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INTRODUCTION

Palaeomagneticmethodsof analysishavelargely beenconcentrated
on distinguishingbetweenthe relativelyhardandsoft componentswhich
make up the natural remanentmagnetization(NRM) of sedimentary
rocks. Ihis hasbeenbecauseof the widespreadbeliefthat, in general,the
hardcornponentsareprimary in origin whule the soft componentsarese-
condary,havingbeenacquireda long time afler deposition.Also it is ge-
nerally assumedthat the primary componentsoriginate from depositio-
nal processesrathcr than diagenetie(post-depositional)alteration. Mag-
netic componentsacquiredby in situ alterationare usuallyaltributedto
chemical remanentmagnetization(CRM) with no more specific referen-
ce to tSeprocessesof magnetization.Furthermorethegeneralpracticehas
beenLo assumethat tSe magneticcomponentswith higherblocking tem-
peraturesor coercivitiesfaithfully record theambientgeomagnetiefield
at or neartSe time of depositiondespiteany direct geologicalevidence
of the age of tSe components.Ihis simplistie view of palaeomagnetism
arisesfrom tSe Neel equationwhich relatesrelaxationtime to coercive
force, particlevolume andtemperaturefor an assemblyof non-interac-
ting single-domaingrajos:

r =C exp(—vi,H~/2kT)

WhereC is thecharacteristicfrequencyof thermalfluctuation,vis tSe
particlevolume, J~ spontaneousmagnetization,H~ tSemicroscopiccoer-
cive force, k Boltzmann’s constantand1 is absolutetemperature.This
equationholds good given Pie constraintsindicated.However it is ob-
viousthat in naturemanyproblemswill arise.In sedimentaryrocksthese
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includechangesin particlevolumeandcompositionand theprecipitation
of comptetelynew magneticminerais.Mosí of the problemsarisedirectty
as a resultof diagenetieprocesses;theycanbe groupedinto threeciasses:

1. Post-depositionalchemical alteration of magnetiegrains (phase
transition).

2. Changesin the particlevolume(grain growth).
3. Neoformationof magnetieminerais(authigenesis).

Using datafrom continentalred bedsexamplesof theseproeesseswiil
be usedto demonstratehow theycanproducesecondarymagnetizations.
The role of the Neel equationin remagnetizationof red bedsin deeply
buried sedimentarybasinswill alsobe described.

LOWER PERMIAN OF THE SOUTHERNNORTH SEA; BURIAL
REMAGNETIZATION

The Lower Permianof the southernNorth Seais an excellentexam-
pieof an ancientdesertbasin(Glennie, 1985).It hasbeenburiedto depths
in excessof 3000mand is one of ihe UK’s principal gasreservoirs.Gas
andhydrocarbonexplorationin the areahasprovidedmuchboreholedata
from whichburial andthermalhistoriescanbe constructed(methodsdes-
cribedby Waples1980,andGuidishet al. 1985).Fig. 1 showsaburial bis-
tory diagramfor a southernNorth Seawell from which palaeomagnetic
sampleshavebeenstudied.Ihe diagramshowsthatthe Lower Permian(Le-
manSandFormation)reachedits maximumdepthof burial in lateCre-
taceoustimes(65 Ma) andwas thenuplifted (inverted)duringthe lower
Tertiary. With sornebasicassuniplionsof ihe regional geotberrnalgra-
dient (say 320 C/km) it is a simple malter to transposethe burial history
diagram into a horizon-temperatureplot (Fig. 2). This diagram is sig-
nificant becauseit shows, evenat a conservativeestimate,that the Le-
manSandFormationmusthavebeenburiedto a temperatureofover100’
C for a minimum of 150 Ma. Ihesedataprovidethe basisto test whe-
ther or not the LemanSandFormationhasbeenremagnetizedin accor-
dancewith the Neelequation.Mineralogicallythe materialis suitablefor
such a test sincethe magneticphasesconsist of an assemblageof fine
grainedpigmentaryhaematitewith no otherknownphases.

Pullaiah et al. (1975) calculatedblocking temperaturecurvesfor bac-
matitebasedon the Neelequation.Iheseareshownin Fig. 3. In particu-
lar theyshowthe relationshipbetweenrelaxationtime andblocking tem-
peratureas measuredin the laboratoryduring thermaldemagnetization.
For any given curve grains in Ihe areaLo the right would beliavesuper-
paramagneticallyandbecomeunblockedwhilst thoseto the lefÉ of thecur-
ve wouldremainblocked.The ateasA andB on Fig. 3 depictdifferences
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Fig. 2. Horizon-temperatureplot for theburial curvein Fig. 1. Note thetime-temperatu-
reparametersfor the LernanSand Fonnation.
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Fig. 3, Curvesshowingtherelationshipbetweenblockingtemperatureandrelaxationtime
fo,’ haemalite(afier Pu]laiah eta]. (J975»

in blocking temperaturespectra;A is thermally distributedwith a steady
NRM decaycurvewhereasfi is thermally discreteandwould showa fiat
decaycurve with a sharpshoulderaL the unblockingtemperature.For a
Formationsuchas theLemanSandtheburial history suggeststhatatem-
peratureof 550-600’C would be requiredLo removesecondarymagneti-
zationsassociatedwith burial.

Palaeomagneticresulis from boreholecoresof Llie Leman Saud1kw-
mationareconsistentwith ihe aboyepredictionsandfurthermoresuggest
that the haematiteu theserocks behavesas an assemblageof non-inte-
ractingsingledomainparticles.Fig. 4 showsthe resultsof thermaldemag-
netizationof two specimens.In both casesthe normalizedintensity de-
cay showsaprogressivelineardecreaseLo a blocking temperatureat 600’
C. TheNRM directionsin eachcasearecharacterizedby steeppositivein-
clinationsnearto the local geomagneticinclination value (699. Altbough
declinationis arbitrary in iheseunorientedboreholespecimensit is rea-
sonableLo assumethatthe Lwo directionsrepresentedarecloseLo thegeo-
magnetiedirection for the area.Theyprovide firm evidenceof remagne-
tization due Lo increasein temperatureand burial. Ihe negativediree-
tions which form end-pointin eachthermaldemagnetizationarenot sta-
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Fig. 4. Theresulísof partialthermaldemagnetizatienofa speciinenfroin theLemanSand
Formalion. Right: síereegraphicprejection, Left: normalized intensity decaycurve and
(enter:orthogonalpiel.

tisLically well-definedandcould representoriginal Permiancomponents
or possiblyreversedTertiary directions.

The significant thing aboutremagnetizationassociatedwith burial is
that it maybe very difficult Lo identify iii ancienírock sequences,parti-
cularly thosewhich havebeenstructurallyinverLed. Turner(1979)identi-
fied a distinctive type of magnetization(Type C) in ancienícontinental
red bedscharacterizedby closely gronpeddirecíionsnearlo the present
Earth field. It is quite possiblethat such sequencesrepresentstructurally
invertedbasinswhich wereremagneLizedduringdeeperburial eartier in
their geologicalhistory.

TRIASSIC REO BEOS FROM IHE UK: REMAGNETIZATION
ASSOCIATED WITH AUTHIGENESISOF IRON-T¡TANIUM OXIDES

TheTTiassicofihe UK comprisesasequenceof mixedfluvial andaeo-
liam sedimeniswith marginal marineclastics,and mudstoneswith eva-
poritesin the upperpart (seeWarringtonetal 1980). The diagenesishas
beenthe subjectof a numberof detailedstudies(e.g. Burley 1984 and
Fine 1987). In this sectionthe relationshipsbetweendiagenesisandmag-
netizationwill be described.Importantprocessesincludephasetransition
andIhe precipitationof authigeniciron oxides.Iran oxide diagenesiscan
be demonstratedto be closely linked Lo conventionaldiageneticproces-
ses,parLieularlythe alLerationof iron silicatesandLhe dissoluLionof iron
bearingcarbonates.
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In the St. BeesSandstones,a lower Triassicsequenceexposedon the
Cumbriancoastof England(TurnerandIxer 1977;Turner 1981) the ini-
tial measurementsof NRM indicatethepresenceof normalandreversely
magnetizedzones.During detailedtherrnaldemagnetizationofindividual
specimensit becomesapparentthat superimposednormalandreversed
componenLsare present.Fig. 5 shows a stereographicprojectionof site
meandirectionsafter blanketíhermalcleaningal 300’ C. It shouldbe no-
ted that the normal directionsare on averagesteeperthanthe reversed
onesand nearerthe presentaxial dipole for the area. Many sandstones

N

Fig. 5. Stereographicprejeetionef site mean directions frern the St. Bees Sandstone
(Triassic)of NerthernEngland.
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with abundantred pigmentaryhaeniatitecarrysecondarycomponentsof
magnetizationwhich arenearLo the presentEarthfleid directionandcha-
racterizedby amarkedlineardecayin normalizedNRM intensity(Fig. 6).
Suchcomponentsarebelievedto representLhe thermalinfluenceassocia-
ted with burial as describedaboyefor the Lowe Permianof the southern
North Sea.

Otbermaterialin the St. BeesSandstoneshowssuperimposedcompo-
nentsof magnetizationwhich areassociatedwith phasetransitionandthe
autbigenesisof iron-titanium oxides. The mineralogy of someof these
phaseshasbeendescribedby Ixer et al (1979). Fig. 7 showsthe resultsof
Ihermal ami chemicaldemagnetizationof asandstonewhiehcontainsno
pigmentaryhaematite,only coarseopaquematerial is present.Both the
chemicalami ibermal demagnetizationresultsshow the progressivere-
moval of a normalcomponentof magnetizationto reveal a higherbloc-
king temperaturereverseddirection.Theimplicationsof the chemicalde-
magnetizatonarethat the lower blocking temperaturephase(carrying the
normalcomponent)is moresolublein HCI thanthehigherblocking tem-
peraturephasewhich carnesthe reversedcomponent.Mineralogicalstu-
diesof this sandstoneshow that it containshaematitegrainswith abun-
dant syntaxial authigenicovergrowths.Ihese are most clearly seenin
SEM photomicrograpswhich reveal perfectly euhedralcrystalsof authi-
genichaematitegrowing into pore spaces(Fig. 8 A). Reflectedlight pho-
tomicrographsclearly indicatetheextentof Lhesenewlyprecipitated¡Am-
ses(Fig. 8 B, C) andX-ray scanningimagesshow that tbeyaregenerally
titaniferous(Fig. 8 D). Electronprobemicroanalysisconfirmsup Lo 6 wt.
% TÍO2.

Palaeomagneticcomponentsisolated from 11w thermal demagnetiza-
tion daLa revealthat the magnetizationof this sandstonecompnisesboth
normal andreverseddirections. Ihe bestestimateof thesecomponents
basedon Lhe Lechmqueof leasLsquaresfiL Lo daLapoinLs is: normalcom-
ponentDec=70’, Inc=+33’; reversedcomponentDec=l90’, Inc=—44’. It
can be seenfrom this that the two componenishe within an are being
directly antiparallelandit is quite likely that theycould representnormal
andreversedTniassicmagnetizations.the implicationsfor magnetostra-
tigraphic studiesin continentalred bedsare clear. Discretezonesof re-
verseandnormally magnetizedrock could reflect variationsin the reía-
tive amountsof authigeniciron oxidesratherthanchangesin thegeomag-
netiefleid directionat te timeof deposition.It shouldalsobe notedthat
diageneticzonationof this would be expectedtobeparallelLo beddingbe-
causeof the depositionalcontrol of detrital oxidesactingas nucleiLo dic
authigenicphases.Without detailedstudiesof diagenesis,apparentpola-
rity reversalssuch as that describedby Herrero-Berveraand Helsley
(1983) cannotbe regardedas unequivocalevidenceof geomagnetiechan-
ges aL or nearthe time of depositionin red beds.
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Fig. 6. The resulisefpartial thcrmal ami chemicaldemagnetizatienof a St. BeesSanste-
Be spccimenwhich hasabundantauthigenicpigmentaryhaematite.A showsa stereograp-
hic projection, B normalizedintensity decaycurvesand G erthogonalplois.

It is significantthat Lhe Triassicred bedssLudiedhererevealdifferen-
ces in the mineralogyof detrital andauthigenicoxide minerais. In gene-
ral the authigenicphaseshavelower blocking temperaturesdueparLly Lo
their grain size distribution and parLly to their composiLion.In particu-
lar, Litanium bearinghaematiteshavelower Curie temperaturesLhanpure
haematite.This means that partíal Lhermal demagnetizaLionmy be
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F¡g. 8. Petrographical features of llie St. Bees Sandstene,A. SEM photomicrograph sho-
wíng discrete crystals of aflatase and disc-Iike crystals of haematite grewing en a detrital
grain B. X-ray scanning image (Ti Ka) of a detrital haematitewith a syntaxial overgrewtb
of titanifereus haematite. C. Reflected light photemicrographof detrital haematite with
very large area of pere-fihling authigenic haematite. D. Detail of detrital haematite with sin’
gle syntaxial authigenic overgrewth. Ah the detrital hest graifis are SO-lOO ~stu ¡u síze.

effectivein removingdiageneticcomponentsof magnetizationrelative Lo
the higherblocking temperatureprimaryor characteristieremanence.
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THE PERMO-TRIASSICOF THE IBERIAN CORDILLERA:
REMAGNETIZATION ASSOCIATEDWITH SECONDARY
POROSITYGENERATIONANO UPLIFT

The stratigraphyandsedimentologyof Lhe Permo-TriassicconLinen-
Lal sequencesof the Iberian Cordillera havebeendescribedby Virgili et
al. (1983), SopeñaeL al. (1983)andRamoseL al. (1986). Previouspalaeo-
magnetieresulLs (Van der Voo, 1967 and 1969)detailedLhe rotation of
Iberia relaLive to the stable EuropeanpIaLe. A deLailed palaeomagnetic
studyhasbeenmadeof four stratigraphicaluniLs includingLhe AuLunian,
Saxonian,BuntsandsteinandMuschelkalk.

Autunian(Lower Permian)sedimentsaremainlynon-redalluvial fan,
lacustrineand volcaniclasticfacies which showexclusivelyreversedcha-
raterisLic magneLizaLionssimilar to Lhose describedby Van der Voo (1969).
The overlying Saxonian(UpperPermian)andBunLsandstein(UpperPer-
mian-Lower Triassic)are red in colour andshow much more complex
magnetizations.TheBuntsandsíeinin particularshowscloserelaLionships
betweenstructurally controlleddiagenesisandremagnetization.

Fig. 9 shows a stereographicprojectionof Lhe initial meanNRM di-
recLionsof alí the measuredsamples.Note how Lhe BunLsandsteindiree-
tionsgroupnearto the local geomagneLiedirection.When individualspe-
cimensaresubiectedto partial thermaldemagnetizationthenear-present
Earth field direction is exLremely stable. This is illustrated in Fig. 10
which showsno evidenceof any original characLeristicmagneLization.In
somecases(Fig. 11) thereis evidenceof arelict Triassicmagnetizationes-
pecially wherethereareabundanídetrital grains.

The remagnetizationof the Buntsandsteinwas probably a eomplex
process.Petrographicalstudies(Fig. 12) showa variety of iron oxide tex-
tural phases.Magnetiteappearsto be completelyabsenLanddetrital hae-
matiLesare rare,oftenshowingmuch alterationandcomprisingtiLanium
oxide intergrowLhs.One of the commonesttextural phasesof haematite
is microcrysíallinepore-filling andpore-liningmaLerialwhich hasformed
asa resulíof Lhe dissolutionof ironbearingcarbonatecement.Carbonate
dissolutionof this typeis knownto beassociaLedwith secondaryporosity
generation(Schmidtand McDonald, 1979). Sometimesthe post-secon-
daryporosiíy iron oxidesarecoarsergrainedandcanbe seenclearlypost-
datingsyntaxialovergrowthsof quartz (Fig. 12 E, F).

It is noL a straíghtforwardmatier to absolutelydateihe secondarypo-
rosity generationin theBuntsandsteinusingthe remanencedirections(cf
Elmore etal. 1985). Theauthigenichaematitemayhaveformed recently,
perhapsin associationwith the presentground water zone.AlternaLively
ihe haematitemayhaveformedat deeperburial depthsandremainedin
Ihe superparamagnetiestateuntil theremanencewas blocked-in,possibly
asarestilt of siructuralupUfí in recenítimes.It is interestinglo notethai
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site mean directions of Permo-Triassic sedi-Fg. 9. Stereographicprojeclion ef initial
mcntsfrom thenorthernIberian ranges.

earlierwork of Van der Voo (1969) placessorneconstraintson the rema-
nenceacquisition; characteristicmagnetizations(wherepreserved)must
havebeenacquiredprior to the roLation of Iberiawhereasthe secondary
magnetizationclearly took placeafter rotation.
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Fig. Ii. Photomicregraphsof detrital andauthigeniciron oxidesin the Buntsandsteinel
te northern Iberian ranges.A. Cempesitegrain of haematiteandtitanium oxide with a
stronglyembayedappearar¡ce,retlected Iight, oil. E. Porct’¡lling micrecrysrallinehaeniatite
andclayminerais,reflectedIight, oil. C. Detrital haematitewith pittedappearanceandaut-
higenic prejectionson left andright side reflected light, oil. D. Biotite partly replacedby
haematitecrystalsparallelte cleavageplanes,reflectedlight, oil. E,F Pore-fllling authige-
níc haematitepestdatingsyntaxialquartzovergrowsths(E thin section iii ppl, F reflected
ligbt, oil). Al] photomicrographs are approximatcly 150 u m lo width.

E,
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CONCLUSIONS

‘¡he describedexamplesshow sorneof the ways in which diagenetic
processescan generatesecondarymagneLizationsin continentalred bed
sequences.Similar processesare importanLin alí sediments,but particu-
larly thosewhich aresubiecLedto deepburial andwhich retain sufficient
porosity to facilitate diagenetieprocesses.The bestpotentialmaterialsfor
palaeornagneticstudyareLhosein which diagnesiswasrapidly completed
and subjectedLo only shallowburial.

In practicaltermsdiagenitically-inducedmagnetizaLionscanbe prefe-
renLially removedby paTtialLhermaldemagnetizaLionbecauseof inhereuL
differencesin ihegrain sizeandcompositionof auLhigenicminerais.Ho-
wever, it is quite conceivablethat rnany sedimentshavebeencompletely
remagnetizedandas such arevery difficult to detectin nature.‘¡his is es-
pecially so where superimposedmagneLizationsshow apparentpolariLy
stratigraphywhich is beddingparallel.

Palaeornagneticstudiesshould always be accompaniedby relevant
rock rnagneticand mineralogicalstudiesin aLtemptsto ascertainthe age
of theremanence.GeologicalentenasuchasstrucLuralandburial history
rnay providecrucialclues to rernanenceacquisition.‘¡he establishedfleld
testsof remanenceage (fold andconglomerateLests)should also be ap-
plied whereverpossible,althoughin themselvesthey do not proveLhat
magnetizationanddepositionalage werecloselycoincident.
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