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Abstract

The Coniacian carbonate sediments of the Iberian basin were deposited on a homoclinal ramp that grades upwards into a
distally steepened ramp, with a major shoreline siliciclastic fringe. Twenty-three facies have been identified and grouped
into three main depositional environments: outer, mid, and inner ramp. The last include barrier (shoal), lagoon, carbonate
tidal-flat and shoreface sub-environments. The more prominent biogenic components show a mixture of sunlight-dependent
phototrophic organisms (mainly large benthic foraminifera) and nutrient-dependent heterotrophic organisms (mainly
rudists), with a remarkable rare occurrence of corals. Nutrients supplied from the emergent mainland probably promoted
the development of heterozoan organisms. The vertical evolution of the ramp shows: a basal transgressive stage with facies
retrogradation; a maximum flooding stage, and a regressive stage with aggradation and progradation of a distally steepened
ramp. The presence and distribution of siliciclastics are problematic, since sands coming into the basin are likely to be rapidly
and widely redistributed along the basin, taking into account the common storm, wave, and tidal processes preserved by the
sedimentary facies. The presence of a clockwise NW-flowing longshore current is postulated to account for this distribution,
which was likely induced by both dominant external currents around Iberia and wind-driven currents. These clockwise gyres
facilitated the invertebrate dispersion into this enclosed basin and the local presence of upwelling. This could have been
another source of episodic nutrient-rich waters from the deep ramp, which may have favored heterozoan development even
in the more proximal and relatively shallower-water facies.

Keywords Homoclinal ramp - Benthic foraminifera - Rudists - Longshore currents - Coniacian - Iberian basin

Introduction

Cretaceous carbonate sedimentary environments developed
during a period of high sea level, when extensive, intrac-
ontinental emergent areas, of probable low relief, were
inundated by shallow seas. The facies architecture of these
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environments differs from modern environments due to the
predominance of rudists and benthic foraminifera associa-
tions. Similarly, these shallow intracontinental seas exhib-
ited low topographic gradients, resulting in a platform pro-
file that differs from that of typical Quaternary platforms
(Schlager 2005). Another remarkable feature of many Late
Cretaceous basins in the Tethys realm is the coexistence of
shoreline siliciclastic sands and platform carbonates (Bach-
man and Kuss 1998; Floquet 1998; Sanders and Pons 1999;
El-Azabi and El-Araby 2007; Niebuhr et al. 2011; Andrieu
et al. 2021).

The Coniacian carbonate sediments in the Iberian basin
provide an excellent example of these differences in facies
architecture. These carbonates were associated with one of
the maximum peaks of sea level during the Late Cretaceous.
They originated from the drowning of shallow intracontinen-
tal areas, which improved sediment preservation and led to
a relatively complete sedimentary record of the carbonate
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environments that developed in the basin. However, the
detailed facies types and their distribution in the Conia-
cian deposits of the Iberian basin are not well understood.
Few previous studies have focused on general aspects of
the stratigraphic units and their cyclical organization within
the Late Cretaceous framework of the basin (Floquet 1998;
Segura et al. 2002; Garcia et al. 2004; Martin-Chivelet et al.
2019), as well as their general palaecontological content
(Garcia-Hidalgo et al. 2012; Callapez et al. 2015). A com-
prehensive study of the facies, facies associations, architec-
ture, and evolution of sedimentary environments within this
basin has not yet been conducted.

Regarding the coexistence of shoreline siliciclastic and
platform carbonates, these sedimentary systems comprise
an inner platform siliciclastic facies belt, composed mainly
of sands and sandstones (with minor conglomerates), and a
range of different marine carbonate facies belts. The supply
of siliciclastics to a basin is usually considered an inhibi-
tor of carbonate development. However, for single strati-
graphic intervals, they may coexist either as 1) “reciprocal
sedimentation,” when siliciclastic and carbonate components
extend throughout the basin as separate facies of pure end-
member systems according to sea-level cycles, leading to
a separation into highstand carbonates and lowstand silici-
clastics (e.g., Schlager 1991; Southgate et al. 1993; Tucker
2003; Campbell 2005; Gil et al. 2006; Tanavsuu-Milke-
viciene et al. 2009; Schwartz et al. 2016; Val et al. 2019).
2) “Facies mixing” when the interplay between terrigenous
input and carbonate production produces “mixed systems,”’
where carbonate and siliciclastic grains are truly mixed in
the same beds. The former is usually the preferred model
for many Cretaceous sequences in the Iberian basin (e.g.,
Segura et al. 2002; Garcia et al. 2004; Gil et al. 2010). Both
groups of lithofacies belts have been widely studied from
a sedimentological point of view, including local palaeo-
geographic distribution and facies patterns (e.g., Sanders
and Pons 1999; El-Azabi and El-Araby 2007; Powell and
Moh’d 2011; Andrieu et al. 2021). Jurassic and Cretaceous
palaeogeographic maps (as well as other ages), from Europe
to the Himalayas (e.g., Bachman and Kuss 1998; Zhang et al.
2004; Niebuhr et al. 2011; Andrieu et al. 2016), usually
show these as distinct facies belts. One point that, however,
has received very scarce research attention, namely why
siliciclastics sourced to Cretaceous shorelines, were not then
redistributed across the marine shelf areas, when energetic
processes were pervasive (e.g., Powell and Moh’d 2011;
Andrieu et al. 2021), and siliciclastic facies progradation is
regarded as a common process. Therefore, it is challenging
to understand why these siliciclastic and carbonate facies
do not show truly mixed facies under those circumstances.

The Coniacian successions in the Iberian basin also offer
a favorable opportunity to analyze and discuss all the factors
that control the vertical and lateral variations of facies in
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different environments. This study can also help in recon-
structing the depositional environments of the carbonate
platform, basin palacogeography, and palaeoceanography,
which share many points in common with other Jurassic
and Cretaceous basins of the Tethyan realm. The study also
analyzes the different facies that make up the shorelines of
the emergent Iberian massif, especially describing and inter-
preting the relationships between carbonate and siliciclastic
sediments in a carbonate dominant environment.

The aims of this study are as follows: (1) to analyze the
depositional facies and sedimentary environments of the
Coniacian succession using macro- and microfacies data; (2)
to propose a depositional model based on sedimentological
and stratigraphic relationships, identifying the basic build-
ing blocks of the succession, and analyzing their vertical
and lateral variations; (3) to determine the distribution of
the different groups of organisms through the studied sedi-
ments and their relationships with sedimentary facies; (4)
to analyze and compare the distribution of siliciclastic sedi-
ments between different sedimentary environments, and to
address the problem of mixing siliciclastic—carbonate facies,
and (5) to reconstruct the major palacogeographic and pal-
aeoceanographic controls on the evolution of this carbonate-
siliciclastic ramp.

Geological setting

The Iberian basin was part of several shallow-marine basins
surrounding the Atlantic and Tethyan realms during the Late
Cretaceous. It was located south of the Eurasian plate, sepa-
rated from it by the Basque and Pyrenean troughs (Fig. 1).
At these times, this NW-SE-trending basin was bounded to
the west and east by the emergent Iberian and Ebro massifs,
respectively. Littoral terrigenous shoreline deposits occur on
the Iberian margin of the basin. The “cul-de-sac” southern
end of the basin includes marly littoral deposits commonly
affected by pedogenic processes, but lacks connection with
the Tethys further south (Fig. 1).

Within the studied area (Fig. 2), the Coniacian sediments
contain a shallow-water carbonate succession of the Hort-
ezuelos Formation (Fig. 3a) (Floquet et al. 1982). Toward
the north, the Hortezuelos Formation grades laterally into
the Nidaguila Formation (up to 155 m thick of fossiliferous
marlstones and clayey limestones) and the lowermost part of
the Nocedo de Burgos Formation at the top (limestones and
clayey limestones) (Fig. 3a). To the south, the Hortezuelos
Formation grades into the Alarcén Formation (Fig. 3a), which
is composed of thin-bedded dolomitic limestones and organic-
rich green marlstones (Gil et al. 2004).

The Coniacian age of the studied successions is well
established due to the presence of the inoceramid Platyc-
eramus undulatoplicatus, primary marker of the Santonian
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Fig. 1 Palacogeographical scheme of the Iberian basin during Conia-
cian times, showing the main depositional environments and its loca-
tion within the Tethyan Realm. Based on Floquet and Hennuy (2001)

stage (Lamolda and Hancock 1996), in the basal beds of
the overlying sediments (Nocedo de Burgos Fm) at the Vil-
lamartin Sect. (1 in Fig. 3a; Gallemi et al. 2007). Coniacian
ammonites have also been commonly found. M. ewaldi, T.
hispanicus, G.margae and P. iberiense, subzones charac-
terize the Middle Coniacian (Fig. 3a). P. burgueoisi and
Hemitissotia spp. subzones correspond to the Late Coniacian
(Fig. 3a; Garcia-Hidalgo et al. 2012). On the other hand,
Coniacian rudist faunas (Gil et al. 2002, 2009, 2024) have
been widely described within the Hemitissotia spp. subzone.

In terms of sequence stratigraphy (as defined by Catuneanu
et al. 2011), the studied sediments represent a single depo-
sitional sequence (DS-2 sensu Garcia-Hidalgo et al. 2012),
bounded by two major sequence boundaries (SB). SB rec-
ognition is based on the presence of major sedimentary dis-
continuities, diagenetic overprints, and breaks in the vertical
succession of facies, reflecting major changes in sedimentary
trends (Floquet 1998; Garcia-Hidalgo et al. 2012). The lower
SB represents a major surface of basal onlap on the underly-
ing sequence. The upper SB occurs within a gradational inter-
val of facies change (conformable horizon), representing an

and modified from Garcia-Hidalgo et al. (2012). Red rectangle shows
location of Fig. 11

important advance of the shallower facies basinward (a maxi-
mum regressive surface sensu Catuneanu et al. 2011). DS2
maximum flooding (mfs) is located at the base of the Hemitis-
sotia spp. subzone. The mfs is underlain by a retrogradational
pattern with a deepening-upward trend, and it is overlain
by a progradational pattern with a shallowing-upward trend
(Garcia-Hidalgo et al. 2012; Fig. 3b). The presence of abun-
dant cephalopods, with smooth and compressed oxycones (H.
ceadouroensis/celtiberica-turzoi) representing well-adapted
active swimmers, is related to the deeper facies of DS2, cor-
responding to the mfs (Segura et al. 2014). DS2 within these
boundaries is composed of a transgressive and a highstand
normal regressive systems tracts (TST and HNR, Fig. 3a).

Materials and methods

Twenty-six complete stratigraphic sections were measured
in the studied area (Fig. 2) to create three cross-sections:
an NW-SE longitudinal cross-section (Fig. 3) and two,
transverse NE-SW cross-sections (Figs. 4 and 5). The
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Fig.2 Geographical scheme of the study area, showing the upper
Cretaceous outcrops in the central part of the Iberian Peninsula,
sheets of the 1:200,000 Spanish Geological Map (gridding), the
cross-sections (red lines) of Figs. 3, 4 and 5, and the following
stratigraphic key sections: 1 Villamartin de Sotoscueva; 2 Turzo;
3 Nidaguila; 4 Ubierna—Pefiahorada; 5 Cuevas de San Clemente; 6
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Contreras—Hoz de Silos; 7 Doifia Santos; 8 El Casuar; 9 Castroser-
racin—Castrojimeno; 10 Sepilveda; 11 Barranco de las Cuevas; 12
Embalse de Entrepefas; 13 Estrecho de Paredes; 14 Valdemorillo; 15
Soto del Real; 16 Embalse de Pedrezuela; 17 Torrelaguna; 18 Muriel;
19 Alcorlo; 20 Ituero y Lama; 21 Valdeprados; 22 Hontoria; 23 La
Lastrilla; 24 La Higuera; 25 Caballar; 26 Pajares de Pedraza
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Fig.3 NW-SE cross-section of the Coniacian platform within the
Iberian Basin, showing the stratigraphic successions, the chronostrati-
graphic framework, and the lithostratigraphic units in each reference

longitudinal cross-section shows a wedge-shaped, thinning
southward, geometry with a thickness of 161 m in the north,
reaching about 12 m at the southeastern end (Fig. 3). Both
transverse cross-sections show also a wedge-shaped geom-
etry, thinning southwestwards against the emergent Iberian
massif.

The studied sections were measured, sampled, and
described bed-by-bed using rock color, stratification
patterns, and sedimentary structures and textures. More
than 100 rock samples were collected and examined in 25
standard thin-sections under a microscope to determine
the selected lithofacies. The sandstone lithofacies were
described following the classification of Pettijohn et al.
(1987). Description of carbonate microfacies includes grain
size, composition, depositional texture, and fossil content
(Fliigel and Munnecke 2010). The classification of Dunham
(1962) as expanded by Embry and Klovan (1971) is used
for carbonates. Microfacies are named following the order

area (a) and the facies distributions (b). See Fig. 2 for location and
name of key sections

of relative amounts of grain types; aggregate grains are
described as intraclasts. A size limit of 0.2 mm is used to
distinguish between "mud peloids" (or "lithic peloids") and
intraclasts (Fliigel and Munnecke 2010).

Results

Facies association and palaeoenvironmental
interpretation

Based on lithology, sedimentary structures, and biogenic and
fossil content (macro- and micro-fauna), 23 facies are iden-
tified (Table 1). The carbonate succession is interpreted as
being deposited on an open homoclinal ramp (Read 1985),
with three main depositional environments (Burchette and
Wright 1992): outer ramp (facies association A), mid ramp
(facies association B), and inner ramp (facies association

@ Springer
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C). According to the ramp model and based on sedimentary (facies C1); 2) a low-energy sheltered lagoon (facies C2);
features and/or components, the inner ramp is subdivided 3) carbonate tidal flats (facies C3), and 4) a siliciclastic,
into: 1) high-energy shoals acting as low-relief barriers  shoreface facies belt (facies C4). Facies codes, associations,

@ Springer
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«Fig. 6 Photomicrographs of selected facies from outer (A), mid (B),
and high-energy (C1) inner ramp settings. All scale bars represent
Imm. a Facies A2, Massive mudstone and wackestone. Mudstone
with localized wackestone texture, with an abundant micritic matrix
finely recrystallized and minor presence of ostracods (Os), bryozoan
(Br), and echinoid fragments. Sample 22,030,105, Castroserracin
section; b Facies A3, laminated, peloidal wackestone. Wackestone
with locally recrystallized micritic matrix, and a skeletal assemblage
comprising planktic foraminifera (PF), echinoid (E) and bivalve (Bi)
fragments, ostracods (Os), and small benthic foraminifera. Sample
22,051,127, Contreras section; ¢ Facies B1, Bioclastic wackestone.
Wackestone with local packstone texture (possible bioturbation),
with echinoid (E) and bivalve (Bi) fragments, ostracods (Os), and
gastropods (G). Sample 22,051,125, Contreras section; d Facies B2,
nodular bioclastic packstone. Packstone with fine-grained quartz and
phosphatic grains. The skeletal grains comprise planktic foraminif-
era (PF), ostracods (Os), echinoderm (E), bivalve (Bi), and bryozoan
fragments. Minor presence of small benthic foraminifera (BF). Sam-
ple 22,030,119, Castroserracin section; e Facies C1.1, Cross-bedded
bioclastic grainstone. Grainstone with abundant skeletal grains,
comprising small (BF) and large benthic foraminifera, bryozoan
(Br), echinoid (E), bivalve (Bi), serpulids, ostracods (Os), and green
algae fragments. Note the presence of a coral (C) fragment. Sample
22,051,108, Cuevas de San Clemente section; f Facies C1.2, Mas-
sive, peloidal and foraminiferal packstone. Packstone with locally
recrystallized micritic matrix. Common presence of very fine micritic
peloids (Pel). The skeletal assemblage is dominated by large benthic
foraminifera [LBF; note the presence of Dicyclina (Di), rotaliids (Rt),
and porcelaneous forms in the image]. Minor presence of ostracods
and bivalve (Bi) fragments. Sample 22,030,124, Castrojimeno sec-
tion. See Fig. 2 for location and name of key sections

descriptions, and environmental interpretations are summa-
rized in Table 1. Microfacies types, microfossil content, and
their corresponding field aspects are shown in Figs. 6, 7, 8,
9.

Outer ramp facies association (A)

Three facies characterize this association: A1, Marlstone and
calcareous marlstone (Fig. 8a), A2, Massive mudstone and
wackestone (Fig. 6a and 8b), and A3, Laminated, peloidal
wackestone (Fig. 6b and 8b). The outer ramp facies are
marked by the presence of abundant macrofauna (Table 1).
Burrowing is rare, but large burrows (Thalassinoides) are
locally present. Thin-sections of the outer ramp facies are
characterized by the presence of planktic foraminifera,
phosphatic grains, glauconite, and a lime mud matrix.

Usually, at outcrop, the outer ramp facies form
characteristic facies sequences A1-A2—-A3 that grade from
marlstones to mudstones, and finally wackestones (Fig. 8c).
From field views, facies A2 are easily recognizable by their
poorly indurated, platy, homogeneous and weathered aspect,
whereas facies A3 are more resistant (Fig. 8c).

The fine grain-size and absence of sedimentary structures
suggest a low-energy, quiet, depositional environment below
storm wave base. The rare, burrowed, calcareous beds with
ferruginized surfaces can be interpreted as local condensed

surfaces (Christ et al. 2012). Besides, the common presence
of glauconite and phosphatic grains is also usually associated
with stratigraphic condensation (Carson and Crowley 1993;
Hillgértner 1998), suggesting a longish residence time of
the sediments on the seafloor. The abundance of planktic
foraminifera, inoceramids, echinoids, and bryozoans, and the
paucity of benthic foraminifera (which, when present, were
probably remobilized from shallower environments), suggest
deposition in an open, outer ramp setting. The presence of
abundant nektonic ammonites supports this interpretation.

Mid-ramp facies association (B)

Three facies were identified: B1, Bioclastic wackestone
(Fig. 6¢), B2, Nodular bioclastic packstone (Fig. 6d), and B3,
Marlstone with oyster boundstone. They are characterized
by a mixture of planktic and benthic foraminifera,
ammonites, bivalves (including pycnodonts), echinoderms
and gastropods. Bioturbation is indicated by the presence of
Thalassinoides burrows. The non-skeletal grains comprise
glauconite, fine- to very coarse-grained phosphatic grains
and very fine to fine-grained quartz grains, which are angular
to subangular.

Bioclastic wackestone (B1) is commonly massive and
thin-bedded with a matrix composed of carbonate mud
(Fig. 6¢), which is distinctive for low energy and low rates of
sedimentation. The packstone texture (B2; Fig. 6d) and the
poor sorting of skeletal components (bivalves, echinoderms,
bryozoans) indicate a moderate-energy environment. The
presence of nodular bedding is commonly associated with
bioturbation by Thalassinoides burrow systems, enhanced by
postsedimentary compaction and diagenesis (Mangano and
Buatois 1991). Thalassinoides also suggests periods of low
sediment input (Myrow 1995; Rodriguez-Tovar et al. 2008),
excavated in a firmground (Glossifungites Ichnofacies;
Seilacher 1967; MacEachern et al. 1992), where crustacean
burrower activity was an important process.

Intercalated within facies B2 is the presence of nodular
marlstones rich in fauna with thin oyster (Pycnodonte)
layers in life position (B3 boundstone). The boundstones are
dominated by Pycnodonte (C.) costei assemblages (Callapez
et al. 2015) and consist of an autochthonous concentration
of articulated individuals, with other attached oyster species.
They appear in life positions as recliners adapted to soft-
bottom mid-ramp environments (cup-shaped recliners of
Seilacher 1984), and are found beneath fair-weather wave
base, an environment that provided stable and oxygenated
substrates adequate to establish an important colonization
by infaunal bivalves and echinoids (Callapez et al. 2015).

Facies association B represents higher hydrodynamic gra-
dients than facies association A (Fig. 8c). The abundance of
echinoderms and bryozoan fragments, and the presence of
planktic foraminifera require the persistence of open-marine
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conditions in a mid-ramp setting under conditions of nor-  Morphologically, the ammonites are less hydrodynamic
mal oxygenation and salinity. The environmental interpre-  with moderately ornamented shells and evolute discocones
tation is also supported by the presence of rare ammonites. and platycones. The scarce hydrodynamic efficiency is
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«Fig. 7 Photomicrographs of selected facies from inner ramp settings.
All scale bars represent 1mm. a Facies C1.4, Bioclastic and intraclas-
tic packstone. Pack-grainstone with abundant skeletal grains includ-
ing bryozoan (Br), bivalve (Bi), echinoid (E), gastropod and green
algal fragments, ostracods (Os), and benthic foraminifera (BF). Sam-
ple 22,052,518, Nidaguila section; b Facies C2.1, burrowed, peloi-
dal, and foraminiferal wackestone. Wacke—packstone with a locally
recrystallized micritic matrix. The skeletal assemblage is dominated
by small benthic foraminifera (BF; e.g., rotaliids (Rt) and miliolids
(M)), large benthic foraminifera (LBF; e.g., Cuneolina, Dicyclina
(Di), Cyclolina, Dictyopsella), and minor presence of bivalve (Bi)
and echinoid fragments. Sample 22,052,515, Nidaguila section; ¢
Facies C3.1, Rudist rudstone. Rudstone with a common recrystallized
micritic matrix. The sample is dominated by abundant, large frag-
ments of rudists (Ru) and other undetermined bivalves (Bi) and minor
presence of benthic foraminifera [e.g., Dicyclina (Di) and miliolids
(M)]. Common presence of subrounded micritic-rich intraclasts (In).
Sample 22,020,402, Barranco de las Cuevas section; d Facies C3.2,
Foraminiferal wackestone-mudstone and rudist rudstone—floatstone.
Wackestone with locally recrystallized micritic matrix. The skeletal
assemblage comprises abundant small benthic foraminifera (BF), rare
large benthic foraminifera, ostracods (Os), and gastropod fragments
(G). Sample 22,020,404, Barranco de las Cuevas section; e Facies
C3.3, Fenestral dolo-mudstone. Mudstone with common fenestral
porosity, occluded by medium-crystalline calcite; minor presence
of very fine crystalline replacive dolomite. The skeletal grains are
scarce, with small benthic foraminifera (BF), ostracods, and gastro-
pod fragments. Sample 22,020,406, Barranco de las Cuevas section;
f Facies C4.3, Calcareous sandstone. Fine-grained calcareous sand-
stone. Common micrite matrix with abundant fine-grained, subangu-
lar-to-angular quartz grains and minor phosphatic grains. Abundant
echinoid (E), bivalve (Bi), and bryozoan (Br) fragments are also pre-
sent. Sample 22030109A, Castroserracin section. See Fig. 2 for loca-
tion and name of key sections

interpreted as related to sea levels markedly lower than those
of the outer ramp facies (facies association A) (Barroso-
Barcenilla et al. 2011).

Inner ramp facies association (C)

Four sub-associations are distinguished within the inner
ramp: high-energy barrier (C1), low-energy lagoon (C2),
carbonate tidal-flat (C3), and siliciclastic shoreface (C4).
The carbonate inner ramp facies in thin-sections are mainly
characterized by the presence of rudists, benthic foraminifera
and dasycladacean green algae, and the absence of planktic
foraminifera.

Four facies are distinguished within the high-energy bar-
rier sub-association (C1): C1.1, cross-bedded bioclastic
grainstone (Figs. 6e and 8d), C1.2, Massive, peloidal and
foraminiferal packstone (Figs. 6f and 8e), C1.3, Rudist bios-
trome (boundstone) (Fig. 8f), and C1.4 Bioclastic and intra-
clastic packstone, with local rudstone and floatstone textures
(Figs. 7a and 8g). The sub-association is characterized by the
presence of rudists, benthic foraminifera, and coated grains.
Oysters (pycnodonts, gryphaeas), serpulids, inoceramids,
and planktic foraminifera are absent. The non-skeletal grains
are mainly peloids. Bioturbation is rare to mainly absent.

This sub-association consists of rudist biostromes
(Fig. 8f) and skeletal limestones, mostly of grainstone and
packstone facies (Figs. 8d and e), but also rudstone, float-
stone, and boundstone textures. It comprises a wide range of
well to moderately sorted, skeletal-rich bioclastic limestones
with rudists, foraminifera, and non-skeletal carbonate grains,
such as peloids, intraclasts, and coated grains.

The grainstone facies (C1.1; Fig. 8d) with sharp erosional
bases and cross-bedding indicate sedimentation in a shallow,
high-energy inner ramp environment, above fair wave
weather base and close to low tide level, at depths less than
the packstone facies (C1.2 and C1.4). They likely originated
from the migration of skeletal sand shoals. The lack of mud,
the presence of coated grains, abraded bioclasts (Fig. 6e),
cross-lamination, abundance of intraclasts and mud peloids,
and generally well-sorted fabric indicate deposition in a
relatively high-energy environment subjected to continual
wave agitation (Tucker and Wright 1990; Fliigel and
Munnecke 2010).

The foraminiferal-peloidal packstone facies (C1.2)
were deposited in a moderate-energy inner ramp setting
(Fig. 8e). The presence of a rich benthic fauna with domi-
nant foraminifera (Fig. 6f) and abundant peloids indicates a
shallow environment. The occurrence of foraminifera indi-
cates deposition in an inner ramp setting (Hohenegger 2000;
Reiss and Hottinger 1984). The presence of dasycladacean
algal debris in the granular facies is also characteristic of
strong hydrodynamics. They are considered signs of sig-
nificant sedimentary transport (Granier 2012). Most of the
peloids with elongate and rod-like shapes likely correspond
to fecal pellets (Fliigel and Munnecke 2010), whereas other
grains originated from the reworking of weakly lithified car-
bonate mud (i.e., mud peloids).

The rudist biostrome facies (C1.3; Fig. 8f) is interpreted
as shallow, mostly subtidal, inner ramp deposit, showing a
laterally and vertically patchy distribution of rudist beds.
Rudists were adapted to substrates with positive sediment
accumulation (elevators), which could develop into densely
packed groups of individuals (Fig. 8f). The lack of mudstone
sediment and foraminifers in the matrix, and the vertical
succession of rudist fabrics suggest high hydrodynamic
gradient settings, decreased sedimentation rates, high
biological competition for (limited) available space, and
shallowing-upward trends, even with subaerial exposure
events (Gil et al. 2002, 2009).

The bioclastic and intraclastic packstone facies (C1.4;
Figs. 7a and 8g) were deposited in an agitated, shallow-
water inner ramp area, above fair-weather wave base, closely
related to the skeletal grainstones (C1.1 facies). The micro-
facies show rudist bioclasts embedded in a fine-grained
matrix, rich in other bivalves, benthic foraminifera, echi-
noids, bryozoans, and intraclasts (Fig. 7a). The high fau-
nal diversity reflects deposition under normal salinity. C1.4
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«Fig. 8 Field views of selected facies. a Facies Al, Marlstones, and
calcareous marlstones. Dark-gray marlstones at the base of the mid-
dle member of Nidaguila Formation (see Fig. 2). Villamartin section.
Height of person is 1.80 m tall; b Alternation of massive mudstones
and wackestones (Facies A2) and laminated, peloidal wackestones
(Facies A3). Upper part of the middle member of Nidaguila Forma-
tion at Villamartin section. Height of person is 1.80 m tall; ¢ upper
part of Turzo section showing the vertical transition between outer
ramp (A) facies (below, middle member of Nidaguila Formation)
and mid-ramp (B) facies (above, Nocedo de Burgos Formation).
Height of person is 1.80 m tall (encircled, lower left); d Facies C1.1,
Cross-bedded bioclastic grainstone at Castrojimeno section. Height
of person is 1.80 m tall; e Facies C1.2, Peloidal and foraminiferal
packstones at Castroserracin section. Hammer encircled for scale; f
Facies C1.3, Rudist Biostrome (Boundstone) at Castrojimeno sec-
tion. Oligospecific, closely packed, autochthonous frame reefs exclu-
sively composed by rudist lower valves. Pen for scale is 12 cm long;
g Facies C.1.4, bioclastic and intraclastic packstone, with abundant
rudist and oyster bioclasts and common presence of moldic porosity
by dissolution of inner molds of rudist lower valves (right of coin),
Castrojimeno section; h Facies C2.2, Marly limestone and marlstone
showing a parautochthonous spaced cluster reef of loose vaccinitids
(black arrows) and isolated specimens in life position embedded in
marlstone (white arrow), Castrojimeno section. Hammer encircled for
scale. See Fig. 2 for location and name of key sections

facies were closely related to the peloidal and foraminifera
packstones (C1.2). Both the C1.2 and C1.4 packstone facies
show evidence of moderate-to-high-energy levels, including
low mud content and moderate sorting. Floatstones-to-rud-
stones in C1.4 are mainly composed of reworked rudist and
oyster (Pycnodonte) bioclasts, which are broken shells that
show no grading or lamination (Fig. 8g). The common pres-
ence of broken shells and poorly sorted intraclasts suggests
the occurrence of higher energy episodes above fair-weather
wave base. They are derived from the erosion of C1.3 bound-
stones in nearby environments, likely by punctuated events
(such as storms).

The lagoonal sub-association (C2) comprises thin/
medium- to thick-bedded wackestones and marlstones. Bio-
clasts in this sub-association include rudists, other bivalves,
green algae, echinoderms, gastropods, bryozoans, ostracods,
and benthic foraminifera, especially miliolids. The non-skel-
etal grains are mainly peloids. C2 consists of two facies:
C2.1, Burrowed, peloidal and foraminiferal wackestone
(Fig. 7b), C2.2 Marly limestone and marlstone (Fig. 8h).

C2.1 is a back-barrier, lateral gradation of C1.2, with less
energetic facies (wackestone) and burrowed in a protected
environment with less energy (Fig. 7b). Marlstones rich in
marine fauna (C2.2; Fig. 8h) also suggest a lagoonal setting
within a low-energy subtidal area on a back-barrier area. The
presence of a rudist-rich fauna in the marlstones indicates
that a moderate amount of fine terrigenous input was not a
primary control on the absence or presence of rudists, or on
the components of the rudist assemblages. The morphol-
ogy of articulated rudists within the floatstones suggests in
situ conservation of reclining or forward-leaning organisms

(Fig. 8h), which had to adapt to the continuous inflow of
fine-grained sediments. Rudists (hippuritids and vaccinitids)
are well adapted to life in muddy siliciclastic environments
due to their filter-feeding mode of life and their capabil-
ity for rapid upward growth (Steuber 1996), acquiring their
typical elongate forms (Fig. 8h). The presence of disarticu-
lated shells in C2.2 is probably related to storm events that
remobilized soft-ground seafloors. There are also laterally
extensive rudist biostromes (C1.3) intercalated within the
lagoonal marlstones (C2.2). The presence of corals and
chaetetids here also suggests a very shallow environment.
The growth of these organisms was related to the rudists, as
they developed in protected biostrome areas. In view of the
high proportion of fine-grained siliciclastic input and, prob-
ably nutrients, the establishment of a permanent, compact
rudist population was important. However, only short inter-
vals of time were favorable for the colonization and growth
of corals at the top of these rudist biostromes. Large areas
with a soft substrate, either muddy or micritic (Fig. 8h), per-
sisted (and became re-established after sporadic smothering
of corals and rudists), favoring a bottom community with
non-rudist bivalves, benthic foraminifera, gastropods, and
minor echinoids (C2.1; Fig. 7b).

The lagoonal sub-association is marl dominated
(C2.2; Fig. 8h). The presence of marlstones and the high
proportion of micritic mud suggests deposition in a low-
energy (calm) environment (Fiirsich et al. 2003; Srivastava
and Singh 2017). Peloidal and foraminiferal wackestone
facies (C2.1, Fig. 7b) with a fine-grained muddy texture
indicate widespread low-energy, subtidal lagoonal
environments (Fiirsich et al. 2003) next to the lower limit
of fair-weather wave base, which is characterized by less
turbulent conditions. The textural characteristics with the
presence of micritic peloids of possible fecal origin, and
the dominance of benthic foraminifera, bivalves, gastropods,
and green algae (Fig. 7b), demonstrate a very shallow-
marine, lagoonal environment, with relatively weak currents
(Romero et al. 2002; Badenas and Aurell 2010), but close
to emergent shoals. The presence of shallow-water light-
dependent organisms (Dasycladacean algae, large benthic
foraminifera, and local corals) characterize shallow-water
environments (Granier 2012), in an essentially protected
inner ramp, lagoonal setting.

The shoreline margins of the basin were dominated by
carbonate tidal flats (facies sub-association C3) that were
widely developed in the farther southern areas of the basin.
Siliciclastic input to shoreface environments, with limited
extension, created a narrow siliciclastic shoreline facies belt
(facies sub-association C4).

The carbonate tidal flats (C3) are characterized by the
presence of microbial laminites, dolomites, and marlstones,
with replacive dolomite/calcite and hardground develop-
ment; meanwhile, detrital silt-size quartz grains are scarce.
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«Fig.9 Field views of selected facies. a Facies C3.1, Rudist rudstone
composed of poor sorted rudist debris with locally partially intact
shells (upper part of the image). Barranco de las Cuevas section.
The point of the hammer for scale is about 5 cm long; b Facies C3.2,
Foraminiferal wackestone—-mudstone and rudist rudstone—floatstone
with rudist valves scarcely fragmented (floatstone) arrowed; ¢ Facies
C3.3, Fenestral argillaceous dolo-mudstone with an irregular mm-
scale fenestral lamination (white arrows) and small burrows (black
arrows). Scale in cm; d Facies C3.4, Rudist cluster. Monoespecific
cluster reef of Bournonia gardonica. Barranco de las Cuevas section,
sample PUAB 93942, palaeontological collections of the Universi-
tat Autonoma de Barcelona (PUAB); e Facies C3.7, Beige dolomitic
marlstone and green marlstone at Embalse de Entrepefias section.
Vertical black bar for scale is 0.5 m long; f Facies C3.8, Dolomitic
breccia with vertical joints and chicken wire-like structures that give
it a pseudonodular appearance. Embalse de Entrepefias section; g
Facies C4.1, Coarse sandstone and gravel with a subtle planar lami-
nation and orientation of some elongated clasts. Valdeprados section:
h Facies C4.2, Fine-grained sandstone with planar cross-bedding and
appearance of herringbone cross-lamination. Sepulveda section. See
Fig. 2 for location and name of key sections

The C3 sub-association is subdivided into eight facies:
C3.1, Rudist rudstone (Figs. 7c and 9a), C3.2, Foraminif-
eral wackestone-mudstone and rudist rudstone-floatstone
(Figs. 7d and 9b), C3.3, Fenestral dolo-mudstone (Figs. 7e
and 9c¢), C3.4, Rudist cluster (Fig. 9d), C3.5, Beige to red
mudstone, claystone and marlstone, C3.6, Massive dolo-
mite, C3.7, Beige dolomitic marlstone and green marlstone
(Figs. 9e), and C3.8, Dolomitic breccia (Fig. 9f). The sub-
association shows an overall lateral gradation from subtidal-
intertidal limestones (C3.1 to C3.5) to inter-supratidal marl-
stones and dolomites (C3.6-to-C3.8).

In some areas, the vertical lithofacies organization con-
sists of several meter-scale, shallowing-upward cycles with a
hardground developed at the top of the cycles. Typical cycles
comprise facies C3.1 (subtidal)-C3.2/C3.4 (subtidal)-C3.3
(intertidal)-C3.5 (inter-supratidal). Incomplete cycles lack
facies C3.5. These cycles are usually bounded by hardground
surfaces at the top of dolomitized fenestral mudstones (C3.3)
when incomplete or red mudstones (C3.5) when complete.

The rudstones (C3.1; Fig. 9a) represent a distinctive lithol-
ogy associated with foraminiferal wackestones—mudstones,
rudist rudstones—floatstones (C3.2; Fig. 9b), and isolated
rudist clusters (C3.4; Fig. 9d). The predominance of rudist
fragments in the rudstones (C3.1; Fig. 9a) suggests that they
originated from the transport and accumulation of rudist skel-
etal sands from the reworking of rudist clusters (C3.4; Fig. 9d).
The coarser grain-size and texture suggest that C3.1 originated
from high-energy, strong events, such as large waves or storms,
that affected the tidal areas and accumulated rudist debris in
subtidal areas. These rudists grew in areas of moderate-to-
low water energy, such as subtidal settings of tidal flats close
to sheltered lagoons (Sanders 1996; Moro 1997). The main
difference between C1.3 (biostromes) and C3.4 (clusters) pre-
cisely is the size and length of rudist bodies. At the high-energy

barrier area, the rudists may develop as extended, but thin,
mainly biostromal reefs; meanwhile, in the tidal area, the rud-
ists were small, isolated clusters. The wackestones—mudstones
(C3.2; Fig. 9b) accumulated in a shallow subtidal environment
of low-energy waters, as suggested by the common presence
of a muddy matrix and fossils of quiet, shallow subtidal areas
(e.g., benthic foraminifera, red and calcareous green algae;
Fig. 7d) (Jacka and Brand 1977). The C3.2 rudstone—floatstone
(Fig. 9b) consist of broken rudists fragments and foraminiferal
tests, periodically eroded from clusters (facies C3.4; Fig. 9d)
by storm and wave processes. The mudstones with fenestrae
(C3.3; Fig. 7e) are interpreted as microbial mats (stromatolites;
Fig. 9¢) deposited in a protected intertidal area, probably at
the border of a lagoon. The fenestral voids suggest deposition
under meteoric and/or vadose influence (Fliigel and Munnecke
2010). The low abundance and diversity of fauna support such
an interpretation. The dominant sedimentary process in facies
C3.5 was suspension settling (decantation), deposited in an
intertidal-supratidal environment with a low hydrodynamic
gradient, associated with episodes of low sedimentation rates
and periodic input from nearby emergent areas. The pres-
ence of iron accumulation (reddening) in these facies sug-
gests the development of sedimentary breaks under oxidizing
conditions.

The southeastern end of the studied basin is composed
of C3.6-to-C3.8 facies, with a local presence of C3.3 facies.
The main facies in this area are green marlstones (C3.7;
Fig. 9e); they are characterized by the presence of detrital
illite and kaolinite, and medium-grained subangular quartz
grains (Fernandez Calvo 1982). Lithology and composi-
tion suggest that they were deposited on extensive, inter-
tidal-supratidal mudflats with a predominance of emergent
conditions and continental influence. Facies C3.6 (and
C3.3) are locally intercalated within the green marlstones
being interpreted as intertidal carbonates and stromatolites.
Locally, there are dolomitic breccias with nodular aspect
(Fig. 9f) and vertical joints (facies C3.8) that are interpreted
as palaeosol dolocretes generated by in situ brecciation
(Wright 1994) and caused by a combination of processes
(Klappa 1980). Based on the fine-grained nature of the dolo-
mite and the absence of skeletal grains, deposition probably
occurred in a low-energy, restricted intertidal-to-supratidal
environment (Wilmsen et al. 2010). Low faunal diversity
most likely indicates the effect of high salinity.

The siliciclastic, shoreface facies (C4) are restricted to
the shoreline areas of the emergent Massif; besides, a fringe
of calcareous sandstones is also related to these sediments.
Minor detrital, monocrystalline quartz grains are also com-
monly found mixed with carbonate sediments in several
of the studied sections, mainly basinward (Fig. 3a). Three
facies are distinguished: C4.1, Coarse sandstone and gravel
(Fig. 9g), C4.2, Fine-grained sandstone (Fig. Sh), and C4.3,
Calcareous sandstone (quartz-rich packstone; Fig. 7f).
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The planar lamination in the coarse sandstone and gravel
(C4.1, Fig. 9g) reflects plane bed transport. This action is
capable of selectively sorting and uniformly spreading sedi-
ment into individual layers (Clifton 1969). Interbeds of sand
and gravel are typical in upper shoreface—foreshore depos-
its (Pemberton et al. 2012). They indicate sediment deposi-
tion by alternating high- and low-energy flows. The gravel
beds were probably deposited by high-energy flows during
storms, whereas the sand beds would have to be laid down
by lower-energy flows during waning storms or fair-weather
conditions (Hiroki and Terasaka 2005). Cross-lamination in
fine-grained sandstone (C4.2; Fig. 9h) characterizes low-
regime tractive processes. The presence of cross-lamination
results from the migration of small dunes with an abundant
sand supply, and variable wave energy on the upper shore-
face, above fair-weather wave base (e.g., Pemberton et al.
2012). Massive and parallel-laminated sands resulted from
rapid sedimentation from suspension when large amounts of
sand accumulated during moments of higher wave energy.
The lateral continuity of sand beds, the high degree of sand
sorting, the overall lack of fine-grained material, and the
paucity of biogenic structures and fauna also suggest sedi-
mentation under high-energy conditions in the shoreface
of a coastal environment (Myrow et al. 2002), close to the
palaeo-sea level (Seidler and Steel 2001). Evidence of tidal
processes is recorded by the presence of herringbone cross-
bedding (Fig. Sh).

These facies are interpreted as a prograding
shoreface—foreshore system, representing a low-gradient,
wave-dominated shoreline environment, with significant
influences from storm and tidal processes. The presence of
mixed siliciclastic—carbonate facies and siliciclastic grains
within the carbonate facies throughout the studied area will
be discussed further below.

The calcareous-sandstone facies (C4.3) display significant
amounts of siliciclastic grains mixed with a large diversity of
marine fauna (Fig. 7f). The generally good sorting and bro-
ken skeletal grains suggest the existence of frequent rework-
ing by moderate and high-energy currents. The presence of
an open-marine fauna, and planktic and benthic foraminifera
indicate an open-marine depositional setting. The relation-
ships with C1.4 and C4.2 facies suggest a lower shoreface
and/or inner ramp setting with a large siliciclastic influence,
close to fair-weather wave base.

Discussion and interpretation

The results described above have enabled us to improve
the faunistic associations across the carbonate ramp and
to revise the facies model of Garcia-Hidalgo et al. (2012)
and the palaeogeographic reconstruction of Callapez et al.
(2015) by integrating new data on the sedimentary facies.
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Faunistic associations

The most characteristic biogenic components are rudists
and large benthic foraminifera (LBF). Other bivalves (oys-
ters, pectinids, and inoceramids), bryozoans, echinoderms,
gastropods, calcareous green algae, and ostracods are also
abundant. Planktic foraminifera, ammonoids, and nautiloids
are common in the outer ramp facies. It is remarkable the
rare presence of corals, mainly limited to the lagoon and
the protected areas in the shoals. The faunal distribution in
the main facies and depositional environments is shown in
Fig. 10.

The rudists, mainly radiolitids and hippuritids, were
abundant from the subtidal to the shallow and energetic
proximal inner ramp (Fig. 10). Intact rudist shells,
biostromes, and thickets were commonly developed. Three
main environments with autochthonous rudist fabrics,
characterized by different hydrodynamic conditions, are
distinguished: a) Rudist biostromes (boundstone; facies
C1.3) occur near barrier, high-energy inner ramp. They
are dominated by a conical-shaped, pauciespecific rudist-
rich association, with very low to absent relief (Fig. 8f); b)
Rudists embedded in marly limestones and marlstones in a
low- to moderate-energy inner ramp (protected lagoon; facies
C2.2). They are dominated by fine-grained siliciclastic-rich
sediments, where rudists (hippuritids and vaccinitids) are
multispecific (Fig. 8h). These rudists display a wide variety
of external morphologies, ranging from conical, cylindrical-
to-subcylindrical and flat and wide shapes, including huge,
isolated elevator morphotypes; and finally, ¢) monospecific,
small rudist clusters dominated by fine-grained carbonate-
rich sediments (Facies C3.4; Fig. 9d). They are related to
sedimentation in subtidal areas. High-energy hydrodynamic
currents, probably related to waves and storm events, washed
out the matrix support and reworked and fragmented rudist
shells, creating floatstone and rudstone textures in these sub-
environments (Facies C1.4, C3.1 and C3.2; Figs. 8g, 9a and
9b).

Benthic foraminifera comprise two informal groups: (1)
small benthic foraminifera or micro-foraminifera, with-
out complex wall structures and interpreted as not hosting
photosynthetic symbionts. The lack of specific sunlight
requirements allows these groups to occupy more diverse
ecological niches, where they are abundant throughout the
entire ramp, although less abundant in the outer ramp set-
ting (Fig. 10). They are mostly represented by textulariids,
ataxophragmiids, nezzazatinellids, discorbidae, and simple
forms of miliolids and rotaliids. (2) Larger forms, referred
to as macro-foraminifera or Larger Benthic Foraminifera
(LBF), include: a) abundant agglutinated forms (Cuneolina
spp., Dicyclina schlumbergeri, Pseudocyclammina spp.,
Dictyopsella sp., Orbitolinopsis cf. senonicus); b) minor
porcelaneous forms (Nummofallotia cretacea, Vidalina,
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Pseudonummoloculina?, Scandonea?), and c) less common
hyaline forms (e.g., Rotorbinella spp.). The occurrence of
larger porcelaneous foraminifera suggests sedimentation in
a shallow-marine setting within the upper photic zone that
corresponds to an inner ramp setting (Reiss and Hottinger
1984; Hohenegger 2000; Romero et al. 2002). In addition,
LBF are interpreted to host photosynthetic, light-dependent
symbiotic algae in their protoplasm, limiting their occur-
rence within the euphotic zone. Hence, the presence of LBF
in the sediments is an important palaeobathymetric indicator
of the photic zone (Fig. 10). LBF also reflect oligotrophic
conditions in warm and shallow-water settings (Hallock and
Glenn 1986). They are also used as biostratigraphic markers
(e.g., Boix et al. 2011; Caus, et al. 2013; Albrich et al. 2014;
Villalonga et al. 2019 from Pre-Pyrenees area). In this case,
the presence of Orbitilinopsis senonicus, Pseudocyclam-
mina, and Rotorbinella spp. would provide a low-confidence
Coniacian-Lower Santonian age.

The faunal associations show a mixture of diverse sun-
light-dependent (phototrophic) and nutrient-dependent
(heterotrophic) organisms and may be considered either
as a photozoan (James 1997; Michel et al. 2018) or a

heterozoan carbonate association (Carannante et al. 1997,
Schlager 2005; Brandano et al. 2009). However, the het-
erozoan interpretation is preferred because of the scarcity
of corals and the overall sedimentary facies. Typically, het-
erozoan occurrences are found in basins with high nutrient
influx and/or increased terrigenous material, which inhibit
photozoan organisms and promote suspension-feeding
organisms (e.g., bryozoans) in warm-water environments
(Carannante et al. 1997; Philip and Gari 2005). A shore-
line siliciclastic environment (facies C4) would provide
terrigenous material (and probably nutrients) to the rest
of the basin, as evidenced by the presence of mudstones
in protected environments and quartz grains in several
facies of the mid and outer ramp (Fig. 3). The terrigenous
supply likely provided nutrients from the nearby emer-
gent massif (Fig. 5). These nutrients, transported by long-
shore currents and then delivered to the basin, could have
enhanced the development of suspension-feeding benthic
organisms such as bivalves and bryozoans in deeper water
environments and rudists in shallower ones (Philip and
Gari 2005).
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Vertical evolution and stacking patterns

The studied sediments show a transgressive—regressive dep-
ositional trend which is interpreted as a single third-order
depositional sequence (Garcia-Hidalgo et al. 2012). The ver-
tical evolution and facies stacking patterns, with the distri-
bution and shifting of facies and facies belts, are illustrated
with three cross-sections (Figs. 3b, 4b and 5b) and maps of
the depositional units (Fig. 11). The latter reflects three dif-
ferent palaeogeographical situations during the Coniacian,
which are due to different relative sea levels, showing a trend
of long-term transgression and final regression (Figs. 3 and
11).

The underlying Muiiecas Formation (Fig. 3) ended with a
significant drop in relative sea level, with exposure of many
parts of the basin. The basal sequence boundary is either a
hardground (Gil et al. 2006) or a dolomitic breccia (Floquet
1991). Basal deposits are represented mainly by inner and
mid-ramp sediments (Facies B and C1; Fig. 11a). Toplap
relationships with the underlying sequence (Gil et al. 2006),
and the basal onlap and displacement of facies belts suggest
a major sea-level fall at the sequence boundary followed
by a rapid rise during the subsequent transgressive stage of
this sequence. The siliciclastic coastal belt is also, locally,
very extensive. The presence of quartz grains, at the base
of the sequence, in several sections suggests a source to the
ramp from shoreline siliciclastic environments (Sects. 3 and
5; Fig. 3a). Overlying these basal sediments, the sequence
shows a sudden deepening with the appearance of outer
platform marlstones and marlstone—limestone alternations
in the northern sections (facies A, Sects. 1 to 4; Fig. 3b).
A similar deepening-upwards trend within the Coniacian
sediments also occurred in the Pyrenean Iberian margin
(Andrieu et al. 2021).

The Coniacian ramp was a low-productivity system,
similar to many other ramps (e.g., Burchette and Wright
1992), and drowned readily in response to sea-level rise due
to its low topographic gradient. Then, the rapid flooding
generated a landward migration and widening of the facies
belts (Fig. 11b).

Maximum flooding extended the deeper sediments of
the mid-outer ramp to the central part of the studied area
(Figs. 3 and 11b). The maximum flooding surface (mfs) is,
thus, recognized in the central area by the presence of Facies
Al in Sects. 5 to 7 (Fig. 3b); and by Facies A2 in Sects. 8
and 9 (Fig. 3b). In this area, the mfs represents the change
between deepening upward to shallowing-upward, and from
retrogradation to progradation (Fig. 3b). The presence of
ammonites and nautiloids in Facies A2 within these sec-
tions also supports such an interpretation (Fig. 3a). In the
northwest (outer ramp) area, the mfs is difficult to locate. It
is contained at the base of the Hemitissotia spp. biozone, in
a relatively thick interval characterized by a predominance
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of finer, outer ramp deposits (Facies Al and A2; Fig. 3b).
Consequently, at the maximum flooding, siliciclastic belts
show the most limited extension (Fig. 11b).

Finally, the regressive sediments (Fig. 11c) show impor-
tant facies aggradation and progradation of the mid- and
inner ramp sediments with progradation of the siliciclas-
tic facies belts (Figs. 4b and 5b). Carbonate development
reached a maximum at this stage and is mainly associated
with bioclastic wackestones and packstones of the mid ramp
and peloidal and foraminiferal packstones of the inner ramp
(Figs. 3 and 11c). The important accumulation in thickness
of these facies produced a steeper ramp morphology that
resulted in the change from a homoclinal ramp to a distally
steepened ramp. This distally steepened ramp shows inter-
fingering facies belts comprising highly productive bioclas-
tic mid-ramp and diverse bioclastic inner ramp sediments.
These deposits are characterized by low slope angles and a
progradational to aggradational stacking pattern (Figs. 3b
and 11c), typical of greenhouse ramps (Read 1998). The
maximum regressive surface of the upper sequence bound-
ary is marked by minor episodes of subaerial exposure with
a rapid, although less pronounced, change in the vertical
facies trend (first described by Floquet 1991).

Siliciclastic deposits and carbonate-siliciclastic
facies mixing

Mixed siliciclastic—carbonate systems are widely distributed
throughout the peri-Tethyan domain. They can be found
from the west Portuguese basin (Segura et al. 2014), the
central Iberia (e.g., Floquet 1991; Gil et al. 2006, and this
work), the Pyrenean Iberian margin (Andrieu et al. 2021),
the Bohemian and Rhenian Massifs on the Mid-European
island (e.g., Ulicny et al. 2009; Niebuhr et al. 2011), other
northern European massifs (Andrieu et al. 2016), the
northern calcareous Alps (e.g., Sanders and Pons 1999), the
southern passive continental margin of present-day North
Africa and Middle East (e.g., Bachmann and Kuss 1998;
El-Azabi and El-Araby 2007; Powell and Moh’d 2011),
and even India and the Himalayas (e.g., Sarkar et al. 2014;
Zhang et al. 2004). The predominance of siliciclastics in
shoreline facies belts indicates a persistent sediment supply
from fluvial systems that drained from the emergent parts
of nearby hinterlands (Tucker 2003). Sediment supply
is undoubtedly a major external control on shelf growth,
architecture, and potential to produce shelf sandstones
(Tucker 2003; Carvajal et al. 2009). Given sufficient
sediment supply, shoreline siliciclastics are capable of
prograding to the shelf edge (e.g., Porgbski and Steel 2006).

In many sedimentological studies, however, the role of
sediment supply in mixed systems tends to be overlooked
(Carvajal et al. 2009). Starvation and storage of clastics in
nearshore environments are usually envisaged as common
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in these systems (Niebuhr et al. 2011). Nevertheless, even
in microtidal environments, the calculated wave base is rela-
tively deep (e.g., at the current Abu Qir Bay, Egypt, the wave

Turonian carbonate
platform exposed

Local patterns of marine palacocurrents are also shown at the maxi-
mum flooding (for figure clarity), but they were also active during the
other stages of the ramp evolution

base ranges between 16 and 29 m in depth with an average
of 20 m; Frihy et al. 2008). This wave base is well below
those depths at which shoreface siliciclastics and carbonate

@ Springer



7 Page 24 of 30

Facies (2024) 70:7

sediments are usually considered to develop (e.g., El-Azabi
and El-Arabi 2007). This shows that sand transport might
occur deeper than previously considered, suggesting that the
reworking and transporting of sand onto the shelf should
have been more intensive than hitherto considered.

A problem arises when one considers why these sands
sourced to the shoreline from emergent massifs were not
redistributed rapidly and more widely across the shallower
parts of a carbonate platform, considering the energetic
processes occurring in these environments. These energetic
processes potentially involve a combination of storm, wave
and tidal currents. During storms, the combined action
of waves and winds tends to create offshore-directed cur-
rents that move sediment to the shelf (Wright et al. 1991;
Héquette et al. 2001). In contrast, under fair-weather condi-
tions, smaller waves tend to transport sediment onshore; but
contrary to what might be expected, low-frequency fluxes
have been just as frequent onshore as offshore (Wright et al.
1991). Therefore, under appropriate conditions sand distri-
bution across shallow shelves would be expected to occur
more frequently.

In the case of the studied ramp, the predominance of
siliciclastics in the shoreline facies belt indicates a persistent
supply from fluvial systems that drained the emergent parts
of the Iberian massif at the west (Figs. 4 and 5). It appears
that the energy level was sufficient for the transportation
and deposition of sand, and locally gravels, and for the
progradation of a shoreface/foreshore system during the
upper regressive deposits (Fig. 5). Significant amounts of
sand were transported to the shoreline and mainly remained
there, confined to the coastal belt. The transition from
siliciclastic to carbonates occurred over short distances
(Figs. 5 and 11). The zone of complete facies mixing,
represented by the mixed calcareous-sandstone facies (C4.3),
is restricted to an area about a few tens of kilometers wide
(Figs. 5 and 11), which is similar to other modern basins
(e.g., Neogene of Florida; McNeill et al. 2004). Thus, there
seems to be a physical obstacle that: 1) keeps the sands close
to the shoreline, as a coastal facies belt, 2) prevents their
dispersion to the basin, and 3) impedes the facies mixing
with the local development of a narrow belt of mixed facies
(Fig. 11). It is suggested here that such a physical obstacle
could be a longshore current flowing parallel to the coasts
of the massif (Fig. 11). The presence of such a current must
have caused, first, a grain-size segregation of sediments,
and a clear separation of coarse-grained (coastal sands)
from fine-grained facies (ramp muds and silts). Second,
the sediment movement parallel to the coast, created by
these currents, would have contributed to the long-term
preservation of sands in shoreline region, impeding sand
transport to the ramp, whereas the dispersion of muds and
silts for greater distances would account for the prevalence
of fine-grained strata in the mid and outer ramp. Besides, the
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ramp area was maintained as a main carbonate environment,
with only a very narrow belt of true mixed facies.

The presence of sand within carbonates, however, is
not uniformly distributed along the studied areas, some
sections contain sand, and others are devoid of it. Thus, the
Sepulveda section (10, Figs. 3a and 5) shows a notable sand
input into the basin. It is significant that one area showed
such a substantial and permanent proportion of sand input
to the ramp over time. This constant input along the entire
sequence cannot be interpreted as reciprocal sedimentation.
The studied sections southwards, however, are completely
devoid of sand (Figs. 3 and 4). On the contrary, northwards,
sand content is progressively decreasing. First, close to
the main siliciclastic source, sand-rich packstones (Facies
C4.3) occur in Sect. 9 (Fig. 3a). Second, only minor, fine
quartz grains are contained within the carbonates in sections
even farther northwest (3, 5 and 6; Fig. 3a). Assuming this
distribution of sand and the presence of a longshore current,
this current should be an NW-flowing current (Fig. 11b). An
NW-flowing current likely impeded the transport of large
amounts of sand to the southeast (Figs. 3a and 4), where
carbonate tidal flats were the dominant environments (12
and 13, Fig. 3b). The claystones and mudstones, as part
of the tidal deposits, were probably sourced from nearby
emergent low-lying areas at the closed end of the Iberian
basin (Fig. 11).

Finally, conditions must have existed for minor
sand transport from shoreline and mixed belts into a
predominantly carbonate setting. This transport is minor and
occasional for the sand grains, but is more important for the
muddy particles that form the marlstones in the mid and
outer ramp areas. Lagoonal marlstones, on the contrary, were
probably sourced from the continental and tidal areas at the
southeastern end of the basin. The influx and redistribution
of siliciclastics are assumed to affect the production of
carbonate sediments mainly by increasing water turbidity.
In addition, these sediments may continually cover parts of
the substrate and the related carbonate biotic assemblages,
affecting carbonate production. However, except for the
pure siliciclastic facies, virtually all facies contain skeletal
components, non-skeletal grains (peloids), and/or carbonate
mud (micritic matrix), which points to a continuously active
carbonate factory in the ramp. In this system, terrigenous
materials only reduce the carbonate sediments but do not
interrupt the carbonate factory.

Implications for palaeogeography
and palaeoceanography: winds and currents

The Iberian basin was located in the near-tropical and sub-
tropical zones during Coniacian times (25-30°N, Fig. 12;
Andrieu et al. 2021). At these latitudes, the climate mod-
els and simulations for Late Cretaceous times (Hay 2008)
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suggest the presence of tropical, easterly winds that per-
sisted continuously throughout the year (blue arrows in
Fig. 12). Wind blowing from the Iberian massif might be
another potential mechanism for siliciclastic transport and
distribution over large sectors of the basin. At the men-
tioned latitudes, however, the dominant winds were most
likely directed toward the west and southwest (Hay 2008),
as the current trade winds. Hence, the main winds should
have blown toward the massif (not from the massif) inhibit-
ing the sourcing of sand by wind from the Iberian massif to
the basin (Fig. 12).

The proposed longshore current could have been induced
from various processes, including tides, winds, and storms.
Such currents within semi-enclosed basins are common in
the marine realm (e.g., Adriatic, Poulain 2001; Arabian Gulf,
Kéampf and Sadrinasab 2006). In the Iberian basin, longshore
circulation was most likely induced by both the presence of
external currents and wind-driven currents (Fig. 12).

The presence of an external current is necessary, because
it allowed the entry and dispersal of invertebrate larvae from
the Tethyan realm, where they originated and evolved (Cal-
lapez et al. 2015). This current was likely related to the
oceanic circulation pattern around the Iberian microplate,
which, in turn, was related to the Tethys Circumglobal Cur-
rent (TCC) (Pucéat et al. 2005; Callapez et al. 2015). TCC
is a westward surficial current toward the central Atlantic in
the southern margin of the Iberian microplate (Barron and
Peterson 1989; Kutzbach et al. 1990) (Fig. 12). Models also
suggest that TCC was probably related to the development of
one or more large gyres (Poulsen et al. 1998; Johnson 1999).
These gyres would have caused a clockwise flow around
Iberia (Callapez et al. 2015) and within the Iberian basin
(Fig. 12).

On the other hand, wind-driven currents might be another
factor influencing sediment transport across shallow-marine
shelves. These currents can be drivers of sediment transport,
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mainly wind-driven coastal flows during storms or tidal cur-
rents. Moreover, even in the presence of tidal currents, the
sediment could be mainly transported alongshore (Héquette
et al. 2008). The direction of sediment transport is mostly
determined by the asymmetry of the flows, but wind forcing
may also affect the current velocity by reinforcing or limit-
ing it, depending on the concordance of wind and current
direction (Héquette et al. 2008). It also causes near-bottom
currents that affect sand movement (Guerrero et al. 2018). In
this case, there is a clear concordance between wind direc-
tion and the presumed longshore current direction (Fig. 12),
making probable the presence and reinforcement of such
currents. External- and wind-driven currents, with clockwise
gyres, would likely have generated a longshore current, par-
allel to the Iberian massif coast, which moved siliciclastic
sediments to the NW, explaining the previously described
sandy distribution and the observed pattern within the mixed
siliciclastics and carbonates (Fig. 12).

Finally, the presence of phosphatic grains in the external
parts of the ramp (mid-to-outer ramp) could be evidence
of local upwelling sourced to the basin through the inflow
of these external currents (Fig. 12). The presence of dark,
massive marlstones with very poor macro-benthos in the
outer ramp likely indicates the local presence of oxygen-
poor bottom waters, related to this inflow (Fig. 12). This
restricted environment could have been a source of episodic
nutrient-rich waters from the deep ramp to the inner ramp,
being another nutrient source for heterozoan organisms.

Conclusions

The Coniacian sediments of the Iberian basin are interpreted
as a homoclinal ramp grading upwards into a distally
steepened ramp. Meanwhile, the southwestern margin of
the basin contains a coastal siliciclastic belt, the deposits
of which were sourced from the emergent Iberian massif.
Twenty-three facies were recognized and grouped into three
main depositional environments: outer ramp, mid ramp, and
inner ramp. Four different sub-associations were further
distinguished in the inner ramp: barrier (shoal), lagoon,
carbonate-tidal flat, and shoreface.

The most characteristic biogenic components show a
mixture of large benthic foraminifera and rudists (among
others), with a remarkable rare occurrence of corals. This
association is a heterozoan carbonate association that thrived
with increased terrigenous and/or nutrient influx. Three
main sub-environments with autochthonous rudist fabrics,
characterized by different hydrodynamic conditions, are also
distinguished: a) rudist biostromes (boundstones) related to
a near barrier, high-energy inner ramp; b) rudists embedded
in marly limestones and marlstones in a low- to moderate-
energy inner ramp (protected lagoon), and c) monospecific
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rudist clusters dominated by fine-grained carbonate-rich sed-
iments, associated with sedimentation on the subtidal areas.

Sedimentation in the basin resulted from two distinct
sedimentary systems: an NW-SE carbonate ramp and a
fringe of siliciclastic sediments bordering the emergent
Iberian massif. The former reflects a basinward decrease in
energy gradients with the shallower, tidal facies developed in
the extreme southeast of the basin. The nutrients provided by
these siliciclastics promoted the development of heterozoan
organisms. Three main stages of ramp evolution are
distinguished: (1) transgressive, homoclinal ramp with a belt
of shoreline siliciclastic sediments; (2) drowning and outer
ramp widening with siliciclastic sediments, characterized
by the predominance of finer, outer ramp deposits in the
central parts of the basin, and lagoon and shoals in the inner
ramp; (3) distally steepened ramp with facies aggradation
and progradation of mid- and inner ramp sediments, with
progradation of the siliciclastic coastal belt.

The siliciclastic facies distribution along the basin
consisted of a major siliciclastic facies belt; a narrow, mixed
belt of siliciclastic and carbonate grains; and minor sand
grains dispersed within carbonate sediments, not affecting
the carbonate factory. This distribution is problematic
since sands sourced to the basin would be expected to have
been redistributed rapidly and widely across the basin,
considering the common storm, wave, and tidal processes
shown by the sedimentary facies (both siliciclastics and
carbonates). A longshore current flowing N and NW, parallel
to the shoreline, is proposed to have been the process behind
this siliciclastic sediment distribution.

The longshore current was likely induced both by exter-
nal and wind-driven currents. A clockwise circulation is
derived mainly from sand distribution among studied sec-
tions and was probably related to the oceanic circulation pat-
tern around the Iberian microplate. These clockwise gyres
facilitated larval dispersion to the enclosed Iberian basin and
the local presence of upwelling, as shown by the presence of
phosphatic grains in the mid-to-outer ramp. The upwelling
of bottom waters could have been a minor, secondary source
of episodic nutrient-rich waters from the deep ramp, which
may also explain the development of heterozoan organisms
even in the more proximal and relatively shallow-water
facies.
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