N Naturalis

@ Biodiversity
@ Center

Naturalis Repository

Biostratigraphy or biochronology? Lessons from the Early and
Middle Miocene small Mammal Events in Europe

Albert J. van der Meulen, Israel Garcia-Paredes, M.Angeles Alvarez-Sierra,
Lars W. van den Hoek Ostende, Kees Hordjijk, Adriana Oliver, Paloma Lopez-Guerrero,
Veronica Herndndez-Ballarin, Pablo Peldez-Campomanes

Downloaded from:
http://dx.doi.org/10.1016/j.geobios.2010.11.004

Article 25fa Dutch Copyright Act (DCA) - End User Rights

This publication is distributed under the terms of Article 25fa of the Dutch Copyright Act (Auteurswet)
with consent from the author. Dutch law entitles the maker of a short scientific work funded either wholly
or partially by Dutch public funds to make that work publicly available following a reasonable period after
the work was first published, provided that reference is made to the source of the first publication of the
work.

This publication is distributed under the Naturalis Biodiversity Center ‘Taverne implementation’
programme. In this programme, research output of Naturalis researchers and collection managers that
complies with the legal requirements of Article 25fa of the Dutch Copyright Act is distributed online and
free of barriers in the Naturalis institutional repository. Research output is distributed six months after its
first online publication in the original published version and with proper attribution to the source of the
original publication.

You are permitted to download and use the publication for personal purposes. All rights remain with the
author(s) and copyrights owner(s) of this work. Any use of the publication other than authorized under
this license or copyright law is prohibited.

If you believe that digital publication of certain material infringes any of your rights or (privacy) interests,
please let the department of Collection Information know, stating your reasons. In case of a legitimate
complaint, Collection Information will make the material inaccessible. Please contact us through email:
collectie.informatie@naturalis.nl. We will contact you as soon as possible.



http://dx.doi.org/10.1016/j.geobios.2010.11.004
mailto:collectie.informatie@naturalis.nl

Disponible en ligne sur Elsevier Masson France

GEOBIOS

www.sciencedirect.com www.em-consulte.com/en

3

ESEVI Geobios 44 (2011) 309-321
Original article
Biostratigraphy or biochronology? Lessons from the Early and Middle
Miocene small Mammal Events in Europe™

Biostratigraphie ou biochronologie ? Lecons des événements a petits mammiferes du Miocene
inférieur et moyen en Europe

Albert J. van der Meulen?, Israel Garcia-Paredes °<, M.Angeles Alvarez-Sierra 9,
Lars W. van den Hoek Ostende ©, Kees Hordijk “, Adriana Oliver b, Paloma Lopez-Guerrero
Verénica Herndndez-Ballarin °, Pablo Peldez-Campomanes ™*

d

2

 Institute of Earth Sciences, Utrecht University, Budapestlaan 4, 3584 CD Utrecht, The Netherlands
hDepartamento de Paleobiologia, Museo Nacional de Ciencias Naturales-CSIC, C/José Gutiérrez Abascal 2, 28006 Madrid, Spain
¢ Netherlands Centre for Biodiversity-Naturalis, Darwinweg 2, 2333 CR Leiden, The Netherlands
4 Departamento/UEI de Paleontologia, Facultad de Ciencias Geoldgicas, Universidad Complutense e Instituto de Geologia Econdmica
(CSIC-UCM), C/José Antonio Novais 2, 28040 Madrid, Spain

Received 8 May 2010; accepted 9 November 2010
Available online 16 February 2011

Abstract

Since the proposition in 1975 of the European Neogene Mammal (MN) scale by Pierre Mein, the amount of taxonomical, stratigraphical and
chronological information around Europe has increased exponentially. In this paper, the stratigraphical schemes of three of the best studied areas
for the Lower and Middle Miocene, the Aragonian type area in Spain and the Upper Freshwater Molasse from the North Alpine Foreland Basin in
Switzerland and Bavaria, are compared. The correlation of their local biostratigraphies are discussed. Sixteen rodent’s events are studied and
ranked in the three areas according to their local biostratigraphy. This study shows, and quantifies for the first time, the significant asynchronies of
the different included rodent events. The MN-system is discussed in the light of those results. In accordance, we propose that it is still useful but
only in a biochronological way, as a sequence of time-ordered reference localities allowing coarse long-distance correlations. In order to obtain
better temporal resolution, this system has to be combined with local biostratigraphies that are well calibrated to the time scale, implementing the
information about synchrony and diachrony of mammal events in different areas.
© 2011 Published by Elsevier Masson SAS.
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Résumé

Depuis la proposition par Pierre Mein, en 1975, de 1’échelle des mammiferes néogenes d’Europe (MN), la quantité d’information taxinomique,
stratigraphique et chronologique en Europe a augmenté exponentiellement. Dans cet article, les séquences stratigraphiques de trois des régions les plus
étudiées pour le Miocene inférieur et moyen, la région-type de I’ Aragonien en Espagne et 1a Molasse supérieure du Bassin Nord-Alpin en Suisse et en
Baviere, sont comparées, et la corrélation de leurs biostratigraphies locales discutée. Seize événements a rongeur sont étudiés et ordonnés dans les trois
régions d’apres leur biostratigraphie locale. Cette étude montre et quantifie pour la premiere fois, les importantes asynchronies de ces différents
événements. Le systéme MN est discuté a la lumiere de ces résultats. En conséquence, nous proposons que ce systeme reste utile seulement d’un point
de vue biochronologique, comme séquence ordonnée dans le temps de localités-reperes permettant des corrélations grossieres a longue distance. Afin
d’obtenir une meilleure résolution temporelle, ce systeéme doit étre combiné avec des biostratigraphies locales bien calibrées dans le temps, en intégrant
les informations de synchronie et de diachronie des événements a mammiferes dans différentes régions.
© 2011 Publié par Elsevier Masson SAS.
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1. Introduction

The non-recurrent compositional and evolutionary changes
of the European mammal fauna history have been extensively
used as a relative-age tool for the continental sediments in
which they are found. Based on these characteristics, Mein
(1975a, 1975b) proposed the subdivision of the Miocene-
Pliocene record into 17 successive Mediterranean Neogene
units based on mammals (MN). The strength of this scheme lies
in its simplicity and it is one of the reasons why the MN-system
has become the primary biochronological framework for faunal
correlation of the European Neogene. After 35 years, the
system still facilitates communication between scientists
working in different regions, and doubtlessly it contributed a
great deal to the success of European mammal palaeontology.

The MN-system has been extensively used for correlations
from local to continental scale, although not always with the
same philosophy (De Bruijn et al., 1992). Thus, various authors
consider the MN-system as biostratigraphical (e.g., Steininger,
1999; Agusti et al., 2001), while according to others it should be
used as a biochronological scheme (De Bruijn et al., 1992; Van
Dam, 2003). Using the MN-system as a biostratigraphical
scheme is in itself tempting, given the exponential increase of
the stratigraphical information. However, biostratigraphy
involves not only the fossil content but also the bodies of
rock that include it. Therefore, in our opinion, the MN-system
as defined by Mein (1975a, 1975b) and modified by the
Regional Committee on Mediterranean Neogene Stratigraphy
(RCMNS; De Bruijn et al., 1992) can never be considered as a
biostratigraphical scale, because it is exclusively based on fossil
associations and the biological evolution that they reflect
(Fahlbusch, 1991; Van Dam et al., 2001).

Since the introduction of the MN-system, the number of
localities has soared. Hundreds of publications have tightened
our grip on the taxonomy and phylogeny of Neogene mammals.
For some areas we have detailed stratigraphical information,
allowing us to track faunal development to a degree unheard of
in 1975. This increase in the local biostratigraphical knowledge
and the recognition of the different MN units in various
geographical regions, have resulted in the local recognition of
‘MN boundaries’ and the assignation of very different ages for
each of them (Bolliger, 1997; Heissig, 1997; Kilin, 1997;
Kempf et al., 1997; Daams et al., 1999a, 1999b; Agusti et al.,
2001; Abdul Aziz et al., 2008, 2009; Kilin and Kempf, 2009).
Most of those boundaries between successive MN units have
been characterized by a single or a combination of bioevents
that were not necessarily always coincident in the different
regions.

In order to avoid circular reasoning on the isochrony or
diachrony of any faunal event, the mammal history obviously
has to be independently calibrated to the time scale. Such
calibrations (usually palaeomagnetical or radiometrical) are
local by definition because they are based on properties of the
rocks from which the fossils derive, or from other rocks with
which they are closely associated. The distribution of both
localities and mammal taxa is patchy in space as well as in time;
consequently, the locally-obtained ages for first and last

occurrences of taxa (FO’s and LO’s, respectively), used as dates
for continent-wide immigrations and extinctions, are a priori to
be mistrusted as long as synchrony and/or diachrony of the
various events have not been demonstrated.

In order to demonstrate the synchrony or diachrony of
bioevents and its magnitude, we analyze and discuss the
sequence and timing of several small mammal events
recognizable in areas were an independent calibration to the
time scale has been proposed, and compare them with what can
be observed in other European records. Previous to this main
goal we discuss the chronologies established for three different
Early and Middle Miocene micromammal records: the
Aragonian type area in north Central Spain (Daams et al.,
1999a; Van der Meulen et al., 2005, in press; Van Dam et al.,
2006); the Upper Freshwater Molasse (OSM) of the North
Alpine Foreland Basin (NAFB) in Switzerland, recently
updated by Kilin and Kempf (2009); and the OSM of the
North NAFB in Bavaria, Germany (Abdul Aziz et al., 2008,
2009). Probable correlations between existing local biostrati-
graphies are suggested. Finally, we discuss the different
approaches to the European mammal chronology, paying
special attention to the original definition and current uses of
the MN-system.

2. Chronology of local biostratigraphies

Irrespective of whether one is interested in long distance
correlations or in the regional faunal history, each study tracking
changes through time starts with establishing a local biostrati-
graphy, necessarily linked to the local lithostratigraphical record,
and ultimately to chronostratigraphy and geochronology by other
independent stratigraphical disciplines (magnetostratigraphy,
cyclostratigraphy, etc.). Despite the recent increase of new
independent correlations to the time scale, there still exists a
strong need of spatially distributed absolute dates (Van Dam,
2003). Moreover, in our opinion, a number of the existing
numerical age determinations are not rigorous enough to be
reliable (Daams et al., 1999b). This is due to the use of:

e second or third order correlations;

e radiometric ages with very large uncertainty intervals;

e insufficient number of recorded palaeomagnetical chrons,
making independent correlation to the Geomagnetic Polarity
Time Scale (GPTS) impossible;

e the use of poor-quality polarity signals.

In Europe, there are three overlapping Lower to Middle
Miocene records that have been tied to the time scale, at least in
a large part:

o the record of the Aragonian type area in north Central Spain
(Daams et al., 1999a; Van der Meulen et al., 2005, in press;
Van Dam et al., 20006);

e the mammal fauna sequence from the Upper Freshwater
Molasse (OSM) of the North Alpine Foreland Basin in
Switzerland (Bolliger, 1997; Kilin, 1997; Kempf et al., 1997,
Kilin and Kempf, 2009);
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e the OSM in Bavaria, Germany (Abdul Aziz et al., 2008,
2009).

The three records represent two different bioprovinces and
provide a unique opportunity to compare different faunal
histories through time, as shown by Kilin and Kempf (2009).
Local biostratigraphical schemes have been proposed for each
of the three areas considered in this study (Heissig, 1997;
Daams et al., 1998, 1999a; Bohme et al., 2002; Abdul Aziz
et al., 2008; Kilin and Kempf, 2009; Van der Meulen et al., in
press). Fig. 1 shows the proposed correlations of the compared
European records to the Astronomical Tuned Neogene Time
Scale (ATNTS2004; Lourens et al., 2004).

2.1. Aragonian type area

The Aragonian type section and its directly adjacent areas
have yielded a detailed micromammal faunal succession, which
stands out as one of the best known terrestrial records from the
European Early to Middle Miocene. Since the overview of
Daams et al. (1999a) new data from the Aragonian type area
(Calatayud-Montalban basin) have become available: e.g.,
revision of the sciurid Atlantoxerus by Peldez-Campomanes

(2001), medium-sized Democricetodon by Van der Meulen
et al. (2003), Gliridae from the Early and Middle Aragonian
(Garcia-Paredes, 2006; Garcia-Paredes et al., 2009, 2010),
Megacricetodon from several localities (now in progress, and
Oliver Pérez et al., 2008; Oliver et al., 2009), the revision of the
Eomyidae by Alvarez-Sierra (now in progress), the revision of
the Aragonian Ochotonidae by Hordijk (now in progress) and
the revision of insectivores (now in progress, and Van den Hoek
Ostende and Furid, 2005; Van den Hoek Ostende et al., 2009).
The new taxonomical information and stratigraphical distribu-
tion of lower and middle Aragonian faunas are summarized in
Van der Meulen et al. (in press). Younger faunas from the
Calatayud-Montalbdn basin are currently under study by Lépez
Guerrero; the results will lead to a revision of the upper
Aragonian and lower Vallesian biostratigraphy.

Daams et al. (1999a) proposed the last Aragonian chron-
ological framework included in Fig. 1 based on the reinterpreta-
tion of the biostratigraphical correlation between the Armantes
and Vargas sections (Daams et al., 1999b), which are two of the
four high-resolution sections in the Calatayud-Montalban basin
correlated magnetostratigraphically to the GPTS (Krijgsman
etal., 1994, 1996). In this paper we use the recalibrated ages of
the faunas proposed by Van Dam et al. (2006) in accordance to

ATNTS2004 Aragonian type area
[}
Ma Chron £ Local Zones
3
13.0 v
7 CSAANn| — RIS Eomyops =============
. C5AAr = G1
— C5ABn| —
] C5ABr [=
N C5ACNn | =
14.0 7 CsACH = s Cricetodon ============-
- = &7 Keramidomys ......., .
. csapn|=| Dd :
7 C5ADr E »—— Eumyarion
n —
15.0 — ir C5Bn
- 2n Dc
] C5Br | F------
] —| Db
16.0 ] = Da »—— Ligerimys ellipticus
: n = Eumyarjon .............
i " _ C e D. franconicus
a an ©5Cn w—— Ligerimys florancei
] r - eeeeenns Megacricetodon ...
3n I e AP .
- = B Ligerimys florancei «+-
a0t Fe----- »—— Ligerimys antiquus ——
17.0 C5Cr | — R Democricetodon
— A m»—— Pseudotheridomys
- " — Taxon LO —a
] " C5Dr ~a-+-=Taxon FO «+=-m-
| 2r
18.0 —

Swiss OSM Bavarian OSM
Local Zones Local Zones
Ma — Ma —
_ Anwil -
N ~ Helsighausen - ~ ~ F N
] - Metlen-Weid _ _ _ N
........ -] Oeschgaben " ]
] Ruemikon F ]
] '"u'zv}ai""\ a1
= Nutzenbuech = =
........ deeei | [ _
- Aspitobel 520m_ ]
— Tobel Hombrech. —
. E .
------------ ] Vermes 1 ]
] Oberkulm- Cc+D ]
________ — Saemlen —
NG| R ]
— Taegernaustrasse —
......... - : e — B :
: - Glove“er : -
? 1
............. > ., A
2 _
] - Triib Saltenbach ]

(MN 3)

Fig. 1. Proposed correlations of the three compared European records to the ATNTS2004 (Lourens et al., 2004): Aragonian type area in North Central Spain (Daams
et al., 1999a; Van Dam et al., 2006), the Upper Freshwater Molasse of the North Alpine Foreland Basin in Switzerland (Kélin and Kempf, 2009), and the Upper

Freshwater Molasse in Bavaria (Abdul-Aziz et al., 2009).
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the ATNTS2004 (Lourens et al., 2004). All chrons from the upper
half of C5Cn.In to C5AAn have been recognized in the
Aragonian type area, providing reliable constraints for the ages
of the faunas of upper Zone C to Zone F (from ~16.3 to 13.7 Ma).
The Olmo Redondo-San Roque section in the western part of the
type area (Daams et al., 1999a), containing few meters of the
uppermost Ramblian and the lowermost part of the Aragonian,
has not yet been analyzed palaeomagnetically. This section
includes the lower part of the Vargas-Valdemoros sedimentary
unit, and represents uppermost Zone A, Zone B, and lower Zone
C. The numerical ages of these faunas and the biozone
boundaries are based on sedimentary rates obtained in the
overlaying sediments that were analyzed palaeomagnetically.

The beginning of the Aragonian (Zone B) is recognized by
the First Common Occurrence (FCO) of Democricetodon
hispanicus, which is found in the locality San Roque 1 from the
Olmo Redondo-San Roque section at an estimated age of 16.77
Ma. Together with the age of San Roque 4B (SR4B, uppermost
Zone A, upper Ramblian) in the same section, the lower
boundary of the Aragonian is constrained by the estimated ages
of 16.99-16.77 Ma. Democricetodon hispanicus is present with
very low numbers in San Roque 4B and San Roque 4A (~17.0
Ma), and constitutes the oldest occurrence of the genus with an
estimated age in Spain. The mentioned ages indicate that the
entry and increase in relative abundance of the genus in the
Aragonian area took place in the late Ramblian during chron
C5Cr (17.235-16.721 Ma, ATNTS2004).

The beginning of the Middle Aragonian (Zone Da) is easily
recognized by the rapid decrease and extinction of the eomyid
Ligerimys ellipticus, which is a common to dominant taxon in
Zone C. The extinction takes place between Vargas 2A and
Vargas 2B (3 m above Vargas 2A) in the Vargas section, which
constrains the Early-Middle Aragonian boundary to 15.94—
15.92 Ma. The lowermost fauna (La Col A) of the La Col
section (not analyzed palacomagnetically) contains less than
1% of L. ellipticus; otherwise its composition is typical of Zone
Da. Therefore, La Col A has been biostratigraphically situated
between Vargas 2A, in which 22% of the rodent teeth belong to
L. ellipticus, and Vargas 2B, in which the eomyids are absent.
This leads to an estimated age of 15.93 Ma for La Col A, and the
Early-Middle Aragonian boundary may be constrained further
to 15.935 Ma. Magnetostratigraphical calibration shows that
the boundary lies close to the lower boundary of chron C5Br
(15.974-15.032 Ma, ATNTS2004; Daams et al., 1999a).

The Middle-Late Aragonian boundary, equivalent to the
Zone E-Zone F boundary, is drawn in the magnetostratigra-
phically calibrated type section itself, between the localities
Las Umbrias 20 and Las Umbrias 22 (Daams et al., 1999a),
which have an age of 13.80 Ma and 13.76 Ma, respectively (Van
Dam et al., 2006). According to Krijgsman et al. (1996) the
boundary lies about 1/10 below the top of chron C5ACn
(14.095-13.688 Ma, ATNTS2004; Abels et al., 2005). Since we
use here the revised age of the top of chron C5ACn (Abels et al.,
2005) the Middle-Late Aragonian boundary is slightly younger
than in Krijgsman et al. (1996).

The magnetostratigraphical calibrations allow correlation of
the Aragonian to the ATNTS2004. The Early Aragonian is

equivalent to the latest Burdigalian. The base of the Middle
Aragonian is only 30 ky younger than the base of the Langhian,
provisionally established at 15.974 Ma (Lourens et al., 2004),
and its top is 100 ky younger than the base of the Serravallian
(13.82 Ma, Abels et al., 2005). Thus, the Middle Aragonian
coincides very closely with the Langhian.

2.2. The Upper Freshwater Molasse of Switzerland

Recently, Kilin and Kempf (2009) presented a stratigra-
phical framework for the Upper Freshwater Molasse (OSM) of
Switzerland based on large dataset of mammal biostratigraphy,
magnetostratigraphy and radiometric ages derived from
bentonite layers. In Fig. 1 we present the chronostratigraphy
of the local biostratigraphical zones proposed by the latter
authors for the OSM of Switzerland. According to their results,
the Swiss faunas between 15.3 to 13.0 Ma are well constrained
by the combination of magnetostratigraphical and radiometric
ages of three bentonites yielding ages of 14.20 & 0.08 Ma,
1491 + 0.09 Ma, and 15.27 £ 0.12 Ma (Kilin and Kempf,
2009 and literature therein). The magnetostratigraphy of the
lower part of the composite sequence is, however, less
conclusive because the different studied sections contain large
gaps. Two different interpretations have been proposed: the first
one is based on Schlunegger et al. (1996) and Agusti et al.
(2001); the second one (represented in Fig. 1) is from Kélin and
Kempf (2009: fig. 8), which in its turn is based on Kempf et al.
(1997: fig. 10). The interpretation of the latter has been
challenged by Agusti et al. (2001), Aguilar et al. (2003), and
Larrasoana et al. (2006) as far as the calibration of the
Schwindigraben section to the GPTS is concerned.

In the original calibration of this section given by Schlunegger
et al. (1996), the ‘basal marls’ containing the Eimiittili fauna
(Tagernaustrasse assemblage biozone, MN 4; after Kempf et al.,
1997) is correlated to chron C5Cn2.r (16.54-16.47 Ma), and the
locality Hasenbach 1 (Trub-Séltenbach biozone, MN3b) to chron
CS5En. Kilin (1997) reports a new fauna from Trub-Siltenbach
(reference locality for the biozone of the same name) in between
Hasenbach 1 and Eimiittili. According to the calibration by
Schlunegger et al. (1996), Trub-Siltenbach falls in the lower part
of chron C5Cr, giving it an age of about 17.2 Ma (Agusti et al.,
2001). Kempf et al. (1997) recalibrate the section, correlating
Eimiaittili to C5Cr and Trub-Siltenbach to the lower part of C5Dr.
However, according to Agusti et al. (2001: p. 254), insufficient
arguments are provided to rule out the original calibration of the
Schwiindigraben section and “‘their alternate correlation results
in a very poor fit with the GPTS”. Therefore, Agusti et al. (2001)
place the lower boundary of Tadgernaustrasse biozone between
C5Crand C5Cn.2r, i.e. between 17.2 and 16.5 Ma, the estimated
age of the youngest locality of the Trub-Siltenbach biozone,
which corresponds to the “cricetid vacuum’ in Switzerland. Kélin
and Kempf (2009) assume the presence of a hiatus in the
‘basal marls’ to explain the strongly condensed appearance of
the measured reversed chron in comparison to the duration of
chron C5Cr, with which they correlate it. Such an assumption is
not necessary in the case of the original calibration to chron
C5Cn.2r.
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The reference fauna of Glovelier (only locality included in
the Glovelier assemblage biozone) is the oldest Swiss fauna
with Democricetodon and Ligerimys florancei, but, as it comes
from a karstic fissure filling, no numerical age estimate can be
given (Kilin, 1997; Kilin and Kempf, 2009). It is biochrono-
logically older than the Tédgernaustrasse assemblages because
Glovelier lacks Megacricetodon and Eumyarion, and still
contains Ligerimys antiquus. Kilin and Kempf (2009)
tentatively give it an age around 17.5 Ma using the above-
mentioned recalibrated ages of biostratigraphically adjacent
faunas, but according to the calibration of Schlunegger et al.
(1996) and Agusti et al. (2001) it should be younger than ~17.2
Ma. The latter calibration of the Tédgernaustrasse biozone fits
the geochronological data from southwestern Europe much
better than its recalibration. Larrasoafia et al. (2006) provide
reliable magnetostratigraphical evidence to correlate Pico del
Fraile 1, a ‘cricetid vacuum’ fauna (Zone A) in the Ebro basin
(Spain) without Democricetodon, to chron C5Dn (17.533-
17.235 Ma). Aguilar et al. (2003) derive a similar correlation
for Beaulieu (17.5 Ma), a southwestern French fauna
representing the ‘cricetid vacuum’.

2.3. The Upper Freshwater Molasse in Bavaria

The local biostratigraphy of the Upper Freshwater Molasse
in Bavaria was proposed by Heissig (1997) and updated by
Bohme et al. (2002) and Abdul Aziz et al. (2009). The oldest
biozone (OSM A) is characterized by the presence of L.
florancei together with Megacricetodon. So, other than the
Swiss and Aragonian type area record, the OSM series itself
does not have faunas with Democricetodon and Ligerimys but
without Megacricetodon. Such faunas are, however, known
from fissure fillings in the nearby Frankonische Alp, such as
Petersbuch 2 and Erkertshofen 1 and 2. The youngest biozone
(OSM F) is characterized by the FO of Cricetodon aff. aureus
and Anomalomys gaudryi (Abdul Aziz et al., 2008). According
to Abdul Aziz et al. (2009) further subdivision of the latter
biozone is possible (OSM F and OSM F?) based on the molar
size increase in the Cricetodon lineage.

The faunal development of the German and Swiss parts of
the NAFB is nearly identical (Kilin and Kempf, 2009). Yet, a
recent stratigraphical synthesis of the Bavarian part of the
Northern Alpine Foreland Basin shows major differences in the
interpretation of the absolute ages with the Swiss record (Abdul
Aziz et al., 2008, 2009; Prieto et al., 2009). Notably, these
differences are found in the Early to early-Middle Miocene part
of the age model, which depends heavily on the magnetos-
tratigraphy of the Puttenhausen section. As Abdul Aziz et al.
(2008, 2009) indicated, the palacomagnetical results of this
section are not reliable, pointing out the possibility of an
incorrect calibration to the ATNTS2004.

According to faunal correlations proposed by Abdul Aziz
et al. (2008) the younger part of OSM C + D, represented by the
locality Sandelzhausen and the upper part of the Puttenhausen
section (Puttenhausen E), is very similar to the Swiss faunas
from Tobelholz and Vermes 2. The latter faunas were correlated
by Kilin and Kempf (2009) to the Vermes 1 and Tobel

Hombrechtikon biozones, respectively. Abdul Aziz et al.
(2008) considered the correlation to Tobel Hombrechtikon (and
thus to chron C5Bn.2) unwarranted because of the absence of
Megacricetodon aff. bavaricus in this Swiss locality. However,
their own faunal correlation with the Tobelholz locality in the
Ziirich section fits the correlation to chron C5Bn.2 perfectly.
Tobelholz lies between the Urdorf und Kiisnacht bentonites,
dated at 15.27 £ 0.12 Ma and 14.91 % 0.09, respectively (Kélin
and Kempf, 2009: fig. 5B); as a result, the proposed correlation
of the Puttenhausen section to the GPTS proposed by Abdul
Aziz et al. (2008) is in direct conflict with the bentonite dates.
Therefore, we accept the correlation to chron C5Bn.2 (15.0 to
15.2 Ma) of Sandelzhausen and Puttenhausen E based on the
stratigraphical framework of Kilin and Kempf (2009).

3. Correlation of local biostratigraphies

Zone A, which belongs to the Ramblian, is the oldest
recognized local biozone in the Aragonian type area (localities
of San Roque 4A and 4B). In this area, it is characterized by the
presence of L. antiquus, Melissiodon and, although rare, the
first record of Democricetodon. Depending on the criterion
used to define MN 4 (FO or FCO of Democricetodon), these
faunas could be considered as MN3 or MN4 (Fig. 2). In
Switzerland, there is only one locality with a similar faunal
composition, Glovelier. This karstic locality differs from the
Spanish locality San Roque 4B in the presence of L. florancei,
which is not recorded in Spain until the end of Zone B.
Therefore, based on the presence of Democricetodon and the
absence of Megacricetodon, the Glovelier biozone could be
correlated with the upper part of Spanish Zone A and Zone B
(Fig. 2). Other European localities that may be correlated with
these biozones based on the latter criterion are Petersbuch 2,
Erkertshofen 1 and 2 in Germany (Ziegler and Fahlbusch,
1986), Dolnice 1 and 2 in the Czech Republic (Fejfar, 1990),
Oberdorf 3 and 4 in Austria (Steininger et al., 1998), and Béon 2
and Artenay in France (Bulot et al., 2009).

The presence of Megacricetodon in combination with the
presence of Ligerimys has been used to define local biozones all
over Europe. In Spain it characterizes Zone C, in Switzerland
the Tédgernaustrasse biozone, and in Germany the OSM A. In
previous works (e.g., Daams et al., 1999a), Zone C has been
correlated with the upper part of MN 4 because Ligerimys is
still present. If we use the species level instead of the genus
level, Tédgernaustrasse biozone and OSM A should be
correlated with the lower part of Zone C of Spain, based on
the presence of L. florancei and Megacricetodon. The latter taxa
are present in La Romieu, reference locality of MNA4.
Nevertheless, the peculiar faunal composition of La Romieu,
with two species of Megacricetodon and four species of
Democricetodon, makes accurate correlation of both the
Spanish and the Swiss faunas to the MN4 reference fauna
impossible (Kilin and Kempf, 2009). The only locality in the
Calatayud-Montalban basin that contains L. florancei and
Megacricetodon is Artesilla (Van Der Meulen and Daams,
1992), which represents the FO of the latter genus (Oliver Pérez
et al., 2008). The high cricetid diversity of the La Romieu fauna
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Fig. 2. Comparisons between Spanish, Swiss and German local biostratigraphies. The chronology used for the Swiss and German record is after Kélin and Kempf
(2009) with the exception of the paleomagnetical correlations for the lower part of the scale which follow Schlunegger et al. (1996) (see text for discussion). Possible
correlations between local biostratigraphies are indicated by dashed lines. For the distribution of the MN units, several possibilities are included, depending on the

used criteria.

could indicate a younger age relative to Artesilla, which shows
closer faunal similarities with the Pellecahus fauna (Ginsburg
and Bulot, 2000).

The correlations between other Spanish early Middle
Miocene biozones and the Central European ones are more
difficult due to the low number of shared taxa. Therefore, the
correlations can only be established based on the proposed
chronologies (Fig. 2). The correlation between Swiss and
Bavaria is nevertheless straightforward, because they have an
almost identical distribution of taxa (Kilin and Kempf, 2009).
Despite these similarities, there are discrepancies in the
correlations between Swiss (Kilin and Kempf, 2009) and
German biozones (Abdul Aziz et al., 2008, 2009), and
especially in the proposed chronology, as has been discussed
in previous Section 2.3. The main discrepancy is the correlation
of OSM F. According to Abdul Aziz et al. (2008), OSM F
correlates with the Swiss Biozone of Riimikon and OSM E’
with Uzwil-Nutzenbuech, while according to Kilin and Kempf
(2009: fig. 10) OSM F correlates with biozones Uzwil-
Nutzenbuech, Riimikon and with the lower part of Oschgraben.
In Figs. 1 and 2 we use the biostratigraphical correlations

proposed by Abdul Aziz et al. (2008, 2009). The chronology
proposed by these authors is, however, very different to the one
proposed by Kilin and Kempf (2009). In our opinion the
correlation of Sandelzhausen and Puttenhausen E to chron
C5Cn.2n and chron C5Cn.2r, respectively, proposed by Abdul
Aziz et al. (2008) is not sufficiently supported by the
magnetostratigraphical results, while the chronology based
on the Swiss record is supported by the bentonite dating, which
constrains the correlation of Tobelholz to chron C5Bn.2n.

The MN 5 reference fauna of Pont Levoy-Thenay is easily
correlatable with the Swiss and German records by the presence
of Megacricetodon lappi and corresponds to the short biozones
of Aspitobel 520 m in Switzerland and OSM E in Germany. On
the other hand, the only species in common between Pont
Levoy-Thenay and the Spanish record is Megacricetodon
collongensis, mainly known from Zone Dd. According to the
magnetostratigraphical interpretation (Fig. 1), Pont-Levoy-
Thenay should be correlated to early Zone Dd faunas.

The MN 6 reference fauna of Sansan was correlated by
Daams et al. (1999a) to the Las Planas 5B fauna (chron C5ABn)
from the Aragonian type section, and its numerical age
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estimated as approximately 13.6 Ma, based on the presence of
Megacricetodon gersii and M. minor. The new results presented
by Kilin and Kempf (2009) and our comparison with the
Spanish fossil record indicate that M. minor is of little
biostratigraphical value, as evidenced by its very diachronic
dispersal, that is probably related to a preference for more
specific environmental conditions. This interpretation is
supported by the absence of this species in faunas from the
Madrid basin, which have almost identical compositions in
comparison to the Calatayud-Montalban ones (Peldez-Campo-
manes et al., 2003). Therefore, the estimated age of Daams et al.
(1999a) for the Sansan fauna is too young; correlation to the
lower part of chron C5ACn (approximately 14 Ma) is more
probable, and is also supported by its correlation to the Swiss
record (Kilin and Kempf, 2009).

4. Small mammal events

The Early and Middle Miocene European small mammal
record shows a strong provincialism, hampering even the
correlation between areas that are geographically not far apart.
The Spanish record has been always considered as singular (De
Bruijn et al., 1992; Martinez, 1997; Steininger, 1999) and,
despite being one of the most dense and extensively studied, its
results have been ignored or treated superficially because of the
difficulty of correlation with other European records (Daams,
1998). Singular, of course, does not necessarily imply
uniformal, and there are certainly more Central European
influences in coastal basins as the Valles-Penedes and Levante
than there are in the inland basins (Agusti et al., 1984; Agusti,
1990).

The European mammal community compositions during the
Miocene are rather dissimilar, although there are several
biological events that can be recognized at European scale and
that have been used to calibrate and correlate the different local
records. Nevertheless, the chronologies of most biological
events have not been studied in detail using independent
sources of local dating to determine their isochrony. Van der
Meulen et al. (in press) pointed out 13 bioevents shared
between the Aragonian record (based on the Calatayud-
Montalbdn basin) and the Upper Freshwater Molasse of
Switzerland for the Early and Middle Miocene. Table 1 shows
these events with the addition of another three: the last
occurrence of Pseudotheridomys, the last occurrence of L.
antiquus and the first occurrence of Eomyops. The order of the
events presented in Table 1 follows that of the Swiss record as
given by Kilin and Kempf (2009). The events have been ranked
in the Swiss OSM, the Bavarian OSM and the Spanish
Aragonian type area according to their local biostratigraphies.
If events occur in the same locality (Spain) or biozone
(Switzerland and Germany), their ranking numbers are the
mean of their positions in their local biostratigraphy. In this
procedure, the FO of Democricetodon franconicus and
Eumyarion represent the relative positions 9 and 10 within
the local Aragonian biostratigraphy and since both occur for the
first time in the same locality (Vargas 4A, 16.15 Ma) we assign
both to rank number 9.5.

Table 1

Ranking of the faunal events shared among the Upper Freshwater Molasse of
the North Alpine Foreland Basin in Switzerland (SW), the Upper Freshwater
Molasse in Bavaria, Germany (GER), and the Aragonian type area in North
Central Spain (SP).

Bioevent SW GER Sp
FO Megacricetodon gersii 16 - 14
FO Cricetodon 15 15 13
FO Eomyops 14 14 16
FO Megacricetodon minor 13 13 15
FO Keramidomys 12 12 12
LO Ligerimys 10 10 11
LO Ligerimys florancei 10 10 8
LO Melissiodon 10 10 4.5
FO Megacricetodon 7 7.5 7
FO Eumyarion 7 7.5 9.5
LO Ligerimys antiquus 7 5 4.5
FO Ligerimys florancei 3.5 6 6
FO Democricetodon franconicus 3.5 3.5 9.5
FO Democricetodon 3.5 3.5 3
LO Pseudotheridomys 3.5 - 2
< Cricetid Vacuum > 1 - 1

In order to compare the sequence of events we have
performed non-parametric correlations, using SPSS 17.0
software (SPSS, 2008), between the Swiss and Spanish records
(Swiss and Bavarian records are almost identical and therefore
the latter have not been included). The results reveal a highly
significant correlation between the Swiss and Spanish bioevent
sequences (Spearman’s rho =0.826, p < 0.001 and Kendall
tau = 0.703, p < 0.001), indicating a close similarity between
them.

The availability of sections with palaeomagnetical and/or
radiometrical time control in the studied areas allows to study
the timing of each event independently (Fig. 1). One of the
important results of the work of Van der Meulen et al. (in press)
is the establishment that while the age of the various events can
be highly diachronical, the sequence of events is quite similar.
Secondly, deviations from the general order of events between
regions may provide useful information on the history of
specific taxa and regions, or, alternatively, can help to detect a
highly improbable combination of taxa or ordination of faunas.

4.1. Eomyids

According to Kilin and Kempf (2009), the sequence of
eomyids events in the Swiss record is: LO Pseudotheridomys, FO
L. florancei, LO L. antiquus, LO L. florancei, FO Keramidomys
and FO Eomyops. The Spanish record shows the same sequence,
but there is no overlap between the ranges of L. antiquus (Zones Z
and A) and L. florancei (Zones B and lower C). L. florancei is
present in Switzerland around 17.0 Ma (Kempf et al., 1997),
while it appears in the Aragonian type area at 16.66 Ma. In the
Bavarian part of the North Alpine Foreland Basin (NAFB) and
nearby areas, the FO of L. florancei is estimated by Abdul Aziz
et al. (2009) close to 18.0 Ma based on lithostratigraphical
correlations with the sediments containing the Czech locality of
Orechov. In contrast to the Spanish and Swiss record, the LO of
Pseudotheridomys is after the FO of L. florancei in the German
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and Czech NAFB, since the two taxa are recorded together in
localities such as Erkertshofen 2 (Ligerimys aff. florancei),
Dolnice 1, Dolnice 2 and Dolnice 3 (Alvarez Sierra, 1987; Fejfar,
1990; Escarguel and Aguilar, 1997).

Ligerimys florancei and L. ellipticus are coeval species in the
localities Can Mart{ Vell 1 and 2 of the Valles-Penedes basin
(Agusti, 1983). In contrast, they never co-occur in the Calatayud-
Montalban record, where L. florancei is replaced by the endemic
species L. ellipticus between 16.30 and 16.15 Ma. The LO of L.
ellipticus is in La Col A with an estimated age of 15.97 Ma (Van
Dam et al., 2006). The extinction of L. florancei and its
replacement by Keramidomys is used as a common criterion to
distinguish between MN 4 and MN 5 faunas in Central Europe.
This occurs in Switzerland between 16.8 and 16.4 Ma (Kélin and
Kempf, 2009), and around 17.2-17.3 Ma in Bavaria (Abdul Aziz
et al., 2009). Following the widely used criterion of the presence
of Ligerimys, the Aragonian Zone C has always been correlated
with MN 4. We now have to conclude that the extinction of the
genus Ligerimys as MN zone-recognition tool has to be
abandoned, since the stratigraphical ranges of L. ellipticus in
Spain and Keramidomys in Switzerland and Bavaria partially
overlap. The extinction of the species L. florancei may be used
instead, when the event can be shown to be synchronous.
Keramidomys has been found in Spain as a transient species
(sensu Van der Meulen et al., 2005 and Van der Meulen and
Peldez-Campomanes, 2007), occurring in two Zone Dd localities
only, Valdemoros 7G (14.23 Ma) and Las Umbrias 7 (14.19 Ma),
much later than its FO in Switzerland. Eomyops first occurrence
in Switzerland is at the base of Aspitobel 520 m (15.0 Ma), while
in Spain it is not recorded until Zone G1 (13.5 Ma). The FO of
Eomyops is the last considered eomyid event in both areas.

4.2. Melissiodon

The early LO of Melissiodon in upper Zone A in the
Aragonian type area (before the FOs of L. florancei and
Megacricetodon; Daams et al., 1999a) seems to be a local
phenomenon. Melissiodon is known from other Spanish Zone C
localities, in the nearby Teruel basin and from the locality of
Buiol in the Valencia area (Robles et al., 1991), where it is
recorded together with Megacricetodon and L. ellipticus.
Therefore, the LO of Melissiodon postdates the LO of L.
florancei in Spain. In the Swiss and Bavarian records, the LO of
Melissiodon is within Tagernaustrasse and OSM A biozones,
respectively, and coincides with the LO of L. florancei (Table 1).

4.3. Democricetodon, Megacricetodon, Eumyarion

The co-occurrence of Democricetodon, Megacricetodon and
Eumyarion after the cricetid vacuum, combined with the
presence of Ligerimys, is used to recognize MN 4. The cricetids
are immigrants into Europe and become important elements in
the European faunas of the Middle Miocene (the first two
genera in particular).

In Central and Western Europe the entry of Democricetodon
predates that of Megacricetodon. Throughout Europe, localities
have been described which contain Democricetodon, but lack

Megacricetodon, such as: San Roque 4A and 4B as well as all
the localities from Zone B in Spain; Dolnice 1 and 2 in the
Czech Republic; Oberdorf 3 and 4 in Austria; Glovelier in
Switzerland; Petersbuch 2, Erkertshofen 1 and 2, Achen 17 in
Germany; and Artenay and Béon 2 in France (Ziegler and
Fahlbusch, 1986; Fejfar, 1990; Kilin, 1997; Steininger et al.,
1998; Daams et al., 1999a; Pipperr et al., 2007; Kilin and
Kempf, 2009; Bulot et al.,, 2009). These faunas with
Democricetodon as the only modern cricetid differ in their
eomyid component. In San Roque 4A and 4B, the uppermost
part of the Ramblian Zone A, Democricetodon hispanicus is
accompanied by L. antiquus and L. fahlbuschi, while D.
franconicus from Dolnice 1, Dolnice 2 and Achen 17 is
accompanied by Pseudotheridomys and L. florancei, in
Glovelier by L. antiquus and L. florancei, and in Erkertshofen
1 and 2 by L. florancei and L. aff. florancei, respectively. In the
localities from the Aragonian Zone B, the eomyids present with
Democricetodon are L. palomae at the lower part, and L.
florancei at the upper part.

The oldest Spanish faunas with rare Democricetodon are San
Roque 4A and San Roque 4B. They have been placed in Zone
A, as Zone B is defined on the regular occurrence of this taxon
(Daams et al., 1998, 1999a; Van der Meulen et al., in press).
Both the San Roque 4 localities and those of the lowermost
Zone B have been correlated to chron C5Cr (17.2-16.7 Ma,
Lourens et al., 2004). Although these correlations are based on
sedimentation rates, we accept them as best available evidence
to be used until the palaecomagnetical analysis of the sediments
themselves. The interpretation is supported by the magnetos-
tratigraphically well-constrained findings of Larrasoafia et al.
(2006). They correlate Pico del Fraile 1 (Zone A, Ebro basin), a
locality without Democricetodon, to chron C5Dn (17.533—
17.235 Ma), which also fits the age estimation of Beaulieu in
Southern France as given by Aguilar et al. (2003).

Unfortunately, no magnetostratigraphy is available for the
karstic fissure filling of Glovelier. Thus, its correlation to chron
C5Dn is circumstantial and based on the calibration of the
Tagernaustrasse faunas to C5Cr (Kempf et al., 1997). A
correlation to chron C5Dn has also been proposed for the
Oberdorf 3 and 4 faunas in Austria (Steininger et al., 1998).
Another fauna, Achen 17 from southeastern Germany, similar
to the Czech faunas of Dolnice 1 and 2 by the presence of
Democricetodon cf. franconicus and Pseudotheridomys and the
absence of Megacricetodon, has been dated as 17.8 £+ 0.3 Ma
based on the strontium content of otoliths (Pipperr et al., 2007).
Given these chronological results, the age of the Orechov fauna,
supposedly representing the earliest occurrence of Megacri-
cetodon, close to 18 Ma as proposed by Abdul Aziz et al.
(2009), is untenable.

The order in which Eumyarion and Megacricetodon enter
the record differs in the various regions. The FO of Eumyarion
predates that of Megacricetodon in Czech and Austrian
localities such as Dolnice 1, Dolnice 2, Oberdorf 3 and
Oberdorf 4, which are indirectly correlated to chron C5Dn
(Steininger et al., 1998). Megacricetodon and Eumyarion are
not present before chron C5Cr in Switzerland. The entry of
Megacricetodon in the Calatayud-Montalbdn basin is estimated
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between 16.63 and 16.49 Ma (during the gap between
Villafeliche 2A and Artesilla), and the entry of Eumyarion
between 16.30 and 16.15 Ma. In other Spanish basins the latter
entry is probably slightly older since Eumyarion is already
present in the locality of Bufiol (Levante basin; Daams, 1976)
and in Can Marti Vell (Valles-Penedes basin; Agusti, 1983)
with an age that could be slightly younger than Artesilla (16.49
Ma) based on the eomyids and the evolutionary stage of
Democricetodon. The asynchrony of these immigrations is
therefore in the order of 0.5 to 1 million years according to the
proposed chronologies in each area. The asynchrony in the FO
of Eumyarion is considerably larger than that of Democrice-
todon and Megacricetodon.

The second group of Megacricetodon events involves the FO
of M. minor and the FO of M. gersii. The FO of M. minor forms a
major discrepancy between the three sequences of first entries. In
Spain, as opposed to Switzerland and Germany, the FO of M.
minor occurs after that of Cricetodon and M. gersii.
Megacricetodon minor apparently disperses less easily than
the others, which might indicate that it is a less opportunistic
species. This is also illustrated by M. minor never reaching the
Madrid basin in the centre of the Iberian Peninsula (Peldez-
Campomanes et al., 2003). M. gersii has not been recorded in
Germany (Heissig, 1997), presumably because of the absence of
fossil record covering the temporal distribution of this species.

4.4. Cricetodon

The FO of Cricetodon (C. aff. aureus) in Switzerland is in
Uzwil-Nutzenbuech. This first occurrence is correlated to chron
C5Bn.1n, with an estimated age of 14.9 Ma (Kélin and Kempf,
2009), and slightly postdates the FO in Bavaria (Abdul Aziz
et al., 2009). The FO of the genus in Spain is in Las Umbrias 11
(chron C5ACn, 14.06 Ma). The asynchrony of the immigration
of Cricetodon into the three areas is, therefore, in the order of
0.9 million years. Daams et al. (1999a) correlated Zone E (with
the first appearance of the genus at its base) to MN5 and Zone F
to MNG6 because it contains the first Megacricetodon gersii. De
Bruijn et al. (1993) note that the Spanish material, referred to as
Cricetodon n. sp. 3 from Las Umbrias 11 (= Las Planas 5A2), is
unknown from elsewhere and consequently represents a
separate immigration not comparable to the Swiss event.
New studies on this material and new findings of Cricetodontini
from the Calatayud-Montalban basin (now in progress, and
Lopez-Guerrero et al., 2008, 2009), will help to understand the
evolution and dispersal of this interesting tribe.

4.5. Discussion

According to the age models presented in Fig. 1 for the three
studied areas, the considered events are, in general, strongly
diachronical. The inferred asynchronies are surprisingly high
between the Swiss and Bavarian record (Fig. 1). As noted above,
much of this can be resolved by revising the interpretation of the
Puttenhausen section, which had yielded less reliable palaeo-
magnetical result according to Abdul Aziz et al. (2008, 2009).
Asynchronies between Spain and Central Europe are high,

around 0.5 to 1 my, for most of the events when the age model of
Kilin and Kempf (2009) is considered. The events in Switzerland
and Bavaria predate their occurrences in Spain. Considering the
age model of Schlunegger et al. (1996) the calculated
asynchronies between Spain and Central Europe for the FOs
of M. gersii, M. minor and Cricetodon have the same values than
in the Kilin and Kempf (2009) age model, since they are based on
well-constrained ages in both areas. For the other events, the use
of the proposed correlations by Schlunegger et al. (1996) implies
lower asynchronies. In this case, the FO of Democricetodon and
the LO of L. florancei are considered synchronous, because clear
diachrony cannot be shown given the available time resolution.
The asynchrony of D. franconicus is not real, because it concerns
asecond immigration in Spain that does not occur in Switzerland.
The asynchronies in the FO of Eumyarion and LO of Melissiodon
only apply to the Calatayud-Montalban basin, since the first may
have arrived 0.2-0.3 my earlier in eastern basins of coastal Spain,
and Melissiodon went extinct about 0.3-0.4 my later in the Teruel
basin. The diachronous LO of Ligerimys and the FO of
Cricetodon cannot be considered as reliable, because they refer
to different species. The strong diachrony of Keramidomys and
Megacricetodon minor are realistic, and could be explained by
the non-invasibility of the Calatayud-Montalban basin during a
large part of the middle Aragonian, attributed to the special
environmental conditions with a dry and highly disturbed
environment (Van der Meulen et al., 2005).

In summary, the increase on the stratigraphical knowledge of
three Early and Middle Miocene European records from three
different geographical regions, allows us to study in depth, for
the first time, the timing of several shared rodent events. The
results indicate that, considering only rodents, it is very difficult
to propose a continental biochronological scale of high
temporal resolution, because there are a limited number of
events recognizable at continental scale and in addition they
generally show significant asynchronies between areas.

5. European mammal chronology

Before the development of stratigraphical disciplines like
magnetostratigraphy, cyclostratigraphy and the refinement of
radiometric methods of absolute dating, biostratigraphy and
biochronology were the most used methodologies as relative-
age tools for continental sediments. The difference between
these two methods is their relation with the rocks that contain
them. Biostratigraphy is defined in the International Strati-
graphic Guide as: “The element of stratigraphy that deals with
the distribution of fossils in the stratigraphic record and the
organization of strata into units on the basis of their contained
fossils” (Salvador, 1994). On the other hand, biochronology is
not a stratigraphical discipline and therefore has no relationship
with the stratigraphical record and could be defined as the
elements and procedures of the palaeontology that deals with
the temporal relationships between the fossils and the
palaeobiological entities that produce them (L&pez-Martinez
and Truyols Santonja, 1994).

European mammal faunas were customarily grouped and
ordered by assigning them to the MN-system, originally defined
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as the biozonation of the Mediterranean Neogene based on
Mammals (Mein, 1975a, 1975b). MN-system consists of 17
numbered units, within each of which Mein (1975a, 1975b)
included a set of characteristic localities from seven
geographical regions across Europe. Despite the original name
given by Mein (1975a, 1975b), the MN-system cannot be
considered as a biostratigraphical scale, because it has no
relationship with the stratigraphical record, and should be
treated as a biochronological system dealing with the temporal
ordination of the fossil record.

Each of the 17 MN units was characterized by the
combination of three criteria (Mein, 1999, 2000):

e presence of characteristic representatives, generally short-
lived, of evolutionary lineages;

e characteristic associations of temporally short co-occur-
rences of two or more genera;

o first appearances of genera.

It is important to realize that those criteria are not
equivalents to biostratigraphical ones used to define biozones,
because they are not necessarily all present in the same fauna.
Therefore, they may not co-occur in the fossil record, and even
be selected from different areas for some of the MN units,
representing composite associations of faunal events. In
addition, in later versions of the MN-system, and in order to
avoid arbitrary changes on their taxonomical contents, a
reference locality was assigned to every MN unit representing
their stage-of-evolution (Fahlbusch, 1976, 1991; De Bruijn
etal., 1992). Consequently, a local fauna is placed in a MN-unit
according to the reference locality with which it shows the
highest similarity on taxonomical or evolutionary stage of their
respective mammal associations. This procedure, even if one
restricts the comparisons to Western Europe, suffers from the
usual problems of biostratigraphical correlations since the
distribution of both the localities and the mammal taxa is patchy
in space as well as in time. This is due to (Daams and
Freudenthal, 1981; Fahlbusch, 1991; De Bruijn et al., 1992; Van
Dam, 2003):

e the discontinuous nature of the fluvial, lacustrine or karstic
facies yielding mammal faunas;

e the limited geographical ranges of most species and many
genera;

e the presence of several local anagenetic lineages;

e FOs and LOs are, more often than not, diachronical.

This ambiguity on the nature of the MN scale introduced by
several authors (see Van Dam, 2003, for an historical review)
resulted in the system nowadays being frequently used as if it
were a biostratigraphical scale instead of the biochronological
scheme as which it was originally proposed (Mein, 1975a,
1975b) and later recommended by De Bruijn et al. (1992). This
misuse of the MN-system has produced inconsistencies such as
the definition of MN boundaries (Steininger, 1999) or the
confusion between local and continental durations of the units
(see Fahlbusch, 1991 for a more elaborate theoretical discus-

sion). Thus, MN boundaries have been dated by extrapolating
local-fauna ages in different areas to ages and durations of the
units for broader European use (Steininger, 1999; Agusti et al.,
2001). This confusion between local and continental duration of
MN units produced that some authors used local MN chronology
to establish erroneous interpretations and chronological infer-
ences at continental scale. Costeur et al. (2007), for instance,
discussed the need of a change in the chronology of several
reference localities based on a supposed change in the
community structure reflected in their cenograms. In addition
to the inadequate use of repeatable features of past communities
for biochronological interpretations, such as the community
structure (cenograms), only a small part of the available
chronostratigraphical and biostratigraphical information is used
and superficially, when not incorrectly, treated. Costeur et al.
(2007) did not realize that the MN units that they used to estimate
faunal ages are strongly diachronical in the different areas
considered, as discussed by previous authors and which they
themselves represent in their fig. 1. Costeur et al. (2007) used
Agusti et al. (2001) MN boundary ages for Western Europe to
estimate numerical ages for faunas without chronological
information. An example to illustrate the misuse of the available
chronological information is among several such cases their
estimate of the MNG6 locality of Derching 1b in the Swiss OSM.
The numerical age assigned by Costeur et al. (2007) to
Derching 1b, a locality below the Brock-Horizon, is 13.7-12.5
Ma, which is the duration of the MNG6 unit proposed by Agusti
etal. (2001) for Western Europe. In contrast, for other localities
like Gallenbach 2b in Germany, which is above the Brock-
Horizon and thus younger than Derching 1b, Costeur et al.
(2007) used the age (14.5 Ma) estimated by Heissig (1997),
which is in accordance with the duration of the MN6 (14.9-13.5
Ma) proposed by Steininger (1999) and Kilin and Kempf
(2002) for the Central European record. As a consequence, the
estimated ages used by Costeur et al. (2007) for these localities
are incompatible with their relative stratigraphical position.
The MN-system proposed by Pierre Mein has been an
important tool to correlate European Neogene localities that has
allowed an incredible development on the European mammal
palaeontology. Because of the strong provincialism in Europe
during the Neogene, a biochronological system is still necessary
because of the lack of complete regional high resolution
stratigraphical frameworks due to the discontinuity of the
continental fossil record. Nevertheless, as discussed by
Fahlbusch (1991) the system should not be built on the criteria
on which MN-system is based, since they are too inaccurate for
clear-cut definitions of time units. As shown in previous sections
of this work, most of the studied biotic events are significantly
asynchronous, and even the ones that could be considered as
synchronous between the studied areas cannot be considered as
geologically instantaneous (Fahlbusch, 1991). The MN-system
could be used instead as a biochronological succession of
reference faunas to which the different mammal assemblages can
be relatively placed, as recommended by De Bruijn et al. (1992).
Even so, the MN-system remains a coarse, but necessary tool. It
represents a system of convenience, which provides a hold for
mammal palaeontologists in discussions comparing faunas from
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different parts of the European continent. On a regional scale,
obviously, a detailed stratigraphical framework based on local
biozonation, supported by superposition, radiometric ages and
palaeomagnetostratigraphy, is far superior and in our opinion the
best way to proceed.

6. Concluding remarks

This study on the dispersals of Early and Middle Miocene
rodent species based on the most recent stratigraphical
information from the three best known records (Spain,
Switzerland and Germany) has shown considerable asynchro-
nies between the different studied rodent events. Nevertheless,
these asynchronies are less important than suggested in
previous published works based on the local duration of the
MN zones. First, because one of the sources of diachrony are
the different definitions of MN units depending on the studied
geographical region; and second, because the chronological
interpretations of Central Europe have been estimated too old
as discussed in previous sections.

Since the proposition in 1975 of the European Neogene
Mammal scale by Pierre Mein, the amount on taxonomic,
stratigraphical and chronological information around Europe
has increased exponentially. The MN-system has been a very
useful tool to correlate faunas at continental scale, allowing to
have a common biochronological language more refined than
the Stages or Land Mammal Ages. The system has evolved
several times, and not always in the same direction (Van Dam,
2003), and therefore it is used with different philosophy by
different authors. In this way, the MN units have been either
used as biostratigraphical or as biochronological zones, and the
question arises which use should be encouraged.

Prior to the establishment of a biostratigraphical or
biochronological scale based on mammals, first and last
occurrences in different areas need to be calibrated and
compared in order to prove isochrony or diachrony of the
events. Transforming the MN-scheme into a formal European
biozonation is therefore rather difficult, because of the limited
geographical ranges of most of the taxa on which the more
detailed zonations are based, and because widespread taxa
generally have first and last occurrences (FOs and LOs) that are
diachronical (Daams and Freudenthal, 1981; De Bruijn et al.,
1992), as has been proven for Miocene rodents in this paper.

Therefore, the MN-system based on a sequence of time-
ordered reference localities (De Bruijn et al., 1992) is
encouraged. We fully agree with the ‘dual system’ proposed
by Van Dam (2003) to use the low-resolution MN-system on
continental scale, and local/regional biostratigraphies side by
side. The former allows coarse long-distance correlations, while
the latter, with limited geographical scope, can be calibrated to
the time scale and increase the highly needed information about
synchrony and diachrony of mammal events in different areas.
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