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Abstract The “underfilled trinity” model of foreland-basin stratigraphy was proposed based on the
observation that the initial sedimentary stages along the western and northern front of the western and
central Alps were represented by shallow-water carbonates (Calcaires a Nummulites) overlain by hemipelagic
marls (Marnes Bleues) and capped by siliciclastic turbidites (Gres d’Annot). Subsequently, this model has been
widely accepted and applied in foreland basins worldwide. We here re-investigated the Eocene-Oligocene
sedimentary succession of the Western Alps to check its validity. Major geological features of this region
include: i) the existence of a Cretaceous-Eocene unconformity spanning more than 25 Myr in the studied
sections; ii) a virtually synchronous age of the Calcaires a Nummulites, Marnes Bleues, and Gres d’Annot
formations across the Western Alps; iii) a long-term deepening-upward trend, from inner to outer ramp,
documented by the Calcaires a Nummulites, followed by the pelagic Marnes Bleues and by the Gres d’Annot
turbidites; iv) the provenance of the Gres d’Annot Formation from the Maures-Estérel Massif and/or Corsica-
Sardinia block in the south, rather than from the Alpine orogen in the east. By integrating field observations,
sedimentological, biostratigraphic, and provenance analyses, we found the Eocene “underfilled foreland”
model too simplistic and inadequate to explain the basin evolution in the western Alpine region. Based on the
alternative scenario proposed herein, the Annot and Barréme basins formed in the late Eocene (40-35 Ma) in an
extensional/transtensional setting during a period of major change in tectonic stress fields across western
Europe on the upper plate of the Apennine subduction.
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1. Introduction

Whenever plates converge and two continental
margins come into contact, a subsiding foreland basin
is formed on top of the subducting plate along the
front of a nascent collisional orogen (Dickinson, 1974).
In most current tectonic models, foreland-basin sub-
sidence is principally seen as an effect of lithospheric
flexure in response to the orogen's load (Beaumont,
1981; DeCelles and Giles, 1996), although dynamic
forces associated with plate subduction are generally
dominant (Sinclair and Naylor, 2012; Garzanti et al.,
2021).

The stratigraphic evolution of a foreland basin was
classically subdivided into an early underfilled stage of
deep-marine sedimentation (‘flysch’), followed by a
late overfilled stage, characterized by coarser-
grained, shallow-marine to non-marine clastic sedi-
ments (‘molasse’) (Covey, 1986; Heller et al., 1988;
Allen et al., 1991). Largely based on studies of the
Cenozoic foreland-basin succession of the western and
northern central Alps in France and Switzerland, the
initial underfilled stage has been subdivided into three
substages (the underfilled trinity of Sinclair, 1997).
Such a broad three-fold subdivision of depositional
modes would correspond to three distinct stratigraphic
units, envisaged as being superimposed in a typical
foreland-basin succession and consisting of (from
bottom to top): 1) shallow-water carbonates deposited
on the foreland margin of the basin; 2) hemipelagic
muds deposited offshore; and 3) siliciclastic turbidites
accumulating in the deep-water trough adjacent to
the orogenic margin of the basin.

Based on such a concept proposed for the Cenozoic
foreland basin of the Western Alps, the rates of thrust
advance and basin-fill migration were calculated and
tested by numerical modelling (Ford et al., 1999; Allen
et al., 2001; Kempf and Pfiffner, 2004). This contrib-
uted to validating the underfilled trinity hypothesis,
which has been applied since then in the study of
foreland basins worldwide. Examples include the
Miocene basin in the Arabia-Anatolia collision zone of
SE Turkey (Boulton and Robertson, 2007), the Triassic
Sichuan Basin in front of the Longmenshan in western
China (Li et al., 2003), the Paleogene Himalayan
foreland basin in Tibet (Zhang et al., 2012), the Eocene
south-Pyrenean basin in Spain (Huyghe et al., 2012),
and the Neogene foreland basin in western Taiwan (Yu
and Chou, 2001).

However, such a rigid conceptual scheme adapts
poorly to other foreland-basin systems. In the Hima-
layas, for instance, the rapid transition from trench

deposits to deep-water turbidites fed from the Asian
upper-plate margin is documented in middle Paleo-
cene successions deposited on the toe of the lower-
plate Indian passive margin (e.g., Sangdanlin and
Mubala sections described in DeCelles et al., 2014; Hu
et al., 2015, 2016; An et al., 2021; Liu et al., 2021).
Such a transition is justified because the foreland basin
initially originated at the site occupied by the Neo-
tethyan trench during the previous phase of oceanic
subduction (DeCelles et al., 2014). Deep-water sedi-
mentation, however, ceased only a few Myr after
collision onset and, starting from the early Eocene
until the present day, the Himalayan foreland basin
hosted only fluvio-deltaic to continental molassic de-
posits (Garzanti, 2019a and references therein).

Because numerous variables control natural phe-
nomena, every geodynamic setting is characterized by
peculiarities associated with rheologies, geometries,
and stress fields that inevitably differ from place to
place. It is thus always necessary, although seldom
straightforward, to filter what is specific to a local re-
gion from processes of broader significance. With this in
mind, we have revisited the well-studied Paleogene
outcrops beautifully exposed in the Western Alps, to
verify whether the stratigraphic observations and in-
ferences made in the past, including the underfilled
trinity hypothesis, can be indeed considered as a valu-
able tectono-stratigraphic model for foreland basins
worldwide or, instead, whether, and to what extent, the
significance of aspects unique to that sedimentary basin
have been unduly stretched and erroneously considered
of universal validity (Schumm, 1998).

This article aims to re-investigate the classic
Eocene-Oligocene succession of the Western Alps,
illustrated by an original set of integrated field ob-
servations and sedimentological, biostratigraphic, and
provenance data. The tectonic nature of the Eocene-
Oligocene sedimentary basin is finally discussed.

2, Geological framework

2.1. The Western Alps

The Alpine collisional orogen formed during
Cretaceous-Cenozoic convergence between the Euro-
pean continent and the Adria microplate that culmi-
nated in the Paleogene, with the final closure of the
intervening Alpine branch of the Neotethys Ocean
(Schmid et al., 1996; Stampfli et al., 1998; Handy et al.,
2010). The Western-Central Alps transect consists of
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Fig. 1 Simplified geological map showing the studied Eocene-Oligocene sedimentary basins and the Cretaceous deep-water basin near
Badalucco in the Western Alps (modified from Sinclair, 1997). The rectangle in Fig. 1A outlines the study area, enlarged in Fig. 1B. AN-Annot;
AR- Argens; BR-Barréme; CL-Chaluty; CP-Champsaur; DB-Dome de Barrot; EV-Entrevax; GC-Grand Coyer; GL-Gialorgus; MT-Menton; QC-
Quatre Cantons; PC-Peira Cava; PY- Peyresq; SA-St Antonin; Re-Realdo. The lithostratigraphic units in the section from A to B can be

found in Fig. 4.

several tectonic domains, which include, from south-
east to northwest (Fig. 1; Schmid et al., 2004; Garzanti
et al., 2004): i) the basement and cover strata of the
Southern Alps; ii) the Insubric Line and associated
Eocene-Oligocene magmatic rocks (Periadriatic Zone);
iii) the Dent Blanche Nappe and Sesia-Lanzo Zone
(Austroalpine units); iv) the Piemontese metaophiolites
and remnant-ocean turbidites (Penninic oceanic
nappes); v) the Brianconnais Zone, the Internal Pen-
ninic massifs, and the Lepontine Dome (Penninic con-
tinental nappes); vi) the External massifs with their
sedimentary covers (Dauphinois-Helvetic Zone).

The Southern Alps expose a complete lithospheric
section of the Adriatic continental margin (Garzanti
et al., 2006), including lower crustal gabbros and up
to granulite-facies metasediments of the Ivrea-
Verbano Zone, amphibolite-facies metasediments of

the Variscan basement, Permian volcaniclastics and
conglomerates, Triassic carbonates, and Jurassic to
Eocene deep-water strata (Gaetani et al., 1998;
Muttoni et al., 2005). In close association with the
Insubric (Periadriatic) Fault, a major retro-thrust ac-
commodating the dextral transpression between
Europe and Adria (Schmid et al., 1989), a series of
tonalitic-granodioritic plutons were intruded around
32-30 Ma (von Blanckenburg et al., 1998; Ji et al.,
2019). The Austroalpine Sesia-Lanzo Zone contains
albite gneisses, eclogitic garnet-micaschists and glau-
cophanites (Compagnoni et al., 1977), whereas the
Dent Blanche Nappe includes granulite-to amphibolite-
facies basement rocks, upper Paleozoic meta-
granitoids, and a thin cover of Mesozoic carbonates
with greenschist-facies Alpine overprint (Desmons
etal., 1999).
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The Penninic continental nappes represent the
remnants of the hyper-extended European margin
(Manatschal and Bernoulli, 1999) subducted to various
depths during the early collisional stage. Blueschist
and eclogite-facies metamorphism up to ultrahigh-
pressure conditions characterize the Brianconnais
basement and the Internal Penninic massifs, respec-
tively (Compagnoni et al., 1995). The Piemontese Zone
includes a structurally lower unit of eclogitized
ophiolites with greenschist-facies overprint, and an
upper unit of calcschists with sparse ophiolite bodies
(Lemoine and Tricart, 1986).

In western Liguria, thrust sheets of the Upper
Cretaceous turbidites overlying mudrocks locally
including ophiolitic slivers display westward-
decreasing anchimetamorphic overprint (Di Giulio,
1992). One of these units, deposited in the
Piedmont-Ligurian oceanic basin during the Campa-
nian to Maastrichtian, is the >250 m-thick Bordighera
Sandstone. This unit, underlain by deep-water
mudrocks of the San Bartolomeo Formation, mainly
consists of medium-to thick-bedded, medium-grained
to gravelly turbidites and is overlain by the San Remo
calcareous turbidites (Muller et al., 2017, 2018).

The Internal Penninic massifs consist of
amphibolite-facies gneisses and schists intruded by
upper Paleozoic granitoids (Dal Piaz and Lombardo,
1986). The Brianconnais Zone includes Variscan base-
ment overlain by the Carboniferous conglomerates
with coal lenses, the Permian to Triassic meta-
conglomerates, quartzites, carbonates and evapo-
rites, and the Jurassic-Palaeocene pelagic sediments
(Lemoine et al., 1986; Desmons, 1992).

The External massifs are inverted listric wedges of
European basement, including Variscan or older orthog-
neisses, migmatites, and amphibolite-facies metasedi-
ments, intruded by granites (von Raumer et al., 1999).
Their sedimentary cover, including the Permian clastic
rocks and Mesozoic carbonates overlain by Eocene
nummulitic limestones and turbidites, displays mostly
very-low-grade Alpine overprint (Oberhansli et al.,
2004). The Alpine fold-thrust belt is flanked to the
north by the Swiss molasse basin, where Alpine detritus
accumulated throughout the Oligo-Miocene (Homewood
etal., 1986; Schluneggeretal., 1997), and to the west by
a series of basins (Dumont et al., 2012), the stratigraphy
of which is described below.

2.2. Stratigraphy of the study area

Scaglia-facies marly limestones are widely distrib-
uted in the Annot-Peira Cava areas in the French Alps.
These pelagic strata, dated as Late Cretaceous by
planktonic foraminifera (Ravenne et al., 1987), are

truncated by a regional angular unconformity gener-
ally interpreted as related to the onset of continental
collision and consequent transition from passive-
margin to foreland-basin sedimentation in front of
the nascent Alpine orogen (Gupta and Allen, 2000).
This unconformity was modelled as having been caused
by flexural uplift of a forebulge above sea level in
response to thrust loads (Jordan and Flemings, 1991;
Allen et al., 1991; Crampton and Allen, 1995).

Between the Eocene and the Miocene, different
sedimentary basins with distinct depocenters developed
along the western front of the French Alps. In the Annot-
Peira Cava area, the Cretaceous pelagic limestones were
unconformably overlain (Fig. 3B and C) by alluvial con-
glomerates (“Infranummulitique”, Poudingues
d'Argens, or Microcodium Formation) (Fig. 3D and E),
followed by nummulitic limestones (Calcaires a Num-
mulites), offshore Globigerina marls (Marnes Bleues),
and turbiditic sandstones (Grés d’ Annot; Ravenne et al.,
1987; Callec, 2004) (Fig. 3F and G; Fig. 4).

Numerous biostratigraphic studies on these three
units reported rich, age-diagnostic fossiliferous as-
semblages including planktonic and larger benthic
foraminifera, and calcareous nannofossils (Martini,
1971; Campredon, 1977; Sztrakos and du Fornel,
2003; Callec, 2004; du Fornel et al., 2004). Paleo-
gene sedimentation in the Alpes Maritimes and Alpes
de Haute Provence regions began with the continental
Microcodium Formation overlain by the Cerithium
layers, the Calcaires Nummulitiques and the Marnes
Bleues, overlain in turn by the turbidites of the Gres
d’Annot (Sztrakos and du Fornel, 2003). Sedimentation
started in the Nummulites perforatus Zone (NP) close
to the base of the Truncorotaloides rohri Zone (P 14),
and ended in the Cassigerinella chipolensis—
Pseudohastigerina micra Zone (P 18) and in the NP21
nannoplankton Zone documented in the upper part of
the Grés d’Annot. More biostratigraphic markers
allowed a refined local biozonation (biozones AMP 1 to
AMP 7; Sztrakos and du Fornel, 2003) and four local
zones were additionally defined by the last occurrence
of Nummulites millecaput and N. perforatus—N. ptu-
khiani, and by the first appearance of Nummulites
retiatus (AMGF 1—4) (see Fig. 2).

The Middle Eocene-Lower Oligocene deepening-
upward succession has been classically interpreted as
being deposited in a foreland basin that subsided under
the load of the growing Alpine fold-thrust belt (Evans
and Elliott, 1999), and thus baptized as the “under-
filled trinity” by Sinclair (1997). In foreland-basin
models, such underfilled trinity was considered as
the typical basal part of the succession deposited at a
time of limited siliciclastic supply from the developing
orogen.
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Fig. 2 Lithostratigraphic framework for the Barréeme, Annot, Puget-Theniers, Quatre Cantons, Peira Cava, and Realdo sedimentary basins
(modified from Sztrakos and du Fornel, 2003). Subdivision of “Units” and “Sequence” for the stratigraphy refers to Sztrakos and du Fornel
(2003). Abbreviations: Aqui. = Aquitanian; Chat. = Chattian; infranumm = infranummulites.

In the Late Oligocene, the main depocenter
migrated westward to the Barréme Basin (Figs. 1 and
2), where the Marnes Bleues were conformably fol-
lowed by deltaic sandstones and conglomerates (Gres
de Ville, Conglomérats de Clumanc, and the coeval
Gres de Senez and Conglomérats de Saint-Lions; Evans
and Elliott, 1999). These units were unconformably
overlain by coarser fluvial clastic rocks, including the
Série des Gres Verts at the top, and collectively
termed “molasse” (Joseph et al., 2012).

In the Barréme Basin, the Gres de Ville was assigned
to the Early Oligocene P20 planktonic foraminiferal
zone (~30 Ma; Callec, 2001). Sole marks and current
ripples indicate NNE/NNW-directed paleocurrents
(Stanley, 1961). The overlying succession varies notably
from north to south. Biostratigraphic data constrain the
Conglomérats de Clumanc in the north as late Rupelian
in age (P20 and P21 planktonic foraminiferal and NP24
nannoplankton zone). The unit, containing indicators of
westward palaeocurrents, displays a progressive

upward increase of orogenic detritus, long considered
as derived from internal Alpine units (Gubler, 1958),
and of andesitic detritus, considered as supplied by the
Saint-Antonin volcanism dated between 31.0 Ma
(Féraud et al., 1995) and 29.4 Ma (Montenat et al.,
1999). The Conglomérats de St-Lions, deposited in the
middle of the Barréme Basin, indicate southward
paleoflow (De Graciansky et al., 1982; Evans and Elliott,
1999) and contain pebbles suggesting provenance from
internal Alpine units (Bodelle, 1971; Evans and Mange-
Rajetzky, 1991). In the south, the Gres de Senez are
interpreted as northward-prograding shoreface de-
posits. This marine unit is unconformably overlain by a
continental succession including the Molasse Rouge, the
Série Saumon, the Série Grise, assigned to the late
Chattian (latest Oligocene), and finally by the fluvial
Série des Gres Verts containing ultramafic rock frag-
ments (Graciansky et al., 1971). The Barréme Basin is
generally interpreted as an overfilled piggy-back basin
developed in the Early Oligocene, when the Gres
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locations (from A to B) are found in Fig. 1.

d'Annot was already accreted to the fold-thrust belt
(Joseph et al., 2012).

3. Methods

3.1. Sampling

The studied Upper Cretaceous to Cenozoic sedi-
mentary successions of the Western Alps are exposed
in the Annot, Barréme, St. Antonin, and Peira Cava
basins in SE France, and in the Realdo and Badalucco
basins in NW Italy (Fig. 1). Six stratigraphic sections
of the Calcaires a Nummulites were logged and sys-
tematically sampled for biostratigraphic and
microfacies analysis, including the Sauzeries section

in the Barréme Basin (16 samples), the Peyresq
section (9 samples) and the Coulomp River section
(50 samples) in the Annot Basin, the La Rochette
section in the St. Antonin Basin (5 samples), the D73
section in the Peira Cava Basin (37 samples), and the
Realdo section in the Realdo Basin (>40 samples).
Siliciclastic rocks sampled for provenance analysis
include the Upper Cretaceous Bordighera Formation
Sandstone (Fig. 3A) in the Badalucco Basin, the Gres
d’Annot in the Annot, St. Antonin and Peira Cava
basins, and the Gres de Ville, Conglomérats de Clu-
manc, Gres de Senez, Conglomérats de Saint-Lions,
and Seérie des Gres Verts in the Barréme Basin. In-
formation on measured stratigraphic sections and
sampling localities with GPS positions are given in
Appendixes Table S1.
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3.2. Biostratigraphy and carbonate
microfacies

Larger benthic foraminifera (LBF) were determined
based on their characteristically complicated endo-
skeleton (BouDagher-Fadel, 2018) from more than 150
randomly thin-sectioned samples. Planktonic forami-
niferal (PF) biostratigraphy in thin section was based
on the zonation of BouDagher-Fadel (2015), correlated
with the LBF zones (Shallow Benthic Zonation, SBZ) for
the Paleogene of the Western Tethys (Serra-Kiel et al.,
1998, 2020) and calibrated according to the chro-
nostratigraphic chart of Cohen et al. (2013).

Carbonate and mixed siliciclastic—carbonate rocks
were classified based on Dunham (1962), Embry and
Klovan (1971), and Mount (1985). Microfacies analysis
was based on both outcrop and thin-section observa-
tions of sedimentary structures, textures, mineralogy,
and faunal and floral assemblages. Gastropods, mol-
lusks, echinoderms, large, small and agglutinated
benthic foraminifera, and calcareous red and green
algae were identified according to descriptions in
Fligel (2010). Environmental interpretations were
made following Wilson (1975) and Flugel (2010).

3.3. Sandstone petrography and heavy
minerals

Thirty-one sandstone samples showing minor
diagenetic alteration (5 from Upper Cretaceous Bor-
dighera Formation, 18 from Upper Eocene-Lower
Oligocene Annot Formation mainly from St. Benoit,
Braux, and Annot sections; 8 Lower Oligocene to
Miocene sandstones including Gres de Ville, Gres de
Senez, Conglomérats de Clumanc, Conglomérats de St-
Lions, and Gres Verts from the Barréme Basin) were
selected for modal analysis (Fig. 3). At least 400 grains
were identified and counted in each sample following
the Gazzi-Dickinson method, in which crystals or grains
occurring within rock fragments and larger than
~62.5 pm are counted as single minerals (Ingersoll
et al., 1984). Sandstones were classified according to
the three main groups of framework components
(Q = quartz; F = feldspars; L = lithic fragments),
considered where exceeding 10% QFL and listed in
order of abundance (classification scheme after
Garzanti, 2019b). A feldspatho-quartzose sandstone is
thus defined as Q > F > 10% QFL > L, formally dis-
tinguishing between feldspar-rich (Q/F < 2; K-feldspar-
rich if K-feldspar/plagioclase >2, plagioclase-rich if
plagioclase/K-feldspar >2) and quartz-rich (Q/F > 4)
compositions. Results of petrographic analysis are
provided in Appendix Table 2.

Seven samples from the Gres d’Annot were
selected for heavy-mineral analysis. After gentle hand
crushing of sandstone samples in an agate mortar, from
the wide 32—500 um size class obtained by wet sieving
heavy minerals were separated by centrifuging in Na-
polytungstate (2.90 g/cm®) and recovered by partial
freezing with liquid nitrogen. In grain mounts, >200
transparent heavy minerals for each sample were
either grain counted by the area method or point-
counted at an appropriate regular spacing to obtain
correct volume percentages. Dubious grains were
checked by Raman spectroscopy (Ando and Garzanti,
2014). To characterize heavy-mineral suites, we used
the tHMC index (weight percentage of transparent
dense minerals of detrital extrabasinal origin; Garzanti
and Ando, 2019) and the ZTR index (sum of zircon,
tourmaline and rutile; Hubert, 1962).

3.4. Detrital-zircon U—Pb dating

Twelve sandstone samples were selected for U—Pb
geochronological analysis. Samples were crushed and
dense minerals were separated by elutriation and
magnetic methods. Zircon grains were hand-picked,
mounted in epoxy resin, and polished. U—Pb dating
was conducted by ICP-MS using Agilent 7500a at the
State Key Laboratory of Mineral Deposits Research
(MiDeR, Nanjing University) and Agilent 7700x at the
Laboratory of Earth Surface Process and Environment
(LESPE, Nanjing University). Both instruments were
equipped with a GeolLas Pro 193 nm laser sampler. At
MiDeR, a laser beam with 32 um diameter was operated
at 5 Hz and 8 J/cm? fluence. We used zircon standard
GEMOC GJ-1 (Jackson et al., 2004) for isotopic frac-
tionation correction, and zircon standard Mud Tank
(Black and Gulson, 1978) to monitor instrumental
reproducibility and stability, obtaining 2°Pb/?*8U ages
of 600 + 9 Ma (n = 224) and 752 + 22 Ma (n = 56),
respectively. At LESPE, a laser beam with 25 um diam-
eter was operated at 10 Hz and 2—3 J/cm? fluence. We
used Zircon 91500 to calibrate isotopic fractionation
and GJ-1 zircon (Jackson et al., 2004) for accuracy
monitoring, obtaining 2%Pb/238U ages of 1056 + 58 Ma
(n =209) and 599 + 4 Ma (n = 70), respectively.

The software GLITTER (version 4.4) was used to
calculate raw data (www.mqg.edu.au/GEMOC);
analytical uncertainties were expressed as 1. Com-
mon Pb was corrected following Andersen (2002).
Isoplot 4 software (Ludwig, 2012) was used to plot
probability-density curves and calculate weighted
mean ages. 2°®Pb/%*8U zircon ages were preferred for
grains <1000 Ma and %°’Pb/?%Pb ages for grains
>1000 Ma. Zircons with discordance >10% were
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Fig. 5 Identified microfacies (MF1 to MF8). Upper Cretaceous: A) spiculite and planktonic foraminiferal wackestone/packstone (MF1).
Calcaires a Nummulites: B) bioclastic packstone/rudstone (MF2); C) micritic bioclastic sandstone (MF3); D) large Nummulites rudstone
(MF4b); E) large Nummulites wackestone (MF4a); F) poorly-sorted large Nummulites grainstone (MF4c); G) bioclastic packstone (MF4d); H)
small Nummulites wackestone (MF5); 1) wackestone with intraclasts and small bioclasts (MF6). Calcaires a Nummulites and Marnes Bleues:
J) bioclastic packstone (MF7a); K) Asterocyclina wackestone (MF7b); L) very fine-grained sandy bioclastic packstone with glaucony (MF8).

excluded in data presentation and interpretation. The
complete dataset is provided in dataset Table 52—S5.

4. Cretaceous-Eocene foraminiferal
biostratigraphy

The detailed distribution and ages of foraminifera
from the topmost Cretaceous pelagic limestones and
Calcaires a Nummulites in the Sauzeries (Fig. S2-1;

Barréme Basin, see Fig. 6), Peyresq (Fig. S2-2; Annot
Basin), Coulomp River (Fig. S2-3; Annot Basin), La
Rochette (Fig. S2-4; St. Antonin Basin), and D73
stratigraphic sections (Fig. S2-5; Peira Cava Basin) are
provided as Supplementary Material.

4.1. Top of Cretaceous pelagic limestones

Foraminiferal assemblages from the top of the
pelagic limestones in the Realdo section include



684 X.-M. Hu et al.

Biostrati hy (Call 2001
iostratigraphy (Callec, ) Lithostratigraphy Paleocurrent
Period |stage| _PFZ | CNz | sBz
Serra-Kiel
Berggrenetal., 1995 etal., 1998 -350 i
[ =
I
= P21
2
&) n=59
I~ T T +317m —| NP24 —18AN24
—18AN25
—18AN26
—300
o
=
? ©
E
L—:') -18AN23
o —18AN22 N
©
o
2
S —250
2 (&) n=91
. c —18AN21
s
3 T N
o [=%
o =3 ]
= o % )
6
—200 n=79
P20 . —18ANO2
-18ANO1
150 |_18AN20 N
o -18AN19
S
(3]
el
3
b} —18AN18 n=99
E U j— | 18AN17 A—
100 —
P19
=< Covered
", W o' © .
% Marine
NP 23 % Conglomerates
g [0}
? = =
b= Silty Marls
e -
NP 21
[rrefaoudoiradtii— 336m SBZ19- IV PPNIN Calcaires
3 P17 SBZ207 |« o= a Nummulites
0 & +24m —INP19/20 82 1eante 1
e S P16 SE ~ Mudrock
LIOJ oy © € 18ANO6
a SBZ19 “=
2 il
: A 0 (m), Sandstone
Aptian-Albian substrate|

Fig. 6 Stratigraphic section measured in the Sauzeries ravine (Barréme Basin) extending from the Calcaires a Nummulites to the Con-
glomérates de Clumanc (modified from Joseph et al., 2012). Lithostratigraphic subdivisions and position of studied samples are shown.
Paleocurrent directions from Joseph et al. (2012). PFZ, CNZ, and SBZ = planktonic-foraminifera, calcareous-nannofossil, and shallow-benthic-
foraminifera zones.




The underfilled trinity model

685

Alanlordella subcarinata, Abathomphalus mayaroenis
(Fig. S1-1, 1), Globigerinita conica (Fig. S1-1, 2),
Pseudotextularia elegans, and Globotruncanita
stuarti, pointing to a Maastrichtian 2—3 age.

In the Coulomp River section, the topmost pelagic
limestones contain Globotruncana aegyptiaca, G.
bulloides (Fig. S1-1, 6), Hedbergella holmdelensis,
Heterohelix globulosa, H. reussi, Rugoglobigerina
macrocephala (Fig. S1-1, 8), R. rugosa, and Rugo-
truncana subcircumnodifer (Fig. S1-1, 7), pointing to a
Campanian 3 age.

In the D73 section, G. aegyptiaca (Fig. 51-1, 5), G.
hilli (dataset Fig. S1-1, 3), G. linneiana (dataset
Fig. S1-1, 4), Hedbergella monmouthensis, R. macro-
cephala, and R. rugosa indicate a Campanian 3-
Maastrichtian age.

4.2. Calcaires a nummulites

In every basin from SE France to NW Italy, Upper
Cretaceous pelagic limestones and Eocene strata are
separated by a major unconformity incised into
different levels of the underlying succession, at places
removing more than 300 m of strata (Apps et al., 2004).
In the Sauzeries section (Fig. 6), the Calcaires a Num-
mulites unconformably overlie the Lower Cretaceous
(Aptian-Albian) marls. In the Annot, Peira Cava, and
Realdo sections, mildly deformed Cretaceous lime-
stones are abruptly overlain by the Calcaires a Num-
mulites (Fig. 3B and C). Whereas, in the Argens, Peyresq,
Melina, Sausses, Quatre Cantons, Entrevax, St. Antonin,
and Barréme areas, the unconformity is overlain by the
Poudingues d’Argens, followed by the Calcaires a Num-
mulites (Apps et al., 2004) (Fig. 3D and E).

In the Barreme Basin, the 15-20 m-thick Calcaires a
Nummulites conformably overlie the Poudingues d’Ar-
gens and contain Chiloguembelina woodi, Globorotalia
nana, Heterostegina gracilis, Nummulites aturicus,
Nummulites bullatus, Nummulites fabianii, Operculina
ex. gr. gomezi, Spiroclypeus carpaticus, and Turbor-
otalia centralis. These Larger Benthic Foraminifera
(LBF) indicate a late Priabonian (SBZ19) age, confirming
the results of Bodelle (1971) (Fig. S2-1).

In both Annot (dataset Fig. S2-2; S2-3, S2-4) and
Peira Cava areas (Fig. S2-5), LBF assemblages are
dominated by Nummulites and Discocyclina (Fig. S1-
2), documenting zones from SBZ17 to SBZ19. The first
appearance of Nummulites perforatus (Fig. S1-2, 1)
indicates the earliest Bartonian (SBZ17, P12b-P14,
41.2—38 Ma). Assemblages dominated by Discocyclina
dispansa (Fig. S1-2, 2), Fabiania cassis (Fig. S1-2, 3),
Operculina ex. gr. gomezi (Fig. S1-2, 4), and Nummu-
lites incrassatus (Fig. S1-2, 5) point to the early

Bartonian age. The first appearance of Nummulites
biedai (Fig. S1-2, 6) with Pellatispira sp. (Fig. S1-2, 7a)
and still common O. ex. gr. gomezi and N. incrassatus
indicate the base of the late Bartonian age. The
planktonic foraminifera Hantkenina alabamensis
(Fig. S1-1, 9), Turborotalia cerroazulensis (Fig. S1-1,
10), Globigerina praebulloides (Fig. S1-1, 11), Cata-
psydrax dissimilis (Fig. S1-1, 12), Globigerinatheka sp.
(Fig. S1-1, 13), Dentoglobigerina pseudovenezuelana
(Fig. S1-1, 14), Globigerinatheka barri (Fig. S1-1, 15),
and Acarinina sp. (Fig. S1-1, 16) characterize the lat-
est Bartonian to earliest Priabonian, (P14 — P15,
39.2—35.1 Ma). The Priabonian is defined by the first
appearance of H. gracilis (Fig.51-2, 8), associated with
N. fabianii (Fig. S1-2, 9), Operculina sp. A, N. aturicus
(Fig. S1-2, 10), Nummulites garnieri, Amphistegina
sp., Heterostegina spp., Nummulites ptukhiani, Pel-
latispira sp., and Asterocyclina alticostata danubica
(Fig. S1-2, 11). Zones SBZ19/P15 are thus indicated for
the top of the Calcaires a Nummulites (~36-35 Ma).

In the Realdo section, the transgressive base of the
Calcaires a Nummulites has been dated as later than
the base of zone P14/P13 (Sztrakos and du Fornel,
2003), i.e., as not older than 40.5 Ma. Early to mid-
dle Bartonian assemblages (SBZ17), identified based
on the presence of Assilina and lack of Chapmanina
gassinenesis, characterize most of the unit in the
Realdo section. The first occurrence of Chapmanina
gassinensis, marking the base of SBZ18 (~38 Ma; latest
Bartonian), occurs close to the top of the Calcaires a
Nummulites (Coletti et al., 2021). The base of the
overlying Globigerina marls documents a deepening
event dated by planktonic foraminifera as comprised
between the late Bartonian and the early Priabonian
(Varrone and d’Atri, 2007).

Based on these detailed biostratigraphic data, we
have revised the former stratigraphic framework. The
revised stratigraphy demonstrates no major dia-
chroneity across the western Alpine foreland basins
(Fig. 4).

5. Sedimentary facies and microfacies

Eight microfacies (MF1-MF8; Fig. 5) - one charac-
teristic of the uppermost Cretaceous pelagic strata
(MF1) and seven corresponding to the Eocene inner-
ramp, middle ramp, and outer-ramp environments
(MF2 to MF8; Table 1) - were identified by integrating
sedimentological and paleontological observations and
are described in this Section 5. The sedimentary evo-
lution based on microfacies analysis is discussed in
Section 6.



686

X.-M. Hu et al.

5.1. Late Cretaceous pelagic environment

5.1.1. MF1 spiculite and planktonic foraminiferal
wackestone and packstone

In both Annot and Barréme basins, the Upper
Cretaceous grey marls and marly limestones, uncon-
formably overlain by the Calcaires a Nummulites,
contain common sponge spicules and minor planktonic
foraminifera or echinoderm fragments set in a micritic
matrix (Fig. 5A). Because of extensive burrowing, mi-
crofossils are either scattered or densely packed
(Fig. 5A). A micritic matrix with abundant pelagic mi-
crofossils associated with shell concentrations in-
dicates a pelagic environment (Flugel, 2010).

5.2. Eocene paleovalley fill

The Poudingues d’Argens consist of moderately to
well-sorted channelized conglomerate and breccia
intercalated with fine sand, silt, or clay locally con-
taining freshwater gastropods. Rarely imbricated
pebbles and cobbles are mostly derived locally from
Scaglia-like Cretaceous limestones (Gubler, 1958). In
the Barréme and Peyresq areas, clast-supported
channelized conglomerates are dominant, with few
sandstone intercalations. Channels are a few meters
wide, locally display groove casts at the base, and
were filled by distinct episodes of high-energy depo-
sition, such as flash floods and sheet flows separated by
erosive reactivation surfaces (Apps et al., 2004;
Grosjean et al., 2012). This unit is interpreted as
representing a paleovalley fill incised during a major
tectonically driven drop of base-level (Van Wagoner
et al., 2012; Blum et al., 2013).

5.3. Inner ramp
5.3.1. MF2 bioclastic packstone/grainstone

Grey bioclastic packstones occur at the base of the
Coulomp River section (Annot Basin). Abundant bio-
clasts set in micritic matrix (Fig. 5B) include LBF
(Nummulites, Sphaerogypsina, Chapmanina, Eor-
upertia, encrusting acervulinids), small miliolids,
coralline algae, and some echinoderm fragments and
serpulids, together with rare intraclasts and ooids.
Larger benthic foraminifera with thick shells and
calcareous red algae are typical of the photic zone and
platform-margin settings and, together with the lack
of common orthophragminids, indicate an inner-ramp
to middle-ramp transition close to fair-weather wave
base (Beavington-Penney and Racey, 2004; BouDagher-
Fadel, 2018).

5.3.2. MF3 micritic sandstone/sandy bioclastic
wackestone

In the lower part of the Calcaires a Nummulites
exposed in the Barréme Basin, dark grey micritic
limestones contain quartz-rich silt to medium sand
associated with poorly sorted bioclasts (mainly larger
benthic foraminifera) (Fig. 5C). Well-sorted, angular
to subangular quartz grains decrease up-section, sug-
gesting a deepening-upward trend. LBF and abundance
of angular quartz grains indicate an inner-ramp envi-
ronment above fair-weather wave base and restricted
to open-marine conditions with subordinate silici-
clastic supply.

5.4. Middle ramp

5.4.1. MF4 wackestone, grainstone or rudstone
with large nummulites

In the middle part of the Coulomp River section,
thick-bedded wackestones (MF4b, Fig. 5E) containing
Nummulites, Operculina, Asterocyclina and Dis-
cocyclina are intercalated with rudstone (MF4a,
Fig. 5D), grainstone (MF4c, Fig. 5F), and bioclastic
packstone commonly displaying erosive base (MF4d,
Fig. 5G). Densely packed rudstone and grainstone
indicate effective winnowing of micrite. Common
erosive bases confirm deposition by turbulent flows in a
middle ramp environment frequently affected by
storms (Beavington-Penney and Racey, 2004; Fligel,
2010; BouDagher-Fadel, 2018).

5.4.2. MF5 wackestone with small nummulites

In the lower part of the Coulomp River section,
thick-bedded grey limestones contain diverse species of
small Nummulites, associated with coralline algae,
other benthic foraminifera, and echinoderm fragments
(Fig. 5H). Texture and high diversity of nummulitids
point to middle ramp environments, slightly deeper
than for MF3 (Beavington-Penney and Racey, 2004).

5.4.3. MF6 wackestone with intraclasts and small
bioclasts

At the top of the Calcaires a Nummulites in the
Coulomp River section, thick-bedded grey limestones
contain abundant planktonic foraminifera, minor small
hyaline benthic foraminifera, echinoderms, and
reworked micritic intraclasts set in micritic matrix
(Fig. 51). Mixed benthic and planktonic biota, abundant
intraclasts, and association with MF4 suggest storm
deposition on a middle ramp.



Table 1 Identified microfacies and interpretation of sedimentary environments.

Microfacies Carbonate grains Groundmass  Terrigenous Sedimentary Standard Depositional
Planktonic Spiculite Nummulites Bioclasts Serpulids Red Echinoderm Intraclasts Matrix Cement EEIIE structures mll'crofaaes environment
foraminifera algae (pfercentage, WAL, 201
size range)

MF1 Spiculite and 7 20 = 2 1 = 70 = = Bioturbation RMF1 Pelagic,
planktonic below SWB
foraminiferal
wackestone and
packstone

MF2 Bioclastic = = 28 3 2 3 3 1 55 5 = = RMF26 Inner-ramp
packstone/ to middle-
grainstone ramp, close

to FWWB

MF3 Fine-grained = = 7 3 = 45 = 45 (0.02— — = Inner ramp,
micritic 0.25 mm) above FWWB
sandstone/sandy
bioclastic
wackestone

MF4 Wackestone, — — 10—80 10—45 - — - — 20-55 10 — Erosive surface RMF14 Middle ramp,
grainstone or episodically
rudstone with influenced by
large storms
Nummulites (B-
forms)

MF5 Wackestone with — — 35 5 — 60 — — RMF13 Middle ramp,
small episodically
Nummulites (A- influenced by
forms) storms

MF6 Wackestone with — - — 5 8 87 - — RMF11 Middle ramp,
intraclasts and episodically
small bioclasts influenced by

storms

MF7 Asterocyclina = = 7 2 = = = = 91 = = = RMF9 Distal middle
wackestone with ramp or outer
bioclastic ramp,
packstone episodically

influenced by
storms

MF8 Sandy bioclastic — - — 15 — — - — 65 - 20 (0.01— — RMF2 Outer ramp
packstone 0.03 mm) influenced by

terrigenous
supply

Note: FWWB—fair-weather wave base; SWB—storm wave base.
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5.4.4. MF7 Asterocyclina wackestone with
bioclastic packstone

At the top of the Calcaires a Nummulites in the
Coulomp River section, grey marl interbedded with
thin-bedded wackestone comprising 5%—10% scattered
Asterocyclina (MF7a) (Fig. 5J) are intercalated with
bioclastic packstone with Nummulites, Operculina,
Asterocyclina, and miliolids (MF7b) (Fig. 5H). Distal
middle ramp or outer ramp environments with low-
energy background micrite deposition frequently
interrupted by storms are indicated (Flugel, 2010).

5.5. Outer ramp
5.5.1. MF8 sandy bioclastic packstone

In the upper part of the Barréme Basin section,
dark grey silty marls are interbedded with thin-
bedded micritic limestones containing planktonic
foraminifera, subordinate small hyaline benthic
foraminifera, and sporadic echinoderm fragments
and glaucony (Fig. 5L). Glaucony typically grows
authigenically on the starved middle shelf at water
depths >50 m, preferentially during transgression
(e.g., Garzanti, 1991). Dominant micrite, terrige-
nous silt, and lack of lamination reflect weak water
turbulence on an outer ramp affected by coastal
currents.

6. Sedimentary evolution

The palaeoecology of LBF and carbonate microfa-
cies characterizing the Calcaires a Nummulites
allowed us to reconstruct the sedimentary evolution of
the Annot and Barréme basins during the Bartonian to
Priabonian. The Calcaires a Nummulites unconform-
ably overlie the Upper Cretaceous strata, documenting
a change from pelagic to much shallower-water con-
ditions during this more than -25 myr-long strati-
graphic gap, corresponding to the time window when
the collision between Europe and Adria began.

6.1. Annot area

The unconformity separating the pelagic Upper
Cretaceous strata from the Bartonian base of the
Calcaires a Nummulites represents a long stratigraphic
gap and a major environmental change (Fig. 7).

Spiculite and planktonic foraminiferal packstones/
wackestones (MF1) indicate a deep-water depositional
environment during the Campanian-Maastrichtian,
whereas bioclastic packstones/grainstones (MF2)
testify to a much shallower-water middle ramp envi-
ronment for the Bartonian base of the Calcaires a
Nummulites. The overlying succession documents a
long-term deepening-upward trend, starting with
wackestones with large Nummulites (MF4a) inter-
bedded with storm deposits (MF4b, 4c, 4d) and
wackestones with small Nummulites (MF5) deposited
on a middle ramp, passing upward to Asterocyclina
wackestones (MF7a) intercalated with bioclastic
packstones (MF7b) deposited on a deeper-water ramp
episodically affected by storms.

6.2. Peira Cava Basin

The Peira Cava Basin displays a similar paleo-
environmental evolution as the Annot area (Fig. 8).
Spiculite and planktonic foraminiferal packstones
(MF1) deposited in pelagic environments during the
Campanian-Maastrichtian are abruptly overlain by
micritic sandstone/sandy bioclastic wackestone
(MF3) at the base of the Calcaires a Nummulites. The
overlying strata document a deepening trend from
middle ramp wackestone with large Nummulites
(MF4a) to sandy bioclastic packstone (MF8) deposited
in deeper-water environments affected by silici-
clastic supply.

6.3. Realdo section

Two deepening-upward sequences are identified in
the Calcaires a Nummulites Formation exposed in the
Maritime Alps. The lower sequence begins with a
debris-flow deposit with clasts dominantly derived
from erosion of the uppermost Cretaceous pelagic
marly limestones mixed with shallow-water Eocene
bioclasts, overlain by middle ramp limestones con-
taining coralline algae and LBF. Above, wackestones
and mudstones with well-preserved planktonic fora-
minifera are intercalated with packstones rich in
reworked shallow-marine bioclasts (mainly LBF and
echinoids). Deposition on a proximal outer ramp
characterized by downslope transport of inner/middle
ramp debris during storms is indicated.

The second sequence starts with an acervulinid
foraminifera and coralline algae macroid facies
deposited on an inner ramp, as testified by the pres-
ence of the large shallow-marine miliolid foraminifera



The underfilled trinity model

689

Age

PFZ
SBZ

Lithology

Sample

Distribution of microfacies

Water depth and
environment

P16-P17

Marnes
Bleues

SBZ20

Ma

Priabonian

P15b

SBZ19

Eocene

37.8

SBZ18

Bartonian
P12-P14 £%|p15a %

SSBZ17

\
|
|

Latest
Campanian

Late
Cretaceous

f
]

Calcaires a Nummulites

35

30

25

20

(m)

prtrrtt trrtpret ot

tr ottt

ttr ot

thttrtrrtet ottt

t

t

17CP44

17CP43
17CP42

17CP41
17CP40
17CP37

17CP36
17CP35
17CP34
17CP33
17CP32
17CP31
17CP30
17CP29
17CP28
17CP27

17CP26
17CP25

17CP24

17CP23
17CP22

17CP21
17CP20

17CP19
17CP18

17CP17
17CP16

17CP15
17CP14
17CP13

17CP12

17CP11
17CP10
17CP09

17CP08

17CP0O7
17CP06
17CP05
17CP04
17CP03
17CP02
17CP50
17CP01

17CP49

17CP48
17CP47

17CP46

17CP45

— \F4a

MF4b

MF4c

MF4d

MF5

|
MF7b

MF7a

MF1

0 FWwB  SW|
Shallow Deep

Middle ramp

llnner ramp

Pelagic
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Alveolina and Orbitolites. Above, middle ramp de-
posits dominated by coralline algae and LBF are fol-
lowed by proximal outer ramp sediments dominated by
discocyclinids. The overlying Globigerina marls testify
to final deepening.

7.

Provenance data and interpretation

The studied samples are listed in dataset Table S1
and their locations are shown in Fig. 1.
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7.1. Sandstone detrital modes and heavy
minerals

7.1.1. Upper Cretaceous Bordighera turbidites

The Bordighera Sandstone was studied near Bada-
lucco and along the road from Triora to San Bernardo.
The four point-counted sandstones are quartzo-
feldspathic to K-feldspar-rich feldspatho-quartzose,
with mostly monocrystalline quartz (Qp/Q < 1%; P/
F < 30%; L/QFL <7%; Fig. 10). Rock fragments are
mainly felsic volcanic or granitoid types with subordi-
nate schist (Fig. 9M and N). Our data are consistent
with previous results by Muller et al. (2018; Fig. 10).

7.1.2. Gres d’Annot

Eighteen samples were analyzed (4 from St. Benoit,
5 from Braux, 4 from Annot, and 5 from four different
sites in the Annot area; for a full description of these
stratigraphic sections, see Tomasso and Sinclair, 2004).
Sandstones range from quartzo-feldspathic to litho-
feldspatho-quartzose with mostly monocrystalline
quartz (Q/F between 1 and 3; average P/F 37%;
average L/QFL 9%; Fig. 10). Rock fragments are mainly
felsic volcanic or granitoid types with rare limestone,
sandstone, argillite, phyllite, schist, and basalt grains
(Fig. 9K and L). The seven samples analyzed for
transparent heavy minerals show the same very poor
assemblage (tHMC 0.1-0.3), mostly consisting of
garnet and apatite, associated with tourmaline,
zircon, and minor rutile (ZTR 18-37). Staurolite,
epidote, Cr-spinel, sporadic titanite, anatase, mona-
zite, or chloritoid are locally significant.

7.1.3. Oligocene-Miocene sandstones from the
Barreme Basin

Five Oligocene-Miocene sandstones from the
Barréme Basin are compositionally distinct from the
Gres d’Annot. The Gres de Ville (Fig. 91 and J) and the
Gres de Senez (Fig. 9C and D) consist of litho-quartzose
sandstones with mainly monocrystalline quartz (Q/L
between 1 and 8). Most lithics are limestones (>77%)
with subordinate felsic volcanic types. Sandstones in
the Conglomérats de Clumanc (Fig. 9G) and in the
Conglomérats de Saint-Lions (Fig. 9E and F) range from
quartzo-litho-feldspathic to quartzo-feldspatho-lithic
with  mainly monocrystalline quartz and K-
feldspar >> plagioclase (Fig. 10). Most lithics are felsic
volcanic grains (>86%) with a few limestones and
schists. Clasts in the Conglomérats de Saint-Lions are
~60% limestone, ~10% vein quartz, ~10% andesite, ~10%
schist, and ~10% purplish-red chert. Clasts in the

Conglomérats de Clumanc are mainly limestone asso-
ciated with andesite, diorite (Fig. 9H), granite, sand-
stone, and quartzite. The Série des Gres Verts consists
of feldspatho-quartzo-lithic sandstones with dominant
felsic volcanic and significant ultramafic lithics. The
latter are mostly lizardite-bearing cellular serpentine
grains (Fig. 9A and B) showing pseudomorphic mesh
texture.

Detailed heavy-mineral studies by Evans and
Mange-Rajetzky (1991) documented a depleted
apatite-staurolite-tourmaline heavy-mineral suite,
with minor green augite and green-brown hornblende
in the Gres de Ville and occurrence of staurolite,
kyanite, andalusite, tourmaline, zircon, and apatite
with lack of volcaniclastic detritus in the Gres de
Senez. In contrast, volcaniclastic detritus is dominant
in the Conglomérats de Saint-Lions, including has-
tingsitic and basaltic hornblende, euhedral apatite,
titanite, and minor augite.

7.2. Detrital zircon geochronology

Detrital zircons from two Cretaceous Bordighera
and seven Oligocene Annot sandstones (two each from
St. Benoit, Braux and Annot, and one from a sandstone
boulder on the riverbed near La Valette, Grand Coyer
basin) yielded similar U—Pb age spectra (Fig. 11). Most
ages are younger than 700 Ma, clustering at
240—340 Ma (main peak at ~300 Ma), 380—470 Ma, and
broadly between 500 and 670 Ma. A few younger ages
were obtained (128, 171, 216, and 237 Ma), all notably
older than the depositional age. Our geochronological
data are consistent with previous results by Chu et al.
(2016), Miiller et al. (2018), and Di Giulio et al. (2020)
(Fig. 11).

Five sandstones from the Barréme Basin show
similar zircon-age spectra, but all also yielded a
prominent youngest cluster at 29—38 Ma (Fig. 11).
Ages of detrital zircons cluster between 380 and
470 Ma in the Gres de Senez and Gres de Ville, and
between 240 and 340 Ma in the Conglomérats de Clu-
manc and in the Conglomérats de Saint-Lions. The
Série des Gres Verts is distinguished by a significant
150—180 Ma cluster (peak at ~160 Ma).

7.3. Provenance interpretation

The occurrence of granitoid and felsic volcanic rock
fragments, and zircon-age spectra of Gres d’Annot
sandstones indicate that they were chiefly derived
from granitoid massifs of Variscan and post-Variscan
ages, with minor ignimbrite covers, similar to those
exposed in diverse Alpine regions, as well as in the
Corsica-Sardinia block and the Maures-Estérel Massif of
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Fig. 9 Microphotographs (taken in cross-polarized light) of the Upper Cretaceous to Oligocene sandstones: A) and B) feldspatho-quartzo-
lithic sandstone (18ANO5, Série des Gres Verts); C and D) litho-quartzose sandstone (18AN04, Gres de Senez); E and F) quartzo-litho-
feldspathic sandstone (18AN29, Conglomérats de Saint-Lions); G) quartzo-litho-feldspathic sandstone (18AN22, Conglomérats de Clumanc);
H) diorite porphyry clast (18AN24-D, Conglomérats de Clumanc); | and J) litho-feldspatho-quartzose sandstone (18AN17, Gres de Ville); K)
feldspatho-quartzose sandstone (17AN26, Gres d’Annot); L) quartzo-feldspathic sandstone, (17AN10, Grés d’Annot); M and N) quartzo-
feldspathic sandstone (18AN96, Bordighera Sandstone). Q-quartz; P-plagioclase; K-potassium feldspar; Lm-metamorphic lithic, Ls-
sedimentary lithic; Lv-volcanic lithic; Sp-serpentinite lithic; Amp-amphibole.
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Fig. 9 Continued

southern France. Former paleocurrent studies consis-
tently point to a source located in the south (Joseph
and Lomas, 2004; Joseph et al., 2012). The similar
detrital modes and zircon-age spectra displayed by the
Bordighera Sandstone, now accreted to the Alpine
belt, indicates that these remnant-ocean turbidites
were fed from a source with similar characteristics as
the one that fed the Gres d’Annot.

The heavy-mineral assemblage characterizing the
Gres d’Annot is mostly represented by garnet and
apatite, associated with zircon, tourmaline, rutile, Cr-
spinel, and other relatively durable minerals such as
staurolite and chloritoid. The lack of unstable ferro-
magnesian minerals and the scarcity of epidote in-
dicates severe, but not extreme selective diagenetic
dissolution taking place at a depth of a few kilometers
during sedimentary or tectonic burial before accretion
to the orogenic thrust belt (Morton and Hallsworth,

2007; “minerofacies 4” of Garzanti et al., 2018). The
presumed loss of unstable species precludes a precise
provenance diagnosis. The occurrence of rare Cr-spinel
suggests that mantle rocks, mafic lavas, or sediments
derived from them were exposed in the source area.
The Bordighera Sandstone was recently interpreted
to have been sourced from the down-bending paleo-
European plate during impending collision in the
Western Alps (Miller et al., 2018, 2019; Di Giulio et al.,
2020). We fully concur that detritus was derived from
foreland areas rather than from the growing Alpine
thrust belt, which is at odds with the classical model of
a flexural foreland basin fed from the adjacent orogen.
However, we underscore that a flexural bulge would be
associated with minor relief and thus represents an
unlikely source of abundant detritus. If in the Eocene,
the Alpine orogen was not yet developed enough to
represent a major source of sediment (e.g., Malusa
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Fig. 10 Petrographic classification of the Upper Cretaceous to Oligocene sandstones of the Western Alps. Q-quartz; F-feldspar; L-lithic
fragments; Lm-metamorphic lithics, Ls-sedimentary lithics; Lv-volcanic lithics.

and Garzanti, 2012), then it is very unlikely that the
flexural bulge generated by the load of such an un-
derdeveloped orogen could represent a more relevant
source than the orogen itself.

Several lines of evidence should be considered.
Firstly, flexural uplift could have occurred only after
deposition of the youngest pelagic limestones un-
derlying the unconformity, dated as late Maas-
trichtian. Secondly, sandstone detrital modes in the
San Bartolomeo (average QtFL 69:29:2; 12 samples)
and overlying Bordighera formations (average
QtFL51:47:2; 19 samples) are similar (see Fig. 5 in
Mduller et al., 2018), both indicating provenance from
a continental block (Dickinson and Suczek, 1979).
Bordighera sandstones have a higher feldspar/quartz
ratio (Muller et al., 2018), but age spectra of detrital
zircons are the same, indicating a largely unchanged
source area during the Cretaceous. Thirdly, detrital
modes and age spectra of detrital zircons in the
Bordighera and Annot sandstones are very similar,
pointing to a source similarly including Variscan and
post-Variscan granitoids and subordinate felsic vol-
canic rocks. Paleocurrent directions in the Grés
d’Annot indicate that their source was represented
by the Maures-Estérel Massif and/or Corsica-Sardinia
block to the south (Joseph et al., 2012). Annot tur-
bidites were thus derived from the Maures-Estérel
Massif and the Corsica-Sardinia block in the south,
rather than from the proto-Alpine orogenic belt in
the east.

Before the Corsica-Sardinia block started to detach
itself from southern Europe in the Oligocene, this
southern area including the Maures-Estérel Massif shed

detritus to all sandstone units of the Barréme Basin, as
suggested by dominantly Variscan and post-Variscan
zircon ages (Evans and Mange-Rajetzky, 1991; Joseph
and Lomas, 2004). The provenance of these units,
however, was distinct in several respects. As a notable
difference with the Grés d’Annot, all sandstones in the
Barréme Basin yielded zircon grains dated as 29—38 Ma
(i.e., close to the depositional age), testifying to
penecontemporaneous magmatism in the source area.
Felsic volcanic rock fragments are most abundant in
the Conglomérats de Clumanc and in the Conglomérats
de Saint-Lions, pointing to a source area characterized
by active volcanism and possibly also by less exten-
sively dissected Permian ignimbrites. It is worth noting
that volcanism at those times is documented both by
basaltic andesites to dacites, emplaced mostly in the
Agay-Estérel area of southern France (41-20 Ma), and
by basalts to dacites and rhyolites in Sardinia (38-
15 Ma) (Lustrino et al., 2017).

The abundant limestone rock fragments, especially
in the Gres de Ville, suggest a local supply from
Cretaceous strata. The Gres de Ville, therefore,
cannot be considered as the feather-edge equivalent
to the Annot Sandstone, in agreement with Evans et al.
(2004).

The Série des Gres Verts is characterized by mid-
Jurassic zircon ages and cellular serpentinite grains
indicative of provenance from mantle rocks that did
not undergo subduction-related metamorphism
(Garzanti et al., 2002). Although ophiolites are widely
exposed in the Piemontese Zone, from northern Cor-
sica to the Western Alps, most of them have undergone
eclogite-facies metamorphism during the Eocene
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subduction (Rubatto et al., 1998). The mantle rocks
that supplied ultramafic detritus to the Serie des Gres
Verts, instead, were part of an obducted complex
analogous to the Chenaillet ophiolite (Li et al., 2013).
This issue is discussed in detail by Jourdan et al. (2012)
and Schwartz et al. (2012), who inferred a much wider
distribution of Chenaillet-type ophiolites in the Alpine
orogenic prism during the Oligocene and traced the
source of ophiolitic detritus reaching the Barréme
Basin to an area in the NE (Brianconnais Zone, SE of the
Pelvoux Massif) undergoing tectonic uplift and topo-
graphic growth in the Late Oligocene/Early Miocene.
Non-subducted ophiolites, however, are also known
from northern Corsica (Balagne Nappe; Marroni and
Pandolfi, 2003), representing a plausible alternative
source of ultramafic detritus.

In summary, and being consistent with previous
paleocurrent and heavy-mineral research in the re-
gion, our provenance data indicate a southern source
for the Annot Sandstone, including the Maures-Estérel

Massif and the Corsica-Sardinia block (Evans et al.,
2004; Joseph et al., 2012). The younger clastic units
in the Barréme Basin point to a more complex prove-
nance pattern, including sources within the growing
Alpine orogen (Evans and Elliott, 1999). However, the
exact location of Alpine orogenic sources, including
non-metamorphic ultramafic detritus, is not ascer-
tained. The overall similarity of zircon-age spectra in
all studied stratigraphic units suggests that a southern
area, including the Corsica-Sardinia block, may have
represented the major source of detritus throughout
the Oligocene.

8. Discussion

The Calcaires a Nummulites, the Marnes Bleues,
and the Gres d’Annot - forming the so called “under-
filled trinity” by Sinclair (1997) - are widely
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considered to represent an archetype of foreland-
basin evolution, documenting a deepening trend
from shallow-marine to pelagic and eventually turbi-
ditic deposition caused by flexural subsidence under
the load of the growing Alpine orogen (Allen et al.,
1991, 2001; Ford and Lickorish, 2004). This succes-
sion is separated from the underlying pelagic strata of
the European passive margin by a major unconformity,
corresponding to a time gap of at least ~25 myr. This
unconformity was generally interpreted as the result
of erosion over a forebulge generated by flexural uplift
of the European margin, whereas the overlying
sequence (the “underfilled trinity”) was assumed to
indicate transition from the forebulge depozone to the
“foredeep” depozone both in the western Alpine
foreland basin (Gupta and Allen, 2000) and in the North
Alpine foreland basin (Allen et al., 1991; Crampton and
Allen, 1995).

Based on the present study, we challenge the val-
idity of this interpretation in the Western Alps under
distinct aspects, outlined here below.

1) Stratigraphic ages. The underfilled trinity model
predicts a progressive development of the wedge-
shaped foreland basin during foreland-ward
migration of the nascent fold-thrust belt. A
change from backbulge subsidence to forebulge
uplift and, eventually, to “foredeep” subsidence
(Crampton and Allen, 1995; DeCelles and Giles,
1996) should thus be documented by the lower
European plate at younger and younger times
farther away from the orogenic front. Biostrati-
graphic data, however, indicate that the base of
the Calcaires a Nummulites is nearly synchronous
across the Annot-Peira Cava-Realdo Basin in the
Western Alps (Fig. 4), and accurately constrained
as the SBZ17 biozone (Bartonian) in the Peyresq
and Coulomp River sections of the Annot Basin, in
the Peira Cava Basin, as well as in the Realdo
section of the Maritimes Alps (Sztrakos and du
Fornel, 2003). Only in the Barréme Basin was the
base of the Calcaires a Nummulites dated as SBZ19
(late Priabonian) (Fig. S2-1). The lack of significant
diachronism among those basins speaks against the
foreland-basin model. The Marnes Bleues unit is
consistently dated by planktonic foraminiferal and
nannofossil assemblages as the P18-19 and NP21-
23 biozones (Sztrakos and du Fornel, 2003). It
may be noted that also the top of the Gres d’ Annot
(Fig. 3G) is broadly synchronous and dated by
planktonic foraminiferal and nannofossil assem-
blages as the P18 and NP21 biozones in the Chaluty,
Grand Coyer, Annot, and St. Antonin sub-basins (du
Fornel et al., 2004) (Fig. 4).

2) Provenance of the Gres d’Annot. The underfilled
trinity model dictates that the nascent orogen
feeds detritus into the adjacent foreland basin,
where tectonic subsidence on the elastic or visco-
elastic lower plate is generated by the load of the
growing thrust belt. The small forebulge feature
may represent a minor additional sediment source
(Jordan, 1995; Horton, 2018). Provenance analysis,
however, indicates that the Gres d’Annot was not
sourced from the Alpine orogen. Rather, the Gres
d’Annot received detritus along strike from the
south. Sediment sources were Variscan and post-
Variscan granitoids and subordinately felsic volca-
nic rocks of the Maures-Estérel Massif and/or
Corsica-Sardinia block located on the European
lower plate, rather than the Alpine belt growing
along the frontal edge of the Adriatic microplate.

3) Nature of Cretaceous-Eocene unconformity. In the
underfilled trinity model, the Cretaceous-Eocene
unconformity is related to the foreland-ward
migration of the forebulge (Crampton and Allen,
1995). According to this model, the stratigraphic
gap represented by the unconformity should be
recorded earlier close to the orogenic front, and
progressively later on across the foreland. However,
the stratigraphic gap is invariably huge, spanning at
least 25 myr in all studied localities, close to the
mountain front and farther away. Moreover, the
height of the forebulge is supposed to reach a few
tens of meters only (50—200 m at most, according
to DeCelles and Giles, 1996), whereas the
Cretaceous-Eocene unconformity cuts down =300 m
into the underlying strata of the Barréme Basin
(Apps et al., 2004).

4) Sedimentary facies and microfacies evolution. The
previous paleodepth estimates and paleoenvir-
onmental interpretations of the Calcaires a Num-
mulites were based on the presence, size, shape,
and paleoecology of foraminifera (Crampton,
1992; Sinclair et al., 1998). Following detailed
microfacies analysis, a series of aggradational to
progradational cycles was identified: 8 cycles at
Chinaillon (Sinclair et al., 1998), 4—6 cycles at
Annot and St. Antonin, and 7 cycles at Champsaur
(Crampton, 1992). This was taken as the basis for
the flexural-eustatic numerical model (Allen
et al., 2001). However, our microfacies analysis
documents a long-term deepening trend, showing
no evidence of aggradational to progradational
cycles (Figs. 7 and 8). Braided-river, fan-delta,
coastal-plain and lagoonal sediments deposited
within paleo-valleys (Poudingues d'Argens; Gupta,
1999; Apps et al., 2004; Grosjean et al., 2012,
2017) were followed by transgressive carbonates
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documenting progressive deepening from inner to
outer ramp environments (Calcaires a Nummu-
lites). The deepening trend was completed by the
hemipelagic Globigerina marls (Marnes Bleues)
and overlying Gres d’Annot turbidites, testifying
to be hemipelagic followed by deep-sea
sedimentation.

5) Extensional faulting. The flexural foreland-basin
model predicts that normal faults chiefly develop
on the outer slope of the underthrusting lower
plate. Syn-sedimentary normal faults are widely
observed in the Eocene-Oligocene basins of the
French Alps, as in the Marguareis Massif (Michard
and Martinotti, 2002), Col de la Cayolle
(Bouroullec et al., 2004; Lansigu and Bouroullec,
2004), Annot Basin (Tomasso and Sinclair, 2004),
Point Vert near Barcelonette (Buatier et al., 2015),
and Col de la Moutiere (Pochat and Van Den
Driessche, 2007). In concordance with the model,
these normal faults were ascribed to flexural
bending of the European plate (Sinclair, 1997;
Tomasso and Sinclair, 2004). Syn-sedimentary
normal faults, however, are not exclusively local-
ized in the so-called “forebulge” zone, but are
widespread across the Eocene-Oligocene basins of
the French Alps. Additional evidence may come
from the Barréme Basin, where olistoliths of the
Upper Cretaceous pelagic limestone up to ~40 m-
thick and ~250 m-long found in the Calcaires a
Nummulites were emplaced as a gravity-driven
submarine slide (Evans and Elliott, 1999; Marini
et al., 2022). Such a widespread syn-sedimentary
tectonic activity documents a major phase of
regional extension that speaks in favor of an
extensional rift-related setting rather than of a
foreland-basin setting.

8.1. What is the nature of the Eocene-
Oligocene Annot and Barreme basins?

Several stratigraphic and sedimentological lines of
evidence from the Eocene-Oligocene Annot and
Barreme basins are consistent with deposition in an
extensional/transtensional basin rather than in a
flexural basin. These include: 1) widespread syn-
sedimentary normal faults, which significantly
controlled sediment delivery and paleogeography
(Salles et al., 2011, 2014); 2) NW-trending sub-basins
displaying horst-and-graben structures; 3) deposition
of Annot sandstones in a turbiditic basin structurally
confined along NNW/SSE directions (Sinclair and
Tomasso, 2002; Cunha et al., 2017; Marini et al.,

2022); 4) deepening-upward trend from continental
to coastal, shallow-marine, hemipelagic, and finally
turbiditic deep-sea fan environments; 5) dominant
source of Gres d’Annot siliciclastic detritus located —
as documented in all studied sub-basins — within the
European lower plate itself (Maures-Estérel Massif
and/or Corsica-Sardinia block; see Fig. 5 in Joseph and
Lomas, 2004), rather than in the Alpine orogen. Sud-
den rejuvenation and increased terrigenous supply
from such a southern area may have been triggered by
shoulder uplift along the western side of the Liguro-
Provencal rift. Ultramafic detritus found in the Series
de Gres Verts at the top of the Barréme Basin succes-
sion was derived from non-metamorphic obducted
ophiolites and thus possibly from the Balagne Nappe of
northern Corsica, rather than from metamorphic
ophiolites now widely exposed in the internal domains
of the Western Alps.

A drastic change in regional stress fields across the
western Mediterranean region (Jolivet and Faccenna,
2000) took place during the late Eocene, when rift
basins began to develop across the European plate
(Ziegler, 1992, Fig. 1 in Dezes et al., 2004). Such a
major revolution from compression associated with
European-Adria convergence to widespread exten-
sion/transtension is here ascribed to a change in geo-
dynamic polarity triggered by choking of the eastward
Alpine subduction by the arrival of thicker European
crust and consequent initiation of the westward
Apenninic subduction (Doglioni et al., 1998; Carminati
et al., 2012). This change in subduction polarity is
constrained as early Bartonian (=40 Ma) by the strati-
graphic age of the base of the Epiligurid succession,
which testifies to the onset of subduction-related
subsidence of the Apennine accretionary prism
(Garzanti and Malusa, 2008; Malusa and Garzanti,
2012). An early Bartonian age corresponds very
closely to the age of the base of the Calcaires a
Nummulites in the studied areas of SE France and W
Liguria. The onset of subsidence in SE France and W
Liguria is thus principally related here not to flexure of
the lower European plate induced by the load of the
Alpine orogen, but to regional extension on the upper
plate of the Apenninic subduction. Consequently,
rather than simply a part of the Alpine foreland basin,
the late Eocene-Early Oligocene basins in the studied
areas are here principally considered as extensional/
transtensional basins located at the southern edge of
the European Cenozoic rift system (Dézes et al., 2004).

Numerous geological data from the western Medi-
terranean region indicate that in the Gulf of Lion,
Valencia trough, Alboran Sea, as well as between the
Maures Massif and Corsica, rifting was well underway
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by 33 Ma (Jolivet and Faccenna, 2000). Our consider-
ations suggest that the tectonic revolution that trigged
the major change in regional stress fields that ulti-
mately led to the opening of the Liguro-Provencal
Basin (Doglioni et al., 1997; Gueydan et al., 2017)
started even earlier, close to 40 Ma.

A three-stage Palaeogene basin evolution of the
Western Alps is thus envisaged (Fig. 12): a) tectonic
uplift and development of the major Cretaceous-
Eocene unconformity, which may be related either to
the onset of Europe/Asia collision or to the initial uplift
of the western shoulder of the Liguro-Provencal rift b)
around 40 Ma, extensional/transtensional rift basins
began to develop in SE France, on the upper plate of the
nascent westward Apenninic subduction zone; c¢)
around 34 Ma, exhumation of mantle eclogites was
completed in the axial Ligurian Alps (i.e., Voltri Massif),
followed by rapid subsidence and deposition of ophio-
liticlastic conglomerates in the Tertiary Piedmont Basin

Accelerating retreat of the Apenninic subduction zone
and associated upper-plate extension led to the
detachment of Corsica-Sardinia from Europe, the
opening of the Ligurian-Provencal trough, and full
stepwise development of the European Cenozoic rift
system (Ziegler, 1992; Dezes et al., 2004; Malusa et al.,
2015).
8.2. From geological observations to models

If the late Eocene-Early Oligocene basins of the
French Alps developed chiefly by tectonic extension/
transtension - rather than by flexure related to the
growth of the Alpine orogenic prism - then the
underfilled trinity model of foreland-basin deposition,
proposed for the Western Alps, needs to be drastically
reconsidered.

Because the Annot turbidites are not fed from the
Alps, there was no “flysch” stage in the French Alps.

(Malusa et al., 2011; Amadori et al., 2023). The “flysch to molasse transition” (Sinclair, 1997), a
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two-phase evolution widely applied as a dogma in
foreland basins worldwide (e.g., Heller et al., 1988;
Allen et al., 1991; Sinclair, 1997; Ford and Lickorish,
2004; Botziolis et al., 2021), ceases to be meaning-
ful. To avoid terminological confusion, the word
“flysch” should be considered as a synonym of
orogenic-fed remnant-ocean turbidite (as defined in
Graham et al., 1975; Garzanti, 2019a), and thus not
applied to the Gres d’Annot in the Western Alps.

Another critical point concerns the purported im-
plications of foreland-basin stratigraphy on the timing
of collisional onset. The Cretaceous-Eocene uncon-
formity was ascribed to flexural uplift at the start of
the Alpine orogeny (Sinclair, 1997), but its nature has
not been fully clarified yet. If it were related instead
to rift-shoulder uplift, then the unconformity would
correspond to the final choking of Alpine subduction
(and consequent onset of westward Apenninic sub-
duction), rather than to its initiation.

Lastly, our considerations lead us to ask a much
more general, rather philosophical but no less impor-
tant question, i.e., what are the requirements that a
specific regional situation must fulfil to be translated
into a “model” (Kleinhans et al., 2010)? A model that
in successful cases is well received and widely
accepted, and eventually considered as universally
valid and thus applied without much concern as a
prejudicial guiding criterion while investigating anal-
ogous but not necessarily homologous geological set-
tings. Our view is that, in recent decades, the
tendency and often unavoidable necessity to over-
stress the significance of our research findings by
forcing them beyond observations into “models” has
led us to overlook the fascinating character of nature,
which is the ability to surprise by presenting us with
ever new, amazing phenomena (Leeder, 2011). Hy-
potheses including the underfilled trinity model and
an alternative scenario proposed in this article are
valid insofar they can be, and are, confronted, tested,
and potentially falsified. Problems arise, instead,
when unchallenged theories are used uncritically in
geological investigations.

9. Conclusions

The classic Eocene-Oligocene succession of the
Western Alps is here re-investigated by new field ob-
servations and stratigraphic, sedimentological, and
provenance data. Based on those data, we question
the tectonic nature of the Eocene-Oligocene sedi-
mentary basins in the Western Alps. Our main results
are the following:

1) Stratigraphic ages. Biostratigraphic data indicate
that the ages of the Calcaires a Nummulites, Glo-
bigerina marl, and Gres d’Annot display no major
diachroneity across the western Alpine foreland.
The base of the Calcaires a Nummulites is accu-
rately constrained as the SBZ17 biozone in the
Peyresq and Coulomp River sections of the Annot
Basin, in the Peira Cava Basin, as well as in the
Realdo section of the Maritimes Alps. The top of the
Grés d’ Annot is also broadly synchronous and dated
by planktonic foraminifera and nannofossils as the
P18 and NP21 biozones in the Chaluty, Grand Coyer,
Annot, and St. Antonin sub-basins.

2) Sedimentary facies. The major unconformity
separating the uppermost Cretaceous pelagic strata
from the Bartonian base of the Calcaires a Num-
mulites represents a 25 myr-long stratigraphic gap
corresponding to the time window when the hyper-
extended European continental margin began to
subduct beneath Adria. Deep-marine Campanian-
Maastrichtian strata were abruptly overlain by the
Calcaires a Nummulites, which display a long-term
deepening-upward trend from a shallow-water
middle ramp setting to an outer ramp episodically
affected by storms.

3) Provenance analysis. Detrital modes, heavy-mineral
assemblages, and detrital-zircon U—Pb ages show
that the upper Eocene-Lower Oligocene Gres d’ Annot
sandstones, as well as the Upper Cretaceous Bor-
dighera Sandstone, received detritus from Variscan
and post-Variscan granitoids and subordinately felsic
volcanic rocks located on the European plate rather
than from the Alpine orogen. In the Barréeme Basin,
abundant limestone rock fragments in the Lower
Oligocene Gres de Ville suggest recycling of the
Cretaceous strata newly incorporated in the Alpine
orogenic prism, whereas the overlying Conglomérats
de Clumanc and Conglomérats de Saint-Lions were
partly sourced from penecontemporaneously active
volcanism, as indicated by a group of zircon grains
yielding ages clustering between 29 and 38 Ma.

4) Critique of the underfilled trinity model (Sinclair,
1997). Based on stratigraphic ages, facies and
microfacies evolution, provenance of the Gres
d’Annot, and syn-depositional extensional faulting,
we challenge the idea that the Calcaires a Num-
mulites (locally underlain by the Poudingues
d'Argens), the Marnes Bleues, and the Gres d’Annot
can be considered as the underfilled trinity of the
basal western Alpine foreland basin (as in Allen
et al., 1991, 2001).

5) Tectonic setting. The stratigraphic and sedimen-
tological evidence obtained from the Eocene-
Oligocene Annot and Barréme basins supports
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deposition in an extensional/transtensional, rather
than purely flexural basin, during the 40-35 Ma
time interval that corresponded to the initial for-
mation and retreat of the Apenninic subduction
zone, leading to upper-plate extension, detach-
ment of Corsica-Sardinia from Europe, and full
stepwise development of the European Cenozoic
rift system.
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online at https://doi.org/10.1016/j.jop.2024.07.
001, including Figures S1—-S2 and Tables $1—S6. Fig.
S1 Microphotographs of key fossil species, including
planktonic foraminifera (Fig. S1-1) and larger benthic
foraminifera (Fig. $1-2). Fig. S2 Distribution of fora-
miniferal assemblages in the studied stratigraphic
sections: Sauzeries in the Barréme Basin (Fig. 52-1),
Peyresq (Fig. S2-2), Braux in the Annot Basin (Fig. S2-
3), La Rochette in the St. Antonin Basin (Fig. S2-4), and
Peira Cava (Fig. S2-5). Table S1 Measured stratigraphic
sections of the Calcaires a Nummulites. Table S2
Studied sandstone samples from the Western Alps.
Table S3 Petrographic analysis of the studied sand-
stones from the Western Alps. Table S4 U-Pb ages of
detrital zircons in the studied sandstones from the
Western Alps. Table S5 U-Pb ages of zircon standards.
Table S6 The difference of biostratigraphic age be-
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