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Samenvatting 

Een van de meesl opvallende waarnemingen 
in de geofysica is het feit dat het aardmagneet
veld in het geologisch verleden herhaaldelijk van 
polariteit is gewisseld. De polariteitsovergangen 
van de laatste 165 miljoen jaar zijn nauwkeurig 
gedocumenteerd door hun continue registratie als 
mariene magnetische anomalie~n aan weers
zijden van spreidende mid-oceanische ruggen. 
De (veranderingen in de) frequentie waarmee po
lariteitsomkeringen optraden gedurende hel geo
logische verleden kunnnen ons iets vertellen om
trent langperiodische veranderingen - gedurende 
miljoenen jaren - in processen die plaatsvinden 
in de ondermantel en de buitenkern van de aarde, 
en daarmee iets over de oorsprong van processen 
die van invloed zijn op het aardmagneetveld en 
het ontstaan daarvan. Hel onderwerp van dit 
proefschrift houdt zich echter met een totaal 
andere tijdsdimensie bezig: dal van de individu
ele polariteitsomkeringen die plaatsvinden in 
'luttele' duizenden jaren. 

De karakteristieke veranderingen van het 
aardmagneetveld vlak voor, tijdens en vlak na 
een polariteitsomkering kunnen ons helpen iets 
meer te weten te komen over de oorsprong van 
het aardmagneetveld, en met op welke wijze een 
polariteitsovergang plaatsvindt. De natuurlijke 
remanente magnetisatie (NRM) van lavas en 
sedimenten bevat informatie omtrem het aard
magneetveld ten tijde van het ontstaan van deze 
gesteenten. Een opeenvolging van lavastromen 
levert weliswaar zeer betrouwbare maar discon
tinue informatie vanwege hel feil dat hel aard
magneetveld aileen dan geregistreerd wordl op 
het moment dat er een lavastroom is uitgevloeid. 
Dat geschiedl in het algemeen echter zelden ten 
opzichte van de snelle geomagnetische verander
ingen tijdens een polariteitsomkering. Een op
eenvolging van sedimenten daarentegen, repre
senteert een vrijwel continue registratie van 
veranderingen in het aardmagneetveld, omdat se
dimentatie in hel algemeen beschouwd wordt als 
een continue proces. In dit proefschrift worden 
polariteitsomkeringen uit de Gilbert en Gauss 
Chrons onderzocht dic zijn gcregistrcerd in de 
maricnc mcrgels van Sicilic cn Calabri~ (Zuid 
Itali~). Samcn mCl acht omkeringen dic al cerder 
door J.H. Linsscn (1991) voor dit tijdsinterval 
onderzocht zijn, vormen zij een volstrekt unieke 
serie van 13 opeenvolgendc transities. Van de 13 
verschillcnde transilies zijn er vijf dubbel 
bcmonsterd waarvan steeds een in Sicilie en een 
in Calabri~. De geografische afstand tussen dc 
beidc gebiedcn is ongeveer 250 km. De Gilbert 

en Gauss Chrons vormen een aaneengesloten 
tijdsinterval van 5.4 tot 2.6 miljoen jaar geleden. 
De 13 omkeringen vonden plaats tussen 5.27 en 
2.92 miljoen jaar geleden, en een dergelijke 
opeenvolging geeft in principe een uitmuntende 
gelegenheid om het gedrag van het aardmagneet
veld tijdens omkeringen over een langere tijd te 
vervolgen, en te zien of zich daarin veran
deringen voltrekken, bijvoorbeeld op een termijn 
van enkele miljoenen jaren. De dubbele registra
ties vormen dan ecn extra controle op de be
trouwbaarheid waarmee de onderzochte sedi
menten hel veranderende geomagnelische veld 
vastleggen. Immers, op wereldschaal vormen 
beide gebieden een practisch eenzelfde locatie 
alwaar geomagnetische veranderingen identiek 
lOuden moeten zijn. 

De Pliocenc sedimenten van Sicili~ waren 
eerder magnetostratigrafisch in detail onderzocht 
(Langereis en Hilgen, 1991), en dus was de 
exacte locatie van de omkeringen in het sediment 
goed bekend. De sedimenten bestaan uit mariene 
mergeIs en bevatten een afwisseling van klein
schalige cycli die samenhangen met de preces
siecyclus van de Aarde, met een gemiddelde 
periode van ongeveer 21.700 jaar. Elke cyclus 
heeft een gemiddelde dikte van ongeveer een 
meter en bestaat uit een grijze, witte, beige en 
witte mergellaag. In de sedimenten van Calabri~ 

is de wit-beige-wit opeenvolging echter aanwe
zig als slechts een enkele witte laag. De grijze 
lagen correleren mcl minima in de precessie
cyclus (Hilgen, 1991) en dit gegeven maakt het 
in theorie mogelijk om eventuele veranderingen 
van hel aardmagneetveld zcer nauwkeurig in de 
tijd te plaalsen, lOwel qua oudcrdom als qua 
duur. Belangrijker nog was hct feit dat de 
magnetostratigrafische resultaten een perfecte 
correlalie met de (slandaard) magnetische 
tijdschaal lalen zien - hetgeen een primairc 
oorsprong van dc magnelisatie zecr aannemelijk 
maakt - en tezamen met de goede magnetische 
cigenschappen van hCl sediment leken deze bij 
uitstek geschikl voor een gedctaileerd onderzoek 
van het gedrag van hel aardmagneetveld tijdens 
polariteilsomkeringen. 

Detail onderzoek van omkeringen vereist een 
gedegen aanpak van elke aspect vanaf het mo
ment van bemonsteren - waaraan zeer vcel aan
dacht werd besteed - tot aan de uileindelijke 
interpretatic van de grote hoeveelheden gegevens 
die noodzakelijk zijn voor dit lype onderzoek. In 
hel bijlOnder moet eerst nauwkeurig bepaald 
worden in hoeverrc het sediment geschikl is, oak 
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voor het registreren van zeer snelle geomag
netische veranderingen die - naar men aanneemt 
- optreden tijdens een omkering. Het eerste deel 
(Part 1) van dit proefschrift behandelt daarom 
hoe de onderzochte sedimenten hun remanente 
magnetisatie verkregen. 

De kenmerken die te voorschijn kwamen uit 
met name de uitgebreide demagnetisatieprocedu
res lieten zien dat de diepte waarop de NRM in 
het sediment vastgelegd wordt tijdens de afzet
ting, niet constant is (Chapter 1). De variatie 
hierin is zelfs zodanig dat een en dezelfde omke
ring op verschillende intervallen in de sediment
kolom geregistreerd wordt. Opvallend is tevens 
dat sterke richtingsveranderingen in de NRM 
vaak voorkomen op lithologische grenzen, name
lijk op die van de verschillend gekleurde mergel
lagen. Hieruit kon al snel geconcludeerd worden 
dat de waargenomen richtingsveranderingen 
voornamelijk het gevolg zijn van processen 
tijdens de sedimentatie, en niet het de details van 
het werkelijke gedrag van het aardmagneetveld 
weergeven. 

Men spreekt van intermediaire richtingen 
wanneer ze duidelijk verschillen van de richting 
die men kan verwaehten als het aardmagneetveld 
in een stabiele LOestand verkeert, namelijk de 
richting behorend bij een dipoolveld dat onge
veer volgens de rotatieas van de Aarde gericht is. 
Nu blijkt eehter dat wanneer men de waargeno
men stabiele richtingen van v66r en na een om
kering filtert met cen 'moving window', men een 
(model)registratie van de omkering verkrijgt met 
eigensehappen die zeer goed overeenkomen met 
de werkelijk waargenomen registratie (Chapter 
2). Dit suggereert dat de waargenomen inter
mediaire riehtingen tenminste voor een belang
rijk deel het resultaat zijn van de filterwerking 
van het sediment. Het maakt het tevens waar
schijnlijk dat eventuele snelle veranderingen van 
het omkerende veld grotendeels of zelfs geheel 
verborgen blijven. 

De dubbele registraties, met een onderlinge 
afstand van 250 km, laten niet die over
eenkomsten zien die men mag verwachten als 
sleehts geomagnetische veranderingen 
vastgelegd zijn. Bijvoorbeeld, de intervallen met 
intermediaire richtingen vertonen duidelijke 
verschillen in lengte (dum), of dezelfde 
omkeringen vertonen niet dezelfde intermediaire 
richtingen, terwijl zelfs het niveau in het 
sediment waar de omkering plaatsvindt (of lijkt 
te vinden) niet altijd overeenkomt. 

Om die redenen is mede op basis van 
gesteentemagnetische en geochemische waar
nemingen een model ontwikkeld (Chapter 3) dat 
als doe! heeft de verschillen in (dc diepte van 
het) vastleggen te verkJ<lrcn, en om de filter

werking van het sediment te verduidelijken. 
Volgens dit model wordt een magnetisatie die 
gedragen wordt door zogeheten 'secundaire 
magnetiet' gesuperponeerd op een magnetisatie 
in 'primaire magnetiet' die al eerder - vrijwel 
meteen tijdens afzetting - ontstond. De NRM 
gedragen door secundaire magnetiet wordt een 
aantal duizenden jaren na die van primaire mag
netiet verkregen. Dit houdt in dat wanneer deze 
secundaire magnetiet gevormd wordt na een 
omkering, terwijl (op hetzelfde niveau) de 
primaire magnetiet reeds de riehting van voor de 
omkering heeft vastgelegd, de resulterende mag
netisatie de vectoriele som is van twee min of 
meer antiparallelle richtingen. De mate waarin 
superpositie, of zelfs substitutie plaatsvindt hangt 
klaarblijkelijk af van de reducerende en oxi
derende omstandigheden in het sediment, terwijl 
de maximum diepte tot waarop dit proces in
vloed heeft ongeveer een meter (of soms meer) 
is. De details van het omkeringsproces worden 
hierdoor in belangrijke mate verstoord, hoewel 
het sediment verder even geschikt blijft voor 
magnetostratigrafische doeleinden. Desalniette
min lijkt het erop dat de sedimentaire registraties 
van deze omkeringen LOch nog belangrijke infor
matie bevatten omtrent het omkeringsproces. Het 
blijkt dat opvallende kenmerken die waargeno
men zijn in (als betrouwbaar geldende) vulka
nisehe gesteenten ook te zien zijn in deze se
dimenten, zoals typische en vaak terugkerende 
eonfiguraties ('clusters') van het omkerende veld 
(Hoffmann, 1992). Aangezien tevens de geo
grafisehe posities van die clusters sterk over
eenkomen met die van andere geofysische waar
nemingen, zoals gebieden met hogere seismische 
snelheden in de ondermantel, lijkt er niet van 
toeval sprake te zijn en wint derhalve een oor
zakclijk verband aan waarsehijnlijkheid. 

In het tweede deel van dit proefschrift wor
den de individuele registraties besproken, inclu
sief hun details op gesteentemagnetisch gebied. 
Een zekere dichotomie in de interpretaties van 
gelijksoortige waarnemingen is onvermijdelijk 
aanwezig, aangezien cen aantal registr<lties, c.q. 
hoofdstukken uit dit proefschrift, reeds gepubli
eeerci waren voordat de konsekwenties van de 
vroeg-diagenetische veranderingen (de secun
daire magnetiet zoals hierboven genoemd) volle
dig bckend waren. Daarnaast werd pas in een 
later stadium gerealiseerd - naar aanleiding van 
de zeer anlangs gepublieeerde 'Hoffmann 
clusters' (Hoffmann, 1992) - dat enkele opval
lende cigenschappen in de sedimentaire registra
ties opmerkelijk gacd eorreleren met deze 
wuurschijnlijk rclatier lungdurige - clusters uit 
vulkanieten. 
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Om die redenen, tenslotte, is in het laatste 
hoofdstuk getracht de meest opvallende ken
merken van de volledige sequentie van 13 opeen
volgende polariteitsomkeringen - met inbegrip 
van de registraties uit Calabrie - op een rij te zet
ten, lOwe! ten aanzien van de sedimentaire arte
facten a!s ten aanzien van werkelijk geomagne
tisch gedrag. Echter, blijkt ook dat een echt 
betrouwbare vergelijking met vulkanitische 
registraties bemoeilijkt wordt door het niet of 
nauwelijks beschikbaar zijn van registraties in 
lavas van juist de omkeringen die het onderwerp 
van de huidige studie zijn. Pas als die 
beschikbaar komen kan in betrouwbare mate de 
vraag beantwoord worden in. hoeverre de onder
zochte sedimenten werkelijk geschikt zijn voor 
het bestuderen van (kenmerkende eigenschappen 
van) het aardmagneetveld tijdens omkeringen. 
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Summary 

One of the most fascinating phenomena of 
geophysics is the fact that in the geological past 
the Earth's magnetic field has frequently reversed 
its polarity. These polarity transitions are 
accurately established during at least the past 
165 Myr - from their recording in the ocean 
floor: the marine magnetic anomalies. The 
(changes in) reversal frequency during the geolo
gical past may tell us something about long-term 
changes in the lower mantle and outer-core 
processes, and hence constrain the origin of the 
field itself. The subject of this thesis, however, 
deals with an entirely different scale of time: that 
of individual polarity reversals, taking place in 
several thousands of years. 

The characteristics of the geomagnetic field 
during a change in polarity may help us to 
unravel the processes that govern the origin of 
the geomagnetic field and its transitions. The 
natural remanent magnetisation (NRM) of lava's 
and sediments contains information of the Earth's 
magnetic field at the time of formation of these 
rocks. A sequence of lava flows represents spot 
readings scattered in time since the Earth's 
magnetic field is only recorded when intermittent 
individual lava flows cool after their extrusion. A 
sedimentary sequence may give a more continu
ous registration of the Earth's magnetic field in 
the past because sedimentation is - assumedly - a 
continuous process. In this dissertation, geomag
netic polarity transitions from the Gilbert and 
Gauss Chronozones, recorded in marine marls 
from Southern Italy will be discussed. Together 
with eight transitions from the thesis by J.H. 
Linssen (1991) they form a sequence of I3 
successive transitions, five of which were 
sampled as duplicate records from two parallel 
sections, one on Sicily and one in Calabria. The 
distance between the two sections is approxima
tely 250 kilometres. The I3 transitions have 
taken place between 5.27 and 2.92 million years 
before present. This sequence would give a 
unique opportunity to study the time dependent 
transitional behaviour of the geodynamo. The 
duplicate records are an extra control for the 
reliability of the sediment to record the 
transitional geomagnetic field, because on a 
global scale the sampling sites of the duplicate 
records are at the same location and hence the 
directional behaviour should be identical. 

The Pliocene sediments from Sicily have 
been the subject of detailed magnetostratigraphic 
studies (Langereis and Hilgen, 1991), and which 
studies have revealed the the precise location of 
the transitions. These sediments are made up of 
an alternation of small scale cycles that are 
related to the precessional cycle of the Earth 
with an average period of approximately 21.7 
kyr. Each individual cycle consists of a grey, 
white, beige and white layer and has an average 
thickness of one metre. In the Calabrian sedi
ments a white, beige, white alternation is repre
sented by one single white layer. The grey layers 
can be correlated with the minima in the preces
sional cycles (Hilgen, 1991) and this makes it 
possible to establish very precise time constraints 
of the observed directional changes. In addition, 
the perfect correlation of the magnetostrati
graphic results to the standard geomagnetic 
polarity time scale, as well as the high 
(paleo)magnetic quality of the data, made the 
sediments seem extremely suitable for studies of 
geomagnetic polarity reversals. 

The detailed study of sedimentary reversal 
records requires careful attention to every aspect 
along the trajectory from sampling to interpreta
tion of the final results. In particular, the ability 
of the sediment to record (rapid) geomagnetic 
changes must be thoroughly investigated. For 
this reason, Part I of this thesis is dedicated to 
the mechanisms of NRM acquisition in these 
sediments. 

The characteristics of the demagnetisations 
of the remanence have revealed that - during 
deposition - the depth below the sediment/water 
interface where the direction of the geomagnetic 
field is acquired, is not constant (chapter 1). A 
same transition can be recorded at different 
levels in the sediment column. In addition, 
several directional changes appear to take place 
at lithological boundaries of the sedimentary 
cycles. Therefore, the directional changes of the 
remanence as a function of the stratigraphic level 
are sedimentary artefacts rather than a true repre
sentation of the changing geomagnetic field. 

Directions are intermediate when they are 
clearly deviating from the direction of the Earth's 
stable axial dipole field. It appears that if a 
moving window is applied that filters the stable 
directions observed before and after a transition, 
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synthetic reversal records are produced that show 
virtual geomagnetic poles (YGPs) fitting the 
observed YGP paths very well (chapter 2). This 
suggests that the observed intermediate direc
tions during the transitions are at least partly 
result of a filtering mechanism in the sediment 
and that the real (high frequency) features of the 
geomagnetic field are obscured by this process. 

The duplicate records with a separation of 
some 250 km do not show the similarities which 
are expected if they were accurate registrations 
of the geomagnetic field. For instance, the 
lengths of stratigraphic intervals with intermedi
ate directions are different, the same transitions 
from the two locations do not have the coeval 
intermediate directions and the levels in the sedi
ments where the transitions are recorded are dif
ferent. 

Based on the results of ample rock mag
netic and geochemical studies, a model has been 
developed (chapter 3) to explain the variation of 
the depths at which the remanence is acquired 
and to clarify the filtering process. In this model, 
it is suggested that a remanence residing in 
"secondary magnetites" is superposed on the 
remanence of "primary magnetites" acquired 
during deposition of the sediment. The rema
nence of the secondary magnetites is acquired 
(several) thousands of years after that of the 
primary magnetites. Hence, if the secondary 
magnetites were formed after a polarity 
transition occurred, and the primary magnetites 
before that transition, then the resulting rema
nence is the vector sum of the two - more or less 
antipodal - directions. The extent to which 
superposition takes place is dependent on the 
reducing and oxidizing environment of the 
sediment. The maximum depth at which super
position can take place is approximately one 
metre (or more) below the sediment/water inter
face. The registrations of details of polarity tran
sitions, therefore, may be partly distorted, while 
the sediment is still very suited for magneto
stratigraphic work. It cannot be ruled out, how
ever, that the sedimentary transition records 
contain some information of the reversing mag
netic field, since some characteristics observed 
in volcanic records are also visible in these 
Southern Italian records. For example, typical 
recurring YGP clusters based on evidence from 
some lava flows (Hoffman, 1992) are also seen 
in our sedimentary records. Further, the coinci

dence of these clusters with other geophysical 
observations, such as higher seismic velocity 
patterns in the lower mantle, is remarkable and 
strongly suggests a relationship. 

In Part 2 of this thesis, the individual 
records are presented, and their details - inclu
ding (often) the rock magnetic properties of the 
sediments - are discussed. There is inevitably a 
certain dichotomy, since several records 
(chapters) have been published before the conse
quences of the early diagenetic magnetite forma
tion (the "secondary magnetite" as referred to 
above) was fully realised. In the later established 
records, for instance that of the Gilbert/Gauss 
transition (chapter 8), it was recognized that 
particular features are present in our sedimentary 
records that correlate remarkably well with the 
suggested long-lived YGP from lava flows. 

Therefore, in the last chapter (Part 3) a 
review is presented that attempts to catalogue 
the characteristics of the entire sequence of 
reversal records - including those of Calabria - in 
relation both to sedimentary artefacts and true 
field behaviour. But a reliable comparison with 
lava records is hindered by the scarcity, or rather 
absence of such records of the same transitions 
as recorded here. Such a comparison must give 
the answer to the question: to which extent are 
sediments suitable for the study of (long-lived) 
features of the Earth's magnetic field during 
reversals. 
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PARTl 
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Chapter 1 

Reversal records in marine marls 
and delayed acquisition of 
remanent magnetization 
A. A. M. van Hoof & C. G. Langerels 

Palaeomagnetic Laboratory 'Fort Hoofddijk', Budapestlaan 17, 3584 CD, 
Utrecht, The Netherlands 

RECORDS of geomagnetic reversals 'frozen' into the magnetic 
components of sediments provide a means to study tbe time
dependent bebaviour of tbe geomagnetic field during polarity 
transitions. Altbougb sedimentary records have the advantage of 
being readily available and continuous, the process by whicb tbey 
acquire a remanent magnetization is still not fully understood I • 

Magnetites, which lose tbeir magnetization at relatively bigb 
temperatures (:E;586 °C), are generally considered to carry tbe 
primary remanence of the sediment-tbat is, to record the 
palaeomagnetic direction. Here we describe two reversed-to-normal 
transitional records from marine marls in wbicb tbis high
temperature component sholl'S a delayed remanence acquisition 
relative to a lower-temperature component. In tbese samples, 
tberefore, the high-temperature component does not reflect geo
magnetic cbanges during the reversal. At least for marine marls, 
detailed palaeomagnetic, rock-magnetic and geochemical 
studies are apparently necessary to judge the validity of reversal 
records. 

The two studied (R-N) reversals are the lower Nunivak and 
the lower Cochiti, and are from a succession of 14 reversals 
which were identified by detailed magnetostratigraphic studies 
of marine marls on the southern coast of Sicily2. These marls 
are exposed as sedimentary cycles', each of which shows a 
characteristic colour layering (see Fig. 2 legend). The sedimenta
tion rate is -5 em kyr- I (ref. 4). 

The two reversals have been sampled in a cliff section near 
Eraclea Minoa'. Removal of the weathered surface exposes the 
(blue coloured) fresh marls. Oriented cores were taken more or 
less parallel to the bedding plane, with an accurately determined 
stratigraphic spacing. The spatial resolution is a few millimetres, 
corresponding to a temporal resolution of <100 yr. But the 
specimen diameter (25 mm) will smooth the remanent magnetiz-
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ation over at least 500 yr. 
Typical thermal demagnetizations are characterized by a vis

cous and/or secondary component removed below 200°C, a 
low-temperature (LT) component removed between 200 and 
480°C, and a high-temperature (HT) component carried by 
single-domain magnetite6 and which is removed at 580°C. 
Occasionally, slightly higher maximum blocking temperatures 
are found which indicate the presence of cation-deficient mag
netite7

,8 (Fig. Ie, e). 
The LT component decays most strongly between 200 and 

330-360 °C. Often, there is almost no decay between 360 and 
480 °C, but some scatter may be observed which is possibly due 
to magnetic minerals being formed during heating. The HT 
component decays most strongly between 540 and 580 °C. This 
results in a distinctive and narrow peak in the blocking tern· 
perature spectrum which is consistently found not only in the 
Pliocene marls of Sicily2.' and Calabria8

••, but also in late 
Miocene marine marls elsewhere in the Mediterranean10.11. The 
typical HT and LT components recognized in these marls have 
essentially the same direction, including an inclination error; in 
southern Sicily these directions also include an average 35 0 

tectonic rotation. In addition, the observed polarity patterns 
result in an excellent correlation with the geomagnetic polarity 
timescale 2. Apparently, both components have been acquired 
during or shortly after deposition of the sediment. A slightly 
delayed acquisition of normal remanent magnetization 
(NRM)-having no serious effect on the magnetostratigraphic 
record-may significantly disturb a record of rapid geomagnetic 
field changes such as occur during a polarity reversal. 

Demagnetization diagrams of the different stadia throughout 
the lower Nunivak transition (Fig. 1) show that the two com
ponents were acquired at different times (Fig. 2). The HT com
ponent is stably reversed until -23 em, then there is an abrupt 
change to normal polarity taking place within 1-2 em (for expla
nation of how levels were assigned, see Fig. 2). The transition 
to normal polarity of the LT component is located -35 em above 
the HT reversal and is more gradual. (Note also that the LT 
component shows normal declinations near -15 em, in the upper 
part of the lower white layer.) 

A stable HT component residing in magnetite is generally 
taken to be primary. In a record where the HT component is 

FIG. 1 Representative thermal demag
netization diagrams of the lower Nunivak 
(LN) reversal. Stratigraphic level in em 
(left-hand axis) refers to the stratigraphic 
column of Fig. 2. Solid (open) symbols 
are horizontal (vertical) projections. Tem
perature steps below 200 OC are not 
shown in order to enhance the details at 
seen higher temperatures. Intensities of 
LT and KT are given in each diagram. 
Temperature steps are 200. 250, 300. 
330, 360, 390, 420, 450, 480. 510. 540. 
560,580 °C. a, the KT and LT components 
are both clearly reversed and include the 
350 rotation; b shows the same. except 
that at the highest temperatures 
(>540°C) there is a tendency to normal 
directions and the intensity of the KT 
component decreases significantly; e, the 
KT component has a normal polarity. 
whereas the LTcomponent is still clearly 
reversed-both components are low 
intensity; d, the KT component is normal. 
and the LT component shows an inter
mediate direction: Wand up; e. the LT 
component has a north direction, but the 
inclination is still very shallow; f. both 
components have approximately the 
same normal polarity direction. including 
the familiar 350 rotation, and ttie 
intensities have largely recovered to pre
reversal values. 



reversed and the LT component is normal, the latter is easily 
interpreted to represent a (partial) overprint by secondary (sub
recent) remanences. But if the LT component is reversed and 
the HT component is normal, as observed in the lower Nunivak 
reversal record, then the LT component is not a secondary 
overprint. Apparently, Uust) after the R-N geomagnetic field 
transition has occurred, the HT component records, at a certain 
depth below the sediment/water interface, the existing (N) 
geomagnetic field, whereas at that depth the LT component has 
already locked into the previously existing (R) geomagnetic 
field. Thus, there is a lag in magnetization between the two 
components. In the lower Nunivak record, this lag is -35 em, 
corresponding to -7 kyr. 

There appears to be a relation between lithology and (timing 
of) acquisition of the two components. This is illustrated by the 
results of the next R-N reversal, the lower Cochiti (Fig. 3). In 
the upper part of the record, the grey layer shows a simultaneous 
reversal of both LT and HT components at a stratigraphic level 
of 85 em, implying no time lag. In the beige layer, between levels 
35 em and 25 em, the HT component is normal and the LT 
component has already locked the prereversal (R) geomagnetic 
field indicating a lag of 10 em. From 25 em down to 15 em the 
results are ambiguous; the HT component has been interpreted 
as reversed, but normal polarities are already found at the highest 
temperatures (similar to the lower Nunivak example of Fig. Ib). 
The lag may therefore be slightly larger, by as much as 10 em. 
Thus, it appears that the HT component lags the LT component 
of 35 em (lower Nunivak) and lO-20 em (lower Cochiti) in the 
beige and white layers, where in the grey layer there is no 
apparent lag. 

The lower Cochiti record (Fig. 3) could be interpreted as a 
reversal with a complex geomagnetic field behaviour; either as 
a R-N transition followed by a R 'rebound' or as a R-N 
transition preceded by a N 'excursion'. But we find it difficult 
to believe that the normal polarities in the beige and white layer 
between levels 35 and 65 em are due to geomagnetic field 
changes, whereas those between levels 25 and 35 em are clearly 
due to a lag in magnetization. We therefore conclude that the 
normal magnetizations of both the HT component (between 
levels 15-25 and 65 em) and the LT component (between levels 
35 and 65 em) are caused by a delayed NRM acquisition. The 
absolute timing of the delay is difficult to assess, because the 

Lower Nunivak 
, 

60 L ' : N\~: 

E : O~f":·f' 
: BOO 

Gi 

u 

1 : o~ : 

'~ , 1\8 0 
.~ 0 I ~ I 

.c I CQJ r.~.lit ·10 '&:8 , 

.~. 0: o~:- ~ 
l 

~ :::] !·T: i ~. 

-50 I I, , 
·60 ,1'1,,1"1 

180 360 -90 0 90 

Declination (degJ Inclination (degJ 

FIG. 2 Declinations and inclinations during the lower Nunivak reversal. Open 
(closed) symbols denote LT (HT) directions. The LT component reverses 
polarity -35 em higher than the HT component and shows more scatter. 
The weathering colours (carbonate contents') of each sedimentary cycle 
are grey (70%). white (800/0). beige (60%) and white (80%), whereas fresh 
colours Show more gradual changes from dark blue to light blue. Dots in 
the lower white layer refer to brown oxidation spots. The O-em level was 
(arbitrarily) put at a clearly recognizable (sedimentary) level. 

Lower Cochiti 

150 
I I I I 
I I I I 
I <101 I 0 • ) 

140 

130 : X.: m': ~t 
I co llit_ &~ I _ 

I aq- ,oepo 
110 

120 

I 0 ~ I oeM· 
I Colo Cl I QIioo,Q 

100 I ~ I QoIIOO 

1 ([Q)~: -..tIllJ1 
E 90 I I 0 • _ ,(D,."
<.> 

: .~e:oooo". ~I-::0: I,"80 
a; 
> 70 :~~ I 4) I 
~ :.O·O~£ .~ 
.~ 60 O? , ... : c90~. 

,0 0 g' I ~ , 0 00 ~'8,50 
os , 0",1" 0 'a>~0,40 o Ocll" I 0 OQa.., 

, :, 0 ': 9'00 .',
I Q:l 1-. 8>0 :...~~30 
;~ ~ I~00 20 , f. :J ..: 

10 1':;- ~ I 
loQo • 1 

:~- -~~:
-10 

1 - ijI oC)O I 
I :0 0 r.;0 ,

0-20 

::~~ o~~ :-30 
1 • co rio I 
1'0 0 Q:jI, 

::~~-'--+I~~-~'"~+r-r; ~~ 
180 360 -90 0 90 

Declination (degJ Inclination (degJ 

FIG. 3 Declination and inclinations during the lower Cochiti reversal. See 
also Fig. 2 legend. The record shows three 'polarity reversals', respectively 
R-N. N-R and N-R. in both the HT and LT directions, 

actual reversal may take place anywhere upwards of the level 
where both components have consistently the same polarity (the 
lO-cm level in the lower Nunivak; the 95-cm level in the lower 
COChiti). The stratigraphic distance between this level and the 
lowest level that shows a delayed acquisition, provides a 
minimum estimate of the absolute depth of the lag. In the lower 
Cochiti for instance, this amounts to an absolute lag of at least 
70-80 (60) em for the HT (LT) component, corresponding to a 
delay of 14-16 (12) kyr, 

The origin of the LT and HT components is likely to be related 
to physical and chemical processes below the sediment/water 
interface, resulting in diagenetic alteration and authigenic for
mation of magnetic minerals I. The HT component is carried by 
fine-grained single-domain magnetite6 which may be ofbiogenic 
origin (see refs 12-14), Indications of biogenic magnetite were 
found in late Miocene marls from Cretel2 which show exactly 
the same demagnetization characteristics" as the marls studied 
here_ The sharp decay of the HT component between 540 and 
580°C and the corresponding narrow peak in the blocking 
temperature spectrum may be characteristic ofultra-fine-grained 
single-domain magnetite in a narrow grain size and possibly of 
biogenic magnetite, The origin of the LT component is uncertain. 
The strong decay of this component between 200 and 330-360 °C 
may indicate that either pyrrhotite or greigite may be a carrier 
of the remanence. Indications of pyrrhotite have been found in 
similar marine marls from Calabria', Microbially mediated sul
phate reduction to pyrite below the iron-reduction interval in 
suboxic (to anoxic) sediments ma~ have produced intermediate 
authigenic forms like greigite'" 6. On the other hand, the 
observed decay between 200 and 330-360°C may also be an 
indication ofmaghemite17

, which may arise from (sln-sedimen
tary) low-temperature oxidation of magnetitel'.l., under oxic 
conditions. Rock-magnetic and geochemical studies in our 
laboratory are presently aimed at determining the mag
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netomineralogy and palaeoredox indicators. 
Marine sediments have been used extensively for detailed 

geomagnetic reversal studies, many of which are from Mediter
ranean marlsS

,IO.20 having demagnetization characteristics very 
similar to the Sicilian marls. Our study suggests that, considering 
the still largely unknown mechanis\ll and especially the timing 
of remanence acquisition, it is premature to derive characteristics 
of the geodynamo during reversals from such records. In the 
records considered here, interpretation of the HT component 
in terms of geomagnetic field behaviour would lead to an 
extremely rapid R-N reversal, taking place within 200-400 kyr. 
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Chapter 2 
LETTERS TO NATURE 

Longitudinal confinement of 
geomagnetic reversal paths as 
a possible sedimentary artefact 
C. G. Langereis*, A. A. M. van Hoof* & P. Rochettet 

• Paleomagnetic Laboratory 'Fort Hoofddijk·. Budapestlaan 17,
 
3584 CD Utrecht, The Netherlands
 
t Laboratoire de Geosciences de I'Environnement URA-CNRS 132.
 
Faculte des Sciences Saint-Jerome. Avenue Escadrille Normandie Niemen,
 
13397 Marseille cedex 13, France
 

THE 'positions of the virtual geomagnetic pole (VGP) during a 
large numher of reversals of the Earth's magnetic field seem to 
show a remarkahle confinement to longitudes over the Americas 
or to antipodal longitudes"', although it has heen argued that this 
confinement is statistically insufficiently constrained', It has also 
heen pointed out" that the same hands of longitude appear in other 
geophysical ohservations, such as the pattern of fluid motion in 
the outer core and regions of higher seismic velocities in the lower 
mantle, suggesting a causal relationship. Here we show that longi
tudinal confinement of VGPs can arise from the smoothing of 
non-antipodal stahle directions Gust) hefore and after a geomag
netic reversal, hecause of the filtering effect of the remanence 
acquisition process in sediments. The origin of this non-antipo
dality is still uncertain and must remain speculative until more 
reversal records hecome availahle that include sufficiently long 
pre- and post-transitional intervals, 

Many new palaeomagnetic reversal records have been repor
ted in recent years, mostly from sedimentary sequences. These 
records have served as a test for reversal models. For instance, 
the low-order zonal harmonics model of Williams and Fuller' 
predicts that VGP paths should be confined either to the site 
longitude (near sided) or to its antipode (far sided). Results'·2 
suggesting a confinement independent of site longitude either 
to a path over (approximately) the Americas or to antipodal 
longitudes over Southeast Asia and Australia raised considerable 
excitement in the palaeomagnetic and geomagnetic community", 
mainly because of the suggested relationship with other geo
physical observations". But there is reason for considerable 
caution in interpreting palaeomagnetic records from relatively 
slowly deposited sediments. Evidence from volcanic records 
indicates different transitional field beha"iour including wide 
longitudinal scatter (see for example refs 7-I 0), although it has 
been suggested that particular VGP clusters recur l 

'. More impor
tant, many aspects of the process of remanence acquisition and 
retention in sediments, such as authigenesis and (early) 
diagenesis, are still largely unknown. Recently it was shown that 
the palaeomagnetic components in two sedimentary reversal 
records have a delayed remanence acquisition and probably do 
not reflect the true geomagnetic field during a transition". In 
addition, it was pointed out earlier" that smoothing due to 
remanence acquisition in a zone long with respect to reversal 
duration produces a record in which intensity changes take 
longer than directional changes, as is usually observed in sedi
ments. This smoothing may further produce the typical confined 
VGP paths found in sedimentary records, particularly in the 
case of non-antipodal stable directions (just) before and after 
a reversal. Non-antipodality in declination typically yields VGP 
paths 90° W or 90° E of the observation site"""", whereas non
antipodality in inclination (inclination anomalylS-18) leads to a 
near-sided or far-sided paths. 

To test the effect of sediment smoothing, we have analysed 
reversals recorded in late Miocene marine marls from Crete l

• 

and in the Pliocene Trubi marls from Calabria'9 and Sicily (refs 
12, 19, 20; and unpublished data), All records have typical 
sedimentation rates of 5 ± I cm kyr- , These records were chosen ' 

because the established magnetostratigraphies for Crete2', Cala
bria22 and Sicili' allow the determination of non-transitional 
stable directions, These are the mean directions of the entire 
underlying and overlying polarity zones with durations that 
range from -60to more than 400 kyr (refs 21-24); they explicitly 
exclude directions close (less than - 50 cm) to a transition. To 
determine whether there is a more pronounced non-antipodality 
of stable directions close to the actual transition, caused for 
example by geomagnetic instabilities that are related to the 

nreversaI2s - , we have in addition determined the mean near-
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FIG.1 Intermediate VGPs (those between latitudes 600 Sand 600 N) of upper 
Miocene reversal records from Crete". KS02 and KS05 are two older 
reversals, KS06 and KP401 represent the same reversal recorded in two 
different sections. KP402 is the youngest reversal (codes follow ref. 14). 
The arrow indJcates the sense of the reversal; the lowermost frame presents 
the continents for reference. The solid line shows the VGP path obtained 
by filtering the mean directions of the entire under-or overlying polarity 
zones:.!! (non-transitignal directionsl. the shaded line represents filtering of 
near-transitional directions as determined from the reversal records (see 
also Table 1). Filtenng was done oy assuming an instantaneous reversal 
from the pre-transitional to the post-transitional stable directions (both of 
unit intensity) using a moving rectangular window that 'sees' an increasing 
portion (0-100%) of the usually non-antipodal post-transitional direction; a 
triangular or gaussian window gives essentially the same results13

. The 
resulting intermediate directions have been used to calculate the corres
ponding intermediate VGPs. 
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transitional stable directions, where available and determined 
from the reversal records themselves. We have checked the 
(non- )antipodality of both non-transitional and near-transi
tional mean directions by using the reversal teses (Table I), and 
found that in almost all cases these directions are significantly 
non-antipodal. We refer to the resulting filtered VGP paths (see 
Fig. 1) as the non-transitional model and the near-transitional 
model, respectively. 

Caution must be used in interpreting near-transitional direc
tions. Because of the general lack of reversal records that include 
sufficiently long pre- and post-transitional sampled intervals, 
some intervals used are less than typical post-depositional 
remanent magnetization (PDRM) lock-in depths29.30 (15
20 cm), and this may introduce an unwanted bias. But even if 
a longer interval is used, authigenic magnetite formation may 
cause a chemical remanent magnetization (CRM) to be acquired 
down to depths of 80-120 Cm (refs 12,20). The substantial CRM 
acquisition depth may well bias the near-transitional directions 
as an average of stable polarity and (true?) transitional direc
tions. In addition, this process may be complicated by the fact 
that CRM acquisition probably occurs only (or mainly) in 
specific depth intervals that depend on cyclically changing redox 
conditions20, leading to a discontinuous smoothing filter much 
more complex than applied here. 

For the Cretan records, it seems that the observed VGPs 
generally follow a path close to that determined by the non
transitional model (Fig. I). The near-transitional model shows 
less agreement with the observed VGPs for the older two records 
(KS02 and KS05). In KS05, VGPs are initially close to the 
non-transitional model, but in a later stage seem to 'hesitate' 
between the latter and the near-transitional path. For the high
resolution records KS06 and especially KP40I, however, the 
agreement of the near-transitional model with the observed 
VGPs is better. Furthermore, for the younger reversal, KP4 02, 
there is now considerably better agreement: the observed VGPs 
initially follow the non-transitional path over North America, 
but then 'jump' to the near-transitional path over Australia. This 
switching between antipodal VGP paths is a pattern of behaviour 
often seen in sedimentary records. 

For the Calabrian records, the results of filtering generally 
agree well with the observed VGPs (Fig. 2). Although the lack 
of intermediate VGPs for the lower Sidufjall makes any com
parison unreliable, the better resolution of the lower and upper 
Nunivak again provides a very good correlation between obser
ved and filtered VG Ps, either non-transitional or near-transi
tional. In the lower Nunivak, both observed and filtered VG Ps 
show a near-sided path, Whereas the upper Nunivak shows the 
'more familiar' path over the Americas. 

From the Sicilian records (Fig. 3), the lower Mammoth VGP 
path'9 is poorly established, but the observed VGPs still agree 
with both models and pass over Southeast Asia. The non
transitional model predicts the same Asian path for the upper 
Mammoth'9, but the observed path lies west of the Americas 
and is in good agreement with the near-transitional model. Our 
most recent and very-high-resolution records from Sicily are 
those of the Thvera and Nunivak subchrons (ref. 12; and unpub
lished data). Because of earlier observations of 'excursions' due 
to delayed remanence acquisition", care was taken to sample 
long and detailed records, and near-transitional directions are 
accurarely established. The agreement with the near-transitional 
model is particularly good. 

The analysis of these central Mediterranean records shows 
that there is good agreement with the non-transitional model 
and an even better correlation with the near-transitional model. 
We have analysed in total 23 reversal records, 19 of which show 
intermediate VGPs in good or excellent agreement; one record 
is undetermined because of a lack of intermediate directions 
(LSC, Fig. 2), and three give VGPs that are antipodal with 
respect to the model. Hence, more than 80% of the records are 
successfully modelled by smoothing of non-antipodal directionss 
NATURE . VOL 358 . 16 JULY 1992 
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FIG. 2 Intermediate VGPs of lower Pliocene reversal records from Calabria". 
LS, US indicate iower, upper Sidufjall; LN, UN represent lower, upper Nunivak. 
Post-fiX C refers to Calabria. See also Fig. 1. 

Furthermore, depending on the degree of smoothing, a clockwise 
swing in declination (an American VGP path for a reversed
normal (R-N) transition) may appear as a counterclockwise 
swing in the record" (a Southeast Asian! Australian VG P path). 
This could provide a possible explanation why some records 
show VGPs antipodal to the expected path. In addition, a 
differential degree of smoothing may well explain why several 
records such as the upper Sidufjall in Calabria'9, the lower 
Kaena'9 and upper Kaena20 from Sicily, show two antipodal 
bands of VG Ps within one and the same transition. Such 
behaviour is not easily explained by models involving a (non
reversing) equatorial-symmetric dipole' or nondipole2 com
ponent, although it may be compatible with a reversing 
equatorial dipole". Our analysis raises several important ques
tions: what is the extent of smoothing and! or why are non- and 
near-transitional directions not antipodal? But first we discuss 
the simplest possible cause, an unremoved overprint. 

A combined analysis of the palaeomagnetic23 and carbonate32 

data from the Pliocene sediments on Sicily suggests that a higher 
carbonate content causes increased porosity, leading to 
increased weathering and thus to a larger secondary (normal) 
overprint. Rock magnetic studies showed that such an overprint 

34may persist even to high (demagnetization) temperatures33
• . A 

similar constant unremoved overprint was reported from the 
Deccan traps basalts, but this may be a bias from early 
palaeomagnetic data35 

• It affects 'primary' (synsedimentary or 
near-depositional) normal and reversed directions differently, 
depending on tectonic tilting and!or rotation. For instance, no 
tilting or rotation, plus an inclination error of the primary 
component, will lead to non-antipodality in inclination only, 
whereas superposition of a secondary overprint on a clockwise 
rotated primary component (35' in Sicily; 15' in Calabria) leads 
to non-antipodality in declination with a westerly offset and 
hence to VGPs over America. Although this mechanism may 
largely explain the (high-carbonate) lower Pliocene data, it does 
not explain the strong easterly non-antipodality of the (Iow
carbonate) upper Pliocene mean directions, with a clockwise 
rotation of 25-35°, that show no or only a small overprint'6; 
This suggests that at least here the observed non-antipodality 
may have a different origin. 
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TABLE 1 Results of reversal test 

Interval (em) 
Reversal Sense pre post Nl Rl N2 R2 'Y 'Y* ctmd 

Crete 
KPt 03 (R-N) non 650 600 10 9.940 8 7.940 168 8.3 negative 

near 22 34 5 4.988 6 5.932 12.7 8.9 negative 
KPt 02 (N-R) non 850 650 12 11.900 10 9.940 11.8 5.4 negative 

near 78 226 12 11.875 7 6.910 20.7 7.6 negative 
KP4 02 (N-R) non 900 350 15 14.770 4 3.990 14.1 6.4 negative 

near 32 25 6 5.900 6 5.604 8.9 19.9 Class C 
KP t Ol (R-N) non 1,900 850 28 27.750 12 11.900 15.8 4.8 negative 

near 87 91 25 24.810 10 9.854 29.7 6,3 negative 
KP4 01 (R-N) non 3,000 900 22 21.770 15 14.770 14,3 5.6 negative 

near 39 67 10 9.838 11 10.775 33.3 9.1 negative 
KS06 (R-N) nan 1,600 700 14 13.760 9 9.930 14.6 7.1 negative 

near 95 110 33 32.786 34 32.634 21.6 5.4 negative 
KS05 (N-R) non 300 1,600 5 4.970 14 13,760 2.3 7.7 Class B 

near 74 57 6 5.776 7 6.504 205 21.9 Indeterm. 
KS02 (R-N) non 400 700 7 6.962 8 7.980 9.8 5.3 negative 

near 26 17 11 10.769 11 9.950 10.4 16.6 Class C 

Calabria 
UNC (N-R) non 1,000 1,000 29 28.811 16 15.128 10.4 9.4 negative 

near 8 6 19 18.261 19 18.814 37.3 7.5 negative 
LNC (R-N) non 1,250 1,000 20 19.888 29 28.811 4.1 3.2 negative 

near 60 44 26 25.970 20 19.260 10.4 7.1 negative 
USC (N-R) non 350 1,250 14 13.782 20 19.888 7.6 5.8 negative 

near 23 36 17 16.346 60 59.426 14,5 7.5 negative 
LSC (R-N) non 550 350 3 2.991 14 13.782 7.6 5.8 negative 

near 43 35 16 15.387 73 71.594 13.6 8.2 negative 
UTC (N-R) non 950 550 12 11.696 3 2.991 3.1 9.9 Class C 

near 27 30 30 28.074 52 51.380 13.9 7.5 negative 

Sicily, upper Pliocene 
UKS (R-N) non 350 2,600 12 11.950 32 31.750 9.3 3.6 negative 

near 9 21 25 24.035 52 51.199 14.7 6.3 negative 
LKS (N-R) non 350 350 8 7.860 12 11.950 9.2 8.2 negative 

near 26 11 15 14.674 22 20.975 5.6 9.3 Class 8 
UMS (R-N) non 450 350 9 8,922 8 7.860 8.8 9.2 Class B 

near 15 10 15 14.942 16 15.602 15.8 6.6 negative 
LMS (N-R) non 1,150 450 19 18.923 9 8.922 7.0 5.7 negative 

near 15 15 28 27.783 23 22.418 11.7 5.4 negative 

Sicily, lower Pliocene 
GGS (R-N) non 3,300 1,150 49 48.280 19 18.920 5.0 3.2 negative 

near 11 85 13 12.904 92 8,630 21.5 4.3 negative 
UCS (N-R) non 450 3,300 8 7,950 49 48.280 12.3 5.9 negative 

near 
LCS (R-N) non 900 450 17 16.780 8 7.950 9.3 6,0 negative 

near 
UNS (N-R) non 650 900 12 11.930 17 16.780 10.1 5.2 negative 

near 8 25 37 35.381 94 92.511 37.3 5.6 negative 
LNS (R-Nl non 850 650 12 11.930 13 12,790 9.9 6.2 negative 

near 30 71 75 74.550 233 226.233 9.5 2.1 negative 
LSS (R-N) non 500 400 7 6.930 4 3.980 12.5 8.6 negative 

near 15 52 11 10.748 27 26.185 27.6 8.6 negative 
UTS (R-N) non 1,200 500 7 6.930 11 10,860 10.3 8.0 negative 

near 6 21 20 19.517 68 67.494 53.6 5.5 negative 
LTS (N-R) non 500 1,200 11 10.860 4 3.960 7.8 10.7 Class C 

near 30 31 66 65.146 62 59,848 36.7 3.9 negative 

Results of the reversal teses of both non-transitional (non) and near-transitional (near) stable mean directions, testing for a common true mean direction 
(ctmd) between the mean directions of two distributions (of Nt and N2 samples). The test is positive if the angle between the two means ('Y) does not 
exceed the critical angie ('Y*); the latter depends on Nt, N2 and the respective unit vector sums Rt , R2 (refs 28, 37) of the two distributions. The classification 
(A. B, C, indeterminate) depends on the value of 'Y*, with breakpoint at 5°. 10° and 20°. The test is negative if 'Y> 'Y*. The sense of the reversal (N-R or 
R-N) is given. Intervals used to determine near- and non-transitional directions before (pre) and after (post) the transition are given in centimetres. Most 
cases show a negative test, indicating statistically significant non-antipodality; only in a few cases is an indeterminate or a BIC classification found. 
AbbreViations are as in Figs 1-3; KPt Ol, KP4 01 and KS06 represent the same. reversal from different sections", as do KP,02 and KP4 02, and the same 
reversal may be sampled both in Calabria and Sicily (for example UTC and UTS). Near-transitional directions are taken as stable (that is, non-intermediate 
and approximately near-axial dipole field) directions from the actual reversal records, overlapping only slightly or not at all with the 'non-transitional' intervals. 
In some records, the near-transitional interval is of the order of typical PDRM lock-in depths29

.
30 and the filtering results may thus be biased. 

6 
NATURE· VOL 358 . 16 JULY 1992 



0 

LETTERS TO NATURE
 

FIG. 3 Intermediate VGPs of Pliocene reversal records from Sicily (refs 19. 
20 and unpublished data). LT, lIT indicate lower, upper Thvera; LN, UN as in 
Fig. 2; LM, UM indicate lower, upper Mammoth. Post-fix S refers to Sicily. 
See also Fig. 1. Open symbols in LNS refer to the low-temperature com
ponent12

, as the high-temperature component (closed symbols) shows 
almost no intermediate directions. 

Non-antipodality in inclination is well established lS 
-'8, and 

sediment smoothing of this inclination anomaly may have been 
the cause of the many observed near- and far-sided VOP paths 
that prompted the Williams and Fuller models. A declination 
anomaly is less well established '6 From a recent analysis of 
outer core flux patterns27 

, however, a qualitative model for the 
time-averaged geomagnetic field was derived that shows that 
none of the time-averaged normal declinations are significantly 
different from zero, but reversed declinations are, in some 
latitudinal regions in the Atlantic hemisphere. Filtering of these 
declinations (in our case defined as non-transitional) would lead 
to a predominantly westerly VOP path in the Atlantic hemi
sphere, in agreement with recent observations 1,2,4 and with most 
of our own observations (Figs 1-3). Furthermore, even the 
significant CRM acquisition depths cannot explain the non
antipodality of polarity zone mean directions that represent the 
average of usually much longer intervals (3-30 m; Table I). 

The good fit of the near-transitional model may have a similar 
(non-antipodality) origin, but may also be related to the fact 
that it 'sees' a considerable part of the transition. Although the 
wide longitudinal scatter observed in volcanic records3

,7-IO 

seems to provide no reason for the observed confinement, it has 
been argued that particular VOP clusters (in South America and 
Australia) may recur". Indeed, smoothing of such a temporal 
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feature would bias the resulting magnetizations" so that they 
would often agree with our observations. Although similar VOP 
clusters (near South America) are seen in some of our 'con
tinuous' sedimentary records (for example UNC, Fig. 2; UNS, 
Fig. 3), the complex and 'discontinuous' CRM filter prevents a 
firm assessment of their validity. 

Apparently, the information that we may derive from sedimen
tary records (which are probably biased, possibly continuous, 
but often insufficiently long) and from volcanic records (discon
tinuous, possibly unbiased, but too few) is still far from 
complete3

S. 
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Chapter 3 

A paleomagnetic and geochemical record of the upper Cochiti 

reversal and two subsequent precessional cycles from Southern 

Sicily (Italy) 

A.A.M van Hoofl , BJ.H. van OS2, J.G. Rademakers l , 

e.G. Langereis l , GJ. de Lange2 

1 Paleomagnetic Laboratory, Fort Hoofddijk, Budapestlaan 17, 1584 CD Utrecht, The Netherlands 

2 Institute ofEarth Sciences, Dept. of Geochemistry, Budapestlaan 4,3584 CD Utrecht, The Netherlands 

A detailed paleomagnetic and geochemical study because of their abundance relative to lava 
of the upper Cochiti (N-R) reversal recorded in marine sequences and their advantages of appropriate 
marls on southern Sicily shows two consecutive and time control and continuous registration of the 
very rapid transitions (R-N and N-R) that coincide with geomagnetic signal. However, there is reason for 
distinct lithological boundaries. A 'Fe-migration model' considerable caution in interpreting reversal 
is presented in which magnetite is fanned under records from relatively slowly deposited sedi
different diagenetic conditions. During sulphate ments. Not only because of evidence from 
reduction originally fonned ('primary') magnetite is volcanic records which often show quite different 
preserved. This primary magnetite has recorded the transitional field behaviour, but also because many 
pre-transitional normal polarity. After burial, migration aspects of the mechanism of remanence acquisi
of ferrous iron occurs and subsequent oxidation tion in sediments are still poorly known. Indeed, 
produces 'secondary magnetite' that records the post recently it could be shown that a high temperature 
transitional reversed polarity and produces the two magnetite component - in two examples of marine 
apparent transitions. In addition, low (LT) and high sedimentary reversal records from Sicily - has a 
(HT) temperature components record the reversal in a delayed remanence acquisition with respect to a 
slightly different way, the HT component being ac· low temperature component and probably does not 
quired with a delay. Probably, both components reside reflect the true geomagnetic field during the 
in magnetite but have a different origin and grain-size reversal [I]. The magnetic minerals are unlikely to 
distribution, giving different blocking temperature be detrital because the changes in direction take 
spectra. The actual upper Cochiti reversal occurs at a place at distinct lithological boundaries in the 
level with an estimated astronomically calibrated age sediment. Hence, the mechanism for the delay as 
of 4.165 Ma. suggested by Tucker [2;3] is invalid in the 

sediments under study. Van Hoof and Langereis 
[I] suggested that the magnetic minerals carrying 

1.	 Introduction the components were authigenically formed under 
different and cyclically fluctuating paleoredox 

In recent years, an increasing number of conditions. Most likely, early diagenetic processes 
detailed records of geomagnetic polarity reversals play an important role in the complex remanence 
have been published and they have provided acquisition mechanism. 
important information on the characteristics of To contribute to our understanding of this 
polarity reversals. The majority of these records mechanism, additional and detailed rock magnetic 
have been obtained from sedimentary sequences and geochemical investigations are clearly needed. 
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To this end, the study of reversal records is 
particularly useful because the (rapid) change of 
the geomagnetic field to an opposite polarity pro
vides the opportunity to get temporal constraints 
on the delay of the remanence acquisition. Our 
current research concerns the reversals records 
from the lower Thvera to the Gauss!Matuyama 
boundary - that are located in the Rossello 
composite section, which consists of the marine 
marls from the Trubi and the Narbone formation 
[4;5]. These sediments show a distinct cyclicity in 
both CaC03-content and weathering (induration) 
profile, a cyclicity which is related to the preces
sional cycle of the Earth's orbit [4;6]. 

Punta 
di Maiata 

Figure 1. Location of the Punta di MaialQ section in Southern 

Sicily (Italy). 

In this paper, we present the paleomagnetic, 
rock magnetic and geochemical results of the 
upper Cochiti (UC) polarity reversal, sampled in 
the Punta di Maiata section on Southern Sicily 
(fig. 1). In addition, we have sampled two sub
sequent precessional cycles in order to investigate 
the magnetic and geochemical changes due to a 
cyclically changing environment outside the 
transition. Finally, since the remanence is not 
simply of detrital origin, we introduce a model 
that accounts for the acquisition of the remanence 
during early diagenesis. In this model, the changes 
in the directions of the remanence are thought to 
be caused by changes in paleoredox conditions in 
the sediment, as derived from the geochemical and 
rock magnetic data. 

2. Geological setting and sampling 

Punta di Maiata is a small prominent cape in a 
series of cliffs along the south coast of Sicily (fig. 
1). The Punta di Maiata section forms the middle 
part of the Rossello composite section [4;51 and 
consists of marine marls of the Pliocene Trubi 
formation; the bedding plane has a strike and dip 
of 354 0 Nand 13° E. The average sedimentation 

rate in this section can accurately be determined 
and proves to be remarkably constant: 4.5 to 5.5 
cmjkyr. The Trubi marls consist mainly of carbo
nates (60 to 80% CaC03) and a mixture of clay 
minerals, and they show a pronounced rhythmic 
bedding which is characteristic for this formation 
on Sicily (fig. 2). Small scale sedimentary cycles 
are quadripartite and show a distinct grey
white(1)-beige-white(2) colour layering [4]. The 
average thickness of these cycles - in which the 
grey and beige marls represent the less indurated, 
CaC03-poor beds - is approximately 1 metre. The 
(midpoints of) individual grey layers have been 
correlated to individual minima of the precession 
index [7], providing a high resolution astronomi
cal polarity time scale [8]. Larger scale sedimen
tary cycles can be distinguished on the basis of the 
cyclic recurrence of relatively thick and/or indura
ted marly intervals in the succession [4;6]; they 
can be correlated to the eccentricity cycle with 
periods of 100 and 400 kyr [8]. Although the 
weathering profile shows quite sharp changes in 
colour and induration, the changes in the fresh, 
unweathered sediment are much more gradual. 
Often, the bottom part of the white(l) layers 
shows brown oxidation spots, even in the freshest 
possible marls. These spots appear to be important 
with respect to both paleomagnetic and geo
chemical properties, as will be discussed later. 

The samples were taken on the basis of the 
magnetostratigraphy of the Punta di Maiata sec
tion [5]. The section contains the upper Sidufjall 
reversal boundary, the Nunivak and Cochiti 
subchronozones and the Gilbert-Gauss reversal 
boundary. The stratigraphic interval in which the 
original upper Cochiti reversal was found, was 
sampled in detail over a stratigraphic length of 
120 em. The two additional quadruplets were 
sampled over an interval of 220 em. The record 
comprises the complete cycles 50, 51 and 52 (fig. 
2); [8]. The O-level was defined at the boundary 
between the grey layer and the first white layer of 
cycle 50 (fig. 2). Hence, the entire stratigraphic 
interval sampled ranges from -40 to 80 em for the 
upper Cochiti reversal record, and from 80 to 300 
em for the two additional quadruplets. Due to the 
topography of the chosen sampling locality it was 
not possible to take samples below -40 cm. 
Furthermore, the lowermost part (-40 to 0 cm) 
consisted of fresh and clearly unweathered 
sediment, but - despite our efforts to remove the 
weathered surface - in the middle and upper part 
the sampling of slightly weathered intervals could 
not always be avoided. Especially in the white 
layers - with the exception of white(2) of cycle 49 
- the sediment kept its weathering colour, whereas 
in the beige layers the original light-blue colour of 
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the marls could mostly be reached. 
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Figure 2. Susceptibili/y and lithology of the upper Cochiti 

(UC) record. Small scale sedimentary cycles are quadripartite 

and consist each of grey(black) . white(white) beige(shaded) 

- white(white) coloured marls. Cycle nrunbers are according 

to Hilgen (1987; 1991) and are denoted just left of the grey 

layer. Clear maxima of suscepttbility are found in the beige 

layers. probably due 10 Ihe higher clay conlenl and Ihe 

corresponding higher paramagnetic contribution. 

Sampling was done by taking oriented cores 
of 25 mm diameter more or less parallel to the 
bedding plane at very close intervals « I cm), 
from a freshly cut near-vertical plane. In the labo
ratory, cores were cut into standard specimens of 
22 mm height. The stratigraphic position of each 
specimen was accurately determined by taking 
into account the drilling orientation, strike and dip 
of the bedding plane and width of the saw cut. 

For geochemical studies, the samples were 
cleaned by carefully scraping about I mm from 
the surface, followed by grinding and homo
genising the sample in an agate mortar. For deter
mination of major and trace element concentra
tions, 250 mg split of each sample was digested in 
a HCL04/HF/HN03 mixture. After digestion, the 
final sotutions were made up in 50 ml IN HCI. 
Analyses of the total element concentrations of AI, 
Ti, Mn, Ca, S, Zr and Fe were done with an 
ARL34000 ICP emission spectrometer. Carbonate 

content was calculated from the total Ca concen
trations, with a correction of 2% for non-carbonate 
Ca: CaC03 =(Catotal - 2)* 2.5. The accuracy and 
precision of the analysis was monitored by 
replicate analyses of international and laboratory 
standards and was found to be better than 2% for 
the major elements AI, Fe, AI, Mn, Ca and better 
than 3% for the elements S, Zr, Ti. 

3. Rock magnetic and chemical properties 

The cyclicity in the Trubi marls is related to 
the precessional cycle which causes changes in 
climate - by variations in seasonal contrasts - and 
thus in the concentration and nature of terri
geneous (clay and other minerals) and biogenic 
(carbonate) material supplied to the sea bed. The 
rock magnetism of the Trubi marls in general have 
been extensively studied by van Velzen and 
Zijderveld [9; 10]. They found magnetites to be the 
most important carrier of the natural remanent 
magnetisation (NRM); small amounts of hematite 
may be present but it is unlikely that this mineral 
contributes to the remanence. In addition, some 
goethite is found in these sediments [9; 10; II]. In 
order to distinguish magnetic changes caused by 
geomagnetic variations from those caused by 
lithological variations and early diagenetic proces
ses, a number of geochemical and rock magnetic 
properties of the sediment have been determined. 
The rock magnetic properties concern the initial 
susceptibility (Xo)' remanent saturation magneti
sation (Jrs)' the remanent coercive force (Hcr) and 
their interparametric ratios. 

3.1 Rock magnetic results 

Xo is strongly concentration dependent, and it 
also depends on the grain size and type of mag
netic mineral. The Xo of the three precessional 
cycles (fig. 2) is not significantly higher in grey 
than in white, but it shows prominent maxima in 
the beige layers. 

IRM acquisition curves of a number of samp
les from different lithologies in the DC reversal 
were determined (fig. 3a,b). Samples from the 
white and grey layers are almost (92 - 96%) satu
rated after application of a 300 mT field, and are 
fully saturated after application of a 400-500 mT 
field. Samples from the beige layers are only satu
rated after application of the highest fields (1.5 to 
2.0 T) because of the presence of some additional 
high coercivity mineral, like goethite/hematite. 
Subsequent thermal demagnetisation of the Jrs 
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(fig. 3c) does support the presence of some 
goethite in the beige layer: the decay of the 
saturation remanence at 100-l20De - the maxi
mum unblocking temperature of goethite - is 
slightly larger for the beige layers than for the 
grey and white layers. More significant, however, 
is the decrease of the intensity at 135 - 155°C, 
which is probably caused by the reduction of 
stress in superficially maghemitised SD magnetite 
grains [10]. The observed maximum blocking 
temperatures support the presence of magnetite as 
the dominating magnetic mineral. 

fine grained magnetite [12;13]. The Her values are 
significantly lower for stratigraphic levels between 
-30 and -15 em, i.e. in white(2) and the lower part 
of the grey layer, and highest from -10 to 0 and 
from 40 to 60 em. Her values tend to increase if 
some weathering has occurred, which may explain 
the higher values between 40 and 60 em, but this 
cannot explain the high values in the upper part of 
the grey layer, which showed very fresh sediment 
during sampling. Further, the relatively low Her 
values in the beige layer give no clear indication 
for a high coercivity mineral, as could be deduced 

a b c 
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Figure 3. fR.lvf acquisition curves and susbsequent thermal demagnetization of the saturation IRM for different lithologies from the UC 

reversal record. Grey, while and beige layers are denoted by solid, dolled and dashed lines, respectively. Grey and white layers reach 

(almosl) saluralion aI200·300 mT, whereas be(fJe layers are nol even totally saturated in the higheslftelds. 

The Jrs decreases with increasing grain size 
but - like the susceptibility - is not a good grain 
size indicator, but depends mainly on the concen
tration and type of the magnetic material. The 
JrslXo ratio, however, may eliminate - if only one 
magnetic mineral is dominant - the concentration 
dependence of J and Xo' In the case of magners 
tite the ratio increases with decreasing grain size. 
The JrslXo values in the grey and white layers 
(15-25 kA/m; fig. 4) support magnetite but the 
ratio is lower in the beige layer (10-15 kA/m). 

The remanent coercive force Her is largely in
dependent of the concentration of magnetic mate
rial and can therefore be used to discriminate be
tween different magnetic minerals. Her values are 
generally 50-70 mT which is somewhat high for 

from the IRM acqUisitIOn curves (fig. 3). 
Apparently, the contribution of magnetite (85-95% 
in fig. 3) strongly dominates the remanent 
coercive force. 

The Hcr/(JrslXo) ratio may give useful 
information on both magnetic mineralogy and 
grain size. The values for this ratio (generally 2 
2.5, but higher in beige: >3) are somewhat high 
for fine grained magnetites. The deflection of the 
Hcr/UrslXo) and the JrslXo ratios from the values 
for fine grained magnetites is probably not due to 
a significant change in magnetic minerals, but 
rather to a change in the concentration of clay 
minerals. The paramagnetic contribution of the 
clay minerals in Xo is some tens of percents with 
maxima in the beige layers [11]. A correction for 
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this paramagnetic contribution of the HcriUrs/Xo) 
and the Jrs/Xo values will change these ratios into 
values more - but not entirely - compatible with 
fine grained magnetites. Likely, changes in mag
netomineralogy occur that are related to the diffe
rent (beige) lithology, but these changes remain 
largely unnoticed due to the paramagnetic 
dominance. 

The grey layers show some sulphur spikes of 
0.2 - 0.5% (fig. 5), and some sulphur is found in 
the lowermost part of the record. Everywhere else, 
the concentration of sulphur is below the detection 
limit. Although some weathering has occurred, 
these sulphur enrichments are probably relict Fe
sulphides, as is indicated by coinciding iron peaks; 
Fe-sulphides are authigenically formed during sul-

Xo J rs Jrs/Xo Her He,!(Jrs/Xo) 
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Figure 4. Rock 11Ulgnelic properties for the UC reversal record, involving susceptibility Xo' saluration remanence frs, their ratio XOl!rs' 

the rerrumenl coercive force Her' and their interparametric ralion He/(l,/XO)' See lext for further discussion. 

3.2 Geochemical results 

Relatively high concentrations of carbonate 
(65-70%) are found in the white layers, inter
mediate values in the grey layers (60-65%) and 
low values in the beige layers (55%) (figure 5). 
The white(l) beds have slightly higher carbonate 
values than the white(2) layers. 

Mainly due to the high Ca-carbonate content 
of the sediment, the concentrations of all major 
elements show a negative relation with Ca concen
trations (closure effect) (figure 5). We have assu
med a more or less constant non-carbonate input, 
as is suggested by rather constant Zr/Al and Ti/Al 
ratios - although the Ti/Al ratio seems to be 
slightly higher in the beige layers (fig. 5). There
fore, all concentrations were divided by the AI
content of the samples, in order to compensate for 
carbonate dilution. 

phate reduction shortly after deposition [14]. The 
highest sulphur content is found in the grey layer 
of cycle 50 (0.5%). This suggests that within this 
cycle diagenetic circumstances were the most re
ducing during the formation of the grey layer, rat
her than during the formation of the white and bei
ge layers. The same may apply to the grey layers 
of other cycles. The increased subaerial weathe
ring in the middle and upper part of the record, as 
was observed during sampling, however, has very 
likely resulted in the oxidation of most sulphides 
in the grey layers of cycles 51 and 52, causing the 
lower observed sulphur concentrations. 

Manganese is a good indicator for paleoredox 
conditions [15]. Manganese concentrations are 
generally low and display values of 600-800 ppm 
in the grey and beige layers that have a low to 
moderate carbonate content, but may go up to 
1600 ppm in the carbonate-rich white(1) layers. 
The general distribution of Mn seems closely rela
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MnlCa and S. The high Co-carbonate content Causes the concentrations of all major elements to show a negative relation with Co 

concentrations (closure effect). We have assumed a more or less constant non-carbonate input, as is suggested by rather constant iliA' 

and TilAI ralios . although the TilAI ralio Seems to be slightly higher in the beige layers. The grey layers show some sulphur (5) spikes of 

0.2 - 0.5%, everywhere else the concentralion of sulphur is below the detection limil. 

ted to the carbonate content and may well be 
determined by manganese adsorption and subse
quent overgrowth on calcite surfaces [16,17,18]. 
This correlation is clearly demonstrated by the 
relative constant Mn/Ca ratio, but the white(l) 
layers display a large enrichment of Mn over Ca. 
The higher Mn/Ca ratio in the white(l) layers 
compared with the white(2) layers (fig. 5) suggests 
that more dissolved manganese was available du
ring or after the formation of the white (1) layers. 

be explained by the higher concentrations of Fe 
and, possibly, higher concentrations of Ti (figs. 4, 
5). The higher Fe-content - even when corrected 
for AI - may be caused by an increase of (Fe
containing) clay minerals, rather than to a higher 
concentration of (ferri)magnetic minerals [20]. 
Similarly, the higher Ti-concentration may reside 
in Ti-magnetites (or Ti-maghemites) - also 
causing a higher susceptibility - although from the 
rock magnetic properties no clear evidence for Ti-

The organic carbon content has not been 
measured in these samples. In a series of quadru
plets from the same Punta Maiata section, values 
were found to vary between 0,05% and 0.25% 
[19]. The organic carbon content is highest in the 
grey, intermediate in the white and lowest in the 
beige layers. At younger stratigraphic levels in the 
Trubi formation, the grey layers are laminated and 
they are often developed into diatomitic or 
sapropelitic layers [4], typical for a higher organic 
carbon content. 

The differences in lithology - and thus in che
mical composition and magnetic mineral content 
of each layer - are reflected in the geochemical 
and rock magnetic parameters. Initial susceptibili
ty values are higher in the beige layers, which can 

magnetites is found. Any existing Ti-magnetites 
may be masked, however, and not contribute to 

the remanence: large grained Ti-magnetite was 
found in magnetic concentrates of the Calabrian 
(southern Italy) Trubi formation and was shown 
not to carry any noticeable remanence [21], In 
addition, other mineral phases, such as rutile and 
ilmenite, dominate the Ti concentration. 

This enrichment in iron-rich minerals strongly 
influences the rock magnetic properties which are 
directly related to the concentration of magnetic 
minerals, like Xo and It should further be Jrs ' 
realised that these properties - although showing a 
linear relation with concentration - are also 
influenced by changes in grain size and 
crystallinity of the magnetic minerals. 

13 



15_0-'11~7~- .. -06 _._.__ . _ 

180	 18090 
-3.49	 -2.23-6.24 

UCM 5.148 i	 CM 48.AUCM 5.06A 9 
up/W 510 uplW	 uplW 

--+------' _+_ N	 

N 

____18_0 --LII~_30.65 

Figure 6. Thermal (th) demagnetization diagrams of 9 represemQlive samples from the [Ie reversal and Ihe two additional qULJdruplels. 

Open (closed) symbols denote projectl'on on the vertical (horizontal) plane. The stratigraphic level in em is plotted down-lejt; numbers refer 

to lemperatures in DC; Ie means thai lilt correction has been applied. 

4.	 NRM components presence of three components, as usually found in 
these Trubi marls [5; 11]. Apart from a small labo
ratory induced component removed at 90-100°C 
having an orientation related to storage, there is 

4.1	 Demagnetisation often a first component that has a present-day field 
direction and is removed at 200-250 0c. It is clear

Thermal demagnetisation of the natural rema 1y of secondary origin and must be due to weathe
nent magnetisation (fig. 6) generally shows the ring, since this component does not occur in the 
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lowermost and least weathered part 
5 
j-----~of the record (fig. 6a). 

A characteristic remanence is 
generally removed at higher tempe
ratures and consists of two compo 4
 
nents. A low temperature (LT) com
ponent is removed between 250°C
 E 
and 360 - 450°C. In some samples, <

E ........~ ....
the direction of the remanence starts 
cto fluctuate at temperatures higher 

than 390 °C (fig. 6h). These fluctu
c
rJ) 

2ations are due to viscous behaviour, 
likely caused by the production of 2 

c
superparamagnetic magnetite grains 
during heating through oxidation of 
pyrite [10]. Although in most of the 
record sulphur is below the detection 
limit, trace amounts of pyrite are 
probably sufficient to produce a o-+-~~~~~~,-T~~--,~T~"'~~~"~.,.:;:=;-'
 
(magnetically) detectable amount of
 300 350 400 450 500 550
 
magnetite. A high temperature (HT)
 temperature inoC 
phase is usually removed at 580°C 
and occasionally at somewhat higher Figure 7. The NRM decay curves - slarling al 300 °C of beige (dashed), white (dolled) 
temperatures (610 °C). The HT and grey (solid) marl samples. Intensities are generally lower for the beige marls than 
component is most probably carried for the grey and white marls. Maximum blocking temperatures are indicative of (cation 
by single domain magnetite [9]. The deficient) magnelite. 
LT and HT components have both 

where possible - been determined
 
for every sample. Poorly determined taken in the grey and beige layers. The reversal,
 
directions as a result of very low intensities and/or
 therefore, was thought to occur between the grey 
scatter have not been plotted in figure 8. and beige layer of cycle 50. It now appears, how

The demagnetisation diagrams further show ever, to be a more complex reversal showing re
the same clockwise rotation as observed in the versed directions in the white(2) layer of cycle 49. 
other Trubi sections on Sicily [5;22]. The charac The mean directions for the reversed and normal 
teristic remanence directions are marked by con intervals are 
sistently shallower inclinations than the geocentric N Dee Ine a95 Rsum 
axial dipole field for southern Sicily, likely caused reversed: below -27.5 em 7 2t4.1 -39.2 9.8 6.847 
by sediment compaction [23;24]. normal: -24.1 to -4.4 em 3t 29.7 54.8 3.9 30.59t 

Partial blocking temperature spectra (>300 reversed: above 26.3 em 78 213.8 -41.3 2.3 76.382 
0c) for the different lithologies have been deter
mined throughout the section (fig. 7). They show a where N is the number of samples, dec, inc are de
similar trend for all lithologies in that the NRM clination, inclination, u95 represents the cone of 
decreases most rapidly between 510 and 600°C. confidence at the 95% level. and Rsum is the 
The decay curves clearly indicate the presence of vectorial sum of N unit vectors. The mean decli
magnetite which is probably slightly cation defi nations are essentially the same as the general 35° 
cient considering the maximum unblocking tem clockwise rotation of the Caltanisetta basin [22]. 
peratures that are higher than 580 °C [21;25;26]. The first (R - N) transition is characterised by
In general, the beige layers show appreciably an instantaneous polarity change of the HT com
lower NRM intensities, in agreement with the rock ponent at -25 cm, at the boundary of white(2) to 
magnetic and geochemical data. grey, with no (reliable) intermediate directions. 

The LT component shows a similarly quick4.2 The reversal record 
change in declination, whereas its inclination 
seems to reverse more gradually. Obviously, the The directions of the LT and HT components 
LT reversal takes place at a somewhat higher level for the upper Cochiti record are shown in figure 8. 
(-25 to -15 cm). The HT polarities remain normal For the earlier magnetostratigraphic study of the 
in the interval from -25 to -5 cm, and the average Punta di Maiata section [5], most samples were 

15 



300 

250 

E 
() 200 
c 

(]) 

~ 150 

() 

.e-
O 100 
~ 
0'> 

~ 50 
<;; 

o 

-50 -t-.-~"+"~~~"+"~~ +------T·~~~-

90 180 270 360 450 ·90 0 90 1 2 3 4 

declination inclination intensity in mAim 

declination is only slightly less than the generally observed in the upper Kaena reversal record [20).
 
observed 35°, but inclinations are a bit steeper
 
than usual.
 

HT and LT components 

~igur~ ~. LT (.circles) and HT (d~ts) ~omponents of the UC reversal record and two subsequent precessIOnal cycles, and their respective 

1~le~S~ltes. ~liJmonds denote dIrectIOns that could not reliably be interpreted due to very low intensities, random scatter and/or 

stgniftcant VlSCOIiS behaviour at higher temperatures. Arrow indicates where the maximum in Mn was found. 

The second transition (N - R) is at level -5 
em, just below the boundary of grey to white(l)' 
The HT component agam changes very rapidly 
from normal to reversed polarity with no interme
diate directions. After this sharp transition, the HT 
component shows a 'normal excursion', especially 
in inclination. Alternatively, one could interpret 
the sudden change to reversed polarity as a short 
'reversed excursion' (between -5 and 5 em), only 
just before a more gradual change from normal to 
reversed, say from 5 to 15 em. Remarkably, this 
'reversed excursion coincides exactly with the 
peak in Fe* and Mn/Ca (fig. 5); the latter ratio is a 
good paleoredox indicator as mentioned above. 

The LT component changes polarity at dis
tinctly higher levels, approximately between 30 
and 35 em, and coinciding with a relatively small 
but significant peak in Mn/Ca (fig. 5). The relati
vely small directional changes in the HT compo
nent above 26 em are compatible with secular 
variation changes smoothed by sedimentary 
remanence acquisition, and are similar to those 

5. Discussion 

The initial location of the reversal was based 
on the magnetostratigraphy of the Punta di Maiata 
section [5]. for which samples were taken mainly 
from the grey and beige layers. Hence, the 
reversed polarities in white(2) of cycle 49 were 
then not observed. Since the beige layer of cycle 
49 shows normal polarities [5), this implies that 
there must be yet another (N-R) transition, 
recorded somewhere near the transition of beige to 
white(2) in cycle 49. 

It is clear that the recorded transitions are not 
caused by a rebound or excursion related to the 
DC reversal, but are more likely caused by early 
dmgenetic conditions that vary with the lithology. 
Therefore, interpretation in terms of timing and 
duration of the two recorded transitions (while a 
third transition must occur below) is not meaning
ful. Early diagenetic changes cause one and the 
same reversal to be recorded several times, via a 
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delayed acquisition mechanism [I]. In addition, 
the coincidence of two extremely rapid reversals 
that occur exactly at distinct lithological or geo
chemical boundaries - apparently related to paleo
redox boundaries - makes any interpretation in 
terms of geomagnetic field behaviour improbable. 
The assertion that sediments have a resolution 
determined by the most rapid changes recorded 
[27] is therefore not generally valid, even though 
the sediment may have no visible (lithological) 
boundaries. We thus emphasise the need for addi
tional and detailed lithological (and rock mag
netic, geochemical) information in reversal re
cords. Because of the very rapid changes of the 
magnetic remanence no intermediate directions 
are recorded and therefore we refrain from presen
ting VGP paths. It is more useful to discuss the 
paleoredox conditions and corresponding diagene
tic changes that may have caused the observations. 

5.1 Diagenetic changes during deposition 

The alternating sequence of beige (carbonate 
poor with iron (hydro)oxides), white (carbonate 
rich) and grey layers (richer in organic matter than 
beige and white, and containing sulphides, fig. 5) 
suggests that the diagenetic conditions changed 
from oxic via suboxic to anoxic for the respective 
layers [28;29]. The differences in diagenetic 
stages are caused by different amounts of reactive 
organic matter in each layer, i.e. a higher amount 
of organic matter will lead to an enhanced con
sumption of oxidants used for the degradation of 
organic matter. After oxygen is depleted, nitrate, 
manganese-oxides, iron hydroxides and finally 
sulphate will be used respectively as electron
acceptors [29;30]. 

Bacterially mediated magnetite formation has 
reported to occur under oxic and suboxic condi
tions [31], whereas anoxic conditions inhibit bac
terially mediated magnetite formation due to sub
strate competition with sulphate reducing bacteria. 
This implies that during the deposition of the 
white and beige layers magnetite formation conti
nued, while during the deposition of the grey layer 
magnetite formation was inhibited in the anoxic 
part of the sediment. The unlaminated appearance 
of the grey layer suggest that conditions were not 
fully anoxic during deposition. Therefore, sulphate 
reduction occurred not at the top of the sediment. 
Above the zone of sulphate reduction, iron hydro
xides, manganese oxides, nitrate and even oxygen 
may have been used as oxidants for the decompo
sition of organic matter and thus suboxic condi
tions may have developed during the deposition of 
the grey layer, causing the formation of magnetite 

(at time t= I in figure 9). 
During burial, magnetite dissolution may oc

cur in the sulphate reduction ZOne [32]. But be
cause of the higher reactivity towards HS- from 
respectively dissolved iron, amorphous and poorly 
crystalline iron - like lepidocrocite, goethite and 
hematite - magnetite may persist in this zone. 
Magnetite is only attacked after all other iron
oxide phases are "titrated" with HS- [33;34]. In 
addition, magnetite is resistant to microbial iron 
reduction [35;36]. Evidently, the IRM acquisition, 
as well as the IRM and NRM thermal decay cur
ves imply the presence of magnetite and thus its 
preservation during sulphate reduction (figs. 3,7). 

Magnetic minerals that could form during sul
phate reduction are greigite and pyrrhotite [37]. 
However, greigite and pyrrhotite would normally 
not survive oxidation, for example because of sub 
aerial weathering. The formation of greigite and 
pyrrhotite has been reported to occur mainly in a 
low sulphate environment, and thus they are main
ly found in fresh and brackish water sediments 
[38]. Moreover, greigite and pyrrhotite are not 
found in recent anoxic basins [39, 1981; Morse 
and Cornwell, 1987). Conclusively, chemical and 
rock magnetic results indicate that magneti te is the 
main carrier of the magnetic signal and that it is 
not significantly dissolved during sulphate 
reduction in these sediments. 

5.2 Processes after deposition 

Shortly after deposition of a grey anoxic layer 
(at time t=2 in figure 9), the organic carbon flux 
diminishes and sulphate reduction ceases. As a 
result, the dissolution of magnetite by HS' will 
also stop. This situation will cause a surplus of 
oxygen over the reductive species in the subse
quently deposited organic-poor beige and white 
layers. Reductive species in these layers (organic 
matter and possibly sulphides) will be oxidised 
and the oxidation front will move down relative to 
the sediment-water interface. This formation of a 
progressive oxidation front is similar to that de
scribed in the "burn-down" model developed by 
Wilson et aI. [40] and is best marked by the redox
sensitive elements Fe and Mn. Diffusion of dissol
ved Fe and Mn from the reduced zone towards the 
oxygen boundary can cause the formation of iron 
and manganese enrichments - amorphous Fe and 
Mn (hydr)oxides - at the top of the reduced layer 
[41-43]. The iron enrichments found above the 
grey layers in the bottom part of the white(l) 
layers (Fig. 5) are clearly the result of this process. 
The oxidation-front can penetrate only slowly into 
the grey layer because this contains high levels of 
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Figure 9. The 'Fe-migration model' with the. pore waler concentrations vs. depth at the time of depo.'lition: during deposition of the anoxic 

grey layer primary' magnetite is formed at t = 1, and during post-oxic diagenesis upon burial hy the while and beige layers 'secondary' 

ffliJgneliJe is formed by migration of Fe2+ (at t = 2 and l =3). Primary magnetite causes the geomagnetic field [0 be recorded during or 

very shortly after the initial formation of this magnetite, by growing through its critical blocking diameter and causing acquisition of a 

CRM. Upon burial of lhe grey layer, secondary magnetite is formed on either side of the grey layer (in the while layers), in the grey layers 

this depends on its redox circumstances.!f al that moment a polarity reversal occu.rs, the secoruiarymagnetifes will record the new polarity. 

The presence of already formed primary magnetite - having recorded the old polarity competes with the secondary magnetite (dashed 

polarities).!f secondary magnetite predominales, the re.'1uiling direction wi" reflect the new polaray, In our cast: reversed. Lithology as in 

Jlgure 2. 

organic carbon and of sulphides. In addition, the 5.3 Processes after burial 
oxidation of pyrite by still available ferric iron in 
the grey layer will increase the upward flux of After deposition of the wh ite and the beige 
Fe2+. This occurs following the reaction [44;45]: layer on top of the grey layer, a new cycle begins 

with the deposition of a new white(2) and a grey 
layer (at time t=3 in figure 9). An mcreased flux 

This additional supply of reduced species will of organic matter during the formation of the new 
hamper the descent of the oxidation front and will grey layer will merely stop the downward diffu
enhance the iron enrichment at the top of the grey sion of oxygen. Subsequently, below the newly 
layer and in the superimposed white(l) layer. deposited grey layer oxygen will become rapidly 

exhausted. However, the low content of organic 
matter in the beige and white layers between the 
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new and the buried grey lay~r will not support 
sulphate reduction. The diagenetic stage between 
sulphate and Mn reduction coinciding with a low 
reactive organic carbon content is called post-oxic 
following the classification of Berner [39J and can 
be compared with suboxic conditions [30;40J. 

In the buried grey layer pyrite oxidation 
probably continues, although oxygen is exhausted. 
The remaining ferric iron in this buried grey layer 
(iron hydroxides) enhances the oxidation of pyrite, 
providing a continuous source of Fe2+. 

Karlin [46J found that magnetite is formed 
under suboxic conditions between the nitrate and 
iron reduction zone. Bacterially mediated magne
tite formation can occur under such conditions 
[36;47]. Dissimilatory iron-reducing micro-organ
isms can form magnetite provided that reactive 
ferric iron is present [36J. Therefore, magnetite 
formation will be especially enhanced at the very 
reactive iron enrichment zone formed during burn
down just above the buried grey layer (the 
'reversed excursion'; sec section 4.2), but may also 
occur to a lesser extent just below the grey layer. 
The previously formed iron hydroxides are an 
ideal substrate for dissimilatory micro-organisms 
to produce magnetite (Fig. 9, t = 3). 

Within the buried grey layn itself, sulphate 
reduction and subsequent pyrite formation have 
diminished the amount of available reactive iron 
(see previous section). Obviously, magnetite 
formation is not supported in thc buried grey 
layer. Magnetite can precipitate directly in the 
surrounding white and beige layers following the 
reaction: 

ZFe3+ +Fez+ +4HzO --> ['e304 • SH T (II) 

or bacterially mediated following: 

CHZO+ Z4Fe(OH)3 --> zcoz +54HZO +8Fe304 (III) 

Magnetite formation takes place whencver the 
organic matter content and the dissolved oxygen 
concentration are low and Fc2+ and reactive iron
oxides are available. 

The preservation of magnetite is also enhan
ced by non-steady state (organic-rich versus orga
nic-poor) diagenesis. As menLIoncd above. an in
creasing flux of organic carbon - i.e. deposition of 
a new grey layer. - causes an upward shift of the 
redox fronl. Such a shift c,m occur more rapidly 
than iron and manganese oxides at the redox front 
may dissolve. Therefore, these oxides ean survive 
[46J. Similarly, Finney et al. [l5J found a eorrela
tion between the preservation of manganese oxide 
peaks and an increased organic carbon flux. How
ever, persisting suboxlC conditions will eventually 
dissolve all manganese-oxides [43;48; 49;501. Not 
only the coprecipitation of Mn with calcite but 

also the adsorption/recrystalisation of Mn on calci
te can induce the formation of Mn enriched crusts 
[16; 171. Previously formed manganese-hydroxides 
can consequently be preserved during sub-oxic 
diagenesis. The peaks in the Mn/Ca observed in 
the white(l) layers above the grey layers are the 
result of this process. The presence of Mn-enrich
ments in carbonate-rich rocks can indicate a 
change in environmental regime and thus the for
mation of magnetite during diagenesis. Straight
forward evidence for the preservation of magnetite 
is given by the presence of the iron enrichments at 
the top of the grey layers just below the Mn en
richments as is shown by the Fe/AI ratio's (Fig. 5). 
The interval of -IS to +15 cm is a classical exam
ple of such sequence of these redox-mobile ele
ments, indicating their mobilisation in the grey 
layer followed by upward flux to the overlying 
white/beige layer [43J. The preservation of this 
diagenetic Fe-layer and magnetite indicates that 
the redox conditions after the formation of this 
layer did not reach the iron-reduction stage. 

5.4 Implications and conclusions 

From our discussion above it follows that 
magnetite can be formed in different stages of dia
genesis: during deposition primary magnetite is 
formed (Fig. 9, t = 1) and during suboxic diage
nesis secondary magnetite (Fig. 9; t = 3). Primary 
magnetite causes the geomagnetic field to be re
corded during or very shortly after the initial for
mation of this magnetite. by growing through its 
critical hlocking diameter and causing acquisition 
of a chemical remanent magnetisation (CRM). 
This process is very similar to that described ear
lier by Channell et al. lSI J in Italian sections 
where secondary hematite acquired a delayed re
manence due to an authigenic CRM at some depth 
below the interface. The depth at which this 
oecurs - presumably in the iron reduction zone 
may vary with lithology but is probably compa
rable with post-depositional remanent magnetisa
LIon (PDRM) lock-in depths (15-20 em). In fact, 
magnetite grains acquiring a CRM will probably 
be subjeClLO typical PDRM lock-in depth intervals 
where CRM carrying grains are mechanically fix
ed, mainly through compactional loading [52J. 
This would imply a minimum lock-in depth of ap
proximatcly IS em. A maximum lock-in depth, 
however, depends on the depth of CRM acqui
sition which may be well below maximum PDRM 
lock-in depths. Indeed. our recent work shows 
possible depths as much as 80-120 cm [I ;20J. 

Upon burial of the grey layer. secondary mag
netite is formed on either side of the grey layer (in 
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the white layers), depending on the amount of 
reactive iron. If at that moment a polarity reversal 
occurs, it will record the new polarity. The presen
ce of already formed primary magnetite - having 
recorded the old polarity - competes with the 
secondary magnetite. If secondary magnetite pre
dominates, the resulting direction will reflect the 
new polarity, in our case reversed. At the same 
time, intensities are much lower (fig. 8) in the 
white layers as a consequence of the vectorial sum 
of both recorded opposite directions/polarities. 
Thus besides a lower geomagnetic field intensity 
during a transition, the mechanism of opposite 
directions may also cause lowered NRM intensi
ties. Further, there is an addhional complication 
represented by the presence of both a LT and HT 
component. As observed earlier [I], there is a dif
ference in acquisition between the two compo
nents, the HT component showing a delay with re
spect to the LT component. In other words, the LT 
component has already locked the old polarity 
(normal, e.g. between 0 and 25-30 cm), while the 
minerals carrying the HT component are still 
being formed and have not yet grown through 
their critical blocking diameter. However, also the 
LT component itself shows a delayed CRM acqui
sition, as evidenced by the reversed polarities in 
the lowermost part of the record (fig. 8). Thus, the 
LT component may record the ambient polarity 
before the HT component, but it is also subject to 

a 'secondary' formation. Obviously, this yields 
some information on the magnetic minerals carry
ing the LT component. Contrary to our earlier sug
gestions [l] we find it unlikely that it is carried by 
pyrrhotite or some other magnetic iron-sulphide. 
Firstly, the temperature trajectory that determines 
the LT component has much higher blocking tem
peratures than the Curie temperature of pyrrhotite 
(±320 °C) [53]; sometimes it is only totally remo
ved at temperatures of 510-540 °C (fig. 6). Se
condly, detailed rock magnetic studies of the 
Trubi marls from Sicily have shown no evidence 
for pyrrhotite [9; 10]. Also our present geochemi
cal data and discussion above virtually exclude the 
existence of pyrrhotite. Therefore, we assume that 
also the LT component is residing in magnetite. 
The different - and varying - blocking temperature 
spectra of the LT and HT components probably re
flect different grain-size spectra, that in turn re
flect their (authigenic) origin and timing of forma
tion. The earlier lock-in of the LT component ar
gues for a larger grain-size than that of the HT 
component, i.e. the LT magnetite has grown 
through its critical blocking diameter before the 
HT magnetite. An alternative explanation for the 
lower blocking temperatures of the LT component 
- grain-sizes near the threshold of single domain 

and superparamagnetic grains - is unlikely since it 
would imply partial dissolution of the earlier 
locked-in LT magnetite and the simultaneous 
growth/formation of secondary (HT) magnetite. 
Some unexplained details in the record, such as 
the	 occurrence of reversed LT directions in the 
bottom part of the grey layer leads us to suspect 
that the actual processes are even more com
plicated. Clearly, additional rock magnetic studies 
attacking this particular problem are needed. 

The sequence of events suggested by our 
current 'Fe-migration model' - primary magnetite 
preserved in the grey layer and formation of 
secondary magnetite especially in the white(l) 
layer - supplies us with a quite accurate location 
of the actual reversal. The grey layer of cycle 51 
consistently shows reversed polarities, suggesting 
that at least here the geomagnetic transition has 
been completed. We retain as our best and most 
consistent estimate the level where both LT and 
HT directions consistently show a reversed 
polarity, i.e. approximately at the 35 cm level. 

In principle, this level gives a more accurate 
age than the one previously established 4.18 Ma 
[8] on the basis of the initial magnetostratigraphy 
[5]. The 35 cm level gives an age of 4.165 Ma, 
taking into account a lag of 3-4 kyr between 
precessional forcing and climate response [54]. 
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ABSTRACT 

Detailed paleomagnetic records of the upper and lower Thvera polarity transitions have been determined from Pliocene 
marine marls in southern Sicily. The dominant magnetic mineral is fine grained magnetite. The two transitions have YGP 
paths following a great circle passing South America and the west coast of North America. There are strong indications that 
the YGP paths result from smoothing of the non-antipodal stable directions before and after the transitions. The upper 
Thvera transitional record is preceded by two excursions and followed by a third one. The first excursion is a sedimentary 
artefact caused by post-depositional migration of magnetic minerals and the third one by is caused by weathering of the 
sediment. The upper Thvera transition from Sicily is compared with the record from Calabria, about 250 km away. The two 
records show similarities as well as differences: both transitions have identical YGP paths. but in Calabria the transition is 
recorded lower in the sediment, the first and third excursions have different characters and the second one is not present. 
Apparently the registration of transitions of the Earth's magnetic field in sediments is strongly influenced by smoothing and 
diagenetic processes after deposition. 

1. Introduction facts [3-6]. However, Laj et al. [7] and Tric et al. 
[8] concluded, from studies of the VGP paths of 

The Earth's magnetic field has reversed its several transitions (showing a wide distribution in 
polarity many times in the geological past, but the both time and place) that the VGP paths are 
mechanism which causes this feature still remains predominantly confined t<' a longitudinal band 
largely unresolved. An aid in solving this problem over the Americas or its antipode, and that there 
is the detailed paleomagnetic study of the be may have been a strong dipolar field during tran
haviour of the Earth's magnetic field during these sitions. However, Valet et aL [9] pointed out that 
transitions. Detailed records of geomagnetic tran the transitional fields cannot be dipolar and that 
sitions have been obtained from different sources, the longitudinal confinement found by Laj et al. 
the most important of which are those recorded [7] and Tric et al. [8] is statistically insufficiently 
in lava sequences and those in sedimentary se constrained. Mary and Courtillot [10] found that, 
quences. Although sedimentary sequences con in many reversals, the reversing fields decrease 
cern appropriate time control and continuous and subsequently increase along the dipolc direc
registration of the geomagnetic signal, the record tion on which a random noise is superposed. In 
ing mechanism in sediments is still badly under addition, Langereis et al. [6] have shown that the 
stood and may easily lead to sedimentary arte- longitudinal confinement of the VGP paths from 

sedimentary records can also be explained by a 
process of smoothing of the stable non-antipodal 
directions before and after the transitions. 
Clearly, many more transitional records from both

Correspondence to: A.A.M. van Hoof, Paleomagnetic Labora
tory, Fort Hoofddijk. Budapestlaan 17, 3584 CD, Utrecht, lavas and sediments are required before there is a 
The Netherlands. consensus on this matter. 
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One important aspect when making a contri
bution to the number of known and (highly) de
tailed records is to ensure that the reversal(s) are 
well identified. This makes it possible to compare 
the same reversal from different geographical lo
cations, and from different sedimentary (or vol
canic) environments. In this paper we present the 
detailed reversal records of the lower and upper 
boundaries of the Thvera subchron from marine 
marls in southern Sicily. The results of five suc
cessive transition records from the Lower Pliocene 
in Calabria, in the Gilbert Chron, which range 
from the upper Thvera to the upper Nunivak, 
have already been reported by Linssen [2]. For 
the present work the upper Thvera transitional 
record from Sicily, together with the record of the 
lower Thvera, were sampled in considerably more 
detail and both are presented here. 

2. Geological setting and sampling 

The Thvera subchronozone in the Gilbert 
Chronozone was identified by a detailed magne
tostratigraphic study of the Eraclea Minoa sec
tion in the Caltanisetta basin of Southern Sicily 
(Fig. I) [11]. The Eraclea Minoa section forms the 
basal part of the Rossello composite section [12] 
and it consists of marine marls of the Pliocene 
Trubi Formation (Fig. 2); the bedding plane at 
the sampling locality has a strike and a dip of 
267DWand 14DN. The average sedimentation rate 
can be accurately determined on the basis of the 
astronomically calibrated polarity time scale 
(APTS) [13] and is 5.0 cm/kyr in the lower Thvera 

AAM. VAN HOOF AND CG. LANGEREIS 

section and 4.4 cm/kyr in the upper Thvera 
section. The marls of the Trubi formation mainly 
consist of carbonates (60-80% CaC03 ) and a 
mixture of clay minerals [14]. Hilgen [15] recog
nized a long succession of small-scale sedimen
tary cycles-the so-called quadruplets. The 
weathering profile of these quadruplets form a 
repetition of grey, white, beige and white coloured 
beds (Fig. 2), which were deposited during cyclic 
sedimentation periods of approximately 19-23 ka. 
These sedimentary cycles are clearly related to 
the precessional cycle of the Earth's orbit [16]. 
Although the weathering profile shows quite 
sharp changes in colour and induration, the 
changes in fresh, unweathered sediment are much 
more gradual. Considerable effort was taken to 
remove the weathered surface (up to I m) in 
order to expose the fresh (dark grey, light and 
dark blue) sediment. This method proved suc
cessful for almost the entire intervals sampled, 
except for the top part of the upper Thvera 
interval where the uppermost white layer re
mained visibly and strongly weathered. In the 
lower Thvera interval the colour layering was not 
as clear as in the higher part of the section. Only 
a greyish and a beige layer could be distin
guished, while between these two layers there 
was a somewhat lighter coloured (white?) layer. 

Sampling was carried out by taking oriented 
cores, 25 mm in diameter, more or less parallel to 
the bedding plane at very close intervals (- 1 
cm), from a freshly cut, near-vertical plane. Each 
core was divided into specimens 22 mm long. The 

O:SIGllCe in melres 

I • ~ ~ .......... 
Minoa 

(b) Capo Bianco 

Fig. 1. (a) Map of Sicily and Calabria. The transitions described in this paper were sampled at the Eraclea Minoa Section. The 
upper Thvera transition will be compared with the same transition sampled in the Singa section in Calabria, some 250 km away 

from Eraclea Minoa. (b) Location of the Eraclea Minoa section in Sicily (italy). 
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THVERA GEOMAGNETIC REVERSAL RECORDS 

stratigraphic position of each specimen was accu
rately determined by taking into account drilling 
orientation, bedding plane and width of the saw 
cut. The resolution of these records is of the 
order of a few millimetres; hence it is better than 
100 years. Variations in the parameter within a 
sample will, therefore, in principle only smooth 
the high frequency signal of the secular variation 
[17]. 
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3. Rock magnetism 

The acquisition of a stable remanence may 
take place at a certain depth below the sedi
ment-water interface, resulting in a time lag be
tween the deposition of the sediment and the 
acquisition of the remanence. Usually this is re
ferred to as a post-depositional detrital remanent 
magnetization (pORM) and the corresponding 
time lag is directly related to the lock-in depth, 
which, in turn, depends for a major part on 
sediment compaction. A typical value of the lock
in depth for relatively slowly deposited sediments 
(1-8 cm/kyr) is approximately 16 cm [18]. In the 
case of authigenic (biogenic) formation of mag
netic minerals, however, a chemical remanent 
magnetization (CRM) may be acquired at depths 
or in depth intervals that depend on redox condi
tions rather than mainly on compaction. The 
"lock-in depth" or depth lag may then be consid
erably larger [5]. Post-depositional diagenetic 
processes controlled by changing redox condi
tions, may, in addition, lead to the migration of 
Fe ions, which can cause a CRM at a depth of 
more than 1 m below the sediment-water inter
face [1,16]. Rock magnetic parameters may give 
an indication of the change in the character and 
concentration of the magnetic minerals. There
fore, we determined the initial susceptibility (Xu) 
and the (remanent) saturation magnetization (JrS' 
is) and the (remanent) coercivity (Her> He)' 

The acquisition of an isothermal remanent 
magnetization (IRM) for a number of samples 
from different lithologies up to a maximum OC 
field of 2 T (Fig. 3a) reveals that there are deflec-

Fig. 2. Lithostratigraphy and magnetostratigraphy of the Trubi 
formation at the Eraclea Minoa section [12,15]. The lower 
Thvera transition was identified in small-scale cycle 5 and was 
sampled in detail over an interval of 1 m. The upper Thvera 
transition was identified in small-scale cycle 16 and was sam
ples over 1.75 m. In this paper the zero levels of the two 
transition records are arbitrary, and were chosen at pro
nounced layer-parallel sedimentary lines. For the lower Thvera 
this zero level was chosen at a line in the beige layer of cycle 
5. The zero level of the upper Thvera record is at the top of 
the gray layer of cycle 15. The white marls have a higher 
carbonate content, while the grey and beige marls are rela
tively poor in carbonate [16]. probably due to increased conti
nental run-off (grey) or increased African wind-blown input 

(beige) [14]. 
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~,{)n points at fields of 100-200 mT, indicating 
that a low coercivity mineral has reached the 
saturation remanence. The increase in the IRM 
in higher fields, of mainly the white lithology, 
records, in addition, the presence of a high coer
civity mineral. The saturation IRM (Jr,) at 2 T 
was thermally demagnetized. The relative inten
sity decrease at 120°C as a percentage of the 
initial irs of the upper Thvera section is shown in 
Fig. 3b. The samples with a relatively large 
amount of highly coercive minerals during IRM 
acquisition are from the same sedimentary inter
val (mainly white marls) as samples with the 
strongest decay at 120°C. This suggests that the 
highly coercive, low unblocking temperature min
erai is goethite, which is a typical product of 
weathering. A strong indication of the presence 
of goethite is the brown and strongly oxidized 
layer at level 135 of the upper Thvera section. At 
this level the decrease in the irs intensity be
tween room temperature and 120°C is at a maxi
mum of 40% (Fig. 3b). From the NRM demagne
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tization results, any remanence carried by goethite 
is not evident. 

irs seems to show a lithological dependence. 
Correction for the amount of goethite is made by 
subtracting the part of the irs demagnetized at 
l20°C from the total irs (Fig. 4). This correction 
lowers the irs values somewhat but the lithology 
dependence remains. There are maxima in the 
beige layers, and minima in the lower part of the 
grey layers and in the white layers above the grey 
layers. The maxima are up to 3.5 Aim for the 
upper Thvera section and 1.5 Aim for the lower. 

As observed in the entire section [ef., 1], the 
initial susceptibility (Xu) is strongly dependent on 
the lithology; the beige layers consistently show 
maxima (here the maximum is 250 X 10- 6 SO, 
while minimum values are found at the transition 
from white to grey. 

The ratio irs/XU is largely independent of con
centration (provided that the dominant magnetic 
mineral is magnetite) and it may give an indica
tion of the grain size. The ratio shows typical 

b decay at 120'C 
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Fig. 3. (a) Normalized IRM acquisition curves of samples from different lithologies, up to a maximum field of 2T. Most samples 
from the grey (black points) and beige (triangles) lithologies and one from the white (circles) lithology are saturated at fields lower 
than 400 mT. The rest of the white samples and one grey sample are saturated in higher fields. (bl During thermal demagnetization 
of samples from the upper Thvera section with a saturation lRM (Jrs ) the relative decrease in intensity lip to 120°C is determined 
as a function of stratigraphic level. The samples having the strongest decay got their saturation remanence at higher fields. which 

indicates the presence of goethite. especially at level 135, which was a brown coloured part of the lithology. 
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Fig. 4. Variation in the magnetic parameters saturation IRM (I,), initial susceptibility (Xo), the ratio J" / Xo and remanent 
coercive force (fin) as functions of the stratigraphical levels and lithology. The upper part of the figure is the upper Thvera 
section; the lower is the lower Thvera section. The legend of the lithological column of the upper Thvera section is the same as in 
Fig. 2. In the lower Thvera section the differences between layers were hard to distinguish. The colours in this column are, from 
bOllom to top: beige, whitish, greyish and white. Triangles in the J" diagrams denote the intensities of J" at 120°C. At this 
temperature it is assumed that only goethite fraction has been demagnetized. Triangles in the Xo diagrams are the corrections for 
the high field susceptibility. In the flel diagram the triangles denote the high coercive mineral correction (goethite), see also text. 
J" and Xo have maxima in the beige parts of the lithology. The ratios of both parameters lie in the range of fine grained magnetite. 

The remanent coercive forces Hel lie in the range of fine grained magnetite and maghemite. 
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values of 15-20 kA/m, except for a clear mini strong paramagnetic contribution and will in
mum in the bottom part of grey. Fine-grained crease the bulk susceptibility, Xo' Hysteresis loop 
magnetites have values larger than 20 kA/m [19] experiments quantify the amount of the paramag
and they are presumably of single domain size netic contribution (Fig. 5). Correction of Xo for 
[20,21]. The clay fraction of the lithology has a the paramagnetic susceptibility increases the ratio 
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Fig. 5. Hysteresis loop. The linear trend at higher fields 
(dashed lines) is due to the paramagnetic susceptibility of the 
clay minerals. It can be derived from the curve as the tangent 
(of (f). Horizontal axis ~ inducing field; vertical axis = induced 
remanence; Is = saturation remanence determined where the 
dashed line crosses the vertical axis; He = coercive force de
termined where the loop crosses the horizontal axis after 

correction for the paramagnetic susceptibility. 

Jrs/Xo to values typical of fine grained mag
netites. 

The remanent coercivity, Her' in natural sedi
ments is independent of the concentration of 
magnetic material and is not influenced by para
magnetic clay minerals. Assuming that there is 
only one mineral present, Her is measured by a 
stepwise increase in the DC field in a direction 
opposite to Jrs , where Her is the DC field strength 
required to decrease Jrs to zero. However, in a 
mixture of a low coercivity mineral (magnetite) 
and a high coercivity mineral (goethite), a correc
tion for the goethite must be made. The Jrs of the 
mixture, gained at a 2 T field, will consist of the 
IRM's of both minerals. While determining the 
Her of the low coercivity mineral occurring in this 
mixture, the DC field opposite to will notJrs 
decrease the IRM of goethite. Therefore, the DC 
field must be increased until the IRM intensity of 
goethite is reached, instead of the zero intensity 
for a sample containing only one mineral. In 
order to obtain an approximation of the goethite 
fraction, we assume that the IRM intensity of 
goethite is the part of Jrs that is demagnetized 
between room temperature and 120°C. Typical 
Her values of fine grained magnetites are 40-60 
mT [20,22,23], which are the values observed in 
the upper Thvera section (Fig. 4). After the 
goethite correction the data show a better fit to 
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the fine-grained magnetite values. In the lower 
Thvera section the Her data are somewhat high 
for fine-grained magnetite values between levels 
o and 75, but here no goethite correction was 
made. 

In their rock magnetic study of the Trubi marls 
from Eraclea Minoa [20], using the ratios Her/He 
and Jrs/Js' Van Velzen and Zijderveld concluded 
that the magnetic minerals were dominated by 
fine grained (SD) magnetites. A small discrep
ancy between their data and those from Dunlop 
[23] was explained by the presence of some 
goethite, and possibly some super paramagnetic 
magnetite. Our Her/He and Jrs/Js data are the 
same as those of Van Velzen and Zijderveld [20] 
(Fig.6). 

On the basis of the rock magnetic properties 
we conclude that, in spite of a presumed depen
dence of the rock magnetic parameters on lithol
ogy, the dominant magnetic mineral is fine 
grained magnetite throughout the sedimentary 
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Fig. 6. Double logarithmic plot of coercivity ratio Her / He 
versus remanence ratio I" / Is after [20J. Literature data for 
magnetite of known grain sizes fall on a single trend indicated 
by two dashed lines [23]. Stars ~ data from goethite; crosses ~ 

data from pyrrhotite [33]; circles = data from this study. which 
fit the values from the Trubi sediments (triangles) by van 
Velzen and Zijderveld [20] very well. These authors concluded 
that fine SD magnetites were the most important magnetic 

minerals in the sediment. 
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interval. A small amount of goethite and possibly 
some super paramagnetic material is present. 

4. NRM components 

In almost all paleomagnetic studies of the 
Pliocene Trubi marls the NRM generally shows a 
secondary magnetization (removed at tempera
tures below 300-330°C) but, more importantly, 
two other prominent magnetization components: 
a low temperature (LT) component, removed be
tween 360 and 480-51O°C, and a high tempera
ture (HT) component, removed between 480
510°C and 600°C [4,17]. The LT and HT compo
nents were obvious because in some parts of the 
records the two components were completely 
anti-parallel; in addition, these two components 
have also been observed in other sediments [24]. 
In the case of the Thvera transitions from the 
Trubi sediments on Sicily the LT component is 

lower Thvera 

less obvious (Fig. 7); however, for reasons of 
consistency the LT component has nevertheless 
been determined as the component removed in 
the temperature trajectory 360-480°C. 

The directions of all components are deter
mined by fitting a least squares line [25], usually 
through five or more demagnetization steps. The 
secondary magnetization has a typical present day 
field direction; it probably resides in MD mag
netite [20]. In the Trubi marls, this secondary 
magnetization is removed at 200-250°C, but in 
the Thvera records a substantial part persists to 
higher temperatures resulting in LT components 
intermediate between the secondary and HT 
components (Fig. 10). During demagnetization of 
the LT component fluctuations in the remanence 
are sometimes observed, especially during a cor
responding "plateau" in the decay curves (Fig. 8). 
Finally, the HT component, or characteristic re
manent magnetization (ChRM), is removed at 

upper Thvera 
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Fig. 9. Stable HT directions just before and after the transilions (triangles). Reversed directions of the lower Thvera transition were 
determined from the interval -15-16 cm and normal direction from 57 to 90 cm. Normal directions of the upper Thvera transition 
were determined from the interval 85-95 cm and reversed directions from the !nlerval 108-125 cm. The mean directions of these 
stable, near-transitional directions before and after the lransitions show a clear offset. Circles ~ calculated stable normal directions 
between - 25 and 0 em, preceeding lwo excursions in the lowermost part of the upper Thvera transition; asterisks ~ mean 
directions before tectonic correction; squares = mean directions of LT component before and after teclonic correction, averaged 
over trajectories where the HT component is reversed. Before tectonic correction the LT component is steeper and more westerly. 

The normal LT component is almost parallel to the normal HT component. 
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Fig. 10. Records of the declination, inclination and intensity obtained after thermal demagnetization of the upper and lower Thvera 
transitions. For legend of sedimentary column see Fig. 4. Circles = the LT component; dots = the HT component; dashed 
lines ~ declination and inclination (57.5") of the geocentric axial dipole for the present latitude of the locality. The lower Thvera 
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directional changes: between level 0 and 15, where the declination swings to almost 270° west, with a minor steepening of the 
inclination (excursion 0; between levels 25 and 90, in which the declination again swings to 270° west while the inclination steepens 
slowly (excursion 2) and then becomes more shallow again, back to its initial value at level - 5. The declination does not return 
back to its initial values (35°E). Excursion 3 is at level 125, where the ChRM directions jumps from reversed to normal directions 
coinciding with a (sharp) lithological change, followed by a slower change back to reversed directions. Small dots = the record of 
ChRM intensities at 510°C in mAim; circles ~ ARM(51O°C); dots connected by a line = the smoothed record of the ratio 
ChRMIARM(51O°C), both are in arbitrary units. Data were smoothed by a 5 em spatial window. ChRM data larger than 3 mAim 
below the zero level of the upper Thvera record were not plotted in order to enlarge horizontal scale. The changes in the ratio are 

mainly caused by changes in the ARM(5100C). 
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temperatures higher than 450°C, but the most 
rapid decay is observed only at temperatures 
higher than 510°C. It is also at these highest 
temperatures that this component shows a (more 
or less) linear decrease towards the origin. 

The (mean) normal and reversed directions 
before and after the transitions are not anti-podal 
but show a clear offset (Fig. 9). An overlap in the 
blocking temperature spectrum of the secondary 
component with the spectrum of the HT compo
nent is probably quite persistent up to the highest 
temperatures [21] and may therefore introduce an 
offset in HT directions: the reversed HT compo
nent is expected to have a southwest declination 
and the normal component a northeast declintion 
due to the rotation of the basin and a relatively 
shallow inclination caused by compaction. A sec
ondary component will offset the reversed decli
nation to west and decrease the inclination, con
versely the normal declination will be offset to 
the north and the inclination increased. as is seen 
in Fig. 9. Therefore, the offset may be caused by 
the geomagnetic field but is more likely due to 
the secondary overprint. The offset in the normal 
declinations of the lowermost part of the upper 
Thvera transition has an average clockwise rota
tion of rotation of 38.5°, which is more easterly 
than expected for the secondary overprint. As 
was expected, the inclinations in the normal di
rections are steeper than in the reversed direc
tions. The stable directions before and after the 
two transitions show negative reversal tests [26]. 
Uncorrected for the bedding plane, the mean 
normal HT directions deflect further from the 
north and inclinations are steeper, while the mean 
reversed HT directions tend to more westerly 
directions and inclinations also steepen (Fig. 9). 
The mean "reversed" LT component shows, be
fore tectonic correction, a more westerly declina
tion and a steeper inclination. 

Scheepers and Langereis [27] also find differ
ences between normal and reversed directions 
(30° and 40°, respectively) for the entire Thvera 
subchronozone and the overlying reversed sub
chronozone. They suggest that this is probably 
related to the higher carbonate content (and thus 
higher porosity) of the basal part (i.e., the Era
clea Minoa section) of the Rossello composite 
section [12,16]. A higher porosity may result in 
increased weathering of SD magnetite, which 
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causes a secondary component that persists up to 
the highest temperatures [21]. The non-transi
tional ChRM directions show an inclination error 
of 7-16°(Fig. 9) and it is stronger in the reversed 
directions. Hence, there is probably a bias in 
inclination due to a secondary component. The 
most important cause of the inclination error, 
however, is most likely due to compaction and its 
magnitude is clearly related to the carbonate 
content [27], a result which is known from earlier 
studies [28,29]. 

5. The transition records 

The registration of the lower Thvera transition 
record in the HT component (Fig. 10) shows a 
smooth reversal from reversed to normal direc
tions, starting at level 15 cm. At the end of the 
transition between levels 50 and 55 cm, a small 
"acceleration" to normal declinations (including 
the rotation) can be seen in the lower part of the 
(supposedly) grey layer. The directional changes 
of the entire transition take place in 40 cm. This 
interval would represent some 8.0 kyr using a 
sedimentation rate of 5.0 cm/kyr. 

The upper Thvera record, on the other hand, 
appears to be complicated and essentially four 
main features can be recognized (Fig. 10): two 
excursions in the lower part, the transition itself 
and one more excursion in the upper part. Excur
sion 1 (between 0 and 15 cm) shows a large swing 
of, in total, more than 100° in declination to the 
west, and even some 70° within 2.5 cm. This 
excursion is rapid and is consistently recorded in 
the declination. There is no corresponding swing 
in inclination, only a slight steepening can be 
seen. After the return to stable declinations (again 
including the 35° rotation) there is a second swing 
in declination: excursion 2 in the interval between 
25 and 70 cm. The inclinations remain steep. The 
return to normal directions does not include the 
35° rotation. The third feature is the actual tran
sition. This takes place between levels 80 and 105 
cm (within the grey layer), although at levels 
80-85 cm some rapid changes can be seen. Using 
a sedimentation rate of 4.4 cm/kyr, this interval 
represents some 8.0 kyr. During the transition at 
level 93 there are some rapid changes in declina
tion as well as inclination. 
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The stable, post-transitional reversed direc white layer, the part of the lithology where in the 
tions are followed by excursion 3. This excursion rock magnetic section the maximum in goethite 
coincides with the boundary between the grey was found. This makes it a priori very unlikely 
and white lithology. Moreover, the main part of that excursion 3 was caused by directional changes 
the excursion is in a brown coloured part of the of the geomagnetic field. 

upper Thvera 

lower Thvera 

Fig. 11. Aitoff projection VOP paths of the transitions show a strong confinement to a great circle over North and South America. 
The excursions preceding the upper Thvera transition (smaller symbols) have their VOP's north of the equator in the Atlantic. 
Star ~ location of the site; solid line ~ the VOP path obtained by filtering the mean directions of under/overlying polarity zones 
resulting from magnetostratigraphy [12]; shaded line ~ filtering of near-transitional directions determined from the reversal 
records. The near-transitional directions are the same as in Fig. 9, except for the normal directions preceding the upper Thvera 

transition. There the mean direction of the ChRM's between levels 85 and 92 cm was used. 
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5.1 Intensity 

The observed changes in magnetic mineralogy 
over the transition records do not allow the inten
sities of the ChRM (510°C) to be used as a 
measure of the relative paleointensity of the geo
magnetic field during the transition. For a mag
netite-dominated magnetic mineralogy like the 
Trubi sediments [21], King et al. [30] proposed a 
method which uses the ARM intensity as the 
normalizing factor for the abundance of mag
netite carrying the remanence. Since the ChRM 
was determined at temperatures higher than 
510°C, we used the ARM intensity at 510°C as a 
normalizing factor, although the NRM and ChRM 
demagnetization curves are somewhat different 
(Fig. 8). The number of data points of the ChRM 
exceeds the number of ARM points, therefore a 
linear interpolation was used between the subse
quent ARM data points. The ratios ChRM 
(51O°C)/ ARM(51O°C) were calculated by first 
smoothing the ChRM intensity record with a 5 
em wide rectangular moving window and normal
izing it with the interpolated ARM data points. 

The normalized intensity of the lower Thvera 
record shows a clear maximum at level 75 em 
(Fig. 10). There are small local maxima at levels 2 
and 57 em, respectively. The upper Thvera record 
starts with very high values of 23 mAIm (not 
shown in Fig. 10 to enhance variations in the 
lower intensities), and it has a minimum of 0.15 
at level 8 em. This minimum coinc-.des with excur
sion 1. The ChRM/ARM ratio increases gradu
ally to 1 at level 85, which is at the onset of the 
actual transition. The intensity minimum between 
100 and 115 cm is followed by a local maximum at 
level 125. Above level 125 there is another de
crease in intensity. This decrease occurs at excur
sion 3, which is most likely caused by a lithologi
cal change at that level. 

6. Discussion 

6.1 The Sicilian lower and upper Thuera records 

The average sedimentation rate during the 
Thvera subchronozone has been established at 
4.4 (upper Thvera) to 5.0 (lower Thvera) cm/kyr 
[11,13,16]. The sedimentation rate during the de
position of the grey and beige marls could be 
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somewhat higher due to increased continental 
run-off and a constant carbonate flux [14], or 
somewhat lower due to increased carbonate pro
duction in the white marls while the flux of the 
non-carbonate fraction is constant [31]. The dif
ference in ages between the midpoints of two 
subsequent grey layers [13] is the time during 
which one quadruplet is deposited. By consider
ing this deposition time, the thickness and car
bonate content of each individual layer, we can 
compute the average sedimentation rate of each 
individual layer. This results (with the assumption 
of a constant carbonate production with a varying 
non-carbonate fraction, or a constant non
carbonate fraction with a varying carbonate pro
duction) in a variation in sedimentation rate from 
3.9 (resp. 3.5) cm/kyr in the white (beige) layers 
to 5.3 (resp. 6.2) cm/kyr in the beige (white) layer 
and from 3.5 cm/kyr in the beige layers to 6.2 
cm/kyr in the white layer. These values will not 
significantly alter any conclusions about the dura
tion of the record, so sedimentation rates of 5.0 
and 4.4 cm/kyr are assumed for the lower and 
upper Thvera records, respectively. 

The yaps were calculated after applying a 35° 
correction for the clockwise rotation of the loca
tion. The yap paths of the two transitions are 
very strongly confined to meridians over both the 
Americas (Fig. 11). The yap paths of the two 
excursions preceding the upper Thvera transition 
lie in the northern Atlantic. Tric et al. [8] showed 
that yap paths of two-thirds of recently obtained 
transitions behave very similarly to those of the 
lower and upper Thvera. Laj et al. [7] pointed out 
that the same bands of longitude are important in 
other geophysical observations, such as the pat
tern of fluid motion in the outer core and regions 
of higher seismic velocities in the lower mantle, 
suggesting a causal relationship. However, Ro
chette [4] showed that smoothing of the non-anti
podal directions before and after a transition will 
also result in yap paths with a strong longitudi
nal confinement. By smoothing the mean stable 
directions before and after late Miocene and 
Pliocene transitions sampled in the Mediter
ranean, Langereis et al. [6] found synthetic yap 
paths confined to the Americas which were iden
tical to the observed yap paths. 

Mean stable directions were determined (Fig. 
9) by averaging the directions over a sedimentary 
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interval just before or after the transitions where 
the changes in directions are due to rioise. The 
stable directions of the polarity zones before, 
during and after the Thvera subchronozone from 
the magnetostratigraphic study of the Eraclea 
Minoa by Hilgen and Langereis [11] are shown in 
Table 1, together with the near transitional direc
tions. The mean directions of the previous re
versed polarity zone and the Thvera subchrono
zone show a marginally positive reversal test (class 
C) [26], while the mean directions of the subse
quent polarity zone and the Thvera subchrono
zone, as well as the near transitional directions, 
have negative reversal tests. Synthetic VGP paths 
were calculated by smoothing the mean stable 
magnetostratigraphic directions (Table J) before 
and after each transition, using the method of 
Rochette [4] (thick lines, Fig. 11). The lower 
Thvera synthetic VGP path is some 30° away 
from the observed VGP path of the lower Thvera 
transition. The upper Thvera synthetic VGP path 
has the same band of longitude as the observed 
upper Thvera VGP path. 

Using the same procedure, the synthetic VGP 
paths were also calculated by smoothing the mean 
stable directions just before and after the transi
tions (Fig. 9). The coincidence of the observed 
VGP paths with these synthetic VGP paths is 
even more striking (shaded lines, Fig. 11). The 
smoothing may well be due to the filtering mech
anism of remanence acquisition in these sedi
ments. The coincidence of the transitional data 
and the smoothed non-transitional directions is 
also apparent in several other transitional records 
from the Sicilian Trubi marls [6]. This strongly 
indicates that the filtering mechanism of the ac
quisition of the sediment obscures the real geo
magnetic transitional directions. 

TABLE j 

Hoffman [32] found, in transitional rece is 

from lava sequences (which are not or hardly 
smoothed), long-lived VGP positions clustering at 
spots on the globe that coincide with the prefer
ential longitudinal bands over the Americas or its 
antipode found earlier [7,8]. These recurring clus
ters are still highly hypothetical and they may 
only reflect short periods of active volcanism dur
ing transitions. On the other hand, if these ck.;
ters do represent a stage of a dipolar transitional 
configuration, the VGP will be independent of 
the sampling site on the globe. Filtering of this 
record by a sedimentary NRM acquisition will 
result in a VGP path that includes the spot of 
these long-lived VGP positions and (if the filter 
width is large relative to the time of the transi
tion) the longitudinal bands that contain these 
spots. Therefore, depending on the relative filea 
width of the sediment, some information about 
the transitional path may be registered by sedi
ments and the synthetic VGP path will be con
fined to the Americas or its antipode. 

Since the demagnetization curves of ARM and 
ChRM are slightly different, calculation of the 
relative paleointensity may not be meaningful. 
Indeed, the absolute maxima in the relative pale
ointensity records are due to high ChRM intensi
ties as well as extremely low ARM(5100) intensi
ties. A high geomagnetic field intensity cannot 
change the magnetic parameters such as the 
ARM(5100), so the paleointensity records must 
be considered unreliable. Similarly, since the de
magnetization curves of Irs and ChRM are differ
ent (Fig. 8), Irs is also unsuitable as a normalizing 
factor. Another commonly used method for de
termining paleointensities is"the ChRM/Xo ratio. 
The Xo records of both transitions (Fig. 4) show 
the same tendency as the ARM(5100) records. 

Mean declinations (dec) and inclinations (inc) of subchronozones before. during and after the Thvera suchcronozone 

Subchrononzone dec inc N rsum Length (em) Angle Critical angle Results 

4.47-4.57 187.1 -41.4 7 6.93 500 
10.3 8.0 neg 

Thvera -4.6 47.4 11 10.86 1200 
7.8 10.7 C 

4.77-4.86 186.5 -50.3 4 3.96 500 

Figures in first column are the ages of the boundaries of the subchronozones. N ~ number ot samples; length ~ length of 
subchronozone: rsum. angle. critical angle and results (negative or class C) are parameters from the reversal test [26J. 
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and the ChRM/Xo ratio will, therefore, result in 
the same maxima as those shown in Fig. 10. 

6.2 Comparison	 of the upper Thvera records from 
Sicily and Calabria 

We have compared the Sicilian and Calabrian 
records from the same upper Thvera transition in 
the Mediterranean region, because both records 
should be identical up to very high order coeffi
cients. The upper Thvera transition record was 
earlier reported as one of five successive transi
tions [2]. These transitions were sampled at the 
Singa section, ~ome 250 km from Eraclea Minoa 
(Fig. 1) in the Calabrian Trubi sediments. The 
grey-white-beige-white sequence in the Sicilian 
Trubi is equivalent to a grey-white sequence in 
the Calabrian Trubi [15]. Therefore, the vertical 
scales have been stretched linearly so that the 
boundaries from grey to white at levels 0 and 125 
cm in the Sicilian record are almost coincident 
with the same boundaries in the Calabrian record 
(Fig. 12). Although the stratigraphic resolution of 
the Calabrian upper Thvera record is in the order 
of a few centimetres (a much lower resolution 
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than obtained in Sicily) the excursions and transi
tion should be identical. It appears, however, that 
the first two excursions from the Sicilian record 
are either different (excursion 1) or absent (ex
cursion 2) in the Calabrian record. Steep inclina
tions after excursion 1 occur in both records. The 
excursions cannot be caused by recent overprints 
because a recent overprint would have normal 
directions, whereas excursion 1 in the Calabrian 
record is even fully reversed; also showing, in 
addition to the Sicilian record, negative inclina
tion values. 

On the other hand, one could argue that the 
(tendency to) normal directions between excur
sion 1 and the transition are caused by a recent 
overprint. This seems rather unlikely because the 
rock magnetic parameters do not indicate sec
ondary minerals in this part of the record. Re
cently, Van Hoof and Langereis [5] showed that 
the HT (and LT) component can acquire their 
remanence at a considerable depth below the 
sediment-water interface and that this depth lag 
was not constant throughout the lithology. It was 
suggested that the magnetic minerals carrying the 
components were authigenically formed under 
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Fig. 12. Comparison of the upper Thvera record from the Sicilian Trubi Formation and the one from the Calabrian Trubi 
Formation [2]. The vertical scale is changed calibrate the same lithological boundaries from grey to white. In the Calabrian 
sampling excursion 1 is present as fulJ reversed directions, excursion 2 is absent, the transition takes place lower and faster in the 

sediment and transition 3 is similar to that in the Sicilian record. 
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different and cyclically fluctuating paleoredox 
conditions. This mechanism does explain excur
sion I if it is assumed that, in the Calabrian 
record, the white layer has totally acquired the 
post-transitional, reversed direction, while the Si
cilian record has only partially acquired the post
transitional directions in excursions I and 2. 

Van Hoof et al. [1] have suggested that, due to 
the changing paleoredox conditions, a migration 
of Fe2+ and Mn into mainly the lower white (i.e., 
on top of grey and below beige) layers will take 
place, leading to the formation of secondary mag
netite. Therefore, a maximum delay in the lower 
white layer is most likely. The transition itself in 
the Calabrian record is somewhat lower in the 
sediment and somewhat "faster". In spite of some 
small differences in the transitions, the VGP paths 
of both upper Thvera records are confined within 
the very same great circle over North and South 
America. Langereis et al. [6] indicate that the 
VGP path of the Calabrian record may also be 
attributed to a smoothing process of the sedi
ment, similar to the VGP paths of the transitions 
in this paper. 

Excursion 3 is also recorded in the Calabrian 
Trubi as fully normal directions; it is more or less 
identical in both records but, in both cases, we 
attribute this feature to a very recent overprint 
caused by weathering. Contrary to the Sicilian 
record, the LT component in the Calabrian sedi
ment has clearly recorded the transition. This 
indicates that this component in the Sicilian 
record (if present at all), has an different origin 
from than in the Calabrian record. 

7. Conclusion 

We have identified magnetites as the most 
important carrier of the HT and LT components 
in records of the lower and upper Thvera reversal 
boundaries recorded in the Trubi marls of Sicily. 
The lower Thvera transition is recorded as a 
smooth change from reversed to normal direc
tions. The actual upper Thvera transition is pre
ceded by two "excursions" and followed by an
other. This last "excursion" is most probably 
caused by a recent overprint due to weathering. 
The two excursions preceding the transitions are 
considered to be sedimentary artefacts due to 
early diagenetic processes. The directions of the 
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excursions are inferred to be caused by the post
transitional reversed geomagnetic field. The ob
served HT (and LT) components in this sediment 
interval most probably acquired post-transitional 
directions due to the formation of secondary 
magnetite, while outside the excursion the sedi
ment had already acquired the pre-transitional 
directions. The upper Thvera transition, itself, is 
a smooth change from normal to reversed direc
tions. 

The relative paleointensity record was ob
tained by normalizing the ChRM(51O°C) with 
ARM(51O°C). The minima and maxima are not 
only due to changes in ChRM(51O°C) but also to 
the (lithology dependent) ARM(51O°C), indicat
ing that the normalizing procedure (with 
ARM(5100C)) is probably not suitable for deter
mining paleomagnetic field changes in intensity. 
In addition, if the ChRM is the vector sum of 
normal and reversed directions caused by 
smoothing, then the intensity is low while the 
geomagnetic field intensity during the normal and 
reversed directions may be strong. The VGP paths 
of the upper and lower Thvera are most probably 
the result of smoothing of the stable directions 
before and after the transition [3,5]. In addition, 
it is unlikely that the complex behaviour of the 
upper Thvera record is a registration of the tmn
sitional geomagnetic field because the directional 
changes do not completely match directional 
changes of the Calabrian upper Thvera record 
only about 250 krn away. 

For a study of the long-term geomagnetic be
haviour (magnetostratigraphy), these sediments 
are very suitable, since they match the geomag
netic polarity time scale very well [ef., 11]. Any 
study of polarity transitions however, necessitates 
an extremely good understanding of remanence 
acquisition in sediments and requires ample rock 
magnetic and geochemical studies. 
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Chapter 5 

A comparison of the lower and upper Sidufjall geomagnetic 

transition records from Southern Sicily with the records from 

Calabria (Italy) 

A.A.M van Hoof 

Institute ofEarth Sciences, Paleomagnetic. Lab. 'Fort Hoofddi}k', Budapestlaan 17,3584 CD Utrecht,
 
The Netherlands
 

Abstract. The paleomagnetic records of the antipode (La) et al., 1991) excited the world of 
upper and lower Sidufjall polarity transitions from the geomagnetists. Constable (1992) showed 
marine marls on southern Sicily are compared with that the VGPs of non-transitional data from 
the same transitions recorded in similar marls from lavas have a non-zonal bias according to the 
Calabria (Linssen, 1988; 1991), some 250 Ian east 

path over the Americas or its antipode due to a 
from the location on Sicily. The morphology of lhe 

equatorial dipole. A reversal, starting and same transitions should be identical up to the highest 
ending with stable VGPs in these preferential degree, since on global scale these two sites are at 
longitudinal bands of the VGP paths, willthe same location. The morphology of the transition 

records, presented as declination-inclination-intensi follow this band, whether the transition is 
ty plots, VGP paths and in Zijderveld diagrams are completely the result of smoothing of the 
completely different. In addition, comparison of the geomagnetic signal by the sediment as 
mean directions in the subchronozones result in suggested by Rochette (1990), or the result of an 
significant variations. For magnetostratigraphic stu axial dipole that decays and recovers in opposite 
dies the sediment is very suitable, for detailed stu direction while the equatorial dipole remains 
dies of the geomagnetic field however, there are still unchanged. Langereis et al. (1992) simulated 
too much unknown local sedimentary and geochemi

the smoothing effect by filtering the average
cal factors that influence the directions of the rema

stable directions before and after the transitional nence. The observations cannot be explained by the 
records in Mediterranean sediments with adiagenetic magnetite model proposed by van Hoof et 
moving window and they found a goodal. (1993). 
correlation with the observations. Weeks et al., 
(1992) argue that filtering of the geomagnetic 
signal during the acquisition of the remanence 

1. Introduction in sediments indeed may take place but that it is 
unlikely that the transitional geomagnetic field 

In studies to the behaviour of the is completely obscured by smoothing. They feel 
geodynamo during polarity transitions, sedi therefore that in the remanence of the sediments 
ments are commonly used as a recorder of the not only the non-zonal bias of the stable VGPs 
geomagnetic field. Although its significancy is is observed but also intermediate geomagnetic 
discussed (c.f. Valet et al., 1992; La) et al., directions and the long-lived clusters of 
1992), the observation that the Virtual intermediate directions during transitions as 
Geomagnetic Pole (VGP) paths of many suggested by Hoffman (1991). 
sedimentary transition records are confined to a 
great circle over North and south America or its 
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The way in which the sediment acquires its 
remanence is largely unknown. Not only a 
certain degree of smoothing might occur 
(Hoffman and Slade, 1986; Rochelle, 1990) as 
shown above, but also changes in timing of the 
formation of the remanence bearing minerals, 
changes in bioturbation, small changes in 
mineralogy during diagenesis (c.f. Karlin, 1990; 
van Hoof and Langereis, 1991; van Hoof el ai, 
1993). This may result in variation of the 
remanence lock-in depth or a variation in 
degree to which the recording of the 
geomagnetic field is smoothed. These changes 
may take place down to one metre or more 
below the sediment water interface (van Hoof 
and Langereis, 1991). On a scale, as used in 
magnetostratigraphy, one metre is usually less 
than the spatial resolution, but in the study of 
high-frequency changes of the geomagnetic 
field these modifications are fatal. Therefore, it 
is crucial to investigate whether variations in 
directions and intensities of the remanence are 
due to the paleomagnetic field or to other 
causes. One way of doing this is comparing the 
same polarity transition that has been recorded 
on . in global sense - the same location. These 
records should be identical and any difference 
in direction and intensity must be caused by 
changes other than those of the geomagnetic 
field. 

In this context, the data of the upper and 
lower Sidufjall transitions, recorded in marine 
marls of the Trubi sediments on southern Sicily 
are compared with the same transitions recorded 
in quite similar sediments from Calabria, which 
were presented earlier by Linssen (1991). 

Geology 

The Trubi marls from Sicily and Calabria, 
in which the geomagnetic transitions were re
corded, have been described and correlated in 
lithostratigraphic, magnetostratigraphic and cy
clostratigraphic studies (cf. Hi/gen, 1991; and 
references therein). The sediments show a lay
ering with an on average 21-22 kyr cyclicity, 
correlated with orbital forcing due to the preces
sion of the Earth's rotational axis. The cycles 
range from number I at the Mio-Pliocene boun
dary up to number 119 at the Gauss/Matuyama 
boundary (Hi/gen, 1991). On Sicily, a single 
cycle is expressed in a colour layering with a 
grey/white(l)/beige/white(2)' whereas in Cala

bria the white(l)/beige/white(2) layering is re
presented by one single white layer. In the Trubi 
sediments on Sicily the initial susceptibility 
(Xo) is a good indicator for the cyclicity in these 
sediments, since this parameter shows a clear 
maxima in the beige layers (figs. 1,3; van Hoof 
et aI., 1992), while there is no indication for this 
relation in the Calabrian Trubi (figs 2,4). The 
stratigraphical distance between the centres of 
grey 20 and grey 23 is some 4.7 metres in the 
Sicilian section. The time difference between 
the two levels is 105 kyr and the sedimentation 
rate is therefore 4.5 cm/kyr (Hilgen, 1991). In 
the Calabrian section the stratigraphical 
distance between the two layers is some 5.1 m 
and the sedimentation rate is 4.9 cm/kyr. The 
lower (upper) Sidufjall polarity transition was 
determined in small scale cycle 20 (22). Due to 
a relatively high carbonate content in cycles 22 
and 23, the distinction between the individual 
colour layers is difficult to make. The 
white( l)/beige part of cycle 22 is exposed as 
one beige-like layer, the white(1 )/beige part of 
cycle 23 as a white layer. The 
magnetomineralogy of the Sicilian sediment and 
the Calabrian sediment is similar; the 
remanence of the two sections is carried by 
magnetites (van Velzen and Zijderveld, 1990; 
1992) and the transitions are recorded by two 
components, a low temperature (LT) 
component, demagnetized at temperatures of 
480 - 510°C, and a high temperature (HT) 
component demagnetized at 5800 

- 6000 C (van 
Hoof and Langereis, 1991). These components 
have earlier been described in detail (van Hoof 
eta!., 1993) 

Lower Sidufjall 

Lower Sidufjall record from Sicily (LSS) 
Up to level -65 the directions of the LSS 

record are clearly reversed (fig. 1). The lower
most data have very low intensities, immedi
ately followed by ex tremely high intensities of 7 
mAIm between levels -7'J and -65 em. During 
the decrease in intensities just above level -65 
em - in the part of the white layer with brown 
spots (level -62 em) - an excursion from the 
initial reversed directions to Northwest/shallow 
directions is observed. In beige, at level -45 em 
the directions arc again reversed and between 
levels -30 and -15 em (-25 and 5 em) the HT 
(LT) component changes from reversed (R) to 
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normal (N) via west/shallow directions. During 
the transitions of both components the intensi
ties show minima. The LT component reverses 
polarity higher in the sediment column than the 
HT component, while the excursion in the 
white(1) 20 layer is recorded at the same level 
for both components. This implies that the lock
in depth of the HT component was equal to the 
lock-in depth of the LT component at the level 
of the excursion but it was larger at the level of 
the transition (see also van Hoof and Langereis, 
1991). 

The virtual geomagnetic pole (VGP) path, 
calculated after a 35° correction for the clock
wise rotation of the sedimentary basin is 
strongly confined to the east coast of North 
America and to South America. For the 
smoothing procedure, the near-transitional 
directions before (after) the LSS record were 

1 
30 1 

I. 

00 ~ 10 _o~ 
Q I",i • '._.E o I() 20 

c ~ 
10	 2 

(J)	 ~1oJ~> I.,
(J) 

o~ " ,I, 
~o 

, 'I i j " ", ;	 j 'i 

90	 180 270 360 90 

declination 
A 

i "i j I I j 

-90 0 90 0 

inclination 

determined by averaging the data below level 
63 em (above level 2.3 em). The non
transitional data are calculated by averaging 
data from the magnetostratigraphic sub-zones in 
the near-by Eraclea Minoa section (Langereis 
and Hilgen, 1991). The synthetic VGP paths 
that result from smoothing the stable directions 
before and after the LSS transition show a 
striking coincidence with the observed VGP 
path (fig. IB). 

In a Zijderveld demagnetization diagram, 
(see Mary and Courtillot, 1992), the confine
ment of the VGP path over the Americas is 
corresponds to westerly declinations and shal
low inclinations. Only the directions between 
levels -40 and 0 em have been ploued to 
enhance the low intensities, the west/shallow 
directions are observed, although the signal is 
rather noisy (fig 1C). 
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figure 2. Lower Sidujjall record from Calabria (Linssen, 1988; 1991), In the lithological column, a while layer is equivaLent to 
the while/beige/white alternation of the Sicilian sediment. See also caption to figure 1. 
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Lower Sidufjall record from Calabria (LSC) 
(Linssen, 1988; 1991) 

The LSC transition was sampled over an 
interval of approximately 40 cm, completely 
within a white layer. This interval may correlate 
with any interval from the whiteotbeige
white(2) sequence from Sicily (fig. 2). After the 
maximum of 4 mNm at level 0, the HT compo
nent has in general intensities of approximately 
1 mNm with a local minimum at level 10 cm 
and a pronounced minimum at level 20 where 
the transition is recorded. The intensities of the 
LT component are considerable lower than the 
HT component, with the exception of level 20 
cm where they are equally low. Up to this level, 
the pattern of changes in intensity is similar to 
that of the HT component. Above level 20 cm, 
the LT intensities do not increase, contrary to 
the HT intensities. The transition recorded by 
the HT component takes place between levels 
18 and 23 cm with very few intermediate points, 
of which one declination is clearly east. The 
transition is not clearly recorded by the LT 
component, since above level 20 cm the 
directions are scattered. 

A rotational correction of the sedimentary 
basin has not been applied to the directions of 
the records from Calabria. The stable non
transitional directions were determined from 
data of the subchronozones in Zijderveld et al. 
(1986). Smoothing of these directions show a 
strongly near-sided, zonal VGP path. The 
smoothed near-transitional directions, resulting 
from averaging data below level 17 cm, respec
tively above level 23 cm pass North and South 
America. The synthetic VGP paths do not fit the 
very few observed intermediate VGP data 
points although path of the smoothed non
transitional directions show a hardly significant 
tendency to the points. 

All datapoints of the LSC record, with the 
exception of the lowermost two have been used 
in the Zijderveld diagram (fig 2). The offset of 
the declination of the reversed directions is not 
observed in the normal directions and the 
intermediate directions appear to be nothing 
more than some scatter around the origin of the 
projection. The transition is recorded as a 
reversed direction with an offset, that decays 
through the origin and recovers in a normal 
direction without an offset. 

Comparison a/the lower Sidufjall records 
The LSS transition has been sampled over a 

much longer trajectory than the LSC. It is 
therefore likely that the directional changes in 
the white layer at level -55 cm and the intensity 
maximum at level -65 in the LSS record was not 
sampled in the LSC transition. The transition 
recorded by the HT component takes place over 
some IS cm in the LSS record, and over some 5 
cm in the LSC record. In the LSS record 15 cm 
represents 3 kyr, in the LSC record 5 cm 
represents less than I kyr, a difference that is 
difficult to be explained by the geomagnetic 
field. In addition, the maximum in intensity in 
the LSC record at level 0, 20 cm below the level 
with intermediate directions is probably not due 
to the Earth's magnetic field since this 
maximum is not observed in the LSS record. 

Although the LSC record has less 
intermediate data than the LSS record it is clear 
that the VGP paths are completely different. 
The synthetic VGP paths from smoothing the 
mean near-transitional directions of the LSC 
and LSS records coincide, but the synthetic 
VGP path from smoothing the mean non
transitional directions do not. 

In Zijderveld projection, the LSS record has 
west shallow intermediate directions and the 
intermediate directions of the LSC record seem 
to be nothing more than noise. The equatorial 
dipole that would have caused the west/shallow 
directions in the LSS record is completely ab
sent in the LSC record. This is an indication that 
the morphology of the transition records is not 
caused by the transi tional geomagnetic field. 

Upper Sidufjall 

Upper Sidufjall record/rom Sicily (USS) 
The USS record (fig. 3) starts with extreme

ly low intensities and as a consequence the di
rections are scattered, although they generally 
have positive inclinations. The scatter in the HT 
component is stronger than in the LT compo
nent, which may indicate that the present day 
field has a stronger influence on the LT compo
nent than on the HT component. Between -60 
and -40 cm there is a change to more stable re
versed directions via west/shallow directions, 
but where the intensities are very low (from 
levels 10 to 4() em) the scatter in directions is 
increased. 
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The VGP path (fig 3b) starts with low
latitude near-sided locations and a cluster over 
the South-pole. followed by a cluster in South 
America. This second cluster is a representation 
of the low intensity directions in figure 3a 
between levels a and 40 cm. No near
transitional synthetic VGP path has been 
calculated since the USS record has no clearly 
normal directions before the transition. The 
synthetic VGP path based on smoothing of the 
mean non-transitional directions is confined to 
North and South America and passes the 
clusters on the South-Pole and South America. 

The VGPs from the data below level -60 
em in figure 3 are located in North Africa, Asia 
and Europe. From Zijderveld projections 
where only the data up to level -40 cm have 
been plotted to enhance the low intensities - it is 
clear that these VGPs represent mainly noise 
and that the reversed directions show high freq
uency variations, (i.e. variations between the 
subsequent data) mainly a resulting from 
variations in intensity. 

Upper Sidufjall recordfrom Calabria (USC) 
(Linssen, 1988; 1991) 

In the USC record (Linssen, 1991; fig 4) the 
directions are north/shallow below level 40 cm 
and after a decrease in intensity at level 40 
declinations go to south. Above level 55 the 
directions are clearly normal, while the 
intensities remain low. Between levels 80 and 
lIS the transition is recorded with swings from 
normal to reversed directions between levels 80 
and 85 em, reversed to normal at the white/grey 
lithology change and finally a normal to 
reversed directional change at level lIS cm. 
From this level the intensities increase to a 
maximum of 5 mAIm at level 160. 

The intermediate VGPs of the USC record 
are scattered all over the globe. The smoothed 
non-transitional VGP is, like in the LSC record, 
almost zonal, whereas the near-transitional path 
passes over India. 

In the Zijderveld projections the data 
between levels 40 and lIS cm have been used. 
Apart from the noise, it appears that the 
directions are mainly north/shallow and 
south/shallow up. High frequency variations are 
seen both in directions and intensi ty, suggesting 
a very noisy signal. 

Comparison of the upper Sidufjall records 
The USS record is sampled from the bot

tom of the whiteo)lbeige layer of cycle 22, 
over white(2)22, grey23 and ends in 
white(l)/beige of cycle 23. In terms of small 
scale cycles the stratigraphical trajectory of the 
USC record is less than the USS record. It starts 
in white22 and its uppermost part is in grey23. 
The intensity maximum observed in grey23 of 
the USC record is not observed in the grey23 
layer of the USS record. The intensity maxi
mum in the USS record is observed in beige22, 
and it coincides with the maximum in XO' but 
both maxima are not observed in the white layer 
of the USC record. 

The directional changes in the USS record 
take place below the maximum in susceptibility, 
i.e. in the lower part of the whiteCI)/beige
/white(2) of cycle 22. The main dIrectional 
changes in the USC record take place in the 
middle and upper part of the white 22 layer and 
the lowermost part of the grey 23 layer. The 
equivalent of the white(l)/beige/white(2) cycle 
in the Sicilian Trubi is the whir.e layer in the 
Calabrian Trubi, so the directional changes do 
not coincide stratigraphically. Moreover, the 
character of the changes are completely 
different. The USC record is completed after a 
short directional excursion to reversed 
directions, while in the USS record this 
excursion is not clearly observed. 

Although the VGPs of both records arc 
strongly scattered, the characteristics are quite 
different. The intermediate VGPs of the USS re
cords are near-sided on the northern hemis
phere, in the USC record they are scattered over 
the globe. Like in the both lower Sidufjall re
cords the smoothed non-transitional VGP paths 
from the upper Sidufjall records are clearly dif
ferent, in addition the smoothed near-transiti
onal directions have completely different paths. 

The high frequency variations in the USS, 
as shown in the Zijderveld projections are 
strongly related to intensity variations, whereas 
the variations in the USC are due to both 
intensity and directional changes. 

Like in the two lower Sidufjall records it is 
obvious that in both upper Sidutjall records the 
transitional geomagnetic field plays a minor 
role in the directions of the records of the 
transition. 
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Discussion 

The two polarity transitions, sampled at two 
sites separated by a distance of some 250 km, 
were sampled over different intervals and 
slightly different lithologies. In spite of these 
differences, the directional behaviour of the 
parallel sections should be identical if the 
remanence exactly records the geomagnetic 
field. However, they are totally different and the 
transition of the upper Sidufjall from Calabria is 
recorded in a different sedimentary cycle. It is 
therefore obvious that the directional changes 
recorded in the sediments are not true 
registrations of the transitional geomagnetic 
field but sedimentary artefacts. In addition, the 
cluster of intermediate VGP positions at South 
America observed in the USS record (fig 4) is 
not a cluster of long-lived intermediate 
directions as suggested by Hoffman (1992) but 
its is more likely that they are due to a decrease 
in the NRM intensity and as a consequence 
more influenced by a normal overprint 

magnetites is superposed over the remanence of 
the primary magnetites. The superposition of 
the secondary magnetites may introduce 
intermediate directions or even complete 
polarity changes in the sediment. In the grey 
layers the environment is always anoxic due to 
a high organic carbon content. This prevents the 
formation of secondary magnetites in these 
layers and therefore these layers the remanence 
will show the true geomagnetic field at the time 
of formation of the primary magnetites. If the 
remanences of two subsequent grey layers have 
the same post transitional directions then the 
secondary magnetites are also post transitional 
and the layers inbetween these two layers 
should therefore have also a post transitional 
direction. If the remanences of two subsequent 
grey layers show different polarities of the same 
pre-transitional directions, then the primary and 
secondary magnetites in the lithology in
between may have respectively pre-transtional 
and posl-lransitional directions. The remanence 
of these layers may therefore show reversed or 
normal polarities as well as intermediate direc
tions, excursions and transitions, depending on 

Near transitional directions
 
Age (Ma) N D(le) [(IC) rsum a95 X "1*
 

Non transitional directions 
N DCIC) I(tc) rsum a95 X X' 

Eraclea Minoa 
4.24A.40 13 223.2 -44.9 12.79 5.53 12.3 8.1 LSSR 11 229.5 -56.9 10.700 7.3
 

Sidufjall 4 25.8 45.3 3.980 7S10
 LSSN 27 358.0 56.4 26.185 5 27.6 8.6 

4.47A.57 7 222.1 Al.4 6.93 6.65 12.5 8.6 USSN no data
 
USSR 33 228.3 AO.5 32.088 4.28
 

Sin a
 
4.24A.40 3 190.4 -40.1 2.991 8.290 10.2 8.3
 LSCR 39 203.0 -41.1 18.3n8 2.98
 

Sidufjall 14 7.4 50.1 13.782 5.190
 LSCN 13 354.8 40.7 12.935 3.05 21.1 4.2 

4.47-4.57 20 191.7 -43.1 19.888 2.510 7.6 5.8 USCN 17 22.0 43.0 16.346 7.36 

USCR 64 187.6 -34.2 63.363 1.79 14.2 7.6 

table 1: Mean non- and near-transitional directions. In the first column are ages of the sUbehronozones, 

N: sumber of samples.D(te): mean declination after tectonic correction, I(te): mean inclination after tectonic correction 

1"1,"1*: angle. respectively critical angle between pro and post transitional directions 

Van Hoof et aI., (1992) proposed a 
geochemically constrained model that could 
account for the observed morphology of a 
transition record also from the Trubi sediments 
on Sicily. In this diagenetic magnetite model, 
immediately after the deposition of the 
sediment, primary magnetites have recorded the 
geomagnetic field. In oxic to sub-oxic 
environments, secondary magnetites may be 
formed during several thousands of years after 
deposition. The remanence of the secondary 

the relative intensities and directions of the 
remanence of the primary and secondary mag
netites. In addition, differences between the 
observations in the records at the two sites may 
be explained by the dependency on the local 
redox circumstances. Summarizing, the diage
netic magnetite model predicts that close to a 
transition the lithology between two subsequent 
grey layers may show all kinds of directional 
changes as long as the layers do not have the 
same post transitional direction. The grey layers 
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before and after the lower Sidufjall transilion 
have pre, respectively post transitional direc
tions (fig 1; Zijderveld et aI, 1986; Langereis 
and Rilgen, 1991). Therefore the differences 
between the LSS and LSC records may be 
caused by differences in local redox circum
stances and they do therefore not contradict the 

model. On the other hand, the restriction of the 
model that the grey layers are reliable recorders 
of the geomagnetic field needs some 
adjustments because the directional swing, 
observed in the lowermost part of grey 23 in the 
USC record, is not present in grey 23 of the 
USS record. 

near trans 
a • LSS 

• uss 
.. LSC 

... usc 

non trans	 non trans 

common N 
c 

.. \ . .~. 

//I
J 

,// 

_--'"~	 • Sicily 

... calabria 

figure 5. EqUlJI area projection of mean noTt- and near-transitional stable directions of the transition records with 0.95 circles. 
Closed (open) symbols denote downward (upward) projection. A) A normal near-lransitiofUJ! mean direction was not determined in 
the USS record, since stable normal directions were insufficienlly available The mean and reversed near transitional directions have 
negative reversal tests (McFadden and McElhinney, 1990): B) Mean non-transitional directions resulting from magnetostratigraphic 
sludies (Zi,derveld el aI., 1986; LAngereis and Hilgen, 1991). Circles (Iriangles) denole Ihe directions from Ihe siudies from Sicily 
(Calabria). The mean and reversed non transitional direction..'> have negaJive reversal lests. The mean reversed non transitional 
directions of each section have a COITIlnOTt true mean direction (CTMD) class B; C) same data as if B), after rotating the data in a way 

that the normal direction are emctly north with inclination 50° The two reversed mean non-transitional directions of the same 
chronolones have no Common True Mean Directions (CTMD) 
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The differences in the transitional direc
tions of the two sections as well as the differen
ces in offsets of the mean near-transitional di
rections (table 1, fig 5a) can be explained by 
variations in local redox circumstances in the 
layers in which the transition is recorded. The 
diagenetic magnetite model cannot account for 
the differences that arc observed between the 
mean non-transitional directions in both sec
tions, because the remanences of the primary 
and secondary magnetites are parallel in these 
pans of the sediment and thus a superposition 
will change the direction of the natural rema
nent magnetization. The mcan non-transitional 
directions before and after each transition, 
determined by averaging the data from the mag
netostratigraphic subzones from the studies by 
Zijderveld et al. (1986) and Langereis and 
Hilgen (1991) (fig 5b), all have negative rever
sal tests (McFadden and McElhinney, 1991) 
(table 1), but the mean non-transitional direc
tions are closer to antipodality in the Calabrian 
section. If this is related to the observations that 
in the Calabrian section trajectories over which 
the transitions take place are shorter, the num
ber of intermediate VGP points are lower and 
the fact that these intermediate points are not
hing more than scatter (Zijderveld diagrams of 
figs 2,4), then this is a strong argument for the 
smoothing mechanism as proposed by Langereis 
et al (1992). The off-sets before and after both 
Sidufjall subchronozones are in each section 
significantly the same, since the reversed mean 
non-transitional directions have a common true 
mean direction (CTMD) The 'Jresence of 
CTMD was tested in each section Vias tested by 
doing the reversal test (see Me Fadden and 
McElhinney, 1991) with the reversed mean non
transitional direction before the subchron and 
the antipole of the reversed mean non-transiti
onal direction after the subchron. The result was 
that the CTMDs are of class B in both sections. 
In addition, we rotated the three mean non-tran
sitional directions of each section in a way that 
the normal directions had declinations that were 
exactly nonh and inclinations of 50° (SC), and 
determined whether the reversed mean non
transitional directions of each parallel subchro
nozone in the two sections has a CTMD. The re
sult was that in both cases there was no CTMD. 
This suggests that the deflection from the anti
pole of the normal mean non-transitional direc
tions have a local cause. This requires a mecha

nism dependent on local circumstances that de
flects the directions of the remanence from the 
geomagnetic field over much longer trajectories 
than is expected by the model. In first order 
approximation the sediments reliable record the 
geomagnetic field, as is proven by magnetostra
tigraphic studies that show a convincing fit with 
the geomagnetic polarity time scale (based on 
sea-floor anomalies), on a smaller scale, how
ever, the Trubi sediments do not reflect the hig
her order geomagnetic variations. In addition 
the reliability of other sediments to record pola
rity transitions still needs to be demonstrated, 
for instance by comparison of the sedimentary 
record with a record from a lava sequence from 
the same polarity transition. 
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The upper and lower Nunivak sedimentary geomagnetic 
transitional records from Southern Sicily 
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AbslraCI The detailed paleomagnetic records of the that the confinement of the VGP paths can also be 
upper and lower Nunivak polarity transitions have been explained by a process of smoothing of the stable 
determined from Pliocene marine marls in southern non-antipodal directions before and after the 
Sicily. Magnetites are the most important carrier of the transitions. A record of the natural remanent 
remanence in both records. The transitions are recorded magnetization (NRM) may be much more 
in two components; a low temperature (LT) and a high complex than a straightforward registration of the 
temperature (HT) component. The two components do geomagnetic signal. Some reversal records have 
not represent the geomagnetic field because the changes shown that geomagnetic variations may be 
of these components take place at lithological recorded by different magnetic components with 
boundaries. In addition, the directional changes do not varying lock in depths (Dijksman, 1977; Channel 
completely match directional changes of the very same et aI., 1982; van Hoof and Langereis, 1991). This 
transitions recorded in Calabria, some 250 km away. indicates that the different components at the same 
The character of the VGP paths is probably caused by stratigraphic level do not acquire their remanences 
smoothing of the stable directions before and after the at the same time. Dijksman (1977) as well as 
transitions. The directional changes as well as the Channel et al,. (1982) found the two components 
smoothing mechanism can be explained by the diagene residing in magnetite and hematite, van Hoof et al. 
tic magnetite formation model (van Hoof et al., 1992) (1992) found thcse components both residing in 
in which shortly after burial, the remanence carried by magnetite. The varying lock-in depth of magne
newly formed secondary magnetites is superposed on tite, the process of smoothing and the excursions 
the initial remanence carried by primary magnetite. that often precede or follow polarity transitions 

can be explained by the diagenetic magnetite 
formation model (van Hoof et al. 1992). This

1. Introduction 
geochemically constrained model describes the 

The records of polarity reversals in sediments formation of 'secondary' magnetites under suboxic 
have recently led some authors to conclude that conditions after burial of an organic-rich grey 
the paths of the virtual geomagnetic poles (VGPs) layer, and its remanence is superposed on the 
during transitions follow great circles that are pre remanence of the 'primary' magnetite, acquired 
ponderantly located over the Americas or over its during deposition of the sediment. 
antipode (Clement, 1991; Tric et al.,1991). Laj et Van Hoof and Langereis (1991) reported the 
al. (1991) related this to regions of higher seismic varying lock-in depth in two sedimentary registra
veloci ties in the lower mantle and to the pattern of tions of geomagnetic transitions from reversed to 
fluid motion in the outer core. Hoffman and Slade normal (R-N) polarity. One of those transitions 
(1986) and Rochette (1990), however, have earlier was the lower Nunivak (LN) transition and only 
cautioned that sedimentary records may contain the declination and inclination records were 
artefacts. Indeed, Langereis et al. (1992) indicate shown. In this paper, we present the complete 
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figure 1. Location of the Capo Bianco section in Sicily (Italy). Inset: Map of Sicily and Calabria. The transitions of this paper were 

sampled at the Capo Bianco section on Sicily and will be compared with the same trans~·lions sampled by Linssen (1991) in Calabria, 

paleomagnetic record from the LN transition, 
together with the data from the subsequent N-R 
Upper Nunivak (UN) transition. The results will 
be compared with the study of the records of the 
same transitions reported by Linssen (1991) 
sampled in Calabria, some 250 km away from the 
sampling places in Southern Sicily. 

magnetostratigraphic results, Hilgen correlated the 
Capo Bianco section near Eraclea Minoa to the 
basal part of the Rossello composite section, and 
he indicated the cycles (numbers 30 and 36) in 
which the LN and UN reversal boundaries were to 
be expected in the Capo Bianco section. The bed
ding plane of the Capo Bianco section has a strike 

Sea 

some 250 kmaway from Eraclea Minoa 

2. Geological setting and sampling 

The Nunivak subchronozone in the Gilbert 
Chronozone was identified by a detailed magneto
stratigraphic study of the Eraclea Minoa section 
and the Punta Maiata section in the Caltanisetta 
basin of Southern Sicily (Fig. I). These two 
sections contain the basal part of the Rossello 
composite section (Hilgen and Langereis, 1988, 
Langereis and Hilgen, 1990). The average sedi
mentation rate per polarity zone can accurately be 
determined and is 4.5 cmjka. The lithology con
sists of marine marls of the Pliocene Trubi forma
tion (Fig. 2). This formation is composed of sedi
mentary cycles, consisting of carbonates (60 to 
80% CaC03) and a mixture of clay minerals. 
Hilgen and Langereis (1989) recognized a long 
succession of these small scale sedimentary 
cycles, so called quadruplets. The succession starts 
with cycle I is at the Mio/Pliocene boundary, the 
top is at cycle 119 with an age of 2.589 Ma. Based 
on the pattern of the quadruplets and the earlier 
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and a dip of 289.5° and 25.4° N. The colour layer
ing (Fig. 2) and the cyclicity have been described 
earlier (Hilgen and Langereis, 1989). The reversal 
records were sampled with a detail of a few mil
limetres. Considerable effort was taken to remove 
the weathered surface (up to 1 metre) in order to 
expose the fresh (blue coloured) sediment. This 
method proved successful for almost the entire 
sampled intervals, except for a 10 em thick part of 
the lower white layer in quadruplet 30 where some 
brown spots were persistent in the fresh blue 
sediment. In the lithological column of the LN 
section this part is shown with black spots (Fig. 3). 
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figure 2. Lithostratigraphy and 

magnetostratigraphy of the Capo 

Bianco and parallel sections that 

form the Rossello composite section 

(Langereis and Hi/gen, 1991). 

Figures in circles refer (0 

occurrences of microfauM. The 

subdivision of small scale cycles is 

afler Hi/gen (1987). The weathering 

colours (carbonate contents) of each 

sedimenlary cycle are grey (70%), 

white (80%), beige (60%) and white 

(80%), whereas fresh colours show 

mere gradual changes from dark

blue to light-blue. The lower Nunivak 

transition is determined in small 

scale cycle 30 and was sampled in 

detail over an interval of 1.2 m. The 

upper Nunivak transition is 

determined in small scale cycle 36 

and was sampled over 1 m. In the 

present paper the zero levels of the 

two transition records are arbitrarily 

chosen at pronounced layers 

parallel to sedimentary lines. 
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In the magnetostratigraphic study of the Ros
sello composite section the Characterisic Rema
nent Magnetization (ChRM) is based on the ther
mal demagnetization of a magnetite or high tem
perature (HT) component removed, mainly be
tween 500 and 600°C (cf. Hilgen and Langereis, 
1988). A low temperature (LT) component, de
magnetized between 330 and 500°C, shows the 
same direction as the HT component well outside 
a transitional interval. But near a transition, con-

reconciled with the idea of a secondary or viscous 
overprint (van Hoof and Langereis, 1991). There
fore, the detailed study of polarity transitions in 
these marine sediments requires more than an 
interpretation of the HT component only, since 
Van Hoof and Langereis (1991) have recognized a 
depth lag of the HT component relative to the LT 
component. This depth lag is not constant and, 
moreover, the LT component has acquired its 
remanence before HT component. Rock magnetic 
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figure 3. Variation of magnetic parameters saluration IRM (irs)' initial susceptibility (Xo), the ralio J,/X.O' remanent coercive force 

(Her) and Anhyslerelic Remanent Magnetization (ARM) as functions of the stratigraphical levels and lithology. The upper part of the 

figure is the upper Nunivak section: the lower is the lower Nunivak section, Black: grey coloured layer, while: while fayer, grey: beige 

layer. DOIs in the lower white layer a/the lower Nunivak section refer to brown oxidation spots In thejresh blue marl. Triangles in the xo 
diagrams are the values corrected for the highfield susceptibility (fig. 4). Jrs and 'X{) have maxima in the beige parIs of the lithology. The 

ratio of the parameters Jrs and the uncorrected Xo (Jr/XO) lie in the range ojfine-grained magnetite. After correction for the high field 

susceptibility these ratios will increase some 20%, to a range of even finer grained magnetites. The remanent coercive forces Hcr also lie 

in the range affine grained magnetite. The dependency on lithology of the ARA1 is tocally d~fferenc jromJ and '1..0. rs 
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investigations are needed to determine in some 
detail the magnetomineralogy. We have determi
ned the initial susceptibility (XO) and the (rema
nent) saturation magnetization (Jrs , J,), the (rema
nent) coercive force (Her' He) and the anhysteretic 
remanent magnetization (ARM). 

2.0 

~ 1.0 

-.,..,...,~,.,-.~,.,-.~,.,-.,h-Mo,..;c,..,-,.~r-r~~-co 

-200 -150 ·100 ·50 He 50 100 150 200 
Field In rnT 

., 0 

·20 

figure 4. Hysteresis loop. Horizontal (vertical) axis: inducing 

field (induced remanence). The linear trend at higher fields 

(dashed lines) is due to the paramagnetic susceptibility of the 

clay minerals. It can be derived from the curve as the tangent 

(of a). Is: saturation remanence determined where the dashed 

line crosses the vertical axis; He' coercive force delermined 

where the loop crosses the horizontal axis after correction for 

the paramagnetic susceptibility. 

The saturation isothermal remanent magneti
zation (Jr,) acquired in a maximum DC field of 2 
Tesla (T) shows prominent maxima in the beige 
layers (Fig. 3a). Minima are usually found in the 
white layers just above the grey layers. The litho
logical dependence of the Xo (Fig. 3b) is in the 
UN section similar to that of Jr " with a maximum 
of 250* 10-6 (51 units) in the beige layer. In the 
LN section, the maximum of Xo in the beige layer 
is more pronounced than the maximum of J . Sinrs 
ce the clay fraction of the lithology may give a 
substantial paramagnetic contribution, it will in
crease the bulk susceptibility XO' We have used 
hysteresis loop experiments to quantify the a
mount of the paramagnetic contribution (Fig. 4). 
Correction for the paramagnetic susceptibility de
creases the Xo over both entire intervals (triangles 
in Fig. 3b). The maxima in the beige layers how
ever, are clearly retained and indicate not only an 
increase due to the clay fraction but also due to 
ferrimagnetic minerals. Both XO and J , are depenr

dent on the nature and concentration of the mag
netic minerals. The ratio Jrixo - largely indepen
dent of concentration provided that the dominant 
magnetic mineral is fine grained magnetite as is 
here the case (van Velzen and Zijderveld, 1990; 
van Hoof et aI., 1992) - may give an indication of 
grain size changes and the typical values are larger 
than 20 kNm up to 30 kA/m .. In this study the ra
tio shows typical values of ahout 20 kA/m, but the 

corrected for the clay susceptibility the ratio will 
increase some 50 % (Fig. 3c). 

The remanent coercive force Her is indepen
dent of the concentration of magnetic material and 
is not influenced by paramagnetic clay minerals. 
Typical Her values of fine grained magnetites are 
40 - 60 mT (Day et aI., 1977; Hartstra, 1982; 
Dunlop, 1986) which are the generally rather 
constant values observed in Fig. 3d. 

In their rock magnetic study of the Truhi marls 
of Eraclea Minoa, Van Velzen and Zijderveld 
(1990; 1992) determined the ratios He/Hc and 
JrP, and concluded that the magnetic minerals 
were dominated by fine grained magnetites. A 
small discrepancy between their data and those 
from Dunlop (1986) was explained by the 
presence of goethite and some superparamagnetic 
material. The values of He/He and Jrs/J, of the 
present study fit the values from Van Velzen and 
Zijderveld (1990) extremely well (Fig. 5). 

In those parts of the record where the LT and 
HT component have completely different direc
tions, the two components can easily be separated, 
resulting in two separate decay curves (Fig. 6h). 
The decay of the NRM of the other samples were 
not separated in a LT and HT part but these curves 
also suggest the presence of a LT component by 
the two fold decay (Fig. 6b). To investigate the 
presence of a LT component in the entire section 
the thermal decay of the NRM was compared with 
the thermal decay of the Anhysteretic Remanent 
Magnetization (ARM; the remanence acquired in 
a 0.037 mT DC field superimposed on an AF field 
of maximum 250 mT). We thermally demag
netized the ARM from samples that were taken 
from the same cores as the ones used for the NRM 
decay curves. These samples originated from grey 
and white (respectively levels -40 and -25 cm, Fig. 
6) and from the interface between beige and white 
(level -12 em, Fig. 6) in the LN section. In addi
tion, the susceptibility X during thermal demagne
tization was monitored. The relative temperature 
dependence of X as well as ARM was identical for 
the three levels. The ARM decreases with a 
plateau in the decay curve hetween 300 and 400 
°C, similar to the NRM decay curve. The X in
creases from 350 to a maximum at 450/500 °C, 
followed by a relative minimum at 550°C and a 
strong increase at higher temperatures. The maxi
mum at 450/500 °C might he due to an alteration 
of iron hearing sulphur minerals (Dekkers, 1990). 
The final increase is caused by the change of fine 
grained magnetites into super paramagnetic mag
netites (Van Velzen and Zijderveld, 1992). Van 
Velzen and Zijderveld (1990) found in the 
samples from the Eraclea Minoa section no indi
cation for any sulphur hearing magnetic minerals 
(i.e. greigite or pyrrhotite) in the Trubi sediments. 

56 



o 
.......
 
ro 
"' 

1< 

1< 
1< 

1< 

. 1<• 
\	 1<1< 1<\ \ 

1<\.~~.: 1< 

~ ~+\V:~
1< 

1< 
1< 1< 

tit1< 1< 1< 1< 1<
 
+ +\ •• 1< 1<


+;:\ \	 
1< 1< 

+ ++ \ • 1<	 1< 

+ \ \	 1<
1< 1< 

+	 \ \ 1<
 

\ \
 1<1< 
1< 

\ \ 
1< 1< 1< 

\ \	 1< 1< I 
1< 1< 1< 1<\ \ 

\ \ 

\ \	 1< 
\ \ 

\ \ 

\ \ 

\ \ 1< 

\ \ 

\ \ 

\ \ 

\ \ 

\ \ 

\ \ 

\ \ 

\ \ 

\ \ 

\ \ 
\ \ 

\ \ 

\ \ 

10-2~f-------,-----,------.-----r-'-'-"---\-~-'-I ~\------, 

100 10 1 

Coercivity ratio 

figure 5. Double logarithm,c pial of coercivity ratio He/He versus remanence ratio Jr/J after van Velzen and Z"derveld (1990). s 
Literature data for magnetile of known grain sizes fall on a single trend indicaled by two dashed lines. Slars (crosses) denote data from 

goethite (pyrrhotite) (Dekkas, 1988). The data from this study (closed circles) fit the values from the Trubi sediments by van Ve/zen and 

Zijderveld (1990) (open circles and triangles) very well. These authors concluded that fine grained magnetiles were Ihe most important 

magnetic minerals in the sediment. 

4. NRM components (Fig. 7h). At this trajectory the susceptibility starts 
increasing (see rock magnetic paragraph) so the 

The LT and HT components are most clearly Ouctuations are most likely caused by oxidation of 
seen in the diagrams where they are not parallel an iron-sulphur (pyrite) mineral and the subse
(Figs 7b and 7c, d, h, i) and the two-fold decay of quent formation of (SP) magnetite (van Velzen 
the two NRM components is depicted in Figure and Zijderveld, 1992). Where possible, directions 
6b. During demagnetization of the LT component, of the LT and the HT components have both been 
the direction of the remanence in some samples determined. 
start fluctuating at temperatures of 330 to 390°C 
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x vs. temp ARM and NRM decay 
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figure 6. Temperature dependency 0/ X, ARM and NRM. Black dOls and squares arc from levels -40 and -25 em respectively from the 

[ower Nunivak section where the HT and LT components were parallel. Open. circles show [he measurements from a sample from level -12 

where LT ana}f[ were anti-paralLel. 6a: Changes in X are idenfical in Ihe tree samples. Increase at 450°C indicates the presence op 

sulphur bearing minerals. (Dekkers, /990). Increase al 650°C indicates the generation of super paramagnetic magnetites (Van Velzen 

and ZijderYeld 199Z). 6b: Dolled fine: NRM decay. Continuous line ARM decay. The NRM of the samples from leyel -12 was easily 

separated in two anti parallel componenls. Decay ofARM and NRM are idenlical for all leyels. 

The demagnetisation diagrams show that the component recover twice (levels 20 cm and 50 
non-transitional reversed and normal polarity di cm) but they do not regain the pre-transitional 
rections (Fig. 7a, b, e, f, g, i) show a tectonic values. 
clockwise rotation of the Caltanisetta basin as ob The actual transition of the UN record is pre
served in the other Trubi sections on Sicily ceded by a change in declination from 35° to 360° 
(Langereis and Hilgen, 1991) and is a strong indi back to 35° in the white layer, between levels -25 
cation of the primary nature of both the LT and cm and 5 em. At the -25 cm level also the inten
HT components. Also the perfect correlation of sities of both components collapse. A sudden jump 
the magnetostratigraphy of the Rossello composite to south/up directions is observed at level -5 em. 
section with the geomagnetic polarity time scale During these directional changes, the inclination is 
(GPTS) (Langereis and Hilgen, 1991) marks the somewhat steeper and the intensities do not reco
primary character of the components. ver in this interval. As in the LN record, the 

reversal in the HT component is much more 
S. The transition records abrupt than in the LT component, there seems to 

be an intermediate 'cluster' with a direction of ap
The directions of the LT and HT components proximately 2500 in declination and 00 in 

for the two transition records are shown in figure inclination, between levels 10 and 20 cm. Next, 
8. In both records, the HT component reverses the HT component changes slowly to reversed di
lower in the sediment than the LT component, as rections at level 50 cm. During this gradual 
described earlier by Van Hoof and Langercis, change in direction, the HT intensity recovers to a 
(1991). In the LN record. the HT component relative maximum at level 40 cm followed by a 
changes abruptly from reversed (R) to normal (N) decrease. The transi tion of the LT component is 
directions at level -23 cm in the lower white layer. initiated at level 20 cm and it is finished at level 
The LT component changes gradually some 35 cm 50 cm. The LT component does not reach a com
above the HT reversal. The intensities of both pletely reversed direction, it shows more scatter 
components collapse at the level where the HT and its intensities, collapsed at level -20 cm, 
component reverses. Only the intensities of the HT remain low. 
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figure 7 Representative Ihermal demagnetisalion diagrams of Ihe lower (LN samples figs 7a-7() and upper (UN samples figs 7g·7i) Nunivak 

reversals. Slratigraphical level (down lefl) refers LO the straligraphic columns of F,g 4. Solid (open) symbols are horizontal (vertical) 

projections. Temperature sleps below 200 0 Cafe not shown to enhance the details Qllhe higher lemperatures.lntensities of LTand Jrr afe 

given in each diagram. UN: a the Hr and LT components are both clearly reversed and include the 35° rolation: b idem, but at the highest 

temperatures (>540 DC) there is a tendency to normal directions and the intensity of the HT component decreases significantly; c the HI" 

component has a normal polarity, while the LT component is siill clearly reversed; both components have a low intensity,' d the HI" 

component is normal, and the LT component shows an intermediate direction: Wand up; e the LT component has a north direction, but the 

mclination is still very shallow; 1) finally, both componems have apprOXimateLy the same normal poLarity direction, including the familiar 

35° rotation, and the intensities have largely recovered to pre.reversaL values. LN: g both components are normally directed; h 

intermediate directions in LT and NT components; i reversed NT component and component could not be determined. 
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figure 8. Records of the declination, inclination and intensity obtained after thermal demagnetisalion. For legend of sedimentary column: 

see jig J. Figures along {he stratigraphic column refer 10 [he small scale sedimentary cycles (Hilgen, 1991j. Circles denote the LT 

component; Black spots the Hl compon.ent. Dashed lin.es indicale declin.ation and inclination (57.5°) of the geocentric axial dipole for the 

present latitude a/the locality. Lower Nunivak transition: The change reversed Lo fwrmal direcli.ons in. HI compon.ent is abruptly and lakes 

place deeper in the sediment than the gradual change of the LT component. The intensities of NT as well as LT decrease at the depth of the 

transition of the 1fT component. The LT intensities do not recover; the 1fT inten.sities recover partially and with a second minimum at level 

40. Upper Nunivak transition: The reversal in the 1fT component is preceded by an excursion in declination. Between levels 5 and 20 em 

the Irr component changes from normal to reversed relatively fast. Above level 20 cm the change is very slow, until level 50 cm. Also here 

the transition of the LT component is higher in the sediment and slower. The intensities both drop at level -20 and as in the lower Nunivak 

only the HT component recovers par/ially followed by another minimum. 
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6. Discussion changes polarity lower in the sediment than the 

6.1 The Sicilian lower and upper Nunivak
 
records.
 

The reliability of the NRM of sediments to re
present the directions of geomagnetic field during 
its reversals is subject to discussion (van Hoof and 
Langereis, 1991; Langereis et aI., 1992; van Hoof 
et aI., 1992; Mary and Courtillot, 1992; Quidelleur 
et aI., 1992). Because the (non-transitional) direc
tions of both the LT and HT components show the 
clockwise rotation of the sedimentary basin, an 
inclination error and a perfect correlation to the 
GPTS, the acquisition of these components took 
place a short time after sedimentation. However, 
their transitional characteristics of the LT and the 
HT components are very different. This implies 
that at least one of the two components does not 
reflect the geomagnetic behaviour during the 
reversals. The direction and intensity of the HT 
component in the LN record changes very abrupt
ly at a sedimentary level that contains very persist
ent brown spots in the fresh blue clay, making this 
component suspect. This will be discussed in more 
detail in the context of the diagenetic magnetite 
formation model. At the brown spotted level, the 
intensity of the LT component also collapses, 
strongly indicating thal also the intensities of 
either component do not represent the relative 
intensity of the geomagnetic field. 

6.2 Comparison oflhe Nunivak recordsfrom 
Sicily and Calabria. 

We have compared the Sicilian and Calabrian 
records from the same Nuni vak transitions, 
because both records should be identical over such 
a small geographical distance (250 km). The Cala
brian Nunivak transition records were earlier re
ported as two of five successive transitions 
(Linssen, 1988; 1991); they were sampled at the 
Monte Singa section in southern Italy. The grey to 
white-beige-white sequence in the Sicilian Trubi 
is equivalent with a grey to white sequence in the 
Calabrian Trubi (Hilgen and Langereis, 1989). Al
though the Calabrian records have a somewhat lo
wer resolution than the Sicilian ones, the characte
ristics of the transitions should be identical. It ap
pears, however, that in the Calabrian lower 
Nunivak record the transition of the HT compo
nent is gradual in inclination and instantaneous in 
declination, whereas the same transition recorded 
in Sicily is instantaneous in inclination and de
clination (Fig. 9a). More important, the LT com
ponent in the Calabrian lowGr Nunivak transition 

HT component, quite contrary to the Sicilian 
record. 

Both LT and HT components in the Calabrian 
upper Nunivak transition show some similarities 
to the record from Sicily; the transitions are 
gradual and have west/shallow intermediate 
directions. However, the timelag between the two 
components is in the Calabrian upper Nunivak 
somewhat less while the scatter in the LT 
component is larger, especially in the inclination 
where no fully reversed or normal directions are 
reached. 

6.3 The Diagenetic magnetite formation 
model 

Changes in rockmagnetic parameters and of 
the NRM intensities and directions near a reversal 
often coincide with the lithological changes in 
these marls (van Hoof et aI., 1992 and references 
therein). This correspondence has been explained 
by van Hoof et aI., (1992) and will be summarised 
below: 

In their 'diagenetic magnetite formation 
model' they describe the formation of magnetite 
during early diagenesis, and a new remanence 
superposed on the old remanence direction 
acquired during deposition. 

The diagenetic conditions in the sediment 
varied with the amount of metabolisable organic 
carbon (Froelich et aI., 1979). During or very 
shortly after deposition (primary) magnetite was 
formed. The diagenetic conditions were the most 
reducing in the grey layer where sulphate 
reduction took place. However, magnetite was 
probably preserved because HS- react more easily 
with the less stable ironhydroxides (Canfield and 
Berner, 1987). After the deposition of a grey layer 
a progressive oxidation front ("burn-down") is 
formed as oxygen re-enters the sediment (Wilson 
et aI., 1985). This causes the formation of an iron 
and manganese enrichment just above the grey 
layer, in the lower part of an white(1) layer. 

After bunal at the grey/whlte(l)/beige/whi
te(2) sequence, suboxic conditions develop as 
sulphate reduction ceases (Berner, 1981). These 
diagenetic circumstances favour the formation of 
(secondary) magnetite (Karlin and Levi, 1985; 
Karlin, 1990) especially in the previously formed 
iron(hydrox ide) enriched layer, but also below the 
buried grey layer. The extent of secondary magne
tite formation depends on the availability of re
active amorphous iron hydroxides and the distance 
of Fe2+ migration from the grey layer. 
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figure 9. Comparison of the two transitions from the present paper at the left hand side and the same ones from the Calabrian Trubi 

formation (Linssen, 1988; 1991) at the right hand side. A. Lower Nunivak: the vertical scale has been changed to calibrate the same 

lithological boundaries from white to grey at level 40 cm of the Sicilian record and level 73 of the Calabrian record. The boundary from 

grey to while does not come together with a boundary in the Calabrian Trubi. In the Ca/abrian record the fTf component changes above 

the (ransi/ion in the LT component, contrary 1o the Sicilian record. The HT as well as the LT component r:hange gradually. B: Upper 
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ievel -19 em (afler) and in the UN record bel ween levels 0 and 8.5 em (before) and above level 35 em (afler). The means of the stable 

directions before anti after the transtlions show a clear offset 

This implies that in these sediments there is a 
time lag of at least one cycle white(I)/beige/whi
te(2) between the formation of secondary and 
pnmary magnetite. If during this time interval the 
polarity of the earth magnetic field changes, the 
secondary magnetite will record the new direction. 
The dominance of either primary magnetite or 
secondary magnetite will determine the final 
direction of the remanencc. 

In the LN and UN transitions, the 'diagenetic 
magnetite formation' fits well the observed charac
teristics of the inclination and declination. Accor
ding to the model, in the upper grey layers of both 
the UN (grey 37, not shown) and the LN (grey 31, 
Fig. 8) only primary magnetite was formed, repre
senting the polarity after the reversal. Below the 
grey layers. however, the remanence carried by 
the secondary magnetite may be dominant as the 
observed remanence has the post-transitional di
rection. Assuming that the lower grey layers, as 

predicted by the model, (respectively grey 30 in 
LN and grey 36 in UN) have recorded the pre
transitional directions during deposition, the 
reversal must have taken place between the grey 
layers. The concurrence of the LT and HT compo
nents in the lower grey layers gives us additional 
evidence that they predominantly contain primary 
magnetites. 

There is a lag between the LT and HT compo
nents in both reversal records (Fig. 8). The transi
tions recorded by the HT component are lower in 
the sediment than the transitions recorded by the 
LT component, suggesting that the diagenetic 
formation of HT magnetite extends deeper than 
the diagenetic formation of the LT magnetite. 

The abrupt change in the recorded directions 
of the HT component in the LN record is a good 
example of the preferential formation of diagen
etic magnetite in the iron enrichment zone that 
was formed during the burn-down stage in early 
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diagenesis (van Hoof et aI., 1992). This preferent
ial formation during suboxic diagenesis is en
hanced by iron-hydroxides, still clearly visible as 
brown spots in the whitc(l) layer. 

The transition is less abrupt in the UN re
versal record. This can be explaincd by the lower 
concentration of reactive amorphous iron hydro
xides than found in the iron enriched front of the 
white(l) in quadruplet 30. In addition, because of 
the larger distance to the grey 37 layer, diagenetic 
conditions were less reducing and did not allow 
high Fe2+ concentrations. The amount of second
ary magnetite formed was therefore limited and 
the remanence carried by the secondary magnetite 
is smaller. As a result, intermediate and/or pre
transitional directions recorded by primary mag
netite, will dominate post-transitional directions. 

6.4 Intermediate directions 
In a statistical study of recently obtained 

transition records Tric et al. (1991) showed that 
VGP paths of two third of the transitions follow 
more or less a great circle over North and South 
America or over its antipode. Laj et al. (1991) 
pointed out that the same bands of longitude are 
important in other geophysical observations, such 
as the pattern of fluid motion in the outer core and 
regions of higher seismic velocities in the lower 
mantle and suggested a causal relationship. How
ever, smoothing of non-antipodal directions before 
and after a transition also result in a VGP path 
with a similar longitudinal confinement (Rochette, 
1990). Using the same procedure of Rochette 
(1990) the mean stable directions before and after 
23 transitions sampled in the Mediterranean were 
used by Langereis et al. (1992) to calculate syn
thetic VGP paths. These modelled VGP paths ap
peared to be confined to the Americas and were to 
a large extent identical to the observed VGP paths. 

As discussed in the previous section, dia
genetic formation of secondary magnetite can 
cause post-transitional directions to occur below 
the chronostratigraphic level of the actual geo
magnetic reversal. The vectorsum of pre- and 
post-transitional magnetisations (and even true 
intermediate directions) leads to smoothing of 
which the extent depends on the relative contri
butions of the primary and secondary magnetite. 
The VGPs of the lower and uppcr Nunivak 
transitions have been calculated after applying a 
35° correction for the clockwise rotation of the 
location. No VGP path has been calculated for the 
HT component in the LN transition since this 
component shows no intermediate directions. The 
VGP paths of LT components of the two 
transitions are, with the exception of a few 
outliers, confined to the Americas, whereas the 

path of the HT component of the UN transition 
tends to lie more in the Atlantic (Fig. 10). 

sUbchron, age in Ma DEC I INC IN IR 
223.2 -44.9 13 12.794.85-4.65 

31.5 50.9 12 11.93Nunivak 

214.7 -41.0 17 16.784.53-4.35 

Table J: Mean stable directions and ages of the 

polarity zones before. during and after the Nunivak 

subchroflOZOfle after Langereis and Hi/gen (1991). N: 

number of samples, R: unil veclor surns. 

Mean stable directions of the polarity zones 
before, during and after the Nunivak subchrono
zone (mean non-transitional directions) were cal
culated using the magnetostratigraphic results of 
the Punta Maiata section (Langereis and Hilgen, 
1991; table I). They have negative reversal tests 
(McFadden and McElhinney,1991), thus indica
ting a significant non-antipodality. 

Synthetic VGP paths were determined both 
from the mean non-transitional stable directions 
and by smoothing the mean near-transitional 
stable directions just before and after the transi
tions as determined from the present records (Fig. 
10). The observed as well as the synthetic VGP 
paths (Fig. 11) show a remarkable coincidence as 
was earlier observed in most of the transitional re
cords from the Sicilian Trubi marls (Langereis et 
aI., 1992). 

A gradual change in dominance of pre
transitional directions over post-transitional direc
tions can explain the smoothed intermediate direc
tions. This smoothing mechanism may thus ob
scure the real geomagnetic transitional directions. 
Hoffman (1992) found in transitional records from 
lava sequences - which are usually considered as 
not smoothed - long-lived and recurring VGP 
positions that cluster at locations on the globe 
coinciding with the preferential longitudinal bands 
over the America's or its antipode as found by Laj 
et al. (1991) and Tric et al. (1991). If these 
clusters represent a stage of a non-axial dipolar 
transitional configuration, the VGPs will be 
independent of the sampling site on the globe. 
Filtering of a transition that includes such a cluster 
will evidently result in a VGP path within a long
itudinal hand passing that cluster. In spite of the 
smoothing mechanism of the sediment, some in
formation about the transitional path may there
fore still be registered by sediments. If the NRM is 
strongly smoothed, the clusters will not only con
fine the VGP paths over longitudinal bands pas
sing thcir location, they will also bias the near
transitional directions. In this respect, it may be 
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upper Nunivak 

HT 

lower Nunivak 

LT 

figure 11. VGP path, o( Ihe lower and upper Nunivak Iransitions. The solid black line shows Ihe IIGP palh obtained by jIllering the 

mean directions of under/overlying polarity zones resulting from magnetostratigraphy (Langerels and HiLgen, 1991), the shaded line 

represents filtering oj near-tranSitional directions determined from the reversal records. The synthetic VGP palhs of the mean non

transitional directions are in good correlation with the observed VGP path') while the coincidence wah lhe synthetic VGP path of the 

smoothed near transitional direc{wns are even better. 
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noted that both the HT and LT component from 
the upper Nunivak show a strong clustering just 
south of South America (HT) and - more scattered 
- over South America itself (LT). This may 
equally well be the result, however, of significant 
secondary magnetite formation in a particular 
lithological interval and causing smoothing of pre
and post-transitional directions to an intermediate 
cluster. The offset in the mean non-transitional 
directions is not easily explained as a result of 
smoothing of these cluster directions and the 
directions of the stable polarity zones, because it 
would cause the filter to be at least as wide as half 
the polarity zones. In that case, the major 
directional changes in the transition records would 
occur over much larger intervals than presently 
observed. A smoothing mechanism does therefore 
not exclude a cluster of VGPs lying in Southern 
America as was found by Hoffman (1992), but it 
cannot account for the non-antipodal offset of the 
non-transitional stable directions as found for the 
entire polarity zones before, during and after the 
Nunivak subchronozone. 

Conclusions 

The transitional records of the upper and 
lower Nunivak transitions show that magnetites 
are the most important carriers of the remanence 
in both records. The transitions are recorded in 
two components; a low temperature (LT) and a 
high temperature (HT) component. The two 
components do not reverse simultaneously, nor are 
their transitional characteristics identical. There 
are major changes in direction (HT component) 
and intensity (LT and HT component) at 
lithological boundaries that make the two 
components unreliable in represeIlling the 
geomagn.~tic field. In addition, the significant 
differenc.:s in directional changes between the 
records and the records from the same transitions 
sampled some 250 km away confirm the 
unreliability. The longitudinal confinement of the 
VGP paths is probably caused by smoothing of the 
stable directions before and after the transitions. 
The directional changes as well as the smoothing 
mechanism can be explained by diagenetic 
formation of magnetite (van Hoof et aI., 1992). 
Due to the smoothing, a long lived cluster of 
intermediate VGPs as found by Hoffman (1992) 
during the transition cannot be excluded. 
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Abstract. A detailed paleomagnetic study of 
the upper and lower Cochiti reversals from marine 
marls on southern Sicily show that both are re
corded by a low (LT) and a high (HT) temperature 
component. TRM experiments reveal that the 
small scale directional changes observed in the 
demagnetisation diagrams are no components of 
the NRM but that they are caused during de
magnetisation. These components do not influence 
the directions at higher temperatures and show a 
logarithmic relation with temperature. The rever
sals are recorded as very complex transitions with 
directional changes some of which comcide with 
distinct lithological boundaries. The results from 
the upper Cochiti record are compared with the rc
suits of the same transitIOn III sampled in the 
same lithology, but in a parallel section some 30 
km east. An interval with normal directions from 
this study is recorded over a longer trajectory than 
in the parallel section. An carlier proposed diage
netic magneti te model [1] to account for lithology 
related directional changes in reversal records 
cannot explain all observations of the lower 
Cochiti record. 

1. Introduction 

In the study of the behaVIOur of the geody
namo during a change in polarity, sediments are 
generally assumed to show a more or less 
continuous recon!. However, the reliability of 
sediments to record the polarity transitions are 
increasingly subject to discussion. Apparently, due 
to sedimentary fillering arlefaets in the rem,mence 

are introduced 12,31. Langereis et al. [4] smoothed 
stable non transitional directions before and after 
reversal records from Meditl:rranean marine marls 
and the resulting synthetic virtual geomagnetic 
pole (VGP) paths show a striking coincidence 
with the observed VGP paths. They concluded 
that the intermediate directions could also be the 
rcsulL of smoothing, and are not necessarily repre
sentations of the Earth's magnetic field during the 
transitions. Not all information of transitional geo
magnetic field behaviour will be obscured how
ever, since a low frequency signal of the geomag
netic field will remain visible m the sedimentary 
record, provided the filter width is small with 
respect to the signal. For instance if the clusters of 
long-lived intermediate polarity states as found by 
Hoffman lSI in lava sequcnces are indeed features 
of the geomagnetic transitional fields, smoothing 
of a geomagnctic ficld like this will likely result in 
a VGP path that follows thc longitude of this long 
lived polarity state. 

Some reversal records have shown that a se(Ii
mentary NRM dcquisition not only filters directio
nal changes. it also may record a polarity more 
than once by different magnetic components that 
have varying lock-in depths [6,7,8J. This implies 
that thc dilTerent components at the same strati
graphical levcl havc acquired their remanence at a 
different times. While Dijksman [6J and Channel 
[Tl found two such components residing in mag
netite and hcmatite, van Hoof and Langereis [8J 
found the two components - a high-temperature 
(HI) and a low-tcmperature (LT) component 
both residing in magnetites [1]. To complicate 
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matters even further, the varying lock-in depth 
may also cause one transition to be recorded at 
different sedimentary levels by the same compo
nent [1], and in that case the transition is preceded 
by an apparent 'excursion'. The varying lock-in 
depths, the filtering and the multiple registrations 
of the same transition can (in a first-order approx
imation) be explained by a diagenetic magnetite 
formation model [1]. This model is based on the 
geochemical properties of the sediment and 
describes the superposition of (early diagenetic) 
'secondary' magnetites on 'primary' magnetites, 
even to the extend of complete substitution. The 
primary magnetite acquired its remanence very 
shortly after the deposition of the sediment, the 
secondary magnetites are formed under suboxic 
conditions after burial of an organic-rich layer. 

figure 1: Locations of the Capo Bianco (CB) section where 

the present upper and 100""oer Cochili records have been 

sampled, and of the Punta dlllr1aiata (PM) section 

The fact that the HT and LT components have 
variable lock-in depths was observed in two rever
sed (R) to normal (N) polarity transitions, where 
the LT component clearly acquired its remanence 
before the HT component [8]. One of these two R
N polarity transitions was the lower Cochiti 
transition. In this paper we present the extended 
paleomagnetic, rock magnetic and geochemical 
results of this transition, together with the results 
of the upper Cochiti polarity transition, both sam
pled in the Capo Bianco section on Southern 
Sicily (fig. I). In addition, we will compare the 
paleomagnetic and geochemical results from the 
upper Cochiti polarity transition with the results 
obtained from the upper part of the same polarity 
transition [I], sampled in the Trubi sediments of 
the Punta di Malata section, some 30 km southeast 
of the Capo Bianco section. 

2. Geological setting and sampling 

Our current research concerns the reversals 
records - from the lower Thvera in the Gilbert 
Chron to the upper termination of the Olduvai in 
the Matuyama chron - that are located in Southern 
Italy. The Cochiti subchronozone is recorded in 
the Rossello composite section, which consists of 
the marine marls from the Trubi formation [9]. 
These sediments show a distinct cyclicity in both 
CaC03 content and weathering profile, a cyclicity 
which is related to the precessional cycle of the 
Earth's orbit [10]. The cycles range from number 1 
at the Miocene/pliocene boundary at 5.32 Ma, to 
number 119 at 2.3 Ma. Recently, Hilgen [11] has 
established an astronomical polarity time scale by 
correlating these sedimentary cycles to the astro
nomical solutions of the past 5 Myr [12]. The 
Capo Bianco section in which we sampled the two 
transitions is a small prominent cape in a series of 
cliffs along the southern coast of Sicily (fig. 1). 
This section forms the part of the Rossello com
posite section [9]; the bedding plane has a strike 
and dip of 281.0o/IO.8°N (upper Cochiti) and 
273°/19.6°W (lower Cochiti). The Trubi marls 
consist mainly of carbonates (60 to 80% CaC03) 
and a mixture of clay minerals; small scale sedi
mentary cycles are quadripartite and show a dis
tinct grey-white(l)-beige-white(2) colour layering 
(fig. 2). The average thickness of these cycles - in 
which the grey and beige marls represent the less 
indurated, CaC03-poor beds - is approximately I 
metre. The (midpoints of) individual grey layers 
have been correlated to individual minima of the 
precession index [12], providing a high-resolution 
time scale and a means to determine the average 
sedimentation rate per cycle: which is 4.5 to 5.5 
cm(kyr r11]. 

Although the weathering profile shows sharp 
changes in colour and induration, the changes in 
the fresh, unweathered sediment are much more 
gradual. Often, the bottom part of the whiteO) 
layers shows brown ox.idation spots, even in the 
fresh marls. These spots appear to be important 
with respect to both paleomagnetic and geoche
mical properties, as will be discussed later.The 
lower Cochiti record comprises the complete 
interval between the centre of white(2) of cycle 43 
and the centre of grey 46; the upper Cochiti record 
contains grey 49 to the centre of beige 50 (fig.2) 
[11]. In each record the zero-levels were defined 
at a distinct boundary between two layers. 
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3. Rock magnetic properties 

Earlier rock magnetic investigations of the 
Pliocene Trubi marls of Sicily [1,13,14] have re
vealed that the LT and HT components are carried 
by magnetites. The results of the rock magnetic 
and geochemical measurements in the upper 
Cochiti transition in the Punta di Maiata section 
have led van Hoof et aI., [1] to propose an early 
diagenetic magnetite model that explains the ob
served rna netic record in terms of aleoredox 

'. :~ I 

conditions. In order to test the consistency of their 
observations throughout the lithology and conse
quently test their model, we have measured the 
rock magnetic properties of the lower Cochiti 
transition record. 

Initial susceptibility (XO) shows a very ob
vious relation with the lithology; there are clear 
maxima in the beige layers (fig. 3a) and therefore 
this parameter follows the cyclicity of the litho
logy [I]. A part of Xo is due to the paramagnetic 
contribution of clay and super paramagnetic 
minerals. 
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The maxima in the beige layers of Xo are not 
compensated by maxima in the high field suscep
tibility (fig. 3b), therefore the shape of the Xo 
curve is due to magnetic minerals. This is confir
med by the variations in the remanent saturation 
magnetisation Jrs (fig. 3c) and in the saturation 
magnetisation Js (fig. 3d). The trend of the rema
nent coercive force Hcr (fig. 3e), and the coercive 
force Hc (fig. 3f) is quit different from that of XO, 

and Js'Jrs 
The maximum in Hc in the centre of the 

record is not present in Hcr' The susceptibility of 
anhysteretic remanent magnetisation (XARM)' 
proportional to the ARM intensity, is not pro
portional to lrs and ls' It shows a clear maximum 
in the centre part of the record (fig. 3g). The HT 
intensity (fig. 3h) has no relation to any of the 
rock magnetic parameters. During thermal demag
netisation the direction of the remanence often 

starts to fluctuate. To investigate whether these 
fluctuations are real components of the NRM, we 
have thermally demagnetised pairs of specimens 
from the same core. The NRM of one specimen 
was completely demagnetised in an alternating 
field (AF) before the thermal demagnetisation. 
The diagrams of the thermal demagnetisation of 
the NRM (fig. 4a) were smoothed by fitting three 
straight lines through the points of respectively 
HT, LT and viscous component (fig. 4b). Subse
quently, thermal demagnetisations of the AF 
demagnetized specimens (fig. 4c) are superposed 
on the smoothed diagrams. This results in a dia
gram (fig. 4d) with fluctuations that are very simi
lar to the initial, unsmoothed diagram (fig. 4a). 
We therefore conclude that the fluctuations of the 
remanence are not related to components of the 
NRM but they are introduced during thermal 
demagnetisation. 
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Heider and Dunlop /15] demagnetised ARM ting field). The demagnetisation steps were from 
remanences and gave the specimen a thermo 2000 C up to 600 0 C with increases of 50° C. At 
remanent magnetisation (TRM) by cooling the the steps 300, 400, 500 and 600° C we cooled the 
specimen after one of the demagnetisation steps in samples in a controlled magnetic field, instead of 
a controlled magnetic field perpendicular to the in a zero field and we repeated the preceding de
ARM direction. A part of the specimens acquired magnetisation steps. Control specimens from the 
a TRM, with a direction intermediate between the same cores or from the same stratigraphic level 
ARM and the controlled magnetic field direction, and containing an ARM or NRM, underwent the 
Hence, if a component that is introduced during same demagnetisation treatment, but the cooling 
thermal demagnetisation, influences the remaining steps of these specimens all took place in a zero 
ARM components, it follows that the fluctuations field. Figure 5a shows the demagnetisation of 
we found during demagnetisations most probably ARM with the cooling steps in the controlled 
influence the NRM component. To study this in magnetic field, figure 5b shows the demagnetisa
more detail, we have demagnetised a set of speci tion of the same specimen, but the demagnetisa
mens in which we first introduced an ARM (0.038 tion steps of the induced TRMs have been omit
mT DC magnetic field superposed on an alterna- ted. It is clear that the TRM introduced by cooling 
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after the steps 300, 400, 500 and 6000 C in the 
Earth's magnetic field does not influence the ARM 
direction because the points after demagnetisation 
of the TRM have the same directions as the initial 
ARM direction. The procedure was repeated with 
specimens having an NRM instead of an ARM. 
The TRMs induced after the cooling steps in the 
Earth's magnetic field are relatively strong (fig 
5c), but plotting the demagnetisation diagrams 
without the (demagnetisation of the) TRM gives 
similar diagrams as the demagnetisation of the 
control specimens that had no TRM. It may 
therefore safely be concluded that the scatter 
observed during thermal demagnetisations does 
not influence the NRM direction. 

In addition, the ahsolute intensities of the 
TRM, introduced after each cooling step in the 
ambient magnetic field were measured. The TRM 
intensities increase with increasing temperature 
(fig. 6a). The TRM intensity at 600°C is 0.7 to 0.8 
times the initial ARM (fig. 6b). Normalizing the 
TRM with TRM6000 shows that the logarithm of 
the normalized curve is linear with the 
temperature and that the linear relation is approxi
mated by 1°Jog(TRM/TRM600, )=(0.82/300)T-1.64 
(fig.6c). 

The susceptibility increases during thermal 
treatment at temperatures higher than 300° C (fig. 
7) probably due to oxidation of iron-sulphides into 
magnetites at these temperatures [16]. 

4. NRM components 

4.1 Demagnelismion 
Thermal demagnetisation of the natural rema

nent magnctisation generally shows the presence 
of three components, as usually found in these 
Trubi marls [9]. Apart from a small lahoratory
induced component removed at 90-100 °C, there 
is often a secondary component that has a present
day field direction; it is removed at 200-250 °C 
(fig. 8). 

The characteristic remanence of the Trubi 
sediments consists of two components [8]. A low
temperature (LT) component is removed between 
250°C and 450 - 510°C and a high-temperature 
(HT) phase usually is removed at 580°C. 
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probably due to newly/armed magnetites/rom oxidation ofiron~sulphur bearing minerals. 

The HT and LT components have acquired 
their remanences shortly after deposition because 
the demagnetisation diagrams show that both 
stable reversed and normal polarity directions 
have the tectonic clockwise rotation of the 
Caltanisetta basin (35°) as observed all the other 
Trubi sections on Sicily, and moreover, the 
magnetostratigraphic results of the Rossello 
composite section show a significantly positive 
correlation with the geomagnetic polarity time 
scale [9]. 

4.2 The reversal records 

Both transition records show a very 
complicated pattern of directional changes (fig. 9). 
The directional changes of the LT and HT 
components are similar even though there is an 
often considerable scatter in the LT component. 
The lower Cochiti transition, recorded as a R-N
R-N transition is preceded by an R-N-R 'ex
cursion' with declinations up to 3300 at level -10 
em, and followed by a N-R-N 'excursion' to 
west/up directions at level 140 em. The first R-N 
transition takes place between levels 25 and 35 

em, via west/shallow directions, the LT compo
nent reverses some 15 em higher in the sediment 
than the HT component. This observation is not 
unusual, and has been described extensively by 
van Hoof and Langereis (8]. The first transition is 
followed by a gradual steepening to 55° until 60 
em where the directions suddenly swing back to 
R. The second R-N reversal via west/shallow 
directions is between levels 75 and 90 em, again 
followed by a steepening to 50-60°. After the final 
excursion, the declinations do not reach the 35° 
tectonic rotation as would be expected. 
Previous studies of the Trubi sediments (17] have 
indicated that reliable parameters to normalize the 
intensities are present. We will therefore discuss 
only the unnormalized intensities. The intensity 
record of the HT (LT) starts at a maximum of 3-4 
(1-1.5) mAim and decreases to a minimum at 
level -30 em. After the excursion at level -10 em 
there is a maximum of 1.5 (2) mAim at level 15 
em followed by a sudden (gradual) decrease in the 
HT (LT) intensities. Here, the LT intensities are 
higher than the HT intensities. At the end of the 
changes in declination during the first R-N tran
sition, the HT intensities increase while the LT in
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tensities go to a minimum, and the HT intensities 
are again higher than the LT intensities. After the 
sudden N-R transition a local minimum at level 65 
cm is observed. A local maximum after the second 
R-N transition is seen at level 95-100 cm, pre
cisely where brown oxidation spots are observed. 
After this transition the HT (LT) jumps to a maxi
mum of 3 (2) m Aim followed by a local mini
mum at 110 cm, and an even stronger minimum at 
the second excursion near 135 cm. At the top of 
the record the intensities are somewhat lower than 
at the bottom. 

The upper Cochiti transition is recorded as 
a N-R-N-R-N-R-N-R transition although in the 
final R-N-R excursion only a few points show 
clear N directions, especially in declination. At le
vel 0 cm, the declination suddenly jumps to R 
while the inclination reverses gradually between 0 
and 25 cm. At level 33 there is a again fast R-N 
transition followed by a N-R transition between 50 
and 60 cm where the inclination shows a few os
cillations between Nand R directions. The next R
N transition is between 75 and 90 cm. At level 
120 cm, another immediate N-R transition is ob
served, followed by the poorly documented final 
R-N-R excursion between 125 and 140 cm. Du
ring the transitions observed in the upper Cochiti 
record the intensities or LT and HT show corre
sponding minima. During thc stable polarity inter
vals, the HT intensity is higher than the LT 
intensity. 

5. Discussion 

The directional behaviour of the transitions is 
very complex and many of the directional changes 
closely coincide with lithological boundaries. In 
the lower Cochiti record, the first excursion takes 
place in the oxidized level of white(1)44, the N-R 
directional change at level 65 cm is close to the 
white(2)44/grey 45 boundary; In the upper Cochiti 
record, the fast N-R change of the declination 
takes place at the grey 49/white(1)49 boundary 
where also brown spots were observed. The R-N 
changes at 85 cm are at the top of white(2)49, and 

the third N-R change is initiated at the brown 
spotted grey 50/white(l)50 boundary. Therefore, it 
is almost certain that the directional changes are 
not caused by a complex geomagnetic transitional 
behaviour, but they are caused by diagenetic 
changes that show a distinct different character, 
depending on lithology. As a consequence, the 
lock-in depth relative to the sediment water 
interface may change and the same reversal may 
be recorded several times [8]. 

Langereis et al. [4] calculated the mean stable 
non-transitional directions by averaging the data 
of the geomagnetic polarity subzones obtained in 
the magnetostratigraphic studies [9] and the mean 
stable near transitional directions by averaging the 
stable polarity data just before and after each 
transition. Each transition from one mean stable 
direction to the next was smoothed by a moving 
window. The resulting synthetic VGP paths show
ed a striking coincidence with the observed VGP 
paths. The lower Cochiti and upper Cochiti transi
tion records were considered too complicated to 
denote intervals from which the mean stable near
transitional directions are determined. In order to 
approximate these directions, all datapoints in the 
intensity maxima (i.e. the trajectories in which 
intensities exceeded 2 mAim) before and after the 
transition records were averaged (table 1). The ob
served and synthetic VGP paths are shown in fi
gure 10. The observed VGP paths of the lower Co
chiti transition, after correction for the 35° rota
tion are strongly confined to North and South 
America and VGPs are equally distributed along 
the path. The synthetic VGP paths of the mean 
stable non transitional directions pass the Atlantic; 
the synthetic VGP path of the stable near-transi
tional coincide remarkably well with the observed 
VGP paths. The VGP paths of the upper Cochiti 
transitions are confined to an area enclosed by 
great circles over the east coast of North America 
and over India. The synthetic non-transitional 
VGP path is over the Atlantic while the synthetic 
near-transitional VGP path forms the western 
limitation of the area with observed VGP paths. 
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figure 10. VCP paths of the HTcomponents of the lower and upper Cochili transitions. The path of the lower Cochiti record is confined to 

North and South America; lhe path of the upper Cochiti record is confined within the great-circles over the east coast of North America 

and India. Black (Grey) lines: lIGF path' o/smoothed mean non-(near-)transitional directions. 

dec linc IN IRsum Iqamma Iqammac 
after UC 186.5 -47.9 9 8.912 12.1 6 
before UC 348.7 52 14 13.931 
after LC 332.6 48.4 9 8.922 19.6 5.5 
before LC 183.2 49.2 15 14.93 
3.40-3.88 184.2 -39.4 49 48.28 6.3 5.2 
Cochiti -5.5 49.6 8 7.95 
3.97-4.10 179.7 -40 17 16.78 10.3 5.9 
Table I: Near transitional directions before and after the two transitions N: number of data; 

Rsum: unit vector sums; gamma: angle between Ihe two directions before and after the 

transition; gammac: critltlcal angle. 
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The sedimentary filtering and changing 
lock-in depths can be explained by an early 
diagenetic magnetite model, based on the paleo
magnetic and geochemical properties of three 
subsequent cycles sampled in the Trubi sedi
ments of the Punta di Maiata section [I]. Pri
mary magnetites, which have acquired their 
remanences - probably a chemical remanence 
magnetisation (CRM) - shortly after deposition 
may be superposed or substituted by secondary 
magnetites - also carrying a CRM - which are 
formed after burial. If the formation of the 
secondary magnetites is shortly after a reversal 
of polarity and the primary magnetites are for
med before the transition, the directions of the 
remanences of the two types of magnetite are 
more or less anti-parallel. The amount of newly 
formed secondary magnetites is dependent on 
the redox conditions in the sediment. Under 
anoxic circumstances, no secondary magnetites 
will be formed, The geochemical data indicate 
[1] that the grey layers only probably underwent 
anoxic conditions and should therefore only 
contain primary magnetite, As a consequence, 
the remanences in the grey layers should renect 
the geomagnetic field shortly after deposition. 
In the other layers, the superposition of the 
primary and secondary magnetite remanences 
will result in post-transitional, intermediate or 
pre-transitional directions, depending on the 
intensities of the post-transitional and pre
transitional CRMs, and the time (duration) 
during which they were formed. Therefore, per
haps with the exception of the grey layers, 
below the chronostratigraphic level of the 
polarity transition, the observed remanences 
may carryall possible directions, pre
transitional, intermediate or post-transitional. 

This model rr 1only partially fits the current 
observations. According to the model, the chro
nostratigraphic level of the upper Cochiti transi
tion is above the grey 50 layer, since grey re
cords the geomagnetic field during deposition, 
and since it has pre-transitional directions. 
However, in the lower Cochiti record the data 
are not in agreement with the model: the grey 
layer of 45 shows intermediate and post-transi
tional directions. Above it, in beige 45, an ex
cursion is observed. If the remanence in grey 45 
represents the geomagnetic field during depo
sition, then the observed transition recorded in 
grey 45 represents the actual [ower CochitI geo
magnetic reversal. Then the 'excursion' at the 
centre of the suhseq uent heige layer could not 

be explained by a superposition of pre-transi
tional magnetites carrying normal directions and 
post-transitional magnetites carrying reversed 
directions, since at this sedimentary level the 
primary as well as the secondary magnetites 
should have had post-transitional normal 
directions. We find it difficult to believe, how
ever, that the excursion in beige 45 has a geo
magnetic origin, the more since the directions 
above it still do not show the familiar 35° ro
tation. They rather show directions that are very 
similar to those of the GIG boundary, where 
there is evidence for (partial) CRM resetting 
[18]. New geochemical analyses are now being 
performed to refine the model and to explain the 
observations in the lower Cochiti record better. 
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Utrecht, The Netherlands
 

Abstract. A detailed paleom<lgnetic record of 
the Gilbert/Gauss reversal boundary from southern 
Sicily shows that the remanence characterising the 
reversal is carried by a high-temperature magnetite 
component. A low-tempemture component is inter
mediate between the high temperature component 
and a present-day overprint, suggesting that it is ob
scured by weathering. The actual reversal record is 
clearly affected by filtering caused by early diage· 
netic acquisition of a chemical remanent magneti
sation (CRM). Intermediate VGPs show a general 
confinement to a longitude over the Americas. 
More specifically, they are restricted to two clus
ters, a less distinct one off SE South America, and a 
very prominent one near NE North America, The 
remarkable coincidence with two 'Hoffmann clus
ters' [Hoffmann, 1992] suggest that even a CRM 
acquisition filter cannot entirely obsure long-lived 
transitional features. 

INTRODUCTIO\ 

Since Brunhes [1906] discovered the existence 
of polarity transitions recorded in rocks, the natural 
remanent magnetisation (NRM) from lavas and 
sediments has been used to study the geomagnetic 
polarity changes in the geological past. The 
recordings of transitions of the geomagnetic field in 
a lava sequence consist of spot readings, because 
each lava flow represents one discrete point in time, 
although considerable detail may occasionally be 
observed [Mankinen et aI., 1985] or typical field 
features such as recurring clusters may be seen 
[Hoffman, 1991; 1992], In a sedimentary record, 
the remanence is often assumed to represent <l 
continuous registration of the paleomagnetic field 
and, provided the sedimentation rate is high 
enough, a detailed sampling of a polarity transition 
would yield an almost continuous record of the 
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geomagnetic behaviour during transition. The NRM 
in sediments appears to be much more complicated, 
however, than a straightforward registration of the 
geomagnetic field [Hoffmann and Slade, 1986; 
Karlin, 1990; Rochette, 1990; van Hoof and 
Langereis, 1991; 1992; Langereis et aI., 1992]. 

Evidently, this 'artefact behaviour' has 
consequences for 'true field behaviour' theories, 
such as the recently advocated relation between 
longitudinal confinement of the virtual geomagne
tic pole (VGP) transitional paths over North and 
South America [Clement, 1991; Tric et aI., 1991] 
and physical processes in the Earth's interior [Laj et 
aI., 1991]. This true field behaviour theory is both 
supported - by recurring VGP clusters from vol
canic data in the same longitudinal band [Hoffman, 
1991;1992] - and not supported - by VGPs from 
lava's scattered all over the globe [see e.g. Valet et 
aI., 1992]; it is critically examined in a statistical 
sense [Valet et aI., 1992J and again defended [Laj 
et aI., 1992]; it encounters considerable caution be
cause of possible sedimentary artefacts [Langereis 
et aI., 19921, while it is also argued that these can
not represent the general case [Weeks et aI., 1992]. 
In other words, the debate is still alive and lively, 
although the observations and interpretations 
published sofar arc not necessarily mutually exclu
sive. For instance, the observed longitudinal bias in 
the stable (non-transitional) field during the past 5 
Myr [Constable, 1992] and the advocated filtering 
of the geomagnetic signal [Langereis et aI., 1992] 
are not difficult to reconcile [Jackson, 1992]. Simi
larly, it is easily seen that recurring VGP clusters 
[Hoffmann, 1991] that may correlate to specific in
clined dipolar field configurations and near-radial 
flux concentrations [Hoffmann, 1992] may lead to 
longitudinal VGP confinement if the NRM signal is 
filtered due to acquisition in a sedimentary environ
ment. But we will come back to this filtering 
process in the discussion, 
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To study the records of paleomagnetic polarity 
reversals in sediments, we have sampled 14 polarity 
transitions of the Gilbert and Gauss Chronozones in 
the Pliocene Trubi and (lower part of the) Narbone 
marls of Sicily and Calabria, several of which have 
already been published [Linssen, 1992; van Hoof et 
aI., 1992; and references therein]. The studies of 
these rocks have revealed that in general the 
reversals seem to be recorded by two magnetite 
components, probably with only slightly different 
grain size distributions and/or composition, but 
with different blocking temperature spectra. One is 
the low-temperature (LT) component removed 
between 200/250° and 480°/5 J()0e, the other is the 
high-temperature (HT) component removed 
between 480°/5 lOoC and 600°e. Recognition of 

characteristic stable (non-transitional) directions is 
facilitated by a typical clockwise (35°) rotation of 
the Sicilian marls [Langereis and Hilgen, 1992]. 
This enables us to distinguish true normal fIT 
components from a present-day direction overprint. 

From the sequence of 14 transitions, the record 
of the Gilbert/Gauss transition is presented in this 
paper. This transition - identified by an earlier 
magnetostratigraphic study [Langereis and Hilgen, 
1991] - was sampled at Capo Bianco (37° N, 13°30' 
E), near Eraclea Minoa in southern Sicily; the 
bedding of the section has a strike and dip of 
22JO/IooNW. The lithology - marine marls of the 
Pliocene Trubi formation - form a repetition of 
grey, white, beige and white coloured beds, so 
called quadruplets that range from number 1 at the 
Mio-Pliocene boundary up to number 119 at the 
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Gauss/Matuyama boundary. The lithology has been 
extensively discussed earlier [Hilgen, 1991; and 
references therein]; the sedimentation rate is 
approximately 5 cm/kyr. In some quadruplets, the 
grey layer cannot clearly be distinguished from the 
surrounding white layers; this was also the case 
with quadruplet 78 in which the Gilbert/Gauss 
transition is located. It concerns an interval with a 
maximum in carbonate content [cf. Hilgen, 1991] 
and although before sampling the weathered part of 
the marls is always removed to obtain the fresh, 
blue coloured marl, in such high-carbonate layers it 
is not possible to reach the usual freshness. 
Sampling was done by taking oriented cores at 
stratigraphic intervals of 1 em. Using the drilling 
orientation, width of the saw cut and tilt of the 
bedding plane, the stratigraphical level of each 
specimen was calculated, yielding a resolution 
much better than 1 em. 

THE REVERSAL RECORD 

Typical thermal demagnetisation diagrams are 
shown in figure 1. In the Trubi marls, the present
day field component is usually removed at 200/250 
°C, but in the Gilbert/Gauss record a substantial 
part seems to persist at higher temperatures, prob
ably as a result of the increased weathering due to a 
higher carbonate content. The direction of the NRM 
removed between 200/250 °C and 480/510° C is 
therefore intermediate between the secondary and 
high-temperature (HT) component (fig. la), very 
similar to the results of the high-carbonate upper 
and lower Thvera reversal records [van Hoof and 
Langereis, 1992]. Even though this low
temperature (LT) component is not obvious in the 
demagnetisation diagrams of the marls with a high 
carbonate content, we still have determined the 
directions of the NRM demagnetised over this 
temperature trajectory for comparison with existing 
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records, but we realise that we may be looking - at 
least in some intervals - at an overlap in unblocking 
temperature spectra only. The intensity of this LT 
component is relatively small and is usually seen as 
a cluster in the demagnetisation diagrams. The HT 
component is removed at temperatures higher than 
480°C, but the most rapid decay is observed only 
at temperatures higher than 510 °C. Often, it is only 
at these highest temperatures that this component 
shows a linear decrease towards the origin. 

The registration of the Gilbert/Gauss boundary 
in the HT component (fig. 2) shows a decrease in 

intensities between levels -35 cm and -15 cm, i.e. 
typically at the beige to white boundary [see van 
Hoof et aI., 1992]. At this level, declinations 
become westerly and the inclinations appear to 
steepen. Between levels -30 and -20 cm the 
intensities are at a minimum and despite the scatter 
it is clear that the directions change from reversed 
to normal via westerly declinations and shallow 
inclinations. Declinations do not regain, however, 
their typical 35° rotation values, but remain - after 
tilt correction - north directed. Subsequently, 
intensities recover their pre-transitional values at 

GILBERT/GAUSS 

HT components after tilt correction 

•
 

•• 

Figure 3. HT directions (after lilt correction) just before and after transition between -20 and -30 em (jig. 2). The reversed mean directions 
shows a clear tectonic offset (Table 1), while the mean normal direclion does not show this rotatIOn. 
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level 0 em, but show again a significant minimum 
between 25 and 3D em. In general, declinations still 
do nol reach their expected value (35°), but al this 
intensity minimum there is a deviating HT cluster 
having easterly declinations of 40-75° and steep 
inclinations. Only when the intensities regain their 
initial values, above 30-35 em, declinations are 
approximately 15-30°, indicating (close to) stable 
normal directions. In the topmost part of the 
section, the very low intensities are the main cause 
of the scattered (LT and HT) components. These 
are regarded as less reliable since they can only be 
determined with great uncertainty; the better 
diagrams seem to show the same clockwise 
rotation. 

Results from earlier transitions [van Hoof and 
Langereis, 1992] have revealed that the 
susceptibility record (fig. 2) depends strongly on 
lithology, having maxima in the beige layers. 
Hence, the susceptibility is not a a reliable tool to 
normalize the intensities of the NRM, although at 
the intensity minimum at 25-30 cm the 
susceptibility is highest and would tend to decrease 
'relative intensities' even further. We rather 
interpret the higher susceptibilities, however, to be 
caused by a higher paramagnetic contribution of the 
clay minerals, and thus the maximum probably 
denotes the 'middle' (= highest clay content) of the 
beige-white layer of cycle 78 (fig. 2) where 
otherwise there is no clear visible distinction 
between beige and white. 

Dec Inc 

Non before 219.2 -39.4 
Non after 32.8 40.1 

Near before 216.5 -48.7 
Near after 3.2 50.1 

clustering, may be due to true geomagnetic field 
behaviour, but it may also be caused, or at least be 
'contaminated', by two other phenomena. One 
concerns a secondary (present-day) overprint, and 
the other concerns the filtering mechanism due to 
early diagenetic CRM acquisition. 

A present-day overprint, especially in the high
carbonate quadruplet of the Gilbert/Gauss 
transition, may have considerable influence because 
the overlap in the blocking temperature spectra of 
the secondary component and the HT component 
may be persistent up to the highest temperatures 
[van Velzen and Zijderveld, 1992]. In this 
particular case, it would introduce an offset in HT 
(and LT) directions, since the reversed (normal) HT 
component is expected to have a southwest 
(northeast) declination due to the 35° rotation of the 
basin, and a relatively shallow inclination due to an 
inclination error. Hence, a persisting secondary 
component will offset the reversed (normal) 
declination to west (north) and decrease (increase) 
the inclination, causing an apparent non-antipodal
ity, as is indeed seen in figure 3 and Table I with 
respect to the declination (but not with respect to 
the inclination). 

In addition, a decrease in intensity of the 
geomagnetic field during the transition may cause a 
low-intensity reversed direction (southwest 
declination, negative inclination) to be increasingly 
overprinted by the normal (north-down) secondary 
component, so that the resulting HT directions are 

N Rsum ctmd 

49 48.28 
19 18.92 } no 

13 12.90 
92 89.86 } no 

Table 1. Mean directions - after tilt correction ~ of stable non-transitional (based on mean direc[wns of enlire polarity zones) and 
near-transitional (based on mean directions from intervals below -35 em and above 17 em) HT components, respectively. Common true 
mean directions (ctmd) determined according to McFadden and McElhinney [1990J. Near-transitional means before tilt correction are 
228.1149.5 and 13.7156.4 

DISCUSSION 

The VGP path was calculated after a correction 
for the 35° rotation of the location. The path is 
largely confined to a well-known longitude, that 
over the Americas (fig. 4). Characteristically, VGPs 
seem to be concentrated in two clusters, a less 
distinct one at the southern tip of South America, 
and a very prominent one at the northeast coast of 
North America. These clusters coincide remarkably 
well with two of the 'Hoffmann clusters' 
[Hoffmann, 1992; 1992]. This confinement, or 
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intermediate, having westerly declinations and 
shallow inclinations. The persistent overprint will 
then largely obscure any real geomagnetic features 
during the transition. We note that before tilt cor
rection, however, the north directions between -20 
cm and 40 cm are significantly different from the 
present-day field direction (fig. 3), and hence they 
cannot represent a recent overprint (only). 

The other explanation of the observed VGP 
path is a filtering mechanism due to early 
diagenetic CRM acquisition. Here, we emphasize 
that this filtering mechanism is unlike a simple 
post-depositional remanent magnetisation (PDRM) 



filter which results in a moving window that must 
be very large with respect to reversal duration to 
obscure long-term geomagnetic field features 
[Rochette, 1990; Weeks et aI., 1992]. But in this 
case we have sediments that were deposited during 
cyclically changing paleoredox conditions, 
resulting in an alternation of dysoxic/anoxic layers 
(grey, and middle of beige) containing mainly 
primary magnetites, and suboxic/oxic layers (white
beige, and beige-white) in which both primary and 
secondary magnetites are present [van Hoof et aI., 
1992; van Hoof, 1993]. Hence, the direction of the 
recorded NRM is either the - possibly PDRM 
smoothed - primary magnetite direction (grey, 
middle of beige), or the vector sum of the directions 
of the two types of magnetite; the two types may 
occasionally be distinguished by slightly different 
blocking temperature spectra (e.g. LT & HT 
components: van Hoof and Langereis [1991]). Or, 
the primary magnetite may even be entirely reset 
by the secondary magnetite. The latter occurs 
especially in white and in the transition from white
to-beige and beige-to-white. This resetting occurs 
during (sub)oxic conditions by downward migration 
of the redox front from the sediment-water 
interface. The resulting formation of secondary 
magnetite (but only/mainly in white-beige and 
beige-white) may occur to a considerable depth and 
can result in apparent excursions before the actual 
transition [van Hoof and Langereis, 1991; 1992]. 

Using this geochemically constrained model, 
we may envisage the following, tentative scenario 
for the Gilber/Gauss reversal record (cf. figs. 2,4). 
True reversed directions are recorded in beige 77 
(-45 to -33 cm), and have relatively high intensities. 
Intermediate directions with very low intensities are 
found in the top of beige 77 (-33 to -20 cm) and 
they give mainly VGPs near SE South America. Al
though this may be due to a transitional (low-in
tensity?) inclined dipolar state [Hoffmann, 1992], 
it is equally well explained by the vector sum of a 
reversed component residing in primary magnetite 
and a normal one residing in secondary magnetite. 
Remarkably, and contrary to earlier observations, 
the LT component reverses lower in the sediment 
than the HT component. But here it concerns also 
the only interval where LT intensities are higher 
than HT intensities, and we speculate that the 
influence of the secondary overprint on the LT 
component, as discussed above, is the main cause 
for this 'anomalous behaviour'. The typical north 
declinations of the white lithology (white 77 / 'grey' 
78/ white 78; -20 cm to 25 cm) are probably due to 
resetting by secondary magnetite. VGPs, when 
corrected for the 35° rotation, are strongly and 
consistently concentrated at NE North America. 

Just below 30 cm, we find the small but clearly 
deviating interval with easterly/steep HT 
components and reversed to intermediate LT 
components, and low intensities. Since this interval 

GILBERT/GAUSS 

Figu.re 4. VGP path of the Gilber/,'Gau.ss rransilion. The solid black line shows the VGP path obtained by filtering lhe mean directions of 
under/overlying polarity zones," the ,\'haded line represents the fillering of near-transitional directions determined from the reversal record 
(fig. 3, Table 1). The clusters ~ a less distmet one off South America, and a prominent one in North America - coincide remarkably well with 

those observed by Hoffmann [1992]. 
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occurs at a susceptibility maximum (indicative of a 
higher clay content, i.e. the 'middle' of a regular 
beige layer), these directions may represent primary 
magnetite, and hence may give either 'true field' 
(intermediate) directions, or they represent the 
vector sum of primary and (some) secondary 
magnetite. Directions between 30 em and 40 cm, 
still in the clayey (high susceptibility) part of the 
beige layer, again give consistent VGPs located at 
NE North America. Above 40 cm, directions are 
close to the usual stable directions, but since this 
interval represents the beige-white (cycle 78) 
transition, it is a good candidate for CRM resetting, 
i.e. it may record stable, post-transitional directions 
from, for instance, cycle 79. 

This tentative scenario is at least consistent 
with the observations of other reversals from the 
Trubi marls. Also, we realise that the correspon
dence of our clusters (in this, but also in some other 
records: see e.g. Langereis et a!. [1992]) with those 
of Hoffmann is striking. But some questions still 
cannot be answered satisfactorily, such as: what are 
the time constraints of the secondary magnetite 
resetting, does it occur gradually over a long period 
of time, depending on redox conditions, or does the 
(partial, or complete) resetting occur over a short 
time interval, but to a considerable depth? 

If we assume, for instance, that the actual 
geomagnetic transition has been completed at 
approximately level 40 em, then the 'true' directions 
between 30 cm and 40 cm (giving the NE North 
America VGP cluster) may have caused the interval 
between -20 and 27 cm to be reset by CRM 
acquisition. This would require a very rapid 
downward migration of the redox front ('oxygen 
burn-down'; cf. van Hoof et a!. [1992]), a process 
that is stopped at the middle of beige at -30 cm, 
while between -30 cm and -20 cm - the transition 
from beige to white - a partial CRM resetting 
causes the observed intermediate directions and low 
intensities. This would imply that the VGP cluster 
has a duration of at least 2 kyr (-10 cm of 
sediment), but possibly longer, if the beige-white 
part of 78 (40 cm to 60 em) has been reset, in turn, 
by post-transitional stable directions. 

Without firm temporal constraints on this 
paleoredox and hence CRM resetting mechanism 
the above assumption must, for the time being, re
main speculative. It is clear, however, that the de
tailed (paleomagnetic/rock magnetic/geochemical) 
study of these cyclic sediments, and the scrupulous 
examination of all 14 reversal records in relation to 
the lithology in which they are recorded, may give 
important information. Not only on the details of 
the NRM acquisition process in these marls, that 
may be important for other (perhaps not visibly 
cyclic) sediments as well. But also to provide time 
constraints, once the redox mechanism is better 
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understood, on important geomagnetic field 
features such as inclined dipolar states. 

Whatever the disadvantage of these cyclic 
sediments for true transitional field recording may 
be, it may then turn into an advantage: the fact that 
these marls form the basis of a high-resolution 
astronomical polarity time scale [Hilgen, 1991] 
provides a potential for accurate estimates of time 
and duration of the processes involved, an estimate 
that is difficult to obtain from homogeneous 
sediments. 

Acknowledgements: C. Laj and two other 
reviewers provided extensive, critical and therefore 
very useful comments. C. G. Langereis is thanked 
for his suggestions, faultfinding and patience while 
he read and re-read the manuscript. He and P. J. 
Verplak sampled the section, plus the food and 
wine from 'Ristorante il Gabbiano' at Eraclea 
Minoa. The research was supported by the 
Netherlands Foundation for Earth Sciences 
(AWON) with financial aid from the Netherlands 
Organization for Scientific Research (NWO). 

REFERENCES 

Brunhes, B., Recherches sur la direction 
d'aimantation des roches volcaniques, J. Phys., 
5,705-724,1906. 

Clement, B.M., Geographical distribution of 
transitional VGPs: evidence for non-zonal 
equatorial symmetry during the Matuyama
Brunhes geomagnetic reversal, Earth planet. 
Sci. Leu., 104,48-58, 1991. 

Constable, c., Link between geomagnetic reversal 
paths and secular variation of the field over the 
past 5 Myr, Nature, 358, 230-233, 1992. 

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

Hoffman, K.A., Long-lived transitional states of the 
geomagnetic field and the two dynamo 
families, Nature, 354, 273-277,1991. 

Hoffman, K.A., Dipolar reversal states of the 
geomagnetic field and core-mantle dynamics, 
Nature, 359, 789-794,1992. 

Hoffman, K.A. and Slade, S.B., Polarity transitions 
records and the acquisition of remanence: a 
cautionary note, Geophys. Res. Lett., 5, 483
486,1986. 

van Hoof, A.A.M., Geomagnetic polarity 
transitions of the Gilbert and Gauss Chrons 
recorded in marine marls from Sicily, (PhD 
thesis, University of Utrecht), Geologica 
Ultraieclina, xx, xxx pp., ]993. 



van	 Hoof, A.A.M. and Langereis, e.G., Reversal 
records in marine marls and delayed 
acquisition of remanent magnetization, Nalure, 
351, 223-225, 1991. 

van Hoof, A.A.M. and Langereis, C.G., The upper 
and lower Thvera sedimentary geomagnetic 
reversal records from Southern Sicily, Earth 
planel. Sci. Lea., 1992, in press. 

van Hoof, A.A.M., van Os, B.HJ., Rademakers, 
J.G.R., Langereis, C.G. and de Lange, G.J., A 
paleomagnetic and geochemical record of the 
upper Cochiti reversal and two precessional 
cycles from southern Sicily (Italy), Earlh 
planel. Sci. Leli., submitted. 

Jackson, A., Still poles apart on reversals?, Nalure, 
358,194-195,1992. 

Karlin, R., Magnetic mineral diagenesis in suboxic 
sediments at Bettis Site WoN, NE Pacific 
Ocean. J. Geophys. Res., 95, 4421-4436.1990. 

Laj, e., Mazaud, A., Weeks, R., Fuller, M. and 
Herrero-Bervera, E., Geomagnetic reversal 
paths, Nature, 351, 447,1991. 

Laj, e., Mazaud, A., Weeks, R., Fuller, M. and 
Herrero-Bervera, E., Statistical assessment of 
the preferred longi tudinal bands for recent 
geomagnetic reversal records, Geophys. Res. 
Leli., 19,2003-2006, 1992. 

Langereis, e.G., Van Hoof, A.A.M. and Rochette, 
P., Longitudinal confinement of geomagnetic 
reversal paths as a possible sedimentary 
artefact, Nalure, 358, 226-230, 1992. 

Langereis, C.G. and Hilgen, FJ., The Rossello 
composite: A Mediterranean and global 
reference section for the Early to early Late 
Pliocene. Earlh plane/. Sci. Leu., 104, 211
225, 1991. 

Linssen, J.H., Properties of Pliocene sedimentary 
geomagnetic reversal records from the 
Mediterranean, (PhD thesis, University of 
Utrecht), Geologica Ullraieclina, 80, 230 pp., 
1991. 

Mankinen, E.A., Prevot, M., Cromme, e.S., Coe,. 
S., The Steens Mountain (Oregon) geomagnetic 
polarity transition - I. Directional History, 
duration of episodes and rock magnetism, 1. 
Geophys. Res., 90, 10393-10416, 1985. 

McFadden, P.L. and McElhinny, M.W., 
Classification of the reversal test in 
palaeomagnetism, Geophys. J. Int., 103, 725
729,1990. 

Rochette, P., Rationale of geomagnetic reversals 
versus remanence recording processes: a 
critical review, Earth planet Sci. Leu., 98, 33
39, 1990. 

90 

Tric, E., Laj, C., Jehanno, C., Valet, J.-P., Kissel, 
C., Mazaud, C. and laccarino, S., High
resolution record of the Upper Olduvai 
transition from Po Valley (Italy) sediments: 
support for dipolar transition geometry?, Phys. 
Earth Planel.Inler., 65,319-336,1991. 

Valet, J.P., Tucholka, P., Courtillot, V. and 
Meynadier, L., Paleomagnetic constraints on 
the geometry of the geomagnetic field during 
reversals, Nalure, 356,400-407, 1992. 

Weeks, R., Fuller, M., Laj, C., Mazaud, A. and 
Herrero-Bervera, E. Sedimentary records of 
reversal transitions - magnetization smoothing 
artefact or geomagnetic field behaviour ? 
Geophys. Res. Lea., 19,2007-2010, 1992. 

A.A.M van Hoof, Paleomagnetic Laboratory 
Fort Hoofddijk, Budapestlaan 17,3584 CD Utrecht, 
The Netherlands. 



JOURNAL OF GEOPHYSICAL RESEARCH. VOL. 97. NO. 85. PAGES 6941-<'957. MAY 10. 1992 

Chapter 9 
The Upper Kaena Sedimentary Geomagnetic Reversal Record From Southern Sicily 

A. A. M. VAN HOOF AI\D C. G. LANGEREIS 

Paleamagnet'c LaboralOr}, "Fort Hoofda,jk", Utrecht. The Nether/aruis 

A detailed paleomagnetic and rock magnetic record of the upper Kacna polarlly reversal was detennined 
from late Pliocene marine marls in southern Sicily. Two separate characteristic magnetization cOffip:ments were 

dIstinguished: a low-temperature (I..n component between 200' and 5OO'C and a high-temperalure (Hn 
component between 500' and 580'-610'C. The two components record the reversal in a slighlly different way, 
but both were acquired in an early slage following deposiuon, most probably by authigenic (biogenic) 
fannalian of magnetic minerals. The aCLUal (R.N) reversal, VIa E and horizonLaI inclinations, seems to take 3.3 
kyr and is followed by a stable nonnal interval (3.3 kyr) and subsequently by a significant excursion (50'-60') 
in declination (3.6 kyr). Relative intensities were lower dUring a time-span of 5.6 kyr and show a minimwn of 
10% of the nonlransilional values, bur during the c:x;curSlon, no imenslty changes arc apparent. The VGPs of 
the HT component are confined to a longitude between India and Australia; thosc of the L'1' component 
oscillate between this same longitude and one passing over North and South America. We condudl.: that most if 
not all observed features are largely detennined by the rcmanence acquisiuon procl.:ss which is complicated by 
authigenic formation of magnetic minerals and cyclically nlJctuatmg palco redox l:onditiolls. "lhiS has not only 
resulLed in considerable smoothing bUl also In delaycd \l{M acquisil"m III specific sedlmClltar} IIlLcrvals. We 
believe thal Lhe observed ·'ex.curslon·' IS a sedimentary artifact and not rel.ated to gcomagnClil. field bchavlOr 
during transitions. -OW"e emphasize Lhat many reported ··geomagnetic·· Icature-" may III faL:L he duc to thl.: 

sedimentary remanence acquisition process. 

INTRODUCTION	 references therein]. From the lower Pliocene in Calabria. five 
successive reversal records (upper Thvera, upper and lower 

Detailed records of geomagnetic reversals may be obtained 
SidufjalJ and upper and lower Nunivak in the Gilbert Chron) 

from different sources, most important	 of which are those 
have been reported by Linssen [1988. 1991], From ti 'ipper

recorded in lava sequences and thos" in sedimentary sequences. Pliocene in Sicily, three more successive reversal recore. Jpper
Both recording media have their advantages and drawbacks. The 

and lower Mammoth and lower Kaena in the Gauss Chron) were 
main advantages of sedimentary sequences conccrn appropriate also studied in detail by Linssen [1991]. This paper presents the 
time control and continuous registration	 of the geomagnetic 

details of the fourth successive reversal. the upper Kaena 
signal. In addition, long sedimentary sequences from the sam" 

reversal. from the same sedimentary sequence, 
area may yield useful information concerning the characteristics 
of a nwnber of successive polarity reversals [Valel el al .• 1988], 

Gi OGICAL SETIING AND SAMPLING However. a major drawback of sedimentary records is the 
insufficient understanding of the acquisition of the remanence The Mammoth and Kaena reversals in the Gauss Chron were 
which may involve complex processes of authigenic formation of unambiguously identified by a detailed magnetostratigraphic 
different magnetic minerals at different depths in the sediment study of the Punta Piccola section in the Caltanisetta basin of 
during accwnulation [e.g,. Lun.d and Karlin. 1990; Karlin, southern Sicily (Figure I) [Zachariasse et al,. 1989, 1990]. The 
I990a.b; 510Iz el al., 1990; van Hoof and Langereis. 1991]. Punta Piccola section has a bedding plane with strike and dip of 

Long-term magnetostratigraphic research In the Central 315 0 and II 0 NE and consists of marine marls of the Pliocene 
Mediterranean by our laboratory has so far resulted in the Trubi fonnation in which the Mammoth subchronozone is 
identification and location of 25 successive reversals from 7.5 to located and of the very similar Pliocene Monte Narbone 
1.5 Ma in the upper Miocene of Crete [Langereis. 1984J and in formation in which the Kaena subchronozone is located (Figure 
the Pliocene of Sicily and Calabria [Zijderveld el al.• 1986; 2). The marls of the Trubi and Monte Narbone fonnation consist 
Zachariasse el al .• 1989. 1990; Langereis and Hi/gen, 1991]. A mainly of carbonates (50-80% CaC03) and a mixture of clay 

succession of three older reversals (II -12 Ma) from the same minerals [Hi/gen. 1987; de Visser el al .• 1989; Linssen. 1991 j, 
area is known from Zakinthos [Laj el al., 1988]. Not all reversals The average sedimentation rate per polarity zone in the Punta 
are suitable for detailed paleomagnetic research. for exemple, Piccola section can accurately be detennined and is remarkedly 
due to low intensities and/or unfavorable rock magnetic constant: 4-5 cm!kyr; the sedimentation rate in the Kacna 

properties. From the nine upper Miocene rev"r,al •. five were polarity subzone is 4,3 cm/kyr [Zachariasse el ai" 1989]. 

extensively investigated earlier lsee Valet el al .. 1988. and Hilgen [1987] recognized a long succession of small-scale 
sedimentary cycles, so-called quadruplets. These quadruplets 
fonn a repetition of grey. while. beige. and while coloured beds 

Copyrillht 1992 by lhe American Geophylicil Union. (Figure 2) and were deposited during cyclic sedimentation 
periods which are related to the M ilankovilch [1930] cycle of 

Piper number 921B00220. preCession of the Earth's orbit [Hi/gen and Langereis. 1989J withOJ48-0227/92192JB-00220S05.00 
91 
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an average duration of 21.7 kyr [Berger and Loutre, J9881. The 

low-carbonate grey marls probably represent a period of 

increased continental runoff and a mainly suboxic environment 
[de Visser el al., 1989]. The high-carbonate while marls 

represent a more oxic environmen t, but only those from the 
southwestern pan [sicily, southern Calabria] of the Trubi 
formation contain the intercalated low-carbonate beige interval 
[Hilgen, 1987J. This beige interval is probably due to increased 
wind-blown African input [de Visser el al., 1989]. In some of the 

grey marls from the Monte Narbone fomlation a dark brown and 

sometimes finely laminated sapropelitic layer is mtcrcalated 
[Hilgen, 1987]. as is the case in the sampled upper Kaena record 

[Figure 2). Although the weathering profile shows qUite sharp 

changes in color and induration. the changes in fresh. unweather· 
ed sediment are much more gradual: light blue (white layal to 

dark blue-grey (grey layer). The color boundaries between grey 

marls and sapropel are mottled and gradational. from dark grey 

to dark green to dark brown. 
Sampling was done in two successive field trips. During the 

first trip. we sampled a stratigraphic interval of 80 cm in which 
the reversal had been located earlier [Zachariasse et al., J989] 

and which consisted of a lower white marl. a grey marl inclUding 
a sapropelilic layer. and an upper white mar!. During the second 
trip. an interval of 25 em where we had pinpointed Ihe aClua] 
reversal was resampled 10 obtain more delai!. Only a short 
interval of less Ihan 5 em wilhin the sapropel could not be 
sampled due to fragilily (lamination) of Ihe sediment. We have 
sampled by laking oriemed cores of 25 mm diameter. more or 
less parallel 10 the bedding plane at very close intervals «1 cm) 
and from a freshly CUI venical plane. In order to get a higher 
straligraphic resolution a number of specimens were splil imo 
upper and lower halves. The straligraphic posilion of each 

specimen is accurately determined by taking into account drilling 
orientation. bedding plane and widlh of the saw cuI. The 
stratigraphic levels in the present paper are in centimeters with 
respect to the bottom of the sapropel (Figure 2). The sampled 

upper Kaena interval therefore ranges from 25.07 to 25.87 m in 

Figure 2. 

ROCK MAGNETISM 

The upper Kaena reversal occurs in a layered lithology. In 

particular. this reversal is pinpointed close to a sapropelitic layer 
which has a lithology diStinctly different from that of Ihe 
surrounding marls. It is therefore important to ensure Ihat the 
carriers of the characteristic remanent magnetization arc of 

primary origin even !hough they may not be exactly the same in 
!he various lilhologies. Rock magnetic parameters give an 
indication of the content and nature of the magnetic minerals. 
and for this reason we have determined the initial susceptibility 
(Xo) and several (remanent) hysteresis parameters: Ihe 

(remanent) saturalion magnetization (Jrs. J s) and (remanent) 

coercive force (Hcr• HcJ. 

Susceptibility and Hysteresis Parameters 

Acquisition of isothermal remanent magnetization (IRM) of a 

number of samples from different lithologies up 10 a maximum 
DC field of 2 T (Figures 3a and 3b) reveals that samples outside 
Ihe sapropel in general show a saturation IRM (Jrs) in fields of 

125-200 mT. Samples from the sapropel itself are saturated at 
higher fields (0.5 T) and. in addition. have higher Jrs values 

(Figures 3 and 4). The sapropel samples appear lO have both a 
low- and a high-coercivity IRM acquisition curve. The low
coereivity component has a saluration field similar to that of the 
nonsapropel samples. The relative intensity of this componenl 
may be eSlimated at approximalely 20-30% of the intensily at 0.5 
T if il is assumed that the J rs acquisition of the high-coereivity 

component is l.inear in low fields [Dekkers. 1988J (Figure 3). 
This resl.llts in an absolute Jrs intensity of the low-eoercivity 

component which is of the same order as the Jrs of the samples 

with only one componenl. Thermal demagnetization of the J rs 
shows thaI approximately 95% of the total saturalion remanence 

Fig. 1. Location of the Punta Piccola section in Sicily (Italy) in which the uppcr Kaena inlerval was sampled. 
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Fig. 2. Polarity sequence and lithology of the Trubi and Monte 
Narbone fonnations in the Punta Piccola section [after Hi/gen. 
1987; Zachariasse el a/.. 1990] The 19-m level corresponds to 

the Trubi-Narbone transition. The upper Kaena reversal 
(indicated by an arrow) was sampled in detail over an interval 

of 80 cm, from 25.07 to 25.87 m. In the lithological column, the 

white layers are internally composed of a white. beige. and a 
white marl, the black intervals corresponds to a grey marl. The 
white marls have a higher carbonate content, while the grey and 
beige marls are relatively poor in carbonate [Hilgen and 
Langereis. 1989], probably due to increased continental runoff 
(grey) or increased African wind-blown input (beige) [de Visser 

el al.. 1989]. 

unblocks up to 580°C (Figure 3c). Together with the relatively 

low saturation fields (125-200 mT), this points to a magnetite 
dominated magnetic mineralogy. The remaining 591: shows 
maximum blocking temperatures of 580°-600°C. slightly higher 

93 

than the maximum blocking temperature for pure magnetite. This 
suggests the presence of some cation-deficient magnetite [Heider 
and Dunlop. 1987; Linssen, 1988. 1991]. 

f rs shows a clear lithological dependence: in the white layers. 

both above and below the grey layer, values are constant (3.5 

A/m). while in the grey layer there is an increase (to 8 A/m) 
culminating in a maximum (of 15 A/m) in the middle of the 
sapropel. The lithological dependence of the initial susceptibility 
Xo (Figure 4) is similar to that of f rs : values are constant (250 X 

10-6 5.1.) in the white layers and show a maximum (500-600 x 

10-6 5.1.) in the sapropel. Neither XO nor f rs is a useful 

magnetomineralogical indicator on its own because each is 
dependent on the nature and concentration of the magnetic 
minerals. The ratio frs/XO is more useful: it is largely 

independent of concentration, and provided that the dominant 

magnetic mineral is magnetite, it may give an indication of the 
grain size. The ratio shows typical values of 10-15 kA/m (Figure 
4), lower than expected for fine-grained magnetite (>20 kA/m) 

[Dunlop. 1986]. In the grey layer and especially in the sapropel, 
values are significantly higher (15-25 kA/m). 

However. the clay fraction has a relatively large influence on 
the bulk susceptibility Xo because of its paramagnetic 

contribution. Hysteresis loop experiments show that this 
contribution is approximately 110 x 10-651 in the white layers. 

and as much as 250 X 10-6 51 in the sapropel (see Figurc 5). 
Correction of Xo for the susceptibility of the clay fraction does 

not significantly change the observed trend in XO. but it causes 

the values for frs/XO to increase to 20-25 kA/m in the while 

layers and to as much as 50 kA/m in the sapropel. This clearly 

points to fine-grained magnetite as the dominant magnetic 
mineral in the white layers, whereas the high values in the 
sapropel point either to even finer-grained magnetite or to an 
additional magnetic mineral. 

The remanent coercive force Hcr is largely independent of the 

concentration of magnetic material, and it is not influenced by 
paramagnetic clay minerals. Typical values for fine-grained 
magnetite are 40-60 mT [Day el ai.. 1977; Hartslra. 1982; 
Dun/op. 1986], which are the values observed in the white layers 
(40-50 mT). In the grey layer/sapropel. Hcr values increase to 75 

or even 100 mT which again indicates either even finer-grained 
(SO) magnetite or an addition of a high coercivity mineral (e.g .. 
hematite. goethite). Although pyrrhotite also has a highcr Hcr 
than magnetite for the expected grain size range. the observed 
maximum values of 90-100 mT would imply that the 

magneLOmineralogy in the sapropel would be entirely dominated 
by this mineral [Delckers. 1988], which is not the case. 

The ratio Hcr/(Jrs/XO) [Thompson and Oldfield, 19861 is 

diagnostic for many magnetic minerals and may give useful 

infonnation on the carriers of the remanence. The observed ratio 
Hcr/(Jrs/XO) is somewhat high (2-3) for very fine grained magne

tites (Figure 4). Correction for the paramagnetic susceptibility of 
the clay fraction yields values of 1.2 in the white layers. 
compatible with fine-grained magnetite. Corrected values for the 

sapropel are only slightly higher, approximately 1.5. and in 
combmation with the observed higher Hcr values (up to 75-100 

mT) possibly indicate a trace amount of goethite [Dekkers. 
1988]. Addition of goethite causes a relatively strong increase of 
Hcr!(Jrs/XO). whereas addition of pyrrhotite would decrease this 
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Fig. 3. (a) Absolute and (b) normalized IRM acquisition curves of samples from different lithologies. up to a 

maximum field of 1600 kA/m (2 T). Samples from the while marl (circles, level -22.8 cm) and from thc grey 
marl (squares, level -5.1 cm) are saturated at 100-150 kA/m. Samples from the sapropel (triangles and inverted 
triangles. levels I and 2 cm, respectively) are only saturated at 400 kA/m. The curves show a low- and high 
coercive component. The low-coercive component is saturated -100 kA/m; linear extrapolation of the high
coercive component back to the ordinate (dashed line) shows thai the low-coercive comriblilion of the loatl IRM 
is 20-25%. (c) Subsequent thermal demagnetization of IRM shows similar decay curves except belween 100 and 

250°C, Maximum unblocking temperatures are close to SKO °e. but a remaining SCi,. unblocks at slightly higher 
temperatures, possibly indicaling some cation-deficient magnetite. 
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Fig. 4. Saturation IRM (Jrs). initial susceptibility (Xo). remanent coercive force (/ler). and some interparametric 

ratios versus stratigraphic level and lithology: white marls (white). and a grey marl (black) including a 
sapropelitic layer (shaded). Jrs and KO show constant values in the white marls but reach a maximum in the 
grey/sapropelilic layer. Their ratio J rs / Xo is not constant either, indica ling an addition of finer-grained 

magnetite and/or a (high-coercive) mineral. A similar trend is found for Her: the high maximum (100 mT) 

probably indicates addition of high-coercive material. This is supported by the /-(crl(1rs/XO) ratio which shows a 

rather constant value (ranging 2·3) throughout the entire lithology. ll,e ratio is dimensionless. since /-Icr has 

been converted from mT to kA/m. The shaded lines denote typical values for fine-grained magnetites (m) and 

pyrrhotites (p). 94 
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Fig. 5. (a) Hysteresis loops of sampks from thc whilc marl (-22.5 cm) and sapropclitic layer (1.0 em). Saturation 

occurs al approximately 100 kA/m (-22.5 em) and at 200 kA/m or highcr (1 em). The linear Irend at higher fields 
(dashed lines) is due to the paramagnetic susceptibility of the clay minerals. It can be derived from these curves 
as the tangent (of <X) and is approximately 110 (-23.'1 em) and 250 X 10-(,5.1. (1.0 em). (b) Hysteresis loops of 

sapropel samples before heating (1.0 em, same sampk as in Figure Sa) and after healing to 360°C (2.0 em). 
After heating, the sapropel samples have a higher saturation remanence. 

ratio. This makes it rather unlikely that pyrrhotite is the mineral 
responsible for the observed changes in XO, irs, and Hcr, despite 

the relatively high sulphur content in a sapropel [Calvert, 1'183). 
The presence of goethite, on the other hand, need not be sur

prising: it may be due to increased weathering in the dark brown 
and more permeable (laminated) sapropel. A similar line of 
reasoning with respect to the Hcr/(1rs/XO) ratio excludes a 

possible small addition of hematite [De/deers and Linssen, 1989]. 
Hysteresis loops (Figure 5a) show that a nonsapropel sample is 

saturated in a field of approximately 125 mT. whereas a sapropel 
sample is hardly ,aturated in the maximum field of 250 mT. This 

supports the idea that the sapropel samples may contain some 
high-coercivity mineral, i.e.,goethite. since these samples are not 
entirely saturated. only minimum values of is and Hc can be 

determined; complete saturation would slightly increase these 
estimates. corresponding with a decrease of the ratios Ncr/Hc 
and irs/is of the sapropel samples. The ratios HcrlHc and irs/is 

(table 1) of the nonsapropel samples are similar to the ratio's 
found by Van Velzen and Zijderveld [1990] who explain the 

discrepancy between their data and those of Dunlop [1986] by 

the presence of goethite and superparamagnetic (SP) magnetite 
grains. From the sapropel samples only, the ratios of the level 1.0 
cm sample fit the data from Van Velzen and Zijderveld 11990], 

whereas the ratios from level 4.9 cm do not. 
So far the conclusion that can be drawn from the observed rock 

magnetic parameters and some interparametric ratios is the likely 

presence of fine-grained magnetite in the white layers and even 
finer-grained magnetite in the grey/sapropelitic layer togcther 
with some (high-coercivity) magnetic mineral, possibly goethite. 
Without some additional data, for example, from X ray 
diffraction or microprobe analysis of magnetic concentrates, 
these rock magnetic parameters are nOl sufficient to make a more 

exact discrimination of the magnetic mineralogy. It is clear, 

however, that the grey layer and especially the intercalated 
sapropel show properties that markedly deviate from the 
underlying and overlying part of the record. 

Susceptibility and Hysteresis Parameters During Thermal 
Demagnetization 

During thermal demagnetization of the natural remanent mag
netization (NRM), a number of specimens showed some scatter 

at temperatures higher than approximately 360°C. A small 
number of samples were heated to this temperature, and 
subsequently the rock magnetic measurements described above 
were repeated (Table 1). Most conspicuous is that after heating 
to 360°C also the sapropel specimens are also saturated at 125 
mT. a value which is equal to the saLUration fields of the 

nonsapropel samples before heating. This may be due to the 
removal of existing goethite. 

irs itself does hardly change outside the sapropel, whereas in 

the sapropel. one sample showed a minor decrease and another 

sample showed a very strong increa'" (Table I). The 
susceptibility after heating (X360) increase, the entire section 

with respect to Xo. The relative decrease of aboUl 25-30% of 

i rs/X360 with respect to irs/XO is the same for sapropel and 

nonsapropel samples. Growth of magnetite grains may have 

taken place in all specimens. 
Hcr values from the sapropel, which showed maxima before 

heating, now show almost the same values as the nonsapropel 
samples. At the same time, all post-heating Her values arc lower 

than those before heating. This is probably due to the removal of 
goethite and/or growth of magnetite grains: Hcr values decrease 

only slightly in the white layer but appreciably in the grey 

layer/sapropel. 
In general, most rock magnetic properties that were 

characteristic for sapropel samples before heating, disappear 
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TABLE I. Rock Magnetic Parameters From the lipper Kaena Interval, Before and After Heating to 360'C 

Level, Saturation, irs, XO. }rs/XO' iicr. 

em kA/m A/m 10-6 SI. kA/m kA/m Hcr/(XOil rs) Her/He } rsllS 

Before After Before After Before After Before After Before After Before After Before After Before After 

41.6 200 100 3.2 2.7 240 250 13.3 10.8 40 26 3.03 2.44 

24.5 100 100 3.4 3.5 240 300 14.1 11.6 33 29 2.33 250 

20.7 100 3.6 280 13.0 35 2.70 

13.0 100 100 7.4 7.3 390 420 189 17.2 42 29 2.22 1.69 

4.9 400 100 16.9 14.1 610 670 27.8 208 78 2.78 4.19 200 0.48 056 

2.0 400 100 12.3 20.4 470 1000 26.3 20.4 80 30 3.03 1.47 2.00 0.41 

1.0 400 10.4 410 25.6 58 2.27 290 0.42 

-5.1 ISO 100 6.7 7.0 360 650 18.5 10.9 44 30 2.38 2.n 2.54 0.26 

-13.0 100 100 3.0 250 12.2 32 2.63 

-23.0 100 3.4 3.4 260 370 13.2 9.3 32 30 2.44 3.23 2.61 0.38 

-24.0	 100 3.2 280 11.4 32 2.78 2.56 0.40 

Area from 4.9 Lo 1.0 an is the sapropelitic layer. The rallo Hcr/(XO/.lHJ IS dimensionless, since /-Ier has heen converted from mT La 

kAim. See text for further diSCUSSIon. 

upon heating to 360°C. The resulting changes in magnetic at higher temperatures since it has a steeper inclination and a 

parameters are mostly due to growth of (preexisting) magnetite northerly declination, whereas the characteristic remanence 

grains during heating. In the sapropel some goethite may be shows a consistent 35° (average) rotation during the early 
present. The presence of pyrrhotite cannot be ruled out. but Pliocene which reduces to 25° in the upper part of the Gauss 
considering. for example. the Hcr/(Irs/XO) ratio, it is thought to Chron. A characteristic remanent magnetization (ChRM) is 
play a relatively minor role. Although the rock magnetic removed between 200°-250° and 580°-610°C. This Ch.RM 

parameters from the grey/sapropelitic layer are somewhat actually consists of two components [Langereis and Hi/gen, 

atypical with respect to th.e parameters of the white layers, the 1991], a low-temperature (LT) component removed between 
dominant carrier of the remanence is magnetite. This conclusion 200°-250° and 480°-510°C and a high-temperature (HT) 

agrees with the results of thermal demagnetization (see next component removed between 480°-51 DoC and the highest 

section). Van Velzen and Zijde""eld [1990], in a rock magnetic temperatures used. The LT component decays most strongly 

study of the very similar Trubi marls from the Eraclea Minoa between 200° and 330°-360°C. Often, there is almost no decay 

section in southern Sicily. also concluded that the most important between 360° and 480°C, but some scatter is frequently observed 

magnetic mineral in these marls is fine-grained (SD) magnetite, which is probably due to magnetic minerals being formed during 

with a small amount of goethite. heating. The origin of the LT component is uncertain, but the 
strong decay between 200° and 330°-360°C may indicate that 

either pyrrhotite or greigite is a carrier of the remanence in these 
NRM COMPONENTS marls [see Leslie el al., 1990; Linssen, 1988. 1991]. The HT 

Measurements of the natural remanent magnetization (NRM) component decays most strongly between 540° and 580°C, 

were done with a three-axis vertical 2G Enterprises cryogenic resulting in a distinctive and narrow peak in the blocking 

magnetometer. Progressive stepwise thermal demagnetization temperature spectrum, which may be characteristic of ultra-fine

was carried out using a IJ-metal shielded tunnel furnace. In grained SD magnetite in a narrow grain size range and possibly 

general, small temperature increments of 30° or 50°C were used. of biogenic magnetite [cf. Chang and Kirschvink, 19'85; Lovley el 

The demagnetization properties of the Pliocene marls from the al., 1987; van Hoof and Langereis. 1991]. 

Trubi and Monte Narbone formations are generally very Typically, outside polarity transition intervals, the LT and HT 

constant. and we first give a general description before component have the same direction, including the ch.aracteristic 

discussing the details of the upper Kaena interval. tectonic rotation of the Caltanisetta basin. Inclinations of th.e 
ChRM are consistently shallower than the inclination of the 

present-day field at the locality. This inclination error is most 
NRM Components in lhe rrubi and Monte Narbone Marls 

likely due to sediment compaction [see La) el al.• 1982; Anson 

Typical thermal demagnetization diagrams of th.e Pliocene and Kodama, 1987; Arason and Levi, 1990] since the marls with 

marine marls from southern Sicily generally show several a higher carbonate content [cf. Hilgen and Langereis, 1989J and 

distinctly different components [see Langereis and Hilgen. thus less compaction consistently show a smaller inclination 
1991]. Often, a small component is removed at low temperatures error. This inclination error may be taken as an indication of an 
(90-1 20°C); sinee its direction is mostly related to storage, a early origin of the magnetization [La} el al.• 1982]. Together 

viscous (laboratory induced) origin is likely. A component with the fact that the observed polarity pattern in these Pliocene 

removed at 200°-250°C has a present-day field direction: it is marine marls shows an excellent correlation with the polarity 

easily distinguishable from the characteristic remanence removed time scale [Zijde""eld el al., 1986; Langereis and Hilgen, 1991], 
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these observations provide strong evidence that the ChRM has 

been acquired in a very early stage after deposition. 

NRM Componenrs in the Upper Kama Interval 

11lroughout the upper Kaena interval, the remanence removed 
between 200' and 330'-360°C is small, some 15-20% of the total 
ChRM intensity (Figure 6a and 6fJ, whereas usually values of 
30-50% are found. since the maximum blocking temperatures of 
pyrrhotite are within this temperature range [Schwarz, 1968, 

1975; Dekkers, 1988], this supports our conclusion that in the 
upper Kaena interval (almost) no pyrrhotite is present. In some 
samples, the remanence direction starts to fluctuate at 
temperatures higher than approximately 360°C up to 480 0 -510'C 
(cf. Figure 6a). These fluctuations are probably caused by growth 
of existing magnetite grains and/or by production of SP 
magnetite grains from clay minerals during lahoratory healing. 

This is illustrated by the often large increase of the magnctic 
susceptibility during stepwise thermal demagneti/.ation aL 
temperatures of 390'-420'C (Figure 7). At temperatures higher 
than 450°-480°C susceptibilities decrease again but remain 
always higher than values at room temperature. Remarkedly, 

susceptibilities of samples from the sapropel do not show the 
clear maximum between 390° and 480°C, but gradually increase 
to values some 30% higher than those at room temperature 

(Figure 7). 
If these fluctuations in NRM direction take place. the direction 

of the LT component is determined by least squares filling 
[Kirschvink. 1980] of demagnetization steps between 200'-250°C 
and 360'-390°C, if not, from steps between 20()O-250°C and 

450' -480°C. The direction of the HT component is ,where 
possible, determined from demagnetization steps higher Lhan 
480'-510°C; the origin was always included in the least squares 
filling, even if the HT component does not clearly converge 
towards the origin (as in Figure 6d). The strong remanence decay 

of samples outside the reversal between 510'-540°C and the 
maximum temperature (Figures 6a, 6b and 6fJ indicates fine 
grained magnetite as a carrier of the HT component. Maximum 
blocking temperatures (590°-610°C) are higher than expecled for 
magnetite. This is probably not due to the presence of hematite, 
as discussed in the section on rock magnetism (and see. e.g., 
Figure 3) but may rather be due to the presence of cation
deficient magnetite [Heider and Dunlop, 1987; Linssen, 199\]. 
The majority of the vector diagrams with intermediate directions 
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Fig. 6. Thermal demagnetization diagrams from the upper Kaena interval. The intensiLy at 360°C (l360'C) and 

the stratigraphic level (in centimetres; down left) is given in each diagram; open (solid) symbols denote 
projection on the vertical (horizontal) plane; numbers arc temperatures in degrees Cckius. (a) and (b) Stable 
reversed directions show some scaller aL temperatures higher than 390°C due to growth of newly formed 
magnetite (cf. Figure 7) but (fJ less noticeable in sLable normal direnions. (e), (d), and (e) Intermediate 
directions show a difference in low-temperature (LT, 200°-360°C) and high-temperature (HT, 480°·580/61O°C) 
components. 
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100 200 300 400 500 600 
temperature in ·C 

Fig. 7. Susceptibilities. nonnalized to their value at room 
temperature. during stepwise thennal dcmagnclI/.:nion of 

nonsapropel samples (circles, squares) show a consider"blc 
increase between 360° and 450°C. and decrease again al highn 
temperatures. This probably indicates that growth of magnclite 
grains occurs, and/or that magnetite is fanned from clay 
minerals during heating. A sapropel sample (triangles) does not 
show a maximum but mare or less steadily increases 10 " 300/" 
higher value. 

(Figures 6c, 6d and 6e) are not as well behaved as the 
nontransitional diagrams, probably because the ChRM intensity 

is lowered during the reversal: a same amount of scatter due to 
growth of magnetite will then have a much stronger disturbing 
influence. 

The nontransitional reversed (Figures 6a and 6b) and nonnal 
(Figure 6j) ChRM directions from the upper Kacna interval both 

show a distinct clockwise rotation. The mean stable. 
nontransitional directions from the upper Kaena interval (Figure 
8) agree reasonably but not quite with the mean directions of the 
entire underlyin; and overlying polarity zones from the Punta 
Piccola section (Table 2). The actual angle between the mean 

reversed and nonnal stable directions of the upper Kaena interval 
is 11.5°, wherea, this difference is only 4.6° in the Punta Piccola 

section. 
The demagnetization diagrams within the transitional interval 

(Figures 6c-6e) show that LT and HT components seem not to 

have the same (ntermediate) directIon. Therefore. we have 
detennined, where possible, both the LT and HT components 
separatel)' throughout the entire sampled interval (Figure 9). In 
nontransitional samples (Figures 6a,6b,6j) the secondary 
component is clearly different from the LT + HT component. II 
may be argued that in transitional samples (Figures 6c-6e) the LT 

component is more strongly influenced by the secondary 
component due to the relatively low LT intensities during a 
reversal, while the intensity of the secondary component remains 
approximately the same. However, van Hoof and Lanfiereis 

[1991] showed that during two older (N-R) reversals (lower 
Cochiti and lower Nunivak) from the same marine m"rls tbe LT 
component is reversed, and thus not a recent overprint. while thc 

HT component is nonnal, and concluded that there is " 
magnetization depth lag between the two components. 11,,; very 

similar magnetic properties between the Just mentioned records 

and the present record as well as the clearly different directions 

of secondary and LT componems in nonlransitional samples give 
us no a priori reason to assume that the LT component represents 

a (partial) overprint by secondary (subrecent) remanences in 

transitional samples. Admittedly. the coincidence of a sapropel 

being present in the upper Kaena record may give rise to 

increased weathering. but it can be seen that just in this sapropel 
LT and HT components have the same characteristic direction 
(Figure 9). 

Allhough very rapid changes have been reported both in 
sediments and in lava flows [Laj el al., 1988; Cae and Prevol. 

1989]. we feel that a single ChRM direction strongly deviating 
with respect to adjacent samples or an unreliable direction, due 

to low intensity and/or large scatter, must be interpreted with 
caution. Such directions are denoted by diamonds in Figure 9 and 
were rejected in the calculation of the VGP paths. 

THE UPPER KAENA REVERSAL RECORD 

Nonlransitional Stable Directions 

Outside the transitional interval, the directions of the HT 
component follow the same trend as the LT component. Mean 
directions of the HT component from the upper Kaena interval 
immediately before and after the reversal are not antipodal (by 
11.5°), especially with respect to the declination (Table 2). They 

UPPER KAENA 

non transitional stable directions 

-UK)·..:~.ltpp 
1 
t 

o 
~ 0 00 0 

Fig. 8. Nontransitional stable reversed (open circles) and 
nonnal (solid circles) directions from the upper Kaena (UK) 
interval. The mean directions including their ().95 are given by 

the shaded area. For comparison. the mean directions of the 
entire underlying and overlying polarity zones from thc Punw 
Piccola (PP) section are also given. See also Table 2. 
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TABLE 2. Mean l"onnal C\) and Kever;ed (R) Stable (,,"onlranSlllnnal) component show considerably more scaller, which m~y be 

Direcllons From the Cpper Kaena (uK) Inte"'al and From the mainly due to the lower intensity of this componem (Figurc l)) 

En[ire LnderlYlOg and OverlYing Polarny Zones. and the consequem difficulty in detennining a reliable direction 

From the Punta Piccola (pP)Seclion We have tested whether the mean reversed (normal) sWble 

n D, deg I, deg k u95 YO Yc etmJ direction from the upper Kaena interval and the mean reverscd 

(nonnal) direction from the entire polarity zones in the PumaUK(N) 45 18.1 34.2 80.8 2.4 44.46 
Piccola section have a common true mean direction [McFadden115 59 

UK(R) 23 208.6 -42.3 331 53 22.33 and Lowes, 1981] (Figurc 8 and Table 2]. We have done this by 
PP(N) 32 24.5 42.2 122.3 2.3 3175 invening one of the two reversed (nonnal) directions and 

46 4 ) subsequemly using the reversal test of McFadden and McElhinny 
PI' (R) 12 203.9 -37.6 219.2 29 1195 [1990]. This test uses the same statistics as thc carlicr tcst of 
UK-PP(N) 9.4 3. ) McFadden and Lowes [1981], except that it may be pcrfomlcd by 

simulation if the hypothesis of a common precision parameter UK-PP(R) 59 6.1 lJ 
must be rejected. The reversed directions have a common true 

In both cases, the reversal lest, denoted as cund (common true mean mean direction, with classification B [McFadden and McElhmny, 
direction (see McFadden and Lowes, 1981] is negallve. Also, the mean 1990], while the normal directions have not (Table 2). 
nonnal directions from the upper Kaena imcrval and the Punta Piccola 

section do not share a etrod, while the mean reversed dlrectlons do, Wllh 
Transitional Directions 

classification B. Reversal (or cund) lest and c!<:lsslficauon have been 

detennined using Simulation afler McFadden and McElhinny II9901. The actual reversal is characterized by an eastward movement 
except in the case of PP (N) versus PP (R). The JCLU~1 lYQ) and cntlCal of the HT declination starting at level -15 cm; it changes via east 
angle (ye> between every two tesled popu]allons arc gIven (90°) at level -5 cm to nonnal polarities at 0 cm, where they 

show the familiar clockwise rotation. The HT inclination shows a 

show a negative reversal test [McFadden and McElhinny, 1990] gradual change from reversed to nonnal values; no steep 

(Table 2). Average inclinations of the HT component (-42.3 0 and inclinations are observed during the revcrsal. At levcl 0 em the 

34.20 
) are shallower than the geocentric axial dipole field inclination is close to nonnal values. Inclinations of the LT 

inclination for the present latitude (58°). The directions of the LT component follow a similar gradual trend as HT inclinatlOns, but 
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Fig. 9. Declinations, inclinations and intensities of the HT component (solid circles) and the LT component 

(open circles) during the upper Kaena transition interval. Diamonds denote unreliablc directions (sec text) and 
are not used for calculation of yaps (Figure 10). Transitional directIOns, between -15 and 0 cm, proceed 

anticlockwise via east (HT component) or oscillate between cast and wcst (LT componcnt). After completion of 

the transition, an excursion in declination is seen between ]7 and 30 cm; inclinations are slightly steeper. 
Relative intensities are denoted by triangles (l360'C I Xo) and by a solid line (1360'(: I Jrs ) and reach a minimum 

at the level of greatest directional changes, at -5 cm. During the excursion, no apparent changes in intensities are 
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LT declinations differ from those of the HT component. Where"' 
the HT declination has a clear easterly component, the LT 

declinations show both easterly and westerly deviatlOn, dUring 

the tranSilion. We note, however, that in this interval LT 

intensities are extremely low (Figure 9) and the reJi"bility of the 
LT directions may be strongly reduced. The ChRM intensity 
starts to decrease at the -20 cm level, sligbtly before ,!Jrection"J 

changes start to take place (at -15 cm). The intemity mmmlliITI " 

some 10% of prereversal and postreversal values and o"ems al -:'i 
cm (Figure 9), at exactly the same level of the largest direellOn"1 

changes. The intensity seems to regenerate to prcreversal values 

at approximately 5 em, slightly after directions have returned to 
normal values (at 0 cm). 

The directions remain normal between levels 0 and 14 cm, and 

the average declination agrees well with the generally observed 
rotation, In this interval, the ChRM intensities show their 
maximum values.. Between levels 14 and 30 cm, the declination 

shows a considerable deviation of some 50°_60° to the west, and 

the inclination shows values which are generally some 15° 
steeper than the average inclination. It would seem that a 
directional excursion is recorded after the actual upper Kaena 
reversaL The ChRM intensities, however, do not show a 
noticeable decrease. Above 30 cm, the directions show a ,table 
normal polarity direction which has a mean declination still less 
than expected for these marls in thc Punta Piccola section (Table 
2). 

Relative Intensities 
The observed changes in magnetic mineralogy over the 

reversal record do not allow the intensities of the LT and/or HT 
component to be used as a measure of the relative paleo-intensity 
of the geomagnetic field during the reversal. Usually, ARM is 
used as a normalizing factor to determine relative paleontensities 
(NRM/ARM ratio) [see Levi and Banerjee, 1976; King el ai, 
1983]. On the base of earlier results of older reversal records in 
the same marine marls from Calabria and Sicily, the presence of 

pyrrhotite was suspected, in which case the method developed by 
King et al. [1983] cannot be used [Linssen, 1988, 1991]. 
Therefore, we routinely determined Xo and Jrs (see Figure 4) 

rather than ARM for a large number of samples. 
Wc have calculated the ratio of ChRM intensity (at 360°C) and 

Xo as a first order approximation of the paleointensity (triangles 

in Figure 9). The magnetomineralogical effect of the sapropel 
seems not to be entirely eliminated sincc there is slill a 

maximum corresponding to the maximum of the ChRM intensity 
(Figure 9) and other rock magnetic parameters (Figure 4). This is 
probably due to the fact that Xo is largely determined by thc 

paramagnetic clay fraction. Therefore, this ChRM/XO ratio is not 

representative for geomagnetic field intensity changes. sincc we 

have determined the paramagnetic contribution only for a few 
samples, we cannot use the (corrected) Xo to normalize the 

ChRM intensity, Instead, we have used the ratio ChRM intensity 
(at 360°C) and Jrs intensity (at 2 T) as a measure of the relative 
paleointensity (line in Figure 9), The lrs value (Figure 4) of the 

same or the closest possible stratigraphic level was taken to 
calculate this ratio for each specimen. The increase of ChRM 
intensity in the sapropel is now largely compensated by the 

increase of Jrs in the sapropel and it confirms that this increase 

of the ChRM intensity is a purely mineralogical effect. 

VIrtual Geomagnetic Poles 

The virtual geomagnetic poles (VGPs) of both LT and HT 
components were calculated after applying an average correction 
of 25° for the clockwise rotation of the location, I.e., that of the 
Punta Piccola section. Correction for the inclination error was 
not applied. The HT component VGP path (Figure 10) initially 
follows roughly a path some 60° east of the site, loitering 
southwest of Australia, then quickly passes the equator etween 
India and Australia and goes via Japan to high northern latitudes 

approximately 180° east of the site. Furthermore, the VGP path 
shows an easterly migration of more than 120° during the 
reversaL The excursion following the reversal shows VGPs more 
or less antipodal to the VGP path of the actual reversal itself. 
They are confined to North America and remain at latitudes 
higher than 300 N. The LT component VGP path (Figure 10) 
shows a more complicated picture, Rather than following a 
particular great circle, it oscillates between two meridians: one 
passing over Australia and one passing over South and North 
America. Surprisingly, no VGPs intermediate between these two 
great circles are found, Initially, most VGPs are on the southern 
hemisphere of the Australian path while relatively few are found 
on the (South) America path. During the final stage, VGPs are 
only found on the (North) America path, while there are no 
VGPs on the northern hemisphere of the Australia path. 

DISCUSSION 
The upper Kaena record is the last reversal from the Punta 

Piccola section in a series of four successive reversals which 
were sampled by our laboratory, Recently, Linssen [1991 ] 
reported the records of the lower Mammoth, upper Mammoth 
and lower Kaena reversals. Such a sequence of successivc 
reversals may yield useful information on the time dependent 
character of transitional field behavior during longer timc spans, 
provided that the records reflect true geomagnetic field behavior. 

The average sedimentation rate during the Kaena 
subchronozone is 4.3 cmlkyr on the basis of the 

magnetostratigraphic results [Zachariasse et al., 1990J and their 
correlation to the polarity time scale Berggren et ai.,lI985]. A 
more precise estimate is based on the exact location of both 

lower and upper Kaena reversal [Linssen, 1991; this paper] and 
the correlation of the individual sedimentary cyclcs to the 
astronomical (precessional) solutions [Hiigen, 1991]. yielding an 

average sedimentation rate of 4.5 cmlkyr. Thc sedimentation ratc 
during the deposition of the grey marls, inclUding the 

intermittent occurrence of a sapropelitic layer, is probably 
slightly higher than the average 4.5 cmlkyr due to increased 
continental runoff [de Visser et ai., 1989]. Although slight 

changes in sedimentation rate will not essentially alter any 

duration of features in the upper Kaena reversal, they may cause 

noticeable changes in paleoredox conditions, as will be discussed 
later. 

A conventional interpretation of the record would suggest that 
the major directional changes take place in a sedintcntary 
interval of approximately 15 cm or 3.3 kyr, followed by an 

interval of stable normal directions (15 em or 3,3 kyr) and the 
excursion (16 em or 3.6 kyr). The period of lowered intensitie.' 
associated with the reversal takes some 25 em (5,6 kyr), while 
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VGPs Df HT CDmpDnent
 

VGPs Df LT compDnent 

Fig. 10. Aitoff projection of virtual geomagnetic poles (VOP) of the HT and LT component from the upper 
Kaena reversal. Star denotes site location. The VOP path of the HT component shows a significant eastward 
migration during the reversal. The HT component VOPs of the "excursion" are restricted to eastern North 

America. The VOPs of the LT component oscillate between a path over India/Australia and a path over the 
Americas. VOPs of the excursion are similar to those of the HT component VOPs (not shown for readability). 

the total interval from consistently stable reverse·, to stabk published [e.g., deMenocal et al., 1990; Lund and Karlin, 1990;
 
normal directions takes 50 em or II kyr. These durations seem to Karlin, 1990a,b; Leslie et al., 1990; Rochelle, 1990; van Hoof
 

agree well with exisling estimates of 4-10 kyr Ie.g., Clemen! and and Langereis, 1991].
 

Kenl, 1984). However, before interpreting the reversal record in A common mechanism by which many types of sediment,
 

terms of geomagnetic field behavior is important to firsl typically deep-sea sediments and lake sediments, acquire their
 

establish the extent to which the pr•sent sedimentary record remanence is postdepositional remanent magnetization (PDRM)
 

actually represents geomagnetic field changes. [Irving, 1957), which acquired below the bioturbated zone 10

10 em) during early dewatering and consolidation of the 

Smoothing of the NRM 
sediment. Estimates for the PDRM lock-in zone range from 10 

A major drawback of sedimentary reversal records IS the lack to 100 em below the sediment surface. Recent data from the 

of detailed knowledge of the NRM acquisition mechanism, Brunhes-Matuyama reversal indicate a 42-cm magnetization 
although very recently a number of studies on important aspects depth lag (half fixing depth) with a lock-in zone of 10-20 em in 
related to the acquisition and recording process have been high deposition rate sediments (180-370 cmlkyr) l0kada and 

101 



90 

VAS HOOF A."I]) LA."iGEREIS: LpPE~ KAENA SEDNF."TA~Y GW",\GNETIC RF.VE~SAL RECO~D 

Niitsuma, 1989], and a PDRM acquisition depth of -16 cm for 

eight moderately slow deposition rate deep-sea cores (]-8 

cmlkyr) [deMenocal el ai, 1990]. Although PDRM acquisition 

inevitably involves smoothing of the geomagnetic record, it is 

often assumed that PDRM acquisition preservcs thc true 
geomagnetic record (albeit with a depth/lime lag), provided 

sedimentation rates are high enough, at least more than I em/kyr. 

The smoothing process of reversal records has been discussed 
by various authors [e.g., Hoffman and Slade, 19X6; lIorhf'llc. 

1990J. The most evident type of smoothing is duc to specimen 
thickness. Secular variation is generally assumed to be averaged 
out in moderately slowly deposited sediments; here. a single 

specimen represents some 500 years. However, the British 
secular variation master curve during the past 3000 years rClark 

el al., 1988] shows differences in declination of some 700 within 

this time span and occasionally differences of mOTe than 400 

within 500 years. If smoothing would occur due to sample 
thickness only, one would expect the secular variation to he 
expressed both before and after the reversal. In order to estimate 
the maximum amplitudes of secular variations, we have applied a 
SOD-year filter to the British master curve, Llsing timc steps of 

100 years, i.e., approximately the sampling resolution of the 
present record. It can be seen that amplitudes of mOTe than 30° 
may then still be expected, although high frequency details are 
lost (Figure II). Comparison with the nontransitional upper 
Kaena directions shows that prereversaJ stable directions show 

on average similar amplitudes. whereas postreversaI stable 
directions show a maximum amplitude of 15° (Figure I I ). 
However, it must be realized that the apparently similar 
amplitude of the prereversal directions is for a large pan due to a 
few outlying data points. Although the large amplitudes prescnl 
in the British master curve during the last 3000 years need not be 
representative for older time spans, we suspect that sOllle 

additional smoothing, other than from specimen size only, has 
taken place. This additional smoothing is most probably related 
to the mechanism of remanence acquisition in these marine 
marls. 

Smoothing will (strongly) affect shon-scale features like 

secular variation, but the general pattern of the reversal may be 
preserved if the smoothing window is smaller than the reversal 
duration. Furthermore. it is often assumed that the smoothing 
window must be smaller than the observed duration of rapid 
directional changes. If this were true. we would arrive at a 

smoothing window of less than -5 cm Or 1 kyr, while the onset 
of the excursion even shows a 40° change in declination within 2 
cm or 400 years (see Figure 9). However. Hoffmo.n and Slade 

[1986] have shown that due to smoothing directional changes 
may appear more rapidly than in the original reversal record. 
Also Rochelle r1990] has argued that in the case of nonantipodal 

stable directions and a smoothing window large compared to 
reversal duration, this assumption is not true. In such a case, the 
intensity change is observed over the width of the smoothing 
window, while the directional change, although smooth, is much 
more rapid: transitional directions follow a great circle defined 
by the nonantipodal stable directions. Nonantipodality mainly in 
inclination leads to a zonally confined path. while nonantipodal 
declinations produce a YGP path some 90° away from the site. 

British mastercurve 
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Fig. I I. British secular variation master curve (thin line) [after 
Clark et al., 1988]. sampled with a 500-year filter (dOts) to 
represent specimen thickness. at time intervals of 100 years 
(sampling resolution), The time scale (1000 B.C. [0 1950 A.D.) 
has been converted to stratigaphic level using a sedimentation 

rate of 4.5 cmlkyr. For comparison, also the stable 
pretransitional and posttransitional upper Kaena directions are 
plotted (dots). Line denotes a three-point moving average; bars 
indicate the three-point u95. It can be seen that the directional 

variations of the upper Kaena interval are significantly less than 

those derived from the British master curve. indicating 
smoothing in addition to that resulting from specimen thickness 
only. 

In our record, we find nonantipodal directions in the upper 
Kaena interval. mainly due to a _100 difference in declination 
[Table 2). Indeed, intensity changes take longer than directional 
changes [5.6 and 3.3 kyr. respectively) and YGP paths follow a 
longitude well away from the site longitude (Figure 10). 
However, the HT component YGPs are located eaSl rather than 
west of the site as shOUld be expected, while LT component 
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VGPs are fDund at bDth 90° east and 90° west. On thc other 

hand, true nDnzDnal behaviDr is quite indifferent to filtering, and 

a commonly fDund feature of reversal recDrds like J typically 

nonzonal and longitudinally confined path mal indicate a 

relatively stable feature of the transitiDnal field since both 

smoothing and true record give similar results [Rochelle, 1990J. 

Many reversal records show the occurrence of loitering (VGP 

"hangul's") and rapid rebounds/excursiDns which arc not easily 

explained by smoothing, although slight variations m the shape 

of the averaging filter may aCCDUnt for these features [liochelle, 

1990]. It is therefDre important to diswss the acquisition proccss 

and corresponding lock-in mechanism in SDme more detail, sincc 

the rythmically bedded Pliocene marls may induce a complex 

sedimentary filter indeed. 

NRM Acquisition Processes in a Cyclic Environmenl 

Geochemical and rock magnetic investigations on whole 

sediment and magnetic concentrates from both low and high 

carbonate marls from the Calabrian Trubi formation by Lin-uen 

[1991] have shown that the major magnetic minerals (pyrrhotite, 

magnetite) in these marls must have been formed by authigcnie 

processes in the early stages after sediment deposition. vall ffoof 

and Langereis [1991] have suggested that these mincrab arc 

possibly of bacterial Drigin, because indications for biogcnic 
magnetites were also found by Chang and Kirschvillk 119X51 in 

very similar upper Miocene marine marls from Cretc ILl1ngereis. 

1984]. Linssen [1991] concluded that pyrrhotite, in cocxistence 

with pyrite, is relatively more abundant in the low carbonate 

(grey) marls, while magnetite is relatively mare abundant and 

less fine-grained (PSO rather than SO) in the high carbonate 

(white) marls. This may indicate that in the grey marls the 

progressive series of redox reactions involved in the 
decomposition of organic matter [Froelich et al., 1979] has 

progressed into sulfate reduction, while in the white marls they 

are mainly restricted tD Mn and Fe reduction. The cyclic 

variation in color, carbonate content, and rock magnetic 

properties strongly suggests that these lower Pliocene marine 

marls have been subject tD fluctuations in [paleo)redo, 

conditions. In the cyclic Monte Narbone marls the saIr 

processes have most probably played a role, considering the Vel. 
similar sedimentary properties [Hilgen, 1987; de Visser et al., 

1989] and rock magnetic properties [Linssen, 1991; Langereis 

and Hilgen, 1991]. 

Both magnetotactic and dissimilatory iron reducing bacteria 

have been proposed as the main producers of ultra fine 

authigenic magnetite in anoxic sediments [Lovley et al., 1987; 

Bazylinski et al., 1988] as well as in suboxic sediments, at the 

top of the iron reduction zone [Karlin et al., 19X7; Karlin, 

1990a]. In suboxic sediments deposited at moderate rates (1-5 

cm/kyr) the reaction sequence does not seem to progress into 

sulfate reduction [Karlin et al., 1987], although Linssen [1991] 

has observed both pyrite and pyrrhotite in magnetic concentrates 
from the Trubi marls. The finely laminated structure of the (top 

part of the) sapropel is due to the absence Df burrowing and 

indicates oxygen depleted conditions. Suboxic conditions are 

furthermore in agreement with a possible higher organic input 
due to increased continental runoff [de Visser el aI., 19X9j. 

Indeed, the sedImentological and rock magnetic propenies or the 

grey and white layers show a striking similarit)' with those or 

subDxic sediments from the Bellis area m the NE Pacific which 

were studied in detail by Karlin [1990(l). The fresh colors 01 the 

grey marls and sapropel are the same (from dark/brown to green 

and grey) and, if representative of their original, primary colors 

during deposition, they indicate a preserved paleoshirt in redox 

cDnditions from surface oxidation to Mn and Fe reduction [Lyle, 

1983; Karlin, 1990a]. Apparently, paleoredDx conditions must 

have been (cyclically) fluctuating to preserve these colors, 

because in steady state redDx conditions the Fe redox bOlmdary 

and the magnetite enrichment zone would have migrated upward 

at a constant rate with sedimentation. In addition, magnetic 
properties of the grey/sapropelitic layer such as higkr frs, 

higher Hcr (Figure 4) and higher saturating fields (Figure 3) are 

similar to thDse found for the transition zone between nitrate and 

iron reduction in the Bellis sediments [Karlin, 1990a]. Thus, 

following the conclusions of Karlin [1990a), authigenic 

formation of pure and ultra fine-grained magnetite is the most 

likely mechanism for the observed rock magnetic changes. A 

change to a lower sedimentation rate during depDsition Df the 
overlying white marl, with less organic input, will result in a 

shift in paleoredox cDnditions. similar to trappmg Mn oxides "nd 
organic carbon [Finney et al., 19XXI. thesc nonsteady state 

conditions can promote preservation of the authigenic magnL:lltl: 

[Karlin, 1990a]. Clearly, additional geochemical data would be 

valuable to substantiate the presence of buricd paleoredox 
indicators. 

It may be expected that authigenic magnetite fornlation and the 

resulting acquisition of a chemical remanent magnetization 

(CRM) or a PORM together with cyclically fluctuating redox 

conditions will result in a complex mixture of various natural 

remanent magnetizations, acquired at various times and at 
various depths. Indeed, van Hoof and Langereis [1991] have 

shown that in two older reversal records, the lower Nunivak and 

IDwer Cochiti from the same marine marls, there is a relative 

magnetization depth lag between LT and HT component, the LT 

component becoming locked at shallower depth than the HT 

omponent. This relative depth lag is 10-35 cm and is restricted 

,,) the beige and white marls. In the grey marls, no relative depth 

lag was observed, which is similar to the results from the upper 

Kaena interval (Figure 9). This relative depth lag could be due to 

a larger grain size of the LT magnetic mineral (pyrrhotite') and 

hence a shallower PORM lock-in depth. Alternatively, this 

relative depth lag may be due to a time lag in CRM acquisition, 

by which the LT magnetic minerals grow through their critical 

blocking volume well before the HT magnetic mineral 

[magnetite). In addition to a relative depth lag, both LT and HT 

component show an absolute magnetizatiDn depth Jag, again in 

the beige and white marls only - which amounts to at least 60 cm 

(LT) and 70-80 cm (HT) in the lower Cochiti record. This is well 

below the PORM acquisitiDn depth of -16 cm due tD early 
sediment cDnsolidation, as found in similar deposition rale 

sediments [deMenocal et al., 1990], and it favors a delayed 

ChRM acquisition as a more likely mechanism. We note, 

however, that still lillIe is knDwn about other factors affeetmg 

the natural variability of the lock-in process. 
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A considerable absolute magnetization depth lag is also found 
in relation to the upper Kaena reversal. Detailcd paleomagnetic 

sampling of the entire (reversed) Kaena subchronozone in the 
Punta Piccola section included a sapropelitic layer m the grey 

marl -100 cm below the sapropel of the upper Kaena interval. 

The preliminary paleomagnetic results show that in this layer 

intermediate and normal polarity LT and HT components are 

recorded. These components represent a NRM which acquired 

the post upper Kaena normal polarity geomagnetic field in a 
small and selective interval, the sapropelitic layer, at a depth of 

more than 100 cm. This may be due to continued authigenic 

CRM acquisition in this specific depth interval, or to I'DRM 

acquisition of already existing authigenic magnetic minerals in 
the not yet consolidated (still high-porosity, or high water 

conten t) sapropelitic layer. 

Apparently, the complicated mechanism of NRM acqUisition 
and especially the timing of remanence acquisition makes it 

difficult to derive transitonal field behavior from records as 
presented here. Especially with respect to details of sedimentary 

reversal records, such as the upper Kaena excursion, we must 
refrain from interpreting them as truc geomagnetic field 
behavior. Considering the observed delayed NRM in the 100 cm 

lower grey/sapropelitic layer, il is likely thaI thc samc or a 
similar processes have played a role in the upper Kaena 
grey/sapropelitic layer. In that case, the recorded "cxcursion" 

may be a partial record of the actual reversal, probably smoothed 
by the authigenic magnetite production interval, whilc the 
transition is also recorded slightly deeper (-25 em; see Figure 9) 

in the grey/sapropelitic layer, under (slightly?) different redox 
conditions. These conditions involve either delayed CRM 
acquisition due to continued growth of magnetic minerals or 
delayed PDRM acquisition of the already existing and preserved 
ultra-fine magnetite. The boundary between these two different 
acquisition conditions is probably located at the 16-17 cm level, 
at the onset of the "excursion" where the sudden change of some 
400 in declination occurs. Additional evidence for this assumed 
boundary is given by slight but equally sudden changes in Hcr 
and irs/XO (Figure 4), 'indicating an abrupt change to less fine

grained magnetite. It may be possible that in an environment 
critical with respect to the balance between porosity (water 

content) and grain size, a slight change in grain-size determines 
whether PDRM or CRM acquisition dominates as the remanence 

lock-in process, 

True Geomagneric Field Behavior? 

The complex NRM acquisition process makes it extrcmely 
difficult to make a distinction between real fealures of the 

. d bgeomagnetic field and sedimentary artifacts. As dlscusse a ove, 
. th . b a e agnetl'" featurewe do not mterpret e excurSIOn to e g om ~ . 

I" hThe low ChRM intensilies during lhe "grey layer reversa s ow 

a clear minimum which is unlikely 10 be caused by a lilhological 
.change since upon normalization with irs the minimum remams, 

,. dwhile on the comrary the maximum in the saprope I is elimmate 
by normalization with irs (Figure 9). The lower ChRM 

intensities could therefore be related 10 an actually lower 
I 

result from the averaging of normal and revcrsed dircctlOns. 
intensitv of the transitional geomagnetic field hut couId a so 

During the following "excursion". ChRM intcnsities are virtually 
constant, and normalization by irs does not significantly alter 

thi, trend. This could be due to the averaging of a relatively large 

normal component and small reversed (or intermediate) 

component, causing no apparent lowering of the intensity, hut 
only "excursional" directions. 

An important observation is the fact that both in the 
"excursion" as well in the "grey layer reversal", VGPs of the HT 

component are to a considerable extent longitudinally confined. 
They are constrained to two roughly opposite longitudes: those 

from the "grey layer reversal" are between India and Australia, 

while those from the "partial reversal" pass over North Amcrica 

(Figure 10). This corresponds respectively to a clockwise and an 
anticlockwise swing in declination, a difference which could he 
explained by a different degree of smoothing [Hoffman and 

Slade, 1986J. The rapid alternation of the LT component VGI' 

path between the Americas path and the Southeast Asia path is 

not easily explained, but switching between these two paths has 
also been observed in other transitions, e.g., the Blake event 
[Tric el al., 1991 b], the upper Olduvai [Herrero-Bervera, 19891 

and the lower Kaena [Linssen, 1991]. A different degree of 

smoothing, e.g. due to differential CRM acquisition at sampling 
scale. in the mottled and gradational transition from grcy to 
brown, could perhaps cause this apparen' "rapidly fluctuatmg" 
behavior. Considering the clearly delayed NRM acquisition 
processes that have played a role in these sediments, we find it 

difficult to believe that these rapid VGP alternations hetween 

Asia and the Americas are actually due to rapid fluctuations of 
the transitional geomagnetic field. 

Tric el al. [I991a] found that in many reversal records from 

the past IO m.y. these same two longitudinal bands are preferred, 
albeit in a statistical way, and they suggest that this confinement 

may be due to a significant dipolar component being present 
during the transition. They argue that smoothing of the 

geomagnetic signal of widely different lithologies, sedimentation 
rate and geographical position is unlikely to yield very similar 
records. On the basis of these results, La} er al [1991] 

furthermore suggest that there may be a link between reversal 
paths, the historical magnetic field and core flow pallern, and 
temperature distribution in the mantle. The observation that the 
same reversal produces VGP paths on opposite sides of the 
globe, however, complicates the dipolar interpretation [Bogue. 

1991]. Recently, Clement [1991] used several records from the 

Brunhes-Matuyama to derive a reversal model involving an 
equatorial octupole that can produce the antipodal VGP paths 

like those observed. similarly, he argues that although systematic 

errors may result from smoothing or biasing, the geographical 
grouping of transitional VGPs from widely spaced sites and from 

differem types of paleomagnetic recorders provides a strong 
argument that it reflects a real feature of the geomagnelic field. 
He also nOtes lhal often VGPs from nearby reversal records, or 
even within one reversal record, fall wilhin both longitudinally 
confined peaks. 

In order to test the extent to which the confinement of the 

upper Kaena record is determined by smoothing of nonantipodal 
directions, we have applied the approach followed by Rochelle 

[1990]. We derive two artificially smoothed records by taking 
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the average non transitional directions from both the PllOla 

Piccola and the upper Kaena interval (Table 2). The direclions 

from the Punta Piccola sections are almost antipodal with reSp"cl 

to declination but not with respect to inclination. Smoothing 

results in an anticlockwise progression of the declination, and 
inclinations first pass through zero and become steeply normal 
before returning to the average value. The corresponding vGP 

path shows the expected and typically (near-sided) zonal 

behavior (Figure 12). If the reversed inclinations had been 

steeper than th .. normal inclinations, we would of course have 

found a far-sided vGp path. The upper Kaena slable directions 

are mainly non antipodal in declination, and not surprisingly. the 
vGp path follows the great cir. defined by those directions and 
passes over North America. In neither case vGPs between Asia 
and Australia are found. 

Comparison with the actually observed vGP paths (Figure HJ) 

shows that the "grey layer reversal" initially proceeds along an 
Asian path. according to both HT and LT component, in contrast 
to the artificial records. The HT component remains confined to 

this path, although a strong eastward devialion is observed. The 
LT path, on the other hand, Slarts alternating between Asia and 
the Americas, while the last part is mainly confined 10 North 

America. Most conspicuously, the LT component vGPs on the 
Americas side of the globe are exactly on the path defined by 
smoothing of the upper Kaena stable dircctions (Figurcs 10 and 
12). In addition, all vGPs from the "excursion" arc locatcd in 

North America, both from the HT component (Figure 10) and 
from the LT component (not shown in Figure 10 for readability, 
but see Figure 8). Hence it seems as if initially the reversal in the 
grey layer is a lrue recording of a path over Asia but becomes 
increasingly confined to a path over the Americas which is the 

same as that determined by smoothing of nontransitional 
dirp.ctions from the upper Kaena interval. The following 
"eH'ursion" is then possibly only a partial and in addition 
strongly smoothed record of the same reversal, since its vGPs 
are only confined to North America. 

Finally, an earlier interpretation of the preceeding lower Kaena 
and both Mammoth reversals [Linssen, 1991] suggested that the 
major directional changes of these three reversals take place in 5
10 cm, or in 1-2 kyr. The intervals of minimum intensities are, 
on the contrary, very similar (20-30 cm or 4-6 kyr) to the 
interval found in the upper Kaena record. The character of the 
complete Mammoth and Kaena reversal succession seems rather 
complex: the lower Mammoth is reeorded as a single reversal, 
the upper Mammoth is followed by an excursion in inclination, 
the lower Kaena is followed by a full excursion to normal 
polarities and high intensities, and the upper Kaena again is 

followed by an excursion. The vGp paths of the older rcversals 
are generally well confined to great circles: :he one from the 
lower Mammoth passes over India and those from the upper 

Mammoth and lower Kaena pass roughly over North and South 
America, while the R-N path of the full excursion follows a path 
over India again [Linssen, 1991]. vGPs of the upper Kaena are 

confined to a path between India and Australia (HT component) 
or alternate between this path and a path over thc Americas (LT 
component), while the vGPs of the excursion are confined 10 

North America. However, the fact that these earlicr intcrpreted 
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Fig. 12. Filtering of the mean pretransitional and 
posttransitional directions of Table 2, from the Punta Piccola 
section (shaded line) and from the upper Kaena interval (solid 
line), using the approach of Rochelle 11990]. The reversal 
occurs - instantaneously - at level 0.00; ordinate gives the 
fraction of the smoothing window (minus 0.5) that "sees" the 
normal polarity. The corresponding vGPs on the Aitoff 
projection show a typically zonal and near-sided transilion 
(Punta Piccola) and a path over Western North America (upper 
Kaena). The final part of the latter coincides with the final pan 
of the LT component YOI' path (Figure 10). 

records have been established from the same scdiments, wilh thc 
same eyclically fluctuating lithology, warrants a reinterpretation 
in terms of sedimentary artifacts rather than in terms of true 
geomagnetic field behavior. 

CONCLUSIONS 

A detailed paleomagnetic record of the upper Kaena (R-N) 
polarity reversal from southern Sicily shows that two 

characteristic components can be determined separately: a low-
temperature (LT) component and a high-temperature (HT) 
component. Both components have been acquired in an early 
stagc following deposition and are probably carried by 
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authigenically formed and microbially mediatcd magnetic 

minerals in a suboxic environment. 

A conventional interpretation of the record would suggest a 

transition which takes places in approximately 3.~ kyr. with 

lowered intensities during 5.6 kyr. After a stable period of 3.~ 

kyr, it is followed by a significant "excursion" during 3.6 kyr. 

However, based on the lithology, the rock magnetic and 

paleomagnetic properties, as well as on earlier results from the 

same marls [van Hoof and Langereis, 1991]. we conclude that 

the features observed in the upper Kaena record, and also those 

in the three preceding records [Linssen. 1991], are largely 

determined by the remanence acquisition proces.s in these 

sediments. Most likely, the remanence has been smoothed by 

CRM and/or PDRM acquisition, at least to the extent that finer 

details such as secular variation and possible rapid geomagnetic 

fluctuations have been lost from the record. More importantly, 

we conclude that cyclically fluctuating paleoredox conditions 

have resulted, first in a delayed paleomagnetic record in a 

carbonate-poor (and possibly higher-sedimentation mte) 

grey/sapropelitic layer due to magnetite preservation and sccond 

in an apparently postlransitional "excursion" which we belicve is 

a partial, strongly smoothed but less delayed record of the same 

[upper Kaena) reversal. 

It is remarkable that the observed VGP paths are confined 

either to a longitude between India and Australia, or to a 

longitude over South and North America. These two 

geographically confined paths were recently suggested to be 

related to the reversal process [Tric el al., 1991a; La) el al., 

1991; Clement, 1991]. The longitudinal confinement of the high 

temperature component to a path over India/Australia may be a 

real feature of the geomagnetic field. The major confinement of 

the LT component and of the "excursiona! ". HT component to a 

path over the Americas agrees well with the path derived from 

smoothing the nonantipodal stable directions from the upper 

Kaena record. 

This study emphasizes the importance of including detailed 

paleomagnetic/rock magnetic, lithological/geochemical data in 

studies of sedimentary reversal records in order to determine the 

reliability of the observed "transitional" features. We note that 

numerous "geomagnetic" features like longitudinal confinement, 

excursions/rebounds and rapid fluctuations from sedimcntary 

records have been reported in literature which, according to the 

results of our study, could be due to local biasing effects. 

Acknowledgmeflls. J.H. Linssen belped with the initial sampling, A. 

van Velzen was most belpful during the second fieldtrip and P..I. Verplak 

in the laboralOTy by doing many of the numerous measurements. P.L. 

McFadden is thanked for supplying his very useful reversal tesl program. 

M.J. Dekkers, S.L HalgedahJ and several anonymous referees cTllically 

read the manuscript and prOVided useful comments. The research waS 

supported by the :\etherlands Foundation for Eanh Sciences (AWO\;) With 

financial aid from the ~etherlands Organizatlon for SClenuflt Research 

(1s'WO). 

REFERENCES 

Anson, G. L., and K. P. Kodama, Compaction-induced inclination 
shallowing of the post-depositional remanent magnetization in a 
synthetic sediment, Geophys. J. R. Aslron. Soc. 88,673-692,1987. 

Arason, P" and S. LeVI, Models of inclination shallowing during sediment 
compaction, I Geophys. Res., 95 4481-4499, 1990. 

BazylinskJ. D.A., R.B. Frankel, and H.W. Jannasch, Anaerobic magnetite 
production by a marine, magnetotactic bacterium, Nature, 334, 518
519,1988. 

Berger, A.L., and M.F. Loutre, New insolation values for the climate of 
the las< 10 Myr. Internal Report.lnsl. d·Astron. et de Geophys. G. 
Lemaitre, Lniv. Calll. de Louvain, Louvam-Ia·\'euve, BelgIum 1988. 

Berggren, W. A., D. V. Kent, J. 1. Flynn, and 1. A. Van Couvering, 
Cenozoic geochronology, Geol. Soc. Am.. Bull 96, 1407-1418, 1985. 

Bogue. S., Reversal of opinion, Nature. 351, 445-446, 1991. 
Calvert, S E., Geochemistry of Pleistocene sapropels and associated 

sediments from the Eastern Mediterranean, Oceanol. Acta, 6. 255-267, 
1983. 

Chang, S. B., and 1. L. Kirscbvink. Possible biogene magnetite fossils 
from Miocene marine clay of Crete, in Magnetite Biomineralization 
and Magnelopreceplion in Organisms, edited by KirschvlOk, 1. L., D. 
S. Jones, and B. 1. MacFadden, pp. 647-669, Plenum. 'ew York 1985 

Clark,	 A. J., D. H. 1'arllOg, and M. ;o.;oel. Developments 10 

archaeomagneLic dating III BritlalO. .I Archaeol Sc 18, 645-667, 19RR. 
Clement, 8.M., GeographIcal dlstTlbutlon of transJlional VGP's: EVHJcnce 

for non-zonal equatorial symmetry dUTIng the .\1atllyama-Brunhcs 
geomagnetic reversal. Earth Planet. SCI Leu .. 104, 4R-58, 1991. 

Clement, B., and D. V. Kent, LatitudlOal dependency of geomagnetic 
polarity transition durations, Na'ure. 310. 488-491, 1984. 

Coe, R. S., and M. Prevot, Evidence suggesting extremely rapid field 
vanat ion during a geomagnetic reversal, Earth Planet Sci. Letl., 92, 
292-298,1989. 

Day, R., M. D. Fuller, and V. A. Sclunidt, Hysteresis propertIes of 
titanomagnelttes: grainsize and composilio;:;-al dependence, Phys Earth 
Planetlnler .. 13,260-267,1977. 

Dekkers, M. 1., Some rockmagnetic parameters for nalural goethile, 
pyrrhoute and fine-grained hematile, Ph.D. theSIS, Univ. of L"trecht, 
1988. 

Dekkers, M. 1., and 1. H. Linssen, RodoTlagnetic propenies of natural 
low-temperatue hematite wi!.h reference 10 remanence ,acqUisitIOn 
mecbanisms in red beds, Geophys . .I .. 99,1-18,1989. 

deMenocal, P.B., W.F. Ruddiman, and D.V. Kent, Deplh of post
depositionaJ remanence acquisition in deep-sea sediments: A case 
study of !.he Brunhes-Matuyama reversal and oxygen isotope stage 
19.1,EarthPlanel.Sci. Le/l .. 99, 1-13, 1990. 

de Visser. J. P., J. H. J. Ebbing, L. Gudjonsson, F J. Hilgen, F 1. Jorissen, 
P. J. 1. M. Verballen, and D. Zevenboom, The origin of rhythmic 
bedding in Lhe Pliocene Trubi fonnation of Sicily, southern Italy, 
Palaeogeogr. Palaeoclimalol. Palaeoecol.. 69. 45-66,1989. 

Dunlop, D. J., Hysteresis propenles of magnetite and !.helT dependence on 
panicle size: A test of pseudosingle domain remanence model, J 
Geophys. Res.. 91,9569-9584, 1986. 

Finney, B.P., M.W. Lyle, and G.R. Heath. Sedimentallon aI '.1anop slle II 
(eastern equalorial Pacific) over the past 400,000 yea" ClimatIcally 
induced redox variations and their effects on transition mctal rccyclmg, 
Paleoceanography. 3. 169-189,1988. 

Froelich, P.N .. G.P Klinkhammer, ML Bender, N.A. Luedtke, G.R 
Heath, D. Cullen, P. Daupbin. D. Hammond, B. Hartman, and V. 
Maynard, Early oxidation of organic maller In pelagic sediments of the 
eastern equatorial Atlantic, suboxic diageneSIs, Geochlm Cosmochtm 

ACla.43. 1075-1090, 1979. 

Hartslra, R. L., Grain-size dependence of initial susceptibility and 
5.aturalion magnetization related parameters of four natural magnetites 
in the PSD-MD range, Geophys. J. R. Aslron. Soc.. 71. 477-495. 1982. 

Heider, F, and D. 1. Dunlop, Two types of chemical remanent 
magnetization dUTIng the oxidation of magnetite, Phys Earth Planet 
Imer 46,24-45.1987. 

Herrero·13ervera, E., Reversal records from the lerrmnallOIl 01 the OIJu\"al 

subchron (abstract),IAGA Bull. 53. Abstr.. 205,1989. 
Hilgen, F. 1., Sedimentary rhyttuns and high- resolutIOn 

chronostratigraphic correlations of !.he Mediterranean Pliocene, Newsl 
Slraligr .. 17. t09-127, 1987. 

Hilgen, F. 1., Extension of the astronomically calibrated (polanty) time 

106 



V AN HOOF M1l LANGEREIS: UPPER KAENA SEDIML''TARY GEOMAGNETIC REVERSAL RECORD 

scale to the Miocene-Pliocene boundary, Earth Pla""l. SCI. Lell., 104, 
226-244,1991. 

Hilgen, F. J., and e. G. Langereis, Periodicities of CaC03 cycles in the 

Pliocene of Sicily: Discrepancies with the quasi-periods of the Earth's 
orbital cycles?, Terra Nova, 1, 409-415,1989. 

Hoffman, K. A., and S. B. Slade, Polarity transitions records and the 
acquisition of remanence: A cautionary nOle, Geophys. Res Lell., 5, 
483-486, 1986. 

IrvIng, E., Origin of the paleomagnetism of the Torridonlan sandstone of 
north-west Scotland, Philos.TrarLS. R. Soc London, Ser. A, 250, 100
110,1957 

Karim, R, Magnetic mineral diagenesIs In suboxic sediments at Beuis 
site W-K, 1\'£ Pacific Ocean,J. Geophys. Res., 95, 4421-4436, 1990a. 

Karlm, R., Magnetite diagenesis in marine sediments from the Oregon 
continental mangin, I Geophys. Res., 95,4405-4419, 1990b. 

Karlin, R., M. Lyle, and G.R. Heath, Authigenic magnetIte formatIon In 
suboxic marine sediments, Nalure, 326, 490-493, 1987. 

King, J. W., S.K. Banerjee and 1. Marvin, A new rock magnetic approach 
to selecting sediments for geomagnetic paleointensity studies: 
Application to paleointensity for the last 4000 years, I Geophys. Re, .. 
88,5911-5921,1983. 

Kirschvink, J.L., The least-squares Ime and plane and the analySIS of 
paleomagnetic data, Geophys. I R ASlron. Soc., 62, 099-718,1980. 

LaJ. C, M.1amet, D. Sorel, and 1. V. Valeme, First paleomagnetic results 
from Mia-Pliocene senes of the HellenIC sedimentary are, 
Tectonophysics. 86, 45-67,1982 

LaJ, e., S. Guillon, e. Kissel, and A. Mazaud, Complex behavior 01 the 
geomagnetic field during three succesive polarity reversals, ] 1-12 m.y. 
B.P'; Geophys. Res, 93, 11,655-11.666,1988. 

Laj, e., A Mazaud, R. Weeks, M. Fuller and E. Herrero-Bervera, 
Geomagnetic reversal paths, Nature, 351, 447,1991. 

Langereis, e. G., Late Miocene magnetostratigraphy in the 
Mediterranean, Ph.D. thesis, 180 pp., Univ. of Utrecht, 1984. 

Langereis, e.G., and F. J. Hilgen, The Rossello composite: A 
Mediterranean and global reference section for the early to early late 
Pliocene, Earrh Planet. Sci. Leu., 104, 211-225, 1991. 

Leslie, B. W., S. P. Lund, and D. E. Hammond, Rock magentic evidence 
for the dissolution and authigenic growth of magnetic minerals withm 
anoxic marine sediments of the California Continental Borderland. J. 
Geophys. Res.. 95 ,4437-4452, 1990. 

LeVI, S., and S.K. Banerjee, On the possibility of obtaining relative 
paleomtensities from lake sediments, Earlh Planel Sci Lell., 29, 219
226,1976. 

Lmssen, J. H., Preliminary results of a study of four successive 
sedimentary geomagnetic reversal records from the Mediterranean 
(Upper Thvera, Lower and Upper Sidufjall, and Lower Nunivak), Phys. 
Earth Planer/nrer., 52, 207-231,1988. 

Linssen, 1. H., Propenies of pliocene sedimentary geomagnetic reversal 
records from the Mediterranean, Ph.D. Thesis, 230 pp., Univ. of 
Utrecht, 1991. 

Lovely, D. R., J. F. Stolz, G. L. Nord, and E. 1. P. Phillips, Anaerobic 
production of magnetite by a diSSimilatory Iron reducing 
microorganism, Narure, 330,252-254, 1987. 

Lund, S. P., and R. Karlin, Introduction to the speCial sect/on on physical 
and biogeochemical processes responSIble for the magnetIzation of 
sediments, J. Geophys. Res., 95 4353-4354, 1990. 

Lyle, M., The brown·green color transition in marine sediments, a marker 
of the Fe(IJI)-Fe(lI) redox boundary, LimJIol Oceanogr., 28, 1028

1033,1983. 
McFadden, PL, and 1".1. Lowes, The discrimination of mean directions 

drawn from Fisher distributions, Geophys. I R. ASlron. Soc., 61,19-33, 

1981. 

McFadden, P.L. ,and M.W. McElhinney, Classification of the reversal test 
in paleomagnetism, Geophys. J. Inl., 103,725-729,1990. 

Milankovitch, M., Mathematische Klimalehrc und aSlrOlloml!\chc 
Theorie de Klimaschwankungen, in Handbuch der KlimalOloglf I, 

edited by T.A. Gebruder, pp. 1-176, Bomtraeger, Berlin, 1930. 
Okada, M., and N. Niilsuma, Detailed paleomagnetic records during the 

Brunhes-Matuyama geomagnetic reversal, and a direct detennination 
of depth lag for magnetization in marine sediments, Phys. Earth Planet. 
Inter., 56, 133-150, 1989. 

Rochette, P., Rationale of geomagnetic reversals versus remanence 
recording processes in rocks: A critical review, Earth Planet. Sci Len., 
98,33-39,1990. 

Schwarz, E. J., Magnetic phases in natural pyrrhotile FeO.91 Sand 

FeO.89S, J. Geomagn. Geoelecrr. 19..91-101, 1968. 

Schwarz, E. J., Magnetic propenies of pyrrhotite and their use in applied 
geology and geophysics, Geol. Sun Can. Pap.,74-59, 24pp. 1975. 

Stolz, J. F., D. R. Lovley, and S. E. Haggeny, Biogenic magnetite and the 
magnetization of sediments,.!. Geophys. Res., 95, 4355-4362,1990. 

Thompson, R. and F. Oldfield, Environmenlal Magnetism, pp. 227, Allen 
and Unwin, Winchester, Mass., 1986. 

Tric, E., e. Laj, e. Jehanno, J.-P. Valet, e. Kissel, A. Mazaud, and S. 
laccarino, High-resolution record of the Upper Olduvai transition [rom 
Po Valley (Italy) sediments: Suppon for dipolar transition geometry', 
Phys. Earth Planetlnler., 65, 319-336, 1991a. 

Tric, E., C. Laj, J.-P. Valet, P. Tucholka, M. Pateme, and F. Guichard, The 
Blake geomagnetic event: Transition geometry, dynamical 
characteristics and geomagnetic significance, Earth Planel. Sci. Lell., 
102,1-13,1991b. 

Valet, J. P., C. Lay, and e. G. Langereis, Sequential geomagnetic reversal 
recorded in Upper Tononian marine clays In western Crete (Greece), J 
Geophys. Res., 93, 1131-1151, 1988. 

Valet, 1. P., L. Tauxe, and B. Clement, Equatorial and mid-latitude 
records of the last geomagnetic reversal from the Atlantic Ocean, Earth 
Planet. Sci. Leu., 94, 371-384,1989. 

van Hoof. A. A. M., and C. G. Langereis, Reversal records in lTlarlne 
marls and delayed acquisition of remanent magnetization, Nalure. 351. 
223-225, 1991. 

Van Velzen, A. 1., and J. D. A. Zijderveld, Rock magnetism of the early 
Pliocene Trubi formation (Sicily), Geophys. Res. Leu., 17, 791-794, 
1990. 

Zachariasse, W. J., J. D. A. Zijderveld, e. G. Langereis, F. J. Hilgen, and 
P. 1. 1. M. Verhallen, Early late Pliocene biochronology and surface 
water temperature variations in the Mediterranean, Mar. 
Micropaleontol., 14,339-355. 1989. 

Zacharia"e, W. J., L. Gudjonsson, F. J. Hilgen, e. G. Langereis, L. J. 
Lourens, P. J. 1. M. Verhallen, and J. D. A. Zijderveld, Late Gauss to 
early Matuyama invasions of Neogloboquadrina Atlantica in the 
Mediterranean and associated record' of climatic change, 
Paleoceanography, 5, 239-252,1990. 

Zijderveld, J. D. A., W. J. Zachariasse, P. 1. J. M. Verhallen, and F. 1. 
Hi1gen, The age of the Miocene-Pliocene boundary, New,l. Srrallgr .. 

16,169-181,1986. 

e. G. Langereis and A. A. M. van Hoof, Universily of Ltrecht, 
Paleomagnetic Laboratory, Fort Hoofddijk, BudapestlaaIl 17, 3584 CD, 
Utrecht, The Netherlands. 

(Received March 24, 1990; 
revised January 22, 1992; 

accepted January 22, 1992) 

107 



PART 3
 

REVIEW OF THE RECORDS 



Chapter 10 

Data from eight geomagnetic polarity transitions recorded in 
southern Italy published by Linssen (1988; 1991) 

Together with 8 transition records published by Linssen (1988; 1991) the 10 transition records presented 
in this thesis form a sequence of 13 records of which 5 (upper Thvera, lower and upper Sidufjall, lower and 
upper Nunivak) have been obtained as double records. These are all recorded in the Pliocene Trubi and Monte 
Narbone formation in Southern Italy. In chapter 11 of this thesis a review the 18 reversal records will be 
given. In this review we will also refer to the data published by Linssen (1988; 1991). In order to aid the 
reader we will show his data in the present chapter. The data are presented as declination, inclination, 
intensity diagrams and as a virtual geomagnetic pole (VGP) path on an Aitoff world map projection. It 
concerns the data of five transition records from Calabria as well as the LMS, UMS and LKS transitions from 
Sicily. In the VGP diagrams, the data from Sicily have been corrected for the 35° clockwise rotation of the 
sedimentary basin. With exception of the two Mammoth transitions and the lower Kaena transition, the HT as 
well as the LT component have been determined and are shown as black dots (HT) and circles (LT) in the 
declination, inclination and intensity plots. The LT component is not always used in the VGP diagrams 
because the this component is much more scattered than the HT components. Between the declination and 
inclination diagrams a lithological column is drawn, the different colours representing the white, beige and 
grey layers. Light grey colours in the columns represent layers with brown-coloured spots. In some sections, 
the colour differentiation between the layers was less obvious. In that case, the colours in the lithological 
columns are also less pronounced. 

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

Linssen, I.H., Properties of Pliocene sedimentary geomagnetic reversal records from the Mediterranean, PhD. 
Thesis, University of Utrecht, Geologica Ultraiectina, 80: 230 pp. 1991. 
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figure 8: Lower Kaena record from Sicily (LKS) (Linssen, 1991). See caption tofigure 1. 
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Chapter 11 

Eighteen geomagnetic polarity transitions recorded in 

southern Italy: a review 

Introduction 

The Pliocene polarity transItIOns in the 
Gilbert and Gauss Chrons, unambiguously 
identified by magnetostratigraphic studies in 
marine marls the Trubi and Narbone forma
tions in Southern Italy, have been used to study 
the transitional behaviour of the geomagnetic 
field during polarity transitions. The sediments 
shew a layering with a 21-22 kyr cyclicity, that 
can be correlated via orbital (climate) forcing 
to the precession of the Earth's rotational axis. 
The cycles range from number I at the Mio
Pliocene boundary up to number 119 at the 
Gauss/Matuyama boundary (Hilgen, 1991). On 
Sicily, a single cycle is expressed as a colour 
layering of grey-white(lrbeige-white(2) marls, 
whereas in Calabria the white(I)lbeige/ 
white(2) layering is represented by one single 
white layer. In many cases, it appeared that the 
study was not as straightforward as the magne
tostratigraphic studies. The first order geomag
netic changes that are studied in magnetostrati
graphy ('normal or reversed polarity') are very 
well recorded in sediment as is proven by the 
excellent fit of the NRM polarity zonation with 
the geomagnetic polarity time scale. The study 
of higher-order geomagnetic changes, necessa
ry to investigate the morphology of geomagne
tic polarity transitions, however, is a field full 
of pitfalls and traps. The remanence of the se
diments under study consists of two major 
components: A low temperature (LT) compo
nent demagnetized between temperatures of 
250° and 350° (sometimes up to 500° C), and a 
high temperature (HT) component demagne
tised between 510° and 580-600°C. The rema
nence of these components is not acquired at a 
constant depth below the sediment/water inter
face but this depth may change under changing 
environmental circumstances (van Hoof and 
Langereis, 1991; chapter I). 

As a matter of course, a change in depth of 
acquisition during a geomagnetic polarity tran
sition will introduce artefacts in the direction 
of the remanence. Another feature that may ob
scure the transitional geomagnetic information 

in the sediment is filtering of (geomagnetic) 
signal through process of NRM acquisition by 
the sediment. Indications for this mechanism 
were found by Langereis et aI., (1992; chapter 
2) who averaged the stable directions of the 
magnetostratigraphic subchronozones (mean 
non-transitional directions) and the stable di
rections just before/after the polarity transitions 
(mean near-transitional directions). The simple 
filtering of mean non-transitional directions as 
well as the mean near-transitional directions 
resulted in synthetic transitions with virtual 
geomagnetic pole (VGP) paths that show a stri
king correlation with the observed VGP paths. 

Van Hoof et al. (1993; chapter 3) then de
veloped a geochemically constrained model 
that tries to clarify the difficulties that were en
countered during the study of the polarity tran
sitions. This diagenetic magnetite model ex
plains the directional changes as a function of 
the stratigraphical level, as well as the process 
of smoothing and changes in the lock-in depth 
of the remanence. In this chapter a review, of 
all 18 polarity transitions is given with an em
phasis on the extent to which the data are con
sistent with the model. Finally, the possible 
geomagnetic information retained in these 
records is discussed. 

18 transitions 

The 18 reversal records have either been 
published earlier, or are (to be) submitted or in 
press; all are presented in this thesis (table I). 
The data are presented as declination, inclina
tion, intensity plots and as a vinual geo
magnetic pole (VGP) path on an Aitoff world 
map projection. Ten of the Sicilian transitions 
(UTS to GGS, and UKS) have been presented 
in chapters 3 to 9 of this thesis, the data of five 
transitions from Calabria as well as the LMS, 
UMS and LKS transitions from Sicily were 
published by Linssen (1988; 1991) and are 
presented in chapter 10 of this thesis (table I). 
In the VGP diagrams, the data from Sicily have 
been corrected for the 35° clockwise rotation of 
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transition	 abbrev section pUblication
 

UNC Singa
 

LNC Singa
 

USC Singa
 

LSC Singa
 

UTC Singa
 

UKS
 

Upper Nunivak
 Calabria
 

Lower Nunivak
 Calabria
 

Upper Sidufjall
 Calabria
 

Lower Sidufjall
 Calabria
 

Upper Thvera
 Calabria
 

Upper Kaena
 Sicily
 

Lower Kaena
 Sicily
 

Upper Mammoth
 Sicily
 

Lower Mommoth
 Sicily
 

Gilbert/Gauss
 Sicily
 

Upper Cochiti
 Sicily
 

Lower Cochiti
 Sicily
 

Upper Nunivak
 Sicily
 

Lawer Nunivak
 Sicily
 

Upper Sidufjall
 Sicily
 

Lower Sidufjall
 Sicily
 

Upper Thvera
 Sicily
 

Lower Thvera
 Sicily
 

pp
 

pp 

UMS pp 

LMS 

LKS 

pp 

GGS CB 

UCS CB 

LCS CB 

UNS CB 

LNS CB 

USS CB 

LSS CB 

UTS EM 

LTS EM 

Linssen. 1991. figure 5 chapter 10 

Linssen. 1988: 1991. figure 4 chapter 10 

Linssen. 1988; 1991. figure 3 chapter 10 

Unssen. 1988; 1991. figure 2 chapter 10 

Linssen. 1988: 1991. figure 1 chapter 10 

van Hoof and Langereis. 1992 / chapter 9 

Linssen. 1991. figure 8 chapter 10 

Linssen. 1991. figure 7 chopter 10 

Linssen. 1991. fiQure 6 chapter 10 

Van Hoof. 1993/ chapter 8 

van Hoof. this thesis / chapter 7 

van Hoof. this thesis / chapter 7 

van Hoof et al" 1993/ chapter 6 

van Hoof et aJ" 1993/ chapter 6 

van Hoof. this thesis / chapter 5 

van Hoof. this thesis / chapter 5 

van Hoof and Langereis, 1993 / chapter 4 

van Hoof and LanQereis. 1993/ chapter 4 

Table J: Transitional records il1 the chapters and/or references PP: Punta Piccola, B: CapoBianco, EM: Eraclea MinDa 

the sedimentary basin, With exception of the 
two Mammoth transitions and the lower Kaena 
transition, the HT as well as the LT component 
have been determined and are shown as black 
dots (HT) and circles (LT) in the declination, 
inclination and intensity plots. The LT compo
nent is not always used in the VGP diagrams 
because the this component is much more 
scattered than the HT components. Between 
the declination and inclination diagrams a 
lithological column is drawn, the different co
lours representing the white, beige and grey 
layers. In some columns layers with brown
coloured spots have been indicated if these 
were present. In some sections, the colour 
differentiation between the layers was less 
obvious. In that case, the colours in the 
lithological columns are also less pronounced. 

Changes in direction, intensity and lithology. 

The directional changes that are related to 
lithological boundaries are summarized in table 
2. In total, 39 major directional changes have 
been observed in the records; 9 of them are 
clearly related to lithological boundaries, 
another II can most likely be related to such 
boundaries. 19 of the 39 major directional 
changes are not evidently related to changes in 
lithology. Apart from the changes in the 
directions, there are also changes in intensity 
without corresponding changes in directions. 

For example, in the LSS record (fig. 1, chapter 
5), the intensity maximum is just below the top 
of grey 20, in the LCS (fig. 9, chapter 7) there 
is a decrease at the bottom of grey 43, and an 
increase above the top of the brown oxidised 
layer of white(1)44. Similarly in the UTC 
record the intenSity collapses at the onset of 
grey15 (fig. 1, chapter 10). 

Smoothing 

Tric et al et al. (1991) found that in many 
sedimentary records of polarity transitions the 
VGP paths were confined to a great circle 
passing over South and North America (or its 
antipode) and Laj et al. (1992) suggested that 
these bands of longitude were related to the 
pattern of fluid motion in the outer core and to 
higher seismic velocities in the lower mantle. 
Ten polarity transitions out of the group of 18 
from this review also have their VGP paths 
clearly confined to one of these great circles, 
two paths show more or less this confinement 
(table 3). Langereis et al. (1992) have shown 
that this confinement may equally well be 
explained by smoothing related to the 
remanence acquisition mechanism of the 
sediment. The non-transitional directions are 
the average stable directions of the sub
chronozones resulting from the magne
tostratigraphic studies of the sections. 
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~.~y. ~:~ . 
~y. ~.-.~ . 
USC	 N-R ? 

R-N + 

N-R 

.................~.~.'?~~~!?n. _._. 
LSC R-N 

UTC	 excursion + 

N-R ? 

excursion + 

UKS excursion ? 
R-N ? .................................................................. 

LKS N-R ? 

R-N 

N-R..................................................................
 
~.~? _.~.~~ _ . 
LMS N-R 

~~. __ ~:.~ _ _? _ . 
UCS excursion ? 

N-R ? 

R-N 

N-R 

R-N 

N-R........................................ + 

LCS excursion 

R-N ? 

N-R ? 

..............._.~:.~ . 

.................~~~~~~!?n. +. . 
~.t:-!? ~:~ . 
L.I'!~ ~:.~ +. . 
~~ ~:~ . 
LSS R-N 

excursion + ............................................... 
UTS N-R ? 

R-N + 

N-R 
excursion 

excursion 

LTS R-N 

table 2: Correlation ofdirectional changes with litholo

gical boundaries. N: normal, R: reversed, +: good correla

tion, ?: probable correlation, -: no evident correlation. 

The near-transitional directions are the ave
rage stable directions just before and after the 
intermediate directions in the transitional re
cords. Synthetic VGP paths were produced by 
smoothing both the non-transitional and near
transitional directions. In the VGP projections 
also the synthetic non- and near-transitional 
VGP paths shown in black and grey, respective
ly. The observed VGP paths are then compared 
with the synthetic paths. In the case of the USS 
record (fig. 3, chapter 5), no synthetic near
transitional path could be constructed because 
already in the lowermost part of the record there 
appear to be only intermediate directions. In the 

LNS (fig. 8, chapter 6) and the LSC records 
(fig. 2, chapter 10) too few intermediate di
rections are present to make a comparison with 
the synthetic paths. Comparison of the observa
tions (table 4) with the non-transitional paths 
shows that from the 18 polarity transitions, two 
are undetermined, four do not fit the synthetic 
paths, five have a fair fit, and seven show a 
good fiL. Comparison with the near-transitional 
data result in 3 out of 18 are undeterminate, one 
does not fit the data, four show a fair fit and 10 
show a good or excellent fit. 

The length of the transition in the sediment 
is a measure of the width of the smoothing 
window. The lengths of trajectories with inter
mediate directions in the record of the LNS is 
less than 5 cm and in the subsequent UNS 
transition it is some 15 cm (fig. 8, chapter 6). 
Probably, the width of the filter between the 
LNS record abruptly changes at the lithological 
boundary of the transition. 

cluster	 path 

UNC 

LNC 

USC 

LSC 

VIC 

UKS 

LKS 

UMS 

LMS 

GGS 

UCS 

LCS 

UNS 

LNS 

uss 

LSS 

VIS 

LTS 

(SA)	 + 

SA	 +/

A.NA	 + 

+ 

+ 

NA	 + 

+ 

SA.(NA) + 

SA +/

NA + 

SA + 

SA.NA + 

Table 3: Coincidence of VGP clusters with the inclined 

dipole clusters (Hoffman, 1992) and VGP paths with 

longitudinal bands over these clusters. NA: North America, 

SA: South America, A: Australia. (A) plus (+) denotes that 

the observed VGP path is confined to one of the great circles 

found by Tric et al. (1991). (NA), (SA), +/- denotes that the 

cluster or the confinement is not clear. 

If the geomagnetic signal is smoothed with 
a narrow filter then some of the information of 
the geomagnetic field will be preserved_ 
Hoffman (1992), in a study of several volcanic 
records of polarity transitions from the last 10 
Myr, speculated that there are long-lived inter
mediate inclined dipolar stages with VGP 
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posltlons that cluster on South America and 
close to Australia and, more speculative, in the 
northern Atlantic close to North America. These 
clusters happen to be localised on the same 
longitudinal bands as found by Laj et a1. (1992) 
in their study to the confinement of the VGP 
paths of sedimentary transition records. If these 
clusters are indeed characteristic for the geo
magnetic transitional field, then in sedimentary 
records clusters of VGPs should be observed at 
these same locations. If the filter width is too 
large with respect to the duration of the inclined 
dipolar stages, the VGP path should only pass 
the location of the cluster, whereas if the du
ration of these long-lived phenomenon is longer 
than the filter width, it will be seen even in the 
case of extended smoothing. From the 18 polari
ty transitions of the present study, six transitions 
have VGP clusters on one or two locations as 
found by Hoffman and II transitions have their 
VGP paths over one or two of the clusters (table 
3). Although this is a reasonable correlation, we 
still feel that most of the clusters in our sedi
mentary records may equally be caused by sedi
mentary artefacts as by true transitional geo
magnetic field behaviour. 

non near 

UNC good good 

LNC good good 

USC fair bad 

LSC undet undet 

UTC bad fair 

UKS good good 

LKS fair fair 

UMS bad good 

LMS fair fair 

GGS good good 

UCS fair fair 

LCS bad good 

UNS bad good 

LNS undet unde! 

USS fair undet 

LSS good good 

UTS good good 

LTS good good 

Table 4: Correlation of the observed VGP paths with 

the synJhetic paths from the smothed non transitional 

directions (non) and the smoothed near transitional 

directions (near). Undetermined (undet) means that too few 

intermediate VGPs were present 1o determine the 

correlation. 

Diagenetic magnetite model 

The diagenetic magnetite model (Van 
Hoof et aI., 1993; chapter 3) was developed to 
explain the directional changes observed in the 
remanence of sediments. It is partly based on 
geochemical measurements and its describes 
the redox conditions in the sediment shortly 
after deposition, and the timing of the forma
tion of the remanence bearing magnetites. In 
this model, the grey layers always carry the 
primary magnetites with a remanence that is 
acquired very shortly after deposition. The 
white and beige layers also contain the primary 
magnetites but superposed on it, there may be 
secondary magnetites that have acquired their 
remanences several thousands of years after 
deposition. These secondary magnetites are 
formed in a moving front of oxidation that is 
initiated at the bottom of a beige/white se
quence and/or at the top of a white/beige se
quence. Migration of iron takes place from the 
grey layers, depleting the iron content of these 
layers. If a geomagnetic transition takes place 
between the formation of the primary and 
secondary magnetites, the remanences of the 
two magnetites have different directions. If the 
remanences of the primary and secondary mag
netite have a comparative intensity, the sum 
vector may have an intermediate direction, 
unless there is a distinction between their res
pective unblocking temperature spectra. This 
model was used to explain the observations in 
one transition record (Van Hoof et aI., 1993; 
chapter 3). The validity of the model is now 
tested in the other transition records. 

The diagenetic magnetite model predicts 
that the white and beige layers above a grey 
layer with the post-transitional direction should 
not show directional changes, but three records 
contradict this prediction. 

In the UTS record (chapter 4, fig. 10, 
page 31), the directional changes are recorded 
in the uppermost white layer at level 125-130 
cm. The top of the grey layer below this swing 
has clearly a post-transitional direction, while 
the grey layer above the UTS section has also 
post-transitional directions (Hilgen and 
Langereis, 1988). According to the model, the 
layers in between two grey layers with (prima
ry) post transitional directions should also have 
post-transitional directions and the directional 
swing in the uppermost white layer is therefore 
in contradiction with the model. Van Hoof and 
Langereis (1992) related the uppermosl direc
tional changes in both upper Thvera records to 
a presenl-day field overprint, since in the UTS 
record the swing coincided with a particular 

120 



brown layer with rock magnetic parameters 
that indicated weathering products. But this 
brown layer is of primary (near-depositional) 
origin as is evident from other records. Hence, 
in the UTS record the topmost grey layer has 
recorded secondary magnetite directions. 

In the LCS record (fig. 9, chapter 7, page 
78) the anomalous swing in the beige layer at 
level 140 can be explained by the model only if 
the restriction that the oxidation front cannot 
penetrate the grey layers is slightly adjusted. In 
that case, the top part of the middle grey layer 
has post-transitional directions due to secon
dary magnetites and the gradual polarity transi
tion recorded in this layer is caused by a gra
dual decrease in secondary magnetite forma
tion. The results of several other records also 
indicate that the conclusion from the model 
the remanence of the grey layers shows the real 
geomagnetic field - needs some adjustment. 
For instance: in the UTC record (fig 1, chapter 
10, page 110) at stratigraphically the same 
level (topmost grey to topmost white, above 
level 145 cm) as in the transition from the UTS 
record, level 140 cm (fig. 10, chapter 4 page 
31) a similar directional change is observed, 
and this is also, on the same grounds as above, 
in contradiction with the model. 

The upper Thvera transition is in Calabria 
(UTC, fig 1, chapter 10, page 110, between 
levels 85 and 95 cm) as well as in Sicily (UTS, 
fig 10, chapter 4, between levels 85 and 105 
cm) recorded in stratigraphically the same grey 
layer. If the grey layers contain only primary 
magnetites, then the morphologies of both tran
sition records should be the same. But they are 
not. 

A similar reasoning can be used if the 
upper Sidufjall records from Sicily and 
Calabria are compared: the directional changes 
in the grey layer of the USC record (fig 3) are 
not observed in the USS record. Apparently, 
the present early diagenetic magnetite model 
needs some refinement, making it slightly more 
complex than the first version presented in 
chapter 3. 

Offsets 

We applied the mean near-transitional 
directions to the reversal tests which were 
published by McFadden and McElhinny 

(1990). All mean near-transitional directions 
have negative reversal tests, with the exception 
of the LKS transition, which has a class B re
versal test. Similarly all mean non-transitional 
directions have negative reversal tests, with the 
exception of the subchronozones enclosing the 
LTS, VMS and UTC polarity transitions (table 
5). The diagenetic magnetite model can ac
count for differences between the two localities 
on Sicily and Calabria over (a maximum of) 
two sedimentary cycles, but not for differences 
between entire subchronozes, as is observed in 
the parallel sections (table 5). An overprint by 
the present-day field direction (with an inclina
tion of 52°) may have caused the observed 
offset. In order to investigate this possibility we 
have subtracted a present day field direction 
from the mean non-transitional directions. The 
present·day field direction was corrected for 
the bedding tilt of each section. The corrected 
present day field direction was stepwise 
subtracted from the reversed and normal mean 
non-transitional directions before and after 
each transition. After each step the angle 
between the reversed and normal directions 
was calculated. This subtraction continued un
til the angle between the mean normal and 
mean reversed direction was at a maximum. In 
the majority of the cases this leads to a 
decrease of the offset between the Nand R 
directions. In the most ideal case this 
maximum is 180°. After this subtraction 
procedure, again the reversal tests were 
applied. This resulted in positive reversal tests 
of the mean non-transitional directions in all 
sections, except the Punta Piccola section and 
the non-transitional directions enclosing UNS, 
LCS and UCS transitions. Nevertheless, also in 
the cases of UNS, LCS and UCS the non
antipodality angle y is decreased (table 6). This 
suggests that the offsets could well be due to a 
present·day field overprint. Contrary to these 
sections the mean non-transitional directions of 
the PP section would require subtraction of a 
reversed overprint to decrease the non-anti
podality angle (y). This is quite unlikely, sug
gesting that at least here stable directions are 
truly non-antipodal. Investigation of (Sicilian) 
volcanics from the Gauss subchron are needed 
to determine more reliably whether this curious 
offset in this chron is due to the geomagnetic 
field or due to an unlikely reversed overprint. 
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UNC 

LNC 

USC 

LSC 

UTC 

UKS 

LKS 

UMS 

LMS 

GGS 

UCS 

LCS 

UNS 

LNS 

USS 

LSS 

UTS 

LTS 

POST reversal test 

D I N Rsum 

PRE 

y .,. ClassD , N Rsum 

11.4 47.2 29 28.811 205.5 43.8 18 15.128 10.4 9.4 neg 

191.7 43.1 20 19.888 11.4 47.2 29 28.811 4.1 3.2 neg 

7.4 50.1 14 13.782 191.7 43.1 20 19.888 7.8 5.8 neg 

190.4 40.1 3 2.991 7.4 50.1 14 13.782 10.2 8.3 neg 

13.7 42 12 11.696 190.4 40.1 3 2.991 3.1 9.9 C 

203.9 ·37.8 12 11.950 34.5 42.2 :l2 31.750 9.3 3.8 neg 

34.7 41.4 8 7.860 203.9 -37.8 12 11.950 9.2 8.2 neg 

204.2 -37.9 9 8.922 34.7 41.4 8 7.B60 8.8 9.2 B 

32.7 40.1 19 18.923 204.2 -37.9 9 8.922 7.0 5.7 ne9 

219.2 -39.4 49 48.280 32.7 40.1 19 18.920 5.0 3.2 neg 

29.5 49.8 8 7.950 219.2 -39.4 49 48.280 12.3 5.9 neg 

214.7 41 17 16.780 29.5 49.6 8 7.950 9.3 6.0 neg 

31.5 50.9 12 11.930 214.7 41 17 16.780 10.1 5.2 neg 

219.8 42.5 13 12.571 31.5 50.9 12 11.930 10.4 8.5 neg 

25.8 45.3 4 3.980 223.2 -44.9 13 12.786 12.3 8.7 neg 

222.1 41.4 7 6.930 25.8 45.3 4 3.980 12.5 8.6 neg 

30.4 47.4 11 10.B60 222.1 41.4 7 6.930 10.3 8.0 ne9 

221.5 -50.3 4 3.960 30.4 47.4 11 10.860 7.8 10.7 C 

Table 5. Average directions of the magnetostratigraphic subchroflOzones (non-transitional directions) before (PRE) and after 

(POST) the polarity transitions. D= declination, 1= inclination, N= number ofdata, Rsum= unit vector sums. y=angle between N 

and R, -yo=critical angle, Class=results of the reversal test, (C=marginal, B=reasonable, A=goad, neg=negative (McFadden and 

McElhiflflY, 1990) 

UNC 

LNC 

USC 

LSC 

UTC 

UKS 

LKS 

UMS 

LMS 

GGS 

UCS 

LCS 

UNS 

LNS 

USS 

LSS 

UTS 

LTS 

POST reversaltest 

D I N Rsum 
PRE 

y .,. ClassD I N Rsum 

201.7 46.9 16 15.128 6.5 9.4 B13.8 43.6 29 28.811 

1.4 3.2 A190.8 -44.9 20 19.888 12.6 45.4 29 28.811 

9.4 46.5 14 13.782 189.8 -46.7 20 19.888 0.3 5.8 B 

10 45.3 14 13.782 1.0 8.3 B 

14 41.5 12 11.696 190.2 40.6 3 2.991 

188.6 45 3 2.991 

3.1 9.9 B 

207.0 -36.1 12 11.950 30.6 42.8 32 31.750 8.1 3.6 neg 

30.6 42.1 8 7.860 207.2 -36.0 12 11.950 6.6 8.2 B 

206.7 -36.3 9 8.922 29.7 41.0 8 7.860 6.7 9.2 B 

29.7 41.0 19 18.923 206.7 -36.6 9 8.922 5.0 5.7 B 

217.1 40.7 49 48.280 2.9 3.2 A34.5 38.6 19 18.920 

6.1 5.9 ne937.1 48.5 8 7.950 213.8 42.8 49 48.280 

211.1 43.2 17 16.780 34.6 48.9 8 7.950 6.2 6.0 ne9 

35.8 50.7 12 11.930 211.8 42.8 17 16.780 8.4 5.2 neg 

215.1 -44.6 13 12.571 37.6 50.5 12 11.930 6.1 8.5 B 

1.3 8.7 B34.5 46.2 4 3.980 214.5 -44.9 13 12.786 

34.1 46.2 4 3.980 4.2 6.6 B214.3 42 7 6.930 

6.2 8.0 B36.4 48.1 11 10.860 216.7 41.9 7 6.930 

215.6 49.7 4 3.960 36.1 48 11 10.860 1.7 10.7 C 

table 6. Average directions of the magnetostratigraphic subchroflOzones (non transitional directions) before (PRE) and after 

(POST) the polarity transitions after correction for a present day field overprint corrected for the bedding plane. The directions 

from the Punta Piccola section (LMS to UKS) have been corrected with a reversed overprint. See caption to table 5. 

large extent obscured. Many changes in 
Conclusion direction and in intensity observed in these 

records are strongly related to lithological 
The first-order geomagnetic signal (polarity) boundaries. In many cases transitional fields 
has been correctly recorded in the marls of can be explained by a complex filtering process 
Southern Sicily, as is shown in magneto due to early diagenetic magnetite formation. 
stratigraphic studies. But in the investigated se The width (length or duration) and the mor
dimentary records of polarity transitions. the phology of the filter(s) is highly variable. Some 
higher-order geomagnetic changes are to a information of the transitional field, like longi
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tudinal confinement of VGPs (Laj el aI., 1992) 
and/or the long-lived VGP clusters (Hoffman, 
1992) is probably still present in the records. 
The preliminary diagenetic magnetite forma
tion model cannot explain all observations, and 
requires the adjustment of some of its con
clusions. The mean directions of the sub
chronozones are found not to be antipodal. The 
difference in offset in the parallel sections from 
Sicily and Calabria suggests, however, that 
these offsets are not caused by the geomagnetic 
field. It can be quantitatively shown that the 
offset is probably caused by a present-day 
overprint in all sections, except in Punta Pic
cola. If the offsets from this section is caused 
by an overprint, the direction of the overprint 
must have been reversed, which is unlikely. 

Although the reliability of sediments to 

record polarity transitions is certainly far from 
ideal, some important geomagnetic information 
may still be present in the sediments. For 
instance, there seems to be evidence for inclined 
dipole directions (Hoffman, 1992) in our 
records. If true, the nature of the filtering 
process suggests that these are long-lived 
features of the transitional field. Parallel records 
from both volcanics and sediments must provide 
the key to solve the problem of remanence 
acquisition. Another very interesting question 
that emerges from this study is the reason of the 
anomalous offsets of the mean stable directions 
in the Gauss Chron. Also in this case, a 
paleomagnetic study in volcanic rocks should 
give a more definite answer. 
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