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AB STRACT

Thisstudypresentsa newgeodynamiemodelfor the teetonieevolutionof theBetie
Cordillerasfrom theCretaceoustotheMiocenebasedonan integrated(micro)structural,
petrologicalaud geochronologicalstudyof theeasternl3etic Zone.

Early Cretaceoussubduction in the Betic Zone was initiated in thc Jurassie
transtensionalAfrica-Eurasiaplateboundary,whichwasstronglyweakenedby extensional
tectonics and strike-slip fautting, whieh persisteduntil the onset of subduction.
Compressionin the Africa-Eurasiaplateboundaryand initation of subduetionin the
Betic Zone resultedfrom ESE-wardmotion of Iberia due to oceaniespreadingin the
AtianticOceanandthe Bay of Biscay to theWandNWof Iberiaduring the 119-80Ma
period.Following subduetionthehighpressuremetamorphieBedenappeswerepartially
exhumedduring extension and extreme duetile thinning, whieh also affected the
MalaguideComplexin theupperpinte.

Early to Middle Eocenenorthwardthrustingof the entireand partially struetured
Betie Zone overthe southernmostpart of the ExternalZone, the formerrifted Betie
margin,resultedinHP/LT metamorphismin theoverthrustandburiedpartandflexural
bulginginthepartoftheExternalZonewhichwasnotoverthrustandwheresedimentation
continued.

During the Late Oligoceneandyoungertectonieevolutionextensionand crustal
shorteningfollowedeaeholberrapidly duringcontinuingAfrica-Eurasiaconvergence,
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pointingto roll-back, steepeningand detachmentof thesubductionslab.Early Miocene
inversionoftheextendedareaandconcentrationof overthrustingiii themostthinnedarca
resulted from slab detachmentenabling transmissionof comprcssionlix the shallow
remainderof thcslab.SIabsteepeninganddetachmcntcanfurtherexplainconcentration
of Mioceneandyoungermagmatismhito anarrowzoneandlis deepsource,wbichcannot
be dueto steadystatesubductionas Africa-Eurasiaconvergencefalís short duringthis
period.

1. INTRODUCTION

In mostgeodynamiemodeisfor tbe BetieCordillerasthemetamorphicpart
of the orogen, the Internal or Hetie Zone, is consideredas an allochtonous
tectonieelementor miGro plate (Alboran Domain or Alboran Micro Plate,
Andrieuxet aL, 1971;Dereourtet aL, 1986;Comasct al., 1990).Ibis element
is generallyenvisagedto havebeenjuxtaposedtothe ExternalZone,theformer
Mesozoic and Early Tertiary rifted margin of SE Iberia, along ENE-WSW
trending wrench faults during the Tertiary (Hermes, 1978; De Smet, 1984).

Recently,deformationin theBetic Zonehasbeendiscussedwitbin this coneept
(Frizon Delamotteet al., 1989; Vauchezand Nicolas, 1991). However, the

occurrenceof flie HP/LI metamorphicAlmagride Complex, consistingof
Middle ami Late Iriassic rocks,which resemblepartsof the southcrnExternal
Zone(Simon,1987),asthestructurallydeepestunit in theBetieZonedemonstrates
that suchmodeiscannotexplainthe tectonieevolutionof theBetic Cordilleras.
Theoutcropofthiscomplexin windows50km southof thepresentdayExternal-

Internalboundary(fig. 1) impliesthattheExternalZoneis overthrustby theBctic
Zone(DeJong,1990),ratherthanthat te two arejuxtaposedby wrcnching.Ibis
interpretationagreeswith resultsof investigationsin theboundaryzonebetween

the External-Internalzonespointing to presenceof only minor strike-slip
movementsduring the Langhian-Serravallian,taking place during and after
majorovertbrusting(DeRuiget aL, ¡987:Martín-Algarra etaL, 1988; Vander
Straaten,1990;Lonergan,1991).In addition,radiometricdating impliedthat the
early-tectono-metamorphicevolution of the Betic Zoneoccurredduring dxc
Cretaceous(De Jong,1991a).

Ihe modelpresentedhereisbasedona detailedintegrated(m icro) structural,
petrological and geochronologiealstudy of the eastern Betie Zone, which
consistsof four stakednappecomplexes,from top to bottom: 4) te Malaguide
Complex,3) theAlpujarride Complex,2) theMuihacenComplex,1) the Veleta
Complex(EgelerandSimon, 1969;PugaandDíazde Federico,1978;DeJong,
1990,1991a,fig. 1). Ihe objectiveis to constructPressure-Temperature-Tecto-
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n¡c-timepathsfortbcAlpujarrideandMulbacencomplexes,by tying deformation
structuresto mineral reaetions,outlined in the first part of this article. lo the
seeondparíanewgeodynamicmodelbr dxc BetieCordilleraswilI beelaboraled

using Ibis approacb.

2. TECTONO-METAMORPHIC EVOLUTION
OF THE ALPUJARRIDE AND MULBACEN COMPLEXES

Ihe relation of mineralgrowthwitb respectro deformationphasesshowed
that the tectono-metamorphicevolution of the Alpujarride and Mulbacen
complexesareraihersimilar loeaeholber(Bakker«tal., 1989;Delong, 1991a).
Both nappecomplexesexperiencedHPconditionsduring earlyAlpine tectonies
whendeformationstructureswith similar kinematicsignificancewere formed.
HP metamorphismgayeway to LP conditionsconcomitantwith cooling, at its
turn followed by importantreheatingduring yourigerAlpine movements.Ihe
late Alpine structural evolution in both nappecomplexes,however,shows
importantdifferences.The deformationschemeusedin thisarticle is modified
with respectto theoriginal schemeof Bakkeru aL (1989)accordingto Dc Jong

(1991a,b).

2.1. Early Alpine evolution

D, ¿‘ec¿’ono-metamorphiúphase

EarlyAlpine pressnresin theMuihacenComplexfalí in therangeof 1.0-1.2
OPa(velilla andFenoil Hach-AII, 1986;Bakkerel aL, 1989;Gémez-Pugnaire

eta!. D
1mu¡h struetureswereformedat the endof the isobaricheatingtrajectory

(fig. 2) audare mainly left untouchedsubsequentdeformationin gneissesami
glaucophaneschists.D1 mulil structuresdemonstrateimportantE-W toESE-WNW
stretehingduring top-to-the-westshear.

EarlyAlpine pressuresin theAlpujarride Complexof theeasternBetieZone
were lower than in the MuihacenComplex: pressuresaroung0.6-0.7 GPa at
temperaturesbetweenabout 300o~4Oflc C are characteristicfor a numberof
tectonieunits(Baker«iaL, 1989;Goffé «taL, 1989,DeJong, 1 991a).Recently,
indicationsfor minimun pressuresaround1.0 GPahavebeenreportedin dxc

centralBetieZone(AzañónandGoffé, 1991).Due to lack of resistantrock no
D alpu strueturesolberIban inelusionsin porphyroblastsaudmicrolithonshave
beenleft.
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D2 ¿‘«etono-rnetamorphícpirase

Tlie 02 teetono-nxetamorphiepliase in tbe Alpujarride and Mulliacen
complexesoceurreduf ¿‘he culminationof dxc heatingsíageandcoincideswith
slrong deeompressionlo 02-0.6OPaconeomitaníwith eooling lo about550~~

5000<2in 11w MulhacenComplexandlo 0.5CPuami 400~-500~C (1%. 2) in the
AlpujarrideComplex.In boíhnappeconiplexesU, rúsultedindxc mostpeuctrative

deformationatatt seales.Recumbeul0. folds aretight fo isoelinal,resxiting it
eflective transpositionof carlier fabricsparallelfo dxcmalafoliation S2, la tite
MuihacenComplexresultingin a 02 transpositionslratigraphyconhinunusayer
al least 25 km alongstrike (DeJongandBakker, 1991, «¿‘aL, encí. 1). Strain
deíerminationssbowan averageelongationparallelfo 11w ESE-WNWtrendíng
D2 streehinglineationof about380 % andlayernormalshorteningvattteshave
art averageof around75 % in bothcomplexes(DeJong,1990, 1991a).

Kinematicindicatorsja theMuihacenComplex,like asymmetricK-feldspar
pbewoclasts,fish-shappedpliengiteerystals,quarízfilled pressureshadowsami

rotated garnetspoiní to top-to-tbe-westshear. Symmetrie lattiee preferred
orientationsof quaríz e-axes,however, demonstratepredominantcoaxial
deformation in isotropic quartz-rich llíhologies. This pointis Lo partitioning of
0niuh strain into dominaní rotational deformation la layered lilbologies. like
gneissesandmicasehisís,auda morenon-rotationaldeformationit quartzites.
Weakly developedsyrnmeírical,quana laltice preferredorientations in tite
Alpujarride Comp]ex also poiní lo coaxial deformation. l3ue lo dxc lack of
kinematicindicators,however.dcformat¡onpartitioningami tite dominantsitear
senseduring D2~ conid ¡mt be esiablished.

In tite MulbacenComplex tite iníensity of Dt~Ih mercasesupwardsas
documeníedby paracrystallinerotatedgarneisandMd structures.¡u tite Iower
parí of tite complexrotalion angles of garneisvary between65~ aud 1700,
whereasin tite upperparírotationangksmeasuresarebetwecn1200ami 2700,
A similar trenóis indicatedit>’ progressivcevolutionof folds: in deeperleveisof
tite comptexfl,mU>h folds are less tight titan in higiter parisand, itt addition,8.
refractison folded bedding.p~mUa folds at this síructurallevel are carvi-linear;

Ibid axescommoniymakea high anglelo tite síretehinglineation, whieh hasa
constantESE-WNW trend. Ir tite uppermost1-1.5 km of tite eomplex,ca tite
otiherbaud,axesof isoclinal D<~~<~ folds are parellello tite ESE-WNWtrending
stretchinglineation.Thispointstorotatienof fold axeslino parallelismwith tite
sheardirectionduringupwardsincreasing02o,,asírain. Becauseit sitearzones
sirain is refatedtú displacement(cg. Ramsay,1980),tite 02WU1h .straingradieni
demonstratesun upwardsincreasingdisplacenwntin tite MulbacenGomplex.
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Cooling during andespeciallyafter D2 in both complexesis manifestby
widespreadretrogressionshownby replaeementof chloritoid andkyanite,and
in the Muihacen Complex also staurolite, by phengite(±paragonite)often
accompaniedby chiorite.

2.2. Late Alpine evolution

Mineralogical changesshow that the LateAlpine tectonicevolutionboth
complexesfollowing the 02 eooling occurredduringreheating,againfollowed
by eooling. In 4w MulhacenComplex increasein temperatureis locally weIl

establishedby growth of tiny crystals of staurolite in phengite-chlorite
decompositionmantiesaroundD2muIh staurolite,chloritoidand(partlysyn~D3muIh)
kyanite.Growtbof oxy-chloriteandlocally biotite al Ihe expenseof chiorileand

furíhermoreformationof oligoclase-andesinerims aroundalbiteprobablyalso
reflecttemperalureincrease.In theAlpujarrideComplextemperalureincreaseis

shownbygrowthof slaurolileandsillimanile in thegraphite-richbasalseriesand
by andalusilegrowth locally accompainedby cordieriteblasteisin lite Triassic
seriesof a numberof teclonieunjís.

Structuralresponseof bothcomplexesduringreheatingwasenlirelydifferenl.
In ¿‘he MulbacenComplexIhe02mIh shearplanewas influencedby importaníS-
vergentfolding and associatedlhrusling during D3mÍIh. Ibis evenítook place
towardstite endof tite retrogradelrajectory of tite P-T-t palh(fig. 2). Anotiter

phase,04muIh ocdurringduring tite secondtitermalpeakin thiscomplex(fig. 2),
producedkm-sea¡efolds and only locally penetrativesmall sealestructures,
whicharegenerallyN-vergenl.In contrast,in tite AlpujarrideComplexthe first
imporlantdeformalionpitasesubsequenttotite D2a¡PU mainpitasetookplaceduring
tite waningstagesoftitesecondIhermalpeak(fig.2),whenD3aIPu fo¡dswereformed.
Foldsof titis generationformthemosíimportanífold strueturesin lite Alpujarride

Complex.IheintensilyOfD3~
1P~ increasessoutitwardsandstruclurallydownwards

in tite Alpujarride overíbrusímass.Going downwards,tight N-vergentE-W
irending folds witit overturnedlimbs citangemío tight to isoclinal recumbent
similar folds direclly aboyelite Mulitacen Complex, witicit may be slrongly
curvi-linear.D

3’
1~ structureswerecoevalwith

05mu¡h in tite overlyingMulitacen
Complexasshownby a numberof observations.Firstly, tite intensilyof duclile
05muIb deformationinereasesfrom north losouthin lite contactzone,similarly as
D3’P~struclures.Secondly,Iheinlensityof 05muIb increasesupwardslowardstite

overlyingAlpujarrideComplex.Titirdly, commonlyNNE-SSWtrendingaxesof
fla¡pu folds in tite deeperstruetura¡ level approacit the orientation of 05muIh

stretcitinglinealionsin themylonitezonein lite topof titeMuihacenComplexin
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tite southernpan of thecontad betweenbotit nappecomplexes.In titis partof [he

nappecontactdm-spacedD
5mu¡hextensionalerenulationcleavagesafewhundred

metrosbeJow¿‘hetbmsteontactgrademíomylonitesdirectlybelowIheAlpujarride
basaltitrust.Concurreníwitit titis upwardsincreasing05u,ulh sirain E-W trending
0muh Iineaíionspregressivelyrotate¿‘o theNNW-SSEtrendof D5mulh stretching
lineationsin Ihe mylonites.Movement in Ihe sitearzonewastop-to-the-north
indicatedby tite asymmetryof a numberoffabnieelementslike pressureshadows
and recrystallization taus of porpityroelastsand micro faulís itt them, and
furlitermoreby Ihe asymmetryof secondarygrain shapefrabrics and Iattice
preferredonientationsin quarízmylonites.

05¡n,¡h andDQLPU occurredduning falling temperaturesshownby widespread
chlonitegrowtit, partlyattheexpenseofstaurolite.Post~D3a¡flugrowthof andalusite
implies thaI temperaturesdid nol drop below about400v C in 11w Alpujarride

Complex. During lJ¿nu¿I and D4”~” P-T conditionsreachedtite field of britile
deformation,giving nise to ehevronfolds and associatedyoungerextensional
briuk-due¿’ileshearsandcataclasiteswereformed.Largescale06,,uLh folds deforrn
0~muLl1 mylonitesaudthe contad with Ihe AlpujarnideComplex.

¿3. CONTACT OF THE MULHACEN COMPLEX
WITII THE VELETA COMPLEX

In contrasílo tite basaltitrust of tite Alpujarride Complex,witich cuis D<~~
and04mu¡h folds,tite contadwith tibe underlyingVeletaComplexisfoldedduring

D3mh (DeJong,1991a, e). Tite contactis parallel¿‘o S2 in bothcomplexes;tite
uppermost400m of tite VeletaComplexdemonstratesanincreasing0< strain

towardsIhe MuihacenCo¡nplex. Quaríz myionites in tite top of ¿‘he VeJeta
Complex display lattice preferredonientationsindicative of top-to-the-west
sitear,implyingawestwardtitrustingof tite overlyingMuihacenComplexduring
D,muh and04. Tite majoreoníroversyon tite senseof shearin tite mylonitezone,
which is interpretedas either top-to-the-east(Orozco, 1986) or top-to-the-west
(GarcíaDueñaset aL, 1987), is due to overturningof myloniteshy 03 lii folús

ami overprintingof crystallograpiticfabriesduelo renewed04ou¡h sitear, witich
havestronglymodifiedtite original eitaraeteristicsoftite 02 nappecontad,aswill
bediscussedelsewitere(De iong, 1991c).

4. AGE CONSTRÁINTSON THE EARLY ALPINE
TECTONIC EVOLUTION OF THE MULLL4CEN COMPLEX

Metamorpitietemperaturesduring D&uih were in tite rangeof 525-575~C
(fig. 2), thai is in excessof tite phengiteclosuretemperaturesfor tite K-Ar and
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Rb-Srsystems(PurdyandJáger,1976;Jáger,1973,respeetively).Consequently,
radiometrieagesoflite MulbacenComplexsitouldbeconsideredascoo¡ingages,
witicit datetite passingtitroughttite closuretemperatureduringcoolingafter tite
peak of meíamorpitismduring D{ulb. However, tite P-T evolution clearly
demonstraleslite imporlanceof latesíagerehealirxglocallyelevatingmetamorphic
lemperaturescloseloor aboyelite mica closuretemperaturesfor difussionof Sr
ami Ar, respectively.As duringreheatingtite temperaturedomainfor diffusion
of radiogenicisotopeswasre-entered,significaníresettingof melamorphicages
can be expected.Tite very youngK-Ar and Rb-Sr mica agesof 10-15.5 Ma
(Andriessenu aL, 1991) and40Ar/39 Ar mica agesbetween14.3 and25.9 Ma
(Monié ce aL, 1991; De Jong, 1991a,De Jong,«e aL, 1992)can be explained
accordingly.

Despitetitermal resettingindications for local preservalionof an older
isotopiesystenxarepresení.Motilé «eal. (1991)obtaineda40ArP9Arageofabouí
48.4±2.2Ma from abaroisilicampitibole,witicit eharacteristicallygrowsaltite
expenseof glaucopitaneduringD

2T~lUlh (DeJong,1991a).~ArP
940Ar/39Ar dating

of tourmaline,oblainedfrom gneisseswilh aD
2muh fabrieandwhicit yieldedK-

Ar agesbetween115 and80 Ma (Andriessen«e aL, 1991),resultedin reference
lineswith agesbetween89.1±0.9and52±1Ma (De long, 1 991a;DeJong«e aL,

1991). In addiíion,D2nuLh pitengitesyielded Rb-Sr agesof: 65.7±10.1Ma and
41.1±4.6Ma (De long, 1991a). Titese ages,being obíainedfrom syn~D2muLh

minerais,areinterpretedlo reflectcoolingaflerD,mu¡b.Tite spreadin
40Ar/39Arand

Rb-Sr mica ages,witicit may be as youngas 14 Ma, probably resultedfrom
(partial)rejuvenaliondueto latestagerehaling,as wil bediscussedbelow.

5. DYNAMICS OF METAMORPHLSMAND TECTONLCS:
GEODYNAMICS OF THE BETIC CORDILLERAS

In titis section tite leetonieand metamorpitiedala wil¡ be combined lo
establisittite P-T-t pathsof lite AlpujarrideandMulitacencomplexes.SuchP-T-
palitsreflecí firsí ordertecloniemovemenísal Ihe scaleof Ihe crustand,hence,

elucidatedxcstackinghistory itt titeBetieZoneandtite subsequentexhumation
of tite higit pressuremetamorpiticrocks.Titey arefurtitermoreusedlo eslablisit
a geodynamicmodel for tite teclonicevolulionof tite Betic Cordilleras.

5.1. Subduct¡on

Early AJpine metamorpiticpressuresin tite Alpujarride and Mulitacen
complexespoiní tú burial deptit in tite order of 27 and37 km, respectively,
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implying subduetionbelow a crustal segmentwitit a Iower crustalbasemení.
Subductiontook placebelow a eruslalsegmentthat containedIhe Malaguide
Complex(fig. 3a),witicit hasanessentiallycontinuoussedimentaryrecordfrom
lite Early Paleozojeto tite middle Tertiary (Aquitanian),(Egelerand Simon,
1969; Geel, 1973). Altitougit lite MalaguideComplex in tite Betie Zone is
actuallyextremelytitin, clastie influx of granites,gneissesanómediumgrade
metamorpitierocksin tite Late Paleozoje(Geel, 1973; Herbig andStattegger,
1989)pointstú tite presenceof a crystallinebasemcntatthaitime. Influx of fresit
detrital muscovite,biotite and K-feldsparin Jurassiccarbonates(Geel, 1973)
poiníslo erosionof crystallineroeks,showingtitat tite MalaguideComplexitad
a nonnai crustal thieknessbefore subductionwas initiated. Simijarities in
Mesozolestratigrapityof the MalaguideComplex,tite Subbeticandtite Flyscit
Unils betweenlite two domains(MacGuillavry,1964;Martín-AlgarraandVera,
1982,PinedaVelasco,1985) imply titatIhe MalaguideComplexformedpartof
tite samepiale as tite ExíernalZope.

Tite nappecomplexesof tite BetieZopeconsistof metasedimentaryrocksof
Triassicand/orPaleozoicage; individual nappes¡¡ave thicknessesof several

kilometres,lite different earlyAlpine metamorph¡cpressuresitows that the
burial dcpth of tite AlpujarrideComplexin tite easternBetic Zonewasaboel10
km lesstitan tite MuihacenComplex.Ibiscanbeexplainedby underthrustingof
tite MulbacenComp¡exbelowlite crustalsegmeníwitit tite AlpujarrideComplex
(fig. 3b). Minimum sitorteningvaluesin theorderof 70-75% perpendicuartoIhe
transposedbeddingshow titat pre-collisionaltiticknessesof ¿‘he Paleozoleand
Iriassic sedimentarysequencesof tite Alpujarride and Mulitacencomplexes
were probabí>’ about 4 times tite presentthickness.Titese strain values in
combinationwitit tite presenceof metasedimentaryrocksimply titat earlyAlpine
nappestackingin tite BeticZonewasprobablytite resultofsequentialdctacitment
of uppersegmentswith titicknessesitt exeessof lO km. Detachedsegmenísare
addedtú tite overridingplate,while tite deepperpartof tite lititospiterecontinues
tú subduct(figure 3).

Figure 3.—Nappe stacking la the Betie Zone by seqaenhialdetachmentof upper crustal rock
seqixences,whichareaddedto thehangingwalI of thesubduchionsystemformedby theMalguide
Cornplex (MAL)with acrystallinebascnient(KAS). Thelowercrust(crosses)audmantte(randorn
striping) continueto subduct to the west. Sequentialunderthrushingresulísiii dramaticcooling un
tite overlying earlier subductednappe complcxes siiown by tite inserí P-T-t pathsfor tite
AlpujarrideandMolliacencoraplexes.P-Tconditionsof tite VeletaComplex(squarein tite insert
P-Tgraphof panele) imply that it is underthrustby anuppercrustalunit (coarsestipple,panel e)
not exposedat tite presenterosionlevel. Sealebars: ¡5 km.
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Sequential stacking of cool erustal segmentsalso has dramatietitermal
consequences,witicit areexpressedby tite P-T-t pathof the nappesof the Betic
Zone. Thermal modellingof stackingof crustal sealesegmentsshowedtitat
cooling or reducedheatingof a pialemay resultfrom underthrustingby cooler
crust (Dax’y and Gillet, 1986). Along titese Enes of evidencecooling of tite
AlpujarrideComplexis explainedby underthrustingby a relativelycool crustal
segment,containing¿‘he Muihacen Coinpjex(fig. 3b). Isohariehenting of tite
Mulitacen Complexmay itave ceasedfis a resulíof underthrustingby another

cool crustalslab with IheveletaComplex(fig. 3c). Pressuresin IheAlpujarride
Compleximpí>’ 100kmof subhorizontalmovementon a low-anglesubduetion
slabwith adipof about150 in tite upperpart(fig. 3a).Subsequeníunderthrusting
of IheMuihacenComplextú about37km requiresamovemeníof about130 km.
Cooling of tite MulitacenComplexal a depíhof 37 km as a result of its under-
titrusíing ¡¡y a slab containing(he Veleta Gomplexindicatesanotiter130kmof

pIaleconsumption.Thetotalamountof crustalshorteningby subduetionof upper
erustalsegmenísma>’ titus itave reacitedabout360 km.

Ocaniespreadingin tite Atlantic Oceantú lite westof Iberia and in tite Bay
ofBiscaywasin fuIl swingbetweenanomaliesMO and33(119-80Ma on titetime
scaleof Kent and Gradstein,1 986), during whicit Iberia wasdisplacedabout
400 kmESE-wardsaspartofAfrica (Srivastavaeta!., 1990;Malod andMauffret,

1990).Tite amountof spreadingshowsthaI tite envisaged360kmof subducted
lithospitericslabin theBeticzopeis feasible.Age estimatesof cooli ng at’terDi~”’
up tú about90 Ma, indicatethat subductionhasoccurredearlier. Subduetionin
tibe Betic Zoneis Ihus Iikely tobe causedby tibe ESE-wardmovemeníof Iberia
duetooceanicspreadingitt tite Atlantic Ocean(fig. 4). Subductionwasinitiated

in the formerLateJurassictrans-lensionalAfrica-Eurasiaplateboundary,witicit
wascontinuouswitit theLigurianOcean(fig. 4).Titis boundarywascharacterized
by small-oeeanicbasins(fig. 4) with young andweakoceaniecrust,witich was
loadedby flyscit sedimenlation,hence,forming tite mostsuitedtypeof margin
tú be transferredinto an activeplateboundary(Cloetinghet al., 1982).

5.2. Exhumationhistory

Tite main teclono-metamorpitiepitaseD, in tite Alpujarride andMulitacen
complexesoccurredduringdeeompression,sitowingthatU, structuresandkine-
maties are related lo exitumationof tite itigit pressuremetamorpitieroeks.
Decompressionin tite Alpujarride Complexwas less titan in the Muihacen
Complex,implying differentialexhumalionand,hence,mox’ementsof tite two
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nappecomplexeswitit respectloeaeitotiter.Tite upwardsincreasingintensityof

D,tnu¡h and jIs augmentingrotationaleomponentareprobablyduetú titis movement.
Rotation senseof syn~D2mu¡h garnetsdemonstratestital tite MulitacenComplex
movedlo tite eastwitit respecítú tite overlying Alpujarride Complexandwas

concurrentlyexhumed.SueitkinematicandP-T constrainíspoinístú movements
on awest-warddippingsitearzone(fig. 5).lite coaxialstretchingcomponeníof
fln,uIh and D2’~~ and tite transíationof tite Alpujarride andMulitacencomplexes

poin¿’Loextensionof ibe collision belí(hg.5).Tite topof tite VeletaComplexalso
experienceddeformationwith a dominantrotational component,irnplying a

westward movementof tite overlying Mulbacen Complex. However, sucit a
movemeníon a westwarddipping planeas implied by sequentialdetacitment
model (fig. 3), would fol place itigiter pressuremetamorpitieroekson top of
lower pressurerocks, but Ihe reverse.Ibis seemstú indicate titat tite coaxial

componentof Dt~’, resulting in elongationof tite MulitacenComplexmoving
it eastwardsupdip,outweighedIbewestwardmovementlii litecontactsitearzone
with tite underlying veletaComplex. lite proposedmodel shows titat nappe
emplaceineníwasnottite resulíof a directedforce(«pusitfrom beitindo)butwas
duelo a body force.Titis forcestemsfrom tite buoynancyof tite subductedand
detacheduppercrustalsegmenís,providinga constaníupwardforce, wbich is
resolvedmío componentsparallello lite anisotropyprovided by tite detacited
uppercrustalsegmenís(fig.5).Elongationanddecompressionoftitemetamorpitie
rocksimply extensionof tite upperplatewheretite MalaguideComplexis lúcaled

Figure5.—Resolutionof buoyancy (B) of the detached underthrust upper crustal sequencesinto
elongation of tite nietamorphicnappe complexesandashearcomponentalongtite contactof tite
tanging wall and lite AlpujnrrideComple.xandbetweentite stacked nappc complexes during 17),.
Top-to-the-wesísitear on westward dipping planes implies exhumationof metamorphic rocks and
extensionofthe metamorphicaappe pile,whichis transíerred to titeoverlyingMalaguide Complex
causing extensional fanltingandpartial excisionof its crystalline basement (KAn).

B
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anuoremovalof pan of its Cambnianbasemení.Erosion,tilling andsubmarine
faulting and associatedrapid vertical motionsin tite Malaguidedepositional
domainfrom theEarlyCretaceouson (Roep,1980)areexplainedby extension
of lite upperpiale(fig. 5).

5.3. AdvancedcoolingduringEoceneoverthrust¡ng
of the External Zone

Tite P-T-t pathsof lite AlpujarrideandMulitacencomplexesdemonstrate
increasedcooling duringadvancedexitumation(fig. 2), which is explainedby
thrustingof lite Belic Zane ayercoolerernst.A numberof fealuresshawthai Ibis
ernstis formedby Ihe soutiternmoslpan of tite ExternalZone.The Almagride
Complex, witicit is regardedas an inlier of lite External Zone,containsearly
Alpinemineralassemblagesin mafierockswitich poinílo melamorpitiepressures
of0.35-0.55GPaandtemperaluresaround350~4000C(PugaandTorres-Roldán,
1989).Tite Antequera-Osunanappein tite westernBelic CordillerashasTriassic
rockswitieit partlyresembletitoseof Ihe AlmagrideComplex(Simon,1987);its
mafie rocks record pressuresof 0.3 OPa(Puga«e aL, 1988). Tite nappehas
ovenlitrusítite Subbetic(Cruz-Sanjulián,1976; Pinedavelasco,1987),of witich
lite souíiternpan also containsmineral assemblagespoinling to pressuresof
about0.3 GPa(Puga«e aL, 1988).Bunial deptitsof 10-20km, implied by lite
metamorpitiedala,canonly beenvisagedby burial dueloovertitrustingof titese
rocksby Ihe Belie Zone(fig. 6), resultingineoolingoftite itangingwall.A titrusí
loadof 10-201cm liticknesscanexplaintite flexure in Ihe ExternalZonearound
50 Ma tital follows from lectoniesubsidenceanalysisby PeperandCloelitigit
(1992)of litemorenontiternpartsof titeExternalZone,witerepelagiesedimentation
persistedmío lite middleMiocene(Geel,1973; Hermes,1978; DeSmet,1984).
Timing of overthrustingin tite Eoceneagreeswilh coevalverticalmovemenís
impliedby resulísof tectoniesubsidenceanalyses(KenteretaL, 1990;DeRuig

«¿‘aL, 1991),by non-calcareousinflux míocarbonatesof YpresianandLulelian
ageinbotit tite SubbeticandtiteMalaguideComplex(Geel,1973)andfurtitermore
with lite presenceof litrusí in the MalaguideComplex witieit are sealedby
Oligoceneconglomerales(Lonergan,1991).Taking a dip of tite titrusí planeof
150 tite minimunamonníof overtitrustingis40km (fig. 6). Overtitrustingiii tite
soutiternBetieCordillerasitasasimilar liming asIhec¡imaxof sitonieningin tite
Pyrenees(De Jong,1990),Botit may Ihus be tite resulí of iniliation of oceanic
spreadingin tite Norwegian-GreenlandSeaaround55 Ma,causinganadditional
NW-SE componeníin tite African-Eurasiancollision (Srivastava«e aL, 1990).
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Figure 6.—Thrustingof tite partiallystructuredBeticZoneoverthesouthernmostExternalZone
in tite Early tú Middle Eocene.Burial aud Ioading resulted iii HP/LT metaniorphisni in the
Almagride Complex and upward and downward flexure oftite Suhbeticand Prebetic, respectively
(arrows).

5.4. Late Oligocene to Early Miocene extension

D3 folding in tite Veleta andMulitacencomplexesitas no equivaleníin tite
Alpujarride Cornplex,pointing lo translalionsof titesetwo structuraldomains
with respecítú eachotiter. Tite S-SWvergenceof D3m~¡lh andD<~

1 folds imply a
soutitwardmovementof tite overlyingAlpujarrideComplex(fig. 7). Progressive
soutitwardthinning leading tú completeexcision of tite Muihacen Coniplex
(figs. 7, 8) indicateslargesealenormal faulting. SouthvergentD,mu¡h and D

3~CL

foldingis probablydueloback-rotationof tite swell domainnortit of tite normal
faulí (fig. 7). Folding is envisagedas resultingfrom accomodationof tite sitape

oftite baek-rotateddomainbelowanupwardbowedextensiotta!fault.Maximum
temperaturesduringextension-relatedreiteatingwerereacitedafterD,mulh, sitowing
that reiteatingal a particular crustal level occuredafler extensionitself, in
agreemeníwith 2D modellingof Ihe panof tite P-T-t patit pertinenítú extension

(Van Weesel aL, 1992).Slrongerreiteatingin tite soutiternpan of tite Mulitacen
Complex is indicalive of more advancedextensionin Ihis part of lite complex.

In tite Alpujarride Complex reiteating-inducedstaurolite growth over
undeformed~2 sitowstitatextensiontecloniesdidnotresulíin foldingofthemain
scitistosityas wastite casein tite MulitacenandVeleta complexes.Hence~2 in
tite AlpujarrideComplexwaslocatedin tite extensionalsectorof tite flow ficid,
itt agreementwitit tite positionof titis complexir tite itangingwall of a low-angle
extensionalsystem(figs. 7, 8).Differencesin maximuntemperaturesatíainedby

tite different Alpujarride tectonicunjís point tú a non-uniformreiteating that

-Maiaguide Complex

---

___________________ ji
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Figure 7—South vergent D, folding re.sulting from forin adaptionof theMuihacenandVeleta
complexes betweentwo majorcurvedextensionalfaultsFL andF

1~due to extensionalunloading
of the hangingwalI (Alpujarride Complex). Extensionhasresulted in progressivesouthward
thinning of the MulbacenComplex andexcisionof its lilbologie units. Extremeextensionpro-
ducedariderof rocksof theMulhacenComplex(SierraAlhamilla). Extensióngayerise to back-
rotationof 5> in tite AlpujarrideConiplex (iasertb), duringsubsequentinversionof tite extensio-
salstructure waslocatedjathecompressionatsectorof theflow ficid (shadedarcas,insertc)
producingnorthvergentD,’

1~ folds.

oceured,in addition, at different pressures.In Ihe AlmanzoraUnu rcitealing
producedonly biotile, witereas in tite Oria and Partaloaunils (Sierrade las
Estancias,SierradelosFilabres)slaurolite-andalusitegrowthoccurred(Akkerman
«e aL, 1981; DeJong,1991a).Ihe associationstaurolite-sillimanitein lite Adra
nappe(soutitof Ihe SierraNevada,e.g.CuevasandTubía, 1990)impliesitigiter
pressuresat similartemperatures.The Almijara groupof ¡mus experiencedhigh
grademetamorpitismand¡ocal analexis in assoeiatíonwilit emplacementof
ultramafierocksin tite westernBelic Zoneatitigit pressures(Westeritof,1977;
TubíaandIbarguciti, 1991).Different P-T conditionsduring extensionare tite
resulíof asouthwarddip oftite mainextensionalfault,cuttingsouthwardsdown
mio lite mantle(fig. 8).Tite lessdramatieP-Tevolutionof tite otiterAlpujarride
lectonicunlis is duetú titeir locationaboyelesslitinned andIhus lessreiteated
crusí,witicit include tite veletaaudMulitacen complexes(fig. 8).

MiJwldS co.own

ANOi.IId 000wI.’

Ir
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Figure 8.—Cartoonof theLateOligoceneto Early Mioceneextensionalstructurc.Tite Muihacen
andVeletacomplexesarepinchedoutsouthwardstowardsarx extensionalmantieuplift, resulting
in substantialreheating[insertP-Tpaths;P-Tconditionsat Ronda(sqixare),aftaWesterhof,¡977].
Themalaextensionalfaulídips southwardsresultingin rehcatingat progressivelyhigiter pressure
in the Alpujarrideunits; schematicallyfrom northto south: 5) AlmanzoraUnit, 4) Variegato-
PartaloaUnit, 3) OriaUnit, 2) AdraUnit, 1) Ainiijara group.Tite MalaguideComplexis tite site
of coarseclasticsedimentation,titeearlydepositsof tite SolanaFormationoccurin anextensional
basinbetweentheInternaland External zones.

Tite P-T jump al contaetbetweenlite Alpujarride Complex and tite non-
metamorphicMalaguideComplex is also due tú extension,during witicit tite
remainderof tite crysta¡linebasementof tite MalaguideComplexis cut out.Tite

extensionalbasinbetweentite InternalandExternalzones(fig. 8)resultsfrom tite
outcropof tite basaldetaclimeníof tite extensionalsystem(DeJong,1991a;Van

Weesce aL, 1992).

Timingof«xtension

Reheatingin tite MuihacenComplex is tentativel>’ datedal around25 Ma.
Titis is basedon 4ttAr/>9Ar laserprobe datingof a D

2mulh pitengilesingle grain
pointing lo argonloss al around25 Ma (De Jong,199la; DeJong«¿‘aL, ] 992).

In addition,modellingof a
404r/39Artourmalineage spectrumwith indications

for Ar-loss, resultedin a23.5Ma modelagefor titis evení(DeJong,1 991a;De
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Jong«taL, 1991).Titus extensionin titeBetic Zonecanbe consideredas a Late

Oligocenelo Early Mioceneevení.

5.5. Inversionof the extensionalstructure

Inversion of tite Early Miocene extensionalsiructure and northward
overlitruslingof tite hangingwall of tite extensionalsystem(fig. 9) is manifesí
by many observationsdiscussedin titis paragrapit.

Figure9.—Inversionof tite extensionalstructurearound20Ma resultingin substantialcooling of
the Alpujarride and Mulhaceri complexes(insert P-T paths). Tite regional structureof tite
AlpujarrideComplexis citaracterizedby superpositionof highermetamorphicunitson lowergrade
units.TheAlmagrideComplezandtheAntequera-Osunanappe(A-o) representthrustslicesof
rnetamorphicequivalentsof theSubbetic.Theextensionalflyschbasinbetweentite Internaland
Externalzonesis closed;tite EspejosFormationis depositedafternorthwardthrusting.

Kinematicsof small-scalesinicturesin mylonitesin tite top of titeMulitacen
Complexpoiní loaNNE-lo NNW-wardmovemeníof lite overlyingAlpujarride
Complex (Behrmannand Plalí, 1982; De Jong, i991a), titus in an opposite
direction asduringpreviousextensionaltectonies.Tite regionalstruelureof tite
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stackofAlpujarridenappesisgenerallyeitaracterizedbyhighergrademetamorpitic
units aboyeIower gradeunits (Aldaya «e aL, 1979), pointing tú thrustingof
strongerreiteatedrocks on top of less reheatedunlis due tú inversiútt of tite

extensionalstructure(fig. 9). Pan of theextensionalmantieuplifí in thewestern
Betie Zonewasdecapitatedduringinverstonasindicatedby tite presenceof up
lo 1.5kmtitick slicesof ultramafierockswiticit itavebeentitrusíalonga mylonite
zoneoveritigit-grade metasedimentsof the Almijara group(Westerhúf,1977;
TubíaandCuevas,1986).Seismierefractiondataimply titat tite largeperidotite
massifof Rondadoes nol root in tite mantlebut also represenisa titrusí siteel
(Barranco«e aL, 1990). Thrust emplacementof ultramafie rocks resultedin an
invertedgradientandin formationof anatectieleucogranitesdue tú melting of
itigit-grademetamorpiticpelitesof tite Almijaragroup(Westerhof,1977; Tubía
andCuevas,1986).Overthrustingof itolter Alpujarriderockshaslocallycaused
iteating of tite underlyingMulitacen andVeleta complexesin tite soutiternmost
pan of tite overtitrusízone.Titis is inferredfrom tite dataof Van den Eeckitout
andKonert(1983),witich sitowanupwardmercasein An% ofsyn-overthrusting
plagioclaselowardstite overlyittgAlpujarride Complex.

Two dimensionaltitermal modelling, usinga depth dependantrheology,
sitowedtital inversionandeoncentratiottofdeformationin titeformerextensional

siructureis tite resulí of apronounceddrop in strengthof tite lower pan of tite
uppercrusíandtite lower crust as a result of extension-relatedreiteating(Van
Wess«e aL, 1992). Deformation structuressitow titat during inversion tite
Mulitacen Complex in tite footwall and tite strongerreiteated Alpujarride

Complex in tite itanging walI reacteddifferently. Roeks of the Alpujarride
Complexwerestronglyfoldedby norittvergentD,aInU structures,indicating titat
5. waslocatedin tite compressionalsectorof tite flow ficid (fig. 7). In contrasí,
titeMulitacenComplexwasIessseverelyaffectedduringinversion;deformation
relatedtú overlhrustingwasmainlyconcentratedinto a D

5mU¡h mylonitezonebelow

tite Alpujarride Complex. Open D$uIb folds, forming antiforms with italf
wavelengthsof a italf tú severalkms, are tite earlyexpressionof inversion.

Daeing of inversion C«c¿’onics

D>apufolding audD5n~ll¡h mylonitizationoccurredduring falling temperatures
indicatedby widespreadretrogrademineralreactionsassocialedwitit it. Radio-
metniedatingof cúúling associatedwith titis eventtitusconstrainstite timing of
inversionof tite extensionalsíructure.Rb-Sr,K-Ar and

4<>Ar/39Arcoolingagesin
tite AlpujarrideComplexof tite entireBetie ZonecLister around19 Ma (Priem
«eaL, 1979; Zeck«e aL, 1989; Andriessen«eaL, 1991; Monité «¿‘aL, 1991).
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Deposilionof undisturbedsedimentswitit biozoneN6-N7agesafiertite main
titrnsling (fig. 9) poinís lo a completion of inversionof tite extensionalsíructure
before17-18Ma,usingtite Haq«taL (1989)lime seale.Titis is shownby Espejos
Formationin tite easlernHelies(Geel,1973),witich conlainspebbleswitit D3~

1~

folds (DeJong,1991a)andby tite ViñuelasFormalionin tite westernBetic Zone,
witich sealsthrustplanesbetweenitigh-grademetamorpiticAlpujarrideuniisand
tite MalaguideComplex(GonzálezDonosoce aL, 1983; Torres-Roldán«e aL,
1986; Zeck«e aL, 1989). Titus, formation of Ihe extensionalsíruclureand its
inversion were completewithin a very short period of about 7-8 Ma. Tite

concomitíaníextremelyrapidcooling is explainedby titrt¡slingoftiteAlpujarride
Complexover Iessextendedandlitus coolercrusí (DeJong,1991a;DeJongce
aL, 1992;VanWees«ea!.,1992,fig. 9).ExtensionduringadvancedD(P” furíher
coníributedtú cooling.

5.6. RenewedMiddle Mioceneextens¡on

Radiometricdating in tite Mulitacen Complex itas not resulledin a tigití
clusterofcoolingagesasistite casefor titeAlpujarrideComplex.Integrated40Ar/
39Ar agesof pitengilevary between25.9and14.3 Ma (DeJong,1991a;DeJong

ce aL, 1992). Modelling of the agespectraimplied tital lhey were lite result of
repealedlitermal resetting.Resettinghasa similar timing fis tite mainepisodeof
volcanism in tite basins borderingtite melamorphicranges. Late Miocene
volcanismresultedin epigenetieoredeposilsandhydrotitermalalteralionin tite

counlry rocks (Oen ce aL, 1975). Hence, isotopereselting in tite Mulitacen
Complexmigití similarly betite resulíof fluids associaledwiiit volcanism(De
¿Long «eaL, 1992).

Calc-alkalinedykesoccurlocally in IheAlpuj arrideandMalaguidecomplexes.
Al leasípan of tite dykesare intrudedafler coolingof the AlpujarrideComplex
wascompleted(Torres-Roldán«e aL, 1986).Tite dykesarenol folded indicaling
thai intrusionlook placeafler D

3’
1P” overtitrustingof the Alpujarride Complex,

pointinglorenewalof extension.Thisisalso clearlyexpressedby concentralion
of Miocenevolcanismin tite mosílitinnedcmstin titeweslernMediterranenarea
(fig. 10).Interpretationof reflectionprofilesandboreitoledalafrom titeAlboran
Basin,southof lite Belie ranges,alsodemonstratedan importantMiddle lo Late
Miocene extension (Comas «e al., 1990). A secondphaseof extension

superimposedon theLateOligoceneloEarlyMioceneeveníalsoemergedfrom
modelling of the gravity field of the Belic Cordilleras (Van der Beek and
Cloelingh,1992).
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5.7. SIab roII-back, steepeníngand detachment

Rapidsitifting of extension[o compressionandrenewalofextensionoccurred
duringcontinuingplateconvergence,impliedby pIalekinematicdala(Srivastava
«e aL, 1990). Titis poinís tú slab roll-back as likely mecitanism for Late
Oligocene lo Early Miocene extension.Detacitmentof a (rolled-back) slab
resultsin subsíantialdecreaseof tite slab-pullforce leading tú a diminishingof
tite flexural bulge of the s]ab,giving risc tú a beltercoupling of the shallow
remainderof tite slab(Spakman,1990).Sueita relativel>’rapid processmigitt be
lite reasonfor lite observedfasí anddramatieinversionof tite Early Miocene
exíensiona]structureLi lite Betic Zone.Repriseof extensionduring the Middle
andLateMiddleMioceneis eithertite resulíofrenewedroll-backandsteepening

of asubóretionslabor, alternatively,due tú sinkittg of a slab (Platíami Vissers,
1989;DeJong,1991a).Receníseismietomograpiticstudiespoint lo tite exístence
of a detacitedslab below tite Belic Cordilleras(Wortel and Spakman,] 992),
witich is supportedby eartitquakesoccurringasdeepfis 600km (Grimison and
Citen, 1986). Mioceneandyoungermagmalismitasheenexplainedby partial

melting of subductedlilitospitere (Araña and Vegas,1974; De Roever,1975;
Torres-Roldán,«e aL, 1986). Concenírationof magmatismmío a NNE-SSW
trendingnarrow zone(fig. 10), in whicit a clear citronological and chemical

zonationis absent(De Larouziére«eal., 1988),agreeswith melting of a steep,
detacitedslab.Tite eitemislry of Late Miocenelamproitesof tite easternBetie
Cordilleraspointslo derivationfrom tite mantleal a maximumdepthof 100km

(Venturelli«eaL, 1988).Tite isotopiecompositionof titeserocksindicatesmixing
of lite mantlewilit a componeníwitich itas the eharacteristiesof continentalcrusí
or sedimentsderivedfrom sucit a crusí (Nelsonceal., 1986).litis sitowsintro-
duction of sucit crustmio tite maníle,witicit, however,cannotbe tite result of

steady state subduction,as Mioceneplate convergencewas too slow, titus
pointing lo slab delacitment.

Focal mechanismsof earthquakesin tite rrxost westernMeditíeraneanarea
point lo decouplingof tectoniesal manileand crustalJevel(CrimisonaudCiten,
1986),consistentwitit tite presenceof a detachedslab.Titis is clearlyby E-W
compressionof earthquakesdeepertitat 100 km, whereasintermediatequakes
demonstraleNNW-SSEcompressivestresses(Grirnison audCiten, 1986). Tite
lalter direction agreeswitit tite NW-SE lo NNW-SSE compressionin lite
Torlonian tú Recenístresssyslemir tite easternBetic Cordilleras(Montenalce
aL, 1987;DeRuig,1990;Buforn andUdías,1991),whicb isrelatedlo titeAfrica—
Eurasiacollision (Bergeral,1987). lite approximateN-S directederustalsitor-
leningin tite BetieCordillerasitasresultedin strike-slip deformalion(Montenal
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«ea!.,1987;SanzdeGaldeano«eaL, 1990),closureof exíensionalandslrike-slip
basius(Bon «eaL, 1989;CoppiereeaL, 1989)andovertitrustingin tite External
Zone(De Ruig «e aL, 1987;De Ruig, 1990).

Figure 10.—Mapof Bougeranomalies (inmgal)in themostweslernMediterraneanarea(afterVan
denBosch, 1974).The Betic-Rifare is underlainby fin arcuatepatternof negativeanomalies;
crustalthickness(diamonds,afterBandaandAnsorge,1980andBarrancoetaL, 1990)diminish
pregressively towardstheAlboranBasin.Mioceneandyoungerstrike-slip faultsandvolcanism
(dots) (after:De Laroaziéree¿’ aL, 1988)areconcertratedin thethinnestcrust.

Tite eomplexMiocenelo Recenttectonieevolutionof lite BetieCordilleras
is litusprobablyduelocrustalsitorteningresultingfromAfrica-Eurasiacollision
interfering wilh extensionrelatedtú manílelectoniesarisingfrom roll-back,
sleepeninganddetacitmentof a subduetedslab belowtite collision zone.

1
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CONCLUSIONS

Sludy of lite relationsitip belween polypitase deformation and mineral
growtitin titeAlpujanideandMuihacencomplexesitasresultedinwell constrained
P-T patits,wl-iicit reflectlite essentialfealuresof titeAlpine tectonicevolutionof
tite Betic Zone.EarlyAlpine HPconditionspoinílo subductionbelowtite lower
ernstof tite MalaguideComplex: lite AlpujarrideComplexwassubdueledfirst,
foflowed by ¿‘heMuibacenComplex,witicit wasin turn undertitrusíby tite Veleta
Complex. Nappe stacking titus occurredby sequentialunderthrustingattd
detacitmentof upper cruslal segmenís.Subsequenídecompressionshows

exitumationof tite HP melamorphicrocks,duringwitich duetileflatteningand
extensionallectoniesweredominaní.Radiometriedatingpoints lo initiation of
cooling after 1-IP metamorpitismin tite Mulitacen Complexat aboul 89 Ma,
xmplyingan Early Cretaeeousagefor subduction.Titrusting of the Betie Zone

overtite relatively cool ExternalZoneduring tite Eoceneresultedin advanced
coolingof lite itangingwall. Importanílatestagereitealingis tentativelydaledat
about25 Ma, showing titat erustalandsuberustalextensionand tite assoeiated

maníleupwaringin tite Betic ZoneareLateOligocenelo EarlyMiocenefeatures.
Subsequenírapid cooling is due lo inversionof tite extensionalsírneture.

Tite tectonieevolulionof tite Belie Zonereflectstite dynamicsof eompression
andextensionof lite lhreemain stagesin lite Africa-Eurasiacollision in tite
westernMediterranean:

1. ESE-wardmovemeníof Iberiabetween119 andSOMa,duetú spreading
in tite Atlantic Ocean tú the west of Iberia, resulted in westward
subduetionof titeBelic Zonebelowlite leadingedgeof Iberia,witerethe
MalaguideComplexwaslocated.

2. Overthrustingof the mosí southernpart of tite ExíernalZone by lite
partiallysíructuredBetieZonein liteEocene(around5<)Ma) causedHP!
LTmetamorphismin lite overtitrustpartof titeExternalZone(Almagride
Complex)andflexural bulgingof lite pan whichwasnotoverthrustand
witeresedimentationcontinued.Titis pitase,witich is coevalwitit colíl-
sionin lite Pyreness,is causedby an additionalNW-SEcompressional
componentinto tite Africa-Eurasiacollision duetú oceaniespreadingin
theNorwegian-GreenlandSea.

3. LateOligoceneto Early Miocenecrustalandsubcrustalextensionand
subsequeníinversionof tibeextensionalstructure,wbich wascomp!eted
at about18 Ma,ocurredduringcontinuingAfrica-Eurasiaconvergence.
Titis points lo roll-back, sleepeninganddetacitmentof tite subduction
slab.Detacitmentof thedeeperpart of tite slabcauseda beltercoupling
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of Ihe sitallow remainderof lite slab witit lite overlying pIaleenabling
lransferof compressionduelo pIaleconvergence.Reseltingof isotope
systemsin tite Mulitacen Complex, imporlaní volcanism and dyke
intrusion point lo renewedextensionafler 18 Ma. A deepsourceof
volcanismagreeswititiitepresenceofadetacitedslabasplaleconvergence
duringtite Mioceneis nolsufficientforsleadysubductionto sucitdeplits.
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