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Abstract 

The exceptionally dense mammalian faunal record of the Aragonian type area in Central Spain shows that an 
important climate change towards a cooler and more humid climate is recorded during the Neogene Mammal Zone 
MN 5 [1]. The magnetostratigraphic results from mammal-bearing middle Miocene continental sections in the 
Aragonian type area indicate that the onset of this climate change, at the MN 4/MN 5 boundary, occurs in the 
reversed chron C5ACr and has an age of 14.1 Ma, according to the geomagnetic polarity timescale (GPTS) of Cande 
and Kent [2]. This age is consistent with the age estimate of 14.1-14.05 Ma for the main increase in 6 ~SO in the 
marine record [3]. These independent observations of time-equivalent cooling in both continental and marine 
records confirm and accurately date a global cooling event in the middle Miocene. 

The age of 14.1 Ma for the MN 4/MN 5 boundary is significantly younger than previously recorded in continental 
timescales [4,5]. This results in a longer duration, by approximately 3 Myr, of the MN 4 zone, which is consistent with 
the many important faunal changes occurring in MN 4. Furthermore, the MN 5/MN 6 boundary occurs in chron 
C5ACn (13.8-13.9 Ma) and the MN 6/MN 7-8 boundary in the interval C5Ar.ln-C5Ar.3r (12.7-13.0 Ma). 

1. Introduct ion 

The Aragonian land mammal stage was de- 
fined at the International Symposium of Mam- 
malian Stratigraphy of the European Tertiary 
(Munich 1975) between the first appearances (FA) 
of the equids Anchitherium and Hipparion in 
Europe [6]. Later, the lower (Rambl i an /  
Aragonian) boundary was moved upward to the 
FA of Democricetodon, the first modern cricitid 
in central and western Europe [7]. The Aragonian 
stage comprises the Neogene Mammal Zones MN 

4, 5, 6, 7 and 8 in the nomenclature of Mein [8,9] 
and De Bruijn et al. [10]. In the type area of the 
Aragonian, a local zonation has been made in 
Zones B to G3 [1,11]. Two new zones are 
recognised here: Zone Dc is characterised 
by Megacricetodon collongensis, Fahlbuschia 
koenigswaldi and Pseudofahlbuschia (Cricetidae, 
hamsters), which are common components associ- 
ated with Pseudodryomys simpliciders and P. iber- 
icus (Gliridae, dormice); zone Dd contains mainly 
the same species as Dc, although Peridyromys rex 
is also present. Chrorlostratigraphic control of 
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Aragonian sediments is only based on indirect 
correlations of MN zones with marine biostratig- 
raphy. In the Tertiary basins of central Spain 
there are no opportunities for correlating the 
continental successions to the marine scale be- 
cause of the scarcity of marine intercalations. 
Radiometric calibration to the absolute timescale 
is impossible owing to the absence of intercalated 
rocks of volcanic origin. Because are no reliable 
age determinations, controversies exist about al- 
most all the biostratigraphic zones and bound- 
aries [5]. 

The oldest Aragonian faunas are placed in 
Neogene Mammal  Zone MN 4. The MN 3 / M N  4 
bounda ry - -by  definition the R a m b l i a n / A r a -  
gonian boundary - - i s  not directly dated, and its 
age is based on correlation with marine plank- 
tonic zones. In the recent literature, this bound- 
ary, which is based on an ambiguous correlation 
with nannofossil zones in Portugal, is set at 17.8 
Ma [5] or at 18.5 Ma [1]. 

The position of the upper  (Aragonian/Val le-  
sian) boundary has been a subject of debate be- 
cause the FA of Hipparion seems to be a clear 
example of diachrony. Berggren et al. [4] placed 
this boundary at 12.5 Ma based on radiometric 
dates on sites from Germany. Sen [12] has sug- 
gested that Hipparion appears in the Mediter- 
ranean at approximately 11.5 Ma, within chron 
C5R. The FA of Hipparion in the Siwaliks of 
Pakistan is magnetostratigraphically dated (in 
chron C5n) at 10 Ma [13]. Finally, Steininger et 
al. [5] place the Aragonian/Val les ian  boundary 
at 11.5 Ma. 

The marine records clearly show that major 
paleoceanographic and paleoclimatic changes 
have occurred in the middle Miocene. These 
changes represent  an important step towards 
near-modern oceanographic conditions. Forami- 
niferal assemblages established in the middle 
Miocene persisted through the late Neogene 
[14,15]. A change in the rate of STSr/S6Sr in- 
crease is thought to have occurred at 14.8-14.6 
Ma and was interpreted as the development of a 
permanent  Antarct ic  ice cap [16]. Global in- 
creases in alSO from 16.2 to 12 Ma are consid- 
ered to reflect major ice sheet growth on Antarc- 
tica [17-21]. Flower and Kennett  [3] showed that 

the main increase in 6JSO in the middle Miocene 
(event Mi3 [16]) occurred between 14.5 and 14.0 
Ma, with a major increase between 14.1 and 14.05 
Ma. The dating of this event was based on mag- 
netostratigraphic [22], biostratigraphic [23] and 
isotopic [20] data. 

The middle Miocene climate change is well 
recorded in the marine record, but the effects of 
the climate change on the continental fauna 
record are poorly known. The scarcity of fossil 
localities and the rather scattered outcrops makes 
it difficult to study large-scale climatic changes on 
land. The Aragonian type area, however, shows 
abundant fossiliferous levels covering successive 
Neogene mammal  zones (see Fig. 7). The dense 
mammalian faunal record of the Aragonian makes 
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it possible to apply principal component analyses 
to the rodent assemblages from the Ramblian 
and Aragonian [1]. An important result was the 
recognition of a major cooling phase in the mid- 
dle Aragonian during Zone E, which is the cor- 
relative of Zone MN 5. According to Steininger 
et al. [5], MN 5 spans the interval from 17 to 16 
Ma, which suggests that the climate change to a 
colder state on land significantly pre-dates the 
changes in the marine record by several million 
years. Van tier Meulen and Daams [1] bracketed 
the cooling event between 15 and 13 Ma, based 
on paleomagnetic data by Dijksman [24] and ma- 
r ine-continental  tiepoints in Portugal. Age deter- 
minations, especially for the mammal zones, how- 
ever, are still ambiguous [5]. 

The stratigraphic position of the middle 
Miocene (MN 5) climate change is accurately tied 
into the Aragonian type section. To make a direct 
correlation of the climate change to the GPTS we 
have sampled the Aragonian type section for 
magnetostratigraphic purposes. To obtain a reli- 
able chronostratigraphic framework for the stan- 
dard mammal zonations of the middle Miocene 
Aragonian stage we have also sampled a time- 
equivalent section near the village of Calatayud 
which we could extend to older levels. In this 
paper we present the magnetic polarity stratigra- 
phy of the two sections in the Aragonian type 
area and their correlation to the geomagnetic 
polarity timescale (GPTS). 

2. Sections and sampling 

The Aragonian stage was defined in the Ca- 
latayud-Teruel  basin of Central Spain [25], in the 
Iberian range between the Western and Eastern 
Iberian Chains (Fig. 1). The sediments in the type 
area consist mainly of breccias, conglomerates, 
sands, silts, clays, lacustrine limestones and gyp- 
sum. Throughout the area, the reddish fluviatile- 
lacustrine sediments are capped by a thick forma- 
tion of alternating white-greyish marls and white 
limestones. This formation is thought to be partly 
of Vallesian age, because fossil localities found 
laterally contain Vallesian faunas [25]. The most 
favourable sediments for fossil accumulation 

were, in general, clays, silts and marls, in particu- 
lar those with lignitic contents a n d / o r  concentra- 
tions of freshwater or terrestrial molluscs. 

2.1. The Aragon section 

The Aragon section is 170 m thick and com- 
prises the partly overlapping Valdemoros (VA), 
Las Umbrias (LUM) and Las Planas (LP) sec- 
tions [25]. The section is located approximately I 
km southeast of the village of Villafeliche (Fig. 1). 
The base of the section consists of red silts and 
clays containing red conglomerate (channel fills) 
and white limestone beds and it discordantly 
overlies the Cambrian basement. The number of 
limestone beds gradually increases higher up in 
the section while the reddish colour diminishes. 
The middle part of the section consists of whitish 
limestones and white-grey marls with limestone 
beds up to 3 m in thickness (Fig. 2). A second 
unit composed of red silty clays with some pebbly 
interbeds and white limestones overlies the white 
marl- l imestone interval. The upper part of this 
unit consists of thick (up to 10 m) red clay beds in 
which some limestone beds are intercalated (Fig. 
2). These clays are in turn capped by a formation 
of white limestones. 

In the Aragonian section, 143 sites were sam- 
pled at an average spacing of approximately 1.5 
m. At each site two paleomagnetic cores were 
drilled after first removing the weathered surface. 
We attempted to sample the section as long and 
continuously as possible to obtain the maximum 
number of polarity zones. Unfortunately, the up- 
permost part of the section was sampled in less 
detail because of fewer levels with suitable lithol- 
ogy. 

2.2. The Armantes  section 

The Armantes section, named after the Sierra 
de Armantes, is located a few kilometres north- 
west of the village of Calatayud (Fig. 1). This 
section is 280 m thick and was sampled along the 
northern slope of the mountains (Fig. 1). The 
base of the section (Armantes A [26], or Ribota 
[24]) consists of a unit of red silts and sands, 
while the top is formed by a unit of 10 m of white 
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l imes tones  (44 -54  m in Fig. 3). The  majo r  par t  of  
the  A r m a n t e s  sect ion consists  of  a rhy thmic  a l ter -  280 ~ o o 8 

nat ion  of  red  clays and p i n k - w h i t e  l imes tones  270 1 o o o l 
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Fig. 3. Magnetostratigraphy and lithology of the Armantes 
section. See also caption to Fig. 2. Arrow indicates position of 
fossil locality Armantes 1; question marks denote uncertain 

90 180 270 360 90 -90 0 90 positions of fossil localities Armantes 7 and 9, in the upper 

declination inclination 
Fig. 2. Magnetostratigraphy and lithology of the Aragon sec- 
tion. • = Reliable directions; © = low-intensity samples which 
are difficult to interpret; * = directions obtained by applying 
the great circle method [28]. In the polarity column, 
black/white denotes normal/reversed polarity zones; shaded 
interval denotes a zone of uncertain polarity; question marks 
denote polarity intervals based on a single level. The lithology 
column displays variations of red silts and conglomerates 
(shaded) and greyish-white marls and limestones (white). 

part of the section [24]. 

(Fig. 3). This  a l t e rna t ion  is r e m a r k a b l y  cont inu-  
ous and t h roughou t  the  whole  sec t ion  l imes tone  
beds  are  observed,  which is especia l ly  evident  in 
the  m o r e  w e a t h e r e d  par t s  of  the  section.  Be tween  
the  thick l imes tone  beds ,  smal le r  beds  are  ob- 
served at i r regu la r  d i s tances  and at  severa l  levels 
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thin conglomerates are intercalated. The regular 
cyclicity observed in the section suggests that a 
relationship exists with climatic changes induced 
by astronomical cycles of Earth's orbit. The upper 
part of the section (Armantes B [26], or Ca- 
latayud [24]) is overlain by a thick succession of 
white limestones and dolomites with some rare 
intercalations of reddish sediment (Fig. 3). 

The Armantes 1 fossil locality is located di- 
rectly in the sampled section. Two other locali- 
ties, Armantes 7 and 9, are located respectively 3 
and 1 km southwest of the sampled section. 
Dijksman [24] tentatively correlated these to an 
approximate position at the top of the Armantes 
section (Fig. 3). 

The paleomagnetic samples were taken at an 
average spacing of approximately 1-1.5 m. At 
each site we drilled two standard paleomagnetic 
cores. The section could not be sampled at evenly 
spaced intervals because the red silts were often 
impossible to drill. We succeeded, however, in 
drilling several levels between all the thick lime- 
stone beds. 

The unblocking temperatures after thermal de- 
magnetisation of the IRM (Fig. 4B) support the 
presence of magnetite and, especially for the 
Armantes section, hematite as the dominant mag- 
netic carriers. The rapid decay at low tempera- 
tures in some samples suggests the occasional 
presence of goethite. 

The initial susceptibility shows no important 
changes in the samples of the Aragon section 
when heated to 700°C (Fig. 4C), indicating that 
no additional magnetic minerals are produced 
during heating of the samples. Some samples of 
the Armantes section show a small increase in 
susceptibility at temperatures higher than 400°C 
(Fig. 4C). The thermomagnetic runs on the Curie 
balance also imply that no additional magnetic 
material is produced during heating to 700°C 
(Fig. 4D). The sample of the Aragon section 
indicates the presence of magnetite, because the 
results reveal a Curie point of 580°C. The rock 
magnetic experiments suggest that the main carri- 
ers of the magnetisation are hematite and mag- 
netite but that also small amounts of goethite 
may be present. 

3. Rock magnetic properties 

We performed some rock magnetic experi- 
ments on selected samples of both the Aragon 
and Armantes section to identify the carriers of 
the NRM components. These rock magnetic ex- 
periments include acquisition of an isothermal 
remanent magnetisation (IRM) on a PM 4 pulse 
magnetiser (H. B6hnel) and subsequent thermal 
demagnetisation. Susceptibilities were measured 
after each temperature step on a Kappabridge 
KLY-2. Finally, some thermomagnetic runs were 
recorded with a modified horizontal translation 
Curie balance making use of a cycling field [27]. 

In the samples of both the Aragon and Ar- 
mantes section the acquisition of the IRM shows 
an initial steep rise as far as 100/200 mT, sug- 
gesting the presence of a low-coercivity mineral 
like magnetite or maghemite; after this point the 
IRM increases gradually (Fig. 4A). Saturation is 
generally not reached in the highest fields (2500 
mT), which indicates the additional presence of a 
high-coercivity mineral like goethite or hematite. 

4. Paleomagnetic results: Magnetostratigraphy 

The natural remanent magnetisation (NRM) 
was measured on a 2G Enterprises cryogenic 
magnetometer.  The total NRM intensities are 
generally high, ranging from 0.1 to 10 m A / m ,  
and are strongly related to the lithology. Gener- 
ally, the reddish silts and clays show much higher 
intensities than the white limesones and marls. 
The low-field susceptibility ranges from 50 to 
1500 x 10 -6 81. At least one specimen from each 
sample site was progressively demagnetised using 
30°C temperature steps. 

4.1. A r a g o n  section 

In the Aragon section, thermal demagnetisa- 
tion of the samples reveals that the total NRM is 
generally composed of three components. A small 
viscous and randomly oriented component disap- 
pears at temperatures of 100°C. A relatively large 
secondary component is generally removed at 
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temperatures of 240°C (Fig. 5A). It has an ap- 
proximately present-day field direction before 
bedding tilt correction and is therefore of recent 
origin and most probably caused by weathering of 
the sediments. A characteristic remanent mag- 
netisation (ChRM) is generally removed at tem- 
peratures below 580°C. The demagnetisation dia- 
grams are generally of good quality and in most 
cases the characteristic directions can be reliably 
determined (Figs. 5B and C). Only in the white 
limestones do several levels show less reliable 
results because of a very weak magnetic signal, 
although the polarity ( N / R )  is usually clear (Fig. 
2). 

Some samples do not show a simple linear 
decay to the origin, even if the polarity is clear. It 
is assumed that the primary component is partly 
overprinted by a secondary component caused by 
overlapping unblocking temperature spectra. In 
these cases, a best-fit plane is calculated through 
the datapoints using the method of McFadden 
and McElhinny [28]. 

The ChRM directions and polarity zones (Fig. 
2) show that fifteen polarity intervals have been 
recorded. Unfortunately the uppermost polarity 
intervals are only determined by a few samples 
and must therefore be considered as less reliable. 
The most conspicuous characteristics of the 
Aragon polarity sequence are the two long nor- 
mal intervals in the middle part of the section 
which are separated by a relatively short reversed 
interval. Within this reversed interval one level is 
observed which shows a normal polarity. 

4.2. A r m a n t e s  section 

Like in the Aragon section the thermal demag- 
netisation diagrams of the Armantes section re- 
veal a stable and well-defined ChRM component 
after removing a secondary present-day field 
component at 240°C. Susceptibilities and ChRM 
intensities are lower than in the Aragon section. 
Polarities are evident and characteristic direc- 
tions can often be reliably determined (Figs. 5D 
and E). Generally, the total remanence is not 
entirely removed at temperatures of 600°C and 
hematite probably contributes to the characteris- 
tic magnetisation. Best-fit planes [28] for the sam- 

pies without a clear linear decay to the origin 
(Fig. 5F) were used to estimate the characteristic 
directions (Fig. 5G). Some samples in the Ar- 
mantes section show demagnetisation diagrams 
that are impossible to interpret or, like the lime- 
stones in the upper part of the section, have such 
low intensities that characteristic directions can- 
not accurately be determined (Fig. 3). 

Twenty-five polarity intervals., have been 
recorded in the Armantes section. The upper- 
most polarity intervals are represented by only a 
few samples and are hence less reliable. In the 
middle part of the section a single normal polar- 
ity level is observed in a reversed interval. In this 
case, it is not clear whether the sample represent- 
ing this interval is totally overprinted by a nor- 
mally directed weathering component or whether 
it represents a very small normal interval. It does 
occur in the same reversed interval as the single 
normal level of the Aragon section, although the 
relative positions are different. 

5. Correlat ion to the GPTS 

Correlation of the Aragonian sections to the 
GPTS has been made by reference to the most 
recent published version (CK94 [2]). Because the 
polarity sequence of the Armantes section con- 
tains 25 polarity intervals and the regular cyclic 
sedimentary patterns suggest a fairly constant 
sedimentation rate this section is very suitable for 
correlation to the GPTS. Clearly, only one unam- 
biguous correlation can be made (Fig. 6); all 
other correlations result in sudden and unlikely 
changes in sedimentation rate. It shows that the 
Armantes section covers a continuous time inter- 
val of almost 5 Myr. The base of the section 
corresponds to chron C5Cr and has an age of 
17.0 Ma, the top of the section is estimated at 
12.4 Ma according to CK94. Furthermore, it ap- 
pears that every polarity zone is recorded and 
that no significant hiatuses exist. This makes the 
Armantes section a unique and important conti- 
nental reference section for the middle Miocene. 

Although the different lithologies of the 
Aragon section suggest changing sedimentation 
rates, the correlation to the Armantes section 



and hence to the CPTS is unequivocal (Fig. 6). 
The Aragon section is biostratigraphically younger 
than the Armantes 1 fossil locality, whereas the 

ARAGON SECTION 

top of the Aragon section is biostratigraphically 
the time equivalent of the top of the Armantes 
section. This results in only one possible correla- 
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Fig.  7. B i o s t r a t i g r a p h y  a n d  local  b i o z o n a t i o n s  (Dc  to  G3)  o f  the  A r a g o n  sec t ion  [1] a n d  c o r r e s p o n d i n g  M N  z o n e s  [10]. F o r  the  

m a g n e t o s t r a t i g r a p h y  a n d  l i thology c o l u m n  see also c a p t i o n  to  Fig.  2. A r r o w s  d e n o t e  fossil local i t ies  ( V A  = V a l d e m o r o s ;  L U M  = Las  

U m b r i a s ;  L P  = Las  P lanas ) .  Re la t ive  t e m p e r a t u r e  a n d  h u m i d i t y  curves  a re  f rom V a n  d e r  M e u l e n  a n d  D a a m s  [1]. 
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tion, with the two long normal intervals to the 
middle part of the Armantes section, correspond- 
ing to chrons C5ACn and C5ADn. The base of 
the Aragon section occurs in chron C5ADr at 
14.8 Ma and the top in chron C5An.2r at approxi- 
mately 12.5 Ma. The lowermost polarity zone of 
the Aragon section seems to be relatively long, 
but a higher sedimentation rate is in agreement 
with the presence of many conglomerate beds. 

Seeing as the Armantes section is now well 
dated reliable time constraints can be applied to 
the sedimentary sequence. The regular rhythmic 
alternation of red silts and white limestones sug- 
gests that the general depositional setting of the 
Armantes section in the middle Miocene has 
faithfully recorded climatic changes in the sedi- 
mentary patterns. The distinctly cyclic middle part 
of the section (54-235 m) contains 27 cycles and 
covers approximately 3 Myr. The resulting aver- 
age periodicity of 111 kyr suggests that these 
sedimentary cycles are related to the ~ 100 kyr 
eccentricity cycle of Earth's orbit. 

6. Ages of the main biostratigraphic zone bound- 
aries 

Four Neogene Mammal (MN 4, 5, 6 and 7-8) 
zones are recognised in the biostratigraphic 
record of the Aragonian type section (Fig. 7). Our 
present correlation of the Aragonian polarity se- 
quence to CK94 provides accurate age determi- 
nations for the boundaries of these successive 
MN Zones (Table 1). The important MN 4 / M N  
5 boundary represents a major climate change [1] 
and occurs in chron C5ACr with an age of 14.1 
Ma. The MN 5 / M N  6 boundary occurs in chron 
C5ACn (13.8-13.9 Ma) and the MN 6 / M N  7-8  
boundary occurs in the interval C5Ar. ln-C5Ar.3r  
(12.7-13.0 Ma). These ages differ significantly 
from the ages in the most recent continental 
biostratigraphic timescale [5] and they have im- 
portant implications for biostratigraphic correla- 
tions. 

6.1. Lower Aragonian: MN 4 

The MN 3 / M N  4 boundary is recognised by 
the FO of Democricetodon, which is assumed to 

be more or less contemporanous with the entry of 
the mastodonts into Europe [9,29]. The age of the 
MN 3 / M N  4 (Ramblian/Aragonian)  boundary is 
still ambiguous [1,5]. For the MN 4 / M N  5 
boundary an accurate age of 14.1 Ma is now 
found (Table 1). This is in great contrast with 
Steininger et al. [5], who place this boundary at 
17.0 Ma based on indirect correlations with ma- 
rine biostratigraphy. Our results indicate a signif- 
icantly longer duration for the MN 4 zone (by 
approximately 3 Myr, which is equivalent to ca. 
350% longer). Moreover, a longer duration for 
MN 4 much better explains the many important 
changes in the continental faunal record during 
the early Aragonian. In the Aragonian type area 
MN 4 is subdivided into six local zones, signifi- 
cantly more than MN 5 (one), MN 6 (three) and 
MN 7-8  (one) [1]. 

In the Aragon section only two local zones (Dc 
and Dd) are present, which correspond to MN 4. 
The D c / D d  boundary occurs in chron C5ADn 
and has an age of 14.3 Ma. Additional informa- 
tion on the other local zones is provided by the 
Armantes section where the locality Armantes 1 
(=  zone Db) is magnetostratigraphically dated at 
16.0 Ma. The large difference in age between Db 
and Dc of 1.2 Myr agrees with the rather drastic 
change in fauna between Db and Dc and indi- 
cates that the time interval between 16.0 and 14.8 
Ma is not represented in the fossil record. 

Table 1 
Positions (or ranges) of MN and local zone boundar ies  and 
their ages with respect  to the GPTS [2]. Asterisks represent  
ages from the li terature (* [1]; * * [5]). Decimal fraction 
denotes  position within a (sub)chron as taken from the younger  
end 

BOUNDARY CHRON AGE in Ma 

MN zones ] Local zones (CK94) (CK94) 

MN 7-8/MN 9 

MN 6/MN 7-8 

MN 5/MN 6 

MN 4/MN 5 

MN 3/MN 4 

G3/H 

G2/G3 

G1/G2 

F/G1 

E/F 

Dd/E 

Dc/Dd 
A/B 

CSAn. 1 n - C5Ar.3r 

C5AAr - C5ABn 

C5ABr 

C5ACn (0.2 - 0.6) 

C5ACr (0.4) 

CSADn (0.3) 

11.5"* 

12.7 - 13.0 

13.1 - 135 

13.5 13.7 

1 3 8 -  13.9 

14.1 

14.3 

17.8"* 18.5" 
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6.2. Middle Miocene climate change: M N  5 

The principal component analyses on the fau- 
nal record of the Aragonian type area have been 
interpreted using individual rodent taxa as envi- 
ronmental indicators [1]. The result is an impor- 
tant cooling event during zone E (MN 5). This 
cooling phase is assumed to have taken place on 
the basis of decreasing proportions of Fahl- 
buschia, which is considered to represent high 
temperatures.  In Zone F, Fahlbuschia has 
dropped to very low percentages, representing 
the lowest temperatures (Fig. 7) 

The onset of this cooling event can thus be 
dated as occurring in chron C5ACr, at 14.1 Ma, 
corresponding to the lower boundary of MN 5. 
The MN 5 / M N  6 boundary is dated in chron 
C5ACn at 13.8-13.9 Ma, which indicates that the 
cooling event has a duration of approximately 300 
kyr. The age of 14.1 Ma is identical to the most 
recent datings of the climatic changes (cooling) in 
the paleoceanographic record: Flower and Ken- 
nett [3] showed that the major increase in 3~SO in 
foraminiferal tests, related to major ice sheet 
growth on Antarctica, occurred between 14.1 and 
14.05 Ma. We conclude that a major cooling 
event took place in the middle Miocene at 14.1 
Ma, both in the marine and the continental envi- 
ronment, thus indicating the global importance of 
this event. 

6.3. Upper Aragonian: M N  6 

Hitherto there has been no accurate dating of 
the MN 5 / M N  6 boundary, which has been placed 
somewhere between 16 and 15 Ma [5]. The MN 
5 / M N  6 boundary is by definition the Orlea- 
n ian/Astaracian and also the local Aragonian 
E / F  boundary. MN 6 comprises three local zones 
(F, G1 and G2), which are well defined in the 
Aragon type section. Our correlation results in a 
position for the MN 5 / M N  6 boundary in chron 
C5ACn at 13.8-13.9 Ma (Table 1). Furthermore,  
the local zone boundaries F / G 1  and G 1 / G 2  are 
found in chron C5ABr (13.5-13.7) and in the 
interval C5AAr-C5ABn (13.1-13.5 Ma). 

The paleomagnetic results from the uppermost 
part of the Aragon as well as the Armantes 

section are less reliable and zones can either not 
be defined or are defined by only a few, or even 
just one, sample level(s) (Figs. 2 and 3). The MN 
6 / M N  7-8  boundary was previously positioned at 
13.8 Ma [5]. Our results from the Aragon section 
show that this boundary occurs somewhere in the 
interval C5Ar. ln-C5Ar.3r  (12.7-13.0 Ma). Since 
there is no clear evidence that the Vallesian has 
been reached, we are restricted to using the 
somewhat controversial age of 11.5 Ma for the 
MN 7-8  / M N  9 and hence the Aragonian/Val-  
lesian boundary, based on the possibly di- 
achronous FA of Hipparion [5,12]. 

7. Conclusions 

We have established detailed magnetostrati- 
graphic records for two mammal-bearing conti- 
nental sections of middle Miocene age in the type 
area of the Aragonian Stage. The polarity se- 
quence of the Armantes section, with 25 polarity 
intervals, allows an unambiguous correlation to 
the GPTS [2]. Combining the magnetostratigra- 
phy from the time-equivalent Aragon section with 
its dense biostratigraphic record results in the 
correlation of three successive Neogene Mammal 
(MN) Zone boundaries and six local Aragonian 
zone boundaries to the GPTS. 

Our correlations imply that the MN 4 / M N  5 
boundary occurs in the normal chron C5ACr, 
resulting in an age of 14.1 Ma. Multivariate anal- 
yses of the faunal record of the Aragonian indi- 
cate that an important climatic change occurred 
during MN 5 [1]. Hence, the onset of this climatic 
cooling is dated at 14.1 Ma, which is in excellent 
agreement with the 14.1-14.05 Ma date for the 
major increase in ~180 in the marine record [3]. 
Van der Meulen and Daams [1] suggest that 
during MN 5 the climate changed to cooler and 
in MN 6 to more humid conditions, while the 
main increase in ,~a80 is considered to be the 
result of ice sheet growth on Antarctica. These 
independent observations of a time-equivalent 
climate change in both marine and continental 
records confirm the existence of a cooling event 
of global importance in the middle Miocene. 
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The new age for the MN 4/MN 5 boundary is 
significantly younger than assumed in the previ- 
ous conventional timescales [4,5] and indicates a 
much longer duration (by 3 Myr) for the MN 4 
Zone. This is consistent with the many important 
faunal changes occurring in MN 4, in which six 
local Aragonian zones are present. Finally, new 
ages are also derived for the MN 5/MN 6 and 
MN 6/MN 7-8 boundaries (Table 1). 
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