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Global sea-level fluctuations with amplitudes of tens of metres and durations between 0.5 and 3 Myr are well-
known oceanographic events of the Cretaceous Period. During recent years, major Cretaceous changes in accom-
modation recorded in different basins have beenmainly interpreted as eustatically driven. Two episodes ofmajor
relative sea-level fall and rise of late early and early late Aptian age were investigated in the Maestrat Basin
(E Iberian Peninsula). Previously documented in eight outcrops, these Aptian records ofmajor changes in accom-
modation have now been identified in five additional localities within the basin, suggesting at least a basin-wide
significance of these relative sea-level fluctuations. The records of relative sea-level fall analysed are associated
with the local development of incised valleys and forced regressive wedges. Two upper lower Aptian incised
valleys, which are downcutting highstand platform carbonates dominated by rudists and corals, were studied
and show depths of approximately 10 and 80 m. The incision depths measured indicate amplitudes of relative
sea-level variations in the order of tens of metres. During subsequent base-level rise, the lower part of these
incised valleys was respectively infilled with orbitolinid limestones and high-energy carbonate deposits influ-
enced by tides. Further evidence of major relative sea-level drop and rise during the late early Aptian includes
a detached backstepping carbonate platform of reduced extension, underlain and overlain by basinal marly
deposits, which flourished basinwards of a highstand platform margin. Although incised valleys or smaller-
scale incisions are local features, evidence for relative declines in sea level can be identified from other evidence.
For example, by the development of palaeokarst or by the presence of sharp or slightly erosive stratigraphic
surfaces covered by deposits of higher energy influenced by tides, as observed in the late Aptian examples inves-
tigated herein. Comparable Aptian sedimentary features of subaerial exposure and subsequent transgressive
genetic types of deposits have been observed in other basins across different tectonic plates, indicating that
eustasy likely played a role in controlling accommodation changes during this stage. The discovery of new
evidence for major relative Aptian sea-level fluctuations in various outcrops within the Maestrat Basin calls for
further investigation in other underexplored Aptian platform carbonate successions in this basin. These investi-
gations would contribute to a more accurate understanding of oceanographic dynamics during the Aptian Stage
along the western margin of the Alpine Tethys.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The Aptian Stage witnessed one of the greatest episodes of low-
latitude development of carbonate platforms in the Earth's history
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(e.g., Skelton and Gili, 2012). Carbonate successions up to several
hundred metres thick accumulated during the Aptian in warm-water
settings along the margins of the Tethys (e.g., Pittet et al., 2002;
Husinec et al., 2012; Pictet et al., 2015; Skelton et al., 2019; Ben
Chaabane et al., 2021), as well as in the Atlantic (e.g., O'Sullivan et al.,
2009; Phelps et al., 2015; Núñez-Useche et al., 2020; Loma-Villacorta
et al., 2022) and Pacific (e.g., Winterer, 1991; Röhl and Ogg, 1998)
regions. These vast carbonate platforms were dominated by carbonate
producers such as rudist and Chondrodonta bivalves, nerineid gastropods,
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http://crossmark.crossref.org/dialog/?doi=10.1016/j.sedgeo.2023.106546&domain=pdf
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.sedgeo.2023.106546
mailto:telm.boverarnal@ub.edu
https://doi.org/10.1016/j.sedgeo.2023.106546
http://creativecommons.org/licenses/by/4.0/
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/sedgeo


T. Bover-Arnal, J. Guimerà, J.A. Moreno-Bedmar et al. Sedimentary Geology 459 (2024) 106546

2



T. Bover-Arnal, J. Guimerà, J.A. Moreno-Bedmar et al. Sedimentary Geology 459 (2024) 106546
corals, orbitolinids, and calcareous algae (e.g., Sirna, 1999; Tomás et al.,
2008; Cherchi and Schroeder, 2013; Martín-Martín et al., 2013; Ruberti
et al., 2013; Pascual-Cebrian et al., 2016; Posenato et al., 2018).

Tropical to subtropical carbonate platforms are shallow-water
realms and thus rises and drops in relative sea level with amplitudes
of few to tens of metres can lead to their drowning or subaerial expo-
sure, respectively. In this regard, Aptian platform carbonates accumu-
lated in different tectonic plates show evidence of rather coeval
episodes of subaerial exposure (e.g., Rameil et al., 2012; Horner et al.,
2019). On the platform tops, the emersion surfaces developed as a result
of Aptian relative sea-level fall, occasionally and locally show erosional
incisions that allow estimates of the amplitude of Aptian relative sea-
level changes (e.g., Raven et al., 2010). Basinwards, in periplatform top
settings, the sedimentary records of Aptian lowering sea level include
forced and/or lowstand normal regressive deposits (e.g., Bover-Arnal
et al., 2009; Maurer et al., 2013).

The major events of relative sea-level drop and subsequent rise
recorded during the Aptian mainly occurred in less than 3 Myr and
show amplitudes that attain approximately 60 m, occasionally including
larger-amplitude events (e.g., Ray et al., 2019). Eustasy, perhaps glacio-
eustasy, was a main factor controlling carbonate production and sedi-
mentation during the Aptian in the Tethys Ocean and beyond (e.g., Al-
Husseini, 2013; Davies et al., 2020). In this regard, cool episodes have
been recognised in Aptian records worldwide (e.g., Heimhofer et al.,
2008; Rameil et al., 2012; Jaillard et al., 2019). However, indisputable geo-
logical evidence of growth and waning of large ice sheets during the
Aptian that could account for such magnitudes of relative sea-level
change has not been reported so far.

In theMaestrat Basin (E Iberian Plate) (Fig. 1A), twomajor events of
fall and rise of relative sea-level during the late early and early late
Aptian have been documented (e.g., Bover-Arnal et al., 2009, 2014).
The Aptian events of relative sea-level change have beenmainly studied
in the Galve and Morella sub-basins, which correspond respectively
to western and northern depocentres of the Maestrat Basin (Fig. 1B).
The late early Aptian major relative sea-level fluctuation has been pre-
cisely characterised in the Galve Sub-basin (Fig. 1C) in three different
contexts: i) the platform-to-basin transition area of Las Mingachas
where it was recorded as a forced regressive basin-floor component and
a lowstand prograding and aggrading carbonate platform that changed
to retrogradation during the following transgression (see Bover-Arnal
et al., 2009), ii) in the more proximal platform settings of Camarillas
(Barranco de la Canal, Campillo Bajo and Camino de Camarillas outcrops)
where it was recorded as incised valleys (see Bover-Arnal et al., 2009),
and iii) in the isolated carbonate platform of La Serna that was also
subaerially exposed and incised as a result of relative sea-level fall and
shows backstepping geometries developed during subsequent relative
sea-level rise (see Bover-Arnal et al., 2015). An additional outcrop show-
ing evidence of late early Aptian lowering of relative sea level is La Mola
de la Garumba (Fig. 1B), where Bover-Arnal et al. (2014) interpreted
a forced regressive unit overlain by a lowstand platform. On the
other hand, the early late Aptian major relative sea-level fluctuation
has been studied in the deeply incised carbonate system giving rise
to La Mola d'en Camaràs in the Morella Sub-basin (Fig. 1B) (see
Bover-Arnal et al., 2014), and in the Loma de Camarillas site, in the
Galve Sub-basin (Fig. 1C), where it was recorded as a slightly incised
subaerial unconformity with development of palaeokarst (see Bover-
Arnal et al., 2022).
Fig. 1. A) Geographical map of the Iberian Peninsula with the location of the Maestrat Basin
Late Jurassic–Early Cretaceous Maestrat Basin. The study sites in the Galve and Orpesa sub-b
indicated. Mo: Morella Sub-basin, Pe: El Perelló Sub-basin, Sa: La Salzedella Sub-basin, Ga: Ga
Orpesa Sub-basin, Pg: Penyagolosa Sub-basin. Modified from Salas et al. in Martín-Chivelet et
the Galve Sub-basin. The outcrops analysed are indicated with red stars. The previously studie
are indicated with blue stars. D) Geological setting of the Barranc del Garrofer quarry studied
(UTM) Projection: Zone 30, Datum ETRS89. UTM coordinates are written in km.
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The late early and early late Aptian relative sea-levelfluctuations and
their associated sedimentary records have been recently revised by
Bover-Arnal et al. (2022) in the above-mentioned locations. These
major sea-level events reported from eight distinct outcrops have
been correlated globally, with coeval sedimentary records from other
basins worldwide and thus, have been interpreted as having been
mainly triggered by eustasy. Further evidence of eustatic controls on
this sedimentary record is the non-angular relationship between the
Aptian strata below and above of the deeply incised subaerial unconfor-
mities reported.

However, eustasy-driven falls and rises of sea level must have also
had a basin-wide significance beyond the eight single outcrops men-
tioned above. Herewepresent an extended study, through basin analysis,
that shows evidence of these twomain Aptian sea-level changes in other
sections and sub-basins of the Maestrat basin (Fig. 1C–D). New relevant
outcrops showing evidence of major changes in accommodation during
the Aptian are described in detail, illustrated, and interpreted. The new
results in the Maestrat Basin allow us to update current knowledge
about the main relative rises and falls of Aptian sea level recorded along
the Central Iberian Rift System (sensu Salas et al., 2001) and the western
margin of the Alpine Tethys.

2. Geological setting

TheMesozoicMaestrat Basin is located in the eastern IberianPeninsula
(Fig. 1A). It was formed as a result of two rifting cycles of Kimmeridgian to
early Berriasian and Barremian to early Albian ages that were related to
the spreading of the North Atlantic and the opening of the Bay of Biscay,
respectively (Salas et al., 2010; García-Senz and Salas, 2011). During
these rifting cycles, the Maestrat Basin was structured into nine sub-
basins namely Morella, Galve, El Perelló, La Salzedella, Oliete, Las Parras,
Cedramán, Orpesa and Penyagolosa (Salas et al. in Martín-Chivelet et al.,
2019). In these sub-basins, Upper Jurassic–Lower Cretaceous marine and
continental carbonates and siliciclastic sediments accumulated reaching
thicknesses of >1.5 km in depocentral areas (Fig. 1B). Later, due to the
collision between the Iberian and Euroasian plates during the Alpine
orogeny, the Maestrat Basin was inverted and formed the eastern part
of the Iberian Chain during the late Eocene–early Miocene (Guimerà,
1994, 2018).

The outcrops studied are located in the Galve and the Orpesa sub-
basins, a western and an eastern onshore depocentres of the Maestrat
Basin, respectively (Fig. 1B). In these sub-basins, the Aptian sedimentary
succession is constituted by the basinal uppermost Barremian–lower
Aptian marls and limestones of the Forcall Formation, which overlie
the upper Barremian limestones, and locally, by sandy limestones and
sandstones, of the Xert Formation (Fig. 2) (Bover-Arnal et al., 2016).
The fossil record of the Forcall Formation mainly includes large-sized
discoidal Palorbitolina lenticularis, nautiloids, and ammonoids belonging
to the four lower Aptian ammonoid biozones: Deshayesites oglanlensis,
Deshayesites forbesi, Deshayesites deshayesi and Dufrenoyia furcata
(Bover-Arnal et al., 2010; Garcia et al., 2014). The early Aptian Oceanic
Anoxic Event (OAE1a) is stratigraphically located at the upper part of
the Deshayesites forbesi Zone within the Forcall Formation (Fig. 2)
(Moreno-Bedmar et al., 2009; Cors et al., 2015). Above this latter litho-
stratigraphic unit, there are the upper lower Aptian platform carbonates
rich in rudists, corals, Chondrodonta and nerineids of the Villarroya de
los Pinares Formation (Canérot et al., 1982; Bover-Arnal et al., 2010).
in the eastern part of the Iberian Chain. B) Structural and isopach simplified map of the
asins, and the location of previously studied outcrops discussed in the present paper are
lve Sub-basin, Ol: Oliete Sub-basin, Pa: Las Parras Sub-basin, Ce: Cedramán Sub-basin, Or:
al. (2019). C) Geological map modified from Canérot et al. (1979) and Gautier (1980) of
d outcrops with clear physical evidence of major relative sea-level fall during the Aptian
in the Orpesa Sub-basin. The geological map is original. Universal Transverse Mercator



Fig. 2.Uppermost Barremian–Aptian chrono-stratigraphic scheme of the Galve Sub-basin including themajor transgressive–regressive sequences interpreted by Bover-Arnal et al. (2016)
and the depositional sequences interpreted in the present study and in Bover-Arnal et al. (2022). The ammonoid zonation follows Reboulet et al. (2018). The ammonite zones identified in
previous biostratigraphic studies carried out in the Maestrat Basin (Moreno-Bedmar et al., 2010; Garcia et al., 2014) are highlighted in grey. Schematic and conceptual drawings of the
Aptian records of major relative sea-level fall and rise studied, and their stratigraphic position are displayed on the right side of the figure.
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The last Aptian lithostratigraphic unit is the Benassal Formation (Canérot
et al., 1982; Salas, 1987), which spans the latest early Aptian–earliest
Albian time interval (Martín-Martín et al., 2013; Bover-Arnal et al.,
2022). This unit is formed by marl and limestone intervals respectively
rich in gastropods and corals, and rudists, nerineids and corals (Bover-
Arnal et al., 2010, 2012; Yao et al., 2020). Uppermost lower Aptian
Dufrenoyia dufrenoyi ammonoid specimens occur at the lowermost
lower marly unit of the Benassal Formation, whereas the upper Aptian
Epichelonicerasmartini, Parahoplitesmelchioris andAcanthohoplites nolani
ammonite zones are recordedwithin the lower,middle, and uppermarly
parts of the Benassal Formation, respectively (Fig. 2) (Bover-Arnal et al.,
2016). The late early and early late Aptianmajor events of fall and rise of
relative sea-level studied in this paper are recorded at the upper part of
the Villarroya de los Pinares Formation, and at the upper part of the
first limestone interval of the Benassal Formation (Fig. 2).

The uppermost Barremian–Aptian succession of the Maestrat Basin
was arranged into four transgressive–regressive sequences by Bover-
Arnal et al. (2016) and into three depositional sequences, A, B and C,
by Bover-Arnal et al. (2022). The stratigraphic intervals studied herein
comprise the late early and early late Aptian sequence boundaries
4

that respectively bound depositional sequences A and B, and B and C
(Fig. 2).

3. Study sites and methods

The sedimentary records of late early Aptian major relative sea-level
fall and risewere analysed in twooutcrops of theGalve Sub-basin, namely
Barranco del Portolés (latitude: 40.54118, longitude: −0.66593) and
El Regajo (latitude: 40.57053, longitude:−0.70899), and in the Barranc
delGarrofer quarry (latitude: 40.25945, longitude: 0.27575) in theOrpesa
Sub-basin (Fig. 1B). The Barranc del Garrofer quarry is located to the
North-East of Alcossebre (Comarca of El BaixMaestrat) (Fig. 1D),whereas
theBarrancodel Portolés andEl Regajo study sites are respectively located
near the towns of Villarroya de los Pinares and Miravete de la Sierra
(Comarca of El Maestrazgo) (Fig. 1C).

The lower upper Aptian succession recording a major episode of
relative sea-level swing was studied in the Galve Sub-basin (Fig. 1B), in
the outcrops of Las Cubetas (latitude: 40.66920, longitude: −0.70199)
and the Estrecho de la Calzada Vieja (latitude: 40.59894, longitude:
−0.68517) (Fig. 1C). These study sites are located respectively near the
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towns of Aliaga (Comarca of Cuencas Mineras) andMiravete de la Sierra
(Comarca of El Maestrazgo).

The Aptian rocks of Las Cubetas, the Estrecho de la Calzada and the
Barranco del Portolés were previously studied by Vennin and Aurell
(2001), Bover-Arnal et al. (2010) and Embry et al. (2010). Vennin and
Aurell (2001) originally named the sections of Las Cubetas, Barranco
de la Calzada Vieja and Barranco del Portolés as Aliaga, Miravete and
Portolés, respectively. PeropadreMedina (2012) also studied the Aptian
successions of Las Cubetas and the Barranco del Portolés, whereas Bonin
et al. (2016) further analysed the Aptian sedimentary record of Las
Cubetas in Aliaga. For this study, only subaerial unconformities of late
early and early late Aptian age and their superjacent and subjacent
beds have been revisited for further analysis. The outcrops of the
Barranc del Garrofer quarry in the Orpesa Sub-basin (Fig. 1B, D), and
El Regajo in the Galve Sub-basin (Fig. 1B, C), are described here for the
first time.

Sedimentary facies and surfaces with sequence-stratigraphic signif-
icance including subaerial unconformities, transgressive surfaces and
maximum flooding surfaces were mapped on panoramic images and
close-up photographs of the outcrops. Three stratigraphic logs 10,
10 and 13 m thick were measured and analysed bed-by-bed in the
Barranco del Portolés, Las Cubetas and the Estrecho de la Calzada
Vieja, respectively (Fig. 1C). A total of 31 thin sections were made
from 24 samples collected in the five outcrops studied. The thin sections
were analysed under a petrographic microscope to determine skeletal
and non-skeletal components, as well as rock textures, which follow
the classifications of Dunham (1962) and Embry and Klovan (1971).
The sequence-stratigraphic terminology used in this study is taken
from Catuneanu et al. (2009).

4. Results and interpretations

4.1. Late early Aptian examples of major relative sea-level change

4.1.1. Barranco del Portolés

4.1.1.1. Sedimentary and palaeontological description. In the Barranco del
Portolés (Figs. 1C, 3), upper Barremian Palorbitolina lenticularis-rich
floatstone and rudstone limestones of the Xert Formation are overlain
by the lower Aptian basinalmarls and limestoneswith ammonites, nau-
tiloids, P. lenticularis, Praeorbitolina cormyi and Lithocodium aggregatum
of the Forcall Formation. At the southern side of the creek, above the
Forcall Formation, are aggrading platform carbonates of the Villarroya
de los Pinares Formation (Fig. 4A–C). The limestones of the Villarroya
de los Pinares Formation exhibit floatstone and rudstone textures and
contain macrofossils such as corals, gastropods, Chondrodonta and the
rudists Toucasia carinata, Polyconites hadriani and Monopleura sp.

These limestones with rudists and corals are truncated by a deeply
incising erosional surface with ramps and flats that also affects the
uppermost part of the Forcall Formation (Figs. 3, 4). The depth of the
incision is ≥80 m and its width ≥1,8 km. At the deepest part of the inci-
sion palaeotopographic relief, an orangish limestone succession belong-
ing to the Villarroya de los Pinares Formation is underlain and overlain
by marl deposits of the Forcall and Benassal formations, respectively
(Fig. 4A–B, D). This limestone succession was logged nearby the creek,
in the lower part of its northern side ridge (Figs. 4D, 5).

At the northern side of the Barranco del Portolés (Fig. 4A–B, D), the
Villarroya de los Pinares Formation starts with 2 m of cross-bedded
grainstone textures (Fig. 5) dominated by oysters (Fig. 6A). The cross-
bedded orangish limestones locally exhibit bidirectional sedimentary
structures (Fig. 6B) and a basal conglomerate deposit (Fig. 5). Besides
oysters, P. lenticularis, Orbitolinopsis, miliolids, other benthic foraminif-
era, encrusting foraminifera, serpulids, and fragments of othermolluscs,
echinoids, Permocalculus and corals, also occur. Non-skeletal compo-
nents include intraclasts, peloids and silt-sized quartz grains (Fig. 5).
Above the grainstone interval, a 2 m-thick conglomerate with rounded
5

flattened pebble-sized clast occurs (Figs. 5, 6C). The matrix of the con-
glomerate deposit exhibits a packstone texture rich in oysters. Other
common to rare components include intraclasts, peloids, P. lenticularis,
other benthic foraminifera, encrusting foraminifera, and fragments of
other molluscs, bryozoans, echinoids and Permocalculus (Fig. 5). The
pebbles exhibit a packstone texture with abundant P. lenticularis and
Gastrochaenolites with valves of lithophagid bivalves preserved inside
the boring (Fig. 6D). Other common components identified in the rock
pebbles are oysters, other fragments ofmolluscs, fragments of echinoids
and bryozoans, miliolids, other benthic foraminifera, encrusting forami-
nifera, peloids and silt-sized quartz particles. Succeeding the conglom-
erate is a succession of 4 m-thick cross-bedded grainstone limestones
dominated by oysters (Fig. 5). Other common to rare components are
orbitolinids, miliolids, other benthic foraminifera, encrusting foraminif-
era, serpulids, and fragments of other molluscs, crustaceans, bryozoans,
echinoids, Permocalculus and corals, as well as peloids and intraclasts
(Fig. 5).

The lower part of the Benassal Formation in the Barranco del Portolés
consists of a marly interval (Figs. 4, 5), which also includes interbedded
marly-limestones and limestones, containing Mesorbitolina parva,
echinoids, oysters, other bivalves, gastropods and very rare ammonites.
Above, platform carbonates (Fig. 4A–C) with rudists, gastropods, corals
and miliolids occur.

4.1.1.2. Depositional and sequence-stratigraphic interpretation. After the
deposition of the lower Aptian transgressive basinal marls of the Forcall
Formation, an upper lower Aptian carbonate platform with rudists
and corals flourished during a highstand stage of relative sea level
(Fig. 4A–B). In the Barranco del Portolés, these platform carbonates
(Villarroya de los Pinares Formation; Depositional Sequence A) show
an aggrading pattern (Fig. 4C). On the other hand, in the platform-to-
basin transition area of Las Mingachas (Fig. 1C) (see Bover-Arnal et al.,
2009, 2022), the oldest and coeval carbonate platform belonging to
the Villarroya de los Pinares Formation starts with aggradation and
ends with progradation, which is indicative of a highstand normal
regression (e.g., Catuneanu et al., 2009).

As a result of relative sea-level fall, in the Barranco del Portolés site,
the highstand normal regressive carbonates of the Villarroya de los
Pinares Formation were subaerially exposed and eroded (Figs. 3, 4A–C).
The erosional profile generated, which is ≥80 m deep and ≥1,8 km
wide, is in accordancewith an incised valley. The flat and ramp geometry
of the subaerial unconformity is interpreted as the result of alternating
and successive phases of stream-cutting erosion and lateral planation
(see Bover-Arnal et al., 2014, 2022).

During subsequent relative sea-level rise, a transgressive surface
was superposed onto the subaerial unconformity giving rise to a com-
posite sequence boundary (Figs. 4–5). The lowermost part of the
palaeovalley was infilled with uppermost lower Aptian cross-bedded
grainstone textures rich in oysters (Figs. 5, 6A–B) with interbedded
conglomerate deposits that belong to the Villarroya de los Pinares
Formation (Figs. 5, 6C). The clasts of the conglomerate deposits, which
exhibitGastrochaenolites borings and aremade up of packstone textures
with P. lenticularis (Fig. 6D), were likely eroded from the upper part of
the Forcall Formation and redeposited under littoral conditions within
the palaeovalley. This is confirmed by the packstonematrix surrounding
the pebbleswhich is rich in shallow-marine fossils such as Permocalculus
(Figs. 5, 6C).

Incised valleys are commonly back-filled during lowstand and/
or transgressive stages of relative sea level. However, distinctive
prograding–aggrading or retrograding stacking patterns that could dif-
ferentiate between lowstand and transgressive types of deposits were
not observed in the lower part of the palaeovalley infilling analysed.
Generally, lowstand incised-valley infills correspond to fluvial deposits
(e.g., McClung et al., 2016; Ximenes Neto et al., 2021), whilst estuarine
to marine infillings are commonly interpreted as transgressive de-
posits, as reported from other Cretaceous and more recent examples



Fig. 3. Barranco del Portolés. A) Aerial view of the upper lower Aptian incised valley cutting down the Villarroya de los Pinares Formation and the upper part of the Forcall Formation.
B) Interpretation of A. Note that the incised valley exhibits a minimum depth of around 80 m.
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(e.g., Dalrymple et al., 1992; Chaumillon et al., 2008; Raven et al.,
2010). Therefore, although it is possible that at least part of the high-
energy valley-fill describedwas formedduring a lowstandnormal regres-
sion, we interpret it as early transgressive deposits of Depositional
Sequence B (Figs. 4A–B, D, 5).

During this early transgressive stage, the carbonate factory supply-
ing sediment accumulated within the palaeovalley was drowned, and
subsequently buried by the basinal marls of the Benassal Formation
(Figs. 4A–B, D, 5). This late transgressive marly unit, which is latest
early–late Aptian in age, back-filled the upper part of the incised valley
6

(Fig. 4A–C). Above this marly interval, platform carbonates with rudists
and corals, also belonging to the Benassal Formation, are interpreted
as aggrading highstand normal regressive deposits of Depositional
Sequence B (Fig. 4).

4.1.2. Barranc del Garrofer quarry

4.1.2.1. Sedimentary and palaeontological description. The succession
commences with well-bedded and massive decimetre- to metre-thick
limestones of the top of the upper lower Aptian Villarroya de los Pinares



Fig. 4. Barrancodel Portolés. A) Panoramic viewof the upper lowerAptian incised valley. B) Interpretation of A including the lithostratigraphic units, the sequence stratigraphic framework, and
the location of C–D. Note the deeply incised subaerial unconformity (SU) cutting downwards into the highstand platform carbonates of the Villarroya de los Pinares Formation and the upper-
most part of the Forcall Formation.Note also how the transgressive surface is superposedonto the subaerial unconformity giving rise to a composite sequence boundary, andhow this sequence
boundary is onlapped by early transgressive valley-fill limestones, which also belong to the Villarroya de los Pinares Formation. C) Outcrop view of the deeply incised highstand normal regres-
sive limestones of the Villarroya de los Pinares Formation including the sequence-stratigraphic interpretation and the lithostratigraphic units. See B for location. D) Outcrop view of the early
transgressive tidal-influenced back-fill deposits including the sequence-stratigraphic interpretation, the lithostratigraphic units and the stratigraphic log shown in Fig. 5. See B for location.
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Fig. 5. Sedimentary log of the upper lower Aptian early transgressive valley-fill limestones cropping out in the Barranco del Portolés. The stratigraphic section displays the sequence-
stratigraphy analysis, the stratigraphic position of the samples collected, the lithostratigraphic units, the lithology, themain petrographic components present and qualitative abundances,
the bedding, the textures, the sedimentary features, the location of photographs in Fig. 6, and the stratigraphic position of the skeletal and non-skeletal components identified. See Fig. 4D
for location of the section.
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Formation (Fig. 7A–C). The limestones mainly exhibit floatstone and
rudstone textures dominated by rudist bivalves that locally form
biostromes (Fig. 7C), and packstone textures rich in miliolids. Genera
and species of rudists determined include Polyconites hadriani (see
Skelton et al., 2010) and Toucasia. Other common components identified
are other undeterminedbivalves, fragments of gastropods, Permocalculus
and echinoids, other small benthic foraminifera, Bacinella-like micro-
fabrics (see Schlagintweit and Bover-Arnal, 2013), sponge spicules and
peloids.

Capping the Villarroya de los Pinares Formation is an incised subaerial
unconformity of late early Aptian age displaying a flat-ramp geometry
(Fig. 7A–B). The portion of the erosional incision outcropping exhibits a
depth of c. 10m.Above,marls anddecimetre-thick limestones of the low-
ermost part of the terminal lower upper Aptian Benassal Formation onlap
the ramps and overlie the flats of this erosional surface carved into the
8

Villarroya de los Pinares Formation (Fig. 7A–B). The limestones at the
base of the Benassal Formation aremainly grainstone textureswith abun-
dant large-sized discoidal orbitolinids (Fig. 7D). Other common skeletal
and non-skeletal components are unidentified benthic foraminifera, frag-
ments of Permocalculus, bryozoans, bivalves, gastropods, echinoids,
serpulids, peloids and intraclasts (Fig. 7D). The upper part of the Benassal
Formation is characterised by thicker andmassive limestone beds rich in
large Chondrodonta and rudist bivalves.

4.1.2.2. Depositional and sequence-stratigraphic interpretation. The upper
part of the Villarroya de los Pinares Formation ismade up ofmetre-thick
massive platform top carbonates (Fig. 7A–B), including Polyconites
biostromes (Fig. 7C), which are characteristic of aggrading platform-
top settings during highstand stages of relative sea level (e.g., Bover-
Arnal et al., 2009, 2022). Accordingly, the Villarroya de los Pinares



Fig. 6. Sedimentary features of the upper lower Aptian transgressive valley-fill deposits of the Barranco del Portolés. Villarroya de los Pinares Formation, Depositional Sequence B. A) Detail
of the early transgressive oyster-bearing limestones. B) Close-up viewof bidirectional cross-bedding, interpreted as a result of tides, locally exhibited by the early transgressive oyster-rich
grainstones. Hammer = 32 cm. C) Detail of the conglomerate present in the middle part of the early transgressive succession back-filling the incised valley. Visible part of key = 5.4 cm.
D) Photomicrograph of a pebble from the conglomerate shown in C. Note that the original texture of the pebble rockwas a packstonewith Palorbitolina lenticularis (P) and how the pebble
was bored by lithophagid bivalves (lb). The margin of the Gastrochaenolites boring is marked with a yellow dashed line. Scale = 1 mm. See Fig. 5 for locations of the images.
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Formation in the Barranc del Garrofer quarry is interpreted as a high-
stand normal regressive unit belonging to Depositional Sequence A
(Figs. 2, 7A–B). The highly erosional subaerial unconformity capping
this lithostratigraphic unit is also in agreement with a highstand inter-
pretation for these platform carbonates.

The Barranc del Garrofer quarry is the only outcrop in the northeast-
ern Orpesa Sub-basin where the Villarroya de los Pinares Formation
and thus, the surface of subaerial exposure and erosion surmounting
this unit, have been recognised (Fig. 1B, D). Therefore, the extension
within this depocentre of this incised subaerial unconformity, which
formed during a late early Aptian forced regression of Depositional
Sequence A, is unknown. However, the flat-ramp erosional profile
and the incision depth of c. 10 m exhibited by the surface are in
accordance with strath terraces carved into bedrock of a valley-side
slope (Fig. 7A–B). Dimensions of incised valleys encompass depths
ranging from just a few to several tens of metres, along with widths
spanning from 1 to 10 km (see, for example, Horozal et al., 2021 and
references therein).

During the subsequent transgression of terminal early–earliest
late Aptian age, the incision was infilled with marly deposits and
high-energy grainstone textures dominated by large-sized discoidal
orbitolinids (Fig. 7D). These transgressive deposits, which belong to
Depositional Sequence B, onlap the ramps and overlie the flat segments
of the terraces (Fig. 7A–B). Above this succession ofmarls and grainstone
limestones with orbitolinids, massive thicker beds with floatstone to
rudstone textures containing rudists and Chondrodonta are interpreted
as proximal platform top facies and therefore, as regressive deposits
(Fig. 7A–B).
9

4.1.3. El Regajo

4.1.3.1. Sedimentary and palaeontological description. Above the
ammonite-bearing marls, marly limestones and packstone limestones
with Palorbitolina lenticularis, Praeorbitolina and Choffatella decipiens
of the Forcall Formation, a reduced in extent (c. 100 m in length) and
thickness (c. 6 m) carbonate platform succession crops out in two
dimensions (Fig. 8A–B) to the West of Miravete de la Sierra (Fig. 1C).
The succession belongs to the Villarroya de los Pinares Formation and
is constituted by four limestone beds (1–4 in Fig. 8B) with an approxi-
mate thickness about 1.5 m each stacked in a backstepping fashion
(Fig. 8A–B).

The first layer exhibits a rudstone texture dominated by oysters
(Fig. 8C). This oyster-bearing limestone bed originates in El Regajo
and progressively evolves southwards for 2.3 km to La Serna creek
(Fig. 1C), to a tidal-influenced thicker unit (up to c. 21 m) composed
of various beds (see Bover-Arnal et al., 2015). Other non-skeletal and
skeletal components identified in this first bed include peloids,
intraclasts, Palorbitolina lenticularis (Fig. 8C), miliolids, encrusting fora-
minifera, other benthic foraminifera, serpulids, bryozoans, and frag-
ments of echinoids, other molluscs and crustaceans. The second bed
(Fig. 8B) exhibits afloatstone–rudstone texture rich in oysters and corals.
Peloids, benthic foraminifera, encrusting foraminifera and fragments of
other bivalves, gastropods, echinoids, serpulids and dasycladaceans are
also common components found in this latter layer. The third limestone
bed has afloatstone texture dominated by colonies of scleractinian corals
and other components such as encrusting and other benthic foraminif-
era, fragments of molluscs and echinoids, and peloids. The last stage of



Fig. 7.Barranc del Garrofer quarry. A) Panoramic view. B) Interpretation of A including the lithostratigraphic units, the sequence-stratigraphic framework, and the location of C–D.Note the
incised subaerial unconformity (SU)withflats and ramps cutting downwards thehighstand platform carbonates of theVillarroya de los Pinares Formation and how the transgressivemarls
and limestones of the lower part of the Benassal Formation back-filled the palaeovalley created.Width of image=c. 80m. See Fig. 4 for key. C)Detail of a rudist biostromebelonging to the
highstand platform top carbonates of the Villarroya de los Pinares Formation (Depositional Sequence A). Scale bar = 8 cm. See B for location of the photographed outcrop.
D) Photomicrograph of a grainstone texture dominated by large-sized discoidal orbitolinids located at the transgressive, lower part of the Benassal Formation (Depositional Sequence
B). Note the presence of an intraclast (i). Scale bar = 1 mm.
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Fig. 8. El Regajo. A) Panoramic view of El Regajo retrograding carbonate platform. B) Interpretation of A including the lithostratigraphic units, the sequence stratigraphic framework, and
the location of C–D.Numbers 1–4 correspond to stratigraphic beds described in the text.Width of image=c. 100m. See Fig. 4 for key. C) Photomicrograph of a rudstone texture containing
oysters (o), intraclasts (i) and Palorbitolina lenticularis (P) Scale bar = 1 mm. See B for location of the microphotographed sample. Scale bar = 1 mm. D) Close-up view of a coral colony
exhibiting Gastrochaenolites (yellow arrows). Scale bar = 5 cm.
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carbonate platform development generated a floatstone bed dominated
by colonial corals (Fig. 8D) that also includes peloids, oysters, gastropods,
other molluscs, miliolids, orbitolinids, encrusting foraminifera, other
benthic foraminifera, serpulids, echinoderms and bryozoans.

Above this fourth carbonate platformbed, themarls of the lowermost
part of the Benassal Formation occur (Fig. 8A–B). This marl unit is
characterised by the presence of large gastropods, whichwere identified
as Trochonerita gigas by Bover-Arnal et al. (2010) and are characteristic of
the lower part of the Benassal Formation in the Galve Sub-basin.
Upwards in the succession, the marls of the basal part of the Benassal
Formation are interbedded with limestones and marly limestones with
Mesorbitolina.

4.1.3.2. Depositional and sequence-stratigraphic interpretation. The small
carbonate platform of El Regajo belonging to the Villarroya de los
Pinares Formation (Fig. 8) is located approximately 1 km to the south
of the platform-to-basin transition area of Las Mingachas (Fig. 1C)
(see Bover-Arnal et al., 2009, 2022). In this regard, the El Regajo plat-
form is located basinwards, disconnected from the platform carbonates
of LasMingachas. The four limestone beds described in El Regajo exhibit
an original horizontal layering and contain abundant colonial corals and
oysters, and thus are interpreted to represent a platform top setting.
Noteworthy is that rudist shells were not identified in the isolated plat-
form of El Regajo, or at least are not common. This contrasts with
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the situation at Las Mingachas, where rudists are dominant in the
highstand, lowstand and transgressive platform top carbonates of the
Villarroya de los Pinares Formation (see Bover-Arnal et al., 2009, 2022).

The platform carbonates of El Regajo are stacked in a retrograding
pattern, indicating that theywere deposited during a transgressive con-
text (Fig. 8B). The underlying basinalmarls and limestones of the Forcall
Formation contain Palorbitolina lenticularis and Praeorbitolina that indi-
cate a late early Aptian age (Cherchi and Schroeder, 2013). The first
limestone bed of El Regajo carbonate platform (Fig. 8B) also includes
Palorbitolina lenticularis (Fig. 8C). Accordingly, the age of El Regajo
isolated platform is latest early Aptian.

The oyster-bearing basal deposit of the El Regajo platform (Fig. 8B–C)
is continuous to La Serna creek (Fig. 1C) where it exhibits tidal bundles
and onlaps or overlies a composite sequence boundary (a transgressive
surface superposed onto a subaerial unconformity) incised in highstand
platform carbonates and marls of Depositional Sequence A (Bover-Arnal
et al., 2015). However, clear sedimentary records of subaerial exposure at
the top of the marls of the Forcall Formation were not identified in El
Regajo.

The backstepping carbonate platform of El Regajo is onlapping an
irregular palaeotopography (Fig. 8A–B). This irregular surface, which
corresponds to a sequence boundary (Fig. 8B), bounds basinal marls
(Forcall Formation) of Depositional Sequence A from transgressive
carbonates (Villarroya de los Pinares Formation) of Depositional
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Sequence B. To the North, in the nearby outcrop of Las Mingachas
(Fig. 1C) and towards the basin, the sequence boundary corresponds
to a correlative conformity (Bover-Arnal et al., 2009, 2022). The irregular
surface below the platform carbonates of El Regajo (Fig. 8B)might corre-
spond to the basinwards continuation of the correlative conformity
interpreted in Las Mingachas (Fig. 1C) (Bover-Arnal et al., 2009, 2022).
This correlative conformitywouldhave been then superposedby a trans-
gressive surface at the onset of transgression during Depositional
Sequence B. Erosion during base-level fall (Depositional Sequence A)
or transgression (Depositional sequence B) could also account for the
irregular palaeorelief at the top of the marls of the Forcall Formation. In
this regard, the sequence boundary would respectively correspond to a
regressive surface of marine erosion or to a transgressive ravinement
surface (see Catuneanu et al., 2009).

The limestone beds stacked in a retrograding pattern found in
El Regajo indicate that carbonate production was outpaced by the rate
of relative sea-level rise, and thus the small, isolated platform back-
stepped prior to drowning (Fig. 8A–B). This episode of platform devel-
opment in El Regajo might have been coeval to the lowstand and/or
early transgressive stages of Depositional Sequence B recorded in
Las Mingachas (see Bover-Arnal et al., 2009, 2022). If the retrograding
stacking pattern recorded in El Regajo was contemporaneous with
the development of a prograding and aggrading lowstand platform in
Las Mingachas, it would suggest that the carbonate factory established
in Las Mingachas was more robust and efficient than the one that
flourished in El Regajo. This possibility is consistentwith thefield obser-
vations (compare Fig. 8A–B in this paper with Fig. 6B–C in Bover-Arnal
et al., 2022). The occurrence of distinct stacking patterns in coeval and
close by or adjacent carbonate platforms has been documented in
more recent carbonate platforms, such as in the Bahamas (e.g., Eberli
and Ginsburg, 1987). In the Bahamas carbonate platform, during the
mid-Oligocene to mid-Miocene, the Andros Bank was prograding in
the Andros Straits, whilst the Bimini Bank was aggrading in the Straits
of Florida. In contrast, from the mid-Miocene to the present day, the
Great Bahama Bank has been aggrading in the Straits of Andros and
prograding in the Straits of Florida (Eberli and Ginsburg, 1987).

4.2. Early late Aptian examples of major relative sea-level change

4.2.1. Las Cubetas

4.2.1.1. Sedimentary and palaeontological description. The sedimentary
evolution of the lower part of the Benassal Formation in Las Cubetas
commences with a 10 m-thick marl interval (Fig. 9A–C). Above, a 9 m-
thick aggrading succession of bioturbated bluish limestones rich in
fragments of Permocalculus occurs (Figs. 9A–C, 10A–B). The limestones
mainly exhibit packstone textures and include peloids, miliolids,
other benthic foraminifera and fragments of molluscs and echinoids
(Fig. 10A). The uppermost bed of this Permocalculus-rich unit (metres
1.5 to 3) (Fig. 10A–B) contains scarce ooids and other coated grains,
lituolids, textularids, sections of serpulids and rare fragments of gastro-
pods, oysters, brachiopods, bryozoans and peysonneliaceans.

The surface topping the latter limestone bed is uneven and marks
a change in lithofacies. From metres 3 to 4, a yellowish grainstone
(Figs. 9B–C, 10A), which is dominated by Permocalculus debris in its
lower part and by ooids in its upper part (Fig. 10C), occurs. Peloids,
rare lituolids and miliolids, other benthic foraminifera and fragments
of molluscs, serpulids and echinoids are also present. The top of this
grainstone layer corresponds to a hardground surface (Fig. 10A)
displaying ferruginous stains. Overlying this hardground, there is a 1.2
m-thick yellowish grainstone unit subdivided by faint bedding planes
(Figs. 9B–C, 10A), which is topped by a well-developed hardground
with iron oxides and abundant encrusting oysters (Fig. 9D). The
grainstone package contains abundant Permocalculus debris, as well as
intraclasts, scarce ooids, textularids, other benthic foraminifera,
serpulids, and fragments of nerineid gastropods, oysters, othermolluscs,
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coral and echinoids. The succession continues with marls, which also
belong to the Benassal Formation, and exhibit an interval with calcare-
ous nodules in their lower part (Fig. 10A).

4.2.1.2. Depositional and sequence-stratigraphic interpretation. Above the
platform top carbonates with rudists of the Villarroya de los Pinares
Formation (Fig. 9A), the distal platformmarls of the base of the Benassal
Formation are interpreted as transgressive deposits of Depositional
Sequence B (Fig. 9). The maximum flooding surface of the sequence
was placed at the top of the marl interval and below the first downlap
surface of the overlying Permocalculus-rich bioturbated limestone unit.
The Permocalculus-bearing succession mainly exhibits packstone tex-
tures, shows an aggradding pattern and terminates with an irregular
surface with hollows. This surface is overlain by a yellowish grainstone
succession dominated by ooids (Fig. 10C) and Permocalculus debris
(Fig. 10A). The facies evolution described shares similarities to that ob-
served in the Loma de Camarillas section (see Bover-Arnal et al., 2022),
which is located in the western limb of the Miravete anticline (Fig. 1C).
In addition, the uneven surface identified in Las Cubetas is located
at the same stratigraphic position as the major sequence boundary
with palaeokarst of early late Aptian age identified in the Loma de
Camarillas site (see Bover-Arnal et al., 2022). Accordingly, the aggrading
packstones with Permocalculus are interpreted to have been deposited
during a highstand normal regressive stage (Depositional Sequence B).
The irregular surface topping these highstand platform carbonates is
interpreted as a subaerial unconformity recording a major relative
sea-level fall (Figs. 9B–C, 10A).

During the subsequent marine flooding, a transgressive surface
developed onto the subaerial unconformity giving rise to a rockground
(composite sequence boundary). It was covered by higher-energy
transgressive grainstones with ooids and Permocalculus debris belong-
ing to Depositional Sequence C (Figs. 9B–C, 10A). In the course of the
early phase of the transgression, the carbonate factory sourcing these
higher-energy deposits drowned. Drowning ismarked by a conspicuous
hardground surfacewith encrusting oysters (Fig. 9D) thatwas buried by
distal platform marls (Fig. 9B-C).

In this example, the absence of geometries presents a certain level of
complexity in comprehending the sequence-stratigraphic interpreta-
tion. Nonetheless, it would be prudent to underscore two pertinent
aspects: Firstly, the incorporation of regional criteria derived from
other outcrops exhibiting well-defined geometries (see the late Aptian
case studies in Bover-Arnal et al., 2022) that corroborate the proposed
interpretation. This regional perspective contributes to the broader
understanding of the stratigraphic context. Secondly, the significance
of this case study as an illustrative example for interpreting sequence
boundaries and deciphering the sequence-stratigraphic arrangement
in vertical successions of platform carbonates.

4.2.2. Estrecho de la Calzada Vieja

4.2.2.1. Sedimentary and palaeontological description. The stratigraphic
succession logged in the Estrecho de la Calzada Vieja covers the upper-
most part of the first limestone horizon of the Benassal Formation
(Fig. 11A–D). This horizon consists of aggrading platform carbonates
with a thickness of about 18 m. It overlies a c. 25 m-thick marl interval
(Fig. 11A–B) containing gastropods and levels with scleractinian corals
that distinguishes the lowermost part of the Benassal Formation (Fig. 2).
The sedimentary succession measured and sampled (Fig. 11C–D) com-
menceswith a bioturbated greyish 1.5m-thick grainstonewith abundant
fragments of Permocalculus and tests ofMesorbitolina (Fig. 12A–B). Other
skeletal components include lituolids, undetermined benthic foraminif-
era, and fragments of molluscs, echinoids and bryozoans, whereas the
non-skeletal components correspond to peloids, ooids, other coated
grains and scarce intraclasts (Fig. 12A).

The top of the grainstone bed is slightly erosional (Figs. 11E, 12A),
and locally, exhibits palaeokarst features. It is succeeded by a yellowish



Fig. 9. Las Cubetas. A) Interpreted panoramic photomosaic of Las Cubetas section near Aliaga including the lithostratigraphic units, key facies and stratigraphic surfaces, and the situation of
B–C.Width of image=c. 350m. B)Outcrop view showing the lower upper Aptian composite sequence boundary (SU+TS) between depositional sequences B and Cwithin the lower part
of the Benassal Formation. Hammer = 32 cm. C) Interpretation of B including the sequence-stratigraphic analysis, the main facies, the location of Fig. 10B–C, and the stratigraphic log
shown in Fig. 10A. Hammer = 32 cm. See Fig. 4 for key. D) Detail of a hardground surface with encrusting oysters and iron oxides capping the transgressive grainstones with ooids
and Permocalculus debris of Depositional Sequence C. This hardground marks the drowning of the platform carbonates of the lower part of the Benassal Formation.
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20 cm-thick grainstonedominated byooids (Fig. 12C), that also includes
intraclasts, peloids, scarce Permocalculus debris,Mesorbitolina, lituolids,
miliolids, other benthic foraminifera, as well as fragments of echinoids,
bryozoans, oysters, other bivalves and gastropods (Fig. 12A). The suc-
cession continues with a yellowish to orange c. 2 m-thick cross-
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bedded (Fig. 11F) grainstone unit rich in ooids, with scarce to common
peloids, intraclasts, serpulids, Mesorbitolina, lituolids, miliolids, other
benthic foraminifera, and fragments of Permocalculus, bryozoans, echi-
noids, crinoids, gastropods, oysters and other bivalves (Fig. 12A).
Above, there is a marl bed up to 10 m-thick.



Fig. 10. Las Cubetas. A) Sedimentary log of the lower upper Aptian strata underlying and overlying the composite sequence boundary between depositional sequences B and C in Las
Cubetas road section. The stratigraphic section displays the sequence-stratigraphy analysis, the stratigraphic position of the samples collected, the lithostratigraphic units, the lithology,
the bedding, the textures, the sedimentary features, the location of photographs in B–C, and the stratigraphic position of the skeletal and non-skeletal components identified. See
Fig. 9C for location of the section. See Fig. 5 for key. B) Packstone texture dominated by fragments of Permocalculus belonging to the highstand normal regressive deposits of the lower
part of the Benassal Formation (early late Aptian). Depositional Sequence C. Scale= 1mm. See Figs. 9C and 10A for location. C) Photomicrograph of an ooid grainstone of the basal trans-
gressive deposits of Depositional Sequence C (early late Aptian). Benassal Formation. Scale = 1 mm. See Figs. 9C and 10A for location.
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4.2.2.2. Depositional and sequence-stratigraphic interpretation. The
lower part of the Benassal Formation in the Estrecho de la Calzada
Vieja is characterised by transgressive distal platform marls and
aggrading highstand normal regressive packstones and grainstones
with Permocalculus debris of Depositional Sequence B (Figs. 11A–B,
12A–B). The maximum flooding surface is interpreted to correspond to
the first downlap surface of the lower upper Aptian Permocalculus-
bearing limestones above the deeper marls. A major relative sea-level
fall, which occurred during the early late Aptian, exposed subaerially
and eroded the top of the highstand Permocalculus-rich deposits (Fig. 11).

With the subsequent transgression of Depositional Sequence C, a
transgressive surface was superposed onto the subaerial unconformity
giving rise to a composite sequence boundary, which corresponds to
a rockground (Figs. 11, 12A). During the earliest stage of the transgres-
sion, shallow high-energy ooidal limestones were deposited (Fig. 12C).
These cross-bedded carbonates were drowned during early stages
of transgression and were buried by transgressive distal platform
marls (Figs. 11C–F, 12A). The transgressive succession of Depositional
Sequence C described is also part of the Benassal Formation.

5. Discussion

5.1. The Maestrat Basin record of Aptian relative sea-level change

In addition to thefive outcrops investigated in the present paper, ten
further previously published examples showing evidence of major
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Aptian relative sea-level fluctuations from other geological sites within
the Maestrat Basin (Fig. 1B–C) will be considered in this section's
discussion. The previously studied outcrops include the Mola de la
Garumba, Mola d'en Camaràs, and Ulldecona in the Morella Sub-basin
(Fig. 1B) (Bover-Arnal et al., 2014, 2022; Bover-Arnal and Salas, 2019),
Las Mingachas, La Serna, Loma de Camarillas, Barranco de la Canal,
Campillo Bajo, and Camino de Camarillas in the Galve Sub-basin
(Fig. 1B) (Bover-Arnal et al., 2009, 2015, 2022), and the Orpesa Range
in the Orpesa Sub-basin (Fig. 1B) (Martín-Martín et al., 2013; Yao
et al., 2020). The features of the different sedimentary records of
major falls and rises in relative sea level characterised in Aptian rocks
from the Maestrat Basin, including the previously published case stud-
ies, are summarised in Table 1.

The late early Aptian deeply incised truncation surface cutting down
the Villarroya de los Pinares and Forcall formations recognised in the
Barranco del Portolés in the Galve Sub-basin (Fig. 1C) (Table 1) permits
estimating the amplitude of relative sea-level change by measuring the
incision depth. This depth is ≥80m and the incision surface corresponds
to the southern side of an incised valley, which is ≥1,8 km in width
(Figs. 3, 4). PeropadreMedina (2012) also reported on this palaeovalley
and gave a maximum incision depth of 75 m.

In theOrpesaSub-basin (Fig. 1B) (Table1), a south-easterndepocentral
area of the Maestrat Basin, an erosional surface truncating the platform
carbonates of the Villarroya de los Pinares Formation was also identified
in the Barranc del Garrofer quarry (Fig. 1D). This erosional incision
crops out locally and shows a minimum depth of c. 10 m (Fig. 7A–B).



Fig. 11. Estrecho de la Calzada Vieja. A) Panoramic view showing the lower upper Aptian composite sequence boundary (SU+ TS) between depositional sequences B and C present in the
lower part of the Benassal Formation. B) Interpretation of A including the lithostratigraphic units, key facies and the sequence-stratigraphic interpretation. Note the drowning of the trans-
gressive carbonates and how theywere buried bymarls of the Benassal Formation. Note also the presence of growth faults. See Figs. 4 and 1C for key and location, respectively. C) Close-up
view of the lower upper Aptian composite sequence boundary (SU+ TS) between depositional sequences B and C cropping out in the Estrecho de la Calzada Vieja. D) Interpretation of C
including the lithostratigraphic units, main facies, the sequence-stratigraphic interpretation, the location of Fig. 12B–C, and the stratigraphic log shown in Fig. 12A. Hammer = 32 cm.
See Figs. 4 and 1C for key and location, respectively. E) Detail of the lower upper Aptian subaerially exposed highstand carbonates of Depositional Sequence B overlain by transgressive
ooid grainstones and marls of Depositional Sequence C. Note how the transgressive basal grainstones were drowned, and subsequently buried bymarls. Benassal Formation. Hammer=
32 cm. See Fig. 4 for key. F) Outcrop view of the lower upper Aptian composite sequence boundary between the highstand platform top carbonates rich in Permocalculus of Depositional
Sequence B and the higher-energy cross-bedded transgressive ooid grainstones of Depositional Sequence C. Hammer = 32 cm. See Fig. 4 for key.
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The deeply incised subaerially exposed platform carbonates of the
Villarroya de los Pinares Formation described herein are coeval and
analogous to erosional surfaces previously described in outcrops of the
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Galve Sub-basin (Fig. 1B): La Serna (Bover-Arnal et al., 2015), Barranco
de la Canal, Campillo Bajo and Camino de Camarillas (Bover-Arnal et al.,
2009, 2010, 2011, 2022). In La Serna (Fig. 1C), an erosional surface cuts



Fig. 12. Estrecho de la Calzada Vieja. A) Sedimentary log of the lower upper Aptian strata underlying and overlying the composite sequence boundary (SU + TS) between depositional
sequence B and C in the Estrecho de la Calzada Vieja section. The stratigraphic section displays the sequence-stratigraphy analysis, the stratigraphic position of the samples collected,
the lithostratigraphic units and their features (lithology, bedding, textures, sedimentary structures), the location of photographs in B–C, and the stratigraphic position of the skeletal
and non-skeletal components identified. See Fig. 11D for location of the section. See Fig. 5 for key. B) Grainstone texturemainly including fragments of Permocalculus (P) andMesorbitolina
(M) tests belonging to the highstand normal regressive deposits of the lower part of the Benassal Formation (early late Aptian). Depositional Sequence B. Scale= 1mm. See Figs. 11D and
12A for location. C) Photomicrograph of an ooid grainstone belonging to the basal transgressive deposits of Depositional Sequence C (early late Aptian). Benassal Formation. Scale=1mm.
See Figs. 11D and 12A for location.
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down an isolated carbonate platform belonging to the Villarroya de los
Pinares Formation down to 25 m. This incision erodes the upper part
of the Forcall Formation as well. Aggrading platform top carbonates of
the Villarroya de los Pinares exposed along the Barranco de la Canal
and Campillo Bajo sites (Fig. 1C), exhibit erosional surfaces about 50
and 15 m in depth, respectively.

It is noteworthy that in the Galve Sub-basin, incised erosional pro-
files associated with the late early Aptian major sea-level drop only
occur to the West (hanging wall) of the Miravete fault and have not
been recognised so far along the eastern side footwall (Fig. 1C), where
the thickness of the Barremian–Aptian stratigraphic units and facies
indicate lower accommodation and shallower depositional settings
than those of the western side (e.g., Simón et al., 1998; Bover-Arnal
et al., 2010). Similarly, upper lower Aptian tidally-influenced deposits
back-filling topographic lows have neither been observed to the East
of the Miravete fault.

Nevertheless, on the eastern side footwall (Fig. 1C), a succession
of coral-rich platform top limestones corresponding to the lower part
of the Villarroya de los Pinares Formation is interrupted by a slightly
irregular surface (Fig. 9A) exhibiting rounded dissolution pits and iron
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oxide-rich crusts. This conspicuous surface can be laterally followed
from the Estrecho de la Calzada Vieja to Las Cubetas (Fig. 1C) (Table 1),
where it is overlain by rock-forming P. lenticularis grainstones, Lithocodium
aggregatum-bearing deposits andmarls with scleractinians in life position
(Fig. 9A). Above this succession recording a change in the carbonate fac-
tory, platform limestones with rudists occur. This surface (Fig. 9A)
recognised in the eastern limb of the Miravete anticline (Fig. 1C) is prob-
ably correlatable with the upper lower Aptian subaerial unconformity
documented by Bover-Arnal et al. (2015, 2022) in the Barranco de la
Canal, Campillo Bajo, Camino de Camarillas and La Serna (Fig. 1C), as
well as in the Barranco del Portolés outcrop described herein (Figs. 3, 4).
Vennin and Aurell (2001) and Embry et al. (2010) already placed a
major sequence boundary at this surface (SB2 in Vennin and Aurell,
2001 and SBII-I in Embry et al., 2010) and documented signs of emersion
such as the presence of meteoric vadose cements.

The lack of upper lower Aptian incised valleys on the eastern side of
theMiravete fault foot wall (Fig. 1C) is interpreted as due to two causes.
Firstly, stream or river incisions on bedrock develop as local features, as
observed in other Aptian (e.g., Raven et al., 2010),Messinian (e.g., Pellen
et al., 2019) or Quaternary (e.g., Wang et al., 2019) examples. That is,



Table 1
Summary of the results for the different outcrops with a record of Aptian major relative sea-level fluctuations investigated and discussed from the Maestrat Basin.

Age Outcrop Sub-basin Lithostratigraphic
unit showing a record
of sea-level fall

Lithostratigraphic unit
showing a record of
succeeding base-level rise

Sedimentary features
representing sea-level
fall

Incised-valley
development

Depth of
incised
valley (m)

Palaeokarst
development

Early late
Aptian

Estrecho de la Calzada
Vieja

Galve Benassal Benassal Subaerial unconformity No N/A Yes

Las Cubetas Galve Benassal Benassal Subaerial unconformity No N/A Not
recognised

Loma de Camarillase Galve Benassal Benassal Subaerial erosional
truncation

No N/A Yes

Orpesa Ranged Orpesa Benassal Benassal Maximum regressive
surface

N/A N/A N/A

Ulldeconab Morella Benassal Benassal Maximum regressive
surface

N/A N/A N/A

Mola d'en Camaràsa,e Morella Benassal Benassal Subaerial erosional
truncation

Yes ≥ 115 Yes

Late early
Aptian

Barranco del Portolés Galve Villarroya de los
Pinares

Villarroya de los Pinares
and Benassal

Subaerial erosional
truncation

Yes ≥ 80 Not
recognised

El Regajo Galve Villarroya de los
Pinares

Villarroya de los Pinares
and Benassal

Correlative conformity? N/A N/A Not
recognised

Barranc del Garrofer
quarry

La
Salzedella

Villarroya de los
Pinares

Benassal Subaerial erosional
truncation

Yes ≥ 10 Unknown

Barranco de la Canale,f Galve Villarroya de los
Pinares

Villarroya de los Pinares
and Benassal

Subaerial erosional
truncation

Yes ≥ 50 Yes

Campillo Bajoe Galve Villarroya de los
Pinares

Villarroya de los Pinares
and Benassal

Subaerial erosional
truncation

Yes ≥ 15 Yes

Camino de
Camarillase

Galve Villarroya de los
Pinares

Villarroya de los Pinares
and Benassal

Subaerial erosional
truncation

More likely Unknown Yes

Las Mingachase,f Galve Villarroya de los
Pinares

Villarroya de los Pinares
and Benassal

Forced regressive
wedge

N/A N/A N/A

Orpesa Ranged Orpesa Villarroya de los
Pinares

Benassal Maximum regressive
surface

N/A N/A N/A

La Sernac Galve Villarroya de los
Pinares

Villarroya de los Pinares
and Benassal

Subaerial erosional
truncation

Yes 21 Yes

Ulldeconab Morella Villarroya de los
Pinares

Benassal Maximum regressive
surface

N/A N/A N/A

Mola de la Garumbaa Morella Villarroya de los
Pinares

Villarroya de los Pinares
and Benassal

Forced regressive
wedge

N/A N/A N/A

N/A = not applicable.
a Bover-Arnal et al. (2014).
b Bover-Arnal and Salas (2019).
c Bover-Arnal et al. (2015).
d Martín-Martín et al. (2013) and Yao et al. (2020).
e Bover-Arnal et al. (2022).
f Bover-Arnal et al. (2009).

T. Bover-Arnal, J. Guimerà, J.A. Moreno-Bedmar et al. Sedimentary Geology 459 (2024) 106546
limestone bedrocks are not always incised during relative sea-level fall
and subaerial exposure. The same holds true for karstification. For
example, sea-level drops and subaerial exposure episodes recorded dur-
ing the Last Interglacial in The Bahamas and Florida platforms were
manifested as wave-cut benches (e.g., Skrivanek et al., 2018), by the
sedimentation of beach and eolian deposits (e.g., Dyer et al., 2021), or
as terra rossa palaeosols or calcretes (e.g., Dutton et al., 2022). These
sedimentary horizons of subaerial exposure can be later eroded during
the subsequent transgression. Secondly, streams and drainage systems
are mainly encased on topographic lows and therefore, develop on
fault hanging walls (e.g., Goldsworthy and Jackson, 2000).

Other sedimentary features representing relative sea-level fall re-
corded in the Maestrat Basin for the late early Aptian are forced regres-
sive wedges (Table 1). Forced regressive deposits have been recognised
in Las Mingachas (Galve Sub-basin; Bover-Arnal et al., 2009, 2022) and
in LaMola de la Garumba (Morella Sub-basin; Bover-Arnal et al., 2014).
These basin floor components correspond to cross-bedded grainstones,
which include intraclasts and overlie basinal marly deposits. The forced
regressive wedges are overlain and downlapped by lowstand platforms
that recorded the subsequent rise in base level.

The newly discovered retrograding isolated carbonate platform of
El Regajo (Fig. 8) located basinwards (southwards) of the platform-to-
basin transition area of Las Mingachas (Fig. 1C) (Bover-Arnal et al.,
2009, 2022) provides further evidence of a major relative sea-level fall
and rise during the late early Aptian. The El Regajo coral-dominated
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platform is underlain and overlain by distal, basinal marly deposits
rich in Palorbitolina lenticularis and ammonoids. The area between
El Regajo and Las Mingachas is not significantly tectonised (Fig. 1C).
The El Regajo platform crops out at a height of around 1270 m and
thus, is found topographically below the highstand and lowstand plat-
forms of Las Mingachas (Fig. 1C) (Bover-Arnal et al., 2009, 2022) that
are respectively located at heights of about 1350 m and 1300 m.

A subaerial unconformity resulting from major relative sea-level
fall during the early late Aptian is well exposed in Las Cubetas
(Figs. 1C, 9–10) and the Barranco de la Calzada Vieja (Figs. 1C, 11–12),
along the eastern limb of the Miravete anticline (Fig. 1C). This surface
of subaerial exposure (Figs. 9–12), which was overlooked by previous
studies carried out on these two sites (Vennin and Aurell, 2001;
Bover-Arnal et al., 2010; Embry et al., 2010), is herein characterised
to the East of the Miravete fault (foot wall) for the first time (Fig. 1C)
together with a facies analysis of the underlying and overlying rocks
(Figs. 9–12). This lower upper Aptian emersion surface contained
within the lower part of the Benassal Formation bounds depositional
sequences B and C (Fig. 2) and is correlatable to the slightly incised sub-
aerial unconformity reported by Bover-Arnal et al. (2022) on the Loma
de Camarillas site, to the West of the Miravete fault (hanging wall),
within the Galve Sub-basin (Fig. 1C). On both sides of the Miravete
fault, this subaerial unconformity locally shows palaeokarst features
(Table 1) and is overlain by cross-bedded grainstone textures. These
higher-energy transgressive deposits are rich in ooids (Figs. 10B, 12B)
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on the eastern side of the Miravete fault, whereas on the western side
they contain abundant fragments of crinoids (Bover-Arnal et al., 2022).

At a basin scale, the lower upper Aptian subaerial unconformity
reported from the Galve Sub-basin is equivalent to that found in
La Mola d'en Camaràs, in the Morella Sub-basin (Fig. 1B) (Table 1). In
LaMola d'en Camaràs, this surface of subaerial exposure is deeply incised
and exhibits a minimum depth of 115 m and a width of >2 km (Bover-
Arnal et al., 2014, 2022), and thus it corresponds to an incised valley.
The measured depth of this palaeovalley is indicative of the amplitude
of relative sea-level fall and rise recorded during the early late Aptian.

Major relative sea-level falls and rises of late early and early late
Aptian age have also been documented from other areas of theMaestrat
Basin (Table 1). In the Orpesa Range (Orpesa Sub-basin) (Fig. 1B),
Martín-Martín et al. (2013) and Yao et al. (2020) distinguished two
major sequence boundaries corresponding to maximum regressive
surfaces of late early and of early late Aptian age capping regressive
platform carbonates of the Villarroya de los Pinares Formation and
the lower part of the Benassal Formation, respectively. Similarly, in
Ulldecona (western Morella Sub-basin) (Fig. 1B), Bover-Arnal and
Salas (2019) also discussed an upper lower Aptianmaximum regressive
surface marking the top of the Villarroya de los Pinares Formation, as
well as the regressive character for the lower upper Aptian platform
carbonates with rudists of the Benassal Formation. Therefore, the late
early and early late Aptian relative sea-level changes studied, as well
as the related incised valleys documented herein and in Bover-Arnal
et al. (2022), had at least a regional, basin-wide significance.

5.2. Comparable Aptian records of relative sea-level change from other
basins worldwide

The major late early and early late Aptian relative sea-level changes
interpreted in the Maestrat Basin had amplitudes of between 50 and
80 m and about 115 m, respectively (Table 1). The late early Aptian fall
and rise of relative sea level had a duration of <0.9 Myr, whereas the
duration of the late early Aptian relative sea-level event was <3 Myr
(see Bover-Arnal et al., 2022). Amplitudes of relative sea-level change
of tens of metres occurring in <1 Myr would be in agreement with
eustatic, perhaps glacio-eustatic, controls (Immenhauser, 2005; Miller
et al., 2005; Ray et al., 2019).

The Maestrat Basin resulted from rifting (Salas et al., 2001, 2010),
and thus tectonics played a part in controlling accommodation during
the Aptian. Differential subsidence within the basin during this stage
is evidenced by the recorded thicknesses of the sedimentary succes-
sions, which range from few metres (e.g., Salas, 1987) to over 1.3 km
(e.g., Yao et al., 2020). Nevertheless, the late early–early late Aptian
time interval studied corresponded to a period of slow synrift subsi-
dence in the western Maestrat Basin (Bover-Arnal et al., 2010).

Moreover, the strata filling the upper lower Aptian incised valley
documented in the Barranco del Portolés (Fig. 4) show a similar dip
and dip direction as the incised highstand strata (Fig. 3). A scenario of
rock layers experiencing an uplift of c. 80 m without folding or tilting,
followed by subaerial exposure, incision, and subsequent subsidence
of the same magnitude without folding or tilting whilst marine sedi-
mentation resumes, all within a time span of less than 0.9 Myr, appears
improbable. As discussed in Bover-Arnal et al. (2022) for other Aptian
incised valleys recorded in the Maestrat Basin, this lack of stratal angu-
larity between the truncated succession below and the back-filling de-
posits above is interpreted as absence of tilting during relative sea-
level fall and subsequent rise, and thus as resultingmainly from eustasy.
Accordingly, coeval and similar major changes in accommodation
should be observable in other basins of the Tethys and beyond.

Possible coeval major sea-level fluctuations have been recognised
in other Aptian successions from the tectonic plates of Iberia, Africa,
Arabia, Iran, Eurasia, North Pacific, and North America (e.g., Haq, 2014).
Extensive literature exists on this topic (e.g., Röhl and Ogg, 1998;
Gréselle and Pittet, 2005; Rameil et al., 2012; Maurer et al., 2010, 2013;
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Horner et al., 2019; Ray et al., 2019). In Bover-Arnal et al. (2022), the dis-
cussion of the global significance of the Aptian relative sea-level fluctua-
tions recorded in the Galve and Morella sub-basins (Fig. 1B–C) was
focused on the coeval records of the North Cantabrian Basin (Iberian
Plate), the Shu'aiba Formation (eastern Arabian Plate), as well as of the
Matese Mountains, the Sorrento Peninsula and the Vocontian Basin
(Euroasian Plate). In the present paper, this discussion is revised and
extended to include also the African, Iranian and Pacific plates (Fig. 13).

Such remarkable examples of late early and/or early late Aptian
major sea-level swings recorded in other basins worldwide showing
marked similarity to the sedimentary results observed in the Maestrat
Basin include south Tunisia (African Plate), where Hfaiedh et al.
(2013) identified two subaerial exposure surfaces thatwere interpreted
as major sequence boundaries (Fig. 13) and are time-coincident with
the upper lower and lower upper Aptian subaerial unconformities in
theMaestrat Basin (Fig. 2). In central Tunisia, similar third-order regres-
sive events topped by discontinuity surfaces close to the boundaries
between the early Aptian and late Aptian, and the Epicheloniceras
martini and Parahoplites melchioris ammonite zones have been also doc-
umented by Ben Chaabane et al. (2019, 2021) (Fig. 13). In western
Morocco, an upper lower Aptian, but slightly older (intra Deshayesites
deshayesi Zone) major discontinuity surface exhibiting palaeokarst
features was recorded in the Essaouira–Agadir Basin (Jaillard et al.,
2019; Giraud et al., 2020).

Mehrabi et al. (2018) reported two subaerial unconformities cap-
ping the regressive Lower andUpper Carbonatemembers of theDariyan
Formation in offshore south-west Iran (Arabian Plate) (Fig. 13). The
emersion surface capping the Lower CarbonateMember is ofmidAptian
age and is overlain by transgressive basinal marls of the Kazhdumi
Tongue Member, whereas the subaerial unconformity found at the top
of the Upper Carbonate Member is late Aptian in age. This last emersion
surface was also buried by early transgressive marls and limestones
(Mehrabi et al., 2018).

On the eastern Arabian Plate, after major sea-level drop in the early
late Aptian, and during a subsequent late Aptian lowstand stage, a car-
bonate platform also belonging to the Shu'aiba Formation developed
basinwards and prograded into the Bab Basin (van Buchem et al.,
2010; Maurer et al., 2010, 2013). In the platform-to-basin transition
area of Las Mingachas (Fig. 1C) (Bover-Arnal et al., 2009, 2022), as
well as in La Mola d'en Camaràs and La Mola de la Garumba (Morella
Sub-basin) (Fig. 1B) (Bover-Arnal et al., 2014, 2022), lowstand
prograding platforms also flourished basinwards and topographically
below the margins of subaerially exposed highstand platforms. How-
ever, the age of the lowstand platforms developed in Las Mingachas
and in the Morella Sub-basin is latest early Aptian (Fig. 2), whereas
the lowstand platform described from the eastern Arabian Plate has
been dated as late Aptian (van Buchem et al., 2010; Maurer et al.,
2010, 2013). In addition, because of a rapid sea-level fall, which accord-
ing to Maurer et al. (2013) occurred around the boundary between the
Epichelonicerasmartini and Parahoplitesmelchioris ammonite zones, and
the following late Aptian lowstand phase, an incised valley system de-
veloped cutting into the top Shu'aiba Formation in offshore Qatar
(Raven et al., 2010; Maurer et al., 2013) (Fig. 13). The valley incision is
up to 8 kmwide and between 50 and 65m deep and exhibits strath ter-
races and an uppermost Aptian–Albian tidally-influenced siliciclastic
infill (Raven et al., 2010; Maurer et al., 2013). On the other hand, the
early late Aptian subaerial unconformity and associated valley incision
documented in La Mola d'en Camaràs (Morella Sub-basin) (Fig. 1B)
(Bover-Arnal et al., 2014, 2022) formed within the upper part of the
Epicheloniceras martini Zone, very close to the boundary with the over-
lying Parahoplites melchioris Zone. This roughly time-equivalent incised
valley development reported from the Maestrat Basin is >2 km wide
and significantly deeper (≥115 m), and also exhibits strath terraces
and a valley fill influenced by tides (see Bover-Arnal et al., 2014). How-
ever, the valley fill of the incision present in La Mola d'en Camaràs is
younger and correlates with the upper part of the Epicheloniceras



Fig. 13. Stratigraphic correlation of different locations displaying geological evidence of major regressions of relative sea-level and sequence boundaries, whichmay locally exhibit incised
valleys, during the early Aptian (including the early/late Aptian boundary) and the late Aptian. The short-term eustatic transgressive–regressive sequences of Hardenbol et al. (1998) and
the eustatic sea-level events found in Haq (2014) are also included in the correlation. The rather coeval occurrence of major relative sea-level falls and rises across various tectonic plates,
such as Iberia, Eurasia, Arabia, Africa, and the Pacific, provides robust support for eustatic controls during the Aptian Stage. The data utilised for this correlation are drawn from 1this study
and Bover-Arnal et al. (2009, 2015, 2016, 2022); 2Hfaiedh et al. (2013); 3Ben Chaabane et al. (2019); 4Mehrabi et al. (2018); 5Raven et al. (2010) andMaurer et al. (2013); 6Wilmsen et al.
(2015); 7Yilmaz and Altiner (2006); 8Husinec et al. (2012); 9Röhl and Ogg (1998); 10Sahagian et al. (1996), Zorina and Ruban (2012) and Zorina (2014, 2016); 11Medvedev et al. (2011);
12van Buchem et al. (2018); 13Ruffell and Wach (1991); 14Hardenbol et al. (1998); and 15Haq (2014).
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martini and lowermost Parahoplites melchioris ammonoid biozones
(Bover-Arnal et al., 2016). Hence, after the early late Aptian major fall
in sea level recorded in the northern and southern margins of the Te-
thys, a subsequent rapid transgression occurred in the Maestrat Basin,
which is not recorded in the eastern Arabian Plate.

In onshore western Central Iran (Iranian Plate), Wilmsen et al.
(2015) identified a late early Aptian drowning surface recorded at the
top of the rudist-bearing platform carbonates of the Shah Kuh Forma-
tion (Fig. 13). These platform limestones were buried by transgressive
basinal marls and limestones with ammonites of the Bazyab Formation
coinciding with the limit between the early Aptian and late Aptian
(Wilmsen et al., 2015). Upon the Eurasian Plate, subaerial exposure sur-
faces capping upper lower Aptian platform carbonates were reported
from southwest Turkey (Yilmaz and Altiner, 2006) (Fig. 13).

In the Aptian succession of the Adriatic Platform of Croatia, Husinec
et al. (2012) identified five third-order sequence boundaries corre-
sponding to major disconformities. One of these sequence boundaries
is late early Aptian in age and caps regressive platform carbonates and
breccia deposits, which formed as a result of subaerial exposure. This
upper lower Aptian subaerial unconformity reported from Croatia
seems to be time-equivalent to the deeply incised disconformity affect-
ing the top of the Villarroya de los Pinares Formation in the Maestrat
Basin (Figs. 2–4, 13). Moreover, in the lower upper Aptian record
of the Adriatic Platform, Husinec et al. (2012) discussed an overall re-
gressive succession of platform carbonates that is punctuated by two
major subaerial disconformities, which also cap breccia deposits in
proximal platform settings. This lower upper Aptian limestone
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succession exhibiting two major surfaces of emersion described by
Husinec et al. (2012) is coeval with the subaerially exposed (Figs. 9–
12), and locally incised (Bover-Arnal et al., 2014, 2022), highstand
rudist-bearing carbonates of the lower part of the Benassal Formation
studied (Figs. 2, 13). The three remaining third-order sequence bound-
aries that were identified by Husinec et al. (2012) in Croatia might not
have equivalents in the Maestrat Basin, or these might correspond to
maximum regressive surfaces that were interpreted as lower-order strat-
igraphic surfaces.

Upon the Pacific Plate, twelve surfaces of emersion were identified
by Röhl and Ogg (1998) in the Aptian record of the Pacific Guyots.
A major emergence episode of early Aptian age corresponding to
sequence boundary ‘Apt2’ in Röhl and Ogg (1998) was correlated by
these authors with a late early Aptian sea-level drop, which deeply
incised the carbonate platforms flanking the Vocontian Basin (see
e.g., Arnaud and Arnaud-Vanneau, 1990; Hunt and Tucker, 1993;
Adatte et al., 2005). However, more recent studies based on ammonite
biostratigraphy have reassigned as uppermost Barremian this major
subaerial unconformity topping the peri-Vocontian rudist-dominated
carbonate platforms (e.g., Frau et al., 2018). Röhl and Ogg (1998)
recognised a second major episode of sea-level drop ‘Apt7’ occurring
in the early late Aptian, at the limit between the Parahoplites
nutfieldensis (=Parahoplites melchioris) and Cheloniceras martinoides
zones (=Epicheloniceras martini) (see Fig. 2). Around the early/late
Aptian boundary, Röhl and Ogg (1998) identified a minor sequence
boundary, ‘Apt5’ (Fig. 13). The rest of subaerial exposure surfaces
recognised by Röhl and Ogg (1998) would either lack equivalents in
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theMaestrat Basin or might align with maximum regressive surfaces of
different hierarchical levels.

In non-carbonate platform successions of Aptian age such as those
from the Russian Platform, North Sea Basin, Wessex Basin (southern
England) or western Canada, sea-level falls and rises roughly con-
temporaneous to the ones described in the Maestrat Basin are also
recognisable (Fig. 13). A long-term relative sea-level fall starting
in the late early Aptian, with a peak around the early/late Aptian
boundary, and continuing into the late Aptian was described from
the Russian Platform (Sahagian et al., 1996; Zorina and Ruban, 2012;
Zorina, 2014, 2016). According to the quantified eustatic curves of
Sahagian et al. (1996), the peak of the late early Aptian sea-level drop
coinciding with the Tropaeum bowerbanki ammonoid Zone, which is a
Boreal equivalent to the Mediterranean Dufrenoyia furcata Zone,
showed a c. 20 m drop in sea level. For the late Aptian sea-level drop,
Sahagian et al. (1996) give a tentative amplitude of c. 50 m. In this re-
gard, Medvedev et al. (2011) documented incised valleys with depths
attaining up to 90m in the upper Aptian sedimentary record of western
Siberia. The upper lower Aptian succession of the North Sea Basin is
characterised by regressive marl and chalk deposits, which are capped
by a sequence boundary, locally erosional, and interpreted as the result
of a major fall in sea level (van Buchem et al., 2018). According to these
authors, this sea-level drop exposed and eroded themargin of the basin.
The age of the sequence boundary is correlatable with the top of the
Tropaeum bowerbanki ammonoid Zone of the Boreal realm, and has
been dated as latest early–earliest late Aptian (van Buchemet al., 2018).

The Aptian succession of the Isle of Wight (Wessex Basin; southern
England) recorded a sedimentary gap and likely an associated sequence
boundary within the Hythe Beds stratigraphic unit around the limit
between the Tropaeum bowerbanki and Cheloniceras martinoides ammo-
nite Boreal zones (Casey, 1961; Ruffell and Wach, 1991), which would
be correlatable with the Mediterranean Dufrenoyia furcata and
Epicheloniceras martini zones (Reboulet et al., 2018). Further within
the sedimentary succession of the Isle ofWight, a lower upper Aptian se-
quence boundary, indicating a significant sedimentary hiatus, separates
the Hythe Beds from the Sandgate Beds stratigraphic units. The latter
surface was interpreted by Ruffell andWach (1991) as an incised valley
(Fig. 13). This regression event was identified around the limit between
the Cheloniceras martinoides and Parahoplites nutfieldiensis ammonite
Boreal zones, as outlined in the works of Casey (1961) and Ruffell and
Wach (1991). These zones correspond in time to the Epicheloniceras
martini and Parahoplites melchioris Mediterranean ammonite zones
(Reboulet et al., 2018). In North America, the Aptian McMurray Forma-
tion (western Canada) contains incised-valley networks with troughs
that locally show depths of ≥70 m (Horner et al., 2019).

Furthermore, the late early and early late Aptian drops in sea-level
studied in the Maestrat Basin are correlatable with the major and me-
dium sequence boundaries Ap4 and Ap5, respectively, of Hardenbol
et al. (1998) occurringwithin the Dufrenoyia furcata and Epicheloniceras
martini ammonoid zones (Fig. 2). In Haq (2014), these sea-level falls
correspond to global cycle boundaries KAp2 and KAp4, respectively
(Fig. 13).

6. Conclusions

Sedimentary archives of two major relative sea-level drops of late
early and early late Aptian age associated with local development of in-
cised valleys and forced regressive wedges, previously described in only
eight outcrops in theMaestrat Basin, have been identified in five further
locations within this basin. These findings corroborate that these rela-
tive sea-levelfluctuations had at least a basin-wide significance. Compa-
rable and coeval sedimentary successions showing evidence of major
relative sea-level fall and rise have been documented in other basins
from other tectonic plates such as the African, Iranian, Arabian, Eurasian,
Pacific and North America. Eustasy is thus interpreted as the common
main cause for these changes in accommodation in the different basins.
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The sedimentary records of relative sea-level drop characterised in
the Maestrat Basin include locally incised subaerial unconformities.
The new records of subsequent base-level rise analysed correspond to
tidally-influenced high-energy carbonate deposits back-filling incised
valleys or overlying exposure surfaces, and a reduced in extent detached
coral-bearing carbonate platform stacked in a retrograding pattern.
The two incisions studied herein were carved into upper lower Aptian
highstand carbonate platforms dominated by rudists and corals of
the Villarroya de los Pinares Formation and show depths of c. 10 and
80m.Accordingly, the Aptian relative sea-level oscillations documented
had amplitudes of several tens of metres. Incised valleys or smaller-
scale incisions are local features. However, as documented in this
paper, the records of relative sea-level drops can also be identified in
areas where incision does not occur as karst remnants and/or sharp,
or slightly erosive, stratigraphic surfaces overlain by deposits influenced
by tidal processes.

The finding of new evidence ofmajor Aptian relative sea-level fluctu-
ations in different outcrops throughout theMaestrat Basin demonstrates
that future investigations into this topic at a Tethys scale should include,
but not be limited to, a comprehensive analysis of other underexplored
Aptian platform carbonate successions from other sub-basins of the
basin such as Oliete, Las Parras, La Salzadella, El Perelló, Penyagolosa
and Cedramán.
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