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ABSTRACT 

The results of a detailed magnetostratigraphic and biostratigraphic study of late Pliocene to early Pleistocene marine 
marl sequences from the Monte Singa and Crotone areas in Calabria, Italy are presented. 

The magnetostratigraphy from the Monte Singa sequence ranges from below the Gauss/Matuyama boundary up to and 
including the lower Olduvai boundary. Normal polarities at a level corresponding to isotope stage 81 most probably 
represent the R~union subchron. From the lower Olduvai boundary upward, a reliable magnetostratigraphy could not be 
established due to increased weathering of the marls, resulting in mainly secondary magnetizations. 

The magnetostratigraphy from the composite sequence of the Crotone area belongs to a large part of the Matuyama 
Chron and includes the Olduvai subchron. The position of the lower and upper boundaries of the Olduvai subzone could be 
established more precisely than from earlier results. Moreover, the upper boundary of the Olduvai subzone poses an 
ambiguity: a relatively long normal polarity interval representing the main Olduvai subchron and corresponding to a 
duration of 115 ka is followed by a short (30 ka) reversed subchron and the short (15 ka) normal Vrica subchron. Another 
option, and more in accordance with the duration of the Olduvai subchron in literature, would be to consider the complete 
N - R - N  polarity succession with a total duration of 160 ka as representing the Olduvai subchron, implying that this Olduvai 
subchron has a short reversed interval in its upper part. 

Linear interpolation and extrapolation yield ages for the most important late Pliocene-early Pleistocene biostratigraphic 
datum levels. An age of 1.69 Ma is found for the Pliocene-Pleistocene boundary, using the conventional polarity time scale 
dated with radiometric results. However Hilgen [1], in correlating the sapropel groups and patterns to the precession curve 
of the Earth's orbit, obtained significantly different ages for the polarity transitions of the present study. According to this 
astronomically calibrated polarity time scale, the age of the Pliocene-Pleistocene boundary is 1.81 Ma. 

1. Introduction 

A long  t r a d i t i o n  in P l i o c e n e  s t r a t i g r aphy  has  

l ed  to t h e  d e f i n i t i o n  o f  m a n y  s tages  and  b o u n d -  

a r ies  for  this e p o c h  in t he  M e d i t e r r a n e a n .  M o s t  

o f  t he  m a r i n e  s e d i m e n t a r y  s e q u e n c e s  i nvo lved  a re  

l o c a t e d  on  the  I t a l i an  pen in su l a .  G o o d  p a l e o m a g -  

ne t i c  c o n t r o l  has  long  b e e n  lacking,  h o w e v e r ,  a n d  

on ly  r e c e n t l y  h a v e  an i n c r e a s i n g  n u m b e r  o f  mag-  

n e t o s t r a t i g r a p h i c  s tud ie s  b e e n  p u b l i s h e d  o n  

P l i o c e n e  l a n d  sec t ions  in t h e  M e d i t e r r a n e a n .  T h e  

M i o c e n e - P l i o c e n e  ( M / P )  b o u n d a r y  has  b e e n  

s t u d i e d  by v a r i o u s  a u t h o r s  [2-4]  a n d  n o w  has  an  

age,  a c c o r d i n g  to t he  c o n v e n t i o n a l  r a d i o m e t r i c  

t i m e  scale ,  o f  4.86 Ma,  s l ight ly b e l o w  the  T h v e r a  

subch ron .  T h e  ea r ly  P l i o c e n e  and  ear ly  l a te  

P l i o c e n e  have  b e e n  the  sub jec t  o f  d e t a i l e d  mag-  

n e t o s t r a t i g r a p h i c  and  b i o s t r a t i g r a p h i c  r e s e a r c h  by 

L a n g e r e i s  and  H i l g e n  [5] and  Z a c h a r i a s s e  e t  al. 

[6,7]. 
T h e  p r e s e n t  s tudy  gives  a n e w  a n d  d e t a i l e d  

m a g n e t o s t r a t i g r a p h y  a n d  b i o s t r a t i g r a p h y  for  t h e  

M e d i t e r r a n e a n  u p p e r  P l i o c e n e  and  l o w e r  Ple is -  

t o c e n e  f r o m  s o u t h e r n  Italy.  P a l e o m a g n e t i c  resu l t s  
fo r  this  t i m e  in t e rva l  in M e d i t e r r a n e a n  l a n d - b a s e d  

sec t ions  have  b e e n  p r o v i d e d  e a r l i e r  by T a u x e  et  

al. [8], w h o  s t u d i e d  t h e  P l i o c e n e - P l e i s t o c e n e  

b o u n d a r y  sec t ion  o f  V r i c a  and  t h e  l ower  Se-  
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maforo section in the Crotone area of northern 
Calabria. They concluded that the normal polar- 
ity interval in the middle o f  the Vrica section 
represents the Olduvai subchron. In addition, 
normal polarities were found in the top part of 
the section. However, the resolution obtained by 
Tauxe et al. [8] was not sufficient to define the 
lower and upper boundaries of the Olduvai sub- 
chron with adequate accuracy [1]. Moreover, orig- 
inally the Semaforo-Vrica  sequence was thought 
to be discontinuous. Therefore,  we resorted to 
Monte Singa in adjacent southern Calabria (Fig. 
1), where a continuous sequence of open-marine 
marls and clays - -  containing sapropelitic layers 
- -  is exposed in the upper Singa section. Due to 
poor paleomagnetic properties in the upper part 
of this Singa section, however, we had to revert to 
the Vrica section (Fig. 1), although in the present 
study sampling was carried out in appreciably 
more detail than previously [8]. Moreover, it could 
be shown that the alleged gap between the Se- 
maforo and Vrica sections in fact does not exist 
[9]. 

With the present study, a major part of our 
research of the integrated magnetostratigraphy 
and biostratigraphy of the Mediterranean Plio- 
cene recorded in land-based sections has been 
completed. The magnetostratigraphy, in combina- 
tion with the orbitally forced sedimentary cycles, 
has resulted in a new and astronomically dated 
polarity time scale [1,5,10-12]. 

2. Sections and sampling 

2.1. Monte Singa area 
Monte Singa comprises 225 m of well-exposed 

marine marls and clays which cover a consider- 
able part  of the Pliocene, including the 
Miocene-Pl iocene ( M / P )  boundary and the 
Pliocene-Pleistocene ( P / P )  boundary. In the 
middle of the Pliocene, however, a substantial 
part is missing: a hiatus of approximately 1 Ma 
corresponds to the interval of the uppermost part 
of the Gilbert Chron and a major part of the 
Gauss Chron [2,7]. The sequence below the hia- 
tus (lower Singa) includes the M / P  boundary and 
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Fig. 1. Location of the studied sections. 
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has been the subject of a study by Zijderveld et 
al. [2]. The sequence above the hiatus (upper 
Singa) is the subject of the present study. This 
upper Singa section is composed of three subsec- 
tions (Singa II, III and IV) which are spread over 
the northeastern flanks of Monte Singa. The tilt 
of the strata is 5 ° and 15°SSE for subsections 
Singa II and III respectively, and 5°E for subsec- 
tion Singa IV. Subsections Singa II and IV end 
upwards at topographical highs and consequently 
their upper parts are strongly weathered. 

The correlation between the subsections is 
based on frequently occurring sapropelitic layers. 
Although the composition of all these sapro- 
pelitic layers may not be in complete agreement 
with the more restricted redefinition for sapro- 
pels by Kidd et al. [13], we prefer to use the name 
"sapropel" in the original meaning of Olausson 
[14]. The sapropels are not distributed evenly 
throughout the stratigraphic record, but occur in 
distinct clusters (Fig. 2). Three large-scale clus- 
ters have been informally coded as the A, B and 
C groups [15]. These large-scale clusters contain 
several small-scale clusters, each of which com- 
prise two to four individual sapropels. The indi- 
vidual sapropels have been labeled according to 
their position in a cluster (A1-5, B1-7,  C1-14; 
see fig. 2). The resulting complex pattern has 
been interpreted as interference patterns related 
to the Earth's orbital cycles [1,10]. 

2.2. Crotone area 

The Vrica section was formally designated as 
the Pliocene-Pleistocene ( P / P )  boundary strato- 
type [16] and has been intensely studied [8,9,17- 
20]. The section consists of three subsections, 
Vrica A, Vrica B and Vrica C, as originally desig- 
nated by Selli et al. [18], and not to be confused 
with our sapropel labeling. This composite se- 
quence shows a sapropel pattern similar to that 
found in the Singa section (Fig. 2). Most of these 
sapropels, as well as several other lithological 
marker levels, have informally been labeled as a 
to t by Selli et al. [18]. The P / P  boundary has 
been defined at the top of sapropel e [16]. The 
sapropels in the Vrica section can be unambigu- 
ously correlated to the B and C cluster from the 
Singa section (Fig. 2; [9,15]). This correlation 
implies that the P / P  boundary in the upper Singa 
section must be placed at the top of sapropel C6. 

C14 

C13 

C12 

C l l  

C10 

CO 
C8 
C7 

z c~ 
~ > 

/ 

C2 
C l  
CO 

e7 

e6 

85 

e4 

S3 , , 

82 I 

® 

el ~)  

® 

® 

@ 

lo @ 

As Ira. (0 

, a  

A3 

• 2 ----(1) 
AI 

l 

LIJ 

z 
© 
I--- 
o 
I:E 
(D 

u 
, 1 

J 
J 

s 
r 
q 

n 

¢ 
b 

o a 5O ° 

L._ 0,.,, Z 
o 

: aJ 

z 

LO C.~7~aci~tyre4. 

LO D. b r o t t ~ e r i  

r e a p p e a r a n c e  G. i n f l a t a  

FO G. tru~zcat~zli?~oides(influx) 

FO G . z ~ f l a t a  ( i n f l u x )  

LO N. cLt la~t ica 

LO G. p u n c t i c u l a t a  

FO N c~tlantica 
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In the Vrica section the sequence from sapropel 
c up to f ,  containing the upper boundary of the 
Olduvia subzone, occupies a visibly weathered 
interval. Therefore,  in order to obtain better re- 
sults and a higher resolution, this important in- 
terval was resampled in the San Leonardo section 
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SINOA SECTION 
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Fig. 3. Lithostratigraphy, biostratigraphy and magnetostrat igraphy of the upper  part of the Singa composite section. Regarding the 
characteristic remanent  magnetizat ion (ChRM) and remanence  intensity of the upper  Singa section, the analysis of the demagneti-  
zation diagrams involved the use of three reliability classes. The first class (larger dots) represents reliable characteristic remanent  
magnetizations (ChRM) of fresh marl samples, with almost no secondary component  and a linear decrease towards the origin at 
temperatures  higher than 200-250°C. The  second class (smaller dots) are less reliable ChRMs,  with a relatively large secondary 
overprint resulting in the directions being less well determined,  but the polarities are still reliable. The third class (circles) shows a 
large dominating secondary overprint and it is not always certain whether  a direction is truly normal or whether  only, or mostly, the 
overprint is seen; unreliable specimens are often from parts where no fresh unweathered sediment  could be obtained. The plotted 
intensities are those taken (where possible) at 200 or 250°C, i.e. after removal of the secondary present-day field magnetization. 
Diamonds  denote magnetizations which have been interpreted as secondary only, corresponding intensities are those taken at 

100°C. Generally, lower intensities agree well with lower class magnetizations. 
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(Figs. 1 and 2). For the present study the Vrica 
section is extended upwards by the Crotone sec- 
tion. This section could be tied to the Vrica 
section using sapropels q, r and s (Fig. 2). In the 
Crotone section the coding of Selli et al. [18] is 
supplemented with two extra sapropels, u and u. 
Fresh samples could be obtained from below q 
up to u, whereas between sapropels u and u this 
was impossible because of the extent of the 

weathering. With the exception of the Vrica C 
subsection and the upper  part  of the Crotone 
section where tilt l o = 5~ W, the tilt of the strata in 
the Vrica and Crotone area is uniformly 8½°W. 

2.3. Sampling 
Sampling was carried out by drilling at least 

two cores per stratigraphic level (site), using an 
electric drill and a portable generator.  Strati- 
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CROTONE SECTION 
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graphic positions were accurately determined us- 
ing distance, azimuth and angle between levels, 
and orientation of the bedding plane. Consider- 
able efforts were made to remove the weathered 
surface and to drill in fresh, blue-coloured sedi- 
ment. If the sediment proved to be too weath- 
ered, we refrained from taking samples (e.g., be- 
tween sapropels r and s in subsection Vrica C). 
In several cases we have resampled parts of the 
sampling track if another gully appeared more 
suitable (i.e., fresher sediment). The freshness, 
colour and general appearance of each level and 
the core details were carefully registered. This 
sampling procedure has enabled us to assess the 
validity of the paleomagnetic results in a most 
reliable manner. 

The upper Singa section was sampled during 
several field trips. More than 190 paleomagnetic 
sites have been recorded over the total strati- 
graphic interval of 155 m of marine marls (Fig. 3). 
In the Vrica section, 155 sites were sampled over 
a stratigraphic interval of 235 m up to sapropel r 
(Fig. 4). In the Crotone section, 30 paleomagnetic 
sampling sites were sampled over the 80 m fresh 
interval up to sapropel u (Fig. 5), whereas in the 
San Leonardo section 41 sites were taken over 
the paleomagnetically sampled 36 m interval (Fig. 
5). 

3. Biostratigraphy 

The Singa/Vrica composite sequence ranges 
from the G. ¢rassaformis Zone (Interval 6 of 
Spaak [21] and MPL 5 of Cita [22]) into the 
Pleistocene. The stratigraphic positions of se- 
lected calcareous nannofossil events in the Singa 
section have been taken from Driever ([23] and 
unpublished data). 

The planktonic foraminiferal zonation is based 
primarily on the absence or presence of the 
marker species Globorotalia crassaformis, Globo- 
rotalia truncatulinoides, Sphaeroidinella dehiscens, 
Neogoboquadrina atlantica and the Globorotalia 
inflata group in fractions coarser than 125 g m  
(Figs. 3, 4 and 5). The G. inflata group includes 
G. puncticulata in the lower p a r t  of the upper 
Singa section, and G. inflata in the upper part of 
the upper Singa section and in the Vrica, San 
Leonardo and Crotone sections. 

In the upper Singa section, the first occurrence 
(FO) of N. atlantica is observed between sapro- 

pel A1 and A2 (Fig. 3). Subsequent occurrences 
of this species among the A cluster are found 
between A3 and A4 and between A4 and A5. 
Three more influxes occur in the thick homoge- 
neous interval between the A and B sapropel 
clusters. These successive occurrences of N. at- 
lantica have been correlated to glacial isotope 
stages 108, 106, 104, 100, 98 and 96 in DSDP Site 
607 [7]. An even older influx of this species has 
recently been found slightly below the A1 in the 
Punta Piccola section on Sicily and correlates 
with stage 110 [24]. The last occurrence (LO) of 
N. atlantica in the Mediterranean is marked by 
the influx of this species at isotopic stage 96 and 
is synchronous with the final extinction of the 
species in the North Atlantic [7,25]. 

G. crassaformis is regularly but discontinuously 
present from the base of the upper Singa section 
up to sapropel B7 (Fig. 3). A last short-term 
influx is recorded around sapropel C9 (or h) in 
both the Singa and Vrica section. This influx, 
however, does not represent the actual last occur- 
rence of this species in the Mediterranean, be- 
cause younger occurrences have been also ob- 
served, for instance at ODP Site 653 in the 
Tyrrhenian Sea (Leg 107 [26]). 

Rare and discontinuous occurrences of S. de- 
hiscens are restricted to a short stratigraphic in- 
terval which extends from sapropel B4 to well 
below CO (Fig. 3). The last occurrence (LO) of 
this species closely coincides with the FO of G. 
truncatulinoides. This FO corresponds to a first 
and brief influx followed by a long period of 
absence. This brief influx of G. truncatulinoides 
was previously reported from time-equivalent sec- 
tions elsewhere in the Mediterranean [27] and 
marks a very distinct bio-event. The reappear- 
ance level is not reached in our sections. 

G. puncticulata is almost continuously present 
from the base of the upper Singa section to its 
disappearance level between the A and B sapro- 
pel clusters. This level coincides exactly with the 
LO of N. atlantica. The LO of G. puncticulata is 
followed by a prolonged absence interval of the 
G. inflata group (i.e., second absence interval of 
Spaak [21]), while G. inflata enters the record 
above sapropel B7. This first occurrence of G. 
inflata represents a brief influx, whereafter this 
species vanishes from the record until a level 
situated below CO. From this level upwards, G. 
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inflata is almost continuously present up to the 
top of our sections. 

The percentage of sinistraIly coiled neoglobo- 
quadrinids of the total of the neogloboquadrinids 
(excluding N. atlantica) as well as of the total of 
planktonic foraminifers has been determined. A 
first significant increase in left-coiling neoglobo- 
quadrinids is consistently observed slightly above 
the top of sapropel C6 / e  (Figs. 3, 4 and 5), i.e. 
the level which marks the P / P  boundary. Per- 
centages of sinistrally coiled neogloboquadrinids 
display a highly fluctuating pattern from the P / P  
boundary up to the top of the Vrica section. 

4. Magnetostratigraphic results of the sections 

Two specimens per sampling level have been 
progressively demagnetized, in general thermally 
and using small temperature increments (of 50 
and 30°C). Only a small number of samples has 
been treated with alternating magnetic fields. We 
divided the demagnetization results into three 
reliability classes (see caption to Fig. 3), each of 
which was given a different symbol in the magne- 
tostratigraphic plots (Figs. 3, 4 and 5). 

The magnetic characteristics appeared to vary 
with stratigraphic and topographic position. De- 
spite efforts to obtain samples that were as fresh 
as possible, the influence of alterations due to 
weathering was not always absent. These alter- 
ations cause some ambiguities at several intervals 
and for clarity the results of the upper Singa and 
Crotone sections will be treated separately. In 
general, the characteristic NRM components as- 
sessing the normal and reversed polarity zones 
reveal opposite directions with inclinations sys- 
tematically lower than the present local geomag- 
netic direction. These paleomagnetic directions 
will be the subject of separate studies. 

4.1. Upper Singa section 

Starting immediately above the hiatus in the 
middle of subsection Singa II, the initial intensity 
of the NRM is usually well above 2 m A / m ,  and 
often up to 25 m A / m .  There is no or only a small 
secondary remanence~ which is removed at 150- 
200°C (Fig. 6a). The characteristic remanent mag- 
netization (ChRM) is composite, i.e. thermal de- 
magnetization up to 300-350°C first removes a 

low-temperature (LT) component,  up to 480- 
500°C there is almost no decay, and subsequently 
a high-temperature (HT) component is removed 
at temperatures up to 600-610°C (Fig. 6a). The 
LT component may reside in an iron-sulphide 
(pyrrhotite, greigite), whereas the H T  component 
most likely resides in magnetite, which may be 
slightly cation-deficient considering that blocking 
temperatures are often higher than 578°C [28,29]. 
This NRM composition is identical to that of the 
early Pliocene Trubi of the lower Singa section 
[2,28]. A primary origin of the characteristic com- 
ponents has been inferred earlier [2]; a most 
compelling argument is the positive correlation to 
the geomagnetic polarity time scale (GPTS) of 
the polarity pattern based on these characteristic 
remanences in the lower Singa section. 

The paleomagnetic results of the stratigraphic 
interval immediately above the hiatus reveal a 
normal polarity. The excellent magnetic proper- 
ties are continuously present up to sapropel A2. 
Above this level, the NRM intensity gradually 
decreases and occasionally some more weathered 
sites are intercalated. Nevertheless, reliable ob- 
servations of a two-component ChRM yielding 
normal polarity continue up to at least level 22.0 
m (Fig. 3). The next few metres enclose sapropel 
A5 and show low magnetic intensities and inter- 
mediate paleomagnetic directions which can be 
associated with a transition from normal to re- 
versed polarities. The sampling levels between 
25.0 m and the top of the Singa II subsection at 
27.0 m convincingly reveal reversed polarity 
ChRM directions (Fig. 3). 

Subsection Singa III continues the magne- 
tostratigraphic record at 3 m above sapropel A5 
(i.e. at level 27.5 m in Fig. 3). Approximately at 
the polarity transition, the NRM changed to a 
composition that seems typical for the upper 
Pliocene and lower Pleistocene marine marls of 
Calabria. The initial intensity is moderate (be- 
tween 0.2 and 0.5 m A / m  and occasionally up to 
2.0 m A / m )  and the NRM consists only of the LT 
component, which is removed entirely at temper- 
atures near 350°C (Fig. 6b). Usually, secondary 
components are relatively small and removed at 
100-200°C. A subsequent linear decrease to- 
wards the origin, up to 350°C, represents the 
removal of a well-defined ChRM component 
which seems to reside exclusively in pyrrhotite or 
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greigite. The primary nature of this component is 
supported by the reversed polarity throughout 
the Singa III subsection. This consistent picture is 
only seldomly interrupted by sites with mainly 
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single site at level 83.2 m (Fig. 3) reveals normal 
polarity, which is represented by the characteris- 
tic low blocking temperature (350°C) component. 
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the Vrica sections, SL to the San Leonardo section, and CC to the Crotone section. 
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It will be shown that this normal polarity site led 
to the discovery of the R6union subzone in the 
Singa section. 

Subsection Singa IV continues the magne- 
tostratigraphic record at 1 m above sapropel B7 
(i.e. at level 91.3 m). The magnetic properties and 
composition of the NRM in the lowermost 11 m 
are identical to those described for the preceding 
Singa III subsection: the polarity stays reliably 
reversed throughout. The next 11 m (level 102.1 
m up to level 113.5 m) display the influence of 
increased weathering in the top part of Monte 
Singa (Fig. 6c, d and e). Weathering is probably 
promoted by the large number of closely spaced 
sapropels from the C group in this interval. Al- 
though the presence of a primary LT component 
with reversed polarity remains perceptible, a rela- 
tively large secondary component increasingly 
dominates the NRM. In the examples shown, the 
directions of the primary component cannot be 
reliably determined, although they are seen to be 
certainly (Fig. 6c and d), or likely (Fig. 6e), of 
reversed polarity. 

From sapropel C1 upwards it was not possible 
to collect fresh blue marl samples, and indeed, 
the paleomagnetic results appear to be inconsis- 
tent and unreliable. Normal polarities dominate, 
even at intervals where a reversed polarity can be 
expected (on the basis of biostratigraphic and 
sapropel correlations to the sequences in the 
Crotone area). The NRM has low intensities and 
often marl specimens reveal only a secondary 
remanence, a component which is removed at 
200°C and which has a direction close to the 
present local field. Further heating results merely 
in a cluster of vector end points (Fig. 6f), showing 
that the characteristic LT component has been 
removed from these weathered marls. 

The important stratigraphic interval containing 
the C group sapropels straddling the Pl iocene-  
Pleistocene boundary in the Singa area yields 
insufficient coherent paleomagnetic observations 
for a reliable polarity zonation owing to the poor 
state of the section. Therefore,  the magnetostrati- 
graphic results for this stratigraphic interval could 
be obtained from the Crotone area only. 

4.2. Sections of the Crotone area 

The extensive marl sequences in the area south 
of the town of Crotone contain the three sections 

used in the present study. The Vrica composite 
section is the principal one, and the San Leonardo 
section is parallel to a problematic interval in the 
central Vrica section. The Crotone section per- 
mits extension towards younger Pleistocene marls. 

4.2.1. Vrica section 
The Vrica composite section (Fig. 4) can be 

divided into three parts on the basis of its mag- 
netic properties. The lower half of the section up 
to sapropel C4/c is characterized by relatively 
high initial NRM intensities (usually 0.5-3.0 
m A / m )  and an NRM composition which is virtu- 
ally identical to that of subsection Singa III. Pro- 
gressive thermal demagnetization generally shows 
a viscous laboratory component removed at 100°C, 
a small secondary component removed at 200°C, 
and finally, between 200 and 350°C, the removal 
of the characteristic component (Fig. 6g). The 
primary origin of this characteristic component is 
indicated by the consistently reversed polarity for 
the lower 80 m of the section. A single exception 
is the normal polarity of one site around the 55 m 
level (Fig. 4). The stratigraphic position of this 
normal polarity site - -  between sapropels B7 and 
CO - -  is different from the position of the single 
normal polarity site in the Singa III subsection 
(just below B5), and consequently relates to an- 
other normal polarity subzone. From sapropel C1 
upwards to at least sapropel C4/c, the character- 
istic component shows normal polarity (Fig. 6h), 
indicating a polarity transition at sapropel C1. 

Immediately above sapropel C4/c the initial 
NRM intensity decreases drastically by one order 
of magnitude. This intensity decrease marks the 
beginning of an interval with very low intensities 
(0.1-0.2 m A / m )  and consequently leads to de- 
magnetization results which are difficult to inter- 
pret. It was often difficult to sample fresh marls, 
both in the top part of subsection Vrica A, but 
also in subsection Vrica B in the interval from 
sapropel C4/c (level 120.6 m) up to half-way 
between sapropels C6 / e  and C7 (at level 147.5 
m). Indeed, the paleomagnetic results are largely 
dominated by secondary remanences. Still, the 
fresh samples between sapropel C4/c and sapro- 
pel C5/d indicate a reliable normal polarity. For 
the interval between sapropel C5/d and sapropel 
C6/e ,  all fresh samples clearly point to a reversed 
polarity (Fig. 6i). Thus the normal polarity zone 
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extends from sapropel C1 to sapropel C5/d (Fig. 
4). 

Low intensities continue above sapropel C6 /e  
and the dominance of secondary remanences ob- 
structs reliable magnetostratigraphic observa- 
tions. There are indications of a continuation of 
the reversed polarity above sapropel C6 /e  up to 
level 140 m, as well as indications of normal 
polarities from level 140 m to 149 m (Fig. 4). 
However, this low-intensity interval of the Vrica 
section is evidently less suitable for reliable mag- 
netostratigraphic study. Therefore,  this part of 
Vrica has been resampled in further detail in the 
more promising San Leonardo section. 

From about half-way between sapropets C6 /e  
and C7 (level 149 m) up to the top of subsection 
Vrica B the initial NRM intensity gradually in- 
creases again and the magnetostratigraphie re- 
sults are more reliable, all revealing reversed 
polarity (Fig. 4). 

Subsection Vrica C continues to show the pre- 
dominance of reliable reversed NRM types, like 
those observed in the upper part of subsection 
Vrica B. There is an evident relationship between 
the initial intensity and the type of NRM ob- 
tained (Fig. 4). The majority of the sites show 
initial intensities above 0.5 m A / m  related to the 
most reliable reversed type: a small laboratory 
component, remarkably little secondary rema- 
nence, and total removal of the reversed primary 
component below 400°C. Sites with initial NRM 
intensities between 0.2 and 0.5 m A / m  show a 
small reversed primary component and a domi- 
nant secondary overprint removed at high tem- 
peratures as well. Reversed polarities are found 
up to r (Fig. 6j and Fig. 4), although Tauxe et al. 
[8] found normal polarities from below C13/q  up 
to C14/s.  For the present study no reliable sam- 
pies between r and C14/s  could be taken, be- 
cause in this interval the sediment was too strongly 
weathered and not a single site with fresh marl 
could be found. 

4.2.2. San Leonardo section 
The San Leonardo section was sampled as a 

less weathered substitute for the low-intensity 
interval in the middle of the Vrica section. Sam- 
piing stretches from 5 m below sapropel C5/d 
and up to just below sapropel C8/f. 

In spite of the better prospects, the initial 
NRM intensities were low (usually between 0.1 
and 0.5 m A /m ) ,  although occasionally some 
higher intensities were measured. Thermal de- 
magnetization diagrams (Fig. 6k) show the pres- 
ence of a normal polarity characteristic rema- 
nence up to sapropel C5/d. The entire interval 
between sapropels C5/d and C6 /e  reveals a 
characteristic component with a reversed polarity, 
in spite of the sometimes very low intensities (Fig. 
61). The reversed polarity zone between sapropel 
C5/d and C6 /e  in the Vrica section is thus 
reliably confirmed. The N - R  polarity transition is 
situated near the bottom of sapropel C5/d on 
the basis of, both in the San Leonardo section 
and in the Vrica section, a site just below sapro- 
pel C5/d revealing a single specimen indicating 
the presence of a reversed polarity component. 

The subsequent stratigraphic interval of 4 m 
above sapropel C6 / e  yields extremely low NRM 
intensities (below 0.08-0.16 mA/m) .  Despite 
these very low intensities, thermal demagnetiza- 
tion reveals, in addition to a large secondary 
overprint, the presence of a very small, but never- 
theless clearly defined, reversed component (Fig. 
6m). The reversed polarity zone, which starts 
near the bottom of sapropel C5/d, thus contin- 
ues upward to about 4 m above sapropel C6 / e  
(i.e., level 26.5 m in Fig. 5). 

The next 4 m (level 26.5 m to 30.5 m (Fig. 5)) 
shows higher NRM intensities (0.3-3.7 m A / m  ) 
and normal directions throughout the entire pro- 
gressive thermal demagnetization up to total re- 
moval of the NRM below 400°C (Fig. 6n and o, 
Fig. 5), indicating that this stratigraphic interval 
might represent a true normal polarity zone. From 
level 30.5 m upward (Fig. 5) NRM intensities vary 
greatly, but only reversed components are found 
for the entire upper part of this section. 

Thus, the magnetostratigraphic results of the 
San Leonardo section essentially confirm the re- 
sults of the central part of the Vrica section. The 
lower normal polarity zone which starts at sapro- 
pel C1 in the Vrica section continues up to just 
below sapropel C5/d. The interval between 
sapropei C5/d and C6 /e  represents a reversed 
polarity zone, which continues up to 4 m above 
sapropel C6/e ,  while the interval between level 
26.5 m and 30.5 m represents a normal polarity 
subzone. The upper part of the San Leonardo 
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section above level 30.5 m reveals reversed polar- 
ities only. 

4.2.3. Crotone section 
The interval above sapropel r has been sam- 

pled in a section located in the southern outskirts 
of the town of Crotone (Fig. 1). This Crotone 
section stretches from some 20 m below sapropel 
C13/q  up to sapropel u, and thus has an ample 
overlap with the top part of the Vrica section 
which Tauxe et al. [8] designated as their normal 
polarity zone N3. The magnetostratigraphic re- 
sults from the Crotone section, however, based 
on fresh and blue-coloured marls, reveal a re- 
versed polarity throughout (Fig. 6p). All sites up 
to level 61.0 m (Fig. 5) show relatively high NRM 
intensities and reversed magnetizations, with a 
small secondary remanence. 

5. Magnetostratigraphy of the Plio-Pleistocene 

The upper Singa section starts with an interval 
with stable normal polarity directions. A normal 
to reversed polarity transition is found at the 
level of sapropel A5. From this level up to sapro- 
pel C1 only reversed polarities are found, with 
the exception of a single site just below sapropel 
B5 which reveals a stable normal polarity. From 
C1 upward no reliable polarity zonation can be 
established. Predominantly normal polarities oc- 
cur, most of which are clearly of secondary origin 
due to the intense weathering. 

In the Crotone area, reversed polarities occur 
from sapropel B6 to C1 as well, with a single site 
(level 55 m) showing normal polarity. A normal 
polarity interval is found between C1 and C5/d 
and is followed by a reversed interval. There is 
evidence of a short (4 m) normal polarity zone 
above sapropel C6/e .  From above the short nor- 
mal polarity zone up to sapropel r in the compos- 
ite Vrica section (Fig. 4) and up to sapropel u in 
the Crotone section (Fig. 5) only reversed polari- 
ties occur. 

The small number of complete polarity zones 
renders a statistical correlation to the geomag- 
netic polarity time scale by means of the pattern 
of the successive polarity zones unfeasible. Nev- 
ertheless, the Plio-Pleistocene age and the pre- 
vailing reversed polarities places the stratigraphic 
interval undoubtedly in the Matuyama Chron (Fig. 

7). The long reversed polarity zones both below 
and above the relatively short interval with nor- 
mal polarities identifies this central normal zone 
as representing the Olduvai subchron. The lower- 
most normal polarity zone in the upper Singa 
section has been correlated previously to the 
youngest part of the Gauss chron [7]. 

Seeing as the lower boundary of the Olduvai 
subzone is located at the level of sapropel C1, the 
stratigraphic interval in the upper Singa section 
between sapropels A5 (Gauss /Matuyama)  and 
C1 corresponds to the lowest Matuyama reversed 
subchron. The normal polarity site just below B5 
may therefore represent the R6union subchron. 
The single normal polarity site below the lower 
Olduvai boundary in the Vrica section certainly 
does not represent the same subchron because it 
is located distinctly higher (between B7 and CO) 
in the succession. A detailed investigation of the 
intervals in question is currently being carried 
out. 

There are some essential differences between 
the present record and that published by Tauxe 
et al. [8] for the same stratigraphic interval (Fig. 
7). The lower Olduvai polarity transition is more 
precisely pinpointed, mainly because of the much 
higher sampling density, and it is located at the 
level of sapropel C1, some 9 m below sapropel 
C2/a, whereas Tauxe et al. [8] located this 
boundary 25 m below sapropel a. More interest- 
ingly, Tauxe et al. have interpreted their two sites 
between sapropels b and c to be of reversed 
polarity (their zone R3), whereas the present 
study reveals only normal polarity results at twelve 
sites divided over this stratigraphic interval. The 
normal polarity of their site 18 (i.e., their zone 
N2) between sapropels c and d is confirmed by 
our results, and in both studies a polarity transi- 
tion from normal to reversed is placed at sapro- 
pel d. The interval between sapropel d and a 
level half-way between sapropels e and f is inter- 
preted by Tauxe et al. to belong to their reversed 
zone R4, although they do not present any data. 
The present study, however, reveals an additional 
interval of normal polarity, 4 m above sapropel e. 
Finally, the normal polarity zone N3 of Tauxe et 
al. from below sapropel q up to s is not con- 
firmed. The present study reveals only reversed 
polarities, both in the Vrica section (up to sapro- 
pel r)  and in the Crotone section (from below 
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sapropel q up to u). The normal polarities clearly 
represent  secondary magnetizations as a result of 
increased weathering in the top of the section. 

An incorrect identification of the sapropels as 
a possible explanation for the discrepancies be- 
tween our results and those of Tauxe et al. [8] can 
be excluded because of the very distinct and 
characteristic pattern in thickness and clustering 
of the sapropels as well as of other lithological 
marker  beds in the Vrica sections. 

6. Discussion 

The G a u s s / M a t u y a m a  polarity transition in 
the upper  Singa section precedes the multiple 
Discoaster (D. pentaradiatus, D. surculus) extinc- 
tion event and, in terms of planktonic foramini- 
fera, the LO of G. punticulata and N. atlantica, 
and it succeeds the LO of D. tarnalis, similar to 
the results obtained during ODP Leg 94. More- 
over, isotopic stage 104 of Raymo et al. [25] is 
almost coeval with this polarity transition [7,24]. 

The normal polarity site just below sapropel 
B5 and probably corresponding to the Rdunion 
subchron occurs in isotopic stage 81 [24]. At ODP 
Site 609, normal polarities were found in the 
same isotopic stage, and have also been inter- 
preted in terms of the Rdunion subchron [25]. An 
additional biostratigraphic argument  supporting 
the proposal that we are dealing with one and the 
same subchron is the FO of G. inflata, which is 
recorded slightly higher in the succession, i.e., in 
isotopic stage 79, both in the upper  Singa section 
and at ODP Site 609 [25]. 

The lower boundary of the Olduvai subzone at 
C1 is located in isotopic stage 72, both in the 
upper  Singa section [24] and at ODP Site 609 
[25], and coincides closely with the LO of D. 
brouweri (Fig. 2). At Site 609, the lower Olduvai 
polarity transition was initially placed at a lower 
level - -  in isotopic stage 73 - -  but a subsequent 
and more detailed study has revealed that this 
initial position was based on a single site of 
normal polarity well below the actual lower Oldu- 
vai boundary [25]. In the upper  Singa and Vrica 
sections, at the level of isotopic stage 73 no 
normal polarities have thus far been observed. At 
Vrica a single normal polarity site is found to 

coincide with the FO of G. truncatulinoides. In 
the Singa section, however, this influx appears  to 
correspond to isotopic stage 75. 

The position of the upper  boundary of the 
Olduvai subzonc at Vrica is very important be- 
cause of the formal definition of the Pl iocene-  
Pleistocene boundary on top of sapropel e in this 
section. The present  study reveals two options for 
the position of the upper  boundary of the Oldu- 
vai subzone. This boundary can be placed either 
at the level of sapropel C5/d ,  implying that an 
extra normal subchron - -  the Vrica subchron - -  
is present above sapropel C 6 / e  (option I), or it 
can be placed at the top of the extra normal 
polarity interval just mentioned (option II). The 
latter option implies that a reversed polarity in- 
terval is present in the top part  of the Olduvai 
subchron. The further implications of the two 
options are as follows: 

At ODP Sites 607 and 609, and at Site 552, the 
top of the Olduvai subzone is recorded invariably 
in isotopic stage 64. An argument  in favour of 
option II is that correlation of isotopic stages 
between the ODP sites and the Calabrian sec- 
tions shows that stage 64 is situated at the top of 
the extra normal polarity interval. This correla- 
tion is supported by the first common occurrence 
(FCO) of left-coiling neogloboquadrinids slightly 
below the upper  Olduvai polarity transition in the 
northern Atlantic, as well as slightly below the 
top of the extra normal polarity interval in the 
Vrica and San Leonardo sections (Figs. 4 and 5). 

The inferred duration of the Olduvai subzone 
provides another  argument in favour of option II. 
The duration of the Olduvai subzone in the Vrica 
section can be determined accurately for both 
options by using the astronomical ages of the 
sedimentary (sapropel) cycles [1], and provides 
estimates of 115 ka for option I and 160 ka for 
option II. The duration of 115 ka is considerably 
less than reported for the Olduvai subchron in 
the literature. Linear interpolation between the 
G a u s s / M a t u y a m a  and the M a t u y a m a / B r u n h e s  
boundary in deep-sea cores yields an average 
duration of 150 ka (1.91-1.76 Ma; [30,33]), 
whereas analysis of near-bot tom marine magnetic 
anomalies yields a duration of 220 ka (1.88-1.66 
Ma; [31,34,35]). The second value is closely ap- 
proached by the duration of 200 ka (1.87-1.67 
Ma) in the polarity time scale of Mankinen and 
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Dalrymple [36], who apparently placed the 
boundaries at the oldest and youngest K / A r  ages 
of absolutely dated normal polarity observations. 
A duration of 160 ka for the Olduvai subchron 
agrees well with other astronomically based esti- 
mates of 170 ka (1.82-1.65 Ma; [25]) and 180 ka 
(1.95-1.77 Ma; [32]). 

Summarizing, it can be concluded that the top 
of the extra normal polarity interval above sapro- 
pel e most probably represents the upper Oldu- 
vai polarity transition as generally found else- 
where. 

This conclusion implies that a reversed interval 
is present in the upper part of the Olduvai sub- 
chron. Such a reversed interval has not been 
observed in cores from ODP Leg 94, nor in many 
other deep-sea cores, but it was found earlier in 
core V20-109 by Ninkovitch et al. [37,38]. Fur- 
thermore, several Indian Ocean deep-sea cores 
have revealed the presence of a single site with 
reversed polarity just below the upper boundary 
of the Olduvai subzone [39]. Nevertheless, Mank- 
inen and Dalrymple [36] conclude that the lack of 
sufficient confirmation in other cores prevents 
the unambiguous recognition of reversed polari- 
ties below the upper boundary of the Olduvai 
subzone (or a short normal polarity event follow- 
ing the Olduvai subchron). The lack of sufficient 
confirmation, however, might rather be due to a 
lack of sufficiently detailed sampling. More re- 
cently, Heller et al. [40] found a short reversed 
polarity interval in the top part of the Olduvai 
subzone in loess deposits of the Chinese Loess 
Plateau. 

The presence of a reversed interval in the 
upper part of the Olduvai subzone also raises a 
problem in terminology. The classical Olduvai 
interval has been denoted as a subchron and the 
reversed interval would place a subchron within a 
subchron. The alternative would be to redefine 
the extent of the Olduvai subchron and to distin- 
guish a sequence of a relatively long normal sub- 
chron (the Olduvai according to option I), a short 
reversed subchron, and an even shorter normal 
subchron (the "Vrica subchron"), with respective 
durations of 115, 30 and 15 ka. For comparison, 
on the basis of a sedimentation rate of 0.8 c m / k a  
Ninkovitch et al. [37] deduced durations of 106, 
11 and 24 ka for their subchrons in core V20-109, 
amounting to a total duration of 141 ka. 

The following aspect to be discussed is a possi- 
ble identity for the Vrica subchron and the Gilsa 
subchron. During Leg 94, an additional normal 
polarity chron of very short duration (5.5 ka) was 
found above the Olduvai, corresponding to iso- 
topic stage 54, which was interpreted to represent 
the Gilsa subchron [41]. The Gilsa subchron was 
originally found in Eastern Iceland [42,43], and 
was based on a possibly reversed lava flow be- 
tween the third and fourth flow of a sequence of 
normally magnetized lava flows representing the 
Olduvai subchron. A detailed study of these flows 
by Watkins et al. [44] suggested that the reversed 
tendency and the much lower intensities of the 
single intervening flow was due to "magnetic 
instability". Watkins et al. [44] obtained average 
K / A r  ages of 1.68 + 0.01 and 1.59 + 0.01 Ma for 
the third and fourth flow respectively. The au- 
thors rejected the presence of the Gilsa event and 
the obtained ages have been merged to a single 
1.62 + 0.08 Ma for the younger part of the Oldu- 
vai subchron. However, were we to accept the 
presence of a short reversed interval between the 
third and fourth flow, a maximum duration of 90 
ka (1.68-1.59 Ma) would be inferred; the actual 
duration may be appreciably shorter. A duration 
of approximately 30 ka can be established for the 
reversed interval in San Leonardo, whereas the 
inferred duration of the reversed interval be- 
tween the upper Olduvai boundary (isotopic stage 
64) and the "Gilsa" (stage 54) in Leg 94 is ap- 
proximately 140 ka, longer than the maximum 
possible duration inferred from the Icelandic 
lavas. Hence, it is very unlikely that the Vrica 
subchron at stage 64 is identical with the "stage 
54 subchron" in Leg 94. Moreover, considering 
the ambiguities concerning the original Gilsa 
event in the Icelandic lavas, we shall refrain from 
interpreting the Vrica subchron as the Gilsa sub- 
chron. 

7. Conclusions 

The results from the Monte Singa area show 
that a reliable magnetostratigraphy can be estab- 
lished from below the Gauss /Matuyama bound- 
ary (correlated to isotopic stage 104) up to and 
including the lower Olduvai boundary (isotopic 
stage 72). Normal polarities just below sapropel 
BS, at a level corresponding to isotopic stage 81, 
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most likely represent the R6union subchron. From 
the lower Olduvai boundary upward, a reliable 
magnetostratigraphy could not be established, due 
to increased weathering of the marls resulting in 
mainly secondary magnetizations. 

The sequences from the Crotone area (i.e., the 
Vrica, San Leonardo and Crotone sections) be- 
long to the reversed Matuyama Chron, and are 
younger than the R6union subchron. They in- 
clude the Olduvai subchron, but the positions 
found for both the lower and upper boundary of 
the Olduvai subzone differ markedly from those 
reported by Tauxe et al. [8]. Besides, the normal 
polarities reported for the top part of the Vrica 
section [8] are not confirmed by the results from 
the fresh outcrops of the parallel Crotone sec- 
tion. Given the very weathered state of the top 

part of the Vrica section these normal polarities 
are almost certainly due to secondary magnetiza- 
tions related to the weathering and do not repre- 
sent an extra normal subchron. 

Two options exist for the position of the upper 
boundary of the Olduvai subzone. In option I, the 
Olduvai subzone is positioned between saprope[s 
C1 and C 5 / d  and has a duration of 115 ka, 
followed by a short (30 ka) reversed subchron and 
the short (15 ka) normal Vrica subchron. In op- 
tion II, the Olduvai subzone is positioned be- 
tween sapropel C1 and a level half-way between 
C6 /e  and C7, and has a duration of 160 ka, 
implying a short reversed interval in its upper 
part. The latter option is in good agreement with 
the position and age of the upper Olduvai bound- 
ary as reported in the literature. 

TABLE 1 

Stratigraphic positions (in metres) of magnetostratigraphic and biostratigraphic datum planes in the studied sections. Positions of 
calcareous nannofossil events derived from the work of Driever ([23] and unpublished data). Also shown are the ages (in Ma) of 
these datum planes. Ages 1 are based on linear interpolation and extrapolation of conventional radiometric ages for geomagnetic 
polarity reversals [31]; ages 2 are based on linear interpolation between astronomically dated sapropels [1] 

Stratlgraphic position Isotopic Age 

Reversal boundary Singa Vrica S. Leonardo Crotone Stage 1 2 

"Upper Olduvai" (option II) _ 144.5-145.5 29.3-30.8 64 1,66 1,79 
"Upper Olduvai" (option I) 127.1-129.8 12.5 1.84 
Lower Olduvai 112.6 80,1-83.1 72 1.88 1.95 

n-polarity 54.2 75 2.01 
Reunion top 85-.4 81 - 2.14 
Reunion bottom 82.1-83.2 81 2.15 
Gauss/Matuyama 24 104 2.47 2.60 

Blohorlzon (foraminiferal) 

FCO sinistral neogiob. 126.6-127.1  139.4-141.2 25.4-25.9 64 1.68 1.80 
LO S. dehiscens 105.4-105.9 54.8-58.8 74 1.93 1.98 
re-ap. G. inflata 104.9-105.4 61.8-63.4 73/74 1.93 1.99 
FO G. truncatulinoides 102.9-103.4 50.8-527 75 1.95 2.00 
FO G. inflata 91.4-91.9 19.2-21.7 77/78 2.02 2.09 
FO S. dehiscens 76.8-77.0 83 2.12 2.19 
LO G. puncticulata 47.3-47.8 95/96 2.31 2.41 
LO N. atlantica 47.3-47.8 95/96 2.31 2.41 
FO N. atlantica 12.1-12.7 110 2.57 2.72 

Biohorizon (nannofoasils) 

base small gephyrocapsids 76.3-78.1 ? 1.18 ? 
LAD H. selli 74.7-76.3 ? 1.19 ? 
LAD C. macintyrei 136.4-136.9 ? 1.54 ? 
FAD G. caribbeanica 130.3-132.2 ? 1.61 1.74 
FAD D. brouweri 111.9-112.4 72 1.88 1.95 
LAD D. pentaradiatus 34.3-34.8 100 2.40 2.51 
LAD D. surculus 29.3-31.3 101 2.43 2.55 
LAD D. tamafis 7.5-9.0 112? 2.61 2.76 
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Linear interpolation and extrapolation on the 
basis of the observed polarity transitions and use 
of the radiometric ages for them of the geomag- 
netic polarity time scale of Berggren et al. [33] 
yields the ages for the late Pliocene-early Pleis- 
tocene biostratigraphic datum levels shown in 
Table 1. In addition, an age of 1.69 Ma is found 
for the Pliocene-Pleistocene boundary if we use 
option II for the upper boundary of the Olduvai 
subzone. 

The positions of the polarity transitions deter- 
mined in the present study form the basis of the 
new geomagnetic polarity time scale of Hilgen [1]. 
This time scale has been established by the astro- 
nomical calibration of sapropel patterns, using 
the interference pattern of precession and eccen- 
tricity of the Earth's orbit. This astronomical cali- 
bration leads to ages for the polarity transitions 
systematically older than the conventional ages 
based on radiometric dating. According to this 
new time scale the Pliocene-Pleistocene bound- 
ary has an age of 1.81 Ma. The astronomical ages 
of the biostratigraphic datum levels are also given 
in Table 1. 
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