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{ ABSTRACT |

We report an integrated study of an expanded and relatively complete syn-rift continental to epeiric marine suc-
cession of Aptian age, cropping out in the western Maestrat Basin (eastern Iberian Chain). Four transgressive-
regressive sequences are recognized throughout this mixed carbonate-siliciclastic succession, with excellent age
control provided by ammonite biostratigraphic data. The transgressive systems tracts consist mainly of alterna-
tions of marls and limestones rich in orbitolinids. The regressive systems tracts are essentially characterized by
wave- and tidally influenced siliciclastic and carbonate deposits, and by the development of carbonate platforms
with rudists, corals, orbitolinids and green algae. Carbon and oxygen isotope curves were established in order to
identify the global 6"*C perturbations related to the Early Aptian Oceanic Anoxic Event (OAEla). These perturba-
tions commence with a horizon of coral rubble encrusted by Lithocodium aggregatum and Bacinella irregularis
with widespread large-sized discoidal Palorbitolina lenticularis. Associated 8'O values indicate high-frequency
cooling-warming climatic cycles. The fault-controlled rapid syn-rift subsidence recorded during this stage was the
most important factor in producing accommodation. However, the major transgressions, sea level falls and biotic
changes recorded in the eastern Iberian Chain are in agreement with those registered in other contemporaneous
basins of the Tethys. Thus, the resulting sedimentary succession faithfully reflects the major oceanographic and
climatically-driven global changes that characterized this stage albeit within a context established by regional
tectonics. Hence, this well-documented record of the evolution of an Aptian epicontinental sea provides a useful
comparative case study for the analysis of other Aptian epeiric sedimentary successions.

KEYWORDS | Carbonate system. Sequence stratigraphy. OAE1a. Aptian. Iberian Chain.
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INTRODUCTION

Many authors have characterized the Aptian as an
eventful time with strong climatic changes ranging from
greenhouse to sub-glacial conditions, a “superplume”
volcanic episode in the Pacific Ocean, an oceanic anoxic
event, significant eustatic variations, a platform crisis and
turnover of marine biota (e.g., Weissert and Lini, 1991;
Erba, 1994; Weissert et al., 1998; Menegatti et al., 1998;
Larson and Erba, 1999; Hochuli et al., 1999; Pittet et al.,
2002; Wissler et al., 2003; Skelton, 2003a; Weissert and
Erba, 2004; Follmi et al., 2006; Dumitrescu et al., 2006;
Burla et al., 2008). In the Neo-Tethyan realm, large carbo-
nate platforms dominated by rudists, corals, orbitolinids and
green algae developed during this time (e.g., Malchus et al.,
1996; Vilas et al., 1995; Rosales, 1999; Vennin and Aurell,
2001; Pittet et al., 2002; Hillgiéirtner et al., 2003; Millan et al.,
2007; Bover-Arnal et al., 2008, 2009; Tomés et al., 2008).
Platform carbonate producing biota are variously controlled
by light, temperature, hydrodynamic conditions, basin-floor
topography, seawater chemistry (O,, CO,, Mg, Ca, nutrients
and salinity) and, over longer time intervals, eustasy (e.g.,
Hallock and Schlager, 1986; Pomar and Kendall, 2007). Hen-
ce, their observed ecological responses to changing external
factors can be interpreted in terms of all these tectonically
and climatically-driven events in the sedimentary record.

The Maestrat Basin (E Iberian Chain, Spain), especially
the Galve sub-basin (western Maestrat Basin), offers an ex-
ceptional opportunity to study the interaction of these factors
in a continuous and well-exposed continental to epiconti-
nental marine succession that encompasses the entire Aptian
Stage, with excellent time control based on ammonite bios-
tratigraphy. To this end, the present work establishes a con-
ceptual model that integrates the facies, sequence stratigra-
phy, carbon and oxygen isotopes, and quantitative subsidence
analysis of the sedimentary succession.

Vennin and Aurell (2001) and Embry (2005) were the
first to extensively document the sedimentary evolution of
the Aptian succession in the Galve sub-basin. Vennin and
Aurell (2001) performed facies and sequence stratigraphic
analyses in the eastern part of the sub-basin. Embry (2005)
revisited these sections and studied them in further detail,
carrying out C- and O-isotope analyses and discussing pal-
acoenvironmental aspects of the platform carbonates. With
this background, the present paper aims to further analyze
and illustrate the sedimentary evolution of the Galve sub-
basin. The inclusion of the central part of the sub-basin in
the present study, together with the original data presented
here, provide a more detailed and complete sub-basin-wide
view of the Aptian Stage in this western margin of the Maes-
trat Basin. Moreover, alternative sequence stratigraphic and
depositional models, different interpretations of the §"C
and 6"0 curves, and extensive discussion of the tectonic
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and environmental factors controlling sedimentary evolution
offer a revised global perspective. Recently, Bover-Armal et
al. (2009) carried out facies analysis and applied a four sys-
tems tract-based sequence stratigraphic method (see Hunt
and Tucker, 1992) to the interpretation of late Early-Middle
Aptian strata that were generated in the carbonate platform
margin located in the central Galve sub-basin. The current
paper, by contrast, analyzes the whole of the Aptian sedimen-
tary succession throughout the Galve sub-basin in terms of
transgressive-regressive (1-R) sequences (see Catuneanu et
al., 2009).

The goals of the present study are: a) to show the relation-
ship between tectonism, eustasy and evolution of this mixed
carbonate-siliciclastic system; b) to investigate how these sen-
siive marine environments were affected by ocean-climate
system perturbations; ¢) to contextualize the carbonate suc-
cession stratigraphically in order to establish similarities and
differences with other Aptian carbonate systems developed
along the Tethyan margins; and d) to provide an outstanding
record of this stage that could serve to calibrate the analysis
of other Aptian sedimentary successions. Furthermore, the
implications concerning the roles of tectonics and eustasy in
controlling accommodation, sequence stratigraphy, environ-
mental change, carbonate platform evolution and carbon- and
oxygen-isotope geochemistry arc also of potential value
for other non-Aptian studies.

STUDY AREA AND GEOLOGICAL SETTING

During Late Jurassic (Late Oxfordian) to Early Creta-
ceous (Middle Albian) times, the Iberian plate underwent ex-
tension due to the opening of the Central and North Atlantic
domains. Rifting led to the formation of several intraplate ba-
sins in Iberia such as the Maestrat Basin. Later, as a result of
the collision between the Iberian and European plates during
the Alpine orogeny (Late Eocene to Early Miocene), the Ibe-
rian basins underwent tectonic inversion to form the Iberian
Chain (Salas et al., 2001). The study area is located in the
eastern Iberian Chain (E Spain) (Fig. 1A), between the villag-
es of Campos, Camarillas and Villarroya de los Pinares, and
the investigated succession crops out along two main Tertiary
folds: the Camarillas syncline, striking NNE-SSW in the
north and NNW-SSE in the south, and the Miravete anti-
cline to the East of the latter, striking NNW-SSE (Fig. 1B).
The area corresponds to the western margin of the Maestrat
Basin known as the Galve sub-basin (Salas and Guimera,
1996). Continental and marine carbonate and siliciclastic
terrigenous sedimentation occurred in a context of differen-
tial subsidence with several hall-graben structures related
to synsedimentary ENE-WSW normal listric faulting. The
latter were confined by steep NNW-SSE normal transfer
faults (Fig. 1B) (Simén et al., 1998; Soria, 1997; Vennin
and Aurell, 2001; Liesa et al., 2006). The Miravete fault
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was a NNW-SSE Mesozoic normal transfer fault that parti-
tioned the study area into a western, hanging-wall side, and
an eastern, foot-wall side (Fig. 1B). This fault controlled
facies architecture and thickness differences between the
two sides (Simén et al., 1998).

The Aptian succession in the Galve sub-basin is up to
810 m thick, spans 13 Ma (the absolute age interval for the
Aptian according to Ogg and Ogg, 2006), and is composed
of five lithostratigraphic units with the rank of forma-
tions (Canérot et al., 1982). This stratigraphic record can
be divided into four large-scale T-R sequences, the ages
of which were calibrated with ammonite biostratigraphic
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FIGURE1T A) Geogra—
phical location of the
study area in the east-
ern |berian Chain (E-
Spain). B) Geological
setting and location of
the studied outcrops.
Modified after Canérot
et al. (1979) and Gau-
tier (1980).
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mentioned formation, and the Xert, Forcall, Villarroya de
los Pinares and Benassal formations (Fig. 2). With the ex-
ception of the continental siliciclastic-rich earliest Aptian
deposits, these sequences were produced in epeiric marine
environments characterized by classical Tethyan Urgonian
facies associations dominated by rudists, corals, green al-
gae, orbitolinids and other benthic foraminifera. The top
of the studied succession is marked by another regional
unconformity (Fig. 2), which passes basinwards to a maxi-
mum regressive surface, and separates the transitional
wave- and tidal-influenced sediments of the upper part of
the Benassal Formation (below), from the carbon-rich del-
taic deposits of the Escucha Formation (above). The base
of this last-mentioned formation is of earliest Albian age
(Moreno-Bedmar et al., 2008; Villanueva-Amadoz et al.,
2008).

MATERIALS AND METHODS

Twelve well-exposed stratigraphic sections were meas-
ured along the Miravete anticline and Camarillas syncline.
Five of them were logged on the east side of the Miravete
fault (foot-wall), in Loma del Horcajo, LLas Cubetas, Cab-
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FIGURE 2| Stratigraphic framework and age relationships for the Aptian
in the Galve sub-basin. Identified ammonite biozones are indicated in
grey (Weisser, 1959; Moreno-Bedmar et al., 2009, accepted). Discon-
tinuous lines indicate lack of absolute dating. Absolute ages are from
Ogg and Ogg (2006). Modified from Bover-Arnal et al. (2009).
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¢zo de las Hoyas, Estrecho de 1a Calzada Vieja and Alto del
Collado. On the west side (hanging-wall), the remaining
seven sections were logged in Camarillas, .oma del Mor-
ron, Barranco de las Calzadas, Barranco de las Corralizas,
Barranco de la Serna, Barranco del Portolés and Villar-
roya de los Pinares (Fig. 1B). A detailed sedimentological
analysis was performed for each section. Microfacies were
described from 166 thin sections of samples collected dur-
ing field work.

The difficulty of recognizing lithostratigraphic surfaces
with sequence stratigraphic significance sensu Van Wag-
oner et al. (1988) or Hunt and Tucker (1992) in most of
the Aptian sedimentary succession studied here, has led us
to adopt the approach of identifying T-R sequences (see
Catuneanu et al., 2009). In exposed epicontinental car-
bonate sedimentary successions, the distinguishing physi-
cal characteristics of the three or four systems tract-based
depositional sequences (Van Wagoner et al., 1988; Hunt
and Tucker, 1992) are often masked or not preserved be-
cause of poor exposure conditions, variable rates of sedi-
ment production and accumulation, erosion or superimpo-
sition of surfaces. By contrast, the characterization of T-R
sequences is mainly based on the recognition of surfaces
that mark large-scale changes in trend from deepening- to
shallowing-upwards, or vice versa. These surfaces are sub-
aerial unconformities, transgressive ravinement surfaces,
maximum regressive surfaces and maximum flooding sur-
faces (see Catuneanu et al., 2009). Aerial photographs and
panoramic photomosaics of the outcrops were utilized for
mapping, sequence stratigraphic analysis and correlation
of sequences along the study area.

The geochemical analysis of §”C and 8'*0O was meas-
ured on 66 bulk rock samples of limestones, marly lime-
stones and marls, using standard analytical techniques.
Samples were taken about every 2 m in the Barranco de las
Calzadas (Forcall Formation) and were analyzed, using for
each analysis 60-70 pg for limestones and 100-1000 g for
marls and marly limestones. Carbonate powder from lime-
stones was extracted with a microdrill in order to avoid
large skeletal components, corals, microencrusters and dia-
genetic calcite veins. The samples were treated with H;PO,
(100%) at 70 °C and the evolved CO, was analyzed with a
Thermo Finnigan MAT-252 stable isotope ratio mass spec-
trometer in the Unitat de Medi Ambient - Serveis Cientifi-
cotécnics de la Universitat de Barcelona laboratory. The
isotope results are expressed in %o relative to the VPDB
standard, and their precision was + 0.03 for 3"°C and £ 0.06
for §'%0.

In order to explain the accommodation changes, quan-
titative subsidence analysis was carried out on five se-
lected representative stratigraphic columns using standard
back-stripping methods (Sclater and Christie, 1980, Watts,
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1981; Bond and Kominz, 1984). Variables used in these
techniques concerned lithology, absolute age (based on
Ogg and Ogg, 2006) and palacobathymetry values that
were estimated from fossil assemblages and hydrodynamic
structures. Density values for each type of lithology and
porosity/depth relationships (¢ factors) were used to calcu-
late decompaction (Sclater and Christie, 1980; Schmoker
and Halley, 1982). No eustatic corrections were performed.
The total subsidence (decompacted) was calculated for
each selected stratigraphic section. The total accommoda-
tion was obtained from the total subsidence corrected with
estimated palaco-water depth values (Vilas et al., 2003).

FACIES EVOLUTION AND SEQUENCE STRATIGRAPHY

The Aptian sedimentary evolution and sequence strati-
graphical framework of the Galve sub-basin 1s here pre-
sented in detail for the twelve studied outcrops. Ten facies
assemblages ranging from continental to basinal were
defined from lithology, texture, skeletal and non-skeletal
components, sedimentary structures and the stratigraphic
context. FEach facies assemblage reflects a specific depo-
sitional environment based on inferred bathymetry and
hydrodynamic conditions. The facies assemblages are de-
scribed and classified in Table 1, and illustrated in Figs. 3,
4A-D and 4F. Moreover, four large-scale T-R sequences were
interpreted based on the observed facies succession and the
recognition of ten main surfaces with sequence stratigraphi-
cal implications. Together the sequences span the entire dura-
tion of the Aptian, about 13 Myr (according to the Aptian ab-
solute ages from Ogg and Ogg, 2006). A chart displaying the
distribution of the facies assemblages and sequence stratigra-
phy analysis for the five sections from the eastern side of the
Miravete fault is shown in Fig. 5. The chart for the remaining
seven sections on the western side is displayed in Fig. 6. A
sequence stratigraphic interpretation of the exposure on the
eastern side Las Cubetas section and the western side Villar-
roya de los Pinares section is shown in Fig. 7.

Sequence |

Sediments deposited during this sequence, which spans
approximately 1 Ma (according to the Aptian absolute ages
of Ogg and Ogg, 2006), mainly constitute the Morella and
Xert formations (Fig. 2). The age of these deposits has
been determined based on the identification of the mag-
netic anomaly MOr in the Morella Formation (Salas et al.,
2005) and the recognition of the Deshayesites weissi bio-
zone at the lower part of Sequence 11 (Moreno-Bedmar et
al., 2009, accepted). Accordingly, these sediments could
be correlatable with the Deshayesites oglanlensis biozone.
Sequence I reaches a maximum thickness of up to 193 m
in the Barranco de las Calzadas section, and thins to 38 m
in the Cabezo de las Hoyas section.
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Eastern side

The basal boundary of Sequence I is represented by a
transgressive ravinement surface that separates the Bar-
remian mixed carbonate-siliciclastic marine deposits (be-
low) from the Aptian shallow-water carbonate and silici-
clastic marine sediments of the Xert Formation (above).
The transgressive systems tract (I'ST) of this sequence is
distinguished by an initial wedge of high energy deposits
stacked in a retrogradational pattern that thickens land-
wards. From the Cabezo de las Hoyas section to the south
(basinwards), these high energy lithofacies grade into marls
and limestones dominated by large-sized discoidal Palor-
bitolina lenticularis, which agglutinated quartz grains.

During the early transgressive phase, the eastern side
tectonics probably positioned the Alto del Collado section
area as a wave-influenced threshold zone. This circum-
stance isolated the area from direct detrital influx, favour-
ing the deposition of peloidal-bioclastic grainstones con-
taining skeletal fragments and benthic foraminifera such
as miliolids, Choffatella decipiens and small-sized coni-
cal orbitolinids. The Alto del Collado palaeohigh evolved
within the late TST to limestones rich in Palorbitolina
lenticularis. In addition, episodes of sedimentation below
fair-weather wave base during the TST are indicated by the
intercalation of floatstones with miliolids, dasycladaceans
(Fig. 3A), small requieniid rudists and Chondrodonta in
the Cabezo de las Hoyas and Alto del Collado sections.
According to Vennin and Aurell (2001) and due to the lack
of bulging of sedimentary bodies or step-like geometries,
the eastern side depositional profile corresponded to a ho-
moclinal type of ramp (Fig. 5).

The transition between the TST and the regressive sys-
tems tract (RST) is marked by a facies change between the
transgressive siliciclastic and orbitolinid-rich deposits, and
the regressive carbonate lithologies dominated by dasycla-
daceans, miliolids, Choffatella decipiens, Palorbitolina sp.,
Orbitolinopsis praesimplex (Fig. 3B), unidentified benthic
foraminifera, Chondrodonta and other molluscs. Interbed-
ded sandy limestones and peloidal-bioclastic grainstones
displaying cross-bedding and plane-parallel stratification
also occur. These latter are mostly present along the mid-
dle-lower ramp, and signify the basinwards progradation
during regression of the energetic facies trend formed in
the upper ramp during the previous transgression (Fig. 5).

Western side

The lower boundary of the sequence corresponds to a
subaerial unconformity, which separates Barremian car-
bonate and siliciclastic marine sediments (below) from the
basal Aptian non-marine deposits of the Morella Formation
(above). The Morella Formation consists of fluviatile sedi-
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ments made up of red clay and channelized sandstones
(Fig. 4A), occasionally reworked by tidal currents, which
become progressively more marine in character upwards
in the succession. This formation is only recorded on the
western side of the Miravete fault (Fig. 6). During the
carliest Aptian, the Miravete fault apparently acted as a
trap for these continental deposits, and retained them in
the hanging-wall block. The Morella Formation changes
laterally to the marine siliciclastic-influenced sediments
of the Xert Formation. The TST exhibits greater thick-
nesses and reflects deeper environments than in the east
side. The siliciclastic wedge i1s made of fining-upwards
tidal channel and bar deposits displaying erosive bases,
tidal bundles, cross-bedding and herringbone cross-strat-
ification. Bioturbation is commonly present, as well as
oysters, unidentified bivalves and the infaunal echinoid
Heteraster oblongus. Basinwards, these deposits are
mterbedded with marls rich in mica. The intertidal litho-

facies evolve upwards and laterally to marls and lime-
stones with abundant large-sized discoidal Palorbitolina
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lenticularis, which agglutinated minute quartz grains. At
the distal Barranco del Portolés and Villarroya de los Pin-
ares sections, especially in their uppermost TST, these or-
bitolinid-rich carbonates alternate with oolitic-bioclastic
packstones to grainstones containing miliolids, Choffatel-
la decipiens, other unidentified foraminifera and skeletal
fragments (Fig. 6).

The maximum flooding surface is marked by a facies
turnover from transgressive Palorbitolina-dominated beds
to regressive wackestone to floatstone limestones contain-
ing Chondrodonta, small requieniid rudists, other molluscs,
miliolids, Choffatella decipiens, Palorbitolina praecursor,
Orbitolinopsis sp., Rectodictyoconus giganteus and other
benthic foraminifera. Locally, bioturbated horizons occur.
The lateral continuity of beds that thicken in a southerly
direction together with the absence of bulges or step-like
geometries indicate that the depositional profile during the
RST was a homoclinal carbonate ramp, as inferred on the
eastern side for the same time interval (Fig. 6).

FIGURE 3| Photomicrographs of rep-
resentative microfacies of the dif-
ferent general depositional settings.
Scale bars = Tmm. A) Wackestone
of miliolids (white arrows) and frag-
ments of dasycladaceans (black ar-
rows) (Facies Assemblage 4; Table 1).
Xert Formation, Alto del Collado sec-
tion. B) Floatstone of Chendrodonta
with Orbitolinopsis praesimplex. The
white arrow points to a fragment of
Chondrodonta (Facies Assemblage 4;
Table 1). Xert Formation, Las Cubetas
section. C) Lithocodium aggregatum
(white arrows) hioceroded by clio-
nid sponges, encrusting coral debris
(black C) (Facies Assemblage 9; Tahle
1). Forcall Formation, Estrecho de la
Calzada Vieja section. D) Grainstone

of large-sized discoidal Palorbitolina
lenticularis agglutinating quartz parti-
cles in the tests (Facies Assemblage
7; Table 1). Villarroya de los Pinares
Formation, Las Cubetas section. E)
Peloidal-foraminiferal (mostly miliol-
ids) grainstone (Facies Assemblage
3; Table 1). Villarroya de los Pinares
Formation, Barranco de las Calzadas
section. F) Debris-flow facies of coral
fragments (white C) and other uniden-
tified hioclasts encrusted by peysson-
neliaceans (white arrows) (Facies As-
semblage 10; Table 1). Villarroya de
los Pinares Formation, Barranco de las
Calzadas section.
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Sequence ||

Sequence II is equivalent to the Forcall and the main
part of the Villarroya de los Pinares formations (Fig. 2).
On the western side, the top of the Xert Formation also
belongs to the basal transgressive deposits of this se-
quence, which spans approximately 3 Ma (according to
the absolute ages for the Aptian of Ogg and Ogg, 20006),
and reaches its maximum thickness of up to 237 m in the
Barranco de las Calzadas section. At the Alto del Collado
section the sequence thins to 141 m. The recognition of
the ammonite species Deshayesites kiliani at the lower
part of this sequence permits us to constrain its base to the
Deshayesites weissi biozone. The lower boundary of the
sequence is formed by a sharp contact, which corresponds
to a maximum regressive surface, though no signs of sub-
aerial exposure or erosion were identified. This sequence
boundary i1s marked by a drastic facies change, which sepa-
rates the carbonate lithologies with small requieniid rud-
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ists, miliolids and Chondrodonta of the uppermost part of
the Xert Formation (below) from the transgressive green
marls of the Forcall Formation (above). On the western
side, these basal transgressive deposits correspond to or-
bitolinid-dominated beds, which constitute the top of the
Xert Formation. With the carly TST, the incipient carbon-
ate platforms established during the regressive phase of
Sequence I were drowned and evolved into a succession
of interbedded green marls, marly limestones, silty lime-
stones and limestones displaying frequent nodular bedding
and burrow bioturbation. Its faunal content suggests deeper
water conditions and is characterized by the bivalves Pan-
opea sp., Trigonia sp. and Neithea sp., other molluscs, the
echinoid Heteraster oblongus, terebratulid brachiopods,
Palorbitolina lenticularis, Praeorbitolina cormyi, Palor-
bitolina sp., Cholfatella decipiens and other undiagnosed
foraminifera. The orbitolinids present large-sized discoi-
dal morphologies and agglutinated quartz grains. At the
proximal sections of Camarillas and Loma del Horcajo it is

FIGURE 4[| Outcrop photographs of
representative facies of the general
depositional settings. A) Detail of a
coarse-grained siliciclastic lag at the
erosive base of a channelized sand-
stone (Facies Assemblage 1; Table
1). Morella Formation, Barranco de
las Calzadas section. B) Dome-shaped
corals embedded in marls {Facies As-
semblage 6; Table 1). Villarroya de
los Pinares Formation, Barranco de
las Calzadas section. C) Detail of a
Caprina parvula section (Facies As-
semblage 4; Table 1). Villarroya de
los Pinares Formation, Barranco de
las Calzadas section. D) Outcrop-scale
image of debris-flow deposits (Facies
Assemblage 10; Table 1). Note the
nodular aspect of these resedimented
lithofacies. Villarroya de los Pinares
Formation, Barranco de las Calza-
das section. E) Detail of the bound-
ary surface between Sequence Il and
Sequence Il exhibiting palaeokarst
development. Villarroya de los Pin-
ares Formation, Camarillas section.
F) Detail of a herringbhone cross-strat-
ification (Facies Assemhlage 2; Tahle
1). Benassal Formation, Barranco del
Portolés section.

|256|



T. BOVER-ARNAL et al.

common o find intercalations of sandy limestones, peloi-
dal grainstones displaying plane-parallel stratification and
layers with abundant green algae and molluscs, denoting
shallower environments (Figs. 5 and 6).

An orbitolinid-dominated stratigraphic interval, com-
posed of nodular bioturbated limestones showing a more
carbonate-rich lithology, interrupts these marly-dominated
deposits. The episode is continuous and correlatable along
the sub-basin except in the Loma del Horcajo and Camaril-
las sections, where it was not identified, probably due to
their proximal setting. Above this, another flooding pulse
occurs, with recovery of the marly condition of elsewhere
in the succession. At the western side, this deepening is
made more evident by the occurrence of a few levels with
Heminautilus saxbii and ammonites belonging to the Rolo-
boceras hambrovi horizon (Moreno-Bedmar et al., 2009).
The late TS 1s characterized by several layers containing
abundant orbitolinids at the base of coral rubble deposits,
up to 5 m thick, which are completely encrusted by Lithoc-
odium aggregatum (Fig. 3C), Bacinella irregularis and
sessile foraminifera. Abundant Palorbitolina lenticularis
displaying large discoidal morphologies and agglutinating
quartz particles, echinoids, solitary corals, the rudists Cap-
rina douvillei and Horiopleura dumortieri are also found
inside the Lithocodium/Bacinella-coral rubble horizon.
The maximum flooding surface is interpreted to underlie
the coral rubble deposits, which therefore constitute the
carliest RST (Figs. 5 and 0).

Eastern side

The early RST begins with several microorganism-
encrusted coral rubble layers, which change laterally
southwards and upwards in the succession to interbed-
ded marls and limestones with abundant large-sized dis-
coidal Palorbitolina lenticularis with agglutinated quartz
particles. At the Alto del Collado section, a specimen of
Deshayesites deshayesi was recognized, establishing the
presence of the Deshayesites deshayesi biozone above the
Lithocodium-coral rubble horizon. Above the latter, wide-
spread Palorbitolina lenticularis beds mark the beginning
of the Villarroya de los Pinares Formation and are followed
by limestones with sparsely distributed irregular massive
corals. The coral-bearing limestones, which reach up to 15
m thick in the Cabezo de las Hoyas section, form a con-
tinuous level from the L.oma del Horcajo section to the
Estrecho de la Calzada Vieja section, and pinch out into
marls after this last-mentioned section. Fragments of mol-
luscs, abundant Palorbitolina lenticularis, Praeorbitolina
cormyi, other unidentified foraminifera, and Lithocodium
aggregatum, Bacinella irregularis and sessile foraminifera
encrusting the corals, are also important components of the
facies. However, the abundance of microencrusters is not
as significant as for the preceding coral rubble episodes.

Gecologica Acta, 8(3), 249-280 (2010)
DOIl: 10,1344/105.000001533

The Aptian evolution of the western Maestrat Basin

Above this, the RST exhibits a progradational pattern of
sedimentary bodies grouped in metre-thick small-scale
sequences. This part of the succession is distinguished by
the development of abundant carbonate producers such as
Toucasia carinata, Polyconites new species (Skelton et
al., in press) grouped in bouquets, small specimens of an
unidentified monopleurid, Chondrodonta, other molluscs,
corals, miliolids, Orbitolinopsis simplex, Orbitolinopsis
praesimplex and other unidentified foraminifera. Burrow
bioturbation and hardgrounds with encrusting oysters are
also common (Fig. 5).

The depositional profile during this regressive stage
corresponded to a distally steepened ramp with most car-
bonate production situated in the upper ramp. Where syn-
sedimentary normal faulting caused major steepening of
the ramp approximately south of the Cabezo de las Hoyas
section (Fig. 8), the latter lithofacies pass basinwards to
debris-flow deposits. Marls with embedded dome-shaped
corals displaying Lithophaga borings are intercalated be-
tween these resedimented lithofacies. In addition, a syn-
sedimentary fault located southwards of the Estrecho de
la Calzada Vieja caused a second steepening of the ramp
as deduced by the bulging and step-like geometries of
the beds (Fig. 8). Distal ramp facies were recognized in
the Alto del Collado section, which correspond to cight
high-order cvcles composed of centimetric mudstones
overlain by decimetric floatstones containing fragments
of Chondrodonia, rudists and delicate branching corals.
The mudstones are interpreted to reflect parautochthonous
sedimentation, while the floatstones, 1in which all skeletal
components are fragmented, correspond to debris-flow
episodes. In the Las Cubetas section, a facies representing
a short episode of platform crisis has been found interca-
lated between limestones dominated by miliolids, corals,
rudists and other molluscs. This episode is distinguished
by two units of rock-forming Palorbitolina lenticularis
and a 1.5 metre-thick level of coral rubble encrusted by
Lithocodium aggregatum, Bacinella irregularis and sessile
foraminifera. The presence of coral rubble and orbitolinid
beds displaying packstone to grainstone textures indicates
reworking. The orbitolinids exhibit large flat morphologies
with abundant quartz aggregation (Fig. 3D) (Fig. 5).

Western side

Above the encrusted coral rubble deposits, the RST
reveals the bathymetric differences between the eastern
side (foot-wall) and the western side (hanging-wall) of
the Miravete fault. The sedimentary record exhibits larger
thicknesses and is built-up of small-scale sequences (in the
sense of Strasser et al., 1999) each with a centimetre- to
metre-thick marly transgressive term, and a centimetre- to
decimetre-thick regressive term, comprising marly lime-
stones, sandy/silty limestones and/or limestones displaying
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nodular bedding. Thalassinoides and other burrow biotur-
bation are common, especially at the bases of the regres-
sive layers and local levels with storm-induced turbidites
(see Bover-Arnal et al., 2009). The faunal content also re-
flects a deeper environment than in the eastern part of the
sub-basin, and is characterized by ammonites, terebratulid
and rhynchonellid brachiopods, solitary corals, the orbi-
tolinids Palorbitolina lenticularis and Praeorbitolina gr.
cormyi-wienandsi, which commonly agglutinated quartz
particles and exhibit large-sized discoidal morphologies.
Also present are the nautiloids Fucymatoceras plicatum
and Cymatoceras neckerianum, the bivalves Trigonia sp.,
Plicatula placunea, Panopea sp. and Neithea sp., other
unidentified molluscs, the echinoid Zoxaster collegnoi and

The Aptian evolution of the western Maestrat Basin

the decapod Mecochirus magnus. Pyritized fragments also
occur. A 5-metre level of centimetre-sized coral colonies is
present in the proximal section of Camarillas. The ammo-
nite record, which is abundant and complete, especially in
the Barranco de las Calzadas section (Moreno-Bedmar et
al., 2009, accepted) provided two timelines for the Bedoulian
(Early Aptian): the Deshayesites weissi biozone-Deshayesites
deshayesi biozone boundary, and the Deshayesites deshayesi
biozone-Dufrenoyia furcata biozone boundary (Iig. 6).

Above this, the regressive succession corresponds to the
lower part of the Villarroya de los Pinares Formation, and is
distinguished by below-wave base accumulation of carbon-
ate-producing biota dominated by the rudists Toucasia cari-

Forcall Fm.

FIGURE 7 | Sequence stratigraphic interpretation of A) the Aptian sedimentary succession in the Las Cubetas section (eastern side of the Miravete fault)
and B) the Villarroya de los Pinares section (western side of the Miravete fault). See Fig. 5 for legend.
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nata and Polyconites new species (Skelton et al., in press),
with rarer Monopleura sp., Caprina parvula (Fig. 4C) and
Offneria sp. Also present are Chondrodonta, nerineid gas-
tropods, other undiagnosed molluscs, corals, Orbitolinopsis
simplex, miliolids, other benthic foraminifera and green al-
gae. Intercalation of plane-parallel stratified oolitic-peloidal
grainstones with abundant miliolids and other unidentified
benthic foraminifera also occur (Fig. 3E), indicating short
higher energy episodes. The sedimentary bodies are stacked
in a prograding pattern constituting metre-thick small-scale
sequences. In the Camarillas and the Barranco de la Serna
sections, this late RST starts with fine-grained sandy lime-
stones and calcarenites displaying cross-bedding and plane-
parallel stratification. The depositional profile corresponds
to a flat-topped non-rimmed carbonate platform (see Bover-
Arnal et al., 2009), which is continuous from the Camarillas
section to the Loma del Morrén section, where the platform

The Aptian evolution of the western Maestrat Basin

margin is situated. Basinwards, these platform facies change
laterally into debris-flow deposits (Fig. 3F), which are locally
channelized, and marls with embedded dome-shaped cor-
als (Fig. 4B), representing the slope environments. Irregular
massive, sheet-like and branching corals, and Polyconites
grouped in bouquets are also present in this depositional set-
ting (Fig. 6).

In the Barranco de la Serna section, the carbonate plat-
form established during this time interval shows detached
development due to its palacosituation in an upthrown part of
a half-graben structure related to the ENE-WSW normal lis-
tric faulting (Fig. 1B). This isolated platform is characterized
by the presence of large delicate branching corals, Toucasia
carinata and caprinid rudists, including Caprina parvula and
Pachytraga sp. Southeastwards, it passes laterally to slope
lithofacies. In the Barranco del Portolés and Villarroya de

C
NNW
P
Umeae\\'\d \l‘i‘e‘a5 o
Campos s Aliaga \,55°| oo
== LS = A |
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gedt®"
(no vertical exaggeration) A Town |
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FIGURE 8] A) Aerial photograph of the area surrounding the Cabezo de las Hoyas section (see Fig. 1B for location), which belongs to the eastern side of
the Miravete fault. B) Interpreted aerial photograph with the situation of the major ramp step located southwards of the Cahezo de las Hoyas section. C)
Schematic cross-section of the eastern side distally steepened ramp of Sequence Il showing the situation of the two steps located nearby to the south
of the Cabezo de las Hoyas section and southwards of the Estrecho de la Calzada Vieja section. The depositional profile was reconstructed from the
aerial photo. See Fig. 1B for situation.
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los Pinares sections, the late regressive phase corresponds
to basinal debris-flow deposits accumulated in lobes. In the
Barranco de las Calzadas section, the sediments that mark
the top of the RST of Sequence II constitute a lowstand
prograding wedge in the sense of Hunt and Tucker (1992).
This lowstand wedge corresponds to a small prograding
flat-topped non-rimmed carbonate platform situated in the
area of Las Mingachas (see Bover-Amal et al., 2009). To-
wards the basin, this lowstand carbonate platform changes
laterally into slope lithofacies of debris-flows deposits
(Fig. 4D) and marls with embedded dome-shaped, irregu-
lar massive and branching corals, which downlap over a
detached forced regressive calcarenite situated in a basinal
position. Basinwards, the maximum fall in sea level at the
top of the RST is marked by several discontinuous cross-
bedded and plane-parallel stratified calcarenites embedded
in marls, which contain oysters, Orbitolinopsis simplex,
Palorbitolina lenticularis, unidentified benthic foraminifera
and fragments of molluscs, echinoids and decapods. These
calcarenites constitute detached forced regressive deposits
(Fig. 6).

Sequence |l

Sequence III contains the lower part of the Benassal
Formation (Fig. 2). In the Camarillas, Barranco de las
Calzadas and Las Cubetas sections, Sequence III is also
equivalent to the uppermost part of the Villarroya de los
Pinares Formation. This sequence is interpreted to span
approximately 3.1 Ma (according to the absolute Aptian
ages of Ogg and Ogg, 2006), and has a maximum thickness
of 135 m in the Barranco de las Corralizas section. In the
Cabezo de las Hoyas section, this sequence thins to 20 m.
Its base is early Middle Aptian in age, inferred from rud-
ist biostratigraphy. The boundary between the sequences 11
and IIT appears to correspond to the limit between the Ear-
Iy (Bedoulian) and the Middle Aptian (Gargasian), where
the rudist family Caprinidae disappears from all sections
known so far (Skelton, 2003a).

Eastern side

In the Las Cubetas section an erosive surface has been
identified at the top of the regressive deposits of Sequence
II. This surface is interpreted as the sequence boundary
between Sequence IT and IIT and corresponds to a trans-
gressive ravinement surface (Fig. 5). The unconformity
is overlain by oolitic-peloidal grainstones with fragments
of dasycladaceans and echinoids, which are interpreted to
represent the transgressive lag of the TST of Sequence III.
A hardground with encrusting oysters and borings marks
the top of these hydrodynamic deposits. In the other sec-
tions studied on the eastern side of the Miravete fault, no
signs of subaerial exposure or erosion have been identified
above the prograding regressive deposits of Sequence I1.
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Hence, the lower boundary of Sequence 11T is interpreted
to be a maximum regressive surface. The TST of this se-
quence is characterized by marls with calcareous nodules.
Upwards in the succession the presence of nodular lime-
stones with large flat orbitolinids becomes dominant. The
maximum flooding surface separates these marly facies
from widespread limestones dominated by Mesorbitolina
parva and Mesorbitolina gr. lotzei-parva that correspond to
the RST and reflect a shallowing-upwards trend. Interbed-
ded marls with calcareous nodules and peloidal-bioclastic
grainstones are present, as well as highly bioturbated lev-
els. In the Loma del Horcajo section, this orbitolinid hori-
zon changes landwards to an alternation of limestones with
rudists, coral fragments, nerineid gastropods, orbitolinids
and miliolids, and sandstones and sandy limestones with
cross-bedding and plane-parallel stratification, indicating
a shallower and proximal setting with episodes of detrital
mflux (Fig. 5).

Western side

The basal boundary of the sequence records a relative
sea level fall with subaerial exposure and erosion of the
previous carbonate platform established during the late
Early Aptian between the Camarillas and Loma del Morrén
scctions (Fig. 6). This discontinuity corresponds to a trans-
gressive ravinement surface (Fig. 9) with palacokarst fea-
tures (Fig. 4E). Southwards of the Camarillas section, this
sequence boundary is eroded, but it is interpreted as hav-
ing continued until the Barranco de las Calzadas section,
where it has also been identified. After this last-mentioned
section and towards the basin, the transgressive ravinement
surface changes to a maximum regressive surface. In the
Camarillas section, the TST begins with a cross-bedded
and plane-parallel stratified orange calcarenite contain-
ing oysters, foraminifera and fragments of echinoids and
unidentified molluses. This calcarenite is stacked in a ret-
rograding pattern and represents the transgressive lag that
onlaps the sequence boundary (Fig. 9). The base of this
deposit is erosive and presents mud pebbles with minute
imbricated quartz particles. A little way to the south of the
Barranco de las Calzadas section, the onset of the TST is
marked by a maximum regressive surface that corresponds
to a hardground with a ferruginous crust and borings. This
transgressive surface is situated above the lowstand pro-
grading wedge established during the RST of Sequence II.
Over the hardground, the lowstand prograding carbonate
platform of Las Mingachas starts to backstep northwards
(see Bover-Arnal et al., 2009), forcing the establishment
of the typical slope facies association in this area. These
lithofacies are distinguished by the settlement of domal,
irregular massive and branching coral colonies embedded
in marls, cut across by channelized debris-flow deposits.
Above this and towards the basin, the transgressive phase
changes laterally to bluish marly deposits with interbedded
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calcareous nodules and nodular limestones containing Me-
sorbitolina parva, decapods, the nautiloid Eucymatoceras
plicatum, echinoids, Panopea sp., Trochonerita gigas, Ty-
lostoma sp. and other molluscs. Highly bioturbated levels
are common. In the Barranco de las Corralizas section,
there are interbedded sandy limestones displaying plane-
parallel stratification (Fig. 6).

The maximum flooding surface marks a drastic facies
change from marly sedimentation to below-wave base
carbonate-platform production that characterizes the RST.
However, this regressive stage mainly reflects sedimenta-
tion in slope environments. The slope lithofacies are char-
acterized by small patch-reefs with domal, irregular mas-
sive and branching corals embedded in marls, Polyconites
new species (Skelton et al., in press) grouped in bouquets,
gastropods, oysters and other unidentified molluscs. Chan-
nelized debris-flow deposits of platform sediments with
Toucasia carinata and nerineid gastropods cut across these
marly deposits. In the Barranco del Portolés and Villar-
roya de los Pinares sections the debris-flow deposits are

The Aptian evolution of the western Maestrat Basin

accumulated in lobes interbedded with marly levels con-
taining calcareous nodules. Bioturbated levels are present
throughout the regressive tract (Fig. 6).

Sequence IV

Sequence IV corresponds to the upper part of the Benas-
sal Formation. It is interpreted to span approximately 5.9
Ma (according to the Aptian absolute ages from Ogg and
Ogg, 2006), and comprises the upper part of the Middle
Aptian (Gargasian) and the entire Late Aptian (Clansaye-
sian) (Fig. 2). The age of the base of the sequence has not
been exactly determined due to the absence of age-diag-
nostic fauna. Nevertheless, Weisser (1959) recognized an
ammonoid specimen of Acanthohoplites bergeroni, which
according to Bogdanova and Tovbina (1994) is attributable
to the Diadochoceras nodoscostatum subzone (Acantho-
hoplites nolani biozone), in the basal regressive stage of
this sequence. Moreover, Moreno-Bedmar et al. (2008)
collected ammonite specimens from the Leymeriella tarde-
Jurcata biozone (basal Albian) in the lower part of the Es-

Benassal Fm.

“Villarroya de los Pinares Fm.

FIGURES] A) Outcrop-scale view of the boundary between Sequence I (Early Aptian) and Sequence 11l (Middle Aptian) located southwards of the Ca-
marillas section (western side of the Miravete fault). B) Photograph interpretation of the boundary between Sequence Il (Early Aptian) and Sequence Il
(Middle Aptian) located southwards of the Camarillas section (western side of the Miravete fault). See Fig. 5 for legend.
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cucha Formation, which overlies the Benassal Formation,
in the Salzadella sub-basin nearby to the East. Villanueva-
Amadoz et al. (2008) also determined an Early-Middle Al-
bian age for the Escucha Formation using palynomorphs.
The limit between the Benassal and Escucha formations
is also equivalent to the upper boundary of Sequence IV.
The upper limit of this sequence may thus be constrained
effectively to the boundary between the Aptian and the Al-
bian. The sequence has a maximum thickness of 410 m in
the Villarroya de los Pinares section, and thins to 18 m in
the Cabezo de las Hoyas section. The boundary between
sequences 11T and I'V corresponds to a maximum regressive
surface, which has been recognized on both sides of the
Miravete fault. This boundary is characterized by a drastic
facies change from limestones deposited below wave influ-
ence, containing rudists, corals and orbitolinids, to marly
sedimentation. At Las Cubetas this lower sequence bound-
ary consists of a well-developed hardground. The upper se-
quence boundary is constituted by a regional unconformity,
which passes basinwards to a maximum regressive surface,
overlain by the white sandstones and coal deposits of the
Escucha Formation.

Eastern side

calcareous nodules and marly limestones containing Me-
sorbitolina parva, echinoids and molluscs. Occasionally,
resedimented deposits of rudists and coral fragments with
floatstone to rudstone texture occur. The maximum flood-
ing surface marks a drastic change in the facies trend, from
deepening to shallowing-upwards. The base of the RST
is constituted by highly bioturbated orbitolinid beds with
molluscs and echinoids. The presence of hardgrounds with
encrusting oysters is common. Above this, an alternation
of tan clay, oolitic-peloidal packstone to grainstone lime-
stones, sandy limestones and sandstones with erosive bases,
cross-bedding and plane-parallel stratification become dom-
inant. Intercalation of two small layers with Eoradiolites
sp.. Toucasia sp. and small delicate branching corals has
been observed in the distal parts of both eastern and western
sides, indicating the establishment of two incipient carbon-
ate platforms, which were soon suppressed, however, by the
high current activity and detrital influx that prevailed during
the regressive phase of Sequence IV (Fig. 5).

Western side

The TST is distinguished by bluish marls with calcare-
ous nodules and marly limestones with nodular bedding,
containing Mesorbitolina parva, oysters, unidentified
bivalves, echinoids and gastropods. Intercalation of bio-
clastic-peloidal packstone to grainstone limestones with
plane-parallel stratification, orbitolinid beds and sandy
limestones indicate intermittent higher energy conditions
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or reworking. Pervasively bioturbated levels are common.
Debris-flow deposits with floatstone to rudstone texture,
containing rudists, orbitolinids, oysters and fragments of
delicate branching corals are also present. Below these
resedimented lithofacies dome-shaped and irregular mas-
sive corals are frequently found embedded in marls, which
may represent slope environments. The maximum flood-
ing surface is marked by an abrupt facies change, from a
deepening to a shallowing-upwards trend. The RST begins
with resedimented packstone to grainstone limestones of
Mesorbitolina parva with erosive bases in the Barranco
del Portolés and Villarroya de los Pinares sections. Above
these orbitolinid beds, the establishment of littoral condi-
tions is reflected by red oolitic-bioclastic grainstones with
glauconite, sandy limestones, sandstones and tan clay. The
beds feature erosive bases, cross-bedding, plane-parallel,
herringbone stratification (Fig. 4F) and are occasionally
channelized. Bioturbated levels, and hardgrounds with
encrusting oysters and Lithophaga occur. The presence
of mica is noticeable in the late regressive phase. Oysters,
unidentified bivalves, echinoids, gastropods and rarely,
brachiopods, dominate the faunal content (Fig. 6).

STABLE ISOTOPE (C, O) GEOCHEMISTRY

Carbonate carbon and oxygen isotope analysis has been
carried out with samples from the Barranco de las Calzadas
section, throughout the upper part of the Forcall Formation
where the boundaries between the Deshayesites weissi,
Deshayesites deshayesi and Dufrenoyia furcata ammonite
biozones have been exactly determined (Moreno-Bedmar
et al., 2009, accepted). Hence, this section offers an excel-
lent opportunity to link the characteristic 8"*C perturbations
related to the Early Aptian Oceanic Anoxic Event (OAE1a)
with high-quality ammonite biostratigraphic data. The C
and O isotopic data measured are reported and graphically
presented in Fig. 10.

Carbon-isotope data

The carbon-isotope values obtained range between
-1.41%0 and 5%c. The resulting 8"C_,, curve has been
divided into eight segments (C1-C8; Fig. 10) in order to
simplify its analysis and discussion following Menegatti et
al. (1998), Bellanca et al. (2002), and de Gea et al. (2003).
The lowest part of the C-isotope curve begins in the Rolo-
boceras hambrovi horizon (Deshayvesites weissi biozone)
with a slightly negative excursion from 1.02%e to -0.30%0
(C1), followed by a positive trend to 0.72%o0 (C2). Straight
afterwards, the 8"*C_,,, values reach an absolute minimum
of -1.41%o in a sharp negative excursion (C3), with a sub-
sequent well-developed positive shift to 0.72%¢ (C4). Af-
ter this step-like positive excursion, an interval marked by
similar C_-isotopic values ranging between 2.66%0 to

carb
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2.83%¢ (C5) begins. Then, the curve shows another steep
positive shift to 3.85%e (C6), followed by a large gentle
positive trend with many minor reversals that begins be-
fore the top of the Deshayesites weissi biozone and passes
through the entire Deshayesites deshayesi biozone into the
base of the Dufrenoyia furcata biozone, where it reaches an
absolute maximum of 5%¢ (C7). Subsequently, the 3"*C,,,
values drop again along the top of the Forcall Formation,
where a relative minimum of 2.85% 1s reached (C8).

Oxygen-isotope data

The resulting oxygen-isotope values vary between
-7.11%o¢ and -3.09%¢. Despite much fluctuation, seven rela-
tive trends indicating cooling-warming tendencies can be
interpreted in the isotope curve obtained (O1 to O7; Fig.
10). The 80 curve begins inside the Deshayesites weissi
biozone with a minor positive excursion that may reflect a
cooling tendency (O1). This initial positive shift is equiva-
lent to the segment C1. The subsequent trend corresponds
to an irregular negative evolution of the oxygen-isotope
data that reaches the absolute minimum value of the curve
(02), which could denote a progressive warming episode.
This negative trend can be correlated with the segment C2
and the lower part of the segment C3. The third interpreted
trend draws a positive shift of the 8'%0 values suggesting
a cooling event (O3), which is correlatable with the up-
per part of the segment C3, the segments C4, C5 and the
lower part of segment C6. Straight afterwards, the 30
curve describes another negative trend indicating a possi-
ble warming interval (O4), which comprises the top of the
Deshayesites weissi biozone and the base of the Deshayes-
ites deshayesi biozone, and it is equivalent with the lower
part of the segment C7. Then, the curve displays a long
positive shift that reaches the top of the Deshayesites de-
shayesi biozone, which may denote a cooler climate (O5),
followed by a warming event marked by the subsequent
negative excursion that coincides with the lower part of the
Dufrenoyia furcata biozone (O6). After this shift towards
negative values, the 8'°0 curve shows a positive tendency
that could reflect another cooling time interval (O7), which
reaches the absolute maximum O-isotope value inside the
lower part of the Dufrenoyia furcata biozone. This last shift
towards positive 80 values is correlatable with the upper
part of the segment C7 and the segment C8.

QUANTITATIVE SUBSIDENCE ANALYSIS AND
ACCOMMODATION

In the Galve sub-basin, Aptian carbonate and silici-
clastic sedimentation was tectonically controlled by the
activity of the Miravete transfer fault and five main tilted
blocks, which experienced syn-rift differential subsidence
and compartmentalised both sides of the sub-basin (Fig.
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1T1A). In the following, the total sediment accommodation
for each block is calculated, taking into account total sub-
sidence (with decompaction) and estimated palaco-water
depths (see Material and Methods for details). For this pur-
pose five representative stratigraphic columns, each one
belonging to a different block, were selected (Fig. 11A).
Despite small magnitude differences, the five calculated
total subsidence curves mainly display the same general
pattern (Fig. 11B). The western side curves of Camarillas,
Barranco de las Calzadas and Villarroya de los Pinares
show higher subsidence rates than those of the eastern
side, at L.as Cubetas and the Estrecho de la Calzada Vieja.
These differences can be attributed to the activity of the
Miravete master normal transfer fault, which generated a
western side hanging-wall and an eastern side foot-wall.
In addition, the magnitude of total subsidence also in-
creases towards the basin. On the eastern side, the distal
Estrecho de la Calzada Vieja section displays a higher
subsidence rate than the proximal Las Cubetas section.
Likewise on the western side, the basinal Villarroya de
los Pinares section shows a higher magnitude of total sub-
sidence than the more proximal Camarillas and Barranco
de las Calzadas sections. However, all five curves display
two major differentiated stages of rapid/slow total subsid-
ence (Fig. 11B).

The first stage (R/S1) is characterized by an initial
episode of rapid subsidence, associated with significant
extension and normal faulting throughout Sequence I
and the TST and early RST of Sequence II (125 to ap-
proximately 122.8 Ma). Thus, an array of normal faults
affecting the last-mentioned depositional sequences (Xert
and Forcall formations) can be observed in the area sur-
rounding Villarroya de los Pinares (Fig. 12). This initial
phase reflects the highest subsidence rate for the Aptian
in the Galve sub-basin, and is followed by a period of
decelerating subsidence that includes the late RST of
Sequence II, Sequence 111 and the TST of Sequence IV
(approximately 122.8 to approximately 114.2 Ma). The
second stage (R2) is marked by a resumption of acceler-
ated subsidence, which comprises the RST of Sequence
IV (approximately 114.2-112 Ma). High subsidence rates
in the distal curves of Villarroya de los Pinares and the Es-
trecho de la Calzada Vieja characterize this second rapid
subsidence interval (R2), while the proximal curve of Las
Cubetas shows minor acceleration of subsidence. In the
Villarroya de los Pinares section, normal faulting linked
to this interval of rapid subsidence can be observed affect-
ing the lower part of the RST of Sequence IV (Benassal
Formation) (Fig. 7B).

The rapid phases of total subsidence correspond to pe-
riods of fault activity and reactivation of tilting of blocks
(syn-rift subsidence), producing gains of accommodation.
The slower episodes of total subsidence in this area indi-
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cate local periods of thermal re-equilibration of the crust,
heated during fracture phases (see McKenzie, 1978; Salas
et al., 2001), so giving rise to losses of accommodation.

DISCUSSION
Diagenetic alteration of stable isotope data

The carbon- and oxygen-isotope data display more neg-
ative values than those from other time equivalent-isotope
records in the Mid-Pacific Mountains (Jenkyns, 1995),
Oman (Vahrenkamp, 1996), Italy and Switzerland (Men-
egatti et al., 1998), I'rance (Moullade et al., 1998), Greece
(Grotsch et al., 1998), Sicily (Bellanca et al., 2002), Spain
(de Gea et al., 2003), Switzerland (Wissler et al., 2003) and
Portugal (Burla et al., 2008). This discrepancy is consistent
with the observation that *C and 8'*0 in platform lime-
stones commonly show depleted values compared with
those from pelagic environments (see Vahrenkamp, 1996;
Grotsch et al., 1998; Immenhauser et al., 2001; Immen-
hauser et al., 2005; Sattler et al., 2005; Burla et al., 2008).
Different authors have explained several mechanisms that
can contribute to this fact such as subaerial exposure, eux-
inic conditions, fresh-water runoff or diagenetic alteration

The Aptian evolution of the western Maestrat Basin

during bural (Scholle and Arthur, 1980; Allan and Mat-
thews, 1982; Marshall, 1992; Patterson and Walter 1994,
Menegatti et al., 1998; Satder et al., 2005).

Generally, low 8"°C and 80 compositions of lime-
stones are associated with diagenetic changes, with in-
creased meteoric influence (Allan and Matthews, 1982;
Patterson and Walter, 1994). Due to the epeiric nature of
the Barranco de las Calzadas succession such diagenetic
effects may have been superimposed on the original iso-
topic signal. Nevertheless, the 8"”C signal is considered
not to be strongly affected by such processes in contrast to
what happens with the 3'*0 signal (see Scholle and Arthur,
1980; Immenhauser et al., 2001). Therefore, and despite
the slight negative shift of the C-isotope values, it is com-
monly admitted that 3“C records [requently preserve
original patterns (Scholle and Arthur, 1980; Menegatti et
al., 1998; Burla et al., 2008). Besides, in the Barranco de
las Calzadas section, subaerial exposure surfaces have not
been observed, and thin sections show no significant diage-
netic features. The absence of a strong diagenetic overprint
is also demonstrated by the low covariance (R? = 0.0789)
between the 8" C and 80 values (Fig. 13) (see Menegatti
etal., 1998; Grotsch et al., 1998; Burla et al., 2008). There-
fore, and due to the similarity between the Barranco de las
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\'

FIGURE 12 | Photograph of the lower part of the Villarroya de los Pinares section showing an array of synsedimentary normal faults affecting Sequence
| and the TST of Sequence Il (Xert and Forcall formations). See Fig. 5 for legend.

Calzadas isotopic patterns and other Early Aptian exam-
ples reported, e.g., Vahrenkamp (1996), Menegatti et al.
(1998), Bellanca et al. (2002), de Gea et al. (2003), the
resulting 8"*C curve is interpreted to reflect global trend
fluctuations.

Carbon-isotope record

The C_,,-isotopic record of the Barranco de las Calza-
das section is subdivided into eight stratigraphic segments
(CI1-C8; Fig. 10), which are interpreted to reflect globally
recognizable patterns (Menegatti et al., 1998; Bellanca
et al., 2002; de Gea et al., 2003). Menegatti et al. (1998)
defined the Early Aptian oceanic anoxic event (OAEla;
“Livello Selli”) chemostratigraphically as the interval
comprising the segments C4, C5 and C6 (Fig. 10). Nev-
ertheless, in this paper the OAEla time span will be inter-
preted to include the negative spike of segment C3, as well,
as established in other recent studies (Fig. 10; see Li et al.,
2008; Méhay et al., 2009; Tejada et al., 2009; Milldn et al.,
2009). This event is globally correlatable and can be iden-
tified in many other 8"*C curves (e.g., Vahrenkamp, 1996;
Menegatti et al., 1998; Moullade et al., 1998; Bellanca et
al., 2002; de Gea et al., 2003; Sattler et al., 2005). The am-
monites collected in the Barranco de las Calzadas section
permit us to attribute the Early Aptian oceanic anoxic event
to the Roloboceras hambrovi horizon (upper part of the
Deshayesites weissi biozone; Fig. 10; see Moreno-Bedmar

etal., 2009, accepted).

The C- and O-isotopic analysis carried out by Embry
(2005) in the Estrecho de la Calzada Vieja section (east-
ern side of the Miravete fault) displays two similar positive
8"C,,,, excursions (C2 and C4) at the same stratigraphic
levels as observed in the Barranco de las Calzadas sec-
tion (western side of the Miravete fault) but with more
positive values. Despite evident diagenetic effects, the two
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negative-positive spikes (C1-C2 and C3-C4; Fig. 10) of
the 8"°C evolution are interpreted to be of global signifi-
cance, and could be equivalent with the ones observed in
La Bédoule section (France; Moullade et al., 1998) and the
Mt. Kanala section (Greece; Grotsch et al., 1998). In both
cases, the onset of the OAE1a has been ascribed to the sec-
ond positive shift (C4; Fig. 10). By contrast, Embry (2005)
attributed the onset of the OAEla to the first positive C-
isotope excursion (C2 of this study; Fig. 10). However,
and as mentioned earlier, in this study the inception of the
OAEla was placed at the negative 8"C spike of C3 (see
Fig. 10) following Li et al. (2008), Méhay et al. (2009),
Tejada et al. (2009) and Milldn et al. (2009). Although the
term oceanic anoxic event is used throughout this work,
the presence of diverse and abundant biota throughout the
OAEla time span, suggests oxygenated conditions rather
than anoxia, in this area at least.

Oxygen-isotope record

On account of the susceptibility to diagenetic alteration
of oxygen isotopes during burial conditions (Scholle and
Arthur, 1980; Patterson and Walter, 1994; Menegatti et al.,
1998), the 8'%0 results are unreliable and display no regular
patterns like those observed for the carbon isotopic values.
For this reason, the resulting oxygen-isotope data should
be treated with caution. However, the low covariance ob-
tained between the 8*C and 8'%0 values (Fig. 13) and the
absence of homogeneous §'*0 values or marked persistent
saw-tooth-shaped excursions (Fig. 10), may be indicative
of only weak diagenetic overprint (see Menegatti et al.,
1998; Grotsch et al., 1998; Sattler et al., 2005; Burla et
al., 2008). The marly nature of the succession probably di-
minished fluid circulation, and therefore excluded the pos-
sibility of stronger diagenetic effects. Hence, the oxygen-
isotope results exhibit a gentle-scattered sinusoidal-shaped
curve build-up of seven relative trends (O1 to O7; Fig. 10),
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which could preserve original high-frequency climatically-
driven tendencies.

In this respect, the interpreted segments O2 and O3
(Fig. 10) have been also reported by Menegatti et al.,
(1998), Hochuli et al., (1999), Bellanca et al., (2002), de
Gea et al., (2003) and Ando et al., (2008). The segment
02, which may reflect a warming episode, could be linked
to high light carbon concentrations introduced into the
ocean-atmosphere system by marine volcanism (M¢éhay et
al., 2009) and/or to massive (isotopically light) methane-
release from clathrates (Jenkyns and Wilson, 1999; Jahren
et al., 2005; Beerling et al., 2002), peaking in C3 due to
ereenhouse warming, while segment O3 would reflect a
cooling episode resulting from the burial of organic carbon
during OAE1a (Fig. 10). Furthermore, the 8'*0 curve inter-
val comprising the segments O3 to O7 seems to describe a
scattered positive trend through the top of the Deshayesites
weissi biozone, the Deshayesites deshayesi biozone and
the lower part of the Dufrenoyia furcata biozone, which
may also indicate a slow but progressive cooling period,
though with a temporary reversal in O4 and O6 (Fig. 10).
This shift to a cooler global climate during the late early
Aptian has been also reported by Hochuli et al. (1999), in
a combined palynological and organic geochemical study
in the Cismon section (Italian Alps), Steuber et al. (2005),
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in a 8"C and 3"%0 study of shells of rudist bivalves from
different Tethyan localities, and Ando et al. (2008), in the
central Pacific Ocean.

The Aptian evolution of the Galve sub-basin: con-
trolling factors

The sedimentary evolution of the Galve sub-basin
during the Aptian was the result of a complex interaction
between different local, regional and global factors that
controlled the type and rate of sediment production/supply,
the available accommodation and how it was filled. These
variables mainly concerned extensional faulting linked to
the opening of the Atlantic Ocean (Salas et al., 2001), oce-
anic volcanic/tectonic activity (Larson and Erba, 1999),
eustatic variations in sea level, fluctuations in climate and
associated environmental consequences. Below, the factors
controlling the evolution of the Galve sub-basin are identi-
fied and their effect on the composition and nature of the
sedimentary record are discussed.

Eustatic sea level change

The durations of the interpreted sequences range from 1
Ma to approximately 5.9 Ma. These estimates are based on
available biostratigraphic data and polarity reversals of the
geomagnetic field. No substantial sedimentary gaps were
identified. However, the boundary between sequences III
and IV, which lies in the Middle Aptian time interval, lacks
precise age attribution. The fact that sequences I, II, and
the upper boundary of Sequence I'V seem to correlate rath-
er well with the Aptian global sequences of Ogg and Ogg
(2006) (Fig. 14), indicates at least a partial eustatic imprint
on Aptian sedimentation in the Galve sub-basin. For the
Middle Aptian substage, no significant increase in rift ac-
tivity has been obtained from the quantitative subsidence
analysis (Figs. 11 and 14). Hence, the boundary between
the sequences III and IV was probably also a response, at
least in part, to eustasy. Consequently, the boundary has
been interpreted to be equivalent with that between the
Ap4 and Ap5 global sequences of Ogg and Ogg (2006).
This interpretation leads to an estimated duration of 3.1 Ma
for Sequence III and 5.9 Ma for Sequence IV.

The exact stratigraphic position of the maximum flood-
ing surface in Sequence II is also problematical. Due to the
absence of a well-defined correlatable surface marking a
large-scale change from a deepening- to a shallowing-up
trend, this surface has been placed at the base of the ho-
rizon of coral rubble encrusted by Lithocodium aggrega-
tum and Bacinella irregularis. The latter horizon coincides
with the minimum 80 values reached at the termination
of segment O2 (Figs. 5, 6 and 10). The top of this negative
8"30 shift is thought to mark a thermal maximum and con-
sequently a likely culmination of continental ice melting
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leading to a global highstand of relative sea level. Howev-
er, the occurrence in some parts of the western side of two
levels of laminated dark shales below the orbitolinid bed
that underlies the encrusted coral rubble horizon may be
indicative of dysoxic conditions due to the absence of bio-
turbation and the presence of preserved organic matter (see
Fig. 10). These dark shale episodes probably correspond to
the deeper facies recognized throughout Sequence I1. Nev-
ertheless, these characteristic intervals were not observed
in the eastern side, thus invalidating them as correlatable
maximum flooding surface within the sub-basin. Besides,
these dark shale levels might only reflect local dysoxic con-
ditions, and not necessarily the expression of the maximum
flooding deposit of Sequence II. Whatever the exact posi-
tion of the maximum flooding surface of Sequence II, both
possibilities are situated within the Roloboceras hambrovi
horizon (upper part of the Deshayesites weissi biozone) a
little below the position shown for it in the Aptian global
sequence Ap3 of Ogg and Ogg (2006), which lies at the
limit between the Deshayesites weissi and Deshayesites
deshayesi biozones (Fig. 14).

The Aptian evolution of the western Maestrat Basin

If this interpretation is correct, these results imply glo-
bal eustatic sea level changes within a time frame of a
few My or less during the Aptian. In this regard, many
authors (e.g., Immenhauser, 2005; Gréselle and Pittet,
2005) have suggested glacio-eustasy as the most feasi-
ble single known mechanism that could best explain such
rapid and significant sea level oscillations. Also Peropa-
dre et al. (2008), in an alternative interpretation of the
Aptian sedimentary succession studied here, arrived at
the same conclusion. And indeed, over the last couple of
decades, several studies have put forward the possibil-
ity of the existence of short cooling episodes during the
Aptian, which could have favoured the transient presence
of small- to moderate-sized ice sheets situated in high al-
titudes and/or high latitudes (Frakes and Francis, 1988;
Weissert and Lini, 1991; Stoll and Schrag, 1996; Price,
1999; Immenhauser, 2005; Gréselle and Pittet, 2005; see
also Skelton, 2003b, pp. 172-3). The occurrence of cool-
ing events during this stage is likewise indicated by the
oxygen-isotope record presented in this paper. Geochemi-
cal analyses reported by Hochuli et al. (1999), Dumitres-
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cu et al. (2006), Ando et al. (2008), report similar pat-
terns. Moreover, glacio-eustasy could also explain why
many of these relative sea level changes recognized in the
Galve sub-basin have been also identified in other coeval
Tethyan basins (Fig. 14).

The most remarkable case of significant relative sea
level fluctuations is the fall that gave rise to the RST of
Sequence II, which resulted in subaerial exposure around
latest Early Aptian time at the western hanging-wall side
of the Miravete fault (Bover-Arnal et al., 2009). This drop
in sea level is interpreted to have been partially eustatic in
origin, as no signs of tectonic uplift have been identified
in the study area. Furthermore, despite small differences
in age, it has been also recognized in the Russian Plat-
form (Sahagian et al., 1996), southern Croatia (Husinec
and Jelaska, 2006), the United Arab Emirates (Yose et al.,
2006), Oman (Hillgértner et al., 2003; Gréselle and Pittet,
2005; Rameil et al., under review) and probably along the
margin of the Tethys (Ogg and Ogg, 2006). In Oman, as
in the western side of the Miravete fault in the Galve sub-
basin, the maximum fall in sea level gave rise to forced
regressive deposits (Bover-Arnal et al., 2009). Neverthe-
less, in the Galve sub-basin, conclusive signs of subaerial
exposure around the latest Early Aptian in the eastern
foot-wall side of the Miravete fault were not recognized.
Vennin and Aurell (2001) identified forced regressive de-
posits and evidence of subaerial processes of late Early
Aptian age in this part of the sub-basin, but our field data
do not support such an interpretation. Further work needs
to be done in this respect. On the other hand, and in line
with the foregoing, during the late Early Aptian, the Galve
sub-basin apparently experienced decelerating subsid-
ence that, together with an increase of carbonate produc-
tion and accumulation rates, could also have favoured the
shallowing of relative sea level (Fig. 11). For this time
interval, the slow rate of total subsidence is supported
by the diminution of the accommodation during the late
RST of Sequence II (Villarroya de los Pinares Formation).
Thus, the small-scale high-frequency sequences or simple
sequences (sensu Strasser et al., 1999; Vail et al., 1991),
which are frequenty interpreted to be formed by high-
frequency Milankovitch-driven climate changes (e.g., Vail
et al., 1991), become thinner towards the top of the RST.
This fact has been also observed in the central and oriental
sub-basins of the Maestrat Basin.

Notwithstanding the unknown absolute age of the
boundary between sequences III and IV, and the small
phase-lags of age, when compared with the Aptian global
chronostratigraphic sequences of Ogg and Ogg (2006), of
the upper boundary of Sequence IV and of the maximum
flooding surface of Sequence II, eustasy is apparently one
of the main controls on the Aptian sedimentary evolution

of the Galve sub-basin (Fig. 14).
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Subsidence and faulting

In addition to the influence of ecustasy, subsidence
also played an important role in creating accommodation
throughout the Aptian. Subsidence analysis shows that the
fault-controlled rapid syn-rift subsidence registered during
Sequence I, the TST and the early RST of Sequence IT and
the RST of Sequence IV, was the primary factor producing
accommodation (Fig. 11). The climax of rifting for the Ap-
tian occurred during Sequence I (Morella and Xert forma-
tions with important siliciclastic supplies) and the TST and
carly RST of Sequence Il (Forcall Formation) in which up
to 430 m of mixed carbonate-siliciclastic deposits were de-
posited in approximately 2.2 Ma (the absolute age is based
in Ogg and Ogg, 2006) (Figs. 11, 12 and 14). Hence, it
is evident that the Aptian sedimentary record of the Galve
sub-basin was controlled by both tectonics and eustasy.
Despite the high rates of syn-rift subsidence recorded dur-
ing the Early and the Late Aptian, tectonic activity failed to
mask the global eustatic trends. During the Early Aptian,
the high rate of syn-rift subsidence probably acted as an
amplifier of the widely recognized long-term transgressive
context recorded around the Tethys (Follmi et al., 1994;
Sahagian et al., 1996; Weissert et al., 1998; Wissler et al.,
2003; Husinec and Jelaska, 2006). On the other hand, the
rapid subsidence interval registered towards the basin dur-
ing the RST of Sequence IV (latest Late Aptian substage)
was apparently counterbalanced by enhanced supply and
accumulation of terrigenous material that presumably
matched the subsidence, permitting the regression record-
ed around the boundary between the Aptian and the Albian
as also seen in other parts of the Tethyan realm (Sahagian
et al., 1996; Gréselle and Pittet, 2005; Husinec and Jelaska,
2006).

The four T-R sequences recognized in this study present
significant thickness differences between the different sec-
tions logged (Figs. 5 and 6). This fact reveals that local dif-
ferential subsidence within the sub-basin also influenced the
distribution of sediment and facies assemblages during the
Aptian in this western margin of the Maestrat Basin (Fig.
11). The most striking tectonic feature, the Miravete fault
(Fig. 1B), gave rise in its eastern foot-wall side to mostly
thinner sequences with facies assemblages reflecting shal-
lower water conditions than on the western hanging-wall
side (Figs. 5 and 6). The effects of differential subsidence
can also be noted within the eastern side foot-wall where
the sequences identified in the [Las Cubetas, Cabezo de las
Hoyas and Alto del Collado sections are thinner than the
same sequences recognized in the Loma del Horcajo and
Estrecho de la Calzada Vieja sections (Fig. 5). Neverthe-
less, the RST of Sequence IV in the proximal [.oma del
Horcajo, Las Cubetas and Cabezo de las Hoyas sections is
significantly thinner than in the distal Estrecho de la Cal-
zada Vieja and Alto del Collado sections; this difference
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seems not to be related to syn-sedimentary normal faulting,
but may be linked to erosive processes either previous to,
or linked with deposition of the Albian coal-bearing Es-
cucha Formation (Fig. 5 and 8). However, this unconform-
ity was recognized only in the Las Cubetas section, where
a transgressive ravinement surface was identified. Within
the western hanging-wall side of the Miravete fault, the
increase in thickness of Sequence I in the ILoma del Morrén
and Barranco de las Calzadas with respect to the Camaril-
las section can also be interpreted in terms of differential
subsidence. The thickness reduction of this sequence and
Sequence II in the distal Barranco del Portolés and Villar-
roya de los Pinares in comparison with the more proximal
sections may be related to basinal starvation (Fig. 6).

Environmental changes and facies succession

It has been shown that the mixed carbonate-siliciclastic
Aptian sedimentary succession of the Galve sub-basin was
substantially controlled by variations in accommodation
linked to relative fluctuations of sea level, of both eustatic
and tectonic origin. Carbonate producers, moreover, are
also very sensitive to changes of other environmental fac-
tors, which mainly control the type of carbonate-producing
biota and the amount of carbonate produced. The Aptian
has been commonly interpreted as a time interval of strong
climatic and oceanographic changes (Weissert and Lini,
1991; Larson and Erba, 1999; Hochuli et al., 1999; Pittet
et al., 2002; Wissler et al., 2003; Skelton, 2003b; Weissert
and Erba, 2004, among others). These ocean-climate sys-
tem disturbances must also be considered in order to ex-
plain the observed facies succession and the biotic changes
recorded throughout the Aptian Stage in the western Maes-
trat Basin.

In the area studied, the Aptian sedimentary evolution
starts with fluvial lowstand deposits with tidal influence
(Morella Formation), which become progressively more
marine in character upwards in the succession, merging
laterally into the Xert Formation. Both formations are
marked by important fluxes and accumulation of siliciclas-
tics (Figs. 5, 6 and 14). This significant supply of siliciclas-
tic sediments could have been caused by the high-rate of
extensional tectonic activity recorded for this time in the
Galve sub-basin (Fig. 11), and the associated erosion in the
uplifted areas. These terrigenous inputs possibly brought
excess nutrients to the sea, inducing a low rate of carbonate
production (see Hallock and Schlager, 1986), and favour-
ing the widespread development of facies dominated by
large-sized discoidal orbitolinids, mainly by Palorbitolina
lenticularis, in the Xert Formation (Figs. 5, 6 and 14) (Vi-
las et al., 1995; Pittet et al., 2002; Embry, 2005). The dimi-
nution of siliciclastic fluxes during the RST of Sequence I
may have caused changes in the trophic conditions, lower-
ing the nutrient concentration in the basin and favouring
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the establishment of incipient carbonate ramps character-
ized by green algae, miliolids, small requieniid rudists and
Chondrodonta (Figs. 5 and 6).

Another episode of widespread development of orbi-
tolinids occurred during the TST of Sequence II. This sys-
tems tract represents the acme of the overall transgressive
context recorded during the Early Aptian throughout the
Tethys (Follmi et al., 1994; Sahagian et al., 1996; Wissler
et al., 2003; Husinec and Jelaska, 2006). Further, as dis-
cussed already, this sea level rise was amplified in the
Galve sub-basin by local rapid syn-rift subsidence (Figs.
11 and 14). The magnitude of this transgressive phase was
larger than that recorded in Sequence I, and together with
intensified greenhouse conditions and consequently, an
acceleration of the hydrological cycle, probably triggered
by major volcanic events in the Pacific Ocean, might have
provoked another episode of significant nutrient influx into
the basin (Weissert et al. 1998; Larson and Erba, 1999),
This event caused the drowning of the incipient carbon-
ate platforms with small requieniid rudists, Chondrodonta,
miliolids and green algae established during the regressive
phase of Sequence I (upper part of the Xert Formation),
and the widespread development of large-sized discoidal
Palorbitolina lenticularis beds throughout the Forcall For-
mation. The latter transgression moved the littoral belt fur-
ther landwards and, with it, the source of siliciclastic sup-
ply. However, silt-sized siliciclastic particles still arrived
in the basin. The widespread development of orbitolinids
during the Early Aptian in the Galve sub-basin has already
been discussed by Embry (2005), who linked it with the
overall occurrence of orbitolinid beds around the Tethyan
realm during the Early Aptian broad transgression (Vilas et
al., 1995; Pittet et al., 2002; Burla et al., 2008).

The marly deposits interbedded with marly limestones
and limestones rich in orbitolinids that characterize the
TST of Sequence 11 (Forcall Formation) are interrupted
by amalgamated episodes of coral rubble encrusted by
Lithocodium aggregatum and Bacinella irregularis. The
base of this encrusted coral rubble horizon is distinguished
by the presence of resedimented Palorbitolina lenticularis
with large flat morphologies in rock-forming abundance.
These characteristic deposits are synchronous with the
widely recognized 3"*C negative spike that marks the on-
setof OAE1a and the lower part of the succeeding positive
carbon-isotope excursion, as well as with the warming-
cooling trends (O2 and O3) associated with these events
(Fig. 10). The fact that these lithofacies dominated by
Lithocodium-Bacinella include significant terrigenous in-
puts, evidence of strong bioerosion (Hallock and Schlager,
1986) and large-sized discoidal Palorbitolina lenticularis
suggests that they were developed under nutrient-rich con-
ditions (Vilas et al., 1995; Pittet et al., 2002). The base of
these encrusted coral debris deposits also coincides with
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the minimum &'*0 value reached throughout the Barranco
de las Calzadas section (Fig. 10). This absolute minimum
value of the oxygen-isotope curve might have been linked
to intensified greenhouse conditions and thus to the max-
imum flooding surface of Sequence II, due to the mini-
mum presence of continental ice, as well as to increased
humidity, weathering and erosion resulting in enhanced
land-ocean nutrient fluxes. In Oman, Immenhauser et al.
(2005) already noted the possible relation between the
problematical Lithocodium-Bacinella association and the
OAEla, as well as a probable linkage of these facies with
high trophic levels (see also Rameil et al., 2010). Further-
more, several authors have also related the OAEla and
episodes of transgression within the Early Aptian with el-
evated nutrient levels in the sea (Follmi et al., 1994; Erba,
1994; Weissert et al., 1998; Weissert and Erba, 2004). In
addition, elevated seawater temperatures and changes in
ocean water chemustry such as acidification triggered by
the aforementioned global warming event that may have
led to the OAE1a could also have played a part in favour-
ing the generation of coral rubble and the widespread
development of Lithocodium-Bacinella facies (see also
Hillgdrtner et al., 2003; Immenhauser et al., 2005; Rameil
et al., 2010).

On the other hand, just after the inception of the OAE1a,
a long progressive cooling period began (Fig. 10), also
recognized in other regions of the Tethys (Hochuli et al.,
1999: Bellanca et al., 2002; Steuber et al., 2005; Ando et
al., 2008, among others), and a long-term regressive phase
that ended around the boundary between the Aptian and
the Albian occurred (Fig. 14). This long-term regressive
phase, spanning the late Early Aptian, and the Middle and
Late Aptian substages, has been also described around the
Neo-Tethys (e.g., Husinec and Jelaska, 2006). On the east-
ern side of the Miravete fault (foot-wall block), above the
level of the carbon-isotope perturbations corresponding to
the OAEla and associated with the aforementioned pro-
gressive regression of relative sea level, a large carbon-
ate platform with corals and rudists developed during the
Deshayesites deshayesi and Dufrenoyia furcata biozones,
giving rise to the RST of Sequence IT (Villarroya de los
Pinares Formation) (Fig. 5). On the western side (hanging-
wall block), the sedimentary succession, which consists
of green marls with interbedded limestones, marly lime-
stones and silty limestones with abundant orbitolinids and
ammonites, indicates that bathymetry was probably too
significant to permit the establishment of carbonate plat-
forms. However, during the upper part of the Dufrenoyia
Jurcata biozone (late Early Aptian), and linked with the
subsequent lowering of sea level, a large carbonate plat-
form dominated by Toucasia carinata, Polyconites new
species (Skelton et al., in press) and corals (Villarroya de
los Pinares Formation) developed in the proximal setting
of this side (Fig. 6).
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All these carbonate systems drowned with the TST of
Sequence III, mainly evolving to marly sediments with
calcareous nodules and orbitolinids (Benassal Formation).
During the following RST carbonate production was able
to recover in both sides of the Miravete fault. However,
during this regressive episode inputs and accumulation
of siliciclastic materials occurred in proximal areas of the
eastern side of the Miravete fault during an interval of de-
celerating subsidence (Figs. 11 and 14). These siliciclastic
events on the eastern side of the Miravete fault, which are
interpreted to have been linked with enhanced weathering
on the continents caused by a long-term rise in humidity
that prevailed from the Middle to Late Aptian (Ruffell and
Worden, 2000), might have shut down the carbonate facto-
ries and provoked the development of orbitolinid-rich de-
posits at certain times. The subsequent transgression (TST
of Sequence I'V) moved the siliciclastic belt landwards and
caused the defimtive drowning of these Middle Aptian car-
bonate platforms.

The major siliciclastic influx for the Aptian in the
Galve sub-basin generated the RST of Sequence IV (Figs.
5, 6 and 14). This event favoured once again the develop-
ment of orbitolinid beds, in the basal part of this regressive
phase, followed by the establishment of littoral conditions
rich in terrigenous sediments. For the RST of Sequence 1V,
only two small incipient carbonate platforms of corals and
rudists were recognized on both sides of the Miravete fault.
These carbonate factories were rapidly shut down by the
high current energy conditions and input of siliciclastics
that characterized the latest Aptian. This major terrigenous
episode close to the boundary between the Aptian and the
Albian occurred during the acme of the regression that be-
gan in the late Early Aptian. This siliciclastic event was
probably triggered by resumption of the rapid syn-rift sub-
sidence (Figs. 11 and 14), coupled with an intensified hu-
mid climate (Ruffell and Worden, 2000), which could have
significantly increased chemical weathering on continents
and runoff during the latest Aptian.

CONCLUSIONS

The Aptian stratigraphic record of the western Maestrat
Basin is an instructive example of a terrigenous-influenced
carbonate system controlled by both regional tectonic factors
and global ocean-climate changes. This sedimentary record
can be subdivided into four T-R sequences reflecting long-
term relative sea level variations: 1) Sequence I (lowermost
Aptian); ii) Sequence II (Lower Aptian); iii) Sequence III
(Middle Aptian); and iv) Sequence IV (Middle-Upper Ap-
tian). The transgressive systems tracts of these sequences
are dominated by alternations of marls and limestones rich
in orbitolinids, while the regressive systems tracts essen-
tially consist of wave- and tidally influenced siliciclastic
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and carbonate deposits, and by the development of carbon-
ate platforms with rudist bivalves, corals, orbitolinids and
green algae. Three types of carbonate platforms were iden-
tified: 1) homoclinal ramp (lowermost Aptian of the eastern
and western sides of the Miravete fault); i1) distally steepened
ramp (LLower Aptian of the eastern side of the Miravete fault);
and iii) flat-topped non-rimmed shelf (Lower Aptian of the
western side of the Miravete fault).

Throughout the evolution of this sedimentary system,
syn-rift subsidence was the most important provider of ac-
commodation, though it failed to mask global custatic trends.
Accordingly, the T-R sequences and relative sea level chang-
es interpreted for the Aptian of the Galve sub-basin are con-
sistent with the global sequences and inferred rises and falls
of relative sea level recorded in other coeval Tethyan basins,
as well as with the major environmental changes discussed
in the literature for this time slice. The Aptian sedimentary
succession of the western Maestrat Basin thus reflects the fol-
lowing components.

1) a transgression of Early Aptian age accompanied by the
widespread development of Palorbitolina lenticularis beds
associated with the probable intensified greenhouse condi-
tions and enhanced terrigenous influxes that may have led to
the OAE1a. Carbon-isotope analysis shows that the negative
8"C spike that marks the onset of the OAE]a lies in the De-
shayesites weissi ammonite biozone and is coincident with
a horizon of coral rubble encrusted by Lithocodium aggre-
gatum and Bacinella irregularis, and abundant large-sized
discoidal Palorbitolina lenticularis. The 8'*0 curve seems
to reflect high-frequency climatically-driven cyclicity and
displays a warming trend that ends around the inception
of the OAE1a. This is followed by a subsequent long-term
progressive cooling episode throughout the late Early Ap-
tian, which was accompanied by regression characterized
by the establishment of a large carbonate platform with
typical Urgonian biotic associations dominated by rudist
bivalves and corals.

i1) a latest Early Aptian forced regression of relative sea
level that ended in subaerial exposure of the carbonate plat-
form that had developed during the late Early Aptian, and
in the basinward deposition of forced regressive wedges.

iii) a late Early to Late Aptian long-term regressive
phase, which gave rise to the installation of littoral con-
ditions during the Late Aptian with enhanced terrigenous
supply, which were probably related to regional tectonics
and to a climate progressively changing from a semi-arid
regime during the Early Aptian, to a semi-humid mode in
the Middle-Late Aptian.

A close interaction between global environmental fac-
tors including custatic trends, regional tectonics and sedi-
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mentary and biological succession can thus be observed
in the Aptian rocks of the western Maestrat Basin. Conse-
quently, due to the expanded and relatively complete nature
of the sedimentary succession reported here, the present
study constitutes an outstanding record of changing Aptian
conditions of considerable potential value for the analysis,
comparison, calibration and better understanding of other
time-equivalent epicontinental sedimentary records.
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