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Samenvatting 

Het dipolaire aardmagneetveld is in de geschiedenis van de aarde veelvuldig van 

polariteit omgekeerd. Alhoewel deze eigenschap van het aardmagneetveld reeds aan het 

begin van deze eeuw ontdekt werd (Brunhes, 1906), is heden ten dage nog nauwelijks 

bekend hoe dit proces zich voltrekt en wat de oorzaak van de polariteitsomkeringen is. Het 

aardmagneetveld en dus ook veranderingen van het aardmagneetveld worden geregistreerd 

in de natuurlijke remanente magnetisatie (NRM) van gesteentes ten tijde van hun ontstaan. 

De bestudering van registraties van polariteitsomkeringen aan de hand van de NRM van 

sedimentaire gesteentes is het onderwerp van deze dissertatie. 

Acht polariteitsomkeringen uit de Gilbert en Gauss chrons zijn bestudeerd aan de 

hand van vroeg en midden Pliocene mariene sedimentaire afzettingen uit het Middellandse 

Zee-gebied. De mariene mergels van de Trubi en Monte Narbone formaties uit Italie 

(Calabrie en Sicilie), waarin zich de registraties van aIle acht onderzochte polariteits

omkeringen bevinden, bestaan uit een cyclische afwisseling van lithologische eenheden 

(0.1-1.0 m) met verschillende carbonaatgehaltes. De accumulatiesnelheid van de Italiaanse 

sedimenten is 5-9 cm per 1000 jaar. De vroeg Pliocene sedimenten op Corfu, waarin 

registraties van twee polariteitsomkeringen uit de Gilbert chron zijn bestudeerd, bestaan uit 

een snelle afwisseling van mariene klei en zandige turbidieten; de accumulatiesnelheid van 

de bemonsterde mariene klei is 70 cm per 1000 jaar. De exacte ouderdom en de 

bemonsteringslocatie van de geregistreerde polariteitsomkeringen waren eerder vastgesteld 

tijdens een magnetostratigrafisch onderzoek. 

Gezien de accumulatiesnelheden en de gebruikte bemonsteringsmethode is het in 

principe mogelijk variaties van het aardmagneetveld aan te tonen die binnen 100-300 jaar 

hebben plaatsgevonden. Aangezien we echter naar een afbeelding - de registraties in ge

steentes - en niet naar de werkelijke variaties van het aardmagneetveld kijken, zal er 

onvermijdelijk een zeker verlies aan detail optreden. Twee factoren bepalen of de registra

ties gebruikt kunnen worden om ze tot variaties van het aardmagneetveld te herleiden: de 

mogelijkheid om de oorspronkelijke remanente magnetisatie te isoleren en de wijze 

waarop de acquisitie van deze oorspronkelijke remanente magnetisatie tot stand is geko

men. 
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Properties ofPliocene sedimentary geomagnetic reversal records 

Oorspronkelijke remanente magnetisaties zijn veelal niet de enige remanente 

magnetisaties in sedimenten. Zo ook niet in de bestudeerde sedimenten, waar drie of meer 

magnetisaties in een enkel monster aanwezig bleken te zijn. Van deze remanente 

magnetisaties bleken er een in het laboratorium (visceus) en een in de oorspronkelijke 

bemonsteringslocatie (secundair) in het huidige aardmagneetveld gevonnd te zijn. In dit 

onderzoek is de scheiding van de oorspronkelijke remanente magnetisatie(s) enerzijds en 

de secundaire en visceuze magnetisaties anderzijds extra belangrijk, aangezien de intensi

teit van het aardmagneetveld en dus de intensiteit van de oorspronkelijke rernanente 

magnetisatie sterk daalt tijdens een polariteitsornkering, terwijl de intensiteiten van de 

secundaire en visceuze magnetisaties gelijk blijven. In de Italiaanse sedimenten zijn de 

remanente magnetisaties door een stapsgewijze wisselveld-demagnetisatie, maar vooral 

door stapsgewijze thennische demagnetisatie met succes gescheiden. De magnetisaties in 

de sedimenten uit Corfu konden echter met dezelfde methoden niet volledig gescheiden 

worden. De oorspronkelijke magnetisaties konden onder meer gei"dentificeerd worden 

omdat de inclinaties een consistente inclinatiefout vertonen, veroorzaakt door compactie 

van het sediment. Tevens komen de declinaties van de oorspronkelijke magnetisaties 

overeen met een Pliocene regionale tektonische rotatie. 

De wijze waarop de oorspronkelijke remanente magnetisatie verkregen is kon voor 

een groot deel worden afgeleid uit de resultaten van het gesteentemagnetisch en 

geochemisch onderzoek. In de Italiaanse sedimenten konden de dragers van de oorspronke

lijke natuurlijke remanente magnetisaties worden gei'dentificeerd als de ferrimagnetische 

mineralen magnetiet en pyrrhotien. In de sedimenten van Corfu is de drager hoogstwaar

schijnlijk magnetiet. De korrelgroottes van de magnetiet en pyrrhotien bleken respectieve

lijk in het (pseudo) single domain en single domain bereik te liggen. Pyrrhotien komt 

vooral voor in de mergels met een laag carbonaatgehalte, terwijl magnetiet meer voorkomt 

in de mergels met hogere carbonaatgehaltes. Pyrrhotien wordt typisch gevormd in sub

oxische omstandigheden na accumulatie van het sediment. De overeenkomst tussen de 

richtingen van de magnetiet en pyrrhotien magnetisaties maakt het zeer waarschijnlijk dat 

beide mineralen gelijktijdig of kort na elkaar in het sediment gevonnd zijn, en weI, gezien 

de sedimentatiesnelheid en op basis van de resultaten van andere onderzoekers, enige 

duizenden jaren na afzetting van het sediment. De natuurlijke remanente magnetisatie van 

magnetiet en pyrrhotien is dan ook een chemische remanente magnetisatie. Alhoewel er 

zonder twijfel sprake is van een vertraging tussen het sedimentatieproces en de acquisitie 

van remanente magnetisatie, moet, gezien de aanwezige inclinatiefout, de acquisitie echter 
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Properties ofPliocene sedimentary geomagnetic reversal records 

wei voor compactie van het sediment hebben plaatsgehad. De waarnemingen geven aanlei

ding om aan te nemen dat de vertraging in de acquisitie geen factor is die de kwaliteit van 

de registraties beinvloedt. Belangrijke factoren in het acquisitieproces die bepalen hoe de 

variaties in de registraties corresponderen met variaties van het aardmagneetveld, zijn de 

continuHeit van het acquisitieproces en de grootte van het sedimentaire interval waarbin

nen de acquisitie gelijktijdig heeft plaatsgevonden, het zogenaamde lock-in interval. In dit 

onderzoek zijn geen aanwijzingen gevonden dat discontinuHeit in de acquisitie van de 

remanentie een rol heeft gespeeld, behalve in het geval van vroege remagnetisaties die zijn 

waargenomen bij lithologische grenzen. In de resultaten van een zeer recent onderzoek aan 

andere registraties van polariteitsomkeringen in soortgelijke sedimenten lijken deze aan

wijzingen weI aanwezig te zijn (van Hoof en Langereis, submitted). Het was in het kader 

van het huidige onderzoek niet mogelijk meer zekerheid over dit aspect te verkrijgen. 

Derhalve moet gesteld worden dat bij de interpretatie van de kwalitatief zeer goede regis

traties ervan is uitgegaan dat het acquisitieproces continu is en dat de registraties de varia

ties van het aardmagneetveld nauwkeurig representeren. 

De registraties laten zien dat de intensiteit van de oorspronkelijke remanente 

magnetisatie in het centrum van de omkering afneemt tot ongeveer 10% van de oorspron

kelijke waarde. Dit is in overeenstemming met de resultaten van soortgelijke onderzoeken. 

Opmerkelijk daarentegen is de afgeleide korte tijdsduur van de vroeg Pliocene polariteits

omkeringen. Waar in andere onderzoeken van oudere en jongere registraties van polariteit

somkeringen veelal tijdsduren zijn vastgesteld van tienduizend(en) jaren, is een belangrijke 

uitkomst van dit onderzoek dat voor de grootste richtings- en intensiteitveranderingen vaak 

niet meer dan enige honderden tot duizenden jaren nodig zijn. De conclusies over de 

tijdsduur van polariteitsomkeringen worden in het huidige onderzoek ondersteund door 

waarnemingen aan verschillende registraties van een identieke polariteitsovergang. De 

omvang van de richtings- en intensiteitsveranderingen in de registraties geven aan dat de 

snelste geomagnetische veranderingen 0.20 per jaar en 5% van de oorspronkelijke intensi

teit per jaar bedragen. Opgemerkt dient te worden dat bij de snelste veranderingen in de 

registraties de grens van het oplossend vermogen bereikt lijkt te zijn, hetgeen tot een 

speculatie over een nag kortere duur aanleiding zou kunnen geven. Hieruit kan geconclu

deerd worden dat de grootte van het lock-in interval beperkt is tot enige centimeters. 

Naast polariteitsomkeringen komen excursies van richting en intensiteit in meerdere 

registraties voor. In een enkel geval is een volledige excursie met een duur van ongeveer 

1500 jaar geregistreerd vlak boven een polariteitsomkering. De registraties laten zien dat 
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een polariteitsomkering meestal aanvangt met een toename van de inc1inatie van 5-50° in 

1000-1()()()() jaar. De polariteitsomkeringen geven geen eenduidig axisymmetrisch (zonaal) 

of niet-axisymmetrisch beeld, weI vertonen de zonale polariteitsomkeringen met een 

"eenvoudig" verloop een sterke overeenkomst met elders beschreven registraties van de 

jongste Matuyama-Brunhes polariteitsomkering. Tezamen suggereren deze waamemingen, 

gedaan op verschillende Iocaties, dat zonale veldconfiguraties een belangrijk element 

vormen van polariteitsomkeringen. Voortgaande studies van wereldwijd bemonsterde 

registraties van de in deze dissertatie beschreven polariteitsomkeringen zullen samen tot 

een ruimtelijk beeid en dus tot een beter begrip van het omkeringsproces moeten kunnen 

leiden. 
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Summary 

In the history of the Earth the dipolar geomagnetic field has frequently reversed 

polarity. Though this property was already known early this century (Brunhes, 1906), 

nowadays the characteristics and the origin of polarity transitions are still largely unknown. 

The geomagnetic field and its variations are recorded in rocks as a natural remanent 

magnetization (NRM) during the formation of these rocks. The study of the NRM in 

sedimentary reversal records is the subject of this dissertation. 

Eight reversals from the Gilbert and Gauss Chrons were studied in early and middle 

Pliocene marine sedimentary sequences from the Mediterranean area. The marine marls of 

the Trubi and Monte Narbone sequences from Italy (Calabria and Sicily), containing the 

records of all eight reversals, are composed of a rhythmic alternation of high- and low

carbonate units (0.1-1.0 m). The accumulation rate of the Italian sediments is 5-9 cm/kyr. 

De early Pliocene sediments from Corfu, containing two reversal records from the Gilbert 

Chron, show a rapid alternation of marine clays and sandy turbidites. The accumulation 

rate of the sampled clays is 70 cm/kyr. The ages and sampling locations of all reversal 

records were established in a previous magnetostratigraphic investigation. 

In theory, the accumulation rates of the sediment and the applied sampling methods 

make it possible to demonstrate geomagnetic field variations which occurred in 100

300 year. However, since we examined the records and not the actual variations of the 

geomagnetic field, some loss of detail will certainly be present. Two aspects determine if 

the records can be related to the actual geomagnetic field variations: the characteristics of 

the remanence acquisition process and the extent to which the original remanent 

magnetization can be isolated from younger magnetizations. 

To start with the latter aspect, in most sediments the original remanent magnetization 

is not the only magnetization type present. In the studied sediments three and sometimes 

even more remanent magnetic components were present in a single sediment specimen. 

One of these magnetizations was introduced in the laboratory (viscous magnetization) and 

one was introduced in the original sampling location in the present-day field (secondary 

magnetization). The separation of the original magnetization from the viscous and 

secondary magnetizations is specially important in the present study since the intensity of 

the geomagnetic field, and thus the intensity of the original remanent magnetization, 
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decreases during a polarity transition, whereas the intensities of the viscous and secondary 

magnetizations remain relatively constant. In the Italian sediments the remanent 

magnetizations have been removed by stepwise alternating field demagnetization, but more 

successfully by stepwise thermal demagnetization. The original remanent magnetizations 

could be distinguished from the younger magnetizations by their inclination error, which 

was introduced during early compaction of the sediment. Furthermore, the declinations of 

the original magnetization correspond to a Pliocene regional tectonic rotation. 

The investigation of the remanence acquistion process has been performed with 

rockmagnetic and geochemical methods. The carriers of the original remanent 

magnetization in the Italian sediment were identified as the ferrimagnetic minerals 

magnetite and pyrrhotite. In the Corfu sediments the carrier of the original magnetization is 

most probably magnetite. The grain sizes of magnetite and pyrrhotite are in the (pseudo) 

single domain size range. In the Italian sediments, pyrrhotite occurs predominantly in the 

marls with a low carbonate content, whereas magnetite is somewhat more abundant in the 

marls with a high carbonate content. Typically, pyrrhotite is formed in sub-oxic environ

ments after accumulation of the sediment. The correspondence between the directions of 

magnetite and pyrrhotite indicates that both minerals are formed (almost) simultaneously 

in the sediment. On the basis of the results of other investigations and the accumulation 

rate of the sediment it is concluded that magnetite and pyrrhotite are formed a few 

thousand years after deposition of the sediment. The inclination error indicates that the 

formation of the minerals and the remanence acquisition took place before compaction of 

the sediment. As a consequence, the natural remanent magnetization can be further defined 

as a chemical remanent magnetization. The results indicate that the delay in remanence 

acquisition with respect to the accumulation process has not affected the quality of the 

records. The extent to which the variations in the records correspond to variations of the 

geomagnetic field is determined by the continuity of the acquisition process and the size of 

the sedimentary interval in which the remanence acquisition occurred, i.e. the lock-in 

interval. In the present study no evidence has been found that discontinuity of remanence 

acquisition has played an important role; only close to lithological boundaries some early 

remagnetizations were observed. The results of a very recent investigation of other reversal 

records indicate that discontinuous remanence acquisition processes may occur (van Hoof 

en Langereis, submitted). It was not possible to acquire more conclusive evidence 

concerning this aspect. In this context, the interpretation of the high-quality reversal re

cords partly relies on the assumption that the acquisition process is continuous and the 
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records give an accurate representation of the geomagnetic field. 

At the centre of the polarity reversal the records show a decrease of the original 

remanent magnetization to 10% of the typical non-transitional values. This is in 

correspondence with the results of other investigations. Remarkable is the very short 

duration of the Pliocene reversals: the major directional and intensity changes occur in a 

few hundred or thousand years, whereas the results of other investigations indicate 

durations of ten thousand years or even longer. In the present study the conclusions on the 

durations are supported by observations on different records of an identical polarity 

transition. The magnitudes of the most rapid directional and intensity variations in the 

records are 0.20 per year and 5% of the typical non-transitional intensity per year. The 

most rapid variations are very close to the resolution of the record, which indicates that the 

actual durations of the reversals may even be shorter. It may therefore be concluded that 

the size of the lock-in interval is limited to a few em's. 

In a single record a full excursion with a duration of approximately 1.5 kyr has been 

recorded above a reversal. The reversal records indicate that the onset of a polarity 

transition concurs with a decrease of the intensity and an increase of the inclination of 5

500 in 1-10 kyr. The reversal records are not uniformly axisymmetrical (zonal) or non

axisymmetrical. The simple "zonal" records correspond with records of the youngest 

Matuyama-Brunhes polarity transition. These observations from remote sites indicate that 

zonal transitional fields are an important aspect of reversals. Continuation of the study of 

globally distributed records of the reversals described in this study will lead to a further 

understanding of the reversal process. 
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Chapter I 

Introduction 

Natural remanent magnetizations in rocks are the only witnesses of geomagnetic 

field reversals. During the last decade the number of well documented de,scriptions of 

geomagnetic reversal records has significantly increased. However, a detailed 

understanding of the reversal process has not been accomplished yet. A characteristic of 

the transitional field which is now generally accepted, is the low intensity equal to 10-20% 

of typical non-transitional values. Properties of reversals which are still a subject of dispute 

are the durations - believed to be in the range 2-30 kyr - and the transitional field geometry. 

Reversals may be recorded in intrusive, extrusive and sedimentary rocks. High 

quality extrusive and intrusive reversal records are extremely sparse. In the present study, 

the emphasis is on marine sedimentary records since these are more abundant and, in 

contrast to extrusive and igneous rocks, provide a continuous image of the reversal process 

and an appropriate time control. It would be auspicious to study a single geomagnetic 

reversal from many globally distributed records. Despite the fact that sedimentary reversal 

records occur more frequently than any other type, the number of known records of one 

and the same geomagnetic reversal is limited mainly to the Matuyama-Brunhes reversal 

and the reversals of the Jaramillo and Olduvai subchrons. Records of these young reversals 

are typically sampled from deep sea cores, which require delicate sampling and error-prone 

analysis techniques. Rather than searching for globally distributed records of the same 

reversal, land-based sedimentary sequences within a restricted area - The Mediterrenean 

containing many subsequent reversal records were preferred for this study. Although this 

approach will not result in a global image of the reversal process, it has the advantage that 

the time-dependent behaviour of the geodynamo during multiple reversals can be studied. 

A total of 10 records of 8 different reversals were obtained from sections in Pliocene 

marine sedimentary sequences situated in the Mediterranean area (Calabria, Sicily and 
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Introduction 

Corfu). All reversal records had been accurately correlated to the geomagnetic polarity 

time-scale in previous magnetostratigraphic studies. The 5 Calabrian records correspond to 

the upper Thvera, lower and upper Sidufjall, lower and upper Nunivak. reversals from the 

Gilbert Chron. The 3 Sicilian records are th"e lower and upper Mammoth and the lower 

Kaena reversals from the Gauss Chron. The 2 Corfu records correspond to the upper 

Thvera and lower Sidufjall reversals. The marine marls sampled in Calabria and Sicily are 

part of the same Trubi formation and have average accumulation rates of 5-9 cm/kyr 

(fig. I). The rapidly accumulated (-70 cm/kyr) marine clays from Corfu have been sampled 

to acquire a veryh~gh resolution record of geomagnetic field variations. Since the 

Calabpan and Colfu sections are separated by only a moderate distance, one may expect 

the corresponding reversal records to reflect the same regional characteristics of the 

geomagneti~ field variations. 

Fig. I. Overview of the Monte Singa section in Calabria (Italy). 
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Introduction 

During the course of this study it became evident that there many complexities and 

difficulties are involved in the analysis of the reversal records. Although there is little 

doubt that the Mediterranean sediments have accurately recorded the long term 

geomagnetic field variations, the extent to which the records represent rapid geomagnetic 

field variations, associated with polarity reversals, was largely unknown at the beginning 

of this study. At that time knowledge of this aspect did not appear to be essential since 

reversals were generally believed to proceed rather slowly (l0-30 kyr). However, the first 

examinations of the Calabrian reversal records learned that rates of change could be much 

higher (0.2-2 kyr). In this context - records of rapid geomagnetic variations - the almost 

classical phrase "primary magnetization" acquires a special meaning. Usually, in paleo

magnetic research primary magnetizations are identified by the most stable characteristic 

directions which are then argued to represent the "primary" or original magnetization. An 

important difference is that in these "classical" studies there must be a consistency in the 

observed directions, whereas in reversal studies this consistency is absent by definition. In 

that situation magnetic components may be separated using specific parts of the blocking 

temperature spectrum or the coercive force spectrum of the carriers of the magnetization. A 

contribution to the knowledge of the geomagnetic reversal process is therefore best served 

by an additional study of the characteristics of remanence acquisition, the carriers of the 

natural remanent magnetization, and the processes affecting the original remanence. This 

objective is accomplished by rockmagnetic and geochemical investigations of the carriers 

of the remanent magnetization. 

This thesis has been written as a series of 5 papers, which discuss different aspects of 

the Mediterranean reversal records. Chapter 2 has already been published (Linssen, 1988) 

and discusses the preliminary results of a study of the four oldest Calabrian reversal re

cords. All five reversal records from the Calabrian sediments (chapter 3) and the rockmag

netic properties of these sediments (chapter 4) were investigated in more detail at a later 

stage. Most of the conclusions from the preliminary 1988 paper could be confirmed, new 

and important details were found, and in a few cases slightly deviating conclusions were 

drawn. The results of the Sicilian and the Corfu reversal records are presented in chapter 5 

and 6. A final chapter (7) discusses the conclusions from the previous chapters. Data of the 

reversal records have been included in the appendices. 
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Chapter IT 

Preliminary results of a study of four successive sedimentary 
geomagnetic reversal records from the Mediterranean. 

(upper Thvera, lower and upper Sidufjall, lower Nunivak)(l) 

Abstract 

The results of a study of four successive Early Pliocene geomagnetic reversal records 

are presented. The polarity transitions have been recorded in the Trubi formation of 

Calabria (S.Italy) which is composed of alternating carbonate-poor and carbonate-rich 

marly layers with moderately high (>5 cm/kyr) accumulation rates. The multicomponent 

NRM contains a well-defined primary component in which two dominant magnetic phases 

can be recognized: a magnetite and a low-temperature (LT; Le. removed at moderate 

temperatures) phase. Most probably the low-temperature phase is pyrrhotite. The combined 

presence of pyrrhotite and magnetite in the sediment restricts the validity of a XARMIX test 

for paleointensity studies. The magnetite magnetizations reveal a more smoothed record 

relative to the records of the LT phase magnetizations. Between the two phases, no signifi

cant delay in the moment of remanence acquisition is observed. The durations of the major 

directional changes for the reversals are estimated to be in the range 0.3-3.0 kyr. The YGP 

path of the upper Thvera record follows a great-circle 900 W of the site meridian, indicating 

a clearly non-zonal transitional field, whereas the YGP paths of the other reversal records 

are close to the site meridian, indicating a mainly zonal transitional field. The 

lower Sidufjall and lower Nunivak records are nearly identical and have a zonal harmonic 

content similar to records reported for the Matuyama-Brunhes polarity transition. 

(1) Published in Physics of the Earth and Planetary Interiors, Volume 52 (1988), Page 207-231. 
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Preliminary results ofa study offour sedimentary geomagnetic reversal records 

1. Introduction 

One of the most outstanding physical properties of the earth is that its magnetic field 

reverses polarity at irregular intervals. thist'dlt\:brb was not known until the beginning of 

this century; at that time it was noticed that certain extrusive rocks contain remanent 

magnetiiati()~~ ~itli()PP()Si'tediteCtiOri~:;~~~~tgv~rSed lliagnetizations~~r~~rb~bd to be 

caused by th~nOITnal:~;;e~e;'Sed geo~~~e&'fi~ld~tthat exist~d d~riIig ~e formation of 

these rocks.Th~ rec~rding~'ih rocks ~f ~~st re~6'r1'ais '~ep;obabry: the ohiy sour6e of 

information concerning this phenomenon. In recent years, geomagnetic reversal records in 

various kinds of rocks have been the subject of extensive studies (e.g. Valet, 1985; Prevot 

et al.,1985; Marikinen et al.,1985). A review of recent developments is provided by Bogue 

and Hoffman (1987). 

SoJar, the only generally ,ac,9~ptedqmclusion tobedra'Yn concerninggeomaglJ-etic 

fieldbehaviour during a polm;ity p-ansition? is ,that th,e dip()l~ field diSflPpea,r,s. This 

conclusion was first suggested,aft~r tl;1e,()bseryationofdiv~rging Virtual Georn;,t,gnetic Pole 

(VGP) paths calculated from data of tv,.:o Matuyama-Brunhes polarity tran);iti()n records 
.. ,,, , -'

lo~ated at remote sites (lll the earth's sl!rface (Hillhouse ~ Cox.1976). Meil,nwhile, rn~nY 

other similar observations have confirmed the validity of this conclusion (see e.g. 

HoffrnalJ-, 1977). 

Various studies have revealed characteristic~ of revers~ r~cords Wh~ch ,may well be 

prop~rties of the transitional geomagnetic,field. For instancy, ,it has beenqbseryeq that 

directional a,~d intensity YaPations,in. success~ve reversals ,records ala single site are not 

always jdentipal (Valet, 1985; Yalet et al.. , 1988); This maY ipdic;ate, that the mechanism 

which causes theobserv¢ transitional wa~etiy;fi,eld.d~rectiRns,,and intensities changes 

with time., 

The r~Yexsp p,roc;ess aPPyars to qe fast nrlative to the g,yol()g~cal tirnesc3fe, The 

various observations suggest that the durations of reversals are not always identical. For 

instance, the results from the Steens Mountain record of a Miocene reversal (Marikinen et 

aI., 1985) indicate that main directional changes associated with the reversal take place in 

about 0.7 kyr, whereas results from a sedimentary record of the upper Olduvai reversal 

indicate a duration of about 11.1 kyrs (Clement and Kent, 1985). The period in which 

anomalous intensities associated with the reversals occutsis a multiple of the duration of 

the directional changes. 
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Preliminary results. ofastudyoffour sedimentarygeomagnetic reversal records 

At first sight, diverging data of different reversals suggest that the transitionaUield 

cannot be generalized. However, weare dealing with acgeometrical problem;,:a" 

geomagnetic reversal may give different effects at distant sites ,on earth. The'standihgfield 

model (Hillhouse & Cox j 1976) and the flooding model (Hoffman, 19n;1979~,'whichare 

essentiaUyphenomenological, predict the transitional geomagneticJield'atspatiaHy 

distributed sites on the earth's surface as well as between successive reversals at the same 

site.. 

The study of similarities and dissimilarities in reversal reco.rds at geometrically 

distributed sites may shed light on the physical origin of the reversal process. The strategy 

of systematically studying geographically distributed records of the same reversal,cor of 

studyingJiUccessions of reversal records atone site has been fonowed by some 

investigators (e.g. Valet, 1985; Clement and Kent, 1986). However, most of their 

conclusions ,have been of a different tenor. Some successionsoLreversal records sJIggesta· 

mainly zonal transitionaLfield geometry {Bogue and Coe, 1982,1984); others indicate . 

significant non-zonalfieldcomponents (Clementand. Kent, 1984). 

The harmonic 'content of reversal records with zonal transitional fieId'geometries is . 

also subjectto some discussion. For instance, Bogue and Coe(1982, 1984) suggested that a 

specific reversal started with an octupolar, transitional field, whereas·near the termination 

of the reversal a quadrupolar zonal harmonic component dominated. 

In some successions of reversal records antipodal transitional fields have been 

observed (Valet and Laj, 1984). Another succession of .r~wersalrecords provided evidence 

that the transitional field was invariant (Clement and Kent, 1985)(Tfiese observations 

suggest different types of reversal mechanisms (Bogue and Hoffman;, 1987); this idea has 

also been suggested on theoretical grounds (Olson, 1983). 

The fact that these extreme speculations are based on a limited number of (sequences 

of) reversal records illustrates the needformore data from reversal r~cords. 

Reversals of the geomagnetic field have been recorded in sediments and in intrusive 

and extrusive igneous rocks. Although the high quality spot reading~ of the geomagnetic 

field in extrusive igneous rocks can be'successfully used in the stud~ of reversal records, it , . 
should be realized that high flow rate sequences of lavas with reversal records are seldom 

found (Bogue and Coe, 1982,1984; Prevot et aI., 1985; Ma~kiJ.1en et aI., 198~). 
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Geomagnetic reversals are most successfully studied in sedimentary records since they are 

widespread. 

Sediments that are used in reversal studies have to satisfy certain conditions: the 

sedimentary reversal record must reveal the major directional and intensity variations of 

the transitional geomagnetic field. For instance, this implies that the accumulation rate for 

the sediment must be at least 1 cm/kyr. The accumulation rate near the reversal record is 

usually extracted from the boundary ages of the underlying and overlying polarity intervals 

and the stratigraphic lengths of the recorded polarity intervals. If temporal information is to 

be extracted from the record, the variation in the accumulation rate on the scale of the 

reversal record must be small. 

Sediments often contain a variety of magnetic minerals (Freeman,1986). The origin 

of these minerals may be depositional, authigenic or secondary. Each of these minerals 

may contribute in a different degree to the NRM. As a result the total (multicomponent) 

NRM may be very complex. Reversal records in red beds (Herrero-Bervera and Helsley, 

1983; Tauxe and Badgley, 1984) suggest that backtracking, i.e. the varying predominance 

of components acquired at slightly different times in a rapidly evolving transitional field, 

may occur. In order to study a sedimentary reversal record properly one needs to try and 

isolate the remanence directions of all primary magnetic minerals with progressive 

demagnetization techniques and to determine the relative timing of the magnetic 

remanence. 

N 

I 

Fig. 1. Location of Lower Pliocene Trubi formation sampled for this study. 

16 



Preliminary results ofa study offour sedimentary geomagnetic reversal records 

Investigators from the Utrecht paleomagnetic laboratory have been able to identify a 

great number of reversal records in the late Miocene marine deposits of Crete (Langereis, 

1984). Detailed studies have been made of the rockmagnetic properties of the sediment 

(Langereis, 1984; Linssen, 1984; Valet, 1985; Chang and Kirschvink, 1985). The reversal 

records were extensively and successfully investigated at the paleomagnetic laboratory in 

Gif-sur-Yvette (Valet, 1985). The magnetostratigraphically well-defined (Zijderveld et al., 

1986) Lower Pliocene marine deposits of southern Italy (38°15'N,16°12'E; See fig. 1), 

known as the Trubi formation (see e.g. Cita, 1973; Hilgen, 1987), appeared to be very 

suitable for making a study of a succession of undisturbed, well-dated reversal records. 

The sediments from the Trubi formation have rockmagnetic properties quite similar to 

those of the Cretan sediments. 

In this paper we present the results of four successive reversal records from the 

Gilbert chron sampled in the Trubi formation: the upper Thvera, lower and upper Sidufjall 

and the lower Nunivak. Before discussing the reversal records the magnetic minerals 

which contribute to the NRM are discussed. In the general discussion an attempt will be 

made to determine more accurately the accumulation rate of the sediment in which the 

reversals are recorded. 

2. Geology 

The Trubi formation consists of alternating layers of marine marls with high and low 

carbonate contents; these layers are denoted as High Carbonate Units (RCU) and Low 

Carbonate Units (LCD) respectively. The well-defined unit boundaries facilitate the 

recognition of the few minor faults. The thickness of the individual units is laterally con

stant (on the scale of the exposure: a few hundred metres), the layer thickness of different 

units ranges from 0.1 to 1.3 m. Each of the four reversals are recorded within a single unit, 

none of them at a boundary. The bedding plane of the sediment at the site dips 6.5° to E. 

Magnetostratigraphic results (Zijderveld et al.,1986) show that between the 

upper Thvera and the lower Nunivak the mean accumulation rate in the part of the section 

sampled for this study increased from 4.9 to 7.6 cm/kyr. 
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3. Sampling 

The sampling equipment consistedofa penablegenerator, electric driIlingmachifies 

and water-cooled brass drills with diamond cl:ltting edges. The drills have adiameter of 
2.54 em. Planes were cutperpendicl:llar to the bedding plane at least 20 cm deeperthah the 

shallowest fresh rock sl:lrface. In the upper .Thvera and lower Nnnivak records sampling 

levels'were marked onthese planes at stratigraphic intervals ranging from 2.5 to 5.0 cm; at 

each level 3 t05 cores were drilled in a direction parallel to the bedding plane. The lower 

and I:lpper Sidl:lfjall>records and a part of the upper Thvera record were sampled using a 

slightly different method: the fll:lniberof cores per level was 1 to 2, the spacing between the 

levels was varied from 0.5 to 2.5 cm. A few additional vertically drilled samples were 

obtained from the lower Sidl:lfjall record, For this purpose, special drills were I:lsed with a 

length of 20 cm. 

4. Instrumentation 

Thermal demagnetizations were performed in tl:lnnel fl:lrnaces with ml:l-metal 

shielding. The alternating field demagnetizations were applied to the specimens in 

stationary holders. Most of the magnetization measurements were performed with !:l;2G

Enterprises cryogenic magnetometer having a sensitivity of 10'" Am2
; a small number of 

samples were measured with a modified Jelinek spinner magnetometer having it sensitivity 

of 10,10 Am2• The reproducibility of both magnetOmeters is better than 10 for 

magnetizations exceeding 10'9 Am2
• 

5. NRM components 

5.1 Magneticphases ofthe NRM components. 

The demagnetization diagrams and.derived decay curves offigure 2 show rockrnag

netic characteristics that are representative for the sediment. The components which point 

to the origin of the diagrams have near reversed axial dipole field (RADF) directions, these 

components are therefore almost certainly primary ones (see also Zijderveld et aI., 1986). 

Figures 2a,c are demagnetization diagrams of two specimens from nearly the same 

horizon in a sedimentary interval above the upper Thvera reversal record. Specimen 
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Fig. 2. Orthogonal projection diagrams (Zijderveld,1967) and corresponding decay curves. In the 
demagnetization diagrams the c1osed(open) symbols denote the projection on the horizontal (vertical) plane. 
Specimens are from levels above the upper Thvera CUT) and upper Sidufjall (US) reversal records. Figure a) 
and e) are thermal demagnetization diagrams and c) and g) are alternating field demagnetization diagrams. 
"m", "It" and ''y'' denote respectively: the magnetite phase, the low-temperature (L1') phase and the viscous 
component. The normalized decay curves (b,d,f,h) show the decay of the viscous component and the primary 
component (m+lt). 

UT.31.7A has been subjected to a thermal demagnetization and specimen UT.32.5A to an 

alternating field (AF) demagnetization treatment. Both demagnetization diagrams show a 

primary component and a viscous component. The viscous component is shallow and 

westward directed. The latter component is an artifact since its direction is highly 

correlated with the drilling direction. Similar viscous components, although generally with 

a lower magnitude, are observed in the demagnetization results of many specimens. The 

normalized decay curves (figs. 2b,d) show that the viscous component is removed in an 

alternating field of 15 mT and at a temperature of 240 °e. 

The primary component has a unimodal decay when demagnetized in an alternating 

field and a bimodal decay when thermally demagnetized. Apparently, the primary compo

nent is carried by a low temperature (LT) magnetic phase of which the remanence is 

removed below 360 °e and by a high temperature (RT) magnetic phase of which the 

remanence is remqved just below 600°C. It is also dear from figure 2b that the thermal 

decay curves of the viscous component and of the LT phase overlap to a significant extent. 

The overlap of the decay curve of the viscous component and of the primary component in 

the AF decay curve (fig. 2d) is less significant. 
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Figures 2e,g show demagnetization diagrams of two specimens from neighbouring 

sites from an interval above the upper Sidufjall reversal record. Specimen US.96A has 

been subjected to a thermal demagnetization and specimen US.96B to an AF 

demagnetization treatment. The demagnetization diagrams and the decay curves (figs. 2f,h) 

also show a primary and a viscous component. A few other characteristics distinguish them 

from the previous examples: the thermal demagnetization diagram has a primary compo

nent with a trimodal decay due to the presence of a third magnetic phase, the remanence of 

which is removed just below 700 °C. The LT phase has a slightly higher inclination than 

the phases whose remanences are broken down at higher temperatures. Table 1 gives the 

directions of the phases with near RADF directions from figure 2. Note that the inclination 

of the primary component from the upper Sidufjall specimens obtained with AF 

demagnetization is intermediate to the directions of the LT and HT phases obtained with 

thermal demagnetization. Note also that the decay of the primary component in the AF 

decay curves (figs. 2d,h) is unimodal. Apparently the LT and HT phases have (almost) 

completely coinciding coercive force spectra in the range 20-70 mT. 

Primary components with a similar decay are common in marine marls (Langereis, 

1984; Valet, 1985). The two magnetic phases whose remanences are broken down just 

below 600 and 700 °C are most probably magnetite (Curie temperature: 578°C) and 

hematite (Neel temperature: 680°C). The magnetite phase is observed in all thermally 

treated specimens. The hematite phase is observed occasionally and always has a low 

intensity; therefore, the hematite phase is not discussed in the following sections. The 

determination of the LT phase is discussed in section 6. 

5.2 Directions ofNRM components outside the reversal records 

The study of viscous and primary NRM components outside the reversal records 

provides a tool for distinguishing these components in the reversal record where we are 

looking for primary components with unknown transitional directions. 

Throughout the sedimentary intervals above and below the reversal records it was 

observed that the directions of the primary component obtained with thermal 

demagnetization comprise two linear segments that make an angle of 0-20°. The linear 

segments correspond to the LT phase and the magnetite phase. Often the angle between the 

linear segments is only visible in the projection on the vertical plane. Generally, the 
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Table 1 
Least-squares declination and inclination values of the primary components from the 
demagnetization diagrams depicted infigure 2. 

Total LT component HI component 

Specimen Decl. Incl. Decl. Incl. Decl. Incl. 

UT.31.7A 194.1 -38.5 192.3 -36.2 
UT.32.5A 190.7 -40.1 
US.96A 190.4 -51.2 187.8 -40.1 
US.96B 192.3 -45.3 

Column 1: demagnetization data points exceeding 240 °C or 15 mT. 
Column 2: the demagnetization data between 240 and 360 °C. 
Column 3: the demagnetization data after 360 °C. 

magnetite phase has inclinations that are about 10° lower than the local axial dipole field 

inclination (52°). The LT phase has inclinations that are intermediate to the inclinations of 

the magnetite phase and to the axial dipole field inclination. The systematic inclination 

error of the magnetite phase was suggested to be caused by compaction of the sediment 

(Laj et aI., 1982; Langereis,1984). 

The inclination error of magnetic phases with near normal axial dipole field (NADF) 

directions allows them to be distinguished from secondary magnetizations. Secondary 

magnetizations cannot be distinguished from an LT phase with an NADF direction (wit

hout an inclination error). The observation that 1) the sedimentary interval which contains 

such phases is unaltered and rockmagnetically homogeneous and 2) a neighbouring 

rockmagnetically similar sedimentary interval contains LT phases that carry near RADF 

directions demonstrates that the component with the NADF direction is a primary one. 

Viscous components are easily recognized by the strong relation between their 

directions and the storage orientation of the specimens. The observed viscous components 

have relaxation times exceeding a few days. An example of a viscous component has been 

given in section 5.1. The thermal decay curves of the viscous component and the LT phase 

of the primary component have a significant overlap. Consequently, the relative 
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Fig. 3. Thennal demagnetization diagrams of specimens from the upper Thvera (a), upper Sidufjall (b) and 
lower Nunivak (c) transition records. The demagnetization data for temperatures below 180 °C were omitted. 
All diagrams show linear segments corresponding to the LT and the magnetite phase (denoted as "It" and 
"m" respectively). 

magnitudes of the LT phase and the viscous component detennine how well the direction 

of the magnetization of the LT phase can be detennined. Fortunately, viscous component 

with high intensities and LT phases with very low intensities were never observed in the 

same specimens. 

5.3 Directions ofNRM components in the reversal records. 

Within the reversal records an anomalous direction of a remanent magnetization is 

defined as a part of a primary component when 1) its thennal decay is identical to the 

decay of the LT or the magnetite phase (see fig. 2), 2) when it is found in other specimens 

from approximately the same stratigraphic level, or 3) it is part of a directional variation of 

identical phases as a function of stratigraphic height. 

In the sedimentary intervals outside the reversal records the magnetizations of the LT 

phase and the magnetite phase can have different directions. This characteristic is more 

extremely encountered in specimens from the reversal record; figure 3 shows three 

examples. The difference in direction between the LT and magnetite phase can be caused 

1) by different lock-in depths of these phases or/and 2) by different lock-in intervals of 

these phases. The implication of the first possibility is a backtracking of the local 

geomagnetic field directions recorded by the two phases. In that case, there will be two 
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identical records of the geomagnetic field behaviour during its reversal between which an 

apparent time-lag exists. The latter possibility that the two phases have different lock-in 

intervals will result in two records which are smoothed to different extents. Only the study 

of the directional and intensity variations with time (stratigraphic distance) ofthe LT and 

magnetite phase can indicate to what degree these possibilities reflect the real remanence 

acquisition processes. 

6. Bulk-rockmagnetic investigation of the sediment 

A detailed study has been made of the bulk-rockmagnetic properties of the Trubi 

sediment (Linssen, in prep.). The relevant information is given below. 

Specimens of the four studied reversal records were subjected to bulk-rockmagnetic 

experiments so that the nature and the grain sizes of the LT and magnetite phases which 

carry the primary component could be examined. Rockmagnetic information about the 

minerals in the sediment contributes to the interpretation of accumulation rate variations 

and of the continuity of sedimentary deposition. It should also indicate whether it is 

feasible to relate remanent magnetizations and/or rockmagnetic parameters to 

paleointensities. 

6.1 Continuous thennal demagnetization and low temperature treatment 

We subjected representative specimens from the sampled reversal records to 

successive thermal treatments in order to investigate alteration effects upon heating. Prior 

to each heating or cooling cycle the specimens were given an Isothermal Saturation 

Remanence (lSR) in ~ 2 T DC field. The term ISR is used for convenience although it will 

demonstrated in section 6.2 that the specimens are not completely saturated in 2 T. 

The first heating cycle for specimen US.109.lB shows (fig. 4a) that the ISR is 

dominated by two magnetic phases the remanence of which is completely removed at 360 

and 580 DC respectively. Since these break-down temperatures are similar to those of the 

prj.mary component of the NRM, one must conclude that they are carried by the same 

phases. During the second heating cycle applied to the same specimen (fig. 4a), it is 

demonstrated that the LT phase is absent and that the ISR which is left after 360 DC has 

decrease<;l. Obviously, during the first heating cycle the LT phase was physically removed. 
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Fig. 4. (a,b) Continuous thermal tteatments of specimens from the upper Sidufjall reversal record. The 
specimen acquired an ISR in a 2 T field before each thermal tteatment. The heating cycles are numbered. 
(c) Remanent hysteresis curves determined before each of the thermal treatments of fig. 4b. Magnetite and 
the LT phase contribute to curve 1, original and newly formed magnetite contribute to curve 2 and 3. The 
curve denoted "LT" remains after subttaction of curve 1 and 2. It represents the contribution of newly formed 
magnetite and the LT phase. 

The decreased ISR left after 360°C points to a partial alteration of magnetite. There is no 

evidence that new magnetic minerals have been produced as a result of the alterations. 

Figure 4b depicts the results of a similar experiment. However, in this case the speci

men (US.1l3B), which acquired an ISR, is successively cooled to -190°C, re-heated to 

room temperature, re-given an ISR and heated to 360°C. The latter heating step is 

assumed to cause a complete alteration of the LT phase on the basis of the results for the 

similar specimen US.109.1B. It should be noted that the remanence increased significantly 

with cooling. Afterwards, the same specimen is twice subjected to the identical experimen

tal procedure. The results for these experiments confrrm that the LT phase was altered 

during the first thermal treatment. The significant remanence increase that occurred upon 

-0.1 -0.2 
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cooling has now disappeared; apparently, this remanence increase is a characteristic of the 

LT phase. The second and the third heating curves are identical and have a slightly higher 

ISR left at 360°C than the fIrst heating curve. Apparently, during the fIrst heating cycle, a 

new magnetic mineral was produced. The fact that the second and the third heating curves 

are identical suggests that they represent true demagnetization behaviour and are not 

affected by alteration. 

The remanent hysteresis curves of specimen US.l13B determined prior to each 

heating step show (fig. 4c) lower HeR values after the fIrst heating cycle. The fIrst reman

ent hysteresis curve represents the LT and magnetite phase, the second curve represents the 

magnetite phase and the new magnetic phase that was produced during the first heating 

cycle to 360°C. Subtraction of the second from the remanent hysteresis curve, produces an 

estimate of the remanent hysteresis curve of the LT phase; it is an estimate since the curve 

is slightly biased by the contribution of the new magnetic material. 

The initial susceptibilities (Xi) of other specimens, similar to specimen US.113B, 

show a slight «5%) increase during a stepwise thermal demagnetization treatment up to 

300°C. The Xi decreases signifIcantly after heating the specimen to 360 °c (>20%). 

Further heating causes the Xi to increase again to values that are 2-4 times above the Xi of 

the non-heated specimen. 

Heating experiments with specimens from sediments with similar rockmagnetic 

contents (Linssen, 1984) suggested that with increasing temperature magnetite was 

produced from the non-magnetic matrix. Hysteresis experiments provided evidence that 

the grain size of the newly formed magnetite increased (due to growth) from superpara

magnetic (SP) grain size ranges, to the single-domain (SD) grain size range and 

subsequently to the pseudo-single-domain (PSD) or even the multi-domain (MD) grain 

size range. In these sediments the transition of the magnetite through the SD grain size 

range always occurred at 450°C and caused a maximum of ISR (which was 2-10 times 

greater than the ISR of the non-heated specimen). Heating the specimens to temperatures 

above 500°C caused the old and new magnetite to alter to hematite. 

In summary, it is concluded that the observed break-down of the remanence carried 

by the LT phase (magnetite) is in the main (partly) due to alteration of these minerals 
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rather than to their demagnetization. The LT phase alters completely below 360°C, the 

magnetite alters partly between 360 and 600 °c. There is evidence that magnetite is 

produced below 360 °c and that some magnetite is altered after the specimens are heated 

to 600 °c. Low temperature treatment shows (1) a significant remanence increase of the 

LT phase with cooling and (2) hardly any effects for the remanence of magnetite. The last 

observation indicates a small grain size « 5 micrometer) for magnetite since the loss of 

remanence upon cooling to the isotropic point of magnetite decreases with grain size 

(Hartstra, 1982). 

The LT phase in specimen US.113B has an % value of about 72 mT; this value is 

slightly biased by the production of the newly formed fine grained magnetite. Since fine 

grained magnetite has an HCR lower than 70 mT (Hartstra, 1982), the true % value of the 

LT phase will probably be in excess of 72 mT. 

6.2 ARM and ISR characteristics 

It was investigated whether Anhysteretic Remanent Magnetization (ARM) and ISR 

characteristics allowed a more quantative determination of the contribution of the LT and 

magnetite phase to the NRM. The specimens for the ISR and ARM experiments have been 

selected from the same sedimentary interval as those from the previous section. In figure 

5a the thermal decay curves are depicted of (1) an ARM acquired in an alternating field 

(AF) of 100 mT, (2) an ARM acquired in an AF field of 350 mT, (3) an ISR acquired in a 

2 T field and (4) a primary component of an NRM. The ARM inducing direct field was 

0.036 mT. Since the previous sections provided evidence that the main magnetic phases 

are an LT and a magnetite phase, a bimodal decay is expected. The bimodality is evident in 

the thermal decay of the NRM and ISR. The thermal decay curves of ARM are only 

slightly bimodal. The decay curve of ARM acquired in 350 mT shows hardly a more 

pronounced bimodality than the decay curve of the ARM acquired in 100 mT. The thermal 

decay of the NRM is not identical to the thermal decay of the ARM or the ISR. The 

thermal decay curves show that, with respect to the NRM, the LT phase acquires less ARM 

and more ISR. 

The normalized ISR and ARM acquisition curves (figs. 5b,c) demonstrate that speci

mens from this sediment are not completely saturated respectively in 2 T DC fields and 

350 mT AF fields. The ISR and ARM acquisition curves show, in spite of the presence of 

the LT and the magnetite phase, no sign of bimodality_ 
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Fig. 5. (a) thennal decay curves of specimens from the US reversal record with (1) ARM acquired in an AF 
field of lOO mT, (2) ARM acquired in an AF field of 350 mT, (3) ISR acquired in 2 T, (4) primary compo
nent of the NRM. (b) ARM acquisition curve (c) ISR acquisition curve (d) AF demagnetization curves of 
ISR. Continuous thennal treatment (with exact temperature readings) of specimens from the same 
sedimentary intervals as the specimens of figure 5a-d demonstrated that the magnetizations of all specimens 
is entirely removed at 600 °C. 

In some sedimentary intervals the intensities of the primary component show a major 

variation. A closer examination demonstrates that this intensity variation often .is caused by 

a change in rockmagnetic properties in either the magnetite or the LT phase. 

This is illustrated by the AF decay curves (fig. 5d) of specimens from such a 

sedimentary interval. The specimens acquired an ISR in a 2 T field. The figure shows that 

the high coercive fractions have equal intensities, unlike the low coercive fractions. 

Thermal demagnetization of other specimens from the same sedimentary interval 
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showed that an acquired ISR was entirely removed below 600 DC. These observations 

suggests that the observed NRM variation is due to rockmagnetic changes of magnetite and 

is not caused by the geomagnetic field. A minor contribution to the high-coercive fraction 

of small amounts of high-coercive minerals other than the LT phase (e.g. hematite) cannot 

be excluded. 

In summary, the thermal demagnetization of ARM shows only a small contribution 

of the LT phase, although this contribution increases slightly with the applied alternating 

field. The contribution of the LT phase to the ARM is lower than to the NRM, whereas its 

contribution to the ISR is higher than to the NRM. 

The sediment under study, containing a LT and a magnetite phase, does not give 

bimodal ARM and ISR acquisition curves. The LT phase is not saturated in 2 T DC fields. 

Variations in the intensity of the magnetite correlate with variations in the low coercive 

fraction of the ISR, whereas they do not correlate with the high coercive fraction of the 

ISR. 

1000 

C 

" .... 
100 

0 
c: E 

..., 0.5 .= 
" N 

-
... 
c ~ 

0 ::::li 

E ... 10 

~ 0 
Z 

to 

>0.. 

1
 
0 50 100 150 '0
 

0.0 
100 1000b)' Gra 1ns 1ze in ~mAF Field In mT0) 

Fig. 6. (a) AF decay curves of ARM in synthetic specimens containing natural pyrrhotite of various grain 
size ranges. Closed circles denote EOR pyrrhotite. closed squares denote TlE pyrrhotite (See Dekkers, this 
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circles denote natural magnetite (HM4T; Hartstra, 1982), triangles denote natural maghemite (DKA, Dank
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6.3 Determination of the LTphase 

The fact that the LT phase alters completely upon heating to 360°C points to 

pyrrhotite (Schwarz,1975) and maghemite (Dankers, 1978). In figure 6a the results of the 

AF demagnetization of the ARM of some natural pyrrhotites is shown (Dekkers, 

Unpublished data). Figure 6b depicts the grain size variation of the Median Destructive 

Field of ARM (HI/2A) for natural magnetite, maghemite and pyrrhotite. All minerals show 

increasing H I/2A values with decreasing grain sizes. The magnetite and maghemite 

behaviour is similar; the HI/2A increase for pyrrhotite is more significant. Considering the 

H I/2A data for maghemite it is expected that an ARM acquisition in an alternating field of 

350 mT will saturate or nearly saturate small (say 1-5 micrometer) grains of this mineral. 

The thermal demagnetization data of ARM (fig. 5a) indicate otherwise; a pronounced 

bimodal thermal decay would be expected if the LT phase is maghemite. With regard to 

figure 6b, the quoted thermal demagnetization data of ARM makes sense if the LT phase is 

pyrrhotite. The ISR results for pyrrhotite (Dekkers, 1988) resemble the experimental 

results presented in the previous sections (High Hcr, ISR not completely saturated at 2T). 

Finally, in the studied specimens we observed a typical pyrrhotite characteristic: spurious 

remanences are produced when >80% of the remanence of the pyrrhotite phase is 

demagnetized with alternating fields (Schwarz, 1975). 

Given the present information, pyrrhotite is considered to be the most likely carrier 

of the LT phase. This mineral (most probably) is produced authigenically; chemical 

characteristics of sea water are such that it would oxidize detrital pyrrhotite. Post 

sedimentary or early diagenetic processes in the presence of organic matter encourage the 

formation of sulphidic minerals, which indeed are abundant in the sediment (Linssen, 

1984). Therefore, it is tentatively concluded that the LT phase is pyrrhotite. Low temperat

ure characteristics and % suggest that the grain size of the pyrrhotite and magnetite in the 

sediment is <5 micrometer. 

6.4 Implications 

King et al. (1983) developed a rockmagnetic test to discover whether magnetic 

remanence of a sediment can be related to paleointensity. Although this test is used by 

investigators working on sediments which are rockmagnetically similar to the sediment of 

the Trubi formation the experiments suggest that its use is not really justified because in 
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our view the fIrst condition of this test, namely that the dominant magnetic mineral should 

be magnetite, is not satisfied. 

In the range 2-20 urn, the XARM of natural pyrrhotite tends to increase with grain size 

(fIg. 7a). A maximum may be present near 20-30 urn. This trend is opposite to the trend 

observed for magnetite (King et al. 1983). In figure 7b the susceptibility data for pyrrhotite 

(Dekkers, 1988) and the above ARM data are combined in an XARM-X plot according to 

King et al. (1983). When these data are compared to the magnetite data of King it becomes 

clear that the presence of pyrrhotite biases the grain size of magnetite interpreted from the 

XARM-X diagram to lower values. The apparent variations in the concentrations of 

magnetite that are interpreted from the XARM-X plot can easily be influenced by variations 

in pyrrhotite content of the sediment. 

The obvious way to solve this problem would be to determine XARM and Xi after the 

alteration of pyrrhotite upon heating the specimens to 360°C. However, the experiments 

also provided evidence that small-grained magnetite has already been produced at this 

temperature. Kings' model may only be used when the contribution to XARM and Xi by the 

newly formed magnetite can be calculated or is proven to be minor. The correction for the 

presence of the newly formed small grained (say .01-5 urn) magnetite is problematical 
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since the grain size variation of the XARM carried by this magnetite is large (King et al., 

1983). 

The non-uniformity of mineral contents in this type of sediment prevents the 

successful use of standard tests for determining the paleointensities in sediments. 

Alternatively, to test whether one of the two phases is suitable for representing the ancient 

geomagnetic field intensity, one has to use rockmagnetic methods with which one can 

discriminate the two magnetic phases. Neither X nor ARM has such characteristics. 

7. Demagnetization procedures and analysis of demagnetization data 

Viscous behaviour of thermally treated specimens, due to the production of small SD 

magnetite grains with relaxation times of <100 seconds (Section 5.3; Linssen, 1984), was 

successfully suppressed by heating specimens for no longer than the time necessary to 

create a homogeneous «5°C) temperature distribution in the specimen and to cool the 

specimens rapidly with air. Heating times varied from 30 minutes at 100 °C to 20 minutes 

at 600°C. A homogeneous temperature distribution in a specimen is required to prevent 

unwanted smoothing effects in the demagnetization results caused by the removal of 

remanent magnetizations with different directions and thermal decay. Heating experiments 

with thermocouples in dummy specimens demonstrated that a temperature inhomogeneity 

in the specimens, at all temperatures, is never in excess of 5 °C after 20 minutes heating 

time. Funhermore, the temperature of the specimens as a function of the heating time was 

determined. At heating times of 20-30 minutes, the results of the experiments showed a 

maximum bias of 0-20 °C to lower temperatures (relative to the temperature indication of 

the furnace). 

Panial thermal remanent magnetization (PTRM) can be produced during cooling of 

the newly formed "sensitive" small SD magnetite in a non-zero «25 nT) magnetic field. 

The recognition of such a PTRM is imponant in this study since we are looking for (small) 

remanences with anomalous (transitional) directions. This PTRM could be recognized and 

accounted for since the position of the specimens in the furnace was varied and registered 

at each heating step. The magnitude of a PTRM in a specimen was never in excess of 

0.05 mAim. 

The large number of demagnetization data have been analyzed with an in-house 

developed interactive computer program that makes use of graphical projection routines. In 
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this program linear segments are "least-squares fitted" to data points selected by the opera

tor. The directions of these linear segments are employed to construct (Zijderveld, 1967) 

and calculate intensities. The interactive computer program displays demagnetization 

diagrams and decay curves and facilitates the calculation of the directions and intensities. 

The minor but indefinite viscous and laboratory induced remanences exceed the 

small measurement error of the cryogenic and spinner magnetometers. For this reason the 

demagnetization data were not weighted with the measurement error. The statistical error 

which was determined is the maximum angular deviation (MAD;Kirschvink, 1980). 

8. Reversal records 

The thermal demagnetization results are presented for the upper Thvera (UT), lower 

and upper Sidufjall (LS and US) and the lower Nunivak (LN) reversal records. The 

demagnetization results for the LS and LN records comprise the directions and intensities 

of the magnetite phase, whereas the results for the UT and the US records also include the 

demagnetization results for the LT phase. The LT phase records for the LS and LN revers

als have not yet been determined. The AF results will not be discussed in this paper. One 

should note that the magnetite and the LT phase records have inclination errors relative to 

NADF or RADF directions (section 5.2). The inclination error is about 10° for magnetite 

and probably less for the LT phase. The LT phase has a decay curve with a small temperat

ure interval of non-overlap with either the viscous component and the magnetite phase. 

Relative to the magnetite results, a high statistical error is produced if the limited number 

of demagnetization data points are least-squares fitted. 

For lack of a better method, the intensities of the magnetite and LT phase are 

compared with an ISR acquired in a 2 T field and beside, for the UT and US records, with 

the remanence which remains after a 300 mT AF demagnetization of the ISR (ISRAF). The 

ISR and ISRAF are considered to be related with the contribution to the primary component 

of respectively: LT phase+magnetite and LT phase (Section 5 and 6). The ISRAF records 

must be considered with caution since locally minerals with high coercive forces (e.g. 

hematite) may contribute to the ISRAF" One should also notice that the ISR fraction which 

remains after an AF demagnetization in a 300 mT field is small (<10%) relative to the 

initial ISR. 

The demagnetization results of specimens from sedimentary intervals near the 

boundaries between the RCU's and LCU's often do not answer to the criteria of section 
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5.3. For this reason they were omitted. 

The accumulation rate variation will be discussed in section 10. Prior to this 

discussion the duration of the observed directional and intensity variations will be given 

in cm. Table 2 provides an overview. 

Table 2 Durations of reversal features 

Reversal UT LS US LN 

a b a b a b a b 

LAnom. Intensities 26.0 26.0 1.3 1.9 5.0 7.7 2.1 4.0 
2.Anom. Directions 17.0 17.0 2.5 3.8 10.0 15.4 4.1 8.0 
3.Major declinations 1.0 1.0 0.6 1.0 0.5 0.8 0.3 0.7 
4.Major inclinations 3.0 3.0 1.3 1.9 2.0 3.1 2.1 4.0 

Table 2. Durations (in kyr) for observed changes (row 1-4) in the studied reversal records. Columns (a) 
denote durations relative to the accumulation rates from this study. Columns (b) denote durations calculated 
with accumulation rates from Zijderveld et al. (1986). 

8.1 upper Thvera polarity transition 

The length of the sampled and investigated sedimentary interval is 250 cm. It 

comprises two LCU's, one complete RCU and a lower part of another RCU. Figures 8a,b 

show the thermal demagnetization results for the magnetite and the LT phases respectively. 

Transitional magnetite and LT phase magnetizations related to the upper Thvera N-R 

reversal are observed in the lower RCU (43 cm) and in the upper LCU (78 cm). It should 

be noted that the directional changes in the LT phase record have higher amplitudes than 

those in the magnetite record. For both records similar directional changes seem to take 

place at identical sedimentary levels. Starting at the base of the lower LCU, the directional 

changes are as follows: the record starts with near NADF directions showing a slight 

oscillation. At the base of the lowermost RCV the directional changes observed in the 

declination record intensify. They are accompanied by a gradual steepening of the 

inclination in the interval from 55 to 75 cm. Subsequently, the inclination decreases to 

near-zero values in the interval from 75 to 95 cm. Above this interval the inclination re

turns to near NADF directions before it changes to negative values at the 106 cm level. 

Above the 106 cm interval the declination and inclination show a damped oscillation 
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which almost disappears at the 150 cm level. Above the 150 cm level only near RADF 

directions are observed. 

The magnetite and LT phase intensity records show lowered values between the 

50 cm and the 170 cm levels. A minimum intensity is present at the 106 cm level in the 

magnetite record and at 118 cm in the LT phase record. Both minima do not correlate with 

the ISR minimum at 110 cm. The records demonstrate that the minimum intensity is -5% 

of the maximum intensity. The LCU unit between 93 cm and 158 cm is characterized by 

fairly constant ISRAF values. The experiments which underlie figure 5d (AP decay curves 

of ISR) are made with specimens from the interval near the ISR minimum at the 110 cm 

level. The constant ISRAF values in this interval suggest that the minimum is caused by 

bulk-rockmagnetic changes (in concentrations and/or grain sizes) of magnetite. The 

intensity variation of the magnetite and LT phase in the lowermost RCU unit is somewhat 

obscured by bulk-rockmagnetic changes. Since the ISRAF values in this interval are high 

relative to the ISR values, one is led to the assumption that this maximum is caused by 

bulk-rockmagnetic changes of the LT phase. This correlates with the observation that the 

intensity decrease in the lower RCU is more significant for the magnetite record than for 

the LT phase record. 

8.2 lower Sidufiall polarity transition 

The sedimentary interval, containing the lower Sidufjall R-N reversal record, has a 

length of 50 cm. The record comprises the lowermost part of an RCU (fig. 9). A preceding 

investigation already ascertained the fact that the reversal is recorded in a small 

sedimentary interval. Therefore, this interval was sampled closely both with horizontally 

and vertically drilled cores. Figure 9 shows the thermal demagnetization results for 

magnetite. The demagnetization results for specimens (slices with a thickness of 0.9 cm) 

from the vertical core are connected by straight lines. 

The reversal is recorded as follows. In the interval between the 10 and 18 cm levels 

the inclination slightly steepens (from -40° to -60°) whereas the intensity increases -20%. 

At the 18 cm level the intensity starts to decrease. From the 20 cm to the 23 cm level the 

intensity decrease is accompanied by a change to eastward and steeply downward directed 

magnetizations. From the 23 cm to the 27 cm interval the intensity increases whereas the 

declinations and inclinations turn to near NADF directions. The intensity at the 10 and 

27 em level are nearly identical. The intensity minimum at the 23 em level is 20% of the 
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Fig. 9. lower Sidufjall reversal record for the magnetite phase. See also caption figure 8. 

intensities at the 10 and 27 cm levels whereas it is 15% of the intensity at the 18 cm level. 

The ISR is constant in the interval from the 17 to the 28 cm level. Note that the minimum 

intensity coincides with steeply downward directed magnetizations. 

8.3 upper Sidufiall polarity transition 

The investigated sedimentary interval has a length of 150 em, containing an RCU 

(104 cm) and an overlying LCU (46 c;m). The upper Sidufjall N-R reversal is recorded in 

the HCU. The thermal demagnetization results of the magnetite and the LT phase are 

depicted in figures lOa,b respectively. 

The reversal proceeds as follows. The record starts with near NADF directions. After 

an initial increase, the inclinations shallow near the 20 em level. Low inclinations are 

recorded in the interval between the 20 em and the 40 cm level. The lowered inclination 

values are accompanied by an intensity increase. 
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Near the 40 cm level the intensities decrease. The decrease is sudden and sharp in the 

LT phase record whereas it is gradual in the magnetite record. At the level where the 

intensities starts to decrease the magnetizations become more steeply downward directed. 

Again the change is rapid in the LT phase record and gradual in the magnetite record. Up 

to the 44 cm level the declination values show an increasing rate of variation. At the 44 cm 

level the declinations swing to near-south (magnetite record) and south-west (LT phase 

record). The declination returns to north near the 60 cm level. The sense of movement of 

the declination near the 40 and the 60 cm level suggests that the first swing is eastward 

directed, whereas the return is westward directed. 

The interval between the 42 cm and the 87 cm level is characterized by low 

intensities, steep downward directed magnetizations and a major variation of the 

declination. Concurrently with high inclinations, declinations are of course always poorly 

defined. In the interval between the 42 and the 87 cm level the variation of the inclination 

in the magnetite record is between 35 and 80°, whereas it is between 50 and 85° in the LT 

phase record. 

Between the 87 cm and 93 cm level the inclinations and declinations change to near 

RADF directions in both the magnetite and the LT phase records. However, in the interval 

from the 93 cm to 100 cm level the inclination again shallows. In the LT phase record the 

shallowing of inclination is accompanied by an intensity high. The intensity high is hardly 

observed in the magnetite record. At the 100 cm level the magnetization becomes steep 

upward directed. This change is more rapid in the LT phase record than it is in the 

magnetite record. In the LT phase record the steepening of inclination is accompanied by 

an intensity low. 

Above the hiatus in the record of demagnetization results the directions are close to 

the RADF, whereas the intensities tend to increase. 

The intensity records of the magnetite and the LT phase in the HCU are accompanied 

by constant or gradually changing ISR and ISRAF records. The ISRAF record of the LCU 

shows constant values, whereas the ISR record of the LCU shows strong variations (> lOx). 

The ISR variations at the top of the LCU somewhat obscure the observed intensity increase 

in that part of the magnetite record. However, the nearly constant ISRAF values of the LCU 

and the intensity increase in the LT phase record suggest that the increased intensities in 

the magnetite record are not (only) caused by bulk-rockmagnetic changes. 
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Fig. 10. upper Sidufjall reversal records for the magnetite (a) and LT phase (b). See also caption figure 8. 
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8.4 lower Nunivak polarity transition 

The sedimentary interval which was investigated has a length 150 cm. It contains an 

RCU (73 cm) and an LCU (87 cm). The lower Nunivak: R-N reversal is recorded in the 

RCU. Figure 11 shows the thermal demagnetization results for the magnetite phase. 

The directional and intensity changes which accompany the reversal are as follows. 

From the base of the record, where near RADF directions are observed, the magnetization 

becomes gradually more steeply upward directed (up to 50°). At the 42 cm level the 

inclination starts shallowing. Near the 53 cm level the inclination is zero. Between the 

53 cm and the 60 cm interval the magnetization becomes progressively more steeply 

downward directed. At the 60 cm level the mean inclination value is >70°. 

Above the 60 cm level the inclination shallows to near NADF directions. Near the 

60 cm level the declination record shows only one sudden change with no intermediate 

directions. The level at which this change occurs nearly coincides with the level at which 

the inclination becomes steep downward directed. The intensity record shows a "V" 

shaped intensity low. The intensity minimum is near the 56 cm level. The nearly constant 

ISR record from the 40 to the 80 cm level suggests that the intensity low is not caused by 

bulk-rockmagnetic changes. The minimum intensity is -10% of the intensity prior to and 

after the reversal. 

9. Virtual Geomagnetic Poles 

Figures 12 show the virtual geomagnetic poles (VGP's) for the demagnetization 

results from section 8. One should note that the results have an inclination error. As a result 

of this error the VGP's of the near RADF or near NADF directions are respectively near

and far-sided. The corresponding characters in the projections of the VGP's and in the 

records of demagnetization results relate specific directional features. 

Respectively, the VGP's of the upper Thvera record move: from a far-sided location 
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Fig. 11. lower Nunivak reversal record for the magnetite phase. See also caption figure 8. 

at 800 N (A), to the geographic pole (B), to a far sided location at 700 N (C) and back to the 

far sided location at 800 N (D). The westward declinations between the directional features 

(D) and (E) cause the VGP's to be confined to a great-circle -90° west of the site meridian. 

The oscillation (E-F-G) proceeds along the same great-circle. The directions become stable 

at a near-sided location at 700 S (H). 

The VGP's of the lower Sidufjall and the lower Nunivak record move: from a near

sided location at 700 S (A), to the geographic pole (B), to a near-sided location at 700 S (C), 

along a path 300 E of the site meridian (LS) or along the site meridian (LN) (D,E), to a 

location at the latitude of the site (F), to the geographic north pole (G) and at last to a far

sided location at 800 N (H). 

The VGP's of the upper Sidufjall move: from a far-sided location at 800 N (A), to a 

far sided location at 600 N (B), near a location on the site meridian at 300 S (C), to a 

location near the equator (D), back to a far-sided location at 800 N (E), to a near-sided 

location at the latitude of the site (F), to a near-sided location at 600 S (G), to a near-sided 

location on the site meridian at 600 S (H), to a location near the antipodal site (I), and at last 

to a near-sided location at 700 S (H). 
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10. Discussion 

Sedimentary reversal records are formed during a period of high geomagnetic field 

variation per unit time. Reports on depositional realignment (Tucker,1980) and smoothing 

(Hoffman and Slade,1986) provide valuable information about the acquisition of 

remanence in sediments. The synthetic records in these reports have been actually 

observed. For instance, Tauxe and Badgley (1984) found four magnetic phases in red beds 

Lowe r Nun i Yak 

Upper 

Fig. 12. Virtual geomagnetic poles of the reversal records in Aitoff projections of the earth centred around 
the site meridian. Character refer to corresponding labeled directions in the reversal records (fig. 8-11). 
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each with a different timing of remanence acquisition giving delayed transitional paths for 

these phases. 

In the present study we observed a different behaviour for the two magnetic phases 

that comprise the primary component (Section 5.2, 5.3,8.1 and 8.3). Different directions 

are observed during periods of stable polarity and of polarity reversal. In view of the 

directional records of magnetite and the LT phase of the same reversal in which 

corresponding directional changes occur at the same sedimentary level, one is led to the 

conclusion that these phases do not produce significantly delayed records. 

However, the same records demonstrate convincingly that the directional variations 

of the LT phase exceed those of the magnetite phase. It is therefore tentatively concluded 

that the remanences of the LT phase produce a less smoothed record of geomagnetic field 

behaviour than the remanences of the magnetite phases. 

Each of the sampled polarity transition records resides for the greater part in a 

specific HCU or LCU. In order to make a more realistic estimate of the duration of the 

sampled polarity transitions one needs to have knowledge of the accumulation rates of the 

HCU's and LCU's separately. The accumulation rates were estimated by comparing the 

accumulated thicknesses of the HCU's and LCU's (provided by Zijderveld and corrected 

by the author for the exact location of each reversal record) with the known durations of 

the adjacent polarity intervals. In this section, the mean accumulation rate for a polarity 

interval gradually decreases with increasing age. One can calculate mean accumulation 

rates for the HCU's and LCU's in adjacent polarity intervals if the assumption is made that 

the accumulation rates of the HCU's and of the LCU's are constant (two equations and two 

unknowns). If this method is performed on all neighbouring polarity intervals, the result is 

a moving average of the accumulation rate. 

Minor variations in the accumulation rate will be smoothed in the moving averages 

of the accumulation rate. However, an overall trend in the accumulation rate will be 

unaffected. The method has not been used with the Sidufjall subchron and the overlying 

reversed polarity interval since the mean accumulation rates in these polarity intervals are 

too distinct to yield realistic estimates. 

The results are depicted in figure 13. It appears that the increase in the accumulation 

rate from 4.9 to 7.6 cm/kyr is due to an increase in carbonate influx. This caused the 

accumulation rate of the HCU to dominate the increase of the accumulation rate of the 
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Fig. 13. Accumulation rates for 6 successive polarity subzones from the Gilbert Chron (thin solid line). The 
normal polarity intervals are indicated (in the inset) as T (Thvera), S (Sidufjall) and N (Nunivak). The 
calculated mean accumulation rates for the HCU (closed boxes) and the LCU (open boxes) in two successive 
polarity intervals have been least-squares fitted (thick solid lines). 

LCU by a factor 3 during the time interval between the UT and the LN reversal. The 

accumulation rates of the sediment containing the reversal records were obtained from a 

least-squares fit of the calculated HCU and LCU accumulation rates; although these values 

will probably not be absolutely accurate they are thought to be more realistic than those 

corresponding to the duration of the polarity intervals and total (HCU+LCU) sediment 

thicknesses. 

This approach is supported by the fact that the lengths of the quite similar 

lower Sidufjall and the lower Nunivak reversal records, which are both recorded in a HCU, 

are different by a factor three. The durations of these reversal records are identical if the 

above-described method is used to calculate the accumulation rates. 
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The durations of the directional and intensity changes related to the reversals records 

(section 8) are produced in table 2. The durations which were calculated from the 

accumulation rates of Zijderveld et al. (1986) as well as the durations calculated from the 

above described method are given. It should be noted that the duration of the major 

directional changes that give rise to a change in magnetic polarity take place in very short 

time intervals. This time interval is shortest for the change in declination for the three 

youngest reversals. 

A comparison of the four studied reversal records demonstrates the high degree of 

similarity between the two R-N reversals records (LS and LN). The points of differences 

between the LS and LN reversal are the moment at which the intensity minimum is 

observed and the sense of movement in the declination records. The LS record suggests an 

intensity low at the moment when the inclination is nearly vertical, whereas the LN 

suggests an intensity low at the moment when the inclination is near zero. It is hoped that 

further investigation (e.g. production ofLT phase records and ISRAF records) will provide 

information that indicates whether this effect is real or is produced during the remanence 

acquisition. The declination record of the LS reversal suggests an eastward sense of 

movement (rapid and late in the record) whereas no intermediate declinations are observed 

in the LN record. 

The UT reversal record shows a number of directional oscillations. During these 

oscillations there is an intensity low. A second short-period intensity low is observed at the 

level where the inclination changes sign. It is not clear whether this second intensity low is 

real or is caused by rockmagnetic changes. 

The USAeversal record seems to be most complicated. The record shows a 

characteristic phenomenon: a shallowing of the inclination accompanied by an intensity 

high and a subsequent steepening of the inclination accompanied by an intensity low. This 

feature is also observed above the major directional change (actual reversal?). There seems 

to be some kind of symmetry between these directional and intensity changes. 

When the dipole field is absent for a long period of time, as seems to be the case in 

the upper Sidufjall transition, the record of the (steeply downwards directed) remaining 

field suggests a westward trend. 
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The projections of the VGP's calculated from the intermediate directions 

demonstrate that all directional changes in the reversals, including the rebounds, are 

confined to a path along a specific great-circle. For the UT reversal this path is along a 

great-circle -900 W of the site meridian implying a non-zonal transitional field. The LS 

reversal is zonal with a minor contribution of non-zonal terms. The US reversal shows 

major directional changes in the vertical plane but the directional changes in the horizontal 

plane are either near south or near north; it indicates a mainly zonal transitional field 

behaviour. The LN reversal is clearly confined (within 30°) to the site meridian and again 

suggests the presence of a zonal transitional field geometry. One is led to the conclusion 

that there is a trend in the dominance of the zonal field. The zonal field seems to be less 

significant in the UT record whereas it is most dominant in the LN record. 

The rebounds from the UT and US reversals are quite similar to the "stop and go" 

movements observed in the Steens Mountain record (Mankinen et aI., 1985; Prevot et aI., 

1985). 

The phenomenological "standing field" model of Hillhouse and Cox (1976) and the 

"flooding" model of Hoffman (1977,1979) provide transitional field geometries. The 

standing field model is based on the assumption that the dipole field decays and is 

subsequently rebuild in the opposite sense while a standing field remains. The standing 

field may be zonal and/or non-zonal. In the flooding model it is assumed that the reversal 

process is initiated at localized point in the fluid core and then floods through the rest of 

the core. The flooding model assumes zonal transitional fields although moderate non

zonal terms can also be incorporated. The standing field model predicts identical VGP 

paths for successive polarity transitions from the same site. 

Identical VGP paths for successive reversal records in the flooding model imply that, 

1) in case of an octupolar transitional field, the reversal process in one of the two identical 

transitions is simultaneously initiated in different hemispheres of the core or, 2) in case of a 

quadrupolar transitional field the reversal process is initiated in one region but in different 

hemispheres of the core. 

Regarding the sequence of four reversal records as a whole, neither the flooding 

model nor the standing field model easily fits the results. The flooding model does not fit 

the results since the UT reversal seems to be dominated by non-axisymmetric terms. 

The standing field model only fits the results if it can be assumed that the standing 

field changed from zonal to non-zonal between the upper Thvera and the lower SidufjalL 
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The descriptive zonal hannonic model of the Matuyama-Brunhes (R-N) reversal 

provided by Williams and Fuller (1981) fits the LS and LN (R-N) reversal records. For the 

latitude of Calabria the model predicts 1) a "V" shaped intensity low which is -10% of the 

original field and 2) high inclinations late in the reversal (after the inclination changed 

sign). Clement and Kent (1984,1985,1986) report records of the upper Olduvai (N-R) and 

lower Jaramillo (R-N) reversals. The records are from sedimentary deep-sea cores from 

southern and northern latitudes. They suggested that during these reversals a standing field 

was present with a hannonic content which was slightly different compared to the 

Matuyama-Brunhes reversal. Actually, the energy distribution to the different zonal terms 

was identical, they merely changed the signs of the zonal Gz and G4 terms. No reversal of 

the zonal G3 term was observed. In doing so, the inclination record for different 

hemispheres mirrors with respect to the horizontal plane. The observation in the present 

study of a set of older reversals with a harmonic content nearly identical to the Matuyama

Brunhes reversal leads to the speculation that one or more of the low-order even zonal 

terms reverses polarity on a time scale larger than the dipole field. The above quoted 

reversal records span a period of -3 million years. It should be noted that the zonal 

hannonic contents of the upper Olduvai and lower Jaramillo reversal records provided by 

Theyer et al. (1985) and Herrero-Bervera and Theyer (1986) are different from the records 

provided by Clement and Kent. Within the context of the zonal hannonic approach there is 

no explanation for these differences. 

It is expected (Bogue and Coe, 1984) that a zonal reversal process which is 

dominated by quadrupolar terms gives records in which the intensity decrease is strongly 

latitude dependent (near 45% of the original field at 0° latitude and near 35% at 35° : the 

latitude of Calabria). The relation between latitude and paleointensity in a reversal is nearly 

absent when octupolar terms dominate the reversal process (near 20% of the original field 

intensity for all latitudes). 

The observed intensity minima in the studied reversal records range from 5 to 15% of 

the intensities that are observed at the onset of the reversal. If we consider that the relative 

intensity decreases are related to the paleointensities, then the records argue for a 

dominating presence of octupolar or even higher-order terms. 
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Bogue and Coe (1982,1984) report results of a study of two successive (R-N-R) 

reversal records in lavas from Kauai, Hawaii, with a K-Ar age of 4.5 to 5.6 Myr for the R

N transition. This age corresponds either to the succession lower Thvera, upper Thvera 

transitions or to the succession formed by the last normal subchron of Chron 5. Since the 

K-Ar dating method may easily yield errors of 0.1 Myrs for these ages (Mankinen & 

Dalrymple, 1979), the Kauai results may also correspond to the lower and upper Sidufjall 

successions. 

The Kauai results strongly suggest near-sided axisymmetric geomagnetic field 

behaviour during both polarity transitions. The Calabrian upper Thvera reversal is non

axisymmetric and consequently does not fit the Kauai results. The Calabrian 

lower Sidufjall reversal has a slight offset from an axisymmetric transitional field, whereas 

the upper Sidufjall reversal is, on the whole, axisymmetric. On the base of this information, 

the Kauai records might fit the Calabrian LS and US records. However, the paleointensity 

study for the Kauai R-N reversal, which provides evidence for a two stage intensity 

decrease, does not fit the Calabrian LS results. 

Since the studied reversal records appear to have intrinsic features which are unique, 

it seems worthwhile considering whether they can be used as dating tools for this region. If 

more remote records of these reversals become available and if they can be generalized, it 

might be possible to use reversal records as dating tools on a world-wide scale. 
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Chapter In 

A succession of five early Pliocene geomagnetic reversal records from the 
Mediterranean. 

1. Introduction 

A detailed magnetostratigraphic study of the Lower Pliocene Trubi formation 

correlated the sedimentary succession exposed in the Monte Singa composite section 

(fig. 1; 38°15'N, 16°12'E) to the geomagnetic polarity time-scale (Zijderveld et aI., 1986). 

It was shown that the base of the Monte Singa composite section starts at the Miocene

Pliocene boundary, just below the Thvera subzone and that the top of the section extends to 

the reversed polarity zone above the normal Cochiti subzone. The ages of the lowermost 

and uppermost part of the section are 4.9 and 3.9 Ma. 

The preliminary results of the lower four successive geomagnetic reversal records 

exposed in the Monte Singa section have been reported earlier (Linssen, 1988): the oldest 

reversal in this succession is the upper Thvera, the overlying reversals are respectively the 

lower and upper Sidufjall and the lower Nunivak. The reversals occur in the Gilbert chron 

and cover a time-span of 0.33 Ma. The four successive reversal records show that the 

major directional changes of the polarity transitions occur within a short time span of 0.5

2.5 kyr (Linssen, 1988). 

Fig. 1 Location of the Monte Singa section in Calabria (S.Italy). 
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In the present paper the results of the upper Nunivak reversal record from the same 

Monte Singa section are reported. In addition, the four preceding reversal records (Linssen, 

1988), including some new data, are reviewed and discussed. 

2. Geology and sampling 

The marine sediments from the Monte Singa section are pan of the Lower-Pliocene 

Trubi formation. The sedimentary succession is composed of rhythmic alternating layers of 

marls with high- and low-carbonate contents which are denoted as high- and low-carbonate 

units (RCU and LCU) respectively. The base of a rhythmite is placed at the base of a LCU 

(Hilgen, 1987). The layer thickness of the individual units is laterally constant on the scale 

of the exposure and the layer thickness of the different units varies from 0.1 to 1 meters. 

The bedding tilt in the Monte Singa section is uniform: 6° SSE. 

On the basis of the magnetostratigraphic data from Zijderveld et al. (1986), the 

accumulation rate of the sediment in the Monte Singa section was shown to increase from 

Table 1. Accumulation rates of sediment near the geomagnetic reversal records 

Reversal Unil MgnStr Precession 

(1) (2) 

lower Thvera HCU&LCU 4.8 3.4 3.7 
upper Thvera LCU 5.1 5.8 5.2 
lower Sidufjall HCU 5.0 6.3 5.4 
upper Sidufjall HCU 6.3 8.3 9.6 
lower Nunivak HCU 7.6 10.1 7.5 
upper Nunivak HCU 8.1 9.2 8.4 

Table 1. Accumulation rales for the sediment from the Singa section near the geomagnetic reversal records. 
The column "Unit" denotes whether the main part of the reversal is recorded in a HCU or LCU. The 
accumulation rates in the "MgnStr" column are calculated with the magnetostratigraphic data ofZijderveld et 
al. (1986) and are corrected for the exacllocation of each reversal record (Linssen, 1988). The accumulation 
rates from the "MgnStr" column are calculated by taking the average accumulation rate of the underlying and 
overlying polarity zones. The "precession" column results if it is assumed that the deposition of each HCU 
and LCU pair took place in 21.7 kyr, the average precession cycle. In the latter calculation two values are 
given since it is unknown with which of the neighbouring units the 21.7 kyr set is formed; column 1 (2) 
represents the combination with the lower (upper) unit. Lower Thvera data are obtained from unpublished 
data of the author. 
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5.0 cm/kyr for the Thvera subzone to 8.6 cm/kyr for the topmost part of the section. For the 

Nunivak subzone and the reversed subzone above the Nunivak the average accumulation 

rates are respectively 7.5 and 8.6 cm/kyr. The average value of 8.1 cm/kyr is a 

straightforward approximation of the accumulation rate of the upper Nunivak reversal 

record. The origin of the rhythmites is believed to be related to the precession cycle of the 

Earth's orbit (Zijderveld et aI., 1986; Hilgen, 1987; Hilgen and Langereis, 1989), which 

has an average periodicity of 21.7 kyr. According to this hypothesis the accumulation rate 

of the HCU sediment enclosing the upper Nunivak reversal record is in the range 8.4

9.2 cm/kyr (table 1). 

The upper Nunivak reversal record was sampled twice: in 1986 and 1987. The 1986 

and 1987 sampling tracks are separated by a distance of 2 metres and have a stratigraphic 

length of respectively 80 and 25 cm. The position of the 1986 and 1987 records with 

respect to the lithology of the sediment is depicted in figure 10 and 11. The results of the 

1986 sampling accurately located the upper Nunivak reversal. The actual reversal was 

shown to occur in a sedimentary interval of approximately 10 cm in a HCU with a 

thickness of 1.04 em. The purpose of the 1987 sampling was to obtain more details of the 

upper Nunivak reversal record and special care was taken to acquire a high resolution and 

accurate stratigraphic control in the short reversal record. 

Methods 

Before sampling, the weathered surface of the sediment was removed in order to 

obtain fresh (blue coloured) sediment. The sampling equipment consisted of a water cooled 

electric drill powered by a generator and brass drilling cores, one inch in diameter. Both 

records were sampled from a grid of lines parallel to the bedding plane. The grid was 

marked on a plane which was cut nearly perpendicular to the bedding plane. The 1986 

record was sampled with 3 or 4 cores per sampling level with a spacing of 2.5-5 em. The 

1987 record was sampled with 1 core per sampling level with a spacing of 1 em. The cores 

were cut to specimens with a standard length of 22 mm. In order to obtain a better 

resolution of the reversal record, some of the cylindrical specimens were split into halves 

approximately parallel to the bedding plane. The exact position of each specimen was 

calculated incorporating both the orientation of the core and the bedding plane, the width 
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Fig. 2 Stepwise thenna! decay curves of IRM acquired in a 2 T field. Demagnetization takes place just below 
600 °C which indicates that magnetite is the dominant carrier of the IRM. 

of the saw and the position of the specimen in the original core. The accuracy in sample 

position is better than 1 cm in the 1986 record and better than 0.5 cm in the 1987 record. 

Stepwise progressive thermal demagnetizations were performed in tunnel furnaces 

with mu-metal shielding; the alternating field demagnetizations were done using a 

stationary holder (Zijderveld, 1967; Dankers and Zijderveld, 1981). Thermal 

demagnetization procedures were focussed on the suppression of laqoratory induced 

viscous magnetizations due to the growth of superparamagnetic magnetite during heating 

to temperatures above 360 °C (Linssen, 1988, chapter 4). In addition, a partial thermo

remanent magnetization (PTRM) may be acquired by newly formed (pseudo) single 

domain magnetite in the low intensity magnetic fields ambient in the furnace, but 

minimizing the heating and cooling times of the specimens is successful in suppressing 

these effects to a large extent (Linssen, 198~). In the present study, the magnitude of a 

laboratory induced PTRM component was never in excess of 0.05 mAim. 

All measurements of the natural remanent magnetization (NRM) were made with a 

2G-Enterprises cryogenic magnetometer having a sensitivity of 10-11 Am2
; the 

reproducibility of the measurements is better than 1° for magnetizations exceeding 10

9Am2
. Analysis of the considerable amount of demagnetization data was done with the help 

of an in-house developed interactive and graphics-based computer program. Directions of 

the remanent magnetizations were calculated by means of least squares analysis (Kirsch

vink, 1980). 
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Continuous measurements of magnetization during heating were performed with a 

fluxgate spinner magnetometer; the temperatures of the specimens are controlled in a 

water-cooled furnace. Susceptibility measurements have been determined using an AC 

bridge (KLY-l). 

3. Rock magnetism of the upper Nunivak record 

The magnetomineralogy of the Monte Singa Trubi sediment has been investigated in 

detail and is the subject of a separate paper (Linssen, 1988; chapter 4). It was found that 

the characteristic remanent magnetization (ChRM) and IRM are carried by pyrrhotite and 

cation-deficient (CD) magnetite. The remanence of pyrrhotite is removed below 360°C 

and the remanence of CD magnetite is removed below 580-620 °C (Heider and Dunlop, 

1986). The (pseudo) single domain magnetite grains are 0.1-0.2 micrometer in the HCU's 

and less than 0.1 micrometer in the LCU's. The single domain pyrrhotite grains are smaller 

than 2 micrometer; no evidence has been found that the grain size of pyrrhotite is 

substantially deviant in the HCU or LCU. The average concentration of magnetite is 

approximately 5 ppm in the LCU and 20 ppm in the HCU, the average concentration of 

pyrrhotite is approximately 40 ppm in the HCU and 670 ppm in the LCU. 

Above the upper Nunivak: (N-R) reversal record the intensities of the natural reman

ent magnetization (NRM) rapidly decrease to values which are more than an order of 

magnitude lower than the intensities in the underlying sedimentary interval (Zijderveld et 

aI., 1986). The origin of this decrease of the NRM intensity and the homogeneity of the 

magnetomineralogy in the upper Nunivak: reversal record are the subjects of the present 

rockmagnetic investigation. 

3.1 Thermal demagnetization oflRM 

Specimens obtained from a HCU on either side of the level at which the NRM 

rapidly decreases have a maximum blocking temperature of 580°C (figs. 2,3). This 

indicates that magnetite is the dominant magnetic mineral in the HCD. The specimens 

obtained from the interval below the NRM drop level show a component with TB-150 °C 

during a continuous thermal demagnetization cycle to 360°C (fig. 3). This component is 

absent in the results of a second heating cycle of the same specimen with a new IRM2T, 

indicating that its carrier is altered below 360°C. A likely carrier of this component is 
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goethite (see Dekkers, 1988). The same component is not observed in the levels above the 

NRM drop level, nor was it observed in the lower part of the Monte Singa section 

(Linssen, 1988; chapter 4). 

The contribution of pyrrhotite to the IRMzT in HCV specimens from the lower part of 

the Monte Singa section has been assessed at 10%. However, in samples from the 

upper Nunivak record an increased decay between 330-360 °C, attributed to the presence 

of pyrrhotite (chapter 4), is not observed (figs. 2,3). Apparently, in that HCV interval the 

pyrrhotite contribution to the IRMzT is below the detection limit. 

M 
o 200 JOO 400 ~oo 100 

Ttlmplilrature in DC 

Fig. 3 Continuous thermal demagnetization of IRM in a two-step procedure. First the specimen acquires IRM 
in 2 T and is demagnetized at a maximum temperature of 360°C (curve denoted "1"). Then the specimen 
again acquires an IRM and it is heated until no significant remanence is left (curve denoted "2"). All 
intensities have been normalized with respect to the initial IRM before the fIrst heating cycle. Specimen 
PS6.7.3B (IeveI17.3 cm) and PS6.27.3A (level 48,4 cm) were obtained on either side of the stratigraphic 
level at which the NRM intensity drops. The decay curve of the first heating cycle shows no evidence for the 
pres~nce of pyrrhotite. Magnetite (T -578°C) is the dominant magnetic mineral carrier ofIRM in these 

B
specimens. 

3.2 Records 0/ rockmagnetic parameters 

Records of rockmagnetic parameters provide insight in the origin of the ChRM 

intensity changes, i.e. they help to determine whether these intensity changes are 

introduced by rockmagnetic changes or by paleointensity variations. The variations of the 

susceptibility, IRMzT and the related remanent coercive force (HCR) in the 1986 and 1987 

upper Nunivak records are shown in figure We and lIe. 

The initial susceptibility shows virtually no variation (fig. We). The Monte Singa 

54 



A succession offive early Pliocene geomagnetic reversal records from the Mediterranean 

Trubi consists of calcite, clay minerals (predominantly kaolinite and illite) and quartz. The 

estimated concentration of these minerals is respectively 55, 35 and 10% by weight 

(chapter 4). This mix of minerals produces a susceptibility of at least 80.10-6 SI (e.g. 

Collinson, 1983), predominantly detennined by the clay minerals. Hence, the matrix 

susceptibility is 67% of the average susceptibility of 120.10-6 SI. As a consequence, the 

rockmagnetic variations in the sediment will not be fully expressed by the susceptibility. 

Of course, the buffering effect of the clay-mineral matrix also affects the validity of rock

magnetic methods which make use of the susceptibility parameter. For instance, the XI 
IRM (Dankers, 1978) and X/XARM (King et al.,1982) ratios characterize the grain size 

distribution of dispersed magnetite. However, the values of these parameters in marine 

sediments may not be compared to experimentally derived values without correcting for 

the unknown variation of the clay-mineral susceptibility. It follows that for the present 

sediment the remanent magnetic parameters provide a more solid basis for the 

interpretation of ChRM intensity changes. 

The IRM2T and HCR values of LCU samples heated at 360 °C are virtually identical 

to the corresponding values of the unheated samples (fig. We). The absence of the typical 

I~T and HCR decrease, due to the alteration of pyrrhotite at 360 °C, indicates a small 

contribution of pyrrhotite remanence in the LCU. This is in contrast to the LCU' s of the 

lower parts of the Monte Singa section (Linssen, 1988; chapter 4). It is concluded that 

magnetite is the dominant magnetic mineral in the upper Nunivak record, both below and 

above the NRM drop level and in the HCU and LCU. 

The IRM2T maximum below the NRM drop level and the decrease of I~T and HCR 

are related to the lithological change at the HCU/LCU boundary (fig. We). The NRM drop 

level at 45 cm is not only characterized by a ChRM decrease of an order of magnitude, but 

also by an IRM2T intensity increase of an order of magnitude. The coincidence of the 

ChRM intensity decrease and the IRM2T increase indicates that the origin of the ChRM 

intensity change is not related to a variation of the paleomagnetic field intensity, but rather 

to a rockmagnetic change of magnetite. However, variations in either grain size or 

concentration of magnetite affect the ChRM and IRM in the same sense, which is 

incompatible with the observations. A possible, but tentative explanation for this 

discrepancy is that above the NRM drop level, in contrast to the interval below this level, 

the IRM and ChRM are carried by different parts of the magnetite grain size spectrum. 
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composite ChRM component (>210 0C). [B] Specimen UNC.138.A comes from an HCU interval above the 
upper Nunivak reversal record. The diagram shows a large secondary and viscous component and a small 
ChRM component. [C] Specimen UTC.45.IA comes from an HCU interval above the upper Thvera reversal 
record (cycle 16). The composite ChRM component is dominated by the high-temperature magnetite compo
nent. [D] Specimen USC.096A comes from an LCU interval above the upper Sidufjall reversal record (cycle 
23). The composite ChRM component consist of a low-temperature component (210-360 0c) and a high
temperature (cation-deficient) magnetite component (480-640 0C). [E,F] Specimen LSC.24.2A comes from 
an HCU interval in the lower Sidufjall reversal record (cycle 20). The enlargement [F] of the 
demagnetization diagram shows the medium-temperature component (360-480 0c) with, what appears to be, 
a reversed direction. 
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4. Demagnetization and directions of the stable ChRM 

The NRM of specimens from the lower part of the Monte Singa section reflect two 

components with a characteristic remanent magnetization: Between 210 and 360 °C a 

pyrrhotite (low-temperature, LT) component is demagnetized and above 480°C a 

magnetite (high-temperature, HT) component is demagnetized (fig. 4; Linssen, 1988; 

chapter 4). The secondary and viscous components are removed below 210 °C. The 

intensity of the secondary component demagnetized below 210 °C is small in the lower 

part of the Singa section (fig. 4 [A]; Linssen, 1988), but is relatively large for the sediment 

enclosing the upper Nunivak reversal (fig. 4 [B]). The ChRM components are easily 

distinguished from the secondary and viscous components by their maximum blocking 

temperature, but also by the fact that the ChRM direction is subject to an inclination error 

of 15 to 20° (See also Zijderveld et aI., 1986; Linssen, 1988). 

An additional medium-temperature (MT) component may sparsely be observed in the 

temperature trajectory between 360 and 480°C. The MT component is only recognized as 

an additional component if its direction is clearly different from those of the LT and HT 

components. In a few cases the MT component has reversed directions at levels where the 

LT and HT components have normal directions (fig. 4 [E and enlargement F]). In this 

study, the presence of the MT component could only be demonstrated in small HCU inter

vals of the lower and upper Sidufjall reversal records. The presence of multiple deviant 

ChRM directions at a single stratigraphic level can be explained by a delay between the 

timing of remanence acquisition of the magnetic minerals. An alternative explanation for 

the presence of the MT component comes from the observed increase of IRM2T between 

360 and 480°C (chapter 4), attributed to magnetite production during heating. The 

increase of the intensity of remanence carried by magnetite may yield an artificial reversed 

component. As a result of the sparse occurrence of the MT component in the Monte Singa 

section and the inconsistent relations between the MT component on the one hand and the 

pyrrhotite (LT) and magnetite (HT) components on the other hand, insufficient information 

is available to conclude about the origin of the MT component, or to conclude about the 

relation between the MT component and the other components. 

To avoid problems with the interpretation of the intensities of the LT, MT and HT 

components the demagnetization data have been split in three groups of quasi blocking 

spectra with fixed start- and end-points: The demagnetization data between 210 and 
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360 °C, supposed to represent the ChRM carried by pyrrhotite (if present); the 

demagnetization data between 360 and 480°C, supposed to represent the magnetization 

carried by the medium temperature component (rarely present) and the demagnetization 

data above 480 °C, supposed to represent the ChRM component carried by magnetite 

(always present). The linear components present in the three temperature trajectories, 

whether or not representing true LT, MT or HT components, have been determined and 

reported for all five reversal records. 

The non-transitional directions of the ChRM carried by magnetite for the complete 

Monte Singa section are depicted in figure 5 and listed in table 2. The inclination error 

with respect to the local geocentric axial dipole field (57°) corresponds to 

tan 10 = 0.52. tan ~ (King et aI., 1955; Verosub, 1977; Blow and Hamilton, 1978; Anson 

and Kodama, 1987), in which 10 and If are respectively the ChRM inclination and the 

geocentric axial dipole field inclination. The stable normal and reversed ChRM directions 

for the complete Monte Singa section, respectively 4.2° and 191.0°, yield an average 

declination of 7.60 This deviation indicates that the sedimentary succession has rotated • 

7.60 clockwise after its deposition. Furthermore, the stable directions of the ChRM are not 

antiparallel; i.e. a 6.80 offset is present. This offset is attributed to non-zonal geomagnetic 

field components. 

The average reversed non-transitional ChRM direction in the upper Nunivak record 

is statistically identical to the corresponding direction reported for the other reversal re

cords (table 2). The average normal non-transitional direction is different: it is steeper and 

more northward directed. Hence, it is concluded that the onset of the upper Nunivak 

reversal is not completely recorded in the sampled interval. 

Table 2 ChRM directions 

Polarity Decl. Incl. a
95 

Complete section reversed 191.0 -38.5 1.3 
nonnal 4.2 39.9 1.7 

upper Nunivak record	 reversed 194.4 -43.9 7.6 
nonnal 359.6 52.1 1.8 

Table 2. Average ChRM directions of magnetite in the sedimentary intervals adjacent to the upper Thvera, 
lower and upper Sidufjall and lower Nunivak records and the average non-transitional ChRM directions in 
the sedimentary inlervals adjacent to the upper Nunivak record. The correction for the bedding tilt has been 
applied. The average directions were calculaled with Fisher (1957) statistics. 
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ChRM directions 

upper Nunivak (1986) 

I 
:.• .., • 

o 

o 
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Fig. 5 Non-transitional ChRM directions of the upper Nunivak record in equal area projection. The thin ovals 
represent the angles of confidence calculated according to Fisher (1957). 

5. Five sequential reversal records 

5.1 The upper Thvera, lower and upper Sidufjall and lower Nunivak reversal records 
revisited 

The preliminary results of the upper Thvera, lower and upper Sidufjall and 

lower Nunivak reversal records have been reported previously (Linssen, 1988). An 

extension of the data set, the subdivision in quasi blocking temperature spectra and a 

recalculation of the stratigraphic position of the specimens incorporating the position of all 

specimens in the original drilling core have provided a more detailed picture of these 
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Fig. 6a Thermal demagnetization diagrams for specimens from the upper Thvera reversal record. See also 
caption fig. 4. 

reversals (figs. 6,7,8,9; table 3). 

The upper Thvera N-R record has been sampled in a sedimentary interval of 200 em, 

enclosing two LCU/HCU alternations. The HT (magnetite) and the LT (pyrrhotite) 

components are both well defined in the upper Thvera record (fig. 6a). The 360-480 °C 
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component has the direction of the HT magnetite component (fig. 6<1); probably this com

ponent corresponds to the 360-480 °C temperature range in the blocking spectrum of the 

HT component, rather than to an additional MT component. 

The multiple lithological changes in the upper Thvera record complicate the 

observation of transitional directions of the reversal. Each of the lithological changes may 

introduce anomalous directions which are not directly related to the reversal. For instance, 

the reversed directions and the rapid intensity decrease of the LT and HT components close 

to the 48 cm unit boundary indicate an early remagnetization (fig. 6a [B),b,c,d), the normal 

directions and the rapid intensity decrease at the 146 cm level indicate. a late, possibly 

secondary, remagnetization (fig. 6a [H),b,c,d). The changes are most prominent in the 

record of the HT component, although they are also noticeable in the record of the LT 

components. 

Transitional directions of the upper Thvera reversal are observed immediately above 

the lithological change at the 48 cm level and continue to the 120 cm level. The actual 

upper Thvera reversal has its centre between the 90 and 100 cm levels; in this interval the 

largest directional changes are observed. Apart from the directional changes at the actual 

reversal, additional oscillations are present below (inclination: 60-80 cm) and above 

(declination, inclination: 100-120 cm) the actual reversal. Close to the lithological 

boundary at the 90 cm level the LT and HT c()mponents have different directions, i.e. the 

HT magnetite component is biased to present-day field directions, whereas the LT compo

nent shows transitional directions. It is plausible that these differences are caused by rock

magnetic changes of the carrier of the HT component accompanying the lithological 

change at the unit boundary. 

The lower Sidufjall R-N reversal record is one of the least complicated records in the 

Monte-Singa section. It is recorded in the middle of a HCU and shows no significant 

variation of rockmagnetic parameters (fig. 7), or geochemical parameters (chapter 4). The 

MT and the LT component are not well developed in the lower Sidufjall record; the 210

480°C temperature trajectory is dominated by the corresponding interval in the blocking 

temperature spectrum of the HT component (fig. 7a,c). Above the reversal a few specimens 

with low intensity MT components and reversed directions are observed (see also 

fig. 4 [E,F]). 

Properties of the actual lower Sidufjall reversal (fig. 7b,c) are the very rapid 

directional transition, the slightly increasing inclinations prior to the reversal and the steep 

inclination maximum after the reversal. Furthermore, the intensity minimum, down to 10% 
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Fig. 6 upper Thvera reversal record of (b, left below) LT component, (c, left above) HT components and (d, 
above) of all (LT, MT and HT) components. Directions and intensities of the components are represented by 
circles in five different sizes related to quality of the demagnetization; the largest size corresponds to an 
excellent quality component, the smallest size corresponds to a low quality component. The vertical dashed 
lines in the declination and inclination records indicate the geocentric axial dipole field directions (including 
an inclination error tan I = 0.52 . tan I). The column between the inclination and declination record re
present the lithology; theindurated part represents the HCV, the less-indurated part represents the LCU. In 
the intensity record the squares denote the IRM acquired in 2 T, diamonds denote H values (* 10

2
) and 

triangles denote initial susceptibilities (in 10-
2 

Sl). The corresponding bold symbols~note the values of the 
rockmagnetic parameters which were determined after the same specimens were heated at 360 0c. The 210
360 °c components are connected by a dash-dot line, the 360-480 °c components by a dotted line and the 
480-620 °c components by a solid line. 

of the pre-transitional intensities, completely encloses the major directional changes of the 

reversal. The intensity after the reversal is approximately 70% of the pre-reversal intensity. 

The uncomplicated nature of the lower Sidufjall reversal records and the absence of any 

relation to the lithology indicates that the lithology has not, or only to a minor extent, 

affected the geomagnetic record. 
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Fig. 7a Thennal demagnetization diagrams for specimens from the lower Sidufjall reversal record. See also 
caption fig. 4. 

The upper Sidufjall N-R reversal record was sampled in a RCU (1.04 m) and part of 

an overlying LCU (0.96 m). The RT and LT components are well developed in this record 

(fig. 8a,b,c,d), a low intensity MT component is recognized in a few samples in the 50

60 em interval (fig. 8a [B),d). Close to the RCU/LCU unit boundary at the 1.04 em level 

secondary magnetizations occur, most prominently in the record of the RT component 

(fig. 8a [ED. An additional hematite-like component, demagnetized between 620-680 DC, 

shows up near the RCU/LCU unit boundary (fig. 8a [D], fig. 8d). The hematite-like com

ponent is of secondary origin, regarding its near present-day field directions. 

Fig. 7 lower Sidufjall reversal record of (b, right below) HT component and (c, right above) all (LT. MT 
and HI') components. See also caption fig. 6. 
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Fig. Sa Thennal demagnetization diagrams for specimens from the upper Sidufjall reversal record. See also 
caption fig. 4. 

In the upper Sidufjall reversal record shallow (transitional) inclinations occur in the 

interval 0-20 cm, whereas the actual reversal occurs close to the 90 cm level. The 

declinations and intensities are stable in this part of the record. The decrease of the 

inclination is followed by a rapid inclination increase close to the 40 cm level. The long 

interval (40-80 cm) of very steep inclinations (75-90°), accompanied by scattered 

declinations and low intensities, preludes the actual reversal. The interval with decreased 

intensities (approximately 40-140 cm) encloses most of the reversal related directional 

variations. Generally, the LT component shows more transitional directions than the HT 

component. The firm variations of the intensity of the LT component in the LCU above the 

actual reversal are related to rockmagnetic changes of pyrrhotite, as is demonstrated by the 

corresponding variations in the IRM2T record. 

The lower Nunivak R-N reversal record has been sampled in a HCV (74 cm) and an 

overlying LCU (76 cm). The MT and the LT component are not well developed in this 
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record. As a result, an overprint of the HT component, and, at the low-intensities near the 

actual reversal (45-65 cm), of the remaining high temperature fraction of a secondary 

component is present (fig. 9a,b,c,d). The overprint of the LT component by a secondary 

component is further illustrated by the absence of a clear intensity minimum and secondary 

directions near the actual reversal resulting in an artificial shift of the reversal to lower 

levels. This shift does not correspond to a time lag in remanence acquisition of the LT and 

HT components as is illustrated by the similarity of the inclination records in the same 

sedimentary interval. Above the 100 cm level some unidentified components occur in the 

240-480 °C trajectory (fig. 9a [BJ), possibly related to early magnetized carriers of LT or 

MT components. 

Conform the results of Linssen (1988), it is concluded that the R-N lower Sidufjall 

and R-N lower Nunivak reversal records are very similar, both with regard to their 

transitional field geometry and with regard to the durations of the various reversal features. 

Characteristics of the actual lower Nunivak reversal (fig. 9b,c) are the very rapid 

directional transition, the slightly increasing inclinations prior to the reversal and the steep 

inclinations immediately above the reversal. Furthermore, the intensity minimum, down to 

10% of the pre-transitional intensities, completely encloses the major directional changes 

of the reversal. The intensity minimum corresponds to the level at which the declinations 

reverse. At this level the inclination has already reversed and is steeply downward directed. 

The intensity of the IR~T is nearly constant in the interval in which the transitional 

directions and intensities variations of the HT component occur. 

The reversal records demonstrate that the HT and LT components have very similar 

transitional directions and intensities in the intervals in which both components are well 

developed. A detailed examination indicates that in those intervals the LT component 

shows a larger number of transitional directions. Furthermore, the LT component, 

compared to the HT component, is less biased to secondary directions near lithological 

boundaries. 

With respect to the geometry of the transitional field, the upper Thvera inclination 

record is symmetrically related to the lower Sidufjall and lower Nunivak records. The main 

difference between the lower Sidufjall and lower Nunivak records and the upper Thvera 

record is the duration of the reversal. In the lower Sidufjall, upper Sidufjall and 

lower Nunivak reversal records the main directional and intensity changes are rapid, resp. 

0.3-4.0 and 1.3-7.7 kyr (table 3). The reversal-related intensity changes of the 
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Upper Sidufjall - all components 
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Fig. 8 upper Sidufjall reversal record of (b, left below) the LT component, (c, left above) the lIT component 
and (d, above) all (LT, MT, Hl) components. The asterisks represent hematite components. See also caption 
fig. 6. 

upper Thvera reversal record seem to occur in a period of 26 kyr. The upper Thvera record 

shows an oscillating and purely non-zonal transitional field, whereas the other records 

exhibit more or less zonal transitional fields. The VGP path of the upper Thvera reversal 

record is confined to a meridian 900 W of site. The VGP paths of the lower Sidufjall, 

upper Sidufjall and lower Nunivak reversal records follow a path close to the site meridian 

(Linssen, 1988). 

The upper Sidufjall record suggests a reversal process in which geomagnetic field 

changes were interspersed with long periods of transitional but stationary directions and 

intensities. More reversals of this type have been reported, a typical one being the Steens 

Mountain record (Mankinen et al., 1985, Prevot et al., 1985). 
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Fig. 9a Thermal demagnetization diagrams for specimens from the lower Nunivak reversal record. See also 
caption fig. 4. 

5.2 The upper Nunivak reversal records 

The 1986 upper Nunivak N-R reversal record of the HT magnetite component (480

620 DC, fig. 10d) shows that the actual reversal occurs in the upper half of the HCU 

(thickness of 1.04 m). The record starts with anomalously steep downward directed 

magnetizations. The major directional changes of the upper Nunivak reversal record occur 

in a sedimentary interval with a length of approximately 10 cm. The LT and MT 

components are not well developed in the upper Nunivak record (fig. 10a,b,c and 

fig. 11a,b,c). Furthermore, demagnetization in the 210-360 DC trajectory near the centre of 

the reversal does not completely isolate the low intensity magnetite component from the 

large remaining secondary magnetization (fig. lOa [C], fig. lla [B,F]). An artificial shift of 

the N-R reversal record of the LT component to higher levels results. In this respect, a 

comparison with the R-N lower Nunivak reversal record, with a similar shift to lower 
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levels, is illustrative. Hence, the ChRM of the low intensity LT component could not be 

determined with sufficient accurracy. 

The details of the actual reversal are best shown in the high resolution 1987 record 

(fig. Ild,e). This record shows that the HT reversal occurs near the 28 cm level and 

proceeds rapidly for the inclination; the declination values already start to change near the 

20 cm level. The declinations align to reversed values approximately at the 40 cm level 

(see 1986 record). The intensity record shows an asymmetric minimum in the 16-33 cm 

interval. The minimum ChRM intensities (_10-4 Nm) occur at the 27 cm level and are 

approximately 10% of the pre-reversal ChRM intensities and 15-20% of the post-reversal 

intensities. The IRM2T record in the 16-33 cm interval shows a maximal (random) 

variation of a factor 2-3. These IRM variations are dominated by changes in the 

concentration of magnetite, rather than by grain size changes, as demonstrated by the 

minor variation in the grain size dependent HeR. 
The interval in which the major directional change of the inclination takes place has a 

length of 5 cm. The gradually changing declination and intensity records have a length of 

approximately 20 cm. This length has to be extended to at least 40 cm if the anomalous 

steep inclination values preceding the reversal are considered to be part of the reversal. The 

various features in the reversal record have been converted to durations using the minimum 

Table 3 Durations of reversal features 

Reversal: UT LS US LN UN 

I< >1 I< >1 I< >1 I< >1 I< >1 

Anm.lnt. 26.0 26.0 1.3 1.9 5.0 7.7 2.1 4.0 2.2 2.5 

Anm. Dir. 17.0 17.0 2.5 3.8 10.0 15.4 4.1 8.0 4.3 4.9+ 

Maj. Dec. 1.0 1.0 0.6 1.0 0.5 0.8 0.3 0.7 2.2 2.5 

Maj. Inc. 3.0 3.0 1.3 1.9 2.0 3.1 2.1 4.0 0.5 0.6 

Table 3. Durations (in kyr) for observed reversal related variations of the HT magnetite component in the 
upper Thvera (UT), lower Sidufjall (LS), upper SidufjaII (US), lower Nunivak (LN) and the upper Nunivak 
(UN) reversal records. The estimated minimum (I<) and maximum (>1) durations have been given for the 
period with anomalous directions, anomalous intensities, major declination change and the major inclination 
change (Linssen, 1988). The "+" for the upper Nunivak denotes that the duration value given is probably 
underestimated. 
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Lower-Nunivak - 480-620·C component 
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Lower-Nunivak - all components 
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Fig. 9 lower Nunivak reversal record of (b, left below) the LT component, (c, left above) the HT component 
and (d, above) all (LT, MT, HT) components. See also caption fig. 6. 

and maximum values for the accumulation rates (table 1). The duration of the period with 

anomalous directions of the upper Nunivak reversal is in the range 4.3-4.9 kyr, or longer, if 

the named anomalous directions at the low-end of the record are considered. The duration 

of the period with anomalous intensities is in the range 2.2-2.5 kyr and the durations of the 

periods with major declination and inclination changes are in the ranges 2.2-2.5 and 0.5

0.6 kyr (table 3). 

The virtual geomagnetic poles (YGP's) have been calculated from the directions of 

the (HT) magnetite component in the 1987 upper Nunivak reversal record (fig. 12). The 

YGP projections are given both before and after correction for the inclination error 

(f=0.52). The gradual N-W-S change of declination results in a YGP path which is located 

at nearly 900 W of the site meridian passing the Americas. 

The upper Nunivak N-R reversal record bears a major resemblance to the 
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21O'C: 0.36 rnNm UNC86.13.1C 21O'C: 0.47 rnNm UNC86.18.2B21O"C: 2.19 rnNm UNC86.0I.4B 

uplW uplW 

-+--------N -t""---N 

~ 

[C][Aj 25.7 

---------t- N 

[Bj 32.2 

Fig. lOa Thennal demagnetization diagrams for specimens from the upper Nunivak 1986 reversal record. See 
also caption fig. 4. 

upper Thvera N-R reversal record from the same section. The steep inclinations before the 

actual reversal and the gradual N-W-5 change of the declinations (causing the VGP path 

900 W of the site meridian) are similar aspects of the two reversal records. Furthermore, 

both records show directional oscillations prior to the actual reversal. Different aspects of 

these records are that a) the upper Thvera record shows a longer duration of the intensity 

low (26 kyr) than the upper Nunivak reversal record (2-3 kyr) (table 3) and that b) the 

period during which transitional directions occur in the upper Thvera record, in contrast to 

the upper Nunivak, is less than' the period of transitional intensities. However, the 

difference in duration may be uncharacteristic considering the possible absence of the 

lowermost interval in the upper Nunivak reversal record. 

6. Discussion 

The analysis of ChRM components in the investigated marine marls is even more 

complicated than suggested previously (Linssen, 1988). It was shown that the HT and the 

LT components occur in all sedimentary intervals, but the intensity of the LT component 

varies considerably with the lithology (chapter 4). Generally, the intensity of the LT com

ponent is less in the HCU units than in the LCU units. As a result, the intensity of the LT 

Fig. 10 upper Nunivak 1986 N-R reversal records of (b, right below) 210-360 °C component, (c, right 
above) 360-480 °C component, (d, next page below) 480-620 °C component and (e, next page above) gives 
all components. See also caption fig. 6. 
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Upper Nunivak (86) - 360-480'C component 
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Upper Nunivak (86) - all components 
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Upper Nunivak (86) - 480-620'C component 
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component in the HCD samples is low and it is more difficult to obtain reliable LT records. 

Moreover, approaching the top of the Monte Singa section, i.e. in the lower and upper 

Nunivak reversal records, the magnitude of the LT component decreases and a significant 

overprint of a secondary component is present. The HT component is partly remagnetized 

in the intervals close to the lithological (HCD-LCD) boundaries. For all records the inter

vals in which these suspicious remanences occur could be isolated. In this discussion it is 

further assumed that the other principal features of the reversal records are accurate images 

of the geomagnetic field. 

A comparison of the investigated records learns that the the upper Thvera reversal 

record has a clearly non-zonal transitional field geometry, a moderately rapid (3 kyr) 

inclination change and a long duration of the intensity low, whereas the Sidufjall and 

lower Nunivak reversal records have rapid inclination and intensity changes. The 

upper Nunivak record shows intermediate characteristics. Although the duration of the 

upper Nunivak reversal record appears to be shorter than the upper Thvera record, the 

other characteristics, such as the transitional field geometry and the oscillating directions, 

are very similar to the upper Thvera. 

Ifone assumes that the frozen-in flux approximation (Gubbins and Roberts, 1983) is 

applicable to the present reversals, one may also expect, for a fluid-driven reversal process 

initiated at a single location and producing si~nificant outer core toroidal velocity fields 

(Hoffman, 1986; Hide, 1981), that an increased duration for a reversal process also 

introduces more zonal transitional fields at remote sites. However, the observed relation 

between duration of the major directional and intensity changes and zonal contents of the 

symmetrically related reversal records (e.g. upper Thvera, lower Sidufjall, lower Nunivak) 

is contrary to the features of the described reversal mechanism. In the next paragraphs 

alternative explanations are examined. For this purpose, the reversal records from the 

Monte Singa section are compared with other reversal records. 

There is a striking similarity between the lower Sidufjall and the lower Nunivak 

reversal records and many records reported for the Matuyama-Brunhes (MB) reversal from 

nearly the same latitude (Williams and Fuller, 1981; Theyer et aI., 1985; Clement and 

Kent, 1986). Most of the MB reversal records from mid-northern latitudes are 

characterized by a gradual shallowing of the inclinations before reversing sign. These 

reversals are rapidly followed by steep and downward directed inclinations. Also, the 

intensity records of all of these reversal records show minima down to 10% of the typical 

non-transitional field intensity. 
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Fig. 11a Thennal demagnetization diagrams for specimens from the upper Nunivak 1987 reversal records. 
See also caption fig. 4. 

Hoffman (1981) and Williams and Fuller (1981) developed phenomenological mod

els which well described many of the available and spatially distributed MB reversal 

records. Hoffman concluded that non-zonal quadrupole and zonal octupole components 

dominated the MB transitional field. In Hoffman's model the zonal octupole changed 

polarity during the reversal (cf. Merrill and McElhinny, 1977). 

In the zonal harmonic model of Williams and Fuller (WF model) it is assumed that 

during the reversal process the time evolution of the intensity is similar to the one derived 

for the Tertiary intrusive Tatoosh reversal record (Dodson et al., 1978). It is assumed that 

during the latter reversal 75% of the energy lost by the dipole field source is partitioned 

Fig. 11 upper Nunivak 1987 N-R reversal records of (b, right below) 210-360 °C component, (c, right 
above) 360-480 °C component, (d, next page below) 480-620 °C component and (e, next page above) gives 
all components. The stratigraphic levels correspond to those of the upper Nunivak 1986 record. See also 
caption fig. 6. 
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Upper Nunivak (87) - all components 
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between the low-order harmonics of the zonal geomagnetic field, i.e. g2' g3 and g4' This 

assumption is based on a study of historical observations of the geomagnetic field 

(Verosub and Cox, 1971). For the MB reversal the WF model fits if the energy transfer 

ratio to g2' -g3 and g4 terms is 2 : 3 : 5. The adjusted WF model (Clement, 1987), having a 

different time-evolution based on a theoretical study of helicity fluctuations in the core 

(Olson, 1983), was not used. The minimum reversal duration of 7.5 kyr predicted by the 

adjusted WF model (based on conductivity values for the outer core; Gardiner and Stacey, 

1971) does not agree with the durations of the presently discussed records. 

Figure l3a, band d show the inclination and intensity records of respectively the 

upper Thvera, lower Sidufjall and lower Nunivak reversals and the records predicted by the 

WF model. The fit of the WF model to the lower Sidufjall and lower Nunivak records is 

reasonably good. The observation of high inclination values (>70°) in the non-zonal 

upper Thvera record, prior to the actual polarity transition followed by shallow inclinations 

is in general agreement with the zonal WF model. Figure l3c shows the inclination record 

of the upper Sidufjall reversal record. Although, as a whole, the complex upper Sidufjall 

record is not in agreement with the WF model, the interval in which the last and major 

inclination change occurs does show some similarities. 

A bias between the WF model and the reversal records is caused by the shallow 

inclination increase prior to the reversal (5-10°), as can be seen in the lower Sidufjall and 

lower Nunivak records. This bias is even larger in the upper Sidufjall and upper Nunivak 

reversal records, in which long periods of steep inclinations prior to the actual polarity 

transition are observed. 

The standing field theory (Hillhouse and Cox, 1976) predicts identical zonal 

harmonic contents for successive reversal records from northern and southern hemispheres 

and as such is thought to give a possible explanation for the observed WF transitional field 

geometry of remote reversal records. However, the only available MB-like records of 

identical reversals from northern and southern hemispheres, the upper Olduvai and 

lower Jaramillo reversals have different zonal harmonic contents (Theyer et aI., 1985; 

Clement and Kent, 1984, 1985, 1986). Partly this may be attributed to the fact that the 

records are too complex to be unambiguously fitted by the WF model and partly there may 

be an over-interpretation of the smoothed data for which no error estimates are available. 

Obvious is the gross anti-symmetrical relationship between the high quality results 

from the southern hemisphere RC14-14 DSDP core and the other (northern hemisphere) 

MB-like results. For instance, the southern hemisphere lower Jaramillo reversal record 
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VGP 

Upper-Nunivak (1987) 

Upper-Nunivak (1987) : correction for inclination error applied 

Fig. 12 Aitoff projections of the earth centred around the site meridian. The open circles correspond with the 
locations of the virtual geomagnetic poles of ChRM from the 1987 upper Nunivak reversal record. The 
projections are given before and after (f=0.52) correction for the inclination error. The closed symbols 
correspond to a five-point running average of the reversal record (20-30 cm inlerval). 
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unambiguously fits to a WF model in which the energy partitioning to non-dipole zonal 

harmonics is changed to -gz : -g3 : -g4 = 2: 3 : 5. This anti-symmetrical relationship is in 

direct conflict with the standing field theory. 

It is possible to reproduce the observed MB-like reversal records using a more simple 

transitional field geometry than the one used in the WF model. However, in that case one 

should abandon the WF model assumption that about 75% of the dipole source energy is 

partitioned between the quadrupole and octupole harmonics. The fit between the reversal 

records and the modified WF model is optimized by changing the energy transferred from 

the dipole source energy to either quadrupole or octupole harmonics (fig. 14). In fact, this 

modified WF model constrains the possible dynamic changes due to reversal initiating 

perturbations somewhere in the fluid core as is geometrically elaborated in the flooding 

model (Hoffman, 1977; Hoffman, 1979). The remaining part of the dipole-field energy is 

assumed to be dissipated, for instance in high-order field components. With only 2-4% of 

the dipole energy transferred to either the zonal quadrupolar (+gz, curve B) or the octupolar 

(+g3' curve C) harmonic terms, inclination and intensity records for the Calabrian site 

latitude are produced that are almost identical to the WF model (curve A). Within the 

accuracy limits of the data there are no differences between the various synthetic records. 

In contrast to the WF model, this modified WF model with either a quadrupolar (-gz, 

curve D for R-N) or an octupolar (+g3' curve E for R-N) transitional field reproduces the 

available northern and southern hemisphere records (Clement and Kent, 1986) (curve F). 

In the modified model the signs of the octupolar transitional fields for the northern and 

southern hemisphere MB-like reversal records are identical. This argues for an octupolar 

transitional field model if one supposes a single reversal process to be responsible for the 

MB-like reversals occurring in the last 5 Ma. 

To explain the inclination increase prior to and immediately after the lower Sidufjall 

and lower Nunivak reversals in the dynamic reversal mechanism, one requires reversing 

and non-reversing non-dipole field components (Merrill and McElhinny, 1977) which 

decay more slowly than the dipole field. 

However, unless the reversing non-dipole field components find their origin at the 

core mantle boundary, they are assumed to decay more rapidly than the dipole field during 

a reversal (e.g. LeMouell, 1984). Indeed, the fact that the transitional fields of the 

lower Sidufjall and lower Nunivak records do not show the non-zonal component observed 

in the stable geomagnetic field (causing the 6.8 0 declination offset between the non-anti
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Fig. 13 Inclination and intensity record of (a) the Upper Thvera (N-R, 4.57 Ma), (b) lower Sidufjall (R-N, 
4.47 Ma), (c, right page) upper Sidufjall (N-R, 4.40 Ma) and (d, right page) Lower Nunivak (R-N, 4.24 Ma) 
reversal records (single data points) and synthetic records (bold lines) as a function of time units (TU, 
Williams and Fuller, 1981). The model develops between -7 and 7 TU. The reversal records represent the 
primary components carried by magnetite (Linssen, 1988) and include some new data. The inclination data 
are not corrected for the compaction induced inclination error (Anson and Kodama, 1987). The error bar is 
conform the maximum angular deviation (Kirschvink, 1981). The synthetic record is produced with the zonal 
harmonic model of Williams and Fuller (1981). The synthetic intensities have arbitrary units. The model fits 
best to the zonal R-N reversal records. The lower Sidufjall and lower Nunivak inclination records show an 
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parallel ChRM directions; section 4) provides evidence that this non-dipole component 

decays faster than the dipole field. Furthermore, the non-zonal component of the stable 

geomagnetic field is restored after completion of all reversals. It follows that the source of 

the non-zonal geomagnetic field components survives geomagnetic reversals. 

The observed initial inclination increase need not be in conflict with the modified 

WF model. If it is assumed that the reversal is initiated in a specific region in the fluid 

core. Before the reversal floods (longitudinally and/or latitudinally) to the other parts of the 

core there will be a period in which the magnetic disturbance of reversed flux (Gubbins, 

1987) grows while the dipole field is still relatively stable. In the ideal case the 

geomagnetic field will be comprised of two components, one introduced by the dipole field 

and one introduced by the growing region of reversed flux. The locations of the region of 
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reversed flux and the site will then determine the magnitude of geomagnetic field 

deflection prior to the actual reversal (fig. 15). 

Gubbins (1987) proposed that reversals are initiated by local lower-mantle temperat

ure anomalies related to mantle convection and most probably occurring at mid-latitudes 

(Le. at the latitude of maximal toroidal fields). Essentially his theory constrains the 

flooding model of Hoffman (Hoffman, 1977; Hoffman, 1979). The physical consequences 

of the model are quadrupole dominated transitional fields exhibiting similar characteristics 

for reversals occurring within the life-time of the temperature anomalies. 

On the one hand, this approach is attractive as it provides a reason why the reported 

MB-like reversals are found over long periods of geological time. Moreover, both Gubbins 

and the proposed modified WF model do not require frozen-in flux conditions during the 

reversal. On the other hand, there is some evidence that the reported transitional fields are 

not dominated by quadrupolar fields (RCI4-14 records, Clement and Kent, 1984; Clement 

and Kent, 1985, and figs. 14) and that the reported initial inclination increase in the 

lower Sidufjall and lower Nunivak records, if related to reversed flux features, is more 

easily produced by a perturbation located at low latitudes (fig. 15). As a result, we cannot 

constrain the modified WF model in terms of Gubbins physical model. 

If the flooding process is dominated by latitudinal rather than by longitudinal fluid 
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Fig. 14 Descriptive models for reversed to normal polarity ttansitions at 38°N (A-C) and 36°5 (D-F). TV 
denotes time unit (Williams and Fuller, 1981). Curve A is the original WF model. Curve B, C, D and E 
results after partitioning 2% of the dipole source energy to respectively g2' g3' -g2 and g'\.. Curve F is the WF 
model for which -g2 : -g3 : -g4 =2 : 3 : 5. For comparison, the WF model time evolutionnas been used for 
all curves. 

motions, the rapidly evolving reversals (lower Sidufjall, lower Nunivak) exhibiting zonal 

transitional field geometries are explained by an initiation location somewhere on or near 

the site meridian. The non-zonal upper Thvera and upper Nunivak records are then 

explained by an initiation somewhere between 286° and 196°E. The initiation longitude of 

the youngest (lower Sidufjall, lower Nunivak) reversals corresponds well to the longitude 

at which today reversed fluxes are observed (Gubbins, 1987). 

The resemblance of the strongly non-zonal upper Thvera and upper Nunivak reversal 

records, in between of which three zonal reversal records are present, indicates that diffe

rent types of reversals were not restricted to different epoches in the outer-core history. In 
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Fig. 15 Illustration of the deviations from the geocentric dipole field directions that are introduced by a small 
eccentric reversed flux source superimposed on a still unaffected geocentric dipole field. The figure gives a 
cross section of the earth with the inner-outer core boundary and the core mantle boundary (CMB). As a 
simplification the flux is considered to be caused by d reversed dipole perpendicular to the CMB at the 
equator (A) or at mid southern-latitudes (B). The closed and open vectors (with arbitrary lengths) at the 
earth's surface respectively denote the magnetic field directions caused by the geocentric dipole field and the 
eccentric reversed flux sources (A' ,B'). 

terms of Gubbins (1987) model this implicates that an initiation of successive reversals in 

the geomagnetic history may have taken place at different locations at the core-mantle 

boundary. 
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Chapter IV 

Rock magnetism of the magnetite and pyrrhDtite bearing sediments from 
the Trubi formation (Italy) 

1. Introduction 

Magnetostratigraphic research of Neogene marine marls in the Central 

Mediterranean at the paleomagnetic laboratory "Fort Hoofddijk" yielded the information to 

identify a sequence of 25 reversals with an age ranging from 7.5 to 1.5 Ma. The oldest 

marine marls are of late Miocene age and are located on Crete (Langereis, 1984; Langereis 

et aI., 1984). Pliocene marine marls are located in Calabria (Zijderveld et aI., 1986) and on 

Sicily (Hilgen and Langereis, 1988; Zachariasse et aI., 1989, 1990). These sedimentary 

sequences have been and still are the source for extensive studies of geomagnetic reversal 

records (See e.g. Valet et aI., 1988; Linssen, 1988). 

Both magnetostratigraphic and geomagnetic reversal studies rely entirely on the 

analysis of the direction and intensity of the primary component of the natural remanent 

magnetization (NRM), i.e. the magnetization induced by the geomagnetic field and 

recorded by the sediment during or shortly after deposition. During the life-time of a 

sediment new NRM components may have been introduced. For instance, this may occur 

as a result of the magnetic viscosity of the original magnetic minerals and by the 

production of magnetic minerals in the sediment after its consolidation. Hence, the 

identification of the carriers of the primary, but also of the younger secondary and viscous 

components of the NRM, and the distinction of their rockmagnetic properties is of crucial 

importance for the reliability of the results of magnetostratigraphic and geomagnetic 

reversal studies. The Lower Pliocene sediments from Calabria, known as the Trubi marls, 

are the subject of the present study. However, the significance of this study stretches itself 

beyond the sediment from the Trubi formation only; for instance, the Miocene marine 

marls of western Crete (Langereis et aI., 1983, 1984; Valet et aI., 1985) and the Pliocene 

marls from Sicily (Hilgen and Langereis, 1988) show many similar characteristics. 

89 



Rock magnetism a/the magnetite and pyrrhotite bearing Trubiformation 

>>~ 
I-.. 23 

:::r:: ~ ct: c5~ <:...) ""(~ 2:
& 9§ §5 c5 

Q.<:...) lI) -....J 

i=:: 
60 5: 

<:...) 
C) 
<:...) 

E 50 

c: 

0; 
> 
.! 

~ () 40 §..c: I-.. 
c.. ~ 0	 ~ ... ltJ ffi<:...)0> en ~ S2
0 ::::! ... it <!Jen 30 

-....J 
-....J

:s; 
~ 

20	 Q 
lI) 

10	 ~
 
~
 
2: 

_ Low Carbonate Unit 
oHighCarbonate Unit 

44 

36 

SINGA 

30 

22 

20 

,. 
ROCCELLA 

Fig. 1 Magnetostratigraphy and lithostratigraphy of the Monte Singa and Rocella sections (Zijderveld, 1986) 
The base of the sedimentary succession coincides with the Miocene/Pliocene boundary (4.84 Ma). Ages of 
the polarity boundaries are: lower Thvera: 4.77 Ma; upper Thvera: 4.57 Ma; lower Sidufjall: 4.47 Ma; 
upper Sidufjall: 4.40 Ma; lower Nunivak: 4.24 Ma; upper Nunivak: 4.10 Ma and lower Cochiti: 3.97 Ma 
(Berggren et al., 1985). The HCU units are indurated with respect to the LCU units. The small-scale cycle 
numbering is indicated (Bilgen and Langereis, 1988; HUgen, 1987). The HCU of small-scale cycle 20 and 
the LCU of cycle 21 have been used for magnetic separation (section 6). 

Some of the rockmagnetic characteristics of the Trubi marls have already been 

investigated during a study of geomagnetic reversal records (Linssen, 1988). This study 

showed the multi-component nature of the NRM of the Trubi marls. It was shown that two 
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ChRM components exist in the sediment, which become subsequently removed by 

progressive thermal demagnetization. Pure magnetite (TB=580 0c) and cation deficient 

magnetite (TB>580 0c) are the carriers of the high blocking temperature ChRM compo

nent. The identification of the ChRM component with the low blocking temperature was 

less straightforward. Rockmagnetic experiments showed that the remanent coercive force 

(HeR) of the carrier of the low temperature component is considerably higher (70 mT) than 

the HeR of the magnetite component (40 mT). The carrier of the low blocking temperature 

component was demonstrated to become largely altered near 360 °C. These observations, 

related to the available literature data suggested monoclinic pyrrhotite (FerSs) to be the 

carrier of the low temperature part of the ChRM component (Schwarz and Harris, 1970; 

Dunlop, 1986; Dekkers, 1988; Argyle and Dunlop, 1990). However, the identification of 

pyrrhotite remained tentative, principally since little is known about the paleomagnetic and 

rockmagnetic properties of fine grained sedimentary pyrrhotite (e.g. Kligfield and Channel, 

1981; Freeman, 1986). 

In the present study of the Trubi sediment substantial effort was put in a detailed 

investigation of the carriers of the characteristic remanent magnetization (ChRM) with 

geochemical and rockmagnetic methods. The purpose of this study is to provide insight in 

the identity and properties of the carriers of the ChRM component. The rockmagnetic part 

of this study includes the determination of isothermal remanent magnetization, hysteresis 

characteristics and susceptibility. The geochemical methods include X-ray diffraction, 

scanning electron microscopy, microprobe analysis, reflected and transmitted light 

microscopy. In contrast to rockmagnetic methods, geochemical methods have a relatively 

high detection limit and are not fit to be applied to the sediments directly; the estimated 

concentration of the magnetic minerals in the sediment is «1%. Therefore, the 

geochemical methods were applied on magnetic extracts from the sediment. 

2. Geology and magnetostratigraphy 

The Lower Pliocene Trubi formation consists of a rhythmic sequence of marine 

marls and is widespread in the Calabrian and Sicilian sedimentary basins. The 

magnetostratigraphy of the Trubi formation was established in the Monte Singa section in 

Calabria (fig. 1, Zijderveld et al., 1986) and in the Punta Piccola section in Sicily 

(Zachariasse et al., 1989). The present study, related to a study of detailed reversal records 

(Linssen, 1988), was performed on sediments from the Monte Singa section. 
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The Trubi sediment exposed in the Monte Singa section is undisturbed. No evidence 

exists that the sediment exposed in the Singa section was ever subjected to important 

thermal effects. The rhythmites of the sediment consist of alternating carbonate-poor and 

carbonate-rich marls; which are designated as Low Carbonate Units (LCU) and High 

Carbonate Units (HCU) respectively. The lithology of the Calabrian Trubi is different from 

the Sicilian Trubi. Within the Sicilian HCU three subunits can be distinguished: the central 

portion of the HCU is less calcareous and less indurated (zachariasse et aI., 1989; De 

Visser et aI., 1989). The layer thickness of the individual units is laterally nearly constant 

at the scale of the exposure and ranges from 0.1 to 1.0 metres. The origin of the rhythmic 

sedimentation is believed to be related to the earth's average precession cycle of 21.7 kyr 

(Zijderveld et aI., 1986; Hilgen, 1987). 

The Monte Singa section magnetostratigraphically extends from the Thvera subzone 

to the Cochiti subzone. The geomagnetic reversal studies and present rockmagnetic 

investigations were restricted to the sedimentary interval enclosing the upper Thvera and 

upper Nunivak reversal records. Within this interval high (2-20 mAIm) NRM intensities 

occur (Zijderveld et aI., 1986). 

The sediment used for magnetic extraction and subsequent geochemical and rock

magnetic investigation was obtained from a sedimentary interval near the lower Sidufjall 

reversal record (fig. 1). This interval includes both a HCU and a LCU (cycle 20; Hilgen 

and Langereis, 1988). The rapidly proceeding lower Sidufjall reversal is present in a HCU 

(Linssen, 1988). The occurrence of the reversal and the distinctive properties of the Heu 

and LCU make this interval very suitable for the purpose of the present investigation. 

3. Instrumentation for the magnetic measurements 

Stepwise thermal demagnetizations were performed either in a Schonstedt tunnel 

furnace with mu-metal shielding or in a laboratory built furnace of the same type. 

Stationary alternating field demagnetization was applied in three orthogonal directions. 

Remanent magnetization measurements were accomplished with a laboratory built digital 

spinner magnetometer and with a 2G-Enterprises cryogenic magnetometer. Measurements 

of the initial susceptibility were performed with an AC bridge (KLY-1). Continuous 

measurements of the remanent magnetization during low-temperature cycling and 

continuous thermal demagnetization were carried out with the laboratory built HALT 

spinner. Essentially the HALT spinner is a fluxgate spinner magnetometer mounted in a 
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Helmholtz system. The specimen holder can be placed either in a water-cooled furnace for 

continuous thermal demagnetization or a dewar vessel in which aliquots of liquid nitrogen 

can be sprayed for low-temperature experiments (Dankers, 1978). Hysteresis loops were 

determined by measuring the imbalance in a pair of coils in an AF field; one of the coils 

contains the specimen. For this study the hysteresis device was equiped with a digital 

storage-scope and a microcomputer. 
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oxides for specimens from the lower Sidufjall reversal record. Analysis was performed with X-ray 
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Largest (smallest) circles indicate most (least) reliable magnetizations. 
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4. Mineralogy and chemistry of the marls 

The mineralogy and chemical composition of the marls was studied in the 

sedimentary interval enclosing the lower Sidufjall reversal record (Linssen, 1988). The 

principal mineral constituents of the HCU and LCU have been inferred from X-ray 

diffraction (XRD) analysis (fig. 2). 

The main group of minerals occurring in the HCU and LCU proved to be calcite, 

quartz and the clay minerals kaolinite, illite and minor clay-mineral-like chlorite. No 

reflections of magnetic minerals were observed. Apparently, the amount of magnetic 

minerals in the marls is below the detection limit of the XRD device (1-5%). 

The major element oxides have been determined in the HCU in which the 

lower Sidufjall reversal record is present. The concentrations of the element oxides are 

fairly constant across the actual reversal (fig. 3). CaO, Si02 and the volatile compounds 

make up approximately 85% of the sediment's weight. The volatile compounds (LOI) 

include CO2 (from calcite) and ~O. Usually, ~O is present in sediment as interstitial 

water (2-4%) and as mineral water, (e.g. in clay minerals about 5-10%). 

The concentrations of the major elements and the ideal stoichiometry of the minerals 

(Deer et aI., 1977), which were identified with XRD analysis, yield an estimation of the 

concentration of the main mineral constituents of the HCU. The calculated calcite 

concentration is approximately 52-56% by weight. Clay minerals (predominantly kaolinite 

and illite) and quartz make up respectively 29-33% and 7-11 % of the sediment's weight. 

The weight percentage of interstitial and loosely held mineral water is approximately 

5-10%. 

The observed calcite content (52-56%) is less than reported by de Visser et al. (1989) 

for the corresponding beige units in the Sicilian Trubi, in which it is reported to be 65%. 

Probably this difference in carbonate content is caused by the less indurated nature of the 

Monte Singa Trubi. De Visser et ai. (1989) further demonstrated a variation of kaolinite 

(less in the LCU layers) and no variation of the illite or chlorite concentration. According 

to De Visser et al. (1989) these data point to a rhythmic variation between cool and arid 

(HCU) and warm and humid (LCU) periods. 
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Fig. 4 Thennal and AF demagnetization diagrams (orthogonal projections, Zijderveld, 1967) for specimens 
from the Trubi sediment (after Linssen, 1988). Open (closed) symbols denote projections on the vertical 
(horizontal) plane. The stratigraphic level of the specimens is indicated in the lower left comer of each 
diagram. The intensity at the first step is indicated in the upper left comer of each diagram. Nonnal 
demagnetization steps in the range 90-510 °C are 30°C, steps above 510 °C are 20°C. The AF 
demagnetization was perfonned with 2.5 mT increments in the range 0-20 mT, additional steps are taken at 
25 and 30 mT, above 30 mT the increment is 10 mT. [AI Specimen LNC.03.2A is from a HCU interval 
below the lower Nunivak reversal (cycle 30, see also fig. 3). The thermal demagnetization diagram shows the 
removal of a viscous component (25-120 0C), a secondary component (120-210 0c) and the composite 
ChRM component (>210 °C). [BI Specimen USC.102B is from a LCU interval above the upper Sidufjall 
reversal (cycle 23). The alternating field demagnetization diagram shows an apparently single ChRM compo
nent (> 15 mT), which is in fact a composite component. Note that high fields (>80 mT) tend to produce 
scattered results. [CI Specimen UTC.45.1A is from a HCU interval above the upper Thvera reversal (cycle 
16). The composite ChRM component is dominated by the high-temperature magnetite component. [DI 
Specimen USC.096A is from a LCU interval above the upper Sidufjall reversal (cycle 22). The composite 
ChRM component consist of a low-temperature component (210-360 0c) and a high-temperature (cation
deficient) magnetite component (480-640 0c). [E,FI Specimen LSC.24.2A is from a HCU interval above the 
lower Sidufjall reversal record (cycle 20). The enlargement [FI of the demagnetization diagram shows a 
medium-temperature component (360-480 0c) with what appears to be a reversed direction. 
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5. Natural remanent magnetization 

The natural remanent magnetization (NRM) of the sediment from the Trubi 

formation is composed of a ChRM, a viscous and a secondary magnetization (fig. 4a). The 

viscous and secondary components are small compared to the ChRM component. The 

ChRM component is supposed to have a primary origin (Zijderveld et ai., 1986; Linssen, 

1988). 

The viscous and secondary components in the Trubi sediment have largely overlap

ping blocking temperature and coercive force spectra. As a result the viscous and 

secondary components show up as a smoothly curved trajectory in the demagnetization 

diagram, or occasionally even as an apparently single (linear) component with a direction 

intermediate to the laboratory field and the present day field of the sediment in-situ. During 

thermal demagnetization the viscous/secondary component is removed at a temperature of 

210 DC (figs. 4a,c). The maximum alternating field required to remove the viscous/ 

secondary component is 15 mT (cf. fig. 4b). 

A closer investigation of the thermal demagnetization diagrams demonstrate that the 

ChRM components are composed of a low temperature and a high temperature ChRM 

(sub-)component (figsAc,d). The maximum blocking temperatures of the carriers of the 

two ChRM components are 360 DC and between 580-620 DC. The high-temperature com

ponent is cation-deficient (CD) magnetite (e.g. Heider and Dunlop, 1986), the low-tempe

rature component was suggested to be pyrrhotite (Linssen, 1988). The low-temperature 

component is most prominent in the LCU (compare fig. 4c and d). The succession of 

demagnetization diagrams in figure 5 obtained from the rapidly proceeding lower Sidufjall 

reversal record (Linssen, 1988), demonstrates that the two ChRM components have the 

same direction in all specimens, and hence almost synchronously recorded the same 

geomagnetic field. Records of the low-temperature component show slightly more detailed 

variations than the high-temperature magnetite component (Linssen, 1988, chapter 3). 

In the AF decay curves the ChRM component appears to be composed of a single 

magnetic phase. Obviously, the two magnetic phases of the ChRM component have only 

slightly different and largely overlapping coercive force spectra (fig. 4b). The maximum 

alternating field required to demagnetize the entire composite ChRM component is near 

120 mT, although it is difficult to determine this value accurately since high alternating 

fields (>80 mT) tend to produce scattered demagnetization results. 
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Fig. 5 Thennal demagnetization diagrams (orthogonal projeclions, Zijderveld, 1967) of the NRM from 
specimens from the lower Sidufjall reversal record (Linssen, 1988; chapter 3, see also fig. 3). Open (closed) 
symbols denote projections on the vertical (horizontal) plane. The stratigraphic level of the specimens is 
indicated in the lower left comer of each diagram. The demagnetization starts at 210 °C, the last step is 
570 °C, the 360 °C demagnetization step is indicated in each diagram. The intensity at the first step is 
indicated in the upper left comer of each diagram. The succession of diagrams shows that the low temperat
ure component (210-360 0c) and the high-temperature magnetite component (480-620 0c) rapidly and 
(almost) simultaneously change direction. 

Rarely a low intensity component shows up during thermal demagnetization between 

360 and 480 DC (figsAe and enlargement 4f). Since consistent records of these medium 

temperature components are absent in the Monte Singa section it was not possible to 

conclude whether this component is an additional component, or an artificial component 

introduced during the alteration of the sediment upon heating. The origin of the medium 

temperature component will not be elaborated in this study. 
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6. Geochemical investigation of the magnetic extracts 

In spite of the high resolution of rockmagnetic methods, the identification of magne

tic minerals of micron and sub-micron size is complicated with these methods. This is 

largely due to the fact that information on magnetic properties of these fine-grained, and 

preferably stress-free minerals is only sparsely available and for a limited number of min

erals such as magnetite (e.g. Dunlop, 1986; Argyle and Dunlop, 1990). Other methods 

which may assist to identify magnetic minerals are microprobe analysis, scanning 

electronic microscopy and X-ray diffraction analysis. However, these geochemical 

methods fail to identify magnetic minerals occurring in low concentrations (see section 4). 

With the purpose to identify the magnetic minerals which are dispersed in the Trubi sedi

ment, the magnetic mineral content was separated with magnetic methods and 

subsequently investigated with geochemical and rockmagnetic methods. 

6.1 Experimental procedures 

The HCV and LCV samples used for the magnetic separation were obtained from a 

large number of small and fresh samples taken throughout the sedimentary intervals 

enclosing the lower Sidufjall reversal record (fig. 1). Prior to the magnetic separation the 

marls were dispersed in distilled water to produce a slurry of low viscosity (400 grams of 

sediment in 2 litre of water per batch). The dispersion of the unconsolidated marls was 

easy. Dispersion, in contrast to crushing, preserves the original grain size and internal 

stress conditions of the magnetic minerals. Ascorbic acid was added to the suspension to 

achieve slightly reducing conditions, thus preventing oxidation of the magnetic 

compounds. 

The slurry was slowly pumped around in a closed circuit of plastic tubes (inner 

diameter 0.7 cm) passing the magnetic poles of a Franz Isodynamic Separator which was 

set at maximum strength (2.5 Amps.-0.8 T). The Franz Isodynamic Separator removes 

paramagnetic and ferrimagnetic grains from the suspension. A centrifugal pump (Eheim) 

was used to avoid magnetic interference and contamination of the suspension. The vessel 

holding the bulk of the suspension was put into a cooled ultrasonic bath during circulation 

in order to preserve the homogeneity of the suspension. 

The circulation time for a complete 2 litre suspension batch was 5-15 minutes. Every 
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six to eight hours the pumping was stopped and the magnetic extract was removed. This 

procedure was repeated until no significant yield was gained (total pumping time 

approximately 50 hrs.). To obtain a semi-quantitative separation of high and low 

susceptibility fractions two additional separation steps were performed on the magnetic 

extracts with stepwise increasing field strengths of 0.25 and 0.5 Amps. The fractions 

obtained at currents of 0.25 Amps. for the LCU and those at currents of 0.5 Amps. and 

2.5 Amps for the RCU did not yield significant amounts of material and were added to the 

nearest fraction. The fractions which were used in this study are: 

- Fraction 1 : Original sediment from LCU 

- Fraction 2 : Residual sediment from LCU 

- Fraction 3: Extract obtained with 1=0.25 Amps. (+ 0.5 and 2.5 Amps.) from RCU 

- Fraction 4: Extract obtained with 1=0.5 Amps. (+ 0.25 Amps.) from LCU 

- Fraction 5 : Extract obtained with 1=2.5 Amps. from LCU 

For the preparation of synthetic specimens known weight quantities of the magnetic 

extracts were dispersed in a quartz!bassanite matrix. This quartz!bassanite matrix (CM Lot 

soldering investment for dental metal work) is hardly magnetic and withstands 

temperatures up to 1700 DC. 
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Fig. 6a X-ray diffractogram (Cu K radiation) of the magnetic extract obtained from a RCU (fraction 3). 
The main reflections of the identifi~\l'minerals are shown by the mineral names. The main mineral is 
pyrrhotite which is present with a complex spectrum of reflections; the peaks are at d=2.035. d=2.060 and 
d=2.078 A. Pyrrhotite reference data: 4C-Pyrrhotite, JCPDS-ICDD, (290723), 85% [-1,2,2] at 2.979 A, 55% 
[2,0,4] at 2.069 A, 90% [3,2,2] at 2.064 A, 100% [-5,2,2] at 2.054 A, 35% [3,1,3] at 2.046 A, 80% [0,4,0] at 
1.718 A. Significant reflections but of lower intensities for magnetite are denoted 1,10; for pyrite: 2,6,7,9; for 
calcite: 4,5,8 and for quartz: 3,13. Non-identified phases are denoted 11,12,14 and 15. 
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6.2 X-ray diffraction 

X-ray diffraction of fraction 3 (HCU, fig. 6a) reveals the presence of magnetite, 

pyrrhotite and (non-magnetic) pyrite. The main reflections near d=2.035 A, d=2.060 and 

d=2.078 A are characteristic for monoclinic (ferrimagnetic) 4C-pyrrhotite. The observation 

of monoclinic pyrrhotite and magnetite reflections confirm the suggestion (Linssen, 1988) 

that these minerals are the important magnetic mineral constituents of the Trubi sediment. 

The presence of (non-magnetic) pyrite in the magnetic extract indicates that pyrite is 

physically attached or intergrown with magnetite and/or pyrrhotite. A comparison of the 

X-ray diffractogram with the diffractograms of the original sediment (fig. 2) shows that a 
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Fig. 6 X-ray diffractogram of (b, below) fraction 4 (LCU), (c, middle) fraction 3 (HCU) heated at 360°C 
and (d, above) fraction 4 (LCU) heated at 360 °C. Little material of heated fraction 3 was available for the 
XRD. Minerals are denoted (Pyrrh)otite, (P)yrite, (C)alcite, (Q)uarrz. (K)aolinite, (I)llite. See also caption 
fig.6a. 
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significant amount of calcite, quartz and clay minerals is still present in the extract. 

In the diffractograms of fractions 4 and 5 (LCU, frA in fig. 6b) reflections from the 

same non-magnetic minerals are present. Reflections of pyrrhotite and magnetite do not 

show up. Again, the presence of non-magnetic pyrite in the magnetic extract indicates that 

this mineral is physically attached or intergrown with magnetic minerals. 

The magnetic content of the extract is expected to change significantly after heating 

at 360 °C due to the alteration of pyrrhotite at this temperature (Linssen, 1988). The 

pyrrhotite alterations during heating are known to proceed by oxidation and sulphur-loss, 

although most prominently above 400 °C (Schwarz and Harris, 1970; Bennett et aI., 1972). 

X-ray diffractograms of the heated (360°C) fractions 3 and 4 were made to study this 

phenomenon (fig. 6c,d); not enough material from fraction 5 was left to be included in this 

experiment. The diffractogram of the heated fraction 3 still reveals pyrrhotite reflections, 

although the intensities have decreased relative to the diffractogram of the non-heated 

specimen. Both in fraction 3 and 4 the reflections of pyrite gained intensity, suggesting a 

pyrrhotite to pyrite alteration during heating. 

It is remarkable that the specimens, after being heated to 360°C, still show the 

reflections of monoclinic (ferrimagnetic) pyrrhotite, whereas it was demonstrated (Linssen, 

1988) that the carrier of the low temperature pyrrhotite component loses its remanent 

magnetic properties after being heated at this temperature. There is no unambiguous 

explanation for this observation. However, it is shown (Clark, 1984; Dekkers, 1988) that 

the remanence and susceptibility of pyrrhotite rapidly decreases for grains smaller than 

15 micrometer. This decrease likely extends to grain sizes below the single domain 

threshold size of pyrrhotite. Hence, a speculative explanation might be that at 360 °C, due 

to an alteration of monoclinic pyrrhotite, the average grain size of pyrrhotite has decreased 

to a (still single domain) size at which the remanence (and susceptibility) is small. An 

alternative and perhaps supplementary explanation for these observations is that less magn

etic anti-ferromagnetic hexagonal pyrrhotite, to which phase monoclinic ferrimagnetic 

pyrrhotite reverts at 254°C, is quenched during cooling (Kissin and Scott, 1982 and 

references therein). 

102 



Rock magnetism ofthe magnetite and pyrrhotite bearing Trubiformation 

6.3 Optical and microprobe investigation of the magnetic extracts 

6.3.1 Optical microscopy 

Observation of polished thin sections of the magnetic extracts demonstrated no more 

than 10% opaque minerals in fraction 3 (RCV), less than 5% in fraction 4 (LCV) and less 

than 1% in fraction 5 (LCV). The unambiguous microscopic determination of the magnetic 

minerals in the extracts was not possible due to the small grain sizes of the opaque miner

als «2 micrometer). However, the yellowish reflection of some grains in the extracts 

indicated that sulphidic minerals, such as pyrite and pyrrhotite, are present. Sporadically 

rather large (10 micrometer) lamellar grains were observed in fraction 3 (HCV, fig. 7a). 

Microprobe analysis identified these grains as FeTi-oxides (section 6.3.2). 

6.3.2 Microprobe and scanning electron microscope observations 

The composition of the magnetic extracts has been investigated with a scanning 

electron microscope (SEM) and a JEOL microprobe with SEM facility (fig. 7b-e). The 

optical resolution of the microprobe and both SEM facilities is slightly better than 1 micro

meter, as is the effective spot size for microprobe analysis. As a consequence, only the 

grains of 1 micrometer and larger could be analyzed with the microprobe. The investigated 

samples consist both of polished grains from the magnetic extracts dispersed in Bakelite or 

Araldite and of unpolished grains distributed on the glass plate without any adhesive or 

matrix. 

Microprobe analysis of the magnetic extracts indicate the presence of quartz, calcite 

and clay minerals. In none of the magnetic extracts a single magnetite grain was spotted, 

although the rockmagnetic investigations unambiguously demonstrated the occurrence of 

this mineral in the sediment. Most probably magnetite was not observed due to the limited 

resolving power of the microprobe. 

The SEM analysis of the samples confIrm that the majority of the sulphidic grains is 

smaller than 2 micrometer, whereas a minority is in the 2-10 micrometer range. 
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a 

b c 

Fig. 7 Photographs from optical studies of the magnetic extract from an HeU sample (1=0.25 Amp., fraction 
3). a) reflection microscope photo of an assemblage of sulphide grains (S) and a FeTi-oxide (FT) (the bar 
corresponds to 20 micrometer), b) SEM image of FeTi-oxide, c) and d) SEM and backscatter images of large 
sulphidic grains. Note the numerous high intensity reflections from small «2 micrometer) sulphidic grains. 
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d 

e 

The latter SEM images show sulphidic grains which are rather rounded and have irregular marks on the 
surface corresponding to characteristic biogenic morphologies (Blakemore et aI., 1981; Vali et aI., 1987), e) 
SEM image of a sulphidic grain which is embedded in clay mineral grains and carbonate fragments of 
organic origin. The SEM semi-quantitative analysis of the sulphidic grains does not allow a distinction 
between pyrite and pyrrhotite 
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Table 1. Quantitative microprobe analysis ofa sulphidic grain 

(1) (2) (3) (4) 
Wt.% At.% Wt.% At.% Wt.% At. % Wt.% At.% 

Fe 54.94 45.77 54.75 45.33 45.99 37.04 46.42 38.63 
Cu 0.00 0.00 0.16 0.12 0.00 0.00 0.00 0.00 
As 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
S 36.70 53.25 36.18 52.76 44.13 61.89 41.97 60.84 
AI 0.00 0.00 0.00 0.00 0.18 0.31 0.00 0.00 
Si 0.38 0.63 0.54 0.90 0.43 0.69 0.25 0.42 
Ca 0.30 0.34 0.33 0.39 0.06 0.07 0.09 0.11 
Total 92.32 100.00 91.77 100.00 90.79 100.00 88.73 100.00 

Table 1. Spots (1-4): Weight and normalized atom percentages of four spots in a sulphidic grain as 
determined with a JEOL Microprobe with SEM facility. Commonly associated elements have been included 
in the analysis of the Fe sulphides. ZAP correction has been applied. Operating conditions 15 kV, 40 Degs. In 
pyrrhotite the weight percentage of Fe:S-60:40, the atom percentages are Fe:S-47:53; in pyrite the weight 
percentage of Fe:S-47:53 and atom percentages are Fe:S-33:67. Analysis of the total ED spectrum showed 
that no other elements are present. None of the weight percentages add up to 100%. The analysed spots (1) 
and (2) give a near pyrrhotite stoichiometry, whereas spots (3) and (4) in the same grain give a near pyrite 
stoichiometry. 

Sporadically larger grains (10-20 micrometer) are observed (fig. 7b,d,e). Only the largest 

grains could be analysed properly with the microprobe. The analysis of a large number of 

sulphidic grains revealed weight deficiencies of 8% and more (see e.g. table 1). The weight 

deficiency is present in the small grains and in grains which are many times larger than the 

microprobe spot size. Hence, a contribution of matrix material to the analysis may be 

excluded as the origin of the weight deficiency. 

Microprobe elemental distribution maps of Fe and S of an unpolished and a polished 

sulphidic grain (figs.8a,b) demonstrate that the Fe distribution is constant, whereas the S 

distribution is not. The uneven distribution of S is lamellar; the individual lamellae have a 

width of approximately 1 micrometer. The normalized atom percentages of the brightest 

lamellae in the polished grains reveal a near pyrrhotite stoichiometry (table 1, spot 1 and 

2), whereas the somewhat darker lamellae have a stoichiometry closer to that of pyrite 

(table 1, spot 3 and 4). The origin of the lamellae is not clear; they may be formed by 

secondary processes. The lamellar structure in the small «<10 micrometer) sulphidic 

grains can have important effects on the magnetic properties of pyrrhotite: The effective 

grain size diminishes resulting in a considerable lower remanence and susceptibility 

(Clark, 1984; Dekkers, 1988). 
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The opaque and rather large (10 micrometer) lamellar grains, observed with 

reflection microscopy (fig. 7a), were identified as FeTi-oxides. The FeTi-oxide was 

sparsely observed in fraction 3 (HCU) and was never observed in fraction 4 and 5 (LCU), 

nor did it show up in the XRD analysis of any of the fractions (XRD detection limit 1-5%). 

The FeTi-oxide contains almost equal quantities of both Fe and Ti and shows small 

«1 micrometer) exsolution lamellae which could not be analyzed individually. The 

FeTi-oxide grains are sharp edged, relatively large and occur in a narrow grain size range 

(10 +,- 3 micrometer) (fig. 7b). No crystalline habitus was observed enabling the 

determinative discrimination betweell a trigonal (Ti-hematite) and a cubic (Ti-magnetite, 

Ti-maghemite) crystal structure. Titano-magnetites have a Curie temperature between the 

Curie temperature of magnetite (580°C) and ulvospinel (-153°C). Thermal 

demagnetization revealed maximum blocking temperatures at 580°C (magnetite), 360°C 

and 210 DC. The FeTi-oxide is only observed in the HCU, whereas the 360°C 

component is typical for the LCU. Hence, the FeTi-oxide is very unlikely to correspond to 

the 360°C component. More likely the remanent magnetic contribution of the FeTi-oxide, 

if any, is limited to the viscous/secondary component of the NRM removed at 210°C. 

7. Rock magnetism of the magnetiC extracts 

Application of XRD and microprobe analysis to the magnetic extracts demonstrated 

the presence of magnetite, pyrrhotite and a FeTi-oxide in the sediment. However, with 

these geochemical methods it is not possible to adequately determine the concentrations 

and grain sizes of the magnetic minerals, nor can these methods help to determine the 

contributions of the magnetic minerals to the remanence. It is the latter contribution of the 

magnetic minerals to the remanence in which we are particularly interested from a paleo

magnetic point of view. Yet, the established identities of the contributing magnetic miner

als enables one to relate the rockmagnetic observations to grain size dependent rockmagne

tic parameters. 

There are several rockmagnetic methods which provide facilities to determine grain 

size or concentration of dispersed magnetic minerals. However, the specific capability and! 

or accuracy of these methods to establish these rockmagnetic parameters varies 

considerably. In order to increase the reliability and accuracy of the results more than one 

rockmagnetic method has been applied. The continuous and stepwise thermal 

107 



Rock magnetism ofthe magnetite and pyrrhotite bearing Trubi formation 

5 micrometer 

Fig. 8 JEOL microprobe images of magnetic extracts. (a, above) Fe and S distribution for an unpolished 
sulphide grain and (b, right page) backscatter image and S distribution for another polished sulphide grain. 
Mark that the Fe distribution in (a) is uniform whereas the distribution of S is not. The backscatter intensity is 
proportional to the mean atom number at the analyzed spot. Hence, the brightest areas indicate pyrrhotite, the 
darkest areas indicate hydrous Fe,S compounds or S rich Fe,S compounds (pyrite). 

demagnetization methods (section 7.2) were applied to determine the contributions of 

magnetite and pyrrhotite to the remanence, but also to determine the effects of the 

alteration process which takes place upon heating. Since the remanence of pyrrhotite is 

completely removed at 360°C (Linssen, 1988), it was possible to isolate the (grain size 

dependent) IRM characteristics of both magnetite and pyrrhotite (section 7.3). The 

alternating field demagnetization results of ARM (section 7.4) yield median destructive 

fields, the values of which are also grain size dependent (Dekkers, 1988; Linssen, 1988). 

The determination of in-field hysteresis parameters provides information on the domain 

state and grain size of magnetite and pyrrhotite (section 7.5). The low temperature 

treatments (section 7.6) were performed to establish the average grain sizes of magnetite 

and pyrrhotite. Finally, the various rockmagnetic results have been compiled and re

calculated to properties of magnetite and pyrrhotite in the RCU and LCU (section 7.7). The 

experiments have been conducted on fractions 3 (HCU), 4 and 5 (LCU, see section 6.1 for 

details). 

108 



Rock magnetism of the magnetite and pyrrhotite bearing Trubi fonnation 

Backscatter 

s 

I-----l 

1 micrometer 

109 



Rock magnetism of the magnetite and pyrrhotite bearing Trubiformation 

Original and residual sediment 

IRM Acquisition Continuous thermal demagnetization 

1.0 O-R 

OR 

0.' 

i§ 
~ 

0.0
 
0
 

Field in T 

Fig. 9 (a, left) Normalized IRM acquisition curves for an original LCU sample and its residue after 
separation of magnetic minerals. The curve denoted O-R theoretically represents the extracted magnetic 
minerals and is obtained by subtraction of the (non-normalized) acquisition curves of the residue from that of 
the original sediment sample. (b, right) The continuous thermal decay curves of the original LCU sediments, 
the residue after the separation procedure and the difference curve (O-R) theoretically representing the 
extracted magnetic minerals (see a). The bulb in the decay curve between 150 and 220 °C is due to a matrix 
effect: i.e. a gypsum to anhydrite reaction (Dekkers, 1989). 

The separation of dispersed magnetic minerals from sediments has been performed 

before (e.g. L!/lVlie et aL, 1971, and references therein; Kent and Lowrie, 1974; Karlin and 

Levi, 1985; Chang and Kirschvink:, 1985). The reported separation techniques were 

successful in removing not more than 50-70% of the magnetic material from the sediment. 

In the present study the results of the separation procedure are more or less similar. 

For a full appreciation of the geochemical and rockmagnetic results it is important to 

establish the differences between the original sediment and the investigated magnetic 

extracts. For this reason, the side effects of the separation process have been paid special 

attention in the first part of this section. 

7.1 Efficiency of the magnetic separation process 

IRM acquisition shows that an amount of magnetic minerals has been removed from 

the original LCU sediment carrying 51 % of the IRM acquired in a 2 T field (IRMzn- The 

corresponding figure in the RCU is 75% (table 2). 

IRM acquisition characteristics of the original and residual sediment of the LCU are 

very similar (fig. 9a), which implicitly indicates that the IRM characteristics of the 
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removed fraction (the magnetic extracts) and the original sediment are similar. This is 

illustrated by the difference curve that results after subtraction of the IRM acquisition 

curves of the residual and original sediment (fig. 9a), and by the IRM acquisition curve of 

the magnetic extract (fig. 13). 

The continuous thermal demagnetization curves of IR~T for the original and 

residual sediment give a similar result: the difference curve and the continuous thermal 

demagnetization curves of the magnetic extracts are in close correspondence (fig. 9b, 

fig. 11). The curves show the two maximum blocking temperatures of pyrrhotite and 

magnetite, respectively near 360°C and 580 0c. Backward extrapolation of the magnetite 

branch of the decay curves to room temperature indicates that the 

IRMMAGNETIfE/2T : IRMpYRRHOTIfE/2T ratio is approximately 0.1-0.2 : 0.8-0.9. As an 

illustration, the corresponding ChRMMAGNETIfE : ChRMpyRRHOTIfE in the same LCU and 

RCU from which the extracts have been obtained are respectively 0.5: 0.5 and 0.9: 0.1. 

Although the differences between the three decay curves in figure 11 are small, the 

intensity of the high temperature branch of the residual sediment is evidently a few percent 

higher compared to the original LCU sediment. This implies that, with respect to the 

original sediment, the residue has a slightly higher IRMMAGNETIfE/2T : IRMpYRRHOTIfE/2T 

ratio. Consequently, the IRMMAGNETIfE/2T : IRMpYRRHOTIfE/2T ratio for the magnetic extracts 

is a few percent lower than for the original sediment. 

Original and residual fractions 

007 

-200 200 

-007 

Fig. 10 Hysteresis curves for the original and residual sediment from the LCU after the magnetic separation. 
Intensities in Am2. 
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Fig. 11 Successive continuous thermal decay curves (denoted "1", "2" and "3") of IRM in the magnetic 
extracts from a RCU (fraction 3) and from a LCU (fraction 4,5). The intensities are norfu'1lized with respect 
to the IRM acquired at room temperature before the first heating cycle. The arrows indicate heating and 
cooling cuATes. The bold area on the first heating curve indicates the temperature lag induced by dehydration 
of the gypsum matrix (Dekkers, 1989). 

In-field hysteresis of the original and residual fraction (fig. 10) of the LCU shows 

that the high field susceptibility (lIFS) of the residual fraction is approximately 80% of the 

HFS of the original fraction (table 2). Since the residual sediment contains about half of the 

remanent magnetic material of the original sediment, the HFS of the residual sediment is 

relatively high. The high HFS of the residual sediment demonstrates that it is enriched in 

grains contributing most to the HFS, i.e. typically (small) superparamagnetic grains. 

Apparently, the separation process caused a bias of the grain size distribution in the magn

etic extracts to larger grain sizes. However, the observed bias must be very small for the 

remanent magnetic minerals as it is hardly represented by the remanent coercive force 

(HeR) of the original and residual fractions (table 2). It may therefore also be concluded 

that the original and residual sediments, and hence the original sediment and the magnetic 

extracts have a very similar remanent magnetic mineral content. Regarding the similarity 

between the original and residual fractions, it is concluded that an important part of the 

remanent magnetic minerals in the sediment (approximately 50% for the LCU, and 25% 

for the HCU), of similar type and grain size as found in the magnetic extracts, is tightly 

attached to relatively large non-magnetic minerals, thus inhibiting their extraction with 

magnetic methods. 
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Table 2. Rockmagnetic characteristics of the various magnetic fractions obtained-after 
extraction 

...............Magnetic extracts..............
 

(1) (2) (3) (4) (5) 
(LCU) (LCU) (RCU) (LCU) (LCU) 

Original Residual 1=0.25A 1=O.5A 1=2.5A 
fraction fraction 

Weight (gr) 400 399 0.05 0.33 0.48 
IRM (l0·4.ArnZ) 6.00 2.87 2.312 2.926 0.148 
IRM (ArnZ/kf) 1.50.10.3 0.72.10.3 4.625 0.878 0.031 
HFS (l0·6.m /kg) 0.58 0.46 28.06 5.89 0.60 
IRS·lIs· 0.37 0.66 0.68 
He(mT) 
HeR (mT) 62 63 

15 
27 

34 
61 

30 
60 

HeRIHe
HeR· (mT)
HeR. 360 (mT) 
HeR· 360 d (mT) 

1.8 
38 
40 

1.8 
76 
47 
80 

2.0 
78 
59 
83 

MDF(m~ 19 54 67 
X (l0·6.m /kg) 208.92 14.09 0.14 
XlIRM (lO-6.m/A) 45.17 16.05 4.52 

Table 2. Rockmagnetic parameters for sediment samples from an LCV (I), its residue after extraction of 
magnetic minerals (2) and the magnetic extracts obtained from this sediment with 1=0.5 Amps. (4) and 
1=2.5 Amps. (5) and the same rockmagnetic parameters for an extract obtained with 1=0.25 Amps. from an 
RCV (3). The rockmagnetic parameters include IRM (acquired in 2 T). IRS.lIs' determined in 0.2 T , High 
field susceptibility (HFS), He, HeR, HeR·, HeR. 360 (after the specimens were heated at 360°C), HeR. 360 d 
(derived HeR. for pyrrhotite after the specimens were heated at 360 0C), MDF (the median destructive field 
of the ARM), X and X/IRM. For details see text. For comparison with original and residual LCV sediment: 
the original (400 grams) and residual (399 grams) RCV sediment have an lRMzT of respectively 
0.77.10.3 and 0.19.10.3 ArnZ/kg (or 3.07.10-4 and 0.76.10-4 Arnz). 

7.2 Behaviour of isothermal remanent magnetization and susceptibility during continuous 
and stepwise thermal demagnetization. 

Successive continuous thermal demagnetization cycles imposed on the RCV and 

LCV extracts (fraction 3,4,5; fig. 11) demonstrate the alterations in the magnetic material 

which occur upon heating. Prior to each heating cycle the specimens acquired an IRMZT' 

The first heating cycle up to 360°C shows that the LCV fractions 4 and 5 have lost 90% of 

their remanence. Fraction 3, obtained from a RCV sediment sample, has lost 65% of its 
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remanence at 360 °C. During the second heating cycle the same specimens were heated to 

650°C. The corresponding heating curve illustrates the alterations which occurred during 

the first heating cycle: It does not show the typical blocking temperature of pyrrhotite; 

apparently the remanent magnetic properties of pyrrhotite were lost during the first heating 

cycle up to 360 °C. Magnetite is the only remanent magnetic mineral present during the 

second heating cycle. Hence, the contributions of pyrrhotite and magnetite to the IR~T 

can be calculated from the differences between the IRM2T acquired prior to the first and 

second heating cycle. The results demonstrate that approximately 90% of the IR~T of the 

HCV extract is carried by magnetite and approximately 90% of the IRMzT of the LCV 

extract is carried by pyrrhotite (table 3). 

The alteration of pyrrhotite during the first heating cycle causes a decrease of the 

IR~T intensity at the onset of the second heating cycle. However, the heating curves show 

that the IRMzT decrease is slightly compensated by a small I~T increase: For all magne

tic extracts the remanence at 360°C during the second heating cycle has increased a few 

percent relative to the remanence at 360 °C during the first heating cycle (fig. 11, table 3). 

Table 3. IRM2T carried by magnetite and pyrrhotite 

magnetite pyrrhotite IRM increase 

% Am2/kg % 

Fr. 3 (RCU) 
Fr. 4 (LCD) 
Fr. 5 (LCD) 
Fr. 4+5 (LCU) 

85-95 
9-12 
25-30 
10-13 

3.931-4.393 
0.079-0.105 
0.007-0.009 
0.037-0.049 

5-15 
88-91 
70-75 
87-90 

0.231-0.694 
0.773-0.799 
0.022-0.023 
0.330-0.342 

0.462 
0.026 
0.001 

Table 3. lRM2T carried by magnetite and pyrrhotite calculated from the continuous thermal demagnetization 
results of the magnetic extracts. The IRMzT carried by magnetite+pyrrhotite is given by the IRM2T"acquired 
prior to the first heating cycle, the fraction of the IRM2T carried by magnetite (denoted "magnetite) is 
determined after the first and prior to the second heating cycle, the fraction of the IRM2T carried by 
pyrrhotite (denoted "pyrrhotite") follows. The range of values indicates the uncertainty with respect to the 
origin of the small IRM2T increase noticed during the second heating cycle. The estimated IRM2T increase at 
room temperature is denoted "IRM increase". The actual percentages for magnetite dispersed in the sediment 
may be a few percent higher and/or the percentages for pyrrhotite may be a few percenL lower due to the 
slight biasing effect on the grain size distribution introduced during the magnetic separation (section 7.1). 
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Fig. 12 Progressive stepwise thennal demagnetization of IRM2T (open circles) induced in the magnetic 
extracts from a RCV (fraction 3) and a LCU (fraction 4) and the corresponding initial susceptibilities (closed 
circles) measured after each heating step. The IRM and the initial susceptibility are normalized to their initial 
values at room temperature (see table 2 for non-nonnalized values). The continuous (fig. 11) and stepwise 
demagnetization curves are virtually identical. Apparently the temperature dependency of the IRM carried by 
magnetite and pyrrhotite is small. 

After the second heating cycle the fresh IRM2T of fraction 3 (HCU) decreased by 

approximately 90% relative to the initial IRM2T (fig. 11). Since most of the IRM2T is 

carried by magnetite (table 3) the 90% decrease predominantly results from magnetite 

alteration. The third heating cycle of fraction 3 further illustrates the alteration process 

which took place during the second heating cycle. The curve shows a somewhat lower 

blocking temperature (580°C) compared to the second heating cycle (620 °C). This 

demonstrates the presence of pure magnetite (TB: 580°C) during the third heating cycle, 

whereas CD magnetite (TB> 580°C) is present during the second heating cycle and in the 

original sediment (Linssen, 1988). 

The IRM2T of fraction 4 and 5 (LCU) decreased by more than an order of magnitude 

after the second heating cycle. Due to the sensitivity of the HALT spinner these magnetic 

extracts could not be subjected to a third heating cycle. 
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Fig. 13 IRM acquisition curves for magnetic extracts from a HCU (fractions 3) and from a LCU (fraction 
4,5); (A) gives the complete curve, (8) is an enlargemenl of the low-field part of (A). The individual data are 
connected by straight lines. The intensity is normalized with respect to the maximum IRM value (listed in 
table 2). The dashed lines in (8) indicate the H •• 

CR 

The results of the stepwise thermal demagnetization experiments are in line with the 

results of the continuous thermal demagnetization: Most of the IRM2T of fraction 3 is 

carried by CD magnetite with a maximum blocking temperature somewhat above 600°C, 

whereas most of the IR~T of fraction 4 is removed near 360 °C and is carried by 

pyrrhotite (fig. 12). 
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During the stepwise thermal demagnetization procedure the initial susceptibility of 

the magnetic extracts was determined after each demagnetization step (fig. 12). The 

monitored susceptibility changes reflect the magnetomineralogic changes that occur during 

the course of the demagnetization procedure. The initial susceptibility of fraction 3, 

predominantly containing magnetite, decreases after the specimen is heated to 

temperatures at and above 250°C. The decrease of the susceptibility becomes more 

pronounced above 475 °C: 50% of the initial susceptibility is removed between 500 and 

600°C. The decrease of susceptibility indicates that magnetite alters to a non- or less 

magnetic phase in this temperature interval. 

The initial susceptibility of fraction 4, predominantly containing pyrrhotite, shows a 

decrease between 270 and 360°C, apparently related to the alteration of pyrrhotite in the 

same temperature interval. This observation is in concert with the speculative suggestion 

(section 6.2) that either (a) below 360 °C, or more specifically between 270 and 360°C, 

pyrrhotite grains are decreased to a size at which they are not capable to carry significant 

remanence, nor have significant susceptibilities, or (b) hexagonal anti-ferromagnetic 

pyrrhotite, stable above 254°C, is quenched upon cooling. 

At 360 °c, the temperature above which the magnetic properties of pyrrhotite are no 

longer noticeable, the susceptibility starts to increase rapidly. Close to 475°C a 

susceptibility maximum is observed similar to one observed by Valet (1986), Linssen 

(1988) and Dekkers (1990). Dekkers' (1990) experiments with pure pyrrhotite of known 

grain sizes in the range 5-150 micrometer demonstrated the alteration of pyrrhotite during 

heating to hematite via the magnetite phase, producing a susceptibility maximum near 

500°C (see also Schwarz and Harris, 1970; Bennett et aI., 1972; Linssen, 1988). Most likely 

the susceptibility maxima at approximately 475-500 °C (fraction 4 and specimens from 

Dekkers, 1990) and the temperature of increased decay at 475°C in fraction 3 correspond 

to the characteristic temperature at which magnetite becomes altered to hematite. The XRD 

analysis (section 6.2) indicated an increase of the pyrite content in the magnetic extracts 

after being heated at 360°C. This suggests that in the chain of reactions, the alteration of 

pyrrhotite to magnetite proceeds via the pyrite phase. The details of this reaction are not 

completely understood. 

The IRM increase at 360°C, observed in the second continuous thermal 

demagnetization cycle, is related to the original amount of magnetite in the magnetic 

extract, rather than to the amount of remanent magnetic pyrrhotite (table 3). Consequently, 

it is very unlikely that the IRM increase at 360°C is due to an alteration of pyrrhotite to 
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Fig. 14 Left; IRM acquisition curves after heating to 360°C for fractions 3, 4 and 5 (see caption fig. 13) 
representing the magnetite fraction. Right: the derived IRM curves (see text) represent the pyrrhotite 
fraction. The upper figures give the complete IRM curves. the lower figures are an enlargement of the 
low-field part. The data points (not shown separately) are connected by straight lines. The intensity is 
normalized to the IRM at room temperature values. The dotted lines in the lower figures indicate the H . 
Prior to the IRM acqui~tion the magnetic extracts were demagnetized in an alternating field of 300 mT i?' 
order to remove any remanence remaining after the first heating cycle to 360 °C. 

magnetite (compare Linssen, 1988). Moreover, the IRM increase at 360 °C cannot be 

explained by an increase of the magnetite content, since the susceptibility of the specimens 

decrease rather than increase below 360°C. The IRM increase at 360°C can be tentatively 

explained by the magnetic interaction between magnetite and pyrrhotite: Magnetite grains 

which are physically attached to the pyrrhotite grains enhance the maximum unblocking 

temperature of pyrrhotite and, as a result of domain closure, decrease the IRM. 

Alternatively, the alteration of pyrrhotite to a non or less magnetic phase removes the 

source for magnetic interaction with magnetite, causing the observed IRM increase at 

360°C. 

0.0 0.1 0.2 
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7.3 IRM acquisition 

The IRM acquisition curves show that fraction 3 (HCU) predominantly containing 

magnetite (table 3), is already saturated at 0.2 T (fig. 13). Fractions 4 and 5 (LCU) are 

saturated at higher fields (0.5-1.0 T), reflecting the higher content of pyrrhotite. For 

corresponding grain sizes the HeR. of pyrrhotite is significantly above the HeR. of 

magnetite. For instance, the HeR. of SD magnetite with a magnetotactic origin is in the 

range 24.1-48.5 mT (Moskowitz et aI., 1990), whereas the HeR. of a high-temperature SD 

pyrrhotite is 85 mT (EOR <5 micrometer: Dekkers, 1988). The HeR. of fraction 3 is nearly 

half the HCR• of fraction 4 and 5 (table 2), reflecting the differences in pyrrhotite and 

magnetite contents. Although the HeR. values for fraction 4 and 5 are in the same range, the 

HeR. of fraction 5 is slightly lower than fraction 4, which is in agreement with the slightly 

higher magnetite and lower pyrrhotite content of fraction 5 (table 3). 

The remanent magnetic properties of pyrrhotite in the extracts are removed at 

360°C. Hence, IRM acquisition curves determined after the magnetic extracts were heated 

to 360°C show the characteristics of the magnetite only (fig. 14). The HeR. of the heated 

fraction 3 hardly changes relative to the original IRM acquisition curve (table 2). In con

trast, the HeR. values of fraction 4 and 5 drop some 20-30 mT to respectively 47 and 59 mT 

(fig. 14; table 2). The subtraction of the IRM curves acquired before and after heating yield 

the "derived" acquisition curves and HCR• values of pyrrhotite (fig. 14, table 2). The 

"derived" HCR• values for pyrrhotite in fraction 4 and 5 are respectively 81 and 83 mT. 

7.4 Alternating field demagnetization ofARM 

The median destructive fields (MDF) of ARM are well described for magnetite and 

pyrrhotite (Dekkers, 1988; Linssen, 1988; Hartstra, 1982). The MDF is considerably 

higher for pyrrhotite than for magnetite of an identical grain size. Consequently the MDF 

can be used to distinguish these minerals. In the present study the ARM was induced with 

a direct field of 0.035 mT and an alternating field of 300 mT. 

The ARM carried by fraction 3 (HCU) is easily demagnetized (MDF=19 mT), which 

may be expected regarding its high magnetite contents. The ARM demagnetization curves 

for fractions 4 and 5 (LCU) show much higher MDF values (54+67 mT, fig. 15, table 2), 

which is attributed to the presence of pyrrhotite. 

Pyrrhotite is known for its erroneous behaviour during alternating field 
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demagnetizations. This behaviour is caused by the electrical conductivity properties of 

pyrrhotite (Schwarz, 1975). The AF decay curves show that fraction 5 is not completely 

demagnetized with the maximal AF field of 310 mT, which is erratic since the ARM was 

acquired in a lower (300 mT) AF field. This erratic behaviour is typically observed during 

high field (>100 mT) demagnetization of the NRM. Apparently AF demagnetization 

results from sediments with high pyrrhotite contents (LCD units) have to be interpreted 

conservatively. 

7.5 In-field hysteresis 

The IRs/Is ratio is a domain state dependent parameter and thus suited to determine 

average grain sizes for assemblages of magnetic minerals. Theoretically, the maximal JRS/ 

Js ratios for randomly oriented and non-interacting assemblages of single domain 

magnetite and pyrrhotite grains are respectively 0.5 and 0.75 (e.g. Dunlop, 1971). 

The hysteresis loops of the fractions 3 (HCD), 4 and 5 (both LCD) were acquired in a 

200 mT alternating field (fig. 16), which is sufficiently high to saturate magnetite. 

However, fine-grained pyrrhotite may require fields up to 5 T in order to be saturated 

AF Demagnetization of ARM 
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Fig. 15 Alternating field demagnetization of ARM carried by the magnetic extracts from a HCU (fraction 3) 
and a LCU (fraction 4,5). The dashed line indicates the median destructive field (MDF). 
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Fig. 16 Hysteresis curves of magnetic extracts from 
Fraction5 the HCU (fractions 3) and from the LCU (fraction 4,5) 

1=2_5A obtained in a 200 mT AF field. The IRS.lIs' ratio is 
maximal for the LCU extracts predominantly 
containing pyrrhotite. 

completely. Hence, the observed JRs/JSratio for the pyrrhotite-rich fractions (LCU, fraction 

4 and 5) is significantly above the true values, whereas the derived He value will be lower 

than the true value. To indicate the difference with true JRs/JS parameters the currently used 

parameter is denoted JRS./JS" The high field susceptibility (HF8) components introduced by 

pyrrhotite and the paramagnetic components in the sediment have been subtracted from the 

hysteresis loops before the JS' value was calculated. 

Fraction 4 and 5 produce high JRS./JS' ratios (0.66 and 0.68) and He values (34 and 

30 mT) compared to fraction 3 (JRs./Js.=0.37 and Hc=15 mT) due to the high pyrrhotite 

contents. A correction for the presence of -10% pyrrhotite in fraction 3 and -10% 
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magnetite in fraction 4 (table 3) is necessary to calculate the JRs/JSof magnetite and JRS./JS' 

of pyrrhotite (using: 100/[0.66]LCU=90/[JRS/JS]PYRRH.+ lO/[JRs/Js]MAGN. and 

100/[0.37]Hcu=1O/[JRs/Js]PYRRH.+90/[JRs/Js]MAGN). Assumptions in the calculation are that 

the differences in the pyrrhotite and/or magnetite properties which may exist between the 

HCU and LCU are not important and that there is no significant magnetic interaction in the 

sample. Because of the high concentrations of magnetite in the HCU and pyrrhotite in the 

LCU, the error in the calculated parameters for these dominating minerals in the HCU and 

LCU will be small. The pyrrhotite contribution to the JRS/JS' i.e. the JRS./JS" is 0.73. As a 

result of the non-saturation of pyrrhotite, it is not meaningful to calculate the grain size of 

pyrrhotite from this JRS./JS' value. The JRS/JSratio for magnetite is 0.35, corresponding to a 

grain size of 0.1-0.2 micrometer (Dunlop, 1986; Argyle and Dunlop, 1990; Heider et aI., 

1987; Worm and Markert, 1987). 

7.6 Low-temperature treatment 

The low-temperature behaviour of IRMzT carried by magnetite and pyrrhotite is grain 

size dependent (Hartstra, 1982; Dekkers, 1989). The low-temperature cycle of fraction 3 

shows (fig. 17), after an initial small and gradual remanence increase of 5%, a minor 

remanence decrease at the Verwey transition of magnetite (Chikazumi, 1976; Yoshida and 

Iida, 1977) equal to 5%. The remanence does not recover on warming, but instead further 

decreases, yielding a remanence at room temperature which is approximately 6% lower 

than the initial IRM. The remanence loss of magnetite at the Verwey transition was studied 

by Hartstra (1982) for well defined grain size ranges from <5 to 100-150 micrometer. The 

remanence loss was shown to decrease with decreasing grain size. A comparison of 

extrapolated data from Hartstra (1982) and a correction for the pyrrhotite contribution to 

the IRM (-10%; table 3) yields a magnetite grain size of 0.1-0.5 micrometer. Mark that the 

crushed magnetite used by Hartstra is not completely stress free (Hartstra, 1984), which 

may result in a slight bias of the estimated grain size (e.g. Argyle and Dunlop, 1990). A 

second low-temperature cycle, applied to fraction 3 immediately after the first cycle wit

hout acquisition of a new remanence, is completely reversible. This result is conform 

similar experiments on magnetite (Hartstra (1982). 

The low-temperature cycles of fraction 4 and 5 show a slight and continuous 4% 

remanence increase during cooling. The curves do not reveal the remanence maximum at 

-70°C reported for pyrrhotite (Dekkers, 1989). On warming the remanence decreases; the 
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Fig. 17 Successive low-temperature cycles (denoted" 1" and "2") to liquid nitrogen temperature of magnetic 
extracts from a RCD (fraction 3) and from a LCD (fraction 4,5). The magnetization is normalized with 
respect to the IRM the specimens acquired prior to the first run at room temperature (table 2). The second 
low-temperature c;dle was performed immediately after the first cycle (without acquiring a new 
magnetization). The arrows indicate the cooling and the warming curves unless these could not be resolved 
(Fraction 3, second run). The temperatures readings below -100 °C are subject to an erratic error as can be 
observed for the first cooling curve of fraction 3: the Verwey transition of magnetite is observed at -110 
instead of -154°C at which temperature the transition actually occurs (Chikazumi, 1976). 

intensity at room temperature is 5-7% lower than the initial IRM, which is characteristic 

for pyrrhotite grains smaller than 15 micrometer (Dekkers, 1989). During the second low

temperature cycle the IRM intensity continuously increases 3-9%. The high degree of 

reversibility of the second low-temperature cycles concurs with experimental data (Dek

kers, 1989). 
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7.7 Properties ofmagnetite and pyrrhotite in the sediment 

The contributions of pyrrhotite and magnetite to the I~T (table 3) and the rock

magnetic propenies of the HCD and LCU extracts (table 2) have been re-calculated to 

properties of pyrrhotite and magnetite. If rockrnagnetic parameters could not be measured 

directly the calculation proceeded conform the method of IRS/Is calculation in section 7.5. 

The results are listed in table 4. 

The HeR' of the LCU was determined before and after alteration of pyrrhotite, thus 

allowing the HCR, of magnetite and pyrrhotite in the LCU to be determined directly 

(section 7.3). The results demonstrate that HCR' of magnetite is higher in the LCU than in 

the HCD (table 4). This difference points to a lower average grain size for magnetite in the 

LCD than in the HCU. The He, HCR and grain size of magnetite in the LCU can directly be 

calculated from the HCR, using the grain-size independent relation between HCR, and HeR 

(e.g. Hanstra, 1982; Argyle and Dunlop, 1990) and the HCRIHe ratio, which is known to 

decrease with grain size (Gaunt,1960; Stacey and Banerjee, 1974; Argyle and Dunlop, 

1990). The resulting HeR value of LCU magnetite (27.7 mT) indicates that He>15.3 mT, 

provided that HaJHc<1.8. A Hc>15.3 mT points to a grain size below 0.08 micrometer 

(Argyle and Dunlop, 1990), which puts the grain size of magnetite in the LCU near the 

upper single domain grain size threshold. The magnetite in the HCU (0.1-0.2 micrometer) 

is pseudo single domain. 

The observed MDF, HeR and He values indicate an average pyrrhotite grain size of 

5-10 micrometer (Dekkers, 1988; Linssen, 1988) , which is slightly too high regarding the 

microscopic and SEM observations of the extracts. 

The concentration of the magnetite and the pyrrhotite propenies in the extracts can 

be calculated from the rockrnagnetic properties listed in table 4. The necessary scaling is 

provided by the hysteresis properties of magnetite and pyrrhotite. For magnetite the 

accepted value of Is=93 Am2/kg has been adapted (e.g. Collinson, 1983), which, together 

with the established IRs/Is ratio and I~p provides a sound basis for the calculation of 

the concentration. However, this method is not applicable to pyrrhotite since the 

determined IRs/Is ratio for pyrrhotite is too high and the Is of fine-grained pyrrhotite seems 

to be grain size dependent (e.g. Dekkers, 1988). The preferred method for the 

determination of pyrrhotite concentration was the usage of experimentally determined 
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Table 4. Properties ofmagnetite and pyrrhotite in the Trubi sediment 

LCU HCU 
Magnetite Pyrrhotite Magnetite Pyrrhotite 

Grain size in microm. <0.1(1) <2 0.1-0.2 <2 
IRM2T extr.(1O-4.Am1 0.35 2.73 2.08 0.23 

-4 2IRM2T sedm.(l0 .Am) 0.69 5.35 2.77 0.31 

IRs/Is (>0.35~ <0.73 0.35 «0.73) 
He(mT) >15.3( ) <36.6 12.9 «36.6) 
HeR (mT) 27.7(1) 65.7 23.1 (65.7) 

HCRIHc >1.8 1.8 (>1.8)<1.8(1) 

HeR· (mT) 48.0 81.0 40.0 (81.0) 
MDF(mT) (14.1) 59.5 14.1 (59.5) 

Weight in extract (mg) 1 140 6 12 
Conc.in sediment (ppm) 5 670 21 40 

Table 4. Properties of pyrrhotite and magnetite in the Trubi sediment (400 gr sediment samples). The 
rockmagnetic parameters include grain sizes, IRM (acquired in 2 T) for the extract (IRM2T extr.) and the 
sediment (IRM2T sedm.), HeR. He, median destructive field of the ARM (MDF), etc. The parameters of 
pyrrhotite in the HCU and magnetite in the LCU, which could not be inferred directly, and hence may be less 
accurate, are between brackets. For the calculation of the concentrations of magnetite Is=93 Am2/kg has been 
used (e.g. Collinson, 1983), and for fine-grained pyrrhotite IRM2r2 Am2/kg (Dekkers, 1988). The parame
ters marked (1) have been calculated using the existing relations between HeR·, HeR, He and grain size. 

IRMzT intensities of fine-grained stress-free pyrrhotites. It was decided to use the 

experimental results of Dekkers (1988; IRMzT-2 Am2/kg), although the skarn pyrrhotites 

of Dekkers have a different origin than the pyrrhotites in the Trubi sediment. The 

IRMzT-2 Am2 /kg is significantly below maximal values reported for JRs-15-17 Am2/kg 

(Schwarz and Vaughan, 1972; Halgedahl and Fuller, 1981a). However, the prominent 

decrease of JRS with decreasing grain size below 15 micrometer is supported by other, 

independent observations (e.g. Clark, 1984). The results demonstrate (table 4) that the 

concentrations of pyrrhotite in the HCU and LCU exceed the concentration of magnetite 

with respectively a factor 2 and two orders of magnitude. One of the puzzling outcomes is 

the incompatibility between the calculated concentration of pyrrhotite in the HCU and the 

LCU (table 4) and the results of the X-ray diffraction (section 6.2). Although the presence 

of pyrrhotite in the HCU extracts was clearly demonstrated with X-ray diffraction, we 

failed to do so in the LCU extracts. However, the high JRs/JSratio and HCR value indicate 
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that pyrrhotite is indeed present in the LCU. It is not likely that the observed discrepancy is 

caused by the fact that pyrrhotite is extremely small grained in the LCU since this would 

also affect the remanent magnetization of pyrrhotite, which in contrast is very high in the 

LCU. Furthermore, the concentration of pyrrhotite in the HCU and LCU extracts was well 

above the detection limit of 1-5%. Obviously this feature needs further investigation. 

The thermal demagnetization characteristics suggest that interaction phenomena 

exists between the magnetizations of magnetite and the (non-homogeneous) pyrrhotite 

(section 7.2). Low temperature monoclinic pyrrhotite may contain 1% magnetite 

equivalents at most (Graham et ai., 1987). Although this amount appears to ~ too small to 

explain the observed magnetite remanence, it might explain the observed magnetic 

interaction phenomena. Furthermore, the occurrence of magnetite equivalents in pyrrhotite 

may explain the slightly enhanced blocking temperature of pyrrhotite in the Trubi sediment 

(e.g. Onufrienok and Zvegintsev, 1981). 

8. Origin of the magnetic minerals 

The origin of the magnetic minerals in the sediment is of major interest to 

paleomagnetism as it gives information on the timing of the natural remanent 

magnetization. The geochemical and rockmagnetic investigations of this study have 

revealed the presence of magnetite, pyrrhotite and a FeTi-oxide, as well as some of their 

properties, such as grain size and concentration. The identification of the magnetic miner

als and the assessment of their rockmagnetic properties provide a basis for a discussion on 

their origin. 

The occurrence of pyrrhotite in the Trubi sediment excludes a detrital origin of this 

mineral; pyrrhotite is not the stable phase during the accumulation of marine sediments, 

rather pyrite will precipitate from even the most reducing aqueous solution (Hall, 1986). 

Hence, any pyrrhotite present in the sediment must have been formed in a suboxic or 

anoxic environment by authigenic processes in the early stages after sediment deposition 

(e.g. Karlin and Levi, 1985). Indeed, recent studies indicate that biogenic processes may 

introduce pyrrhotite which can carry a remanent magnetization (Farina et ai., 1990; Mann 

et ai., 1990). 

The study of reversal records showed that magnetite and pyrrhotite acquired their 

magnetization at approximately the same moment or at least within a narrow time interval 

(Linssen, 1988; chapter 3). This observation makes it very unlikely that the ChRM compo

126 



Rock magnetism ofthe magnetite and pyrrhotite bearing Trubiformation 

nent carried by magnetite has a detrital origin, but instead it indicates that not only 

pyrrhotite, but also magnetite has an authigenic origin. Chang and Kirschvink (1985) found 

isolated biogenic magnetite grains smaller than 0.1 micrometer in sediments with similar 

rockmagnetic characteristics (see also Karlin, 1987; Moskowitz et aI, 1990). This grain 

size is in close correspondence with the observations in the present study (table 4). 

It is most likely that the observed FeTi oxides originate from wind-blown volcanic 

material. This origin is conform the unimodal grain size distribution of the grains, the 

texture, the high Ti content and the sharp edged habitues. The fact that the FeTi oxides 

were not observed in the LCV suggest a relation between the HCVILCV rhythmites and 

volcanic activity or wind-blown African input (De Visser et aI, 1989). It would be of great 

interest to further investigate the FeTi-oxide occurrence in the HCV and LCV and see if 

such a relation really exists. The presence of the FeTi oxide was not readily visible in the 

rockmagnetic results, or it should be that this mineral is the carrier of (a part) of the 

magnetite magnetization. However, since the FeTi mineral probably has a volcanic origin 

and the authigenic magnetite and pyrrhotite magnetizations were acquired below the sedi

ment surface, it is very unlikely that a substantial part of the ChRM is carried by very fine

grained, not-observed, magnetite inclusions in the FeTi oxide. 

The reliability of reversal records of authigenic origin depends on the complex 

relations between the thickness of the sedimentary reaction layer in which the authigenic 

minerals are produced and the rates at which the reversal proceeds and the sediment 

accumulates (Hoffman and Slade, 1986; Weeks et aI., 1988; Rochette, 1990; 

deMenocal et aI., 1990). The dependencies are such that the reliability increases if the 

reaction layer decreases in thickness, the reversal proceeds more slowly and the 

accumulation rate is increased. For the Trubi sediment it has been established that the 

accumulation rate is 5-10 cm/kyr (Zijderveld et aI., 1986), which is well above suspected 

values (e.g. Rochette, 1990, deMenocal et aI., 1990). On the other hand, the sedimentary 

intervals in which the major geomagnetic variations are observed are small (5-20 cm): the 

durations of the main reversal features are less than approximately 3 kyr (Linssen, 1988). 

In theory, the high pace of the reversals makes the (sparse) transitional directions less 

reliable. Moreover, the authigenic origin of the minerals carrying the ChRM indicates that 

some smoothing effects will undoubtly be present in the record, and probably be 

proportional with the thickness of the reaction zone. However, the observation of consis
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tent and rapid (1-3 kyr) variations below, in and above the reversal record (e.g. Linssen, 

1988; chapter 3,5) provide evidence that the important directional features of the reversal 

are accurately recorded in the sediment (e.g. Rochette, 1990; Constable, 1990). The size of 

the reaction zone, acting as the primary fIlter cq. smoothing window (Lund and Karlin, 

1990), can be estimated by the assessment of the duration of the most rapid variations 

which occur in the record. Important variations were demonstrated to occur in less than 

3 cm (Linssen, 1988; chapter 3,5). The resolution of the recording process is estimated at 

0.2°/yr and an intensity variation of 5% of the initial intensity per year. 

9. Conclusions 

Separation of the magnetic minerals in the Trubi sediment and their geochemical and 

rockmagnetic investigation has shown to be a useful method to identify assemblages of 

magnetic minerals with a small average grain size (<2 micrometer) and low concentration 

(5-700 ppm). The sub-optimal effectiveness of the separation process (51-75%) was 

demonstrated to have a very limited biasing effect on the results. The average grain size of 

remanent magnetic minerals in the magnetic extracts is slightly higher than in the original 

sediment. 

The rockmagnetic and geochemical experiments on the magnetic extracts 

demonstrated the presence of magnetite, pyrrhotite, pyrite and a FeTi-oxide in the Trubi 

sediment. The various minerals are not uniformly distributed in the sediment, but follow 

the natural alternation of LCU and HCU units in the Trubi formation. 

The presence of pyrrhotite was demonstrated with X-ray diffraction, but only in the 

HCU. Further evidence for the presence of pyrrhotite in the HCU and LCU comes from 

rockmagnetic observations on JR~jJS and (remanent) coercivities. Pyrrhotite was 

demonstrated to be most abundant in the LCU units and in coexistence with pyrite 

(section 6.2). The concentration of pyrrhotite in the investigated LCU and HCU samples is 

approximately 670 and 40 ppm respectively. Reflected light microscopy and SEM 

investigation of the magnetic extracts have shown that the average grain size of pyrrhotite 

is below 2 micrometer, i.e. within the single domain grain size range (Soffel, 1977, 1981; 

Halgedahl and Fuller, 1981; Clark, 1984; Dekkers, 1988). The visually observed grain size 

range of pyrrhotite and the average grain size calculated from grain size dependent rock

magnetic parameters such as HeR' and MDF agree reasonably, although the rockmagnetic 

parameters show a slight bias to higher values (5-10 micrometer). Apparently, the present 
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authigenic pyrrhotites have a lower coercive force than the skarn pyrrhotites which were 

used as a reference. 

The physical alteration of pyrrhotite was demonstrated to proceed between 270 and 

475 DC. Between 270 and 360 DC the remanence and susceptibility of pyrrhotite decrease 

below the detection limit. Between 360 and 475 DC the pyrrhotite is altered to fine-grained 

magnetite. Probably the alteration of pyrrhotite to magnetite proceeds via the pyrite phase, 

although the details of this alteration are not completely understood. Above 475 DC the 

magnetite is altered to a less- or non-magnetic phase, believed to be hematite (Linssen, 

1988; Dekkers, 1990). The reactivity of magnetite and pyrrhotite during thermal 

demagnetization proves to be complex and may be a source for magnetic contamination of 

the NRM directions and intensities. This is specially true for the pyrrhotite bearing 

sedimentary units (LCV) from which magnetite is produced between. The newly formed 

magnetite, produced between 360 DC and 475 DC in a near zero field, easily picks up 

laboratory induced remanent magnetizations (Linssen, 1988). 

The presence of magnetite was demonstrated with X-ray diffraction and continuous 

and stepwise thermal demagnetization. Magnetite was not observed directly. The IRS/Is of 

magnetite is 0.35 in the RCU and >0.35 in the LCV, the R CR=27.7 mT in the LCV and 

23.1 mT in the RCV, the Re>15.3 in the LCV and 12.9 mT in the RCV. The calculated 

grain size of magnetite in the RCV units is in the range 0.1-0.2 micrometer (PSD size 

range), in the LCV units less than 0.1 micrometer (SD-PSD size range). The calculated 

concentration of magnetite in the LCV and RCV is respectively 5 and 20 ppm. 

Regarding the origin of magnetite and pyrrhotite it is concluded that both minerals 

were formed more or less simultaneously in a biogenic or authigenic environment. It is 

tentatively suggested that magnetite is (partly) intergrown with pyrrhotite, causing the 

presumed magnetic interactions between remanences of pyrrhotite and magnetite. 

The total concentration of magnetite plus pyrrhotite was shown to be considerably 

higher in the LCV (680 ppm) than in the RCU (60 ppm) indicating a higher biogenic or 

authigenic activity or lower input of matrix material during periods of LCU deposition. 

Small amounts of FeTi-oxide grains with equal amounts of Fe and Ti were observed 

with microprobe and reflected light microscope investigations. The FeTi-oxide grains were 

only observed in the RCU units. The grains have a uniform size (-10 micrometer) and a 

lamellar texture. Probably the FeTi-oxide grains have a volcanic origin. No indication has 

been found that this mineral contributes to the remanence, either IRM or ChRM. 
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Chapter V 

The Mammoth and lower Kaena geomagnetic sedimentary reversal re
cords of the Punta Piccola section 

1. Introduction 

Sediments and extrusive igneous rocks are commonly used for the study of 

geomagnetic reversal records. The reversal records obtained from sediments, in contrast to 

extrusive igneous rocks, have an advantage of being continuous and of possessing a well 

defined time control. Moreover, a magnetostratigraphic investigation of the sedimentary 

sequence including the reversal records provides an accurate timing of the reversal with 

respect to the geomagnetic polarity time scale. 

Sediments acquire their natural remanent magnetization (NRM) in a complex process 

over longer periods of time. In this respect, the ability to derive a reliable reversal record 

from a sedimentary sequence depends mainly on the accumulation rate of the sediment and 

on its magnetic properties. 

Magnetostratigraphic research of marine sediments in the central Mediterranean by 

the paleomagnetic laboratory "Fort Hoofddijk" yielded the information to identify a 

continuous sequence of 25 reversals from 7.5 to 1.5 Ma. The Miocene reversal records 

from this sequence are located on Crete (Langereis, 1984; Langereis et aI., 1984; Valet et 

aI., 1988) and the Pliocene reversal records are located in Calabria (Zijderveld et aI., 1986; 

Linssen, 1988) and on Sicily (Hilgen and Langereis, 1988; Zachariasse et aI., 1989, 1990; 

Langereis and Hilgen, in press). 

The presently discussed records of the lower Mammoth (N-R), upper Mammoth 

(R-N) and lower Kaena (N-R) reversals were obtained from Sicily (Italy). The results of 

the overlying upper Kaena reversal record are reported elsewhere (van Hoof and Langereis, 

submitted). 
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Fig. 1 Location of the Punta Piccola section in SW Sicily (Italy). 

2. The Punta Piccola section 

The reversal records were sampled in the Punta Piccola section (Brolsma, 1978; 

Spaak, 1983; Hilgen 1987; Zachariasse et aI., 1989) situated in the Caltanisetta basin of 

southern Sicily (fig. 1). The Punta Piccola section consists of middle Pliocene sediments 

from the Trubi and Monte Narbone formation (Cita and Gartner, 1973; Brolsma, 1978; 

Spaak, 1983; Rio et aI., 1984). The Trubi and Monte Narbone sediments are widespread in 

the Neogene basins of Sicily and Calabria (see e.g. Hilgen, 1987). 

The magnetostratigraphy, biostratigraphy (Zacheriasse et aI., 1989) and 

lithostratigraphy (Hilgen, 1987) of the Punta Piccola section has been investigated in detail 

and is shown in figure 2. The recorded reversals are the Gilbert-Gauss, lower and 

upper Mammoth, the lower and upper Kaena and the Gauss/Matuyama (Zachariasse et aI., 

1989). 
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The rhythmically bedded marls of the Trubi and Monte Narbone formation consist of 

carbonates (55-80%), clay minerals and minor amounts of quartz. The variation in the 

concentration of these minerals has introduced the rhythmic nature of the sediment 

(Rilgen, 1987; chapter 4; De Visser et aI., 1988; Rilgen and Langereis, 1989). 

A distinctive lithological feature of the Sicilian Trubi sediment is the detailed 

partitioning of the rhythmites. Single rhythmites in Sicily are quadripartite consisting of a 

grey, white, beige and white coloured bed and are denoted quadruplets (Rilgen, 1987). 

Single rhythmites in Calabria are bipartite and consist of a high carbonate unit (RCU) and 

a low carbonate unit (LCU). The LCU units correspond to the grey beds in the Sicilian 

quadruplets, the RCU units correspond to the white-beige-white beds in the quadruplets. 

The Mammoth reversal records are located in the uppermost part of the Trubi 

formation, whereas the overlying lower Kaena reversal record is located just above the 

base of the Monte Narbone formation. The sedimentary interval enclosing the Mammoth 

reversal records is more indurated than the interval enclosing the overlying lower Kaena 

record. No further lithological differences between the sedimentary interval enclosing the 

lower Kaena reversal record and the underlying Trubi sediment have been observed 

(Rilgen, 1987). 

The sediment exposed in the section shows a slight and almost uniform dip; near the 

sampling sites of the Mammoth reversal records the bedding tilt is 5° to ENE (N62°E). The 

bedding tilt near the lower Kaena reversal record is somewhat higher (11°). Due to the 

rhythmically bedded nature of the sedimentary sequence, any small fault can be easily 

recognized. At the location of the sampled records no faults are present. 

The paleomagnetic results (Zacheriasse et aI., 1989; Scheepers and Langereis, in 

prep.) indicate a Pliocene rotation of approximately 35° for the sedimentary sequence 

exposed in the Punta Piccola section. 

The accumulation rate of the sediment is approximately 5 cm/kyr. The variation of 

the accumulation rates in the subsequent polarity subzones is low, although a slight 

decrease with decreasing age appears to be present (table 1). The accumulation rates used 

for the reversal records are the average accumulation rates of the under- and overlying 

polarity zones; i.e. 5.0,4.7 and 4.6 cm/kyr for respectively the lower Mammoth, 

upper Mammoth and lower Kaena reversal records. 

133 



The Mamrrwth and lower Kaena reversal records o/the Punta Piccola section 

,-----
POLARITY m~E SCALE 

(B...~~,.n el al .. 196~) 

Punta Piccola section 

~ 

~ 
G ,~ 

J80 

__.--c-1 

Fig. 2 Polarity sequence recorded in Punta Piccola section and lithology. 'K' denotes Kaena subchron, 'M' 
denotes Mammoth subchron (Berggren et al., 1985). 

3. Methods 

Prior to sampling, planes were cut perpendicular to the bedding plane (fig. 3). 

Considerable effort was put in removing the weathered surface in order to obtain fresh 

(dark grey and blue coloured) sediment. 

Sampling equipment consisted of a portable generator, electric drilling machines and 

water-cooled brass drills with diamond cutting edges. Cores of 25 mm diameter were 

drilled parallel to the bedding plane and at least one core per sampling level was taken. 

Since the sampling levels were spaced I em, a multiple coverage of specimens for all 

stratigraphic levels was obtained. In the laboratory, the cores were cut into standard speci

men of 22 mm height. In order to obtain a better resolution of the reversal record, a number 

134 



The Mammoth and lower Kaena reversal records ofthe Punta Piccola section 

Table 1 Accumulation rates ofthe Trubi sediment exposed in Punta Piccola section 

Polarity intervals Acc.rates 
cm/kyr 

Gilbert/Gauss - lower Mammoth 5.3 
lower Mammoth - upper Mammoth 4.7 
upper Mammoth - lower Kaena 4.7 
lower Kaena - upper Kaena 4.4 

Table 1. Accumulation rates of the Trubi sediment exposed in the Punta Piccola section based on 
magnetostratigraphic data (Zachariasse et aI., 1989). The ages of the geomagnetic reversals are : Gilberti 
Gauss 3.4 Ma; lower Mammoth 3.18 Ma; upper Mammoth 3.08 Ma; lower Kaena 2.99 Ma; upper Kaena 
2.92 Ma (Berggren et aI., 1985). 

of specimens were split into halves approximately parallel to the bedding plane. The 

stratigraphic position of each specimen was calculated using the bedding plane, drilling 

orientation and width of the saw cut. The accuracy in the determination of the stratigraphic 

level is better than 0.5 em. 

Stepwise progressive thermal demagnetizations were performed in tunnel furnaces 

with mu-metal shielding; the alternating field (AF) demagnetizations were done using a 

stationary holder (Zijderveld, 1967; Dankers and Zijderveld, 1981). Thermal 

demagnetization was carried out with temperature increments of 30 °e up to 510 °e, and 

of 20 °e increments at higher temperatures. For AF demagnetizations generally 15-18 

demagnetization steps were used up to a maximum field of 100 mT. All measurements of 

the remanent magnetization were made with a 2G-Enterprises cryogenic magnetometer 

having a sensitivity of 10-11 Am2
; its reproducibility is better than 1° for magnetizations 

exceeding 10-9 Am2. 

Thermal demagnetization procedures were focussed on the suppression of laboratory 

induced viscous magnetizations due to the production of superparamagnetic magnetite 

during heating at temperatures above 360 °e (Linssen, 1988; chapter 4). In addition, a 

partial thermo-remanent magnetization (PTRM) may be induced by the very small fields 

ambient in the furnace. Minimizing the heating and cooling times for the specimens is 

successful in suppressing these effects to a large extent (Linssen, 1988). In the present 

study the magnitude of a laboratory induced PTRM component was never in excess of 

0.05 mAim. 

Analysis of the demagnetization data was done with the help of an in-house 

135 



The Mammoth and lower Kaena reversal records of the Punta Piccola section 

Fig. 3 Sampling sites of lower and upper Mammoth reversal records (lower picture) and lower Kaena 
reversal record (upper picture). 
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developed interactive and graphics-based computer program. Directions of the remanent 

magnetizations were calculated by means of least squares analysis (Kirschvink, 1980). 

Susceptibility and anisotropy measurements have been determined using an AC 

bridge (KLY-1). Continuous measurements of magnetization during cooling and heating 

were performed with a fluxgate spinner magnetometer. The temperatures of the specimens 

are controlled either by a water-cooled furnace, or by a liquid nitrogen dewar. 

4. Rock magnetism 

The assessment of rockmagnetic parameters throughout the reversal records makes it 

possible to distinguish the paleointensity variations from variations in magnetic mineral 

contents. To accomplish this, the characteristics of the isothermal remanent magnetization 

(IRM) and the variation of the IRM, ReR and initial susceptibility in the reversal records 

have been determined. 

The rockmagnetic properties of the lower part of the Calabrian Trubi formation, have 

been the subject of an extensive study (chapter 4). The IRM and characteristic remanent 

magnetization (ChRM) of the Monte Singa Trubl sediment is carried by low-coercive 

magnetite and medium-coercive pyrrhotite. The demagnetization of pyrrhotite and 

magnetite takes place in respectively the temperature trajectories 210-360 °C and 480

620°C. In the lower part of the Monte Singa section the contribution of pyrrhotite to the 

IRM is approximately 10% in the RCU's and 90% in the LCU's, the magnetite 

contribution to the ChRM is approximately 90% in the RCU's and 10% in the LCU's. The 

contribution of pyrrhotite to the remanence diminishes in the top of the Monte Singa 

section (chapter 3). The estimated grain size of magnetite is 0.1-0.2 micrometer in the 

RCU's and less than 0.1 micrometer in the LCU's. The average grain size of pyrrhotite is 

less than 2 micrometer in the RCU and LCU. 

The reversal records of the pyrrhotite and magnetite components in the Calabrian 

Trubi formation indicate that magnetite and pyrrhotite acquired their remanent 

magnetization approximately at the same time. The pyrrhotite component, with respect to 

the magnetite component, provides slightly more transitional directions of the reversal. 

This indicates that the lock-in interval of pyrrhotite remanence is smaller. Close to 

lithological boundaries the magnetite component is more easily biased to present-day field 

directions than the pyrrhotite component. 
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Fig. 4 Normalized IRM acquisition curves for 1 specimen from the lower Mammoth record (10.3 cm level) 

and 2 specimens from the upper Mammoth reversal record (8.7 and 29.0 cm level). The IRMzT intensity for 

the lower and upper Mammoth specimens ranges from 1-4 Nm. 

4.1 Characteristics of the 1RM 

The Mammoth and lower Kaena reversals were recorded in the white-beige-white 

coloured layers. The IRM acquisition curves of the specimens from these layers are 

saturated for more than 95% in a 0.25 T field (fig. 4). These characteristics correspond to 

the acquisition curves of the HCV's from the Calabrian Trubi (chapter 4) and point to a 

low content of (medium-coercive) pyrrhotite. 

Stepwise thermal demagnetization of IRM2T of specimens (fig. 5) from the same 

layers demonstrate the presence of a cation-deficient (CD) magnetite component, removed 

at approximately 600 DC (Heider and Dunlop, 1986; Linssen, 1988; chapter 4) and a 

pyrrhotite component removed in the range 300-350 DC. The temperature at which the 

pyrrhotite remanence is removed is slightly below the maximum blocking temperature of 

360 DC observed in the Calabrian Trubi (Linssen, 1988; chapter 4). 

Continuous low- and high-temperature treatment of the IR~T was performed in the 

temperature range -196 DC to 650 DC. The experimental procedure involved three steps 

(fig. 6). During the first step, the specimens acquired an IR~T at room temperature, after 

which the specimens were cooled to liquid nitrogen temperature (-196 DC) and warmed to 

room temperature. Subsequently the same specimens again acquired an IR~T and were 
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heated to 360°C, in order to remove any pyrrhotite contribution (chapter 4). Finally, after 

cooling to room temperature, the specimens acquired an IRM2T once more and were heated 

to 650°C. 

The cooling curves (from 20 to -196°C) show an initial smooth remanence increase 

of approximately 5% between 20 and -150°C, and a subsequent decrease of the same 

magnitude. On warming from liquid nitrogen temperature to room temperature the 

intensity of the remanent magnetization decreases to 90-95% of the initial IRMzT at room 

temperature. 

An increase of remanence on cooling is typical for small grained pyrrhotite 

« 5 micrometer; Dekkers, 1988). The decrease of the IRM at approximately -156°C is 

attributed to the Verwey transition of magnetite. The decrease of intensity at the Verwey 

transition is less for smaller grains (Rartstra, 1982). For very small grain sizes « 1 micro

meter) the effects at the Verwey transition are not well known and must be estimated by 

extrapolation of the experimental data. If the initial remanence increase on cooling (due to 

pyrrhotite) is subtracted, one arrives at an extrapolated grain size for magnetite of 0.1

0.5 micrometer. This result agrees with the results of the Calabrian Trubi RCD sediment 

(chapter 4). 

Stepwise Thermal Demagnetization Curves 
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Fig. 5 Stepwise thermal demagnetization of lRM acquired in 2 T for specimens from the lower Mammoth 
record and upper Mammoth reversal record. The same samples were used for acquisition of IRM, see fig. 4. 
The remanent magnetizations of pyrrhotite and magnetite are removed near 320 and 580°C respectively. The 
curves are normalized with respect to the IRM acquired at room temperature. 
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During the first heating treatment to 360°C the pyrrhotite contents is altered to non

magnetic products (Linssen, 1988; chapter 4). Consequently, the newly acquired IRM2T 
before the second heating cycle is carried by magnetite only. The alteration of pyrrhotite 

during the first heating cycle results in an increase of the magnetite remanence at 300

350°C during the second heating cycle (chapter 4). The contribution of pyrrhotite to the 

IRMzT is equal to the original IRM2T minus the IRMzT acquired before the second heating 

cycle, corrected for the increase of IRM observed in the second heating cycle. The 

contribution of magnetite to the IRM2T is the remainder. The actual contributions of 

magnetite and pyrrhotite to the IRMzT are respectively 90% and 10%, wHich is similar to 

the RCU's of the Monte Singa Trubi. 

Continous thermal demagnetization and Jow-temperature treatment of /RM 
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Fig. 6 IRM cooling and heating curves for two specimens from the lower Mammoth (LM.108B, 24.3 cm 
level) and upper Mammoth (UM.29D, 26.9 cm level) reversal records. The first heating curve to 360°C is 
denoted '1', the second heating curve to 600°C is denoted '2'. The sediments acquired an lRM in 2 T. The 
sense of heating and cooling is indicated with arrows. The intensity decrease due to the Verwey transition is 
indicated with a double arrow. All curves are normalized with respect to the lRM acquired before the first 
heating cycle. At 320°C and 580 °C the remanent magnetizations of respectively pyrrhotite and magnetite 
are removed. 
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4.2 Susceptibilities and anisotropy of susceptibility 

The most important constituents of the Calabrian Trubi are calcite, clay minerals 

(kaolinite+illite) and quartz; the average contribution of these minerals is respectively 55, 

35 and 10% by weight (chapter 4). The total susceptibility of these minerals, dominated by 

the clay minerals, is at least 80.10-6 51 (see e.g. Collinson, 1983). This matrix susceptibility 

is about 50% of the average susceptibility of the sediment, being 160.10-6 51 (see e.g. 

table 2). As a consequence, the variations of the susceptibility of magnetic minerals are 

strongly buffered by the susceptibility of the non-magnetic minerals. The effect of the 

buffering mechanism is illustrated by the relation between the HCR and lRM2T variations 

on the one hand, and the susceptibility variations on the other (figs. 1la-c). Although the 

and lRM2T variations are also reflected in the susceptibility record, the amplitude ofHCR
 

the susceptibility variations is far less.
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Fig. 7 Anisotropy components for specimens from the upper Mammoth record in an equal-area projection. 
Round, square and triangle symbols refer respectively to the K and K " axes of the anisotropy 

min
, Kin, m 

ellipsoid. Corresponding closed symbols correspond to the average anisotropy axes. The anisotropy is 
dominated by flat-lying foliation, no lineation is present. The ellipses denote the angles of95% confidence. 
The solid and dashed lines denote the average directions of respectively the K and Kin,• max 
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The buffering mechanism may also be demonstrated by the anisotropy of 

susceptibility. Clay minerals are expected to produce a strong foliation, whereas magnetite 

in marls are expected to produce a sub-horizontal lineation (Kodama and Sun, 1990). The 

results of the anisotropy measurements are shown in figure 7 and table 2. The low values 

of P (degree of anisotropy) and T (characterizing the shape of the susceptibility ellipsoid) 

demonstrate that the anisotropy is indeed determined by foliation (F=Kmt/~), rather than 

by lineation (L=KmaxlKmt)' Due to the clay matrix contribution, the initial susceptibility is 

not further used for the characterization of remanent magnetic minerals in the sediment. 

Table 2 Anisotropy ofmagnetic susceptibility 

N L F P T 

upper Mammoth 22 160.5 1.0023 1.0112 1.0136 0.6516 

Table 2. The magnetic susceptibility and the parameters of anisotropy for the sediment from the 
upper Mammoth record. Given are the number of specimens for which the anisotropy was determined (N), 
the average bulk susceptibility (Xi in 10-6 51), the lineation (L), the foliation (F), the anisotropy degrees (P) 
and the T parameter (Jelinek, 1981; Hrouda, 1981). The calculation of the anisotropy parameters and the 
statistical analysis of the data is according to Jelinek (1977,1978,1981) and Hrouda (1981). 

5. Demagnetization of NRM 

For all records, a considerable number of specimens has been analysed, mostly by 

progressive stepwise thermal (TH) demagnetization and some by progressive stepwise 

alternating field (AF) demagnetization (figs.8,9a-c). The AF and TH demagnetization 

results show multiple components (figs. 8,9a-c). A viscous component induced during 

storage of the specimens in the laboratory and a more stable secondary magnetization with 

a present-day field direction are removed at 15 mT or 240 DC. The secondary component in 

the sediment from the Punta Piccola section is removed at a slightly higher temperature 

than the secondary component in the Calabrian sediment (210 DC). 

Two components of the characteristic remanent magnetization (ChRM) with 

approximately the same direction are removed below 320 DC and 580 DC. The minerals 

carrying these components are pyrrhotite and magnetite (Linssen, 1988; chapter 4). Due to 

the small temperature trajectory in which the pyrrhotite component is 

isolated - 240-320 DC - the directions of the pyrrhotite component could not be established 

with sufficient accuracy. Only magnetite remanences were used for interpretation of the 
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Fig. 8 Thermal and alternating field demagnetization diagrams (orthogonal projection, Zijderveld, 1967) of 
some specimens from the upper Mammoth reversal record. In the diagrams the open (closed) symbols denote 
projections of the NRM on the vertical (horizontal) plane. The first step corresponds to the initial remanence 
(20 0q, the first demagnetization step is at 90°C, 30 °C increments are applied in the range 90-510 °C and 
20°C increments above 510 °C. The last demagnetization steps are at 550°C. The AF demagnetization was 
performed with 2.5 mT increments in the range 0-20 mT, additional steps at 25 and 30 mT and 10 mT steps 
above 30mT. 

records. 

The alternating field demagnetizations show that a single ChRM component is 

removed by fields between 15 and 100 mT. The coercive force spectra of magnetite and 

pyrrhotite have a large overlap, causing the seemingly unimodal decay during the 

alternating field demagnetization (Linssen, 1988). For specimens from the Mammoth 

reversal records, a high coercive remanent magnetization remains which cannot be 

isolated, mainly because AF demagnetization with fields exceeding 100 mT produce 

scattered results. This additional component has a north declination and a near zero 

inclination. The direction of this high coercive component does not correspond to any high 

temperature component. However, there is a close correspondence in direction and 

intensity between the component removed below 240°C and the components removed 

below 15 mT plus the high-coercive component. Hence, the high coercive component must 
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Fig. 9a Thermal demagnetization diagrams for specimens from the lower Mammoth reversal record. Open 
(closed) symbols denote projections on the vertical (horizontal) plane. The stratigraphic level of the speci
mens is indicated in the lower left comer of each diagram. The intensity at the first step is indicated in the 
upper left comer of each diagram. See also caption figure 8. 

be a part of the low-temperature component. A common magnetic mineral with the 

observed high coercive force but with a low maximum blocking temperature is goethite 

(TB < 120°C; Heller, 1978). Most probably, this mineral is the carrier of the high-coercive 
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Fig. 9b Thermal demagnetization diagrams of specimens from the upper Mammoth reversal record. See also 
caption figs. 8,9a. 

component. 

Goethite acquires an important part of its IRM between 0.5 and 2 T (30-60% of JRS ' 

e.g. Heller, 1978; Dekkers, 1988). In the 0.5-2.0 T interval of the IRM acquisition curves 

almost no remanence increase is observed (fig. 4), demonstrating that the contribution of 
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Fig. 9c Thermal demagnetization and one alternating field demagnetization diagram of specimens from the 
lower Kaena reversal record. See also caption figs. 8,9a. 

goethite to the IRM is not significant. This is confirmed by the results of the stepwise 

thermal demagnetization of the IRM2P which shows no noticeable contribution of goethite 

(fig. 5). Apparently, goethite contributes to the ChRM, but not to the IRM. 

It is important to establish whether goethite may have been produced from ChRM 
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carrying minerals. If so, this would affect the validity of the ChRM intensity data as an 

indicator of the variations of the paleomagnetic field intensity. A genetic relation between 

goethite and magnetite or goethite and pyrrhotite is easily determined since the remanent 

magnetization of goethite is approximately 1% of the remanent magnetization of magnetite 

and pyrrhotite. In other words, goethite entirely produced from pyrrhotite or magnetite 

causes a major decrease of NRM and IRM intensities. However, no relation is observed 

between the appearance of goethite magnetizations and any variation of pyrrhotite and 

magnetite magnetizations. On the contrary, the intensities of the ChRM and IRM of the 

Calabrian Trubi marls, the sediment from the lower Kaena record (showing no evidence 

for goethite magnetizations) and those of the Mammoth records are in the same order of 

magnitude. It may therefore be concluded that goethite is not produced from the ChRM or 

IRM carrying minerals. The less indurated Trubi sediment from the Calabrian section does 

not contain significant amounts of goethite (chapter 4), neither does the less indurated 

sediment from the lower Kaena reversal record. Based on these observations it is likely 

that goethite is produced from non-magnetic minerals during the induration process of the 

sediment. 

6. The reversal records 

Throughout the Punta Piccola section, the stable ChRM directions have significant 

deviations from the expected local geocentric axial dipole field declinations (0/180°) and 

inclinations (56/-56°) (table 3, figs. lOa-c). The anomalous ChRM declinations are caused 

by the rotation of the Caltanisetta Basin of Sicily, which is 35° on average for the Punta 

Piccola section (Scheepers and Langereis, in prep.). Inclination errors are commonly 

observed in marine sediments and are ascribed to early compaction and dewatering of the 

sediment (Blow and Hamilton, 1978; Laj et ai, 1982; Arason, 1986; Anson and Kodama, 

1987; Celaya and Clement, 1988; Linssen, 1988, chapter 4). 

The support for the primary origin of the ChRM component is based on the 

observations (a) that the ChRM component is removed near the Curie temperature of fine 

grained CD magnetite (578-600 0q, of (b) the recorded Pliocene clockwise rotation (35°) 
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Table 3 Directions of characteristic remanent magnetizations 

Normal polarity 
ChRM 

Reversed polarity 
ChRM 

Dec!. Inc!. l1<)5 Dec!. Inc!. a95 

lower Kaena 
upper Mammoth 
lower Mammoth 

N-R 
R-N 
N-R 

30.0 
21.0 
28.4 

38.0 
29.3 
39.5 

3.5 
5.4 
2.6 

220.0 
209.3 
198.7 

-39.0 
-36.1 
-35.1 

2.2 
1.8 
3.1 

Complete section 28.3 39.7 1.4 203.7 -36.9 1.8 

Table 3. Average directions of characteristic remanent magnetizations above and below the Mammoth and 
lower Kaena reversal records and for the complete Punta Piccola section (Zachariasse et a!., 1989; Scheepers 
and Langereis, in prep.). The ~5 confidence angles were calculated with Fisher statistics. . 

of the sedimentary succession and (c) the inclination error of approximately 15 to 20°. 

6.1 The lower Mammoth reversal record 

The investigated sedimentary interval enclosing the lower Mammoth reversal record 

has a length of 40 cm. The interval is part of a white-beige-white unit (fig. 11 a). The 

transition from beige to white marl is at the 29 cm level. The actual reversal occurs in the 

beige marl. The IRM2T intensity and the HCR slightly decrease towards the beige-white unit 

boundary. The decrease of the IR~T explains the lower post-reversal intensities of the 

ChRM. The non-transitional ChRM directions from the lower Mammoth record and those 

from the complete section are virtually identical (table 3). Hence, it may be concluded that 

the complete lower Mammoth reversal is recorded in the sampled sedimentary interval. 

The declinations, inclinations and intensities of the ChRM are constant up to the 

12 cm level. Above the 12 cm level the intensities decrease. The inclinations and 

declinations start changing at the 15 cm level. The inclinations increase to a maximum of 

approximately 70° at the 16 cm level. Between 16 and 18 cm the actual reversal takes 

place and at the 24 cm level the declination and inclination have returned to stable reversed 

polarity. The minimal ChRM intensities are present in the 16-21 cm interval and are 

approximately 15% of the non-transitional ChRM intensities (correction for the decrease of 

the IR~T applied). The lithological beige-white boundary at the 29 cm level produces a 

slight scatter of the ChRM. 
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Fig. 10 Equal area projection of ChRM 
directions from the sedimentary intervals 
immediately above and below the (a) lower 
Mammoth, (b) upper Mammoth and (c) lower 
Kaena reversal record. The solid (open) 
circles represent projections on the lower 
(upper) hemisphere. The directions of the full 
excursion in the lower Kaena are indicated by 
squares. The thin ovals represent the angle of 
95% confidence calculated with Fisher 
statistics (Fisher, 1957). 
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lower Mammoth reversal record 
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Fig. 11a. lower Mammoth ChRM reversal record. The ChRM is obtained with thermal demagnetization 
(open circles) and AF demagnetization (closed circles). The 5 different sizes of the circles correspond to the 
quality of the demagnetization results; large circles denote high quality components, smaller circles denote a 
poorer quality. The line in the record corresponds to a five-point running average. The column between the 
inclination and declination records denotes the lithology: the indurated parts are the white-beige-white units. 
The dashed line indicates the transition from the indurated white marl to the somewhat less indurated beige 
marl. The dashed lines in the declination and inclination records indicate the non-transitional polarity states. 
The non-transitional polarity state does not reflect the 35° rotation, but the inclination error has been 
accounted for (f=0.52). The squares denote 1RM

2T
, diamonds denote the corresponding HeR and triangles 

denote initial susceptibilities (10.3 SI). 

6.2 The upper Mammoth reversal 

The investigated sedimentary interval enclosing the upper Mammoth reversal record 

has a length of 40 cm. The interval is part of a white-beige-white unit. The transition from 

beige to white marl is at the 38 cm level. The actual upper Mammoth polarity transition is 

recorded in the beige marl (fig. 11 b). 

From a rockmagnetic viewpoint, the upper Mammoth record is similar to the 

lower Mammoth reversal record: both the IRM2T intensity and the HCR slightly decrease 

towards the beige-white unit boundary. The non-transitional ChRM declinations deviate to 

W compared to the ChRM directions of the complete section (table 3). Furthermore, the 

I Ioj I 0 01 1 

40 40. 
, 
, 

3030 

, 
,
 
,
 
,
 

,
,
,
 

20 20 
,, , 

, 0 

,0 
o : , 

,01 , , , , , , , , , , , ,10 10, , , ,, , , , , 1 , I ,1 
I I
 
I
 I 

" " " " " B. 
" " 
" 
~ 

" " " 0if" 
&" 0 

" f; 0 

" 
0

" 
0 

0 
'" 

0 

t" 0 0 

0

" 
" 0" 

0 " 0 
0 '" 0 

&" 0° 0° a 
<, 

" 
'Be 

~ 

~ " 

150 



The Mammoth and lower Kaena reversal records of the Punta Piccola section 

inclinations above the actual upper Mammoth reversal are notably lower than the average 

inclinations for the section. Probably, the investigated interval starts and ends with 

transitional directions. 

Below the 17 cm level the directions are fairly constant, whereas the ChRM 

intensities - and to a minor extent the IRM2T intensities - decrease. Probably the ChRM 

decrease below the 17 cm level has a rockmagnetic origin. Above the 17 cm level the 

decrease of ChRM intensity becomes more pronounced, the inclinations gradually steepen 

and the declinations show an eastward trend. Above the 20 cm level there is a clear and 

distinct steepening of the inclinations to values of -800 
, whereas the declinations gradually 

change westward. Intensities are still decreasing in this interval. At the 25 cm level the 

inclinations are almost vertically upward directed and the declinations rapidly reverse to 

normal polarity. The inclinations reverse to normal polarity in the 25-27 cm interval. A 

upper Mammoth reversal record 
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Fig. lIb upper Mammoth reversal record of ChRM. See also caption figure 12. 
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significant rebound to negative inclinations is observed in the 27-32 cm interval. Above the 

32 cm level the inclinations and declinations gradually realign to stable axial dipole field 

directions. 

The minimum ChRM intensities occur at the 27 cm level and are 5% of the intensity 

at the 17 cm level. The true intensity decrease during the reversal must be somewhat less 

regarding the overall IRM decrease. After correction for the IRM variations, a minimum 

ChRM intensity of approximately 10% of the pre-reversal intensity remains. 

6.3 The lower Kaena reversal record 

The length of the investigated sedimentary interval enclosing the lower Kaena 

reversal is 90 cm. The lowermost 25 em of this interval is part of a grey unit, the. 

uppermost 65 cm is part of a white-beige-white unit. The main part of the lower Kaena 

reversal is recorded in the white-beige marls (fig. 1Ic). 

Apart from some slight variations near the grey-white unit boundary and the white

beige unit boundary the HCR and IR~T are constant in the lower Kaena record. Hence, 

from a rockmagnetic viewpoint this record may be considered as homogeneous. 

The stable normal and reversed ChRM directions demonstrate a clockwise rotation 

with respect to the average ChRM directions for the complete section (table 3). Other 

directional deviations which indicate that the reversal is not completed within the 

investigated interval are not observed. 

In the sedimentary interval from 0-18 cm the declinations change from normal 

polarity (35°) to N. In the same interval the intensities increase to a maximum value. 

Between the 18 and 33 cm levels the declinations rotate clockwise and the intensities and 

the inclinations show minimum values. The coincidence of the minima and the lithological 

change of grey to white marl at the 24 em level suggest the occurrence of an early 

remagnetization in this interval (compare upper Thvera reversal record in chapter 3). The 

ChRM reverses polarity in the interval 33-36 cm: the declination rotates via east and the 

intensity decreases to approximately 10% of the non-transitional value. Above the reversal, 

in the interval 36-47 cm, the intensities increase to pre-reversal values and the declinations 

slightly rotate clockwise. An irregular oscillation of the inclinations - between _10° and 

-55° - is observed in the 37-44 cm interval. 

A full and rapid excursion to normal polarity is present in the interval 47-60 cm. In 

this interval, the intensities change to a minimum. a prominent maximum (twice that of the 
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pre-excursion intensity) and a subsequent minimum. The intensity minima correspond to 

the two polarity transitions of the excursion. The declination change at the onset of the 

excursion appears to be a logical continuation of the clockwise declination change starting 

at the 30 cm leveL The R-N reversal of the full excursion is rapid, but also relatively 

smooth, whereas the subsequent N-R reversal proceeds almost instantaneous, just as the 

first N-R reversal. A very conspicuous characteristic is the rapid intensity increase during 

the full excursion. The maximum intensity is more than 20 times the ChRM intensity just 

below and above the excursion and more than 2 times the non-transitional ChRM 

intensities. Above the excursion the ChRM directions approach stable reversed polarity. 

The intensity shows a wide minimum in the 60-90 cm interval. At the level of mini

mal ChRM intensities the declinations and inclinations show some anomalous values, 

probably related to remagnetizations. 
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Fig. He lower Kaena reversal record of ChRM. The dashed line in the lithostratigraphic column indicates the 
boundary level between the white (lower) and beige (upper) layer, the solid line indicates the boundary 
between the grey (lower) and white (upper) layer. See also caption figure lla. Note the "Punta Piccola" 
excursion in the 48-58 cm interval. 

153 



The Mammoth and lower Kaena reversal records oj the Punta Piccola section 

6.4 The Virtual Geomagnetic Poles 

The transitional directions of the reversals have been characterized as virtual 

geomagnetic poles (VGP's) (figs.12a-c). The VGP's have been corrected for the rotation of 

the Caltanisetta Basin (35°). A generally accepted method for the correction of inclination 

errors is not available. Anson and Kodama (1987) performed redeposition experiments 

with kaolinite and fine-grained magnetite «0.5 micrometer) in distilled water and sea 

water at various pressures (0-2.53 MPa). They showed that for fine-grained sediments the 

major part of the inclination shallowing occurs upon application of rather low-pressures, 

corresponding to the compaction stage of the sediment. The origin of the inclination 

shallowing is ascribed to an electrostatic interaction between the platy clay minerals and 

the magnetic minerals (Anson and Kodama, 1987). 

The inclination error of the Punta Piccola sediment agrees well with the errors found 

by Anson and Kodama (1987). Most probably the inclination error of the Punta Piccola 

sediment is introduced by the same mechanism. Anson and Kodama showed that the 

relation 

tan 10 =j. tan If (King, 1955), 

may be used for correction of the inclination error in fine-grained sediments (lois the 

observed inclination,f is the correction factor and If is the local geocentric axial dipole 

field inclination). The application of this relation yieldsj=0.52. The VGP's are given both 

before and after correction for the inclination error. If no correction is applied the VGP's 

are approximately 10-15° closer to the site resulting in an artificially enhanced number of 

transitional directions. 

Since the Mammoth and lower Kaena reversal records proceed very rapidly, the 

number of transitional directions is low. As a result the VGP path corresponding to the 

actual reversal is not very accurately defined. For the lower Kaena reversal the N-E-S trend 

of the first reversal results in a VGP path which is constrained to a great-circle about 90° E 

of the site meridian. The S-W-N trend at the onset of the full excursion (second reversal) 

causes a VGP path that is constrained to a great circle about 90° W of the site meridian. 

The end of the full excursion (third reversal) is very rapid and results in a VGP jump from 

N to S with hardly any intermediate directions. 
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VGP
 

lower Mammoth
 

lower Mammoth: correction for inclination error applied 

Fig. 12 Aitoff projection of the Earth centred around the site meridian (l3.S0E) with the virtual geomagnetic 
poles (open circles) of theCa) lower Mammoth and (on the next pages) the (b) upper Mammoth and (c) 
lower Kaena reversal records. The closed circles correspond to a five-point running average for the intervals 
in which the actual polarity transitions occur. The VGP's are given both before and after correction for the 
inclination error (f=0.52). 
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VGP
 

upper Mammoth
 

upper Mammoth: correction for inclination error applied 

Fig. 12b See caption fig.I2a. 
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VGP
 

lower Kaena
 

lower Kaena : correction for inclination error applied 

Fig. 12c See caption fig.12a. 
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In spite of the small amount of transitional directions, it is clear from the VGP plots 

that the upper Mammoth reversal record is far-sided. The upper Mammoth reversal record 

is the fIrst dominantly far-sided northern-hemisphere record between the upper Thvera and 

the Matuyama Brunhes reversals. All Pliocene reversal records studied so far - from the 

upper Thvera to the lower Mammoth - share the fact that they are not far-sided (Linssen, 

1988, chapter 3). Other far-sided reversal records from the same region have been reported 

to occur in Late Miocene deposits (e.g. Valet et aI., 1988) at which time they were 

intermittent with near-sided reversal records. 

7. Discussion 

The process of remanence acquisition during deposition and compaction of the 

sediment acts as a filter on the recording process of ambient geomagnetic field changes. A 

sedimentary record of remanent magnetizations may seriously deviate from the true 

geomagnetic field changes which created the record (e.g. Hoffman and Slade, 1986; 

Rochette, 1990). However, the most rapid intensity changes in a reversal record indicate 

the upper limit of the smoothing process active during remanence acquisition (e.g. 

Constable, 1990). 

In this respect, the rapid ChRM changes in the Punta Piccola records provide strong 

evidence that the smoothing process during acquisition of the remanence has been minor. 

The ChRM changes which are observed at the top of the excursion overlying the 

lower Kaena reversal record are the most rapid ones observed: within 2 cm (or 430 year) a 

180° directional change and a ChRM intensity increase of a factor 20 occur. Apparently, 

the sediment was able to record directional changes taking place at a rate of 0.2°jyr and an 

intensity change of 5% of the initial intensity per year. It may be concluded that this sedi

ment is an accurate recorder of rapid directional and intensity changes of the paleomagne

tic field and the effects of smoothing on remanence acquisition are minor. 

The assessment of the duration of a reversal depends on the (subjective) defInition of 

its boundaries in the record. For the lower Mammoth reversal the duration can be 

determined rather straightforward since only one major change of directions and intensities 

is present (fIg. 11 a, table 4). In the upper Mammoth reversal record (fig. 11 b) the actual 
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reversal and the excursion have been characterized as two parts of the same reversal since 

both the reversal and the excursion occur in the same intensity low. For the lower Kaena 

reversal record (fig. lie) it is less easy to determine the duration of the reversal since a 

number of subsequent, perhaps isolated or perhaps related, events with stable field 

directions and intensities are present. For this reversal the durations of each of the events 

has been specified separately. 

Table 4. Duration ofreversal/eatures 

Declination Inclination Intensity 
cm kyr cm kyr cm kyr 

upper Piccola 2 0.4 3 0.7 3 0.7 
lower Piccola 3 0.7 4 0.9 4 0.9 
lower Kaena 3 0.7 12 2.6 13 2.9 
upper Mammoth 10 2.1 18 3.8 23 4.9 
lower Mammoth 4 0.8 9 1.8 23 5.6 

Table 4. Duration of the reversal related characteristics of the Mammoth and lower Kaena records. The 
characteristics of the lower Kaena and the full excursion following the lower Kaena reversal (Piccola 
subchron) have been specified separately. The accumulation rate for the lower Mammoth record is estimated 
at 5.0 cm/kyr. for the upper Mammoth record a14.7 cm/kyr and for the lower Kaena record at 4.6 cm/kyr 
(section 2). 

For all records the duration of the directional reversal is between 0.7 and 3.8 kyr. 

Four out of the five polarity reversals show a full declination reversal within I kyr. In all 

cases the inclination change is slower than the declination change. Furthermore, for all 

polarity reversals the intensity minima enclose the directional variations. The observations 

also indicate that an intensity low is not necessarily followed by a polarity transition, as 

can be seen in the 60-80 cm interval in the lower Kaena record. 

The common characteristics of the records indicate that, at least for the present 

reversals and those of the Calabrian Trubi (Linssen, 1988; chapter 3), a generalization of 

reversal features can be made. The observations indicate that a reversal is initiated by a 

mechanism which decreases the geomagnetic intensity first. The polarity transition then 

proceeds by a change of the inclination and is suddenly followed by a rapidly proceeding 

change of the declination. This indicates that the sources of the geomagnetic field reversals 
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are more or less zonally confined with respect to the site. 

The Williams and Fuller (1981) model was extended to include paleosecular 

variations of the geomagnetic field during the reversal (Williams et aI., 1988). However, 

the observed zonally confined rebound (aborted excursion) in the upper Mammoth reversal 

record cannot be explained in terms of secular variation, since paleosecular variation 

results in non-zonal components. 

The lower Kaena and the upper Mammoth reversal records show examples of 

respectively a rapid full excursion and an aborted excursion. The existence of an excursion 

above the lower Kaena reversal record is supported by a study of a sequence of extrusive 

rocks in which probably a record of the lower Kaena reversal is present (Roperch and 

Duncan, 1990). The fact that from the three records which have been studied, two produce 

evidence for excursions is particular. Excursions have been reported previously (e.g. 

Hoffman, 1981), although they were never proved to be directly related to reversals. The 

Punta Piccola records indicate that a genetic relation between full excursions and reversals 

is likely since the observed excursions all occur in the vicinity of reversals. The existence 

of such a relation and the observation that reversals are preluded by decreased geomagnetic 

intensities indicates that the probability of reversal occurrences increases during times of 

decreased geomagnetic intensity. Furthermore, the source mechanism of the reversals must 

be able to release an enormous amount of energy in a very short (geological) time span 

since the intensity of the geomagnetic field can change by more than a factor 20 within 

0.5 kyr, as can be observed in the Lower Kaena record. 

The occurrence of an excursion near the boundaries of a polarity zone introduces the 

problem where to place the boundaries of polarity zones. With the progression of the 

resolution in magnetostratigraphic records one may even consider to denote the excursion a 

separate polarity interval, which in the present case results in two additional polarity inter

vals above the lower Kaena reversal boundary: one reversed (3 kyr) and one normal 

(1.5 kyr). 
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Chapter VI
 

Two Lower Pliocene sedimentary geomagnetic reversal records from
 
Corfu
 

1. Introduction 

Studies of the Pliocene magnetostratigraphy and sequences of reversal records in 

Mediterranean marine sedimentary sequences such as the Trubi formation (Calabria, 

Sicily) have greatly improved our knowledge of the long and short term variations of the 

geomagnetic field during this era (Zijderveld et ai., 1986; Linssen, 1988; Zachariasse et ai., 

1989; chapter 3-5). The sediments, marly clays, were demonstrated to be of excellent 

quality for paleomagnetic research, although in some intervals in the sediment 

uncertainties exist with respect to the primary nature of the magnetizations. An important 

outcome of the studies of geomagnetic reversal records (Linssen, 1988) is that the observed 

maximum rate of geomagnetic field variation is high (0.2°/yr), and is approximately equal 

to the resolution given by the sample size and accumulation rate of those sediments (4

9 cm/kyr). Hence, actual geomagnetic changes may have been even more rapid. 

The presently investigated Lower Pliocene reversal records were obtained from a 

sedimentary sequence on Corfu (Greece) which was deposited with an average 

accumulation rate of approximately 94 cm/kyr. Potentially, such rapidly accumulated 

sediments may provide a very high resolution record of the geomagnetic field variations. 

The detailed magnetostratigraphy of the sedimentary succession was successfully 

correlated to the polarity time scale. This makes it possible to compare the high 

sedimentation rate Corfu reversal records with the medium sedimentation rate reversal 

records investigated in Calabria. The Calabrian and Corfu sections are separated by only a 

moderate distance (700 km) and consequentially one expects the corresponding records to 

ret1ect the same regional characteristics of the geomagnetic field variations. 
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NW Corfu (Greece) 

Sidari 

• Avliotes 

N 
• Aghim Stefanos 
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Fig. 1 Location of the investigated Lower Pliocene section in N.W.Corfu (Greece) 

2. The Corfu coast section 

The investigated succession of Lower Pliocene sediments is well exposed in a 10 km 

cliff section on the NW coast of the island of Corfu (l9°6'E, 39°TN; see figs. 1 and 2). 

The bedding plane of the sediment shows a small and uniform tilt (4° NEE). The length of 

the complete section is almost 10 km. The section starts at the Miocene/Pliocene boundary 

near the village of Aghios Stefanos and stretches to NE, stratigraphically upwards, to the 

village of Sidari. The stratigraphic thickness of the sedimentary succession is 500 m. At the 

base of the section, some 30-40 m of sediment directly overlying the Miocene/Pliocene 

boundary is not exposed. 

The magnetostratigraphic investigations of the Corfu section revealed the presence of 

5 polarity zones (fig. 3). A biostratigraphic investigation showed that all sediment samples 

contain Globorotalia margaritae and no Globorotalia puncticulata and situates the 

investigated part of the section in the Margaritae zone (Spaak, 1983). The combination of 

biostratigraphic and the magnetostratigraphic data (Cita, 1975,a,b; Zijderveld et a!., 1986) 

demonstrate that the polarity zones in the Corfu section include the upper part of the 

Thvera, the complete Sidufjall and the lower part of the Nunivak subchrons from the 

Gilbert chron. In this paper, the detailed records of the two lowermost reversals from the 

Corfu section are presented, i.e. the upper Thvera (N-R) reversal record exposed near the 
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Fi~. 2 Pictures of the Corfu section 1lL"lf Avliotl's. 
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village of Aghios Stefanos and the lower Sidufjall (R-N) reversal record exposed near the 

village of Avliotes (fig. 1). 

The lithology of the Corfu section shows an alternation of marine clays and sands 

(fig. 4, table 1). The sand layers are turbidites, many of which are fully developed. The 

thickness of both the sand and clay layers ranges from 0.5 to 120 em. On average, 70% of 

the Corfu coast section consists of clay. Towards the top of the section an overall increase 

of the sand content is observed. 

The average accumulation rate calculated for the complete sedimentary succession of 

clay and sand units is 94 cm/kyr. If we assume that the turbidites were deposited in little or 

no time, the average accumulation rate of the clays may be calculated and is in the range 

56-69 cm/kyr (table 1). 

Table I. Accumulation rates for Pliocene Corfu section 

Section Age Clay layers Acc. rate in cm/kyr 
(reversal) (Ma) (%) Sand + Clay Clay 

Aghios Stefanos 
(upper Thvera) 4.57 73 94 69 

Avliotes 
(lower Sidufjall) 4.47 60 93 56 

Table 1. Ages of the reversals (according to Berggren et al., 1985), average clay content of the reversal 
records and accumulation rates of the sediment. The accumulation rates are calculated both for sand plus clay 
units and for clay units only. In the case of the lower Sidufjall reversal record the accumulation rates near the 
reversals are the average accumulation rates of the under- and overlying polarity zones. In the case of the 
upper Thvera reversal record the accumulation rate of the overlying polarity zone has been used 
(upper Thvera), since the underlying polarity zone is not fully recorded. 

3. Sampling procedures and laboratory treatment 

The cliff section was sampled from sea by use of a small vessel; the cliffs could not 

be approached from land. The sampling equipment consisted of a petrol-engine driven 

drilling machine or an electric drill powered by a generator. The brass drills, one inch in 

diameter, are water cooled. The sampling interval ranges from 10 cm (near the centre of 
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Fig. 3 Compilation of the magnetostratigraphic results of Corfu. From bottom to top: the normal polarity 
zones represent the (T)hvera, (S)idufjall and (N)univak subchrons. 

the record), to 100 em (at the edges of the record), providing a resolution of 100-1000 

years. From each sampling level 3-5 cores were taken. The (vertical) exposure of the 

sedimentary sequence and the clear layering enabled an accurate determination of the 

stratigraphic position of the specimens. 
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The length of the upper Thvera record and the lower Sidufjall record (subtraction of 

the sand layer thickness has been applied) is respectively 30 and 15 m. Near the 6.5 m 

level in the lower Sidufjall record a nonnal fault is present with a vertical displacement of 

3.5 m. Since the bedding tilt of the sediment is only 4Q and the exposure of the record is 

along a cliff it was not possible to sample the complete record without traversing the fault. 

Thennal demagnetizations were perfonned in tunnel furnaces with mu-metal 

shielding. The alternating field demagnetizations were applied to the specimens in 

stationary holders. The measurements of remanent magnetizations were performed with a 

2-G Enterprises cryogenic magnetometer having a sensitivity of 10-11 Am2 
; a small 

number of specimens were measured with a modified Jelinek spinner magnetometer 

having a sensitivity of 10-10 Am2
• The reproducibility of both magnetometers is better than 

1Q for magnetizations exceeding 10-9 Am2
. Susceptibility and anisotropy measurements 

were perfonned with an AC bridge (KLY-l). 

4. Demagnetization and rock magnetism 

A change of the ChRM intensity may either be related to a change of the 

paleointensity, or to a change in the magneto-mineralogy. In order to determine the origin 

of ChRM intensity variations in the reversal record, some rockmagnetic parameters were 

measured. 

The acquisition of the isothermal remanent magnetization (IRM) demonstrates that 

the Corfu specimens are almost saturated in a direct magnetic field of 0.3 T (fig. 5). The 

stepwise thennal demagnetization of the IRM (fig. 6) shows that the IRM is completely 

removed at 610-620 DC; slightly above the maximum blocking temperature of magnetite 

(TB: 578 QC). Cation deficient (CD) magnetites (partly oxidized magnetites) have maxi

mum blocking temperatures intennediate to those of magnetite and hematite (TB: 680 QC) 

(e.g. Heider and Dunlop, 1986) and are common in marine sediments (e.g. chapter 4). The 

MDF and maximum blocking temperature suggest that CD magnetite is the carrier of the 

IRM. 

The natural remanent magnetization of the Corfu specimens is comprised of a 

viscous and a characteristic remanent magnetization (fig. 7a). No secondary magnetization 

with the direction of the local present-day geomagnetic field has been observed. Viscous 

components are present in all specimens and are easily recognized because they show a 

direction directly related to the storage orientation of the specimens in the laboratory. 
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Lithology 
Aghios Stefanos 

Upper-Thvera 

40 

30 

Avliotes 
Lower-Siduljalt 

10 

Fig. 4 Lithology of the Aghios Stefanos and Avliotes sections el)closing the upper Thvera and lower Sidufjall 
reversal records. The sandy layers are indurated relative to the clays. In the Avliotes section a normal fault is 
present; corresponding levels are labeled with an asterisk. 

The intensities of the viscous and the characteristic remanent magnetizations 

(ChRM) are in the range 0.1-0.5 mAim. The ChRM intensities are quite low compared to 

the marly clays from the Calabrian Trubi which have intensities of 2-10 mA/m (e.g. 

Linssen, 1988). The viscous component appears to be removed below 240°C or 15 mT. 

The ChRM is demagnetized at temperatures above 240°C or with an alternating field 
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Fig. 5 IRM acquisition curve. The specimen from the upper Thvera record is saturated in low fields. The 
remanent coercive force of this specimen is 40.2 mT. These characteristics correspond to fine grained 
magnetite (e.g. Hartstra, 1982). 

exceeding 15 mT. The maximum field required to completely demagnetize the NRM is 

approximately 100 mT. The majority of the thermal demagnetization results (-80%) 

become spurious above 350 DC. In spite of the presence of the viscous component and the 

spurious demagnetization results, the determination of the ChRM directions in the interval 

240-350 DC is possible. The remainder of the specimens (-20%) produced spurious 

demagnetization results below 350 DC. These results were rejected (e.g. fig. 7a, specimen 

AS.004.3A). 

The decay curves of the ChRM show a median destructive field (MDF) close to 

30 mT which is characteristic for magnetite (fig. 7b). Although an accurate identification 

of magnetite by the assessment of the maximum blocking temperature (TB) cannot be 

performed, the low MDF and the IRM demagnetization results suggest that magnetite is 

indeed the carrier of the ChRM. 

In order to identify the spurious magnetization noticed during demagnetization of the 

NRM, the position of the specimens in the furnace was varied after each thermal 

demagnetization step. The results show a directional swing of the remanent magnetization 

after each heating step above 350 DC, corresponding to the variation of the sample position 

in the furnace. Hence, this spurious magnetization is a partial thermo-remanent 

magnetization (PTRM) and is acquired in the small magnetic field ambient in the furnace 
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Fig. 6 Stepwise thennal demagnetization of IRMzT' The maximum unblocking temperature is 610-620 °c 
(Heider and Dunlop, 1986), indicating that the IRM carrying mineral is cation-deficient magnetite. 

(_10-8 T). Apparently, the carriers of the PTRM are produced during the heating procedure 

(see also Linssen, 1988). Thennal demagnetization of IRM does not give rise to spurious 

magnetizations. The ChRM intensities of the Corfu sediments are only 10-20% of the 

ChRM intensities of the Calabrian sediment, whereas the IRM intensities from Corfu are 

50-100% of the IRM intensities from Calabria. If approximately the same amount of fine

grained magnetite is present in the Corfu sediment, as indicated by the IRM, but the ChRM 

intensity is much lower, it may be expected that the ChRM component of the Corfu sedi

ment is more difficult to isolate from a viscous component. 

The IRM (acquired in 2 T) in the upper Thvera and lower Sidufjall records are 

respectively in the ranges 0.2-0.6 Aim (fig. 10) and 0.4-0.8 Aim (fig. 11). The IRM mi

nima are related to HCR minima and ARM maxima, although the intensities of HCR and 

ARM variations are less compared to the IRM variations (fig. 10). The inverse relation 

between variations in IRM and HCR on the one hand and ARM on the other, exclude that 

the observed rock magnetic variations are caused by mere concentration changes. Rather, it 

is concluded that a grain size increase of magnetite causes the HCR and IRM decrease 

(Hartstra, 1983). 

The use of the susceptibility as an indicator of rock magnetic variations is very 

limited regarding the high clay mineral content of the samples and the moderate 

susceptibility values (table 2, fig. 10; chapter 4). The effect of the clay mineral 
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susceptibility is illustrated by the anisotropy which, because of the platy texture of the clay 

minerals, is biased towards a foliation more or less parallel to the bedding plane (table 2; 

fig. 8). Magnetic minerals are expected to produce a linear anisotropy. The susceptibility is 

not used as a rock magnetic parameter. 

Table 2 Anisotropy o/magnetic susceptibility 

N L F P P' T 

Aghios Stefanos 41 181.55 1.0028 1.0334 1.0363 1.0404 0.8415 

Table 2. The magnetic susceptibility and the parameters of anisotropy for the sediment from the 
upper Thvera record. Listed are the number of specimens for which the anisotropy was determined (N), the 
average bulk susceptibility (Xi' the lineation (L), the foliation (P), the anisotropy degrees (p and P') and the T 
parameter (Jelinek, 1981; Hrouda, 1981). For at least one specimen from each stratigraphic level of the 
upper Thvera record the anisotropy of magnetic susceptibility has been determined. The low values of P and 
P' (related to the anisotropy degree) and T ( characterizing the shape of the susceptibility ellipsoid) indicate 
only a modest anisotropy. 

5. Non·transitional field 

The average ChRM inclination values (40°) for the Corfu coast section are 

considerably lower than the geocentric axial dipole field inclination in Corfu (57°) 

(table 3). This inclination error is ascribed to electrostatic interactions between the platy 

clay-minerals and the ChRM carrying minerals during and shortly after deposition (e.g. 

Anson and Kodama, 1987). Hence, the presence of an inclination error indicates that the 

ChRM is a primary component. The inclination error has been corrected by 

AS.004.3A 
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Fig. 7 a) Some representative thennal (AS.004.3A and AS.100.2A) and alternating field (AS.096.1B) 
demagnetization diagrams (Zijderveld, 1967).The closed (open) symbols denote the projections on the 
horizontal (vertical) plane. 
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tan 1
0 

= f . tan ~, in which 1
0 

and If are respectively the observed inclination and the 

expected local axial geocentric dipole field inclination and f is the correction factor (King, 

1955; Verosub, 1977; Blow and Hamilton, 1978; Anson and Kodama, 1987). For this 

sediment we arrive at f =0.52 which is identical to the correction factor found for the 

Calabrian sediments. 

The average ChRM declinations for the Corfu coast section (table 3) deviate from 

north/south directions. Apparently, the sedimentary succession rotated on average 160 

clockwise after its deposition, which corresponds to earlier results (19.40 
; Laj et aI., 1982). 

Table 3 

N Dec!. Inc!. a95 

Corfu section 
Normal 69 8.5 40.0 4.4 
Reversed 25 203.0 -41.0 9.2 

Upper Thvera 
Normal 20 14.6 43.3 8.7 
Reversed 28 191.9 -37.0 4.3 

Table 3. Average ChRM declination and inclination values for the complete Corfu coast section and for the 
stable normal and reversed intervals preceding and following the upper Thvera reversal record. Statistics 
according to Fisher (1957). 
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Fig. 8 Lambert equal area projections of the principal axes of magnetic susceptibility for specimens from the 
upper Thvera reversal record after correction for the bedding tilt. Triangles denote Kmax' squares denote 
Kint and circles denote Kmin of the individual specimens. Large (closed) symbols denote the principal axes 
of the mean susceptibility ellipsoid and ellipses denote the angles of confidence (according to Jelinek, 1978). 
The solid line represents the average Kmax axis, the dashed line represents the average Kint axis. The 
anisotropy is characterized by foliation (F=KinJKmin) rather than lineation (L=KmaxfKint). The Kmin axis 
is almost perpendicular to the bedding plane. The results suggest that the anisotropy is dominated by the clay 
minerals. 

6. Reversal records 

6.1 The upper Thvera reversal record 

The Aghios Stefanos section enclosing the upper Thvera N-R reversal record 

comprises 30 m of clay units. The intercalated sand layers have been discarded (see 

section 2). The record of directions and intensities of the ChRM shows an intensity low 
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between the 5 and the 25 m levels (fig. 10). The pre- and post reversal ChRM intensities 

are similar. The minimum intensity is near the 10 m level and is almost 5% of the maxi

mum intensity. A correction of the ChRM intensity for the I~T variation smoothes the 

ChRM variations somewhat, although a 20% minimum in the ChRM/IRM, with respect to 

the pre- and post-reversal values, remains present. 

The directional changes of the ChRM are relatively smooth in the lower (0-9 m) and 

upper (15-30 m) intervals of the reversal records. In the interval in which the actual 

reversal occurs (9-15 m), a number of rapid changes take place, especially in the 

declination record. Most of the variations occurring in the declination record are not well 

defined due to scatter. 

The reversal record starts with normal directed declinations and inclinations. In the 

0-6.5 m interval the declination changes first in an anti-clockwise sense and subsequently 

in a clockwise sense (A in fig. 10). In the same interval the inclination smoothly shallows 

from 45 to 20° and steepens again to 70° (B). In the same interval the declination changes 

90° (clockwise) and back (anti-clockwise) again. From the 6.5 m level to the 7.5 m level 

(C in fig. 10) the inclination decreases from values near 90° to 10° and towards the 9 m 

level (D) increases again with the same angle. In this interval the declination changes 100° 

clockwise. Between the 9 m level (D) and the 11.5 m level (G) the inclination first 

shallows (level 10.5 m, E) and subsequently steepens. In this interval the inclinations reach 

negative values ranging from -20 to -70°. The declinations change 180° clockwise, 180° 

anti-clockwise and 270°clockwise in this interval. Above the 11.5 m level the inclination 

and the declination, although some initial anomalous values are included, change smoothly 

to stable reversed polarity. 

The two rapid eastward changes of the declination approximately at the 9 and 11.5 m 

levels correspond to low ChRM and IRM intensities. Furthermore, the complete record 

shows that the declinations in the low intensity intervals are deflected towards east. This 

deflection corresponds to the direction of the viscous component (eastward and shallow 

directed). Due to the sampling and storage orientations the viscous magnetizations have a 

dominant horizontal component: the cores were drilled horizontally and in a predominantly 

eastward direction. During the vertical storage of the cylindrical specimens in the 

laboratory (field inclination 67°) the specimens acquired a viscous component with a 

dominating SE horizontal direction (see fig. 5a). The ChRM directions from specimens 

with transitional directions but low ChRM intensities are therefore biased to SE. It may be 
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Fig. 9 Equal area projection of the pre- and post-reversal ChRM directions of the upper Thvera reversal 
record. Solid (open) symbols represent projections on the lower (upper) hemisphere. Circles of confidence on 
the 95% level (Fisher, 1957) are indicated. The ChRM directions reflect a 16° rotation of the sedimentary 
succession and an inclination error with respect to the local axial dipole field (57°). 

concluded that the viscous component is not completely demagnetized at 240°C. Due to 

the storage orientation of the specimens, the effect of the viscous component on the 

inclination is somewhat less important, although a deflection to zero inclination values at 

low ChRM intensities is present. 

It is concluded that the declination record is not very reliable in the low ChRM 

intensity intervals. Only at a limited number of levels near the centre of the reversal the 

intensity is high and reliable declination values are produced, for instance near the level 

marked F. 

176 



Two Lower Pliocene sedimentary geomagnetic reversal recordsjrom Corfu 

6.2 The lower Sidufiall reversal record 

The lower Sidufjall R-N reversal record (fig. 11) contains clay layers up to a total 

thickness of 15 m. The record includes a normal fault at the 6.5 m level with a 

displacement of 3.5 m. The ChRM intensity record shows a wide and diffuse minimum, 

the centre of which cannot be accurately determined. The minimum intensities of the 

ChRM are 10-15% of the maximum intensities and no relation with the (small) IRM 

variations is observed. 

The analysis of this record is complicated by the presence of the normal fault. Both 

the interval of the reversal record located below and the one located above the fault 

(respectively the interval 0-6.5 and 6.5-15 m) show non-consistent variations and many 

scattered values. The ChRM declinations and intensities seem to have been affected by the 

eastward directed and shallow viscous component. 

The lower Sidufjall record shows a major inconsistency. Below the fault, in the 3 to 

5 m interval, a declination change from reversed to normal polarity takes place, while also 

the inclination changes sign. Above the fault, the declination change seems to be present 

near the 8.5 m level. However, for the entire sedimentary interval above the fault the 

inclination shows only normal polarities. The record above the fault suggests an 

asynchronous reversal of declinations and inclinations which does not correspond with the 

synchronous reversal of declinations and inclinations below the fault. Moreover, the 

lower Sidufjall reversal record from Calabria does not show an asynchronous reversal of 

declinations and inclinations (Linssen, 1988). It is concluded that the interval above the 

fault is not reliable.The actual polarity change in the interval below the fault is best defined 

for the inclination record and seems to be completed in the interval 3-4 m. 

7. Discussion 

The upper Thvera reversal record from Calabria is characterized by a gradual 

steepening of the inclinations prior to a rapid inclination change. The declination change is 

gradual and anti-clockwise producing an almost perfectly constrained VOP trajectory 

along a great-circle 900 W of the site meridian. The record shows several directional 

oscillations before and after the actual reversal; the corresponding VOP's are located along 

the same great-circle 900 W of the site. The actual reversal of the geomagnetic field 
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direction takes place in a few kyr (1-3), whereas anomalous directions were recorded 

during 17 kyr. The duration of the intensity low is 26 kyr, which is long compared to the 

duration of the actual reversal. 

Due to the bias by the viscous component, the Corfu record does not show the details 

found in the Calabrian upper Thvera reversal record. However, a few details could be 

accurately detennined. In Corfu, the stratigraphic thickness of the interval in which an 

intensity low occurs is 19 m, corresponding to a time interval of 27.5 kyr (accumulation 

rate is 69 cm/kyr), and is similar to the duration of the intensity low of the Calabrian 

upper Thvera reversal record (26 kyr). 

The Corfu inclination record shows some major pre-reversal oscillations (B,C,D; 

fig. 10) with a near constant period of 4 kyr, whereas in the corresponding part of the 

Calabrian record only anomalous inclination values are recorded with a duration of 10 kyr, 

preceded and followed by two rapid (-1 kyr) oscillations. Apparently, the Corfu and 

Calabrian records are different. This could imply that major differences between reversal 

records located at moderate distances may exist. However, the distance between the two 

records is only 700 km, which is small compared to the distance between the sites and the 

geomagnetic field source. Two alternative explanations provide a more plausible origin. 

The remagnetizations which possibly occurred in certain intervals of the Calabrian records 

may have caused the observed differences. Alternatively, it is possible that either the 

Calabrian or the Corfu sediments, in the interval where the pre-reversal oscillations occur, 

have accumulation rates which deviate from the average values. The reported average 

accumulation rates for the Corfu and Calabrian records are probably correct since the 

durations of the main intensity minima observed in the reversal records correspond. 

The quality of the lower Sidufjall reversal record is largely affected by the presence 

of a nonnal fault and the viscous component. In spite of the low quality of most aspects of 

this reversal record, it was established that the inclination change occurs in a sedimentary 

interval of about 1 m, corresponding to a duration of 1.8 kyr (accumulation rate 56 crn! 

kyr). The major inclination change in the Calabrian record is in the range ·1.3-1.9 kyr which 

Fig. 10 Record of the upper Thvera (N-R) reversal at the Aghios Stefanos section. Sand layers have been 
excluded from the stratigraphy. Circles (diamonds) denote the thermal (alternating field) demagnetization 
results. Error bars represent the maximum angular deviation (Kirschvink, 1980). ARM was acquired in a_~C 

field of 0.036 mT and an AC field of 150 mT; IRM was acquired in a 2 T field. Susceptibilities are in 10 
(51). Index characters (A-I) refer to characteristic directions labeled in the VGP projections (fig. 12). 
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is in close correspondence. 

8. Conclusions 

The upper Thvera and the lower Sidufjall reversal records have been obtained from a 

rapidly accumulated marine sedimentary succession located in Corfu. The NRM of the 

clay sediment is comprised of a viscous component and a ChRM component which has a 

near-primary origin. The ChRM component is carried by magnetite. The ChRM records of 

both reversals are affected by the presence of the viscous component. Especially in the 

intervals with low intensities, the viscous component cannot be completely isolated from 

the ChRM component. Since the viscous component is shallow, the biasing effect of this 

component is predominantly present in the declination records and less in the inclination 

records. 

The Calabrian upper Thvera reversal record (26 kyr; Linssen, 1988) and the 

corresponding Corfu record (27.5 kyr) show a close correspondence between the calculated 

duration of the intensity low. This seems to confirm the observed long period of low 

intensities in the upper Thvera reversal (Linssen, 1988). In spite of their proximity 

(700 km), the upper Thvera reversal record from Calabria (Linssen, 1988) and Corfu show 

some clear differences. The record from Corfu shows multiple oscillations with a period of 

4 kyr, whereas the oscillations in the Calabrian record appear to have different periods 

(l kyr and 10 kyr). Rather than indicating that large regional differences occur for the same 

reversal, this feature indicates that uncertainties exist in the influence of the viscous com

ponent on the ChRM and in the assessment of small scale accumulation rate variations in 

either the Corfu or the Calabrian upper Thvera sediment. Alternatively, the occurrences of 

small scale remagnetizations in the Calabrian records may account for the observed 

differences. 

A more general conclusion is that the rapidly accumulated Corfu sediments have not 

revealed more detailed directional or intensity variations than the Calabrian records. 

Unfortunately, many other detailed characteristics in the Calabrian reversal records were 

not found in the Corfu records. In this respect it appears that the Calabrian Trubi sediment 

is a more accurate recorder of the field variations during geomagnetic reversals. 

Fig. 11 Record of the lower SidutJall (R-N) reversal at the Avliotes section. See also caption to fig. 10. 
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Virtual Geomagnetic Poles 

Upper- Thvera reversal record 

Correction tor 

inclination error applied 

Lower-Sidufja/l reversal record 

Correction for 

inclination error applied 

Fig. 12 Aitoff projection of the Earth centred around the site meridian with virtual geomagnetic pole 
positions of the upper Thvera and the lower Sidufjall ChRM directions both before and after the correction 
for the inclination error (f=0.52). The index characters refer to characteristic directions in figures 10 and 11. 
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Chapter VII 

Conclusions 

Eight lower Pliocene reversals recorded in Mediterranean marine sedimentary 

sequences with an established magnetostratigraphy have been investigated in detail. The 

records are situated in the Calabrian Monte Singa section (Trubi formation), the Sicilian 

Punta Piccola section (Trubi and Monte Narbone formations) and in the lower Pliocene of 

Corfu. All records are continuous, provide an accurate time control and have a reasonably 

high resolution. 

The natural remanent magnetization (NRM) of the Trubi sediments from Calabria 

contains several components. The original remanent magnetization is carried by single 

domain pyrrhotite and (pseudo) single domain cation deficient magnetite. In addition, the 

NRM contains a secondary component with the direction of the present-day field and a 

viscous component acquired during storage in the laboratory. The remanences of pyrrhotite 

and magnetite could be isolated by means of thermal demagnetization. Alternating field 

demagnetization was not successful in separating the remanence of pyrrhotite and 

magnetite due to their overlapping coercive force spectra and the erratical response of 

pyrrhotite to alternating fields. The directions and intensities of the original remanent 

magnetizations were determined from specific segments in the blocking temperature 

spectrum, corresponding to the low-temperature (210-360 DC) pyrrhotite component, an 

indeterminate medium-temperature component and a high-temperature (480-620 DC) 

magnetite component. The more indurated sediments from the Punta Piccola section have a 

similar rockmagnetic content, although here thermal demagnetization was not successful in 

separating the pyrrhotite component from the secondary components. The original reman

ent magnetizations reflect the Pliocene rotations of Sicily and Calabria and furthermore 

demonstrate the presence of an inclination error introduced in the early stages of 

compaction of the sediment. 
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Conclusions 

Remanent magnetic pyrrhotite is most abundant in the units with lowest carbonate 

content, whereas remanent magnetic magnetite is somewhat more abundant in the units 

with highest carbonate content. The pyrrhotite and magnetite of the Italian sections have 

been formed authigenically and must have acquired their remanence after deposition but 

before compaction. A delay between the pyrrhotite and magnetite components in the 

investigated samples is most probably limited to less than 1000 years, as may be seen in 

e.g. the lower Sidufjall reversal record. The pyrrhotite component shows somewhat more 

rapid variations in remanence than the magnetite component which suggests that the record 

of the pyrrhotite component is less smoothed during the remanence acquisition process. 

The original remanent magnetization of the Corfu sediments is carried by fine-grained 

magnetite. This remanent magnetization could not completely be isolated from the large 

viscous component and, in addition, shows spurious thermal demagnetization results above 

400-450 dc. A small overlap of the secondary field component and the original remanence 

appears to be present in the Italian sediments as well. A large secondary component cannot 

be separated from the original remanence in the intervals in which the intensity of the 

original remanence is low. Low intensities typically occur in the centre of the polarity 

transitions. The effect is an apparent shift of the reversal to older or younger ages, depen

ding on the sense of the polarity reversal (e.g. upper Nunivak). In general, results close to 

lithological boundaries were less reliable and of limited value for the interpretation of the 

reversal process. For instance, recent remagnetizations - with a present-day field direction 

occur frequently at these levels (e.g. upper Sidufjall). Reversed remanent magnetizations 

occurring at lithological boundaries in an interval of normal polarity, such as in the upper 

Thvera record, indicate early remagnetizations or delayed magnetizations. 

The continuity of the remanence acquisition process in time and the length of the 

lock-in interval largely determine whether the records accurately reflect the geomagnetic 

field variations. Apart from the early remagnetizations observed at lithological boundaries, 

the present results indicate a continuous remanence acquisition. However, recent 

investigations of other records in similar sediments suggest some evidence to the contrary 

(van Hoof and Langereis, submitted). Although the records are undoubtly of high quality, 

the question to which extent the present reversal records represent the actual geomagnetic 

variations could not be entirely and unequivocally solved. The interpretation of the records 

therefore partly relies on the assumption that the remanence acquisition process is 

continuous. 
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The lock-in interval acts as a filter on the rapid geomagnetic variations. The degree 

of smoothing may be estimated from the maximum rates of remanence variations. For 

instance, the lower Kaena reversal record shows a rapid R-N-R excursion, while the rock

magnetic parameters in the same interval show no variations of the magnetic properties. 

Independent observations confirm the existence of the excursion (Roperch & Duncan, 

1990). It is unlikely that the observed variations are produced by early or late 

remagnetization processes. The observed rapid variations suggest that the geomagnetic 

field during the reversals changed by approximately 0.2°/yr and 5% of the initial intensity 

per year. 

The subsequent reversals do not show a clear time-independent behaviour, as might 

be expected if a reversal would always proceed in an identical manner. However, several 

common characteristics have been observed in the reversal records. The least complicated 

lower Sidufjall and lower Nunivak reversal records are very similar to those of the 

youngest reversal (Matuyama-Brunhes, MB) from approximately the same latitude and 

suggest an axi-symmetrical (zonal) reversing field. A phenomenological model which 

described such zonal reversals was developed by Williams and Fuller (1978). However, 

subsequent modifications of this model were necessary when southern hemisphere records 

became available. In the present study a further generalization of these models is discussed 

in which it is assumed that the dipole energy during a reversal largely dissipates in non

magnetic energy or high-order field components. The transfer of only 2-4% of the original 

dipole field energy to low-order quadrupole or octupole components reproduces zonal 

reversal characteristics as found in both northern and southern hemisphere records. 

The investigated records indicate that a reversal is initiated by a gradual decrease of 

the intensity and moderate directional variations which become increasingly intensified 

towards the centre of the reversal. Furthermore, an important result is that the interval of 

transitional directions and intensities in the Pliocene reversal records corresponds to a 

much shorter duration (0.2-4 kyr) than has been found in older and younger records (3

30 kyr). The intensity minimum coincides with the level at which the actual reversal occurs 

and is approximately 10% of the non-transitional field intensity. In the case of the upper 

Sidufjall reversal, the recorded field is anomalously steep during a 5-10 kyr period prior to 

the actual N-R reversal. The characteristics of the upper Sidufjall record agrees well with 

the stop-and-go movements observed in the well known Steens Mountain extrusive 
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Conclusions 

reversal records. 

The only reversal record with a very long total duration is the upper Thvera record: 

this reversal is completed in approximately 26 kyr. This long duration of the upper Thvera 

reversal is substantiated by independent records from Corfu and from Calabria. However, 

the directional variations observed in the records from Corfu and the Monte Singa do not 

agree in detail. A close correspondence might have been expected regarding the proximity 

of the sample locations. The observed differences are attributed to the difficulty in 

separating viscous components from the original remanence in the Corfu samples. 
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Appendix 

Demagnetization results of the investigated Calabrian, Sicilian and Corfu reversal 
records. Refer to chapter 2-6 for the definition of the components. 

The stratigraphic level is in em's for the Calabrian and Sicilian records and in m's for 
the Corfu records. The declination ranges from 90°-450° or 0°-360° and has not been 
corrected for rotations. The inclination is not corrected for the inclination error. The 
intensity is in /lA/m. The error value corresponds to the MAD (Kirschvink, 1980). The 
demagnetization quality factor ranges from 1-5 for the Calabrian and Sicilian records and 
from 1-3 for the Corfu records. Ahigher factor indicates a better quality. 

pp. 

Calabria
 
upper Thvera LT component 204
 
upper Thvera HT component 206
 
lower Sidufjall LT component 209
 
lower Sidufjall HT component 210
 
upper Sidufjall LT component 211
 
upper Sidufjall HT component 213
 
lower Nunivak LT component 216
 
lower Nunivak HT component 217
 
upper Nunivak (1986) LT component 218
 
upper Nunivak (1986) HT component 219
 
upper Nunivak (1987) LT component 220
 
upper Nunivak (1987) HT component 221
 

Sicily
 
lower Mammoth HT component 223
 
upper Mammoth HT component 224
 
lower Kaena HT component 225
 

Corfu
 
upper Thvera magnetite component 227
 
lower Sidufjall magnetite component 229
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Calabria Sample Level Dec. Inc. Int. Err. Q 
upper Thvera reversal record 
LT component UT.67A 56.4 353.5 38.7 351 25.1 2
 

UT.69A 58.3 365.6 50.5 401 18.9 4
 
UT.73A 62.1 339.9 83.2 485 9.1 2
Sample Level Dec. Inc. Int. Err. Q 
PS1.03.1A 62.3 370.2 61.3 485 7.8 1
 
PS1.03.5B 62.8 340.4 60.0 395 6.5 1
 
PS1.03.2B 62.9 348.6 47.6 293 10.5 1
 

UT.01A 2.2 358.6 53.9 1084 23.4 2 PS1.03.4A 63.0 354.8 48.2 336 10.7 1
 
UT.03A 3.5 373.4 47.2 798 16.1 3 PS1.03.5C 63.1 351.2 56.1 525 8.4 1
 
UT.05A 5.2 357.4 38.4 1129 21.0 2 PS1.03.2C 63.2 361.0 56.3 447 5.5 1
 
UT.07A 6.9 364.9 48.8 766 18.3 2 UT.75A 64.0 348.4 52.5 452 7.6 1
 
UT.09A 8.4 370.6 45.9 1280 12.1 2 PS1.04.3A 70.0 349.7 49.8 246 7.9 1
 
UT.11A 10.0 374.9 33.8 1321 12.2 2 PS1.04.1A 70.0 319.7 42.1 320 9.4 1
 
UT.13A 11.6 355.1 39.6 926 12.6 2 PS1.04.4A 70.0 310.3 33.7 239 11.6 2
 
UT.15A 13.1 361.7 46.8 839 15.3 2 PS1.04.1B 70.2 355.3 44.3 262 7.3 1
 
UT.17A 14.7 337.7 46.9 1177 25.7 3 PS1.04.2B 70.2 355.3 60.8 300 8.7 1
 
UT.19A 16.3 359.4 52.6 980 19.6 1 PS1.04.1C 70.4 337.3 47.2 275 7.3 1
 
UT.21A 18.6 385.5 54.8 987 13.0 4 PS1.04.3C 70.4 343.0 48.1 330 10.2 1
 
UT.23A 19.5 366.3 39.5 614 18.4 2 PS1.05.3A 76.8 356.9 48.3 774 5.7 2
 
UT.25A 21.1 373.7 43.7 822 28.9 2 PS1.05.1A 76.8 344.8 43.8 252 9.2 2
 
UT.27A 22.7 376.3 39.4 1246 13.1 2 PS1.05.4A 77.1 365.6 34.9 280 7.1 2
 
UT.29A 24.3 364.9 29.9 1238 16.6 2 PS1.05.3C 77.4 339.0 43.6 258 6.8 2
 
UT.31A 25.9 402.3 54.7 889 21.5 2 PS1.05.2A 77.5 351.2 57.3 355 17.5 1
 
UT.33A 27.5 384.4 41.7 1153 14.2 3 PS1.05.3D 77.7 341.4 38.3 347 6.2 I
 
UT.35A 29.1 377.4 50.1 946 18.8 2 PS1.05.2B 77.7 347.0 42.1 339 11.8 I
 
UT.37A 30.4 360.2 34.3 1291 12.9 2 PS1.06.3A 81.9 331.0 16.2 275 10.5 2
 
UT.39A 32.0 361.3 45.2 977 13.7 3 PS1.06.4A 82.0 325.8 40.7 549 8.4 1
 
UT.43A 35.0 376.5 44.9 934 23.4 2 PS1.06.3B 82.2 298.4 20.1 314 18.3 2
 
UT.45A 36.7 360.0 55.2 881 13.6 4 PS1.06.2A 82.2 327.9 -25.2 581 15.5 3
 
UT.49A 40.0 352.8 41.4 1049 27.2 3 PS1.06.4B 82.3 307.1 32.7 618 23.5 2
 
UT.51A 41.5 364.5 26.1 1441 17.7 3 PS1.06.3C 82.5 321.7 14.3 278 15.7 1
 
UT.55A 44.8 368.3 28.0 796 9.8 3 PS1.06.4C 82.5 317.5 41.3 463 13.1 I
 
PS1.01.5A 47.4 282.2 45.8 216 20.2 4 PS1.06.2B 82.5 307.6 -12.1 492 22.9 4
 
PS1.01.3A 47.6 245.0 -9.4 273 12.0 3 PS1.07.1A 84.5 373.4 26.1 269 9.0 1
 
PS1.01.4B 47.7 232.1 5.4 169 25.7 4 PS1.07.3A 84.5 346.6 29.8 669 7.6 2
 
PS1.01.2A 47.8 420.8 -6.2 3429 3.3 I PS1.07.5B 84.6 300.0 28.2 495 15.9 2
 
PS1.01.1A 47.8 429.1 1.7 3232 1.8 3 PS1.07.2B 84.9 325.5 25.8 663 14.1 2
 
PS1.01.2B 48.1 416.3 -5.0 3782 1.7 1 PSl.07.3B 84.9 309.8 17.3 600 11.6 2
 
UT.61A 50.5 359.8 51.3 198 26.7 4 PSl.08.4B 86.8 303.1 -3.5 528 15.5 I
 
UT.63A 52.8 363.3 54.2 346 19.4 4 PSl.08.5A 86.8 327.0 6.9 495 13.4 2
 
PS1.02.3A 55.4 365.5 64.0 481 7.4 I PS1.08.2B 86.8 315.0 3.8 398 26.9 3
 
PS1.02.1A 55.5 337.2 52.4 389 12.1 2 PS1.08.3B 87.0 293.8 -8.2 423 20.5 3
 
PS1.02.3B 55.6 354.7 66.1 434 7.2 1 PS1.09.4B 88.5 317.3 7.6 371 19.2 2
 
PS1.02.5A 55.6 376.0 55.7 478 14.9 4 PSl.09.5A 88.6 332.0 31.3 328 14.8 4
 
PS1.02.5B 55.7 318.5 56.5 246 8.4 3 PS1.09.2B 89.0 339.0 30.8 393 19.0 2
 
PS1.02.1B 55.8 340.1 56.5 394 9.0 I PS1.09.3B 89.0 286.5 17.4 303 11.9 3
 
PSl.02.3C 55.9 354.5 70.4 470 6.7 1 PS1.l0.4A 90.7 340.0 31.3 303 30.7 2
 
PS1.02.2C 55.9 320.5 53.8 503 7.3 I PS1.10.2B 90.9 266.4 9.9 204 13.6 3
 
PSl.02.4C 55.9 342.0 48.9 301 15.5 2 PSl.lO.4B 90.9 294.7 25.0 385 16.1 4
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Reversal record data 

Sample Level Dec. Inc. Int. Err. Q Sample Level Dec. Inc. Int. Err. Q 

PS1.IO.3B 91.1 291.0 5.8 346 26.2 4 PS 1.22.3A 113.2 209.3 -2.7 496 11.8 I 
PSl.l1.3A 92.4 282.4 20.5 579 8.0 4 PS 1.23.3A 115.2 243.0 -10.2 1455 8.2 2 
PSl.l1.3B 92.8 260A 7.6 260 11.0 1 PS1.23.2B 115.3 223.5 -0.7 340 15.2 2 
PSl.l1.2B 93.0 260.3 -4.9 99 36.3 3 PS1.23.3B lISA 218.9 -21.2 560 10.4 I 
PSl.l1.5A 93.0 284.7 17.1 132 20.7 4 PS 1.23AB lISA 243.5 -8.7 380 11.4 2 
PSl.l1.4B 93.2 267.8 -5.1 390 13.6 I PS 1.24.3B 116.9 223.7 -15.7 375 9.5 I 
PS1.l2.2B 94.6 279.0 16.9 371 4.3 2 PS1.24.2A 117.0 231.7 -25.6 451 19.2 2 
PSl.l2.3A 94.9 258.0 -21.3 384 10.5 I PS1.24AB 117.2 218.9 -12.6 470 7.5 I 
PS1.l2AB 95.1 247.1 -4.2 254 23.2 3 PS1.25AA 118.6 221.5 -12.6 397 12.7 I 
PS1.I2.3B 95.1 272.3 -7.0 226 21.4 4 PS1.25.7A 118.6 219.1 -25.1 649 13.8 2 
PS1.l3.6A 96.5 266.5 13.5 291 15.9 3 PS1.25.2B 118.8 217.0 -25.1 858 11.6 I 
PS1.l3.3A 96.7 221.0 -37.6 469 9.8 2 PS 1.25.3B 118.8 214.0 -50.5 771 5.5 2 
PS1.l3.3B 96.9 219.0 -23.8 289 13.2 4 PS 1.26.3A 120.3 209.7 -41.3 584 13.5 I 
PSl.l3AB 97.0 156.0 -16.4 133 28.4 3 PS1.26AA 120A 224.8 -32.2 577 19.8 2 
PS1.l4AB 98.9 236.1 -5.7 281 13.2 2 PS1.26.2A 120.9 210.0 -35.1 540 15.8 I 
PS1.l4.5A 99.0 244.0 11.4 455 12.9 2 PS 1.27.4A 122.1 210.6 -22.0 512 24.0 2 
PS1.I4.3B 99.2 235.2 -14.4 338 26.4 2 PS1.27.3A 122.4 218A -32.0 470 15.0 1 
PS1.I4.2B 99.2 255.0 13.5 307 26.5 4 PS 1.27.3B 122.8 225.0 -25.7 559 14.8 2 
PSl.l5.3B 100.9 271.1 -7.5 450 15.3 2 PS 1.28.3A 124.3 209.8 -28.8 545 14.3 1 
PSl.l5AB 101.0 269A 13.8 413 14.9 4 PS 1.28AA 124.6 229.9 -36.9 671 10.5 2 
PSl.l5.2B 1Ol.l 273A 15.0 391 12.8 5 PS1.28.2A 124.7 209.1 -31.5 531 16.4 2 
PS1.l5.5A 1Ol.3 324.2 40.3 190 12.7 3 PS1.29.5A 126.5 207.7 -19.7 720 6.9 2 
PS1.l6.5A 102.7 233.6 2.7 510 3.9 1 PSI.29AA 126.9 212.6 -21.2 680 11.7 1 
PS 1.16.2B 102.8 282.1 14.9 216 13.3 6 PS 1.29.2A 126.9 219.5 -47.5 628 11.7 2 
PS 1.16.4B 102.9 280.2 39.1 114 12.5 5 PS1.29.3A 126.9 231.5 -37.2 423 12.5 3 
PS 1.I6.3B 103.3 269.3 19.9 204 7.0 5 PS 1.30AA 129.0 209.5 -19.2 619 19.8 2 
PS1.I7AA 104.6 255.9 4.8 566 5.8 2 PS 1.30.2A 129.1 189.2 -23.8 727 18.3 2 
PSl.l7.3A 104.8 257.8 -6.0 718 4.7 2 PS 1.30.5A 129.5 219.1 -31.2 859 13.9 1 
PSl.l7.2B 105.0 216.4 -20.1 426 21.2 2 PS 1.31.1 A 131.3 186.5 -25.3 615 6.3 1 
PSl.l7.4B 105.0 275.9 -4.2 335 11.3 3 PS1.31.2B 131.4 209.7 -20.5 719 17.5 2 
PS1.17.3B 105.1 252A -10.1 345 17.4 1 PS1.31.7A 131.4 212.0 -43.8 1110 17.0 2 
PS l.l8.3B 106.9 252.5 -10.4 929 20.2 3 PS 1.32.3A 133.3 205.9 -36.8 1062 9.7 1 
PS 1.18.4A 106.9 255.7 -22.5 703 13.8 3 PS 1.32AA 133.3 202A -46.3 1288 19.6 1 
PS1.l8.2B 107.0 225.7 -4.2 598 24.9 2 PS 1.32.2A 133.6 204.3 -34.1 1531 20.7- 1 
PS1.I8AB 107.2 240.1 -10.6 586 18.5 2 PSI.33.1A 135.2 206.8 -16.3 1123 6.1 1 
PS1.l9.3A 108.9 221.7 -20.9 789 7.2 3 PS 1.33.2A 135.5 181.3 -35.4 687 22.4 1 
PSl.l9.3B 109.2 237.6 -8.0 493 14.6 2 PS 1.33AA 135.5 214.0 -35.8 1074 14.5 1 
PS l.l9.5A 109.3 237.2 -5.5 597 16.8 1 PS1.34.3A 136.9 216.2 -26.7 603 9.2 1 
PSl.l9.2B 109.3 230.3 -13.9 329 15.2 2 PS1.34.2A 137.2 205.1 -44.9 1342 9.4 4 
PS1.l9AB 109.8 219.5 -7.6 412 27.0 4 PSI.34AA 137.3 214.1 -33.4 1237 6.7 1 
PS1.20.2B 110.7 225.4 -12.9 288 16.1 3 PS 1.35AA 139.1 208.8 -20.7 1223 29.1 4 
PS 1.20.3B 110.9 234.0 3.8 637 14.4 2 PS 1.35AB 139.3 220.3 -25.1 1240 8.4 1 
PS1.20.4B 110.9 246.2 -16.8 558 6.2 2 PS 1.35.1A 139.5 187.1 -44.6 1339 4.1 1 
PS1.21.3A 112.8 241.1 -0.6 478 16.8 3 PS1.36.IA 14l.l 208.9 -41.1 1616 3.9 1 
PS1.21.2A 112.9 236.6 -0.7 595 8.8 I PS1.36.3A 141.1 194.2 -34A 857 9.9 1 
PS1.21.2B 113.1 257.9 0.3 480 10.9 1 PS1.36AA 141.4 211.8 -21.6 1212 5.6 1 
PS1.22.5A 113.1 227.3 -4.9 424 8.9 3 PS1.37.1A 143.1 212.8 -26.6 482 11.3 I 
PS 1.22.2B 113.2 237.2 -13.8 341 11.8 1 PS1.38.2A 143.2 182.4 -49.3 668 5.4 2 
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Appendix 

Sample Level Dec. Inc. Int. Err. Q	 Calabria 
upper Thvera reversal record 
HT component PS 1.38.4A 143.2 214.3 -36.9 425 17.3 2 

PS1.37.3A 143.3 242.3 .48.4 697 13.4 1 
PS1.38.7A 143.5 278.7 -5.2 450 8.7 3 Sample Level Dec. Inc. Int. Err. Q
PS 1.38.6A 143.6 249.0 -6.0 522 5.6 1 
PS1.37.3B 143.6 226.8 -12.2 656 13.7 2 
PS1.39.1A 145.6 249.2 -26.5 345 10.6 1 UT.OIA 2.2 364.1 43.9 3700 2.3 2 
PS1.39.5B 145.7 259.4 8.6 238 22.7 3 UT.03A 3.5 361.6 43.6 2072 2.0 2 
PS1.40.4A 146.8 276.3 14.3 291 6.4 4 UT.05A 5.2 358.8 41.4 3186 2.2 3 
PS1.40.3A 147.3 235.8 -11.4 358 8.2 2 UT.07A 6.9 358.0 42.2 2419 1.7 2 
PS1.40.1A 147.7 271.0 23.0 653 3.4 2 UT.09A 8.4 359.0 40.8 3245 2.6 2 
PSl.40.5B 147.7 259.8 10.1 248 8.6 3 UT.11A 10.0 370.9 39.7 3199 2.5 2 
PS1.41.3A 148.8 305.4 -55.2 1131 7.6 3 UT.13A 11.6 360.7 44.4 2937 2.6 2 
PS1.41.4A 148.8 238.1 -17.6 456 19.4 3 UT.15A 13.1 361.9 41.2 2971 1.9 2 
PSl.41.5B 149.4 244.9 -13.5 275 24.1 3 UT.17A 14.7 361.2 40.3 3493 2.9 2 
PS1.41.2B 149.4 251.7 .27.0 316 20.2 4 UT.19A 16.3 365.0 44.7 2592 1.6 2 
PS 1.42.3A 152.8 234.3 ·23.8 458 9.5 3 UT.21A 18.6 365.1 45.2 2445 1.8 2 
PS1.42,4A 153.1 236.1 -15.8 398 12.8 2 UT.23A 19.5 360.3 38.0 2553 1.5 2 
PSl,42.3B 153.2 247.9 ·31.1 347 15.0 3 UT.25A 21.1 362.6 38.9 2658 3.0 2 
PS1.43.1A 156.8 215.7 43.0 773 8.7 2 UT.27A 22.7 363.4 43.4 3054 1.8 2 
PS1.43,4A 157.0 201.7 -39.7 418 13.1 1 UT.29A 24.3 364.7 38.9 2968 2.5 2 
PS1.43.3A 157.0 210.3 -41.8 500 10.2 2 UT.31A 25.9 366.1 41.8 3409 1.4 2 
PSl.43.5A 157.2 205.2 ·36.5 464 13.7 2 UT.33A 27.5 368.8 42.5 3287 1.8 2 
PS 1.43.5C 157.9 220.3 -35.2 439 24.1 2 UT.37A 30.4 365.1 39.4 3385 1.7 2 
PS1.44.1A 162.8 216.1 -54.6 745 9.5 1 UT.39A 32.0 365.6 42.1 3127 1.5 2 
PS1.44.4A 163.0 237.4 -27.5 392 14.7 1 UT.43A 35.0 368.9 45.2 3357 1.8 2 
PS 1.44.3A 163.1 211.6 -45.2 784 11.0 1 UT.45A 36.7 369.3 40.9 3027 1.9 2 
PS 1.44.4C 164.0 235.5 ·56.8 598 5.6 3 UT.49A 40.0 363.4 38.3 3619 1.3 2 
PS 1.45.1A 170.0 181.4 .45.6 1146 10.0 1 UT.51A 41.5 367.5 32.2 4102 1.3 2 
PS1.46.1A 176.3 197.5 ·39.8 1349 8.3 1 UT.55A 44.8 362.1 32.5 2668 1.5 2 
PS 1.47.2A 182.0 207.2 ·36.0 1991 7.7 3 UT.57A 46.7 202.3 -32.8 1434 4.5 4 
PSl.48.2A 187.6 201.9 -31.8 2413 10.1 1 PS1.01.3A 47.6 200.1 -51.3 726 13.1 5 
PSl.49.1A 194.2 202.5 -22.3 1028 12.3 2 PS1.01.2A 47.8 385.0 4.1 1191 2.1 5 
PS1.50.1A 200,4 214.5 -4.6 2858 26.3 3 PS1.01.2B 48.1 391.0 -6.0 792 13.2 3 

UT.61A 50.5 229.5 15.3 142 26.9 5 
PS1.02.1A 55.5 370.7 47.2 207 16.3 5 
PS1.02.5A 55.6 364.7 43.6 523 7.3 2 
PS1.02.3B 55.6 355.0 51.0 416 11.0 3 
PS1.02.5B 55.7 365.6 36.1 274 10.1 4 
PS1.02.1B 55.8 384.1 12.2 298 20.7 4 
PS1.02.4C 55.9 369.2 16.1 94 28.1 4 
PS1.02.3C 55.9 395.9 -0.4 217 29.0 5 
PS1.02.2C 55.9 348.1 18.8 302 0.5 5 
UT.67A 56.4 360.9 54.2 533 7.8 3 
UT.69A 58.3 328.1 26.3 116 20.7 5 
UT.73A 62.1 324.7 72.6 223 9.4 4 
PS1.03.1A 62.3 329.7 58.8 137 31.8 4 
PS1.03.5B 62.8 348.8 62.6 224 8.5 5 
PSl.03.2B 62.9 378.6 50.7 210 17.6 3 
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Reversal record data 

Sample Level Dec. Inc. Int. Err. Q Sample Level Dec. Inc. Int. Err. Q 

PSI.03.4A 63.0 378.6 24.1 170 29.2 4 PS1.l2.3A 94.9 182.4 -41.5 355 ll.8 3
 
PS1.03.5C 63.1 374.4 60.8 377 13.1 3 PS1.l2.3B 95.1 195.1 -28.5 349 8.0 3
 
PS1.03.2C 63.2 385.9 60.8 331 9.7 4 PS1.l3.6A 96.5 201.1 -31.3 722 4.1 3
 
UT.75A 64.0 341.3 40.5 123 23.0 3 PSI.13.3A 96.7 198.1 -41.8 1028 4.4 2
 
PSI.04.3A 70.0 362.2 40.4 235 11.6 3 PS1.l3.3B 96.9 201.4 -26.7 838 4.5 3
 
PS1.04.1A 70.0 342.5 54.2 469 4.4 3 PS1.13.4B 97.0 211.5 -27.6 534 9.5 4
 
PS1.04.4A 70.0 352.3 61.7 357 3.4 4 PS1.13.2B 97.2 220.2 -26.6 361 5.5 4
 
PS1.04.1B 70.2 388.3 52.3 180 17.4 3 PS1.l4.4B 98.9 208.2 -31.8 437 12.0 4
 
PSI.04.2B 70.2 369.1 31.8 123 30.5 4 PS1.l4.5A 99.0 215.1 -12.8 523 3.6 4
 
PSI.04.1C 70.4 377.3 49.0 465 3.2 3 PS1.l4.2B 99.2 199.8 -32.1 327 16.8 3
 
PSI.04.3C 70.4 359.6 51.6 560 5.3 3 PS1.14.3B 99.2 206.4 -13.2 634 9.1 3
 
PSI.05.3A 76.8 363.5 37.8 664 2.2 4 PS1.15.3B 100.9 230.6 -4.7 374 3.7 3
 
PS1.05.1A 76.8 377.9 45.1 263 15.1 4 PS1.15.4B 101.0 214.6 -37.9 638 12.4 3
 
PSI.05.4A 77.1 369.6 38.4 946 2.5 3 PS1.15.2B 101.1 228.7 9.3 270 ll.5 4
 
PS1.05.3C 77.4 357.1 41.0 633 5.1 3 PS 1.15.5A 101.3 215.0 -24.5 495 5.3 4
 
PS1.05.2A 77.5 369.3 37.8 1053 3.6 3 PS1.16.5A 102.7 215.4 -17.6 839 5.7 3
 
PS1.05.3D 77.7 374.2 61.3 239 10.7 3 PS 1.16.2B 102.8 248.7 -13.2 189 27.5 5
 
PS1.05.2B 77.7 363.8 42.1 1012 2.2 3 PS1.16.4B 102.9 199.7 -31.8 171 37.6 4
 
PSI.06.3A 81.9 362.7 25.6 1154 5.3 5 PS1.l7.4A 104.6 221.3 -15.5 814 7.2 3
 
PS1.06.4A 82.0 379.2 37.6 286 19.8 3 PSI.17.3A 104.8 227.4 -25.2 754 3.8 3
 
PS1.06.3B 82.2 363.0 25.5 992 3.4 3 PS1.17.2B 105.0 199.5 -35.6 666 23.0 3
 
PSI.06.2A 82.2 375.7 -46.4 187 22.1 4 PS1.17.4B 105.0 231.5 -30.0 598 8.8 3
 
PS1.06.4B 82.3 347.1 27.8 1291 1.8 2 PS1.17.3B 105.1 225.1 -19.9 554 4.9 2
 
PS1.06.4C 82.5 349.8 25.5 1095 2.1 4 PS1.l8.4A 106.9 199.5 -29.1 1883 3.6 2
 
PSI.06.3C 82.5 362.8 24.0 961 2.7 5 PS1.l8.2B 107.0 194.5 -28.8 1737 2.8 2
 
PS1.07.3A 84.5 366.3 36.3 1103 5.3 4 PS 1.18.4B 107.2 204.7 -31.9 1009 12.5 2
 
PS1.07.1A 84.5 362.2 26.4 1035 6.4 5 PS 1.19.3A 108.9 198.3 -39.7 1536 4.8 3
 
PSI.07.5B 84.6 357.3 26.7 909 4.4 4 PS1.19.3B 109.2 201.6 -31.4 1261 3.4 3
 
PS1.07.2B 84.9 356.7 31.8 1127 4.3 3 PS 1.19.2B 109.3 225.5 -21.7 503 12.4 2
 
PS1.07.3B 84.9 356.8 27.0 1295 1.0 3 PS 1.19.5A 109.3 193.3 -32.4 1353 5.3 3
 
PS1.08.4B 86.8 359.0 15.3 810 5.2 3 PS1.19.4B 109.8 220.0 -32.3 544 20.1 3
 
PS1.08.5A 86.8 356.3 17.5 601 6.6 5 PSI.20.2B llO.7 199.5 -27.1 1308 2.7 3
 
PS1.08.3B 87.0 353.4 28.0 714 7.4 5 PS 1.20.3B llO,9 196.5 -28.7 1551 3.2 3
 
PS1.09.4B 88.5 368.3 25.0 709 8.1 3 PS 1.20.4B llO.9 237.9 -40.4 727 15.7 5
 
PSI.09.5A 88.6 367.4 26.3 673 2.8 4 PSI.21.3A ll2.8 207,1 ·26.5 1563 3.4 2
 
PS1.09.2B 89.0 376.1 23.5 641 4.6 3 PSI.21.2A ll2.9 206.6 -26.4 1629 2.0 3
 
PS1.09.3B 89.0 364.1 19.5 588 4.5 4 PS 1.22.5A ll3.1 204.6 -33.0 1406 7.7 3
 
PS1.10.4A 90.7 360.5 21.4 650 2.2 4 PS 1.21.2B 113.1 205.3 -25.9 1359 1.8 4
 
PSl.lO.4B 90.9 352.7 19.5 471 6.1 4 PS1.22.3A 113.2 191.8 -29.8 2202 2.9 1
 
PSl.l0.2B 90.9 351.7 13.8 494 5.8 5 PS1.22.2B 113.2 202.5 -21.6 1871 1.9 2
 
PS1.10.3B 91.1 359.6 30.3 469 9.9 4 PS1.23.3A ll5.2 200.2 -30.3 2528 3.0 3
 
PSl.l1.3A 92.4 225.2 -32.0 171 21.7 3 PS 1.23.2B 115.3 199.8 -26.0 1735 7.1 2
 
PSl.l1.3B 92.8 249.7 -32.6 146 36.8 3 PS 1.23.3B ll5.4 204.0 -27.0 2273 5.2 3
 
PSl.lI.3B 92.8 235.4 -18.8 173 24.6 3 PS1.23.4B ll5.4 199.4 -25.6 1697 5.1 3
 
PS1.l1.5A 93.0 191.8 -27.0 232 19.2 3 PS 1.24.3B ll6.9 202.9 -23.5 1996 2.5 3
 
PS 1.1 1.2B 93.0 222.7 -8.7 306 10.0 4 PS 1.24.2A ll7.0 203.0 -37.0 1822 5.3 3
 
PSl.l1.4B 93.2 234.6 -10.0 410 10.9 4 PSI.24.4B ll7.2 197.4 -27.8 1881 6.0 2
 
PS1.l2.2B 94.6 237.6 -17.9 201 22.8 4 PS 1.25.4A 118.6 197.4 -28.2 1644 1.9 2
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Appendix 

Sample Level Dec. Inc. Int. Err. Q Sample Level Dec. Inc. Int. Err. Q 

PS 1.25.7A 118.6 189.0 -31.1 2607 4.0 2 PS1.40.3A 147.3 195.2 2.7 264 0.0 5
 
PS1.25.3B 118.8 193.2 -37.2 2599 1.7 2 PS1.40.1A 147.7 293.5 49.8 276 9.2 5
 
PS1.25.2B 118.8 194.4 -27.8 2343 2.9 2 PS1.40.5B 147.7 183.5 41.9 318 20.6 5
 
PS1.26.3A 120.3 186.5 -38.0 2306 4.3 2 PS1.41.4A 148.8 208.5 -22.5 514 10.9 2
 
PS 1.26.4A 120.4 194.6 -44.8 2369 4.1 2 PS1.41.3A 148.8 257.6 -63.7 435 14.6 4
 
PS1.26.2A 120.9 188.1 -38.0 2591 6.8 2 PS1.41.1A 149.2 229.9 -10.5 549 15.8 4
 
PS1.27.4A 122.1 181.4 -36.4 2306 5.4 2 PS 1.41.5B 149.4 202.8 23.6 388 19.2 5
 
PS1.27.3A 122.4 188.9 -34.7 2377 6.0 1 PS1.42.3A 152.8 231.9 -35.2 437 4.9 4
 
PS1.27.3B 122.8 190.1 -38.1 1986 5.2 2 PS1.42.1A 153.0 240.9 -21.3 506 15.4 4
 
PS1.28.3A 124.3 189.5 -31.4 2296 3.9 2 PS1.42.4A 153.1 212.4 -36.6 340 12.7 4
 
PS1.28.4A 124.6 201.4 -38.5 2266 2.5 1 PS 1.42.3B 153.2 219.8 -12.6 293 15.9 4
 
PS1.28.2A 124.7 181.6 -35.8 2521 3.4 3 PS1.43.1A 156.8 203.2 -39.2 1089 5.3 3
 
PS1.29.5A 126.5 184.0 -39.3 2681 2.8 2 PS1.43.4A 157.0 187.1 -37.9 581 6.6 2
 
PS 1.29.3A 126.9 194.6 -37.7 3131 1.1 1 PSl.43.3A 157.0 188.8 -46.3 685 5.2 3
 
PS1.29.4A 126.9 194.0 -41.1 2621 3.0 1 PS 1.43.5A 157.2 199.4 -40.0 744 2.9 2
 
PS 1.29.2A 126.9 188.6 -36.3 2962 3.1 2 PSl.43.5C 157.9 192.8 -38.2 600 7.2 2
 
PS 1.30.4A 129.0 195.5 -35.4 2656 5.1 2 PS1.44.1A 162.8 201.6 -40.9 1643 6.7 2
 
PS1.30.2A 129.1 191.2 -34.7 3315 4.0 2 PS 1.44.4A 163.0 195.9 -44.9 929 5.3 2
 
PS1.30.5A 129.5 189.8 -39.6 2495 3.0 1 PS1.44.3A 163.1 197.3 -42.5 1841 1.4 2
 
PS1.31.3A 131.2 194.9 -40.7 4309 1.0 1 PS 1.44.4C 164.0 188.3 -40.7 1323 5.1 3
 
PS1.31.1A 131.3 177.5 -42.4 2565 6.5 2 PS 1.45.1A 170.0 190.7 -33.5 4136 2.2 2
 
PS1.31.2B 131.4 193.4 -34.7 2630 3.9 1 PS1.46.1A 176.3 190.9 -31.6 5632 2.2 2
 
PS1.31.7A 131.4 194.4 -33.1 3194 1.5 1 PS1.47.2A 182.0 192.4 -33.1 7448 1.9 2
 
PS1.32.3A 133.3 194.1 -34.1 3648 5.7 2 PSl.47.3A 182.1 180.8 -38.9 7342 0.5 1
 
PS l.32.2A 133.6 193.8 -35.0 3363 6.7 2 PS1.48.2A 187.6 190.0 -35.3 9233 1.8 3
 
PS l.33.1A 135.2 194.9 -29.6 3423 2.0 1 PS 1.49.1A 194.2 192.0 -33.9 4436 2.4 3
 
PS1.33.4A 135.5 192.7 -31.3 3919 1.5 2 PS 1.50.1A 200.4 185.2 -27.810590 3.7 2
 
PS1.33.2A 135.5 196.0 -29.9 3448 4.5 3
 
PS1.34.3A 136.9 198.6 -28.8 4072 3.8 2
 
PS1.34.2A 137.2 186.4 -31.0 4176 2.8 2
 
PS1.34.4A 137.3 195.7 -35.1 3465 3.7 2
 
PS1.35.3A 139.1 197.6 -34.2 4912 1.0 1
 
PS1.35.4A 139.1 195.3 -33.3 4095 2.5 2
 
PS l.35.4B 139.3 194.1 -29.9 3734 5.7 2
 
PS1.35.1A 139.5 185.0 -32.2 4364 2.4 1
 
PS1.36.1A 141.1 197.4 -28.9 4244 1.9 2
 
PS1.36.3A 141.1 196.4 -26.6 5257 2.2 2
 
PS1.36.4A 141.4 194.7 -28.7 4912 4.9 2
 
PS1.37.1A 143.1 206.0 -29.9 2630 3.3 2
 
PS1.38.2A 143.2 158.2 -48.0 1114 3.0 2
 
PS1.37.3A 143.3 223.4 -34.8 2200 5.2 5
 
PS1.37.3B 143.6 201.9 -28.0 1898 2.3 2
 
PS1.38.6A 143.6 253.4 0.1 333 16.8 4
 
PS1.39.4A 145.5 304.8 24.9 296 4.0 5
 
PS1.39.1A 145.6 345.2 44.3 550 11.7 5
 
PS1.39.2B 145.7 335.6 48.5 318 11.1 5
 
PS1.39.5B 145.7 169.2 9.8 314 23.0 5
 
PS 1.40.4A 146.8 289.6 41.6 189 12.3 4
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Reversal record data 

Calabria Sample Level Dec. Inc. Int. Err. Q 
lower SidufjaIl reversal record 
LT component LS.27.1A 25.4 389.9 31.3 172 22.3 4 

LS.24.1A 26.3 303.1 17.6 357 18.4 5 
LS.24.2A 27.4 303.6 66.1 284 13.7 3Sample Level Dec. Inc. Int. Err. Q 
LS.28.1A 27.4 310.1 48.9 294 7.6 4 
LS.25.2A 28.1 370.4 55.7 348 22.7 3 

Calabria / LS.30.1A 30.6 378.2 42.4 331 14.1 2 
LS.48A 0.6 181.1 -13.6 287 10.4 5 LS.31.1A 31.7 387.3 61.0 491 14.6 4 
LS.49A 2.6 177.3 -43.0 313 7.3 5 
LS.50A 4.8 191.2 -32.2 418 7.8 4 
LS.5IA 5.7 182.0 -38.3 301 0.0 5 
LS.52A 6.5 188.3 -39.6 406 3.1 4 
LS.53.1A 7.4 191.6 -43.0 346 11.0 5 
LS.54.1A 8.5 196.4 -46.6 648 7.7 4 
LS.55.IA 9.3 206.6 -31.9 391 7.3 2 
LS.56.1A 10.5 221.0 -37.0 330 16.9 4 
LS.57.1A 11.5 199.4 -56.8 566 9.8 4 
LS.13.2A 11.9 200.3 -37.0 327 21.4 3 
LS.13.1A 12.2 208.9 -38.2 468 11.0 2 
LS.13.1A 12.2 221.7 -37.2 191 15.6 3 
LS.58.1A 12.3 206.8 -63.6 356 8.2 4 
LS.14.lA 13.4 197.9 -39.2 624 14.5 4 
LS.l4.2A 13.4 175.0 -49.8 282 23.6 3 
LS.59.lA 13.5 208.8 -47.8 491 11.1 2 
LS.60.1A 14.1 206.8 -50.2 401 6.2 5 
LS.15.IA 14.1 206.2 -33.3 622 8.5 2 
LS.15.2A 14.7 204.3 -47.4 320 6.1 2 
LS.61.1A 15.2 216.5 -37.0 609 16.9 4 
LS.16.1A 15.2 198.6 -44.3 580 8.7 2 
LS.16.1C 15.2 253.9 -34.2 641 14.9 4 
LS.62.1A 16.1 200.8 -54.2 541 12.2 4 
LS.17.1A 17.0 194.6 -33.7 445 7.5 4 
LS.63.1A 17.2 187.4 -50.9 493 20.1 5 
LS.17.2A 17.2 207.0 -42.0 538 24.3 3 
LS.18.1A 17.9 199.3 -27.1 492 13.6 3 
LS.18.2A 18.0 216.9 -20.5 474 14.9 2 
LS.64.1A 18.1 143.2 -42.2 316 29.7 4 
LS.65.1A 19.0 189.3 -46.8 501 4.9 2 
LS.19.1A 19.5 204.6 -25.5 398 17.9 5 
LS.19.2A 19.5 204.3 -18.9 261 11.0 4 
LS.20.2A 20.4 200.4 -29.3 274 10.2 4 
LS.20.1A 20.7 214.5 -56.5 170 13.6 4 
LS.21.1A 21.4 366.7 52.3 419 5.1 4 
LS.706.2 21.9 347.9 64.0 767 4.4 4 
LS.21.2A 21.9 358.9 33.7 431 11.9 3 
LS.22.2A 23.0 338.0 42.5 171 27.2 2 
LS.22.1A 23.2 320.3 49.8 217 20.0 3 
LS.23.1A 24.4 350.5 55.4 661 10.6 3 
LS.23.2A 24.8 330.7 50.2 520 6.8 3 
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Appendix 

Calabria Sample Level Dec. Inc. Int. Err. Q 
lower Sidufjall reversal record 
HT component LS.65.1A 19.0 168.8 -30.6 392 14.6 5
 

LS.19.1A 19.5 198.0 -33.9 329 7.5 3
 
LS.19.2A 19.5 210.0 -28.7 247 15.2 2
Sample Level Dec. Inc. Int. Err. Q 
LS.66.1A 19.8 340.1 42.1 179 0.0 5
 
LS.706.4 19.9 90.4 65.0 141 9.8 5
 

LS.47A -1.2 185.2 -29.9 4246 2.5 4 LS.20.2A 20.4 227.5 7.9 116 21.8 4
 
LS.48A 0.6 185.2 -34.9 1169 2.3 2 LS.706.3 20.9 410.5 63.2 286 10.9 4
 
LS.49A 2.6 192.3 -32.1 572 4.8 3 LS.2LlA 21.4 368.9 38.6 287 6.8 4
 
LS.50A 4.8 197.4 -33.9 641 2.4 2 LS.706.2 21.9 379.4 56.0 644 7.0 4
 
LS.51A 5.7 197.8 -44.6 640 4.9 2 LS.21.2A 21.9 359.6 40.0 676 3.7 2
 
LS.52A 6.5 202.7 -38.2 587 5.8 3 LS.706.1 22.9 385.2 48.1 1035 6.9 4
 
LS.706.17 6.9 213.1 -52.2 412 2.8 4 LS.22.2A 23.0 361.7 39.7 725 3.8 2
 
LS.53.1A 7.4 191.4 -37.7 672 6.0 3 LS.22.1A 23.2 350.9 44.0 402 3.7 2
 
LS.706.16 7.9 207.7 -39.2 838 6.8 4 LS.23.1A 24.4 349.1 44.3 495 7.4 3
 
LS.54.1A 8.5 199.3 -37.4 612 5.7 3 LS.23.2A 24.8 358.3 36.6 668 5.6 2
 
LS.706.15 8.9 213.3 -37.2 853 6.7 4 LS.27.1A 25.4 354.9 42.9 639 4.0 4
 
LS.55.1A 9.3 203.1 -38.1 746 7.4 2 LS.24.1A 26.3 346.2 40.1 809 4.1 3
 
LS.706.I4 9.9 212.0 -43.4 1043 3.2 2 LS.24.2A 27.4 347.7 35.5 669 6.4 2
 
LS.56.1A 10.5 207.3 -37.4 625 4.2 4 LS.28.1A 27.4 354.4 40.7 731 4.8 2
 
LS.706.13 10.9 211.9 -36.8 1006 2.6 2 LS.25.1A 28.0 353.3 42.5 813 2.5 2
 
LS.57.1A 1l.5 200.7 -43.9 758 4.5 3 LS.25.2A 28.1 361.0 38.1 1019 2.6 2
 
LS.706.12 11.9 206.7 -40.0 1134 3.7 3 LS.29.1A 28.9 345.7 39.9 721 4.7 3
 
LS.13.2A 11.9 20Ll -42.4 730 0.8 2 LS.30.1A 30.6 362.2 37.8 804 5.2 2
 
LS.13.1A 12.2 206.6 -38.4 740 4.8 3 LS.31.1A 31.7 366.7 45.0 1024 4.2 2
 
LS.58.1A 12.3 193.0 -62.2 1618 5.2 3
 
LS.706.11 12.9 208.4 -41.0 964 4.8 2
 
LS.14.1A 13.4 228.3 -12.3 339 33.1 4
 
LS.14.2A 13.4 194.7 -56.4 667 2.5 3
 
LS.59.1A 13.5 195.0 -46.1 854 7.7 3
 
LS.706.1O 13.9 211.3 -41.6 1379 4.2 2
 
LS.60.1A 14.1 194.5 -44.9 775 3.6 3
 
LS.15.1A 14.1 206.4 -40.8 691 5.4 2
 
LS.15.2A 14.7 205.9 -42.4 716 2.7 2
 
LS.706.9 14.9 210.6 -42.9 1320 5.2 3
 
LS.6LlA 15.2 201.7 -35.4 906 8.6 4
 
LS.16.1A 15.2 206.3 -46.0 973 3.3 3
 
LS.16.1C 15.2 200.5 -42.6 1217 2.4 2
 
LS.706.8 15.9 213.0 -45.0 1626 2.7 2
 
LS.62.1A 16.1 201.0 -4Ll 1034 6.7 3
 
LS.706.7 16.9 205.8 -42.9 1011 4.4 3
 
LS.17.1A 17.0 208.1 -41.0 813 4.0 2
 
LS.63.1A 17.2 189.2 -47.2 673 8.5 3
 
LS.17.2A 17.2 198.3 -39.1 1140 4.6 3
 
LS.706.6 17.9 179.3 -22.9 342 3.4 4
 
LS.18.1A 17.9 202.8 -38.0 845 1.4 2
 
LS.18.2A 18.0 205.9 -39.7 688 2.8 3
 
LS.64.1A 18.1 178.6 -31.8 222 13.9 4
 
LS.706.5 18.9 184.8 -10.5 285 13.9 4
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Reversal record data 

Calabria Sample Level Dec. Inc. Int. Err. Q 
upper Sidufjall reversal record 
LT component PS2.035A 85.9 379.0 60.1 207 20.1 2 

PS2.038A 89.5 177.9 -13.4 174 24.0 4 
PS2.039A 89.7 172.5 -24.4 198 5.3 1Sample Level Dec. Inc. Int. Err. Q 
PS2.038C 89.9 190.1 -0.9 299 7.8 2 
PS2.039B 89.9 173.9 -13.1 279 13.4 2 

PS2.ooIA 4.7 379.1 -11.6 3073 4.2 1 PS2.040A 92.2 198.9 -41.7 342 13.3 2 
PS2.oo2A 7.2 360.9 10.5 2368 5.8 1 PS2.041A 93.2 215.2 -29.4 395 10.9 2 
PS2.oo3A 9.5 358.5 21.4 2332 6.9 1 PS2.042A 94.5 200.1 -39.8 586 10.3 3 
PS2.004A 12.2 353.6 27.1 1064 17.3 1 PS2.042C 94.9 210.0 -32.1 1022 5.6 2 
PS2.oo5A 14.5 365.4 18.5 2208 6.5 1 PS2.043B 96.1 202.4 -30.3 1100 4.6 1 
PS2.oo6A 17.2 374.9 22.5 2834 2.5 1 PS2.045A 97.0 193.6 -40.4 1350 2.7 2 
PS2.oo7A 19.5 373.3 -6.2 1636 7.7 1 PS2.045B 97.2 207.5 -43.0 1030 2.1 1 
PS2.oo8A 22.2 398.0 -18.3 1641 4.7 2 
PS2.oo9A 24.5 370.3 10.6 6281 6.4 1 
PS2.01OA 27.2 361.7 10.3 2170 7.3 1 
PS2.01OA 27.2 361.7 10.3 2170 7.3 1 
PS2.011B 29.7 397.4 -8.3 3243 10.1 1 
PS2.013B 34.7 356.6 -24.6 1967 5.1 1 
PS2.014B 37.4 353.3 -0.4 2145 6.1 1 
PS2.015B 39.7 389.7 -11.4 6466 2.6 1 
PS2.016B 42.2 97.3 69.0 605 8.8 4 
PS2.017B 44.5 200.9 71.5 525 18.7 3 
PS2.018C 47.6 235.7 75.6 425 10.2 3 
PS2.019B 49.5 288.2 54.7 300 19.9 4 
PS2.020B 52.2 108.2 77.7 281 11.8 2 
PS2.021B 54.7 362.4 72.8 513 6.5 2 
PS2.022B 57.2 170.1 55.0 319 27.3 2 
PS2.023B 59.5 171.4 22.7 164 40.7 4 
PS2.024B 62.2 328.6 83.7 171 35.9 5 
PS2.024D 62.6 357.1 68.9 188 11.8 4 
PS2.025B 64.7 353.4 65.4 203 19.4 4 
PS2.025C 64.9 408.8 55.4 315 6.9 1 
PS2.026B 67.4 352.7 64.2 326 17.7 1 
PS2.026B 67.4 352.7 64.2 326 17.7 2 
PS2.026C 67.6 351.2 50.5 343 11.3 1 
PS2.027B 69.9 333.0 64.5 215 11.1 2 
PS2.029B 72.6 387.8 78.0 192 25.7 2 
PS2.028B 72.6 319.9 65.7 248 14.6 3 
PS2.030B 74.7 329.2 70.4 354 7.3 3 
PS2.030C 74.9 360.3 66.3 420 7.9 1 
PS2.031B 77.4 281.2 62.6 160 8.9 3 
PS2.031B 77.4 442.8 58.4 120 12.2 3 
PS2.031C 77.6 333.9 63.3 153 2.4 2 
PS2.032A 79.5 362.8 51.8 225 14.9 4 
PS2.032C 79.9 313.4 64.0 230 10.9 3 
PS2.033C 82.6 359.9 44.2 210 15.5 4 
PS2.034A 84.5 360.9 53.5 244 30.0 2 
PS2.034C 84.9 318.0 65.1 256 9.3 2 
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PS2.044A 97.2 198.7 -24.9 1023 3.2 1 PS2.100A 129.5 179.9 -38.3 1234 13.8 3 
PS2.046A 98.2 189.9 -26.2 698 5.8 1 PS2.101B 130.4 172.4 -42.2 1483 8.4 I 
PS2.046C 98.6 181.4 -20.4 439 5.9 1 PS2.102A 130.7 178.1 -32.7 2424 3.2 2 
PS2.047A 99.5 179.2 -10.2 486 9.4 1 PS2.103A 131.2 443.3 -49.0 2476 5.4 1 
PS2.048A 100.9 159.2 -37.2 650 7.1 I PS2.104A 131.7 187.9 -49.6 3106 4.6 2 
PS2.049A 102.0 178.3 -28.4 177 18.3 3 PS2.105A 132.0 182.9 -45.0 2491 6.5 1 
PS2.050A 103.2 206.3 -36.9 196 17.9 4 PS2.106A 132.7 182.0 -47.7 4663 3.0 3 
PS2.050C 103.6 207.3 -26.2 367 6.1 1 PS2.107.2A133.0 179.4 -47.5 1929 1.8 1 
PS2.051C 104.9 257.9 53.7 225 13.5 2 PS2.108A 133.7 175.4 -45.3 7640 1.9 1 
PS2.054A 106.9 118.7 6.4 144 21.9 2 PS2.109.2AI34.0 174.1 -44.9 2307 4.6 2 
PS2.055B 107.4 216.6 58.4 78 7.3 2 PS2.110.1AI34.7 192.2 -45.5 8948 8.4 2 
PS2.056A 107.7 191.5 -49.5 183 23.6 5 PS2.111A 135.2 186.7 -19.1 899 4.0 1 
PS2.057A 108.2 132.1 -45.5 293 16.9 2 PS2.112A 135.5 188.5 -43.6 2721 3.9 2 
PS2.058A 108.7 235.9 -77.1 263 18.2 2 PS2.114A 136.5 193.1 -40.0 1342 10.0 2 
PS2.059A 109.2 173.8 -31.3 272 2.4 3 PS2.115A 137.0 195.9 -38.3 1232 4.0 1 
PS2.060A 109.5 256.4 -69.4 281 19.1 3 PS2.116A 137.5 206.5 -39.0 2791 13.2 2 
PS2.060C 109.9 218.6 -19.6 235 19.1 3 PS2.117A 138.0 192.7 -40.0 5741 1.7 1 
PS2.061A 110.2 215.8 -28.2 552 7.5 I PS2.118A 138.5 202.9 -53.6 7751 1.8 3 
PS2.062A 110.7 202.6 -39.8 509 9.0 2 PS2.119A 139.2 194.3 -40.9 6607 1.9 1 
PS2.063A 111.0 212.1 -42.4 2214 4.1 1 PS2.120A 139.7 192.0 -38.6 2515 12.9 3 
PS2.064A 111.7 184.8 -32.1 539 11.8 2 PS2.121A 140.2 198.5 -35.9 2085 3.5 I 
PS2.065A 112.2 199.2 -41.4 472 10.1 2 PS2.122A 140.7 191.0 -37.0 3395 15.5 3 
PS2.066A 112.7 217.4 -36.1 200 31.4 3 PS2.123A 141.2 204.4 -41.8 6425 1.3 I 
PS2.067A 113.2 212.5 -23.7 448 12.2 1 PS2.124A 141.9 198.2 -50.2 2546 5.4 3 
PS2.068A 113.7 205.7 -43.5 657 6.7 2 PS2.125A 142.0 189.1 -37.2 1813 4.7 1 
PS2.069A 114.2 202.9 -40.2 2315 1.7 1 PS2.126A 142.7 200.3 -44.6 2384 16.3 3 
PS2.070A 114.7 202.0 -36.8 1204 4.8 I PS2.127A 143.2 190.7 -33.2 2247 5.2 1 
PS2.071B 115.4 179.9 -39.5 1536 4.2 I PS2.128A 143.7 190.8 -46.5 3265 9.9 3 
PS2.072A 115.7 191.4 -63.5 244 19.7 4 PS2.129A 144.2 180.6 -31.3 1123 5.0 1 
PS2.073A 116.2 188.2 -39.5 1974 2.6 1 PS2.130A 144.7 206.8 -38.4 1497 12.4 4 
PS2.074A 116.7 191.5 -41.2 1705 4.2 1 PS2.13IA 145.2 193.9 -42.8 2318 1.4 I 
PS2.076A 117.7 203.1 -37.5 2090 2.6 I PS2.132A 145.7 182.3 -41.0 1996 19.5 3 
PS2.077A 118.2 187.0 -34.3 1405 3.6 1 PS2.133A 146.2 200.5 -32.5 1125 5.0 1 
PS2.078A 118.5 201.7 -39.8 797 6.6 I PS2.134A 146.7 174.9 -32.7 1655 6.3 3 
PS2.078C 118.9 181.8 -8.5 497 12.5 2 PS2.136A 147.5 161.6 -32.9 1192 10.7 4 
PS2.079A 119.0 186.1 -26.3 375 12.5 1 PS2.137A 148.2 191.9 -29.4 1154 3.2 1 
PS2.080B 119.9 204.4 -31.0 445 15.5 3 PS2.138A 148.7 168.6 -34.9 1656 16.4 3 
PS2.081B 120.4 231.5 -38.6 296 30.1 3 PS2.139A 149.0 187.0 -20.9 926 4.2 1 
PS2.082A 120.5 211.6 -39.3 420 6.6 1 PS2.140A 149.5 163.9 -43.5 1097 21.9 4 
PS2.082C 120.9 221.0 -26.9 370 11.2 2 PS2.141A 150.2 188.8 -31.2 1100 4.4 1 
PS2.083A 121.2 180.4 -27.2 272 25.6 2 PS2.142A 150.7 192.9 -23.2 1654 7.9 3 
PS2.084B 121.9 182.6 -49.2 354 10.1 1 PS2.143A 151.0 188.5 -26.4 906 7.7 1 
PS2.085B 122.4 194.7 -26.1 385 5.6 I PS2.144A 151.9 166.3 -32.0 1205 9.9 3 
PS2.086A 122.7 201.2 -33.0 415 6.5 2 PS2.145A 152.4 185.7 -26.3 781 10.8 1 
PS2.087A 123.2 189.7 -26.6 1342 8.8 1 PS2.146A 152.9 147.1 -52.6 1291 9.8 4 
PS2.088A 123.7 187.0 -30.1 560 7.9 2 PS2.147A 153.4 198.2 -34.2 849 13.8 1 
PS2.089A 124.2 182.1 -31.7 847 5.3 1 PS2.148A 153.9 201.0 -15.8 729 12.3 3 
PS2.090A 124.7 175.3 -36.8 340 19.4 3 PS2.149A 154.4 186.9 -30.3 810 6.8 1 
PS2.092A 125.7 194.4 -41.9 2364 4.2 1 PS2.150A 154.9 179.6 -43.9 1064 6.9 2 
PS2.094A 126.7 197.9 -37.8 1988 3.4 I PS2.151A 155.4 189.9 -39.1 912 6.8 I 
PS2.096A 127.5 194.2 -44.1 2618 2.0 1 PS2.152A 155.9 207.1 -54.1 906 0.0 5 
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Reversal record data 

Sample Level Dec. Inc. Int. Err. Q Calabria 
upper Sidufjall reversal record 

PS2.153A 156.4 424.4 -37.7 818 10.5 3 HT component 

PS2.155A 157.4 182.8 -35.4 828 11.2 1 
PS2.156A 
PS2.157A 

157.9 
158.4 

148.4 -17.7 1687 
182.1 -32.6 944 

5.1 
11.1 

4 
1 

Sample Level Dec. Inc. Int. Err. Q 

PS2.158A 158.9 163.8 -55.2 1197 14.0 3 
PS2.159A 159.4 185.0 -36.2 1114 11.6 1 PS2.001A 4.7 373.2 19.8 1032 3.8 2 
PS2.160A 159.9 186.6 -41.1 1494 0.0 5 PS2.002A 7.2 371.0 15.4 944 10.4 3 
PS2.161A 160.4 177.7 -43.4 1471 9.3 1 PS2.003A 9.5 363.1 30.4 920 7.0 2 
PS2.162A 160.9 222.1 -17.1 2422 6.0 3 PS2.004A 12.2 369.7 36.3 1678 7.0 3 
PS2.163A 161.4 192.5 -37.8 923 10.6 2 PS2.005A 14.5 372.0 25.3 1176 5.4 2 
PS2.164A 161.9 198.7 -57.8 976 13.7 2 PS2.006A 17.2 378.2 27.5 1330 2.2 1 
PS2.165A 162.4 191.2 -48.6 854 8.7 1 PS2.007A 19.5 363.8 -1.9 599 9.6 2 
PS2.166A 162.9 175.0 -55.6 1517 18.8 3 PS2.008A 22.2 384.1 4.2 976 2.8 1 
PS2.167A 163.4 205.4 -33.8 765 9.6 1 PS2.009A 24.5 374.8 3.7 3006 5.1 1 
PS2.168C 163.9 208.5 -28.8 920 11.9 3 PS2.0IOA 27.2 370.4 20.2 1684 5.2 2 
PS2.169A 164.4 200.4 -43.4 1090 2.8 1 PS2.011B 29.7 399.7 -0.6 2263 3.4 1 
PS2.170A 164.9 193.8 -50.2 2229 8.8 2 PS2.013B 34.7 371.5 -26.5 1261 8.8 2 
PS2.171A 166.2 213.0 -40.5 1453 4.2 1 PS2.014B 37.4 359.7 -5.7 1208 14.0 1 
PS2.172A 167.4 204.9 -46.1 1961 3.4 2 PS2.015B 39.7 394.9 -8.0 2200 6.0 1 
PS2.173A 168.7 204.4 -46.0 1025 8.4 2 PS2.016B 42.2 381.5 55.1 526 16.8 3 
PS2.175A 171.2 209.4 -37.7 474 12.4 2 PS2.017B 44.5 210.0 -7.5 252 10.5 4 
PS2.176A 172.4 172.1 -38.5 771 4.9 2 PS2.018C 47.6 213.0 72.2 272 15.4 4 
PS2.177A 173.7 210.3 -35.6 395 14.9 2 PS2.019B 49.5 181.2 44.8 312 23.3 4 
PS2.178A 174.9 164.5 -58.7 560 15.8 5 PS2.020B 52.2 158.0 60.9 320 14.3 3 
PS2.179A 176.2 212.7 -32.9 468 9.6 1 PS2.021B 54.7 391.3 61.8 673 5.9 2 
PS2.181A 178.7 200.8 -39.6 441 10.6 1 PS2.022B 57.2 406.1 59.5 455 18.8 4 
PS2.183A 181.2 206.5 -35.3 474 6.6 2 PS2.023B 59.5 394.1 48.2 326 20.7 5 
PS2.185A 183.7 196.3 -42.7 425 10.4 1 PS2.024B 62.2 387.4 30.3 535 4.4 4 
PS2.189A 188.7 203.0 -41.6 608 11.0 2 PS2.024D 62.6 386.6 40.4 645 9.9 4 
PS2.191A 192.4 201.1 -38.3 533 7.2 1 PS2.025B 64.7 387.8 34.5 618 7.9 3 
PS2.193A 197.4 195.6 -25.3 575 9.2 1 PS2.025C 64.9 398.1 69.8 306 17.0 3 
PS2.193A 197.4 204.1 -47.9 633 3.9 2 PS2.026B 67.4 379.6 37.6 638 7.2 2 
PS2.195A 202.4 204.9 -45.9 811 6.4 1 PS2.026C 67.6 380.5 58.0 185 9.2 3 

PS2.026C 67.6 373.5 17.4 367 11.3 3 
PS2.027B 69.9 398.2 33.6 294 5.5 3 
PS2.029B 72.6 383.9 42.1 191 5.1 2 
PS2.028B 72.6 380.3 32.6 432 3.4 3 
PS2.030B 74.7 377.4 34.5 258 22.7 4 
PS2.030C 74.9 367.9 32.4 426 7.8 3 
PS2.031B 77.4 359.5 35.2 137 14.6 4 
PS2.031C 77.6 361.8 53.2 120 26.9 5 
PS2.032C 79.9 380.0 29.8 225 13.9 3 
PS2.033C 82.6 279.1 65.7 351 21.0 5 
PS2.034A 84.5 193.6 -36.2 391 15.9 3 
PS2.034C 84.9 189.4 50.7 113 19.1 1 
PS2.035A 85.9 196.2 -39.3 450 16.4 3 
PS2.039A 89.7 170.5 -8.0 312 12.4 5 
PS2.038C 89.9 185.9 -19.8 279 11.6 4 
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Appendix 

Sample Level Dec. Inc. Int. Err. Q Sample Level Dec. Inc. Int. Err. Q 
PS2.039B 89.9 172.6-18.3 419 4.4 4 PS2.086A 122.7 203.2 -45.4 907 6,1 2 
PS2.040A 92.2 202.6 -40.6 445 14.1 2 PS2.087A 123.2 179.8 -39,1 1206 6.3 3 
PS2.041A 93.2 190.3 -5,1 443 8.6 4 PS2.088A 123.7 190.2 -44.9 1070 5.5 2 
PS2.042A 94.5 208.6 -32.7 479 13.5 2 PS2.089A 124.2 179.1 ·43.3 1068 6.5 3 
PS2.042C 94.9 207.8 -40.0 375 15.5 3 PS2.090A 124.7 191.6 -46.2 1076 5.0 2 
PS2.043B 96.1 185.0 -23.7 609 7.7 4 PS2.092A 125.7 187.1 -39.9 1546 5.5 1 
PS2.045A 97.0 211.8 -22.3 353 17.0 3 PS2.094A 126.7 192.9 -35.6 1750 1.7 1 
PS2.045B 97.2 198.8 ·35.9 447 19.4 4 PS2.096A 127.5 193.4 -36.6 1662 2.0 1 
PS2.046A 98.2 190.0 -28.0 603 6.3 2 PS2.101B 130.4 185.9 -34.8 1938 1.5 4 
PS2.046C 98.6 170.2 ·25.8 441 5.9 3 PS2.102A 130.7 183.8 -34.3 2104 3.4 4 
PS2.047A 99.5 167.0 -16.2 384 5.4 3 PS2.103A 131.2 439.8 -38.5 2012 0.8 4 
PS2.048A 100.9 178.7 -37.4 459 7.9 3 PS2.104A 131.7 186.6 -36.8 2078 1.6 3 
PS2.050C 103.6 165.6 -18.3 287 8.9 3 PS2.105A 132.0 185.4 -33.2 2017 0.5 4 
PS2.051C 104.9 354.2 31.3 282 4.9 3 PS2.107.2A133.0 178.4 -34.2 2147 0.7 4 
PS2.052A 105.4 349.1 -5.2 740 5.7 2 PS2.108A 133.7 178.8 -35.6 2047 1.2 3 
PS2.053A 106.0 366.1 25,1 753 2.4 3 PS2.109.2AI34.0 181.5 -33.6 2275 1.0 3 
PS2.054A 106.9 349.9 -5.2 806 5.2 2 PS2.110.1A134.7 188.7 -28.9 2127 0.8 4 
PS2.055B 107.4 357.0 23.1 669 4.6 3 PS2.111A 135.2 187.3 -27.0 2137 1.3 4 
PS2.056A 107.7 351.1 -4.8 482 8.8 3 PS2.114A 136.5 194.2 -34.9 2102 6.9 4 
PS2.057A 108.2 360.0 -14.1 437 10.7 5 PS2.115A 137.0 188.1 -27.7 2148 1.2 4 
PS2.058A 108.7 361.6 15.9 685 13.1 2 PS2.116A 137.5 190.2 -31.5 2309 1.5 4 
PS2.059A 109.2 364.6 -12.4 231 16.5 5 PS2.117A 138.0 188.1 -27.4 2690 1.5 4 
PS2.060A 109.5 362.0 11.6 688 12.3 3 PS2.119A 139.2 193.3 -24.8 2831 1.5 4 
PS2.060C 109.9 358.9 19.2 588 4.0 4 PS2.120A 139.7 189.7 -32.0 2234 2.0 4 
PS2.061A 110.2 358.3 17.9 349 8.2 4 PS2.121A 140.2 191.7 -19.4 1751 3.4 4 
PS2.062A 110.7 347.9 -14.6 282 10.5 3 PS2.122A 140.7 184.7 -21.6 1547 4.2 4 
PS2.063A 111.0 231.4 -52.4 199 22.6 4 PS2.123A 141.2 198.3 -22.4 2115 0.6 4 
PS2.064A 111.7 351.5 -77.4 281 15.8 4 PS2.124A 141.9 190.4 -28.6 1916 5.3 4 
PS2.065A 112.2 185.6 -51.5 169 8.1 3 PS2.125A 142.0 186.2 -22.3 1978 0.4 4 
PS2.066A 112.7 297.7 -72.3 407 13.5 4 PS2.126A 142.7 179.4 -29.7 1317 2.4 3 
PS2.067A 113.2 189.0 -41.8 589 2.7 3 PS2.127A 143.2 185.7 -20.3 1681 2.2 4 
PS2.068A 113.7 201.7 -37.5 594 7.7 2 PS2.128A 143.7 186.3 -28.5 1846 0.6 4 
PS2.069A 114.2 185.2 -46.3 622 4.4 3 PS2.129A 144.2 183.1 -23.5 1903 1.5 4 
PS2.070A 114.7 342.4 -44.7 338 21.9 4 PS2.130A 144.7 184.0 -26.2 2022 5.2 4 
PS2.071B 115.4 156.1 -21.1 164 37.2 4 PS2.131A 145.2 189.0 -30.7 2300 1.5 4 
PS2.072A 115.7 361.8 -16.4 268 17.1 4 PS2.132A 145.7 182.8 -37.2 2336 1.9 4 
PS2.073A 116.2 188.8 -40.2 809 4.0 2 PS2.133A 146.2 189.5 -30.6 2515 0.6 4 
PS2.074A 116.7 179.3 -54.2 518 7.3 2 PS2.134A 146.7 182.0 -31.2 2330 0.7 3 
PS2.076A 117.7 192.6 -44.3 854 9.8 2 PS2.136A 147.5 185.5 -33.9 3511 4.8 4 
PS2.077A 118.2 170.1 -43.6 625 7.4 2 PS2.137A 148.2 187.5 -32.3 3199 0.4 3 
PS2.078A 118.5 193.8 -44.7 900 8.3 3 PS2.138A 148.7 181.2 -35.0 2726 1.4 4 
PS2.078C 118.9 186.5 -38.6 886 2.7 3 PS2.139A 149.0 190.8 -32.9 3030 0.5 3 
PS2.079A 119.0 183.9 -44.9 715 3.8 3 PS2.140A 149.5 185.8 -32.8 3063 3.1 4 
PS2.080B 119.9 190.8 -36.9 953 6.5 2 PS2.141A 150.2 189.1 -31.3 3828 0.6 2 
PS2.081B 120.4 187.8 -45.5 796 10.5 1 PS2.142A 150.7 185.7 -34.6 4337 4.7 5 
PS2.082A 120.5 206.2 -45.2 876 14.0 3 PS2.143A 151.0 191.4 -33.4 3523 0.5 2 
PS2.082C 120.9 181.8 -39.2 938 5.5 3 PS2.144A 151.9 192.3 -34.3 2800 2.2 3 
PS2.083A 121.2 181.9 -39.2 502 6.3 4 PS2.145A 152.4 189.8 -32.5 3257 0.6 3 
PS2.085B 122.4 181.1 -52.8 625 7.4 1 PS2.146A 152.9 187.1 -35.5 2828 6.3 4 
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Reversal record data 

Sample Level Dec. Inc. Int. Err. Q Sample Level Dec. Inc. Int. Err. Q 
PS2.147A 153.4 191.8 -34.5 3079 1.9 4
 
PS2.148A 153.9 189.8 -36.9 2856 4.4 4 PS2.064A 111.7 415.0 68.2 97 27.0 5
 
PS2.149A 154.4 190.4 -34.6 2752 3.4 4 PS2.066A 112.7 403.5 59.0 99 20.5 5
 
PS2.150A 154.9 184.1 -38.8 2476 1.9 4 PS2.068A 113.7 409.3 28.2 112 19.2 5
 
PS2.151A 155.4 191.2 -33.4 2987 0.7 3 PS2.070A 114.7 423.0 56.7 128 2.9 5
 
PS2.152A 155.9 183.5 -33.6 2632 4.2 3 PS2.078A 118.5 403.1 55.0 35 18.4 5
 
PS2.153A 156.4 442.5 -43.9 2950 1.0 3 PS2.082A 120.5 439.0 39.9 84 3.7 5
 
PS2.155A 157.4 183.5 -34.7 2934 0.8 3
 
PS2.156A 157.9 181.3 -34.9 2874 3.5 4
 
PS2.157A 158.4 185.4 -33.3 3537 0.4 3
 
PS2.158A 158.9 179.8 -39.7 3559 0.7 3
 
PS2.159A 159.4 186.0 -35.3 4452 1.4 3
 
PS2.160A 159.9 183.8 -38.4 4613 4.5 4
 
PS2.161A 160.4 185.7 -32.4 5785 0.6 3
 
PS2.162A 160.9 186.5 -32.7 4775 1.5 4
 
PS2.163A 161.4 191.0 -34.8 4655 0.6 3
 
PS2.164A 161.9 195.5 -39.8 3374 3.0 4
 
PS2.165A 162.4 205.7 -38.8 2995 2.2 3
 
PS2.166A 162.9 204.4 -38.7 2549 2.4 3
 
PS2.167A 163.4 212.2 -36.9 2196 0.7 3
 
PS2.168C 163.9 209.3 -38.6 2149 2.4 4
 
PS2.169A 164.4 213.8 -38.1 1932 1.2 3
 
PS2.170A 164.9 219.8 -39.2 1554 0.8 3
 
PS2.171A 166.2 226.9 -35.3 2336 6.6 4
 
PS2.176A 172.4 196.5 -44.0 1306 1.2 4
 
PS2.177A 173.7 204.7 -36.2 1304 1.6 3
 
PS2.178A 174.9 193.7 -39.6 1404 2.8 4
 
PS2.179A 176.2 199.8 -39.4 1633 0.4 3
 
PS2.181A 178.7 201.2 -40.6 1497 0.5 3
 
PS2.183A 181.2 200.9 -39.8 1429 0.6 3
 
PS2.185A 183.7 210.5 -38.7 1250 1.5 3
 
PS2.189A 188.7 198.3 -42.5 1836 0.8 3
 
PS2.191A 192.4 195.9 -40.1 1673 0.8 3
 
PS2.193A 197.4 199.0 -37.0 1455 1.2 3
 
PS2.195A 202.4 194.5 -39.7 2853 0.8 3
 
PS2.197A 207.4 198.8 -39.9 2664 0.6 4
 
PS2.029B 72.6 150.6 39.7 80 6.3 5
 
PS2.034C 84.9 389.2 61.2 120 20.7 5
 
PS2.035A 85.9 423.9 42.9 117 11.2 5
 
PS2.040A 92.2 430.3 49.7 102 5.6 5
 
PS2.042A 94.5 395.6 61.3 130 26.3 5
 
PS2.045A 97.0 385.0 34.6 82 14.6 5
 
PS2.046A 98.2 408.5 60.5 90 9.8 5
 
PS2.048A 100.9 423.6 56.9 90 14.6 5
 
PS2.050A 103.2 400.7 20.9 158 19.3 5
 
PS2.056A 107.7 390.7 41.8 165 7.2 4
 
PS2.058A 108.7 442.0 63.7 92 7.0 5
 
PS2.060A 109.5 422.8 63.7 134 14.4 5
 
PS2.062A 110.7 394.8 24.0 101 7.6 5
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Appendix 

Calabria Sample Level Dec. Inc. Int. Err. Q 
lower Nunivak reversal record 
LT component PS5.21.2A 55.1 185.2 11.7 93 13.2 4
 

PS5.22.3A 57.6 422.9 5.2 137 8.2 4
 
PS5.22.3A 57.6 390.4 31.7 96 24.6 4
Sample Level Dec. Inc. Int. Err. Q 
PS5.22.1A 57.7 381.6 37.3 160 19.9 4
 
PS5.22.2A 57.9 373.4 77.6 79 18.3 3
 

PS5.01.4A -1.3 189.0 -11.0 125 23.1 3 PS5.23.4A 60.7 364.5 42.9 133 13.0 2
 
PS5.02.4A 2.3 148.9 -33.5 63 20.7 5 PS5.23.2A 60.7 399.7 6Ll 274 9.3 3
 
PS5.03.2A 5.9 199.5 -21.7 117 18.2 2 PS5.23.4A 60.7 370.6 55.0 313 10.7 3
 
PS5.03.4A 6.0 178.0 -33.2 115 16.7 4 PS5.23.1A 60.8 397.4 30.1 249 17.6 3
 
PS5.05.2A 12.9 200.7 -28.0 138 4.8 2 PS5.24.2A 63.9 359.6 49.7 213 11.8 2
 
PS5.06.3A 16.7 202.8 -22.1 147 7.7 3 PS5.24.1A 64.0 368.3 46.5 302 10.3 1
 
PS5.07.2A 20.0 179.2 -22.7 79 20.6 3 PS5.24.1B 64.1 374.9 36.9 190 13.1 2
 
PS5.07.3A 20.2 245.5 -39.2 84 25.3 5 PS5.24.1B 64.1 372.2 59.0 128 27.0 3
 
PS5.08.3A 22.2 267.3 10.7 36 37.2 5 PS5.25.1A 66.7 389.0 66.8 183 10.4 2
 
PS5.09.3A 24.5 204.5 -43.9 242 22.0 3 PS5.25.2A 67.0 398.2 57.8 260 10.6 2
 
PS5.09.2A 24.6 183.6 -19.2 154 4.6 3 PS5.25.2A 67.0 390.0 61.2 194 15.7 4
 
PS5.1O.3A 27.9 213.9 -43.8 329 4.8 1 PS5.25.4B 67.1 354.1 51.5 377 18.5 2
 
PS5.11.2A 29.7 184.2 -22.2 213 7.2 1 PS5.26.2A 69.7 414.2 56.2 185 7.7 2
 
PS5.11.3A 29.7 179.3 -46.2 393 0.8 1 PS5.26.3A 69.9 348.6 59.3 37 20.1 4
 
PS5.12.3A 32.5 115.3 -33.5 248 7.0 4 PS5.26.4A 70.0 394.5 54.6 350 13.1 2
 
PS5.13.2A 35.1 203.3 -27.7 151 7.7 2 PS5.26.4A 70.0 381.1 38.2 149 31.9 2
 
PS5.13.3A 35.3 178.6 -49.1 222 7.7 2 PS5.27.4A 72.8 380.9 28.2 265 8.4 2
 
PS5.14.1A 37.5 163.1 -61.4 92 20.4 3 PS5.27.4A 72.8 374.0 30.1 240 15.6 2
 
PS5.15.1A 39.6 213.0 -48.4 97 0.0 4 PS5.27.2A 73.2 384.6 43.1 454 8.5 2
 
PS5.15.3A 39.7 160.8 -50.5 308 14.4 1 PS5.28.3B 76.3 358.0 52.1 274 10.2 1
 
PS5.15.2A 39.7 190.1 -29.0 303 0.5 2 PS5.28.2A 76.3 372.5 44.0 353 10.3 2
 
PS5.15.3A 39.7 178.5 -59.2 272 18.8 2 PS5.28.3B 76.3 388.5 51.1 236 15.6 4
 
PS5.16.1A 42.4 251.7 -44.3 504 10.7 4 PS5.29.2A 79.1 367.7 6.8 145 20.8 2
 
PS5.16.2A 42.5 207.6 -30.8 396 13.1 2 PS5.30.2A 82.2 385.4 55.1 300 6.8 1
 
PS5.16.1B 42.7 207.1 -43.0 433 18.5 2 PS5.31.2A 84.5 359.8 58.0 368 15.8 3
 
PS5.16.1B 42.7 223.8 -59.8 231 24.9 3 PS5.31.3A 84.5 365.4 23.7 690 7.2 3
 
PS5.17.3A 44.1 110.7 -66.6 226 23.8 3 PS5.32.2A 87.2 378.5 58.5 256 7.7 2
 
PS5.17.3A 44.1 225.6 -32.5 245 32.2 4 PS5.32.3A 87.2 386.0 34.9 778 5.7 2
 
PS5.17.2A 44.3 200.5 -18.0 270 11.2 2 PS5.33.2A 89.6 374.6 52.9 268 9.8 3
 
PS5.17.1A 44.4 254.9 -74.8 351 16.8 4 PS5.33.3A 89.8 406.3 5.5 769 7.2 2
 
PS5.18.3A 47.0 242.3 -48.2 104 10.6 4 PS5.34.2A 92.0 375.6 51.9 299 7.5 :2
 
PS5.18.3A 47.0 236.6 -51.2 116 21.0 4 PS5.36.2A 96.5 364.7 45.2 316 8.8 2
 
PS5.18.2A 47.1 169.3 -15.4 139 12.7 4 PS5.36.3A 96.7 412.5 13.1 392 11.2 4
 
PS5.18.1A 47.3 303.9 -71.6 422 9.5 4 PS5.37.3A 98.6 302.9 -78.6 31 24.2 5
 
PS5.19.2A 49.6 192.5 -25.5 107 12.5 2 PS5.38.2A lOLl 344.8 31.9 66 23.0 1
 
PS5.19.3A 49.6 189.9 -45.9 80 25.7 3 PS5.38.3A lOLl 416.7 73.8 62 19.9 5
 
PS5.19.3A 49.6 185.4 -15.0 71 33.8 5 PS5.39.3A 103.6 396.7 49.3 106 16.6 3
 
PS5.19.1A 49.8 238.1 -62.3 238 8.7 4 PS5.40.2A 106.0 345.4 74.2 129 8.4 2
 
PS5.20.2A 52.1 193.2 -18.6 121 10.2 3 PS5.40.3A 106.0 390.4 49.3 229 20.3 4
 
PS5.20.4B 52.2 397.7 -12.0 135 8.8 4 PS5.42.2A 110.6 365.4 46.8 133 14.7 2
 
PS5.20.4B 52.2 235.3 -50.4 102 36.5 5 PS5.44.2A 116.0 140.4 10.0 41 24.0 2
 
PS5.21.3A 54.9 395.4 12.1 199 12.0 3 PS5.46.3A 120.4 323.5 22.6 71 15.0 4
 
PS5.21.3A 54.9 434.7 -36.6 39 15.3 4 PS5.46.2A 120.9 384.7 6Ll 131 18.9 3
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Reversal record data 

Sample Level Dec. Inc. Int. Err. Q Calabria 
lower Nunivak reversal record 
HT component PS5.47.3A 123.4 350.5 58.1 338 11.0 3 

PS5.48.2A 125.9 348.2 38.7 442 8.6 1 
PS5.48.3A 126.2 398.1 51.7 386 0.0 4 Sample Level Dec. Inc. Int. Err. Q
PS5.49.3A 128.0 315.4 50.7 321 3.5 5 
PS5.50.2A 130.9 364.4 34.5 180 22.2 1 
PS5.51.3A 133.4 358.8 55.8 265 24.5 4	 PS5.01.4A -1.3 187.7 -22.8 631 4.1 3 
PS5.52.2A 136.3 354.2 48.8 214 20.4 2	 PS5.03.2A 5.9 199.5 -30.8 345 5.2 3 
PS5.53.4A 141.2 381.0 66.6 634 20.0 4	 PS5.05.2A 12.9 201.4 -32.9 1022 3.4 3 
PS5.54.3A 146.2 390.7 46.6 1608 11.8 4	 PS5.06.3A 16.7 192.6 -35.9 642 1.1 4 

PS5.07.2A 20.0 195.0 -26.1 322 1.0 2 
PS5.07.3A 20.2 190.3 -33.0 575 2.4 4 
PS5.08.3A 22.2 194.9 -28.8 516 4.9 5 
PS5.09.3A 24.5 188.5 -33.9 620 6.6 5 
PS5.09.2A 24.6 196.0 -35.1 425 6.6 3 
PS5.1O.3A 27.9 192.2 -37.4 731 3.3 3 
PS5.11.2A 29.7 198.8 -42.1 507 4.5 3 
PS5.11.3A 29.7 193.0 -31.4 884 2.5 4 
PS5.12.3A 32.5 180.5 -35.0 792 3.3 3 
PS5.13.2A 35.1 194.7 -33.8 354 5.9 4 
PS5.13.3A 35.3 193.0 -35.2 499 2.4 4 
PS5.14.1A 37.5 195.4 -38.7 354 2.6 5 
PS5.15.1A 39.6 189.9 -40.6 1809 1.8 3 
PS5.15.2A 39.7 197.5 -37.4 1472 1.4 2 
PS5.15.3A 39.7 198.4 -33.3 1063 2.9 3 
PS5.15.3A 39.7 199.2 -40.8 1173 3.5 4 
PS5.16.1A 42.4 195.9 -36.9 1162 2.2 4 
PS5.16.1B 42.7 196.5 -40.8 1440 2.0 4 
PS5.17.3A 44.1 204.3 -28.1 906 1.6 4 
PS5.17.3A 44.1 207.4 -17.3 750 3.2 4 
PS5.17.2A 44.3 198.7 -36.0 743 2.7 3 
PS5.17.1A 44.4 202.4 -31.9 831 4.4 4 
PS5.18.3A 47.0 196.2 -36.2 665 6.6 4 
PS5.18.3A 47.0 189.4 -27.3 679 2.5 4 
PS5.18.1A 47.3 195.4 -38.1 763 2.7 4 
PS5.19.3A 49.6 178.9 -22.2 620 5.6 4 
PS5.19.3A 49.6 190.3 -8.4 600 2.3 4 
PS5.19.1A 49.8 181.5 -12.7 644 3.5 5 
PS5.20.2A 52.1 188.2 -18.6 576 0.6 4 
PS5.20.4B 52.2 198.2 -11.0 454 3.2 4 
PS5.20.4B 52.2 200.0 -0.7 355 6.0 4 
PS5.20.1A 52.5 180.7 -18.6 602 1.0 3 
PS5.21.1A 54.6 193.0 -10.6 485 0.6 4 
PS5.21.3A 54.9 211.5 -11.1 219 14.5 4 
PS5.21.3A 54.9 215.2 11.3 194 18.5 5 
PS5.21.2A 55.1 186.6 5.8 547 3.5 5 
PS5.22.3A 57.6 208.0 40.4 346 6.6 3 
PS5.22.3A 57.6 205.2 -3.2 257 9.0 4 
PS5.22.1A 57.7 196.2 22.0 266 12.3 5 
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Appendix 

Sample Level Dec. Inc. Int. Err. Q	 Calabria 
upper Nunivak (1986) reversal record 
LT componentPS5.23.4A 60.7 191.6 1.8 284 10.8 3
 

PS5.23.4A 60.7 149.1 73.8 268 8.6 3
 
PS5.23.2A 60.7 160.4 68.8 348 16.8 5
 Samplt Level Dec. Inc. Int. Err. Q
 
PS5.23.1A 60.8 169.6 32.3 217 18.7 5
 
PS5.24.2A 63.9 188.3 78.9 341 7.6 3
 
PS5.24.1A 64.0 363.8 65.9 352 9.2 3 PS6.01.4A 3.4 359.0 53.5 707 10.8 4
 

PS5.24.1B 64.1 290.2 69.4 353 5.3 3 PS6.04.1A 12.2 383.0 48.1 667 20.6 3
 

PS5.24.1B 64.1 232.2 79.4 162 3.8 4 PS6.04.6A 13.5 369.6 62.6 741 5.7 4
 

PS5.25.1A 66.7 204.5 78.2 246 4.4 5 PS6.05.1A 14.8 373.5 67.8 311 4.5 4
 

PS5.25.2A 67.0 384.6 63.4 431 2.1 2 PS6.06.2C 15.6 370.9 58.9 818 13.1 2
 

PS5.25.2A 67.0 347.2 61.8 348 4.3 3 PS6.06.1A 16.0 336.8 49.1 410 16.9 4
 

PS5.25.4B 67.1 371.3 48.8 335 5.3 3 PS6.07.1A 17.5 384.0 65.6 400 5.0 4
 

PS5.26.2A 69.7 384.3 53.7 357 3.9 3 PS6.08.2C 17.9 369.5 57.9 561 7.4 2
 

PS5.26.4A 70.0 370.4 64.1 667 4.0 2 PS6.08.1A 18.6 351.2 35.2 485 7.0 4
 

PS5.26.4A 70.0 359.3 59.1 507 9.2 3 PS6.09.1A 20.3 372.2 48.3 342 4.0 4
 

PS5.27.4A 72.8 369.3 59.4 493 8.4 2 PS6.1O.1B 21.2 366.2 45.3 249 23.9 2
 

PS5.27.4A 72.8 350.8 40.4 302 8.0 3 PS6.1O.1A 21.4 395.0 62.5 338 2.2 4
 

PS5.27.2A 73.2 372.0 53.5 612 2.6 2 PS6.1LlB 23.1 355.1 40.5 208 11.4 2
 

PS5.28.3B 76.3 358.0 57.0 678 0.9 2 PS6.1LlA 23.3 363.6 51.7 205 2.7 4
 

PS5.28.2A 76.3 380.8 45.0 886 1.9 3 PS6.12.3C 24.2 345.2 58.1 382 7.2 2
 

PS5.28.3B 76.3 349.7 25.4 380 8.0 4 PS6.12.1A 24.4 371.6 54.8 91 1.9 4
 
PS5.29.2A 79.1 377.6 47.0 1046 2.4 3 PS6.13.1C 25.7 355.9 56.3 207 11.3 2
 

PS5.30.2A 82.2 370.9 64.9 639 3.8 2 PS6.13.1A 26.1 375.6 66.5 77 6.0 3
 
PS5.31.2A 84.5 359.5 56.8 749 2.2 2 PS6.14.1C 27.2 343.5 56.5 43 14.1 2
 

PS5.31.3A 84.5 395.2 32.4 569 27.7 5 PS6.14.1A 27.6 367.7 60.7 157 1.8 3
 

PS5.32.2A 87.2 370.6 78.9 640 10.6 4 PS6.15.1B 28.4 360.7 57.3 44 0.0 5
 

PS5.33.2A 89.6 313.2 75.7 501 5.1 3 PS6.16.1A 29.7 359.3 64.2 114 5.0 3
 

PS5.34.2A 92.0 367.9 63.4 530 1.4 2 PS6.17.1A 31.4 371.2 66.3 168 8.3 3
 
PS5.36.2A 96.5 380.7 58.5 644 4.3 3 PS6.18.1A 32.2 290.1 40.3 192 13.7 3
 
PS5.38.2A lOLl 388.8 78.0 171 5.2 3 PS6.18.2B 32.2 362.8 65.2 311 12.2 3
 

PS5.39.3A 103.6 386.5 42.3 420 7.8 5 PS6.19.1A 33.1 346.3 60.3 266 11.9 4
 

PS5.40.2A 106.0 370.8 54.2 375 4.8 3 PS6.20.2A 34.7 320.1 59.9 128 31.0 2
 

PS5.40.3A 106.0 388.2 46.1 651 8.6 4 PS6.20.1A 34.7 333.2 58.3 153 8.4 4
 

PS5.41.4A 108.0 406.5 40.1 380 7.1 5 PS6.22.1A 38.0 303.1 43.8 222 17.5 4
 

PS5.42.2A 110.6 381.5 52.2 395 0.6 3 PS6.24.1A 41.6 205.5 -43.6 290 20.7 4
 

PS5.46.2A 120.9 363.8 41.8 386 4.8 3 PS6.25.1A 44.0 212.8 -52.6 55 12.9 3
 

PS5.47.3A 123.4 365.0 40.1 808 3.4 5 PS6.34.1A 62.7 204.7 -21.8 54 11.9 4
 

PS5.48.2A 125.9 369.9 41.9 1783 0.4 1 PS6.35.1A 65.3 148.5 -35.7 25 27.7 3
 

PS5.48.3A 126.2 361.3 33.3 1328 5.0 4 PS6.38.1C 71.5 222.2 -42.2 84 9.1 5
 

PS5.49.3A 128.0 367.7 29.5 869 5.9 5
 
PS5.50.3A 130.7 359.4 36.7 888 17.1 5
 
PS5.50.2A 130.9 370.5 42.9 1385 1.3 1
 
PS5.51.3A 133.4 364.4 33.4 1005 4.3 4
 
PS5.52.2A 136.3 370.2 42.4 1080 1.6 2
 
PS5.53.4A 141.2 360.6 20.6 2019 5.9 4
 
PS5.54.3A 146.2 367.9 32.7 3318 1.8 4
 
PS5.55.3A 151.7 353.7 29.2 1717 3.2 4
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Reversal record data 

Calabria Sample Level Dec. Inc. Int. Err. Q 
upper Nunivak (1986) reversal record 
HT component PS6.08.3CU 19.0 380.9 52.6 747 3.7 3 

PS6.08.3AU 19.3 372.2 59.4 1173 2.0 3 

Sample Level Dec. Inc. Int. Err. Q PS6.08.2AU 19.4 
PS6.09.2CL 19.5 

372.7 
371.8 

59.6 
39.8 

447 
620 

2.4 
4.1 

4 
3 

PS6.09.3AL 19.8 373.8 56.2 911 4.5 3 
PS6.01.1CL 2.4 377.8 70.8 631 7.5 5 PS6.09.2AL 20.0 348.7 49.2 300 3.9 3 
PS6.01.3AL 2.8 378.4 60.7 851 10.5 4 PS6.09.2CU 20.5 359.8 57.9 634 5.4 3 
PS6.01.4B 3.2 373.2 50.3 1234 4.6 2 PS6.09.3AU 20.9 370.3 51.3 1082 2.3 2 
PS6.01.1CU 3.5 355.3 58.2 851 2.2 4 PS6.1O.3AL 20.9 356.8 51.8 974 2.3 3 
PS6.0l.3AU 3.8 351.6 52.8 838 4.0 3 PS6.09.2AU 21.1 336.0 59.1 312 3.2 4 
PS6.02.2AL 6.2 365.1 58.5 1296 1.2 I PS6.1O.IB 21.2 373.7 54.2 336 4.1 2 
PS6.02.3AL 6.3 366.9 48.3 2216 3.3 3 PS6.1O.3AU 21.9 340.4 53.4 919 1.7 3 
PS6.02.2AU 7.3 361.9 59.8 1468 1.5 3 PS6.11.2AL 22.5 318.4 53.3 142 7.3 4 
PS6.02.3AU 7.4 358.5 56.8 2162 1.8 3 PS6.11.3AL 22.5 336.0 54.7 400 1.7 4 
PS6.03.3AL 9.0 362.3 44.7 824 4.1 3 PS6.12.3AL 24.0 332.3 63.9 112 12.1 4 
PS6.03.2AL 9.1 353.4 55.9 1298 2.6 2 PS6.12.3C 24.2 334.3 60.9 177 9.0 4 
PS6.03.2AU 10.1 354.5 45.3 1082 1.7 4 PS6.13.3AL 25.6 310.0 55.5 159 4.1 5 
PS6.03.3AU 10.1 349.9 49.3 1309 4.7 5 PS6.13.IC 25.7 319.1 78.0 103 5.6 3 
PS6.04.IA 12.2 368.6 56.2 1358 1.9 I PS6.14.3AL 26.9 224.3 -42.1 170 4.0 4 
PS6.04.2AL 12.2 350.2 54.3 1317 1.1 2 PS6.15.3DL 27.8 240.2 -30.7 372 14.1 4 
PS6.04.3AL 12.2 343.8 50.4 1663 4.8 3 PS6.14.2AU 28.2 261.8 22.0 113 l.l 2 
PS6.04.4AL 12.3 365.6 43.6 1243 2.0 3 PS6.15.3DU 28.8 221.0 -42.1 424 8.3 4 
PS6.04.2AU 13.2 355.0 54.8 1224 1.8 4 PS6.16.2DL 28.9 211.9 -41.3 526 11.0 4 
PS6.04.3AU 13.2 347.9 46.6 1658 3.1 4 PS6.16.3AL 29.3 244.4 -16.6 380 8.3 4 
PS6.04.4AU 13.3 362.1 58.4 1615 5.2 4 PS6.16.2AL 29.7 254.2 26.2 269 6.1 5 
PS6.05.4AL 14.3 368.7 58.4 1610 6.3 3 PS6.16.2DU 29.9 232.1 -48.5 446 3.2 3 
PS6.05.2AL 14.4 353.5 63.3 1846 1.7 2 PS6.17.2DL 30.0 233.2 -40.7 426 9.4 3 
PS6.05.3AL 14.4 348.8 56.5 1444 1.8 3 PS6.17.3CL 30.2 243.8 -29.7 510 3.1 3 
PS6.05.4AU 15.3 359.2 61.0 1487 1.1 3 PS6.16.3AU 30.4 236.3 -30.4 454 1.3 5 
PS6.05.2AU 15.4 349.9 56.5 425 4.0 3 PS6.16.2AU 30.7 243.1 -47.3 345 9.0 5 
PS6.06.4AL 15.4 361.0 53.0 1474 4.9 3 PS6.17.2AL 30.9 238.8 -28.6 484 1.6 3 
PS6.05.3AU 15.4 350.9 62.2 2083 3.0 5 PS6.17.2DU 31.0 208.4 -55.0 835 5.5 3 
PS6.06.3AL 15.5 358.9 61.3 1869 2.4 3 PS6.18.2DL 31.0 217.6 -50.5 803 6.8 4 
PS6.06.2C 15.6 364.6 60.9 1329 2.6 2 PS6.18.3BL 31.2 218.4 -43.2 681 5.1 4 
PS6.06.2AL 16.0 360.0 64.7 998 4.0 3 PS6.17.3CU 31.3 228.6 -37.2 689 2.0 5 
PS6.07.2BL 16.4 360.5 53.5 1298 9.6 3 PS6.18.2AL 31.9 214.9 -45.2 280 12.9 5 
PS6.06.4AU 16.4 343.3 61.3 1258 2.9 4 PS6.18.2DU 32.0 203.8 -53.4 881 14.0 4 
PS6.06.3AU 16.5 356.4 56.3 1976 1.0 2 PS6.18.2B 32.2 217.8 -47.8 628 2.6 1 
PS6.07.2AL 16.6 352.9 54.3 728 4.4 4 PS6.18.1A 32.2 210.6 -49.5 494 4.9 5 
PS6.07.3AL 16.8 352.8 57.1 1899 2.3 3 PS6.18.3BU 32.3 213.4 -37.4 813 2.9 3 
PS6.06.2AU 17.0 363.3 70.0 1612 1.9 4 PS6.18.2AU 32.9 206.7 -50.8 250 5.0 4 
PS6.07.2BU 17.5 367.3 52.7 785 4.9 3 PS6.19.3AL 33.1 224.3 -6.5 209 4.8 4 
PS6.07.2AU 17.6 356.9 53.4 874 2.7 3 PS6.19.3AU 34.1 226.0 -34.9 353 4.3 5 
PS6.08.2C 17.9 378.5 56.1 617 4.1 1 PS6.20.2A 34.7 231.2 -35.0 284 5.1 4 
PS6.07.3AU 17.9 365.0 54.8 1781 1.0 2 PS6.20.3AU 35.2 231.2 13.4 61 5.8 5 
PS6.08.3CL 17.9 377.1 49.2 842 8.3 2 PS6.21.3AL 35.4 225.7 -34.9 696 2.8 5 
PS6.08.3AL 18.2 367.1 59.9 1055 2.3 3 PS6.21.3AU 36.4 223.6 -34.0 619 2.6 5 
PS6.08.2AL 18.3 361.8 65.3 682 5.6 4 PS6.23.1A 40.9 178.5 -49.8 754 4.0 3 
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Appendix 

Sample Level Dec. Inc. Int. Err. Q	 Calabria 
upper Nunivak (1987) reversal record 
LT component PS6.24.IA 41.6 205.2 -45.9 976 4.5 4
 

PS6.25.1A 44.0 191.6 -52.1 324 5.4 4
 
PS6.27.1B 48.2 198.2 -65.0 58 5.0 4
 Sample Level Dec. Inc. Int. Err. Q 

UN. lOLA 17.5 375.4 65.2 456 12.5 2
 
UN.103.A 18.7 373.3 62.8 587 10.9 2
 
UN.106.A 19.9 389.2 60.7 278 6.8 3
 
UN.109.C 21.1 357.9 58.1 223 7.7 2
 
UN.112.A 22.7 347.8 54.9 268 6.0 2
 
UN.113.C 23.0 337.6 57.6 183 9.3 2
 
UN.114.A 23.4 379.2 55.4 200 7.2 2
 
UN.114.D 23.4 355.8 54.2 169 7.0 2
 
UN.117.A 24.6 361.5 43.7 255 8.7 3
 
UN.117.C 24.7 347.3 42.3 145 9.7 2
 
UN. 118.C 25.2 346.2 58.6 200 6.2 2
 
UN.119.A 26.0 342.1 41.9 127 7.7 2
 
UN. 120.C 26.2 355.4 24.3 93 19.3 4
 
UN. 121.C 26.7 346.3 54.8 158 8.1 2
 
UN. 121.A 27.0 344.0 54.8 121 8.6 2
 
UN. 122.C 27.1 396.8 56.5 104 17.6 5
 
UN. 123.A 27.4 345.7 39.2 163 5.2 2
 
UN.124.BL 27.4 327.1 43.3 88 23.7 3
 
UN. 123.C 27.5 350.9 43.2 129 7.4 2
 
UN.125.BL 27.9 358.6 57.9 136 18.7 4
 
UN.126.BL 28.3 369.9 59.3 138 10.3 3
 
UN. 125.A 28.4 346.7 46.3 153 8.7 2
 
UN.124.BU 28.4 348.4 12.3 110 20.4 3
 
UN.126.B 28.8 351.7 37.4 IlO 12.8 2
 
UN.127.BL 28.8 333.9 54.2 174 8.5 3
 
UN.125.BU 28.9 379.3 29.6 63 9.9 4
 
UN.128.BL 29.2 324.8 65.9 114 20.9 3
 
UN. 127.C 29.3 379.8 -31.6 265 8.8 2
 
UN.126.BU 29.3 355.0 21.6 96 6.6 4
 
UN.127.A 29.4 345.7 26.2 149 7.1 2
 
UN.129.BL 29.6 340.5 42.5 246 4.7 3
 
UN.128.C 29.8 359.7 34.9 92 13.0 4
 
UN.127.BU 29.9 343.1 38.5 134 3.2 3
 
UN. 129.A 30.0 349.2 60.3 198 9.8 3
 
UN.130.BL 30.1 319.2 51.7 161 13.7 3
 
UN. 129.C 30.2 352.6 59.3 147 3.4 3
 
UN.128.BU 30.3 325.2 45.2 124 6.9 4
 
UN.129.BU 30.6 340.4 35.2 163 9.1 2
 
UN.130.C 30.6 330.4 56.5 194 11.9 2
 
UN.131.BL 30.7 316.6 36.9 208 16.1 3
 
UN.131.C 31.1 339.0 46.9 144 12.9 2
 
UN.130.BU 31.1 326.5 55.2 245 9.9 3
 
UN.131.A 31.2 339.2 37.3 85 29.7 2
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Reversal record data 

Sample Level Dec. Inc. Int. Err. Q	 Calabria 
upper Nunivak (1987) reversal record 
HT component UN.132.BL 31.2 321.9 35.0 136 12.0 3 

UN.133.BL 31.6 332.9 51.5 109 13.6 3 
UN.131.BU 31.7 338.5 51.1 174 5.3 4 Sample Level Dec. Inc. Int. Err. Q
UN. 133.C 32.0 370.0 49.0 71 6.2 2 
UN.134.BL 32.0 339.5 37.9 101 23.9 3 
UN. 133.A 32.1 307.8 44.7 68 15.8 5 UN.087.BL 10.0 368.7 62.4 963 3.0 3 
UN.132.BU 32.2 346.0 22.3 203 14.1 3 UN.088.BL 10.5 363.2 54.0 1050 1.9 3 
UN.135.BL 32.5 357.9 34.8 152 12.2 3 UN.089.BL 11.0 365.6 50.8 954 1.0 3 
UN. 134.C 32.5 358.2 51.7 185 9.0 4 UN.087.BU 11.0 363.2 61.6 1130 4.6 4 

UN.133.BU 32.6 429.7 32.6 104 18.6 5 UN.090.BL 11.5 366.5 57.9 964 3.5 2 
UN.136.BL 32.8 328.8 51.5 144 20.5 4 UN.089.BU 12.0 366.1 59.6 1306 3.9 3 
UN.135.C 32.9 371.6 59.8 136 4.9 3 UN.091.BL 12.0 353.6 56.6 917 4.0 3 
UN.134.BU 33.0 360.0 -9.1 172 11.5 4 UN.092.BL 12.5 349.2 55.3 881 0.1 4 

UN. 136.C 33.4 330.9 36.0 66 9.3 3 UN.091.BU 13.0 358.6 51.6 1056 2.6 3 
UN.135.BU 33.5 259.6 58.6 75 15.3 5 UN.093.BL 13.0 327.8 72.1 571 1.7 4 
UN.138.BL 33.8 326.6 46.6 159 24.0 4 UN.094.BL 13.5 333.0 59.1 308 3.2 4 
UN.136.BU 33.9 344.4 7.3 170 15.9 3 UN.093.BU 14.0 371.6 59.0 397 5.8 4 
UN. 137.C 33.9 339.5 48.9 231 8.7 3 UN.095.BL 14.0 345.9 67.5 850 3.0 4 
UN. 138.A 34.3 319.8 42.7 67 17.2 3 UN.096.BL 14.5 357.0 57.8 1103 2.2 2 
UN.139.BL 34.3 341.0 53.6 161 19.8 4 UN.097.BL 15.0 351.6 55.1 859 3.2 4 
UN.137.AU 34.6 299.5 48.7 123 7.8 3 UN.098.BL 15.5 331.0 66.0 707 4.3 5 
UN.140.BL 34.7 370.3 56.5 91 13.5 4 UN.097.BU 16.0 349.1 56.2 1019 0.7 2 
UN. 139.A 34.8 350.3 52.1 144 12.4 5 UN.099.BL 16.0 352.2 57.9 1302 2.1 2 
UN.141.BL 35.2 391.4 50.6 261 13.3 5 UN.100.BL 16.5 330.8 65.9 369 3.3 4 
UN.140.BU 35.7 346.4 52.8 119 9.8 3 UN.101.BL 17.0 313.3 71.5 398 l.l 5 

UN.141.BU 36.2 444.8 79.9 95 19.5 5 UN. lOLA 17.5 370.1 59.7 374 3.1 1 
UN.102.BL 17.5 256.1 65.7 265 8.3 5 
UN.101.BU 18.0 316.8 65.9 313 5.2 4 
UN.103.BL 18.2 327.2 65.5 486 6.0 4 
UN.I04.BL 18.6 329.6 55.5 690 1.8 2 
UN.103.A 18.7 354.8 66.2 511 2.9 1 
UN.I05.BL 19.1 303.3 59.9 435 5.1 4 
UN.103.BU 19.2 317.7 43.6 783 4.0 3 
UN.106.BL 19.5 316.7 66.5 385 7.9 4 
UN.106.A 19.9 358.4 55.8 396 3.8 1 
UN.105.BU 20.1 316.4 62.0 266 3.1 4 
UN.109.BL 20.6 290.9 67.8 225 8.9 5 
UN.llO.BL 21.0 284.9 66.7 370 4.3 4 
UN.109.C 21.1 269.9 63.0 91 6.8 2 
UN.ll1.BL 21.5 277.9 49.7 296 3.1 5 
UN.109.BU 21.6 254.9 32.1 142 11.7 5 
UN.ll1.BU 22.0 254.2 22.0 263 2.8 3 
UN.112.BL 22.2 292.9 59.9 385 3.1 4 
UN.113.BL 22.5 271.9 54.9 252 3.8 3 
UN. 113.C 23.0 331.2 46.1 200 6.7 2 
UN. 114.A 23.4 329.0 49.9 266 5.7 2 
UN. 114.D 23.4 320.2 34.9 110 8.1 2 
UN.1l6.BL 24.0 280.7 34.1 168 4.2 3 
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Appendix 

Sample Level Dec. Inc. Int. Err. Q Sample Level Dec. Inc. Int. Err. Q 

UN.115.AU 24.5 288.5 -2.4 148 9.7 5 UN.135.BL 32.5 223.1 -48.5 641 2.5 4 
UN. 117.A 24.6 299.9 -I \.7 180 10.7 3 UN.136.BL 32.8 229.3 -20.9 322 3.7 5 
UN. 117.C 24.7 335.0 65.8 177 9.7 2 UN. 135.C 32.9 250.7 -46.6 27 13.2 5 
UN.118.BL 24.8 258.1 44.7 255 9.7 4 UN.134.BU 33.0 235.8 -25.5 595 6.4 5 
UN.117.BU 25.1 260.2 39.9 373 7.4 3 UN. 136.C 33.4 221.1 -39.5 206 7.6 5 
UN.118.C 25.2 319.0 56.1 131 17.6 4 UN.135.BU 33.5 225.2 -35.2 660 2.5 5 
UN.119.BL 25.5 25 \.7 32.7 288 8.0 3 UN.138.BL 33.8 222.1 -46.7 864 \.0 2 
UN. 119.A 26.0 294.6 18.1 116 11.7 2 UN.136.BU 33.9 228.4 -35.1 734 3.4 3 
UN. 120.C 26.2 316.2 6.6 96 20.7 4 UN. 137.C 33.9 246.6 -36.1 151 I\.4 3 
UN.119.BU 26.5 272.5 32.4 317 9.9 3 UN. 138.A 34.3 219.1 -36.0 192 4.7 3 
UN.12\.BL 26.5 289.6 36.9 208 5.1 3 UN.139.BL 34.3 224.7 -6.9 193 10.8 5 
UN. 12\.C 26.7 309.6 55.2 84 8.0 2 UN.137.AU 34.6 223.3 -30.9 397 3.6 5 
UN.123.BL 26.9 257.3 59.3 145 2.9 5 UN.140.BL 34.7 228.3 -37.1 613 5.2 5 
UN. 12\.A 27.0 314.1 47.8 113 7.3 5 UN.138.BU 34.8 234.9 -42.6 698 2.0 5 
UN. 122.C 27.1 323.0 26.1 109 24.4 5 UN. 140.A 35.2 204.3 -32.6 416 5.0 3 
UN.123.A 27.4 28\.8 -28.4 120 9.5 2 UN.139.BU 35.3 222.4 14.8 142 4.7 4 
UN.12\.BU 27.5 278.5 30.8 174 6.1 3 UN.14\.A 35.7 222.6 -47.6 541 \.8 3 
UN. 123.C 27.5 358.3 48.7 74 13.5 4 UN.140.BU 35.7 225.7 -33.9 434 4.5 5 
UN.125.BL 27.9 312.6 51.5 104 12.3 5 UN.14\.BU 36.2 248.7 -23.1 295 3.3 5 
UN.126.BL 28.3 286.0 16.8 162 14.8 5 
UN.125.A 28.4 254.1 -24.1 153 5.0 2 
UN.124.BU 28.4 30\.6 10.9 105 8.2 5 
UN. 126.B 28.8 299.6 20.1 104 11.5 4 
UN.125.BU 28.9 255.7 5\.5 208 7.9 5 
UN.128.BL 29.2 241.2 -37.3 430 2.9 4 
UN.I27.C 29.3 394.3 -16.0 84 11.5 5 
UN. 127.A 29.4 256.9 -42.2 216 2.4 3 
UN.129.BL 29.6 236.3 -42.8 471 9.0 4 
UN. 128.C 29.8 217.1 -38.2 359 3.9 4 
UN.127.BU 29.9 234.7 -6.8 301 2.5 4 
UN. 129.A 30.0 230.4 -38.5 347 3.0 5 
UN.130.BL 30.1 229.7 -43.7 658 2.4 4 
UN. 129.C 30.2 239.6 -38.4 317 10.5 5 
UN.128.BU 30.3 235.4 -46.9 554 2.8 4 
UN.129.BU 30.6 240.0 -31.8 502 2.8 3 
UN. 130.C 30.6 230.4 -39.2 222 8.0 5 
UN.131.BL 30.7 233.6 -35.7 556 3.3 4 
UN. 13 \.C 31.1 207.8 -38.9 426 3.9 2 
UN.130.BU 31.1 230.1 -42.1 594 3.0 4 
UN.131.A 31.2 224.4 -37.3 283 5.1 5 
UN.132.BL 31.2 240.4 -39.3 564 2.5 5 
UN.133.BL 31.6 255.5 28.2 180 7.8 5 
UN.13\.BU 31.7 223.5 -36.1 543 2.5 4 
UN.134.BL 32.0 221.2 -38.6 476 \.2 4 
UN. 133.B 32.1 205.0 -34.5 253 5.8 3 
UN. 133.A 32.1 223.0 -31.7 318 3.8 5 
UN.132.BU 32.2 237.6 -40.0 586 3.8 4 
UN. 134.C 32.5 202.2 -39.5 163 2.7 4 
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Reversal record data 

Sicily Sample Level Dec. Inc. Int. Err. Q 
lower Mammoth reversal record 
HT component LM.099.BL 16.7 149.0 25.0 293 14.0 5 

LM.098.C 17.1 342.6 7.5 254 15.7 4 

Sample Level Dec. Inc. Int. Err. Q LM.099.AU 17.2 
LM.099.BU 17.7 

164.0 -17.0 
173.0 18.0 

169 
357 

7.0 
14.0 

5 
5 

LM.099.C 17.8 204.4 -29.4 143 14.7 4 
LM.080.A 1.8 34.0 48.0 1852 3.0 1 LM.100.BL 18.1 189.0 -20.0 268 8.0 5 
LM.079.B 2.2 29.0 36.0 1781 5.0 2 LM.101.AL 18.6 158.1 -7.1 166 15.3 4 
LM.081.B 2.7 29.0 41.0 1492 2.0 2 LM.100.AU 18.7 186.0 -28.0 302 8.0 5 
LM.080.BU 3.4 26.1 45.2 2400 8.0 1 LM.100.BU 19.1 205.0 -13.0 324 9.0 5 
LM.082.B 3.6 28.0 37.0 2217 21.0 5 LM.102.BL 19.4 183.0 -30.0 618 3.0 4 
LM.083.A 4.5 24.0 41.0 1382 5.0 2 LM.101.AU 19.6 209.0 -21.3 300 23.0 3 
LM.084.B 5.2 22.0 34.0 1632 5.0 1 LM.102.AU 20.1 153.0 -32.0 190 4.0 5 
LM.083.BU 5.8 19.5 35.2 1900 7.0 2 LM.102.C 20.2 174.0 -45.0 154 5.0 4 
LM.085.B 6.9 29.0 34.0 1701 4.0 2 LM.103.AU 20.4 222.7 -1.0 192 15.0 4 
LM.086.A 7.0 26.0 37.0 1455 4.0 1 LM.102.BU 20.4 173.0 -28.0 234 10.0 5 
LM.086.BU 8.2 34.0 42.7 2400 3.0 2 LM.I03.CL 20.4 210.0 -34.0 147 9.0 5 
LM.088.AU 8.3 25.9 35.0 1739 4.0 1 LM.I04.BL 20.8 213.0 -11.0 283 10.0 4 
LM.088.B 8.6 21.2 35.7 1698 5.7 1 LM.103.BU 20.9 221.8 -32.2 400 10.0 4 
LM.089.AU 9.0 17.7 34.0 1772 4.0 I LM.I04.AU 21.4 210.5 -27.4 616 4.0 3 
LM.089.BU 9.8 36.8 33.5 2200 20.6 3 LM.103.CU 21.4 211.0 -16.0 372 6.0 4 
LM.090.AU 10.2 45.0 36.0 2004 16.0 3 LM.105.BL 21.7 195.0 -18.0 386 6.0 4 
LM.090.B 10.3 29.8 35.5 1348 3.1 1 LM.I04.BU 21.8 204.0 -24.0 461 10.0 4 
LM.091.AU 10.7 28.0 43.4 1178 4.0 3 LM.105.AU 22.4 216.0 -25.0 456 3.0 3 
LM.091.B 10.9 34.0 39.5 1327 5.2 2 LM.105.BU 22.7 203.0 -6.0 430 6.0 4 
LM.093.BL 12.1 37.0 46.0 3647 3.0 2 LM.106.CL 22.8 194.0 -23.0 779 4.0 4 
LM.092.AU 12.2 25.5 44.0 1519 4.0 2 LM.106.AU 23.3 186.6 -34.5 562 5.0 1 
LM.093.AU 12.5 32.0 47.0 1253 4.0 3 LM.107.AU 23.5 205.0 -33.0 619 5.0 3 
LM.092.BU 12.9 30.4 37.9 1100 5.0 3 LM.106.BU 23.6 195.4 -18.8 600 5.0 4 
LM.093.BU 13.1 34.0 43.0 2544 5.0 2 LM.106.CU 23.9 192.0 -17.0 569 5.0 5 
LM.093.C 13.2 19.8 39.9 1606 3.9 1 LM.108.AU 24.3 210.0 -25.0 373 4.0 2 
LM.095.AL 13.3 27.0 37.5 1466 3.7 2 LM.109.BU 25.6 240.3 -45.9 500 5.0 5 
LM.094.AU 13.4 19.0 41.0 661 4.0 2 LM.109.C 25.6 307.8 -53.5 174 13.7 4 
LM.094.B 13.4 10.0 39.4 1188 4.7 2 LM.ll0.AU 26.0 196.0 -18.0 551 8.0 4 
LM.094.CL 13.5 20.0 46.0 1578 5.0 2 LM.111.AU 27.0 202.0 -30.0 435 6.0 3 
LM.095.CL 14.2 43.0 38.0 1308 4.0 2 LM.112.BU 27.9 201.3 -23.5 1400 2.3 3 
LM.095.AU 14.3 33.3 43.0 773 5.0 2 LM.1l2.C 27.9 196.8 -17.6 481 4.2 3 
LM.094.CU 14.5 22.0 47.0 1000 6.0 2 LM.113.B 28.2 233.4 -23.8 110 22.4 4 
LM.096.BL 14.5 31.0 44.0 951 6.0 2 LM.114.AU 29.1 201.0 -38.0 682 12.0 3 
LM.095.BU 14.8 48.8 52.7 1100 7.5 3 LM.115.AU 29.9 232.0 -30.0 697 4.0 3 
LM.096.AU 15.0 45.0 41.0 505 8.0 4 LM.116.A 30.2 192.1 -34.9 742 1.6 1 
LM.095.CU 15.3 33.0 49.0 1148 7.0 2 LM.115.BU 30.3 233.9 -36.1 1000 10.0 3 
LM.097.BL 15.3 21.0 57.0 710 8.0 2 LM.I17.A 30.8 197.8 -35.8 789 3.9 2 
LM.096.BU 15.5 33.0 59.0 627 6.0 2 LM.118.A 31.6 196.4 -40.8 820 4.5 2 
LM.096.C 15.5 33.3 31.0 619 5.5 4 LM.1l9.A 32.3 208.1 -35.4 1346 2.7 1 
LM.098.AL 15.6 352.3 26.1 446 8.3 4 LM.118.BU 32.6 200.7 -36.8 1800 3.2 3 
LM.097.AU 15.9 59.0 75.0 496 15.0 4 LM.120.A 33.0 197.5 -34.4 1016 2.4 1 
LM.097.BU 16.3 161.0 59.0 416 6.0 4 LM.121.A 33.8 190.9 -34.2 1040 3.1 2 
LM.097.C 16.3 45.1 60.4 260 10.1 4 LM.122.A 34.7 202.4 -35.9 1088 2.9 3 
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Appendix 

Sample Level Dec. Inc. Int. Err. Q Sicily 
upper Mammoth reversal record 
HT componentLM.12I.BU 34.8 201.9 -27.4 1300 10.0 2 

LM.123.A 35.4 207.0 -27.7 1121 2.9 1 
LM.124.A 36.5 197.8 -32.8 1360 3.8 2 Sample Level Dec. Inc. Int. Err. Q 
LM.124.BU 37.4 204.4 -33.5 1600 1.1 3 
LM.125.A 37.5 193.5 -34.7 1511 4.2 3 
LM.127.BU 39.9 215.1 -38.6 2700 3.1 3 UM.02.BU 0.7 207.8 -43.9 5700 3.2 1 
LM.130.BU 42.6 206.8 -33.5 2600 6.5 3 UM.04.BU 2.6 207.9 -44.0 6000 6.2 1 

UM.06.BU 5.2 208.3 -36.6 5400 9.9 2 
UM.07.B 5.6 217.0 -34.0 4384 2.0 2 
UM.08.e 6.5 211.0 -35.0 3845 3.0 3 
UM.08.BU 7.1 217.0 -41.0 4600 8.4 3 
UM.09.e 7.3 209.0 -33.0 3198 4.0 2 
UM.IO.e 8.3 214.0 -38.0 3027 3.0 2 
UM.IO.BU 8.7 207.1 -35.8 4300 7.8 2 
UM.l1.e 9.3 209.0 -38.0 3607 3.0 2 
UM.12.e 10.3 208.0 -33.0 3196 2.0 1 
UM.12.BU 10.8 215.0 -34.1 3500 3.4 3 
UM.13.e 11.2 207.0 -37.0 2973 2.0 2 
UM.14.e 12.2 207.0 -36.0 2708 2.0 2 
UM.14.BU 12.8 208.3 -40.8 4800 5.4 3 
UM.15.e 13.2 208.0 -38.0 2429 4.0 1 
UM.16.e 14.1 209.0 -41.0 2106 2.0 2 
UM.16.BU 14.5 213.2 -42.1 3200 5.4 3 
UM.17.e 15.1 207.0 -34.0 3544 2.0 2 
UM.18.D 16.0 209.0 -36.0 3307 2.0 2 
UM.18.BU 16.6 212.5 -41.4 5700 3.1 3 
UM.19.e 17.0 206.0 -36.0 2710 4.0 3 
UM.20.BU 18.6 201.9 .47.1 2600 5.7 3 
UM.21.AU 19.6 197.8 -44.9 1257 4.0 2 
UM.22.BU 20.4 215.8 -49.2 2800 7.4 3 
UM.23.AL 20.4 211.0 -47.0 1034 3.0 3 
UM.22.AU 20.5 216.0 -38.0 992 4.0 3 
UM.24.AL 21.4 186.0 -50.0 1154 3.0 4 
UM.23.AU 21.5 208.0 -33.0 433 5.0 3 
UM.24.C 21.8 181.5 -55.7 557 5.8 3 
UM.24.BU 22.4 190.4 -59.6 500 10.0 2 
UM.24.AU 22.4 185.6 -48.5 971 3.0 1 
UM.25.AL 22.4 226.0 -53.0 694 4.0 3 
UM.25.B 22.8 198.2 -37.8 429 2.0 3 
UM.26.AL 23.3 203.0 -59.0 679 4.0 4 
UM.25.AU 23.4 228.0 -27.0 433 5.0 3 
UM.26.C 23.8 204.5 -52.2 410 4.3 4 
UM.26.BU 24.3 245.3 -60.0 1400 5.7 3 
UM.26.AU 24.3 221.0 -57.0 725 3.0 2 
UM.27.AL 24.3 286.0 -71.0 364 7.0 3 
UM.27.C 24.7 329.3 -78.4 325 8.2 3 
UM.27.B 24.8 12.6 -72.8 565 5.5 3 
UM.27.AU 25.3 346.0 -21.0 376 8.0 4 
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Reversal record data 

Sample Level Dec. Inc. Int. Err. Q Sicily 
lower Kaena reversal record 

UM.28.AL 25.3 242.0 -70.0 787 4.0 4 HT component 

UM.28.C 25.7 342.1 -75.6 212 5.1 3 
UM.28.D 
UM.28.BU 

25.7 
26.3 

348.5 -17.9 
348.8 28.8 

164 
700 

10.1 
18.3 

4 
3 

Sample Level Dec. Inc. Int. Err. Q 

UM.28.AU 26.3 342.0 28.0 200 3.0 3 
UM.29.AL 26.5 7.0 25.0 401 3.0 3 LK.201.B -0.9 28.3 37.3 587 6.4 2 
UM.29.C 26.8 16.5 13.4 478 4.7 2 LK.205.B 2.3 38.2 40.3 1651 4.0 1 
UM.29.B 26.9 8.4 3.9 345 5.4 2 LK.21O.B 6.4 38.5 41.2 2263 4.6 1 
UM.30.AL 27.2 0.0 19.0 592 5.0 2 LK.215.B 10.2 27.0 36.0 2799 5.5 1 
UM.29.AU 27.5 14.0 28.0 216 4.0 2 LK.220.B 13.8 14.8 35.9 2928 5.0 1 
UM.30.C 27.6 7.3 -7.1 210 5.2 2 LK.225.B 17.7 31.5 32.2 2760 4.4 2 
UM.30.BU 28.2 289.1 -64.2 600 10.0 3 LK.226.AL 17.9 2.9 44.8 1972 5.0 3 
UM.30.AU 28.2 329.0 -1.0 281 4.0 2 LK.226.AU 19.0 357.9 36.9 1646 5.9 3 
UM.30.AU 28.2 5.0 -82.0 84 24.0 4 LK.228.AL 19.5 9.7 50.2 1128 3.9 3 
UM.31.AL 28.3 338.0 -61.0 218 10.0 3 LK.228.AU 20.5 7.6 53.0 868 4.9 3 
UM.31.B 28.8 30.7 -22.3 398 6.1 2 LK.230.BL 20.9 32.9 32.9 1200 4.0 3 
UM.32.AL 29.3 13.0 -3.0 445 3.0 2 LK.230.A 21.2 34.6 37.1 1531 3.8 2 
UM.31.AU 29.4 42.0 -1.0 355 7.0 4 LK.230.BU 21.9 37.5 35.1 1239 4.7 3 
UM.31.AU 29.4 48.0 -36.0 92 25.0 5 LK.234.AL 23.7 11.2 34.3 696 3.3 4 
UM.32.C 29.6 323.5 -49.6 116 10.4 4 LK.234.AU 24.8 5.4 31.4 967 4.0 4 
UM.32.BU 30.2 8.1 17.6 500 10.0 4 LK.235.A 25.0 49.8 23.6 584 7.6 3 
UM.32.AU 30.3 21.0 -20.0 59 10.0 4 LK.236.AL 25.1 21.6 -11.9 407 28.9 4 
UM.33.AL 30.3 5.0 7.0 694 7.0 4 LK.236.AU 26.2 19.2 8.2 732 3.7 4 
UM.33.B 30.6 4.5 8.1 677 3.5 3 LK.238.AL 26.3 24.6 -15.5 868 15.7 5 
UM.34.AL 31.2 10.0 27.0 293 6.0 3 LK.238.AU 27.3 27.2 8.1 949 1.8 5 
UM.33.AU 31.3 6.0 34.0 717 4.0 2 LK.240.AL 29.2 24.7 33.8 714 10.1 3 
UM.34.BU 32.1 31.1 21.1 1700 10.0 4 LK.240.AU 30.2 4.6 62.0 824 3.6 4 
UM.34.AU 32.3 10.0 23.0 864 6.0 2 LK.242.AL 30.5 26.4 31.0 1000 8.0 4 
UM.35.B 32.6 18.0 21.0 741 6.0 3 LK.241.A 30.5 35.0 35.3 740 7.4 2 
UM.43.A 33.3 27.0 30.0 898 4.0 2 LK.242.AU 31.5 31.3 34.3 857 3.5 4 
UM.36.C 33.4 25.0 24.0 426 7.0 2 LK.244.AL 31.7 18.0 36.6 1220 6.3 3 
UM.36.BU 34.0 23.2 30.2 800 10.0 4 LK.243.B 32.0 30.6 42.6 1119 3.7 2 
UM.44.A 34.0 8.0 13.0 700 3.0 5 LK.244.AU 32.7 13.5 15.0 332 4.7 5 
UM.37.A 34.6 32.0 2.0 623 5.0 3 LK.244.B 32.7 32.3 23.6 548 7.4 2 
UM.45.A 35.4 11.0 27.0 807 2.0 1 LK.245.A 33.2 63.0 23.7 290 9.0 3 
UM.38.A 35.6 24.0 21.0 1122 3.0 2 LK.245.B 33.5 55.3 19.7 273 12.6 2 
UM.46.A 36.4 346.0 30.0 788 4.0 4 LK.246.BL 33.8 39.6 27.6 321 15.1 4 
UM.39.A 36.8 29.0 28.0 833 5.0 2 LK.246.A 33.9 67.3 37.1 482 7.1 3 
UM.47.A 36.8 19.0 29.0 481 4.0 2 LK.248.AL 34.8 185.3 -7.0 227 7.4 4 
UM.40.A 37.6 27.0 23.0 969 3.0 2 LK.246.BU 34.8 78.4 64.7 384 6.7 4 
UM.41.A 38.9 19.0 32.0 1036 3.0 1 LK.OO1.A 35.5 178.0 -28.0 252 8.0 4 
UM.42.A 39.8 14.0 35.0 625 3.0 1 LK.248.B 35.7 163.1 -32.4 238 12.9 4 

LK.248.AU 35.8 152.1 -5.8 181 7.3 4 
LK.OO2.A 36.1 149.1 -17.4 181 15.2 4 
LK.OO1.BU 36.5 209.6 -14.5 309 0.3 4 
LK.249.A 36.5 197.7 -33.9 172 18.1 4 
LK.002.BU 37.0 187.4 -11.0 522 2.4 4 
LK.003.A 37.3 203.9 -40.2 238 4.0 3 
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Appendix 

Sample Level Dec. Inc. Int. Err. Q Sample Level Dec. Inc. Int. Err. Q 

LK.250.B 37.3 293.8 -40.6 273 19.5 3 LK.024.A 57.3 220.4 -47.8 1866 4.4 1 
LK.251.A 37.7 180.7 -53.9 253 19.2 3 LK.024.BU 58.0 220.5 -50.3 2400 4.8 5 
LK.003.BU 38.1 195.3 -27.7 570 6.1 4 LK.025.A 58.1 220.1 -23.9 395 10.5 3 
LK.004.A 38.2 190.0 -42.2 210 3.7 4 LK.026.A 58.6 222.3 -31.0 1065 4.9 2 
LK.004.BU 39.0 181.3 -22.7 392 2.8 4 LK.025.BU 58.8 227.5 -17.3 927 0.9 5 
LK.005.A 39.1 172.1 -55.2 290 7.6 4 LK.026.BU 59.4 243.2 -50.6 2631 3.5 4 
LK.253.C 39.5 185.4 -11.0 86 32.5 4 LK.027.A 59.6 222.0 -44.0 2356 4.0 2 
LK.006.A 40.0 188.7 -26.2 442 7.8 3 LK.027.BU 60.4 215.2 -46.5 2298 2.1 5 
LK.005.BU 40.0 182.7 -27.7 273 11.2 4 LK.028.A 60.8 217.6 -42.3 1949 3.8 2 
LK.006.BU 40.9 193.2 -13.3 453 4.6 4 LK.029.A 61.5 215.6 -40.1 810 4.7 3 
LK.255.A 40.9 213.8 -37.8 330 8.9 2 LK.028.BU 61.6 218.9 -50.3 2785 4.5 5 
LK.007.BU 41.6 207.2 -29.4 554 8.6 4 LK.029.BU 62.3 249.5 -22.2 869 9.3 4 
LK.007.D 41.7 201.2 -40.6 499 4.2 3 LK.030.A 62.4 214.4 -39.0 1110 4.5 2 
LK.008.A 41.7 192.6 -53.1 454 6.6 2 LK.030.BU 63.2 208.6 -34.5 2302 1.9 5 
LK.256.A 41.7 211.5 -30.0 609 9.6 2 LK.031.A 63.4 218.7 -31.5 1426 3.7 I 
LK.257.A 42.3 181.2 -54.0 288 9.0 2 LK.031.BU 64.1 225.4 -39.7 1534 1.7 5 
LK.008.BU 42.5 200.1 -35.1 1075 8.4 4 LK.032.A 64.4 226.9 -44.7 1620 3.1 I 
LK.257.B 42.6 172.0 -5.1 100 31.4 4 LK.032.BU 65.2 224.4 -46.3 2134 5.0 5 
LK.009.A 43.1 208.4 -47.3 899 5.4 2 LK.033.A 65.4 211.2 -34.4 570 11.9 3 
LK.009.BU 43.9 215.2 -49.5 1558 4.8 4 LK.033.BU 66.1 304.7 -12.5 479 7.1 4 
LK.OlO.A 44.0 199.2 -52.1 1035 3.9 2 LK.034.A 66.2 207.2 -13.7 761 5.9 2 
LK.OIO.BU 44.7 196.3 -49.9 1408 5.9 4 LK.034.BU 66.9 230.7 -23.4 384 10.0 5 
LK.OI1.A 44.8 207.5 -49.7 779 5.6 2 LK.035.A 67.1 223.8 -40.7 439 7.6 4 
LK.OlI.BU 45.6 208.5 -33.1 867 2.7 4 LK.035.BU 67.9 202.9 -10.5 638 5.0 5 
LK.012.C 46.2 202.9 -40.5 578 7.9 3 LK.036.A 68.1 232.6 -65.1 188 21.5 5 
LK.012.BU 46.5 184.6 -43.0 713 10.3 4 LK.037.D 69.8 213.4 -37.1 657 4.4 3 
LK.013.A 46.6 237.2 -31.6 132 22.6 4 LK.037.BU 69.8 211.5 -28.4 509 1.7 5 
LK.013.BU 47.3 231.2 -13.0 457 1.3 4 LK.038.A 69.9 220.2 -59.1 247 19.5 5 
LK.014.A 47.6 237.2 -25.7 560 7.5 2 LK.039.A 70.9 212.4 -21.8 431 6.2 3 
LK.014.BU 48.3 256.4 -40.9 213 42.2 5 LK.039.BU 71.6 297.0 -26.5 727 8.1 4 
LK.015.A 48.8 251.2 -25.7 308 18.4 3 LK.040.BU 72.5 238.0 -22.0 558 7.3 5 
LK.016.A 49.4 301.4 7.5 290 14.7 3 LK.041.BU 73.7 206.8 -36.9 2017 6.4 5 
LK.015.BU 49.4 20.1 38.0 708 1.0 4 LK.042.BU 74.4 236.1 -35.6 1322 7.4 4 
LK.017.A 50.0 10.5 41.3 3368 1.7 1 LK.043.BU 75.4 195.7 -52.1 2608 4.4 5 
LK.016.BU 50.2 27.9 26.0 810 6.6 4 LK.044.BU 76.3 204.8 -30.4 1708 4.3 5 
LK.017.BU 50.8 20.4 55.812434 2.6 2 LK.045.BU 77.7 228.1 -42.4 2247 5.3 4 
LK.018.A 50.9 14.0 41.5 6016 2.9 I LK.046.BU 78.3 218.5 -23.6 2097 5.7 4 
LK.018.BU 51.8 16.6 51.911226 3.0 2 LK.047.BU 79.3 205.9 -38.8 1730 8.3 5 
LK.019.A 52.2 16.0 42.8 6575 1.7 I LK.048.BU 80.1 237.9 -26.9 1565 6.0 4 
LK.019.BU 53.0 16.8 49.1 1761 4.3 3 LK.05I.BU 83.1 233.7 -49.3 2602 5.2 4 
LK.020.C 53.6 8.1 45.3 3150 2.5 1 LK.054.BU 85.9 216.7 -35.2 3970 3.8 3 
LK.021.A 53.6 334.8 24.4 330 14.0 2 LK.057.BU 88.9 221.4 -45.7 3998 2.4 2 
LK.020.BU 53.8 347.7 34.2 736 17.7 4 LK.060.BU 91.7 219.7 -37.0 5528 2.5 2 
LK.021.BU 54.5 8.6 39.7 1075 1.5 5 
LK.022.A 54.8 352.9 39.9 463 6.6 3 
LK.022.BU 55.6 28.1 21.7 491 9.0 5 
LK.023.A 55.9 229.6 -36.2 424 6.0 2 
LK.023.BU 56.6 235.4 -37.9 1828 5.2 4 
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Reversal record data 

Corfu Sample Level Dec. Inc. Int. Err. Q 
upper Thvera reversal record 
magnetite component AS.015.1B 6.85 343.8 47.6 200 6.4 1
 

AS.015.4A 6.85 352.5 64.1 81 4.5 2
 
AS.016.3A 7.10 37.9 37.7 200 4.1 2
Sample Level Dec. Inc. Int. Err. Q
 
AS.016.4A 7.10 15.2 53.7 191 9.7 2
 
AS.017.4A 7.29 12.4 32.1 73 4.9 2
 

AS.OOLlC -0.01 47.7 27.5 269 5.0 2 AS.018.3A 7.50 89.9 10.7 83 4.6 2
 
AS.OOLlB -0.Q1 33.6 33.6 162 7.5 2 AS.019.3A 7.70 24.2 21.7 95 4.2 2
 
AS.001.4A -0.01 10.4 58.1 116 9.6 2 AS.01904A 7.70 344.0 14.2 87 10.4 3
 
AS.003.1C 1.07 44.0 40.6 231 3.7 2 AS.020.4A 7.95 41.2 44.8 114 5.1 2
 
AS.003.1B 1.07 54.7 46.9 199 3.5 2 AS.020.3A 7.95 50.5 40.7 85 6.8 3
 
AS.003.3A 1.07 50.8 53.3 309 10.2 3 AS.021.3A 8.20 345.6 57.9 110 6.7 1
 
AS.003.4A 1.07 38.5 6Ll 211 2.6 3 AS.02LlB 8.20 348.1 37.8 119 3.9 2
 
AS.004.1C 1.47 344.8 51.7 322 4.0 2 AS.021.4A 8.20 ILl 54.6 175 3.1 2
 
AS.004.1B 1.47 337.7 48.2 391 4.2 1 AS.022.3A 8.44 19.3 41.9 70 9.8 2
 
AS.004.3A 1.47 0.3 40.0 449 6.9 1 AS.022.4A 8.44 20.6 68.1 84 4.8 2
 
AS.004.4A 1.47 351.5 46.4 421 4.0 1 AS.023.3A 8,74 327.0 39.6 171 3.2 1
 
AS.005.1C 2.17 3Ll 31.6 218 6.3 2 AS.023.2A 8.74 342.9 47.9 212 5.7 2
 
AS.005.4A 2.17 14.0 40.3 306 4.9 1 AS.023.4A 8.74 216.5 86.4 148 3.4 2
 
AS.005.1B 2.17 13.8 37.7 236 4.0 2 AS.024.3A 8.97 353.4 58.1 129 0.9 1
 
AS.005.3A 2.17 11.5 36.9 257 4.9 2 AS.024.4A 8.97 351.4 70.9 141 4.8 2
 
AS.006.2A 2.56 345.7 45.9 172 3.0 2 AS.025.3A 9.21 109.7 -62.7 33 20.4 2
 
AS.00604A 2.56 321.1 52.4 213 5.2 1 AS.025.4A 9.21 172.5 11.9 32 9.1 3
 
AS.006.lB 2.56 327.3 42.4 253 2.8 2 AS.026.3A 9.47 221.2 -30.0 73 10.6 1
 
AS.006.3A 2.56 351.6 60.8 228 9.9 2 AS.027.4A 9.47 167.5 61.3 59 8.8 2
 
AS.007.2B 3.05 43.3 30.4 415 6.0 2 AS.026.1B 9.47 174.0 49.6 54 13.4 3
 
AS.007.1C 3.05 41.7 40.9 297 6.8 1 AS.026.4A 9.47 165.1 32.8 34 3.8 3
 
AS.007.2A 3.05 18.5 23.3 279 7.7 2 AS.028.4A 9.63 230.0 64.4 56 13.7 2
 
AS.007.3A 3.05 41.1 37.0 369 6.6 2 AS.028.3A 9.63 165.4 11.6 49 7.4 3
 
AS.007.4A 3.05 27.7 38.4 396 3.9 2 AS.029.3A 9.71 125.1 2.4 31 39.7 3
 
AS.008.2A 3.61 17.5 35.3 234 5.1 2 AS.03004A 9.79 212.0 52.5 55 9.7 2
 
AS.008.3A 3.61 25.9 33.4 435 4.1 2 AS.032.4A 10.00 272.7 27.0 52 7.6 3
 
AS.008.4A 3.61 356.1 46.7 395 5.3 2 AS.033.4A 10.20 276.7 15.9 104 9.4 2
 
AS.009.1C 4.38 52.3 34.9 261 4.6 2 AS.034.3A 10.39 294.2 -17.2 33 26.9 2
 
AS.009.3A 4.38 34.9 15.7 258 4.0 1 AS.034.4A 10.39 327.0 -12.4 56 31.4 3
 
AS.009.4A 4.38 32.1 36.2 320 4.0 1 AS.035.3A 10.59 313.5 3.7 66 4.1 3
 
AS.01O.1C 4.93 45.4 36.1 265 6.8 2 AS.035.4A 10.59 260.0 -1.8 81 3.8 3
 
AS.01O.3A 4.93 28.8 59.1 214 2.7 2 AS.036.1A 10.79 20404 5.9 122 25.6 3
 
AS.OlO.4A 4.93 15.8 35.1 399 4.1 2 AS.036.3A 10.79 338.3 1.9 52 7.7 2
 
AS.01LlC 5.43 46.6 29.5 214 2.7 2 AS.036.4A 10.79 324.4 17.6 97 5.3 2
 
AS.OILlA 5.43 50.2 50.9 181 17.0 3 AS.037.3A 10.84 345.6 -9.7 63 8.0 3
 
AS.Ol1.4A 5.43 46.9 48.5 263 4.9 2 AS.037.4A 10.84 284.7 -10.7 61 16.6 3
 
AS.011.3A 5.43 71.0 4Ll 222 7.4 3 AS.038.3A 11.04 59.5 -16.6 81 10.2 1
 
AS.012.1C 6.04 80.7 24.2 128 7.6 3 AS.038.1B 11.04 7.8 2.1 65 10.2 2
 
AS.012.3A 6.04 70.2 56.3 96 11.2 3 AS.038.2A 11.04 43.8 7.5 132 16.3 2
 
AS.013.3A 6.35 39.3 34.3 180 8.6 2 AS.038.4A 11.04 175.6 81.9 97 15.1 3
 
AS.013.4A 6.35 333.2 72.1 189 9.6 2 AS.039.3A 11.24 103.8 -36.2 27 5.9 2
 
AS.014.3A 6.60 49.3 51.8 157 6.4 2 AS.039.4A 11.24 146.0 72.3 40 5.1 3
 
AS.014.4A 6.60 25.6 77.7 181 7.6 2 AS.040.4A 11.32 305.4 53.3 25 9.3 3
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Appendix 

Sample Level Dec. Inc. Int. Err. Q Sample Level Dec. Inc. Int. Err. Q 

AS.041.4A 11.39 98.4 27.3 45 13.3 3 AS.094,4A 23.26 199.2 -30.2 498 2.2 2 
AS.043.1B 11.77 135.1 49.4 34 9.0 3 AS.095.4A 23.63 180.6 -23.5 472 2.4 2 
AS.044,4A 11.85 113.9 29.6 41 23.5 3 AS.096.1B 24.19 184.5 -39.5 585 2.1 1 
AS.045.4A 12.04 118.2 79.4 76 8.9 3 AS.096,4A 24.19 181.4 -40.0 629 2.5 2 
AS.048.4A 12.56 103.4 16.5 70 1.8 3 AS.097.1B 24.69 177.3 -48.9 301 3.6 1 
AS.049.4A 12.65 116.9 -24.0 39 4.8 3 AS.097AA 24.69 194.7 -5504 250 6.5 2 
AS.050.1A 12.89 76.5 42.8 49 13.5 2 AS.098.1B 25.21 212.1 -62.8 375 3.6 2 
AS.054.1A 13.68 242.5 -26.1 289 8.7 3 AS.098.2A 25.21 183.6 -38.1 591 3.1 1 
AS.054.4A 13.68 114.5 11.8 131 4.9 1 AS.098.1C 25.21 213.9 -40.7 381 4.2 2 
AS.054AA 13.68 114.5 11.8 131 4.9 2 AS.098AA 25.21 196.4 -25.5 468 5.4 2 
AS.055.1B 13.92 107.1 4.5 72 16.9 2 AS.099.1B 25.71 200.3 -28.3 641 1.4 1 
AS.055.4A 13.92 152.4 -19.9 59 27.1 2 AS.099.4A 25.71 198.7 -31.4 422 2.6 2 
AS.056.4A 14.16 137.7 14.6 150 9.4 2 AS.l00.IB 26.22 182.8 -30.0 431 4.7 2 
AS.058.4A 14.65 129.4 -7.6 97 5.2 2 AS.l00.2A 26.22 184.3 -36.8 584 1.5 1 
AS.059.4A 14.89 202,4 -6.5 95 12.0 2 AS.l00AA 26.22 190.4 -38.4 553 3.2 2 
AS.060AA 15.03 120.5 15.8 62 5.9 2 AS.101.1B 26.85 203.6 -51.7 500 4.3 2 
AS.063,4A 15.80 127.8 -11.0 66 11.7 2 AS.101.4A 26.85 207.8 -53.3 431 2.5 2 
AS.064AA 16.05 142,4 -10.0 58 18.4 2 AS.102.1B 27.36 186.7 -45.1 325 7.2 2 
AS.066.4A 16.43 190.7 4.1 134 4.7 2 AS.102.1C 27.36 198.3 -36.2 418 4.0 2 
AS.067,4A 16.69 186.1 -16.7 62 10.0 2 AS.102AA 27.36 196.5 -48.5 363 4.1 2 
AS.067.1B 16.69 249.2 -11.3 78 12.2 3 AS.103.1B 27.90 182.9 -26.1 553 3.5 1 
AS.068.1A 16.93 45.6 2.7 225 1.9 1 AS.I03,4A 27.90 204.8 -23.2 480 0.5 2 
AS.069.4A 17.18 135.1 -10.5 9 20.6 2 AS.I04.lB 28.41 188.9 -29.0 314 4.4 2 
AS.071.4A 17.48 214.8 -46.5 98 16.7 1 AS.I04.1C 28.41 185.2 -31.0 421 3.1 2 
AS.073.1B 17.87 181.6 -10.1 55 6.0 2 AS.I04.2A 28.41 208.5 -33.0 403 5.5 2 
AS.073.4A 17.87 134.9 -19.2 110 8.5 2 AS.I04.4A 28.41 214.8 -37.0 394 1.9 2 
AS.076.4A 18.76 173.6 -30.3 184 3.6 1 
AS.080,4A 19.56 196.7 -30.2 148 6.4 1 
AS.081.4A 19.79 194.1 -25.5 117 8.2 2 
AS.083.2A 20.33 197.5 -49.5 232 10.1 2 
AS.083.4A 20.33 212.3 -35.2 179 2.2 2 
AS.084.4A 20.64 173.9 -41.7 143 5.8 2 
AS.085.1B 20.91 181.7 -31.8 110 6.0 2 
AS.085.4A 20.91 169.9 -40.8 141 2.7 2 
AS.086.4A 21.11 180.3 -49.0 150 6.2 2 
AS.088.1A 21.76 183.3 -35.9 356 2.8 2 
AS.088.4A 21.76 197.3 -28.5 287 3.8 1 
AS.089.1B 22.01 174.5 -29.6 291 6.0 2 
AS.089,4A 22.01 177.9 -35.6 339 3.8 2 
AS.090.1B 22.20 159.5 -30.3 197 9.0 2 
AS.090.4A 22.20 180.9 -39.7 300 4.8 1 
AS.091.4A 22.44 178.5 -43.2 455 4.4 2 
AS.092.2 22.69 172.8 -27.6 247 4.9 2 
AS.092.4A 22.69 179.4 -29.5 318 4.5 2 
AS.093.2A 22.86 181.1 -46.3 358 9.4 2 
AS.093.1B 22.86 179.2 -32.0 319 2.3 1 
AS.093,4A 22.86 190.3 -30.5 256 5.7 2 
AS.094.1B 23.26 182.4 -31.0 410 3.2 1 
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Reversal record data 

Corfu Sample Level Dec. Inc. Int. Err. Q 
lower Sidufjall reversal record 
magnetite component VA.25.2A 5.7 71.0 20.8 43 17.6 2
 

VA.25.3A 5.7 297A -7A 125 4.8 2
 
VA.26.2A 6.6 133.3 39.1 72 12.7 3
Sample Level Dec. Inc. Int. Err. Q 
VA.26.3A 6.6 120.3 33.0 123 7.0 2
 
VA.27.3A 6.9 121.5 22.5 167 5.2 2
 

VA.O1.1A 0.0 176.3 -28.3 194 3.0 1 VA.28.1A 7.1 107.8 3604 66 7.9 3
 
VA.01.3A 0.0 181.3 -66.9 270 604 2 VA.28.3A 7.1 120.7 22.9 153 4.2 1
 
VA.03.1A 0.6 170.0 -33A 319 3.3 1 VA.29.1A 7.3 114.1 20.0 122 7.3 2
 
VA.03.2A 0.6 172.5 -49.1 158 9.5 2 VA.29.2A 7.3 113.8 15.1 158 1.5 2
 
VA.05.1A lA 164.6 -4204 248 3.2 1 VA.29.3A 7.3 116.8 17.1 253 3.7 2
 
VA.05.2A 1.4 203.0 -60.2 247 4.5 2 VA.30.3A 7.5 103.4 24.8 85 11.9 2
 
VA.07.1A 1.9 187.7 -33.6 126 1.5 1 VA.31.3A 7.7 90.4 9.0 133 6.0 2
 
VA.07.2A 1.9 233.9 -49.5 125 8.0 2 VA.32.1C 7.8 102.2 -11.3 94 504 2
 
VA.09.1A 2.4 203.9 -41.3 214 3.0 2 VA.32.2A 7.8 128.9 20.2 171 2.2 2
 
VA.I0.IB 2.6 116.2 -30.2 83 11.1 3 VA.32.3A 7.8 119.6 -13.7 133 3.3 2
 
VA.l1.1B 3.0 117.8 -58.6 118 6.3 2 VA.33.1A 8.1 99.5 67.9 93 3.1 2
 
VA.12.1B 3.1 178.1 -21.3 384 1.6 1 VA.33.3A 8.1 12204 51.9 101 7.5 2
 
VA.12.2A 3.1 197.9 -31.5 286 4.3 2 VA.34.2A 8.3 97.6 31.5 130 6.6 3
 
VA.13.1A 3.3 156.5 37.0 48 2.3 3 VA.34.3A 8.3 112.9 31.0 230 6.6 2
 
VA.13.1B 3.3 130.2 -0.9 73 12.3 3 VA.35.1A 804 111.6 57.6 88 1.7 2
 
VA.13.2A 3.3 11204 15.9 122 7.2 3 VA.35.2A 8.4 155.7 33.8 109 4.6 1
 
VA.15.1A 3.6 195.8 -27.1 137 5.6 2 VA.35.3A 804 107.7 59.0 105 13.0 2
 
VA.15.3A 3.6 156.4 -29.6 152 8.1 2 VA.36.1A 8.5 135.9 37.8 77 11.5 3
 
VA.16.1B 3.7 123.7 44.0 106 6.9 1 VA.36.1C 8.5 163.7 40.9 67 1304 2
 
VA. 16.2A 3.7 298.7 30.8 72 11.3 3 VA.36.2A 8.5 128.0 -14.0 105 7.3 2
 
VA.17.1B 4.0 151.2 28.7 87 10.3 3 VA.37.1A 8.7 96.7 73.2 120 6.9 2
 
VA. 17.2A 4.0 352.9 25.6 37 26.9 2 VA.37.1C 8.7 144.1 50.2 180 6.7 2
 
VA. 17.3A 4.0 163.9 52.3 149 5.7 2 VA.37.2A 8.7 91.8 10.3 128 11.2 2
 
VA.18.1B 4.2 224.7 61.1 111 9.6 2 VA.38.1C 8.9 289.6 48.0 257 3.5 2
 
VA. 18.2A 4.2 54.6 1.6 86 11.4 3 VA.38.2A 8.9 321.6 65.2 152 404 2
 
VA.19.1A 404 294.8 17.9 174 4.5 1 VA.38.3A 8.9 250.6 39.7 128 9.6 2
 
VA.19.1B 404 298.1 27.7 87 10.9 2 VA.39.1A 9.1 251.6 3704 161 5.2 3
 
VA. 19.2A 404 274.8 -6.0 41 604 2 VA.39.1C 9.1 319.0 65.6 107 22.5 3
 
VA.20.1A 4.6 347.0 28.3 46 25.9 3 VA.39.2A 9.1 253.1 43.7 99 9.8 2
 
VA.20.2A 4.6 263.6 -19.9 77 5.5 2 VAAO.2A 9.5 286.7 20.8 233 5.8 2
 
VA.20.3A 4.6 241.9 26.1 114 5.7 2 VAAO.3A 9.5 297.8 29.6 188 11.3 2
 
VA.21.1A 4.9 288.7 20.3 79 12.2 3 VAAl.lA 9.7 317.7 11.6 128 14.6 3
 
VA.21.2A 4.9 74.5 24.1 75 6.7 1 VAA1.2A 9.7 310.8 26.8 149 6.1 2
 
VA.21.3A 4.9 269.8 19.5 98 4.7 3 VAA1.3A 9.7 293A -2.1 147 8.1 2
 
VA.22.1B 5.0 282.8 39.5 125 9.4 1 VAA2.1A 10.0 345.5 63.2 152 10.0 3
 
VA.22.3A 5.0 274.3 15.6 91 4.2 3 VAA2.1C 10.0 326.2 31.0 117 7.0 1
 
VA.23.1A 5.2 16.8 -20.6 91 13.2 2 VAA2.2A 10.0 289.5 1704 193 4.7 2
 
VA.23.2A 5.2 333.0 4.5 177 5.7 2 VAA3.1A 10.3 23.3 55.1 146 11.4 2
 
VA.23.3A 5.2 237.9 8.9 75 9.5 2 VAA3.2A 10.3 300.6 15.9 160 5.4 2
 
VA.24.2A 5.4 26.6 12.9 122 804 2 VAA3.3A 10.3 287.7 30.0 206 3.4 2
 
VA.24.3A 504 18404 38.8 85 12.3 3 VA.44.2A 10.5 359.8 16.3 110 8.4 3
 
VA.25.1A 5.7 312.7 18.5 105 7.5 2 VA.44.3A 10.5 340.3 12.9 208 6.8 2
 
VA.25.1C 5.7 301.2 46.8 53 11.7 3 VAA5.1A 10.6 56.3 88.8 63 2.9 3
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Appendix 

Sample Level Dec. Inc. Int. Err. Q 

VA,45.2A 10.6 30.7 4.7 153 5.5 2
 
VA,45.3A 10.6 3.3 17.2 105 l.7 2
 
VA,46.2A 10.7 23.5 32.0 254 5.8 2
 
VA,46.3A 10.7 67.1 17.3 218 5.8 2
 
VA,47.IA 11.0 332.7 -5.3 152 4.9 2
 
VA,47.2A 11.0 348,4 0.9 165 10.2 2
 
VA,47.3A 11.0 30,4 26.5 156 4,4 3
 
VA,48.2A 11.3 349.2 26.4 124 6.0 2
 
VA,48.3A 11.3 354.0 35.1 178 5.3 2
 
VA.49.IA 1I.5 52.6 28.7 177 2.9 2
 
VA.5UA 11.9 32.3 39.0 297 2.1 2
 
VA.52.2A 12.1 47.4 55.3 214 5.5 2
 
VA.52.3A 12.1 75.6 53.7 192 12.3 2
 
VA.53.1A 12.3 26.0 63.3 331 3.6 2
 
VA.55.1A 12.9 47.3 37.8 222 5.5 I
 
VA.57.1A 13.6 18.5 51.5 180 1.5 I
 
VA.57.2A 13.6 25.3 49.9 183 4.0 2
 
VA.59.IA 14.1 23.0 44.6 277 3.0 2
 
VA.59.2A 14.1 45.8 54.4 193 6.4 2
 
VA.61.1A 14.5 34.8 37.0 267 2.5 I
 
VA.61.2A 14.5 23.6 41.9 1I8 7.7 2
 
VA.63.3A 15.1 343.1 66.9 141 3.2 2
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