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ABSTRACT

The global natureof geomagnetiepolarity reversalsmakesmagnetic
polarity stratigraphya powerful methodof correlatingonestratigraphic
section with another,especiallywhen carriedout in conjunctionwith a
biostratigraphicstudy. Evaluatedtogether,the two datasetsprovide a
more reliable and finer correlationof stratigraphicsectionswith each
other—or with a magneticpolarity time scale—thanis possiblewith one
datasetalone.An interestingandpotentiallyvaluableapplicationof inte-
gratedmagneto-andbiostratigraphystudiesisin sedimentarybasinanaly-
sis, for examplein determiningsedimentationrates,or as the time base
for analysisof cyclical patternsin sedimentation.Wheredifferentpaleon-
tological dating schemeshave beenused to datesections,the magnetie
stratigraphyallows these to be comparedand synchronisedwith each
other. An importantresult of magnetostratigraphicresearchhasbeenthe
correlationanddatingof thepolarity history obtainedfrom oceanicmag-
nctic anomalies.

The interpretationof lineatedmarinemagneticanomalieshas provi-
dedacontinuousrecordofgeomagneticpolarity sincetheonsetofthepre-
sentphaseof sea-floorspreading,following the break-upof Pangeain the
earlyJurassic.The dominantcharacteristicsof this time interval aretwo
sequencesof alternatinggeomagnetiepolarity, the youngerof which has
lastedfrom theLateCretaceousto thepresent.The olderM-sequencefalís
in the LateJurassicandEarlyCretaceous,andis separatedfrom theyoun-
ger sequenceby the Cretaceousquiet interval, lasting about35 Myr, in
which no magnetiereversalstook place. Almost alí the geomagneticpo-
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larity intervalsin thesereversalsequenceshavebeencorroboratedandda-
ted by coordinatedmagnetostratigraphicandbiostratigraphicresearchin
pelagiesedimentarysections.Magnetiepolarity times scalesfor the late
Mesozoicand the Cenozoicadopt theoceaniemagnetiepolarity sequen-
ce as basis,as it is the bestcontinuousrccord availablefor this time pe-
riod. Severalversionsof the magneticpolarity time sealehavebeenpro-
posed.Theydiffer from eachothermainly in thenumberof tie-leveisused
andtheoptimumagesacceptedfor the tie-levels,andreflect differentcri-
tical evaluationsof the accepíableradiometricagedatabase.

INTRODUCTiON

Although the causesarenot understood,the fact that the dipole com-
ponentof the earth’s main magneticfleld of internal origin haschanged
polarity in the geologicalpast is well documentedin the remanentmag-
netizationsof rocks. Early in the presentcentury, Brunhes(1906) found
volcanie rocksthat hadmagnetizationdirectionsoppositeto thatof the
presentfleld, andMatuyama(1929) showedthat the polaritiesof oppo-
sitely magnetizedgroupsof lavaswere dependenton their stratigraphic
positionrelativeto oneanother.I-Iowever, self-reversalof the thermore-
manentmagnetizationby a magnetomineralogicalmcchanismwas the fa-
vored explanationof many rock magnetistsfor the reversedmagnetiza-
tions in theseigneousrocks. Laboratoryexperimentsdemonstratedthai,
duringcooling,certainigneousrocksacquireda magnetizationwhichwas
antiparallelto the ambient fleld. With the developmentof a precisera-
diometriedating techniqueandits applicationto lavasof knownmagne-
tization polarity, the history of geomagneticpolarity reversalswithin the
last few million yearswas convincingly documented.The specterof self-
reversalas the causeof alí observedreversedpolaritieswas finally laid to
resíby the discoveryof the samepolarity sequencein moderndeepsea
sedimcnts(Opdyke eZ aL, 1966). A complctelydifferent, isothermalpro-
cessis responsiblefor the depositionalremanentmagnetizationof sedi-
mentsandthermallyactivatedself-reversalcanbe ruledout.Thisdoesnot
discount the possibility that reversedmagnetizationsin some igneous
rocks may in fact be dueto a self-reversalmechanism.

MAGNETIC FIELD BEI-IAVIOR DURINO A POLARITY REVERSAL

The behaviorof the earth’smagnetiefield during a polarity change
hasbeenstudiedin igneousandsedimentaryroeks.The changeof paleo-
field direction to an antipodalvalue is observedas simultaneoustransi-
tions of the inclination anddeclination.Paleointensityresultsfrom mo-
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dem deep-seasedimentsand slowly cooled igneous intrusives indicate
that the intensity of the magneticfield decreasesto a 10w valueduring
the transition (Opdyke et aL, 1973; Dodson a aL, 1978; Prévot et aL,
1985).This is interpretedasevidencefor disappearanceof thedominant
dipole componentof the geomagnetieficíd.

Althoughthe dipolefleld decaysduringareversal,thenon-dipolefield
evidentlydoesnot anda standingnon-dipole fleld componentremains
during the reversal(Hillhouse and Cox, 1976). The morphologyof the
transitionalfields is assumedto be axisymmetric.Currentresearchis ai-
medat establishingwhetherthe transitionalfield configurationis contro-
lled by thequadrupolecomponentor the octupolecomponentof thenon-
dipole fleld (Fuller et aL, 1979).

Fromtransitionstudiesin oceanicsedimeniswith constantsedimen-
tation rates,thedurationof a directionaltransitionhasbeenestimatedto
last about4,000-5,000yr; the intensitychangetakesabouttwice as long
as the directional change(Opdykeet aL, 1973). For magnetostratigraphy
theseare rapid changes.In a pelagiclimestonesection with sedimenta-
tion rate 10 m/Myr the transitionis representedby a mere4-5 cm of sec-
tion. The averagelength of apolarity interval in ihe Cenozoicwasabout
450,000yr (Heirtzler et aL, 1968). Thuseachtransitionalinterval is only
about 1 % as long as the averagepolarity interval.Accordingly,about 1 ~/o
of the paleomagnetiesamplesfrom a magnetostratigraphicsectionmay
be expectedto haveintermediatedirections.

MAGNETOSTRATIGRAPHY

Fleid Sampíing

The usualpurposeof amagnetostratigraphicstudy is to establishthe
record of magnetiepolarity in a geologicalformation of known age.Alt-
houghit is possibleto piecetogetherthe recordfrom a seriesof shortout-
crops,thisprocedureis usuallynot preciseenough.It is desirablethatthe
formationbe exposedfor samplingin as longandcontinuoussectionsas
possible.Thecriterion of continuityof sedimentationis extremelyimpor-
tant.To be sure thatthereareno gapsin sedimentation,aswell as to date
the reversalsfound, a magnetostratigraphicstudymust be accompanied
by a thoroughpaleontologicalstudy.The combinationof magnetostrati-
graphyandbiostratigraphyin thesamesectionprovidesmutually suppor-
tive data,which result in a more finely resolvedstratigraphicevaluation
anda largernumberof reliabletie-levelsfor correlationsbetweensections.

Thesamplingintervalof amagnetostratigraphicsectionis determined
by the requiredresolution.As canbeinferredfrom thedescriptionof field
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behaviorduring a polarity transition, the shortestpossiblemagneticpo-
larity interval must last longer than tite time for a doubletransition,and
is thereforearound 10,000yr. Tite shortestknown, well documentedin-
tervalsof constantmagnetiepolarity are knownfrom the oceanicmagne-
tic recordto havelastedabout20,000yr. A rough calculationshowsthat
titis is abouttheoptimumresolution to be expected.Themaximummag-
netic anomalyy over the middle of a narrow block of oceaniccrust with
vertical magnetizationcontrastM, thicknesst andwidth 2d, at a depth
h below tite magnetometeris approximatelygiven by V = 4MJ (0~ — 02).
where~ = arctan{d/hIand02 = arctanjd/(h+t)}.Although a significantpro-
portionof the oceaniemagnetieanomalysignalarisesin thegabbroicseis-
mic Layer2B of tite oceaniccrust(Kent et aL, 1978),the observedsignal
is generatedpredominantlyin tite layerof basalticlavasthat form Layer
2A, which hasathicknessof aboutOi km andan averagebasaltmagneti-
zationof 5 A/m (Lowrie, 1979). Assumingawater depth of 5 km and a
shipboardmagnetometerresolutionof around50 nT, Ihe resolvablewidth
of a magnetizedblock is about 1 km, afigure reachedby Cox (1969)from
other considerations.On an anomalysystemwith a fast spreadingrate
(5 cm/yr) titis correspondsto a time interval of about 20,000yr. This is
approximatelythe maximumresolutionof the oceanicmagneticreversal
record.

The goal of a magnetostratigraphicstudy is usually to matchtitis re-
solution. Tite desireto locateanddefine aecuratelytite shortestmagne-
tozonesin tite section must be balancedagainstthe effort of sampling,
measurementanddataprocessing.Whenthe samplingdensityis sohigh
thattite numberof samplestakenis muchgreaterthantite numberof mag-
netozonesexpectedin tite section,themannerin which thc samplesis dis-
tributed stratigraphicallyis not important. If the goal of tite study is to
definethe magneticpolarity zonationcompletelybut economicallywith
as few samplesas necessary,tite geometryof tite samplingsehemebeco-
mesimportant and optimum sampling is achievedwith uniform síratí-
graphicspacing(JohnsonandMcGee, 1983). In manysectionsof pelagic
limestone,tite sedimentationrateis typically around 10 m/Myr. In order
to achievea resolutionof 20,000yr, a samplinginterval of 20 cm would
be needed,which in a 100 m thick sectionrequirest.aking 500 samples.
Every samplemust be processedandremeasuredmany times, and con-
sequentlythe amountof effort requiredfor this resolutionquickly beco-
mesdisproportionateto tite goal. A suitable compromiseconsistsof ta-
king samplesat 1 m intervals,correspondingto 100,000yr resolution.Af-
ter comparisonof tite magnctostratigraphywith tite polarity sequencein
tite oceanicrecord, tite section can be resampledin more detail where
shorterintervalsareexpected.This practicalcomprorniseemphasisesthe
confirmation of known reversalsat tite expenseof discovering short
evcntsmissingin tite oceanicrecord.
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LaboratoryandAnalyticaíProcedures

The samplesfrom a magnetostratigraphicsectionmust be subjected
to Uit samerigorousprogressivedemagnetizationproceduresas samples
from a conventionalpaleomagneticinvestigation.Only in titis way can
the stablecharacteristicremanentmagnetizationdirectionbe determined
properly, preferablyas tite straightline leading to the origin of a vector
diagram(As andZijderveld, 1958). Lessrigorousmetitodsareinadequa-
te and can lead to false interpretation.For example,in a magnetostrati-
graphicstudyof Oligocenesectionsin tite WesternU.S.A., ProtiteroetaL
(1982) classifledmany sampleswith positive inclinationsas reversedbe-
causetite directionssitowedtendenciestowardstite negativepolarity he-
mispitereduringprogressivedemagnetization.Tite fact that stabledirec-
tions werenotestablishedimplies thatthedemagnetizationtechniquewas
inadequateor tite sampleswere unstable.As a result, the positionsof re-
versalboundariesin the interpretedpolarity sequencewerewrongly iden-
tified- Absolute datesfor ash flows in tite magnetostratigrapitiesection
werewronglycorrelatedwith tite polarity sequence,andincorporatedsub-
sequentlyas incorrect datumpoints in tite magnetietime sealeof Berg-
gren et aL (1985).

Tite history of geomagneticpolarity is usually portrayedas a binary
sequenceof normalandreversedpolarities,intermediatedirectionsbeing
regardedas not representativeof astablestate.Tite polarity dataarecus-
tomarily shownasa columnof alternatelyblack(conventionallyusedfor
normal polarity) andwhite (for negativepolarity) magnetozones.Tite in-
terpretationof tite limits of magnetozonescanbe madefrom plotsof in-
clination anddeclinationagainststratigraphicposition(Fig. 1). Theindi-
vidual pointsin eachplot shouldbe connectedby straigittlinesto aid the
viewer, as it is otiterwisedifficult to obtainacorrectvisual impressionof
the quality of tite data.Witen thedatapointsareunconnected,it is easier
to overlook incompatibledirectionscorrespondingto disturbedpartsof
the section,andsitort intervalsof oppositepolarity to tite dominatingpo-
larity of a magnetozonearemoreeasily«lost».A convenientway of com-
bining inclination anddeclinationin a singlepolarity parameteris to cal-
culate tite latitude of tite geomagnetiepolewhen the formationmagneti-
zation was acquired.For this calculation, declinationsmust be corrected
for any post-depositionalrotationandtite paleolatitudeof tite site, calcu-
lated from themeaninclination, must be usedinsteadof tite presentla-
titude. Theboundariesfor tite magnetozonesarelocatedat tite zero-cros-
singsof the plot of pelar latitude(sometimesmisleadinglylabelledVGP
latitude),or of tite inclination,or at tite correspondingintersectionsof de-
clinationswith a value90’ awayfrom tite vectormeandeclination(Fig. 1).

Ideally each magnetozoneshould be representedby several samples.
However,in manysectionsindividual samplesarefoundwith polarity an-
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Fig. 1. Stratigraphic variations of inclination, declination and the latitude of the virtual
geomagneticpole in thePresalesectionof theLower CretaceousMaiolica liniestonein Um-
bria, Italy (Lowrie and Alvarez, 1984).

tipodal to that of their neighbours.Tite anomalousdirections may be
dueto unstahlemagnetizations,or to disturbanceof tite section. Tbey
mayhavea geomagneticorigin and representonly temporaryexcursions
of the magneticpole awayfrom a stableposition, or theymay in fact re-
presentvery short polarity chronswhich aretoo short to be resolvedin
tite conventionaloceanicmagnetierecord.A simplebut satisfactorymet-
hodof designatingsingle-samplemagnetozonesin apolarity column is to
drawthemonly half tite width of tite column(see,for example,Ogget aL,
1984). Extra, short magnetozonesfound in a stratigraphicsectionwhich
haveno counterpartin tite oceanierecordmaybe real, and titeir existen-
ce is extremelyimportant,but unlessthey are verified in othersections,
titeir reality is suspect.
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Magnetostrat¡graphy and SedimentaryHistory

Identífication andCorrelation ofMagneticPolarity Zones

To identify individual magneticpolarity chrons in a magnetietime
scale,it is necessaryto usea suitablenomenclature.Cox (1982) proposed
asimpleandlogical conventionwhich is employedwith minor modifica-
tion itere. Tite chronsarenumberedsequentiallybackwardsin time from
tite present,in correspondencewith tite numberof the oceanicmagnetic
anomalyfrom witich eachpolarity citron is interpreted.Eachcitron con-
sists of a normal polarity subchronand a negativepolarity subeitron,
which are distinguishedby attachingtite lettern or r to tite citron num-
ber.Titustite presentinterval ofnormalgeomagnetiepolaritycorresponds
to citron 1 n, while tite Cretaceous-Tertiary boundaryis correlatedwith
tite upperpart of chron 29r (Alvareza at., 1977).Titis nomenclaturewill
be usedin tite restof titis paper.

Tite most eommonmetitod of identifying asequenceof magnetozo-
nes is to find tite equivalentpatternin tite oceanierecord.Ifa distinctive
«flngerprint»is not present,an unambiguouscorrelationor identification
may not be possible.Tite patternrecognitionis usuallydonevisually, but
an alternative,quantitativemethodis by tite useof correlograms(Lange-
reis et al., ¡984). This involvescomputingtite cross-correlationfunction
of polarity interval lengthsat successivematchingpositionsas onepola-
rity sequenceis movedprogressivelypasttite otiter (only alternatemat-
chesin which intervalsof like polarity are matehedneedbe considered).
Lowrie andAlvarez (1984) usedcorrelograms(Fig. 2) to correlatetite se-
quencesof magnetozonesin Italianmagnetostratigrapiticsectionsof Late
Jurassicand Early Cretaceousage to tite M-sequencepolarity record
(Fig. 3). Tite correlationsof tite magnetozonerecord in tite Bossosection
with chronsMl 3-M19 is theonly onethatis statisticallysigniflcant.Titree
significant correlationsare possiblein tite Gorgo a Cerbarasection,and
four arepossiblein the Presalesection.Tite oldestcorrelationscanbe ru-
led out astheywould imply tite age of tite sectionto beJurassic,witereas
it is knownto beEarlyCretaceous.Lithological argumentsfavor tite youn-
gestsignifscantcorrelationin eachseetion.

Tite correlationof sectionsby meansof their magnetostratigraphyne-
cessitatesthat theyitavetite samehistory of sedimentationrate.For corre-
lation with tite magnetiereversalrecord derived from interpretationof
oceanicmagneticanomalies,tite sedimentationrate andsea-floorsprea-
ding rate must both be constantover the time interval investigated.Va-
riable sedimentationrate distorts tite thicknessesof magnetozonesand
makesrecognition of a distinctive pattern difficult or even impossible.
ChannelíandGrandesso(1987) found a poor visual matchbetweenthe
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marinepolarity record and the magnetiestratigraphiesin the Xausaand
Frisoni sectionsin the Italian SouthernAlps, which titey postulatedwas
due to changingsedimentationrate in titese sections,or to variation in
sea-floorspreadingrateduringformationof tite correspondingM-sequen-
ceanomalies.Titecloseagreementof Ihe coevalmagnetiestratigraphyin
the Umbrian Bossosection with the marine polarity record favoredthe
ínterpretationof changingsedimentationratesin tite SouthernAlps see-
tionsandallowedtiteir magnetostratigrapitiesto be correctedcorrespon-
dingly.

Magnetostratigraphyand Basin Analysis

The ability to provide information aboutsedimentaryhistory makes
magnetostratigraphyapowerful tool for basinanalysis.Oncea sectionitas
beencorrelatedwith tite magnetictime scale,tite sedimentationratecan
be estimated.Tite tie-lines of the correlationsalso dramatizeminor fluc-
tuationsof sedimentationratewithin individual sections.Magnetostrati-
graphic correlationsin the Maiolica limestonein tite Italian Appenines
(Hg. 3) give valuable information about tite Early Cretaceousdevelop-
ment of tite Umbria-Marchessedimentarybasin.Contemporaneousdif-
ferencesin sedimentationratewithin tite basinareseenby comparingthe
Presalesection,which hasasedimentationrateof 7.1 m/Myr, with tite up-
per part of tite Gorgo a Cerbarasectionin which tite sedimentationrate
(9.5 m/Myr) is more titan 30 % greater.Tite difference reflects tite posi-
tions of the sectionson oppositesidesof a listric normal fauh that was
activeduringsedimentation.TitePresalesectionrepresentsdepositionon
aseamounton tite upthrownside,while tite Gorgoa Cerbarasectionwas
depositedin tite deeperbasinon tite downthrownside(Lowrie andAlva-
rez, 1984). Furtiter scrutiny showsa markedvariation in sedimentation
rateduringMaiolica deposition.The sedimentationratein tite Bossosee-
tion, witich spanstite .lurassic/Cretaceousboundary,is 9.6 m/Myr. Hig-
her sedimentationratesarefound in the coeval lower partsof tite Gorgo
aCerbaraandFrontalesections(1 5 m/Myr and 19 m/Myr, respectively),
altitough titese sectionsare about50 km apart.Tite increasein sedimen-
tation rate is accompaniedby amarkeddecreaseof the intensityof mag-
netizationdue to dilution of tite principal magnetiemineral (magnetite)
in the sections.Titis dilution results in deteriorationof the paleomagne-
tic signal, witich becomestoo weak to measurereliably. Polaritychrons
MIl r to Ml 3n havenot beenfound in Umbrianmagnetostratigraphicre-
search,but theyhavebeensecurelylocatedin tite Capriolosectionin tite
SouthernMps (Channelíeta?., 1987).
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COORDINATION OF MAGNETOSTRATIGRAPHYWITH
BIOSTRATIGRAPHY

Mercanton(1926) first recognizedthat a paleomagnetiereversalis a
globally synchronousevent;the record of polarity is independentof geo-
graphic location. One of tite major interestsof magnetostratigrapiticre-
searchitas beenin tite correlationanddatingof tite polarity itistory ob-
tainedfrom oceaniemagneticanomalies,and its most valuableapplica-
tion itas invariably beenin conjunctionwith a detailedbiostratigrapitic
study. Tite two disciplinesreinforceeacit otherand increasetite number
of usabletie-levels for correlation.The location of paleontologicalstage
boundariesof knownradiometrieagerelativeto the magneticpolarity re-
corcl providesinvaluabletie-pointsfor tite developmentof magneticpo-
larity time scales.In turn, titis enablesthe estimateof numerieagesfor
paleontologicalzones,first appearancedatum(PAL» andlast appearance
datum(LAD) levels.

An interestingexampleof tite combineduse of magnetostratigraphy
andbiostratigrapityis seenin the resultsfrom pelagiccarbonatesections
in tite Contessavalley in Umbria, Italy (Lowrie el aL, 1982) and site
522/522Aof tite DeepSeaDrilling Project(DSDP)in tite SouthAtlantic
(Pooreel aL, 1982). Tite polarity sequencesin bothsectionsareexcellent,
unambiguousrecords.They agreewith thepolarity sequencederivedfrom
marinemagnetieanomaliesandexpressedin the form of a magneticpo-
larity time scale(LaBrecqueet aL, 1977). Both sectionsweredatedusing
foraminiferaandcalcareousnannofossils,andtite stratigraphicpositions
of key LAD andFAD levels were determinedand locatedrelativeto tite
magneticpolarity time seale(Fig. 4). The numeric agesof appearances
andextinctionsof the samespeciesin tite Tethys(Contessasection)and
in tite SouthAtlantic (DSDP 522) were calculated.Tite averageage of
FAD’s from tite Tethyswas0.45 (±0.39)Myr youngertitan in tite South
Atlantic, and tite averageLAD age in tite Tetitys was0.57 (±0.28)Myr
oldertitan in tite SoutitAtlantic (standarderrorsin parentitesis).Tite sam-
píesare small andtite interpretationis opento speculation.Thedifferen-
cesmaybe areal expTessionof evolutionaryratesin tite TethysandSouth
Atíantie. or they mayexpresssystematicdiscrepanciesin tite datingsche-
mesusedby differentpaleontologists(LaBrecqueelaL, 1983).Tite exam-
píe demonstratestwo valuableapplicationsfor magnetostratigraphy,in
permitting direct comparisonof paleontologicallydatedsectionswith a
common independentframework,and in determiningthe absoluteages
to be associatedwith importantpaleontologicalevents.
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GEOMAGNETIC POLARITY HISTORY

Tite history of geomagnetiepolarity is now well establishedfor Ceno-
zoic and late Mesozoictime andquite accuratepaleomagneticpolarity
time sealeshavebeendevelopedon tite basisof tite datedreversalsequen-
ces.Tite detailedreeordof geomagnetiepolarity from tite lateMiddle Ju-
rassicto the presentis derivedfrom the interpretationof lineatedocea-
nic magnetic anomaliesgeneratedby tite sea-floor spreadingprocess
(Heirtzlerel aL, 1968). Titis reversalrecord is tite longestcontinuoushis-
tory of geomagneticpolarity avaitable,andis tite standardof comparison
for alí magnetostratigraphicstudiesin titis rangeof geologicalages.Tite
reversalrecordcanbe divided broadly into titree parts:amixedpolarity
interval from tite presentbackto tite Late Cretaceous,aquiet interval of
apparentlyconstantnormal polarity in the Middle Cretaceous,and a
mixedpolarity interval in the Early CretaceousandLate Jurassic.

NeogeneMagnetiePoíarityHistory

Direct determinationof radiometric agesgives a magneticpolarity
time sealefor chronsyoungertitan 5 Myr (Mankinenand Dahymple,
1979). Tite samepolarity sequenceitas beenconfirmed also in modern
deepseasediments(OpdykeetaL, 1966; FosterandOpdyke,1970;Opdy-
ke, 1972). Tite precisionof tite KIAr metitod is not adequateto resolve
oldersitort citronsby direct dating. However, it itas beenpossibleto ex-
tendabsolutedatingbackto about 10 Myr in thick lava sequeneesby in-
corporating tite stratigraphicrelationshipsof tite paleomagneticsites
(McDougallel aL, 1976). Titepolarity chronsof tite uppermostMiocene
wereconfirmed in adetailedmagnetostratigrapiticstudyof paleontologi-
cally datedmarineclay sectionson Crete (Langereisel aL, 1984). Alt-
itough severalstudiesof PlioceneandLateMiocenepolarity history have
beencarriedout in very long, overlappingpistoncoresof unconsolidated
deep-seasediments(e.g. Fosterand Opdyke, 1970; Theyer and Ham-
mond, 1974), the correlationswith tite magnetietime sealeare someti-
mes ambiguousandsomeof tite correlationsitave recentlybeenquestio-
ned (Berggrenel al., 1985). Due to poor recoveryin DSDP andODPco-
res, andthe scarcityof suitableexposureson land, most of tite Miocene
geomagneticpolarityhistory hasnot beenverified anddatedby indepen-
dentmagnetostratigraphicinvestigations.

PaleogeneandLateCretaceousMagnetostratigraphy

Virtualiy ah ihemagnetiepolarity citronsoftite Ohigocene,Eocene,Pa-
leocene,andLateCretaceoushavebeenconfirmedindependentlyin mag-
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netostratigraphicstudies of pelagic sedimentsections in tite Tethyan
realm(Fig. 5), andin DSDPcores.Detailedpaleontologicaldatingof the
magnetostratigraphicsectionshastied tite positionsof major paleontolo-
gical stageboundariesto tite geomagnetiepolarity sequence.Titeassocia-
tion of absoluteageswith titesetie-levelsitas enabledtite constructionof
magneticpolarity time scales,which in turn allow biozonationsto be re-
latedto aframeworkof absoluteages,andprovidedatesfor importantpa-
leontologicalevents.Among the importantstageboundarycorrelationsin
titis time are tite Oligocene/Mioceneboundarynearthe chron 6Cn/6Cr
boundary,the associationof tite Eocene/Oligoceneboundarywith chron
1 3r (Lowrie el al., 1982), tite position of tite Cretaceous/Tertiaryboun-
dary nearto the young margin of chron 29r, andthe endof tite Creta-
ceousquiet intervalvery closeto tite oíd edgeof citron 33r(Alvarezel aL,
1977; Lowrie andAlvarez, 1977).

Early CretaceousandLateJurassicMagnetostratigraphy

Tite period from earlyAptian to tite endof the Campanianis charac-
terisedby constantnormal polarity. Ocassionalreportsof negativepola-
rity zoneswititin tite Cretaceousquiet interval havenot beenverified by
repetition in otiter magnetostratigrapitiesections.The startof titis quiet
interval, after the youngestpolarity chron of tite M-sequence(MO), has
beenestablishedas very earlyAptian,justyoungertitan theAptian-Harre-
mianboundary,in pelagiecarbonatesectionsin tite SouthernAlps (Chan-
nelí el aL, 1979)and in Umbria (Lowrie el aL, 1980). Most of the Lower
Cretaceouspolarity chronswere confirmed in magnetiestratigraphyin-
vestigationsin Umbria (Lowrie and Alvarez, 1983; Cirilli el aL, 1984),
with the exceptionof citronsMl Ir to MI3n wherethe limestonemagne-
tization was too weakto be measureable(Fig. 3).
Recentstudiesin tite Italian SouthernAlps itave independentlyconfir-
medanddatedtite polarity chronsfrom MS to M23, including tite inter-
val MIl r-M 1 3n (Citannelí et aL, 1987). The magneticstratigraphyof thc
Berriasiantypesection(CjalbrunandRasplus,1984)wasdifficult to corre-
late unambiguouslywitit tite polarity record.The baseof the sectiondid
not reachtite Jurassic/Cretaceousboundary.

the location andcorrelationof tite iurassic/Cretaceousboundaryto
tite magnetiepolarity time sealeillustratesa furtiter applicationof mag-
netostratigrapityto the syncitronisationof different paleontologicalda-
ting schemes.Titere is no unanimousagreementamongpaleontologists
on tite definition of this boundary,due in part to tite difficulty of corre-
laíing onepaleontologicaldatingsehemewith another.Rcsultsfrom Um-
bria, tite SoutiternAlps andDSDP sites(Fig. 6) give differentrelativepo-
sitionsof tite boundary,dependingon which paleontologicalschemeis
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used (Ogg, 1984). Most investigationsplace tite boundarynearreversed
polarity citron Ml 8r, but it hasbeencorrelatedas youngas the oíd edge
of citron Ml 7r, on the basisof calpionellidsin tite Umbrian lvlaiolica Ii-
mestone(Lowrie andChannelí,1984a),andasoídasthe middle of citron
Ml 9n, basedon nannofossils,dinoglagellatesandcalpionellids in DSDP
site 534 (Rotit, 1983). Hased on calpionellid biozonations,tite Juras-
sic/Cretaceousboundarywas placed in the baseof citron Ml 7r in tite
Umbrian Bosso section (Lowrie and Channelí, 1 984a). Citannelí and
Grandesso(1987) reinterpretedtite Umbrian calpionellidzonationand
suggesteda correlationwititin Mi 8n. Dependingon howtheJurassic/Cre-
taceousboundaryis definedin termsof ammonitezonationand tied to
tite calpionellidzonation,titey foundalternativecorrelationsin Southern
Alps sectionswitit the baseof Ml7r or the top of chron Ml9n. Oggand
Lowrie (1986)havesuggestedresolvingtheuncertaintyof paleontological
definitionsof theJurassic/Cretaceousboundaryby defining it at tite base
of chron MlSr, a readily indentifiableevent,andusingthis defmitionto
calibrate tite differentpaleontologicaldating schemesagainsteachotiter.
A position of the Jurassic/Cretaceousboundaryconsistentwith this defi-
n~tton hasbeenfnuind in magnetostratigrapitie-sections--in-tite-South-em
Alps (Channelía aL, 1987).

Thc M-sequenccmagnetiepolarity historyfor tite LateJurassic(Fig. 7)
itas beenconfirmed in the Foza andSan Giorgio magnetostratigraphic
sectionsin nortitern Italy (Ogg, 1981) and in the Carcabueyand Sierra
Gordasectionsin southernSpain (Ogget aL, 1984).Although severalmag-
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netozonesare only representedby single samples,the magneticstratigra-
phiesin thesesectionscanbecorrelatedsatisfactorily.An importantresult
from titese studies is the correlation of tite Oxfordian/Kimmeridgian
boundarywith polarity citron M25n.

In their descriptionof the M’sequenceoceaniemagneticanomalies,
LarsonandHilde (1975) identified the oldestnegativeanomalyas M25,
correspondingto polarity chron M2Sr. Over older oceaniecrust they
found no correlatablelineatedanomalies,and titis was ascribedto a Ju-
rassicquiet interval. Tite Jurassicquiet interval is not so well definedas
the Cretaceousone,andtherearedifferent theoriesas to its origin. Sub-
dued, low-amplitude linear anomalieshavebeencorrelatedwithin this
quiet zone,extendingtite anomalysequenceto M29 (Candeel aL, 1978).
However, the anomalypatternfrom tite Pacific oceandoesnot agreewith
that from theAtlantic ocean,possiblydueto poorresolutionin theslowly
spreadingAtíantie ocean.Magnetiestratigraphyresearchin four overlap-
ping sectionsof Middle-Late Oxfordian pelagielimestonenearAguilon
in nortiternSpain (Steinerel aL, 1985) gaye alternatingpolarity zones,
but titeir sequencedid not correlatewell with the Pacific oceanicpattern.

Middíe and Earíy JurassicMagnetostrat¡graphy

For tite earlyJurassicpolarity history before tite Jurassicquiet interval
titere is no oceanicrecord.Wititout titis guide, the correlationbetweenmag-
netostratigrapiticsections becomesmuch more difflcult. Magnetie pola-
rity sequences,datedwith ammonitesin somecases,havebeenreportedfor
earlyJurassicsectionsin Italy, HungaryandSpainbut coevalpolarity re-
cords do not agreewell with eacit other(Citannelí el al., 1982). Contem-
poraneoussectionsfrom different sedimentaryenvironmentsmight not
be expectedto show the samepolarity sequenceif tite sectionshavedif-
ferenthistoriesof sedimentationrate.However,evenoverlappingsections
from nearbylocalities showpoor internal consistencyin Umbria (Chan-
nelí el aL, 1982) andin northernSpain(Stcinerel aL, 1985).The magne-
tostratigrapitie studies were carried out with tecitniquescomparableto
titoseusedin successfulcorrelationsof youngersectionsto theknownma-
rine record.Although the magneticstratigrapitiescontain securelydefi-
nedintervalsof normalandreversedpolarity,manyof tite observedmag-
netozonesaredefinedonly by singlesamples.This may imply inadequate
samplingintervals,or that the frequencyof reversalsin tite early.lurassic
was itigh. Alternatively, tite breakdownof consensusbetweenearlyJuras-
sic sectionsmay most simply be ascribedto variation of sedimentation
rate wititin andbetweenthe investigatedmagnetostratigraphicsections.
Possiblytite depositionalbasinsin tite Tetitys following tite brcak-upof
Pangeawere smali andcharacterisedby inconstanísedimentation.Ihis
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presentsa seriousobstacleto tite possibilityof establíshinga standardpo-
larity time scalefor earlier times.

MAGNETIC POLARITY TIME SCALES

Magnetiepolarity time sealesfor tite last 5 Myr canbe formedby di-
rect radiometricdating of lavas,for which tite K/Ar metitod is accurate
enoughto resolveindividual polarity chronslastingabout 100,000yr or
longer.Tite olderpolarity chronsin time scalescannotbe dateddirectly.
Titeir agesmust be estimatedby linear interpolationbetweenknowntie-
pointssuch as, for example, tite paleontologicalstageboundarieswitich
have beencorrelatedby magnetostratigrapityto tite polarity sequence.
Within each time sealeages are calculated to tite nearest0.01 Myr
(10,000yr), which is closeto tite achievableresolution.This relativeac-
curacy is about 100 timesbetter titan the absoluteaccuracywith witich
tie-point agesareknown.

The first magneticpolarity time scalefor tite LateCretaceousandCe-
nozoic was constructedby Heirtzler el aL, (1968), primarily on the basis
of a very longmagneticanomalyprofile in tite SouthAtlantic. Tite ocean
ridgeanomaliesyoungerthan335 Myr werecorrelateddirectly to the ra-
diometrically datedpolarity time scale,andolder anomalieswere dated
by extrapolationfrom this very short base.The time sealeof LaBrecque
el aL (1977) incorporatedtite following improvements:(1) the sequence
of sitort reversaisoriginally namedanomaly14 was dropped,as it wasab-
sentin most marine magneticanomalies;(2) a revision of tite relative
lengthsof tite older Late Cretaceouschrons29 to 34 was included; and
(3) tite magnetostratigraphiccorrelationof tite Cretaceous/Tertiaryboun-
dary with reversedpolarity citron 29r (Lowrie and Alvarez, 1977) was
adoptedasa tie-point, andassociatedwitit an ageof 65 Myr. Tite agesof
interveningpolarity citron boundarieswere calculatedby interpolation.
The sequenceof polarity in the LaBrecqueel al., (1977) time sealeitas
beenusedin alí subsequentversions,stretchedandcontractedin linear
segmentsbetweentie-points.

Tite major stageandsub-stageboundariesof the UpperCretaceousand
Paleogenewere correlatedto tite geomagneticpolarity sequenceas a re-
sult of extensivemagnetostratographicresearchin pelagicmarinecarbo-
natesectionson land (Alvarez el aL, 1977; Lowrie el aL, 1982)or sam-
pledin theDeepSeaDrilling Project(LaBrecqueel al., 1983).Lowrie and
Alvarez (1981) developeda magneticpolarity time sealefor the Upper
CretaceousandCenozoicbasedupon interpolationsbetweenII correla-
ted tie-points,for which revisedabsoluteageshadbeencalculated.Some
of titeseageswere poorly chosen,andresultedin apparentsuddencitan-
gesin sea-floorspreadingrate. To minimize Iheseeffectswhile retaining
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as manyof the magnetostratigraphiccorrelationsas possible,Cox (1982)
droppedtite sub-stageboundariesas tie-points,andadjustedthe absolute
agesof tie-pointswithin titeir error limits so as to obtain a time-scalc
which wasconsistentwith a model of nearlyconstantsea-floorspreading.

A moreradical polarity time scalefor the Cenozoicwas preparedby
Berggrenel aL (1985), who disregardedthe magnetostratigraphiccorrela-
tions of stageboundaries.They substituteda handful of selectedradio-
metric age dateswhich met titeir own criteria. At least two of titeir tic-
pointsarewrong, becausetheyderive from the misinterpretedOligocene
magnetostratigrapityof Protiteroel al. (1982).

On balance,the mostappropriatemagnetiepolarity time-sealefor the
Late CretaceousandCenozoicis probably titat of Cox (1982). It makes
optimumuseof availablemagnetostratigraphiccorrelations,witile mini-
mizing drastic citangesin sea-floorspreadingrate.

The constructionof a magnetiepolarity time scalefor 0w M-sequen-
cepolarity citrons is itandicappedby tite absenceof well datedtie-levels.
Although an adequatenumberof tite Lower CretaceousandUpperJurassic
stageboundariesitave beencorrelatedsatisfactorily to tite M-sequence,
the absoluteages for titese boundariesare not well known. The polarity
sequenceis basically thatobtainedby LarsonandHilde (1975) from tite
interpretationof M-sequencemagnetic anomaliesin the North Pacific
andAtlantic oceans.Tite original calibration of theseanomalieswas ba-
seduponthe paleontologicalagesof tite sedimentin contactwith igneous
basementin DSDP boles drilled neartite youngend and the oíd endof
theM-sequence.Assumingapproximateabsoluteagesfor tite ends,tite in-
terveningpolarity citrons were againdatedby linear interpolation.Tite
samemetitod was usedby Vogt andEinwicit (1979), who introducedan
additional early Valanginiancalibration point for DSDP site 387 within
the M-sequence.It is often uncertainwhethera DSDP hole has indeed
reachedigneousbasement,or whether it itas merely encounteredan in-
trusion. Also, tite length of time betweenformation of tite lava andde-
position of the first datablesedimenisis not known. Finally, tite paleon-
tological datesoften itave largeerrors, amountingto an entire stageor
more, and agesdeterminedwitit different fossil types can differ appre-
ciably.

As a result of tite magnetostratigrapitieinvestigationsin pelagiclimes-
tonesequencesin Italy chronMO was correlatedwith the ver>’ earliestAp-
tian, close to tite Barremianboundary(Citannelí el aL, 1979; Lowrie el
aL, 1980). Titis was incorporatedasoneof two tie-points in a magnetic
polarity time-scalefor tite M-sequenceby Cox (1982); however,the older
tie-point was a paleontologicalage from a DSDP itole. Oggel al. (1984)
correlatedtite Oxfordian/Kimmeridgianboundarywith the M-sequence
just youngertitan M25 in magnetostratigraphicsectionsin Spain(Fig. 7).
Kent andGradstein(1985)derivedamagneticpolarity time sealefor tite
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M-sequence,using titese magnetostratigraphicties for MO andM25 and
the age estimatesby Harland el aL (1982) for the Oxfordian/Kimmerid-
gian andBarremian/Aptianstageboundaries.They titen comparedtiteir
newtime scatewith the magnetostratigraphiccorrelationsof tite otiter Lo-
wer CretaceousandUpperJurassicstageboundaries(Lowrie andCitan-
nelí, 1984a;Lowrie and Alvarez, 1984; Ogg el aL, 1984) andestimated
the absoluteagesof titeseboundaries.

Tite Jurassic/Cretaceousboundaryis not clearí>’ definedpaleontologi-
calI>’ (Fig. 6), and Ogg and Lowrie (1986) proposedtitat an optímum
correlation is with tite baseof polarity citron Ml8r. Lowrie and Ogg
(1986) addedthis tie-point to the MO and M25 correlations.They disre-
gardedtite ageestimatesof Harlandel aL (1982) for titesetitree tie points
as ínvalid, andadoptedtite valuesgiven by Hallam el aL (1986). A mag-
netic polarity time scalefor the M-sequencepolarity chrons was titen
constructedby linear interpolation on tite two segmentsMO-M 18 and
M19-M25; ages for M25-M29 were estimatedby extrapolation of tite
Ml 9-M25 segment.Ages were alsoestimatedfor the otiter Lower Creta-
ceous and Upper Jurassicstageboundariesfrom their correlationswith
tite polarity time seale.Becauseof the additional Jurassic/Cretaceoustie
point andthe differentagesassumedfor tite threecalibrationpoints, the
agesof alí polarity chronsin the time sealeof Lowrie andOgg(1986)are
5-10 Myr youngerthan in the time sealeof Kent and Gradstein(1985),
althoughtite agreequite closelywith earlierestimatesof titesestageboun-
dariesby Van Hinte (1976a, 1976b).Tite uncertaintiesin absoluteages
of calibration points result in largedifferencesbetweenM-sequencetime
scales(Fig. 8).

Dl SCUSSION

Tite record of geomagneticpolarity derivedfrom analysisof oceanic
magneticanomaliesis dominatedby two sequencesof mixedgeomagne-
tic polarity, tite youngerextendingfrom tite presentuntil the LateCreta-
ceous, and tite older spanningthe Early Cretaceousand Late Jurassic.
They are separatedit>’ an interval of constantnormal polarity —tite Cre-
taceousQuiet Interval.As a result of oceanicmagnetieanomalysurveys
tite polarity sequenceshavebecomesecurelyestablished.Theyitave been
largel>’ confirmedindependentí>’in magnetostratigraphicstudies.Coordi-
natedmagnetostratigrapitieandbiostratigrapiticinvestigationsin pelagic
sedimentar>’rocks have datedtitis histor>’ of geomagnetiepolarity. Tite
C’retaceousQuict Interval lastedabout35 Myr in tite middlc Cretaceous,
from tite earliestAptian until theSantonian/Campanianboundary.Apart
from titis interval —in which magnetostratigrapiticcorrelationsare not
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possible—most of tite major paleontologicalstageboundariesfrom the
Oxfordian/Kimmeridgianto tite Oligocene/Miocenehavenowbeencorre-
lated reasonabí>’satisfactorily to tite oceanicpolarity sequence.Titese
correlationshavefosteredtite constructionof magneticpolarity time sca-
les covering tite Late Jurassic,Cretaceousandentire Cenozoic.In turn,
undatedpaleontologicalstageboundaries,as well as paleontologicalzo-
nesandevents,havebeendatedby titeir correlationsto titesetime scales.
Different versionsof tite samepolarity time sealereflect successiveim-
provementsin tite defmition of tite polarity sequence,tite numberof
correlatedtie-levels used,andtite optimum agesacceptedfor tite tie-le-
veIs. Tite>’ alsoreflectdifferent critical evaluationsof tite radiometricage
database. Discrepanciesbetweendifferent versionsof tite Late Creta-
ceousandCenozoicpolarity time scaleare small (Table 1); tite differen-
ces for tite M-sequencepolarity chronsare larger(Fig. 8). In order to re-
solve titem andproducedefinitive versionsof eititer time scale,improve-
mentsin tite numberandquality of absoluteage estimatesfor the tie-le-
veIs are needed.
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TABLE 1

sTAcIE
LaBrecque
etaL, 1977

Lowrie and
Alvarez 1981

Cox
1982

Berggren
el aL, 1985

Cliron Age Cliron Age Age Age

Miocene
6Br 22.5 6Cr 24.6 24.5 23.7

Oligocene
15r 38 13r 38 38 36.6

Eocene
23 55 24r 54.9 55 57.8

Paleocene
29r 65 29r 66.7 65 66.4

Maastrichtian

Campanian
top 33 72.5

33r-34 80

top 33 72.3

33r-34 84.1

73

83

75

84
Santonian

Table 1. Ages (in Myr) of Late Cretaceous and Paleogene stage boundaries in different po-
lariíy time scales. In the time seale of LaBrecque el al? (1977) the correlations of stage boun-
daries are inferred from their assumed ages, except for the Cretaceous/Tertiary boundary
andin theLateCretaceous.Themagnetostratigraphiccorrelationsof stageboundarieswith
the polaritychronsin the timescaleof Lowrie andAlvarez(1981)arealso usedin thetime
sealesof Cox (1982)andBerggrenel al? (1985).
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