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Six Upper Miocene marine clay sections on Crete (Greece) have been subjected to a detailed magnetobiostrati- 
graphic analysis. Six correlatable polarity zones are recognized and these demonstrate the regional synchrony of 
planktonic foraminiferal biohorizons. 

By way of correlation to the magnetic polarity time-scale of Lowrie and Alvarez (1981), the Cretan sequence 
is assigned to polarity chronozones 5 (anomaly 3A) and 6. The new chronology provides an age of 5.6 Ma for the 
first occurrence datum (FOD) of the Globorotalia conomiozea group in the Mediterranean, an age of 6.0 Ma for 
the FOD of G. menardii form 5 and an age of 6.6 Ma for the last occurrence datum (LOD) of G. menardii form 4. 

Correlating the polarity record of the New Zealand Blind River section (Kennett  and Watkins, 1974), with the 
magnetic polarity time-scale provides an age of 6.0 Ma for the evolutionary appearance of Globorotalia conomio- 
zea, which is in complete agreement with the age of 6.1 ± 0.1 Ma given by Loutit and Kennett  (1979). The 
demonstrated diachrony of 0.4 Ma between the New Zealand FOD of G. conomiozea and its Mediterranean 
counterpart is explicable in view of the different nature of the two events, the one in New Zealand being evolu- 
tionary and the one in the Mediterranean migrational. 

The FOD of the G. conomiozea group in the*Tortonian/Messinian boundary stratotype section coincides with 
the level proposed by Colalongo et al. (1979) to mark the base of the Messinian. Since the FOD of the G. cono- 
miozea group in Crete and in Sicily are most probably time-equivalent, the age of the Tortonian/Messinian 
boundary is fixed at 5.6 Ma. 

The youngest sediments incorporated in this study extend into the Gilbert chronozone and antedate the main 
evaporitic phase. Consequently, the Messinian evaporitic body is younger than the base of the Gilbert chrono- 
zone, the age of which is fixed at 5.3 Ma. Adopting an age of 5.0 Ma for the Miocene/Pliocene boundary would 
imply that evaporites and post-evaporitic Lago Mare sediments were deposited in some 300,000 years and sug- 
gests that in the central parts of the Mediterranean basins evaporites must have accumulated at rates of some 3 m 
per 1000 years. 

I n t r o d u c t i o n  

As p a r t  of  I G C P - p r o j e c t  " A c c u r a c y  in  t i m e "  
a m a g n e t o s t r a t i g r a p h i c  s t u d y  was i n i t i a t e d  to  
f i nd  o u t  w h e t h e r  i t  w o u l d  be poss ib le  to  de- 

sign a d e t a i l e d  g e o m a g n e t i c  p o l a r i t y  s t ra t ig-  
r a p h y  for  the  U p p e r  M i o c e n e  of  Crete .  

Cre te  was  c h o s e n  b e c a u s e  we had  d e t a i l e d  
i n f o r m a t i o n  a b o u t  the  N e o g e n e  s e d i m e n t a r y -  

t e c t o n i c  h i s t o r y  ( F r e u d e n t h a l ,  1 9 6 9 ;  Meu len -  

k a m p ,  1969 ,  1 9 7 9 a ,  b ;  M e u l e n k a m p  e t  al . ,  
1 9 7 9 ) ,  a nd  b e c a u s e  a grea t  n u m b e r  of  wel l  
e x p o s e d  m a r i n e  c lay  s ec t i ons  a nd  a d e t a i l e d  
b i o s t r a t i g r a p h y  w e r e  ava i lab le  (e.g. Siss ingh,  
1 9 7 2 ;  S c h m i d t ,  1 9 7 3 ;  Zachar iasse ,  1 9 7 5 ) .  

In i t i a l  s a m p l i n g  a n d  m e a s u r e m e n t s  we re  
f o c u s e d  o n  t w o  T o r t o n i a n / M e s s i n i a n  c lay  
s ec t i ons  in  w e s t e r n  Cre te  ( sec t ions  P o t a m i d a  

0377-8398/84/$03.00 © 1984 Elsevier Science Publishers B.V. 
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1 and 2), the results of which were published 
earlier along with detailed micropaleontologi- 
cal analyses (Langereis and Zijderveld, 1979; 
Langereis, 1979, Drooger et al., 1979a). 
Later, more sections were sampled from 
western and central Crete in order to check 
the initial results and to extend the strati- 
graphic range of the initial polarity reversal 
sequences. Stratigraphic positioning of  the 
sections is based mainly on biostratigraphic 
correlations and to a lesser degree on litho- 
stratigraphic evidence. Part of the results of 
this enlarged collection of samples are pre- 
sented here and include a detailed polarity 
stratigraphy for the Upper Miocene of Crete. 

Although a polarity stratigraphy consists of  
a non-ordinal repetition of polarity reversals, 
differences in the duration of individual 
polarity zones make polarity reversal se- 
quences applicable for time-stratigraphic 
correlations, provided accumulation rates in 
sections to be correlated are more or less 
uniform and independent  stratigraphic con- 
trol (i.e. biostratigraphy, radiometric dating) 
is available. For the Cretan polarity reversal 
sequences these conditions are fulfilled 
through which it is possible to calibrate 
these sequences correctly to the magnetic 
polarity time-scale based on sea floor anom- 

alies. In this s tudy the most  recent magnetic 
time-scale is employed (Lowrie and Alvarez, 
1981). 

Sections and sampling 

The study reported here is based on six 
sections. Five of them are located in western 
Crete, near the villages of Potamida (sections 
Potamida 1, 2, 3, 4) and Skouloudhiana (sec- 
tion Skouloudhiana) and one section is 
located in central Crete near the village of  
Kastelli (section Kastelli) (Fig. 1). 

The sections from western Crete consist of 
open-marine, blue-grey, homogeneous clays 
which form the upper part of a clastic sedi- 
ment succession that unconformably overlies 
pre-Neogene rocks. These clastic sediments 
are of  Tortonian to earliest Messinian Age. 
Fine-clastic Upper Tortonian sediments were 
deposited in the more central parts of various 
subbasins, whereas coarse-clastic sediments 
and bioclastic limestones accumulated along 
the margins and on or along submarine ridges 
(Meulenkamp, 1979a). The blue-grey, homo- 
geneous clays of western Crete are overlain by 
alternating homogeneous and laminated, beige 
to whitish marls of Messinian Age. 

f l  Skouloudhlana \ ~ i . 

LEVKA OR/ ~ x ~ h y r n n ° n  ~ ~ -- ~ - ~  P ~'~ 

lerapetra ~ - ~  ~- ~ I 
~o / &Kastelli ~ ~ 

0 tO 20 30 KM 

L I B Y A N  SEA 

Fig. 1. Location of Cretan sections. 
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Fig. 2. Western Cretan sections showing lithology and position of paleomagnetic samples, gc = FOD of the G. 
c o n o m i o z e a  group; 5 = FOD of G. m e n a r d i i  form 5; 4 = LOD of G. m e n a r d i i  form 4. Arrow indicates re-appear- 
ance level of sinistrally keeled globorotaliids. 

Sec t i on  Kastell i  f rom central  Crete is com-  
posed  o f  open-mar ine ,  blue-grey h o m o g e -  
n e o u s  clays w i t h  s o m e  sandy interbeds.  This  
success ion  overlies a rapidly al ternating 
s e q u e n c e  o f  marine ,  brackish and lacustr ine  
s e d i m e n t s  o f  Early T o r t o n i a n  Age.  Upwards ,  
the  o p e n  marine  clays are replaced by an 

alternating h o m o g e n e o u s - l a m i n a t e d  marl  suc- 
cess ion,  w h i c h  in turn is overlain by a th ick  
s e q u e n c e  o f  evapori tes  ( M e u l e n k a m p  et  al., 
1979) .  

The l i t h o l o g y  o f  the  sec t ions ,  the  pos i t i on  
o f  p a l e o m a g n e t i c  samples  and the  b i o h o r i z o n s  
are s h o w n  in Fig. 2. Pa l eonto log i ca l  samples  
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were taken at each paleomagnetic sample 
level in all sections except in Potamida 1 and 
2, where they were taken independently and 
calibrated afterwards (Langereis and Meulen- 
kamp, 1979). It should be noted that  the 
ferruginous levels indicated in Fig. 2 represent 
thin sandy, iron-rich turbidites and do not 
correspond to sedimentary hiatuses (Drooger 
et al., 1979b). 

Sections Potamida 1, 2 and 3 were sampled 
at close intervals (40--55 cm); in sections 
Potamida 4 and Skouloudhiana a wider 
spacing was used (120--140 cm). In the 
Kastelli section samples were taken at inter- 
vals of 70--80 cm. At each level three or four 
cores of 25 mm diameter were taken with an 
electric drill using water under pressure as 
coolant. A portable generator was used as 
power supply. In the paleomagnetic labora- 
tory "For t  Hoofddi jk"  the cores were divided 
into specimens 22 mm long, yielding one to 
four specimens per core. 

Stratigraphic distance between sampling 
levels was determined accurately using vertical 
and horizontal distance and azimuth between 
sites as well as strike and dip of the bedding 
plane (Langereis and Meulenkamp, 1979). 
For the sections Potamida 4 and Skouloud- 
hiana a theodolite was used to determine the 
stratigraphic thickness of the whole section as 
a check on the total of the inter-sample dis- 
tances. 

Biostratigraphy 

Selection and stratigraphic ordering of the 
sections used for designing a detailed polarity 
stratigraphy for the Upper Miocene of Crete is 
based mainly on biostratigraphic correlations. 

Intra-Mediterranean biostratigraphic con- 
trol in the Upper Miocene is rather poor, 
compared to the Middle Miocene and Plio- 
cene. Commonly three planktonic foramini- 
feral biohorizons are used to subdivide the 
Mediterranean Upper Miocene. The FOD of 
Neogloboquadrina acostaensis corresponds 
with a level slightly above the base of the 
Tortonian and the FOD of Globorotalia cono- 
miozea is currently used to recognize the 

base of the Messinian (D'Onofrio et al., 1975; 
Colalongo et al., 1979). In a strict sense the 
FOD of Globorotalia conomiozea refers to 
the first occurrence of G. conomiozea types 
in the Mediterranean. More broadly inter- 
preted this biostratigraphic event corresponds 
to the sudden spreading of left-coiled, piano- 
convex, keeled globorotaliids having on the 
average 4.5 crescent-shaped chambers (Zacha- 
riasse, lC~79a, b). This group of globorotaliids 
is labelled here and earlier as the Globorotalia 
conomiozea group and encloses, in addition 
to the high-conical Globorotalia conomiozea 
type, such forms as the low-convex G. mio- 
tumida type and the 5--6 chambered G. 
medi terranea type. 

Relative to the entry level of the calcareous 
nannoplankton taxon Reticulofenestra rotaria 
(Theodoridis, 1983) the FOD of the Globoro- 
talia conomiozea types, however, fluctuates 
and is either coeval or to a certain extent  
younger than the FOD of the G. conomiozea 
group. 

The sudden spreading of the Globorotalia 
conorniozea group in the Mediterranean most 
probably represents a migrational event 
(Zachariasse, 1979a, b; Wernli, 1980) and 
constitutes a definite marker level in Late 
Miocene Mediterranean biostratigraphy. 

The youngest biostratigraphic event in the 
Mediterranean Upper Miocene is a shift, from 
sinistral to dextral, in the coiling of Neo- 
globoquadrina acostaensis which occurs some- 
where in the Messinian close to the beginning 
of the main evaporitic phase. 

Because the stratigraphic position of all 
sections is well above the FOD of Neoglobo- 
quadrina acostaensis and definitely below the 
coiling shift of N. acostaensis, the entry level 
of the Globorotalia conomiozea group would 
seem the only distinct biohorizon available 
for correlating the sections. Fortunately,  the 
discontinuous distribution and coiling changes 
in keeled globorotaliids other than the Globo- 
rotalia conomiozea group can also be used for 
biostratigraphic control. 

Generally, keeled globorotaliids occur in 
low frequencies and are distributed rather 
discontinuously in the Mediterranean Upper 
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Miocene. Sinistral assemblages disappear some- 
where in the Tortonian and, following a 
prolonged period of absence of keeled globo- 
rotaliids, dextral assemblages reappear in the 
record. The sinistral and dextral assemblages 
have been labelled as Globorotalia menardii 
form 4 and as G. menardii form 5, respective- 
ly (Tjalsma, 1971; Zachariasse, 1975, 1979a, 
b). In the Mediterranean this pattern is very 
consistent and allows for a subdivision of  the 
Upper Tortonian into a lower zone with 
sinistral assemblages, an upper zone with 
dextral assemblages and an intermediate zone 
in which keeled globorotaliids are absent for 
a prolonged period. 

The abrupt  and instantaneous recurrence 
of sinistrally keeled globorotaliids above the 
FOD of Globorotalia menardii form 5, record- 
ed in sections Potamida 1 and 3 (Figs. 2, 12), 
is t roublesome for the positioning of single 
assemblages of keeled globorotaliids but use- 
ful for the positioning of sample series. These 
sinistrally keeled globorotaliids are bio- 
metrically intermediate between Globorotalia 

menardii form 4 and G. menardii form 5 and 
the G. conomiozea group. In Fig. 14 the 
generalized distribution pattern of  all keeled 
globorotaliids in the Upper Tortonian/Lower  
Messinian of  Crete is shown and tied to the 
Cretan polarity stratigraphy. 

Laboratory  treatment of p a l e o m a g n e t i c  

samples 

The total natural remanent magnetization 
(total NRM) of (initially) one specimen per 
core was measured on a ScT cryogenic mag- 
netometer  or a JR-3 spinner magnetometer.  
As an example of the directions of the total 
NRM, the results for section Potamida I are 
shown in Fig. 3. Reversed polarities are clear- 
ly present, but  a further analysis of the total 
NRM is necessary to remove recent normal 
polarity overprinting and to arrive at a reliable 
polarity reversal pattern. Since the total 
NRM-intensity may represent the resul- 
tant vector of two or more magnetizations, 
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in tens i ty  values al low for  p re l imina ry  conclu-  
sions only.  In general  the  to ta l  NRM-intensi -  
ties o f  the  clays vary  f rom 1 to  20 m A  m - ' .  
In the  u p p e r m o s t  pa r t  of  P o t a m i d a  3 and  4, 
above  the  ( lower)  layer  of  f ine ly -bedded  clay 
(Fig. 2), to ta l  N R M  intensi t ies  are lower :  
0.I--I.0 mA m-' (Fig. 4). The intensity 
variations are matched by variations in suscep- 
tibility and saturation isothermal remanent 
magnetization (SIRM), suggesting that lithol- 
ogy is responsible for these lower values. 
In many cases a decrease in intensity is found 
close to the ferruginous levels (Fig. 4). Rema- 
nent coercive forces and saturation rema- 
nences of the samples close to these levels 
indicate oxydation of the original magnetic 
minerals. Since these ferruginous, sandy 
levels are more permeable than the dense clay, 
oxidation and the resultant drop in intensity 
are most probably induced by weathering. 

At least one specimen per core has been 
demagnetized progressively, either in alternat- 
ing fields increased stepwise up to a maximum 

of  200 m T  (2000 Oe) peak  value or by  step- 
wise heat ing  of  the  samples  in a non -magne t i c  
fu rnace  up  to  t e m p e r a t u r e s  of  600- -650°C.  
In m a n y  cases the  samples  con t a ined  small,  
r a n d o m l y  d i rec ted  c o m p o n e n t s ,  a p p a r e n t l y  
acqui red  in the  l abo ra to ry .  These  viscous 
c o m p o n e n t s  were  r e m o v e d  in a peak  field 
of  5 - -10  m T  or a t  t e m p e r a t u r e s  of  1 0 0 - -  
l l 0 ° C  (Fig. 5). Seconda ry  n o r m a l  po l a r i t y  
c o m p o n e n t s  wi th  a s teep  p resen t -day  inclina- 
t ion are m o s t  p r o b a b l y  of  r ecen t  origin and 
were  r e m o v e d  in a peak  field of  50 - -60  m T ;  
o f t en  these  c o m p o n e n t s  could  be c o m p l e t e l y  
r e m o v e d  b y  t he rma l  d e m a g n e t i z a t i o n  at  
t e m p e r a t u r e s  as high as 500°C {Fig. 5). A 
s table  and charac ter i s t ic  magne t i za t i on  com-  
p o n e n t  can be d e t e r m i n e d  by  s tepwise  de- 
magne t i za t ion  in peak  fields f rom 50 - -60  
m T  up to  100 - -200  m T  or by  the rma l  demag-  
ne t i za t ion  a t  t e m p e r a t u r e s  of  500°C and 
higher. The rma l  d e m a g n e t i z a t i o n  shows t h a t  
the  charac ter i s t ic  r e m a n e n t  magne t i za t i on  
(ChRM) resides ma in ly  in magne t i t e ,  since 
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Fig. 4. Total NRM-intensities in section Potamida 3. 
Solid line represents average intensity. Dashed lines 

indicate lowered intensity related to ferruginous 
levels. 

Fig. 5. Representative demagnetization vector diagrams of selected samples. Alternating field demagnetizations 
are given in the left-hand diagrams; thermal demagnetizations of specimens from the same core or same sample 
level are represented in the right-hand diagrams. Generally thermal demagnetization produces more consistent 
results (e.g., KB 32) and sometimes displays a reversed ChRM, whereas alternating field demagnetization shows 
normal polarities (e.g., KT 56). Solid (open) circles denote projection of end points of remanent magnetization 
vectors on the horizontal (vertical) plane. Numbers refer to peak field in millitesla (roT) or temperature in degrees 
Celsius. 
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most of the total NRM was removed at 
temperatures of ca. 590°C (e.g., KP 130 3A; 
KB 16 3A in Fig. 5). Some hematite is often 
present and the remanence is then completely 
removed at temperatures of 610--650°C 
{e.g., KP 208 4A; KT 27 3A in Fig. 5). 

Although directions of the ChRM derived 
from alternating field and thermal demagnet- 
ization diagrams are generally shown to agree 
very well (Fig. 5; Langereis, 1979), results 
derived from thermal demagnetization are 
often more consistent and the characteristic 
directions can be determined more accurately 
(e.g., KB 32 in Fig. 5). Especially in section 
Kastelli thermal demagnetization sometimes 
revealed clearly reversed polarities, whereas 
alternating field demagnetization showed 
normal polarities (e.g., KT 56 in Fig. 5). 
Obviously the coercive spectra of the second- 
ary and characteristic magnetizations did 
overlap, but the blocking temperature spectra 
overlapped only partially. 

Paleomagnetic results 

The ChRM-directions of the Cretan sec- 
tions derived from progressive stepwise 
demagnetizations are shown in Figs. 6--11. In 
general, ChRM-directions vary little per 
sample level. Largest differences occur in the 
top part of the sections and close to lithologi- 
cal discontinuities and are thought to be in- 
duced by weathering processes. 

The recorded deviations in the declination 
of the ChRM from the geocentric axial dipole 
field may be due to depositional processes 
(e.g., sediment transport) or to local tecton- 
ics. The shallower inclinations are incompat- 
ible with the geocentric axial dipole field; this 
may be due to an inclination error (King, 
1955), to compaction of the clays (Valente 
et al., 1982) and/or to a northward displace- 
ment of Crete since the Late Miocene. The 
existence of an excentric dipole field during 
the Tertiary cannot be ruled out either 
(Wilson, 1971). 

Fig. 6 shows the ChRM-directions and 
polarity zones in section Potamida 1. A long, 
reversed polarity zone (C--) in the lower part 

of the section is followed upwards by polarity 
zones D+, E-- and F+. The same four polarity 
zones can be recognized in section Potamida 2 
(Fig. 7) on the basis of biostratigraphic evi- 
dence. The strongly reduced thickness of 
polarity zone F+ relative to that measured in 
section Potamida 1 is due to faulting which 
caused a doubling in the polarity pattern of 
section Potamida 2 (Langereis, 1979; Drooger 
et al., 1979b). 

Section Potamida 3 was sampled to estab- 
lish the upper boundary of polarity zone F+. 
As sho~n in Fig. 8, the lower reversed polar- 
ity interval is biostratigraphically correlatable 
with polarity zone E--. Since the uppermost 
part of section Potamida 3 shows reversed 
polarities, polarity zone F+ is well defined. 
Polarity zone G-- represents the highest 
magnetostratigraphic unit recorded in western 
Crete. The alternating homogeneous-laminat- 
ed marl sequence overlying section Potamida 
3 shows considerable (normal) overprinting, 
and intensities of the ChRM are far too low. 

The reversed polarity zone in the lower half 
of section Potamida 4 correlates with polarity 
zone C-- (Fig. 9). The true thickness of zone 
C--, however, is uncertain due to possible 
faulting in the interval corresponding to the 
upper gap in the sample record (Fig. 10). 
The thickness of polarity zone E-- is notably 
reduced relative to that measured in the other 
Potamida sections. Moreover, the FOD of the 
Globorotalia conorniozea group coincides 
exactly with the boundary between polarity 
zones E-- and F+, which is also anomalous 
relative to the position of the FOD in the 
other sections. On revisiting the section we 
found that  polarity zone E-- is reduced 
tectonically in thickness due to faulting. 

Biostratigraphic evidence indicates that 
section Skouloudhiana extends to much 
older levels than do the Potamida sections. 
The base of the section contains the lower- 
most marine clay levels we could sample in 
NW Crete. As shown in Fig. 10, the upper 
reversed polarity zone correlates with zone 
C--. Downwards, at least four polarity zones 
are added to the existing polarity reversal 
sequence. Amongst these four, polarity zones 
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B+ and A-- are well defined. The long, co- 
vered interval below polarity zone A-- means 
that there are possibly more polarity reversals 
present than the ones recorded in the lower 
part of section Skouloudhiana. 

Some nine polarity reversals were recorded 
in section Kastelli in central Crete (Fig. 11). 
Biostratigraphically as well  as magnetostrati- 
graphically, section Kastelli can be clearly cor- 
related with the western Cretan sections and 
allows the polarity zones in section Kastelli 
to be labelled in terms of the western Cretan 
polarity succession. As shown in Fig. 11, 
polarity zones A-- through G-- are recogniz- 
able in this section. As holds true for western 
Crete, the sediments overlying the Kastelli 
section are not suitable for paleomagnetic 
analysis. 

Magnetobiostratigraphy for the Upper Mio- 
cene of  Crete 

Fig. 12 shows the position of the five 
western Cretan sections relative to selected 
polarity reversal horizons. When corrected 
for the small fault in the upper part of section 
Potamida 2 (Langereis, 1979; Drooger et al., 
1979b) the polarity reversal sequence of this 
section correlates excellently with those in 
sections Potamida 1 and 3. Also corrected for 
faulting are the upper and lower part of 
section Potamida 4. 

In sections Potamida 1 and 2 the FOD of 
the Globorotalia conomiozea group is record- 
ed in the middle and in section Potamida 3 
in the upper part of polarity zone E--. The 
anomalous position of the FOD of the G. 
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conomiozea group at the boundary of polar- 
ity zones E-- and F+ in section Potamida 4 
is related to a fault and illustrates that if a 
biohorizon coincides with a "polarity reversal 
horizon", a hiatus or fault must be taken into 
consideration. 

The entry of Globorotalia menardii form 5 
occurs in polarity zone C-- of sections Pota- 
mida 1, 2 and 4 and of section Skouloudhiana 
(Fig. 12). The sudden and instantaneous 
re-appearance of sinistrally keeled globorota- 
liids above the FOD of  G. menardii form 5 is 
recorded in polarity zone D+ of sections 
Potamida 1 and 3 (Fig. 12). Their absence in 
the other sections is ascribed to the (paleont- 
ologic) sample distance being a three to four- 
fold of that in sections Potamida 1 and 3. 
The LOD of G. menardii form 4 is recorded 
only in section Skouloudhiana and falls with- 
in polarity zone A--. 

On the basis of the polarity reversal se- 
quences of the five overlapping western 

Cretan sections a composite  polarity stratig- 
raphy is constructed in such a way that the 
lengths of  the polarity zones are normalized 
to a uniform accumulation rate. Sections 
Potamida 1, 2 and 3 have polarity zone E -  
in common,  the thickness of which is uniform. 
The same holds for polarity zone D+ in sec- 
tions Potamida 1, 2 and 4, suggesting an equal 
accumulation rate in all four sections. There- 
fore the lengths of the upper three polarity 
zones of the composite  column correspond 
to their actual measured lengths in sections 
Potamida 1 to 4. 

The actual length of the long polarity zone 
C-- is unknown in section Potamida 1 and 
uncertain in section Potamida 4. Section 
Skouloudhiana is the only section in which 
the length of this zone can be determined. 
The length, however, is notably shorter than 
the minimum length of this zone in section 
Potamida 1. This indicates that the average 
accumulation rate in section Skouloudhiana 
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has been lower than in section Potamida 1. 
Therefore,  polarity zone C-- in Skouloud- 
hiana must be "s t re tched"  at least by a factor 
of 1.2 so that  it is adjusted to the accumula- 
tion rate of  the Potamida sections. If polarity 
zone D+ in section Skouloudhiana is adjusted 
to this accumulation rate, its length must be 

multiplied by at most  a factor  of  1.3. The 
average correction factor  used here to normal- 
ize the length of the polarity zone C-- in sec- 
tion Skouloudhiana is therefore fixed at 1.25. 
The same accumulation rate correction has 
been applied to the other  polarity zones. 

As shown in Fig. 12 the upper six polarity 
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zones of section Kastelli correlate excellently 
with the upper six polarity zones of the 
composite section of western Crete. The same 
holds for the position of the various biohor- 
izons relative to the polarity reversal se- 
quence. Correlation between the polarity pat- 
terns below the succession of six polarity 
zones is doubtful  due to the non-exposed 
interval in western Crete. The total thickness 
of polarity zones A-- through F+ amounts to 
56.6 metres for the composite column in 
western Crete and 29 m for section Kastelli 
in central Crete, indicating that the average 
accumulation rate in the latter section has 
been a factor 1.95 less. In Fig. 12 the polarity 
zones of section Kastelli are "s t re tched" by 
the same factor of 1.95 in order to facilitate 
comparison with the composite column in 
western Crete. 

In general, the relative lengths of the 
successive polarity zones in central Crete 
compare well with those in western Crete, 
suggesting that the accumulation rate in 
section Kastelli did not  vary greatly or in the 
same way as in western Crete. An odd coin- 
cidence is that  all but one of the biohorizons 
occur in the reversed polarity zones. Minor 
variations in the position of biohorizons 
relative to the polarity patterns are believed 
to have been caused by differences in the 
distance between samples, by minor fluctua- 
tions in the accumulation rate and/or by 
minor faults. 

Correlation with the magnetic polarity time- 
scale 

The next important  step is to correlate the 
Cretan succession of six polarity zones with 
the magnetic polarity time-scale of Lowrie 
and Alvarez (1981). 

For a correct correlation an undisturbed 
magnetic signal is essential, i.e., doubling or 
lacking of  polarity zones may lead to erro- 
neous conclusions. Therefore, the possibility 
of faults is considered carefully and when- 
ever substantiated they are indicated (Figs. 
6--11) and corrected for (Fig. 12). Moreover, 
employing an accumulation rate based on the 

average duration of 0.2 Ma for Upper Miocene 
polarity zones gives a magnetostratigraphic 
resolution of 10,000--25,000 years in western 
Crete and of 30,000--40,000 years in central 
Crete. Since the minimum duration of Late 
Miocene polarity zones is about 0.05 Ma, the 
high-resolution signal excludes the possibility 
of missing polarity (sub)zones. 

The uniform lithology of massive clays and 
stable faunal/floral patterns (Drooger et al., 
1979a) suggest furthermore a continuous 
accumulation at a more or less constant rate. 
Additional evidence for a fairly constant 
accumulation rate is provided by the uniform 
grain size distribution and composition of 
magnetic minerals inferred from the patterns 
of rock-magnetic properties (Langereis, 1984 ). 
Therefore, differences in relative lengths of 
the Cretan polarity zones supposedly closely 
reflect differences in duration of polarity 
chronozones. 

The reliable and detailed magnetostratig- 
raphy, however, appears not  to be sufficient 
in itself to establish a conclusive correlation 
between the Cretan polarity sequence and the 
magnetic polarity time-scale. For instance, a 
computer  run by which the Cretan polarity 
sequences are compared statistically with 
every possible sequence of six polarity zones 
over the last 15 Ma yields three significant 
correlations with corresponding ages for the 
FOD of the Globorotal ia c o n o m i o z e a  group 
of 3.1, 5.6 and 11.7 Ma (Fig. 13). Hence, 
radiometric control on the Cretan polarity 
stratigraphy is a necessary addition for deter- 
mining the correct correlation. In this case, 
indirect radiometric control is provided by 
the reported age-range of 6.0--7.0 Ma of the 
Mediterranean FOD of Globorotal ia cono- 
miozea  (Van Couvering et al., 1976; Arias 
et al., 1976) which suffices to correlate the 
Cretan polarity sequence with chronozones 
5 (anomaly 3A) and 6, by which the FOD of 
the G. c o n o m i o z e a  group is conclusively 
fixed at 5.6 Ma (Fig. 15). 

The Blind River section in New Zealand 
contains the evolutionary appearance level 
of Globorotal ia c o n o m i o z e a  and is tied to a 
detailed polarity reversal sequence (Kennett  
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and Watkins, 1974).  Comparing the polarity 
sequence of  this section with every possible 
sequence of  eight polarity zones over the last 
15 Ma, yields the same three correlations with 
corresponding ages for the first evolutionary 
appearance level of  Globorotalia conomiozea 
of 3.5, 6.0 and 12.2 Ma (Fig. 14). The age of 
6.0 Ma has the highest correlation coefficient 
and agrees extremely well with the revised age 
determination of  6.1 + 0.1 Ma reported by 
Loutit and Kennett (1979).  

Polarity chronozones and age of  the FOD of 
the G. conomiozea group 

The identification of polarity chronozones 
5 and 6 in the Upper Miocene of  Crete with 
a corresponding age of  5.6 Ma for the FOD of 

the Globorotalia conomiozea group is an un- 
expected result and differs appreciably from 
the results of  earlier attempts to date this 
biohorizon. Polarity sequences from suppos- 
edly time-equivalent sediments in the Torto- 
nian type section (Rio Mazzapiedi) and in the 
Santerno section (northern Italy) have been 
investigated by Nagakawa et al. (1974,  1975).  
According to the interpretation of these 
authors the higher part of the Tortonian type 
section (Rio Mazzapiedi), sampled up to level 
13 of  Cita et al. (1965),  would belong to 
polarity chronozone 8 and to the basal part 
of chronozone 7. This would imply that the 
FOD of Globorotalia conomiozea, reported 
by D'Onofrio et al. (1975)  from a level 
slightly below level 13 of  Cita et al. (1965}, 
would occur approximately at the boundary 
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of polarity chronozones 8 and 7 with a cor- 
responding age of  7.4 Ma, according to the 
magnetic polarity time-scale of  Lowrie and 
Alvarez (1981).  In this case Globorotalia 
conomiozea types would arrive almost 2.0 
Ma later in Crete than in Italy. As the sudden 
spreading of  the Globorotalia conomiozea 
group most  probably represents a migrational 
event (Zachariasse, 1979a, b; Wernli, 1980),  
an intra-Mediterranean time-lag of  such an 
extent seems highly improbable. Another 
objection to calibrating the FOD of  the 
Globorotalia conomiozea group to polarity 
chronozone 8 is that the non-evolutionary 
beginning of  G. conomiozea morphotypes in 
the Mediterranean would amply antedate 
their evolutionary appearance in the Pacific 
(Loutit  and Kennett,  1979).  This latter 
argument, however, may be invalid if Scott  

(1980)  is right that the Mediterranean Globo- 
rotalia conorniozea group is not related to the 
New Zealand taxon. 

Radiometric ages for the FOD of Globo- 
rotalia conomiozea (Van Couvering et al., 
1976; Arias et al., 1976)  indicate that this 
biohorizon is definitely younger than is sug- 
gested by calibrating this event close to the 
boundary of  polarity chronozones 8 and 7. 

All evidence together indicates that the 
polarity reversal sequences measured by 
Nagakawa et al. (1974,  1975)  in Tortonian/ 
Messinian transitional strata of northern Italy 
are incorrectly assigned to polarity chrono- 
zones 8 and 7. Evidently, these polarity se- 
quences represent a younger magnetic signal. 

Adhering to an age of  5.6 Ma for the FOD 
of the Globorotalia conomiozea group in the 
Mediterranean, however, does not  match with 
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the reported age-range of 6.0--7.0 Ma for the 
FOD of G. conomiozea  (Ryan et al., 1974; 
Van Couvering et al., 1976; Arias et al., 1976). 

Radiometric ages most directly related to 
the FOD of the Globorotalia conorniozea 
group are provided by Arias et al. (1976). 
In the Izarorene section in Morocco these 
authors dated several tuff  layers from an 
interval slightly below the FOD of Globoro- 
talia conomiozea .  Radiometric datings thus 
provide a maximum age for this biostrati- 
graphic event. However, the range of radio- 
metric ages for individual tuf f  layers is very 
large, varying between 5.6 ± 0.3 (sic) and 
7.1 ± 0.4 Ma for the K/Ar datings and be- 
tween 6.3 i 1.1 and 6.8 + 0.6 Ma for the 
fission track datings. Therefore a maximum 
age for the FOD of Globorotalia conomiozea  
in Morocco, ranging from 5.6 ± 0.3 to 7.1 ± 
0.4 Ma, is not necessarily in conflict with an 
inferred age of 5.6 Ma for the FOD of the 
G. conomiozea  group in Crete. 

In southern Spain marine sediments with 
intercalated volcanic lava flows, dated at 
6.9 Ma, contain planktonic foraminiferal 
associations which predate the FOD of 
Globorotalia conomiozea  and which are of 
presumably Late Tortonian Age (Van Couve- 
ring et al., 1976). These marine sediments 
are overlain by continental deposits contain- 
ing a mammalian fauna (Librille fauna) correl- 
atable with the mammalian fauna level VI at 
Crevillente, which in turn correlates with 
marine sediments containing Globorotalia 
conomiozea  (De Bruijn et al., 1975). Thus the 
FOD of G. conomiozea  can only indirectly 
be calibrated to this radiometric age of 6.9 
Ma, which gives at best a maximum age 
determination for this event. 

The age of 6.3 Ma for the FOD of Globoro- 
talia conomiozea  in the Mediterranean, given 
by Ryan et al. (1974}, is based on the reinter- 
pretation of the paleomagnetic data from the 
Blind River section in New Zealand (Kennett  
and Watkins, 1974) and on the assumption 
that  the New Zealand FOD of G. conomiozea  
is time-equivalent with the Mediterranean 
FOD of G. conomiozea .  Although the rein- 
terpreted magnetic correlation for the Blind 

River is generally accepted, Ryan et al. did 
not place the FOD of Globorotalia cono- 
miozea in accordance with the original data 
of Kennett  and Watkins (1974). If it were 
positioned correctly, the FOD of Globoro- 
talia conomiozea  would occur in the younger 
reversed interval of polarity chronozone 6 
with an extrapolated age of ca. 6.1 Ma (Louti t  
and Kennett,  1979; Fig. 15). 

The results of the present study demon- 
strate that the diachrony between the New 
Zealand FOD of Globorotalia conomiozea  
and the FOD of the G. conomiozea  group in 
the Mediterranean is 0.4 Ma. The diachrony 
between both biohorizons is explicable in 
view of the different nature of their corre- 
sponding events, the one in New Zealand 
being evolutionary and the one in the Medi- 
terranean being migrational. 

Age of the Tortonian/Messinian boundary and 
the main evaporitic phase 

Unfortunately no reliable magnetostrati- 
graphic data are available to determine the 
degree of synchrony of the FOD of the 
Globorotalia conomiozea  group in the Medi- 
terranean. Upper Miocene sequences in the 
Caltanisetta Basin (Sicily), including the 
recently proposed boundary stratotype sec- 
tion for the Tortonian/Messinian boundary 
(Colalongo et al., 1979) appear to have been 
completely remagnetized and show only 
recent, normal polarities (Langereis, 1984). 

Evidence for the supposedly time-equiv- 
alence of the Mediterranean FOD of the 
Globorotalia conomiozea  group, however, is 
recently provided by a refined calcareous 
nannoplankton stratigraphy (Theodoridis, 
1983): both in Crete and in Sicily the FOD of 
the G. conomiozea  group nearly coincides 
with the entry level of Ret iculofenes tra  rota- 
ria. In combination with the observation that  
the FOD of the Globorotalia conomiozea  
group in the Tortonian/Messinian boundary 
stratotype section (Zachariasse and Spaak, 
1983) coincides with the level proposed as 
the physical reference point for the Tortonian/ 
Messinian boundary (Colalongo et al., 1979), 
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an age of 5.6 Ma is provided for this bound- 
ary. 

Since the youngest sediments incorporated 
in our study reach into the Gilbert chrono- 
zone {Fig. 15) and antedate the abrupt 
coiling change in Neogloboquadrina acostaen- 
sis, the latter event must be younger than the 
base of the Gilbert chronozone whose age is 
fixed at 5.3 Ma (Lowrie and Alvarez, 1981). 
In the Mediterranean the abrupt coiling 
change in neogloboquadrinids occurs at a 
level slightly below the main evaporitic phase 
(Zachariasse, 1975; Colalongo et al., 1979), 
which means that the Messinian evaporitic 
body has a lower age limit of about 5.3 Ma. 
Since an abrupt coiling change in neoglobo- 
quadrinids is also documented in the North 
Atlantic record (e.g. Berggren, 1972; Poore, 
1979), this event could form an important  
link in Late Miocene biostratigraphic correla- 
tions between the Mediterranean and the 
temperate North Atlantic. The sudden intro- 
duction of dextrally coiled neogloboquadri- 
nids in the Mediterranean is linked with an 
equatorwards migration of coiling provinces 
on the North Atlantic (Van der Zwaan, 
1982; Zachariasse and Spaak, 1983), The 
coiling change in Neogloboquadrina pachy- 
derma reported by de Meuter and Laga 
(1970) from the Kattendijk Sands (Belgium) 
may be a reflection of the same biogeographic 
change in the North Sea Basin. If so, then the 
Kattendijk Sands are of Late Miocene age and 
were deposited during the time the Mediter- 
ranean entered the main evaporitic phase. 

The age of the Miocene/Pliocene boundary 
is commonly fixed at about 5.0 Ma and is 
based on the calibration of multiple biostrati- 
graphic criteria to the magnetic polarity time- 
scale (Berggren, 1973; Cita and Gartner, 
1973; Berggren and Van Couvering, 1974), all 
of which are at best of questionable usage in 
the Mediterranean. Commonly, the recogni- 
tion of the base of the Mediterranean Pliocene 
is based on the sedimentary expression of the 
post-Messinian flooding and must certainly 
be older than 4.4 + 0.2 Ma (Benda et al., 

1979), and is probably older than 4.7 Ma 
according to the radiometric age of the sup- 
posedly Lower Pliocene Orciatico trachyte in 
Tuscany (Selli, 1970). Whatever the precise 
age for the base of the Pliocene in the Mediter- 
ranean may be, it is evident that  the new age 
of 5.6 Ma for the Tortonian/Messinian bound- 
ary severely reduces the time-span of the 
Messinian. 

Adopting the age of 5.0 Ma for the Mio- 
cene/Pliocene boundary would imply that the 
evaporites and post-evaporitic Lago Mare 
sediments were deposited in some 300,000 
years. Given the thickness of more than 1000 
m for the Messinian evaporitic body in the 
central parts of the Mediterranean basins {e.g. 
Leenhardt, 1973; Selli, 1973; Mulder, 1973; 
Hsti et al., 1977) the evaporites must have 
accumulated at rates of more than 3 m per 
1000 years. 

Accumulation rates of this order of magni- 
tude are known for anhydrites and halites 
precipitated in the central parts of Permian 
concentration basins {Richter-Bernburg, 1953) 
as well as for gypsum growth in recent salinas 
{Dronkert, 1977). 

The extremely short time-span in which 
thick evaporitic bodies could accumulate in 
the central parts of the Mediterranean basins 
concurs better with a deep-water origin for 
the evaporites {i.e. precipitation in concentra- 
tion basins with a heavy brine reflux circula- 
tion) than with an origin by evaporation in a 
recurrent desiccated basin (Hsti et al., 1973). 
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