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ABSTRACT

Eustatic controls on Early Cretaceous (Aptian) sedimentation in the western Tethys are discerned in outcrops of
carbonate platforms that developed in the Maestrat rift basin located at the eastern margin of the Iberian Plate.
The relative sea-level fluctuations with a dominant eustatic contribution investigated had estimated magnitudes
of between 50 and 60 m in <0.9 My and >115 m in <3 My, and occurred respectively during the late early and
early late Aptian. The major relative sea-level falls of mainly eustatic nature were recorded as forced regressive
sedimentary wedges or as incised valleys carved into highstand carbonate platforms, whereas the subsequent sea-
level rises back-filled the incised topographic lows created, or favoured the development of lowstand platforms.
The finding of 50-115 m amplitude fluctuations of Aptian age is of relevance in that show magnitudes of relative
sea-level fall in the order of that recorded during the last glacial maximum in the late Pleistocene (c. 120 m). The
current knowledge on Cretaceous climate history shows an Earth with non-uniform greenhouse conditions.
However, geological evidence of temporary icehouse states with ice-cap magnitudes close to late Pleistocene
scales during the Aptian is absent, or at least has not been reported so far. Thus, although falling within the
glacio-eustatic domain, the driving processes of these widespread drops and subsequent rises in relative sea level
remain a mystery. Finally, this paper is an example of how sequence stratigraphy can be applied to carbonate
successions, and of how this methodology indeed permits to unravel ancient relative sea-level fluctuations which
controlled carbonate production and accumulation.

1. Introduction

Haq, 2014). Therefore, these third-order sea-level events (sensu Vail
et al., 1991) are commonly interpreted as the result of eustatic forcings

An open question of the Earth’s past oceanographic dynamics is the
nature of Cretaceous relative sea-level changes with amplitudes of tens
of metres and durations varying between 0.5 and 3 My, which have been
described in several basins from the geologic past (e.g., Miall, 1997;
Strasser et al., 2000; Immenhauser, 2005; Boulila et al., 2011; Hagq,
2014; Cloetingh and Haq, 2015; Hay, 2016). Although, intrinsic un-
certainties of chronostratigraphic frameworks mainly based on chemo-
and biostratigraphic data exist, comparatively contemporaneous sea-
level changes of this magnitude and duration have been documented
for different settings and tectonic plates (e.g., Cooper, 1977; Haq et al.,
1987; Hardenbol et al., 1998; Rohl and Ogg, 1998; Miller et al., 2005;

(e.g., Cooper, 1977; Vail et al., 1991; Boulila et al., 2011; Sames et al.,
2016). The mechanisms contributing to eustatic sea-level fluctuations
are ocean-atmosphere processes (dynamic changes), thermal expansion
of water masses (thermosteric changes), tectono-eustasy, sedimento-
eustasy, hydro-eustasy and glacio-eustasy (e.g., Rovere et al., 2016;
Gronitz, 2017).

Early Cretaceous possible third-order sea-level fluctuations have
been frequently, and tentatively linked to glacio-eustasy (e.g., Stoll and
Schrag, 1996; Matthews and Frohlich, 2002; Gréselle and Pittet, 2005,
2010; Immenhauser, 2005; Bover-Arnal et al., 2009, 2014, 2015; van
Buchem et al., 2010; Maurer et al., 2010, 2013; Raven et al., 2010;
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Husinec et al., 2012; Al-Husseini, 2013; Graziano and Raspini, 2015;
Graziano et al., 2016; Zorina, 2016; Horner et al., 2019; Ray et al., 2019;
Davies et al., 2020; Simmons et al.,, 2020). However, alternative
mechanisms capable of triggering sea-level fluctuations of this order
include regional- to plate-scale tectonic processes, interactions between
mantle and lithosphere, formation of large igneous provinces, thermo-
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eustasy, aquifer-eustasy, and variations in the volume of mid-oceanic
ridges and sediment supply (e.g., Hay and Leslie, 1990; Cloetingh,
1991; Cronin, 1999; Immenhauser, 2005; Conrad, 2013; Haq, 2014;
Cloetingh and Haq, 2015; Sames et al., 2016, 2020; Wendler and
Wendler, 2016; Wendler et al., 2016; Li et al., 2018). Such potential
factors could have also acted in combination or isolated giving rise to the
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Fig. 1. A) Geographical location of the study area in the eastern Iberian Chain (E Iberia). B) Simplified isopach and structural map of the Maestrat Basin during the
Late Jurassic and Early Cretaceous rifting cycles and location of the study localities in the Galve Sub-basin. The location of outcrops discussed in the paper are also
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third-order synchronous to parasynchronous sea-level events recognized
in several Lower Cretaceous sedimentary basins.

In rift basins, local to regional tectonics is a key factor controlling
accommodation. In such scenarios, it is of interest to discriminate and
quantify the effects of eustasy from extensional tectonic factors (i.e.,
subsidence and uplift) in governing relative sea-level changes and thus,
the sedimentary record. This paper presents two Early Cretaceous
(Aptian) case studies from the Maestrat rift basin in the Iberian Chain
that show sedimentary evidence of relative sea-level change mainly
resulting from eustasy. The durations of the sea-level cycles interpreted
from the Aptian record of the Maestrat Basin are of less than 3 My and
show amplitudes of tens of metres, and therefore agree with third-order
sea-level cycles (sensu Vail et al., 1991).

The investigations were carried out in the western marginal part of
the basin. The marginal zone of a sedimentary basin, where accommo-
dation is lower than in depocentral areas, is more likely to record un-
ambiguous physical evidence (i.e., subaerial unconformities) of relative
sea-level variations of distinct order. Accordingly, the Aptian succes-
sions studied exhibit erosional subaerial unconformities and/or forced
regressive deposits resulting from major sea-level falls, as well as the
sedimentary records of subsequent relative sea-level rises. The study
aims to show that the eustatic or local to regional tectonic nature of past
sea-level falls can be determined in the rock record based on the type of
unconformity generated (disconformity versus angular unconformity).
The paper also discusses the divergent interpretations (Bover-Arnal
etal., 2009 versus Pomar and Haq, 2016 and Pomar, 2020) regarding the
sequence-stratigraphy of the Aptian platform-to-basin transition area of
Las Mingachas located at the western margin of the Maestrat Basin. Key
outcrops and all geological features and fossil determinations relevant to
the interpretations reported herein are illustrated to provide rigorous
evidence and to avoid any misunderstanding on the interpretations of
the features observed. The results and interpretations may be of rele-
vance to those studying carbonate platforms and relative sea-level
changes of glacio-eustatic magnitude, not only for the Cretaceous, but
also for other periods in the Earth’s history such as the late Paleozoic or
Quaternary.

2. Geological setting

The outcrops studied are located in the eastern Iberian Chain
(eastern Iberian Plate; Fig. 1A), which corresponds to an intraplate fold-
and-thrust belt mainly resulting from the contractional inversion of the
Late Permian-Maastrichtian Iberian Rift System (Alvaro et al., 1979;
Salas et al., 2001; Guimera et al., 2004; Nebot and Guimera, 2016).
Mesozoic normal faults had different orientations, mainly NW-SE, E-W
and NE-SW: the boundaries of the Maestrat basin were defined by them
(Fig. 1B). This tectonic inversion took place during the late Eocene-early
Miocene contraction because of the convergence between the Iberian,
African and Eurasian plates (Alpine orogeny) (Guimera, 1994, 2018).

The Aptian stratigraphic intervals analyzed were deposited on the
northwestern margin of the Alpine Tethys Ocean, within the Maestrat
Basin (Figs. 1A-B), a rapidly subsiding basin, which was part of the
Iberian Rift System (Salas and Casas, 1993; Salas et al., 2001). This
basin, as well as other north-eastern Iberian basins such as Garraf,
Columbrets, South-Iberian and Cameros (e.g., Salas et al., 2010),
developed as a result of two rifting cycles (Garcia-Senz and Salas, 2011;
Salas et al. in Martin-Chivelet et al., 2019). These Kimmeridgian-early
Berriasian and Barremian-early Albian rifting cycles resulted respec-
tively from the opening of the North Atlantic and the Bay of Biscay
domains (Salas et al., 2010).

During these rifting episodes, continental to marine sedimentation
occurred in several subsiding zones separated by sedimentary thresholds
or major normal faults, which structured the Maestrat Basin into
different sub-basins (Fig. 1B; Salas et al. in Martin-Chivelet et al., 2019).
In depocentral areas, the Upper Jurassic-Lower Cretaceous succession is
>1.5 km thick, and more than 4 km in La Salzedella Sub-basin (Fig. 1B).
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The study areas are located in the western marginal part of the
Maestrat Basin; the Galve Sub-basin (Figs. 1B-C). The Galve Sub-basin
was structured during the Early Cretaceous into half-graben structures
mainly related to synsedimentary ENE-WSW normal listric faulting
(Fig. 1C; Guimera and Salas, 1996; Simon et al., 1998; Liesa et al., 2006).
The rocks investigated crop out along two Cenozoic folds: the Miravete
anticline (striking NNW-SSE) and the Camarillas syncline (striking NNE-
SSE in the north and NNW-SSE in the south) to the West of the latter
(Fig. 1C). The Miravete anticline has been recently interpreted as a
diapiric structure that grew during the Jurassic and Early Cretaceous
and acquired its present shape during a halokinetic final stage of reju-
ventation related to the Alpine (Cenozoic) contraction (Vergés et al.,
2020). To the West of the Miravete anticline, the Barremian-Aptian
succession is thicker, and the marine facies indicate slightly deeper
depositional environments than those reported from the eastern limb of
this anticline structure (Simon et al., 1998; Bover-Arnal et al., 2010).

The uppermost Barremian-Aptian sedimentary record of the Galve
Sub-basin is summarized in Fig. 2. From oldest to youngest, the lithos-
tratigraphic units correspond to (i) the marine upper Barremian sand-
stones, sandy-limestones and limestones with Palorbitolina lenticularis of
the Xert Formation, (ii) the uppermost Barremian-lower Aptian basinal
marls and limestones with P. lenticularis, ammonoids, nautiloids and
Lithocodium aggregatum of the Forcall Formation, (iii) the platform car-
bonates with rudists and corals of the upper lower Aptian Villarroya de
los Pinares Formation, and finally (iv) the uppermost lower Aptian-
upper Aptian (lowermost Albian?) marine marls, limestones with rud-
ists and corals, and siliciclastics of the Benassal Formation (Martin-
Martin et al., 2013; Bover-Arnal et al., 2016).

The uppermost lower Aptian and lower upper Aptian subaerial un-
conformities documented in the Galve Sub-basin were recorded within
the Villarroya de los Pinares and Benassal formations, respectively
(Fig. 2). Moreover, the subaerial incision cutting downwards the Vil-
larroya de los Pinares Formation reported by Bover-Arnal et al. (2015) in
the outcrop of La Serna, which is located in the south-central part of the
Galve Sub-basin (Figs. 1B-C), will be also considered in the discussion of
the paper. A further published example of an outcrop exhibiting evi-
dence of major sea-level fall during the Aptian located within the Mor-
ella Sub-basin near the town of Morella (Fig. 1B; see Bover-Arnal et al.,
2014) will be also reviewed and discussed. The Aptian succession of the
Morella Sub-basin is similar to that developed in the Galve Sub-basin
(see Canérot et al., 1982; Salas, 1987; Fig. 2).

3. Materials, methods and outcrops studied

The sedimentology, petrology, palaeontology and sequence stratig-
raphy of two Aptian stratigraphic intervals with different ages were
examined in well-exposed outcrops of the Galve Sub-basin that recorded
erosional or deeply incised subaerial unconformities. The upper lower
Aptian succession (first case study) was analysed in four outcrops: Las
Mingachas (latitude: 40.577219444444445, longitude: —0.71189444444
44444), Barranco de la Canal (latitude: 40.616061111111115, longitude:
—0.7493333333333333), Campillo Bajo (latitude: 40.609741666666665,
longitude: —0.7447777777777778) and Camino de Camarillas (latitude:
40.602875000000004, longitude: —0.7561333333333333) (Fig. 10C).
They all are located near the towns of Camarillas (Comarca of Comunidad
de Teruel) and Miravete de la Sierra (Comarca of El Maestrazgo). The
second case study of lower upper Aptian age was studied in the outcrop of

Loma de Camarillas (latitude: 40.59986388888889, longitude:
—0.7212416666666667), which is also located near Miravete de la Sierra
(Fig. 1C).

The Aptian succession of the Galve Sub-basin was previously ana-
lysed by various authors (Weisser, 1959; Vennin and Aurell, 2001;
Bover-Arnal et al., 2009, 2010, 2011, 2012, 2015, 2016; Embry et al.,
2010; Moreno-Bedmar et al., 2010; Skelton et al., 2010; Peropadre et al.,
2013; Bonin et al., 2016; Gili et al., 2016; Pomar and Haq, 2016; Vergés
et al., 2020; Gratacos et al., 2021). For the present paper, only key
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Fig. 2. Chrono-stratigraphic chart for the latest Barremian-Aptian of the Galve
Sub-basin. The chrono-stratigraphic chart includes major transgressive-
regressive sequences (modified from Bover-Arnal et al., 2016) and deposi-
tional sequences interpreted in this study. The ammonoid zonation is taken
from Reboulet et al. (2018). The ammonite zones identified in the Maestrat
Basin are highlighted in grey.

stratigraphic intervals including subaerial unconformities, or inter-
preted as forced regressive and transgressive deposits in previous works,
have been revisited for further analysis. The study site of Loma de
Camarillas (Fig. 1C) is described here for the first time.

Panoramic photographs and close-up views of the outcrops were
used to map the facies, stratigraphic geometries and key sequence-
stratigraphic surfaces such as major unconformities. Two stratigraphic
logs, 12.5 and 42 m thick, were measured and analysed bed-by-bed in
Las Mingachas and Loma de Camarillas sites, respectively (Fig. 1C).
Description of sedimentary facies and palaeontological determinations
was performed on 141 thin sections made from samples collected in the
five outcrops studied. Carbonate rock textures follow the classifications
of Dunham (1962) and Embry and Klovan (1971), whereas the sequence
stratigraphic analysis follows the terminology proposed by Catuneanu
et al. (2009).
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4. Results and discussion
4.1. Late early Aptian case study

4.1.1. Las Mingachas

Las Mingachas outcrop (Fig. 1C) was firstly studied by Bover-Arnal
et al. (2009, 2010, 2011, 2012) and the succession was interpreted to
represent a carbonate platform-to-basin transition area. It covers two
depositional sequences (A and B), which are separated by a subaerial
unconformity passing basinwards to its marine correlative conformity
(Fig. 3). The older depositional sequence (Depositional Sequence A)
includes a forced regressive wedge belonging to the Villarroya de los
Pinares Formation (Figs. 3-5).

The present study reviews and expands the sequence-stratigraphic
analysis carried out in Las Mingachas by Bover-Arnal et al. (2009)
(Figs. 3 and 6). This revision focuses on the forced regressive unit sensu
Bover-Arnal et al. (2009) and consists of new and detailed sedimento-
logical, petrological and palaeontological analyses (Figs. 7-8), including
an original log (Fig. 4) and outcrop photographs with the sequence-
stratigraphic interpretation (Figs. 5-6).

4.1.1.1. Description of the sedimentary succession. In the distal parts of
the carbonate system studied, the first 2 m of the succession (Figs. 3A-B
and 4-5) consist of marls (Fig. 7A), and locally bioturbated marly-
limestones and limestones with matrix-supported (Fig. 7B) to pack-
stone textures, dominated by large-sized (diameter > 3 mm) discoidal
Palorbitolina lenticularis (Fig. 7C). This interval, which belongs to the
Forcall Formation (Fig. 2), contains other skeletal components such as
Praeorbitolina cormyi, Choffatella decipiens, textularids, lituolids, mil-
iolids, calcareous dinoflagellate cysts, Dufrenoyia sp. ammonoids, other
molluscs, sponge spicules, brachiopods, serpulids, echinoids and crus-
tacean debris. Peloids and silt-sized quartz are common non-skeletal
components (Fig. 4).

The 2 to 4.1 m interval succession corresponds to the uppermost part
of the Forcall Formation and contains thin marl intervals and bio-
turbated marly-limestones with wackestone to packstone textures rich in
large-sized (diameter > 3 mm) discoidal P. lenticularis (Figs. 4 and 7D).
P. cormyi was also found (Fig. 7E). In this interval, oysters, encrusting
foraminifera and benthic foraminifera such as miliolids, C. decipiens and
lituolids become more abundant, whereas calcareous dinoflagellate
cysts and sponge spicules become scarcer or are even absent. Two
Dufrenoyia sp. ammonite specimens were found (Figs. 4 and 7F). Note-
worthy is that this interval also recorded the first scarce to common
occurrence of rudist fragments (Fig. 8A), bryozoans, corals and Permo-
calculus (Fig. 8B). Besides fragmentation, the coral, rudist and Permo-
calculus debris observed also show significant abrasion (Figs. 8A-B).
Other taphonomic features that occur are encrustation, mainly by
encrusting foraminifera, peysonneliacean algae and Lithocodium aggre-
gatum, and extensive bioerosion on large skeletal components (diameter
> 1 mm). Non-skeletal components such as peloids and silt-sized quartz
grains are common (Fig. 4). This interval (Figs. 4-5) passes landwards
(northwards) to topographically higher, aggrading-prograding platform
carbonates with downlap stratal terminations of the Villarroya de los
Pinares Formation (Figs. 3 and 6A). These limestones are distinguished
by floatstone and rudstone textures which include corals and rudists in
life position (Bover-Arnal et al., 2009). The top of the preserved
aggrading platform carbonates is located at a topographic height of c.
1362 m (Fig. 6A).

Basinwards, at metre 4.1 in the logged section, a limestone bed with
a sharp base (Fig. 5) and burrow structures, marks a significant change
in sedimentary bedding, lithology, textural characteristics, and biota
(Fig. 4). Below this bed, signs of subaerial exposure were not identified.
Above, and until 8.1 m in section, the succession displays highly-
bioturbated marly-limestones with a packstone-grainstone texture, but
also marls, and large-scale low-angle cross-bedded limestones exhibiting
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Fig. 4. Sedimentary log of the lower Aptian succession of Las Mingachas including the forced regressive unit interpreted and its underlying highstand normal
regressive and transgressive deposits, as well as its overlying lowstand normal regressive strata. The stratigraphic section displays the sequence-stratigraphy analysis,
the stratigraphic position of the samples collected, the lithostratigraphic units, the lithologies, the bedding, the textures, the sedimentary features, the location of
Figs. 7 and 8A-D, and the stratigraphic position of the skeletal and non-skeletal components identified. See Figs. 3 and 5 for location of the section.

packstone and grainstone textures (Figs. 8C-D). The first occurrence of
small-sized (diameter <1.5 mm) conical Orbitolinopsis and the calcar-
eous alga Marinella lugeoni (Fig. 8C) marks the base of this stratigraphic
interval (Fig. 4). Fragments of Permocalculus and corals dominate the
facies within the first metre, whereas Orbitolinopsis dominates the rest of
the succession until metre 8.1 (Figs. 4 and 8C). Intraclasts (Fig. 8D) are
also present for the first time, and are common components from metre
4.8 to metre 8.1 (Fig. 4). The intraclasts are made up of micrite-rich
textures with miliolids, other benthic foraminifera, and fragments of
Permocalculus, corals and molluscs. A specimen of Dufrenoyia sp. was
also found at metre 5 (Fig. 4). Calcareous dinocysts and sponge spicules
were not recognized in this stratigraphic interval. Silt-sized quartz
grains are rare to absent. The top of these grainstone beds is located at a
topographic height of c¢. 1302 m (Fig. 5B).

The succession between 8.1 and 12.5 m, shows an alternation be-
tween (i) marls containing scleractinian colonies in growth position (see
Bover-Arnal et al., 2012), and rare ammonites of the species Dufrenoyia
sp., and (ii) limestones with floatstone to rudstone textures rich in
fragments of rudists, corals and Permocalculus (Fig. 4). Entire well-
preserved rudist shells are also common in the limestones. Silt-sized

quartz is rare to absent in these beds, and intraclasts were only recog-
nized within the uppermost logged bed (Fig. 4). The limestone beds are
stacked in a prograding pattern and show downlap stratal terminations
(Figs. 3A-B and 5A-B).

The upper part of the Villarroya de los Pinares Formation (Figs. 3A-B
and 6B-D) is comprised of prograding marls, marly-limestones and
limestones rich in colonial corals and the rudist Polyconites hadriani
(Skelton et al., 2010). Besides Toucasia carinata, Chondrodonta and
nerineid gastropods, the limestones also include Caprina parvula (Bover-
Arnal et al., 2009, 2010), which indicates an early Aptian age (Masse,
2003). The uppermost part of the Villarroya de los Pinares Formation
however, exhibits backstepping geometries (Fig. 6C). The platform
carbonates are topped by a well-developed hardground with borings
produced by lithophagid bivalves and ferruginous stains (Figs. 8E-F).

The top of the succession shows a marly unit rich in gastropods
which represents the lower part of the Benassal Formation (Figs. 2, 3 and
6C). This marly unit includes two levels with scleractinian corals in
growth position (Bover-Arnal et al., 2012). These coral-bearing levels
occur at the lower and uppermost parts of the marl interval. In Las
Mingachas, the upper part of the outcropping Aptian succession
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Fig. 5. Las Mingachas. A) Outcrop photograph of the sedimentary wedge interpreted as a forced regressive unit. B) Interpretation of Fig. 5A including the lithos-
tratigraphic units, the sequence stratigraphic framework, and the stratigraphic log shown in Fig. 4. Note the sharp nature of the interpreted basal surface of forced
regression and correlative conformity (sequence boundary). a = altitude. Inset: scale bar = 1 m. Modified from Bover-Arnal et al. (2009). C) Outcrop view of the
lower part of the sedimentary log shown in Fig. 4. D) Interpretation of Fig. 5C including the lithostratigraphic units and the sequence stratigraphic framework.
Jacob’s staff = 1.5 m. See Fig. 3 for key.
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Fig. 6. Las Mingachas. Sequence-stratigraphic interpretations are after Bover-Arnal et al. (2009). See Fig. 3 for key. See also Bover-Arnal et al. (2009) for unin-
terpreted images of the outcrop views. A) Photomosaic of the north-eastern part of Las Mingachas showing the aggrading, prograding and downlapping platform
carbonates interpreted as a highstand normal regressive unit. a = altitude. Width of image = c. 300 m. See Fig. 3 for location of the photomosaic. B) Outcrop view of
the prograding-aggrading platform interpreted as a lowstand normal regressive unit, which crops out in the south-western part of Las Mingachas area. Width of
image = c. 40 m. See Fig. 3 for location. C) Panoramic view of the prograding and aggrading lowstand normal regressive platform located in the south-western part of
Las Mingachas area. Note how above the TS the carbonates are stacked in a retrograding pattern. Width of image = c. 120 m. See Fig. 3 for location. D) Outcrop view
of the erosional unconformity (sequence boundary) between the highstand slopes of Depositional Sequence A and the lowstand slopes of Depositional Sequence B
cropping out in the south-western part of Las Mingachas area. The view is from the other side of the platform from 6B. Width of image = c. 45 m. See Fig. 6C

for location.
<
<

(Benassal Formation) consists of platform carbonates with rudists, corals
and nerineids (Figs. 3A-B and 6C).

4.1.1.2. Palaeoenvironmental and sequence-stratigraphic interpretation.
At the north-eastern part of Las Mingachas (Fig. 3), the rudist- and coral-
bearing platform carbonates of the Villarroya de los Pinares Formation
are characterized by an aggrading and succeding prograding stacking
pattern (Fig. 6A). In the SW direction (towards the basin), these lime-
stone beds, which are slightly inclined relative to regional dip, show
downlap stratal terminations. They overlie and laterally pass over into
the marls of the Forcall Formation (Figs. 3 and 6A). Based on the outcrop
features, this carbonate unit can be interpreted as a highstand normal
regressive (HNR) platform. The inclined beds correspond to an oblique
view of the prograding platform slopes with apparent dip angles
(Fig. 6A). Slope progradation is towards the west-southwest, and
therefore the true dip angles are higher. The horizontal aggrading level
corresponds to platform top deposits (Figs. 3A-B and 6A). Hence, the
stratigraphic succession described above and shown in Fig. 6A matches a
platform top-to-basin transition with a preserved platform margin,
which lacks barrier facies.

Here, the base of the highstand normal regressive carbonates is
marked by a downlap surface onto the transgressive marly succession of
the Forcall Formation. This downlap surface limiting deeper basinal
marls below from limestones with rudists and corals above is regarded as
the maximum flooding surface (MFS) of Depositional Sequence A
(Figs. 3 and 6A). In seismic sequence-stratigraphy, the maximum
flooding surface is commonly placed at the downlap surface of normal
regressive prograding clinoforms above deeper, transgressive (T) de-
posits (e.g., Catuneanu et al., 2011; Catuneanu, 2019).

Basinwards, in the south-western part of Las Mingachas outcrop
(Figs. 3 and 5), abraded and fragmented remains of rudists (Fig. 8A),
corals and Permocalculus (Fig. 8B) occur in the uppermost part of the
Forcall Formation (Fig. 4). Although these marly deposits are charac-
terized by the presence of well-preserved tests of P. lenticularis and P.
cormyi, the occurrence of the shallower-water skeletal fragments be-
comes prominent above metre 2 in the logged stratigraphic section
(Fig. 4). The pre-burial taphonomic features such as fragmentation and
abrasion exhibited by the shallower-water grains suggest sediment-
transport (see e.g., Beavington-Penney, 2004), and are therefore indic-
ative of basinwards shedding of platform top carbonates due to the
progradation of the carbonate system. Accordingly, the uppermost part
of the Forcall Formation (between metres 2 and 4.1 in Fig. 4) is inter-
preted to represent the basinal marly counterpart of the above-
mentioned highstand platform of the Villarroya de los Pinares Forma-
tion located landwards, in a higher topographic position (Figs. 3 and
6A). This basinal equivalent is thus construed as a highstand normal
regressive unit (Figs. 3-5). The maximum flooding surface is placed at
metre 2, just below the first significant arrival in basinal settings of
fragments of rudists, corals and Permocalculus (Fig. 4). The marly suc-
cession below the maximum flooding surface is interpreted as a trans-
gressive deposit (Figs. 3-5).

At metre 4.1 (Fig. 4), the succession passes from the matrix-
supported marly limestones of the uppermost Forcall Formation to
well-stratified packstone-grainstone limestones of the Villarroya de los
Pinares Formation indicating deposition under higher-energy conditions
than the underlying marly strata. It is also worth noting that the

lowermost, non-basal part of the Villarroya de los Pinares Formation
(between metres 4.2 and 5.3 in Fig. 4) exhibits a nodular aspect that
resulted from intense bioturbation (Fig. 5). Above metre 4.1,
P. lenticularis becomes smaller sized and scarcer, sponge spicules and
calcareous dynocysts disappear, whereas small-sized conical Orbitoli-
nopsis shows its first occurrence and dominates the succession together
with coral and Permocalculus debris until metre 8.1 (Figs. 4 and 8C-D).
Orbitolinopsis thrived in more shallower platform environments
compared to larger-sized discoidal P. lenticularis (see e.g., Champetier
and Moullade, 1970; BouDagher-Fadel and Price, 2019). M. lugeoni
(Fig. 8C) and intraclasts (Fig. 8D) also occur for the first time and are
common components throughout this latter stratigraphic interval
(Fig. 4). Small Marinella lugeoni lumps such as those observed in the
lower part of the Villarroya de los Pinares Formation in Las Mingachas
(Figs. 4-5 and 8C) were interpreted by Granier and Dias-Brito (2016) as
having an epiphital behaviour and thus, would constitute palae-
oenvironmental indicators of well-illuminated shallow platform set-
tings. In comparison to the basinal fossil content identified for the
Forcall Formation (Fig. 4), the biota recorded within this higher-energy
unit mark a change in carbonate factory and indicates deposition in
shallower and better-illuminated water settings, and thus an abrupt
decrease in water depth which was the result of a drop in sea level.

Carbonate grains forming the packstone-grainstone wedge were
sourced from organisms thriving locally or in nearby settings during sea-
level fall. The occurrence of abundant intraclasts (Figs. 4 and 8D) in-
dicates intrabasinal erosion and reworking of lithified material. Eroded
skeletal fragments from the subaerially exposed highstand platform
were also likely transported and redeposited into this regressive deposit.

The higher-energy regressive unit (from metre 4.1 to metre 8.1 in
Fig. 4) constitutes a detached sedimentary wedge which does not show a
bedding, textural or biotic similarity with lateral equivalent, underlying
or overlying strata in Las Mingachas (Fig. 3). This regressive sedimen-
tary wedge crops out mostly in two dimensions along c. 240 m, and was
accumulated basinwards of highstand prograding slopes (Fig. 3). The
top of the sedimentary wedge is located in a lower topographic level (c.
1302 m altitude; Figs. 3 and 5) compared to the top of the preserved part
of the highstand normal regressive platform (c. 1362 m altitude; Figs. 3
and 6A). The present-day regional (post-depositional) dip of the strata
here is c. 9° (Verges et al., 2020), which must account for some altitude
difference. Landwards, in a northern direction, the highstand normal
regressive platform top is continuously exposed for nearly 8 km and
exhibits deeply incised valleys (Figs. 9-10), which are indicative of a
forced regression. Accordingly, the detached grainstone wedge is
interpreted as a forced regressive (FR) unit deposited in a basinal posi-
tion during sea-level fall (Figs. 3-5). The sharp surface located at the
base of this basin floor component would then correspond to a basal
surface of forced regression (BSFR) sensu Hunt and Tucker (1992)
(Figs. 3-5). In this regard, the top of the underlying highstand basinal
deposits of the Forcall Formation lacks any evidence of subaerial
exposure (Fig. 5).

The forced regressive wedge is downlapped by the slope strata of a
carbonate platform with a reduced size of its shallow-water realm. The
platform exhibits a progradational stacking pattern followed by an ag-
gradational behaviour (Figs. 3A-B, 5A-B and 6B-D). The stacking pat-
terns shown agree with a lowstand normal regressive (LNR) carbonate
platform, which flourished during subsequent sea-level rise after a
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Fig. 7. Las Mingachas. A) Outcrop view of the basinal transgressive marls of the Forcall Formation (lower Aptian). Depositional Sequence A. Hammer = 32 cm. B)
Matrix-supported texture with fragments of molluscs. Transgressive deposits of the Forcall Formation (lower Aptian). Depositional Sequence A. Scale = 1 mm. C)
Packstone texture with Palorbitolina lenticularis of the upper, transgressive part of the Forcall Formation (lower Aptian). Depositional Sequence A. Scale = 1 mm. D)
Photomicrograph of a specimen of Palorbitolina lenticularis? showing the embryonic apparatus. Highstand normal regressive marly-limestones of the Forcall For-
mation (lower Aptian). Depositional Sequence A. Scale = 1 mm. E) Photomicrograph of a specimen of Praeorbitolina cormyi showing the embryonic apparatus.
Highstand normal regressive deposits of the Forcall Formation (lower Aptian). Depositional Sequence A. Scale = 1 mm. F) Dufrenoyia sp. Highstand normal regressive
marly-limestone deposits of the Forcall Formation (lower Aptian). Depositional Sequence A. Visible part of pencil = 3.9 cm. See Fig. 4 for locations.

forced regression (Figs. 3 and 6B-D). The small lowstand platform pro-
grades in a south-southwest direction. Noteworthy is that the passage
from platform top to slope settings lacks a barrier margin and is only
marked by a change of bed dip and facies (Figs. 6B-C; see Bover-Arnal
et al., 2009). The lowstand platform is also located basinwards, in a
lower topographic position than the highstand normal regressive plat-
form situated in the north-eastern part of Las Mingachas (Fig. 3).

The sharp surface at the top of the forced regressive grainstone

10

wedge that it is downlapped by lowstand slope deposits marks the
lowest point of relative sea-level (Figs. 3 and 5A-B), and thus corre-
sponds to a sequence boundary (SB) sensu Hunt and Tucker (1992).
Given that this basin floor component was never subaerially exposed,
the sequence boundary is classified as a marine correlative conformity
(CQ) (Figs. 3-4 and 5A-B). The correlative conformity passes landwards
into a subaerial unconformity (SU) (Figs. 3, 6A and 9-11A). In Las
Mingachas, this sequence boundary is also expressed by the truncation
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Fig. 8. Las Mingachas. A) Detail of a poorly preserved rudist section present in the highstand normal regressive marly-limestones of the Forcall Formation (lower
Aptian). Note the presence of orbitolinids (0). Depositional Sequence A. Visible part of pencil = 3 cm. B) Packstone of benthic foraminifera (bf) and abraded
fragments of Permocalculus (P) belonging to the highstand normal regressive deposits of the Forcall Formation (lower Aptian). Depositional Sequence A. Scale = 1
mm. C) Grainstone texture containing specimens of Orbitolinopsis (Os) and a section of Marinella lugeoni (MI) of the middle part of the forced regressive wedge.
Villarroya de los Pinares Formation (lower Aptian). Depositional Sequence A. Scale = 1 mm. D) Microphotograph of the forced regressive deposits exhibiting a
grainstone texture with intraclasts (I) and a specimen of Orbitolinopsis (Os). Villarroya de los Pinares Formation (lower Aptian). Depositional Sequence A. Scale = 1
mm. See Fig. 4 for locations. E) Outcrop view of the transgressive marls of the lower part of the Benassal Formation overlying drowned transgressive platform top
carbonates belonging to the Villarroya de los Pinares Formation (uppermost lower Aptian). Depositional Sequence B. Encircled ruler = 15 cm. See Figs. 3 and 6C for
key and location, respectively. F) Close-up view of the drowning surface located at the top of the transgressive platform carbonates of the Villarroya de los Pinares
Formation (uppermost lower Aptian). This ferruginous and perforated surface corresponds to a hardground. Depositional Sequence B. Width of image = c. 25 cm. See
Figs. 6C and 8E for location.
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Fig. 9. Barranco de la Canal. A) Drone-based photogrammetric model of the deeply incised erosional surface bounding highstand platform top carbonates of
Depositional Sequence A from the overlying transgressive limestones, which back-fill an incised valley, of Depositional Sequence B above. B) Interpretation of Fig. 9A
including the lithostratigraphic units and the sequence-stratigraphic interpretation after Bover-Arnal et al. (2009). Note the stepped nature of the incision surface.
Note also the drowning of the higher-energy transgressive unit of the uppermost Villarroya de los Pinares Formation and how it is buried by marls of the lower part of
the Benassal Formation. See Figs. 3 and 1C for key and location, respectively. The drone-based photogrammetric model is courtesy of Riccardo Rocca and available at
http://riccardorocca.github.io/home/Camarillas_Platform.html, accessed 11 September 2021).
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Fig. 10. Campillo Bajo. A) Panoramic photomosaic showing the composite sequence boundary (SU + TS) between depositional sequences A and B at the southern
cliff of a small river, which flows across the Campillo Bajo area. B) Interpretation of Fig. 10A including the lithostratigraphic units and the sequence-stratigraphic
interpretation after Bover-Arnal et al. (2010). Note the stepped nature with flats and ramps of this deeply incised erosional surface and the onlap stratal terminations
of transgressive limestones onto surface slopes. Note also the drowning cover of the transgressive carbonates by marls of the Benassal Formation. See Figs. 3 and 1C
for key and location, respectively. Use the depth of the palaeovalley for scale. C) View of the composite sequence boundary (SU + TS) between depositional sequences
A and B cropping out in the northern side of a small river, which flows across the Campillo Bajo area. D) Interpretation of Fig. 10C including the lithostratigraphic
units and the sequence-stratigraphic interpretation after Bover-Arnal et al. (2011). Note the flat-and-ramp geometry exhibited by this surface and how the trans-

gressive deposits onlap the ramps and overlie the flats. Encircled geologist for scale. See Figs. 3 and 1C for key and location, respectively.

of highstand prograding slopes, which are overlain by lowstand pro-
grading slopes (Fig. 6D). The sequence boundary separates two depo-
sitional sequences: A and B (Figs. 3-4, 5A-B and 6A, D).

Above the aggrading limestones of the upper part of the lowstand
normal regressive unit, platform carbonates are stacked in a retrograd-
ing pattern (Figs. 3 and 6). The change from aggradation to retrogra-
dation is marked by a transgressive surface (TS) (Figs. 3 and 6), which
locally exhibits borings and ferruginous stains (Bover-Arnal et al.,
2009). These backstepping platform carbonates are part of the Villar-
roya de los Pinares Formation and basinwards and upwards pass over
into a succession with transgressive basinal matrls of the lower part of the
Benassal Formation (Fig. 6C). The retrograding carbonate system of
Depositional Sequence B onlaps the slopes of the highstand normal
regressive platform of Depositional Sequence A (Figs. 3 and 6A). The
transgressive surface superposed onto the subaerial unconformity thus is
a composite sequence boundary (Figs. 3 and 6A). Locally, a perforated
and ferruginous hardground surface marks the drowning (sensu
Schlager, 1981) of the transgressive carbonates (Figs. 6C and 8E-F).

The hardgrounds developed within this transgressive stratigraphic
interval are local to regional features and thus, they were formed and
controlled by local to regional factors. The time involved in the hard-
ground formation is unknown as it is below the resolution of ammonite
biostratigraphy. The occurrence of Fe mineralizations, encrusting or-
ganisms and lithophagid bivalve borings on these surfaces indicates
periods of suspended sedimentation or reduced sedimentation rates due
to erosion and current activity (e.g., Shinn, 1969). The precipitation of
Fe-oxides involves inorganic and microbial processes and commonly
occurs during the hardground formation and the subsequent burial stage
(see e.g., Christ et al., 2015). In the sedimentary record studied, hard-
ground formation is linked to transgressive surfaces (Fig. 6C) or flooding
pulses (Figs. 8E-F) and thus, to abrupt rises of relative sea level. The fact
that the hardgrounds cap platform carbonate successions that are
overlain by marl deposits points to drowning (Figs. 6C, 8E-F, 9, 10A-B
and 11B). During early transgressive contexts, carbonate accumulation
was reduced and restricted to very narrow areas (Figs. 6C, 9 and 10A-B).
After a rapid and significant increase in water depth, and under such
weakened conditions, the carbonate factory did not have enough growth
potential to catch up or keep pace with the rate of sea-level rise.

The uppermost part of the marl interval of the Benassal Formation is
characterized by the occurrence of isolated large colonial corals in
growth position. The facies of scleractinian corals embedded in marls is
indicative of slope settings (Bover-Arnal et al., 2012), which mark
shallower waters than the underlying basinal marls. Consequently, the
maximum flooding surface of Depositional Sequence B is thus inter-
preted to be at the base of this coral-rich marly level (Figs. 3A-B and 6C).
Above, platform carbonates with rudists and corals also belong to the
Benassal Formation, and flourished during the subsequent highstand
stage of Depositional Sequence B (Figs. 3A-B and 6C).

4.1.2. Barranco de la Canal, Campillo Bajo and Camino de Camarillas
Proximal parts of the highstand normal regressive platform of
Depositional Sequence A (Fig. 3) crop out in the surroundings of the
town of Camarillas (Fig. 1C). Whereas in platform-to-basin settings (i.e.,
Las Mingachas), major sea-level fall was recorded as a forced regressive
basin floor component (Figs. 3 and 5), in inner platform environments
this drop in sea level is expressed as a subaerial unconformity cutting
deeply into highstand platform top carbonates (Bover-Arnal et al., 2009,
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2010, 2011).

The results of forced regression and subsequent sea-level rise in a
proximal area of the upper lower Aptian carbonate system are charac-
terized herein in three separate outcrops (Barranco de la Canal, Cam-
pillo Bajo and Camino de Camarillas; Fig. 1C), which show the same
sedimentary architecture and evolution. The subsection takes another
look at this subaerial unconformity cropping out in the environs of
Camarillas (Fig. 1C) using an original drone-based photogrammetric
model (Fig. 9). Furthermore, it re-examines the sequence-stratigraphic
analysis performed by Bover-Arnal et al. (2009), and provides a char-
acterization of the erosional surface (sequence boundary), as well as an
illustrated facies analysis of the underlying and overlying deposits
(Figs. 10-11).

4.1.2.1. Description of the sedimentary succession. Overlying the basinal
marls with ammonoids and P. lenticularis of the Forcall Formation, there
is a succession with aggrading platform top carbonates (Fig. 9) mainly
characterized by floatstone to rudstone textures including scleractinian
corals, gastropods, Chondrodonta and rudists such as T. carinata, P.
hadriani, Monopleura sp., C. parvula and Offneria sp. (Bover-Arnal et al.,
2010). The coral- and rudist-bearing limestone succession is part of the
Villarroya de los Pinares Formation and is truncated and deeply incised
by a subaerial unconformity displaying a flat-and-ramp erosional profile
(Figs. 9-11A). To the North of Camarillas (Fig. 1C), the incision is around
50 m deep (Fig. 9), and more than 1.5 km in width. Peropadre et al.
(2013) give a maximum depth of 57 m for this incision in Camarillas. To
the South of Camarillas, the measured depth of the incision is lower (c.
15 m; Fig. 10A-B).

The erosional surface exhibits widespread dissolution of truncated
skeletal components and palaeokarst with sedimentary infillings
(Fig. 11D). Locally, bioclastic coarse infillings occur (Fig. 11E). In the
Camino de Camarillas outcrop (Fig. 11A), the palaeokarst reaches down
by around 1 m. Superimposed onto the subaerial unconformity there is a
rockground with borings and ferruginous stains and crusts (Fig. 11F).

Above the erosional surface, the Villarroya de los Pinares Formation
is made up of a succession of cross-bedded orange-coloured limestones
(Fig. 9) with packstone to grainstone textures rich in oyster fragments
(Fig. 11C). Locally, herringbone cross-stratification occurs (Fig. 11B).
The cross-bedded limestones overlie the flats and onlap the ramps
exhibited by the erosional surface (Figs. 9-11A). Besides oysters, frag-
ments of other molluscs, Permocalculus, echinoids, crinoids, corals, as
well as serpulids and tests of orbitolinids, Choffatella, miliolids and of
other benthic foraminifera, are also common skeletal components in
these higher-energy carbonates. Peloids, silt- to fine sand-sized quartz
grains and intraclasts are also frequent. The limestones of the lower part
of this oyster-bearing unit also include mud pebbles. The incised grey
platform carbonates with rudists and corals, and the overlying orangish
limestones with cross-bedding and oysters, show similar dip and dip
directions (Figs. 9-11A).

The top of the cross-bedded limestone succession with oysters locally
exhibits a hardground surface with a ferruginous crust and is overlain by
the marls of the lower part of the Benassal Formation (Figs. 9 and 10A-
B). At the Campillo Bajo site (Fig. 1C), unbound level-bottom pop-
ulations of colonial corals are found embedded in the marls of the
lowermost part of this lithostratigraphic unit. Above the marl succes-
sion, grey platform carbonates with corals, rudists and nerineid gas-
tropods of the Benassal Formation were deposited (Fig. 9).
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Fig. 11. Barranco de la Canal, Campillo Bajo and Camino de Camarillas. A) View and interpretation of the Camino de Camarillas outcrop including the composite
sequence boundary (SU + TS), which separates subaerially exposed highstand platform carbonates below from transgressive strata above. In this outcrop, the
subaerial unconformity exhibits a flat erosional profile. Encircled ruler = 15 cm. See Figs. 3 and 1C for key and location, respectively. B) Outcrop view and
interpretation of the uppermost Villarroya de los Pinares Formation made up of transgressive grainstones exhibiting cross-bedding with local herring-bone structures.
Note the drowning surface at the top of these higher-energy carbonates. Campillo Bajo. See Fig. 10B for location. See Fig. 3 for key. C) Photomicrograph of a
grainstone texture rich in oysters (0), which is the most representative microfacies of the transgressive higher-energy unit of Depositional Sequence B. Note also the
presence of intraclasts (I) and of a section of coral (C). Barranco de la Canal. See Fig. 9B for location. Scale = 1 mm. D) Close-up view of palaeokarst features found at
the top of highstand normal regressive carbonates of the Villarroya de los Pinares Formation. Camino de Camarillas. See Fig. 11A for location. Visible part of pencil =
12 cm. E) Detail of the palaeokarst infilling, which locally includes coarse fragments of echinoid spines and bivalve shells. Campillo Bajo. Visible part of pencil = 2.5
cm. F) Close-up view of the composite sequence boundary showing the subaerial unconformity (SU) with palaeokarst features and the superposed transgressive
surface (TS), which corresponds to a rockground exhibiting Gastrochaenolites. Campillo Bajo. See Fig. 3 for key. Pencil = 15 cm.
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4.1.2.2. Palaeoenvironmental and sequence-stratigraphic interpretation.
Aggrading inner parts of the highstand platform described at Las Min-
gachas crop out in the area of Camarillas (Figs. 1C and 3C). As a result of
sea-level fall, these more proximal highstand limestones with rudists and
corals were subaerially exposed and deeply incised (Figs. 9-10). The
incision with an erosional relief of up to around 50 m and a width of up
to 1.5 km, can be interpreted as a palaeo-valley. This unconformity
surface with palaeokarst features (Figs. 11D-F) corresponds to a
sequence boundary and separates Depositional Sequence A from Depo-
sitional Sequence B (Figs. 3C and 9-11A). The erosional surface incised
in bedrock exhibits a characteristic stepped-like profile, with ramps and
flats (Figs. 9-11A) corresponding to strath terraces, and resulting from
alternating periods of stream-cutting erosion and lateral planation. In
the proximal platform area of Camarillas, where accommodation
apparently was reduced during deposition, lower-rank emersion sur-
faces related to higher-order sea-level events were also recorded within
Depositional Sequence A (Bover-Arnal et al., 2009; see Fig. 9 in Gili
et al., 2016).

During subsequent sea-level rise, the irregular topography created
was flooded. Karst was filled with marine sediments (Figs. 11D-E) and
the rockground substrate was extensively bored by lithophagid bivalves.
The bedrock was also locally mineralized by iron oxides. Hence, the
rockground corresponds to a transgressive surface that was superposed
onto the subaerial unconformity giving rise to a composite sequence
boundary (Figs. 3 and 9-11A). During the early transgression, oyster-
bearing cross-bedded grainstones back-filled the incision created
(Bover-Arnal et al., 2009, 2011). The back-filling strata commonly show
yellow and orange colours that contrast with the gray colours marking
the incised highstand normal regressive platform carbonates
(Figs. 9-10).

The lower part of the palaeovalley infilling interpreted as early
transgressive could have also been deposited during the lowstand
normal regressive stage of relative sea level characterized at Las Min-
gachas (Fig. 3). However, stratal terminations and stacking patterns
indicative of sedimentation during a specific relative sea-level stage are
not present in these back-filling deposits. This is probably due to the
limited depositional space within the narrow and long incised valleys. In
this regard, incised valley-fill successions interpreted as transgressive
deposits are common (e.g., Dalrymple et al., 1992; Chaumillon et al.,
2008); also in Early Cretaceous examples (e.g., Ardies et al., 2002;
Zaitlin et al., 2002; Raven et al., 2010).

In the course of transgression, the carbonate factory supplying
sediment for these high-energy back-filling deposits became drowned
(Figs. 9-10A-B and 11B). Drowning is marked by a hardground with
iron-oxide mineralizations located at the top of the early transgressive
oyster-bearing grainstones. This drowning surface was buried by late
transgressive marls of the base of the Benassal Formation (Figs. 9 and
10A-B). Above the transgressive marls, platform carbonates of the
Benassal Formation with rudists, corals and nerineid gastropods,
correspond to highstand normal regressive deposits of Depositional
Sequence B (Fig. 9).

4.2. Early late Aptian case study

4.2.1. Loma de Camarillas

In this subsection, the lower upper Aptian succession of the Loma de
Camarillas site (Figs. 1C and 12) is analyzed for the first time. The
succession belongs to the lower part of the Benassal Formation and in-
cludes a major erosional surface (sequence boundary), which separates
depositional sequences B and C (Fig. 2). This section was logged
(Fig. 13), sampled and described with focus on the sequence-
stratigraphic interpretation and the characterization of the erosional
surface (Fig. 14).

4.2.1.1. Description of the sedimentary succession. In the Loma de
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Camarillas section, upper lower Aptian aggrading limestones rich in
rudists of the Villarroya de los Pinares Formation are overlain by a 9 m-
thick marl interval of terminal early and earliest late Aptian age
belonging to the Benassal Formation (Figs. 12A-B and 13). The marls are
characterized by the presence of large gastropods and levels with
scleractinian corals in growth position. From metre 9.5 to metre 20.5
(Fig. 13), the succession is constituted by aggrading lower upper Aptian
limestones with rudstone and floatstone textures dominated by rudists,
but also including benthic foraminifera, fragments of echinoids and
other molluscs. Above metre 20.5 and until metre 37.5 highly bio-
turbated nodular grey limestones rich in Permocalculus debris occur
(Figs. 12-13). Besides Permocalculus, these bioturbated platform top
carbonates also contain peloids, Mesorbitolina texana (Fig. 14A), mil-
iolids, other benthic foraminifera, serpulids, gastropods, oysters and
fragments of corals, rudists, other molluscs, echinoids and crinoids
(Fig. 13).

At metre 37.5 (Fig. 13), a subaerial unconformity with a local down-
cutting of c. 1 m into the lower upper Aptian aggrading Permoculaculus-
rich packstones of the lower Benassal Formation occurs (Figs. 12C-D and
14B-F). This erosional surface exhibits a flat-ramp geometry (Fig. 14B),
and palaeokarst features with a depth penetration of up to ¢. 9 cm that
are infilled with orangish carbonate (Figs. 14C-D). The palaeokarst-
infilling carbonate and the succession overlying the subaerial uncon-
formity from metre 37.5 to 42 are characterized by orangish limestones
with grainstone and packstone textures mainly made up of crinoid and
Permocalculus debris (Fig. 13). Other common to rare skeletal compo-
nents identified in this latter stratigraphic interval include miliolids,
other benthic foraminifera, gastropods, oysters, serpulids, and frag-
ments of other molluscs, crustaceans, bryozoans, corals and echinoids.
Non-skeletal grains include peloids, mud pebbles and drapes (Figs. 14C-
E), quartz grains, and other lithoclasts (Fig. 14E), which exhibit the same
facies as the underlying subaerially exposed greyish bioturbated pack-
stones rich in Permocalculus. From metre 37.5 to 42 (Fig. 13), the strata
are cross-bedded (Figs. 12C-D, 13 and 14F), include ripple marks, and
locally show mm- to cm-thick laminations (Figs. 14C-E). At metre 42,
the succession is cut by a thrust fault. Above, the underlying succession
of platform carbonates with rudists and bioturbated Permocalculus-rich
limestones is repeated and capped by a subaerial unconformity, which is
overlain by Miocene conglomerates.

4.2.1.2. Palaeoenvironmental and sequence-stratigraphic interpretation.
The Loma de Camarillas section (Fig. 1C) starts with the more proximal
parts of the highstand carbonate system of Depositional Sequence A. At
this site, the Villarroya de los Pinares limestones are stacked in an
aggrading pattern (Figs. 12A-B). These upper lower Aptian aggrading
limestones with rudists and corals terminate with an incised subaerial
unconformity; this is clearly shown in the vicinity of the town of Cam-
arillas (Figs. 1C and 9-10), and in La Serna, to the east of the town of
Jorcas, in the western limb of the Camarillas syncline (Fig. 1C; see
Bover-Arnal et al., 2015).

With the subsequent transgressive event of Depositional Sequence B
(Figs. 2, 12A-B and 13), a transgressive surface was superposed onto the
subaerial unconformity. During the transgression, terminal lower and
lower upper Aptian marls (lower part of the Benassal Formation) were
deposited. The entire corals in life position recognized within the marl
interval are indicative of slopes and distal platform environments
(Bover-Arnal et al., 2012). The maximum flooding surface of Deposi-
tional Sequence B is traced along the top of this marl interval coinciding
with the first downlap surface of platform carbonates with rudists
(Figs. 12A-B and 13). The rudist-bearing strata and the above aggrading
bioturbated limestones dominated by Permocalculus debris are inter-
preted as a highstand normal regressive succession (Figs. 12-13). As a
result of sea-level fall during the uppermost Epicheloniceras martini
ammonoid biozone (Fig. 2; see Bover-Arnal et al., 2016), these high-
stand platform carbonates, which are also part of the Benassal
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Fig. 12. Loma de Camarillas. A) Panoramic view of the lower part of the succession studied. B) Interpretation of Fig. 12A including the lithostratigraphic units, the
sequence-stratigraphic framework, and the location of figs. 12C-D and the lower part of the stratigraphic log shown in Fig. 13. Width of image = ¢. 200 m. C)
Panoramic view of the upper part of the succession studied, which belongs to the Benassal Formation. D) Interpretation of Fig. 12C including the sequence-
stratigraphic framework, and the location of figs. 14B-F and the upper part of the stratigraphic log shown in Fig. 13. Width of image = c. 60 m. See Fig. 3 for key.
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Fig. 13. Sedimentary log of the lower upper Aptian succession of Loma de Camarillas including depositional sequences B and C. The stratigraphic section displays the
sequence-stratigraphic analysis, the stratigraphic position of the samples collected, the lithostratigraphic units, the lithologies, the bedding, the textures, the sedi-
mentary features, the location of figs. 14A-F, and the stratigraphic position of the skeletal and non-skeletal components identified. See Fig. 12 for location of the

section. See Figs. 3-4 for key.

Formation, were subaerially exposed, eroded and karstified (Figs. 12C-
D, 13 and 14B-F).

During the subsequent transgression of Depositional Sequence C,
packstone and grainstone carbonates infilled palaeokarst hollows
(Figs. 14C-D), onlapped the ramps and covered the flats of the erosional
surface carved into the underlying highstand normal regressive Permo-
calculus-rich packstones of Depositional Sequence C (Fig. 14B). The
earliest transgressive deposits (Benassal Formation) resemble microbial
mats developed in tidal coastal settings given that they are laminated to
thinly-bedded (Figs. 14C-E) and show ripple marks (Fig. 14E) and mud
pebbles and drapes (Figs. 14C-E). Such sedimentary features are known
from modern tidal environments (e.g., Franks and Stolz, 2009; Stal,
2012; Semeniuk, 2018). Furthermore, the basal laminated succession
includes intraclasts that were eroded from the underlying highstand
succession and resedimented within the earliest transgressive deposits
(Fig. 14E). The overlying packstone and grainstone orangish limestones
rich in crinoid and Permocalculus debris exhibiting cross-bedding
(Figs. 13 and 14F) indicate the establishment of higher-energy condi-
tions during later stages of early transgression.

4.3. Amplitude of the Aptian relative sea-level fluctuations

The amplitude of the late early and early late Aptian major sea-level
fluctuations can be estimated by measuring the depths of the incisions
visible in the field (Figs. 9-10, 14B and 15). The incised erosional pro-
files formed during the late early Aptian sea-level drop in the Galve Sub-
basin show maximum depths of around 15 m in the Campillo Bajo
(Figs. 1C and 10A-B), and between 50 and 60 m in the Barranco de la
Canal (Figs. 1C and 9; see also Peropadre et al., 2013). In the nearby La
Serna creek (Fig. 1C), still within the Galve Sub-basin, Bover-Arnal et al.
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(2015) reported a late early Aptian incision depth of up to 21 m. Taking
the maximum depth measured on these incisions as an estimation, the
amplitude of the late early Aptian sea-level fall in the Maestrat Basin was
of around 50-60 m.

The lower upper Aptian sedimentary succession which recorded a
major relative sea-level fall and rise analyzed in the Loma de Camarillas
(Fig. 1C) does not show a deeply incised erosional profile. Incised valleys
are local features, and in thrusted and eroded ancient successions the
chances to find them exposed in outcrop are low. The lower upper
Aptian subaerial unconformity investigated is slightly incised and cuts
down into highstand platform carbonates of the Benassal Formation by
as much as 1 m (Fig. 14B). This irregular surface exhibits palaeokarst
features and is overlain by high-energy tidally-influenced carbonates
(Figs. 12C-D and 14B-F).

The lower upper Aptian incised valley present in La Mola d’en
Camaras (Fig. 15) in the Morella Sub-basin (Fig. 1B) is the best preserved
in the Maestrat Basin. Bover-Arnal et al. (2014) measured a minimum
depth of 115 m for this incision (Fig. 15). However, considering the
Neogene to present-day erosion of La Mola d’en Camaras, the depth of
the incised valley could have been >140 m (Bover-Arnal et al., 2014).
Therefore, the amplitude of the major early late Aptian sea-level drop
identified in the Maestrat Basin was in the order of 115 to 140 m, at
least.

Major relative sea-level falls, surfaces of subaerial exposure and/or
erosion, or significant sedimentary gaps were not identified in the
Aptian valley-fill successions studied. The sedimentary infills described
mainly show tidally-influenced grainstone deposits (Figs. 9-10 and 11A-
C). These early transgressive higher-energy deposits are commonly
capped by a hardground and buried by late transgressive marls (Figs. 9,
10A-B and 11B). Thus, the Aptian incised valleys were completely back-
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Fig. 14. Loma de Camarillas. A) Photomicrograph of a specimen of Mesorbitolina texana showing the embryonic apparatus. Highstand normal regressive platform
carbonates of the Benassal Formation (early late Aptian). Depositional Sequence B. Scale = 1 mm. See Fig. 13 for location. B) Panoramic view of the lower upper
Aptian erosional subaerial unconformity incised into the highstand normal regressive platform top carbonates of the Benassal Formation. Note how the transgressive
surface is superposed onto the subaerial unconformity giving rise to a composite sequence boundary. This surface limits depositional sequences B and C. See Fig. 3 for
key and Figs. 12D and 13 for location. C) Close-up view of the sequence boundary between depositional sequences B and C exhibiting palaeokarst features, which are
found at the top of highstand normal regressive carbonates of the Benassal Formation. Note that the karst penetration depth is around 7 cm and how the sequence
boundary corresponds to an irregular erosional surface. Note also the presence of mud drapes. See Fig. 3 for key and Figs. 12D and 13 for location. D) Detail of the
erosional subaerial unconformity exhibiting infilled palaeokarst features, which show a depth penetration of c. 9 cm. Note the presence of thin mud drapes. See Fig. 3
for key and Figs. 12D and 13 for location. E) Close-up view of the irregular subaerial unconformity overlain by thinly bedded strata belonging to transgressive
deposits of Depositional Sequence C. Note the presence of mud pebbles and of a lithoclast made up of highstand normal regressive platform top carbonates of
Depositional Sequence B. Insect, and camera cap (= 5.8 cm) for scale. See Fig. 3 for key and Figs. 12D and 13 for location. F) Outcrop view of the composite sequence
boundary between the highstand platform top carbonates rich in Permocalculus and the higher-energy cross-bedded transgressive packstones and grainstones con-
taining abundant crinoid and Permocalculus debris. Hammer = 32 cm. See Fig. 3 for key and Figs. 12D and 13 for location.
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Fig. 15. La Mola d’en Camaras. A) Panoramic view of the lower upper Aptian disconformity cropping out in the south-western face of the La Mola d’en Camaras in
the Morella Sub-basin (see Bover-Arnal et al., 2014). B) Sequence-stratigraphic interpretation of Fig. 15A. Note the stepped nature of the deeply incised unconformity
surface down-cutting at least 115 m into the underlying Aptian record. See also key in Fig. 3.

filled during subsequent early transgression by marine deposits corre-
sponding to a single depositional sequence (=simple fill sensu Zaitlin
et al., 1994). Accordingly, the amplitudes of relative sea-level rise suc-
ceeding the late early and early late Aptian relative sea-level drops
would have been of similar magnitude to those estimated for each major
fall in relative sea level, i.e., 50-60 m and 115-140 m, respectively.

4.4. Assessment of the forced regressive wedge of Las Mingachas outcrop

Bover-Arnal et al. (2009) estimated a late early Aptian sea-level drop
of c. 60 m at the platform margin of Las Mingachas by measuring the
topographic difference between the top of the preserved preceding
highstand platform carbonates (c. 1362 m; Fig. 6A) and the top of the
forced regressive wedge of Depositional Sequence A (c. 1302 m; Figs. 3
and 5A-B). This amplitude of sea-level drop is in line with that obtained
by measuring the depth of the upper lower Aptian incised valley present
in the Barranco de la Canal (i.e., 50-60 m; Figs. 1C and 9).

The upper lower Aptian forced regressive grainstone wedge cropping
out in Las Mingachas shows conspicuous sedimentological differences
compared to the early transgressive grainstone deposits of late early
Aptian age filling in incised valleys. The forced regressive basin floor
component has a local significance, and does not crop out outside of Las
Mingachas area, and has a lateral extension of <500 m (Fig. 3A-B). The
early transgressive grainstone deposits, however, can be traced laterally
for over one kilometre (Figs. 9 and 10). The forced regressive grainstone
(Depositional Sequence A) containing Permocalculus and Orbitolinopsis
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exhibits faint low-angle cross-bedding and overlies a sharp surface
capping deeper-water basinal marly deposits (Figs. 3-5). The base and
lower part of this grainstone succession is highly bioturbated and lacks
mud pebbles and/or mud drapes (Figs. 4 and 5). On the other hand, the
early transgressive grainstone deposits (Depositional Sequence B)
covered erosional and irregular surfaces (Figs. 9 and 10), and bio-
turbation features are not prominent. They do exhibit tidal bundles,
bidirectional sedimentary structures (Fig. 11B) and well-marked
undirectional cross-bedding. The lower part of these transgressive
grainstone units frequently shows mud pebbles and drapes, which are
indicative of erosion and reworking of lime mud deposited on the
rockground during earliest transgression. Locally, these transgressive
high-energy deposits also display conglomerate deposits.

Another difference between the forced regressive and transgressive
grainstone units recognized in this study is that the transgressive
grainstone deposits are not overlain by rudist- and coral-dominated
carbonate platforms. They are topped by a hardground surface (see
Fig. 14D in Bover-Arnal et al., 2015) and buried by late transgressive
marls (Figs. 9, 10A-B and 11B). In contrast, the upper lower Aptian
grainstone units interpreted as forced regressive successions in Las
Mingachas (Figs. 3 and 5A-B) and also in the Mola de la Garumba
(Morella Sub-basin; Fig. 1B; see Bover-Arnal et al., 2014) are down-
lapped by lowstand platforms containing rudists and corals.

Forced regressive strata associated with the late early Aptian sea-
level fall have only been identified in the platform to slope to basin
transition area of Las Mingachas (Figs. 3-5) and in the Morella Sub-basin
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(Bover-Arnal et al., 2014). The outcrop of Las Mingachas is unique while
it shows two platform margins, one of a highstand platform (Fig. 6A) and
a second one of lowstand platform (Fig. 6B). Both are very well-
preserved and exposed in a small area of only 0.15 km? (Figs. 3A-B).
Of significance is also that the Aptian sedimentary record of Las Min-
gachas can be studied in three dimensions exhibiting striking stacking
patterns and stratal terminations (Figs. 3A-B and 6), which are
commonly only recognizable on seismic lines.

4.5. Differing sequence-stratigraphic interpretations of Las Mingachas
outcrop

In a different interpretation, Peropadre et al. (2013) reported up to
six different regional composite scour surfaces (sequence boundaries)
related to subaerial erosion for the upper lower Aptian succession of the
Galve Sub-basin. The incised subaerial unconformity documented by
Bover-Arnal et al. (2009) that separates depositional sequences A and B
in the area of Camarillas (Figs. 1C and 9-10) corresponds to the regional
composite scour surface VI of Peropadre et al. (2013). Peropadre et al.
(2013) interpret this surface to truncate the carbonates of the Villarroya
de los Pinares Formation in Las Mingachas outcrop as well. In contrast,
Bover-Arnal et al. (2009) correlates the subaerial unconformity capping
highstand platform top carbonates of Depositional Sequence A with a
correlative conformity located at the top of a forced regressive wedge in
Las Mingachas area (Fig. 3). In Las Mingachas outcrop, Peropadre et al.
(2013; Fig. 7 therein) arranged the succession into a transgressive and
two consecutive regressive systems tracts. These authors included the
stratigraphic unit interpreted as a forced regressive wedge by Bover-
Arnal et al. (2009, 2010, 2011) into their transgressive systems tract II.

Following Peropadre et al. (2013), Pomar and Haq (2016) ques-
tioned the late early Aptian sea-level fall recorded as a basin floor
component in Las Mingachas and interpreted this grainstone wedge as a
transgressive deposit. Pomar and Haq (2016) seek to refute the sub-
basin scale sequence-stratigraphic framework discussed extensively by
Bover-Arnal et al. (2009) but so merely by studying a stratigraphic in-
terval with an extent of only 5 m in width and 15 m in thickness, which
are approximated values, as their Fig. 25 lacks a precise scale. Although
the rocks should be the same, the biotic content and its stratigraphic
distribution, as well as some lithologies for this stratigraphic interval
reported in their review are not in agreement with our observations
(Fig. 16; compare also Fig. 25 in Pomar and Haq, 2016 with the present
paper’s subsection 4.1.1.1.). Besides, Pomar and Haq (2016) mis-
correlate stratigraphic surfaces as their ‘M’ surface does not correlate
with our basal surface of forced regression (Fig. 16; compare also Fig. 25
in Pomar and Haq, 2016 with Figs. 10-11 in Bover-Arnal et al., 2009 and
Figs. 4-5 in this paper). The base of the grainstone unit as miscorrelated
by Pomar and Haq (2016) and referred as surface ‘M’ is c. 1.5 m above
the basal surface of forced regression interpreted by Bover-Arnal et al.
(2009).

Finally, Pomar and Haq (2016) re-interpret the transition from the
basin marls of the Forcall Formation (see Figs. 3-6A and 7A), which are
dominated by large-sized discoidal P. lenticularis (Figs. 7C-D), to the
grainstone wedge rich in Permocalculus, lumps of M. lugeoni and small-
sized conical Orbitolinopsis (Figs. 8C-D; and not Orbitolina as Pomar
and Haq, 2016 report) belonging to platform carbonates of the Villar-
roya de los Pinares Formation as a transgression. Pomar and Haq (2016)
support this re-interpretation on the following rationale: “The grainstone
unit 1) overlies marls with in-situ shallow water components, 2) it contains in
its lower part reworked components from the underlying marls, and 3) these
reworked shallow-water components disappear in the upper part’. Each of
the arguments is discussed below:

1) Pomar and Haq (2016) neither illustrate or precisely determine
these “in-situ” shallow-water components nor provide a taphonomic
analysis supporting their autochthonous nature. The uppermost part of
the marls of the Forcall Formation underlying the grainstone unit in Las
Mingachas (Fig. 5) contains skeletal grains characteristic of platform-top
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settings such as rudists, corals and Permocalculus (Figs. 4 and 8A-B).
However, these skeletal components are subordinate, and they appear as
highly abraded and fragmented clasts (Figs. 8A-B) within marls and
marly-limestones dominated by well-preserved tests of deeper-water
biota such as large-sized discoidal P. lenticularis (see van Buchem
et al., 2002) (Fig. 4). These marly deposits are laterally correlatable to
topographically higher lying prograding carbonate slopes of a highstand
platform (Fig. 3). Accordingly, the rudist, coral and Permocalculus debris
are interpreted to have been shed from the platform top and transported
downslope into the basin (see subsection 4.1.1.2.). Such re-
sedimentation processes during highstand stages of sea level are
widely known from ancient and modern carbonate platforms (e.g.,
Schlager et al., 1994; Everts et al., 1999; Reijmer et al., 2012, 2015).

2) Pomar and Haq (2016), again, do not document or show these
reworked components from the underlying marls that they assert to be
present in the grainstone unit. Moreover, they also do not report the
biostratinomic features they identified suggesting reworking of skeletal
components from the underlying marls into the grainstone unit. The
forced regressive wedge interpreted by Bover-Arnal et al. (2009) mainly
exhibits packstone to grainstone textures (Fig. 4 and 8C-D). Hence, all
the skeletal and non-skeletal components constituting these grain-
supported textures are resedimented or reworked. In any case, the fact
that the grainstone wedge could contain in its lower part reworked
components from the underlying marls, is not incompatible with a
higher-energy regressive nature of the deposit.

3) Throughout the grainstone wedge, shallower water components
such as fragments of corals, Permocalculus and rudists not only do not
disappear (Figs. 4 and 16) but dominate the facies together with other
shallow-water skeletal grains such as M. lugeoni and Orbitolinopsis
(Figs. 8C-D). The latter species do not occur below the basal surface of
forced regression (Figs. 3-5 and 16). Therefore, and according to the
results presented, no evidence of rising sea level occurs at the base of the
grainstone wedge (BSFR in Figs. 3-5 and 16) but instead a change from a
basinal deeper-water low-energy environment to shallower-water
hydro-dynamically energetic conditions: a regression.

The interpretation of this upper lower Aptian grainstone wedge to
represent a regression was again discussed as “erroneous” by Pomar
(2020). Interestingly, the succession that Pomar (2020) interprets as a
“highstand systems tract” is described and discussed by Bover-Arnal
et al. (2009) as the lowstand carbonate platform downlapping over the
forced regressive wedge (Fig. 16). This platform starts prograding, ends
aggrading, and shows downlap stratal terminations (see Figs. 3 and 6B-
D). All these features are in accordance with the current definition of a
lowstand normal regression (e.g., Catuneanu et al., 2009).

In this publication we aim to provide (i) an interpretation that is
based on a variety of original datasets collected from a large series of
outcrops, and (ii) a sub-basin-wide characterization of this late early
Aptian sea-level fall employing different scales of observation (see
subsections 4.1.1.1. and 4.1.1.2.) to avoid misunderstanding, because a
likely way to misinterpret geological outcrops is to take a look too
closely from a single perspective. Based on all data an interpretation will
be discussed, but the vast series of outcrop data and figures presented in
this manuscript will allow for the reader to evaluate in detail the in-
terpretations made and hence to agree or disagree with that presented
here.

4.6. Duration of the Aptian relative sea-level fluctuations

The duration of the late early and early late Aptian major relative
sea-level fluctuations is next estimated by means of published numerical
ages and ammonoid biostratigraphy. Dufrenoyia furcata and D. dufrenoyi
ammonoid specimens have been found in several depocentres of the
Maestrat Basin, including the western limb of the Miravete anticline in
the Galve Sub-basin (Fig. 1C; Bover-Arnal et al., 2010). They occur in the
upper part of the basinal marls of the Forcall Formation and in the marly
lowermost part of the Benassal Formation (Moreno-Bedmar et al., 2010,
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Fig. 16. Differing interpretations of Las Mingachas outcrop. A) View of the sedimentary wedge interpreted as a forced regressive unit, which is underlain by
highstand normal regressive and transgressive basinal marly deposits and overlain by the prograding slopes of a lowstand normal regressive platform. B) Inter-
pretation of Fig. 16A including the lithostratigraphic units and the sequence-stratigraphic framework. The location of the photograph shown in Figs. 16C-D is
indicated. See Fig. 3 for key and location. C) Close-up view of Fig. 16B showing the sequence-stratigraphic interpretation and the dominant skeletal components
recognized in each genetic type of deposit. See Fig. 4 for a detailed description of the fossil content present in this stratigraphic interval. Note how the basal surface of
forced regression corresponds to a sharp surface separating highstand basinal marls with Palorbitolina and debris of platform top biota (below) from a forced
regressive thick marly-limestone and limestone unit (above) containing Orbitolinopsis and abundant lumps of Marinella and fragments of corals, rudists and Per-
mocalculus. The nodular aspect of the lower part of this forced regressive wedge is due to intense bioturbation. The sequence boundary (correlative conformity)
between depositional sequences A and B is interpreted to be located at the downlap surface of lowstand slope deposits onto the underlying higher-energy cross-
bedded forced regressive unit. The interpretations are after this study and Bover-Arnal et al. (2009). See Fig. 3 for key. D) Interpretation of the same outcrop by
Pomar and Haq (2016) and Pomar (2020). Note how the dominant biotic content they report for each interval, as well as their sequence-stratigraphic and envi-
ronmental interpretations differ from the results presented in this paper and Bover-Arnal et al. (2009). Pomar and Haq (2016) and Pomar (2020) correlate the basal
surface of forced regression of Bover-Arnal et al. (2009) to their ‘M’ surface. Note, however, that the basal surface of forced regression of Bover-Arnal et al. (2009) is a
different surface, located c. 1.5 m below the ‘M’ surface of Pomar and Haq (2016) and Pomar (2020). TST = Transgressive Systems Tract. HST = Highstand Sys-
tems Tract.

<

2012; Bover-Arnal et al., 2010, 2014, 2016; Garcia et al., 2014). How- duration of this biozone is longer, 4.96 My. In Gale et al. (2020), the

ever, there are exceptions such as in the Oliete Sub-basin (Fig. 1B) where estimated duration of the E. martini Zone is much shorter, c. 1.2 My.
the Forcall Formation only recorded the uppermost part of the Nevertheless, regardless of the version of the Geological Time Scale
Deshayesites forbesi Zone (Moreno-Bedmar et al., 2010; Garcia et al., followed, the early late Aptian major sea-level fluctuation with an
2014), or the eastern limb of the Miravete anticline in the Galve Sub- amplitude of >115 m occurred in the upper part of the E. martini Zone
basin (Fig. 1C), where the upper part of the Forcall Formation con- (Fig. 2), and thus its duration would have been <3 My.

tains ammonites belonging to the Deshayesites deshayesi Zone (Bover-
Arnal et al., 2010). Moreover, in Las Mingachas (Galve Sub-basin),

Dufrenoyia ammonite specimens were collected within the forced 47 Global significance of the Aptian relative sea-level ftuctuations
regressive wedge of Depositional Sequence A and the slopes of the ) ) )
lowstand platform of Depositional Sequence B (Fig. 3; Bover-Arnal et al., Roughly coeval major relative sea-level falls and rises have been

2009). Dufrenoyia furcata and D. dufrenoyi are index-species of the reported from other Aptian successions worldwide (Fig. 17; e.g., Rohl
D. furcata biozone (e.g., Reboulet et al., 2018). According to the and Ogg, 1998; Gréselle and Pittet, 2005; Rameil et al., 2012; Maurer
ammonite findings, the D. furcata Zone spans in the western limb of the et al., 2010, 2013; Bover-Arnal et al., 2014, 2016; Horner et al., 2019;
Miravete anticline (Fig. 1C) the upper part of the Forcall Formation, the Ray et al., 2019; Simmons et al., 2020). Furthermore, the age and

entire Villarroya de los Pinares Formation and the lowermost part of the amplitude of the late early Aptian sea-level fall reported from eastern
Benassal Formation (Fig. 2). Hence, the major relative sea-level fluctu- Iberia matches well with the global sea-level event KAp2 of Haq (2014).
ation recorded in the upper lower Aptian Villarroya de los Pinares This sea-level event had a relative medium amplitude of 25-75 m and
Formation occurred within the D. furcata Zone (Fig. 2). In accordance occurred around the early/late Aptian boundary (Hag, 2014). On the
with the numerical ages presented in Gradstein et al. (2004, 2012) and other hand, according to the ammonoid occurrences and age de-
Ogg et al. (2016), this biozone had a duration of 0.9 My, whereas in a terminations based on strontium-isotope stratigraphy reported in the
more recent version of the Geological Time Scale, Gale et al. (2020) give Maestrat Basin (Bover-Arnal et al., 2014, 2016), the early late Aptian
a duration of 0.4 My for this biozone. Therefore, the late early Aptian sea-level drop studied shows a good correlation with the medium to
major fall and subsequent early rise of relative sea-level with an major magnitude event KAp4 of Haq (2014). Therefore, only remarkable
amplitude of around 50-60 m occurred in <0.9 My. examples of Aptian major relative sea-level swings recorded in the
In the Maestrat Basin, Epicheloniceras ammonites occur in the marl Iberian, Arabian and Eurasian plates are next discussed.

interval of the lower, non-basal part of the Benassal Formation above the In the North Cantabrian Basin (Iberian Plate), Schlagintweit et al.
D. dufrenoyi occurrences (Moreno-Bedmar et al., 2010; Garcia et al., (2016) interpreted two transgressive-regressive sequences (II and III) of
2014; Bover-Arnal et al., 2016). This marly succession mainly corre- early and late Aptian age that match well with the chronology of
sponds to the transgressive stage of Depositional Sequence B (Fig. 2). On depositional sequences A and B characterized herein (Fig. 2). Fernandez-
the other hand, specimens of Parahoplites occur in the second marl in- Mendiola et al. (2013), also in the Basque-Cantabrian Basin, docu-
terval of the Benassal Formation corresponding to transgressive deposits mented the subaerial exposure of two consecutive upper lower Aptian
of Depositional Sequence C. The latter marl unit overlies the regressive ~ highstand carbonate platforms belonging to the Zamaia Formation. The
and early transgressive platform carbonates of the lower part of the Zamaia Formation, which correlates with the upper D. furcata Zone, is
Benassal Formation that recorded a major early late Aptian sea-level fall overlain by lower upper Aptian transgressive marlstones of the Bilbao
and rise (Fig. 2). These platform carbonates were deeply incised in the Formation (Fernandez-Mendiola et al., 2013), and thus this sedimentary
Morella Sub-basin (Figs. 1B and 15; see Bover-Arnal et al., 2014). A evolution and its timing shows remarkable similarities to the passage
rudist shell collected in the upper part of the valley-fill succession of La from the regressive and subaerially exposed platform carbonates of the
Mola d’en Camaras (Fig. 15) was dated by Bover-Arnal et al. (2016) Villarroya de los Pinares Formation to the transgressive marls of the
using strontium-isotope stratigraphy based on McArthur et al. (2001) lower part of the Benassal Formation in the Maestrat Basin (Fig. 2).

and Gradstein et al. (2004). The age interval obtained was 118.93 Ma The evolution of the Aptian carbonate succession rich in rudists,
(+0.73/—0.7), which correlates with the upper part of the Epi- corals, orbitolinids and L. aggregatum of the Shu’aiba Formation (eastern

cheloniceras martini and lowermost Parahoplites melchioris ammonoid Arabian Plate; see e.g., Pittet et al., 2002; Hillgartner et al., 2003; Va?
biozones (Bover-Arnal et al., 2016). Therefore, the early late Aptian Buchem et al., 2002, 2010; Yose et al., 2006; Maurer et al., 2010; Rameil

major sea-level drop and subsequent early rise recorded in the lower et al, 2012), also shows striking similarities to that of the time-
part of the Benassal Formation did occurr within the upper E. martini equivalent platforms of the Villarroya de los Pinares Formation of the
Zone, perhaps also including the lowermost part of the P. melchioris Zone Maestrat Basin (e?stern. Iberian Plate; Figs. 1B, 2 and 3). Upper low.er—
(Fig. 2). According to the ammonoid biostratigraphy tied to numerical lower upper Aptian highstand platform carbonates of the Shu’aiba
ages in Gradstein et al. (2004), the E. martini ammonoid Zone had a Formation were subaerially exposed because of major sea-level fall (van

duration of 3 My. In Gradstein et al. (2004) and Ogg et al. (2016), the Buchem et al., 2010; Yose et al., 2010; Maurer et al., 2010, 2013). The
estimated amplitude for this sea-level drop varies among the authors,
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Fig. 17. Locations with geological evidence for major relative sea-level falls and rises during the early Aptian (including the early/late Aptian boundary) and the late
Aptian. Where reported, estimates of the amplitude of sea-level change are indicated. The occurrence of roughly coeval Aptian major sea-level falls and rises in
different tectonic plates, including the records of incised valleys in Iberia, Eurasia, Arabia and North America, is strong evidence for major eustatic fluctuations
during the Aptian Stage. The data from the different locations are taken from 'this study; *Bover-Arnal et al. (2009, 2015, 2016); 3Schlagintweit et al. (2016);
4Fernandez-Mendiola et al. (2013); SHfaiedh et al. (2013); SMehrabi et al. (2018); “Wilmsen et al. (2015); 8yilmaz and Altiner (2006); SRuberti et al. (2013);
10Graziano and Raspini (2015, 2018); Husinec et al. (201 2); 12adatte et al. (2005) and Pictet et al. (201 5); 13R6hl and Ogg (1998); 14Sahagian et al. (1996), Zorina
and Ruban (2012) and Zorina (2014, 2016); 15yan Buchem et al. (2018); 16yan Buchem et al. (2002, 2010), Hillgartner et al. (2003), Maurer et al. (2010, 2013),
Raven et al. (2010), Yose et al. (2010) and Rameil et al. (2012); 1”Horner et al. (2019); *®Bover-Arnal et al. (2014, 2016); 1°Hfaiedh et al. (2013), Ben Chaabane et al.
(2021); ZGraziano et al. (2016); 2'Adatte et al. (2005); 22Sahagian et al. (1996); 22Medvedev et al. (2011).

but ranges between 30 and 80 m (van Buchem et al., 2002; Hillgartner
et al., 2003; Maurer et al., 2010, 2013; Raven et al., 2010). Thus, the
estimated amplitude for the late early Aptian relative sea-level fall in the
Maestrat Basin (i.e., 50-60 m) agrees with those proposed for the eastern
Arabian Plate. The subaerial exposure of the Shu’aiba Formation rocks
started at the early/late Aptian boundary and reached into the late
Aptian (van Buchem et al., 2010; Rameil et al., 2012; Maurer et al.,
2013). On the contrary, in the Maestrat Basin, after a major fall in
relative sea level in the late early Aptian (Figs. 9-10), a subsequent
transgression commenced in the latest early Aptian, which was followed
by a second major drop of early late Aptian age (Figs. 2, 12C-D, 13, 14B-
F, 15 and 17; Bover-Arnal et al., 2014, 2016).

As described for the upper lower Aptian unconformity documented
in the Maestrat Basin (Figs. 2, 9-10 and 11D-F), the top Shu’aiba un-
conformity shows palaeokarst features linked to subaerial exposure
(Raven et al., 2010; Rameil et al., 2012). The latter surface is also su-
perposed by iron oxide stains and lithophagid borings formed during the
posterior earliest transgressive stage, and before the deposition of the
overlying Nahr Umr Formation (Rameil et al., 2012).

On the Eurasian Plate, subaerial exposure surfaces capping upper
lower Aptian platform carbonates were reported from southern Italy
(Ruberti et al., 2013). These latter authors recognized up to ten different
levels with palaeokarst filled with bauxite deposits within an upper
lower-lower upper Aptian carbonate succession from the Matese
Mountains. Still in the Matese Mountains, Graziano et al. (2016) studied
a plant-rich Plattenkalk of early late Aptian age developed during a
phase of long-lasting emersion that occurred in the uppermost E. martini
biozone. Therefore, this phase of emersion was contemporaneous with
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the lower upper Aptian major disconformity characterized in the Galve
and Morella sub-basins (Figs. 2, 12C-D, 13, 14B-F, 15 and 17). At the
Sorrento Peninsula (southern Italy), Graziano and Raspini (2015, 2018)
analyzed a major erosional unconformity (disconformity) related with
relative sea-level fall around the early/late Aptian boundary. Even more
interestingly, Graziano and Raspini (2015, 2018) also identified and
numerically dated a lower upper Aptian erosional surface truncating
shallow-marine carbonates that is overlain by charophyte-rich lime-
stones. This fall in sea-level was interpreted by Graziano and Raspini
(2015, 2018) as triggered by glacio-eustasy and these authors provided a
nummerical age of 118.2 Ma for the erosional surface. This age is very
similar to the numerical age of 118.93 Ma (+0.73/—0.7) obtained by
Bover-Arnal et al. (2016) for the upper part of the preserved trans-
gressive succession of Depositional Sequence C (Fig. 2), which back-fills
the deeply incised unconformity cropping out in La Mola d’en Camaras
(Fig. 15) in the Morella Sub-basin (Fig. 1B).

A major loss of accommodation occurring during the late early
Aptian was also recorded by Cretaceous carbonate platforms that
flourished along the margin of the Vocontian Basin (e.g., Adatte et al.,
2005; Pictet et al., 2015). This late early Aptian relative sea-level drop
occurred within the D. dufrenoyi subzone (upper part of the D. furcata
Zone) (e.g., Pictet et al., 2015), as recognized in the Maestrat Basin
(Fig. 2). Associated with this fall in relative sea level is a major erosional,
locally incised, unconformity (SbA3 in Adatte et al., 2005; D3 in Pictet
etal., 2015). Pictet et al. (2015) measured a down-cutting of around 5 m
in the Michelet section, whereas Adatte et al. (2005) gave an estimation
of around 70 m for this late early Aptian relative sea-level fall. This latter
magnitude of relative sea-level change is similar to the amplitude
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estimated for the late early Aptian relative sea-level drop in the Maestrat
Basin (i.e., 50-60 m; see Fig. 17). A second major fall in relative sea-level
of early late Aptian age is recorded as a subaerial unconformity with
palaeokarst development above in the succession in the Vercors Massif
(Adatte et al., 2005) (Fig. 17).

4.8. Origin of the Aptian relative sea-level fluctuations

In all the incised erosional profiles described, the incised strata
exhibit similar dips and dip directions to those of the deposits that back-
filled the incision (Figs. 9-11A and 14B). Furthermore, in outcrops that
were not significantly tilted, the apparent dip of the bedding of the
incised bedrock and incision-fill succession is roughly horizontal
(Fig. 10A-B). Another remarkable example of a rather tectonically un-
deformed incised valley exhibiting these characteristic sedimentary
features is that of early late Aptian age found in La Mola d’en Camaras in
the Morella Sub-basin (Figs. 1B and 15; see Bover-Arnal et al., 2014).
Therefore, the Aptian sedimentary record of relative sea-level oscilla-
tions do not show angular stratal relationships between the successions
truncated and the overlying or infilling deposits (Figs. 9-11A, 14B and
15). This suggests the absence of tectonic tilting of the sedimentary
succession during the Aptian sea-level changes identified.

The thicknesses of the Aptian successions recorded in the Maestrat
Basin range from few metres (e.g., Salas, 1987) to >1300 m (e.g., Yao
et al., 2020). With such variable and thick sedimentary records, it is
evident that synrift subsidence played a role in controlling accommo-
dation during the Aptian. Nevertheless, layers of rock uplifted 50-60 m
without folding or tilting, exposed subaerially and incised, and then
straightaway subsiding 50-60 m without folding or tilting while marine
deposition resumes, and these occurring in a period <0.9 My, seems
implausible. Therefore, according to the magnitude and global signifi-
cance of the relative sea-level swings documented, the Aptian deeply
incised unconformities and transgressive valley fills characterized are
interpreted as resulting mainly from eustasy-driven sea-level
fluctuations.

Ray et al. (2019) provided a synthesis of published estimations of
magnitudes of relative sea-level change recorded during the Cretaceous
in several basins worldwide. In this review, they noted that the ampli-
tudes of relative sea-level change reported for the Aptian were signifi-
cantly larger than those documented for older stages such as the
Hauterivian and Barremian. The Hauterivian-Barremian major relative
sea-level fluctuations typically reflect amplitudes between 30 and 40 m,
whereas during Aptian times amplitudes of up to 60 m, with occasional
larger events, were attained (Ray et al., 2019). These results fit well with
the amplitude estimations measured in the Aptian record studied. In
addition, Ray et al. (2019) also discussed the widespread development
of deeply incised erosional profiles occurred during the Aptian, as shown
in this paper (Figs. 9-10 and 15). Finally, Ray et al. (2019) concluded
that Aptian amplitudes of relative sea-level change of >40 m likely
resulted from glacio-eustasy. In fact, the amplitude and duration of the
late early Aptian relative sea-level swing characterized in the Maestrat
Basin, 50-60 m in <0.9 My, falls within the field of glacio-eustasy, i.e.,
tens of metres in <1 My (e.g., Immenhauser, 2005; Miller et al., 2005;
Ray et al., 2019).

The late Pleistocene ice age resulted in a c. 120 m global sea-level
drop (e.g., Fairbanks, 1989; Voris, 2000) during the marine isotope
stage 2 (MIS 2; e.g., Lisiecki and Raymo, 2005). That required an
expansion of continental ice in the northern hemisphere equivalent to
covering half of North America and significant parts of Europe and Asia
(e.g., Batchelor et al., 2019). Therefore, the interpreted relative sea-level
excursion of 50 to 60 m in these (Figs. 3 and 9-10) and other late early
Aptian sections worldwide would require a continental ice covering
about half of that area. Regarding the sea-level fall of c. 115 m amplitude
interpreted in the early late Aptian record of the Maestrat Basin
(Fig. 15), the required volume of continental ice sheets should have been
around late Pleistocene scales. Such significant glaciations should then
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have produced major glacial till, loess silt, glacial-marine sediments and
scouring into the ice-covered regions (see e.g., Domack, 1983; Brugger,
2006; Quirk et al., 2022).

Heimhofer et al. (2008), Rameil et al. (2012), Maurer et al. (2013),
Horner et al. (2019) and Ray et al. (2019) show global palaeogeographic
reconstructions compiling locations with reported evidence of Aptian
relative sea-level drops and/or cool episodes, which would lend support
to the view that active glacio-eustasy sea-level variations marked the
late early-early late Aptian interval. Geochemical and sedimentological
data such as lithology and colour of rocks, carbon and oxygen isotopes,
sea-surface temperatures derived from TEX86 palaeothermometry, fluid
inclusions, as well as reports of biotic (i.e., calcareous nannofossils,
benthic and planktonic foraminifera, rudist bivalves, continental flora)
changes found in the literature evidence the existence within the
Cretaceous ‘greenhouse’, especially during the Aptian Stage, of rela-
tively cool episodes (e.g., Weissert and Lini, 1991; Solé de Porta and
Salas, 1994; Kemper, 1995; Hochuli et al., 1999; Herrle and Mutterlose,
2003; Pucéat et al., 2003; Weissert and Erba, 2004; Steuber et al., 2005;
Ando et al., 2008; Heimhofer et al., 2008; Mutterlose et al., 2009;
Skelton and Gili, 2012; McAnena et al., 2013; Millan et al., 2014; Bodin
et al., 2015; Bottini et al., 2015; Cors et al., 2015; Bonin et al., 2016;
Pascual-Cebrian et al., 2016; O’Brien et al., 2017; Zhang et al., 2017;
Alley et al., 2019), which could have resulted in ice cap growth. In
addition, numerical experiments based on palaeogeographic re-
constructions and atmospheric CO5 concentrations also support the
transient formation of continental ice shields during the Cretaceous,
more concretely, during the Aptian and the Maastrichtian stages (Ladant
and Donnadieu, 2016).

Nevertheless, none of these studies unambiguously prove the growth
and decay of significant ice sheets during the Aptian. In this regard, the
occurrence of cool episodes or glaciations in the Cretaceous is still a
matter of debate (e.g., Hay, 2016; Hay et al., 2019), as well as the glacial
origin of dropstones, glendonites and deposits resembling tillites re-
ported from Early Cretaceous successions (see e.g., Price, 1999; Teichert
and Luppold, 2013; Morales et al., 2017; Hay et al., 2019; Tollefsen
et al.,, 2020). Therefore, although the amplitudes and durations of
relative sea-level change reported herein are in agreement with glacio-
eustasy, the absence of an indisputable glacial sedimentary record of
Early Cretaceous age, make of these Aptian major falls in relative sea
level still largely a mystery.

5. Conclusions

The Aptian world recorded a strong eustatic signal. In the eastern
margin of the Iberian Plate, eustasy-driven sea-level falls of late early
and early late Aptian age were recorded either as forced regressive
sedimentary wedges deposited at the toe of highstand slopes or as
erosional surfaces cutting down highstand platform top carbonates.
During subsequent sea-level rise, lowstand carbonate platforms devel-
oped above the forced regressive wedges and transgressive tidally-
influenced deposits mainly back-filled the incised valleys created on
the platform tops. In the Maestrat Basin and based on the depth of the
erosional profiles identified, the late early and early late Aptian sea-level
falls and rises analyzed had amplitudes of c. 50-60 m and >115 m,
respectively. The late early Aptian fall and rise of sea level occurred
within the D. furcata ammonite biozone, whereas the early late Aptian
eustatic fluctuation took place around the transition between the
E. martini and P. melchioris biozones. Accordingly, the durations for these
major eustatic events were respectively <0.9 My and <3 My. The
erosional profiles that resulted from the eustatic sea-level drop
commonly show strath terraces. The incised highstand platform car-
bonates and their corresponding transgressive valley-fill deposits exhibit
a similar dip and dip direction. In non-significantly structured outcrops,
the bedding of the incised bedrock and back-filling peritidal strata is
nearly horizontal. A non-angular stratal relationship above and below
an incised subaerial unconformity (disconformity) is regarded as an
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indicator for a major eustasy-driven fall and rise fluctuation of sea level
in the rock record. Similar and coeval stratigraphic architectures of
Aptian age were recorded along the margins of the Tethys and lend
support to their eustatic origin. The interpreted amplitudes and dura-
tions of relative sea-level change fall within the glacio-eustatic domain.
However, these would have been in need of important glaciations and
development of continental ice sheets at least half as large as those
developed during the last glaciation in the late Pleistocene. Nonetheless,
undeniable sedimentary evidence of such significant growth of conti-
nental ice caps during the Aptian is lacking. Accordingly, the triggering
of these Aptian variations in relative sea level is still not understood and
perhaps was more likely not only the result of a single mechanism (i.e.,
glacio-eustasy) but presumably the fruit of several factors of relative sea-
level change operating at different scales. Finally, the Aptian case
studies presented herein constitute a reference for the interpretation and
evaluation of such time-equivalent carbonate systems.
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