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Abstract. A revised chronostratigraphy of the Barremian-Early Albian sedimentary record of
the Maestrat Basin (E Iberian Peninsula) is provided based on a comprehensive synthesis of
previous biostratigrahic data, a new ammonoid finding and numerical ages derived from
87Sr/%8Sr values measured on shells of rudists, oysters and brachiopods. The succession, which
comprises eight lithostratigraphic formations, is arranged into six major transgressive-
regressive sequences and plotted against numerical ages, geomagnetic polarity chrons,
ammonoid zones and the stratigraphic distribution of age-diagnostic ammonoids, orbitolinid
foraminifera and rudist bivalves. The oldest lithostratigraphic unit sampled, the marine
Artoles Formation, is Early to Late Barremian. Above, the dinosaur-bearing deposits of the
Morella Formation and its coastal to shallow-marine equivalent, the Cervera del Maestrat
Formation, are of Late Barremian age and span at least part of the Imerites giraudi ammonoid
zone. ¥Sr/®®Sr ratios from oyster shells in the upper part of the overlying marine Xert
Formation are consistent with a latest Barremian-earliest Aptian age, while an ammonite

belonging to the Late Barremian Martelites sarasini Zone was collected within the lowermost
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part of this latter formation. The Barremian-Aptian boundary is tentatively placed close above
the base of the succeeding transgressive marls of the Forcall Formation by analogy with
nearby Tethyan basins, where major transgressive records contain latest Barremian
ammonoids in their basal parts. The rest of the Forcall Formation and the platform carbonates
of the Villarroya de los Pinares Formation are of Early Aptian age. The transition from the
Barremian into the Aptian occurred in the course of a wide transgression, which was
accompanied by the proliferation of Palorbitolina lenticularis. This transgressive event
drowned Late Barremian carbonate platforms (Xert Formation) throughout the basin.
Extensive carbonate platforms (Villarroya de los Pinares Formation) recovered coevally with
a post-OAE1a late Early Aptian major regression of relative sea level. The last
lithostratigraphic unit analyzed, the marine Benassal Formation, spans the terminal Early
Aptian-Late Aptian interval. Based on ammonite distributions, the lower part of the overlying
coastal to continental coal-bearing Escucha Formation is Early Albian in age. This improved
chronostratigraphic knowledge allows a more precise correlation of the sedimentary record

studied with other coeval successions worldwide.

Key words. Strontium-isotope stratigraphy, Geochronology, Biostratigraphy, Ammonoids,

Early Cretaceous, Iberian Chain, Tethys

1. Introduction

In the Maestrat Basin (Fig. 1), the boundary between the Barremian and the Aptian
stages has been classically placed within the Artoles Formation (boundary Al in Fig. 2; e.g.,
Salas 1987, Salas et al. 1995, 2001, Aurell and Vennin 2001, Liesa et al. 2006, Embry et al.

2010) or at the limit between the Artoles and the Morella/Cervera del Maestrat formations
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(boundary A2 in Fig. 2; e.g.,, Gamez et al. 2003, Salas et al. 2005, Moreno-Bedmar et al.
2009, 2010, Bover-Arnal et al. 2009, 2010). The stratigraphic calibration of this boundary was
mainly based on charophyte, ostracod and/or benthic foraminifera biostratigraphic data (e.g.,
Canérot et al. 1982, Salas et al. 1995) and geomagnetic polarity (e.g., Salas et al. 2005).
However, and besides the above-mentioned chronostratigraphic discrepancy between studies,
Canérot et al. (1982) and Lopez Llorens (2007) already noted that the stratigraphic position of
the Barremian-Aptian boundary in the Maestrat Basin was not successfully established yet.
Thus, while depicting the Barremian/Aptian boundary at the limit between the Morella (or
Cervera del Maestrat) and Xert formations, Canerot et al. (1982, Fig. 6.1, p. 277), in their
descriptions of lithostratigraphic units, by contrast, give a terminal Barremian or earliest
Aptian age for the Morella Formation (p. 285) and a terminal Barremian to earliest Aptian
time span for its coastal to marine equivalent the Cervera del Maestrat Formation (p. 284). On
the other hand, Lopez Llorens (2007) found an Argvethites sp. (genus determination modified
in Garcia et al. 2014), a Late Barremian ammonite belonging to the Imerites giraudi Zone,
within the marine-influenced deposits of the uppermost part of the Morella Formation, thus
ruling out the Early Aptian age classically assumed for this lithostratigraphic unit.

Later on, Moreno-Bedmar and Garcia (2011) put forward the hypothesis that the
Barremian-Aptian boundary was located at the lowermost part of the marls of the Forcall
Formation (boundary B in Fig. 2). This supposition was founded on the recognition of the
Deshayesites oglanlensis ammonoid Zone and the Subzone Deshayesites luppovi at the lower
part of the marls of the Forcall Formation. Moreno-Bedmar and Garcia (2011) also noted that
the Organya Basin in north-eastern Spain and the Provencal Platform in south-eastern France
recorded a major transgressive event starting in the latest Barremian that would then be
analogous to the deposition of the hemipelagic marls of the Forcall Formation in the Maestrat

Basin (E Spain). Since then, Garcia et al. (2014) and Villanueva-Amadoz et al. (2014) have
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attempted to test this hypothesis by reviewing the literature and providing new data on the
Barremian-Aptian ammonite biostratigraphy of the Maestrat Basin and by studying the
palynological content of the Morella Formation. Even though neither of these two works is
conclusive, they lend support to the Moreno-Bedmar and Garcia (2011) hypothesis. Garcia et
al. (2014) identified the species Deshayesites antiquus Bogdanova and Deshayesites sp. cf.
oglanlensis Bogdanova in the lower, non-basal part of the marls of the Forcall Formation.
These species are characteristic of the lower part of the Deshayesites oglanlensis Zone, which
is the first Aptian ammonoid Zone (Fig. 3; Reboulet et al. 2011, 2014). Villanueva-Amadoz et
al. (2014) record the dinoflagellate cysts Subtilisphaera terrula, Florentinia mantelli and
Oligosphaeridium abaculum, which indicate a Barremian age, from the base of the Morella
Formation. Villanueva-Amadoz et al. (2014) also recognize the pollen type Stellatopollis sp.
in the upper part of the Morella Formation and indicate that possibly this formation may be as
old as Late Barremian.

Using strontium-isotope stratigraphy and new ammonite biostratigraphic data the
present study conclusively locates the Barremian-Aptian boundary, while also calibrating the
age of the Barremian-Early Albian lithostratigraphic units of the Maestrat Basin. Strontium-
isotope stratigraphy is today a well-established, proven and widely adopted
chemostratigraphic method, which allows derivation of numerical ages from known past
changes in the Sr/*®Sr ratio of seawater (e.g., Steuber 1999, 2001, 2003a, b, McArthur et al.
2001, 2012, McArthur and Howarth 2004, Steuber et al. 2005, Frijia and Parente 2008, Bodin
et al. 2009, Burla et al. 2009, Boix et al. 2011, Huck et al. 2011, Steuber and Schluter 2012,
Wagreich et al. 2012, Williamson et al. 2012, Jaramillo-Vogel et al. 2013, Bonilla-Rodriguez
et al. 2014, Pascual-Cebrian 2014, Frijia et al. 2015). The resulting numerical ages derived
from #’Sr/*®Sr values obtained from brachiopod, rudist and oyster shells collected in selected

stratigraphic intervals of the Barremian-Early Albian sedimentary succession of the Maestrat
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Basin are plotted against lithostratigraphic units, major transgressive-regressive sequences of
relative sea level recorded in the basin, ammonoid zones, geomagnetic polarity chrons, and
ammonite, orbitolinid and rudist occurrences (Fig. 3). The results are complemented with
numerical ages derived from ®'Sr/®*Sr ratios measured in rudist shells from the western
Maestrat Basin by Pascual-Cebrian (2014).

Therefore, besides constraining the stratigraphic position of the Barremian-Aptian
boundary in the Maestrat Basin, the resulting chronostratigraphic framework (Fig. 3) allows
us: i) to establish the age of the dinosaur and other vertebrate records found in the Morella
and Xert formations (e.g., Yague et al. 2003, Canudo et al. 2008a, b, Jorquera-Grau et al.
2009, Pérez-Garcia et al. 2009, 2014, Gasulla et al. 2011a, 2011b, 2012); ii) to date the major
Barremian-Early Albian transgressive-regressive trends of relative sea level and the episodes
of carbonate platform development, subaerial exposure and drowning in the basin; iii) to give
a more precise correlation of the sedimentary record studied with other coeval successions
worldwide, and iv) to test the numerical-age calibrations of Tethyan Barremian-Early Albian
ammonoid, orbitolinid and rudist species ranges and the biostratigraphic correlation between

their different zonations.

2. Geological setting

The Maestrat Basin was an intracratonic Mesozoic rift basin located at the eastern
margin of the Iberian plate that developed on account of tectonic extension linked to the
opening and spreading of the Neotethys towards the west, and the opening of the Central

Atlantic Ocean and the Bay of Biscay (Salas and Casas 1993). From the Tithonian (Late
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Jurassic) to the Albian (Early Cretaceous), the Maestrat Basin was structured into seven sub-
basins: Aliaga, El Perello, Galve, Morella, Oliete, Penyagolosa and Salzedella (Salas and
Guimera 1996; Fig. 1B). Throughout the Barremian-Early Albian time interval reviewed in
this paper, up to 2 km-thick continental to hemipelagic mixed carbonate-siliciclastic
sedimentary successions were deposited within these sub-basins (Canérot et al. 1982; Salas
1987). Later on, during the Paleogene-Early Miocene, and due to the collision between the
Iberian and European plates in the course of the Alpine orogeny, the Maestrat Basin was
inverted and gave rise to the eastern part of the Iberian Chain (E Iberian Peninsula; Fig. 1A)

(Salas et al. 2001).

2.1. Barremian-Early Albian lithostratigraphy

The Barremian-Early Albian sedimentary record from the Maestrat Basin can be
subdivided into eight lithostratigraphic units with the rank of formations. These formations
are named from oldest to youngest as Artoles, Cervera del Maestrat, Morella, Xert, Forcall,
Villarroya de los Pinares, Benassal and Escucha (Fig. 3; Canérot et al. 1982, Salas 1987, Salas
et al. 1995, 2001).

The marine Artoles Formation (Figs 3 and 5A) is mainly characterized by an
alternation of marls, sandy limestones and limestones rich in oysters (Salas 1987, Salas et al.
1995, 2001, Caja 2004). Above, fluviatile red clays and sandstones associated with vertebrate
fossils constitute the Morella Formation (Figs 3 and 5A-B; Canérot et al. 1982, Salas 1987,
Salas et al. 1995, Gamez et al. 2003). Bioclastic and sandy limestones in the upper part of the

Morella Formation indicate punctuated episodes of coastal to marine influence (Figs 3 and



159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

5A-B; Canérot et al. 1982). The Morella Formation passes laterally to the mixed carbonate-
siliciclastic coastal to shallow-marine deposits of the Cervera del Maestrat Formation (Figs 3,
5C and 6A; Canérot et al. 1982, Salas 1987, Salas et al. 1995). The overlying Xert Formation
(Figs 3, 5A, 6 and 7A) consists of an alternation of marine sandstones, sandy limestones and
marls, which evolve into massive limestones containing abundant orbitolinids in the upper
part of the formation (Canérot et al. 1982, Salas 1987, Salas et al. 1995, Vennin and Aurell
2001, Bover-Arnal et al. 2010, Embry et al. 2010).

The Forcall Formation (Figs 3, 6 and 7A-C) is mainly made up of basin marls with
interbedded marly limestones, silty limestones, sandy limestones and limestones characterized
by fossil biota such as ammonoids and Palorbitolina lenticularis (Canérot et al. 1982, Salas
1987, Salas et al. 1995, Clariana 1999, Moreno-Bedmar et al. 2010a). The four Early Aptian
ammonoid zones namely, Deshayesites oglanlensis, Deshayesites forbesi, Deshayesites
deshayesi and Dufrenoyia furcata, are recorded within this formation (Fig. 3; Moreno-
Bedmar et al. 2010a, Garcia et al. 2014). The C-isotope shifts linked to the Early Aptian
oceanic anoxic event (OAE1a) have been located at the upper part of the Deshayesites forbesi
Zone within the Forcall Formation (Fig. 3; Moreno-Bedmar et al. 2009a, Bover-Arnal et al.
2010, 2011b, Cors et al. 2015). The position of the OAEla within the Deshayesites forbesi
Zone (and not within the Deshayesites deshayesi Zone as often reported by other workers,
notably in the Vocontian Basin in France, e.g., Moullade et al. 2015) is not related to any
dischronism of the OAE1la or to a later first appearance datum of Deshayesites deshayesi in
the Maestrat Basin, but rather to a disagreement between authors about the taxonomic
identification of Deshayesites deshayesi (see Moreno-Bedmar et al. 2009, 2014).

The succeeding lithostratigraphic unit, the Villarroya de los Pinares Formation (Figs 3,
6 and 7A, C; Canerot et al. 1982, Salas 1987, Salas et al. 1995, Clariana 1999, Clariana et al.

2000), is characterized by sandy limestones, oolitic, peloidal and skeletal packstones and
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grainstones, and platform carbonates with floatstone to rudstone textures containing rudist
bivalves and corals. Locally, the Villarroya de los Pinares Formation is also constituted by
mudstones with ammonites, planktic foraminifera and sponge spicules. The Villarroya de los
Pinares Formation passes basinwards to the marls of the Forcall Formation (Fig. 3; see Bover-
Arnal et al. 2009).

The Benassal Formation consists of an alternation of marly intervals containing
bivalves, gastropods and locally, scleractinian corals, and platform carbonates dominated by
rudist bivalves, colonial corals and nerineid gastropods (Figs 3, 6A, 7A, C-D and 8A-B; Salas
1987, Tomas et al. 2008, Bover-Arnal et al. 2010, Martin-Martin et al. 2013, 2015, Gomez-
Rivas et al. 2014). The uppermost part of the Benassal Formation is formed by ferruginous
ooid grainstones, sandstones, sandy limestones and clays indicating a progressive shallowing
of the depositional environment (Figs 3, 6A and 8B; Canérot et al. 1982, Salas 1987, Bover-
Arnal et al. 2010). This formation registered the uppermost part of the Dufrenoyia furcata
Zone at its base (Fig. 3; Moreno-Bedmar et al. 2012, Bover-Arnal et al. 2014, Garcia et al.
2014). Ammonoid specimens belonging to the Epicheloniceras martini, Parahoplites
melchioris and Acanthoplites nolani zones have been found along the Benassal Formation
(Fig. 3; Weisser 1959, Moreno-Bedmar et al. 2010a, Martin-Martin et al. 2013, Garcia et al.
2014).

Above, the Escucha Formation mainly corresponds to an alternation of clays, coal
levels and sandstones (Figs 3 and 8C; Aguilar et al. 1971, Pardo 1979, Pardo and Villena
1979, Canerot et al. 1982, Querol 1990, Querol et al. 1992). Locally, the limit between the
Benassal and Escucha formations corresponds to an erosional unconformity (Canérot et al.
1982, Salas 1987, Querol et al. 1992, Salas et al. 1995). In the depocentre of the Maestrat

Basin, which is located in the northeastern part of the Salzedella sub-basin (Fig. 1B), the
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lower part of the Escucha Formation was dated by means of ammonoids as earliest Albian

(Fig. 3; Moreno-Bedmar et al. 2008, Garcia et al. 2014).

3. Materials and methods

3.1. Terminology

In this paper, the stratigraphic terminology of time-rock units and geologic time units
is unified following Zalasiewicz et al. (2004). Accordingly, the paper uses "early" and "late",

but not "lower™ and "upper", to define both chronostratigraphical and geochronological terms.

3.2. Lithostratigraphic units and localities sampled

Seven samples for strontium-isotope stratigraphy were collected from three different
stratigraphic levels within the Artoles Formation in the Salzedella sub-basin (Fig. 1B). Two
brachiopods, pieces A1-A and A1-B (Fig. 3 and Table 1A), and two oyster shells, specimens
A2-A and A2-B (Fig. 3 and Table 1A), were sampled in the lower-middle part of this
lithostratigraphic unit in the Corral d'en Parra section (UTM coordinates: X=31T 263453,
Y=4482816; see Salas 1987), in the outskirts of the town of Sant Mateu (Comarca of El Baix
Maestrat). In addition, three oyster specimens, A3-A, A3-B and A3-C (Fig. 3 and Table 1A),
were taken at the upper part of the Artoles Formation cropping out along the road N-232, in
Mas del Regall (UTM coordinates: X=31T 257351, Y=4489393; see Salas 1987), in the

surroundings of the town of Xert (Comarca of El Baix Maestrat).
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Three oyster valves, samples C1-A, C1-B and C1-C (Fig. 3 and Table 1A), were
collected in the lower part of the Cervera del Maestrat Formation in the Salzedella sub-basin
(Fig. 1B). The sampling locality corresponds to Mas del Regall section (UTM coordinates:
X=31T 257612, Y=4489753; see Salas 1987), which crops out 2.2 km to the west of the town
of Xert (Comarca of El Baix Maestrat).

The two oyster shells, specimens X1-A and X1-B (Fig. 3 and Table 1 A), sampled to
calibrate the age of the Xert Formation, come from the Salzedella sub-basin (Fig. 1B). These
low-Mg calcite pieces were collected in the upper part of this lithostratigraphic unit exposed
along the forest road (UTM coordinates: X=31T 258579, Y=4490741; see Salas 1987) that
goes from the town of Xert (Comarca of EIl Baix Maestrat) to the Turmell Range (Comarca of
Els Ports).

Finally, three rudist shells, samples B1-A, B1-B and B1-C (Fig. 3 and Table 1A), were
plucked from the Benassal Formation in the Morella sub-basin (Fig. 1B). The stratigraphic
level sampled corresponds to the upper part of transgressive incised valley-fill deposits, which
are found at the Mola d'en Camaras (UTM coordinates: X=30T 740119, Y=4503220.80; see
Bover-Arnal et al. 2014), 3 km to the northeast of the town of El Forcall (Comarca of Els

Ports).

3.3. Strontium-isotope stratigraphy

The analytical and chronostratigraphic data presented in Table 1A were obtained from
15 samples collected for this study. These results were integrated with the dataset of Pascual-
Cebrian (2014) (Table 1B) who performed strontium-isotope stratigraphic analyses on 5
rudist shells collected in the Forcall, Villarroya de los Pinares and Benassal formations in the

western Maestrat Basin (Galve sub-basin; Fig. 1B). In the present work, the samples studied
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by Pascual-Cebrian (2014) have been renumbered for simplicity: F1 = LC-Sr-1; V1 = LSC-
Sr-3; V2 = LSC-Sr-1; V3 = Mi-Sr-2; B2 = BC-Sr-1 (Fig. 3 and Table 1B). Sample F1 was
collected within the Lithocodium aggregatum-bearing horizon found in the Forcall Formation
cropping out in Las Cubetas section (Fig. 1B; UTM coordinates: X=30T 694192.131,
Y=4504314.076; see Bover-Arnal et al. 2010, 2011b for sample locality details). Samples V1
and V2 come from the lower part of the Villarroya de los Pinares Formation in La Serna (Fig.
1B; UTM coordinates: X=30T 693819.913, Y=4490421.394; see Bover-Arnal et al. 2015 for
location of samples). Specimen V3 was collected in the upper part of the Villarroya de los
Pinares Formation in Las Mingachas locality (Fig. 1B; UTM coordinates: X=30T
693684.184, Y=4494385.624; see Bover-Arnal et al. 2009 for sample locality details).
Specimen B2 was sampled in the lower part of the Benassal Formation in the Las Corralizas
section (Fig. 1B; UTM coordinates: X=30T 693993.535, Y=4492353.315; see Bover-Arnal et
al. 2010 for location of sample). The selection process and preparation of these samples, as
well as the methodology followed to obtain the 'Sr/®°Sr ratios and derived numerical ages,
are described in Pascual-Cebrian (2014).

The new analytical data were measured in biotic low Mg-calcite (mainly oysters and a
few rudists and brachiopods) coming from 4 different localities (Figs. 1B and 3; Table 1A).
Whenever possible, multiple samples were collected from each stratigraphic level, in order to
test the internal consistency of the data. Laboratory preparation of the biotic low Mg-calcite
for analysis followed the method described in Frijia and Parente (2008) and Boix et al.
(2011). Rock samples and larger shells were cut to produce 0.5-2 cm-thick slabs. These were
ground and polished on all sides in order to eliminate superficial contamination. Isolated
shells and fragments were washed, through repeated cycles, in an ultrasound bath filled with a
solution of deionised water and H,O, 5% at 50 °C for 5 minutes to remove adhering clay

minerals and then dried at room temperature. Furthermore, some shell was treated for 20 to 45
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seconds in HCL 1M, to eliminate calcite overgrowths, and then rinsed carefully with
deionised water. As a final step all the samples were washed ultrasonically in a bath of
ultrapure water (milli-Q water) for 3 minutes and then dried in a clean environment. All the
samples (rock slabs and isolated shell fragments) were then passed through a complete
petrographic screening (optical microscope and scanning electron microscope) to assess the
preservation of the original shell microstructure.

The elemental (Mg, Sr, Mn and Fe) composition of the shells was analysed as a further
screening step. The micritic matrix of some samples was also analysed in order to get deeper
insight into the diagenetic processes. Samples for geochemical analyses were obtained by
microsampling, under the microscope, of selected areas of polished slabs and shell fragments
with a hand-operated microdrill equipped with 0.3 to 0.5 mm & tungsten drill bits. Two splits
of each sample were prepared. The first split was used for the ICP-AES analysis of Mg, Sr, Fe
and Mn concentration. The second split of the powdered samples was used for strontium-
isotope analysis. Geochemical analyses were performed at the Institute for Geology,
Mineralogy and Geophysics of the Ruhr-University (Bochum, Germany). After strontium
separation by standard ion-exchange methods, strontium-isotope ratios were analyzed on a
Finnigan MAT 262 thermal-ionisation mass spectrometer and normalized to an ®Sr/®*Sr value
of 0.1194. The mean value of the USGS EN-1 (modern seawater) standards run together with
the samples analysed for this study is 0.709174 + 0.000006 (2 s.e., n= 4). The 3'Sr/*Sr ratios
of the samples were adjusted to a value of 0.709175 for the USGS EN-1 standard, to be
consistent with the normalisation used in the compilation of the look-up table of McArthur et
al. (2001; version 4: 08/04). A mean value was calculated when more than one sample was
available for one stratigraphic level. The precision of the 8’Sr/%®Sr mean value for each
stratigraphic level is given as 2 s.e. of the mean when the number of samples (n) is >4. When

n<4, the precision is considered to be not better than the average precision of single
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measurements and is calculated from the standard deviation of the mean value of the
standards run with the samples (£0.000013 for n=1, £0.000009 for n=2 and +0.000007 for
n=3).

The numerical ages of the samples analysed in this study were derived from the look-
up table of McArthur et al. (2001, version 4: 08/04, see procedure regarding age calculation in
Frijia et al. 2015), which is tied to the Geological Time Scale of Gradstein et al. (2004;
hereinafter GTS2004). Minimum and maximum ages were obtained by combining the
statistical uncertainty (2 s.e.) of the mean values of the Sr-isotope ratios of the samples with
the uncertainty of the seawater curve. The numerical ages were then translated into
chronostratigraphic ages and corresponding standard ammonite biozones by reference to the

GTS2004.

3.4. Transgressive-regressive sequence-stratigraphic model

The transgressive-regressive sequence-stratigraphic framework is based on the
recognition of subaerial unconformity surfaces, maximum flooding surfaces, maximum
flooding zones, transgressive surfaces, changes in stacking patterns of lithostratigraphic units
and the observed facies succession at the scale of formations by Pardo (1979), Pardo and
Villena (1990), Salas (1987), Canérot et al. (1982), Querol (1990), Querol et al. (1992),
Vennin and Aurell (2001), Bover-Arnal et al. (2009, 2010, 2011b, 2014, 2015), Embry et al.
(2010) and Martin-Martin et al. (2013). Previous sequence-stratigraphic analyses carried out
in the basin were also taken into account (e.g., Salas 1987, Salas et al. 2001, Vennin and
Aurell 2001, Bover-Arnal et al. 2009, 2010, 2011a, 2014, 2015, Embry et al. 2010, Martin-
Martin et al. 2013). See Catuneanu et al. (2009, 2011) for the conceptual background of the

transgressive-regressive sequence-stratigraphic method.
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4. Preservation of the original Sr-isotope signal

The first and most critical step in order to correctly perform strontium-isotope
stratigraphy is to evaluate the preservation of the analysed material. Diagenetic processes can
alter significatively the original marine 'Sr/®Sr signal leading to a wrong age
derivation/calculation. The diagenetic screening approach used in this study to assess the
preservation of the analysed fossils followed that described in similar previous works (Steuber
et al. 2005, Boix et al. 2011, Frijia and Parente 2008, Frijia et al. 2015).

Analysis of the concentration of some major and trace elements is a powerful tool to
estimate the degree of alteration of a bioclastic sample. In this respect, a pattern of lower Sr
concentrations, and higher Mn and Fe concentrations and ®’Sr/2®Sr ratios has been commonly
associated with a significant degree of diagenetic alteration in multicomponent studies in
carbonates (Brand and Veizer 1980, Al-Aasm and Veizer 1986, Brand et al. 2012).

However, in the resulting dataset such a diagenetic covariation is not detectable, with
shells and matrix (mixture of pristine and diagenetic phases) both showing Fe and Mn
concentrations quite variable with respect to Sr (Table 1A). Frijia et al. (2015) pointed out
that relatively high Fe and Mn concentrations are not always indicators of diagenetic
processes. High Fe and Mn concentrations occur in shells rather due to contamination from

surface oxide coatings than due to recrystallization or incorporation. On the other hand,
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relatively low Fe and Mn concentrations have been found also in diagenetic calcite (Steuber et
al. 2005, Frijia and Parente 2008, Boix et al. 2011, Vicedo et al. 2011, Frijia et al. 2015). The
micritic matrix samples analyzed exhibit the highest values for these two elements (Fe up to
7812 ppm and Mn up to 492 ppm; Table 1A), suggesting diagenetic fluids rich in Fe and Mn.
Therefore, even if we mainly rely on Sr concentration as the prime criterion of diagenetic
screening (Sr > 750 ppm as indicated in Frijia et al. 2015), we also use concentrations of Fe <
250 ppm and Mn < 50 ppm as conservative threshold values to help discriminating between
samples which have retained their pristine isotopic composition and samples that have
incorporated significant amounts of diagenetic Sr (see references in Frijia et al. 2015).

The next step of the diagenetic screening procedure is to compare the Sr concentration
and the Sr-isotope value of the different shells and matrix from the same level. The data show
that the micritic matrix has lower Sr concentrations and significantly higher Sr-isotope values
than pristine shells. This is the trend expected for diagenetic alteration or for mixing of
pristine and diagenetic material (Banner 1995). In general, in the dataset presented, different
shells from the same bed, most of which passed the steps of the diagenetic screening, have
87Sr/%8Sr ratios within a very narrow range, slightly higher than the analytical precision (2 s.e.
0.000007). This internal consistency of the Sr-isotope ratios of different samples from the
same level can be considered as strong evidence that the samples used for strontium-isotope
stratigraphy retained their original marine Sr-isotope signature (McArthur 1994, McArthur et
al. 2006, Brand et al. 2011).

Sample B1-B has a Sr concentration below the threshold here adopted whereas for
sample B1-C we could not get enough material to perform both ICP and Sr-isotope
measurements. However, these samples exhibit 8 Sr/%°Sr ratios very similar to that from
sample B1-A and significantly lower than the isotopic ratio of the micritic matrix enclosing

the shells (Table 1A). Accordingly, these shells are considered to preserve the original
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87Sr/%8Sr signal and are used for strontium-isotope stratigraphy. On the other hand, samples
C1-A, C1-B and A3-A were discarded despite of their high Sr concentration because of their
Fe and Mn values, which were above the chosen limit and mainly because their 8Sr/®°Sr
ratios were found to be considerably higher than the ratio measured in the other samples from
the same stratigraphic level (Table 1A). Finally, sample C1-C was used for strontium-isotope
stratigraphy despite its Fe and Mn concentrations above the indicated threshold since this
sample yielded the lowest ®’Sr/2°Sr ratio of the level (Table 1A). However, it cannot be ruled
out that the original &’Sr/2°Sr of this sample could have been, in part, modified by diagenesis

and therefore the derived SIS ages for this level are treated in a conservative way (see below).

5. Strontium ratios and derived numerical ages of the samples

The 8/Sr/%Sr values obtained from low-Mg calcite shells collected for the present
study in the Maestrat Basin range from 0.707488 + 0.000009 down to 0.707310 £ 0.000007
(Table 1A). These values translate respectively into numerical ages of 127.49-128.33 Ma
(+1.44/-0.88) and 118.93 Ma (+0.73/-0.7), which constrain the age of the specimens analysed
within the Barremian-early Late Aptian time interval (GTS 2004). For description of the Sr-
isotopic data and the derived numerical ages presented in Table 1B refer to Pascual-Cebrian
(2014).

The oldest shells studied are found in the Artoles Formation (samples Al and A2 from
its lower-middle part and sample A3 from its upper part). The Sr-isotope ratios of the two
sampled intervals are identical (0.707488 + 0.000009) and translate into a numerical age of
127.49-128.33 Ma (+1.44/-0.88) corresponding to the early Late Barremian (Fig. 3 and Table
1A). However, if the total age range is considered (126.61-129.77 Ma), the age of the samples

spans almost the whole Barremian (see GTS 2004). Such a large age interval is due to the fact
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that the Sr-isotope curve from the middle Early Barremian to the early Late Barremian is
characterized by fairly stable values (e.g., Bodin et al. 2009; Mutterlose et al. 2014). In
southeastern France, Bodin et al. (2009) report mean 2’Sr/%®Sr ratios of 0.707488 to 0.707506
for this interval (Kotetishvilia Nicklesi through Toxancyloceras vandenheckii Tethyan
ammonite zones). These values are slightly higher than those reported for the Early Barremian
to the early Late Barremian by McArthur et al. (2004) from the Boreal realm (~0.707475 in
the Early Barremian Hoplocrioceras rarocinctum Zone to 0.707485 in the lowermost early
Late Barremian Parancyloceras elegans Zone). Furthermore, as highlighted by Mutterlose et
al. (2014), an offset between the Tethyan and Boreal Sr-isotopic curves from the middle Early
Barremian to the early Late Barremian makes it difficult to use strontium-isotope stratigraphy
for precise age calculation across this interval. However, if we consider the absolute Sr-
isotopic values of our samples as a tool of correlation, they are indistinguishable from those of
Bodin et al. (2009) and McArthur et al. (2004) constraining the age of our samples A to the
middle Early-early Late Barremian. The Artoles Formation in the Salzedella sub-basin (Fig.
1B; depocentre of the Maestrat Basin) is about 750 m-thick. Samples Al and A2 were
collected in the lower-middle part of this formation in the depocentre of the basin, about 300
meters above the last Hauterivian ammonite. This would suggest a middle/late Early
Barremian age for samples Al and A2. On the other hand, sample A3 collected in the upper
part of the Artoles Formation is ascribed to the early Late Barremian.

The ®'Sr/®Sr ratio of 0.707466 + 0.000013 for samples C1 from the lower part of the
Cervera del Maestrat Formation translates into an age of 126.24 Ma (+0.77/-0.62) (Fig. 3 and
Table 1A). This numerical age is coincident with the Late Barremian by reference to the
GTS2004. Furthermore, the ¥Sr/*®Sr values from our samples C1 (0.707466, 0.707513 and
0.707565; Table 1A) are similar to the mean ®Sr/*®Sr values reported by Bodin et al. (2009)

in southeastern France for the Late Barremian Gerhardtia Sartusiana to Imerites giraudi
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ammonite zones (0.707466 and 0.707452, respectively). However, owing to the concerns
raised in the previous section, the mean 8'Sr/®Sr ratio of samples C1 is regarded as a
maximum age estimate. In fact, considering the marine Sr reference curve of McArthur et al.
(2001) for the Barremian-Aptian interval, any lower 3'Sr/%Sr ratio from this stratigraphic
level than that of sample C1-C would translate into younger ages.

The ®Sr/®®Sr value of 0.707425 + 0.000013 obtained from the upper part from the
Xert Formation (samples X1), gives an age of 124.94 Ma (+0.59/-0.64) (Fig. 3 and Table
1A). This numerical age and the associated minimum to maximum range are in accordance
with a latest Barremian-earliest Aptian age (GST2004).

The youngest low-Mg calcite shells analysed are those collected in the Benassal
Formation (samples B1). Sr-isotopic data obtained for this latter lithostratigraphic unit yield a
mean 3'Sr/%°Sr value of 0.707310 + 0.000007, translating into an age of 118.93 Ma (+0.73/—
0.7) (Fig. 3 and Table 1A). This numerical age range corresponds to the early Late Aptian

(GST2004).

6. New ammonoid biostratigraphic data

In November 2014, an ammonite identified as a Martelites sp. (Fig. 9) was collected
by the authors of this study in the lower part of the Xert Formation in Torre Mir6 (km. 70 of
the N-232 road; UTM coordinates: X=30T 747624, Y= 4508200), in the Morella sub-basin
(Fig. 1B). The ammonite was found above the contact between the Morella and Xert
formations (Fig. 3). Martelites sp. belongs to the Martelites sarasini Zone (Late Barremian),

particularly to the lower part of the Martelites sarasini Subzone of the standard
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Mediterranean zonation found in Reboulet et al. (2014). This finding constitutes the first
quotation of this genus in the Maestrat Basin and allows a precise age calibration of the lower
part of the Xert Formation. A Late Barremian age for the lower part of the Xert Formation is
in agreement with the strontium-isotopic data presented in this work (samples X1; Fig. 3 and

Table 1A).

7. Major transgressive-regressive cycles

The Barremian-Early Albian sedimentary record of the Maestrat Basin is here
subdivided into six long-term transgressive-regressive sequences for comparison with other
coeval marine basins (Fig. 3). The hierarchy of the sequences described is considered as high
rank, as lower-rank stratigraphic units and surfaces are nested within them. Based on the
numerical ages derived from Sr-isotope ratios in Table 1, and the ammonoid biostratigraphic
data from the Maestrat Basin tied to the GTS2004 shown in Fig. 3, the duration of the high-
rank cyclic variations in depositional trends characterized is consistent with the second- (3-50
Ma) and third-order (0.5-3 Ma) relative sea-level cycles of Vail et al. (1991).

The transgressive unit of the first sequence corresponds to the marine limestones and
marls of the Artoles Formation (Figs 3, 5A and 6A). The Artoles Formation is a diachronous
unit (Salas 1987, Salas et al. 2001). Its base is older in the basin depocentre (Salzedella sub-
basin; Fig. 1B), where it overlies the Hauterivian platform carbonates of the Llacova
Formation (Salas 1987), and younger in the more marginal settings of the Maestrat Basin
(Penyagolosa, Galve, EIl Perell6 and Morella sub-basins; Fig. 1B), where it locally onlaps the

continental clastics of the Camarillas Formation (Figs 5A and 6A) or the lacustrine limestones



483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

and marls of the Cantaperdius Formation (Fig. 3; Salas 1987). The Camarillas and
Cantaperdius formations are Barremian in age (e.g., Canérot et al. 1982; Salas 1987; Salas et
al. 2001). The regressive strata of the first sequence are represented by the tidal-influenced
marine deposits of the upper part of the Artoles Formation (Figs 5A and 6A), the continental
clastics of the Morella Formation (Figs 5A-B) and its coastal to marine equivalent, the
Cervera del Maestrat Formation (Figs 5C and 6A). The boundary between the transgressive
and regressive deposits of Sequence 1 is located within the Artoles Formation and corresponds
to a maximum-flooding surface (Figs 5A and 6A), which lacks numerical dating (Fig. 3), and
coincides with the downlap surface of tidal-influenced normal regressive strata above a thick
marly unit (Fig. 5A). This first transgressive-regressive sequence is Barremian in age and had
a duration of about 3-4 My (Fig. 3).

The onset of the second major transgressive-regressive sequence of relative sea level is
marked by a transgressive surface located at the uppermost part of the Morella Formation,
where the characteristic continental red clays and sandstones of this formation change into
coastal and shallow-marine clastics (Figs 3 and 5A-B). The siliciclastic-influenced deposits of
the lower part of the Xert Formation, the limestones with Palorbitolina lenticularis of the
upper part of the Xert Formation, and the overlying basinal marls and limestones of the
Forcall Formation constitute the rest of the transgressive unit of this second sequence (Figs
5A, 6 and 7A-C). The prograding platform carbonates with rudist bivalves and corals of the
Villarroya de los Pinares Formation characterize the regressive strata of the sequence (Figs 6
and 7A, C). The maximum-flooding surface of the sequence coincides with the downlap
surface exhibited by the normal regressive clinoforms of this latter formation (Bover-Arnal et
al. 2009, 2011a, 2014, 2015). This second long-term regressive unit, was terminated by
subaerial exposure and local incision of the platform carbonates of the Villarroya de los

Pinares Formation (Vennin and Aurell 2001, Bover-Arnal et al. 2009, 2010, 2014, 2015,
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Embry et al. 2010). The carbonate platforms of the Villarroya de los Pinares Formation pass
basinwards into the marls of the Forcall Formation (Fig. 3; Bover-Arnal et al. 2009, 2010,
2014, 2015). This second transgressive-regressive sequence spanned the latest Barremian-
latest Early Aptian time interval and had a duration of around 5 My (Fig. 3).

The lower part of the transgressive unit of the third sequence corresponds to peritidal
to shallow subtidal deposits back-filling erosional incisions and retrograding platform
carbonates belonging to the Villarroya de los Pinares Formation (Bover-Arnal et al. 20009,
2014, 2015). In the course of this major transgressive event, the platform carbonates of the
Villarroya de los Pinares Formation were drowned and buried by marls belonging to the lower
part of the Benassal Formation (Figs 3, 6A, 7A, 7C-D and 8B; Bover-Arnal et al. 2009, 2014,
2015). The establishment of prograding carbonate platforms with rudists and corals (Benassal
Formation), which pass basinwards into marls, marks the regressive stage of the third
sequence. These platform carbonates were locally subaerially exposed and incised (Fig. 3;
Bover-Arnal et al. 2014). The change in stratal stacking pattern from transgressive marls to
normal regressive carbonate platforms is marked by a maximum-flooding surface (Figs 6A,
7A, 7C-D and 8B). This third transgressive-regressive cycle spanned the latest Early Aptian-
early Late Aptian with a duration of ~3 My (Fig. 3).

Transgressive-regressive Sequence IV commences with peritidal to shallow subtidal
strata back-filling the erosional incisions formed during the latest regressive stage of the third
sequence (Bover-Arnal et al. 2014), and with backstepping of platform carbonates. These
carbonate platforms were drowned in the course of the transgression evolving upwards into
marly deposits (Figs 3, 6A and 8B; Bover-Arnal et al. 2010). The boundary between the
transgressive and normal regressive deposits of the sequence correponds to a maximum-

flooding surface, which is placed at the contact between the underlying marly interval and the
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overlying prograding carbonates, which are rich in orbitolinids, rudists bivalves and corals
(Bover-Arnal et al. 2010). The time span of this sequence would be around 4 My.

The transgressive unit of Sequence V lacks precise age dating (Figs 3, 6A and 87B).
However, it is interpreted to be coeval with the occurrence of the ammonoid specimen
Acanthohoplites bergeroni in the Galve and Oliete sub-basins (Figs 1B and 3; Weisser 1959,
Martinez et al. 1994, Garcia et al. 2014). The regressive unit of the fifh sequence is
distinguished by punctuated episodes of carbonate platform development and a progressive
change to more coastal and transitional deposits in the uppermost part of the Benassal
Formation (Figs 6A and 8B). These regressive strata correspond to intertidal reddish
sandstones, sandy limestones and clays, which correspond to the uppermost part of the
Benassal Formation (Figs 6A and 8B). Therefore, the time span of sequence V would be c.
2.5 My (Fig. 3).

The subsequent transgressive event (Sequence VI) is marked by the coastal and
transitional clastic and coal deposits of the lower part of the Escucha Formation (Figs 3 and
7C). In the Salzedella sub-basin (Fig. 1B), which corresponds to the depocentre of the
Maestrat Basin, the lower part of the Escucha Formation contains Albian ammonoids
(Moreno-Bedmar et al. 2008, Garcia et al. 2014; Fig. 3). The maximum-flooding zone of this
transgressive unit is interpreted to correspond to the stratigraphic position of the
Douvilleiceras ammonoids (Fig. 3). Accordingly, this transgressive unit would have spanned
around 1.5 My.

Lower-rank changes of relative sea level were superimposed onto the high-rank
cycles, reflecting the activity of local tectonics and intra-basinal differences in the rates of
sediment input/production and accummulation. In the northern part of the Salzedella sub-
basin (central Maestrat Basin; Fig. 1B), where the base of the Barremian consists of lacustrine

limestones and marls belonging to the Cantaperdius Formation, two lower-rank transgressive-
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regressive sequences equivalent to Sequence | were characterized by Salas (1987). Within the
transgressive unit of Sequence 11, three conspicuous lower-rank regressive events have been
recognized in certain areas of the basin. A higher-frequency regression is recorded at the
uppermost part of the Xert Formation in the Galve sub-basin (Fig. 1B; Vennin and Aurell
2001, Bover-Arnal et al. 2010, Embry et al., 2010). The metre-thick and massive beds of
limestones with Palorbitolina lenticularis found at the lower-middle part of the Forcall
Formation, the so-called 'Barra de Morella’ (Canérot et al. 1982, Moreno-Bedmar et al. 2010),
also indicate a lower-rank regression of relative sea level within the high-rank transgressive
context. The coral-rubble deposits encrusted by Lithocodium aggregatum found in the marls
of the Forcall Formation cropping out in the Galve sub-basin (Fig. 1B; Bover-Arnal et al.
2010, 2011b, Schlagintweit et al. 2010, Schlagintweit and Bover-Arnal et al. 2012, 2013), are
also consistent with a higher-frequency shallowing of relative sea level.

The three well-developed high-rank transgressive-regressive sequences of the
Benassal Formation (sequences 11, IV and V) have been recognized only in certain areas of
the western part of the Maestrat Basin, in the Penyagolosa and Galve sub-basins (Figs 1B, 6A
and 8B; e.g., Martin-Martin et al. 2013). In other areas of the basin, including the northern
and eastern parts of the Galve sub-basin (Fig. 1B), only two transgressive-regressive

sequences were identified in the Benassal Formation (e.g., Bover-Arnal et al. 2010).

8. Discussion

8.1. Implications for the Barremian-Early Albian chronostratigraphy of the Maestrat Basin

The numerical ages obtained from the strontium-isotope ratios measured in this study

(Fig. 3 and Table 1), as well as the recent Martelites sp. finding (Fig. 9), result in the re-
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evaluation of the chronostratigraphy of the Artoles, Morella, Cervera del Maestrat and Xert
formations. The last three lithostratigraphic units, which have been classically interpreted to
be of Early Aptian age (e.g., Canerot et al. 1982, Salas 1987, Salas et al. 1995, 2001, Clariana
et al. 2000, Vennin and Aurell 2001, Gamez et al. 2003, Yage et al. 2003, Liesa et al. 2006,
Canudo et al. 2008a, b, Jorquera-Grau et al. 2009, Bover-Arnal et al. 2009, 2010, Moreno-
Bedmar et al. 2009, 2010, Péerez-Garcia et al. 2009, 2014, Embry et al. 2010, Gasulla et al.
2011a, 2011b, 2012), are here ascribed to the Late Barremian (Figs 2 and 3). However, the
87Sr/%8Sr values of the samples X1 collected at the uppermost part of the Xert Formation give
an age of 124.94 Ma (+0.59/-0.64) (Fig. 3 and Table 1). As the base of the Aptian is at about
125 Ma (GTS2004), an earliest Aptian age for the uppermost part of the Xert Formation
cannot be ruled out. Along the same lines, the results sustain a middle/late Early Barremian
age for the lower-middle part of the Artoles Formation (samples A1 and A2; Fig. 3 and Table
1), and an early Late Barremian age for its upper part (samples A3), which has been
commonly interpreted to be partly Early Aptian in age (e.g., Salas 1987, Salas et al. 1995,
2001, Vennin and Aurell 2001, Caja 2004, Liesa et al. 2006, Embry et al. 2010). The age of
the lowermost stratigraphic interval of the Artoles Formation was not investigated in this
study. Nevertheless, given that the boundary between the Early and the Late Barremian is
dated at about 128.3 Ma (GST2004), the numerical age of 127.49-128.33 Ma obtained from
samples Al and A2 (Fig. 3 and Table 1), which were collected from the lower-middle part of
the Artoles Formation, constrains the lower stratigraphic interval of this formation to the
Early Barremian. Additionally, the uppermost part of the marls and limestones of La Gaita
Formation, which is situated stratigraphically below the Artoles and Llacova formations in the
Salzedella sub-basin (depocentre of the Maestrat Basin; Fig. 1B; Salas et al. 2001), contains
latest Hauterivian ammonites belonging to the Pseudothurmannia ohmni Zone (Garcia et al.

2014).
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The basal part of the Forcall Formation lacks an ammonite record or strontium-
stratigraphic constraints (Fig. 3 and Table 1). It could be either terminal Barremian or earliest
Aptian. Nevertheless, the base of the first Early Aptian ammonite zone (Deshayesites
oglanlensis; Reboulet et al. 2011, 2014) seems to be recorded in the lowermost (but not basal)
part of the Forcall Formation (Moreno-Bedmar and Garcia 2011), where specimens of
Deshayesites antiquus occur (Fig. 3). The rest of the Forcall Formation is of Early Aptian age
(Moreno-Bedmar et al. 2009, 2010, Bover-Arnal et al. 2010, Garcia et al. 2014). In
consequence, in the Maestrat Basin, the Barremian-Aptian boundary is located within the
stratigraphic interval comprised by the uppermost part of the Xert Formation and the
lowermost part of the marls of the Forcall Formation, most likely at the lowermost, non-basal
part of this latter lithostratigraphic unit (Fig. 3).

The ages of the Villarroya de los Pinares and Benassal formations are not modified
with respect to recent publications (e.g., Bover-Arnal et al. 2012, 2014, 2015, Moreno-
Bedmar et al. 2012, Garcia et al. 2014, Pascual-Cebrian 2014). The Villarroya de los Pinares
Formation is confirmed to be Early Aptian in age, whereas the Benassal Formation spans the
latest Early Aptian-Late Aptian time interval (Fig. 3 and Table 1). A preliminary
biostratigraphic analysis based on orbitolinid foraminifera carried out in the Benassal
Formation of the Benicassim area (Penyagolosa sub-basin; Fig. 1B) suggests that, in this
particular locality, the top of this lithostratigraphic unit could be as young as Albian (Martin-
Martin et al. 2013). However, further study is necessary to confirm these results.

The age of the long-term sea-level falls, which resulted in subaerial exposure and
incision of the platform carbonates in the upper part of the Villarroya de los Pinares
Formation (Bover-Arnal et al. 2009, 2010, 2011a, 2015) and the lower part of the Benassal
Formation (Bover-Arnal et al. 2014) can be also precisely calibrated now. These two major

sea-level drops occurred respectively within the Dufrenoyia furcata Zone (late Early Aptian)
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and the upper part of the Epicheloniceras martini Zone (early Late Aptian) (Fig. 3 and Table
1). Based on the numerical ages of the GTS2004, and in accordance with the ammonite
occurrences in the basin and the numerical ages derived from 'Sr/%°Sr values measured in
samples B1 (Fig. 3 and Table 1), which were collected within the back-filling deposits of the
incised valley found in the lower part of the Benassal Formation in the Morella sub-basin (see
Bover-Arnal et al. 2014; Figs 1B and 3), the duration of the stratigraphic gaps associated with
these subaerial unconformities would be much less than 1 My (Fig. 3). However, the duration
of each of these stratigraphic gaps probably varied across the basin.

In this regard, the stratigraphic record can be particularly incomplete in specific parts
of the basin due to non-deposition (see Figs 6 and 9 in Salas et al. 2001) or due to ancient
and/or present-day erosion. For instance, the Morella Formation is recorded in the central part
of the Galve sub-basin (Figs 1B and 5A) but was not deposited in the eastern part of it
(Bover-Arnal et al. 2010). The Albian Escucha Formation, as well as Miocene deposits, are
locally found above erosional uncoformities affecting the underlying sedimentary record
down to the Late Triassic (e.g., Salas 1987, Querol 1990, Solé de Porta et al. 1994, Salas et al.
1995).

The lithologies and fossil distributions represented in Fig. 3 are the most common and
significant. Main lateral changes in lithology at the scale of formations occurring throughout
the basin are also shown in Fig. 3. For example, the continental part of the Morella Formation
(Figs 5A-B) passes laterally (seawards) to its coastal to shallow-marine equivalent, the
Cervera del Maestrat Formation (Figs 3 and 5C). The Villarroya de los Pinares Formation is
missing in basinal settings due to the lateral transition from platform carbonates to the basinal
marls of the Forcall Formation and/or to the marls of the lowermost part of the Benassal

Formation (Fig. 3; Bover-Arnal et al. 2009, 2011a, 2014, 2015). The platform carbonates
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belonging to the Benassal Formation fade into basinal marls, which are included within the
same formation (Fig. 3; Bover-Arnal et al. 2010, 2014).

Moreover, the lithostratigraphic units assessed, particularly the Artoles, Forcall and
Villarroya de los Pinares formations, are diachronous across the basin. For instance, the
Forcall Formation, which records the four Early Aptian ammonoid zones in the Galve and
Morella sub-basins, only spans the Deshayesites forbesi Zone in the Oliete sub-basin
(Moreno-Bedmar et al. 2010, Garcia et al. 2014). Another case of diachronism is known from
the eastern part of the Galve sub-basin (Fig. 1B), where the Villarroya de los Pinares
Formation spans part of the Deshayesites deshayesi and Dufrenoyia furcata zones (Bover-
Arnal et al. 2010, 2012), whereas in the central part of this sub-basin, as well as in the Morella
sub-basin (Fig. 1B), the Villarroya de los Pinares Formation is latest Early Aptian in age
(intra Dufrenoyia furcata Zone) (Bover-Arnal et al. 2010, 2014, 2015). The diachroneity of
the Artoles Formation is explained in section 7 of this paper.

The last controversial issue regarding the Barremian-Early Albian chronostratigraphy
of the Maestrat Basin is the age of the lowermost part of the Escucha Formation, which has
been ascribed either to the Late Aptian (e.g., Boulouard and Canérot 1970, Peyrot et al. 2007,
de Gea et al. 2008) or to the Early Albian (e.g., Querol 1990, Querol et al. 1992, Martinez et
al. 1994, Solé de Porta and Salas 1994, Solé de Porta et al. 1994, Moreno-Bedmar et al.
2008). See also Villanueva-Amadoz et al. (2010) for a review on the different age
assignments of the lower part of the Escucha Formation. Besides the fact that the basal part of
the Escucha Formation is probably diachronous across the basin (e.g., Canérot et al. 1982), in
areas where the base of the Escucha Formation is not marked by an unconformity (Canérot et
al. 1982, Salas 1987, Querol 1990, Querol et al. 1992, Salas et al. 1995), the passage from the
underlying marine limestones and marls of the Benassal Formation to the marine limestones,

marls, sandstones, lutites and coals of the lower part of the Escucha Formation is progressive
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and the limit between these two formations is difficult to establish. Thus, the same
stratigraphic interval may be arbitrarily ascribed to the uppermost part of the Benassal
Formation or to the lowermost part of the Escucha Formation by different authors. This fact
probably also accounts for the different age assignments reported for the base of the Escucha
Formation in the literature. In this paper, however, the age of the lowermost part of the
Escucha Formation is ascribed to the Early Albian following the ammonite findings reported
from the depocentre of the Maestrat Basin (Martinez et al. 1994, Moreno-Bedmar et al. 2008),
in the Salzedella sub-basin (Fig. 1B) where the Escucha Formation is thus most expanded.
Accordingly, the Barremian-Early Albian chronostratigraphic framework for the
Maestrat Basin summarized in Fig. 3 depicts a general pattern, which can be tracked across
most of the basin. However, this general chronostratigraphic model may show inherent

variations due to local tectono-sedimentary particularities.

8.2. Tethyan significance of the Barremian-Aptian evolution of the Maestrat Basin

The updated chronostratigraphic framework for the Barremian-Early Albian
succession from the Maestrat Basin presented herein allows a more precise correlation with
coeval sedimentary records from other basins of the Tethys. The Barremian-Aptian boundary
in the Maestrat Basin can now be located at around the contact between the Xert and Forcall
formations (Fig. 2), most likely in the lowermost, non-basal part of the Forcall Formation
(Figs 2 and 3). The assignment of the basal part of the transgressive marls of the Forcall
Formation to the latest Barremian is in agreement with the age of the base of marly
transgressive deposits recorded in other basins of the Tethys.

In this respect, in the area of Cassis-La Bédoule, in the South Provence Basin (SE

France), Late Barremian ammonites of the genera Pseudocrioceras and Martelites are found
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at the base of a basinal marl-limestone alternation (Delanoy et al. 1997, Ropolo et al. 1999,
2000), which overlies the Urgonian carbonates of the Provence Platform. The top of these
limestones of the Provence Platform at Cassis-La Bédoule is marked by a drowning
discontinuity (Masse and Fenerci-Masse 2011). This scenario is comparable to that described
in the Maestrat Basin where the Late Barremian platform carbonates of the Xert Formation
were drowned in the terminal Barremian and overlain by the basinal marls of the Forcall
Formation (Fig. 3). Similarly, in Cassis-La Bédoule, the Barremian-Aptian boundary is also
located in the lower, non-basal part of the transgressive basinal marly-limestone unit
(Delanoy et al. 1997, Ropolo et al. 1999, 2000).

Other examples are found in the Basque-Cantabrian Basin (N Spain), where
continental deposits of the Wealden series are overlain by marine marls of the Errenaga
Formation. Garcia-Mondéjar et al. (2009) report the presence of the ammonite Valdedorsella
sp. at the base of this transgressive marly unit, and ascribe this genus to the latest Barremian.
Along the same lines, in the Organya Basin (S Pyrenees), the base of the basinal marls of the
Cab6 Formation is characterized by an ammonite record that includes Pseudocrioceras
waagenoides and Acrioceras sp., and thus belongs to the Pseudocrioceras waagenoides Sub-
zone of the Imerites giraudi Zone (Late Barremian) (Moreno-Bedmar 2010, Moreno-Bedmar
and Garcia 2011). Below the marly transgressive deposits of the Cabd Formation,
Valanginian to Barremian platform carbonates belonging to the Prada Formation are found
(Bernaus et al. 2002, 2003).

Therefore, in the Maestrat Basin, the passage from the Barremian into the Aptian
occurred in the course of a wide transgression, which started in the Late Barremian and ended
within the Early Aptian. This Late Barremian-Early Aptian major transgressive event
(Sequence I1) drowned the carbonate systems corresponding to the Xert Formation (Fig. 3), as

well as coeval carbonate platforms from nearby basins (e.g., Masse and Fenerci-Masse 2011),
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within the terminal Barremian. In addition, according to the GTS2004, the Late Barremian-
Early Aptian marine transgression lasted between 3 and 4 My (Fig. 3) and thus would be in
agreement with a second-order (sensu Vail et al., 1991) eustatic event. The acme of this major
transgression occurred within the Early Aptian (Fig. 3; e.g., Bover-Arnal et al. 2010). As a
matter of fact, transgressive deposits of Early Aptian age are widespread along the margins of
the Tethys ocean (e.g., Follmi et al. 1994, Sahagian et al. 1996, Hardenbol et al. 1998, Wissler
et al. 2003, Husinec and Jelaska 2006, Hfaiedh et al. 2013, Suarez-Gonzalez et al. 2013, Pictet
et al. 2015).

Sample F1 corresponds to a shell of a polyconitid rudist collected at the lower part of
the Forcall Formation in the Galve sub-basin within a coral rubble horizon encrusted by
Lithocodium aggregatum (Schlagintweit et al. 2010, Bover-Arnal et al. 2011b). This coral
rubble level is coeval with the OAEL1 (Moreno-Bedmar et al. 2009, Bover-Arnal et al. 2010);
more exactly with the global positive C-isotope excursion characterized as the segment C4 by
Menegatti et al. (1998) (see Cors et al. 2015). The #’Sr/®®Sr ratio obtained from this sample
translates into a numerical age of 123.6 Ma (+0.53/-0.57) (Fig. 3 and Table 1). This gives a
rough age of the positive excursion of the carbon-isotope values correlatable with the segment
C4 of Menegatti et al. (1998), and of the OAE1a itself in this basin.

On the other hand, the location of the Barremian-Aptian boundary within the
stratigraphic interval spanning the lowermost section of the Forcall Formation ascribes the
first Palorbitolina lenticularis occurrences recorded at the upper part of the Xert Formation
(e.g., Salas 1987, Vennin and Aurell 2001, Bover-Arnal et al. 2010, Embry et al. 2010) to the
Late Barremian (Fig. 3), and not the Early Aptian as previously thought (Fig. 2). In this
respect, the Late Barremian age of the oldest Palorbitolina lenticularis blooms found in the
Maestrat basin is consistent with other first occurrences identified in other Tethyan regions

such as the Arabian Plate (e.g., Schroeder et al. 2010), the Pyrenees (e.g., Bernaus et al. 2002,
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2003), the Helvetic Nappes (e.g., Stein et al. 2012), the Provence Platform in SE France (e.g.,
Leonide et al. 2012) or the French Subalpine Chains (e.g., Huck et al. 2013). Furthermore,
Palorbitolina lenticularis mass-occurrences are also recorded within the Early Aptian Forcall
Formation in the Maestrat Basin (e.g., Schroeder 1964, Canérot et al. 1982, Bover-Arnal et al.
2010, 2011b, 2014), as well as in other Early Aptian deposits of the Tethys and the Atlantic
extension of it (e.g., Arnaud and Arnaud-Vanneau 1991, Vilas et al. 1995, Husinec et al.
2000, Burla et al. 2008, Schroeder et al. 2010, Leonide et al. 2012).

The major transgressive-regressive sequences interpreted for the Barremian-Early
Albian succession of the Maestrat Basin are next compared to the sequences compiled by
Hardenbol et al. (1998) from the European basins of the Tethys (Fig. 3). These sequences of
Hardenbol et al. (1998) were tied to numerical ages by Gradstein et al. (2004), as done in the
present study with the interpreted major Barremian-Early Albian transgressive-regressive
sequences. Sequence | (Figs 5A and 6A) comprises the Barrl, Barr2, Barr3, Barr4 and Barr5
sequences of Hardenbol et al. (1998) and thus, there is not a fit between them (Fig. 3).
Sequence Il (Figs 3, 5A-B, 6 and 7A, C) comprises the sequences Barr6, Apl, Ap2 and Ap3
of Hardenbol et al. (1998). The acme of the transgression related to Sequence Il occurred
around the boundary between the Deshayesites forbesi and Deshayesites deshayesi zones
(Fig. 3) as also marked by Gradstein et al. (2004). The regression of Sequence Il spans most
of the Deshayesites deshayesi and Dufrenoyia furcata zones (Fig. 3), also throughout the
Tethys (Gradstein et al. 2004). Sequence Il (Figs 3, 6A, 7A, D and 8B) fits rather well with
the sequence Ap4 of Hardenbol et al. (1998). The start of the transgression of Sequence IV
(Figs 3, 6A and 8B) is rather coeval with the transgression of sequence Ap5 (Gradstein et al.,
2004). However, the regression of Sequence IV (Figs 3, 6A and 8B) is not correlatable with
the regressive part of the sequence Ap5 of Hardenbol et al. (1998). The transgressive part of

Sequence V is coeval with the acme of the transgression corresponding to the sequence Ap5
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of Hardenbol et al. (1998) (Fig. 3). The start of the regression of Sequence V is correlatable to
the regression of sequence Ap5 (Fig. 3). On the other hand, global sequences Ap6, All and
Al2 do not show any pattern comparable to the major transgressive-regressive sequences
characterized in the Maestrat Basin (Fig. 3). However, the onset of transgression during
Sequence V1 is correlatable with the upper part of the transgression of sequence Ap6 (Fig. 3).
Accordingly, sequences Il and Il (Figs 3, 5A-B, 6, 7A, 7C-D and 8B), as well as the
transgressive parts of sequences IV and V, the start of the regression of Sequence V, and the
onset of transgression of Sequence VI (Figs 3, 6A and 8B), seem to have responded to a

eustatic signal of Tethyan significance.

9. Conclusions

According to the numerical ages derived from strontium-isotope data and the new
ammonoid finding presented in this study, the Aptian Stage in the Maestrat Basin began
within the stratigraphic interval comprised between the uppermost part of the Xert Formation
and the lowermost part of the Forcall Formation. In this study, by analogy with the
ammonoid-calibrated latest Barremian age of the basal part of the transgressive marl
successions recorded in the nearby Vocontian, Organya and Basque-Cantabrian basins, the
stratigraphic location of the Barremian-Aptian boundary within the lowermost, non-basal part
of the marly transgressive deposits of the Forcall Formation is favoured.

The new chronostratigraphic considerations presented in this paper indicate that: i) the
dinosaur and other vertebrate remains of the Morella Formation and the lowermost part of the
Xert Formation are of Late Barremian age, ii) the first Palorbitolina lenticularis blooms
recorded in the upper Xert Formation are Late Barremian in age, iii) in the Maestrat Basin, the

Aptian began in the course of a major transgression, which was accompanied by the



806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

proliferation of Palorbitolina lenticularis along the margins of the Tethys, iv) this
transgressive event started in the latest Barremian and drowned terminal Barremian carbonate
platforms (Xert Formation) throughout the basin, v) extensive carbonate platforms recovered
coevally with a post-OAE1a late Early Aptian major regression of relative sea level, spanning
the upper part of the Deshayesites deshayesi Zone and most of the Dufrenoyia furcata Zone,
vi) these carbonate platforms, which belong to the rudist- and coral-bearing Villarroya de los
Pinares Formation, terminated with subaerial exposure or drowning within the uppermost
Dufrenoyia furcata Zone (latest Early Aptian), vii) a second episode of rudist- and coral-
dominated carbonate platform development occurred in the upper part of the Epicheloniceras
martini Zone (early Late Aptian), viii) these carbonate platforms correspond to the Benassal
Formation and were terminated due to emersion or drowning within the time interval
spanning the uppermost part of the Epicheloniceras martini Zone and the lowermost part of
the Parahoplites melchioris Zone (early Late Aptian), and ix) punctuated and minor episodes
of carbonate platform growth occurred during the latest Aptian, gradually evolving into more
coastal and transitional deposits in the uppermost part of the Benassal Formation, which is

overlain by Early Albian clastic and coal deposits corresponding to the Escucha Formation.
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Figure 1. A) Map of the Iberian Peninsula with the situation of the Maestrat Basin in the
eastern part of the Iberian Chain. B) Schematic palaeogeographical map of the Maestrat Basin
during the Late Jurassic-Early Cretaceous extensional period subdivided into its seven sub-
basins, namely Oliete (Ol), Aliaga (Al), Galve (Ga), Penyagolosa (Pg), Morella (Mo), El
Perell6 (Pe) and Salzedella (Sa). Modified after Salas et al. (2001). Sampling locations for Sr-
isotope stratigraphy are marked with a circle. See Fig. 4 for key. The location of the

ammonite Martelites sp. found during the writing of this study is marked with a red star.

Figure 2. Litho-stratigraphic framework of the Late Barremian-Early Aptian sedimentary
record of the Maestrat Basin showing the classical (black arrows A1-A2) and this study's

(black arrow B) stratigraphic positions of the Barremian-Aptian boundary. See Fig. 4 for key.

Figure 3. Chrono-stratigraphic chart for the Barremian-Early Albian of the Maestrat Basin
including the more relevant ammonoid, orbitolinid and rudist occurrences, Sr-derived
numerical ages, major transgressive-regressive sequences and lithostratigraphic units. The
ranges of the fossils are facies and stratigraphically constrained to their occurrences in the
sections studied in the Maestrat Basin by Weisser (1959), Schroeder (1964), Aguilar et al.
(1971), Marin and Sornay (1971), Sornay and Marin (1972), Canérot et al. (1982), Salas
(1987), Martinez et al. (1994), Lopez Llorens (2007), Moreno-Bedmar et al. (2008, 2009a, b,
2010a, b, 2012, 2014), Tomas et al. (2008), Bover-Arnal et al. (2009, 2010, 2011a, b, 2012,
2014, 2015), Moreno-Bedmar (2010), Schlagintweit et al. (2010), Skelton et al. (2010),
Moreno-Bedmar and Garcia (2011), Peropadre (2012), Schlagintweit and Bover-Arnal
(2012), Skelton and Gili (2012), Martin-Martin et al. (2013), Pascual-Cebrian (2014) and
Garcia et al. (2014). Numerical ages, geo-magnetic polarity intervals and ammonite zones are

taken from Gradstein et al. (2004). Barremian-Early Albian sequence-stratigraphic framework
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of European basins is characterized in Hardenbol et al. (1998), and tied to numerical ages in
Gradstein et al. (2004). The ammonite zones identified are dashed in grey. Different species
and corresponding ranges are distinguished by using different colours. The Barremian
Camarillas and Cantaperdius formations are outside the scope of this paper and are thus not
detailed in the figure. The Camarillas Formation mainly consists of continental clastics, and

the Cantaperdius Formation is formed by lacustrine limestones and marls. See Fig. 4 for key.

Figure 4. Key to Figure 3.

Figure 5. Lithostratigraphy and major transgressive-regressive cycles of the Late Barremian
sedimentary record of the Maestrat Basin. A) Panoramic view of the Late Barremian Artoles,
Morella and Xert lithostratigraphic units cropping out along the Barranco de las Calzadas
section (see Bover-Arnal et al. 2010 for situation), 500 m to the west of the village of
Miravete de la Sierra (Comarca of El Maestrazgo) in the Galve sub-basin (Fig. 1B). The first
major transgressive-regressive sequence and the lowermost part of the transgressive unit of
Sequence 1l are indicated. Note the reddish colour (continental record) mainly exhibited by
the Morella Formation and the bluish colour (marine record) shown by the Artoles and Xert
formations. Width of image is c¢. 280 m. See Fig. 4 for legend. B) Outcrop view of the Late
Barremian Morella Formation. The transgressive-regressive sequence-stratigraphic
interpretation is indicated. Note the reddish colour (continental record) of the succession
below the sharp to slightly erosive transgressive surface (TS), and how above this surface the
Morella Formation exhibits a bluish colour (marine record). The quarry pit where this photo
was taken is located in the Morella sub-basin (Fig. 1B), 4 km to the southwest of the town of
Morella (Comarca of Els Ports). Width of image is ¢. 60 m. See Fig. 4 for legend. C) Outcrop

view of the Late Barremian transitional Cervera del Maestrat Formation. The abandoned
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quarry pit where this photo was taken is located in the Salzedella sub-basin (Fig. 1B), 1.2 km
to the northeast of the town of Cervera del Maestrat (Comarca of El Baix Maestrat). Width of

image is ¢. 35 m.

Figure 6. Lithostratigraphy and major transgressive-regressive cycles of the Late Barremian-
Late Aptian sedimentary record of the Maestrat Basin. A) Panoramic view of the Late
Barremian-latest Aptian Penyagolosa section (see Salas 1987 and Salas et al. 1995 for
situation) including the transgressive-regressive sequence-stratigraphic interpretation. This
section, which gives rise to the Penyagolosa Massif, crops out 5 km to the northeast of the
town of Villafermosa (Comarca of I'Alt Millars), in the Penyagolosa sub-basin (Fig. 1B).
Width of image is c. 3.7 km. TS=Transgressive surface; MFS=Maximum flooding surface.
See Fig. 4 for legend. B) Panoramic view of the Mola de Xert located 1.5 m to the north of
the town of Xert (Comarca of El Baix Maestrat). The limestones of the Late Barremian Xert
Formation and the marls and platform carbonates of the Early Aptian Forcall and Villarroya
de los Pinares formations, respectively, can be easily recognized. The transgressive-regressive
sequence stratigraphic interpretation is indicated. Width of image is c. 1.4 km. See Fig. 4 for
legend. C) Outcrop view of Sequence |1, which includes the Xert, Forcall and Villarroya de
los Pinares formations, at the northern entrance to the town of Villarroya de los Pinares
(Comarca of El Maestrazgo), in the Galve sub-basin (Fig. 1B). The transgressive-regressive
sequence-stratigraphic interpretation is indicated. Width of image is c. 200 m. See Fig. 4 for

legend.

Figure 7. Lithostratigraphy and major transgressive-regressive cycles of the Late Barremian-
Late Aptian sedimentary record of the Maestrat Basin. A) Panoramic photo showing the latest

Barremian-early Late Aptian lithostratigraphy of the Maestrat Basin including the Xert,
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Forcall, Villarroya de los Pinares and Benassal (lower part) formations. The transgressive-
regressive sequence-stratigraphic interpretation is indicated. This succession is exposed along
the eastern limb of the Camarillas syncline, which is located to 3.5 km the northwest of the
viallage of Miravete de la Sierra (Comarca of EI Maestrazgo), in the Galve sub-basin (Fig.
1B). Width of image is c. 450 m. TS=Transgressive surface; MFS=Maximum flooding
surface. See Fig. 4 for legend. B) Field view of the Early Aptian Forcall Formation cropping
out in EI Perell6 sub-basin (Fig. 1B). The photo was taken along the highway A7 in a road cut
located 2 km to the northeast of the town of El Perellé (Comarca of El Baix Ebre). Geologist
at left for scale is 1.61 m tall without boots. C) Field view of sequences Il and Il including
the Forcall, Villarroya de los Pinares and Benassal formations. The transgressive-regressive
sequence-stratigraphic interpretation is indicated. This hillock (La Mola d'en Camaras; see
Bover-Arnal et al. 2014) is located 1.3 km to the northeast of the town of El Forcall (Comarca
of Els Ports), in the Morella sub-basin (Fig. 1B). Width of image is c. 25 m.
TS=Transgressive surface; MFS=Maximum flooding surface. See Fig. 4 for legend. D)
Outcrop view of Sequence 111, which corresponds to the lower part of the Benassal Formation.
The transgressive-regressive sequence-stratigraphic interpretation is indicated. This outcrop is
located in the Barranco de las Corralizas section (see Bover-Arnal et al. 2010 for situation;
sample B2 was collected in this locality; Fig. 3 and Table 1), 2.4 km to the west of the village
of Miravete de la Sierra (Comarca of ElI Maestrazgo), in the Galve sub-basin (Fig. 1B). Width

of image is ¢. 350 m.

Figure 8. Lithostratigraphy and major transgressive-regressive cycles of the Late Aptian-
Early Albian sedimentary record of the Maestrat Basin. A) Field view of the Benassal
Formation, which gives rise to the Orpesa Range between the towns of Orpesa and

Benicassim (Comarca of La Plana Alta), in the Penyagolosa sub-basin (Fig. 1B). Width of
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image is approximately 4 km. B) Field view of the three transgressive-regressive cycles (11,
IV and V) of the Benassal Formation in the Barranco del Portolés section (see Vennin and
Aurell 2001, Embry et al. 2010 and Bover-Arnal et al. 2010 for situation), located 1.3 km to
the north of the town of Villarroya de los Pinares (Comarca of EI Maestrazgo), in the Galve
sub-basin (Fig. 1B). Width of image is c. 130 m. TS=Transgressive surface; MFS=Maximum
flooding surface. See Fig. 4 for legend. C) Outcrop view of the Albian coal-bearing Escucha
Formation in the environs of the town of Aliaga (Comarca of EI Maestrazgo), in the Galve

sub-basin (Fig. 1B). Transgressive unit of Sequence V1. Jacob's staff = 1.5 m.

Figure 9. Martelites sp. Lateral and ventral views of the specimen PUAB 90990 (=PUAB
Collections of Paleontology of the Universitat Autonoma de Barcelona, Bellaterra, Spain),
which was collected in the lower part of the Xert Formation cropping out in Torre Mir6 (km.
70 of the N-232 road), in the Morella sub-basin (Fig. 1B). The black arrow indicates the
initial helically coiled whorls that are characteristic of the Family Heteroceratidae. The white

triangles mark the last septa. Scale bar is 1 cm.

Table

Table 1. A) Analytical results of low-Mg calcite of rudist, oyster and brachiopod shells from
the Maestrat Basin analysed for this study. See Fig. 1B for location of the samples collected.
Numerical ages are derived from McArthur et al. (2001; look-up table version 4; 08/04).
Numerical ages on the left side of the figure are taken from Gradstein et al. (2004). £2 s.e. =2
standard error. na = not applicable; P = Pristine; PA = Probably Altered; A = Altered. The
analytical results written in italics were not used to derive numerical ages due to possible

alteration of the sample. The analytical results used to calculate ages are written in bold. B)
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Analytical results of low-Mg calcite of rudist shells from the western Maestrat Basin (Galve
sub-basin; Fig. 1B) obtained by Pascual-Cebrian (2014). Numerical ages are derived from
McArthur et al. (2001; look-up table version 4; 08/04). Numerical ages are taken from

Gradstein et al. (2004). +2 s.e. = 2 standard error. P = Pristine; PA = Probably Altered.



.....

anges
Tarragona

Iberian +

Chain ©____. - énci Q h
o

Vinards £
&
N

@

>
¥

—~ Normal fault
Sedimentary thickness
] 0-100m
L1 100 - 2500 m
1 >2500m
] Threshold zones



Age

Maestrat Basin Stratigraphy

Basin

Lo~ . BenassalFm
N T U

I .
~Villarroya de” ?

Early Cretaceous

“ los Pinares Fm “

Forcall Fm

Late Barremian-Early Aptian

A\
>
)

Tz._

““‘ “‘ “ ‘ —1<
— Artoles Fm“ o
\‘ | \‘ | \‘ | \‘ ‘\‘ | \‘
Boundaries
(i This study’s Barremian-Aptian boundary

LY

Classical Barremian-Aptian boundaries




B "dS SOY/OIPEIOT mmmm— JueLpey S8juoafjod NN — -
3 “ds sajijoipeI0BRYIIY = LiaIpownp einsajdoLoH
& ‘ds eusuyo pue ‘ds ebesfyoed ‘ejnned euuded = /5/jIAnOp eulde)
%u e Xm\QE\wwm\Q w\WQOE\\ON.\QLO A EEEEEEEEEEE N N
% “ Xw\QE.\m. m..\wQOC.QON.\QkO A EEEEEEE RN N
L E£| euexa) euloyqiosapy EEmmEEE e - snajuebib snU020AIOIP0}OSY mmm
2 m 182)0] BUJ[O}IGIOSE
m mu ened BUJ[0}/QIOSO)|| ™mmmm—uu u u n uu s e— ‘ds euijojiqioseid
= sLe|nonus| euljo}Iqioled
Q 1uoJ8bI8q S8}1|dOYOYIUEIY "ds S8J82JUO0JBYOINT] wmmmmm INOAAN] SO)ISOALYSO(]
32 sisuaplalinu sajljdoyeied w=  9[Iqap “JO SBISDIOUSYIIAT] === |SOQIO) SO)SOALYSO(
< m = O|UOLL SBIBDIBIIIANOG dS SO}I|AOYBIE ] mmmmm— IN0IQUIBY SBISI0GO[OY wem == Snnbjue saysafeyseqg
£ = -ds sojdoyjuesefH, 1safeysep sojsafeysaqg
m = |99SE(q Sejeoouobuaied £]20.IN) BIAOUSYN(] ‘ds sojjopey =
= /JoJaUERD Selooouobusaied 1Aouaynp eIfousiN(] e ‘ds sojyjonbiy =
=0 [sp)
g25 —&— HSH I < i
1
n o
i & HoAHEH HRH  ——E&—
5 . (S
il N (05— (08 T <[ 0e > == o [0 <
= £ ” %
>
g = SR
(v} = 1
o @ 8 .
(e s = T
= U , o ! |
[0 . < 4 L ' = |
o D ! E S
& X i | i | I W
[ ” | I ” M % PN £
D | o | THIIE U LE iy Bl %
S iy | @k X Elll: 8
o il I I d S b I F—
B | R L kil LB
= DN Zac : 35§
2 H I LB E HHI -
© , Sk @ - , T g8
< , v , . X% ; ” m (&)
: % 7 7 7 7 7 7 | . | | . V |.0| . ! ” C
560 B [l i H | y ! Ht 1
o |28 o= | o35 2 P = 9 2 2 NEHERE
Zol58 38| S8 2. 2 = L l2a 2,52 85| S8 |55383R8
0S8 =L | €9 SIS 3 9 S o8| 6| 25 2| = £ |d5 TOLLYE2YT
OFC |5 & S < .8 S & S = S £ e x| © 5| Lo Qo T OES 5o LS54 cR>
EGISE €& | 8 « £3 £ 35 S o 38| 38 we|lacs| 2S¢ 88 &3 358YsSKES
ENZE 32| g & S s 2 28 S3S 58 S s 8|55 g% |5825aU0%
< Qg V&8 |13 k & g s gs|8 |&° © 8 15848=[13
. : e @ = p = < @2 = o AA N = A
53 e e 3 > NREV S W
> D~ = &3~ S = ©
gL e Z 6= S s =
o o
mP
g £ ¢ 2 T @& e = @2 2 g T § & I & & 5 & 8 8
| Nl Nl T Nl N Nl Nl T Nl N T Nl T N T T Nl T Nl
uelq|y Aleg uendy aje uendy Aueg uejwalleg ajeT uelwaleg '3

snoaoejal) Ale3




~" 1 Platform and transitional limestones, sandy limestones and marls

®RPEEEOXORRE®)

------- Correlative conformity

Basinal marine marls and limestones Continental clastics Key

Coastal and shallow-subtidal clastics

Eorsional unconformity — Surface of subaerial exposure

*********** Lithostratiraphic boundary lacking absolute dating - - - - - - - Drowning surface

Brachiopod shells, Artoles Formation, Corral d’en Parra, Salzedella sub-basin \/—/ Deeply incised subaerial unconformity

Opyster shells, Artoles Formation, Corral d’en Parra, Salzedella sub-basin TI_. T )
ransgressive

Opyster shells, Artoles Formation, Mas del Regall, Salzedella sub-basin
R Regressive

Opyster shells, Cervera del Maestre Formation, Mas del Regall, Salzedella sub-basin
Opyster shells, Xert Formation, Forest road Xert-Turmell, Salzedella sub-basin
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Rudist shells, Benassal Formation, Mola d’en Camaras, Morella sub-basin (Hardenbol et al.1998, Gradstein et al. 2004)

Rudist shells, Benassal Formation, Las Corralizas Creek, Galve sub-basin** **Pascual-Cebrian (2014)
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: : : ¥Sr/*Sr ¥Sr/*Sr :
Sample Locality Component Lithostrat. Unit Mg ppm Srppm Fe ppm Mn ppm 2s.e. (*10%) mean 2s.e.(*10°) | Deg.Alt. min Age (Ma) max

measured corrected

A)

B1-A Mola d'en Camaras Rudist Benassal Fm 1172 864 42 1,1 0.707309 0.000007 0.707315 P

B1-B Mola d'en Camaras Rudist Benassal Fm 521 641 69 10,6 0.707305 0.000007 0.70731 PA

B1-C Mola d'en Camaras Rudist Benassal Fm na na na na 0.707301 0.000007 0.707306 P

mean 0.707310 0.000007 118.23 118.93 119.66

B1-M Mola d'en Camaras matrix Benassal Fm 3736 228 1335 54.5 0.707466 0.000006 0.707466

X1-A Forest road Xert-Turmell Oyster Xert Fm 1736 897 116 14.6 0.707433 0.000007 0.707425 P

X1-B Forest road Xert-Turmell Oyster Xert Fm 917 708 291 2150 0.707432 0.000006 0.707438 A

mean 0.707425 0.000013 124.3 124.94 125.53

X1-M Forest road Xert-Turmell matrix Xert Fm 4085 452 1948 91.5 0.707546 0.000007 0.707538

C1-A Mas del Regall Oyster Cervera Fm 813 1310 216 104,0 0.707573 0.000007 0.707565 PA

C1-B Mas del Regall Oyster Cervera Fm 726 1143 337 212,0  0.707521 0.000001 0.707513 PA

C1-C Mas del Regall Oyster Cervera Fm 595 937 296 171,0  0.707474 0.000007 0.707466 PA

mean 0.707466 0.000013 125.62 126.24 127.01

C1-M Mas del Regall matrix Cervera Fm 2928 295 7812 492,0 0.707941 0.000006 0.707933 PA

A1-A Corral d'en Parra Brachiopod Artoles Fm 1644 1048 77 8.8 0.70749 0.000007 0.70749 P

A1-B Corral d'en Parra Brachiopod Artoles Fm 3176 1019 188 23.4 0.707479 0.000006 0.707479 P

A2-A Corral d'en Parra Oyster Artoles Fm 888 697 194 21.5 0.707511 0.000007 0.707511 PA

A2-B Corral d'en Parra Oyster Artoles Fm 1034 786 126 25.7 0.707494 0.000006 0.707494 P

mean 0.707488 0.000009 126.61 127.49-128.33  129.77

A1-M Corral d'en Parra matrix Artoles Fm 2847 462 1085 100,0 0.707613 0.000006 0.707613

A3-A Mas del Regall Oyster Artoles Fm 473 952 280 82.6 0.707494 0.000007 0.7075 PA

A3-B Mas del Regall Oyster Artoles Fm 884 1112 164 23.8 0.707491 0.000006 0.707491 P

A3-C Mas del Regall Oyster Artoles Fm 1652 791 161 25.6 0.707493 0.000006 0.707485 P

mean 0.707488 0.000009 126.61 127.49-128.33  129.77

A3-M Mas del Regall matrix Artoles Fm 4378 1371 2753 264,0 0.707554 0.000007 0.707546

B)

B2 Barranco de las Corralizas Rudist Benassal Fm 1616 1053 362 11.3 0.70729 0.000009 0.707303 PA 117.670 118.47 119.30

V3 Las Mingachas Rudist Villarroya de los Pinares Fm 791 987 681 5.09 0.707343 0.00001 0.707356 P 121.28 122.03 122.69

V2 Barranco de la Serna Rudist Villarroya de los Pinares Fm 1423 1095 250 3.05 0.70734 0.000008 0.707353 P 121.22 121.87 122.44

V1 Barranco de la Serna Rudist Villarroya de los Pinares Fm 1075 1107 135 1.03 0.707348 0.000008 0.707361 P 121.68 122.28 122.83

F1 Las Cubetas Rudist Forcall Fm 1406 894 362 19.01 0.707377 0.00001 0.707390 P 123.03 123.60 124.13




