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Terrigenous input is often considered detrimental for carbonate producing organisms, however, the common oc-
currence ofmixed siliciclastic–bioclastic deposits indicates that the relationship between carbonate factories and
terrigenous fluxes is a complex issue. To investigate this subject, we analyzed the skeletal assemblages of the Pa-
leogene Alpine foreland basin in a wide area encompassing NW Italy and SE France. Four different sections,
Mortola, Loreto, Braux and Lauzanier, deposited between the Bartonian and the Priabonian,were studied indetail
and, based on microfacies analysis, six main biofacies were recognized: i) nummulitid biofacies and ii)
acervulinid and coralline algal biofacies related to shallowwater; iii) nummulitid and orthophragminid biofacies
and iv) coralline-algal branches and large benthic foraminifera biofacies related to intermediate depth; v)
orthophragminid biofacies and vi) orthophragminid and coralline algal biofacies related to deeper settings.
Thin sections and X-ray diffraction analyses show that these biofacies can be related to twomajor carbonate fac-
tories. The former was dominated by free-living benthic foraminifera and was characterized by a relevant terrig-
enous fraction, indicating free-living benthic foraminifera as the most terrigenous-tolerant group of carbonate
producers of the Nummulitic Limestone system. The latter was dominated by encrusting acervulinids and coral-
line algae and thrived far-off major terrigenous sources. Conversely, recent and Neogene coralline algae are
known to be able to tolerate high sedimentation rates. The distribution of coralline-algal-rich skeletal assem-
blages in the Nummulitic Limestone thus hints that Eocene coralline algaemight have been fundamentally differ-
ent (probably less adaptable) than their more modern counterparts.

© 2021 Elsevier B.V. All rights reserved.
Keywords:
Paleogene
Carbonate factories
Foreland basin
Foraminifera
Acervulinids
Calcareous algae
1. Introduction

It is a common opinion that clastic input is detrimental for marine
carbonate producing organism. This is based on three major pieces of
evidence. First, most carbonate producers either feed by catching food
from the water column (either passively like bryozoans or actively like
corals), and thus they can be damaged by sediment ingestion (e.g.,
James and Kendall, 1992), or are dependent on light (e.g., calcareous
algae, symbiont-bearing corals), and therefore they dislike turbid
water and even more being covered in sediment. Secondly, most of
them are sessile or they have a limited mobility, and thus, if buried by
sediment, neither escaping nor relocating is an option. Last but not
least, many large present-day carbonate systems are located far away
from major sources of terrigenous sediment (e.g., the Bahamas Bank
.

Complex, Roberts, 1987; the Maldive Islands, Lüdmann et al., 2013). Al-
though the detrimental effect of clastic sediment is undeniable, carbon-
ate production can take place even in areas with significant sediment
influx, as testified by the common occurrence of mixed siliciclastic–
bioclastic deposits (e.g., Doyle and Roberts, 1988; Wilson and Lokier,
2002; Lokier et al., 2009). One explanation for this apparent exception
is that clastic inputmay be seasonal or episodic and a period of high sup-
ply can be followed by low accumulation sufficiently prolonged for a
carbonate factory to develop (e.g., Bernasconi et al., 1997; Tomassetti
et al., 2013). Another reason is that some carbonate-producing organ-
isms are able to deal with high sedimentation rate. Red calcareous
algae can photosynthesize even in dim light (e.g., van den Hoeck et al.,
1995) and withstand sediment-related turbidity (e.g., Lokier et al.,
2009). Larger benthic foraminifera can excavate themselves following
shallow burial (e.g., Lokier et al., 2009). Corals are capable of cleaning
their surface and remove sediment particles from their oral disk (e.g.,
solitary fungiids, Heikoop et al., 1996; Cladocora caespitosa, Schiller,
1993). The grain size of clastic material is another important variable,
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because the self-cleaning capabilities of corals are strictly limited by
particle grain-size (e.g., Lasker, 1980). Moreover, particle size affects
micro-environmental dynamics (e.g., substrate stability, development
of microbial biofilms) and consequently also affects the distribution of
carbonate producers such as bryozoans and foraminifers (e.g., Smith,
1995; Du Châtelet et al., 2009).

Because sediment supply has a significant impact on both the de-
velopment of carbonate factories and their composition, favoring
certain groups over others, the interplay between skeletal-assem-
blage composition and abundance of clastic material can provide im-
portant paleoenvironmental information. Furthermore, because
human activities (e.g., dam building, land development, deforesta-
tion) exert a significant impact on the sediment load of rivers, and
thus on the amount of clastic material delivered to the sea, a full un-
derstanding of the response of carbonate factories to terrigenous
fluxes is essential to foresee the long-term dynamics of modern envi-
ronments.

This study aims at investigating the effects of terrigenous fluxes on
carbonate-producing biota focusing on the Paleogene Alpine foreland
basin. Foreland basins are created by dynamic forces related to conti-
nental subduction and by lithospheric flexure caused by the load of
the orogen (Dickinson, 1974; DeCelles and Giles, 1996; Sinclair and
Naylor, 2012; Garzanti, 2019a). The southwestern part of the
Alpine foreland basin hosts extensive carbonate and mixed
siliciclastic‑carbonate successions, mainly deposited during the Eocene
epoch and generally displaying an overall (and similar) deepening-up-
ward trend controlled by tectonic subsidence (Ravenne et al., 1987;
Sinclair, 1997). These successions, developed in a relatively small area,
display awide variety of carbonate facies and a remarkably variable ter-
rigenous fraction, representing an ideal setting to study the effects of
clastic input on carbonate-producing biota and highlight differences
and similarities between Paleogene systems and their modern counter-
parts.

2. Geological setting

The Alpine foreland basin formed mainly as a consequence of the
convergence of the European continent with the Adria microplate that
created the Alps and next the Apennines, and extends from Liguria
and southeastern France to Switzerland and Austria. In the study area,
located at the political border between Italy and France (Fig. 1A, B),
the strata underlying the foreland-basin succession consist of
calcilutites, sandstones and minor microconglomeratic sandstones de-
posited by turbidity currents and debris flows in the quasi-oceanic Al-
pine Tethys seaway during the Late Cretaceous (Ravenne et al., 1987;
Giammarino et al., 2010; Mueller et al., 2018) (Fig. 1C). These units
are separated by a major angular unconformity from the overlying Pa-
leogene deposits (Fig. 1C).

2.1. The Paleogene succession

The Paleogene succession can be broadly divided into six main units
testifying to the evolution of the basin: 1) the Infranummulitic, 2) the
Nummulitic Limestone, 3) the Globigerina Marls, 4) the Sandstones, 5)
the Mélanges, and 6) the Molasse (Fig. 1C).

1) The Infranummulitic (locally named Infranummulitic Formation,
Microcodium Formation, or Poudingues d'Argens) is generally 10 to
50 m thick (Sturani, 1965; Sinclair et al., 1998; Varrone and Clari,
2003; Barale et al., 2016), but thicker deposits have been reported
in the western stretches of the basin (Barrême area; Ford et al.,
1999). It displays a remarkable variety of sedimentary deposits re-
lated to fluvio-deltaic and very shallow marine environments (e.g.,
Sturani, 1965; Ravenne et al., 1987; Gupta, 1997; Sinclair et al.,
1998; Evans and Elliott, 1999; Varrone and Clari, 2003). In the stud-
ied area, from the bottom to the top, the most common ones are: i)
2

Microcodium-bearing marly breccias usually separated from the un-
derlying substrate by an erosive surface and characterized by poorly
sorted angular fragments of Upper Cretaceous marlstone and
reworked Upper Cretaceous planktonic foraminifera (Varrone and
Clari, 2003); ii)Microcodium-bearingmarly limestone, locally nodu-
lar, displaying reworked Upper Cretaceous planktonic foraminifera
and rare terrigenous grains (Sturani, 1965; Sinclair et al., 1998;
Varrone and Clari, 2003); iii) Microcodium-bearing conglomerates,
consisting of clast-supported lenticular deposits, mainly character-
ized by pebbles related to the erosion of the underlyingUpper Creta-
ceous substrate (chert pebbles and very rare nummulitic limestone
pebbles also occur) (Sturani, 1965; Sinclair et al., 1998; Varrone
and Clari, 2003; Sztrákos and Du Fornel, 2003). Sand lenses have
also been reported. These conglomerates also include a small
bioclastic fraction consisting of reworked Inoceramus and rare
Nummulites (Sinclair et al., 1998; Varrone and Clari, 2003); iv)
clast-supported conglomerates with Microcodium-bearing pebbles
locally displaying remains of terrestrial vertebrates (including
Palaeotherium that indicates an age not older than the middle Eo-
cene; Sturani, 1965); v) fine-grained dark limestones (also called
Cerithium marlstones), characterized by lenses of dark-chert,
terrestrial, brackish and shallow-marine gastropods, remains of
charophytes, terrestrial plants and shallow-water benthic foraminif-
era (Sturani, 1965; Sinclair et al., 1998; Varrone and Clari, 2003;
Sztrákos and Du Fornel, 2003). Gastropod assemblages suggest a
Bartonian age for these deposits (Sturani, 1965); vi) well-sorted,
quartz-rich sands displaying rare large benthic foraminifera (mainly
Nummulites brongnarti, Nummulites puschi, Nummulites striatus and
Orbitolites; indicating a Bartonian age; Serra-Kiel et al., 1998;
Varrone and Clari, 2003). SinceMicrocodium consists of microscopic
aggregates of elongated calcite crystals related to the decomposing
activity of either roots, fungi or bacteria within the soil (Klappa,
1978; Košir, 2004; Kabanov et al., 2008), i, ii iii and iv should have
formed in a continental environment (most likely a river valley)
(Sturani, 1965; Gupta, 1997; Sinclair et al., 1998; Varrone and
Clari, 2003; Sztrákos and Du Fornel, 2003); v should represent the
transition toward a brackish or shallow marine environment, and
vi should indicate fully marine conditions (Sturani, 1965; Sinclair
et al., 1998; Varrone and Clari, 2003). Overall the facies succession
of the Infranummulitic unit represents the initial phase of a marine
transgression.

2) TheNummulitic Limestone, which represents the focus of this study,
testifies to a widespread marine transgression. It is characterized by
a variable thickness ranging between 10 and 100 m, generally
greater in the external eastern part of the basin and decreasingwest-
ward (Sinclair et al., 1998; Evans and Elliott, 1999; Varrone and Clari,
2003; Sztrákos andDu Fornel, 2003), but it goes up to 150m inwest-
ern Liguria (Loreto area; Varrone and D'Atri, 2007). The Nummulitic
Limestone lies unconformably either onto the Infranummulitic or,
more commonly, directly onto the Upper Cretaceous (e.g.,
Lickorish and Ford, 1998). Despite its name, the unit contains
siliciclastic detritus. The facies succession indicates progressive
deepening of the basin. The base is usually characterized by a lag de-
posit rich in pebbles commonly displaying Gastrochaenolites borings
(Carbone et al., 1980; Gupta, 1997; Evans and Elliott, 1999; Gupta
and Allen, 2000; Varrone and D'Atri, 2007). This initial transgressive
ravinement surface is overlain by shallow-water limestones rich in
nummulitids and, locally, in coralline algae (Ravenne et al., 1987;
Sinclair et al., 1998; Varrone and D'Atri, 2007) (Fig. 1C). Further
deepening of the depositional environment is testified by the transi-
tion toward deposits rich in orthophragminids large benthic forami-
nifera (LBF fromhere onward) and planktonic foraminifera (Fig. 1C).
The top of the unit generally presents a drowning (maximum
flooding) surface with reworked bioclasts and abundant authigenic
minerals, which testifies to the demise of the carbonate factory
(Sinclair et al., 1998).



Fig. 1.Geographical and geological setting of the four investigated successions. A) Location of the study areawithin theMediterranean region. B)Main geological units of NW Italy and SE
France. C) Simplified stratigraphic log of theWestern Alpine forelandbasin; 1= Infranummulitic; 2=Nummulitic Limestone; 3=GlobigerinaMarls; 4=Sandstones; 5=Mélanges; 6=
Molasse; symbols as in Fig. 3. Simplified geological maps of: D) Mortola section; key colors as in panel C; b, t = base and top of section; E) Loreto section; F) Braux section; G) Lauzanier
section.

G. Coletti, L. Mariani, E. Garzanti et al. Sedimentary Geology 425 (2021) 106005
3) The overlying GlobigerinaMarls have a variable thickness ranging
from fewmeters (Sturani, 1965; Barale et al., 2016) to 100–200m
(Allen et al., 1991; Sztrákos and Du Fornel, 2003). They deposited
in a hemipelagic environment characterized by a limited clastic
3

supply (Fig. 1C). The unit may be subdivided into a lower part
(Blue Marls), mainly calcareous and containing coquina layers
(sensu Schaffer, 1972) rich in reworked shallow-water bioclasts,
and an upper part (Brown Marls) characterized by an increased
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terrigenous fraction (Ravenne et al., 1987; Artoni and Meckel,
1998).

4) Heralded by the Brown Marls, siliciclastic supply culminates with
the deposition of the Sandstones (locally called Grès d'Annot, Grès
du Champsaur, Grès de Ville, Souloise Greywacke, or Ventimiglia
Flysch) (Fig. 1C). This terrigenous unit is usually 500 to 1000 m
thick (Ravenne et al., 1987; Ford et al., 1999; Sztrákos and Du
Fornel, 2003; Mulder et al., 2010), but in the western stretches of
the basin (Barrême area) is much thinner, around 50 m (Ford et
al., 1999). Quartzo-feldspathic to litho-feldspatho-quartzose petro-
graphic composition (Hu et al., submitted; classification after
Garzanti, 2019b) and paleocurrents suggest that the main source
of the detritus was located to the south and represented by the Sar-
dinia–Corsica block and/or the Massif de l'Esterel (Ravenne et al.,
1987; Lickorish and Ford, 1998; Ford et al., 1999; Mulder et al.,
2010).

5) In the eastern part of the basin, the succession is sealed by the Mé-
lange, which includes chaotic accumulation of detritus (300 to 600
m thick) from the internal Alpine domain (Ravenne et al., 1987;
Evans and Elliott, 1999; Ford et al., 1999; Perotti et al., 2012; Maino
and Seno, 2016) (Fig. 1C).

6) In the western part of the basin, instead, the succession is uncon-
formably covered by the “Molasse”. This name, once commonly
used to define late orogenic clastic deposits accumulated in a
foredeep basin (e.g., van Houten, 1973), is nowadays used in the Al-
pine region to indicate a widespread and thick unit consisting of
clastic marine deposits accumulated in progressively shallower set-
tings and finally overlain by fluvio-deltaic sediments (Evans and
Elliott, 1999; Ford et al., 1999) (Fig. 1C).

2.2. Stratigraphic ages

The ages inferred for the Infranummulitic Formation (1), in the
study area, should be comprised between the Lutetian (based on the
presence of Palaeotherium; Sturani, 1965) and the Bartonian (based on
gastropod and LBF assemblages; Sturani, 1965; Varrone and Clari,
2003; Sztrákos and Du Fornel, 2003). A Priabonian age has also been
proposed by Sinclair et al. (1998) based on a different interpretation
of the association of the vertebrates and gastropods reported by
Sturani (1965). It must be noted that the limited knowledge of the dis-
tribution of Paleocene terrestrial vertebrates and marine gastropods
species limits their stratigraphic significance. On the other hand,
Varrone and Clari (2003) reported the presence of Orbitolites (whose
extinction occur at the Bartonian/Priabonian boundary; Sartorio and
Venturini, 1988; Serra-Kiel et al., 1998; Nebelsick et al., 2005;
Boudaugher-Fadel, 2018), thus indicating a pre-Priabonian age for the
Infranummulitic.

Because of the inherent difficulties in dating shallow-water lime-
stones, the age of the Nummulitic Limestone (2) is also imprecisely
constrained. The onset of deposition is diachronous, with the oldest
strata exposed in the central Swiss Alps (Fliegenspitz beds, Thanetian
age) (Ravenne et al., 1987; Ford et al., 1999; Allen et al., 2001; Kempf
and Pfiffner, 2004). Within the study area, the base of the Nummulitic
Limestone was constrained by LBF assemblages to the Bartonian
(Sztrákos and Du Fornel, 2003; Varrone and Clari, 2003; Varrone and
D'Atri, 2007), although ages ranging from late Lutetian to Priabonian
have also been proposed (Bodelle, 1971; Campredon, 1977; Varrone
and D'Atri, 2007). A general younging trend from SE to NW has also
been documented (Campredon, 1977; Ford et al., 1999; Sztrákos and
Du Fornel, 2003).

The overlying Globigerina Marls (3) are assigned, based on planktic
foraminiferal and calcareous nannofossil assemblages, to the late
Bartonian to early Priabonian in the eastern part of the study area, and
to the Priabonian in the western part (Lickorish and Ford, 1998; Evans
and Elliott, 1999; Sztrákos and Du Fornel, 2003; Varrone and D'Atri,
2007; Mulder et al., 2010).
4

According to calcareous nannofossils, planktonic foraminifera
and reworked LBF, Sandstones (4) sedimentation in the study area
should have started between the uppermost Bartonian and the
Priabonian, while westward, in the Barrême area, it should have
started during the Rupelian (Ford et al., 1999; Sztrákos and Du
Fornel, 2003; Mulder et al., 2010). This is substantially consistent
with the 40Ar/39Ar and K–Ar ages of the volcanic pebbles of the
Sandstones that range between 35 and 30 Ma (Féraud et al., 1995;
Montenat et al., 1999).

3. Material and methods

Four stratigraphic successions located in the area straddling the po-
litical border between NW Italy and SE France were accurately mea-
sured and sampled focusing on the Nummulitic Limestone and on
immediately underlying and overlying intervals: Capo Mortola (NW
Italy; 43°46′50.5″N 7°33′20.8″E), Loreto (NW Italy; 43°59′43.4″N 7°44′
18.8″E), Braux (SE France; 43°57′31.3″N 6°41′36.9″E), and Lauzanier
(SE France; 44°22′55.1″N 6°52′18.7″E) (Fig. 1B, D–G). Strata were
logged in detail in the field, giving particular attention tomajor surfaces,
macrofossil distribution, and sedimentary structures. The Capo Mortola
section follows the section measured and sampled by Carbone et al.
(1980). The investigated carbonate rocks were classified based on
Dunham's (1962) classification, expanded by Embry and Klovan
(1971) and refined by Lokier and Al Junaibi (2016). Representative
rock samples were taken for petrographic and paleontological analyses.
Wherever possible, further samples of isolated LBF were collected for
biostratigraphic analysis. A total of 147 thin sections were analyzed
(102 for skeletal assemblages, 25 dedicated to oriented sections of
LBF, and 20 from units below and above the Nummulitic Limestone).
Isolated LBF specimenswere embedded in epoxy resinwithin a pill blis-
ter and abraded with silicon carbide to expose their equatorial plane
(Coletti et al., 2019a). Subsequently, the specimens were prepared
into thin sections. The taxonomy used for the classification of iso-
lated orthophragminid specimens follows Less (1987). Skeletal as-
semblages and petrographic characteristics (including the amount
of terrigenous material) were investigated by counting 350 points
on each section and using a 250 μm mesh (Flügel, 2010). Full re-
sults of point-count analyses are included in Supplementary
Table 1.

Paleoenvironmental interpretationwas based principally on forami-
niferal assemblages. In each section, all LBFwere identified at the lowest
possible taxonomic level and counted; small miliolids and planktonic
foraminifera were also counted. The orthophragminid/nummulitid
ratio (O/N), the large rotaliid/miliolid ratio, and the abundance of plank-
tonic foraminifera were thus obtained for each sample. These parame-
ters are depth-related and generally increase with increasing water
depth (Hallock and Glenn, 1986; Ćosović et al., 2004; Beavington-
Penney and Racey, 2004).

The terrigenous fraction was further investigated by powder X-ray
diffraction (PXRD) on 32 bulk samples from different microfacies, and
from units underlying and overlying the Nummulitic Limestone. The
samples were initially ground in an agate mortar. PXRD analysis was
performed on zero-background silicon plateswith a Philips PW1140 dif-
fractometer equipped with CoKα radiation (Kα1 wavelength 1.789 Å)
operating at 40 kV and 20 mA. The samples were scanned between
3° and 70° 2θ with a step size of 0.02° 2θ and an acquisition time of
1 s per step. Data treatment was carried out with Panalytical X'pert
HighScore Plus to identify the main mineralogical phases and a semi-
quantitative analysis was carried out using the Reference Intensity
Ratio (RIR) method (Chung, 1974).

4. Results

Based on the analysis of the skeletal and foraminiferal assemblages
of the investigated sections, six main biofacies have been recognized:



Fig. 2. Overview of the main recognized biofacies of the Nummulitic Limestone. A) Nummulitid biofacies, Capo Mortola; B) Orbitolites-bearing nummulitid biofacies, Capo Mortola; C)
acervulinid-bearing nummulitid biofacies, Braux; D) nummulitid and orthophragminid biofacies, Braux; E) orthophragminid biofacies, Capo Mortola; F) coralline algal branches and
LBF biofacies, Loreto; G) acervulinid and coralline algal biofacies, Loreto; H) orthophragminid and coralline algal biofacies; Loreto.
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i) Nummulitid biofacies, occurring at the base ofMortola and Braux
successions and characterizing the whole Lauzanier section. The
skeletal assemblage is largely dominated by nummulitids (Fig.
2A); echinoderms and mollusks are usually common; solitary
corals can be relevant. The foraminiferal assemblage is almost
entirely consisting of benthic taxa and is dominated by the
genus Nummulites; Amphistegina and small miliolids can be also
common; planktonic foraminifera are very rare or absent. The
nummulitid biofacies can be further subdivided into the
Orbitolites-bearing nummulitid biofacies (lowermost Mortola
section; Fig. 2B) and the acervulinid-bearing nummulitid
biofacies (lowermost Braux section; Fig. 2C).

ii) Nummulitid and orthophragminid biofacies, occurring above the
nummulitid biofacies in both theMortola and Braux sections. It is
dominated by LBF (Fig. 2D), associated with common mollusks
and echinoderms, and rare serpulids (mainly Ditrupa); solitary
corals can be abundant. Nummulitids (Nummulites, Assilina,
Operculina) and orthophragminids dominate the foraminiferal
assemblage; Amphistegina is rare, while planktonic foraminifera
can be common.

iii) Orthophragminid biofacies, occurring above the nummulitid and
orthophragminid biofacies in both the Mortola and Braux
5

sections. The skeletal assemblage is almost entirely consisting
of orthophragminids and planktonic foraminifera (Fig. 2E).
Assilina, Operculina, and rare Nummulites also occur (Fig. 2E).

iv) Coralline algal branches and LBF biofacies, occurring in the Loreto
section. Its skeletal assemblage consists of red calcareous algae
(mainly pebble to granule-sized branches and rhodoliths) and
LBF, associated with echinoderms, bryozoans and mollusks
(Fig. 2F). The foraminiferal assemblage includes acervulinids,
nummulitids, orthophragminids, small rotaliids, and small
miliolids.

v) Acervulinid and coralline algal biofacies, occurring in the Loreto
section. It is characterized by pebble-sized macroids (i.e. coated
grains created by the concentric growthof encrusting organisms)
built by encrusting foraminifera and coralline algae (Fig. 2G). The
macroids are associated with free-living LBF, echinoderms and
mollusks. The foraminiferal assemblage is dominated by
acervulinids, associated with Nummulites, orthophragminids,
Alveolina, and small miliolids.

vi) Orthophragminid and coralline algal biofacies, occurring only in
the uppermost part of the Loreto section. Differently from the
orthophragminid biofacies of Mortola and Braux, it displays
abundant coralline algae (Fig. 2H).
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4.1. Mortola

In the Mortola section, the Nummulitic Limestone is roughly 55 m
thick and overlies Upper Cretaceous pelagic marlstones (Fig. 1D). The
contact is an erosive surface, punctuated by small traces of boring or-
ganisms (possibly endolithic bivalves), carved into the underlyingmarl-
stones and filled with the coarser-grained bioclastic material of the
Nummulitic Limestone. The basal layers of the Nummulitic Limestone
contain common pebbles of dark chert, which do not occur up-section.
Based on microfacies analysis, sedimentological features and macrofos-
sil distribution, the measured section can be subdivided into five inter-
vals (Figs. 3, 4).

Interval M1 (~17 m; Orbitolites bearing nummulitid biofacies). It
consists of nummulitic rudstone layers (mainly lentil-sized
megalospheric forms, associated with rarer microspheric forms
with diameter up to 5 cm) alternating with packstone layers with
Fig. 3. Stratigraphic log of Mortola section with information on skeletal assemblages, average gra
benthic foraminifera; RCA = coralline algae; f = fine; m= medium; c = coarse; gr = granules; p
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rare large oyster and charcoal fragments (Fig. 4B, C). These are over-
lain by a floatstone layer (packstone matrix), where nummulitids,
locally concentrated in lenses, are associated with solitary corals,
mollusks (mainly large specimens of Pycnodonte, but also cardiidae,
pectinids, gastropods, and vermetid gastropods; Fig. 4D, E),
serpulids, rare echinoderms, and very rare colonial corals (Fig. 4F).
Small burrows lined with nummulitid tests also occur (Fig. 4G).
Microfacies analysis indicates that the skeletal assemblage is over-
whelmingly dominated by LBF, associated with, in decreasing
order of abundance, echinoderms (mainly irregular echinoids),
small benthic foraminifera, serpulids (mainlyDitrupa), andmollusks
(Fig. 5A–G; Table 1). The benthic foraminiferal assemblage is domi-
nated by Nummulites (Fig. 5A, B) with common Orbitolites (both
whole specimens and fragments; Fig. 5A, C), Amphistegina (Fig. 5F),
small rotaliids and small miliolids (Fig. 5G). The terrigenous fraction
accounts for up to 50% of the rock (Fig. 3; Table 1) and is mainly rep-
resented by fine-sand-sized angular quartz grains, plagioclase and
in-size, and key to symbols. Sil = siliciclastic fraction; sub. = subfacies; LBF = large
b = pebbles; cb = cobbles.



Fig. 4.Mortola section. A) Outcrop overview (base of section to the right, top to the left). B)M1, nummulitid rudstone alternatingwith fine-grained packstones; C)M1, charcoal fragment;
D)M1, large Pycnodonte oysters; E)M1, vermetid gastropods; F)M1, colonial coral; G)M1, burrow linedwithNummulites tests; H) base ofM2; I)M2, large-sizedNummulites; J) upper part
of M2. K) Overview of M4; L) M4, thin and saddle-shaped orthophragminids with a large-sized microspheric specimen.
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K-feldspar. The sparse heavy-mineral fraction chiefly consists of
commonly euhedral zircon, tourmaline and rutile, withminor horn-
blende, staurolite, and garnet.
Interval M2 (~12 m; nummulitid biofacies). This interval starts with
a 4 m-thick, nummulitic rudstone characterized by very common,
thick megalospheric specimens associated with rarer gigantic
microspheric specimens (diameter up to 5 cm; Fig. 4H, I), overlain
by a 8m-thick floatstonewith a wackestonematrix displaying com-
mon nummulitids, solitary corals (Fig. 4J), gastropods, bivalves
(mainly large Pycnodonte specimens and pectinids), scaphopods,
rare serpulids, echinoderms (both spines and complete tests), and
crab remains. Thin section analyses indicate that the skeletal assem-
blage is dominated by nummulitids (Nummulites and subordinate
7

Assilina) with solitary corals, mollusks, small benthic foraminifera,
echinoderms, serpulids, planktonic foraminifera, and ostracods
(Table 1). Terrigenous grains represent ~30% of the rock and mainly
consist of fine-sand-sized angular quartz grains, plagioclase, K-feld-
spar, and rare muscovite (Fig. 3; Table 1).
Interval M3 (~12 m; nummulitid and orthophragminid biofacies).
Floatstone (with a wackestone matrix) with nummulitids (mainly
small specimens with diameter <1 cm), solitary corals, Pycnodonte
(commonly occurring in groups of several specimens attached to-
gether), and gastropods, alternating with wackestones almost de-
void of macrofossils. The skeletal assemblage is dominated by LBF,
associated with solitary corals, mollusks, small benthic foraminifera,
echinoderms, planktonic foraminifera, serpulids, and ostracods (Fig.



Fig. 5. Skeletal assemblage andmicrofossils in the Mortola section. A) M1, Orbitolites (red arrow) bearing nummulitid biofacies; B) M1, Nummulites, axial section; C) M1, Orbitolites, axial
section;D)M1,Ditrupa; E)M1, echinoderm fragments (red arrowpoints at spines of irregular echinoids); F)M1.Amphistegina; G)M1, Triloculina; H)M3, Lenticulina and planktonic forams
(red arrow); I) M4, thin and flat orthophragminids; J) M4, Assilina; K) M4, glaucony-filled orthophragminid; L) M5, well-sorted and fragmented foraminifera (red arrow points at
glaucony). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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5H; Table 1). The benthic foraminiferal assemblage is dominated by
orthophragminids, Nummulites and small rotaliids including
Lenticulina. The detrital fraction accounts for roughly 25% of the
rock and mainly consists of coarse-silt-sized angular quartz grains,
K-feldspar, plagioclase and rare muscovite (Fig. 3; Table 1).
8

Interval M4 (~13 m; orthophragminid biofacies). The base of this
interval consists of a rudstone, with a wackestone matrix, rich
of flat and thin nummulitids (mainly Assilina exponens), and
orthophragminids including microspheric specimens up to several
cm in diameter (Fig. 4K). This rudstone is overlain by a 50 cm-



Table 1
Skeletal composition, foraminiferal assemblage and characteristics of the terrigenous fraction for each biofacies identified in the Nummulitic Limestone. A= absent; RR= very rare; R= rare; NC= not common; C= common; CC= very common;
RCA = red calcareous algae; LBF = large benthic foraminifera; PXRD = powder X-ray diffraction.

Site Mortola Mortola Mortola Mortola Loreto Loreto Loreto Braux Braux Braux Braux Lauzanier

Biofacies Nummulitid
(Orbitolites-bearing)

Nummulitid Nummulitid &
ortophragminid

Ortophragminid RCA
branches
& LBF

Acervulinid
& RCA

Ortophragminid
& RCA

Nummulitid
(acervulinid-bearing)

Nummulitid &
ortophragminid

Nummulitid &
ortophragminid
(mass transport)

Ortophragminid Nummulitid

Skeletal assemblage [point counting]
Coralline algae 0% 0% 0% 0% 68.5% 24.5% 30% 2% 0.1% 0.3% 0% 0%
Solitary corals 0% 18.5% 15% 0% 4% 0% 0% 0.4% 0.1% 3.5% 0% 7%
Benthic foraminifera 85% 71.5% 63% 93% 17.5% 67% 61% 81% 89% 78.5% 87% 74.5%
(nummulitids) (66%) (69%) (37%) (17%) (4.5%) (5.5%) (11%) (42%) (58%) (40.5%) (5.5%) (62%)
(orthophragminids) (0%) (0.5%) (15%) (71%) (1.5%) (2%) (47.5%) (0.5%) (22%) (21.5%) (63.5%) (5%)
(amphisteginids) (4%) (0%) (0%) (0%) (0%) (0.5%) (0%) (4.5%) (0.5%) (0%) (0%) (2%)
(large miliolids) (7%) (0%) (0%) (0%) (0%) (1.5%) (0%) (0.1%) (0%) (0%) (0%) (0%)
(small miliolids) (3.5%) (0%) (0%) (0%) (1.5%) (1.5%) (0%) (4.9%) (0.3%) (2.5%) (0%) (1.5%)
(small rotaliids) (4.5%) (2%) (11%) (5%) (3%) (2.5%) (2%) (11%) (7%) (8.5%) (10%) (3%)
(encrusting foraminifera) (0%) (0%) (0%) (0%) (5%) (50%) (0.5%) (14%) (1%) (0%) (0%) (0%)
Planktonic foraminifera 0% 0.5% 1% 5% 0% 0% 0% 0% 1.3% 2% 8% 0%
Echinoderms 9.4% 1.5% 2.5% 1% 4% 3.5% 2.5% 9% 5% 7.5% 3% 11.5%
Mollusks 1.5% 6% 16% 0% 1.5% 0.9% 4% 5.5% 2.5% 4% 0% 7%
Bryozoans 0% 0% 0% 0% 3.5% 0.1% 2% 1.5% 0.5% 0.2% 0% 0%
Serpulids 4% 0.5% 1% 0% 0.1% 3.5% 0% 0.2% 1% 2.5% 0% 0%
Others 0.1% 1.5% 1.5% 1% 0.4% 0.5% 0.5% 0.4% 0.5% 1.5% 2% 0%

Foraminiferal assemblage [area counting]
Large rotaliid/miliolid
(average)

10.65 57.25 n.a. n.a. 2.47 4.61 136.77 9.54 23.91 10.69 79.75 17.24

Ortophragminid/nummulitid
(average)

0.00 0.04 0.512 3.46 0.62 0.57 27.31 0.02 0.23 0.52 4.67 0.04

Amphistegina (average) CC NC NC A NC NC A CC NC R A C
Planktonic foraminifera
(average)

RR R NC C RR A NC A NC NC C A

Terrigenous fraction
Siliciclastic minerals (PXRD) 47% 31% 26% 23% 2.5 1% 9% 4% 8.5% 8% 11% 16%
Dominant mineral (PXRD) Quartz Quartz Quartz Quartz Quartz Quartz Quartz Quartz Quartz Quartz Quartz Quartz
Terrigenous elements (point
counting)

Quartz (CC),
charcoal (R)

Quartz (CC) Quartz (CC) Quartz (CC) // // // Rock fragments (C);
charcoal (NC)

Rock fragments
(R); charcoal
(R)

Rock fragments
(C); charcoal
(RR)

// Quartz (CC)

G
.Coletti,L.M

ariani,E.G
arzantietal.

Sedim
entary

G
eology

425
(2021)

106005

9



Fig. 6. Stratigraphic log of Loreto section with information on skeletal assemblage and
average grain-size. Symbols and abbreviations as in Fig. 3.
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thickwackestone layer and further overlain by a rudstone character-
ized by densely packed, thin, and saddle-shaped orthophragminids
including microspheric specimens up to 5 cm in diameter (Fig. 4L).
This layer also displays decimeter-long burrows lined by LBF.
The skeletal assemblage almost entirely consists of LBF
(orthophragminids and subordinate nummulitids), associated with
planktonic foraminifera, small rotaliids (including Lenticulina and
Stilostomella), echinoderms, and ostracods (Fig. 5I, J; Table 1).
Coarse-silt-sized quartz grains represent the bulk of the terrigenous
fraction, togetherwith plagioclase, K-feldspar, andmuscovite (Fig. 3;
Table 1). Toward the top of the interval, foraminiferal chambers can
be filled with glaucony (Fig. 5K).
Interval M5 (~1 m; drowning lag). The Nummulitic Limestone is
capped by a drowning surface characterized by awell-sorted forami-
niferal packstone containing mollusks, echinoderms, and glaucony
commonly filling foraminiferal tests (Fig. 5L). The foraminiferal as-
semblage is dominated by nummulitids and orthophragminids, as-
sociated with common planktonic foraminifera, textulariids, small
rotaliids (including Lenticulina), and rare miliolids. The minor
siliciclastic fraction (Fig. 3) consists of fine-sand-sized angular
quartz grains and includes a small heavy-mineral fraction displaying
zircon, tourmaline, rutile, biotite, apatite, staurolite, and garnet.

4.2. Loreto

In the Loreto area (municipality of Triora; NW Italy; Fig. 1E), Upper
Cretaceous pelagic marlstones are unconformably overlain by a 2 to
4 m-thick paraconglomerate comprising poorly sorted clasts of the
marlstones and of the Nummulitic Limestone, together with loose
Eocene bioclasts (mainly nummulitids and fragments of coralline
algae) (Figs. 6, 7). The significant siliciclastic fraction, making up to
~30% of the rock, consists of coarse-silt-sized quartz grains with sub-
ordinate plagioclase, muscovite, and chlorite (Figs. 6, 7C). Angular
and poorly sorted clasts of Nummulitic Limestone, ranging from
granule to boulder-size (Fig. 7B, E, G), are mostly consisting of LBF
(Nummulites, Assilina, orthophragminids, and Sphaerogypsina) and
coralline algae. Rare fragments of encrusting acervulinids also
occur. Coralline algae are poorly preserved and the few recognizable
fragments belong to the genus Sporolithon. Most of the Nummulitic
Limestone material recovered from the paraconglomerate displays
Microcodium-like alteration (Fig. 7G). The overlying 140-m thick
Nummulitic Limestone, based on microfacies analysis, sedimento-
logical features and macrofossil distribution, can be divided into
five intervals (Figs. 6, 8A).

Interval L1 (~35 m; coralline-algal branches and LBF biofacies). The
basal interval consists of floatstones to rudstones (with packstone
matrix) dominated by coralline algae and LBF, including large
microspheric specimens of Nummulites up to several centimeters
in diameter. Rare large specimens of Pycnodonte also occur (Fig.
8B). The skeletal assemblage includes coralline algae (mainly
Sporolithon, associatedwithHapalidiales and Corallinales), LBF, asso-
ciated with encrusting acervulinids, small benthic foraminifera,
echinoderms, bryozoans, and mollusks (Fig. 9A–D; Table 1). The
benthic foraminiferal assemblage includes Nummulites, Assilina,
orthophragminids, Sphaerogypsina, Amphistegina, small rotaliids,
small miliolids and textulariids (Fig. 9B, C). The terrigenous fraction
is minor and quartz-rich (Fig. 6; Table 1).
Interval L2 (~50m;mass-transport deposits). Finely laminated, dark
gray wackestones rich in organic matter, displaying dish structures
related to dewatering, and characterized by fragmented and poorly
preserved bioclasts, usually occurring in thin layers (1–2 cm) and
displaying an imbricated fabric (Figs. 8C, 9E). Bioclasts include echi-
noderm fragments, planktonic foraminifera, coralline algae, LBF
(Nummulites, Assilina, orthophragminids), small rotaliids (including
Lenticulina), textulariids, ostracods, bivalves, and rare small
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miliolids. Most of bioclasts are poorly preserved and fragmented ex-
cept planktonic foraminifera that are well preserved (Fig. 9F, G).
Authigenic pyrite crystals may overgrow foraminiferal tests (Fig.
9H). The significant terrigenous fraction consists of coarse-silt-
sized angular quartz grains together with chlorite, muscovite, and
plagioclase (Fig. 6).
Interval L3 (~18 m; acervulinid and coralline algal biofacies). The
central part of the section is characterized by dark-colored
acervulinid macroid rudstones with a packstone matrix (Fig. 8D).
Coralline algae commonly overgrow foraminiferal macroids.



Fig. 7. Paracoglomerate at the base of the Loreto section. A) Outcrop view of the paraconglomerate (red arrow points at clasts of Upper Cretaceous pelagic marls). B) Clast of Nummulitic
Limestone. C) Angular clast of Upper Cretaceous pelagic marls embedded in paraconglomerate matrix. D) Specimen of Globotruncana contained in a clast of Upper Cretaceous pelagic
marlstones. E) Angular clast of Nummulitic Limestone. F) Paleogene bioclasts embedded in the paraconglomerate matrix (white arrow points at Nummulites fragment, red arrow
points at coralline alga). G) Detail of skeletal assemblage contained in a clast of Nummulitic limestone (red arrow points at an altered coralline alga). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Gastropods and LBF are common, and solitary corals are rare. The
skeletal assemblage is dominated by encrusting acervulinids and
coralline algae, associatedwith LBF, small benthic foraminifera, echi-
noderms, and encrusting serpulids (Fig. 9I–L; Table 1). Green calcar-
eous algae, bryozoans, mollusks, and ostracods are rare. Benthic
foraminifera include commonNummulites and Sphaerogypsina asso-
ciated with Alveolina, Amphistegina, Eorupertia, small rotaliids, small
milioliids, textulariids, and rare Orbitolites and Assilina (Fig. 9J–L).
Coralline algal assemblage is dominated by Sporolithon associated
with Hapalidiales and Corallinales (including Lithoporella). The ter-
rigenous fraction is negligible.
Interval L4 (up to 35 m-thick; coralline-algal branch and LBF
biofacies). The upper part of the Loreto cliff is characterized by
dark-colored massive rudstones with a packstone matrix. Since the
cliff is vertical, only the lower portion of this intervalwas extensively
investigated. Coralline algae are slightly less abundant than in the L1
interval, while LBF and solitary corals are slightlymore common. The
foraminiferal assemblage is also similar and themost noticeable dif-
ference is the lack of Assilina.
Interval L5 (3 m; orthophragminid and coralline algal biofacies). Only
observable at the top of the cliff (Fig. 8A). It consists of a fewmeters of
dark-gray rudstones with a packstone matrix dominated by thin and
flat orthophragminids, whose abundance notably increases up-
section, coralline algae (including Sporolithon and Hapalidiales),
associated with thin and flat nummulitids, mollusks, echinoderms,
small benthic foraminifera, bryozoans, planktonic foraminifera and
11
acervulinids (Fig. 9M; Table 1). The benthic foraminiferal assemblage
mostly consists of orthophragminids, Nummulites, small rotaliids,
textulariids, Chapmanina, Sphaerogypsina (Fig. 9N), and rare small
miliolids. Quartz, muscovite, and plagioclase occur (Fig. 6; Table 1).

The Nummulitic Limestone is overlain by a thin layer of laminated
Globigerina Marls, rich of sand-sized angular quartz grains and plank-
tonic foraminifera, which is in turn overlain by the Ventimiglia Flysch
(Figs. 8E, 9O). These fine-grained sandstones contain quartz and abun-
dant plagioclasewith commonmicas (chlorite, biotite, muscovite) asso-
ciated with a sizable heavy mineral faction including zircon, apatite,
titanium oxides, tourmaline and hornblende (Figs. 6, 9P).

4.3. Braux

In the Annot area, the Nummulitic Limestone is generally underlain
by the Infranummulitic. However, in the Braux section, the 35 m-thick
Nummulitic Limestone directly overlies Upper Cretaceous marlstones
(Figs. 1F, 10, 11A). The limestone can be subdivided into four intervals
(Fig. 10).

Interval B1 (~13 m; acervulinid-bearing nummulitid biofacies). The
lowermost interval of the section consists of layers of rudstones sev-
eralmeters thick (Fig. 11A). The skeletal assemblage is dominated by
nummulitids that occur as lentil-sizedmegalospheric specimens and
rare microspheric specimens with a diameter of ~1 cm (Fig. 12A;



Fig. 8. Loreto section. A) Outcrop overview (t = top of section); B) L1, Pycnodonte shell (red arrow); C) L2, dish structures; D) L3, overview of the acervulinids and coralline algal biofacies
characterizedby abundant acervulinidmacroids; E)Ventimiglia FlyschFm. (For interpretationof the references to color in thisfigure legend, the reader is referred to thewebversionof this article.)
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Table 1). Gigantic specimens (up to 3 cm in diameter) were ob-
served only at the very base of the interval (Fig. 11B). Encrusting
acervulinids are common and mainly occur as small nodules
(≤1 cm in diameter), usually with a hooked morphology (Fig. 12B, C).
Other bioclasts include small benthic foraminifera, echinoderms (lo-
cally as large test fragments), mollusks, coralline algae (small nod-
ules of Sporolithon and articulated Corallinales), bryozoans, solitary
corals, green calcareous algae, and serpulids (both encrusting taxa
and free-living ones like Ditrupa) (Fig. 12D, E). The benthic forami-
niferal assemblage includes common Nummulites, Amphistegina,
Chapmanina, Eorupertia, Triloculina, Quinqueloculina, and small
rotaliids; textulariids and orthophragminids are rare (Fig. 12F–J).
Rock fragments eroded from the Upper Cretaceous pelagic marl-
stones and the Microcodium-bearing Infranummulitic deposits are
significant (Fig. 12A). Small charcoal fragments were frequently ob-
served (Fig. 11C). Quartz grains represent ~4% of the rock (Fig. 10;
Table 1).
Interval B2 (~11 m; nummulitid and orthophragminid biofacies).
Packstones to floatstones dominated by LBF, associated with small
benthic foraminifera, echinoderms, encrusting acervulinids, mol-
lusks (mainly Pycnodonte), planktonic foraminifera, rare bryozoans,
serpulids (mainly Ditrupa), solitary corals, coralline algae, and ostra-
cods (Fig. 12K, L; Table 1). Benthic foraminifera are mostly
nummulitids (both Operculina and Nummulites), associated with
orthophragminids, small rotaliids, rare Amphistegina, and small
miliolids (Fig. 12M). The terrigenous fraction consists of fine-sand-
sized quartz grains and rare rock and charcoal fragments (Fig. 10;
Table 1).
Interval B3 (~10 m; mass transport deposits; nummulitid and
orthophragminid biofacies). The third interval of Braux section is
separated from the underlying one by a markedly erosive surface
(Fig. 11D). It consists of irregularly bedded packstones and
floatstones (with a packstone matrix) and displays channelized fea-
tures (Fig. 11D, E). Packstone layers mostly consist of comminuted
bioclasts, while floatstone layers are usually characterized by
coarse-grained bioclasts with an imbricated fabric (Fig. 12N). The
skeletal assemblage is dominated by LBF associated with small
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benthic foraminifera, echinoderms, mollusks, and solitary corals,
Ditrupa, ostracods, and bryozoans. Rare coralline algae only occur
in floatstone layers with imbricated bioclasts. Planktonic foraminif-
era are common in packstone layers (Table 1). Nummulites,
Operculina, orthophragminids and small rotaliids (including
Lenticulina) dominate the benthic foraminiferal assemblage. Small
miliolids are locally common, and textulariids are rare. Amphistegina
and Chapmanina occur in floatstone layers. The terrigenous fraction
mainly consists of coarse-silt-sized quartz grains (Fig. 10; Table 1).
Rock fragments derived from Infranummulitic lithologies and
Upper Cretaceous marlstones occur in the floatstone layers (Fig.
12N).
Interval B4 (~2 m; orthophragminids biofacies). Poorly-lithified
floatstone with a wackestone matrix, displaying a diversified
orthophragminid assemblage (including Discocyclina dispansa
dispansa and other discocyclinids), with subordinate nummulitids
(Nummulites, Operculina, and Heterostegina), small benthic
(Lenticulina, Cibicides, rare Textulariids, very rare miliolids) and
planktonic foraminifera, rare echinoderms and ostracods (Figs. 11F,
13; Table 1). The quartzose terrigenous fraction represents ~11% of
the rock (Fig. 10; Table 1).

The base of the overlying Globigerina Marls contains a
resedimented layer of well-sorted fine-grained grainstone domi-
nated by comminuted bioclasts including nummulitids and
orthophragminids, rich in marly intraclasts, and with a signifi-
cant terrigenous fraction (Fig. 11G). The Globigerina Marls are
overlain by the Grès d'Annot (Fig. 11H).

4.4. Lauzanier

In the Lauzanier valley, located in the Argentera Massif (Fig. 1G),
the Upper Cretaceous and the Nummulitic Limestone are separated
by the Infranummulitic (Figs. 14, 15A, B), which displays a remark-
able facies variability and includes several distinct lithofacies: 1)
Microcodium-bearing conglomerates with clasts derived from the
Upper Cretaceous pelagic marlstones (ranging in thickness between



Fig. 9. Skeletal assemblage andmicrofossils in the Loreto section; A) L1, coralline algal branches and LBF biofacies, corallinales= red arrow; B) L1, textulariid; C) L1; Sphaerogypsina; D) L1;
Sporolithon; E) L2, imbricated fabric, the red arrow points at a bioclast-free area on the protected lee side of a large bioclast; F, G) L2, well preserved planktonic foraminifera (possibly
Acarina); H) L2, benthic foraminifera with authigenic pyrite growing from wall of chambers; I) L3, coralline algae and acervulinids growing together (red arrow points at encrusting
serpulids); J) L3, Sphaerogypsina; K) L3, Alveolina; L) L3, Amphistegina (white arrow) and Orbitolites fragment (red arrow); M) L5, coralline algal fragment (red arrow); N) L5,
Chapmanina. O) Globigerina Marls. P) Ventimiglia Flysch Fm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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1 and about 10 m; Fig. 15C, D); 2) Microcodium-bearing nodular
marly limestone with reworked globotruncanids (~4 m); 3) finely
bedded, Microcodium-bearing, dark colored limestones with con-
glomerate lenses (10 to 20 m of thickness); 4) conglomerates
13
characterized by clasts issued from both the Upper Cretaceous marl-
stones and the Microcodium-bearing conglomerates (~2 m of thick-
ness); 5) dark colored marly limestones with vertebrate remains
and pulmonate gastropods (~2 m of thickness); 6) pebble-rich



Fig. 10. Stratigraphic log of Braux section with information on skeletal assemblage and
average grain-size. Symbols and abbreviations as in Fig. 3.
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limestones, with schizohaline and shallow marine gastropods (~2 m
of thickness).

The Nummulitic Limestone (12 m thick in the measured section) is
relatively uniform, and consists of finely and irregularly bedded
floatstones with a packstone matrix characterized by the nummulitid
biofacies (Figs. 14, 15E). Macrofossils include lentil-sized Nummulites,
including rare microspheric specimens up to 1 cm in diameter. Solitary
corals, orthophragminids, gastropods, and bivalves are common (Fig.
15F, G). The skeletal assemblage is consistently dominated by LBF asso-
ciated with echinoderms, mollusks, solitary corals and small benthic fo-
raminifera (Fig. 16A, Table 1). Nummulites dominates the benthic
foraminiferal assemblage and is associated with Amphistegina and
Operculina; orthophragminidsmainly occur in the upper part of the sec-
tion (Fig. 16B, C). Small rotaliids and small miliolids are also present.
Siliciclastic detritus including quartz, plagioclase, and abundant musco-
vite and chlorite increases up-section, whereas rock fragments (mainly
reworked Microcodium) decrease (Fig. 14; Table 1).

The overlying Globigerina Marls consist of planktonic-foraminifera-
rich impure mudstones containing mainly silt-sized quartz and
14
plagioclase grains together with common muscovite and chlorite
(Figs. 14, 16D; Table 1). Themarls are followed by the Grès d'Annot tur-
bidites.

5. Discussion

5.1. Biostratigraphy of the Nummulitic Limestone

The studied sections have been dated based on the distribution of
the LBF fauna, focusing on the most readily identifiable biological
events:

a) the extinction of Assilina, which took place in the Bartonian plankton
zone P14 (40.0–38.0 Ma), following the 2011 calibration of Wade et
al. (2011), Sartorio and Venturini (1988), Sztrákos and Du Fornel
(2003), and Boudaugher-Fadel (2018);

b) the common presence of Chapmanina, dated as within the shallow
benthic zone SBZ18 of Serra-Kiel et al. (1998) (i.e., post-38 Ma);

c) the extinction of giant-sized nummulitids, considered to have oc-
curred at the Bartonian–Priabonian boundary (~37.7 Ma; Nebelsick
et al., 2005; Less and Özcan, 2012; Boudaugher-Fadel, 2018; Özcan
et al., 2019; Agnini et al., 2020);

d) the extinction of Orbitolites, also corresponding with the Bartonian–
Priabonian boundary (Sartorio and Venturini, 1988; Serra-Kiel et al.,
1998; Nebelsick et al., 2005; Boudaugher-Fadel, 2018);

e) the first occurrence of Heterostegina, indicating the base of the
Priabonian (Serra-Kiel et al., 1998; Boudaugher-Fadel, 2018).

In the study area, the base of the Nummulitic Limestone wasmainly
considered as Bartonian (Sztrákos and Du Fornel, 2003; Varrone and
Clari, 2003; Varrone and D'Atri, 2007). Thus, the presence of Assilina,
Orbitolites and giant-size nummulitids indicates that the Mortola sec-
tion deposited during the Bartonian and that the drowning of the car-
bonate factory here occurred before 38 Ma. The Loreto section also
mostly deposited during the Bartonian, given the presence of not only
giant-sized nummulitids, Assilina and Orbitolites, but also of large
Alveolina specimens in the third interval. The large-sized representa-
tives of this genus disappeared close to the end of the Bartonian
(Serra-Kiel et al., 1998; Nebelsick et al., 2005; Less and Özcan, 2012).
The presence of Chapmanina, however, indicates that the fifth interval
of the Loreto section was deposited after 38 Ma. This is consistent
with the local upper Bartonian/lower Priabonian planktonic foraminif-
eral assemblage of the Globigerina Marls (Varrone and D'Atri, 2007).
The presence of both Chapmanina and giant-sized nummulitids dates
the base of the Nummulitic Limestone in the Braux section as latest
Bartonian (close to 38 Ma). The presence of the Priabonian taxa
Heterostegina and Discocyclina dispansa dispansa (Less, 1987; Serra-
Kiel et al., 1998) suggests a Priabonian age for the fourth interval. The
Lauzanier section lacks diagnostic LBF taxa. The absence of either
giant-sized nummulitids, Assilina and Orbitolites suggests deposition
after 38 Ma, consistently with the Priabonian age proposed by Mulder
et al. (2010) for the GlobigerinaMarls and the Grès d'Annot in this area.

5.2. Facies interpretation and paleoenvironmental reconstruction

Hallock and Glenn (1986), based on data on foraminiferal assem-
blages from modern and fossil tropical settings (Brasier, 1975a, 1975b;
Hallock, 1980, 1983, 1984; Glenn et al., 1981; Hottinger, 1983a; Reiss
and Hottinger, 1984), provided a general model of LBF distribution in
carbonate depositional environments. Flat and thin large rotaliids (e.g.
Operculina, Heterostegina, or orthophragminids like Discocyclina) domi-
nate lower photic-zone assemblages, associated with common plank-
tonic foraminifera. Thick and more robust nummulitids and robust
amphisteginids (e.g.Nummulites, several species of Amphistegina) thrive
in middle-shelf environments especially closer to the inner shelf. Very
robust large rotaliids (e.g. several species of Amphistegina, Miogypsina)



Fig. 11.Braux section. A)Unconformable contact betweenUpper Cretaceous pelagicmarlstones andNummulitic Limestone (red arrow); B) B1, large nummulitids and echinoderms; C) B1,
charcoal seam;D) overview of Braux section, red arrow=Upper Cretaceousmarlstones, white arrows=nummulitic limestone intervals, green arrow=boundary between B2 andB3; E)
B3, channelized surfaces (red arrow); F) B4, orthophragminid biofacies; G) resedimented layer in the lower Globigerina Marls. H) Upper part of Braux section, white arrow= B4, blue
arrow= Globigerina Marls (blue arrow); yellow arrow= Grès d'Annot. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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dominate reef settings, whereas in even shallower water miliolids (e.g.
alveolinids, soritids) are more abundant and can dominate in restricted
environments. This model has been refined (e.g. Geel, 2000;
Beavington-Penney and Racey, 2004; Boudaugher-Fadel, 2018),
strengthened based on studies of modern assemblages (Van der
Zwaan et al., 1990; Hohenegger, 1994, 2000, 2004; Hohenegger et al.,
1999, 2000; Renema and Troelstra, 2001; Renema, 2006, 2018;
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Mateu-Vicens et al., 2009), and applied to diverse Cenozoic basins
(e.g. Ćosović et al., 2004) including the Alpine foreland basin (Sinclair
et al., 1998). Within this framework, we used our data on foraminiferal
assemblages to constrain the environmental conditions in which each
biofacies was deposited. The various biofacies of each section document
a general deepening upward trend and a continuum of depositional
environments with gradual transitions from one to another (e.g.



Fig. 12. Skeletal assemblage andmicrofossils in lower part of Braux section. A) B1, red arrows= clasts of Upper Cretaceous Marlstones; B, C) B1, large and small acervulinid nodules with
hookedmorphology; D) B1, Sporolithon; E) B1, bryozoan colony; F, G) B1, Chapmanina, axial and equatorial section respectively equatorial sections; H) B1, Eorupertia, equatorial section; I)
B1, Triloculina; J) B1,Quinqueloculina; K) B2, nummulitid and orthophragminid biofacies; L) B2,Nummulites, axial section;M) B2, various specimens ofOperculina; N) B3, imbricated fabric,
red andwhite arrows point at clasts of Upper Cretaceousmarls and ofMicrocodium, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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nummulitid and orthophragminid biofacies). The depositional system
was thus characterized by a ramp profile. Ramps are actually common
wherever carbonate factories mainly produce loose skeletal material
rather than a rigid framework (i.e. a reef; Carannante et al., 1996;
16
Schlager, 2005; Pomar, 2001; Pomar and Hallock, 2007; Pomar and
Kendall, 2008; Williams et al., 2011). Lacking a marginal rim, Eocene
ramps are characterized by unimpeded downslope transport and
reworking processes (e.g. Beavington-Penney et al., 2005; Coletti et al.,



Fig. 13. Skeletal assemblage, microfossils, and oriented LBF specimens of B4. A) Overview of the orthophragminid biofacies, red arrows=planktonic foraminifera. B) Detail of a planktonic
foraminifer. C) Discocyclina dispansa dispansa, megalospheric specimen, equatorial section (detail of embryo in D); E) other orthophragminid taxa; F) microspheric orthophragminid
specimen exposing its early spiral stage. G) Nummulites, equatorial section. H) Operculina (possibly O. gomezi group), equatorial section. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

G. Coletti, L. Mariani, E. Garzanti et al. Sedimentary Geology 425 (2021) 106005
2016), as highlighted by the mass-transport deposits of the Loreto and
Braux sections. The various biofacies can be ordered from shallowest
to deepest.

The nummulitid biofacies (Mortola, Braux and Lauzanier sections) is
characterized by grain-supported texture, abundance of thick and ro-
bust specimens of nummulitids, common presence of Amphistegina
and miliolids, and scarcity of orthophragminids and planktonic forami-
nifera (Table 1), indicating amoderately high-energy, shallowwater en-
vironment (indicatively between 20 and 40 m water depth). Orbitolites
is remarkably similar to modern epiphytic soritids, and its presence is
thus deemed indicative of a vegetated substrate (Brasier, 1975c;
Beavington-Penney et al., 2006; Tomás et al., 2016; Tomassetti et al.,
2016). The Orbitolites-bearing nummulitid biofacies of the Mortola sec-
tion (Figs. 2B, 3, 5A) thus developed around amacrophyte meadow and
because modern seagrasses occur in waters < 40 m and mostly <20 m
deep (Duarte, 1991), water depth was probably around 20 m. The
acervulinid-bearing nummulitid biofacies in the Braux section is charac-
terized by hooked acervulinid crusts (Fig. 12B, C). Hooked and tubular
morphologies in encrusting Eocene acervulinids have been linked to
the presence of vegetated substrate (Tomás et al., 2016; Tomassetti et
al., 2016), and seagrass encrusting acervulinids occurs in the recent
(e.g. Langer, 1993; Wilson, 1998; Murray, 2006). Consequently, the
acervulinid-bearing nummulitid biofacies of Braux are also interpreted
as developed in close proximity to a vegetated substrate in a shallow en-
vironment (i.e., ~20 m water depth).

The acervulinid and coralline algal biofacies of the Loreto section
is dominated by nodules of encrusting foraminifera (Fig. 6; Table 1).
Modern acervulinids forming large macroids have been reported
from the clear waters of the Gulf of Aqaba between 25 and 60 m of
water depth (maximum abundance between 40 and 60 m below
sea level; Hottinger, 1983b; Rasser and Piller, 1997), from the Florida
shelf (35–65 m b.s.l.; Prager and Ginsburg, 1989), and from the
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Ryukyu Islands, where they occur between 60 and 105 m b.s.l. asso-
ciated with Operculina and Cycloclypeus (Bassi et al., 2012, 2019). Lo-
reto macroids are associated with large alveolinids (Fig. 9K), which
only occur in this biofacies. The presence of small miliolids,
Orbitolites, thick amphisteginids, the low abundance of
orthophragminids, and the lack of planktonic foraminifera suggest
deposition between 25 and 50 m of water depth.

The nummulitid and orthophragminid biofacies (Mortola and Braux
sections) containsmore orthophragminids,flat nummulitids and plank-
tonic foraminifera, and less miliolids and amphisteginids than the
nummulitid biofacies; grain size is finer, and textures mainly matrix-
supported (Table 1). This biofacies overlies the nummulitid biofacies,
documenting a deepening-upward trend and a transition to a moder-
ately low-energy, middle shelf setting at depths indicatively between
40 and 60 m.

The coralline-algal branches and LBF biofacies in the Loreto section
displays a foraminiferal assemblage similar to the nummulitids and to
the nummulitid and orthophragminid biofacies (Table 1), indicating
shallow to intermediate water depth. Similar skeletal assemblages,
dominated by coralline algae but lacking either large rhodoliths or
coralline algal bioconstructions, are common in the Eocene basins of
eastern Italy and Austria and document inner to middle shelf environ-
ments (Nebelsick et al., 2005). A middle-shelf setting is also indicated
by the diversified coralline algal assemblage including Sporolithales,
Corallinales, and Hapalidiales (Adey, 1979, 1986; Minnery et al.,
1985). Therefore, an environmentwithmoderate hydrodynamic energy
and water depth between 30 and 60 m is proposed.

The orthophragminid biofacies (Mortola and Braux sections) over-
lies the nummulitid and orthophragminid biofacies in the Mortola and
Braux sections and is characterized by orthophragminids and other
thin and flat LBF, common planktonic foraminifera, no miliolids, no
amphisteginids, and abundant micrite (Table 1). This suggests a



Fig. 14. Stratigraphic log of Lauzanier sectionwith information on skeletal assemblage and
average grain-size. Symbols and abbreviations as in Fig. 3.
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below-wave base, outer shelf setting between ~60 m and the lowest
limit of the photic zone (~100, 130 m maximum). Similarly to the
orthophragminid facies, the orthophragminid and coralline algal
biofacies of Loreto most likely developed in a similar outer shelf envi-
ronment below wave base.

5.3. Controls on carbonate factories distribution

Sea-water temperature is considered a major control on the distri-
bution of carbonate factories (e.g. Lees and Buller, 1972), however, the
studied sections lie so close together that local temperature differences
should not play a role in our case. The four sections were mostly depos-
ited during the Bartonian (41.2–37.7 Ma), which was characterized by
warm climate with a slow cooling trend culminated around the Eo-
cene–Oligocene boundary (Zachos et al., 2001, 2008; Mosbrugger et
al., 2005). The Bartonian also includes a warm peak, the Middle Eo-
cene Climatic Optimum (c. 40.5–40.05 Ma; Zachos et al., 2008;
Westerhold and Röhl, 2013). This event might have been recorded
in the Mortola and Loreto sections. However, an overall large in-
crease in thermophile taxa is not clearly documented in the skeletal
assemblages.

Nutrient availability is another important control, together with au-
totrophs and symbiont-bearing organisms (e.g. LBF, hermatypic corals,
18
calcareous algae) favored by oligotrophic conditions and heterotrophs
(e.g. bryozoans, barnacles) favored by nutrient enrichment (Hallock
and Schlager, 1986; Brasier, 1995a, 1995b). Such trend has been tested
in bothmodern (Halfar et al., 2004; Reijmer et al., 2012; Reymond et al.,
2016) and fossil carbonate systems (Coletti et al., 2017, 2019b). With
the exception of the acervulinid and coralline algal biofacies, the four
studied sections are dominated by autothrophs and symbiont-bearing
organisms, with heterotroph carbonate producers (bryozoans in partic-
ular) occurring only asminor components. Little is known about the tro-
phic preferences of Eocene acervulinids as their modern relatives seem
to harbor no symbionts (Leutenegger, 1984). Within the study area,
acervulinids are mainly related to shallow-water facies and are associ-
ated with light-loving taxa (e.g. Alveolina), suggesting a preference to-
ward clear water rather than toward turbid (and possibly nutrient-
rich) conditions. Overall, due to the abundance of terrigenous material
(Table 1), it is likely that the foreland basin was enriched in nutrients
in comparison to open oceanic conditions. However, by cross-compar-
ing the various assemblage of the four sections there is no evidence in-
dicating that nutrients exerted a primary control on the composition of
the skeletal assemblages, possibly suggesting that if the basin was
enriched in nutrients this enrichment was relatively uniform.

Major effects are ascribed to varying terrigenous supply. TheMortola
and Lauzanier sections contain more terrigenous detritus and are over-
whelmingly dominated by free-living benthic foraminifera, whereas
coralline algae and encrusting foraminifera are more common at Loreto
and Brauxwhere siliciclastic supplywasmore limited (Table 1). Aman-
ifest difference results when sections or biofacies deposited at similar
water depth (e.g. Orbitolites-bearing nummulitid biofacies of Mortola
vs. acervulinid-bearing biofacies of Braux vs. acervulinid and coralline
algal biofacies of Loreto) are compared (Table 1). Furthermore, by plot-
ting all the samples containing remains of acervulinids, coralline algae
and free-living benthic foraminifera, a negative correlation (R2 =
0.335) can be observed between free-living benthic foraminifera
(more abundant in impure limestones) and encrusting carbonate pro-
ducers (foraminifera and coralline algae; more abundant in pure lime-
stones; Fig. 17). The dominance of free-living benthic foraminifera in
settings characterized by siliciclastic supply has been documented in
Cenozoic basins of SE Asia and Spain (Lokier et al., 2009), showing
that free-living benthic foraminifera tolerate terrigenous input better
than coralline algae and hermatypic corals (which are the least tolerant
carbonate producers). While Lokier et al. (2009) indicated coralline
algae as the second most tolerant group, the distribution of coralline
algae in our study suggests that Eocene calcareous red algae were rela-
tively sensitive and fared better in clear waters. However, it should be
noted that, while in the Neogene basins of SE Asia coralline algae fre-
quently occur in samples containing >50% of clastic material, in the
late Eocene of Spain the majority of coralline-bearing samples have
<50% of clastics (Fig. 18) (Lokier et al., 2009). During the late Eocene,
coralline algae, Hapalidiales and Corallinales in particular, became
more abundant and more diversified (Aguirre et al., 2000; Nebelsick et
al., 2005; Pomar et al., 2017), but our research focuses on
relatively primitive middle Eocene assemblages largely consisting of
Sporolithales. Therefore, it is conceivable that the studied middle Eo-
cene algae were less flexible than their late Eocene and Neogene coun-
terparts, and thus unable toflourish under very high rates of terrigenous
sedimentation. Terrigenous supply exerted a significant influence also
on secondary producers like solitary scleractinian corals, which are
well adapted to high and persistent terrigenous input (Sanders and
Baron-Szabo, 2005). This explains their common presence in the
Mortola and Lauzanier sections that are rich in fine-grained terrige-
nous detritus (Table 1). The distribution of solitary corals, carefully
investigated in the Mortola section by Carbone et al. (1980), has
been shown to be dependent on the grain-size of terrigenous detri-
tus: corals specialized in the removal of silt are more common in
finer layers whereas species able to deal also with coarser particles
prevail in coarser layers.



Fig. 15. Lauzanier section. A) Infranummulitic, conglomerate with clasts of Upper Cretaceous marlstones (red arrow); B) detail showing Microcodium; C) thin section of the
Infranummulitic rocks, white and red arrows point at Microcodium and clasts of Upper Cretaceous marlstones, respectively; D) Infranummulitic, Microcodium in thin section; E)
overview of the Nummulitic limestone section; F) Nummulitic Limestone, green arrow = orthophragminids, white arrow = solitary corals, red arrow = bivalve; G) Nummulitic
Limestone gastropod (red arrow). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Overall, two major carbonate factories, both dominated by benthic
foraminifera, can be distinguished in the studied sections. Coastal
areas closer to river outlets and thus characterized by greater terrige-
nous input and unstable substrates (e.g. Mortola, Braux and Lauzanier)
were dominated by free-living LBF associated with other sediment-re-
sistant taxa. Isolated banks (e.g., offshore shoals raised from the sur-
rounding basin) characterized by limited terrigenous supply and
more stable substrates (e.g., Loreto) hosted instead carbonate facto-
ries including more encrusting organisms (mostly foraminifera and
coralline algae). The mineralogical analysis of the terrigenous frac-
tion indicates the lack of minerals clearly related to high-grade Al-
pine metamorphic units, suggesting that the latter were probably
not yet available for the erosion. This in turn might suggests a situa-
tion with limited relief around the basin during the development of
the Nummulitic Limestone, with relatively localized input of mate-
rial leading to the large differences in terrigenous content observed
between the various outcrops.
Fig. 16. Skeletal assemblage and microfossils in Lauzanier section. A) Overview of Nummulitid
arrow). D) Globigerina Marls. (For interpretation of the references to color in this figure legend
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6. Conclusions

Based on large benthic foraminiferal assemblages, the examined
successions of the Nummulitic Limestone of Mortola, Loreto, Braux
and Lauzanier deposited between the Bartonian and the Priabonian,
with the former two depositing earlier.

Thanks to the analysis of the skeletal assemblage it was possible to
recognize six main biofacies: i) the nummulitid biofacies and ii) the
acervulinid and coralline algal biofacies both related to high-energy,
moderately shallowwater environment (20–40m and25–50m respec-
tively); iii) the nummulitid and orthophragminid biofacies and iv) the
coralline-algal branches and LBF biofacies, related to slightly deeper set-
tings (40–60 and 30–60 m respectively); v) the orthophragminid and
the orthophragminid biofacies and vi) the orthophragminid and coral-
line algal biofacies related to even deeper water (60–130 m). These
biofacies formed along a ramp profile testifying a progressively deepen-
ing of the depositional environment.
biofacies. B) Nummulites, axial section. C) Operculina (red arrow) and Amphistegina (white
, the reader is referred to the web version of this article.)



Fig. 17. Correlation between encrusting carbonate producers (coralline algae and encrusting acervulinids), free-living benthic foraminifera and terrigenous supply in the study area. Only
samples displaying both encrusting carbonate producers (intended as coralline algae and encrusting acervulinids) and free-living benthic foraminifera were plotted.
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These biofacies can be related to two major carbonate factories, the
former dominated by free-living benthic foraminifera (Mortola, Braux
and Lauzanier sections), and the latter dominated by coralline algae
and encrusting foraminifera (Loreto section). Terrigenous supply
exerted a primary control on these carbonate factories as encrusting
organisms are significantly more common in pure limestones and
free-living carbonate producers are much more common in areas
characterized by a higher terrigenous supply like Mortola and
Fig. 18. Relationship between carbonate percentage and coralline algal abundance in samples
(2009) (data from the Supplementary material of Lokier et al., 2009).
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Lauzanier. Free-living benthic foraminifera and solitary corals dis-
play more tolerance to clastic input than coralline algae and
encrusting foraminifera. The distribution of coralline algae also sug-
gests that Eocene algae might have been less tolerant to clastic input
than their Neogene counterparts. Likewise, encrusting acervulinids
seem to be mainly related to shallow water settings in the studied
successions, and, therefore, relatively different from their modern
counterparts that usually prefer deeper settings.
from the upper Eocene of Spain and the Miocene of SE Asia investigated by Lokier et al.
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This analysis highlights several differences between Paleogene and
modern carbonate factories, but also indicates that, similarly to modern
settings, terrigenous input represents a major controlling element of
carbonate systems.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.sedgeo.2021.106005.
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