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Abstract. An ~300m thick succession of bioclastic limestones and marls crops out in the Sierra de
Marmolance (Subbetic Domain, External Zones, Betic Cordillera, SE Spain). Assemblages of planktonic
foraminifera (PF) in the marls, underlying and laterally changing to limestones, indicate a late Burdigalian—
early Serravallian age for the carbonates. Outcrop-scale geometry, stratigraphic patterns, facies distribution, and
biogenic components reveal that Marmolance limestones formed on a prograding ramp with depth-related facies
gradients. In the late Burdigalian—Langhian, from deeper to shallower, the facies are planktonic foraminiferal
packstone and marls, Nummulites packstone, Neorotalia packstone, and lepidocyclinid packstone. In the early
Serravallian, Nummulites packstone is missing and Risananeiza packstone and bioclastic rudstone with silici-
clastics occur shorewards of lepidocyclinid packstone.

Altogether, 18 species of larger benthic foraminifera (LBF) were identified in the Marmolance succession.
Among them, before the present study, Nummulites fichteli, N. vascus, N. kecskemetii, Eulepidina dilatata, Eule-
pidina formosoides, Nephrolepidina praemarginata, and Risananeiza crassaparies were considered exclusively
Oligocene taxa, whereas Nephrolepidina morgani, N. tournoueri, Neorotalia viennoti, and Spiroclypeus sp. were
supposed to disappear in the Early Miocene. In Marmolance, Nummulites vascus and N. cf. kecskemetii appear
in Burdigalian and Langhian strata, whereas N. fichteli is only recorded in Langhian beds. Eulepidina dilatata, E.
formosoides, Nephrolepidina morgani, N. praemarginata, N. tournoueri, N. viennoti, Risananeiza crassaparies,
and Spiroclypeus sp. extend at least to the Serravallian. The presence of Nummulites in the Langhian of SE Spain
partly fills the stratigraphic gap in the genus record from the end of the Oligocene to the living representatives
in modern Indo-Pacific areas. These findings substantially modify the chronostratigraphic ranges and assumed
diversity of Neogene LBF in the Mediterranean area.

the Oligocene—Miocene LBF zones with the biostratigra-

In the Western Tethys, Paleocene—Miocene shallow-water
carbonates and mixed siliciclastic carbonates are character-
ized by highly diverse larger benthic foraminifera (LBF),
some of which have been considered age-diagnostic mark-
ers. Drooger (1956) made the first attempt to correlate

phy of planktonic foraminifera (PF) in the Caribbean and
European/Mediterranean domains. Blow (1957) questioned
Drooger’s (1956) correlation scheme based on new data of
microfauna from Sicily and Malta and on new findings of
Miogypsina spp. from NW Morocco. Following the bios-
tratigraphic schemes of Hottinger (1960) based on alveoli-
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noids, integrated nummulitid biozones embracing the Pale-
ogene were proposed for the Mediterranean region (Hot-
tinger et al., 1964). Such biozones were successively de-
fined and implemented as shallow benthic zones (SBZs)
for the Paleocene—Eocene (Serra-Kiel et al., 1998) and the
Oligocene-Miocene (Cahuzac and Poignant, 1997). The
Paleocene—Eocene SBZs, applied from the eastern Atlantic
to the central Tethys (India), were in part tentatively cor-
related to magnetostratigraphic data from the Pyrenean do-
main (Serra-Kiel et al., 1998, 2020). The seven SBZs pro-
posed by Cahuzac and Poignant (1997) represented the first
attempt of an Oligocene—Miocene biozonation based exclu-
sively on LBF, mostly from areas in western France (Cahuzac
and Poignant, 1997, p. 157). These authors tentatively corre-
lated their zones with the planktonic foraminiferal zonation
of Blow (1969) and the calcareous nannoplankton zonation
of Martini (1971).

The zones proposed by Cahuzac and Poignant (1997)
were interval zones; therefore, their definition and identifica-
tion were based on their bounding biohorizons, on first and
last appearance data (i.e. FAD, LAD). The base of the Ru-
pelian (SBZ 21) was identified by the FAD of Nummulites
fichteli and N. vascus. Embracing the Rupelian—Chattian
boundary, the base of SBZ 22 was defined by the FAD of
Eulepidina formosoides and Nephrolepidina praemarginata,
and the top was defined by the FAD of Miogypsinoides.
The Oligocene—Miocene boundary (SBZ 23-24) was marked
by the disappearance of Nummulites, Cycloclypeus, Victo-
riella, and Praerhapydionina and by the appearance of Mio-
gypsina gr. gunteri. Records of Cycloclypeus from the Bur-
digalian of Aquitaine and Tiirkiye (Cahuzac and Poignant,
2004; Ozcan and Less, 2009) and records of Praerhapy-
dionina from the Burdigalian—early Langhian of Kurdistan
(Al-Qayim et al., 2016) and from the Early Miocene of the
Bahamas (BouDagher-Fadel, 2018) questioned the LAD of
these genera at the Oligocene—-Miocene boundary proposed
by Cahuzac and Poignant (1997).

The Early-Middle Miocene boundary (SBZ 25-26) was
defined by the extinctions of Nephrolepidina and mi-
ogypsinids in the Mediterranean region (Cahuzac and
Poignant, 1997). In this region, the Langhian faunas were
tentatively characterized by the occurrence of Borelis gr.
melo (Cahuzac and Poignant, 1997, 1998). However, the tax-
onomic and biostratigraphic re-assessment of Borelis melo
and B. curdica concluded that they reached the Tortonian
and the Messinian, respectively (Betzler and Schmitz, 1997,
Bassi et al., 2021a). This result agrees with Adams et al.
(1983, p. 290), who stated that in the absence of control
by PF, Langhian and Serravallian shallow-water successions
could not be separated.

In general, the chronostratigraphic value of LBF FADs
and LADs is not uniform, as they have intrinsic relationships
to palacoecology and palacobiogeography (e.g. BouDagher-
Fadel and Banner, 1999; Lunt and Allan, 2004; Renema,
2007; Bassi et al., 2024). Some LBF biozones have been
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based on FADs of morphospecies within evolutionary lin-
eages according to morphometric limits (Less, 1987; Ozcan
et al., 2009a, b, 2010). However, defining biozones by the
first occurrence of single species within a lineage may of-
ten be a matter of interpretation and a source of error (Lunt
and Allan, 2004; BouDagher-Fadel and Price, 2021). Last-
appearance data are even more questionable due to tapho-
nomic, ecological, and biogeographical factors. In any case,
as claimed decades ago by Adams et al. (1983) and Drooger
and Laagland (1986), there is a need to test the proposed
chronostratigraphic ranges of LBF taxa in the Oligocene—
Miocene of the Mediterranean region with approaches allow-
ing correlation with the standard chronostratigraphic scale
based on PF zonal schemes.

Shallow-water limestones rich in LBF crop out in the
Sierra de Marmolance, in the External Zones of the Betic
Cordillera (SE Spain) in the western Mediterranean (Fig. 1).
These carbonates were initially attributed to the Eocene by
Fallot (1945), although some years later Foucault (1960,
1971) suggested an Early Miocene age for the bulk of
them. The record of PF assemblages in marls underlying
and laterally changing to the shallow-water limestones al-
lows a re-assessment of the chronostratigraphic ranges of
some Miocene LBF species. The results entail significant
changes in the up-to-now assumed last occurrence ages of
LBF species used as biozone markers in currently applied
SBZ schemes. They also imply a substantial improvement
in the understanding of palaeobiogeographical dynamics of
LBF in the Mediterranean area after the Burdigalian closure
of the Tethyan Seaway (Piller et al., 2024).

2 Geological setting

The Sierra de Marmolance (Marmolance hereinafter) be-
longs to the External Zones of the Betic Cordillera (south-
ern Spain; Fig. 1), which is the westernmost segment of the
European Alpine belt. The External Zones of the cordillera
are a thin-skinned thrust belt composed of Mesozoic to Mid-
dle Miocene sediments accumulated on the southern mar-
gin of the Iberian plate (Garcia-Herndndez et al., 1980).
Two other major tectonic domains are identified in the Betic
Cordillera: the Internal Zones, formed by the superposition
of tectonic complexes, mainly composed of Paleozoic to
Mesozoic metasediments (Jabaloy et al., 2019), and the Fly-
sch Units, comprising Upper Cretaceous to Middle Miocene
allochthonous deposits accumulated in deep-sea fans (Ja-
baloy et al., 2019; Sanz de Galdeano and Vera, 1992).

The External Zones are divided into the Prebetic and
Subbetic domains. The Prebetic Domain was the closest to
the Iberian palaeomargin and is characterized by continen-
tal and shallow-marine sedimentation. In contrast, after a
continental-shallow-marine phase from the Triassic to the
Lower Jurassic, pelagic marine sedimentation prevailed in
the distal Subbetic Domain (Garcia-Hernandez et al., 1980).
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Figure 1. (a) Geological map of the Betic Cordillera. The red
square indicates the location of the map in panel (b). [.Z.: Internal
Zones. Modified from Foucault (1974). (b) Geological map of the
Sierra de Marmolance area with the location of logged stratigraphic
sections (red lines I-V), the location of marl samples with plank-
tonic foraminifera (MARMO-1 to MARMO-5, MARMO-MO, and
MARMO-M1), and access roads (black lines). The blue line is a
water channel. Simplified from Lupiani-Moreno et al. (1994a, b).

This long-lasting configuration changed in the Miocene due
to the folding, thrusting, and uplift of Prebetic and Subbetic
nappes caused by the westward—northwestward collision of
the Internal Zones with the southern Iberian margin (Jabaloy
et al., 2019).

During the Miocene, the uplift of some areas in the Sub-
betic Domain led to the development of shallow-water shelf
deposits, such as the ones forming Marmolance (Fig. 1).
Since the late Tortonian (Late Miocene), the N-S general
compressional regime due to the convergence of African and
Eurasian plates configured the major Subbetic reliefs as an-
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tiforms trending E-W to ENE-WSW (Sanz de Galdeano and
Alfaro, 2004; Galindo-Zaldivar et al., 2019).

3 Materials and methods

The Sierra de Marmolance is a carbonate ridge that extends
around 7.5 km with an orientation approximately NO35E to
NO30E (Fig. 1). The best exposures occur at the southeastern
slope of the ridge, along a nearly vertical wall around 5.9 km
long (Fig. 2). An ~ 300 m thick succession of Lower-Middle
Miocene bioclastic limestones and marls builds the ridge.
The succession was logged in five sections, whose locations
were conditioned by accessibility and quality of exposure.
They comprise three sections in the eastern part (sections I to
IIT) and one composite (Section IV) and a short section (San
Clemente channel, Section V) in the western part. The cen-
tral part of the ridge was not sampled because of landslides
and inaccessible cliffs. A correlation of sections was visu-
ally made by following bedding along the southeastern side
of the ridge (Figs. 2-5). The long distances between sections
and exposure gaps introduced some degree of uncertainty in
the correlation, which, however, is not higher than +10m.
Quaternary materials and debris cover the succession at the
lower ridge slopes, making it difficult to follow the lateral
continuity of strata at the base of the slope in the marly de-
posits and precluding the systematic sampling of the marls.

The studied materials (thin sections and isolated PF
specimens) are stored in the collections of the De-
partamento de Estratigrafia y Paleontologia, labelled as
“Miocene_Marmolance”, accessible to any interested scien-
tist.

3.1 Planktonic foraminifera

Marls underlying and interfingering with limestones were
sampled to analyse their PF content to constrain the age
of the succession. Planktonic foraminiferal biostratigraphy
is based on five stratigraphically close marl samples col-
lected at the northeastern slope of the ridge (MARMO-
1 to MARMO-5) and on two marl samples taken in the
southwestern part of the Marmolance (MARMO-MO0 and
MARMO-M1). They correspond to marls outcropping in the
lower part of carbonate succession and in the initial steps of
progradation (MARMO-1 to MARMO-5) (Fig. 2c) and to
marls intercalated in limestone beds in the middle part of the
limestone stack (MARMO-MO and MARMO-M1) (Fig. 2d).
Marls below the carbonates are cemented, fractured, and cov-
ered by vegetation and scree debris (Fig. 2c, e), precluding a
systematic and regularly spaced sampling. We obtained the
samples from the less cemented and best exposed areas, al-
lowing us to date the beginning of the carbonate deposition.

All samples were sieved with 0.25 and 0.125 mm meshes.
The residue above 0.125 mm was dried in an oven at 40 °C
and examined for biostratigraphic results. Taxonomic clas-
sification of the PF was based on Kennett and Srinivasan
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Figure 2. (a) Panoramic view of the southern slope of the Sierra de Marmolance. The limestone exposures on the slope are ~ 5.9 km long. (b)
Locations of the logged sections (red lines I-V) and of marl samples with planktonic foraminifera (MARMO-1 to MARMO-5, MARMO-MO,
and MARMO-M1). The green line marks the visual correlation of the Langhian—Serravallian transition (sample MARMO-M1) with beds
along the panoramic. Black lines depict bedding surfaces traceable for hundreds of metres to kilometres. The dashed square indicates the
location of panel (c). (¢) Panoramic view of the eastern end of the southern slope of the Sierra de Marmolance with the locations of sections
II and III (red lines) and marl samples MARMO-1 to MARMO-5. The green line depicts the visual correlation of the Burdigalian—Langhian
transition with beds in sections II and III. (d) Aerial view of the Sierra de Marmolance from the SW with the locations of logged sections
(red lines I-V) (from © Google Earth 2025). (e) Aerial view of the NE end of the Sierra de Marmolance with the locations of sections I-IIT

(red lines). The dashed interval in Section I indicates its trace hidden by the hill in the foreground.

(1983), Bolli and Saunders (1985), Iaccarino (1985), Young
et al. (2017), and Wade et al. (2018). Selected specimens
were observed and photographed in an environmental scan-
ning electron microscope FEG-ESEM QemScan650F (Cen-
tro de Instrumentacién Cientifica, Universidad de Granada).

The biostratigraphic scales proposed by Lirer et al. (2019)
for the Mediterranean and by Wade et al. (2011) for the low-
latitude open-ocean PF were followed. Wade et al. (2011)
proposed an integrated revised biostratigraphy based on low-
latitude (tropical—subtropical) open-ocean areas valid world-
wide. In the Mediterranean, Lirer et al. (2019) proposed
a different Neogene foraminiferal biozonation almost ex-
clusively based on type sections located in Italy, central
Mediterranean. The only exceptions are the DSDP 372 sec-
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tion (Balearic Basin), the Oued Akrech section (Rabat, NW
Morocco), and the Abad section (Sorbas Basin, SE Spain,
western Mediterranean). The last two sections were consid-
ered to characterize the Tortonian—Messinian boundary and
Messinian biozones.

Due to Mediterranean provincialism, both Neogene bio-
zonation schemes generally use different biomarkers, result-
ing in different biozonal frameworks (Wade et al., 2011; Lirer
et al., 2019). In addition, when considering the same species
to characterize biozonal boundaries, the age of the biomark-
ers differs in both scales (Fig. 6).

The Marmolance carbonates were deposited in the western
Mediterranean in a basin connected with the Atlantic and par-
tially coinciding with the Miocene climatic optimum (MCO),

https://doi.org/10.5194/jm-44-573-2025
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Figure 3. Lithofacies and LBF distribution in the eastern Marmolance sections. The correlation between columns was visually determined.
The locations of the Burdigalian—Langhian and Langhian—Serravallian transitions were based on planktonic foraminiferal assemblages. MFs

are facies distinguished based on fossil components.

when coral reefs and other tropical marine invertebrates de-
veloped in the Central Paratethys (Perrin and Bosellini, 2012;
Harzhauser et al., 2025; Reuter et al., 2025). Therefore,
Marmolance was under the influence of tropical-subtropical
PE. The frequent occurrence of low-latitude forms of the
Fohsella lineage (e.g. F. peripheroronda and scarce F. pe-
ripheroacuta) in the study samples account for this influ-
ence. In fact, the last occurrence of F. peripheroronda (as
Globorotalia peripheroronda) is considered to define the top
of the biozone MMi5 (early Serravallian; 13.5Ma) in the
Lirer et al. (2019) biozonation (Fig. 6). The same applies to
the low-latitude species Globorotalia praemenardii (Kennett
and Srinivasan, 1983; Aze et al., 2011), whose first occur-
rence is used to delimit the base of the biozone MMi5c (up-
permost late Langhian; 13.92Ma) in the Lirer et al. (2019)
biostratigraphy (Fig. 6).

Another difference between the Lirer et al. (2019) and
Wade et al. (2011) biozonations is that, in the Mediterranean,
Neogene bioevents are both first/last common/regular occur-
rences of species and maximum abundances (acme zones) of
individual species (Lirer et al., 2019). The correct application
of these bioevents requires systematic and spaced sampling
along PF-bearing sequences and that quantitative analyses of
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the relative abundance of species are made. Due to the dif-
ficulties of doing such a regular sampling in our study case,
the application of those bioevents was unfeasible. In contrast,
Wade et al. (2011) recognize first and last occurrences of spe-
cific biomarkers, which are more straightforwardly applica-
ble in Marmolance. Taking into account the aforementioned
issues, we use the Wade et al. (2011) biozone scheme and
discuss the results with the bioevents recorded in the Lirer et
al. (2019) standard biostratigraphic scale.

3.2 Larger benthic foraminifera and coralline red algae

All LBF-bearing deposits are hard-cemented limestones
from which 229 rock samples were collected and prepared
in 339 thin sections (47 x 27 mm in size). No isolated LBF
specimens were found.

The taxonomy of Nummulites species follows Schaub
(1981), Less et al. (2008), and Ozcan et al. (2009a, b).
Oligocene Nummulites species have been re-assessed ac-
cording to dimensions of some test characters measurable at
equatorial sections of A-forms (Drooger et al., 1971; Less,
1999; Less et al., 2006; Ozcan et al., 2010). The species
circumscriptions partly correspond to those proposed by
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on fossil components.

Schaub (1981) (see also Serra-Kiel et al., 2016). The absence acteristic of each chronospecies (Ozcan et al., 2009a, 2010).

of isolated Nummulites specimens hampered the preparation Sometimes the mean parameter of an assemblage can be
of oriented sections (i.e. equatorial, axial). Three shell pa- very close to the limit between two neighbouring species.
rameters from nearly equatorial sections were used to sepa- In this case, we adopt the proposal of Drooger (1993) by us-

rate species: shell diameter (D), inner cross-diameter of the ing an intermediate notation (the notation exemplum inter-
proloculus (P), and average length of chambers in the third centrale, abbreviated as ex. interc.), followed by the names

whorl (Less et al., 2008; Ozcan et al. 2009a, b). of the two species on either side of the limit, naming first
Taxonomic circumscriptions for Eulepidina species fol- the assemblage that is closer. For example, specimens from
low van Heck and Drooger (1984), Less (1991), Ozcan et al. Marmolance were ascribed to Eulepidina ex. interc. dilatata
(2009a, 2010), and Less et al. (2018), whereas for Nephrole- et formosoides, since they show intermediate characteristics
pidina species de Mulder (1975) was followed. The termi- between E. dilatata and E. formosoides, being closer to the
nology and parameters used to distinguish the species are former. Taxonomic criteria adopted for porcelaneous LBF
those proposed by van der Vlerk (1959), Drooger and Socin species are after the taxonomic re-assessments by Bassi et
(1959), and Ozcan et al. (2009a). The Marmolance speci- al. (2021a, b).
mens of Eulepidina correspond to the main formosoides— Taphonomic grades were assessed on LBF random sec-

dilatata Mediterranean lineage. The parameters used here tions. Water turbulence causes abrasion and fragmenta-
to distinguish the species E. formosoides and E. dilatata tion on LBF tests (e.g. Yordanova and Hohenegger, 2002;
are D (the average size of the deuteroconch) and A (the Beavington-Penney, 2004; Bassi et al., 2013). Subglobu-

average degree of embracement of the protoconch by the lar and inflated lenticular LBF tests are more prone to be
deuteroconch), following the morphometric limits proposed abraded, whereas flat tests are more fragile and easily un-
by Ozcan et al. (2009a, 2010) as to Dpean = 1250 um and derwent fragmentation (Hohenegger and Yordanova, 2001;
Amean = 83. Linages are used for biostratigraphic purposes, Yordanova and Hohenegger, 2002). The degree of abrasion
following the artificial separation of species by arbitrary bio- and fragmentation ranges from very well preserved (no abra-

metric limits based on numerical parameters, which are char-

J. Micropalaeontology, 44, 573-599, 2025 https://doi.org/10.5194/jm-44-573-2025
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sion and fragmentation), through slightly abraded, moder-
ately abraded, to highly abraded and fragmented.

Identifications of coralline red algae were based on pre-
served morpho-anatomical diagnostic characters. Taxonomy
of family to order levels follows recent molecular phyloge-
nies (Pena et al., 2020; Jeong et al., 2021). Bassi et al. (2000)
and Vannucci et al. (2000) were followed to identify the fos-
sil species Subterraniphyllum thomasii.

3.3 Facies analysis

Facies were quantitatively analysed in 147 thin sections
representative of those qualitatively distinguished in the
field and hand samples. Component proportions were esti-
mated by point-counting in high-quality thin-section scans
(2400 dpi resolution). In each thin section, 300 points were
identified and counted with the random point-counting tool
of JMicroVision software.

https://doi.org/10.5194/jm-44-573-2025

Statistical analyses were performed with the PAST soft-
ware. The identified facies types were separated by cluster
analysis based on LBF components and on PF and siliciclas-
tic proportions. The cluster analysis performed followed the
paired-group algorithm (UPGMA) and the Bray—Curtis sim-
ilarity index. Other biogenic components, such as coralline
algae and corals, even if abundant, were not considered in
the cluster analysis, as their proportions did not significantly
change among facies types. The statistical significance of
the identified facies types was tested by one-way ANOVA
(Table S1). The LBF considered for the statistical analyses
were Acervulina, Amphistegina, Austrotrillina, Borelis, Het-
erostegina, lepidocyclinids, Neorotalia, Nummulites, Oper-
culina, Peneroplis, Risananeiza, and Spiroclypeus. The LBF
with abundance < 1 % (Haddonia, Sphaerogypsina) were re-
moved from the analysis. Component proportions are illus-
trated as Pareto charts ordered from highest to lowest. Com-
ponents representing 80 % of the total are considered the
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Figure 6. Biozone schemes of Lirer et al. (2019) and Wade et al. (2011). Age ranges of planktonic foraminifera species in Wade et al.
(2011) biozones from MIKROTAX (Young et al., 2017). Symbols of the Lirer et al. (2019) scale: FO, first occurrence; FCO, first common
occurrence; LO, last occurrence; LCO, last common occurrence; AB sx, acme bottom dominated by left-coiled forms; AaB, acme bottom;
AaE, acme end. Timescale after Cohen et al. (2025).
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dominant ones, whereas the remaining 20 % is subordinate
(Table S1, Supplement).

4 Results

4.1 Lithology and general stratigraphic patterns

The Sierra de Marmolance is a ridge built by a thick
(~300m) succession of limestone beds gently dipping to
the W—SW and laterally changing to marls towards the SW
(Fig. 2). On the southeastern slope of the ridge, this lateral
change depicts a progradation toward the SW of limestones
over marls. The carbonates are mostly bioclastic (wackestone
to rudstone) with an increase in the terrigenous content to-
ward the top of the succession (Figs. 3—4). Six facies were
distinguished on the basis of field observations and quantifi-
cation of component proportions of selected samples, under
the microscope (Fig. 6; Table S1).

4.2 Planktonic foraminiferal biostratigraphy

All studied samples, except MARMO-MO, are rich in PF.
Nonetheless, they are preserved as recrystallized inner casts
and often deformed, hindering their identification. Samples
MARMO-1 to MARMO-5 show similar PF content, includ-
ing Globigerinoides spp., Trilobatus trilobus, T. sicanus/T.
bisphericus, Globoquadrina dehiscens, Globigerinita gluti-
nata, Paragloborotalia continuosa, P. siakensis/P. mayeri,
P. cf. acrostoma, Praeorbulina glomerosa, Globorotalia
archeomenardii, G. praescitula, Dentoglobigerina venezue-
lana, D. baroemoenensis, D. juxtabinaiensis/D. selli, D.
tripartita, and Sphaeroidinellopsis cf. disjuncta (Fig. 7).
Closely related and morphologically similar species can-
not often be confidently separated due to preservation. In
these cases, we use slash to indicate uncertainty among two
species. Together with the aforementioned species, there are
some specimens doubtfully attributed to ?Globigerinatella
sp. We use a question mark because intense recrystallization
of the moulds precludes a clear observation of the secondary
areal apertures, making their identification very problematic.
The co-occurrence of Trilobatus sicanus/T. bispher-
icus, Globorotalia archeomenardii, Praeorbulina glom-
erosa, and Dentoglobigerina juxtabinaiensis/D. selli in sam-
ples MARMO-1 to MARMO-5 indicates the Burdigalian—
Langhian transition, biozone M5b of Wade et al. (2011)
(Fig. 6). This biozone correlates with the topmost biozone
MMi3-middle part of the subzone MMi4c interval of Lirer
et al. (2019). The first occurrence of Trilobatus sicanus (as
Globigerinoides sicanus) in the Mediterranean marks the top
of the biozone MMi3 (Lirer et al., 2019), slightly postdating
the appearance of the nominal species in low-latitude open-
ocean regions, but within the biozone M5 (Fig. 6).
According to Lirer et al. (2019), the total range of
Globorotalia archeomenardii is between the top of biozone
MMi4 and the top of biozone MMi5 (late Langhian—early
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Serravallian; Fig. 6). That is, in the Mediterranean, this
species postdates the last occurrence of D. juxtabinaiensis/D.
selli and the last occurrence of Trilobatus sicanus/T. bispher-
icus according to Young et al. (2017; Fig. 6). Influxes of G.
archeomenardii from Atlantic low-latitude regions in Mar-
molance might account for this chronological discrepancy.
The first occurrence of P. glomerosa in the open ocean de-
limits the lower boundary of the subzone M5b of Wade et
al. (2011). Nonetheless, in the Mediterranean, the species
slightly postdates the top of biozone MS5.

The last occurrence of Paragloborotalia cf. acrostoma
(Fig. 7h) took place within the base of the biozone MMi3,
at the latemost Burdigalian in the Mediterranean (Lirer et
al., 2019; Fig. 6). Nonetheless, in tropical-subtropical re-
gions it disappeared at the top of M5 biozone (Young et
al., 2017). The presence of this species in Marmolance, al-
though its identification can be uncertain due to preservation,
suggests Atlantic influxes. Planktonic foraminifera in sam-
ple MARMO-MO were scarce and taphonomically greatly
modified. We only identified T. sicanus/T. bisphericus and
Fohsella cf. peripheroronda. Therefore, the sample cannot be
confidently dated. Finally, MARMO-M1 contains abundant
and well-preserved PF. This sample is dominated by para-
globorotaliids (Paragloborotalia continuosa, P. siakensis/P.
mayeri) and dentoglobigerinids (Dentoglobigerina venezue-
lana, D. baroemoenensis, D. tripartita). It also contains Glo-
bigerinoides spp., Trilobatus trilobus, Globorotalia praeme-
nardii, G. praescitula/G. scitula, Fohsella peripheroronda,
and rare specimens of F. peripheroacuta (Fig. 8).

The presence of F. peripheroronda and F. peripheroa-
cuta in MARMO-M1 indicates that this sample can be at-
tributed to the biozone M7, Langhian—Serravallian transition,
of Wade et al. (2011; Fig. 6). In the Mediterranean, F. pe-
ripheroacuta is very rare and not considered in the biozona-
tion, but the last occurrence of F. peripheroronda marks the
top of biozone MMi5 (Lirer et al., 2019), embracing the late
Langhian—early Serravallian transition within the age range
of the biozone M7 (Fig. 6). Lirer et al. (2019) recognized a
second acme of P. siakensis in the biozone MMi6 (early Ser-
ravallian) as an auxiliary biohorizon. This species is abun-
dant in MARMO-M1, consistent with the assigned age.

4.3 Facies
4.3.1 Biotic components

Biotic components are dominated by coralline red algae,
LBF (Figs. 10-12), and corals, with different proportions
along the studied sedimentary successions (Table S1). Bi-
valves, bryozoans, and echinoderms are subordinate. Al-
though often well preserved, components are heterometric
and unsorted, and they show taphonomic alteration due to
fragmentation and abrasion.

Coralline algae are the most abundant components in all
facies except in distal planktonic foraminiferal packstones.

J. Micropalaeontology, 44, 573-599, 2025
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Figure 7. (a) Dentoglobigerina juxtabinaiensis/D. selli, umbilical view (MARMO-3). (b) Dentoglobigerina tripartita, umbilical view
(MARMO-4). (¢) Trilobatus sicanus/T. bisphericus, umbilical view (MARMO-4). (d) Globorotalia archeomenardii, umbilical view
(MARMO-4). (e) Sphaeroidinellopsis disjuncta, umbilical view (MARMO-3). (f) Praeorbulina glomerosa (MARMO-3). (g) Globorotalia
praescitula/G. scitula, dorsal view (MARMO-M1). (h) Paragloborotalia cf. acrostoma, umbilical view (MARMO-1). (i) Paragloborotalia
continuosa, dorsal view (MARMO-3). The scale bar represents 100 pm in panels (a)—(c) and panels (e)—(i) and 150 um in panel (d).

They occur mostly as fragments and, less frequently, as
rhodoliths. Most of them belong to the order Hapalidiales,
with Mesophyllum being the most abundant genus, followed
by Lithothamnion. Subordinate Sporolithon, Lithoporella,
Subterraniphyllum thomasii, and several other geniculate
species complete the coralline algal assemblages. The en-
crusting foraminifer Acervulina contributes to rhodolith for-
mation.

Bivalves are present throughout the section, becoming
larger and more abundant towards the top, where oyster
fragments occur. Bryozoans occur as isolated fragments or

J. Micropalaeontology, 44, 573-599, 2025

encrusting coral branches and coralline algal thalli. Frag-
ments of echinoderms are more common in the middle—
upper part of the succession. Barnacles mostly appear to-
gether with oysters. Other components include small benthic
foraminifera (rotaliids, miliolids, textulariids), planorbulin-
ids, victoriellids, agglutinated encrusting foraminifera (Had-
donia sp.), brachiopods, the serpulid Ditrupa, and the green
alga Halimeda.

Terrigenous grains, mainly quartz, occur in the middle
and upper parts of the succession, being more abundant and
larger towards the top.

https://doi.org/10.5194/jm-44-573-2025
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Figure 8. Planktonic foraminifera from sample MARMO-M1. (a) Fohsella peripheroronda, umbilical view. (b) Dentoglobigerina tripartita,
dorsal view. (¢) Globorotalia praescitula/G. scitula, umbilical view. (d—i) Fohsella peripheroacuta, dorsal view (f), lateral view (h), and

umbilical view (d, e, g, i). Scale bar represents 100 um.

Six facies were distinguished: planktonic foraminiferal
wackestone—packstone, Nummulites packstone, Neorotalia
packstone, lepidocyclinid packstone, Risananeiza packstone,
and bioclastic packstone with quartz. The distribution of fa-
cies in the studied stratigraphic sections is shown in Figs. 3—
5. The distribution of components within the distinguished
facies is shown in Fig. 9 and Table S1.

https://doi.org/10.5194/jm-44-573-2025

4.3.2 MF1, planktonic foraminiferal
wackestone—packstone

The main components are PF and fragments of coralline
algae with subordinate fragments of echinoderms and bry-
ozoans. Nummulites fichteli, small benthic foraminifera (ro-
taliids), Amphistegina, geniculate corallines, victoriellids,
and Neorotalia viennoti are very rare. LBF tests are slightly
abraded. The average proportion of micrite matrix is 49 %.
Glaucony grains (~ 0.25 mm in diameter) are common and

J. Micropalaeontology, 44, 573-599, 2025
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Figure 9. Pareto charts showing the mean relative percentages (y axis, left) of all biogenic components (x axis) identified in each facies
(MF1-MF6). The line represents the cumulative percentage of each component (y axis, right). MF1, planktonic foraminiferal wackestone—
packstone; MF2, Nummulites packstone facies; MF3, Neorotalia packstone facies; MF4, lepidocyclinid packstone facies; MFS, Risananeiza
packstone facies; MF6, bioclastic packstone and quartz facies; t.s., LBF taphonomic signature. Statistic data in Supplement.

occur within foraminiferal chambers. This facies occurs in
beds ranging in thickness from 0.1 to 1.8 m in the lower and
distal parts of the stratigraphic succession, alternating with
MEF2 (Nummulites packstone facies; Figs. 2, 3-5).

4.3.3 MF2, Nummulites packstone

This facies (mean micrite matrix content 37 %; Table S1;
Figs. 1, 13a) mostly occurs as massive to well-stratified beds,
in packages from 1.5 to 30 m in thickness. It is characterized
by Nummulites (N. cf. kecskemetii, N. vascus; Fig. 10) as-
sociated with common coralline algae and corals. Subordi-
nate components are bryozoans, echinoderms, lepidocyclin-
ids, and Neorotalia viennoti (Fig. 12a). Scarce Amphistegina,
victoriellids, serpulids, geniculate corallines, and small ben-
thic foraminifera (mostly miliolids) also appear together with
glauconite grains. Heterostegina cf. assilinoides (Fig. 10h),
bivalve fragments, and planktonic foraminifera are very rare.
LBF are from slightly to moderately abraded.

J. Micropalaeontology, 44, 573-599, 2025

This facies occurs in the lower part of the succession, al-
ternating with MF1 (planktonic foraminiferal wackestone—
packstone) and MF3 (Figs. 3-5).

4.3.4 MF3, Neorotalia packstone

This packstone (mean micrite matrix content 27 %; Ta-
ble S1; Figs. 9-13b) is characterized by Neorotalia vien-
noti (Fig. 12a) associated with common coralline algal de-
bris and echinoderms. Subordinate components are corals,
bryozoans, Amphistegina, smaller benthic foraminifera (ro-
taliids, miliolids), victoriellids, and geniculate corallines.
Lepidocyclinids (Eulepidina formosoides, Nephrolepidina
ex. interc. morgani et praemarginata; Fig. 11), serpulids,
Risananeiza crassaparies, textulariids, Nummulites vas-
cus, Heterostegina, planorbulinids, Operculina complanata
(Fig. 10g), and quartz grains are very rare. LBF tests show
moderately abraded tests. Some beds show a higher degree
of sorting, finer grain size, and highly fragmented compo-
nents (i.e. echinoderms, coralline algae). Sub-angular quartz
grains range from 0.25 to 0.5 mm.

This facies occurs in the lower part of the succession in bed
packages ranging in thickness from 1 to 16 m, either between

https://doi.org/10.5194/jm-44-573-2025
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Figure 10. Nummulitid specimens, Sierra de Marmolance. (a—b) Nummulites vascus Joly and Leymerie, 1848: nearly equatorial section
(tr, trabeculae; s, septum) (a) and axial section (b), sample M1S6. (c—d) Nummulites fichteli Michelotti, 1841: axial sections, M2S10, C14.
(e) Nummulites cf. kecskemetii Less, 1991: axial section, M1S11. (f) Spiroclypeus sp.: axial section, M5S8. (g) Operculina complanata
(Defrance, 1822): equatorial section, C16. (h) Heterostegina cf. assilinoides Blackenhorn, 1890 emend. Henson, 1937: equatorial section (p,
proloculus; s, septum; sc, stellar chamberlets), MS5S8. Scale bar represents 0.4 mm.

https://doi.org/10.5194/jm-44-573-2025 J. Micropalaeontology, 44, 573-599, 2025
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Figure 11. Embryos of megalospheric lepidocyclinid specimens, Sierra de Marmolance. (a-b) Eulepidina formosoides Douvillé, 1925:
sample M1S16, M2S23. (c—d) Eulepidina ex. interc. dilatata (Michelotti, 1861) et formosoides Douvillé, 1925: M4S14. (e—f) Nephrolepidina
ex. interc. morgani Lemoine and R. Douvillé, 1904 et praemarginata R. Douvillé, 1908: M2S1, M2S16. (g-h) Nephrolepidina tournoueri
Lemoine and R. Douvillé, 1904: M5S4, M5S13. Scale bar represents 0.4 mm.

MF2 (Nummulites packstone) and MF4 (lepidocyclinid pack-
stone) or alternating with any of them and MF5 (Figs. 3-5).

4.3.5 MF4, lepidocyclinid packstone

This facies is a well-sorted packstone (mean micrite ma-
trix content 32 %; Table S1; Figs. 9, 13c—d) with Eulepid-
ina (E. ex. interc. dilatata et formosoides, E. formosoides,
Fig. 11e—f) and Nephrolepidina (N. ex. interc. morgani et

J. Micropalaeontology, 44, 573-599, 2025

praemarginata, N. tournoueri; Fig. 11g—h) associated with
abundant coralline algal fragments and echinoderms. Subor-
dinate components are Neorotalia viennoti, Operculina com-
planata (Fig. 10g), Amphistegina sp., quartz grains, bry-
ozoans, and small benthic foraminifera (rotaliids, miliolids).
Corals, Nummulites fichteli (Fig. 10c—d), victoriellids, mil-
iolids, oyster fragments, PF, textulariids, and geniculate
corallines are very rare. Sub-angular quartz grains range in
size mostly from 0.25 to 1 mm, occasionally reaching up to

https://doi.org/10.5194/jm-44-573-2025
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Figure 12. Rotaliid, alveolinoid, and austrotrillinid specimens, Sierra de Marmolance. (a) Neorotalia viennoti (Greig, 1935): equatorial
section, sample M3S13. (b—c) Risananeiza crassaparies Benedetti and Briguglio, 2012: sub-equatorial section (b), M4S141A; oblique
section (c¢), M4S141A. (d) Borelis inflata (Adams, 1965): sub-axial section, M5S11_1. (e) Austrotrillina brunni Marie in Brunn, 1955:
tangential section, M4S141. (f) Austrotrillina striata Todd and Post, 1954: sub-transversal section, M3S13. Scale bar represents 0.4 mm.

2-3 mm. Glauconite grains are present only in a few samples.
LBF tests are from slightly to moderately abraded. Highly
fragmented and well-sorted lepidocyclinids alternate with
well-preserved and unsorted ones.

This facies occurs in bed packages, ranging in thickness
from 2 to 35 m, overlying and alternating with MF3 (Neoro-
talia packstone; Figs. 3-5). Small- to medium-scale trough
cross-bedding is commonly observed in good exposures of
MF4. Cross-bedded intervals alternate or intercalate lenticu-
lar to flat beds of the same facies.

4.3.6 MF5, Risananeiza packstone

This packstone (mean micrite matrix content 31 %; Ta-
ble S1; Figs. 9, 13e—g) is characterized by the orna-
torotaliid Risananeiza crassaparies (Fig. 12b—c) associated
with common coralline algal debris, echinoderms, corals,
and bryozoans. Subordinate components are quartz grains

https://doi.org/10.5194/jm-44-573-2025

around 0.25 mm in size, Neorotalia viennoti, smaller ben-
thic foraminifera (mostly miliolids), lepidocyclinids (E. ex.
interc. dilatata et formosoides, N. ex. interc. morgani et
premarginata, N. tournoueri), and Heterostegina cf. assili-
noides. Very rare geniculate corallines, serpulids, Amphiste-
gina sp., oyster fragments, barnacles, planorbulinids, Aus-
trotrillina brunni (Fig. 12e), A. striata (Fig. 12f), Spiro-
clypeus sp. (Fig. 10f), Operculina complanata, terebratulid
brachiopods, victoriellids, Peneroplis sp., Sorites sp., and
Halimeda also appear. LBF tests are moderately abraded.
Some beds show a higher degree of sorting.

This facies occurs in packages from 15 to 32m in thick-
ness in the upper part of the succession, overlying and in-
tercalated with MF3 (Neorotalia packstone) and underlying
MF®6 (bioclastic packstone—rudstone with quartz; Figs. 3-5).

J. Micropalaeontology, 44, 573-599, 2025
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Figure 13. Facies of the Marmolance sedimentary succession, SE Spain. (a) Nummulites packstone (MF2), sample M1S3. (b) Neorotalia
packstone (MF3), sample M8S25. (c—d) Lepidocyclinid packstone (MF4), sample M8S56. (e-g) Risananeiza packstone (MF5), M5S12.
(h) Bioclastic packstone and quartz (MF6), sample M5S14. c, corallines; cor, corals; Lep, lepidocyclinids; Ne, Neorotalia viennoti; Nu,

Nummulites; Ri, Risananeiza crassaparies; qz, quartz grains. Scale bar represents 2 mm.
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4.3.7 MFB®, bioclastic packstone—rudstone with quartz

The dominant bioclasts in this facies are coralline algal frag-
ments. Subordinate bioclasts are barnacles, echinoderms, en-
crusting Acervulina, oysters, smaller benthic foraminifera
(mostly rotaliids), and Amphistegina sp. Serpulids, bry-
ozoans, Haddonia sp., PF, and geniculate corallines are very
rare (Table S1; Figs. 9, 13h). Sub-angular to sub-rounded
quartz/quartzite grains are from poorly sorted (sizes rang-
ing from 0.25 to 40mm) to well sorted (sizes ~ 0.5 mm).
LBF tests show moderate abrasion, although they are locally
highly abraded and fragmented. The average micrite matrix
content is 21 % (Table S1).

This facies occurs in the last 5 m of the succession (from
265 m upwards), overlying MF5 (Risananeiza packstone;
Figs. 3-5).

4.4 Palaeoenvironmental interpretation of facies and
depositional model

The outcrop-scale geometry of the Marmolance deposits and
the lateral and vertical stratigraphic relationships of litholo-
gies and facies, together with the biogenic components and
sedimentary structures, suggest a depositional model of a
homoclinal ramp dipping and prograding westwards, with
several facies belts following a palacobathymetric gradient
(Fig. 2). The marls with PF were the deepest deposits and
changed laterally shorewards (eastwards) to wackestones—
packstones with PF (MF1; Fig. 14). This facies formed below
the storm-wave base in the outer ramp, as indicated by the
well-preserved bioclasts in a micrite-rich matrix with com-
mon glauconite grains. Glaucony requires a particular mi-
croenvironment at the interface between oxidizing seawater
and slightly reducing interstitial waters, which typically oc-
curs at water depths below 50 m (Banerjee et al., 2016). In
the deposits older than the Langhian—Serravallian transition
(see below and Figs. 3, 14), MF1 changed shoreward to Num-
mulites packstone (MF2). The common occurrence of PF in
some beds of this facies with a mud-rich matrix, together
with glauconite grains, suggests that MF2 accumulated in the
distal middle ramp (Fig. 14). Neorotalia packstones (MF3)
formed in shallower areas of the middle ramp, with lesser
contents of muddy matrix and more fragmented bioclasts,
such as coralline algae and echinoderms. The robust and or-
namented shells that characterize Neorotalia have been in-
terpreted as attachment mechanisms to thrive in high-energy
conditions (Hottinger et al., 1991; Beavington-Penney and
Racey, 2004), which in this case were probably caused by
sporadic storms. These settings where Neorotalia thrived are
comparable to those described from the Oligocene of the
Western Tethys (Reiss and Hottinger, 1984, fig. G.54; Hot-
tinger, 1997; Geel, 2000; Bassi et al., 2007; Bassi and Nebel-
sick, 2010). Lepidocyclinid packstone (MF4) occurs both
as well-sorted cross-bedded intervals and as beds with bet-
ter preservation of bioclasts (Fig. 13c—d). This suggests this
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packstone formed in shoals in the inner ramp, with better
preservation of the lepidocyclinids that accumulated in the
interdune areas (Fig. 14). Lepidocyclinid assemblages have
usually been reported from middle-ramp to proximal outer-
ramp settings (e.g. Buxton and Pedley, 1989; Beavington-
Penney and Racey, 2004; Bover-Arnal et al., 2017; Tomas-
setti et al., 2018). However, Carozzi et al. (1976), Betzler
and Chaproniere (1993), Hottinger (1997), and Simmons
(2020) identified a broader depth range for lepidocyclinids
from lagoonal to fore-reef settings, in agreement with the
inner ramp setting in which lepidocyclinids thrived in Mar-
molance. Geel (2000) described Oligocene lepidocyclinid
deposits from the Prebetic Domain located behind the reef
crest, in the near-reef backreef, on shoals with coral thick-
ets, and on the reef front between reef rubble and rhodoliths.
In materials accumulated before the Langhian—Serravallian
transition, the shallowest recorded sediments comprised lepi-
docyclinid packstone (Figs. 5, 14). In materials younger than
the Langhian—Serravallian transition, no Nummulites pack-
stone (MF2) was recorded and MF1 facies changed shore-
wards to Neorotalia packstone (MF3). In addition, shore-
wards of lepidocyclinid shoals (MF4), the Risananeiza pack-
stone (MF5) formed in the shallow inner ramp. This interpre-
tation is supported by the occurrence of porcelaneous LBF
(Austrotrillina, Borelis, and other miliolids; Hottinger, 1997,
Simmons, 2020; Bassi et al., 2024) and the robust and or-
namented shells typical of Risananeiza. This taxon is char-
acterized by thick continuous piles and papillae (Benedetti
and Briguglio, 2012; Benedetti et al., 2025), whose func-
tion has been interpreted as reducers of total reflection in
very shallow settings (Hottinger, 2006). The shallowest fa-
cies, which only occurs at top of the limestone succession at
the end of the Marmolance ramp progradation, was the bio-
clastic packstone—rudstone with quartz and quartzites (MF6).
The highly fragmented bioclasts, the abundant and well-
sorted subrounded siliciclastics, and the presence of large
ostreids and balanids suggest proximity to the shoreline in
high-energy environments.

Within the general shallowing-upward trend in the vertical
succession caused by progradation of ramp deposits, there
are cyclical patterns of vertical changes to deeper and shal-
lower facies. The causes of this cyclicity are out of the scope
of this work.

4.5 Larger benthic foraminiferal biostratigraphy

The LBF taxa from Sierra de Marmolance are diverse and
typical for the western Tethys. They include 18 species
belonging to 13 genera: Amphistegina sp., Austrotrillina
brunni, Austrotrillina striata, Borelis inflata, Eulepidina ex.
interc. dilatata et formosoides, Eulepidina formosoides, Het-
erostegina cf. assilinoides, Neorotalia viennoti, Nephrolepid-
ina ex. interc. morgani et praemarginata, Nephrolepidina
tournoueri, Nummulites fichteli, Nummulites cf. kecskemetii,
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Figure 14. Schematic facies distribution model of the Marmolance
carbonate ramp before (a) and after (b) the Langhian—Serravallian
transition.

Nummulites vascus, Operculina complanata, Peneroplis sp.,
Risananeiza crassaparies, Sorites sp., and Spiroclypeus sp.

Fragments of Eocene orthophragminids occur in the lower
50m of Section I at the base of the succession. They are
mixed with fragments of coralline algae, corals, echinoids,
bryozoans, and scarce Nummulites vascus, Neorotalia vien-
noti, and Amphistegina.

Section I is characterized by the occurrence of Num-
mulites vascus in almost all samples, whereas Nummulites
cf. kecskemetii is only present at the top of the section
(Fig. 3). Neorotalia viennoti occurs locally. All these deposits
are older than the PF samples indicating the Burdigalian—
Langhian transition (Fig. 5).

Nummulites vascus and N. cf. kecskemetii characterize
the first half of Section II, whereas N. fichteli occurs in
the second half. Eulepidina formosoides and Nephrolepid-
ina ex. interc. morgani et praemarginata co-occur from 88 m
to the top. There is a single occurrence of Nephrolepidina
tournoueri at 122 m. Although some beds containing N. vas-
cus are older than the planktonic foraminifer samples indicat-
ing the Burdigalian—Langhian transition, most Nummulites
and lepidocyclinid records are Langhian in age. The lepi-
docyclinids at the top of the section are probably above the
Langhian—Serravallian transition (Figs. 3, 5).

Nummulites vascus and N. cf. kecskemetii occur through-
out Section III, whereas N. fichteli appears at 68 m from
the base. Eulepidina formosoides and Nephrolepidina ex. in-
terc. morgani et praemarginata are recorded in a few beds.
Neorotalia viennoti occurs throughout the section. Porcela-
neous LBF are represented by a single record of Borelis in-
flata. In this section, the lower records (lower 25 m) of Num-
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mulites vascus, N. cf. kecskemetii, and Neorotalia viennoti
are older than the Burdigalian—Langhian transition, but the
rest of Nummulites occurrences and the lepidocyclinid and
Borelis records are Langhian in age (Figs. 3, 5).

Section IV shows four distinct intervals of LBF diversity:
(1) from the base to ~ 60 m (6 genera, 10 species), (2) from
~60 to 131 m (5 genera, 6 species), (3) from ~ 132m to
153 m where no LBF are recorded, and (4) from ~ 154 m
to the top of the section (10 genera, 11 species). In the lower
~ 60 m, the LBF assemblages consist of Nummulites vascus
and Nummulites cf. kecskemetii with subordinate Amphiste-
gina sp. and Neorotalia viennoti (Figs. 3, 5). Nummulites vas-
cus occurs from the very base of the section. Nummulites cf.
kecskemetii and N. vascus occur together 10 to 45 m from the
base. The last occurrence of N. vascus is at 55 m. From ~ 60
to 131 m, the only recorded Nummulites is N. fichteli, and the
higher LBF diversity is due to lepidocyclinids (Fig. 4). N.
fichteli was only found at 60 and 99 m, the latter being the
last occurrence of Nummulites in the section.

The first occurrence of Nephrolepidina ex. interc. morgani
et praemarginata takes place at 53 m from the base, whereas
the last occurrence is at 182 m. Nephrolepidina tournoueri
shows a larger stratigraphic range from 53 to 232 m. Eule-
pidina formosoides occurs from 57 to 115 m. The highest
diversity and abundance in lepidocyclinids are recorded be-
tween 57 and 115 m, whereas the longest intervals barren in
lepidocyclinids are the lower 50 m and from 120 to 178 m.

From 154 m to the top of the section, the LBF are rep-
resented by the hyaline perforated Eulepidina ex. interc. di-
latata et formosoides, Heterostegina cf. assilinoides, Neoro-
talia viennoti, Nephrolepidina tournoueri, Operculina com-
planata, Risananeiza crassaparies, and Spiroclypeus sp. and
by the larger porcelaneous Austrotrillina brunni, A. striata,
and Borelis inflata (Fig. 4).

The first porcelaneous LBF (Austrotrillina striata) occurs
at 154 m. Austrotrillina brunni was locally identified (Figs. 4,
5), and the last record of B. inflata is at 261 m. Risananeiza
crassaparies appears from 168 m to 266 m, nearly coinciding
with the porcelaneous LBF occurrences. Neorotalia viennoti
occurs throughout the section, whereas Heterostegina cf. as-
silinoides is limited to the upper part. In Marmolance, the
occurrence of Operculina complanata nearly corresponds to
the interval with the highest lepidocyclinid diversity. Spiro-
clypeus sp. was recorded in a single sample at 246 m.

All records in the lower 105 m of the section can be as-
signed a Langhian age, whereas all LBF found above are
Serravallian or younger (Fig. 5).

Nummulites fichteli, Operculina complanata, Eulepid-
ina formosoides, E. ex. interc. dilatata et formosoides,
Nephrolepidina ex. interc. morgani et praemarginata, and
N. tournoueri occur in the lower part of Section V (Fig. 4).
Undetermined lepidocyclinids and Neorotalia viennoti range
to the top of the section. Risananeiza crassaparies, Spiro-
clypeus sp., and Borelis inflata sporadically appear in a few
samples. The marls intercalated in the limestones at 23 m
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from the base yielded PF assemblages indicative of the
Langhian—Serravallian transition (see Sect. 4.4).

5 Discussion

5.1 Autochthony—parautochthony of LBF assemblages

Since the occurrences in Marmolance of several LBF taxa,
such as FEulepidina ex. interc. dilatata et formosoides, Eu-
lepidina formosoides, Nephrolepidina ex. interc. morgani
et praemarginata, Nephrolepidina tournoueri, Nummulites
fichteli, Nummulites cf. kecskemetii, Nummulites vascus,
Risananeiza crassaparies, and Spiroclypeus sp., are much
younger than previously known, the immediate question that
arises is whether the recorded LBF are reworked from older
deposits in the region and incorporated in strata younger
than the marly beds with planktonic foraminifera mark-
ing the Burdigalian—Langhian transition and the Langhian—
Serravallian boundary. Two evidence lines, however, point to
the autochthonous—parautochthonous character of the LBF
assemblages. The most significant one is the occurrence of
facies characterized by distinct LBF assemblages for gen-
erally long section intervals: Nummulites packstone, Neoro-
talia packstone, lepidocyclinid packstone, Risananeiza pack-
stone. These facies replace each other in vertical successions
with gradual component changes in some cases, but there
is a general absence of mixing up of LBF from several fa-
cies in the same beds. This means that LBF are recorded
in deposits formed in different palacoenvironments (facies
belts), each one characterized by a distinct biotic compo-
sition, which, in addition, has been quantitatively defined
and has statistical significance. Therefore, the LBF compo-
nents are autochthonous in the corresponding facies belt or
parautochthonous in the case that they underwent a certain
degree of remobilization from their life position. The latter
is clearly the case of lepidocyclinids occurring in the cross-
bedded limestones of the lepidocyclinid packstone facies,
which were incorporated in submarine dunes in the inner
ramp. The distribution of LBF species in particular bed sets
in Marmolance was already pointed out by Foucault (1971),
suggesting that this stratigraphic organization was due to
ecological factors.

A second line of evidence is the bed-scale occurrence of
LBF and their preservation. In most cases, they occur in flat-
bedded wackestone to packstone with no sedimentary struc-
tures characteristic of coarse-grained sediment gravity flows
that could point to allochthonous sediment provenance. In the
case of LBF in cross-bedded packstone, the obvious remobi-
lization of particles took place inside the ramp, in submarine
dunes fed from bioclasts mainly produced within a single fa-
cies belt, as suggested by the singularity of their LBF com-
position dominated by lepidocyclinids. Except in this latter
case, the preservation of LBF tests indicated limited to no
transport, reinforcing the autochthonous—parautochthonous
character of their assemblages.
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In contrast to these general features in the study sections,
in the lowest 50 m of Section I, fragmented orthophragminids
occur mixed with other bioclasts in packstone beds immedi-
ately below and above marls, suggesting they are reworked
from Eocene rocks and incorporated in sediment gravity flow
deposits.

5.2 Chronostratigraphic distribution of larger benthic
foraminifera

Although previous biostratigraphic zonations limited Spiro-
clypeus and Nummulites to the Oligocene (Cahuzac and
Poignant, 1997) and Eulepidina and Nephrolepidina to the
Early Miocene in the western Mediterranean (Hottinger,
1977; Less and Ozcan, 2008; BouDagher-Fadel and Price,
2014; Serra-Kiel et al., 2016; Benedetti and Schiavinotto,
2023), these genera reached the Middle Miocene in the
Marmolance succession. Considering the SBZ of Cahuzac
and Poignant (1997), the LBF species identified in the
Marmolance sections should have indicated a Rupelian—
Burdigalian age. According to these authors, Nummulites
fichteli, N. vascus, Eulepidina formosoides, E. dilatata, and
Nephrolepidina praemarginata characterize the Oligocene,
whereas the latemost occurrence of Nephrolepidina mor-
gani and the whole occurrence of N. tournoueri would have
marked the Aquitanian and the Burdigalian, respectively. In
Marmolance, however, Nephrolepidina tournoueri co-occurs
with Nephrolepidina ex. interc. morgani et praemarginata,
Eulepidina ex. interc. dilatata et formosoides, and N. fichteli
(Fig. 15).

Among these genera, only Nummulites is extant, living in
the modern central Indo-Pacific (Langer and Hottinger, 2000;
Hohenegger, 2000). In Marmolance, Nummulites vascus and
N. cf. kecskemetii occur below and above the Burdigalian—
Langhian transition but disappear below the Langhian—
Serravallian boundary beds. In contrast, Nummulites fichteli
is only recorded above the Burdigalian—Langhian transition.

The classically assumed LAD of Spiroclypeus at the end
of the Chattian (Cahuzac and Poignant, 1997) and those
of Eulepidina, Nephrolepidina, and Miogypsina at the end
of the Burdigalian (Drooger and Laagland, 1986; Drooger,
1993; Cahuzac and Poignant, 1997; Ozcan and Less, 2009;
Ozcan et al., 2010) were based on indirect correlations not
straightforwardly supported by stratigraphically related PF
assemblages. The LAD of Spiroclypeus at the Oligocene—
Miocene boundary was already questioned by the Lower
Miocene records of Spiroclypeus anghiarensis, S. blanck-
enhorni, and S. tidoenganensis from the Western Tethys
(Henson, 1937; Hottinger, 1977; Less and Ozcan, 2008;
Ozcan et al., 2009b; BouDagher-Fadel and Price, 2014;
Serra-Kiel et al., 2016; Ferrandez-Carfiadell and Bover-Arnal,
2017). Although Spiroclypeus anghiarensis was taxonomi-
cally re-assessed as Tansinhokella anghiarensis (Banner and
Hodgkinson, 1991), no morphological criteria are likely clear
to separate the late Eocene Heterostegina (Vierkina), Tansin-
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Figure 15. Stratigraphic distributions of the LBF species identified in Marmolance compared with those reported in the literature (auc-
torum). Dashed lines point to possible occurrence in that stratigraphic interval. (a) Cahuzac and Poignant (1997), Ferrandez-Cafiadell and
Bover-Arnal (2017); (b) Drooger and Laagland (1986), Drooger (1993); (c) Less et al. (2011), Ferrandez-Cafiadell and Bover-Arnal (2017);
(d) Hottinger (1977), Cahuzac and Poignant (1997), Ferrandez-Cafiadell and Bover-Arnal (2017); (e) Hottinger (1977), Cahuzac and Poignant
(1997), Ozcan et al. (2009a), Ferrandez-Caiiadell and Bover-Arnal (2017), Benedetti et al. (2017); (f) Bassi et al. (2021a); (g) Bassi et al.
(2021b); (h) Benedetti and Briguglio (2012), Ferrandez-Cafiadell and Bover-Arnal (2017), Benedetti et al. (2025); (i) Less and Ozcan (2008),
Ozcan and Less (2009), Serra-Kiel et al. (2016). Timescale after Cohen et al. (2025).

hokella, and Spiroclypeus from the later Oligocene forms
(Lunt and Renema, 2014). In Marmolance, the single record
of Spiroclypeus is younger than the Langhian—Serravallian
transition marked by PF (Figs. 5, 15).

Cahuzac and Poignant (1997) established the LAD of Eu-
lepidina dilatata in the Oligocene—Miocene boundary, al-
though previous reports indicated that the species likely
crossed that boundary (Sirotti, 1982). Ozcan and Less (2009)
stated that the stratigraphic age of some Eulepidina records
cannot be confidently demonstrated due to the absence of
associated age-diagnostic taxa (e.g. PF). Up to now, the
last occurrence of Eulepidina was found in Aquitanian de-
posits from Greece (Wielandt-Schuster, 2004). The Western
Tethyan Nephrolepidina species circumscriptions are based
on two morphological parameters: the number of adauxil-
iary chamberlets and the degree of embracement of the pro-
toconch by the deuteroconch (A parameter; van der Vlerk,
1959; de Mulder, 1975; Drooger, 1993). The increasing val-
ues of these parameters define the chronospecies succession
Nephrolepidina praemarginata/N. morgani/N. tournoueri
(de Mulder, 1975). This Nephrolepidina species succession
applied by many authors (e.g. Sirotti, 1982; Ozcan et al.,
2009a, b; Benedetti and Pignatti, 2013) was initially based
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on the schemes of de Mulder (1975) and later Cahuzac and
Poignant (1997). The latest species, N. fournoueri, suppos-
edly disappears in the Burdigalian (SBZ 25; Ozcan and Less,
2009; Benedetti and Schiavinotto, 2023), and a possible bios-
tratigraphic overlap with N. morgani was not excluded (Oz-
can and Less, 2009, p. 24; Fig. 15). The single illustrated
record of Lepidocyclina (Nephrolepidina) aquitaniae Sil-
vestri, 1912 from the Serravallian of an unknown locality
in Spain (BouDagher-Fadel and Price, 2010) needs further
systematic and stratigraphic assessment. In Marmolance, Eu-
lepidina ex. interc. dilatata et formosoides, E. formosoides,
Nephrolepidina ex. interc. morgani et praemarginata, and
N. tournourei occur in beds above both the Burdigalian—
Langhian and Langhian—Serravallian transitions.

Up to now, Risananeiza has only been found in Oligocene
rocks (Benedetti and Briguglio, 2012; Benedetti et al.,
2025) and Neorotalia viennoti was assumed to disappear
in the Early Miocene (Cahuzac and Poignant, 1997). In
Marmolance, however, the former occurs well above the
Langhian—Serravallian transition and the latter is commonly
found both in Langhian and Serravallian beds and in the lime-
stones below the Burdigalian—-Langhian transition (Fig. 15).
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6 Conclusions

Planktonic foraminiferal assemblages in the marls, under-
lying and laterally changing to bioclastic limestones in the
Sierra de Marmolance (External Zones, Betic Cordillera, SE
Spain), indicate a late Burdigalian—early Serravallian age for
the succession. Outcrop-scale geometry, stratigraphic pat-
terns, facies distribution, and biogenic components show
that the Marmolance limestones formed on a westward-
prograding carbonate ramp. In the Burdigalian—Langhian in-
terval, planktonic foraminiferal packstone and marls consti-
tute the outer-ramp deposits, which pass shorewards into the
distal middle-ramp Nummulites packstone; in the proximal
middle ramp, Neorotalia grew under sporadic high-energy
conditions. Distal inner-ramp shoals with lepidocyclinids are
the shallowest deposits in this interval. In the Serravallian, no
Nummulites packstone occurs; the ornatorotaliid Risananeiza
with porcelaneous LBF are the main components in pack-
stone shorewards of the lepidocyclinid shoals; mixed silici-
clastics and carbonates with large oysters and balanids accu-
mulated in the shallowest settings.

Altogether, 18 LBF species were identified in the Mar-
molance succession: Amphistegina sp.; Austrotrillina brunni
Marie in Brunn et al., 1955; Austrotrillina striata Todd and
Post, 1954; Borelis inflata (Adams, 1965); Eulepidina ex.
interc. dilatata (Michelotti, 1861) et formosoides Douvillé,
1925; Eulepidina formosoides Douvillé, 1925; Heteroste-
gina cf. assilinoides Blackenhorn, 1890 emend. Henson,
1937; Neorotalia viennoti (Greig, 1935); Nephrolepidina ex.
interc. morgani Lemoine and R. Douvillé, 1904 et prae-
marginata R. Douvillé, 1908; Nephrolepidina tournoueri
Lemoine and Douvillé, 1904; Nummulites fichteli Michelotti,
1841; Nummulites cf. kecskemetii Less, 1991; Nummulites
vascus Joly and Leymerie, 1848; Operculina complanata
(Defrance, 1822); Peneroplis sp.; Risananeiza crassaparies
Benedetti and Briguglio, 2012; Sorites sp.; and Spiroclypeus
sp. Before the present study, 7 of these species (Eulepid-
ina dilatata, E. formosoides, Nephrolepidina praemarginata,
Nummulites fichteli, N. vascus, N. kecskemetii, Risananeiza
crassaparies) were considered exclusively Oligocene taxa,
whereas 4 species (Nephrolepidina morgani, N. tournoueri,
Neorotalia viennoti, Spiroclypeus sp.) were supposed to dis-
appear in the Early Miocene.

Nummulites vascus and N. cf. kecskemetii occur in Bur-
digalian and Langhian strata, whereas N. fichteli only ap-
pears in Langhian beds. The chronostratigraphic range of
Eulepidina dilatata, E. formosoides, Nephrolepidina mor-
gani, N. praemarginata, N. tournoueri, Neorotalia viennoti,
Risananeiza crassaparies, and Spiroclypeus sp. extends at
least to the Serravallian. The record of Nummulites species
in the Langhian of SE Spain partly fills the stratigraphic gap
of this genus thought to be extinct at the end of the Oligocene
but still living in modern Indo-Pacific areas. The occurrence
of lepidocyclinids in the Serravallian of Marmolance points
out their long persistence in the Western Tethys.
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In addition to the chronostratigraphic implications, the re-
sults of this study substantially change the understanding of
the evolutionary history and palaeobiogeographical patterns
of LBF. Our findings significantly modify the current ideas
about Neogene LBF biodiversity in the Mediterranean area.

7 Taxonomic remarks

Nummulites species are characterized by small, flattened
tests (V. fichteli, N. cf. kecskemetii) and small lenticular tests
(N. vascus) (Fig. 10a—e). Specimens of Nummulites vascus
show thick lenticular tests and a roughly defined central
boss. The test diameter (D) ranges between 1.9 and 4.8 mm
(mean 2.7mm). The proloculus (P) is ~ 160 um in mean
diameter (ranging from 110 to 235um), and the chamber
length in the third whorl ranges from 140 to 340 um (mean
204 um). Nummulites cf. kecskemetii is characterized by a
flattened test with a mean diameter of 2.6 mm. The small
protoconch is 70-100 um in diameter (mean 90 um), and
the chamber length in the third whorl ranges from 200 to
380 um (mean 270 um). Specimens of Nummulites fichteli
are typically flat and biconvex in shape. The test diam-
eter (D =2.2-4.8 mm; mean 3.4 mm), the proloculus size
(P =115-420 um; mean 234 pm), and the chamber length in
the third whorl (L = 105-190 pm; mean 145 um) were mea-
sured in 14 axial sections of megalospheric specimens.

Nephrolepidina ex. interc. morgani et praemarginata is
represented by 18 sub-equatorial sections (A parameter =
40-45, mean 40; diameter of the protoconch P = 155-
310 ym, mean 228 um; and deuteroconch D =200-400 pm,
mean 300 um) (Fig. 11e—f). For comparison, see de Mul-
der (1975, pl. 3, fig. 7), Ozcan et al. (2010, pl. 2, figs. 20—
26), Ghafor (2015, figs. 11. 7-10), Less et al. (2018, fig.
14. 7-12), Parente and Less (2019, fig. 20a—e), Benedetti
and Pignatti (2013), and Benedetti (2014). Nephrolepid-
ina tournoueri was identified in 6 sub-equatorial sections
(A parameter =45-50, mean 46; diameter of the proto-
conch P =225-470um, mean 317 pm; and deuteroconch
D =380-575um, mean 455um) (Fig. 11g-h). Eulepid-
ina formosoides was identified by means of deuteroconch
(Dmean = 996 um) and protoconch (Ppean = 697 um) sizes
in 4 equatorial sections (Fig. 11a-b). In sub-oblique ax-
ial sections, A parameter =60, the protoconch diameter is
430-980 um (Ppean = 614 um) and the deuteroconch width
is 600-1330 um (Dmean = 914 um).

In sample M5-S4 (231 m from the base of Section IV),
a single lepidocyclinid specimen shows the diameter of the
protoconch (P =960 um) and deuteroconch (D = 1260 um)
comparable to those of Eulepidina dilatata but with an
unusually small A parameter (A = 60), typical of E. for-
mosoides (Amean < 83; €.g. Ozcan et al., 2009a, 2010). This
Marmolance specimen therefore has intermediate charac-
teristics between Eulepidina dilatata and E. formosoides,
being closer to the former. Because Eulepidina dilatata
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and E. formosoides are two successive and phylogenetically
linked species belonging to the same lineage (van Heck and
Drooger, 1984; Ozcan et al., 2010), the specimen was as-
cribed to E. ex. interc. dilatata et formosoides (Fig. 11c—d).

Heterostegina cf. assilinoides show a protoconch (P)
~120um in diameter, measured from axial and nearly
oblique sections. The sub-axial sections of the specimens
show thick pillars throughout the inflated umbonal region
(Fig. 10h). Internal stellate chambers surrounding the proto-
conch and the deuteroconch occur in sub-equatorial sections;
see for comparison Less et al. (2008, fig. 18), Boukhary et al.
(2008, pl. 3, fig. 11), Ozcan et al. (2009a, figs. 20.4, 20.10),
Ferrandez-Cafiadell and Bover-Arnal (2017, fig. 8A—F), and
Less et al. (2018, fig. 10).

Sub-axial and oblique sections of Neorotalia viennoti
show a trochospiral test with a thick ventral pile that leads
to an asymmetrical outline in axial section (Fig. 12a).
The proloculus is ~ 110 um in diameter (e.g. Bassi et al.,
2007; BouDagher-Fadel and Price, 2013; Hottinger, 2014;
Ferrandez-Canadell and Bover-Arnal, 2017).

Sub-equatorial sections of Operculina with a proloculus
diameter (P) ranging between 95 and 135 um (mean 111 um)
were ascribed to Operculina complanata, corresponding to
Planoperculina complanata (Defrance, 1822) in Hottinger
(1977, p. 101; see also Less, 1991, and Less et al., 2011). The
specimens show a rapidly opening spire, with few whorls and
folded septa (Fig. 10g).

Risananeiza crassaparies is characterized by a hemispher-
ical to flattened shell, ranging in diameter from 1 to 1.80 mm,
with a test thickness ranging from 70 to 95 um (Fig. 12b—c).
The subspherical proloculus ranges in size from 74—182 pm
(mean 12 um), a little larger than the deuteroconch, followed
by spirally arranged chambers. The chamber height/chamber
ratio width is ~ 1.6 (Benedetti and Briguglio, 2012). Shells
show thick pillars from the umbilical region and the intrasep-
tal canal system developed for each chamber. Very rare B-
forms were found.

Sub-axial sections of rare nummulitid specimens showing
spiral chambers subdivided in secondary chamberlets by sec-
ondary septa and lateral chamberlets arranged symmetrically
on both sides of the spiral were ascribed to Spiroclypeus sp.
The examined specimens do not show diagnostic characters
for species identification.

Below is a taxonomic list of LBF species mentioned in the
text and figures, listed in alphabetical order.

Austrotrillina brunni Marie in Brunn et al., 1955
Austrotrillina striata Todd and Post, 1954
Borelis inflata (Adams, 1965)

Eulepidina ex. interc. dilatata (Michelotti, 1861) et for-
mosoides Douvillé, 1925

Eulepidina formosoides Douvillé, 1925
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Heterostegina assilinoides Blackenhorn, 1890 emend.
Henson, 1937

Neorotalia viennoti (Greig, 1935)

Nephrolepidina ex. interc. morgani Lemoine and R. Dou-
villé, 1904 et praemarginata R. Douvillé, 1908

Nephrolepidina tournoueri Lemoine and R. Douvillé, 1904
Nummulites kecskemetii Less, 1991

Nummulites vascus Joly and Leymerie, 1848

Nummulites fichteli Michelotti, 1841

Operculina complanata (Defrance, 1822)

Risananeiza crassaparies Benedetti and Briguglio, 2012
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