ResearchGate

See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/364391244

A review of the European Neogene Mammal zones from integration of litho-,
bio- and magnetostratigraphy in the Teruel Basin

Article in Earth-Science Reviews - October 2022

DOI: 10.1016/j.earscirev.2022.104223

CITATIONS READS
0 68

4 authors, including:

¥ Aranzazu Luzoén . Carlos L. Liesa
“.&~ University of Zaragoza University of Zaragoza
72 PUBLICATIONS 794 CITATIONS 134 PUBLICATIONS 2,132 CITATIONS

SEE PROFILE SEE PROFILE

Some of the authors of this publication are also working on these related projects:

Project Deciphering keys for unravelling between climatic and tectonic signals in continental extensional basins using multi-proxy analysis (DISCLITEC) View project

All content following this page was uploaded by Carlos L. Liesa on 03 November 2022.

The user has requested enhancement of the downloaded file.


https://www.researchgate.net/publication/364391244_A_review_of_the_European_Neogene_Mammal_zones_from_integration_of_litho-_bio-_and_magnetostratigraphy_in_the_Teruel_Basin?enrichId=rgreq-8b4b5d5f1a10fa33c5a4a292e27b1cc0-XXX&enrichSource=Y292ZXJQYWdlOzM2NDM5MTI0NDtBUzoxMTQzMTI4MTA5NDM0Mzc2M0AxNjY3NDYxMzg4MTc0&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/364391244_A_review_of_the_European_Neogene_Mammal_zones_from_integration_of_litho-_bio-_and_magnetostratigraphy_in_the_Teruel_Basin?enrichId=rgreq-8b4b5d5f1a10fa33c5a4a292e27b1cc0-XXX&enrichSource=Y292ZXJQYWdlOzM2NDM5MTI0NDtBUzoxMTQzMTI4MTA5NDM0Mzc2M0AxNjY3NDYxMzg4MTc0&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Deciphering-keys-for-unravelling-between-climatic-and-tectonic-signals-in-continental-extensional-basins-using-multi-proxy-analysis-DISCLITEC?enrichId=rgreq-8b4b5d5f1a10fa33c5a4a292e27b1cc0-XXX&enrichSource=Y292ZXJQYWdlOzM2NDM5MTI0NDtBUzoxMTQzMTI4MTA5NDM0Mzc2M0AxNjY3NDYxMzg4MTc0&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-8b4b5d5f1a10fa33c5a4a292e27b1cc0-XXX&enrichSource=Y292ZXJQYWdlOzM2NDM5MTI0NDtBUzoxMTQzMTI4MTA5NDM0Mzc2M0AxNjY3NDYxMzg4MTc0&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Aranzazu-Luzon?enrichId=rgreq-8b4b5d5f1a10fa33c5a4a292e27b1cc0-XXX&enrichSource=Y292ZXJQYWdlOzM2NDM5MTI0NDtBUzoxMTQzMTI4MTA5NDM0Mzc2M0AxNjY3NDYxMzg4MTc0&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Aranzazu-Luzon?enrichId=rgreq-8b4b5d5f1a10fa33c5a4a292e27b1cc0-XXX&enrichSource=Y292ZXJQYWdlOzM2NDM5MTI0NDtBUzoxMTQzMTI4MTA5NDM0Mzc2M0AxNjY3NDYxMzg4MTc0&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University-of-Zaragoza?enrichId=rgreq-8b4b5d5f1a10fa33c5a4a292e27b1cc0-XXX&enrichSource=Y292ZXJQYWdlOzM2NDM5MTI0NDtBUzoxMTQzMTI4MTA5NDM0Mzc2M0AxNjY3NDYxMzg4MTc0&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Aranzazu-Luzon?enrichId=rgreq-8b4b5d5f1a10fa33c5a4a292e27b1cc0-XXX&enrichSource=Y292ZXJQYWdlOzM2NDM5MTI0NDtBUzoxMTQzMTI4MTA5NDM0Mzc2M0AxNjY3NDYxMzg4MTc0&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Carlos-Liesa?enrichId=rgreq-8b4b5d5f1a10fa33c5a4a292e27b1cc0-XXX&enrichSource=Y292ZXJQYWdlOzM2NDM5MTI0NDtBUzoxMTQzMTI4MTA5NDM0Mzc2M0AxNjY3NDYxMzg4MTc0&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Carlos-Liesa?enrichId=rgreq-8b4b5d5f1a10fa33c5a4a292e27b1cc0-XXX&enrichSource=Y292ZXJQYWdlOzM2NDM5MTI0NDtBUzoxMTQzMTI4MTA5NDM0Mzc2M0AxNjY3NDYxMzg4MTc0&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University-of-Zaragoza?enrichId=rgreq-8b4b5d5f1a10fa33c5a4a292e27b1cc0-XXX&enrichSource=Y292ZXJQYWdlOzM2NDM5MTI0NDtBUzoxMTQzMTI4MTA5NDM0Mzc2M0AxNjY3NDYxMzg4MTc0&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Carlos-Liesa?enrichId=rgreq-8b4b5d5f1a10fa33c5a4a292e27b1cc0-XXX&enrichSource=Y292ZXJQYWdlOzM2NDM5MTI0NDtBUzoxMTQzMTI4MTA5NDM0Mzc2M0AxNjY3NDYxMzg4MTc0&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Carlos-Liesa?enrichId=rgreq-8b4b5d5f1a10fa33c5a4a292e27b1cc0-XXX&enrichSource=Y292ZXJQYWdlOzM2NDM5MTI0NDtBUzoxMTQzMTI4MTA5NDM0Mzc2M0AxNjY3NDYxMzg4MTc0&el=1_x_10&_esc=publicationCoverPdf

Earth-Science Reviews 234 (2022) 104223

. : ; ; =
Contents lists available at ScienceDirect = s

Earth-Science Reviews

journal homepage: www.elsevier.com/locate/earscirev

ELSEVIER

Check for

A review of the European Neogene Mammal zones from integration of e
litho-, bio- and magnetostratigraphy in the Teruel Basin

Lope Ezquerro™®™", Aranzazu Luzén?, José L. Simén ?, Carlos L. Liesa®

@ Departamento de Ciencias de la Tierra, Facultad de Ciencias, Instituto Universitario de Investigacién en Ciencias Ambientales (IUCA), Universidad de Zaragoza, Pedro
Cerbuna 12, 50009 Zaragoza, Spain
> GEOBIOTEC, Department of Earth Sciences, NOVA School of Science and Technology, Campus de Caparica, P-2829 516 Caparica, Portugal

ARTICLE INFO ABSTRACT

Keywords: The northern sector of the Teruel Basin (Spain) houses a dense and continuous record of late Neogene mammal
3D stratigraphy fossil sites, as well as numerous biostratigraphic and magnetostratigraphic information making it a reference
BiUStratigraPhY basin to define and refine the European mammal biostratigraphy from the Vallesian to the Villafranchian. The
;I};ozr;f;zangraphy Neogene mammal chronology is in ongoing revision, and distinct correlations between basins and Europe

provinces have been proposed based on their relative ages. New calibration methods based on numerical
modelling have allowed the absolute ages of the paleontological sites to be refined. Nevertheless, some dis-
crepancies arise, evidencing that anchoring between absolute ages and mammal fossil record would benefit from
a stronger stratigraphical framework. This work provides such a robust 3D stratigraphic framework of the whole
basin that, together with magnetostratigraphy, allows establishing an accurate chronostratigraphic model and
hence a precise chronology of sedimentary units and mammal sites. The absolute age of MN zones, or mammal
stages, in the Teruel Basin has been revised on the basis of a detailed and confident stratigraphic correlation, and
updated to the most recent Geomagnetic Polarity Time Scale. In particular, new accurate ages have been pro-
posed for the boundaries MN 9/10 to MN 16/17 from data exclusively located in the Teruel Basin, with a

precision generally of 0.1-0.2 Ma.

1. Introduction

The definition of stratigraphic units in continental basins as a
reference for dividing the sedimentary record upon chronological
(relative or absolute) bases, as well as the correlation between different
geological provinces, continue to be a matter of special interest for ge-
ologists. The first and most widespread method used to date terrestrial
deposits in Cenozoic basins is based on mammal fossil remains. In this
way, the northern Teruel Basin has been a key area for the proposal and
improvement of the Mammal Neogene zones (MN zones; Mein, 1975),
the European Mammal units (MN units; Bruijn et al., 1992), as well as
the European Land Mammal Ages scale (ELMA; Sen, 1997) or the Eu-
ropean Land Mammal Mega-Zones (ELMMZ, Steininger, 1999). The
correlation of local magnetostratigraphy with the Geomagnetic Polarity
Time Scale (GPTS) is partially based on the age provided by the pale-
ontological sites, so the reliability and precision of the former will be
conditioned by the reliability provided by the latter. However, this

methodology entails several difficulties; among others, the lack of ver-
tical continuity of the faunal assemblages in stratigraphic successions,
demonstrated superposition between paleontological sites, sedimentary
hiatuses, and fauna migration and extinction events (e.g. Lindsay, 2003;
Dam, 2003).

During the last decades absolute dating methods as magnetostrati-
graphic, radiometric or astrochronological ones, have contributed
enormously to unraveling some of these topics, such as the age cali-
bration of mammal zones. However, new questions have arisen mainly
related to the degree of isochrony of the mammal-based boundaries (e.g.
Fahlbusch, 1991; Agusti et al., 2001; Abdul Aziz et al., 2003; Koufos,
2013). This has led to the proposal of several nomenclatures and con-
ceptual approaches depending on whether the mammal-based units are
considered as biochronological, biostratigraphic, chronostratigraphic or
geochronological units, in some cases used as synonyms (e.g. Lindsay
et al., 1990; Lindsay, 2003; Dam, 2003; Lourens et al., 2004; Hilgen
et al., 2012). The multivariate analysis of information included in fauna
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catalogs, through the application of the appearance event ordination
(AEO) method of Alroy (1994), or the maximum likelihood appearance
event ordination (ML AEO; Alroy, 2000), is becoming increasingly
generalized. Accurate source data are highly desirable to apply such
procedure and assign absolute ages to uncalibrated mammal units.

Significant contributions to solve these issues must necessarily arise
from in-depth investigation of basins with a great mammal localities
wealth. The continental Teruel Basin has been proved to be an excep-
tional area for Neogene vertebrate studies, both on micro- and macro-
mammal faunas. This basin has been a reference for international pa-
leontologists since 1950 due to the huge number of paleontological sites,
the variety of Neogene fauna assemblages and the excellent fossil con-
servation. For these reasons, the record of mammal fossils in the
northern sector of the basin has contributed substantially to studies
focused on the evolution of the European vertebrates. Despite the large
number of fossiliferous sites, as well as the existence of several magne-
tostratigraphic sections, the chronostratigraphic framework of the
northern part of the Neogene Teruel Basin is not yet well known because
an accurate stratigraphic framework was still lacking. Although
approximately 40 local stratigraphic profiles have been studied in the
area (e.g. Weerd, 1976; Godoy et al., 1983a, 1983b; van Dam, 1997;
Alonso-Zarza et al., 2000, 2002), and the main stratigraphic and sedi-
mentological characteristics have been established, little or nothing had
been done to ascertain their correlation and the overall stratigraphic
architecture of the basin. Some correlation proposals were fundamen-
tally based on lithological criteria, forgetting the frequent and rapid
lateral facies changes, which are typical in small terrestrial basins as the
Neogene Teruel Basin. This situation has led to some paradoxical situ-
ations such as the proposal of the Turolian stratotype section in Los
Mansuetos area (Crusafont, 1965; Calvo et al., 1999), whose high
geological complexity has not had a satisfactory stratigraphic and
structural interpretation (Calvo et al., 1999; Lafuente, 2011; Gutiérrez
et al., 2012) until the PhD Thesis of Ezquerro (2017). It is therefore not
surprising that other proposals for the definition of stratotypes, such as
the Alfambrian (Moissenet et al., 1990), have not been consolidated. In
short, the proliferation of paleontological works in this basin during the
last five decades is not in agreement with the absence of a precise
stratigraphic framework.

This work proposes a robust stratigraphic framework based on an
intensive study that includes logging and correlation of new strati-
graphic sections and integration of all the available paleontological and
magnetostratigraphical data. It has allowed the chronological bracketing
of the northern Teruel Basin Neogene infill to be reviewed. The estab-
lishment of a integrated bio- and chronostratigraphic model, mainly
based on stratigraphic relationships between lithological units, fossil
sites and magnetostratigraphic profiles, has strengthened the absolute
age calibration of mammal sites. The age of boundaries between MN
zones 9 to 17 is reviewed and discussed. Our results will help to refine
the European mammal chronology and to clarify future correlations
between different Iberian basins or paleontological provinces.

2. Geological setting
2.1. The Neogene Teruel Basin

The Neogene Teruel Basin is an elongated, NNE-SSW trending intra-
mountain graben situated in the central-eastern Iberian Chain, eastern
Spain (Fig. 1a). Breaking the NW-SE trending contractive structure of
the chain (Fig. 1b), this and other extensional basins (Maestrat grabens
or the Jiloca Graben) were developed associated to the rifting of the
Valencia Trough (Mediterranean Sea) that has been affecting the
central-eastern part of Iberia since the Early-Middle Miocene (Alvaro
etal., 1979; Capote et al., 2002). The southern sector of the Teruel Basin
(Teruel-Mira) is an asymmetric graben that, through a transition zone
(nearby Teruel city), passes to a half-graben in the northern sector
(Teruel-Perales de Alfambra, Fig. 1b). The transition zone is structurally
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complex due to the connection with the Jiloca Basin and the existence of
an ensemble of diversely oriented faults: Concud, Tortajada, Teruel, Los
Mansuetos and Valdecebro faults. In the northern sector, the basin
structure is controlled by faults and fault zones in its eastern margin
(Moissenet, 1983; Simon et al., 2012; Ezquerro, 2017; Ezquerro et al.,
2019, 2020; Liesa et al., 2019), with N-S (El Pobo Fault Zone and Cab-
igordo fault) and NE-SW (Peralejos and Tortajada faults) directions. In
the hanging-wall block, Neogene rocks are tilted towards the eastern,
active margin, forming a gentle but widely recognizable rollover
monocline.

The sedimentary fill of the Teruel Basin, up to 500 m in thickness, is
made of Neogene terrigenous, carbonate and gypsum rocks. These
represent alluvial and lacustrine sedimentation in alluvial fans sourced
in the margins that passed towards the central basin areas to palustrine-
lacustrine environments (Weerd, 1976; Moissenet, 1980; Godoy et al.,
1983a, 1983b; Alonso-Zarza et al., 2000; Ezquerro et al., 2014, 2019;
Ezquerro, 2017). In the northern Teruel Basin, the syn-rift infill spans
from the earliest Vallesian (Late Miocene, ca. 11.2 Ma) to the latest
Villafranchian (Late Pliocene-Early Pleistocene, ~1.8 Ma) (Ezquerro,
2017; Ezquerro et al., 2022). Several stratigraphical divisions have been
proposed, in which, although different criteria were used for defining
the units, the large lithologic assemblages and their ages are generally
similar to each other (Fig. 2).

Weerd (1976) proposed four formations: Peral Fm (alluvial terrige-
nous facies), Alfambra Fm (lacustrine carbonates), Tortajada Fm (lacus-
trine evaporites) and Escorihuela Fm (alluvial, palustrine and aeolian
deposits). For mapping purposes, Godoy et al. (1983a, 1983b) used eight
lithological informal units, alternating terrigenous (Unidad Detritica
Inferior, Rojo 1, Rojo 2 and Rojo 3) and carbonate units (Calizas Inferiores,
Paramo 1 and Paramo 2), and culminated by the alluvial Villafranchian
Glacis. These units, based on lithology, subdivided the formal ones by
Weerd (1976) and have been widely used for lithostratigraphic
description. Later on, Alonso-Zarza et al. (2000), considering vertical
evolution of sedimentary environments, established five genetic units (I,
II, ITI, IV and V), whose age were later revised (Alcala et al., 2000; Sancho
et al., 2000; Anadon et al., 2004; Alonso-Zarza et al., 2012). While those
of previous authors were proposed for the entire basin, these genetic
units were defined in two separated areas: Tortajada and Villalba Alta,
respectively (Fig. 1b). Several problems arise in their correlation, both
between those areas and with respect to units defined by other authors;
e.g. the unit IV is correlated with the Escorihuela Fm, but neither their age
nor their stratigraphic position match exactly. Recently, based on a
throughout stratigraphical, sedimentological, and structural study of the
northern Teruel Basin, Ezquerro et al. (2014) and Ezquerro (2017)
proposed ten vertically-stacked megasequences (M1 to M10), which
correspond to six genetic units (TN1 to TN6) in the sense of Pardo et al.
(1989).

2.2. Paleontological studies

The paleontological record in the Teruel Basin is exceptionally long,
quite continuous and dense. Early paleontological studies date from the
early 18th century, when fossils north of the Concud village (nowadays
the Barranco de las Calaveras mammal site) were described (Feijoo,
1736). Since 1800, with the birth of Paleontology as a geological
discipline, the first systematic analysis considered such remains as
belonging to non-human mammals (Ezquerra Bayo, 1845; Maestre,
1845). The discovery of new mammal sites (e.g., Orrios and Los Man-
suetos sites) drove the first biostratigraphic studies, which led to the
proposal of a Miocene age for both fauna and sediments (e.g. Ezquerra
Bayo, 1850; Gervais, 1852; Vilanova and Piera, 1863; Cortazar, 1885).
With the turn to the 20th century, continuous work in the Teruel Basin
(Cerro de la Garita and Los Aljezares mammal sites) revealed the pres-
ence of Hipparion, Gazella, Hyaena, Caprelous, etc. among the most
important large mammal taxa (Hernandez-Pacheco, 1914, 1916, 1921,
1924, 1930), and small mammals (Navas, 1922; Margalef, 1947).
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TN5 and TN6 units (see Fig. 8 and Supplementary Figures).

Since 1950, the increasing interest in mammal paleontology has
turned the Teruel Basin into a focus of interest (Truyols, 1961; Crusa-
font, 1962; Crusafont et al., 1963; Crusafont and Truyols, 1964; Adrover,
1964) that culminated with the definition of the Turolian stratotype
(Crusafont, 1965), a new Upper Miocene continental stage. Its definition
was based on the high diversity of fauna, especially Hipparion and
Mastodon, although Gazella and Bovidae were also important. The type
section was approved by many researchers (Marks, 1971; Alberdi, 1974;
Adrover and Esteras, 1974; Adrover, 1962, 1963, 1975; Robles, 1975;
Aguirre et al., 1975; Alcala et al., 1994). The first regional paleonto-
logical and stratigraphical study of the northern Teruel Basin was per-
formed by Weerd (1976) with a clear biostratigraphic purpose.
Numerous rodent species were defined and multiple new mammal sites
were located.

In 1975, the proposition of the European Mammal Neogene (MN)
zones by Pierre Mein supposed a challenge in paleontological studies, in
which the Teruel Basin was a strategic area. The amount of taxonomic,
stratigraphic and chronological information, here and in the whole
Europe, increased greatly. Research on small mammals in the Teruel
Basin (from the Miocene to the Pleistocene) has been very prolific, in
both new fossil sites and species (Adrover, 1962, 1975; Adrover and
Mein, 1996; Adrover et al., 1976, 1978, 1982a-c, 1984, 1986, 1988,
1993a,b; Brujin, 1966; Brujin and van Meurs, 1967; Brujin and van
Meurs, 1967; Freudenthal, 1966, 1967; Brujin and Mein, 1968;
Michaux, 1971; Alberdi, 1974; Alcala, 1986, 1994; Alcala et al., 1991;
Alcala and Montoya, 1998a, 1998b; Daams et al., 1998; Montoya et al.,
2001a, 2001b; Salesa et al., 2003, 2010; Hordijk et al., 2015). Several
syntheses on the paleontological knowledge of the basin stand out, and
represent key contributions to the biostratigraphic scale (Adrover, 1975,
1981, 1986; Besems and Weerd, 1983; Mein et al., 1983, 1990; Bruijn
et al., 1992). More recently, a useful synthesis of small mammal sites
was firstly used to propose local zoning (van Dam, 1997; van Dam et al.,
2001), and then to interpret palaeoclimate conditions (van Dam and
Weltje, 1999; van Dam, 2006; van Dam et al., 2006; van Dam and
Reichart, 2009).

Studies on large mammals have shown a parallel trend, with
numerous works dealing with a huge variety of genera: Canis (Pons
Moya and Crusafont Pair6, 1978; Alcala, 1992, 1994), Eucyon (Rook,

2009), Bovidae (Alcala et al., 1991; Alcala, 1992, 1994; Alcala et al.,
2005; Alcala and Morales, 2006), Giraffidae (Alcala, 1992, 1994; Alcala
and Montoya, 1994), Cervidae (Alcala, 1992, 1994; Azanza and Mon-
toya, 1995; Azanza et al., 2000), Caprine (Alcala and Morales, 1997),
Rhinocerotidae (Cerdeno and Alcala, 1989; Alcald, 1992, 1994), Hippo-
potamidae (Alcala and Montoya, 1998a; Martino et al., 2021), Ursidae
(Montoya et al., 2001b), Paramachairodus (Salesa et al., 2003, 2010),
Hyaena (Pesquero et al., 2010), and perhaps the most studied, Hipparion
(Sondaar, 1961; Alberdi, 1974, 1986; Alberdi and Alcala, 1978, 1990;
Isidro et al., 2001; Pesquero, 2003; Pesquero et al., 2006, 2011).
Paleontological studies have also dealt with paleoecological
(Fernandez-Marron, 1972; Albesa et al., 1997), paleobotanic (Gregor
and Giinther, 1985), and taphonomic issues (Pesquero and Alcala, 2008;
Pesquero et al., 2010, 2012, 2013), including, e.g., fracture of Hipparion
metapodes (Alcala and Escorza, 1988) or long bone orientation in the
Concud locality (Alcald et al., 1999). Studies on the plenty of continental
mollusks (Albesa and Robles, 2006), bioclimatology (Azanza et al.,
2000; Renaud and van Dam, 2002; Hernandez Fernandez et al., 2007),
or the isotopic signature of Hipparion teeth related to paleoclimatology
(Domingo et al., 2007, 2009, 2013; van Dam et al., 2020) also stand out.

2.3. Magnetostratigraphical studies

Magnetostratigraphic studies in the Teruel Basin have not been as
profuse as paleontological ones, but they are essential for providing a
time frame to both, the mammal sites and the Neogene sedimentary fill.
Most of them were focused on calibrating the absolute age of both the
most significant paleontological sites and the boundaries of the MN
zones. As far as we know, ten magnetostratigraphic sections (La Roma,
Masada Ruea, Masada del Valle, La Gloria, El Bunker, Orrios, Villalba
Alta Rio, Villalba Alta, Escorihuela, and Concud) had been carried out in
the northern Teruel Basin (Krijgsman, 1996; Krijgsman et al., 1996;
Opdyke et al., 1997; Garcés et al., 1999; Kruvier et al., 2003). Recently,
our research group carried out a new magnetostratigraphic section
(Masada Cociero) located north close to the city of Teruel, which has
allowed to establish the chronological age of the most recent paleon-
tological site of the basin (RTC, Ezquerro et al., 2016).

As a result, the northern sector of this basin has one of the most
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complete magnetostratigraphic records for continental deposits world-
wide. It extends from the Vallesian (Tortonian) to the Villafranchian
(Gelasian), making the basin a reference for the European Neogene
Mammal scale (e.g. Agusti et al., 2001; Vangengeim et al., 2005; Hilgen
et al, 2012). The magnetostratigraphic sections are distributed
throughout the basin from the vicinity of Teruel city (to the south) to
Villalba Alta village (to the north) and cover practically the entire time
lapse represented by the outcropping sedimentary infill. Half of them are
located in the southern part of the study area (profiles of La Roma,
Masada Ruea, Masada del Valle, La Gloria and El Bunker), covering the
lower part of the stratigraphic record (Vallesian to Turolian, zones
MN10 to MN13). The rest (Orrios, Villalba Alta Rio, Villalba Alta,
Escorihuela, Concud and Masada Cociero) are located, except the last
two, in the northern part of the study area and cover the middle-upper
part of the stratigraphic record (Ruscinian to Villafranchian, zones
MN14 to MN17).

3. Methodology

To achieve our main objective, the methodological procedure has
involved integration of valuable information on stratigraphy, sedimen-
tology, paleontology and magnetostratigraphy of the Teruel Basin.

Stratigraphical works consisted of detailed logging, study and cor-
relation of 72 profiles located along the northern sector of the Teruel
Basin that represent ~5000 m of sedimentary thickness. The profiles
were selected along nine transverse sections (transects), trending
approximately W-E or NW-SE, with an average spacing of 4 km between
each other (Fig. 3). They were named, from south to north, Teruel (Te),
San Blas (SB), Tortajada (To), Celadas (Ce), Peralejos (Pe), Alfambra
(Al), Orrios (Or), Villalba Alta (Vi), and Los Alcamines (LA). Each
transect includes 6 to 13 stratigraphic profiles that can be easily iden-
tified by the abbreviation of the transect name and the profile number in
the transect, in ascending order from west to east. The study also
involved sedimentological analysis (Ezquerro, 2017), including identi-
fication and interpretation of lithofacies according to classical criteria
(lithology, texture, geometry of sedimentary bodies, sedimentary
structures, fossil content...), establishment of mappable lithofacies as-
sociations, and analysis of their vertical evolution by defining mega-
sequences and genetic units following the methodological approach of
Pardo et al. (1989). The megasequences are based on changes of grain-
size and facies associations at basin scale, where the boundaries between
megasequences correspond to changes from coarsening- to fining-
upwards trend or viceversa. The maximum in grain size or pro-
gradation are considered boundary of the genetic unit (Pardo et al.,
1989).

The 3D model was based on the recognition and correlation of
numerous key stratigraphic levels (20 guide levels) that, due to their
morphological expression, lithological or structural features and faunal
content, were easy to recognize and follow physically between different
outcrops (either in place or by means of aerial photography). Thus, a
robust correlation of the stratigraphic profiles in each transect and be-
tween adjacent transects was accomplished. The guide levels were
mapped at basin scale through a photogeological study using stereo-
scopic pairs of aerial photographs (scale 1:33000 and 1:18000) and
high-resolution digital satellite images (50 cm/pixel). The stratigraphic
correlation allowed the guide levels to be chronologically ordered;
thereafter, they were numbered correlatively, from oldest to youngest.
In some cases, several levels from different profiles are stratigraphically
located very close to each other (<3 m) and was not possible to establish
their relative position with accuracy. These levels were gathered in a
cluster and labeled with the same number. The correlation between the
guide levels and the magnetostratigraphic sections allowed their abso-
lute dating.

The bio-chronostratigraphic model of the basin has been achieved
from an exhaustive bibliographic review of the location of mammal sites
with biostratigraphic meaning (relative dating) and

(DUWK 6FLHQFH 5HYLHZV

magnetostratigraphic profiles (numerical dating), which could therefore
be linked to the 3D stratigraphic-sedimentological model. Paleontolog-
ical sites were classified according to the confidence in their strati-
graphic position within our 3D model, based on their proximity to the
stratigraphic profiles and magnetostratigraphic sections. Three cate-
gories were distinguished: 1 (accurate), 2 (fairly certain), and 3 (esti-
mated). Category 1 corresponds to mammal sites located in a
magnetostratigraphic section (or a few meters from them), making
possible an accurate correlation with our stratigraphic profile. Category
2 corresponds to sites located in our stratigraphic profiles, but not
associated with magnetostratigraphy, so that only their relative position
with respect to some correlation level is available. Category 3 corre-
sponds to sites not directly related with stratigraphic or magnetostrati-
graphic sections, their chronostratigraphic position being bracketed
between those of two consecutive guide levels. Based on the foregoing
criteria, the bio-chronostratigraphic model of the northern Teruel Basin
has been framed within the continental biostratigraphic scale repre-
sented by Mammal Neogene zones (MN zones; Mein, 1975), the Euro-
pean Land Mammal Ages scale (ELMA), and the global
magnetostratigraphic scale (GPTS) of Gradstein et al. (2020).

4. The 3D stratigraphic model of the northern Teruel Basin

The sedimentary fill almost hold the geometry and structure of the
basin, hampering the entire definition of the stratigraphic architecture
of the northern sector of the Teruel Basin by several factors: i) the
halfgraben synclinal geometry of the basin (Liesa et al., 2019; Ezquerro
et al., 2020), which determines that the sedimentary succession was
mainly exposed in the central areas but only partially at the basin
margins (remaining the oldest materials in subsurface positions); ii) the
weak Quaternary incision of the Alfambra River, running longitudinally
through the basin, and of the small ravines sourced from the basin
boundaries (Sanchez-Fabre, 1989), which prevents the lower succession
to crop out in the central parts of the basin; iii) the very scarce subsur-
face information, limited to a few shallow wells made for hydro-
geological purposes. Seismic profiles are not available, and a complete
characterization of the geometric arrangement and stratigraphic archi-
tecture of the syn-rift sedimentary sequence is not possible.

As a result, as explained before, the guide levels (Fig. 3) enabled
correlation within each transect but also between adjacent transects
(Fig. 4). Supplementary note 1 includes a brief description of the levels
and groups used for correlation, the stratigraphic profiles and transects
in which they have been recognized, as well as additional information
on the stratigraphic correlation procedure in each case. Supplementary
figs. 1 to 9 show nine 2D stratigraphic panels (or transects) traverse to
the basin axis with correlated stratigraphic profiles, megasequences and
genetic units; they also include the stratigraphic position of the mammal
sites with biostratigraphic significance and the magnetostratigraphic
sections on which the chronostratigraphic model is based.

The levels with higher lateral continuity (levels 6, 7 and 9) can be
followed from Teruel to Alfambra transects. Level 9, due to its higher
continuity and significance in relation to previous stratigraphic di-
visions, was chosen as main datum for the 3D stratigraphic model. In
addition, levels 10, 11, 12, 14, 15, 18 and 19, although much less
extensive, have been key for correlation in the northernmost area, be-
tween Orrios and Los Alcamines transects (Fig. 4). Due to their lateral
extension and vertical distribution, levels 1 to 9 enable a good litho- and
chronostratigraphic division of the lower part of the Neogene succession
in the central and southern sectors of the basin (between Alfambra-
Teruel). Levels 10 to 14 allow the middle-upper of the infill to be sub-
divided in the northernmost sector (Orrios-Villalba Alta). Levels 15 to
20, only recognized in Orrios-Villalba Alta and San Blas (south-western
area) transects, allow the characterization and analysis of the upper-
most part of the sedimentary fill.

The analysis of the lateral and vertical relations between the corre-
lation levels (Fig. 3 and Supplementary Figs. 1 to 9), as well as the 3D
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Fig. 3. Location of stratigraphic profiles, magnetostratigraphic sections and boreholes on which the 3D stratigraphic model of the northern sector of the Teruel Basin
is based (see explanation in the text). Guide levels are mapped. For correlation, the information has been grouped into transects: Teruel (Te), San Blas (SB), Tortajada
(To), Celadas (Ce), Peralejos (Pe), Alfambra (Al), Orrios (Or), Villalba Alta (Vi) and Los Alcamines (LA).
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Fig. 4. 3D stratigraphic panel in the northern Teruel Basin mostly based on physical correlation of guide levels (see Supplementary notes 1 and 2).
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model, allow to define an accurate stratigraphic division for the whole
basin. The Neogene sedimentary fill can be divided into six genetic units
(TN1 to TN6) that comprise 10 megasequences (M1 to M10). The odd-
numbered, coarsening-upwards sequences correspond to alluvial pro-
gradations, and the even-numbered, fining-upwards ones to retrogra-
dations (Ezquerro, 2017; Ezquerro et al., 2020). Boundaries between
these megasequences correspond to stratigraphical trend variations,
based on grain-size and facies association changes, from alluvial retro-
gradation to progradation and vice versa, and related lacustrine expan-
sions and retractions. Five major progradations have been recognized at
basin scale, whose maxima have been proved to be isochronous and
correspond to the boundaries (B1 to B5) between the genetic units
(Fig. 2). The deformation structures (unconformities, growth strata, etc.)
related to these boundaries reflect that alluvial progradations were
related to tectonically active periods. Throughout the basin, TN1 to TN4
units crop out in almost continuity, from Teruel to Alfambra localities,
while TN5 and TN6 are limited to the northern and southern areas.

5. Biostratigraphical constraints: stratigraphical position and
ascription to MN zones of the Neogene mammal sites

As explained in section 2.2, numerous works have been focused on
the paleontological record (mainly small and large mammals) of the
northern Teruel Basin. In most cases, fossiliferous sites are situated in
marl, marly limestone or dark mudstone levels, all of them deposited in
lacustrine-palustrine environments, but some localities are associated
with reddish mudstone from distal alluvial zones (van Dam et al., 2001;
Ezquerro, 2017). Some of the works include valuable notes on the dis-
covery of the paleontological sites, their name, synonyms, adscription to
the MN zone, and publications of reference (Adrover, 1986; Mein et al.,
1983, 1990; Alcala, 1994; van Dam, 1997; van Dam et al.,, 2001;
Dinodpolis Foundation, 2008). However, the geographic and strati-
graphic location of the paleontological sites is generally poorly defined
in many cases, especially when mammal remains have scarce paleon-
tological or biostratigraphic interest.

The paleontological studies have catalogued >150 fossil sites be-
tween Teruel city and Villalba Alta, but only 72 contain enough bio-
stratigraphical significance and detailed stratigraphic information that
permits to properly place them in our 3D stratigraphic framework. It has
been possible to locate 69 sites, mainly thanks to the works by Weerd
(1976), Mein et al. (1983, 1990), Adrover et al. (1986), Alcala et al.
(1994), and van Dam (1997), which provided valuable information on
the geographic location (map, geographic coordinates), geological in-
formation (description of the vertical succession, mapping, geological
cross-sections) or sketches and photographs of the mammal sites. In
addition, three macro-mammal sites (CO-1, CO-2 and VAG) were
recently located and dated by Ezquerro (2017). Despite knowing their
location with respect to our stratigraphic profiles Masada del Valle, El
Arquillo, La Gloria, Celadas, Puente Minero and Los Aguanaces, other
paleontological sites far away from biozone limits have not been used
because they would not improve the chronological model.

Table 1 compiles the acronyms (code), name, and reference works of
the above mentioned 72 mammal sites used in this work, as well as
valuable information on its stratigraphic location. The position of each
mammal site in the corresponding stratigraphic profile is shown in the
correlation panels (Supplementary Figs. 1 to 9). The sites have been
ordered in Table 1, according to their assignment to the MN zones (MN9
to MN 17) and, within each zone, based on the relative position with
respect to stratigraphic correlation levels.

Despite most mammal sites could be framed within our 3D strati-
graphic model, some open questions related to their nomenclature and
MN zone assignment remain unresolved. Next, we discuss these cases.
Regarding the nomenclature, sites ORR (Weerd, 1976) and OR1 (Adr-
over, 1986; Mein et al., 1990) could be the same, as suggest van Dam
et al. (2006). However, after reviewing the locations, stratigraphic col-
umns and schemes, we have considered that they are different sites,
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since clear differences in their location and stratigraphic position do
exist. ORR is located in the central part of a thick limestone package near
Casas del Rio, while OR1 is located in a marl level under such limestone
package at the Orrios road, south to the former one. As a second case, the
nomenclature of fossil sites used by Weerd (1976) in the Escorihuela
area differs from that of later works, which generates confusion (e.g.,
Opdyke et al., 1997; van Dam, 2006; Rodriguez-Lopez et al., 2012). We
have chosen the nomenclature by Mein et al. (1990), since is the most
followed one.

In other cases, the same fossil site could have been cited with
different names by different authors. The two sites (CO-1 and CO-2 in
Table 1), discovered by Ezquerro (2017) in El Coscojar area, southwards
of Escorihuela village, provisionally indicating a MN15 zone (Alcala,
pers. com.), could correspond to the Colmenar micro-mammal site,
Ruscinian in age (zone MN15), described by Mein et al. (1983).
Although the latter has not been accurately located, the proximity of the
Colmenar ravine (< 100 m) and their similar age could indicate that
they are the same fossiliferous beds indeed. In the same way, the site
Villalba Alta Granja (VAG in Table 1; Ezquerro, 2017) is located in a bed
extending laterally >200 m in Villalba Alta village. A provisional study
of the macromammal teeth and other bones indicates a Ruscinian age
(zone MN15, Alcald, pers. com.) that is consistent with the nearby micro-
mammal sites described by Mein et al. (1990).

Regarding the age assigned to the sites, some uncertainties have been
also found. The Peralejos D site was originally included in the Progon-
omys hispanicus zone (MN10) by Weerd (1976), was then assigned to the
Parapodemus lugdunensis zone (MN11) by van Dam (1997) and van Dam
et al. (2001), local zone K, and later again assigned, to a new local area
J4 (MN10) by van Dam et al. (2006), from the entry of Parapodemus
lugdunensis to the entry of Huerzelerimys vireti. In this case, we retain the
adscription of this site to the MN10 zone. The sites Poblado Ibérico and
Orrios 3 were originally attributed to the Mimomys stehlini zone (MN16a)
by Mein et al. (1983) and Adrover et al. (1986), but then assigned to the
