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|ABSTRACT |

The lacustrine El Castellar Formation in the Castillo de Aliaga section (Early Cretaceous Galve sub-basin,
eastern Spain) features two carbonate successions of marl and limestone, separated by a mudstone and marl
interval. Sequence analysis revealed small-scale (44 elementary sequences), medium-scale (ten complete and
two incomplete parasequences), and large-scale (three sets of parasequences, one incomplete), high-frequency
lacustrine sequences, with an average thickness of 2.9, 12.4 and 54m, respectively. These sequences start with
a sudden facies change (deepening) and exhibit a shallowing-upward trend with features of subaerial exposure
(bioturbation, oxidation, or brecciation) at the top, indicating phases of climate-modulated lake expansion and
retraction. The temporal framework of the lacustrine sequences is further characterized by the correlation of
these sequences with sedimentary-cycle periodicities of 3.3, 13.2 and 57.3m, attributed, respectively, to the long
precession cycle (22.4kyr) and the short (95kyr) and long (405kyr) eccentricity cycles of the Earth’s orbit. The
hierarchical stacking of sequences aligns with orbitally driven cyclicity, with thickness variations interpreted as
tectonic subsidence effects (accommodation) resulting from normal fault slip in a rift system. The three sets of
parasequences (SPS-1 to SPS-3) align with stages of lake system evolution. SPS-1 represents deposition in a low-
energy shallow carbonate lake. SPS-2 indicates a significant lake expansion and deepening, linked with clastic
input and a mixed lake system, and correlates with a major increase in accommodation, over ~200kyr, involving
fault-induced local tilting. SPS-3 represents deposition in a high-energy carbonate lake. The parasequences
identified show variations in cyclic thickness tied to a >700kyr tectonic cycle. The elementary sequences, mainly
corresponding to marl-limestone bundles, exhibit thickness changes probably due to shorter-term tectonic pulses.
Accelerated tectonic activity resulted in increased accommodation in shorter (40-50kyr) periods, followed by
longer (>100kyr) periods of progressive deceleration.
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INTRODUCTION

Lacustrine systems are depositional settings that are
quite sensitive to environmental changes, forced primarily by
variations in climate but also in tectonics (e.g. Argylian and
Forman, 2003; Armenteros and Huerta, 2006; Gierlowski
Kordesch et al, 1991; Jin et al, 2020; Meléndez et al,
2009; Moreno et al., 2012; Saez et al., 2009; Scheidt et
al., 2020; Wei et al, 2018). These factors mainly affect
the level and depth of the lake’s water, the terrestrial input,
the productivity of carbonates, and the flow of groundwater,
thus modulating the environmental evolution of the lake
and consequently the sedimentary pattern recorded in the
lake basin (Carroll and Bohacs, 1999; de Wet et al., 2015;
Gomez-Fernandez and Meléndez, 1994; Kovacs et al,
2021; Ming et al., 2020; Rits et al., 2017; Woolway et al.,
2020). Nevertheless, disentangling the signal and response
of each of these factors, or their interaction and relative
contribution, in relation to the environmental changes
recorded in the sedimentation, is not an easy task.

In this regard, cyclostratigraphy is a helpful tool. By
conducting spectral analysis of various paleoclimatic
proxies in the lake record (e.g lithology, carbonate content,
magnetic susceptibility, the gamma-ray signal, color
parameters of the sediments, and distality-ranked lacustrine
facies), orbitally induced climate cycles (Milankovitch
cycles; Milankovitch, 1941) related to changes in the
Earth’s insolation can be detected. Interpreting the recorded
cyclicity can thus provide valuable insights into past climate
variations and trends (e.g. Aziz et al, 2000; Ezquerro et
al., 2022a; Juhasz et al., 1997; Hoorn et al, 2022; Lepre
and Quinn, 2022; Schnyder et al., 2009; Valero et al., 2014;
Zhong et al., 2022).

The astronomical forcing of lake sedimentary records
has been assessed in both recent (Anselmetti et al., 2006;
Camuera et al., 2018; Coianiz et al., 2019; Guiter et al,
2003; Kuzucuoglu et al., 1997; Tian et al., 2017; Wei et al.,
2020; Zhong et al., 2015) and ancient lakes (Gomes et al,
2020; Huang et al., 2020; lelpi, 2012; Li ef al., 2018; Tang
et al, 2023; Wei et al., 2023; Xu et al, 2023). Climatic
cyclicity is often well recorded even in lakes with active
tectonics capable of modifying the accommodation and,
therefore, the rate of sediment accumulation (Azennoud ef
al., 2023; Deino et al., 2006; Luzon et al., 2002; Morrill et
al., 2001; Soria et al., 2012; Steenbrink et al., 2006; Walzer
and Hendel, 2023; Wang ef al, 2012). This is common,
for example, in the Cretaceous lacustrine synrift basins of
Iberia (Angulo and Munoz, 2013; Casas et al.,, 2024; Liesa
et al., 2023; Munoz et al., 2020; Navarrete, 2015; Soria et
al., 2012).

Sequence stratigraphy, originally developed to interpret
changes in relative sea level in marine successions (Boulila
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et al, 2011; Catuneanu, 2022; Emery and Meyers, 2009;
Posamentier and Vail, 1988), has also been applied
with good results to the study of lake successions. Lake
sequences are commonly associated with variations in
lake levels driven by climatic and environmental changes,
providing evidence of external forcing (Azennoud ef al,
2023; Changsong et al., 2001; Keighley et al, 2003; Nutz
et al, 2017; Oviatt et al., 1994; Wei et al., 2017; Zavala
et al, 2022).

In this study, we present a sequence stratigraphy
analysis of the lacustrine synrift record of the Early
Cretaceous El Castellar Formation in the Galve sub-
basin (western Maestrazgo Basin, eastern Spain). By
characterizing lacustrine facies and facies associations,
we not only interpret the sedimentary environment and
the overall evolutionary trend of the lake, but also analyze
high-frequency lacustrine sequences at different scales,
along with the behavior and patterns of these sequences
throughout the lacustrine succession. These results are
then integrated with the orbitally forced climatic cycles
(long and short eccentricity, and long precession) recently
described by Illueca ef al (2023) for the studied deposits.
This allows us to link the high-frequency lacustrine
sequences of different orders to climate changes induced by
variations in the Earth’s orbit (Milankovitch cycles), despite
the significant influence of tectonics expected in this synrift
unit. Variations in the thickness of the lacustrine sequences
and cycles are interpreted as tectonically forced changes
in accommodation and are used to analyse the sequence
stacking and describe patterns of tectonic activity recorded
in the lacustrine succession.

GEOLOGICAL SETTING

The Cretaceous Galve sub-basin is located in the
eastern Iberian Chain (eastern Spain) ( ). This
intraplate chain was formed in the context of the Cenozoic
collision between the FEurasian and African plates,
resulting from the tectonic inversion of a Mesozoic rifting
area known as the Iberian Basin (Capote er al, 2002;
Liesa et al, 2018, 2023). The Mesozoic rifting occurred
in several stages, driven primarily by the opening and
spreading of the Tethys Sea and the central-north Atlantic
(Capote et al., 2002; Salas and Casas, 1993; Salas et al,
2001). During the Late Jurassic—Early Cretaceous rifting
stage, the Iberian Basin became compartmentalized,
leading to the development of smaller basins and sub-
basins (Martin-Chivelet et al, 2019). The Galve sub-
basin was one of these sub-basins that developed at the
western margin of the Maestrazgo Basin ( ).
The sedimentary record of the Maestrazgo Basin and its
sub-basins comprises two synrift sequences separated
by a regional unconformity (Liesa et al, 2019): synrift
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FIGURE 1. A) Geological map of the Aliaga region in western Maestrazgo, showing the location (star) of the Castillo de Aliaga section of the El Castellar
Formation (modified from Meléndez et al., 2009). The inset displays the location of the studied section within the Iberian Chain, in eastern Iberian
Peninsula (after Liesa ef al., 2018). B) Sedimentary succession of the Lower Cretaceous El Castellar Formation in the Galve sub-basin, along with
the evolutionary stages of the unit (after Meléndez et al., 2009). Section 1 corresponds to the Castillo de Aliaga section studied here. C) Cartography
on aerial imagery displaying the limestone packages (bed lines shown as dashed white lines) of the El Castellar Formation and the normal faults
(solid white lines) that displace them. The location of the Castillo de Aliaga section logged in this study is shown with solid yellow lines, with numbers

indicating the metres in the stratigraphic series. The Middle Surface (MS

; dashed pink line) is used to differentiate the evolutionary stages of

this formation. Also depicted are its stratigraphic contact with the overlying Camarillas Formation (dashed yellow line) and the boundaries of the

parasequences sets (SPS-1 to SPS-3) distinguished in this study.
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sequence 1 (mid Tithonian to Berriasian) and synrift
sequence 2 (Valanginian to early Albian).

The El Castellar Formation (Salas, 1987), dating
from the late Hauterivian to early Barremian, represents
the first unit of synrift sequence 2 in the Galve sub-basin
(Aurell et al, 2016; Liesa et al, 2019, 2023). This unit
is mainly lacustrine with some alluvial deposits and it
lies unconformably over synrift sequence 1 and locally on
earlier Jurassic rocks ( ) (Garcia-Penas and Aurell,
2017; Liesa et al, 2004, 2006; Meléndez et al., 2009).
Its upper boundary is marked by the input of coarse- to
medium-grained white sandstones from the fluvial and
estuarine Barremian Camarillas Formation (Navarrete,
2015; Soria, 1997; Soria et al, 2023). The thickness of
the El Castellar Formation varies significantly ( )
due to contemporaneous normal faults trending NNW-SSE
and ENE-WSW, which controlled subsidence at different
scales, influencing both sedimentation patterns and
paleogeography (Liesa et al, 2006, 2019, 2023; Meléndez
et al., 2009). This unit consists of a lower alluvial section
and an upper lacustrine carbonate section ( ), with
facies associations belonging to alluvial and palustrine
plains, palustrine fringes, a low-energy shallow lake, a
mixed siliciclastic-carbonate lake, and a high-energy
lake (Aurell et al, 2016; Liesa et al, 2006; Meléndez
et al., 2009; Soria, 1997; Soria et al, 2001). In addition
to the typical biota of Cretaceous lakes (e.g. charophytes,
ostracods, and bivalves), this unit also contains dinosaur
remains and footprints (e.g. Castanera ef al, 2022; Gasca
et al., 2009; Ruiz Omenaca, 2006).

The sedimentary evolution of the El Castellar
Formation in the Galve sub-basin has been related to the
interaction and linkage of normal faults that controlled
both the basin structure and the subsidence pattern
(Liesa et al., 2006). The alluvial and lacustrine sections
correspond to different phases of the rifting process:
the alluvial deposits represent the initial rifting stage,
whereas the lacustrine deposits mark the onset of the
rifting climax (Liesa ef al, 2006; Meléndez et al., 2009;
Soria et al, 2001). During the initial stage, the basin
exhibited a highly heterogeneous distribution of alluvial
and palustrine facies, driven by the activity of individual
listric faults (Liesa et al, 2006; Soria et al, 2001). In
contrast, the subsequent stage is characterized by facies
homogenization, marked by the development of a large
carbonate lake that covered the entire Galve sub-basin
(Meléndez et al, 2009). The transition between these
stages is notable for the presence of diagenetic gypsum
crystals, which are associated with the fault linkage
process. This process likely facilitated the circulation
and ascent of highly mineralized water from the Triassic
Keuper facies, which contains gypsum (Liesa et al., 2006;
Meléndez et al., 2009) ( ).
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Recently, Illueca er al  (2023) conducted a
cyclostratigraphic analysis of lithological and magnetic
susceptibility data, identifying three main periodicities
(~57.3, ~13.2 and ~3.3m). The authors attributed these
periodicities respectively to the long eccentricity (405kyr),
short eccentricity (95kyr) and long precession (22.4kyr)
cycles of the Earth’s orbit, suggesting that these orbitally
induced cycles correspond to periodic climatic and
environmental variations that influenced sedimentation
patterns. Despite the area’s highly active extensional
context, these variations led to the formation of sedimentary
sequences that are both recurrent and recognizable.

Regarding the paleoclimatic context, the Cretaceous has
traditionally been considered an archetypical supergreenhouse
period in the Earth’s history (e.g. Barron and Washington,
1984; Moriya, 2011; O’Connor et al, 2019; Wang et al.,
2014). The Maestrazgo Basin (eastern Iberian Plate) has been
located in the subtropical zone (latitude: 26-35°North) during
the Barremian (e.g Blakey, 2008; Dercourt ef al, 1986;
Scotese, 2016; Stampfli and Borel, 2002). Deposition has thus
traditionally been assumed to occur under subtropical climatic
conditions (Buscalioni and Fregenal-Martinez, 2010; Folmi,
2012; Haywood et al., 2004; Martin-Chivelet et al, 2019;
Ziegler et al, 1987) that fall within the temperate, humid
subtropical (Ca) climatic zone in the Hauterivian-Barremian
paleo-Koppen climate map (Burgener ef al., 2023); that is, the
climate was fairly warm, humid and seasonal and conducive
to significant paleoweathering (Yuste ef al, 2015). However,
our growing understanding of the global paleoclimate and
sea-level changes (e.g. Sames et al, 2016; Hasegawa et al.,
2022; Rodriguez-Lopez et al, 2022; Wang et al, 2023, and
references therein) has revealed more complex and variable
paleoclimatic conditions during the Cretaceous, with an
episodically active Early Cretaceous cryosphere, both at
Palearctic latitudes (Vickers ef al, 2019) and paleoplateau
altitudes (Rodriguez-Lopez ef al, 2022), and with more
changing paleoclimates, also in Iberia (e.g Hay and Floegel,
2012; Laita et al, 2020, 2021). The recent discovery of
Hauterivian glacial deposits in the Cameros Basin (northern
Iberia) (Rodriguez-Lopez et al, 2024), together with recent
paleogeographic reconstructions (e.g King er al, 2021;
Rosembaum ez al, 2002; Tugend et al, 2015; Vissers and
Meijers, 2012) and the high estimated inclinations (55-60°) of
the Valanginian-Barremian magnetic vector in the Lusitanian
Basin (Moreau et al, 1997) and the Pyrenean Organya Basin
(Gong et al., 2008), point to a latitude of up to 42-50°N for
Iberia during the Early Cretaceous, which lies within the
temperate climatic zone.

METHODS

The carbonate interval of the El Castellar Formation
(129m) was logged bed by bed at a 1:100 scale in the
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Castillo de Aliaga section (40°40°37”N and 0°42°26”W).
This logging sough to characterize facies and facies trends
and to identify high-frequency sequences ( ). Given
the abundant metric- to hectometric-scale faults with
metric to decametric offsets, the outcrop was studied to
analyze fault displacements. A detailed aerial orthoimage
(1:5000) was also used for this purpose ( ). As a
result, the section was logged with lateral displacement
along the outcrop to ensure a continuous record and
prevent repetition. The field study involved describing and
documenting the lithology, sedimentary facies, sedimentary
structures, and fossil content using standard field tools.
Each meter of the section was marked in the outcrop (using
markers or paint) to facilitate subsequent observations.
During the logging process, 146 samples were collected,
comprising 98 rock samples and 48 sediment samples,
with at least one sample taken per meter of the section to
aid in the comprehensive description of the sedimentary
facies and fossil identification. From the collected samples,
98 polished sections and 64 selected thin sections (30pm
thick) of rocks were produced and studied using a binocular
loupe and a polarizing petrographic microscope with
camera (model OPO 185, KERN Optics). High-resolution
images were also captured with an Epson V100 photo
scanner (model J231B) and a Plustek OpticFilm scanner
(model 8300iSE). Sediment samples were levigated using
a sieve shaker machine with 1000, 500 and 100gm mesh
openings, and the residue was examined with a binocular
loupe.

The concept of high-frequency sequences of different
scales is used here from a descriptive perspective, implying
a hierarchical organization where smaller sequences are
nested within larger ones (e.g. Mitchum and Van Wagoner,
1991). The identification of these sequences, including
elementary sequences, parasequences, and parasequence
sets, relies on recognizing discontinuity surfaces that
indicate breaks in sedimentation and/or vertical facies trends
within sequences (e.g. Bosence et al.,, 2009; Sevillano et al.,
2020). The lacustrine sequences at different scales mainly
correspond to shallowing-upward successions, with features
of exposure (oxidation, brecciation and root bioturbation)
toward the top of the sequences. The time frame for each
sequence type is based on the cyclostratigraphy from [llueca
et al. (2023), who undertook a spectral analysis of the time
series (depth domain) of the magnetic susceptibility and
lithological data (data every 0.5m) of the stratigraphic
section studied here. Smoothed curves for significant
periodicities (95kyr and 22.4kyr cycles) were obtained by
applying a Gaussian filter using PAST software (Hammer
et al., 2001). The analysis of variations in accommodation
over time, following Schwarzacher (2005), involved
constructing a graph of accumulated thickness deviations
for each stratigraphic sequence or cycle in relation to their
respective average thicknesses.
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RESULTS

The Castillo de Aliaga section

The strata of the El Castellar Formation in the Castillo
de Aliaga section exhibit NW-SE to E-W strikes and high
dips toward the NE and N. Numerous faults, ranging from
meter to hectometer-scale, cut through strata, resulting
in thickness variations in discrete beds of a clearly
synsedimentary character ( ). The logged section
includes three different lithological groups (stratigraphic
sections I, II, and III in ). The lowest section (I) is
27m thick and mainly consists of limestone with a few
marl beds. The middle section (II), which is 42m thick, is
dominated by variegated marls and clays with a much lower
proportion of limestone. Finally, the upper section (III) is
58m thick and mainly consists of a succession of marl,
marlstone and limestone.

The El Castellar Formation is made up of decimeter
to meter-thick tabular strata of marl, marlstone, marly
limestone, and limestone, varying in predominance
throughout the unit ( ). Claystone is present to a
lesser extent. Occasionally, more detrital beds, such as
silts, fine sands, or conglomerates, and mixed siliciclastic-
carbonate lithologies (silty/sandy marls and limestones)
are intercalated. The limestones and marlstones
frequently display oxidation (Fe oxides), bioturbation
and brecciation, especially near the top of the beds. The
limestones are mainly mudstones and wackestones, with
some packstones present. Sedimentary structures such
as parallel and cross-lamination, cross-bedding, and
symmetric or asymmetric ripples are common in the
upper part of the section. The marls are mostly green and
gray, and are usually massive and sometimes laminated.
The clays are also massive and exhibit a range of colors,
including red, violet, ocher and gray. The fossil content is
abundant, with a predominance of charophytes (oogonia
and stalks), along with bivalve fragments, ostracods, and
scarce gastropods and fish teeth.

Facies associations

Nine lacustrine facies associations are distinguished
( ): Low-Energy Shallow Lake (LESL)-1 and LESI-
2; Mixed Siliciclastic-Carbonate Lake (MSCL)-1, MSCL-
2, and MSCL-3 and High-Energy Lake (HEL)-1, HEL-2,
HEIL-3 and HEL-4.

The LESL facies associations are made up of limestone
sequences occasionally found overlying marls and clastic
sequences. The limestone evolves from micritic mudstone
or wackestone to bioclastic packstone, typically ending
with features of subaerial exposure such as brecciation,
oxidation, and/or bioturbation.
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FIGURE 3. Facies associations of the lacustrine El Castellar Formation in the Castillo de Aliaga section. A) Distribution of facies associations in the
stratigraphic log. B) Ideal stratigraphical sections of the facies associations recognized in the lake system, from proximal to distal areas, evolving over
time from a Low-Energy Shallow Lake (LESL), through a Mixed Siliciclastic-Carbonate Lake (MSCL), to a High-Energy Lake (HEL).
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LESI-1 is made up of facies sequences from 2 to 4m
thick and mainly comprises limestones ( ). When
present, the marl is gray to green and forms massive, dm-
scale tabular beds containing abundant ostracods and
charophytes. Occasionally, a lower siliciclastic term occurs,
featuring a fining-upward sequence that includes a cm-thick
conglomerate with lenticular geometry and homometric,
sub-rounded calcareous pebbles, a dm-thick fine-grained
sandstone, and a gray tabular silt with parallel lamination.
The upper limestones consist of dm- to m-thick tabular
beds of mudstone-wackestone textures with charophytes,
ostracods, and bivalve fragments ( ), transitioning
to wackestone to wackestone-packstone textures and
occasionally packstones with charophytes ( ),
ostracods, bivalve fragments, and fewer gastropods. The
preservation of the fossils is generally good, although some
fossils may be fragmented. The tops of these limestone
sequences frequently show evidence of subaerial exposure,
including oxidation (Fe oxides), but also root bioturbation
or brecciation ( ). This facies succession mainly
occurs in the lower section (I) and occasionally in the middle
section (II) of the stratigraphic profile and is vertically
related to the LESL-2 facies association ( ).

LESL-2 consists of 2 to 3m-thick successions of
limestones that often overlie dm- to m-scale tabular beds of
massive gray to green marls containing abundant ostracods
and charophytes. The limestones are dark gray, occur in dm-
thick tabular layers, and range from mudstone to wackestone
or wackestone-packstone, containing charophytes, bivalve
fragments, ostracods, and gastropods ( ). The
preservation of fossils, especially of charophytes, can
be exceptional ( ). At the top of the sequences,
these limestones occasionally show features of subaerial
exposure such as brecciation and oxidation surfaces (

), but without root bioturbation. This facies succession
is particularly prevalent in the lower section (I) and
occasionally in the middle section (II) of the stratigraphic
profile and is related to the LESI-1 and MSCL-3 facies
associations ( ).

The MSCL facies associations are characterized by
mixed siliciclastic and carbonate facies. There is a gradual
increase in carbonate content from clays or silts at the base
to marls, marlstones, and occasionally limestones at the top,
with possible intermediate stages of sandy or silty marls
( ). Generally, the marls, marlstones, and limestones
also contain a high proportion of terrigenous material.

MSCL-1 forms 3-4m-thick successions that consist
of up to 1.5m of massive silts, sandy or silty marls (both
with scarce fossil content), and mudstone-wackestone
to wackestone-packstone limestones arranged in dm-
thick tabular beds, with bivalve fragments, charophytes
and ostracods, and locally oncoids ( ; ).
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The limestone also exhibits sedimentary features such as
brecciation, bioturbation, and oxidation at the top of the
beds ( ). This facies association is identified in the
middle part (IT) of the section and is vertically related to the
MSCI-2 and MSCI-3 facies associations.

MSCL-2 forms 3-4m-thick successions that begin with
massive clays, which are red and versicolored on the surface
and greenish to greenish-gray in fresh section. These clays
often contain displaceable, isolated crystals or aggregates
of gypsum, ranging from millimeters to centimeters in size,
which are transparent or white (red on the surface). The
sequence then transitions to sandy marls, clayey-marls, and
finally, marlstones ( ) or to charophyte wackestone-
packstone limestones, with less oxidation and bioturbation
at the top of the beds. This facies association is identified
in the middle part (IT) of the section and is vertically related
to the LESL-2, MSCL-1, and MSCL-3 facies associations.

MSCL-3 consists of m-thick sequences of marl,
marlstone, and limestone, with marl being the main
lithology ( ). The marl and marlstone are green and
gray, rich in charophytes and less abundant in ostracods,
and are present as massive and sometimes laminated
tabular bodies on a meter to decimeter scale. The limestone
is gray and exhibits mudstone and wackestone textures
with charophytes and ostracods, and is arranged in dm-
thick tabular beds. Evidence of subaerial exposure is rare,
with only occasional oxidation. This facies association
is identified in the middle part (II) of the section and is
vertically related to the LESL-1, LESI-2, and especially to
the MSCL-1 and MSCL-2 facies associations.

The HEL facies associations consist of a succession
of marls, marlstones, and slabby limestones, frequently
exhibiting cross-bedding, internal lamination, and ripples
( ; 0). Charophytes are the predominant fossils,
accompanied by ostracods and bivalves. In general, the
fossils are more fragmented and less well preserved than
in the LESL facies associations, with wackestone and
packstone textures being common ( ). Features
of subaerial exposure are also common at the top of the
limestone beds.

HEL-1 consists of 1.5-2.5m-thick successions of
green marls, sandy marlstones, and decimeter-thick
beds of mudstone to wackestone with charophytes and
ostracods ( ). Centimeter- to decimeter-thick layers
of charophyte mudstone-wackestone are intercalated within
the marl. Early diagenetic processes are particularly intense,
evidenced by strong mottling due to oxidation, brecciation
in the upper parts of the sequences, and especially root
bioturbation, which is abundant across all the limestone
facies, with roots penetrating deep (up to 20-30cm) into the
marls ( ). This facies association is located in the
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FIGURE 4. Low-Energy Shallow Lake (LESL) facies association. A) Field view of the charophyte mudstone-wackestone of LESL-1 facies association
(elementary sequence ES-3). B) Thin section (parallel nicols) of mudstone-wackestone facies (LESL-1). C) Thin section (parallel nicols) of packstone
facies (uppermost of LESL-1). D) Field view of limestones at the top of the LESL-1 facies association showing root bioturbation, oxidation and
brecciation. E) Thin section (parallel nicols) of wackestone facies of LESL-2, with a good preservation of charophyte stems and oogonia (upper left
corner). F) Polished section of a wackestone-packstone limestone from an upper level of LESL2, with oxidation and brecciation.

lower part of stratigraphic section III, where it is vertically
related to HEL-3 and HEL-4 (Fig. 3A).

HEL:-2 typically consists of a succession up to 3.5m
thick of gray marls, marlstones, and limestones (Fig. 3B).
The marls, up to dm-thick, are massive, contain charophytes
and ostracods, and occasionally exhibit nodulization at the
top. The marlstones, also up to dm-thick, are laminated,
contain charophytes, ostracods, and bivalve fragments,
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and occasionally display nodulization as well. Some
beds have molds of entire large bivalves (articulated and
disarticulated). Locally, there are cm- to dm-thick tabular
layers of highly oxidized calcareous sandstones with bivalve
molds. The limestones of HEL-2 are micritic, ranging from
mudstone to mudstone-wackestone, with charophytes and
ostracods, and abundant molds of entire bivalves (Fig. 61),
along with occasional fish teeth. These limestone beds
often have oxidized (Fe oxides) tops. HEL-2 is situated
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¥toprof PS-2

8Brecciated and oxidized/limestone

FIGURE 5. Mixed siliciclastic-carbonate lake (MSCL) facies associations. A) Field view of elementary sequences and parasequences at the boundary
between stratigraphic sections | and Il. Yellow dashed line shows the boundary between parasequence sets SPS-1 and SPS-2 (PS-2-PS-3 boundary).
Note the local tilting and erosion of underlaying PS-2 parasequence. B) Thin section (parallel nicols) of an oncolytic limestone (MSCL-1). C) Thin
section (parallel nicols) of marlstone (upper term of MSCL-2). D) Field view of the stratigraphic surface of the boundary between the PS-2 and PS-3

parasequences, also the boundary between SPS-1 and SPS-2 (see location in

), showing the significant subaerial exposure, with oxidation,

brecciation, and bioturbation. E) Detail of brecciated and oxidized facies shown in D.

in the upper half of stratigraphic section III, where it is
vertically related to HEL-3 ( ).

HEL-3 forms sequences up to 3.5m thick, consisting
of a succession of gray to green marls, marlstones, marly
limestones, and bioclastic limestones ( ). The
marls, arranged in dm-thick tabular beds, are massive
or laminated and contain abundant charophytes and
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ostracods. Locally, they intercalate with cm-thick beds with
wackestone-packstone textures containing charophytes
and ostracods. The marlstones and marly limestones
contain charophytes, ostracods, and bivalve fragments,
and are arranged in dm-thick beds, generally laminated
and rarely massive. They are sometimes oxidized and
may present ripples, with intercalated cm-thick layers
of bioclastic packstone. The limestones, which are
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FIGURE 6. High-Energy Lake (HEL) facies associations. A) Field view of elementary sequences and parasequences of the base of stratigraphic section
11l and the boundary between SPS-2 and SPS-3 (dashed yellow line). B) and C) Thin sections (parallel nicols) show charophyte packstone facies
from the HEL facies association, with occasional ostracods. D) Field view of palustrine HEL-1 facies, characterized by highly oxidized limestones with
vertical root bioturbation extending into the marl. E) Field view of the limestones term of HEL-2 facies association, containing abundant entire bivalve
moulds. F) and G) Field views of high-energy littoral bar facies from the HEL-3 facies association, exhibiting lamination, ripples, and cross-bedding.
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occasionally silty, are mainly bioclastic wackestones and
packstones, with abundant charophytes, ostracods, bivalve
fragments, and a lower content of gastropods (

). These limestones are frequently laminated or slabby
and are arranged in decimeter to meter thick tabular
bundles, exhibiting internal cross-lamination and current
or oscillation ripples ( ). Toward the top, they often
show signs of oxidation and bioturbation, mainly vertical
root traces, and occasionally horizontal bioturbation, with
less frequent brecciation. The sequence ends with dm- to
m-thick tabular beds of bioclastic limestones, ranging from
wackestone to packstone with charophytes, ostracods, and
bivalves, which may intercalate with cm-thick marl beds.
The facies are intensely laminated and slabby, with dm-
scale cross-stratification and abundant ripples ( ).
The limestones also show frequent oxidation, bioturbation,
or brecciation on their upper surfaces. Facies association
HEL-3 is located in the lower half of stratigraphic section
IIT and is vertically related to HEL-2, as well as to HEL-1
and HEL-4 ( ).

HEL-4 consists of a thick lower unit (3 to Sm thick) of
green massive marls with charophytes, and a thin bed of
limestone (wackestone) with charophytes, ostracods, and
bivalve fragments, showing some oxidation at the top (

). Facies association HEI-4 is located at the base of
stratigraphic section III and is vertically related to MSCL-
2, HEIL-1 and HEL-3 ( ).
associations and

Interpretation of the facies

sedimentary systems

The nine lacustrine facies associations that are
distinguished are interpreted as representing deposition in
three different lake systems that evolved over time ( ):
a LESL, MSCL and HEL.

Low-Energy Shallow Lake (LESL)

The facies characteristics and vertical relationships of
the LESL facies associations indicate that they represent
low-energy, shallowing lacustrine sequences interrupted by
occasional, more pronounced deepening events ( ).
These sequences were the result of the progressive infilling
of a very shallow, hard water lake where charophytes
were the main carbonate source, under conditions similar
to those described by Murphy and Wilkinson (1980).
LESI-1 and LESI-2 correspond to progressively more
distal carbonate facies ( ). In this context, the marl
lithology represents sediment settling in the more distal
parts of the lake system, whereas the micritic carbonate
facies (mudstone and wackestone) suggest deposition
under low-energy conditions in the proximal littoral or
sublittoral areas. The charophyte and ostracod packstone
facies, containing fragments of bivalves and gastropods,
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are indicative of deposition in littoral zones during more
energetic episodes. These episodes, likely associated with
storms or floods, would have caused the fragmentation and
accumulation of bioclasts and introduced sediments from
the distal alluvial-fluvial system. This process contributed
to the formation of cm-thick conglomerates, fine-grained
sandstones, and laminated silts in the littoral lacustrine
areas.

The LESL facies associations correspond to sequences
of infilling in the low-gradient margins of a shallow, poorly
developed lake (Platt and Wright, 1991). The predominance
of mudstone/wackestone, the good preservation of fossils,
and the absence of wave or current structures suggest
that these were isolated hard water lakes with low-energy
margins. In such environments, the thickest accumulation
of carbonate occurs in littoral areas due to the high
productivity of benthic organisms (Platt and Wright, 1991;
Alonso Zarza et al., 2006; Meléndez et al., 2009). These
lakes are highly sensitive to minor fluctuations in lake level,
which can lead to subaerial exposure of more proximal
deposits and the development of palustrine-type facies, such
as oxidized, brecciated, or bioturbated limestones (Alonso
Zarza and Wright, 2010). However, the extent of subaerial
exposure is relatively limited (see the exposure index given
by Platt and Wright, 1992), indicating a stable system with
minimal sedimentary interruptions or erosive episodes.
Consequently, features such as paleosols, microkarsts
or calcretes are absent (Alonso Zarza and Wright, 2010;
Luzon et al., 2002).

Mixed Siliciclastic-Carbonate Lake (MSCL)

The three distinct facies associations that are identified
represent deposition in different settings within a mixed
siliciclastic-carbonate lacustrine system ( ): proximal
(MSCL-1), intermediate (MSCL-2), and distal (MSCL-3).
This lacustrine system mainly occurs in the middle part
(section II) of the stratigraphic profile and the distinct
facies associations exhibit a vertical relationship with one
another ( ).

The MSCL facies associations are interpreted as
shallowing-upward lacustrine sequences, with an increasing
carbonate content in a lake environment characterized
by higher siliciclastic input and/or lower carbonate
production. During periods of high sediment supply to
the lake, terrigenous facies (silts and sandy marls) were
mainly deposited in the proximal areas of the lacustrine
system (MSCL-1), whereas clays settled by decantation in
the intermediate areas (MSCL-2). In the central parts of the
lake, further from the terrigenous sources, marl deposition
dominated (MSCL-3). As the sediment supply diminished,
carbonate production within the lake resumed, leading to
the deposition of marls, followed by limestones, in both the

[12 ]
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marginal and central lake areas. Accordingly, this sequence
reflects a progressive decrease in terrigenous input to
the lake. The proportions of limestone relative to marl,
along with the indicators of subaerial exposure (such as
oxidation and bioturbation) in the limestones at the top of
the lacustrine sequences, are greater in the proximal areas
(MSCIL-1) than in the intermediate (MSCIL-2) and distal
areas (MSCL-3) of the lake. The gypsum crystals found in
the massive greenish-gray clays of MSCL-2, as suggested
by Liesa et al(20006), are interpreted as late diagenetic in
origin, having formed in sediments saturated with highly
mineralized water.

High-Energy Lake (HEL)

The four identified HEL facies associations
characterize a high-energy lake system ( ), which
occurs predominantly in the upper part (section III) of the
stratigraphic profile ( ; 6A).

The HEL facies associations represent deposition in
different subenvironments within this lake system (

), ranging from the palustrine fringe (HEL-1), through
the high-energy littoral bar (HEL-3), to the sublittoral
environment (HEL-4). HEL-2 reflects sedimentation in
restricted areas protected by the littoral bar. HEL-1 is
interpreted as deposition in a low-gradient palustrine
belt characterized by vegetated marshes or ponds, where
marls and limestones formed and where the vegetation
bioturbated and mottled the sediments. The sandy
facies are attributed to detrital inputs from alluvial flows
entering the palustrine belt. This facies association
constitutes a marginal upward-shallowing sequence, in
which the palustrine area gradually expands until the
sediments are fully exposed, leading to the development
of paleosols during prolonged periods of vegetation
colonization. HEL-2 is interpreted as having formed
under low-energy conditions in restricted and protected
areas where mud facies were deposited, giving rise to
significant accumulations and preservation of bivalves,
along with some siliciclastic inputs from nearby areas.
HEIL-3 corresponds to the progradational sequence of
a lacustrine littoral bar that developed in high-energy
settings. Massive or laminated marls and thin layers of
tabular (sometimes laminated) bioclastic limestone
represent bottomset deposits, whereas dm-scale cross-
bedded bioclastic limestones correspond to the foreset
migration of bioclastic bars with superimposed ripples,
which developed in high-energy lake environments. Finally,
HEIL-4 represents the most distal facies associated with
this high-energy system, characterized by thick deposits
of marls that reflect the settling of suspended sediments
in more central lacustrine areas. The few limestones at the
top of the sequences, showing local subaerial exposure,
represent sedimentation during periods of low lake levels,
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indicating a shallowing upward sequence very similar to
those in the low-energy systems (i.e. MSCL-3).

The HEL facies associations are interpreted as
representing lacustrine sedimentation in a shallow,
extensive, high-energy, low-gradient (ramp-type) lake (Platt
and Wright, 1991). Large-scale bars and ripples would have
developed in littoral zones under high-energy conditions
characterized by currents and wave action, as described in
other lake systems from the Lower Cretaceous of the Iberian
Basin (Fregenal-Martinez and Meléndez, 2000; Meléndez
et al.,2000). Fluctuations in lake level would have controlled
the deposition and stacking of different sequences, such
as the superimposition of palustrine environments over
lacustrine ones, or the sudden deepening of the system.
Therefore, this HEL system, although more developed and
extensive than the systems described above, would have
still been a shallow lake sensitive to these oscillations in
water level, often undergoing subaerial exposure and root
bioturbation during periods of low lake level.

High-frequency sequences

The analysis of bounding surfaces and facies trends
makes it possible to recognize hierarchically stacked
stratigraphic sequences at three distinct scales within the
lacustrine evolution of the El Castellar Formation (

): the Elementary Sequence (ES), the parasequence (PS),
and the Set of Parasequences (SPS).

Elementary Sequences (ES) are high-frequency, small-
scale sequences with an average thickness of ~2.91m
(ranging from 1.25 to 5.25m; mode: 2.75-3.24m) (

). A total of 44 elementary sequences (ES-1 to ES-44)
are identified ( ). The ESs are bounded by distinct
surfaces, typically characterized by a sudden deepening of
the lacustrine facies that overlie the shallower facies of the
preceding elementary sequence. These previous facies often
exhibit features of subaerial exposure, such as brecciation,
oxidation, and/or root bioturbation. Differentiating
elementary sequences in distal facies composed of marls
and clays is challenging, so some sequence boundaries
are defined tentatively (ES-16 to ES-17). ESs mainly
correspond to the facies associations described in the
previous section, representing sequences of shallowing
lacustrine settings.

Parasequences (PS) are medium-scale, high-frequency
sequences with an average thickness of ~12.4m (ranging
from 9.75 to 17.5m) ( ). A total of ten complete
parasequences (PS-1 to PS-10) and two incomplete ones
(PS-0 and PS-11) are recognized ( ). The complete
parasequences typically consist of four elementary
sequences (PS-1, PS-2, PS-3, PS-5, PS-8, PS-9, PS-10, and
probably PS-4) or occasionally five (PS-6 and PS-7), with

[13 ]
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FIGURE 7. Linking high-frequency sequences of different orders with orbitally induced cyclicity in the lacustrine El Castellar Formation. A)
Stratigraphic record. B) Facies associations and high-frequency sequences of small (elementary sequences), medium (parasequences) and large
scale (sets of parasequences) recognized and their vertical facies trend (sequences numbered in correlative order). C) Raw and smoothed curves
from cyclostratigraphic time series data, including Magnetic Susceptibility (MS) and lithology, as well as the 95kyr cycles identified in the stratigraphic
section (after lllueca et al., 2023). Smoothing was carried out using a 25 data (12.5m) or 6 data (3m) Gaussian filter for the 95kyr and 22.4kyr filter,
respectively. Note the inverse correlation between the two curves and the eleven maxima in the 95kyr MS filter (orange bands), which lllueca et al.
(2023) used to identify ten complete and two incomplete cycles throughout the profile.
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an average of 4.2 ESs per PS. Their thickness generally
increases from PS-2 to PS-6 and then progressively
decreases. The parasequence boundaries are marked by
clear stratification surfaces defined by sharp lithological
changes, corresponding to deeper facies overlying the
shallower facies of the previous parasequence, often
exhibiting signs of subaerial exposure (such as brecciation,
oxidation, and/or root bioturbation). Most parasequences
show a vertical progradational evolution, characterized
by a shallowing-upward trend (PS-3 to PS-7 and PS-10).
However, some show a significant aggradational component
with a relatively progressive deepening at the base of
the parasequence (PS-1, PS-2, PS-8, and PS-9) (

). The shallowing-upward trend is represented by the
succession of distal LESI-2 and proximal LESL-1 facies
(PS-1 and PS-2) in the LESL (stratigraphic section I); by
the succession, whether complete or incomplete, of distal
carbonate (MSCL-3), distal mixed (MSCL-2), and proximal
mixed (MSCL-1) facies (PS-4 and PS-5), and locally of
LESI-2 and LESI-1 (PS-3), in the MSCL (section II); and
by the succession of sublittoral (HEL-4), littoral bar (HEL-
3) and palustrine (HEL-1) facies (PS-6 and PS-7) or the
succession of littoral bar (HEL-3) and restricted area (HEL-
2) facies (PS-8 to PS-10) in the HEL (section III).

Sets of Parasequences (SPS) are large-scale, high-
frequency sequences each about 54m in thickness. Three
SPSs are identified (SPS-1 to SPS-3), with SPS-1 being
incomplete ( ). These sets correspond to three
distinct lithological sections bounded by key flooding
surfaces. SPS-1, which is 27m thick and incomplete,
includes two parasequences (PS-1 and PS-2) and is made
up of limestone from the proximal areas of a low-energy
lake system. SPS-2 marks the beginning of significant
clastic supply and the development of a low-energy mixed
siliciclastic-carbonate lake system. SPS-2 is 54m thick,
comprises four stacked parasequences (PS-3 to PS-6), and
is essentially composed of mixed siliciclastic-carbonate
lake shales and marls. SPS-3 is 48m thick, includes
four parasequences (PS-7 to PS-10) and the elementary
sequence ES-44, and is mainly composed of limestone
sedimented in a lacustrine littoral bar and proximal areas of
a high-energy lacustrine system. SPS-3 marks the onset of
sublittoral facies over the palustrine environments of SPS-2
in the high-energy lake system. Its upper limit is defined by
a sharp change of facies from the El Castellar Formation
to the fluvial deposits of the Camarillas Formation. The
sedimentary evolution is aggradational for SPS-1 and
shallowing for the two other sets, reflecting an evolution
consistent with the individual parasequences within each
set. It is worth noting that even though SPS-1, SPS-2, and
SPS-3 correspond approximately to lithological groups I,
II, and III ( ), there are discrepancies. For example,
SPS-2 extends up to meter 81 instead of 68.5 (the top of II)
and includes parasequence PS-6. The upper limit of SPS-3
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is based primarily on a significant flooding event, marked
by the transition from sublittoral to palustrine facies.

DISCUSSION

Linking high-frequency lacustrine sequences to
orbitally-forced ciclicity

The high-frequency sequences within the lacustrine
El Castellar Formation mainly constitute shallowing-
upward sequences, stacked hierarchically at different
scales (elementary sequences, parasequences, and sets of
parasequences). These stratigraphic units are characterized
by clear bounding surfaces that indicate abrupt changes in
sedimentation and facies trends. The boundaries between
different sequence orders mainly correspond to lacustrine
flooding surfaces, which often overlie shallower facies
exhibiting signs of subaerial exposure such as brecciation,
oxidation surfaces, and root bioturbation. The development
of the sequences and their facies trend is closely linked to
changes in lake levels driven by climatic variations that
controlled the supply of water and clastics to the hard water
lake, where bioinduced carbonate production occurred.

Furthermore, in our case study, these stratigraphic
sequences of varying orders can be correlated with
different orbital cycles. The average thickness of
elementary sequences (~2.9m; range 1.25 to 5.25m),
parasequences (~12.4m; range 9.75 to 17.5m), and sets
of parasequences (~54m) in the lacustrine deposits (

) corresponds closely to the main periodicities of ~3.3,
~13.2 and ~57.3m, respectively. These periodicities were
inferred from the spectral analysis of the time series of
the magnetic susceptibility and lithology of this same
section of the El Castellar Formation (Illueca et al., 2023)
( ). Accordingly, these high-frequency lacustrine
sequences can be linked to this cyclicity, which was driven
by orbital parameters (Illueca e al, 2023). The elementary
sequences are thus associated with the cyclical climate
control of sedimentation induced by the long precession
cycle (22.4kyr), which affects the orientation of the
Earth’s rotation axis. Similarly, parasequences and sets of
parasequences are sedimentary cycles forced respectively
by the short (95kyr) and long (405kyr) cycles of the Earth’s
orbit around the Sun ( ).

The link between high-frequency lacustrine sequences
and orbitally forced cyclicity not only provides a temporal
framework for the former but also offers an additional
line of evidence for correlating sedimentary cycles and
orbital cycles. This is achieved by examining the number
of stacked sequences relative to the corresponding time
frame. For instance, each parasequence (95kyr) comprises
four elementary sequences (22.4kyr) in eight cases
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and five in two cases, resulting in an average ratio of 4.2
elementary sequences per parasequence ( ; 8). This
ratio aligns the time span of these medium- and small-scale
high-frequency sequences with the expected relationship
between the orbital cycles (4.24 precession cycles per short
eccentricity cycle). Similarly, the sets of parasequences
(405kyr) stack four parasequences (95kyr) in SPS-2, or
four parasequences plus one elementary sequence in SPS-
3, which also aligns with the ratio of 4.26 between the
eccentricity orbital cycles.

An additional constraint can be established by
comparing the lacustrine parasequences with the 95kyr
cycles defined from the smoothed data curves (25 data
points, 12.5m intervals) of the magnetic susceptibility
and lithology data series ( ). Illueca et al (2023)
used the maxima in magnetic susceptibility (and minima
in lithology) in these smoothed curves as references to
distinguish short eccentricity cycles (orange bars). They
identified ten complete 95kyr cycles with an average
thickness of 12.3m, which is nearly identical to the average
thickness of the parasequences (12.4m) ( ). The
correlation between the parasequences and the cycles
established from the smoothed curves is strong both
in terms of the number of cycles and the distribution of
their thicknesses ( ). For instance, the thickest
parasequence, PS-6, corresponds to the thickest cycle,
cycle-6, whereas the thinner PS-9 and PS-10 align with the
thinner cycle-9 and cycle-10, respectively.

However, the boundaries of the parasequences appear
slightly out of phase with the magnetic susceptibility
maxima used to define the 95kyr cycles (Illueca ez al., 2023),
with only three instances where they practically coincide
(PS-1, PS-2, and PS-10). Generally, the boundaries of the
parasequences coincide with or are close to the inflection
points of the curves. This is consistent with observations
in the study of sequences and cyclic behavior, such as
sequence stratigraphy (Christie-Blick, 1991; Posamentier
and Vail, 1988; Wright and Marriott, 1993). In dynamic
systems such as sedimentary environments, the inflection
point marks the change in behavior, defining a sequence
boundary (Simmons, 2016). In sequence stratigraphy,
for example, bounding unconformities are related to the
inflection points of eustatic falls (Posamentier and Vail,
1988), or boundaries of seismic sequences are located
near the inflection points of eustatic sea-level fluctuations,
where the rates of fall or rise are maximized (Jervey, 1988).
The small observed mismatches may result from variations
in the thickness of sedimentary sequences and from the
analytical procedure itself, which may introduce minor
errors during curve smoothing using a Gaussian filter.

Finally, the small-scale (elementary sequence) and
medium-scale (parasequence) high-frequency lacustrine
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sequences, like the recorded long precession (22.4kyr)
and short eccentricity (95kyr) cycles, exhibit variations in
thickness over time within the stratigraphic series ( ;

). These variations in thickness are comparable, which
also highlights the link between high-frequency lacustrine
sequences and climatically driven, orbitally induced

cyclicity ( ).

Consequently, the high-frequency shallowing-upward
sequences represent phases of lacustrine expansion and
retraction caused by cyclic variations in orbital parameters,
specifically the Earth’s orbital eccentricity and precession
cycles. These sequences may therefore be associated with
climatic factors that correspond to changes in lake levels
related to water supply, aridity, or variations in the water
table (Bohacs ef al, 2000; Gierlowski-Kordesch et al,
1991; Gomez-Fernandez and Meléndez, 1994; Soria et al.,
2008, 2012). According to Morrill et al (2001), orbital
forcing can significantly impact the water balance of lake
systems, especially in the absence of large salinity changes,
as observed in our section. This impact is primarily driven
by changes in lake evaporation and runoff coefficients, both
of which are influenced by climatic factors such as short-
wave radiation, temperature, and precipitation.

It is not clear how the effects of these orbital
variations were transferred through the climate system
and into the lacustrine sedimentary record (e.g. Morrill
et al, 2001; Ruddiman, 2006). Periods of tilt and
precession force changes in insolation and greenhouse
gases responsible for variations in climate and in the
evolution of sedimentary systems. Despite negligible
insolation forcing at the period of eccentricity, it has
been suggested that the 100kyr periods are the result
of internal resonance and feedback between the tilt and
precession periods (Ruddiman, 2006). In our opinion,
latitudinal variations in the climatic zones induced
by orbital forcing cannot be ruled out, which may be
responsible for cyclic sedimentary and climatic changes
over long periods of time. This is particularly relevant
for the study area, situated in a mid-latitude zone that
may fall within the influence of either temperate or
subtropical climatic belts. The paleogeographic changes
in land and sea masses caused by the spreading of the
southern North Atlantic during the Early Cretaceous
(King et al, 2021; Tugend ef al, 2015) could have
also influenced regional climatic changes. Whatever
the case, a detailed study of paleoclimatic proxies
(e.g. conventional or clumped 3'*0 and 8'*C carbonate
isotopes) is necessary to characterize the relevance of
these paleoclimatic changes, i.e. to resolve the question
of whether the orbital cycles resulted in changes to the
point of completely resetting the dominant climate, or
whether some variables changed but the same climate
persisted.
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and histograms illustrating the thicknesses of elementary sequences and parasequences, with the average thickness for each sequence type also
indicated. B) Cumulative thickness deviation diagram (based on Schwarzacher, 2005; see methods) for elementary sequences and parasequences,
depicting variations in the creation (mainly tectonic) of accommodation. In this graph, a drop in the curve indicates that the sequence/cycle is
thinner than the average, while a rise indicates a thickness greater than the average. Thus, a positive slope indicates an increase in accommodation
(accelerated tectonic subsidence), whereas a negative slope indicates a decrease (decelerated tectonic subsidence). C) Plots showing thickness and
cumulative thickness deviation for short eccentricity cycles (95kyr) identified from the smoothed magnetic susceptibility curve (see Fig. 7C). Note
the similarity among the different curves in relation to changes in thickness.

Geologica Acta, 22.10, 1-26 (2024) [17 |
DOI: 10.1344/GeologicaActa2024.22.10

WD L L
W B WD~



NS N T R SRS =SAN-RCCIEN i) RV B RO I S R

b unmanadb bbb bSEBSD B S B WL LWLWWOLWLWLLWWWENDNDDNDDNDNDNLNDDNDNDIN
DN HE WD, OOV NDE RN, OOVEIANNPE WD OWOVOINN AW~ O

Illueca et al.

Tectonic control on sequence stacking

Changes in the thickness of sedimentary sequences
and cyclicity of different temporal orders indicate changes
in the rate of sediment accumulation over time (

). These variations in thickness within a synrift unit
(Liesa et al, 2004, 2006; Salas, 1987; Soria, 1997) are
interpreted as having been strongly controlled by the
generation of accommodation associated with tectonic
processes, particularly tectonic subsidence. Variations in
fault displacement likely caused changes in subsidence
rates, thereby affecting the thickness of the recorded cycles,
as also observed in other lacustrine systems (e.g. Casas et
al., 2024; Munoz et al., 2020; Soria et al., 2012).

The creation of accommodation driven by tectonics is
consistent with the significant faulting associated with the
deposition of the El Castellar Formation in the Galve sub-
basin (Aurell et al, 2016; Liesa et al., 2004, 2006, 2019;
Meléndez et al., 2009; Soria, 1997). Numerous normal faults
in the study area displaced and altered the thickness of the
sedimentary series ( ). For example, the stratigraphic
surface between SPS-1 and SPS-2 (the PS-2—-PS-3 boundary)
is marked by a major episode of subaerial exposure resulting
from tilting and local erosion ( ). Here, bed tilting
was caused by the sliding of normal faults on a metric to
decametric scale, which also led to the thickening of the
clayey elementary sequences ES-10 and ES11 ( ).

In this context, variations in the thickness of orbital
cycles recorded in stratigraphic sequences can serve as
a tool for analyzing tectonic activity associated with
normal fault displacement. Such analysis relies on two
key assumptions: first, that sediments fill the depositional
space generated by fault displacement; and second, that
most shallowing-upward lacustrine sequences culminate
in facies indicating subaerial exposure, meaning the
accommodation available was filled. Accordingly, the
observed increase in parasequence thickness (and 95kyr
cycles) from PS-2 to PS-6 (cycle 2 to cycle 6), followed by
the progressive decrease until PS-10 ( ), outlines
a cycle of rising and then declining tectonic activity. This
tectonic cycle spans approximately 30 elementary sequences
(from ES-15 to ES-44), covering around 700kyr, which is
comparable to certain tectonic cycles documented in the
Teruel rift basin (Ezquerro, 2017; Ezquerro et al, 2022b).
Given the average thickness (without decompaction) of
parasequences (12.4m) and elementary sequences (2.9m),
along with their respective time spans (95 and 22.4kyr), the
average accommodation rate in the lake system was 130m/
Myr. However, the accommodation rate varied between 102
and 184m/Myr for different parasequences, and between 67
and 245m/Myr for elementary sequences. These values are
typical of rift systems (Casas et al, 2024; Ezquerro ef al.,
2020; Friedmann and Burbank, 1995; Leeder, 1991).
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The deviations in the accumulated thickness observed
in each elementary sequence, parasequence ( ), and
95kyr cycle ( ), relative to their respective average
thicknesses, reveal that the increase in accommodation
mainly occurred during the PS-5 to PS-7 parasequences
(95kyr cycles 5 to 7). This period of enhanced subsidence
was both preceded and followed by periods characterized
by reduced tectonic subsidence. These periods roughly
correlate with, and could be responsible for, the three sets
of parasequences (SPS-1, SPS-2 and SPS-3) and the three
stages distinguished in the evolution of the lake system:
LESL, MSCL and HEL.

Thus, LESL facies associations are characteristic of
overfilled lake basins where the sedimentation rate exceeds
the available accommodation (Alonso Zarza ef al., 2006;
Carroll and Bohacs, 1999; Meléndez et al, 2009). This
scenario is consistent with the low subsidence expected
during the initial rifting phase (Liesa ef al, 2006; Meléndez
et al., 2009). Subsequently, the lake system evolved into a
mixed lake (MSCL) due to an increase in clastic supply
and/or a decrease in carbonate production, associated with
an increase in tectonic subsidence that marks the transition
to the rifting climax (Liesa et al, 2006). This phase was
responsible for the abrupt deepening associated with SPS-
2. The increased clastic supply could have been driven by
a rejuvenation of relief caused by tectonic uplift during the
rifting period. However, the influence of climatic factors
cannot be ruled out, as increased humidity and runoff
could also have led to an increase in surface water reaching
the lake, thereby increasing clastic supply and causing
further lake deepening. Furthermore, the supply of sulfate
from groundwater into the lake might have altered the
environmental conditions, disrupting carbonate production.
Finally, as tectonic subsidence slowed, the clastic input to
the basin decreased, and carbonate production resumed in
a larger, more energetic carbonate lake. During this stage,
typical lacustrine littoral facies characteristic of a balanced-
fill 1ake basin developed, as suggested by the more complete
lacustrine sequences identified in this phase (Meléndez et
al., 2009).

The results derived from the analysis of elementary
sequence thicknesses are consistent with those observed
in the parasequences and 95kyr cycles ( ), further
supporting the idea that tectonic forcing influenced
subsidence changes across different time scales. However,
the elementary sequences also exhibit a more pulsating
variation, with thicker sequences (3.5-4.0m; e.g. ES-17,
ES-19, ES-33, ES-35 or ES-36) alternating with thinner
ones (1.5-2.0m; e.g. ES-15, ES-18, ES-34 or ES-37). This
probably indicates that, over shorter time periods, tectonic
subsidence occurred in a more discontinuous manner
due to the pulsating activity of local normal faults. This
could explain the periodicity of ~1.5m also identifed by
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Illueca er al (2023). It is plausible that this periodicity
corresponds to the precession cycle during periods of lower
sedimentation rates, rather than a half-precession cycle
(~10kyr; Berger and Loutre, 1997; Boulila et al., 2010; Park
et al., 1993) as proposed by Illueca ef al (2023). Similar
instances of multiple periodicities linked to a single orbital
cycle, associated with changes in fault activity, have been
documented in other lacustrine synrift deposits (Casas et
al., 2024; Munoz et al., 2020; Soria et al., 2012).

Examined in detail, the cumulative thickness deviation
curve of elementary sequences reveals two periods of
enhanced tectonic subsidence: a main period from ES-
15 to ES-23 (PS-4 to PS-6) and an initial, shorter phase
of accommodation creation during ES-4 and ES-5 (PS-
1). Both phases were followed by periods of reduced
accommodation creation ( ). These findings suggest
that the cycles of increasing and decreasing tectonics are
asymmetric, with shorter durations for accelerating tectonic
subsidence compared to longer periods of deceleration.
Accelerated tectonic periods typically span two consecutive
elementary sequences (40-50kyr), whereas decelerating
tectonic periods are longer, usually exceeding 100kyr.
Exceptions occur when several accelerating tectonic periods
cluster to form a higherorder period, such as the one
identified between ES-15 and ES-23. In such cases, brief
periods of quiescence separate two periods of increasing
tectonic activity. This pattern mirrors the slip history of
faults observed in recent rift systems (e.g. Ezquerro et al.,
2015, 2016; Simon et al., 2016).

Despite the significant influence of tectonics as the
main factor generating accommodation and driving
changes in the thicknesses of the sedimentary sequences
and cycles across various time scales, the sedimentary and
climatic cyclicity was not entirely obscured. This study has
not accounted for other potential factors that might disrupt
cyclicity, such as diagenetic processes (ie. cementation,
dissolution), sediment compaction, or variations in
carbonate production and clastic supply during basin filling.
Even though these processes can distort and complicate
an assessment of astronomical influence (Meyers, 2019),
they are interpreted as having less impact on the thickness
and stacking patterns of lacustrine sequences compared to
extensional tectonics. It is likely that their effects were more
pronounced in smaller-scale sequences.

CONCLUSIONS

The nine lacustrine facies associations distinguished
in the synrift El Castellar Formation mainly correspond to
shallowing-upward sequences that developed in different
subenvironments within a shallow lacustrine system. This
system evolved through three stages over time: a low-

Geologica Acta, 22.10, 1-26 (2024)
DOI: 10.1344/GeologicaActa2024.22.10

Linking lacustrine sequences to orbital cycles

energy shallow lake, a mixed siliciclastic-carbonate lake,
and a high-energy lake. Three hierarchically stacked high-
frequency lacustrine sequences are distinguished, resulting
in the identification of 44 elementary sequences, ten
complete parasequences (and two incomplete ones), and
three sets of parasequences (one of them incomplete). The
average thicknesses of these stratigraphic sequences are
2.9m (ranging from 1.25 to 5.25m), 12.4m (9.75 to 17.5m),
and approximately 54m, respectively. The stratigraphic
sequences are bounded by clear stratification surfaces that
reflect flooding events following episodes of subaerial
exposure. The elementary sequences, parasequences, and
sets of parasequences align with the main periodicities of
3.3, 13.2 and 57m, corresponding respectively to the long
precession cycle (22.4kyr) and to the short (95kyr) and
long (405kyr) eccentricity cycles of the Earth’s orbit. These
correlations provide a robust linkage between the high-
frequency lacustrine sequences and climate forcing driven
by the Earth’s orbital variations.

Variations in the thicknesses of elementary sequences
and parasequences, as well as 95kyr cycles, are attributed
to changes in accommodation related to tectonic activity
associated with normal faults. An asymmetric cycle of
>700kyr, characterized by alternating phases of increasing
and decreasing tectonics, marks the transition from rift
initiation to rifting climax stages, with an accelerated
tectonic phase lasting around 200kyr. The changes in
accommodation exhibit brief periods of increased tectonic
subsidence lasting about 40-50kyr followed by longer
(>100kyr) periods of decreased subsidence. The major
phase of accelerated tectonics contributed to the deepening
of the lake, an increased clastic supply, and the development
of a mixed siliciclastic-carbonate lake system.
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