
~1

PaleomagnetieStudyofTectonieRotations
iii theEasternBeticCordillera, SouthernSpain

Estudiopaleomagnéticoderotacionestectónicas
en lasCordillerasBéticasorientales

SIMON ALLERTON, JOHN PiAn, ELLEN 5. PLATZMAN,

ELIzABETH MCCLELLANO y LIDIA LONERGAN

Departnientof Earth Sciences,
Universityof Oxford, ParksRoads,OxfordOXI 3PR,U. K.

ABSTRACT

To investigatethetimingoftectonicrotationoftheBetic Cordillera,apalaeomagnetic
studyundertakenin a Permo-Triassicto upperMiocenesedimentarysuccessionin the
SierraEspuña,partof theMalaguideunit of the Internal Zonesof Betic Cordillera,has
beencompleted. Sites from Upper Miocene, Upper Oligocene,Oligocene,Upper
JurassicandPermo-Triassicsedimentshaveyiededusefulpalaeomagneticresults.These
resultssuggestthattheSierraEspuñarotated2000clockwiseasa coherentblockbetween
early-middleMioceneand late Miocenetimes.

In a studyof thedistributionof rotationaldeformationin theExternalZones,21 sites
from the Subbeticand 1 from the Prebetichavebeensampledin the UpperJurassic
ammoniticorossofacieslimestones.In themajorityof these,a hightemperaturecompo-
nentcanbe identifiedwhich passesfold tests(middleMioceneage)anda conglomerate
test(Eocene-earlyOligoceneage).

Palaeomagneticdeclinationsfrom individual tectonicblocks in the Subbeticare
consistent,butindicatedifferentialrotationsbetweenblocks.Thelargestrotationsoccur
on relativelysmall isolatedblocksof Jurassiccarbonatesin a highlydeformedTriassic
evaporitesequence.Thesinglesite in thePrebetichasnotrotatedsignificantly relative
to stabieIberia.

Thedominantstructuralstyle in the easternSubbeticis oneof southeast—to east-
directedornorthwest—towest-directedthrusting,locallyassociatedwithdextralstrike-
supfaulting,obliqueto themarginof Iberia.Thisobliquedextralconvergenceduring the
early-middleMiocenecanaccountfor the patternof rotation in theSubbetic.

Físicade la Tierra, nY 4, 185-204,Editorial Complutense,Madrid, 1992
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INTRODUCTION

TheBetieCordilleraof SouthernSpainis thewesternmostpartof theAlpine
chain.It is dividedinto anInternalZoneof mostlymetamorphicrocks(eg. Egeler
andSimon, 1969;Torres-Roldán,1979)andthe ExternalZonesconsistingof
fold ¿md íhrustbeltsof unmetamorphosedMesoziclo Tertiary sediments(cg.

Hermes,1978).
In theInternalZone,pre-Triassicrocksarefully involved in thedeformation,

whereasin the External Zonesno rocksolder thanTriassicareexposedat the
surface,andtheydo notappeartobeinvolvedin thedeformation.Compressional
tectonicsin theExternalZonesstartedin earlyMiocene(Burdigalian)timesand
continuedon into the Late Miocenein the mostexternalpartsof the thrust belt
(García-Hernándezet al., 1980). In contrast,deformationin thc Internal Zone
startedat least in Palacogeneandpossibly asearly as Late Cretaceoustimes
(Monié el aL, 1981). The ExternalZoneitself is subdivided into an external,
Prebeticzonecomposedmostly of shelf sedimennísand a SubbeticZone of
basinalsediments.

The natureof deformationis the subjectof debate.Many workers have
consideredthe ExternalZonesto bea classicforelandfold and thrustbelt to the
Internalzone,with thrusttransportdominantlydirectedtoIhenorthor northwest
(cg.EgelerandSimon,1969;Paquet,1969,García-Hernándezeta!., 1980;Banks
andWarburton,1981).Othershaverecognisedthe importanceof south-directed
back-thrusting,particularly along the southern margin of the Subbetic

(McGillavray, 1964).Yet othershavenotedtheimportanceof dextralstrike-slip,
paríicularlyin LateMioceneto Recenttimes(Hermes,1978;Paquet,1972;De

Smet,1984,andLeBlancandOlivier, 1984).
Recentpalaeomagneticstudiesin the Externalzonehavedemonstratedthe

existenceofsignificantroíationsaboutverticalaxes.Oseteeta!. (1989)suggested
íhat thesemay either be related thrusting in middle Miocene times or to
subsequentstrike-slipin late Miocene-Recenttimes.Somepreliminarywork in
theeasternBetics(OggelaL, 1988;OseteelaL, 1989)hassuggestedthatrotational

deformationdoesnotfollow therelativelysimplepatternobservedin Ihewestern
Beties.

In thiscontributionwereporta summaryof theresultsof two linked palaco-
magnetieandstructuralstudieswithintheeasternBetics(figure1): aninvestigation
of the timing of rotational deformationin an unmetamorphosedsequenceof
MesozoicandTertiarysedimentsfromthestructurallyhighestunit oftheInternal
Zonein theSierraEspufia(Allerton andLonergan,submitted);anda studyof the
variationin rotationwithin UpperJurassicammoniticorossofacieslimestones
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acrosstheeasternSubbetic(Allerton et aL, submitted).Thesestudiesform part
ofamajor,ongoing,researchprojectinto thetectonieevolutionof theGibraltararc.

PALAEOMAGNETIC STUDY

Techuiques

Typically,between8 and14 standard2.5cmdiametercoresweretakenfrom
eachsite. Rockmagnetisationsweremeasuredin Oxford usingthe CCL cryo-
geniemagnetometer.Standardtreatmentinvolvedstepwisethermaldemagncti-
sation,althoughtafew samplesweredemagnetisedusingalternatingficíd tech-
niques.Directionswereanalysedusingprincipalcomponentanalysistechniques.
To investigatethemagneticmineralogy,IRM acquisitionandthernialdemagne-
tisationof two componentIRM experiments(Lowrie, 1990)werecompleted.

Tim¡ng of Rotation:SierraEspuñaStratigraphicSection

To determinethetiming of rotationaldeformationin thc EasternBetics,we
havesampledasequenceof unmetamorphosedMesozoicandTertiarysediments
of the Malaguideunit of the Internal Zonesin the SierraEspuña.Althoughthis

unit hasenjoyeda differentstructuralhistory to the SubbeticZoneto thenorth,
it doespreservea near completeTertiary sequence(usually absentfrom the

Subbeticstratigraphy)including somesedimentssuitablefor palaeomagnetic
study.The SierraEspuñahasbeenthesubjectof adetailedtectonieanalysisby
one of us (Lonergan, 1991), providing invaluable structuralcontrol for the
interpretationof the palaeomagneticdata.

The Permo-Triassicto lowerEocenerocksof the SierraEspuñawerethrust
into an imbricatestaekin late Eocenetimes. Deformationpropagatedinto the

forelandbasinin the lateOligocenewith renewedthrusting.Subsequently,the
whole stackhasbeenfolded into anorhtwest-vergentregionalrecumbentfoid,
theEspuñafold,duringtheearlyto (2) middleMiocene.Early in middleMiocene
time Subbeticrocks were thrust south-eastover the Internal Zone along the
Internal/ExternalZoneBoundary(JEZB). Subsequentlyin the middle to late
Miocene, the thrust stackwas dissectedby normal faults. Minor strike-slip
faulting hasalso occurredrelatedto neotectoniecventsin the Betierealm.
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Palaeomagnet¡cResults

UpperMiocene

UpperMiocene,Tortonianmarinemarísfrom a conglomerate/calearenite-
marísequencein theNeogeneextensionalbasinon theeastemedgeoftheSierra

Espuñaweresampledattwo localitiesabouttwo kilometresfrom thebasinmar-
gin. NRMintensitiesarerelativelyhigh,upto 9mAIm.Themagnetiemineralogy
is dominatedby ahigh coercivity,high blockingtemperature(6500C) phase;
presumablyspecularbaematite(Collinson,1974).

Thermaldemagnetisationrevealsclear,stable,north-downdirectedcompo-
nents.As theserocksarenot folded,no fold test canbe applied,so it is difficult
to assesstheageof themagnetisation.Themeandirection(declination= 3510,

inclination = 430, a95 = 110,table 1) is within errorof theMiocenereferencedi-
rection,soif this componentisprimarytherehasbeenno rotationsincetheupper
Miocene.

UpperOlígocene-LowerMiocene

Red,yellow, andgreymarísinterbeddedwithcoarsesandstoneandpolymict
conglomeratesmakeuptheUpperOligocenetoAquitanianAmalayaFormation.
Red marísof the Amalayaformation weresampledfrom 6 sitesat 3 separate
localities. the magnetisationis dominantly carriedby a high coercivityphase
(probablyhaematite)whichtypically unblocksby about6500 C.NRM valuesare
in therange0.25mA/m-2.5mA/m.A high-temperaturecomponentexistsin most
samples,altboughit is often difficult to define, beingpartially os completely
overprintedby a lower-temperaturepresent-fieldcomponent.To define our
high-temperaturecomponent,wehavereliedon only thosesampleswhichyield
a clear, discrete,well defined,high-temperaturecomponent.The fold test is
positive,andsignificantat the 95 % confideneelevel, indicating thatthe mag-
netisationpredatesthe formation of the fold. The meandirection (declina-
tion = 1420,inclination = 420, a95= 11v, table1)of thestablecomponentindicates
arotationof about1400±110cloekwise.

Oligocene

Oligocenecarbonateconglomeratespassbothdistallyandupwardshitopale
greycalcareousmaríswith thin interbeddedcalcareniteandrarebioclasticbeds

(describedasFaciesC of the BosqueFormationin Lonergan,1991).The marís,
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sampledin two sites,oneon eachlimb of aminor(2-3mwavelenght)anticline,
gayestablecomponents.The initial intensitieswere relativelyweak,varying
from 0.1 to 0.3mA/m.

Ihe magneticcarrierscouldbe separatedinto highcoercivity/low temperature
phase,probablycarried by goethite,and a higher temperature,lower coercivity
phasewhichcarnesthe charateristieremanence.Asthermaltreatmentstartedto
produceadditionalphasesaboyeabout200> C(asindicatedby an increasein the
bulk susceptibility),a compromisetreatmentprocedurewas devised:a low-
temperaturestep of 1500 C removedthe low-temperaturecomponent.A. F.
treatmentthenisolatedaconsistentsignal,evenwith verymagnetisedsamples.

Thefold testis significantlynegative(at 95 %confidence),suggestingthat the
magnetisationwasacquiredafter folding. Theiii situ direction(declination= 207>,
inclination = 420, a95 = 260, table 1) givesan inclination consistentwith its pre-
dicted,Neogenepalaeolatitude,and aclockwiseof 2010±7>.

UpperJurassic

TheUpperJurassic,representedby yellowish/pinkish,faintly nodular,fine-
grainedlimestonewassampledat siteB3 1.Ihe samplesfrom thissitehaveNRM
valuesbetween0.75and0.2mA/m.AII samplesshow similar demagnetisation

behaviour.A present field component(presumablycarried by goethite) is
removedby about 120 C, and then a stable, high temperaturecomponent,
probablycarriedby magnetite,is progressivelyremoved,completelyunblocking
at about5200 C.

The age of the stablecomponentfrom site B31 hasnot beenassessedby
appropriatefield tests:nonehavebeenidentified.Other Jurassiclimestonesin
the Subbetic,of approximatelythe same age but different lithologies, host
magnetisationsthat predatea Miocenefolding event.

Tectoniccorrectiondoesnot significantly changethe direction of the high
temperaturecomponent;both aredirectedsouthanddown(declination= 178>,
inclination= 500, a95 = 11~,table 1).This doesnot fit with referencedirections
from theJurassicoryoungersothissitemusthavebeensubjectedto approximately
200>clockwiserotation.Theinclinationsfrom thissitearesteep,but within error
of thosepredictedfor Iberiansitesin thelateJurassic(calculatedfrom Wesphal
etat, 1986 andDeweyetaL, 1989).

Permo-Triassic

We presentresultsfrom threesitessampledin the upperimbricateslicesof
the thrust stackin mediumgrained,quartz-rich,red sandstones.Thesered-bed
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facieshavea magneticmineralogy dominatedby a high-temperature,high-
coercivity component(probably specularhaematite),with initial intensities
between2.0 m.A/m and0.3 mA/m. Thermaldemagnetisationrevealeda low-
temperature,approximatelypresent-fieldcomponent,stableto about250~C, and
high-temperaturecomponent,which is removedby about6500 C.

Two of thesites(8102and8103)spannedaminor anticlineprovidingafold
testwbicbprovedpositivefor thehigb temperaturecomponent.Ibismagnetisation
thus predatesfolding which probably formedduring Eocenethrusting. The
shallow inclinationsareconsistentwith the equatorialpalacolatitudeof Iberia
predictedfor the Permian(Wesphale/aL, 1986 andDeweye/aL, 1989).Ibis
perhapsgivesgreaterconfidencein theageof the magnetisation,althoughit is
recognisedthatapositivefold-testdoesnotnecessarilyindicatethattheinclinations
are correct,as the magnetisationcould havebeenacquiredwhenthebedswere
planar,but tilted.

The amount of rotation recordedin thesePermo-Triassicrocks (declina-
tion = 1840,inclination = 060, a95 210, table 1) is ambiguous,becausewhere
inclinations aresub-horizontalit is difficult to distinguishbetweena normal-
polarity, unrotateddírection,ami a rcversed-polarity,rotateddirection. II tbe
meandirectionsare reversed(asis mostprobablefor Permiantimes),thenthe
north,andslightlyup (or southanddown,if the resultsareprojectedto anormal
polarity)directionrequiresalargerotationtohaveaffectedthesesites,consistent
with the resultsfrom the Oligoceneand Jurassicsites. II, however,the mean
directionsareassumedtobenormal,theinclinationerrorstill overlapsthatofthe
Permianreferencedirection,so it is possiblethat the truemeanis unrotated.

TABLE 1

Meandirections from each nnit

Uni/ D() ¡(0) N a~, K O

Tortonian 351 43 15 11,0 11,0 —11
U. Oligocene-Aquitanian/Amalaya 142 42 33 11,4 5,8 140
Oligocene/Bosque 207 42 26 6,8 18,9 201
Jurassic 178 50 11 11,0 16,0 196
PermoTrias 184 06 21 6,5 25,1 192

N = totalnumberorsamplesin statistics.a9> = radiusol’95%circleofconfidenceaboutmeandirection.
K = dispersionparameter.D = Declinationanomalyretativeto theIberianreferencedeclination«ron>
Westphale/aL, 1986,Deweyeta!., 1989).
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Upper Miocenej~

Mid. Mioceno

1.. Miocene
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Figure2.—SunimarisedpalaeomagneticresultsfortheSierraEspufla.Thcfirst columnsun,znarzses
the stratigraphyandstrueturalhistory. The secund columnshowsthemeanabsoluterotalion AD
[i. e. Referencedeclinatior, (DJ — measureddeclination(D)] fur differcnt stratigraphichorizons
Ql-atafron, table1).Note¡bat dicposition of therotatedvectorataparticularhorizondoesnot imply
that the rotationis of thatage, bu! only refers tu dic ageof therock sampled.

DiseussionofResults

Ihe UpperMioceneunit showsno significantdeviationfrom the reference

dedlination.It Udslithologycanjesamagnetisationaequiredduringor soonafter
deposition,thentherehasbeenno rotationsinceTortonian times.

The UpperOligoceneto Aquitanian(AmalayaFormation)red maríshavea
stable,high temperaturecomponentwhich passesa fold test, andindicatesa

rotationof about1400 ±110clockwise.Therotationmusthaveoccurredbetween
the depositionof the Amalayaformationandthe Tortonian.

The stablecomponentfrom the Oligocene(BosqueFormation)grey marís

Pa ¡SO ozoic
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failsafold test,yet indicatesaclockwiserotationof 2010 ±7”. This impliessome
61” of clockwise rotation after folding but before the acquisitionof the
magnetisationof theAmalayaFormation.Thatthisunit failsafold testrequires
the localfoldingthatproducedtheminoroutcropscalefold toberelativelyearlier
thatthedeformationaleventthatproducedthefold in theAmalayaformation.It
wasprobablyproducedduring lateOligocenethrusting.

ThePermo-Triassicred-bedscontainastablemagnetisationthatpredatesan
Focenefolding event. The Upper Jurassicand Permo-Triassieunits yield
rotationsrelativeto the referencedeclinationof 1960, 110 respectively,com-
parabletothevalueof 2010 ~ 70 obtainedfromtheOligoceneBosqueformation.
This resultsuggeststhattherewas no rotationassociatedwith the lateEocene/
early Oligocenethrusting and imbrication, and that subsequently,the Sierra
Espuñarotatedasa coherentblock.The rotationaldeformationthataffectedthe
SierraEspuñamusthavebeenactivebeforethemiddleMiocenedeformationthat
producedthe main Espuñafold structure,andmayhavecontinuedon until the
Tortonian.

Deformationin theInternalZoneoccurredearlierthanin theExternalZones,
andit maybefalseto the drawdirectconclusionsaboutthetiming of rotationin
the Subbeticfrom datathe InternalZone.Nevertheless,the fact thatmovement
on thebackthrustof theSubbeticoverthe InternalZone(IEZB) coincideswith
thetime-windowavailablefor rotationsuggeststhatrotationmayhaveoccurred
synchronouslyin the InternalZoneandthe Subbettic.

Rotationin the SierraEspuñawas completeby Tortonian (late Miocene)
times,whenthe IEZB was sealedandinactive,andwesuggestthatit isunlikely
that majortectonierotationsaffectedthe Subbeticafter this time.

Mappingof rotation;UpperJurassicLiniestones

To investigatethe spatialvariationin rotationaldeformation,21 sitesfrom
the Subbeticand 1 site from the Prebetiewere sampledfrom UpperJurassic
limestones.Theageoftheseammoniticorossofaciesred/pinknodularlimestones
rangesfrom the Oxfordian throughto the Tithonian(Seyfried,1978).

Studiesof the magnetiemineralogy identified a low coercivity (<0.151)
phase,with unblockingtemperaturesbelow585~C, andahighcoercivity(> 0151)
phase,withunblockingtemperaturesbelow650” C; probably(titano)magnetite
andhematite,respectively.The rocksare moderatlystronglymagnetised,with
natural remanentmagnetisation(NRM) intensityvaluesrangingfrom 0.O4mA/
m to 400mA./m.

Thermal demagnetisationtypically isolateseither 2 or 3 components.The
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majorityof samplesfrom the Subbeticammonitieorossofaciesearrva low tem-

peraturecomponent,unblockingbelow260” C, anda hightemperaturecomponent,
typically completely unblocked below 600” C. Both normal and reversed
directionsarecommonlyobservedwithin thehightemperaturecomponentsfrom

asinglesite.
A few sites from thecentral part of the Subbetic,displaythree-component

behaviour;alow-temperaturecomponent,an intermcdiate-temperaturecomponent
(260”C < T < 480” C), andhigh-temperaturecomponent(480”C <T < 600” C).

a fewcasestheintermediatecomponcntis dominant,¿mddic hightemperatere
componentvery poorly defined.The intermediatecomponenthas a constant
polarity in anysinglesite,andgenerallyhasadirectiondistinctlydifferentto that
of the high temperaturecomponent.

In a few sites we believe that dic intermediatecomponentcompletely
obscuresthehightemperaturecomponent.Wc identify thesewherea neighbouring
siteexhibitsthreecomponents,andtheintermediatecomponcntcanbeequated
with the hightemperaturecomponentin the «overprintcd»site.The recognition
of thís overprintingcomponentclearly throws sornedoubton dic natureof the

hightemperaturecomponentsindic sitesthatcarryonly two components.Wc use
the observationthat the intermediatecomponenthasa single polarity at any
individualsiteasacriterionfor identifyingwhichtwo-componentsitesmaybeen
overprinted.Most of thesecan bedirectly linked to an adjacentsitewhich has
mixed-polarity high temperaturecomponents(which can thus be considered
reliable).A morecompletedescriptionof the identificationof overprintsis given
in Allerton et aL, submitted.

Relow temperaturecomponentconsistentlyfails fold testsanda conglomerate
test. It is closeto the axial dipole field, and representsa recentoverprint.

Theintermediatetemperaturecomponentgivesvariableresultsto field tests,
andis not rotated.Thiscomponentis probablytheresultof a Mid-Mioceneintra-

deformationalremagnetisation.
Thehigh temperaturecomponentconsistentlypassesfold test(eg.figure3),

indicatingamagnetisationpredatingMid-Miocenedeformation.Thiscomponent

alsopassesaconglomeratetesr,indicatingapre-Eocene-earlyOligoceneagefor
the magnetisation.The mean inclination derived from the correctedhigh
temperaturecomponentis consistentwith thepositionof thesouthernmarginof
IberiaduringtheLateJurassic,calculatedfrom Deweyeta!., 1989andWestphal
et aL, 1986.Tbis componentmaydrnsrcprcscnta magnetisationformedvery
early in the historyof the sediment.Thesehigh temperaturecomponentsare a
useful indicatorof Neogenerotationaldeformationin the Subbetic.

Meansitedeclinationdatafor thehightemperaturecomponentaredisplayed
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Figure4—TectonicmapoftheeasternSubbeticshowingmeansitedeclinaúonswith declination
errors(Demarest,1983).Also shownareresultsfron, an UpperJurassicsite in theSierraEspuña
nodfrom two Lower Cretaceoussitesin theGuiparblock(Ogge/aL, 1988).Themain thra>stsheets
aredistinguinshed,forconvenience,by thestratigraphiccharacteristicsthatcontroltheirmechanical
behaviour. Trais with blocks: thick sheetsof highly deformed Triassicman, dolomite and
evaporite,with scatteredblocksof mainly Jurassiclimestone,which formcddecollementcarpets
hetweenthe more rigid thnist sheets(see cross-section).i + K: Thick sequencesof tnassive
Jurassiclimestoneswith somemainly lower Cretaceousmarísandlimestones.K + T: Strongly
foldedandimbricatedCretaceousandTertiary marísandmarly limestones,including the L-ite
Oligoceneto EarlyMioceneclasticsequencesalongtheInternal/ExternalZoneBoundary(IEZB).
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on figure 4 andin table2. On Udsfigurewehavealsoincludeddatafrom twosites
in amagnetostratigraphicstudyof a Lower Cretaceoussequencein the Quipar
block (Oggchi!., 1988),andthesitein lipperJurassiclimestonesfrom Lhe Sierra
Espuña.Thesesbowaninterestingdistribution:within any individual,coherent
structuralunit theresultsareconsistent;yet betweentheseunits thedeclinations
are highly variable.This suggeststhatthe Jurassicunits deformedasrelatively
coherentblocks,with rotationsaccommodatedby largedisplaeementsat their
boundaries.mescaleof blocksis oftendifficult toestimate,asweare limitedto
the presentsurfaceexpression,which wiIl yield aminimum size.Sornehavea
prescntoutcroplimited Lo onlya fewsquarelaus(eg.Carro,Tornajo).Othersare
relatively large; for instanceQuiparoccupiesabout 100 km2.

Thesedeclinationsshould be comparedwith a palaeomagneticreference
declinationcalculatedfrom the apparentpolar wander curve for Iberia. The
actual data availablefrom Iberia are limited, so we calculateour reference
declination(342”) from theEnrasianpolarwanderpath(Wesphaleh-it, 1986and
Dewey et aL, 1989), with a correction applied Lo account for dic rotation

associatedwith (beEarlyCretaceousopeningoftheHayof Biscay(Platzmanand
Lowrie, 1992).

A wide variety of declinationsare observed,from 3110 througha majority
between030” and060”, to 200”. This distributionis consistentwith a general
clockwiserotation from the referencedirectionof 342”. Thisgeneralresultis
consisternwitk tbatobtainedby OseteetaL, 1989, andPlatzman,1992.

The distribution of rotational deformationis not sysrnmetricalacrossdic
Subbetic.TheArchivel Block, north andwestof Caravaca,is a relatively thin,
gentlydippingthrustsheet(BanksandWarburton,1991,IOMEsheets889and910),
which appearsto haverotatedabout 20” as a singleunit. The adjacentQuipar
block hasrotatedconsiderablymore; about60”. Theseblocks togetherappro-
ximatelydefinetheregionof Subbeticforethrusting.Tothesouthof thisarea,the
niaximumamountof rotatior is greater,and dic amountsare very variable.

Furthersouth,(heEngardoandMariablocksexhibitsrotationsof aptoabout
110”. The Almirez block hasnot beenrotated;aresull which complicatesdic
otherwiseconsistentpatternof clockwiseblock rotations.

Only onesuccesfulsite,B49, hasbeenobtainedfrom thePrebetieZone.The
declinationfrom thissite is closeto the Iberian referencedirection,suggesting
thattherehasbeenlittle rotationof thispart of the PrebeticZone.The structure
isfarmorecoherent(hanin (heSubbeticZone,anddic lackof rotationat siteB49
suggests(bat (he overailrotation iii (he Prebeticcouldbe significantly less(han
in (beSubbeLic.However,somedifferential rotaLionsaboutverticalaxesmaybe
expeetedto be associatedwith (his highly arcuatefold-belt.
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TECTONIC SIGNIFICANCE OF THE ORSERVEDROTATIONS

Two aspectsof the declination anomaliesneed to be consideredin a
discussionof their tectonicsignificance.The first is theamountandsenseof the
rotations.‘Re fact thatin commonwith therestof the Subbetictherocksof the
eastemSubbetichaveundergonelargeclockwiserotationsof the orderof many
tensof degreesclearlypointsto amajorcomponentof dextralshearbetweenthe
AlborandomainandtheIberianmassifatsometimein theirhistory.As discussed

aboye,thisis mostlikely to haveoccurredduringearlytomiddle Miocenetime.
‘Re secondaspectis thevariability in the rotations.In the easternSubbetic

theamountof rotationappearstovaryon ascaleof afewtensto kilometersfrom
zeroto morethan180”. Thisvariability is, on thefaceof it, substantiallygreater
thanpresentlypublisheddatasuggestfor thecentralSubbetic(OseteetaL, 1989)
or westernSubbetic(Platzman,1992).The largestrotations(>120”) within the
Subbeticcomefrom siteswithin the Carro,TornajoandDon Gonzaloblocks.
Thesearein relativelyisolatedblocksonly afewkm aerossof Jurassiccarbonate
shelf facies limestoneslying within an extensivesheetof highly brecciated
Triassicman anddolomite,with alargecomponentofremobilisedgypsumin the
matrix.DeSmet(1984)hasdescribedthisfaciesaspartof the Crevillentestrike-
slip fault belt. ‘Re widespreaddistribution of this Triassicbreccia, and its
relationshipto other units, however,suggestto us that it forms decollement
carpetsbetweenthemajorthrustsheets(figures4 and5). Fragmentantionof the
relativelyrigid Jurassiclimestonesinto smallblocksandtheir dispersalwithin
thisevaporiticbrecciamayhavefacilitatedtheextremedifferentialrotationswe
observe.

Evenif we discountthesesmallblocks,however,thereis still considerable

variability in rotationamongthemajorfault-boundedblockswithin the region,
andthisrequiresthattherehavebeendifferentialmotions,audhencedefonnation,
betweenadjacentblocks.It is the variability in rotation that gives information
aboutthenatureandextentof the tectonismthat accompaniedthe rotation.The
questionasto how andwhy thedifferentialrotationsoccuredthereforedepends
on ¡ndentifyingthe natureof theblockboundariesandthe kinematicsof motion
alongthem.

‘Re easternSubbeticshowsevidencefor awidevariety of stylesandtypes
offaulting andfolding. Somedominantfeaturesareclear,however.Thenorthem
boundaryof the Subbeticover a considerabledistaneeconsistsof a major
subliorizontaloverthrust,with a minimumdisplacementof about40 km (Banks
andWarburton,1991)determinedfrom outcropandseismicdata(figure 5).The
directionof motionon this thrust is towardsthe northwest (PlattandAllerton,
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in prep.),andin view of thelow rotationsof both thenorthernSubbeticArchivel
blockandthePrebetic,thesethrustdirectionsarelikely tobeunrotated.Towards
the east,thisthrust is cut andmodifiedby the Socovosfault, whicheffectively
replacesthe thrustasthenorthernboundaryof theSubbetic.This fault is anear
verticaldextralstrike-slipfault,whichswingsfrom awesterlyto anorthwesterly
trendas it passesinto thePrebetie.It terminateswestwardswithin thePrebetie,
transferringits displacementonto west-northwest-directedthrustswithin the
Prebetic(Mandeville, in prep.). This fault is thereforea thin-skinnedtransfer
fault: thereis no geologicalor geophysicalevidenceto suggestthat it cutsthe
underlyingVariscanbasement.

The southernmargin of the Subbeticis a majorbackthrustwith a gentle
northerlydip.Kinematicdatafrom thiscontactindicatethrustingrelativelytothe
southeastorsouthovertheInternalZones(LonerganetaL,in prep.).Both southern
SubbetieandInternalZonerockshaveexperieneedvery largerotations,so the
kinematicdatamayhavebeenrotatedalso.Theirconsistencyoveraconsiderable
distance,comparedwith thevariablerotationsexperiencedby therocksoneither
sideof theboundary,suggeststhattheyhavenotbeenstronglyrotated,however.
There is no evideneefor dextral strike-slip faulting along this boundary,as
suggestedby Paquet(1972)andLeblancand Olivier (1984).

The Crevillentefault forms an importantlineamentrunningparallelto the
regionaltrendalongthe middleof the easternSubbetic(figure 4),andhasbeen
interpretedby DeSmet(1984)asa fundamentaldextralstrike-slipfault thathas

controlledthe entiretectonichistory of the SubbeticZone.Thereis structural
evidencefor bothdextralandsubsequentsinistralmotionon thisfault (Allerton
etal, inprep.),but severalobservationssuggestthatalthoughit is important,it
doesnot havethe fundamentalcharacterthat hasbeenattributedto it.

1. The zoneof intensestrike slip faulting is a few kilometreswide, but
ímmediatelyoutsidethis zone,the rocksshowadominanceof mainly
southeast-directedthrust-faulting(Allertoneta/.,in prep.),characteristic
ofmuchofthesurroundingSubbetie.No setof significantdextralstrike-
slip faultsparallelto the Crevillentefault canbe identified.

2. ‘Re fault dies out within the eastemSubbetic,swinging to a more
easterlytrendandapparentlytransferringitsdisplacementontothrusts.

3. Therearenooutcropsofbasementrocksanywherealongthefault,orany
geophysicalevidenceto suggestthat it eutsbasement.

4. There is no clear associationbetweenthe dextral rotationsand the
Crevillentefault. Largerotationsoccurwell awayfrom thefault; some
rocksvery closeto the fault showno rotational alí (figure4).

For thesereasonswe concur with Banks andWarburton (1991), that the
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Crevillencefault is a thin-skinnedstructurerelatedto, but not controlling, the
dominantthrust tectonicsof the region.

Within the easternSubbetic,away from the Crevillente fault, the dominant
deformationalstyle involvesthrusting and overtumedfolding (figure 5). T’hese
structuresare directed towardsthe eastin the southernhalf of the zone,and
towardsthenorthwestorwestin thenorthernhalf(BanksandWarburton,1991).
Thetwosetsof thrustsprobablylink atdepth,andarearesponseto thenorthwest
emplacementduring early to middle Miocenetime of a wedgeof Internal Zone
rocksinto the MesozoicandTertiary sedimentaryprism on thesouthernmargin
of Iberia.Kinematicdatafrom individual thrustsurfaceswithin theSubbeticare
variable,andmay havebeenaffectedby rotationaboutverticalaxes.

Severalsetsof minor strike-slip faultscan beidentifiedwithin the Subbetic,
and some of these form boundariesto individual blocks. The variat¡onsin
ortentationandsensesuggestthatthesehaveeitherformedat differenttimesin
responseto differcnt directionsof bulk shortening,or that somehavebeen
strongly rotated.The mostwidely identifiablesetsarewest—the northwest—
trendingdextral faults (probablytransferfaultsduring earlyto middle Miocene
thrusting),andnorth—--tonortheast—trendingsinistralfaultsthatmayberelated
to the late Mioceneaudyoungersinistralfaults, suchas the Lorca-Totanaand
Palomaresfaults, thatoccur in the Internal Zones(De Larouziéreet aL, 1987).
Locally, however, conjugatesets of dextral and sinistral faults occur that

accommodateshorteningparallelto local directionsof thrusttransport,varying
from est-westto north-south.

To summarize,the dominantstructuralstylein the easternSubbeticis oneof
southeast—to east—directed or northwest—to west— directed thrusting,
locallyassociatedwith dextralstrikeslipfaulting.Thedominantsenseoftectonic
transportis obliqueto thewest—southwest—trendingformersouthernmargin
of Iberia, andthis dextrally oblique motion providesan explanationfor the
dominantclockwisesenseof rotationduringconvergence.Therotationsare not
directlyattributabletostrike-slipfaulting,orto dextralshearimposedsubsequent
to the thrusting.
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