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Sequence-stratigraphic, biostratigraphic and strontium-isotopic data have made it possible to update
what is known of the stratigraphy and sedimentary evolution of the Kimmeridgian—Berriasian synrift
successions recorded in four subbasins (Aguilon, Oliete, Morella, Galve) of the central Iberian Rift System
(NE Spain). The studied successions are arranged in three unconformity-bounded synrift sequences.
Synrift sequence 1A (Kimmeridgian—mid-early Tithonian) includes four transgressive-regressive se-
quences deposited on low-angle carbonate ramps, characterized by shallow-water grain-supported
facies and coeval open-marine rhythmic successions of marls and lime mudstones (overall thickness
ranging from 120 to 250 m). Ammonite biostratigraphy, combined with the last occurrence of Alveosepta
Jjaccardi (Schrodt) and strontium-isotopic data constrains the Kimmeridgian-Tithonian boundary towards
the uppermost part of synrift sequence 1A. Synrift sequence 1B (mid-early Tithonian to mid-Berriasian)
consists of coastal to shallow-marine carbonate to mixed carbonate-siliciclastic successions, with a
continuous record in the depocentral areas of the Morella and Galve subbasins (up to 365 m in thick-
ness). Anchispirocyclina lusitanica (Egger) is common in the lower and middle part of the sequence,
whereas charophytes of the lower Berriasian Globator maillardii maillardii Zone are recorded in its upper
part. Strontium-isotopic data and ostracods whose first occurrence is Berriasian, indicate that the
Tithonian-Berriasian boundary is located towards the mid-upper part of the synrift sequence 1B. Synrift
sequence 1C (mid-Berriasian—mid-early Valanginian) is locally recorded in the Galve subbasin and
consists of siliciclastic continental successions (up to 100 m in thickness). The available biostratigraphic
data (charophytes, ostracods, sporomorphs) indicate that this sequence was deposited upwards from
mid-Berriasian Globator maillardii incrassatus Zone. The presence of the lower Valanginian successions at
the upper part of synrift sequence 1C in certain subsiding areas of the Galve subbasin cannot be ruled
out. The sequence-stratigraphic and biostratigraphic data reported here indicate that the Galve and
Morella subbasins started to develop around the Kimmeridgian-Tithonian transition. Successive stages of
tectonic activity affected these subbasins during the mid-early Tithonian, the mid-Berriasian, and around
the Berriasian-Valanginian transition. The stratigraphy and tectono-sedimentary evolution of the central
Iberian Rift System indicate that the Berriasian successions are linked to the “Jurassic cycle”.

© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction

The problems associated with the definition of the Jurassic-
Cretaceous system boundary are largely the result of a lack of sig-
nificant biostratigraphic markers at the Tithonian-Berriasian and at
the Berriasian-Valanginian boundaries, and of faunal provincialism
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caused by widespread regression (Remane, 1991). Due to this
regression, the Tithonian-Berriasian saw major expansion of
marginal-marine to continental environments, represented by
Purbeck and Weald facies in many western European basins (e.g.,
Tennant et al, 2017). In the coeval Tethysian shallow-marine
realms, sedimentation on “Jurassic-type” carbonate platforms
(predominantly photozoan facies with occasional heterozoan car-
bonates) ended with the Berriasian, not with the Tithonian
(Granier, 2019). Additional difficulties in unravelling the
Tithonian—Berriasian sedimentary successions derive from the fact
that many of them were deposited coeval to a rifting stage. The
analysis and correlation of the continental to shallow-marine suc-
cessions recorded in active rift basins is generally challenging due
to the rapid facies and thickness changes associated with to
discontinuous synsedimentary fault activity and subsidence.

The fragmentation of Pangea during the Late Jurassic—Early
Cretaceous resulted in intense tectonic activity, on both regional
and global scales, with accompanying palaeoceanographic changes
including the continued of the opening of the Central Atlantic and
Western Tethys (see Tennant et al., 2017 and references therein).
The intracratonic Iberian Rift System was part of the network of
rifted basins that evolved in the northwestern peri-Tethysian
domain (Fig. 1A). Investigations into the southeast Iberian Rift
System (i.e., the Maestrazgo Basin) in recent decades have
contributed to a progressively increasing understanding of the
stratigraphic framework of the Upper Jurassic—Lower Cretaceous
synrift successions present in specific key areas at certain time
intervals. In particular, the uppermost Jurassic—lowermost Creta-
ceous marginal-marine to shallow-marine successions of the
Maestrazgo Basin have been studied in successive regional works
(e.g. Canérot, 1974; Canérot et al., 1982; Salas, 1987; Martin-Closas,
1989; Aurell, 1990; Aurell et al., 1994, 2010, 2016; Salas et al., 2001;
Badenas et al., 2004, 2018; Cobos et al., 2010; Canudo et al., 2012;
Campos-Soto et al.,, 2017, 2019; Liesa et al., 2019). In the western
areas of the Maestrazgo Basin, the Tithonian-Berriasian boundary
generally occurs within a carbonate to mixed-siliciclastic coastal
succession referred to as Purbeck facies in pioneer studies (e.g.,
Canérot, 1974; Meléndez et al., 1979; Gautier, 1980, 1981), or as a
Tithonian—Berriasian Sequence in later stratigraphic works (e.g.,
Salas, 1987; Aurell et al., 1994, 2010; Salas et al., 2001; Mas et al,,
2004). In these regional studies, the Berriasian successions are
traditionally included in the “Jurassic cycle”, but the exact location
of the Tithonian-Berriasian boundary cannot be established.
However, recent reinterpretations based on larger benthic forami-
nifera biostratigraphy propose an older age for the sedimentation
of this succession (mid-Kimmeridgian—Tithonian), questioning the
presence of the Berriasian across the western Maestrazgo Basin
(Campos-Soto et al., 2019).

The objective of the present work is to integrate the existing
information with new sequence-stratigraphic, biostratigraphic
(ammonites, benthic foraminifera, charophytes, ostracods) and
strontium-isotopic data, providing a more precise account of the
chronostratigraphic distribution of the sedimentary successions
deposited during the Kimmeridgian—Berriasian in the central part
of the Iberian Rift System. The facies distribution and sedimentary
evolution documented here reflect the extensional tectonic activity
affecting eastern Iberia during this time interval. In particular, the
influence on the sedimentation and the nature of the un-
conformities that developed during successive stages of tectonic
activity during the mid-early Tithonian, the mid-Berriasian and
around the Berriasian-Valanginian transition have been further
documented. Moreover, the reported data provide information
about the location of the boundaries of both Tithonian and Ber-
riasian stages within the shallow-marine, coastal to continental
Iberian successions.

2. Geological setting

The Late Jurassic—Early Cretaceous rifting event affecting Iberia
coincided with the rift propagation from the Central Atlantic
northwards and with the opening of the Western Tethys (Salas
et al., 2001). The Maestrazgo Basin of eastern Iberia was devel-
oped during this rifting event (Fig. 1A). This basin was divided into a
set of well-differentiated depocentres (or subbasins) controlled by
the synsedimentary activity of local normal faults, which were
reactivated or formed during the Late Jurassic—Early Cretaceous
rifting (Fig. 1B). The present stratigraphic work concerns the
Kimmeridgian—Berriasian synrift successions recorded in four
subbasins located in the western part of the Maestrazgo Basin:
Aguildn, Oliete, Galve and Morella (Fig. 2A). The northern Aguilén
and Oliete subbasins only recorded the Kimmeridgian succession,
whereas the Morella and Galve subbasins include a more complete
Tithonian—Berriasian succession (Fig. 2B).

The Upper Jurassic-Lower Cretaceous (Kimmeridgian—lower
Albian) synrift successions recorded in the studied subbasins have
been divided into two synrift sequences, separated by a major
synrift unconformity associated with a wide erosional/non-
depositional stratigraphic gap of variable amplitude around the
Berriasian-Valanginian transition. The interpretation of Liesa et al.
(2019) used here (Fig. 2B), updates previous interpretations in
which this major synrift unconformity was considered older (i.e.
mid-Berriasian: Liesa et al., 1996; Aurell et al., 2016). The lower
synrift sequence 1 includes three tectono-sedimentary stages
bounded by major unconformities (1A, 1B and 1C in Fig. 2B), with
significant changes in the sedimentary systems that developed:
(1A) open to shallow-marine Kimmeridgian—lowermost Tithonian
carbonate-dominated ramps (e.g. Badenas and Aurell, 2001; Aurell
et al., 2010), (1B) Tithonian—mid-Berriasian coastal to shallow-
marine carbonates-siliciclastics (e.g. Aurell et al., 1994), and (1C)
locally recorded mid-Berriasian to lowermost Valanginian terres-
trial siliciclastics (e.g. Aurell et al., 2016). According to Liesa et al.
(2019), synrift sequence 2 also consists of three tectono-
sedimentary stages (A, B and C in Fig. 2B) and includes the
Valanginian—Barremian continental series or Weald facies (Soria
et al., 1995; Salas et al., 2001), the uppermost Barremian—Aptian
transitional to shallow carbonate platform successions or Urgo-
nian facies (e.g. Bover-Arnal et al., 2010), and the lower Albian coal-
rich succession of the Escucha Formation (e.g. Querol et al., 1992;
Bover-Arnal et al., 2016).

3. Methods

The stratigraphic synthesis presented here is based on published
and new data acquired from 36 key reference sections (Fig. 2A and
Supplementary data S1), complemented with an extensive review
of the available data on the Kimmeridgian—Berriasian successions
in other areas of the central Iberian Rift System. In particular, the
method of sequence stratigraphy (e.g. Catuneanu et al., 2011) was
used in the study area to correlate facies and unconformity-
bounded units at different scales, from high-frequency sequences
to long-term transgressive-regressive sequences (e.g. Badenas
et al., 2003, 2004; Aurell et al., 2003, 2010; Badenas and Aurell,
2018; Val et al., 2019). The results reported in these previous
works are reviewed and summarized here.

Key intervals of some stratigraphic sections were sampled for
strontium-isotopic analysis. Oyster, brachiopod and belemnite
shells were collected. The 87Sr/%5Sr isotopes were determined with
a TIMS-Phoenix thermal ionization mass spectrometer at the CAI
Geocronologia y Geoquimica Isotopica of the Universidad Complu-
tense de Madrid (Spain). All 7Sr/%6Sr data were corrected for
possible 87Rb interferences and were normalised to a value of
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0.1194 for 87Sr/%6Sr in order to correct possible mass-fractionation.
During the period of analysis, the NBS-987 standard gave an
average 87Sr/%%sr value of 0.710246 + 0.000014 (20, n = 9), which
was used to correct the measured values from a possible deviation
referred to the standard. The analytical error of the 87Sr/86Sr ratio
referred to 26 was 0.01%. The comparison between the obtained
875r/35Sr curve and the global marine 37Sr/2%Sr curve defined for the
Kimmeridgian—Berriasian (McArthur et al., 2012; Wierzbowski
et al,, 2017), together with biostratigraphical data have allowed a
more precise age calibration of the studied units.

For micropaleontological analysis (i.e. ostracods, charophytes),
surface bulk samples (1—3 kg) from promising lithologies (marly to
mudstone levels) were taken from several sections of the ostracod/
charophyte bearing units (i.e. Ladrundn Mb, Aguilar del Alfambra
Fm, Galve Fm) in the Morella and Galve subbasins. Processing fol-
lowed standard methods, treating the samples with water and 2%
hydrogen peroxide. The samples were then washed through sieves
(1000, 500 and eventually 125 pum mesh) and picked out under a
binocular microscope. Selected specimens were scanned with a
scanning electron microscope at the University of Zaragoza (JEOL
6400 SEM) and the University of Barcelona. Fossil specimens are
housed in the Natural Science Museum of the University of Zar-
agoza, Spain (Museo de Ciencias Naturales de la Universidad de
Zaragoza, MPZ).

4. Stratigraphy

The synthesis of the chronostratigraphic distribution and the
correlation of the Kimmeridgian—lowermost Valanginian lithos-
tratigraphic units across the four subbasins under study are shown
in Fig. 3. The proposed correlation is the best-fit of the available
biostratigraphic, isotopic and sequence-stratigraphic data and in
many aspects updates previous stratigraphic interpretations.

The lower datum is the widespread discontinuity (D1) sepa-
rating the prerift and synrift sequences (Fig. 2B). The age of this
discontinuity is well constrained by ammonites in the middle part
of the earliest Kimmeridgian Subnebrodites planula Zone, at the
boundary between the planula and galar subzones (e.g. Salas et al.,
2001; Aurell et al., 2003). In most of the central and eastern Iberian
basins, the prerift sequence ends with a middle-upper Oxfordian
10—30 m thick succession of open-platform limestones and marls
rich in siliceous sponges and ammonites, which laterally grades
into shallow-marine carbonate-siliciclastic successions (e.g.
Strasser et al., 2005; Ramajo and Aurell, 2008). The upper datum is
the regional intra-rift unconformity (D4) located around the
Berriasian-Valanginian transition on the basis of charophytes and
foraminifers (e.g. Salas and Casas, 1993, 2001; Martin-Closas and
Salas, 1994; Liesa et al., 2019), which corresponds to the bound-
ary between the synrift sequences 1 and 2 (Figs. 2B and 3).

4.1. Aguilén subbasin

The Kimmeridgian successions recorded in the Aguilén subbasin
show marked differences between the Ricla and Aguilén sectors (RI
and AG: Fig. 3). The Upper Jurassic outcrops located north of the
village of Ricla display a continuous exposure of the Kimmeridgian
Ki1l and Ki2 sequences (Fig. 4A; Badenas et al., 2005). These two
sequences have a long-term transgressive-regressive facies evolu-
tion and are bounded by sedimentary discontinuities that can be
traced at basin scale (e.g. Badenas and Aurell, 2001; Aurell et al.,
2010). In Ricla, the lower and middle part of the Kil sequence is
represented by outer-ramp, marl-dominated successions (upper

Sot de Chera Fm, c. 55 m thick) grading upwards to the middle-
ramp, burrowed sandy limestones of the lower Loriguilla Fm (c.
60 m thick). The lower and middle part of the upper Sot de Chera
Fm includes the ammonites Sutneria galar (Oppel) and Orthos-
phinctes gigantoplex (Quenstedt), and the boundary between the
planula and platynota zones is assumed to be located towards the
upper part of the Sot de Chera Fm (e.g. Colombié et al., 2014). The
upper regressive stage of the Kil sequence corresponds to pro-
grading shallow-platform deposits represented by the up to 30 m
thick wedge-shaped oolitic-siliciclastic Ricla Mb (Badenas et al.,
2005; Kleipool et al., 2015). The Ricla Mb is bounded on top by a
sharp sedimentary discontinuity that represents the Kil-Ki2
sequence boundary. Crussoliceras sp. (early Kimmeridgian, divisum
Zone) occurs c¢. 10 m below the Ricla Mb, and the boundary between
the Kil and Ki2 sequences is assumed to be located near the early-
late Kimmeridgian boundary (Val et al., 2017).

The thickness of the Ki2 sequence in Ricla ranges from 50 to
60 m. The sequence starts with a condensed limestone level rich in
oncoids and skeletal grains, which has been related to a basinwide
deepening event (Badenas and Aurell, 2001). A new strontium-
isotopic datum (87Sr/36Sr = 0.706964) from an oyster shell found
in this condensed level is coherent with the occurrence of this
flooding event at the onset of the late Kimmeridgian (Fig. 5). This
condensed level is overlain by middle-ramp reefal limestones that
grade distally into a lime mudstone succession (Torrecilla and up-
per Loriguilla formations, respectively; Badenas et al., 2005). The
skeletal levels found at the top of the Torrecilla Fm contain the
benthic foraminifer Alveosepta jaccardi (Schrodt). This marine
Kimmeridgian succession is overlain by upper
Valanginian—Hauterivian continental clastics and carbonates (Soria
et al., 1995; Fig. 2B).

The Kimmeridgian rocks form wide outcrops around the AG
sector. There, the Ki1 and Ki2 sequences consist of outer ramp marls
(Sot de Chera Fm) and lime mudstones (Loriguilla Fm), whereas the
Ki3 sequence corresponds to the shallow-ramp carbonates of the
Higueruelas Fm (Fig. 4B; Badenas et al., 2003, 2005; Aurell et al.,
2010; Sequero et al., 2018). The age of these sequences is con-
strained by ammonites, foraminifera and newly acquired
strontium-isotopic data (Fig. 3, AG log).

The Kil sequence is formed by the marls of the Sot de Chera Fm
(c. 50 m thick), including ammonites of the galar Subzone (Pérez-
Urresti et al., 1998), and by the rhythmic alternation of silty lime
mudstones and marls of the lower Loriguilla Fm (40—50 m thick)
with scarce early Kimmeridgian ammonites (Ataxioceratinae). The
Ki2 sequence is formed by up to 60 m of well-bedded lime mud-
stones of the upper Loriguilla Fm. Significant late Kimmeridgian
ammonites found in this unit are Progeronia breviceps (Quenstedt)
and Aspidoceras longispinum apeninicum (Sowerby). Alveosepta
jaccardi is common in the uppermost part of the Loriguilla Fm
(Badenas et al., 2003).

The Ki3 sequence corresponds to the 50—80 m thick shallow-
marine grain-supported peloidal, oncolitic and skeletal lime-
stones of the Higueruelas Fm (see Supplementary data S2). The
Higueruelas Fm was assigned in previous work to the lower
Tithonian (Aurell, 1990; Ipas et al, 2007; Aurell et al., 2010).
However, the record of Alveosepta jaccardi and Redmondelllina
powersi (Redmond) in the uppermost levels of this unit (Fig. 6A and
Supplementary data S2), combined with the ammonites found in
the underlying Ki2 sequence, indicate that the Ki3 sequence
(Higueruelas Fm) in the Aguildn sector was deposited during the
late Kimmeridgian, most probably within the late eudoxus and
beckeri zones. The strontium-isotopic (37Sr/®%Sr) data obtained

Fig. 1. Geological setting: (A) Location of Iberia in the Western Tethys in the latest Jurassic (modified from Liesa et al., 2019); (B) Location of the four studied subbasins, the Aguil6n,

Oliete, Morella and Galve, within the Maestrazgo Basin.
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from some intervals of the logs of Puebla de Albortén, Fuendetodos
and Tosos (logs 4, 6 and 7 in Fig. 2B; see Supplementary data S2) fit
well with the global curve of Wierzbowski et al. (2017) during this
late Kimmeridgian time interval (Fig. 5). In the area around Aguil6n,
the upper part of the Ki3 sequence locally consists of an up to
40—70 m thick siliciclastic succession with scarce intercalations of
skeletal-rich carbonate beds (Ipas et al.,, 2007). The skeletal-rich
beds found in the lower and middle parts of this siliciclastic-
dominated succession still include the Kimmeridgian benthic
foraminifera A. jaccardi and R. powersi. The upper boundary of the
Ki3 sequence is an angular unconformity overlain by upper
Valanginian—Hauterivian continental facies (Soria et al., 1995;
Fig. 2B).

4.2. Oliete subbasin

The Oliete subbasin has an incomplete record of synrift
sequence 1A (Fig. 3). During most of the Kimmeridgian, the
southwestern area of this subbasin located near the Montalbdn
High was the deposition site of shallow-marine oolitic and reefal
facies (Obdn-Torre de las Arcas sector, number 11 in Fig. 2A; Aurell
et al.,, 1999a). Towards the end of the Kimmeridgian, the southern
area of the subbasin was eventually exposed and shallow-marine
sedimentation became restricted to the north, around the locality
of Alacon (AL) (Aurell et al., 2018).

In the more complete Kimmeridgian succession exposed around
Alacén (AL log in Fig. 3), synrift sequence 1A includes the Kil, Ki2
and Ki3 sequences that correspond to the Sot de Chera, Loriguilla,
and Higueruelas formations. The Kil sequence is formed by the
lower Kimmeridgian (galar Subzone) marls of the Sot de Chera Fm
(up to 20 m thick) and the well-bedded lime mudstones and marls
of the lower part of the Loriguilla Fm (c. 40 m). The latter is
particularly rich in ammonites, allowing the platynota and hyp-
selocyclum/lothari early Kimmeridgian ammonite zones to be
identified (Moliner, 2009). The Ki2 sequence is represented by the
shallow-ramp, grain-supported (peloidal, skeletal) limestones of
the Alacon Mb (20—30 m thick). The lower part of this unit includes
scarce ammonites from the early part of the late Kimmeridgian
(Meléndez et al., 1990). The development of the shallow facies of
the Alacén Mb was related to the influence of the Montalban High
(Ceprid et al., 2002). On top of this unit there is a level of pedogenic
carbonate breccias developed during the subaerial exposure of the
platform after the regional relative seal-level fall associated to the
boundary between the Ki2 and Ki3 sequences (Fig. 4C; Aurell et al.,
2010). The Ki3 sequence corresponds to the uppermost Kimmer-
idgian shallow-marine limestones of the Higueruelas Fm (up to
70 m thick). A major erosive unconformity and the associated
stratigraphic gap are located above these shallow-marine Kim-
meridgian rocks, which are directly overlain by the lower Barre-
mian continental facies that characterizes the onset of the synrift
sequence 2 sedimentation in the Oliete subbasin (Aurell et al., 2018;
Fig. 2B).

4.3. Morella subbasin

The Kimmeridgian—Berriasian stratigraphy of the Morella sub-
basin shows marked differences with respect to the coeval sedi-
mentary record in the northwestern Aguilén and the Oliete
subbasins. In particular, the lower synrift sequence 1A has a com-
plete record (up to the mid-early Tithonian) in the Morella sub-
basin, and the synrift sequence 1B is well developed in its

depocentral areas (Fig. 3). In most of the northern and central area
of the Morella subbasin studied here, the Berriasian successions are
unconformably overlain by continental upper
Valanginian—Hauterivian lacustrine limestones (Herbers Fm) or
equivalent terrigenous continental units (e.g. Canérot, 1974; Gasca
et al,, 2017; Figs. 2D and 4D).

Synrift sequence 1A starts with the Kil sequence, which in-
cludes the marls of the Sot de Chera Fm (galar Subzone, up to 5 m
thick across the whole subbasin) and a 10—30 m thick succession of
limestones and marls (Calanda Mb), with a rich-ammonite record
of the early Kimmeridgian platynota, hypselocyclum/lothari, and
divisum zones (Geyer and Pelleduhn, 1979; Atrops and Meléndez,
1984; Fezer and Geyer, 1988; Meléndez et al., 1990; Finkel, 1992;
Moliner, 2009). A prominent discontinuity (hardground) surface
located on top of the condensed upper divisum Zone marks the
boundary between the Kil and Ki2 sequences. The upper Kim-
meridgian Ki2 and Ki3 sequences are generally represented by a
continuous, 60—120 m thick succession of well-bedded, open-
marine lime mudstones (Loriguilla Fm). In the outcrops located
south of Calanda (CA log in Fig. 3), the upper Loriguilla Fm includes
abundant siliceous sponges and ammonites of the acanthicum,
eudoxus and beckeri zones (e.g. Geyer and Pelleduhn, 1979). In the
Calanda-Val de la Piedra log (log 14 in Fig. 2A), the presence of
earliest Tithonian (early hybonotum Zone) ammonites in the up-
permost part of the Loriguilla Fm has been suggested (Atrops and
Meléndez, 1984).

In the upper part of synrift sequence 1A, in the Calanda (CA)
sector, most of the Ti1l sequence is formed by the shallow-marine
limestones of the Higueruelas Fm (Fig. 3). In the Calanda-Mas de
la Matas section (log 15 in Fig. 2A), the Higueruelas Fm consists of a
65 m thick succession of skeletal-peloidal-oncolitic grain-sup-
ported limestones, which are locally dolomitized (Aurell et al.,
1999b).

In the Villarluengo and Canada de Benatanduz sectors (see VI
and CB in Fig. 3), the upper part of the Ki3 sequence and the Til
sequence are represented by thick-bedded limestones with grain-
supported oncolitic-peloidal-skeletal facies typical of the Higuer-
uelas Fm. The Kimmeridgian age of the lowermost part of the
Higueruelas Fm is indicated by the presence of Alveosepta jaccardi
in the CB log (log 27 in Fig. 2A).

Synrift sequence 1B is made up of shallow-marine to peritidal
carbonate-dominated successions (partly dolomitic) in the Morella
subbasin. These thick successions (200—300 m thick) were re-
ported in previous regional stratigraphic analyses (Canérot, 1974;
Salas, 1987; Martin-Closas, 1989; Aurell, 1990; Aurell et al., 2010)
but were not logged in detail. The results of the logging performed
here in three key localities of Aguaviva-Las Parras (AV), Luco de
Bordén (LU) and Ladrunan (LA) are summarized in Fig. 7. Around
the AV sector, synrift sequence 1B is represented by a 150—250 m
thick succession dominated by peritidal, thin-bedded laminated
cryptalgal limestones and lime mudstones typical of the La Pleta
Fm. Around the LU/LA sector, these peritidal carbonates are located
in the lower and upper parts of the sequence, whereas the middle
part consists of thick-bedded, mud-to grain-supported shallow-
marine carbonates typical of the Bovalar Fm (Fig. 4E). Synrift
sequence 1B thus has a long-term transgressive/regressive trend,
from the peritidal carbonates of the lower Pleta Fm, to the shallow-
marine carbonates of the Bovalar Fm, including levels rich in the
benthic foraminifer Anchispirocyclina lusitanica (Egger), to the
peritidal carbonates of the upper Pleta Fm, and up to the conti-
nental to marine-marginal marl-dominated Ladrunan Mb (Fig. 3).

Fig. 2. (A) Distribution of the reference logs (see Supplementary data S1 for names of the logs and key references). The grey dashed line indicates the location of the correlation
transect shown in Fig. 3; (B) Synthetic chronostratigraphic distribution of main facies and tectono-sedimentary sequences of the Kimmeridgian—Aptian in the Aguilén, Oliete,

Morella and Galve subbasins (adapted from Liesa et al., 2019).
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KEY LOGS (see Fig. 2.A)

RI=Ricla
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CA=Calanda-Mas de las Matas
AV=Aguaviva-Las Parras
LU=Luco de Bordén
LA=Ladrufian
VI=Villarluengo
CB=Cafiada de Benatanduz
AM=Aliaga-Molino Alto
MI=Miravete

GA=Galve

AA=Aguilar Alfambra-Galve

Synrift
Sequence 1A

e

the relevant stratigraphic markers in the key logs (see Fig. 2A for location). In the upper part, the location of these stratigraphic markers within the unit is based in the assumption of constant average rates of sedimentation. The
probable location of the Tithonian-Berriasian boundary in the mid-upper part of synrift sequence (SS) 1B is indicated with a grey dashed-line. The biostratigraphic ranges of the biozones used (ammonites, charophytes, larger benthic
foraminifera (LBF)) are shown in the left part. Ammonites are found in the open-marine facies of synrift sequence 1A, foraminifera in the shallow-marine facies of synrift sequences 1A and 1B, and charophytes in the continental to
marginal-marine facies of synrift sequences 1B and 1C. Geological Time Scale according to Ogg et al. (2016).
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Fig. 4. (A) Distribution of lithostratigraphic units within the Ki1 sequence in Ricla (log 1 in Fig. 2A, Aguil6n subbasin); (B) Distribution of lithostratigraphic units within the Ki1l

and Ki3 sequences in Aguilon (log 8 in Fig. 2A, Aguilon subbasin); (C) Soil development (see white arrow) indicating the subaerial exposure of the platform between the Ki2 and
sequences in Alacon (log 10 in Fig. 2A, Oliete subbasin); (D) Angular unconformity between the La Pleta Fm (synrift sequence 1B) and the upper Valanginian-Hauterivian lacustrine
Herbers Fm in Borddn (log 22 in Fig. 2A, Morella subbasin); (E) Distribution of lithostratigraphic units in Luco de Bordén (log 22 in Fig. 2A). The boundaries of units 1-5 can be

traced at regional scale (see Fig. 7).

In these depocentral areas of the Morella subbasin, the synrift
sequence 1B consists of five correlatable units (see units 1-5 in
Fig. 4E And 7), equivalent to the third-order sequences Ti2-1 to Ti2-
5 defined in Aurell et al. (2010). These sequences show a

transgressive-regressive or regressive facies evolution and are
bounded by widespread sedimentary discontinuities. They display
a range and sedimentary evolution comparable to the five third-
order sequences 1-5 defined in Bddenas et al. (2004), located

Please cite this article as: Aurell, M et al., Kimmeridgian—Berriasian stratigraphy and sedimentary evolution of the central Iberian Rift System
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of the recorded coastal domains.

further east in the Montanejos and Salzedella sections (i.e. the
southern Penyagolosa and Salzedella subbasins, see Fig. 1B).

The Ladrunan Mb includes charophytes of biostratigraphic in-
terest. In particular, analysis of this unit in the localities of Jaganta
and Ladrunan (logs 18 and 23 in Fig. 2A) has yielded Dictyoclavator
fieri (Donze), Nodosoclavator bradleyi (Harris), and Atopochara
trivolvis var. horrida (Harris), which characterize the Ilatest
Tithonian/mid-early Berriasian Globator maillardii maillardii Zone
(Canérot, 1974; Martin-Closas, 1989; Riveline et al., 1996). The
transition between the La Pleta Fm and the Ladrunan Mb is gradual
and is assumed to occur around or above the Tithonian-Berriasian
boundary (Fig. 3).

The carbonate successions of synrift sequence 1B are repre-
sented around the Canada de Benatanduz (CB) sector by a 60—90 m
thick succession of shallow-marine to thin-bedded peritidal

carbonates attributed to the La Pleta Fm. Around the Villarluengo
sector, synrift sequence 1B is poorly represented due to the erosion
that occurred before the sedimentation of the continental
Valanginian—Hauterivian successions (see VI in Fig. 3).

4.4. Galve subbasin

The Galve subbasin shows the most complete record of the
studied synrift successions within the study area, because it also
includes the local presence of the synrift sequence 1C. In this
subbasin, the synrift sequence 1 is overlain by upper
Hauterivian—lower Barremian lacustrine to palustrine marls and
limestones, which represent the first unit of synrift sequence 2
(Aurell et al., 2016; Fig. 2B).
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Fig. 6. (A) Alveosepta jaccardi (Schrodt) (a) and Redmondelllina powersi (Redmond) (r) in skeletal wackestones in the uppermost levels of the Higueruelas Fm (Jaulin log n.3, unit 7,
see Supplementary data S2). (B) Anchispirocyclina lusitanica (al) and dasycladalean algae Zergabriella embergeri (Bouroullec & Deloffre) (z) in peloidal-skeletal packstones of the
lowermost levels of the Aguilar del Alfambra Fm (Miravete log n.29, see AM in Fig. 3). (C) MPZ 2019/253, Theriosynoecum fittoni (Mantell) from the Aguilar del Alfambra Formation,
Cerezos section (log 35; metre 330, Fig. 4 in Aurell et al., 2016); (D) MPZ 2019/254, cf. Macrodentina sp. from the Aguilar del Alffambra Formation, Cerezos section (log 35; metre 330,
Fig. 4 in Aurell et al., 2016); (E) MPZ 2019/255, cf. Asciocythere sp. from the Aguilar del Alfambra Formation, Cerezos section (log 35; metre 330, Fig. 4 in Aurell et al., 2016), (F) MPZ
2019/256, cf. Theriosynoecum fittoni from the uppermost part of the Galve Fm in the Galve-Zabacheras log (site 2, Fig. 5 in Aurell et al., 2016).

Synrift sequence 1A has a continuous record across the Galve
subbasin, including the Kil, Ki2, Ki3 a Til sequences. The Kil and
Ki2 sequences are formed by open-ramp marls and lime mudstones
of the Sot de Chera (2—10 m thick) and Loriguilla (90—130 m thick).
The lower part of the Loriguilla Fm includes early Kimmeridgian
ammonites (Gautier, 1981, Ababuj area), which indicates that the

sedimentation of the Loriguilla Fm occurred onwards from the
platynota Zone. Alveosepta jaccardi is present in the Loriguilla Fm
and is abundant in the lagoonal skeletal limestones found in the
upper part of the overlying Higueruelas Fm. According to the
available biostratigraphic and strontium-isotopic data (see Fig. 3),
the shallow-marine limestones of the Higueruelas Fm (50—70 m
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thick) are interpreted to correspond to the uppermost Kimmer-
idgian Ki3 sequence. However, Campos-Soto et al. (2019) propose a
mid-early Kimmeridgian age for the lower boundary of the
Higueruelas Fm (Fig. 8). This interpretation is not consistent with
the ammonites found in the underlying open-marine units (i.e. Sot
de Chera and Loriguilla formations and Calanda Mb). These open-
marine units are younger than the D1 mid-planula Zone major
discontinuity separating the prerift (Yatova Fm) and synrift se-
quences (Fig. 2B), and in several localities of the Aguildn, Oliete and
Morella subbasins contain late Kimmeridigan ammonites (Fig. 3).

In the Galve subbasin, the onset of the Til sequence is marked
by a sharp increase in siliciclastic input. The Til sequence corre-
sponds to the Cedrillas Fm, a new unit formally defined in this work
(see Supplementary material S3 for justification and details). The
Cedrillas Fm consists of a mixed coastal carbonate-siliciclastic unit
well developed in the central and western areas of the subbasin (i.e.
Galve, Aguilar del Alfambra, and Cedrillas-Monteagudo; logs 30, 33
and 36 in Fig. 2A). In these areas, this unit ranges from 150 to 220 m
in thickness (Fig. 9A). Lower subsidence rates in the eastern mar-
ginal areas of the subbasin between Aliaga and Miravete (see AM/
Ml in Fig. 3) caused a significant reduction in thickness to 10—20 m
(Fig. 9B). In the central areas of the Galve subbasin, the Cedrillas Fm
consists of four successive sedimentary sequences 30—80 m thick,
with a lower interval of well-bedded carbonates (bioclastic, peloi-
dal, ooidal, micritic) and marls, and an upper interval of mudstones
including lenticular to tabular cross-bedded sandstones (sequences
S1-S4 in Val et al., 2019). The presence of Alveosepta jaccardi in the
carbonate intervals of the S1 sequence and in the lower part of the
S2 sequence (Gautier, 1980; Campos-Soto et al., 2017, 2019; Val
et al., 2019), in conjunction with the overall trend of the strontium-
isotopic data, indicates a latest Kimmeridgian—mid-early Tithonian
age, most probably from the upper part of the beckeri Zone up to the
transition between the hybonotum/darwini zones (Fig. 5; Val et al,,
2019). The location of the lower boundary of this unit around the
acanthicum and eudoxus zones proposed by Campos-Soto et al.
(2019) is highly speculative and not supported by data (Fig. 8, see
boundary between U1 and CLP).

The upper boundary of the Til sequence is a widespread un-
conformity, which can be traced across the Morella and Galve
subbasins (D2 in Fig. 3). Based in the strontium-isotopic data, Val
et al. (2019) reassigned the age of this unconformity to the mid-
early Tithonian (instead of mid-late Tithonian, in Aurell et al.,
2016). In the Galve subbasin, the local presence of a low-angular
unconformity associated to this widespread discontinuity in-
dicates block tilting and erosion due to synsedimentary extensional
tectonic reactivation at the boundary between synrift sequences 1A
and 1B. This erosive surface has been mapped and documented in
detail in Galve (Garcia-Penas and Aurell, 2017) and in Aguilar del
Alfambra (Aurell et al., 2019).

Synrift sequence 1B corresponds to the Aguilar del Alfambra Fm.
This unit varies in thickness across the Galve subbasin (0—365 m)
due to strong control by synsedimentary extensional tectonics
(Aurell et al.,, 2016). The Aguilar del Alfambra Fm includes a wide
variety of siliciclastic and carbonate facies, which were deposited in
a wave-dominated open-coast tidal flat (Badenas et al.,, 2018).
Similar to what is observed in the Morella subbasin, the synrift
sequence 1B has a long-term transgressive/regressive trend, with a
transgressive peak indicated by the presence of a bioclastic level
(including Anchispirocyclina lusitanica) found at the mid-upper part
of the unit. This level reached the relatively proximal localities of
Aguilar del Alfambra and Ababuj (levels Ag5-2 and Ab5-1 in Badenas
et al., 2018). The biostratigraphic and strontium-isotopic data
updated in this work, indicate that the Aguilar del Alfambra Fm
spans from the mid-early Tithonian up to the early Berriasian (Fig. 3).

In the Miravete section (log 29 in Fig. 2A), the lowermost part
and the middle part of the Aguilar del Alfambra Fm includes
Anchispirocyclina lusitanica and the dasycladalean algae Zergabriella
embergeri (Bouroullec & Deloffre) (Fig. 6B). In the Ababuj section
(log 34 in Fig. 2A), the bioclastic level Ab5-1 found in the mid-upper
part of the unit (metre 245 within the 345 m thick section; see
Badenas et al., 2018) contains the same microfossil association. This
level also includes abundant oyster shells that have yielded four
stable strontium-isotopic data (87Sr/0sr) of 0.707164, 0.707167,
0.707190 and 0.707249, which, compared with the global curve of
Wierzbowski et al. (2017), indicates a latest Tithonian-earliest
Berriasian age (Fig. 5).

The presence of scarce ostracods is also relevant in confirming
the Berriasian age for the upper part of the Aguilar del Alffambra Fm.
Theriosynoecum fittoni (Mantell) (Berriasian—Barremian age range;
Sames, 2011; Schudack and Schudack, 2012) was found in a
fossiliferous level located in the upper part of the unit in the Cer-
ezos section (log 35 in Fig. 2A; level in metre 330 within the 365 m
thick section, see Aurell et al., 2016; sequence Ce7 in Badenas et al.,
2018). This level has yielded an additional ostracod assemblage
dominated by T. fittoni (Fig. 6C) along with scarce specimens of cf.
Macrodentina sp. (Fig. 6D) and cf. Asciocythere sp. (Fig. 6E). The
latter taxon, tentatively related to Asciocythere, includes species
previously described in the La Pleta and El Mangraner formations
(Asciocythere cf. circumdata (Donze)) by Schudack and Schudack
(2012). According to these authors (op. cit.), the stratigraphical
range of Asciocythere cf. circumdata is Berriasian whereas other
species of Asciocythere have also been reported by these authors but
not before the Aptian (see Fig. 3 in Schudack and Schudack, 2012).
As the geological context allows us to rule out the assignament of
the Cerezos section to the Aptian, the presence of Asciocythere
provides additional evidence of a Berriasian age for the upper part
of the Aguilar del Alfambra Formation.

On the other hand, the charophyte specimens found by Canudo
et al. (2012) at top of the Aguilar del Alfambra Fm in the Galve-
Zabacheras section have been restudied. However, insufficient
abundance and poor preservation precluded detailed taxonomic
and biostratigraphic attributions. Instead, a new fossil-site located
also in the upper part of the Aguilar del Alfambra Fm at La Penuela
outcrop (see location 31 in Fig. 2A) yielded a charophyte assem-
blage with Clavator grovesii var. grovesii (Harris) and Clavator gro-
vesii var. discordis (Shaikin), which is attributed to the Berriasian,
with more probability for the early Berriasian (Martin-Closas,
2000). The location of this new fossil-site is tentatively consid-
ered time equivalent to the sequences Ag5 or Ag6 of Badenas et al.
(2018). Campos-Soto et al. (2019) assume that the Aguilar del
Alfambra Fm does not reach the Berriasian (see SUP* in Fig. 8).
However, the early Berriasian age of the upper part of the unit
previously proposed in Aurell et al. (2016) is further confirmed by
the new biostratigraphic (carophytes and ostracods) and
strontium-isotopic data reported here.

Synrift sequence 1C is represented by the Galve Fm (Fig. 9C).
Galve Fm has a discontinuous record and is variable in thicknesses
(from O to 100 m) across the eastern and western margins of the
subbasin. The eastern margin has been studied in detail in the
Aliaga-Molino Alto section (log 28-AM, Fig. 2A). There, the Galve
Fm consists of red clays with intercalated sandstones and con-
glomerates representing alluvial fan deposits confined to half-
grabens. The recorded charophyte association, with Atopochara
trivolvis horrida (Harris) and the occasional presence of Clavator
grovesii grovesii (Harris) and Atopochara trivolvis micranda (Gram-
bast), indicates that the sedimentation took place around the early
to late Berriasian transition, in the Globator maillardii incrassatus
and G.m. nurrensis zones. The location of the Berrriasian-
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Valanginian boundary towards the upper part of this succession
cannot be rulet out (Aurell et al., 2016; see Fig. 10 therein).

Westwards, around the locality of Galve (log 30-GA, Fig. 2A), the
Galve Fm consists of red clays with intercalated cross-bedded and
tabular-burrowed sandstones representing channel and overbank
deposits in an alluvial floodplain. Santos et al. (2018) report on the
sporomorph assemblage in the lower part of the Galve Fm (Las
Zabacheras fossil site, Galve-Zabacheras section), indicating the
presence of some taxa whose first occurrence is Berriasian (in
particular, Cicatricosisporites imbricatus (Markova)) and other taxa
whose last occurrence has been reported in the lower Valanginian
(Impardecispora canadensis (Pocock)). Furthermore, in the Galve-
Zabacheras section, a marly level located in the upper part of the
Galve Fm (see site number 2 in Fig. 5 of Aurell et al., 2016) has
yielded numerous specimens of the Berriasian—Barremian ostracod
Theriosynoecum fittoni (Fig. 6F), as well as an isolated charophyte
specimen that was attributed by Canudo et al. (2012) to the latest
Berriasian—Hauterivian Globator maillardii steinhauserii (Mojon).
However, this assignment could not be confirmed in the present
review.

In summary, the set of biostratigraphic data summarized above
indicates that, in the Galve subbasin, the onset of the sedimentation
of the Galve Fm occurred in the mid-Berriasian, around the
boundary between the G. m. maillardii and G. m. incrassatus zones.
In addition, the possible location of the Berriasian-Valanginian
boundary towards the upper part of the Galve Fm remains uncer-
tain (Aurell et al., 2016). In contrast, Campos-Soto et al. (2019)
propose a Tithonian—mid-early Berriasian age for the Galve Fm in
the Galve-Zabacheras outcrop (Fig. 8, see SUP** in GA). However,
this age assignment is not consistent with the available biostrati-
graphic data, in particular by the Berriasian-lower Valanginian
sporomorph assemblage found in the lower part of the Galve Fm in
the Zabacheras fossil site (Santos et al., 2018). Moreover, these
authors regard the mixed carbonate-siliciclastic marginal-marine
deposits of the Aguilar del Alfambra Fm time equivalent to the
continental siliciclastics of the Galve Fm (see SUP* and SUP** in
Fig. 8). However, this interpretation is not consistent with the
regional tectono-stratigraphic data, with the presence of an inter-
mediate angular unconformity between these two units, which has
been mapped in separated areas of the Galve subbasin (see Aurell
et al., 2016 for details, in particular Figs. 6 and 9 therein, and
Garcia-Penas and Aurell, 2017).

5. Facies distribution and tectono-sedimentary evolution

The Upper Jurassic carbonate ramps that developed in eastern
Iberia had a well-defined distribution of facies belts ranging from
proximal (western) to distal (eastern) locations (e.g., BAdenas and
Aurell, 2001). Differential tectonics involving the uplift of the
marginal (western) areas of the Iberian Rift System from the latest
Jurassic on, combined with a long-term regional fall in sea level,
resulted in the progressive eastwards coastal offlap of these car-
bonate ramps (Aurell et al,, 1994, 2003). In the subbasins under
study, the observed facies evolution from the Kimmeridgian car-
bonate ramp successions to the Tithonian—Berriasian marginal-
marine to continental carbonate to siliciclastic-dominated units
allows the progressive eastward shoreline migration to be recon-
structed in detail (Fig. 10).

At the onset of the synrift sequence 1A, during the deposition of
sequences Kil and Ki2, wide carbonate ramps were developed in
eastern Iberia. In the studied area, there are no significant lateral
changes in thickness in the recorded Kimmeridgian successions
(Sot de Chera, Loriguilla, Torrecilla formations and Ricla Mb; Fig. 3),
indicating that there was not individualization of different sub-
basins at the time (Fig. 10A). However, the Montalban High was
already uplifted and influenced the distribution of the shallow
(Alacon Mb) to open-marine facies (Loriguilla Fm; Cepria et al.,
2002; Aurell et al., 2018). Southwards of the study area, differen-
tial tectonic activity controlled the formation of the Salzedella
subbasin (Salas, 1987; Badenas and Aurell, 2001).

At the end of synrift sequence 1A, during the sedimentation of
the Ki3 and Til sequences (Loriguilla, Higueruelas, and Cedrillas
formations), significant offlap resulted from the eventual restric-
tion of sedimentation in the easternmost part of the study area
(Fig. 10B). The Galve subbasin started to develop around the
Kimmeridgian-Tithonian transition. The accommodation created in
the central and eastern depocentral areas was filled by the thick
coastal siliciclastic-carbonate successions of the Til sequence
(Cedrillas Fm; Val et al., 2019).

The Tithonian—early Berriasian synsedimentary tectonics
resulted in marked differences between the continental, coastal
and shallow-marine successions of synrift sequence 1B recorded in
the Galve and Morella subbasins (Fig. 3). The sedimentation con-
sisted mainly of coastal mixed carbonate-siliciclastic-dominated
successions in the Galve subbasin (Aguilar del Alfambra Fm;
Badenas et al.,, 2018), whereas peritidal to shallow-marine car-
bonates occurred in the newly formed Morella subbasin (La Pleta
and Bovalar formations and Ladrunan Mb; Fig. 10C).

During the late Berriasian—mid-early Valanginian, the conti-
nental sedimentation of synrift sequence 1C in the study area
became restricted to small isolated grabens or half-grabens that
developed in the Galve subbasin (Galve Fm; Fig. 10D). The synse-
dimentary tectonic activity during the sedimentation of this
sequence was irregular and discontinuous. Continental to marine-
marginal carbonate-dominated sedimentation around the
Berriasian-Valanginian transition occurred southeastwards of the
study area, in the Salzedella subbasin (Canérot et al., 1982; Martin-
Closas and Salas, 1994; Salas et al., 2001; Badenas et al., 2004).

The tectono-sedimentary evolution of the central Iberian Rift
System reconstructed here deepens our understanding of the
gradual propagation of synsedimentary tectonics associated with
the initial stages of the Late Jurassic—Early Cretaceous rifting
(Aurell et al., 1994; Salas et al., 2001). Differential subsidence giving
rise to the individualization of the southeastern Salzedella subbasin
started during the earliest Kimmeridgian (Salas, 1987; Badenas and
Aurell, 2001). The Galve and Morella subbasins characterized here
started to develop later, in the latest Kimmeridigan and the early
Tithonian, respectively. Finally, the northwestern Aguilén and
Oliete subbasins were developed later still, during the mid-
Valanginian and early Barremian stages, respectively (Soria et al.,
1995; Aurell et al., 2018).

6. Discussion

The combination of biostratigraphic (ammonite and microfossil
assemblages), sequence-stratigraphic and strontium-isotopic data
compiled in this study allows us to constrain the

Fig. 8. Comparison between the Kimmeridgian—Berriasian stratigraphy of the Galve and western Penyagolosa subbasins proposed by Campos-Soto et al. (2019) and in this work.
The correspondence between the names of the informal units used in Fig. 3 of Campos-Soto et al. (2019) and the formal lithostratigraphic units used here is indicated in the lower
part of the figure. See text for explanation and discussion on the observed discrepancies. The location of the key stratigraphic markers within each unit is based in the assumption of
constant average rates of sedimentation (distribution of the benthic foraminifera in the Cedrillas log taken from Campos-Soto et al., 2019).
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chronostratigraphic framework of the Kimmeridgian—lowermost
Valanginian (?) sedimentary record in the central part of the Ibe-
rian Rift System. In particular, the present work makes it possible to
discuss the position of the lower and upper boundaries of the
Tithonian and Berriasian stages.

The Kimmeridgian-Tithonian boundary occurs in the uppermost
part of the synrift sequence 1A (Fig. 3). The location of this
boundary is based on the presence of late Kimmeridgian ammon-
ites in the K2 and Ki3 sequences, the last occurrence of Alveosepta
jaccardi in the lower part of the Til sequence, and strontium-
isotopic data obtained from the Higueruelas Fm (Aguil6n subba-
sin) and Cedrillas Fm (Galve subbasin). Neither A. jaccardi, nor
Anchispirocyclina lusitanica has been found in the middle and upper
part of the Ti1 sequence in the Galve and Morella subbasins, despite
the existence of shallow-marine to lagoonal carbonate intervals
rich in lituolids. However, in some localities in the Galve subbasin
(Miravete-MI log, Aguilar del Alfambra Fm; Fig. 3), A. lusitanica has
been found in the lowermost levels of the overlying synrift
sequence 1B. Badenas et al. (2004) also report on the occurrence of
A. lusitanica starting from the onset of the time-equivalent Bovalar
Fm (Montanejos and Salzedella sections). The available data in
eastern Iberia thus lend support to the proposals put forward by
Ramalho (1981) for the Lusitanian Basin and Peybernes (1998) for
the European basins, according to which the first occurrence of
A. lusitanica was not at the onset of the Tithonian but rather in the
middle part of the early Tithonian, after the hybonotum/darwini
ammonite zones (Fig. 11). The last occurrence of A. lusitanica has
been reported to reach the mid-early Berriasian (e.g., Ramalho,
1981; Peybernes, 1988; Granier, 2019).

As regards the position of the Tithonian-Berriasian boundary in
the studied area, this can be approached with the data available for
the mid-upper part of the synrift sequence 1B (see dark grey
dashed line in Fig. 3). In the Morella subbasin, this boundary is most
probably located close to the boundary between the peritidal car-
bonates of the La Pleta Fm and the charophyte-rich marly-domi-
nated succession of the Ladrundn Mb. In the Galve subbasin, the
strontium-isotopic data and the presence of ostracods whose first
occurrence is in the Berriasian indicate that the Tithonian-
Berriasian boundary is probably found towards the middle-upper
part of the coastal mixed carbonate-siliciclastic succession of the
Aguilar del Alfambra Fm.

The Berriasian-Valanginian boundary has been tentatively
located at the upper part of synrift sequence 1C (Galve Fm, Fig. 3;
see also Aurell et al., 2016). In the Galve subbasin, the largest
stratigraphic gap occurs in association with the D4 synrift uncon-
formity (Fig. 2B). For this reason, the D4 unconformity (most
probably located at the earliest Valanginian) is here considered to
be the boundary between the “Jurassic” and the “Lower Creta-
ceous” cycles (or synrift sequences 1 and 2; see also Liesa et al.,
2019). Eastwards, in the Salzedella subbasin, there is evidence of
a continuous sedimentation across the Berriasian—Valanginian
boundary. Of particular interest are the continental carbonates of
the El Mangraner Fm. In its type locality, the boundary between the
Globator maillardii nurrensis and G. m. steinhauseri charophyte zone
is located in the lower part of the El Mangraner Fm, and the age of
this unit ranges from late Berriasian to early Valanginian (Salas
et al., 1995; Martin-Closas and Salas, 1994, 1998). Northeastwards,
in the Garraf Basin, the El Mangraner Fm includes charophytes of
the late Berriasian G. m. nurrensis Zone (Albrich et al., 2006). In any
case, the stratigraphic and tectono-sedimentary evolution of the
different subbasins of the Maestrazgo Basin indicates that the

Berriasian succession is related to the “Jurassic cycle”, not to the
“Lower Cretaceous cycle”.

Despite the imprint of synsedimentary tectonics, the sequential
architecture observed in the Kimmeridgian—early Berriasian Ibe-
rian marine successions has been related in previous work to
eustatic and/or climatic changes driven by orbital cycles. In
particular, the influence of the short and long eccentricity cycles
has been found not only in the shallow-to open-marine domains of
the Ki2 and Ki3 sequences (e.g., Badenas et al., 2005; Badenas and
Aurell, 2018), but also in the mixed carbonate-siliciclastic shallow-
marine to coastal succession of the Til sequence deposited in the
Galve subbasin around the Kimmeridgian-Tithonian transition (Val
et al, 2019), and in the mid-Tithonian to earliest Berriasian
shallow-marine carbonate-dominated successions that include
Anchispirocyclina lusitanica, well recorded in the depocentral areas
of the eastern part of the Maestrazgo Basin (Salzedella and Mon-
tanejos sections, Bovalar Fm: Badenas et al.,, 2004). This cyclo-
stratigraphic analysis gives further support to the stratigraphic
framework proposed here. The time calibration of the studied
Kimmeridgian—Berriasian synrift successions (Fig. 3), is coherent
with the overall duration based on the number of high-frequency
sequences that previous work have proposed were formed in
tune with the short (100 ky) and long (400 ky) eccentricity orbital
cycles (Fig. 11). In particular, the upper part of synrift sequence 1A
(Ki2, Ki3 and Ti1 sequences) includes 10 sequences formed in tune
with the long eccentricity cycle (total duration of c.4 Myr), which
fits the 3.7 Myr duration of this time interval proposed here.
Moreover, the lower and middle part of the synrift sequence 1B
including Anchispirocyclina lusitanica of c.7 Myr of duration, fits
well with the 57—60 sequences formed in tune with the short-
eccentricity cycle in the Bovalar Fm (Fig. 11). It is interesting to
note that the influence of the long and short eccentricity cycles
during the Kimmeridgian—Berriasian has also been reported from
other, distant sedimentary domains (i.e. the Swiss Jura carbonate
platform: Strasser, 1988, 2007; Colombié and Strasser, 2005),
reinforcing the idea of a global eustatic/climatic signal influencing
the sedimentation.

7. Conclusion

The Kimmeridgian—Berriasian synrift successions recorded in
the central Iberian Rift System (NE Spain) consist of three synrift
sequences (1A, 1B and 1C) bounded by major unconformities. These
sequences have an irregular and variable record across the four
studied subbasins, the Aguildn, Oliete, Morella, and Galve.

The Kimmeridgian—lowermost Tithonian synrift sequence 1A
(150—400 m thick) consists of four transgressive-regressive se-
quences (Ki1, Ki2, Ki3 and Ti1 sequences). These sequences formed
on successive low-angle carbonate ramps, characterized by grain-
supported facies in shallow areas (including abundant levels with
Alveosepta jaccardi), which graded offshore to monotonous suc-
cessions of marls and lime mudstones, including ammonites that
allow the precise biostratigraphic calibration of these successions.
The progressive eastern offlap of these carbonate ramps resulted in
the reduced extension of the uppermost Kimmeridgian—lower
Tithonian Ti1 sequence, which is only recorded in the eastern
Morella and the Galve subbasins. Grain-supported carbonates are
predominant in the marginal areas of the Morella subbasin,
whereas mixed carbonate-siliciclastic coastal sediments developed
coevally around the Kimmeridgian-Tithonian transition in the
Galve subbasin.

Fig. 9. Representative field views showing the distribution of lithostratigraphic units in the Galve subbasin. (A) Aguilar del Alfambra section (log 33 in Fig. 2A); notice that the Galve
Fm is absent; (B) Miravete section (log 29 in Fig. 2A); notice that the Cedrillas Fm is very reduced in thickness; (C) Eastern flank of the Galve syncline (log 30 in Fig. 2A); notice that

the Aguilar del Alfambra Fm is absent.
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Fig. 10. Paleogeographic evolution of the central Iberian Rift System from mid-Kimmeridgian to late Berriasian. The information in D for the Salzedella subbasin is compiled from

Canérot et al. (1982), Salas (1987), and Martin-Closas and Salas (1994).

A major sedimentary change associated with normal fault
reactivation occurred at the onset of synrift sequence 1B, during the
mid-early Tithonian. Differential subsidence resulted in the local
accumulation of a thick (up to 365 m) coastal to shallow-marine
carbonate and siliciclastic successions in the depocentral areas of
the Morella and Galve subbasins. The age of synrift sequence 1B
(mid-early Tithonian to mid-Berriasian) is constrained by the
presence of the benthic foraminifera Anchispirocyclina lusitanica,
strontium-isotopic data, and the occurrence of charophytes of the
Globator maillardii maillardii Zone in the upper part of the sequence.
According to the available data, the Tithonian-Berriasian boundary
is located towards the mid-upper part of synrift sequence 1B. In the

Morella subbasin, this boundary is likely to be located around the
boundary between the La Pleta Fm and the Ladrunan Mb. In the
Galve subbasin, the strontium-isotopic data suggest that this
boundary is found in the mid-upper part of the Aguilar del
Alfambra Fm.

Sedimentation of the mid-Berriasian—lowermost Valanginian
synrift sequence 1C was irregular and is only represented in certain
areas of the Galve subbasin, which records the up to 100 m thick
continental succession of the Galve Fm. Biostratigraphic data con-
straining the age of the Galve Fm are provided by charophytes,
ostracods, and sporomorphs. Sedimentation of this unit occurred
during a phase of intense tectonic activity that involved the
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Fig. 11. Comparison between the stratigraphic calibration proposed in the present study and the cyclostratigraphic results obtained in previous works. Geological Time Scale from

Ogg et al. (2016). For explanation see text.

formation of isolated grabens and half-grabens in discrete parts of
the Galve subbasin. The upper boundary of synrift sequence 1C s a
major unconformity related to synsedimentary tectonic reac-
tivation around the Berriasian-Valanginian boundary, and there is
an associated stratigraphic gap of variable amplitude that com-
prises the Valanginian and the Hauterivian.

In conclusion, the stratigraphic and tectono-sedimentary evo-
lution of the central Iberian Rift System summarized here re-
inforces the observation that the sedimentation during the
Berriasian was linked to the “Jurassic cycle”, providing arguments
that support the placement of the Jurassic-Cretaceous system
boundary at the end of the Berriasian stage rather than at the
Tithonian-Berriasian boundary.
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