearance to the cycles is related to the predominance of the base level rise. These varia-
tions are probably of allocyclic origin: tectonic and probably climatic, in relation with the Tethys and
the Atlantic Ocean being opened.

Keywords. Sedimentology, Paleoenvironment, High resolution sequence stratigraphy, Rifting, Trias-
sic.

Available online 14th December 2020

1. Introduction

The Moroccan Triassic basins are characterized
by two sedimentary episodes (detrital and evapor-

∗Corresponding author.

itic). The deposition of the detrital episode started
during (1) the Early Triassic in the Argana Valley,
[e.g. Hofmann et al., 2000, Tourani et al., 2010];
(2) the Middle Triassic in the Central High Atlas [e.g.
El Arabi et al., 2006] and in the Oujda mountains
[e.g. Courel et al., 2003, Crasquin-Soleau et al., 1997,

ISSN (electronic) : 1778-7025 https://comptes-rendus.academie-sciences.fr/geoscience/

https://doi.org/10.5802/crgeos.36
mailto:karim.afenzar@gmail.com
mailto:r.essamoud@gmail.com
https://comptes-rendus.academie-sciences.fr/geoscience/


418 Abdelkrim Afenzar and Rachid Essamoud

Oujidi and Elmi, 2000], and during (3) the Upper
Triassic in the Middle Atlas basins [e.g. Baudelot
et al., 1990, Lachkar et al., 2000] and in the Moroc-
can Atlantic margin (Essaouira basin, e.g. Hafid,
2000, Slimane and El Mostaïne, 1997; Doukkala
basin, e.g. Hminna et al., 2013; Khémisset basin,
e.g Et-Touhami, 1994, Taugourdeau-Lanz, 1978;
Mohammedia–Benslimane–ElGara–Berrechid basin
(MBEB), Afenzar, 2018).

The Moroccan salt series (evaporitic episode) are
formed during the Upper Triassic as in the other
Triassic continental basins, whether in the North
of Gondwana (Algeria, e.g. Aït Salem et al., 1998,
Bourquin et al., 2010, Courel et al., 2003; and Tunisia,
e.g. Soto et al., 2017, Soussi and Ben Ismaïl, 2000,
Soussi et al., 2001) or in Europe (Portugal, Alves et al.,
2006, Ramos et al., 2017, Soto et al., 2017; Spain,
e.g. Barrón et al., 2006, Bourrouilh et al., 1995, Fer-
rer et al., 2012, Gonzàlez de Aguilar, 2015, Ortí, 2004,
Reolid et al., 2014, Roca et al., 2011; France, e.g.
Bourquin and Guillocheau, 1993, 1996; Germany, e.g.
Aigner and Bachmann, 1992, Kozur and Bachmann,
2008) or in Canada [Leleu et al., 2016, Miall and Balk-
willa, 2019, Olsen, 1997, Wade et al., 1995, Welsink
and Tankard, 2012].

In Morocco, existing data for the Triassic salt suc-
cessions are scarce [e.g. Peretsman and Holser, 1988,
Salvan, 1974]. In the Atlasic domain, the saliferous se-
ries is more reduced and is represented in outcrop by
gypsum levels (Central High Atlas, e.g. Biron, 1982,
Benaouiss et al., 1996, Courel et al., 2003, El Arabi,
2007, Baudon et al., 2012, Vergés et al., 2017; Argana
Valley, e.g. Hofmann et al., 2000; Middle Atlas, e.g.
Lorenz, 1976, Laville et al., 1995, Ouarhache et al.,
2012). Towards the Mesetien domain and the Moroc-
can Atlantic margin domain, these successions be-
come much more important. In all Triassic basins be-
longing to these two domains, the saliferous succes-
sions are similar. They are subdivided into two large
parts recognized in borehole: (1) the lower part at-
tributed to the Upper Triassic and (2) the upper part
dated from the Lower Liassic, separated by the Cen-
tral Atlantic Magmatic Province, i.e. CAMP basalt (Es-
saouira Basin, Echarfaoui et al., 002b, Hafid, 2000;
Doukkala Basin, Echarfaoui et al., 002a, Salvan, 1984;
Khémisset Basin, Et-Touhami, 1994, 1996, 1998, Sal-
van, 1982; MBEB Basin, Afenzar, 2018, Lyazidi, 2004,
Salvan, 1984).

The MBEB Basin consists of a detrital and evap-

oritic sedimentary series of about 1500 m [Afen-
zar, 2018, BRPM, 1973]. This sedimentary series
is subdivided into two main formations: a sandy-
conglomeratic formation at the base (Formation A)
and argillaceous-saliferous formation in the middle
and top of the series (Formation B) [Afenzar, 2018,
Afenzar and Essamoud, 2017] recovered by Triassic-
Liassic basalts [Peretsman, 1985].

The aim of this study, from a detailed sedimen-
tological analysis is (1) to reconstruct palaeoenvi-
ronment and (2) for the first time, to propose se-
quence stratigraphy analyses to constitute a basis
of a stratigraphic correlation with other Triassic At-
lantic basins. Moreover, the correlations in terms of
sequence stratigraphy allow to constrain the spa-
tial and temporal evolution of salt series and could
guide the exploration and thus have an economic
impact.

2. Geological setting

At the early Mesozoic, the Pangea continent was af-
fected by an initial break-up associated with the early
stages of the opening of the Central Atlantic Domain.
During this phase, the Moroccan and North Ameri-
can Margins were subjected to an extensive tectonic
regime that led to the opening of a set of rift basins
[e.g. Courel et al., 2003, Hafid, 2000, Leleu et al., 2016,
Le Roy and Piqué, 2001, Medina, 1995, Olsen, 1997,
Piqué and Laville, 1995, Piqué et al., 1998]. The Mo-
roccan basins are placed geographically in the cen-
tral segment of Central Atlantic Domain and are lat-
erally equivalent to the Nova Scotian basins [Hafid,
2000, Leleu et al., 2016]. The MBEB basin is a part of a
Moroccan margin like the Khémisset, Doukkala, Es-
saouira, Souss and Tarfaya basins (Figure 1). Among
these basins, the closest to MBEB Basin are Khémis-
set Basin in the north (separated by the Paleozoic
basement of central Morocco) and Doukkala Basin in
the south (separated by the Paleozoic of Casablanca
block).

The MBEB basin is located in the North-West of
the Moroccan coastal Meseta, about twenty kilo-
meters northeast of Casablanca (Figure 2). The
structure of this basin has been interpreted sev-
eral times. The interpretations of El Wartiti et al.
[1992] were based on the boundary with the Her-
cynian basement, which are unconformity con-
tacts materialized by border faults controlling the

C. R. Géoscience — 2020, 352, no 6-7, 417-441
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Figure 1. Paleogeographical location of Moroccan Triassic basins in the Late Norian (synthetic map
based on Courel et al., 2003 and Leleu et al., 2016).

individualization of the basin and conditioning its
filling.

Usually, this basin is presented as an immense
shallow depression which seems to have originated
from N–S to NE–SW half-graben structure [Afenzar,
2018, El Wartiti et al., 1992]. At the end of the Pa-
leozoic and the early Mesozoic, this half-graben is
developed and filled by an important detrital and
evaporitic syn-rift sedimentary series; with a mag-
matic activity belonging to the CAMP [Manspeizer
and Cousminer, 1988, Peretsman, 1985].

This basin was subjected to a NW–SE extension
with a slight deformation component [El Wartiti
et al., 1992]. The structure is controlled by a deep de-
tachment, which is probably an ancient Hercynian
weakness zone, and which plunges slightly towards
the NNW. This is related to the opening of the proto-
Atlantic domain [El Wartiti et al., 1992, Medina, 1994].

3. Lithostratigraphic framework

According to the old nomenclature, the lithostrati-
graphic series of the MBEB basin was subdivided into
five main zones attributed to Permo-Triassic deposits
[BRPM, 1973]: (1) Zone argileuse inférieure; (2) Zone

salifère inférieure; (3) Zone basaltique; (4) Zone sal-
ifère supérieure; (5) Zone argileuse supérieure (Fig-
ure 3A).

According to the latest works, the sedimentary
series in the MBEB basin is subdivided into two
major series: Lower argillaceous-salt series attributed
to Triassic and Upper argillaceous-salt series attrib-
uted to Liassic [Hssaida et al., 2012, Lyazidi, 2004].
The two parts are separated by a basaltic complex
(Figure 3B).

This basalt was dated Late Triassic-Early Lias-
sic (200 Ma) and belonged to the CAMP by sev-
eral works based on radiometric dating data [Perets-
man, 1985]. Subsequently the infra-basaltic series
can be attributed to the Upper Triassic [Afenzar,
2018, El Wartiti et al., 1992, Lyazidi, 2004, Salvan,
1984].

In this study, we have subdivided this Upper
Triassic part into two main formations: the sandy-
conglomerate Formation (A) at the base of the series
and the argillaceous-saliferous Formation (B), sub-
divided into two members, (1) Mudstone-siltstone
Member and (2) Argillaceous-saliferous Member
(Figure 3C).

C. R. Géoscience — 2020, 352, no 6-7, 417-441
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Figure 2. Geological map of the MBEB basin with the sections and boreholes analyzed as well as
correlation transects in genetic stratigraphy (A: Chaâbat Al Hamra section, B: Chaâbat Lhmira, C: Assikriat
section, D: Tlet Ziaida, E: Sidi Amour, F: Sidi Bouchaibe, G: Barrage Oued El Maleh, H: Sidi Bou Amar, I:
Ouled Jhaich J: ElGara, TI, TII, TIII: correlation transects).

4. Method

This sedimentological study consists in a detailed
analysis of the field sections (outcropping in the
northeastern part of the basin) and drill cores of
four boreholes (PB43 (712 m), PB44 (650 m), POM1
(1070 m) and POM2 (1350 m), Figure 2) for a bet-
ter view of the sedimentary bodies and their spa-
tial arrangements. This allows to characterize dif-
ferent facies and their associations as well as the
architectural elements [Allen, 1983, Miall, 1985,
1996] which allow us to reconstruct the depositional
environments and their evolutions over time and
space.

In fact, the vertical and horizontal arrangement
of these facies give birth to the characterized archi-
tectural elements according to several criteria deter-
mined by Allen [1983] and Miall [1985, 1996], which
are: the nature of the upper and lower bounding sur-
faces, the external geometry, the scale, and the inter-
nal structures. The last step is the determination of

paleoenvironment which is based on the nature and
types of lithofacies already characterized and also on
types of architectural elements.

The genetic stratigraphy applied in this study
consists of a high-resolution correlation of all the
field sections as well as the boreholes in the basin,
which makes it possible to individualize isochronous
markers separated by a few tens to hundreds of
thousands years [e.g. Bourquin and Guillocheau,
1993, 1996].

After the characterization of sedimentary facies,
deduction of depositional processes, identification of
facies association and interpretation of depositional
environments, and setting up a sedimentological
model, the genetic unit are characterized and then
stacking pattern showing the evolution over time of
the depositional environment are established.

The second step consists in correlation of the
genetic sequences according to three transects
and based on reference levels which can serve
as isochronous markers. For this objective four

C. R. Géoscience — 2020, 352, no 6-7, 417-441
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Figure 3. Lithostratigraphic subdivision of the detrital and evaporite infra-basaltic series of the
Mohammedia–Benslimane–ElGara–Berrechid basin (A: BRPM, 1973; B: Lyazidi, 2004 C: Afenzar, 2018).

levels have been identified: (1) unconformity be-
tween the Hercynian basement and the first fa-
cies deposited in the basin; (2) contact between
the siltstone-mudstone member and the basal part
of the argillaceous-saliferous member; (3) contact
between the top part of the argillaceous-saliferous
member and the basal part of the member contain-
ing pure halitic facies; (4) the lower part of the basalt
formation considered as the limit between the Up-
per Triassic and Lower Liassic [Peretsman, 1985]. A
cartography of the genetic sequences was carried
out below in order to obtain 2D and 3D geometries
for a better interpretation of the evolution of these
genetic units as well as the lateral passages of the
facies.

5. Facies analysis

5.1. Identification of lithofacies

Fourteen facies were identified, described and inter-
preted in terms of depositional processes based on
lithology, grain sizes and sedimentary structures [Mi-
all, 1978, 1996] (Figures 4, 5 and 6, Table 1).

5.2. Architectural elements

In this study and according to architectural elements
of [Miall, 1996, 2016] we used the abbreviation AE
(Architectural Element) for the coding of these el-
ements. This analysis made it possible to charac-
terize six architectural elements (noted AE1 to AE6,
Figures 5a, 5b, 5c and 5d) and two facies associations
(AFP and AFE).

Architectural element AE1

This constitutes the basis of the series, it was de-
termined in the Chaâbat El Hmira area on a verti-
cal extent from 4 to 5 m. AE1 is formed mainly by
facies association Fc1 and Fc2 corresponding to fa-
cies Gms and Gm of Miall [1978, 1996]. It is at the
base of the series (in contact with the Paleozoic base-
ment) and associated with the architectural elements
AE2 and AE3 (Figure 5a). It is formed by gravity flow
deposits, mainly pebbles and gravels poorly sorted,
formed in the proximal areas of alluvial fans. Accord-
ing to all the criteria, this element corresponds to the
element SG (Sediment Gravity Flow) of Miall [1985,
1996, 2016].

C. R. Géoscience — 2020, 352, no 6-7, 417-441
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Figure 4. Illustration of the different facies identified in the basin. Description and interpretation in Table 1.

C. R. Géoscience — 2020, 352, no 6-7, 417-441
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Architectural element AE2

AE2 (Figures 5a and 5b) is formed by lithofacies
Fc2, Fc4, Fc5, Fc6 and Fc9. Regarding the internal
structure, it is formed by poor matrix and imbri-
cated pebbles facies (Fc2) showing channels lag and
sieve deposits. In other cases, this element is formed
by sandstone lithofacies characterized by horizon-
tal planar bedding: upper flow regime (Fc6), and
by some sandstone lithofacies showing the planar
crossbeds (Fc5). Moreover, architectural element AE2
has fourth order basal boundary surfaces (4th: mi-
nor erosion) and over (5th: surface bounding gen-
erally flat to slightly concave-upward) [Miall, 1988].
These limits are sometimes erosive and slightly pla-
nar and in other cases erosive and concave to the top.
Inside the element, and between the lithofacies,
small boundaries can be identified. From these char-
acteristics, we can say that AE2 resembles to the ar-
chitectural element CH (Channels) of Miall [1985,
1996, 2016].

Architectural element AE3

It is formed mainly by assemblages of coarse litho-
facies containing imbricated pebbles and gravels,
showing horizontal stratification, sometimes planar
crossbedding: Fc2 and Fc5 (Figure 5a). Sometimes
minor lithofacies were identified between these ma-
jor facies (Fc4 and Fc6). Most facies of this element
are organized as tabular bodies of five to six me-
ters thick. Also, it is formed from a 4% to 6% of fine
to medium sandstones. AE3 corresponds to the ar-
chitectural element GB (Gravel bars and bedforms).
It is usually coarse deposits formed at gravels bars,
these coarse deposits are sometimes intercalated by
thin levels sandstones formed at low flows (speed de-
crease) [Massari, 1983, Miall, 1985, 1996, 2016].

Architectural element AE4

This architectural element (Figures 5b and 5c) is
formed by medium to fine lithofacies assemblages:
facies Fc5, Fc6 and Fc7 corresponding respectively
to facies Sp, Sh and Sl of Miall [1978, 1996, 2016],
but it is dominated by Fc7. The Fc6 and Fc7 facies

are sometimes separated by a very fine facies: Fc8.
Architectural element AE4 passes laterally into ele-
ment OF. It is characterized by internal boundaries of
second to third order, while its outer boundaries are
fourth order. For this, AE4 has many similarities with
the architectural element SB (Sand Bedform) of Miall
[1985, 1996, 2016]. This architectural element charac-
terizes in our case, crevasse channels and/or crevasse
splays deposits.

Architectural element AE5

It is an assemblage of fine to very fine lithofacies.
This element is presented as sandstone sheets with
horizontal laminations from 40 to 80 cm thick: facies
Fc6, it is intercalated with thin purplish siltstones and
mudstones laminated: facies Fc8 and Fc9. This archi-
tectural element resembles to architectural element
LS (sand laminated sheets) of Miall [1985] (Figure 5c).
Lithofacies forming this architectural element have
been interpreted as the product of flash floods [Miall,
1985, Rust, 1978, Sneh, 1983, Tunbridge, 1981, 1984].
The architectural characteristics of this element are
well described by Tunbridge [1981] and Sneh [1983].
The sand sheets are deposited on flat surfaces slightly
eroded, laterally, they can spread over hundreds of
meters.

Architectural element AE6

Architectural element AE6 (Figures 5b and 5c) is
considered as a major element in the basin, its thick-
ness can reach forty meters. It is presented as large
sheets (2 to 50 m thick), formed by purplish or red
brick siltstones and mudstones, these siltstones and
mudstones sometimes show a massive aspect with
crude planar laminations indicating a quiet deposi-
tional setting. In other cases, they show horizontal
laminations with very thin intercalations (5–15 cm) of
fine sandstones. By these characteristics we can say
that AE6 corresponds to the architectural element OF
(Overbank fines) of Miall [1985, 1996, 2016].

According to Miall [1985, 1996], in most cases
this element has a sheet geometrical form, reflect-
ing its origin by vertical aggradation. In the vicin-
ity of the active channels, these sheets are separated
by crevasse splays. This architectural element may
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Table 1. Description and interpretation of sedimentary facies of Triassic series of MBEB based on Miall
(1978 and 1996), Bridge [2003] and Opluštil et al. [2005]

Facies
code

Lithology and sedimentary
structures

Depositional
process

Interpretation

Conglomeratic facies

Fc1 Massive conglomerate (1 m to
4 m thick) with angular,
disorganized and poorly
sorted gravels. The matrix is
formed by the fine sandstone.
Without sedimentary
structures (A, B Figure 4).

Gravity flows,
Mass flow deposits

Equivalent to Gms of Miall [1996]. The
absence of sedimentary structures and
the existence of a mixture of fine and
coarse materials suggest that this
conglomerate is deposited by gravity
flows: debris flow at proximal alluvial
fans environment [Miall, 1978, 1985,
1996, Opluštil et al., 2005].

Fc2 Clast-supported stratified
conglomerates with
centimeter to decimeter-sized
pebble-gravels, showing
angular to sub-angular shapes
and horizontal bedding
imbrication (B & C, Figure 4).

Aggradational
deposit

Equivalent to Gm of Miall [1996]. This
facies (0.4 m to 2.5 m thick) has been
deposited at median to distal alluvial
fans or longitudinal bars in the braided
rivers system. It can also be interpreted
as sieve and/or lag deposits [Miall, 1978,
1985, 1996].

Fc3 Planar crossbeds
conglomerate (0.5 m to 3 m
thick). The matrix is formed
mainly by clastic materials
(clast-supported) which are
very fine sandstones (D,
Figure 4).

Progradational
deposit

Equivalent to Gp of Miall [1996]: Deposit
of longitudinal bar in a braided rivers
system with shallow channels [Miall,
1978, 1985, 1996]. This facies present a
similarity with conglomerate of the lower
part of Bigoudine formation (T6) in the
Argana valley [Hofmann et al., 2000].

Sandstone facies

Fc4 Massive coarse sandstone (1 m
to 3 m thick) without any
sedimentary structures.
Sometimes it presents isolated
large fragments (A & C,
Figure 4).

Rapid deposits
Gravity flow
deposits

Equivalent to Sm of Miall [1996]. The
presence of isolated large fragments is
probably related to their falling along the
slope [Sohn et al., 1997], associated with
the deposition mechanism itself or a
movement in a high load flow [Postma
and Cruickshank, 1988]. According to
[Einsele, 1992, Miall, 1985, 1996], these
facies occur in alluvial fans environment.

Fc5 Fine to coarse sandstone
(0.4 m to 2 m thick), showing
the planar crossbeds (E,
Figure 4).

Progradational
deposit

Equivalent to Sp of Miall [1996]: Linguoid
or transverse bars deposits (lower flow
regime) [Bridge, 2003, Miall, 1985, 1996,
Todd, 1996]. It is similar to some
sandstone beds of the lower part of
Oukaïmeden sandstone [Benaouiss et al.,
1996].

(continued on next page)

C. R. Géoscience — 2020, 352, no 6-7, 417-441



Abdelkrim Afenzar and Rachid Essamoud 425

Table 1. (continued)

Facies
code

Lithology and sedimentary
structures

Depositional
process

Interpretation

Fc6 Fine to coarse sandstone
(0.2 m to 1.5 m) characterized
by horizontal laminations with
parting or streaming lineation
(F, Figure 4).

Plane-bed flow Equivalent to Sh of Miall [1996]. This
structure is generated by small
longitudinal vortices affecting the entire
turbulent boundary layer. It results from
upper flow regime deposits [Miall, 1985,
1996].

Fc7 Fine sandstone (0.5 m to 2 m
thick) characterized by low
angle (<10°) planar cross beds.

Scour fills Equivalent to Sl of Miall [1996]. It is a
crevasse channel and/or a crevasse splay
deposit often formed in the floodplain at
anastomosed fluvial system.

Fine facies

Fc8 Massive to horizontal
laminated siltstone. They have
a reddish appearance with
grey to greenish levels of
mottling (E & F, Figure 4).

Overbank deposit Equivalent to Fl of Miall [1996]. Vertical
accretion deposit showing a laminar flow
of very low energy. This facies is
interpreted as a flood plain, overbank or
playa deposits [Miall, 1985, 1996].

Fc9 Massive reddish mudstone
(0.1 m to 6 m thick) showing
mottling spots (C & H,
Figure 4).

Overbank deposit Equivalent to Fm of Miall [1996]. These
mudstones can be deposited in (1) an
alluvial plain of a braided system, (2)
floodplain and playas, and sometimes in
(3) distal alluvial fans [Mader, 1985].
These mudstones are interpreted as
lacustrine or overbank deposit [Miall,
1996]. This facies and Fc8 sometimes
have cyclicity similar to that described by
Hofmann et al. [2000] in the Argana
valley (T4, T5 and T7).

Evaporite facies

Fc10 Gypsum beds facies (0.1 m to
0.5 m). It is presented in the
form of centimeter banks
alternating with the siltstones
and the mudstones facies (H,
Figure 4).

Evaporation in a hot
and humid
environment

These facies are formed in relatively hot
and humid environments by the
precipitation of sulfated ions in
supersaturated solutions subjected to
intense evaporation [Warren, 2006,
2010].

Fc11 Fibrous gypsum (0.1 m to
0.2 m thick)

Diagenetic facies Diagenetic origin [Afenzar and
Essamoud, 2017, Afenzar, 2018,
Et-Touhami, 1994, 1996].

(continued on next page)
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Table 1. (continued)

Facies
code

Lithology and sedimentary
structures

Depositional
process

Interpretation

Fc12 Milky clean halite deposited as
decametric to metric beds
rarely associated with very fine
anhydrite laminae (I, Figure 4).

Evaporation in a hot
and humid
environment

The rhythmicity of this facies with the
mudstone facies is probably due to the
interventions of the slightly turbid
continental waters which propagate on
the surface of the brine [Afenzar, 2018,
Et-Touhami, 1994, 1996, Sonnenfeld and
Hodec, 1985]. The alternation of this
halite with detrital and sulphate levels
indicates that it is probably deposited in
saline mudflats or evaporite flats.

Fc13 Phenoblastic halite with
limpid crystals (J, Figure 4).
(0.5 m to 0.5 m thick)

Diagenetic facies Filling of dissolution cavities. Diagenetic
origin [Afenzar, 2018, Et-Touhami, 1994,
1996].

Fc14 Millimeter to centimeter veins
of fibrous halite.

Diagenetic facies Filling of pre-existing fractures in the
mudstone levels. It is presented as thin
fibers elongated perpendicularly to the
walls of mudstones. This halite is formed
probably during diagenesis in the
mudstone [Dumas, 1988, Et-Touhami,
1994, 1996, Hovorka, 1983].

fill abandoned channels, provided it has concave-up
basal contact and ribbon to lenticular geometry of
the channel itself [Ethridge et al., 1981, Miall, 1985].

Facies association of Playa (AFP)

It is a lithofacies combination of 5 to 6 m thick. It
is formed by siltstone and mudstone lithofacies as-
semblage (Fc8, Fc9) and by fine sandstones some-
times showing horizontal flat beddings (lithofacies
Sh). The facies association AFP presents a cyclicity of
the sandstone, siltstone and mudstone facies; which
shows that it is deposited in Playa Lake. The presence
of sandstone deposits also shows that these playa
lakes are shallow [Liu and Wang, 2001].

Evaporite facies association (AFE)

It is an association of mudstone (Fm) and evapor-
ite facies (Fc10: beds gypsum, Fc11: fibrous gypsum,
Fc12: milky halite, Fc13: phenoblastic halite, Fc14: fi-
brous halite). The thickness of the facies varies be-
tween 1 and 1.5 m for the siltstone, between 10 and
20 cm for the gypsum and between 10 cm and 2 m for

the halite. These evaporite facies are often of primary
and in other cases diagenetic origin. They are formed
by the evaporation of saline waters in mudflats and
lagoons in a hot and humid climate in relation to a
“pellicular” sea that covered the basin in the Upper
Triassic.

6. Paleoenvironment reconstruction

6.1. Proximal alluvial fans system

This fluvial model is characterized by massive con-
glomerate with angular, disorganized and poorly
sorted gravels, and by massive coarse sandstone (two
to three meters thick without any sedimentary struc-
tures). These lithofacies are associated in two archi-
tectural elements: AE1 (Sediment gravity flow SG)
and AE2 (Channels CH). AE1 units are interbedded
with channelized beds of AE2. By these architec-
tural element characteristics (facies assemblage, ge-
ometry, bounding surfaces. . . ), we can deduce that
this depositional environment is similar to the model
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Figure 5. Architectural elements characterized in the basin (a: in Chaâbat Lhmira outcrop, b: in the
Chaabat Al Hamra outcrop, c: in the top of Chaâbat Lhmira outcrop, d: in Assikriat outcrop).

No 1 of Miall [1985, 1996, 2016]. It is proximal al-
luvial fan with sediment gravity flows of gravelly
rivers [Afenzar, 2018, Afenzar and Essamoud, 2017,
Miall, 2016]. The frequency of debris flows depends
strongly on source rock weathering characteristics,
so that adjacent fans, the headwaters of which flow
across contrasting bedrock units, may show quite dif-
ferent lithofacies assemblages [Hooke, 1967, Miall,
1996, 2016].

6.2. Shallow channels of a braided rivers system

The sediments characterizing this environment
style are coarse to medium. It is a clast-supported
stratified conglomerate with centimeter to
decimeter-sized pebble-gravels, showing sub an-
gular shapes and horizontal bedding imbrication
(Fc2), and planar crossbeds conglomerate (Fc3). The
medium to fine deposits are presented by massive

coarse sandstone without any sedimentary struc-
tures (Fc4) and fine to coarse sandstone charac-
terized by horizontal laminations with parting or
streaming lineation (Fc6). The facies association of
this style forms the architectural element AE2 (CH:
channel) and AE3 (GB: gravel bars). In this envi-
ronment, the architectural element AE3 is the most
abundant. During the fluctuations stage, bar com-
plexes become emergent, and are crossed by minor
channels in which thin deposits of AE2 may form [Mi-
all, 2016]. These fluvial style characteristics resemble
to those of model No 2 of Miall [1985, 1996, 2016]. It
is a proximal braided rivers system characterized by
shallow channels and gravel bars.

6.3. Floodplains in anastomosed rivers system

This depositional environment is characterized es-
sentially by fine to very fine deposits with a large
thickness. In that case, these facies are organized into
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Figure 6. Synthetic sedimentary log of the basin with minor and major cycles of base-level variations.
a and b: conglomerate; c: sandstone; d: siltstone; e: mudstone; f: pure halite; g: argillaceous halite; h:
gypsum; i: basalt.

two architectural elements: AE4 (SB: Sand Bedforms)
deposited in the crevasse splays, and architectural
element AE6 (OF: Overbank Fine) formed in flood
plains and abandoned channels. The element AE4

has a limited lateral extent and passes laterally into
AE6. This type of fluvial style is much less studied and
interpreted, unlike other types of depositional envi-
ronment [Farrell, 1987, Kraus and Bown, 1988, Miall,
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1985, 1996, 2016]. However, it is linked to an anas-
tomosed environment characterized by low-energy
floods with crevasse channels and crevasse splays.

6.4. Coastal plains, playa lakes, mudflats and la-
goons system

This is a set of more distal deposit environments.
They are characterized by deposits recorded in the
middle and top part of the argillaceous-saliferous for-
mation (B) and which is finally capped by Triassic-
Liassic basalts. This system is characterized by mas-
sive to horizontal laminated siltstone, massive red-
dish mudstone showing mottling spots, gypsum beds
facies alternating with the siltstones and the mud-
stones facies, fibrous gypsum, milky clean halite de-
posited as decametric to metric beds rarely asso-
ciated with very fine anhydrite laminae and phe-
noblastic halite with limpid crystals.

This system probably corresponds to the large
coastal plain downstream characterized by the devel-
opment of playa lakes, mudflats and lagoons where
the evaporite facies are formed by the evaporation
of marine waters [Peretsman, 1985, Peretsman and
Holser, 1988] under a hot and humid climate and in
relation to a pellicular sea that covered the domain
during the Upper Triassic time.

7. Genetic stratigraphy and correlation

7.1. Identification of genetic sequences

In the continental domain, as in our case, the iden-
tification of genetic sequences is complicated. A ge-
netic sequence is usually represented by a period
of erosion, by pass or stacked of fluvial deposits
linked to the base level fall (i.e. progradation) and
a period of aggradation accompanied the base level
rise (i.e. retrogradation). The periods of base level
fall correspond to a weak preservation of the fa-
cies whereas the period of aggradation corresponds
to a significant sedimentary preservation [Bourquin
et al., 1998, 2009, Hamon and Merzeraud, 2005,
Homewood et al., 1992, Merzeraud, 1992].

Genetic sequence UG1

It is a genetic sequence in which an alluvial fan
system evolves to a braided system with an alluvial
plain. The period of base level fall (progradation) is

characterized by a weak preservation of the thin con-
glomerate facies without sedimentary structure with
coarse, angular and poorly sorted elements limited
by erosion surfaces indicating the base level fall. The
base level rise period (retrogradation) is character-
ized by the important preservation of alluvial fan fa-
cies and the development of conglomeratic facies
(showing horizontal stratifications with imbricated
and well-sorted pebbles-gravels) and sandstone fa-
cies showing horizontal planar bedding. These facies
are organized into architectural elements: AE1, AE2
and AE3 formed in channels and bars in a braided
river system.

Genetic sequence UG2

The base level fall period is characterized by
the deposition of coarse massive sandstone facies
without sedimentary structures. The base level rise
is marked by well-organized facies with horizontal
stratifications and other conglomerate facies show-
ing planar cross-beds organized into architectural el-
ements AE2 and AE3 deposited at the channels and
bars in a braided fluvial system.

Genetic sequence UG3

This genetic sequence formed during the increase
of the base level (retrogradation), is characterized by
the development of distal fine facies forming the ar-
chitectural element AE6 and deposited in the flood-
plain. The basal boundary of this sequence is marked
sometimes by the passage of coarse facies formed at
the bars in a braided system to fine facies of the flood-
plain.

Genetic sequence UG4

This sequence is characterized by its formation
during the rise of the base level marked by the de-
position of sandstone, siltstone and mudstone facies.
These facies are associated in two architectural el-
ements (AE2: CH and AE6: OF) formed in anasto-
mosed channels with an immense floodplain. This
period of base-level rise is also characterized by a de-
crease of grain-size, passing from channel sandstone
facies to the siltstone-mudstone facies of the flood-
plain.

Genetic sequence UG5

UG5 is characterized by a period of base level
rise associated with the development of sandstone
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and mudstone facies organized into architectural el-
ements AE4, AE5 and AE6 deposited in sand bars and
crevasse splays at a floodplain related to an anasto-
mosing fluvial system. The facies association is char-
acterized by a gradual decrease of grain-size.

Genetic sequence UG6

This genetic sequence is formed during the base
level rise period. It is represented by sandstone and
siltstone-mudstone facies deposited in floodplains
and probably in coastal plains characterized by archi-
tectural element AE6 and facies associations of playa
(AFP).

Genetic sequence UG7

It is characterized by a period of base level rise,
and formed by sandstone, siltstone, mudstone and
evaporite facies. These facies form the association
of Playa (AFP) and/or facies-association of evaporite
(AFE) formed at playa lakes and at lagoons with an
immense coastal plain.

Genetic sequences UG8 to UG14

The UG8 to UG14 genetic sequences are charac-
terized by alternating siltstone, mudstone and evap-
orites facies (organized into architectural elements
AE6, AFP and AFE) formed in a coastal plain as-
sociated with mud flats and lagoons. These genetic
units have been identified mainly in boreholes at
depths ranging from 500 m up to 1000 m. The
maximum flooding surfaces of these sequences are
between the mudstone facies and the evaporites
facies.

7.2. Genetic sequences correlations

The genetic units are correlated from one section to
the other (Figure 7) and from borehole to another
(Figure 8). This correlation is based on the determi-
nation of reference levels. For this objective four lim-
its have been identified:

– the first one is the unconformity between the
Hercynian basement and the first facies de-
posited in the basin,

– the second reference level is the contact be-
tween the detrital facies and the first evap-
orites facies (gypsum) deposited in the basin
and corresponds to the contact between the

Mudstone-Siltstone Member and the basal
part of the Argillaceous-Saliferous Member
(Figure 3C),

– the third reference level concerns the contact
between the upper part of the Argillaceous-
saliferous Member and the basal part of pure
halitic facies, located at the top of this Mem-
ber,

– the fourth one is the beginning of the Basalt
considered as the limit between the Upper
Triassic and Lower Liassic [Peretsman, 1985].

For more precision, this correlation was carried
out according to three transects: the first one (TI) N–S
on Oued El Maleh river. The second transect (TII)
N–S on the Oued Nfifikh and the last transect (TIII)
N–S which links between the boreholes PB43, PB44,
POM1 and POM2 (Figure 2). The stacking pattern of
the genetic sequence allows the constitution of four
minor cycles of base level variation (Figure 6).

The first cycle (C1) is characterized by conglom-
erate and sandstone deposits unconformably de-
posited on the Hercynian basement. The maximum
flooding surface (MFS1) is marked by the passage of
thin conglomerate facies without sedimentary struc-
ture with coarse, angular and poorly sorted elements
limited by erosion surfaces to conglomerate facies,
deposited in proximal alluvial fans and conglomer-
ate and sandstone facies formed in a braided fluvial
system with a progressive rise of base level (UG1 and
UG2).

The second cycle (C2) (Figures 9, 10 and 11) has
a remarkable base level increase. It is characterized
by a vertical aggradation of the sandstone, siltstone
and mudstone facies formed in an alluvial plain in
braided system and/or in an anastomosing river sys-
tem.

The third cycle (C3) (Figures 9, 10 and 11) was
identified on the borehole (PB44). It is a retrogra-
dational/aggradational cycle and is characterized
by the appearance of the first evaporite facies. Its
base is represented by gypsiferous mudstone and
alternations of mudstone and bed gypsum. Then,
there is a transition to alternations of halite (+/−
closed lagoon) and mudstone formed in playa and
mudflats.

The fourth and last cycle (C4) (Figure 11) is char-
acterized by the rise of the base level, with the forma-
tion of pure halite facies, which shows a marine inter-
vention stopped abruptly by basaltic effusions at the
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Figure 7. Correlation of genetic sequences based on the study of field sections on the Oued Nfifikh-
ElGara axis (Transect II).

end of the Upper Triassic.

7.3. Basin-wide genetic sequences cartography

The identification of different orders of genetic se-
quence stacking and their correlation allow the car-
tography of their extent. The result is a paleogeo-
graphic reconstruction for each genetic sequence.
This stratigraphic correlation makes it possible to
study the distribution of facies in space within each
sequence, and their evolution over time (Figures 9, 10
and 11).

At the base of MFS1, conglomerates have larger
thicknesses in the center than at the ends for transect
(TI) (Figure 9). For the transect (TII) (Figure 10), these
conglomerates have significant thicknesses along the
entire transect. At the north, some conglomeratic
facies of the retrogradational part of the genetic
sequence UG1 pass laterally to sandstone facies. The
genetic sequence (UG1) of this cycle (C1) is formed
in proximal deposition environments: alluvial fans,
proximal braided system with remarkable variations
of palaeoslope.

Between MFS1 and MFS2, an increase of base
level leads to a change in the depositional environ-
ment to an alluvial plain characterized by sandstone
and siltstone deposits. This rise of the base level is
shown by well-developed braided channel facies and
by a gradual decrease of grain size and then by the

appearance of the well-sorted facies, with the dis-
appearance of the angular elements and finally by
the passage of the massive facies without sedimen-
tary structure (Gms and Sm) at Planar cross-beds fa-
cies (Gp and Sp) then at Horizontal lamination fa-
cies (Gm and Sh) [Bourquin et al., 1998, 2009, Hamon
and Merzeraud, 2005, Homewood et al., 1992, Merz-
eraud, 1992, Poli, 1997]. Lateral transition of facies is
observed at the north of the transect (TI) (Figure 9)
and the entire transect (TII) (Figure 10).

Between MFS2 and MFS4, we have noticed an ap-
pearance of evaporites facies that are concentrated
in the middle of the transect (TI, Figure 9) and pass
laterally to siltstone and mudstone at the same ge-
netic sequence. For the transect (TIII, Figure 11),
this interval (MFS2–MFS4) is characterized by a ge-
netic sequence with purely saline facies. This pas-
sage of evaporites facies to mudstone facies is prob-
ably due either to the migration of deposition envi-
ronment during the same time interval, or to the dis-
solution and erosion of these facies exposed in out-
crop. The last cycle (C4) (Figures 10, 11) is charac-
terized by a deposition of pure halite facies recov-
ered by basalts, which shows the marine incursion
before these basaltic effusions at the end of Triassic
and early Jurassic.

These genetic sequences and progradational/
retrogradational cycles show an evolution of the
proximal fluvial environments (alluvial fans passing

C. R. Géoscience — 2020, 352, no 6-7, 417-441



432 Abdelkrim Afenzar and Rachid Essamoud

Figure 8. Correlation of genetic units based on the study of the central and northern boreholes of the
basin (Transect III: N–S).

Figure 9. First transect (TI) N–S of correlation and cartography of genetic sequence and minor cycles of
base-level variation.

laterally to braided system) at the base of the TI and
TII (respectively Figures 9 and 10, orange and beige
color) to a distal environments (anastomosed rivers
and floodplains) in the middle of TI and TII and at the

base of TIII (respectively Figures 9, 10 and 11, yellow
and green color below MFS2), and then at a tran-
sition environment (coastal plain with lagoons and
mudflats) at the top of the TI and TII and throughout
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Figure 10. Second transect (TII) N–S of correlation and mapping of genetic sequence and minor cycles
of base-level variation.

Figure 11. Third transect (TIII) N–S of correlation and mapping of genetic sequence and minor cycles of
base-level variation.

the transect TIII (respectively Figures 9, 10 and 11, green and pink color).
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8. Discussion

Paleoenvironmental evolution

Sedimentary analysis has shown that the studied
basin is characterized by siliciclastic sedimentation
at the beginning and then evaporitic at the end of the
syn-rift sedimentary filling (Figure 6) [Afenzar, 2018].
First-cycle debris eroded from a mountainous source
area are deposited at the edges of the basin in coarse
alluvial fans, or transported to a coastal plain [Miall,
2016].

Based on the identified facies, and the character-
ized architectural elements and the alluvial styles,
the depositional environments are evolved over time
from:

– proximal alluvial fans system characterized
by accumulation of gravity-flow sediments to
a proximal braided system characterized by
conglomeratic and sandstone bars;

– subsequently, the depositional environment
has changed to an anastomosed system with
a vast floodplain characterized by crevasse
splays that pass laterally to overbank de-
posits (middle of the sedimentary series);
these anastomosed systems occur in areas of
active vertical aggradation, such as coastal
systems during a time of rapidly rising base
level;

– finally, these environments eventually evolve
to a coastal plain where playa lakes, mudflats
and lagoons have developed. In this phase,
the syn-rift sedimentary series recorded a
marine incursion at the Upper Triassic with
saliferous sedimentation Afenzar [2018]. It is
deduced from the presence of a thick sal-
iferous series with a large lateral extension
whose isotope ratios of sulfur and bromine
contents indicate their marine origin [Perets-
man, 1985, Peretsman and Holser, 1988].
These marine waters are probably of Tethyan
origin and are also related to the opening of
the Proto-Atlantic [Et-Touhami, 1994]. This
marine incursion remains thin compared to
the southwest European Triassic basins. In
these cases, the well-developed marine do-
main is indicated by the presence of carbon-
ates rich in marine species (e.g. Alpujarride
carbonates in Betic Cordillera: Martin-Rojas
et al., 2009). Leleu et al. [2016] specified that

these marine ingressions from the Tethys do-
main are inferred from dolomite and marine
fauna in Portugal and from thick salt deposits
in Morocco and offshore Canada during the
late Rhaetian.

Control factors

Detrital sedimentation in the MBEB basin can be
interpreted as resulting from the filling of a ditch in
the form of half-graben [El Wartiti and Fadli, 1985,
El Wartiti et al., 1992], the replay of the Hercynian
faults which caused the collapse of this ditch and
the activation of erosion. According to Salvan [1984],
distension and subsidence were localized in Meseta
points (ex. MBEB basin), which led to the accumula-
tion of salts deposits.

The MBEB basin is therefore an open continental
zone, which has favored the registration of alluvial
fans, high-energy fluvial systems, and then gradually
filling up, we have moved to lakes, and to evaporites.
It is a typical succession associated with geodynamic
context of rift type.

In this basin, the silico-clastic sedimentation is the
result of continental alteration, and therefore a good
part of the budget of erosion will arrive in the basin.
After the period of erosion (the ante-Triassic reliefs),
the basin is an area of sedimentation. It is an exten-
sive basin whose deposits are initially aggradational
and then retrogradational.

The MBEB basin also recorded a budget of pa-
rameters (mainly tectonic, climate) that created ac-
commodation and a parameter that fills this space:
the sediment supply. The sediments are mostly
red. This reflects the oxidizing conditions in which
the sedimentation was carried out [Biron, 1982,
Van Houten, 1973]. The evaporites indicate a rela-
tively hot and humid climate that has favored their
precipitation.

The palaeoenvironmental evolution was also con-
trolled by the evolution of palaeoslope. The decrease
of the latter is found in most Triassic rift basins be-
longing to the central Atlantic domain. Leleu and
Hartley [2010] suggest that in the Fundy and Mi-
nas basins, the palaeoenvironmental transition is di-
achronous, such that it cannot be related to climatic
controls of global or megaregional extent and the
fining-upward profile can be explained by a decrease
in source area relief by erosion within a hydrologi-
cally closed basin.
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Paleogeography

The evaporitic deposits could correspond to a
Late-Triassic transgression from the Tethys to the
north and an epicontinental marine domain to the
west [Beauchamp, 1988, Beauchamp et al., 1995, Ou-
jidi et al., 2000]. A “pellicular” sea covered most of
the Moroccan basins with intermediate facies, which
was therefore a flat surface affected by localized
subsidence (The MBEB basin is part of it) where
the evaporitic thick layers accumulated. The marine
character of the evaporites [Peretsman and Holser,
1988] denotes a first transgressive episode [Salvan,
1984] generalized throughout the Atlasic-Mesetien
domain [Oujidi et al., 2000]. The detrital basins on ei-
ther side of the future Atlantic Ocean are considered
primarily purely continental, with the Newark Basin
as a model [Smoot, 1991].

The idea of a secondary communication be-
tween the Tethyan marine domain and the proto-
Atlantic via the basins of Khémisset, Roumani and
MBEB, operating discontinuously is quite conceiv-
able [Et-Touhami, 1994].

Relationship with Atlantic rifting

At the beginning of the Mesozoic, the northwest-
ern part of the African continent was affected by an
initial fracturing associated with the early stages of
the opening of the central Atlantic (Atlantic rift).

Several authors consider that the opening of sev-
eral Moroccan Triassic sedimentary basins (at least
those in the southern edge of the Tethys) was ini-
tiated during this Triassic rifting. This opening was
controlled by the reactivation of the preexisting
weakness zones in the Paleozoic basement and in-
herited from the Hercynian orogeny [Courel et al.,
2003, Hafid, 2000, Laville et al., 2004, Leleu et al.,
2016, Le Roy and Piqué, 2001, Medina, 1994, Olsen,
1997, Piqué and Laville, 1995, Piqué et al., 1998].

The MBEB basin is part of the western province
of Triassic deposits in Morocco, which correspond
to all the basins of the Moroccan Atlantic margin
(Doukkala, Argana, Essaouira. . . ) in direct relation
with the Atlantic rift [Beauchamp et al., 1985, Sal-
van, 1984, Van Houten, 1977]. The Triassic deposits
are considered as syn-rift.

9. Conclusion

This sedimentological analysis carried out for the
first time in this basin allowed the reconstruction of
palaeoenvironments and thus the syn-rift sedimen-
tary filling history during the Upper Triassic. During
rifting, the MBEB Basin passed through three ma-
jor phases of sedimentary filling. The first phase is
purely continental. During this period, the first de-
posits arrived in the basin are of alluvial fan ori-
gin. Subsequently, the decrease in palaeoslope and
the rise of the basal level resulted in paleoenviron-
mental changes (proximal fluvial system to a distal
depositional environment). During the third phase,
the syn-rift sedimentary series recorded a marine in-
cursion at the Upper Triassic with saliferous sedi-
mentation.

The correlation and cartography of the ge-
netic sequences as well as the progradational/
retrogradational cycles made it possible to obtain
2D/3D geometries of the basin according to the three
correlation transects. This indicates a growth in the
thickness of these sequences vertically (growth to-
wards the top of the sandy-conglomeratic formation)
and laterally (increase of the thickness of the genetic
sequences while passing of borders to the center
of the basin). These correlations also show lateral
passages of the mudstone facies (NE-SE border) to
the evaporite facies (basin center). The economic
importance of these 2D/3D geometries lies in their
orientation of the exploitation of pure halite facies
whose thickness and quality increase towards the
center of the basin.

From a paleogeographic point of view, the
Mohammedia–Benslimane–ElGara–Berrechid Basin
is part of the western Moroccan Triassic province,
which corresponds to all the basins of the Moroc-
can Atlantic margin (Doukkala, Argana, Essaouira,
Tarfaya) in relation to the rifting of Central Atlantic
Domain. In this context, this study consists of a ba-
sic approach for all future studies concerning the
stratigraphic correlations between this basin and the
Triassic basins of the African Atlantic margin and
Northeastern American margin.
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Abstract. The Middle Triassic (Ladinian) deposits of the Catalan Basin (Spain) are essentially repre-
sented by extensive marine carbonate platforms developed in a rift tectonic setting. During the La-
dinian, a regional sea-level drop led to a significant paleogeographic reorganisation of the depocen-
tres of eastern Iberia producing a relevant shift in the distribution of the sedimentary environments.
To better calibrate the age of the correlative conformity and the associated depositional facies, a new
palynological study was carried out in two localities in Tarragona province (Spain). The palynological
assemblages suggest a Longobardian–Cordevolian age (Middle–Late Triassic transition) for the mate-
rials deposited below and above the correlative conformity. This study allows a refined biostratigraphic
and sedimentary correlation between the carbonate sediments in the Catalan Basin and those in the
Iberian Ranges and adjacent basins of the Tethys region.

Keywords. Longobardian, Ladinian, Triassic, Palynostratigraphy, Spain.

1. Introduction

The evolution of Iberia during the Upper Permian
and Mesozoic can be divided into three rift cycles
and post-rift stages. The rift cycle corresponding to
the Late Permian–Triassic, mainly affected the east-
ern part of the Iberian plate giving rise to basins
that were filled with sediments attributed to the Ger-
manic facies during the late Permian and Triassic

∗Corresponding author.

times [Ramos et al., 1996, Salas and Casas, 1993, Salas
et al., 2001].

In Iberia, the Triassic stratigraphic record can be
subdivided into the three parts, from the base to the
top: Buntsandstein facies (continental clastic sedi-
ments and red beds), Muschelkalk facies (marine car-
bonates, evaporites and red beds) and Keuper facies
(tidal and sabkha deposits) [Calvet et al., 1990, Virgili
et al., 1983].

In the Triassic Catalan basin, the Muschelkalk
facies (Anisian to Ladinian) is constituted by two
marine carbonate sequences with an interstrat-
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ified evaporite-siliciclastic unit. The second car-
bonate sequence was recently subdivided into two
Transgressive–Regressive sequences corresponding
to two fault-block, microbial-dominated carbonate
ramps separated by a marked correlative conformity
formed in association with a regional sea-level fall
[Mercedes-Martín et al., 2013, 014a]. Ammonites,
bivalves and palynomorphs have been previously
used to constrain the age of these platforms particu-
larly in open marine, deep ramp settings where these
organisms are better preserved in organic-rich sed-
iments [Calvet et al., 1990]. However, refined bios-
tratigraphic surveys are needed to: (i) shed light on
the age of the correlative conformity which leads to a
significant paleogeographic reorganisation of the de-
pocentres of eastern Iberia [Mercedes-Martín et al.,
014b], and (ii) identify the Ladinian–Carnian transi-
tion in marine sediments. Palynological assemblages
can help to temporally constrain the age of these
carbonate-shale sequences since palynomorphs are
easily well-preserved in organic-rich facies and their
remains are abundant in the study area.

1.1. Background

There are previous palynological studies that analyse
different assemblages in the Catalan Coastal Ranges.
Following the chronostratigraphic order, we have the
following data.

For the Lower Muschelkalk facies, in Figaró-
Montmany area (Barcelona), Solé de Porta et al.
[1987] studied a palynological assemblage which
was dated as middle Anisian. This assemblage con-
tains Alisporites grauvogeli, cf. Latosaccus latus, Mi-
crocachryidites doubingeri, Microcachryidites fas-
tidioides, Platysaccus reticutatus, Striatoabieites
aytugii, Sulcatisporites cf. reticulatus, Triadispora
aurea, Triadispora crassa, Triadispora falcata, Tri-
adispora plicata, Voltziaceaesporites heteromorpha,
Alisporites sp., Aratrisporites sp., Cyclotriletes sp.,
Punctatisporites sp., Sulcatisporites sp., Triadispora
sp., and unidentified bisaccates.

For the Lower Muschelkalk–Middle Muschel-
kalk Calvet and Marzo [1994] suggested an Upper
Anisian age, using a palynological assemblage iden-
tified in El Figaro (Barcelona): Alisporites grauvo-
geli, Lunatisporites acutus, Microcachryidites doub-
ingeri, Praecirculina granifer, Striatoabieites ay-
tugii, Stellatopollenites thiergartii (= Hexasaccites

muelleri), Cycadopites sp., Cyclotriletes sp., and
Triadispora sp.

In the base of the Middle Muschelkalk Solé de
Porta et al. [1987] studied an outcrop in La Riba
(Tarragona). This outcrop consists of dark shales,
dating by this author as Upper Anisian according to
the following palynological assemblage: Alisporites
grauvogeli, Cyclotriletes cf. granulatus, Cyclotriletes
cf. oligogranifer, Cyclotriletes triassicus, Kuglerina
meieri, Lunatisporites acutus, Microcachryidites
doubingeri, Microcachryidites fastidioides, Prae-
circulina granifer, Striatoabieites aytugii, Stellatopol-
lenites thiergartii (= Hexasaccites muelleri), Triadis-
pora aurea, Triadispora crassa, Triadispora falcata,
Triadispora plicata, Triadispora staplinii, Triadis-
pora suspecta, Alisporites sp., Cycadopites sp., Cy-
clotriletes sp., Lunatisporites sp., Punctatisporites sp.,
Sulcatisporites sp., and Triadispora sp.

Also, Diez [2000] analysed the base of the Mid-
dle Muschelkalk in the outcrop of “El Figaro”, char-
acterised by an organic-rich interval. This palyno-
logical assemblage is constituted by the following
species: Alisporites cf. grauvogeli, Heliosaccus dimor-
phus, Lunatisporites cf. acutus, Ovalipollis cf. ovalis,
Parasaccites cf. korbeensis, Punctatisporites fungosus,
Triadispora epigona, Triadispora falcata, Triadispora
staplinii, Verrucosisporites remyanus, cf. Alisporites,
Alisporites sp., Aratrisporites sp., Calamospora sp.,
cf. Illinites, Microreticulatisporites sp., and Platysac-
cus sp. Despite the high palynological diversity, this
assemblage did not provide detailed chronostrati-
graphic information.

The palynological content of the Middle Muschel-
kalk of the Catalan Basin was studied by Visscher
[1967] in Pradell (Tarragona) giving an assemblage
of poor chronostratigraphic value: Alisporites grauvo-
geli, Angustisulcites klausii, Voltziaceaesporites het-
eromorpha, and Triadispora sp.

Subsequently, Calvet and Marzo [1994] studied the
upper part of the Middle Muschelkalk succession in
La Riba (Tarragona) suggesting a Ladinian age on
the basis of the following assemblage: Duplicisporites
granulatus, Duplicisporites scurrilis (= Paracirculina
scurrilis), Ovalipollis ovalis, Praecirculina granifer,
Staurosaccites quadrifidus, and Triadispora sp.

Finally, for the Upper Muschelkalk, Solé de Porta
et al. [1987] studied the microflora of Capafons
Unit, in Capafons (Tarragona) which raised a La-
dinian microflora constituted by the speciments:
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Camerosporites secatus, Duplicisporites granulatus,
Duplicisporites scurrilis (= Paracirculina scurrilis),
Microcachryidites doubingeri, Microcachryidites fas-
tidioides, Ovalipollis ovalis, Praecirculina granifer,
Rimaesporites potonei, Striatoabieites aytugii, Tri-
adispora aurea, Triadispora crassa, Triadispora
falcata, Triadispora plicata, Triadispora suspecta,
Platysaccus sp., Triadispora sp., and Verrucosisporites
sp. Also, Calvet and Marzo [1994] studied two pa-
lynological assemblages from Rojals and Rasquera
Units. The Rojals Unit was recognised at the top of
Rojals Unit from la Riera de Sant Jaume (Barcelona)
and contains Camerosporites secatus, Duplicisporites
scurrilis (= Paracirculina scurrilis), Ovalipollis cultus,
Ovalipollis ovalis, Praecirculina granifer, Triadispora
crassa, Alisporites sp., Calamospora sp., and Triadis-
pora sp. The Rasquera Unit was recognised from
marly sediments sampled in Rasquera (Tarragona)
yielding Camerosporites secatus, Praecirculina gran-
ifer, Ovalipollis ovalis, Staurosaccites quadrifidus,
Triadispora crassa, Platysaccus sp., and Triadispora
sp. An Upper Ladinian age was suggested for both
units [Calvet and Marzo, 1994].

Unfortunately, the mentioned previous studies
other than that the work of Diez [2000], lack accu-
rate representation of the listed palynomorphs, so a
critical motivation of our work was to study simi-
lar stratigraphic units in the Catalan Basin to obtain
new appropriated data. This study aims at charac-
terising new palynological assemblage from two out-
crops located in the surroundings of Falset and Ras-
quera (Tarragona, Spain), contributing to better con-
strain the age of the Upper Muschelkalk facies of the
Catalan Basin.

2. Geological setting

The study area is located in the Catalan Coastal
Ranges, which developed by inversion of the Meso-
zoic rifts during the Palaeogene [Salas et al., 2001].
The Triassic materials of the Catalan Coastal Ranges
are widely distributed in an area about 300 km long
and 200 km wide showing a NE-SW orientation. Dur-
ing the Triassic, the basin opened towards the SE into
the Neotethys Sea, with shallow depocentres located
towards the western and northern parts of the Span-
ish Meseta [Calvet et al., 1990].

During the Permian to Middle Triassic times,
Iberia experienced the development of graben sys-
tems that were closely related to the rapid propaga-
tion of the northern Europe-Greenland Sea rift to the
south and the propagation of the Neotethys Sea to
the west. The late Permian and Mesozoic evolution of
Iberia can be divided into four major rift cycles and
post-rift stages [Ramos et al., 1996, Salas and Casas,
1993, Salas et al., 2001]. The first of these cycles (late
Permian-Triassic rift cycle of Salas and Casas [1993])
broadly affected the eastern part of the Iberian plate
(including the Triassic Catalan Basin). This cycle was
divided into several syn-rift and post-rift phases [Var-
gas et al., 2009] providing evidence that the Triassic of
Iberia was marked by generalised pulses of rapid syn-
rift subsidence which influenced the deposition of
extensive carbonate ramps [Mercedes-Martín et al.,
2013, 014a, Tucker et al., 1993].

These Triassic graben systems were filled with
sediments attributed to Germanic facies during the
late Permian and Triassic allowing a tripartite fa-
cies subdivision of such deposits. The lower part is
made up of continental Buntsandstein siliciclastics
and red beds, the middle part is composed of marine
Muschelkalk limestones, evaporites and red beds,
and the upper part consisting of tidal, sabkha and
evaporite deposits of the Keuper facies [Virgili et al.,
1983].

In the Catalan Basin, the Muschelkalk facies
(Anisian to Ladinian, Middle Triassic) consist of two
marine carbonate units separated by a siliciclastic-
evaporite unit. The second carbonate unit (Upper
Muschelkalk) records paleogeographical thickness
variations between the shallowest carbonate de-
posits, located in the Gaià domain, and the deeper
carbonate-shale deposits, located in the Baix Ebre-
Priorat domain [Calvet et al., 1987, Calvet and Tucker,
1988] (Figure 1). The outcrops studied in this work
belongs to the Baix Ebre-Priorat domain.

The Ladinian sedimentary record of the Trias-
sic Catalan Basin has been recently divided into
two transgressive–regressive (T-R) sequences by
[Mercedes-Martín et al., 014a]. The two T-R se-
quences represent examples of carbonate ramps,
with low-gradient depositional angles and clearly
recognised lateral relationships of facies belts. The
depositional model for the T-R Sequence 1 corre-
sponds to a microbial-dominated fault-block car-
bonate ramp. The T-R Sequence 1 (early Ladinian)
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Figure 1. Geographical and geological location of the study area.

contains widespread microbial carbonate deposits:
stromatolites in the inner ramp (up to 10 m thick) and
thrombolytic biostromes and mounds in the middle
ramp (up to 70 m thick). However, the T-R Sequence
2 (late Ladinian) is made up of oolitic stromatolites
in the inner ramp, and internal shoals and sheltered
lagoons in the middle-outer ramp [Mercedes-Martín
et al., 2013, 014a,b].

Both T-R sequences are bounded by a prominent
correlative conformity associated with incised-valley
erosional features and collapse breccia fillings. The
correlative conformity was interpreted as formed by a
significant sea-level drop of at least 50 m [Mercedes-
Martín et al., 2013, 014a]. The deep-water expression
of such surface is the correlative conformity, which
was recognised in the Rasquera section (Figure 2).

2.1. Stratigraphy of the Baix Ebre-Priorat do-
main

From a lithostratigraphic perspective, the Upper
Muschelkalk is constituted by different units in the
Baix Ebre-Priorat domain (Figure 2). Calvet et al.
[1987] and Calvet and Tucker [1988] recognised five

units, which from base to top are: (1) the Rojals
Unit, (2) the Benifallet Unit, (3) the Rasquera Unit,
(4) the Tivissa Unit, and (5) the Capafons Unit. Col-
lectively, the sedimentary sections studied in this
work (Falset and Rasquera, Figures 2, 3) contain the
lithological units 1 to 4 which have been placed in
the stratigraphic sequence framework provided by
Mercedes-Martín et al. [2013].

Rojals Unit. It is made up to 14 m thick car-
bonate succession sharply lying on top of the Mid-
dle Muschelkalk siliciclastic-evaporitic deposits. Ro-
jals Unit is composed of several alternating facies:
grey massive bioturbated mudstone; grey laminated
mudstone-wackestone with mud-cracks and evapor-
itic moulds; grey wackestone with ripple lamination;
white oolitic grainstone showing ripple, herringbone,
planar, and wavy laminations; planar to domal stro-
matolites with occasional flat-pebble intraclasts and
bivalve fragments [Calvet et al., 1987]. The Rojals Unit
represents the Transgressive Systems Tract of the T-R
sequence 1 of [Mercedes-Martín et al., 2013] dated as
early Ladinian. This unit is outcropping in Rasquera
section (Figures 2, 3).

Benifallet Unit. It is composed by up to 20 m of a
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Figure 2. Depositional profile and sequence
stratigraphic interpretation of the Upper
Muschelkalk rocks in the Catalan Basin (Baix
Ebre-Priorat domain). Note the location of the
studied sections (Rasquera and Falset) and the
lithological units of Calvet et al. [1987]. The
black dotted line represents the correlative
conformity (see text for more details).

carbonate succession sharply lying on top of the Ro-
jals Unit. Benifallet Unit is constituted by an array of
facies: grey to greenish skeletal mudstone to wacke-
stone with echinoid and bivalve allochems; massive
to bioturbated mudstone to wackestone with occa-
sional ripple and herringbone lamination; marly to
shaley dolostones with evidence of bioturbation and
bivalve fauna. A change from the Rojals Unit (shallow
water stromatolitic facies) to Benifallet Unit (deeper
water burrowed mudstone to wackestone) was iden-
tified as the Maximum Flooding Zone of the T-R se-
quence 1. Thus, Benifallet Unit was interpreted to be
the lower portion of the Regressive Systems Tract of
the T-R sequence 1 of Mercedes-Martín et al. [2013],
and it was dated as early Ladinian. This unit is out-
cropping in Rasquera section (Figures 2, 3).

Rasquera Unit. It is made up of at least 40 m of a

Figure 3. Stratigraphic sections studied (Ras-
quera and Falset) displaying the main litholog-
ical, sequence stratigraphical, and paleonto-
logic characteristics (modified from Mercedes-
Martín et al. [014a]).

carbonate-marly succession sharply lying on top of
the Benifallet Unit. Rasquera Unit is characterised
by a wide range of lithofacies including alternation
of grey skeletal mudstone-wackestone (with bivalves
as Daonella, brachiopods, peloids, foraminifera and
ostracods) with dark marls/shales forming nodular
and continuous beds; grey bioturbated mudstone-
wackestone with bivalves arranged in massive to
nodular layers; wackestone-packstone with echi-
noids, foraminifera, peloids, and brachiopods or-
ganised in massive beds exhibiting cross-bedded
laminations. Rasquera Unit was interpreted to be
the upper portion of the Regressive Systems Tract of
the T-R sequence 1 of Mercedes-Martín et al. [2013],
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and it was dated as late Ladinian on the basis of am-
monoids (Prothachyceras steinmann, P. hispanicum,
Hungarites pradoi) and conodonts (Metapolygnathus
mungoensis, Pseudofurnishius murcianus) [Calvet
et al., 1987, Calvet and Tucker, 1988]. However, a
early Ladinian age was determined by Mercedes-
Martín et al. [2013] by the stratigraphic relationships
and lateral facies distributions. This unit is outcrop-
ping in Rasquera section (Figures 2, 3).

Tivissa Unit. It is composed of at least 42 m-thick
of a coarse-grained carbonate succession alternating
with shale/marl-rich intervals. The base of this unit
is characterised by an iron-rich hardground contain-
ing abundant ammonite fauna. This unit is made up
of the following facies: bioturbated marlstone-shale;
marlstone with thin-bedded bioturbated limestones;
thick-bedded and massive mudstone and wacke-
stone; bioclastic packstone-grainstone with ooids,
echinoids, peloids and molluscs with evidence of rip-
ple and planar laminations, and silica o iron nodules.
This unit is interpreted as the Transgressive Systems
Tract of the T-R sequence 2 [Mercedes-Martín et al.,
2013] which is bounded by a composite stratigraphic
surface (correlative conformity and transgressive sur-
face). The Tivissa Unit was dated as late Ladinian
by ammonite fauna (Hungarites pradoi, Protrachyc-
eras hispanicum, P. ibericum, P. batalleri, and P. vi-
lanovae), and conodonts (Metapolygnathus mun-
goensis, Pseudofurnishius murcianus) [Calvet and
Tucker, 1988, Calvet et al., 1987]. This unit is crop-
ping out both in Rasquera and Falset sections (Fig-
ures 2, 3).

3. Materials and methods

In this paper, we have studied two stratigraphic sec-
tions close to Falset and Rasquera, in the province of
Tarragona (Spain).

In the Rasquera Section (40◦ 59′ 41.40′′ N,
0◦ 34′ 6.12′′ E) four samples were collected in marly
levels. Sample CRQ-1 and CRQ-2 were collected be-
low the correlative conformity (see Figure 3), while
samples CRQ-3 and CRQ-4 were collected above. In
the Falset section (41◦ 9′ 2.66′′ N, 0◦ 51′ 35.30′′ E) five
samples were sampled (FL2-1 to FL2-5) above the
correlative conformity. All the samples contained pa-
lynomorphs. Due to the positive results of the marly
levels, two new complementary samples were sub-
sequently collected in the Falset section (FL2-0 and

FL2-6) in limestone levels. Both samples were nega-
tive in both marine and continental palynomorphs.

Palynological samples were processed using HCl-
HF-HCl attack techniques as described by Wood
et al. [1996] in the palynological Laboratory of Geo-
sciences Department at the University of Vigo. A dis-
persing agent was added to facilitate filtering and
sieving at 10 µm. The palynological slides were stud-
ied under a Leica DM 2000 LED, and the photomicro-
graphs were taken with a Leica ICC50 W camera us-
ing ×1000 magnification.

The slides are stored in the palynological Labora-
tory of Geosciences Department at the University of
Vigo.

4. Results

Two palynological assemblages were considered
(Supplementary Table 1), and a synthetic assem-
blage is shown in Figure 4. The isolated and com-
plete assemblages of each section are shown in the
Supplementary data.

The samples CRQ-1 to CRQ-4 in the Rasquera
section contain: Aratrisporites granulatus (Klaus
1960) Playford and Dettmann 1965, Calamospora
tener (Leschik) Mädler 1964, Camerosporites se-
catus Leschik 1956, Duplicisporites granulatus
(Leschik) Scheuring 1970, Ellipsovelatisporites ru-
gosus Scheuring 1970, Lunatisporites noviaulensis
(Leschik 1956) de Jersey 1979, Microcachryidites
doubingeri Klaus 1964, Microcachryidites fastid-
ioides Klaus 1964, Ovalipollis cultus Scheuring 1970,
Ovalipollis ovalis (Krutzsch 1955) Scheuring 1970,
Ovalipollis pseudoalatus (Thiergart) Schuurman
1976, Palaeospongisporis europaeus Schulz 1965,
Paracirculina tenebrosa Scheuring 1970, Patinas-
porites densus Leschik 1955, Platysaccus papilio-
nis Potonié and Klaus 1954, Praecirculina granifer
(Leschik) Klaus 1960, Striatoabieites aytugii (Viss-
cher) Scheuring 1970, Triadispora crassa Klaus 1964,
Triadispora epigona Klaus 1964, Triadispora fal-
cata Klaus 1964, Triadispora plicata Klaus 1964, Tri-
adispora staplinii (Jansonius) Klaus 1964, Triadis-
pora suspecta Scheuring 1970, Chordasporites sp.,
Concavisporites sp., Deltoidospora sp., Maculatas-
porites sp., Microcachryidites sp., Paracirculina sp.,
Retusotriletes sp., Triadispora sp., Verrucosisporites
sp., Cymatiosphaera sp., Tasmanites sp., and
foraminiferal test lining.
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Figure 4. Synthesis of the palynomorphs found in the Falset and Rasquera sections. (1) Calamospora sp., (2)
Calamospora tener, (3) Deltoidospora sp., (4) Concavisporites sp., (5) Retusotriletes sp., (6) Camarozonosporites
laevigatus, (7) Chasmatosporites sp., (8) Ephedripites sp., (9) Praecirculina granifer, (10) Paracirculina scurrilis, (11)
Paracirculina tenebrosa, (12) Patinasporites densus, (13) Duplicisporites granulatus, (14) Camerosporites secatus, (15)
Aratrisporites granulatus, (16) Palaeospongisporis europaeus, (17) Maculatasporites sp., (18) Verrucosisporites sp., (19)
Alisporites sp., (20) Triadispora falcata, (21) Triadispora plicata, (22) Triadispora crassa, (23) Triadispora staplinii,
(24) Triadispora epigona, (25) Triadispora suspecta, (26) Ellipsovelatisporites rugosus, (27) Platysaccus papilionis, (28)
Microcachryidites fastidioides, (29) Microcachryidites doubingeri, (30) Chordasporites sp., (31) Striatoabieites aytugii,
(32) Lunatisporites noviaulensis, (33) Lunatisporites acutus, (34) Cymatiosphaera sp., (35) Staurosaccites quadrifidus,
(36) Ovalipollis pseudoalatus, (37) Ovalipollis cultus, (38) Ovalipollis ovalis, (39) Tasmanites sp., (40) foraminiferal
test lining.
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The samples FL2-1 to FL2-5 in the Falset sec-
tion contain: Aratrisporites granulatus (Klaus 1960)
Playford and Dettmann 1965, Calamospora tener
(Leschik) Mädler 1964, Camarozonosporites laevi-
gatus Schulz 1967, Camerosporites secatus Leschik
1956, Duplicisporites granulatus (Leschik) Scheur-
ing 1970, Lunatisporites acutus Leschik 1956, Mi-
crocachryidites doubingeri Klaus 1964, Micro-
cachryidites fastidioides Klaus 1964, Ovalipollis
cultus Scheuring 1970, Ovalipollis pseudoalatus
(Thiergart) Schuurman 1976, Paracirculina scurrilis
Scheuring 1970, Paracirculina tenebrosa Scheur-
ing 1970, Patinasporites densus (Leschik) Scheuring
1970, Platysaccus papilionis Potonié and Klaus 1954,
Praecirculina granifer (Leschik) Klaus 1960, Stau-
rosaccites quadrifidus Dolvy 1976, Striatoabieites ay-
tugii (Visscher) Scheuring 1970, Triadispora crassa
Klaus 1964, Triadispora epigona Klaus 1964, Triadis-
pora falcata Klaus 1964, Triadispora suspecta Scheur-
ing 1970, Alisporites sp., Calamospora sp., Chas-
matosporites sp., Concavisporites sp., Ephedripites
sp., Maculatasporites sp., Microcachryidites sp., Retu-
sotriletes sp., Triadispora sp. and Verrucosisporites sp.
We also identified Tasmanites sp. and foraminiferal
test lining.

5. Discussion

5.1. Age assessment

The First Appearance Datum (FAD) of
Camerosporites secatus is documented in the early
Fassanian (early Ladinian) of alpine Domaine of Eu-
rope [Roghi, 1995, Stockar et al., 2012, Van Der Eem,
1983, Visscher and Brugman, 1981], and the FAD of
Duplicisporites granulatus raises a middle Fassanian
age in central and northwestern Europe [Kürschner
and Herngreen, 2010]. By the other hand, the bisac-
cate pollen grains like Lunatisporites noviaulensis,
Microcachryidites doubingeri, and Microcachryidites
fastidioides are characteristic of the Early-Middle Tri-
assic and rarely appear in early Carnian assemblages
(e.g. Doubinger and Bühmann, 1981, in Germany;
Doubinger and Adloff, 1983, in the Mediterranean
area; Orłowska-Zwolińska, 1983, 1985, in Poland; Es-
het, 1990, in Israel; Kürschner and Herngreen, 2010 in
central and northwestern Europe). The Last Appear-
ance Datum (LAD) of Protodiploxypinus fastidioides
(= Microcachryidites fastidioides) is reported in the

middle Longobardian of central and northwestern
Europe [Kürschner and Herngreen, 2010].

Van Der Eem [1983] in Wester Dolomites (Italy),
Scheuring [1970] in Solothurner Jura (Switzerland)
and Kürschner and Herngreen [2010] in Central and
northwestern of Europe placed the first appearance
of Patinasporites densus to the base of the early Car-
nian. Cirili [2010] in the revision of the Upper Tri-
assic materials in Central and Northwestern of Eu-
rope suggested for this taxon a Carnian–early Norian
age. Scheuring [1970] in Solothurner Jura (Switzer-
land) linked the presence of Ellipsovelatisporites ru-
gosus to Gipskeuper, with an late Ladinian–early No-
rian age.

The two assemblages correspond to the intervals
between Camerosporites secatus–Enzonalasporites
vigens/Enzonalasporites vigens – Patinasporites
densus phases [Van Der Eem, 1983], the Heliosac-
cus dimorphus/Porcellispora longdonensis Zones of
Orłowska-Zwolińska [1983, 1985, 1988] amended
by Herngreen [2005], zones GTr 11 and 12 in the
palynostratigraphical subdivision of the Germanic
Basin [Heunisch, 1999], and the Heliosaccus dimor-
phus/Camerosporites secatus zones [Kürschner and
Herngreen, 2010].

The palynological assemblages studied in the Up-
per Muschelkalk of the Catalan Coastal Ranges are
comparable with other assemblages recognised in
the middle-upper part of Royuela Formation in Tor-
recilla and Arroyo de San Roman (Guadalajara, Spain;
Ramos 1979), the Upper Muschelkalk of Alcalá de la
Selva and Barranco del Contador, Cañete Formation
(Teruel, Spain; Arche et al. 1995), the Upper Muschel-
kalk of Pantano de la Tranquera (Zaragoza, Spain.
García-Royo et al. 1989), and the assemblage SC-2 of
Juncal et al. [2018] in the Paris Basin.

Thus, the palynomorph assemblages identi-
fied from Falset and Rasquera sections raise a
Longobardian–Cordevolian age.

This palynological dating is consistent with the
age provided by ammonite fauna and conodonts
from Rasquera and Falset Units [Calvet and Tucker,
1988, Calvet et al., 1987] and is coherent with previ-
ous biostratigraphical and sedimentological correla-
tions between the Muschelkalk of the Catalan Basin
and the Iberian Ranges [Diez et al., 2014].
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5.2. Paleoenvironmental and paleoecological re-
marks

The lithostratigraphical data suggest deposition in
the middle to outer carbonate ramp environments
with a predominant increase in water depth to-
wards Rasquera section, where marls and shaly marls
are more abundant [Mercedes-Martín et al., 2013,
014b]. Despite the marine character of the sedi-
ments, the overall palynological assemblage found
in marly levels, present a clear dominance of con-
tinental palynomorphs. Notwithstanding, although
scarce, some samples show the presence of au-
thochtonous marine prasinophytes (Tasmanites and
Cymatiosphaera), and foraminiferal test linings indi-
cating that mixing of marine and continental associ-
ations occurred at least in the more proximal parts of
the basin.

Moreover, as mentioned previously, the absence
of palynomorphs in the sampled coarse-grained
carbonate intervals could be due to deposition of
these sediments in moderate to high energy and
oxygenated environments which can encourage the
rapid disintegration of the organic remains. The lim-
ited tissue preservation of the studied carbonates can
also be attributed to the pervasive post-depositional
dolomitisation that these rocks have suffered [Tucker
and Marshall, 2004]. Consequently, the taphonomic
bias produced should be kept in mind when carrying
out the approximate hinterland and coastal floral re-
construction. This same bias makes it impossible to
make percentage variation graphs of palynomorphs
to try to discern the paleoclimatic evolution of the
study area.

The composition of the microfloras of the Falset
and Rasquera assemblages reflects a flora domi-
nated by xerophytic species whose pollen grains
were transported by wind and water currents to
the deposition zone. The presence of Triadispora
spp. indicates an influx of hinterland elements also
with saline mudflats [Brugman et al., 1994, Roghi
et al., 2010]. In addition, the occurrence of Dupli-
cisporites, Camerosporites, Paracirculina and Praecir-
culina (Circumpolles group) could represent a xero-
phytic coastal vegetation [Roghi et al., 2010] due to
their Cheirolepidiaceae affinity [Roghi, 2004, Scheur-
ing, 1970, 1978, Visscher et al., 1994, Zavialova and
Roghi, 2005]. Although the Cheirolepidiaceae could
live in a wide variety of habitats, the presence of this

group in the Falset and Rasquera assemblages could
indicate a drier and/or saline influence [Kustatscher
et al., 2018].

Although scarcer, the occurrence of spores could
indicate the presence of hygrophytic vegetation. In
addition, coastal, swamp and freshwater environ-
ments could have sourced different lycophytes (Ara-
trisporites) to marine settings. Small and larger ferns
(e.g. Verrucosisporites, Deltoidospora and Concavis-
porites) are typically associated to more humid envi-
ronments in the hinterland, while bryophytes (Macu-
latasporites), and horsetail specimens (Calamospora)
could have been sourced from wetter areas and along
a small river.

Based on the probable parent plant affinities of
the palynological record (see Supplementary data)
in combination with sedimentological data, we can
propose an approximate paleoenvironmental recon-
struction of the study area (Figure 5).

6. Conclusions

The palynological assemblages recognised from
Rasquera and Falset Sections give a Longobardian–
Cordevolian age.

Our data are in agreement with the marine pre-
vious biostratigraphycal data published, providing
the most complete and recent figuration of the paly-
nomorphs of the Catalan Basin. This refined calibra-
tion helps to constrain the age of the Upper Muschel-
kalk sediments themselves, and the overlying Keu-
per facies (Ladinian–Carnian) in the Catalan Coastal
Ranges and the stratigraphical correlation whit the
Iberian Ranges, and adjacent basins of the Tethys re-
gion.

Although taphonomic bias is important, the com-
position of the recovered oryctocoenosis makes it
possible to sketch the composition of the continen-
tal flora in the source sedimentary area. However,
the decrease in preservation due to the increase in
the proportion of carbonates indicates that the bias
makes impossible, as in most cases, the statistical use
of the data in the deduction of paleoclimatic evolu-
tion.
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Lower, Intermediate, Upper and Recurrent formations. These formations are separated by paleosoils
and sedimentary sequences (mudstones, siltstones, sandstones, limestones), that are in general less
than two meter-thick and may exceptionally reach a thickness of 80 m, representing minor periods of
volcanic quiescence. CAMP lava flows of the Central High Atlas can be grouped into two main cate-
gories: subaerial compound pahoehoe flows and simple flows. The former type is exclusively confined
to the Lower and Intermediate Formations, while simple flows occur in the Upper and Recurrent For-
mations. The dominance of compound flows in the two lowermost units of the CAMP suggests a slow
emplacement during successive sustained eruptive episodes. Instead the thick single flows charac-
terizing the Upper and Recurrent units indicate higher effusive rates. Basaltic pillow lavas (always of
short lateral extent: 10 to 100 m), showing radial jointing and vitreous rinds, identical to those found
in the Western Meseta, are occasionally associated with hyaloclastites in the base of the Intermediate
Formation, immediately above clastic sediments, or in the Upper Formation. The occurrence of pillow
lavas does not imply a generalized subaqueous environment at the time of the lava emission. Instead,
they represent subaerial flows that entered small lakes occupying depressions on the volcanic topog-
raphy of the Lower and Intermediate Formations. The short lateral extent of the pillow lavas and their
constant stratigraphic position, the existence of lava flows with unequivocal subaerial characteristics
associated to sediments containing fossilized wood, clearly indicate onshore emplacement.

Keywords. Large igneous province (LIP), Central Atlantic Magmatic Province (CAMP), Pahoehoe
flows, Simple flows, High Atlas, Morocco.

1. Introduction

The Central Atlantic Magmatic Province (CAMP) is
one of the largest continental flood basalt (CFB)
provinces on Earth [Marzoli et al., 1999] (Figure 1a,
b). This Large Igneous Province (LIP) extends for
more than 7500 km from north to south. It may have
covered over 10 million km2, with a total volume
of magma exceeding 3 million km3 [Marzoli et al.,
2018]. The CAMP was emplaced during the early
stages of breakup of the Pangean supercontinent that
led to the opening of the Central Atlantic Ocean.
Pangean intracontinental rifting began in the Late
Permian–Early Triassic [El Arabi et al., 2006, Med-
ina, 1995, 2000, Ruellan, 1985, Youbi et al., 2003] and
progressed northwards, following the direction of the
late Palaeozoic Alleghenian–Hercynian orogenic belt.
The oldest identified magnetic anomalies on con-
jugate margins from the Central Atlantic (ECMA in
North America and S1 in Morocco) were initially
dated as Middle Jurassic [Klitgord and Schouten,
1987], but later reconstructions of the opening of the
Central Atlantic Ocean (e.g. Sahabi et al. 2004) sug-
gest that the age of the earliest oceanic crust is Sine-
murian (196.5 to 189.6 Ma). The peak activity of the
CAMP straddled the Triassic–Jurassic boundary, at
ca. 201 Ma [Blackburn et al., 2013, Davies et al., 2017,
Marzoli et al., 1999], and probably lasted less than 1
million years, while the late activity reached the Sine-
murian [Marzoli et al., 2018].

CAMP magmatism is represented by extrusive
rocks (mostly lava flows and very minor pyroclas-

tics) and remnants of intrusive (layered intrusions,
sill complexes and dike structures) (Figure 1b) that
occurred in once-contiguous parts of north-western
Africa, south-western Europe, North and South
America (e.g., De Min et al. 2003, Hames et al. 2003,
Knight et al. 2004, McHone and Puffer 2003, Martins
et al. 2008, Marzoli et al. 2004, 2019, Tegner et al.
2019, Verati et al. 2007, Youbi et al. 2003). Lava flow
sequences are thicker in Morocco and North Amer-
ica (total thickness up to about 300 m and 500 m, re-
spectively; Kontak [2008], Marzoli et al. [2019], Merle
et al. [2014]) than in Portugal, and South America (up
to 130–170 m, Bertrand et al. [2014], Martins et al.
[2008], Merle et al. [2011]). In Algeria, only 10–15 m
are preserved in the western Saharan Atlas [Meddah
et al., 2017]. Most CAMP rocks are low-Ti tholeiitic
Continental Flood Basalts (CFBs), whereas high-Ti
CFBs are restricted to a narrow zone in the southern
margin of the West African Craton (Liberia, Sierra
Leone) and north-eastern South America (Surinam,
French Guyana and northern Brazil; e.g., Callegaro
et al. [2017], Deckart et al. [2005], Merle et al. [2011]).

In Morocco, CAMP lava flows can be found in all
structural domains (Figure 1c) north of the South At-
las Fault. In the Anti-Atlas, the CAMP is represented
by intrusions such as the Foum Zguid dike and the
Draa sills (e.g., Salvan 1984, Van Houten 1977). The
volcanic pile overlies a Late Triassic clastic and evap-
oritic sedimentary sequence. The total thickness of
the Moroccan CAMP lava flow piles ranges normally
from 100 to 300 m. However, it may be as thin as
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Figure 1. (a) Reconstruction of the Pangea supercontinent at time of CAMP emplacement and schematic
extent of the CAMP. (b) Distribution of CAMP lava flows, sills and dikes. The dashed line shows the
estimated global surface area of the CAMP. (c) Simplified geological map of the northern part of Morocco
showing the distribution of CAMP products and the location of the studied sections: I – Argana (Latitude:
30◦ 43′ 21′′ N; Longitude: 9◦ 14′ 03′′ W); II – Tiourjdal (Latitude: 31◦ 07′ 74′′ N; Longitude: 7◦ 22′ 70′′ W);
III – Telouet (Latitude: 31◦ 15′ 83′′ N; Longitude: 7◦ 17′ 29′′ W); IV – Oued Lahr (Latitude: 31◦ 36′ 45′′ N;
Longitude: 7◦ 22′ 53′′ W); V – Jbel Imzar (Latitude: 31◦ 35′ 48′′ N; Longitude: 7◦ 25′ 46′′ W); VI – Ait Ourir
(Latitude: 31◦ 32′ 50′′ N; Longitude: 7◦ 40′ 20′′ W).

8 m, or even absent on uplifted and eroded inter-
basin blocks on the interior of the Moroccan Meseta.

The difference in thickness from one area to another
(from 8 to ca 300 m) can be explained either by dif-
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ferential subsidence of a pre-volcanic basement dur-
ing the emplacement of the lava flows (syn-rift se-
ries), or by the emplacement of the flows on an ir-
regular paleotopography related to horst and graben
structures. The most-studied area is the Central High
Atlas, where the CAMP is best preserved and the
most complete basaltic lava piles are exposed. Al-
though the CAMP volcanism is mainly subaerial, sub-
aquatic volcanic products also occur locally in rela-
tion with the presence of lakes of probable tectonic
origin [El Ghilani et al., 2017].

The main objectives of this paper are: (i) to de-
scribe the stratigraphy, morphology and internal
structures of the CAMP basalt lava flows of the
Triassic–Jurassic basins of Morocco, (ii) to define lava
flow emplacement mechanisms, and (iii) to discuss
implications on the evolution of the CAMP and other
Large Igneous Provinces.

2. Terminology and methodology

Based on their surface morphology and internal
structure, basaltic lava flows have been subdivided
into pillow, pahoehoe, and aa flows (e.g., Macdon-
ald 1953, 1967, White et al. 2009). Pahoehoe flows are
characterised by a smooth, billowy or ropy surface
and exhibit a typical three-tiered structure [Aubele
et al., 1988], comprising: (i) a basal lava crust; (ii) a
lava core; and (iii) an upper lava crust. Aa flows are
characterized by angular, spinose clinkers at both
the flow top and bottom and tend to be usually
thicker when compared to pahoehoe flows. A wide
range of intermediate flow types occur between these
two end-member types such as rubbly pahoehoe,
slab pahoehoe, and toothpaste pahoehoe [Keszthelyi
and Thordarson, 2000, Keszthelyi, 2002, Macdonald,
1953, 1967, Rowland and Walker, 1987] . These transi-
tional lavas show some of the characteristics of both
aa and pahoehoe lavas. For example, the rubbly pa-
hoehoe has been suggested for a lava type that has
a flow top composed of broken pieces of smaller pa-
hoehoe lobes rather than spinose aa clinker [Keszthe-
lyi and Thordarson, 2000].

According to Self et al. [1997, 1998] and Thor-
darson and Self [1998] the products of an effu-
sive eruption can be subdivided into three hierar-
chic levels, flow lobe, lava flow, and lava flow field,
respectively:

(i) a flow lobe is an individual unit of lava en-
closed in a chilled crust, varying in length
from decimetres to several kilometres and
up to 60 m in thickness [Wilmoth and Walker,
1993]. Lobes can be classified in two types:
S-type (“spongy”) lobes and P-type lobes
(“pipe amygdale-bearing”) Wilmoth and
Walker [1993]. S-type lobes lack pipe vesicles
and are vesicular throughout their thickness.
P-type lobes are characterized by pipe vesi-
cles and display a typical internal structure
with a vesicular base and top, and a relatively
vesicle poor core;

(ii) a lava flow is a regional subunit formed dur-
ing a continuous effusive event (during a
single eruption), which may consist of sev-
eral flow lobes. If a lava flow consists of a
single flow lobe it is referred to as a simple
lava flow [Walker, 1971] and if the lobe has
a sheet-like or tabular geometry it is clas-
sified as a sheet lobe; conversely, the term
compound lava flow [Walker, 1971] describes
a lava flow composed of multiple lobes
and toes;

(iii) a lava flow field is a complex body that may
consist of several lava flows and is usually
identified on the basis of mineralogy and
chemistry (or of stratigraphic criteria) as the
product of a single eruption.

We also use the terminology of Fisher [1961,
1966] to describe volcaniclastic (e.g., peperite, hyalo-
clastite) and epiclastic deposits (e.g., mudstone, silt-
stone, sandstone, limestone) that has been used by
other authors for the description of primary volcani-
clastic rocks (e.g., Manville et al. 2009, White and
Houghton 2006). Fisher’s pioneering classification
[Fisher, 1961, 1966] subdivided volcaniclastic rocks
into pyroclastic, hyaloclastic, autoclastic and epiclas-
tic classes based on the particle forming processes.
Pyroclastic fragments (produced by explosive frag-
mentation), hyaloclastic (quench fragmentation),
and autoclastic (mechanical self-fragmentation) can
be applied to both individual grains and their de-
posits [Fisher and Schmincke, 1984]. Epiclastic is
restricted to fragments derived from weathering and
erosion of “preexisting rocks”, and excludes rework-
ing of particles from non-welded or unconsolidated
volcanic materials.
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Figure 2. Lithostratigraphic columns across the CAMP volcanic succession of Morocco at the studied
sections. See Figure 1 for the location of sections.

Detailed sections were investigated in six areas
of the CAMP volcanic piles of Morocco (Figure 1),
recording the morphology, internal structure and
stratigraphy of the lava flows. The correlation be-
tween the studied sections has been performed fol-
lowing our field-work observations and the pub-
lished petrographic and geochemical data [Bertrand,
1991, Bertrand et al., 1982, Deenen et al., 2010, Knight
et al., 2004, Marzoli et al., 2004, 2019, Youbi et al.,
2003]. For the first criterion, the correlation was made
based on the epiclastic levels separating the differ-
ent units, which may attest for significant time in-
tervals between volcanic episodes. For the latter, we
used the pioneering work of Bertrand et al. [1982]
who recognized systematic geochemical changes in
the stratigraphy of the Moroccan CAMP lava piles.
Indeed, based on major and trace element analyses
and on field-work observations, Bertrand et al. [1982]
have subdivided the lava piles into four main forma-
tions (fms), the Lower, Intermediate, Upper and Re-
current fms (Figure 2). The Lower and Intermediate

fms represent about 90% of the preserved lava vol-
ume, whereas the Upper and Recurrent fms hardly
exceed 10%.

Individual eruptions were identified based on the
presence of reddened flow surfaces (slightly weath-
ered surfaces thermally metamorphosed by overly-
ing flows), development of incipient or more or less
evolved red and grey soils, or deposition of thin layers
of fine epiclastic sediments between lava flows, rep-
resenting time intervals separating the emplacement
of each package of lava flow-units. Individual flow
units are identified on the basis of their morphol-
ogy and internal structure especially the presence of
upper/lower crusts, changes in vesiculation, jointing
style and volcanic textures. The identification of pa-
hoehoe flow lobes in the field is based on the recogni-
tion of a three-partite internal structure, consisting of
a basal lava crust, a lava core and an upper lava crust,
and absence of a clinker envelope. The subdivision
into a three-partite structure considers the variations
of three groups of internal features: (i) the vesicula-
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tion pattern, which is defined by distribution, mode,
shape, size of vesicles and other degassing features
(ii) the jointing style which refers to the arrangement
and morphology of cooling joints; and (iii) the pet-
rographic texture in terms of crystallinity and crystal
size, properties that are controlled by a number of pa-
rameters, such as cooling rate, volatile content, and
crystal nucleation rate.

3. Results

The six sections were investigated in detail from SW
to NE across the volcanic pile cropping out in the
northern and southern flanks of the High Atlas Basin
(Figures 1, 2). Subaerial lava flows from the Moroc-
can CAMP can be grouped into two main categories:
compound pahoehoe flows and simple flows. The
former type is exclusively confined to the Lower and
Intermediate fms while only simple flows occur in
the Upper and Recurrent fms. According to Keszthe-
lyi’s (2002) classification, some transitional types be-
tween pahoehoe compound flows and aa flows, such
as “rubbly pahoehoe flows”, have also been observed
in the Western High Atlas CAMP sequences of Mo-
rocco (e.g., Argana Basin; El Hachimi et al. 2011). Be-
sides the subaerial flows, pillow lavas, displaying ra-
dial jointing and glassy rinds, subaquatic sheet flows
and hyaloclastites are frequently found in the lower
part of the Intermediate and Upper fms. In the fol-
lowing sections, we describe the characteristics of the
volcanic lava piles for each formation at the studied
areas.

3.1. Lower formation

The base of the Lower Formation (Fm) is usually
sharp and overlies a 2 to 10 cm-thick pale grey to
black silty-sandy soil or a slightly to strongly weath-
ered surface at the top of a thick red clay-to-sand
sedimentary sequence (Figure 3A) dated as Rhaetian
by Panfili et al. [2019]. In the Tiourjdal section, the
basalt–sediment contact is characterized by “injec-
tions” of basalt into the underlying sediment (“load
casts”; Dal Corso et al. 2014, Marzoli et al. 2004).
These load casts form as a result of the rapid depo-
sition of basalt onto a water-saturated sediment and
indicate that the underlying deposits were still soft
or only slightly consolidated at the time of emplace-
ment of the volcanic rock, further suggesting that the

first lava flows were almost contemporaneous with
the deposition of the Upper Triassic sediments. In
this case, water would have played an important role
by quickly cooling the basalt and reducing its ther-
mal effect on the sediment. Furthermore, in the Oued
Lahr section, the basalt–sediment contact is charac-
terized by a volcanic breccia, typical of the base of
pahoehoe-like lava flows [Self et al., 1997], which has
acted as an insulator between basalt and sediment.

The Lower Fm is a 55 to 173 m-thick succession
composed of 3 to 7 individual flows resulting from 1
to 5 eruptions (Figures 2, 3B). It makes up to c. 30–
50% of the total preserved lava thickness in the Cen-
tral and Western High Atlas. These basaltic lava flows
show external and internal features typical of inflated
pahoehoe flows such as a three-tiered structure with
vesicle zonation, presence of tumuli, and grain size
variations. They display morphological characteris-
tics similar to those described for inflated pahoe-
hoe flows in other CFB provinces [Aubele et al., 1988,
El Hachimi et al., 2011, Kontak, 2008, Self et al., 1997,
1998, Thordarson and Self, 1998, Waichel et al., 2006].

Pahoehoe lava flows of the Lower Fm are of the
compound type, 2 to 40 m thick, composed of several
stacked lava lobes (Figure 3C, D). The lateral extent
of the flows usually exceeds hundreds of meters. As
described in Aubele et al. [1988], Thordarson and Self
[1998], and Self et al. [1998], lava flows of the Lower
Fm display a three-tiered structure with (i) a thin
“basal lava crust” which is vesicular, often with pipe
vesicles (Figure 3E), (ii) a dense “lava core” usually
not vesiculated or presenting few cm-sized spherical
or irregular vesicles, and (iii) an “upper lava crust”
showing increased vesicularity towards the top and
horizontal vesicle concentration zones. This “three-
tiered structure” is a clear evidence of endogenous
growth by inflation, suggesting a slow emplacement
during sustained eruptive episodes.

In the Central High Atlas, epiclastic sediments in-
tercalated in the volcanic sequence are clearly baked
by the overlying lavas. An example can be observed
at Oued Lahr, where lava flows contain injections of
red sediment (“clastic dikes” and “sills” of baked red
silt; Figure 3F). The clastic dikes rise from the base of
the lavas without reaching the top of the flows and, in
some cases, display upward flow structures and, thus,
they cannot be interpreted as the filling of fractures
from above. This magma/sediment mingling can be
interpreted as a peperite (see Skilling et al. 2002 for
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Figure 3. A-H (see captions below).
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Figure 3. I-P (see captions below).
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Figure 3. Field photographs illustrating some of the most characteristic aspects of the Moroccan CAMP
volcanic sequences: (A) Contact (dotted white line) between the Lower Fm. lava pile and the underlying
Rhaetian red silts at the Oued Lahr section. The top of the sediments is a pale grey layer. The central part
of the lower half of the slope is slumped (sl). (B) General view looking SE of the Ait Ourir section. The
contacts between the Lower (Lf), Intermediate (If), and Upper (Uf) formations are marked by dashed
white lines. In the Lower Fm. successive lava flows (numbers and dotted white lines) are separated by
reddened surfaces (the lowermost lava flow 1, is not visible in the photograph). (C) Aspect of a compound
lava flow of the Lower Fm. at the Oued Lahr section, corresponding to a pile of superposed thin pahoehoe
toes (highlighted by dashed white lines). Wrist watch for scale encircled. (D) Compound lava flow of the
Lower Fm. lava sequence at the Oued Lahr section, composed of several superposed pahoehoe lobes (two
of which – 1, 2 – are shown separated by dashed white lines) presenting chilled dense basal (bc) and upper
(uc) crusts enveloping a variably vesiculated lava core (c) (contacts highlighted by dotted white lines).
Hammer for scale. (E) Pipe vesicles perpendicular to the base of a subaerial pahoehoe lava flow from the
Lower Fm. from the Ait Ourir section. Pipes start about 4–5 cm above the base and extend upwards some
25 cm. Coin as scale is 2.7 cm in diameter. (F) Red silt lens injected into the core of an inflated pahoehoe
flow from the Lower Fm. at the Oued Lahr section. Note the peperitic interaction at the edge of the
injected sediment, meaning that the lava core was still partially molten, although the sharp contacts of the
feeder sediment dike (not shown) suggest that the base of the lava was already brittle when the sediment
injection occurred. Hammer handle for scale. (G) Sedimentary sequence separating the Lower (Lf) and
Intermediate (If) formations at the Sidi-Rahal section. The 3 m-thick sediments include, from base to
top, grey, green and red mudstones, red sandstones, red mudstones, limestones, red sandstones, red and
light-grey mudstones. The volcanic rocks are extremely weathered, but the densely packed pillows of
the Intermediate Fm. above the sediments are clearly defined by their darker glassy rind. (H) Weathered
densely packed pillow of the base of the subaquatic lava flow from the base of the Intermediate Fm. at
the Ait Ourir section. The pillows present cm-thick glassy rinds, and the few spaces between them are
filled by hyaloclastite. Ruler as scale is 8 cm-long. (I) The same lava flow of photo H passes upwards
into hyaloclastites (hy) with dispersed large pillows (p). Note frequent invaginations of the glassy rind of
the pillows. Field book at the left is 16 cm long. (J) Aspect of densely packed, well-preserved pillows,
from the base of a partially subaquatic lava flow from the base of the Intermediate Fm. at the Oued
Lahr section. The pillows can be seen in three dimensions with some of them exposed in longitudinal
view and others in transversal section. Once removed the ∼15◦ northwards tilt of the whole sequence,
the pillows still dip 30◦–45◦ to the north, thus suggesting a northwards prograding lava delta. Walking
stick for scale is 1.3 m long. (K) General view of the same lava flow dipping ∼15◦ to the north: the lava
flow is composed of densely packed pillows (pp) at the base (shown in photo J), followed by isolated
pillows in hyaloclastite (ph), a transition zone of mixed subaquatic-subaerial facies (pz), and the 8 m-
thick upper, columnar-jointed, subaerial part of the lava flow (sf). The thickness of the subaquatic part
of the flow (25–30 m) corresponds to the depth of the lake. The underlying Lf lavas are subaerial and the
two units are separated by a thin discontinuous red clay layer. Dotted white lines mark the transition
between different zones of the flow. Shephard and flock on top of the cliff give scale. L. Sediments (s) and
paleosoil (ps) separating the Intermediate (If) and Upper (Uf) formations at the Ait Ourir section. The
base of the Uf corresponds to a subaquatic sheet flow presenting well-developed columnar jointing (see
also photo M). Walking stick for scale is 1.3 m long. (M) Subaquatic sheet flow from the base of the Upper
Fm. at the Ait Ourir section displaying typical thin undulating columns. Walking stick for scale is 1.3 m
long. (N) Outcrop of pillow breccia in a matrix of hyaloclastites from the top of the uppermost lava flow
of the Upper Fm. (Ait Ourir section). Ruler for scale is 8 cm long. (O) Top of the Upper Fm. (Uf) at the Ait
Ourir section, overlain by a 2 m-thick algal mat limestone (am). The upper part of the Uf sequence at this
location corresponds to hyaloclastites with intrusive pillows and pillow breccias. Walking stick for scale is
1.3 m long; (P) South (left) dipping upper part of the Ait Ourir volcanic sequence composed of algal mat
limestones (am), red silty mudstones (s), the 5 m-thick simple flow of the Recurrent Fm. (Rf), which is
covered by several meters of red silty mudstones.
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more details). These occurrences indicate the inter-
action between lava flows and unlithified wet sedi-
ments (clay to sand), suggesting that volcanism and
sedimentation were coeval (see Skilling et al. 2002).
Thus, peperites observed in the lava flows of the
Lower Fm show that the underlying or intercalated
red siltites were still soft or poorly consolidated when
the lava flows were emplaced. Similar structures
have been observed in the Argana basin (Western
High Atlas; El Hachimi et al. 2011) and in the Algarve
(Portugal) CAMP sequences [Martins et al., 2008].
They have also been described at the base of a large
pahoehoe lobe in the Western Ghats of the Deccan
Volcanic Province [Duraiswami et al., 2003], in the
Neo-Proterozoic volcanic sequence of the Anti-Atlas
(in lava flows and ignimbrites), and, even in carbon-
atitic tuffs in ocean island volcanoes (e.g. Santiago,
in Cape Verde) (J. Madeira unpublished data). Thus,
although their genesis is not yet fully understood,
these sedimentary intrusions seem to be relatively
common features.

Coalescence of lobes and toes is another rela-
tively common feature often found at the top of some
compound pahoehoe flows from the Oued Lahr and
Argana sections. The smallest lobes are sometimes
elongated lenses trending NE-SW. The glassy con-
tacts between lobes are often thermally oxidized. P-
type lobes are more frequent than S-type lobes.

Tumuli and breakout structures characteristic of
the compound pahoehoe flow type have been ob-
served at three of the studied localities: Tiourjdal
section in the southern Central High Atlas, the Ar-
gana section in the western High Atlas and the Ait
Ourir section in the northern Central High Atlas (Fig-
ure 1C). Tumuli are found within pahoehoe lava flow
fields containing multiple lobes and flows. The flows
are often up to 5 m thick, and show the classic in-
ternal three-tiered structure described above. In the
Tiourjdal area, the upper crust of the lower lava flow
is marked by a thick squeeze-up, which is 70 cm wide,
oriented N50, and that can be followed horizontally
over 20 m. Its length suggests that it may have been
extruded through an axial cleft of a pressure ridge.
The squeeze-up contains vesicles that increase in size
inwards. It presents a chilled margin indicating the
contact with the colder upper crust of the host lava
flow. In the Argana basin, some pahoehoe lava flows
display thick squeeze-ups breaking through the up-
per crust and sometimes forming small pahoehoe

toes on top of the feeder lava flow (see El Hachimi
et al. 2011 for details).

At the Ait Ourir section, fault planes offset the
basal compound pahoehoe flows but are fossilized by
the overlying flows, indicating the occurrence of syn-
volcanic extensional tectonics.

3.2. Intermediate formation

The Lower and Intermediate fms are separated by
silt-to-sand sediments of variable thicknesses, locally
also including limestones (Figure 3G), or by 0.15 to
2 m-thick red paleosoils. The paleosoils are struc-
tureless (sometimes faintly bedded, suggesting a pe-
dogenized sedimentary nature) and usually contain
rounded volcanic clasts embedded in a clay to silty
matrix. The Intermediate Fm is up to 130 m-thick,
and is composed of 2 to 9 flows corresponding to up
to 4 eruptions. Lava flows present typical pahoehoe
features (cf. Cas and Wright 1987, Francis and Op-
penheimer 2004, Macdonald 1967, 1972, Self et al.
1998, Wilmoth and Walker 1993). They are almost
always compound in nature [Walker, 1971]. Pahoe-
hoe lava flows display the three-tiered structure pre-
viously described. Each lava flow is defined by chilled
tops and bottoms and the boundaries of the internal
sub-divisions are clearly defined by marked changes
in the vesiculation pattern, jointing style, and petro-
graphic texture [Thordarson and Self, 1998]. Segrega-
tion structures, characteristic of the compound pa-
hoehoe flows type, such as pipes vesicles, cylinder
vesicles [Goff, 1996], and horizontal vesicular sheets
[Thordarson and Self, 1998] are common. Some-
times, the pipe axes are inclined, thus recording the
lava movement and are reliable markers of the flow
direction (e.g., Walker 1987). Walker [1987] relates the
pipe vesicles to the rise of bubbles through the lower
part of cooling lava flow when it has acquired yield
strength of the order of 50 N·m2, and a flow rate
equivalent or smaller than the rate of bubble rise,
a condition that is favoured by lava flowing on very
low angle slopes. Vesicle cylinders are observed in the
core of compound pahoehoe flows. They are almost
always rootless and not connected with the pipe vesi-
cles in the basal crust. Cylinders in thick lobes can
be up to 0.50 m long. They are sometimes connected
with vesicle sheets. Horizontal vesicular sheets oc-
cur near the interface between the upper crust and
the core. The sheets thickness is 10 cm in average,
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but can reach up to 30 cm. The vesicle sheets dis-
play irregular shapes and branching patterns, which
suggests that they have filled joints that formed at
the early stages of cooling. In the Tiourjdal section
(southern Central High Atlas), compound pahoehoe
flows are composed of coalescing well-defined toes
producing irregular upper surfaces of the flow field.

The lower flows of the Intermediate Fm often
present subaquatic facies represented by densely
packed pillows (Figure 3H), pillows in a hyalo-
clastite matrix (Figure 3I), and subaquatic sheet
flows. Pillow-lavas vary in diameter from 10 cm to
2.5 m. The internal structure of the basaltic pillows
is characterized by two concentric layers: an outer
cortex and the core. The cortex corresponds to a 0.1
to 14 cm thick glassy envelope. At the Oued Lahr
section, the first lava flow of the Intermediate Fm
entered an approximately 25–30 m-deep lake, as sug-
gested by the thickness between the transition zone
(separating the subaquatic and subaerial facies) and
the base of the flow (see Ramalho et al. 2010, 2017
for examples of the use of this type of markers). It
corresponds to a lava delta consisting of prograding
foresets of pillow lavas and hyaloclastites passing
upwards into an 8 m-thick subaerial pahoehoe flow
(Figure 3J, K). Pillow lavas from this section present
horizontal and vertical diameters ranging from 0.2
to 1.6 m and 0.18 to 1.18 m, respectively. At other
locations, where the transition zone is not exposed
or the sequence is entirely composed of subaquatic
volcanics, only a minimum water depth can be
determined.

In some areas of the Central High Atlas, the sub-
aerial lava flows of the Intermediate Fm show well-
developed columnar jointing. In one outcrop from
the Tiourjdal section a 15 m-thick lava flow displays
radial jointing in its lower half, indicating that the
lava entered a 6–7 m deep body of water (river, lake?).

In the Tiourjdal section, the Intermediate Fm is
marked by the presence of thin layers of lacustrine
limestone (∼1 m thick) interbedded within the vol-
canic sequence.

3.3. Upper formation

The Upper Fm sequence is 15 to 76 m thick, repre-
senting a volume of 5 to 8% of the preserved lava
piles. It is separated from the uppermost flows of the
Intermediate Fm by a thin level (0.5 to 1 m) of red

to greyish siltstones, laminated limestones, or red-
green mottled paleosoils (Figure 3L). The Upper Fm
is composed of one or two lava flows representing
one or two eruptions.

The subaerial lava flows of the Upper Fm usu-
ally display well-developed prismatic jointing, some-
times corresponding to laterally extensive simple
flows, usually ranging in thickness from 5 to 30 m.
The thickest simple flow (∼40 m) is observed in the
Telouet section. Simple flows are clearly separated
from underlying flows by weathering surfaces or pa-
leosoils several centimetres thick. They appear as
dense and massive flows, but can be subdivided, as
compound pahoehoe flows, into a three-tiered struc-
ture [Aubele et al., 1988, El Hachimi et al., 2011, Thor-
darson and Self, 1998] with a thin basal crust, a dense
lava core and an upper crust, indicating thickening
by inflation. The lower crust of the simple flows is
0.25 to 0.5 m thick, representing 2 to 3% of the to-
tal thickness of the flow. Although vesicles may be
numerous, pipe vesicles were not observed. The lava
core is the thickest part of the flow, up to 30 m in
the Telouet section. It usually appears as a poorly
vesiculated zone with respect to the upper crust. The
upper crusts are 4–20 m thick and strongly vesicu-
lated. Lobes, layering of vesicle-poor (“dense”) and
vesicle-rich (“vesicular”) bands, tumuli and squeeze-
up structures which are characteristic of the com-
pound pahoehoe flows type have not been observed
within the upper crust of these simple flows.

Subaquatic flows also occur at the base of the unit
where they may reach 4 to 20 m in thickness. At
the Ait Ourir section, the facies of subaquatic flows
varies laterally or vertically from sheet flows, present-
ing thin, undulating columnar jointing (10 to 15 cm
in diameter; Figure 3M), to pillow lavas intruded into
hyaloclastite, or pillow breccias (Figure 3N).

In the Telouet section (Central High Atlas), the
lowermost lava flow of the Upper Fm displays injec-
tions of brownish red siltstone forming irregular sedi-
mentary bodies (4 cm–1 m long) randomly dispersed
in the core of the lava flow, indicating peperitic inter-
action.

3.4. Recurrent formation

The Recurrent Fm is limited to the Central High At-
las lava piles and is absent in the Argana basin. It is
separated from the Upper Fm by a sedimentary unit
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which may reach 80 m such as in the south flank
of the Central High Atlas. The sediments are com-
posed of red silty-mudstones, locally overlying algal
mat limestones (Figure 3O, P). The base of the Recur-
rent Fm lava flow frequently displays load casts into
the underlying mudstones, indicating that the sedi-
ments were still soft.

The Recurrent Fm is the result of a single eruption
and is composed of a 5–50 m thick simple lava flow.
This lava flow has a dense and massive texture. Segre-
gation structures characteristic of compound pahoe-
hoe flows such as pipe vesicles, cylinder vesicles and
vesicular sheet are absent.

This late unit represents a small volume erup-
tion (<5% of the CAMP total). The Recurrent Fm is
covered by Early Jurassic silt-to-clay and carbonated
sediments and it is found only in the northern and
southern flanks of Central High Atlas basins. A sim-
ilar formation has been described from the Newark
and Hartford basins in North America [Olsen et al.,
2003], but was not found in Iberia.

4. Discussion: emplacement mechanisms of
the CAMP lava flows of Morocco

Once considered to be composed by monotonous
stacks of basaltic lava, continental flood basalt (CFB)
provinces are now known to display considerable
diversity in lava flow morphology. Whereas most
initial studies of flood basalt morphology and em-
placement focused on younger provinces such as
the Miocene Columbia River Basalt (e.g., Self et al.
1996, Thordarson and Self 1998), subsequent inves-
tigations targeted older provinces such as the ca.
201 Ma Central Atlantic Magmatic Province (CAMP,
e.g., El Hachimi et al. 2011, Kontak 2008, Martins
et al. 2008), the ca. 132 Ma Paraná-Etendeka [Jerram
et al., 999a,b, Rossetti et al., 2014, Waichel et al., 2006,
2012], and the ca. 66 Ma Deccan Volcanic Province
(DVP, e.g., Bondre et al. 004a,b, Duraiswami et al.
2001, 2003, 2014, Keszthelyi et al. 1999, Sheth 2006,
Sheth et al. 2011). The morphology of lava flow lobes
in CFB provinces can help understanding the mech-
anisms involved in their emplacement as shown by
Self et al. [1997].

The CAMP lava flows of Morocco show clear evi-
dence of endogenous growth or inflation in the sense
of Self et al. [1997, 1998]. The features indicating

endogenous growth are: (i) the three-partite struc-
tural division of sheet lobes in a thin basal crust, a
dense lava core, and a vesicular upper crust, which,
when thick, tends to show layering of alternating
massive and vesicular levels; (ii) the vertical distri-
bution of vesicles and the presence of segregation
structures such as spherical vesicles, pipe vesicles,
vesicle cylinders and vesicle sheets, and (iii) the oc-
currence of tumuli and squeeze-ups. In this sense,
they are similar to other inflated pahoehoe flows
found in Hawaii [Hon et al., 1994], Columbia River
Basalt Province [Thordarson and Self, 1998], in the
Cenozoic volcanic Province of North Queensland in
Australia [Whitehead and Stephenson, 1998], Deccan
Traps [Bondre et al., 004a,b, Keszthelyi et al., 1999, Jay
and Widdowson, 2008], Paraná-Etendeka CFB [Jer-
ram et al., 999a,b, Waichel et al., 2006], the CAMP
flows of the Fundy basin, Canada [Kontak, 2008],
and the CAMP basins of Argana [El Hachimi et al.,
2011], Berrechid and Doukkala, Morocco [Bensalah
et al., 2011], and Algarve, Portugal [Martins et al.,
2008]. The predominance of P-type lobes in com-
pound flows can be related to breakouts emerged
from larger inflated sheet flows [Hon et al., 1994,
2003]. According to Wilmoth and Walker [1993], these
lobes can be found almost anywhere in the pahoe-
hoe flow field, but are more common in areas with
shallow slopes (<4◦). Lava flows with subaquatic fa-
cies represent subaerial lavas that flowed into ponds
or lakes occupying depressions on the pre-volcanic
topography. Most of these depressions probably cor-
respond to asymmetric graben structures, as sug-
gested by the occurrence of syn-volcanic tectonism,
common in Morocco. At odds with what is stated
by Mattis [1977] and Lorenz [1988], the presence of
subaquatic lava flows does not require a widespread
subaquatic environment at the time of eruption. In-
deed, the limited lateral continuity of pillow lavas
and their almost constant stratigraphic position, the
existence of lava flows with subaerial characteristics
associated to sediments containing fossilized wood,
clearly support a generally subaerial emplacement of
CAMP basalts. These subaquatic volcanic sequences
can also be used to determine the depth (or min-
imum depth) of these water bodies, based on the
thickness of the subaquatic portion of the lava flow,
and suggest that these lakes could be as deep as 20 m
and, probably, were not temporary ponds.

The emplacement of the CAMP occurred in an
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extensional tectonic setting, related to the break-up
of the megacontinent Pangea and subsequent open-
ing of the Central Atlantic Ocean [Sahabi et al., 2004,
Labails et al., 2010, Marzoli et al., 2017]. The mag-
matic activity was syn-to slightly post-extensional,
with lava flows emplaced in progressively subsiding
grabens or sealing them [Hafid, 2006, Marzoli et al.,
2019]. Thordarson and Self [1998] show that the em-
placement of the Roza lavas (Colombia River Basalt
Province) was produced by one long single erup-
tion. In contrast to this, the morphologic, textural
and stratigraphic features of the Moroccan CAMP
volcanic pile favour an emplacement during several
sustained eruptions. Significant time breaks within
the volcanic sequence are marked by the presence of
red oxidized surfaces, paleosoils between pahoehoe
compound and simple flows produced by individ-
ual eruptions within each formation, or by the pres-
ence of epiclastic sedimentary sequences separating
the four classical formations. These imply significant
volcanic quiescence periods between the emplace-
ment of successive simple lava flows or flow fields.
According to Marzoli et al. [2019], Lower to Upper
CAMP flows in Morocco were erupted in four pulses
each lasting about 400 years [Font et al., 2011, Knight
et al., 2004], with an eruption rate during the pulses
of about 8 km3/year. Such an eruption rate is over
one order of magnitude higher than at Hawaii and
similar to e.g., the Laki eruption in Iceland (15 km3

in 9 months during the years 1783–1784), which had
a considerable effect on the climate in the northern
hemisphere [Thordarson and Self, 1993].

Based on the physical volcanology, the compari-
son of the CAMP basaltic succession in Morocco with
the Deccan volcanic Province (India), Paraná (Brazil),
Columbia River Basalt Province (USA) and other
CFBs indicates that these Large Igneous Provinces
(LIP) do not have a simple, “layer-cake stratigraphy”,
but present complex architectures. Such architec-
tures are governed by the volume of individual erup-
tion events, the location and abundance of volcanic
centers, and the evolution of these centers through
time [Jerram, 2002, Jerram and Widdowson, 2005,
White et al., 2009]. The architecture of the Moroc-
can CAMP and of most, if not all, CFB provinces re-
veals that the production of compound pahoehoe
flows was followed by flows with a simpler sheet-
like geometry, indicating a fundamental temporal
change in the emplacement process of lava flows.

Accordingly, it appears that flood basalt volcanism
starts by sustained eruptions with relatively low ef-
fusion rates [Jerram, 2002, Walker, 1971], and gradu-
ally accelerates to high effusion rates leading to high-
volume but short-lived eruptions [Shaw and Swan-
son, 1970, Walker, 1971]. This worldwide similarity
suggests that the magma genesis and/or magma as-
cension processes are essentially similar in all CFB
provinces [Duraiswami et al., 2014, El Hachimi et al.,
2011, Jerram, 2002, Jerram and Widdowson, 2005, Jer-
ram et al., 999a,b, Martins et al., 2008, Planke et al.,
2000, Rossetti et al., 2014, Waichel et al., 2012, White
et al., 2009], although local conditions (such as re-
gional topography, surface and underground water
availability) may constrain the details of the internal
architecture of each province [El Ghilani et al., 2017,
Luchetti et al., 2014].

5. Summary and conclusions

The data presented here indicate that the CAMP vol-
canic pile of Morocco formed during four phases of
geochemically distinct volcanic activity, represented
by the Lower, Intermediate, Upper and Recurrent
fms. Epiclastic sediments, intercalated or separating
the Lower, Intermediate and Upper fms are rare and
usually thin.

The studied sections display evidence for a vari-
able number of eruptions in each formation (1 to 5
eruptions in the Lower Fm, 1 to 3 eruptions in the In-
termediate Fm, 1 or 2 eruptions in the Upper Fm, and
a single eruption in the Recurrent Fm). The products
of the distinct eruptions can be separated by the pres-
ence of reddened top surfaces, development of incip-
ient or more evolved soils, or deposition of thin layers
of fine epiclastic sediments, representing time inter-
vals separating the emplacement of each package of
lava flows.

Except for the Recurrent Fm, each of the remain-
ing formations shows thick successions of individual
flows. The older formations (Lower and Intermedi-
ate fms) are composed of compound pahoehoe flows
that display the entire range of pahoehoe morphol-
ogy including inflated lobes, the three-partite struc-
ture of sheet lobes, vertical distribution of vesicles,
presence of segregation structures and tumuli struc-
tures, while the younger formations (Upper and Re-
current fms) are constituted by simple flows form-
ing extensive thick sheets capped by highly vesicular,
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weathered crusts, or flow-top breccias, and exhibit-
ing a three-tiered structure. Pillow lavas are common
in the Intermediate fm. throughout Morocco, but are
absent or rarer in the other units.

The architecture of most, if not all, CFB provinces
reveals that the production of compound pahoehoe
flows was followed by flows with a simpler sheet-like
geometry indicating a fundamental temporal change
in the emplacement of flows. Accordingly, the mor-
phology of CAMP lava volcanic sequence of Morocco
suggests an increase in effusion rate of eruptions
from the first to the last pulse of volcanism.
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1. Introduction

Today’s Cantabrian Mountains (North Spain) run
parallel to the Bay of Biscay and it is considered the
western range of the Pyrenean-Cantabrian Orogen
that arose when the Iberian and Eurasian plates
collided during the Cenozoic [Barnolas and Pu-
jalte, 2004, Gallastegui et al., 2002, Martín-González
and Heredia, 011a,b, Pulgar et al., 1999]. The early
Alpine sedimentary record of the Cantabrian basin
mostly consists of Carboniferous, Permian and Tri-
assic rocks. These rocks have been traditionally anal-
ysed in separate zones broadly related to the three
main geographical provinces of this area: Asturias,
Cantabria and Palencia (Figure 1).

Until recently, the Permian and Triassic sedimen-
tary record of the Cantabrian Mountains was mainly
based on works from the second half of the last
century (e.g., De Jong 1971, García-Mondejar et al.
1986, Martínez-García 1981, Suárez-Rodríguez 1988).
Recent syntheses have tried to describe the com-
plex stratigraphic nomenclature that existed in this
region [López-Gómez et al., 2002, Martínez-García,
1990, 991a,b, Robles, 2004, Robles and Pujalte, 2004],
but the lack of precise palaeontological data and
the complex tectonics in the Cantabrian Mountains
ruled out any definition of a detailed stratigraphic
succession. As a result, numerous lithostratigraphic
nomenclatures have been used for the same units,
and these units have even been wrongly laterally
correlated because they were only valid locally (e.g.,
Suárez-Rodríguez [1988], for the Asturias province;
Gand et al. [1997], Martínez-García [991a,b]; for the
Cantabria and Palencia provinces). In spite of these
confusing correlations, studies based on tectono-
sedimentary analysis made it possible to define the
main fault lineaments and their post-Variscan activ-
ity [Alonso et al., 1996, Cadenas et al., 2018, Cámara,
2017, García-Espina, 1997, Julivert, 1971, Martín-
González and Heredia, 011a,b, Merino-Tomé et al.,
2009, Pulgar et al., 1999, Rodríguez-Fernández et al.,
2002].

A recent multidisciplinary study by López-Gómez
et al. [2019] has provided a new stratigraphic chart
for the Permian and Triassic record of the Cantabrian
Mountains, using new age attributions assigned to
new lithostratigraphic units based on palaeontolog-
ical data. The newly defined stratigraphic succession
of these units was established for the different ge-

ographical provinces of the Cantabrian Mountains,
and clearly shows lateral continuity between them.
The 30 Mry long period since the early-middle Per-
mian transition until the Middle Triassic is particu-
larly striking because it lacks any sedimentary record.
There are also other notable internal disruptions and
unconformities between the lithostratigraphic units.
Based on these characteristics, López-Gómez et al.
[2019] have described six lithostratigraphic units (for-
mations) from the latest Carboniferous to the Late
Triassic (Figures 2, 3): the San Tirso, Acebal, Sotres,
Cicera, Rueda and Transición formations. Figure 3
shows the location of samples collected along the
four stratigraphic sections studied in this work.

Palynological data for the Triassic of the
Cantabrian Mountains are scarce. Most of the pa-
lynological samples described prior to this work were
located without stratigraphic precision and assigned
to broad attributions, including general terms for
facies such as “Buntsandstein” or “Keuper”.

In the Triassic record, only three palynological
samples have been described in previous works in
the “Buntsandstein facies” (later named Cicera For-
mation (Fm), Figure 2). These samples were ob-
tained near Verbios village (Palencia Province, sam-
ple 1349) and Tres Mares peak (Cantabrian Province,
samples 1379 and 1410) [Sánchez-Moya et al., 2005,
Sopeña et al., 2009] (Figure 4). The samples indi-
cated a Ladinian age (Middle Triassic) and Carnian
age (Late Triassic), respectively. In the “Keuper fa-
cies”, Salvany [990a,b] identified a Norian assemblage
near Aguilar de Campoo (Palencia province). In sim-
ilar facies, two palynological samples were described
near Reinosa (Cantabria province, Figure 4) and at-
tributed an early-middle Norian age by Calvet et al.
[1993]. Finally, in the same facies, two samples re-
covered in laminated gypsum near Poza de la Sal
(southern Cantabria Province) were assigned to the
late Carnian-early Norian by Barrón et al. [2001]. In
the Transición Unit, defined by Suárez-Vega [1974]
for the lithofacies of the transition between the Up-
per Triassic and Lower Jurassic, Martínez-García et al.
[1998] established a late Rhaetian age near Huerces
(Asturian Province). Later, in the same unit, Barrón
et al. [2002, 2005, 2006] assigned different analysed
samples to a Rhaetian age (Figure 4). Unfortunately,
the biostratigraphic value of these assemblages is rel-
ative as they were not figured (or are only partially fig-
ured), thus preventing the verification of these taxo-
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Figure 1. Simplified geological map of the central Cantabrian Mountains with the location of the studied
sections and localities. Studied sections: 1 - Villabona, 2 - Sotres, 3 - Cicera, 4 - Carmona. See the sections
in Figure 3. (Modified from López-Gómez et al. [2019]).

nomic classifications.
The focus of this work is the state of the art in Tri-

assic palynological studies of the Cantabrian Moun-
tains, along with descriptions of the four complete
figured assemblages, briefly referred to previously in
López-Gómez et al. [2019], using the new lithostrati-
graphic succession defined by these authors. These
assemblages are also compared to similar ones de-
scribed in different units in central and southern Eu-
rope.

2. Geological setting

The study area is located in the central part of
the Cantabrian Mountains, N Spain, which includes
the provinces of Cantabria, Asturias and Palencia
(Figure 1). The area, located between the Astur-
Galician and Basque-Cantabrian regions, flanks the
middle of the Pyrenean-Cantabrian Orogen to the
west and east, respectively [Martín-González and
Heredia, 011a] (Figure 1). The two regions show a
different evolution during the Mesozoic and Ceno-
zoic. The western region, which presents a highly
deformed Variscan basement, is almost devoid of
Mesozoic sediments, and the Cenozoic synorogenic

record is restricted to isolated depressions [Martín-
González and Heredia, 011b]. In contrast, the east-
ern Basque-Cantabrian region is characterised by a
thick and complete Middle Triassic to Cretaceous
sedimentary record related to extensional basins [Es-
pina, 1997, Pulgar et al., 1999].

The Uppermost Carboniferous-Lower Permian
and Triassic rocks lie unconformably on the Palaeo-
zoic basement. This basement, which represents a
folded and thin-skinned belt, belongs to the foreland
of the Variscan Orogen [Julivert, 1971, Rodríguez-
Fernández and Heredia, 1987]. In the northern Palen-
cia province, the latest Carboniferous sedimentary
record was affected by the last emplacements of the
end of the main Variscan deformation (e.g., Picos de
Europa region), including foreland deposits towards
the south [Merino-Tomé et al., 2009, Rodríguez-
Fernández and Heredia, 1987, Rodríguez-Fernández
et al., 2002]. During the early Permian, small-isolated
basins developed due to collapse of the Variscan belt
[Pérez-Estaún et al., 1991]. These basins were con-
trolled by lineaments related to Variscan faults that
remained active until the end of the early Permian
[Rodríguez-Fernández et al., 2002], when this area
was located near the equator [Ziegler, 1993].
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Figure 2. Stratigraphic location of the differentiated Permian and Triassic lithostratigraphic units (1 to 6)
based on new palaeontological data in the Cantabrian Mountains. Palynological samples: (a) So1, (b) Ca1,
(c) SP5, (d) Cic11, (e) Cic12, (f) VBO17, (g) Cueli (modified from López-Gómez et al. [2019]).

Substantial plate reorganisation started dur-
ing the beginning of the Mesozoic with an exten-
sional event related to the break-up of Pangea and
opening of the Bay of Biscay [Ziegler, 1993, Ziegler
and Stampfli, 2001]. This extensional phase ex-
panded until the Late Triassic-Early Jurassic but
was reactivated in the Late Jurassic-Early Cre-
taceous [Cadenas et al., 2018, Espina, 1997, Tu-
gend et al., 2014]. The present-day relief of the
Cantabrian Mountains is the consequence of an
Eocene-early Oligocene crustal uplift episode [Fil-
lon et al., 2016, Martín-González et al., 2012, 2014]
that continued locally until the latest Miocene
[Martín-González and Heredia, 011b].

2.1. Triassic lithological units

This work is based on the Triassic stratigraphical
scheme recently proposed in the Cantabrian Moun-
tains by López-Gómez et al. [2019]. In order to lo-
cate accurately the palynological assemblages stud-
ied here, a summary of the three Triassic forma-
tions defined in that scheme is outlined below (Fig-
ures 2, 3):

Cicera Fm. This unit near Cicera village was first
described in López-Gómez et al. [2019] (Figure 1).
It is mostly comprised of fine-medium grained red
sandstones alternating in the middle-upper half with
red dark lutites. The Cicera Fm rests unconformably
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Figure 3. Field sections and borehole Villabona where the samples were obtained. For a more detailed
lithological and sedimentological description see López-Gómez et al. [2019]. Samples: a. SO-1 [Juncal
et al., 2016], b. Carmona 1, c. S. Pedro-5, d. Cic11, e. Cic12, f. VBO-17, g. Cic-x. Location of the samples
(in m from the base of the sections): a - 23 m, b - 35 m, c - 411 m, d - 92.5 m, e - 93 m, f - 394 m, g -
18 m. Sample Cu-1, described in the text, was obtained from De la Horra et al. [2012] at Cueli village, near
Villabona borehole, and in similar stratigraphical position to VBO-17 sample. Geographical location of
the sections: Villabona: 43◦ 27′ 50′′, 5◦ 50′ 18′′; Sotres: 43◦ 14′ 09′′, 4◦ 44′ 18′′; Cicera: 43◦ 14′ 10′′, 4◦ 34′ 12′′;
Carmona: 43◦ 16′ 50′′, 4◦ 20′ 18′′.

on various previous units, or directly on the base-
ment. It represents the classic Triassic “Buntsand-

stein facies”, as described by García-Mondejar et al.
[1986] and Robles and Pujalte [2004] for La Cohilla
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Figure 4. Age attributions of lithostratigraphic units based on palynological assemblages in the
Cantabrian Mountains. Comparison with previous works.

section, north of the Peña Sagra peak, in southern
Cantabria (Figure 1). It is interpreted as the devel-
opment of mixed sandy and gravelly braided flu-
vial systems in the lower part of the unit, evolving
into increased floodplain deposits in the middle part.
This unit, however, has been erroneously described
as the Caravia Fm in different areas, and considered
Lower or upper Permian, depending on the study
(e.g., Martínez-García 991a,b, Martínez-García et al.
2001, Wagner and Martínez-García 1982). Prior to
the work of López-Gómez et al. [2019], this misinter-
pretation generated erroneous stratigraphic correla-
tions.

Rueda Fm. This unit was first described in López-
Gómez et al. [2019]. It lies conformably on the Ci-
cera Fm and consists of yellowish-grey dolomites and
green marls to form a total thickness of 3.5 m. The
unit was interpreted by these authors as shallow-
carbonate, marine inter-supratidal deposits.

Transición Fm. This unit was first described by
Suárez-Vega [1974] and later also studied by Suárez-
Rodríguez [1988] and Manjón et al. [1992] and re-
lated to the Upper Triassic–Lower Jurassic sedimen-
tary record. It consists of red-green marls with inter-
calated red sandstones, and shows gypsum beds and
limestones at the top. The unit was interpreted by
these authors as deposited under shallow marine and
supratidal conditions.

3. Material and method

The studied palynological samples are stratigraphi-
cally located in in three different sections (Sotres, Ci-
cera and Carmona) and one borehole (near Villabona
village) described in López-Gómez et al. [2019]. De-
tailed sedimentary data are shown in this latter work,
but a sketch of these units is shown in Figures 2 and 3.
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Table 1. List of species recorded from study area

Samples Ca1 and SSP5 were collected at 35 m and
411 m respectively from the base of the Carmona Sec-
tion (Figures 2 and 3). Cic11 and Cic12 were obtained
at 92.5 m and 93 m in the upper part of Cicera sec-
tion near Cicera village (Figures 2, 3). Sample VBO17
was obtained at 394 m from the Villabona borehole
exploratory well (cuN-69B) in the Transición Fm via
the MINERSA mining company (Villabona village,
Asturias, Spain) and Sample Cu-1, described in the
text, was obtained from De la Horra et al. [2012] at
Cueli village, near the Villabona borehole, in a simi-
lar stratigraphic position to VBO17 sample.

Palynological samples were processed in the Pa-
lynology Laboratories of the Department of Geod-
inámica, Estratigrafía y Paleontología (Complutense
University of Madrid) and the Geosciences Depart-
ment (University of Vigo). In the former, laboratory-
standard palynological procedures were used. To re-
move carbonate and silicate minerals, hydrochloric
acid (HCl, 10%) and hydrofluoric acid (HF 40%) were
first added and the samples then were stirred with
10% hydrochloric acid for 45 min to remove sec-
ondary compounds produced during the hydroflu-
oric acid attack. At the University of Vigo, a dispers-
ing agent was added to facilitate filtering and sieving
at 10 µm. The prepared slides were examined at this
University’s facilities using a Leica DM 2000 LED mi-
croscope and a Leica ICC50 W camera to take photos
at ×1000 magnification.

4. Results

Six new palynological samples were obtained from
the Triassic record of the Cantabrian Mountains (Fig-
ure 3), four in the Cicera Fm (Samples Ca1, SP5, Cic11
and Cic12) and two in the Transición Fm (samples
VBO17 and Cu-1) (Figure 4). The Cueli Beach sample
(Cu-1 sample), which belongs to the Transición Fm,
is attributed to the Norian-middle Rhaetian interval
due to the presence of Classopollis spp. and Ovalipol-
lis pseudoalatus (Thiergart) Schuurman 1976. This
latter sample is poorly preserved with no robust pa-
lynological assemblage, but we consider it is worth-
while to indicate its existence. The other five pos-
itive samples have been grouped into four assem-
blages due to their similar composition (Table 1, Fig-
ure 5). The palynological assemblages are figured
separately in the supplementary data (Supplemen-
tary Figures S1, S2, S3 and S4).

5. Discussion

The scarcity of the Triassic palaeontological data in
the Cantabrian Mountains and the misguided lithos-
tratigraphy used in some previous works are among
the main reasons for the revision offered in our study.

The present work shows the complete data par-
tially presented in López-Gómez et al. [2019], which
are essential to infer the age of the lithological units
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Figure 5. Representative palynomorphs of the different associations. Palynological assemblages are fig-
ured completely in supplementary data. (1) Alisporites grauvogeli Klaus 1964. (2) Alisporites opii Daugh-
erty 1941. (3) Alisporites sp. (4) Triadispora epigona Klaus 1964. (5) Triadispora plicata Klaus 1964. (6) Tri-
adispora staplinii (Jansonius) Klaus 1964. (7) Triadispora crassa Klaus 1964. (8) Triadispora suspecta
Klaus 1964. (9) Triadispora verrucata (Schulz) Scheuring 1970. (10) Lunatisporites noviaulensis (Leschik)
de Jersey 1979. (11) Chordasporites singulichorda Klaus 1960. (12) Vitreisporites pallidus (Reissinger)
Nilsson 1958. (13) Illinites chitonoides Klaus 1964. (14) Chasmatosporites sp. (15) Microcachryidites
doubingeri Klaus 1964. (16) Microcachryidites fastidioides (Jansonius) Klaus 1964. (17) Platysaccus sp.
(18) Ovalipollis pseudoalatus (Thiergart) Schuurman 1976. (19) Ovalipollis ovalis (Krutzsch) Scheur-
ing 1970. (20) Ovalipollis cultus Scheuring 1970. (21) Praecirculina granifer (Leschik) Klaus 1960.
(22) Camerosporites secatus Leschik 1956. (23) Duplicisporites granulatus (Leschik) Scheuring 1970.
(24) Paracirculina quadruplicis Scheuring 1970. (25) Quadraeculina anellaeformis Malyavkina 1949.
(26) Vallasporites ignacii Leschik 1956. (27) Enzonalasporites vigens Leschik 1955. (28) Patinasporites den-
sus Leschik 1955. (29) Classopollis torosus (Reissinger) Balme 1957. (30) Classopollis zwolinskae (Lund)
Traverse 2004. (31) Rhaetipollis germanicus Schulz 1967. (32) Trachysporites sp. (33) Cycadopites sp.
(34) Calamospora tener (Leschik) Mädler 1964. (35) Calamospora sp. 36. Aratrisporites granulatus Klaus
1960. (37) Verrucosisporites sp. (38) Plaesiodictyon mosellanum Wille 1970.

in this area. A complete list of figured elements is pro-
vided to correlate our new data with previous palyno-
logical records in nearby areas.

5.1. Late Ladinian-early Carnian assemblages

The palynological data of the Triassic rocks starts
with the study of the Cicera Fm characterised by
the presence of voltzian conifer types (including
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the genera Triadispora and Ovalipollis) and the Cir-
cumpolles group (Duplicisporites, Camerosporites,
Paracirculina). Cicera Fm could be separated into
lower part with a Longobardian age (Carmona as-
semblage), and an upper part with a Longobardian-
Cordevolian transition in age (San Pedro and Cicera
assemblages).

The Carmona assemblage (Figure S1, Supple-
mentary data) from the lower part of the Cicera
Fm is Longobardian in age (late Ladinian), due to
the presence of Camerosporites secatus, Chordas-
porites singulichorda, Duplicisporites granulatus,
Illinites chitonoides, Lunatisporites noviaulensis, Mi-
crocachryidites doubingeri, Ovalipollis pseudoala-
tus, Triadispora falcata, Triadispora staplinii, and
Triadispora suspecta. This composition is equiv-
alent to the “second assemblage” in Adloff et al.
[1987], the SC-1 assemblage from Sancerre-Couy
core, Paris Basin [Juncal et al., 2018] and the paly-
nological associations described from the Mâcon-
nais Region in France [Adloff and Doubinger, 1979],
in Jura, France [Adloff et al., 1984], the Largentière
area, Ardèche, France [Doubinger and Adloff, 1977],
the Monte San Giorgio, Southern Alps, Switzerland
[Scheuring, 1978]. These assemblages correspond
to the Camerosporites secatus–Enzonalasporites vi-
gens phase [Van Der Eem, 1983], the Heliosaccus di-
morphus Zone of Orłowska-Zwolińska [1983, 1985,
1988] emended by Herngreen [2005], the Heliosac-
cus dimorphus Zone [Kürschner and Herngreen,
2010] (Figure S5, Supplementary data). The bisaccate
pollen grain Lunatisporites noviaulensis started to
occur first in the Guadalupian (middle Permian) of
WestEurope (e.g., Bercovici et al. 2009) and in the
late Permian (Lopingian) in the southern Alps of
Italy (Bulla section, western Dolomites, Italy; Spina
et al. [2015]). The presence of this taxa in assemblage
with other taxa such as Illinites chitonoides, Micro-
cachryidites doubingeri and Microcachryidites fastid-
ioides is characteristic of the Early-Middle Triassic
and rarely appear in early Carnian assemblages (e.g.,
Doubinger and Adloff 1983, Doubinger and Büh-
mann 1981, Eshet 1990, Foster 1979, Galasso et al.
019a,b, Kürschner and Herngreen 2010, Orłowska-
Zwolińska 1984, 1985). These taxa co-occur with
the circumpolles species Camerosporites secatus,
Duplicisporites granulatus and Praecirculina gran-
ifer which show significant diversification on the
Ladinian – Carnian boundary (e.g., Brugman et al.

1994, Cirilli 2010, Kürschner and Herngreen 2010,
Mietto et al. 2012, Roghi 2004, Roghi et al. 2010, Van
Der Eem 1983, Visscher and Brugman 1981, Visscher
and Krystyn 1978).

The San Pedro and Cicera assemblages (Figures
S2 and S3, Supplementary data) are attributed to the
Longobardian-Cordevolian transition (late Ladinian-
early Carnian) due to the presence of Middle Triassic
sporomorphs such as Chordasporites singulichorda,
Lunatisporites noviaulensis, Triadispora crassa, Tri-
adispora epigona, Triadispora falcata, Triadispora
plicata, Triadispora staplinii and the late Ladinian-
Carnian taxa such as Camerosporites secatus, Du-
plicisporites granulatus, Ovalipollis pseudoalatus, as
well as the occurrence of the typical Carnian taxa
Triadispora verrucata and Vallasporites ignacii. The
taxonomic composition of the San Pedro and Ci-
cera assemblages is equivalent to that of the SC-2
assemblage, described by Juncal et al. [2018], of the
Sancerre-Couy core (Paris Basin), obtained from lev-
els associated with anhydrite sabkha deposits with
black silty clays. These levels correspond to the
Ladinian-lower Carnian cycle, which is the lateral
equivalent of the Lettenkhole Fm in the eastern part
of the Paris Basin [Bourquin et al., 2002]. The occur-
rence of typical Carnian taxa such as Vallasporites
ignacii in association with late Ladinian-Carnian
sporomorphs is also reported in the lower part of the
Koudiat El Halfa borehole in Central Tunisia [Mehdi
et al., 2009] and in the early Carnian microflora
from the Djerba Melita 1 Borehole in southeasstern
Tunisia [Buratti et al., 2012].

The San Pedro and Cicera assemblages cor-
respond to the Triadispora verrucata subzone of
the Camerosporites secatus Zone Herngreen [2005],
which is defined by the first appearance datum (FAD)
of Triadispora verrucata and correlates with the Con-
baculatisporites longdonensis, later Porcellispora
longdonensis, Zone of Orłowska-Zwolińska [1983,
1985, 1988] and zones GTr 12–13 of Heunisch [1999]
(Figure S5, Supplementary data). The Camerosporites
secatus Zone Herngreen [2005] is defined by the FAD
of Camerosporites secatus, which coincides with the
early Carnian Enzonalasporites vigens–Patinasporites
densus phase of Van Der Eem [1983] (Figure S5, Sup-
plementary data), and it is associated with the first
appearance of Patinasporites densus, Triadispora
verrucata, and Vallasporites ignacii [Blendinger,
1988, Buratti and Cirilli, 2007, Cirilli, 2010, Fisher and
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Dunay, 1984, Hochuli and Frank, 2000, Hochuli et al.,
1989, Kürschner and Herngreen, 2010, Roghi, 2004,
Roghi et al., 2010, Van Der Eem, 1983, Visscher and
Brugman, 1981].

The composition of the Carmona assemblage, oc-
curring in the lower levels of the Cicera Fm, almost
exclusively comprises conifer pollen (e.g., Chordas-
porites, Lunatisporites, Microcachryidites), including
numerous Triadispora specimens. In contrast, in the
San Pedro and Cicera assemblages, the presence
of water-transported spores, such as those of lyco-
phytes (Aratrisporites), horsetails (Calamospora) and
ferns (as Verrucosisporites and Vitreisporites), can be
seen. Moreover, the appearance of the fresh-brackish
water alga Plaesiodictyon mosellanum suggests prox-
imity to a fluvio-deltaic source or coastal system as it
tolerates hypersaline environments [Brugman et al.,
1994, Hochuli et al., 1989, Kustatscher et al., 2012,
Lindström et al., 017a, Paterson et al., 2017, Vigran
et al., 2014]. This hypothesis is coherent with the sed-
imentological interpretations of the Cicera Fm, since
the uppermost part of this unit shows a transition
with the underlying Rueda Fm, interpreted as inter-
supratidal, shallow-marine mixed sediment [López-
Gómez et al., 2019]. Furthermore, in the Cicera sec-
tion, two footprint samples were obtained 74.5 m be-
low Cic11 sample [López-Gómez et al., 2019] (Fig-
ure 3). In the latter work, the authors suggest that
these footprints could correspond to Lagerpetidae,
and they have been linked to biped animals, in ac-
cordance with their functional tridactyl II–IV pes,
which is similar to numerous tridactyl footprints of
dinosauroïd forms found in Anisian–Ladinian beds
in SE France [Gand and Demathieu, 2005].

The Ladinian-early Carnian assemblage of the
Cicera Fm is equivalent to the upper part of the
“Buntsandstein facies” described by Sánchez-Moya
et al. [2005] and Sopeña et al. [2009], who collected
three palynological samples near the Verbios village
(Palencia Province, sample 1349) and the Tres Mares
peak (Cantabrian Province, samples 1379 and 1410).
These authors attributed Samples 1349 and 1410 to
the Ladinian (Middle Triassic), based on the pres-
ence of the genera Duplicisporites and Triadispora,
the taxa Ovalipollis pseudoalatus and “the absence
of Echinitosporites iliacoides, Heliosaccus dimorphi-
cus, Partitisporites quadruplices”, and the predomi-
nance of bisaccate pollen. Moreover, the presence of
Eucommiidites microgranulatus is reported in sam-

ple 1410. According to Schulz and Heunisch [2005],
the presence of this species indicates a Ladinian-
early Carnian age [Sopeña et al., 2009]. These two
samples were compared with the Ladinian assem-
blages from the Pyrenees [Fréchengues et al., 1993],
the Catalan Coastal Range [Solé de Porta et al.,
1987] and the Iberian Ranges [Doubinger et al., 1990,
Sopeña et al., 1995]. The last sample obtained in
the Tres Mares peak (Cantabrian Province, Sample
1379) was assigned to the Carnian (Late Triassic)
due to the presence of Vallasporites ignacii and En-
zonalasporites sp., and “the absence of Kuglerina
meieri, Craterisporites rotundos, Partitisporites sp.
and Spiritisporites spirabilis” [Sánchez-Moya et al.,
2005]. Sopeña et al. [2009] removed Vallasporites ig-
nacii and Enzonalasporites sp. from the list and at-
tributed it to the late Ladinian-Carnian due to in-
creased circumpolles and similarity with the up-
per Ladinian of the Castilian Branch of the Iberian
Ranges [Sopeña et al., 1995] and the Carnian of the
Miravet Fm, Prades area of the Catalan Coastal Range
[Solé de Porta et al., 1987].

5.2. Norian assemblages

Between the early Carnian and Norian, an overall
decline of 50% in palynofloral diversity has been
described in NW Europe [Kürschner and Hern-
green, 2010]. Thus, Norian flora in Europe gener-
ally show low taxonomic diversity and are domi-
nated by conifers (accounting for 80–90% of the as-
semblages: Dalla-Vecchia [2000], Dalla-Vecchia and
Selden [2013], Dobruskina [1993, 1994], Kustatscher
et al. [2018], Pacyna [2014]). During the Norian, a
significant change is recorded for the “Late Triassic
palynofloras” that corresponds to the first appear-
ance of Classopollis pollen [Visscher and Brugman,
1981], and this is broadly related to the diversity
decline among terrestrial vertebrates and marine
invertebrates [Tanner et al., 2004, Weems, 1992]. This
gymnosperm pollen is produced by plants belonging
to the extinct conifer family Cheirolepidiaceae [Fran-
cis, 1983, Jarzen and Nichols, 1996], which are sim-
ilar to the extant family Cupressaceae and resemble
modern juniper bushes [Riding et al., 2013], and it is
dominant in assemblages obtained in the Transición
Fm (Villabona assemblage).

The presence of the late Ladinian-Carnian
genera Duplicisporites, Enzonalasporites and

C. R. Géoscience — 2020, 352, no 6-7, 475-493



Manuel A. Juncal et al. 485

Camerosporites is common in lower Norian suc-
cessions [Cirilli, 2010], but has not been recorded
in younger sediments [Kürschner and Herngreen,
2010]. The Norian successions were attributed by
Herngreen [2005] to the Granuloperculatipollis rudis
Zone (Figure S5, Supplementary data), based on the
FAD of its marker species and the abundance of Clas-
sopollis meyeriana and Classopollis zwolinskae. This
zone corresponds to zones 16–17 of Heunisch [1999],
the middle-upper part of the Corollina meyeriana
Zone of Orłowska-Zwolińska [1984] (Figure S5, Sup-
plementary data). Moreover, although Rhaetipollis
germanicus was considered a Rhaetian age taxon
(e.g., Schulz and Heunisch 2005, Visscher and Brug-
man 1981), the FAD of Rhaetipollis germanicus is
uncertain. Fisher [1979] described the appearance of
this taxon in Norian palynological assemblages (Pa-
lynological Zone VIII, Canadian Artic Archipelago)
and Smith [1982] suggested reconsidering the paly-
nological dating involving this taxon after studying
the early Norian ammonoid-dated strata in Svalbard.
Kürschner and Herngreen [2010] also suggest that
a late Norian appearance of this taxon cannot be
excluded in central and northwestern Europe, due
to the absence of continental deposits during this
time that could be readily correlated with marine
successions. Therefore, Norian and lower Rhaetian
palynological assemblages are generally rather ho-
mogeneous [Kustatscher et al., 2018].

For all the aforementioned reasons, and due to
the presence Camerosporites secatus, Classopol-
lis zwolinskae, Classopollis torosus, Duplicisporites
granulatus, and Rhaetipollis Germanicus, the Vill-
abona assemblage (Figure S4, Supplementary data)
of the Transición Fm is Lacian-Aulanian in age (early-
middle Norian).

In “Keuper facies” such as those present in
the Transición Fm, Salvany [990a,b] identified a
scarce Norian assemblage in Aguilar de Campoo
(Palencia province). This sample contains Triadis-
pora sp., Ovalipollis ovalis, Praecirculina granifer,
Duplicisporites granulatus, Patinasporites densus,
Camerosporites secatus, Classopollis sp., Granulop-
erculatispollis rudis and unidentified bisaccates.
These authors suggest a lower-middle Norian age,
based on the abundance of Classopollis and the pres-
ence of Granuloperculatispollis rudis. The presence
of Triadispora sp., Classopollis sp., Duplicisporites
granulatus and Camerosporites secatus is coherent

with this assignation. In similar facies, two palyno-
logical samples were described in the Reinosa area
(Cantabria province) and attributed an early-middle
Norian age by Calvet et al. [1993]. These samples in-
clude Alisporites sp., Ovalipollis ovalis, Praecirculina
granifer, Duplicisporites granulatus, Classopollis sp.
and Granuloperculatispollis rudis.

Furthermore, Barrón et al. [2001] described two
assemblages in laminated gypsum deposits near
Poza de la Sal (Cantabria Province). These samples
would correspond to the Transición Fm. These au-
thors suggested a late Carnian-early Norian age for
one of the assemblages because of the presence of
Triadispora spp. and Camerosporites secatus and
the “absence of genus Corollina” (= Classopollis).
They considered that the gypsum of Poza de la Sal
was older than similar lithologies with Norian age
proposed by Hernando et al. [1977] in Albendiego
(Guadalajara, Spain) and Salvany [990a,b] for the
grey gypsum of Aguilar de Campoo (Palencia, Spain)
included in “Keuper facies”. The second assemblage
was attributed to the Rhaetian, based on the relative
abundance of the genus Corollina (= Classopollis)
and because “the first register (genus Corollina) was
in Rhaetian age by Visscher and Brugman [1981], or
in the upper part of Norian by Pedersen and Lund
[1980]”. Today, we know that the genus Classopol-
lis appears in the early Norian (e.g., Kürschner and
Herngreen 2010), hence the gypsum of Poza de la
Sal described by Barrón et al. [2001] should be early
Norian.

5.3. Rhaetian assemblages

In the Transición Fm, a palynological assemblage
was also described near Huerces (Asturias Province)
by Martínez-García et al. [1998] (Figure 4). These au-
thors suggested a Rhaetian-late Rhaetian age owing
to the presence of Classopollis classoides, and relative
abundance of Ovalipollis ovalis and Rhaetipollis ger-
manicus. Later, in the same unit, Barrón et al. [2002,
2005, 2006] proposed a Rhaetian age based on differ-
ent analytical criteria. Barrón et al. [2002] considered
the “relative abundance of Corollina meyeriana and
Corollina torosus” and the presence of Ovalipollis cf.
pseudoalatus and Rhaetipollis germanicus as indica-
tive of a Rhaetian-late Rhaetian age at the Bárzana
section in the Villaviciosa region (Asturias, Spain).
Barrón et al. [2005] studied 49 successive samples
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collected from the Vilorteo and Cantavieyo Diamond
Drill Holes, La Camocha Mine area near Gijón (As-
turias), and they distinguished three assemblages
(PA1, PA2 and PA3) for the Late Triassic-Lower Juras-
sic time interval. The PA1 assemblage is related to
the Rhaetipollis germanicus Zone [Orbell, 1973], the
third phase of “Grès et Schiste à Avicula contorta”,
to “Argiles de Levallois” [Schuurman, 1977] and the
Rhaetian assemblages to NW Europe [Batten and
Koppelhus, 1996, Visscher and Brugman, 1981]. The
PA2 and PA3 assemblages are associated with the He-
liosporites Zone of Orbell [1973] and the assemblage
of St. Audrie’s Bay [Hounslow et al., 2004]. These pre-
liminary palynological studies were finally expanded
in Barrón et al. [2006] in a palynological, biostrati-
graphic, sedimentological and sequence stratigraphy
study to characterise the Triassic-Jurassic boundary
in Asturias (North Spain). The authors suggested that
the PA1 assemblage, which corresponds to the lower
part of both boreholes, could be assigned a Rhaetian
age due to a similarity with the Rhaetipollis germani-
cus Zone and the presence of Ovalipollis pseudoala-
tus and Tsugaepollenites pseudomassulae. However,
they could not assign the PA2 assemblage to the
Rhaetian or Hettangian due to “the absence of rep-
resentative palynomorphs of these ages”, but the PA3
was interpreted as Hettangian, based on the presence
of Ischyosporites variegatus and Cerebropollenites
thiergartii.

Although unable to verify the described taxa
due to the partial absence of figures, on the basis
of our palynological comparison the presence of
Kraeuselisporites reissingeri, Tsugapollenites pseu-
domassulae and the genus Cerebropollenites in PA3
would be indicative of late Rhaetian or Rhaetian–
Hettangian transition. Although Ischyosporites var-
iegatus and Cerebropollenites thiergartii are consid-
ered the best markers for the Triassic-Jurassic bound-
ary, their lowest occurrences have been recorded sev-
eral meters below the FAD of the ammonite Psilo-
ceras spelae defining the base of the Hettangian
in the GSSP stratotype Kuhjoch section (Karwen-
del Mountains, Austria) [Bonis et al., 2009, Cirilli
et al., 2018, Hillebrandt et al., 2013, Kürschner and
Herngreen, 2010]. However, the PA3 assemblage is
equivalent to the one described in the Noto Fm and
the Upper Streppenosa Mb (SE Sicily, Italy; Cirilli
et al. [2018]) with a Rhaetian age, due to the abun-
dance of Classopollis species (Classopollis meyeri-

ana and minor Classopollis torosus) and other index
species such as Ischyosporites variegatus, Porcel-
lispora longdonensis and Trachysporites fuscus. The
presence of Ischyosporites variegatus in association
with Classopollis spp., Porcellispora longdonensis
and Kraeuselisporites reissingeri, could indicate a
latest Rhaetian age in the PA3 assemblage, as in the
case of the upper part of the Upper Streppenosa Mb
[Cirilli et al., 2018, Hillebrandt et al., 2013].

The presence of Kraeuselisporites reissingeri is re-
ported together with Carnisporites spiniger, Clas-
sopollis meyeriana, Convolutispora klukiforma,
Ovalipollis pseudoalatus, Taurocusporites verru-
catus and the dinoflagellates Dapcodinium priscum
and Rhaetogonyalax rhaetica in the SC-4 assem-
blage (late Raethian age) described by Juncal et al.
[2018] in the Sancerre-Couy core (Paris Basin). The
presence of Kraeuselisporites reissingeri and Tsug-
apollenites pseudomassulae is also described in the
lower Malanotte Fm of the Triassic–Jurassic transi-
tion in the western Southern Alps (Northern Italy;
Galli et al. [2007]) in an assemblage that contains
Classopollis torosus, Cerebropollenites macrover-
rucosus and the dinoflagellate cysts Dapcodinium
priscum. A similar microfloral composition is re-
ported at the Rhaetian–Hettangian transition from
the St Audrie’s Bay section in United Kingdom [Bonis
et al., 2010, Hesselbo et al., 2002, 2004, Hounslow
et al., 2004, Lindström, 2016, Lindström et al., 017b,
Orbell, 1973, Warrington, 1996] and in the intra-
and infra-basaltic sediments from different locali-
ties at the base of the CAMP lava piles in Morocco
[Panfili et al., 2019].

6. Conclusions

We present here a detailed study of four palyno-
logical assemblages obtained from three stratigraph-
ical sections and one borehole from the Triassic
sedimentary record of the Cantabrian Mountains,
North Spain. These data have made it possible to (i)
make an accurate correlation of the Triassic record
of this area, (ii) integrate the different palynostrati-
graphic information that already existed but had
not been well determined stratigraphically, and (iii)
carry out a comparative analysis with other sam-
ples studied in Triassic sections from Centre and SW
of Europe.
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Four assemblages from the Triassic sedimentary
record were examined. Three of these were obtained
from the Cicera Fm of continental origin (Carmona,
San Pedro and Cicera assemblages). A Longobar-
dian age is suggested for the lower (Carmona assem-
blage) and a Ladinian-Carnian transition for the up-
per part of this formation (San Pedro and Cicera as-
semblages). The uppermost part of this formation
shows a transition with the overlying Rueda For-
mation, of shallow marine origin. This transition is
indicated by the presence of Plaesiodictyon mosel-
lanum, a freshwater-shallow marine environment
alga. These palynological assemblages are equivalent
to the samples obtained near Verbios village (Palen-
cia Province) and the Tres Mares peak (Cantabrian
Province) in the upper part of the “Buntsandstein fa-
cies” by Sánchez-Moya et al. [2005].

The last palynological assemblage (Villabona as-
semblage) has a Lacian-Aulanian age and it was ob-
tained in Transición Fm (mostly of shallow marine
origin). This assemblage corresponds to the Norian
assemblage obtained in “Keuper facies” in Aguilar de
Campoo (Palencia province) by Salvany [990a,b] and
to the early-middle Norian assemblage described in
the Reinosa area (Cantabria province; Calvet et al.
[1993]). Moreover, this assemblage is comparable
with the assemblages obtained in laminated gypsum
deposits near Poza de la Sal (Cantabrian Province) by
Barrón et al. [2001] with an upper Carnian-early No-
rian age.

The palynological assemblages obtained in this
work were compared with the microflora coming
from the same paleolatitude (same paleoclimate
belt), and they were also compared with the main
Triassic palynostratigraphic subdivisions in Central
and NW Europe.
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1. Introduction

In North Africa, the Argana Basin, or Argana Corri-
dor, provides exceptional exposures of Permian to
Upper Triassic continental fluvial-dominated sed-
iments deposited in a rift basin. These sediments
crop out in the western High Atlas of Morocco be-
tween the cities of Imi n’Tanout in the north and
Amskroud in the south and extend over a length of
80 km for a maximum width of approximately 25 km
(Figure 1A,B). Exposures consist of red-beds mainly
formed by conglomerates, sandstones and siltstones,
and have been divided into eight lithostratigraphi-
cal units or members (named T1 to T8, Figure 1C)
belonging to three formations: the Permian Ikakern
Fm (T1 and T2), and the Triassic Timezgadiouine (T3
to T5) and Bigoudine Fms (T6 to T8, Brown, 1980,
Khaldoune et al., 2017, Tixeront, 1973, Tourani et al.,
2000). Fossil remains have been reported from the
lithostratigraphical units T2, T3, T4, T5 and T6 and
dozens of localities have been identified by Dutuit
[1976] and successive researchers. Fossils consist
of charophytes, ostracods and abundant and di-
versified vertebrates represented both by isolated
or articulated bone remains and ichnofossils [Du-
tuit, 1976, Jalil, 1999, Jalil and Janvier, 2005, Jalil
and Peyer, 2007, Khaldoune et al., 2017, Klein et al.,
2010, Lagnaoui et al., 2012, Medina et al., 2001,
Tourani et al., 2010, Zouheir et al., 2020]. They of-
fer the most important Permian-Triassic vertebrate
fauna of North Africa. Tetrapods are represented by
more than 15 species belonging to amphibians (nec-
trideans, metoposaurids, almasaurids), sauropsids
(pareiasaurs, captorhinids, azendohsaurids, phy-
tosaurs, aetosaurs, and rauisuchians), and dicyn-
odont synapsids (see Khaldoune et al. [2017] for a
taxonomic list). Other sarcopterygian remains are
identified as a ceratodontid lungfish and possibly a
coelacanth [Martin, 1979a,b, 1981]. Actinopterygians
are Late Triassic (Carnian) in age and, except isolated
scales, are all from the so-called locality XI of Du-
tuit [1976], at the base of the unit T5 [Dutuit, 1976,
Khaldoune et al., 2017, Khalloufi et al., 2017, Martin,
1979a, 1980b,a, 1982].

The locality XI (Figure 1B) consists of three fos-
siliferous layers with different faunal associations.
The basal most layer yielded postcranial remains
of a dicynodont, the intermediate provided dicyn-
odonts, rauisuchian reptiles and metoposaurid tem-

nospondyls, and the upper most level, formed by
a reddish to brownish sandstone, delivered tem-
nospondyls, lungfishes and the actinopterygian re-
mains [Dutuit, 1976]. The actinopterygian material
has been studied by Martin [1979a, 1980b,a, 1982],
who identified two main groups, Redfieldiiformes
(represented by Mauritanichthys rugosus Martin,
1980b and by fragments attributed to the genera
Atopocephala and Ischnolepis) and “perleidiforms”
(represented by Dipteronotus gibbosus Martin, 1980a
and the genera Perleidus and Procheirichthys). This is
the only occurrence of these groups in North Africa.
No review of the Argana Basin actinopterygians has
been realized since their original description. The
aim of this paper is to provide an updated overview
of this fauna with comments on anatomy and phylo-
genetical affinities.

2. Materials and methods

The actinopterygian material from the Argana
Basin consists of about 30 specimens, housed in
the palaeontological collection of the Muséum na-
tional d’Histoire naturelle, Paris, France. They are in
anatomical connection but incomplete for most of
them. Apart few exceptions, the specimens are badly
preserved, as they are often fragmented and crushed
with sometimes displaced or missing bones. In order
to highlight the contrast between bones and sedi-
ment, the specimens were observed under UV light,
in addition to white light. Observations were made
with a stereomicroscope and photographs were
taken with a Nikon D800 camera. UV light observa-
tions were realized thanks to two Fluotest Forte UV
quartz lamps emitting at 180 W (λ excitation centered
around 365 nm). The close-up view of the scale (Fig-
ure 3G) was captured using a digital microscope Hi-
rox RH2000. Silicone molds have been made for a few
specimens preserved as natural casts (negative bone
imprint). Photographs of the holotype of Dipterono-
tus cyphus (GSM18188 and GSM18189), housed at
the British Geological Survey, were obtained from
GB3D Type Fossils (http://www.3d-fossils.ac.uk).
Photographs of specimens of Dipteronotus aculea-
tus (Triassic, France) from the Grauvogel collec-
tion were obtained from the Staatliches Museum
für Naturkunde Stuttgart. Bone nomenclature fol-
lows the terminology of Schultze [2008] and Wiley
[2008], based on homologies between sarcopterygian

C. R. Géoscience — 2020, 352, no 6-7, 495-513

http://www.3d-fossils.ac.uk


Bouziane Khalloufi and Nour-Eddine Jalil 497

Figure 1. Location and stratigraphy of the Argana Basin. (A) Geographical map of Morocco, showing the
location of the Argana Basin, in red. (B) Simplified geological map of the Argana Basin (modified from
Tixeront, 1973, 1974). The locality XI is indicated by a red dot. (C) Stratigraphical section of the Argana
Basin (modified from Tourani et al., 2000).

and actinopterygian skull bones, and that of Mickle
[2015] for snout bones, which mainly corresponds
herein to the use of “parietal” and “postparietal”
instead of “frontal” and “parietal”, respectively.

Institutional abbreviation. MNHN.F, Muséum na-
tional d’Histoire naturelle, Paris, France, Palaeonto-
logical collection.

3. Palaeontological systematics

Actinopterygii Cope, 1887
Redfieldiiformes Berg, 1940

Redfieldiiformes are a clade of actinopterygians
formed by at least 17 genera, known from the Lopin-
gian to Early Jurassic, mostly in non-marine envi-
ronments of Australia, Africa (Morocco, South Africa,
Zambia and possibly Madagascar), Asia (South Ko-
rea), South America (Argentina), North America
(USA) and putatively Europe (England, Germany,

Ireland, Poland and Switzerland, see Gibson, 2018,
Gouiric-Cavalli et al., 2017, Hutchinson, 1973a, Kim
et al., 2020, Lombardo, 2013, Schaeffer, 1984, Schaef-
fer and Mc Donald, 1978, Sytchevskaya et al., 2009).
Their general features include an elongated body
covered with ganoid scales, the dorsal and anal fins
located posteriorly, and a hemi-heterocercal cau-
dal fin. The prominent snout, which can be orna-
mented with ridges and/or tubercles, is formed by
nasals, premaxillo-antorbitals, a rostral and usually
a postrostral. The nasal is usually excluded from the
orbital rim by the supraorbital, and the single pair
of nostrils are surrounded by the nasal, supraorbital,
premaxillo-antorbital and rostral. Other features of
the skull concern the presence of a large and rect-
angular dermopterotic, a rectangular or crescent-
shaped dermosphenotic, a hatchet-shaped preoper-
cle, and a single (rarely two) plate-like branchioste-
gal ray [Gibson, 2018, Hutchinson, 1973a, Schaef-
fer, 1984]. Extensive studies and cladistic analyses
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have been performed by Hutchinson [1973a, 1978],
Schaeffer [1967, 1984] and Schaeffer and Mc Donald
[1978], and the monophyly of the group is currently
not questioned. Its phylogenetical position among
actinopterygians remains unclear and Xu [2020] sug-
gested to consider it as stem-Neopterygii related to
Pholidopleuriformes. In Africa, redfieldiiforms have
been reported in the Lopingian Madumabisa shales
in Zambia (Ischnolepis, Haughton, 1934, Hutchin-
son, 1973a), but they are mostly known from the
Anisian of the Upper Beaufort series in South Africa
(Atopocephala, Daedalichthys, Denwoodichthys and
Helichthys, Brough, 1931, 1934, Hutchinson, 1973a,
Sytchevskaya et al., 2009) and from the Carnian of
the Argana Basin in Morocco (Mauritanichthys, cf.
Ischnolepis and cf. Atopocephala, Martin [1979a,
1980b, 1982], see Discussions below for the last two).

Mauritanichthys rugosus Martin [1980b] (Figure 2A–D)

Holotype. MNHN.F.ALM 312, specimen with missing
posterior part and incomplete skull.

Referred material. MNHN.F.ALM 313, 314, 315, in-
complete bodies.

Description. The specimens ALM 312 and ALM 313,
the most complete, reach 11–12 cm in length, corre-
sponding to an estimated standard length of 15 cm.
The body is fusiform, covered with ganoid scales, and
was apparently five to six times longer than deep. The
pectoral fin is in ventral position. The pelvic fin is
located midway between the pectoral and anal fins.
The dorsal and anal fins are incompletely known and,
although no specimen shows the posterior extremity
of the body, they were probably located very poste-
riorly, owing to the dorsal and ventral outlines of the
body. The caudal skeleton is unknown.

The skull is incompletely preserved in all speci-
mens and then can only be partly reconstructed. The
snout region, very damaged, is ornamented with tu-
bercles. The postrostral separates the nasals, at least
in their posterior portion. More anteriorly, tubercle
marks on the sediment correspond to the position
of the rostral. The skull roof, mainly observed on the
holotype, is ornamented with tubercles and ridges.
It is formed by a large pair of parietals (“frontals”
sensu Martin, 1979a, 1980b, 1982) and a pair of wider
than long trapezoidal postparietals (“parietals” sensu

Martin, 1979a, 1980b, 1982). The dermopterotic is
rectangular, lying ventrally along the postparietal
and the posterior part of the parietal. The dermo-
sphenotic is also rectangular, longer than deep, and
forms a large part of the dorsal edge of the orbit. The
reconstruction proposed by Martin [1979a, 1980b,
1982]) for the other bones of the skull roof and the
orbital region cannot be confirmed herein.

The morphology of the opercular series and jaws
are mostly known from the specimen ALM 314 (Fig-
ure 2C,D). The subopercle (Sop, Figure 2D) and the
opercle (Op., Figure 2D) are both deeper than long,
anteriorly inclined and almost comparable in size.
Their surface is slightly ornamented with horizontal
to radial ridges. The anterodorsal part of the opercle
is damaged and the presence of an antopercle can-
not be assessed. The preopercle (Pop, Figure 2D) is
hatchet-shaped, with two limbs forming a right an-
gle. Its dorsal limb, incompletely preserved, is mas-
sive and anteriorly in contact with the jugal (i.e., the
infraorbital edging posteroventrally the orbit). It is
surrounded ventrally by the maxilla and dorsally by
the dermohyal and the dermopterotic (this last con-
tact is visible on the specimen ALM 313).

The dermohyal (Dh, Figure 2D) is only known by
its triangular ventral tip, alongside the anterior bor-
der of the opercle and the posterodorsal margin of
the preopercle. A large circular branchiostegal ray
(B.r, Figure 2D) lies close to the subopercle and the
mandible.

The maxilla (Mx, Figure 2D) is anteriorly tapered
and posteriorly expanded, without any posteroven-
tral process. It is ornamented with longitudinal
ridges. Its anterior part extends to the snout and
bears small and sharp teeth. The posterior part bears
a dorsal expansion, in close contact with the an-
teroventral margin of the preopercle and the jugal.
The lower jaw is formed by a deep angular (Ang,
Figure 2D), with faint ornamentation, and by an
elongated dentary (De, Figure 2D) marked by strong
longitudinal ridges. The oral border of the dentary is
not apparent and no teeth can be observed.

The infraorbital series is incompletely preserved.
The jugal (Ju, Figure 2D) is tear-shaped, with a
large and rounded posterior part. Its surface is orna-
mented with radial ridges.

The cleithrum is only known by incomplete re-
mains. The supracleithrum (Scl, Figure 2D) is very
deep and it extends along the opercle and a large
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Figure 2. (A–D). Mauritanichthys rugosus Martin [1980b]. (A,B) MNHN.F.ALM 312, holotype, under white
(A) and UV (B) lights. (C) MNHN.F.ALM 314, under white light, (D) MNHN.F.ALM 314, close up of the skull,
with labeled and colored bones, under UV light. (E,F) Redfieldiiformes indet., formerly referred to cf.
Ischnolepis [Martin, 1979a, 1982]). MNHN.F.ALM 311a, under white (E) and UV (F) lights. Abbreviations:
Ang, angular; B.f, basal fulcra; B.r, branchiostegal ray; De, dentary; Dh, dermohyal; F.f, fringing fulcra; Ju,
jugal; Mx, maxilla; Op, opercle; Pop, preopercle; Pt, post-temporal; Scl, supracleithrum; Sop, subopercle.
Scale bars: 20 mm.
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part of the subopercle. It is ornamented with well-
marked longitudinal ridges. The post-temporal
(Pt, Figure 2D) is triangular, longer than deep al-
though its anterior part is not entirely preserved. It is
ornamented with rugae. The pectoral fin comprises
at least 10–12 rays, which are unsegmented proxi-
mally, their distal part being not well preserved. The
fin is preceded by two basal fulcra (B.f, Figure 2D)
and the first two rays support a dozen of fringing
fulcra (F.f, Figure 2D). The pelvic fin is represented
by remains corresponding to 7 to 8 rays, preceded by
scutes.

Only a few rays of the dorsal fin are preserved.
The anal fin comprises at least 20 rays, including
segmented and distally branched ones.

The body is covered with ganoid scales arranged
in at least 35 rows from the pectoral girdle region to
middle of the anal fin. As suggested by Martin [1979a,
1980b, 1982]), more than 40 rows should be present.
The most anterior flank scales are deeper than long,
while they are rhomboid in the rest of the body. All
scales have a unornamented surface and a smooth
posterior border.

Discussion. Mauritanichthys rugosus can be referred
to Redfieldiiformes based on the presence of a single
plate-like branchiostegal ray, hatchet-shaped preop-
ercle, large and rectangular dermopterotic, rectan-
gular dermosphenotic, skull bones and snout orna-
mented with tubercles and ridges. Redfieldiiformes
usually possess a well-developed dermosphenotic,
which can be narrow and crescent-shaped (as in
Atopocephala, Schizurichthys, Ischnolepis, Brook-
valia, Phlyctaenichthys, Calaichthys and Denwood-
ichthys, most of them formerly included in the Brook-
valiidae and Schizurichthyidae, sensu Hutchinson,
1973a) or as developed as the dermopterotic. This
latter condition, considered as derived according
to Schaeffer [1984], is present in Mauritanichthys
and in the South African genera Daedalichthys
and Helichthys, the Autralian Geitonichthys and
Molybdichthys, and the North American Cionichthys,
Lasalichthys, Dictyopyge and Redfieldius [Gibson,
2018, Hutchinson, 1973a, 1978, Schaeffer, 1967,
1984, Schaeffer and Mc Donald, 1978]). Among these,
Molybdichthys, Cionichthys and Lasalichthys share
with Mauritanichthys a pectoral girdle ornamented
with parallel ridges, and unornamented scales with
smooth posterior border (except Cionichthys greeni

which possesses posteriorly denticulated scales,
see Schaeffer, 1967). Mauritanichthys differs from
all these genera by the exclusive combination of
the following features: the opercle and subopercle
deeper than long, the marked anterior contact of
the preopercle with the jugal, the anteriormost flank
scales significantly deeper than long, and the contact
between the preopercle and the dermopterotic.

Martin [1980b] closely linked Mauritanichthys
to Lasalichthys, noting that the latter differs by
the postrostral less reduced in size, the triangular
shape of postparietal and the absence of preoper-
cle/dermopterotic contact. He insisted to maintain
the validity of Mauritanichthys and Lasalichthys
by considering the postrostral size variability as a
generic diagnostic feature. As a result, he avoided
putting also in synonymy Lasalichthys and Syn-
orichthys, which also mainly differ by the postrostral
condition, reduced in Lasalichthys and absent in
Synorichthys. On the contrary, Gibson [2018] consid-
ered the absence or presence of a reduced postrostral
as intrageneric variability and placed Synorichthys
into synonymy with Lasalichthys. From the three
features used by Martin [1980b] to distinguish Mau-
ritanichthys from Lasalichthys, the postrostral di-
mension cannot be herein confidently described
in Mauritanichthys (see above) and the contact be-
tween the preopercle and the dermopterotic is pos-
sibly present in specimens referred to Lasalichthys
(see Gibson [2018]: Figure 6). Thus, the differences
between Mauritanichthys and Lasalichthys seem to
be restricted to the shape of the postparietal (trape-
zoidal in the former and triangular in the latter)
together with the aforementioned combination of
features which includes the opercle and subopercle
deeper than long, the marked anterior contact of the
preopercle with the jugal and the anteriormost flank
scales significantly deeper than long. These elements
are considered sufficient to maintain the validity of
the genus Mauritanichthys.

Redfieldiiformes indet. (Figure 2E, F)
1979a, 1982 cf. Ischnolepis, Martin

Referred material. MNHN.F.ALM 310, 311, subcom-
plete specimens.

Discussion. Martin [1979a, 1982] doubtfully related
two specimens from the Argana Basin to Ischnolepis,
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mainly on the basis of the cranial bones. The only
described species of the genus is Ischnolepis ban-
crofti Haughton [1934], known by a few specimens
originating from an imprecise locality in Lunsemfwa
Valley, Madumabisa shales, in Zambia. The age of
the locality was debated but it is most likely to be
Lopingian (see Discussion in Barbolini et al. 2016a,b,
Haughton 1934, Hutchinson 1973a, Jubb and Gar-
diner 1975, Murray 2000), which makes Ischnolepis
the only known Palaeozoic redfieldiiform.

Although subcomplete, both Argana specimens
are poorly preserved and only the general body pro-
portions, fin morphology, and the shape and orna-
mentation patterns of a few bones can be confi-
dently reconstructed. Based on the descriptions, re-
constructions and photographs in Haughton [1934]
and Hutchinson [1973a], I. bancrofti shares with the
two Argana specimens a well-developed pelvic fin,
long-based anal fin, oblique opercular series with
a small opercle, cleithrum ornamented with ridges,
and anteriorly placed orbit. However, none of these
features is exclusive to these two taxa, which sig-
nificantly differ on the general proportions of the
body and fins. The body of I. brancrofti is 3.5–4
times longer than deep, and the head is about one
fifth of the body length, while the Moroccan spec-
imens have a body less elongated, only 2.5 times
longer than deep, and their head length is about
one quarter to one third the body length. Another
difference concerns the relative position of the un-
paired fins. In I. bancrofti, the dorsal fin front is
nearly opposite to the anal fin front, which is con-
sidered by Xu [2020] as a derived feature support-
ing the clade formed by the Pholidopleuriformes and
Redfieldiiformes. On the contrary, the Argana spec-
imens show a dorsal fin front located well anteri-
orly to the anal fin front, almost reaching the level
of the pelvic fin front, a conformation also encoun-
tered in the redfieldiiforms Brookvallia spinosa and
Phlyctaenichthys [Hutchinson, 1973a, Wade, 1935].
The anal fin of the Argana specimens clearly shows
fringing fulcra while the presence of these latter can-
not be confirmed in I. bancrofti. A small portion of
the cleithrum of ALM 311 (Figure 2E,F) shows an or-
namentation with longitudinal grooves, which corre-
sponds to the description of Ischnolepis by Haughton
[1934], while Hutchinson [1973a] described the clei-
thrum of Ischnolepis as covered by fine grooves with
rows of tiny tubercles.

The skull morphology of the two Argana speci-
mens fits well with the Redfieldiiformes diagnosis,
with a hatchet-shaped preopercle and a probable
crescent-shaped dermosphenotic. Nevertheless, the
body and fin proportions are different from those of
all known redfieldiiforms, including Mauritanichys
from the Argana Basin, and Ischnolepis. These two
specimens, which probably correspond to the same
species, are considered as Reldfiediiformes indet.

4. “Perleidiforms”

“Perleidiforms” are a paraphyletic assemblage
constituted by Triassic to Early Jurassic stem-
neopterygian families. They are known in marine
and continental environments, in an almost cos-
mopolitan distribution, with occurrences in Africa,
North and South America, Europe (including Green-
land), China and Australia [Bürgin, 1992, Hutchin-
son, 1973a, López-Arbarello and Zavattieri, 2008,
Sun et al., 2009]. Together with the Peltopleuri-
formes, they were previously referred to the grade
“subholosteans”, mainly characterized by a hemi-
heterocercal caudal fin with epaxial rays, flank scales
deeper than long, vertical or almost vertical preop-
ercle (usually still in contact with the maxilla), and
an equal ratio between radials and lepidotrichia.
“Perleidiforms” differ from peltopleuriforms by a
larger and wedge-shaped preopercle, a supraor-
bital sensory canal entering in the postparietals,
different squamation pattern (with thick and sub-
rectangular to rhomboid scales, deeper than long
only in the anterior trunk region), and tooth mor-
phology, with peg-like marginal teeth and crush-
ing inner ones [Lombardo and Brambillasca, 2005,
Schaeffer, 1956, Sun et al., 2012, 2013, Tintori and
Lombardo, 1996]. They show a great morphologi-
cal diversity, with elongated to deep-bodied forms
(e.g., Bürgin, 1992, Lombardo and Tintori, 2004).
In the Argana Basin, Martin [1979a, 1980a, 1982]
described a new species of Dipteronotus, D. gibbo-
sus, and referred with caution five specimens to the
genera Perleidus and Procheirichthys. Recently, Xu
[2020] investigated the phylogenetical relationships
of several neopterygian taxa and proposed to use the
clades Platysiagiformes (Platygiasidae), Polzbergi-
iformes (Polzbergiidae and Cleithrolepididae) and
Louwoichthyiformes (Pseudobeaconiidae, includ-
ing Dipteronotus, and Louwoichthyidae) to include
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Figure 3. Dipteronotus gibbosus Martin, 1980a. (A,B) MNHN.F.ALM 301b, holotype, under white (A) and
UV (B) lights. (C,D) MNHN.F.ALM 307, under white (C) and UV (D) lights. (E) Close-up of the skull of
MNHN.F.ALM 301b, under UV light. (F) MNHN.F.ALM 302a, under UV light. (G) MNHN.F.ALM 302a,
close-up view of one scale, under white light. Scale bars: 20 mm (A–F), 2 mm (G).

several “perleidiform” genera. Although based on
a cladistic analysis, this nomenclature is not fol-
lowed herein because of doubts on the position of
Dipteronotus (see Discussion).

Dipteronotus gibbosus Martin [1980a] (Figure 3)

Holotype. MNHN.F.ALM 301a,b, subcomplete speci-
men, part and counterpart.
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Referred material. MNHN.F.ALM 302a,b, subcom-
plete specimen, part and counterpart; MNHN.F.ALM
303 (not seen), 307, 308, 309 (with doubt), incomplete
bodies. The specimens ALM 306 and 322, doubtfully
referred by Martin [1979a, 1982]) to the species, are
not retained herein.

Description. The body is deep, ca. 1.7 times longer
than deep on the holotype ALM301a,b, which mea-
sures 6 cm in standard length for a total depth of
3.6 cm (3.4 cm excluding the elongated dorsal spine-
like ridge scales). The head is slightly deeper than
long and its length is little less than a quarter of
the standard length. The dorsal and anal fins are
posteriorly located, the dorsal fin being longer with
a front located more anteriorly than the anal. The
body is covered by ganoid scales and its dorsal out-
line shows a marked hump located immediately be-
hind the skull. This hump is extended on the anterior
half of the body and is curved or with a marked an-
gle, depending on specimens (Figure 3A–D,F, see Dis-
cussion). It is covered by elongated spine-like ridge
scales (“first dorsal fin” sensu Gall et al., 1974, Martin,
1979a, 1980a, 1982, see Discussion in Tintori, 1990).

The skull roof is incompletely preserved. The pari-
etal (“frontal” sensu Martin, 1979a, 1980a, 1982) cov-
ers most of the orbit. It is visible in section and is or-
namented with tubercles. Imprints of the postpari-
etal (“parietal” sensu Martin, 1979a, 1980a, 1982),
dermopterotic and extrascapular are present, but
without any accurate delimitations between bones.
As noted by Martin [1979a, 1982], the rostral region of
the skull is markedly anteroventrally curved. The or-
bit is large. The preopercle is only known by its ven-
tral part, the dorsal part being either not preserved
or fragmented in the available material. It is almost
vertical, according to the position of the orbit and
the opercle, and to the course of the slightly curved
preopercle sensory canal (visible on ALM 302a, Fig-
ure 3F). Its ventral part is posteriorly bordered by the
subopercle and anteroventrally by the maxilla. The
opercle is ovoid. The subopercle is deeper than long,
roughly twice deeper than the opercle; its anterior
margin is concave.

The maxilla has a well-developed posterior part,
with dorsal and ventral expansions, and a straight
and thinner anterior part. As reported by Martin
[1982], a premaxilla could be present, but with no
clear evidence. Teeth are limited to the anteriormost

half of the upper jaw. They are peg-like, long, slen-
der and tightly packed. The mandible is massive with
well-marked posterior part and symphysis. It does
not bear teeth on the holotype but the specimen ALM
309, putatively attributed to D. gibbosus, shows den-
tary teeth which are acute and tightly packed.

The cleithrum and supracleithrum are unorna-
mented. The cleithrum shape can be described from
its imprint on ALM 301a. It is arched, with a slightly
posterior protrusion between the dorsal and ventral
branches. The supracleithrum and post-temporal are
damaged. The pectoral fin contains at least 8–10 rays,
with fringing fulcra on the leading rays (as observed
on ALM 302a, Figure 3F). The pelvic fin possesses at
least 5 rays.

Scales are arranged in 32 or 33 anteriorly inclined
rows. No ornamentation can be observed on their
surface, but the posterior margin, when preserved,
shows a dentate edge (Figure 3G). Scales of the flank
are deeper than long, and those located around the
dorsal and anal fins are smaller and more irregu-
larly distributed. Scales at the level of the caudal pe-
duncle are almost rhomboid. The dorsal and ven-
tral body midlines are covered by a series of spine-
like ridge scales, which are elongated along the dor-
sal hump. On the holotype, the dorsal hump is curved
and covered by ten moderately elongated spine-like
ridge scales, posteriorly oriented (Figure 3A,B). On
the specimens ALM 302a,b, 307 and 308 the hump
outline shows a more marked angle and the spine-
like ridge scales are slenderer (Figure 3C,D,F). These
variations in size and shape could be related to on-
togeny or sexual dimorphism (see Discussion). Ven-
trally, the spine-like ridge scales located in front of
the anal fin are also well developed, without reach-
ing the size of the dorsal ones. No distinction is made
herein between ridge scales and scutes.

The dorsal fin is extended from the 23rd to the 29–
30th rows of scales, and reaches the level of the cau-
dal peduncle. Three fulcra of increasing size and at
least 17–18 rays are present. However, the distinction
between basal fulcra, ridge scales and even first rays
is uneasy, especially when the rays are unsegmented
or when only the proximal segment is preserved.
No fringing fulcra can be observed, possibly because
of a lack of preservation of the distal part of the
first rays.

The anal fin contains at least 15 rays, formed by
an unsegmented proximal part, shorter than those of
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the dorsal fin rays and by a segmented and branched
distal part. However, the branching pattern cannot be
accurately described. The posterior part of the fin is
not preserved. As for the dorsal fin, no fringing fulcra
is observed, possibly due to the poor preservation of
the distal portion of the leading rays.

The caudal fin is deeply forked and hemi-
heterocercal in configuration, with a short axial
body lobe. The fin contains about 24 rays, including
4 or 5 in epaxial position. The rays are segmented
but no pattern of branching can be described since
their distal extremity is not preserved. The upper
lobe of the fin is preceded by one or two scutes and
two to three basal fulcra, whereas the lower lobe is
preceded by three or four scutes and two basal fulcra,
but the distinction between first rays and basal fulcra
is unclear. No fringing fulcra is observed.

Discussion. The genus Dipteronotus comprises
three Middle Triassic (Anisian–Ladinian) Euro-
pean species, D. cyphus, D. aculeatus and D. ol-
giatii [Egerton, 1854, Gall et al., 1974, Jörg, 1969, Mil-
ner et al., 1990, Tintori, 1990, Tintori et al., 2016]. The
main generic feature is the presence of a dorsal hump
covered with elongated spine-like ridge scales, with
a well-marked angle immediately posteriorly to the
last elongated ridge scale. A fourth European species,
“Dipteronotus” ornatus Bürgin, 1992, was described
from the Middle Triassic of Monte San Giorgio, but
shows a hump with reduced ridge scales. This species
was removed from Dipteronotus by Lombardo and
Tintori [2004] and included in the genus Stoppania
by Lombardo et al. [2008].

Based on the presence of a dorsal hump covered
by elongated spine-like ridge scales, Martin [1979a,
1980a, 1982] attributed the Argana specimens to the
genus Dipteronotus, and erected the species D. gib-
bosus. However, noting that the Moroccan species
differs by its curved dorsal hump and the head pro-
portions, he emended the diagnosis of Dipterono-
tus of Gall et al. [1974] by replacing “dorsal outline
of the body showing a marked angle” by “showing
a curve or a marked angle” and “head height com-
prised at least 3 times in the body height” by “at least
2.5 times”. Tintori [1990] rejected this emendation,
and consequently the attribution of the Moroccan
form to Dipteronotus, considering the sharp angle of
the hump behind the last elongated spine-like ridge
scale as “the most striking character of Dipteronotus

itself”. He suggested close relationship of the Moroc-
can form with Pseudobeaconia.

As in Dipteronotus aculeatus, the body shape of D.
gibbosus shows a significant intraspecific variability,
possibly related to ontogeny (Jörg, 1969: Figures 1–
2; Gall et al., 1974: 138–139, pl. IIIc; Martin 1979a,
1982). Gall et al. [1974] discussed these variations and
pointed out the presence of a marked angle on the
hump of D. aculeatus in deeper specimens, when the
hump outline is more curved in a slenderer spec-
imen, presumably juvenile. In D. gibbosus, Martin
(1979a: 98–99; 1982: 359) described one or two pos-
sible young specimens (ALM 306 and 322) but their
identifications are doubtful and they are not consid-
ered herein. However, two specimens (ALM 302a,b
and 307) show a dorsal hump with a more marked
angle than in the holotype. ALM 302a,b (Figure 3F)
is deformed and ALM 307 (Figure 3C,D) is very in-
complete, but they clearly show a marked angle im-
mediately posteriorly to the last elongated spine-like
ridge scale. When compared to the holotype, these
two specimens also show more elongated spine-like
ridge scales, closer in shape to those of the European
Dipteronotus species. Another specimen from the Ar-
gana Basin, ALM 308, possesses comparable spine-
like ridge scales but the dorsal hump outline cannot
be retraced. In these respects, the dorsal ridge scales
and the dorsal hump of D. gibbosus do not signifi-
cantly differ from those of the other species of the
genus; D. gibbosus is thus maintained in Dipterono-
tus. The holotype ALM 301a,b, with a smooth curved
hump, probably corresponds to a subadult specimen
or shows sexual dimorphism.

D. gibbosus differs from D. cyphus, D. aculeatus
and D. olgiatii by meristic features, body propor-
tions, and by the subopercle significantly deeper than
the opercle (instead of being of about same size in D.
olgiatii, the situation is confused in the other species,
see Gall et al., 1974, Lombardo and Tintori, 2004,
Tintori, 1990, Woodward, 1910). In all Dipteronotus
species, the scale surface is smooth, and the poste-
rior border is serrate in D. cyphus, D. gibbosus and
D. aculeatus (Figure 3G; Gall et al., 1974:133, Wood-
ward, 1910) while it shows a single spine-like pro-
cess in D. olgiatii [Tintori, 1990]. The head height
to body height ratio is variable among species, but
also among individuals. Gall et al. [1974] diagnosed
Dipteronotus (D. aculeatus and D. cyphus) with a
body height at least 3 times the head height, and
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they noticed intraspecific variability in D. aculeatus.
The holotype of D. gibbosus shows a body height
about 2.5 times the head height, which led Mar-
tin [1979a, 1980a, 1982]) to modify the generic diag-
nosis (see above). This ratio slightly differs in ALM
302a,b (Figure 3F). In D. olgiatii, the body height is
less than 2.2 times the head height, but the original
description is based on a single specimen. This ra-
tio is too variable to be reliably used as diagnostic
for the genus.

The genus Dipteronotus was usually considered
as a Perleididae or a Cleithrolepididae (see Bür-
gin, 1992, López-Arbarello and Zavattieri, 2008, Mil-
ner et al., 1990, Sun et al., 2012, Tintori, 1990, Tin-
tori et al., 2016, Wade, 1935). Recently, Xu [2020]
related it to Pseudobeaconiidae, a family erected
by López-Arbarello and Zavattieri (2008, see also
López-Arbarello et al., 2010) to include Pseudobea-
conia and Mendocinichthys, both from the Late Tri-
assic of Argentina. A similar view was proposed by
Hutchinson (1973b: 18–19), who suggested to link
“Praesemionotus” (=Dipteronotus) aculeatus, Pseu-
dobeaconia and “Mendocinia” (=Mendocinichthys).
All these taxa share the presence of a series of dor-
sal spine-like ridge scales between the skull and
the dorsal fin. However, Pseudobeaconia and Men-
docinichthys only show reduced dorsal spine-like
ridge scales and possess no dorsal hump. Moreover,
among the diagnosis of the family [López-Arbarello
and Zavattieri, 2008], the elongated body is 2–3.5
times longer than deep, the dorsal and anal fins
are equal or almost equal in size, and the scales
are ornamented with marginal concentric ridges of
ganoine and possess a smooth border. Dipterono-
tus differs by the deeper shape of its body, the dor-
sal fin longer than the anal fin, and the absence of
scale ornamentation, except for the posterior bor-
der, which is not smooth. The inclusion of Dipterono-
tus into Pseudobeaconiidae, which would require
deep changes on the diagnosis of the family, is not
followed herein.

Dipteronotus gibbosus shows superficial resem-
blances with the deep-bodied “perleidiforms” Stop-
pania, Felberia, Cleithrolepidina, Cleithrolepis and
Hydropessum. It differs from these taxa by the dor-
sal elongated spine-like ridge scales. It also dif-
fers from Stoppania and Felberia by the absence
of ornamented scales, from Cleithrolepidina and
Cleithrolepis by its deeper dentary and the tooth

morphology and from Hydropessum by the lack of
ornamentation of the opercular series and pectoral
girdle [Hutchinson, 1973a, Lombardo and Tintori,
2004]. D. gibbosus shares with Stoppania ornata
and Felberia the reduced scales at the basis of the
dorsal and anal fins. This feature is unknown (ab-
sent or undescribed) in the European species of
Dipteronotus.

From this comparison, the Moroccan form
strongly differs and cannot be related to pseudobea-
coniids and to the deep-bodied “perleidiforms”
Stoppania, Felberia, Cleithrolepidina, Cleithrolepis
and Hydropessum. It shares the synapomorphies of
Dipteronotus, including a hump showing a marked
angle and covered by elongated spine-like ridge
scales; consequently, it constitutes a valid species of
this genus.

Actinopterygii indet. The three following taxa
cannot be confidently referred or related to any
actinopterygian clade.

Actinopterygii indet. sp. 1 (Figure 4A,B)
1979a, 1982 cf. Procheirichthys, Martin

Referred material. ALM 317, 318, 320, articulated
post-cranial bodies; ALM 319a,b, post-cranial body
with incomplete skull and pectoral girdle, part and
counterpart (missing from MNHN.F collection).

Discussion. Martin [1979a, 1982] included these four
specimens in Procheirichthys, a monotypic genus
known by a single specimen of P. ferox from the
Anisian of Hawkesbury Sandstone, Brookvale, Aus-
tralia [Hutchinson, 1973a, Wade, 1935]. The Argana
specimens share with Procheirichthys the dorsal and
anal fins of limited extent, located in the last third
part of the body and preceded by basal and fring-
ing fulcra, and the caudal skeleton with epaxial rays.
Based on the descriptions of Wade [1935], Hutchin-
son [1973a], Martin [1979a, 1982]) and Frickhinger
[1995], they also share a somewhat similar squama-
tion, with smooth scales of moderate size, and an
anal fin with the most proximal ray segment longer
than the following ones. Except the size, the Argana
specimens being considerably smaller (7 cm) than P.
ferox (16.3 cm), the differences between these two
forms are weak. The anal fin of the Argana speci-
mens possesses more rays and is more posteriorly
extended. Due to the almost total absence of skull,
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Figure 4. (A,B) Actinopterygii indet. sp. 1, formerly referred to cf. Procheirichthys [Martin, 1979a, 1982].
(A) MNHN.F.ALM 318, under white light. (B) MNHN.F.ALM 317, under UV light. (C,D) Actinopterygii
indet. sp. 2, formerly referred to cf. Atopocephala [Martin, 1979a, 1982], MNHN.F.ALM 321, under white
(C) and UV (D) lights. (E,F) Actinopterygii indet. sp. 3, formerly referred to cf. Perleidus [Martin, 1979a,
1982], MNHN.F.ALM 316, under white (E) and UV (F) lights. Scale bars: 20 mm.
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the precise proportions of the Argana specimens
are unknown but they seem slightly less deep than
Procheirichthys, and the unpaired fins are located
slightly more posteriorly.

The only known cranial features were described
by Martin [1979a, 1982] from a specimen not stud-
ied herein (ALM 319a,b, missing from the MNHN.F
collection) in which the skull material is limited to
the opercular series, a small portion of the max-
illa and the branchiostegal rays. Post-cranial features
like the moderately elongated body and the dorsal
and anal fins posteriorly located and in almost op-
posite position are also encountered, to some de-
gree, in different Triassic actinopterygians, such as
the pseudobeaconiid Mendocinichthys, the “perlei-
diforms” Fuyuanperleidus and Manlietta, and vari-
ous redfieldiiforms. These taxa differ from the Argana
specimens by meristic features of the fins and scale
rows. Mendocinichthys also differ by the presence of
small spine-like ridge scales between the skull and
dorsal fin and Fuyuanperleidus by the very deep se-
ries of flank scales [López-Arbarello and Zavattieri,
2008, Sun et al., 2012]. According to the skull descrip-
tion of ALM 319a,b by Martin [1979a, 1982], Manli-
etta also differs by the opercular series proportions
[Hutchinson, 1973a] and redfieldiiforms by the pres-
ence of one or two plate-like branchiostegal rays.
These Argana specimens are herein considered as
Actinopterygii indet.

Actinopterygii indet. sp. 2 (Figure 4C, D)
1979a, 1982 cf. Atopocephala, Martin

Referred material. MNHN.F.ALM 321, subcomplete
specimen.

Discussion. This single small specimen was referred
with caution to the redfieldiiform Atopocephala by
Martin [1979a, 1982]. It is subcomplete but pre-
served folded up on itself. Except squamation and
part of the pectoral girdle, few post-cranial features
can be observed. The skull is incomplete and well
exposed.

The genus Atopocephala comprises the single
species A. watsoni Brough, 1934, described on the
basis of a unique specimen from the Anisian of Ka-
roo Series, at Bekkerskraal, South Africa [Hutchinson,
1973a, López-Arbarello, 2004]. As noticed by Martin
[1979a, 1982], the skull of ALM 321 shows several

similarities with Atopocephala, the most important
of which are the well-developed parietal (“frontal”
sensu Martin [1979a, 1982]) and the strong oper-
cle (in Martin [1982], “strong preopercle” in Martin
[1979a]). To these can be added the curved upper
jaws, large and anteriorly placed orbit, ornamenta-
tion of cranial dermal bones with tubercles, maxilla
close to the ventral border of the orbit, and presence
of longitudinal ridges on the pectoral girdle. How-
ever, none of these features or their combination is
specific to Atopocephala. Differences between ALM
321 and Atopocephala concern the subopercle, sig-
nificantly larger than the opercle in the former while
the opercle is the largest in the latter. As highlighted
by Martin [1979a, 1982], Atopocephala differs also
by the less developed opercular series and pectoral
girdle. The backwardly directed spines on the opercle
and subopercle, distinctive of Atopocephala, cannot
be confidently confirmed on ALM 321, in which the
posterior part of the opercular series is damaged.
Martin [1979a, 1982] interpreted tenuous imprints
on the pectoral girdle as possible subopercle spines
but this view is not shared herein.

One of the most striking features of ALM 321 is the
upwardly curved upper jaw, a morphology reminis-
cent of the condition observed in Atopocephala and,
to a certain extent, in various short snouted redfieldi-
iforms such as Dictyopyge, Helichthys, Geitonichthys,
and Molybdichthys [Hutchinson, 1973a, Schaeffer,
1984]. In ALM 321, the presence of a premaxilla is
unclear, but the anterior part of the upper jaw is
flanked or extended by a bone ornamented with den-
ticles. Identified as the antorbital by Martin [1979a,
1982], it constitutes an important part of the snout
and possibly a portion of the anterior edge of orbit.
It is evocative in shape and position of the “antor-
bital”, “premaxilla” or “premaxillo-antorbital” of vari-
ous redfieldiiforms, in which teeth–bearing bone and
bone ornamentated with denticles can be confused.
However, the preservation of ALM 321 is not suffi-
cient to confidently relate it to Redfieldiiformes; this
specimen is herein considered as Actinopterygii in-
det.

Actinopterygii indet. sp. 3 (Figure 4E, F)
1979a, 1982 cf. Perleidus, Martin

Referred material. ALM 316, skull with partial pec-
toral girdle and squamation.
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Discussion. This single specimen consists of a
skull with several missing areas, associated to an
incomplete pectoral girdle and the very first scale
rows. Martin [1979a, 1982] related it to Perleidus on
the basis of the proportion of the skull and the deep-
ness of the cleithral scales. He emphasized features
shared with “Perleidus” madagascariensis and “Per-
leidus piveteaui”, from the Early Triassic of Mada-
gascar, such as the infraorbital inserting between the
suborbital (“preopercle” in Martin, 1979a) and the
maxilla, the square postparietal, and the proportion
of the mandible. Lombardo [1995] questioned this
identification owing to the limited preservation of
the Moroccan specimen. The two Malagasy “Perlei-
dus” species were recently reviewed, synonymized,
included in the genus Teffichthys and excluded from
Perleididae by Marramà et al. [2017]. ALM 316 differs
from Teffichthys and perleidids in particular by the
shape of the preopercle, hatchet-shaped and in con-
tact with the anterodorsal edge of the maxilla in the
Moroccan specimen while it is deeper and usually
in contact only with the posterodorsal edge of the
maxilla in the two other taxa (note that the preop-
ercle shape shows a sizeable intraspecific variability
in Teffichthys, see Marramà et al., 2017: Figure 4).
The first scales beyond the two or three first rows are
moderately deeper than long in ALM 316 instead of
being several times deeper than long as it is in per-
leidids and several specimens of Teffichthys. Another
important difference is the shape of the jaw, which is
curved upward anteriorly in ALM 316; oral margins
of the maxilla and dentary are straight in Teffichthys
and perleidids.

Such curved jaws are reminiscent of the Argana
specimen ALM 321, related with caution to the red-
fieldiiform Atopocephala by Martin ([1979a, 1982] but
considered herein as an indeterminate actinoptery-
gian), and also of various redfieldiiforms. The “nasal”
(sensu Martin, 1979a, 1982) of ALM 316 is also evoca-
tive of the “antorbital” of ALM 321 (sensu Mar-
tin, 1979a, 1982) by its position, edging anteriorly
the orbit, and its ornamentation, with strong denti-
cles. However, in ALM 316, a small bone edging an-
teroventrally the orbit and bearing what appears to
be the tripartite canal should correspond to the an-
torbital. Portions of sensory canals present on the
parietal and the preopercle of ALM 316 show a dou-
ble row of pores, which is an uncommon feature
among actinopterygians, but known in the redfieldi-

iform Lasalichthys [Gibson, 2018, Schaeffer, 1984].
Other features of Redfieldiiformes, like the single
branchiostegal ray and the skull roof ornamented
with ridge and/or tubercles, are not directly ob-
served in ALM 316. Martin [1979a] identified numer-
ous branchiostegal rays but they are too poorly pre-
served to be confirmed as such. Except the “nasal”
ornamented with denticles, the skull roof bones of
ALM 316 are apparently smooth but minute imprints
on the sediment suggest that the hidden face is pos-
sibly ornamented with tubercles.

The morphology of the preopercle and the flank
scales tends to exclude ALM 316 from Perleididae but
also from “perleidiforms” and Teffichthys, while fea-
tures shared with ALM 321 are reminiscent of red-
fieldiiforms. This specimen is treated as Actinoptery-
gii indet.

5. Conclusion

In North Africa, extended Permian and Triassic fossil-
iferous continental exposures have been reported in
Algeria (Permian, Triassic, Tiguentourine and Zarza-
ïtine Series, see Attar et al., 1981, Dahoumane et al.,
2016, Jalil, 1999), Niger (Permian, Moradi Formation,
see Steyer et al., 2006) and Morocco (Permian, Tri-
assic, Argana Basin, see Jalil, 1999, Khaldoune et al.,
2017), but only the Argana Basin has yielded a sig-
nificant actinopterygian fauna. Except ichnofossils,
a few occurrences of microfossils (charophytes and
ostracods) in the T4 member [Medina et al., 2001],
and unpublished plant remains in the Ikakern For-
mation (Dutuit, 1976, Feys and Greber, 1963, Jalil,
1999, Koning, 1957; N.J. pers. obs.), most of the body
fossils from the Argana Basin are macrovertebrate
bone remains. The age of the different units, with
the exception of the T4 member, was estimated from
vertebrates and throughout comparison with closely
related faunal assemblages. The tetrapod fauna
from the T5 member (aetosaurs, metoposaurids, al-
masaurids, stahleckeriid dicynodonts, rauisuchians
and phytosaurs, see Buffa et al., 2019, Butler et al.,
2019, Jalil and Peyer, 2007, Khaldoune et al., 2017,
Olivier et al., 2019) strongly suggests a Late Triassic
(Carnian) age. In particular, this fauna is very close to
the Late Triassic assemblages of the North American
Chinle Formation and Newark Supergroup, and from
Krasiejów and Woźniki, in Poland [Khaldoune et al.,
2017]. The contribution of the actinopterygians in
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dating and biogeography purposes is limited. From
the six forms previously described in the basin, only
two taxa are reliably identified, Mauritanichthys
rugosus Martin [1980b] and Dipteronotus gibbo-
sus Martin [1980a]. Mauritanichthys, endemic to
the Argana Basin, shows affinities with the sub-
contemporaneous Lasalichthys from the Chinle For-
mation and the Newark Supergroup. Dipteronotus
gibbosus is the youngest representative of a genus
otherwise known by several European species rang-
ing from Anisian to Ladinian, in marine, brackish
or deltaic environments [Bürgin, 1992, Gall and
Grauvogel-Stamm, 2005, Tintori, 1990, Tintori et al.,
2016]. Other actinopterygian taxa from the Argana
Basin probably correspond to new forms, but are
represented by poorly preserved material and their
phylogenetical affinities remain unclear, except say-
ing that they are neither Holostei nor Teleosteomor-
pha. The absence of these two clades in the Argana
Basin agrees with their relative abundance during the
Triassic, low in continental localities comparatively
to marine environments [Cavin, 2017, Romano et al.,
2016]. Further study on this ichthyofauna requires
more detailed investigation for specimens preserved
in volume (e.g., by the use of micro-computed to-
mography scanning), or the collect of new material.

The actinopterygian remains are rare in the Ar-
gana Basin, in comparison to tetrapods. All the
actinopterygian material was collected from a hard
sandstone level of the locality XI, using dynamite,
during a single fieldwork in 1966 [Dutuit, 1976].
Recent fieldworks and prospecting throughout the
Permian-Triassic outcrops of the Argana Basin led to
the discovery of new localities and several tetrapod
bones (e.g., pareiasaurs, rhynchosaurians, moradis-
aurin captorhinids, metoposaurids, phytosaurs; see
Khaldoune et al., 2017), but no new actinopterygian
remains have been found. This peculiar distribution
pattern can partly be explained by the deposition
conditions along the basin. Isolated remains are
common but the localities providing well preserved
material are rare, and most tetrapod localities are
related to in-situ massive mortality or post-mortem
accumulation [Dutuit, 1976]. Taphonomic and de-
tailed sedimentological studies for the locality XI
and for the basin, like those performed for the meto-
posaurid locality XIII [Tourani and Benaouiss, 2009]
will better guide future prospecting for actinoptery-
gian remains.
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Abstract. This study addresses some of the stratigraphical problems of the Matzitzi Formation of
Puebla and Oaxaca States in Mexico. The age assignment for this unit is controversial although most
researchers today accept a Leonardian age (Kungurian, 279.3–272.3 Ma) based on the presence of
the gigantopterid Lonesomia mexicana Weber. However, after re-examination of the holotype and
two paratypes, the absence of diagnostic taxonomic characters prevents the assignment of this fos-
sil type species to the gigantopterid group. Excluding the presence of gigantopterids in this forma-
tion, the macroflora seems to be Permian in age. Samples were collected for palynological analy-
sis to determine the age of the formation. Studied palynological assemblages seem to be reworked
and are represented by 18 fossil taxa assigned to the following genera: Calamospora, Deltoidospora,
Densosporites, Granulatisporites, Laevigatosporites, Latipulvinites, Lophotriletes, Platysaccus, Punc-
tatosporites, Raistrickia, Schopfipollenites, Thymospora, Triquitrites, Verrucosisporites, and Vesicas-
pora. Described palynomorphs are likely Late Pennsylvanian according to the presence of Latipul-
vinites kosankii and Thymospora thiessenii. The biostratigraphic and geochronologic age disparities
should be solved in the future.

Keywords. Paleobotany, Palynology, Matzitzi Formation, Lonesomia mexicana, Mexico.

1. Introduction

The Paleozoic Matzitzi Formation is the most
important continental unit from Mexico due to
its diverse and abundant fossil flora, and because

∗Corresponding author.

it is a key to understanding the terminal stages of
Pangea amalgamation in southern Mexico [Ortega-
Gutiérrez, 1992].

Southern Mexico was subjected to large-scale
thrusting, reactivation of preexisting structures,
metamorphism and magmatism that occurred at
different depths during burial and exhumation
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throughout the late Paleozoic and early Mesozoic
[Elías-Herrera et al., 2007]. The Matzitzi Formation
was affected by the Caltepec fault, a dextral trans-
pressional fault, which is one of the best examples
of this main structure with multiple reactivation
episodes in Mexico [Ortega-Gutiérrez et al., 2018]. It
represents the tectonic contact between the Acatlán
crystalline Complex (Cambrian-Ordovician bound-
ary to the latest Devonian) and Mesoproterozoic
Oaxacan Complex, delimiting the Mixteco and Za-
poteco terranes [Elías-Herrera et al., 2007, Ortega-
Gutiérrez et al., 2018]. Whether accretion of the
Acatlán and Oaxacan complexes took place during
the Devonian or the Cretaceous is still a matter of de-
bate [Elías-Herrera et al., 2007, García-Duarte, 1999,
González-Hervert et al., 1984, Ramírez-Espinosa,
1984, Sedlock et al., 1993, Yañez et al., 1991].

The Matzitzi Formation is a post-collisional unit,
overlying the amalgamation of the metamorphic
Acatlán and Oaxacan complexes, and is also an im-
portant lithostratigraphic unit for understanding the
western end termination of Pangea amalgamation
[Elías-Herrera et al., 2007, 2011, García-Duarte, 1999,
Hernández-Láscares, 2000].

The age of the Matzitzi Formation has been var-
iously estimated as Pennsylvanian-Permian based
on floral content [Magallón-Puebla, 1991, Silva-
Pineda, 1970, Weber, 1997, Weber et al., 1987] to
Permian, Triassic and Jurassic based on geolog-
ical data [Bedoya et al., 2020, Burckhardt, 1930,
Calderón-García, 1956, Elías-Herrera et al., 2011,
Erben, 1956, Hernández-Láscares, 2000, Mülleried,
1933a,b, 1934]. On the basis of its rich macrofossil
plant assemblage, this deposit has been considered
as Pennsylvanian [Hernández-Láscares, 2000, Silva-
Pineda, 1970] or Permian [Magallón-Puebla, 1991,
Velasco-Hernández and Lucero-Arellano, 1996, We-
ber, 1997, Weber et al., 1987]. However, the Matzitzi
Formation is now widely accepted as Leonardian
(Kungurian, latest early Permian) [Weber, 1997, We-
ber and Cevallos-Ferriz, 1994], on the basis of the
presence of the gigantopterid Lonesomia mexicana.
Gigantoperids are believed to have first appeared in
North American in the Leonardian (Kungurian, latest
early Permian) and this age assignment was based
mainly by correlation to their appearance in Texas
[Weber, 1997]. Gigantopterids are a poorly defined
group of uncertain botanical affinity characterized
by their distinctive megaphyll leaves with marked

reticular venation [Glasspool et al., 2004], Permian-
Triassic in age [Wang, 2010]. According to Weber
[1997] Leonardian age was also supported by Sig-
illaria ichthyolepis-brardii group, Pterophyllum,
Rhipidopsis or Ginkgoites sp., cf. Sphenophyllum ex
gr. thonii, Sphenophyllum sp., Taeniopteris cf. multi-
nervis, which extend since the Late Carboniferous
to the early Permian and Fascipteris known in China
since the Permian. However, these fossil genera have
a wider stratigraphic range.

Assigning a Permian age to the Matzitzi Forma-
tion based on the presence of gigantopterids is prob-
lematic for two reasons: (1) lack of defining traits,
(2) vague stratigraphic range. First, many paleob-
otanists exclude fossils attributed to gigantopterids
from Mexico because of the absence of defining char-
acters (Booi et al., 2009, DiMichele et al., 2011b,
among others). Many works on gigantopterids indi-
cate that the venation pattern is an important trait to
include a fossil plant within this group [Booi et al.,
2009, Koidzumi, 1936, Liu and Yao, 2002, Mamay,
1988, Ricardi-Branco, 2008, Seyfullah et al., 2014].
Weber [1997] created a new genus of gigantopterids,
Lonesomia, because it was difficult to observe its ve-
nation pattern, possibly due to trichomes obscuring
the surface. Today the only published gigantopterid
from the Matzitzi Formation are three samples of
Lonesomia mexicana (holotype and two paratypes),
which corresponds to a new genus and species within
this group by Weber [1997]. Second, the stratigraphic
range of gigantopterids in North America is unclear,
but it may extend into the middle Permian in the
United States of America [DiMichele et al., 2011b].
Moreover, we do not know whether gigantoperid-
bearing beds in the United States [DiMichele et al.,
2000, 2001, 2004a, 2011b] are synchronous with the
Matzitzi Formation.

Palynology is an important biostratigraphic tool
for continental deposits. There are no formally pub-
lished palynological studies from the Matzitzi For-
mation. There is only one palynological report corre-
sponding to the Matzitzi Formation from an abstract
that indicates a Pennsylvanian age in the Río Hondo
section [Di Pasquo and Hernández-Láscares, 2013].

To provide a better estimate of the deposition
age of this formation, in this study we re-examine
the holotype and paratypes of Lonesomia mexicana
Weber and discuss the macroflora content and paly-
nological assemblages from the Matzitzi Formation
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of Puebla and Oaxaca States in Mexico.

2. Geological setting

The Matzitzi Formation crops out in the southern
part of Puebla State (Figure 1). The Oaxacan and
Acatlán Complexes appear unconformably under-
lying this unit or in fault contact with the Matzitzi
Formation in the Los Reyes Metzontla area, being
the crystalline basement of the region [Centeno-
García et al., 2009]. The latter is unconformably
overlain in Caltepec-Metzontla area by Mesozoic
red beds (conglomerates and quartz-feldspathic
sandstones) [Centeno-García et al., 2009] informally
named as Red Conglomerate Unit [González-Hervert
et al., 1984], Caltepec red conglomerate [Hernández-
Láscares, 2000] and Metzontla Formation [García-
Duarte, 1999] (Figure 2).

Aguilera and Ordoñez [1896] were the first to in-
formally describe the Matzitzi Formation, based on
studies of localities between Los Reyes Metzontla
and San Luis Atolotitlán. Flores [1909] also studied
this formation and collected some fossil plants that
were the basis for a comprehensive work of the fos-
sil plants from this formation [Silva-Pineda, 1970].
This formation was informally described in a field-
work guide by Calderón-García [1956] as a 600 m
thick sequence of sandstones intercalated by dark
shales with abundant fossil plants and occasion-
ally containing conglomerate and coal seams. Later
Centeno-García et al. [2009] described the formation
as a clastic succession mainly dominated by sand-
stones intercalated by shales, carbonaceous mud-
stone, conglomeratic sandstone, and conglomerate
(Figure 3A). They also reported coarse massive con-
glomerate strata near the locality of Los Reyes Met-
zontla containing metamorphic clasts from the Oax-
acan Complex. This continental deposit has been
interpreted as an anastomosing fluvial system with
six facies associations described along the road con-
necting Los Reyes Metzontla and Coatepec locali-
ties [Centeno-García et al., 2009]. Described facies by
these authors include: (1) alluvial and fluvial chan-
nel fill (probably debris flows), (2) probably trans-
verse bedforms, conglomeratic bars and channel fill,
(3) sandy channel fill, longitudinal bedforms and/or
sandy point bars, with scarce paleosols, (4) mostly
sandy channel fill eroded by small currents (scour
hollows) which may be the result of crevasse splays

in some cases, (5) floodplains and/or crevasse splays,
and (6) small swamps associated with the river sys-
tem or floodplains.

The felsic Atolotitlán Tuff of volcanic-arc origin,
exposed in San Luis Atolotitlán, is believed to cor-
respond to the Matzitzi Formation [Centeno-García
et al., 2009, Elías-Herrera et al., 2011] (Figure 2). This
volcanic unit has been dated by U-Pb method (240±
3 Ma) as Middle Triassic [Bedoya, 2018, Elías-Herrera
et al., 2011] (Figure 2).

It is important to note that a comprehensive stra-
totype for the Matzitzi Formation has not been estab-
lished due to incomplete depositional sequence and
tectonically separated deposition from this unit has
not been correlated yet. The lack of continuous ex-
posures together with the presence of thrusting and
faulting makes it difficult to define a single contin-
uous section of even a composite stratotype, due to
difficulty to correlate among sections. The Matzitzi
Formation has been dated by its relative stratigraphic
position between younger and older deposits (Fig-
ure 3A) as formally described by Elías-Herrera et al.
[2005, 2011]. This deposit lies in different fault blocks,
so the outcrops in many cases appear isolated as it is
very difficult to correlate strata. Also, modern vege-
tation obscures bedrock in the studied area. For this
reason, it is difficult to locate the stratigraphic levels
of the palynological samples from the nearby areas
of Los Reyes Metzontla and San Luis Atolotitlán lo-
calities (labelled as MATZ samples) within the syn-
thetic stratigraphic column. Only the Río Hondo sec-
tion presents a stratigraphic continuity, with some
minor faulting, and the palynological samples la-
belled as MATZ RH could be stratigraphically lo-
cated (Figure 3B). This latter deposit consists of sand-
stones and siltstones and shales with floral remains
(Figure 3B).

The Matzitzi Formation has been much stud-
ied for its rich well-preserved macrofloras [Carrillo
and Martínez-Hernández, 1981, Flores-Barragan
et al., 2019a,b, Silva-Pineda, 1970, Silva-Pineda et al.,
2003, Velasco-Hernández and Lucero-Arellano, 1996,
Velasco-de León et al., 2015, Weber, 1997, Weber and
Cevallos-Ferriz, 1994, Weber et al., 1989]. Most of
the macroflora determinations correspond to pro-
fessional and Master dissertations [Flores-Barragan,
2018, Galván-Mendoza, 2000, Hernández-Láscares,
2000, Magallón-Puebla, 1991, Rincón-Pérez, 2010,
Valdés-Vergara, 2017]. Based on these studies the

C. R. Géoscience — 2020, 352, no 6-7, 515-538



518 Uxue Villanueva-Amadoz et al.

Figure 1. Geographic location, geological setting, and sample location of the studied area. (A) Geo-
graphic location of the study area in Mexico. (B) Regional geological setting of the studied area (modi-
fied from Elías-Herrera et al., 2005). (C) Detailed geological setting of the studied area. Black circles indi-
cate collected palynological samples (MATZ samples from the nearby areas of Los Reyes Metzontla and
San Luis Atolotitlán localities; MATZ RH samples from the Río Hondo section). The location of previously
studied biostratigraphic and geochronologic data are indicated by white circles and a letter: fossil plants
(a: locations of Weber, 1997; b: Magallón-Puebla, 1991; c: Valdés-Vergara, 2017; Flores-Barragan, 2018);
geochronological isotope dating (d: Atolotitlán tuff, Elías-Herrera et al., 2011; e: Cozahuico Granite, Elías-
Herrera et al., 2005; f: Bedoya, 2018). Lonesomia bearing strata are indicated by the letter a within a white
circle, northeast of San Luis Atolotitlán locality.
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Figure 2. Correlation chart with stratigraphic units present in the studied area and adjacent States.
Biostratigraphic and chronostratigraphic data are included. 1Oaxacan Complex: 1100 ± 980 Ma (Pre-
cambrian) [Solari et al., 2003]; 2Metzontla Formation: 333.99 ± 1.98 Ma (Mississippian) [Elías-Herrera
et al., 2011]; 3Tecomate Formation: Latest Pennsylvanian–earliest Middle Permian (conodont,fusulinids),
∼320–264 Ma [Keppie et al., 2004]; 4Chazumba Suite: ∼317–275 Ma [Talavera-Mendoza et al., 2005];
5Totoltepec Pluton: ∼306–289 Ma [Kirsch et al., 2012]; 6Totoltepec Pluton: 287±2 Ma (Artinskian) [Yañez
et al., 1991]; 7Anatectic leucosome (275.6±1 Ma); Cozahuico Granite: 270.4±2.6 Ma (Roadian); Matzitzi
Formation: 240±3 Ma (Atolotitlán Felsite, Middle Triassic) [Elías-Herrera et al., 2007, 2011]; 8Matzitzi For-
mation: Kungurian (Leonardian) on the basis of the presence of the gigantopterid Lonesomia mexicana
[Weber, 1997]; 9relative position of the Matzitzi Formation: 260±252 Ma (Wuchiapingian) [Elías-Herrera
et al., 2019]; 10Matzitzi Formation: 238.5±2.2, 239.2±1.4, 242.9±1.4 Ma (Atolotitlán Felsite, Middle Tri-
assic), 179.2±1.98 Ma (Jurassic) [Bedoya et al., 2020]. Cpx.: Complex; Fm.: Formation; Gr.: Granite; Plt.:
Pluton; Ass.: Asselian; Sak.: Sakmarian; Art.: Artinskian; Kun.: Kungurian; Roa.: Roadian; Wor.: Wordian;
Cap.: Capitanian; Wuch.: Wuchiapingian; Chan.: Changhsingian; L: Lower; M: Middle; U: Upper; E: Early;
Prec.: Precambrian; Miss.: Mississippian; Ser.: Serpukhovian; Bas.: Bashkirian; Pennsylv.: Pennsylvanian;
Lop.: Lopingian.
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Figure 3. Stratigraphy of the Matzitzi Formation. (A) Synthetic stratigraphic column of the Matzitzi
Formation based on Elías-Herrera et al. [2005, 2011]. (B) Stratigraphic column for the Río Hondo Section
indicating the stratigraphic position of the 49 collected samples.
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macroflora is represented by calamitaleans, lep-
idodendraleans, gigantopterids, ginkgoales, glos-
sopterids and fossil genera including: Annularia,
Asolanus, Bjuvia, Comia, Fascipteris, indeterminate
Cycadophyte, Holcospermum, Lesleya, Macrotae-
niopteris, Mexiglossa, Neuropteris, Pecopteris, Plum-
steadia, Pseudoctenis, cf. Psygmophyllum, Pterophyl-
lum, Schizoneura, Sphenophyllum, Sphenopteris,
Taeniopteris, Trigonocarpus, and Velascoa.

3. Material and methods

For macroflora studies, images taken by a Nikon
D5600 camera were later processed with Photoshop
CS6. The re-examined holotype (IGM-PB-1027-1059)
and two paratypes (IGM-PB-1027-1058, IGM-PB-
1027-1060) of Lonesomia mexicana deposited in
the National Paleontological Collection at the Ins-
tituto de Geología of the Universidad Nacional
Autónoma de México (UNAM) were re-studied and
re-photographed under a fluorescence stereo mi-
croscope (Zeiss AX10 Zoom V16) and were analyzed
using Zen Pro software. These three specimens be-
long to the locality 1027 described by Weber [1997]
as Escurridero in the Barranca Xoconoxtitla about
0.5 km northeast of San Luis Atolotitlán in the Puebla
State (18° 11′ 36′′ N, 97° 24′ 46′′ W).

Ninety-one palynological samples were collected
from two main areas: nearby Los Reyes Metzontla
and San Luis Atolotitlán localities (42 samples) la-
belled as MATZ located in the state of Puebla and
also from the Río Hondo area located in the Mexi-
can Federal Highway 135D connecting Tehuacán and
Oaxaca (49 samples) labelled as MATZ RH (Figures 1,
2). None of the palynological sampling localities cor-
responds to formerly reported macroflora sites ex-
cept for the Río Hondo section. We also sampled a
Lonesomia mexicana holotype-containing a piece of
rock but lacking palynomorphs. We used standard
palynological methods [Batten, 1999, Erdtman, 1960]
for palynomorph extraction, using HCl and HF acid
digestions followed by Schulze’s solution. For paly-
nomorph concentration, we used a 5-micron nylon
mesh. Four slides for each stratigraphic level were
prepared using Loctite© 349.

We classified and photographed palynomorphs
under light microscopy (Olympus BH2, Axio Imager
A2m, and Leica DM 2000 LED-equipped by Nikon

Coolpix 990, AxioCam Icc5 and Leica ICC50 W cam-
eras respectively). The sample and slide numbers are
followed by England Finder© coordinates. All figured
specimens are housed at the Paleontology Collec-
tion of the Estación Regional del Noroeste (ERNO-
UX0016 to ERNO-UX0027), Instituto de Geología,
UNAM, in Hermosillo, Sonora, Mexico.

4. Results

4.1. Macroflora

The abundant and well-preserved fossil flora from
the Matzitzi Formation appears as impression and
compression forms. These fossils are autochthonous,
parautochthonous, and allochthonous in terms
of transportation. Most of the previously studied
plant-bearing localities correspond to facies asso-
ciated with floodplain and/or crevasse splay de-
posits in anastomosing river system [Centeno-García
et al., 2009]. Pieces of evidence supporting the au-
tochthonous nature of fossil plants are the in situ
Calamites trunks near San Luis Atolotitlán munici-
pality [Carrillo and Martínez-Hernández, 1981] and
numerous paleosols associated to these fossilifer-
ous strata from San Francisco Xochiltepec local-
ity [Weber, 2007]. Many paleosols from the Matz-
itzi Formation and in situ undetermined stumps
(possibly of Filicophyta affinity) are also present
[Centeno-García et al., 2009, Weber and Cevallos-
Ferriz, 1994]. However, most of the flora assemblages
are associated to planar or cross-bedding stratifi-
cation [Centeno-García et al., 2009] corresponding
to parautochthonous material. The well-preserved
material, the large leaves in connection with the
axis, and their disposition parallel to the stratifi-
cation are an indication of short transport before
burial. Lepidodendraleans and calamitalean in most
cases are possibly allochthonous (except for in situ
autochthonous specimens), and in few cases pa-
rautochthonous, as they appear fragmentary associ-
ated to channel deposits.

In the Río Hondo section, the plant-bearing strata
are scarce and they also present parautochthonous
and allochthonous material. Most of the fossil flora
from this section is parautochthonous; however, lep-
idodendraleans and calamitalean appear fragmen-
tary in most cases associated with channel deposits
that possibly are parautochthonous–allochthonous
(parautochthonous in the case of Stigmaria).
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We re-examined the holotype and two paratypes
of the fossil plant Lonesomia mexicana Weber 1997
to determine its affinity to the gigantopterid group.
They are poorly preserved as impressions. It is note-
worthy that cuticles are not preserved within the flora
remains contained in the Matzitzi Formation. As de-
scribed by Weber [1997] these specimens are char-
acterized by having: “leaf simple, symmetrical, sessile
or with very short petiole, blade elliptic to lanceolate,
lamina leathery, arched between midrib and margin,
base rounded, tip rounded or retuse, margin entire,
lamina reaching about 5 cm in width and over 20 cm
in length (length/width ratio about 5). Petiole to 5 mm
in width. Midrib straight, to 3 mm wide at lamina
base, narrowing to the tip. Venation of at least three
orders, secondaries intersected at the midrib at 75°–
80°, tertiaries intersected on these at about 45°”.

Only the primary and secondary veins are dis-
tinguished in the paratypes (IGM-PB-1027-1058 and
IGM-PB-1027-1060) (Figure 4). The tertiary veins
only can be observed in the holotype (IGM-PB-1027-
1059), and they are not clearly defined (Figure 5A–
C). Zen Pro software was used to determine the in-
tersection angles between venation orders in the
holotype (Figure 5C). The measured angles differ
slightly with Weber’s description: secondary veins ex-
tend from the midrib at an angle of around 62°–
65° (Weber reported 75°–80°) and an angle of 29°–
34° at the intersection of the secondaries at the
midrib and tertiaries (Weber reported around 45°).
The use of a fluorescence stereo zoom microscope
(Zeiss Discovery V8) did not help determine third-
order or higher venation patterns, which are only vis-
ible in a small area of the holotype leaf (Figure 5D).
For this reason, until more specimens are found, it
will be risky to classify Lonesomia mexicana as a
gigantopterid.

4.2. Microflora

From 91 collected palynological samples of the Matz-
itzi Formation, only five samples produced scarce
and poorly preserved palynomorphs with a total of
18 fossil taxa identified (Figures 6, 7, Tables 1 and 2).
Three samples (MATZ 27, MATZ RH 33, and MATZ RH
34) produced less than 10 palynomorphs per strati-
graphic level, and only two (MATZ 1 and MATZ RH
20) have more abundance with less than 50 paly-
nomorphs for each stratigraphic level.

Most of the studied palynomorphs from San Luis
Atolotitlán, Los Reyes Metzontla (MATZ), and Río
Hondo areas (MATZ RH) have a wide stratigraphic
range and almost all identified genera indicate a Late
Carboniferous–early Permian age. The palynological
assemblages correspond to wetland microflora gen-
era as Calamospora (Equisetales including calami-
taceans, Sphenophyllales and Noeggerathiales), Del-
toidospora, Granulatisporites, Lophotriletes, Triq-
uitrites and Raistrickia (herbaceous fern spores),
Laevigatosporites (Sphenophyllales and Marattiales),
Punctatosporites and Thymospora (Marattiales),
Schopfipollenites (Medullosales) and Vesicaspora
(Peltaspermales). All of the identified spores are typ-
ical of Late Pennsylvanian palynofloras elsewhere,
but the presence of Thymospora thiessenii and Latip-
ulvinites kosankii could restrict the age of MATZ RH
20 stratigraphic level of Río Hondo deposit to the
Middle-Late Pennsylvanian [e.g. Peppers, 1964, 1985,
Ravn, 1979, 1986]. On the one hand, Latipulvinites
kosankii Peppers 1964 (Figure 6G) is restricted to the
Pennsylvanian of Illinois, Kentucky, Texas, and Eng-
land [Peppers, 1964, Stone, 1969, Ravn, 1979, Turner,
1991]. On the other hand, Thymospora thiessenii
(Kosanke) Wilson and Venkatachala, 1963 (Figure 6J)
known from the Bolsovian–Westphalian boundary
(Westphalian C-D) in Europe and the United States
of America to the Stephanian C, that is to say, Middle-
Late Pennsylvanian [Clendening, 1972, Hower et al.,
1983, Jerzykiewicz, 1987, Kosanke, 1984, Lesnikowska
and Willard, 1997, Peppers, 1985, Playford and Dino,
2005, Vozárová, 1998, Waters et al., 2011]. This lat-
ter fossil species has also been reported from MATZ
27 stratigraphic level from the San Luis Atolotitlán
area.

Even though most of the taxa extend into the early
Permian, they are gradually supplanted by Permian
forms, such as taeniates, which are completely ab-
sent in these assemblages. The lack of Permian pollen
and spores does not determine that they were not
present during the deposition of the Matzitzi Forma-
tion because they may not have been preserved or re-
stricted to other paleoenvironmental conditions. So,
we could confidently conclude that the palynological
assemblages at the Río Hondo section (MATZ RH 20)
and MATZ 27 are likely Pennsylvanian, possibly earli-
est Permian.
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Figure 4. Lonesomia mexicana paratypes IGM-PB-1027-1058 and IGM-PB-1027-1060 (A–C). (A) Part and
counterpart of the paratype IGM-PB-1027-1060. (B) Detail of the paratype IGM-PB-1027-1060 lacking
preserved venation above the second order. (D) Paratype IGM-PB-1027-1058. (E,F) A detail of the leaf
belonging to the paratype IGM-PB-1027-1058 which lacks venation above the second order.
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Figure 5. (A) Lonesomia mexicana IGM-PB-1027-1059 holotype. (B) Detail of an area of the leaf (indi-
cated by a black square) used for the character description under white light. (C) Image taken using the
Zen Pro programme indicating the second and third order venation angles. (D) Image under ultraviolet
light that demonstrates the difficulty for determining third order venation pattern.
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Figure 6. Palynomorphs from the Matzitzi Formation from San Francisco Xochiltepec, Santiago Coate-
pec, San Luis Atolotitlán, Los Reyes Metzontla and Río Hondo areas, Mexico. (A) Deltoidospora gracilis
(Imgrund) Ravn, 1986, EF: MATZ 1_4_4_U322. (B) Deltoidospora levis (Kosanke) Ravn, 1986 EF: MATZ
1_2_4_S520. (C) Deltoidospora priddyi (Berry) McGregor, 1973, EF: MATZ 1_3_4 D464. (D) Deltoidospora
adnata (Kosanke) McLean, 1993, EF: MATZ 1_3_4 U301. (E) Deltoidospora sphaerotriangula (Loose) Ravn,
1986, EF: MATZ RH 20_2_4_T431. (F) Granulatisporites sp., EF: MATZ RH 34_3_4_V321.
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Figure 6 (cont.). (G) Latipulvinites kosankii Peppers, 1964, EF: MATZ 1_4_4_C432. (H) Triquitrites sp.,
EF: MATZ 1_4_4_S310. (I) Laevigatosporites medius Kosanke, 1950, EF: MATZ 1_2_4_X681. (J) Thymospora
thiessenii (Kosanke) Wilson and Venkatachala, 1963, EF: MATZ RH 20_2_4_S384. (K) Punctatosporites
minutus (Ibrahim) Alpern and Doubinger, 1973, EF: MATZ RH 20_2_4_X430. (L) Punctatosporites punc-
tatus Ibrahim, 1933, EF: MATZ RH 34_2_4_Q474. (M) Laevigatosporites minor Loose, 1934, EF: MATZ RH
20_2_4_P551. (N) Densosporites sp., EF: MATZ RH 20_4_4_R324 (O) Raistrickia saetosa (Loose) Schopf
et al., 1944, EF: MATZ RH 34_4_4_O574. (P) Vesicaspora cf. wilsonii (Schemel) Wilson and Venkatachala,
1963, EF: MATZ RH 20_4_4_M394. (Q) Platysaccus sp., EF: MATZ RH 20_2_4_P352. (R) Verrucosisporites
sp. Type 1, EF: MATZ RH 20_3_4_C490. (S) Verrucosisporites sp. Type 2, EF: MATZ RH 20_1_4_Q290. EF:
England Finder® coordinates. Scale bar: 10 µm.

Figure 7. Palynomorphs from the Matzitzi Formation from San Francisco Xochiltepec, Santiago Coate-
pec, San Luis Atolotitlán, Los Reyes Metzontla, and Río Hondo areas, Mexico. (A) Calamospora sp., EF:
MATZ RH 20_1_4_N353. (B) Lophotriletes sp., EF: MATZ 27_1_4_Y560. (C) Schopfipollenites ellipsoides
(Ibrahim) Potonié and Kremp, 1954, EF: MATZ RH 20_2_4_Y380. (D) Laevigatosporites vulgaris (Ibrahim)
Ibrahim, 1933, EF: MATZ RH 20_4_4_O340. (E) Laevigatosporites maximus (Loose) Potonié and Kremp,
1956, EF: MATZ RH 33_2_4 S522. (F) Laevigatosporites maximus (Loose) Potonié and Kremp, 1956, EF:
MATZ RH 20_2_4_W312. EF: England Finder® coordinates. Scale bar: 20 µm.

5. Discussion

The palynomorphs seem to be reworked, especially
given the poor condition of the preservation and
the very low amount of grains, contrary to the pa-
rautochthonous fossil plants. Hence, it is impossi-
ble to correlate micro and macroflora. As stated by
Silva-Pineda [1970] and Weber [1997] it seems that
the Matzitzi Formation contains typical Late Penn-
sylvanian and early Permian macroflora.

In Euramerican areas, based on macroflora and
palynological studies, it has been observed that the
initial flora adapted to humid conditions in the trop-
ics during the Late Mississippian (Namurian) was
replaced by the Pennsylvanian wetland flora domi-
nated by lycopsids, ferns, and primitive seed plants
[DiMichele et al., 2006, Pfefferkorn et al., 2000]. Dur-
ing the Late Pennsylvanian, when aridity increased
but alternated with wetter periods, floras rich in
conifers, peltasperms, and other seed plants began

C. R. Géoscience — 2020, 352, no 6-7, 515-538



Uxue Villanueva-Amadoz et al. 527

Table 1. Observed pollen and spores from studied palynomorph-containing samples

Genera/Levels MATZ 1 MATZ 27 MATZ RH 20 MATZ RH 33 MATZ RH 34
Calamospora sp. 1
Deltoidospora gracilis 1
Deltoidospora levis 3
Deltoidospora priddyi 7
Deltoidospora adnata 16 1
Deltoidospora sphaerotriangula 2
Deltoidospora sp. 2 2
Densosporites sp. 1
Granulatisporites sp. 1 1
Laevigatosporites medius 7 1 1 3
Laevigatosporites minor 2
Laevigatosporites maximus 1 1
Laevigatosporites vulgaris 1
Latipulvinites kosankii 2 1
Lophotriletes sp. 1 1
Platysaccus sp. 1
Punctatosporites minutus 4 2
Punctatosporites punctatus 4
Raistrickia saetosa 1
Schopfipollenites ellipsoides 1
Thymospora thiessenii 1 1
Triquitrites sp. 3
Verrucosisporites sp. Type 1 2 1
Verrucosisporites sp. Type 2 1 1
Vesicaspora cf. wilsonii 1

Total 37 10 23 2 12

to appear while the species that dominated the
Pennsylvanian wetlands declined [DiMichele et al.,
2004b]. In the Euramerican Province, the transi-
tion from the Pennsylvanian to the Permian encom-
passed a gradual global environmental change from
ever-wet during the Pennsylvanian to a drier Permian
[e.g. DiMichele et al., 2004a, 2008, Michel et al., 2015,
Tabor and Poulsen, 2008]. During this change, con-
siderable tectonic activity in the tropics is recorded.
These phenomena, may have combined to affect
both local and regional microclimates and deposi-
tional environments [DiMichele et al., 2004a]. A re-
placement of hygrophytic by mesophytic and meso-
xerophytic flora that tolerate seasonally dry climate
is observed. Also, xeric floras can be found interca-
lated with vegetation typical of very wet conditions,
even at the scale of individual outcrops [Broutin
et al., 1990, DiMichele and Aronson, 1992, DiMichele

et al., 2004b, 2019, Kerp and Fichter, 1985]. It seems
that climatic conditions maintained along wetland
corridors since Middle Pennsylvanian to Artinskian,
possibly fringing the channels surrounded by plants
adapted to a drier condition under a seasonal cli-
mate as reported for the Appalachians, New Mexico,
Texas and Utah [DiMichele et al., 2011a]. It is also
significant that the transition from wetter-to-drier
climates during Pennsylvanian–Cisuralian range is
different depending on the paleogeographic loca-
tion; being earlier in New Mexico (Middle Pennsylva-
nian), and later in Texas–Appalachians (Late Pennsyl-
vanian) and Utah (Permian) [DiMichele et al., 2011a]
so it is worth expecting a diachronic disappearance
of typically Carboniferous flora adapted to wetlands
in drier conditions in Euramerica.

In the Euramerican Province (including Mexico
and the U.S.A.), the more common small spores
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Table 2. Collected samples and their coordinates. Outlined in grey colour indicate palynomorph-
containing stratigraphic levels

Samples Coordinates Samples Coordinates
MATZ MATZ RH

MATZ 1 18° 15′ 11.8′′ N, 97° 29′ 42.6′′ W MATZ RH 1 18° 09′ 09.3′′ N, 97° 18′ 2.8′′ W
MATZ 2 18° 15′ 11.6′′ N, 97° 29′ 42.7′′ W MATZ RH 2 18° 09′ 09.4′′ N, 97° 18′ 3.0′′ W
MATZ 3 18° 15′ 11.3′′ N, 97° 29′ 42.5′′ W MATZ RH 3 18° 09′ 09.5′′ N, 97° 18′ 3.2′′ W
MATZ 4 18° 15′ 11.3′′ N, 97° 29′ 42.5′′ W MATZ RH 4 18° 09′ 09.7′′ N, 97° 18′ 4.0′′ W
MATZ 5 18° 15′ 11.3′′ N, 97° 29′ 42.5′′ W MATZ RH 5 18° 09′ 09.7′′ N, 97° 18′ 4.0′′ W
MATZ 6 18° 15′ 11.3′′ N, 97° 29′ 42.6′′ W MATZ RH 6 18° 09′ 09.8′′ N, 97° 18′ 4.3′′ W
MATZ 7 18° 15′ 11.3′′ N, 97° 29′ 42.6′′ W MATZ RH 7 18° 09′ 09.8′′ N, 97° 18′ 4.3′′ W
MATZ 8 18° 13′ 20.4′′ N, 97° 28′ 22.5′′ W MATZ RH 8 18° 09′ 09.8′′ N, 97° 18′ 4.3′′ W
MATZ 9 18° 13′ 21.0′′ N, 97° 28′ 22.3′′ W MATZ RH 9 18° 09′ 10.1′′ N, 97° 18′ 4.9′′ W

MATZ 10 18° 13′ 21.0′′ N, 97° 28′ 22.3′′ W MATZ RH 10 18° 09′ 10.1′′ N, 97° 18′ 4.9′′ W
MATZ 11 18° 13′ 21.0′′ N, 97° 28′ 22.3′′ W MATZ RH 11 18° 09′ 10.4′′ N, 97° 18′ 5.2′′ W
MATZ 12 18° 15′ 11.3′′ N, 97° 29′ 42.6′′ W MATZ RH 12 18° 09′ 10.9′′ N, 97° 18′ 5.8′′ W
MATZ 13 18° 13′ 16.1′′ N, 97° 28′ 13.1′′ W MATZ RH 13 18° 09′ 11.0′′ N, 97° 18′ 6.1′′ W
MATZ 14 18° 13′ 16.1′′ N, 97° 28′ 13.1′′ W MATZ RH 14 18° 09′ 11.2′′ N, 97° 18′ 6.3′′ W
MATZ 15 18° 13′ 16.1′′ N, 97° 28′ 13.1′′ W MATZ RH 15 18° 09′ 11.5′′ N, 97° 18′ 6.8′′ W
MATZ 16 18° 13′ 16.1′′ N, 97° 28′ 13.1′′ W MATZ RH 16 18° 09′ 11.5′′ N, 97° 18′ 6.8′′ W
MATZ 17 18° 13′ 16.0′′ N, 97° 28′ 12.6′′ W MATZ RH 17 18° 09′ 11.7′′ N, 97° 18′ 7.3′′ W
MATZ 18 18° 13′ 16.0′′ N, 97° 28′ 12.6′′ W MATZ RH 18 18° 09′ 12.1′′ N, 97° 18′ 8.2′′ W
MATZ 19 18° 13′ 24.1′′ N, 97° 28′ 09.4′′ W MATZ RH 19 18° 09′ 12.4′′ N, 97° 18′ 8.8′′ W
MATZ 20 18° 13′ 24.1′′ N, 97° 28′ 09.4′′ W MATZ RH 20 18° 09′ 12.6′′ N, 97° 18′ 9.2′′ W
MATZ 21 18° 13′ 24.1′′ N, 97° 28′ 09.4′′ W MATZ RH 21 18° 09′ 12.6′′ N, 97° 18′ 9.2′′ W
MATZ 22 18° 13′ 04.3′′ N, 97° 24′ 53.4′′ W MATZ RH 22 18° 09′ 12.6′′ N, 97° 18′ 9.2′′ W
MATZ 23 18° 13′ 04.3′′ N, 97° 24′ 53.4′′ W MATZ RH 23 18° 09′ 12.6′′ N, 97° 18′ 9.2′′ W
MATZ 24 18° 11′ 39.0′′ N, 97° 25′ 00.2′′ W MATZ RH 24 18° 09′ 12.6′′ N, 97° 18′ 9.2′′ W
MATZ 25 18° 11′ 39.0′′ N, 97° 25′ 00.2′′ W MATZ RH 25 18° 09′ 12.8′′ N, 97° 18′ 9.6′′ W
MATZ 26 18° 11′ 07.8′′ N, 97° 24′ 38.9′′ W MATZ RH 26 18° 09′ 12.9′′ N, 97° 18′ 9.9′′ W
MATZ 27 18° 11′ 07.8′′ N, 97° 24′ 38.9′′ W MATZ RH 27 18° 09′ 13.1′′ N, 97° 18′ 10.1′′ W
MATZ 28 18° 11′ 07.8′′ N, 97° 24′ 38.9′′ W MATZ RH 28 18° 09′ 13.1′′ N, 97° 18′ 10.1′′ W
MATZ 29 18° 09′ 59.5′′ N, 97° 23′ 53.6′′ W MATZ RH 29 18° 09′ 13.1′′ N, 97° 18′ 10.1′′ W
MATZ 30 18° 09′ 59.5′′ N, 97° 23′ 53.6′′ W MATZ RH 30 18° 09′ 13.4′′ N, 97° 18′ 10.7′′ W
MATZ 31 18° 09′ 59.5′′ N, 97° 23′ 53.6′′ W MATZ RH 31 18° 09′ 13.8′′ N, 97° 18′ 11.9′′ W
MATZ 32 18° 09′ 59.5′′ N, 97° 23′ 53.6′′ W MATZ RH 32 18° 09′ 14.0′′ N, 97° 18′ 12.3′′ W
MATZ 33 18° 09′ 59.5′′ N, 97° 23′ 53.6′′ W MATZ RH 33 18° 09′ 14.3′′ N, 97° 18′ 13.6′′ W
MATZ 34 18° 11′ 41.7′′ N, 97° 24′ 59.2′′ W MATZ RH 34 18° 09′ 14.3′′ N, 97° 18′ 14.3′′ W
MATZ 35 18° 11′ 41.7′′ N, 97° 24′ 59.2′′ W MATZ RH 35 18° 09′ 14.0′′ N, 97° 18′ 14.6′′ W
MATZ 36 18° 11′ 36.2′′ N, 97° 25′ 03.1′′ W MATZ RH 36 18° 09′ 14.0′′ N, 97° 18′ 14.6′′ W
MATZ 37 18° 11′ 36.2′′ N, 97° 25′ 03.1′′ W MATZ RH 37 18° 09′ 13.6′′ N, 97° 18′ 15.0′′ W
MATZ 38 18° 11′ 33.1′′ N, 97° 25′ 08.6′′ W MATZ RH 38 18° 09′ 13.7′′ N, 97° 18′ 15.4′′ W
MATZ 39 18° 11′ 33.1′′ N, 97° 25′ 08.6′′ W MATZ RH 39 18° 09′ 13.4′′ N, 97° 18′ 16.1′′ W
MATZ 40 18° 11′ 14.5′′ N, 97° 25′ 18.2′′ W MATZ RH 40 18° 09′ 13.4′′ N, 97° 18′ 16.3′′ W
MATZ 41 18° 11′ 14.5′′ N, 97° 25′ 18.2′′ W MATZ RH 41 18° 09′ 13.2′′ N, 97° 18′ 16.5′′ W
MATZ 42 18° 11′ 14.5′′ N, 97° 25′ 18.2′′ W MATZ RH 42 18° 09′ 12.7′′ N, 97° 18′ 17.5′′ W

(continued on next page)
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Table 2. (continued)

Samples Coordinates
MATZ RH

MATZ RH 43 18° 09′ 11.9′′ N, 97° 18′ 18.6′′ W
MATZ RH 44 18° 09′ 11.9′′ N, 97° 18′ 18.6′′ W
MATZ RH 45 18° 09′ 11.7′′ N, 97° 18′ 18.8′′ W
MATZ RH 46 18° 09′ 11.5′′ N, 97° 18′ 18.9′′ W
MATZ RH 47 18° 09′ 10.6′′ N, 97° 18′ 19.4′′ W
MATZ RH 48 18° 09′ 09.9′′ N, 97° 18′ 19.8′′ W
MATZ RH 49 18° 09′ 09.3′′ N, 97° 18′ 20.0′′ W

found in Late Pennsylvanian coals include Marat-
tialean spores (Thymospora spp., Punctatisporites
minutus, Punctatosporites spp., Cyclogranisporites
spp., Laevigatosporites minimus, Laevigatosporites
medius, Laevigatosporites ovatus), as well as such
herbaceous fern taxa as Lophotriletes, Raistrickia,
Triquitrites and Deltoidospora [DiMichele et al.,
2018, Eble et al., 2013]. Verrucosisporites also occur,
but much less frequently [Eble et al., 2013]. These
taxa are typical of the uppermost Pennsylvanian coal
from the Bursum Formation, New Mexico, includ-
ing significant amounts of Vesicaspora [DiMichele
et al., 2016] and coal of similar age described from
north-central Texas [Looy and Hotton, 2014].

There is also evidence of calamitaleans, reported
from macrofossil remains [DiMichele et al., 2016] in
the Bursum Formation (Carrizo Arroyo, New Mex-
ico, U.S.A.). Therefore, Marattialeans and calami-
taleans were the most important wetland plant
groups throughout western Pangea during the Late
Pennsylvanian and well into the early Permian, re-
flecting their tolerance of soil moisture fluctuation
and also their dispersal capacities [DiMichele et al.,
2016].

In the eastern part of Euramerican Province
(Western Europe), palynological assemblages dis-
play a broadly similar pattern [e.g. Clayton et al.,
1977, Juncal et al., 2019]. The wetland microflora
(marattialean spores and herbaceous fern taxa) and
pollen of Calamites and Cordaites are dominant.

The only two studies [Rincón-Pérez, 2010, Valdés-
Vergara, 2017] based on macrofloral content from
the Río Hondo section, representing the most com-
plete and continuous stratigraphic section for the
Matzitzi Formation, show different abundance data
due to methodological procedure: the first author

without considering their stratigraphic level and the
second author indicating it. The main flora repre-
sentatives in this locality seem to be Filicophyta,
Lycophyta and Spermatophyta and less abundant
is Equisetophyta (calamitalean). The macroflora
composition changes depending on its stratigraphic
range [Valdés-Vergara, 2017] due to differences in the
depositional environment. Both studies agree that
Marattiales (Pecopteris spp.) and lepidodendrales
(Sigillaria) are well-represented in the macroflora
assemblage. Based on macroflora remains from the
Río Hondo section [Rincón-Pérez, 2010, Valdés-
Vergara, 2017] an early Permian age is suggested
for the Matzitzi Formation. Four key taxa rang-
ing from late Carboniferous to early Permian age
have been described. Sigillaria brardii-ichthyolepis
group is present in the Río Hondo section [Valdés-
Vergara, 2017, Weber, 1997], which is also com-
mon in the Matzitzi Formation [Weber, 1997], and
it ranges from the Late Pennsylvanian [Remy and
Remy, 1977] to early Permian in USA [Blake and
Gillespie, 2011]. Taeniopteris multinervis is known
from the Late Pennsylvanian-early Permian in the
USA [Remy and Remy, 1975] and medullosalean seed
Trigonocarpus extend from Late Mississippian to
early Permian [Cleal and Thomas, 2019]. Holcosper-
mum is a common element from the Carboniferous
but some reports have described it from the early
Permian in Germany [Barthel, 2016] and Kansas
[McKinley, 1966]. Moreover, the fossil genus Comia
is known since the Permian [Mamay et al., 2009,
Weber, 1997] and it occurs in North America (Texas
and Oklahoma) in the early Permian (Artinskian,
Cisuralian) [Mamay et al., 2009], restricting the age of
the Matzitzi Formation in this locality to a probable
age not older than the Artinskian. In consequence,
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the macroflora from the Río Hondo section would
likely correspond to the Artinskian–Kungurian. This
would support the idea of reworked palynomorphs.
Reports of Pseudoctenis from the Matzitzi Forma-
tion at Río Hondo and Camino sites [Valdés-Vergara,
2017] remain inconclusive due to the poor preserva-
tion of described specimens and lack of cuticle infor-
mation. Pseudoctenis is known since the late Permian
[Blomenkemper et al., 2018, Schweitzer, 1986] and it
is an important component during the Mesozoic, es-
pecially in the uppermost Triassic and Jurassic [Tay-
lor et al., 2009]. This fossil genus has been described
from early and middle Permian deposits in India
[Maheshwari and Bajpai, 2001], however, it has not
been figured. If confirmed the occurrence of Pseu-
doctenis in the Matzitzi Formation, this fossil genus
would extend its stratigraphic range up to the lower
Permian.

Other fossil flora genera from the Matzitzi For-
mation known since the early Permian from other
localities are Fascipteris [Magallón-Puebla, 1991]
and Bjuvia [Velasco-de León et al., 2015]. Magallón-
Puebla [1991], also noted that although a new species
of Pecopteris might be present in this formation, it
should have more Permian than Carboniferous
affinities. Likewise, using the macroflora, a Permian
age seems more likely for the Matzitzi Formation.

The fossil plants exhibit fragmentary preser-
vation, breakup during collection, and obscured
plant characters, that make much of the mate-
rial unidentifiable. This is the case of Lonesomia
mexicana that does not allow the identification of
the venation pattern above the second order. In
the long run, the identification of plant fossils of
the Matzitzi Formation is greatly reduced due to
the poor preservation of key diagnostic charac-
ters, their fragmented nature, and in some cases
their very low abundance in the fossil record. This
is especially problematic for specimens with glos-
sopterid affinity. For example, a specimen initially
described as Glossopteris was finally identified as
Sphenophyllum ex gr. thonii [Weber, 1997]. There are
also examples of misidentified specimens such as
Fascipteris sp. cf. F. hallei [Magallón-Puebla, 1991]
which was initially described as Neuropteris jugosa by
Silva-Pineda [1970] and Schizoneura gondwanensis
[Flores-Barragan, 2018] that was initially described
as Annularia sp. by Velasco-de León et al. [2015].
These complications indicate that more studies are

required for a comprehensive determination of the
macroflora remains from the Matzitzi Formation,
including consideration of their stratigraphic level
and locality.

The available geochronological data for the Matz-
itzi Formation differs from our results (Figure 2).
On the one hand, the Oaxacan Complex exposed
southeast of San Luis Atolotitlán consists of quartz-
feldspathic and garnet gneisses in granulite facies
that are Grenvillian in age (1.1–0.98 Ga) [Keppie and
Ortega-Gutiérrez, 1999, Solari et al., 2003]. On the
other hand, the Acatlán Complex appears as highly
deformed and metamorphosed green schists to the
west of Los Reyes Metzontla and southeast of La
Compañía (Puebla) whose age is poorly understood
[Keppie et al., 2004]. The youngest units belong-
ing to the Acatlán Complex (in chronological or-
der: Tecomate Formation, Totoltepec stock, and San
Miguel intrusions) are less deformed and metamor-
phosed compared to the oldest units of this complex
[Yañez et al., 1991]. The Tecomate Formation has
been considered the Latest Pennsylvanian–earliest
middle Permian in age based on U–Pb SHRIMP
dating (∼320–264 Ma) and conodont and fusulinid
content [Keppie et al., 2004]. One of the youngest
units of the Acatlán Complex is the Chazumba
Suite: the maximum depositional age of the Mag-
dalena Formation is ∼317 Ma, and the maximum
depositional age of the overlying Chazumba For-
mation is ∼275 Ma [Talavera-Mendoza et al., 2005].
The youngest unit of the Acatlán Complex, the San
Miguel intrusive has interpreted with two distinct
emplacement ages based on Rb–Sb dating indicating
two thermal events in the Late Triassic–Early Juras-
sic (Rhaetian–Hettangian; 207 ± 9 Ma) and Middle
Jurassic (Aalenian; 173 ± 0.3 Ma) [Ruiz-Castellanos,
1979]. The Magdalena migmatite also corresponding
to one of the youngest units of the Acatlán Com-
plex, is concordant with this Middle Jurassic age
(Aalenian–Bajocian; 170 ± 2 Ma) by U–Pb method
[Powell et al., 1999]. The amalgamation of the Acatlán
and Oaxacan complexes apparently took place in the
early Permian represented by the foliated Totoltepec
pluton (287 ± 2 Ma; ∼306–289 Ma) dated by U–Pb
method in zircons [Kirsch et al., 2012, Yañez et al.,
1991] and the anatectic leucosome (275.6 ± 1 Ma)
and the syntectonic milonitized intrusive Cozahuico
Granite (Kungurian–Roadian, 270.4 ± 2.6 Ma) dated
by SHRIMP method [Elías-Herrera et al., 2007]. The
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Cozahuico Granite has been interpreted as one of the
oldest and deepest tectono-magmatic-metamorphic
activity in the fault zone related to the oblique col-
lision between Oaxacan and Acatlán complexes
[Elías-Herrera and Ortega-Gutiérrez, 2002, Elías-
Herrera et al., 2007]. In an abstract, Elías-Herrera
et al. [2019] indicates an age not older than the
Lopingian (260–252 Ma) for the Matzitzi Formation
based on its relative stratigraphic position over de-
posits affected by the Caltepense Orogeny. How-
ever, it is unclear whether deposition of the Matz-
itzi Formation and this latter orogeny is contem-
poraneous or post-depositional. The Atolotitlán
Tuff corresponding to this formation is reported
as Middle Triassic (240 ± 3 Ma: Elías-Herrera et al.,
2011; 239.2± 1.4/242.9± 1.4/238.5± 2.2 Ma: Bedoya,
2018). However, the geochronology of the Caltepense
Orogeny and the Atolotitlán Tuff awaits formal pub-
lication. Moreover, the age of the Matzitzi Formation
is a vexing matter by the Middle Jurassic maximum
depositional age (177 Ma) for a sampled sandstone
[Bedoya, 2018].

In summary, based on its relative stratigraphic po-
sition, the non-metamorphosed Matzitzi Formation
has been placed overlying the metamorphosed units
such as the Cozahuico Granite and the Acatlán Com-
plex. Geochronological data indicate that the depo-
sitional age of the Matzitzi Formation should be not
older than 270 Ma (earliest Roadian, middle Permian)
corresponding to the underlying Cozahuico Granite
and not older than Latest Pennsylvanian–earliest
middle Permian (Tecomate Formation, Acatlán
Complex), leading some geologists to think that
the Matzitzi Formation is younger than the Roadian.
Nevertheless, the Tecomate Formation has not been
reported in direct contact with the Matzitzi Forma-
tion. Moreover, the macroflora remains indicate an
Artinskian–Kungurian maximum age (e.g. Río Hondo
section), so the deposition of the Matzitzi Formation
was possibly contemporaneous, at least in part, to
the Caltepense Orogeny and the emplacement of the
Cozahuico Granite. The Atolotitlán Tuff correspond-
ing to the Matzitzi Formation has been reported as
Middle Triassic, and this formation also contains
Jurassic deposits. Besides, the depositional setting
and controls of deposition of the Matzitzi Formation
and its geologic contacts with other metamorphosed
rocks are still poorly understood. There is a great
need for work to do to understand the geological

contact between different geological units and also
to disentangle the geological setting and evolution of
the area.

Three important aspects should be clarified. First,
the possibility that the Matzitzi Formation may in-
clude different chronostratigraphic units from the
early Permian (or from the early middle Permian
in the case of palynomorph reworking) to at least
Middle Triassic or even younger (Jurassic) that may
all record the same sedimentary environment must
be considered. Also, a more comprehensive strati-
graphic and sedimentologic work should be done.
To achieve it, a re-examination of the already stud-
ied fossil flora controlling its stratigraphic level and
geographical location is required. Besides, it is im-
portant to understand the evolution from Late Car-
boniferous wet conditions to drier conditions dur-
ing the early Permian in Mexico. It has been proved
a diachronous climatic change in the USA depending
the locality so it is not worth expecting a diachronous
appearance of certain macroflora and microflora key
taxa. Second, it is important to control the cor-
relation of the strata of the Matzitzi Formation,
and third, a more comprehensive study of the geo-
logic contact with underlying metamorphosed rocks
is needed.

6. Conclusion

A more comprehensive study of the Matzitzi For-
mation is necessary to define its stratotype; not
yet formally defined. Also, the biostratigraphic and
geochronologic age disparities need to be resolved
to improve stratigraphic correlation among disparate
outcrops of the Matzitzi Formation. From those out-
crops, it seems that the most continuous and com-
plete stratigraphic section of this formation corre-
sponds to the Río Hondo section. The fundamen-
tal problem of the Matzitzi Formation is that it may
represent more than a single package of rocks with
a similar depositional environment. The palynolog-
ical assemblages presented in this study indicate
most likely Late Pennsylvanian in the Río Hondo
section. However, palynomorphs were possibly re-
worked and re-deposited in rock along with the Per-
mian parautochthonous macroflora from this for-
mation. If palynomorphs are reworked, their source
would correspond to the erosion of Middle-Upper
Pennsylvanian continental deposits. The re-study of
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the holotype and paratypes of the gigantopterid fos-
sil plant species Lonesomia mexicana, a key speci-
men for Kungurian age assignment, showed the lack
of diagnostic characters to place them within the gi-
gantopterids. Although these fossil plant specimens
have a huge lamina, they do not have the reticu-
late venation that characterizes gigantopterids. The
paratypes only showed primary and secondary veins
whilst the holotype also presents a tertiary vein in a
small area of the lamina due to the poor preserva-
tion of these specimens. Macroflora described from
the early Permian Matzitzi Formation suggests wet-
land corridors possibly fringing the channels asso-
ciated with anastomosing river systems related to
a gradual global environmental change from ever-
wet during the Late Pennsylvanian to a drier early
Permian. This study suggests that maybe the depo-
sition of the Matzitzi Formation possibly was con-
temporaneous, at least in part, to the Caltepense
Orogeny and the emplacement of the Cozahuico
Granite.
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