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Note on Thesis Organisation
Because of the number of figures involved in this thesis the figures have been separated from
the main text of the thesis. Consequently the thesis is presented as two volumes, Volume
I contains the text of the Thesis and Volume II contains the figures and appendices. This

allows easy cross referencing of the text, figures and appendices.
In addition this thesis is organised into 4 self contained parts;
Overview

Part [ The Guadalquivir Basin

Part I The Gibraltar Arc Flysch

Part IIl The use of the External Basins in the Interpretation of the Betic Orogen.

Each part has its own separate system of chapter and figure organisation, this applies to both

Volume I and Volume 2.
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Abstract

The Betic mountain chain of Southern Spain. together with the Rif Mountains of N.W. Africa
forms the western-most extension of the Alpine mountain chain in Europe. The Orogen
formed as a direct result of the interaction between the African and Iberian plates which took
place from the late Cretaceous onwards. The origin of the Betics is far from understood and
there are several conflicting hypotheses concerning the origin of the Orogen.

There are two major external basins to the Betic Orogen in Southern Spain, the
Guadalquivir Basin and the Gibraltar Arc Flysch, and both provide important insights into
its tectonic history.

The Guadalquivir Basin lies on the northern margin of the External Zone Tertiary fold-
thrust belt of the Betic Orogen and south of the Palaeozoic Iberian Meseta. It can be
subdivided into structurally distinct regions, an undeformed autochthonous basin which lies
to the north of a deformed allochthonous basin. The origin of the Guadalquivir Basin
{previously interpreted as being the foreland basin to the Orogen) is questioned. Structural
sedimentological and provenance studies demonstrate that the Guadalquivir Basin is not a
foreland basin because; 1. It formed as an integral part of the destruction of the Iberian
passive margin during which time thin skinned thrusting generated a basin on the northern
margin of the External Zones, 2. The fill and unconformities of this basin were controlled by
eustasy rather by the tectonic incursion of an orogenic wedge being driven onto the Iberian
Margin, 3. The basin did not form by the downward flexure of the lithosphere in response
to an orogenic load. Therefore the basin cannot be considered to be a true foreland basin.
The clastic sedimentation in the Guadalquivir Basin was controlled by the emergence of the
External Zone thrust sheet, during the late Miocene, which was related to the thin skinned
thrusting. During this time the recycling of material, that had originally been derived from
the Palaeozoic Iberian Meseta, took place. A thrusting event at the the end of the Miocene/
early Pliocene led to the destruction of the Guadalquivir Basin which was subdivided into the
allochthon and autochthon seen today.

The Gibraltar Arc flysch nappes link the External Rif of North Africa to the External
Zone of Southern Spain. The largest unit of the Gibraltar Arc is the Aljibe Flysch which can
be subdivided into the Beneiza Flysch and Aljibe Arenites, which are Oligo-Miocene in age.
The Beneiza Flysch is characterised by thin sandstones and siltstones that are interpreted
to have been deposited by turbiditic currents. These pass rapidly upwards into the thick
bedded and super-mature Aljibe Arenites, which are entirely dominated by water escape-
structures. The contact between these two units marks a dramatic change in the
depositional environment at the beginning of the Miocene. The Aljibe Flysch is interpreted
as recording the development of a basin plain that became tectonically segregated at the
beginning of the Miocene, at which time new and tectonically confined basins developed.
Tectonic instabilities created elsewhere in the External Zone resulted in mobilisation of large
amounts of sediment which was rapidly deposited in the newly created basins. The flysch
units have subsequently been thrust westwards post-Lower Miocene during which time
peridotites were emplaced into mid-crustal levels
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Consideration of the tectonic and sedimentary history of the Guadalquivir Basin and
. Gibraltar Arc Flysch provides an important insight into the tectonic history of the Betic
Orogen. Data collected during the study of these basins, combined with important new
published data from the Alboran Sea and Ronda Peridotites, has resulted in the rejection of
the widely accepted ‘extensional collapse’ model and in the identification of strike-slip
tectonism and transcurrent movements as the main mechanism for the building of the Betic
Orogen. Miocene transcurrent movements in the Betic area resulted in the break up the
Iberian passive margin, the emplacement of metamorphic terranes and in the formation of
thrusts in the Gibraltar Arc through a complicated history of transtension and transpression

in the region of the Alboran sea.



CONTENTS

VOLUME 1
OVERVIEW
1. THE BETIC OROGEN ...t ettt e reea e s 3
1.1 INtrOAUCHION «eeeeieieeeeee et e sttt e e r e s aes 3
1.2 Plate Tectonic Setting .......occoeiviiiiiiiiiiii e 3
1.3 Tectonic SUbAIVISION .......cccoiiiiiiiiiiiii e 4
DRI I {0121 5 1 To 1 B/ 0] £ - U U 4
1.3.2 Nevado-Filabride TRIUSt SREEt ........ouceeemureeveivirvenriiirierininiiseieeieeeeansaeeerreeensns 4
1.3.3 Alpujarride TRrust COMPIEX ........ueeeeeeeeeneieiriiiiiiciiiiiiticiiiriceeer e e 5
1.3.4 Malaguide TRIUSE URUL. ......c..ceveueieruririietiereneimnnieriecriseerssermmoresssrssirmessssrsssreens 5
1.3.5 Internal Rif, N. AfTiCQ. ....ceeuuuuueeriiiiiiiriiieeiiiiiineieitiisiesiteeeririsisseesesesssseesssesesens 5
1.3.6 EXLETTIAL ZONE .....ceeuuniivevrneiiiirniiiieervnnrrsrenesireerirrssersssstrsssserssrasssrssessssssssssssns 6
1.3.7 Subdivision of the EXternaAl ZOTE ..........ceeeevriiivvreiverusosreerieeeceresierseesorsenssisnanes 6
1.3.8 The AIDOTAI S@Q......ccuuveeuiiiennirienirinriiieiniiniiriuniirietiessstrmsisssiiniossismsiressssssssssenes 7
1.3.9 EXEINIAL BASINS ...vvuveneeererireretesirereirecireremiveermesioenmessorrosrissisessnssssssssseessssessesns 7
1.4 Geological History: A comparison of hypotheses..............cocoooiiiii 8
1.4.1 Compressional Tectonism and MetamorphiSm. ........co.ueuevviivieerveenernereveennennee. 8
1.4.2 Strike SUP TECIOMUSIM...cueueuererreiviineveieieeiiieieiieiieiieiereerareeatasseiessiiessenssseressssanes 9
1.4.3 Extensional COUAPSE..........ceuuenveernieiieiiienirrerireierennesenetireneresnsssmaireessressenessenns 9
1.4.4 EXtEINAL ZOTIE ..uucueeeneeevireniinriienriieirieiisecerunonterenneisesssosenssonisesssssssssssssssnsssssnnes 10
1.4.5 External BASINS. ......cvveiiiimriiiiiiieieiiiiiieeeiiiinnisseicnsssssiiesrosssosrmssestssssssesssssrsssns 11
2 ROLE OF BASINS IN INTERPRETING OROGENS ..........ccociiiiiiiinnnn. 13
2.1 Classification of Basins. .......cccooviiiiiiiiiriiiiiiiiiiee et e 13
2.2 The Classification of Neogene Basins of the Betic Orogen.............cccooeeieiii. 15
2.2.1 External Foredeep OrogeniC BASINS ........ccceveeieeeiiririreririciiiiisssnsssenrsesenerassees 15
2.2.2 Rifted Continental Margin (Extensional) Basins .........cccceeeeeeeveeonineivineiinnnns 16
2.3 Basin Development in Relation to Orogens ............coceiceiiiiiiiiiiiiinniineiieeenn. 17
2.3. ] TECLOTUCS ..ccuuveeunieurireeniienririnieeruisiriuieeenretsemesosniesersssesnsessassssnassasssssensosessssncosses 18
2.3.2 PTOUETIANICE ...o.cuveererieeeniirereesieirrannisirmemensssserrsssssssnssssssnrssossnsserssnssanssonsnssssnnnses 18
2.3.3 The ProvenancCe HISIOTY ........eeeeurvvrerreerrnessemnsenmniiensireesesenessssressressernroseensseas 20
2.4 External Basins of the Betics: Their Potential as an Orogenic Window ............... 20
3 AIMS AND OBJECTIVES OF THESIS.....ccociiriiiiiiiiiceeee, 21
3.1 OBJECHIVES. .oueiimiiiiiiiiiiiiiie it et sat e et e rrae et e s e e e s et st e e s n s enas 21
3.2 Thesis OrganiSation. ..........viviiiirirmniiriieir et es st e 21
PART 1
THE GUADALQUIVIR BASIN
CHAPTER 1 INTRODUCTION ..ottt ceeere s eiee e 24
1.1 General Setting ......c.ocouiiiiiiiiiiiiir et 24
1.2 Stratigraphic Setting ....... U USRI 24
1.3 Previous Models for Basin Formation ...........coeiiiiiiiiiiiiiiii e, 25
1.4 STUAY ATCA ..euuiinnirniiiiiiiiitinitie it ittt era et etaests et st stterassraanareannesressnsssssense 26
CHAPTER 2
TECTONO-STRATIGRAPHIC ANALYSIS ....oviiiiiiiieiiiieeeneeeeeeieeeeereee e 28
2.1 INtrOdUCHION ou.iviiiiiiiici ittt ea st e ea s e st s st sanemsesarassssssassnntass 28
2.2 DAt SOUTCES ...cuivuiitiiriiniiniiiiirieiitiitir sttt ereetasnesnaatassnasassasrastsatasssssmnstsnimsnsasonsss 28
2,2,1 MOPDS ccuueeeeerueervneeeevneriisiserossssssssssnsasusnsumteriestertseimsssssesnsmesisnssssstsssssissosssssninenses 28
2.2.2 Seismic & BOre HOle DAL ........covreeeroverieemeneennuannsoranmniineeeennossseneennesossorassncesns 29



L2 RN O =110 B B o 1 1o SRR 30

R B T ) (o] o LTRSS 30
2.3.1 REVISEA MAPS ccuuueerurerimrrieveericriieiiviirvrereuesisesemvuimeaseersesssansesssssstsessssssrsssssnnasss 30
2.3.2 A Revised Stratigraphy for the Guadalquivir Basin...................cccceeuveeveneen.... 31
2.4 INFETEIICES .uniiiieiiiii ittt e st s ittt e e e e e e e e e e araranes 33
2.4.1 Nature of the Allochthonous /Autochthonous Boundary ...............ocovceeeeeeeee 33
: 2.4.2 Status of the OUSIOSIIOME .........eeeeeeeerieiiiicieriiiiericereeietcevsereseessseessssssessnns 34
2.5 CroSS-SECHIONS ....ivviiiniiiiiiiiiiiiiiiiiii ettt st et e e e s e a s an s enas 35
2.6 Chrono-Stratigraphly .........ccceeiiiiiiiiiiiiiin e 36
2.7 Chrono-Stratigraphy Compared to Global Eustasy
and Tectonism in the Betic Orogen .........coooevvviiiniiiriniiiiiiiiinn e 37
2.8 A Tectonic & Stratigraphic History for the Guadalquivir Basin .............c....c....... 38
2.8.1 Mes0zoic t0 Palaeogene. ..............covvvireveuuunniiiirveiinineenecorioniesssssneansersssessnnsnnes 38
2.8.2 LOWer-Mld MIOCETIE .....cceuueurivveeeiririesniiirererisieesisiiisseesisssnsssmsssecsssannnsssssssnnnne 38
2.8.3 TOTTOMUATL ceueuvrivererionrnnisriirseisirireeuesissrssussrsssssssssssssessssssssasssmsssssanessesmnssssssesanne 39
PLARC T ©7e] o Tod 1T 15 (o) 1 T PPN 40
CHAPTER 3
SEDIMENTOLOGY & PALAEOGEOGRAPHY .....cccoviiiiiiiiiiiiiiiiiieenan, 42
3.1 INtrodUCHION ....ccuviiiiniiiiiiiiiii ettt e e s eese s aaeas 42
3.2 General Stratigraphy .......ccoooiiiiiiiiii e 42
3.3 Lower & Mid Miocene Facies AnalySiS ........coovvevvirinninniiiviniiiininiiiiiie e vneeenees 42
3.3.1 Thinly Bedded FACIES ..........coceimeveeummrririeinmmtieiiiiiciiieeesennaisisssesssssasssosessassnss 43
3.3.2 Thickly Bedded MATLS ..........ceeeeeereermenrisiiriermmmenisisiisireienressssissersssesessscsssessas 43
3.3.3 Laminated DIGLOIMULES ......couueeeirvemeiririrenriceriicersrseeeiiresuseiissssisssssasirmsonnesssnss 43
SSIRC IR 9 2701710 13 gl 0o T ox 1 SO 14
3.3.5 Facies Distributions and ASSOCIAHONS ......ceuurerermivnnriermeeerenrererrsnismmsenessensses 44
3.3.6 Facies INterpretalions ..........eveeerveerviireemriniemneiiiviorssrirmrmreriosreseisiocseesssssssssnes 44
3.4 Tortonian Facies Analysis .......c.oocuuviiiieiiiiiiiiiiec e 46
3.4.1 Thin Bedded SANASIONES .......cccevevrirvureireneiennirienniieesieenssessseienssassersersensssis 46
3.4.2 Tabular SANASIONES .......coeuvreueriieeeriiteriieerirtsisiiiiiiesisisrieeereeteseisereseriassessssnaes 47
3.4.3 Thick Bedded SANASIONES .........coeuuiereuerreriivrerirrnisirrsiiisniorinseitieeesseisrmsmseeens 47
3.4.4 Cyclicity Observed (n the TOTTOMUATN ......ceeueeeeirieerierentirennereeeeniieeesieneniesenasees 48
3.4.5 Facies INterpretationt ..........eeeeeeeirreenriiierenusovireersiineernmrisesenssrsessmmeersnressicensens 48
3.5 Lower Messinian Facies ANalySiS ...c..ccveiiiiiiiiioiiiiiiiiiiin it eee e eees 51
B 3R 0 5 (o 1 £ OO OO U 52
3.5.2 Thin Bedded Calc-LItRIC ATENILES .........cveeeeeeririeerivivariiieiierssonsiirinieemesioscsnenes 52
3.5.3 CalC-LItRIC ATEMULES ....cueeveerrenrrrerrrereisirertiereenereersincesrereresrasessssressosesrarsesensenne 52
3.5.4 BIoclaStiC GrAINSIONES .....u.eeeuirrieeereeereremsisrorernrsiisenssnieeiressssnsserorsessmssssssssssnes 53
3.5.5 CONGIOMETALES ....covveeeurrerrirerrrrreereerrrirrrerormeentiiisissseesstsmsisisssisesnsrsmmsssnssssses 53
3.5.6 Facies INLerprettion ..........eeeveveeireenirireseenecereniiienesseisneisssssesnsieseasersesssmesnsns 54
3.6 Upper Messinian Facies AnalysiS .......ccoveviemiiniiiiriniiiiiicicic e 57
3.6.1 CalC-LItRIC ATENULES. ......ceeuuveeeirieuririneiireincereiesesiiiiemssetioriesesrssasiossniosssnsensnsens 58
3.6.2 Calc-Lithic Arenites With Thin Pebble Beds .............ueeeeeeeeevreversrenrensierennnnas 58
3.6.3 Grey/Red Marls With ROOIELS .........cecereeeeerereriienieeiriiriiniieinineeirinneneeiecsssenenes 58
3.6.4 CONGIOMETALLS ....c.cauuenuirveeeiaenrririeriievrieietierserrrmusiissteairtssssassressssssssesessarsssnses 58
3.6.5 Facies Associations and DIStIDUHONS ......c.eeeeeeeierennreremuicrreneeeiiireneecienseneenns 58
3.6.6 Facies INETPretAtiON .........cceveieierenirieneiennserreusssiseseernrosssserassssssnsnssssssmasssssessees 59
3.7 Summary of the Palaeoenvironmental
Evolution of the Guadalquivir basin .........c.cccooiiiiiiiiiiiii e, 61
3.7.1 Lower Miocene ENDITOTUMENL ..........eeerirrvereeenseerurrenensiesssiesrorsecoresssnsorsssasecssnss 61
3.7.2 Tortonian ENDITOMMETL .......c.ceveeveeemmeeererissoriesemmnnnieeereieininersemssmsmssiseisisessensnns 61
3.7.3 Lower Messinian ENUITONMENNL ..........ceecveererrieirineneceessecsenescernsenreresernnnssnsessens 62
3.7.4 Upper Messinian ENUITONMENTE ......u.veeerimeeirinnrrireeiiemnniiierieseeionmmmenieeiiemensnons 62
3.8 Palaeogeography of the Miocene Guadalquivir Basin ..........cccoooiiiiiiiiiiiiinnnnnn, 62
3.8.1 Shelf Break MATGII ....c.uu.eeuuverriiieinnmnieeiessenenesessssssiisssssosssssesmmmesnsnsssssssssssons 62
3.8.2 RAMP MATGINS ccu..oueneeeeennririionriiinirenueieeisiseeettnanmararieeessanesssesesanessasnssrerssssssns 63
3.9 Allochthon &Autochthon: Part of the Same Basin ??.......c.cooovviviiiiininnnn. 64
3.10 CONCIUSIONS ..ouuiiuiiieiiiiieieiiirien ittt sereereereasee e st eraaettesaaseraesatronens 64



CHAPTER 4
' PROVENANCE OF THE GUADALQUIVIR

BASIN SEDIMENTS ..oiiiiiiiiitiiiiiiiietiitetieteeeeeeeetenteaetaetenetearerseneensanss 66

4.1 INtrOAUCHION ..eovvviiriiiiiiiiiiii e s et e e e e e e e aas 66

. 4.2 Quantitative Petrography ..........cccviiiiiiiiiiiiiiiiiin e 69
4.2.]1 SAMPLES ..cocuvunveeeereenivenieeiririiisrsiissseesirsscs s sss s s asesabat et e e s s s e e s asas s nans 69
4.2.2 MELROAS ....euuuurerrreiiiirevteniiiiiiiernneusiieiciscrtssteeseissssesesrsenssesssssssosssssssssessasonssanesnn 69

4.2.3 Assessment of Sediment BiAS .........coceevrireruiiiiinirerieruuensiissseciniccssssenioaosssnss 72

4.2.4 Petrographic Characteristics in Relation to Plate Setting. ..................oeeuu...... 74

4.3 Clast Composition of Conglomerates.............covevuiiiiiiviniiiriniiiinii e 76
4.4 Palaeocurrent Data......ccoouiviiiiiiii i et e s e e e e ans 76
2 30 B D o (o AU 76
4.4.2 Transport PAtRLDAYS ...ce.ueveievirimeeuieiieiiieinrenaiiisiiicereessmsessesseessisssssmsssnsessssses 77

4.5 Geochemistry & Geochronology of Detrital White Micas .......ccccoeeevuvvererinnnnnnnann.ne. 77
4.5.1 Geochemical Variation of White MICAS ......c.couueucieuriieniirieenrireicceencrininnnseenes 77

4.5.2 SAMPIES uueeeeeeeeiriieniirirticnrieniiietieesiietentscerieteistessssiersssssssessssssisssasesssesssssescses 78

2 MR I (211 1 oo K RO PPPPPP 78

4.5.4 Geochemistry of the WHRIte MICAS ......c.ceeveueeriireirreeeurseersssiisericsscirneenereessesies 79

4.5.5 Geochronology using Ar/Ar Dating Methods ...........ceeeeeveeremmnrennererinnieeienenns 80
4.5.6 Source of Metamorphic DetTitUS ..........ovvvveieuiiiirrimiieiiiiicciesrisssenseeesannsesesens 82

T SR O70) ¢ Lol LD LS) o] o 1= U 82

CHAPTER 5:

STATUS OF THE GUADALQUIVIR BASIN ....c.ouiiiiiiiiiiiriiiiiiiicineneieeniennens 85
5.1 Previous INterpretations ........ccocieeeiiiiiiinniiiin e e e e et e e 85
5.2 Characteristics of a Foreland Basin ..........ccoocveeiiiiieiiiiiniiivinenneiveic e, 85

5.2.1 Definition of a Foreland BASIM ............uueeieeeueniniiniieieirnnniniiniiainiiiseneiisiieseenn. 85
5.2.2 Evolution of a Foreland BaASiM.........c.ceeeeeeeeverricersioerrneesicorersseenessrssneresssssssnes 86
5.3 Stratigraphical Considerations of the Guadalquivir Basin ............cccceovvuviiniennnnnee. 87
5.4 Status of the Guadalquivir Basin ........cc.cveiiiieiiiviiimiiniiniinc e e 88
5.4.1 Geographical Location and Geometry of the Basin.............eeeveeeeeereererenennnnnn. 88
5.4.2 Mechanism of Formation of the Guadalquivir Basin..................ceeeereerreeenennans 89
5.4.3 Classification Of the BASITL .......ciicveriirrevneiiieeesiiiirmeiiiremmmniiosieienssmmsiorsessosseennae 90
5.5 Model for the Formation of the Basin ...........cc.coviiiiviiriiiiniiniiicviin e, 90
PART II

THE GIBRALTAR ARC FLYSCH BASIN

CHAPTER 1
INTRODUCGCTION ...ttt ettt ettt e stssaeaieneaenansenes 93
1.1 General Geological Setting ...........cooiiviiiiiiiniiiiiiiiii i e 94
1.2 Previous Interpretations ........c..coiviuiiniiiiiiimieiii e 94
1.3 StUdy ATCA ..ceuvvnninniiniiiiiiiii e e e e e e e s e e e e 94
TECTONO-STRATIGRAPHIC HISTORY ...ccoiiiiiiiiiiiiiiniiiniinii e, 95
1.4 CrosS-SECHOIM ....couiiuiiriiiieiiriiiiiritniei ettt erareatestseestesarerantsrsesrasannananss 95
1.4.]1 DESCIIDHOTN cc.cvvveeriirrerniernueiireeenionreeisienesneecaresasisesessussesssnnsassssessnsrrnnsoasenssssnsnnes 95
1.4.2 INLETPTELALION ....cu.uueeunerneerirereeceireticencereeereressisinseeeessesimrnsnssasessmeansesssenssonenns 95
1.5 Stratigraphic EVOIUHION .........ccoiiiiimiiiiiiiiiieniiii e 96
1.6 CONCIUSIONS ...ttt 96
CHAPTER 2
SEDIMENTOLOGY & PALAEOGEOGRAPHY
OF THE ALJIBE FLYSCH ...couiiiiiiiiiiiiiiriiiiiieicr e e e e 98
2.1 INrOAUCHON ...iiiiiiiciiiic it s e eeraa s et e e s e s se e 98
2.2 The Beneiza FlySCh ..ot e e 98



2.2.]1 DESCTIPHOM .ueeeeverarntereeriitiieiieerieisetseeesrsinressiesses s e etaasssesessstessssenarsansssnsessns 98

PIDVLIRZ ((3(=3 5 o] =2 (o 1o 99
2.3 The ALJIDE ATEIILES ..oovnniiiiiiiii ettt e eee et eva s et eareeeaees 99
2.3.1 General CRATACTETISHICS ..cccvvrurieerrrurenieiireriseissncrssruererennrrerroriieisimssssmmmmmnssanses 99
PIRC DL Wo7a o U= B I s B 1-T=] o £ U 99
2.3.4 Description of the Sedimentary StUCLUTES .......cccovvveerviveeveenseneneeeneensrrrannns 100
2.3.5 The Idealised Sequence Of SITUCLUTES .........eeuuueeerveemrireniieerieiiriennenneeereunnens 102
2.3.6 HeterolithiC INETUALS ......eueeeeerueecvviiiiiiiiieniistireircce e cvvecesessssecnansnssesenees 103
2.3.7. Interpretation of the Sedimentary StruCtures ...............cceceueeverevrrieeerenennnes 103
2.3.8 Interpretation of the Idealised SEQUENCE ..........cocuuueeeeeirrreereeiricerevenensisnnnaes 106
2.3.9 Inferred Rates Qf DEPOSILION .....eueeeeereriveerreennrirreerremeveinsiieerreennesseessnseesnssn 107
2.4 Beneiza Flysch to Aljibe Arenite Transition ...........ccccoiviiiiiiiiiiiiiininnnn, 108
2.5 Interpretation of the Aljibe Flysch .........ccooooiiiiiiiiii 108
2.5.1 Deep Sea Depositional SYSLEMLS ........eeermiieereiriiiiiiieietiecvvvenrsesessenseneenens 109
2.5.2 The Aljibe Flysch Compared to Deep Sea
DepOSItiONAl SYSLEIML .ceeeereeeerreveeunnriiieririreririreierereseeiieneerrnreeasessnsssessessssnsmaensssannes 110
2.6 CONCIUSIONS eunvnriiiiiiiniiiiiiiiie e e ettt e s cee s e e s eanannnens 111
CHAPTER 3
STATUS OF THE GIBRALTAR ARC ...t 113
3.1 Interpretation of the Aljibe FlySCh .........coooiiiiiiiiii 113
3.2 Status of the Crust Prior to Deposition of the Aljibe Arenites............................. 113
3.3 Nature of the Oligo-Miocene Tectonic Event .........cccooooviiiiiiiiiiiiinninn, 113
3.4 Timing of Thrusting in the Gibraltar Arc ... 114
3.5 Conclusions (A Model For Formation} ........ccoecevvviiiiiiiiniiiniiiiniiniiic e, 114
PART III
DISCUSSION:

THE SIGNIFICANCE OF THE GUADALQUIVIR BASIN AND
GIBRALTAR ARC FLYSCH TO THE EVOLUTION OF THE
BETIC OROGEN

J B 0515 Yo 1T T3 u [0 o U U R U N 117
2 Tectonic History Derived From the Study of the External Basins........................ 117
3 The AIboran DOMAIN ......cccouviuieiiiiniiiiniiiiiiir e etret e raesrs et ea e raesrerans 118
3.1 RONAQ PETIAOULES ....ccuvveivrueinivvursiririnsriiicrrenninrintiiseserenmsessssssormontesssssrmsessonsss 118
3.2 TRE AIDOTAI SEQ ....ccuverierrrrririrererisnerenrsonsemassiosionsisssesrsrasssesnnsossssnmmnesessensassans 120
4 A Rejection of the Extensional Collapse Model ...........cooeiiiiiiniiiniiniiiiiiinnn, 122
5 The Case for Strike-SHp TECtONISIM ....vevviiniimiiiiiiiierieii e, 123
5.1 Plate TecCtoniC HISTOTY ...ccceeevereeemeersecernreneereinioieemeeniereememreerossmsosssenssssesmesessanes 123
5.2 SHNKE-SUP FAUILS .....ouurereveeriiirisirerinrerieireuuenerteninenssstiereraaeassssssenssnssessrasnsossen 123
5.3 PalaeomagnetiC ROTAHOMS ........eeeevreeeririeiiericererinieereneisisssrssssssssssssisssssssssssrenees 123
6 The Betics as a History of Transtension-Transpression ........ccceevvveviiiiininiiiniineenn. 125
7 A question of Terrane TectoniSm P??.......ccevvirimiiiiiiiirieici e 125
8 Problems Associated With a Strike Slip Model.......c..ccoovuimuiiiininiiiiniiniinniennes 126
8.1 The Guadalquivir Basin ProbDIem ...........eeeeueeereemivevuetiiniisreeceienuvnreeneannnneenesens 126
8.2 The Betic Movement Zone ProblemM.................uiieiereeeeeneneeeniicerenennneeaanenenenannes 127
9 A Model for the Evolution of the Betic OTOZEN ......cccevvrmriiieniiniiiiiririneiniiinnieniennan: 128
9.1 Cretaceous to Early Miocene (Fig. 8Q) ........evereevevevreeuuenriereirenennennesceriosasnnns 128
9.2 Miocene (Fig. BD) .......uuuuueeeeeervriiisserreiiecsnsnnunneneetinniseiieeasesnasnnnnanssssssessnsansses 128
9.3 PUOCENE (Fi. 8C).cuveereecirrreeurrirciierrvreeseeennunennieersstieeeteetsesemsmmsssssseionesssssnsrassnes 129
10 Unresolved ProbIEIIS .......ccvveeiieernerioiieiininiiiii it srtie e reenesrsaesaeesassenes 129
11 FULUTE WOTK ..coviiniiiniiiiii it tie it eatt et e e v ariesetesaniesanstasensassansernsansasares 130
| D22 076) 11 112 (0] o 1< S TSP UL PR P SRS RN 131
THESIS CONCLUSIONS ....iiiiiiiittiiiaiiitiititiiitittenttirerretieneeieraneneisieans 133
The GuadalquIVIr Basin ......c.cocviiuiimiiiiiiiiiii et s eaena e 133



The Gibraltar Arc Flysch Basins ......cc.coooviiiiiiiiiiiii e, 134

- ACKNOWLEDGEMENTS &
REFERENCES ... e e eea 137

VOLUME 2
FIGURES AND APPENDICES

OVERVIEW: FIGURES

Figure 1.1 The Alboran sea and surrounding mountain chains. ............ccccceveeenennneen. 159
Figure 1.2. Successive positions of Africa relative to Europe. .............uueeeecivveunneneneena. 160
Figure 1.3 The subdivision of the External Zone. ...............uueeueueeiiricirirevennncernncnennne 161
Figure 1.4 A summary of hypothesis proposed for the Betic Orogen. .........cccoceeevunuecn 162
PART 1
THE GUADALQUIVIR BASIN: FIGURES

CHAPTER 1

INTRODUCTION: FIGURES ..ot e 165
Figure 1.1 The Baena-Montilla StUAY ATEQ ..........cuuuuuirrrveurireireuriiirereiniisiraaesississessreens 167
Figure 1.2 Lithostratigraphic correlation diagram. .........eueeeeeeerrveeeennriieennnnrrsenneerenens 168
Figure 1.3 Basin development in the BetiCc Orogen. ...........cevveeerseereeeuensiecrnennisnseensvenenn. 169
Figure 1.4 Cross-section across the Guadalquivir Basin. .........eueeeueeeeeeeeenieveervennennenens 170

CHAPTER 2

TECTONO-STRATIGRAPHIC ANALYSIS: FIGURES .........cociviiiiieiiieen, 171
Figure 2.1 Seismic profile across the Guadalquivir Basin. .........oovvveevevieivenencvinnennenenns 172
Figure 2.2 A revised stratigraphy for the autochthonous Guadalquivir Basin. ........... 173
Figure 2.3 A panoramic S-N view across the Guadalquivir Basin. ............cceeveveeevenneee. 174
Figure 2.4 Part of the allochthonous Guadalquivir Basin. ..............cceeceeevieerenicrvnnnnnnn. 175
Figure 2.5 Deformed Tortoriamn SEAIMENLS. ......cccceeeereereeiirrreunesernreeeeeiiieeeeensssessesssesnoss 176
Figure 2.6 Photo and line diagram of the base of the Guadalquivir Basin................... 177
Figure 2.7 Nature of the allochthonous-autochthonous boundary. ...........cceceveeeeeenennes 178
Figure 2.8 ‘Olistostrome’ mapped in a roadside QULCTOP. .......cceeeevverereennuereernrennneanennes 179
Figure 2.9 Generalized CroSS-S€CHOM. .........cereeirreemmuneniiriieernienieannncaaiisniissseseenennasssenns 180
Figure 2.10 Chronostratigraphic diQgram. ...........ceeeveeeeiveernrecrreineererrseeressennseencssssesenns 181
Figure 2.11 Chrono-stratigraphy plotted against global eustasy and tectonism. ....... 182
Figure 2.12 Tectonic and stratigraphic eUOLION. .........ccveeeeeeerreciieiiiiineenieenieiisiceenennns 184

CHAPTER 3

SEDIMENTOLOGY & PALAEOGEOGRAPHY: FIGURES ....................... 185
Figure 3.1 Lithostratigraphy of the Guadalquivir BaSin. .........ceeeeeevveiiirinreerennnnannecanaens 186
Figure 3.2 The sub-Messinian uncConformity. .........ceeeeeeemeeeneeissiiececeecnerereennnnnsnsnoenees 187
Figure 3.3 Lower MIOCENEe MATIS. .........cieeiiiiiiiinmiiiiiiieiiiiiintueieseesnnenesiasasessstesnsnansnnes 188
Figure 3.4 Lower Miocene boulder facCies. .......ceeevreerieeeerrrsrersrssnvneeneeneeeraresssssssssssanans 190
Figure 3.5 Thinly bedded facCIES. ........coceeriereeeruuuecsrrerenrinieneuunansenessrsssssessssseessasosnanennans 191
Figure 3.6 Thickly bedded Marls. ..............ceeerivereemrerrsiecsveennineeeonesueereneeeeeeaccnisosssassscaes 191
Figure 3.7 Laminated diQtOMILES. .......ccccivsriverirrsrressnenvaneceeareinteertineissssrossnecasacsssonsnsense 192
Figure 3.8(a) DIQtOM 00ZE. ......ceveureeeeerencienunremerrocneseeecmenioeetonmasisssennesmessnmmasisssssssssssossses 193
Figure 3.8(b) CONCINOAISCUS SP. ceucreeerrurcerirmeniererrmnrsenrenmracsrrnmsesssesssssnsssssssssassssssassessss 193
Figure 3.9 Lenticular units in the boulder facies ........ccouvevrveereveeeenieeeineeecreaneeeeasannnenens 194
Flgure 3.10 Photomicrograph of calc-Uthic arenite. ...........ueueeveeeeneivreseniieiienrinnsennaanecaens 194
Figure 3.11 Photomicrograph of fine grained calc-lithic arenite. ..........ccoeeeeeeveeeennnncnss 195

xi



Figure 3.12 Photomicrograph of bioclastic marls. .........ceeevvererverceieerveerieeeenvenrevecnnnnennen. 195

Figure 3.13 Thin bedded and thick bedded, Tortonian sedimentary cycles. .............. 196
Figure 3.14 Log of the tabular bedded facles. ...........ccveuuvreruerrencveemrevrreroennriareresannenn 197
Figure 3.15(a). Photo of thick bedded SAQNASIONES. .....ccuuverrreivierreiieeirererensriicnorinasiaens 198
Figure 3.15(b) Sedimentary log of the thick bedded facies. ..........ccooereveureeurereenvevenenanns 200
Figure 3.16 Cyclicity observed in the TOTtOMIAM. ........coeeiviieiieernenneerireiinirriereessessssrenses 201
- Figure 3.17 Plot showing the production of

asymmetrical and symmetrical DedfOrms. ......cccvcevivvmuriviriereniiieiniiiorirenrinieciiueeersiennsaes 202
Figure 3.18 Profile of @ barrier DEACH. ..........eeveveereirevemreriireiiiiirvveeenririinreesserarnnneenannns 203
Figure 3.19 Coarsening-upwards sequence produced
by the progradation of a storm-dominated beach. ...........vieeeerevvienvvvenrvervnrniinevenneneeee. 203
Figure 3.20 Sedimentary log of Lower Messinian sedimentary rocks. ..........cccceeeeeeerss 204
Figure 3.21 Photomicrograph of fine grained calc-lithic arenite ....................c..oueeeeeeee. 205
Figure 3.22 Sedimentary log of lower Messinian fining up cycles. .................ccuuueuuenes 206
Figure 3.23 Photomicrograph of calc-lithiC arenite. ............coeveveeeeeeeeeuerenneiierircrnnnenceniens 207
Figure 3.24 Diagram of mega-ripple Ded. .............ueeueeeeririeierirervvviieenieiiescereerinvnnenensssens 208
Figure 3.25 Sedlmentary structures in calc-lithic arenite. ...............eeceevverinnnnenveicrnneee. 209
Figure 3.26 Photomicrographs of BioclastiC grainstones. ..........occcevveevveveerunreevenecrennnns 210
Figure 3.27 Log of channelised matrix supported conglomerate. ............ccceeeevevuvennencs. 211
Figure 3.28 Lower Messinian CoOnglOMErates. .........ceeerveerremeeeeunseevisieeirerereseansssessossns 212
Figure 3.29 Erosional truncations in Lower Messinian conglomerates. ...................... 212
Figure 3.30 The formation of low-angle reactivation surfaces in sand waves ............ 213
Figure 3.31 Palaeocurrent data _from the Lower Messinian coastal fan deposits ....... 214
Figure 3.32 Laminae picked out carbonaceous material. .............occcevevveeevvmrevevennencnnens 215
Figure 3.33 Calc-lithic arenite with thin pebble ROrizons. ............cueeeeeeeneiieriveenennenecens 215
Figure 3.34 Sedimentary log of Upper Messinian conglomerates. .............c.ccueeeueevnerees 216
Figure 3.35 Conglomerates_from the Upper Messinian Guadalquivir Basin. .............. 217
Figure 3.36 Sedimentary log of Upper Messinian conglomerates......................ccc....... 218
Figure 3.37 Upper Messinian conglomerates. ........ccceeeveveeeiirneeeenacorvinmericeiieeniiienerenens 219
Figure 3.38. Palaeocurrent data taken from Upper Messinian fluvial deposits. ......... 220
Figure 3.39 Palaeo-bathometry of the Guadalquivir Basin succession. ...................... 221
Figure 3.40 Palaeogeography during the Lower-Mid Miocene. ................cueeeunrrveeennnns 222
Figure 3.41 Palaeogeography during the Tortonian. ...............cceeeveeeevrreiivenninnnsniisennann. 223
Figure 3.42 Palaeogeography during the Lower MeSSInian. .........ccccueueeeevervenrrnenennens 224
Figure 3.43 Palaeogeography during the Upper MesSinian. ...........ccouveeveeenevrveernnerennnns 225
Figure 3.44 Two possible margin configurations. .......c..cceeevieveenrreecetemnniceiinrenecreereeecnens 226
Figure 3.45 A generalized palaeogeography. ...........eeeveeeereerineeeniieeerenianscrseneniienennnen, 227

CHAPTER 4

PROVENANCE: FIGURES ......ccciiiiiiiiiiiiiiiiiiiiiricice e 228
Figure 4.1 Candidate SOUICE TOCKS. .....cccevevrerrsvsurenmennearueenrenisremermeesisrssssasssansessssesenssane 229
Filgure 4.2 Sample lOCAHOMS. .......cccuuueueeiiiiireirieiiriieeessirieeriintstetinieeeeenasionrierressnssnnnns 230
Figure 4.3 Obtaining a representative sample of the grain size population. ............... 231
Figure 4.4 Variation of petrographic parameters. ...........cccceeeeeeveeeeiiriiierisessseenseisasnsnnnns 232
Figure 4.5 Variation of petrographiC pArameters. .......oceeeeeeeeennieeriniemvtieenienenrinerronnnnens 233
Figure 4.6 Varlation of petrographiC paraQmeters. .......ceeeeerieerumensesiscssecisirireeeennnesnennanens 234
Figure 4.7 Variation of petrographic parameters. ..........eeeeeeeeeeeereeerererearessssssarseroneranenes 235
Figure 4.8 Variation of petrographic paraQmeters. ..........c.ceeeeieeeervacvenereeescsisseenineeneeneeeas 236
Figure 4.9 Variation of petrographic paraQmeters. ........ccccveeeevrveeveeceresiensinaasnsaisesssssasens 237
Figure 4.10 Occurrence of sedimentary WtRICS. .......eeceevemvemeeeereeeiiiiieisiiniiinirniinscccennes 238
Figure 4.11 Petrographic ternary pIOLS. ..........ccuvvevesvevreriseueennennneerneiereeeririsraerasaseesnenees 239
Figure 4.12 Qm, F, Lt plot for the Guadalquivir Basin. .............ceceevvveeeecenrvennenesenrnnne 241
Figure 4.13 Qp, Lvm, Lsm plot for the Guadalquivir Basin. ...........cccooeveveiienunvecaennnnes 242
Figure 4.14 Lm, Lv, Ls plot for the Guadalquivir Basin. ..........cccceeericevreceruennaniiicseennea 243
Figure 4.15 Ternary plot for sedimentary ULhICS. .....ccccoueeeeeenieeererirescicniiesireninnnccesennens 244
Figure 4.16 Lithological variation carbonte UthiC-ClASLS. ..........coeeeieiiiivirnvnnecnnnnniiiienin 245
Figure 4.17 Composition of clasts found in Messinian deposits. ..........cocceceeeueeeienaees 246
Figure 4.18 Palaeocurreént dQlQ. ..........coeeverreeemumemeeniononimsneieenmecoaceseessessessessessssssssocsanes 247
Figure 4.19 The Tschermak exchange for muscovite MiCAS. ........ceersiciensansvnmnnneiisceann 248
Figure 4.20 Modified graphical representation of the Tschermak exchange. .............. 249
Figure 4.21 Sample locations for white MUCAS. .......coeeveeremvennririoeiisassesescrsasinsinneeccninennes 250
Figure 4.22 Geochemical variation of white micas collected from the Betic Orogen....251

xdi



Figure 4.23 K/Al variation across detritial white micas. ........cceeuuvevvvevveencrienecereeennenne. 252

Figure 4.24 Provenance model. ...........oueeevreeniriemniirniirniiineiivniionmieniriuuieseeietesssrmessnennes 253

CHAPTER 5

STATUS OF THE GUADALQUIVIR BASIN: FIGURES...........c.ccccovvviinin, 254
Figure 5.1 The ‘generic’ foreland DASIN. .......cccveevvervvirieiriiiniiiiiinieienssisinsicsncosisnnees 255
Figure 5.2 Early ‘flysch’ stage of a_foreland BASIN. ...........eveeeerivrrerneeiiiiienricinennnarenann. 256
Figure 5.3 Late molasse stage of a_foreland DASim. .........e.cvereeeurreerirvnecernnineeiancnnnen. 256
Figure 5.4 A simple foreland basin proflle. .............evereemeeeeeeenrirerreireereneeeeiceenerneeeeeeeeens 257
Figure 5.5 Complex foreland DASINS. ........cccommiiiveimturiiiirmiiiiitccienreieeeiiiitreeneseereeseenennens 257
Figure 5.6 Comparison of the Guadalquivir Basin
with the Apennine foreland DASITL. ....c..cvveceriireiieierriuesrieiiiiieneosiesiermimiiecsrieesrseisisseesaass 259
Figure 5.7. Banks & Warburton (1991) Structural cross-Section. ..............cccceeeeerrenneee. 260
Figure 5.8. Theoretical response of the lithosphere to a load. .................cereevereenrnnee. 261
Figure 5.9 Tectonic evolution of the Betic Orogemn. ...........cceeueeeeeriirveeerrerreennuecsserierenenen. 262
Figure 5.10. Schematic diagram showing the evolution of the Befics. .......ccccceeeerennen. 264

PART II
THE GIBRALTAR ARC FLYSCH BASIN: FIGURES

CHAPTER 1

INTRODUCTION & TECTONO-STRATIGRAPHIC

HISTORY: FIGURES ...t e e 266
Figure 1.1 Geology of the GIDraltar ArcC .....eeeeieeeeiireeeiireieeetieeieeeeiiiieeererenecnnecsenesanes 268
Figure 1.2 Stratigraphy of the Aljibe FIYSCh. .........ceeeenereireeeneeiiiiecirerierieeriitccerieneeeees 269
Figure 1.3 Study Area 1 for the Aljibe FIYSCR. .......c....uerrvviemiiiiieiiiiiiceireeetiniicicecce e, 271
Figure 1.4 Transect 1 across the Aljibe FIYSCHh. ............ueeeeeeeererriirrrenrenrreenreteiienreeninnnes 272
Figure 1.5 Transects 2 & 3 across the Aljibe FIYSCh. .......uuueeeeeeereneneirrirerienenrcrirerenens 273
Figure 1.6 Transect 4 across the Aljibe FIYSCh. ..........uevveeeeevernnriciiirieriieeeiieicreeeenneeeen, 274
Figure 1.7 Cross-section across Study Areé@ I.............evveeeeeuiennieiieseiinneienenennienieesnenen. 275
Figure 1.8 Flysch nappes of the GIBraltar ArcC. ..........ueeeeeieeeereveenirreiiirreeeeneieeninseasenseens 276
Figure 1.9 Tectonic contacts in the GiBraltar ArC. .........ceveeeereeereennnserriernnecirineeeenennennns 277
Figure 1.10 Genesis of the GIDraltar ATC. .......uueeeeuereeireiemteeiteerersieneeernerennennireseeseseenes 279

CHAPTER 2

SEDIMENTOLOGY & PALAEOGEOGRAPHY

OF THE ALJIBE FLYSCH FIGURES .......ccccooiiiiiiiiiiiiiiiiiccn 280
Figure 2.1 The Beneiza Flysch and the Aljibe Arenites. .........cccceveeeemveeeeeenenrcereeerannnenn. 281
Figure 2.2 Photomicrographs of sandstones _from the Beneiza FIYysch ........................ 282
Figure 2.3 Ichnofauna CRONAIIHES. ......cceeveierreveerecoremnnriemrericcseennnncersrmiiamsssiersnsiesmeemnnnns 283
Figure 2.4 Sedimentary log of part of the Beneiza FIYSCh ........ceuuueeereeeeiveeiierenenennannees 285
Figure 2.5 The ideal BOUMQA SEQUETICE. ........ceerreureerriereenrvrnocisierassasernrsmnisranseoniaeresnnnnns 286
Figure 2.6 Occurrence of complete and partial Bouma Sequences. ...........veeeeieerenenee 287
Figure 2.7 Photomicrograph of Aljibe Arenite SanNAstONes. .........ccccueeeerneeeennnvaniiicseeenens 287
Figure 2.8 Sedimentary log of part of the Aljibe Arenites. ............... rreestsesessenessssansanes 289
Figure 2.9 Summary lithological log, transect 2. .........ueeueveerieerivereeveeeennuneciiieneneneanenne 290
Figure 2.10 Summary lithological log, transSect 3. ..........ccccereierivemvervneeerniceiesreeencranenese 291
Figure 2.11 Dark laminae in the AlfiD€ Arenites. ..........eeeeosiieeeeeerineneinenencesainernasanns 293
Figure 2.12 Dish structured laminQe. ...........cevveeereeerererierennneerrememsioneneeneeccninneonssssssones 295
Flgure 2.13 Mega-dishes and associated vertical pllars. ............coveieiiioiceiiiinnennccisanes 296
Filgure 2.14 Dish structured laminae that overlie micro-conglomerates. ..................... 298
Figure 2.15 Convolute overturned folds. ...........eiiiiieemmniiiiaiiirenneeniniiisaseenesneosinseserenne 300
Figure 2.16 Convolute diapir emanating from @ pillar. ..........cceeeevveenvormeeeeeceneeaneeeeaninans 302
Figure 2.17 Diapirs with disrupted tOPS. ............veeerreerunniiieccierniiieiieeiieeneeesnmsesssisosssnne 304
Figure 2.18 Type A pillars and associated mega-diShes. ..........cccoeeeeeierirererienennsionanens 306
Figure 2.19 SINUOUS PUIAT. .......vveeeueeeticiinieienteeetiatieeeieerenttaotitseeoiosscssssssssssinsransesssinne 308
Figure 2.20 BIfurcQting Pillr. ........e..ueeeemeneoereemeeiriremeniiooennessnissssosesssssssnseiisssesisisssnses 310
Figure 2.21 TYpe C PUIATS. .....oveuuereivireeemeumreenieiicieisierrtenaniisiessissssessneessssstossansssssssssssness 312

xili



Figure 2.22 Type D PIllATS. ...cccoveeemrrreeriiiiiviiirueeirieceiviinnnisisreeeeseeeseiveetecnasnesssrsssenssranes 314
Figure 2.23 Sandstone iMtriUSION. ...oveeeuerreereriiieerrrmtumreeroreeemmnrisermmnenrnreermesrminosrerans 316
Figure 2.24 Downwards descending pillar. ............ccccouvvvievveerriivvtesnvenevrnierevunnnnesennenns 318
Figure 2.25 Pillar found in the core of @ diQPIT. ...ouceuueiveeerivivivinrienrrmiiiieeriiiseeciissnneeeen. 320
Figure 2.26 Sand MOUNC. ........ccoueuieeirmruiiriireennsiriereririerivermmsssesisersnmrriesiorostsseessssssnass 322
Figure 2.27 Diffuse streaks found in zones of complete mixing. ...........cccovreeerecrrereearas 324
- Figure 2.28 Typical sequence of structures _found in the Aljibe Arenites..................... 326
Figure 2.29 The idealised sequence of water escape Structures. ............veeveeeciereieenns 327
Figure 2.30 Coarse sandstone passing directly into type B pillars. ............................ 329
Figure 2.31 Pillars passing directly into convolute diapirs ............eeeeeeeeecrreennirscioiennns 331
Figure 2.32 Dish structured laminae passing directly into convolute diapirs. ............ 333
Figure 2.33 Overturned Pillars. ........cveeerveeeieinriiiineerriieiiciiiierrierieretteeaeia s enrerearesanes 335
Figure 2.34 Heterolithic intervals, Aljibe Arenites. .........euuuureerverrrerreereieenerereeevenevennees 336
Figure 2.35 Height distribution of pillars measured from the Aljibe Arenites. ............ 337
Figure 2.36 The Beneiza Flysch to Aljibe Arenites transttion. ........ccceceeeeeeevrveeeerrarnaee. 339
PART III
DISCUSSION:

THE SIGNIFICANCE OF THE GUADALQUIVIR BASIN &
GIBRALTAR ARC FLYSCH TO THE EVOLUTION OF
THE BETIC OROGEN: FIGURES

Figure 1 The AlDOTAN AOMAUTL cc.ecueveeiierimirrerneeerisssesiietneissersssesimmeiteeisssesissesssissrrssanssasese 341
Figure 2 Model for emplacment of the peridotites. ........ceeeueeceriereerriirrveereriiivennirennnnennns 342
Figure 3 Proposed evolution of the western Mediterranear .........oeeeuveevereeeerierennncenes 344
Figure 4(a) Schematic cross-section across the Maldguide
Complex and Los Reales NAPPE. ...........euueeceeuniiruicirerieeniieiiirieirineeeresuessesisssersnssessons 345
Figure 4(b) Proposed geodynamic model for the extensional deformation in the Los
Reales-Maldguide dOMQUN. ..........cevveeereiiiivierirereieierriareinianiiienerereeeasiorereeaosssnasseeenens 345
Figure 5 Time-averaged motion of Eurasia and AfriCQ. ........cccceeevievvivnurevrreneeereieenssenees 346
Figure 6 Rotation in Simple SReAr ZONe. .........oveeeveeuereevrvirereennreenieneniirerreneierernnonens 347
Figure 7 Structural sections through the Betic Movement Zone. ..........ueeeeeeieeverrianraeens 348
Figure 8(a) Iberian margin 65-27 MQ. .......u..oceremeeuieiiemeneemereiieeennssiiseimenenssiirensnsieeeneaenns 349
Figure 8(b) Miocene evolution of the Betic OFOGEN. ........cuueecrvenenrcereemunnerrnerenrreseanesreneens 351
Figure 8(c) Pliocene evolution Of the BetiC OTOgen. ..........uuuieeeeeeenirnrererieneerineenssisaieneens 353
APPENDICES
APPENDIX I
SELECTED SEDIMENTARY LOGS
FROM THE GUADALQUIVIR BASIN.......ccciiiiiiiiiiiniiinnnnee e 354
APPENDIX II
MICROPALAEONTOLOGY OF THE
GUADALQUIVIR BASIN ...ttt e e eaes 380
INrodUCHION ...c..iviiiiiiiiiiiii i e ettt s e s s e e s s s e e naeaa s 380
1\ (31 ¢ Lo o SO OUUU Ut 380
MiICTOPAIAEONTOIOZY .. ..vevvveeraenrrerreeeserseenrensreeresree st saneesee et esraesassanesresenssenssennesasesns 380
Problems Associated With Allochthonous SpPecimens ..........cocceceveeieeeencennncisennnnns 380
Lower t0 Mid MIOCENE .......ovveeummurenniiiiiieennnrinnnesseiiereeressstsseessinsasssssesossssssnsnsnanssnes 381
TOTTONUGT c...oeeneiveeniesniirennieeierereereeeirenaesernossestnsosnessssersennrsessesssarssssnsasassonsasassssosanns 381
LOWET MESSITUATL «..ceeveverenevesesesssunsesncssssesssssmmessiommsmmimeisssmsmensessssssisssasssarassonsrsarsnanns 382
Palaeo-batNOMELIY ....ccvvvevniiieiiiiiiiiiicii it e e e e e s e e e e e e 382
Tabulation of data .......c.oveevniiniiiii e 383



PLATES

Plate I: FOTAMUNUETQ ...coceueuervrveresirireosirimmiuisiirtiseisserseeeriessrsssesesmmersssseessssssesorsermnssesnes 393
Plate II: FOTQMUNIEIQ c....euenvreuereniiririiiiriitiiiieiiiieniiriiseriiireiresinaiistsatotsesssnassersasnaneenes 395
Plate HI: OSITACOUS eeevvvveririmmneiriiienciririereerieitieriresserersserrurosossesriresstenssrssnmssesammassassees 397

APPENDIX III

SELECTED SEDIMENTARY LOGS

FROM THE ALJIBE FLYSCH .....ccoiiiiiiiiiiiiiiiiii e, 399
Beneiza FIYSCH ...ceeiiiniiiiic e 402
ALIDE ATEIHEES oevvniiviiiiiiiiii e e e e 405

APPENDIX IV TABULATED DATA ..ottt 425
Lower Miocene Boulder Facies From the Guadalquivir Basin .............c..c.co.coeeennnen. 426
Quantitative Petrography of Samples from The Guadalquivir Basin ........................ 431
Clast Surveys for Conglomerates
Found in the Messinian Guadalquivir Basin .........cc.cceveiiiiiiiiiiiiiiiiiincree 436
Palaeocurrent DAt .......ccvvuvriiniininii et ee e e e e e a e ans 440
Mica ANALYSIS ..cceviniiiiii e 442
Measured Pillar Height from the Aljibe Arenites ...........ccooovviviviiniiiniiinn, 449

APPENDIX V

LOCATIONS, GRID REFERENCES AND MAPS .......cccciiiiiiiiiiiinnn. 451



Volume 1

Text



OVERVIEW

Perspective-
Use it or Lose it
If you turned to this page
You're forgetting that what is going
On around you is not reality
Think about that !

From ‘lllusions’ by Richard Bach



The Betic Orogen Page 3
OVERVIEW

This thesis aims to describe the tectonic and sedimentological relationships of two basins,
the Guadalquivir Basin and the Gibraltar Arc Flysch basin, that lie on the periphery of the
Betic mountain chain in southern Spain. These basins are believed to have been generated
by the interaction between African and Iberian plates. The Betic orogen itself has been the
subject of some controversy, and its tectonic history is not yet fully understood. It is believed
that the basins in question may provide some insight into the development of the Orogen.

The purpose of this section is to highlight the tectonic setting of the orogen, the various
hypotheses which have been proposed for its development and the main areas of disagree-
ment between workers. This will provide a background for the discussion of the basins.

This section will then go on to describe how basins in general may be used in the
interpretation of orogens and how the Guadalquivir and Gibraltar Arc Flysch basins might
add to the tectonic interpretation of the Betic Orogen.

The final part of this section will clearly state the aims and objectives of this thesis.

1. THE BETIC OROGEN

1.1 Introduction

The Betic mountain chain of Southern Spain (Fig. O.1), together with the Rif Mountains of
NW. Africa, the Alboran sea and the Gibraltar Arc, forms the western-most extension of the
Alpine mountain chain in Europe (Banda and Ansorge, 1980). The history of the Betics spans
some 90 Ma., from the late Cretaceous to Pleistocene times. The orogen formed as a direct
result of interaction between the Iberian and African plates (Dewey et al., 1973, 1989;
Kampschuur and Rondell, 1974; Torres-Roldan, 1979; Banda and Ansorge, 1980)

1.2 Plate Tectonic Setting (Fig. 0.2)

During the early part of the Cretaceous Iberia acted as a separate plate, moving independently
of Africa & Europe as spreading in the north Atlantic occurred (Dewey et al., 1973, 1989;
Malod and Mauffret, 1990; Roest and Sirvastava, 1991). At some time before the Santonian
(84 Ma.) Iberia attached itself to the African plate (Sirvastava et al., 1990) welding the
Moroccan and Oran Terrains to Africa (Dewey et al., 1973). This resulted in a new active
boundary in the Bay of Biscay, separating the African/Iberian plate from the Eurasian plate.
Sirvastava (1990) proposed that at 42 Ma. this plate boundary shifted to the Pyrennean Arc,
leading to compression between Eurasia and Africa and to the creation of the Pyrennean
Alpine mountain chain. During this later period there was no movement in southern Iberia.
At around 32 Ma. (lower Oligocene) the plate boundary jumped again to the Gibraltar Arc
(Sirvastava et al., 1990), creating a new active plate boundary between Eurasia/Iberia and
Africa. However, no major movement occurred until 27 Ma. (Upper Oligocene), when Iberia
rotated eastward into Africa (Dewey et al., 1973) leading to compression and major strike slip
movements between Africa and Iberia. The overall result was the subduction of the African
Margin from 27 Ma. onwards. This subduction, and the interaction of Africa and Iberia is
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thought to have been responsible for the formation of the Betic mountain chain.

1.3 Tectonic Subdivision (Fig. 0.1)
In the past the Orogen which formed between Africa and Iberia has been described and
discussed in terms of separate southern Spanish and North African components. This led
to some confusion as to the tectonic subdivision of the Betic Orogen. An attempt, therefore,
will be made to address the Betic orogen in terms of both of these components. This will
produce a slightly modified tectonic subdivision.

The Betic orogen (and its north African counterpart) can be divided into four distinct
tectonic Zones :-

1. The Internal zone of southern Spain and Internal Rif of north Africa.

2. The External Zones; which are divided into the Subbetic and Prebetic Subzones of
southern Spain and the External Rif of north Africa. The Subbetic subzone is linked
to the External Rif of north Africa by the Gibraltar Arc (Platt and Vissers, 1989;
Doblas, 1989), which contains Oligocene Flysch nappes (Torres-Roldan, 1979; Platt
and Vissers, 1989: Sanz-De-Galdeano, 1990).

3. The Alboran Sea; occupies the region between southern Spain and North Africa. It
is a topographic low bounded by the high mountain chains of the Internal Zone,
Gibraltar Arc and External Rif (Torres-Roldan, 1979; Banda & Ansorge, 1980; Sanz-
De-Galdeano, 1990; Platt & Vissers 1989).

4. The external basins; are those basins which lie on the periphery of the orogen but
are thought to have been generated by an orogenic mechanism. They include the
Guadalquivir Basin on the southern margin of the orogen and the Gibraltar Arc Flysch
deposits in the west. It is the external basins which are the subject of this dissertation.

1.3.1 Internal Zone

The Internal Zone of the Betic Mountain chain, southern Spain, consists of a series of
overthrust tectonic nappes (Egeler et al., 1972 & Egeler & Simon, 1969). These tectonic
nappes form three thrust sheets, stacked from bottom to top these are: the Nevado-Filabride
(deepest), the Alpujarride (intermediate) and the Malaguide (highest). All are metamorphosed
to varying degrees, but the lowest sheet, the Nevado-Filabride, is most consistently at higher
grade than the higher Alpujarride and Malaguide thrust sheets.

1.8.2 Nevado-Filabride Thrust Sheet

The Nevado-Filabride exhibits a polyphase metamorphism (Nijhus, 1964; Puga & Diaz-
de-Frederico, 1978; Gomez-Pugnaire & Fernandez-Soler, 1987). Both Kampschuur et al.,
(1974) and Torres-Roldan (1979) recognised 3 metamorphic facies, glaucophane-schist,
greenschists and a greenschist and amphibolite facies. Kampschuur etal. (1974) attributed
the glaucophane-schist facies to an old, pre-Alpine, D] metamorphic event that persisted into
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Permo-Triassic times. A second more static metamorphism, D2, produced retrograde facies
- and a much later, Alpine, D3 event gave rise to the glaucophane-schist amphibolite facies
(Lagenberg, 1972). Torres-Roldan (1979), however, suggested that during the first Alpine
metamorphism some of the rocks of the Nevado-Filabride were subjected to an abnormalty
low geothermal gradient. This was then subsequently overprinted by a change towards much
lower pressures.

Some of the confusion in the interpretation of the metamorphic history was removed
by the further subdivision of the Nevado-Filabride into two thrust nappes (Bakker et al.,
1989). (1). A lower low-pressure/low-temperature unit termed the Veleta Complex, is
overthrust by (2) The Mulhacen Complex, which displays high-pressure/low-temperature
metamorphism. Both units were subsequently overprinted by a medium grade metamor-
phism of low-pressure type.

Bakker et al (1989) demonstrated that the Mulhacen complex underwent at least five
phases of deformation related to continent to continent collision. This was followed by an
intermediate metamorphism that was produced during crustal thinning and heterogeneous
extension. Bakker et al. (1989) suggested that it was during this extension that units in the
Alpujarride were juxtaposed against the Nevado-Filabride complex.

1.3.3 Alpujarride Thrust Complex

Early workers such as Egeler etal. (1969), Aldaya (1970) Boulin (1970) and Kornprobst {1974)
considered the Alpujarride to be unaffected by Alpine metamorphism, since the medium-
high grade assemblages present are usually associated with pre-Alpine orogenic cycles.
However, Torres-Roldan (1979) demonstrated that the Alpujarride is characterised by an
intermediate to low pressure kyanite/sillimanite assemblage overprinted by a lower pressure
andalusite/sillimanite assemblage. This was interpreted as reflecting at least two major
metamorphic events, the later one being syn-Alpine. Zeck et al. (1992) recorded uplift of 15-
20 Km at rates of 5-10 Km/My in the final stages of orogenic development. Such high rates
have been attributed to the slab detachment of the African plate from the base of the Iberian
plate and associated diapirism in the upper-mantle.

1.3.4 Malaguide Thrust Unit.

Alpine metamorphism is confined to the lower most part of the Malaguide thrust unit (Egeler
et al., 1969), and has been correlated with metamorphism in the lower portions of the
Alpujarride. They both display similar metamorphic assemblages (Torres-Roldan, 1979).
Above this lower zone the rocks become progressively less affected by metamorphism (Egeler
et al., 1969; Torres-Roldan, 1979).

1.3.5 Internal Rif, N. Africa.

The Betic zone is continued across the Gibraltar Arc to form the Internal Rif of north west
Africa (Kampschuur etal.,, 1974). The Nevado-Filabride thrust unit is only found in the Betic
Cordillera of southern Spain, while the Alpujarride thrust unit is similar to the Sebtide unit
of the Internal Rif. The Malaguide thrust unit has counterparts in both the Gomarides of the
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Internal Rif and the Kabylias of the Tell mountains of North Africa (Sanz-De-Galdeano, 1990).

1.3.6 External Zone
The External zone of the Betic Orogen consists of unmetamorphosed Triassic to lower
Miocene rocks (Garcia-Hernandez etal., 1979) that form a complicated structural belt. These
Rocks are dominantly sedimentary with some localised sub-marine volcanic and sub-
volcanic mafic igneous units of early Cretaceous age (Kampschuur et al., 1974; Garcia-
Hernandez et al., 1979). Juxtaposition of the Internal and External Zones took place during
the Eocene to early Miocene Alpine shortening period (Garcia-Hernandez et al., 1979; Sanz-
De-Galdeano, 1990). Most shortening took place in the mid Miocene

The Triassic-Miocene cover of the External Zone has been detached and thrust
northward on Triassic Evaporite decollements (Garcia-Hernandez et al,, 1979). Thrusting
extends into the Guadalquivir Basin where rocks of the External Zone form an Olistostrome
within lower Miocene sediments (Garcia-Rossell, 1973). Compressive deformmation initiated
in the Early Oligocene resulted in uplift followed by flysch deposition, the flysch now forming
an extensive part of the Gibraltar Arc. De-Smet (1984) and Leblanc & Oliver (1984) reported
a substantial strike-slip component in the External Zone. However, Banks & Warburton
(1991), used seismic data to demonstrate that all of the observable tectonic detachments of
the eastern part of Internal Zone were thrust faults with a dominant transport direction to
the north.

1.3.7 Subdivision of the External Zone (Fig 0.3)

Blumenthal (1927) subdivided the External Zone into Prebetic and Subbetic Subzones based
on palaeogeographic criteria. The Prebetic subzone consists principally of rocks of shallow
marine origin while those of the Subbetic subzone are mainly of pelagic marine origin (Fig.
0.3a) The Prebetic and Subbetic Subzones are separated by an Intermediate Unit of mixed
stratigraphic origin that cannot be assighed to either.

The Subbetic and Prebetic Subzones also have very different structural styles and this
has caused some confusion as to whether these divisions are stratigraphical or structural
divisions. Structurally the Subbetic subzone is characterised by nappe features, contrasting
with the much more shortened Prebetic subzone. Shortening of the order of 15-25 Km has
been recorded by Dabrio & Lopez-Garrido (1970). The northern margin of the Prebetic
subzone displays reverse faulting and imbricate structures which give way southwards to a
much gentler fold/fault geometry. The southern margin of the Prebetic subzone is overthrust
by the Subbetic subzone (Garcia-Hernandez et al., 1979).

The palaeogeographic analysis of Garcia-Hernandez et al. (1979), Hermes (1978) and
others has led to the further division of the Subbetic subzone into three units, the Subbetic
Internal Unit, the Subbetic Middle Unit and the Subbetic External Unit (Fig. O.3a,b). The
deposition of the Subbetic and Prebetic subzone and Intermediate Unit took place on an
extended continental margin of Triassic terrestrial red beds and evaporites (Pacquet, 1969).
Later extension resulted in the formation of two basins whose contents are now classified

as the Subbetic Middle Unit and the Intermediate Unit, these basins were separated by a
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