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INTRODUCTION

The principIesandinstrumentationof palaeomagnetictechniquesare
now well established(Collinson, 1983; Tarling, 1983; O’Reilly, 1984)and
will not be discussedhere,but the scaleandvariety of problemsto which
palaeomagnetictechniquescanbe appliedare still not widely apprecia-
ted. Different typesof applicationwill be discussedin the contextof pre-
vious, presentand future studieswithin the Ibertan peninsula.Sorneles-
sonslearnt from someunpublished«negative»resultsfrom Iberia will be
outlined,but no specificreferencesaremadeto subsequentarticlesin this
publicationas this article is NOT intendedas a reviewof current activi-
ties. However, mostof the following papersillustrate manyof the points
madehere concerningpalaeomagneticapplications.Ihe potential for
magneticfabrics and of archaeomagneticstudieswill alsobe discussed,
althougha magneticfabric doesnot haveanydirect relationshipwith the
naturalremanenceassociatedwith conventionalpalaeomagneticanalyses.
Thetopiesdiscussedare(a) dating, (b) structuralstudies,(e) magnetiefa-
brics, (d) sedimentation,diagenesisandsediform ore deposits,(e) depth
andduration of burial, (fl intrusive mechanismsanddurationof burial,
(1) intrusive mechanismsand igneousores,and(g) archaeomagneticand
Recentvolcanieactivity.

DATINO

Palaeomagnetismcanbe usedfor both absoluteandrelativedating.
On scalesof 102-4 yearsusing secularvariation, 1 0~ yearsusing polarity
reversals,and 1068 yearsusingapparentpolarwanderpaths.
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i) The geomagneticsecularvariationsin direction take placeat sorne
0.2-0.4’ ¡ year.As directionsof remanencearegenerallydeterminablewit-
hin about ±It and systematic errors (refraction, magnetic interac-
tion, etc.),areof theorderof 3-5’, thepotentialaccuracyfor magnetieda-
ting overarchaeologicaltime-sealesis of theorderof ±10-15years.This
level of precisionis much greaterthanfor mostscientific datingmethods
over archaeologicaltime scales.Clearly, the dating of pre-historiclavas
in theCanaryIslandscould readily be undertakenby extrapolationof ar-
chaeomagneticrecordsfrom southernSpain andMorocco. No archaeo-
magneticstudiesare currentlybeingundertakenin the IberianPeninsula,
yet the establishmentof a secularvariation referencecurve would have
immediatevaluefor datingover this time-scaleaid, particularlywith pa-
laeo-intensitydeterminations,would alsoprovidesigniflcant information
for understandingthe long-term behaviourof the geomagneticfield. The
establishmentof an archaeomagneticrecord for the IberianPeninsulais
also of considerableimportancefor determiningthe spatialvariation of
the geomagneticfield during the last 2,000 yearsor so as such records
couldbedirectly relatedto thoseestablishedin Franceandcurrentlybeing
investigatedin North Africa. It is also relevantthat the symmetricalsha-
pe andsealeof theIberian Peninsulameansthat resultsfrom anyonelo-
cality can be extrapolatedover the entire Peninsulawith errors of less
than 1’ if using an inclined dipole model for the geomagneticfleld to
correctto a central location, such as Madrid.

u) The fact the geomagneticfleld periodically, but irregularly, chan-
gespolarityprovidesaglobal, ¿ssentiallyinstanteneousseriesof time mar-
kers. The durationof apolarity changeappearsto be sorne10,000years
in intensity,with thechangein directiontakingsorne3,000years.The fre-
quencyof such changesare very variable, with about three per million
yearsduringthe Cenozole,possiblyevenmorerapidly duringtheTilas-
sic,but therewas constant(normal)polarity for some50 million yearsin
the Cretaceousandwell over 50 million yearsof reversedpolarity which
includedthe entirePermianperiod.Relativedating, using this method,
15 simple. Rockswith different polaritiesmust haveacquiredtheirmag-
netizationat different times,althoughthe converseis not necessarilytrue.
Absolutedatingis difficult, uníesstheapproximateage is alreadyknown,
as no magneticpropertiesareyetknownto distinguishbetweenpolarityzo-
nesof differentages.Thetwo most commonabsolutedatingapplications
are(a) the usefor sea-floormagneticanomaliesin which the relativedu-
ratinis of cach polarity zonecan be determinedas-sumingconstantsea-
floor spreadingrates- the polarity sequencethenbeing comparedwith
the establishedpolarity scale.(b) Ii Miocene-Recenttimesin particular,
theapproximateages,basedon either radiometricor biostratigraphyme-
thods,canbe supplementedusingthe moredetailedMiocene-PliocenePO-
larity sequence.However,theabsenceof normalpolaritieswithin thePer-
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miancanbeusedto distinguishbetween,for example,PermianandTrias-
sic sandstones.It is alsorelevantthatpolarity changesareglobal andhen-
cethedeterminationof theabsoluteageof anypolarity changeis of world-
wide importance.For example,the recognitionof the samepolarity tran-
sition in the Carboniferoussequencesin the Iberian Peninsulacould be
usedto matchwith similar zonationsin North America,U.S.S.R.,China,
Gondwanaland,etc., andhencetest modelsfor global sea-levelchange,
etc.

iii) The geomagneticfield, when averagedover >6-8,000 years,
correspondsto a field that would be producedat the surfaceas if the
Earth’s magneticfield was causedby a simple bar magnetat the centre
of the Earth, i.e. a geocentricdipole field, which, over last few million
yearshasbeenalignedalongthe Earth’s axis of rotation.However, over
geologicaltime, eachtectonicplate movesrelativeto theaveragegeomag-
netic pole position. This, in effect, resultsin agradualchangein the lo-
cationof the geomagneticpole relative to that plate, i.e. it results in an
«apparentpalaeomagneticpolarwandercurve»,with theapparentrateof
polarchangein fact reflectingthe rate of motion of the plate,particularly
anyrotationsabouta vertical axisandchangesin paleolatitude.The de-
terminationof the palaeomagneticpole for rocks of unknown age thus
enablesthe dating of their magnetizationby comparisonwith the esta-
blishedpolarwanderpathfor that tectonicplate. The uplift of previously
buriedrockscanbe datedby this means,as canthecooling following ther-
mal heatingassociatedwith fault activity, regionaligneousevents,etc. In
the caseof Iberia, dating by this methodis complicatedby the indepen-
dentmotion of Iberia, relativeto bothEuropeandAfrica. At the moment,
correctionfor thesemotions are requiredfor dating usingeither the Eu-
ropeanor African potepath.Obviouslyan Iberianpolar wanderpath is
urgently required,but the internaltectonicmobility within the Peninsula
makesthis particularlydifficult for pre-Permiantimes.Nonetheless,such
problemsonly temporarilyinhibit absolutedatingandrelativedating- ba-
sedon the simplecomparisonof palaeomagneticpole positions- can be
of major importanceas this still enables,for example,thedistinctionbet-
ween syngeneticandepigeneticore depositson the basisof their relative
magneticages.

STRUCTURALANALYSES

The applicationof palaeomagneticstudiesfor the determinationof
continentaldrift is well known andstudiesof Triassicrocks in northern
Spainwereamongstthe first to demonstrateinter-continentalmotionsal-
though the more detailedstudiesof structurally allochthonousareasof
westernNorth Americaarenow morewidely known. This largely reflects
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thepaucity of subsequentpalaeomagneticstudiesin the IberianPeninsu-
la, although sorneof the earlier (unpublished)studiesin the late 1 960s
andearly 1 970s, by the authorand colleagues,were hamperedby sedi-
mentologicalandstructuraldifficulties. Two examplesof the formerare
Permo-Triassicred bedsin the BalaericIslandsandthe Betics, while an
exampleof the latter is of Cretaceousophiolitesin the northernAsturias.
The study in the Betics also involved igneousrock problems,thoughtto
be associatedwith magnetieanisotropy.

a) TheBalearieIslands.Extensivesamplingby E. HalvorsenandE.A.
Hailwood of Permo-Triassicsandstonesyieldedstable,but very scattered
directions,althoughmostly falling into a single hemisphereandihus in-
dicatinga reversedpolarity. The conclusionwasthat coarsegrained,par-
ticularly cross-bedded,sandstonesare inadequaterecordersof the past
geomagnetiefleld; samplingin suchareasneedstobe concentratedon silt-
gradesedimentsand on carbonates.(No studyof the Iberiancarbonates
wasmadeaí thai time as ihesewereconsideredunmeasurable,but these
now offer sornepotential, although carbonatesare now turning out to
show complex magnetichistories that are commonly difficult to decip-
her.) It was also of interestto note the difficulty in determiningtectonic
tilt correctionsin bedsshowingdifferentialcompaction.In oneoutcrop,
in centralMallorca, the bedscanbe seento be dippingas a single tecto-
nic unu, but in a road cutting through the unit, local dips of the most
shalyhorizonsdifferedby up to 40t It is on this experiencethat it is sug-
gestedthatthelargesterrorsin palaeomagncticstudiesderivefrom thede-
terminationof the true tectonictilt.

b> The Bebeand Rif Are. Extensive sampling of Permo-Triassic
sandstoneson both sides of the Alboran Seawere undertakenby E.A.
Hailwood, E. HalvorsenandD. H. Sutton.The rocksshowedsimilar pro-
pertiesto thoseof the BalaericIslands,i.e. stable,but very scattereddi-
rectionsof remanence,generallywith a southerlydeclination.Thesepro-
pertiesarenow well documentedin many othersandstones.

Miocenevolcanicswerealsostudiedfrom thesetwo areas.Thesesho-
wed quite stable,but internally inconsistentdirectionsof remanence.No
detailedexaminationwas madeof the causeof such observations,alt-
houghit was consideredthat the mostlikely causewould havebeenmag-
netie anisotropyprobably associatedwith the visible fiow bandingin the-
se lavas.

c) Cretaceousophites.Outcropsoftheserocksweresampledby K. W.
Stauffer in order to testmodelsfor the openingof the Bay of Biscay.Alt-
houghof generallypoor stability, the directional scatterwas still excessi-
ve for any standardtectonic interpretation. The reasonfor this is not
clear, but it is almost certainly duedo the complexity of the local tecto-
nics in the area.Theseare now betterunderstoodthanat that time, and
propertectoniccorrectionscould possiblybe appliedto thesedatanow.
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Conversely,suchdatacould now be usedto delineatesorneof thestruc-
tural controlswithin this region,but theseare no longeravailable.

Such examplesdemonstratethe needfor very careful selectionof the
litho]ogiesbeingsampled,andthat theinterpretationcanonly be as good
as the limits of local geologicalcontrolsareknown. It is particularly im-
portant that any palaeomagneticresults only apply, strictly, to the sam-
pling locality itself. This could, for example,turn out to be an isolatedtec-
tonic unit - or evena largeisolatedblock exposedin a road-cuttingbut
not connectedto the local basament.In such circumstances,apartfrom
paleolatitude,the palaeomagneticdatacannotbe interpretedin termsof
regionaltectonicsand the extrapolationof such datato a wider areacan
only be undertakenon the basisof good field work, preferably supple-
mentedby further palaeomagneticsamplingto determinethe degreeof
autochthonyof the sampledarea.

A furthermajorproblemis thatthe datingof therotationsmustbe ba-
sed on a knowledgeof the age of the remanence,which may be signifi-
cantly younger than the age of the rocks themselves.Demagnetization
analysesto showthat the remanenceis stableis only evidencethattheob-
servedremanencecouldhave beenacquiredat the time of formationof
the rock itself, i.e. primary, but is not, in itself, sufficient evidencethat
it is primary. As most rocks usually containseveral componentsof mag-
netization, the age of eachcomponentmust be determinedbefore a fulí
interpretationcanbe attempted.Again, an assessmentof the age of each
componentis critical and it is inadequateto assumethat the most resis-
tant(highestcoercivityor highestblockingtemperature)componentis ne-
cessarilythe oldest. Secondaryhaematite,for example,maywell carry a
much more stable remanencethan a primary magnetizationcarried by
magnetite.

Age determinationsof magnetiecomponentsare almost entirely ba-
sedon consistencytests,i.e. eachgroupof sitesof similar ageshouldhave
a similar directionof remanenceassociatedwith that age.If rocksaresuc-
cessivelyrotatedbackthrough the sequenceof rotationsindueedby tec-
tonie activities,thensuchconsistencyshouldbe detectedator duringone
of the rotations,or, ifpre-folding andhencepossiblyprimary,afteralí tec-
tonie correctionshavebeenapplied.Nonetheless,suchtestsarenot sim-
ple, statisticallyor geologically.Statistically,extensivesamplingis desira-
ble within eachof the separatetectonieunitsandthe sitesbeingcompa-
red should be at similar stratigraphiclevels. Thereis alsouncertaintyas
to which level such tests should be conducted - specimen,sample,si-
te, etc.; the site level being the most conservative.However, such pro-
blemsare small comparedwith the needto undertakecorrections,gra-
dually going back in time, for eachphaseof tectonicrotation. Further-
more,mostsimpletectonicrotationsassumesimpleblocktilting, but duc-
tile deformationis commonly presentand correctionsalso needto be
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madefor the effectsof plunging fold axes,etc. Evenwhen completed,the
datamayonly thenindicatethat the remanencewasacquiredprior to the
deformationandthe age of the remanencecould still be associatedwith
pre-foldingchemicalchangeslong after the formationof the rocksthem-
selves.The most importantrealiability criteria is, therefore,that the di-
rectionsof magnetizationcorrespondwith otherdirectionsknownin age,
i.e. dating by comparisonwith an already establishedpolarwandercur-
ve. However,suchcurvesarestill poorly definedfor eventhe majorcrus-
tal blocks, particularly in the Mesozoic,andthereis inadequatedef¡ni-
tion of the presentIberian polar wandercurve for this period also. For
oldertimes,it seemsprobablethatdifferentpartsof Iberiamaywell have
formed partsof separatetectonicplates,eachrequiring their own curve
to be defined.However, it is important to note that, even for Precam-
brianandPalaeozoicrocks,secondarymagnetizationscanstill be usedto
definelatertectonicactivity, particularlyif theage of suchmagnetization
can be determined,e.g. many Lower Palaeozoicandolder rockspossess
aPermianremagnetizationthatcanbe usedto determinethepositionof
eachunit at that time andthento determinethesummationof postPer-
mian tectonicrotations or tilts. The numberof structuralprob]emswit-
hin theIberianPeninsulais almostinfinite, andreflectmanyradicallydif-
ferent tectonic regimes. The applicationof palaeomagnetictechniques
could tliereforebe not only locally interestingbut would enabledifferent
hypothesesof tectonicevolutionof global interestto be tested.

MAGNETIC FABRICS

A wide variety of methodsexist for determiningpetrofabrics.In zo-
nes of strongdeformation,fleld measurementof deformationstructures
is particularlyeffective,but theseofien needto be supplementedby analy-
sesof the petrofabricsof individual orientedsamples.

Most of thesemethodsaretedious,e.g.thedeterminationof theorien-
tation of the c-axesof quartz or x-ray analysesof theorientationof clay
minerals requiresskilled operatorsandconsiderabletime. In contrast,
measurementof petrofabricsby magneticmethodstakesonly 2 or 3 mi-
nutesandis remarkablyprecisefor low strains,i.e. it candistinguishadif-
ferencein grain shapeassociatedwith magneticsusceptibilitydifferences
of sorne 1:106. However,the methodis not soeffectivefor largedeforma-
tions, e.g. > 10:1 althoughsuchlargestrainsare, in anycase,usuallyrea-
dily measuredin the field. However, the magneticfabric is asummation
of thegrainshapesof themagneticminerals(orparamagnetisman/orelec-
trical conductivity in rockscontainingno magnetieminerais)anddiffe-
rent componentsarenot normally distinguishable.Nonetheless,the high
sensitivity for low strain andthe speedof measurementmake this me-
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thod idealfor theanalysisof weaklydeformedrocks,e.g.sedimentaryand
diageneticfabrics,weak folding, etc., andthe speedof measurementbut
summationeffects meansthat it haspotential as a reconnaissancetech-
niquewhich canbe usedto determinetheareasrequiringmore detailed,
time-consumrngstudy1,>’ standardmethods.

In the IberianPeninsula,thereareinnumerableproblemswheresuch
techniquescould, andshould, be applied. It is, for example,possible to
determinethe strain history of a region by examiningrocksof different
competencewithin it - 11wmosícompetenírefleeting1kwhigheststraín¡m-
posed,andthe lowestcompetencereflecting the last strain.As the sizeof
orientedsamplesfor both magneticfabric andpalaeomagneticmeasure-
mentsare the same,it is sensibleto combineboth formsof analysis.Ho-
wever,it is importaníto síressthatmagneticfabricdeterminationsareha-
sedon the entire magneticmineralogypresentin a rock, while therema-
nenceusedin palaeomagneticanalysesis usuallyonly carriedby <5 % of
the total magneticminerals.Both methodsare, in fact,absolutelyanden-
tirely independentof eachoíher, buí eachiníerpretaíionis enhancedby
the controlsprovided from the othermethod.

SEDIMENTATION, DIAGENESISAND SEDIFORM ORES

The processesof sedimentationanddiagenesisinvolve both physical
andchemicalprocesses.(a) Ihe physicalprocessescancausecompleteor
partial alignmentof alreadymagnetizedparticles - depositionalor post-
depositionalremanence- andthenetorientationof alí of the magneticmi-
neralscan be determinedfrom their magnetiefabrie. The latter canthen
be interpretedin terms of the previouscurrent direction,becauseof the
imbrication of the magneticminerals, and the velocity is indicated by
their alignmenteitherparallelor perpendicularto theimbrication.(b) The
chemicalprocessesusuallyinvolve magneticmineralsdirectlyas theseare
particularlysensitiveto the redoxconditions,but new magneticminerals
commonly form from changesin otheriron-bearingminerals.The diag-
netiechangesof olivines,pyroxenes,amphibolesandmicas,for example,
commonly result in the formation of authigenicmagnetiteor haematite.
Such chemicalchangeshave associatedchemical remanenceswhich, if
isolated,can thenbe usedto determinethe age of the chemicalchange.
Similarly, the magneticfabricschangefrom thoseassociatedwith deposi-
tion.

The modeof formationof sediformmineraisis still largelyuncertain.
Studiesof the influenceof palaeomagneticfactors,as indicatedby thepa-
leolatitudeof the associatedremanences,combinedwith magneticage re-
lationships,are beginingto provide vital constraintsthat enablean as-
sessmentof the relativeimportanceof igneous,sulphideor sulphatesour-



18 D. II. Tarling

ces, and the precisestructuralregimesin which such palaeoclimaticin-
fluencescan havean effect on the original mineralizationor its superge-
ne enrichment.Suchstudiesarethusof global importanceas wdll as being
of local economicinterest for thepredictionof the natureandcharacte-
ristics of particularsedi-formores.

METAMORPI-IIC ROCKSANO TI-lE DEPTH AND DURATION OF
BURIAL

Thegradualchangefrom diagenesisto metamorphicis difflcult to de-
fine, but is generallytakento be the onsetof greenschistgradeat about
300~ C. If Ihe pastbuilal temperaturecan be determinedon the basisof
the relationshipsof the metamorphicminerals,thedurationof burial can
be determinedby determiningthe amountby which the observedbloc-
king temperatureexceedsIhe burial temperatureas this directly reflects
thedurationof the burial at that temperature.Unfortunately,suchcalcu-
lations areusuafly complicatedby accompanyingchemicalchanges,with
associatedremanences,at such times.Nonetheless,the time of uplift can
be determinedas the magnetizationassociatedwith eithercooling or la-
te-stagechemicalchanges.This magnetievectorcan alsobe usedfor de-
terniining the three-dimensionalorientationof the tectonieunit at the
time that the magnetizationwas acquired.

INTRUSIVE MECHANISMS ANO IGNEOIJSORES

The width of metasomaticactivity associatedwith an intrusive, and
particularlythe ore depositsassociatedwith such hydrothermalactivity,
arevery dependenton the drynessof thecountryrocksandof the intm-
sion. The magneticmineralogyof the countryrocksis particularlyaffec-
ted by such activity - with themostwidespreadchemicalactivity associa-
ted with the highestfluid content.The zoneof mineralogicalalterationis
therefoTecommonlydelineatedby iheoccurrenceof magnetiemineralen-
hancement.The ageof magneticminerais,and theassociatedmineraliza-
tion, can thenbe determined.

Magnetic fabries can be used to comparethe petrofabricsin the
country rock, metamorphiczoneand within granitesto determinewhe-
therthe intrusionswerepre-, sp- or post-tectonic.Thc fabriesin the me-
tamorphicaureolealsodefineIhe intrusivemechanism,while the fabrics
in the intrusives,whethergranitesor dykes, provideinformation on the
sourceandmotion of the magma.
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ARGHAEOMAGNETISMAND RECENT VOLCANISM

Althoughno archaeomagneticwork hasbeenpublishedfor the Iberian
Península,suchdataareof fundamentalgeophysicalinterest.It is parti-
cularly relevant that sorneof the most extensivegeomagneticrecord in
the world areavailable,e.g. at Coimbra,which would enabledirect eva-
luation of the technique.The main geologicalapplicationof such obser-
vations is likely to be for dating Quaternaryvolcanismandsedimenta-
don. Simijar techniquesmay be appjicab]efor older deposits,possibly
evaluatingthe rateof depositionof sediments,but theseare, as yet, lar-
gely untried applications.

CONCLtJSIONS

The potential for palaeomagnetictechniquesin Iberia is clearlyvast.
However, thisis alsoan indication of sorneof thefundamentalproblems.
The major problem, in most cases,is that the age of the magnetization
maywell post-datethe geologicalage of the rocksthemselves,althoughit
is commonly assumedthat a stable remanentmagnetizationis likely to
be of primary origin. Such later magnetizationcan also ariseas a result
of time, subsequentchemicalchangeor laterheatingandcooling.In many
instances,the time dependentmagnetizationdoesnot createdifflculties,
but it is commonlydifficult to isolatelater remanencesassociatedwith bu-
rial heatingand cooling, from those associatedwith chemical changes,
possiblyassociatedwith the sameevent. In many instances,it is not re-
levant whetherthe secondarymagnetizationsare of termal or chemical
origin, as they still enablethe studyof that event.Nonetheless,in most
cases,it mustbe assumedthat thesetwo remanentcomponentsaresepa-
rable, or that oneis so dominantthat theother canbe ignored.Suchas-
sumptionsmustbe evaluatedduringthe final interpretation.

Oneof the main featuresof palaeomagneticstudiesis thattheyare re-
latively cheapand the resultsareinterpretablein termsof a rangeof geo-
ldgical problems.I-lowever, as with most techniques,theyare optimized
when otherconstraintscan be placedon the problem. It is vital that Pa-
laeomagneticstudiesin Iberia, andelsewhere,areundertakenin the cío-
sest possiblecollaborationwith fleld geologistsfamiliar with the local
area. Nonetheless,other thancompletelyunstableremanences,it is rare
that themagneticpropertiesof rocksdo not provide highly significantin-
formation on the agesandtectonicstructureof a region.
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