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Foreword

Tribute to Jean Dercourt

A tribute to Jean Dercourt (1935–2019) — Editorial

François Baudin ,a

a Institut des Sciences de la Terre (ISTeP), Sorbonne-Université/CNRS, 4 place Jussieu
75005 Paris, France

E-mail: francois.baudin@sorbonne-universite.fr

Manuscript received 20 October 2023, accepted 25 October 2023.

Jean Dercourt was born in Boulogne-Billancourt on
March 11th 19351. Pressed by his mother to take
over the family pharmacy, he began higher studies
in pharmacy, and at the same time studied natural
sciences, which he found more appealing. He suc-
cessfully completed this dual training before finally

1Some elements of Jean Dercourt’s biography summarized
here have been translated—with the authors’ agreement—from an
article by De Wever and Cadet (2019) published in Géochronique,
n◦150, June 2019, p. 17.

choosing geology. At university, he met Anne-Marie,
who became his wife and they had four children.

He began his career in 1957 as a “stagiaire de
recherche” (research fellow) at the National Cen-
tre for Scientific Research (CNRS) and he came out
first at the “Agrégation de Sciences Naturelles” (the
diploma to teach in secondary schools) in 1958. Un-
der the supervision of Jean Aubouin, he worked in
Greece to draw up a cross-section of the northern
Peloponnese and a 1:200,000 map, while he was an
associate professor at Sorbonne from 1959 to 1965.
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He defended his “Thèse d’Etat” (professoral thesis) in
1964 [Dercourt, 1964].

He was appointed professor of geology at Lille
University when he was 29, and was there from 1964
to 1979. This period was interrupted by a sabbati-
cal year in Canada in 1969 where he was a visiting
researcher at the University of Edmonton (Alberta).
On his return he taught the new revolutionary the-
ory of plate tectonics, being one of the first in France
to do so. With his friend Jacques Paquet, he wrote a
textbook [Dercourt and Paquet, 1974] which, 50 years
later and in its 12th edition, is still a reference for
undergraduates. In 1979 Jean Dercourt returned to
Paris to teach at Pierre and Marie Curie University
(UPMC), where he remained to the end of his ca-
reer. His dynamic and charismatic personality at-
tracted many students. His qualities as an enthusi-
astic teacher have left their mark on generations of
students training for teaching or research.

Jean Dercourt’s scientific work is marked by the
study of sedimentary basins and mountain ranges
built over the last 250 million years in the ancient
ocean that opened up in Pangea during the Permian
and disappeared when the Alps collided. Jean Der-
court directed several international scientific pro-
grammes (Tethys and Peri-Tethys) from 1985 to 2004,
focusing on the paleodynamics and paleoenviron-
ments of the Tethyan region. Convinced that the pa-
leogeographic map is the ultimate synthesis of an
area’s geological knowledge, he set out to map the pe-
riods from the opening to the closing of the Tethys
Ocean, thereby identifying the marine and terrestrial
environments of this important region on a global
scale. The programmes have mobilised hundreds
of researchers from dozens of countries, generating
more than a thousand scientific articles.

Jean Dercourt held many important positions, in
the academic world (such as Lille University Vice-
President), at the ministry of universities, at the
French Geological Society (SGF, as president in 1984–
1985) and, of course, at the French Academy of Sci-
ences, where he was a correspondent in 1987, a
member in 1991 and then Perpetual Secretary from
1996 to 2010. As Perpetual Secretary, Jean Dercourt
was constantly concerned with the transmission of
knowledge and the quality of scientific teaching.
He was responsible for overseeing the publication
of the Comptes Rendus de l’Académie des sciences.
He supported the development of the Nobel prize

and academician Georges Charpak’s “La main à la
pâte” educational activities initiated in 1995. In
2005, he supported the creation of an education and
training delegation within the academy. He made
the Château-observatory of Abbadie, near Biarritz,
owned by the academy, a place open to the public
and to teachers.

I have lost count of the number of positions he
held on boards of directors and scientific councils in
a wide variety of fields, including ocean exploration
and exploitation (IFREMER), the French geological
survey (BRGM), the French petroleum institute (IFP),
radioactive waste (ANDRA), environment and energy
management (ADEME), and even Sea fisheries. At
international level, his involvement and responsi-
bilities were just as numerous and important. Let
me only mention his chairmanship of the Tectonics
Commission of the International Union of Geologi-
cal Sciences (IUGS) and the Commission for the Ge-
ological Map of the World (CGMW).

The Society acknowledged the quality of Jean Der-
court’s commitments, as demonstrated the awards
he has received: several national and international
scientific prizes, membership of six academies in dif-
ferent countries, four honoris causa doctorates, as
well as national distinctions (Légion d’honneur, Or-
dre national du Mérite).

Very much diminished after a stroke, he had re-
tired to his family setting. He closed his eyes on this
world on 22th March 2019, aged 84.

Here, we mean to praise him as a colleague and
with this special volume of articles as a tribute. But
it is the man, the friend, whose lessons and memory
we will always remember. Many are aware that it they
have been very lucky to cross his path.

I will now briefly introduce the content of the ar-
ticles of this volume, situating them as regards Jean
Dercourt’s research and scientific interests.

“The lost Tethys Ocean was the favourite topic
of Jean Dercourt’s research” said Jolivet [2023] as
incipit of his paper. Indeed, Jean Dercourt’s first at-
tempts at reconstructing the evolution of the Tethys
were carried out with Bernard Biju-Duval and Xavier
Le Pichon and presented at the international sym-
posium on the structural history of the Mediter-
ranean basins in 1976 [Biju-Duval et al., 1977].
The series of maps, limited to the Mediterranean
domain, caused quite a stir. This attempt was then
detailed and completed in the form of 9 maps ex-
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tending from Atlantic to Pamir and covering the pe-
riod from Triassic to the present-day [Dercourt et al.,
1985, 1986b]. On the basis of these maps Jean Der-
court built the Tethys programme and its successors
(Peri-Tethys, MEBE/Middle-East Basin Evolution), a
series of projects organised around large consortia
bringing together more than a hundred scientists
from academia and industry. The initial paleogeo-
graphic maps were extended to all the remains of
the Tethys Ocean, from the Caribbean to Indonesia
[Rangin et al., 1990, Stéphan et al., 1990], with de-
tails to the northern margins of the Tethys [Rakus
et al., 1988, 1989, 1990, Dercourt et al., 1990]. Based
on these paleogeographic data, depositional pale-
oenvironments were then reported for the Tethyan
realm [Dercourt et al., 1993] and finally for the Peri-
Tethyan realm [Dercourt et al., 2000]. Thanks to
Jean Dercourt, Tethys joined the collection of books
published by Plenum on ocean basins and their mar-
gins, as the first to be devoted to an extinct ocean
[Nairn et al., 1996]. In addition, this volume intro-
duced the concept of seuils lithospheriques, phys-
iographic cratonic barriers that influenced Tethyan
ocean dynamics [Vrielynck et al., 1994]. The Apulia,
a micro-continent that drifted away from Africa and
then shortened to form a part of the Alpine chains,
was one of these “seuils”.

In his article, entitled “Tethys and Apulia (Adria),
100 years of reconstructions”, Jolivet [2023] reviews
the main reconstructions of the Mediterranean
Tethys published since 1924, following the evolu-
tion of concepts and methods. He also discusses the
importance of this type of synthesis for understand-
ing large-scale geodynamic processes.

Five years after defending his professoral thesis
on the Hellenides, Jean Dercourt spent a sabbatical
year in Canada where he travelled through the Rocky
Mountains. He went there to study a different oro-
gen model from that of the Mediterranean Alpine
ranges. Familiar with the new theory of plate tec-
tonics, proposed the previous year, he quickly un-
derstood how this new vision of the dynamics at the
surface of Earth accounted for the formation of these
two types of orogens. He then wrote two articles, one
in French [Dercourt, 1970] and the other in English
[Dercourt, 1972], comparing the formation of these
two orogens within the framework of plate tectonics.
Both articles were successful and won him an in-
ternational audience. This is probably why he was

elected Member and then Chairman of the Tectonics
Commission of the International Union of Geological
Sciences (IUGS) from 1980 to 1992, and subsequently
Chairman of the Commission for the Geological Map
of the World (CGMW) from 1992 to 2000.

In their article, entitled “Rifting and seafloor
spreading in the South China Sea: a subduction
related-extension on the down-going plate?” Chang
and Pubellier [2023], the latter being currently
Chairman of CGMW, examined the stages of rift-
ing, spreading and termination of activity in the
South China Sea basin during the Cenozoic. The
rifting-to-drifting history of the South China Sea,
which took place between 45 Ma and 16 Ma, may be
correlated in terms of stratigraphic boundaries with
the subduction-collision history of the Proto South
China Sea observed in the NW Borneo and Palawan
Island. This evolution illustrates how the process of
subduction can have an impact on regional tectonics.

Micropaleontology is particularly useful for estab-
lishing a precise biostratigraphic framework in sed-
imentary basins and for dating geodynamic events.
Jean Dercourt quickly realised the value of bring-
ing together tectonicians, geodynamicians and mi-
cropaleontologists to propose a timetable for the
opening of oceanic domains that are now integrated
into mountain ranges. Among microfossils, radi-
olarians are particularly useful for dating siliceous
sediments that are often associated with submarine
lavas. In his quest for geodynamic reconstructions
of the Tethys, Jean Dercourt led research in this area,
in particular with Patrick De Wever [De Wever and
Dercourt, 1985] and Luc-Emmanuel Ricou [Knipper
et al., 1986]. Such approaches were subsequently
pursued and expanded by Jean Dercourt’s disciples,
providing valuable information on the geodynamics
of complex areas such as the Canadian Rocky Moun-
tains and several parts of the Alpine chain sensu lato,
from Caribbean to Indonesia.

In their paper, entitled “Synthesis of micropale-
ontological age constraints for the reconstruction of
the Tethyan realm in the Lesser Caucasus (Armenia,
Karabagh)”, Danelian et al. [2023] provide new bios-
tratigraphic results from two ophiolite outcrops in
Armenia. The discovery of the upper Tithonian–
lower Berriasian radiolarian allows to date subma-
rine lava eruptions and block sliding from a nearby
shallow-water carbonate platform more accurately.
Moreover, the discovery of the Upper Coniacian–
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Santonian calcareous nannofossils refine the timing
of ophiolite obduction in the Lesser Caucasus.

Jean Dercourt was convinced that the geological
map is an irreplaceable document that summarises
the data acquired on a given study area. Together
with Jean Aubouin and Bernard Labesse, they pub-
lished a handbook for students to introduce them to
the geological mapping [Aubouin et al., 1970]. When
he became a member of the Academy of Sciences,
Jean Dercourt gave up the traditional presentation of
a sword by his students and friends to dedicate this
fund to the creation of a prize for geological cartogra-
phy. Jean Dercourt was also convinced that, in sedi-
mentary environments, the stratigraphy of the stud-
ied succession should be as detailed as possible. As
Chairman of the Committee of the Geological Map
of France from 1986 to 1992, then Chairman of the
Earth Sciences Council at the Geological Survey of
France (BRGM), he met the geologists from this ge-
ological survey who were producing the geological
maps of the western edge of the Saudi Arabian plat-
form. He convinced them and their supervisors that
their work deserved to be widely broadcast and could
lead to a doctoral thesis. Thanks to their work, the
stratigraphy of the Lower Paleozoic to Upper Jurassic
of the Arabian Platform made enormous progress in
the late 1980s and early 1990s.

Work has continued since and in their comple-
mentary articles, entitled “The Middle to Late Triassic
of Central Saudi Arabia with emphasis on the Jilh For-
mation. Parts I and II”, Le Nindre et al. [2023a,b] pro-
vide a magnificent stratigraphic and paleoenviron-
mental synthesis of this formation and discuss both
its sequence stratigraphic interpretation and its pale-
ogeographic significance.

Although Jean Dercourt himself did not study
much geology of the French territory, with the ex-
ception of his postgraduate dissertation (“Diplôme
d’Etudes Supérieures”) on the Seine fault in Nor-
mandy, he was always keen on French geology. As
Chairman of the Scientific Committee for the 6th
edition of the geological map of mainland France
at 1:1,000,000 scale (published in 1996), he was ea-
ger to include the most recent results and innova-
tive concepts, along with Jean Chantraine and the
BRGM colleagues involved in the project. Drawing
on this experience and the knowledge he has ac-
quired of French geology, he produced an educa-
tional book [Dercourt, 1997] in which, following his

guiding principle, he takes the reader on a search for
the oceans that have disappeared in mainland France
and overseas.

In their paper, entitled “Insights on the Per-
mian tuff beds from the Saint-Affrique Basin (Mas-
sif Central, France): an integrated geochemical and
geochronological study”, Poujol et al. [2023] study
several volcanic ash beds of this basin using an inte-
grated petrological, geochemical and geochronolog-
ical approach. Their results highlight the existence
of two different groups of felsic volcanoclastic rocks.
Although the first cannot be dated due to the ab-
sence of zircon, the second is of late Early Permian
age (Cisuralian), demonstrating that the sedimen-
tary filling of the Saint-Affrique Basin is younger than
previously assumed.

In their paper, entitled “The Brécy depocenter as
part of a new reference late Variscan basin (north-
ern Massif Central, France)” Beccaletto and Bourquin
[2023] re-interpret 115 km of seismic lines and sev-
eral deep wells in this Carboniferous-Permian basin
covered by Mesozoic deposits in the SW Paris Basin.
The geometry, depositional environments and tec-
tonic evolution of the Brécy basin are considerably
updated compared with previous work. The allu-
vial to lacustrine environments, characterising the
sedimentary filling, show a transgressive–regressive–
transgressive pattern. The current geometry of the
Brécy basin is controlled by several east-dipping nor-
mal faults, some of which being connected to deep
detachment levels active during the late Carbonifer-
ous and Permian times.

After returning to Paris as a professor in the early
1980s, Jean Dercourt, together with Eric Fourcade,
set up a laboratory devoted to Stratigraphy associ-
ating UPMC with the CNRS and the Museum na-
tional d’Histoire Naturelle (MNHN). With this new
team, they developed integrated stratigraphy com-
bining the most modern approaches of sedimentol-
ogy, (micro)paleontology, chemostratigraphy, mag-
netostratigraphy, geochronology and the emerging
sequential stratigraphy. Their researches were fo-
cused on the Tethyan region, from Turkey [Fourcade
et al., 1991] to Spain [Rasplus et al., 1997]. Their re-
sults have provided an opportunity to decipher the
traces of geodynamic, oceanic or climatic events in
the sedimentary series [Dercourt et al., 1986a], in par-
ticular the oceanic anoxic events of the Mesozoic.
The Toarcian anoxic event that Jean Dercourt spotted
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in Greece was clarified [Baudin et al., 1988, 1990].

In their paper, entitled “Molecular fossils of
Aptian–Albian blue marls of the Vocontian Basin
(France), depositional conditions and connections
to the Tethys Ocean”, Riboulleau et al. [2023] exam-
ine the lipid biomarkers of six organic-rich levels of
global or regional extension and discuss their de-
positional controlling factors. This study demon-
strates that, in the Aptian–Albian succession from SE
France, organic-matter deposition resulted mostly
from local factors and that each level has its own
peculiarities. Nevertheless, connections with the
Tethys Ocean were critical for the recording of global
oceanic anoxic events.

In their paper, entitled “The contrasting origins of
glauconite in the shallow marine environment high-
light this mineral as a marker of paleoenvironmen-
tal conditions”, Tribovillard et al. [2023] challenge the
paradigm of a constantly slow formation of the au-
thigenic mineral “glauconite” in outer shelf domain.
Comparing glauconites formed in contrasting envi-
ronments from the Jurassic and Cretaceous succes-
sion of Boulonnais (NW France), the authors hy-
pothesise that isolated oyster reefs harboured anoxic
micro-environments favouring the authigenic for-
mation of glauconite in shallow waters. These results
support the idea that the “glauconite factory” is not
restricted to outer shelf but may also be formed in
very shallow areas of the shelf.

Jean Dercourt himself had never worked on the
origin of Man, but he was fascinated by the ques-
tion. Several major waves of Homo sapiens migra-
tion from Africa to the Arabian Peninsula and the
Levant took place between 59,000 and 29,000 years
ago, in the general glacial context of Marine Isotope
Stage 3 (MIS 3). However, the environmental con-
ditions at the origin of these migrations are poorly
known, and the scarcity of continental data cover-
ing this period has been interpreted as reflecting arid
conditions. This conclusion has been challenged,
as the intense aeolian deflation that occurred dur-
ing the last glacial maximum (20,000 years ago) could
have destroyed or seriously damaged lake or river
sediments, which could have reflected humid cli-
matic conditions conducive to the migration of hu-
man populations. Another difficulty in studying this
period is the methodological limitation of 14C radio-
carbon dating, which reaches its limit of use around
50,000 years ago.

In their paper “Data and models reveal humid en-
vironmental conditions during MIS 3 in two of the
world’s largest deserts”, Lézine et al. [2023] compare
245 continental discrete records and 11 long-term
continental and marine core records, dated using
14C, U/Th or luminescence methods. These data
are compared with results from the Institut Pierre-
Simon Laplace (IPSL) general circulation model to
discuss hydrological changes between 59,000 and
29,000 years in Northern Tropical Africa, North Africa
and the Arabian Peninsula. Despite a general glacial
context, wet conditions were widely, creating numer-
ous lakes, rivers and wetlands. This study shows
that humid conditions appeared much earlier and
were more prevalent in the Arabian Peninsula than
in Africa, due to the combination of monsoon rains
in summer and Mediterranean rains in winter.

This collection of articles, published as a tribute to
Jean Dercourt, includes many useful contributions,
which I hope will be of interest to readers. I would
like to thank the colleagues who agreed to submit
these choice pieces to C. R. Géoscience—Sciences de
la Planète, and François Chabaux for supporting and
encouraging me in my mission as guest editor of this
special issue. Some of these contributions were pre-
sented at conferences organised by the Academy of
Sciences and the French Geological Society on De-
cember 7th and 8th, 2021. Our warmest thanks go
to Philippe Taquet, Patrick De Wever and Jean-Paul
Cadet, who organised the December 7th event. Spe-
cial thanks to Françoise Cadet for her careful proof-
reading of the English of this editorial.
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1. Introduction

The past Tethys Ocean was Jean Dercourt’s favorite
playground. One of his most memorable achieve-
ments is the detailed reconstructions he first pub-
lished with a large group of colleagues in 1986 [Der-
court et al., 1986]. Except for ophiolitic nappes in dif-
ferent sutures zones, this almost entirely lost ocean is
only locally preserved in the Eastern Mediterranean,
south of Crete, subducting below the Aegean region
in the Hellenic trench and in the Gulf of Oman, be-
tween Arabia and the Makran subduction zone. Most
of it has now been swallowed in the subduction zones
fringing the southern margin of Eurasia since the
Late Cretaceous. This long period of convergence has
seen the formation of major mountain belts, from the
Caribbean to Indonesia, some of them still under-
way such as the Himalayas. Others have collapsed in
back-arc regions, as shown by the Hellenides in the
Aegean domain.

The younger Mediterranean Sea is the heir of the
Tethys and its formation was entirely driven by the
behavior of subducting lithospheric slabs in the as-
thenosphere. In the history of the Mediterranean, it
is convenient to distinguish [Jolivet et al., 2021a,b]
(1) a Tethyan period, before 30–35 Ma, (2) a Mediter-
ranean period (from 30–35 to 8 Ma) and a Late
Mediterranean period (from 8 Ma to the Present).
The Tethyan period has seen the opening of the
Tethys Ocean and then its subduction underneath
Eurasia. The main engine is the large-scale con-
vection driving plate tectonics with slabs and man-
tle plumes. The Mediterranean period starts be-
cause of a complete change of driving mechanism
with the prominent role of slab retreat, leading to the
opening of back-arc basins (Aegean Sea, Pannonian
Basin, Tyrrhenian Sea, Liguro-Provençal Basin, Albo-
ran Sea) at fast rates and the collapse of the mountain
belts formed during the Tethyan period (Hellenides,
Taurides, Pyrenees). The Late Mediterranean period
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sees the progressive cessation of back-arc opening
and a return to compressional conditions from the
westernmost Mediterranean to the Central Mediter-
ranean. Understanding the dynamics (forces) of this
complex puzzle first requires a precise description
of the succession of tectonic events in the entire
Tethyan realm, with their kinematics and thermal
regimes, a goal achieved through reconstructions.

The name of the Tethys Ocean was given by Suess
[1883, 1901, 1909] to the ancient deep basin sand-
wiched between Laurasia and Gondwana, after Neu-
mayr [1885] first proposed its existence for the Juras-
sic period. Suess [1883, 1901, 1909] further proposed
that the observed mountain belts were formed by
the contraction of that former ocean, a remarkable
intuition at that time. He further understood that
the present Mediterranean is an offspring of the
Tethys. We have since understood that the ophiolitic
belts running from the Caribbean to Indonesia are
the remnants of this lost ocean and it has been a
challenge to reconstruct its evolution through time
since Argand [1924]. This paper presents the vari-
ous attempts to describe the tectonic evolution of
the Tethys since the early work of Argand who had
already understood some first order features, among
which the major role played by what is now called
Apulia, or Adria, in the deformation of the Mediter-
ranean region. The presentation of these successive
attempts, until the most recent ones, shows some
major steps corresponding to conceptual break-
throughs, such as the discovery of plate tectonics.
The core of the paper is focused on the notion of
Apulia, a micro-continent drifted away from Africa
and then shortened to form a large part of the Alps,
the Dinarides and the Hellenides. Apulia, or Adria,
is represented as an independent continental block
carried by an independent plate during the Meso-
zoic in most reconstructions. The Apulian continent
would have been drifted away from African during
the early Mesozoic. However, several alternative re-
constructions [Argand, 1924, Channell and Horvath,
1976, Angrand and Mouthereau, 2021, Mouthereau
et al., 2021, Channell et al., 2022] show it still attached
to Africa and the existence of an intervening oceanic
tract, known as Mesogea, is thus still debated.
The reasons for this disagreement mostly stem from
the interpretation of the nature of the lithosphere
flooring the deep basins of the Ionian Sea and the
Eastern Mediterranean Sea, whether oceanic or con-

Figure 1. The “promotoire africain” and
“promontoire arabe” and direction of crustal
flow (“filets d’écoulement”) during Tethys clo-
sure in Emile Argand’s conceptions. Redrawn
from Argand [1924].

tinental, the continuity of platform deposits from
Africa to Apulia and paleomagnetic data that tend
to suggest that Apulia had always traveled exactly
as Africa during the Mesozoic and the Cenozoic.
We come back to this debate and finally discuss
the consequences of these reconstructions for the
understanding of geodynamic processes.

2. Emile Argand and the “Promontoire
Africain”

In La Tectonique de l’Asie [Argand, 1924], Emile Ar-
gand inferred the direction of a crustal flow (“filets
d’écoulement”) from the orientation of folds in
mountain belts (Figure 1) introducing a dynamic
aspect in continental tectonic studies. He saw the
formation of the Mediterranean arcs as the result
of such a flow, primarily controlled by the irregu-
lar shape of the Gondwanan margin (“vieux bord
gondwanien”) and proposed the existence of two
promontories impinging the southern margin of
Eurasia during the shortening of the Tethys Ocean,
the so-called African and Arabian promontories.

This vision is of course outdated nowadays, but it
already contained a major ingredient i.e., the com-
plex geometry of the African margin playing a ma-
jor role in controlling the dynamics of slab retreat
in the Eastern and Western Mediterranean, forming
the Calabrian and Hellenic arcs. It also contained
the germs of the notion of continental blocks be-
tween Eurasia and Gondwana, named today Apulia
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(or Adria) and Arabia. The separation of these large
blocks, we would say “plates” nowadays, away from
Gondwana and their evolution during the lifetime of
the Tethys until its final closure is still a major sci-
entific question we will discuss at the end of this
contribution. Argand [1924] went much further into
the description of the Mediterranean region and his
reconstructions already showed (Figure 2) the rota-
tion of Iberia opening the Bay of Biscay and the ro-
tation of a rigid block carrying Sardinia and Corsica
and the associated formation of extensional basins
since the Oligocene. He had thus seen the large pic-
ture, the Tethys as an ancestor of the Mediterranean,
as first proposed by Suess [1883], and the details of
the Mediterranean dynamics without any idea at that
time of the importance of subduction dynamics.

3. The first reconstructions incorporating the
plate tectonic concepts, the first notion of an
Apulian microcontinent

As soon as 1971, a short time after the publication
of the new global tectonics [Wilson, 1965, McKen-
zie and Parker, 1967, Le Pichon, 1968, Morgan, 1968],
Hsü [1971] proposed to revised Argand’s scheme
(Figure 3) and placed his reasoning in the new frame-
work, although he did not incorporate any precise
kinematics.

He suggested the existence of several oceanic
basins, still named geosynclines in his paper, sepa-
rating Gondwana from Eurasia, surrounding a so-
called Greco-Italian microcontinent, the first graph-
ical mention of what will then be named Apulia or
more recently Adria. This is a major shift in Alpine
studies with the first implication of the new para-
digm. It must be noted, however, that Dewey and
Bird [1970], in their seminal paper about mountain
belts and the new global tectonics, explicitly already
mention the possibility that the complexity of the
Mediterranean region is due to the amalgamation of
microcontinents with the southern margin of Eurasia
during collision.

One important consequence of plate tectonics is
also that all the pre-Atlantic kinematic reconstruc-
tions of the positions of the large plates leave a vast
open space between Africa and Eurasia in the Meso-
zoic [Bullard et al., 1965, Le Pichon, 1968], a space
where the Tethys Ocean had once developed during
the Mesozoic (Neo-Tethys). The same year, Smith

Figure 2. Evolution of the Mediterranean re-
gion as viewed by Argand with the rotation of
Iberia and Corsica/Sardinia. Redrawn from Ar-
gand [1924].
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Figure 3. The first reconstruction of the
Mediterranean region after the discovery of
plate tectonics. The Greco-Italian microconti-
nent prefigurates Apulia/Adria. Redrawn from
Hsü [1971].

[1971] published a first attempt of rigorously recon-
structing the geometry of the Mediterranean region
using the kinematic parameters imposed by the At-
lantic magnetic anomalies. This paper does not how-
ever show any detail of the temporal evolution of the
Tethyan domain between the initial situation and the
present-day. A major step is made with the pub-
lication of detailed reconstructions by Dewey et al.
[1973] (Figure 4), also based on the Atlantic magnetic
anomalies with eight stages, from the Late Triassic to
the Present, and considering the tectonic evolution
within the Tethyan domain.

Figure 4 shows the Late Jurassic (Kimmeridgian)
stage of their reconstructions. The intervening do-
main between Europe and Africa is detailed with
several continental blocks and several small oceanic
domains. This is the first clear mention of an Apu-
lian block in reconstructions. Apulia represents then
the outer zones of the Dinarides, the Hellenides and
the Apennines, a carbonate platform deposited on
a continental crust. Other independent blocks such
as the Carnic block or the Rhodope are shown. This
paper is the first modern attempt of reconstructing
the Tethys.

The shape and internal geometry of the Apulian
or Adriatic block have been drawn very differently
through time, as will be obvious in the following. One
important constraint on its kinematics comes from
paleomagnetic studies. In an important paper, Chan-
nell and Horvath [1976] attach the “Adriatic plate”
to Africa (Figure 5), the main reason being the ab-

Figure 4. The first reconstruction of the Tethys
involving plate tectonics concepts and a kine-
matics based on oceanic magnetic anomalies.
The first explicit mention of an Apulian micro-
continent in reconstructions. Redrawn from
Dewey et al. [1973].

sence of any significant difference in its apparent po-
lar wander path from that of Africa, as later stud-
ies will confirm and precise [Westphal et al., 1986].
The geometry they thus propose is quite similar to
Argand’s one with a promontory sticking out from the
main body of the African plate. Through much of the
Mesozoic Adria has followed a path that did not in-
volve any latitudinal drift away from Africa.

In the same period, Biju-Duval et al. [1977a,b]
(Figure 6) show a large Apulia, englobing all the mi-
crocontinents shown in older reconstructions, even
Channell and Horvath [1976], in a single plate sep-
arated from Africa by a narrow oceanic domain,
called Mesogea, which remnants are found today in
the Eastern Mediterranean. The width of this do-
main is probably too small to be seen in paleomag-
netic data. This reconstruction is constrained by the
Africa/Eurasia/North America kinematics deduced
from the Atlantic magnetic anomalies. It also in-
volves a palinspastic restoration of the contractional
deformation seen in mountain belts, for the first time
[Biju-Duval et al., 1977a,b]. This study announces the
next step in reconstructing the Tethys, best exempli-
fied by Dercourt et al. [1986].

The new geometrical and kinematic concepts
brought to light by the new global tectonics was in-
deed the starting point for many studies around the
world. One important example is the new vision of
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Figure 5. Paleomagnetic data suggest that
Adria was always attached to Africa. Redrawn
from Channell and Horvath [1976].

Figure 6. Apulia as a single plate separated
from Africa by an oceanic corridor named
Mesogea. The reconstruction takes into ac-
count oceanic magnetic anomalies and short-
ening of mountain belts. Redrawn from Biju-
Duval et al. [1977a,b].

the tectonic history of Turkey proposed by Şengör
and Yilmaz [1981] still serving as the basis of all tec-
tonic studies in this region nowadays (Figure 7). It
shows three branches of the NeoTethys and two con-
tinental blocks, the Sakarya continent in the north
and the Anatolide–Tauride platform in the south,
each of the intervening oceanic tracts being repre-
sented by ophiolite nappes. The southern branch
of the NeoTethys is now represented by the Eastern
Mediterranean subducting underneath Crete, simi-

Figure 7. Plate tectonics concepts explain the
geological history of Turkey with two continen-
tal blocks between Laurasia and the Arabian
platform. Redrawn after Şengör and Yilmaz
[1981].

lar to the Mesogea of Biju-Duval et al. [1977a,b]. The
Vardar Ocean is an extension of the large ophiolitic
nappes of continental Greece.

4. Toward modern reconstructions, Tethys
project

A major step forward was made through the Tethys
Project, a collaborative research venture between
French and Russian scientists [Dercourt et al., 1986,
Ricou et al., 1986, Dercourt et al., 1993] (Figure 8).
We shall not discuss here the details of these recon-
structions but only point out a few lines that make
it a milestone in tectonic reconstructions in general.
The project was achieved through an association be-
tween geologists who had a wide experience in the
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Figure 8. The Tethys Ocean reconstructed in
the Tethys project. Apulia is separated from
Africa by the Mesogea. Apulia rotates CCW by
30°. Kinematic framework after Savostin et al.
[1986]. This reconstruction also shows pale-
oenvironments (not shown). Redrawn and sim-
plified after Dercourt et al. [1986], paleoenvi-
ronments omitted.

geology of the Tethyan realm both onshore and off-
shore. The reconstructions were based upon a co-
herent kinematic framework [Savostin et al., 1986]
based on the magnetic anomalies in the oceans and
on palinspastic restoration of mountain belts and
basins, as in Biju-Duval et al. [1977a]. The details of
the geological data are published in separate papers
[Ricou et al., 1986, Zonenshain and Le Pichon, 1986].
One of the novelties is the interpretation of the Black
Sea and the Southern Caspian Sea as back-arc basins
formed above the subduction of the main Tethys
Ocean underneath the southern margin of Eurasia
[Zonenshain and Le Pichon, 1986]. The outcome is
a series of 9 maps from 190 Ma (Pliensbachian) to the
present, showing continental and oceanic domains,
as well as paleo-coastlines and types of sedimenta-
tion, thus a first attempt to show paleoenvironmen-
tal changes through time.

In Dercourt et al. [1986] Apulia rotates CCW with
respect to Africa by 30◦ from 130 to 80 Ma and the
Mesogea does not communicate eastward with the
large Tethys Ocean. Oceanic accretion dates back
to the Cretaceous in these reconstructions, a point
that will be actively debated in later years [Stampfli
et al., 1998a,b, Stampfli, 2000]. The reconstruc-
tions encompass the entire Tethyan realm from the
Caribbean to Indonesia. The position of plate bound-
aries within the oceanic domains are tentatively

Figure 9. Tethys reconstructed based the kine-
matic model of Scotese et al. [1988]. Redrawn
after Gealey [1988].

shown and kept consistent with the contemporane-
ous kinematics throughout. This set of maps thus
contains many of the recent improvements in pale-
otectonic reconstructions although it was not made
with the convenient softwares available today. The
Tethys project was followed by several others involv-
ing large international consortia of academics and oil
companies, Peri-Tethys, MEBE (Middle-East Basins
Evolution), and DARIUS [Ricou, 1994, Dercourt et al.,
2000, Gaetani et al., 2003, Barrier and Vrielynck, 2008,
Barrier et al., 2018]. Since Peri-Tethys, the emphasis
has been on paleoenvironments.

The 80’s were a period of fast development of
paleo-tectonic reconstructions. The Paleomap
project [Scotese et al., 1988] has produced global
maps on a long period spanning the last 200 Ma.
These maps were used by Gealey [1988] to propose
restorations of the Western Tethys (Figure 9) with
different kinematic options.

In these reconstructions, Apulia is a unique large
block as in Dercourt et al. [1986] with however a
different geometry. The equivalent of the Mesogea
opens even more recently than in Dercourt et al.
[1986] between a Tripolitza plate and the main body
of Africa, after the closure of an oceanic basin be-
tween this Tripolitza plate and a Central Turkey plate.
Toward the east, the Central Turkey plate is relayed
by a West Iran plate forming a ribbon of continental
blocks detaching from Africa.

Paleomagnetic data, which provided the first in-
dependent positive test of continental drift [Irving,
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Figure 10. Reconstructions of the Tethys realm
in the Peri-Tethys project. Redrawn from Der-
court et al. [1993].

1958, Runcorn, 1962] played a major role in these
series of reconstructions when large displacements
were involved. The fast displacement of India is con-
strained by the magnetic anomalies in the Indian
Ocean [Patriat and Achache, 1984, Patriat and Sé-
goufin, 1988] and by paleomagnetic data [Besse et al.,
1984, Besse and Courtillot, 1988] that helped assess-
ing intracontinental shortening in the Himalaya.

The question of the small blocks rifting away from
Africa and drifting northward to ultimately collide
with Eurasia comes into discussion at this period
already. Clearly shown in Gealey [1988], they are
also emphasized in Ricou [1994] (Figure 10). As will
be shown below, this process was not only active
in the NeoTethys but also in the PaleoTethys and is
still active nowadays, the last of these blocks being
Arabia.

The northern connections of the Tethys Ocean
were described in details by Ziegler [1999] using the

Figure 11. The northern connections of the
Tethys. Redrawn after Ziegler [1999].

numerous data acquired offshore and onshore by oil
companies. Figure 11 shows one of these maps at
the time of opening of the Central Atlantic Ocean, be-
fore the formation of the Northern Atlantic in the Late
Jurassic. In these reconstructions, Apulia is part of a
large block attached to Africa and separated from Eu-
rope by an Alpine oceanic basin connected directly to
the Atlantic by a system of transform faults.

5. Recent evolutions of paleotectonic recon-
structions

Recently made paleotectonic reconstructions take
advantage of the development of powerful kine-
matic softwares such as PaleoMap [Scotese et al.,
1988, Schettino and Scotese, 2002] or more recently
GPlates [Boyden et al., 2011]. These new methods al-
low fast and easy tests of various kinematic hypothe-
ses and also to draw the detailed evolution of the
intra-oceanic domain based on magnetic anomalies
reconstructions. One of the salient examples is the
detailed global scale reconstructions of Stampfli and
Borel [2002] (Figure 12). Compared to Dercourt et al.
[1986], besides some drastically different assump-
tions on the paleotectonic situation and age of some
paleogeographic domains, they also show the details
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Figure 12. The global reconstructions of
Stampfli and Borel [2002], Anisian stage.

of the intra-oceanic domains and they go way back-
ward in time, back to the early Paleozoic. Figure 12
show the Anisian stage (240 Ma) on the Tethyan side
of the globe. It shows the NeoTethys opening at
the expense of the PaleoTethys that is closing to the
north. A ribbon of continental blocks has detached
from Africa and drifts northward toward the subduc-
tion zone. The NeoTethys includes part the Mesogea
of Dercourt et al. [1986], which thus opens much ear-
lier. The oceanic floor of the eastern Mediterranean
in this set of reconstructions is as old as the Triassic,
a drastic difference with Dercourt et al. [1986] who
assumed a Cretaceous age. This question is not set-
tled yet. Other options have been proposed such as
the highly probable Late Jurassic age by Frizon de
Lamotte et al. [2011]. The thick sedimentary cover
of the oceanic crust between Crete and the North
African coast makes all speculations possible but re-
cent studies favor a Jurassic oceanic floor [Tugend
et al., 2019].

Figure 13 shows a detail of the Western Tethys
121 Ma ago (Aptian) after Stampfli and Kozur [2006].
The Alpine Tethys is a continuous oceanic domain
from the Ligurian Ocean preserved in the Alpine
ophiolites and the Maghrebian Tethys between Spain
and Morocco, connected with the Central Atlantic.
The Vardar and Lycian oceanic domains have de-

Figure 13. A detailed vision focused on the
Tethys realm [Stampfli and Kozur, 2006].

veloped as back-arc basins above the subduction
zones, totally consuming the older Maliac and Izanca
oceans, a drastic assumption that renders possi-
ble the replacement of an ocean by a younger one.
In Barrier and Vrielynck [2008] (Figure 14) a full
connection of the Atlantic with the Tethys is shown
and Apulia forms a large isolated block drifting away
from Africa in the Late Jurassic, and the Alpine Ocean
is a small tributary of the larger Tethys.

One recent trend of paleotectonic reconstructions
is to explore their implications for the amount of slab
imaged in the mantle by seismic tomography, orient-
ing the reconstructions toward a 3-D approach. An
early attempt was proposed by Faccenna et al. [2001]
for the Western Mediterranean, allowing a new de-
scription of the history of subduction and slab re-
treat, which has consequences for the understand-
ing of slab dynamics in the asthenosphere and at the
upper/lower mantle discontinuity. A more detailed
exercise, on a larger scale, was shown by Hafken-
scheid et al. [2006] for the Tethys Ocean based on the
reconstructions of Stampfli and Borel [2002] men-
tioned above and detailed comparison with the to-
mographic model of the Utrecht Group [Wortel and
Spakman, 2000, Spakman and Wortel, 2004]. A re-
verse approach was later proposed at the scale of
the globe to unravel the history of subduction and
absolute kinematics for the last 300 Ma by van der
Meer et al. [2010]. This study was based on a set
of global reconstructions in a paleomagnetic frame-
work [Steinberger and Torsvik, 2008, Torsvik et al.,
2008] and the global travel-time tomography model
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Figure 14. Callovian stage of Tethys recon-
structions from the MEBE project. Apulia is
totally separated from Africa by the Mesogea
Ocean and the Alpine Ocean is a small tributary
of the Tethys. Red spots represent active vol-
canism at the time of the reconstruction. Re-
drawn from Barrier and Vrielynck [2008].

of Amaru [2007]. This approach allows pinning the
plates with respect to the underlying mantle with
some simple assumptions on the behavior of slabs
at depth (more or less vertical sinking) and it thus
provides a complementary approach to absolute mo-
tions. Such a link between slabs at depth and kine-
matic reconstructions at the surface is proposed by
Handy et al. [2010] for the western part of the Tethys
(Figure 15).

The geometry of plate boundaries and continen-
tal margins in this set of reconstructions is a direct
graphic translation of a simple kinematics linking the
Ligurian and Piemont Ocean with the Atlantic Ocean.
One consequence is the opening of a large Ligurian
Ocean west of Adria, a solution that has been re-
cently challenged by Angrand and Mouthereau [An-
grand et al., 2020, Angrand and Mouthereau, 2021].
Such a simple kinematic pattern allows an easy cal-
culation of the length of slab subducted in the man-
tle and facilitates the comparison with the tomo-
graphic images. Handy et al. [2010] conclude to a dis-
crepancy between 10 and 30% in the amount of slab
subducted deduced from the reconstructions and

Figure 15. Cretaceous reconstruction of the
western Tethys, a wide Ligurian Ocean fully
connected to the Atlantic. With these recon-
structions the authors estimate the amount of
slab swallowed by Tethyan subduction zones.
Redrawn from Handy et al. [2010].

Figure 16. Latest Jurassic reconstruction of the
Western Tethys. The Alpine Tethys is a tributary
of the Atlantic Ocean. Redrawn from Schettino
and Turco [2011].

imaged by tomography. A similar direct kinematic
link between the Alpine Ocean and the Atlantic is
proposed by Schettino and Turco [2011] (Figure 16)
and no direct connection with the large Tethys Ocean
is postulated. Apulia remains attached to Africa.

The reference frame of the reconstructions is an
important issue. One of the most difficult questions
is to reconstruct the paleolatitudes as the whole sys-
tem of plates may be positioned almost anywhere
on the globe if considering only relative kinemat-
ics. This question was already addressed in the very
first reconstructions by Köppen and Wegener [1924].
They used paleoclimatic proxies such as the presence
of tillites, evaporites or coal to test the reliability of
Wegener’s reconstructions [Wegener, 1912, 1924,
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Figure 17. Global reconstruction in the Early
Cretaceous and the Adria and Taurides con-
tinental blocks in a paleomagnetism-based
model. Redrawn from Torsvik and Cocks
[2016].

1929] on a globe where the present latitudinal zona-
tion of climates would not change. One powerful tool
to determine the paleolatitudinal position of a given
plate is through paleomagnetic constraints. Torsvik
et al. [2008] and Steinberger and Torsvik [2008] have
proposed a set of global reconstructions based on a
paleomagnetic framework, assuming little absolute
motion of Africa (Figure 17). They thus obtained
with an independent approach the paleolatitude
and the paleolongitude. The reconstructions are not
detailed in the Tethyan realm, but the position of
Adria and the Taurides, shown here as two separate
blocks in the Early Cretaceous, is mainly based upon
paleomagnetic data.

The same kinematic parameters [Torsvik et al.,
2008] were used for the large plates for the de-
tailed DARIUS Project reconstructions of Barrier et al.
[2018] (Figure 18), but the internal organization of
the Tethyan realm is based upon geological data,
onshore and offshore. The paleotectonic maps are
then decorated with paleoenvironmental conditions
based on the observed sedimentary deposits at each
stage of the reconstructions (Figure 19) leading to
an unprecedented image of the geological changes
through time.

Figure 18. Callovian reconstruction of the
Tethys from the DARIUS project. Redrawn from
Barrier et al. [2018].

6. Discussion: future evolutions of plate mod-
els and geodynamic issues

The recent years have seen considerable improve-
ments of tools for reconstructing past plate motions
thanks to the development of user-friendly softwares,
the most popular of which being certainly GPlates
[Torsvik et al., 2008, Boyden et al., 2011, Seton et al.,
2012, Müller et al., 2019]. The GPlates group has
not only built a very convenient kinematic tool easy
to use for geologists, but also a large database of
kinematic and geophysical data. The modern re-
constructions in addition include the possibility to
deform plates along their boundaries, which is also
a very useful improvement. These reconstructions
can for instance be used for studying the interac-
tions between mantle convection and plate motion at
the surface with global numerical models [Rolf et al.,
2012, Zahirovic et al., 2016, Coltice et al., 2017] link-
ing in a single coherent tool all the approaches done
“by hand” in the previous period. Modern plate re-
constructions have reached another dimension and
they can be used for discussing the internal dynam-
ics of the Earth based on plate kinematics and geo-
logical observations.
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Figure 19. Callovian reconstruction of the Tethys from the DARIUS project with depositional paleoenvi-
ronments. Redrawn from Barrier et al. [2018].

This does not mean, however, that a full consen-
sus has been reached in a complex setting such as
the Mediterranean and the lost Tethys Ocean. Some
debates are still active among geologists working in
these regions. The geometry of the micro-continent
either named Apulia or Adria is still actively discussed
as well as the amount of oceanic crust swallowed by
Alpine subduction zones in the Mediterranean, espe-
cially in the west where the nature of the crust be-
tween Africa and Eurasia is debated. The very exis-
tence of Adria as an independent micro-continent is
also debated.

Figure 20 is an extract of the detailed recon-
structions of the Tethys recently published by van

Hinsbergen et al. [2019] and Figure 21 shows the
same region in a set of reconstructions by Angrand
and Mouthereau [Angrand et al., 2020, Angrand and
Mouthereau, 2021].

The surface covered by oceanic crust is drasti-
cally different in the two sets of reconstructions.
van Hinsbergen et al. [2019] connect the Alpine
Ocean to the Atlantic Ocean [see also Handy et al.,
2010] through the Gibraltar Strait and a rather wide
oceanic domain is present in the location of the fu-
ture Pyrenees, while Angrand and Mouthereau [An-
grand et al., 2020, Angrand and Mouthereau, 2021]
show much less oceanic domains and no continu-
ity of oceanic crust from the Alpine Ocean to the
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Figure 20. Aptian reconstruction of the Tethys
and the Greater Adria, one of GPlates recent
applications. Note the oceanic domain in the
Pyrenees and the future Alboran Sea. Redrawn
from van Hinsbergen et al. [2019]. To be com-
pared with Figure 21.

Atlantic. At the maximum of divergence, only mantle
exhumation is shown in the future Betics and the
Pyrenees. This is due to drastically different inter-
pretations of the geology of the Pyrenees and the
Betics-Rif arc. I shall not show my preference here,
but the interested reader can have a look at Romagny
et al. [2020] or Bessière et al. [2021].

As a large majority of reconstructions show a sep-
arate micro-continent that has drifted away from
Africa, we shall not enter too much into this debate
in this paper focused on the different geometries of
Apulia/Adria since the first publications. It is how-
ever important to mention this still active discussion
because the alternative interpretations have drasti-
cally different geodynamic implications.

The discussion dates back to the first reconstruc-
tions in the 70’s. Channell and Horvath [1976] repre-
sent Apulia as a promontory of Africa, the main rea-
son being the absence of significant differences in the
paleomagnetic drift of Apulia and Africa. This vision
is the closest to the original interpretation of Argand
[1924]. The recent interpretations of Angrand et al.
[2020] and Channell et al. [2022] (Figure 22) come
back to a partly similar interpretation without a wide
Mesogean Ocean. The Mesogea is instead already
present in Biju-Duval et al. [1977a,b] and Dercourt
et al. [1986], although they keep a continental bridge
between Apulia and Africa. An oceanic domain south

of Apulia was also already present in Dewey et al.
[1973].

The debate has been nicely summarized in the re-
cent paper of Channell et al. [2022]. The authors
of this paper argue in favor of the original model of
Channell and Horvath [1976] and review the available
data, in favor or against the existence of the Meso-
gea. I shall not enter into the details here again and
the reader is referred to Channell et al.’s review. I
shall only summarize the main points of the debate.
The first observation often put forward against the
existence of an oceanic domain between Apulia and
Africa stems from paleomagnetic data. The paleo-
magnetic data show that, if an oceanic space ever
existed, it could not have been wider than the er-
ror on the data that suggest no differential drift. In
all reconstructions this oceanic space is not wider
than a few hundreds of kilometers, which remain in
agreement with the data. The paleomagnetic data
alone thus cannot give a definitive answer, even less
so because in these reconstructions Apulia is sand-
wiched between two oceanic spaces, the Mesogean
and Alpine oceans, the widths of which being totally
unknown. Both are thought to be a few hundreds of
kilometers wide, but without any certainty as the only
data are (1) the respective paleolatitudes of Africa,
Apulia and Eurasia and (2) the reconstructed width
of the passive margins, which both come with signif-
icant errors. The width of Apulia/Adria is thus largely
speculative. Sedimentary facies in Apulian tectonic
units show a certain continuity from Africa, which
is one more argument against the existence of the
Mesogea. The Mesogean Ocean was however nar-
row and similar depositional environments on either
side would not be surprising. Detailed paleoenviron-
mental reconstructions such as Barrier et al. [2018]
(Figure 19) show deep facies south of Apulia on the
Mesogean margins. The presence of obducted ophi-
olites in Cyprus and southern Turkey is another ar-
gument in favor of an oceanic basin south of Apu-
lia [Robertson, 1998, Maffione et al., 2017, van Hins-
bergen et al., 2019]. The third type of data important
in this debate is the nature of the crust in the deep
basins of the Central and Eastern Mediterranean, re-
spectively the Ionian Sea and the Herodotus/Levant
Basin. Tugend et al. [2019] present a detailed re-
assessment of this question. Available seismic data,
whether refraction or reflection, suggest an old Meso-
zoic oceanic basement in both basins, with a Permo-
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Figure 21. Two stages of the Tethys evolution showing much less oceanic lithosphere in the Western
Tethys than in van Hinsbergen et al. [2019]. Compare to Figure 20. Redrawn from Angrand and
Mouthereau [Angrand et al., 2020, Angrand and Mouthereau, 2021].

Figure 22. Jurassic reconstruction of Channell
et al. [2022] showing no real separation be-
tween Africa and Adria. A left-lateral strike-
slip fault is represented instead inducing the
formation of small oceanic pull-apart basins in
the Ionian Sea and Eastern Mediterranean.

Triassic rifting and a Jurassic oceanization. Chan-
nell et al. [2022] accept this conclusion and form
this oceanic crust within small pull-apart basins, one
for the Ionian Sea and one for the Levant Basin,
along a left-lateral system of transform faults along
which Africa moved with respect to Eurasia dur-
ing the Mesozoic, a solution already used by Le Pi-
chon et al. [2019]. This kinematic option offers a
simple way to accommodate a significant displace-

ment without much latitudinal motion to fit the pa-
leomagnetic data. It however implies that the Io-
nian Sea and Levant Basin have been separate basins
since their formation in the Mesozoic and that the
Mediterranean Ridge accretionary wedge that sepa-
rates them formed there just by chance. An alterna-
tive solution is that the two basins are parts of a sin-
gle deep Mesozoic oceanic basin subducting under-
neath the Mediterranean Ridge.

The last point of discussion is the engine of the
Cenozoic subductions in the Mediterranean realm. It
is most of the time considered that convergence and
slab retreat in the Calabrian and Hellenic trenches
are powered by the weight of the Hellenic and Io-
nian oceanic lithospheric slabs [Faccenna et al., 1997,
2001, 2014, Carminati et al., 1998a,b, Jolivet and
Faccenna, 2000, Spakman and Wortel, 2004, Wor-
tel et al., 2009, Romagny et al., 2020, Jolivet et al.,
2021a,b] and that the post-35 Ma dynamics of the
Mediterranean is essentially driven by slab behav-
ior in the upper mantle. This widely shared vision
is supported by numerical and analogue modeling
[Faccenna et al., 2003, Funiciello et al., 2003, Ster-
nai et al., 2014, Capitanio, 2014]. In such mod-
els, the slabs are considered denser than the conti-
nental lithosphere of the overriding plate, and thus
oceanic, which agrees with most published recon-
structions and geophysical data in the Ionian Sea [Tu-
gend et al., 2019, and references therein]. It also
agrees with the presence of a calc-alkaline volcanic
arc in Sardinia in the Late Eocene and Oligocene
[Lustrino et al., 2009]. Channell et al. [2022] propose
the alternative interpretation of a delamination of
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Figure 23. Four stages of the Tethys evolution showing continental blocks rifting away from Gond-
wana/Africa and drifting northward to ultimately collide with Laurasia/Eurasia. Redrawn from Barrier
and Vrielynck [2008], Ricou [1994], Stampfli and Borel [2002].

the continental mantle below a previously thickened
crust underneath the back-arc domain that would
have similar consequences on the upper plate than
the subduction of a retreating oceanic slab. Kine-
matic reconstructions taking into account paleomag-
netic rotations, shortening rates in the Apennines
and the amount of extension in the Liguro-Provençal
Basin and Tyrrhenian Sea however impose about
600–800 km of maximum southeastward retreat of
the Ionian slab since the Late Eocene [Dewey et al.,
1989, Rosenbaum et al., 2002, Carminati et al., 2012,
Romagny et al., 2020]. 600 or 800 km of shorten-
ing cannot be found in the Apennines, even when
adding the Pyreneo-Provençal fold-and-thrust belt.

This would then imply that delamination had been
triggered by a convective instability below the mod-
erately thickened Pyreneo-Provençal belt and had
then been subsequently driven only by the weight of
the continental mantle to reach the stage of complete
continental break-up in the back-arc domain, first in
the Liguro-Provençal Basin and then in the Southern
Tyrrhenian Sea. Whether this is physically feasible is
still unclear and future studies are required of this al-
ternative geodynamic scenario.

Reading the terms of this debate, one can eas-
ily feel that such diverging interpretations will in-
evitably lead to very different geodynamic interpre-
tations both in mechanical and thermal terms, de-
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pending upon whether an oceanic or a continental
lithosphere has been consumed in the Mediter-
ranean subduction zones.

Going back to the larger scale, we have seen in
the present contribution the various representations
of Apulia or Adria through time since Hsü [1971].
Whatever the exact shape and rifting time of these
blocks away from Africa or Gondwana, they ap-
pear a constant feature of the Tethys geodynamics
in most reconstructions considering that Apulia has
been drifted away from Africa in the Mesozoic: rib-
bons of continental blocks rift away from Africa and
drift northward faster than their mother continent,
to ultimately collide with Eurasia. Before the separa-
tion of Apulia, the Cimmerian blocks detached in the
Triassic–Liassic and their collision with Eurasia led to
the Cimmerian Orogeny in the Jurassic [Şengör, 1979,
Gyomlai et al., 2022].

Figure 23 shows four reconstructions by two in-
dependent groups of scientists at different periods,
from the Devonian (400 Ma) to the Cenomanian
(95 Ma). The Anisian stage shows the Cimmerian
blocks [Stampfli and Borel, 2002], the Jurassic and
Cretaceous stages show Apulia [Ricou, 1994] and the
Devonian stage shows another ribbon of blocks drift-
ing away from Gondwana during the opening of
the Paleotethys at the expense of the Rheic Ocean
[Stampfli and Borel, 2002]. The formation and drift
of such blocks thus seems to be a constant scheme of
the Tethys Ocean and it requires an explanation.

Figure 24 shows a reconstruction at 250 Ma
[Torsvik and Cocks, 2016] highlighting the Cim-
merian blocks drifting away from Gondwana. It also
shows the projection at the surface of the Large Low
Shear Velocity Zones observed by seismologists in the
lowermost mantle where all major plumes originate.
They represent the source of upwelling branches of
whole-mantle convection [Burke, 2011]. The Cim-
merian blocks lie to the NE of the Tuzo LLSVP and
they migrate toward the main Tethyan subduction
zone further northeast. It is thus tempting to con-
clude that they are carried by the convective flow
that is responsible for the breakup of Gondwana.
This mechanism has been proposed for the forma-
tion and migration of Apulia and Arabia [Faccenna
et al., 2013, Jolivet et al., 2016] and tested by numer-
ical modelling [Koptev et al., 2019]. This is only one
example of how a first order geodynamic process, not
proven yet, can be derived from the observation of

Figure 24. The globe 250 Ma ago. Cimmerian
blocks drift northward away from Gondwana to
the northeast of the “Tuzo” LLSVP (Large Low
Shear Velocity Province). Redrawn from Torsvik
and Cocks [2016].

paleotectonic reconstructions. The pioneer work of
Jean Dercourt and his colleagues have far-reaching
consequences, in terms of large-scale geodynamic
processes as well as in terms of paleoenvironments,
and thus in terms of prospection of natural resources.
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Abstract. Active margins are sensitive to several subduction-related processes which include rapid
opening and closure of neighboring basins. The stages of rifting, spreading and the cessation, of
activity the South China Sea basin in Cenozoic appears to be coeval with the progressive closure of the
Proto-South China Sea which ended with collision in Borneo and Palawan. The evolution bracketed
between 45 Ma and 16 Ma, migrated through time from NE to SW. This dual simultaneous tectonic
evolution illustrates how far-field subduction process may impact the regional tectonics in terms of
both rifting and contraction of the crust from initiation to termination.
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1. Introduction

The original causes for the opening of large oceans
are difficult to decipher because the conditions of
their onset is generally obscured by their later devel-
opment. On the other hand, marginal basins open
as a result of mechanisms which can be identified
easily, and include several subduction-related pro-
cesses encompassing back-arc or forearc setting, and
often follow gravity collapse of older existing oro-
gens. In Southeast Asia, many basins have formed
in convergence setting and most of them are young
enough to have it preserved [Pubellier and Morley,
2014, Rangin et al., 1990b], such as the Philippine

∗Corresponding author.

Sea [Karig, 1974], the Sulu Sea [Rangin, 1989], the
Celebes Sea or the Banda/Damar seas. The exten-
sion responsible for the opening is observed on both
upper and lower plate, and the rifting/spreading of
basins is often coeval with closure of the neighboring
ones [Pubellier and Meresse, 2013]. The stages of rift-
ing, spreading and the cessation of activity of the SCS
basin in Cenozoic appear to be coeval with the pro-
gressive closure of the Proto-South China Sea (PSCS)
which ended with collision in Borneo and Palawan
[Franke et al., 2014, Hall and Breitfeld, 2017]. How-
ever, if the ages of the rifting stages are relatively
well constrained, the dating of the closure is blurred
and requires a discussion of the successive regional
unconformities.

Mature marginal basins are usually underlain by
oceanic crust and are semi-isolated from the open
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Figure 1. Schematic models illustrating three possible scenarii for the South China Sea opening. (A) Slab-
pull model suggesting a southward subduction of the Proto-South China Sea [Taylor and Hayes, 1983,
Hall, 2002, Pubellier et al., 2003, Morley, 2016]. (B) Back-arc model suggesting that the South China
Sea opened on the overriding plate while Proto-South China Sea either subducted northward, or was
undergoing double-sided subduction [Wu and Suppe, 2017, Li et al., 2020, Lin et al., 2020]. A variation of
this option is an oceanward subduction followed by a continentward subduction [Larvet et al., 2022].
(C) Block extrusion induced by the India-Eurasia collision which opened the South China Sea along
strike-slip fault [Tapponnier et al., 1982, Briais et al., 1993, Leloup et al., 2001].

ocean by a tectonic or volcanic ridge [Zhou, 2014].
They are formed as a result of several processes
encompassing back-arc or fore-arc setting, and de-
formed by adjacent boundary forces, such as for in-
stance, trench retreat, block rotations or collision
[Chenin et al., 2017]. The evolution of the basins, and
theirs adjacent structures, can be interpreted from
their stratigraphic record. The temporal and spatial
variation at regional scale, allows invoking a geody-
namic scenario of evolution. Their short-lived cy-
cle also provides easier correlation across short dis-
tance between the basin margins and their surround-
ing tectonic realms.

Many studies had suggested the opening of the
SCS, and the closure of the PSCS, took place simulta-
neously in Cenozoic time [Holloway, 1982, Taylor and
Hayes, 1983, Zhou et al., 1995, Pubellier et al., 2003,
Franke et al., 2014, Hall and Breitfeld, 2017, Lunt,
2019, Li et al., 2020, Lin et al., 2020]. Different geo-
dynamic and boundary forces have been suggested
and debated (Figure 1), such as the India-Eurasia

collision inducing extrusion of the Indo-China Block
[Tapponnier et al., 1982, Briais et al., 1993, Leloup
et al., 2001], the opening of a supra-subduction basin
[Wu and Suppe, 2017, Li et al., 2020, Lin et al., 2020],
or a basin opening in the midst of the downgoing
plate [Taylor and Hayes, 1983, Hall, 2002, Pubellier
et al., 2003, Morley, 2016, Li et al., 2020]. The discus-
sion of the different tectonic models of evolution in
East and Southwest South China Sea, although still
debated, has been reviewed recently [Morley, 2016,
Hennig-Breitfeld et al., 2019, Wang et al., 2020].

The South China Sea, although a far field product
of the subduction, is difficult to consider as a back-
arc basin, unless involving a double-verging subduc-
tion [Wu and Suppe, 2017, Li et al., 2020, Lin et al.,
2020], and has been created as the result of tecton-
ics involving either the extrusion of the Indochina
block [Tapponnier et al., 1982, Briais et al., 1993,
Leloup et al., 2001], or the slab-pull triggered by the
southward subduction of the Proto-South China Sea
[Taylor and Hayes, 1983, Hall, 2002, Pubellier et al.,
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Figure 2. Cross-section lithosphere sections across the SCS and the PSCS. (A) Subduction of the Paleo-
Pacific Plate went underneath the Eurasia Plate and forming the Proto-SCS as a back-arc setting in
Cretaceous. Sampaguita, Kalamansi and Caolao wells are projected reference drill sites. (B) Same section
during Late Neogene times.

2003, Morley, 2016]. Indeed, all these processes have
somehow interacted; the global back-arc location of
all the marginal basins of Southeast Asia [Rangin
et al., 1990a, Pubellier et al., 2003], the existence of
the large Red River and Wang Chau strike-slip faults,
and the trench pull of the PSCS. The latter of these
options was confronted to the observation that no
active example exists on earth, although this config-
uration is admitted for the demise of the successive
Tethysian basins, and that it was difficult to model,
prior to the studies of Larvet et al. [2022].

In order to approach this issue, this study
overviews the tectonic evolution of two marginal
seas; the South China Sea (SCS) and the vanished
Proto-South China Sea (PSCS), which have been
studied extensively in the past decades [Taylor and
Hayes, 1980, 1983, Holloway, 1982, Larsen et al.,
2018]. In view of the complexity of the differ-
ent extensional and contractional features of this
paired configuration, the study attempts to establish
tectono-stratigraphic correlations across the oppo-
site margins of the SCS, and the PSCS. Various tec-
tonic stages represented by the selected unconformi-
ties and integrating multi-disciplinary evidences are

combined to reconcile the different hypotheses for
the tectonic evolution of this dual system.

2. Geological background

South China Sea is located at the junction between
the Eurasia Plate, the Philippine Sea Plate, and the
Indian–Australian Plate. Convergence around the
Sunda Plate encompasses seismically active plate
boundaries such as the Taiwan/Philippines Mobile
Belt in the east, the Sumatra subduction zone in the
south and east, up to the Himalaya collision in the
west. Since Jurassic times, a northward subduction
beneath the Eurasia Plate, initiated an extension and
a SE migration of the subduction [Yan et al., 2014a,
Pubellier and Morley, 2014, Li et al., 2018, 2020]. Sev-
eral intra-plate marginal seas were formed (Figure 2)
[Karig et al., 1978, Jolivet et al., 1989, Rangin et al.,
1990b, Schellart et al., 2019], in a global setting which
is within the upper plate of the Pacific/Indian Ocean
subduction system.

The South China Sea is one of these marginal
basins which opened along the SE China and the
Vietnam continental margins. Its rifted margins de-
veloped along inherited structures, for instance, fold
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limbs [Savva et al., 2014, Ye et al., 2020], or extensive
granite massif [Kudrass et al., 1986, Yan et al., 2014b,
Xiao et al., 2019, Miao et al., 2021]. Many syn-rift un-
conformities are described since the Paleogene, in re-
sponse to the development of half-grabens marked
by detachment faults while the continental crust ex-
tended over 600 km in both conjugated margins. A
rapid breakup [Larsen et al., 2018], forming a signif-
icant V-shaped formed between 32 to 16 Ma [Fig-
ure 3, Briais et al., 1993, Le Pourhiet et al., 2018] with a
narrow COT and localized magmatism [Nirrengarten
et al., 2020]. A diachronous migration of the rifting
and seafloor spreading has been proposed [Franke
et al., 2014].

Another basin, known as the Proto South China
Sea (PSCS), existed prior to the opening of the SCS,
to its SE, but is presently totally subducted [Ran-
gin et al., 1990b, Hall and Breitfeld, 2017], and only
present as ophiolitic remnants [Omang and Barber,
1996, Dycoco et al., 2021]. The ocean-floored Proto-
South China Sea (PSCS) was probably formed as a
back-arc basin also referred to as the Rajang Sea
[Rangin et al., 1990b] although a connection with
the easternmost Tethys is possible. The existence
of this ancient basin is based on the presence of
ophiolite complexes and imbricated fold-and-thrust
belt in both NW Borneo and Palawan (Figure 2).
The ages of the ophiolites clustered in two main
groups as Early Cretaceous and Middle Eocene [Ran-
gin et al., 1990b, Omang and Barber, 1996, Graves
et al., 2000, Keenan et al., 2016, Chien et al., 2019,
Gibaga et al., 2020, Rahmat et al., 2020, Dycoco et al.,
2021]. Many stratigraphic hiatuses and changes of
sediment sources from the hinterlands reveal succes-
sive tectonic events since the Eocene [Cullen, 2010,
Hennig-Breitfeld et al., 2019]. The termination of the
last of these events (Sabah Orogeny) is dated from
Late Miocene to Pleistocene [Tongkul, 2003, Lunt
and Madon, 2017, Sapin et al., 2013, Hall and Bre-
itfeld, 2017]. Few granite intrusions along Borneo
and Palawan suggest the presence of a broken litho-
spheric slab in Late Miocene [Prouteau et al., 1996,
Encarnacion and Mukasa, 1997, Hutchison et al.,
2000, Cottam et al., 2010, Sapin et al., 2013, Forster
et al., 2015].

3. Methodology

This paper reviews the unconformities which are in-
dicators of tectonic instabilities of the margins, but
also changes of seismic facies and subsidence his-
tory, in three different domains from East to South-
west (D1 to D3 on Figure 3) following Savva et al.
[2014]. We extracted key published seismic profiles
and wells (locations see Figure 3) to analyze the rift
evolution on the grounds of seismic stratigraphy, bio-
stratigraphy, and structures. Subsidence history is
also examined. In a general, we identify Ro as a
“stretching stage” in the sense of Péron-Pinvidic et al.
[2007] which is characterized by numerous steeply
dipping normal faults, R1 and R2 the thinning stages
with an unconformity in the middle (IRU). These rift-
ing stages are followed by the breakup.

In Section 4, the correlation of stratigraphic cuts
related to the contraction is established through do-
mains 1 to 3 in order to explore the timing of the col-
lision. Observations in the field onshore and on seis-
mic lines offshore is used to underline and date the
crucial convergence-related unconformities. The fa-
cies changes in the deposits are also taken into ac-
count to evaluate fluctuations in the depositional en-
vironment and possible uplift periods. Ultimately, we
try to evaluate chronological links between the two
opposite margins (Section 6).

4. Tectono-stratigraphy of the rifting and
spreading in the South China Sea

4.1. Rifting stratigraphy in Domain 1

On the China margin, the stratigraphy had been es-
tablished confidently in the past decades according
to the intense industrial research exploration.

Within the syn-rift sequence, some internal sig-
nificant unconformities are found in the Pearl River
Mouth Basin (PRMB) in front of Hong-Kong [Chan
et al., 2010, Morley, 2016, Lunt, 2019], as well as in
the Tainan Basin SW of Taiwan [Lin et al., 2003]. The
timing of breakup and rifting has been interpreted as
a diachronous event from east to southwest [Franke
et al., 2014]. Although the onset of rifting has been
long debated due to insufficient number of drillings
[Morley, 2016], the age of the detachment fault dur-
ing rifting, and the age of the breakup show a di-
achronous evolution as shown on Figure 4 [Franke
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Figure 3. (A) Elevation in SE Asia illustrating oceanic basins including SCS: South China Sea, SS: Sulu
Sea, CS: Celebes Sea, BS: Banda Sea, BBW: Beibuwan Basin, L: Luconia Basin, NCS: Nam Con Son Basin,
NWPB: NW Palawan Basin, PK: Phu Khanh Basin, PRMB: Pearl River Mouth Basin, QDN: Qiongdongnan
Basin, SH-Y: Song Hong-Yinggehai Basin, TXN: Taixinan Basin. The bathymetric map has a non-linear
color bar to assist in highlighting certain features. Red lines represent the location of seismic profiles
and black solid dots represent the locations of the wells. Reference to boreholes; A for Pearl River area,
B for “Dangerous Grouds Area (e.g., Sampaguita-1 and Malampaya wells), C for Hainan shelf, E for Nam
Con Son (NCS), D for Spratleys Shelf, F for Luconia Shelf. (B) The black dashed lines demonstrate the
tentative location of the closure zone of the PSCS [modified from Zhou et al., 2008, Hall, 2012, Liu et al.,
2014, Zhang et al., 2017].

et al., 2014, Savva et al., 2014]. An early phase of dif-
fuse stretching Ro begins possibly as early as Late
Cretaceous [Chan et al., 2010], after the end of the
compressional deformation [Nanni et al., 2017] and
ended 45 Ma [Xie et al., 2019]. The syn-rift I (R1)
was deposited on a basement cut by high-angle nor-
mal faults (orange on Figure 4) and bracketed be-
tween 45 Ma and 37 Ma [Lin et al., 2003]. An Intra-

Rift Unconformity (IRU) separates a second rifting
period (R2) from 37 to 32 Ma. It is marked simul-
taneously on the SE China and Palawan margins by
a significant hiatus, and a strong sagging period [Lin
et al., 2003, Xie et al., 2019]. This period is character-
ized by thickly sedimented U-shaped seismic units in
the lower part (green to pink horizon on Figure 4),
typically expressed in the Liwan sag [Larsen et al.,
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Figure 4. Selected portions of seismic lines and major horizons underlying the stratigraphic sequences
R1, R2 and R3 discussed in text for Domain 1 (NE of the SCS). Location of the seismic profiles and wells
see Figure 3. The intra-rift unconformity (green solid lines) separates the underlain R1 units and the
overlying R2 units. The R2 characterizes detachment-related extension and onlapping onto the intra-
rift unconformity, corresponding to the acceleration of rifting rate. The breakup unconformity (red solid
lines) indicates the breakup time and the incipient seafloor spreading. Subsidence curve modified from
Tang et al. [2014], Xie et al. [2014]; Clift et al. [2015]. ROU is the base of R1, IRU is between the 2 thinning
events (between R1 and R2), and BU (Breakup Unconformity) marks the end of the rifting and the onset
of the spreading at the domain location.

2018]. The thick R2 represents the last stage of the
rifting prior to breakup. Spreading started around
32 Ma [Briais et al., 1993, Larsen et al., 2018, Chao
et al., 2021], and ceased at ca. 16 Ma [Briais et al.,
1993, Li et al., 2015]. If the extension alone can be in-
voked for the stretching and thinning of the SE China
margin, the southern conjugate margin may in ad-
dition have suffered from a flexural fore-bulge ef-
fect induced by the subduction in Palawan [Steuer
et al., 2014]. The most continuous record at Well

Sampaguita-1 documented a stratigraphic boundary
formed around 49 Ma between the transition from
the shelf to calcareous shale [Taylor and Hayes, 1980,
Yao et al., 2012]. An extensive unconformity occurred
in Sampaguita-1 and Malampaya at 37 Ma [T80;
Fournier et al., 2005, Yao et al., 2012, Steuer et al.,
2014], and this unconformity can be extended along
the seismic profiles showing its distinct distribution
in the Offshore Palawan Margin. There, to the south
of Domain 1, the breakup unconformity is drawn
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around 28–30 Ma, possibly indicating a small lag
time, or at least an asymmetry for the start of spread-
ing [Nirrengarten et al., 2020]. The age is witnessed
by the drilling and seismic evidences [Holloway,
1982, Fournier et al., 2005, Franke et al., 2011, Yao
et al., 2012, Steuer et al., 2013, 2014, Peng et al., 2020].

The tectonic subsidence and the subsidence rate
are integrated from previous publications [Tang et al.,
2014, Xie et al., 2014, Clift et al., 2015], and deduced
from the seismic observation. The initial rifting cor-
responds to the minor subsidence (Figure 4), coin-
ciding the R0 and R1 stratigraphy bounded by high-
angle normal faults. The increase of the subsidence
rate within the R2 is vigorously related to the de-
tachment faults which thin the crust and generated a
Late Eocene unconformity onlapped by the concave-
up R2 units in SE China and NW Palawan Margins
(Figure 4). This acceleration of extension rate is also
suggested in the modelling prior to the rapid breakup
in the SCS [Brune et al., 2016, Le Pourhiet et al.,
2018].

4.2. Rifting stratigraphy in Domain 2

On the E Vietnam Margin, extension is localized both
along sharp segments [Marquis et al., 1997, Roques
et al., 1997, Fyhn et al., 2009], and along wide ex-
tremely stretched areas showing detachment fea-
tures [Lei and Ren, 2016, Savva et al., 2014, Chang
et al., 2022]. Similarly, the southwestern margin also
developed extensive basins with detachment faults
[Liang et al., 2019] resulting ultimately in an even
thinner crust (Figure 5).

Likewise in Domain 1, the beginning of stretch-
ing is unclear (Late Cretaceous?) and ended up at
38 Ma [Lei and Ren, 2016]. The distinct ROU (re-
gional onset unconformity) is reported mainly at
37 Ma (T80, bottom of Yacheng Fm.) or slightly
older around 45 Ma (within Shixin Fm.), and docu-
mented locally around proximal domain such as the
Beibuwan Basin or the Qiong Dong Nan Basin [Fyhn
et al., 2009, Wu et al., 2009, Savva et al., 2013, Vu
et al., 2017, Zhou et al., 2018, Wang et al., 2020, Fig-
ure 4]. The intra-rift unconformity (T70, bottom of
Linshui Fm.) is an angular one around 28 Ma high-
lighting the development of detachment faults par-
ticularly in both proximal and distal margin such as
in PK basin [Savva et al., 2013, Lei and Ren, 2016,
Chang et al., 2022]. The breakup unconformity is

identified as 23 Ma (T60) marking a significant hia-
tus. In the Dangerous Ground Margin, the earli-
est unconformity is recorded around 37 Ma and ob-
served within thick syn-rift sequences [Yan and Liu,
2004]. An intra-rift unconformity around 30 Ma is ob-
served and dated by biostratigraphy data in the adja-
cent wells [T7, Hutchison, 2004, Yan and Liu, 2004,
Hutchison and Vijayan, 2010, Ding et al., 2014, Zhang
et al., 2020]. The breakup unconformity main con-
sensus is around 23 Ma, namely the MMU in many
studies [Steuer et al., 2014, Song and Li, 2015].

The main character of R2 is its homogeneous
upper syn-rift thickness, which correlates well the
northern and southern margins. The horizon of up-
per R2 flattens in several basins (Phu Khanh, Nam
Con Son (NCS), and the COT of Nanshan Islands),
and is offset slightly by normal faults. This stage il-
lustrates the space accommodation which develops
preferably horizontally rather than vertically. The
possible age of R2 on the Northern margin is 28 to
23 Ma [Lei and Ren, 2016]. In the NW Borneo Mar-
gin, the same age of R2 is extracted from the Sam-
pagita Well, although situated just N of the boundary
with Domain 1,and its end correlates nicely to that of
the incipient oceanic crust [Sibuet et al., 2016, Chang
et al., 2022]. The breakup occurred at 23 Ma and the
spreading lasted until 16 Ma. Likewise the Domain
1, the forebulge region resulted in a widespread area
of shallow-water depositional environment, which
developed a significant carbonate layer [Nido car-
bonates, Hatley, 1980, Williams, 1997, Steuer et al.,
2014]. It is however deepening toward the Borneo-
Palawan Trough, although a built-up reef exists along
the crest of the horst in the Dangerous Ground area
[Jamaludin et al., 2017].

Subsidence curves and subsidence rates from well
logging and speculated from seismic lines show a
mild subsidence until the middle of the Oligocene
corresponding to the R0 and R1 units [Figure 5,
Fang et al., 2016, Shi et al., 2017, Zhao et al., 2018].
A stronger subsidence began since 33 Ma and ac-
celerated afterward. This sequence corresponds to
R2, and onlaps on the seismic images prior to the
breakup unconformity (Figure 5).

4.3. Rifting stratigraphy in Domain 3

In Domain 3, no oceanic crust was developed be-
cause the opening of the South China Sea aborted
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Figure 5. Selected portions of seismic lines and major horizons underlying the stratigraphic sequences
R1, R2 and R3 discussed in text for Domain 2 (Central part of the SCS). Location of the seismic profiles
and wells see Figure 3. ROU is the base of R1, IRU is between the 2 thinning events (between R1 and
R2), and BU (Breakup Unconformity) marks the end of the rifting and the onset of the spreading at the
domain location).

just before the breakup at 16 Ma. The continen-
tal crust recorded two stages of rifting and the ex-
tensional structures of the NCS and Luconia basins
are influenced by the adjacent neighboring mid-
ocean ridge [Xia and Zhou, 1993, Huchon et al.,
2001, Hutchison, 2004, Ding et al., 2016, Luo et al.,
2021, Madon and Jong, 2022]. Several unconformi-
ties predated apparently the mature syn-rift units
by around 40 Ma and 32 Ma [Matthews et al., 1997,
Madon et al., 2013], probably representing the rift
onset in this region. One main unconformity sug-
gested the major rifting period from 24 Ma un-
til the extension terminated around 16 Ma as the

propagator ceased [Matthews et al., 1997, Madon
et al., 2013, Li et al., 2014].

The early stage of rifting is obscured, and R0 and
R1 (Cycle I; pre-24 Ma, in the Luconia province off-
shore Malaysia) cannot be undoubtedly discrimi-
nated. The Mesozoic basement was encountered at
the bottom of the R0/R1 unit [Areshev et al., 1992,
Wu and Yang, 1994]. Syn-rift units are separated into
two groups (I and II), showing similarities in the NCS
and Luconia basins [Franke et al., 2014, Madon et al.,
2013, Clerc et al., 2018, Madon and Jong, 2022]. Until
23 Ma, The R2 (Cycle II and Cycle III for petroleum
geologists of the S margin of the SCS) remains
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Figure 6. Selected portions of seismic lines and major horizons underlying the stratigraphic sequences
R1, R2 and R3 discussed in text for Domain 3 (NE of the SCS). Location of the seismic profiles and wells
see Figure 3. ROU is the base of R1, IRU is between the 2 thinning events (between R1 and R2), and BU
(Breakup Unconformity) marks the end of the rifting and the onset of the spreading at the domain
location.

characterized by horizontal to sub-horizontal seis-
mic facies overlying the intra-rift unconformities,
but without a breakup unconformity atop [Figure 6,
Hutchison, 2004, Li et al., 2014, Clerc et al., 2018,
Peng et al., 2018]. Most of the normal faults termi-
nate at an horizon dated around 16 Ma [red horizon
on Figure 6; Madon et al., 2013, Savva et al., 2014, Li
et al., 2014, Lunt, 2019].

Paleo-water depth gradually deepened by the wit-
ness of the well logging and also the pseudo-well
[Li et al., 2014, Madon et al., 2013]. Subsidence
rate curves did not record the R0 and R1 subsidence
curve in the published data. The distinct acceleration
found in the previous sections began at 23 Ma, which
corresponded to the detachment development, and

decreased after 16 Ma both in NCS and Luconia [Fig-
ure 6; Li et al., 2014, Jamaludin, 2022].

4.4. Diachronous rifting and seafloor spreading
in the SCS Margin

According to the above mentioned temporal record-
ing, most of the classical stages of evolution of a
margin can be seen in the South China Sea, but ap-
pear at a time that varies from D1 to D3. A simple
evolutionary age-table is compiled on Figure 7 to il-
lustrate the diachronism of the extensional events.
Although the end-members ages of the extension
history of the SCS are not significantly different (Late
Cretaceous for Ro to 16 Ma for the end of sea-floor
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Figure 7. Rifting diachronism by juxtaposing D1 to D3. The diachronism appeared from R1 unit and
goes on until the termination of seafloor spreading. ROU is the base of R1, IRU is between the 2 thinning
events (between R1 and R2), and BU (Breakup Unconformity) marks the end of the rifting and the onset
of the spreading at the domain location.

spreading), the different markers of the rifting vary
from the East to the West. The bracket of ages for
R1 to BU is younger toward the south; from 45–32
in D1, 38 to 23 in D2, and 45? to 16 in D3. Indeed,
a ridge jump with a shift in spreading direction at
23 Ma [Sibuet et al., 2016] is known and constitutes
an important point in time of the extension history.
This event marks the end of a rifting style controlled
by N–S wrench faults and pull-apart basins [Chang
et al., 2022], which marks the early stage of the open-
ing of the SCS, both for the rifting [Chan et al., 2010]
and for the spreading [Briais et al., 1993].

5. Convergent tectono-stratigraphy in Borneo
and Palawan

The tectonic evolution of the convergent margin in
Borneo and Palawan is also marked by key uncon-
formities which represent different stages of subduc-
tion and subsequent collision, as the thinned con-
tinental margin of the south of the SCS progres-
sively entered into the subduction zone of the PSCS.

In general, the core of the orogenic belt exposes
older and metamorphosed rocks of the Cretaceous
to Late Eocene Rajang Formation along the back-
bone in the central Borneo (grey shades in Figure 8).
The ophiolitic complexes attributed to the relics of
the PSCS are distributed in Palawan and Sabah (pur-
ple color in Figure 8) and show two juxtaposed clus-
ters of ages [Eocene and Mesozoic, Burton-Johnson
et al., 2020, Dycoco et al., 2021]. The metamor-
phism and ages of the sedimentary formations de-
crease outward in the case of the NW and SE Bor-
neo edifices (Figure 8), in accordance to a nor-
mal wedge (actually a fold-and-thrust belt) proceed-
ing toward the NW. On the NW side, the imbri-
cated wedge gradually narrow toward Palawan [Au-
relio et al., 2014]. This section reviews the strati-
graphic unconformities and thermo-chronological
data highlighting the initiation of uplift induced by
subduction/collision in each domain (D1 to D3).
The syn-tectonic and post-collision magmatism is
also integrated to assess the closure history of the
PSCS.
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Figure 8. (Left) Simplified geological map of Borneo and Palawan and main stratigraphic elements for
the convergence (Right) Tectono-stratigraphy of the closure of the PSCS from D3 to D1. The segment
locations shown in Figure 3. Diachronism illustrated by the beginning of uplift in Sarawak (D3) migrating
toward Palawan (D1). The termination of the orogenic event is around 16 Ma.

5.1. Tectonic-related stratigraphy in Domain 3

In the Sarawak region, each sedimentary formation
has been analyzed in terms of biostratigraphy and
detrital zircon [Galin et al., 2017, Hennig-Breitfeld
et al., 2019]. The Sarawak Orogeny Unconformity
(or Rajang Unconformity, Figure 8) is documented
on the ground of a stratigraphic hiatus extensively
distributed in central Borneo and along the Bukit
Mersing Line separating the Sibu and Miri Zone
[Hutchison, 2005, Cullen, 2010, Hall, 2013, van Hat-
tum et al., 2013, Hall and Breitfeld, 2017, Hennig-
Breitfeld et al., 2019]. After a generally continuous
deposition, another widespread unconformity, the
Nyalau Unconformity dated around 16 Ma is found
[Hennig-Breitfeld et al., 2019].

The Rajang Group mainly consists of deep-sea de-
positional environment in Sibu Zone (SW Borneo)
bearing sediments transported from Kuching hinter-
land toward the north [Haile, 1974, Tan, 1979, Bakar
et al., 2007, Galin et al., 2017, Hennig-Breitfeld et al.,
2019]. The water depth of the deposition appeared
have shallowed since 45 Ma without a distinct strati-
graphic hiatus in Sarawak [Figure 8, Haile, 1974, Tan,
1979, Hutchison, 1996, Bakar et al., 2007, Galin et al.,
2017, Hall and Breitfeld, 2017]. The shallowing may
suggest an uplift of sedimentary slices induced by

the embryonic subduction of the PSCS between 45
and 37 Ma. Acidic magmatism was produced within
this period of time [Prouteau et al., 1996]. Above the
Late Eocene unconformity, the Nyalau Unconformity
is underlain by Neogene strata, which is found in
offshore stratigraphy [Hageman, 1987], and is char-
acterized by gravity-driven deformation in the off-
shore fold-and-thrust belt of the Borneo-Palawan
Trough.

5.2. Tectonic-related stratigraphy in Domain 2

In Sabah (NW Borneo), the Late Eocene unconfor-
mity dated around 37 Ma is similarly found [Cullen,
2010, Sapin et al., 2011, Hall, 2013], resting on the
ophiolite exposed at the surface [Figure 8, Omang
and Barber, 1996, Graves et al., 2000, Chien et al.,
2019, Gibaga et al., 2020]. During latest Eocene to
Mid-Miocene, the well-studied Rajang and Crocker
groups, constitute the distal and proximal sediments
of the PSCS, now thrusted in the NW Borneo wedge.
Then During the Miocene, a slight hiatus is recog-
nized around 16 Ma and interpreted as the Deep-
Regional Unconformity [DRU, Figure 8, Levell, 1987,
Tan and Lamy, 1990, Hazebroek and Tan, 1993,
Chang et al., 2019] or the Nyalau Unconformity in
Hennig-Breitfeld et al. [2019]. It is followed by the
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Shallow Regional Unconformity (SRU) dated at Late
Miocene in most of Sabah area [Balaguru et al., 2003].

Abundant literature exist on these sediments of
the central part of the NW Borneo wedge. The deep-
sea sediments of the distal part of the PSCS (Rajang
Group) exposed northernmost Borneo (Trusmadi,
Kudat Peninsula area) are of early Paleogene. The
sediments were transported from the Schwaner
granitic province of Southern Borneo, as shown by
paleo-current measurements and the prominent
peak of detritus zircon [Jackson et al., 2009, Tongkul,
2003]. Later, the depositional environment changed
from deep-sea to marginal marine or shallow ma-
rine in Croker Formation and Setap Shale in Sabah
around Oligocene to Early Miocene [Jackson et al.,
2009, Zakaria et al., 2013], suggesting a period of up-
lift in the neighboring land masses. Paleo-drainage
reconstructions based on the age population of de-
trital zircon according to the sediment source sug-
gest the NE–SW backbone in Borneo was extensively
uplifted since Miocene, also resulting in the displace-
ment of the paleo-coastline from NW–SE to NE–SW
[Menier et al., 2017, Hennig-Breitfeld et al., 2019].
After DRU, horizontal to sub-horizontal strata ap-
pear to be restricted to close to the coastline or in the
offshore above the Middle Miocene Unconformity
(MMU) [Clennell, 1996, Cullen, 2010, Chang et al.,
2019]. The deltaic and nearshore sedimentary input
in the large Balingan and Baram deltas indicated
thrusting activity by this time was replaced by gravity
sliding [Sapin et al., 2012]. During the post-collision
period, the gravity-driven deformation involves a late
Neogene fold-and-thrust belt in offshore, surround-
ing circularly the Mount Kinabalu and accompanied
with E–W transfer zones in tip of Borneo [Cullen,
2010, Franke et al., 2008, Steuer et al., 2014, Chang
et al., 2019].

5.3. Tectonic-related stratigraphy in Domain 1

In Palawan, an early Cenozoic structural contact ex-
ists between the Cretaceous ophiolite and the Eocene
formation, suggesting the absence of the original
deep sea sediments overlying the Cretaceous crust
of the PSCS [Aurelio et al., 2014, Ilao et al., 2018].
In the offshore Palawan, the ophiolite and its meta-
morphic sole have been dated at 35 Ma, suggest-
ing that the subduction may have initiated at the
PSCS mid-ocean ridge [Keenan et al., 2016, Dycoco

et al., 2021]. During the same period, and until the
Early Miocene, a significant hiatus is observed on-
shore (although we have limited formation exposure)
(Figure 8). A later extensively distributed unconfor-
mity, the (MMU), with a hiatus, seals the deformation
around 15–20 Ma of the Nido Platform offshore and
onshore. In the past decades, the timing of this MMU
was debated due to the discrepancies in age from an
area to another and because it may represent the end
of the contraction of the wedge as well as the begin-
ning of the gravity sliding period [Hutchison, 2004,
Ilao et al., 2018].

In more detail, the Eocene stratigraphy (Panas
Formation) consists of sandstone interbedded with
shale and mudstone showing a deep-sea environ-
ment in the early history. With limited information
on Oligocene formation, the Nido Carbonate shows
the shallow water depth around Late Oligocene
[Steuer et al., 2013]. The Isugod Formation com-
menced receiving the deposits derived from ophio-
lite while the Panas Formation characterizing deep-
sea sediments [Suggate et al., 2014, Shao et al., 2017].
Meanwhile, the Nido Carbonate was thrusted in off-
shore Palawan, suggesting the timing of uplifting in
D1 region by the end of Early Miocene [Cullen et al.,
2010, Steuer et al., 2014, Kessler and Jong, 2016]. In
Palawan, the last stage of deformation is bracketed
by the end of the Pagasa wedge post-dating the Nido
Limestone (16 Ma) and before the deposition the
Tabon Limestone [9 Ma, Taguibao et al., 2012, Ilao
et al., 2018]. A gravity-driven structureaffects a nar-
row belt induced by the shale tectonic in offshore in
post-orogeny tectonic [Ilao et al., 2018].

6. Integration SCS and PSCS: correlation of a
paired extensional and contractional sys-
tem

The evolution of the paired system can be assessed
by unconformities on the two margins. Although
many unconformities are described during the Ter-
tiary evolution of SE Asia, this study selects wide-
spread events of the area encompassing the SCS and
PSCS area. In the South China Sea, three main un-
conformities including the rift-onset unconformity
(ROU), the intra-rift unconformity (IRU), and the
breakup unconformity (BU) may illustrate in a sim-
ple way the diachronism of the rifting process from
east to southwest (Figure 9). The extensional events
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Figure 9. Correlation between the SCS passive margin and the closure of the PSCS. (A) Correlation
of rifting events on the SCS margins. (B) Correlation of contractional events on the PSCS, basing on
unconformities and deformation in NW Borneo and Palawan Island. (C,D) Two representations of the
correlation between the events in the neighboring basins between the Early Eocene and the Middle
Miocene. Post Middle Miocene is mostly affected by post-tectonic vertical movements.

marked by the unconformities are found everywhere
on the margins of the SCS but at a different time. In
parallel, several main unconformities of the contrac-
tional realm of Borneo, illustrate the shortening of
the PSCS. Although it is more difficult to pin point the
ages of the different stages of the convergence, it is
relevant to see if correlation between the opening of
a basin and the closure of the other is relevant.

The IRU and the Sarawak Orogeny Unconfor-
mity where documented, are located within the
Eocene (Figure 9). The latest Oligocene (23 Ma)
highlights the initiation of shifting the extensional

direction in the SCS, and the related unconformity
(Top Croker Unconformity—TCU) can be traced
widespread c. 23 Ma [Briais et al., 1993, Sibuet
et al., 2016, Lunt, 2019, and reference herein]. In
the SCS, N–S rifting direction and seafloor spread-
ing lasted until 23 Ma and changed progressively
to a NW–SE direction. Precisions for the shift is
recorded by a total of 30° between the final rift-
ing in N–S direction and the oceanic formation
in NW–SE direction (Figure 9), and is seen in
the magnetic anomalies and the bathymetry on
oceanic crust [Briais et al., 1993, Lee and Lawver,
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1995, Sibuet et al., 2016]. It is also seen in the
structural mapping of the Phu Khank Basin [Savva
et al., 2013]. This modification was interpreted as a
ridge jump in the oceanic formation. The counter-
clockwise change is however relatively less obvious
in the East Sub-Basin.

The next unconformity, known as the deep-
regional unconformity (DRU) or Middle-Miocene
Unconformity (MMU), has been documented and
debated for decades. It marks the termination of
orogeny in Borneo and Palawan [Ilao et al., 2018,
Chang et al., 2019]. Chang et al. [2019] suggested that
this unconformity is diachronous along the collision
zone, which is dated at 16 Ma in Sarawak and appears
northward around Palawan at c. 12 Ma [Steuer et al.,
2014].

After the cessation of the opening, the SRU ap-
peared extensively in Sabah and also the MMU in
the offshore Palawan. Mobile shale was remobilized
[Chang et al., 2019]. This period is also marked by
several unconformities which are rather related to
magmatism. They are for instance the Mount Kin-
abalu in Sabah, the Mount Capoas in the northern
Palawan, and intra-plate Scarborough seamounts.

6.1. Temporality of events on reconstructions

The succession of events around the South China Sea
shows striking indicators of correlation, but also of
discrepancies. The global picture is that there is a
general time-link between the subduction and clo-
sure of a basin, or a series of small basins, located
south of the South China Sea (referred to as the Proto
South China Sea), and the timing of rifting, spread-
ing, change of spreading direction, and cessation of
spreading followed by bathymetric collapse. The sec-
ond order is that the precise review of the ages actu-
ally shows a migration of both the opening of the SCS
and the subduction of the PSCS followed by the colli-
sion in NE Borneo. We illustrate this proposition in a
series of simple sections and sketch maps (Figure 10).

6.1.1. Before the Eocene times (Figure 10 top left)

The first-stage rifting of the margins in the SCS
is well documented with an early extension starting
from the end of the Cretaceous to the Paleocene. The
rifting occurred from SCS extending toward NE to
the East China Sea [Teng and Lin, 2004, Guan et al.,
2016, Cheng et al., 2021]. During this period, the

oceanic crust of PSCS was located to the south that
juxtaposed with Dangerous Ground and the Borneo.

6.1.2. During Eocene to Oligocene (45–23 Ma)

The subduction initiated in Borneo and Palawan
(Figure 10 top right), resulting in the beginning of
developing detachment faults to accelerate thinning
the continental crusts in the SCS. The crustal archi-
tectures suggest extensive development of the de-
tachment faults associating the dramatic subsidence
solely in the SCS while no similar impact on the East
China Sea. While the collision occurred in Sarawak,
the Sabah and Palawan areas continued subduction
coincided the beginning of the rapid breakup in the
East Sub-Basin in the SCS, following the hyperexten-
sion stages around 32 Ma. The first propagator mi-
grating from East to West, stalling near the edge of the
former granitic arc, with a slight E–W compression
[Le Pourhiet et al., 2018]. The Southwest of the SCS
continued the rifting, developing detachment faults
in the main half grabens [Savva et al., 2013, Chang
et al., 2022, Madon and Jong, 2022], mostly in N–S di-
rection extension (Figure 10 top right).

6.1.3. The latest Oligocene (23 Ma) and early Miocene
(23–16 Ma)

Highlight the shift of extensional direction in the
SCS and the block rotation in Borneo. The spreading
propagator continued operating southwestward and
the spreading rate decreased from 25 to 15 mm·yr−1

in half spreading rate until it stopped at 16 Ma [Briais
et al., 1993, Deng et al., 2018, Sibuet et al., 2016]. This
may reflect a regional deceleration on both margins
of the subduction-driven process. This rearrange-
ment modified accordingly the extensional direction
in the vicinity of Spratly Islands and also the Phu
Khann Basin [Savva et al., 2013, Chang et al., 2022].
The mountain ranges progressively migrated north-
ward to the Sabah region and modified the river
drainages, suggesting the frontal wedge proceeding
NW toward direction in Sabah and Palawan. The
development of CCW rotation was accommodated
by the trench which also proceeding northwestward.
Back-arc extension started as a result in the Sulu Sea
[Rangin, 1989].

6.1.4. The middle Miocene to recent (after 16 Ma)

Stage suggests that the end of orogeny is fol-
lowed by the magmatism induced by slab breakoff,
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Figure 10. Schematic joint evolution of the PSCS/SCS; (A) opening of the PSCS as a back-arc basin.
(B) Beginning of closure in N. Borneo and incipient rifting of the SCS. (C) Subduction of the PSCS.
Right: beginning of rifting of the SCS and incipient sea floor spreading of the SCS in the Xisha Trough.
(D) Shift in opening of the SCS (propagation of the SW sub-basin), following the subduction of the
thinned continental margin of the SCS, beginning of the rotation of N. Borneo. (E) Suture of the PSCS
basin and beginning of the opening of the Sulu Sea. (F) Post-collision setting in N. Borneo, with plutonic
activity (Kinabalu Mt) and opening of the Sulu Sea propagating toward the SW. Arrow for the rotation of
Borneo. Solid and open triangles for active and extinct subduction. Red dots for plutons.

for instance, the Mount Kinabalu in Sabah and the
Mount Capoas in the northern Palawan [Encarna-
cion and Mukasa, 1997, Forster et al., 2015], and the
ages clustering around 16–17 Ma of adakites found
in Sarawak indicating asthenospheric upwelling af-
ter convergence [Prouteau et al., 1996, 2001, Breitfeld
et al., 2019, Wu and Suppe, 2017]. A slab break-off
magmatism followed this pattern and located the su-
ture zones where the locations of the slabs detached
underneath [Rangin et al., 1999, Sapin et al., 2011,
Hall and Spakman, 2015, Wu and Suppe, 2017].

The collapse of post-collision sedimentary pack-
ages characterized diapiric mobile shale or remobi-
lization of sedimentary mélange [Morley and Guerin,
1996, Morley et al., 2003, Sapin et al., 2012, Ilao
et al., 2018, Chang et al., 2019], induced by the
magmatic intrusion and uplift. Without further
mountain building, Late Neogene fold-and-trust belt

developed in the offshore Borneo and Palawan. Sev-
eral magmatism-related unconformities are also no-
ticed during in the SCS, while no significant crustal
thinning and seafloor spreading in this period [Jiang
et al., 2018, Xia et al., 2018, Fan et al., 2019, Gao et al.,
2019, Sun et al., 2020, Li et al., 2022].

7. Discussion

The correlation of the divergent and convergent mar-
gins provides a rare opportunity to evaluate the tec-
tonic processes in the geodynamic perspective. The
various timing of orogeny was often suggested re-
sulting from arrival time of the thinned continental
crust, derived from the South China, to the suture
zone varying in time and space. The former PSCS
margin geometry thus was implied a speculation of
a V-shaped oceanic closure in the PSCS [Hall, 2002,
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Pubellier et al., 2003], while coeval diachronism man-
ifests the V-shaped oceanic opening in the SCS. This
result strengthens the hypothesis that the SCS open-
ing in response the neighboring subduction.

The driving forces such as slab pull and retreat
are acknowledged to be the main driving forces for
opening and closure of marginal basins, although no
active example of active opening in the lower plate
exists on Earth. The mechanism of opening within
the down-going (or lower plate) is however always in-
voked for the evolution of the Tethysides. In this set-
ting, the subduction of the Tethys, is coeval with the
rifting of belts on the northern margin of Gondwana.
The process can be nowadays be modelled [Larvet
et al., 2022]. On the other hand, the down-going plate
consists of heterogeneities of the crust such as litho-
logic variations, thickness and thermal conditions,
and these parameters may vary along strike the col-
lision. Additional forces have been proposed in the
asthenospheric mantle, for the closure of a V-shaped
marginal sea [Wallace et al., 2009], and may also ac-
count for the example of the SCS/PSCS dual system.
The collision zone remains relatively immobile and
the subduction front proceeds and moves toward to
the trench, also suggested as a buoyant indentor. Ex-
amples of subduction varying sharply exit in many
active places, such as the North arm of Sulawesi [Sur-
mont et al., 1994]. Relevant production of igneous
crust such as back-arc extension initiates behind or
within the volcanic arc, as shown by the temporal and
spatial variation in the Eastern Mediterranean Sea
[Menant et al., 2016]. An additional driving force in
the asthenosphere is invoked in some numerical sim-
ulations to propose that toroidal flows induced when
the slab teared and triggers the rotation on the over-
riding crust [Menant et al., 2016, Magni et al., 2017].

8. Conclusion

The rifting-to-drifting history of the South China Sea
may at least be correlated in terms of stratigraphic
cuts with the subduction-collision of the Proto South
China Sea history observed in the NW Borneo wedge
and Palawan Island. The initial rifting in the SCS is
coeval with the beginning of the subduction in the
south, and the seafloor spreading of the SCS started
when the probably collision related classic sediments
of the Crocker group were shed in the PSCS. The ridge
jump in the SCS at 23 Ma may be connected with the

rotation in Borneo and Palawan during the Sarawak
Orogeny. Both horizontal movements terminated at
16 Ma, when tectonics was marked by vertical move-
ments illustrated by mass wasting on the Borneo-
Palawan margins and abnormal subsidence in both
margins. This interpretation is in line with a PSCS
and a SCS linked in the Cenozoic. This rare exam-
ple of the paired PSCS and SCS system may consti-
tute an analogue to ancient orogenies in the world.
Variations along the subduction of a marginal sea, in-
cluding the rotation of the upper plate, may actually
condition the rifting, the breakup, and the variation
of spreading direction of another basin in the lower
plate the lower plate.
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1. Introduction

Micropaleontology is particularly helpful for the
establishment of an accurate chronostratigraphic
framework for the depositional and geodynamic his-
tory of Tethys. More particularly, radiolarians are
extremely useful for dating radiolarites that are often
stratigraphically associated with submarine lavas.
Dating these past siliceous oozes, which accumu-
lated presumably under mesotrophic waters and in a
depositional environment starved of any carbonate
or siliciclastic material [Baugmgartner, 2013], is of
great significance for the geodynamic and paleoen-
vironmental reconstruction of the various Tethyan
realms, often preserved in tectonically complex ar-
eas [e.g., Al-Riyami et al., 2002, Avagyan et al., 2017,
Cordey, 2022, De Wever and Baudin, 1996, De Wever
et al., 1994, Danelian et al., 2006, 2008a, Ferrière
et al., 2015, Goričan et al., 2012, Robertson et al.,
2013, 2021, 2022, Vrielynck et al., 2003]. Foraminifera
and calcareous nannofossils are also useful in pro-
viding important biochronostratigraphic constraints
for the timing of ophiolite obduction by dating the
thrust sequences beneath the ophiolites and the
post-obduction sedimentary cover [Danelian et al.,
2014, Okay et al., 2022, Sosson et al., 2010].

The Lesser Caucasus (Armenia and Karabagh)
represents a key component of the Alpine-Himalayan
mountain belt, as it preserves the remnants of a
Neotethyan Mesozoic oceanic realm that continues
westwards into northeastern Turkey [e.g., Zakariadze
et al., 1983, Galoyan, 2008, Galoyan et al., 2007, 2009,
Rolland et al., 2009a, 2010, Sosson et al., 2010, 2016],
representing thus an over 700 km-long coherent
Tethyan suture zone. The ophiolitic units preserved
in the Lesser Caucasus are the relics of an oceanic do-
main that existed during the Mesozoic between the
Somkheto-Karabagh volcanic arc, considered as part
of the southern margin of Eurasia [Sosson et al., 2010]
and the South-Armenian Block (SAB), a Gondwana
derived micro-continent that was detached from it
during the Late Paleozoic–Early Mesozoic [Dercourt
et al., 1986, Barrier and Vrielynck, 2008].

Initial results on radiolarians extracted from the
sedimentary cover of the ophiolites in the Lesser
Caucasus were obtained at the time of the Soviet
Union [Zakariadze et al., 1983, Belov et al., 1991,
Knipper et al., 1997, Vishnevskaya, 1995], but the
bulk of existing radiolarian data was published dur-

ing the last 15 years following a number of French-
Armenian joint projects. These results provided rela-
tively accurate ages, generated from coherent succes-
sions of radiolarian cherts, which are either interca-
lated between successive lava flows or lie stratigraph-
ically over them [Asatryan, 2009, Asatryan et al., 2010,
2011, 2012, Danelian et al., 2007, 2008b, 2010, 2012,
2014, 2016, 2017, Sosson et al., 2010]. Special atten-
tion was paid in stating explicitly the provenance of
studied samples with respect to their geological and
stratigraphic setting, as well as in documenting with
illustrations the identified fauna (or at least the age
diagnostic species); the latter is important for com-
municating the species concept used during the pro-
cess of identification.

We have recently undertaken additional micropa-
leontological studies in two sectors that are of key
significance for the understanding of the evolution
of the Tethyan realm in Armenia (Figure 1). In the
Dali sector, north-east of lake Sevan, we have ob-
tained more precise datings for the lower radiolarite
interval that is intercalated between lavas of enriched
tholeiitic (E-MORB) and alkaline affinities, as shown
recently by Seyler et al. [2023]. In the Vedi sector,
south-east of the capital city Yerevan, new datings
using calcareous nanofossils confirm and further in-
dicate the age of the marly sequence that is part of
the transgressive post-obduction sedimentary cover,
which helps to constrain the timing of obduction. Fi-
nally, a review of the currently available biochrono-
logical constraints in the context of their specific de-
positional and geodynamic settings allows us to illus-
trate the main contributions of micropaleontology in
the reconstruction of the Tethyan realm preserved in
the Lesser Caucasus. We thus attempt to address the
following questions: (1) what is the age range of radi-
olarite accumulation that is stratigraphically related
to volcanic events? (2) what are the age constraints
for the obduction of ophiolites?

2. Geological outline and geodynamic signifi-
cance

The ophiolites in the Lesser Caucasus are organized
along two subparallel belts (Figure 1).

• The Sevan–Hakari (Akera) ophiolite extends in
the east and south-east of lake Sevan; it is considered
as representing the suture zone of the Tethys ocean
in the region [Sosson et al., 2010, and references
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Figure 1. Schematic geological map of the Lesser Caucasus [modified after Sosson et al., 2010 and Hässig
et al., 2015].

therein]. The Amasia and Stepanavan ophiolites, sit-
uated at the northwest of the country, are regarded as
the northward extension of the Sevan-Hakari ophio-
lites, making the link to the Izmir-Ankara suture zone
[e.g., Galoyan, 2008, Galoyan et al., 2007, Hässig et al.,
2013a, 2016a,b].

• The Vedi ophiolite [Aslanyan and Satian, 1977,
Knipper and Khain, 1980, Sokolov, 1977], located at
the south-east of Yerevan, is a folded klippe unit that
is transgressively overlain by Coniacian–Santonian
sedimentary sequences following the obduction of
ophiolites over Cenomanian carbonates and flysch of
the SAB [Sosson et al., 2010, Danelian et al., 2014].

The Tethyan ophiolites preserved in the Lesser
Caucasus are regarded as remnants of oceanic crust
generated in an intra-oceanic supra-subduction
[Seyler et al., 2023] or back-arc basin setting [Ga-
loyan, 2008, Galoyan et al., 2009, Sosson et al., 2010,
Rolland et al., 2020]. They are represented by lavas
of different geochemistry (island-arc tholeiites, N-
MORB, E-MORB and alkaline), oceanic sedimentary
rocks (mainly radiolarites), covering in some places
(i.e., the Dali sector) relics of a complex paleo-
seafloor, composed essentially of serpentinites,
hornblende-bearing gabbros and diorites [Galoyan,

2008, Sosson et al., 2010], as well as mélange units
with metric blocks of igneous-ophiolitic and sedi-
mentary lithologies.

The Dali sector east of lake Sevan was previ-
ously described in a number of publications [Ga-
loyan, 2020, Galoyan et al., 2009, Asatryan et al.,
2012, and references therein] and the reader is re-
ferred to them for a more detailed presentation. The
petrology of the lavas have been recently studied by
Seyler et al. [2023], who distinguished two main litho-
tectonic units. The lower unit is represented by a
small dioritic massif intruded by trondjhemites and
unconformably overlain by an undated sequence of
island-arc tholeiitic pillow lavas [group A lavas of
Seyler et al., 2023]. The upper unit is a ca. 100 m-
thick volcano-sedimentary sequence of basaltic to
trachybasaltic pillow lavas intercalated with radiolar-
ites (Figure 2). Based on their Nb, Zr, Y and heavy
REE contents and ratios, the volcanics range from
low-K, enriched tholeiites (E-MORB; group B) to al-
kaline and OIB-like (group C). Despite high Nb con-
centrations, some of the lavas also exhibit Nb–Ta neg-
ative anomalies and enrichment of Th relative to Nb,
which suggest a subduction influence. Moreover,
alkaline amphiboles occur as phenocrysts in trachy-
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Figure 2. Synthetic lithostratigraphic col-
umn of the Tithonian–Valanginian volcano-
sedimentary sequence at Dali [after Asatryan
et al., 2012 and Seyler et al., 2023, modified].
Group B: enriched MORB-type. Group C:
amphibole-phyric alkali trachybasalts and
alkali basalts. Both groups of lavas may exhibit
slight subduction-related signature.

basalts (group C1 lavas) or only in groundmass in al-
kalibasalts (group C2 lavas), indicating crystallization
from hydrous magmas. This double geochemical
signature (e.g., within-plate and subduction-related)
was interpreted by Seyler et al. [2023] as the result
of the decompression melting of a heterogeneously
enriched mantle during rifting of the previous intra-
oceanic island-arc.

3. New biochronostratigraphic constraints

3.1. The Dali sector (northeast of lake Sevan)

Two prominent radiolarite intervals, each of them
several metres thick, are intercalated in the upper
volcano-sedimentary unit (Figure 2). The lower ra-
diolarites are ca. 3 m-thick and located within a
group B lava sequence. As reported by Seyler et al.
[2023], the basaltic andesitic lava flow exposed just

above the sediments is partially intermingled with
claystones of the underlying radiolaritic sequence.
After digging a small trench, reddish shales were ob-
served being intercalated in the upper levels of the
group B lavas; this radiolarite interval has the partic-
ularity of containing in it metric and fairly rounded
blocks of oolitic grainstones with crinoid fragments
that have clearly slid into the deep basin (olistolithes)
from the shallow water, wave-agitated environments,
in which they were initially deposited. The lower ra-
diolarites and group B lavas are in turn overlain by
a ca. 50–75 m-thick lava sequence of alkaline lavas
belonging to groups C1 and C2 (group C on Figure 2),
themselves overlain by a thin basaltic flow of Group
B lavas, then overlain by the upper interval of dark
purple radiolarites, ca. 6 m-thick. Finally, the studied
section is topped by Group C2 alkaline basalt. The
contacts are not clearly visible on the field, but judg-
ing by the general arrangement of the rocks, they are
inferred to be stratigraphic.

Based on the biozonation of Baugmgartner et al.
[1995], Asatryan et al. [2012] were able to assign the
lower radiolarites to the Unitary Association Zones
(UAZ) 13–17, correlated with the latest Tithonian–
Valanginian interval and the upper radiolarites with
the UAZ 17 only, correlated with the late Valanginian.
Thus, in spite of the more numerous species iden-
tified in the two radiolarian assemblages obtained
from the lower radiolarites, no age discrimination
could be made with the more precise age obtained
for the upper radiolarites.

In an attempt to better date the lower radiolar-
ites we undertook additional laboratory work on the
two previously studied radiolarian-bearing samples.
Only the sample Dali 2 delivered radiolarians of ad-
ditional biochronological significance, as compared
to the age established by Asatryan et al. [2012]. More
particularly, we were able to identify the species
Tethysetta mashitaensis (Mizutani) (Figure 3a), which
is known to occur in the UAZ 8–15 of Baugmgartner
et al. [1995], correlated with the Callovian/Oxfordian
to late Berriasian/earliest Valanginian time interval.
However, we also obtained a single specimen of
Vallupus gracilis Li and Sashida, which is easily dis-
tinguished by the shape of its cortical collar that is
gradually constricted to a small aperture (Figure 3b).
To our knowledge, this species is only known from a
tuffaceous radiolarian claystone sample (181-R003)
recovered from the Mariana trench that contains
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Figure 3. Age diagnostic radiolarians extracted
from sample Dali-2; (a) Tethysetta mashitaensis
and (b) Vallupus gracilis. The scale refers to
microns.

an exceptionally well preserved and diverse (over
500 species) radiolarian assemblage [Li and Sashida,
2013]. The sample contains also calcareous nan-
nofossils assigned to the CC1 zone and correlated
with the early Berriasian. Therefore, the age of the
lower radiolarites may be now restricted to the latest
Tithonian–early Berriasian interval.

3.2. The Vedi sector

In the Vedi natural reserve exists the best outcrop
to document the obduction of Tethyan ophiolites on
the SAB, as well as the post-obduction sedimentary
cover. Following Sokolov’s [1977] detailed study, the
general geological structure, lithological relationship
and various contacts of the Vedi ophiolite are well de-
scribed in Sosson et al. [2010] and reproduced here
in Figure 4. Danelian et al. [2014] studied the 150
uppermost metres of the carbonate sequence of the
SAB at the northern edge of the Spitakadjur anticlinal
fold (south-western part of the section in Figure 4)
and based on microfacies analysis and the frequent
presence of rudist clasts they characterized them as
back-reef limestones. They are stratigraphically over-
lain by a flysch-type sequence that contains, in its
upper part, numerous blocks or olistoliths of various
lithologies (limestones, lavas, etc.).

Eastwards, and just after the entry to the Mankouk
valley (one of the right tributaries of the Vedi River),

one may observe over the ophiolitic lavas a thick
transgressive sequence of red conglomerates. They
are overlain by a ca. 50 m-thick sequence of marls
and siltstones. The entire sequence is preserved in
a synclinal form [Galoyan, 2008, Sosson et al., 2010].
In the middle of this valley, at the base of the syncli-
nal structure, a stounding rudist reef is developed be-
tween the transgressive sequence of conglomerates-
marls and the lavas that are underneath.

We have recently sampled a ca. 30 m thick se-
quence of fragile marls that are located at the north-
eastern part of the synclinal structure and deposited
above the red-gray conglomerates. The two samples
we collected come from the lower part (Vd22-03) and
the middle/upper part (Vd22-02) of the marls (see
Figure 4).

New observations confirm the presence of species
Zeugrhabdotus diplogrammus, Z. embergeri, Trano-
lithus orionatus and Reinhardtites anthophorus in
sample Vd.22.02, while species Eiffellithus turriseif-
felii, ? Micula concava and Lithastrinus grillii were
identified in sample Vd.22.03 (Figure 5).

Hence, the combined biochronostratigraphic
constraints of the species Z. diplogrammus and
L. grillii, suggest a biostratigraphic assignment of the
gray-greenish marls to biozones UC11a–UC12 of Bur-
nett [1998] that correlates with the late Coniacian–
Santonian time interval [86–84 Ma in the recent
geological Time scale of Gradstein et al., 2020].

4. Discussion

A synthesis of all biochronostratigraphic results
available in the Lesser Caucasus allows to improve
our understanding of the geological evolution of
Tethys in the region (Figure 6). In this synthesis we
thought it interesting to position also the absolute
isotope ages known in the region and obtained from
crustal magmatic rocks (i.e. gabbros and diorites)
and the single lava flow dated by Rolland et al. [2010].

4.1. Reconstruction of the Tethyan oceanic realm

The oldest radiolarian assemblage reported from the
Lesser Caucasus is late Carnian in age and comes
from the Old Sotk Pass, in the Armenia–Karabagh
border area [Knipper et al., 1997]. The authors de-
scribe an over 200 m-thick volcano-sedimentary se-
quence displaying alternations of distal turbidites
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Figure 4. Geological section of the Vedi ophiolite obducted southwestwards onto the South Armenian
Block and covered by the post-obduction conglomerates and marls [after Sosson et al., 2010, modified].

Figure 5. Age diagnostic coccoliths observed in the marls of the post-obduction sedimentary cover at
Vedi (1000×). (a) Lithastrinus grillii identified in sample Vd.22.03. (b) Tranolithus orionatus identified in
sample Vd.22.02. (c) Zeugrabdotus diplogrammus identified in sample Vd.22.02.

and greywackes and siliceous shales with basaltic
lavas and breccias with gabbro-diabasic elements
[see Figure 2 of Knipper et al., 1997]. The upper
Carnian radiolarians were recovered from a 20 m-
thick interval of siliceous shales (pelites), while a
younger assemblage of Toarcian affinity is reported
from cherts situated at the middle part of their col-
umn, above which two levels of basaltic lavas are re-
ported to include limestone blocks with Norian bi-
valves and conodonts. The study of Grigoryan [2005]
showed that the Upper Triassic limestone olistolithes
have a wide geographic distribution at the Old Sotk
Pass, but they all have a short age range (early-middle
Norian) and similar lithological composition. Vish-
nevskaya [1995] has also reported radiolarians from
this section, stressing mainly on details concern-
ing the Toarcian radiolarian assemblage. Accord-
ing to her, the sedimentary sequence at this local-
ity displays three intervals: a lower 10 m-thick inter-

val, which yielded the upper Carnian radiolarians, is
overlain by a 5 m-thick interval of “sediments with in-
distinct bedding and sorting, pelites and radiolarites”
that yielded the Toarcian radiolarian assemblage; the
sequence is finally overlain by a 100 m-thick “Jurassic
volcano-sedimentary” interval that contains blocks
of Norian limestone.

Having visited this locality ourselves, we pre-
fer to consider this entire sequence at Old Sotk
Pass as a highly tectonized mélange zone. Nev-
ertheless, the report of upper Carnian radiolarian
shales and Toarcian radiolarian cherts is significant.
In combination with the Upper Triassic gabbros
dated by Bogdanovski et al. [1992] in Karabagh, they
may be regarded as elements of a Tethyan oceanic
crust that were accreted during the Late Cretaceous
obduction of the ophiolites.

Based on their stratigraphic relation with dated
radiolarites, lavas of Middle Jurassic age are
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Figure 6. Synthesis of all dated radiolarites in the ophiolitic units of the Lesser Caucasus, the top of the
sedimentary sequence of the South-Armenian Block on which they are obducted and the lower part of
the post-obduction sedimentary cover. (a) Knipper et al. [1997], Vishnevskaya [1995]; (b) Asatryan et al.
[2010]; (c) Asatryan et al. [2012], Danelian et al. [2012], this study; (d) Asatryan et al. [2011]; (e) Danelian
et al. [2016]; (f) Danelian et al. [2017]; (g) Danelian et al. [2008b], Asatryan [2009]; (h) Danelian et al.
[2010]; (i) Danelian et al. [2014]; (j) Sosson et al. [2010], this study. (1) Bogdanovski et al. [1992];
(2) Zakariadze et al. [1983]; (3) Galoyan et al. [2009]; (4) Hässig et al. [2013b]; (5) Rolland et al. [2010];
(6) Rolland et al. [2009b]. Time scale according to Gradstein et al. [2020].

well-established both in the Vedi and Sevan ophi-
olites. More specifically, in Vedi, radiolarites inter-
calated between pillow and massive variolitic lavas
were dated initially as middle-late Bajocian [UAZ
3–4, Danelian et al., 2008b], but it was later clarified
that the radiolarian assemblage may be assigned to
the single UAZ 4 and thus to be correlated only with
the late Bajocian [Asatryan, 2009]. Older radiolar-
ites, assigned to the UAZ 2–3 (late Aalenian–middle
Bajocian) were recently revealed by Danelian et al.
[2017] in a block preserved in the ophiolitic mélange
of the Erakh anticline, near Vedi. Here, the radio-

larians were extracted from cherts that are in strati-
graphic contact with lavas, but it is unclear whether
the radiolarites are younger or older than the lavas.

Within the Sevan-Hakari ophiolite zone, Vish-
nevskaya [1995] dated Bajocian to lower Bathonian
radiolarian cherts at the Mt. Karawul of Karabagh,
overlying basaltic lavas. In the same ophiolitic zone,
Asatryan et al. [2010] studied at the valley of Sari-
nar (north-east of lake Sevan) a 40 m-thick sequence
of radiolarites that is sandwiched between two lava
flows; the lower lavas are stratigraphically overlain by
radiolarites that are dated at their base (ca. 3 meters
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above the contact with the lavas) as latest Bajocian–
early Bathonian in age (UAZ 5). Several metric tuffite
levels were observed in the lower 20 m of the ra-
diolarite sequence and may be correlated with the
Bathonian–Callovian, as one of the chert samples
(Sar-10), situated close to the uppermost tuffite level,
yielded well preserved radiolarians assigned to the
UAZ 7–8 (late Bathonian–early Oxfordian).

All these radiolarian ages need to be examined
in parallel with the radiometric ages obtained on
diorites and hornblende-bearing gabbros from ophi-
olitic units at Sevan [Bathonian–early Callovian, Ga-
loyan et al., 2009], Vedi [Toarcian, Rolland et al.,
2010] and Amasia [late Toarcian–early Bajocian and
Aalenian–Bathonian; Hässig et al., 2013a,b], the pet-
rographic and geochemical signature of which have
all an oceanic arc component. All this evidence is
consistent with the formation, at least since the Toar-
cian [Hässig et al., 2017], of an intra-oceanic volcanic
arc following the initiation of an intra-oceanic sub-
duction in the interior of an oceanic realm, which
was over 2000 km wide during the Middle Jurassic,
between the SAB and the Eurasian margin [Bazhenov
et al., 1996, Meijers et al., 2015]; the latter is rep-
resented by the Somketo-Karabagh continental arc
[Sosson et al., 2010] or island arc [Galoyan et al.,
2018], which is also considered to represent evidence
for a northward Andean-type subduction under the
Eurasian continent or a southwad “Mariana-type”
subduction in Paleotethys, respectively. The radio-
larian age evidence discussed above and the impor-
tant Bajocian volcanism known from the Somkheto-
Karabagh belt [Sosson et al., 2010, Galoyan et al.,
2018, and references therein] argue for a Bajocian
pulse in geodynamic activity. The latter correlates
well with the Bajocian (170–168 Ma) onset of a con-
vergence setting in the Neo-Tethyan realm preserved
in the Hellenides [Jones and Robertson, 1991, Jones
et al., 1992, Ferrière et al., 2016]. They may both be
the result of a more general plate tectonic reorgani-
zation following the opening of the Central Atlantic
Ocean since ∼175–170 Ma [Smith and Spray, 1984,
Maffione and van Hinsbergen, 2018, and references
therein].

The evidence for Late Jurassic submarine volcanic
activity in the Tethyan realm of the Lesser Caucasus
is not conclusive. Upper Jurassic radiolarites are in
stratigraphic relation with lavas in Stepanavan, Ama-
sia and Vedi [Danelian et al., 2007, 2010, 2016], but

the obtained ages are not accurate enough yet (i.e.,
UAZ 9–10 or 9–11).

The data of the Dali sector, discussed above and
in Seyler et al. [2023], provide important chronos-
tratigraphic constraints for submarine volcanic activ-
ity during the Jurassic/Cretaceous transitional inter-
val generated by partial melting of a heterogeneous
mantle source in the extensional regime of an in-
traoceanic arc-back-arc setting. Given the new, more
precise age (latest Tithonian–early Berriasian) for the
lower radiolarites, it can be now established for the
first time that the enriched mantle-derived volcan-
ism was initiated since at least the Berriasian. There-
fore, given the early Aptian radiometric age (ca. 117
Ma) of alkaline lavas dated by Rolland et al. [2010], it
may be now inferred that the E-MORB and alkaline,
OIB-like volcanism lasted for at least 20–25 million
years (ca. 143/138–117 Ma; early/late Berriasian to
early Aptian) in the Tethyan realm of the Lesser Cau-
casus.

Seyler et al. [2023] consider that this enriched
subalkaline–alkaline magmatic activity that took
place during the Jurassic/Cretaceous transition may
reflect a major change in the geodynamic regime of
Tethys in the Lesser Caucasus, as they bear geochem-
ical signatures of within-plate lavas, locally showing
a subduction influence.

Finally, our new radiolarian results establish that
it is during the latest Tithonian–early Berriasian time
that blocks of oolitic limestones with clasts of echin-
oderms slid into the deep-sea basin of radiolarite ac-
cumulation. Although the age of these limestones is
unknown, their facies attests to the presence of is-
lands in the neighbourhood of the radiolarite basin,
on which shallow water carbonate sedimentation ac-
cumulated. A second outcrop of radiolarites contain-
ing blocks of limestones is reported by Danelian et al.
[2012] from a megablock in the Dzknaged mélange,
north of the lake Sevan; the megablock displays a se-
quence of 6–7 m thick radiolarites with thin-bedded
intercalations of lava flows and several small (20 cm-
wide) rounded blocks of limestones with debris of
echinoderms. The radiolarian assemblage extracted
from a sample (Sevan-1) is correlated with the lat-
est Tithonian–Valanginian (UAZ 13–17), but it may be
reasonably assumed that it is of similar age as at Dali
valley.

It is noteworthy, that the late Valanginian inter-
val (UAZ 17) is dated both in the Vedi and Sevan



Taniel Danelian et al. 61

ophiolite zones. However, the block dated at the Er-
akh anticline [Danelian et al., 2017], contains interca-
lations of bedded radiolarian cherts and pelagic lime-
stones and theferore attests for an ocean floor situ-
ated above the Calcite Compensation Depth (CCD) of
the time, in contrast with the upper radiolarites inter-
calated between alkaline lavas at Dali [Asatryan et al.,
2012, Seyler et al., 2023].

Two volcanic events of late Barremian–earliest Ap-
tian age are indirectly dated by radiolarians and may
be correlated with the radiometrically dated lavas
at Vedi [ca. 117 Ma; Rolland et al., 2010]. The
first comes from Karabagh, where middle upper Bar-
remian to lowermost Aptian radiolarites overlying
pillow lavas were dated by Asatryan et al. [2011], in
a volcano-sedimentary sequence that is regarded as
covering unconformably a complex paleo-seafloor
of serpentinized peridotites. It is worth noting that
in this case it is the discovery of the end mem-
ber of the Aurisaturnalis carinatus evolutionary lin-
eage that allowed a more accurate dating than the
Zones (UAZ 18–22) of Baugmgartner et al. [1995] to
which the diverse and moderately well-preserved ra-
diolarian assemblage was assigned. Indeed, the age
range of species Aurisaturnalis carinatus perforatus
Dumitrica and Dumitrica-Jud found in the Ar-10-16
sample coincides with the magnetozone M1 and is
anterior of the OAE1a [Dumitrica and Dulitrca-Jud,
1995]. The second volcanic event is dated in the
Amasia ophiolite; here, Danelian et al. [2016] ex-
tracted upper Barremian–lowermost Aptian radiolar-
ians from a volcaniclastic-chert sequence suggesting
a subaerial volcanic activity more or less synchro-
nous with submarine volcanism in the Sevan-Hakari
ophiolite zone.

Finally, the youngest evidence for submarine vol-
canism comes also from the Amasia ophiolite, where
Danelian et al. [2014] dated Cenomanian radiolar-
ites overlying oceanic basaltic lavas. Here the assem-
blage is assigned to the Dactyliosphaera silviae Zone
of O’Dogherty [1994].

4.2. Age constraints for the obduction of the ophi-
olites

The Vedi natural reserve and the Erakh anticline hold
some key bio-chronostratigraphic elements to con-
strain the age of obduction of ophiolites in the Lesser
Caucasus.

The first type of data comes from the uppermost
carbonate sequences of the SAB. Hakobyan [1978]
mentions the presence of upper Cenomanian lay-
ers with Bicarinella bicarina and Pyrazopsis quinque-
costatus (both gastropods) and lower Turonian lay-
ers with Radiolites peroni (a rudist bivalve) and Om-
phaloacteonella ovata (a gastropod). In addition to
these old data, which are difficult to be confirmed,
Danelian et al. [2014] studied the 150 uppermost me-
tres of the carbonate sequence of the SAB at Vedi and
found benthic foraminifera suggesting a Cenoma-
nian age, especially based on the presence of Daxia
cenomana.

Regarding the age of the terrigenous sequences
that are situated underneath the obducted ophio-
lites, Hakobyan [1978] considers the mélange unit
at Erakh as early Coniacian in age; he mentions the
presence of ammonites (Barroisiceras onilahyense)
and several gastropod species found in siltstones and
quartz-feldspar sandstones of the mélange unit.

Sosson et al. [2010] presented some calcareous
nannofossil biostratigraphic results from the Vedi
sector based on identifications by Carla Müller
(see their Table 1). Here, we attempt to discuss
their results based on the biostratigraphic scheme
of Burnett [1998] and biostratigraphic informa-
tion available in the Nannotax online database
(https://www.mikrotax.org/Nannotax3/index.php?
dir=ntax_mesozoic).

At the Vedi valley, the ARS16 sample was collected
from the base of the flysch capping the SAB car-
bonate sequence. The species Podorhabdus alban-
ius (now Axopodorhabdus albanius), mentioned in
the assemblage, is known between the Albian and the
Cenomanian (biozones BC25-UC5a); however, the
contemporaneous presence of Corollithion exiguum
(Turonian–Maastrichtian) in the assemblage points
to a Cenomanian–Turonian age, therefore diverging
from the Cenomanian age assignment provided in
Sosson et al. [2010].

Similarly, the samples AR63 05, AR64-65 05 and
AR67 05, coming from the upper part of the flysch se-
quence at Vedi are featured by the presence of Rein-
hardites anthophorus (Turonian–UC15d to Campa-
nian) and Lucianorhabdus cayeuxii (UC11c in latest
Coniacian to Maastrichtian), pointing to a latest Co-
niacian to Campanian time interval.

The second type comes from the age of the
lowermost sedimentary levels of the transgressive

https://www.mikrotax.org/Nannotax3/index.php?dir=ntax_mesozoic
https://www.mikrotax.org/Nannotax3/index.php?dir=ntax_mesozoic
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sequence. Sosson et al. [2010] presented results
of calcareous nannofossils from the marls overly-
ing the red conglomerates and found a Coniacian–
Santonian age. Samples AR72-73 05, coming from
the upper part of the flysch sequence at Vedi, are fea-
tured by the presence of R. anthophorus (Turonian–
UC15d to Campanian) and L. cayeuxii (UC11c in lat-
est Coniacian to Maastrichtian), pointing to a latest
Coniacian to Campanian time interval. Our results
confirm and slightly improve this age assignment.

5. Conclusions

In the Tethyan realm preserved in the Lesser Cau-
casus radiolarian biochronology suggests episodic or
continuous submarine volcanic activity for over 70–
75 million years (Bajocian to Cenomanian) in relation
to an intra-oceanic supra-subduction geodynamic
regime. The significant volcanic activity recorded
during the Bajocian in both the oceanic realm and
the Somkheto-Karabagh volcanic arc may reflect a
Bajocian pulse in geodynamic activity due to a plate
re-organisation in the western Tethys in response to
the opening of the Central Atlantic Ocean.

In addition, the new radiolarian ages from the Dali
sector of the Sevan ophiolite establish that the on-
set of enriched subalkaline–alkaline volcanism dates
back to the Berriasian, reflecting also a major change
in the geodynamic regime of Tethys in the Lesser
Caucasus. The geochemical affinity of lavas at Dali
confirms that ophiolites were formed in the context
of an intra-oceanic subduction. The shallow water
carbonate olistoliths that slid into the deep water ra-
diolarite basin from a nearby island arc may be also
interpreted as the echo of such a tectonic event. E-
MORB and alkaline volcanic activity lasted for at least
20 million years (Valanginian to early Aptian).

Radiolarian biochronology establishes also
episodic or continuous subaerial volcanic input
to the radiolarite basin for at least 45 millions years
(Bathonian to Barremian), with the oldest tuffite de-
posits dated in the Sevan ophiolite [Asatryan et al.,
2010] and the youngest in the Amasia ophiolite
[Danelian et al., 2016]. This evidence is in good
agreement with the presence of a volcanic island arc
in the neighborhood of the oceanic basin in which
the lava-radiolarite sequences were formed.

Our new results on calcareous nanofossils
confirm and provide more accurate ages for the

post-obduction sedimentary cover; the marls over-
lying the red transgressive conglomerates may be
safely assigned to the late Coniacian–Santonian in-
terval, UC 11a–UC 12 zones, which is correlated with
the 86–84 Ma interval [Gradstein et al., 2020]. It is
also clear that the carbonate sequence of the SAB
accumulated at least up to the Cenomanian. There-
fore, the ophiolite obduction took place some time
during the Turonian–Coniacian interval. However,
further work is needed in the future to better con-
strain the obduction by clarifying the age of the flysch
deposited on the SAB and of the mélange sequence
that accumulated in the trench formed in front of the
advancing ophiolite thrust belt.
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The Jilh Formation at outcrop consists of a multilayer system of thinly bedded, mixed siliciclastics
with subordinate carbonates and evaporites, representing non-marine to offshore settings. Individual
beds are difficult to correlate at regional scale. A pre-existing outcrop-based, three-fold, sub-division
of the Jilh Formation into lithological units is shown to cross timelines and cannot be used as the basis
for regional correlation. Instead, new identifications of Middle and Late Triassic conodonts in the
formation and at the base of the overlying Minjur Sandstone/Formation, allied to re-interpretation of
previously described ammonoids, provide new paleogeographic and chronostratigraphic data, which
improve our understanding of transgressive–regressive (T–R) sequences at the outcrop and platform
scales and demonstrate that the lithostratigraphic units of the Jilh Formation were inconsistently
recognized at outcrop north of 25°30′N due to erosion by a fourth unit of early Alaunian (Middle
Norian) age; this raises the issue of the Jilh–Minjur boundary addressed in Part II. Marine flooding
events are indicated by tidal flat sediments during the Anisian, and thin carbonate beds during the
Ladinian, late Julian (Early Carnian), associated with Fe-oolite beds, and Tuvalian (Late Carnian).
We recognise a regional Carnian–Norian hiatus and an early Middle Norian transgression, as well as
marine and continental erosional discontinuities affecting the stacking pattern of the T–R wedges.
These observations and analyses provide a sound foundation for sequence stratigraphic analysis and
regional correlation, which are the subjects of Part II.

Keywords. Saudi Arabia, Triassic, Jilh Formation, Paleoenvironments, Biostratigraphy, Conodonts,
Ammonoids.
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1. Introduction

Studies of the Triassic stratigraphy across the Ara-
bian Plate have a long history. Early work was by
staff belonging to international oil companies but re-
mained proprietary. The first formal, widely avail-
able definitions of Triassic lithostratigraphy were
published between the late 1950s and the 1970s in
the series Lexique Stratigraphique International, in-
cluding volumes on Saudi Arabia, Qatar, Iraq, Iran,
Lebanon, Syria and Jordan, Yemen and adjacent ar-
eas of southern Oman. The United States Geological
Survey published a series of Professional Papers on
the Geology of the Arabian Peninsula, with volumes
on Saudi Arabia, south-western Iraq and Yemen,
also in the 1960s. Together these volumes from
the Lexique Stratigraphique International and the
USGS Professional Papers provide the original defi-
nitions of the Jilh and Minjur Formations and their
equivalents.

Most of the Arabian Plate suffers from poor bios-
tratigraphic age control during the Triassic. It is
only in a few sections near the margins of the Ara-
bian Plate or outcrops such as those described in
Part I, that have yielded good faunal or floral evi-
dence. This emphasises the importance of new bios-
tratigraphic data from the Central Saudi Arabian out-
crops, for better understanding of the regional pic-
ture. Work by the BRGM [Le Nindre et al., 1990a]
had identified thin marine units within dominantly
siliciclastic, continental to paralic Sudair, Jilh and
Minjur formations. These marine incursions are ob-

vious candidates for Maximum Flooding Surfaces
(MFS) addressed in Part II. Extensive documentation
of their sedimentology, fauna, flora and stratigraphic
architecture is provided in Part I.

The Triassic Jilh Formation and the Minjur Sand-
stone of Saudi Arabia crop out in a 50 km-wide belt
between latitudes 28°N and 21°N, along the eastern
margin of the Arabian Shield (Figure 1). Together
with the Permian–Early Triassic Khuff Formation
and the Early Triassic Sudair Shale, these formations
form an unconformable cover over the Pre-Permian
rocks, and are in turn unconformably overlain by
Jurassic and younger formations [Figure 2, Vaslet
et al., 1983]. During the USGS-supported mapping of
Saudi Arabia in the 1960s [Powers et al., 1966, Powers,
1968], initial analysis of the lithology of the Jilh and
Minjur formations led to their interpretation as alter-
nating marine or and paralic-continental units. Pow-
ers [1968] suggested a “Late Permian (?Kungurian–
Kazanian)” age for the Khuff Formation, a “Permian–
Triassic (Tatarian–Buntsandstein)” age for the Su-
dair Shale, a “Buntsandstein–Muschelkalk” age for
the Jilh Formation, and a “Keuper to Liassic” age
for the Minjur Sandstone. The available data also
suggested that the intra-formational boundaries
were isochronous [Powers, 1968]. Subsequently,
Le Nindre et al. [1987, 1990a] gave a revised descrip-
tion of the lithostratigraphy, biostratigraphy and sed-
imentology of the Permian–Triassic at outcrop, based
on the results of the cover rock geological mapping
program at 1:250,000 scale by the Directorate Min-
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eral Resources of Saudi Arabia (DMMR) and France’s
Geological Survey (BRGM). More recent publica-
tions give a detailed description and interpretation
of the underlying Khuff Formation [e.g., Vachard
et al., 2005, Vaslet et al., 2005] and overlying Minjur
Sandstone [Issautier et al., 2012a,b, 2019]. The ob-
jective of Part I is not to re-analyse and re-interpret
the lithostratigraphy and the sedimentology already
comprehensively documented by Le Nindre et al.
[1987]. This information has also been published in
the Explanatory Notes to the Geological Map Quad-
rangles (Figure 1), and in Le Nindre et al. [1990a,b],
from which the results are briefly synthesized and
summarised herein. Part I is specifically oriented
to identification and biostratigraphic age calibra-
tion of the main T–R events in view of establishing
an MFS-based sequence stratigraphy, reconstruct-
ing the depositional and structural evolution, and
making regional correlations in Part II.

The present paper describes the sedimentary evo-
lution within the Jilh Formation, using precise bios-
tratigraphic calibration, and the internal organiza-
tion of the T–R depositional sequences. The bios-
tratigraphic analysis, essentially based on conodonts
collected from outcrops of the Jilh Formation and
from the base of the Minjur Sandstone, and on am-
monoids, makes it possible to define the age of the
units at different latitudes, to establish the chronos-
tratigraphic boundaries, and to demonstrate that
successive Middle to Late Triassic transgressions had
a strong northerly component. Part of the biostrati-
graphic data comes from samples collected in the
1980s and was synthesized in Le Nindre et al. [1990a].
New key results come from samples collected in
1991–1992 within the Qibah Quadrangle and were
not studied previously. Conodont taxonomy has
been updated. In addition, a revision of ammonoids
from previous identifications, and a new specimen
collected in 2016 has reinforced the conodont-based
calibration. Inclusion of new data on Minjur Sand-
stone stratigraphy [Issautier et al., 2019] also provides
a correlation tool within the Jilh–Minjur systems, in
the subsurface and at the platform scale, regardless
of lithologic variations.

Results, discussions, and conclusions are pre-
sented in two parts: Part I, the present paper, is
dedicated to lithostratigraphy, paleoenvironments,
ages, and subsequent stratigraphic geometry; a sub-
sequent paper, Part II, will discuss sequence stratig-

raphy, structural evolution, subsurface correlations,
and Triassic paleogeography.

2. Previous definitions

2.1. Jilh Formation

Initially defined by Bramkamp [1945, in Powers et al.,
1966] as the “Jilh limestone member”, this unit was
raised to the rank of formation (the Jilh Formation) by
Steineke and Bramkamp [1952]. The type section was
taken at Jilh al ’Ishar from 24°03′48′′N, 45°46′00′′E to
24°11′06′′N, 45°51′30′′E. In the type region (Wadi Ar
Rayn Quadrangle, Figure 1), the formation, with a to-
tal thickness of 326 m, is generally consists of cross-
bedded sandstone with clayey interbeds, incorpo-
rating several limestone and dolomite bands. How-
ever, the formation displays marked lateral variations
across its outcrop area, essentially comprising con-
tinental sandstone in the southeast, and predomi-
nantly marine carbonate sediments in the northwest.

In the type region, Bramkamp and Steineke [in
Arkell, 1952] distinguished two units based on litho-
logical analysis of the formation. From base to top,
the “Lower Jilh” (142 m) comprises 81 m of quart-
zose sandstone alternating with clay, 25 m of gyp-
siferous clay, and 36 m of limestone containing in-
terbeds of marl and fine-grained sandstone. From
base to top, the “Upper Jilh” (184 m) displays 118 m
of quartzose sandstone, the lower part of which con-
tains interbeds of fine-grained sandstone with two
thin beds of limestone at the midpoint, overlain by
66 m of sandstone and clay incorporating several
beds of sandy limestone, in turn overlain by a bed of
hard oolitic sandstone.

A fauna comprising the bivalve Myophoria sp. and
fragments of ammonoid nuclei is recorded 45–55 m
from the top of the formation [Powers, 1968]. Ac-
cording to Arkell [1952], these cephalopods typify
the Mid-Triassic, although Siberling [personal com-
munication to Powers, 1968] held the view that most
of the specimens can be assigned to a Late Triassic
genus. Based on data from the study of spores and
pollen grains in formations intersected by drill holes,
Powers [1968] nonetheless assigned an Early and
Middle-Triassic age (Buntsandstein–Muschelkalk) to
the Jilh Formation.

Sedimentologic data were subsequently provided
by Sharief [1977, 1981], who described nine sedimen-
tary facies in the Jilh Formation, including fluviatile,



70 Yves-Michel Le Nindre et al.

Figure 1. Simplified geological map of the Arabian Peninsula showing the quadrangles in which the Jilh
Formation crops out. These quadrangles in Central Saudi Arabia were mapped by the DMMR (now Saudi
Geological Survey) and France’s BRGM [Hawasina nappes in Oman not shown, Qatar Arch from Stewart
et al., 2016].

supratidal, coastal, and shallow-marine sediments
deposited in cyclic units (“cyclothems”); the overall
succession comprises interfingering regressive and
transgressive intervals [Sharief, 1981]. Sharief [1977]
also mentioned the development of carbonate fa-
cies north of 25°30′N and of abundant evaporitic
facies in the upper part of the formation around
26°30′N. Vaslet et al. [1983], Manivit et al. [1985a]
and Vaslet et al. [1985a] assigned the Jilh Forma-
tion to the Anisian–Norian, ages principally based
on conodonts and ammonoid faunas; mapping and
sedimentologic analyses by these authors led to
the definition of three units (lower, J1; middle, J2;
and upper, J3), each corresponding to a sedimen-
tary cycle. Manivit et al. [1985a] described a ref-
erence section at Khashm Dolqan near the original

type section (24°13′N, 45°37′E to 24°12′N, 46°05′E).
Northward and southward lateral variations along
the outcrop were described by Le Nindre et al.
[1990a].

2.2. Minjur Sandstone

Originally named the Upper Es Sirr Sandstone
by Bramkamp [1950, in Powers et al., 1966], and
subsequently recorded and defined as the Minjur
Sandstone by Steineke and Bramkamp [1952] and
Steinecke [in Arkell, 1952], this formation was de-
scribed by Powers [1968] as essentially composed of
continental sandstones incorporating conglomerate
lenses and clay intercalations.
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Figure 2. Lithostratigraphic column of the Ar Rayn quadrangle (23°–24°N, 45–46°30′E), slightly updated
from Vaslet et al. [1983].
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The formation is 315 m thick in the type lo-
cality, “Khashm al Mānjur” (=Khashm al Khalta,
23°35′24′′N, 46°10′36′′E), but varies in thickness from
185 to 362 m. It contains plant debris and silicified
wood remains. Powers [1968] assigned a Late Triassic
age (Carnian, Middle Keuper) to the lower part of the
formation from correlation with dated subsurface se-
quences, based on palynologic data. The upper part
was said to contain unspecified Lower Jurassic mi-
croflora. Vaslet et al. [1985a] assumed a ?Norian to
Rhaetian age based on previous work (Late Triassic)
and on interpreted ages of the underlying Jilh Forma-
tion (Anisian–Norian). As mentioned above, this for-
mation was further described in outcrop by Le Nin-
dre et al. [1987, 1990a] and Issautier et al. [2012a,b].
Le Nindre et al. [1990a] confirmed a Norian age based
on the conodont Epigondolella abneptis (Huckriede),
recovered from carbonates near the base of the for-
mation (26°50′N and northward).

In 2019, Issautier et al. [2019] proposed an up-
dated stratigraphy for the Minjur Sandstone in out-
crop and shallow subsurface. In the subsurface, pa-
lynology has established a fourfold biostratigraphic
subdivision (partly illustrated here in Figure 12) ex-
tending from latest Carnian–early Norian to lat-
est Rhaetian–Pliensbachian (Triassic–Early Jurassic).
Subsequent to a period of subaerial exposure in the
west, transgression in the early middle Norian was
marked by marginal marine environments, with peak
marine influence in the Middle Norian. Its signifi-
cation in terms of MFS is discussed in Part II. This
was followed by the development of a gently in-
clined alluvial or coastal plain. Palynology has also
demonstrated an intra-Rhaetian hiatus which sepa-
rates the Lower Minjur Formation from the Upper
Minjur Formation. A variety of depositional environ-
ments are represented, including alluvial fans prox-
imally, grading to fluvial, then to coastal plain and
shallow marine environments distally. Regional evi-
dence (chronostratigraphic chart in Part II) indicates
that this hiatus appears comparable in importance
to the Toarcian to Aalenian unconformity separat-
ing Sharland et al.’s [2001] Tectonic Mega-Sequences
(TMS) AP6 and AP7.

An important aspect of the present study is the
definition of the base of the Minjur Sandstone in out-
crop, and the nature of the contact with the under-
lying Jilh Formation. The overall definition of the
base of the Minjur Sandstone adopted in the different

measured sections from the BRGM/DMMR mapping
program is the following: generally, the base of the
Minjur Sandstone in most of the sections was taken
from beds of black, ferruginous, microconglomer-
atic sandstone with plant remains, debris of silicified
wood, and sometimes the accumulation of silicified
tree trunks. Lag deposits with quartz grains up to
2 cm in diameter and trough cross-stratification may
also characterize this horizon. Thus, the basal Min-
jur beds contrast sharply with the underlying mar-
ginal marine deposits of the Jilh Formation although
mixed facies of dolomite pebbles, reworked in thinly
bedded sandstone, often marks the transition in the
uppermost beds of the Jilh Formation.

3. Lithostratigraphy of the Jilh Formation

In the 1980s, the mapping program at 1:250,000 by
the DMMR and BRGM surveyed the outcrops of the
Jilh Formation over 880 km from latitude 21°07′N at
Khashm Mishlah up to 28°10′N near Shamat al Akbad
in nine quadrangles (Figure 1) from south to north:
Sulayyimah [Vaslet et al., 1985b], Al Mulayh [Manivit
et al., 1985b], Wadi Ar Rayn [Vaslet et al., 1983], Ad
Darma’ [Manivit et al., 1985a], Al Faydah [Vaslet et al.,
1985a], Buraydah [Manivit et al., 1986], Qibah (Ro-
belin et al., surveyed in 1992–1993 and published in
1994), Baqa’ [Vaslet et al., 1987], and Turubah [Lebret
et al., 1999]. Lithostratigraphy, biostratigraphy and
sedimentology of the formation were first published
in the explanatory notes of the maps and then syn-
thetized by Le Nindre et al. [1987, 1990a,b] from field
and laboratory studies.

The three lithostratigraphic units (J1, J2, J3, or
lower, middle, upper unit, respectively) originate
from a sedimentological and sequential approach
to overcome lithological variability, although fine-
grained sediments dominate in J1, sandstone in J2,
and carbonate in J3 [Le Nindre et al., 1987, 1990a,
p. 198; Vaslet et al., 1983]. The three units are par-
ticularly well demonstrated in the vicinity of the of
the Khashm Dolqan reference section (24°13′21′′N,
45°37′34′′E, Figure 3) and by the Khabra Halwah
section—23°59′N—(see Section 4.2.4, Figure 8).
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Figure 3. Continued on next page.
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Figure 3 (cont.). Reference section of the Jilh Formation at Khashm Dolqan, modified from 1:500
description of December 1981 by Y. M. Le Nindre, C. Cavelier, D. Vaslet, J. M. Brosse and J. Manivit.

Typically, the Jilh Formation between latitudes
23°N and 25°N consists of three transgressive se-
quences of clay-siltstone, sandstone, and carbon-
ate, in which the sandstone occupies a variable po-
sition depending on the type of sedimentary bodies
it represents, and where the carbonates, marking the
most offshore marine settings, cap each sequence.
The latter thus are essential markers for correlations.
A cuesta morphology is commonly associated with
these cycles, facilitating lateral mapping between the
sections.

• On the geological maps, between 1979 (first
map surveyed) and 1999 (last map pub-
lished), this three-fold nomenclature was
variably applied depending principally on
outcrop conditions. North of Lat. 25°30′N,
three sequences were also recognized, but
in fact four are stacked, the fourth (i.e.,
youngest) eroding the third. This strati-
graphic geometry was interpreted as a
transgressive erosional wedge by Le Nin-
dre et al. [1987, 1990a]. Already, Vaslet et al.
[1985a] within the Al Faydah quadrangle,
and Manivit et al. [1986] within the Buraydah
quadrangle (i.e., north of 25°N) had men-
tioned Late Carnian and Norian in respect of
Unit J3 and Manivit [1987 in Le Nindre et al.,
1987, Livre 2] had demonstrated an apparent
south–north diachroneity of the lithostratig-
raphy, but, looking more carefully, uncer-
tainties over ages and geometries remained.
From these uncertainties was born the need
for a revised stratigraphy using new bios-
tratigraphic results coupled with modern
Sequence Stratigraphy principles.

Historically, and where the three-fold subdivision
was not fully applicable, “Lower Unit” and “Upper

Unit” were used. The “Lower Unit”, represented on
the maps with a clay or sandstone pattern, simply
corresponds to the J1 Unit, dominantly clastic and
unconsolidated, whose basal contact with the under-
lying Sudair Shale is commonly obscured beneath re-
cent sediments (Figure 2).

3.1. Reference section

The reference section at Khashm Dolqan,
(24°13′21′′N, 45°37′34′′E to 24°12′N, 46°05′E, Fig-
ure 1) near the original type section, has a total thick-
ness of 307 m. The outcropping portion is supple-
mented by 79 m of section from the cored SHD-1
well (23°13′40′′N, 45°37′30′′E), drilled from the first
dolomitic cuesta of the formation, representing the
lower portion hidden under the Nafud Desert sands
(Figures 3 and 4).

3.1.1. Lower boundary

In the SHD-1 well, the transition from the Sudair
Shale below, to the Jilh Formation above, is grada-
tional and marked by an upward increase of sand-
stone content, from red-brick claystone with gyp-
sum, characteristic of the Sudair Shale, to greenish-
red clayey sandstone and to white fine-grained mi-
caceous sandstone. The base of the Jilh Formation is
placed at the base of the first horizon of greenish-red,
micaceous, fine-grained sandstone.

3.1.2. Upper boundary

The contact between the Jilh Formation and over-
lying Minjur Sandstone is placed on an erosional
surface between a dolomitic mudstone with quartz-
sand flasers, representing the last bed of the Jilh
Formation, and a ferruginous sandstone with re-
worked clasts of dolomite, the first bed of the Minjur
Sandstone.
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3.1.3. Lithostratigraphic units and paleoenviron-
ments

The formation in the reference section is subdi-
vided into three units, named J1 (165 m), J2 (72 m)
and J3 (70 m), from bottom to top. The section is
described in detail in Figure 3. The column “Envi-
ronments” depicts a seaward evolution of the sedi-
mentation with time and two major flooding events,
one at the top of Unit J1, and one at the top of
Unit J3, in accord with our sequential units defini-
tions. Ladinian and Julian (Lower Carnian) ages re-
spectively are based on fossils content of this and of
adjacent sections (see Section 5, and Supplementary
Section A, Plate A.3).

3.2. Lithostratigraphy northward and south-
ward from the reference section

3.2.1. Measured sections

The lithostratigraphic sections measured in
the Jilh–Minjur systems from Lat. 22°11′N to Lat.
28°05′N, are shown at a reduced scale in Supple-
mentary Section A with 5 plates and tables which
provide locations of the key fossils and their age in-
terpretation. They mention the original lithologic
subdivisions of Le Nindre et al. [1990a], units and
subunits.

Three sections measured after 1990, of which
the lithostratigraphy was tentatively based on the
adjacent Buraydah quadrangle, complement the
description:

• The Jabal Mudarraj–Didah reference section
for the Qibah Quadrangle (27°10′N) mea-
sured by BRGM in December 1991 (Supple-
mentary Section B, Plate B.1).

• Two sections within the Buraydah Quad-
rangle: Ar Rubay’iyah (26°23′N)—Supple-
mentary Section B, Plate B.2—and Ibn al
Fuhayd (26°42′N—not published herein but
used in Figure 4) measured in March 2016 by
the SGS in a dedicated survey.

All these sections are represented on the north–
south (N–S) transect of the facies and paleoenviron-
ments (Figure 4).

3.2.2. Mapped units

The variations northwards and southwards of the
reference section were described section by sec-
tion by Vaslet in Le Nindre et al. [1987, 1990a] on
the basis of the three units, J1, J2 and J3, despite
discontinuous outcrop in places. Note that the
Units J1 to J3 of the reference section were orig-
inally defined southward within the Wadi A Rayn
quadrangle [Vaslet et al., 1983] at Khabrah Hal-
wah (23°58′N, 44°49′E) as three informal lithologic
assemblages named lower, middle and upper Jilh
(see the Section 4.2.4 dedicated to this particular case
with Figure 8). These three units and their subunits,
are still in use in the individual descriptions of the
lithostratigraphic sections, which are included herein
(Supplementary Section A), especially for purpose of
sample and key fossil’s location with the related bios-
tratigraphic results.

Laterally, in the field, Units J1 to J3 were corre-
lated on facies and on lithomorphology by using the
presence of cuestas with soft material at the foot
and hard benches of dolomite or sandstone, on their
top (Figure 5). This method is reliable at quadran-
gle scale provided a laterally constant lithology is
present. However, the new biostratigraphic studies
have assigned ages to these lithological units which
have proved facies diachroneity [Bruno Vrielynck,
Edward T. Tozer, and Jacques Manivit in Le Nindre
et al., 1987, 1990a] and the presence of disconfor-
mities. Complex and changing lithologies make the
use of this lithomorphology uncertain over long dis-
tances.

Therefore, at the outcrop scale, the three lithos-
tratigraphic units are not differentiated and the for-
mation is indistinctly mapped as TrJ (Triassic, Jilh) or
TrJl (“lower Jilh”) and TrJu (“upper Jilh”) e.g., Vaslet
et al. [1983]. Additional patterns are used where no-
table sandstone bodies or shales occur.

The Figure 4, shows the facies distribution along
a N–S transect. Updated from previous work, it now
indicates the location of the three new sections and
the age calibrations obtained by biostratigraphy. This
new approach, based on analysis of T–R depositional
units and on biostratigraphy will be used for building
a new Sequence and chronostratigraphy in the sub-
sequent Part II paper.
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Figure 5. Aerial views of the first cuestas of the
Jilh Formation, near the location of the lithos-
tratigraphic section “Safra ar Ruwaykibah”,
Al Faydah Quadrangle. (Photos by Jacques
Manivit.)

3.3. Upper contact with the Minjur Sandstone

The upper contact with the Minjur Sandstone was
recognized in most of the sections. It is defined in
outcrop by lag deposits resting on a paleosol and by
evidence of subaerial exposure, notably with plants
and tree remains.

At Khashm Munayyifiyah (22°11′N, Al Mulayh
Quadrangle), the base of the Minjur Sandstone is
a channelised sandstone with mud pebbles and an
erosional contact on the underlying paleosol. At
Khashm Mawan (22°50N′, Al Mulayh Quadrangle),
the base Minjur is a conglomeratic lag of rounded
quartz, 2 cm in diameter, above a ferruginous sur-
face, overlain by trough cross-bedded sandstone.

At Khashm al Khalta (23°38′N, Ar Rayn Quadran-
gle), the base Minjur, as recognized by Issautier et al.
[2012a], is an incised high-energy paleo-river valley
filled with black ferruginous, coarse-grained sand-
stone with planar (upper flow regime quartz lags) and

trough cross-stratification. It contains debris of sili-
cified tree branches, and plant imprints. Two trib-
utaries of this type were observed within a 10 km
radius. At Khabra Halwah (23°58′N, Ar Rayn Quad-
rangle), above a brecciated bed of dolomite in fine-
grained sandstone, the basal Minjur is a conglom-
eratic coarse-grained sandstone overlain by a fine-
grained sandstone with black hematite.

At al Gullah (24°19′N, Ad Darma’ Quadrangle),
above the Kashm Dolqan section of the Jilh Forma-
tion, the basal Minjur is characterized by soil with
gravel and poorly sorted coarse-grained sandstone
with plant debris; it rests on supratidal fine-grained
deposits with a reworked bed of dolomite in sand-
stone, and a ferruginous surface; below in the
Khashm Dolqan section, transitional flasers of sand-
stone are present in the dolomite bearing bed.

In the south of the Al Faydah Quadrangle
(25°08′N), the basal Minjur is a conglomeratic sand-
stone with ferruginous cement resting on a red-violet
algal dolomite. At Safra ar Ruwaykibah (25°32′N, Al
Faydah Quadrangle) the basal Minjur is a conglom-
eratic sandstone with iron cement containing plants
or wood, and channeling in paleosols. At Safra al
Mustawi (25°40′N, Al Faydah Quadrangle), the basal
Minjur is a trough cross-bedded, coarse-grained
sandstone with silicified wood debris and gypsifer-
ous paleosol, resting on a pink-red sandy dolomite.

At Safra ar Ruwaydah (∼26°05′N–26°25′N, Buray-
dah Quadrangle) it is a micro-conglomeratic brown
ferruginous sandstone resting on dolomitic sand-
stone and laminated sandy dolomite. At Khashm
al Garrah—Al Barud (26°50′, Buraydah Quadrangle)
it is a micro-conglomeratic sandstone with quartz
gravel resting on a laminated dolomite and followed
by quartzitic thinly bedded sandstone containing a
remarkable accumulation of silicified tree trunks.

These descriptions show an apparent homo-
geneity with wood accumulation and lag deposits.
Some uncertainty appears north of 26°N; basal chan-
nels with coarse-grained quartz in trough cross-
stratification become rare and localized and are re-
placed at the boundary by sandy-dolomitic deposits.
Wood debris are found in coastal-plain sabkhas as
well. Therefore, distinction between the Jilh and
Minjur formations is not so clear in some places.
Nevertheless, at the map scale, the boundary is
clearly marked by a low cuesta and a reddish colour
of the sandstone reflecting exposure.
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4. Facies and paleoenvironments

Paleoenvironments interpretation from facies
refers to ancient and modern examples commonly
illustrated in the literature [e.g., Ginsburg, 1975,
Scholle and Spearing, 1982, Scholle et al., 1983], to
oceanographic definitions and personal field work
on modern littoral sediments, specifically on Arca-
chon Bay tidal systems [e.g., Le Nindre, 1971, Le Nin-
dre and Dutartre, 1993, Le Nindre et al., 2000, 2004,
2006] as well as the Aquitaine Coast dynamics—Bay
of Biscay [Le Nindre et al., 1998, 1999, 2001]. The
facies observed in the lithostratigraphic sections
of the Jilh Formation and along the entire outcrop
belt, can be classified by their lithology, sedimen-
tary structures, and paleontological content. They
reflect paleoenvironments ranging from infralittoral,
brackish lagoonal, and fluvio-deltaic within a coastal
fringe. Continental clastic influx is alternated with
thin, but significant, marine transgressions. The rest
of the time, paralic brackish-lagoonal to evaporitic
environments represent equilibrium conditions. The
position of sandstones in the sequence reflects their
depositional environment and the dominant mech-
anism. This is discussed at the end of the facies
description.

4.1. Mapping facies and paleoenvironments
along a N–S transect

The facies described in outcrop in the Jilh Forma-
tion can be grouped and subdivided into three main
categories: marine, paralic, and fluvio-deltaic. They
were mapped from 22°N up to 27°N (Figure 4). The
paralic facies form the background of the sedimenta-
tion. Depending on cyclicity and local tectonics, they
may contain evaporite—mainly in lower part, being
incised by continental discharge—mainly in middle
part, or flooded by marine shallow deposits—mainly
in upper part of the formation.

4.1.1. Marine facies

These facies are the most diversified.

(A) Sandstone with hummocky cross stratifica-
tion; this facies, typical of the lower shoreface
[McCubbin, 1982], is rare (Figure 6a).

(B) Sandstones, with well-sorted quartz grains,
small-scale cross stratification, and a wide
range of current directions; their distribution

is well controlled, vertically transitional be-
tween the brackish claystone–siltstone and
the sandy dolomites of the Unit J2, and hori-
zontally from 24°N to 26°N. These characters
reflect tidal sand flats particularly well rep-
resented in the Khashm al Midiya’ah section
(Jabal Math’abah, c. 24°31′N).

The A and B facies are mapped as “Coastal Sand-
stone” on the transect, Figure 4.

(C) Mixed sandstone-dolomite facies, consisting
of sandstone with lenticular and flaser bed-
ding of carbonate mud, and sandy dolomite
(Figures 6b,d; 7a) has the same distribution
as the tidal sandstone below. The presence of
lenticular structures, flasers, oolites, stroma-
tolites, and traces of biologic activity such as
trails and burrows, and ichthyoliths, makes
it possible to infer a tidal context of the de-
positional environment, whereas the pres-
ence of organisms such as bryozoans, ophi-
uroids, and conodonts, shows the discrete,
but effective, influence of a more open-sea
environment.

The close association of quartzose de-
posits and carbonate sedimentation illus-
trates the dynamics: the sand carried by
rivers was taken up in the littoral domain
and finally redeposited by the sea as sheets
in the dolomites; therefore, resulting litho-
logic types may range from pure dolomite
to pure sandstone. Also, related to the same
process, quartz grains form the nuclei of
limonitic ooids. These phenomena clearly
show the competition between the two
influences.

This C facies is mapped as “Mixed Facies, Flasers”,
specifically, or with the “Undifferentiated Tidal Flat”
when described as a thin bedded complex assem-
blage of laminated sand, mud, evaporite, and sedi-
mentary structures.

(D) Laminated dolomite with algal mats and
pseudomorphs (Figure 7a,b), of intertidal
mudflat, are widely distributed at the top of
each unit. This D facies is mapped with the
“Undifferentiated Tidal Flat” on the transect,
Figure 4.

(E) Stromatolites (Figure 6c), especially large size
(1 m) cushion like stromatolites, are mainly
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Figure 6. Selection of typical macrofacies. (a) Sandstone with hummocky cross stratification. (b) Current
ripples: alternating sandy and muddy beds due to tidal currents periodicity (mixed quartz-carbonate
sedimentation). (c) Convex stromatolite encrusting lithoclasts (flat pebbles of dolomite, early lithified,
on top of a more clayey series; Sample JMA82-157, Unit J3, Khashm Dolqan). (d) Mixed quartz-dolomitic
sedimentation, alternating quartzose dolomite (in brown, at the base), dolomitic mudstone (cream in the
middle), and coarser-grained sandstone with small dolomitic pebbles (grey on top; Sample JMA82-160,
Unit J3, Khashm Dolqan. (a), (c), (d), photos by Y. M. Le Nindre; (b) photo by D. Vaslet.

represented in the Tuvalian interval of the
Unit J3 and associated with the most marine
facies, north of 25°N.

(F) Carbonate (limestone–dolomite) deposits
containing a marine fauna: echinoderms
(particularly ophiuroids), conodonts, bry-
ozoans, and involutinid foraminifers. They
develop preferentially north of 25°N and are
mapped as “Shallow Marine Facies (subtidal,
proximal infralittoral)”.

In detail, major recurrences of D, E, F facies are vis-
ible, but the tops of sequences are marked by better
development of tidal plain facies.

4.1.2. Paralic facies

The paralic facies are most dominant near the
base of the formation (Anisian, Ladinian) and reflect
more-or-less saline conditions of coastal plain set-
tings: varicolored claystone and siltstone with gyp-
sum, and sometimes massive gypsum, likely pass
to anhydrite in the subsurface (Early Ladinian near

24°N and Early Norian near 27°N); this setting is more
similar to sabkha conditions. This facies includes
bone debris (Figure 7e, JMA81-25) as described by
Vickers-Rich et al. [1999]. It is mapped as “Coastal
Plain-Sabkha” in the transect, Figure 4.

4.1.3. Fluvio-deltaic facies

These facies are of two types. The first are wedges
of amalgamated bars organized into a deltaic system,
with fairly well-sorted quartz grains, graded bedded
foresets and overturned cross stratification. This type
of facies corresponds to the main clastic influx lo-
calized in Central Saudi Arabia (23°N to 24°N, Ja-
bal Al Arid, 23°38′N and 23°32′N). It prefigures the
main channel of the Minjur Sandstone, almost super-
imposed on it in the same area (Khashm al Khalta,
23°35′N). This feature, mapped within the Ar Rayn
Quadrangle [Vaslet et al., 1983], is clearly observed by
the satellite imagery.

The second type consists of a more erratic com-
plex of small fluvial channels, with coarser grained
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Figure 7. Selection of typical microfacies. (a) JMA81-7—B40669 Natural light—Dolomitic mudstone
with silty laminae. (b) JMA82-135—B40338 Polarized light—Dolomitic mudstone with anhydrite pseudo-
morphs. (c) JMA82-132—B40338 Polarized light—Siltstone with cement of poikilitic calcite in the upper
part and of authigenic quartz in the lower part. (d) JMA82-149—B40355 Polarized light—Sandstone with
mature grains and ferruginous cement. (e) JMA81-25—B38670 Natural light—Wackestone-packstone
with bone debris and lithoclastes of siltstone, themselves containing smaller debris. Photos by Y. M. Le
Nindre.
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and poorly sorted quartz grains, sometimes ce-
mented by iron oxides (Figure 7d). The sand
bodies are analysed and interpreted in details in
Le Nindre et al. [1990a, p. 198–210] and in the Sec-
tion 3.3. The channels are inserted in pedogenic
siltstones of coastal/flood plain environments in the
immediate vicinity of the river (depicted as “Alluvial
Channels (Jilh)” and “Fluvio-deltaic coastal plain” on
Figure 4).

4.2. Vertical evolution of depositional environ-
ments

4.2.1. Anisian–Ladinian

Within Unit J1, three lithofacies—gypsiferous
siltstones, sandstone, and carbonates—correspond
to different parts of a littoral complex comprising;
coastal plain, estuaries, tidal flats and lagoons with
a restricted fauna. The vertebrate faunas collected
by Vickers-Rich et al. [1999] and Kear et al. [2010a,b],
from Unit J1 illustrate climate—alternating dry and
humid seasons—and these paleoenvironments.
Their contribution to age calibration is presented
further in Section 5.3. Vickers-Rich et al. [1999] have
studied a fauna from the Ar Rubayiyah–Ash Shi-
masiyah area (26°25N′, 44°14′E)–(26°22′N, 44°16′E)
mainly composed of sharks and osteichthyans.
Most of these vertebrates seem to have been free-
swimming forms, although a few isolated teeth may
also indicate bottom-feeders. Subsequently Kear
et al. [2010b] discovered the first lungfish Cerato-
dus sp. found in the Arabian Peninsula. This par-
ticular fish demonstrates, by its adaptation to both
aquatic and aerial breath, periods of dryness alter-
nating with flooding characteristic of this transitional
environment.

4.2.2. Early Carnian

The Early Carnian marks the start of a transgres-
sive phase typified by an initial influx of abundant
siliciclastics originating from the Arabian Shield.
These terrigenous detrital sediments were deposited
in a marine environment consisting of intertidal
carbonate flats, and variably reworked in a littoral
environment, passing through lagoons characterized
by clayey silty sedimentation. This type of evolution
is thus very similar to that encountered in estuarine
sequences [Clifton, 1982] and are observed in mod-
ern environments such as the Bassin d’Arcachon

[Aquitaine, France, YML, pers. observ. e.g., Le Nindre
and Dutartre, 1993]. So, as shown by Figures 4 and 10,
there may be several separate or stacked estuarine
environments along the coast.

4.2.3. Late Carnian to Norian

The reconstruction of Late Carnian to Norian en-
vironments shows a predominantly mid-littoral in-
fluence, although temporarily more seaward, infralit-
toral domain may have prevailed.

The presence of cushion-like stromatolites is rem-
iniscent of some present-day settings in the Arabian
Gulf. We observe a relative decrease in terrigenous
detrital input, and a concomitant expansion of the
carbonate deposits at the edge of the marine plat-
form. Some hardgrounds occurred, and the set-
ting was less confined, although the water depth re-
mained shallow.

4.2.4. Exemplary case of the Khabra Halwah Section

Located farther south, near the reference section
(23°58′N, 44°49′E), the Khabra Halwah Section (Fig-
ure 8) adds an improved understanding of the se-
quential arrangement of the Jilh Formation and par-
ticularly demonstrates the sedimentation of the in-
tertidal flats. Each sequence is transgressive and
capped by tidal carbonate. The succession of fa-
cies used to define the three lithostratigraphic units
comprises: (1) silty and gypsiferous claystone typi-
cal of lagoons and the littoral plain, (2) intertidal flat
dolomites, and (3) sandy bodies located at various
positions in the sequence depending on the environ-
ment to which they are related, as follows.

• Fluvial sandstone is at the base of the se-
quence, followed by brackish claystone–
siltstone and capped by the tidal carbonate;

• Deltaic-estuarine sandstone is deposited
partly in place of the brackish claystone–
siltstone and develops southward as a wedge
in the Unit J3 at Jabal al Arid (23°38′N) cen-
tred on an alluvial valley while bays and al-
gal mats dominate northward at Khashm
Dolqan (24°15′N);
Tidal sandstone overlies the brackish
claystone–siltstone, and is capped by the
tidal carbonate. It is particularly present in
the Unit J2, and well illustrated by the section
at Khashm al Midiya’ah (24°27′N). The tidal
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Figure 8. Stratigraphy and sedimentology of the Jilh Formation in the Khabra Halwah section [23°58′N,
44°49′E, measured October 1980, modified after Le Nindre et al., 1987, 1990a].

flat deposits generally end with salt marsh
or laminated sabkha sediments, which form
the cap to the depositional sequence.

The Khabra Halwah Section thus particularly well
illustrates the alternation between phases favouring
alluvial deposits and phases leading to the reworking

of such deposits by the sea (Figure 8).
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4.3. Interpretation of transgression–regression
(system tracts geometry)

On the basis of the analysis summarized above, we
depict at larger scale the T–R sequences that charac-
terise this formation. The ages of these sequences are
discussed in Section 5. A fairly clear understanding
of the processes is given by mapping several key fea-
tures along a N–S transect, as follows.

Ferruginous (Fe) oolites generally have a quartz
nucleus, and are likely to be chloritic oolites
diagenetically altered by weathering in outcrop
(Figure 4). They are equivalent to, or associated
with, the formation of glauconite when chemical
processes dominate the sedimentation processes,
and delineate condensed intervals. Also, a thin ledge
of coarse-grained quartz-rich sandstone (some-
times with gravel) may predate the Fe-oolite hori-
zon. The thin ledge horizon is usually very con-
tinuous, as generally observed for this type of sur-
face, and forms cuestas that can be easily corre-
lated. The Fe-oolite horizons are significant as they
typically mark the maximum rates of transgression
and are associated with carbonate beds which con-
tain age-diagnostic faunas. One in particular marks
the top of the second major transgressive sequence
taken as J2–J3 boundary above the main clastic
event.

The distribution of carbonates in the Jilh Forma-
tion along a N–S transect (Figure 9) is represented
according to two environments: most of them cor-
respond to intertidal flats; coming from the north
(as viewed in outcrop), more marine influences iden-
tify the maximum flooding intervals. This transect
demonstrates a more carbonate-rich and more ma-
rine sedimentation north of 25°N, and five marine
pulses, which can be grouped into three major flood-
ing intervals, the main one reaching as far south
as at least 23°N. The sedimentary wedges depict a
progradation-like geometry, particularly visible near
the upper boundary of the formation with the Minjur
Sandstone.

The distribution of sandstones in the formation
in outcrop (Figure 10) is represented according to
two environments: (1) fluvial or fluvio-deltaic sand-
stones which reflect the continental, prograding clas-
tic influx; and (2) marine littoral sandstones, in gen-
eral, intertidal, which reflects marine reworking of
the clastics brought by the rivers and thus transgres-

sive processes. This transects (Figure 10) demon-
strates the following patterns. The coarse-grained
sandstones of the Minjur Sandstone overlie the top
of the Jilh Formation with the most typical facies
including a basal lag with plants, silicified wood or
pieces of silicified tree trunks.

Sandstone becomes more abundant between
23°N and 26°N, and especially between 23°N and
25°N. Fluvial-deltaic sandstones are distributed ei-
ther in small coastal river channels or as the deltaic
wedge observed at Jabal al Arid near 23°30′N. Cor-
relations show that this body appears abruptly
in lateral correspondence with thinner tidal flat
deposits; the same corridor was later used by the
main stream of the Minjur Sandstone. This observa-
tion is interpreted as due to a subsiding area, likely
related to a NE-trending fault bounding the northern
bank of the valley and superimposed on a Permian
paleohigh [Le Nindre et al., 2003, Issautier et al.,
2012a].

The tidal sandstones accompanying the transgres-
sive trends concluded by the carbonates, occur par-
ticularly in the sandstones of Unit J2 between 24°N
and 26°N. In detail, the sandstones of this unit show
that within the overall transgressive process, higher
frequency prograding and retrograding stages of the
coastal domain are manifested [Le Nindre et al.,
1990a, p. 206–210].

To summarize this aspect of the sedimentation,
sandstones represent various trends, more generally
fining-upward transgressive, and intertidal tracts, al-
though some coarsening-upward prograding bodies
were described in Unit J2. Carbonates represent the
most transgressive intervals; they can be capped by
short pre-evaporitic and algal supratidal sediments,
as well as by salt marshes and paleosols representing
reduced regressive tracts.

5. Paleontology, and age interpretation

Systematic sampling along the outcrops was per-
formed during the BRGM/DMMR mapping pro-
gram for petrographic and biostratigraphic analy-
sis. Samples have provided a fairly varied fauna,
and locally, palynoflora. In particular, ten sections
(A to J) in the Jilh Formation and base of the Min-
jur Sandstone measured between latitudes 23°33′N
and 28°01′N (Table 1; Figure 11) have yielded rich
conodont faunas. These faunas, studied by Vrielynck
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Figure 9. Distribution of marine carbonates and clastics-carbonates facies of the Jilh Formation along
the N–S strike of the outcrops [modified after Le Nindre et al., 1987, 1990a]. See Figure 1 for location of
quadrangles.

[Vrielynck et al., 1986] and Krystyn (this study) are
specifically described here for the precise results
that they brought to age interpretation of the Jilh

formation. Other intermediate locations have
yielded biostratigraphic results that complement this
understanding.The taxonomy of conodonts used in this new

study follows Chen et al. [2015] for the Ladinian, Or-
chard [2014] for the Carnian, and Orchard [2018],
for the Norian. Here specifically, Paragondolella
polygnathiformis (Budurov and Stefanov), was re-
placed by Quadralella polygnathiformis, Metapolyg-
natus aff. auriformis (Kovacs) by Quadralella aff. au-
riformis and Carnepigondolella carpathica (Mock) by
Quadralella carpathica. The conodonts age calibra-
tions are from the authors cited (e.g., Chen et al.,
Kilic et al., Orchard, Vrielynck, Mazza et al., Krystyn),
principally in Section 5.3. Two ammonoid fau-
nas were also described in the J3 upper unit near
Ash Shimasiyah–Ar Rubayiyah (∼26°22′N) which cor-
roborate conodont age assignments. Compared to
Le Nindre et al. [1987, 1990a], new insight is provided
in this study by the conodont fauna from the Qibah
Quadrangle, and by the examination of other spec-
imens of the ammonoid fauna from the Buraydah
Quadrangle. The samples are located referring to
units and subunits (e.g., J1(2)) of the concerned sec-

tion in 1990 nomenclature as on the logs (Supple-
mentary Section A, and Figure 11).

5.1. Data from the reference section

As already mentioned in section “Lithostratigraphy”,
the reference section for the Jilh Formation is located
at Khashm Dolqan (Figure 1 and Section C, 24°15′N
Figure 10) near the original type section, and is com-
posed of the outcropping portion completed by 79 m
of series from the SHD-1 well stratigraphic core drill
for the lower portion (Figure 3). The portion from
J1(2) to J1(4) in the SHD-1 well has yielded a paly-
noflora which characterizes the Anisian, especially in
J1(4) with Densoisporites nejburgii (Schulze) Balme,
Alisporites cf. opii Dauguerty, Camerosporites cf.
pseudoverrucatus Scheuring, and more specifically
Platysaccus cf. queenslandii De Jersey. The fossils
in the reference section occur in the upper part of
Unit J1 (J1(5–6) and J1(8)) (Figure 11 and Supple-
mentary Section A, Plate A.3) and comprise bivalves,
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Figure 10. Distribution of sandy facies of the Jilh Formation along the N–S strike of the outcrops
[modified after Le Nindre et al., 1987, 1990a]. See Figure 1 for location of quadrangles.

Figure 11. Location of the sections and samples having yielded age-decisive fossils along a N–S transect.
Base Tuvalian, is subject to vertical adjustment. For name and location see Table 1 above. The apparent
diachroneity of the J2–J3 boundaries is discussed below in Section 5.4.
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ād

ı̄A
r

R
ay

n
—

23
H

1:
50

0
23

°5
8′

N
–4

4°
49

′ E
23

°5
9′

N
–4

6°
10

′ E
10

/8
0

Y.
M

.L
e

N
in

d
re

,D
.V

as
le

t,
J.

M
.B

ro
ss

e,
J.

M
an

iv
it

B

Ji
lh

al
’I

sh
ar

—
Ja

b
al

al
A

ri
d

W
ād
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conodonts, bryozoans, foraminifers and ichthy-
oliths. The bivalves identified as Myophoria gold-
fussi, (JMA82-132) are indicative of the Anisian. The
Ladinian conodont Pseudofurnishius murcianus Van
Den Boogaard is also recognized (sample JMA82-137,
J1(8), Supplementary Section C, Plate C.7). The
boundary between the Anisian and the Ladinian
is thus located between the two faunal beds in the
upper fifth of Unit J1 (c. J1(6)–(7) boundary) at the
latitude of the reference section.

5.2. Data from other sections

The results are summarized in Figure 11 and Supple-
mentary Section A. Units and subunits refer to Fig-
ure 11 and to the lithostratigraphic sections, in Sup-
plementary Section A.

In Section A (Jilh al “Ishar—Jabal al Arid, 23°31′N,
Supplementary Section A, Plate A.4), only sample
VD80-443 could be dated. It was collected from the
uppermost part of Unit J3, and contains conodonts
belonging to the species Quadralella polygnathi-
formis (Budurov and Stefanov), present throughout
the Carnian (Julian and Tuvalian).

In Section B (Khabra Halwah, 23°58′N, Supple-
mentary Section A, Plate A.3), the top of Unit J3 con-
tains conodonts, echinoderm debris, bryozoans, and
ichthyoliths. Sample VD80-328 contains Paragondo-
lella inclinata Kovacs, and Q. polygnathiformis, an
association typical of the Julian (Early Carnian). Sam-
ple VD80-329 contains Q. polygnathiformis, indica-
tive of the Carnian without further precision.

In Section D (Khashm Midiya’ah, 24°27′N, Supple-
mentary Section A, Plate A.3) where the top of Unit J1
and all of Unit J2 are exposed, only Sample JMA82-
328 collected at the top of the Unit J1 is fossiliferous.
It contains the conodonts Budurovignathus truempyi
(Hirsch) and B. cf. mungoensis (Diebel), an associa-
tion indicative of the Late Ladinian.

In relation to the evolution of paleoenviron-
ments described above, the outcrops located north-
west of 25°N contain more fossils than those to the
southeast.

In Section E (Safra ar Ruwaykibah—Jabal Gurab,
25°32′N, Supplementary Section A, Plate A.2) where
the totality of Units J2 and J3 is exposed, Unit J2
proved to be barren, whereas many conodonts as-
sociated with foraminifers and ichthyoliths are en-
countered in Unit J3. Sample VD82-120 collected

at the base of Unit J3 contains Mazzaella carnica
(Krystyn), characteristic of the Julian. Sample VD82-
129 collected from the middle of the unit contains
Quadaralella aff. auriformis (Kovacs) and Q. polyg-
nathiformis. This is a Carnian association, and the
presence of Q. aff. auriformis indicates the Julian.
The samples collected from the upper part of Unit J3
(samples VD82-130-133) are monospecific, contain-
ing only Q. polygnathiformis, which persists through-
out the Carnian, with the exception of the very
uppermost part.

In Section F (Safra al Mustawi, 25°40′N, Supple-
mentary Section A, Plate A.2), where the top of
Unit J2, all of Unit J3, and the base of the Minjur
Sandstone are exposed, the sample collected from J2
(VD82-29) contains M. carnica, typical of the Julian.
The samples collected from the middle part of Unit J3
contain foraminifers, ostracods, bryozoans, and con-
odonts. The conodonts belong to the Carnian species
Q. polygnathiformis, associated in sample VD82-33
with Q. carpathica (Mock), known exclusively from
the Tuvalian (Late Carnian). A Tuvalian age can thus
be assigned to the middle part of Unit J3. The up-
permost beds of Unit J3 (sample VD82-34) contain
Epigondolella abneptis (Huckriede), known in the
Norian, together with some ichthyoliths.

In Section G (Safra ar Ruwaydah, 26°05′N, Sup-
plementary Section A, Plate A.2) where the whole of
the Jilh Formation, except for the very bottom, and
the Minjur Sandstone are exposed, the upper part
of Unit J1 contains echinoderm debris, ostracods,
and conodonts. Samples JMA83-149 and JMA83-150
contain B. truempyi, and samples JMA83-151 and
JMA83-154 contain P. murcianus (Supplementary
Section C, Plate C.7). Both these species are indica-
tive of the Ladinian. Sample JMA83-160 from the up-
per third of Unit J2 contains Q. polygnathiformis and
M. carnica, an association typical of the Julian. The
middle part of Unit J3 (sample JMA83-165) contains
Q. polygnathiformis associated with echinoderms
debris and bryozoans indicating a Carnian age.

About 30 km northward, near Rubay’iyah
(26°28′N) the formation has yielded two faunas of
ammonoids (Supplementary Section C, Plates C.1
to C.6):

• The top of the lithological Unit J3(3) is
marked by a weathered dolomite contain-
ing a fauna of Tropitids (JMA83-293) with
a “Clydonites-like” form (E. T. Tozer written
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communication, 1985), similar to the species
cited by Powers et al. [1966]. E. T. Tozer sug-
gested a Carnian age for this fauna. Similarly,
in November 2016 in the same area (Ash
Shimasiyah, 26°21′37.00′′N, 44°20′10.00′′E),
D. Vaslet and Y. M. Le Nindre collected a
Tropitid ammonoid (YLN16-056) identi-
fied as ?Discotropites of Late Carnian age by
H. Bucher (written communication, 2017)
which is reinterpreted here as ?Pleurotropites
sp. by LK.

• 18 m above this horizon, within the unit J3(4),
a yellow carbonate horizon, continuous and
well exposed in outcrop, yielded another
monospecific fauna; several tens of spec-
imens were collected (JMA83-276), identi-
fied as “Neotibetites sp.” by E. T. Tozer who
assigned them to a Mid-Norian and rather
late Mid-Norian age (written communica-
tion, 1985). This concentration reflects a lo-
cal thanatocoenosis.

• Other specimens of the same samples as
above were examined by LK and J. Marcoux,
and reported with the following taxa and ages
(new unpublished results):

– JMA 83-293: Pleurotropites sp.ind.,
Sirenites sp., Shastites sp.; age: Tuvalian
Tuvalian 1, Tropites dilleri zone, eventu-
ally Tuvalian 2/I)

– JMA 83-276: Anatibetites kelvini
Mojs., Paratibetites cf. geikiei Mojs.,
?Metacarnites sp.; age: Middle Norian
(Alaunian); if the questionable Metacar-
nites is true, then Alaunian 1.

In Section H (Khashm al Garrah—al Barud 26°47′–
26°57′N,—also named Safra al Agyah, (Supplemen-
tary Section A, Plate A.1) ranging from the middle
part of Unit J1 up to the lower layers of the Min-
jur Sandstone, numerous conodonts belonging to the
species E. abneptis and some ichthyoliths are found
in sample JMA83-286 just above a remarkable ac-
cumulation of tree trunks (JMA83-238) taken as the
base of the Minjur Sandstone; the conodont indi-
cates a Norian age. In the same section, marker
foraminifera were identified by D. Vachard (written
communication, 1984) at the top of Unit J1, the sam-
ple JMA83-60 contains among the bioclasts a few
foraminifera: Globivalvulina sp., “Nodosaria” sp.,

and Glomospira sp. (“cf. Meandrospira”) assigned
to a Permian association. In fact, the petrographic
study by Le Nindre shows that they are reworked
constituents related to a transgressive surface (mid-
Julian marker bed, see “Depositional History and
Sequence Analysis”), and that this fauna originates
from the Khuff Formation. Near the top of Unit J3,
just underneath the base of the Minjur Sandstone
dated Norian by conodonts, the sample JMA83-75
yielded Involutina eomesozoica (Oberhauser), which
is a marker of the Ladinian–Carnian. Due to the fact
that the petrographic study reveals, here again, a bed
of quartzarenite containing obviously reworked car-
bonate constituents, and that a Norian age was re-
tained for the coeval lateral beds, it is very likely that
the foraminifer was reworked from the substratum
into the Norian sandstone, supporting interpretation
of a Carnian–Norian unconformity.

In Section I (Jabal Mudarraj—Didah, 27°10′N,
Supplementary Section A, Plate A.1, and Supple-
mentary Section B, Plate B.1 and Supplementary
Section C, Plates C.8 to C.10), newly studied con-
odonts were found throughout the Jilh Formation.
In the upper part of the Unit J1, samples from the
dolomite forming the first main cuesta provided
a (Late?) Ladinian age: CRQ91-14 with Pseud-
ofurnishius shagami (Benjamin and Cheepstow-
Lusti), containing also vertebrae, and CRQ91-21
with P. shagami and P. cf- shagami transitional to
Budurovignathus truempyi (Hirsch). In the Middle
part of the Unit J2, the sample CRQ91-38 yielded in-
teresting though poor material of Mazzaella carnica,
indicating late Early Carnian. Various horizons of the
J3 Unit provided conodonts. Of six studied samples,
four (CRQ91-42, 43, 44, 45) yielded platform con-
odonts (Ancyrogondolella) of basal Middle Norian
age (Alaunian 1) and the other 2 were barren (CQR
91-81, 92-3). All of the productive samples yielded
the same 2 species: Ancyrogondolella praeslovakensis
(Kozur, Masset and Moix) and a new Ancyrogondo-
lella, here called as A. ex gr. uniformis (Orchard).
Epigodolella abneptis is comparably rare and re-
stricted to the highest sample CRQ91-45. A. praeslo-
vakensis has been described by Moix et al. [2007]
from Middle Norian limestones within the Mersin
melange, Turkey, where it co-occurs with Alaunian 1
ammonoids (Cyrtopleurites, collected and deter-
mined by LK). Also, the new species, Ancyrogondo-
lella ex gr. uniformis, is found in many Alaunian 1
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ammonoid dated Hallstatt sections between Austria
and Timor (unpubl. data, LK).

The exact position of CR91-42 in section (between
samples 41 and 43) is not recorded in the field book.
But, from sample description, and by comparison
with a similar horizon in Section H, it very likely orig-
inates from a bioclastic–oolitic grainstone beneath
the khaki shale interval, just on top of sample 41, at
the base of Unit J3. True Epigondolella abneptis oc-
curs in sample CRQ91-45. Samples CRQ91-46 and
47 were taken from holes in black silty claystone of
sabkha deposits, about 6–7 m above the samples 44
and 45 and 2 m above silicified wood occurrence. Pa-
lynology indicates a Norian age based on association
of Circumpolles, Camerosporites tenuis, Ovalipol-
lis pseudoalatus, and Spiritisporites spirabilis (inter-
nal technical note Danielle Fauconnier 92-GEO-GSM
040, 1992). This silicified wood is coeval with the tree
trunks found in Al Barud, a few kilometers southward
[Manivit et al., 1986] and with the flora from Hunay-
dhel (Hunayzil on the Buraydah Geological Map) re-
cently studied by El-Atfy et al. [2022].

The Alaunian age of the Jilh–Minjur boundary was
confirmed in two other locations: from another sim-
ilar section in Unit J3, the sample CRQ91-85, in a
situation comparable to CRQ91-44, indicates again
Middle Norian (Alaunian 1). From a portion of sec-
tion in Aba ad Dud, the sample CRQ92-2 taken from a
Fe-oolite grainstone with oncolites in a transgressive
horizon yielded the same conodont fauna of Alau-
nian 1 age.

In Section J (Az Zabirah, 28°05′N, Supplementary
Section A, Plate A.1) at the base of the Minjur Sand-
stone, many conodonts of the species E. abneptis of
Norian age were found in Sample VD84-142.

5.3. Discussion of age interpretations

5.3.1. Anisian

The Anisian was dated by Myophoria gold-
fussi—although the age range of this bivalve may
be disputed—and by palynology in the reference
section.

Vickers-Rich et al. [1999] have studied a rich
fauna of vertebrates from the Ar Rubayiyah–Ash Shi-
masiyah area (26°25N′, 44°14′E)–(26°22′N, 44°16′E)
already cited above in section “Vertical Evolution of

Depositional Environments”. It includes hybodon-
tiform sharks, actinopterygians, and sauroptery-
gian reptiles such as a pachypleurosaur, Simosaurus,
nothosaurs and cyamodontoid placodonts. This
fauna compares well with other Middle Triassic fau-
nas from the Germanic and Alpine Triassic, and from
the northern Gondwanan shelf, in particular with the
fauna from Makhtesh Ramon, Negev.

Similar horizons were described in several sec-
tions by BRGM, in particular those that we men-
tioned at Khashm Dolqan (Figure 2, Darma quad-
rangle) and Al Mudarraj-Didah (Supplementary Sec-
tion B, Plate B.1, Qibah quadrangle), and by SGS at
Ar Rubay’iyah within the Unit J1 and in particular
near the top of this unit (Plate B.2). By compari-
son of the fossils with those from other localities,
the age best estimated by Vickers-Rich would range
from Late Anisian to Ladinian, close to the Anisian–
Ladinian boundary. This estimate matches well the
stratigraphy established herein by the other indica-
tors (palynomorphs, bivalves, conodonts).

Kear et al. [2010a,b] conducted a new field sur-
vey near Ar Rubay’iyah, but also on the Reference
Section of Khashm Dolqan which yielded large
quantities of vertebrate fossils ranging from Up-
per Anisian to lowermost Carnian in age. These
finds prompt a revision of the existing faunal list
of sharks, fishes and marine reptiles, in particu-
lar the discovery of the lungfish, Ceratodus sp.,
[Kear et al., 2010b]. The remains thus comprise
sauropterygian marine reptiles (Psephosauriscus sp.,
Nothosaurus cf. tchernovi, Nothosaurus cf. gigan-
teus, Simosaurus sp.), a lungfish (Ceratodus sp.), hy-
bodontiform sharks (Hybodus sp.) and saurichthy-
form actinopterygians (Saurichthys sp.). For Kear
et al. [2010b, p. 1]: “palaeobiogeographical assess-
ment reinforces Tethyan affinities for the assemblage
and reflects the close proximity of the Arabian region
to the “Sephardic Realm”, a compositionally distinct
circum-Mediterranean faunal province character-
ized by hypersaline “Muschelkalk facies”. This paleo-
biogeographic interpretation matches a similar con-
clusion by Vrielynck based on Ladinian conodonts
(see in Part II, Section “paleogeography”).

5.3.2. Ladinian

The Ladinian is well constrained from south
to north by the conodonts Pseudofurnishius mur-
cianus Van Den Boogaard (Supplementary Section C,
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Plate C.7), and Budurovignathus truempyi (Hirsch)
at Khashm Dolqan (24°15′N), Khashm Midiya’ah
(24°27′N) and Safra ar Ruwaydah (26°05′N). In
the section at Khashm Midiya’ah the association
B. truempyi and B. cf. mungoensis (Diebel) is indica-
tive of the Late Ladinian [Hornung, 2006, Vrielynck,
1984, Vrielynck et al., 1986], former Protrachyceras
archelaus zone, Longobardian 2. In the south of the
Qibah Quadrangle, the laterally correlated horizon
(first main cuesta) is also of Ladinian age as con-
firmed by the recovery of Pseudofurnishius shagami
[Benjamini and Chepstow-Lusty, 1986], and P. cf.
shagami transitional to Budurovignathus truempyi
(CRQ91-14 and 21). Note that this conodont associ-
ation is slightly different in this northern area than
more south, in other sections. This point could be
explained in two different ways:

• Age-based difference: from Plasencia et al.
[2015], P. shagami would be restricted to
Fassanian (Early Ladinian), whereas south-
ward, in coeval beds P. murcianus, although
known possibly since Fassanian, proliferates
in the uppermost Ladinian horizons in our
sections and thus very likely in the Longo-
bardian, in agreement with Plasencia et al.
[2015, their Figure 8]. In this option, a satis-
factory correlation with ammonoid zonation
would appear for P. shagami, B. truempyi
and B. mungoensis with Curionii, Gredleri,
and former “Archelaus” zones (cf. Longob-
ardicus), respectively. This hypothesis would
imply a diachronic sheet-transgression on
a ramp (coastal onlap), based on the oc-
currence of older (Fassanian) species in
the north, and of younger (Longobardian)
species only, south of Lat. 26°30′N (Fassa-
nian hiatus). However, one remaining ques-
tion is why the Longobardian would not be
recognized in the north?

• Environment-based difference: one of the
authors (LK) prefers an effect of the pale-
oenvironment on species distribution, with
Budurovignathus associated to flooding
events, or deeper settings, and Pseudofur-
nishius associated to the regressive phase,
or shallower setting. This hypothesis is sup-
ported by the vertical distribution of the
conodonts where the two are present, and
by restriction of Budurovignathus to a more

marine area (lat. 24°27′N–26°21′N).

Fish debris are common in two separate horizons
that can be identified at various locations along the
full extent of the outcrop. As we have seen above in
the previous paragraphs [Vickers-Rich et al., 1999],
the age of the upper beds of fish and reptiles remains
found in several sections is compatible with the La-
dinian age provided by conodonts.

5.3.3. Julian

A reasonable correlation is found at the base of
the Julian carbonates with M. carnica (JMA83-160,
VD82-29, VD82-120), in the condensed horizon with
Fe-oolites, supporting its use for further correla-
tions. A late Early Carnian age was confirmed in the
south of the Qibah quadrangle by M. carnica/baloghi
(CRQ91-38). Its presence is very likely related to a sig-
nificant flooding event on the Arabian shallow shelf.
In Hornung et al. [2007], the “auriformis” abundance
zone (AZ) and “carnicus” interval zone are shown af-
ter Gallet et al. [1994, their Figure 2] within the late
early Julian (Julian 1/II and base Julian 2). Accord-
ing to Kovacs [1977] and to the most recent paper by
Kiliç et al. [2015], the Mazzaella lineage derives from
Quadralella auriformis (Kovacs). Q. aff. auriformis
(Kovacs) is present in sample VD82-129, just adjacent
to VD82-120.

The Julian age on top of the formation at Khabra
Halwah (23°58′N) is provided by Paragondolella
inclinata (VD80-328). This species, which can be
present in association with B. mungoensis since the
Late Ladinian/Longobardian [Hornung, 2006], is
found here as a Ladinian relict species which sur-
vives up to the extinction event at the Early/Late
Carnian boundary [Rigo et al., 2005].

5.3.4. Tuvalian

The populations of Q. polygnathiformis, though of
large age range, are more frequent in the upper Jilh,
where they would indicate either Julian or Tuvalian
when in association with specific markers (e.g., P. in-
clinata for the Julian and Q. carpathica for the Tu-
valian). Its abundance zone is shown in Tuvalian 1
and Tuvalian 2/I by Hornung et al. [2007, after Gallet
et al., 1994].

Q. carpathica (VD82-33) indicates an early to mid-
dle Tuvalian age. Similar to M. carnica, derived from
Quadralella through a late Julian lineage, Q. car-
pathica derives from Q. polygnathiformis through a
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Tuvalian lineage [Orchard, 2014]. Following Gallet
et al. [1994, in Hornung et al., 2007] the “carpathicus”
abundance zone (AZ) is shown in the Tuvalian 2/II
though the species may appear already in the early
Tuvalian according to Mazza et al. [2012]. The speci-
mens of tropitids ammonoids (JMA83-293) observed
by J. Marcoux and L. Krystyn would be rather Tu-
valian 1, eventually up to 2/I. In any case, this Tu-
valian age is consistent with the specimens submit-
ted to E. T. Tozer and with the last sample recently
submitted to H. Bucher (YLN16-056) from the same
horizon within the Buraydah Quadrangle. The refer-
ence section of the Qibah Quadrangle did not provide
evidence of Tuvalian sediments, and thus, Tuvalian
may have been partially absent or eroded and may
be part of the Early Norian hiatus.

5.3.5. Norian

The Norian was first recognized in the Unit J3
of the Jilh Formation and in the Lower Minjur by
Epigondolella abneptis (Huckriede), originally iden-
tified in the samples by Vrielynck [1984]. This
species was regarded by previous authors as ranging
throughout most of the Norian as well as the late Car-
nian.

The older forms assigned to this species were
later subdivided into several subspecies by Orchard
[1983], all ranging in the Lacian (Early Norian, his
Figure 10); but this age conflicts with the age given
by the co-occurring Middle Norian Tibetitidae.

Recently, Orchard [2018] assigned the Lower No-
rian “Epigondolellas” to the genus Ancyrogondolella,
whereas Krystyn [2008] identified Epigondolella ab-
neptis at its type locality as a distinct Middle Norian
form.

This uncertainty was resolved by the new study on
the Qibah conodonts. Five samples, from the refer-
ence section (CRQ 91-42, 43, 44, 45), and from coeval
outcrops (CRQ 91-85 and CRQ92-2) yielded the same
species of basal Middle Norian age (Alaunian 1): An-
cyrogondolella praeslovakensis (Kozur, Masset and
Moix) and another Ancyrogondolella of the A. uni-
formis group. A. praeslovakensis and the new Ancyro-
gondolella are found in many Alaunian 1 ammonoid-
dated sections cited above (see Section 5.2, Section I).

Thus, both conodonts and ammonoids converge
towards an early Alaunian age which implies a hia-
tus of more than 10 Ma, and likely greater (11–14 Ma)
in the case of erosion of the Tuvalian, as in Qibah

area, where it has not been found. North of 25°30′N,
continuity of facies and of environment, and lack of
coarse-grained clastics which would reflect an ob-
vious discontinuity or a sequence boundary, make
causes and mechanisms of this hiatus hypotheti-
cal. In this case we would assume a transgressive
erosional wedge (marine onlap). We have already
formulated this hypothesis [Le Nindre et al., 1987,
1990a], but on a different age basis.

At the upper contact with or at the base of the Min-
jur Sandstone, a good correlation is found by E. ab-
neptis in several sections, from north to south: Az
Zabirah (VD84-142), Jabal Mudarraj-Didah (CRQ91-
45), Al Barud (JMA83-286), and Safra al Mustawi
(VD82-34). One of the authors (LK), does not exclude
that this horizon might be a bit younger in the Alau-
nian [according to the age range of E. abneptis, up to
Alaunian 3 in Krystyn et al., 2009].

5.4. Diachronous lithostratigraphic boundaries:
erosional hiatuses

Previous studies of the conodonts and ammonoids
(Jacques Manivit, Bruno Vrielynck and Eward T. Tozer
in Le Nindre et al. [1987, 1990a]) had demonstrated
that the historical Units J2 and especially J3 as
defined in the south and in the north are diachronous
(Figure 11). Increasingly, various publications doc-
ument this diachroneity at a plate-wide scale. In
particular, Davies and Simmons [2018], Davies et al.
[2019] attempted to demonstrate this for the Sudair
Shale in their Figure 5 while also showing the lower
part of the Jilh Formation.

For explaining this diachroneity north of Lat.
25°30′N, Y. M. Le Nindre had invoked an erosional
wedge, tentatively related to a transgressive Tuvalian
surface. In fact, this new study, providing comple-
mentary and more accurate ages within this area
demonstrates (Figure 12) that the main causes of this
apparent diachroneity is a Carnian–Alaunian hiatus
with a time gap greater than 10 Ma due to:

• A fluvial erosion by the Minjur sandstone;
south of Lat 25°30′N, which incised the Jilh
tidal deposits [see also Issautier et al., 2019].

• A marine Tuvalian-Early Norian hiatus of
more than 10 Ma (11–14 Ma?), north of
Lat. 25°30′, which can be still interpreted as
a Norian transgressive erosional wedge.
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Figure 12. Conceptual sketch of the Jilh—Minjur systems in outcrop. Summary of lithological units,
paleo-environments, ages, unconformities and flooding sequences including update from Issautier et al.
[2019]. The Early Ladinian was not recognized south of Lat. 27°N. Correlations with regional maximum
floodings (Tr), and CPE, are discussed in Part II.

The Early Norian disconformity or unconformity
is thus more than a simple obliquity of time lines
on stratigraphy. A dynamic reconstruction of the
depositional structures by time slices in Part II better
demonstrates all geometric relationships.

6. Conclusion on Part I: Jilh formation
chronostratigraphy of the depositional
units

(1) The Anisian to Carnian Jilh Formation
crops out extensively in Central Saudi Ara-
bia (latitudes 22°N to 28°N). It was previ-
ously mapped and analysed in 1990–1991
by BRGM geologists, who described pre-
dominantly mixed siliciclastic lithologies
with subordinate carbonates and evaporites
representing non-marine to offshore envi-
ronments. The current study builds on this
previous work.

(2) Stratigraphic understanding of the Jilh For-
mation has been improved by analyses of
new conodont finds and a re-evaluation of
existing ammonoid data.

(3) There is a pre-existing three-fold scheme of
lithostratigraphic units for the Jilh Formation
based on the field mapping of cuestas but
the new biostratigraphic data confirms that
these landforms are discontinuous and the
units diachronous along the full length of the
outcrop and should not be used as the ba-
sis for regional correlation. This raises the is-
sue of the Jilh–Minjur boundary, addressed
in Part II.

(4) Four large scale transgressive–regressive cy-
cles can be identified in the Jilh Formation.
An Anisian flooding event is defined by tidal
flat deposits. Ladinian, Julian (Early Car-
nian) and Tuvalian (Late Carnian) flood-
ing events all culminated in fossiliferous
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marine carbonates. The age of these ma-
rine carbonates are closely defined by the
new conodont and re-evaluated ammonoid
data. Of these flooding events, the Julian
transgression was the most regionally ex-
tensive. The Tuvalian flooding event is
missing by erosion in outcrops south of
latitude 24°N.

(5) The current study identifies a major influx
of continental clastics at the end of the La-
dinian, and in the early Julian, likely related
to late Ladinian regression. It may have lat-
erally equivalent evaporitic deposits. Sub-
sequent marine transgressions reworked the
deltaic sands brought by the rivers to long-
shore coastal sand bodies.

(6) Further subdivisions that are candidates for
sequence boundaries in the Jilh Formation
can be proposed at the base of the Julian clas-
tics and at the base of the Late Julian trans-
gression marked by iron oolites overlying pa-
leosols.

(7) At the Khashm al Khalta section, transi-
tional facies previously assigned to the Min-
jur Sandstone are now included in the Jilh
Formation and cap the Julian Jilh dolomite
equivalent. They are overlain by erosional
channel sandstones.

(8) South of latitude 25°30′N, an erosional un-
conformity marks the boundary between the
Jilh Formation and the overlying Early Norian
(pars) to Early Jurassic, continental to mar-
ginal marine Minjur Sandstone, previously
described by Issautier et al. [2019]. The un-
conformity is readily identified in southern
outcrops where fluvial sandstones erosively
overlie mixed marginal marine deposits of
the Jilh Formation (Figure 12). It accounts for
the southward erosion of the Tuvalian flood-
ing event beneath Norian fluvial sandstones.

(9) North of latitude 25°30′N, ammonoids and
conodont finds are reported from the up-
per part of the Jilh Formation and the basal
part of the Minjur Sandstone. Together
with previously documented dinoflagel-
late cyst data, these new finds identify a
≥10 Ma hiatus covering part of the Tu-
valian and the Early Norian. These obser-
vations unequivocally demonstrate that the

lithostratigraphic boundary between the Jilh
Formation and the Minjur Sandstone lies
above the Carnian–Norian hiatus in out-
crops north of 25°30′N but marks the hiatus
itself in outcrops further south. The finds
also confirm the presence of a Middle Norian
(Alaunian) transgression that corresponds
to the Rhaetogonyaulax wigginsii flooding
event identified by Issautier et al. [2019]
(Figure 12). The latter authors identified a
second, younger flooding event associated
with the dinoflagellate cyst Rhaetogonyaulax
rhaetica.

(10) The identification of probable 3rd order
transgressive–regressive cycles and a major
hiatus provides a strong foundation for se-
quence stratigraphic analysis and regional
correlations. Correlations within the out-
crops of the Jilh Formation and overlying
Minjur Sandstone and into the near subsur-
face [Issautier et al., 2019] highlight geomet-
ric and chronostratigraphic aspects of the
stratigraphy (Figure 12). This discussion is
continued in Part II.

Conflicts of interest

Authors have no conflict of interest to declare.

Acknowledgments

The authors thank the Deputy Ministry for Mineral
Resources, Kingdom of Saudi Arabia, for his sup-
port to the Phanerozoic Cover Rock Mapping Pro-
gram during which most of the field works were per-
formed and for permission to publish (BRGM-OF-
06-31). The publication of this Synthesis on the Tri-
assic of Saudi Arabia was made possible through
this Special Publication as a Tribute to Jean Der-
court under the auspices of the French Académie
des Sciences. Authors are especially grateful to
the editors François Baudin, Sorbonne Université,
François Chabaux, Strasbourg University and Eric
Calais, Ecole Normale Supérieure for their invitation,
encouragement, and support. The authors have spe-
cial thanks to Augustus Wilson and to Moujahed I. Al-
Husseini, former Editor in Chief of GeoArabia, for
their constructive comments while writing this pa-
per. The new decisive results on conodonts from the



94 Yves-Michel Le Nindre et al.

Qibah area by Leopold Krystyn were made possible
thanks to the support provided by Benoit Issautier
and Olivier Serrano, BRGM. Thanks to James W. Hag-
gart from the Geological Survey of Canada who very
kindly spared his time for providing photos of the
original Tozer’s collection of ammonoids in Vancou-
ver, and to Raymond Enay, for specimens stored in
the University Lyon I, we have now illustration of this
key fauna. The authors are also very grateful to Nino
Buhay, former graphic team of GeoArabia. We thank
Mike Simmons and an anonymous reviewer whose
insightful comments greatly improved the paper.

Supplementary data

Supporting information for this article is available on
the journal’s website under https://doi.org/10.5802/
crgeos.217 or from the author.

References

Arkell, W. J. (1952). Jurassic ammonoids from Jebel
Tuwaiq, central Arabia, with Stratigraphical intro-
duction by R. A. Bramkamp and M. Steineke. Phi-
los. Trans. Royal Soc. Lond. B, 236, 241–313.

Benjamini, C. and Chepstow-Lusty, A. (1986).
Neospathodus and other conodonta from the
Saharonim formation (Anisian-Ladinian) at
Makhtesh Ramon, Negev, southern Israel. J. Mi-
cropalaeontol., 5, 67–75.

Chen, Y., Krystyn, L., Orchard, M. J., Lai, X.-L., and
Richoz, S. (2015). A review of the evolution, bios-
tratigraphy, provincialism and diversity of Middle
and Early Late Triassic conodonts. Pap. Palaeon-
tol., 2(2), 235–263.

Clifton, H. E. (1982). Estuarine deposits. In Scholle, A.
and Spearing, D., editors, Sandstone Depositional
Environments, volume 31 of AAPG Memoir, pages
179–189. American Association of Petroleum Geol-
ogists, Tulsa. ISBN: 0-89181-307-1.

Davies, R. B. and Simmons, M. D. (2018). Triassic se-
quence stratigraphy of the Arabian plate. In Pöp-
pelreiter, M. C., editor, Lower Triassic to Middle
Jurassic Sequence of the Arabian Plate, pages 101–
162. EAGE Publications bv, The Netherlands.

Davies, R. B., Simmons, M. D., Jewell, T. O., and
Collins, J. (2019). Regional controls on siliciclas-
tic input into Mesozoic depositional systems of the
Arabian Plate and their petroleum significance. In

AlAnzi, H. R., Rahmani, R. A., Steel, R. J., and Soli-
man, O. M., editors, Siliciclastic Reservoirs of the
Arabian Plate, volume 116 of AAPG Memoir, pages
103–140. American Association of Petroleum Geol-
ogists, Tulsa.

El-Atfy, H., Aba Alkhayl, S. S., and Uhl, D. (2022).
Zamites (Bennettitales) from the Minjur Formation
(Norian) of Saudi Arabia—a unique record from the
Late Triassic palaeotropics of Gondwana. Bot. Lett.,
169(4), 588–597.

Gallet, Y., Besse, J., Krystyn, L., Theveniaut, H., and
Marcoux, J. (1994). Magnetostratigraphy of the
Mayerling section (Austria) and Erenkolu Mezarlik
(Turkey) section: improvement of the Carnian (late
Triassic) magnetic polarity time scale and the Car-
nian origin of calcareous nannoplankton and di-
nosaurs. Geology, 34(12), 1009–1012.

Ginsburg, R. N., editor (1975). Tidal Deposits. A
Casebook of Recent Examples and Fossils Counter-
parts. Springer Verlag, Berlin, Heidelberg, New-
York. 6 sections. 428 p. ISBN 3-540-06823-6, 0-387-
06823-6 (Ney-York).

Hornung, T. (2006). Conodonts biostratigraphy of
the Lercheck/Königsleiten section near Berchtes-
dgaden, (Late Ladinian, Hallstatt Limestone). Geo.
Alp., 3, 23–31.

Hornung, T., Bradner, R., Krystner, L., Joachimski,
M. M., and Keim, L. (2007). Multistratigraphic
constraints on the New Tethyan “Carnian Crisis”.
In Lucas, S. G. and Spielmann, J. A., editors, The
Global Triassic, New Mexico Museum of Natural
History and Science Bulletin 41, pages 59–67. The
New Mexico Museum of Natural History & Science,
New Mexico.

Issautier, B., Le Nindre, Y. M., Hooker, N., Reid,
C., Memesh, A., and Dini, S. (2019). Deposi-
tional environments, age, and sequence stratig-
raphy of the Minjur Formation in outcrop and
near subsurface—Central Saudi Arabia. In Al-Anzi,
H. R., Rahmani, R. A., Steel, R. J., and Soliman,
O. M., editors, Siliciclastic Reservoirs of the Ara-
bian Plate, volume 116 of AAPG Memoir, pages
141–184. American Association of Petroleum Geol-
ogists, Tulsa.

Issautier, B., Le Nindre, Y. M., Memesh, A., Dini, S.,
and Viseur, S. (2012a). Managing clastic reser-
voir heterogeneity I: Sedimentology and sequence
stratigraphy of the Late Triassic Minjur Sandstone
at the Khashm al Khalta type locality, Central Saudi

https://doi.org/10.5802/crgeos.217
https://doi.org/10.5802/crgeos.217


Yves-Michel Le Nindre et al. 95

Arabia. GeoArabia, 17(2), 17–56.
Issautier, B., Le Nindre, Y. M., Viseur, S., Memesh, A.,

and Dini, S. (2012b). Managing clastic reservoir
heterogeneity II: Geological modeling and reser-
voir characterisation of the Minjur Sandstone at
the Khashm al Khalta type locality (Central Saudi
Arabia). GeoArabia, 17(3), 61–80.

Kear, B. P., Rich, T. H., Vickers-Rich, P., Ali, M. A., Al-
Mufarrih, Y. A., Matari, A. H., Masary, A. M., and
Halawani, M. A. (2010a). A review of aquatic verte-
brate remains from the Middle–Upper Triassic Jilh
Formation of Saudi Arabia. Proc. R. Soc. Victoria,
122(1), 1–8. ISSN 0035-9211.

Kear, B. P., Rich, T. H., Vickers-Rich, P., Ali, M. A., Al-
Mufarrih, Y. A., Matiri, A. H., Masary, A. M., and
Halawani, M. A. (2010b). First Triassic lungfish
from the Arabian Peninsula. J. Paleontol., 84, 137–
140.

Kiliç, A. M., Plasencia, P., Ishida, K., and Hirsch, F.
(2015). The case of the Carnian (Triassic) Conodont
Genus Metapolygnatus Hayashi. J. Earth Sci., 26(2),
219–223.

Kovacs, S. (1977). New conodonts from the North
Hungarian Triassic. Acta Miner. Petr. Szeged, 23, 77–
90.

Krystyn, L. (2008). An ammonoid-calibrated Tethyan
conodont time scale of the late upper Triassic.
Berichte Geol. B.-A., 76, 9–11. ISSN 1017-8880—
Upper Triassic . . .Bad Goisern (28.09–02/10/2008).

Krystyn, L., Mandl, G., and Schauer, M. (2009).
Growth and termination of the upper Triassic plat-
form margin of the Dachstein area (Northern Cal-
careous Alps, Austria). Aust. J. Earth Sci., 102, 23–
33.

Le Nindre, Y. M. (1971). Étude des traces lais-
sées par des invertébrés marins dans les sédiments
meubles de la zone intertidale. Thèse Docteur
en Sciences Biologiques Université Bordeaux 1.
Décembre 1971. 2 volumes. I. Texte, 101 p., II, Il-
lustrations, 55 pl.

Le Nindre, Y. M., Benhammouda, S., Rouzeau, O.,
Haas, H., and Quessette, J. A. (2001). Elaboration
d’un outil de gestion de la Côte Aquitaine. Phase 3:
diagnostic d’évolution et recommandations. Con-
tribution du BRGM. Rapport BRGM RP-50822-FR,
115 p., 55 fig., 5 tabl., 2 ann. http://infoterre.brgm.
fr/rapports//RP-50822-FR.pdf.

Le Nindre, Y. M., Bodéré, G., Izac, J. L., Putot, E.,
Levasseur, J., and Rossignol, B. (2006). Etude

pour le maintien de l’équilibre bio-sédimentaire
des estrans de la côte sud du bassin d’Arcachon.
Rapport BRGM RP-54814-FR, 129 p., 24 tabl., 93
fig., 4 ann. http://infoterre.brgm.fr/rapports//RP-
54814-FR.pdf.

Le Nindre, Y. M. and Dutartre, Ph. (1993). Découverte
spatiale du bassin d’Arcachon. In With collabo-
ration of J.M. Bouchet, P.J. Labourg, A. Berthiaux,
L. Minoux, F. Giraud, and support of Association
Française des Sédimentologistes (A.S.F.), Document
du BRGM, n° 215. Editions BRGM, Orléans, France.
105 p., 27 fig. 1 tabl., 27 photo-plates. Bib. Refer-
ences. 1993. ISBN 2-7159-0680-3. http://infoterre.
brgm.fr/rapports//89-SGN-410-GEO-TED.pdf.

Le Nindre, Y. M., Fauconnier, D., Rouzeau, O., Chas-
signol, A. L., Le Pochat, G., Dutartre, Ph., Man-
aud, F., L’yavanc, J., Loarer, R., Trut, G., and
Tougeron, C. (1999). Elaboration d’un outil de
gestion de la Côte Aquitaine. Phase 2: image
actuelle. Rapport de synthèse. Rapport BRGM
RR-40178-FR–IFREMER R.INT.DEL/99/00, 51 p.,
18 fig., 6 tabl., 5 ann. http://infoterre.brgm.fr/
rapports//RR-40718-FR.pdf.

Le Nindre, Y. M., Le Pochat, G., Dutartre, Ph., Chas-
signol, A. L., Manaud, F., Dreno, J. P., L’yavane,
J., and Guchamp, A. (1998). Elaboration d’un
outil de gestion prévisionnelle de la côte Aquitaine.
Phase 1: reconnaissance, évolution historique.
Rapport de synthèse. Rapport BRGM RR-39882-
FR–IFREMER R.INT.DEL/97.12, 78 p., 21 fig., 7 tabl,
17 ph., 1 pl., 5 ann. http://infoterre.brgm.fr/
rapports//RR-39882-FR.pdf.

Le Nindre, Y. M., Levasseur, J. E., Benhammouda,
S., Cottet, M., and Lafon, T. (2004). Etude pour
le maintien de l’équilibre bio-sédimentaire des
plages du Nord-Est dans le Bassin d’Arcachon.
Rapport BRGM RP-53282-FR, 101 p., 60 fig.,
15 tabl., 6 ann. http://infoterre.brgm.fr/rapports/
/RP-53282-FR.pdf.

Le Nindre, Y. M., Manivit, J., and Vaslet, D. (1987).
Histoire géologique de la bordure occidentale de
la plate-forme arabe du Paléozoïque inférieur au
Jurassique supérieur (en 4 livres). Thèses de Doc-
torat ès Sciences Naturelles, Université Pierre et
Marie Curie, Paris VI, 3 juin 1987.

Le Nindre, Y. M., Manivit, J., and Vaslet, D. (1990a).
Le Permo-Trias d’Arabie centrale. In Histoire
géologique de la bordure occidentale de la plate-
forme arabe, Vol. 3, Documents du BRGM, n° 193.

http://infoterre.brgm.fr/rapports//RP-50822-FR.pdf
http://infoterre.brgm.fr/rapports//RP-50822-FR.pdf
http://infoterre.brgm.fr/rapports//RP-54814-FR.pdf
http://infoterre.brgm.fr/rapports//RP-54814-FR.pdf
http://infoterre.brgm.fr/rapports//89-SGN-410-GEO-TED.pdf
http://infoterre.brgm.fr/rapports//89-SGN-410-GEO-TED.pdf
http://infoterre.brgm.fr/rapports//RR-40718-FR.pdf
http://infoterre.brgm.fr/rapports//RR-40718-FR.pdf
http://infoterre.brgm.fr/rapports//RR-39882-FR.pdf
http://infoterre.brgm.fr/rapports//RR-39882-FR.pdf
http://infoterre.brgm.fr/rapports//RP-53282-FR.pdf
http://infoterre.brgm.fr/rapports//RP-53282-FR.pdf


96 Yves-Michel Le Nindre et al.

Editions du BRGM, Orléans. ISSN: 0221-2536,
ISBN: 2-7159-0507-6. 290 p., 51 fig., 4 tabl., 11 pl.,
3 annexes.

Le Nindre, Y. M., Manivit, J., and Vaslet, D. (1990b).
Géodynamique et Paléogéographie de la Plate-
Forme Arabe du Permien au Jurassique. In His-
toire Géologique de la Bordure Occidentale de la
Plate-Forme Arabe, Vol. 2, Documents du BRGM,
n° 192. Editions du BRGM, Orléans. ISSN: 0221-
2536, ISBN: 2-7159-0497-5. 273 p. 54 fig., 4 tab., 4
annexes.

Le Nindre, Y. M., Thom, C., Souchon, J. Ph.,
Benhammouda, S., Siguié, C., and Rouzeau, O.
(2000). Terra Symphonie–Aménagement intégré
du Bassin d’Arcachon. Etude n°5: Mise au point
d’un outil de surveillance et d’aide à la décision
en matière d’exhaussement des fonds du Bassin
d’Arcachon. Rapport BRGM RP-50578-FR. 67 p.,
22 fig., 3 tabl., 1 ann. http://infoterre.brgm.fr/
rapports//RP-50578-FR.pdf.

Le Nindre, Y. M., Vaslet, D., Le Metour, J., Bertrand,
J., and Halawani, M. (2003). Subsidence modelling
of the Arabian platform from Permian to Paleogene
outcrops. Sediment. Geol., 156(1–4), 263–285.

Lebret, P., Halawani, M. A., Memesh, A., Bourdillon,
C., Janjou, D., Le Nindre, Y. M., Roger, J., Shorbaji,
H., and Kurdi, H. (1999). Geologic map of the Tu-
rubah quadrangle, Kingdom of Saudi Arabia. Geo-
science Map GM-63C, scale 1:250,000, sheet 28F.
Deputy Ministry for Mineral Resources, Ministry
of Petroleum and Mineral Resources, Kingdom of
Saudi Arabia. Explanatory notes, 46 p.

Manivit, J., Pellaton, C., Vaslet, D., Le Nindre, Y. M.,
Brosse, J. M., Breton, J. P., and Fourniguet, J.
(1985a). Geologic map of the Darma’ Quadran-
gle, Kingdom of Saudi Arabia. Geoscience map GM-
101C, scale 1:250,000, sheet 24H. Deputy Ministry
for Mineral Resources, Ministry of Petroleum and
Mineral Resources, Kingdom of Saudi Arabia. Ex-
planatory notes, 33 p.

Manivit, J., Pellaton, C., Vaslet, D., Le Nindre, Y. M.,
Brosse, J. M., and Fourniguet, J. (1985b). Geologic
map of the Wadi Al Mulayh Quadrangle, Kingdom
of Saudi Arabia. Geoscience Map GM-92C, scale
1:250,000, sheet 22H. Deputy Ministry for Min-
eral Resources, Ministry of Petroleum and Mineral
Resources, Kingdom of Saudi Arabia. Explanatory
notes, 32 p.

Manivit, J., Vaslet, D., Berthiaux, A., Le Strat, P., and

Fourniguet, J. (1986). Explanatory notes to the ge-
ologic map of the Buraydah Quadrangle, Kingdom
of Saudi Arabia. Geoscience Map GM-114 C, scale
1:250,000, sheet 26G. Deputy Ministry for Mineral
Resources, Ministry of Petroleum and Mineral Re-
sources, Kingdom of Saudi Arabia. Explanatory
notes, 32 p.

Mazza, M., Rigo, M., and Gullo, M. (2012). Taxon-
omy and stratigraphic record of the Upper Triassic
conodonts of the Pizzo Mondello section (Western
Sicily, Italy), GSSP candidate for the base of the No-
rian. Riv. Ital. Pale. Stratigr., 118, 85–130.

McCubbin, D. G. (1982). Barrier island and strand
plain facies. In Scholle, A. and Spearing, D., editors,
Sandstone Depositional Environments, volume 31
of AAPG Memoir, pages 247–279. American Asso-
ciation of Petroleum Geologists, Tulsa. ISBN: 0-
89181-307-1.

Moix, P., Kozur, H. W., Stampfli, G. M., and Mostler,
H. (2007). New paleontological, biostratigraphic
and paleogeographic results from the Triassic of
the Mersin Mélange, SE Turkey. New Mexico Mus.
Nat. Hist. Sci. Bull., 41, 282–311.

Orchard, M. J. (1983). Epigondolella populations and
their phylogeny and zonation in the Upper Triassic.
Foss. Strata., 15, 177–192.

Orchard, M. J. (2014). Conodonts from the Carnian-
Norian Boundary (Upper Triassic) of Black Bear
Ridge, southeastern British Columbia, Canada.
New Mexico Mus. Nat. Hist. Sci. Bull., 64, 1–139.

Orchard, M. J. (2018). The Lower-Middle Norian (Up-
per Triassic) boundary: New conodont taxa and a
refined biozonation. Bull. Am. Paleontol., 395–396,
165–193.

Plasencia, P., Hirsch, F., Sha, J., and Márquez-Aliaga,
A. (2015). Taxonomy and evolution of the Triassic
conodont Pseudofurnishius. Acta Palaeontol. Pol.,
60(2), 385–394.

Powers, R. W. (1968). Lexique Stratigraphique Inter-
national, volume III of Asie, Fas. 10 b1, Arabie Saou-
dite. Centre National de la Recherche Scientifique,
Paris.

Powers, R. W., Ramirez, L. F., Redmond, C. D., and
Elberg Jr., E. L. (1966). Geology of the Arabian
Peninsula: Sedimentary geology of Saudi Arabia.
United States Geological Survey Professional Paper
560-D, 147 p.

Rigo, M., Preto, N., Roghi, G., and Stanley, S. M.
(2005). Upper Triassic conodont extinction events.

http://infoterre.brgm.fr/rapports//RP-50578-FR.pdf
http://infoterre.brgm.fr/rapports//RP-50578-FR.pdf


Yves-Michel Le Nindre et al. 97

Geophys. Res. Abstr., 7, article no. 02339. SRef-ID:
1607-7962/gra/EGU05-A-02339. © European Geo-
sciences Union 200.

Robelin, C., Al-Muallem, M. S., Brosse, J. M.,
Fourniguet, J., Garcin, M., Gouyet, J.-F., Halawani,
M. A., Janjou, D., and Le Nindre, Y. M. (1994).
Geologic map of the Qibah Quadrangle, Kingdom
of Saudi Arabia. Geoscience Map GM-136, scale
1:250,000, sheet 27G. Deputy Ministry for Mineral
Resources, Ministry of Petroleum and Mineral Re-
sources, Kingdom of Saudi Arabia. Explanatory
notes, 33 p.

Scholle, P. A., Bebout, D. G., and Moore, C. H., editors
(1983). Carbonate Depositional Environments, vol-
ume 33 of AAPG Memoir. American Association of
Petroleum Geologists, Tulsa. ISBN: 0-89181-310-1.

Scholle, P. A. and Spearing, D., editors (1982). Sand-
stone Depositional Environments, volume 31 of
AAPG Memoir. American Association of Petroleum
Geologists, Tulsa. ISBN: 0-89181-307-1.

Sharief, F. A. M. (1977). Sedimentary facies of the Jilh
Formation, Saudi Arabia. A regional paleostratigra-
phy and tectonic evolution of the Middle East dur-
ing the Middle Triassic period. PhD thesis, Rice Uni-
versity, Houston, Texas. 117 p.

Sharief, F. A. M. (1981). Transgressive-regressive in-
tervals of the Tethys sea in the Middle Triassic Jilh
Formation, Saudi Arabia. Stratigr. Newlett., Berlin,
10(3), 127–139. 9 fig., 1 tabl.

Sharland, P. R., Archer, R., Casey, D. M., Davies, R. B.,
Hall, S. H., Heward, A. P., Horbury, A. D., and Sim-
mons, M. D. (2001). Arabian Plate Sequence Stratig-
raphy, volume 2 of GeoArabia Special Publication.
Gulf PetroLink, Bahrain.

Steineke, M. and Bramkamp, A. (1952). Mesozoic
rocks of eastern Saudi Arabia. Am. Assoc. Pet. Geol.
Bull. Abstr., 36(5), 909.

Stewart, S. A., Reid, C. T., Hooker, N. P., and Kharouf,
O. W. (2016). Mesozoic siliciclastic reservoirs and
petroleum system in the Rub’ Al-Khali basin, Saudi
Arabia. Am. Assoc. Pet. Geol. Bull., 100(5), 819–841.

Vachard, D., Gaillot, J., Vaslet, D., and Le Nindre,
Y. M. (2005). Foraminifers and algae from the Khuff
Formation (late Middle Permian-Early Triassic) of
central Saudi Arabia. GeoArabia, 10(4), 137–186.

Vaslet, D., Beurrier, M., Villey, M., Manivit, J., Le Strat,
P., Le Nindre, Y. M., Berthiaux, A., Brosse, J. M.,
and Fourniguet, J. (1985a). Geological map of the

Al Faydah Quadrangle, sheet 25G. Saudi Arabian
Deputy Ministry for Mineral Resources, Kingdom
of Saudi Arabia. Geosciences Maps GM-102A, scale
1:250,000. Explanatory notes, 28 p.

Vaslet, D., Kellogg, K. S., Berthiaux, A., Le Strat, P.,
and Vincent, P. L. (1987). Geologic map of the
Baq’a Quadrangle, Kingdom of Saudi Arabia. Geo-
science Map GM-116 C, scale 1:250,000, sheet 27F.
Deputy Ministry for Mineral Resources, Ministry
of Petroleum and Mineral Resources, Kingdom of
Saudi Arabia. Explanatory notes, 45 p.

Vaslet, D., Le Nindre, Y. M., Vachard, D., Broutin,
J., Crasquin-Soleau, S., Berthelin, M., Gaillot, J.,
Halawani, M., and Al-Husseini, M. I. (2005). The
Permian-Triassic Khuff Formation of central Saudi
Arabia. GeoArabia, 10(4), 77–134.

Vaslet, D., Manivit, J., Le Nindre, Y. M., Brosse, J. M.,
Fourniguet, J., and Delfour, J. (1983). Geologic
map of the Wadi Ar Rayn Quadrangle, Kingdom
of Saudi Arabia. Geoscience Map GM-63C, scale
1:250,000, sheet 23H. Deputy Ministry for Min-
eral Resources, Ministry of Petroleum and Mineral
Resources, Kingdom of Saudi Arabia. Explanatory
notes, 46 p.

Vaslet, D., Pellaton, C., Manivit, J., Le Nindre, Y. M.,
Brosse, J. M., and Fourniguet, J. (1985b). Geo-
logic map of the Sulayyimah Quadrangle, Kingdom
of Saudi Arabia. Geoscience Map GM-100C, scale
1:250,000, sheet 21H. Deputy Ministry for Min-
eral Resources, Ministry of Petroleum and Mineral
Resources, Kingdom of Saudi Arabia. Explanatory
notes, 31 p.

Vickers-Rich, P., Rich, T. H., Rieppel, O., Thulborn,
R. A., and McClure, H. A. (1999). A Middle Triassic
vertebrate fauna from the Jilh Formation, Saudi
Arabia. Neues Jahrb. Geol. Paläontol. Abh., 213,
201–232.

Vrielynck, B. (1984). Révision des gisements à con-
odontes de l’Anisien supérieur et du Ladinien
des Alpes carniques occidentales et des Dolomites
(Italie du Nord). Geobios, Lyon, 17(2), 177–199.

Vrielynck, B., Manivit, J., Vaslet, D., and Le Nindre,
Y. M. (1986). Conodont stratigraphy of the Jilh For-
mation and the base of the Minjur Sandstone. Mid-
dle and Late Triassic (Central Saudi Arabia). Identi-
fication of depositional diachronism. Saudi Arabia
Deputy ministry for Mineral Resources. Open File
Report BRGM-OF-06-31, 13 p., 5 fig.





Comptes Rendus
Géoscience — Sciences de la Planète
2023, Vol. 355, Special Issue S2, p. 99-135
https://doi.org/10.5802/crgeos.227

Research article

Tribute to Jean Dercourt

The Middle to Late Triassic of Central Saudi Arabia
with emphasis on the Jilh Formation. Part II:
sequence stratigraphy, depositional and structural
history, correlations and paleogeography

Yves-Michel Le Nindre ∗,a, Roger Brett Davies b, Benoit Issautier c, Leopold Krystyn d,
Denis Vaslet e, Bruno Vrielynck f and AbdullahMemesh g

a Geo-consultant (BRGM retired), 58 Rue Gustave Flaubert 45100, Orléans, France

b Davies Geoconsulting (retired), Wintergreen House, Queen’s Road, Harrogate,
North Yorkshire, HG2 0HB, UK

c BRGM, 3, Avenue Claude Guillemin, B.P. 36009, 45060, Orléans Cedex 2, France

d Dept. of Palaeontology (Geozentrum), University of Vienna, Althanstrasse 14,
Josef-Holaubek-Platz 2 (UZA II) 1090 Vienna (retired), Austria

e Geo-consultant (BRGM retired), 275 Route Royale, 33240 La Lande de Pomerol,
France

f Institut des Sciences de la Terre de Paris (UMR 7193), Université Pierre et Marie
Curie (UPMC) (retired), France

g Saudi Geological Survey, 54141, Ahmed bin Mohammed Al Ashab St., Jeddah 21514,
Saudi Arabia

E-mails: yc.lenindre@wanadoo.fr (Y.-M. Le Nindre),
davies.geoconsulting@btinternet.com (R. B. Davies), b.issautier@brgm.fr
(B. Issautier), leopold.krystyn@univie.ac.at (L. Krystyn), d-d.vaslet@wanadoo.fr
(D. Vaslet), bruno.vrielynck@orange.fr, bjm.vrielynck@orange.fr (B. Vrielynck),
Memesh.AM@sgs.gov.sa (A. Memesh)

Abstract. New biostratigraphic data reported by Le Nindre et al. (2023 – this volume) improve the
sequence stratigraphic understanding of the Middle–Late Triassic mixed carbonate-silicilclastic Jilh
Formation and overlying siliciclastic Minjur Formation at outcrop in Central Saudi Arabia. The Anisian
Tr40, Ladinian Tr50, Julian Tr60, Tuvalian Tr70 and Alaunian Tr80 MFS are all identified and their
ages discussed. A major Carnian–Norian hiatus (Tr80 SB) approximates to but notably cuts across the
mapped Jilh–Minjur Formation boundary. A younger Late Norian–Rhaetian transgression (Tr90 MFS?)
is also identified. All of these major transgressive–regressive sequences and hiatuses can be identified
with confidence and correlated at the regional scale with time-equivalent carbonates. The ages of
subsurface lithostratigraphic units identified elsewhere across the Arabian Plate, notably the “Jilh,
Sefidar and Marker Dolomites”, “Jilh Evaporite” (sometimes “Carnian Salinity Crisis”) and the incertae
sedis Baluti Formation, and their equivalence in the Saudi Arabian outcrops, are assessed in the light

∗Corresponding author.

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

https://doi.org/10.5802/crgeos.227
mailto:yc.lenindre@wanadoo.fr
mailto:davies.geoconsulting@btinternet.com
mailto:b.issautier@brgm.fr
mailto:leopold.krystyn@univie.ac.at
mailto:d-d.vaslet@wanadoo.fr
mailto:bruno.vrielynck@orange.fr
mailto:bjm.vrielynck@orange.fr
mailto:Memesh.AM@sgs.gov.sa
https://comptes-rendus.academie-sciences.fr/geoscience/


100 Yves-Michel Le Nindre et al.

of these results. The presence of significant siliciclastics at the base of the Carnian stratigraphy (“Julian
Clastic Event”) is also discussed.

Ladinian conodont faunas belonging to the Sephardic Province (Iberia, North Africa) and associ-
ated vertebrate faunas confirm transgression from the north. Similar conclusions are drawn for the
Carnian and Norian transgressions.

The improved geochronologic understanding enabled a reconstruction of the structural phases of
the Jilh geohistory in four steps from Anisian to Norian, showing the relationships of retrogradation–
progradation processes and tectonic pulses to hiatuses and periods of erosion. A synthetic sequence
stratigraphy is proposed.

Keywords. Saudi Arabia, Triassic, Jilh Formation, Minjur Sandstone, Sequence stratigraphy, Correla-
tions, Paleogeography.
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1. Introduction

This study is the second part of an updated recon-
struction of the sedimentary complex formed by the
Jilh Formation and the overlying Minjur Sandstone
(Middle and Late Triassic) in Saudi Arabia and adja-
cent countries, principally, but not exclusively, from
outcrop data. It builds on a factual litho- and bios-
tratigraphic base set up in Part I [Le Nindre et al.,
2023], which the reader should refer to, in a first stage.

Part I of this study (this volume), provided up-
dated and detailed descriptions of the litho- and
biostratigraphy of the Middle to Late Triassic Jilh
Formation and Minjur Sandstone along a 50 km-
wide outcrop belt extending between latitudes 28° N
and 21° N, along the eastern margin of the Arabian
Shield (Figure 1). Together with the Permian–Early
Triassic Khuff Formation and the Early Triassic Su-
dair Shale, these formations form an unconformable
cover over the Pre-Permian rocks, and are in turn un-
conformably overlain by Jurassic and younger for-
mations [Powers et al., 1966, Powers, 1968]. Le Nin-
dre et al. [1987, 1990b] published a revised descrip-
tion of the lithostratigraphy, biostratigraphy and sed-
imentology of the Permian–Triassic at outcrop, based
on the results of the cover rock geological mapping
program at 1:250,000 scale by the Directorate Min-
eral Resources of Saudi Arabia (DMMR) and France’s
Geological Survey (BRGM). More recent publications
provide a detailed description and interpretation of
the underlying Khuff Formation [e.g. Vachard et al.,
2005, Vaslet et al., 2005] and overlying Minjur Sand-
stone [Issautier et al., 2012a,b, 2019, Figure 2].

Key results of Part I were provided by new analyses
of conodonts, and a revision of previous ammonoids
identifications, including a new specimen collected
in 2016. In particular Part I identified an Early Norian
hiatus of more than 10 Ma within the upper Jilh For-

mation accompanied by marine and fluvial erosion.
Most of the Arabian Plate suffers from poor bios-

tratigraphic age control during the Triassic. It is only
in a few sections near the margins of the Arabian
Plate or outcrops such as those described in Part I
that have yielded good faunal or floral evidence. This
emphasises the importance of new biostratigraphic
data from the Central Saudi Arabian outcrops (docu-
mented in Part I, this volume) to understanding the
more regional picture.

This Part II describes the internal organization
of the transgressive–regressive (T–R) depositional se-
quences in the Jilh Formation and Minjur Sand-
stone based on precise dating by conodonts and am-
monoids. Comparisons are made to regional maxi-
mum flooding events. From this point, reference to
stages and substages, palynozones, sequences and
maximum floodings is preferred to lithological units.
Building on this, it is possible to reconstruct the tec-
tonic and depositional history of the Jilh Formation
and provide an overall sequence stratigraphic frame-
work for the Middle to Late Triassic outcrops. Ap-
plying this knowledge to published sections of the
Jilh Formation in the Central Ghawar area and east-
wards into the eastern Rub al Khali Bains [Deville de
Periere et al., 2022] demonstrates the applicability of
the scheme at a regional scale. By including new data
on Minjur Sandstone stratigraphy [Issautier et al.,
2019], this analysis provides a correlation tool for the
entire Middle to Late Triassic stratigraphy, extending
from the outcrops to subsurface sections at the plat-
form scale regardless of lateral facies changes.

Biogeographic and paleogeographic consider-
ations demonstrate the northerly provenance of
transgressions in the Middle to Late Triassic setting.
An updated chronostratigraphic chart of the Permian
to Mid Toarcian sedimentation includes these new
results and summarizes the overall time evolution of
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Figure 1. Simplified geological map of the Arabian Peninsula showing the quadrangles in which the Jilh
Formation crops out. These quadrangles in Central Saudi Arabia were mapped by the DMMR (now Saudi
Geological Survey) and France’s BRGM (Hawasina nappes in Oman not shown, Qatar Arch from Stewart
et al., 2016; in green, wells and transects cited in the text).

the depositional systems.

2. Geometry and ages of the depositional se-
quences

Accounting for both the system tracts geome-
try, obtained by mapping lithology and paleo-
environments, and the ages of the main marine
intervals obtained from conodont and ammonite
biostratigraphy in Part I, it is now possible to com-
bine the two in order to reconstruct isochronous
depositional sequences (Figure 5). This exercise
demonstrates the importance of combining age and
sequence stratigraphy to reconstruct a correct and

reliable geometry, based on genetic criteria. It faith-
fully reflects the depositional mechanisms, beyond
the apparent lithostratigraphy, as seen section after
section over more than 880 km. The results high-
light structural processes, erosional surfaces and
unconformities, as discussed below (Figures 6a–d
and 7).

2.1. Maximum flooding intervals and surfaces

There is limited consensus on sequence strati-
graphic schemes for the Triassic of the Arabian
Plate, mainly due to the sparsity of biostratigraphic
control. The most widely cited scheme, Sharland
et al.’s [2001] sequence stratigraphic model for the
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Figure 2. The Khashm al Khalta (K. al Minjur) promontory, type locality of the Minjur Sandstone, capped
by the Marrat Formation, and the Lower Dhruma Formation; (c. 23°35′ N, 46°09′ E, Ar Rayn quadrangle).
The foreground corresponds to the base of the Formation. The isolated hill of sandstone was interpreted
as a flow tidal sand ridge [Sequence 2, Issautier et al., 2012a]. See Figure 3 for sequences and MFS
interpretation in relation with the Jilh Formation. Photo Y. M. Le Nindre, Nov. 2008.

Middle to Late Triassic was based to a large degree
on the succession in Iraq but subsequent publi-
cations demonstrate that it was misapplied over
the southern half of the Arabian Plate including
Saudi Arabia, particularly in their interpretation that
the Anisian is missing. This led to a re-evaluation
of Triassic sequence stratigraphy by a number of
authors.

In this study, the maximum flooding surface
nomenclature (MFS, Table 1) is adapted from Shar-
land et al. [2001, 2004] as revised by Davies and Sim-
mons [2018], as their scheme has the best match
with the new age data and stratigraphic organisation
identified in the current study. Davies and Simmons
[2018] proposed new reference sections for both
MFS and SB on the Arabian Plate that had the best
published biostratigraphic control. These tended
to be in outcrops either towards the margins of the
Arabian Plate, or along the Saudi Arabian outcrop
where a fuller range of faunas and floras had been
investigated and thus dating was better defined [e.g.,
Le Nindre et al., 1990b, 2023].

These MFS are positioned in our marine inter-
vals (MFI) in outcrop (Figure 5) on the basis of the
most commonly accepted ages of the surfaces, ir-

respective of the original sections taken for defini-
tion, which mostly suffer from poor or negligible
biostratigraphic control (Table 1). The main marine
surfaces/intervals containing fauna dated in Part I
[Le Nindre et al., 2023] are MFS/MFI Tr40 (Anisian),
Tr50 (Ladinian), Tr60 (Early Carnian), Tr70 (Late Car-
nian), and Tr80 (Norian). Then, the biostratigraphic
ages of the surfaces have been refined according
to the accuracy of the latest biostratigraphic results
from outcrop. It is noteworthy that Deville de Periere
et al. [2022], using palynology, also identify four se-
quences with comparable ages in the Jilh Formation
of the eastern Rub al Khali Basin.

Numerical ages in the Triassic are poorly con-
strained with most stage boundaries only provi-
sionally dated with few formal Global Boundary
Stratotype Section and Points [GSSPs, nine for the
Triassic in Ogg and Chen, 2020]. Thanks to the contri-
bution of Moujahed Al-Husseini, we have tentatively
assigned numerical ages to the successive MFS on
the Arabian shelf by using the International Chronos-
tratigraphic Chart v2015/01 [Cohen et al., 2013, up-
dated; Ogg, 2012, 2015], and the software TimeScale
Creator, version 6.4, February 2015. The age model
for Version 6.4 is from “The Geologic Time Scale
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Table 1. Tentative numerical ages (Ma) Triassic MFS on the Arabian shelf

Surface
(this study)

Sharland
et al. [2001]
and GTS 96

Haq and
Al-Qahtani
[2005] and
GTS 2004

Davies and
Simmons

[2018]
GTS 2020

This study
GTS

2020-03

Sequence
[Ogg and

Chen, 2020]

Sequence
[Haq, 2018]

Age (Ma) Max sea
level (Ma)

Triassic/Jurassic 201.4 201.36

Mid Norian
MFS Tr80

215 211.0
Late Norian

c. 213
217.0 TNo3? TNo3? 222.5–217.3 ?

Tuvalian
MFS Tr70

222 220.0 Tuvalian c.
230

230.0 TCar2 TCa2 233.5–229.0 230

Latest Julian
MFS Tr60

226 226.0 Julian c.
234.7

234.0 TCar1 TCa1 236.2–233.5 234.5

Late Ladinian
MFS Tr50

233 234.0 E. Ladinian
c. 241

239.0 TLad2 TLa2 239.5–238.0 238.5

Anisian
MFS Tr40

238 241.0 Pelsonian c.
243.8

242.5 TAn3 TAn3 243.5–242.1 242.5

Olenekian
MFS Tr30

245 249.8 Smithian c.
249

248.5 TIn3 TIn3 250.0–247.9 248.5

2012” [Gradstein et al., 2012], and the Triassic scale
is by Ogg [2012].

The latest International Chronostratigraphic
Chart 2022/10 [Cohen et al., 2013, updated] shows
only very minor changes (on base Induan and top
Rhaetian) from the 2015-01 version. Those changes
do not materially affect our interpretations. The
ages are the following: Base Induan: 251.9 Ma
(252.17 in version 2015-01); Induan–Olenekian:
251.2; Olenekian–Anisian: 247.2; Anisian–Ladinian:
242; Ladinian–Carnian: 237; Carnian–Norian: 227;
Norian–Rhaetian: 208.5; Rhaetian–Hettangian:
201.4±0.2.

2.1.1. Maximum flooding surface MFS Tr30 and MFS
Tr40

MFS Tr30. In this study we do not address the Early
Triassic (mid-Scythian) MFS Tr30 of Sharland et al.
[2001, 2004] but for the sake of completeness, we
briefly mention it here. They picked MFS Tr30
within the upper Sudair Formation [Sharief, 1986],
and dated it 245 Ma in GTS 1996. Haq and Al-
Qahtani [2005] followed Sharland et al. by also pick-
ing MFS Tr30 in the Sudair Shale and revised its age
to 249.75 Ma in the Olenekian (upper Scythian) in
GTS 2004. More recently, Davies and Simmons [2018]
have updated the plate-wide correlation of the Tri-
assic T–R sequences in coordination with this study.
In Saudi Arabia, MFS Tr30 was picked in the Sudair
Shale in a bioclastic arenitic dolomite with marine

fauna at 187 m in the SHD-1 Well [Manivit et al.,
1985a, Darmā quadrangle] and suggested to be of
probable Early Olenekian (Smithian) age. The best
candidate in the Haq [2018] and Ogg and Chen [2020]
schemes would be in their sequence TIn3. Davies
et al. [2019] identified strong diachroneity between
siliciclastics of the Sudair and lower Jilh Formations
and the carbonates and evaporites of the Dashtak
Formation on opposite sides of the Arabian Gulf.

MFS Tr40. Sharland et al. [2001] interpreted Anisian
MFS Tr40 in the Arabian Plate and dated it 238 Ma
according to GTS 1996, but had not identified it in
Saudi Arabia or neighbouring countries. Haq and Al-
Qahtani [2005] revised the numerical age to 241 Ma
in GTS 2004 and followed Sharland et al. in assuming
it is missing due to a hiatus in the Anisian. While
the Anisian age for MFS Tr40 remains valid, the nu-
merical age assignments are clearly outmoded due
to updates to the time scale. In Davies and Simmons
[2018], a Mid-Anisian (Pelsonian) age of the MFS
Tr40 is demonstrated by the presence of ammonoids
of the Balatonicus zone in the Tethyan domain, and
supported by the presence of the conodont Nico-
raella kockeli, in carbonate beds of the Ra’af For-
mation (Negev southern Israel) taken as reference
section.

Here we assign MFS Tr40 to the tidal and infralit-
toral bioclastic dolomite slab forming the first cuesta
of the Jilh Formation at the outcrop from which the



104 Yves-Michel Le Nindre et al.

SHD-1 Well was drilled. An equivalent horizon can
be followed at the outcrop scale. This interpretation
matches that of Davies and Simmons [2018] which
was undertaken in concert with one of the authors
(YML).

Given this biostratigraphic age, the MFS Tr40 best
corresponds to sequence TAn2, from 244.24 (SB) to
243.33 Ma (TAn3 SB) and maximum sea level at
244 Ma in Haq [2018] and Ogg and Chen [2020], GSSP,
adopted here.

2.1.2. Maximum flooding surface MFS Tr50

Sharland et al. [2001] dated MFS Tr50 at 233 Ma
in the Ladinian and tentatively positioned it in the
Jilh Formation in Saudi Arabia [Sharief, 1986, Vickers-
Rich et al., 1999]. Haq and Al-Qahtani [2005] re-
vised the numerical age to 234 Ma in GTS 2004,
and picked it in the Ladinian part of the lower Jilh
Formation. The Ladinian age remains valid but
the numerical age has changed due to timescale
updates. Davies and Simmons [2018] assigned it
to “thin dolomite beds containing the conodont
Pseudofurnishius murcianus immediately below the
J1/J2 boundary in the Jilh Formation reference sec-
tion at outcrop [Le Nindre et al., 1990b]”.

In our study two marine episodes appear during
the Ladinian, the first one characterised by Budurovi-
gnathus truempyi, and the second one by B. mun-
goensis. They both occur in the upper part of Unit J1.
The first marine event is characterized by the associa-
tion P. shagami, P. murcianus and B. truempyi. In one
hypothesis, it thus would correspond to the mid–late
Fassanian transgressive cycle TLad1 of GSSP 2020
[Ogg and Chen, 2020].

However, we interpret that the major MFS is de-
fined instead by the southward extent of the P. mur-
cianus–B. mungoensis, association of Late Ladinian
(Longobardian) age, as explained in Part I. In fact,
Budurovignathus appears associated with flood-
ing events, and is recovered from the dolomitic
benches, representing more offshore (deeper?) set-
tings, whereas Pseudofurnishius is associated with
the clastic regressive phase above, or more proximal
(shallower?) settings. This hypothesis is supported
by the vertical distribution of the conodonts where
the two are present, and by restriction of Budurovig-
nathus to a more marine area (lat. 24°27′ N–26°21′ N).

In the chart of Haq [2018], this time interval cor-
responds to a transgressive cycle TLa2 from 239.5

(SB) to 238 Ma (TLa3 SB), spanning the Longo-
bardicum and Neumayri ammonite zones—early–
mid Longobardian—with the maximum sea level at
238.5 Ma. The same is recorded in Ogg and Chen
[2020]. This major carbonate marine event is recog-
nized and dated all along the outcrop from Khashm
Dolqan (24°15′ N) northward.

2.1.3. Maximum flooding surface MFS Tr60

Sharland et al. [2001] picked MFS Tr60 in the Jilh
Formation in Saudi Arabia [Sharief, 1986, Vickers-
Rich et al., 1999] and dated it at 226 Ma in the Car-
nian. Haq and Al-Qahtani [2005] also estimated its
age as 226 Ma, and similarly picked it in the Car-
nian part of the lower Jilh Formation. Referring to
Haq [2018], it best corresponds to the sequence TCa1
from 236.2 (SB) to 233.5 Ma (TCa2 SB), with the max-
imum eustatic sea level at 234.5 Ma.

In our study, Late Triassic, latest Julian (Early
Carnian) MFS Tr60 occurs in mapped Unit J2, or
mapped Unit J3 respectively north and south of
25° N. It is the major maximum flooding interval
(MFI) of the Jilh Formation, as shown by the more
transgressive facies, while the major clastic influx at
the base of this sequence occurred in early Julian.
This transgressive event reached up to Jabal al Arid
(23°31′ N) where the dolomite on top of the Unit
J3 contains Quadralella polygnathiformis (Carnian)
with the southernmost marker of Julian, P. inclinata,
at Khabra Halwah (23°55′ N) just beneath the pre-
Minjur unconformity.

Davies and Simmons [2018], placed Tr60 in
dolomitic beds bearing Quadralella polygnathi-
formis on top of the Unit J3 of the Khashm Dolqan
reference section. Although these beds correctly
represent the MFI, in fact the key markers (P. incli-
nata—Julian—and Q. polygnathiformis—Carnian
s.l.) were provided by the neighbouring section of
Khabra Halwah (VD80-328, 329) as explained above,
and not by the reference section.

The numerical age of the Julian/Tuvalian bound-
ary is not adequately constrained in GTS 2015 and
may be about 233.6 Ma [Ogg, 2015, Ogg and Chen,
2020]. Furin et al. [2006] reported a 206Pb/238U age
of 230.91 Ma ± 0.33 Ma for zircons from an ash bed
within the range of the conodont Metapolygnathus
nodosus in the middle–upper Tuvalian. These age es-
timates imply latest Julian MFS Tr60 is no younger
than 230.9 Ma and probably older than 233.5 Ma, or
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about 8 Ma older than previous estimates. We at-
tribute an approximate age of about 234.0 Ma for lat-
est Julian MFS Tr60.

2.1.4. Maximum flooding surface MFS Tr70

Sharland et al. [2001] did not identify MFS Tr70 in
Saudi Arabia. Based on undated outcrop data from
Iraq they estimated its age as 222 Ma, while Haq
and Al-Qahtani [2005] estimated its numerical age as
220 Ma, both in the Late Carnian, and showed it in
the Carnian part of the upper Jilh Formation. Davies
and Simmons [2018] had identified it, based of work
by one of the authors (YML), interpreting its age
as Late Carnian on the ammonoid “Clydonites sp.,”
identification of which was reinterpreted in Part I.
They also noted the presence of the conodont P. in-
clinata in the reference section. In fact, P. incli-
nata was found on top of a neighbouring section
(VD80-328, 329, Khabra Halwah), and is a fossil
marker of the Julian.

In our study, Tuvalian (Late Carnian) is identified
in Unit J3, principally north of 25° N. The develop-
ment of marine carbonates in the north with Tro-
pitids and conodonts identifies this flooding event.
The presence of the conodont Quadralella carpath-
ica points to the early to middle Tuvalian, while Tu-
valian 1 up to Tuvalian 2/I is indicated by the Tropitid
ammonoids. A common associate is Q. polygnathi-
formis.

With a Carnian–Norian boundary at 227 Ma (ICC
2020/03 and 2022/10) and the base of Tuvalian at
233.6 Ma, an age of 230.91 ± 0.33 Ma in middle–
upper Tuvalian is correct. Thus, we estimate the
numerical age of MFS Tr70 around 230 Ma. This MFS
best corresponds to sequence TCar2 in Ogg and Chen
[2020] from 233.6 Ma (SB) to 228 Ma (TCar3 SB), with
a maximum sea level at 230 Ma.

2.1.5. Maximum flooding surface MFS Tr80

In the literature, definitions and assignations of
MFS Tr80 are uncertain and multiple, principally due
to lack of reliable biostratigraphic or numerical ages.
Furthermore, the Norian period was characterised
by the broad extent of continental areas and sedi-
mentary hiatuses [Davies and Simmons, 2018, Mau-
rer et al., 2008, 2015]. This situation engendered sub-
sequent confusing and conflicting interpretations.

Sharland et al. [2001] assigned a Norian age to
MFS Tr80 (215 Ma, i.e., mid Norian in the time scale

of 1996) but age diagnostic fossils were lacking at the
time of writing (apart from potentially Norian pollens
in Kuwait). They did not identify Tr80 in Saudi Arabia
although the surface was tentatively picked in neigh-
bouring Kuwait and Abu Dhabi. Sharland et al. pro-
posed a reference section near the base of the Sarki
Formation in Iraq, although they acknowledged the
absence of biostratigraphic age control. If the age of
the Lower Sarki Formation is Norian [Hanna, 2007,
Lunn et al., 2019], Sharland et al.’s interpretation that
the “Marker Dolomite” of Lunn et al. near the top
of the Kurra Chine Formation, equivalent to the Se-
fidar Dolomite, near the top of the Dashtak Forma-
tion in Iran, also contains MFS Tr80 cannot be cor-
rect. The Baluti Formation separates the underlying
“Marker Dolomite” from the overlying Sarki Forma-
tion [Lunn et al., 2019]. Palynological data confirms
that at least part (but not necessarily all) of the Baluti
Formation is Late Carnian [only composite samples
were analysed—Lunn et al., 2019], thereby confirm-
ing that the “Marker Dolomite” is also of Carnian
age. The Sefidar Dolomite corresponds, by the un-
derlying lithologic succession (dolomite–evaporite–
dolomite) and by its wire line characteristic response
to the “Marker Dolomite”, elsewhere named “Jilh
Dolomite” in Saudi Arabia. This equivalence is best
demonstrated by the presence of the distinctive Jilh
Dolomite in offshore gas fields, notably Karan, that
lie adjacent to the median line with Iran [Sodagar,
2015]. This unit is assigned herein to the Early Car-
nian MFS Tr60 [see further paragraph 4.2 on “Jilh
Dolomite” and Davies and Simmons, 2018].

As noted previously, Sharland et al. [2004] placed
the MFS Tr80 in the early Middle Norian: from
this point of view, it would correspond to our Alau-
nian 1 transgression dated in Part I. Haq and Al-
Qahtani [2005, see their Enclosure 2] estimated its
age as 211 Ma, and showed it in the Norian Minjur
Formation.

Davies and Simmons [2018], revising Sharland
et al. [2001], selected a new reference location for
the MFS Tr80, in Musandam UAE. They picked the
MFS within the Milaha Formation in the first lime-
stone beds with megalodonts and crinoids, above the
marker foraminifer Triasina hantkeni of late Middle
Norian to Rhaetian age [Leopold Krystyn, Urban
et al., 2023], and below the latest Norian beds of
the Asfal Member (lower part of the Ghalilah For-
mation) dated by the ammonoid Neotibetites and by
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the conodont Epigondolella bidentata [Maurer et al.,
2008, 2015, location on Figure 1].

In accord with the present study, the sequence
boundary (Tr80 SB) was picked in the Early Norian
hiatus.

Additional graphical evidence presented by Ur-
ban et al. [2023] reveals that the boundary of the Mi-
laha Formation and the overlying Asfal Member of
the Ghalilah Formation is an erosional discontinu-
ity marked by a reworked limestone conglomerate.
This erosional discontinuity is an obvious candidate
for an additional sequence boundary, which might be
designated as Tr90 SB.

Issautier et al. [2019] have demonstrated that there
are three maximum flooding intervals (MFI) in the
Minjur Sandstone through a southwest–northeast
transect from outcrop to the Gulf (location on
Figure 1):

• Early to Middle Norian: in subsurface, beds
containing the marine dinocyst Rhaeto-
gonyaulax wigginsii. In Well 143-3, the clos-
est to the outcrop (location on Figure 1),
a thick sandstone interval was deposited
between 1050 ft and 1150 ft (320–350 m),
capped by a 50 ft (15 m) thick mudstone
interval in which R. wigginsii was found at
1042 ft (318 m) (FDO and LDO). The paly-
nology study revealed that this shallow ma-
rine bio-marker is the most widespread and
could date the peak transgression within the
Triassic portion of the Minjur Formation.
The FDO of R. wigginsii, within the paly-
nosubzone T1B, suggests a position close
to the middle–early Norian boundary, fol-
lowing the work of Nicoll and Foster [1994,
1998] who correlated conodont zones with
the ranges of selected dinoflagellate cysts,
including R. wigginsii. In outcrop these beds
are correlated with Minjur Sequence 4 [Is-
sautier et al., 2012a, 2019] which is character-
ized, by a basal braided sand sheet overlain
by cross-bedded sandstones representing
tidal channels, bioturbated sandstones, and
dolomitic siltstones representing associated
mudflats.

• Latest Norian–Early Rhaetian: in subsur-
face locations, beds containing the dinocyst
Rhaetogonyaulax rhaetica. In the SW–NE
traverse studied by Issautier et al. [2019],

R. rhaetica occurrence is restricted to coastal
well 628-5. In outcrop, Issautier et al. formu-
lated three hypotheses: either the R. rhaetica
transgression never reached the outcrop or
was eroded by the intra-Minjur unconfor-
mity, or the R. rhaetica transgression might
be partly equivalent to the transgressive
systems tract of upper Sequence 5, repre-
sented by tidal flat and channel facies. Is-
sautier et al. [2019] also correlated these beds
with the Malihah and the lower Ghalilah
formations (Asfal Member) of comparable
age in the UAE section [Maurer et al., 2008,
2015].

• Latest Rhaetian to Early Pliensbachian: in
subsurface, beds containing the dinocysts
Dapcodinium priscus, for which no MFS
sensu Sharland et al. [2001] has been iden-
tified. In outcrop, they are likely coeval
with the transgressive intervals of the Minjur
Sequences 6, 7, and 8 including marginal
marine or tidal deposits. The upper one is
underlined by marine carbonate in the up-
per part of the formation and would corre-
spond to the uppermost tidal channel of Se-
quence 8. It seems probable that the as yet
unidentified MFS is located in the overly-
ing Early Jurassic (Hettangian–Sinemurian?)
section. A comparable Rhaetian to Early
Jurassic transgression can be identified in
Kuwait [Kadar et al., 2015].

Issautier et al. [2012a, 2019] explain the different
extents of the R. wigginsii and R. rhaetica transgres-
sions by modified paleogeographic settings. A flat-
ter landscape with tidal flats during Early–Mid No-
rian enabled retrogradation of R. wigginsii marine fa-
cies to more proximal settings. A more contrasted
landscape during Late Norian and Rhaetian, with an
upstream part supplying abundant clastics deterred
landward retrogradation of R. rhaetica facies.

Fine-grained fluvial-lagoonal and littoral deposits
containing echinoderms debris, were used for sub-
dividing a lower from an upper unit in the Minjur
Sandstone within the Ar Rayn quadrangle by Vaslet
et al. [1983], and within the Al Mulayh quadran-
gle by Manivit et al. [1985b]. Due to lack of bios-
tratigraphic constraints, it is not clear with which
of the two Norian MFS’s it is associated. However,
the EarthVision® 3D model (by B. Issautier and Y.
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M. Le Nindre, 2011, unpublished) shows a strict
correspondence between Sequence 4 and the 90–
130 m marker of the Khashm al Khalta section of
Vaslet et al. [1983], which is taken as the base of the
“Upper Unit’ (Figure 3a). The ophiurid vertebrae
were observed from the uppermost dolomitic silt-
stone beds (sample VD80-122, Figure 4).

The base of Sequence 4 truncates Sequence 3
and partially Sequence 2 of the Minjur Sandstone
as a north-dipping surface observed in the field and
modelled (EathVision® 3D, Figure 3b) by B. Issautier
and Y. M. Le Nindre in 2011 [annex work to Issautier,
2011].

Issautier et al. [2019] thus assigned the MFS Tr80
to the early Middle Norian R. wigginsii beds, wide-
spread on both sides of the Qatar Arch as shown by
their figure 16 after Stewart et al. [2016]. It matches
the Alaunian 1 ages obtained in Part I of our study,
on top of the Jilh Formation and at the base of
the Minjur Sandstone northwards of 25°30′ N, from
ammonoids and from the conodonts Ancyrogondo-
lella praeslovakensis, and Epigondolella abneptis in
several sections.

Within this given context, for matter of simplifica-
tion, and following Issautier et al. [2019], in the next
pages we keep using Tr80 for the Alaunian 1 regional
transgression separated from the Tuvalian Tr70 by a
disconformity of more than 10 Ma. The renaming of
Tr80 is out of the scope of this study. Nevertheless
Tr80, Tr90, and either Tr100 or more likely J05, could
be proposed for Alaunian (T1B), Sevatian (T1A), and
latest Rhaetian–Early Pliensbachian (T0-J) transgres-
sions, respectively. J10 is still in the overlying Marrat
Formation.

The Emirates-Musandam section [Maurer et al.,
2008, 2015, Urban et al., 2023] contains two trans-
gressive events separated by an erosional disconti-
nuity, the lower one at the base of the Milaha For-
mation, the upper one at the base of the Asfal mem-
ber of the Ghalilah Formation. The only marker fossil
recorded in the Milaha Formation is the foraminifer
Triasina hantkeni which was recovered 21 m above
its base and 50 m below the contact with the overly-
ing Asfal Member [Maurer et al., 2008, 2015, Urban
et al., 2023]. Davies and Simmons [2018] followed
other workers in interpreting that the range of T. han-
tkeni was Late Norian (Sevatian) to Rhaetian, which
accounts for their assignment of the MFS in the Mi-
laha Formation to the Late Norian. However Urban

et al. argue that a Middle Norian age for T. hantkeni
cannot be ruled out. This remains the opinion of
one of the authors (LK) We note that T. hantkeni is
commonly reported in lagoonal sediments also con-
taining megalodonts, as is the case of the Milaha
Formation, and therefore wonder if it may have been,
at least partially, facies controlled. Consequently,
the lower transgressive event could be (partly) con-
temporaneous of the Alaunian transgression in cen-
tral Arabia, and the erosional surface capped by a
conglomerate that separates the Milaha and Ghalilah
Formations likely represents the same event that
marks the base of Sequence 5 (scour surface SB5)
of Issautier et al. [2019]. It would set up the inter-
esting possibility that the upper transgression in the
Asfal Member is (partly) equivalent to the R. rhaet-
ica flooding as suggested by Issautier et al. [2019].
This would be consistent with the nomenclature sug-
gested above, namely that the Alaunian transgression
was associated with MFS Tr80, and that the younger
Late Norian–Rhaetian event could represent a newly
identified MFS Tr90.

Note that Lunn et al. [2019] and Lunn [2020]
use “Tr80” (previously “Tr80 v1”) in place of MFS
Tr60 within the Jilh Dolomite unit (see Section 4:
“Particular events and their regional correlations”).
Lunn assigned a “Tr 100” (previously “Tr80 v3”) to
the R. rhaetica MFS in Wells 143-3 and 628-5, T1A
palynosubzone, referring to Issautier et al. [2019].
Readers should note that Lunn misidentified the Jilh
Dolomite equivalent in well 143-3.

In our study MFS Tr80 is interpreted as early
Middle Norian and the base of the Alaunian is at
217.49 Ma [Ogg and Chen, 2020]. It could therefore
correlate to MFS Nor1 in Time Scale Creator at c.
217 Ma, the best guess for the age of Tr80 so far (Ta-
ble 1). However, in the Haq [2018] chart, as well as
in the Ogg and Chen chart, this age corresponds to
a sea level lowstand; subsequently, this transgression
could eventually match the top of the TNo3 sequence
in the Late Lacian, revealing that broad uncertain-
ties exist on the Norian sea-level and coastal onlap
curves.

In conclusion, at the regional scale (Iran, Iraq,
Kuwait, UAE, Oman, Saudi Arabia), we have not yet
in hand all the elements for establishing a hierarchy
of the major flooding events of the Late Triassic at
plate scale. Disagreements between the authors in
a broader spectrum of papers on ages and correla-
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Figure 3. Learning from the Minjur 3D model at Khashm Al Khalta (Khasm al Mānjur) type locality.
(a) Correspondence between the model and the section measured by Le Nindre and others in Oct. 1980—
see Part I, Le Nindre et al. [2023]—with indication of the MFS [Tr80] horizon, and Jilh Dolomite Tr60.
Tr70 is eroded from the North at this latitude—view from South; (b) Other view—from west-southwest—
emphasizing the SB4 unconformity (early–mid Norian) and the pre-Minjur fluvial erosion (Carnian–
Norian boundary). Minjur sequences nomenclature of Issautier et al. [2012a].

tions within this period persist due to an obvious
lack in biostratigraphic data and in numerical ages
for making reliable correlations regardless of the
lithologies as we present now for Saudi Arabia. In
particular outcrop paleontological studies using
both ammonoids and conodonts are not developed
sufficiently to confirm correlations in the subsurface
using only well logs or facies associations and need
further investigation.

2.2. Depositional and structural evolution from
Ladinian to Norian

Using the available time markers (datums or as-
sumed), we have split the geohistory of the Jilh For-
mation into four stages (Figures 6a to 9d). This exer-
cise demonstrates the evolution of the structural set-
ting, and the vertical and horizontal relationships be-
tween the successive depositional units.
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Figure 4. Two remarkable fossils of the Minjur Sandstone: silicified tree trunk (a), and skeletal piece of
Ophiuridea (b). (a) Tree trunk (length ≤ 5 m, diameter ≤ 50 cm) of a Mid Norian petrified forest near Al
Barud (c. 24°50′ N, 44°11′ E) Sample JMA83-238, Buraydah quadrangle. Photo J. Manivit. (b) Siltstone
with angular and splinter quartz, cemented by dolomicrosparite, detail: typical section of ophiuroid
vertebra reflecting temporary marine incursion into a dominantly fluvio-deltaic setting (MFS Tr80?).
sample VD80-122, B28450, polarized light, Khashm al Khalta section (c. 23°35′ N, 46°10′ N), Ar Rayn
quadrangle. Photo Y. M. Le Nindre.

In Figure 6, we have intentionally abandoned the
use of the lithological units J1 to J3 since Part I es-
tablished diachroneity in these units. Instead, we in-
troduce letters A to J to denote “horizons”; i.e., layers
with relatively uniform facies and thicknesses. Sev-
eral horizons contain individual “bodies” that repre-
sent lateral changes in facies or thickness, such as
those that represent the Julian Clastic Event. The
numbers 1 to 11 are “surfaces”, time lines or events
(e.g., MFS, SB) and they separate horizons that can
be interpreted as subaerial sequence boundary (SB),
transgressive (TST) and highstand (HST) systems
tracts.

2.2.1. Top Ladinian datum

In Figure 6a the top Ladinian (surface 5) is cho-
sen as the datum to illustrate that the Anisian and
Ladinian facies and structure are fairly monotonous
and relatively uniform in thickness. The top of the
Sudair Shale is generally covered by the Nafud Desert
and not marked by a cuesta, and so it is only known at
three points (Khashm Dolqan by SHD-1 Well, Khabra
Halwah, and Al Mudarraj). In the top Ladinian da-
tum cross-section, the top Sudair is most likely rep-
resented by surface 1, but it could be surface 2 in the
south.

The upper part of the Sudair Shale represents
the continental early TST of a sequence that passes

to an Anisian late TST (horizon A) culminating in
MFS Tr40 (surface 3), above which horizon B rep-
resents the Anisian HST. Horizons A and B are well
dated by pollens and by Myophoria goldfussi, a
lamellibranch that commonly inhabited this kind
of brackish environment. Horizon C represents a
younger shallow-marine cycle that includes MFI
Tr50 and is dated as Ladinian by conodonts. A
hiatus may occur between Anisian horizon B and
Ladinian horizon C and is a candidate for the
Tr50 SB.

The upper part of horizon C is marked by a thin
Ladinian sequence and capped by a gypsum de-
posit at Khashm Dolqan. The contrast between the
gypsum below and clastics above suggests a hia-
tus (corresponding to surface 5—candidate for Tr60
SB). The clastics above surface 5 are not dated; they
could be latest Ladinian or more likely early Julian.
They correspond to a change in clastic influx and
climate conditions from arid (gypsum in upper La-
dinian) to humid which from Haq [2018], would cor-
respond to the sea level lowstand 237.5 Ma, TLa3 se-
quence, at the Ladinian-Carnian boundary. When
compared with the Alps and the Germanic basin, hia-
tuses are very likely between the Ladinian evapor-
ite and the Julian clastics [Hornung et al., 2007]. We
tentatively assign these clastics to the “Julian Clastic
Event”.
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Figure 6. (a)–(d) Stratigraphy of the depositional sequences at four stages of the Jilh Formation sedimen-
tary history.
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Figure 7. Stratigraphy of the depositional sequences of the Jilh Formation from the late Ladinian-basal
Carnian low-stand, horizontalized at the base of Minjur clastics (lithostratigraphic). Letters and numbers
refer to the legend of Figure 6(a)–(d). In addition, (13): Early Norian hiatus disconformity surface; (14):
intermediate Alaunian tidal sequence boundary.

Figure 8. Synthetic sequence stratigraphy of the Jilh Formation in outcrop between latitudes 22° N and
27° N. Surface (12): base of the Minjur Sandstone (lithostratigraphic). Early Norian (pars) present in the
Lower Minjur in Central Arabia.
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Figure 9. Synthetic conceptual sketch of the Jilh–Minjur systems in outcrop summarising the main struc-
tural features, the geometric relationships of the depositional sequences, especially the unconformable
Alaunian transgressive wedge.

2.2.2. During Julian (Time reference: ?mid Julian con-
densed interval)

This datum, which we name “Julian condensed
interval” (sensu Vail’s school), is characterized by
Fe-oolite (formerly chlorite?), glauconite, quartz and
intraclasts with reworked Permian fauna (surface 8,
Figure 6b) and estimated by M. carnica as ?mid–late
Julian. The first observation is the structural change
of the previous deposits, related to a tectonic phase
predating and/or accompanying the deposition of
the clastics (horizons D, E and F), but principally
of the two depositional horizons D and E, generally
capped by paleosols.

Horizon D is assigned to the Julian and charac-
terized by a landscape of supralittoral shales and
creeks with channels of heterometric fluvial sand-
stone. Sandstone bodies, in channels in horizon D,
become aggregated in Julian horizon E. Laterally at
Jabal al Arid, horizon E corresponds to the deposition
of the first deltaic sandstones [Le Nindre et al., 2023].

Sandstone bodies D and E evolved to Julian sand-
stone body F by transgression and reworking of

the fluvial sandstone to coastal and tidal sandstone,
which are extensive, relatively sheet-like and uniform
in thickness. Laterally, at Jabal al Arid, a deltaic outlet
incises the coastal sandstone (body G). So, this time
interval is characterized simultaneously by tectonic
structuration and clastic influx, filling lowlands be-
tween the structures. At this stage it is difficult to de-
termine if the basal sandstone and change of regime
were driven by a sea-level low stand, or principally
by a change in clastic influx related to tectonics and
climate, or even a combination of these. Therefore,
the base of the Julian Clastic Event (surface 5) can
be considered as a sequence boundary (presumably
Tr60 SB) with a possible hiatus following the Ladinian
transgression. A tectonic setting with sandstone bod-
ies infilling the grabens (and carbonates on the flat
tops) is also common elsewhere during the Trias-
sic. East of the outcrops, Faqira et al. [2009] inter-
preted the presence of north–south trending horsts
and grabens that developed in response to regional
extension during the Triassic. In this study, structures
such as Qatar high (south of 21°30′ N), “Khashm Far-
dah (Sitarah) uplift” [22°38′ N, Le Nindre et al., 1983],
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“Jilh al Ishar sag” (23°31′ N) and “Khabrah Halwah
uplift” (23°50′ N) control the sedimentation. Lin-
eaments in the basement (N135) or major present
valleys as the Wadi Birk (23°10′ N) and the Wadi Ar
Rimah (26°30′ N) may reveal syn-sedimentary fault
systems, active during the Triassic, and, later on, dur-
ing the Jurassic [Wadi Birk, Al-Mojel, 2017].

2.2.3. Carnian–Norian boundary: Early Norian un-
conformity

At outcrop, the flat reference taken as base No-
rian is the disconformity surface (Tr80 SB) dated by
the first Norian occurrence within the Jilh Forma-
tion (Alaunian 1, early Middle Norian) in the north,
or by base Minjur, dated Early to Middle Norian in
the centre where part of the Early Norian is demon-
strably absent [Issautier et al., 2019] (Figure 6c). The
main features raised by this choice of levelling refer-
ence are the structure of the deltaic wedge at Jabal al
Arid in the south (upper deltaic wedge, body H), and
a smooth subsident trough in the north (horizon J)
through which the marine transgressions of the latest
Julian (surface 9 = MFI Tr60) and Tuvalian (surface 11
= MFI Tr70) progressed from the NNE. Clastic inputs
persisted laterally (horizon I) during the deposition
of a broad deltaic wedge, clearly visible on DTM and
satellite imagery [see Issautier et al., 2012a]. This fea-
ture enhances the clastic trough of Jabal al Arid.

In contrast, the central area of Khabra Halwah
remained dominated by tidal flats and must have
been a very low relief setting. The broader trans-
gression is latest Julian (surface 9) and is detected
up to 22° N (tidal flat), with more marine condi-
tions (fossils) northward up to 23°30′. With time, the
next transgressions are less and less extensive up-
wards. The orientation of the outcrop, and conse-
quently of the cross section, shows in fact an oblique
view of the transgressive wedges. They appear in
a transversal section with a south–north progressive
regression of the successive pulses that continued
during the Norian (Figure 13). So, this cycle reflects
a transgressive system up to the latest Julian trans-
gression (MFS Tr60) followed by a progressive ret-
rogradation of the successive marine pulses via the
Late Carnian MFS Tr70 until the Mid-Norian (MFS
Tr80) later on, although there is clear southwards
truncation of the Tr70 flooding event, indicating re-
gional tectonism (and possibly a concurrent eustatic

sea-level low) associated with the base Minjur For-
mation unconformity identified in Part I (Figure 6c).
The evaporites of the northern area mentioned by
Sharief [1977, 1986] that overlie surface 11 represent
the post-Tr70 Tuvalian–Lacian regression [Sharland
et al., 2001].

2.2.4. During Norian (early Mid Norian Transgressive
Interval Tr80)

Descriptions of the Jilh/Minjur boundary from
south to north show a major event generally charac-
terized by lag deposits at outcrop scale. The deposits
are most likely related to a peneplain over the pre-
vious deposits after uplift (in the south) and subsi-
dence (in the north) of the Jilh Formation. In this
interpretation, an erosional unconformity separates
the Jilh Formation from the Minjur Sandstone (Fig-
ure 6d). Flattening the cross section on top of the
Alaunian 1 MFI as interpreted in this study (early
Mid Norian Tr80), emphasises that south of 25°35′ N,
and especially south of 24° N, the major subsident
trough of the Lower Minjur gave way to the main
streams and deltaic wedge of the stacked Jilh and
Minjur reservoirs of central Arabia. As pointed out
by Issautier et al. [2012a], this area was likely a per-
sistently weak tectonic zone. North of 25°35′ N, a
shallow-marine trough developed during the subse-
quent regression within the previously more marine
area.

Away from the main upstream source of clas-
tic supply, the unconformity separating the Min-
jur and Jilh formations is difficult to identify in the
more fines-dominated succession to the north, al-
though simple stratigraphic relationships indicate
that a cryptic time gap must be present in that area.

From the Al Faydah quadrangle to the north of the
Buraydah quadrangle both geological maps [Manivit
et al., 1986, Vaslet et al., 1985] and satellite images
show an evolution of the Jilh outcrops which spread
out in relation with facies changes.

From the base, during the Ladinian, deposition of
sandstone and dolomite around 26°13′ N are not ob-
served further south. Near the top, a cuesta, mapped
as the uppermost Jilh lithological assemblage on
the Buraydah geological map [Manivit et al., 1986]
is developed, seemingly conformably overlain by
the cover of fine-grained sandstone and shale of the
Minjur Sandstone, although a significant time gap is
probable. Its facies of grey/yellow argillaceous rocks,
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with associated dolomite and evaporites, is similar
to the one defined as the Baluti Shale Formation in
Iraq [van Bellen et al., 1959–2005] mapped by Ziegler
[2001] within the “Carnian to Norian paleogeogra-
phy, together with the Lower Minjur in a narrow zone
of “marginal-marine to shallow-marine clastics”
(Figure 13). The presence of this marginal-littoral
to shallow marine facies, with the Tropitidae fauna,
below, and the Tibetitidae fauna above, reflects a
smooth trough that was penetrated from the north
by successive marine ingressions (26°15′ N, “Safra ar
Ruwaydah inlet”).

The lithological assemblage dated Norian by the
conodonts and the ammonoids is thus part of the
Lower Minjur, and confirms more marine conditions.
The present-day morphological character of Wadi Ar
Rimah area is probably related to an ancient deep
structural feature that was active from Ladinian to
Norian. From MFS Tr60, although interrupted by
the Early to Middle Norian unconformity, the depo-
sitional system was overall regressive with a culmina-
tion during the Rhaetian, associated with a reactiva-
tion of the hinterland erosion and creation of alluvial
fan and of hyperpycnic bodies.

2.3. Carnian–Norian back-stepping, prograda-
tion, and diachronism

Coming back to the interpretation of a diachro-
nism of the depositional lithostratigraphic units by
J. Manivit and B. Vrielynck [in Le Nindre et al., 1987,
DrSc theses, and Le Nindre et al., 1990b, p. 187, Fig-
ure 38, and this study, above] it is now possible to
decipher this conclusion more clearly. By using the
method of the Figure 6a–d, we have flattened the
Carnian–Norian deposits at the time of the Minjur
“petrified forest”—coarse grained clastics, trunks and
wood debris—which reflect a change in climate and
tectonics and was taken as lithostratigraphic base of
the formation (Figure 7). This event erodes the previ-
ous marginal marine deposits.

This representation depicts, besides a diachronic
lithostratigraphy, principally the mechanisms it orig-
inates from. Following the sea level lowstand at
237.5 Ma, during the Early Carnian, the sequences
are essentially transgressive and landward backstep-
ping until the latest Julian Tr60 maximum flooding,
reaching up to Lat. 22° N southward. Younger se-
quences are dominantly regressive and accompanied

by a northward seaward progradation. Thus, MFS
Tr60 represents the most prominent transgression,
which accords well with the plate-wide correlation of
the Jilh, Sefidar and Marker Dolomites.

A similar hypothesis was formulated for the Gu-
lailah Formation in Abu Dhabi by Hu et al. [2015] who
divided the Jilh-equivalent Gulailah Formation into
Lower and Upper Units, with the lower unit being
more layer cake and the upper more regressive. They
do not appear to have considered differential erosion
beneath a base Minjur Formation unconformity.

The picture is complicated by two superimposed
unconformities: the Early Norian hiatus in the mar-
ginal marine area (north), and the pre-Minjur ero-
sion, in the fluvial-deltaic domain (south), and prin-
cipally in the axis of the Minjur inlet [see Issautier
et al., 2012a, 2019]. Consequently, it is not possi-
ble to determine how far the Tuvalian transgression
had reached before truncation by the clastic chan-
nels. This configuration is likely due to an uplift of
the hinterland during the Early–Mid Norian causing
its erosion and thus an increased clastic influx.

Southeastward, in the Rub al Khali Basin of central
to eastern Saudi Arabia, Deville de Periere et al. [2022]
interpreted that the Late Carnian to Early Norian tec-
tonic pulse that generated the unconformity was re-
sponsible for the uplift of paleostructures such as the
Qatar Arch and the widespread differential erosion of
the Jilh Formation.

3. Synthesis of sequence stratigraphy

The stratigraphic evolution of the Jilh and Minjur For-
mations along the outcrop belt is summarized in Fig-
ure 8, which compiles the elementary sequences de-
scribed along the steps (a) to (d) on the cross sections.
This evolution is summarised below:

Anisian transgression (horizon A): Starting from
the continental shales and evaporites of the Sudair
Shale, the sequence boundary (surface 1) at the bot-
tom is marked by sand input and coal seams. Then,
the Anisian shows a period of transgression through
salt marshes, with plants and pollens, lagoonal shales
and evaporites, ending with transient tidal flats (MFS
Tr40, surface 3).

Anisian regression (horizon B): A more confined,
possibly lagoonal, setting represented by brackish
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shale and sandstone and the lamellibranch Myopho-
ria goldfussi completes the HST of the Anisian
cycle.

Ladinian cycle (horizon C): A coarse-grained re-
worked horizon with plants and vertebrate (reptilian
and fishes) bone debris marks the sequence bound-
ary (surface 4 = Tr50 SB). It is followed by a rapid
regional shallow-marine flooding with a diversified
fauna and algae, well dated by conodonts along the
outcrop belt (MFS Tr50). It is followed by a regression
leading to gypsum deposits in the reference section.
In the Ladinian paleogeography, this event likely cor-
responds to generalized evaporite deposits and to the
end of the first arid period. It may be correlated to the
sea level low stand from 238 to 237.5 Ma, TLa3 SB of
Haq [2018] and Ogg and Chen [2020].

Julian Clastic Event (horizons D to F, and body
G): A sharp change occurs in sedimentary conditions
with the beginning of a period of major clastic in-
flux marking the Julian sequence boundary (surface
5 = Tr60 SB). Erosional hiatuses may separate the Ju-
lian from the Ladinian as explained above. In a land-
scape of a littoral plain, several fluvial sequences are
stacked: horizons D and E, with coarse-grained sand-
stone and overturned stratifications, capped by thin
lagoonal deposits. With progression of the transgres-
sion, the sand brought by the river was reworked into
coastal/tidal sandstone (horizon F), interrupted by
some distal fluvial/estuarine outlets (body G).

Julian Transgression (body H and horizon I): Fol-
lowing the Julian Clastic Event, the transition from
clastic to carbonate is underlined by the “TSF” [Time
Specific Facies, Brett et al., 2012, Pavia and Martire,
2015], which marks the ongoing transgression with
quartz Fe-oolites, glauconites, and intra/extraclasts
(surface 8), and some fauna. Deltaic influences per-
sisted in the Jabal al Arid area (body H), but the over-
all trend is the generalized expansion of tidal flats and
an increasing marine influence (horizon I). During
the late Julian, the shallow-marine ingression, dated
by conodonts and accompanied by marine fauna and
cushion stromatolites, reached its maximum (MFS
Tr60, surface 9). It was followed by a brief return to
more lagoonal conditions representing the succeed-
ing HST.

Tuvalian transgression (horizon J): Several high-
frequency cycles of transgression-regression are
recorded in the carbonates of the northern area.
They can be considered as part of a new shallow-

marine transgression accompanied by a rich marine
fauna including ammonoids, and recorded north of
25° N (MFS Tr70, surface 11). The cycle is completed
by a return to restricted conditions during the sub-
sequent HST, though this is variably preserved be-
cause of erosion beneath the Early to Middle Norian
unconformity (Tr80 SB).

Norian transgressive–regressive cycles: A new
short-lived transgressive pulse of limited lateral
extent is recorded during the Norian north of 26° N
as shown by thin carbonate layers and the presence
of Norian marker conodonts. The sequence bound-
ary corresponds to a hiatus, owing to the presence
of marker conodonts and of Tibetitidae of Alaunian
1 age found in a transgressive horizon not far from
the Carnian/Norian boundary. Transient returns
to evaporite deposits reflect temporary, higher fre-
quency regressions.

One result of this study is the concept of an early
Alaunian wedge, corresponding to the Sequence 4 of
Issautier et al. [2019] tentatively correlated in out-
crop from latitudes 22° N up to 27° N on the basis
of similar ages and of a regional flooding event, as-
signed herein to MFS Tr80, and which truncates the
underlying Minjur Sequences 2 and 3 (SB4 unconfor-
mity) (Figure 9). However continuous correlation be-
tween north and south remains uncertain between
latitudes 25° N and 26° N (Al Faydah quadrangle)
where the Minjur Sandstone is covered by aeolian
sand.

This chronology is comparable with the one pro-
posed by Korngreen and Benjamini [2010] for the
northern Arabian Plate. The Mohilla Formation cited
in the paper contains abundant interbedded vol-
canics which complicates interpretation but even so
five low-order (LO) cycles were identified and inte-
grated into a sequence-stratigraphic model with eu-
static, tectonic, and differential subsidence compo-
nents: LO Cycle 1 is Late Anisian (Pelsonian), Cycle
2 is Late Anisian to Longobardian, Cycle 3 is Early
Carnian, Cycle 4 is Late Carnian, and Cycle 5 is at
the Carnian–Norian transition. However, Cycle 5 is
likely missing by erosion in Saudi Arabia and over
most of the Arabian Plate, being replaced by the
early Norian hiatus, but probably preserved in the
Israeli boreholes because of their locations towards
the western margin of the Arabian Plate. There is
no equivalent to the Minjur Sandstone in Israel be-
cause of Late Triassic rift-related uplift, thus the pre-
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Minjur unconformity is almost certainly merged with
the younger Latest Triassic–Early Jurassic unconfor-
mity [End Triassic unconformity of Lunn et al., 2019].
Jurassic volcanics or sediments overlie the incom-
plete Cycle 5.

As mentioned by Issautier et al. [2012a] the Minjur
clastics may originate from a regional uplift of the
hinterland related to a thermic dome as modelled by
Le Nindre et al. [2003].

4. Particular events and their regional correla-
tions

Jilh sedimentation is marked by important clastic
influx, especially during the early Julian alternating
with biogenic and chemical deposits such as car-
bonates and evaporites, following tectonic or global
changes. It displays marked lateral facies change into
shales, dolomites and anhydrites in the Ghawar area
subsurface [Zhou et al., 2009, location on Figures 1
and 12]. Carnian clastics events are well documented
in the literature (“Carnian pluvial event”). In con-
trast, the precise timings of evaporite in the sequence
are less well constrained even though Carnian evap-
orites are common across the Arabian Plate (“Car-
nian Salinity Crisis”). These alternations are con-
trolled by a combination of tectonic phases, such as
the Late Ladinian–Early Carnian rifting, and climate
changes which have regional consequences recorded
in the sedimentation. Hence, carbonate and evapor-
ite marker horizons can be followed at a plate scale.
Thus, the MFS identified in this study (Tr40, Tr50,
Tr60, Tr70 and Tr80) should all be readily correlated,
except, where eroded beneath regional unconformi-
ties. Therefore, in this section we set the early Norian
unconformity demonstrated herein in the context of
more regional Carnian–Norian hiatuses.

4.1. Age and cause of the Julian Clastic Event

Based on structural considerations and on ages of
the events described at the Ladinian/Julian bound-
ary in section “Depositional and structural evolu-
tion. . . ”, above, it seems likely that the Julian Clastic
Event and its lateral variations, and probable hiatus
between Ladinian and Carnian are related to a sec-
ond phase of Neo-Tethyan extensional tectonics—
first phase at the Permian-Triassic boundary—which
occurred during this period in the eastern part of the

Arabian Platform [Le Métour et al., 1995, in Ziegler,
2001]. Le Nindre et al. [2003], also invoked a thermal
doming causing erosion of the hinterland during the
Late Triassic time. Ziegler [2001] also mentions that:
“early in the Carnian a very pronounced relative drop
in sea level was recorded throughout the circum-
Mediterranean region”.

Following this rifting phase, a contrast between
Late Ladinian marine carbonate below and locally
coarse clastic deposits above is observed in the
studied area as well as for instance, in the Tarasci
section (Taurus autochthon) in Turkey [Assereto and
Monod, 1974]. At the scale of the Arabian platform,
these Early Julian Clastics likely represent the time
gap separating the Ghail Formation, dated Olenekian
to Ladinian (-Carnian?), from the overlying Milaha
Formation, dated Mid to-Late Norian in the Emi-
rates Musandam [Maurer et al., 2008, Urban et al.,
2023].

Later on, field and well descriptions of the Jilh For-
mation and of the Minjur Sandstone show interfin-
gering of clastics, dolomite, and evaporite. So, both
the Julian Clastic Event and Jilh evaporites (see next
section “Jilh evaporites”) could be partly related to
these tectonic events. This interpretation is favoured
over one due solely to climate change, as invoked
with the Carnian Pluvial Event (CPE) recorded in the
Alps and the German Basin for the late Julian or
the Julian/Tuvalian boundary [Claudel, 1999, Gae-
tani, 2010, Somma et al., 2008]. In the Jilh, this inter-
pretation might explain the latest deltaic event (body
H of J3), but it does not match the main clastic event
which predates Mazzaella carnica, and it is contra-
dictory to carbonate dominance during the latest
Julian.

However, according to Arche and López-Gómez
[2014] the “Carnian Pluvial Event” occurred over
large tracts of Central Pangea. It was a short-lived
event (>1 Ma), coeval with a marked sea-level fall
and active rifting. These authors have identified the
CPE in the Iberian Peninsula as a continental clas-
tic wedge forming the Manuel Formation and coeval
sediments, in between marine evaporite formations
during a marked sea-level drop event; its age is con-
sidered to be Julian by palynological and paleogeo-
graphic considerations. They propose, for this pe-
riod, a new correlation of the sediments of the Iberian
Peninsula with coeval sediments of Western Europe,
NW Africa and Eastern North America, demonstrat-
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ing that the geographical extent of the siliciclastic
sediments related to the CPE was much larger than
accepted before.

4.2. Jilh Dolomite

The Jilh Dolomite is a term used to denote a distinc-
tive interval of clean dolomites widely identified from
Kuwait to Abu Dhabi, the eastern Rub al Khali Basin
and Oman [Deville de Periere et al., 2022, Obermaier
et al., 2012]. Davies and Simmons [2018] interpreted
it as of Early Carnian age containing their Tr60 MFS,
whereas Lunn et al. [2019] correlated it with their
“Marker Dolomite” which they consider a plate-wide
marker, also identified in Iran, Iraq, Syria and Jordan.
Lunn et al. [2019] assigned a Latest Carnian age to the
Jilh Dolomite and picked their Tr80 MFS initially at
its base, although Lunn [2020] shifted the pick higher
to within the unit. Given these published disagree-
ments, we propose to use our new data to provide a
more definitive interpretation.

4.2.1. Definition

The subsurface “Jilh Dolomite” is characterized as
a tight interval of approximately 30 m thick and c.
25 to 75 m beneath the Minjur Sandstone. It has
very distinctive wireline responses, sharp, cylindrical,
with a low gamma ray, a low porosity, a high sonic
velocity, and the grain density of dolomite, facilitat-
ing recognition as the regional “Dolomite Marker” in
wells (see Section 2, Triassic Stratigraphy of the Ara-
bian Plate).

4.2.2. Ar Rub al Khali Basin (Saudi Arabia)

In the central Rub al Khali Basin, Stewart et al.
[2016, location on Figure 1] show this tight dolomite
interval with an average thickness of c. 30 m. at
the boundary with the Minjur sandstones near the
Qatar Arch, (although its identification in their well
B appears to be in a limestone and may be an older
unit), and up to c. 300 feet (91 m) deeper eastward in
the basin at the well Lekhwair-70 in Oman (location
on Figures 1 and 12). It is eroded on top of the Qatar
Arch. The Minjur Sandstone is similarly eroded. Both
are unconformably overlain by the Jurassic. Note that
the well denoted “A” in central Arabia is Well 143-3 of
Issautier et al. [2019].

In the north Rub al Khali Basin, Deville de Periere
et al. [2022] show the same horizon, which includes

a marine median limestone band, with an average
thickness of c. 32 m, and lying c. 115 m beneath
the Minjur Sandstone. While they do not present
sampling information, Deville de Periere et al. dis-
play age interpretations based on palynology that in-
dicate that the Jilh Dolomite is of Carnian, and al-
most certainly Early Carnian age given the proximity
of the underlying Ladinian beds. Along the eastern
flank of the Qatar Arch, it is considerably reduced and
probably missing by truncation over the Arch itself.
The preserved Jilh Formation is immediately overlain
by a residual Minjur Sandstone or directly by Juras-
sic limestone. The most complete section is in their
Well L. Comparison with Well G of Stewart et al. iden-
tifies this as the same well and therefore located in
the Shaybah Field (location on Figure 1).

4.2.3. Abu Dhabi

In Abu Dhabi, Taher et al. [2012] in connection
with tight gas exploration, present a cross section of
the Gulailah (Jilh)–Minjur succession (Location on
Figure 1). The Gulailah Formation was deposited in
similar environments than the Jilh Formation, and,
with marked thickening towards the east-northeast
that Taher et al. interpreted as due to progradation
into an intrashelf basin rather than differential trun-
cation beneath the base Minjur unconformity. The
“Jilh Dolomite” is easily recognized through its typ-
ical wireline response with an average thickness of
c. 30 m, with a low permeability. The MFS Tr40 50,
and 60 can tentatively be identified through the wire-
line response and by comparison with the Ghawar
section of Zhou et al. [2009], respectively at c. 90,
220, and 370 m above the base of the formation.
The upper part of the formation is truncated to-
wards the north by the pre-Minjur and pre-Marrat
unconformities in relation with the Qatar Arch. In
the south, in the wells N and S, the lithological unit
above the Tr60 “Jilh Dolomite” and beneath the Min-
jur (c. 195 m) could be assigned to the Tuvalian (MFS
Tr70 at c. 515 m, in part or in totality, by analogy
with the northern outcrops of the Jilh Formation.
This would be consistent with the interpretations of
Davies and Simmons [2018] concerning the equiv-
alent stratigraphy in neighbouring parts of Oman
[Obermaier et al., 2012]. Thicknesses are estimated
from the isopach map, figure 5 of Taher et al. [2012].
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4.2.4. Central Arabian Basin

According to Khan et al. [2015], in the Central
Arabian Basin, in eastern Saudi Arabia, the “Jilh
Dolomite” member forms a 90–100 ft. (27–30 m) thick
blocky and laterally persistent unit in the upper part
of the Jilh succession, with generally low log porosi-
ties of 5–10%, although some higher measured core
porosities (up to c. 30%) are recorded. From a Se-
quence Stratigraphy point of view, using palynolog-
ical data, they assigned it to the Early Carnian MFS
Tr60, which is in accord with the conclusions of the
current study.

In the Ghawar good examples are provided by the
wells A2 and B3 in the Ghawar area, east-central
Saudi Arabia [Zhou et al., 2009]. Here, the “Jilh
Dolomite” is easily recognized through a complete
set of wirelines. It matches an interval of c. 45 m
thick between the horizons JLDM (top Jilh Dolomite)
and BJDM (base Jilh Dolomite) and c. 45 m below the
Minjur Sandstone.

In the central Arabian Basin, Lunn [2020, his fig-
ures 4 and 6], incorrectly interpreted the correlations
of the “Jilh Dolomite” in the Minjur cross-section
from Issautier et al. [2019, their figure 14].

• First of all, the “Jilh Dolomite” (12 m) was
picked in a layered shale–dolomite interval,
c. 25 m below the base Minjur whereas
the “dolomite marker” appears 50 m deeper,
with a sharp contrast in wireline response be-
tween shale, above, and dolomite, below.

• This clayey–dolomitic interval was correlated
with a dolomitic bed at the base of the
Khashm al Khalta section in outcrop. The lat-
ter, in fact on top of the Jilh al Ishar–Jabal
al Arid Jilh section [23°36′ N, Vaslet et al.,
1983] is the “Jilh Dolomite” dated by Le Nin-
dre et al. [1987, 1990b] as Carnian age by the
conodont Quadralella polygnathiformis [see
Part I, Le Nindre et al., 2023 and its Appen-
dix A4], the most landward faunal indicator
of the MFS Tr60 in outcrop (see Figure 5).

4.2.5. Correlations

The “Jilh Dolomite” or “Dolomite Marker” is iden-
tifiable at the scale of the platform, as shown by
the “Triassic regional stratigraphic correlation panel
Jordan–Syria–Iraq–Lurestan–Kuwait–Saudi Arabia.
(Datum: base Marker Dolomite)” of Lunn [2020],

his figure 6. This correlation plate demonstrates
that, starting from the outcrop sequence through
the Ghawar [Zhou et al., 2009, see above], two major
transgressive dolomitic horizons are always present:
the (late) Ladinian containing the MFS Tr50, and the
late Early Carnian Tr60. Through all these sections, it
is interesting to observe that:

• The uppermost dolomite of the section Jilh
al Ishar–Jabal al Arid Jilh section (Section A,
Part I, 23°36′ N), is the “Jilh Dolomite” in out-
crop and is dated of Carnian age by the con-
odont Q. polygnathiformis (see Part I), and
the most landward faunal indicator of the
MFS Tr60.

• Sequence 1 of Issautier et al. [2012a, 2019]
“Transition Jilh–Minjur”, above the “Jilh
Dolomite” of the Jilh al Ishar–Jabal al Arid
section and below the first fluvial beds of the
Minjur Sandstone in Khashm al Khalta, may
correspond, by its evaporite and clastic con-
tent, and by the correlation done, to the in-
termediate sequence observed in wells [e.g.,
Sequence 4 of Deville de Periere et al., 2022].
So, it would correspond to a residual, evapor-
itic, undated Tuvalian, on the basis of a Late
Carnian age of this intermediate lithological
unit in other wells (T2A palynosubzone).

4.3. Jilh Evaporites

In the Middle East, thick Triassic evaporites occur in
several formations that are coeval with the Jilh For-
mation. They are sometimes grouped together as
the “Carnian Salt Crisis” [Al-Husseini, 2008, Haq and
Al-Qahtani, 2005, Lunn et al., 2019, Sharland et al.,
2001, 2004]. These evaporites are referred to as the
“Jilh Salt” in subsurface Saudi Arabia, “Middle Salt” in
Kuwait, Kurra Chine Salt or Lower Kurra Chine Evap-
orite in Syria, the Zerqa (Zarqa) Gypsum or Halite in
Jordan, and Evaporite members of the Dashtak For-
mation in Iran. This “salinity crisis” [Hirsch, 1992] ex-
pressed itself in the epicontinental regions as a typi-
cal lowstand evaporite sequence dominated by halite
and sulphate deposition, continental sands, marls
and shales. Evidence from the Palymyride Trough
in Syria is of very shallow water deposition through-
out the thick Triassic section [Lucic et al., 2010], indi-
cating that sedimentation generally maintained pace
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with the creation of accommodation space even in
areas prone to greater subsidence.

4.3.1. Surface Saudi Arabia

Our study indicates that the Jilh Formation in out-
crop contains disseminated evaporitic beds rather
than a major evaporitic interval clearly differentiated
in the stratigraphy as Haq and Al-Qahtani [2005]
had suggested in their chart. This is likely due to
the proximal outcrop setting which corresponds to
a marginal location where siltstone–claystone de-
position dominated over evaporites (Figure 3, Part
I) which are more concentrated in central or east-
ern depressions [Glintzboeckel, 1981, Ziegler, 2001].
However horizons with evaporitic or pre-evaporitic
facies are observed: (1) in the Anisian of Unit J1;
(2), in the Ladinian–?early Julian Unit J1, essen-
tially in the reference section (24°15′ N); (3) in the
latest-Julian–?Tuvalian Unit J3 between 24°30° N and
23°30′ N (Khabra Halwah, Khashm al Khalta), and
(4) in the Norian Unit J3, north of 26° N. Elsewhere,
evaporites occur as thin intercalations within the
dolomitic tidal flats and algal mats of sabkha de-
posits of the formation. In this discussion we review
the age interpretations of various evaporitic units
in other regions and their relationship to the Jilh
outcrop in Central Arabia.

4.3.2. Subsurface Saudi Arabia

In subsurface Saudi Arabia, Haq and Al-Qahtani
[2005, see their enclosure 2] show the Jilh evapor-
ite in mid-Carnian, immediately pre-dating Tr70, and
above the “Lower Jilh”, although we would caution
that their model was based on the flawed Sharland
et al. [2001] interpretation. Comparison with the
original definitions in the reference section of the
“Lower Jilh” and “Upper Jilh” indicates that the for-
mer corresponds to Anisian–Ladinian Unit J1 (Fig-
ure 2, Part I). The position of the Jilh evaporite in low-
ermost Unit J2 strongly implies an early Julian rather
than a mid-Carnian age. An early Julian age is in
agreement with the age of the “Carnian Salt Crisis” of
Ziegler [2001], who related the evaporites to the sea-
level lowstand of the early Carnian “Saharan Salin-
ity Crisis”. It is also consistent with the Julian age for
the “Carnian Salt Crisis” in the Middle East, based on
ostracods and palynomorphs determined by Gerry
et al. [1990].

The regional vertical distribution of the Jilh Evap-
orite into four stages is shown by Issautier et al. [2019,
their figure 16, p. 166]:

• The Anisian evaporite, predates the dolomite
and tidal flats of the transgression Tr40.

• The Mid Ladinian evaporite, corresponds to
the coastal plain and sabkha deposits (gyp-
sum silts and clays) underlying Ladinian MFS
Tr50 in outcrop (Figure 3, Part I).

• The Late Ladinian–early Julian evaporite cor-
responds to the gypsum above MFS Tr50 in
the reference section at Khashm Dolqan and
to the relative lowstand near the base of the
Julian clastics. These two episodes are co-
eval with the coastal plain/sabkha deposits
shown in Figure 3, Part I. They occur above
and below the Ladinian tidal flats and, to-
gether with the Julian clastics, match the
Early Carnian Salt Crisis of Ziegler [2001, his
figure 5].

• The Tuvalian evaporite is locally observed
above the dolomite Tr60, as for instance in
Minjur Sequence 1 of Issautier et al. [2012a]
which Issautier et al. [2019] correlated with
the T2A palynosubzone in the nearest Well
143-3 [Well A of Stewart et al. [2016], location
on Figure 1].

In summary, compiling well logs [e.g., Deville de
Periere et al., 2022, Lunn, 2020, Zhou et al., 2009]
shows that the Jilh evaporites in subsurface Saudi
Arabia are commonly interstratified as anhydrite
stringers within dolomitic beds between the two ma-
jor flooding intervals Tr50, Ladinian, and Tr60, Julian
(“Jilh Dolomite”), thus time equivalent with the “Ju-
lian Clastics”, as well as preceding the Ladinian flood-
ing Tr50 and in the Anisian. Anhydrite stringers may
also be observed in the Norian portion in equivalence
with the Alaunian 1 evaporite described in the field,
north of the Wadi ar Rimah (Lat. 26° N, North Wadi ar
Rimah and Ibn al Fuhayd sections).

4.3.3. Northern Arabian Plate

In the northern Arabian Plate, Sadooni and Al-
sharhan [2004] described an Anisian–Ladinian “Keu-
per type” evaporite and an early Carnian “Raibl type”
(“Pan-Mediterranean salt crisis”). These evaporites
correlate to the Anisian and Ladinian–early Julian
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evaporites in the Saudi Arabian outcrops. In the Mi-
nagish and Burgan fields in Kuwait (location on Fig-
ures 1 and 12), Lunn [2020] mentioned it as “Jilh Salt”
in between two major dolomitic intervals which, sim-
ilarly, corresponds to the same Ladinian and Julian
MFI’s, referring to current study, Davies and Sim-
mons [2018], and to larger scale correlations.

Equivalences of the Norian evaporite mentioned
in the Jilh Formation and at the base of the Minjur
Sandstone north of the Wadi ar Rimah (26°30′ N,
see Part I, Appendix A1) are not well documented
at the regional scale. A likely coeval evaporite re-
stricted to the northern Arabian Basin is mapped by
Ziegler [2001, his figure 6]. It is uncertain whether the
?Lacian–Alaunian evaporites represented by Shar-
land et al. [2004] associated with hiatuses in Jordan
(Abu Ruweis Formation) and Syria (Mulussa Forma-
tion or in Iraq (Upper Kurra Chine Formation) may
be time equivalent.

4.3.4. Iran

In the Iranian Zagros, the Dashtak Formation rep-
resents the Middle to Late Triassic [James and Wynd,
1965]. Biostratigraphic control is limited. Szabo
and Kheradpir [1978] recognised four carbonate–
evaporite cycles in the Dashtak Formation that could
be correlated the length of the Zagros (e.g., Dashtak-
1 and Kuh-e-Siah-1 wells, location on Figures 1
and 12). This four-fold stratigraphic layering contin-
ues to be identified in multiple recent publications
including Hajian Barzi et al. [2015], Davies and Sim-
mons [2018], Esrafili-Dizaji and Dalvand [2018] and
Horbury [2018], demonstrating the utility of these
subdivisions.

The sequence stratigraphy of the Dashtak For-
mation by Sharland et al. [2001, p. 190–191 and
their figure 3.22] was revised by Davies and Simmons
[2018] and may be correlated with the Jilh Forma-
tion at outcrop: the Dashtak Evaporite A corresponds
to the Sudair Shale, Evaporite B matches the top of
the Anisian sequence. Evaporite C occurs between
MFS Tr50 and Tr60 (the Sefidar Dolomite Member,
(alias “Jilh Dolomite”) and would match the late
Ladinian–Early Carnian Julian Clastics and evapor-
ites in Saudi Arabia [Davies and Simmons, 2020, their
figure 3]. Anhydrite stringers interstratified in the
limestone above Tr70 and below J10SB (Neyriz For-
mation) are differentially preserved beneath the un-
conformity truncating the Dashtak Formation, where

the two unconformities identified in this study are
superimposed. Hence these stringers are much more
likely equivalent to the highstand overlying MFS Tr70
than the Alaunian evaporite present north of the
25°30′ N in outcrop in Saudi Arabia (see Figure 3,
Part I).

4.4. Baluti formation and Carnian–Norian un-
conformity

For a better understanding of this Early to Middle No-
rian time gap, it is worth briefly considering strati-
graphic data from the northern Arabian Plate. The
Baluti Formation, is mentioned by Ziegler in its pa-
leogeographic map of the Late Triassic (Tr60-J10) as
a narrow southward incursion of “shallow marine
to marginal marine clastics”. Although lying in the
Ladinian-Liassic interval, the Baluti Formation was
originally accepted as of Rhaetian age, by regional
correlation in the Stratigraphic Lexicon of Iraq [van
Bellen et al., 1959–2005] and thus not synchronous
with the early Mid Norian transgression. However,
uncertainty continues with respect to the age of the
Baluti shales and recent publications present contra-
dictory interpretations of its regional correlations at
the scale of the Arabian Plate. For example, Sharland
et al. [2004] positioned the Baluti clastics above an
early Norian unconformity, between the Upper Kur-
rachine Formation (dolomite) and the Butmah For-
mation, in the late Lacian. In their model, the Baluti
Formation predates the Tr80 MFS positioned in the
Early Alaunian. This interpretation is not far from the
schema proposed for the Jilh–Minjur in our present
study but in detail cannot represent the true Baluti
Formation as defined by Lunn et al. [2019].

Lunn et al. [2019] commented on the confusion
concerning the Baluti shales, noting that the term
was not used consistently in outcrop and subsurface
sections in northern Iraq. In detail they stated that
Sharland et al. [2001] misapplied the term to three
separate shales (“Shales 1–3”), According to Lunn
[2020], only “Shale 2” corresponds to the true Baluti
shales. Palynological data for this “Shale 2” in Well
Atrush-1—location on Figure 12—[figure 6 of Lunn
et al., 2019], provides a general Carnian age, and show
a palynoflora discontinuity in the Lower Sarki Forma-
tion between 2155 m (LDO of Classopollis, Late No-
rian) and 2170 m (FDO of Partitissporites, Carnian).
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Lunn et al. [2019] mentioned a Tuvalian (late Car-
nian) age based on proprietary data from Jebel Gara
in northernmost Iraq, although another palynologi-
cal study by Hanna [2007], stated a Julian (Early Car-
nian) age for the basal Baluti at the same locality
with a possible Norian age for the uppermost beds
of the formation. Azo [2020] also interprets the Ba-
luti shales as being partially of Julian age. Thus, the
biostratigraphic data available to date remains equiv-
ocal and does not refute our interpretation that the
“Marker Dolomite” that underlies the Baluti Forma-
tion is older than previously interpreted and of Ju-
lian (Early Carnian) age, and therefore equivalent to
the Jilh Dolomite of Saudi Arabia and neighbouring
countries, as proposed by Lunn et al. [2019]. A further
consequence of this interpretation is that the thick
carbonate–evaporite cycles that form Kurra Chine B
and C, as observed in Jebel Kand-1, are most likely
of Ladinian to Julian age, and therefore represent
higher frequency events that are only easily recog-
nised in areas of increased sedimentation where
rapid subsidence generated significant accommoda-
tion space. This has important implications for the
regional extent of the source–reservoir–seal combi-
nation identified in Kurra Chine B in northern Iraq
[Lunn, 2020].

From the figures 1 and 3 of Lunn [2020], the shale
portion of the Baluti Formation in subsurface (e.g.,
wells Jebel Kand-1 and Sheikh Adi-1 near Atrush-
1—location on Figure 12) is clearly above the Kurra
Chine A Dolomite Marker and evaporite sequence,
with a sharp contrast above and below suggesting
discontinuities. We have explained above in section
“Jilh Dolomite” how this marker corresponds to the
Late Julian MFS Tr60. Davies and Simmons [2020]
in a discussion of Lunn et al. [2019] suggest the Ba-
luti Formation (Shale 2) may comprise two distinct
units: a lower main portion of Carnian (possibly
Tuvalian) age—overlying the Kurrachine Formation
and representing the highstand above MFS Tr60—
and a minor upper portion, of Late Norian (Sevatian
age)—underlying the Sarki (= Butmah sensu lato)
Formation—separated by a major time hiatus. This
disconformity—although not pointed out in these
papers—appears implicitly above BS.25 as “CRN or
NOR” (i.e., “Carnian or Norian”, BS.34-35) in the pa-
lynological chart of Lunn et al., 2019, their figure 4
[after Hanna, 2007], Jebel Gara section. In this chart,
the shale portion of the Baluti Formation strictly cor-

responds to the Baluti shales of the well logs, while
the upper limestone portion corresponds with the
Lower Sarki/Butmah of the well logs. Erosional re-
lief on this unconformity, comparable to that identi-
fied in Saudi Arabia (this study) means that a more
complete Tuvalian section, including beds contain-
ing MFS Tr70, is almost certainly differentially pre-
served across northern Iraq. Further biostratigraphic
analysis of the Kurra Chine, Baluti and Sarki Forma-
tions, particularly focused on conodonts, in multiple
sections is recommended.

5. Paleogeography

From Ladinian to Norian times, the paleogeogra-
phy of the Arabian shelf was dominated by transi-
tional environments (coastal plain to shallow-marine
shelf) and mixed carbonate–clastic–evaporite sedi-
ments [Glintzboeckel, 1981, Le Nindre et al., 1990a,
Murris, 1981, Ziegler, 2001]. In the western area of the
shelf, fine-grained clastics were deposited (“shale”:
siltstone and claystone with some anhydrite), while
mixed carbonates and evaporites dominated in the
Gulf area. The main events in proximal areas were:
deposition of marginal marine deposits with evap-
orites during the Anisian, influx of continental clas-
tic to the shelf during the Julian and during the No-
rian (Lower Minjur Sandstone). Marine transgres-
sions occurred during the Ladinian (Tr50), Late Ju-
lian (Tr60) and Tuvalian (Tr70), and to a less extent,
during the early Alaunian (Tr80) resulting in deposi-
tion of marine carbonates. When compared to sec-
tions located in the south, the relative abundance
of fauna collected from sections now located further
north bears witness to the fact that marine condi-
tions persisted for longer in the north than in the
south, and this argues in favour of connections with
an open-sea environment to the north (outcrop belt
is oblique on the general paleogeographic trends).

5.1. Connection with the Sephardic Province
during the Ladinian

The Early Triassic global paleogeographic setting
[Figure 10, modified after Scotese, 2001, and Blakey,
2003] shows the location of the Arabian Plate on the
margin of the Neo-Tethys Ocean. A configuration of
barred platform (Zagros, Qatar Arch) with stronger
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marine connectivity from the north had already ap-
peared at this time.

The paleobiogeography of the Ladinian con-
odonts (Figure 11) demonstrates the existence of
four different associations [Dercourt et al., 2000a,b,
Vrielynck and Cros, 1992, Vrielynck et al., 1994].

A major one—Tethyan type—is restricted to open-
marine areas in which the sequences of the northern
(Alpine), western (Dinarids, Hellenids), and southern
(Taurids) margin were deposited; this pelagic associ-
ation is also encountered in the facies of the eastern
Neo-Tethys as far and beyond as Japan.

The other three associations are encountered
in relatively shallow-water facies in (1) Germany,
(2) the Sephardic Province, and (3) the Balkans. Ge-
ographic separation may account for the differences
between conodont associations in the Germanic and
Sephardic provinces. The specificity of the Balkan
shelf is seen as due to its isolation from the Laurasian
Plate. An oceanic buffer (the Paleo-Tethys Ocean)
may be invoked, having been more substantial dur-
ing the Ladinian than during the Pliensbachian
[Kazmin et al., 1986, Ricou et al., 1985, 1986].

For the Ladinian, among the species collected in
this study, forms belonging to the genus Pseudofur-
nishius are characteristic of the Sephardic Province
defined by Hirsch [1972], whereas pelagic Tethyan
type conodonts [Bender, 1967, Gedik, 1975, Krystyn,
1983, 2008, Vrielynck, 1980, 1987] are missing. The
observed Sephardic biofacies thus appears to be
associated with sedimentary conditions such as
salinity, water depth (shallow platforms surround-
ing the Neo-Tethys), and temperature or—as envis-
aged by Tollmann [1984], and Tollmann and Kristan-
Tollmann [1985]—the presence of anti-clockwise
currents bounding emergent sectors of the African
Plate and hampering colonization of the Arabian
shelf by open-sea fauna.

During the Carnian and Norian, the Sephardic and
Tethyan conodont provincialism either disappears or
has yet to be identified.

Kear et al. [2010a,b] come to a similar conclu-
sion given by the vertebrate assemblages collected
from the lower Jilh Unit 1 of which affinities re-
flect the close proximity of the Arabian region to the
Sephardic Province, characterized by a distinct fau-
nal composition. This thesis was developed above in
the section “Discussion of Ages” with more emphasis
on genera and species present.

5.2. Jilh time-evolution in the paleogeography of
the Arabian Plate

Glintzboeckel [1981, BRGM internal report] drew a
series of palaeogeographic maps of Saudi Arabia that
included the Middle to Late Triassic stratigraphy de-
scribed herein. Ziegler [2001] drew, with the input of
two of the present authors (YML and DV), two pa-
leogeographic maps corresponding to the Middle to
Late Triassic, although still without the full benefit
of our current stratigraphic understanding, in par-
ticular the importance of the Late Carnian to Early
Norian hiatus. In detail Ziegler’s two maps depicted
composite representations of:

• the paleofacies of the Middle Triassic span-
ning the deposition of the Jilh Formation and
of its regional equivalents from MFS Tr40 to
intra- Tr60 (his figure 5);

• the paleofacies of the Late Triassic spanning
the deposition of the Upper Jilh and of the
Minjur Sandstone from MFS Tr60 to intra-
MFS J10 (his figure 6). It can be argued that
this latter map is more representative of the
Carnian sediments preceding the hiatus in
the northern half of the Arabian Plate (e.g.,
Carnian evaporites in the Palmyride Trough),
but of the Norian sediments postdating the
hiatus in the southern half, including the
outcrops that are the main subject of the
present study.

Transposing the facies limits from a N–S section
(see Figure 6) to these maps highlight the horizontal
dynamics and illustrates the evolution of the trans-
gressions from Ladinian to Norian as visible in the
Jilh Formation outcrops, and thus after truncation by
the pre-Minjur unconformity (Figure 12).

During the Ladinian and the Lower Carnian (Fig-
ure 12), it illustrates the difference of trends be-
tween the clastic inputs (towards the northeast) and
the marine incursions (from the north), consistent
with the migration of Ladinian conodonts from the
Sephardic Province. (See Section 5.1. “Connection
with the Sephardic Province during the Ladinian”
above). Evaporitic pans are concentrated in the Cen-
tral Arabian Basin. The first stage of transgression
corresponds to the southward extent of the Ladinian
tidal flats (1) associated with MFS Tr50. Then, during
the Early Carnian, clastic wedges prograded from the
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Figure 10. Early Triassic plate-tectonic setting showing the position of the Arabian Plate (in red) with
northward opening of the Central Arabia Basin [modified from Scotese, 2001; Blakey, 2003].

Figure 11. Distribution of Ladinian conodonts throughout the Mediterranean Tethyan domain [palaeo-
geographical base-map modified from Dercourt et al., 2000a,b, Barrier and Vrielynck, 2008].
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Figure 12. Extent of the main sedimentary events of the Jilh Formation, from Ladinian to late Julian in
chronologic order, as in outcrop, and inferred under the early Norian–pre-Minjur unconformity. Base
map modified after Ziegler [2001] by permission of GeoArabia, with contribution of Le Nindre et al.
[1990a] for the outcrop. Legend for outcrop, see Figure 1.

shelf (2 in Figure 12). During the Julian, the shallow-
marine facies (3) achieved their maximum extent
southward (23°30′ N) since the Ladinian; meanwhile
generalized tidal flats (mixed or carbonated) capped
the clastics further south up to 22° N (4, MFS Tr60,
Figure 12). Glintzboeckel [1981] depicted more com-
mon evaporites in the Gulf, while marine carbonates
occupied a broader surface in the north central area,

whereas Ziegler [2001] maps a mixed evaporites and
shallow marine carbonate shelf which is more consis-
tent with our present knowledge. In a further differ-
ence between the two accounts, Ziegler maps shal-
low marine carbonates and clastics in the Rub al
Khali Basin, while Glintzboeckel extended evaporites
into this basin, which is principally true during the
Anisian, and partially true during the Carnian [Dev-
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ille de Periere et al., 2022].
During the Tuvalian and the Norian (Figure 13),

the general shape we give to the transgressive wedges
is inspired from the tongue of “Marginal-marine to
shallow-marine clastics” (Baluti Formation facies)
which penetrates the “continental deposits” during
the Norian.

The Tuvalian transgression (5), likely truncated,
reached up to 25° N, a little more with tidal flats,
and likely up to 23°30′ N: Issautier et al. [2012a] and
Issautier et al. [2019] have supposed that the Tu-
valian (Tr70) may have a more southern extension
at the base of the “Minjur Sandstone” sensu Vaslet
et al. [1983] at least up to 23°30′ N with sabkha fa-
cies (Sequence 1), and in the near subsurface up-
per Jilh of the well 143-3 (Palynozone T2-A,) but any
more southerly extent was truncated by the Carnian–
Early Norian unconformity (SB2, Figure 9). The No-
rian marine deposits (Tr80) reached more or less
25°30′ N southward in the Jilh Formation while tidal
flats and local tidal inlet are identified up to 23°30 in
the Minjur Formation. The Ladinian to Norian trans-
gressive pulses appear with the marine influences
progressively regressing northwards in relative to the
central evaporitic basin. This Norian paleogeography
is consistent with the global Neo-Tethys reconstruc-
tion for this period of Berra and Angiolini [2014].

6. Conclusions

(1) New correlations within the Jilh Formation
and the Minjur Sandstone in outcrop and
subsurface highlight geometric and chronos-
tratigraphic aspects of the Middle–Late Trias-
sic in Saudi Arabia.

(2) Five main marine flooding intervals char-
acterizing the late Mid–Late Triassic Epochs
were demonstrated from outcrops on the
western margin of the Arabian shelf. It is
likely that the Anisian tidal flats deposits
represent the MFS Tr40. The other ma-
rine flooding events are well constrained
by marker faunas: Ladinian MFS Tr50, late
Julian (Early Carnian) MFS Tr60, Tuvalian
(Late Carnian) MFS Tr70, and early Alaunian
(Mid Norian). Different populations of La-
dinian conodonts in stratigraphically equiv-
alent horizons are explained by environmen-
tal factors, instead of age differences. La-

cian rocks are probably absent owing to ero-
sion beneath the combined Late Carnian to
Early Norian and Early to Middle Norian un-
conformities [SB2 and SB4 respectively, of
Issautier et al., 2012a, 2019]. The Alaunian
MFS (S4 MFS) is, dated by Tibetitidae and
the Ancyrogondolella praeslovakensis faunas,
north of Lat. 25° N, in correspondence with
the Rhaetogonyaulax wigginsii palynosub-
zone of the middle Minjur. It is tentatively
assigned to “Tr80” in Central Arabia. An al-
ternative definition of “Tr80” exists in Mu-
sandam in the Milaha Formation [Davies and
Simmons, 2018], but the most recent results
from that section [Urban et al., 2023] appear
to favour a similar Middle Norian age for this
MFS, with a Late Norian age for the overlying
sequence in the Ghalilah Formation (MFS
Tr90?).

(3) Truncations separating the packages could
be invoked at the base of the Julian clastics
(base Unit J2), at the base of the Late Julian
transgression (TSF, Time Specific Facies—
Brett et al., 2012, Pavia and Martire, 2015—
with Fe oolites) on top of paleosols, and be-
tween the Carnian and the Norian. These are
candidates for plate-wide sequence bound-
aries (Tr60 SB, Tr70 SB and Tr80 SB). The
nature of the boundary between the Anisian
and the Ladinian is not definitively resolved
at the regional scale.

(4) The boundary between the Jilh Formation
and the Minjur Sandstone [SB2 of Issautier
et al., 2012a, 2019] is sharp, with an erosional
contact in the fluvial portion of the system
in central Arabia near the reference sections.
Towards the south, a valley fill containing
tidal inlet, sabkha, and fluvial deposits is
identified. An undated sequence [Minjur
Sequence 1 of Issautier et al., 2012a,b] with
sabkha facies previously assigned to the Min-
jur Sandstone caps the Julian Jilh Dolomite
and underlies these erosional channels. By
lateral correlation we have interpreted these
horizons as residual Tuvalian (T2A palyno-
subzone). An important finding of this study
is reconstruction of an early Alaunian trans-
gressive wedge, with an erosive base taken
on the sequence boundary (SB4) which
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Figure 13. Extent of the main sedimentary events of the Jilh Formation, from late Julian to Middle Norian
in chronologic order, as in outcrop, and inferred under the early Norian–pre-Minjur unconformity. Base
map modified after Ziegler [2001] by permission of GeoArabia, with contribution of Le Nindre et al.
[1990a] for the outcrop. For legend of the Jilh outcrop, see Figure 1.

had been correlated from central to north
Arabia.

(5) Interfingering of various sediment types, and
abrupt changes in lithology, as at the La-
dinian Carnian boundary, are not explained
by sea level changes alone. The deconstruc-
tion done, employing multiple datums, il-

lustrates the role of tectonics, by identify-
ing several structures active during the sed-
imentation. This does not exclude a prob-
able, though possibly minor, role of the cli-
mate, including the Carnian Pluvial Event.
This study enables a better understanding of
the complex relationships between carbon-
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Figure 14. Overall chronostratigraphic chart of the Late Permian to Mid Toarcian time interval. MFS
modified after Davies and Simmons [2018]; Permian and Triassic depositional units after Le Nindre et al.
[1990b] and Vaslet et al. [2005]; palynozones after Issautier et al. [2019] and Deville de Periere et al. [2022].
(PKU: Pre-Khuff unconformity; END: Early Norian disconformity; PMiU: Pre Minjur unconformity; MRU:
Mid Rhaetian unconformity; LDoU?/PMaU: Domerian/Pre-Marrat unconformity; LToD: Late Toarcian
disconformity; AaCi (Fe): Aalenian condensed interval.)

ate, evaporites and siliciclastic detrital rocks
which are the major characteristic of these
Mid–Late Triassic Epochs. Through a strati-
graphic analysis based, not just on well logs
facies correlation but on reliable biostrati-
graphic studies in outcrop (to be continued),
better regional correlations are made possi-
ble.

(6) The paleogeographic reconstruction first
inserts the faunas collected for the study in
a Tethyan paleo-biogeography. Understand-
ing their migration is a precious aid to recon-
struction of the processes of transgression
and regression at large scale. The lessons
learned from outcrop are now integrated in
the Middle East paleogeography of the Mid–
Late Triassic, showing the dynamic keys of
the different periods.

(7) From the results obtained in Parts I and II of
this study, complemented by previous pub-
lications [e.g., Davies and Simmons, 2018,
Deville de Periere et al., 2022, Haq, 2018, Is-

sautier et al., 2019, Le Nindre et al., 1990b,
2022, 2023, Manivit et al., 1990, Vaslet et al.,
2005], we have derived an overall chronos-
tratigraphic chart spanning this time interval
and expanded to include the Late Permian
to Early Triassic Khuff Formation and Su-
dair Shale, and the Early Jurassic Marrat For-
mation (Figure 14). The absolute ages are
from GTS 2020/03 [Cohen et al., 2013, up-
dated 2020]. These results facilitate corre-
lation throughout the platform, especially
where reliable biostratigraphic markers are
present.
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Abstract. The Permian marks the transition between the end of the accretion of the supercontinent
Pangea and the beginning of its dislocation. In the Eastern Pangea intertropical domain (i.e. the
present-day Western Europe), the late-Paleozoic (i.e. uppermost Carboniferous–Permian) history
remains poorly constrained due to the lack of precise radiometric data. This is particularly true for
Permian basins from the southern part of the French Massif Central, making it difficult to determine
correlations between basins and therefore robust timings and constraints on the environmental
and climate events described in these basins, and to compare them with the larger-scale settings.
This article focuses on the Saint-Affrique Basin, via an integrated petrological, geochemical and
geochronological study of eight of the volcanic-ash levels interbedded in the sedimentary succession.
It highlights the existence of two different groups of felsic volcaniclastic rocks. The first group,
located at the base of the basin and attributed to the Stephanian continental stage, is related to a
late-orogenic volcanic setting and corresponds to calc-alkaline trachy-andesitic tuffites that could
not be dated due to the lack of volcanic zircon. The second group, located towards the top of the
succession, is composed of calc-alkaline dacitic ash beds and tuffites yielding Kungurian ages, i.e.
late early Permian (Cisuralian, 283.5±0.6 to 273.01±0.14 Ma), and are attributed to a post-orogenic
deposition setting. These ages show that the sedimentary filling of the basin is younger than hitherto
expected (i.e. Artinskian, 290.1± 0.26 to 283.5± 0.6 Ma). The elemental geochemistry, the presence
of inherited detrital zircons and the Hf signatures of the volcanic ones indicate the involvement of an
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old (Proterozoic and older) basement in the magma genesis; this crustal contribution becomes more
prominent towards the top of the sedimentary succession.

Keywords. Continental Permian basin, Zircon, LA-ICP-MS dating, Volcanism, French Massif Central.
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1. Introduction

The Permian marks the transition between the end of
the accretion of the supercontinent Pangea and the
beginning of its dislocation [e.g. Scotese and Lang-
ford, 1995, Stampfli and Kozur, 2006, Stampfli et al.,
2013, Domeier and Torsvik, 2014]. From the end of
the Carboniferous onwards, the Variscan belt, still
in erosion, experienced a gravitational collapse [Mé-
nard and Molnar, 1988, Malavieille et al., 1990, Van
Den Driessche and Brun, 1992, Burg et al., 1994,
Faure, 1995]. The eastern Pangea intra-mountain do-
main then underwent a generalized extension that
resulted in the formation of extensive structures
and rifts forming narrow continental basins at the
end of the Carboniferous, which widened during
the Permian [Ménard and Molnar, 1988, Vallé et al.,
1988, Van Den Driessche and Brun, 1989, 1992, Burg
et al., 1990, Malavieille et al., 1990, Faure and Becq-
Giraudon, 1993, Faure, 1995, Becq-Giraudon et al.,
1996, Genna et al., 1998, Choulet et al., 2012, Bec-
caletto et al., 2015]. This late-to-post-Variscan tran-
sition was widely accompanied by aerial volcanism
which has been well recorded in numerous conti-
nental siliciclastic sedimentary basins, either as a
volcanogenic fraction in the sediments, or as inter-
layered volcanic ash beds that are still mostly un-
dated [Odin and Conrad, 1987, Châteauneuf and
Farjanel, 1989, Nmila, 1995, Timmerman, 2004, Pel-
lenard et al., 2017, Ducassou et al., 2019].

Due to the lack of precise radiometric data and
marine biostratigraphic markers, the timings of
the late Paleozoic (i.e. uppermost Carboniferous–
Permian) history remains poorly constrained in
the Eastern Pangea intertropical domain (i.e. the
present-day western European basins). This is there-
fore problematic to accurately reconstruct the pa-
leogeography and the evolution of the depositional
environments. The current stratigraphic framework
implies a nomenclature specific to European conti-
nental basins, with a terminology based on lithology
as well as on the floristic and ichnological content
[Izart et al., 1998, Lucas and Shen, 2018, Schneider
et al., 2020]. Thus, the most recent late-Paleozoic
paleogeographic reconstructions incorporate the

Middle to Upper Permian series without distinction.
In addition, it is not currently possible to provide a
paleogeographic outline of the Lower Permian basins
for the terrestrial domain [e.g. Bourquin et al., 2011].
Moreover, new age constraints on the sedimentary
successions will allow to accurately link the observed
environmental and climate perturbations recorded
in the sedimentary successions [e.g. Mercuzot et al.,
2021] to the global climate dynamics.

Significant advances have been recently obtained
in terms of temporal calibration (dating of vol-
canogenic levels) and depositional environments
of the Carboniferous–Permian finite age series of
the northern Massif Central [Pellenard et al., 2017,
Ducassou et al., 2019, Mercuzot. et al., 2021, Mercu-
zot et al., 2021, 2022].

In contrast, little is known about the age and na-
ture of the volcanism in the Carboniferous–Permian
basins from south of the Massif Central (Saint-
Affrique, Lodève-Graissessac and Gabian-Neffiès
basins), where only a few volcanogenic layers in the
Lodève-Graissessac Basin have been dated so far [e.g.
Bruguier et al., 2003, Michel et al., 2015]. However,
numerous volcanic ash beds have been described
[Goloubinoff, 1979, Rolando, 1988], in particular
thanks to the discovery of uranium mineralization in
1957 in the Lodève Basin during a radio-prospecting
campaign performed by the French atomic energy
commission (i.e. CEA, Commissariat à l’Energie
Atomique). Nearly 240 wells were then drilled and
twenty-four different ash beds were identified and
numbered using Roman numerals (I to XXIV), fol-
lowing the order of discovery and consequently not
the stratigraphic order. Once these benchmark lev-
els had been described and identified in the Lodève
Basin, uranium prospectors then mapped the Saint-
Affrique Basin (Figure 1A) in order to look for poten-
tial sister uranium deposits. There, they also iden-
tified several volcanic ash beds and established cor-
relations with those described in the Lodève Basin
based on their facies architecture [e.g. Hübner et al.,
2011]. These volcanic ash beds have not been dated
yet, nor characterized geochemically. Therefore, the
aim of this study is to provide new information on
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Figure 1. (A) Simplified geological map of the Saint-Affrique Basin [modified after Guérangé-Lozes and
Guérangé, 1991, Guérangé-Lozes et al., 1995 and Guérangé-Lozes and Alabouvette, 1999]; and (B) NWSE
cross section of the Saint-Affrique Basin showing the successive back-faulting and southward migrating
depocenter controlled by the rejuvenation and inversion of major Variscan thrusts [modified after
Legrand, 1990].

the age and origin of these volcanic ash beds in order
to shed light on the chronology of the Saint-Affrique
Basin development and on the geodynamical setting
prevailing south of the Massif Central at the end of
the Variscan orogeny.

2. Geological setting

The Saint-Affrique Basin (Figure 1A) is one of the ma-
jor intramountain Carboniferous–Permian continen-
tal basin from southwestern France [e.g. Rolando,

1988, Rolando et al., 1988]. It is considered as
an overall southward-dipping half-graben basin,
controlled by repeated back faulting along major
Variscan thrusts that were successively inverted dur-
ing the late Carboniferous to Permian crustal thin-
ning and collapse of the Variscan-related Montagne
Noire thrust belt [Figure 1B; Legrand, 1990]. Most of
the late Carboniferous to Permian deposits uncon-
formably onlap onto the Precambrian to Cambro-
Ordovician feldspathic sandstones and black schists
of the Saint-Sernin-sur-Rance nappe, with a ma-
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Figure 2. General description of the Saint-Affrique Basin sedimentary succession [based on Guérangé-
Lozes et al., 1995] with the stratigraphic location of the selected volcanic ash bed samples, chronostrati-
graphic and lithostratigraphic subdivisions [after Goloubinoff, 1979, Rolando et al., 1988, Gand, 1993,
Gand et al., 1996], and depositional environment evolution [after Goloubinoff, 1979, Rolando et al., 1988,
Gand et al., 1996 and Hübner et al., 2011].

jor northward detrital input coming from the ero-
sion of the uplifted northern limb of the Montagne
Noire Massif. The latter includes Cambrian to Or-
dovician sandstone, shale and carbonate deposits
of the metasedimentary cover, as well as gneisses,
migmatites and biotite and garnet granites of the
axial core complex. The tilted northern border
of the basin is in turn fed by calc-alkaline meta-
monzogranites and metasyenogranites fringing the
leptyno-amphibolite group of the Lévezou.

Syn-rift faulting controlled the asymmetric geom-
etry, depositional partitioning and architecture of an
overall alluvial to lacustrine sedimentation [Rolando,
1988, Legrand et al., 1994]. The stratigraphic range
of the basin infill is assumed to cover the late

Carboniferous, with a low angular unconformity
in the northern part of the basin, to the middle
Permian [Figure 2; Rolando et al., 1988, Gand, 1993].

It has been reported that the late Carboniferous
corresponds to the Stephanian continental subdivi-
sion and includes three main formations (fms): at
the base, the Mine Formation (Fm) is composed of a
coarse conglomerate and breccia package and is on-
lapped unconformably by volcaniclastic deposits, in-
cluding fine-grained ash layers and volcanic breccias
belonging to the Cinéritique Fm (Figure 2). The latter
passes transitionally to the Vigne Fm, mainly com-
posed of volcanic breccias alternating with coarse
arkosic sandstones [David, 1967, Goloubinoff, 1979,
Rolando, 1988; Figure 2].
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The Permian deposits correspond to five forma-
tions accumulated during two sedimentary cycles.
Cycle 1 corresponds to the F1, F2 and F3 fms and
Cycle 2 to the F4 and F5 fms [Figure 2; Rolando
et al., 1988]. At the base, the F1 Fm, named the
Gorb and Canabols Fm (Figure 1A and B), is mainly
composed of stacked conglomerates considered as
streamflow and debris flow deposits [Hübner et al.,
2011], passing laterally to fluvio-lacustrine deposits
[Rolando, 1988]. The F2 Fm, named the Saint-Rome-
de-Tarn Fm [Rolando, 1988], conformably overlays
the F1 Fm and is divided into two lithologic units:
the F2a Unit, described as lacustrine [Rolando, 1988,
Hübner et al., 2011], and the F2b Unit, considered
as fluvio-lacustrine to lacustrine [Rolando, 1988],
evolving upward into sheetflood to alluvial plain de-
posits [Hübner et al., 2011]. This formation is over-
lain by the fluvial F3 Fm, named the Dourdou Fm
[Rolando, 1988], interpreted as a low sinuosity me-
andering river system [Hübner et al., 2011]. After
a regional erosive event marked by a low angular
unconformity, the F4 Fm, named the Belmont Fm,
is attributed to the emplacement of alluvial-fan de-
posits during a major tectonic rejuvenation event
from the southern border of the basin. The thick
massive conglomerate package passes upwards and
laterally to playa-lake deposits identified as the F5
Fm, named the Saint-Pierre Fm [Rolando, 1988; Fig-
ure 1A and B]. Hübner et al. [2011] consider that part
of the F4 and F5 fms, denoted as F4/F5, i.e. the
Saint-Pierre transitional facies Fm, is transitional and
marks the lateral and vertical evolution from allu-
vial fan to meandering and alluvial plain deposits
(Figure 2).

The stratigraphic setting of this sedimentary suc-
cession was firstly based on palynological analyses,
i.e. defining continental floristic stages (Figure 2).
Based on the microflora composition, i.e. spores and
pollens, sediments of Cycle 1 were attributed to late
Autunian to early Thuringian subdivisions [Rolando
et al., 1988]. However, using fauna biostratigraphy
and in particular freshwater jellyfish, in comparison
with German basins, Gand et al. [1996] proposed
an early Asselian age for the F2b Unit, in which the
species Medusina atava was identified, but they did
not exclude that a simple paleoenvironment control
could explain this fossil distribution in the stratigra-
phy. In turn, the upper part of the F3 Fm provided
the Medusina limnica species which unfortunately

straddles a large stratigraphical repartition from the
Sakmarian to the late Permian. By using climate-
relevant geochemical, petrological and sedimento-
logical proxies, Hübner et al. [2011] correlated the
climate cycles from the Saint-Affrique and Lodève
basins and proposed an Asselian to Artinskian age for
Cycle 1 (F1, F2 and F3 fms), and an Artinskian age for
the base of Cycle 2 (F4 and the base of F5 fms, Fig-
ure 2). As these stratigraphic interpretations based
on fauna and flora depend on environmental and cli-
mate conditions, they lead to large age uncertainties
thereby highlighting the need for absolute dating.

Several volcanic ash layers, named under the gen-
eral term of cinerites, were described throughout the
Carboniferous to Permian sedimentary succession
[Goloubinoff, 1979, Rolando, 1988]. Some of these
layers are reported as equivalent to those found in the
Lodève Basin [Laversanne, 1976, Odin and Conrad,
1987]. Given their instantaneous deposition, these
tuff beds are the best candidates to provide accurate
absolute dating. In outcrops, they are easily identifi-
able by their pale-light colour (from white to salmon),
their regular thickness and their hardness contrast-
ing with the surrounding rocks. The major key tuff
beds were identified in the Cinéritique Fm at the base
of F1 Fm and in the F2 and F3 fms [Figure 2; e.g.
Rolando, 1988]. In order to constrain the age of the
sedimentary successions, six different volcanic ash
and tuffitic beds have been collected throughout the
stratigraphic column of the Saint-Affrique Basin (see
Figure 1A).

3. Samples and methods

3.1. Sampling

Eight samples have been collected in the entire basin
(Figures 1A and 2 and Table 1). Three of them (Per21-
3, Per21-4 and Can21-5) have been sampled in the so-
called Cinéritique Fm belonging to the Stephanian
subdivision, but due to lack of continuous outcrops,
their precise stratigraphic location in this Fm is not
known (Figures 1A and 2). One sample (Dev21-1)
was collected in the Saint-Rome-de-Tarn Fm (F2), in
the Grey Autunian subdivision (Figures 1A, B and 2).
Another one (Lat20-1) is located within the Dourdou
Fm (F3; Figures 1A, B, 2 and 3A) and corresponds
to Rolando’s cinerite III (1988). The remaining three
samples (Gal21-6, Gal21-7 and Cam20-3) were col-
lected within the Saint-Pierre transitional facies Fm
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Table 1. GPS coordinates of the selected samples

Samples Locations Lat/long coordinates

Per21-4 Along the road between the farm of Le Cluzel and the
hamlet of Peret

44° 0′ 58.76′′ N
2° 34′ 59.44′′ E

Per21-3 Near the hamlet of Peret 44° 1′ 08′′ N
2° 35′ 13′′ E

Can21-5 Along the road to the north-east of the Cansac hamlet 44° 1′ 23′′ N
2° 40′ 11′′ E

Dev21-1 Left bank of the Jauret creek 44° 00′ 41′′ N
2° 35′ 55′′ E

Lat20-1 Just outside the village of Latour-sur-Sorgues along the
D7 road

43° 47′ 39′′ N
2° 50′ 26′′ E

Gal21-7 Near the farm of Galamans along the road to the
hamlet of Verrières, above the Riaudou creek

43° 50′ 50.36′′ N
2° 49′ 12.88′′ E

Cam20-3 Along the D999 road 43° 50′ 47′′ N
2° 50′ 5′′ E

Gal21-6 Same layer as sample Cam 20-3 43° 50′ 47′′ N
2° 49′ 02′′ E

(F4/F5), close to the top of the red Autunian subdivi-
sion (Figures 1A, B, 2 and 3B for sample Cam20-3).

3.2. Whole-rock geochemical analyses

Samples were crushed at Thin Section Lab (TSL,
Toul, France) following a standard protocol to ob-
tain adequate powder fractions using agate mortars.
Chemical analyses (Supplementary Table 1) were
performed by the Service d’Analyse des Roches et
des Minéraux (SARM; CRPG-CNRS, Nancy, France)
using an ICP–AES (inductively coupled plasma–
atomic emission spectroscopy) for major-elements
and an ICP–MS (inductively coupled plasma–mass
spectrometry) for trace-elements, following the tech-
niques described in Carignan et al. [2001]. All geo-
chemical classification and tectonic discrimination
diagrams used in this study were drawn using the
GCDkit software [Janousek et al., 2006].

3.3. Zircon U–Pb dating

A classic mineral separation procedure has been ap-
plied to concentrate zircon grains suitable for U–Pb
dating using the facilities available at TSL. Zircon
grains were imaged by cathode luminescence (CL)

using a Reliotron CL system equipped with a digi-
tal colour camera available at the GeOHeLiS platform
(University of Rennes 1, France).

U–Pb geochronology of zircon was conducted by
in-situ LA–ICP–MS (laser ablation–inductively cou-
pled plasma–mass spectrometry) at the GeOHeLiS
analytical platform using an ESI NWR193UC Excimer
laser (193 nm wavelength), coupled to a quadripole
Agilent 7700x ICP–MS equipped with a dual pumping
system to enhance sensitivity [Paquette et al., 2014].
The methodology used to perform the analyses can
be found in Nosenzo et al. [2022] as well as in Sup-
plementary Table 2. Concordia diagrams have been
generated using IsoplotR [Vermeesch, 2018].

3.4. Zircon Hf analyses

Lu–Hf isotopes were measured at the Géosciences
Montpellier Laboratory, University of Montpellier
(AETE–ISO regional facility of the OSU OREME)
using a ThermoFinnigan Neptune+ MC–ICP–MS
(multicollector–inductively coupled plasma–mass
spectrometer) coupled with a Photon-Machine Ana-
lyte G2 Excimer laser (193 nm wavelength). Ablation
was performed using a 50 µm spot size. The laser
frequency was 5 Hz and the energy density of the
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Figure 3. (A) Detailed sedimentary section of the outcrop of Latour-sur-Sorgues located along the D7
road, where sample Lat20-1 was collected; (B) Photography of the base of the section; (C) Photography
of the cineritic bed providing the Lat20-1 sample; (D) Detailed sedimentary section of the outcrop of Le
Mas de Jean located near the Camarès village along the D999 road, where sample Cam20-3 was collected;
(E) Photograph of the outcrop with the stratigraphic location of the cinerite providing the Cam20-3
sample.

laser beam was c. 6 J/cm2. A typical analysis was 80 s,
including a 40 s background measurement and a 40 s
ablation period. The correction for the interferences
and mass bias followed the procedure outlined in
previous reports [e.g. Bruguier et al., 2020]. The cor-
rection for the isobaric interference of Yb and Lu on
176Hf was made following a method detailed in Fisher
et al. [2011]. For Yb, the interference-free 171Yb was
corrected for mass bias effects using an exponential

law and 173Yb/171Yb = 1.130172 [Segal et al., 2003].
The mass bias-corrected 171Yb was monitored during
the run and the magnitude of the 176Yb interference
on 176Hf was calculated using 176Yb/171Yb = 0.897145
[Segal et al., 2003]. For Lu, the interference-free
175Lu was corrected for mass bias effects assuming
βLu = βYb and using an exponential law. The mass
bias-corrected 175Lu was monitored during the run
and the magnitude of the 176Lu interference on 176Hf
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was calculated using 176Lu/175Lu = 0.02655 [Vervoort
et al., 2004]. Interference-corrected 176Hf/177Hf
were corrected for mass bias using an exponen-
tial law and 179Hf/177Hf = 0.7325 [Patchett et al.,
1981]. Initial Hf isotope ratios and εHf values were
calculated using the decay constant for 176Lu of
1.867 × 10−11 yr−1 [Söderlund et al., 2004] and the
CHUR values of 0.282785 and 0.0336 for 176Hf/177Hf
and 176Lu/177Hf [Bouvier et al., 2008]. The accuracy
and long-term reproducibility of the measurements
were gauged by analysing three zircon reference
standards [91,500, GJ1 and Plešovice with reference
values taken from Blichert-Toft, 2008, Morel et al.,
2008, Sláma et al., 2008, respectively] and all values
were found to be in agreement with the reference
values: 91,500 (176Hf/177Hf = 0.282298±24, n = 30),
Plešovice (176Hf/177Hf = 0.282473 ± 19, n = 13) and
GJ1 (176Hf/177Hf = 0.282007±32, n = 15) (all errors at
2 s.d. level).

4. Results

4.1. Petrology

Sample Per21-4, from the Cinéritique Fm (Figures 1A
and 2), is a tuffite characterized by a centimetric-
scale layering related to grain size alternation. In thin
section, it is dominated by a very fine-grained ma-
trix including floating flat parallel unsorted silt to rare
coarse sand-size clasts responsible for the laminated
fabric. The clast fraction is mainly composed of large
elongated quartz grains including micro bubble-like
cavities compatible with ancient glass shards, K-
feldspars and abundant muscovite flakes (Figure 4A).
Secondary carbonates can also be observed.

Also from the Cinéritique Fm (Figure 2), the ma-
trix of sample Can21-5 was collected in a 20 cm thick
light-beige layer containing numerous plant rem-
nants. It is extremely fine-grained and contains a dis-
persed very-fine silt-size fraction, including resorbed
quartz crystal clasts (Figure 4B) and K-feldspar clasts,
consistent with a pyroclastic origin, as well as terrige-
nous muscovite flakes.

Sample Dev21-1 corresponds to a 5 cm thick very
fine-grained light-grey layer belonging to the Saint-
Rome-de-Tarn Fm (Figures 1A and 2). In thin sec-
tion (Figure 4C), it is composed of an extremely fine-
grained matrix-supported silt- to sand-size unsorted
clastic fraction, including larger angular to subangu-
lar quartz fragments of possible altered glass shards,

K-feldspar clasts, as well as rare tiny terrigenous mus-
covite flakes, indicating the lack of hydrodynamical
sorting (Figure 4C).

Sample Lat20-1 belongs to the Dourdou Fm (F3
Unit, Figures 1A, 2 and 3A). It is a pinkish to light-
beige fine-grained tuff with an eutaxitic-like fabric
marked by black flame-like structures, suggesting a
pyroclastic flow deposit, rather than a fall deposit. In
thin section (Figure 4D), the sample is highly recrys-
tallized and displays an anhedral quartz-rich mosaic
invading the residual cryptocrystalline matrix with
large dispersed carbonate patches and remaining K-
feldspar and plagioclase clasts. A striking feature
is the strong late carbonatation and recrystallization
that this tuff suffered, possibly during the diagenetic
processes.

Sample Gal21-7 belongs to the Saint-Pierre Fm
(F5 Fm, Figure 2). In thin section, it is character-
ized by a dominant cryptocrystalline matrix, prob-
ably at least partly vitreous, containing millimetre
thick bands enriched with fine sand-size to silt-size
quartz and K-feldspar debris, together with smaller
biotite and detrital muscovite grains. As shown on
Figure 4E, some of the quartz clasts show resorption
gulfs, which is consistent with their interpretation
as rhyolitic quartz that underwent fast decompres-
sion in volcanic conduits. Lithic fragments, among
which angular polycrystalline quartz clasts, can also
be found.

Samples Cam20-3 and Gal21-6 were sampled in
the same 20 cm thick tuffitic layer of the Saint-Pierre
Fm (F5, Figures 1A, 2 and 3B). Sample Cam20-3 is a
light-grey tuffite with a centimetric scale layering. In
thin section, it contains a fair number of lithic frag-
ments and angular quartz clasts (Figure 4F) compat-
ible with a pyroclastic origin, as well as K-feldspar
and plagioclase clasts together with chlorite after bi-
otite, muscovite, accessory tourmaline and opaque
minerals into a cryptocrystalline matrix. Muscovite
and tourmaline indicate a mixing of the pyroclas-
tic content with a terrigenous input. As shown on
Figure 4F, this sample also reveals the presence of
secondary carbonate minerals. Sample Gal21-6 is
a very fine-grained tuffite similar to sample Gal21-
7, but with a much smaller grain size with a clear
planar microfabric marked by the alignment of the
quartz clasts and muscovite microdebris (Figure 4G).
Some late goethite veins can be found in this sample
(Figure 4G).
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Figure 4. Optical cross-polarized light microphotographs for the samples from the Saint-Affrique Basin. (A) Sam-
ple Per21-4; note the layering marked by the variations of granulometry. (B) Sample Can21-5; white arrows show
resorbed quartz grains. (C) Sample Dev21-1. (D) Sample Lat20-1; note the strong carbonatation. (E) Sample Gal21-
7; white arrows show a decompression-related resorbed quartz crystal. (F) Sample Cam20-3; note the presence of
angulous quartz fragments. (G) Sample Gal21-6: note the presence of late goethite veins. Mineral abbreviations:
Cb carbonate minerals; Gth goethite; Kfs K-feldspar; Ms muscovite; Pl plagioclase; Qz; quartz.
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4.2. Whole-Rock geochemistry

Eight samples have been selected for major and
trace element analyses (Supplementary Table 1).
As illustrated in the previous section, all samples
consist of ash tuffs and tuffites in which the ter-
rigenous input is variable but obviously difficult to
accurately quantify for each of the samples, a fea-
ture that may disturb their volcanic geochemical sig-
natures. In addition, some samples underwent late
(i.e. post-deposition) diagenetic modifications, such
as carbonatation, sometimes fairly important, as for
sample Lat20-1 that contains more than 10 wt% CaO.
This increase in CaO (and Sr) content consequently
dilutes the other elements. These characteristics
can limit the usefulness of geochemical diagrams,
which therefore need to be used with caution, espe-
cially those based on major element concentrations.
In the conventional total alkali-silica (TAS) diagram
(Figure 5A), sample Lat20-1 plots in the field of
basaltic trachy-andesite, while all the others plot in
the rhyolite field.

Whole-rock immobile trace and REE elements are
often used in the case of volcanic ashes studies as
they are usually less sensitive to post deposition pro-
cesses (such as diagenesis). In the Zr/TiO2 ver-
sus Nb/Y diagram of Winchester and Floyd [1977],
two distinct groups appear (Figure 5B). A first group,
comprising Per21-4, Per21-3, Can21-5 and Dev21-1
plots in the field of trachyte/trachy-andesite whereas
a second group (Gal21-6, Gal21-7, Cam20-3 and
Lat20-1) plots in the rhyodacite/dacite field. It
should be noticed that yttrium can be lost during
the alteration of volcanic rocks [Hill et al., 2000]
and therefore the alkalinity attributed to the samples
should be considered as a maximum estimate.

In a Primitive Mantle normalized multi-elements
diagram [McDonough and Sun, 1995, Figure 6a], all
the studied samples yield trends that are comparable
with the Upper Continental Crust [UCC, Taylor and
McLennan, 1985]. Overall, the samples show a strong
enrichment in LREE (Figure 5B), and, with the excep-
tion of sample Dev21-1, a negative Eu/Eu* anomaly,
often found in felsic volcanic rocks [Wray, 1999]. In
further detail, it is noteworthy that samples belong-
ing to the two groups defined above present two dis-
tinct trends overall (Supplementary Table 1 and Fig-
ure 6B). Samples from the first group (Per21-4, Per21-
3, Can21-5 and Dev21-1) display a low REE content

Figure 5. Geochemical classification diagrams
for the samples collected within the Saint-
Affrique Basin. (A) Total alkali-silica diagram
[TAS, Le Maitre et al., 1989]; (B) Zr/TiO2 versus
Nb/Y diagram [Winchester and Floyd, 1977].
The yellow ellipse corresponds to the first
group of samples; the orange one to the second
group of samples.

(22 to 98 ppm), a less pronounced negative Eu/Eu*
anomaly (0.65 to 0.98) and strong HREE depletions.
In contrast, samples from the second group (Gal21-
6, Gal21-7, Cam20-3 and Lat20-1) present a higher
REE content (143 to 158 ppm), a more pronounced
Eu/Eu* anomaly (between 0.17 to 0.69) and flat HREE
patterns. If the REE contents are normalized to that
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of the Cody shale [Figure 6C; Jarvis and Jarvis, 1985],
most samples show a negative Eu anomaly, are de-
pleted in LREE and are either flat (second group) or
depleted (first group) in HREE, which are all typical
features for volcanic ashes [Wray and Wood, 1998,
Ducassou et al., 2019]. The fact that trend for Dev21-
1 is fairly flat (Figure 6C) is often characteristic of a
non-negligible detrital input [Wray and Wood, 1998,
Ducassou et al., 2019].

In the tectonic discrimination diagram (Figure 7A)
presented by Schandl and Gorton [2002], the first
group of previously defined (see above) samples plots
in the “Within Plate Volcanic Zones” field while the
second group plots in the “Active Continental Mar-
gin” field. In the tectonic diagram of Wood [1980],
based on Hf/3–Th–Ta (Figure 7B), the second group
of samples is characterized by a calc-alkaline chem-
istry, while the first group displays a higher Ta con-
tent relative to Th and Hf.

4.3. U–Pb dating of zircon

Unfortunately, it was not possible to find any miner-
als suitable for U–Pb dating in samples Per21-3 and
Dev21-1.

Very few zircon grains were present in sample
Per21-4 (Cinéritique Fm). Nine grains with various
sizes were analyzed (Supplementary Table 3). They
yielded variable U and Pb contents and fairly consis-
tent Th/U ratios. With the exception of three discor-
dant analyses (Figure 8A), three age groups can be de-
fined: a first one around 2.0 Ga, a second one around
1.0 Ga and the last one around 0.6 Ga.

Again, very few zircon grains were found in sample
Can21-5 (Cinéritique Fm). Thirteen grains with vari-
able sizes were analyzed. They yield very high U (up
to 3220 ppm) and Pb (up to 7648 ppm) contents (Sup-
plementary Table 3) together with very high common
Pb contents (f206c up to 39%). Their Th/U ratios are
also highly variable (from 0.03 up to 0.53). Reported
in a Concordia diagram (Figure 8B) they plot mostly
in a discordant position with the exception of two
grains (Zr12 and 13) which are concordant around
2.0 Ga.

Twenty-four analyses out of sixteen different zir-
con grains were acquired for sample Lat20-1 (Fig-
ure 3A; Supplementary Table 3). All zircon grains
were prismatic, ranging in size between 70 and
200µm and with simple concentric zoning (Figure 9).

Figure 6. (A) Multi-element diagram normal-
ized to Primitive Mantle [Sun and McDonough,
1989]. UCC = upper continental crust [Tay-
lor and McLennan, 1985]; (B,C) Rare earth ele-
ment plots for the tuff samples collected within
the Saint-Affrique Basin. REE data are normal-
ized (B) to the CI-chondrite [McDonough and
Sun, 1995] and (C) to the Cody Shale [Jarvis and
Jarvis, 1985]. Yellow lines correspond to the first
group of samples; the orange line to the second
group of samples.
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Figure 7. (A) Th/Yb versus Ta/Yb tectonic dis-
crimination diagrams [after Schandl and Gor-
ton, 2002]. ACM = active continental mar-
gin, MORB = mid-ocean ridge basalts, WPB =
within plate basalts, WPVZ = within plate vol-
canic zones; (B) Hf/3–Th–Ta triangular diagram
[after Wood, 1980]. WPA = within plate alka-
line basalts and differentiates, WPT = within
plate tholeiitic basalts and differentiates. The
yellow ellipse corresponds to the first group of
samples; the orange one to the second group of
samples.

They yield variable U (236 to 9651 ppm) and Pb
(50 to 908 ppm) contents with Th/U ratios consis-
tent with a magmatic origin [0.1 to 0.26; see Witt
et al., 2017 and references therein]. Eighteen anal-
yses plot in a concordant position (Figure 8C) and
yield a concordia date of 280.3 ± 2.6 Ma (MSWD =
1.2). Two analyses (Zr 1.1 and Zr 11.2, Supplemen-
tary Figure 1) were acquired on grains that contain
a non-negligible common Pb content (f206c of 1.56
and 6.38% respectively) and that probably belong to
the same age group. Two analyses acquired on the
same grain (Zr2) plot in a concordant position with
apparent 206Pb/238U ages of around 320 Ma (Sup-
plementary Figure 1), whereas a last analysis (Zr12,
containing a non-negligible amount of common Pb;
f206c% = 6.4), is highly discordant (52%; Supplemen-
tary Figure 1).

Thirty-one analyses (Supplementary Table 3) out
of thirty-one different zircon crystals were acquired
for sample Gal21-7 (Figures 1A and 2). Most crys-
tals are rather elongated (up to 250 µm) and most
of them display simple concentric magmatic zon-
ing (Figure 9). Here again, the U (108 to 1886 ppm)
and Pb (35 to 875 ppm) contents are highly variable.
All the Th/U ratios, however, are compatible with a
magmatic origin (0.13 to 0.48). A group of twenty-
nine analyses (Figure 8D) define a concordia date of
278.4±2.3 Ma (MSWD = 1.6). One grain (Zr5), char-
acterized by a non-negligible common Pb content
(f206c = 1.1%), plots to the right of the main batch
of analyses and probably belongs to the same age
group. The last analysis (Zr15) yields a concordant
date around 470 Ma.

Thirty-two analyses (Supplementary Table 3) were
acquired out of thirty-one zircon grains for sample
Cam20-3 (Figure 3B). Zircon grains are generally pris-
matic with sizes ranging from 50 to 200 µm and dis-
play a magmatic zoning when imaged by cathode lu-
minescence (Figure 9). They present variable U (212
to 1757 ppm) and Pb (41 to 1162 ppm) contents,
with Th/U ratios ranging from “typical” metamor-
phic (0.03 to 0.09) to magmatic (0.16 to 0.62). Four
age groups can be identified (Figure 8E and Supple-
mentary Figure 1). The oldest zircon (Zr 27) yields
an apparent 207Pb/206Pb age of ca. 2646 Ma (Supple-
mentary Figure 1). One grain (Zr 25) yields a concor-
dant date of ca. 940 Ma (Supplementary Figure 1).
A third group of six zircon grains (Zr 1, 7, 8, 11, 17
and 20) returns apparent ages around 450–460 Ma
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Figure 8. (A) Wetherill concordia diagram for sample Per21-4; (B) Wetherill concordia diagram for
sample Can21-5; (C) Wetherill concordia diagram for sample Lat20-1; (D) Wetherill concordia diagram
for sample Gal21-7; (E) Tera-Wasserburg concordia diagram for sample Cam20-3; (F) Wetherill concordia
diagram for sample Gal21-6. MSWD = Mean Square Weighted Deviation. n = number of analyses used
to calculate the U–Pb dates. All MSWD are calculated for concordance + equivalence. Grey ellipses were
not used for age calculation.
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Figure 9. Cathode-luminescence imaging of some of the analyzed zircon grains. The white bar repre-
sents 200 µm.

(Supplementary Figure 1), yielding the lowest (meta-
morphic?) Th/U ratios. The youngest group com-
posed of twenty-three different zircon grains (Fig-
ure 8E) yields a lower intercept date of 278.7±2.4 Ma
(MSWD = 0.95).

Ten zircon grains were found in sample Gal21-6
(Figure 1A and 2; Supplementary Table 3). All the
grains were prismatic with concentric magmatic zon-
ing (not shown). They are rich in U (up to 2558 ppm)
and Pb (up to 1393 ppm), with fairly consistent Th/U
ratios characteristics of magmatic sources (0.21 to
0.66). With the exception of one grain (Zr1) with a
concordant date around 340 Ma (Figure 8F), the re-
maining five concordant analyses yield a concordia
date of 266 ± 7 Ma (MSWD = 0.7, n = 5), whereas
the oldest concordant zircon from this group has a
206Pb/238U apparent age of 277 ± 15 Ma. The four

other analyses are discordant with variable amount
of common Pb (f206c up to 2.78%).

4.4. Zircon Hf isotope composition

Three samples were selected for zircon Hf isotope
measurements (Lat20-1, Cam20-3 and Gal21-7, Sup-
plementary Table 3).

For each sample, ten zircon grains (eleven for
sample Cam20-3), previously analysed for U–Pb,
were targeted for Hf isotopes. Hf analyses were done
as close as possible to the U–Pb ablation pits. The re-
sults are reported in Figure 10.

For sample Lat20-1, the analyzed zircon grains
display very low 176Lu/177Hf (0.0009 ± 1) and ini-
tial (calculated at 280 Ma) 176Hf/177Hf ranging from
0.282600 to 0.282630, with nearly chondritic εHf(t)
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Figure 10. εHf(t) versus 206Pb/238U age of
some selected zircon grains from samples
Lat201, Gal21-7 and Cam20-3. Depleted Man-
tle and New Crust evolutions after Dhuime
et al. [2011].

values (Figure 10) ranging from 0.8 to −0.3 (mean
0.1±0.2). TDM model ages are broadly similar to those
measured from the two other samples and display a
mean value of 1269±13 Ma.

Zircons from sample Gal21-7 (Supplementary Ta-
ble 3) yield low 176Lu/177Hf (0.0019± 3) and a mean
176Hf/177Hfi of 0.282576±12 (calculated at 278 Ma).
εHf(t) are slightly sub-chondritic (Figure 10), ranging
from −0.3 to −2.1 (mean =−1.2±0.4). The TDM mean
value is 1352±27 Ma.

For sample Cam20-3, the analyzed zircon grains
present low 176Lu/177Hf ratios (0.0024 ± 6) and ho-
mogeneous 176Hf/177Hfi ratios (0.282507±15) calcu-
lated at 279 Ma. The corresponding initial εHf are
subchondritic, with values ranging from −4.8 to −2.4,
and a mean εHf(t ) of −3.6±0.5 (Figure 10). Their TDM

yield a mean value of 1507± 33 Ma. One xenocryst,
dated at 454 Ma, was also analyzed and provides a
distinct, slightly supra-chondritic εHf(t ) of 1.0.

5. Discussion

5.1. Age and nature of the volcanism in the Saint-
Affrique Basin

Two groups of samples can be distinguished among
the studied samples.

The first group of volcaniclastic beds (Can21-
5, Per21-3, Per21-4 and Dev21-1) belonging to the

Cinéritique Fm (Figures 1A and 2), with a pro-
posed Stephanian age (i.e. late Carboniferous), con-
tains clasts (quartz and K-feldspars) that are con-
sistent with a volcanic origin, and a fairly large de-
trital component. In the Zr/TiO2 versus Nb/Y dia-
gram (Figure 5B, yellow ellipse) they plot in the field
of trachyte/trachy-andesite, and they yield trace-
element contents compatible with a felsic composi-
tion. They all have a calc-alkaline chemistry and ex-
hibit “Within Plate Volcanic Zone”-like characteris-
tics in the volcano-tectonic diagram of Wood [1980];
these features are compatible with a late to post-
collisional volcanism. Sample Dev21-1, belonging
to the Saint-Rome-de-Tarn Fm (i.e. proposed lower
Cisuralian in age), exhibits a flat REE pattern when
normalized to shale (Figure 6C), but also displays a
“Within Plate Volcanic Zone” geochemical composi-
tion (Figure 7B). Unfortunately, it was not possible
to date these samples because of the absence of vol-
canic zircon grains. The detrital zircon grains found
in two of these samples demonstrates however the
existence of a complex basement underneath and/or
aside the Saint-Affrique Basin with ages ranging from
the Paleo- to the Neo-Proterozoic (Figure 8A and B).

The second group of samples belong either to
the Dourdou Fm (Lat20-1) or to the Saint-Pierre Fm
(Gal21-6 and 21-7 and Cam20-3). These formations
were so far attributed to the Sakmarian and Artin-
skian, respectively [Gand, 1993]. Although these
samples have a fair amount of muscovite indicat-
ing a terrigenous contribution, and can be some-
time affected by a strong carbonation (Lat20-1), they
all contain clasts of feldspars and quartz demon-
strating the presence of a rather important vol-
canic content. These samples can be classified as
dacites/rhyodacites, have a strong negative Eu/Eu*
anomaly, a significant LREE enrichment and a fairly
flat HREE spectrum; these features are all in a good
agreement with their felsic nature, and can be de-
fined as calc-alkaline rocks. All of these features are
in a good agreement with a post-orogenic deposition
setting. All of these samples provided volcanic zir-
con grains. The stratigraphically oldest sample from
this group (Lat20-1) records a volcanic episode dur-
ing the Kungurian. The obtained date of 280±2.6 Ma
for this sample is interpreted as the age of the deposi-
tion of the bed, assuming that the dated zircon grains
were not reworked after the volcanic eruption [e.g
Rossignol et al., 2019]. Applying the same assump-
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tion, the samples at the top of the sedimentary suc-
cession were then deposited at 278.4±2.3 Ma (Gal21-
7) and 278.7±2.4 Ma (Cam20-3) respectively, i.e. also
during the Kungurian. The date of 266±7 Ma found
for sample Gal21-6 may be related to slight Pb losses
enhanced by the zircon’s high U content (>1500 ppm)
and has to be considered as a minimum age of de-
position, as this sample belongs to the same ash bed
as Cam20-3. Therefore, we propose that the date of
277± 15 Ma found for the oldest concordant zircon
from this sample is the best estimate for the deposi-
tion age of this volcanic ash bed.

The mean εHf(t ) calculated for the zircon grains
from the three dated volcanic ash beds Lat20-1,
Gal21-7 and Cam20-3 provides chondritic to sub-
chondritic values of 0.1±0.2; −1.2±0.4 and −3.6±0.5,
respectively. The corresponding Hf model ages of
1.3–1.5 Ga represent an average of the sources in-
volved in magma genesis or assimilated during the
travel path upward to the surface of the magmas. In
any case, this indicates a significant degree of recy-
cling of Proterozoic or older material, which is also
consistent with the occurrence (in the three volcanic
levels) of zircon grains with apparent ages ranging
from the Archean to the Neoproterozoic. It is how-
ever difficult to evaluate whether the Hf isotope sig-
nature of the analysed zircon grains reflects either a
source signature or an open system evolution, such
as assimilation of an older crust by juvenile, mantle-
derived, magmas. Clarification of this point is key
to the interpretation of the geochemical data, as it
could indicate crustal reworking processes, or new
crustal growth by addition of material issued from
the mantle during the post-collisional Variscan pe-
riod. Although sampled at different stratigraphical
levels, samples Gal21-7 and Cam20-3 belong to the
same F4/F5 formation and display remarkably simi-
lar U–Pb ages (278.4 and 278.7 Ma, respectively) and
trace- and major-element chemistry. Both samples
display subchondritic, but substantially different, Hf
isotope signatures (εHft = −1.2 ± 0.4 and −3.6 ± 0.5
respectively). This difference indicates that magma
genesis involved partial melting of a composition-
ally heterogeneous crustal section. The mean age for
this crustal section is estimated between 1.3–1.6 Ga,
assuming felsic precursors (with a 176Lu/177Hf ratio
of 0.015), or 1.6–2.0 Ga, assuming mafic precursors
(with a 176Lu/177Hf ratio of 0.021). Sample Lat20-
1 yields a chondritic value that can be explained

in two ways. The first is a mixing (at c. 280 Ma)
between a suprachondritic mantle-derived magma
and subchondritic Paleoproterozoic or older crustal
sources in proportions that coincidentally produced
a εHf chondritic value. An alternative possibility is a
remelting (at c. 280 Ma) of a 1.3 Ga old or 1.6 Ga old
Paleoproterozoic source, which would have evolved
with a calculated 176Lu/177Hf ratio of, respectively,
0.015 assuming a felsic precursor, or a ratio of 0.021,
typical of the time-integrated evolution of a mafic
(lower) crust (Figure 9). It is worth noting that the
vertical scattering observed for all analyses in Fig-
ure 9 (from 0.8 to −4.8) may reflect such a mixing
trend between mantle- and crustally-derived compo-
nents. Whichever hypothesis is retained, it requires
a heat source that can be found in mantle-derived
magmas present at the base of the continental crust,
as mentioned in many previously published studies
[e.g. Breitkreuz and Kennedy, 1999]. Therefore, al-
though our results indicate intra-crustal remelting
and recycling of an old Paleoproterozoic to Archean
basement, the addition of juvenile magmas trigger-
ing partial melting of the lower crust or mixed with
crustally-derived magmas cannot be ruled out.

Although this needs further investigation, the Hf
analyses tend to indicate an increase of crustal input
in the production of the magmas, with εHf chondritic
values for the oldest sample (Lat20-1) becoming in-
creasingly negative towards the top of the basin. In-
terestingly, there is also a correlation between εHf(t)
and Eu/Eu*, which may indicate that the magmas
producing the stratigraphically most elevated vol-
canic ash beds Gal21-7 and Cam20-3 underwent
fractional crystallization processes involving plagio-
clase, more pronounced than the other samples, and
that they possibly had more time to interact with, and
assimilate crustal material.

The first group of samples consists of trachy-
andesitic lavas, which are characterized by a greater
HREE depletion and smaller Eu/Eu* anomalies than
the rhyodacitic samples of group 2 (including the
dated samples Lat20-1, Gal21-7 and Cam21-3). The
greater HREE depletion of group 1 samples may in-
dicate that the magmas were generated at a greater
depth than samples from group 2. Lastly, the iden-
tification of Neoproterozoic to Archean zircon grains
in the volcanic ashes substantiates the occurrence of
a complex and old basement both underneath and
alongside the basin.
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The different geochemical signatures of the two
groups mark a significant change in the petrologi-
cal processes producing the magmas, especially an
evolution of the main magmatic sources involved,
as the geodynamical conditions evolved from a late-
to a post-orogenic setting with time. The “Within
Plate”- versus “Active Margin”-like signatures, cou-
pled with our Hf data interpretations in the younger
group, reflect that the crustal contribution increased
as time proceeded. In any late- to post-orogenic set-
ting, this has to be controlled by substantial mod-
ifications of the geothermal gradient, and a signifi-
cant increase of the heat flux, which can hardly be
conceived without a simultaneous increase of the
production of mantle melts triggering crustal melt-
ing. Because the production of mantle magmas at
high rates may induce significant crustal melting, it
is likely that from the base to the top of the sedimen-
tary succession, the Saint-Affrique pyroclastic layers
recorded the transition from a late-orogenic exten-
sion to a post-orogenic extension at much higher
rates as the basin enlarged.

Our new constraints on the age and nature of the
volcanism recorded in the sedimentary succession
also questions the location of the emission centres of
the volcanic ashes, in the absence of known volcanic
edifices near the Saint-Affrique Basin, feature which
is a recurrent issue in Western Europe Carbonifer-
ous and Permian continental basins [e.g. Koniger
and Stollhofen, 2001, Pellenard et al., 2017]. Explo-
sive subaerial calc-alkaline volcanic activity with Per-
mian ages is known in the Central Pyrenees (about
200 km from the Saint-Affrique Basin), where it is
associated with high-intensity explosive magmatic
eruptions of rhyodacitic to rhyolitic lavas and as-
sociated widespread pyroclastic flows and overrid-
ing ash clouds [Marti, 1996, Pereira et al., 2014],
and transported several hundreds of kilometres un-
der the dominant wind. On the other side, Permian
subaerial calc-alkaline volcanic episodes, including
andesitic, dacitic and rhyolitic ignimbrite lavas are
known in northwestern Corsica and Sardinia [Caba-
nis et al., 1990, Timmerman, 2004, and references
therein], and in the Esterel Massif [Zheng et al., 1992,
Nmila, 1995], and could also represent good candi-
dates for the volcanic ash input. Nonetheless, the
possible pyroclastic flow nature of the sampled layer
from the Dourdou Fm (sample Lat20-1) suggests that
edifices that were more proximal to the basin still

have to be identified.

5.2. Implications for the deposition of the Saint-
Affrique Basin

The new radiochronological ages presented in this
study refine the chronological setting of the Saint-
Affrique Basin (Figure 11), the sedimentary succes-
sions of which were considered as deposited from
the early to the middle Permian [Rolando et al., 1988,
Figures 2 and 11], and then during the early Per-
mian only [Gand, 1993, Figures 2 and 11]. Our
new ages encompass the Kungurian Stage (upper-
most Cisuralian, Figure 11). The oldest age (Lat20-1,
280.3±2.6 Ma), i.e. in the lower part of the Dourdou
Fm, is, within errors, very close to the lower limit of
the Kungurian, given that the Artinskian–Kungurian
boundary is set at 283.5±0.6 Ma [Cohen et al., 2013,
updated; Figure 11]. No age could be determined
at the base of the sedimentary succession, but it is
likely that Asselian to Sakmarian (lower Cisuralian)
deposits are preserved.

The top of the sedimentary succession of the
Saint-Affrique Basin is not dated, but considering the
youngest age found in this study (Cam20-3, 278.7±
2.4 Ma), located less than 100 m below the youngest
preserved deposits, as well as the absence of signif-
icant erosional surfaces or discontinuity in the sedi-
mentation above this volcanic level, it is highly prob-
able that the top of the sedimentary succession was
also deposited during the Kungurian, the upper limit
of which is set at 273.01±0.14 Ma [Cohen et al., 2013,
updated].

The maximum duration of the sedimentary de-
position between the stratigraphically lowest and
highest dated volcanic ash beds levels, i.e. Lat20-
1 (280.3 ± 2.6 Ma) and Cam20-3 (278.7 ± 2.4 Ma),
is 6.6 Ma. During this timeframe, the sediment
thickness estimated by coupling borehole data and
spatial correlations [based on the 1/50,000 geolog-
ical map of Guérangé-Lozes et al., 1995] is about
1100 to 1500 m. Considering this maximum dura-
tion, the sedimentation rates (compacted sedimen-
tary succession), appear to be low, ranging from
0.160 mm/yr to 0.230 mm/yr. It is worth noting
the mean sedimentation rate estimated for other
late-Carboniferous–early Permian basins presenting
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Figure 11. Refined chronostratigraphic setting for the Saint-Affrique Basin sedimentary succession
based on the new ages obtained in this study.
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a similar geological setting: in the northeastern Mas-
sif Central Autun Basin [Mercuzot, 2020], sedimenta-
tion rates based on precise radiometric ages were es-
timated at 0.45 mm/yr, taking the compacted sedi-
mentary succession into account, and at 1.1 mm/yr
when estimating a decompacted succession thick-
ness. In the Saar-Nahe Basin (western Germany)
the sedimentation rate is also higher, i.e. 0.3 mm/yr
(compacted sedimentary succession). Some modern
lacustrine systems, e.g. the Lake Titicaca (Altiplano,
late-orogenic setting) and the North-American Great
Lakes (Superior, Erie and Huron, glacial lakes) ex-
hibit sedimentation rates between 0.1 and 7.4 mm/yr
[Kemp and Harper, 1976, Kemp et al., 1977, 1978,
Durham and Joshi, 1980, Lojka et al., 2009] that are
consistent with our calculated rates. It also demon-
strates that the sedimentation rates calculated in this
study might be underestimated because of the lack
of precise petrophysical and burial condition data.
Consequently, the discontinuity between F3 and F4
fms (Figures 2 and 11) should not represent a sub-
stantial hiatus.

These new chronostratigraphical data clearly in-
dicate the lack of the Middle (Guadalupian) and Up-
per (Lopingian) Permian deposits in the present-day
sedimentary succession. Moreover, if we consider
a middle-Anisian age for the basal Triassic sand-
stone deposits, as in the Lodève Basin [Lopez and
Mader, 1985], the angular unconformity between the
youngest Permian and the Triassic deposits repre-
sents a major hiatus of about 23 Myrs, during which
the residual Variscan reliefs and the upper part of
the Permian sedimentary succession of the Lodève
and Saint-Affrique basins were eroded and pene-
planed. In the Lodève Basin, the overall thickness
of the eroded sedimentary succession between the
top of the Permian deposits and the middle-Anisian
unconformity is estimated at 1000 to 1500 m [Lopez
et al., 2008, Figure 2].

In Europe, increasing correlations are tenta-
tively made between Carboniferous–Permian basins,
based on both radiometric ages and biostratigraphic
data [e.g. Schneider and Scholze, 2018, Pellenard
et al., 2017, Ducassou et al., 2019, Schneider et al.,
2020]. The Lodève Basin is one of the most used
basin to establish correlations in Western Europe,
mostly because of its almost complete sedimentary
succession from the late Carboniferous to the late
Guadalupian [i.e. late middle Permian; Schneider

et al., 2020]. However, the present re-evaluation of
the ages of the Saint-Affrique Basin, located in the
direct vicinity and formed in the same geodynamic
setting, calls for new radiometric age constraints in
the Lodève Basin.

6. Conclusion

Our study focuses on several volcanic ash beds en-
countered within the sedimentary successions of the
Saint-Affrique Basin. Two different groups of volcani-
clastic rocks are defined: (i) the first group, located
at the base of the sedimentary succession and con-
sidered as Carboniferous in age, could not be dated
due to a lack of volcanic zircon grains in the studied
samples, and hence requires further analyses to re-
fine the age of these ante-Artinskian deposits. These
volcaniclastic beds include a significant terrigenous
input and yield mostly trachytic to trachy-andesitic
felsic compositions. They can be defined as calc-
alkaline rocks that reproduce, in a late orogenic set-
ting, a “Within Plate Volcanic Zone” signature; (ii) the
second group consists of dacitic to rhyodacitic ash
beds with a calc-alkaline affinity, and a geochemi-
cal signature resembling to that of “Active Continen-
tal Margin” rocks. Their deposition ages are younger
than previously estimated, i.e. Kungurian instead of
Artinskian.

The geochemical analyses (elemental and iso-
topic) of samples from both groups attest to a crustal
recycling of older material (Proterozoic and older).
This crustal component becomes more prominent
toward the top of the Permian successions, possi-
bly due to an increase of a mantle contribution trig-
gering crustal melting. Overall, their petrological
and geochemical features are compatible with vol-
canic activities that took place during late- to post-
collisional regional extension. These types of vol-
canic centres are known during the late Carbonifer-
ous and Permian, both in the Central Pyrenees and in
the Provence–Corsica–Esterel domain. The presence
of these different volcaniclastic ash beds within the
basin demonstrates the persistence and recurrence
of the volcanic activity in the region during the Per-
mian. Lastly, although preliminary, these new ages
allow to calculate rather low minimum sedimenta-
tion rates (around 0.2 mm/yr) during the Kungurian
in the Saint-Affrique Basin.
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The dating the volcanic ash bed from the outcrop
of Latour-sur-Sorgues (Lat20-1 sample, evidenced as
a key-bed in 70’s mining reports in drilled wells lo-
cated along the southeastern border of the basin)
would constitute a new robust anchor point to pre-
cisely correlate the sedimentary successions at basin-
scale. Furthermore, several other volcanic ash beds,
which unfortunately were not recognized in the field
during this work, were also identified during the 70’s
at the same stratigraphical position on the different
logs in the Saint-Rome-de-Tarn Fm (F2). Identify-
ing these discrete volcanic levels in the Saint-Rome-
de-Tarn Fm cropping out in the hanging wall of the
southern bordering fault would make it easier to date
the oldest Permian deposits of the basin.

While contributing to the refinement of the strati-
graphic setting of the Saint-Affrique Basin, this study
also demonstrates the need for additional precise
dating in the neighbouring basins (e.g. Lodève
Basin), as well as in other late Paleozoic basins from
Western Europe related to the late Variscan dynam-
ics. This would provide some important contribu-
tions for the recalibration of the Western Europe con-
tinental biostratigraphic scales. In addition, estab-
lishing correlations between these basins is para-
mount to better constrain the precise and accurate
timing of their filling history, the relationships be-
tween sedimentation and tectonic and geodynamic
processes, and to assess the various climate events
that prevailed during the Permian in the Eastern
Pangea intertropical domain.

Conflicts of interest

Authors have no conflict of interest to declare.

Acknowledgements

This study is dedicated to the memory of Jean-
Louis Paquette who greatly contributed, among other
things, to our understanding of the French Mas-
sif Central. Xavier Le Coz (Géosciences Rennes) is
thanked for the making of the thin sections, and
Cindy Maliverney (TSL) for sample preparations.
Jean Poujol is thanked for his hospitality during the
two sampling fieldtrips and Sara Mullin for correct-
ing the English content. Finally, the authors want to
thank J. Barbarand, V. Bosse and S. Duchêne for their
insightful comments on the previous version of this
manuscript.

Supplementary data

Supporting information for this article is available on
the journal’s website under https://doi.org/10.5802/
crgeos.184 or from the author.

References

Beccaletto, L., Capar, L., Serrano, O., and Marc,
S. (2015). Structural evolution and sedimentary
record of the Stephano–Permian basins occurring
beneath the Mesozoic sedimentary cover in the
southwestern Paris basin (France). Bull. Soc. Géol.
Fr., 186, 429–450.

Becq-Giraudon, J. F., Montenat, C., and Van
Den Driessche, J. (1996). Hercynian high-altitude
phenomena in the French Massif Central: tec-
tonic implications. Palaeogeogr. Palaeoclimatol.
Palaeoecol., 122, 227–241.

Blichert-Toft, J. (2008). The Hf composition of zircon
reference material 91500. Chem. Geol., 253(3/4),
252–257.

Bourquin, S., Bercovici, A., López-Gómez, J., Diez,
J. B., Broutin, J., Ronchi, A., Durand, M., Arche,
A., Linol, B., and Amour, F. (2011). The Permian–
Triassic transition and the beginning of the Meso-
zoic sedimentation at the Western peri-Tethyan
domain scale: palaeogeographic maps and geody-
namic implications. Palaeogeogr. Palaeoclimatol.
Palaeoecol., 299, 265–280.

Bouvier, A., Vervoort, J. D., and Patchett, P. J.
(2008). The Lu–Hf and Sm–Nd isotopic compo-
sition of CHUR: Constraints from unequilibrated
chondrites and implications for the bulk composi-
tion of terrestrial planets. Earth Planet. Sci. Lett.,
273, 48–57.

Breitkreuz, C. and Kennedy, A. (1999). Magmatic
flare-up at the Carboniferous/Permian boundary
in the NE German Basin revealed by SHRIMP Zir-
con Ages. Tectonophysics, 302, 307–326.

Bruguier, O., Becq-Giraudon, J.-F., Champenois, M.,
Deloule, E., Ludden, J., and Mangin, D. (2003).
Application of in situ zircon geochronology and
accessory phase chemistry to constraining basin
development during post-collisional extension: a
case study from the French Massif Central. Chem.
Geol., 201, 319–336.

Bruguier, O., Caby, R., Bosch, D., Ouzegane, K., De-
loule, E., Dhuime, B., Bendaoud, A., and Kienast,

https://doi.org/10.5802/crgeos.184
https://doi.org/10.5802/crgeos.184


Marc Poujol et al. 157

J. R. (2020). A case study of in situ analyses (major
and trace elements, U-Pb geochronology and Hf-O
isotopes) of a zircon megacryst: implication for the
evolution of the Egéré terrane (Central Hoggar, Tu-
areg Shield, Algeria). Precambrian Res., 351, article
no. 105966.

Burg, J. P., Brun, J. P., and Van Den Driessche, J. (1990).
Le sillon houiller du Massif Central français : faille
de transfert pendant l’amincissement crustal de la
chaîne. C. R. Acad. Sci. Paris, 311, 147–152.

Burg, J. P., Van Den Driessche, J., and Brun, J. P. (1994).
Syn-to post-thickening extension: mode and con-
sequences. C. R. Acad. Sci. Paris, 319, 1019–1032.

Cabanis, B., Cochemé, J. J., Vellutini, P. J., Joron, J. L.,
and Treuil, M. (1990). Post-collisional Permian
volcanism in nothwestern Corsica: an asseeement
based on mineralogy and trac-element geochem-
istry. J. Volcanol. Geotherm. Res., 44, 51–67.

Carignan, J., Hild, P., Mevelle, G., Morel, J., and
Yeghicheyann, D. (2001). Routine analyses of trace
elements in geological samples using flow injec-
tion and low pressure on-line liquid chromatogra-
phy coupled to ICP-MS: A study of geochemical ref-
erence materials BR, DR-N, UB-N, AN-G and GH.
Geostand. Newsl., 25, 187–198.

Châteauneuf, J.-J. and Farjanel, G. (1989). Syn-
thèse géologique des bassins permiens français. In
Mémoires du Bureau de Recherches Géologiques et
Minières, volume 128, page 288. BRGM, Paris.

Choulet, F., Faure, M., Fabbri, O., and Monié, P.
(2012). Relationships between magmatism and ex-
tension along the Autun–La Serre fault system in
the Variscan Belt of the eastern French Massif Cen-
tral. Int. J. Earth Sci., 101, 393–413.

Cohen, K. M., Finney, S. C., Gibbard, P. L., and Fan,
J.-X. (2013). The ICS International Chronostrati-
graphic Chart. Episodes, 36, 199–204. (updated).

David, A. (1967). Etude géologique du bassin permien
de Belmont-sur-Rance (Aveyron) et ses minéralisa-
tions uranifères et cuprifères. Thèse 3ème cycle,
Université de Clermont-Ferrand. 96 pages.

Dhuime, B., Hawkesworth, C., and Cawood, P. (2011).
When continents formed. Science, 331, 154–155.

Domeier, M. and Torsvik, T. H. (2014). Plate tectonics
in the late Paleozoic. Geosci. Front., 5(3), 303–350.

Ducassou, C., Mercuzot, M., Bourquin, S., Rossignol,
C., Beccaletto, L., Pierson-Wickmann, A. C., Pel-
lenard, P., Poujol, M., and Hue, C. (2019). Sed-
imentology and U-Pb dating of Carboniferous to

Permian continental series of the northern Massif
Central (France): local palaeogeographic evolution
and larger scale correlations. Palaeogeogr. Palaeo-
climatol. Palaeoecol., 533, article no. 109228.

Durham, R. and Joshi, S. (1980). Recent sedimenta-
tion rates, 210Pb fluxes, and particle settling veloc-
ities in Lake Huron, Laurentian Great Lakes. Chem.
Geol., 31, 53–66.

Faure, M. (1995). Late orogenic carboniferous exten-
sions in the Variscan French Massif Central. Tec-
tonics, 14, 132–153.

Faure, M. and Becq-Giraudon, J. F. (1993). Sur
la succession des épisodes extensifs au cours du
désépaississement carbonifère du Massif Central
français. C. R. Acad. Sci. Paris, 316, 967–973.

Fisher, C. M., Hanchar, J. M., Samson, S. D., Dhuime,
B., Blichert-Toft, J., Vervoort, J. D., and Lam, R.
(2011). Synthetic zircon doped with hafnium and
rare earth elements: A reference material for in situ
hafnium isotope analysis. Chem. Geol., 286, 32–47.

Gand, G. (1993). La palichnofaune de vertébrés
tétrapodes du bassin permien de Saint-Affrique
(Aveyron) : comparaisons et conséquences strati-
graphiques. Géol. de la France, 1, 41–56.

Gand, G., Garric, J., Schneider, J., Sciau, J., and Wal-
ter, H. (1996). Biocénoses à méduses du permien
français (bassin de Saint-Affrique, Massif Central).
Geobios, 29/4, 379–400.

Genna, A., Roig, J. Y., Debriette, P. J., and Bouchot,
V. (1998). Le bassin houiller d’Argentat (Mas-
sif Central français), conséquence topographique
d’un plissement de son substratum varisque. C. R.
Acad. Sci. Paris, 327, 279–284.

Goloubinoff, C. (1979). Le permo-houiller du nord
du bassin de St Affrique (Aveyron). Thèse de 3ème
cycle, Université Paris-Sud. 143 pages.

Guérangé-Lozes, J. and Alabouvette, B. (1999). Carte
Géologique de la France au 1/50 000 — feuille de
Saint-Sernin-sur-Rance. Bureau de Recherches
Géologiques et Minières (BRGM), Orléans.

Guérangé-Lozes, J., Burg, J. P., Vinchon, C., Alabou-
vette, B., Defaut, B., Astruc, J. G., Galharague,
J., Leyreloup, A., Michard, A. G., Perrin, C., and
Servelle, C. (1995). Carte Géologique de la France
au 1/50 000 — feuille de Réquista. Bureau de
Recherches Géologiques et Minières (BRGM), Or-
léans.

Guérangé-Lozes, J. and Guérangé, B. (1991). Carte
Géologique de la France au 1/50 000 — feuille de



158 Marc Poujol et al.

Camarès. Bureau de Recherches Géologiques et
Minières (BRGM), Orléans.

Hill, I. G., Worden, R. H., and Meighan, I. G. (2000).
Yttrium: The immobility-mobility transition dur-
ing basaltic weathering. Geology, 28, 923–926.

Hübner, N., Körner, F., and Schneider, J. (2011). Tec-
tonics, climate and facies of the Saint Affrique
Basin and correlation with the Lodève Basin (Per-
mian, Southern France). Z. Dtsch. Ges. fur Geowiss.,
162(2), 157–170.

Izart, A., Vaslet, D., Briand, C., Broutin, J., Coquel, R.,
Davydov, V., Donsimoni, M., Wartiti, M. E., Ensep-
baev, T., Geluk, M., Goreva, N., Gôrùr, N., Iqbal,
N., Joltaev, G., Kossovaya, O., Krainer, K., Laveine,
J.-P., Makhlina, M., Maslo, A., Nemirovskaya, T.,
Kora, M., Kozitskaya, R., Massa, D., Mercier, D.,
Monod, O., Oplustil, S., Schneider, J., Schônlaub,
H., Stschegolev, A., Sùss, P., Vachard, D., Vai, G. B.,
Vozarova, A., Weissbrod, T., and Zdanowski, A.
(1998). Stratigraphic correlations between the
continental and marine Tethyan and Peri-Tethyan
basins during the Late Carboniferous and the Early
Permian. In Crasquin-Soleau, S., Izart, A., Vaslet,
D., and De Wever, P., editors, Peri-Tethys: Strati-
graphic Correlations 2, Geodiversitas, volume 20(4),
pages 521–595. MNHN, Paris.

Janousek, V., Farrow, C. M., and Erban, V. (2006).
Interpretation of whole-rock geochemical data in
igneous geochemistry: introducing Geochemical
Data Toolkit (GCDkit). J. Petrol., 47, 1255–1259.

Jarvis, I. and Jarvis, K. E. (1985). Rare-earth element
geochemistry of standard sediments: A study using
inductively coupled plasma spectrometry. Chem.
Geol., 53, 335–344.

Kemp, A., Dell, C., and Harper, N. (1978). Sedimenta-
tion rates and a sediment budget for Lake Superior.
J. Great Lakes Res., 4, 276–287.

Kemp, A. and Harper, N. (1976). Sedimentation rates
and a sediment budget for Lake Ontario. J. Great
Lakes Res., 2, 324–339.

Kemp, A., MacInnis, G., and Harper, N. (1977). Sedi-
mentation rates and a revised sediment budget for
Lake Erie. J. Great Lakes Res., 3, 221–233.

Koniger, S. and Stollhofen, H. (2001). Environ-
mental and tectonic controls on preservation po-
tential of distal fallout ashes in fluvio-lacustrine
settings: the Carboniferous-Permian Saar-Nahe
Basin, south-western Germany. volume 30 of Spe-
cial Publication—International Association of Sed-

imentologists, pages 263–284.
Laversanne, J. (1976). Sédimentation et minéralisa-

tion du Permien de Lodève. Thèse doc/ing, Univer-
sité d’Orsay. 300 pages.

Le Maitre, R. W., Streckeisen, A., Zanettin, B., Le Bas,
M. J., Bonin, B., and Bateman, P. (1989). Igneous
rocks: a classification and glossary of terms. In
Recommandations of the International Union of
Geological Sciences, Subcommission on the System-
atics of Igneous Rocks, page 193. Blackwell, Oxford.

Legrand, X. (1990). Effets de la tectonique extensive
en milieu continental. Le Bassin Permien de Saint
Affrique.

Legrand, X., Soula, J.-C., and Rolando, J.-P. (1994).
The Saint-Affrique Permian basin (southern
France): an example of a roll-over controlled al-
luvial sedimentation during regional extensional
tectonics. Geodin. Acta, 7(2), 103–120.

Lojka, R., Drábková, J., Zajíc, J., Sykorová, I., Franc,
J., Bláhová, A., and Grygar, T. (2009). Climate vari-
ability in the Stephanian B based on environmental
record of the Mšec Lake deposits (Kladno-Rakovník
Basin, Czech Republic). Palaeogeogr. Palaeoclima-
tol. Palaeoecol., 280, 78–93.

Lopez, M., Gand, G., Garric, J., and Körner, F. (2008).
The playa environments of the Lodève Permian
Basin (Languedoc, France). J. Iber. Geol., 34, 29–56.

Lopez, M. and Mader, D. (1985). Gravelly and sandy
braidplain, evolving into floodplain and playa-lake
deposition and vice versa, in the Bundsanstein fa-
cies sediments and marine incursions. In Mader,
D., editor, Triassic of the Lodève Region (Southern
France), volume 4 of Lecture Note in Earth Sciences,
pages 509–518. Heidelberg, Berlin.

Lucas, S. G. and Shen, S.-Z. (2018). The Per-
mian chronostratigraphic scale: history, status and
prospectus. volume 450 of Geol. Soc. Lond., Special
Publications, pages 21–50.

Malavieille, J., Guihot, P., Costa, S., Lardeaux, J. M.,
and Gardien, V. (1990). Collapse of the thickened
Variscan crust in the French Massif Central: Mont
Pilat extensional shear zone and St. Etienne Late
Carboniferous basin. Tectonophysics, 177, 139–149.

Marti, J. (1996). Genesis of crystal-rich volcanoclastic
facies in the Permian red beds od the Central Pyre-
nees (NE Spain). Sediment. Geol., 106, 1–19.

McDonough, W. F. and Sun, S. S. (1995). The compo-
sition of the Earth. Chem. Geol., 120, 223–253.

Ménard, G. and Molnar, P. (1988). Collapse of a Her-



Marc Poujol et al. 159

cynian Tibetan plateau into a late Palaeozoic Euro-
pean Basin and Range province. Nature, 334, 235–
237.

Mercuzot, M. (2020). Reconstitutions paléoenviron-
nementales et paléoclimatiques en contexte tardi-
orogénique : cas des bassins fini-carbonifères à per-
miens du nord-est du Massif Central, France. Thèse
de 3ème cycle, Université de Rennes 1, France.

Mercuzot., M., Bourquin, S., Beccaletto, L., Ducas-
sou, C., Rubi, R., and Pellenard, P. (2021). Palaeoen-
vironmental reconstitutions at the Carboniferous-
Permian transition south of the Paris Basin, France:
implications on the stratigraphic evolution and
basin geometry. Int. J. Earth Sci., 110(1), 9–33.

Mercuzot, M., Bourquin, S., Pellenard, P., Becca-
letto, L., Schnyder, J., Baudin, F., Ducassou, C.,
Garel, S., and Gand, G. (2022). Reconsidering
Carboniferous–Permian continental paleoenviron-
ments in eastern equatorial Pangea: facies and
sequence stratigraphy investigations in the Autun
Basin (France). Int. J. Earth Sci., 111, 1663–1696.

Mercuzot, M., Thomazo, T., Schnyder, J., Pellenard, P.,
Baudin, F., Pierson-Wickmann, A.-C., Sans-Jofre, P.,
Bourquin, S., Beccaletto, L., Santoni, A.-L., Gand,
G., Buisson, M., Glé, L., Munier, T., Saloume, A.,
Boussaid, M., and Boucher, T. (2021). Carbon
and nitrogen cycle dynamic in continental late-
Carboniferous to early Permian basins of east-
ern Pangea (northeastern Massif Central, France).
Front. Earth Sci., 9, 1–24.

Michel, L. A., Tabor, N. J., Montanez, I. P., Schmitz,
M. D., and Davydov, V. I. (2015). Chronostratig-
raphy and paleoclimatology of the lodeve basin,
france; evidence for a pantropical aridification
event across the Carboniferous-Permian bound-
ary. Palaeogeogr. Palaeoclimatol. Palaeoecol., 430,
118–131.

Morel, M. L. A., Nebel, O., Nebel-Jacobsen, Y. J.,
Miller, J. S., and Vroon, P. Z. (2008). Hafnium
isotope characterization of the GJ-1 zircon refer-
ence material by solution and laser-ablation MC-
ICPMS. Chem. Geol., 255, 231–235.

Nmila, A. (1995). L’empreinte du volcanisme dans
le remplissage permien du bassin de Lodève, étude
pétrographique et géochimique, implication métal-
logénique. Thèse de 3ème cycle, Université Pierre
et Marie Curie, France.

Nosenzo, F., Manzotti, P., Poujol, M., Ballèvre, M., and
Langlade, J. (2022). A window into an older oro-

genic cycle: P–T conditions and timing of the pre-
Alpine history of the Dora-Maira Massif (Western
Alps). J. Metamorph. Geol., 40/4, 789–821.

Odin, B. and Conrad, G. (1987). Les cinérites, mar-
queurs aséquentiels au sein de la sédimentation
permienne, continentale et rythmique, du bassin
de Lodève (Hérault, France). Ann. Soc. Géol. Belg.,
110, 271–278.

Paquette, J.-L., Piro, J.-L., Devidal, J.-L., Bosse, V., Di-
dier, A., Sanac, S., and Abdelnous, Y. (2014). Sen-
sitivity enhancement in LA-ICP-MS by N2 addition
to carrier gas: Application to radiometric dating of
U-Th-bearing minerals. Agilent ICP-MS J., pages 1–
5.

Patchett, J. P., Kouvo, O., Hedge, C. E., and Tatsumoto,
M. (1981). Evolution of continental crust and man-
tle heterogeneity: evidence from Hf isotopes. Con-
trib. Mineral. Petrol., 78, 279–297.

Pellenard, P., Gand, G., Schmitz, M., Galtier, J.,
Broutin, J., and Stéyer, J. S. (2017). High-precision
U-Pb zircon ages for explosive volcanism calibrat-
ing the NW European continental Autunian strato-
type. Gondwana Res., 51, 118–136.

Pereira, M. F., Castro, A., Chichorro, M., Fernández,
C., Díaz-Alvarado, J., Martí, J., and Rodríguez, C.
(2014). Chronological link between deep-seated
processes in magma chambers and eruptions:
Permo-Carboniferous magmatism in the core of
Pangaea (Southern Pyrenees). Gondwana Res., 25,
290–308.

Rolando, J.-P. (1988). Sédimentologie et stratigra-
phie du bassin Permien de Saint-Affrique (Avey-
ron). Thèse de 3ème cycle, Université Paul Sabatier,
Toulouse. 226 pages.

Rolando, J.-P., Doubinger, J., Bourges, P., and
Legrand, X. (1988). Identification de l’Autunien
supérieur, du Saxonien et du Thuringien in-
férieur dans le bassin de Saint-Affrique (Aveyron,
France). Corrélations séquentielles et chronostrati-
graphiques avec les bassins de Lodève (Hérault) et
de Rodez (Aveyron). C. R. Acad. Sci. Paris, 307,
1459–1464.

Rossignol, C., Hallot, E., Bourquin, S., Poujol, M., Jo-
livet, M., Pellenard, P., and Dabard, M. P. (2019). Us-
ing volcaniclastic rocks to constrain sedimentation
ages: To what extent are volcanism and sedimenta-
tion synchronous? Sedim. Geol., 381, 46–64.

Schandl, E. S. and Gorton, M. P. (2002). Application
of high field strength elements to discriminate tec-



160 Marc Poujol et al.

tonic settings in VMS environments. Econ. Geol.,
97, 629–642.

Schneider, J. W., Lucas, S. G., Scholze, F., Voigt, S.,
Marchetti, L., Klein, H., Opluštil, S., Werneburg,
R., Golubev, V. K., Barrick, J. E., Nemyrovska, T.,
Ronchi, A., Day, M. O., Silantiev, V. V., Rößler,
R., Saber, H., Linnemann, U., Zharinova, V., and
Shen, S. (2020). Late Paleozoic—early Mesozoic
continental biostratigraphy—links to the Standard
Global Chronostratigraphic Scale. Palaeoworld, 29,
186–238.

Schneider, J. W. and Scholze, F. (2018). Late
Pennsylvanian–Early triassic conchostracan bios-
tratigraphy: a preliminary approach. volume 450
of Geol. Soc. Lond., Special Publications, pages 365–
386.

Scotese, C. R. and Langford, R. P. (1995). Pangea
and the paleogeography of the Permian. In The
Permian of Northern Pangea, pages 3–19. Springer,
Berlin.

Segal, I., Halicz, L., and Platzner, I. T. (2003). Ac-
curate isotope ratio measurements of ytterbium
by multiple collection inductively coupled plasma
mass spectrometry applying erbium and hafnium
in an improved double external normalization pro-
cedure. J. Anal. Atom. Spectr., 18, 1217–1223.

Sláma, J., Košler, J., Condon, D. J., Crowley, J. L.,
Gerdes, A., Hanchar, J. M., Horstwoodd, M. S. A.,
Morrish, G. A., Nasdalai, L., Norberg, N., Schal-
tegger, U., Schoene, B., Tubrett, M. N., and White-
house, M. J. (2008). Plesovice zircon – A new natu-
ral reference material for U–Pb and Hf isotopic mi-
croanalysis. Chem. Geol., 249(1–2), 1–35.

Söderlund, U., Patchett, P. J., Vervoort, J. D., and
Isachsen, C. (2004). The 176Lu decay constant de-
termined by Lu-Hf and U-Pb isotope systematics
of Precambrian mafic intrusions. Earth Planet. Sci.
Lett., 219, 311–324.

Stampfli, G. M., Hochard, C., Vérard, C., and Wilhem,
C. (2013). The formation of Pangea. Tectonophysics,
593, 1–19.

Stampfli, G. M. and Kozur, H. W. (2006). Europe from
the Variscan to the Alpine cycles. Mem.-Geol. Soc.
Lond., 32, 57–82.

Sun, S. S. and McDonough, W. F. (1989). Chemical
and isotopic systematics of oceanics basalts: im-
plications for mantle composition and processes.
volume 42 of Geol. Soc. Lond. Special Publications,
pages 313–345.

Taylor, S. R. and McLennan, S. M. (1985). The Conti-
nental Crust: its Composition and Evolution. Black-
well, Oxford.

Timmerman, M. J. (2004). Timing, geodynamic set-
ting and character of Permo-Carboniferous mag-
matism in the foreland of the Variscan Orogen, NW
Europe. In Wilson, M., Neumann, E.-R., Davies,
G. R., Timmerman, M. J., Heeremans, M., and
Larsen, B. T., editors, Permo-Carboniferous Mag-
matism and Rifting in Europe, volume 223 of Geol.
Soc. Lond., Special Publications, pages 41–74.

Vallé, B., Courel, L., and Gelard, J. P. (1988). Les mar-
queurs de la tectonique synsédimentaire et syn-
diagénétique dans le bassin stéphanien à régime
cisaillant de Blanzy-Montceau (Massif Central,
France). Bull. Soc. Géol. Fr., 4, 529–540.

Van Den Driessche, J. and Brun, J. (1992). Structure
and evolution of late Variscan extensional gneiss
dome (Montagne Noire, southern Massif Central,
France). Geodin. Acta, 5, 85–99.

Van Den Driessche, J. and Brun, J. P. (1989). Un
modèle cinématique de l’extension paléozoïque
supérieur dans le Sud du Massif Central. C. R. Acad.
Sci. Paris, 309, 1607–1613.

Vermeesch, P. (2018). IsoplotR: A free and open tool-
box for geochronology. Geosci. Front., 9, 1479–
1493.

Vervoort, J. D., Patchett, P. J., Soderlund, U., and
Baker, M. (2004). Isotopic composition of Yb and
the determination of Lu concentrations and Lu/Hf
by isotope dilution using MC-ICPMS. Geochem.
Geophys. Geosys., 5, 1–15.

Winchester, J. A. and Floyd, P. A. (1977). Geochemical
discrimination of different magma series and their
differentiation products using immobile elements.
Chem. Geol., 20, 325–343.

Witt, C., Rivadeneira, M., Poujol, M., Barba, D., Beida,
D., Beseme, G., and Montenegro, G. (2017). Track-
ing ancient magmatism and Cenozoic topographic
growth within the Northern Andes forearc: Con-
straints from detrital U-Pb zircon ages. Geol. Soc.
Am. Bull., 129(3–4), 415–428.

Wood, D. A. (1980). The application of a ThHfTa di-
agram to problems of tectonomagmatic classifica-
tion and to establishing the nature of crustal con-
tamination of basaltic lavas of the British Tertiary
Volcanic Province. Earth Planet. Sci. Lett., 50, 11–
30.

Wray, D. S. (1999). Identification and long-range cor-



Marc Poujol et al. 161

relation of bentonites in Turonian-Coniacian (Up-
per Cretaceous) chalks of northwest Europe. Geol.
Mag., 136, 361–371.

Wray, D. S. and Wood, C. J. (1998). Distinction
between detrital and volcanogenic clay-rich beds
in Turnonian-Coniacian chalks of easter England.
Proc. Yorkshire Geol. Soc., 52, 95–105.

Zheng, J. S., Mermet, J.-F., Toutin-Morin, N., Hanes,
J., Gondolo, A., Morin, R., and Féraud, G.
(1992). Datation 40Ar–39Ar du magmatisme et de
filons minéralisés permiens en Provence orientale
(France). Geodin. Acta, 5(3), 203–215.





Comptes Rendus
Géoscience — Sciences de la Planète
2023, Vol. 355, Special Issue S2, p. 163-190
https://doi.org/10.5802/crgeos.246

Research article

Tribute to Jean Dercourt

The Brécy depocenter as part of a new northern
Massif Central Carboniferous–Permian
Basin (France)

Laurent Beccaletto ,∗,a and Sylvie Bourquin ,b

a BRGM, 45060 Orléans, France

b Univ Rennes, CNRS, Géosciences Rennes - UMR 6118, 35000 Rennes, France

E-mails: l.beccaletto@brgm.fr (L. Beccaletto), sylvie.bourquin@univ-rennes1.fr
(S. Bourquin)

Abstract. The reinterpretation of deep wells and the reprocessing and interpretation of 115 km of
industrial seismic lines can be used to update the geometry, depositional environments and tectonic
evolution of the Carboniferous–Permian Brécy depocenter (southwest Paris Basin). The present-
day geometry of the Brécy depocenter is controlled by several eastward dipping normal faults, some
of which possibly connected to deep detachments that were active during the late Carboniferous–
Permian history. It is estimated that the maximum thickness of the Brécy depocenter is 3900 m. The
filling provides evidence for a thick late Carboniferous–lower Permian syn-rift stage overlain by a thin
post-rift stage, probably similar to the tectonic evolution of the northeastward basins in the Lorraine
region of France and Germany and thus attributed to the lower-middle Permian. The facies generally
characterize lake environments, with occurrences of sediment supply attributed to fluvial, alluvial fan
and delta fan deposits. They mainly display a retrogradational–progradational pattern during the syn-
rift stage, and a retrogradational pattern during the post-rift stage. The Brécy area was part of a larger
late Variscan basin during the latest Carboniferous–early Permian times in the northern Massif Central
region.
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1. Introduction

The late Carboniferous–Permian is a period of large-
scale geodynamic reorganization, (i) with the fi-
nal accretion of Pangea (Variscides/Mauretanides/
Alleghenides orogeneses) and the beginning of its
breakup (NeoTethys opening) [e.g., Domeier and
Torsvik, 2014, Scotese and Langford, 1995, Stampfli
et al., 2013], coeval with (ii) the acme of the Late Pa-
leozoic Ice Age (LPIA), constituting a turning point in

∗Corresponding author.

the climate regimes of the Paleozoic [e.g., Gastaldo
et al., 1996, Montañez et al., 2007].

From the end of the Carboniferous onwards, the
over-thickened and hot Variscan crust collapsed
[late-orogenic collapse; Burg et al., 1994, Faure,
1995, Malavieille et al., 1990, Ménard and Molnar,
1988, Van Den Driessche and Brun, 1992], triggering
the rise of high-grade metamorphic domes along
low-angle detachment faults, and the development
of half-graben or pull-apart multi-directional in-
tramountain coal basins [Costa and Rey, 1995, Gar-
dien et al., 2022, Malavieille, 1993, McCann et al.,
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2008a,b, Ménard and Molnar, 1988, Van Den Driess-
che and Brun, 1989].

These late orogenic Carboniferous–Permian
basins (hereafter LOCPB) therefore widely developed
around 300 Ma in the internal parts of the belt south
of the northern Variscan Front. They crop out in
several limited locations in and around the Variscan
basement of western Europe (Pyrenees, Massif Cen-
tral, Brittany, Vosges-Black Forest, Alps, Harz), in
close genetic relationships with major Variscan
tectonic structures (e.g., Sillon Houiller, South-
Hunsrück Fault; Figure 1 and related references).

They were filled with siliciclastic volcanoclastic
continental material—from alluvial to lacustrine
through fluvial environments—at intertropical lati-
tudes [Donsimoni, 1990, Gand, 2003, Mercuzot et al.,
2021, 2022, Schäfer, 2011, Schneider and Romer,
2010, Soreghan et al., 2020]. LOCPB were also ac-
companied by widespread intrusive and extrusive
magmatic activity with a crustal or mantle origin
with mostly felsic and rare mafic signatures [Neu-
mann et al., 2004, Timmerman, 2004, McCann et al.,
2006]. Apart from scientific research, LOCPB were
extensively studied for their resources such as oil,
gas, coal, uranium or other ore deposits [Bouchot
et al., 1997, 2005, Courel et al., 1986, Delmas et al.,
2002, Dill et al., 1991, Mascle, 1990], and more re-
cently for geothermal [Aretz et al., 2016] or natural
helium [Hauville et al., 2021] purposes.

In map view, they occur as small isolated and
disconnected “basins” with incomplete sedimentary
successions and numerous sedimentation and ero-
sional gaps [e.g., Schneider et al., 2020]. Their
present-day area does not reflect their initial ex-
tent and thickness, which can be explored by study-
ing their subsurface prolongation beneath the Meso-
Cenozoic sedimentary covers [Beccaletto et al., 2015,
Mercuzot et al., 2021, Schneider and Scholze, 2018,
Ziegler, 1990]. These basins usually reach thicknesses
of several kilometers like, for instance, in the south-
ern French Massif Central [e.g., Lodève, Carmaux—
La Grésine; BRGM, 1989] or central Europe [e.g.,
Saar-Nahe and Thuringian Forest basins; Schneider
and Romer, 2010]. Generally speaking, the ages of
the LOCPB broadly range from Gzhelian to Guadalu-
pian encompassing the Stephanian, Autunian, lower
Rotliegend and part of the upper Rotliegend west-
ern European stages [ca. 303 Ma to ca. 270 Ma;
e.g., Ducassou et al., 2019, Michel et al., 2015, Lützner

et al., 2020, Opluštil et al., 2016, Pellenard et al., 2017,
Poujol et al., 2023, Voigt et al., 2022].

One recurrent question that arises from the study
of the LOCPB is based on sedimentological, struc-
tural and temporal criteria: what are their regional
correlations and extents? The answer to this ques-
tion calls for the recognition of reference basins with
enough useful data to make correlations. On one
hand, recent advances in their age calibration using
radiochronological methods have led to improved
inter-basin comparisons [e.g., Ducassou et al., 2019,
Mercuzot et al., 2023, Opluštil et al., 2016, Pellenard
et al., 2017, Schneider et al., 2020, Voigt et al., 2022].
On the other hand, fewer significant works have been
carried out recently on their structural pattern and
tectonic evolution [Beccaletto et al., 2015, and refer-
ences therein], and therefore the poor understanding
of their tectonic framework limits their comparison
at local or regional scales.

One good way to discuss the tectono-sedimentary
history of hidden subsurface LOCBP is to use seismic
data to look for them under their Meso-Cenozoic sed-
imentary cover given that they may be considered as
fossil basins with preserved pre-Triassic depositional
and structural patterns. We present new results from
the interpretation of industrial seismic lines span-
ning 115 kilometers, while targeting the Brécy de-
pocenter in the southwest Paris Basin, which has re-
cently been reprocessed within the framework of an
International Continental Scientific Drilling Program
proposal [ICDP Deepdust project; Soreghan et al.,
2020]. First, we aim to discuss the structural fea-
tures, thickness and tectonic evolution of the Brécy
depocenter and the related sedimentary filling using
seismic and well data. Last, we compare and pro-
pose correlations between the Brécy depocenter and
other Carboniferous–Permian deposits in the north-
ern Massif Central, as well as other places in France
and Germany.

2. Geological setting of the Brécy depocenter

The Brécy depocenter is one of the three several-
kilometer-thick depocenters recently revealed by the
interpretation of reprocessed vintage seismic lines in
the southwestern part of the Paris Basin [together
with the Contres and Arpheuilles depocenters; Fig-
ures 1, 2; Beccaletto et al., 2015]. It has a roughly
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Figure 1. Map of NW European outcropping and subsurface LOCPB; compiled from Beccaletto et al.
[2015], BRGM [1984, 1989, 2003], Delmas et al. [2002], Gast et al. [2010], Schäfer and Korsch [1998],
Schneider and Romer [2010], Schneider and Scholze [2018]. Numbers—French outcropping LOCPB:
1: Carentan/Littry; 2: St-Pierre-la-Cour; 3: Doué-la-Fontaine; 4: Sillon Vendéen, Chantonnay, Fay-
moreau; 5: Villé; 6: St-Dié; 7: Ronchamp-Giromagny; 8: Autun; 9: Decize La Machine; 10: Blanzy-Le
Creusot; 11: Bert; 12: Aumance; 13: Commentry, Doyet, Deneuille; 14: Ahun; 15: Bosmoreau-les-Mines;
16: Bassins du Sillon-Houiller; 17: Brive; 18: Brassac, Brioude; 19: St-Etienne; 20: Prades-Jaujac; 21:
Alès; 22: Graissessac, Lodève; 23: St-Affrique; 24: Figeac, Decazeville, Rodez; 25: Quercy-Albigeois, La
Grésigne; 26: La Rhune-Bidarray; 27: Ossau; 28: Var; 29: Barrot, Argentera; 30: Alpes zones externes; 31:
Alpes zones internes. Italic letters—Other West European LOCPB A: Albersweiler; BI: Bifertengrätli; BR:
Breisgau; EN: Entlebuch; FR: Frankenberg Bay (Naab—Weiden); IF: Ilfeld; K: Kraichgau (Baden-Baden);
LO: Lombardian; MF: Manx-Furness; NSW: North Switzerland; S: Saale (Halle); SCH: Schramberg; SNB:
Saar-Nahe; RS: Ries-Salzach; S: Sudetic; SD: Salvan-Dorenaz; ST: Stockheim; TF: Thuringian Forest; VFD:
Variscan Foredeep; W: Wetterau; WE: Wessex;WI: Wittlich Graben. Blue letters—Basement rocks A: Ar-
dennes; Al: Alps; BF: Black Forest; BM: Bohemian Massif; Br: Bretagne; H: Harz; MC: Massif Central;
Py: Pyrenees; SG: Schiefere Gebirge; V: Vosges. Sillon Houiller fault: SH; South Hunsrück Fault: SHF.
Arpheuilles-1 well: Arph.
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elongated shape striking N30 parallel to the north-
ern trend of the Sillon-Houiller fault zone. The open-
ing of the basin was thought to be controlled by
the activity of several N030-trending normal faults
accommodating the deposition of the Stephanian-
Permian deposits which have estimated thicknesses
up to 3000 m.

The age of the Carboniferous–Permian series in
the Brécy area comes from the description of the
Bertray-1, Brécy-1 and Saint-Georges-sur-Moulon-1
well cuttings (from drilling reports; hereafter called
the BTY1, BRC1 and SGS1 wells, respectively; Fig-
ure 2), and from palynological data from the core
of the scientific Couy-1 well [Orszag-Sperber et al.,
1992; hereafter COU1; Figure 2].

In the COU1 well, the sedimentary succession, at-
tributed to the Permian based on the presence of sev-
eral Darwinulacea ostracods [Orszag-Sperber et al.,
1992], is composed of approximately 250 m of mainly
red silty-clay sediments with sandstones and few
conglomerates at the base. This succession describes
a general trend from alluvial fan to shallow lake de-
posits; neither tonstein (volcanic ashes transformed
into clay minerals) nor palynological data exist to
shorten the age range [Juncal et al., 2018]. In this area,
the Permian deposits end with the Triassic unconfor-
mity, overlain by middle Anisian deposits [Early and
early-Middle Triassic gap; Bourquin et al., 2006, Jun-
cal et al., 2018].

In BTY1, from 2963 m to 2842 m, the sedimen-
tary succession is mainly composed of black-gray
silty-clay interbedded with detrital coal, sandstones
and conglomerates. The age is attributed to the late
Carboniferous based on: gastropods and ostracods
from the Carbonita genus found in the calcareous
level at the base, bisaccate pollens at 2963 m and the
presence of Lycospora pellucida and Florinites junior
pollen at 2850 m [Bertray1, 1987].

In BRC1, below 1806 m, the facies are more car-
bonated with argillaceous-dolomitic limestones
interbedded in fine-grained gray-green argilla-
ceous sandstones. Between 1802 m and 1806 m,
plant fragments suggesting a Carboniferous age
[Brécy1, 1966] have been found in micaceous silty-
claystone.

The drilling of the SGS1 well has reached a Paleo-
zoic succession from 1639 to 1878.3 m attributed to
the Cambro-Silurian by comparison with known fa-
cies in outcrops in the Massif Central [St. Georges-

sur-Moulon1, 1964].
In COU1, the basement, composed of metamor-

phic rocks, starts at a depth of 941.65 m. It is over-
lain by a highly tectonized Paleozoic sedimentary se-
ries [Lorenz et al., 1987] until 925.35 m. The Pale-
ozoic upper part is composed of volcanoclastic de-
posits attributed to the Stephanian [Chantraine et al.,
1992]; trachy-andesites sampled at the bottom of the
Stephanian unit (925.35 m and 941.65 m) yielded
an Ar–Ar plateau age of 301.6 ± 6.3 Ma [Costa and
Maluski, 1988]. The Stephanian volcanoclastic unit is
overlain by Permian fluvio-lacustrine deposits above
an angular unconformity [Lorenz et al., 1987].

3. Material and methods

3.1. Seismic data reprocessing

The present study is based on the reprocessing of five
seismic lines representing approximately 115 km, ac-
quired by the ESSOREP oil company in 1984 and 1985
(CHER survey, denoted as CH; Figure 2). This new
dataset completes the ca. 200 km of vintage indus-
trial seismic reflection profiles that were reprocessed
and interpreted in the Brécy area in the initial study
of Beccaletto et al. [2015].

Given the acquisition parameters used in these ex-
ploration surveys, mainly the frequency bandwidth
of the seismic source and the recording length (up to
4 s TWT—Two-Way-Time), the estimated depth of in-
vestigation is roughly 7–8 km, with a vertical resolu-
tion of approximately 25 m and 30–35 m respectively
in the shallow and deepest part of the lines. These
vintage seismic data have been reprocessed using
modern Pre-Stack time migration (PSTM) methods
and algorithms, thereby significantly improving the
quality of the resulting seismic section and provid-
ing enhanced descriptions of the geological struc-
tures [Beccaletto et al., 2011, 2015]. Efforts were fo-
cused on three key steps that were repeated several
times throughout the processing unit: (a) comput-
ing primary and residual static corrections in order
to remove the topographic and velocity effects of the
superficial rock layer, strongly affecting the seismic
signal; (b) detailed velocity analysis; and (c) various
methods of organized and random noise attenua-
tion. Pre-stack time migration enhanced the details
of the structural features and completed this repro-
cessing unit before stacking the data [cf. Laurent
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Figure 2. Geological map of the study area depicting the Brécy depocenter and adjacent LOCPB, the
location of the reprocessed seismic lines, and deep wells. The geological background is from the
1:1,000,000 geological map of France [BRGM, 2003].

et al., 2021 for another example of seismic reprocess-
ing and interpretation in Carboniferous basins].

3.2. Seismic interpretation and well-data

In a first step, the seismic facies and reflector geome-
tries were interpreted by using nearby wells to cal-
ibrate and tie the seismic lines for the main hori-
zons. Unlike the previous regional study of Becca-
letto et al. [2015], the BTY1, BRC1 and COU1 wells
are located directly on some of the newly reprocessed
seismic lines (resp. CH41, CH22 and CH34; Fig-
ure 2), thereby preventing any lateral projection bias.
Once the targeted horizons were identified near the
BTY1 and BRC1 wells (deepest wells), they were cor-
related step by step, from line to line, by compar-
ing the seismic facies using the Gverse Geophysics
module of the Gverse suite (© Landmark), and by

checking their 3D structural consistency (using the
3D viewer of the interpretation software). Steps two
and three correspond to the building of the structural
scheme and the thickness map of the Brécy depocen-
ter, respectively. In a fourth step, the electrofacies
and depositional environments are described within
the framework of the seismic interpretation by using
subsurface well data such as: (i) the description of
the cuttings from reports and well data (gamma Ray
(GR), sonic or neutron, and resistivity) for the BRC1,
BTY1, and SGS1 wells; and (ii) core description and
complete well log data (GR, sonic, resistivity, den-
sity, photo electric factor (Pef), and neutron) for the
COU1 well [Juncal et al., 2018]. In a last step, these
four wells were correlated to give a lithostratigraphic
and sequential framework to the Brécy area.
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4. Results

4.1. Seismic interpretation, targeted horizons
and seismic facies

Figures 3 and 4 display four examples of investigated
seismic profiles in an uninterpreted and interpreted
form. The main seismic features and units are dis-
cussed below from bottom to top.

The base of the late Carboniferous–Permian sedi-
mentary fill (Base Basin Unconformity—BBU) corre-
sponds to the top of the pre-Stephanian substratum.
The four wells in the Brécy area do not reach the sub-
stratum, however it is cut across by fifteen wells in
the westward Contres and Arpheuilles depocenters.
There, the substratum could be sedimentary, meta-
morphic or plutonic [Beccaletto et al., 2015]. In most
places, the top of the pre-Stephanian substratum
matches the top of the acoustic basement, where the
seismic signal becomes chaotic. However, some sets
of reflectors, belonging to pre-Stephanian units, still
appear locally below the BBU (line CH3, Figure 4).

The end-Carboniferous–Permian deposits s.s.
correspond to the seismic facies observed between
the Top Paleozoic Unit (TPU) and the BBU. In gen-
eral, they are stratified with an overall wedge-shape
geometry slightly thinning eastward, and continu-
ous reflectors varying from low to high amplitudes
and medium to high frequencies; chaotic or semi-
transparent facies are also possible. The topmost
preserved Permian beds display toplap geometries
below the TPU (Figures 3 and 4). However, in closer
detail, it is possible to distinguish three seismic se-
quences:

(1) A lower seismic sequence with thick-
nesses less than 0.5 s TWT made of low-
frequency/(very) high-amplitude, continu-
ous to discontinuous reflectors; in the BTY1
well, these reflectors are correlated with
Stephanian conglomeratic and coal beds, as
seen in the Arpheuilles-1 well [Beccaletto
et al., 2015];

(2) a much thicker intermediate seismic sequence
(up to 2 s TWT) with lateral thickness varia-
tions in units A, B and C; in particular, note
the thickening of unit A toward the center of
the basin. These three units were deposited
during normal fault activity and, as a whole,

represent the syn-rift stage of the Brécy de-
pocenter (cf. Section 5.1);

(3) a thinner upper seismic sequence, (less than
0.25 s TWT), made up of unit D, located just
below the TPU; this unit does not display any
thickness variations related to fault activity.
The seismic facies are more transparent here
than in the lower and intermediate units, cer-
tainly due to less contrasting lithologies (cf.
Section 4.1). The horizons of the interme-
diate seismic sequence display a toplap ge-
ometry beneath the base of the upper seis-
mic sequence, indicating an erosional phase
in between. This upper seismic sequence rep-
resents the post-rift stage of the Brécy de-
pocenter (cf. Section 5.1).

The Mesozoic sedimentary cover of the Paris Basin
unconformably overlies the Permian Brécy deposits
and consists of parallel to sub-parallel continuous re-
flectors with medium- to high-frequencies and alter-
nating medium- to high-amplitudes related to litho-
logical variations within the Triassic and Jurassic de-
posits. The reflectors gently dip northward towards
the center of the Paris Basin.

4.2. Fault patterns and structural schemes

All seismic lines display normal faults, which are
the norm in the Brécy depocenter; the vast major-
ity of the faults developed during the Meso-Cenozoic,
as suggested by the equal down-throw all along the
fault plane both across the Carboniferous–Permian
and Mesozoic strata (blue arrows in Figures 3 and 4).
Some faults characterized by different thicknesses of
Carboniferous–Permian deposits on both sides are
expected to have controlled the late Carboniferous–
Permian filling. The seismic lines do not clearly im-
age the prolongation of these normal faults through
the base of the basin downward to the acoustic base-
ment (Figures 3, 4). Deeply seated reflectors lo-
cated in the prolongation of eastward dipping nor-
mal faults may correspond to low angle normal faults
(detachments; Figures 3, 4; cf. Section 5.1). These ini-
tial Carboniferous–Permian faults also display Meso-
Cenozoic activity, as shown by the down-throw of the
TPU and overlying Mesozoic strata (black arrows in
Figures 3, 4).
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Figure 3. W–E composite line CH41-20-2 and line CH24, interpreted and uninterpreted, depicting the
main structural features of the Brécy depocenter; blue arrows: Meso-Cenozoic faults, black arrows
Carboniferous–Permian and Meso-Cenozoic faults; see text for details.
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Figure 4. N–S line CH3 and line CH21, interpreted and uninterpreted, depicting the main structural
features of the Brécy depocentre; blue arrows: Meso-Cenozoic faults, black arrows Carboniferous–
Permian and Meso-Cenozoic faults; see text for details.
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The reprocessing and interpretation of the addi-
tional seismic lines make it possible to build a de-
tailed structural scheme for the Brécy depocenter,
greatly improving the spatial resolution of the struc-
tural pattern drawn by Beccaletto et al. [2015]. The
present study leads to the recognition of seven “ma-
jor” faults (i.e., with a large cartographic extent and
usually cutting through several seismic lines), and
eleven secondary faults (i.e., cutting through one or
two seismic lines to a lower extent; Figure 5). Most
of these faults display an eastward dip, and only the
antithetic fault has a westward dip. Their orienta-
tion varies between 20 and 40°N with an average
value of approximately 30°N. As mentioned above,
the structural pattern is actually a Meso-Cenozoic
scheme, as all the faults—including those active dur-
ing the Carboniferous–Permian—were active during
the Mesozoic. We do not exclude the occurrence of
smaller scale transverse faults (e.g., with N80 to N180
trends), but the numerous N30-trending faults may
mask them and/or the density of the seismic dataset
does not allow to discern them.

4.3. Thickness maps of the Brécy depocenter

The new seismic dataset is used to accurately es-
timate the thickness of the Brécy depocenter (Fig-
ure 6). Thickness maps in TWT (then in meters) of
the Brécy depocenter have been computed based on
the interpreted horizons according to the following
four steps methodology, by using the Gverse GeoAt-
las module of the Gverse suite (© Landmark):

• Computation of grids in TWT for both the
TPU and BBU horizons (these grids were cal-
culated by interpolating the corresponding
seismic horizons and faults).

• Computation of a thickness map in TWT
of the Carboniferous–Permian sedimentary
succession by subtracting the two previous
grids.

• Calculation of an average interval velocity for
the Carboniferous–Permian deposits from
the BTY1, SGS1 and COU1 wells, all of which
have identified Permian deposits. The veloc-
ity for each well is calculated from the thick-
ness of the Permian in meters and in TWT
from the seismic data, giving a value of 3778
m/s. We apply this “Permian” velocity to the
whole filling, including (i) the intermediate

seismic sequence not fully reached by the
three reference wells, because the seismic
facies are similar suggesting similar litholo-
gies, and (ii) the basal low-frequency/high-
amplitude facies, because (a) they represent
much lower thicknesses than the Permian
deposits and are sometimes even missing,
and (b) this velocity is very close to the one
estimated in the Arpheuilles well [3615 m/s,
Beccaletto et al., 2015; location in Figure 1].

• Computation of a thickness grid in meters by
multiplying the thickness grid in TWT by the
constant velocity of 3778 m/s.

As the thickness map is based only on the seismic
data (there are no close outcropping geological con-
tours to be used as hanging points), the map is hy-
pothetical outside the zones where subsurface data
are present. The resulting map displays the Brécy
depocenter and its surroundings with an unprece-
dented resolution. The maximum thickness of the
Carboniferous–Permian deposits reaches ca. 3900
m along the CH21 seismic line just south of the
CH2 line; it is ca. 900 m thicker than originally ex-
pected [Beccaletto et al., 2015] due to a larger veloc-
ity value and better interpolation controls (because
of the availability of more seismic lines). The mini-
mum thicknesses—about 0 m—are located northeast
of the main depocenter.

At the main depocenter, the maximum thick-
nesses of the lower, intermediate and upper seismic
sequences are roughly 900 m, 2500 m, and 500 m re-
spectively. The maximum thicknesses of the syn-rift
deposits (lower and intermediate seismic sequences,
A, B and C units) and post-rift deposits (upper seis-
mic sequence, D unit) are ca. 3400 m and 500, re-
spectively. In more detail, the maximum thicknesses
of the A, B, C and D units are approximately 1600 m,
400 m, 500 m and 500 m, respectively.

The main depocenter has an elongated shape
trending N60, which is slightly different to the aver-
age N30 trend of the scarce Carboniferous–Permian
faults; in greater detail, it appears that the succes-
sive depocenters represented by the contour lines
3300 m, 3000 m, 2700 m and 2400 m display a
clockwise rotation of their longest axis (inset in Fig-
ure 6). This could be the result of a dextral strike-
slip component during the activity of the normal
faults and the opening of the Brécy depocenter, ei-
ther related or not to the activity of roughly W–E
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Figure 5. Structural scheme of the Brécy depocenter, depicting the major/minor faults, those with a
Meso-Cenozoic tectonic activity or a Permo-Carboniferous and Meso-Cenozoic tectonic activity, and deep
detachments; the geological background is from the 1:1,000,000 geological map of France [BRGM, 2003].

oriented normal faults (not depicted on the seismic
lines as mentioned previously). Broadly speaking,
the area displays a roughly SW–NE and then a W–
E “thick” axis, located south of a roughly W–E ori-
ented “thin” axis. These features suggest the com-
bination of two deformational trends—N30 vs. W–
E—the N30 trend is the only one expressed by nor-
mal faults. One hypothesis for this could be that the
W–E trend is evidence of similar deeper trends that
have already been identified in the basement [Bap-
tiste et al., 2016].

4.4. Depositional environment of the four refer-
ence wells

4.4.1. Electrofacies description

The lithological evolution can be defined from
each studied well using well-log data and the descrip-
tion of the cuttings.

Based on biostratigraphy data [Bertray1, 1987], the
boundary between the Carboniferous and Permian is
located at 2842 m. The lower Permian sedimentary
succession is characterized by the Autunian facies
[Bertray1, 1987], which is composed of, from base to
top (Figure 7):

• from 2842 to 2260 m, by conglomerates (only
until 2778 m) and coarse-grained sandstones
characterized by low to medium GR (15 to
80 API) and Sonic (50 to 70 µs/ft) values,
thereby evidencing low-porosity facies, alter-
nating with clayey sandstones with GR from
80 to 120 API and Sonic below 60 µs/ft, and
brown silty-clay facies characterized by GR
from 120 to 200 API and Sonic from 55 to
110 µs/ft;

• from 2260 to 1881 m, by brick-red mica-
ceous silty-clay with traces of anhydrite and
dolomite, (GR from 120 to 140 API and Sonic
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Figure 6. Thickness map (color range and contour lines) of the Brécy depocenter overlain by the struc-
tural map; the geological background is from the 1:1,000,000 geological map of France [BRGM, 2003].
Inset: clockwise rotation of the depocenters.

from 55 to 70 µs/ft), alternating with fine-
to very fine-grained clayey micaceous sand-
stones (GR from 90 to 120 API and Sonic from
50 to 60 µs/ft), and white quartzite sand-
stones (GR from 45–90 API and Sonic from
40–50 µs/ft).

The upper part of the BTY1 well is composed of two
distinct facies from base to top, the name of these
formations is found in Bertray1 [1987]:

• the Upper Permian Sandstones Formation,
from 1881 m to 1652 m, is characterized by

pink fine- to coarse-grained unconsolidated
well-rounded sandstones (GR from 45–75
API and Sonic from 55–65 µs/ft), with few
beds of conglomerates described from cut-
tings around 1800 m, and alternating with
brick-red clay (GR from 90 to 130 API and
Sonic from 75–90 µs/ft) or micaceous silty-
clay (GR from 75 to 150 API and Sonic from
60 to 75 µs/ft);

• the Upper Clay Formation, from 1652 to 1314
m, is composed of brick-red micaceous silty-
clay with few beds of green clay in its upper



174 Laurent Beccaletto and Sylvie Bourquin

Figure 7. Correlations between the BTY1, BCY1 and SGS1 wells based on stratigraphic cycles.

part (GR from 90 to 150 API and Sonic from
40–80 µs/ft), and traces of anhydrite; this for-
mation is sandier at the base.

The BRC1 well, drilled in [1966], is older than the
BTY1 well [1987] and therefore has only GR in c/s,
Neutron (c/s) and resistivity well-logs, and thus can
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only be used to provide a qualitative comparison of
the GR signal with the other wells (Figure 7). In
Brécy1 [1966], the Carboniferous is reached below
1802 m, and the sedimentary succession up to 1707
m has been considered as transitional facies from
the Carboniferous to Permian based on conglomer-
ates interbedded within brown-red micaceous silty-
clay. Based on a previous seismic interpretation
(cf. chapter 4.1) and well-log data, these facies
are considered as Permian. Above 1707 m, BCY1
is considered as undifferentiated Permian Brécy1
[1966] and has the following composition, from base
to top:

• from 1707 m to 1565 m: coarse-grained
sandstones to conglomerates interbedded
with brown-red micaceous clay with car-
bonaceous clay around 1676 m, clayey sand-
stones and dolomitic nodules (highest resis-
tivity and lower GR values between 1580 and
1651 m);

• from 1565 m to 1425 m, the sandstones, with
sometime dolomitic cement, are interbed-
ded in micaceous brick-red silty-clay;

• from 1425 m to 1355 m, the sandstones,
interbedded with brick-red micaceous silty-
clay, are pink, sometimes clayey, with a thin
conglomeratic bed at the base of the sand-
stone level (lowest GR value and highest re-
sistivity);

• from 1355 m to 1040 m, the succession is
composed of brick-red micaceous silty-clay,
sometimes green and interbedded with a rare
and thin bed of fine-grained clayey sand-
stones (lowest GR value and highest resis-
tivity) or traces of anhydrite and gypsum
[Brécy1, 1966].

The SGS1, dated 1964, has only GR (c/s) and resistiv-
ity, and is considered as an undifferentiated Permian
succession [St. Georges-sur-Moulon1, 1964] that is
characterized from the base to top by (Figure 7):

• from 1639 m to 1537 m, conglomerates and
fine- to medium-grained micaceous white to
pink sandstones, sometimes dolomitic, in-
terbedded with brick-red-brown micaceous
and dolomitic silty-clay;

• from 1537 m to 1316 m, brick-red mi-
caceous silty-clay with sometimes green

clay, rare sandstone levels and traces of
anhydrite.

4.4.2. Interpretation of depositional environment

An interpretation of the depositional environment
evolution can be proposed by performing a compar-
ison with adjacent areas. The wells with thicker and
deeper deposits, i.e., BTY1 and BCY1, display differ-
ent facies at the base of the succession with coarse-
grained and conglomerate facies interbedded with
brown silty clay facies, with scarce carbonaceous
clays. These facies could attest to a sediment sup-
ply attributed to an alluvial fan or delta fan within
deeper lake deposits as described southward in the
Lucenay-lès-Aix area [Ducassou et al., 2019, Mercu-
zot et al., 2021].

Compared with the core description of COUY1
[Juncal et al., 2018], the mainly red silty-clay facies
observed in the upper part of these wells (unit D,
Figure 8), with some dolomitic beds, can be consid-
ered as a shallow lake. The sandstone and very few
conglomerates, attesting to a sediment supply from
a continental area, are attributed to an alluvial fan
sediment supply within the lake [Juncal et al., 2018],
the sediment supply is higher in COUY1 than in the
three other wells (Figures 7, 8). This upper part of the
sedimentary succession shows traces of anhydrite
and gypsum from the description of the cuttings that
could reflect an environment with more evaporation.
However, given that only traces were observed and
that no anhydrite has been observed in the shallow
lake deposits of the COUY1 well [Juncal et al., 2018],
we cannot exclude that these evaporites originate
from the aforementioned Triassic deposits. Further-
more, the presence of paleosol developments may be
indicated by dolomitic nodules and green clay facies,
which could characterize either dolocretes or hydro-
morphic paleosols [Retallack, 1988, Tabor and Mon-
tañez, 2004], such as those observed in the COUY1
well [Juncal et al., 2018].

The depositional environment of unit B (Fig-
ures 7, 8), compared with the lithology defined in
units A and D, could be considered as fluvial or an
alluvial fan in a lake environment, but with predomi-
nantly coarse-grained sediment from the continental
area. The unconsolidated well-rounded pink sand-
stones described only at BTY1 (unit C) could be at-
tributed to aeolian deposits, but due to the lack of
core data, this is difficult to confirm.
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Figure 8. Correlations between the SGS1, BCY1 and COUY1 wells based on stratigraphic cycles.

4.5. Sequence stratigraphy correlations

The correlations have been cross-checked with the
seismic lines to maintain coherency between the
well and seismic interpretations. We propose cor-
relations between the four wells based on the elec-
trofacies description and the vertical evolution of
the depositional environment (Figures 7, 8). The
most complete Permian sedimentary succession is
observed in the BTY1 well. From 2842 m to around
2215 m, the vertical evolution from a predominance
of conglomerates and sandstones to a predominance
of silty-clay corresponds to unit A on the seismic
lines (Figures 3, 4) and attests to a general trend to-
wards an open lake (Figure 7). The sandstones and
conglomerates can be attributed to alluvial or delta
fan deposits in comparison with adjacent areas [e.g.,
Ducassou et al., 2019, Mercuzot et al., 2021, 2022].
After this maximum of lake development (Figure 7),

the clay facies become micaceous, sandier, and dis-
play some level dolomites indicating a shallower
lake environment that corresponds to unit B on the
seismic lines (Figures 3, 4). They vertically evolve to
well-developed sandstone facies reached at 1652 m
and correspond to unit C (Figure 7). This evolution
from the maximum of lake deposits to the top of the
sandstones attests to a general coarsening upward
trend with more sediment supply around 1768 m
(Figure 3). These sandstones are usually charac-
terized by a clayey matrix and some conglomerate
beds and could be attributed to fluvial or alluvial
fan deposits; their upward evolution until 1652 m
to unconsolidated well-rounded sandstones could
suggest aeolian deposits interbedded within some
red-silty clay facies. The general evolution, which
corresponds to the intermediate seismic sequence
(Figures 3, 4), allows to characterize a retrograda-
tion and progradational trend from unit A to unit B
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(Figure 7). Unit C may characterize the transition to a
next retrogradational trend. However, it is difficult to
define without core data, i.e., the sandstone recorded
the transition from a progradational to retrograda-
tion trend, and particularly if aeolian deposits are
preserved [Bourquin et al., 2009, Olivier et al., 2023].
Moreover, based on seismic data, a well-defined
angular unconformity has been defined at the top of
unit C (i.e., in between the intermediate and upper
seismic sequences; Figures 3, 4). As a result, unit D
is not in continuity with the previous sedimentary
succession. Above 1652 m, the sedimentary succes-
sion shows shallow lake deposits made of clay with
some traces of evaporites, green clay and dolomitic
nodules; the latter most probably represents some
paleosol developments. This evolution characterizes
a retrogradational trend (Figures 7, 8) ended by the
Triassic unconformity and corresponds to the upper
seismic sequence (Figures 3, 4).

For the BCY1 well, the whole sedimentary suc-
cession overlying probable Carboniferous deposits
(top at 1802 m) is thinner than in the BTY1 well.
A first trend is observed from conglomerates and
sandstones until a maximum of lake deposits around
1618 m is reached (unit A; Figures 7, 8), corre-
lated with the basal retrogradational trend of BTY1.
A progradational trend, with well-developed sand-
stones and conglomerates evolving to fine-grained
micaceous sandstones is observed until 1425 m (unit
B; Figures 7, 8). Unit C is less developed in this bore-
hole. Above the angular unconformity (1385 m), the
same retrogradational trend as in BTY1 is observed,
but with more sandstone and conglomerate deposits
attesting to an area with more sediment supply (unit
D; Figures 7, 8).

In the SGS1 and COU1 wells, the Permian sedi-
mentary succession has a reduced thickness corre-
sponding to a general retrogradational trend from
conglomerates and sandstones to silty-clay facies.
The latter corresponds to the same facies belong-
ing to the upper retrogradational trend of the three
other wells (unit D; Figures 7, 8), with the occurrence
of more sandy beds in COU1 (Figure 8). In this well,
eight retrogradational–progradational cycles were
described based on core analyses within this ret-
rogradational trend [Juncal et al., 2018], but in the
absence of core data it is impossible to propose cor-
relations at this high-resolution scale with the BTY1,
BCY1 and SGS1 wells.

5. Discussion

5.1. Tectonic evolution of the Brécy depocenter—
regional comparisons

The new seismic reprocessing greatly improves the
understanding of the structural style of the Brécy de-
pocenter, leading us to discuss the modality of its
syn- and post-rift tectonic evolution (Figure 9), and
to look for similar patterns in other LOCPB.

5.1.1. Syn-rift stage

The new interpretation confirms and refines the
multi-step widening scenario for the Brécy depocen-
ter, controlled by the westward migration of a few
successive active normal faults and their related de-
pocenters, thinning and onlapping each other east-
ward (Figure 9). Some of the normal faults may
be connected to deep detachments located in the
pre-Stephanian basement, giving them a listric ge-
ometry at the time of the deposition (Figure 9). In
fact, upper crustal extensional detachments in the
footwall of LOCPB are a common structural feature
around the Massif Central [Echtler and Malavieille,
1990, Burg et al., 1994, Faure, 1995, Gardien et al.,
2022], and such detachments have been described
close to the study area in the Autun and La Serre re-
gions 150 km east of the Brécy depocenter [Choulet
et al., 2012].

This induced the creation of an accommodation
space that recorded a retrogradational trend charac-
terized by well extended lacustrine deposits (unit A),
followed by a progradational trend (unit B), due to in-
creasing sediment supply in this subsiding context,
before a probably new retrogradational trend (unit
C) was abruptly ended by the angular unconformity
(Figures 7, 8).

The intersecting N20-trending CH3 and CH21
lines are parallel to the main structural trend (Fig-
ure 6). There, the eastward facing normal faults are
sub-parallel to the lines, so that they appear as flat
lens-shape features subparallel to the BBU, disturb-
ing the geometry of its reflectors. Deeply seated
highly energetic reflectors in the basement below the
BBU also occur and are similarly interpreted as po-
tential extensional detachments planes.

All the above observations point to a syn-tectonic
filling of the basin in an overall extensive tec-
tonic regime during the latest Carboniferous–early
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Figure 9. Present-day situation and tectonic evolution of the Brécy depocenter, using the representative
composite CH41-20-2 seismic line. The syn-rift, uplift and post-rifts phases are successively depicted;
the ages come from comparison with the Lorraine-Saar-Nahe Basin; see text for explanations.

Permian, characterizing the syn-rift stage of the
Brécy depocenter. The maximum thickness of the
syn-rift stage is ca. 3400 m.

5.1.2. Post-rift stage

The syn-rift activity is followed by a post-rift stage,
whose occurrence is documented by the toplap ge-
ometry of the horizons of the syn-rift stage (mainly
belonging to units B and C) below the first de-
posits of the overlying unit D (upper seismic sequence,

that corresponds to a new stratigraphic cycle where
only its retrogradational phase is recorded due to
an unconformity before Triassic sediment preserva-
tion) (Figures 5, 6, 9). The toplap geometries, ob-
served in the whole area, provide evidence for the
uplift and subsequent erosion of the syn-rift sed-
iments before the deposition of the post-rift stage
s.s. The latter is roughly isopach throughout the
Brécy depocenter (ca. 0.25 s TWT, corresponding
to ca. 500 m), and extends laterally beyond the
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syn-rift stage. Another typical feature characterizing
the post-rift stage is the absence of faults control-
ling the sedimentation. When considered together,
these features suggest that the post-rift stage devel-
oped under a regional subsidence regime, which is
certainly related to the late orogenic thermal relax-
ation of the hot Variscan crust [e.g., Averbuch and
Piromallo, 2012, Vanderhaeghe et al., 2020, and ref-
erences therein]. Toplaps of horizons belonging to
the post-rift stage below the Triassic deposits sug-
gest that the whole Brécy depocenter (i.e., syn-rift
and post-rift stage) was then slightly tilted and subse-
quently eroded before the arrival of the first Triassic
sediments. This erosional event may explain the rela-
tive low thickness of the post-rift stage (well depicted
in the CH21, CH3 and CH41-20-2 seismic lines, Fig-
ures 5, 6). Beccaletto et al. [2015] checked and
found similar geometrical and structural patterns in
the adjacent Contres and Arpheuilles depocenters
(thick syn-rift record beneath a thin isopach post-rift
record).

The transition from a tectonic subsidence regime
accommodated by discrete faults (syn-rift stage) to a
regional subsidence regime (post-rift stage) through
an uplift phase has not been documented yet in other
French LOCPB, except in the Lorraine region (loca-
tion in Figure 1). There, the latest Carboniferous–
lower Permian syn-rift deposits are also controlled
by listric normal faults rooting downward in deep
decollement levels [Hemelsdaël et al., 2023]. They
are then eroded following their uplift and tilting, be-
fore the arrival of the early to middle Permian post-
rift sediments [Henk, 1993, Stollhofen, 1998]. The lat-
ter are then themselves eroded (toplap geometries
below the Triassic deposits) before the deposition
of the first Triassic sediments, as in the Brécy area
[Hemelsdaël et al., 2023]. Further east in Germany,
the Upper Rotliegend units of the Saar-Nahe (east-
ward prolongation of the Lorraine Basin), Thuringian
Forest and Saale basins may also record these post-
rift events [Hertle and Littke, 2000, Schäfer, 2011,
Schneider and Romer, 2010]. In the literature, the
tectonic phase responsible for the uplift is attributed
to the end of early Permian Saalian phase [e.g., Mc-
Cann et al., 2008a, Pharaoh et al., 2010, Stille, 1924,
Ziegler, 1990], originally described in Central Ger-
many, where folding and local tectonic inversion oc-
cur [Hertle and Littke, 2000, Kneuper, 1976]. In addi-
tion to the observations made in the Brécy depocen-

ter, the shortening phases recognized in some French
LOCPB may also be related to this poorly known
Saalian phase [Blès et al., 1989, Bonijoly and Cas-
taing, 1983, Gélard et al., 1986, Genna and Debri-
ette, 1994, Mattauer and Matte, 1998]. Going back
to the Brécy area and according to this scenario, the
base of the post-rift stage (unit D) would correspond
to the superposition of two regional unconformities,
i.e., the post-rift unconformity and the post-Saalian
unconformity.

Lastly, it is unsurprising to not find explicit evi-
dence of such a post-rift event in the French outcrop-
ping LOCPB, as the related deposits have certainly
been partly removed by subsequent Meso-Cenozoic
erosion [Barbarand et al., 2013, Guillocheau et al.,
2000]. They are best fully described in subsurface set-
tings beneath their Mesozoic cover, where the Per-
mian deposits (including post-rift sediments) are still
preserved and therefore accessible to seismic ob-
servations; in other words, the subsurface prolon-
gation of other LOCPB around the Massif Central
(e.g., Brive, Rodez, Saint-Affrique) may indeed pre-
serve such post-rift deposits, even though they have
not yet been identified. The recognition of a syn-
rift stage followed by a regional uplift and a post-rift
stage in the late Carboniferous–Permian Brécy de-
pocenter is of great importance, as it allows to make a
geodynamic connection with known LOCBP in east-
ern France and Germany. It confirms that the de-
velopment of late Variscan basins is controlled by a
large-scale (western Europe) underlying geodynamic
event [e.g., the lithospheric delamination and re-
moval of the Variscan mantle roots, e.g., Arnold et al.,
2001, Averbuch and Piromallo, 2012]. Later, the ar-
rival of the first Triassic sediments attests to the sub-
sequent long-term Mesozoic thermal subsidence of
the lithosphere, which led to the formation of the
Paris Basin as a post-Variscan sag basin [Averbuch
and Piromallo, 2012, Prijac et al., 2000, Robin et al.,
2000].

5.2. The Brécy depocenter was belonging to a
much larger basin—local vs. regional corre-
lations

In addition to structural and tectonic aspects, which
are difficult to understand without seismic data,
another way to look for lateral correlations of the
Brécy depocenter with neighboring basins is to track
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the thicknesses of preserved end-Carboniferous–
Permian deposits, their facies and paleoenviron-
ments, and age similarities. In this section, we aim
to connect the Brécy depocenter to the LOCPB of the
northern Massif Central, before looking for wider-
scale regional correlations.

First, as already demonstrated, the Brécy de-
pocenter is undoubtedly connected westward to the
Contres depocenter (which itself is connected to
the Arpheuilles depocenter), as shown by the conti-
nuity of the Permian reflectors on the seismic lines
between the three depositional areas [Beccaletto
et al., 2015]. It is difficult to assess the occurrence
of end-Carboniferous–Permian deposits north to
northeast of the Brécy depocenter as there are no
available seismic lines; this is also the case for its
southwest prolongation. The few available spatially
dispersed wells in these areas indicate that the Tri-
assic deposits rest directly on basement rocks with-
out intervening Carboniferous–Permian deposits
(weathered granite in the Pougues-1 and Sainte-
Colombres-1 wells, micaschists in the Ménetou-1
wells; location in Figure 2). It is however impossible
to definitively conclude on the complete absence
of Carboniferous–Permian rocks to the north of the
Brécy depocenter based on such scarce data, as they
may occur in between the wells. It could for instance
be the case along the roughly N–S Loire-Sancerre
fault zone and its northward prolongation as sug-
gested by Delmas et al. [2002] (Figure 10). In addi-
tion, recent work done by the 45-8 Energy Company
and BRGM leads to the recognition of new small sub-
surface Permian deposits southwest of the La Ma-
chine area [Hauville et al., 2021, Jacob et al., 2021].
This very local Permian occurrence may be con-
nected to the Brécy depocenter, but their connection
is not yet known.

Further south, it is strongly tempting to extend
the Brécy depocenter to the outcropping Aumance
Basin, although there is no direct evidence for this
(no seismic line or well data). Extensive research
has been carried out in the Aumance area for the
purpose of uranium exploration, resulting in de-
tailed sedimentological and structural descriptions
based on numerous borehole and scarce seismic
data [Mathis and Brulhet, 1990]. There, the Bux-
ières Formation with gray Autunian facies has been
dated close to the Carboniferous–Permian transition
[298.59 ± 0.35 Ma, CA-ID-TIMS method, Mercuzot

et al., 2023; Figure 11]. This formation is overlain
by red Autunian alluvial to lacustrine facies (Renière
Fm.). Both facies are similar to those belonging to
the intermediate seismic sequences (units A and B)
of the Brécy depocenter. When considered together,
these facies provide evidence for a syn-rift stage
[Mathis and Brulhet, 1990, Paquette, 1980]. Note that
the Aumance is not located along strike of the N30-
trending Brécy depocenter, but instead is shifted to
the east, such that the former should not be seen
as the southward prolongation of the latter but as a
parallel basin (Figure 10).

Eastward, recent works from Mercuzot et al.
[2021, 2022] suggest the connection of the Decize-
La-Machine (including the Lucenay-lès-Aix de-
pocenter), Aumance, Autun and Blanzy-Le Creusot
Stephano-Autunian basins: their lacustrine envi-
ronments (from alluvial fan/fan delta to deep lake)
and depositional ages are similar [latest Carbonif-
erous to early Permian; Ducassou et al., 2019, Pel-
lenard et al., 2017]. Here again, the Permian facies
are similar to the intermediate (units A) seismic se-
quences of the Brécy depocenter, and they display
seven retrogradational–progradational cycles within
a general retrogradational trend ended by an uncon-
formity overlain by Triassic deposits [Mercuzot et al.,
2021]. Even though we observed the same general
retrogradational evolution in the Brécy area (unit A),
it is not possible to make a detailed comparison be-
tween these two areas because no age is available
at the top of the Permian in the Decize-La-Machine
area. Consequently, the absence of sandstones in
units B and C (i.e., mainly a progradational trend)
in Decize-La-Machine is either due to the erosion
of these units or to a local sediment supply in the
Brécy area, which is not recorded in Decize-La-
Machine. However, a significant difference lies in the
cumulative thickness of the deposits, which are un-
surprisingly much lower in the outcropping basins
(ca. 1 to 1.2 km) compared to the Brécy depocenter
(2.5 km; Figure 11). Such large cumulative thick-
nesses are only reported from the Blanzy-Le Creusot
composite basin, where more than two kilometers of
Stephano-Autunian deposits are described from coal
exploration boreholes [Figure 11, BRGM, 1989, Gand,
2003]. Further east, structural connections between
the Autun, La Serre, Burgundy and southern Vos-
ges basins have also been proposed [Choulet et al.,
2012].
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Figure 10. Estimated extent of the “northern Massif Central Carboniferous–Permian Basin” on a present-
day geological map; the geological background is from the 1:1,000,000 geological map of France [BRGM,
2003].

All these observations and interpretations, corre-
lating neighboring basins to each other, imply that
these present-day isolated outcropping and subsur-
face basins, represented by the Stephano-Autunian
facies, were part of a larger basin during the lat-
est Carboniferous–early Permian. This larger basin
encompassed the subsurface Arpheuilles, Contres
and Brécy depocenters and the eastward smaller
outcropping basins, spanning more than four hun-
dred kilometers in length, with a roughly W–E trend
(“northern Massif Central Carboniferous–Permian
Basin”, Figure 10). These regional connections are
also confirmed by paleobiogeography data from
freshwater shark remains found in the Stephano-
Autunian sediments, suggesting connections be-
tween all the French LOCPB of the northern Massif
Central [including the Aumance, Autun and Blanzy-
Le Creusot basins as well as on a much larger scale as
far away as Germany; Luccisano et al., 2021, Fischer
et al., 2013, Schneider et al., 2020].

It is important to note that the area depicted in
Figure 10 (pale blue color) may represent a mini-
mum extent of this wide basin. Indeed, some up-
per Carboniferous and lower Permian deposits have
certainly been removed through time and are there-
fore lacking, due to (i) the erosion phases known
before the arrival of the Triassic sediments [as dis-
cussed above and in Beccaletto et al., 2015], and

(ii) the Meso-Cenozoic uplift of the Massif Central
area and subsequent erosion [Barbarand et al., 2013,
Guillocheau et al., 2000].

On a wider scale, unlike the northern Massif
Central, several-km-thick Stephano-Autunian de-
posits are encountered in several LOCPB of the
southern Massif Central. These basins, such as
Brive, Decazeville-Rodez, Carmaux-La Grésine,
Saint-Affrique or Graissessac-Lodève, display sim-
ilar Stephano-Autunian facies and ages to those
observed in the Brécy depocenter and connected
smaller basins, and reach thicknesses of up to four
kilometers [Figure 11; BRGM, 1989, Pochat and Van
Den Driessche, 2011, Poujol et al., 2023]. Due to the
lack of subsurface seismic data, their extensional
structural control is rarely imaged [Serrano et al.,
2006 for a counterexample in the Aquitaine Basin]
and is inferred from indirect observations [Chen
et al., 2006, Pochat and Van Den Driessche, 2011].

Such thick series are also known in the LOCPB
of Germany, for example in the Saar-Nahe and
Thuringian Forest basins [Schneider and Romer,
2010, Schneider et al., 2020]. There, studies ben-
efit both from favorable outcrop conditions and a
large range of subsurface dataset including seismic
lines. Consequently, the sedimentary facies and
paleoenvironments are well constrained, the lithos-
tratigraphic and extensional structural features are
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well described, and recent absolute depositional
ages are available [Henk, 1993, Stollhofen, 1998,
Schäfer, 2011, Lützner et al., 2020, Voigt et al., 2022;
Figure 11]. Based on all of these characteristics, they
can be considered as other robust reference basins
for large-scale LOCPB correlations.

All other LOPCB occurrences in western Eu-
rope generally occur in deformed areas as small,
isolated patches with low preserved thicknesses,
like in the Pyrenees (French and Spanish sides),
Cantabria, Sardinia and the Alps and surrounding
areas (France, Italy, Switzerland) [Barnolas and Chi-
ron, 1996, BRGM, 1989, Capuzzo et al., 2003, Cassi-
nis et al., 2012, Knight and Álvarez-Vázquez, 2021,
Lloret et al., 2018, Pittau et al., 2002, Toutin, 1980].
We should also mention the supposedly wider basins
with uncertain boundaries, thickness and age attri-
butions that are also known offshore based on seis-
mic data [e.g., Bay of Biscay, Western Approaches;
Bois et al., 1991, Ziegler, 1990]. These character-
istics make all these basins unsuitable for reliable
wide-scale comparisons, and cannot be considered
as reference basins.

Lastly, arguments in favor of the Brécy depocen-
ter being part of a new wider-scale reference basin
(which would be useful for further large-scale corre-
lations, and located in between the two poles rep-
resented by the LOCPB of the southern Massif Cen-
tral and Germany) include: its large preserved thick-
ness (up to 3.9 kilometers), structural record (syn-
and then post-rift stages) and age calibration (pale-
ontological and absolute ages from deep wells and
comparison with close connected basins with abso-
lute temporal calibrations).

6. Summary and conclusion

The structural pattern, thickness, tectonic evolu-
tion and depositional environments of the late
Carboniferous–Permian Brécy depocenter are re-
vealed based on the reprocessing and interpretation
of 115 km of vintage seismic lines combined with
deep well data.

The present-day geometry of the Brécy depocen-
ter is controlled by seven major and eleven minor
eastward dipping normal faults; all these faults were
active during the Meso-Cenozoic period, and some
of them were possibly connected to deep detach-
ments active during the late Carboniferous–Permian

history. The maximum thickness of the Brécy de-
pocenter is reevaluated and estimated to be 3900 m.

The filling indicates a thick late Carboniferous–
early Permian syn-rift stage overlain by a thin early to
middle post-rift stage, similar to the tectonic evolu-
tion of the northeastward basins in Lorraine and Ger-
many. The facies generally characterize lake environ-
ments, with occurrences of fluvial, alluvial and delta
fan deposits. They mainly display a retrogradational–
progradational pattern during the syn-rift stage, and
a retrogradational pattern during the post-rift stage.
The Brécy area is therefore the thickest depocenter
known in the northern Massif Central by far. We pro-
pose that it was part of a larger basin during the latest
Carboniferous–early Permian times, with a roughly
W–E trend spanning more than four hundred kilo-
meters in length in the northern Massif Central re-
gion. Strictly speaking, all the other so-called out-
cropping basins (Aumance, Decize-La-Machine, etc.)
should be considered as depocenters, as they belong
to a wider scale basin.

Because of the above features, this “northern Mas-
sif Central Carboniferous–Permian Basin” may be
seen as a reference LOCPB, comparable to the basins
known in the southern Massif Central, eastern France
and Germany. Lastly, our work emphasizes the need
for a further multi-method approach to explore
LOCBP, especially their subsurface occurrences, as it
is crucial to have a full view of these basins that con-
tain information that is inaccessible to their outcrop-
ping remnants. It definitely highlights that LOCPB
were obviously much wider and thicker than previ-
ously expected, with potential effective impacts on
the understanding of the late Variscan tectonic and
climatic evolution in France and western Europe.
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Abstract. The Mesozoic witnessed some episodes of marked accumulation and burial of organic
matter (OM) in the Tethys Ocean and satellite basins, such as the Vocontian Basin (SE-France). These
famous episodes, termed Oceanic Anoxic Events (OAEs), resulted from various factors, acting in
complex synergies; the consensus about the key factors has not been reached yet. The Aptian–Albian
Blue Marls Formation (Fm.) of the Vocontian Basin recorded the various substages of OAE1, plus
additional organic-rich levels of regional extension. The semi-pelagic marlstones of the Blue Marls
Fm. allow to carry out a detailed examination of the molecular fossils, to assess the respective weights
of the factors involved in the OM storage process. In this work, we examined the lipid biomarkers
of six organic-rich levels ranging from the Goguel Level to the Paquier Level in stratigraphic order.
Biomarkers reputed to be characteristic of some OAEs are observed here: 2-methylhopanoids in the
Goguel Level (OAE1a) and archaeal lipids in the Jacob, Kilian and Paquier Levels (OAE1b). This study
shows that, in the Vocontian Basin, OM deposition resulted mostly from local factors and that each
level has its own peculiarities; however, overarching connections with the Tethys Ocean were critical
for the recording of global anoxic events.

Keywords. Vocontian basin, Organic matter, Lower Cretaceous, OAE1a, OAE1b, Biomarkers.
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1. Introduction

The mid-Cretaceous Blue Marls Formation of the
Vocontian Basin (SE-France) is a thick sequence
(650–800 m cumulated thickness) dominated by
grey-colored pelagic to hemipelagic marls that were

∗Corresponding author.

deposited in a fast subsiding basin [Bréhéret, 1995,
Friès, 1986]. These deposits very well recorded both
local and global environmental changes [Bréhéret,
1995, Friès, 1986]. Consequently, two Global
Boundary Stratotype Sections and Points (GSSPs),
namely the Col de Pré-Guittard section for the base
of the Albian Stage [Kennedy et al., 2017] and the
Mont Risou section for the base of the Cenomanian
stage [Kennedy et al., 2004] are located in the Blue
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Marls Formation. One of the most remarkable fea-
tures of the Blue Marls Formation is the recurrence of
pluridecimetric dark colored layers, which have been
collectively termed “organic levels” (OL), though the
organic matter (OM) enrichment in these levels is
highly variable [Bréhéret, 1995, Caillaud et al., 2022].
All Cretaceous oceanic anoxic events (OAEs) were
recorded in the Vocontian Basin [Leckie et al., 2002,
Föllmi, 2012], but in particular OAEs 1a to 1d and
OAE2 are characterized by organic-rich deposits
within the Blue Marls Formation. Nevertheless, ad-
ditional OLs not related to global events are also
observed.

Using sedimentation rate, grain size analysis,
Rock-Eval analysis, trace metal content, and pre-
liminary biomarker data, Caillaud et al. [2022] com-
pared six of these OLs, namely the Goguel Level,
Niveau Noir, Fallot Interval, Jacob Level, Kilian Level,
and Paquier Level (Supplementary Figure 1). They
concluded that the OLs were formed under variable
conditions, but that in the absence of high primary
productivity and bottom water anoxia, the suppos-
edly “favorable” factors (e.g. rapid burial, sediment
condensation, dominance of refractory terrestrial
OM, . . . ), only caused modest OM enrichments in
the sediment [Caillaud et al., 2022]. We here present
the continuation of the work by Caillaud et al. [2022]
with detailed molecular fossil results of the same six
OLs. These data complement the previous dataset
and allow to reconsider the depositional model of
some of these OLs.

2. Materials and methods

2.1. Sampling and bulk analysis

For bulk analysis, more than 130 samples were col-
lected from 8 sections located in the Vocontian Basin
(Figure 1, Supplementary Figure 2). Detailed infor-
mation on the different sampled OLs and sections
can be found in Supplementary text 1 and in Cail-
laud et al. [2022]. For each sample, 500 g–1 kg of rock
were sampled. The surface sediment was removed on
a thickness of 30–50 cm, in order to sample material
not affected by weathering. The rock samples were
kept in aluminum foils to avoid contamination. All
samples were characterized by Rock-Eval analysis at
Sorbonne University (ISTeP) using a RE6 device and
the bulk rock method [Caillaud et al., 2022].

2.2. Biomarker analysis

64 samples, corresponding to black shales, dark-
colored marls and bioturbated marls (Supplemen-
tary Figure 2), were selected for molecular fossil anal-
ysis. The procedure for lipid biomarker analysis is
detailed in Supplementary text 2. Briefly, between
50 and 70 g of sediments were extracted using a
mixture of dichloromethane and methanol 2:1 v/v
with an accelerated solvent extractor. Maltenes-
like fractions were recovered after reducing the to-
tal extracts to dryness by rotary evaporation and
solubilisation in cyclohexane. The maltenes-like
were separated in three fractions over an activated
silica column using solvents of increasing polarity.
The aliphatic and aromatic fractions were analyzed
by gas chromatography–mass spectrometry (Supple-
mentary text 2).

3. Results

3.1. Bulk OM

The total organic carbon (TOC) and results of Rock-
Eval analysis of the total sample set were previously
described [Caillaud et al., 2022]. Only the most
important features of the samples selected for the
present study are briefly recalled here. The highest
TOC contents are observed in the samples from the
Goguel Level at les Sauzeries section (av. 3.3%), fol-
lowed by the Paquier Level (av. 2.7%). The Goguel
Level at Saint Jaume and Notre Dame sections, part
of the Fallot Interval, the Jacob Level, and the Kil-
ian Level show TOC contents between 1 and 2%. The
Goguel Level at Glaise section, the upper part of the
Fallot Interval, and the Niveau Noir show TOC con-
tents lower than 1%, which are comparable to the
TOC content of the surrounding marls. Generally, the
Hydrogen Indices (HI) are positively correlated with
the TOC contents (Figure 2; Supplementary Figure 3).
The highest HI are observed in the Goguel Level
at les Sauzeries (387 mgHC/gTOC on average) and
Paquier Level (290 mgHC/gTOC), indicating type II
kerogen. The other sections are characterized by low
to very low HI (67–202 mgHC/gTOC), reflecting type
III to type II–III kerogen. The majority of samples
bears Tmax values below 435 °C suggesting thermal
immaturity. However, the Tmax values from Glaise
and les Sauzeries sections are generally higher (435
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Figure 1. (a) Paleogeographic map of Late Aptian [simplified from Golonka, 2007] showing the location
of the Vocontian Basin (VB) and the main other areas cited in the text. Central Atlantic Ocean: ODP Sites
1049 and 1276, DSDP Site 545; UMB: Umbria-Marche Basin; IB: Ionian Basin. (b) Map of the geological
context of the Vocontian Basin during the Aptian times. Modified from Friès and Parize [2003]. AB:
l’Arboudeysse; Br: les Briers; GL: Glaise; ND: Notre Dame; PG: Pré-Guittard; Ra: Ravel; SA: les Sauzeries;
SC: Serre Chaitieu; SJ: Saint Jaume; St: Saint-André-les-Alpes; TA: Tarendol.

Figure 2. Cross plot of the total organic car-
bon (TOC) content and Hydrogen Index (HI)
for the rock samples of the Blue Marls Forma-
tion. The two trends depicted by the arrows are
discussed in the text. See electronic version for
colors.

and 439 °C, respectively), indicating that the OM has
reached early oil-generating window.

Two parallel trends are observed for the positive
correlation between TOC content and HI (Figure 2;
Supplementary Figure 3). They are termed as “high
HI” and “low HI” for the sake of simplicity. The high
HI trend includes samples from the Goguel Level
at all sections plus a few samples from the Paquier
Level. The low HI trend includes samples from the
Kilian Level, Fallot Interval, Niveau Noir, part of the
Paquier Level, and some samples from the Goguel
Level at Saint Jaume section. The few samples from
the Jacob Level are located in between these two
trends. These two trends are also visible when Rock-
Eval data from other studies of the Blue Marls Forma-
tion [Bréhéret, 1994, Giraud et al., 2018, Westermann
et al., 2013] are included.
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3.2. Molecular fossils

A large variety of lipid biomarkers was found in the
saturated and aromatic fractions of the studied sam-
ples. The molecular fossil content is similar in all
samples. However, a few samples contain additional
compounds, as will be described below. A detailed
description of compounds distributions is presented
in Supplementary text 3.

3.2.1. Linear and branched alkanes

Linear alkanes (n-alkanes) generally dominate
the saturated fractions. n-Alkanes comprise short
chain compounds from C13 to C22, with a maxi-
mum in C16 or C17 (Figure 3), which are gener-
ally ascribed to phytoplanktic sources [Blumer et al.,
1971, Giger et al., 1980], and long chain compounds
from C23 to C33, presenting a predominance of
odd-carbon-numbered compounds. Though odd-
carbon-numbered long-chain n-alkanes may origi-
nate from micro- or macroalgae [e.g. Aichner et al.,
2010, Allard and Templier, 2000], these compounds
mainly derive from the epicuticular waxes of terres-
trial plants [Eglinton and Hamilton, 1967]. The ter-
restrial vs. aquatic ratio [TAR; Bourbonniere and
Meyers, 1996] is generally lower than 0.4, reflecting
a low contribution of long chain n-alkanes (Supple-
mentary Table 1). Marl samples at Pré-Guittard have
an average TAR of 5, and TAR > 0.4 are observed
in the Fallot Interval and Paquier Level. The low-
est TAR values are observed in the Goguel Level at
les Sauzeries and Saint Jaume. The predominance of
odd-carbon-numbered long n-alkanes, as indicated
by OEP27 [Scalan and Smith, 1970], is present in the
majority of samples (Supplementary Table 1). The
highest OEP27 are observed in the Fallot Interval (av.
1.9) and Paquier Level (av. 1.8). In the samples of the
Goguel Level at les Sauzeries and Glaise, the OEP27

∼1 is ascribed to the high thermal maturity of the OM
in these sections.

Series of 2-methyl- and 3-methyl-alkanes, rang-
ing from C15 to C21, maximizing around C17, are ob-
served in most of the samples. These compounds
generally derive from branched iso- and anteiso- fatty
acids of gram positive bacteria [Goossens et al., 1986,
Kaneda, 1991]. The highest relative abundances of
branched alkanes are observed in the Niveau Noir
while low abundances are observed in the Fallot In-
terval (Supplementary Table 1).

3.2.2. Acyclic and monocyclic isoprenoids

Acyclic isoprenoids mainly consist of a series of
head-to-tail linked (regular) compounds ranging
from C14 to C21 and are dominated by pristane (Pr)
and phytane (Ph). Regular isoprenoids are generally
less abundant than short n-alkanes (Supplemen-
tary Table 1; Figure 3a). In the Paquier and Jacob
Levels, however, the relative abundance of regular
isoprenoids is higher (Figure 3, Supplementary Ta-
ble 1) and 2,6,10-trimethyltetradecane (C16) is the
dominant regular isoprenoid in the samples of the
Jacob Level. The samples from the Paquier Level
also contain a series of tail-to-tail linked C24–C26

irregular isoprenoids (TMI, PMI and ETMI) which
were previously described by Vink et al. [1998, Fig-
ure 3] in the same interval. An additional com-
pound belonging to this series, pentamethylheni-
cosane (PMH), is also tentatively identified (Supple-
mentary Figure 4). Three isoprenoid compounds
with a cyclohexyl ring ranging from C17 to C19

previously described by Vink et al. [1998] are also
present with significant contents in the samples
of the Paquier Level. Numerous other compounds
showing comparable structures were tentatively
identified based on their mass spectra (Supplemen-
tary Figure 5). The latter compounds, ranging from
C14 to C20, are also present in one sample of the Jacob
Level.

Pristane and phytane are often related to chloro-
phyll [Didyk et al., 1978], which is present in many
photosynthetic organisms, but can also originate
from the degradation of tocopherols, carotenoids
or biphytane structures [Goossens et al., 1984, Li
et al., 1995, ten Haven et al., 1987], so they are
not source-specific. PMI derives from the mem-
brane lipids of archaea [Holzer et al., 1979, Brassell
et al., 1981]. PMI and other archaea-derived iso-
prenoids, such as biphytanes, presenting a highly de-
pleted carbon isotopic signature point to methan-
otrophic archaea as the source of these compounds
[e.g. Elvert et al., 1999, Birgel et al., 2006]. Nev-
ertheless, in deposits coeval to the Paquier Level,
phytane, PMI and biphytanes have a heavy carbon
isotopic signature [Kuypers et al., 2002]. Isotopi-
cally heavy PMI is present in the deep part of the
chemocline of the Black Sea and Cariaco Basin, and
is related to chemoautotrophic archaea [Wakeham
et al., 2007, 2012]. Vink et al. [1998] suggested that
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Figure 3. Mass chromatogram m/z 57 of selected aliphatic fractions showing the distribution of acyclic
compounds. (a) Sample TAFE2OG003—Kilian Level; (b) sample ARBOG002A—Paquier Level. Pr: pris-
tane; Ph: pyhtane; TMI: 2,6,15,19-tetramethylicosane; PMI: 2,6,10,15,19-pentamethylicosane; ETMI: 10-
ethyl-2,6,15,19-tetramethylicosane; PMH: pentamethylhenicosane, Cx = number of carbon atoms.

TMI and ETMI originated from the same source as
PMI. Similarly, we consider likely that the other iso-
prenoids, including monocyclic compounds, present
in abundance in the samples of the Paquier and Ja-
cob Levels, also originate from chemoautotrophic
archaea.

Most of the samples have a Pr/Ph ratio higher
than 1 (Figure 4, Supplementary Table 1). The high-
est values of Pr/Ph, up to 8.6, are observed in the marl
samples at Pré-Guittard, followed by the Fallot Inter-
val. Only some samples from the Jacob and Paquier
Levels have Pr/Ph close to or lower than 1 (Figure 4,
Supplementary Table 1).

3.2.3. Steroids

A wide variety of steroids is observed in most of
the samples. The compounds include diaster-13(17)-
enes, diasteranes, regular steranes, ring-C monoaro-
matic steroids and triaromatic steroids, as well as
methylated counterparts. The highest relative abun-
dances of steroids are observed in the Paquier Level
and the Goguel Level at Notre Dame. Low relative

abundances of steroids are generally observed in the
marls.

Regular steranes are generally dominated by C29

compounds (Figure 5, Supplementary Figure 6). In
the Paquier Level, however, C27 isomers are dominat-
ing regular steranes. The relative abundance of C27,
C28 and C29 regular steranes [Huang and Meinschein,
1979] suggests a mixed contribution of algal and ter-
restrial OM for all samples (Figure 5). Neverthe-
less, 24-n-propylcholestanes are observed in signifi-
cant proportion in most of the samples (Supplemen-
tary Table 1). Precursors of 24-n-propylcholestane
have been observed in marine algae [Raederstorff
and Rohmer, 1984], desmosponges [Zumberge, 2019]
and a foraminifer [Grabenstatter et al., 2013]. 24-n-
Propylcholestane could also result from diagenetic
methylation of C29 sterols [Bobrovskiy et al., 2021].
Nevertheless, 24-n-propylcholestanes are generally
considered as indicative of deposition under ma-
rine conditions [Moldowan et al., 1985]. The highest
abundances of 24-n-propylcholestanes are observed
in the Paquier Level (Supplementary Table 1).
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Figure 4. Pristane/nC17 vs. phytane/nC18

cross plot of samples from the Vocontian Basin.
Partially filled symbols correspond to marls
collected close to the organic levels.

Figure 5. Ternary plot showing the distribu-
tion of C27, C28, and C29 regular steranes in the
aliphatic fractions. Legend of symbols as in Fig-
ure 4.

Methylsteroids comprise saturated and aromatic
compounds methylated at position 2-, 3-, and
4-, as well as dinosteroids (based on the 4,23,24-

trimethylcholestane skeleton; Supplementary Fig-
ures 6, 10). 2-Methyl- and 3-methyl-steroids orig-
inate from diagenetic rearrangements in the sedi-
ment [Summons and Capon, 1988, 1991] and seem
present in relatively stable proportion in the sam-
ples. Conversely, 4-methylsteroids and dinosteroids
mainly originate from dinoflagellates [Summons
et al., 1987], and are present in variable proportion in
the samples. The highest proportions of 4α-methyl-
steranes, dinosteranes and triaromatic dinosteroids
are observed in the Paquier and Goguel Levels at
Notre Dame and Saint Jaume.

3.2.4. Hopanoids

A wide variety of hopanoids is observed in the
samples (Supplementary text 3). The dominant
hopanoids are saturated αβ-hopanes ranging from
C27 to C35 (C28 absent) with a maximum in C30 and
a progressive decrease of the abundance of homo-
hopanoids with increasing chain length (Figure 6).
The low abundance of C34 and C35 hopanes is in-
dicative of a deposition in non-hypersaline condi-
tions [ten Haven et al., 1985]. The distribution
of hopanoids isomers is comparable in most of
the samples and reflects the thermal immaturity
of the OM; however, the distribution differs at les
Sauzeries and Glaise sections, reflecting the higher
thermal maturity at these locations (Supplementary
Table 1).

2-Methyl hopanes ranging from C28 to C35, with
a maximum in C31, are present in significant pro-
portion in most of the studied samples from the
Goguel Level, with 2-methyl hopane index [2-MHI;
Ando et al., 2022] ranging between 6 and 23 (Fig-
ure 6; Supplementary Table 1). If present in the other
OLs, the abundance of 2-methyl hopanes is very
low. 2-Methyl hopanes are absent from the extract of
marl samples (Supplementary Table 1). Traces of 3-
methyl-hopanes are detected in many samples (Fig-
ure 6).

Desmethyl hopanoids mostly originate from bio-
hopanoids present in the cell walls of many bacte-
ria, including cyanobacteria [Ourisson and Rohmer,
1992, Talbot et al., 2008, Kusch and Rush, 2022],
so desmethyl hopanes are poorly specific bacte-
rial markers. In contrast, methyl-hopanes are more
specific: though their origin is still discussed, 2-
methyl-hopanes mainly originate from cyanobac-
teria and alphaproteobacteria [Summons et al.,
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Figure 6. Partial mass chromatograms showing the distribution of (a) hopanes and moretanes (m/z 191)
and (b) methylhopanes (m/z 205). Sample NDOG003—Goguel Level.

1999, Naafs et al., 2022, Kusch and Rush, 2022],
while 3-methylhopanes originate from aerobic
methanothrophs [Neunlist and Rohmer, 1985,
Cordova-Gonzalez et al., 2020].

3.2.5. Aryl isoprenoids

Aryl isoprenoids are detected in most of the OLs,
though generally in low abundance. This series
ranges from C13 to C20, with the C24 and C29 com-
pounds also often present in low proportion. Val-
ues of the aryl isoprenoid ratio [AIR; Schwark and
Frimmel, 2004] are generally higher than 1, reflect-
ing the dominance of short aryl isoprenoids (C13–
C15); nevertheless, AIR are lower than 1 in the Paquier
Level (Supplementary Table 1). The highest propor-
tions of arylisoprenoids are observed in the Paquier
Level, as well as the Goguel Level at Glaise and Notre
Dame.

Aryl isoprenoids are often considered to derive
from carotenoids of anoxygenic photosynthetic bac-
teria [Summons and Powell, 1987, Brocks and Schaef-

fer, 2008]. Nevertheless, other sources, in particular
the aromatisation of carotene, are also likely when
these compounds are observed in rocks deposited
in well oxygenated environments [Koopmans et al.,
1996b]. From the very low abundance of aryl iso-
prenoids longer than C20, the absence of C40 aryl
isoprenoids as well as of commonly observed isore-
nieratene derivatives [Koopmans et al., 1996a], the
arylisoprenoids observed in the sediments of the Vo-
contian Basin likely do not originate from anoxygenic
photosynthetic bacteria. In particular, the abun-
dant aryl isoprenoids and substituted alkylbenzenes
(Supplementary text 3) observed in the samples from
the Paquier Level could originate from the degra-
dation and aromatisation of archaea-derived biphy-
tanyl compounds.

3.2.6. Other terpenoids

Terpenoids of microbial origin, namely
dammar-13(17)-enes and 13β,17α(H)-dammaranes
[Meunier-Christmann et al., 1991] are observed
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in the samples of the Paquier Level only, while
cheilanthanes [Peters et al., 2005] are widespread
in the samples from the Goguel Level, Niveau Noir,
and the Paquier Level.

The aromatic terpenoids retene, cadalene, and
6-isopropyl-1-isohexyl-2-methylnaphthalene are de-
tected in most of the samples. These three com-
pounds mainly derive from higher plant terpenoids
and are thus generally related to a terrestrial source
[van Aarssen et al., 2000]. Their relative abundance
is maximum in the marl samples from Pré-Guittard
and minimum in the Goguel Level at Glaise and
les Sauzeries. High relative abundances are also
observed in the Paquier Level (Supplementary Ta-
ble 1). Cadalene, a non-specific terrestrial plant
biomarker [van Aarssen et al., 2000] is largely domi-
nant in all the samples, though its relative abundance
is slightly lower in the Goguel Level at les Sauzeries
section.

Series of methylated 2-methyl-(trimethyltridecyl)-
chromans (MTTC) are present in most of the sam-
ples, except those from Pré-Guittard, les Sauzeries
and Glaise sections. These compounds likely origi-
nate from the rearrangement of the phytol side chain
of chlorophyll [Li et al., 1995] but are widely used
as paleosalinity indicators. The dominance of the
5,7,8-trimethyl-isomer in the samples from the Vo-
contian Basin indicates normal salinity conditions
[Sinninghe Damsté et al., 1993].

3.2.7. Polycyclic aromatic hydrocarbons

Condensed polycyclic aromatic hydrocarbons
ranging from triaromatic (phenanthrene and an-
thracene) to heptaaromatic (coronene) are detected
in most of the samples (Supplementary Table 1, Sup-
plementary Figure 13). These compounds gener-
ally have a pyrogenic origin [Wakeham et al., 1980,
bin Abas et al., 1995] and can be used as tracers
of terrigenous inputs. The highest relative abun-
dances of PAHs are associated to a predominance
of benzo[ghi]perylene and coronene, and are ob-
served in the marl samples from Pré-Guittard sec-
tion, Tarandol (Kilian and Jacob Levels), and Serre
Chaitieu sections (Fallot Interval). Low relative abun-
dances of PAHs are observed in the samples of the
Goguel Level, Niveau Noir and Paquier Level.

Dibenzofuran is detected in most of the sam-
ples, except the marls from Pré-Guittard. Its highest

abundance is observed in the Niveau Noir. Diben-
zofuran and its alkylated counterparts have been
related to lichens and can be used as tracers of
terrigenous inputs [Radke et al., 2000]. Nevertheless,
our data suggest that dibenzofuran here results from
the degradation of an algal or microbial biomass (see
Section 4).

3.2.8. Sulfur containing compounds

Organo-sulfur compounds (OSCs) are present in
all the samples from the Paquier Level. They corre-
spond to a C20 isoprenoid thiophene and several iso-
mers of C20 isoprenoid benzothiophenes. OSCs are
not observed in the other samples.

4. Discussion

4.1. Thermal maturity

Based on Rock-Eval analysis and molecular indica-
tors (Supplementary Table 1), the majority of the
studied outcrops are thermally immature, allowing
to compare the biomarker content with each other
in these different settings. Nevertheless, consistent
with previous studies [Bréhéret, 1995], our data indi-
cate that the oil-generating window was reached at
les Sauzeries and Glaise sections (Supplementary Ta-
ble 1). The biomarker content of the Goguel Level at
these two outcrops must therefore be considered in
the light of this higher thermal maturity.

4.2. Comparison of the different OLs

Previous characterisations of the OM in the Blue
Marls Formation based on palynofacies, palynology
or organic geochemistry, showed that the OM was
mainly of marine origin, with variable contributions
of terrestrial plant debris [Bodin et al., 2023, Bréhéret,
1994, Friedrich et al., 2003, Heimhofer et al., 2006,
Herrle et al., 2010, 2003b, Kuypers et al., 2002, Okano
et al., 2008b, Tribovillard and Gorin, 1991]. The
biomarkers identified in the present study confirm
the mainly autochthonous origin of the OM, while
the contributions from higher plants are present, but
are low in most of the samples. According to previous
studies (op. cit.), the variations of the organic con-
tent reflect several factors: sea-level evolution during
the Aptian to Albian interval, variations of primary
productivity, orbitally induced climate fluctuations,
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and oceanic anoxic events. In addition, turbiditic
corridors are well documented in the western part
of the Vocontian Basin [Bréhéret, 1995, Friès, 1986,
Friès and Parize, 2003], so that the location within the
basin might also influence the organic content.

The Blue Marls Formation is characterized by al-
ternations of ligh and dark levels related to orbitally
induced climate oscillations [Ait-Itto et al., 2023,
Charbonnier et al., 2023, Gale et al., 2011]. These or-
bitally induced oscillations are also visible in the OLs,
as the latter frequently present alternations of black
shales or dark-colored laminated marls and biotur-
bated marls (Supplementary Figure 2). Since the
sampling for molecular fossil analyses was mainly fo-
cussed on the darkest sub-levels, the discussion be-
low concentrates on the conditions most prone to
OM deposition.

4.2.1. Hemipelagic marls

Though located in the west part of the Vocontian
Basin, the Pré-Guittard section does not show major
turbidites in the sampled interval (Supplementary
Figure 2) and can therefore be considered as rep-
resentative of the hemipelagic sedimentation. The
very low TOC content and HI, as well as high OI
[Caillaud et al., 2022, Ait-Itto et al., 2023], are typi-
cal for highly degraded OM (type IV). Such obser-
vation is consistent with the high Pr/Ph ratio and
the absence of C35 homohopanes, indicative of well
oxygenated conditions in the sediment [Didyk et al.,
1978, Peters and Moldowan, 1991]. The very low
abundance of steroids, the notable contribution of
resistant compounds, such as long n-alkanes from
terrestrial plant waxes and fire-derived PAHs, and the
CPI of n-alkanes close to 1, are also consistent with
extensive biodegradation [Hoefs et al., 2002, Peters
et al., 2005]. Dibenzofuran is hardly observed at Pré-
Guittard, while other land-sourced compounds, e.g.
long-chain n-alkanes, cadalene and PAHs are rela-
tively abundant. The latter compounds are mainly
delivered to the marine environment as aerosols [Si-
moneit and Mazurek, 1982, Simoneit, 1984], while
dibenzofuran could be delivered by rivers, thus
explaining this discrepancy. Nevertheless, an al-
ternative source for dibenzofuran is suggested by
our data (see below). It should be noted that in
the marl samples from the Pré-Guittard section,
the terrestrial signature is higher than in the marl

samples from the other sections (Supplementary
Table 1).

4.2.2. Goguel Level

The Goguel Level is recording the Oceanic Anoxic
Event (OAE) 1a in the Vocontian Basin. The OAE1a is
a global event characterized by a carbonate crisis, de-
position of organic-rich sediments in marine settings
and a marked negative carbon isotope excursion in
both carbonates and OM [see Föllmi, 2012, for a re-
view].

The Goguel Level was sampled at four different
outcrops (Figure 1, Supplementary Figure 2). Les
Sauzeries was in a distal setting, far from detrital in-
fluences [Bréhéret, 1995]. Nevertheless, the OM is
thermally mature. Glaise section is as well supposed
as a distal setting, but was influenced by detrital in-
puts, as indicated by the fine turbidites. The OM is
thermally mature, as for les Sauzeries. Saint Jaume
and Notre Dame sections were located in a more
proximal setting and contain more detrital deposits,
as indicated by the numerous turbidites, though the
turbidites are thin at Saint Jaume and relatively thick
à Notre Dame. As a result of the detrital influence,
lower TOC and HI are observed at Glaise, Notre Dame
and Saint Jaume compared to les Sauzeries (Supple-
mentary Figure 3); still, the four outcrops all belong
to the “High HI” trend, the same trend as observed
in the coeval Selli Level, in the Umbria-Marche Basin
[Baudin et al., 1998].

Consistent with previous molecular fossil stud-
ies [Heimhofer et al., 2004, Okano et al., 2008a,b,
Ando et al., 2022, 2017], the molecular signature
of the Goguel Level is marked by the predomi-
nance of autochthonous algal and microbial OM,
without marked difference in the four studied sec-
tions (Supplementary Table 1). In particular, all
four sections show a similar low abundance of
land-derived inputs. The moderate amounts of
dibenzofurans in these sections suggest that this
compound is not land-derived. The high ster-
ane/hopane ratio in the least thermally mature
sections reflects an important contribution of eu-
karyotes and in particular a significant contribution
of dinoflagellates, which can be related to the ob-
servation of dinocysts and acritarchs in the palyno-
facies [Heimhofer et al., 2006, Ando et al., 2022]. A
high abundance of dinosteroids was similarly ob-
served in the coeval mid-Pacific organic-rich de-
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posits of Shatsky Rise [Dumitrescu and Brassell,
2005].

Though indicators of severe water column anoxia
were described in the coeval deposits from northern
Tethys [Pancost et al., 2004, van Breugel et al., 2007],
and sediment anoxia at Shatsky Rise [Dumitrescu
and Brassell, 2005], molecular fossils of euxinia or
anoxia, like aryl isoprenoids are not observed in the
Vocontian Basin. The Goguel Level presents a “pa-
per shale” texture, and the benthic fauna is overall
rare [Friès, 1986, Bréhéret, 1995, Giraud et al., 2018].
Moreover, the dominance of fluorescing amorphous
OM in the palynofacies and the high HI indicate a
good degree of OM preservation [Heimhofer et al.,
2004, 2006, Ando et al., 2022]. These data point to
anoxic conditions at the sediment water interface
(Figure 7a), consistent with the high values of the
C35 homohopane ratio [Peters and Moldowan, 1991].
Episodic oxygenation is indicated by the intermit-
tent presence of benthic foraminifera or bioturbation
in the Goguel Level [Friès, 1986, Bréhéret, 1995, Gi-
raud et al., 2018], but the low enrichments of redox-
sensitive trace elements [Westermann et al., 2013,
Caillaud et al., 2020] could reflect a basin reservoir
effect [Caillaud et al., 2020]. Despite the dominance
of anoxia in the sediment, high Pr/Ph are observed
in the Goguel Level [this study; Okano et al., 2008b,
Ando et al., 2017]; it thus appears that the Pr/Ph
ratio is not a good indicator of oxygenation condi-
tions in this level. The high Pr/Ph ratio could be re-
lated to an abundance of pristane precursors, such
as tocopherols, in the organic flux to the sediment
[Goossens et al., 1984], or to peculiar diagenetic con-
ditions, as also suggested by the abundance of MTTC
[Li et al., 1995].

The abundance of 2-methylhopanoids at the four
studied sections is distinctive of the Goguel Level
compared to the other OLs of the Vocontian Basin.
The abundance of 2-methylhopanoids has been pre-
viously described in different organic-rich deposits
of OAE1a [Kuypers et al., 2004b, Dumitrescu and
Brassell, 2005, 2006, Karakitsios et al., 2018, Castro
et al., 2019], but also in the deposits of the Toar-
cian OAE [Farrimond et al., 1994, Blumenberg and
Wiese, 2012, Ruebsam et al., 2018, Ajuaba et al., 2022],
and OAE2 [Farrimond et al., 1990, Kuypers et al.,
2004a, Forster et al., 2008]. The significance of el-
evated concentrations of 2-methyl hopanoids is still
highly discussed [Kusch and Rush, 2022]. Neverthe-

less, a recent review suggests that the abundance of
2-methylhopanoids during these events reflects an
expansion of marine anoxygenic photoautotrophic
α-proteobacteria as a response to water column de-
oxygenation [Naafs et al., 2022]. A high contribution
of α-proteobacteria during deposition of the Goguel
Level is consistent with the oligothrophic conditions
indicated by the nannofossil content [Herrle and
Mutterlose, 2003, Giraud et al., 2018]. Oligotrophic
conditions are generally not prone to favor deoxy-
genation of the water column or sediment. Con-
versely, high productivity is documented at the be-
ginning of OAE1a in the Tethys Ocean [Aguado et al.,
2014, Sabatino et al., 2015]. For this reason, it ap-
pears more likely that the deoxygenation in the Vo-
contian Basin resulted from the spreading of oxygen-
poor waters originating from the Tethys Ocean (Fig-
ure 7a). The Goguel Level was deposited during a
transgressive period [Supplementary Figure 14; Ru-
bino, 1989, Friès and Parize, 2003, Ferry et al., 2022],
which favored communications between the Tethys
Ocean and the Vocontian Basin. The gradient of the
phosphorus content in the sediment [Westermann
et al., 2013], and the observation of maximum 2-MHI
in the most basinal section at les Sauzeries, are con-
sistent with this scenario. Sedimentary condensation
likely also favored OM enrichment [Supplementary
Figure 14; Caillaud et al., 2022, 2020].

4.2.3. Niveau noir

The Niveau Noir has not been correlated with
other organic-rich levels outside the Vocontian Basin
and is considered a local event. In the present study,
only the two upper sub-levels of the Niveau Noir
were analyzed (NN3 and NN4, Supplementary Fig-
ure 2). The biomarker content of these two sam-
ples indicate that the OM is mainly of algal to bacte-
rial origin. The low abundances of continent-derived
long-chain n-alkanes and cadalene, as well as fire-
derived PAHs, are consistent with the absence of tur-
bidites from the Niveau Noir, though turbidites are
present in other parts of Saint Jaume section. Molec-
ular indicators of the redox state of the water column
and sediment (homohopane ratio, AIR, . . . ) indicate
oxygenated conditions, consistent with the absence
of redox-sensitive trace metal enrichment [Caillaud
et al., 2022]. The abundance of branched alka-
nes suggests efficient bacterial activity under aero-
bic conditions. Nevertheless, the sterane/hopane ra-
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Figure 7. Depositional model for the different OLs.

tio indicates significant input of eukaryotic biomass,
including algae producing 4-methyl-steranes. The
chain length distribution of steranes in the Niveau
Noir is characterized by a high proportion of the C27

compounds (Figure 5). C27 sterols are produced by a
variety of marine algae as well as zooplankton [Volk-
man, 1986], and thus are not specific biomarkers.
Nevertheless, cholesterol dominance was observed
in the upper sediment or settling particles of several
high productivity environments [e.g. Volkman et al.,
1987, Colombo et al., 1996]. The high proportion of
the C27 steranes in the Niveau Noir could therefore
reflect high primary productivity, despite the low en-
richment of trace elements sensitive to productiv-

ity [Caillaud et al., 2022]. Consistent with our inter-
pretation, the nannofossil content of the NN4 level
indicates higher primary productivity than for the
surrounding marls [Herrle et al., 2010].

To summarize, the Niveau Noir resulted from an
increase in surface primary productivity (Figure 7b,
Supplementary Figure 14), possibly resulting from
orbitally induced increases of nutrient delivery as-
sociated to continental runoff [Herrle et al., 2010].
Nevertheless, this increase in primary productivity
was not sufficient to significantly alter the concen-
tration of oxygen in the water column and sediment
(Figure 7b). As a result, OM preservation was ulti-
mately low. The Niveau Noir was deposited during a
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high sea level interval [Rubino, 1989, Friès and Parize,
2003], sediment condensation likely also contributed
to OM enrichment [Supplementary Figure 14; Cail-
laud et al., 2022].

4.2.4. Fallot interval

The Fallot Interval has no recognised lateral equiv-
alent outside the Vocontian Basin and is considered
a local event. Though the biomarker content of the
Fallot Interval is dominated by an algo-bacterial sig-
nature, the influence of terrestrial OM is more pro-
nounced than in the other OLs. A progressive in-
crease of the terrestrial influence from the base to
the top of the Fallot Interval is indicated by the in-
crease of TAR and of the relative abundance of PAHs,
mirroring a decrease of the proportions of the ma-
rine steroids and of dibenzofuran (Supplementary
Table 1). Consistently, several authors consider that
the Fallot Interval was deposited during a period of
falling relative sea level [Supplementary Figure 14;
Rubino, 1989, Friès and Parize, 2003]. The values of
the AIR and C35 homohopane ratio, as well as the ab-
sence of isorenieratane [Reitner et al., 2015], point
to dysoxic to well oxygenated conditions, consis-
tent with the presence of bioturbations and benthic
foraminifera in most of the Fallot Interval [Bréhéret,
1995, Friedrich et al., 2003]. The low HI and low
abundance of steroids consitently indicate efficient
OM degradation. The moderate sterane/hopane ra-
tio suggests a moderate input of eukaryotic biomass,
consistent with the mesotrophic conditions indi-
cated by planktic foraminifera [Friedrich et al., 2003].
The latter authors suggested that OM enrichment in
the sediment was related to moderately high primary
productivity for the lower part of the Fallot Inter-
val, but was linked to water column stagnation in
the upper part. The molecular fossil content of the
lower part of the Fallot Interval is consistent with the
“productivity” model of Friedrich et al. [2003] and
points to depositional conditions comparable to the
Niveau Noir, but with a higher input of terrestrial
OM (Figure 7b). Nevertheless, for the second part of
the Fallot Interval, the stagnation model [Friedrich
et al., 2003] is not supported by the redox proxies.
Taking account of the lower hydrocarbon extraction
yields from leaves and wood of terrestrial plants com-
pared to algae [e.g. Cranwell et al., 1990, Bush and
McInerney, 2013, Jambrina-Enríquez et al., 2018], the

biomarker content likely underestimates the propor-
tion of terrestrial OM in the sediment. Though a
detailed palynofacies analysis is needed to further
support this hypothesis, the more pronounced ter-
restrial signature suggests that the upper part of the
Fallot Interval results from efficient burial of terres-
trial OM (Figure 7b, Supplementary Figure 14), as
proposed by Caillaud et al. [2022].

4.2.5. Jacob Level

The Jacob Level is the first organic-rich deposit
associated to OAE1b in the Vocontian Basin [Leckie
et al., 2002, Coccioni et al., 2014]. Lateral equivalents
of the Jacob Level have been mostly recognised in
the Tethys Ocean and in the Pacific Ocean; it could
correspond to a global event [see Bodin et al., 2023,
for a review].

Debris of higher plants have been described in the
Jacob Level [Barale and Bréhéret, 1995], as well as
abundant spores and pollen grains in the palynofa-
cies [Bréhéret, 1995, Heimhofer et al., 2006]. Consis-
tent, PAHs, retene and cadalene are relatively abun-
dant. Nevertheless, only the highest sample from
the Jacob Level shows a high TAR, and the molecu-
lar signature is overall dominated by the algal con-
tribution (Supplementary Table 1). Low proportions
of dinosterane and medium values of the triaromatic
dinosteroid (TADS, Supplementary text 2) ratio sug-
gest medium to low contribution of dinoflagellates.
Average C27 triaromatic steroids (TAS, Supplemen-
tary text 2) values also suggest an average produc-
tivity of coccolithophorids or prasinophytes. Consis-
tent, the microfaunal content suggests mesotrophic
conditions [Erbacher et al., 1998, Heimhofer et al.,
2006]. The samples of the Jacob Level plot between
the “high HI” and “low HI” trends (Figure 2), which
suggests intermediate OM preservation, and is con-
sistent with the variable proportion of amorphous
OM in the palynofacies [Heimhofer et al., 2006]. The
same conclusion can be reached based on the molec-
ular signature: steranes and hopanes are relatively
abundant but the homohopane index is null, sug-
gesting OM degradation in an oxygenated sediment.
The presence of benthic foraminifera in the Jacob
Level [Erbacher et al., 1998] gives support to this lat-
ter interpretation.

A peculiar feature in the extracts of the Jacob
Level is the abundance of acyclic and monocyclic
isoprenoids. Though PMI and TMI are not observed
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in the Jacob Level [this study; Ando et al., 2022, 2017],
we consider that the abundant isoprenoids likely
derive from lipids of planktic chemoautotrophic
archaea. The archaeal biomarkers PMI and TMI have
been described in Livello 113, a lateral equivalent of
the Jacob Level in Umbria-Marche Basin [Coccioni
et al., 2014, Ferraro, 2017]. Livello 113 was deposited
as a result of moderate to high primary productivity
and anoxia to dysoxia of the bottom water [Coc-
cioni et al., 2014, Sabatino et al., 2015, Ferraro et al.,
2020]. Planktic chemoautotrophic archaea could
have been driven in the Vocontian Basin through
intrusions of anoxic intermediate waters originating
from the northern Tethyan margin. The presence
of the Tethyan taxon Nannoconus in the Jacob Level
[Herrle and Mutterlose, 2003], is consistent with this
scenario. Nevertheless, the water column was oxy-
genated in the Vocontian Basin, which led to efficient
degradation of the archaeal lipids (Figure 7d).

Previous models have proposed that OM enrich-
ment in the Jacob Level was the result of sediment
condensation, low sea level, elevated detrital in-
put, or water column anoxia [Bréhéret, 1995, Er-
bacher et al., 1998, Heimhofer et al., 2006, Caillaud
et al., 2022]. A short episode of temperature increase
during this interval is documented in the Umbria-
Marche Basin [Ferraro et al., 2020]. Increased con-
tinental runoff associated to a more humid climate
could have increased the delivery of terrestrial OM,
but also favoured primary productivity and bottom
water stagnation in the Vocontian Basin [Figure 7d;
Heimhofer et al., 2006]. The Jacob Level was de-
posited during a period of low sea level, which also
favoured the delivery of continental OM to the Vo-
contian Basin [Figure 7d, Supplementary Figure 14;
Friès and Parize, 2003]. Nevertheless, the surrection
of the west margin of the Vocontian Basin during the
late Aptian–early Albian [Ferry et al., 2022] could have
further contributed to the increased detrital flux.

4.2.6. Kilian Level

The Kilian Level is the second organic-rich deposit
associated to OAE1b in the Vocontian Basin [Leckie
et al., 2002, Trabucho Alexandre et al., 2011, Coc-
cioni et al., 2014]. The Kilian Level is associated to
a negative carbon isotope excursion, which has been
recognised in numerous settings [Trabucho Alexan-
dre et al., 2011, Bodin et al., 2023]. It corresponds to a
global event.

Two samples from the Kilian Level were ana-
lyzed for their biomarker content and they show
contrasting results: the lower one is comparable to
the marls below, with a marked terrestrial signature
(TAR, PAHs) and abundant hopanes, while the sec-
ond sample has a reduced terrestrial contribution
and a more marine affinity, but high abundance of
plant terpenes. The relative abundance of steroids
in the Kilian Level is low, but is higher than in the
surrounding marls. The sterane/hopane ratio is high
in the upper sample. Based on TADS values, the
dinoflagellate contribution is low in both samples,
but higher than in the surrounding marls, and lower
than in the Jacob Level (Supplementary Table 1).
The C27TAS ratio indicates a contribution of coccol-
ithophorid or prasinophyte comparable in the Kilian
Level and surrounding marls. The sterane distribu-
tion in the upper sample is dominated by cholestane,
interpreted as indicative of increased primary pro-
ductivity. Despite the differences between the two
studied samples, the biomarker content is consis-
tent with the notable occurrence of terrestrial paly-
nomorphs in the palynofacies [Herrle et al., 2003b].
It also suggests low to medium primary productiv-
ity, consistent with the oligo- to mesotrophic condi-
tions indicated by nannofossils [Herrle et al., 2003b].
No molecular indicators of water column anoxia are
observed, though the small and poorly diversified
planktic foraminifera suggest water column strati-
fication or deoxygenation [Bréhéret, 1995, Kennedy
et al., 2000]. Though the Kilian Level is often lam-
inated, the low C35 homohopane ratio indicates a
relatively oxygenated sediment, consistent with the
presence of benthic foraminifera [Herrle et al., 2003b]
and modest enrichments in redox-sensitive trace el-
ements [Caillaud et al., 2022, Wang et al., 2022]. Our
observations differ from previous molecular studies
of the Kilian Level at Saint-André-les-Alpes, located
to the east of the Vocontian Basin, in a more basinal
setting (Figure 1). A higher contribution of dinoflag-
ellates was observed [Ando et al., 2017], with a gen-
eral increase from the Jacob to the Kilian and Paquier
Levels. In addition, PMI and TMI were present in sig-
nificant concentration [Okano et al., 2008b].

In the Umbria-Marche Basin and in the Central
Atlantic Ocean, the equivalents of the Kilian Level
are dominated by marine OM and resulted from in-
creases in surface productivity [Trabucho Alexandre
et al., 2011, Coccioni et al., 2014]. They were de-
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posited under anoxic bottom waters, though trace el-
ements are not systematically enriched in the rocks
[Trabucho Alexandre et al., 2011, Sabatino et al.,
2015]. The Italian equivalent of the Kilian Level con-
tains TMI and PMI, but no isorenieratane [Ferraro,
2017].

Recent studies of les Briers outcrop, located to
the east of the Vocontian Basin, suggest that the Kil-
ian Level resulted from an episode of increased pri-
mary productivity and OM preservation, associated
to pulses of continental runoff in the Vocontian Basin
[Bodin et al., 2023]. The molecular data do not con-
flict with this model, but the presence of archaeal
biomarkers in the eastern part of the basin suggest
that the Vocontian Basin was also influenced by in-
trusions of reducing water from the Tethyan margin
(Figure 7d, Supplementary Figure 14). These intru-
sions led to higher surface productivity, high abun-
dance of dinoflagellates, presence of planktic archaea
and possibly more reducing conditions in the water
column in the eastern part of the Vocontian Basin,
but not to the west (Figure 7d). The east–west de-
crease of TOC content in the Kilian Level [Caillaud
et al., 2022, Bodin et al., 2023] and the absence of
Nannoconus in the Kilian Level at Pré-Guittard and
Palluel [Bréhéret, 1995], in the west part of the Vocon-
tian Basin, give support to this scenario.

4.2.7. Paquier Level

The Paquier Level is the most prominent of the
organic-rich deposits associated to OAE1b in the
Vocontian Basin [Bréhéret, 1995, Coccioni et al.,
2014]. Equivalents of the Paquier Level are recog-
nised worldwide, in particular by its marked nega-
tive carbon isotope excursion in carbonate [Trabu-
cho Alexandre et al., 2011, Coccioni et al., 2014; also
see Bodin et al., 2023 for a review]. The Paquier Level
is the only level in the OAE1b that records global
ocean deoxygenation [Wang et al., 2022].

The molecular fossil content of the Paquier Level
is characterized by the abundance of archaea-
derived acyclic and monocyclic isoprenoids (Supple-
mentary text 3). This feature was previously observed
in Ravel section, located in a more basinal part of the
Vocontian Basin [Vink et al., 1998, Kuypers et al.,
2002, Okano et al., 2008b]. The high abundance of
archea-derived phytane in the samples of the Paquier
Level explains the low Pr/Ph, which are the lowest
of our dataset (Supplementary Table 1). The Paquier

Level is also characterized by a high abundance of
steranes, a high sterane/hopane ratio and the high-
est abundances of n-propyl cholestanes, indicative
of a high flux of a diversified eukaryotic biomass.
The relative abundance of dinosteroids is high, as
indicated by the TADS values [Ando et al., 2017],
which can be related to the abundance of dinocysts
in the palynofacies [Tribovillard and Gorin, 1991,
Kennedy et al., 2000]. The chain length distribution
of steranes in the Paquier Level is characterized by
the dominance of the C27 compounds, which we in-
terpret as indicating high primary productivity. This
interpretation is consistent with the microfaunal
content indicating eutrophic conditions [Erbacher
et al., 1998, Kennedy et al., 2000, Herrle et al., 2003b].
Though the molecular signature of marine organisms
is dominant, the terrestrial contribution, indicated
by the TAR, abundance of PAHs and of higher plant
aromatic terpenoids, is also notable (Supplementary
Table 1). These molecular data can be related to the
presence of abundant terrestrial palynomorphs in
the palynofacies [Tribovillard and Gorin, 1991, Herrle
et al., 2003b], and of occasional plant remains in the
rocks [Bréhéret, 1995]. The contribution of terrestrial
OM in the Paquier Level has been observed in dif-
ferent locations of the Vocontian Basin, and cannot
be ascribed to the relatively proximal setting of the
studied section.

The high homohopane ratio and the presence of
OSCs indicate sulfidic conditions in the sediment,
possibly associated with bottom water anoxia (Fig-
ure 7f). This is consistent with the rarity of the
benthic fauna [Bréhéret, 1995, Erbacher et al., 1998],
abundance of amorphous OM in the palynofacies
[Tribovillard and Gorin, 1991], and trace metal en-
richment in the sediment [Benamara et al., 2020,
Caillaud et al., 2022, Wang et al., 2022]. Nevertheless,
no indicator of photic zone anoxia was detected, con-
sistent with previous data [Kuypers et al., 2002].

Molecular fossil analyses were performed in sev-
eral lateral equivalents of the Paquier Level, in the
Umbria-Marche Basin [Coccioni et al., 2014], in
the Ionian Basin [Tsikos et al., 2004] and in the
Central Atlantic Ocean [Kuypers et al., 2002]. All
these levels are characterized by the abundance of
biomarkers derived from archaeal lipids, including
PMI and TMI, and by the absence of isorenieratane
[Kuypers et al., 2002, Tsikos et al., 2004, Ferraro,
2017]. While in the Central Atlantic Ocean samples
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the steranes are dominated by the C29 compounds
and 2-methylhopanes are present [Kuypers et al.,
2002], the biomarker content in the Umbria-Marche
Basin is more comparable with that of the Paquier
Level, with a dominance of C27 steranes and pos-
sible absence of 2-methylhopanes [Ferraro, 2017].
These lateral equivalents of the Paquier Level are all
characterized by heavy organic carbon isotopic ra-
tios (δ13Corg = −22 to −17h), indicative of a high
contribution of chemoautotrophic archaea [Kuypers
et al., 2002, Tsikos et al., 2004, Sabatino et al., 2015].
In the Paquier Level, however, heavy organic carbon
isotopic ratios are only observed sporadically [Bena-
mara et al., 2020, Ait-Itto et al., 2023, Bodin et al.,
2023], indicating that archaea were rarely dominant
in the Vocontian Basin.

Because of the high proportion of terrestrial OM,
several authors proposed that the Paquier Level de-
posited as a result of increased input of nutrient to
the ocean associated to a warm, humid climate and
continental runoff [Herrle et al., 2003a,b, Benamara
et al., 2020, Bodin et al., 2023]. The highest levels of
primary productivity and water stratification would
have been reached under favourable orbital condi-
tions, at the peak of a long period of progressive
warming [Wang et al., 2022, Bodin et al., 2023]. The
surrection of the west margin of the Vocontian Basin
during the late Aptian–early Albian [Ferry et al., 2022]
possibly also contributed to the increased inputs of
continental material during this period. The molec-
ular fossil content does not conflict with the influ-
ence of terrestrial runoff. Nevertheless, the similarity
of biomarker composition in the northern Tethyan
margin and in the Vocontian Basin, as well as the
abundance of the Tethyan nannofossil Nannoconus
in certain layers of the Paquier Level [Bréhéret, 1995],
are consistent with the establishment of good con-
nections between the Tethys Ocean and the Vocon-
tian Basin (Figure 7f). The Paquier Level is inter-
preted as a 3rd order maximum flooding surface [Fig-
ure 7f, Supplementary Figure 14; Rubino, 1989, Friès
and Parize, 2003]. Sediment and bottom water anoxia
in the Vocontian Basin could therefore have resulted
from the high primary productivity, nevertheless, an
expansion of the Tethyan oxygen minimum zone as-
sociated to the eustatic rise also seems possible.

5. Conclusion

Basing on sedimentation rate, grain size analysis,
Rock-Eval analysis, trace metal content, and prelim-
inary biomarker data, Caillaud et al. [2022] came to
the conclusion that organic matter (OM) enrichment
within the Blue Marls Formation (Aptian–Albian) was
only modest because the conditions in the Vocontian
Basin were overall not favorable to massive burial of
OM. This detailed study of the biomarker content
in the Organic Levels confirms that surface produc-
tivity fluctuated mainly between oligotrophic and
mesotrophic and that bottom waters were rarely re-
ducing. As a result, the OLs of regional extension only
show modest OM enrichments, associated to small
increases of productivity (Niveau Noir) or of terres-
trial OM inputs (Fallot Interval).

Larger-scale events are fundamentally different:
the Goguel Level (OAE1a) and Jacob, Kilian, and
Paquier Levels (OAE1b) present the same molecular
peculiarities (abundance of 2-methylhopanoids and
of archaeal lipids, respectively) as coeval deposits lo-
cated outside the Vocontian Basin. These are strong
arguments in favor of good connections between the
Tethys Ocean and the Vocontian Basin during the de-
position of these levels. In particular, a lateral spread-
ing of the Tethyan oxygen minimum zone into the
Vocontian Basin could explain the low sediment oxy-
genation despite moderate increases of surface pro-
ductivity. Sea-level variations were previously con-
sidered as an important factor influencing OM en-
richment, through sediment condensation and water
column stratification. The present biomarker study
highlights how sea-level variations also impact OM
enrichment in a given sedimentary basin, through
connections with surrounding basins. Such feature,
well known in modern settings, such as the Cariaco
Basin off Venezuela, are more difficult to document
in ancient sedimentary basins.
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Abstract. Glauconite is an authigenic mineral reputed to form during long-lasting contact between
a nucleus (a pre-existing phyllosilicate) and seawater. This protracted contact makes it possible to
subtract the ions necessary for the construction of the neoformed phyllosilicate, here, glauconite
(a mineral very close to an illite, rich in K and Fe). As a result, glauconite is often associated with
sediments deposited in a transgressive context with a strong slowdown in the rate of sedimentation
and a relatively large water layer thickness. This is the case of the Cenomanian chalk of Boulonnais
(north of France). Being chemically and physically resistant, glauconite is a mineral that is often
reworked, like quartz grains. This is frequently the case of the Jurassic deposits of the Boulonnais,
where glauconite, almost ubiquitous, either in traces or in significant proportions of the sediments,
presents a grain size sorting attesting to its transport and reworking. However, these Jurassic deposits
are shallow (shoreface, upper offshore), which supports the idea that the “glauconite factory” was itself
in the shallow areas of the Boulonnais. The only identified Jurassic facies of the Boulonnais where
glauconite is both relatively abundant, large in size and unsorted (non reworked) are oyster reefs that
formed at the outlet of cold seeps linked to a late-Jurassic synsedimentary tectonic (Kimmeridgian,
Tithonian). Our work makes it possible to hypothesize that isolated oyster reefs were environments
combining the redox conditions and in contact with seawater favoring the authigenic formation of
glauconite. The weakly reducing conditions necessary for the formation of glauconite here are attested
by the contents of metallic trace elements sensitive to redox conditions (vanadium, germanium,
arsenic, in this case). Our work thus adds a new element to the understanding of the mechanisms
of formation of glauconite in shallow environments.
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that form slowly at the sediment–water interface
or in its immediate vicinity, as is known, especially
since the work of Odin and Matter [1981]. The for-
mation and growth of these phyllosilicates require
protracted exchanges between a nucleus (usually a
pre-existing clay mineral) and seawater. Glauconite
is a mineral close to an illite, rich in potassium and
iron, present in both Fe2+ and Fe3+ forms simultane-
ously. Its formation therefore requires weakly reduc-
ing conditions allowing the co-existence of ferrous
ions and ferric ions. A case favoring the formation
of glauconite may meet the following conditions
[Chamley, 2001, Meunier and El Albani, 2007, Velde,
2014, Banerjee et al., 2016a,b, Bennett and Canfield,
2020]: (1) the presence of organic matter is crucial,
because its decomposition favors the development
of oxygen-poor conditions and, therefore, reducing
micro-milieus (fecal pellets, interior of foraminifera
tests). Simultaneously, organic decay allows the
release of iron initially bound to organic matter.
(2) The oxidation of pre-existing pyrite also makes
iron available, although this element is usually not
abundant in dissolved form in seawater. (3) Finally,
a long period of exchange with seawater allows the
capture and incorporation of K+ ion into the crys-
tal lattice during neoformation (authigenic growth).
This mineral is therefore able to undergo and record
the paleoenvironmental conditions that prevailed at
the sediment–water interface (or at shallow depth
beneath it) during its authigenic growth. This char-
acter of redox marker is central to the study proposed
here. This character has very rarely been studied on
the basis of the content of trace elements sensitive to
redox conditions [Tribovillard et al., 2021] because,
to the best of our knowledge, previous studies fo-
cused on the content of major elements [e.g., Balder-
mann et al., 2022, and reference therein]. This work
therefore represents an unprecedented approach to
understanding the formation of this mineral that is
relatively ubiquitous in time and space on the scale
of geological ages. This mineral has been extensively
studied but is not fully understood, although a lot is
known. Due to its mode of formation, glauconite is
reputed to originate mainly from offshore areas of
the continental shelf where sedimentation rates can
be (extremely) low. This makes it a tool for identi-
fying episodes of marine transgression in sequence
stratigraphy patterns [e.g. Amorosi and Centineo,
2000, Hesselbo and Huggett, 2001, Banerjee et al.,

2022]. Simultaneously, many studies have shown
that glauconite could also appear in proximal envi-
ronments, possibly estuarine or lagoonal-lacustrine
[El Albani et al., 2005].

In the Mesozoic of Boulonnais (Northernmost
France; Figure 1), glauconite is very often mentioned
in the Jurassic deposits as well as under the base of
the Chalk formation (glauconious sandstone of the
Aptian-Albian), and in the lower part of the Chalk of
Cenomanian age [Mansy et al., 2007]. If the Cenoma-
nian glauconite is interpreted as having formed con-
temporaneously with the chalk deposition [Amorosi
and Centineo, 2000], in connection with the great
transgression of the Upper Cretaceous and the con-
comitant decrease in sedimentation rates (synsedi-
mentary glauconite), the glauconites of the Aptian-
Albian sandstones and those of the Jurassic forma-
tions studied here show a grain size sorting attesting
to their reworking (unpublished results included in
this article). Thus, is it possible to consider that these
reworked glauconites were initially formed in shal-
low environments, perhaps estuarine ones? Finally,
the Jurassic deposits rich in reworked glauconite be-
ing also rich in small oyster shells (nanogyra) put
in place during storms, the question arises as to
whether the sources of glauconite could be the oys-
ter reefs identified in the Kimmeridgian-Tithonian
Argiles de Châtillon Formation [Hatem et al., 2014].
Thus, the questions addressed here are: (1) Are oyster
reefs the glauconite factory fueling storm deposits?
(2) Given that the Upper Jurassic formations were
deposited under conditions that were more reduc-
ing and more favorable to the accumulation of or-
ganic matter than those that prevailed during the
deposit of the Cenomanian chalk, it is wondered
whether the glauconites—possible markers of the
conditions at the sediment–water interface—are en-
riched in redox-sensitive trace elements in Jurassic
deposits compared to what is observed in the chalk.

2. Geological background

2.1. Stratigraphic framework

From the much detailed explanatory note of the ge-
ological map of Marquise [Mansy et al., 2007], the
stratigraphic framework of this study (Figure 1) can
be sketched as follows. The study area extends from
Cap de la Crèche (south of the town of Wimereux)
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Figure 1. (A) Location of the studied zone within the English Channel. (B) Detail of the coastline of the
Boulonnais with the sampling sites mentioned. (C) View of the glauconite-rich basal level of the Cenomanian
chalk, the so-called Tourtia level. (D) Stratigraphy of the Upper Jurassic-Cretaceous formations of the Boulonnais.
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Figure 2. (A) An oyster patch reef on the beach called “La Sirène” at Cap Gris-Nez. (B) Close up view of
the oyster reef. (C) The carbonate bed (arrow) separating the Grès de Châtillon Fm. (below) and the Argile
de Châtillon Fm. (above). The scale bar is 2 m long. This bed, called the “Boundary Bed”, is colonized by
sparse, small dimension, patch reefs (D).

to Cap Blanc Nez (Figure 1) and presents outcrops
ranging in age from the Tithonian to the Cenoma-
nian. The geological formations studied in this work
start with the upper part of the Grès de Châtillon
Formation (Fm.), deposited in a very shallow con-
text. These sandstones are overlain by dark marly
formations indicating a greater water depth: the
Argiles de Châtillon Fm. (Figure 2). The transition
from the Grès de Châtillon to the Argiles de Châtil-
lon is marked by a specific bed containing small oys-

ter path reefs [the so-called Boundary Bed of Hatem
et al., 2016; Figure 2]. The top of the Argiles de
Châtillon corresponds to the return to shallow-depth
conditions of deposition, with the presence of the
Grès de la Crèche Fm. (Supplementary Figure S1).
Above, come two marly formations, the Argiles de
la Crèche and the Argiles de Wimereux formations.
These two formations are separated by a meter-scale
alternation of diagenetic limestone beds and marly
interbeds: the Bancs Jumeaux Fm. [Tribovillard
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et al., 2012]. This formation is marked at its base
and top by two discontinuity surfaces rich in phos-
phate debris and glauconite, the levels P1 and P2,
respectively (Supplementary Figure S2). The end
of the Jurassic marine-deposition episode is repre-
sented by an alternation of limestone beds and marly
interbeds, both facies being glauconious (the For-
mation des Argiles et Calcaires of the Tour de Croï,
a.k.a. Assises de Croï), which are overlain by shal-
low, detrital deposits showing conglomerates and
sandstones with storm structures (Conglomérat de
la Rochette and Grès de la Pointe aux Oies; Sup-
plementary Figure S3). The regression that charac-
terizes the transition from the Jurassic to the Creta-
ceous is echoed by freshwater carbonate stromato-
lites (Purbeckian facies) overlain by continental de-
posits (Wealdian facies). The Cretaceous transgres-
sion will be marked by the deposition of green sands
and sandstones from Aptian to Lower Albian age.
The middle and upper Albian is made of clay and
marl deposits, sometimes glauconious (the so-called
Argiles du Gault, a.k.a. the Saint-Pô and Lottinghen
formations). The Cenomanian witnessed the estab-
lishment of conditions conducive to the deposition
of chalk, which lasted until the end of the Creta-
ceous. The initial meters of chalk (the Strouanne
Fm.) are very rich in glauconite. The basal level of
this formation, called Tourtia, is very dark, and re-
markably abundant with glauconite (Figure 1). This
conspicuous level has a regional extension. The
Cenomanian continues with the clayey chalk of the
Petit Blanc Nez Fm.; glauconite is only present in
small quantities, restricted to certain horizons. This
brief presentation is illustrated in Supplementary
Figure S4.

2.2. Short presentation of glauconite

Glauconite is a hydrous phyllosilicate rich in iron
and potassium with the formula: (K,Na)(Fe3+,Fe2+,
Al,Mg)2 3[Si3(Si,Al)O10](OH)2,4H2O) is a mineral
generally interpreted to be of diagenetic origin [Odin
and Matter, 1981, Amorosi, 1995, El Albani et al.,
2005, Banerjee et al., 2016a,b, López-Quirós et al.,
2020]. Some conditions are commonly invoked
to account for the formation of glauconite at, or
close to, the sediment–water interface: reduced
sedimentation rates allowing long-lasting availability
of dissolved cations, together with oxygen-depleted,

mildly reducing, conditions [Odin and Matter, 1981,
Meunier and El Albani, 2007, Choudhury et al., 2021,
Huggett, 2021]. Glauconite usually appears as lo-
bate grains (pellets), with frequent cracked surfaces
[Boyer et al., 1977, Bayliss and Syvitski, 1982]. Along
with its K2O concentration, the morphologic charac-
teristics of glauconite are used as criteria to estimate
the duration of the authigenic formation of this min-
eral [Velde, 2014]. Finally, glauconite is commonly
used as a tool for reconstructing sea-level variations
[e.g., Banerjee et al., 2008, 2016a,b, Amorosi and
Centineo, 2000, Hesselbo and Huggett, 2001, Huggett
et al., 2017].

3. Materials and methods

Table 1 summarizes the sampling conducted for this
study. We completed the chalk sampling [Tribovil-
lard et al., 2021] with samples from the Tourtia level,
very rich in glauconite, taken from two outcrops be-
tween Strouanne and Cap Blanc Nez (Figure 1). To
examine transgressive episodes of the Upper Juras-
sic, in order to compare them to the transgression of
the base of the Cenomanian chalk, we sampled the
transition from sandstone deposited in a very shal-
low environment to marls that are first sandy/silty
and then progressively more clayey upward: the tran-
sition from the Grès de Châtillon Fm. to the Argiles
de Châtillon Fm. (Figure 2) and the one from the
Grès de la Crèche Fm. to the Argiles de la Crèche
Fm. (Supplementary Figure S1). In the Argiles de
Châtillon, we studied in particular the oyster reefs
at the base of the formation (Figure 2), and the lev-
els of tempestites showing a lumachel (a.k.a. co-
quina bed) facies where the rock is only made of
compressed shells of small oysters [dominantly nan-
ogyra nana, accessorily n. virgula; Fürsich and Os-
chmann, 1986; Figure 3]. Several of these tem-
pestites have been examined, in particular the one
accompanying the Kimmeridgian/Tithonian bound-
ary that separates the formation of the Argiles de
Châtillon in two parts, as well as lenticular lumachels
scattered in the claystone level located immediately
below the Kimmeridgian-Tithonian boundary. We
have also examined shell-rich levels in which oyster
shells are abundant but not exclusive as they are in
lumachels: levels P1 and P2 of the Bancs Jumeaux
Fm. (Supplementary Figure S2) and three levels of



218 Nicolas Tribovillard et al.

Table 1. Recapitulation of the sampling site along the Boulonnais coastline

Age Geological formations Sampled levels Location (see Figure 1)

Cretaceous

Cenomanian Chalk Glauconious chalk at the lowermost
part of the formation

Beach between Strouanne
and Cap Blanc Nez

Aptian-Albian
sandstones

Dark-colored sandstones visible at
low tide

Strouanne beach

Jurassic

Assise de Croï Two shell-rich carbonate levels
and one marly interbed

Pointe aux Oies
(N Wimereux)

Bancs Jumeaux P1 and P2 levels and each of the
marly interbeds

Pointe aux Oies
(N Wimereux)

Argiles de la Crèche Silty marls at the very base of the
formation

Rochers du Fort Croï
(S Wimereux)

Grès de la Crèche Two green-colored marly
interbeds of the topmost part of

the formation (Tithonian)

Rochers du Fort Croï
(S Wimereux)

Argiles de Châtillon Coquina beds of the
Kimmeridgian-Tithonian

boundary and immediately
below it

North of Audresselles
(Cran du Noirda)

Argiles de Châtillon Silty marls at the base of the
formation evolving to black shales

(Kimmeridgian)

North of Audresselles
(Cran du Noirda)

Argiles de Châtillon Oyster patch reefs at the base
of the formation (the

Boundary Bed, Kimmerdigian)

North of Audresselles (Cran
du Noirda) and Cap Gris
Nez (plage de la Sirène)

See Figure 1 for their location.

the Assises de Croï Fm.: two limestone levels and a
marly inter-bed (Supplementary Figure S5).

The glauconite grains were isolated through the
following protocol. Samples were digested with HCl
to dissolve the carbonate phases before being rinsed.
Several rinses were carried out with the necessary
time for minerals heavier than clays to settle and to
be removed with the supernatant. This operation
was repeated at least 25 times, until the liquid kept
limpid. What remained in the beakers was grains of
glauconite and quartz (plus some accessory miner-
als and woody fragments). Glauconite was then sepa-
rated from quartz using a Frantz magnetic separator.
The grain size of the glauconite particles was stud-
ied using a laser beam-equipped analyzer Malvern
MasterSizer [protocol described in Trentesaux et al.,
2001]. The glauconite particles were imaged us-
ing a scanning electron microscope (SEM) equipped

with a EDS-type analytical probe. The grains were
also analysed by X-ray diffraction (XRD) to determine
their mineralogy according to the standard protocol
described in Bout-Roumazeilles et al. [1999] and Tri-
bovillard et al. [2021]. XRD was carried out on both
oriented mounts and non-oriented mounts to fully
discriminate glauconite from illite. Lastly, the ele-
mental composition (major and trace elements) of
the glauconite grains was analysed at the CNRS ana-
lytical facility: the Rock and Mineral Analysis Service
(SARM), in Vandoeuvre-les-Nancy [see details of the
analytical protocol (ICP-OES and ICP-MS) in Carig-
nan et al., 2004]. Some bulk-rock, coquina bed sam-
ples were analysed with a Thermo CHNS elemen-
tal analyser to determine the abundance of sulfur
(pyrite) in this facies.
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Figure 3. (A,B) Examples of glauconite grains from the oyster reefs. (C,D) Examples of glauconite grains
contained in the coquina beds. Note their smaller dimensions and the marked corrosion. (E,F) Thin
section observation of a coquina bed showing the dense packing of the oyster shells locally cemented
with pyrite (E; white arrow) and containing glauconite grains (F; black arrows).
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4. Results

Mineralogical analyses show that the green grains
observed in this study are all glauconite. Tribovil-
lard et al. [2021] had made this observation for chalk
samples and it can be extended to all Jurassic and
Aptian-Albian samples studied here. This seems to
be a constant of the Mesozoic sedimentary deposits
of the Boulonnais. Glauconite is almost omnipresent
in our samples, but in very contrasting proportions.
It has only been detected in quantities allowing its ex-
traction and analysis in the chalk, the Aptian-Albian
sandstones, the oyster reefs, the P1 and P2 levels,
the Assises de Croï and the lumachels. In the later,
glauconite is present but in variable amounts accord-
ing to the samples, not always allowing grain size
analysis (Figure 4 and Supplementary Figures S6–S8),
even when rock samples of 500 g are studied. These
lumachels are sometimes very rich in pyrite, seen in
the form of cement (Figure 3) and not framboids.
Their sulfur content can reach 28 wt%, which is con-
siderable. Moreover, these rocks are very hard un-
der the hammer and are difficult to fragment. It is
observed that the richer the lumachels in pyritic ce-
ment, the less abundant the glauconite; the glau-
conite grains seen are of very small size and appear
corroded when observed under the microscope (Fig-
ure 3).

In all the other samples studied, glauconite grains
are systematically present but in insignificant quan-
tities. The grain size analyzes of the samples rich in
glauconite make it possible to distinguish two cat-
egories of samples, those where the grains of glau-
conite are poorly sorted (all the samples from the
chalk and those from the oyster reefs) and those
where the grains of glauconite are well sorted (all oth-
ers; Figure 4 and Supplementary Figures S6–S8). The
poorly sorted glauconite grains are also larger in size
than the others. Regarding the samples from the As-
sises de Croï, where the glauconite is well sorted, the
limestone levels show a mode at 78 µm and 65.5 µm,
respectively, while the marly inter-bed shows a mode
at 34 µm (Supplementary Figure S7).

In the samples where glauconite is well sorted, the
grain size distribution of the quartz grains (isolated
through magnetic separation) shows an even better
sorting. See for instance the P1 and P2 samples or the
Atian-Albian samples (Figure 4). Glauconite being
usually a bit denser than quartz (2.40–2.95 g/cm3

Figure 4. Illustrations of the grain size distribu-
tion patterns for glauconite and quartz grains
of the P1 and P2 levels of the Bancs Jumeaux
Fm., the Aptian-Albian sandstones and the
Cenomanian chalk. The arrow points to a clay-
sized fraction of glauconite probably released
during grain wear induced by the measuring
device.
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Table 2. Chemical composition of 16 samples from various formations

Blue: the Jurassic samples; green: the Cretaceous ones, Aptian-Albian glauconious sandstones and
Cenomanian chalk.

versus 2.68 g/cm3), the mode of the size distribution
pattern expectedly shifts toward smaller particle sizes
for glauconite compared to quartz. This shift does
not preclude that glauconite and quartz have been
deposited simultaneously. Regarding the sandstone-
to-sandy claystone transition from the Grès de la
Crèche to the overlying Argiles de la Crèche, i.e.,
formations where glauconite is not significantly
present, a well-sorted distribution is observed for
the carbonate-free fractions of the sediments. In-
cidentally, the fallacious green color observed for
the marly interbeds of the Grès de la Crèche must
be ascribed to the presence of green clays in the
absence of glauconite, as evidenced through XRD
analysis.

Finally, the particle size analysis of the poorly
sorted samples using the Malvern apparatus shows
the presence of particles of micrometer size whereas
the extraction protocol should have resulted in their

elimination (arrow on Figure 3 illustrating the grain
size distribution). After separation and analysis
(XRD) of this very fine fraction, it appears to be made
of glauconite. We believe that these very fine parti-
cles are released during the analysis itself, by wear of
the grains circulating into the pipes of the apparatus
(see discussion below, in Section 5.3). Badly sorted
glauconites are therefore more fragile than those that
are well sorted.

The elemental analyses (Table 2) show that the
major elements have a homogeneous distribution for
all the samples studied. In particular, the K2O and
iron contents are relatively high and indicate that the
glauconites can be qualified as mature (or evolved)
or very mature (highly evolved), according to the pi-
oneering work of Odin and Matter [1981]. With K2O
concentrations exceeding 8% of the glauconite com-
position in many samples, the mineral can be said
to be highly evolved, which implies that its evolution
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may have lasted between 100 ky and 1 My, according
to Odin and Matter [1981]. The other samples anal-
ysed have K2O content above 6.8% (evolved glau-
conite). Trace elements show more contrasting dis-
tributions. The chalk samples contain more Co and
Ni than those of the Aptian-Albian sandstones and
the Jurassic samples. In contrast, the Jurassic and
Aptian-Albian samples are all enriched in As, Ge, V
and Zn compared to the chalk samples. Among the
elements sensitive to redox conditions, while vana-
dium is enriched, uranium is not and molybdenum
is below the detection limit in most samples. Fi-
nally, the distribution of rare earth element (REE)
shows that little difference is observed in the REE pat-
terns from one sample to another (Supplementary
Figure S9). An europium anomaly can be observed
on each REE pattern. Thus, REE patterns are not a
discriminating factor in the present study.

5. Interpretations

5.1. Synsedimentary versus reworked glauconite

We are faced with two contrasting logics, depending
on whether we consider the glauconites present in
the chalk of the Cenomanian or those present in the
sandstones of the Aptian-Albian or in the Jurassic de-
posits. Previous work [Amorosi and Centineo, 2000,
Tribovillard et al., 2021] showed that the glauconite of
the Boulonnais chalk responded to the typical logic
of formation: very slow sedimentation rate in the
“Chalk Sea” in connection with the great transgres-
sion of the Upper Cretaceous, prolonged exchanges
with seawater at the sediment–water interface, for-
mation of a synsedimentary glauconite rich in iron
and potassium, showing relatively large grains and
an absence of particle size sorting. The long dura-
tion of the exchanges between the seawater and the
sediment–water interface could have been caused by
the reduced flux of particles or by winnowing in-
duced by currents affecting the seabed [Giresse, 1985,
Giresse et al., 2021, see the works of and references
therein]. In contrast, the glauconite of the Aptian-
Albian sandstones and that of most of the Juras-
sic deposits studied here show smaller, well sorted
grains, which are therefore not synsedimentary but
reworked from their source zones. Glauconite being
a relatively dense mineral (d = 2.40–2.95 g/cm3, most
often 2.68 g/cm3), it cannot be assumed that the

grains were brought up from deeper or more distal
zones by ascending marine currents. More probably,
the glauconite grains must have been reworked from
more proximal source zones with an emplacement
linked to the hydrodynamics of the depositional en-
vironment [Huggett et al., 2017]. There is, however,
a Jurassic facies in which the glauconite grains are
not reworked: the oyster reefs observed at Cap Gris
Nez and Cran du Noirda at the base of the Argiles de
Châtillon Fm. Again, the grains are of relatively large
size and do not show particle size sorting (Figures 2
and 3). Many of them have the same morphology as
that of the grains observed within the chalk [Tribovil-
lard et al., 2021]. It makes sense to regard them as
syndeposit, based on the same reasoning as that used
for chalk glauconite.

5.2. Oyster patch reefs, a glauconite factory?

In the Jurassic deposits, the base of the Argiles de
la Crèche Fm. corresponds to a transgression, with
the transition from shoreface sandstones (Grès de la
Crèche Fm.) to silty marl being gradually more clayey
upward (Argiles de la Crèche Fm.). Yet, unlike the
Cretaceous chalk transgression discussed above, the
transgressive Jurassic deposits show no glauconite
enrichment. Sparse grains of glauconite are present
but in very low abundance. The carbonate-free frac-
tion is made up of quartz and clay particles (Sup-
plementary Figure S8) with the exclusion of deter-
minable glauconite.

The same logic did not prevail for the chalk and
for the Jurassic deposits; the conditions necessary for
the formation of glauconite in significant quantities
were not met during the episodes of transgression
recorded by the lower part of the Argiles de la Crèche.
The simplest hypothesis is that this detrital forma-
tion had a significantly higher sedimentation rate
than that of the Cenomanian chalk, which prevented
protracted exchanges between the sediment–water
interface and seawater. On the other hand, glau-
conite is present in very large abundance in Juras-
sic facies rich in bivalve shells: levels P1 and P2 of
the Bancs Jumeaux, some lumachels of the Argiles de
Châtillon, the beds rich in shells of the Assises de Croï
and finally, the oyster reefs at the base of the Argiles
de Châtillon. This level rich in oyster reefs (the so-
called Boundary bed) which marks the transition be-
tween the shoreface sandstones of the Grès de Châtil-
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lon and the marly to shaly Argiles de Châtillon was
studied by Hatem et al. [2016]. It is strongly impacted
by the precipitation of diagenetic limestone. If we
disregard it, we can make the same observation as
that which was made herein above for the transition
from the Grès de la Crèche to the Argiles de la Crèche:
the transgression which caused the evolution of
the deposits of sand to silty/clayey/shale deposits
was not accompanied by syn-deposit glauconite
formation.

Our results show that the glauconite of the oyster
reefs at the base of the Argiles de Châtillon, whether
at Cap Gris-Nez or Cran du Noirda, is clearly synsedi-
mentary, whereas that of the other shell-rich facies is
always reworked. This finding suggests that the reefs
were the source of the glauconite. The glauconite
formed or accumulated in the oyster reefs, and would
have been mobilized at the same time as the shells
during storms (or very strong currents), and rede-
posited in the tempestites (coquina beds) and com-
parable facies (such as the P1 and P2 levels or the
shell-rich bed of the Assises de Croï). Associations
between glauconite and oyster or lumachel reefs are
mentioned in the literature [e.g., Cloud Jr., 1955, Cur-
tis Jr., 1955, Gardner, 1957, Glenn et al., 1994, Videt,
2003, Gréselle, 2007].

Glauconite can form in living oyster reefs because
the conditions conducive to its authigenic formation
are met there:

(1) The presence of abundant organic matter (de-
caying biomass, or necromass, and fecal pellets) pro-
motes the development of low oxygen conditions
[Southwell et al., 2017]. These authors report that
oysters can withstand conditions of low oxygenation
but that then, the development of the reef is limited
by a slowed larval recruitment. However, it is com-
monly observed that suboxic conditions develop lo-
cally in such reefs. Such weakly reducing conditions
favor the formation of glauconite in which iron is
present in the form of Fe2+ and Fe3+. More strongly
reducing conditions would favor the Fe2+ form and,
in the presence of sulfide ions generated by the activ-
ity of sulfate-reducing bacteria, the precipitation of
pyritewould be observed and not that of glauconite
[Meunier and El Albani, 2007].

(2) As oyster reefs develop in coastal or estuar-
ine environments, iron may be abundant enough not
to be a factor limiting the formation of iron min-
erals [e.g., Mayer, 1982, Jilbert et al., 2018, Herzog

et al., 2020]. In addition, today’s oysters are naturally
rich in iron [e.g., Le Gall, 1948]. If this were also
true for Jurassic oysters, then reefs would have been
an environment particularly favorable to the forma-
tion of glauconite. In addition, the upward growth of
the reefs helps to combat burial and facilitates pro-
tracted exchanges with seawater, allowing time for
glauconite to grow.

In lumachels, glauconite is present but in variable
proportions, always lower than in oyster reefs. On
the other hand, pyrite is very abundant there, not in
the form of framboids but in that of cement bind-
ing the shells. The presence of this pyrite suggests
that reducing conditions may have developed in the
coquina beds in response to the activity of sulfate-
reducing bacteria feeding on the necromass of the
oysters or their excreta. The presence of iron pos-
sibly linked to oysters could have favored the for-
mation of pyrite and the conditions must have been
too reducing for glauconite to form. The ex-situ for-
mation of glauconite trapped in the coquina beds is
attested by the good grain size sorting of the green
grains and their very small size, which show that they
have been reworked (Figure 3). Additionally, recent
work by Toshchakov et al. [2018] report that bac-
teria are able to reduce glauconite in vitro. It in-
volves bacteria coupling hydrogenogenic CO oxida-
tion with the reduction of Fe3+ minerals to ensure
the production of metabolic energy [see also Shap-
kin et al., 2013, Zavarzina et al., 2016]. If this dis-
similatory reduction of structural Fe3+ from glau-
conite can be observed on the time scale of labo-
ratory analyses, this suggests that on the time scale
of diagenetic phenomena, a partial destruction of
glauconite may occur. This could contribute to ex-
plain the low presence of glauconite in the facies
of Boulonnais which underwent the most reducing
conditions. This would also explain why the glau-
conite grains in the coquina beds appear unusually
small and corroded when viewed under a microscope
(Figure 3).

5.3. In vitro wear of glauconite grains

Particle size analysis showed that some populations
of glauconite grains released extremely fine fractions
(micrometer scale) during measurement in the in-
strument (probable wear of the grains by the rapid
current inside the measuring instrument). These are
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the glauconite grains from the facies where this min-
eral was formed authigenically (syndeposit: chalk,
oyster reefs). On the other hand, the grains from
reworked deposits (coquina beds, Assises de Croï,
Aptian-Albian sands) do not show this release of
micrometer-sized particles. This observation sug-
gests that the reworked grains are more mechanically
resistant than the other, as if the reworked grains had
already lost their more fragile cortex. However, there
are a few exceptions: some samples with well-sorted
glauconite show the presence of the clay-sized frac-
tion of glauconite (Figure 4 and Supplementary Fig-
ure S7).

5.4. Redox proxy enrichments

A difference is observed in the content of elements
sensitive to redox conditions between the chalk sam-
ples and those of the other deposits (sandstones of
the middle part of the Cretaceous, Jurassic deposits).
The Cenomanian Chalk samples show a relatively
high content of As and V, but not of U or Mo, as de-
tailed by Tribovillard et al. [2021]. The present study
confirms these results and shows that the samples
other than those of the chalk are even richer in As
and V while are not enriched U and Mo. The ab-
sence of enrichment in U and Mo in minerals that
however formed under slightly reducing conditions
is explained by the absence of mineralogical sup-
port from glauconite (for U and for Mo) and the lim-
itation of sulfide ions that restricts the capture of
Mo [Tribovillard et al., 2021]. On the other hand,
V [which is a well-studied redox tracer; e.g., Breit
and Wanty, 1991, Wanty and Goldhaber, 1992, Huang
et al., 2015, Bian et al., 2022] is known to be eas-
ily incorporated into phyllosilicates during diagene-
sis/authigenesis phases [e.g., Gustafsson, 2019, Ben-
nett and Canfield, 2020, and references therein], and
As is known for its affinity for iron [Tribovillard, 2020].
However, as we know, glauconite is an iron-rich phyl-
losilicate. The presence of As and V is therefore ex-
pected, since glauconite forms under slightly reduc-
ing conditions. Moreover, these two elements can
be transferred from the water column to the sedi-
ment in the form of organo-metallic complexes, the
abundance of organic matter therefore impacts the
distribution of these two elements in the sediments
[Tribovillard et al., 2006, Tribovillard, 2020, Gustafs-
son, 2019, Algeo and Liu, 2020, Bian et al., 2022]. If

the idea that the oyster reefs were the source zone of
the glauconite of the Jurassic deposits of the Boulon-
nais is adopted, then their enrichments in As and
V, significantly higher than those of the chalk sam-
ples, would reflect that the environmental conditions
were more reducing and/or richer in organic mat-
ter in the close environment of oyster reefs than at
the time of the chalk accumulation. This interpreta-
tion is reinforced by the distribution of germanium,
a trace element substituting for silicium in silicates,
and showing some redox-dependent behavior [Tri-
bovillard et al., 2011]. The comparatively higher Ge
enrichment in the Jurassic glauconite is consistent
with the interpretation derived above using V and As.

If this result seems logical, it nevertheless shows
that the elemental composition of glauconite can be
used to reconstruct the redox conditions accompa-
nying authigenesis/diagenesis. In this case, this rea-
soning can be applied to the glauconite present in
very large quantities in the sandstones of the Aptian-
Albian at the base of the chalk. This remarkably well-
sorted glauconite was emplaced at the same time as
the quartz grains of this detrital facies. These two
phases are therefore reworked from more proximal
zones on the occasion of the initiation of the great
transgression of the Upper Cretaceous. This great
transgression followed the emersion of the Boulon-
nais [and more broadly of the whole region; Mansy
et al., 2007] that started during the latest Jurassic
[leading to the accumulation of the Purbeckian fa-
cies; Mansy et al., 2007]. The resumption of marine
sedimentation (mid-Cretaceous) induced by the re-
turn of the sea was therefore accompanied by the re-
working of glauconite from more coastal zones, even
estuaries, where the depositional conditions were to
be confined. This confinement is attested by the high
values of As, V and Ge contents, these values be-
ing the highest among those reported in the present
study.

5.5. Europium anomaly

According to Jarrar et al. [2000], the negative eu-
ropium (Eu) anomaly, commonly observed for glau-
conite, is presumably inherited from the source ma-
terial, that is, the substrate upon which the au-
thigenic growth of glauconite took place. The Eu
anomaly reflects the deficiency of this element in the
Earth’s upper crust, because Eu values low enough to
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induce europium reduction in sedimentary milieus is
seldom observed [Bau and Möller, 1991]. The REE of
glauconites are supplied by lithogenous, clastic ma-
terial, and the contribution of seawater can be con-
sidered to be minimum [Fleet et al., 1980].

6. Conclusion

This work illustrates the diversity of the places where
glauconite can form. In the Boulonnais, glauconite
is formed in relatively deep environments (the bot-
tom of the Cenomanian Chalk Sea), also formed (or
was accumulated) within sparse oyster patch reefs
of Jurassic age, and the Aptian-Albian sandstones,
linked to an incipient major transgression, collected
glauconite probably originating from shallow (estu-
arine?) environments.

In this work, the emphasis is set upon oyster patch
reefs as sites of production of glauconite. The break
up of such reefs during storms allowed glauconite to
be exported downdip basinward together with shells,
accumulating in noticeable proportions in coquina
beds or shell-rich beds.

Comparing glauconites formed in contrasting en-
vironments teaches us that their V, As and Ge con-
centrations are a tool for assessing the redox con-
ditions prevailing during authigenesis, in milieus
where these conditions were mildly reducing. As a
matter of fact, strongly reducing environments fa-
vor pyrite precipitation over, or at the expense of,
glauconite: in such environments, it may be put
forward that glauconite could be (partly) destroyed
post-deposition.
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Abstract. MIS 3 environmental conditions in Africa north of the Equator and the Arabian Peninsula
have long been controversial due to data scarcity and methodological caveats. In this paper we
compare 245 continental hydrological records and 11 long and continuous continental and marine
cores with results from the IPSL general circulation model to discuss hydrological changes between 59
and 29 ka in North Tropical Africa, North (Mediterranean) Africa and the Arabian Peninsula. Despite a
generally glacial context, wet conditions widely expanded giving place to numerous lakes, rivers and
wetlands. The major result of our study is to show that humid conditions appeared much earlier and
were more prevalent in the Arabian Peninsula than in Africa, due to the conjunction of monsoon rains
in summer and Mediterranean rains in winter. The mechanisms driving MIS 3 humidity in our study
area involve global cooling factors such as greenhouse concentrations and ice volume, which have
impacted available moisture, orbital forcing, which impacts monsoon circulation and amplitude and
sensitivity to the state of the Atlantic Meridional Overturning Circulation (AMOC).
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1. Introduction

Increasing archaeological and paleogenetic evidence
in desert areas of northern Africa and the Arabian
Peninsula shows that the period spanning the time
interval 59,000–29,000 years ago (i.e., Marine Iso-
topic Stage 3) was crucial for human history with
important migration waves of Homo sapiens from
Africa into the Arabian Peninsula and the Levant [e.g.,
Drake et al., 2013, Gracea, 2016, Timmermann and

∗Corresponding author.

Friedrich, 2016]. However, the environmental condi-
tions behind these migrations are poorly known. The
time interval corresponding to MIS 3 belongs to the
last glacial period (70–15 ka). The paucity of conti-
nental records corresponding to this period has been
interpreted as indicating the absence of wet phases
between MIS 5 and the Holocene throughout the Sa-
hara [Causse et al., 1988]. But that conclusion has
been debated ever since. Intense deflation during the
last ice age [e.g., Sarnthein, 1978] could have largely
destroyed or severely damaged lake or fluvial sed-
iments, which could have reflected climatic condi-
tions favourable to the settlement or migration of hu-
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man populations.

In addition to the paucity of paleoenvironmental
archives, there is a major methodological limitation:
due to the short half-life time of 14C (5730 years) the
radiocarbon dating method reaches its limit of use
around 50,000 years. Contamination of lake sedi-
ments by older carbon from groundwater or detrital
material, or recrystallisation process cast doubt on
the quality of the dating at the limit of the method
[Fontes and Gasse, 1989]. In recent decades, radio-
carbon dating has been complemented by the in-
creasing use of U/Th or luminecence methods for
dating continental sediments, thereby improving sig-
nificantly age reconstructions, despite the large un-
certainties that can be associated with these meth-
ods. Whenever they are available, well-dated and
continuous continental and marine records can shed
light on the chronology of climatic events which
punctuated MIS 3. However, these records are too
scarce to provide a global view of the evolution of
climatic and environmental conditions over North
Africa and the Arabian Peninsula. In particular, they
cannot address the geographical spreading and re-
traction of humid areas. Thus, to complement these
few continuous records, we also collected published
data to build a comprehensive database of well-dated
samples from wet environments (lakes, paleosoils,
river terraces, concretions and travertines). We in-
terpret the number of dated samples over 1000-year
time windows along the MIS 3 as an indicator of
humidity. The likelihood of collecting and dating
those wet paleo-environmental archives is higher for
time intervals when humid conditions prevailed over
North Africa and the Arabian Peninsula, thus result-
ing in many more sedimentation sites and higher
chances that some of these archives have reached us
despite the intense deflation of the last ice age. The
large dating uncertainties of the continental sam-
ples do not allow us to interpret the rapid variations
seen in the high-resolution continuous records, nor
to confidently discuss leads and lags between climate
indicators at different sites. Thus, the main objective
of this article is limited to (i) evaluating whether MIS
3 was drier or wetter compared to the pre-industrial
period, and (ii) comparing the climatic signals and
their evolution over three regions of the northern
hemisphere: (1) Tropical Africa, (2) North Africa and
(3) East Africa and the Arabian Peninsula (Figure 1).
Our reconstructions are compared with past climate

simulations obtained with the climate model from
IPSL (IPSLCM5A-LR) in order to discuss the forcings
and the mechanisms involved in the climate system.

2. Modern climate conditions

The monsoonal climate of tropical North Africa and
the Arabian Peninsula is characterised by seasonal
reversal of the atmospheric circulation and migra-
tion of the intertropical convergence zone (ITCZ)
associated withthe tropical rain belt. In summer,
southwesterly surface winds carry moisture from the
Atlantic and Indian oceans to the adjacent conti-
nents. Atlantic monsoon fluxes penetrate far north-
ward over northern Africa to the Tropic of Cancer
and eastward to eastern Sudan whereas the eastern-
most areas of northern Africa are mainly subjected to
the Indian monsoon influence. SW Indian monsoon
fluxes follow the southern Arabian coasts then pene-
trate eastward to southern Iran, Pakistan and western
India. In winter, the atmospheric circulation reverses
with the development of northeasterly winds blowing
toward the ocean and resulting in dry conditions over
the continents. Wet conditions are observed, how-
ever, over the Red Sea and in the Arabo-Persian Gulf
corridors owing to the penetration of Mediterranean
depressions during winter.

3. The data sets

In order to subdivide our dataset into internally con-
sistent, climate areas, three main regions have been
distinguished based on the respective influence of
tropical and Mediterranean climates. These three re-
gions are: (1) Tropical Africa (including the Eastern
Atlantic) from the Atlantic coast to the eastern border
of Sudan which encompass areas under the predom-
inant influence of summer rains from the African
monsoon, (2) North Africa influenced by winter rains
from the Mediterranean area and (3) eastern tropical
Africa (Ethiopia and Dibouti) and the Arabian Penin-
sula (including the Arabian Sea and the Red Sea),
which are influenced by the Indian monsoon, and
the Mediterranean rains. Marine records from the
eastern Mediterranean are included in sector 3 be-
cause they are influenced by the Nile River, whose
watershed includes the Ethiopian highlands.
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Figure 1. Location map of the MIS 3 dated continental records and long paleoclimatic records cited in
the text. Grey arrows indicate the strength and direction of the main 925 hPa monsoonal winds during
boreal summer (NCEP-DOE AMIP-II Reanalysis [Kanamitsu et al., 2002]). Numbers refer to (1) Tropical
Africa, (2) North Africa and (3) Eastern tropical Africa and the Arabian Peninsula. Continuous paleo-
archives from tropical Africa and eastern tropical Africa and the Arabian Peninsula are shown in Figures 4
and 5, respectively.

3.1. Continuous continental and marine records

3.1.1. Tropical Africa, including eastern Atlantic
Ocean sites

We selected long, published sequences from West
Africa to provide us with vegetation information
(pollen, plant waxes, carbon isotopes) and continen-
tal hydrology (pollen, sediments). From South to
North (Figure 2):

• Gulf of Guinea: Pollen data were used to
reconstruct phases of forest expansions
in cores GIK 16856-2 (4.805 N, 3.40167 E)
[Dupont and Weinelt, 1996] and Bambili
(5.93369 N, 10.24064 E) [Lézine et al., 2019]
located off the mouth of the Niger River and
off the nearby Cameroon highlands, respec-
tively.

• Off the Sahel and the Sahara: The per-
centage of C4 and C3 vegetation as well as
variations in continental humidity were re-
constructed from (i) marine records of the
δ13C of plant leaf waxes (n-alkanes) obtained
on core GeoB9528-3 [9.166 N, 17.6635 W,
Castañeda et al., 2009] and ODP site 659
[18.083333 N, 21.033333 W; Kuechler et al.,
2013] and (ii) the pollen content of core
V22-196 [15.83333 N, 18.95 W; Lézine and

Casanova, 1991]. Continental humidity over
the Sahara was reconstructed based on the
ratio of hemi-pelagic mud to Aeolian dust
in core GeoB7920.2 [20.7515 N, 18.581667 W;
Tjallingii et al., 2008].

3.1.2. Eastern Africa, including sites from the Indian
Ocean and the Arabian Sea (Figure 3)

• Eastern Africa: At Lake Tana in northwest
Ethiopia (12 N, 37.25 E) [Lamb et al., 2018]
the Ca/Ti ratio was used as a proxy for the
lake level change. Off the mouth of the Nile
River in the Mediterranean Sea, the Fe con-
tent of core MS27PT [31.798333 N, 29.461667
E; Revel et al., 2010] was used to infer the Nile
River discharges and wet phases in its water-
shed including the Ethiopian highlands.

• The Arabian Sea: The δ18O variations
recorded in the stalagmite M1-2 from the
Moomi Cave on Socotra Island [12.498168
N, 54.209132 E; Burns et al., 2003, 2004,
Fleitmann et al., 2004] were used to infer
past changes in precipitation in the Arabian
Sea area. Past hydroclimatic variations in the
Gulf of Aden and the Arabian Sea were also
deduced from the stable hydrogen isotopic
composition of leaf waxes from marine core
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Figure 2. MIS 3 in North Tropical Africa: From left to right (A) tree pollen percentages (Lake Bambili,
Cameroon) [Lézine et al., 2019]; (B) tree pollen percentages (Core GIK 16856-2) [Dupont and Weinelt,
1996]; (C) δ13C of plant leaf waxes (Core GeoB9528-3) [Castañeda et al., 2009]; (D) δ13C of plant leaf waxes
(Core ODP 659) [Kuechler et al., 2013]; (E) Humid Pollen Index (Core V22-196) [Lézine and Casanova,
1991]; (F) Humidity Index (Core GeoB7920.2) [Tjallingii et al., 2008]. The blue band indicates the period
corresponding to MIS 3.

Figure 3. MIS 3 in Eastern Africa and the Arabian Peninsula: (A) Lake Tana (Ethiopia) Ca/Ti ratio [Lamb
et al., 2018]; (B) Nile River record from core MS27PT Fe [Revel et al., 2010]; (C) Moomi Cave (Socotra
Island) δ18O record [Burns et al., 2003, 2004]; (D) Stable hydrogen isotopic composition of leaf waxes
from Core RC09-166 [Tierney et al., 2017]; (E) CaCO3 from Core KL70 [Leuschner and Sirocko, 2000].
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RC09-166 [12.25 N, 44.0666667 E; Tierney
et al., 2017] and the %CaCO3 profile of core
KL70 [17.5 N, 61.5 E; Leuschner and Sirocko,
2000].

3.2. Continental hydrological samples

Our data set contains 245 dated samples from lake
sediments, paleosoils, fluvial terraces, speleothems
and travertines/springs collected at 82 localities in
North Africa and the Arabian Peninsula and pub-
lished in the litterature (Figures 1 and 4; Supplemen-
tary Table 1). We also examined seventy-four dated
groundwater samples from 27 localities.

The age control is based on (i) 75 AMS and con-
ventional radiocarbon dates and Electron Spin Res-
onance dates (ESR) on lake carbonates, remains of
aquatic faunas and organic matter (ii) 61 lumines-
cence (OSL, TL, IRSL) dates on quartz grains and
(iii) 46 Uranium–Thorium (U–Th) dates on lake,
spring and speleothem carbonates. All dates are ab-
breviated ka BP.

Raw 14C dates were converted to calendar ages
using the CALIB 8.2 software [Stuiver and Reimer,
1993]. Most of these dates originate from isolated
samples or discontinuous archives, as is usual un-
der predominantly arid climate conditions [Lézine
et al., 2014]. The 14C dating of North Africa pale-
oarchives developed following the pioneering work
of Gasse [1975] in Djibouti, Street [1979] in Ethiopia
and Servant [1983] in Chad. There area total 42 14C
dates in MIS 3 paleoarchives of north tropical Africa:
Egypt (9), Chad (9), Ethiopia (4), Morocco (5), Libya
(6), Djibouti (6) and Sudan (3). In Arabia, there are 33
published radiocarbon dates, 23 in Saudi Arabia, 8 in
Oman, 1 in the United Arab Emirates and 1 in Yemen.
In Africa as in Arabia, the 14C dates are mainly from
lake (47) and river (18) sediments. There are only 5
14C dates obtained on palustrine sediments (includ-
ing paleosoils) and 8 on speleothems. Hereafter in
the text, dates were calibrated and abbreviated ka BP.

Regarding the luminescence dating method, only
dates on fluvial or fluvio-lacustrine sediments were
considered, as Aeolian (dune) sediments from arid
periods do not concern our study. It is in the Arabian
Peninsula that this method has been mostly used,
since Goodall’s work [1995] at Sabkhat Matti (United
Arab Emirates) (1 date), with 22 additional dates in
the same sector, 16 in Oman, 5 in Saudi Arabia and 1

in Yemen. In Africa, after the early work of White et al.
[1996] at Oued es Seffia (Tunisia) (1) the method has
been developed in Morocco (18), Senegal (3), Sudan
(4), Mali (4), Ethiopia (3), Egypt (2) and Libya (2).

The MIS 3 sediments dated by the U/Th method
are only from Africa (Libya, Morocco, Tunisia, Egypt
and Algeria; 46 measurements). The method was first
applied to the Wadi Shati lacustrine deposits (Libya)
by Gaven et al. [1981]. In addition, Rogerson et al.
[2019] provided an extremely detailed chronology of
MIS 3 from 35 U/Th measurements of speleothems
in Susah Cave, northern Lybia. We also put in our
database the ESR dates from the Kharga Oasis (Egypt)
obtained on fresh-water gastropod shells [Blackwell
et al., 2012].

In addition to the chronological control points
listed above, we also collected 14C and U/Th mea-
surements performed on African and Arabian
groundwaters falling within MIS 3. However, the
groundwater ages can be biased by the mixing of
groundwaters from different layers in the strati-
fied aquifers or the contributions of ancient carbon
through the dissolution of carbonate minerals or the
oxidation of old organic matter in the soil [Froehlich
et al., 2007]. While there are several ways to esti-
mate the initial 14C activity, those contamination
processes remain a major source of uncertainty.
Thus, these mesurements should be considered with
caution.

Raw data were used to construct box-plot dia-
grams (Figure 4). We also combined the dated hy-
drological archives over 1000 yr-long time windows
(Figure 7). We interpret the number of dates per in-
terval as a proxy of climate humidity (see above).

3.3. IPSL climate model simulations

We have used the Institut Pierre-Simon Laplace
(IPSL) Global Climate Model IPSLCM5A-LR
[Dufresne et al., 2013]. This model represents the
atmosphere, ocean, sea ice and land surface and
their interactions, at a resolution of 3.5° × 2.75°
in longitude × latitude for the atmosphere [LMDZ
model, Hourdin et al., 2013] and land surface [Krin-
ner et al., 2005] and of 2° for the ocean [for which
the resolution is refined in key regions, Madec, 2011].
The state of this system is computed as a function of
the following external forcings: atmospheric green-
house gases (CO2, CH4 and N2O), astronomical pa-
rameters (eccentricity, precession, obliquity) and
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Figure 4. MIS 3 continental data in the three sectors shown in Figure 1. From left to right in each
panel: the dated records and corresponding box plot calculated in the mean age (error bars excluded).
The colours correspond to the different dating methods used: U/Th in green, OSL/TL in yellow and
radiocarbon in red.

boundary conditions: continental distribution, land
ice distribution, bathymetry and topography. All
simulations were run on supercomputers Mercure
and Curie at TGCC (Très Grand Centre de Calcul du
CEA). Table 1 summarises the forcing and bound-
ary conditions for the simulations analysed in the
present work. The pre-industrial simulation (PI) is
described in Dufresne et al. [2013] and serves as a
reference simulation for past, historical and future
climate simulations.

The boundary conditions used for the Last Glacial
Maximum run presented here are described in
Kageyama et al. [2013a]. These are compliant with
PMIP3 [Otto-Bliesner et al., 2009, Braconnot et al.,
2012] recommendations, in particular in terms of
ice sheets [Abe-Ouchi et al., 2015]. The run itself is
a continuation of the LGM simulation presented in
Kageyama et al. [2013a,b], in which a continuous
0.2 Sv fresh water flux is added to the North Atlantic
and the Arctic Ocean so as to decrease the Atlantic
Meridional Overturning Circulation to a more realis-
tic LGM state (i.e. weak).

The boundary conditions used for the MIS 3 runs
are described in Woillez et al. [2014] and Le Mézo
et al. [2017]. They used smaller ice sheets than for
the LGM (ICE_6G-C 16 ky BP ice sheet reconstruc-
tions from Peltier et al. [2015] available at the time
of running, which corresponded to the same global
sea level as MIS 3), and intermediate atmospheric
greenhouse values between those known for the pre-

industrial and for the LGM, as documented by ice
cores. All these runs use the same boundary con-
ditions but differ in terms of the astronomical and
greenhouse gas forcings. The “MIS 3—strong AMOC”
and “MIS 3—weak AMOC” runs used 46 ka astro-
nomical parameters and greenhouse gas concentra-
tions while the “MIS 3 60 ka” uses 60 ka astronom-
ical parameters and greenhouse gas concentrations
[in Le Mézo et al., 2017, this “MIS 3 60 ka” simulation
is named MIS4F, it actually sits at the boundary be-
tween MIS 3 and MIS 4]. The “MIS 3—weak AMOC”
simulation is obtained by imposing a 0.2 Sv fresh wa-
ter flux into the North Atlantic and Arctic Oceans to
weaken the AMOC which is strong in the “MIS 3—
strong AMOC” simulation. Indeed, this simulation
was designed to study the sensitivity of the MIS 3 cli-
mate to the AMOC state. The AMOC ranges between
20 and 26 Sv in the MIS 3 strong AMOC run, while it
stays between 8.5 and 11 Sv in the MIS 3 weak AMOC
simulation (Table 1). We have included simulations
with a weak and a strong AMOC because MIS 3 is
characterised by AMOC instabilities which have been
shown to have an impact on the African and Asian
monsoons [Zhang et al., 2022]. Even though the
resolution of most records does not allow to depict
climate changes in relationship with the AMOC insta-
bilities, their potential impact on the recorded con-
tinental climate cannot be ignored, hence the ap-
proach of considering both states in the experimen-
tal design of the numerical experiments.
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Table 1. Summary of the boundary conditions, forcings and characteristics of the IPSLCM5A-LR simula-
tions analysed in the present work

Simulation PI LGM MIS 3—strong AMOC MIS 3—weak AMOC MIS 3 60 ka

Period 1850 21 ky BP 46 ky BP 46 ky BP 60 ky BP

Ice sheet Present PMIP3 ICE_6G-C, 16 ka ICE_6G-C, 16 ka ICE_6G-C, 16 ka

Sea level anomaly
w.r.t PI (m)

0 −120 −70 −70 −20

Eccentricity 0.016715 0.018994 0.01384268 0.01384268 0.018469

Obliquity (degree) 23.441 22.949 24.3548 24.3548 23.2329

Precession (ω—180°) 102.7 114.42 101.337 101.337 266.65

CO2 (ppm) 284 185 205 205 200

CH4 (ppb) 791 350 500 500 426

N2O (ppb) 275 200 260 260 230

Initial condition Previous piControl
simuation

Previous 1000+
year-long LGM

simulation, with
strong AMOC

Previous MIS 3
simulation under same

boundary conditions
and forcings

MIS 3 AMOC on
simulaton, year 79

Previous simulations
under same

boundary conditions
and forcings

Run duration
(years)

250 350 200 250 210

Years analysed
(since start of run)

150–249 300–349 10–189 230–249 110–209

Run reference on
supercomputer

Joliot-Curie

piControl2 years
2000–2099

lgm11f3 years
3350–3399

MS3I46K2 years
2320–2509

M3I46F02 years
2630–2649

MIS4fB6 years
3100–3199

AMOC (Sv) over the
analysed period

7–11.5 2.5–5 20–26 8.5–11

The AMOC value is defined as the maximum of the meridional overturning stream function along the 30° S vertical section. Minimum
and maximum values of the AMOC are indicated.

4. Results

4.1. Tropical Africa and North Africa

4.1.1. Long paleoclimatic records

Marine cores and long continental series from
West Africa between 5° and 20° 45 N reveal a coher-
ent picture of higher humidity during MIS 3 than
during MIS 4 and MIS 2. Such a higher humidity is
responsible for the development of plant cover and is
therefore readily seen in pollen and leaf wax records
(Figure 2). Lézine and Casanova [1991] and Cas-
tañeda et al. [2009] observed a wet period between 51
(52) and 44 (45) ka with the expansion of C3 plants in
the Sahel [Castañeda et al., 2009]. In addition, Kuech-
ler et al. [2013] noted the expansion of C4 herba-
ceous plants in the Sahara, between 61 and 40 ka
with a peak at 51 ka. High-resolution analyses show
that the climate was highly variable with significant
phases of climatic degradation punctuating MIS 3,
coeval with the Heinrich events of northern latitudes
[Tjallingii et al., 2008]. In the highlands of Cameroon

[Lézine et al., 2019], forest trees around Lake Bambili
increased as early as 53 ka and reached a maximum
between 46 and 41 ka with a peak at 43.9 ka. The for-
est phase that extended up to 30.9 ka was punctuated
by phases of disruptions at 48–46 ka (H 5), 41–39 ka
(H 4), 37–34.5 ka and then 26–30 ka (H 3).

4.1.2. Continental records

Continental data from MIS 3 are extremely rare
in tropical Africa west of Chad (Figure 1), which
gave substance to the assumption by Causse et al.
[1988] that there were no wet phases between MIS
5 and the Holocene throughout the Sahara. How-
ever, the unique 40 ± 20 a U/Th age initially mea-
sured by Gaven et al. [1981] at Wadi Shati, Southern
Libya, was later confirmed by Armitage et al. [2007]
who provided an OSL age of 52.8±6.3 ka on lake de-
posits in the same area. In Senegal and Mali, OSL
ages measured on fluvial deposits in the Falémé River
[Lebrun et al., 2017, Mayor et al., 2018] and at Oun-
joungou [Rasse et al., 2004] fall within the interval 38–



236 Anne-Marie Lézine et al.

25 ka and 52–33 ka, respectively. As expected, given
the limitations of the method and the old origin of the
data [Gasse, 1975, Street, 1979, Servant, 1983, Pachur
and Hoelzmann, 1991, Szabo et al., 1995], the radio-
carbon measurements do not extend beyond 47 ka.
Two intervals around 40 and 31 ka show a high den-
sity of dates obtained in sediments from Chad, Egypt,
Sudan and East Africa (Djibouti and Ethiopia). The
oldest ages are recorded in Chad (45 ka) and Egypt
(47 ka), while the oldest records from Eastern Africa
only date from 37.6 ka (Ethiopia) and 41 ka (Djibouti).
In Ethiopia, the 14C age provided by Street [1979] in
the Ziway-Shala Basin (31.5 ka) is of the same order
as those recently provided by Viehberg et al. [2018] at
Lake Chew Bahir by both 14C (33.8 and 37.6 ka) and
OSL methods (40, 38.6 and 37.2 ka). In North Africa
(Libya and Morocco), radiocarbon dates clearly show
two wellidentified periods: an early one in Libya at
48.5–47 ka [Gracea and Giraudi, 2006], and another
one common to both countries at 34.5–29.2 ka [Gi-
raudi, 2005, Gracea and Giraudi, 2006, Mercier et al.,
2009, Barich et al., 2010]. In addition, Occhietti et al.
[1994] note an age of 40.7 ka in the Souss river valley
(Morocco).

U/Th dating is mainly concentrated in North
Africa from Morocco to Egypt and is distributed over
the entire MIS 3. The periods where U/Th ages are
most concentrated are between 45 and 38 ka [Egypt—
Hamdan, 2000; Sultan et al., 1997, Szabo et al., 1989,
Churcher et al., 1999; Algeria—Fontes et al., 1992;
Tunisia—Causse et al., 1989, 2003; Lybia—Macklin
et al., 2002, Gaven et al., 1981; Morocco—Mercier
et al., 2009] and around 30 ka [Morocco—Boudad
et al., 2003, Mercier et al., 2009, Rousseau et al.,
2008; Tunisia—Causse et al., 2003; Libya—Barich
and Garcea, 2008, Barich et al., 2010]. In addition
to these fluviatile and lacustrine records, Rogerson
et al. [2019] published a well-dated U/Th series on a
speleothem from northern Libya showing three ma-
jor periods of speleothem growth at 56, 51 and 36 ka.

OSL dating is divided into four major groups at
53–52 ka [Mali—Rasse et al., 2004; Libya—Armitage
et al., 2007; Morocco—Mercier et al., 2009], at 47 ka
[Mali—Rasse et al., 2004; Morocco—Mercier et al.,
2009; Tunisia—White et al., 1996]; between 42 and
37 ka with a peak at 39 ka [Morocco—Mercier et al.,
2009, Weisrock et al., 2006, Thorp et al., 2002; Libya—
Macklin et al., 2002] then between 34 and 30 ka
[Morocco—Mercier et al., 2009, Weisrock et al., 2006;

Senegal—Lebrun et al., 2017; Mali—Rasse et al.,
2004].

4.2. Eastern Africa, the Arabian Peninsula and
the Indian Ocean

4.2.1. Long paleoclimatic records

In Eastern Africa and the Arabian Peninsula, the
Ca/Ti ratio at Lake Tana [Lamb et al., 2018] clearly
shows two phases of high lake level at 54 ka and then
between 42 and 31 ka, which is consistent with the
periods of strong Nile River discharges recorded in
core MS27TP between 60 and 50 ka and then between
38 and 30 ka [Revel et al., 2010]. A wet period between
53.4 and 40.4 ka also isat the origin of the formation
of the Moomi stalagmite on Socotra Island [Burns
et al., 2003, 2004]. This early humid phase is also
recorded in core RC09-166 showing two wet phases
in the Gulf of Aden, between 57.7 and 50.8 ka, then
around 41.9 ka [Tierney et al., 2017].

In detail, high-resolution studies of the Arabian
Sea [KL70—Leuschner and Sirocko, 2000; Moomi
Cave—Burns et al., 2003, 2004] show that environ-
mental variability during MIS 3 is consistent with the
Greenland δ18O ice record. In these high-resolution
records, Dansgaard–Oeschger cycles and Heinrich
Events were identified and H 4, in particular, revealed
a strong peak in wind activity in the Red Sea [Rohling
et al., 2008].

4.2.2. Continental records

Regarding continental data, early studies in Ara-
bia, since McClure [1976] [in e.g., Sanlaville, 1992,
and reference therein], provided radiocarbon dates
for MIS 3 lacustrine deposits distributed across the
Peninsula between 18 and 31° N and ranging from
40.5 ka at Mundafan [McClure, 1976] to 27.7 ka at
Harrat Nawasif [Zötl, 1984]. The 14C ages obtained
on speleothems from Oman by Clark and Fontes
[1990] also fall within this interval and range from
39.2 to 29.3 ka. However, most of these 14C dates
have probably been subject to contamination pro-
cesses by younger 14C that would have resulted in
considerable age rejuvenation. At Mundafan (Saudi
Arabia), Rosenberg et al. [2011] obtained OSL dates
that challenge the older 14C measurements from Mc-
Clure [1976, 1978] and place the Pleistocene Lake of
Mundafan during MIS 5.
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Figure 5. Mean seasonal cycle of continental precipitation (mm/month) over regions 1, 2 and 3, as
simulated by the IPSLCM5A-LR climate model for the five sets of forcings and boundary conditions
summarised in Table 1. The results for months 13 to 18 replicate those for months 1 to 6, in order to
better show the seasonal cycle for region 2, which peaks during the winter season.

OSL ages on fluvio-lacustrine sediments indicate
humid environmental conditions between 61–55 ka
around the Aqaba paleolake (UAE) [Parton et al.,
2013]: and between 59–42 ka at Wadi Mistal (Oman)
[Hoffmann et al., 2015]. However, younger ages span-
ning the radiocarbon period are also recorded in the
easternmost sector of the Arabian Peninsula in Al Ain,
Liwa [Glennie and Singhvi, 2002] (31 ka) and Jebel
Faya [Bretzke et al., 2013] (34 ka) as well as in south-
ern Oman, in the Dhofar region [Rose et al., 2019]
(30 ka) and in Yemen at Wadi Dawan [Amirkhanov,
2020] (33 ka).

4.3. Model simulations

The results of the IPSLCM5A-LR climate model sim-
ulations show that for all the conditions summarised
in Table 1, the seasonal cycles of continental pre-
cipitation are characterised by a summer, monsoon-
related peak for sectors 1 and 3, which contrasts with
no precipitation in December and January, while
for sector 2, the cycle is dominated by a wet win-
ter and a dry summer, which still receives some
rain.

For all sectors, the amplitude of the wet season
is strongly sensitive to the boundary conditions and
forcings for the different periods. The driest period is
the LGM for all three sectors. In Tropical Africa (sec-
tor 1) the precipitation values for the MIS 3—weak
AMOC run are close to the PI values, peaking at about
80 mm/month, whereas the MIS 3—strong AMOC
run and the MIS 3 60 ka run are much larger than
the PI values, in particular during spring and sum-
mer. The peak value for the MIS 3 60 ka run reaches

more than 100 mm/month. The largest differences
with the PI control simulations are for the month of
June, for which the precipitation doubles in MIS 3
60 ka compared to PI (Figure 5). This corresponds
to a northward extension of the monsoon region, in
particular for the MIS 3 strong AMOC and MIS 3 60 ka
simulations (Figure 6).

For East Africa and the Arabian Peninsula (sec-
tor 3) all MIS 3 simulations show wetter conditions
than for PI, from June to August for the MIS 3 strong
and weak AMOC runs, and all year round for the MIS
3 60 ka run. The MIS 3 strong AMOC simulation
shows a lengthening of the precipitation season un-
til November. The MIS 3 60 ka results are much wet-
ter than for all other simulations, with a maximum
at 50 mm/month for August, w.r.t. between 20 and
30 mm/month for the other MIS simulations, less
than 20 mm/month for the PI run and less than 10
mm/month for the LGM run. These wetter condi-
tions in the MIS 3 simulations are due to a north-
ward extension of the monsoon region on both sides
of the Red Sea and the southern part of the Arabian
Peninsula, as well as a southward extension of the
rainbelt extending eastward from the Mediterranean
Sea, which results in wetter conditions in the north-
ern part of the Arabian Peninsula (Figure 6). This
corresponds to autumn and winter precipitation (not
shown).

Over North Africa (sector 2), the precipitation sea-
sonal cycle is dominated by fall, winter and spring
rainfall (Figure 5). The maxima are reached in De-
cember, with values of 8 mm/month for the PI run,
between 10 and 11 mm/month for MIS 3 strong and
weak AMOC and between 11 and 12 mm/month for



238 Anne-Marie Lézine et al.

Figure 6. Number of months, in the average seasonal cycle of continental precipitation, with precipita-
tion larger than 3 mm/month. The results are shown in absolute value for the PI simulation (top left) and
as anomalies with respect to this reference for all other simulations.

Figure 7. Number of dated records (vertical axis) of humidity during MIS 3 by 1000-year time steps. Ages
are considered with their error bars (horizontal axis) in the three sectors shown in Figure 1. Underground
waters are not shown in this figure.
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MIS 3 60 ka. In addition to showing the strongest win-
ter values, MIS 3 60 ka also displays the longest rainy
season in spring. The spring season is the one for
which there are most differences between the simu-
lations, with low values for LGM and PI, and higher
and higher values for MIS 3 weak AMOC, MIS 3 strong
AMOC, and maximum values for MIS 3 60 ka. This
longer duration of the rainy season is also illustrated
in Figure 6.

5. Discussion

Despite the scattered nature of the records and the
large chronological uncertainties, continental sedi-
ment dating and long paleoclimate series allow us to
identify several key aspects:

(1) Numerous indicators of wetness (lakes, playas,
rivers. . . ) are recorded in Africa north of the Equator
and in the Arabian Peninsula during MIS 3.

(2) A clearly differentiated distribution of these hu-
mid indicators is observed between sector 3 (Eastern
Africa and the Arabian Peninsula), on the one hand
and the two other sectors of Tropical Africa (sec-
tor 1) and North Africa (sector 2), on the other hand
(Figure 7).

• In sector 3 the onset of humid conditions
during MIS 3 occurred earlier than in sec-
tors 1 and 2, starting at 64 ka in Eastern
Arabia and about 10 ka later in tropical and
North Africa. Wet conditions were also prob-
ably more intense during the first half of
MIS 3, as shown by the number of dated
records. These wet conditions lasted until
the end of MIS 3. These results are consistent
with previous observations from Preusser
et al. [2002] who noticed the absence of ae-
olian remobilisation in the “Wahiba sands”
area (Oman) between 64 and 22 ka reflect-
ing a long, wet period. At Lake Chew Bahir
(Ethiopia), Viehberg et al. [2018] also noticed
a long period of climatic stability between
58 and 32 ka allowing the maintenance of a
lake despite intense evaporation. Although
our study shows that humid indicators were
continuously present throughout MIS 3, this
period was climatically far from stable. Two
periods of marked humidity emerge: (1) an
early wet phase is attested by the peak of

OSL-dated records between 59 and 48 ka;
(2) a second wet phase is revealed by the dis-
tribution of 14C records from both Eastern
Africa and the Arabian Peninsula between
42 and 29 ka with a maxium between 39
and 34 ka. This second wet phase is con-
firmed by 14C ages on groundwaters at Liwa
(South-Eastern Arabian Peninsula) starting
from 43 ka and peaking ca. 30 ka [Wood and
Imes, 1995]. These results are also consis-
tent with the Lake Tana (Ethiopia) and the
eastern Mediterranean records [Lamb et al.,
2018, Revel et al., 2010, Langgut et al., 2018]
which reveal two periods of enhanced hu-
midity in eastern Africa and the Levant at
54 ka (56–44) then between 42 and 30 ka,
bracketing a dry period peaking ca. 44–42 ka.
Marine cores from the Arabian Sea and the
Red Sea (KL11 and 70KL), as well as the Soco-
tra stalagmite show that climatic variability
also occurred at a shorter timescale, resulting
in a succession of wet and arid periods that
seem to mimic Dansgaard/Oeschger events
at high latitudes although chronological un-
certainties do not currently allow to correlate
them unambiguously [Svensson et al., 2008].

• In Tropical Africa and North Africa (sectors 1
and 2) there is a near absence of dated wet
records prior to 53 ka (Figure 7).

• In North Africa, the number of OSL and U/Th
dates increases steadily after 52 ka, reach-
ing a peak between 42 and 37 ka (OSL) and
36–32 ka (U/Th). Radiocarbon dates, in lim-
ited number, show two humid periods be-
tween 51 and 44 ka and then between 35 and
29 ka. These results are consistent with U/Th
measurements from Susah Cave in northern
Libya [Rogerson et al., 2019]. This record
shows that humid conditions started from
53 ka and that the major phase of speleothem
growth was dated from 36 ka that closely
corresponds to the last period of aquifer
recharge in northern Africa [Edmunds and
Wright, 1979, Guendouz et al., 1997, Abouel-
magd et al., 2014].

• In Tropical Africa, two peaks of humidity
are distinctly identified: the first peak is
revealed by U/Th and OSL-dated continen-
tal deposits at Wadi Shati and in Egypt/Sudan
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between 47 and 37 ka, the second peak is ob-
served in the distribution of OSL-dated de-
posits in Senegal and Mali between 36 and
30 ka, consistent with the 14C records in both
Chad and Egypt/Sudan. These results are
consistent with groundwater records, which
show two major phases of aquifer recharge
between 55 and 42 ka in Eastern Egypt, [Sul-
tan et al., 1997, Osmond et al., 1999] and in
the Taoudenni basin [Huneau et al., 2011]
then between 39 and 29 ka in Niger [Dodo
and Zuppi, 1999], Burkina Faso [Huneau
et al., 2011], Nigeria [Edmunds et al., 1998]
and Egypt [Patterson et al., 2005, Froehlich
et al., 2007]. The long sedimentary series
from the Sahara and Sahel reveal an increase
in humidity and vegetation cover between
about 55-53 and 42 ka, coeval with a re-
duced Aeolian circulation over the Sahara
[Core MD03 2705—Matsuzaki et al., 2011].
Near the equator, this wet period lasted un-
til 30 ka, albeit to a lesser degree. There were
several variations responsible for the degra-
dation of the forest cover. They are coeval
with Heinrich events in northern latitudes (H
5, 4 and 3). High amplitude climate variabil-
ity in the eastern Atlantic domain during MIS
3 is moreover confirmed by Tjallingii et al.
[2008].

(3) Modelling results are broadly consistent with the
data showing a wet MIS 3 in all three sectors, despite
the fact that this period was globally colder and drier
than the pre-industrial period. In fact, favourable
obliquity (for MIS 3 strong and weak AMOC runs) or
precession parameter (MIS 3 60 ka) outweigh the im-
pact of these globally colder and drier environment
and favour strong monsoons both over West Africa
and East Africa and the Arabian Peninsula. This con-
firms results obtained by other models for periods
close to those analysed here [e.g. Jennings et al., 2015,
Singarayer and Burrough, 2015]. The impact of the
AMOC strength is clearly visible for both regions,
a strong AMOC being favourable to stronger mon-
soon. This was already shown in several earlier works
performed with different types of climate models,
e.g. Tjallingii et al. [2008] with the CLIMBER Earth
System Model of Intermediate Complexity (EMICs),
or in the review by Kageyama et al. [2013a,b], based

on Global General Circulation models and EMICs.
Compared to these works, the simulations presented
here, performed with a GCM for different periods
within MIS 3, are either more detailed [compared to
Tjallingii et al., 2008] or using a more realistic set up
for MIS 3 [the experiments analysed by Kageyama
et al., 2013a,b used the Last Glacial Maximum as a
reference]. Singarayer and Burrough [2015] insist on
multiple factors forcing the response of the African
monsoon. This is also the case here, with the com-
bined effects of the orbital parameters, ice sheet state
and AMOC state which result in the MIS 3 simula-
tion with a weak AMOC showing wetter conditions
than for the pre-industrial, for instance. The condi-
tions at the start of MIS 3 are particularly favourable
to both monsoons too, in particular for East Africa
and the Arabian Peninsula, as found by the previ-
ous studies cited above. This brings an explanation
for the record of wet conditions for this period com-
piled here. For Tropical Africa, the model simulates
slightly wetter conditions for the beginning of MIS
3 than for the middle of this period, but the differ-
ences between the periods are not as large as for East
Africa and Arabia. In North Africa, the reasons for
MIS 3 being wet are associated with a strengthening
of the winter rain and an extension of the rainy sea-
son over spring for the wettest periods (MIS 3 strong
AMOC and beginning of MIS 3). This could be due
to a southern position of the mid-latitude jet stream,
which would have to be confirmed by further analy-
ses. All in all, these simulations offer possible expla-
nations for the recorded wet conditions over tropical
Africa, northern Africa, East Africa and the Arabian
Peninsula during MIS 3. Additional feedbacks (e.g.
vegetation and lake cover) could enhance the sim-
ulated response to astronomical parameters, green-
house gas and ice sheets depicted by the simulations
shown here.

6. Conclusion

Our results show that, contrary to what had been
concluded in previous studies, MIS 3 was a rela-
tively wet period in tropical Africa, North Africa and
the Arabian Peninsula compared to MIS 4 and MIS
2. This brings important environmental constraints
when trying to understand the migratory waves of
Homo sapiens from Africa to the Arabian Peninsula
and the Levant. Our results show in particular that
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there are significant differences between regions,
with a clear East–West contrast. The most striking
breakthrough of our study is to show that eastern
tropical Africa and the Arabian Peninsula were par-
ticularly humid from the end of MIS 4 already, thus
well ahead of the humidification that took place over
western Africa.

Numerical simulations are in agreement with the
data and make it possible to specify the processes at
work. From a hydrological point of view, MIS 3 in the
Arabian Peninsula is characterised by a lengthening
of the rainy season due to the combined effects of
the Indian monsoon and Mediterranean depressions.
These evolutions are, in the first place, linked to the
orbital forcing. Model results suggest that precession
had a major impact on monsoon intensity through
its control of the northern hemisphere, low latitude
summer insolation. But the simulations also suggest
that obliquity may have played an important role as
well, through its impact on the AMOC. The available
data do not currently allow us to test this hypothesis
but the question of AMOC impact on the precipita-
tion dynamics during MIS 3 will have to be addressed
in the years to come.
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