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ABSTRACT

This work characterizes for the first time the 500-700 m-thick uppermost Cretaceous continental sedimentary
succession of the Allueva Fm recorded in the northeastern margin of the Iberian basin, in the Montalban subbasin
(Maestrazgo domain, Spain). The middle-upper Campanian age of this unit constrained here by new paleo-
magnetic and biostratigraphic data involves major revision of previous stratigraphic and palaeogeographic in-
terpretations. The uplift of the northern marginal areas of the Montalban subbasin onwards from the middle
Campanian supplied the coarse terrigenous-clastic sediments common in the alluvial Allueva Fm. Moreover, a
sharp increase of the sedimentation rates (from 4 to 19 cm/ky) from the lower to the middle-upper part of the
Allueva Fm has been related to further increase of the tectonic activity during the middle part of the late
Campanian. Also relevant are the new discovered vertebrate sites mostly found in the marginal areas of a large
lacustrine-palustrine carbonate system developed during the latest Campanian. Vertebrate sites include a fossil
assemblage with abundance of titanosaur sauropod dinosaurs as well as the presence of ornithopod dinosaurs
and crocodylomorphs. A review of the dinosaur fossil sites recorded in other Iberian subbasins shows a similar
fossil assembage occurrence during the late Campanian—earliest Maastrichtian timespan, previous to the faunal
turnover that took place in the Ibero-Armorican landmass around the onset of the late Maastrichtian. The
stratigraphic, sedimentological and paleontological characterization of the successions recorded during the
initial stages of development of the Montalban subbasin have major implication to understand the latest
Cretaceous palaeogeographic evolution of northeast Iberia. Comparative review to other latest Cretaceous
continental successions deposited in other domains of the Iberian basin indicates a south to north migration of
newly developed subsident subbasins: during the Campanian (South Iberian domain), during the middle-late
Campanian (northern Maestrazgo domain), and during the Maastrichtian (central Castillian domain).

1. Introduction

Paleocene involved relatively low subsidence rates (Garcés et al., 2020),
and favoured the setting of extensive progradational shallow carbonate

The latest Cretaceous onset of Africa-Europe-Iberia convergence
caused the structuration of the first thrust sheets in the Pyrenees, with
the initial development of the associated foreland basins at the end of
the Santonian (e.g. Dercourt et al., 1986; Visser and Meijer, 2012;
Dielforder et al., 2019; Martin-Chivelet et al., 2019a). After this initial
compressive stage, the decrease of the tectonic activity during the
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platforms in the southern margin of the Basque-Cantabrian domain
(Baceta et al., 1999, 2005). This stage of relative tectonic quiescence (or
stasis phase in Dielforder et al., 2019; Fig. 1A) was followed by intense
continental margin collision during the Eocene, with sharp increase of
subsidence and sedimentation rates in the South Pyrenean foreland
basin (e.g. Puigdefabregas et al., 1986; Garcés et al., 2020 and references
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therein). This plate convergence had also impact in the interior areas of
northeast Iberia, with the progressive inversion and contractive defor-
mation of the Mesozoic Iberian basin rift system giving rise to the alpine
Iberian Ranges (e.g. Alvaro et al., 1979; Vegas et al., 2019).
Continental to coastal sedimentary settings covered wide areas of
northeast Iberia during latest Cretaceous. The alluvial to lacustrine-
palustrine successions recorded in these areas have variable thickness
and different age ranges within the Campanian-Maastrichtian timespan.
These successions include local terrestrial vertebrate sites with dinosaur
fossils, which have been studied over the last decades (Fig. 1B).
Numerous sites have been described in the South-central Pyrenean
domain (e.g. Llompart et al., 1984; Lopez-Martinez et al., 2001; Fon-
devilla et al., 2019; Pérez-Pueyo et al., 2021), and south to the Basque-
Cantabrian basin, between the Villarcallo-Trevino localities (e.g. Bardet
et al., 1997; Astibia et al., 1999; Berreteaga, 2008; Berreteaga et al.,
2011; Pereda-Suberbiola et al., 2015). Continental-dominated succes-
sions are also found in separated domains of the Iberian basin. North-
wards, in the Castillian domain, the Santibanez del Val Fm includes fossil
sites around Santo Domingo de Silos and Talveila areas (e.g. Lapparent
et al., 1957; Pereda-Suberbiola and Ruiz-Omenaca, 2001). To the west,
the Vegas de Matute Fm of the Duero domain includes the Armuna fossil
site (Buscalioni and Martinez-Salanova, 1990; Pérez-Garcia et al., 2016).
Southwards, in the South Iberian domain are found the fossil sites of
Sacedén and Lo Hueco in the Villalba de la Sierra Fm (e.g. Ortega and
Pérez-Garcia, 2009; Ortega et al., 2015), as well as different continental
vertebrate sites in the Sierra Perenchiza Fm around the localities of
Bunol and Chera (e.g. Company, 2004; Company and Szentesi, 2012;
Company, 2017). In the southern Iberian margin (in the Prebetic
domain), dinosaur fossil tracks have been described near Yecla (Herrero
et al., 2016). In the western Iberian margin (northern Lusitanian basin),
Campanian-Maastrichtian dinosaur remains are found around the
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localities of Taveiro, Viso and Aveiro (Antunes and Pais, 1978; Antunes
and Mateus, 2003).

The Aliaga and Montalban subbasins are two highly subsident
intramountain troughs located in the northeastern Iberian Ranges, in the
northern part of the Maestrazgo domain (Fig. 1B). Around the end of the
last century, stratigraphic analysis and regional correlation of the thick
continental successions recorded in these two subbasins concluded that
they were deposited onwards from the late Paleocene (e.g. Pardo et al.,
1989, 2004; Casas et al., 2000; Munoz et al., 2002). Later on, Canudo
etal. (2005) reported the finding of a paleontological site with dinosaurs
and testudines near the locality of Cirugeda, in the northern part of the
Aliaga subbasin. This isolated discovery was of high relevance, because
it challenged the late Paleocene-middle Eocene age given for this site in
previous works (e.g. Pardo et al., 1989). Here we report on further
discovery of new vertebrate fossil sites (including abundant dinosaurs)
located in the northern part of the Montalban subbasin. The strati-
graphic interval including these new dinosaur sites was previously
assigned to the middle Eocene (Pardo et al., 1989; Casas et al., 2000;
Gonzalez and Pérez, 2018). Therefore, since all non-avian dinosaur got
extinct after the K/Pg event, at the end of the Maastrichtian (e.g. Bru-
satte et al., 2015), the dinosaur discoveries reported here involve a
major stratigraphic review and updating of the continental units
deposited during the initial stages of development of the Montalban
subbasin.

This work characterizes the sedimentary succession with dinosaur
sites found in the northern part of the continental Montalban subbasin.
This succession is now placed in a precise stratigraphic, sedimentolog-
ical, and palaeogeographic framework. The data reported here were
acquired after a multidisciplinary approach, with lithostratigraphic
logging and correlation supported by detailed geological mapping in
well exposed and continuous outcrops combined to age calibration
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Fig. 1. A. Tectonic evolution in the Pyrenean realm and subsidence phases in the north Pyrenean foreland basin (NPFB) during the Cretaceous-Paleogene (modified
from Dielforder et al., 2019). B: Distribution of the Mesozoic sedimentary basins of Iberia. Green areas show the overall distribution of the Mesozoic-Paleogene
outcrops (modified from Aurell et al., 2019). Numbers indicate the location of areas with fossil sites including Campanian-Maastrichtian dinosaurs. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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based in new palaeomagnetic and biostratigraphic data. The obtained
data lead to the definition of the middle-upper Campanian terrigenous-
dominated alluvial Allueva Fm. The accurate stratigraphic character-
ization reached here for the Allueva Fm allows the correlation and
comparison with other uppermost Cretaceous dinosaur-bearing units
found in the different sedimentary domains of the Iberian basin. In
particular, the characterization of the sedimentary succession recorded
during the initial stage of development of the Montalban subbasin
combined to the comparative review presented here have major impact
to document the palaeogeographic evolution of northeastern Iberia at
the end of the Cretaceous. In this work, different aspects are addressed
concerning the stratigraphy, paleontology and palaeogeographic evo-
lution of northeast Iberia during the latest Cretaceous.

2. Geological setting

Tectonic extension during most of the Mesozoic in northeast Iberia
resulted in the development of the Iberian basin rift system (e.g. Alvaro
et al., 1979; Liesa et al. in Martin-Chivelet et al., 2019b; Aurell et al.,
2019). The Mesozoic evolution of this basin is regarded as having three
episodes of continental rifting during the Triassic, the Kimmer-
idgian-Berriasian, and the Barremian—early Aptian (Salas et al. in
Martin-Chivelet et al., 2019b). Wide shallow marine carbonate plat-
forms developed during intermediate stages of post-rift thermal-domi-
nated subsidence, shuch as the Jurassic or Late Cretaceous.

The Iberian basin rift system was inverted during the alpine
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compression, giving rise to the Iberian Ranges. These ranges are boun-
ded to the north by the Ebro basin, which corresponds to the main
foreland basin of the Pyrenean orogeny, and to the west by two large
intraplate Cenozoic depressions of the Tajo and Duero basins (Fig. 1B).
The initial latest Cretaceous stages of inversion of the Iberian basin are
broadly described in synthesis works (Garcia et al., 2004; Martin-
Chivelet et al., 2019a). Moreover, several works emphasize on the role of
the main phase of the alpine compressional deformation during the
Eocene-early Miocene building-up the Iberian Ranges, with precise
documentation of the coeval development and sedimentary filling of
separated intramountain continental basins and subbasins (e.g.
Gonzalez and Guimer, 1993; Casas et al., 2000; Capote et al., 2002;
Guimera et al., 2004; Antolin-Tomas et al., 2007; Guimera, 2018; Liesa
et al., 2018).

The Montalban anticline is an alpine compressive structure located
in the northeastern part of the Iberian Ranges (Fig. 2A). This large
asymmetrical anticline structure involves Palaeozoic rocks previously
folded and thrusted during the Variscan orogeny, and is in continuity (to
the northwest) with a NW-SE Palaeozoic-cored structure that has an
outcropping length of about 150 km and a width of between 5 and 30 km
(Casas et al., 2000). A number of compressional intramountain troughs
or subbasins of variable size are found around the Montalbén anticline.
The Montalban and Aliaga subbasins developed southwest to this anti-
cline, whereas northwards are found the Muniesa, Alloza, and Berge
subbasins. Further north, the Sierra de Arcos thrust system marks the
boundary with the southeastern sector of the Cenozoic foreland Ebro
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Fig. 2. A: Geological map around the study area (in red rectangles, see Fig. 1 for location), indicating the distribution of the outcrops of the Allueva Fm in the

Montalban and Aliaga subbasins, and in the core of the Fortanete syncline (modified after Torromé et al.,

2022). B: Cross-section across the central Montalban

subbasin (see A for location; modified from Casas et al., 2000). C: Synthetic log updating the uppermost Cretaceous stratigraphy of the study area (ages partly based
in data reported in this work). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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basin (Casas et al., 1997; Aurell et al., 2018). The Montalban subbasin
studied here is c. 50 km in length. It is bounded to the north by the
Montalbéan anticline, and to the south by the Utrillas thrust (Fig. 2B).
Towards the east the subbasin narrows at the intersection between these
two structures. The Montalban subbasin forms an overall syncline
structure whose northern, steeply-dipping limb coincides with the
southern limb of the Montalban anticline. The southern horizontal limb
of the syncline is overthrusted by the Utrillas thrust (Casas et al., 2000).

The uppermost Cretaceous of the area located south to the Mon-
talban anticline consists of three lithostratigraphic units (Fig. 2C). The
La Canadilla Fm (c.60 m-thick) was regarded as deposited during the
late Santonian—earliest Campanian (Almunia et al., 1985; Garcia et al.,

® X DINOSAUR FOSSIL SITE
Code of fossilsite (see Table 2)
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= Angular unconformity
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2004), or during the Santonian (Floquet, 1991; Martin-Chivelet et al.,
2019a). Recently, Torromé et al. (2022) indicated a middle Santo-
nian—earliest Campanian age for La Canadilla Fm based in strontium
isotopic data obtained from well-preserved rudist shells, combined to
biostratigraphic data collected around the study area. According to
Torromé et al. (2022), the Santonian-Campanian boundary is located
near the top of the formation. The La Canadilla Fm is overlain by the
Fortanete Fm, a palustrine-lacustrine unit dominated in the study area
by poorly bedded intraclastic limestones with abundant black pebbles
and terrestrial gastropods. The Fortanete Fm was considered to be
mostly Campanian in age (e.g. Garcia et al., 2004; Martin-Chivelet et al.,
2019a).

N

Paleggene unit

Fig. 3. Distribution of the uppermost Cretaceous—Paleogene units in the aerial images of the area studied between the villages of Segura de los Banos-Salcedillo (A),
Allueva-Fonfria (B) and Bea-Lagueruela (C). See Fig. 1 for location. The number of the boundaries of lithostatigraphic units correspond to those in Fig. 2C. White
numbers in red squares indicates the codes of dinosaur sites (see Table 2). The location of the logged sections is also indicated. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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The terrigenous-dominated continental sedimentary record of the
Montalban subbasin found above the Fortanete Fm consists of a ¢.2 km-
thick succession of alluvial deposits, varying from conglomerates and
sandstones at the basin margins to sandstones and mudstones in inter-
mediate positions, and to lacustrine limestones and gypsum at the basin
centre. Pérez et al. (1983) divided this continental succession in five
genetic or tecto-sedimentary units (TSUs) M1-M5 bounded by surfaces
that mark changes in the vertical sedimentary trend (i.e. from coars-
ening to finning upward evolutions). The studied uppermost Cretaceous
Allueva Fm found in the lower part of this succession is equivalent to the
TSU-M1 and to the lower part of the TSU-M2 of Pérez et al. (1983). The
Allueva Fm conformably overlain the palustrine carbonates of the For-
tanete Fm, whereas its upper boundary is a low-angle erosive uncon-
formity. Above this unconformity rest a c.1 km-thick conformable
succession of Paleogene conglomerates, sandstones, mudstones, and
limestones with abundant vertical root traces assigned in previous work
to the middle and upper part of the TSU-M2 (Pérez et al., 1983). Casas
et al. (2000) regarded this unit as deposited during the middle-late
Eocene. The palustrine-lacustrine carbonate levels found in the upper-
most part of TSU-M2 includes a lower Oligocene charophyte assemblage
south of Segura de los Banos (Adrover et al., 1982; La Calera fossil site,
see Fig. 3A for location).

3. Material and methods

The reconstruction of the latest Cretaceous sedimentary evolution of
the Montalban subbasin is based on stratigraphical, sedimentological,
and palaeontological and palaeomagnetic data collected after extensive
field work, geological mapping, and logging in the newly defined
Allueva Fm. The key features of this formation are summarized in
Table 1. The Allueva Fm has been studied in a continuous 28 km-long
NE-SW trending outcrop that exposes the northern margin of Montalban
subbasin, between the villages of Segura de los Banos and Bea (Fig. 2A).

To perform our research we have applied a number of methodolog-
ical approaches, including: (1) geological mapping of the study area
combining fieldwork and analysis of high-resolution aerial imagery; (2)
lithostratigraphical and facies analysis after correlation of three suc-
cessions of the Allueva Fm logged near the villages of Segura de los
Banos, Allueva, and Bea, complemented with detailed logging of fossil-
rich intervals found in the upper part of the Allueva Fm; (3) palae-
ontological fieldwork, with the recovery of macro-vertebrate remains by
surface collection, and location within the geological framework of the
new described dinosaur fossil sites (no site fossiliferous has been exca-
vated, at the moment); (4) microfossil sampling of fine-grained lithol-
ogies lithologies in selected horizons (screen-washed samples of 2-5 kg
in the dinosaur bearing-horizons), with larger sampling of c.10 kg of the
dark grey marly level of Canalatorre fossil site which is rich in char-
ophytes; (5) palaeomagnetic analysis of the samples collected in La
Canadilla, Fortanete, and Allueva formations; and (6) review and inte-
gration of data sets updating the stratigraphic and palaeogeographic
evolution of the northeast Iberia during the latest Cretaceous.

A composite log including the best outcropping sections was used to
complete a continuous sampling for the magnetostratigraphic analysis:
the Fonfria log F (Fig. 3B) for the La Canadilla Fm, the Bea log Bl
(Fig. 3C) for the Fortanete Fm and for the lower levels of the Allueva Fm,
and the Allueva logs A2 and A3 (Fig. 3B) for the middle and upper levels
of the Allueva Fm. The Segura de los Banos log SB2 (Fig. 3A) provided
additional samples for the upper part of the Allueva Fm. For the mag-
netostratigraphic study 117 levels were sampled, 18 from limestones of
La Canadilla Fm, 8 from limestones of Fortanete Fm, and 91 in silici-
clastic levels (mudstones and sandstone) of the Allueva Fm. Sampled
levels were established approximately every 3 m for the La Canadilla-
Fortanete formations (83 m-thick succession), and every 5 m for the
Allueva Fm (640 m-thick succession). Limestone beds were sampled
with a portable gas-powered and water-cooled drill and oriented in the
field with a magnetic compass and an inclinometer. In the siliciclastic

Earth-Science Reviews 235 (2022) 104251

Table 1
Key information on the newly defined Allueva Fm.

Name Allueva Fm

A siliciclastic-dominated succession
(mudstones, sandstones, conglomerates),
with thick intervals of reddish mudstones
including interbedded cross-bedded and
massive-bioturbated sandstones. In the
middle-upper part of the unit there are
intervals dominated by well-cemented
conglomerates with calcareous pebbles, that
grades laterally to a carbonate dominated-
succession (bioturbated marls, micrites,
oncolitic and tufa limestones). Some
discontinuous gypsum levels are locally
found towards the middle-upper part of the
unit.

Located around 2 km east of Allueva village
is the 700 m-thick succession described in
this work. Bottom: 40°59'02.0"N
1°01'40.2”W; Top: 40°58'09.4"N
1°01'12.6"W

Other type-locality in the Montalban
subbasin are found near de villages of Segura
de los Banos and Bea (see description in this
work).

The overall thickness of the unit is variable
(500-700 m) across the continuous exposure
in the northwestern areas of the Montalban
subbasin. In the southern part of the basin
(south of Martin del Rio) the unit is ¢.300 m-
thick. The lower part of the Allueva Fm
consists of a 300-500 m-thick terrigenous
succession and corresponds to the tecto-
sedimentary unit M1 described by Pérez

et al. (1983) and Casas et al. (2000). The
upper part of the Allueva Fm is up to 200 m
thick and is equivalent to the lower part of
the tecto-sedimentary unit M2.

Lower boundary: well-marked lithological
change with the thick bedded limestones of
the Fortanete Fm. Upper boundary: Low-angle
erosive unconformity with the overlying
Paleogene (Eocene?) continental successions
of terrigenous and carbonates.

The Allueva Fm has been studied and defined
in the Montalban subbasin (northern
Maestrazgo domain in the northeastern
Iberian basin). The unit is also found in the
nearby Aliaga subbasin. There, the A1 unit of
Gonzélez and Guimer (1993) equivalent to
the Allueva Fm consist of a ¢.300 m-thick
coarsening upward terrigenous dominated-
succession, including scarce dinosaur
remains in the upper part (Canudo et al.,
2005). Southwards, in the core of a large
syncline structure (i.e. Fortanete syncline), a
¢.50 m-thick fine-terrigenous succession
with abundant latest Cretaceous charophytes
(Gautier, 1980) is also regarded as
equivalent to the Allueva Fm.

Alluvial fans to braided distributary channel
systems with development of large muddy
floodplains, with local setting of lacustrine-
palustrine carbonate environments.

Middle Campanian-earliest Maastrichtian

Main lithology

Stratotype

Other type-localities

Thickness and equivalences to
previous units

Boundaries

Geographical distribution and
lateral equivalences (Maestrazgo
domain)

Depositional environment

Age Range

beds, a portable electrical water-cooled drill was used, also oriented in
situ. The gas-powered drill provided 1-2 standard-sized samples per
level, whereas the electrical drill provided 2-3 samples. Mudstone
samples were easily disaggregated, so they were consolidated with so-
dium silicate dissolved in distilled water. A denser mixture was used to
stick broken limestones back together. Once hardened, each sample was
sectioned with a disc cutter, providing 2-3 measurable specimens per
sample.

Both Thermal (Th) and alternating field (AF) demagnetizations were
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done in Centres Cientifics i Tecnologics of the University of Barcelona.
For AF demagnetization an AF Demagnetizer D-Tech 2000 was used in
12 limestone samples (all AF up to 200 mT in 12 measurements from 5
mT). All other samples were demagnetized using a Superconducting
rock magnetometer 2G SRM 755R, a Thermal demagnetizer ASC
TD48EU furnace was used to achieve the different temperature-steps
used for demagnetization. Magnetic susceptibility was measured using
a Kappabridge KLY-2 for all temperature-steps. Limestones samples
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measured using Th were heated up to 330-480 °C, and siliciclastics
samples were heated up to 530-670 °C. Principal component analysis
(Kirschvink, 1980) was done using Remasoft software (Chadima and
Hrouda, 2006). Virtual Geomagnetic Poles (VGPs) were calculated
considering the palaeomagnetic directions regarded as primary.

Paleogene

Fig. 4. A: Distribution of units A1-A3 in the Allueva Fm in its type locality, around the Log A2. There is a conformable boundary between the carbonates of the
Fortanete Fm (to the right) and Al unit. White stars in A, B and C indicates the location of fossil sites. B: Distribution of units A2-A4 in the upper Allueva Fm close to
Segura de los Banos showing also the unconformity with the Paelogene unit. C: Distribution of the units A1-A4 in the Allueva Fm south to Allueva. D: Angular erosive
unconformity between the whitish limestones of the Allueva Fm (A2 unit) and the Paleogene conglomerates, west to Fonfria. E: The conglomerates and sandstones of
A2 unit forms a prominent crest around the Segura de los Banos village. The boundary between Al and A2 units was used to define the boundary between TSUs M1

and M2 (Pérez et al., 1983; Casas et al., 2000).
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4. Geological mapping: distribution and boundaries of the
Allueva formation

Across the study area, the lacustrine-palustrine continental carbon-
ates of the 20-30 m-thick Fortanete Fm are abruptly overlain by the
basal levels of red mudstones and sandstones of the Allueva Fm
(boundary 1 in Fig. 3). Despite this abrupt lithological change, there is a
conformable boundary between both units, with only local evidence of
low-amplitude erosive scours on top of the Fortanete Fm. The 500-700
m-thick Allueva Fm has been divided in four mapping units (see Al to
A4 in Fig. 2B). The distribution of these units is well observed in the
continuous outcrop that extends from Allueva to Segura de los Banos
villages (Figs. 4A, B, C). However, west to Fonfria only the A1 and A2
units have been mapped, because the upper A3 and A4 units are absent
due to erosion previous to the sedimentation of the overlain Paleogene
unit (Fig. 4D).

The unit Al or lower Allueva Fm (equivalent to the TSU-M1 of Casas
et al., 2000) is dominated by red mudstones with interbedded levels of
bioturbated and cross-bedded sandstones, and scarce conglomeratic
beds. The thickness is variable, with maximum around 500 m near
Allueva, and a minimum around 300 m near Segura de los Banos. The
upper boundary of the A1l unit is a conformable surface (see boundary 2
between in Fig. 3) marked locally by an abrupt vertical lithological
change with the overlying A2 unit.

The upper Allueva Fm (equivalent to the lower part of the TSU-M2 of
Casas et al., 2000) includes the A2-A3-A4 mapping units. The A2 unit
consists of well-cemented conglomeratic to cross-bedded sandstone
levels with red mudstone interbeds in the eastern area (Fig. 4E), which
progressively grades to the marls and micritic-oncolitic-tufa limestones
that dominates the central and eastern areas (Fig. 4C, D). The overall
thickness of the A2 unit is relatively constant across the study area,
ranging from 50 to 70 m. The unit includes most of the vertebrate fossil
sites found in the central study area between the Allueva and Fonfria
villages.

The boundaries between A2-A3 and A3-A4 units are conformable
surfaces marked by gradual lithological changes (see boundaries 3 and 4
in Fig. 3). Units A3 and A4 are only preserved in the eastern area located
between Segura de los Banos and Allueva. The A3 unit is formed by a c.
90 m-thick mudstone-dominated succession with intercalation of cross-
bedded to bioturbated sandstones, and includes the vertebrate fossil
sites found near Salcedillo village. The unit A4 is a c¢. 50 m-thick suc-
cession of poorly exposed red mudstones and scarce interbedded cross-
bedded and bioturbated sandstones. No vertebrate fossil sites have been
found in this unit.

The upper boundary of the Allueva Fm is a low-angle erosive un-
conformity across the study area (see boundary 5 in Fig. 3). This un-
conformity is overlain by the conglomerates, mudstones and palustrine-
lacustrine carbonates of the middle and upper part of the TSU-M2,
assigned in Casas et al. (2000) to the middle-late Eocene (see Paleo-
gene unit in Fig. 3). In the eastern area between Segura de los Banos and
Allueva, the lower part of the Paleogene unit is dominated by white to
reddish mudstones and conglomerates with quartzitic pebbles, grading
upwards to carbonates with abundant vertical root traces. West to
Fonfria the lower levels of the Paleogene unit consist of calcareous-
dominated conglomerates, red clays and interbedded limestones
(Fig. 4D). The upper boundary of the Paleogene unit is the angular un-
conformity well exposed south of Segura de los Banos. This unconfor-
mity is overlain by the upper Oligocene-lowermost Miocene TSU-M4
(Pérez et al., 1983; Casas et al., 2000).

5. Charophytes from the Allueva formation: biostratigraphic
remarks

The microfossil sampling of a dark grey marly interval found in the
Canalatorre fossil site (Allueva Fm, lower A2 unit, see Clt site in Fig. 3B
for location) has provided a highly diverse charophyte assemblage. Up
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to 7 species have been found belonging to genera Microchara, Bysmo-
chara, Strobilochara, Nitellopsis, and Lychnothamnus (Pseudoharrisichara).
From the biostratigraphic viewpoint three species stand out, Bysmochara
conquensis, Strobilochara cf. diademata, and Peckichara cristatella.

Bysmochara conquensis GRAMBAST et GUTIERREZ 1977 (Fig. 5A-C)
shows medium to large gyrogonites, oblate to subspherical in shape,
600-808 pm high and 656-826 pm wide, with an average isopolarity
index (100 x height/width) of 98, showing usually 8 turns of the convex
spiral cells in lateral view. The apex is rounded and shows a well-marked
periapical thinning of the spiral cells. The base is flat and displays a large
basal plate visible from the outside. The population studied in
Canalatorre shows intermediate characters between B. conquensis and
Bysmochara roblesii GRAMBAST et GUTIERREZ 1977, particularly in the
limited calcification of the apical rosette. This is the most abundant
species of the assemblage.

Strobilochara cf. diademata GRAMBAST et GUTIERREZ 1977
(Fig. 5D-F) shows small to medium gyrogonites, oval subprolate in
shape, 370-456 pm high and 313-373 pm wide, with an average iso-
polarity index of 119. The spiral cells are flat or concave and display a
characteristic ornamentation made of round tubercules, which are un-
equally distributed. Up to 8 turns are visible in lateral view. The apex is
rounded, devoid of tubercules, and without any periapical modification.
The base is tapering to pointed and shows a small pentagonal basal pore.
These gyrogonites are >200 pm smaller than those from the type pop-
ulation, from which they also differ by the absence of nodules forming a
periapical “crown”.

Peckichara cristatella GRAMBAST et GUTIERREZ 1977 (Fig. 5G-H)
shows small to medium gyrogonites, subspherical to barrel-shaped, in
average 446 pm high and 455 pm wide, with an isopolarity index of 98.
Spiral cells display 7-8 turns in lateral view of the gyrogonite. They are
characteristically ornamented with a prominent, slightly nodular mid-
cellular crest, as wide as half the width of the spiral cell. The apex is
rounded and spiral cells display a well-marked periapical thinning and a
slight periapical narrowing to end with well-developed apical tuber-
cules. The base is rounded to flat and shows a small pentagonal basal
pore.

These three species of charophytes were first described from the
Villalba de la Sierra and Sierra Perenchiza formations of the South
Iberian domain of the Iberian basin, in the Cuenca and Valencia prov-
inces by Grambast and Gutiérrez (1977). The two formations are lateral
equivalents and have been regarded as Campanian-earliest Maas-
trichtian in age (see Martin-Chivelet et al., 2019a, and references
therein). Gutiérrez and Robles (1976) tentatively attributed the base of
the charophyte-bearing formations from Cuenca and Valéncia to the
early Campanian, based on a similar charophyte assemblage found near
Sierra Perenchiza (Valencia province), overlying or intercalated with
the marine beds of the Sierra de Utiel Fm containing Lacazina elongata, a
large foraminifer belonging to the latest Santonian. In turn, the top of
the charophyte-bearing beds from that area was placed at the base of
late Maastrichtian by the occurrence of dinosaur eggshells from that age
at Barranco de la Hoz (Cuenca province), in the same sample that con-
tained some of the charophytes described here.

Peyrot et al. (2013, 2020) studied the palynology from the
charophyte-bearing beds of the Villalba de la Sierrra and Sierra Per-
enchiza formations (south Iberian domain) and ranged the pollen and
spores in the late Campanian and early Maastrichtian. Recent study of
the charophytes from the Upper Cretaceous of the northern Castilian
domain found that Bysmochara conquensis is restricted in that area to the
early Maastrichtian, based on correlation with a rudist fauna (Feist and
Floquet, 2022). However little detail is known from the late Campanian
charophyte assemblages from the same localities, when the deposits
were marine-influenced, i.e., of subtidal, intertidal or supratidal-sabkha
facies (Feist and Floquet, 2022), and thus poor in charophytes. In
conclusion, a late Campanian to early Maastrichtian age is so far the
most probable age for the charophyte assemblage found in the upper
part of the Allueva Fm.
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Fig. 5. Charophytes specimens from sample Clt, Canalatorre fossil site, Allueva Fm (see Fig. 3B for location in the middle part of the A2 unit). A-C: Bysmochara
conquensis, A lateral view, B apical view, C basal view (MPZ 2022/918-921-922); D-F: Strobilochara cf. diademata, D lateral view, E apical view, F basal view (MPZ
2022/919923-924); G-H: Peckichara cristatella, G lateral view, H lateral view (MPZ 2022/920-925).

6. Paleomagnetic results: age constrains for the Allueva
formation

6.1. Paleomagnetic components and stability

As explained above (section 3), a composite log was used to complete
a continuous sampling of La Canadilla, Fortanete and Allueva forma-
tions for the magnetostratigraphic analysis. A total of 27 limestone and
90 redbeds (mudstone and sandstone) samples were thermally demag-
netized, from which the characteristic component could be isolated in
16 and 63 samples, respectively. The natural remanent magnetization
(NRM) in the limestones presents a mean value of 0.12 mA/A and a
standard deviation of 0.16 mA/m, while the red layers present higher
intensities, with a mean NRM of 4.28 mA/m and a standard deviation of
25.25 mA/m (Fig. 6A).

In order to filter the results, the isolated paleomagnetic components
are divided into four different classes, from highest to lowest quality
from Class 1 to Class 4. Class 1 is outlined as a well-defined component
going towards the origin (without forcing it to pass through the same).
Class 2 shows a well-defined component with a tendency to go towards
the origin, but because it has a noisy signal it is forced to pass through
the origin. On the contrary, class 3 shows a well-defined paleomagnetic
component, but it does not pass through the origin and could have a
higher temperature component that cannot be isolated. Finally, class 4 is
defined as a cluster that cannot be demagnetized and is assumed to be
the characteristic component (ChRM) and is therefore forced towards
the origin.

Limestones are very weak magnetically and quite unstable during
heating. In general, Class 4 dominates, and between 200 and 450 °C the
magnetization of the sample hardly varies. Despite their low intensity,
the directions are repeated in each of the demagnetization steps,
generating a clustering that is rather credible for calculating the ChRM
(Fig. 6B), up to 400-450 °C, and after that spurious components appear
due to the neoformation of ferromagnetic s.L. minerals during heating.
Moreover, due to the directions obtained, they will result in reasonable
Virtual Geomagnetic Poles (VGP). On the other hand, red beds show a

more heterogeneous behavior and generally higher paleomagnetic
quality (Fig. 7). Of the 65 ChRM isolated, 23 correspond to Class 1, 19 to
Class 2, 18 to Class 3 and 5 to Class 4.

The Class 1 samples show intensities on the order of 1 mA/m, and the
ChRM can be isolated in an unblocking temperature spectrum around
400-600 °C. Class 2 samples are similar to the previous ones, but are
usually weaker (0.1-0.2 mA/m), generating more noise in the magnetic
signal, and therefore they are forced to pass through the origin when
calculating the ChRM. Class 3 samples have intermediated intensities, of
the order of 0.5 mA/m. Occasionally, as is the case with sample AMO07-
01B, they are characterized by a noisy signal in which a paleomagnetic
component between approximately 250-400 °C can be observed, which
although it does not go to the origin, no other higher temperature
component is evident. At other times, as in AM40, a well-defined
paleomagnetic component is observed between 300 and 500 °C which,
although it does not go to the origin, a component of higher temperature
is not observed either. On the contrary, sometimes in some samples a
paleomagnetic component is observed between 300 and 550 °C, but it
does not go to the origin, and if the Greatest Circles are analyzed, it
seems that the directions in the demagnetization diagram were to
quadrants of opposite polarity to the observed component; in these
cases, no paleomagnetic component has been calculated. Finally, some
samples do not show a well-deployed paleomagnetic component, but a
clustering of data can be observed and the paleomagnetic component
can be calculated by forcing it to pass through the origin. In most cases,
it has not been heated above 610 °C because the samples become un-
stable due to mineralogical neoformation above this temperature.

The sampled profiles constitute a monocline making it impossible to
perform the fold test. However, it is observed that the characteristic
component has an antipodal character (Fig. 8). The reversal test (Tauxe,
2010) shows that the normal and reverse mean directions share a
common true mean, showing inclinations close to what is expected for
the Upper Cretaceous rocks of Iberia (Dec: 354°, Inc.: 42°; Osete et al.,
2006; Neres et al., 2012). The antipodality observed after bedding
correction (ABC), as well as the observation of normal and inverse po-
larities with similar paleomagnetic behavior, allow considering the
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primary behavior of the characteristic component.

6.2. Local polarity sequence and correlation to the Global Polarity Time
Scale

From characteristic paleomagnetic directions with maximum
angular deviation <25°, Virtual Paleomagnetic Directions (VGP) and
associated dm uncertainty parameters were calculated (e.g. Butler,
1992), and a cutoff of 30° (Vandamme, 1994) for the VGP latitude was
applied. Despite the moderate quality of the paleomagnetic signal, these
criteria help to eliminate noise and uncertainty to establish a local
magnetostratigraphic framework (Fig. 9).

The Local Polarity Sequence (LPS) has been confidently stablished
for most of the studied succession except for the lowermost and upper-
most levels (see grey intervals in Fig. 9). The base of the sequence (0-58
m) composed by limestones beds of La Canadilla Fm presents much
uncertainty so that no magnetozone is established for it. Moreover, the
uppermost part of the Allueva Fm (A4 unit) is poorly exposed and could
not be confidently sampled. However, most of the Fortanete Fm, shows
in general qualities of class 3 and 4, but a consistency among the data
allows establishing the inverse zone R1. Coinciding with the boundary
between the Fortanete to Allueva formations, there is a change of
paleomagnetic behavior, appearing better paleomagnetic qualities
(classes 1 and 2), as well as a change of polarity. The lower 170 m of the
Allueva Fm (83-253 m) show normal polarities in a homogeneous way,
allowing to define the normal zone N1. Between meters 259 to 450, the
directions obtained are less homogeneous. Although inverse polarities
dominate, there are some samples of intermediate quality showing
normal polarity. After the slightly heterogeneous transit around 450 m,
the behavior is again homogeneous and with good paleomagnetic
qualities, defining the last normal polarity zone N2 in the upper part of
the succession (418-723 m).

There are some available data that allow to constrain the correlation
of the Local Polarity Sequence (LPS) with the Global Polarity Time Scale
(GPTS) (Ogg, 2012). As explained above, the Santonian age for most of
La Canadilla Fm is well-stablished (Martin-Chivelet et al., 2019a;
Torromé et al., 2022). In our case, we have not been able to define the
polarity zone at the base of the sequence due to the poor quality of the
paleomagnetic signal, but since the Santonian is related to the chron
C34n, the base will correspond to that chron (Fig. 9). Moreover, in
coherence to previous age assignments (e.g. Floquet, 1991; Martin-
Chivelet et al., 2019a; Torromé et al., 2022) the paleomagnetic data
indicates that the Santonian-Campanian boundary (i.e. boundary be-
tween chrons C34 and C35) is located around the boundary between La
Canadilla and Fortanete formations.

On the other hand, the analysis of charophytes obtained from the
Canalatorre fossil site at meter 525 of the composite magentostrati-
graphic log (i.e. middle part of the N2 zone of the LPS) indicates a late
Campanian-early Maastrichian age (see section 5). Considering this age
constrain, the correlation between LPS and GPTS allows us to define
more precisely age of the Allueva Fm, as well as the variations in the
sedimentation rate for the different sections of the series.

The LPS presented here shows a good correlation with the
Campanian-earliest Maastrichtian GPTS (Fig. 9). This time interval of
the GPTS is composed of two groups of chrons, C33 and C32. The C33
starts with the reverse polarity chron C33r for the first 3.7 Ma, leading to
the normal polarity chron C33n lasting about 5.6 Ma. On the other hand,
the C32 group is more complex, starting with the chron C32r that is
composed by three subchrons of shorter duration of 1 Ma (C32r.2r,
C32n.1n and C32r.1r) followed later by the 1.6 Ma chron C32n and
spanning the latest Campanian-earliest Maastrichtian. The LPS presents
alternately, from base to top, two inverse zones R1 and R2 and two
normal zones N1 and N2. On the other hand, within the inverse interval
composed by R2, a normal zone could be present around 400 m.
Therefore, the four main zones defined in the LPS correlate well with the
four presents in the GPTS, with the presence in addition of the short-
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lived subchron C32r.1n of about 0.05 Ma.

According to the above exposed data and interpretations, it is
concluded that the Fortanete Fm is mostly early Campanian in age,
whereas the Allueva Fm was mostly deposited during the middle-late
Campanian (Fig. 9). The lower 170 m of the Allueva Fm were depos-
ited during the subchron C33n, at an average compacted sedimentation
rates of c.4 cm/ky. A sharp increase of compacted sedimentation rates
occurred onwards from the middle part of the late Campanian (i.e.
boundary between chrons C33 to C32), with rates of c.17-19 cm/ky
during subchrons C33r and C34n.

7. Facies analysis: sedimentological remarks

The middle-upper Campanian Allueva Fm includes a wide spectrum
of laterally and vertically related lithofacies, including mudstones,
gypsum, carbonates (marls and limestones), sandstones (massive, bio-
turbated, and cross-bedded) and conglomerates. The correlation of the
studied logs near the localities of Segura de los Banos, Allueva, and Bea
show the overall lateral and vertical distribution of the identified facies
associations in an along-strike section that runs almost parallel to the
marginal uplifted area represented by the southern flank of the Mon-
talban anticline (Fig. 10). The overall facies distribution shows a poorly-
defined coarsening to finning upward evolution, with larger concen-
tration of the conglomeratic beds around A2 unit.

Pérez et al. (1983) studied the Allueva Fm in the entire Montalban
subbasin, and concluded that its deposition took place in a complex
alluvial system. In the along-strike section reconstructed here, only the
medium and distal areas of this alluvial system are observed. Key in-
formation and interpretation of the five facies associations (FA1-FA5)
identified in the Allueva Fm is provided below.

Facies association 1 (FA1) is characterized by the common presence of
conglomerate levels, and is found in few intervals in the A1 and A2 units
(Fig. 10). Conglomerates are clast-supported and relatively poorly-
sorted, and are dominated by well-rounded and calcareous pebbles
(Fig. 11A). Dinosaur bones may locally appear reworked. There are
some gravelly levels arranged in relatively continuous irregular tabular
beds. However, most of the conglomerates form discontinuous (lentic-
ular and channelized) levels up to 1-5 m-thick interfingered with cross-
bedded gravel beds and sandstones (Fig. 11B), which stack to well-
cemented discontinuous intervals up to 10-15 m-thick (Fig. 11C).
Scour structures eroding the interbedded meter-thick red mudstones are
also common (Fig. 11D). The observed geometry and internal archi-
tecture indicate that sedimentation of FA1l took place in a complex
braided distributary system that was laterally heterogeneous (Pérez
etal., 1983; Nichols and Fisher, 2007). Most conglomeratic levels would
represent channel bars, while cross-bedded granule beds and sandstones
indicates sedimentation in channels by accretion of bars and migration
of bedforms such as dunes or megaripples (Allen, 1983; Huerta et al.,
2011). The tabular gravelly levels are similar to conglomerate sheet-like
channel bodies described as parts of a distributive fluvial system and
interpreted as laterally stacked channel belt fills (Huerta et al., 2011).
Within these stacks of conglomerate, it can be difficult to identify the
scour surfaces that mark the base of a channel and hence recognise in-
dividual channel-fill succesions (Nichols, 2005). Alternatively, sheets of
conglomerates in braided fluvial systems have been interpreted as lon-
gitudinal bars, commonly representing multistorey deposition shown by
multiple scoured surfaces or interbedding of thin sandstones (e.g. Ramos
and Sopena, 1983). The flood plain related to these conglomeratic-sandy
distributary channel systems would result in the sedimentation of fine
terrigenous deposits after major flooding events, represented by the
interbedded red mudstone lithofacies (Fig. 11D). The measured palae-
ocurrent data with dominant migration of bars towards the SW-S (see
Fig. 6B and Pérez et al., 1983) indicates that this braided system was
sourced from nearby uplifted areas located to the north-northeast.

Facies association 2 (FA2) is dominated by sandstones and fine-gravel
beds alternating with red mudstones. Cross-bedded sandstones and
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Fig. 10. Overall distribution of facies association FA1 to FAS5 in the Allueva Fm after correlation of the Bea, Allueva and Segura de los Banos logs (see Fig. 3 for
location). The vertical succession of lithofacies in logs is indicated in a different key colour. Increments in the left composite vertical scale is 5 m. Small numbers in

the left part of the columns locate the beds sampled for paleomagnetic analysis.

conglomerates form discontinuous lenticular levels of variable thickness
ranging from few dm- to up to 7 m-thick. The grain size is variable,
mostly medium to coarse sandstones, with common presence of
dispersed soft and calcareous/quartzite pebbles (Fig. 11E). Graded
successions with accumulation of conglomeratic levels at the bottom of
the cross-bedded sets (planar and though cross-stratification) are com-
mon. There are some deposits of well-sorted cross-bedded sandstones
with pin-stripe lamination and contorted bedding (Fig. 11F). FA2 also
includes dm- to m-thick reddish to greyish massive and bioturbated fine
to coarse sandstones with variable lateral extent and geometry (from
tabular to lenticular). The presence of intense burrowing (mostly Tae-
nidium traces c¢.1-2 cm in diameter) on top of these sandstones is also
common (Fig. 11G). FA2 mostly represent the sedimentation after the
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migration of bars in a sandy braided distributary system (Pérez et al.,
1983). The presence of reactivation surfaces within the cross bedded
intervals indicates the episodic subaerial exposure of the fluvial bars.
Well-sorted cross-bedded sandstones showing pin-stripe lamination can
be related to the local development of eolian dunes (Fryberger and
Schenk, 1988). The presence of convoluted bedding can be also
explained as water is squeezed out of sediment in front of an advancing
dune (Collinson and Mountney, 2019). The eolian reworking of the al-
luvial plain in braided distributary systems is well documented and
related to phases of relative aridity (e.g. Nichols, 2005). Tabular to
lenticular commonly-bioturbated sandstone beds are related to deposi-
tion in the flood plain after major flooding events (crevasse splay de-
posits) or in abandoned channels, which are eventually colonized by
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Fig. 11. A: Aspect of the conglomerates of facies association 1 (FA1), which are generally dominated by calcareous pebbles. B: Interfingering of conglomerates and
cross-bedded sandstones in FA1. C: The A2 unit in Segura de los Banos is dominated by the FA1/2; notice the presence of cross-bedded sandstones and conglomerates
(yellow arrows) in lenticular levels showing southwards migration of bedforms. D: Scours at the base of conglomerates (FA1) overlaying reddish mudstones with
well-preserved dinosaur bones (Carretera de Allueva site, the yellow arrow point to a 15 cm-long dinosaur bone). E: Cross-bedded coarse sandstones with soft
pebbles. F: View of the cross-bedded sandstones with contorted bedding and pin-stripe lamination interpreted as eolian dunes (FA2). G: Top of a coarse sandstone bed
highly bioturbated by invertebrates attributed to Taenidium traces (FA2). (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

invertebrate fauna (Miall, 1977; Nichols and Fisher, 2007). The common
occurrence of red mudstone lithofacies are related to fine-grained over-
bank deposits in the flood plain of the braided system.

Facies association 3 (FA3) is dominated by the mudstone lithofacies.
These mostly consists of decametre-thick light brown to reddish in-
tervals, either massive or with scarce bioturbation (Fig. 12A). Fossil
content in the reddish mudstones is scarce, but exceptionally they
include well-preserved dinosaur bones (Carretera Allueva fossil site,
Fig. 11D). Some mudstone and marly intervals also display brown, red
and greyish colors with hydromorphic features, with the occasional
presence of levels with ferruginous ooids and pisoids. There are also
present discontinuous levels of metre-thick dark grey mudstones and
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marls, rich in organic matter (Fig. 12A). The dominant reddish mud-
stones represent fine-grained floodplain facies oxidized under subaerial
exposure conditions. The occasional presence of levels with ferruginous
ooids and pisoids gives further indication of soil development, as
described in other Cretaceous units of the northern Iberian basin (e.g.
Laita et al., 2020). The development of local, more humid floodplain
areas with settlement of ponds are indicated by the presence dark grey
mudstones. Two subfacies associations have been differentiated. The
mudstone dominated FA3a includes the local presence of conglomeratic
massive irregular beds and is concentrated in the western and eastern
marginal studied areas (Fig. 10). Paleocurrent data indicates that the
episodic high-energy flows (probably flash floods) giving rise these
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Fig. 12. A: Broad aspect of the reddish mudstones that dominate facies association 3 (FA3). The dark grey levels to the left correspond to laminated marls rich in
organic matter. B: The grey marls with abundant organic matter of the Canalatorre fossil site includes abundant remians of dinosaurs including caudal vertebras of
titanosaur sauropods (see yellow arrow). C: Aspect of the FA5 south of Allueva showing a flooding sequence with red mudstones (1), channels filled by large oncolites
and steam debris (2), marly limestones with vertical root traces (3), and lenticular to irregular micritic beds (4). D: Graded levels with oncolites up to 6 cm in
diameter. The inset shows a polished slab of an oncoid, with the irregular concentric lamination. E: A channelized oncolitic-detrital level bearing a resedimented
dinosaur bone (see yellow arrow). F: Micritic limestone beds (1) sharply overlain by a conglomerate bed dominated by calcareous pebbles (2). G: Orange mudstones
capped by an interval with common mm- to cm-scale lenticular gypsum crystals (inset). Jacob bar is 1.5 m-long. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

coarse-grain levels were sourced from the more proximal northern
uplifted areas. The FA3Db is characterized by the presence of interbedded
levels of massive to bioturbated fine to medium sandstones, deposited in
abandoned channels or in the flood plains during flooding events.
Sandstones would be associated with the setting of numerous dispersed
small-low flow channels (Pérez et al., 1983).

Facies association 4 (FA4) is characterized by the dominance of car-
bonates. Irregular, dm-thick marls and carbonate beds are found inter-
bedded between the terrigenous facies at any level of the stratigraphic
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sections. However, a wide spectrum of carbonate facies occurs in a
continuous interval up to 70 m-thick located between Allueva and Bea
localities (A2 unit, Fig. 10). There, massive white to light grey micritic
carbonates (lime mudstones and wackestones with charophytes and
gastropods) form irregular to lenticular m-thick beds interbedded with
greyish to pinkish poorly fossiliferous marly intervals (Fig. 12C). There
are also local discontinuous dark grey marls, which include the richest
fossil sites of the Allueva Fm, with abundant charophytes, gastropods,
eggshell and vertebrate bone fragments (Canalatorre fossil site, Fig. 12B).
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The micritic and marly facies may have local development of vertical
root traces. Some m-thick micritic mounds of possible microbial origin
are common. Grain-supported limestones are also present, bearing
abundant oncolites of several cm of diameter, along with debris of tufas
and calcified stems (Fig. 12D). These levels form discontinuous dm-to m-
thick lenticular to channelized beds and may include fragments of
dinosaur bones (Cordal Allueva-2 fossil site; Fig. 12E). The FA4 represent
the sedimentation in lacustrine-palustrine settings developed in the
distal area of the alluvial system. Massive micritic limestones with local
development of microbial mounds are interpreted as deposited in the
lacustrine environment. The marginal palustrine areas are represented
by the bioturbated micrites, with abundant root traces. The presence of
intervals rich in tufa fragments, and the channelized levels with large
oncoids indicates the presence of stream channels with water turbu-
lence. On the other hand, the presence of small calcified stems and
smaller tubular oncoids need less restrictive conditions to form, being
able to develop in isolated ponds and in the main lakes when the water
level is low (e.g. Alonso-Zarza and Calvo, 2000). Facies succession in-
dicates a progressive flooding of the alluvial plain, from red lutites (FA3)
deposited in the exposed flood plain, to small stream channels with
oncoids, palustrine carbonates with root traces, and subaquatic lentic-
ular micritic beds (Fig. 12C). The presence of conglomeratic levels
eroding the micritic beds (Fig. 12F) represent stages of sharp pro-
gradation of the alluvial system.

Facies association 5 (FA5) has been only found on top of the Al unit,
between the Bea and Fonfria villages (Fig. 6). There, an up to 30-m thick
interval dominated by red mudstones show a variable proportion of
microcrystalline gypsum and dm-thick isolated levels of limestone and
marls interbedded. The gypsum-rich levels form sequences up to 2-4 m-
thick, with the proportion of gypsum crystals gradually increasing up-
wards, ending with 0.3 to 0.5 m-thick irregular beds formed almost
entirely by gypsum (Fig. 12G). Gypsum-rich intervals consists of accu-
mulation of small lenticular crystals that are embedded in mudstone
matrix. This indicates evaporite precipitation within sediment in a dry
mudflat to a saline mudflat under arid to semiarid condition. Similar
deposits have been described recording sedimentation in a playa-lake
system with an extensive development of mud flats (Hardie et al., 1978;
Huerta et al., 2010). Mudstones bearing interstitial gypsum record
sedimentation of the suspended load from unconfined flows, and gyp-
sum precipitation probably occurred in areas where the groundwater
table was close to the surface (Hardie et al., 1978). In this context, marls
and limestones interbeded within the evaporitic mudstones represent
carbonate precipitating lakes or ponds (Huerta et al., 2010).
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In summary, sedimentation of the Allueva Fm occurred in the
middle-distal domain of an alluvial-fluvial system sourced from the
northern uplifted areas of the Montalban anticline. The dominant li-
thology are reddish mudstones deposited in the exposed alluvial plains,
with the ephemeral setting of ponds (dark marls) and palustrine areas
(marls and limestones with root traces). Common invertebrate traces in
relatively continuous sandstone beds indicate stages of stabilization in
the alluvial plain. There are also evidences of local soil development
(hydromorphic soils, iron ooids and pisoids). A fluvial-braided distrib-
utary channel system is also characterized, with the local formation of
eolian dunes. Evidences of evaporation with gypsum precipitation are
concentrated in the upper part of the Al unit. More humid conditions
with increase of water input in the alluvial system during the sedi-
mentation of the A2 unit resulted in the setting of a large carbonate
lacustrine area, with intense microbial activity (micritic mounds,
oncolites).

8. Vertebrate fossil record of the Allueva formation

Table 2 summarizes the main findings in the most significant
fossiliferous outcrops found in the Allueva Fm. These are located within
the municipalities of Bea, Allueva, and Salcedillo, laterally spaced up to
15 km apart (Fig. 3). Most of the vertebrate fossil localities have been
recently discovered and belong to A2 unit from the Allueva Fm, whereas
two previously known localities (Salcedillo Clasico A and B) belong to
the the A3 sequence (Fig. 2C).

Fine-grained sediments (red mudstones and grey marls) are the most
frequent lithologies yielding vertebrate fossil remains. Within the facies
associations described from the Allueva Fm, FA3 (mudstone dominance)
and FA 4 (limestone dominance) are clearly the most fossil-rich. In these
facies, the vertebrate remains are generally well-preserved indicating a
very limited degree of reworking. They are commonly disarticulated and
isolated bones, with a variable degree of breakage and weathering.
Often the remains from some localities (e.g. Cordal Allueva 1, Gusepa,
Canalatorre, and Las Balsas) show bone surfaces involved by oncolitic
covers, which would be indicative of an association between bioclastic
accumulation and microbial development. Levels with high bone con-
centration or high taxon-diversity have not been recognized.

Based on the preservational features of remains, the most common
taphonomic mode identified is that of isolated macrofossil bones. The
presence of isolated bones has been reported from conglomeratic levels
(distributary channel system of FA1) to alluvial floodplain (FA3) and
palustrine-lacustrine (FA4) deposits. In a few cases, disarticulated bones

Table 2
Vertebrate fossil sites from the Allueva formation.
Fossil site code Identifiable fossil elements Preservational features Lithology Allueva
unit
Carretera Allueva CA Ornithopod sacrum and Limb bones, Disarticulated bones, associated specimen Red mudstones Lower A2
crocodylomorph partial dentary
Cordal Gris CrG Titanosaur caudal vertebra Isolated bones Grey marls A2
Cordal Allueva 1 CrAl  Titanosaur caudal vertebra Isolated and broken bones Red mudstones A2
Cordal Allueva 2 CrA2  Titanosaur dorsal vertebra Isolated bones (ex situ) Unknown A2
Carretera Barranco (A CB Dinosaur? bone fragments Isolated and broken bones conglomerates Upper A2
and B)
Canalatorre Clt A titanosaur partial caudal series (vertebrae and Disarticulated bones, associated specimen, and Grey marls A2
haemal arches) microfossil content
Camino Negro CN Undetermined bone fragments macrofossil broken remains and microfossil Dark-grey marls A2
content
Las Balsas (0,1,2) Lb Isolated dinosaur vertebra, crocodylomorph Isolated bones of some vertebrates Grey Marls A2
osteoderm
La Llana 2 L2 Dinosaur bone fragment Isolated and broken bones Grey Marls A2
Gusepa (1 and 2) G Dinosaur limb bone fragments Disarticulated bones Brown A2
mudstones
Salcedillo clasico A SCA Dinosaur caudal vertebra and bone fragments Disarticulated bones Brown A3
mudstones
Salcedillo clésico B SCB Large-sized dinosaur bone fragment Isolated bones Brown A3
mudstones
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of associated specimens have been identified such as in Carretera
Allueva (FA3) and Canalatorre (FA4) localities. In addittion, micro-
palaeontological content (i.e. microvertebrate bones, eggshells, and
charophytes among others) have been recognized from the localities of
Canalatorre and Camino Negro (marly deposits, FA4). In absence of any
clearly-distinguishable preservational bias, the relationships between
the fossil record and the facies distribution of the Allueva Fm indicate
that the more humid conditions in the alluvial system including lacus-
trine areas during the sedimentation of the A2 unit were favorable to
support vertebrate-rich paleocommunities in this area of the Maestrazgo
domain.

A first approach to the systematic analysis of the Allueva Fm verte-
brate record reveals that titanosaur sauropod dinosaurs are the most
frequent among the identifiable remains. Other vertebrates present in
the fossil assemblage are ornithopod dinosaurs, crocodylomorphs, and
testudines. Among the recovered material, 10 caudal vertebral centers of
sauropod dinosaurs are the most significant fossils. These come from the
sites of Canalatorre and Cordal Gris, and are labelled with numbers
MPZ-2022/571 to MPZ 2022/580 from the Museo de Ciencias Naturales
de la Universidad de Zaragoza (Canudo, 2018).

The most complete vertebra MPZ 2022/571, coming from the Cordal
Gris site, preserves the neural arch (Fig. 13A-C). It is a middle caudal

Fig. 13. A-C: Isolated caudal vertebra of Titanosauria indet (MPZ 2022/571)
from CrG-1 site (late Campanian). A: Ventral view. B: Lateral view: C: Posterior
view. D-F: Isolated caudal vertebra of Titanosauria indet (MPZ 2022/577) from
CH-2 site (late Campanian). A: Lateral view. B: Ventral view. C: Posterior view.
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vertebra with the neural arch anteriorly placed over the centrum, a
character diagnostic of Titanosauriformes (Salgado et al., 1997). It has
an elongated centrum which is fairly dorsoventrally flattened. The
anterior articular face is concave whereas the posterior one is convex.
This character is usually described as strongly procoelic centrum, which
is characteristic in titanosaurs (Salgado et al., 1997). This vertebra lacks
the cancellous bone typical of some South American titanosaurs, but it is
also absent in European taxa such as Lirainosaurus or Lohuecotitan (Diez
Diaz et al, 2016). The neural spine is laminar, low, and ante-
roposteriorly extended. The prezygapophyses are robust, with a length
which is similar to that of the centrum as is seen in Liranosaurus (Sanz
et al., 1999). The articular facets of the prezygapophyses are ventrally
directed. The anterior and posterior hemapohysial facets are well
developed.

The Canalatorre site has provided nine vertebral centers. Six of them
(MPZ 2022/572, 2022/574 to 2022/576, 2022/578 y 2022/579:
Fig. 13D-F) have a similar size and morphology to that of MPZ 2002/571
described above. However, the most posterior vertebra (MPZ 2022/576)
shows an amphicoelic centrum, a primitive condition of a character
described in several South American titanosaurs (Salgado and Calvo,
1993). The other three vertebral centers (MPZ 2022/573, 2022/577 and
2022/580) of the Canalatorre site present some differences, in particular
a condylar groove in the posterior articular surface. A ventral depres-
sion, at least in the most anterior vertebral center (MPZ 2022/577) is
present as in Liranosaurus (Sanz et al., 1999). These centers are more
flattened lateromedially. However this difference is difficult to confirm
due to the strong deformation of the bone specimens.

The presence of two medium-sized titanosaur sauropods of the
Allueva Fm is consistent with current knowledge of these dinosaur
faunas from southern Europe during the late Campanian (Sanz et al.,
1999; Diez Diaz et al., 2016; Vila et al., 2022). In addition, some of the
recovered caudal vertebrae show great similarity with Lirainosaurus
from the late Campanian of the northern Castillian domain (Corral et al.,
2016), which fits well the age of the upper Allueva Fm stablished in this
work.

On the other hand, some few eggshell fragments have been recovered
from the washing and sieving of the sediment samples picked up in
Camino Negro and Canalatorre sites. Three different ootypes have been
recognized until now. The most significant type corresponds to pris-
matoolithid eggshells with prismatic structure and which display a
striking dispersituberculate ornamentation, with their outer surface
covered by nodes or tubercles. The nodes sometimes show pore openings
on their tops, resembling crater-like structures. These features fit a priori
with the oogenus Pseudogeckoolithus (Vianey-Liaud and Lopez-Martinez,
1997), described from the Upper Cretaceous continental deposits of the
Tremp Fm, in the South-Pyrenean basin. However, the sample is still
very small to do proper and definitive ootaxonomical inferences, and
thus we prefer to be cautious with their final assignation, classifying the
Allueva Fm eggshells as cf. Pseudogeckoolithus sp. The other two types of
eggshells recovered correspond to another theropod prismatoolithid
eggshells but without ornamentation, and crocodylomorph eggshells
with crocodyloid structure.

9. Review of the uppermost cretaceous dinosaur-bearing
successions of northeast Iberia

During the Late Cretaceous, sedimentation in eastern Iberia took
place in four major basins: the South-Pyrennean and the Basque-
Cantabrian basins in the northern margin, the Iberian basin in the cen-
tral interior areas, and the Betic basin in the southern margin. Between
these basins, the South-Pyrenean basin has yielded one of the most rich
and diverse record of Upper Cretaceous (uppermost Campanian-
Maastrichtian) vertebrate fossils of Europe, with numerous fossil re-
mains of dinosaurs, including hadrosauroid and rhabdodontid ornitho-
pods, nodosaurid ankylosaurians, titanosaurian sauropods, and avian
and non-avian theropods, along with other tetrapods such as
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crocodylomorphs, testudines, pterosaurs, squamates, and amphibians.
This rich vertebrate fossil record is included in the coastal to continental
successions of the Arén and Tremp formations (e.g. Llompart et al.,
1984; Lopez-Martinez et al., 2001; Canudo et al., 2016; Fondevilla et al.,
2019; Pérez-Pueyo et al., 2021, and references therein). The Arén and
Tremp formations includes also lower Maastrichtian sites with titano-
saur eggs. The Tremp Fm preserves a rich terrestrial Maastrichtian track
composed of multiple footprint localities with trackways made by tita-
nosaurian sauropods, hadrosaurian ornithopods, as well as theropods (e.
g. Riera et al., 2009; Vila et al., 2008, 2013). The fossil record of plant
remains from the Tremp Fm sensu lato in Ager, Tremp and Vallcebre
basins is also rich and includes both charophytes (e.g. Feist and
Colombo, 1983; Villalba-Breva and Martin-Closas, 2013; Vicente et al.,
2015, 2016) and vascular plants (e.g. Villalba-Breva et al., 2012; Marmi
et al., 2015). Of particular interest for the present study in terms of
comparison of the charophyte floras, it was the definition of a Maas-
trichtian charophyte biostratigraphy, well-correlated with magneto-
stratigraphic data, in the Ager and Vallcebre basins (Galbrun et al.,
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1993; Vicente et al., 2015, 2016, 2019).

Out of the South-Pyrenean basin, of particular relevance for the
comparative analysis with the new dinosaur findings in the Allueva Fm
is the presence of nearly time-equivalent fossil sites (i.e. mid-late Cam-
panian to earliest Maastrichtian timespan) with abundant titanosaur
sauropods across all the sedimentary domains of the Iberian basin. The
map proposed for the palaeogeography Iberia around the end of the
Campanian (Fig. 14) is an integration of the data obtained here with
previously published information (in particular, Floquet, 1991; Alonso
et al., 1993; Garcia et al., 2004; Gil et al., 2010; Gémez-Gras et al., 2016;
Vacherat et al., 2017; Martin-Chivelet et al., 2019a). The review of the
dinosaur-bearing successions of the Iberian basin exposed below have
been divided in six sedimentary domains (Fig. 15).

9.1. Northern Castillian domain

The northernmost part of the Iberian basin reviewed here is repre-
sented by the northern part of the Castillian domain. There, a
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Fig. 14. Palaeogeography of Iberia at the end of the Campanian indicating the extension of the formations including upper Campanian-lowermost Maastrichtian
fossil sites with titanosaur sauropods. Data mostly compiled from Floquet (1991), Alonso et al. (1993), Garcia et al. (2004), Gil et al. (2010), Gomez-Gras et al.
(2016), Vacherat et al. (2017), and Martin-Chivelet et al. (2019a). The inset in the upper left have been modified from Barrier et al. (2018). Notice that the dinosaur-
bearing formations cover different chronostratigraphic intervals (see Fig. 15). White arrows indicates the source areas for terrigenous input. The white dashed line in
the Ebro massif shows the northern extension of the post-rift Cenomanian-Santonian outcrops (see Aragiies et al., 1981) previous to the uplift of the Montalban
anticline (MA). Three zones A-B-C (in purple) had different subsidence evolution in the Iberian basin (see text for explanation). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 15. Summary of the Campanian-Maastrichitian stratigraphy of different domains of the Iberian basin (see Fig. 14 for location of fossil sites). Data in the
Castillian, Duero and South Iberian domains mostly complied from Floquet (1991), Garcia et al. (2004), Gil et al. (2010), Corral et al. (2016), and Martin-Chivelet

et al. (2019a). Time scale from Haq (2014).

Campanian transgressive event sourced from the north involved the
widespread setting of a shallow marine platform, and most of the
domain was covered by the carbonates with abundant rudists repre-
sented by the Quintanaloma Fm (Floquet, 1991; Martin-Chivelet et al.,
2019a). The lateral extent of this shallow-marine platform was pro-
gressively reduced (to the north) due to a middle-late Campanian forced
regression, which has been related to tectonic uplift (e.g. Martin-
Chivelet et al., 2019a). To the east (Lano area) the uppermost Santonian-
Campanian succession is marked by the progradation of the deltaic
system of the Tubilla del Agua and Moradillo de Sedano formations. This
deltaic system is overlain by the subtidal to supratidal oyster bearing
terrigenous-dominated unit Sedano Fm (Floquet et al., 1982). The latest
Campanian-earliest Maastrichtian Sedano Fm (Corral et al., 2016) unit
grades to the east to fluvial-deltaic siliciclastics, that include the Lano
fossil site.

The Lano site is latest Campanian in age (i.e. lower part of the sub-
chron C32n; Corral et al., 2016). This site (see 1 in Fig. 15) has yielded a
very diverse continental vertebrate assemblage, with remains of bony
fishes, amphibians, lizards, snakes, turtles, crocodrylomorphs, ptero-
saurs, dinosaurs and mammals (Astibia et al., 1999; Pereda-Suberbiola
etal., 2000, 2015; Isasmendi et al., 2022). It includes also very abundant
remains of titanosaurian sauropods, that have been assigned to the taxon
Liranosaurus astibidae defined in this locality (Sanz et al., 1999; Diez-
Diazetal., 2011, 2013). In Lano, the Sedano Fm is overlain by the clayed
Sobrepena Fm. This unit was deposited around the early-late Maas-
trichtian transition in coastal plains, and includes dinosaur, croc-
odylomorph and turtle remains in the Urria area (Floquet, 1991;
Berreteaga, 2008; Berreteaga et al., 2008). The upper Maastrichtian
calcareous sandstones and limestones of the Torme Fm unconformably
overlies the Sobrepena Fm. A low-angle erosive unconformity found
between these two units resulted from a combination of uplift and tilting
of the sedimentary area, coupled with a regional sea transgression (i.e.
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intra-Maastrichtian unconformity in Baceta et al., 1999). The Tormé Fm
includes interbedded terrigenous levels rich in vertebrate fauna, such as
the Albaina fossil site (Berreteaga, 2008). An erosive surface followed by
a major transgressive event marks the setting of the Paleocene carbonate
platform (Baceta et al., 1999).

9.2. Central Castillian domain

In the central part of the Castillian domain, marine incursions
sourced from the north left the local record of shallow marine levels in
the continental-coastal carbonates of the Santo Domingo de Silos Fm
(Floquet, 1991). This unit consist of an up to 185 m-thick succession of
dolostones, marls, and micritic limestones, and has been regarded as
deposited either during the late Santonian-Campanian (Floquet et al.,
1982; Alonso et al., 1993; Martin-Chivelet et al., 2019a), or during the
early-middle Campanian (Garcia et al., 2004). After a major disconti-
nuity on top of the Santo Domingo de Silos Fm, the continental suc-
cession of the Santibanez del Val Fm is dominated by red clays and cross-
bedded sandstones alternating with lacustrine-palustrine micritic lime-
stones with gastropods, charophytes, ostracods and oncoids.

The Santibanez del Val Fm includes in its lower part an up to 270 m-
thick uppermost Cretaceous succession. The early Maastrichtian age
assigned to the lower levels of the Santibanez del Val Fm is based on the
identified malacofauna and charophyte assemblages (Floquet, 1991;
Floquet et al., 1994; Feist and Floquet, 2022). Dinosaur eggshells and
bone remains are locally present, with different fossil sites in the Soria
and Burgos provinces. Of particular interest are the findings of Lap-
parent et al. (1957) in the locality of Cubilla in the basal levels of the
¢.50 m-thick Santibanez del Val Fm (see 2 in Fig. 15). Main findings are a
tibia attributed to a Rhabdodon, and a posterior caudal vertebra, that
was assigned to a basal titanosuarian in Pereda-Suberbiola and Ruiz-
Omenaca (2001). Dinosaur eggshells have been also studied in this
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formation west to Cubilla, in the nearby La Tejera site (Moreno-Azanza
et al., 2016).

9.3. Duero domain

In the westernmost marginal areas of the Iberian basin represented
by the Duero domain sedimentation was irregular, with frequent strat-
igraphic gaps (Gil et al., 2010). There, the Santonian-lower Campanian
represents a sedimentary sequence bounded by major unconformities.
This succession is formed by a coastal succession with the dolostones
and sandy-dolostones of the Ituero y Lama Fm, and the continental marls
(with local gypsum), dolostones, and collapse-breccias of the Valle del
Tabladillo Fm. This unit is bounded on top by a karstic surface, associ-
ated to a stratigraphic gap of uncertain extent (Garcia et al., 2004; Gil
et al., 2010). The karst is overlain by the c¢.50 m thick-continental sili-
ciclastic succession of the Vegas de Matute Fm. The precise age of this
formation is uncertain, and was tentatively assigned to the late Cam-
panian (Gil et al.,, 2004, 2010), or to the late Campanian-earliest
Maastrichtian (Pérez-Garcia et al., 2016). The unit is bounded on top by
a major unconformity associated to a Maastrichtian-lower Eocene
stratigraphic gap (Armenteros et al., 2002).

The Vegas de Matute Fm includes sandstones levels with the fossil
sites of Carbonero el Mayor and Armuna in its lower part (Buscalioni and
Martinez-Salanova, 1990; Pérez-Garcia et al., 2016; see 3 in Fig. 15). A
number of taxa has been recognized in these sites, with actinopterygid
fishes, turtles, lepidosaurs, crocodylomorphs, an indeterminate member
of lithostrotian titanosaur, a theropod attributed to cf. Arcovenator, and
an ornithopod identified as cf. Rhabdodon. In the area located around
these fossil sites, the unit was deposited in a fluvial system with local
marine influence (Pérez-Garcia et al., 2016). In more western marginal
areas, the unit represents a prograding braided system changing from
humid to semiarid climate (Fernandez-Garcia et al., 1989).

9.4. Maestrazgo domain

The Santonian-Campanian succession of the northern part of the
Maestrazgo domain includes the La Canadilla, Fortanete and Allueva
formations (Fig. 15). The La Canadilla Fm has a relatively homogenous
thickness and sequential distribution across the Maestrazgo domain, and
has been regarded as deposited during a stage of relative tectonic
quiescence, with the possible inprint of the sea level changes formed in
tune with the eccentricity orbital cycle (Torrome et al., 2022). In
contrast, the overlaying Fortanete Fm records thickness (20-90 m) and
lithological changes (carbonate breccias, marls, micritic limestones,
gypsum) across the Maestrazgo domain that indicates a more heterog-
enous distribution of the subsidence. The data reported here indicates
that the Fortanete Fm was mostly deposited during the early Campanian,
in the subchron C33r.

The Fortante Fm is abruptly overlain by the Allueva Fm. The thick-
ness of this unit is variable across the Montalban and Aliaga subasins
ranging from 300 to 700 m (see Table 1). In the Montalban subbasin, the
upper part of the unit includes an uppermost Campanian vertebrate
fossil association of the Allueva sites (see 4 in Fig. 15), with the common
presence of titanosaurs described above. In the nearby Aliaga subbasin,
the fossil site of Cirugeda located in the upper part of the Allueva Fm (see
5 in Fig. 15) includes a fragment of a neural spine of Titanosauria indet.,
and remains of testudines attributed to cf. Solemys sp. (Canudo et al.,
2005). The onset of the sedimentation of the Allueva Fm marks the
initial phases of uplift of the Montalban anticline with the coeval for-
mation of the highly subsident continental Montalban subbasin. Sedi-
mentation was interrupted around the onset of the Maastrichtian, and
resumed probably during the middle Eocene (Pérez et al., 1983; Casas
et al., 2000).
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9.5. South Iberian domain (Cuenca)

In the northern part of the South Iberian domain (Cuenca province),
the Campanian-Maastrichtian sedimentation occurred mostly in conti-
nental settings. There, the c. 150 m-thick peritidal-sabkha massive car-
bonate breccias of the Cuenca Fm were assigned to the
Coniancian-Santonian stages (Martin-Chivelet et al., 2019a). This unit is
overlain by a major sedimentary discontinuity related to a tectonic event
(Martin-Chivelet et al., 2019a), with the abrupt setting of the mixed
carbonate-evaporite depositional system of the Villalba de la Sierra Fm.
This formation consists of marls, clays and gypsum deposited in
lacustrine-palustrine environments, and muddy floodplains with dis-
tributary sandy channels. The thickness of the unit in its type locality is
157 m, but it may locally reach up to 500 m (Vilas et al., 1982). The
Villalba de la Sierra Fm contains a rich assemblage of charophytes
(Grambast, 1975; Grambast and Gutiérrez, 1977), and has been regar-
ded as deposited during the Campanian-earliest Maastrichtian (Martin-
Chivelet et al., 2019a).

The upper part of the Villalba de la Sierra Fm embraces the fossil site
of Lo Hueco (see 7 in Fig. 15), which has yielded a rich collection of well-
preserved vertebrates, including actinopterygians and teleosteans fishes,
amphibians, panpleurodiran (bothremydids) and pancryptodiran tur-
tles, squamate lizards, eusuchian crocodylimorphs, rhabdodontid or-
nithopods, theropods (mainly dromaeosaurids), and titanosaur
sauropods (Ortega et al., 2015). Westwards, near the locality of Sacedén
(northern Sierra de Altomira; see 6 in Fig. 15), the upper part of the
Villalba de la Sierra Fm includes a caudal vertebra of a titanosaur
sauropod (Ortega and Pérez-Garcia, 2009), as well as a rich assemblage
of dinosaur eggs (Sanguino et al., 2021).

9.6. South Iberian domain (Valencia)

In the southern part of the South Iberian domain (Valéncia province),
the Sierra the Utiel Fm represents cyclic sedimentation in a very shallow-
marine to peritidal carbonate platform, with a wide spectrum of facies
ranging from miliods and rudist-rich limestones to black-pebble breccias
(e.g. Vilas et al., 1982; Martin-Chivelet and Giménez, 1992). The unit
was regarded as deposited during the late Santonian-earliest Campanian
(Alonso et al., 1991; Garcia et al., 2004), during the latest Coniacian-
earliest Santonian (Martin-Chivelet and Giménez, 1992), or during the
Coniancian-Santonian, coeval to the Cuenca Fm (Martin-Chivelet et al.,
2019a). Moreover, the possible lateral equivalence between the Sierra
de Utiel and La Canadilla formations (Fig. 15) is supported by the similar
sequential arquitecture of the units (probably related to allocyclic con-
trol), and by the common presence of marine rudist-rich levels sourced
from the southern open marine areas (Martin-Chivelet and Giménez,
1992; Torromé et al., 2022). The Sierra de Utiel Fm is bounded on top by
a major regional unconformity, which has been linked to a tectonic
event (Martin-Chivelet et al., 2002, 2019a).

Overlying the unconformity on top of the Sierra de Utiel Fm, the
Campanian—earliest Maastrichtian Sierra Perenchiza Fm consist of marls
and limestones with abundant charophytes, ostracods and gastropods
deposited in lacustrine-palustrine environments, with the episodic
setting of coastal lakes, wetlands and salty marshes (Vilas et al., 1982;
Alonso et al., 1991). The unit is very variable in thickness, ranging from
15 to 300 m. In the Chera-Bunol area (see 8 in Fig. 15), the Sierra Per-
enchiza Fm is up to 50 m-thick and includes vertebrate fossil sites with
dinosaurs, crocodylimorphs and turtles (Company, 2004; Company
et al., 2009). Of particular interest are titanosaurian remains, some of
them assigned to Lirainosaurus (Diez-Diaz et al., 2015). A palynological
study of the Chera site indicates the presence of wetlands with ephem-
eral to semi-permanent ponds and lakes (Peyrot et al., 2020). Palyno-
logical and palaeomagnetic data (Pueyo et al., 2014) suggest a late
Campanian-early Maastrichtian age for the Chera fossil site.

In the Valéncia province, the Sierra de Perenchiza Fm is locally un-
conformably overlain by an unnamed unit with mudstones and
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interbeded fluvial sandstones. This unit have similar stratigraphic po-
sition of the Cerrillares Fm (Martin-Chivelet, 1994; Martin-Chivelet
et al., 2019a). It includes the La Solana site (Tous area), that has yielded
a diversified continental fauna with remains of bony fishes, lissam-
phibians, chelonian remains (Solemys sp.), crocodylomorphs and
pterosaurs. Dinosaurs are also abundant, with a basal hadrosaurid and
scanty titanousaurian material (e.g. Company et al., 2009). The occur-
rence of a rich charopyte flora (Company, 2004) along with palae-
omagnetic data (Pueyo et al., 2014) indicates a late Maastrichtian age
for La Solana site.

10. Discussion

10.1. Equivalence between Allueva Fm and tecto-sedimentary units:
Implications

As demonstrated here, large subsidence rates of the Montalban
subbasin during the latest Cretaceous (mostly during the middle and late
Campanian) involved the sedimentation of the up to 500-700 m-thick
Allueva Fm. The reported data brings some review to previous work
assigning a Paleogene age to the lower continental units recorded in the
different intramountain subbasins developed around the Montalban
anticline.

In a regional stratigraphic synthesis, Pardo et al. (1989) defined
successive tecto-sedimentary units (TSUs) in the subbasins found north
and south to the Montalban anticline, and in the south-central Ebro
basin. The methodology of the tecto-sedimentary analysis (Garrido-
Megias, 1973) implemented in Pardo et al. (1989) is based in the
identification of genetic stratigraphic units termed tecto-sedimentary
units (TSUs). These consist of sedimentary successions with a definite
vertical trend (either fining or coarsening upward) bounded by regional
unconformities and their correlative conformities. In the tecto-
sedimentary analysis, coarsening and fining upward evolutions are
related to basinwide stages of increasing and decreasing tectonic activity
respectively, and it is assumed that each TSU characterized in a basin
has chronostratigraphic significance (e.g. Pardo et al., 1989; Pérez-
Rivares et al., 2018). Following this methodology, the analysis of the
syntectonic successions recorded in the foreland Ebro basin resulted in
the identification of eight tecto-sedimentary units (TSUs T1 to T8),

Earth-Science Reviews 235 (2022) 104251

which were dated as late Paleocene-middle Miocene (e.g. Villena et al.,
1996; Munoz et al., 2002; Pardo et al., 2004).

The alpine compression involved the formation of a set of isolated
intramountain subbasins in the interior areas of the Iberian Ranges. Four
of these subbasins developed around the Montalban anticline, the Aliaga
and Montalban subbasins to the south, and the Berge and Alloza sub-
basins to the north (Fig. 2A). As explained above, the sedimentary re-
cord of the Montalban subbasin was divided in TSUs M1-M5 (Pérez
et al., 1983; Casas et al., 2000). Pardo et al. (1989) proposed a late
Paleocene-Eocene age for TSUs M1 and M2 based in regional correlation
(Fig. 16A). However, the age calibration of the Allueva Fm reported here
indicates a middle-late Campanian age for the TSU-M1, and a latest
Campanian earliest Maastrichtian age for the lower part of TSU-M2
(Fig. 16B). Moreover, the nearby Aliaga subbasin was divided in TSUs
A1-A6 (Gonzalez, 1989), which were regarded as age equivalent to the
TSUs identified in the Montalban subbasin. The upper levels of the TSU-
Al include the dinosaur fossils of the Cirugeda site (Canudo et al., 2005).
In the Aliaga subbasin, the boundary between the TSUs-Al and A2 is an
erosive angular unconformity (Gonzalez and Guimer, 1993). This un-
conformity is here regarded as possible lateral equivalent to the un-
conformity identified between the Allueva Fm and the Paleogene unit in
the Montalban subbasin (Fig. 16B).

Northwards to the Montalban anticline, the age of the oldest conti-
nental unit recorded in the Berge and Alloza subbasins (i.e. TSU-T1 in
Pardo et al., 1989) was dated as late Paleocene middle Eocene
(Fig. 16A). This age assignment was indicated by the presence of the
Eocene continental gastropod Vidaliella gerundensis Vidal, 1983, and by
regional correlation with equivalent units of the South Ebro Basin
(Pardo et al., 1989). Moreover, there is a widespread regional angular
unconformity between the underlaying marine Cretaceous carbonate
units and the TSU-T1, which is associated to a large erosive gap of
variable amplitude (e.g. Gonzalez, 1989). The data presented in our
work indicates that this TSU-T1 is not coeval to the TSUs Al and M1
defined in the Aliaga and Montalban subbasins respectivelly.

In summary, the results presented here indicate that the latest
Cretaceous-Paleogene tectonic evolution left a particular record of ge-
netic TSUs in the intramountain subbasins developed north and south to
the Montalban anticline respectively. This shows that much caution
should be paid in the use of the tecto-sedimentary analysis as a tool to
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Fig. 16. A: Stratigraphy of the older tecto-sedimentary units (TSUs) recorded in the subbasins located north and south to the Montalban anticline (according to Pardo
et al., 1989). B: Equivalence between the TSUs A1-A2/M1-M2 and the Allueva Fm defined in this work.
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correlate the sedimentary successions found in separated intramountain
subbasins. At local scale, the movement of individual structures control
the formation of local unconformities and the imprint of particular facies
trends in the syntectonic sedimentary successions (e.g. Santanach, 1989;
Santolaria et al., 2015), but this observation cannot be assumed to occur
at larger regional scale.

10.2. Implications for the latest Cretaceous palaeogeographic evolution of
the Iberian basin

The compressional regime in the central and eastern Iberian Ranges
occurred mostly during the Eocene-early Miocene (e.g. Casas et al.,
2000; Capote et al., 2002; Antolin-Tomas et al., 2007). However, the
presence of the middle-late Campanian continental Allueva Fm indicates
that the initial phases of uplift of some large-scale structures of the
northeastern Iberian Ranges, such as the Montalban anticline started
earlier, during the latest Cretaceous. Southwards to this incipiently
uplifted area, the northern margin of the Montalban continental sub-
basin studied here accommodated the 500-700 m-thick Allueva Fm.

The latest Cretaceous synsedimentary tectonics in the Iberian basin
have been recently reviewed in Martin-Chivelet et al. (2019a). These
authors point out that although the stress intensity and tectonic activity
has notable spatial variability across the different domains, the timing of
tectonic pulses in the various subbasins and domains of the Iberian basin
was nearly isochronous. They differentiate two major latest Cretaceous
tecto-sedimentary stages: (1) a latest Santonian initiation of conver-
gence, with drastic palaeogeographic reorganization and new subsi-
dence patterns in the Basque-Cantabrian basin, in the northern Castillian
platform and in the Southern Iberian domain; and (2) a late early
Maastrichtian-late Maastrichtian stage of renovated contractive tecto-
nism affecting not only the Pyrenees and the Basque-Cantabrian basin,
but also different domains of the Iberian basin. Moreover, the data re-
ported here shows further stages of tectonic reactivation during the
middle part of the middle Campanian (with the initial uplift of the
Montalban anticline), and during the middle part of the late Campanian
(with sharp increase of the subsidence rates in the Allueva Fm).

The Aliaga and Montalban subbasins appear at present as two well-
differentiated intramountain basins separated by the Utrillas thrust
(Fig. 2A). However, the formation of this large thrust structure occurred
after the sedimentation of the Allueva Fm, onwards from the Eocene-
Oligocene transition (Gonzalez and Guimer, 1993; Simon and Liesa,
2011). Therefore, most probably there was a connection between the
Aliaga and Montalban subbasins during the sedimentation of the Allueva
Fm. The local presence of conglomeratic beds dominated by calcareous
pebbles (mostly sourced from Jurassic and Upper Cretaceous marine
carbonate rocks) in different intervals of the Allueva Fm indicates the
presence of a proximal source area involving the uplift and erosion of
Mesozoic rocks. The dominant palaeocurrent data measured in the
northern margin of the Montalban subbasin shows that the source area
was the incipiently uplifted Montalban anticline (see also Pérez et al.,
1983). However, in the Aliaga subbasin palaeocurrent and overall facies
distribution indicates that this detrital calcareous material was also
supplied from the southern marginal areas (Gonzalez and Guimer, 1993;
Gonzalez and Pérez, 2018). Following the interpretation of previous
work (i.e. Gonzdlez and Guimer, 1993), in the late Campanian palae-
ogeography reconstructed here it is suggested the presence of a broad
uplifted area located south to the Aliaga and Montalban subbasins,
which is named Southern high (Fig. 14).

It is interesting to note that north to the Montalbdn anticline, around
to the Sierra de Arcos thrust (see Fig. 2A for location) occur the north-
ernmost Upper Cretaceous outcrops of the northeastern Iberian Ranges.
There, a 35 m-thick peritidal to shallow marine carbonate succession
includes biostratigraphic markers (benthic foraminifera, rudists) that
suggest an irregular and condensed sedimentation during the Cen-
omanian-Santonian in this marginal marine area (Rios-Aragiies et al.,
1981). The uplift of the area located north to the Montalban subbasin
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during the Campanian resulted in the exposure of this peritidal-shallow
marine area (see white dashed line in Fig. 14). In coherence to most of
the available paleogeographic reconstructions of north Iberia (e.g.
Martin-Chivelet et al., 2019a), this elevated area could be regarded as a
southern expansion of the Ebro massif. The presence of the elevated area
of terrigenous supply of the Ebro massif is evidenced not only during the
latest Cretaceous, but in other Mesozoic intervals. For instance, the ex-
istence of the Ebro massif during the Late Jurassic is indicated by the
distribution of siliciclastic-rich intervals in the Oxfordian-Kimmeridgian
units of the northern Soria Seaway (e.g. Aurell et al., 2003), or during
the Early Cretaceous, with the northern terrigenous clastic input in the
Barremian-Aptian of the Oliete subbasin (e.g. Liesa et al. in Martin-
Chivelet et al., 2019b; Garcia-Penas et al., 2022).

Onwards from the earliest Maastrichtian, the sedimentary area in the
Iberian basin became mostly restricted to the Castillian domain
(Fig. 15). In the central and southern Iberian basin there are few evi-
dences of development of subsiding areas during the Maastrichtian, and
has been also suggested an uplift and erosion of the Duero domain (e.g.
Gil et al., 2010; Pérez-Garcia et al., 2016), of the northern Maestrazgo
domain (this work), and of the South Iberian domain, where only the
continental Cerrillares Fm is locally recorded (Martin-Chivelet et al.,
2019a). In contrast, in the central areas of the Castillian domain there
are two continental subbasins (i.e. the Arganza-Talveila-Cubillos and the
Covarrubias-Santo Domingo de Silos subbasins) separated by a
threshold, that according to Floquet (1991) originated from a local
tectonic uplift. It is also suggested that the widespread regressive event
observed in the northern Iberian basin at the latest Cretaceous could also
be favoured by the general long-term Maastrichtian sea level fall (e.g.
Haq, 2014).

In summary, the reported review shows evidences of successive
stages of tectonic activity during the latest Cretaceous initial stages of
Africa-Europe-Iberia convergence (e.g. Dercourt et al., 1986; Visser and
Meijer, 2012; Dielforder et al., 2019), which have variable intensity over
space and time. This resulted in significant differences in the stratig-
raphy (age, thickness, and lithology) of the continental-dominated for-
mations coevally deposited in the interior areas of the Iberian basin.
According to the age proposed by different authors for the boundaries of
the latest Cretaceacous units of the Iberian basin (some of them still open
to discussion: see questions marks in Fig. 15), three stages of palaeo-
graphic evolution are proposed:

e Around the Santonian-Campanian transition, the onset of the sedi-
mentation of the thick-continental carbonate-evaporite dominated
successions (with scarce terrigenous input) of the Villalba de la Sierra
and Sierra Perenchiza formations indicates a major palaeogeo-
graphic rearrangement of the South Iberian domain (see zone A in
purple, Fig. 14). Local development of highly subsident subbasins
(thickness up to 500 m during the entire Campanian) occurred in
relatively interior areas of the basin. Westwards, the relatively low
subsiding area located close to the Iberian massif in the Duero
domain had significant terrigenous influence (i.e. Vegas de Matute
Fm; Gil et al., 2010). Eastwards, in the Maestrazgo domain, sedi-
mentation rates and terrigenous input during the sedimentation of
the lower Campanian Fortanete Fm was relatively low, with no ev-
idences of tectonic uplift of the northern marginal areas.

During the middle-late Campanian, the Aliaga and Montalban sub-
basins developed in the northern Maestrazgo domain (see zone B in
purple, Fig. 14). Large subsidence rates allow the accumulation of
the 300-700 m-thick terrigenous-dominated successions of the
Allueva Fm, with a further stage of increase of tectonic activity
during mid-late Campanian to explain the sharp increase in subsi-
dence rates. Northwards, the southern flank of the Montalban anti-
cline (probably representing the southern margin of the Ebro massif)
was uplifted. Certain areas of the Southern high were also probably
uplifted, and supplied detrital material to the Aliaga subbasin.
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Further south, continental sedimentation in the subsident areas of
the South Iberian domain persisted (see zone A in purple, Fig. 14).

Onwards from the earliest Maastrichtian sedimentation in most of
the South Iberian, Maestrazgo and Duero domains was scarse.
Northwards, local subsiding subbasins developed in the central part
of the Castillian domain, with the sedimentation of the mixed-
succession of the up to 270 m-thick Santibanez del Val Fm (see
zone C in purple, Fig. 14). Moreover, in the northern Castillian
domain, there are evidences of tectonic activity during the mid-late
Maastrichtian, as indicated by the angular unconformity between
the Sobrepena and Torme formations (i.e. intra-Maastrichtian un-
conformity, Baceta et al., 1999).

During the three stages of palaeogeographic evolution summarized
above, the areas of the Iberian basin represented by the Central and
Southern highs (Fig. 14) remained probably uplifted. Marine incursions
sourced from the north reached the Castillian domain during most of the
Campanian (e.g. Floquet, 1991), whereas those sourced from the south
left peritidal-shallow marine intervals only in the late Santonian-earliest
Campanian successions recorded in the South Iberian and Maestrazgo
domains (e.g. Garcia et al., 2004; Torromé et al., 2022).

The newly defined Allueva Fm is also relevant in terms of vertebrate
paleontology, specially related to dinosaurs. It is nowadays widely
accepted that across the late Campanian-early Maastrichtian, a faunal
turnover took place in the Ibero-Armorican landmass (Csiki-Sava et al.,
2015), which affected primarily to herbivorous dinosaurs. This change
of faunas was firstly reported by Le Loeuff et al. (1994) and supported
and characterized lately by other authors (Lopez-Martinez et al., 2001;
Pereda-Suberbiola et al., 2003; Csiki-Sava et al., 2015; Sellés and Vila,
2015; Vila et al., 2016). Apparently, the preturnover communities were
dominated by titanosaurian sauropods, rhabdodontids ornithopods and
struthiosaurine ankylosaurs, which were all replaced by hadrosauroid
ornithopods and different titanosaurian, probably coming from Asia the
first and from Gondwana the second. The turnover happened in the early
part of the late Maastrichtian, around the C31r-C31n reversal (Fonde-
villa et al., 2019), and though both pre and post turnover faunas coex-
isted for around 1.2 Ma, soon the hadrosauroids became the
predominant herbivorous fauna. By this reason, the Allueva Fm (middle-
late Campanian in age) becomes an interesting geological unit to char-
acterize and add information to the knowledge of the dinosaur assem-
blages that inhabited Iberia prior to the faunal turnover. Any future
finding would help to give new answers to this topic.

11. Conclusions

The uppermost Cretaceous Allueva Fm defined in this work is a
continental terrigenous-dominated unit deposited in the early tages of
formation of the Montalban and Aliaga subbasins of the northeastern
Iberian basin (Maestrazgo domain, Spain). Paleomagnetic data con-
strained with charophyte biostratigraphy indicates that the Allueva Fm
was deposited during the middle-late Campanian subchron C33n, and
during most of the latest Campanian-earliest Maastrichtian C32 chron.
This new age calibration involves major revision of the stratigraphy
proposed in previous regional stratigraphic work, which regarded this
unit as deposited during the Paleogene.

The Allueva Fm is a red mudstone-dominated succession, including
intercalation of cross-bedded to massive- bioturbated sandstones and
conglomerates dominated by calcareous pebbles, with local presence of
gypsum-rich levels and carbonates. The overall distribution of the
distinguished facies associations indicates that the unit was deposited in
the middle-distal areas of an alluvial system, with sandstone-
conglomeratic distributary braided fluvial channels. Mudflats with
common interstitial gypsum as a result of the reduced supply of water
and terrigenous sediment are found in the middle part of the Allueva Fm.
The abrupt setting in the upper part of the Allueva Fm of a large
lacustrine-palustrine carbonate area with evidence of intense microbial
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activity (micritic mounds, oncolites) has been related to an increase of
water input. Most of the dinosaur fossil sites in the Allueva Fm occur in
the marginal areas of this lacustrine system.

A remarkable fossil assemblage of vertebrates found in the upper part
of the Allueva Fm correspond to the latest Campanian (i.e. C32n cro-
nozone), previous to the faunal turnover that took place in the Ibero-
Armorican landmass in the early part of the late Maastrichtian. The
vertebrate association of Allueva consist of abundant archosaurs with
the widespread presence of titanosaur sauropod dinosaurs. Otherwise, of
particular biostratigraphic interest is the charophyte-rich level found in
the vertebrate fossil site of Canalatorre, which includes Bymochara
conquensis, Strobilochara cf. diademata, and Peckichara cristatella among
other species. This assemblage was previosly assigned to the late
Campanian-early Maastrichtian time range, but it is now constrained in
the Montalban subbasin to the latest Campanian.

The Allueva Fm includes successive conglomeratic levels with
abundant poorly sorted calcareous pebbles, which were sourced from
the erosion of previous Jurassic and Cretaceous marine rocks. Palae-
ocurrent data indicates the presence of a northern source area. This
indicates the incipient uplift and erosion of the Montalban anticline
coeval to the sedimentation of the Allueva Fm at the middle-upper
Campanian. An increase of sedimentary rates (from average rates of
c.4 cm/Ky to 19 cm/Kky) observed in the lower part of the Allueva Fm has
been related to a stage of increasing tectonic activity around the
boundary between magnetozones C33/C32 (i.e. midde part of the late
Campanian).

The observations provided in this work after the comparative review
of the contiental latest Cretaceous dinosaur-bearing successions recor-
ded across the different sedimentary domains of the Iberian basin should
have to be accounted in future reconstructions of the geodynamic evo-
lution of northeast Iberia during the latest Cretaceous. Some of the ob-
servations listed below have to be regarded as preliminary, until a
precise age calibration is reached for all the uppermost Cretaceous
continental sedimentary successions of the Iberian basin. The success of
the approach used in this work to calibrate the age of the Allueva Fm
(combining charophyte biostratigraphy and magnetostratigraphy)
opens the possibility to reach this objective. The review of the available
data reported here indicates that:

e Sedimentation during the Campanian-Maastrichtian was irregularly
distributed in the interior areas of the Iberian basin, with a patchy
distribution of the subsiding continental-dominated areas. This
contrasts with the relatively large lateral extension of the shallow
marine carbonate ramps developed in wide areas of the Iberian basin
during the previous Cenomanian—Santonian post-rift stage. Onwards
from the Campanian, marine influence in the Iberian basin became
mostly restricted to the northern Castillian domain.

e A number of locally highly subsident continental subbasins start to
develop in the interior areas of the Iberian basin at different time
intervals, with a south to north migration of the tectonic deforma-
tion: during the Campanian in the South Iberian domain, during the
middle-late Campanian in the Maestrazgo domain, and mostly dur-
ing the Maastrichtian in the central Castillian domain.

In the southern and central areas of the Iberian basin, the larger

subsidence and sedimentation rates occur locally during the middle-

late Campanian with the development of the continental Montalban
subbasin in the Maestrazgo domain (up to 500-700 m-thick Allueva

Fm), and during the whole Campanian in the South Iberian domain

(up to 500-m thick Villalba de la Sierra Fm). In contrast, the Maas-

trichtian sedimentary record is poorly represented in the central and

southern areas of the Iberian basin, resulting in the presence of a

wide sedimentary gap that probably embraces also most of the

Paleocene.

o In all the latest Cretaceous continental subbasins of the Iberian basin,
dinosaur fossil sites including abundant titanosaurs and ornithopods
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are concentrated in a relatively narrow timespan from late Campa-
nian to earliest Maastrichtian.
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