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SUMMARY

A new, astronomically calibrated time scale is presented for the Mediterranean
Pliocene based on the correlation of sedimentary cycles to astronomical curves which
describe the quasi-periodic variations in the Earth's orbit during the last 5.5 Ma. These
sedimentary cycles are found in a continuous deep-sea marl sequence emerged above
present sea-level due to tectonic uplift. For this sequence, an integrated high-resolution
magnetostratigraphy, (planktonic foraminiferal) biostratigraphy and lithostratigraphy is
established which underlies the new time scale. This time scale differs substantially from
more conventional time scales which rely entirely on K/Ar radiometric dating.

The total Pliocene sequence is composed of various, partly overlapping
subsections and embraces sediments of both the lower Pliocene Trubi Formation and the
upper Pliocene to lower Pleistocene Narbone Formation. The Trubi consists of
(continuously) rhythmically bedded - grey and white - marls and the Narbone of a
(discon.tinuous) rhythmic alternation of homogeneous blue/grey marls and brownish
coloured, laminated beds, loosely termed sapropels. The land-based sections are all but
one located in southern Italy, namely on Sicily (Capo Rossello, Punta di Maiata, P.
Grande, P. Piccola, Eraclea Minoa, Capo Bianco and Monte San Nicola) and in adjacent
Calabria (southern Calabria: Singa; northern Calabria: Vrica and Semaforo). The parallel
section of Francocastello is located on Crete (Greece). Connections between partial and
parallel sections are based on high-resolution lithostratigraphic correlations which posses
chronostratigraphic significance and which are confirmed by magnetostratigraphic and
biostratigraphic correlations.

The magnetostratigraphic investigations are based on stepwise thermal
demagnetization of the natural remanent magnetization of a large number of
stratigraphically closely spaced, oriented samples. This method generally yielded good to
excellent results which allowed the identification of (a) primary component(s) necessary
for a reliable determination of the direction or at least the polarity of the Earth's magnetic
field at about the time of deposition. Analytical results were often better for the Trubi
part of the sequence due to the presence of a stable, high temperature (magnetite)
component of primary origin. In addition, the conspicuous post-Pliocene clockwise of
Sicily, on which most of our Trubi sections are located, allowed to make an easy
distinction between primary and secondary components. In the Narbone marls this high
temperature component is generally absent and therefore the primary remanence of these
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marls becomes more easily overprinted by remagnetization due to weathering. In spite of
the consequent local difficulties a distinct and consistent polarity sequence could also be
established for the Narbone Formation. The calibration of the polarity patterns to the
Geomagnetic Polarity Time Scale showed unambiguously that the combined polarity
sequence obtained for the Mediterranean Pliocene ranges from slightly below the Thvera
subchron of the Gilbert to well above the Olduvai subchron of the Matuyama Chron.

The biostratigraphic investigations are based mainly on a qualitative analysis of
the planktonic foraminiferal content. This procedure yielded a large number of successive
and often easily recognizable biohorizons defined by first and last occurrences. Semi-
quantitative analysis allowed to distinguish between first and last common occurrences
and truely first and last occurrences in a number of cases. A quantitative approach was
applied as well to locate the exact position of the first significant increase of sinistrally
coiled neogloboquadrinids. In terms of existing biozonations for the Mediterranean
Pliocene, the composite sequence ranges from the Sphaeroidinellopsis Acme zone into
the N. pachyderma Zone. The first zone marks the basal Pliocene in the Mediterranean,
the last one belongs already to the Pleistocene.

The lithostratigraphic investigations were focussed primarily on the detailed
logging of rhythmic variations in lithology, i.e. the alternation of CaCO3-rich and
CaCO3-poor marlbeds in the Trubi and of homogeneous and laminated marls in the
Narbone Formation. This inventory led to the identification and subsequent informal
numbering and coding of all sedimentary rhythmites in our composite sequence. In
addition, the relationship between the two types of rhythmic bedding was established in
the Punta Piccola section. This section contains the (gradual) transition from the Trubi
marls to the marls/clays of the Narbone Formation.

The resulting integrated magnetostratigraphy, biostratigraphy and litho-
stratigraphy provided a solid base for the final goal of our research, the construction of an
astronomically calibrated time scale for the Mediterranean Pliocene. This time scale was
established by calibrating the sedimentary cycles to the new astronomical curves for the
quasi-periodic variations in the Earth's orbit. Phase relations between sedimentary and
astronomical cycles were determined by correlating late Pleistocene sapropels to the
astronomical record. This correlation revealed that individual sapropels correspond to
minimum peak values of the precession index and that small- and large-scale sapropel
clusters correspond to 100 and 400 ka eccentricity maxima, respectively. These phase
relations were subsequently employed to correlate the late Pliocene to early Pleistocene
sapropel patterns to precession and eccentricity. The almost complete lack of the



influence of the obliquity cycle is explained by the fact that these sedimentary cycles
reflect changes in (circum)Mediterranean and monsoonal climate and the relatively low
latitudinal position of the Mediterranean. The astronomical calibration of sedimentary
cycles could be extended down to the Miocene/Pliocene boundary by using the detailed
record of CaCO3 cycles in the Trubi and their relationships to the sapropel cycles. Based
on this astronomical calibration, a Mediterranean Precession Related Cycle code was
introduced according to which sedimentary cycles are coded after the correlative
precession peak numbered from the Recent. More importantly, all sedimentary cycles
could be dated with an accuracy of 1 ky if we assume the new astronomical solution to be
accurate in the time domain and consider a time lag of 3-4 ky between orbital forcing,
and climate response resulting in sapropel formation.

In combination with the magnetostratigraphic and biostratigraphic data, very
accurate ages could further be assigned to both geomagnetic reversal boundaries and
planktonic foraminiferal biohorizons; they provided the framework for the new time
scale for the Mediterranean Pliocene. Astronomically calibrated ages of polarity
transitions were thus obtained for the Olduvai (1.79 - 1.95 Ma), Reunion (2.14 - 2.15),
Gauss/Matuyama (2.59/2.62), Kaena (3.04 - 3.11), Mammoth (3.22 - 3.33),
Gilbert/Gauss (3.58), Cochiti (4.18 - 4.29), Nunivak (4.48 - 4.62), Sidufjall (4.80 - 4.89)
and Thvera (4.98 - 5.23). These ages differ considerably from the conventional ages
which, for this time interval, rely entirely on K/Ar radiometric dating. The discrepancy of
3 up to 10 % can be attributed most plausibly to the loss of radiogenic argon which
results in radiometric ages that are too young. The new ages for the Pliocene/Pleistocene
and Miocene/Pliocene boundaries arrived at 1.81 and 5.32 Ma, as compared with their
conventional ages of 1.68 and 4.86 Ma, respectively.

Finally, we tested the validity of the new time scale by extracting precession and
obliquity related frequency components from late Pliocene to early Pleistocene climatic
proxy records in the Mediterranean and compared them with the respective orbital time
series. The new time scale is confimed by the good to excellent coherence between the
filtered 21 ky components and precession and the consistent relationship between the 41
ky components and obliquity. Only a slight discrepancy of 2 ky is found if we compare
late Pliocene phase relations between orbital forcing and climate response with those
obtained for the late Pliocene. This discrepancy can be explained by a change in these
phase relations, by a small error in the astronomical solution or by a combination of these

factors.
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SAMENVATTING

Een nieuwe, astronomisch gecalibreerde tijdschaal wordt gepresenteerd voor het
Mediterrane Plioceen. Deze tijdschaal is gebaseerd op de correlatie van sedimentaire cycli
naar astronomische curves die de quasi-periodieke variaties in de baan van de aarde om de
zon beschrijven. De sedimentaire cycli maken deel uit van een continue Pliocene diepzee
opeenvolging die ten gevolge van latere opheffing op het land ontsloten is. Voor deze
opeenvolging zijn een gedetailleerde magnetostratigrafie, (planktonische foraminiferen)
biostratigrafie en lithostratigrafie opgesteld, die de basis vormen van de nieuwe tijdschaal.
Deze tijdschaal blijkt in aanzienlijke mate te verschillen van de bestaande tijdschalen, die
voornamelijk gebaseerd zijn op K/Ar radiometrische dateringen.

De bestudeerde diepzee opeenvolging is opgebouwd uit meerdere secties en omvat
de sedimenten van de onder Pliocene Trubi Formatie en de boven Pliocene tot onder
Pleistocene Narbone Formatie. De Trubi Fm. bestaat uit een doorlopend ritmisch - grijs en
wit - gebankte mergel en de Narbone Fm. uit een (onderbroken) ritmische afwisseling van
homogene grijze mergels en bruin gekleurde, vaak gelamineerde lagen, sapropelen
genaamd. De gebruikte land secties bevinden zich op één na in Zuid Itali€, en wel op
Sicili€ (Capo Rossello, Punta di Maiata, P. Grande, P. Piccola, Eraclea Minoa, C. Bianco,
Ribera en Monte San Nicola) en in Calabri€ (Singa, Vrica en Semaforo). De parallel sectie
van Francocastello is op Creta (Griekenland) gelegen. De onderlinge samenhang tussen de
verschillende deel en parallel secties is gebaseerd op zeer gedetailleerde lithostratigrafische
correlaties. Deze correlaties, die verondersteld worden tijdslijnen te representeren, worden
bevestigd door de magnetostratigrafische en biostratigrafische correlaties.

Het magnetostratigrafisch onderzoek is gebaseerd op een stapsgewijze thermische
demagnetisatie van de natuurlijke remanente magnetisatie van een groot aantal op korte
stratigrafische afstand genomen georiénteerde gesteentemonsters. In verreweg de meeste
gevallen was het mogelijk de primaire magnetische gesteente component(en) in de mergel
te onderscheiden, hetgeen van groot belang is voor een betrouwbare bepaling van de
richting of in elk geval de polariteit van het aardmagneetveld ten tijde van de afzetting. De
resultaten voor de Trubi waren vaak beter dan voor de Narbone Formatie. Dit is een
gevolg van het voorkomen van een stabiele primaire, hoge temperatuur component in de
Trubi mergels; deze (extra) component ontbreekt meestal in de Narbone. Voorts kunnen in
de Siciliaanse secties van de Trubi de primaire en secundaire componenten duidelijk
onderscheiden worden omdat Sicili€ na het Plioceen een duidelijke kloksgwijze draaiing
heeft ondergaan, waardoor de primaire component deze rotatie vertoont en de secundaire
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niet. Door het ontbreken van de stabiele hoge temperatuur component is het in de Narbone
mergels vaak moeilijker een scheiding aan te brengen tussen de primaire component en de
secundaire component die het gevolg is van remagnetisatie door verwering. Desalniettemin
bleek ook voor de Narbone Formatie een duidelijke en consequente polariteit zonering op
te stellen. De calibratie van het patroon in de lengtes van de opeenvolgende polariteits
zones met de "Geomagnetic Polarity Time Scale” toont duidelijk aan dat de gecom-
bineerde, Trubi en Narbone polariteit zonering het interval omvat van kort voor de Thvera
(subchron) in de Gilbert (Chron) tot na de Olduvai in de Matuyama.

Het biostratigrafisch onderzoek is voornamelijk gebaseerd op een qualitatieve
analyse van planktonische foraminiferen fauna's. De gevolgde procedure leverde een groot
aantal opeenvolgende en vaak eenvoudig te bepalen biohorizonten op die bepaald worden
door de eerste en laatste voorkomens van bepaalde soorten planktonische foraminiferen.
Semi-quantitatieve analyses maakten het daarnaast mogelijk om in een aantal gevallen
onderscheid te maken tussen eerste en laatste algemene voorkomens en werkelijke eerste en
laatste voorkomens. Een quantitatieve benadering werd toegepast om de exacte positie van
de eerste significante toename in links gewonden neogloboquadrina's te bepalen. In termen
van bestaande biozoneringen voor het Mediterrane Plioceen loopt de onderzochte
opeenvolging van de Sphaeroidinellopsis Acme zone tot in de N. pachyderma Zone. De
eerst genoemde zone markeert het basale Plioceen in de Middellandse Zee, de laatste

behoort al tot het Pleistoceen.

Het lithostratigrafisch onderzoek heeft zich vooral bezig gehouden met de
registratie van ritmische variaties in het gesteente, dwz. de afwisseling van kalkarme en
kalkrijke mergels in de Trubi en van homogene en gelamineerde mergels in de Narbone
Fm. Het resulteerde in de identificatie en informele nummering en codering van alle
sedimentaire ritmieken in de sedimentaire opeenvolging. In de Punta Piccola sectie, die de
grens tussen de Trubi en de Narbone bevat, kon de relatie tussen de twee soorten

sedimentaire ritmieken worden vastgesteld.

De verkregen, geintegreerde magnetostratigrafie, biostratigrafie en lithostratigrafie
vormde een solide basis voor het uiteindelijke doel van ons onderzoek, het opstellen van
een astronomisch gecalibreerde tijdschaal voor het Mediterrane Plioceen. Deze tijdschaal
werd opgesteld door de sedimentaire ritmieken in de Pliocene opeenvolging te correleren
naar de meest recente astronomische curves voor de quasi-periodieke veranderingen in de
aardbaan voor de laatste 5.5 miljoen jaar. Eerst werden de fase relaties bepaald tussen de
sedimentaire en de astronomische cycli door de meest recente sapropelen (van laat
Pleistocene ouderdom) te correleren naar de astronomische kurves. Deze correlatie toont

dat individuele sapropelen samenvallen met minima van de precessie index en dat kleine
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en grotere groepen van sapropelen samenvallen met 100.000 en 400.000 jaars maxima in
excentriciteit. Deze fase relaties werden vervolgens gebruikt om de laat Pliocene tot vroeg
Pleistocene sapropelen met de precessie en excentriciteit curves te verbinden. De
astronomische calibratie van sedimentaire cycli werd vervolgens uvitgebreid tot aan de
Mioceen/Plioceen grens met behulp van de CaCO3 cycli van de Trubi Formatie. Uitgaande
van de correlatie met precessie is een MPRC (‘"Mediterranean Precession Related Cycle')
codering voor de kleinschalige sedimentaire cycli in het Mediterrane Plioceen en
Pleistoceen opgesteld. Volgens deze codering wordt een cyclus het nummer van de
correlatieve precessie piek gegeven. Veel belangrijker is dat de ouderdom van alle
sedimentaire cycli nu met een nauwkeurigheid van ongeveer 1000 jaar vastgesteld kan
worden, indien we aannemen dat de nieuwe astronomische oplossing nauwkeurig is in het
tijdsbereik en rekening houden met het optreden van een vertraging van zo'n 3 tot 4.000
jaar tussen de astronomische beinvloeding, en de verandering in het klimaat resulterend in
de afzetting van een sapropel. De ouderdommen van de geregistreerde polariteits-
omkeringen van het aardmagneetveld en de planktonische foraminiferen biohorizonten
konden vervolgens met behulp van liniaire interpolatie bepaald worden; deze dateringen
vormen het kader van de nieuwe tijdschaal voor het Mediterrane Plioceen.

De aldus verkregen ouderdommen voor de polariteitsomkeringen van het
aardmagneetveld (Olduvai (1.79-1.95 miljoen jaar), Reunion (2.14-2.15), Gauss/
Matuyama (2.59/2.62), Kaena (3.04-3.11), Mammoth (3.22-3.33), Gilbert/Gauss (3.58),
Cochiti (4.18-4.29), Nunivak (4.48-4.62), Sidufjall (4.80-4.89) en Thvera (4.98-5.23))
blijken systematisch te verschillen van de conventionele, radiometrische (K/Ar)
ouderdommen. Het verschil, dat varieert tussen 3 en 10 %, kan verklaard worden als een
gevolg van het verlies van radiogeen argon, wat in te jonge radiometrische ouderdommen
resulteerd. De nieuwe ouderdommen voor de Plioceen/Pleistoceen en de Mioceen/Plioceen
grens komen uit op respectievelijk 1.81 en 5.32 miljoen jaar terwijl zij volgens de
conventionele tijdschaal slechts 1.68 en 4.86 miljoen jaar oud zijn.

Tenslotte hebben we de nieuwe tijdschaal getest door astronomisch bepaalde
frequentie componenten in laat Pliocene tot vroeg Pleistocene klimatologische "proxy"
curves voor het Middellandse Zee gebied te filteren en te vergelijken met de
respectievelijke curves van de betreffende astronomische parameters. De nieuwe tijdschaal
werd overtuigend bevestigd door de goede tot uitstekende coherentie tussen de gefilterde
21.000 jaar komponenten en precessie en de consequente relatie tussen de gefilterde
41.000 jaar komponenten en obliquity. De vergelijking van laat Pleistocene fase relaties
tussen astronomische cycli en en de daarmee samenhangende klimaatsveranderingen met
die voor het laat Plioceen leverde slechts een geringe discrepantie op van 2.000 jaar. Deze
discrepantie kan verklaard worden door een verandering in de fase relaties, door een kleine
fout in de astronomische oplossing of door een combinatie van deze factoren.
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Chapter 1

INTRODUCTION

1.1 Purpose and framework of the investigation

The astronomical theory of climate and the ice ages

The Earth's orbit around the sun is influenced by gravitational interactions with the
other planets and with the moon. The resulting orbital perturbations give rise to variations
in eccentricity, obliquity and precession with main periods of 400 and 100, 41, and 23 and
19 ky, respectively (Berger, 1978). Eccentricity is a measure of the degree of elongation of
the orbit and varies between nearly zero (circular orbit) and 0.06 (slightly elliptical orbit).
Obliquity describes the angle between the Earth's axis of rotation and the orbital plane and
varies between 22 and 25°. Axial precession describes the slow movement of the rotational
axis around a circular path with one revolution completed every 26 ky . Due to the opposite
movement of the eccentric orbit itself, the precession of the equinoxes, also called climatic
precession, completes one full cycle about every 21 ky . These variations in the Earth's
orbit are climatically important because they affect both the seasonal as well as the
latitudinal distribution of the solar insolation.

The astronomical theory of climatic oscillations is at present widely accepted. This
theory, according to which climatic changes are linked to the variations in the Earth's orbit,
was first expressed by Adhémar (1842) who suggested that the occurrence of the ice ages
might be astronomically controlled. This ice age theory was elaborated by Croll (1864) and,
later on, especially by Milankovitch (1941). As early as 1895, Gilbert employed the more
general astronomical theory of climate to estimate the amount of time represented by
rhythmically bedded sequences of the Cretaceous (see also Fischer, 1980). He used the
periodicity of the precession cycle for the explanation of these sedimentary cycles.

Milankovitch's ideas concerning the astronomical origin of the Pleistocene ice ages
initially met with wide approval. Scepsis soon prevailed, however, mainly because the first
14C-datings of distinct glacial or interglacial intervals were not consistent with
Milankovitch's predictions (this inconsistency actually resulted from the fact that
Milankovitch underestimated the contribution of precession to the occurrence of the ice
ages; see Imbrie and Imbrie, 1979). This deadlock was overcome with the introduction of
stable isotope analysis of (foraminiferal) carbonate in combination with the study of deep-

sea records recovered by piston cores. The piston cores provided the long and continuous



deep-sea sequences necessary to acquire a detailed record of glacial history through time.
The principles of stable isotope analysis, introduced by Urey (1947), were first applied
systematically to deep-sea records by Emiliani (1955). Although interpreted initially as an
estimate for seawater temperature (variations), 8180 proved a highly sensitive recorder of
changes in ice volume (Shackleton and Opdyke, 1973). The resulting 8180 record could
therefore be used to test the validity of the astronomical theory of the ice ages.

An additional factor which contributed to the revival of the astronomical theory to
explain the ice ages was the development of the Global Polarity Time Scale. This time scale
was essentially based on the radiometric dating of past reversals of the Earth's magnetic
field (see Mankinen and Dalrymple, 1979) and it allowed deep-sea sequences to be
accurately dated by means of magnetostratigraphic calibration to the GPTS. A last
important aspect to be mentioned here was the continuous improvement of the astronomical
solution for the variations in the Earth's orbit. In 1978, this resulted in astronomical records
which were supposed to be reliable for at least the last 1.5 Ma (Berger, 1978.). At the same
time, the astronomical theory of the ice ages was convincingly demonstrated (Hays et al.,
1976; Imbrie et al., 1984). Climatic proxy records, mainly that of ice volume (§180), had
been correlated to the astronomical record to evaluate (and confirm!) this theory and to
establish a high-resolution time scale for the late Pleistocene. At present, this
astronomically-calibrated time scale is well established and widely used for the last 700,000
years. Such a time scale is in principle more accurate and has a higher resolution than more
conventional time scales which had been mainly based on radiometric dating of lavas of
known polarity. It is furthermore a prerequisite to a better understanding of the complex
interactions in the ocean-climate system because it allows us to determine consistent phase
relations between the orbital variations and different components in the ocean-climate
system (McIntyre et al., 1989; Imbrie et al., 1989).

Extension of the late Pleistocene type of research to the Pliocene - early Pleistocene

It is self-evident that this type of research soon became extended to the early Pleisto-
cene and Pliocene, i.e. the time interval marked by rapidly expanding northern (and south-
ern) hemisphere ice sheets and the onset of high-amplitudinal glacial cycles (Shackleton et
al., 1984; Ruddiman et al., 1986a) that governed global climate up to the present day. Such
an extension was strongly hampered in the beginning by problems encountered in
recovering older, undisturbed and continuous deep-sea sequences which, except for areas
with extremely low sediment accumulation rates, were beyond the reach of ordinary piston
cores. Sedimentary sequences from such areas are less suitable for detailed studies,
however, because the resolution of deep-sea records is generally inversely proportional to
the sedimentation rate. This major problem concerning the recovery of uninterrupted, high-
resolution deep-sea records was ultimately solved by the application of advanced piston



coring of multiple holes. These parallel sites are necessary to avoid stratigraphic problems
encountered at core breaks (Ruddiman et al., 1986b).

Similar, good sequences of Pliocene-Pleistocene age are also found on-land, in areas
that underwent a strong uplift which eventually resulted in the subaerial exposure of
relatively young deep-sea sediments. One of these areas, undoubtedly, is the Mediterranean.
The Mediterranean has the additional advantage that its latitudinal position in combination
with its semi-enclosed, land-locked configuration make its sediments particularly sensitive
to record astronomically induced oscillations in climate. Sedimentary cycles of late
Pleistocene age, termed sapropels (brownish coloured, organic-rich and often laminated
beds), were recovered in numerous piston cores from the eastern Mediterranean (Ryan,
1972; Citaet al., 1978). These sapropels have been related to enhanced fluvial run-off,
which pronouncedly affected the Mediterranean water budget and led to a diminished
vertical water exchange, an- or dysoxic bottom water conditions and the deposition of a
sapropel. The enhanced run-off has been connected with an increased discharge of the river
Nile and European rivers due to a periodical intensification of, among others, the
monsoonal system which in turn results from orbitally forced variations in low latitude
summer insolation (Rossignol-Strick, 1983; Rohling and Hilgen, 1991). Periodical
variations in run-off, however, do not necessarily result in sapropels because their
formation depends on other factors such as basin configuration as well. Fluctuations in run-
off may also lead to rhythmic variations in CaCO3 % in the sediment due to the enhanced
supply of river-borne terrigenous material at times of increased precipitation and, hence,
enhanced continental run-off. This model has been put forward to explain grey coloured,
CaCO3-poor beds in the marl rhythmites of the lower Pliocene Trubi marl Formation (de
Visser et al., 1989). Evidently, these rhythmites are connected with the same processes
which underlie the formation of sapropels.

Such sedimentary (sapropel, CaCO3) cycles have been found exposed on-land and in
deep-sea cores throughout the Mediterranean Neogene; they are particularly common in
marine sequences of Pliocene to Pleistocene age. Although it had been repeatedly suggested
that these sedimentary thythmites are connected with the Earth's orbital cycles, the inferred
astronomical forcing and its potential geochronological application have never been studied
systematically for the pre-Pleistocene sequences.

Reconstruction of long and uninterrupted sequences of rhythmically bedded sediments

Several factors seem to have contributed to this obvious lack of interest. The first one
concerns (once more) the availability of sufficiently long and continuous sequences of
rhythmically bedded sediments. Although rhythmically bedded sediments are widely
exposed in the Mediterranean, especially in southern Italy, no such long sequences without
breaks were yet reconstructed. Imperfections in the stratigraphic record marked in



particular the composite sequences obtained from the two key-areas for the study of the
Mediterranean Pliocene - early Pleistocene: Capo Rossello (southern Sicily) for the early
Pliocene and Crotone (northern Calabria) for the late Pliocene to early Pleistocene.

At an initial stage of our research, field-stratigraphic surveys were therefore carried out
to overcome these stratigraphic flaws. In the area of Capo Rossello, we constructed an
alternative composite section (Ch. 2). This new section is totally different from the original
Capo Rossello composite of Cita and Gartner (1973; their section has been designated as
neostratotype for the lowermost Pliocene stage, the Zanclean, and was formally proposed as
the Miocene/Pliocene boundary stratotype), which appeared to contain a hiatus in its upper
part. The new composite on the contrary contains a complete and undisturbed succession of
rhythmically bedded marls of the Trubi and the lowermost part of the overlying Narbone
Formation in which brownish coloured, often laminated sediments (sapropels) first occur.

The other key-area is found in the direct vicinity of Crotone in northern Calabria where
a thick succession of marly clays with numerous sapropelitic interbeds of the Narbone
Formation is exposed. In this area, the Pliocene/Pleistocene boundary stratotype section of
Vrica and the lower-down section of Semaforo (or Stuni) are located. These two sections
were supposed to be separated by a non-exposed interval with a stratigraphic thickness of
less than 50 m. In order to cover this missing interval, we resorted to adjacent southern
Calabria where, in the slopes of the Monte Singa, a continuous succession of the Narbone
Formation could be logged (see Ch. 2). This Singa section had the additional and important
advantage that, in contrast to the Vrica/Semaforo sections, it contains a stratigraphic
overlap with our new Rossello composite section. For an investigation of discrepancies
observed between the stratigraphic records of Monte Singa and Vrica/Semaforo, a detailed
field stratigraphic survey was carried out in the Crotone area. This study unambiguously
revealed that the Vrica and Semaforo sections are not separated by a non-exposed interval,
but that they actually contain a considerable stratigraphic overlap (Ch. 3).

Summarizing, the new Rossello section in combination with the Singa and Vrica
sections provide for a continuous composite sequence of open marine, thythmically bedded
sediments in the Mediterranean all through the Pliocene and into the early Pleistocene.

Magnetostratigraphy and the construction of a time-stratigraphic frame

Another important factor that obstructed a detailed investigation into the inferred
astronomical forcing of the rhythmic bedding in the Mediterranean Pliocene and
Pleistocene concerned the time-stratigraphic framework. Until recently, time-stratigraphic
scales for the Mediterranean Pliocene-Pleistocene based on direct magnetostratigraphic
control were completely lacking and, as a consequence, were based primarily on long-
distance biostratigraphic correlations to well-dated extra-Mediterranean sequences and

events (Berggren, 1973; Berggren and Van Couvering, 1974). Early attempts to establish



magnetostratigraphic records proved inconclusive (Nakagawa et al., 1975) or yielded
ambiguous results (see Kennett and Watkins, 1974). Despite these rather discouraging
prospects, all our sections proved suitable for the gathering of magnetostratigraphic data
(Ch. 3-6). Most surprisingly, all sections in the marls of the Trubi Formation yielded good
to excellent results with the exception of the thoroughly weathered lower part of the Capo
Rossello composite of Cita and Gartner. Unfortunately, it was precisely this section which
had been studied paleomagnetically several times before, due to the fact that it corresponds
to the Miocene-Pliocene boundary stratotype.

Summarizing again, high-resolution magnetostratigraphic records have now been
established for the Rossello composite section (Ch. 4, 5) as well as for the Singa and Vrica
sections (Ch. 5). Combined, these records cover the complete Pliocene and lower
Pleistocene and range from the lower reversed Thvera subchron of the Gilbert to well above
the Olduvai subchron of the Matuyama. The resulting continuous, magnetostratigraphically
controlled, composite sequence of rhythmically bedded, open marine sediments served as a
starting point for our investigation into the astronomical forcing and geochronometrical
application of the sedimentary cycles in the Mediterranean Pliocene-Pleistocene.

Astronomical forcing of the rhythmites and the construction of an astronomically-
calibrated (polarity) time scale for the Pliocene to early Pleistocene

In order to find supportive evidence for the inferred astronomical forcing of the
rhythmic bedding of the marls of the Trubi Formation (i.e. Ch. 2), we sampled the Rossello
composite section in detail for CaCO3 analyses. We applied spectral analysis on the
resulting CaCO3 record. The straightforward correlation of the high-resolution
magnetostratigraphy to the Geomagnetic Polarity Time Scale (GPTS) provided us with the
age calibration points necessary to generate our CaCO3 time series (Ch. 7). Strongly
significant peaks in the CaCO3 spectrum were found in the frequency bands of the Earth's
orbital cycles, indicating that CaCO3 variations in the Trubi are indeed connected with the
astronomical cycles of precession and eccentricity and, to a lesser extent, with that of
obliquity. Despite this good correspondence, the spectral peaks showed a consistent shift to
slightly higher frequencies than those of the orbital cycles. This shift could only be
explained by an error in the conventional GPTS we used to (magnetostratigraphically) age-
calibrate our CaCO3 record. We established an alternative GPTS for the major part of the
Gilbert and Gauss Chrons by applying an average periodicity of 21.7 ky of the precession
cycle to the periodicity of small-scale, precession related CaCO?3 cycles in the Trubi. The
Gilbert/Gauss Chron boundary dated radiometrically at 3.40 Ma was used as fixed age
calibration point. This time scale, however, still depends essentially on the accuracy of the
(radiometric) age of 3.40 Ma for the Gilbert/Gauss boundary. We therefore decided to
make the construction of a totally independent, astronomically calibrated (polarity) time



scale the ultimate goal of our research.

This new, astronomically-calibrated time scale was established in two successive steps.
In the first we dealt with the correlation of the rhythmically bedded sapropel sequences of
late Pliocene and early Pleistocene age to the astronomical record (Ch. 8). We first
established the phase relations between the sapropels and orbital cycles by tying the
youngest sapropels of late Pleistocene age to the astronomical record. These phase relations
were subsequently employed to calibrate the older sapropels of the late Pliocene - early
Pleistocene. Because the oldest sapropels in our composite sequence start to be intercalated
as late as the late Pliocene, we had to employ the CaCO3 cycles of the Trubi Formation to
extend the resulting astronomically-calibrated time scale backwards to the Miocene-
Pliocene boundary (Ch. 9). In the second step of constructing the new time scale, we had to
determine the sequential relationship between the CaCO3 cycles and the sapropel cycles.
Once found, this relationship subsequently allowed us to correlate the CaCO3 cycles
straightforward to the astronomical records, while using the fixed astronomical calibration
points provided by the oldest sapropels in the top part of our CaCO3 record, in addition.
Accepting the accuracy of the astronomical solution, this calibration of the sedimentary
cycles permits us to date all sapropels and CaCO3 cycles with an accuracy of 1 ky . It must
be noted that the use of the new astronomical solution of Berger and Loutre (1988) is of
crucial importance. In contrast to the old solution, the new one is considered accurate for
the last 5.0 Ma in the time domain. Since high-resolution magnetostratigraphic records are
presently available for all our sections, this further implies that geomagnetic reversal
boundaries can be dated with in principle the same accuracy. The new astronomically
calibrated GPTS deviates considerably from the conventional time scales which, for this
interval of time, rely heavily on K/Ar radiometric dating (Ch. 8, 9).

For the construction of the new astronomically calibrated GPTS for the last 5.5 Ma, we
correlated the sedimentary cycles in the Mediterranean Pliocene-Pleistocene primarily to
the astronomical precession and eccentricity records (Ch. 8, 9). This procedure was
followed because both the sapropel and CaCO?3 cycles reflect changes in regional, low
latitude climate which were dominantly controlled by precession and eccentricity in the
form of 20, 100 and 400 ky cycles. However, from approximately 2.8 Ma onwards, the
influence of the obliquity cycle is also clearly reflected in the planktonic foraminiferal
faunal and stable isotope records from the late Pliocene and early Pleistocene (Lourens et
al., subm.). These (obliquity forced) faunal and isotope cycles reflect glacial-interglacial
alternations, which at that time were controlled dominantly by obliquity, and have, in
combination with the precession and eccentricity related patterns, been used to test both the
validity of the new time scale and the accuracy of the astronomical solution from 2.7 to 1.7
Ma (Ch. 10).
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Chapter 2

Sedimentary rhythms and high-resolution chronostratigraphic
correlations in the Mediterranean Pliocene

by FREDERIK J. HILGEN®

with 8 figures

Abstract. In the Mediterranean Pliocene, thythmic lithological variations in the Trubi and Narbone
Formations (Pliocene — Lower Pleistocene) of Sicily and Calabria can be used to obtain detailed (“bed-to-
bed”) chronostratigraphic correlations with a potential resolution of 20,000 years or less.

The superimposed sedimentary rhythms can be attributed mainly to the differential dilution of carbo-
nates by terrigenous clastics, the process being caused by periodical fluctuations in precipitation and run-
off. Our calculations suggest that the rhythms are connected with the astronomical cycles of precession
(21 Ka) and eccentricity (100 and 400 Ka).

Interpolation of the rhythmites permits a calibration of the total Mediterranean Pliocene to the
numerical time-scale.

Zusammenfassung. Rhythmische Schichtung in den Trubi- und Narbone-Formationen von Sizilien
und Kalabrien (Pliozin - Unter-Pleistozin) ermdglicht im Prinzip chronostratigraphische Korrelationen
mit einem potentiellen Aufldsungsvermogen von 20.000 Jahren oder sogar weniger.

Die vorliegenden sedimentiren Rhythmen sind in erster Linie auf die variierende Verdiinnung der
Karbonat-Komponente durch terrigenes Material zuriickzufiihren. Das wiederum wurde durch periodi-
sche Fluktuationen von Niederschlag und oberirdischem Abflufl verursacht. Unsere Kalkulationen deu-
ten auf einen Zusammenhang mit den astronomischen Zyklen der Prezession (21 Ka) und Excentrizitic
(100 und 400 Ka).

Die Interpolation der Rhythmite erlaubt eine absolute Kalibrierung des gesamten mediterranen Plio-
zins.

Introduction

At present detailed biostratigraphic correlations can be made on the basis of existing biozona-
tions in the Mediterranean Pliocene using planktonic foraminifera (Crra 1975a, Sraak 1983)
and calcareous nannofossils (Rarr1 & Rio 1979). Itis suggested that the regional zonal units in
question bear chronostratigraphic significance. A further refinement can be obtained by utili-
zing rhythmic sedimentation patterns characterized by sapropelitic or diatomaceous intercala-
tions as shown by Ryan (1972) and THUNELL et al. (1977) for the Pleistocene of the Eastern
Mediterranean and by JoNKERs (1984) for the Pliocene of Crete.

* Author’s address: FrRepERIk ]. HiLGeN, Department of Stratigraphy/Micropaleontology, State Uni-
versity of Utrecht, Budapestlaan 4, 3508 TA Utrecht, The Netherlands.
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The occurrence of rhythmic bedded sediments in the Mediterranean Pliocene is widespread
in marginal (MEULENKAMP et al. 1979, JoNKERs 1984) as well as in deep-sea basins (Kipp et al.
1978). In the present paper we study the application of high-resolution chronostratigraphic
correlations using the rhythmic sediment patterns in the Pliocene Trubi and Monte Narbone
Formations of Sicily and Calabria. The rhythmicity is characterized by fluctuations in the
carbonate content of marls in the Trubi or, in case of the Monte Narbone Formation, by
alternations of homogeneous marly clays and sapropelitic sediments.

Geological setting and sections

For our study we selected several sections which jointly cover the Pliocene in the appropriate,
rhythmic bedded lithofacies. These sections are situated on the external side of the Calabro -
Sicilian Arec, i e. in the Caltanissetta Basin of Sicily and the Crotone — Spartivento Basin of
Calabria (Fig. 1).

Three formations can generally be distinguished in the Pliocene to Lower Pleistocene of
the Caltanissetta Basin. Rhythmic bedded marls of the Trubi Formation which usually con-
formably overlie Upper Messinian deposits constitute the lowermost Pliocene unit in this
area. The next higher unit consists of marly clays, locally with sapropelitic interbeds, of the
Narbone Formation, which underlie sandstones of the Agrigento Formation. The formations
can be correlated to their lithostratigraphic equivalents in South Calabria.

The Caltanissetta Basin is well known for its Pliocene outcrops, especially along the south
coast and the line Enna — Centuripe (D1 GRANDE et al. 1976) on central Sicily. For our study
the coastal sections are more suitable since in that area, in contrast to central Sicily, the
deposition of rhythmic bedded sediments was continuous into the Late Pliocene. This is
mainly due to the time-transgressive nature of the Trubi - Narbone — Agrigento depositional
system in which the facies-transitions become younger towards the south.

For this reason we selected the south coast of Sicily as location for a standard section. Due
to the absence of sapropelitic interbeds in the upper part of the Narbone Formation in this
area, we chose the South Calabrian Singa section as an additional standard. Furthermore
Z1yDERVELD et al. (1986) provided us with a reliable magnetostratigraphy for the lower part of
this section.

Standard sections
The Rossello-Eraclea Minoa composite section of Sicily

Excellent Pliocene sections along the south coast of Sicily are exposed in the classical Rossello
area and at Eraclea Minoa (Fig. 1). Several Pliocene composite sections based on exposures in
the Rossello area have been introduced in the literature during the last fifteen years (Cita &
GARTNER 1973, BroLsma 1978, Spaak 1983, Rio et al. 1984). These sections, however,
proved to be only partly suitable for our study.

The Capo Rossello section as described in detail by Cita & GARTNER (1973) is known to
contain a hiatus between the Trubi and Narbone Formations (R1o et al. 1984). The Capo
Rossello composite section of Spaak (1983) on the contrary contains several “slump” levels in
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the Punta di Maiata section. Rio et al. (1984) incorporated the Punta Piccola section of
BroLsMa (1978) and Spaak (1983) in the Capo Rossello composite section of Cita & GART-
NER (1973). However, according to Rio et al. (1984) the existence of a small gap in the top part
of the Trubi stll cannot be ruled out. This gap can be avoided by using the Punta Grande
section (Fig. 1B).

Tyrrhenian Sea

4y

SICILY

CALTANISSETTA
B BASIN loman Sea
. ki
N lonian Sea i
B

%ﬂ\ -
Faro ! i—} ok
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Punta Piccola

Punta Grande

Fig. 1. Locations of the Sicilian — Calabrian sections: 1. Eraclea Minoa; 2. Spropolo; 3. Careri; 4. Para-
disoni; 5. Vrica; 6. Semaforo section; 1A: Singa area, and 1B: Rossello area.

In the classical Rossello area we selected the sections Rossello-east, Punta di Maiata, Punta
Grande and Punta Piccola (for locations see Fig.1B) which jointly cover a complete and
relatively undisturbed succession. The Rossello-east section is identical to sample interval A
and C of Crta & GARTNER (1973) and corresponds partly to exposure 3 of BroLsma (1978)
since the latter continues into the diatomite-bearing sequence that lies above. In this respect
our Rossello-east section exactly matches the lithostratigraphic intervals A-C of GUERRERA et
al. (1984). Our Punta di Maiata section consists of the lower part (i. e. preceding the “slump”
levels) of the Punta di Maiata section of Spasx (1983). The Punta Piccola section corresponds
to the Punta Piccola section of BroLsma (1978) and Spaak (1983) but was extended further
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Fig. 2. The Rossello composite section showing lithology, biostratigraphy and subdivision in carbonate units and basic rhythmites. Beige marls are
shown schematically with respect to the white marls except in the prominent carbonate levels. Sapropelitic intcrbeds are not shown seperately with
respect to the grey marls in the Punta Piccola section. Solid lines represent lithostratigraphic correlations. Dashed lines represent biostratigraphic
correlations: 1. LOD of G. margaritae; 2. LOD of G. ﬁuncziculam; 3. Re-appearance datum of G. crassaformis, and 4. FOD of G. bononiensis.

D: dextral intervals of G. crassaformis. Biostratigraphy is based on Spaak (1983) and unpublished data. The boundary between carbonate unit VI and
VII corresponds to the Trubi — Narbone transition.
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downwards as in R10 et al. (1984). For this study we further included the Eraclea Minoa
section, located some 20 km to the west, as a suitable alternative for the Rossello-east section.

The resulting Rossello — Eraclea Minoa composite section, including both the Rossello-east
and Eraclea Minoa sections, is shown in detail in Fig. 2. The Punta Piccola section contains the
transition from the Trubi to the Narbone Formation which biostratigraphically falls within
the G. crassaformis Zone of Spaax (1983). The top of our composite section still belongs to
this planktonic foraminiferal zone (Fig. 2).

The Singa section of South Calabria

The Singa composite section and biostratigraphic data are shown in detail in Fig.3. The
locations of the subsections I-1V are indicated in Fig. 1A.

The succession can be divided into two major lithostratigraphic units which show a strong
resemblance to the Sicilian Trubi and Narbone Formations. Biostratigraphic data (Fig.3)
indicate that these two units are separated by a major hiatus which corresponds to part of the
G. margaritae — G. puncticulata Concurrent-range zone, the entire G. puncticulata Zone and
part of the G. crassaformis Zone of Spaak (1983). Above the hiatus the sedimentary record is
continuous into the Pleistocene.

The sediment patterns

Basic rhythmites: In South Calabria the internal structure of the sedimentary rhythms is less
complex than in the Trubi Formation of the Caltanissetta Basin of Sicily (Fig.4). The Cala-
brian equivalent of the Sicilian Trubi consists of a rhythmic alternation of beige or white,
indurated, carbonate-rich marls and grey, softer, carbonate-poor marls.

S )
w| > [on}
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W T wI
<El € <
°% £ o = ‘
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Fig. 4. Internal build-up of typical basic rhythmites in the Trubi of Sicily and South Calabria.
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The Sicilian Trubi usually shows a further differentiation owing to differences in colour
and the degree of induration in the indurated marl beds. Beige marls are intercalated between
white, more indurated and carbonate-rich beds. Occasionally this feature can vaguely be
recognized in the marl doublets of the Calabrian Trubi. Consequently a marl doublet in South
Calabria matches a quadruplet in the Sicilian Trubi (Fig. 4).

Irrespective of the laminated diatomaceous sediments at Rossello, as described in detail by
Brorsma & Broekman (1978) and GuERRERa et al. (1984), these doublets or quadruplets
provide the basic sedimentary rhythm in the Trubi successions and are further referred to as
basic rhythmites. The top of such a basic thythmite is placed arbitrarily at the base of the
softer, grey marl. The rhythmites can also be recognized in the Punta Piccola section, the
sapropelitic interbeds of the Narbone Formation being intercalated in the grey marls (a in
Fig. 4; see also Fig. 5).

Carbonate units: In addition to these basic rhythmites several well-pronounced, thicker and
more indurated marl levels can be identified in the successions.

In Sicily such prominent levels do not result from an increase in bed-thickness only, since
they are internally composed of the same basic rhythmites. Preliminary results of carbonate
analyses suggest that these levels are characterized by an overall increase of the carbonate
content in the beige, and especially in the grey marls relative to the white marls. Consequently
both softer types of marls (a and c in Fig. 4) start to resemble the white marls (b and d) in the
quadruplets and the individual beds of the basic rhythmites become difficult to distinguish.

In the Sicilian standard section the prominent levels occur singly or in composite groups at
relatively regularly spaced intervals in the succession (see Figs. 2, 5). Up to three normal marl
quadruplets can be intercalated between successive prominent levels of such a composite
group (see Fig. 2). Their presence permits a subdivision into larger-scale units, the boundaries
of which have been placed at the top of such a single or composite group of prominent levels.
These units are further termed carbonate units as they reflect large-scale fluctuations in the
carbonate content.

Within these carbonate units the individual quadruplets have been counted and numbered
(Figs.2,5). However, carbonate unit boundaries do not necessarily coincide with the top of a
quadruplet. Such quadruplets straddling a unit-boundary are incorporated in the carbonate
unit to which the more indurated lithologies (b—d, Fig.4) belong.

Calabria: In the Singa area the visual impression of the Trubi is dominated by the recurrence
of prominent, thick and indurated marl beds in the succession. These prominent beds coincide
with a stepwise decrease in the degree of induration of the marls, as indicated schematically in
Fig. 3. The presence of these beds allows for a subdivision into carbonate units analogous to
the Sicilian record (Fig. 3).

Above the hiatus in the Singa section, the succession contains numerous sapropelitic
intercalations like the Narbone Formation in the Punta Piccola section of Sicily. These inter-
beds occur in three major groups separated by homogeneous marly clay intervals (see Fig. 3).

As a consequence of the hiatus, direct counting and numbering of basic rhythmites and
carbonate units from the base of the Pliocene can only be realized for the Trubi Formation in
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the Singa section. However, the numbering can be continued above the hiatus in the upper,
Narbone part of the section due to the detailed biostratigraphic correlation between the Singa
and the Rossello - Eraclea Minoa standard sections (Figs. 2, 3; top second dextral interval of
G. crassaformis in Zone 6 of Spaak 1983). Although this correlation solves the problem of the
hiatus, we are, nevertheless, faced with two major problems in the Narbone Formation of the
Singa section: 1) how to recognize the basic rhythmites, and 2) how to recognize the carbonate
units.

1) Above the hiatus the bedding is distinct only for the sapropelitic interbeds. The base of a
sapropel can hereby be assumed to correspond to the base of a basic rhythmite since in the
Punta Piccola section the sapropelitic interbeds of the Narbone Formation are clearly interca-
lated in the grey marls (a in Fig.4) of the basic rhythmites (see also Fig.5). However, the
presence of relatively thick, homogeneous marly clay intervals both within and between the
major groups of sapropelitic interbeds seems to exclude further counting of the basic rhyth-
mites in this part of the Pliocene record.

In order to tackle this complication we obtained the mean thickness of basic rhythmites by
calculating the average distance between regularly spaced sapropelitic interbeds thus excluding
intervals in which the inter-sapropel distance is significantly larger. Interpolation and extrapo-
lation of this average thickness to the excluded homogeneous intervals (both within and
between the major groups of sapropelitic interbeds) provides us with an estimate of the total
number of basic rhythmites. Hereby we assume that the sapropelitic interbeds, i.e. the
lithologic expression of the basic rhythmites in the Narbone Formation, are not developed in
these homogeneous intervals, the assumption being confirmed by our observations in the
Punta Piccola section in which both the basic rhythmites and the sapropelitic interbeds are
visible.

2) The (i.e. in contrast to the Narbone Formation in the Punta Piccola section) obvious
lack of the prominent carbonate levels previously used to delimit carbonate units seems to
prevent a meaningful numbering of successive carbonate units in the Narbone Formation of
the Singa section.

However, the basic rhythmites in the prominent carbonate levels in the upper part of the
Punta Piccola section clearly lack sapropelitic interbeds, the latter being generally well de-
veloped in between (Fig. 5). On the basis of this observation we assume that these prominent
levels correspond or are at least partly equivalent to the thick, homogeneous marly clay
intervals intercalated between the major groups of sapropelitic interbeds in the upper part of
the Singa section. Boundaries of carbonate units have been placed at the base of the first
sapropelitic interbed of a major group, as suggested by the transition from unit VII to VIIIin
the Punta Piccola section (see Fig. 5).

Fig. 5. Figures showing the position of the carbonate units in the Punta di Maiata section (A) and of the
carbonate units and the basic rhythmites in the Punta Piccola section (B,C). Note the position of the
sapropelitic interbeds with respect to the basic rhythmites and the prominent carbonate levels in the Punta
Piccola section. The dotted bed corresponds to sapropel G of BroLsma (1978). Q: Quaternary terrace
deposits. Photo’s B and C after Brotsma (1978).
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If we assume the procedures outlined above to be correct we can continue delimiting and
numbering the carbonate units and the basic rhythmites (per carbonate unit) in the upper part
of the Singa section, as indicated in Fig.3. We calculated the number of basic rhythmites
separately for the Narbone Formation in Singa II, 11T and IV in order to reduce the influence
of changes in sedimentation rates.

Correlations: Nature, accuracy and potential

High-resolution lithostratigraphic correlations in the Trubi and Narbone Formations of
Sicily and Calabria

Trubi Formation: The succession of the Trubi in the Singa section and the corresponding
biostratigraphic interval of the Rossello — Eraclea Minoa composite section are depicted in
Fig. 6, which demonstrates that there is a close correspondence in the number and pattern of
the basic thythmites.

The significantly thicker than average rhythmites nos. 6 and 20~22 can be recognized in
both sections. The thicker than average rhythmite no. 42 in the Singa section can be correlated
t0 no.41 in the Sicilian record. This difference may be due to the problems encountered in
logging the most prominent marl level in the Punta di Maiata section.

However, small discrepancies in the number of basic rhythmites per carbonate unit can be
observed between the standard sections. This can be explained by the arbitrariness of the
criterion used to delimit carbonate units in relation to differences in the appearance of the
Sicilian and Calabrian Trubi. The carbonate units I-IV, nevertheless, contain the same total
number of basic rhythmites in both standard sections.

A number of additional Calabrian sections (for locations see Fig. 1) have been included in
the lithostratigraphic correlation scheme (Fig. 6) in order to illustrate the correlation potential
of our subdivision:

Narbone Formation: In the Narbone Formation high-resolution lithostratigraphic correla-
tions are necessarily based upon the characteristic pattern of the sapropelitic interbeds. We
assume this procedure to be correct since VERHALLEN (in press) demonstrated that the sapro-
pelitic interbeds in the Singa section perfectly match the pattern in the Vrica — Semaforo
composite section (North Calabria; for location see Fig. 1). The major groups of sapropelitic
interbeds can also be recognized in the Sicilian Monte San Nicola section of Spaak (1983).

Fig. 6. Correlation scheme for the Trubi Formation showing Singa I and (part of) the Rossello - Eraclea
Minoa composite section as well as some additional South Calabrian sections. Solid lines represent
lithostraljﬁraphic correlations of the carbonate units indicated by roman numerals. Total nos. of relevant
basic rhythmites in the standard sections are indicated by normal figures. Dashed lines represent biostrati-
graphic correlations: 1. FOD of G. margaritae, and 2. FOD of G. puncticulata.
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Time-stratigraphic significance

Planktonic foraminiferal datum planes are considered to represent an accurate approximation
of isochronous horizons in the Mediterranean Pliocene. Therefore the time-stratigraphic sig-
nificance of the lithostratigraphic correlations outlined above is strongly supported by the
position of the FOD (first occurrence datum) of G. puncticwlata. The flood-entry of this
species, which marks one of the most reliable Pliocene Mediterranean datum planes, is re-
corded in the indurated marl bed of basic rhythmite no.35 in both standard sections (Fig. 6).
Plankronic foraminiferal datum planes further perfectly match the detailed lithostratigraphic
correlations between the Singa and the Vrica — Semaforo composite section based on the
characteristic pattern of sapropelitic interbeds as proposed by VERHALLEN (in press).

The FOD of G. margaritae is the only exception (Fig.6). However we assume that
sporadic specimens of this species may be encountered from the base of the Pliocene onwards
since SPRoVIERI (1978) pinpointed G. margaritae directly above the base in the Miocene -
Pliocene boundary stratotype section (Crra 1975b) at Rossello. The FOD of G. margaritae
thus precedes the Sphaeroidinellopsis acme in this section.

Mean durations of the rhythms and accuracy of the correlations

ZiDERVELD et al. (1986) presented a detailed magnetostratigraphic record for the lower, Trubi
part of the Singa section. On the basis of the calibration to the geomagnetic timescale, they
calculated a mean duration of 20.5 Ka for the deposition of a basic rhythmite.

For the total Pliocene the estimated number of basic rthythmites comes to 161 as evidenced
in the composite column of the Sicilian and Calabrian standard sections (Figs. 2, 3). As the
Pliocene boundaries have been reliably dated at 4.84 (Z1yDERVELD et al. 1986) and 1.64 Ma.
(AGUIRRE & Pasint 1985), this amounts to a2 mean duration of 19.9 Ka, the value being close
to that obtained for parts of the Singa section (Z1JDERVELD et al. 1986). Evidently the rhythmic
bedding is determined by a cyclic sedimentation process. Hence chronostratigraphic correla-
tions with a resolution of some 20,000 years and intrapolated fractions thereof can be obtained
for the Trubi and Narbone Formations of Sicily and Calabria.

For the Pliocene this furthermore leads to a mean duration of 370 Ka for a carbonate unit if
we exclude the supposedly incomplete carbonate units T and X ((3,200,000-12%20,000) / 8,
eight being the number of carbonate units, twelve the number of basic rhythmites of the
carbonate units T and X in the Pliocene). Carbonate unit I is abruptly preceded by the
Arenazzolo unit in the Rossello — Eraclea Minoa composite section and by conglomeratic
sandstones in the Singa section, which are both considered to be of Late Messinian age; the
Plio — Pleistocene boundary is located within carbonate unit X (Fig. 3).

Fig. 7. Scheme showing biostratigraphic correlations between part of the Sicilian standard section and a
number of Cretan sections: 1. FOD of G. puncticulata; 2. LOD of G. margaritae; 3. LOD of G.
puncticulata, and 4. FOD of G. bononiensis. Roman numerals indicate the carbonate units in the Sicilian
standard. Cretan sections after JONKERS (1984).
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The pattern of sapropelitic interbeds in the Singa section reveals the existence of a third
rhythm, this one being of intermediate duration. Especially the sapropelitic interbeds in the
middle and upper sapropel group can be easily arranged into smaller concentrations of 1 to 4
sapropels. Such concentrations usually comprise 4 to 6 basic rhythmites between the first
sapropelitic interbeds of successive subgroups. This amounts to a duration of 80-120 Ka for
the deposition of this intermediate rhythm. Such an arrangement of basic rhythmites is also
recognizable in the Punta Grande and Punta Piccola sections (Fig. 2) and in the weathering
profile of Punta di Maiata (Fig. 5). Obviously this rhythm accounts for the occurrence of the
prominent marl levels in composite groups.

Mediterranean correlations

JONKERs (1984) gave a detailed account of rhythmic bedded sediments from the Pliocene of
Crete. In Fig.7 we correlated the corresponding biostratigraphic interval of the Rossello -
Eraclea Minoa composite section to the more suitable sections of JONKERs.

The number of basic rhythmites in the Sicilian standard matches exactly the number of
sapropelitic interbeds in the Cretan sections for the interval between the LOD of G. puncticu-
lata (its position in all sections confirmed by the first influx of G. crassaformis slightly below)
and the FOD of G. bonongensis. Discrepancies we found for the biostratigraphic intervals
below the LOD of G. puncticulata. The discrepancy is small for the interval between the
LOD’s of G. margaritae and G. puncticulata, but increases strongly downwards. For these
intervals the number of basic rhythmites in Sicily exceeds the number of sapropelitic interbeds
in the Cretan sections. Apparently the basic rhythmites are not recorded in the succession
when sapropelitic interbeds are missing conformable the situation in the Narbone Formation
of the Singa section. This may explain why periodicities calculated solely from the number of
sapropels (MEULENKAMP et al. 1979) give exceedingly high values of the order of
30,000-40,000 years.

The biostratigraphic correlations further show that the prominent Sicilian marl levels
delimiting our carbonate units can be correlated with the anomalously thick homogeneous
levels reported by JonkEeRs (1984) in his Cretan sections (Fig. 7).

Pliocene time-scale

Direct calibration of the Mediterranean Pliocene record to the numerical time-scale has not
been possible until recently due to the scarcity or unreliability of paleomagnetic and radiomet-
ric data. As a consequence previous attempts to realize a Mediterranean Pliocene time-frame-
work were based mainly upon biostratigraphic correlations to the calibrated extra-Mediterra-
nean record and should therefore be used with caution.

Fig. 8. Pliocene time-scale for the Mediterranean based on the interpolation of basic rhythmites showin,
numerical ages for selected planktonic foraminiferal datum planes and standard carbonate units. Standar
carbonate units [-VII are defined in the Rossello ~ Eraclea Minoa composite section and standard carbo-
nate units VIII-X in the Singa section. The geomagnetic time-scale is that of BERGGREN et al. (in press).
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Recent paleomagnetic and radiometric studies (OBRADOVITZ et al. 1982, TaUXE et al. 1982,
ZiyoeERVELD et al. 1986) now permit reliable dating of the Pliocene boundaries. However,
these studies are limited to the lower and uppermost parts of the Mediterranean Pliocene.
Interpolation of basic rhythmites allows the total Pliocene record to be calibrated to the
numerical time-scale using as calibration points the numerical ages of 4.84 (Z1/DERVELD et al.
1986) and 1.64 (AQUIRRE & Pasini 1985) Ma for the boundaries. The resulting scheme for the
Mediterranean Pliocene is shown in Fig. 8. Numerical ages for selected datum-planes and for
standard carbonate units have been included in this figure. For the subdivision in standard
carbonate units we selected the Rossello — Eraclea Minoa composite section for the carbonate
units I-VII and the Singa section for the units VIII-X.

Origin of the rhythmic variations

As should be clear from the preceding sections the characteristic rhythms in the Trubi and
Narbone Formations must be the result of similar sedimentary processes. In fact we consider
the sapropelitic interbeds to represent a different sedimentary expression of the carbonate-
poor beds (a, A in Fig.4) in the basic rthythmites of the Trubi Formation.

Primary rhythmic or cyclic variations in the carbonate content in hemipelagic successions,
which are considered to cause the characteristic sedimentary patterns of the Trubi Formation,
can generally be attributed to fluctuations in either carbonate dissolution, carbonate produc-
tion or dilution by terrigenous clastics (EINSELE 1982, ARTHUR et al. 1984). Dissolution as the
primary factor can be excluded since the frequency patterns of planktonic foraminifera show
no indications in this direction and the dissolution-susceptible taxa are generally well preser-
ved in the carbonate-poor beds (based on the data of Spaak 1983). Primary production is very
unlikely to have played a decisive role either. The frequency patterns of the planktonic
foraminifera point to even more fertile conditions in the upper water layers during the deposi-
tion of laminated beds (Spaax 1983) which are intercalated in the carbonate-poor marls of the
Punta Piccola section.

Various arguments indicate that the sedimentary successions of the Trubi and Narbone do
indeed represent records of differences in the amount of admixture of terrigenous clastics.
JoNkERs (1984) attributed a higher pelite content in sapropels to a greater input of terrigenous
clastic material. He further mentioned the occurrence of turbiditic sand-layers in thick sapro-
pelitic interbeds in a proximal setting. Such intercalations evidently suggest a local source for
the terrigenous clastics.

Several authors (Spaak 1983, JONKERs 1984, GUDJONSSON & VAN DER ZWAAN 1985) attri-
buted the formation of Pliocene laminites to periodical increases in continental run-off. Ac-
cording to these authors increased run-off promotes the development of a low salinity surface
layer and a density stratification of the water column. This process eventually results in an
oxygen depletion of the bottom waters. The deposition of sapropelitic sediments starts when
the threshold value of 0.5 ml O/l is reached (DEMaIsON & Moore 1980).

Stronger run-off also accounts for the increased influx of terrigenous clastics during the
deposition of the laminites. In fact we consider this mechanism to be responsible for the
deposition of the more clayey interbeds (a, A in Fig. 4) in the basic rhythmites of the Trubi as
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well. At present this assumption is strongly confirmed by the stable isotope data from the
lower part of the Singa section (GupJoNssoN, in press). The difference in sedimentary expres-
sion of the basic rhythmites in the Trubi and Narbone Formations may simply be related to
variations in the intensity of the processes outlined above. However, other important control-
ling factors as basin configuration (MEULENKAMP et al. 1979) and sedimentation rate (DEMaI-
SON & MOORE 1980) can be held responsible as well.

Fluctuations in run-off can be climatically translated into relatively humid spells alterna-
ting with dry climatic conditions. An elaborate precipitation model has been developed by
RossiGNOL-STRICK (1983, 1985) in connection with Middle and Upper Pleistocene sapropels
in the Eastern Mediterranean. She attributed their formation to a periodical increase of the
discharge of the river Nile under influence of variations in the monsoonal precipitation activi-
ty in its catchment area. However this model does not account for the supposedly local origin
of the terrigenous clastics in the Pliocene. Furthermore GUDJONSSON & VAN DER ZWAAN
(1985) showed that there was a similarity between the stable isotope composition of the
Pliocene run-off waters and present-day mid-latitude river discharge. These data are, at least
for the Pliocene, difficult to reconcile with the river Nile as the main fresh water source. In
fact this may imply that during this period of time the monsoonal activity extended periodical-
ly far to the north.

According to the model of RossiGNoOL-STRICK, the monsoonal precipitation activity is
determined by the solar insolation in the tropical latitudes. Long-term variations in the
insolation are controlled by astronomical cycles (which describe the variation in the Earth’s
orbit), in the low latitudes especially by the cycles of precession and eccentricity (BERGER
1978).

The periodicity of the precession cycle of 21,000 years (BERGER 1984) corresponds well
with the mean duration we calculated for the deposition of the basic rhythmites. The eccentri-
city cycle of about 400,000 years would match the average duration of our carbonate units.
The intermediate rhythm recognized in the arrangement of sapropelitic interbeds may reflect
the 100,000 years eccentricity cycle.

We assume that all these astronomical cycles have a distinct influence on the amount of
precipitation and run-off and that their interference pattern can be expected to be reflected in
the sediment. Such an interference pattern may also account for irregularities as a corisequence
of opposite effects. It explains the varying number of basic rhythmites in our carbonate units
as well as the rare occurrence of sapropels in the Eastern Mediterranean during Pleistocene
glacial periods (see also RossigNOL-STRICK 1983, 1985).

We suggest that the “precipitation” cycles represent a regional climatic process which can
be correlated to time-equivalent global changes. This is perfectly understandable in view of the
suggested relationship between the inferred rhythmic sedimentary/regional climatic processes
and the astronomical cycles as the controlling mechanism. In this respect the Pliocene fluctua-
tions correspond to the Pleistocene cyclic climatic processes, although the intensity seems to
be far less due to supposed differences in feed-back mechanisms. The “precipitation” cycles in
fact correspond to the old Pleistocene concept of pluvials and interpluvials.

Finally high-resolution chronostratigraphic correlations are an indispensable tool if we are
to better understand the detail of these processes.
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Chapter 3

Closing the gap in the Plio-Pleistocene boundary stratotype
sequence of Crotone (southern Italy)

by FrREDERIK |. HILGEN

with 4 figures

Abstract. Results of a detailed fieldstratigraphic study carried out in the area south of Crotone (south-
ern Italy) evidently demonstrate that the segments of the Crotone sequence exposed in the Plio-Pleis-
tocene boundary stratotype section of Vrica and the lower section of Semaforo (= Stuni) are not separated
by a non-exposed interval, as hitherto assumed, but that they include a considerable overlap.

Zusammenfassung. Diese Arbeit bringt neue Erkenntnisse iiber das Gebiet des Plio-/Pleistozin-Strato-
typs siidlich von Crotone in Siid-Iralien. Es erwies sich, daf} die Profil-Teilstiicke von Vrica und Semaforo
(= Stuni) der Crotone-Folge nicht - wie bisher angenommen - durch einen nicht aufgeschlossenen
Bereich getrennt werden, sondern daf sie sich betrichtlich iiberlappen.

Introduction

The Upper Pliocene — Lower Pleistocene sequence of Crotone (southern Italy) was originally
introduced with the aim to establish the Pliocene-Pleistocene boundary stratotype in its upper
part as exposed in section Vrica (Pasint et al. 1975; SELLI et al. 1977). In this section, the
Pliocene-Pleistocene boundary was formally defined at the base of the homogeneous claysto-
nes which conformably overlie the sapropelitic marker bed with the codation e (AGUIRRE &
Pasint 1985). The study of the complete and continuous sequence of Crotone, however, is
still hampered by the presence of a non-exposed interval between those parts of the sequence
exposed in the Vrica section and in the lower section of Semaforo (= Stuni) (TAUXE et al. 1983;
BackMAN et al. 1983; Spaak 1983; VERHALLEN 1987; CoMBOURIEU-NEBOUT 1987; GHIDALIA
1988). Geometric constructions showed that less than 50 m of sediment is missing between the
two sections (TAUXE et al. 1983).

Japonese workers obviously avoided this non-exposed interval by incorporating an interja-
cently located section instead of Semaforo, but they failed to provide conclusive evidence as to
the stratigraphic connection between this section and section Vrica (NAxacAwa et al. 1980;
Nakacawa 1981). Moreover, comparison of all stratigraphic data available (Nakacawa 1981;

*# Authors address: FrEDERIK |. HILGEN, Department of Geology, Institute of Earth Sciences, Budapest-
laan 4, 3584 CD Utrecht, The Netherlands.
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CROTONE

C Donato

gl
SEMAFORO

Fig. 1. Location of sections and sample trajectories in the area of badlands south of Crotone. Full line
shows the trajectory followed by Pasini et al. (1975), SELLI et al. (1977) and TAuxE et al. (1983), dashed
line that by Spaax (1983) and VERHALLEN (1987) and dotted line that by ComBouriru-NeBOUT (1987).
VA, VB and VC represent the various subsections of Vrica coded A, B and C after Pasint et al. (1975).
Further indicated are the gully complexes JA, JB, JC and JD studied by Nakacawa et al. (1980) and
Nakacawa (1981). The locations of the handdrilled holes at the base of Vrica A are shown as 01 and 02.
The dotted area marks the marine (Milazzian) terrace at an altitude of 150 m and the asterix the position of
the watertanks.

TAUXE et al. 1983; VERHALLEN 1987; ComBOURIEU-NEBOUT 1987) shows that this section
(referred to as Semaforo Donato in the present paper) is largely equivalent to section Sema-
foro. This continuing uncertainty regarding the stratigraphic succession imposes strong limita-
tions on current and future chronostratigraphic and geochronometric as well as paleo-
environmental and paleoclimatic interpretations of the Crotone sequence. To put these limita-
tions to an end and to obtain a complete record of this sequence, a detailed fieldstratigraphic
survey was carried out in the area (Fig. 1).
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The lithology and the sections: A review

The Crotone sequence is more than 500 m thick and composed of marine bathyal sediments,
which for the greater part consist of grey to blueish coloured, marly to silty clays. These clays
regularly alternate with brownish coloured, sapropelitic layers and, more occasionally, with
terrigenous sand and volcanic ash beds. In the area of badlands south of Crotone, the Crotone
sequence is dipping 5-15° to the west to westsouthwest. Segments of the sequence are gener-
ally well-exposed in northern flanks of roughly NE-SW directed river valleys which, west-
wardly, rise to the marine (Milazzian) terras reached at an altitude of 150 m (Fig. 1). The
various sections in this area are all located in these northern valley flanks (Fig. 1). The detailed
lithological logs of these sections according to the literature have been summarized in Figure 2.

The lower section Semaforo (= Stuni), located north of the former lighthouse, contains
more than 200 m of sediments. Some 9 to 10 sapropelitic layers are present of which the
lowermost but one is underlain by a pronounced and locally 40 cm thick, white coloured ash
bed (Fig. 2). In addition, one less prominent ashbed has been found. This ashbed underlies the
middle sapropelitic layer of a distinct cluster of three of these layers recognizable in the top
part of the section (Fig. 2).

The interjacently located section studied by Nakacawa et al. (1980), Nakacawa (1981)
and CoMBOURIEU-NEBOUT (1987) is largely equivalent to section Semafora. In the present
paper this section is referred to as Semaforo Donato. At its base, the pronounced ashbed of
section Semaforo is exposed, while, in its upper part, two less prominent ashbeds are found
(CoMBOURIEU-NEBOUT, 1987). The latter two underlie sapropelitic layers which are correlat-
able to the lower and middle sapropel of the cluster of three in the top part of section Semaforo
(Fig. 2).

The upper section Vrica contatns more than 250 m of sediment and is composed of three,
partly overlapping, subsections termed A, B and C after PasInI et al. (1975; see for location
Fig. 1; note that partly different trajectories were followed by the Dutch and Japonese work-
ing on this section). Altogether, 15-19 sapropelitic layers have been distinguished, most of
which are arranged in distinct clusters of 3—4 interbeds (Fig. 2). In addition, several terrigen-
ous sandbeds and a single ashbed are present in the middle part of the section (= Vrica B). For
this study, however, only the lower subsection (= Vrica A) is relevant. In the upper part of
this section, two distinct clusters of 2 (or 3) and 4 sapropelitic intercalations can be recog-
nized. These sapropel clusters overlie a long interval of homogeneous clays in which only one
single, vaguely laminated sapropelitic layer is found (Fig. 2). The exceptionally thick
homogeneous interval, which underlies this vague laminite in the lithologic log of Pasint et al.
(1975) and SELLI et al. (1977) is badly exposed and does not form part of the regular section.
Moreover, field observations showed that the extreme thickness of this interval is partly an
artefact since the sample trajectory mainly follows strike.

Closing the gap between the Vrica and Semaforo sections

First of all, the weathered surface and overgrowth of the rather poorly exposed basal part of
section Vrica A was removed. This disclosed the presence of 1) an additional, rather well
developed sapropelitic layer, 7.30 m on top of the already known, vaguely laminated interbed
(see Fig, 2), and 2) an ashbed 1.00 m stratigraphically below this same vague laminite. Section
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Fig.2. Lithology of sections Semaforo and Vrica according to the literature. Parts of the sequence logged
in the standard subsections of Vrica have been indicated by A, B and C next to the lithological columns.
Note that the lithological column of section Semaforo in CoMBoURIEU-NEBOUT (1987) 1ncludes in its
uppermost part the top of section Semaforo Donato. The Semaforo section of Nakacawa {1981) repre-
sents section Semaforo Donato for the greater part.
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Fig. 3. Lithology of the relevant parts of sections Semaforo, Semaforo Donato and Vrica. Section
watertank is located interjacently between Vrica and Semaforo Donato, 100 to 250m north of the water-
tanks indicated in Figure 1. Biostratigraphic data show the presence/absence of Globorotalia inflata (O =
rare; ® = common) and G. truncatulinoides (*). The a denotes the a sapropel according 1o the codation of
SELLI et al. (1977).1 and 2 mark the first and second handdrilled hole at the base of Vrica A.
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Vrica A was further extended downwards with the use of a simple handdrill. In the first hole
drilled at the base of the section, distinctly laminated sediments of sapropelitic character were
reached at a vertical depth of 4.75 m. The base of this new laminite was not reached. A second
hole was therefore drilled 200 m to the north (Fig. 1). At this site, drilling could start at a
slightly lower stratigraphic level, i.e. directly on top of the laminite found at the bottom of the
first hole. Distinct laminations remained present downhole to a depth of 0.90 m. A thin,
rather coarsely grained ashbed was reached next at 1.60 m. Consequently, the resultant
succession in lithology of the basal part of the Vrica A section now closely matches that of the
top patt of section Semaforo, despite the fact'that some of the individual layers differ consider-
ably in thickness over this short distance of only 2 km.

To definitively settle whether these parts of the Vrica and Semaforo sections are correlat-
able or not, the surface trace of the distinct ashbed underlying the vague sapropelitic layer at
the base of Vrica A was followed in the direction of Semaforo (for this purpose an ashbed was
selected because it can more easily be traced through rather badly exposed terrains than a
sapropelitic layer). Halfway, a complete succession of the three sapropelitic layers and associ-
ated ashbeds of the basal part of section Vrica A could be logged (Fig. 3; section watertank).
The ashbed was further traced to section Semaforo Donato and section Semaforo where it
proved to connect perfectly with the uppermost ashbed in these sections (Figs. 3, 4).

Fig. 4. Surface trace of the three principle ashbeds of the Crotone sequence south of Crotone. A: the
pronounced Pliocene ashbed exposed in the middle part of section Semaforo and at the base of section
Semaloro Donato; B: the double ashlayer traced from the base of section Vrica to the top of section
Semaforo; and C: the Pleistocene ashbed (1 according to the codation of Pasmvt et al. (1975) and SkLL1 et
al. (1977) exposed in the middle part of section Vrica B.
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Moreover, the following characteristics of this particular ashbed could be recognized in ali
sections: The bed actually represents a double ash layer, the individual beds of which are
separated by a 5-10 cm thick interval of homogeneous clays. With the exception of section
Semaforo, the upper, less prominent of these ashbeds is always mingled with clay particles
indicating that it is redeposited. The stronger internal coherence of this upper ash in section
Semaforo, however, suggests that it is not a product of redeposition of the lower ash but
represents another ash level.

On the other hand, the detailed lithological logs of the various sections reveal some
remarkable differences as well (Fig. 3). In section Semaforo Donato, a conspicuous, 8 m thick
slump level is found. The main body of this slump consists of disconnected and often rotated
blocks of sapropelitic sediment floating in a matrix of clay (Fig. 3). Its base could accurately be
pinpointed directly on top of the lowermost laminite of the distinct cluster of three. Very
remarkably, no clear indications for the presence of this stump level were found both at Vrica
A and in the section located interjacently between Semaforo Donato and Vrica A (Fig. 3). In
section Semaforo, this slump level is present, but less conspicuous and less thick. The base of
the slump is further not located on top but in the middle of the correlative sapropelitic layer
(Fig. 3). The disproportionate thickness of this sapropelitic layer in section Semaforo (almost
twice as thick as in the other sections) can thus be explained by a repetition of this laminite. It
is easily imaginable that such a slide of a sapropelitic layer eventually developed into a slump
as found in section Semaforo Donato. Slump levels in section Semaforo are found predomin-
antly on top of sapropelitic layers suggesting that a causal connection exists berween the
occurrence of these slumps and the formation of the sapropels. Whether this is related to
differences in lithology only is at present not well understood.

Biostratigraphic correlations

The lithostratigraphic correlations between the Vrica and Semaforo sections are totally con-
firmed by biostratigraphic analysis of planktonic foraminifers (Fig. 3). In all sections, the
distinct cluster of three sapropelitic layers is succeeded by a level marked by a major influx of
Globorotalia inflata. This influx overlies an interval in which G. inflata is rare and discontinu-
ously present. The base of this poorly defined interval represents the actual first occurrence of
this species in the Mediterranean. At present, it is pinpointed in the lower sapropel of the
distinct cluster of three (Fig. 3).

The G. inflata influx is in turn succeeded by a long absence interval of this species. From its
level of re-appearance in Vrica A (Fig. 3), the species is more or less continuously present up to
the 1op of the Vrica section (see Spaak 1983). According to the data presented in Naxacawva
et al. (1980) and CoMBOURIEU-NEBOUT (1987), this biohorizon is also reached in the top part
of section Semaforo Donato, but this could not be substantiated in our sample set. Finally, this
re-appearance of G. inflata follows shortly upon another important biohorizon, i.e. the first
occurrence c.q. influx of Globorotalia truncatulinoides (Fig. 3; see also Rio et al. 1984). This
biohorizon is recorded both in section Vrica A and in section Semaforo Donato. The newly
established stratigraphic connection between these sections (Fig. 3) indicates that the two
seperate occurrences of this species reported by ComBouriEU-NEBOUT (1987) actually repre-
sent one and the same event.
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Regional correlations

The characteristic succession of sapropelitic layers and planktonic foraminiferal events now
recognized in the overlap of sections Vrica and Semaforo is very similar to the one found in
section Singa in adjacent southern Calabria (VERHALLEN 1987; HI1LGEN 1987) and in section
Monte San Nicola on Sicily (unpublished data), although in the latter section less sapropelitic
layers have developed in this particular interval.

Conclusions

The top part of the Semaforo section corresponds with the basal part of section Vrica. Hence,
these sections are not seperated by a non-exposed interval, as hitherto assumed, but they
actually contain a considerable overlap. This overlap of the Vrica section with the sections of
Semaforo measures some 40 m in case of section Semaforo and some 60 m if section Semaforo
Donato is considered (see Fig, 3). The continuity of the surface trace of the “double” ashbed
(Fig. 4) furthermore indicates that no (tectonic) complications are to be found between these
sections. This implies that the “geometric calculations” on which the missing interval was
originally based (Tauxe et al. 1983) are incorrect (for clarity, Tauxe et al. did not include the
extended top part of the Semaforo section in their study (see Fig. 3), but even without this
extension the overlap still measures 15 m at 2 minimum). This is not surprisingly in view of the
inconsistency found in both the strike and dip of the bedding plane in this area (see e.g.
Nakacawa et al. 1980). It shows that such indirect methods are inaccurate to determine
stratigraphic connections between sections and, if possible, should be avoided. In case of the
Crotone sequence, this miscalculation eventually led to the revelation of fictitious sapropels
(the vague sapropelitic layer at the base of Vrica A in TauxE et al. (1983) and COMBOURIEU-
NEBoOUT (1987)) and repetitive faunal events (the additional G. inflata and G. truncatulinoides
influxes reported by ComBoURIEU-NEBOUT 1987).

Our data seem to confirm earlier findings by Nakacawa et al. (1980). However, they also
failed to present conclusive evidence as to the stratigraphic connection of the Semaforo sec-
tions with section Vrica and it can not be excluded that their composite column includes a
small overlap as well. Such an overlap may, in addition to secondary magnetization (TAUXE et
al. 1983), even be partly responsible for the complex polarity sequence Nakacawa (1981)
found for the Olduvai.

The data presented in the present paper, however, for the first time show how all sections
in this area are stratigraphically connected and how a complete record of the Crotone se-
quence can be obtained. Finally, the characteristic succession of sapropelitic layers and plank-
tonic formaniniferal events provide a powerful tool to establish very detailed correlations on at
least a regional scale.
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Chapter 4

The age of the Miocene—Pliocene boundary
in the Capo
Rossello area (Sicily)

F.J. Hilgen' and C.G. Langereis?

! Institute of Earth Sciences, University of Utrechi, Budapestlaan 4, 3584 CD Utrecht (The Netherlands)
2 Paleomagnetic Laboratory, Fort Hoofddijk, Budapestiaan 17, 3584 CD Utrecht (The Netherlands)

Detailed correlations of magnetostratigraphy. biostratigraphy and lithostratigraphy reveal that the basal Pliocene is
equally complete in the Eraclea Minoa and Capo Rossello sections (Sicily) and the Singa section (Calabria), and that.
in accordance with the model of the Pliocene flooding event in the Mediterranean, the deposition of the pelagic marls
of the Trubi Formation started synchronously on Sicily and in adjacent Calabria. In addition, the data obtained from
the Trubi in the Eraclea Minoa section allows the age of the Miocene—Pliocene boundary to be adjusted slightly from
4.83-4.84 [1] to 486 Ma because downward extrapolation of both sedimentation rate and average duration of
small-seale sedimentary cyeles in the Trubi yields this age for the boundary in this section. Linearly interpolated -ages
for the top of the Sphaeroidinellopsis acme and the first substantial increase in Globorotalia margaritae (the FOD of this
species is non-existent in the Mediterranean Pliocene) at Eraclea Minoa arrive at 4.74 and 4.63 Ma respectively.

Because of the detailed magnetostratigraphy and the very accurate dating of the Miocene--Plioeene boundary, it is
preferable to select the Eraclea Minoa section as the boundary stratotype rather than the Capo Rosselio section.

Finally, this age of 4.86 Ma for the Miocene—Pliocene boundary suggests that the beginning of the Pliocene is
connected with the termination of a series of latest Miocene glaciations and that the re-establishment of open marine

conditions in the Mediterranean might be of glacio-eustatic origin.

1. Introduction

The Miocene—Pliocene (M-P) boundary was
formally proposed by Cita [2] to be defined at the
base of the pelagic marls of the Trubi Formation
at Capo Rossello (Sicily). In the boundary strato-
type, the Trubi marls abruptly overlie non-marine,
silico-clastic sediments of the Upper Messinian
Arenazzolo unit. This major break in sedimentary
facies reflects the permanent restoration of the
Atlantic—Mediterranean connection and the in-
stantaneous return to open marine conditions in
the Mediterranean after the Messinian “salinity
crisis” [2,3].

Since the basal Pliocene at Capo Rossello [1,4]
and in DSDP Site 132 (5] proved to be
paleomagnetically unsuitable to establish a reli-
able magnetostratigraphy, Zijderveld et al. [1] re-
sorted to adjacent southern Calabria and provided
the first accurate age estimates for the M-P
boundary on the basis of a detailed magneto-

stratigraphy of the basal part of the Trubi in the
Singa and Roccella sections. In Calabria, the
boundary was anchored slightly below the base of
the Thvera subchron and has linearly extrapolated
ages of 4.83 and 4.84 Ma. Outside the Mediter-
ranean, the M-P boundary could be equated with
the base of planktonic foraminiferal zone N19 and
with carbonate spike GI 14 in the equatcrial Pacific
1.

The base of Pliocene pelagic depositional se-
quences, however, is often diachronous in the
Mediterranean [6,7]. This has been related to bot-
tom currents [8], which resulted in periods of
non-deposition or even submarine erosion, or to
tectonically controlled processes of redeposition
[7). This is especially relevant considering the in-
ferred incompleteness of the basal part of the
Trubi Formation at Capo Rossello [7,9,10]. For
this reason we decided to investigate in detail
whether the basal Pliocene in the Rossello strato-
type section is equally complete as in the Calabrian
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Singa section used by Zijderveld et al. [1]. Since
magnetic properties in the Rossello stratotype
proved unsuitable for establishing a reliable mag-
netostratigraphy, conclusive evidence was gathered
from the nearby Eraclea Minoa section.

2. Miocene—Pliocene boundary sections

The Eraclea Minoa and Rossello sections are
situated in a series of cliffs along the south coast
of Sicily (Fig. 1) in which the marls of the Trubi
are excellently exposed. At both localities, the
M-P boundary is characterized by a sharp break
between non-marine, finegrained silico-clastic
sediments of the Upper Messinian Arenazzolo unit
and full-marine Trubi marls of the Lower Zanclean
[11]. The lower part of the Trubi at Eraclea Minoa,
however, is less weathered and tectonically less
disturbed than at Capo Rossello. The Eraclea
Minoa section has been sampled at the far end of
the camping-site where the steep cliffs are accessi-
ble to the top (Fig. 1).

The Singa section in Calabria is that of Zijder-
veld et al. [1] (Fig. 1). Here, the M-P boundary is
maternalized by a sharp change-over from Upper
Messinian non-marine, coarse grained sediments
to full-marine marls of the Lower Pliocene Trubi.

3. Lithostratigraphy and biostratigraphy

3.1. Lithostratigraphy

The most obvious lithological feature of the
Trubi are the small-scale sedimentary cycles which
are described in detail by Hilgen [12). In Calabria,
these small-scale cycles are usually bipartite and
consist of an indurated, whitish-coloured, CaCO;-
rich and a grey-coloured, CaCO,-poor marl-bed.
On Sicily these small-scale cycles are generally
quadripartite due to the intercalation of an ad-
ditional, beige-coloured, CaCO,-poor marl-bed in
the white marls. The small-scale cycles were found
to have an average duration of approximately 20
ka and have been interpreted in terms of climatic
variations that are induced by the orbital cycle of
precession [1,12,15].

High-resolution bed-to-bed correlations in the
Trubi of Sicily and Calabria can be obtained on
the basis of distinct variations in thickness of the
small-scale cycles [12]. The disproportionately
thick cycles 6 and 20-22, for example, are excel-
lent marker-beds which have been used to corre-
late the Calabrian Singa section to the Eraclea
Minoa section on Sicily ({12] Fig. 2). The first six
cycles of the Trubi are recognizable both in the

Tyrrhenian Sea

7/ I \\\n I Ionjan Sea

™00 km

Fig. 1. Location map of the Eraclea Minoa (/ + detailed map), Capo Rossello (2) and Monte Singa (3) sections. Triangle denotes the

Eraclea Minoa camping-site.
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top of the Sphaeroidinellopsis acme corresponds with top cycle 6.

Singa and Eraclea Minoa section (Fig. 2), but are as well as the well-developed beige marl-beds of
difficult to distinguish at Capo Rossello (Fig. 3). cycles 2, 4 and 6 are easily recognized and used to
Nevertheless, the disproportionately thick cycle 6 correlate the Eraclea Minoa and Capo Rossello
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sections (Fig. 3). Supportive evidence for this cor-
relation is provided by the absence of the beige
marl-bed within cycle 19 in both the Sicilian sec-
tions.

3.2. Biostratigraphy

Biostratigraphic correlations between all three
M-P boundary sections are possible by using
semi-quantitative data on the distribution of the
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planktonic foraminifers Sphaeroidinellopsis spp.,
Globorotalia margaritae and Globoquadrina al-
tispira (Figs. 2, 3). The interval with relatively
abundant specimens of Sphaeroidinellopsis in the
basal part of the Trubi is recognizable in all
sections and corresponds with the Mediterranean
Sphaeroidinellopsis Acme-zone {16-18). The top of
this Acme-zone provides a useful biohorizon
located between small-scale cycle 6 and 7, whereas



the base falls within cycle 2 (Figs. 2, 3). From the establishing a magnetostratigraphy [1,4]. The mag-

base of the Trubi up to cycle 12, G. margaritae is netostratigraphy of the Singa section has been
rare and discontinuously present. In small-scale dealt with in detail by Zijderveld et al. [1]. In this
cycle 12, G. margaritae substantially increases for paper we present the paleomagnetic data for the
the first time in all sections providing| another Eraclea Minoa section.
useful Early Pliocene biohorizon in the Mediter- The Eraclea Minoa section has been sampled at
ranean. 38 levels with an average sampling interval of ca.
75 cm (Fig. 2). At each level we took two cores of
4. Magnetostratigraphy 25 mm diameter with an electric drill and a gener-
ator as power supply. At most levels it was possi-
Magnetic properties in the Rossello sfratotype ble to remove the weathered surface and to drill
section unfortunately proved to be unsui}ab]e for into fresh (blue-coloured) sediment. Inter-level
EM_ 5 1A | EM 13 1
‘ up/W up/W N
404 1
580 9.0

100°C

420
360 )
300
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N
5.0
0.5 100 °C
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o
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Fig. 4. Representative stepwise thermal demagnetization diagrams [24] of some selected specimens in the Eraclea Minoa section.
Small temperature increments are used: 50° C increments between 100 and 300 ° C, 30 ° C increments between 300 and 540° C, and
20 ° C increments between 540 and 580 © C. Solid (open) circles denote projection on the horizontal (vertical) plane; units along the
axes are in mA /m.
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declination and a positive inclination,

distances were calculated according to Langereis
[19].

The natural remanent magnetization (NRM)
was measured on a 2G Enterprises cryogenic mag-
netometer. Total NRM intensities of the Eraclea
Minoa section are typically between 1.0 and 20.0
mA /m. Initial measurements revealed mainly nor-
mal polarities due to secondary overprint.

Generally two specimens per sampling level
were demagnetized progressively by using stepwise
thermal demagnetization over small temperature
increments. The thermal demagnetizations pro-
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duce excellent results. A small viscous and ran-
domly directed component is generally removed at
100°C. Another component showing a (normal
polarity) present day direction is almost or en-
tirely removed between 100 and 200-250°C and
is supposed to be of recent origin (Fig. 4). A
characteristic remanent magnetization (ChRM)
component consists generally of two phases: a
low-temperature (LT) phase removed between 250
and 420°C and a high-temperature (HT) phase
removed between 420 and 580°C. In normal
polarity specimens the LT and the HT phase have



no apparent different directions, but in reversed
polarity specimens there is a clear directional dif-
ference (Fig. 4). Whether this difference is an
artefact (e.g. spectral overlap of different compo-
nents) or real is still being studied. The HT phase
of the ChRM resides most probably in magnetite
because of the maximum blocking temperature of
560—580°C, which suggests that it is of primary
origin. The direction of this (HT phase) ChRM
component is used for magnetostratigraphic pur-
poses, also because the HT phase clearly shows
opposite directions for the two polarities (Fig. 4).

Inclinations of the ChRM (with an average of
46°) are consistently shallower than the inclina-
tions of the geocentric axial dipole field for the
locality (57.5°). This might indicate the presence
of an inclination error due to sediment compac-
tion and may be taken as additional evidence for
the primary origin of the ChRM [20]. Normal and
reversed polarity (HT phase) ChRM components
in the Fraclea Minoa section are consistently
grouped in three reversed and two normal polarity
zones (Fig. 5).

Comparison of the results with those for the
Singa section [1] (see also Fig. 2) shows that the
two normal polarity zones in the Eraclea Minoa
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section represent the Thvera and Sidufjall sub-
chrons of the Gilbert Chron. The average sedi-
mentation rate per polarity zone is fairly constant
(5.7, 5.1 and 5.6 cm/ka from Thvera to Sidufjall),
as well as the average duration of the small-scale
cycles (18.2, 21.4 and 19.1 ka, respectively, with an
overall average of 19.1 ka). Linear downward ex-
trapolation of the Thvera sedimentation rate yields
an age of 4.86 + 0.005 Ma for the M-P boundary
(Fig. 6a).

5. Discussion and conclusions

The polarity reversals occur in the small-scale
cycles 5, 15, 20 and 22, in both the Eraclea Minoa
and Singa sections (Fig. 2), indicating that the
basal Pliocene is equally complete in the Singa,
Eraclea Minoa and Capo Rossello sections since
the number of pre-Thvera cycles is identical (Figs.
2, 3). This conclusion is in line with the beginning
of the Sphaeroidinellopsis acme slightly above the
base of the Trubi in all sections. Consequently, the
deposition of the Trubi started at the same time
both on Sicily and in Calabria. The linearly ex-
trapolated age of 4.86 Ma for the M-P boundary
in the Eraclea Minoa section (Fig. 6A, option I)

-
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Fig. 6. Sediment accumulation curves of (A) Eraclea Minoa and (B) Singa section. Sedimentation rate, number of small-scale cycles
and their average periodicity are given for each polarity interval. Note that the disproportionately thick small-scale cycles 6, 21 and
22 are considered composite cycles whieh contain an additional small-scale cycle. Various options to calculate the age of the M-P
boundary are shown by roman numerals: (I) downward extrapolation of the Thvera sedimentation rate, and (I1I) downward
extrapolation of the average periodicity of 19.1 and 18,7 ka for the small-scale cycles between the base of the Thvera and the top of
the Sidufjall subchron in the Singa and Eraclea Minoa sections, respectively. The polarity time-seale used (shown in left columns) is

that of Berggren et al. [25].

45



nevertheless differs slightly from the 4.83 4 0.01
Ma age estimate for the boundary in the Singa
section [1].

In the Singa section, the small-scale cycles in
the pre-Thvera part are reduced in thickness com-
pared to the cycles in the Thvera to Sidufjall
polarity zones (Fig. 2). Downward extrapolation
of the Thvera sedimentation rate, therefore, yields
an age of 4.83 Ma for the M-P boundary and an
average periodicity of 12.0 ka for the pre-Thvera
cycles (Fig. 6B, option I). A periodicity of 12.0 ka,
however, deviates strongly from the average peri-
odicity of 18.7 ka for the small-scale cycles be-
tween the base of the Thvera and the top of the
Sidufjall subchron in this section.

In the Eraclea Minoa section, on the other
hand, small-scale cycles are equally thick
throughout (Fig. 2), Downward extrapolation of
the Thvera sedimentation rate yields an age of
4.86 Ma for the boundary and an average peri-
odicity of 19.7 ka for the pre-Thvera cycles (Fig. 6,
option I). A periodicity of 19.7 ka is in good
agreement with the average periodicity of 19.1 ka
for the small-scale cycles between the base of the
Thvera and the top of the Sidufjall subchron in
this section.

Downward extrapolation of the average peri-
odicities of 18.7 and 19.1 ka for the small-scale
cycles between the base of the Thvera and the top
of the Sidufjall subchrons in the Eraclea Minoa
and Singa sections (the small discrepancy in peri-
odicity results from differences in sample density)
yields an age of 4.86 Ma for the M-P boundary in
both sections (Fig. 6A, B, option II). We therefore
conclude that the age of 4.86 Ma for the M-P
boundary is more accurate than the age of 4.83
Ma. The latter age probably results from a re-
duced sedimentation rate in the pre-Thvera part
of the Singa section (Fig. 6). Indeed, field observa-
tions indicate that condensed pre-Thvera se-
quences are typical for the Trubi in Calabria.

Biostratigraphically, the top of the Sphaeroi-
dinellopsis acme and the first substantial increase
of G. margaritae provide the most reliable and
accurate planktonic foraminiferal datum planes in
the lowermost Pliocene. Both biohorizons are
located within the Thvera subchron and have lin-
early interpolated ages of 4.74 and 4.63 Ma in the
Eraclea Minoa and of 4.75 and 4.63 Ma in the
Singa section. This increase of G. margaritae has

46

earlier been taken as the migrational appearance
of this species in the Meditteranean [1]. However,
G. margaritae already sparsely occurs directly
above the base of the Pliocene (Figs. 2, 3), which
confirms earlier findings of Cita [17]. Conse-
quently, the presence of G. margaritae at the base
of the Trubi does not necessarily imply that the
basal part of the Trubi is missing at Capo Rossello
as has been suggested by Sprovieri [7,9] and Rio et
al. [10]. On the contrary, the completeness of the
Trubi in the boundary stratotype of Capo Ros-
sello— as previously suggested by Cita and Gartner
[11] and Cita [2]—is now definitively proved both
biostratigraphically and lithostratigraphically. The
high-quality magnetostratigraphy in the Eraclea
Minoa section, however, makes the Eraclea Minoa
section definitely more suitable as Miocene~Plio-
cene boundary stratotype than Capo Rossello (see
[2D.

Finally, this age of 4.86 Ma for the M-P
boundary supports recent views which link the
Pliocene flooding of the Mediterranean to the end
of a series of latest Miocene glaciations and the
beginning of a long period of relatively warm
climatic conditions at approximately 4.8 Ma
[21-23]. The Pliocene flooding of the Mediter-
ranean, therefore, could be of glacioeustatic origin.
If so, the present age of 4.86 Ma for the M-P
boundary provides a very accurate age estimate
for this deglaciation event.
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ABSTRACT

A high-resolution magnetostratigraphy (planktonic foraminiferal) biostratigraphy and cyclostratigraphy is presented for
the Pliocene Trubi marls in the Punta di Maiata section on Sicily. The integrated stratigraphy of the Rossello composite
section of Hilgen ([1], Newslett. Stratigr., 17, 1987) is thereby completed. This composite section provides an unprecedented
high-quality reference section for the Early to early Late Pliocene, containing a continuous sequence ranging from below the
Thvera Subchron into the Matuyama Chron (4.86-2.45 Ma).

The Punta di Maiata section extends from the Sidufjall Subchron of the Gilbert into the Gauss Chron (4.50-3.30 Ma).
Linear interpolation between paleomagnetic datum planes in this section yields first-order age estimates of 3.72 (+0.01) and
3.59 (+0.01) Ma for the last common occurrence (LCO) and the actual last occurrence (LO) of Glohorotalia margaritae.

In addition, this age of 3.59 Ma provides an accurate age for the Zanclean—Piacenzian (Z/P) boundary, provided the LO
of G. margaritae is maintained as a criterion to define this boundary in the Mediterranean. Irrespective, however, of the
criterion used, the Punta di Maiata and Punta Piccola subsections of the Rossello composite are at present the most suitable
sections to be designated as stratotypes for the Z /P boundary. The global significance of the Rossello composite is further
strongly enhanced by the establishment of an astronomically calibrated geomagnetic polarity time scale based on the

correlation of the Trubi sedimentary cycles with the astronomical record.

1. Introduction

The [talian peninsula has played a prominent
role in establishing a standard chronostratigraphic
frame for the Pliocene because all stages of global
significance have been defined there (see [2]). Age
calibration of chronostratigraphic boundaries in
Italian stratotype sections to the global time scale
have long relied mainly on long-distance biostrati-
graphic correlations to extra-Mediterranean se-
quences [3]. Only quite recently have paleomagnet-
ic studies provided reliable magnetostratigraphies
for a number of Italian land sections, including
the Pliocene-Pleistocene boundary stratotype sec-
tion [4,5] and several Miocene-Pliocene boundary
sections [6-—8]. Magnetostratigraphic records have
further been presented for the early Late Pliocene
on Sicily [9,10] and for a number of deep-sea cores
which together cover the complete Plio-Pleistocene
in the Tyrrhenian Sea [11].

In this paper, we present new paleomagnetic
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data from the Punta di Maiata section on Sicily to
complete the integrated stratigraphy of the Ros-
sello composite section (that of [1]) and, at the
same time, to provide an accurate, first-order age
estimate of the last occurrence (LO) of Globoro-
talia margaritae in the Mediterranean. This
planktonic foraminiferal datum plane is at present
commonly used to delimit the base of the
Piacenzian stage in the Mediterranean [3,12,13].
Due to serious stratigraphic problems encountered
in the stratotype section of the Piacenzian (see
[14]), it became necessary to obtain an accurate
age estimate for this important bichorizon in a
continuous sequence exposed elsewhere in the
Mediterranean, preferably in the stratotype sec-
tion of the preceding stage, the Zanclean.

2. Sections

Punta di Maiata is a small, but prominent cape
in a series of cliffs along the south coast of Sicily



C.G. LANGEREIS AND F.J. HILGEN

Eraclea Minoa

?“\\\Ir/,“\‘

A : ~
» Tyrrhenian Sea <§-
' &
&
A

SICILY

B

lonian Sea

Lido
Rossello

Capo Rossello

Punta di Maiata

[} 500m
——————

Punta Plccola

Punta Grande

Fig. 1. Location of the Eraclea Minoa, Punta di Maiata, Punta Grande and Punta Piccola subsections of the Rossello composite
section of Hilgen [1]. The location of the Miocene /Pliocene boundary annex Zanclean stratotype section of Capo Rossello (15,16] is
also indicated.

(Fig. 1). 1t is located 1 km east of Capo Rossello
where the succession of Trubi marls in the Capo
Rossello section defines the neostratotype of the
Zanclean [15]. In addition, Cita [16] formally pro-
posed the Miocene—Pliocene boundary to be de-
fined at the base of the Trubi in the same section,
while there was also a proposal for a Rossellian
superstage with the stratotype at Lido Rossello
[17).

The Punta di Maiata section forms part of the
Rossello composite section of Hilgen [1]. The
rhythmically bedded marls of the Pliocene Trubi
Formation are excellently exposed and the section
contains a complete and relatively undisturbed
succession of the Trubi. Problems such as strati-
graphic hiatuses [3,15] and unnoticed slump levels
[18] are thus avoided. The Rossello composite
section is composed of the Eraclea Minoa section
(lower part), Punta di Maiata (middle part) and
the Punta Grande and Punta Piccola sections (up-
per part). The various subsections were correlated
using characteristic thickness and colour patterns

50

in the cyclic bedding of the Trubi [1]. The magne-
tostratigraphy, biostratigraphy and cyclostratigra-
phy of Eraclea Minoa—comprising the Thvera
and Sidufjall Subchrons of the Gilbert Chron [7]
—and of Punta Grande/Piccola—containing the
entire Gauss Chron [9,10]— have already been re-
ported on elsewhere.

Sampling of the Punta di Maiata section started
on the beach directly west of the cape, and, after
passing a minor but distinct fault, was soon con-
tinued on the regular, western side of Punta di
Maiata up to the top of the cliffs where the marls
of the Trubi are discordantly overlain by Pleisto-
cene terrace deposits (Fig. 2). Three intervals of
disturbed Trubi marls in the upper part of the
section have been interpreted as sedimentary
slumps (Figs. 2 and 3). Sampling was nevertheless
continued to reach the Gilbert—Gauss (G/G)
boundary in this section and hence to provide a
magnetostratigraphic correlation to the Punta Pic-
cola section. In addition, we extended the sam-
pling at Punta Grande slightly upwards to include
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Fig. 2. (A) Western flank of Punta di Maiata. Solid line denotes sampling route. Scveral characteristic small-scale cycles are indicated.
(B) The sedimentary cycles 42 to 52 in the middle part of the section.

the G/G boundary in this section as well. The
sampling at Fraclea Minoa was extended to en-
large the overlap with the Punta di Maiata section.

Sampling was carried out following routine
Utrecht procedures, i.e. using an electric water-
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cooled drill and a generator as power supply.
Generally, two cores of 2.5 cm diameter were
taken per sampling level, yielding two or three
standard specimens (22 mm) each. Care was taken
to remove the weathered surface, but in the Punta
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Maiata section this proved to be difficult: fresh
(blue) sediment could not be sampled at several
intervals.

3. Results

3.1 Punta di Maiata

At Punta di Maiata, the marls of the Trubi
display the pronounced rhythmic bedding which is
characteristic of this formation on Sicily. Small-
scale sedimentary cycles—with an average thick-
ness of approximately 1 m—are quadripartite and
show a distinct grey—white~beige—white colour
alternation in which the grey and beige marls
represent the less indurated, CaCO,-poor beds.
Larger scale sedimentary cycles can be dis-
tinguished by the cyclical recurrence of relatively
thick and/or indurated marly intervals in the
succession (Figs. 2 and 3; see also [1]). A detailed
report on how these CaCO, cycles in the Trubi are
related to the astronomical cycles of the Earth’s
orbit has already been published: it was shown
that the small-scale cycles are related to the pre-
cession cycle and thus represent an average dura-
tion of 21.7 ka [19].

In the Rossello composite section, the small-
scale sedimentary cycles have been numbered from
the base of the Trubi upwards [19]. The succession
in the Punta di Maiata section up to the first
slump level encompasses the small-scale cycles 22
to 71. Numbering of the sedimentary cycles could
even be continued up to the third and last slump
level based on the recognition of the characteristic
pattern of these cycles in time-equivalent sections
(Punta Grande, Punta Piccola, Lido Rossello and
Capo Bianco; data in part unpublished).

The biostratigraphy of the Punta di Maiata
section is based on the semi-quantitative distribu-
tion of selected planktonic foraminiferal species
(Fig. 3). The following succession of events can be
recognized:

(1) The first occurrence (FO) of Globorotalia
puncticulata in small-scale cycle 35.

(2) The last common occurrence (LCO) of
Globorotalia margaritae in small-scale cycle 60.

(3) The actual last occurrence (LO) of G.
margaritae in small-scale cycle 67.

(4) The FO of Globorotalia crassaformis in the
top part of small-scale cycle 77.

(5) The temporary disappearance of G. puncti-
culata in cycle 79. After its almost continuous
presence in relatively large numbers from the FO
of this species onward, G. puncticulata vanishes
temporarily from the record shortly after the first
occurrence (influx) of G. crassaformis (first ab-
sence interval of Spaak [18]).

Paleomagnetic samples were taken at 116 levels
with an average spacing of 55 cm, corresponding
to a resolution of approximately 10 ka. Grey and
beige marls were preferentially sampled because
they appeared to be less thoroughly weathered
than the white marls in the small-scale sedimen-
tary cycles. Per sampling level, two marl speci-
mens were demagnetized by progressive thermal
demagnetization using small (50 and 30°C) tem-
perature steps, up to a maximum of 600°C.

The total natural remanent magnetization
(NRM) shows low intensities of 0.1-0.5 mA/m in
the lower part of the section (level 0-10 m), some-
what higher intensities of 1.5-2.0 mA/m in a
subsequent interval (10-20 m) and moderately
high intensities of 4.0-6.0 mA /m in most of the
remaining part (20-60 m) with the exception of
the uppermost part (60—65 m) where values are
approximately 0.2 mA /m.

There are almost no weathered surfaces close to
the shoreline. Demagnetization characteristics,
however, are essentially different from those of the
Trubi marls in the same interval elsewhere. The
Trubi marls usually show a characteristic rema-
nent magnetization (ChRM) consisting of both a
low temperature (LT) component, possibly resid-

Fig. 3. Magnetostratigraphy, planktonic foraminiferal biostratigraphy and cyclostratigraphy of the Punta di Maiata subsection of the

Rossello composite. Note the three slump levels intercalated in the upper part of the section. Numbering of small-scale sedimentary

cycles pertains to the total number of cycles of the Trubi in the Rossello composite as numbered from the base of the Trubi upward

[19]. Semi-quantitative faunal analysis is based on surveying one picking tray containing between 10,000 and 15,000 specimens.

Declination and inclination are derived from the high-temperature (HT) component of the ChRM, except in the lower part where
only the LT component is present (see also Fig, 4).
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ing in pyrrhotite, as well as a high temperature
(HT) component carried by single-domain mag-
netite [7,9,10,20]. In the lower part of the Punta
Maiata section, however, the HT component is
entirely or mostly absent, and only the LT compo-
nent is removed, at temperatures of 350°C or
somewhat higher (Fig. 4a and b). Demagnetization
at higher temperatures either produces randomly
directed (viscous) magnetization, or a cluster
around the vector endpoints at 330-360°C (Fig.
4c). Despite the low intensities, the polarity—if
not the direction—of the ChRM is easily de-
termined.

Approximately from the 10 m level upwards,
demagnetization diagrams show the familiar com-
ponents usually seen in the Trubi (Fig. 4d-g): a
small viscous and laboratory-induced component
removed at 100°C, a relatively small present-day
field secondary component removed at 200-
250°C, and a characteristic (LT and HT) rema-
nence usually removed at 580-600°C, or occasion-
ally at a somewhat lower temperature (540°C, Fig.
4f). The discrimination between ChRM and sec-
ondary component is facilitated by the fact that
the characteristic remanence shows a consistent
clockwise rotation of approximately 35°.

Samples from the second slump level (56—-60 m)
—deliberately taken from vertically folded layers
—not only show exactly the same (viscous, sec-
ondary, LT and HT) components, but also the
same (reversed) polarity as those from below and
above the slump, although the ChRM direction
does show a rotation of 65° rather than 35°, and a
steeper inclination than usual (Fig. 4h). This indi-
cates that either (synsedimentary) “resetting” of
the remanence occurred due to the probably high
water content involved in slumping, or that there
is a time-lag in recording the geomagnetic field. In
either case it probably concerns a post-deposi-
tional remanence (see [21]); the mechanism by
which geomagnetic field changes are recorded is
one of the subjects of detailed polarity reversal
studies [41].

The resulting polarity sequence 1s composed of
four normal and three reversed polarity intervals.
The successive reversal boundaries occur in the
top part of cycle 22, the middle part of 30, the
upper part of 35, the lower part of 45, the middle
part of 50 and the lower part of 78 (Fig. 3).
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3.2. Eraclea Minoa

The Eraclea Minoa section has been extended
with respect to the earlier sampling [7] in order to
provide a more substantial overlap with Punta di
Maiata. This extension encompasses cycles 26 to
33 (Fig. 5). Biostratigraphically, the FO of G.
puncticulata was not reached and the extension
thus belongs entirely to the G. margaritae Zone
[18] or MPL 2 [22]. Thermal demagnetization
shows the same characteristic remanence as ob-
served in the previous study, where the polarity
sequence revealed the presence of the Thvera and
Sidufjall Subchrons. The next polarity reversal,
the lower Nunivak, occurs in the middle of sedi-
mentary cycle 30 (Fig. 5).

3.3. Punta Grande

The Punta Grande section has been extended
upward with respect to the earlier sampling [9] to
reach the Gilbert—Gauss (G,/G) boundary. The
weathering profile of the Trubi in this section is
different and in addition the lithology does not
show the same distinct grey—white—beige—white
colour cycles: grey and beige layers are not easily
distinguished, although the white, indurated layers
are easily recognized. Nevertheless, lithological
correlation with the other subsections of the Ros-
sello composite is quite straightforward [1] and
confirmed by the biostratigraphic data. In the
gullies, the weathering surface is at most a few
centimetres, and fresh, dark blue marl samples
could be taken at all levels.

Despite the fresh, unweathered samples, NRM
intensities are very low (0.05-0.30 mA /m). Ther-
mal demagnetization shows that the magnetic
properties of the (entire) Punta Grande section are
very similar to the lowermost part of the Punta di
Maiata section: only a LT characteristic compo-
nent is removed at ca. 350°C (Fig. 4j-1); demag-
netization at higher temperatures introduces only
random viscous magnetizations. Time-equivalent
intervals at Punta di Maiata and at Punta Piccola,
in contrast, show the more familiar (LT and HT)
and high-intensity components.

The different rock magnetic properties of both
the lowermost part of Punta di Maiata (cycles
21-30) and the entire Punta Grande section (cycles
65-81) compared to the same cycles elsewhere
may be due to local variations in the magnetic
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TABLE 1

Ranges and ages of datum levels in the Rossello composite section. Ages of datum planes
are presented according to (1) the conventional time scale of Berggren et al. [23] and (2)
the astronormical time scale of Hilgen [34]. Ages for bioevents have been calculated by
linear interpolation or extrapolation between paleomagnetic reversal boundaries. The age

of 2.55 Ma* is taken from Zachariasse et al. [10].

Magnetostratigraphic datum planes Range Agel Age2
Gauss/Matuyama 129.94 - 132.79 247 2.59-2.62
Upper Kaena 103.92 - 104.61 292 3.02
Lower Kaena 100.76 - 101.70 2.99 3.09
‘Upper Mammoth 96.93 - 97.02 3.08 321
Lower Mammoth 91.83 - 92.87 318 3.33
Gilbert/Gauss 80.37 - 81.10 340 3.59
Upper Cochiti 53.39 - 53.84 3.88 4.23
Lower Cochiti 48.74 - 4965 3.97 435
Upper Nunivak 40.72 - 40.80 4.10 4.53
Lower Nunivak 3425 - 3454 424 4.65
Upper Sidufjall 2501 - 26.28 440 4.85
Lower Sidufjall 21.31 - 22.08 4.47 4.93
Upper Thvera 17.07 - 17.35 4.57 5.03
Lower Thvera 5.00 - 545 4.71 527
Biostratigraphic datum planes Range Agel Age 2
N. atlantica FO 12334 - 124.04 2.55* 267 - 270
G. crassaformis D/S coiling change 109.26 - 110.38 2.78 £0.06 2.91 £0.01
G. crassaformis S/D coiling change 106.03 - 106.58 2.84 - 289 298 +£0.01
G. crassaformis D/S coiling change 98.73 - 99.03 3.04 £0.01 3.15 - 3.16
G. altispira Lo 98.59 - 98.73 3.04 - 3.05 3.16
S. seminulina LO 9733 - 97.52 3.07 3.19 - 320
G. crassaformis S/D coiling change 94.63 - 94.90 3.13 £0.01 326 - 327
G. puncticul pp 92.86 - 9331 3.15 - 3.8 331 - 332
G. crassaformis reappearance 91.33 - 91.58 3.20 £0.01 3.35
G. puncticul: isapp 8162 - 81.79 3.38 $0.01 3.57
G. crassaformis FO 80.36 - 80.63 3.40 $0.01 3.59 - 3.60
G. margaritae Lo 7041 - 71.39 3.56 - 3.59 3.82 $+0.01
G. margaritae LCO 62.91 - 63.24 3.71 £0.01 4.00 - 4.01
G. puncticulata FO 39.54 - 3984 4.12 - 413 4.55
G. margaritae FCO 12.88 - 1330 4.64 £0.01 5.11 - 532
Sphaeroidinellopsis top acme 648 - 754 4.74 001 523 £0.01
Sphaeroidineliopsis  bottom acme 1.50 - 1.84 4.83 £0.01 533 - 534

carriers or to (presently unknown) secondary
processes such as early and/or late diagenesis.
The paleomagnetic data of the extended section
shows that the G/G reversal boundary can be
placed in the basal part of cycle 79 (Fig. 5).

4. The Rossello composite completed
The integrated magnetostratigraphy, biostratig-

raphy and cyclostratigraphy of the Rossello com-
posite section of Hilgen [1] has been completed

with the present study of the Punta di Maiata
subsection (Fig. 6). The positions of the reversal
boundaries are presented in Table 1. The resultant
polarity sequence shows that the Rossello com-
posite extends from below the Thvera Subchron
into the Matuyama Chron (Fig. 5).

The results further reveal that the polarity se-
quence of the Punta di Maiata section ranges from
below the upper Sidufjall into the Gauss Chron.
The two complete intervals of normal polarity
thus represent the Nunivak and Cochiti Sub-

Fig. 5. Magnetostratigraphy, planktonic foraminiferal biostratigraphy and cyclostratigraphy of the extended subsections of Eraclea
Minoa and Punta Grande. ChRM directions are based on the HT component at Eraclea Minoa and on the LT component at Punta
Grande. See further explanation in Fig, 3.
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Fig. 7. Correlation coefficients between the lengths of polarity
zones in the Punta di Maiata section and the Rossello com-
posite and the durations of each succession of five and thirteen
polarity zones from the polarity time scale of Berggren et al.
[23] between the Recent and 11 Ma. Dashed line is based on
Punta di Maiata (with the exclusion of the slumped intervals),
solid line on the Rossello composite section, Values are ages of
the youngest reversal in the sedimentary successions which
have correlations exceeding the 99% significance level (dotted
lines).

chrons. In addition, we have calculated the corre-
lation coefficients between the stratigraphic thick-
nesses of the polarity zones and the durations of
every possible sequence of five polarity zones from
the Geomagnetic Polarity Time Scale [23]. This
correlation method [24] shows that the highest
correlation coefficient corresponds to an age of
3.40 Ma for the youngest reversal boundary in the
Punta di Maiata section (Fig. 7) and confirms that
this reversal boundary indeed represents the G/G
boundary. The same method applied to all thir-
teen polarity zones in the Rossello composite
shows an almost one to one correlation with the
polarity time scale if the youngest reversal
boundary represents the Gauss/Matuyama
boundary with an age of 2.47 (Fig. 7).

The cyclostratigraphic (and biostratigraphic)
correlations between the various subsections on
which the Rossello composite section was origi-
nally based [1] are essentially confirmed by the

new paleomagnetic data from Punta di Maiata,
Eraclea Minoa and Punta Grande. There is one
exception: the exact position of the Gilbert/Gauss
reversal boundary at Punta Grande is located in
cycle 79, whereas this boundary has been found in
cycle 78 at both Punta di Maiata and Punta Pic-
cola (Figs. 3 and 5). This discrepancy could be due
to an error in the logging and numbering of the
sedimentary cycles, but the (high-resolution) bio-
stratigraphy and the cyclostratigraphy have been
thoroughly rechecked and the results exclude this
possibility. The low intensities of the Punta Grande
section, which are even lower during a polarity
reversal, the low intensities in the topmost part of
Punta di Maiata and/or the larger sampling spac-
ing together with increased weathering in Punta
Piccola during this interval may be responsible for
this slight discrepancy. Current research on de-
tailed polarity reversal records in the Trubi, how-
ever, is likely to resolve this problem.

5. Ages of bioevents in the Punta di Maiata sec-
tion

The correlation of the polarity sequence of the
Punta di Maiata section to the Geomagnetic
Polarity Time Scale [23] enables us to calculate the
ages of bioevents by linear interpolation between
paleomagnetic datum levels.

The FO of G. puncriculata arrives at 4.12-4.13
Ma. This age perfectly agrees with earlier obtained
ages of 4.13 and 4.15 Ma in Trubi sections from
adjacent southern Calabria [6,8] and confirms once
more that this bioevent represents a useful chro-
nohorizon in the Mediterranean.

As far as the last occurrence of G. margaritae is
concerned, a distinction can be made between the
last common occurrence (LCO) of this species and
its actual last occurrence (LO, see Fig. 3). Age
constraints for both biohorizons, however, are less
straightforward because they occur in a polarity
interval which contains two (of the three) slump
levels (Fig. 3). Linear interpolation would give
ages that are slightly too old because these slumps
are located higher in the succession than these
biohorizons. A more correct age estimate is ob-
tained if these slumps are excluded from the stra-
tigraphic record. Linear interpolation, in that case,
yields ages of 3.72 (+0.01) and 3.59 (4+0.01) Ma
for these datum planes. Approximately the same



ages—3.71 (+0.01) and 3.56-3.59 Ma, respec-
tively—are obtained if we use the Rossello com-
posite section in which the interval containing the
slumps has been avoided (Fig. 6). This age of
3.56-3.59 Ma for the LO of G. margaritae corre-
sponds well to previous, indirect age estimates for
this biohorizon in the Mediterranean (3.60 Ma,
[3]), but it does not agree with the direct age
estimate of 3.50 Ma obtained from Site 652 in the
Tyrrhenian Sea (ODP Leg 107, [14]). Our current
age shows that the LO of G. margaritae in the
Mediterranean slightly predates its extinction in
the open ocean (3.40 Ma, [25,3]).

Finally, the ages of 341 (40,01) and 3.39
(£0.01) Ma found for the FO of G. crassaformis
and the temporary disappearance level of G.
puncticulata at Punta di Maiata confirm earlier
results from the Punta Piccola section (3.40 and
3.38 Ma, [9]). The exact position and inferred age
of all planktonic foraminiferal biohorizons in the
Rossello composite have been summarized in Ta-
ble 1.

6. The Zanclean / Piacenzian boundary

The age of 3.56-3.59 Ma for the LO of G.
margaritae also provides an accurate, first-order
age estimate for the Zanclean—Piacenzian (Z/P)
stage boundary. In recent years there has been
almost unanimous consensus in the literature in
the use of Barbieri’s [26] redefinition of the
Piacenzian and to consider the LO of G. margari-
tae as delimiting the Zanclean and Piacenzian
stages because this biohorizon coincides with the
base of the Piacenzian in its stratotype section
[3,12,13]. Since the type Zanclean extended well
above the LO of G. margaritae, Mazzei et al. [13]
redefined its top at the disappearance level of this
species, thereby following the recommendations in
the International Stratigraphic Guide [27] accord-
ing to which the top of a stage is defined by the
bottom of the next one.

Very recently, however, detailed biostrati-
graphic studies revealed that a hiatus is present at
the base of the type Piacenzian and, as a conse-
quence, that this base does not coincide with the
true last occurrence of G. margaritae but actually
post-dates it (see [14]). This stratigraphic compli-
cation evidently demands a revaluation of the
Z /P boundary definition.
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If the generally accepted, but not formally de-
fined, physical boundary, i.e. the base of the type
Piacenzian, is maintained, all sediments spanning
the break are automatically assigned to the older
Zanclean stage (see [28], p. 111). This approach is
rather unfortunate because it hampers easy recog-
nition of the boundary in sections other than the
Piacenzian stratotype. The only alternative is to
redefine the base of the Piacenzian, in which case
the LO of G. margaritae may be maintained as a
criterion for this boundary. This option implies
that the basal part of the Piacenzian is missing in
its stratotype and that the boundary should be
redefined at the level of the LO of G. margaritae
in a continuous, well-dated succession. From a
biostratigraphical point of view, however, objec-
tions can be raised against the use of this biohori-
zon. The intermittent and rare manifestation of G.
margaritae above its last level of common occur-
rence (see Fig. 3) undeniably reduces the accuracy
of this bioevent for time-stratigraphic correlations,
even within the Mediterranean. Moreover, this
biohorizon is demonstrably diachronous from high
to low latitudes in the open ocean [29]. Although
the LO of G. margaritae from the Mediterranean
roughly coincides with its final extinction around
the G/G boundary [25,30], it actually seems to
slightly pre-date it, as previously suggested by Rio
et al. [3]. This relatively small age discrepancy—of
the order of 150-200 ka—may well be explained
by the observed latitudinal diachroneity of this
biohorizon.

Rio et al. [14], following the discovery of the
hiatus in the Piacenzian stratotype, suggested re-
definition of the Z/P boundary close to the G/G
boundary to facilitate worldwide recognition. In
this case, the FO of G. crassaformis is the most
suitable planktonic foraminiferal biohorizon for
defining this boundary in the Mediterranean. This
horizon is accurately dated at 3.40 Ma both at
Punta Piccola [9] and Punta di Maiata, and, al-
though it only represents a first, temporary influx
of this species in the Mediterranean, it has been
recognized in a large number of sections both on
Sicily and Crete (see also [18]). Its entry with
respect to the adjacent Atlantic Ocean, however, is
clearly delayed [9], which greatly reduces its use in
long-distance correlations. The only alternative
planktonic foraminiferal event in the G/G
boundary interval is the LO of G. puncticulata (s.s.
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Spaak, 1983 [18]) dated at 3.38 Ma. However,
according to present taxonomic views, G. puncti-
culata is only temporarily absent from the Medi-
terranean until its re-appearance at 3.16 Ma in the
form of assemblages which are dominated by its
eco-morphotype G. bononiensis. The final disap-
pearance of G. puncticulata from the Mediter-
ranean is much later (2.31 Ma, [10]) and is coinci-
dent with the extinction of this species in the open
ocean [10,31].

By far the most practical solution, therefore, is
to define the Z/P boundary at the level which
corresponds with the G/G reversal boundary.
Whatever level will finally be proposed to delimit
the Zanclean and Piacenzian stages, it is clear that
this boundary can best be ‘“stratotypified” in the
Rossello composite section. This section contains
an excellent and continuous faunal and polarity
record across the critical time interval. In ad-
dition, the presence of astronomically controlled
sedimentary cycles can further be employed to
provide highly accurate age constraints for this
boundary, as will be dealt with in the next section.

7. The Rossello composite: a Mediterranean and
global reference section for the Early to early
Late Pliocene

Irrespective of its potential suitability as
neostratotype for the Z /P boundary, the Rossello
composite section is of global importance because
of its significant role in establishing an astronomi-
cally calibrated (polarity) time scale.

Hilgen and Langereis [19] provided an alterna-
tive polarity time scale for the major part of the
Gilbert and Gauss Chrons by using the average
(21.7 ka [32}) quasi-period of the precession cycle
as the periodicity for the sedimentary cycles in the
Rossello composite section. The G /G boundary,
dated radiometrically at 3.40 Ma [33], was used as
an age reference point.

More recently Hilgen [34] (in this issue in fact)
presented an astronomically calibrated (polarity)
time scale for the late Gauss to Matuyama by
correlating cyclic patterns of sapropels in the
Mediterranean to the astronomical records based
on the new solutions of Berger and Loutre [35].
This time scale has only one reversal boundary,
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the upper Kaena, in common with the time scale
of Hilgen and Langereis [19]. The new astronomi-
cally calibrated time scale can be extended back to
the Miocene/Pliocene boundary by adding the
age difference of 180 ka observed for this reversal
boundary to the ages provided by Hilgen and
Langereis [19] for the older polarity reversals. The
resultant ages for the reversal boundaries as well
as those for the planktonic foraminiferal biohori-
zons in the Rossello composite are presented in
Table 1. These ages must be considered pre-
liminary pending a more exact calibration of the
sedimentary cycles in the Trubi to the astronomi-
cal record. The employment of the Rossello com-
posite section in constructing the definite version
of this time scale is further enhanced by the de-
tailed research carried out on the reversal
boundaries in this section (and in other sections of
the Trubi—[36] and unpublished data). Although
because of their preliminary nature the results of
this research have not been incorporated in the
present study, it is envisaged that eventually the
position of all reversal boundaries in the Trubi
will be accurately known with a resolution of at
most a few thousand years.

We conclude that the Rossello composite sec-
tion provides an unprecedented, high-quality ref-
erence section for the Early to early Late Pliocene.
This reference section does not show the draw-
backs of the one based on Site 653 from ODP Leg
107 in the Tyrrhenian Sea, which was drilled with
the main purpose of recovering a continuous
succession of deep marine sediments that would
serve as a “deep-sea type section” for both strati-
graphic and paleoenvironmental studies [37]. Un-
fortunately, Site 653 did not yield a reliable mag-
netostratigraphy due to unsuitable magnetic prop-
erties [38]. Consequently, the chronostratigraphy
of Site 653 is mainly based on biostratigraphic
correlations to (a very limited number of) magne-
tostratigraphically controlled sections elsewhere in
the Mediterranean {14]. Distinct cyclic bedding
has apparently not been observed in the major
part of the Pliocene at this site. Moreover, no
serious attempts have been made so far to cross-
correlate Sites 653A and B. This will be necessary
to overcome problematic core recovery at core
breaks [{see 39] ap< to obtain a real, continuous
succession



8. Conclusions

The integrated magnetostratigraphy (planktonic
foraminiferal) biostratigraphy and cyclostratigra-
phy of the Rossello composite section of Hilgen
[1] has been completed with the present study of
the Punta di Maiata subsection. This Rossello
composite section contains a complete succession
of open, deep-marine sediments, which extends
from below the Thvera Subchron into the
Matuyama Chron. It provides an unprecedented,
high-quality standard reference section for the
Early to early Late Pliocene.

Semi-quantitative biostratigraphic data from the
Punta di Maiata section allow a distinction to be
made between the last common occurrence and
the actual last occurrence of G. margaritae. Linear
interpolation between reversal boundaries yield
accurate age estimates of 3.72 and 3.59 Ma for
these biohorizons.

The Punta di Maiata section (in the case the
LOD of G. margaritae being maintained as the
boundary criterion) and the Punta Piccola section
(in the case of a horizon chosen close to or at the
Gilbert—Gauss reversal boundary) are at present
the most suitable sections for formally designating
the Zanclean-Piacenzian stage boundary.

The global significance of the Rossello com-
posite is greatly enhanced by the fact that a major
part of the astronomically calibrated (polarity)
time scale for the last 5.5 Ma is based on this
section.

To further improve the importance of the Ros-
sello composite, additional studies, for example on
stable isotopes and calcareous nannofossils, should
be carried out. Sampling or resampling of this
section will be greatly facilitated by the character-
istic succession of the sedimentary cycles in the
Trubi.
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Integrated magnetostratigraphy and biostratigraphy of the upper
Pliocene—-lower Pleistocene from the Monte Singa and Crotone
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ABSTRACT

The results of a delailed magnetostratigraphic and biostratigraphic study of late Pliocene 1o early Pleistocene marine
marl sequences from the Monte Singa and Crotone areas in Calabria, laly are presented.

The magnetostratigraphy from the Monte Singa sequence ranges from below the Gauss/ Matuyama boundary up 1o and
including the lower Olduvai boundary. Normal polarities at a level corresponding to isotope stage 81 most probably
represent the Réunion 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 Olduva) 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 1n 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 1nterpolation and extrapolation yieid 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 1ime scale
dated with radiometric results. However Hiigen {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

astroromically calibrated polarity time scale. the age of the Pliocene-Pleistocene boundary is 1.81 Ma.

1. Introduction

A long tradition in Pliocene stratigraphy has
led to the definition of many stages and bound-
aries for this epoch in the Mediterranean. Most
of the marine sedimentary sequences involved are
located on the Italian peninsula. Good paleomag-
netic control has long been lacking, however, and
only recently have an increasing number of mag-
netostratigraphic studies been published on
Pliocene land sections in the Mediterranean. The
Miocene-Pliocene (M /P) boundary has been
studied by various authors [2-4] and now has an
age, according to the conventional radiometric
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time scale, of 4.86 Ma, slightly below the Thvera
subchron. The early Pliocene and early late
Pliocene have been the subject of detailed mag-
netostratigraphic and biostratigraphic research by
Langereis and Hilgen [S} and Zachariasse et al.
[6,7].

The present study gives a new and detailed
magnetostratigraphy and biostratigraphy for the
Mediterranean upper Pliocene and lower Pleis-
tocene from southern Italy. Paleomagnetic results
for this time interval in Mediterranean land-based
sections have been provided earlier by Tauxe et
al. [8], who studied the Pliocene—Pleistocene
boundary section of Vrica and the lower Se-



maforo section in the Crotone area of northern
Calabria. They concluded that the normal polar-
ity interval in the middie of 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
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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-Pliocene (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, 111 and TV) 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 (Al1-5, B1-7, C1-14;
see fig. 2). The resulting complex pattern has
been interpreted as interference patterns related
to the Earth’s orbital cycies [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 subscctions,
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 Iithological
marker levels, have informally been labeled as a
to ¢ 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 saprope! C6.

67

[N
pid
O
=
Q
@
o
< <C
O Q [
Z & .
n > B
L .
n :
s - :
e L
o 2
co —
ce S——— h e |
C7 :‘L .
& = — 3
& ¢

I
3
SAN LEONARDO

87
o
'

[
B

LO (. macintyret

LO D.brouwert

FO C.truncatulinoides(influx)
FO G.inflata (influx)

10 LO N.atlantica
[ LO C.puncticuwlaia
d ™ & FO

N.atlantica

@
®
® reappearance (. inflata
@
®
Q@

att

Fig. 2. Litho- and biostratigraphical correlations between the
studied sections. The sapropels of the Singa and the Crotone
area sections can be correlated one o one.

In the Vrica section the sequence from sapropel
¢ 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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Fig. 3. Lithostratigraphy, biostratigraphy and magnetostratigraphy of the upper part of the Singa composite section. Regarding the
characteristic remanent magnetization (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 g, r and s (Fig. 2). In the
Crotone section the coding of Selli et al. [18] is
supplemented with two extra sapropels, u and ¢.
Fresh samples could be obtained from below g
up to u, whereas between sapropels u and v 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 = 53°W, the tilt of the strata in
the Vrica and Crotone area is uniformly 83°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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Fig. 4. Lithostratigraphy, biostratigraphy and magnetostratigraphy of the Vrica composite section. See caption to Fig. 3 for further
explanation.
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Fig. 5. Lithostratigraphy, biostratigraphy and magnetostratigraphy of the Crotone and San Leonardo sections. See caption to Fig. 3

for further explanation.

70




MAGNETOSTRATIGRAPHY AND BIOSTRATIGRAPHY OF THE UPPER PLIOCENE-LOWER PLEISTOCENE IN CALABRIA

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 maris (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.
S).

3. Biostratigraphy

The Singa/Vrica composite sequence ranges
from the G. crassaformis 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 pm
(Figs. 3, 4 and 5). The G. inflata group includes
G. puncticulata in the lower part 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-
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pel Al and A2 (Fig. 3). Subsequent occurrences
of this species among the A cluster are found
between A3 and A4 and between A4 and AS.
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 Al in the
Punta Piccola section on Sicily and correlates
with stage 110 [24]. The last occurrence (LQ) 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 k) 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 leve] 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.



inflata is almost continuously present up to the
top of our sections.

The percentage of sinistrally 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/¢ (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 mA /m, and
often up to 25 mA /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
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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 HT component
most likely resides in magnetite, which may be
slightly cation-deficient considering that biocking
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 gradualily
decreases and occasionally some more weathered
sites are intercalated. Nevertheless, reliable ob-
servations of a two-component ChRM vyielding
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 AS
(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 mA /m and occasionally up to
2.0 mA /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 secondary or unreliable magnetizations. Only a
supported by the reversed polarity throughout single site at level 83.2 m (Fig. 3) reveals normal
the Singa 111 subsection. This consistent picture is polarity. which is represented by the characteris-
only seldomly interrupted by sites with mainly tic low blocking temperature (350°C) component.
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It will be shown that this normal polarity site led
to th~ discovery of the Réunion subzone in the
Singa section.

Subsection Singa 1V 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 |1 m
are identical to those described for the preceding
Singa 1II 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. 6¢, 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. 6¢ 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 maris.

The important stratigraphic interval containing
the C group sapropels straddling the Pliocene-
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
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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 jts 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
mA /m) and an NRM composition which is virtu-
ally identical to that of subsection Singa I1l. 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
C0 — is different from the position of the single
normal polarity site in the Singa II1 subsection
(just below BS), and consequently relates to an-
other normal polarity subzone. From sapropel C1
upwards to at least sapropel C4 /¢, 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 mA/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 /¢
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 normat
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 sapropels 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 magnetostratigraphic 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 mA /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 mA/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/g up
to C14/s. For the present study no reliable sam-
ples 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-
pling stretches from 5 m below sapropel C5/d
and up to just below sapropel C8/f.
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In spite of the better prospects, the initial
NRM intensities were low rusually between 0.1
and 0.5 mA/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 mA/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
sapropel 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



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-
suits 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.
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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 Cl, the
stratigraphic interval in the upper Singa section
between sapropels AS (Gauss/Matuyama) and
C1 corresponds to the lowest Matuyama reversed
subchron. The normal polarity site just below B5
may therefore represent the Réunion 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 CO0)
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 Cl, 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 » and ¢ 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 ¢ and 4 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 4 and a
level half-way between sapropels ¢ 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 g 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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Fig. 7. Correlation of the magnetic polarity zones observed in the Calabrian Late Pliocene/Early Pleistocene sections to the
geomagnetic polarity time scale. The four polarity time scales to the left: I = McDougall [30] and II = Berggren et al. [31] are dated
radiometrically, and J1I = Shackleton et al. [32} and IV = Hilgen [1] are dated by means of astronomical calibrations. For the
construction of scale IV the paleomagnetic data of the present study were used. The polarity zonation observed in the upper Singa,
Vrica, San Leonardo and Crotone sections is seen to the right. The polarity zonation of the Vrica section as reported by Tauxe et
al. [8] is shown on the far right. Numbers in italics to the left of the upper Singa column represent isotopic stages observed in the
upper Singa section by Lourens et al. [24). Positions and numbering of the sapropels given for each of the sections. The correlation
between the sections is based on the sapropels (cf. Fig. 2). Circles along the right-hand side of the Vrica section of Tauxe et al.
(1983) represent the number and position of the reversed polarity specimens given in [8); the dots represent the number and
position of the normal polarity specimens.
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sapropel g 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 Gauss/Matuyama 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. tamalis, 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 Réunion
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 Réunion 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
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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 subzone at Vrica is very important be-
cause of the formal definition of the Pliocene—
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 C6/e (option 1), 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 1 and 160 ka for
option I1. The duration of 115 ka is considerably
less than reported for the Olduvai subchron in
the literature. Linear interpolation between the
Gauss/Matuyama and the Matuyama/ Brunhes
boundary in deep-sea cores yields an average
duration of 150 ka (1.91-1.76 Ma; [30,33]),
whereas analysis of near-bottom 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 /Ar 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 1), 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 cm /ka
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.
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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/Ar 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,



most likely represent the Réunion 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 Réunion subchron. Thev 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 paraliel Crotone sec-
tion. Given the very weathered state of the top

TABLE 1
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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 1, the
Olduvai subzone is positioned between sapropels
Cl1 and C5/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 Il. 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.

Stratigraphic positions (in metres) of magnetostratigraphic and biostratigraphic datum planes 1n 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]

Stratigraphic position Isotopic Age

Reversat boundary Singa Vrica S. Leonardo Crotone Stage 1 2
“Upper Olduvai” (option Il) _ 144.51455 29.3-30.8 64 166 179
"Upper Olduvai” {option 1) _ 127.1-1298 125 1.84
Lower Olduvai 1126 80 1-83.1 72 1.88 195

n-polarity _ 54.2 75 _ 2.01
Reunion top 85.4 81 _ 214
Reunion bottom 82.1-83.2 81 - 215
Gauss/Matuyama 24 104 247 260
Biohorizon (foraminiteral)
FCO sinistral neoglob. 126.6-127.1 139.4-1412 254-259 64 1.68 1.80
Lo S. gehiscens 105.4-1059 54.8-58.8 74 1.93 198
re-ap. G. inflala 104.9-1054 61.8-63.4 73174 193 199
FO G truncatulinoides 102.9-103.4 50.8-527 75 195 2.00
FO G. inflata 91.491.9 19.2-21.7 7778 202 209
FO  S. dehiscens 76.8-770 83 212 219
LO G puncticulata 47 3-47 8 95/96 231 241
LO N atantca 47 3-478 95/96 2.31 24
FO N atlantica 1214127 110 2.57 272
Biohorizon (nannotossils)
base  smatl gephyrocapsids 76.3-78.1 ? 118 ?
LAD H. sel 74.7-76.3 ? 119 ?
LAD C. macintyre: 136.4-136.9 ? 1.54 ?
FAD G. caribbeamca 130.3-132.2 2 161 1.74
FAD D. brouwen 111.9-1124 72 1.88 195
LAD D. pentaradiatus 343-348 100 240 251
LAD  D. surculus 29.3-31.3 101 243 255
LAD D.tamalis 7.59.0 1127 281 276
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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 1l 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 astronomica) 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.

Acknowledgements

Thanks go to P.J. Verplak for his assistance in
the field, again to P.J. Verplak and also to H.J.
Meijer for measuring the enormous number of
samples, to T. van Hinte for the skillful illustra-
tions and to G.J. van 't Veld and G. Ittman for
the preparation of the micropaleontological sam-
ples. We thank M.B. Cita, C. Kissel and W.
Lowrie for reviewing the manuscript. This investi-
gation was partly supported by the Netherlands
Foundation for Earth Sciences (AWON) with fi-
nancial aid from the Netherlands Organization
for Scientific Research (NWQ). A travel grant
from Shell Internationale Petroleum Maatschappij
B.V. (The Hague) is gratefully acknowledged.

References

1 F.J. Hilgen, Astronomical calibration of Gauss to
Matuyama sapropels in the Mediterranean and implica-
tion for the Geomagnetic Polarity Time Scale, Earth
Planet. Sci. Lett. 104, 226-244, 1991.

81

2 J.D.A. Zijderveld. W.J. Zachariasse, P.J.J.M. Verhallen
and F.J. Hilgen, The age of the Miocene~Pliacene bound-
ary, Newslett. Stratigr. 16. 169-181, 1986.

F.J. Hilgen and C.G. Langereis, The age of the Miocene~

Pliocene boundary in the Capo Rossello area (Sicily),

Earth Planet. Sci. Lett. 91, 214-222, 1988.

JLE.T. Channell, D. Rio and R.C. Thunell, Miocene/

Pliocene boundary magnetostratigraphy at Capo Sparti-

vento, Calabria, Italy, Geology 16, 1096-1099, 1988.

C.G. Langereis and F.J. Hilgen, The Rossello composite:

A Mediterranean and global standard reference section

for the Early to early Late Pliocene, Earth Planet. Sci.

Lett. 104, 211-225, 1991.

W.J. Zachariasse, J.D.A. Zijderveid, C.G. Langereis, F.J.

Hilgen and P.J.J.M. Verhailen, Early Late Pliocene

biochronology and surface water temperature variations in

the Mediterranean, Mar. Micropaleontol. 14, 339-355,

1989,

W.J. Zachariasse, L. Gudjonsson, F.J. Hilgen, C.G. Lan-

gereis, L.J. Lourens, PJ.J.M. Verhalien and J.D.A, Zij-

derveld, Late Gauss to early Matuyama invasions of

Neoglob drina ath in the Mediterranean and as-

sociated record of climatic change. Paieoceanography 5,

239-252, 1990.

L. Tauxe, N.D. Opdyke, G. Pasini and C. Elmi, Age of the

Plio-Pieistocene boundary in the Vrica section, southern

lialy, Nature 304, 125-129, 1983.

F.J. Hilgen, Closing the gap in the Plio-Pieistocene bound-

ary stratotype sequence of Crotone (southern laly),

Newslett. Stratigr. 22, 43~51, 1990.

10 F.J. Hilgen, Sedimentary rhythms and high-resolution

chronostratigraphic correlations in the Mediterranean

Pliocene, Newslett. Stratigr. 17, 109-127, 1987.

F.J. Hilgen and C.G. Langereis, Periodicities of CaCO,

cycles in the Mediterranean Pliocene: Discrepancies with

the quasi-periods of the Earth’s orbital cycles?, Terra

Nova 1, 409-415, 1989.

12 F.J. Hilgen, Extension of the astronomically calibrated
(polarity) time scale to the Miocene /Pliocene boundary,
Earth. Planet. Sci. Lett, 107, 349-368, 1991.

13 R.B. Kidd, M.B. Cita and W.B.F. Ryan, Stratigraphy of
eastern Mediterranean sapropel sequences recovered dur-
ing DSDP Leg 42A and their paleoenvironmental signifi-
cance, lnit. Rep. DSDP 42A, 421-443, 1978.

14 E. Olausson, Description of sediment from the Mediter-
rancan and Red Sea, Rep. Swed. Deep-Sea Exped., 1947-
1948 8, 337-391, 1961.

15 P.JJ.M. Verhallen, Early development of Bulimina
marginata in relation to paleo-environmental changes in
the Mediterranean, K. N. Akad. Wet., Verh. B 90, 161-180,
1987.

16 E. Aguirre and G. Pasini, The Pliocene-Pleistocene
boundary, Episodes 8, 116-120, 1985.

17 G. Pasini, R. Selli, R. Tampieri, M.L. Colalongo, S.
d’Onofrio, A.M. Borsetti and F. Cati, The Vrica section,
in: The Neogene—Quaternary boundary, II Symp.
Bologna—Crotone, Excursion Guide-book, R. Selli, ed.,
pp. 62-72, 1975.

18 R. Selli, C.A. Accorsi, M. Bandini Mazzanti, D. Bertolani
Marchetti, G. Bigazzi, F.P. Bonadonna, A.M. Borsetti, F.

w

EN

[

=3

~

=]

o

—
jory



Cati, M.-L. Colalongo, S. d'Onofrio, W. Landini, E. Men-
esini, R. Mezzeti, G. Pasini, G. Savelli and R. Tampieri,
The Vrica section (Calabria). A potential Neogene-
Quaternary boundary stratotype, G. Geol. 41, 181-204,
1977.

19 J.D. Obradoviich, C.W. Naeser, G.A. Izett, G. Pasini and
G. Bigazzi. Age constraints on the proposed Plio-Pleisto-
cene boundary stratotype at Vrica, ltaly, Nature 298, 55—
59, 1982.

20 J. Backman, N.J. Shackleton and L. Tauxe, Quantitative
nannofossil correlation o open ocean deep-sea sections
from Plio-Pleistocene boundary at Vrica, Italy, Nature
304, 156-158, 1983,

21 P. Spaak, Accuracy in correlation and ecological aspects of
the planktonic foraminiferal zonation of the Mediter-
ranean Pliocene, Utrecht Micropaleontol. Bull. 28, 1-160,
1983.

22 M.B. Cita, The Miocene /Pliocene boundary. History and
definition, in: Late Neogene Epoch Boundaries, T. Saito
and L.H. Burckle, Micropaieontol. Press Spec. Publ. 1,
1-30, 1975.

23 B.W.M. Driever, Calcareous nannofossil biostratigraphy
and paleoenvironmental interpretation of the Mediter-
ranean Pliocene, Utrecht Micropaleontol. Bull. 36, 245,
1988.

24 LJ. Lourens, FJ. Hilgen and W.J. Zachariasse, Late
Pliocene—carly Pleistocene astronomically forced surface
water temperatures and productivity variations in the
Mediterranean, Mar. Micropaleontol., in press, 1991.

25 M.E. Raymo, W.F. Ruddiman, J. Backman, B.M. Clement
and D.G. Martinson, Late Pliocene variation in northern
hemisphere ice sheets and North Atlantic deep water
circutation, Paleoceanography 4, 413-446, 1989.

26 D. Rio, R. Sprovieri and J.E.T. Channell, Pliocene—carly
Pleistocene chronostratigraphy and the Tyrrhenian deep-
sea record from Site 653, Proc. ODP, Sci. Results 107,
705-715, 1990.

27 D. Rio, R. Sprovieri and 1. Raffi, Calcareous plankton
biostratigraphy and biochronology of the Pliocene-lower
Pleistocene succession of the Capo Rossello area, Sicily,
Mar. Micropaleontol. 9, 135-180, 1984.

28 J.H. Linssen, Preliminary results of a study of four succes-
sive sedimentary geomagnetic reversal records from the
Mediterranecan (upper Thvera, lower and upper Sidufjall,
lower Nunivak). Phys. Earth Planet. Inter. 52, 207-231,
1988.

29 F. Heider and D.J. Dunlop, Two types of chemical rema-
nent magnetization during the oxidation of magnetite,
Phys. Earth Planet. Inter. 46, 24—45, 1987.

30 1. McDougall, The present status of the geomagnetic po-

82

3

3

5]

3

v

34

35

36

37

38

39

41

42

43

J.D.A. ZIJDERVELD ET AL.

larity time scale. in: The Earth, its Origin. Structure and
Evolution, M.W. McElhinny. ed., pp. 543-5635, Academic
Press, New York, 1979.

W.A. Berggren, D.V. Kent. J.J. Flynn and J.A. Van Cou-
vering, Cenozoic geochronology, Geol. Soc. Am. Bull. 96,
1407-1418, 1985,

N.J. Shackleton, A. Berger and W.R. Peltier, An alterna-
tive astronomical calibration of the lower Pleistocene
timescale based on ODP Site 677, Trans. R. Soc. Edinb.,
Earth Sci. 81. 251-261, 1990.

N.D. Opdyke, Paleomagnetism of deep-sea cores, Rev.
Geophys. Space Phys. 10, 213-249, 1972.

K.D. Klitgord, S.P. Huestis, J.D. Mudie and R.L. Parker,
An analysis of near-bottom magnetic anomalies: Sea-floor
spreading and the magnetized layer, Geophys. J. R. As-
tron. Soc. 43, 387-424, 1975,

I.L. LaBrecque, D.V. Kent and S.C. Cande, Revised mag-
netic polarity time scale for Late Cretaceous and Cenozoic
time, Geology 5, 330-335, 1977.

E.A. Mankinen and G.B. Dalrymple, Revised geomagnetic
polarity time scale for the interval 0-5 m.y. B.P., J. Geo-
phys. Res. 84, 615-626, 1979.

D. Ninkovitch, N.D. Opdyke, B.C. Heezen and J.H. Fos-
ter, Paleomagnetic stratigraphy, rates of deposition and
tephrachronology in North Pacific deep sea sediments,
Earth Planet. Sci. Lett. 1, 476-492, 1966.

N.D. Watkins, Short period geomagnetic polarity events in
deep sea sedimentary cores, Earth Planet. Sci. Lett. 4,
341-349, 1968.

N.D. Opdyke and B.P. Glass, The paleomagnetism of
sediment cores from the Indian Ocean, Deep-Sea Res. 16,
249-261, 1969.

F. Heller, X.M. Liu. T.S. Liu and T.C. Xu, Magnetic
susceptibility of loess in China, Earth Planet. Sci. Lett.
103, 301-310, 1991.

B.M. Clement and D.V. Kent, Short polarity intervals
within the Matuyama: transitional field records from hy-
draulic piston cored sediments from the North Atlantic,
Earth Planet. Sci. Lett. 81, 253-264, 1986 /1987.

H. Wensink, Secular variation of earth magnetism in Plio-
Pleistocene basalts of eastern Iceland, Geol. Mijnbouw 43,
403-413, 1964.

H. Wensink, Paleomagnetic stratigraphy of younger basalts
and interval Plio-Pleistocene tillites in Iceland, Geol.
Rundsch. 54, 364384, 1964.

N.D. Watkins, L. Kristjansson and 1. McDougall, A de-
tailed paleomagnetic survey of the type location for the
Gilsa geomagnetic polarity event, Earth Planet. Sci. Lett.
27, 436444, 1975.



Chapter 7

Periodicities of CaCO; cycles in the Pliocene of Sicily:
discrepancies with the quasi-periods of the Earth’s orbital

cycles?

F.J. Hilgen' & C.G. Langereis’

'Department of Geology, Institute of Earth Sciences, Budapestlaan 4, 3584 CD Utrecht, The Netherlands
*Paleomagnetic Laboratory, Hoofddijk, Budapestlann 17,3584 CD Utrecht, The Netherlands

ABSTRACT

A high-resolution CaCQO; record in combination with a detailed
magnetostratigraphy is presented for the rhythmically bedded marly
sequence of the Pliocene Trubi Formation on Sicily (Italy).
Magnetostratigraphic age calibration and subsequent spectral analysis
of the variatrions in CaCO, content yield a remarkably consistent
discrepancy between the resulting periodicities and the corresponding
quasi-periods of the Earth’s orbital cycles. This discrepancy can only be
explained by assuming that ages assigned to polarity reversal
boundaries in the geomagnetic polarity time-scale lack sufficient

precision.

A new polarity time-scale is presented for the major part of the
Gilbert and Gauss Chron using the radiometrically dated Gilbert—
Gauss Chron boundary at 3.40 Ma as an age reference point and
extrapolating an average quasi-period of 21.7 kyr of the precession cycle
as the periodicity of small-scale colour annex CaCO; cycles.

INTRODUCTION

Recent  geomagnetic  polarity  time-
scales are primarily and essentially
based on marine magnetic anomaly
patterns and radiometrically deter-
mined age calibration points. Ages of
individual polarity reversals are then
obtained by interpolation between
these calibration points which are
linked to the marine magnetic anomaly
sequence by direct magnetostrati-
graphic control (Lowrie and Alvarez,
1981; Berggren ¢t al., 1985). The most
recent and generally applied calibration
point — apart from the present - is the
Gilbert-Gauss polarity reversal bound-
ary which has a radiometric age of 3.40
Ma (Mankinen and Dalrymple, 1979). A
reliable polanty time-scale solely based
on direct K/Ar dating and polarity
observations {of lava flows) can be con-
structed only for the last 4-5 Myr. In
older rocks the error in K/Ar dating
approaches the average time-span of
polarity subchrons.

Although radiometric dating is at

present the most commonly used geo-
chronological method, Gilbert (1895)
already contended that time-scales are,
in principle, to be constructed inde-
pendently by employing sedimentary
cycles that are controlled by variations
in the Earth’s orbil (see also Fischer,
1980). More recentlly, very refined time-
scales have been established for the last
0.3-0.7 Myr by tuning cyclic variations
in detailed oxygen isotope records to
the astronomical solutions (Morley and
Hays, 1981, Imbrie ot al, 1984;
Martinson ¢t al., 1987). The application
of these tuning procedures to im-
mediately older sequences seems to
yield slightly, but persistently older
ages for the Brunhes—Matuyama and
Upper and Lower Jaramillo boundaries
than thase obtained by radiometric dat-
ing (Johnson, 1982; Shackleton, 1989).
Rhythmically bedded marls of the
Trubi Formation on Sicily provide
an excellent opportunity to explore
the geochronological  application  of
Milankovitch-type sedirmentary cycles
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in the Pliocene, especially since these
Trubi marls provide a very good quality
magnetostratigraphy (Zijderveld et al.,
1986: Hilgen and Langereis, 1988;
Channell ¢t al., 1988; Zachariasse ¢t al.,
1989). The rhythmic bedding in the
Trubi has previously been linked with
cyclic variations in the Earth’s orbit
(Zijderveld et al., 1986; Hilgen, 1987;
Gudjonsson, 1987; Zachariasse ¢t al.,
1989), but conclusive evidence re-
garding exact periodicities has not been
furnished yel. Therefore, a detailed
carbonate and magnetostratigraphic
record has been established in order to
determine accurately the periodicities of
cyclic variations in CaCO; content in the
Trubi. This is done by direct magneto-
stratigraphic ~ correlation  to  the
geomagnetic polarity time-scale and
subsequent spectral analysis of the
resulting age-calibrated record. The
resultant periodicities are then com-
pared with the quasi-periods of the or-
bital cycles of the Earth.

SECTIONS AND LITHOLOGY

The lithostratigraphic term Trubi,
although never formally defined as a
formation, is commonly used for the
whitish coloured Pliocene marls on
Sicily (Cita and Gartner, 1973). Very
similar marls, however, are also found
in nearby southern Calabria (Hilgen,
1987). A dominant feature of the Trubi
marls both on Sicily and in Calabria is
the distinct rhythmic bedding. On
Sicily, these rhythms consist of quad-
ripartite depositional sequences dis-
playing distinct small-scale, grey—
white—beige—white, colour cycles with
the grey and beige marls being less
indurated (de Visser et al., 1989).
In southern Calabria, corresponding
rhythms are usually bipartite since they
lack the beige-coloured marls (Hilgen,
1987) and hence these rhythms consist
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of grey—white colour cycles. In addition
to these small-scale colour cycles, two
larger-scale rhythms are easily distin-
guished by the regular occurrence of
relatively thick and/or indurated marl
intervals. On average, these large-scale
rhythms contain 5 and 20 small-scale
cycles, respectively (Hilgen, 1987).

The Trubi on Sicily is excellently ex-
posed in a series of coastal cliffs in the
southern part of the island where it also
reaches its maximum thickness. For our
study the sections of Eraclea Minoa,
Punta di Maiata, Punta Grande and
Punta Piccola were selected (Fig. 1) and
together they form the Rossello com-
posite section of Hilgen (1987). Despite
the good quality of the exposures, there
is some uncertainty regarding the actual
number of small-scale colour cycles.
The disproportionally thick cycles 6, 21,
22 and 59 (see Figs 2 and 3) probably
each contain an additional cycle which
lacks sedimentary expression; the exis-
tence of such an additional cycle could
be proved, for instance, for cycle 21 in
the Trubi of adjacent southern Calabria
(authors’ field observations, 1989). In
addition, the composition of the small-
scale cycles 69 and 96 in terms of colour
layering remains problematical.
Although this is not directly evident
from their thickness, these cycles may

contain an additional cycle as well. Con-
sequently, the actual number of small-
scale colour cycles may include six extra
cycles.

The detailed magnetostratigraphy —
with a resolution generally better than
5 kyr ~ clearly shows that the Rossello
composite section comprises most of
the Gilbert and Gauss Chrons (Hilgen
and Langereis, 1988; Zachariasse ef al.,
1989; and unpublished data). The
straightforward calibration to the po-
larity time-scale (using that of Berggren
et al., 1985) results in average
periodicities of 19.0 kyr for the small-
scale colour cycies (or 18.0 kyr if the esti-
mated maximum number of cycles is
used) and of 334 kyr for the largest-scale
marl rhythm (termed carbonate units in
Hilgen, 1987).

CARBONATE ANALYSIS

Samples for CaCOs analysis were taken
from each individual marl bed; the bulk
CaCO; content was measured gas-
volumetrically. Duplicate analysis on 85
out of 407 samples showed one calcu-
lated standard deviation around the
mean of 1.05%.

The total CaCO; record of the
Rossello composite section is shown in
Fig. 2(a). In addition, the records for

84

only the beige marls (the beige record;
Fig. 2c) and only the grey marls (the
grey record; Fig. 2e) are presented, as
well as the records from which are
excluded the grey marls (the beige-
white-white record; Fig. 2b) and the
beige marls (the grey—white-white
record; Fig. 2d), respectively. The total
CaCO; record is dominated by high-
frequency fluctuations which can be
correlated with the small-scale colour
cycles, showing that CaCOj; minima are
centred in the grey and especially in the
beige marl beds. Low-frequency fluc-
tuations, on the other hand, are
observed in the beige record (Fig. 2¢)
and, most clearly, in the grey record
(Fig. 2e). They correlate with the larger-
scale marl rhythms.

SPECTRAL ANALYSIS

Of the original carbonate record bath
trend and average were eliminated
by linear (de)regression of CaCO; con-
tent versus stratigraphic level. Using
the magnetostratigraphic calibration
points, a new and equally spaced time-
series was generated. Subsequently,
spectral analysis was applied to calcu-
late the periodicities of CaCO; cycles
using the Fourier transform of the au-
tocorrelation function (i.e. the nor-
malized autocovariance function; see
Davis, 1973). To reduce the effect of
noise, a Tukey spectral window was
used (see Jenkins and Watts, 1968).

Spectral analysis was first applied to
the total CaCOj record. Incorporating
all CaCO, data, however, is inexpedient
in view of the two minima (in the grey
and beige marls) per colour cycle: these
minima reduce the power of the corres-
ponding harmonic in the spectrum and
produce a peak at two times its fre-
quency. In order to eliminate this artifi-
cial peak and to enhance the contribu-
tion of the colour cycles to the spectrum,
spectral analysis was also applied to the
grey—white-white record and to the
beige-white-white record. Further,
spectral analysis was carried out on the
grey record and on the beige record to
eliminate this contribution of the small-
scale colour cycles and thus to obtain
better insight into the periodicities of
the larger-scale CaCO; cycles.

Similar procedures of spectral
analysis were also used on the data ob-
tained only from the composite ‘Punta’
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Fig. 2. CaCOj records of the Rossello composite section. (a) Total CaCOj record. (b) Total
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white record. (¢) Record for the grey marls (grey record). Small-scale colour cycles are
numbered from the base of the Trubi upward. Magnetostratigraphy and biostratigraphy are
based on Hilgen (1987), Hilgen and Langereis (1988), Zachariasse et al, (1989) and

unpublished data,

section: i.e. the combined Punta di
Maiata, Punta Grande and Punta Pic-
cola sections with the exclusion of the
distantly located section of Eraclea
Minoa. These analyses were both done

with the maximum number of magneto-
stratigraphic calibration points as well
as with a strongly reduced number. The
latter procedure minimizes possible ef-
fects of errors in the ages of reversal
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boundaries in the geomagnetic polarity
time-scale. The results of all spectral
analyses are presented in Figs 4 and 5.
In the high-frequency domain, strongly
significant peaks corresponding to
periodicities between 15 and 20 kyr are
found in all spectra except in those of
the grey and beige records (see Figs
4a,b,c and 5a,b,e,f). These periodicities
correspond to the calculated average
periodicity of 19.0 — or 18.0 kyr if we in-
corporate the possible six extra cycles -
of the small-scale colour cycles. A
strongly significant double peak is
shown in the spectra from the compo-
site Punta section using the minimum
number of calibration points (Fig. 5e,f);
corresponding periodicities are approx-
imately 15.5 and 18.5 kyr (Fig. 5f). This
double peak is in agreement with the
distinct bimodality in cycle-thickness
distribution of the colour cycles (Fig. 3).
In the low-frequency domain, a pro-
nounced peak corresponding to a

PUNTA PICCOLA
n=28

IARALBAN
PUNTA GRANDE
n=5

T
ERACLEA MWINOA
n=28

2| e0 70 0 50 100 110120 130 140 150 160 170 180 190 200
n_em

Fig. 3. Thickness distributions for the small-
scale colour cycles in the subsections of the
Rossello composite section. Thickness of
cycles is calculated as the combined bed
thickness of successive white—beige—white
coloured marls and the sum of half of the bed
thickness of both the underlying and
overlying grey marls.



CAPO ROSSELLO all periodicity between 290 and 360 kyr is
found in a number of spectra (Fig.
5a,c,d,e,g,h). By slightly changing the
number of lags in the autocorrelation
function this peak could be very nar-
rowly defined at 332336 ka in the grey
record (Fig. 5¢,g). This periodicity per-
fectly matches the calculated average
periodicity of 334 kyr for the largest-

250 scale marl rhythms which were termed

harmenics carbonate units in Hilgen (1987).

In the intermediate frequency do-
main, CaCO; cycles do show up in the
spectra and have peaks corresponding
to periodicities between 67 and 126 kyr
with a concentration in the 77 to 102 kyr
interval (Figs. 4 and 5). Individual peaks,
however, are difficult to locate precisely
because they do not appear with great
consistency in the various spectra. Ob-
viously, this complex and composite
CaCOj; cycle matches the larger-scale
- CAPO ROSSELLO g -t CAPO ROSSELLO b marl rhythms which, on average, com-
prise 5 small-scale colour cycles.

Finally, several peaks fallin the range
between the high frequencies — those
occupied by the small-scale colour cy-
ces - and intermediate frequencies

(Figs. 4 and 5). These peaks are con-

sidered to be mainly higher harmonics

of the «cycles of intermediate
wavelength, bul this is certainly not
true for the pronounced 35 ka peak

Fig. 4. Power spectra of CaCQ; records from the Rossello composite section, i.e. the Punta (Fig. 4a,c; 5f). Mast probably, this peak
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maximum number (13) of magnetostratigraphic age-calibration points is employed. beige marls in some of the relatively
Unsmoothed spectra are shown by dasked lines, smoothed spectra (using a Tukey spectral thick and indurated marl intervals (see
window) by heavy lines. Periodicities corresponding to significant peaks are indicated. The e.g.cycles1to6and 34 to42inFig. 2¢).
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minimum number (2) of calibration points is used. See also caption to Fig. 4.
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Table 1. Comparison between significant periodicities of the CaCO, cycles as well as the average periodicities of the colour
cycles (both for the maximum and minimum number of these cycles) and marl rhythms and the corresponding quasi-periods
of the astronomical cycles (in ka). Quasi-periods of astronomical cycles are based on Berger (1978; 1984). The periodicities of
the CaCOx cycles, colour cycles and mar] rhythms are also shown as the percentage of the corresponding quasi-period (in
italics and between brackets). Note that the 100 ka eccentricity cycleis clearly reflected in the spectra as a composite cycle, but
that the individual peaks and corresponding periodicities could not be determined with great accuracy.

ORBITAL CYCLES PRECESSION OBLIQUITY ECCENTRICITY
QUAST-PER1ODS AVERAGE QUASI-PERIOD QUAST-PERIODS
SEDIMENTARY CYCLES 19 23 21.7 41 95 123 413
CaC03 CYCLES 15.5 (81.6%) 18.5 (80.4%) —_ +35.0 ¢85.3%) — —_ 335 (81.1%)
MARL RHYTHMS 18.0 / 19.0
(colour cycles) - - (82.8% / 87.6%) - - — 334 (80.9%)

DISCUSSIONAND CONCLUSIONS

The significanl periodicities of CaCO,
cycles as well as the calculated average
periodicities of the colour cycles and
marl rhythms in the Trubi Formation
are summarized in Table 1. Comparison
with the main quasi-periods of the
Earth’s orbital cycles show that sig-
nificant but very consistent age dis-
crepancies are found between these

periodicities and the supposedly corres-
ponding quasi-periods. This consist-
ency suggests that the CaCO;s cycles in
the Trubi are indeed related to the as-
tronomical cycles which is furthermore
confirmed by the distinct bimodality in
the cycle-thickness distribution of the
small-scale quadripartite marl rhythms
in the Trubi (Fig. 3): this bimodality is
consistent with the ratio of the 19 and
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Fig. 6. Sediment accumulation curves for the Rossello composite section. (a) According to the
polarity time-scale of Berggren et al., (1985), and (b) According to the new one presented in
Fig. 7 (this study). Sedimentation rates are shown per polarity niterval m cnifka. Between
brackets the average periodicities of the small-scale colour cycles are presented per polarity

interval for option A.

87

23 ka frequency components of the pre-
cession cycle (Berger, 1984).

We may safely conclude, therefore,
that the CaCQ; cycles of the Trubi are
linked to these cyclic variations in the
Earth’s orbit, most clearly to those of the
precession and eccentricity cycle. The
presence of CaCO; cycles related to the
obliquity cycle is less distinct, but this is
to be expected because of the relatively
low latitudinal position of the Mediter-
ranean area: at these latitudes the influ-
ence of the obliquity cycle on seasonal
variations in insolation is strongly re-
duced (van Woerkom, 1953; Berger, 1978).

The very consistent age discrepancies
between the periodicities of CaCO; cy-
cles and those of the orbital cycles can-
not be explained by the presence of
faults or hiatuses in the succession.
Faults certainly would have been recog-
nized in the distinctly bedded marls,
and hiatuses are highly unlikely consid-
ering the good correlation between the
pattern of polarity zones in the sections
and the pattern of (sub)chrons from the
geomagnetic polarity time-scale of
Berggren et al., (1985) and also because
no such features as hardgrounds or
slump scars were observed. Moreover,
average periodicities of the small-scale
colour cycles per polarity interval show
that the age discrepancies cannot be
pinpointed to a specific stratigraphic
horizon, but appear to occur more or
less evenly distributed over the whole
sequence (Fig. 6).

The consistent age discrepancies,
therefore, can be explained either by
assuming that ages assigned to the re-
versal boundaries in the geomagnetic
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Fig. 7. A new polarity time-scale is presented for the major part of the Gilbert and Gauss
Chrons using the radiometrically dated Gilbert—Gauss Chron boundary at 3.40 Ma as an age
reference point and extrapolating the average quasi-period of 21.7 ka of the precession cycleas
the periodicity of small-scale colour annex CaCOs cycles. The estimated maximum number of
cycles is used. The resulting time-scale is compared with other polarity time-scales.

polarity time-scale are not sufficiently
accurate or that the frequencies of at
least the precession and eccentricity cy-
cles have changed considerably over the
past 5.0 Myr. At present, astronomical
solutions are considered to be highly
accurate for the last 5-10 Myr (Berger
etal., 1987; 1989) and they show no evi-
dence of such shifts in frequency over
this period of time.

It is therefore concluded that the age
discrepancies between the periodicities
of the CaCO; and colour cycles and the
quasi-periods of the orbital cycles have
to be attributed to poor age-constraints
for the geomagnetic reversals in the
global polarity time-scale. As a con-
sequence, an alternatively age-calib-
rated polarity time scale can be

constructed for the major part of the Gil-
bert and Gauss Chrons for which the
radiometrically dated Gilbert-Gauss
Chron boundary at 3.40 Ma (Mankinen
and Dalrymple, 1979) is used as a
reference point. Starting from this refer-
ence point, ages were assigned to
younger and older polarity reversals
by upward and downward extrapola-
tion of the small-scale colour cycles,
using an average quasi-period of
21.7 ka of the precession cycle (Berger,
1984). We have employed the maxi-
mum number of colour cycles because
this figure agrees better with the con-
sistent age discrepancies between the
periodicities of the CaCOj cycles and
those of the orbital cycles (see Table 1).
The resultant polarity time-scale is pre-
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sented in Fig. 7 and compared with pub-
lished ones.

Ages have recently been obtained for
the Brunhes—-Matuyama as well as for
the Upper and Lower Jaramillo reversal
boundaries by tuning cyclic variations
in oxygen isotope records to the astro-
nomical solutions (Johnson, 1982;
Shackleton, 1989). They show a slight
but persistent deviation from the
radiometric ages. Our results so far pro-
vide a first accurate age estimate for the
duration of polarity intervals in the Gil-
bert and Gauss Chrons based on
employing sedimentary cycles that are
connected with the quasi-periodic vari-
ations in the Earth’s orbit. Current re-
search focuses on tuning the cyclic
sedimentation patterns in the Trubi to
the astronomical solutions to establish
also the ages of the reversal boundaries.
The resulting astronomically age-
calibrated polarity time-scale may in
principle be far more accurate than the
traditional ones.
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Chapter 8

Astronomical calibration of Gauss to Matuyama sapropels
in the Mediterranean and implication for the Geomagnetic
Polarity Time Scale

F.J. Hilgen

Department of Geology. Institute of Earth Sciences, Budapestlaan 4, 3584 CD Utrecht, The Netherlands

ABSTRACT

The late Pliocene—early Pleistocene sapropel-bearing sequences exposed in the Vrica. Semaforo. Singa and Punta Piccola
sections of southern Italy and the Francocastello section on Crete have been calibrated to the new astronomical solutions for
the precession of the equinox and the eccentricity of the Earth’s orbit using inferred phase relationships between these orbital
cycies and the sapropel cycles. A new Mediterranean Precession-Related Sapropel (MPRS) coding is introduced according to
which sapropels are coded after the correlative peak of the precession index as numbered from the Recent. These sapropels
can now be dated with an accuracy of 1 ka by taking a time lag of 4 ka beiween orbital forcing. and maximum climate
response and sapropel formation into account.

This tuning further results in ages for the Pliocene- Pleistocene boundary (1.81 Ma), the top of the Olduvai (1.79 or 1.84),
the bottom of the Olduvai (1.95 + 0.01), the Revnion (2.14-2.15), the Gauss/Maluyama (2.59,2.62) and the top of the Kaena
(3.02 £ 0.01). These ages are remarkably similar to the astronomically calibrated ages obtained independently by Shackleton et
al. based on ODP Site 677 ([1], Trans. R. Soc. Edinb., 81, 1990), but deviate considerably from those provided by Ruddiman et
al. (2], Paleoceanography. Vol. 4) and Raymo et al. based on DSDP Site 607 ([3], Paleoceanography, Vol. 4). The constant
discrepancy of 130 ka with the time scale of Ruddiman et al. and Raymo et al. is explained by 1the new age of 0.78 instead of
0.73 Ma for the Brunhes/Matuyama, as recently proposed by Shackleton et al.. and the fact that Ruddiman et al. missed two
obliquity related cycles in the Brunbes/Matuyama to top Olduvai interval. Our astronomically calibrated ages do not confirm
the conventional radiometric ages of the reversal boundaries, but, on the contrary. imply that K /Ar radiometric dating yields

ages that are consistently too young by 5-7%.

1. Introduction -

The Olduvai Subchron was originally defined
as the event of normal polarity within the reversed
Matuyama Chron, which was recorded in basalts
and tuffs intercalated in the basal part of the
sedimentary succession in the Olduvai Gorge in
Tanzania (4,5]. Based on numerous radiometric
(K /Ar) datings from different localities, it is pre-
sently assumed that the Olduvai Subchron lasted
from 1.87 to 1.67 Ma [6]. By approximation, these
ages also appear in widely used polarity time
scales which are essentially based on linear inter-
polation between radiometrically dated age
calibration points in marine magnetic anomaly
sequences [7.8).
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At present, an alternative method is being de-
veloped which can be used to assign absolute ages
to geomagnetic polarity reversals, i.e. the tuning of
proxy records climatic to the astronomical solu-
tions for the variations in the Earth’s orbit. The
primary goal of these tuning procedures was to
evaluate the orbital theory of the Pleistocene ice
ages and to develop a high-resolution time scale
for the last 780,000 years [9). At the same time,
this tuning procedure may provide very accurate,
absolute ages for polarity reversals if a detailed
magnetostratigraphy of these proxy records can be
determined. This tuning is already well established
for records spanning the last 700,000 years [9-12],
and application of this procedure to immediately
older sequences yielded ages for the reversal
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Fig. 1. Location of land scctions and deep-sea cores used in this study. PP = Punta Piccola; Se = Semaforo; Si = Singa; ¥ = Vrica;
Fe = Francocastello,

boundaries which, except for the bottom of the
Olduvai, fall within the uncertainty range of the
radiometric dating (2,3,13]. Johnson ([14] and
Shackleton [15], on the other hand, reported ages
for the Brunhes/Matuyama and Jaramillo
boundaries older than those obtained by radio-
metric dating. Concurrent with, but independent
of, the present study Shackleton et al. [1] con-
structed an astronomically calibrated time scale
with significantly older ages for all the major
reversal boundaries down to the Gauss/Matuyama
boundary.

In this paper, we first establish the astronomi-
cally calibrated age of the Olduvai Subchron as
recorded in the Pliocene—Pleistocene boundary
stratotype section of Vrica. This is done by corre-
lating cyclic sapropel (brownish, often laminated
interbeds) patterns in the Vrica section and in the
sections Semaforo, Singa, Punta Piccola and
Francocastello to the astronomical solutions, using
inferred phase relationships between the sapropel
and orbital cycles. The resultant ages for the
Olduvai, as well as for older reversal boundaries,
are then compared with both conventional as well
as other orbitally tuned ages for these polarity
transitions.
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2. The position of the Olduvai in the Pliocene-
Pleistocene boundary stratotype section of Vrica

The Vrica section, in northern Calabria (Fig. 1),
was formally designated as the Pliocene-Pleisto-
cene boundary stratotype [16] after it had been
intensely studied for a decade [e.g. 17-23]. The
boundary was defined at the base of the homoge-
neous claystones which conformably overlie the
sapropelic layer coded e in this section [16]
(sapropel coding after [18], see also Fig. 2).

Initial paleomagnetic measurements on the
Vrica section were carried out by Nakagawa et al.
[19] who used the for this type of sediment less
suitable alternating field demagnetization method
[22]). Tauxe et al. [22] demonstrated that an inter-
val of normal polarity is present in the Vrica
section, which in combination with biostrati-
graphic evidence [23] was shown to represent the
Olduvai. In addition, normal polarities were ob-
served in the top part of the section.

Recent paleomagnetic investigations [24], how-
ever, showed that the top of the Vrica section
contains reversed polarities only. The normal
polarities reported earlier [22] are caused by a
secondary overprint due to weathering. In ad-
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dition, the stratigraphic position of the rather in-
accurately defined lower boundary of the Olduvai
is now more precisely located. The position of the
top of the Olduvai, however, remains ambiguous.
The new and very detailed paleomagnetic data
show that reversed polarities are present in the top
part of the normal polarity zone, resulting in two
options for the exact position of the upper Olduvai
[24]. In option I, the boundary coincides with
sapropel 4 [18], implying a short normal polarity
subchron slightly above the Olduvai. In option II,
the boundary is located substantially higher in the
succession, i.e. between sapropels ¢ and f, and
implies that an interval of reversed polarity is
present in the upper part of the Olduvai. As a
consequence, the Pliocene—Pleistocene boundary
defined on top of the sapropelic marker bed e is
positioned either within or slightly above the
Olduvai [24].

3. Tuning the sapropels to the astronomical solu-
tions

In the Vrica section, a total of 21 sapropelic
layers have been distinguished (Fig. 2). In ad-
dition, sapropels are not only found in the Vrica
section, but they occur frequently and are
widespread in marine depositional sequences of
the Mediterranean Neogene and Quaternary [e.g.
25,26]. Generally, they are not distributed evenly
throughout the stratigraphic record but occur in
distinct clusters on various scales: large-scale clus-
ters usually comprise a number (2 to 3) of small-
scale clusters which in turn contain 2 to 4 individ-
ual sapropels. The resulting patterns are complex
and have been interpreted as superimposed sedi-
mentary cycles connected with the Earth’s orbital
cycles, more precisely with those of precession

(individual sapropels) and eccentricity (sapropel
clusters) [26]. The reflection of the obliquity cycle
is seemingly absent in the sedimentary record,
which has been related to the relatively low
(paleo-)latitudinal position of the Mediterranean
[26].

In order to tune the sapropel sequence of the
Vrica section to the astronomical solutions, it is
necessary to determine the phase relationships be-
tween the sedimentary and orbital cycles. These
phase relationships can be established by correlat-
ing the most recently deposited sapropels of late
Pleistocene age in the Mediterranean to the astro-
nomical solutions, using oxygen isotope stage
boundaries for age calibration (Fig. 3). This corre-
lation shows that individual sapropels correlate to
minimum peak values of the precession index and
that small- and large-scale sapropel clusters corre-
late to eccentricity maxima connected with the 100
and 400 ka eccentricity cycles respectively.

On the basis of these phase relationships, pro-
gressively older sapropel-bearing sequences can
then be calibrated to the astronomical records by
extending the tuning until the Vrica sequence is
reached. However, at present this procedure is not
possible due to the lack of a coherent and continu-
ous record of middle Pleistocene sapropeis. both
from land sections and from deep-sea cores (Fig.
2). Although this missing interval has recently
been recovered at ODP Site 653, it did not yield a
sufficiently detailed sapropel record (see Fig. 2).
Considering the location of this site (Tyrrhenian
Sea), this is not surprising because sapropels arc
more frequent and widespread in the eastern
Mediterranean [e.g. 27]. Unfortunately, results of
deep-sea drilling in the eastern basin have also
been unsuccessful because of serious coring dis-
turbance and the sometimes poor core recovery
[27,28].

Fig. 2. Review of the most relevant sapropel-bearing sequences of late Pliocene-Pleistocene age in land-based sections and deep-sea
cores of Lhe Mediterranean. Lithostraligraphy of deep-sea cores is based on Cita et al. [48], Murai and Got [49] and the Shipboard
Scientific Party of ODP Leg 107 [50]. Lithostratigraphy of the land sections from Hilgen [26,31). Verhallen [29]. Zachariasse et al.
[33,51] and Zijderveld et al. [24]. Sapropel coding after Ryan [25] for the late Pleistocene and Selli et al. [18], Verhallen {29) and
Zijderveld et al. [24] for the late Pliocene—early Pleistocene. Biozonations used are those of Cita {52] and Spaak (53] for the
planktonic foraminifera and Raffi and Rio [54) for the calcareous nannofossils. Biostratigraphic daia are taken from Backman et al.
[23), Zijderveld et al. {24], Driever [30]. Zachariasse et al. [33,51] and Glagon et al. [55] Also shown is the calibration to the
Geomagnetic Polarity Time Scale (the conventional scale of Berggren et al. [8]) based on first-order magnetostratigraphic records
(Punta Piccola section—Zachariasse et al. [33,51}; Semaforo section—Tauxe et al. [22]: Singa and Vrica sections —Zijderveld et al.
[24)). Solid lines mark lithostratigraphic and magnetostratigraphic correlations, dashed lines biostratigraphic correlations.
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Below this hiatus in the sapropel record, a
coherent and distinctly cyclic sapropel pattern
emerges again in late Pliocene—early Pleistocene
sequences exposed onland. In these land sections,
four successive large-scale clusters of sapropels are
distinguished, separated by relatively thick inter-
vals of homogeneous sediments. In stratigraphic
order, these clusters have been coded informally
as O, A, B and C ([29,30]; see Fig. 2). The Vrica
section contains the uppermost sapropels of the
B-cluster and the C-cluster [31]. Both in the Vrica
and the Singa sections (located in nearby southern
Calabria, see Fig. 1), the C-cluster contains a very
conspicious small-scale cluster. This key-cluster

F.J. HILGEN

contains four sapropels which are extraordinarily
thick.

From the established phase relationships be-
tween the late Pleistocene sapropels and the orbital
cycles (Fig. 3), it can be inferred that this promi-
nent key-cluster corresponds not only to a 100 ka
eccentricity maximum, but also to a maximum of
the 400 ka eccentricity cycle, because it contains
more and thicker sapropels than the adjacent
small-scale clusters. In the time interval consid-
ered, 400 ka eccentricity maxima occur at 1.4 and
1.8 Ma in the astronomical solutions [32]. How-
ever, these ages do not correspond to the conven-
tional (radiometric) age of 1.67 Ma for the top of
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Fig. 3. Determination of phase relationships between sapropel cycles and the orbital cycles of precession and eccentricity based on

the correlation of the upper Pleistocene sapropel sequence of standard core RC 9-181 in the eastern Mediterranean to the

astronomical solutions. Sapropel chronology has been established according to a procedure outlined by Rossignol-Strick [46] using

oxygen isotope stage boundaries 6.0, 8.0 and 10.0 dated at 128, 245 and 339 ka [9] for age calibration. The oxygen isotope record is

based on Vergnaud-Grazzini et al. {47]. The astronomical records are based on the old solution of Berger [34] which is considered
more accurate than the new solution for the last 1 Ma (Berger, pers. commun.)
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the Olduvai [6], located either within (option I) or
nearly on top (option II) of this key-cluster. The
correlations of the sapropels in the lower parts of
the Vrica and Singa IV sections according to both
eccentricity maxima are presented in Fig. 4. Start-
ing from the 1.4 Ma maximum, the tuning results
in an age of 1.41 (option II) or 1.46 Ma (option I)
for the top of the Olduvai and of 1.57 Ma for the
bottom of the Olduvai. If we start from the 1.8 Ma
maximum, the age for the top of the Olduvai
arrives at 1.79 (option II) or 1.84 Ma (option 1)
and the age for the bottom of the Olduvai at 1.95
Ma (Fig. 4B). This correlation is preferred because
the small-scale sapropel cluster which underlies

the prominent key-cluster is more clearly reflected
in the astronomical record if we use the 1.8 Ma
maximum.

To determine more conclusively which of both
correlations is correct, we must consider the older
part of the late Pliocene—early Pleistocene sapro-
pel record as well. The most remarkable feature in
this older part of the record is the deviating pat-
tern of sapropels found in the large-scale A-cluster
(Fig. 2). This A-cluster contains a single small-
scale sapropel cluster which in turn comprises no
less than six successive individual sapropels. Note
that the youngest but one sapropel of this cluster
is missing in the Singa section. However, the pres-
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Fig. 4. The two possible alternatives for correlating the pattern of sapropels in the lower parts of the Plio-Pleistocene boundary
sections of Vrica and Singa 1V to the new astronomical solutions for precession and eccentricity {35] based on the established phase
relationships between sapropel and orbital cycles. (A) The distinct small-scale key-cluster of four sapropels (b-e according to l1he
coding of (18]; C3-C6 after [29]; see also Fig. 2) correlates with the maximum in eccentricity of the 400 ka eccentricity cycle dated
around 1.4 Ma. (B) This key-cluster correlates with the successive older maximum of the 400 ka cycle of eccentricity dated around 1.8
Ma. Lithostratigraphy, biostratigraphy and magnetostratigraphy after [24,29,30]. Biostratigraphic correlations shown: / =G. inflata
influx; 2 = G. truncatulinoides FOD and influx; 3 = G. inflata reapearance; 4 = D. brouweri LOD; 5= C. macintyrei FOD. Hatching
in magnetostratigraphic records denotes inconclusive paleomagnetic results or lack of data [see 24). Astronomical records are based
on the new solutions of Berger and Loutre [32; version BER —90]. The original data by Berger and Loutre [32] cannot be reproduced
without their permission.
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Fig. 5. Correlation of upper Pliocene-lower Pleistocene sapropel sequences to the new astronomical solutions for precession and
eccentricity [32] using corresponding aberrations in the pattern of sapropels (the A-cluster) and the precession record for calibration.
The original data by Berger and Loutre [32] cannot be reproduced without their permission. See further explanation in Fig. 2.
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ence of pyritic lumps and framboids at a time-
equivalent level indicates that lowered bottom-
water oxygen conditions, which are responsible for
the deposition of sapropels, also persisted at Monte
Singa at that time [33]. At Punta Piccola, the two
lowermost beds of this cluster do not contain true
sapropelic sediments but merely consist of dark-
coloured marly clays. The Francocastello section
on Crete, on the other hand, reveals an additional
(seventh) sapropel. Close inspection of the astro-
nomical solutions reveals a remarkably similar
deviation in the record of the precession index
connected with the 400 ka eccentricity maximum
at 2.60 Ma. In this interval, the amplitude varia-
tions of the precession index lack the usual pro-
nounced modulation by the 100 ka eccentricity
cycle, resulting in 6-7 successive, high-amplitude
excursions of the precession index to negative
values. The six sapropels of the A-cluster can now
be calibrated to the astronomical record in such a
way that the most prominently developed sapro-
pels in the Singa section (A2 and AS5; see also [33))
correlate with the most negative excursions of the
precession index (Fig. 5). It is emphasized that the
use of the new astronomical solutions of Berger
and Loutre [32] is of decisive importance here.
The new calculations start to deviate significantly

TABLE 1

from the old, less accurate solutions of Berger [34]
at 1.5 Ma. The aberrant pattern in the precession
record at 2.6 Ma is crucial to the astronomical
calibration of our sapropels and it is not found in
the old solution. Instead, an essentiglly similar
deviation was observed before at 1.85 Ma.

Based on the calibration to the new solution,
the remaining part of the sapropel record can be
correlated straightforwardly to the astronomical
record (Fig. 5). This correlation results in ages of
1.95 (+£0.01) Ma for the bottom of the Olduvai,
1.84 (option I) or 1.79 Ma (option II) for the top
of the Olduvai and 1.81 Ma for the Pliocene-
Pleistocene boundary. It confirms that the small-
scale key-cluster in the large-scale C-cluster in-
deed correlates with the 400 ka eccentricity maxi-
mum at 1.8 Ma. In addition, ages are obtained for
the Reunion (2.14-2.15), the Gauss/Matuyama
(2.59,/2.62) and the top of the Kaena (3.02 £ 0.01),
because detailed magnetostratigraphic records are
presently available for the majority of these land
sections (Fig. 5).

Nevertheless, some discrepancies remain. the
most important of which is the correlation of the
sapropels in the upper part of the Vrica section to
the astronomical record. This correlation is
severely hampered for several reasons. Firstly, pre-

Old coding and new precession-related MPRS coding for sapropels in the Mediterrancan, / = after Ryan
[25); 2 = after Selli et al. [18]; 3= after Verhallen [29]. MPRS coding and lagged age using the correlative
peak of the precession index as numbered from the Recent. Asterisk denotes unnamed or unnumbered

sapropel

1 2  MPRS- age lagged 2 3  MPRS we lagged 3 MPRS- age lagged
Coding age Coding age Coding age

S1 - 2 0.012 0.008 T - ? - B5 208 2.141 2.137
S2 - [ 0.060 0.056 q C13 ? - - B4 212 2.191 2.187
$3 - 8 0083 0079 p C12 ? - - B3 214 2213 2209
S4 - 10 0.106 0.102 o C11 ? - - B2 216 2.235 2231
§5 - 12 0.127 0.123 n Cl10 ? - - . 218 2.257 2253
6 - 16 0.176 0.172 h [ 168 1.719 1.715 B1 222 2.306 2302
$7 - 18 0.198 0.194 f Cc8 170 1.741 1.7137 AS 250 2593 2.589
S8 - 20 0.220 0216 . Cc7 172 1762 1.758 . 252 2616 2612
$9 - 22 0.242 0.238 e Cs 176 1812 1.808 A4 254 2639 2.635
S10 30?7 0.335 0.331 d Cs 178 1.834 1.830 A3 256 2663 2.659
Sit 38?7 0409 0.405 < [o2] 180 1.855 1.851 A2 258 2.686 2.682
S12 - 46?7 0.485 0.48t b c3 182 1877 1.873 Al 260 2.708 2.704
v ? - . 2 186 1928 1924 o 280 2928 2924

u ? - - - Cl 188 1.949 1.945 o* 282 2.950  2.946

- t ? - - - co 190 1.969 1.965 o* 284 2972 2968

- . ? - - B7 204 2.098 2.094 o* 288 3.021 3.017

s ? - - BS 206 2120 2.116 O 290 3.042 3.038
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liminary attempts to correlate the frequency distri-
bution of sinistrally coiled neogloboquadrinids to
the northern Atlantic DSDP Site 607 suggest that
an hiatus is present in the top part of the Vrica
section. Secondly., the charactenistic cyclicity in
the sapropel pattern—related to precession and
eccentricity—is probably distorted in this particu-
lar interval by the following factors:

(1) The additional influence of obliquity on the
distribution of the sapropels.

(2) the steady increase in the number of sapro-
pels per large-scale cluster. This trend, which may
be related to a gradual lowering of some threshold
value for sapropel formation. eventually results in
the disappearance of the distinct, eccentricity-re-
lated pattern in the distribution of the sapropels.

(3) Changes in sediment accumulation rate.

Current research is focussed on the solution of
these problems by combining the complex sapro-
pel pattern with a very detailed record of the
frequency distribution of sinistral neogloboquad-
rinids. This record contains additional informa-
tion on the influence of the obliquity cycle and
will be reported on in a forthcoming paper. These
forthcoming results will most probably not affect
the calibration of the older sapropels to the astro-
nomical record.

It is important to note that our present solution
differs markedly from an earlier attempt to corre-
late the sapropels in the Vrica and Semaforo sec-
tions to summer insolation curves for this latitude
[35]. This attempt was severely hindered by the
assumption that a stratigraphic gap is present
between both sections, whereas they actually
proved to contain a considerable overlap [31].
Moreover, the insolation curve used by Com-
bourieu-Nebout [35] was based on astronomical
solutions which presently are considered to be less
accurate for this interval of time [32].

4. A new integrated Mediterranean sapropel coda-
tion

In Table 1, we formalize our sapropel correla-
tion to the astronomical record by introducing
new coding for sapropels in the Mediterranean
Pliocene- Pleistocene. In existing coding, sapropels
are continuously numbered [18.25,29]. Our new
Mediterranean Precession Related Sapropel
(MPRS) coding is based on coding sapropels after
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the correlative peak of the precession index as
numbered from the Recent. This MPRS coding
has the distinct advantage that newly found
sapropels can always be incorporated. More im-
portantly, all coded sapropels can be dated with
an accuracy of 1 ka by reference to the corre-
sponding peak in the precession record (Table 1).
For a truely accurate dating of the sapropels, a
time lag of 4 ka between orbital forcing and
maximum climate response and sapropel deposi-
tion must be taken into account. This time lag is
based on the age of 9-6 ka for the youngest
sapropel in the eastern Mediterranean (S1; [36,37])
as compared with the age of 11.5 ka for the
correlative negative peak of the precession index.
A time lag of 4 ka agrees well with other time lags
inferred for the climate response to orbital forcing
by precession [38-40].

S. Discussion

The correlation of sapropels to the astronomi-
cal solutions results in ages for the top of the
Olduvai (1.79 or 1.84 Ma), the bottom of the
Olduvai (1.95 £ 0.01), the Reunion (2.14-2.15),
the Gauss/Matuyama (2.59,/2.62) and the top of
the Kaena (3.02 + 0.01). These ages deviate con-
siderably from conventional ages which are either
based on K /Ar radiometric dating only [6] or on
linear interpolation between radiometrically dated
calibration points in marine anomaly sequences
[e.g. 8]. In addition, they also differ from ages
which have been established previously by orbital
tuning procedures and which have essentially con-
firmed the radiometric datings [2,3,13] (see Table
2). It is easily shown that no apparent relation-
ships exist between our sapropel pattern and the
precession record if we use either the conventional
polarity time scale of Berggren et al. [8] or the
orbitally tuned polarity time scale of Ruddiman
and Raymo [2,3] (Fig. 6).

On the other hand, the ages reported here are
almost 1dentical to those obtained recently by
Shackleton et al. ([1]; table 2). Both time scales
have been established using totally independent
data-sets and basically the same orbital tuning
method. The time scale of Shackleton et al. [1] was
contructed on the basis of the high-resolution
oxygen 1sotope record from ODP Site 677, located
in the low-latitude eastern Pacific, whereas we
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Fig. 6. Sapropel chronologies for the late Pliocene~early Pleistocene according to the different time scales. Our chronology is based
on the correlation of sapropels Lo the astronomical solutions shown in Fig. 5. In the case of the polarily time scales of Berggren et al.
[8] and Raymo et al. [3]. the sapropel chronology is based on linear inter- or extrapolation of sediment accumulation rates using
magnetostratigraphic datum planes for age calibration. The Singa section was employed for the interval between the base of the
A-cluster to the base of the C-cluster. From the base of the C-cluster onward, we used the Vrica section mstead: note that for the
time scales of Berggren et al. [8] and Raymo et al. [3] two alternative sapropel chronologies are shown for this interval based on the
two different options (I and II) for the position of the top of the Olduvai. The Punta Piccola section was used for the lowermost
sapropels (O-cluster). The original data by Berger and Loutre [32] cannot be reproduced without their permission.

employing the precession rather than the obliquity
component in climatic proxy records. The latter
has been used in other attempts to establish an

used the sapropel rtecord in the Mediterranean.
However, our tuning procedure strongly resembles
the procedure followed by Shackleton et al. [1] in
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Ages for polarity reversals according to the different time scales. M&D = Mankinen
and Dalrymple [6}; R&R = Ruddiman et al. [2] and Raymo et al. [3]

reversal boundary M&D, Berggren R&R, Shackleton this
1979 etal., 1985 1989 etal.,inpress  paper
Brunhes/Matuyama 0.73 0.73 0.73 0.78 -
Olduvai top 1.67 1.66 165 1.77 1.79 (1)
- - - - 1.84 ()
Olduvai bottom 1.87 1.88 1.82/1.83 1.95 1.95
Reunion 1 top 2.01 1.9812.00 2.14
Reunion 1 bottom 2.04 - 2.02 2.15
Reunion 2 top 212 - - -
Reunion 2 bottom 2.14 - - - -
Gauss/Matuyama 248 247 2481249 2.60 2.59/2.62
top Kaena 292 292 - 3.0

astronomically calibrated time scale for the late
Pliocene to early Pleistocene [2,3,13], but is con-
sidered less suitable because of the regular char-
acter of the obliquity cycle. The precession signal,
on the other hand, displays a far more distinctive
pattern due to its modulation by eccentricity. A
difference in the procedures followed is that
Shackleton et al. [1] employed the Recent as a
fixed calibration point, while we established our
time scale independently of the Recent by corre-
lating similar deviating patterns in the geological
and astronomical records.

5.1.  Discrepancies with other astronomically

calibrated time scales

A comparison of the astronomically calibrated
polarity time scale of Ruddiman et al. [2] and
Raymo et al. [3] and ours shows that the age
discrepancy for the reversal boundaries is re-
markably constant, i.e. 130 ka. An exception is the
older age for the top of the Olduvai in our time
scale (option 1 in Table 2) in which case the
discrepancy is even larger. This constant dis-
crepancy, and the resulting younger ages of the
sapropels according to their time scale (Fig. 6),
cannot be explained by a lag effect of approxi-
mately 100 ka connected with the 400 ka ec-
centricity cycle because the expression of ec-
centricity in our sapropel record merely reflects
the modulation of precession by eccentricity (see
also the remarks on p. 432 in [3]). Also, the
correlation of late Pleistocene sapropels to the
astronomical record (Fig. 3) does not reveal any
indication of the existence of such a time lag. It is
therefore anticipated that the origin of this dis-

101

crepancy must be found in the interval younger
than the Olduvai. According to our time scale, the
age of the top of the Olduvai is either 1.84 (option
I) or 1.79 Ma (option II), which in both cases
departs markedly from the age of 1.65 Ma ob-
tained by Ruddiman et al. [2]. As a consequence,
the duration of the interval between the
Brunhes/Matuyama and the top of the Olduvai
differs from 0.92 Ma [2] to 1.06 or even 1.11 Ma
(our options II and I) if we also use an age of 0.73
Ma for the Brunhes/Matuyama boundary. In
order to explain this discrepancy, we have re-ex-
amined the records of Site 607 on which Ruddi-
man et al. [2] and Raymo et al. [3] based their time
scale.

Ruddiman et al. [2] proceeded from an age of
0.73 Ma for the Brunhes/Matuyama boundary to
establish an orbitally tuned (polarity) time scale
for the older part of the Pleistocene by extrapolat-
ing the 41 ka quasi-period of obliquity as the
periodicity of distinct cyclic changes in their 'O
and CaCO; records. This approach, however, de-
pends critically on neither skipping cycles nor
adding extra ones [2, p. 359]. It is not surprising
that, if their obliquity-tuned time scale is used for
calibration (according to this tuning procedure,
the cycles in the original records are either slightly
stretched or compressed to fit the 41 ka period),
spectral analysis applied on the records from Site
607 yields a single dominant peak corresponding
exactly to a periodicity of 41 ka (fig. 13 in [2]). If,
on the other hand, the conventional magnetic
polarity time scale is used, the resulting spectrum
shows that this peak has shifted to slightly higher
frequencies (fig. 4 in [41]). We also applied spec-
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tral analysis to the §'®0 and CaCO, records of the Olduvai [8]. For our purpose, we used a spec-
Site 607, using the conventional ages of 0.73 and tral analysis program in which the Fourier trans-
1.66 Ma for the Brunhes/Matuama and the top of form is applied to the autocorrelation function
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Fig. 7. Representative spectra based on the §'*0 (A and C) and CaCO, (B and D) records from DSDP Site 607 as published in
Ruddiman et al. [2] and Raymo et al. (3]. (A) and (B) based on the interval between the Brunhes/Matuyama and the top of the
Olduvai using the conventional ages of 0.73 and 1.66 Ma of the respective reversal boundaries 8] for age calibration. (C) and (D)
based on the interval between the Gauss/Matuayama and the bottom of the Olduvai using the respective conventional ages of 2.47
and 1.88 Ma for calibration. The periodicity of the dominant peak in the obliquity frequency domain is shown in ka. Also indicated
are the positions of frequencies corresponding to the main quasi-periods of the orbital cycles. Nf = Nyquist frequency of original
time series using twice the average time spacing. The 80% confidence interval is shown as a small vertical bar on the right-hand side
of each spectrum.
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[42] of an equally spaced time series of the original
record. By shightly changing the number of lags of
that part of the autocorrelation function on which
the Fourier transform is employed, the exact posi-
tion of the spectral peaks can be accurately de-
termined. Figure 7A shows that the most promi-
nent peak of the §'®0 spectrum has indeed shifted
to a higher frequency and matches a periodicity of
37.4 £ 0.1 ka. The CaCO, spectrum is more com-
plex and yields two separate peaks with periodici-
ties of 34.9 + 0.1 and 37.9 + 0.1 ka. In addition, a
less prominent and significant peak is found at a
frequency corresponding to a periodicity of 43.6
ka. Nevertheless, the CaCO; spectrum too shows a
strong tendency to shift to higher frequencies (Fig.
7B).

This shift in the dominant spectral peak(s) in
the obliquity frequency band to a higher frequency
than that of the dominant quasi-period of obliqu-
ity can be explained by assuming that the interval
between the Brunhes/Matuyama and the top of
the Olduvai lasted longer than suggested by the
conventional ages of 0.73 and 1.66 Ma for these
reversal boundaries. 1f we correct for this
frequency shift so that the corresponding periodic-
ity matches the main 41 ka quasi-period, the
estimate of the amount of time in this interval
increases from 0.93 to 1.02 Ma, an increase of 90
ka. A repetition of this procedure, using the ages
of 0.73 and 1.65 Ma of Ruddiman et al. [2], results
in a corresponding increase from 0.92 to 1.02 Ma.
At the same time, these results imply that Ruddi-
man et al. {2] failed to notice at least two obliqu-
ity-related cycles in this particular interval. Close
inspection of the §'®0 and CaCO, records from
Site 607 indeed reveals that the stratigraphic dis-
tance between their glacial stages 20 and 22 and
between 34 and 36 is almost twice the distance

F.J. HILGEN

normally observed in this interval, indicating that
two extra cycles are present but not distinctly
manifested. The reflection of these extra cycles.
however, is clearly detectable in the records of Site
609 (fig. 2 in [41); fig. 11 in [2]). To provide
further support for this alternative interpretation,
we applied a Tukey band-pass filter centred at a
frequency of 0.0267 cycles per year (i.e. cotre-
sponding to a periodicity of 37.4 ka as indicated
by the results of our spectral analysis) to the
conventional time-series of the records from Site
607. The filtered components clearly reveal the
two extra obliquity-related cycies missed by Rud-
diman et al. (Fig. 8A). Moreover, comparison with
the actual, but lagged record of obliquity confirms
that these components contain two extra cycles in
this interval (Fig. 8B). Essentially the same results
are obtained if we apply a band-pass filter centred
at the main orbital frequency of obliquity of 0.0244
cycles per year (a periodicity of 41 ka). Conse-
quently, the estimate of 0.92 Ma of Ruddiman et
al. [2] for the duration of this interval would
increase by 82 ka to 1.0 Ma. Shackleton et al. [1]
independently arrived at more or less the same
conclusion although they interpreted Stage 21 to
contain three precession peaks rather than two
obliquity peaks.

Although this re-examination of Site 607 re-
veals that as much as 1.02 Ma may be present
between the Brunhes/Matuyama and the top of
the Olduvai, this still does not agree with our
estimates of 1.06 (option 11) or 1.11 Ma (option 1).
It must be remembered, however, that our esti-
mates depended on an age of 0.73 Ma for the
Brunhes/Matuyama boundary. Following the
earlier ideas of Johnson [14}], Shackleton et al. [1]
convincingly demonstrated that the (orbitally
tuned) age of 0.73 Ma is too young and that the

Fig. 8. Time-series of the variations in 8'®0 and CaCO, and their filtered obliquity components for the interval between the
Brunhes/Matuyama and the top of the Olduvai at DSDP Site 607 using either the conventional ages of 0.73 and 1.66 Ma [8] (A) or
the new astronomically calibrated ages of 0.78 [1] and 1.79 Ma (C) of these reversal boundaries. The Tukey band-pass filters were
centred at frequencies of 0.0267 (dotted line in (A); bandwidth = 0.104) and 0.0244 (dashed lines in (A) and (C); bandwidth = 0.095)
cycles per year. The former corresponds to a periodicity of 37.4 ka, as indicated by the results of spectral analysis (see Fig. 7), the
latter to the main 41 ka quasi-period of obliquity. Arrows mark the obliquity-related cycles missed by Ruddiman et al. [2]. Note that
the 8'®0 and CaCO, records have been detrended and averaged around zero. Variations in obliquity and the corresponding
frequency components of §'¥0 and CaCO, at DSDP Site 607 for the Brunhes/Matuyama to top Olduvai interval are also shown.
Frequency components taken from Fig. 8A are shown in (B) and those from Fig. 8C are shown in (D). Solid line shows 8 ka lagged
versions of actual obliquity after the new astronomical solutions [32]. The original data by Berger and Loutre [32] cannot be
reproduced without their permission. Note that the filtered components have been normalized to obliquity.
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TABLE 3
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Age differences between our polarity time scale and those of Ruddiman et al. (1989) 2] and
Raymo et al. (1989) [3], and Mankinen and Dalrymple (1979) [6]. These differences are also
given as the percentage of their ages for the reversals. The age of 0.78 Ma* for the

Brunhes /Matuyama boundary is taken from Shackleton et al. [1]

reversal boundary our Ruddiman & Raymo, 1989 Mankinen & Dalrymple, 1979
age age 4 % age A %
Brunhes/Mamyama 0.78)* 0.73 0.05* 6.85% 0.3 0.05* 6.85*
Olduvai 1op 1.79 1.65 0.14 8.48 1.67  012(0) 7.9
1.84 - 0.19 11.52 - 0.17(1) 10.18
Oiduvai bottom 1.95 1.82 0.13 7.14 187 0.08 4.28
Reunion top 2.14 1.99 0.15 7.54 - - -
Reunion bottom 2.15 2.02 0.13 6.44 - - -
Gauss/Matuyama 2.59/2.62 248  0.11/0.14 504 248  0.110.14 504
|_Kaena lop 3.02 - - - 292 0.10 343 |

actual age for the Brunhes/Matuyama is 0.78 Ma.
As a consequence of this new age, the duration of
the Brunhes/Matuyama to Olduvai period is re-
duced by 50 ka to either 1.06 (option 1) or 1.01
Ma (option 1I). In conclusion, our estimate is now
consistent with the record of Site 607 if we use the
younger age of the top of the Olduvai (option II in
Table 2). In option I, the Olduvai would only span
110 ka, which is definitely too short (Table 2),
while according to the preferred second option,
the Olduvai lasts 160 ka [24]. This agrees well with
the estimate of 170 ka of Raymo et al. {3] and the
180 ka of Shackleton et al. [1]. Moreover, the
resulting astronomically calibrated age of 1.79 Ma
for the top of the Olduvai is close to the age
estimate of 1.77 Ma of Shackleton et al. (1] for this
boundary.

As a final test of our age model, a band-pass
filter centred at the dominant frequency of obliqu-
ity was again applied to the records from Site 607,
but this time we employed the new astronomically
calibrated ages of the Brunhes/Matuyama (0.78
Ma) and the top of the Olduvai (1.79 Ma) to
generate the time series. The filtered components
are almost exactly in phase with actual obliquity
at the age calibration points, but they are slightly
out of phase in between (Fig. 8D). Very im-
portantly, however, they do contain the same
number of cycles, suggesting that slight changes in
sedimentation rate are responsible for the ob-
served out of phase relationship in between the
calibration points. The near in-phase relationship
observed at the top of the Olduvai further indi-
cates that 1.79 Ma (or 1.78) is a more accurate age
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for this reversal boundary than the 1.77 Ma sug-
gested by Shackleton et al. {1]. This discrepancy
might be explained by the slight uncertainty con-
cerning the exact position of this boundary with
respect to the isotopic stages (see [2]). Shackleton
et al. [1] listed the base of Stage 63 as the position
of this reversal boundary, whereas at Site 607 it
actually occurs in the top part of Stage 64 [3). The
latter position determines the near in-phase rela-
tionship between the filtered components and
lagged obliquity at the top of the Olduvai in Fig.
8D.

In order to have an additional check on our
ages for reversal boundaries older than the
Olduvai, we have applied spectral analysis to the
interval between the Gauss/Matuyama and the
bottom of the Olduvai at Site 607, followed by the
adjustment of consistent shifts of the dominant
peak in the obliquity frequency domain with re-
spect to the main frequency of obliquity. The
resultant spectra for both the variations in §'*0
and CaCO,% revealed a single peak in this
frequency domain corresponding to a periodicity
of 36.8 + 0.1 ka, if the conventional ages of 1.88
and 2.47 Ma for the bottom of the Olduvai and
the Gauss/Matuyama (8] are used (Figs. 7C and
D). The correction necessary to adjust for this
consistent frequency shift results in an increase of
the duration of this particular interval from 0.59
to 0.66 Ma. This perfectly matches both the esti-
mate of Raymo et al. [3], indicating that no ob-
liquity-related cycles have been missed in this
interval, as well as our estimate and that of
Shackleton et al. [1] (see Table 2). It deviates,
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Fig. 9. Comparison of the extended astronomical time scale
with other polarity time scales.

however, considerably from the duration of this
interval according to the more conventional time
scales [6,8].

5.2. Discrepancies between radiometric ages for

polarity reversals

The discrepancies between our astronomically
calibrated polarity time scale and the conventional
time scales (Tables 2 and 3, Fig. 9), which for this
period of time rely heavily on K/Ar radiometric
dating, are more difficult to explain. Although we
cannot provide a solution to this problem, a com-
parison between these methodologically totally
different time scales shows that the discrepancy is,
proportionally, fairly constant if only the radio-
metrically more accurately dated Brunhes/Matu-
yama and Gauss/Matuyama Chron boundaries
are considered (5-7%; see Table 3). Possible errors
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in the radiometric dating method include the inac-
curacy of the decay constants (note that these
constants were readjusted in 1979 which resulted
in an increase in the K /Ar ages by 2.66% for the
period of time under consideration [43]), the im-
perceptible loss of radiogenic argon and the (pos-
sible) lack of sensitivity in accurately measuring
low concentrations of radioactive decay gas at
such young levels. It is expected that new radio-
metric methods, such as single crystal laser dating,
will give more insight into the accuracy of the
K/Ar ages and thereby in the origin of the dis-
crepancy between the radiometric and astronomi-
cally calibrated ages for reversal boundaries.

5.3. Extension of the astronomically calibrated

time scale to the Miocene / Pliocene boundary

The procedure of tuning climatic proxy records
to the new astronomical solutions is a very prom-
ising tool for constructing a truely high-resolution
time scale for at least the last 5-10 Ma, i.e. the
period of time for which the astronomical solu-
tions are now considered to be reliable [32]. At
present, this time scale can be extended back to
the Miocene/Pliocene boundary if we also take
the detailed record of small-scale, precession-re-
lated CaCO, cycles in the Trubi Formation on
Sicily [44] into account. For these Trubi marls, we
also found a remarkably consistent shift in spec-
tral peaks to frequencies higher than the orbital
frequencies. This shift has been explained by as-
suming that the conventional ages assigned to
reversal boundaries were not sufficiently accurate.
In addition, an alternative time scale was provided
for the major part of the Gilbert and Gauss Chrons
by extrapolating an average quasi-period of 21.7
ka of the precession cycle [45] as the periodicity of
these small-scale cycles, using the Gilbert/Gauss
Chron boundary dated radiometrically at 3.40 Ma
as a fixed age reference point. The thus obtained
age of 2.84 Ma for the top of the Kaena, however,
is significantly younger than our present age of
3.02 Ma for this boundary. By adding this dif-
ference of 180 ka to the ages assigned to reversal
boundaries by Hilgen and Langereis [44], our
orbitally tuned polarity time scale is extended
back to the Miocene/Pliocene boundary (Fig. 8).
This results in an age of 3.58 Ma for the
Gilbert/Gauss boundary, which is 5.3% older than
the conventional radiometric age of 3.40 Ma. This



confirms the proportional constancy of the age
discrepancy between our time scale and the radio-
metric scale. The extension of the astronomically
calibrated time scale to the Miocene/Pliocene
boundary will be presented in more detail in a
separate paper.

6. Conclusions

The calibration of cyclic sapropel patterns of
late Pliocene to early Pleistocene age to the new
astronomical solutions for precession and ec-
centricity [32] results in ages for the top of the
Olduvai (1.79 Ma), the bottom of the Olduvai
(1.95 + 0.01), the Reunion (2.14-2.15), the
Gauss/Matuyama (2.59-2.62) and the top of the
Kaena (3.02 + 0.01). The age for the Pliocene/
Pleistocene boundary arrives at 1.81 Ma.

This tuning furthermore provides an excellent
opportunity for introducing a Mediterranean Pre-
cession-Related Sapropel (MPRS) coding accord-
ing to which sapropels in the Mediterranean Plio-
cene~Pleistocene are coded using the correlative
peak of the precession index as numbered from
the Recent. These sapropels can be dated with an
accuracy of 1 ka if we consider a time lag of 4 ka
between orbital forcing and maximum climate re-
sponse and sapropel formation, as observed for
the youngest, Holocene sapropel.

Our ages are remarkably identical to the inde-
pendently established, astronomically calibrated
ages of Shackleton et al. [1]. The age discrepancy
of 130 ka between our new polarity time scale and
that of Ruddiman et al. [2] and Raymo et al. [3) is
explained by the age of 0.78 instead of 0.73 Ma
for the Brunhes/Matuyama (56 ka), in combina-
tion with the finding that Ruddiman et al. [2] most
probably missed two obliquity-related cycles (80
ka) in the interval between the Brunhes/Matu-
yama and the top of the Olduvai in the records
from DSDP Site 607.

A proportionally constant age discrepancy is
found between our polarity time scale and the
conventional polarity time scales which depend
primarily on K/Ar radiometric dating. This dis-
crepancy of 5-7% cannot easily be explained at
present and must await further research.

In order to confirm our age model, it is neces-
sary to complete the sapropel record of the Medi-
terranean Pliocene—Pleistocene by the recovery of
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continuous and relatively undisturbed marine se-
quences from the eastern Mediterranean, prefer-
ably by hydraulic piston coring of multiple holes.
Continued work in the Mediterranean is especially
relevant because the Mediterranean is a marginal
sea, which is particularly sensitive to the climatic
effect of precession due to its low latitudinal posi-
tion, its basin configuration and the related hydro-
logical conditions. Due to the modulation by ec-
centricity, the precession signal is far more distinc-
tive than that of the more regular obliquity cycle.
We therefore consider the precession-dominated
sedimentary record of the Mediterranean more
suitable for the construction of an astronomically
calibrated time scale than the isotope records from
DSDP Site 607 or even ODP Site 677, which
primarily reflect the dominant control of the ob-
liquity cycle on global ice volume.

Finally, our astronomically calibrated time scale
can be extended back to the Miocene/Pliocene
boundary by incorporating the time scale of Hilgen
and Langereis [44] for the major part of the Gil-
bert and Gauss Chrons and adding the difference
of 180 ka for the age of the top of the Kaena to
the ages assigned to the older reversal boundaries
in Hilgen and Langereis’ time scale.
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Chapter 9

Extension of the astronomically calibrated ( polarity) time scale
to the Miocene /Pliocene boundary

F.J. Hilgen
Depariment of Geology, Institute of Earth Sciences, Budapestlaan 4, 3584 CD Utrecht, The Netherlands

ABSTRACT

The early Pleistocene to late Pliocene astronomically calibrated time scale of Shackleton et al. [1] and Hilgen [2] is
extended Lo the Miocene/Pliocene boundary. This is done by correlating the detailed record of CaCO, cycles in the Trubi and
the lower part of the overlying Narbone Formation (Rossello composite section; Sicily) to the astronomical record, using (1)
inferred phase relations between these CaCQ, cycles and the corresponding orbital cycles of precession and eccentricity, and
(2) calibration points provided by the previously established astronomical calibration of sapropelitic layers which occur in the
topmost part of the CaCO, record [2].

This correlation allows all small-scale CaCO, cycles in the Rossello composite section to be coded after the correlative
precession peak and to be dated astronomically with an accuracy of 1 ky. In combination with the available high-resoiution
magnetostratigraphy, it further allows the construction of an astronomically calibrated Geomagnetic Polarity Time Scale for
the major part of the Gilbert and Gauss Chrons. This new time scale gives ages for the reversal boundaries of the Kaena
(3.04-3.11 Ma) and Mammoth (3.22-3.33 Ma), the Gilbert/ Gauss Chron boundary (3.58 Ma), and the reversal boundaries of
the Cochiti (4.18-4.29 Ma), Nunivak (4.48-4.62 Ma), Sidufjall (4.80-4.89 Ma) and Thvera (4.98-5.23 Ma). These ages are
significantly older than the ages given by conventional time scales. Age discrepancies gradually increase with increasing age:
the age of 5.32 Ma for the Miocene / Pliocene boundary, as defined by the base of the Trubi on Sicily, is almost 0.5 m.y. (9.5%)
older than the presently accepted age of 4.86 Ma [3].

These considerable discrepancies with the conventional time scale can either be explained by an (consistent) error in the

decay constants used in K /Ar radiometric dating or, more likely, by diffusional loss of radiogenic argon.

1. Introduction

Astronomical calibration of climatic proxy rec-
ords provides an alternative method to construct
(polarity) time scales which, in principle, have a
higher resolution and are more accurate than con-
ventional time scales based on linear interpolation
between radiometrically dated calibration points
in marine anomaly sequences (e.g. [4]). This astro-
nomical calibration is now firmly established for
the last 700,000 years [5-7]. Initial attempts to
extend this time scale to the early Pleistocene -
late Pliocene yielded ages for geomagnetic reversal
boundaries that were essentially consistent with
the radiometric datings [8-10]. However, results of
recent studies indicate that these radiometric ages
are consistently too young by 5-7% [1.2]. At pres-
ent, this alternatively astronomically calibrated
(polarity) time scale extends back to 3.0 Ma (late
Gauss).
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To accomplish this new time scale, Hilgen (2]
correlated the characteristic cyclic pattern of
Pliocene-Pleistocene sapropels in marine se-
quences from southern Italy to the astronomical
record using inferred phase relations between these
sedimentary (= sapropel) cycles and the orbital
cycles of precession and eccentricity. (Sapropel is
used here to designate brownish coloured, often
well-laminated, discrete layers relatively enriched
in organic carbon. We refrained from using the
redefinition proposed by Kidd et al. [11] because
their (lower) limit of > 2% organic carbon is
rather arbitrarily chosen and disregards the basic
and, from a paleoenvironmental point of view,
more important similarities between these layers.
Our use is similar to the original meaning of this
term introduced by Olausson [12]). It was further
anticipated that this time scale could be extended
back to the Miocene/ Pliocene boundary using the
CaCO;, cycles of the Trubi Formation on Sicily.



ILike the sapropels, these CaCO; cycles are con-
mmected with the Earth’s orbital cycles [13,14].
‘Moreover, they are supposedly underlain by simi-
llar climatic oscillations held responsible for
1sapropel formation {13,15], i.e, dominantly pre-
}cession forced variations in the intensity of the
‘monsoonal system and circum-Mediterranean
| climate [16-18].

Magnetostratigraphic calibration and subse-
quent spectral analysis of a high-resolution CaCO,
record of the Trubi yielded significant peaks in the
orbital frequency bands of the spectrum [14]. Nev-
ertheless, these peaks showed a remarkably con-
sistent shift to slightly higher frequencies than
those of the supposedly corresponding orbital
cycles. This shift could only be explained by as-
suming that ages assigned to polarity reversals in
the conventional Geomagnetic Polarity Time
Scales lack sufficient precision. Consequently,
Hilgen and Langereis [14] presented an alternative
Geomagnetic Polarity Time Scale for the major
part of the Gilbert and Gauss Chrons by extrapo-
lating an average quasi-period of 21.7 ky of the
precession cycle [19] being the periodicity of
small-scale CaCO, cycles in the Trubi. The radio-
metric age of 340 Ma for the Gilbert/Gauss
Chron boundary [20] was employed as fixed refer-
ence point. The astronomically calibrated time
scale of Hilgen [2] was provisionally extended to
the Miocene—Pliocene boundary by adjusting the
time scale of Hilgen and Langereis [14] for the
observed age discrepancy of 180 ky for the mutu-
ally dated reversal boundary, the upper Kaena [2].

However, this procedure can only be consid-
ered preliminary for several reasons. In the first
place, the inferred average periodicity of 21.7 ky
for the precession cycle may not be representative
for the time interval under consideration. Sec-
ondly, the exact number of small-scale CaCO;
cycles in the Trubi is still uncertain due to the
sometimes problematic identification of individual
small-scale cycles in CaCO; maxima of larger-
scale, eccentricity related cycles (see [14]). There-
fore, the ages provided by Hilgen [2] represent
only a fair approximation of the true astronomical
age of these small-scale cycles and, hence, of the
geomagnetic reversal boundaries.

In the present paper, the exact calibration of
the sedimentary cycles in the Trubi to the astro-
nomical record is discussed in detail to determine

112

F.J. HILGEN

the age of the individual sedimentary cycles as
well as of the reversal boundaries as accurately as
possible. For this purpose, we used the new astro-
nomical solution which is considered accurate in
the time domain over the last 5.0 Ma [21].

2. Sections and lithology

The lithostratigraphic term Trubi is commonly
used to denote the characteristic, whitish coloured
marls of the lower Pliocene on Sicily. A striking
feature of these Trubi marls is the pronounced
cyclic bedding on a different scale. Small-scale
CaCO; cycles are quadripartite and display grey-
white(I)-beige-white(IT) colour alternations. The
grey and, especially, beige layers represent the less
indurated, CaCOs;-poor marls [13-15]. These
small-scale cycles have been individually num-
bered from the base of the Trubi upward [14).
This numbering could be continued in the (lower
part of the) overlying Narbone Formation in which
sapropelitic layers first appear. These sapropels
are intercalated in the grey marl beds of the
small-scale CaCO, cycles. The average thickness
of the small-scale CaCO; cycles is approximately
one meter. A small number of cycles, however, is
significantly thicker. These cycles are considered
to contain an extra cycle, which lacks sedimentary
expression [14]. The exceptional thickness of these
cycles remains confined to one of the white marl
beds in these cycles.

Larger-scale CaCO; cycles can be distinguished
on the basis of the cyclic recurrence of relatively
thick, indurated and CaCO,-rich intervals. The
expression of the small-scale, quadripartite cycles
in these intervals is less obvious and the identifica-
tion of individual small-scale cycles is more dif-
ficult. Both the small-scale as well as the larger-
scale CaCOj; cycles are linked to variations in the
Earth’s orbit [13,14]: small-scale CaCO; cycles are
related to precession and the larger-scale cycles to
variations in eccentricity. In addition, some indi-
cation was found for obliquity related variations
in CaCO,%, but these variations are not directly,
relevant to the present study.

In this paper, the Rossello composite section of
Hilgen [13] is used. This composite section is
composed of the Fraclea Minoa, Punta di Maiata,
Punta Grande and Punta Piccola subsections (Figs.
1 and 2) and has been constructed using high-reso-
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Fig. 1. Locations of sections.

lution cyclostratigraphic (*bed-to-bed’) correla-
tions between subsections. The Eraclea Minoa and
Punta di Maiata subsections were correlated using
the pronounced beige layer of cycle 24 in combi-
nation with the white marlbed, which contains
white 11 of cycle 25 and grey and white 1 of cycle
26. The former occurs on top of the prominent
interval which contains the extra-ordinary thick
cycles 21 and 22, and cycle 23 of normal thick-
ness. The correlation between the Punta di Maiata
and Punta Grande subsections is based on the
whitish marl bed which contains white II of cycle
68 and grey and white I of cycle 69. Finally, the
Punta Grande and Punta Piccola subsections were
correlated on the basis of the white marl bed
which comprises white II of cycle 77 and grey and
white I of cycle 78. The characteristic thickness
and colour patterns of the cyclic bedding were
verified in a number of parallel sections (Fig. 2)
with the purpose of excluding stratigraphic com-
plications present in time equivalent sections of
the Rossello composite [22-24]. These parallel sec-
tions confirm that the Rossello composite section
contains an uninterrupted, relatively undisturbed
sequence of the Trubi and the lower part of the
Narbone Formation. To fully appreciate the qual-
ity, and thus the significance, of this composite
section, it should be realized that (1) all sections
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are excellently exposed; (2) the marls are tectoni-
cally only slightly disturbed (with the exception of
Monte San Nicola), whereas the cyclic bedding is
extremely helpful in tracing faults which otherwise
might upset the stratigraphic continuity, and (3)
the between-section cyclostratigraphic correlations
are unambiguous and are confirmed by both mag-
netostratigraphic and biostratigraphic correlat-
tions (Fig. 2).

For this Rossello composite seciion, both a
high-quality magnetostratigraphy and planktonic
foraminiferal biostratigraphy (with a sample reso-
lution of 410 ky) as well as a detailed CaCO,
record (sample resolution +5 ky) have been
established [3,14.25-27]. The polarity sequence re-
vealed that the composite ranges from the lower
reversed subchron(ozone) of the Gilbert into the
lower reversed subchron(ozone) of the Matuyama
Chron [27].

3. Astronomical calibration of the Trubi

Two conditions must be met before the Trubi
sequence can be calibrated accurately to the astro-
nomical record. Firstly, the phase relations be-
tween the CaCO; cycles and the corresponding
astronomical cycles of precession and eccentricity
must be known. Secondly, the astronomical
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calibration of the Trubi would be strongly facili-
tated by a calibration point which is already tied
to the astronomical record.

With respect to the first condition, phase rela-
tions between sedimentary and astronomical cycles
have already been established for sapropels. These
phase relations were determined by correlating
late Quaternary sapropels in the Mediterranean to
the new astronomical solution [2]. This correlation
reveals that individual sapropels correspond to
minimum peak values of the precession index,
while small- and large-scale sapropel clusters cor-
respond to eccentricity maxima connected with
the 100 and 400 ky eccentricity cycles, respec-
tively. In addition, the sequential relationships
between these sapropel cycles and the CaCO,
cycles could be established in the Punta Piccola
subsection of the Rossello composite in which
both types of sedimentary cycles co-occur. Field
observations revealed that individual sapropels
correspond to the grey marl beds in the small-scale
CaCO; cycles and that sapropel clusters corre-
spond to CaCO, minima in the larger-scale cycles.
Consequently. the following phase relations be-
tween the CaCO, cycles and the astronomical
cycles can be inferred:

Grey marl beds in the small-scale, precession re-
lated CaCOj; cycles correspond to minimum peak
values of the precession index; and

CaCO, minima of the larger-scale, eccentricity
related cycles correspond to eccentricity maxima,
or more correctly to maximum amplitude varia-
tions of the precession index related to the ec-
centricity modulation of precession.

The second condition, i.e., the necessary fixed
calibration point with respect to the astronomical
record, is more easily fulfilled because the lower-
most sapropels in the Narbone part of the Ros-
sello composite have already been astronomically
calibrated [2]. These sapropels coincide with the
topmost part of our CaCO; record.

3.1. Calibration of the larger-scale CaCOj; cycles to
eccentricity

A first-order astronomical calibration of the
Trubi is established by correlating the largest-scale
CaCO; maxima connected with the 400 ky ec-
centricity cycle to the astronomical record. These
400 ky CaCO, maxima can casily be recognized in
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the field by the regular recurrence of extraor-
dinary thick and indurated marly ‘ntervals which
encompass the small-scale cycles 1--6, 20-23, 38—
42, 55-56, 73-75 and 95-96 of the Trubi. A next
maximum is distinguishable in the wupper
(Narbone) part of the Rossello composite and
includes the cycles 112 and 113 (Fig. 3). The thus
defined largest-scale CaCOj, cycles contain 17, 19,
14,19, 21 and 17 small-scale cycles, if we consider
the top of the indurated intervals to delimit these
cycles. The average number of 18 is consistent
with our assumption that these cycles mirror the
400 ky (or more precisely 413 ky) eccentricity
cycle. This astronomical cycle should correspond
to 19 precession cycles, if 21.7 ky [19] 1s taken as
an average periodicity for precession. Extraor-
dinary thick small-scale cycles are supposed to
contain an extra cycle. and may well account for
the observed discrepancy—18 versus 19—in the
number of precession (related) cycles.

To further illustrate these 400 ky CaCO, cycles,
we applied a moving average on the total CaCO,
record of the Trubi. A 20-point moving average
was used to smooth variations in CaCO,% con-
nected with both the small-scale, precession re-
lated cycles as well as the larger-scale CaCO,
cycles linked to the 100 ky eccentricity cycle. The
filtered record clearly reveals the successive 400 ky
CaCO, cycles (Fig. 3). Only the pattern between
the fifth and sixth CaCO; maximum, as counted
from the base of the Trubi, is slightly complicated.
This is probably caused by a strong overprint of
100 ky variations in CaCO;%. The reflection of
this 100 ky cycle is clearly revealed if we use a
8-point instead of a 20-point moving average (Fig.
3). This moving average only eliminates the ex-
pression of the small-scale, precession related
cycles.

Using the inferred phase relations between the
CaCO, and astronomical cycles in combination
with the fixed astronomical calibration provided
by the sapropelitic layers, the largest-scale CaCO,
maxima can be correlated to successive 400 ky
eccentricity minima in the astronomical record
(Fig. 3). Tbis correlation yields ages of 2.81, 3.21,
3.67, 4.07 (or 3.99), 4.384.82 and 525 Ma for
these CaCO; maxima and can further be em-
ployed to correlate the distinct 100 ky CaCO,
maxima to 100 ky eccentricity minima (Fig. 3).
The latter correlation in addition provides an ex-
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planation for the observed strong overprint of the
100 ky variations in CaCO, between 3.2 and 3.7
Ma. This overprint is in perfect agreement with
the eccentricity pattern, which displays the most
pronounced 100 ky minima in this particular in-
terval. Now that these larger-scale, eccentricity-re-
lated CaCO, cycles have been astronomically
calibrated, the next step is the correlation of the
small-scale cycles to the precession record.

3.2. Calibration of small-scale CaCO;y cycles to pre-
cession

3.2.1. Cycles 1-60

Using the astronomical calibration of the
larger-scale, eccentricity-related CaCO; cycles as a
starting point, the small-scale cycles 1-60 can be
correlated straightforwardly to precession (Fig. 4).
This correlation implies that the extra-ordinary
thick cycles 6, 21, 22 and 59 each correlate with

F.J. HILGEN

two (low amplitude) precession cycles. Conse-
quently, these small-scale cycles indeed represent
composite cycles, i.e., cycles which contain an
extra cycle that lacks sedimentary expression (note
that the composite character of cycle 21 is actually
perceptible at Capo Spartivento in adjacent south-
ern Calabria, because it contains an additional
grey marl bed; author’s field observations). In
addition, cycle 41 should comprise an extra cycle.
This composite cycle had not been expected on
the basis of its thickness. Its presence, however, is
not in contradiction with the actual lithologic ob-
servations. Cycle 41 constitutes (the major) part of
the upper protruding marl bed in a succession of
two such beds which combined encompass the
small-scale cycles 38—-42 and compose the largest-
scale 400 ky CaCO; maximum dated at 4.38 Ma
(Figs. 3 and 4). The subdivision of such thick beds
into individual marl beds of the small-scale cycles
is usually complicated by their massive ap-
pearance and any attempt in this direction may

Fig. 5. Punta di Maiala. The CaCO; maximum of the largesi-scale, 400 ky cycle which encompasses the small-scale cycles 34-42. G
denotes grey marl layers and b beige marl layers.
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therefore be subject to error. In this respect, the
interpretation of cycle 41 being a single small-scale
cycle of average thickness may not be correct.
Close reexamination of the weathering profile of
the massive bed containing cycle 41, provides some
evidence for the presence of an extra cycle (Fig.
5). Our probably incorrect first interpretation
seems to have originated partly from the fact that
the two correlative precession cycles lasted less
than two times the average periodicity of a preces-
sion cycle (i.e 38 ky). Consequently, the presence
of this extra cycle is less evident {rom the increase
in bed-thickness itself.

Such periodicities, which markedly differ from
the average duration of a precession cycle, can be
held responsible for other (consistent) irregular-
ities in the thickness pattern of the small-scale
cycles as well. From the other small-scale cycles
containing an additional cycle, only cycle 21 is
almost twice as thick as a single regular cycle,
whereas cycles 6, 22 and 59 are considerably less
thick. Accordingly, the two precession cycles which
correlate with cycles 6, 22 and 59 lasted 34, 35 and
32 ky, respectively, whereas those corresponding
to cycle 21 show a combined duration of 43 ky.
Evidently, only the latter is two times the average
periodicity of precession.

The thicker-than-average cycle 20, on the other
hand, clearly represents a single and not a com-
posite small-scale cycle: this cycle does not con-
tain an extra cycle because its increased thickness
is not confined to one of the white marls, as in
composite cycles, but is distributed (more) evenly
over the individual lithologies. The correlative,
single precession cycle shows a corresponding
longer-than-average periodicity of 28 ky.

An important observation is that the presence
of these small-scale cycles with deviant thicknesses
remains confined to 400 ky CaCO, maxima, i.e.,
they occur at times of 400 ky eccentricity minima.
This observation is consistent with the astronomi-
cal theory because, during periods of 400 ky ec-
centricity minima, the contribution of the domi-
nant 23 ky quasi-period to precession is signifi-
cantly reduced and less dominant quasi-periods
may start to interfere (see also fig. 3 in Imbrie et
al. [6]).

3.2.2. Cycles 59-110

The astronomical calibration of the small-scale
cycles 59-110 is less straightforward and some
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minor discrepancies are present. The most likely
correlation is presented in Fig. 6. This correlation
starts from the assumption that cycle 59 repre-
sents a composite cycle, This is based on the fact
that the exceptional thickness of this cycle remains
totally confined to the upper white marl bed in
this cycle. This implies, however, that the preces-
sion cycle with the “prolonged” periodicity of 29
ky at 3.88 Ma does not correspond to the signifi-
cantly thicker than average cycle 64, but to cycle
63. Also the relative position of cycles 69 and 99 is
not in complete accordance with the precession
record (Fig. 6). The grey marl beds in these cycles
clearly mark 100 ky CaCO; maxima. According to
the established phase relations, these cycles should
correlate to minimum amplitude peaks of the pre-
cession index to negative values, which result from
the eccentricity modulation of precession. The
corresponding peaks in the precession record,
however, are positioned either one precession cycle
too low (in case of cycle 69) or one cycle too high
(in case of cycle 99). The latter also accounts for
cycle 104. In contrast to the preceeding cycle 103,
this cycle contains a very faint, non-laminated
sapropelitic layer. From the established phase re-
lations, it can be inferred that the grey bed of
cycle 103 and not the vague sapropelitic layer of
cycle 104 should correlate with the minimum am-
plitude peak in the precession record (Fig. 6).
Finally, our correlation implies that cycle 96 rep-
resents a composite cycle although this is not
directly evident from the thickness of this cycle
(Fig. 6). A second lithologic log obtained during
the paleomagnetic sampling campaign revealed
that this cycle is thicker than our measurements
suggest [25]. We refrained from modifying our
correlation scheme to correct for these small dis-
crepancies because even a slight modification
would immediately result in similar discrepancies
elsewhere.

A partial explanation for these discrepancies
may be found in the problematic logging of the
stratigraphic interval which ranges from cycle 70
to cycle 76. To cover this particular interval, we
had to incorporate the somewhat less clearly ex-
posed and therefore less suitable Punta Grande
subsection in our Rossello composite. At Lido
Rossello, this interval is complicated by tectonic
deformation in the uppermost part of the section.
Also at Capo Bianco it proved impossible to log
this interval in a single, continuously exposed and
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Fig. 6. Correlation of the small-scale cycles 50-109 in the Rossello composite section to the astronomical record based on the
astronomical calibration of the larger-scale cycles (Fig. 3) and the inferred phase relation with precession. See caption to Fig. 3.
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undisturbed succession (see also Fig. 2). Despite
these stratigraphic problems, an error in the log-
ging, which exceeds one small-scale cycle, can be
excluded with certainty.

The astronomical solution offers an alternative
explanation for the observed (minor) discrepan-
cies. Although the astronomical record is consid-
ered reliable in the time domain over the last 5.0
Ma [21}, slight modifications of specific details
can not be ruled out completely. Finally, the ap-
plied phase relations may represent a simplifica-
tion of the actual relationship between the sedi-
mentary and astronomical cycles. For the mo-
ment, however, these phase relations do represent
a fair and useful approximation.

Summarizing, there is in general a good
coherence between the detailed record of CaCO,
cycles and the astronomical record for this inter-
val. This coherence applies in particular to the
relative position of CaCO; maxima of the larger-
scale, eccentricity-related cycles with respect to
the corresponding eccentricity minima in the as-
tronomical record (Fig. 3). As far as the precise
calibration of the small-scale cycles 59-110 to
precession is concerned, some minor discrepancies
remain. but these discrepancies never exceed one
cycle.

3.2.3. Cycles 110-120

A more serious problem was initially encoun-
tered in correlating the uppermost cycles 110-120
to the astronomical record. A considerable dis-
crepancy with the astronomical record for this
interval would cast serious doubt on the cor-
rectness of the astronomical calibration of cycles
1-110 as presented in the previous sections.

In the uppermost part of the Rossello com-
posite section, a succession of six sapropelitic
layers can be distinguished comprising the small-
scale cycles 114-119 (Fig. 3). At Punta Piccola.
these layers actually consist of dark grey coloured
marly clays of which only the uppermost three or
four can be termed sapropels. This succession
composes a very characteristic pattern, which can
easily be recognized elsewhere in the Mediter-
ranean and which has been correlated to the pre-
cession record {2]. Consequently, these sapropels
provide fixed calibration points with the astro-
nomical record.

The five lowermost sapropels in the Rossello
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composite occur in cycles 102, 103 and 105-107
(Fig. 3) and have been correlated to the astro-
nomical record as well [2]. Tais correlation actu-
ally differs one precession cycle from the presently
advocated astronomical calibration (Fig. 6). Initial
attempts to extend this new calibration to the
calibrated succession of 6 sapropelitic layers failed
due to a substantial lack of small-scale cycles in
the interjacent interval (Fig. 3). This discrepancy
is only partially reduced if cycles 112 and 113 are
considered composite cycles. This assumption is
based on the exceptional thickness of these cycles
and the fact that they contain a relatively thick
and indurated white marl bed (Fig. 3). Unfor-
tunately, a thorough analysis of this interval is
strongly hampered by a conspicuous increase in
sedimentation rate by a factor of 2-2.5 deduced
from the overall increase in the thickness of the
sedimentary cycles (Fig. 3). From this increase in
cycle thickness, it can be inferred that the sedi-
mentation rate started to increase between cycles
108 and 110; cycle 109 represents a cycle of inter-
mediate thickness.

An alternative interpretation of this interval is
possible, however, and more plausible from our
point of view. This alternative implies that the
increase in sedimentation rate occurred higher in
the succession and that, in addition to cycles 112
and 113, cycles 110 and 111 contain an extra cycle
as well. The intermediate thickness of cycle 109 is
then explained by the longer-than-average peri-
odicity, 1.e. 28 ky, of the correlative precession
cycle (Fig. 7). According to this interpretation,
there is no discrepancy between the number of
(small-scale) sedimentary cycles and the number
of precession cycles (Fig. 7).

To find supporting evidence for this interpreta-
tion, we logged the time-equivalent part of the
(Monte) San Nicola section on Sicily (Figs. 1 and
2), because it is less affected by an increase in
sedimentation rate (Fig. 7). The succession of sedi-
mentary cycles observed in the Punta Piccola sub-
section of the Rossello composite can easily be
recognized at Monte San Nicola and essentially
confirms our interpretation (Fig. 7). Cycles 112
and 113 are twice as thick as the overlying regular
small-scale cycles 114-119 and cycle 110 and,
although to a lesser extent, also cycle 111 are
considerably thicker than the preceeding small-
scale cycles. According to the preferred astronomi-
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Fig. 7. Correlation of the small-scale cycles 97-119 in the Narbone part of the Rossello composite section to precession. Small-scale

cycles 110-113 represent composite cycles and correspond to two precession cycles. Positions of glacial isotope slages 104 to 110

(based on [26,28]) as well as the inferred positions of glacial stages 112 to 116 and their correlation to obliquity minima are also
shown (isotope stages in italics). Associated influxes of N. arlantica are marked with an asterisk. See caption (o Fig. 3.

cal calibration to precession, the composite cycle
111 has a duration of 35 ky only, whereas the
composite cycles 110, 112 and 113 lasted 42, 44
and 46 ky, respectively.

The most strongly marked increase in sedimen-
tation rate according to this option occurred
around the lowermost sapropel of the distinct
cluster of six sapropelitic layers in the uppermost
part of the Rossello composite section (Fig. 8).
This increase coincides with the first influx of

122

Neogloboquadrina atlantica in the Mediterranean
which has been correlated with glacial oxygen
isotope stage 110 of Raymo et al. [10] (see [28]).
Stage 110 represents the oldest glacial in the Plio-
cene for which extensive ice rafting in the north-
ern Atlantic can be demonstrated on the basis of
the colour variation in the DSDP sites from Leg
94 [29]. This coincidence suggests that glacio-eu-
static sealevel fall and associated lowering of the
base level of erosion invoked the observed in-
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Fig. 8. Sediment accumulation diagrams of the Monte San Nicola section and the Punta Piccola subsection of the Rossello composite
section, using the astronomical ages of the small-scale cycles. Number of the small-scale cycles in the Rossello composite and the
sedimentation rate per small-scale cycle are indicated. Also shown is the position of the glacial isotope stages 104 1o 110 [26,28).

crease in sedimentation rate. An earliest increase
in sedimentation rate is already perceptible in
cycles 111-113 at Punta Piccola (Fig. 8). This
increase may be related to glacio-eustatic sealevel
changes as well. Indications for older (less severe)
glacials are found in the isotope and CaCO; rec-
ords from DSDP Site 607 ({10]; i.e., stages 112,
114 and 116).

Finally, the stratigraphic position of glacial
stages 104 to 110, as well as the inferred position
of stages 112 to 116, and their correlation to
obliquity minima suggest that the composite char-
acter of our sedimentary cycles 110-113 is related
to the interference of precession and obliquity.
The position of glacial stages 110 to 116 matches
the position of the extra small-scale cycles which
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lack sedimentary expression in the composite
cycles. Apparently, obliquity forced glacial peri-
ods—corresponding to relative dry climatic condi-
tion in the Mediterranean Pliocene (Combourien-
Nebout, pers. commun)—counterbalanced the op-
posite effect exerted by precession minima on
Mediterranean climate—corresponding to wet
climatic conditions [16-18]—during this time in-
terval. However, this almost perfect interference
with precession is not the only factor which con-
tributed to the reflection of obliquity in the sedi-
mentary record. At the same time, the influence of
precession itself on climate was strongly reduced
due to the low amplitude variations of the preces-
sion index connected with the 400 ky eccentricity
minimum at 2.8 Ma.



4. Results
4.1. Ages of CaCO; cycles

With the accurate calibration of the CaCO,
cycles to the astronomical record, ages can be
assigned to the individual grey beds of the small-
scale cycles. Strictly speaking, a time lag between
astronomical forcing, and climate response and
deposition of small-scale sedimentary cycles must
be taken into account. For the base of the youn-
gest, Holocene sapropel, a time lag of 2-3 ky can
be inferred from the accurate AMS '*C-dating of
this lithohorizon at 9 ka [30,31] and the age of
11.5 ka for the correlative precession peak. At
Punta Piccola and Monte San Nicola, sapropels
are intercalated in the basal part of the grey beds.
The base of these sapropels, however, is not coin-
cident with the bottom of the grey beds but is
usually found somewhat higher—5-10 cm—in the
succession. Consequently, an approximate time
lag of 1 ky can be inferred for the base of the grey
beds while a time lag of 4 ky can be inferred for
the mid-points of these beds, at least if we assume
that the sedimentation rate remains constant in
the small-scale cycles. The (lagged) ages of the
small-scale cycles in the Rossello composite sec-
tion are presented in Table 1. These ages depend
critically on (1) the correctness of the proposed
astronomical calibration, and (2) the accuracy of
the astronomical solutions. As far as the first
point is concerned, this calibration can only be
400 ky or multiples of 400 ky in error, because the
largest-scale 400 ky cycle was used for a pre-
liminary first-order calibration of the CaCO; re-
cord to the astronomical (eccentricity) record. pre-
ceding the high-resolution correlation of the
small-scale CaCO, cycles to precession. The new
astronomical solution seems to be valid over the
last 5 Ma in the time domain and over at least the
last 10 Ma in the frequency domain [21].

Recently, Hilgen [2] introduced a MPRS
(Mediterranean Precession Related Sapropel) cod-
ing according to which Pliocene-Pleistocene
sapropels are coded after the correlative peak of
the precession index numbered from the Recent.
In order to incorporate also the small-scale CaCO,
cycles in this coding scheme, we substitute MPRS
for MPRC which stands for Mediterranean Pre-
cession Related Cycle. The MPRC coding for all
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small-scale CaCO; cycles in the Rossello com-
posite has been included in Table 1 as well. It
actually refers to the grey beds in the small-scale
cycles only. In principle, the beige layers can be
included in this coding scheme as well. These
layers should correlate with positive peaks of the
precession index because they represent the oppo-
site lithology in the small-scale cycles with respect
to the grey layers.

4.2. Ages of bioevents

The astronomical dating of the CaCO3 cycles
further provides new ages for the planktonic for-
aminiferal and nannofossil bioevents recorded in
the Rossello composite section. These ages have
been summarized and compared with the conven-
tional ages in Table 2. The stratigraphic positions
of planktonic foraminiferal events are based on
Hilgen and Langereis 3], Zachariasse et al. [25,26]
and Langereis and Hilgen [27]. For the nannofos-
sil events, we used the work of Driever [32].

4.3. Ages of reversal boundaries

The astronomical calibration of the CaCO,
cycles, in addition, provides very accurate ages for
the geomagnetic polarity reversals recorded in the
Rossello composite section. The stratigraphic posi-
tions of these reversals are based on a high-resolu-
tion magnetostratigraphy, which showed that al-
most the complete Gilbert and Gauss Chrons are
represented in the Rossello composite {27]. The
astronomically calibrated ages of the reversal
boundaries as well as their stratigraphic position
with respect to the MPRC-coded CaCO, cycles
are given in Table 3. In this table, the resulting
ages are further compared with the ages for these
boundaries according to more conventional time
scales. These conventional time scales are either
based on K/Ar radiometric dating of volcanic
rocks of known polarity [20,33] or on linear inter-
polation between radiometrically dated magneto-
stratigraphic calibration points in marine mag-
netic anomaly sequences (e.g. [4.34]). With the
present study, the astronomically calibrated
(polarity) time scale of Shackleton et al. [1] and
Hilgen [2] for the late Pliocene-Pleistocene has
been extended to the Miocene/ Pliocene boundary.
Consequently. this astronomically calibrated time
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scale covers now the complete Pliocene and

Pleistocene.

The astronomical calibrated age of 3.58 Ma for
the Gilbert/ Gauss Chron boundary confirms

TABLE 1

earlier conclusions that K/Ar dating yields ages

that are consistently too young (5-7%: [1,2]) This

is particularly true for the radiometrically more
accurately dated Gilbert/ Gauss, Gauss/Matuya-

Cycle number, MPRC-code, age and lagged age of small-scale sedimentary cycles in the Rosscllo composite section. Cycle number in
the Rossello composite as numbered from the base of the Trubi upwards. MPRC (Mediterranean Precession Related Cycle) coding
and (lagged) age after the correlative peak of precession as numbered from the Recent. Age refers to the age of the precession peak,
lagged age to the age of the mid-point of the correlative grey bed in the smail-scale cycle

Res  MPRC- age lagged Res  MPRC- age lagged Res  MPRC- age lagged

cycleno. code age cycleno. code age cycleno. code age
119 250 2.593 2.589 79 342 3.559 3.555 39 426 4.434 4.430
118 252 2616 2.612 78 344 3.579 3.575 38 428 4452 4.448
117 254 2639 2635 77 346 3.597 3.593 37 430 4472 4.468
116 256 2.663 2.659 76 348 3.615 3.611 36 432 4.493 4.489
s 258 2.686 2.682 75 350 3.635 3.63) 35 434 4.515 4.511
114 260 2.708 2.704 74 352 3.654 3.650 34 436 4540 4.536
113 264 2.756 2751 73 354 3672 3.668 33 438 4.563 4.559
112 268 2.800 2.796 72 356 3.690 3.686 32 440 4.586 4,582
111 272 2.835 2.831 k! 358 3.711 3.707 31 442 4.608 4.604
110 276 2.877 2.873 70 360 3.731 3727 30 444 4.631 4.627
109 278 2.905 2901 69 362 3.753 3.749 29 446 4.655 4.651
108 280 2.928 2924 68 364 3782 3.778 28 448 4.677 4.673
107 282 2.950 2.946 67 366 3.804 3.800 27 450 4,700 4.696
106 284 2972 2.968 66 368 3.826 3.822 26 452 4.723 4719
105 286 2.996 2992 65 370 3.847 3.843 25 454 4.748 4.744
c4 288 3.021 3.017 64 372 3.869 3.865 24 456 4770 4.766
103 290 3.042 3.038 63 374 3.897 3.893 23 458 4.792 4788
102 292 3.065 3.061 62 376 3.920 3916 22 462 4.826 4822
101 294 3.087 3.083 61 378 3.941 3.937 21 466 4.870 4.866
100 296 3.113 3.109 60 380 3962 3.958 20 468 4.897 4.893
99 298 3.137 3.133 59 384 3.996 3992 19 470 4.920 4916
98 300 3.158 3.154 58 386 4.015 4.011 18 472 4.942 4.938
97 302 3.179 3.175 57 388 4.036 4.032 17 474 4.964 4.960
96 306 3.215 3211 56 390 4.057 4.053 16 476 4.987 4.983
95 308 3.233 3229 55 392 4.073 4.069 15 478 5.012 5.008
94 310 3253 3249 54 394 4.091 4.087 14 480 5.035 5.031
93 312 3272 3.268 53 396 4.112 4.108 13 482 5.057 5.053
92 314 3.290 3.286 52 398 4.133 4.129 12 484 5.079 5.075
91 316 3.309 3.305 51 400 4.156 4.152 11 486 5.102 5.098
90 318 3.330 3326 50 402 4183 4179 10 488 5.128 5.124
89 320 3.351 3347 49 404 4206 4.202 9 490 5.150 5.146
88 322 3371 3.367 48 406 4227 4,223 8 492 517 5.142
87 326 3.402 3398 47 408 4.249 4.245 7 494 5.192 5.188
86 328 3423 3419 46 410 4.274 4270 6 498 5.226 5222
85 330 3.445 3.441 45 412 4.298 4.2%4 5 500 5.246 5242
84 332 3.466 3.462 44 414 4.320 4316 4 502 5.266 5262
83 334 3.486 3.482 43 416 4.341 4337 3 504 5.283 5.279
82 336 3.497 3.493 42 418 4.362 4358 2 506 5.302 5298
81 338 3518 3514 41 422 4.394 4.390 1 508 5.322 5.318
80 340 3.538 3.534 40 424 4414 4410
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TABLE 2

Conventional and new astronomically calibrated age of the
main calcareous plankton datum planes (in the Rossello com-
posite section). Also indicated in the position of these datum
planes with respect to the MPRC-coded small-scale cycles.
Uneven (MPRC) numbers refer to beige layers in the small-
scale cycles after the correlative peak of the precession index to
positive values. Position and conventional age of plankionic
foraminiferal datum planes based on Langereis and Hilgen
[27). and of nannofossil datum planes on Driever [32]

Biostratigraphic datum planes Old age New Cycle
. age
Planktonic foraminifera

N. atlantica FO 2.55* 272 262
G*. aluspira LO 3.04-3.05 3.17 302
S*. seminulina LO 3.07 321 304

reappearance 3.15-3.18 331 317
reappearance  3.20+0.00 3.35 321
disappearance 3.38:£0.01 3.55 342

G. puncticulata
G. crassaformis
G. puncuculata

G. crassafornus FO 340+0.01 3.58 345
G. margaritae LO 3.56-3.59 3.79 365
G. margaritae LCO 371+0.01 396 380
G. puncticulata FO 412-4.13 450 433

G. margaritae FCO 4.64+001 507 483
Sphaeroidinellopsis top acme 4.74+0.01 520 495
Sphaeroidinellopsis bottom acme  4.83+0.01 5290 505

Calcareous nannoplankton

D. ramalis subtop 2.87 299 286
D. pentaradiatus top paracme  3.51 3.59 346
Sphenolithus spp.  subtop 3.50 369 356
R. pseudoumbilica  subtop 3.63 386 372
D. pentaradiatus bottom

paracme 3.66 392 376
D. tamalis subboltom 3.69 3.96 380
D. asymmeiricus subbotiom 3.83 4.10 394/6

N.= Neogloquadrina; G*.= Globoquadrina; S*.=
Sphaeroidinellopsis; G. = Globorotalia; D = Discoaster; R.=
Reticulofenestra.

ma and Brunhes/Matuyama Chron boundaries
[20]. For polarity reversals older than the Gilbert/
Gauss boundary, both the absolute and relative
difference with the most commonly used conven-
tional time scale [4] increases with (increasing)
age. For the oldest astronomically dated reversal
boundary, the lower Thvera, this discrepancy even
amounts to 460 ky or 9.5%. The K /Ar age of 5.07
Ma for the Thvera from its type locality on Ice-
land [33], however. is in good agreement with the
age constraints set by the astronomical calibration
of the reversal boundaries. This finding is in con-
tradiction with our previous conclusion that K /Ar
dating results in systematically younger ages. On
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Iceland, such younger ages, however, are found
for polarity zones other than the Thvera. These
younger ages may result from the diffusional loss
of radiogenic argon; this process is supposed to
underlie the occurrence of anomalously young
K/Ar ages of lavas in otherwise ‘“‘continuous”
sequences on Iceland [33,35] and it can not be
excluded’ that most if not all samples may have
lost variable amounts of radiogenic argon [35].
For instance six out of 23 datings in the study of
McDougall et al. [33] are demonstrably too young
with respect to their stratigraphic position. Never-
theless, only the most obvious one out of four was
excluded from the 17-point age data set they em-
ployed to construct their polarity time scale on the
basis of a linear regression analysis.

This implies that the oldest K/Ar age for a
certain polarity event may approach its true age
better than the average K/Ar age. Supportive
evidence for this conclusion is provided by the
radiometric ages which are presently available for
the Reunion. The oldest K /Ar age (2.14 ka: [36])
is remarkably consistent with the astronomically
calibrated age of 2.14-2.15 Ma for this event [2],
whereas the younger ages. even if obtained from
(apparently) the same event on Reunion island,
are evidently not. This spread in ages has even led
to the supposition of the existence of a second
Reunion event [37]. Similarly, the oldest ages for
the Jaramillo and Cobb Mountain normal polarity
events may be in line with the astronomically
calibrated ages but, in these cases, it is uncertain
whether the samples actually belong to these events
because they were not obtained from a well estab-
lished polarity sequence [{20,36,38-40]. Moreover,
serious doubt on the correctness of the conven-
tional age of 0.73 Ma for the Brunhes/Matuyama
boundary hus recently been expressed on the basis
of new radiometric datings [41,42]. Except for the
Brunhes/Matuyama, this still does not provide a
satisfactory explanation for the observed dis-
crepancy between the radiometric and astronomi-
cally calibrated ages of the major (chron)
boundaries and the fact that this discrepancy is
proportionately constant. This proportional con-
stancy initially provided the reasonable argument
to suggest that the discrepancy might be explained
by a systematic error in the K/Ar radiometric
dating method, more specifically in the accuracy
of the decay constants [1,2]. This, however, is
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TABLE 3

Comparison of conventional and astronomically calibrated ages of Pliocene—Pleistocene geomagnetic polerity reversals. Also
indicated is the position of the reversals with respect to the MPRC-coding of the small-scale cycles. Uneven nu nbers refer to beige
layers in the small-scale cycles after the correlative peak of the precession index to positive values. Between brackets in the last
column is the cycle number in the Rossello composite/the sapropel coding after Verhallen [47]. M&D = [20]; McD = [48]; Ber. = [4];

Har. ={34]; Sha. ={1]; Hil. =[2]

Reversal boundary K/Ar dated Seafloor anomaly Astronomically calibrated MPRC
M&D, McD, Ber, Har., Sha., Hil,, This position
1979 1982 1985 1989 1990 1991 paper
Brunhes/Matuyama 0.73 0.72 073 0.72 0.78
Jaramilio top 0.50 0.89 0.92 0951 0.9%
Jaramillo bottom 0.97 0.94 0.98 0.97 1.07
Cobb Mountain - - 1.10 - 1.19
Olduvai top 1.67 1.76 1.66 1.65 1.77 1.79 174
Olduvai bottom 1.87 1.91 1.88 1.88 195 1.95 188 (C1)
Reunion 1 top 2.01 2.07 - 2.06 - 2.14 208 (BS)
Reunion 1 bottom 2.04 207 - 2.09 - 2.15 208 (BS)
Reunion 2 top 212 - - - - -
Reunion 2 bottom 214 - - - - -
Gauss/Matuyama 248 2.47 247 2.45 2.60 2.59,/2.62 250,252 (AS5)
Kaena top 292 291 2.92 291 3.02 3.04 290 (103)
Kaena bottom 3.01 3.00 2.9% 2.98 [3.08] 311 296 (100)
Mammoth top 3.05 3.07 3.08 3.07 [3.20] 322 308 (95)
Mammoth bottom 3.15 3.17 3.18 317 [3.32] 3.33 318 (50)
Gilbert /Gauss 3.40 3.41 3.40 3.40 [3.58] 3.58 344 (78)
Cochiti top 3.80 3.82 3.88 3.87 [4.22] 4.18 402 (50)
Cochiti bottom 3.90 3.92 397 3.99 [4.34] 4.29 412 (45)
Nunivak top 405 4.07 4.10 412 [4.52) 4.48 434 (35)
Nunivak bottom 420 4.25 4.24 426 (4.64] 4.62 444 (30)
Sidufjall top 432 a.44 4.40 4.41 [4.84] 4.80 462 (22)
Sidufjall bottom a.47 457 4.47 4.48 {4.92) 489 468 (20)
Thvera top 4.85 a7 457 4.79 [5.02) 4.98 476 (16)
Thvera bottom 5.00 494 4.77 5.08 [5.26] 5.23 500 (5)

difficult to reconcile with the K /Ar datings, dis-
cussed above, which are in complete agreement
with the astronomically calibrated ages. Such a
large error in the decay constants is also difficult
to reconcile with the supposed accuracy of these
constants on the order of 0.5% [43].

4.4. Age of the Miocene / Pliocene boundary

Finally, the astronomical calibration of the
Trubi marls provides a new age for the Miocene/
Pliocene boundary. These marls were deposited in
an open, deep marine environment after the Mes-
sinian salinity crisis had suddenly come to an end.
The base of the Trubi marls at Capo Rossello,
therefore, has been taken to define the Miocene/
Pliocene boundary [44].
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Only recently, magnetostratigraphic age cali-
bration (using the conventional time scale of
Berggren et al. [4]) allowed the assessment of the
age of the Miocene/ Pliocene boundary by linear
extrapolation of sediment accumulation rate or
(small-scale) cycle duration [3,45,46). Ages for the
Miocene/ Pliocene boundary, based on the latter
procedure, range from 4.86 [3] to 4.93 Ma [46].
These ages are considerably younger than the
traditional age of 5.3 Ma [4]. The latter age was
based on long-distance biostratigraphic correla-
tions to magnetostratigraphically dated extra-
Mediterranean sequences. The new astronomically
calibrated age of 5.32 Ma paradoxically implies a
rehabilitation of the traditional age which at that
time was based on correlation to a somewhat older
stratigraphic level.



5. Conclusions

CaCQ; cycles in the Rossello composite section
can be calibrated accurately to the astronomical
record using inferred phase relations between these
CaCO, cycles and astronomical precession and
eccentricity in combination with fixed astronomi-
cal calibration points provided by the sapropelitic
layers in the upper part of the section. A Mediter-
ranean Precession Related Cycle code is assigned
to the grey beds in the small-scale CaCQ, cycles
after the correlative peak of the precession index
numbered from the Recent. This correlation al-
lows all cycles to be dated with an accuracy of
approximately 1 ky.

The high-resolution magnetostratigraphy for the
Rossello composite section further allows the con-
struction of an astronomically calibrated Geomag-
netic Polarity Time Scale with ages for the reversal
boundaries of the Kaena (3.04-3.11 Ma) and
Mammoth (3.22-3.33 Ma), the Gilbert/Gauss
Chron boundary (3.58 Ma), and the reversal
boundaries of the Cochiti (4.18-4.29 Ma), Nuni-
vak (4.48-4.62 Ma). Sidufjall (4.80-4.89 Ma) and
Thvera (4.98-5.23 Ma). The age of the Miocene/
Pliocene boundary, as currently defined at the
base of the Trubu. is 5.32 Ma. New ages have also
been assigned for early to early late Pliocene
planktonic foraminiferal and nannofossil datum
planes in the Mediterranean.

This discrepancy between astronomically
calibrated and radiometric age assignments is pro-
portionately constant for the radiometrically most
accurately dated geomagnetic polarity reversals,
re., the Gilbert/Gauss, Gauss/Matuyama and
Brunhes/ Matuyama Chron boundaries [20]. This
suggests that a systematic error in the decay con-
stants used in K /Ar dating is responsible for the
observed discrepancies. This conclusion, however,
is not confirmed by K /Ar ages for a number of
polarity events which are consistent with the as-
tronomically calibrated ages. In these cases, the
oldest K/Ar ages provide the most accurate age
estimate suggesting that the diffusional loss of
radiogenic argon has a more pronounced and
“widespread” influence on the accuracy of K /Ar
datings than previously assumed. Also in view of
the assumed accuracy of 0.5% of the decay con-
stants [43], argon loss provides a far more plausi-
ble explanation to account for the observed age
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discrepancies between the astronomically cali-
brated and conventional time scales.
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Chapter 10

THE NEW ASTRONOMICALLY CALIBRATED TIME
SCALE FOR THE LATE PLIOCENE CONFIRMED

F.J. Hilgenl, L.J. Lourensl, A. Berger? & M.F. Loutre2

I Dept. of Geology, Inst. of Earth Sciences, Budapestlaan 4, 3584 CD Utrecht, The Netherlands
2 Inst. d'Astronomic et de Geophysique G. Lemaiire, Univ. Cath. de Louvain, Louvain-la-Neuve, Belgium

A new astronomically calibrated time scale has recently been established for the
Pliocene - earliest Pleistocenel, based on the correlation of dominantly precession
controlled sedimentary cycles to the astronomical solution Ber_902. This time scale differs
substantially from conventional time scales®4:5. In order to test the new time scale, both
precession and obliquity related frequency components were extracted from late Pliocene
- early Pleistocene climatic proxy records in the Mediterranean (Lourens et al.,
manuscript subm.) and compared with the respective orbital time series. The new time
scale is confirmed by the good to excellent coherence between the geological filtered 21 ky
components and precession and the consistent relationship between the geological 41 ky
components and obliquity. Only a slight discrepancy of 2 ky is found if we compare late
Pleistocene phase relations between orbital forcing and climate response with those
obtained for the late Pliocene. This discrepancy can be explained by a change in these
phase relations, by a very small error in the astronomical solution or by a combination of
these factors.

Climatic proxy records have been calibrated astronomically to evaluate the orbital theory of
the ice ages and to develop a high-resolution time scale for the late Pleistocene6.78. This
astronomically calibrated time scale has recently been extended into the Pliocene!l,? and even
down to the Miocene-Pliocene boundary10. It differs markedly from more conventional
(polarity) time scales3#.5 which, for this interval of time, rely on K/Ar dating. The age
discrepancy ranges from 3 to 10 % and has been related to the loss of radiogenic argon which

results in K/Ar ages that are too young10.
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To construct the new time scale, Hilgen! correlated characteristic patterns of brownish
coloured beds (sapropels) in upper Pliocene to lower Pleistocene marine sequences of the
Mediterranean to the astronomical solution Ber_902, using relationships between sapropel
cycles of late Pleistocene age and orbital precession and eccentricity (fig. 1; Ber_90 is assumed
to be accurate in the time domain over the last 5.0 MaZ2). The almost complete lack of the
expression of obliquity in the sapropel pattern is explained by the fact that these sapropels
reflect changes in wetness of regional, (circum)Mediterranean and monsoonal climate and the
relatively low latitudinal position of the Mediterranean1,12.13,14, The influence of both
precession and obliquity, however, is distinctly recorded in the oxygen isotope (8180) and
planktonic foraminiferal sea surface temperature (SST) and productivity (SSP) proxy records
(Lourens et al., manuscript subm.). In addition to precession induced, regional climatic
oscillations, these records clearly register glacial-interglacial alternations which at that time
were dominantly obliquity controlled!5:16, To test the validity of the new time scale, we
extracted 21 and 41 ky components from these climatic proxy records and compared them with
precession and obliquity.

For a thorough evaluation, however, time lags between orbital forcing and climate response
must be determined as accurately as possible. For this purpose, we used the late Pleistocene core
RC 9-181 from the eastern Mediterranean!2,17. We assigned ages of the correlative precession
peak to sapropel mid-points! and extracted the 41 ky component from the resulting 8180 time
series, using a Tukey bandpass filter (fig. 2). Subsequent cross-correlation yielded the strongest
correlation with actual obliquity if the latter was shifted 7 ky towards younger levels. Since we
had introduced non-lagged, precessional ages for the sapropels, this period of 7 ky equals the
obliquity lag effect minus that of precession. The latter can be determined accurately for the
youngest, Holocene sapropel. Comparison of A(cellarator) M(ass) S(pectrometry) 14C dates -
7.9 10 8.7 ka (Troelstra et al., manuscript in prep.) - for this sapropel and the age of 11.5 ka of
the correlative precession peak reveals that the sapropel mid-point lags precession by 3.2 ky.
The time lag between obliquity and induced ice volume changes, as recorded by 8180 in the
Mediterranean, consequently arrives at ~10 ky (namely 10-3=7), which agrees with the § - 10
ky range of published estimates6.7,18,19,

Next, we applied the same procedure to the sapropel, 8180 and planktonic foraminiferal
records from the late Pliocene - earliest Pleistocene in the Mediterranean. Again, we used
precession ages of the astronomically dated sapropels! to generate our time series. From the
8180 record, both the precession and obliquity related components were extracted. From the
SSP record we extracted the 21 ky component and from the SST record the 41 ky component,
because these records reveal the dominant reflection of precession and obliquity only (Lourens
et al., manuscript subm.). The filtered components were subsequently compared with the
respective orbital time series (figs. 3, 4). Due to the distinct reflection of the eccentricity
modulation, the 21 ky component reveals a good to excellent coherence with actual precession
(fig. 3). This coherence essentially confirms the correctness of the astronomical calibration of
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Figure 1. Astronomical calibration of late Pliocene to earliest Pleistocene sapropels in the
Mediterranean to the astronomical solution Ber_90. The correlation was established using phase
relations between late Pleistocene sapropels and astronomical precession and eccentricityl. The resulting
polarity time scale is shown on the left and bascd on magnetostratigraphic records of the
sections24.25,26 (not shown). Ages of polarity transitions (in italics) and number of MPRC
(Mediterranean Precession Related Cycle) codification of sapropels are indicated. O = Olduvai; R =
Reunion; and K = Kaena.
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Figure 2. Determination of the time Iag between the 41 ky component in 3180 and obliquity for the

Mediterranean late Pleistocenc. Non-lagged, precessional ages of sapropel mid-points! were used to
generate the time series of the 8180 record from core RC 9-18112.17 (solid line in first column). The
obliquity related component (dashed line) was extracted using a Tukey bandpass filter with a central
frequency of 0.0244 cycles per ky and a bandwidth of 0.055, and compared with obliquity (Ber_90
solution; solid line in sccond column). Cross-correlation with a resolution of 0.5 ky yielded the strongest
correlation when obliquity is shifted 7 ky towards younger levels. Sapropel numbers refer to MPRC
codification of sedimentary cycles in the Medilerranean Pliocene and Pleistocene 1,10,
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the sapropels and, thereby, the validity of the new time scale. Further confirmation is given by
the very consistent relationship between the 41 ky components in our proxy records and actual
obliquity (fig. 4). However, the calculated lag of 9 ky differs slightly but significantly from the
7 ky obtained for the late Pleistocene. This discrepancy of 2 ky can be explained by a small
error in the astronomical solution, by a change in one of the two phase relations between orbital
forcing and climate response or by a combination of these factors.

Both during the late Pliocene - early Pleistocene and the late Pleistocene, the time lag
associated with the 41 ky component in 8180 reflects the lag between obliquity and global ice
volume changes initiated at high northern latitudes. At present, it is not possible to decide
whether this time lag remained constant throughout the late Pliocene - Pleistocene. This is due
to the complexity of processes underlying the growth and decay of ice sheets20 and the fact that
the late Pliocene cannot be considered a true analogue of the late Pleistocene. There is, for
instance, a marked difference in frequency distribution of ice volume variations21,22, The
smaller dimensions of late Pliocene ice sheets nevertheless suggests a reduction of this time lag
with respect to the late Pleistocene because the response time of ice sheets is likely to be
proportional to their size20. An extra complication is that the magnitude of obliquity forced ice
volume variations did not necessarily change because, during the late Pleistocene, they occurred
superimposed on dominant 100 ky variations. It remains however difficult to explain an
increase in time lag from 10 (7+3=10) ky in the late Pleistocene to 12 (9+3=12) ky in the late
Pliocene to early Pleistocene.

On the other hand, a reduction of the lag between precessional forcing and sapropel
formation from 3 (10-7=3) ky during the late Pleistocene to 1 (10-9=1) ky in the late Pliocene -
early Pleistocene would also suffice. This reduction may be related to the almost complete lack
of precession induced ice volume changes during the late Pliocene - earliest Pleistocene!5.16,
This lack in turn may lead to a more direct thermal response of circum-Mediterranean climates
to precession induced variations in insolation. However, climate modelling experiments showed
that low latitude, tropical/monsoonal climate may lag precession by 3 ky due to direct thermal
response?3. This suggests that the 3 ky time lag associated with sapropels of late Pleistocene age
is largely independent from ice volume changes and that it remained constant throughout the
Pliocene-Pleistocene.

Finally, a small error in the astronomical solution is certainly feasible. It must be
understood that a relative error of 6.10-# in the main period of the obliquity would lead to a
discrepancy of 2 ky in the time scale after 3.106 years. This means that the corresponding
frequency must be known with an accuracy of 0.02"/year, which is very close to what we might
expect from our present-day knowledge.

For the time interval considered, the Ber_90 solution would be in agreement with the
climatic proxy records if obliquity is shifted 2 ky towards younger levels with respect to
precession. This can be realised by increasing all the precession frequencies by 0.033% and all
obliquity frequencies by 0.1%. In such a case the application of the strategy described in this
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Figure 3. Comparison of the 21 ky components in 8!80 and SSP from the Monte Singa section and
precession after Berﬂ902‘ Time series of 8180 and SSP (solid lines in the first and third column) were
established using non-lagged, preccssional ages of sapropel mid-points. Sapropel numbers refer 0
MPRC codification!-10, We added two more calibration points bascd on the correlation of quantitative
planktonic foraminiferal patterns from Monte Singa 0 the Francocastello section on Cretc where two
extra sapropelitic layers are present! (parily unpublished data). Furthermore, we made a correction for
the stratigraphic distance between the glacial isotopic stages 92 and 96 in the Singa section (Lourens et
al., manuscript subm.), which is reduced in thickness with respect to DSDP Site 60716, The correction
consisted of stretching the problematic interval to two times the average distance between the successive
glacial stages 78 10 92 in our record. The precession related components were extracted using a Tukey
bandpass filter with a central frequency of 0.0476 cycles per ky and a bandwidth of 0.106. A 21 ky
period was selccted to extract information from the proxy records connected with both the 19 and 23 ky
main quasi-periods of precession. Filtered components are shown by dashed lines in the first and third
column and by solid lincs in the second and fourth column. In the fifth and last column, they have been

normalized to precession (solid line) arc shown by a dashed (5‘80) and a dotted (SSP) line.
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Figure 4. Comparison ol the 41 ky components in 8180 and SST from the Monte Singa section
(southern Calabria, ltaly) and obliquity afier Ber_90. Time serics of 8180 and SST (solid lines in the
first and third column) were established using non-lagged, precessional ages of sapropels. The obliquity
components were extracted using a Tukey bandpass filler with a central frequency of 0.0244 cycles per
Ky and a bandwidth of 0.055. Filtered components are shewn by dashed lines in the first and third
column and by solid lines in the second and fourth column. In the fifth and tast column, they have been
normalized 10 obliquily (solid line) and arc shown as a dashed (6“(0) and a dotted (SST) line. Cross
correlation with a resolution of 0.5 ky yiclded the strongest correlation when obliquity is shifted 9 ky
towards younger Jevels for both proxy records.

137



paper would lead to a phase lag of 3 and 10 ky between proxy data and orbital parameters in the
precession and obliquity bands, respectively, throughout the whole Pliocene-Pleistocene.
However, at the present time such a change of the frequencies cannot be attributed to any
physical process in the astronomical calculations, but can just be seen as a means to build an
astronomical solution (further refer to as BL91) which fits one particular set of geological data.
As a conclusion, the origin of the discrepancy will have to be looked for not only in further
refinements of the astronomical solution, but also in additional comparisons between other
climatic proxy records and the astronomical solutions, in improving the transfer function of
these proxy data and in modelling the response of the climate system to the astronomical forcing
over the last 3 Ma with a particular atttention paid to the phase relations between insolation,

simulated climate and proxy records buried in the sediment.
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