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Summary

Continental collision is one of the main tectonic processes responsible
for the formation of mountain ranges and plays an important role in the overall
crustal growth, i.e. in the creation of new crust. The structural modifications
along colliding continents result in a distinctive distribution of structural styles,
sedimentary facies and metamorphic patterns, which are often associated with a
migration of deformation and magmatism. Understanding the processes operating
during collision requires an integrated approach in which the interaction of the
lithospheric-, crustal- and basin-scale processes are analyzed at various time scales.

This thesis focuses on understanding the migration of deformation and its
influence on deposition and magmatism in collisional orogenic systems. Firstly, the
aim is to understand and quantify the sedimentation in basins driven by normal
faulting, with particular focus on asymmetric extensional basins formed during
the final stages of collision. Secondly, the thesis analyzes the relationship between
magmatism and tectonic processes during continental collision by the means of
process-oriented numerical modelling at lithospheric scale. Two key areas of the
Alpine - Mediterranean region: the Dinarides of Central Europe and the Betic
Cordillera of SE Spain are taken as natural laboratories where such relationships
were studied.

Chapter 2 addresses the tectono-sedimentary evolution of the
extensional asymmetric Sarajevo-Zenica Basin located in the Dinarides of Bosnia
and Herzegovina. This intra-montane basin recorded Oligocene — Pliocene
sedimentation in an isolated lake environment during the late stage of Dinarides
orogenic evolution. The novel sedimentological and kinematic results demonstrate
a close correlation between periods of normal faulting and sedimentological cycles
at the scale of individual normal faults, which are consider as high-order cycles.
The SW-ward migration of listric normal faults was associated with a gradual shift
of the sedimentological environment, enabling the formation of sedimentological
cycles at the basin scale, which are considered as low-order cycles. This is reflected
by a largely uni-directional sediment supply from the neighbouring mountain belt
located along the SW-ward basin margin. The high- and low-order cycles are used
to define a new sedimentological model for such asymmetric extensional basins.
Moreover, the study documents a novel succession of deformation events with
important inferences for the evolution of the Dinarides mountain chain. Early
- Middle Miocene extension that affected the central part of the Dinarides was
associated with the opening of the neighbouring Pannonian Basin. The extension was
preceded and followed by two phases of contraction, during the Oligocene — Early
Miocene and the post-Middle Miocene, respectively. The Oligocene - Early Miocene
thrusting took place during the final stages of the Dinarides collision, whereas the
post-Middle Miocene contraction is correlated with the regional indentation of
the Adriatic continental unit. This latter phase inverted the extensional basin by
reactivating inherited basal listric detachment.

The relationship between magma generation and tectonic evolution
of orogens during subduction and subsequent collision is investigated form
lithosphere-to-basin scale in Chapter 3. A 2D magmatic-thermomechanical
numerical modelling approach was used to analyze the volumes and compositions of
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Summary

produced magmatic rocks during the relatively rapid subduction of a narrow ocean
and subsequent continental collision. The results suggest that magmatism has a
large-scale effect on geodynamic evolution of an orogen by focusing deformation
during the entire subduction and collision process. The rheological structure and
compositional layering of the crust impose a key control on the distribution of
magmatic rocks within the orogen. Compared to previous models that adopted
a simplified homogeneous crust, the here tested compositionally layered crust
causes an increase of felsic material influx during continental collision and results in
shallower magmatic sources that migrate with time towards the foreland. Changes
in deformation style may be locally driven by magma emplacement rather than
by slab movement processes. The modelling also demonstrates that the pattern
of migration of deformation front and the magmatic arc relative to the location
of the suture zone may be driven by the indentation of the lower crust of the
upper plate into the orogenic wedge during the early stages of collision. Moreover,
the modelling predicts a gradual temporal change in magma source composition
from predominantly mafic to more felsic during subduction, subsequent collision
and eduction stages. This transition explains the migration of magmatism and
compositional changes of magmas, as well as the observed link with deformation in
the Dinarides orogen of Central Europe.

Chapter 4 analyses the interplay between tectonic deformation and
sedimentation during the onset of extension in one of the best exposed asymmetric
extensional system, the Sorbas Basin in the Betic Cordillera of SE Spain. The Upper
Serravallian-Tortonian interplay between extension and deposition is analyzed in
the SE part of the basin, by the means of a detailed sedimentological and field
kinematic study. The new kinematic and sedimentological results indicate that the
basin evolution is characterized by low — order tectonic cycles driven by the change
of deformation style and higher — order cycles driven by individual phases of fault
activity. After extension initiation, syn — kinematic deposition was characterized by
a wide spectrum of subaqueous gravity flows. The types of gravity flows and their
transformation mechanisms were controlled by the sediment supply and basin
physiography.
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Samenvatting

Continentale botsing is een van de belangrijkste tektonische processen die
verantwoordelijk zijn voor de vorming van bergketens en speelt een belangrijke rol
in de vorming van nieuwe aardkorst. De structurele modificaties langs de randen
van botsende continenten resulteren in een typische verdeling van structurele
stijlen, sedimentaire facies en metamorfe patronen die vaak verband houden met
een migratie van deformatie en magmatisme. Het begrijpen van de processen die
tijdens de botsing actief zijn vereist een geintegreerde aanpak waarbij de interactie
van de lithosferische, korst- en bekkenschaal processen worden geanalyseerd op
de verschillende tijdschalen waarop ze functioneren.

Dit proefschrift richt zich op het begrijpen van de migratie van deformatie
en de invloed ervan op afzetting en magmatisme in orogene botsingsystemen.
Enerzijds is het doel het kwantificeren van de sedimentatie in bekkens die wordt
gedreven door afschuivingen, met bijzondere aandacht voor asymmetrische
extensieve bekkens die zijn gevormd tijdens de laatste fasen van de botsing.
Anderzijds analyseert het proefschrift de relatie tussen magmatisme en tektonische
processen tijdens continentale botsing door middel van procesgeoriénteerde
numerieke modellering op lithosfeer schaal. Twee belangrijke gebieden van het
Alpen-Middellandse-Zeegebied: de Dinariden van Midden-Europa en de Betische
Cordilleren van zuidoost Spanje zijn de natuurlijke laboratoria waar dergelijke
relaties werden bestudeerd.

Hoofdstuk 2 bestudeert de tektono-sedimentaire evolutie van het
extensieve asymmetrische Sarajevo-Zenica Bekken in de Dinariden van Bosnié
en Herzegovina. Dit intra-montane bekken registreerde Oligoceen-Pliocene
sedimentatie in een geisoleerde lacustrine omgeving tijdens het late stadium in de
evolutie van het Dinariden gebergte. De nieuwe sedimentologische en kinematische
resultaten tonen een nauwe correlatie tussen perioden van breukbeweging
en sedimentologische cycli op de schaal van individuele afschuivingen, d.w.z.
hoge-orde cycli. De zuidwestwaartse migratie van de listrische afschuivingen
was geassocieerd met een geleidelijke verschuiving van de sedimentologische
omgeving, waardoor de vorming van sedimentologische cycli op de bekkenschaal,
d.w.z. lage-orde cycli, mogelijk was. Dit wordt weerspiegeld door een grotendeels
uni-directionele sedimenttoevoer vanaf de naburige gebergtegordel die zich langs
de zuidwestelijke bekkenmarge bevindt. De hoge en lage orde cyclussen worden
gebruikt om een nieuw sedimentologisch model te definiéren voor dergelijke
asymmetrische extensie bekkens. Bovendien documenteert deze studie een
nieuwe opvolging van deformatie fasen met belangrijke gevolgen voor de evolutie
van de Dinariden. De Vroeg - Midden Miocene extensie die het centrale deel van
de Dinariden beinvloedde was geassocieerd met de opening van het naburige
Pannoonse Bekken. De extensie werd voorafgegaan en gevolgd door twee fasen
van compressie, respectievelijk tijdens het Oligoceen - vroeg Mioceen en het post-
Midden Mioceen. Tijdens de laatste fasen van gebergtevorming in de Dinariden
vond de Oligoceen -vroeg Miocene compressie plaats, terwijl een post-Midden
Miocene compressie gecorreleerd is met de regionale indentatie van de Adriatische
continentale eenheid. Deze laatste fase inverteerde het extensieve bekken door
reactivatie van het geérfde basale listrische detachment.
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Samenvatting

De relatie tussen magmageneratie en de tektonische evolutie van
gebergten tijdens subductie en de daaropvolgende botsing wordt onderzocht van
lithosfeer- tot bekkenschaal in Hoofdstuk 3. Door middel van 2D magmatisch-
thermomechanische numerieke modellering zijn de volumes en composities
geanalyseerd van de magmatische gesteenten die tijdens de relatief snelle
subductie van een smalle oceaan en daaropvolgende continentale botsing worden
geproduceerd. De resultaten suggereren dat magmatisme een grootschalig
effect heeft op de geodynamische evolutie van een orogeen door deformatie te
concentreren gedurende het gehele subductie- en botsingsproces. De rheologische
structuur en de compositionele gelaagdheid van de korst drukken een belangrijk
stempel op de verdeling van magmatische gesteenten in het orogeen. In
vergelijking met eerdere modellen die een vereenvoudigde homogene korst
aannamen, veroorzaakt de hier geteste compositionele gelaagdheid van de korst
een toename in de toevoer van felsisch materiaal tijdens continentale botsing
en resulteert in ondiepere magmatische bronnen die in de tijd naar het voorland
migreren. Veranderingen in deformatiestijl kunnen lokaal worden aangedreven
door magmatoevoer, in plaats van door bewegingsprocessen. De modellen tonen
ook aan dat het migratiepatroon van het deformatiefront en de magmatische boog
ten opzichte van de locatie van de sutuurzone kan worden aangedreven door de
indentatie van de onderkorst van de bovenplaat in de orogene wig tijdens vroege
botsingsfasen. Bovendien voorspelt de modellering een geleidelijke temporale
verandering in de magmabron samenstelling van overwegend mafisch tot meer
felsisch tijdens de subductie en de daaropvolgende botsings- en eductiestadia.
Deze overgang verklaart de migratie van magmatisme en compositieveranderingen
van magmas, evenals de waargenomen gelijkenissen met de deformatie in de
Dinariden van Centraal-Europa.

Hoofdstuk 4 analyseert de wisselwerking tussen tektonische deformatie en
sedimentatie tijdens het ontstaan van afschuivingen in een van de best ontsloten
asymmetrische extensiesystemen, het Sorbas Bekken in de Betische Cordilleren
van zuidoost Spanje. De interactie tussen extensie en sedimentatie tijdens het
Boven Serravalien en Tortonien is geanalyseerd door middel van een gedetailleerde
sedimentologische en veldkinematische studie in het zuidoostelijke deel van het
bekken. De nieuwe kinematische en sedimentologische resultaten wijzen erop dat
de bekkenevolutie wordt gekenmerkt door lage orde tektonische cycli die worden
gedreven door de verandering van deformatiestijl en hogere orde cycli die worden
aangedreven door individuele fasen van breukactiviteit. Na de initiéle extensie fase
worden de synkinematische afzettingen gekenmerkt door een breed spectrum
aan onderwater zwaartekrachtstromen, waarvan het karakter en transformatie
mechanismen werden bepaald door de sedimentvoorziening en bekkenfysiografie.
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Pesnme

KOHTUHEHTanHa Konusuja je jeaaH oA, rnaBHUX npoueca OAroBOPHUX
33 dopmuparbe NAAHUHCKMX BEHALA M Urpa BarKHYy Y/IOTy Y LLeOKYMHOM pacTy
KOHTUHEHTaNHe Kope, Tj- y dopmuparby HoBe Kope. CTpyKTypHe moaunduKauymje
OYyX Cyvye/bEHUX KOHTWMHEHATa [0BOoAe A0 KapaKTepucTUyHe pacnogene
CTPYKTYPHUX CTU/I0BA U, TUMOBA CEAMMEHTHUX U MeTamopdHuMX daumnja, Koja je
4yecTo NoBe3aHa ca murpaumjom ppoHTa gedpopmaumje u marmatnama. Pasymesarse
npoueca Koan3unje 3axTeBa MHTErpasHN NPUCTYN KOjUM ce aHanu3mpa mehycobHa
YCNOB/bEHOCT Aorahaja Ha HUBOY nuTochepe, Kope U HaceHa, U TO Y PA3AUYUTUM
BPEMEHCKUM CKasiama.

OBa Te3a ce ycpeacpehyje Ha pasymeBarbe murpuparba gedbopmaumje n
HeHOr yTMLaja Ha npouece Aenosvuunje U MarmaTmama y KOAM3MoHUM OPOreHnMm
cucTemuma. Y npBom Aeny, Te3a MMa 3a LW/b pasymeBatbe M KBaHTUUKauMjy
npoLeca ceanMeHTaumje y baceHMma KOHTPOAUCAHUM TPaBUTaLMOHMM paceanma,
ca nocebHMm ¢GOKYCOM Ha acMMETpPUYHE eKCTeH3MOHe OaceHe d¢opmupaHe
TOKOM 3aBpwHe dase Konmsuje. [pyrn Aeo Tese aHaAusMpa ofHoc mamehy
MarmatmMama M TEKTOHCKMX Mnpoueca TOKOM KOHTMHEHTA/NHe Kosm3nje nomohy
HYMepUYKor Moaenumparba Ha mtochepHom HMBOY. Kao npupoaHe nabopaTopuje
33 Npoy4yaBarbe HaBeAEeHMX OZHOCA NpoyYaBaHe Cy ABe K/bydyHe obnacTn Anncko-
meauTepaHcke peruvje: AuHapuan ueHtpanHe Espone u betcku Kopawsmwepu y
jyroncto4dHoj LLinaHuju.

Mornae/be 2. WUCTPaXKyje TEKTOHCKO-CEAMMEHTALMOHY  eBONyuujy
aCMMETPUYHOT eKcTeH3noHor CapajeBCKO-3eHUYKOr 6aceHa KoOju ce Hanasu
y [OvHapuamma bocHe u XepueroBuHe. Y OBOM WHTPAaMOHTAHCKOM b6aceHy
Aenosuumnja ce oAsujana y M30J/I0OBAHOj je3epCKOj CpeduHU TOKOM KacHe ¢ase
pa3soja [uHapuacKor oporeHa oA, oauroueHa Ao nauvoueHa. Hosu pesyntatu
CeAMMEHTO/IOLWKMX U KMHEMATCKMX MCMUTMBaHbA MOKasyjy 6AMCKy Kopenauujy
namehy nepvoa aKTMBHOCTM TPaBUTALMOHMX paceda W CeaUMEHTALMOHUX
LMK/YyCa HA HUBOY NOjeAMHAYHUX HOPMAZTHUX pacea, Koju ce CMaTpajy LMKAyCcMma
BuLWer pega. Murpaumja MMCTPUUHUX HOPMAZIHUX pacesa Ka jyrosanaay je npaheHa
nocTeneHMM MUrpUpabemM CceaMMeHTaLMOoHe cpeauHe, wTto je omoryhuio
bopmuparbe CeAMMEHTAUMOHMUX LMKAYyca Ha HMBOY 6aceHa, Koju ce cmaTtpajy
LUMKAycMma Huxer peaa. OBaj npouec je pednekTtoBaH Yr/1aBHOM je4HOCMEPHUM
NPUHOCOM CeAMMeHaTa Ca cycefHOr MJIaHMHCKOr nojaca Koju ce NpocTupe Ay
jyrosanagHe mapruHe 6aceHa. LMkaycu Buwer m HuKer pega cy KopuwheHu
3a fgeduHuCarbe HOBOI CeAMMEHTOJIOWKOr MOZefla 3a OBAKBE acUMMeTpuyHe
eKcTeH3noHe baceHe. Ocum Tora, oBa CTyAMja [AOKYMEHTYje M HOBY CyKuecujy
aedopmaumoHnx gorahaja U npy:Ka BayKHe 3aK/by4Ke O eBOYUMjU MAAHUHCKOT
naHua AunHapupaa. PaHO — cpefHOMMOLLEHCKA €KCTeH3Muja Koja je yTuuana Ha
LUeHTpa/Hn geo [JuHapuaa nosesaHa je ca oTBaparbem lNaHoHCcKor b6aceHa. OBOj
E€KCTeH3MjM je M NpeTxoamnna a u cneguna joj je no jeaHa pasa KOHTpPaKLMje, TOKOM
O/IUTOLEHa U AOHEer MUOLLEHA, OAHOCHO HAaKOH cpearer mmoueHa. ONnroueHcKo
— [AOHOMMOLLEHCKO HaB/layere ce 0fBM1jasio TOKOM 3aBpLUHe Koau3noHe ¢dase y
OvHapnanma, JOK ce NocT-cpefbOMMOLLEHCKA KOHTPAKLMja MOXKe KopenucaTu
Ca pernoHasHOM WHAEeHTaunjom AJpWjcKe KOHTUHEHTanHe jeanHuue. TOKOM
oBe KacHuje dase gowWNo je 40 MHBEP3Nje eKCTeH3MOHOr 6aceHa peakTMBauMjom
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nocrojeher 6as3anHor AMCTPUYHOT pacesa.

OpgHoc usmehy dopmuparba NpUMapHe Marme W TEKTOHCKe eBoayuuje
oporeHa TOKOM cybAayKuMje 1 KacHUje Konusuje npoyyasaH je y 3. nornassmy. 2/[
MarmaTCKO-TEPMOMEXAaHUYKO HYMEPUYKO MOAEeI0Bakbe KOPUILWNhEHO je 3a aHanusy
KONMYMHE M cacTaBa MArmaTCKMX CTeHa GopMMpaHMX TOKOM peniaTMBHO 6p3e
cybayKuMje yCKOr OKeaHa Koja je npaheHa KOHTUHEHTANIHOM KOM3Knjom. Pe3yntatu
cyrepuly ga marmaTusam ytude Ha GoKycuparbe gedopmalmje TOKOM npoueca
cybayKuMje 1 KoNnsmje 1 Tako MMa BENIMKKU edeKaT Ha CBEYKYMHY reoAnHaMmUYKy
eBonyumjy oporeHa. Mogen nokasyje Aa peonollKa CTPYKTypa M cacTaB C/ojeBa
KOpe MMajy K/by4YHY y/I0Ty Y KOHTPO/IMCakby pacnofene MarmaTckmMx CTeHa yHyTap
oporeHa. Y nopehery ca NpeTxog4HUM MoAenMma Koju 6unamn 6asmpaHu Ha Kopu
nojeHOCTaB/bEHOr XOMOreHOr cacTaBa KOMMO3WTHa C/0jeBUTA KOpa, Koja je
npUMer-eHa y 0BOM MoAeny Yy3poKyje nosehawe npuansa marmm dbensuyHor
KapaKTepa TOKOM KOHTUMHEHTA/IHE KOJIM3Mje U pe3ynTvpa CTBaparbem MAUTKUX
MarmaTCKMX M3BOpA KOjU BpeMeHOM Murpupajy npema dopnaHgy. MpomeHe y
cTuny gepopmalimje Mory IOKaaHO BUTU NPOY3POKOBAHE YTUCKMBaHEM Marme, npe
Hero NPoLLecoM BE3aHWM 33 KpeTare cybayKyjyhe naouye. Pe3ntatn moaenosarba
Takohe nokasyjy Aa murpuparbe ¢poHTa gedopmaumje M MarmaTCKor Jyka y
OAHOCY Ha NoKauujy cyType (WwaBHe 30He) mory 6uUTU nocneguua MAeHTauuje
0OHe KOHTUHEHTa/IHE KOpe ropke Mnjoye Yy je3arpo oporeHa TOKOM paHux ¢dasa
Konusuje. MNoBpx Tora, moAenupare npenasuha nocTeneHy NPOMeHy cacTasa
M3BOpPa Marme ca BpeEMeHOM 0, NpeTeXxHO MaduyHor A0 Gen3nyHor cacTaBa TOKOM
KOHTUHYMpPaHUX npoueca cybaykuuje, Konmsmje n epykuumje. OBa TpaH3uuMja
objawraBa MUrpuparbe Mecta MarmaTckmx gorahaja n npomeHe y cactaBy marme,
Kao 1 Be3y oBMX npoueca ca Aedopmaumjama y iMHapuanma weHTpanHe Espone.

Mornassbe 4. aHanM3Mpa UHTEpakuuMjy Mamehy TeKToHcKke gedopmaumje
N npoueca ceguMmeHTauumje TOKOM Mo4YeTKa eKCcTeH3uje Yy jeaHom opf Hajbosbe
OTKPMBEHMX aCUMETPUYHUX EKCTEH3NOHMX cucTeMa, Copbac HaceHa Koju ce Hanasu
y betckum Kopauseepmma y jyromctodHoj WnaHuju. MHTepakunja eKkcTeH3smnje m
ceMMeHTaumje TOKOM ropHer cepaBasivjaHa M TOPTOHA aHanM3upaHa je nomohy
[eTa/bHe CeAMMEHTO/IOWKE U TePEHCKE KMHEMATCKE CTyANje Y jyrOUCTOMHOM Aaeny
6aceHa. HoBM pe3ynTaT KNHEMATCKUX U CeAMMEHTOIOWKMX UCMUTUBAKbA YKa3syjy
Aa ce eBonyuuMja baceHa KapaKTepulle TEKTOHCKMM UMKAYCMMA HWUCKOr pesa
3axBasbyjyhu npomeHama ctuna gedpopmaumje u LUMKAYCMMA BULWEr peaa, Koju
CY KOHTpPOAMCAHW MojeanHavyHUM dasama aKTMBHOCTU TPaBUTALMOHUX pacesa.
HaKoH MHMUMjaumje eKCTeH3Mje, CMHKMHEeMATCKA Aeno3uumja je npeacraB/beHa
LWMPOKUM CMEeKTapoOM NOABOLAHUX rPaBUTALMOHMX TOKOBA. TMNOBK OBMX TOKOBA, U
MeXaHM3MU tbMxoBe TpaHchopmaLmje, KOHTPOANCAHM CY NPUHOCOM CeAMMEHATA U
¢dusmorpadmjom baceHa.
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Chapter 1.

Most orogenic systems (e.g., Alpine-Himalayan belt, Appalachian—
Caledonian orogen, Grenville orogen) are located at convergent plate boundaries
delineating the sites of ancient oceans that closed during subduction and subsequent
continental collision (e.g., Dewey and Bird, 1970, Royden, 1993; Gower, 1996;
Schmid et al., 2008). Collisional orogens represent major elongated zones of the
Earth surface of intensively deformed and thickened crust preserved as mountain
belts through large-scale shortening, magmatism and metamorphism (e.g., Dewey,
1980).

Crustal deformation along continent-continent collision zones involves a
complex interplay between numerous external and internal forcing factors. Since,
most continent-continent collisions follow subduction of the oceanic lithosphere,
the history of oceanic subduction (e.g., steep, flat, oblique, detachment, slab
tearing) and character of the oceanic lithosphere (e.g., age, length) may lead to
significantly different processes during mountain building and subsequent post —
collisional stages (e.g., Duretz et al., 2011; Li et al., 2011; Gerya and Meilick, 2011;
Sizova et al., 2012; Dymkova et al., 2015; Menant et al., 2016a). Other important
factors controlling collisional dynamics are crustal rheology, lithospheric thermal
structure, lateral heterogeneities of the colliding continents, convergence rate,
fluid/melt weakening and propagation rate (e.g., Burovand Yamato, 2008; Faccenda
et al., 2008, 2009; Sokoutis and Willingshofer, 2011; Duretz and Gerya, 2013; Vogt
et al., 2017; Liao and Gerya, 2017).

The variability of modern and ancient orogens in terms of overall structure,
evolution and magmatism demands better understanding of the link between
deep and shallow Earth processes governing the collisional dynamics. This requires
an integration of observational and process — oriented modelling studies (e.g.,
Cloetingh and Wilett, 2013; Matenco et al., 2016), which focus on the quantitative
assessment of the deep and shallow Earth processes underpinning the regional
evolution of collisional orogens.

1.1. The link between sedimentation and tectonics in asymmetric
extensional basins

To date, numerous studies have been focused on the structural and
(sequence) stratigraphic patterns in the syn-rift successions of extensional basins
developed in intracontinental rift settings (Fig. 1.1; e.g., Suetz Rift, North Sea,
Espinhaco Basin, Brazil, Leeder and Gawthorpe, 1987; Prosser, 1993; Nottvedt et
al., 1995; Young et al., 2000; Sharp et al., 2000; Jackson et al., 2005; Martins-Neto
and Catuneanu, 2010; Lewis et al., 2015). However, the link between sedimentation
and tectonics in asymmetric extensional basins developed during the late stage of
orogenic evolution is poorly understood. Asymmetric basins are developed by a
major low-angle normal fault or by systems of such faults which are favoured by pre-
existing structures. The mountain building process leaves an imprint of numerous
discontinuities such as sutures, nappe stacks and thrusts, which represent the
critical rheological contrasts within the continental crust (e.g., Le Pourheit et al.,
2004; Sokoutis et al., 2007; Balazs et al., 2017). These rheological contrasts control
the heterogeneous mechanical behavior of the over thickened lithosphere during
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Figure 1.1: Idealized rift sequence based on seismic interpretation (modified after Prosser,
1993).

subsequent geological event(s) (e.g., Cloetingh and Ziegler, 2007). Such complex
inheritance is often a prerequisite for the initiation and evolution of late orogenic
extensional basins when extension reactivates pre-existing fabrics as detachments
or low-angle normal faults (e.g. Jolivet et al., 1998; Jolivet and Brun, 2010).

In tectonically active basins, faulting exerts the first-order control on
accommodation space and sediment supply through hanging-wall subsidence and
footwall uplift (i-e. rejuvenation of the source area, erosion and deposition e.g.,
van Wagoner et al., 1990; Withjack et al., 2002; Burov and Poliakov, 2003; Ballato
et al., 2014). This result in tectonically driven depositional cycles which range from
millions to several thousand years (e.g., Cloetingh et al., 1985; Peper and Cloetingh,
1992; Petersen et al., 2010; Balazs et al., 2016). However, asymmetric extensional
basins are characterized by the gradual migration of the deformation in space and
with time (e.g., Wernicke, 1992; Bargnesi et al., 2013), that creates a complex basin
architecture, and therefore tectonic cycles at different orders of magnitude.

Moreover, the structural geometry of asymmetric basins influences
contrasting fault-perpendicular drainage networks that play an important role in
the net growth of the alluvial or delta fan systems in the immediate hanging-wall
of normal faults (e.g., Collela, 1988; Jackson et al., 2005; Leppard and Gawthorpe,
2006). The close proximity to the active margin enables these relatively small
depositional systems to record the faulting activity (e.g. Steel, 1976; Glopen and
Steel, 1981) and permits direct observation and correlation between erosion of the
uplifting footwall and deposition in the immediate hanging-wall. Furthermore, it is
poorly understood how far tectonic pulses could be transmitted to the basin, how
their signature can be recognized and distinguished in a distal environment from
a ‘background’ sedimentation controlled by the different allotigenic and autigenic
factors such as eustasy, climate, avulsion or, depositional compensation.

Finally, the interplay between faulting and sedimentation in asymmetric
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extensional basins has major impact on genesis and preservation of numerous
mineral and energy resources. Therefore, better understanding of tectonically
induced depositional cycles may serve as a predictive tool for assessing their
potential.

1.2. Magmatic pulses in collisional settings

Collisional zones are the important sites of the System Earth, where mass
transfer and interaction between upper mantle and crust takes place (e.g., Condie,
2014). In this system, magmatism plays significant role in crustal growth and
recycling through partial melting of various rocks and subsequent emplacement
of magmas within the crust (e.g., Rudnick and Gao, 2003; Vogt et al., 2012). The
magmatism occurs through all collisional stages i.e. during the ocean closure,
subduction of the continental crust, exhumation and uplift after the detachment
of the oceanic lithosphere (e.g., Rudnik, 1995; Condie and Aster, 2010). It differs in
terms of volume, composition, spatial extent and temporal distribution of magmas
during different stages of continent-continent collision but also among different
orogens (e.g., Dilek and Altunkaynak, 2009; Cvetkovi¢ et al., 2013). Therefore,
magmatism significantly influences the compositional evolution and variability of
the crust (e.g., Harker et al., 2011).

The magmatic activity during collisional stages is not continuous, but rather
cyclic (e.g- Zhu et al., 2014; Gallhofer et al., 2015). In various collisional orogens
it has been documented that magmatism migrates across the collisional zone.
In some orogens of the Mediterranean domain (Apennines, Aegean, Betic - Rif,
Carpathians, etc) magmatism migrates towards the foreland following the retreat
of the subducting slab (e.g., Brun and Faccenna, 2008; Faccenna et al., 2014;
Matenco et al., 2016; Menant et al., 2016b). Such scenarios are commonly followed
by chemical diversity of igneous rocks across the orogen from more mafic to more
felsic rocks (e.g- Seghedi et al., 2004; Duggon et al., 2005; Dilek and Altunkaynak,
2009; Seghedi et al., 2011; Lavecchia and Bell, 2012). However, there are collisional
orogens where magmatism migrates in the upper plate direction and without
significant changes in the composition, which is most likely controlled by flat slab
subduction (e.g. Zagros Mountains, Verdel et al., 2011 and references therein).

The tectonic mechanisms driving a large magmatic diversity observed in
many continental collisional systems are not fully understood and are difficult
to quantify by conventional observations or geochemical techniques. Better
understanding and quantitative assessment of these mechanisms demands a more
generic approach, such as thermo-mechanical geodynamic modeling.

1.3. The Dinarides and Betic Cordillera in the context of the Alpine —
Mediterranean system

The Alpine - Mediterranean system is part of the broad Eurasia - Africa
convergent plate boundary zone (Fig. 1.2; Rosenbaum et al., 2002). This mobile
belt underwent a complex evolution exhibiting the interaction between mountain
building processes, widespread extension and plate fragmentation by major
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Chapter 1.

strike - slip zones. The crustal deformation was driven by the interplay between
subduction related mechanisms and associated mantle flow (e.g. slab roll-back,
tearing, detachment), and collisional processes (e.g., Dewey, 1988; Royden, 1993;
Jolivet et al., 2009; Faccenna and Becker, 2010; Faccenna et al., 2014).

In this context, the Alpine - Mediterranean region represents an excellent
natural laboratory to study collisional dynamics. The Dinarides and Betic Cordillera
are two key areas of the Alpine - Mediterranean region, where the concepts
regarding the tectonic control on sedimentation and magmatism along colliding
margins can be tested.

1.3.1. The Dinarides

The Dinarides represent the southeastern branch of the complex Alpine
orogenwhich continues furtherto the south into the Hellenides (Fig. 1.2; e.g., Schmid
etal., 2008; Handy et al., 2015). These mountains resulted from the late Mesozoic —
earliest Cenozoic closure of the Neotethys Ocean followed by continental collision
between the Europe and the Adria microplate (Fig. 1.3a, e.g., Dimitrijevi¢, 1997;
Karamata, 2006; Schmid et al., 2008). Starting with Miocene times, the northern
and southern parts of the Dinarides were strongly overprinted by the interaction
with surrounding slabs in the Carpathian and Aegean regions (e.g., Matenco and
Radivojevié, 2012).

In more detail, the initial thrusting geometry was significantly modified
by the Miocene Pannonian back-arc extension and subsequent latest Miocene
— Quaternary inversion (e.g., Horvath and Cloetingh, 1995; Balazs et al., 2016).
The Miocene extensional phase was marked by the development of numerous
lacustrine intramountain basins whereas most of them were isolated displaying
an endemic fauna (e.g., Krsti¢ et al., 2003; Mandic et al., 2008; de Leeuw et al.,
2012). These basins originated as a combination of orogenic collapse and slab
retreat (Carpathian and Dinaridic slabs, e.g., Matenco and Radivojevi¢, 2012) by
reactivating weak zones inherited from orogenic nappe stacking (e.g., Schefer et
al., 2011; Stojadinovic et al., 2014). Therefore, these basins are excellent places
to study the link between sedimentation and tectonics outside the influence of
eustasy.

The tectonic collisional evolution of the Dinarides was associated with
significant magmatic activity during Late Cretaceous-Miocene times (Cvetkovic¢
et al., 2013 and references therein). The resulting magmatic belts were aligned
approximately parallel to the strike of the orogen showing the overall youngening
trend and increase of the crustal input into the foreland direction (e.g., von
Quadt et al., 2003; Cvetkovi¢ et al., 2013; Gallhofer et al., 2015). In order to
better understand the variability of the magmatism in the subduction - collisional
systems, the Dinarides holds a number of key advantages when compared with

Figure 1.3a (facing page): Tectonic map of the Alps — Carpathians — Dinarides system (sim-
plified after Schmidt et al., 2008). Blue and transparent polygons delineate Neogene basins.
Red polygons delineate magmatism associated with the evolution of the Dinarides.

22



1.3. The Dinarides and Betic Cordillera in the context of the Alpine — Mediterranean system

3.00.06

N.0.0.St?

sd|y uiayinos
saly wauinos B

Jiuoedoyj-ieper ng I
uejuoge|ad Joaddn
‘qedJoy| ‘ealluenj-eung I
uun
JoywJing-uelusog ise3j I

un nun 1siex-aid B

3un 1siey ySIH B
suun exsedy ‘jexnd-enpng [
syun efnuy ‘venewieq [

[ swunpanuspenpy |

daapaloy jeussa [
SISNIY} [BUIRIX® 3UOIN [
sayjolydo sAyiar0aN I
sAy1ar0aN I

pue|a.o} elpy [
nun-esaN vdvd1v [
pueja.oy ueadoin3 [

suun paauap-adoin3 1]

3.00.0€

_H__H__Ha,
S ——

S s e e

AT T T T T T\

e e e e e e

3,00.0C 3.00.5T

23



Chapter 1.

neighboring orogens. First, since Late Cretaceous to Miocene times the process of
orogenic building and collapse seem to have mainly been controlled by subduction
and subsequent closure of the Neotethys ocean (e.g., Dimitrijevi¢, 1997; Pamic
et al., 2002; Karamata, 2006; Schmid et al., 2008). After Miocene structural
reorganization, the central part of the Dinarides remained unaffected and they still
have preserved the original magmatic rock record including an important evidence
of migration of magmatic fronts and compositional changes. Second, in the last
two decades numerous studies provide an excellent basis for understanding
geochemistry, petrogenesis and crystallization time of orogen-related magmatism
in the Dinarides. (e.g- Gallhofer et al., 2015; Borojevié-Sostari¢ et al., 2012; Kolb et
al., 2012; Schefer et al., 2011; BanjeSevi¢, 2010; Cvetkovi¢ et al., 2013, 2007ab,
2004ab; Prelevi¢ et al., 2013, 2010, 2005).

1.3.2. The Betic Cordillera

The Betic Cordillera is part of the Betic — Rif orogenic arc that formed during
convergence between, Africa and Iberia continental units (Fig- 1.3b, e.g., Platt et al.,
2013). Comparably to the Dinarides, in the Betic Cordillera numerous intramountain
basins were formed after the main phase of mountain building process during
Miocene times (e.g., Garcia-Duefias et al., 1992; Lonergan and Platt, 1995; Crespo-
Blanc, 1995; Platt et al., 2005; Augier et al., 2005). In addition, the initiation and
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Figure 1.3b: Tectonic map of Betic — Rif system (modified after Comas et al., 1999).
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1.4. Scope of the thesis

evolution of these basins were strongly influenced by inherited orogenic fabrics,
i.e. thrusts and nappe stacks that are reactivated as low angle normal faults (e.g.,
Meijninger and Vissers, 2006; Augier et al., 2013). The resulting half-graben basin
geometries were controlled by syn-depositional normal faults (Do Couto et al.,
2014; Meijninger and Vissers, 2006 and references therein).

Conversely, the dominant depositional environment in these basins was
marine, and a large number of them was likely connected during certain stages of
their evolution (e.g., Vera, Sorbas and Tabernas, Haughton, 2001). Therefore, these
basins are optimal places to study depositional cyclicity controlled by tectonics and
eustasy, and for testing ideas derived from similar non-marine basins.

1.4. Scope of the thesis

Most collisional orogens are characterized by foreland-directed deformation
migration followed by the deposition in specific sedimentary environments within
intramountane extensional basins, and magmatism across the orogen. These key
features provide the motivation for undertaking investigations aimed at improving
the understanding of (1) the link between tectonic and sedimentation in extensional
basins and (2) the link between tectonic and magmatism in orogenic systems.

First, this thesis focuses on constraining the influence of normal faulting
on deposition in asymmetric extensional basins that are typical for the late stage
collisional orogen evolution. In more detail, the thesis will pertain in answering
the following questions: how the sedimentary environment responds to faulting
events; how the time-space migration of extensional deformation controls the
basin architecture, and how the fault-controlled slopes control the generation and
transformation mechanisms of subaqueous flows?

Second, the thesis focuses on better understanding the interaction between
tectonic and magmatic processes with the aim to address the following questions:
what drives migration of magmatism across the collisional orogens; how do magma
sources change during collision; what are the physical processes governing these
changes and how magmatism influences deformational styles?

To address these questions and improve the present-day knowledge of the
geodynamical evolution of collisional zones, field and numerical modelling data
were combined with pre-existing extensive knowledge from two natural analogues
in the Dinarides of the SE Europe (Chapter 2 and 3) and the Betic Cordillera of SE
Spain (Chapter 4).

1.5. Thesis outline

This thesis consists of 5 chapters. The introduction is followed by Chapter
2 that aims at analyzing tectono-sedimentary evolution of one asymmetric
extensional basin, i.e. the isolated intramountain Sarajevo - Zenica basin located
in the Dinarides. As such, the basin allowed studying the influence of extensional
tectonics as the major external factor controlling the accommodation space and
sedimentation, as eustasy could be ruled out by the absence of a marine influence.
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The novel results of kinematic and sedimentological studies demonstrate close
relationship between high-order sedimentological cycles and moments of faulting
of individual normal faults. Additionally, the gradual source-ward migration of the
extensional deformation controlled the lower order depositional cyclicity. Building
on previous knowledge, this study provides a high-resolution evolutionary model
of the Sarajevo-Zenica Basin. Furthermore, it documented a new succession of
deformation events, with critical implications for the evolution of the Dinaridic
mountain chain.

The relationship between magma generation and the tectonic evolution
of orogens during subduction and subsequent collision is discussed in Chapter 3
by presenting a series of 2-D magmatic-thermomechanical models. The results
demonstrate that magmatism has an important influence of the broad geometry
and dynamics of the orogen by focusing deformation throughout subduction
— collision process. Also, it may control the local deformational styles such as
smaller-scale extension within the arc, which can be coeval with the main phase
of shortening. Modelling also demonstrates that the rheological structure and
compositional layering of the crust impose a key control on the distribution of
magmatic rocks within the orogen. Results indicate that the indentation of the
overriding plate’s lower crust into the orogenic wedge can explain the migration
pattern of deformational and magmatic fronts. Furthermore, the modelling shows
a gradual change in magma source compositions with time from dominantly mafic
to felsic. Finally, modelling result lead to a new model for the lithospheric scale
processes driving the evolution of the Dinarides.

Chapter 4 focuses on tectonically induced depositional cyclicity during
initiation of extension based on outcrop examples studied in the Sorbas Basin, the
Betic Cordillera of SE Spain. The results kinematic and sedimentological analysis
demonstrate that the change in deformational style during the basin evolution
strongly controls the low-order tectonic — induced cyclicity. Similar to the Sarajevo
— Zenica Basin of the Dinarides, the Sorbas Basin has an internal architecture
composed of high order cycles controlled by individual stages of fault activity.
During later stages of extension, sedimentation was predominantly controlled
by submarine gravity flows transported along the hanging-wall slopes created by
the activity of intra-basinal normal faults. The results also demonstrate a complex
mechanisms of sediment deposition and flow transformation in relation to the
steepness of the depositional slope. Moreover, these results show strong influence
of the fault mechanics on the formation of a heterogeneous basin fill during multiple
extensional events.

Finally, Chapter 5 summarizes the results and provides a synthesis of the
inferred links between lithospheric- and crustal-scale processes operating during
collision based on the studied examples in the Dinarides and Betic Cordillera.
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Chapter 2. The link between tectonics and
sedimentation in asymmetric extensional basins:
inferences from the study of the Sarajevo-Zenica Basin

This chapter is based on Andric, N., Sant, K., Matenco, L., Mandic, O., Tomljenovic,
B., Pavelié, D., Hrvatovié, H., Demir, \., Oomes, J., 2017. Marine and
Petroleum Geology, 83, 305-332.



Chapter 2.

2.1. Introduction

Depositional geometries are controlled by the balance between sediment
supply and accommodation space, which is enhanced in tectonically active basins
(e-g., Schlager, 1993; Miall and Miall, 2001; Cloetingh and Haq, 2015; Baldzs et al.,
2016). The relationship between tectonic and sedimentation has been extensively
studiedinrift systems by the means of seismostratigraphicinterpretations correlated
with wells and/or observations in outcrops, either in extensional structures buried
beneath passive continental margins, or in similar basins exposed onshore (e.g., van
Wagoner et al., 1990; Nottvedt et al., 1995; Hinsken et al., 2007; Martins-Neto and
Catuneanu, 2010). These studies have demonstrated that moments of deformation
are associated with a depositional cyclicity. The creation of accommodation space
is enhanced in the hanging-wall of normal faults, while footwall erosion is a good
indicator for regressive patterns. Such relationships are less obvious in the case
of asymmetric extensional basins, i.e. basins where sedimentation is controlled by
either a major extensional detachment, or by a system of uni-directional dipping
listric normal faults that are connected at depth to one major shear zone, as
observed, for instance, in extensional break-away or supra-detachment basins
(e.g., Wernicke, 1992; Friedmann and Burbank, 1995; Ziegler and Cloetingh, 2004;
Rosenbaum et al., 2005; Tugend et al., 2014). Asymmetries are favoured when pre-
existing crustal rheological contrasts are inherited, such as thrusts, orogenic nappe
stacks or suture zones, frequently observed in extensional back-arc basins during
the evolution of detachment faults that exhume rocks previously buried at high
depths (e.g., Bertotti et al., 2000; Brun and Faccenna, 2008; van Wijk et al., 2008).
Numerous examples are observed during the Paleogene - Miocene evolution of
orogens in the Mediterranean region, when slab rollback was associated with
back-arc extension and the formation of a large number of core-complexes and
extensional basins bounded by detachments or low-angle normal faults (Jolivet
and Faccenna, 2000; Faccenna et al., 2004; Jolivet and Brun, 2010). In such basins,
sedimentation is not only controlled by the position of the central subsiding area,
but also by the gradual migration in space and time of normal faulting combined
with enhanced exhumation of footwalls (Lister and Davis, 1989; Martin-Barajas et
al., 2001; Bargnesi et al., 2013).

One area where the formation of asymmetric extensional basins was
controlled by detachments reactivating pre-existing thrusts is the Dinarides -
Pannonian system (Fig. 2.1a,b, e.g., Baldzs et al., 2016). For instance, the inherited
Cretaceous suture zone between Adria and Europe (i.e. the Sava Zone) was
reactivated by extension along its entire strike (e.g., Ustaszewski et al., 2010; van
Gelder et al., 2015). This extension created (Oligocene-) Miocene extensional
basins that are either parts of the larger Pannonian Basin system (e.g., Tari et
al., 1992; Horvath et al., 2015), or evolved in an endemic and/or geographically
isolated environment within the Dinaride Lake System (Harzhauser and Mandic,
2008). In this latter system, the largest basin is Sarajevo-Zenica that formed on
the northern flank of the Mid-Bosnian Schist Mountains, near the inherited nappe
contact between the Pre-Karst and East Bosnian - Durmitor units (Fig. 2.1b). The
basin was filled with alluvial-fluvial and lacustrine sediments deposited during
Oligocene - Pliocene times and has a highly asymmetric stratigraphic geometry

28



2.2. The Sarajevo-Zenica Basin in the context of the larger Dinarides evolution

controlled by a large fault, or a system of faults, located at its SW margin (Fig. 2.1b,
the Busovaca Fault of Hrvatovi¢, 2006). Interesting is the isolated nature of the
basin, which evolved entirely in an isolated and endemic environment during its
entire existence (Milojevi¢, 1964). This allows a direct correlation between erosion
in the neighbouring source area and deposition inside the basin, although lake-
level variations, controlled by the local balance between precipitation and evapo-
transpiration, are rather frequent in such systems (e.g., Garcia-Castellanos et al.,
2003; Leever et al., 2011).

Thekinematicandsedimentological field observations performed on existing
outcrops were correlated with previous local and regional studies (e.g., Hrvatovi¢,
2006 and references therein) in order to derive a high-resolution evolutionary
model of the Sarajevo-Zenica Basin. These observations were taken along a number
of transects and isolated outcrops that were correlated based on field mapping,
synchronicity of faulting events and associated sedimentary wedges in the basin
and, whenever available, existing biostratigraphic information. Field observations
were used to separate kinematic phases of deformation and individual episodes
of faulting. This kinematics was coupled with sedimentological observations for
the period of extensional deformation by following a standard approach including
the definition of facies units, facies associations, sedimentological environment
and systems tracts. Systems tracts are fault-controlled and were used to correlate
the kinematic episodes and quantify the evolution of accommodation space in the
basin. The ultimate target is to define a new tectonic model of coupled tectonic and
depositional evolution for asymmetric extensional basins. This model is still specific
to the Sarajevo-Zenica Basin, but the principles of its construction are generic and
can be applied to similar basins worldwide. Furthermore, the kinematic model of
basin evolution has significant novel inferences for understanding the tectonics of
the Dinarides.

2.2. The Sarajevo-Zenica Basin in the context of the larger Dinarides
evolution

The Dinarides formed in response to the Triassic opening of the Neotethys
Ocean between Europe- and Adriatic- derived continental units and its subsequent
closure that started during Middle - Late Jurassic times (Fig. 2.1, Pamié, 2002;
Schmid et al., 2008; Handy et al., 2015). The internal parts of Dinarides were
tectonically overlain by ophiolites and genetically associated ophiolitic melanges
during the Late Jurassic - earliest Cretaceous obduction stages (e.g., Dimitrijevic¢
and Dimitrijevi¢, 1991; Deri¢ et al., 2007; Schmid et al., 2008; Robertson, 2011).
The orogen was subsequently built-up during subsequent Cretaceous - Eocene
shortening events that created an overall nappe stack where deformation generally
migrated in time towards the Adriatic foreland (Fig. 2.1, e.g., Dimitrijevi¢, 1997;
Schmid et al., 2008). The contraction is still active at present (e.g., Bennett et
al., 2008; Herak et al., 2009). The nappes are made up by a Paleozoic basement
affected by various degrees of Variscan deformation and metamorphism that was
unconformably covered by a dominantly carbonatic Permian - Eocene succession
(e-g., Dokovi¢, 1985; Korbar, 2009).
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2.2.1. Available constraints from the tectonic and sedimentary evolution

The Late Jurassic - Eocene contraction was locally associated with the
deposition of syn-contractional trench turbidites (i.e. flysch deposits). Elongated
areas of such highly-deformed sediments follow thrust contacts along the Dinarides
strike (e.g., Dimitrijevi¢ and Dimitrijevi¢, 1987). Among them, the Bosnian Flysch
recorded a Late Jurassic - latest Cretaceous deposition of mixed carbonate and
siliciclastic sediments (e.g., Aubouin et al., 1970; Rampnoux, 1970; Mikes et al.,
2008b), which overlies the upper and internal parts of the Pre-Karst unit (Fig. 2.1).
Thrusting over the Bosnian Flysch separates the dominant Triassic - Lower Eocene
shallow-water Adriatic carbonate platform deposition observed in more external
Dinarides units (Dalmatian, Budva - Cukali, High Karst, and Pre-Karst units) from
more internal units carrying obducted ophiolites in an upper structural position
(East Bosnian - Durmitor, Drina - lvanjica and Jadar — Kopaonik units) and recorded
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Figure 2.1: a) Tectonic map of the Alps - Carpathians - Dinarides system (simplified after
Schmid et al., 2008). White and transparent white polygons show the locations of Miocene
basins, such as the Pannonian. Red polygon outlines the location of the Sarajevo-Zenica
Basin. Inset represents the location of the map. b) Simplified tectonic map of the Central
Dinarides with the outline of the Sarajevo-Zenica Basin (after Jovanovi¢ et al., 1971; Sofilj et
al., 1971; Oluji¢ et al., 1978; Zivanovié et al., 1975).
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a late Middle Triassic - Early Jurassic gradual deepening of their carbonatic facies
(Fig. 2.1, Dimitrijevi¢, 1997; Pamic¢, 2002; Schmid et al., 2008). The Bosnian Flysch
was significantly deformed in successive phases of thrusting and is divided into two
units separated by local unconformities: an older and more internal Late Jurassic -
Berriasian Vranduk Flysch, and a younger and more external Turronian - Senonian
Ugar - Durmitor Flysch unit that extends ESE-wards until the junction with the
Albanides (Rampnoux, 1970; Dimitrijevi¢, 1997; Hrvatovi¢ and Pami¢, 2005).

The internal part of the Dinarides was affected by significant extension,
which is generally related with the back-arc opening of the Pannonian Basin starting
at ~20Ma, driven by the rapid Miocene retreat of the Carpathian subduction zone
(Fodor et al., 1999; Horvath et al., 2015 and references therein). The extension in
the north — eastern Dinarides started during the Late Oligocene, migrated in space
and time and recorded peak moments during the Middle Miocene (~14-15Ma)
(de Leeuw et al., 2012; Matenco and Radivojevié, 2012). Large-scale extensional
detachments inverted the Adria - Europe suture zone (i-e. the Sava zone), as well as
various thrust contacts in the Dinarides and thus exhumed parts of tectonic units
previously deeply buried in their footwalls (Ustaszewski et al., 2010; Schefer et al.,
2011; Stojadinovi¢ et al., 2013; Tolji¢ et al., 2013; van Gelder et al., 2015). These
detachments are locally observed along the strike of the Dinarides near their NE
margin and are also buried beneath the Miocene sediments of the Pannonian Basin
(Matenco and Radivojevi¢, 2012). The systems of low-angle normal faults, their
exhumed footwalls and hanging-wall basins have similar structural geometries
and have also comparable mechanisms with the Miocene extension affecting the
transition between the Alps and the Pannonian Basin (Ratschbacher et al., 1991;
Tari et al., 1992; Cao et al., 2013).

The contraction near the frontal part of the Dinarides and the coeval
extension in more internal areas created the accommodation space for the
formation of many Miocene lakes, which recorded shallow water lacustrine to
continental alluvial deposition in a mostly endemic and/or geographically isolated
environment (Krsti¢ et al., 2003; Harzhauser and Mandic, 2008; de Leeuw et al.,
2012). The endemic and often isolated nature of these basins provided important
constraints for the palaeoenvironmental and palaeobiogeographic evolution of the
Dinarides region (Jiménez-Moreno et al., 2009; de Leeuw et al., 2010; Mandic et
al., 2011). Some basins formed and evolved separately as individual and isolated
depocentres (the Dinaride Lake System of de Leeuw et al., 2012), while others are
interpreted as remnants of a single lake (Lake Serbia, Krsti¢ et al., 2003). While the
isolation of northern basins ceased during a Middle Miocene marine transgression,
the deposition in smaller basins in the External Dinarides apparently stopped at
the same time (de Leeuw et al., 2012; Mandic et al., 2012). The Neogene deposits
of the Dinarides have been deformed by contraction during the Adria indentation
starting during latest Miocene times (e.g., Ustaszewski et al., 2014). Although a
number of tectonic hypotheses have been suggested for the formation of the
entire lake system, such as transtensional opening due to the movements along the
Peri-Adriatic lineament (Hrvatovi¢, 2006) or wedge-top basins (Korbar, 2009), the
detailed tectonic and sedimentary evolution of most of these Oligocene - Miocene
basins is largely unknown (Mikes et al., 2008a).
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2.2.2. The geological evolution of the Sarajevo - Zenica Basin

The Sarajevo-Zenica Basin (Fig. 2.1) is the largest in the Dinaride Lake
System and has received little attention in published geological studies. It overlies
a paleorelief formed during successive Late Jurassic - Cretaceous thrusting events
at the contact between the East Bosnian - Durmitor and Pre-Karst units, the
latter including a thick sequence of highly deformed Bosnian Flysch that outcrops
dominantly along the NE basin flank (Fig. 2.1b, e.g., Hrvatovi¢, 2006; Schmid et al.,
2008). The strike of this contact swings in map view from NW-SE in Montenegro
and eastern Bosnia and Herzegovina to N-S and further back to NW-SE westwards,
coinciding with a significant reduction in the exposed width of the East Bosnian
- Durmitor unit (Fig. 2.1, the Sarajevo sigmoid of Dimitrijevi¢, 1997). Outside the
Bosnian Flysch sediments described above, the SW basin margin is made up by
the Paleozoic metamorphic complex of Mid-Bosnian Schist Mountains overlain by
an undifferentiated Mesozoic cover (Fig. 2.1b). The Mid-Bosnian Schist Mountains
include Variscan meta-sediments and meta- volcanics together with limestones,
dolomite and Permian post-Varisan continental sediments (e.g., Hrvatovi¢, 2006).
The Mesozoic cover contains clastics and carbonate sediments deposited on the
passive continental margin during Triassic times together with Middle Triassic rifting
magmatics (diabases, diorites, gabbros, syenites, spilites and quartitic andesites).

Existing biostratigraphic constraints of the Sarajevo-Zenica Basin were
derived from regional geological correlation of pollen and mollusk records (e.g.
Hrvatovi¢, 2006). This stratigraphic scheme is less accurate (see details in de Leeuw
et al., 2012) and may be further updated through independent geochronological
methods.

Starting with Late Oligocene times, the evolution of the Sarajevo-Zenica
Basin is thought to be controlled by the large NW-SE striking Busovaca Fault
recognized near the SW margin from surface mapping, well data and geophysical
interpretations (Fig. 2.1, Hrvatovi¢, 2006). Along the northern margin of the basin,
Upper Oligocene - Miocene sediments were deposited unconformably over the
Bosnian Flysch sediments (Hrvatovié¢, 2006). South of the Busovaca Fault, exhumed
areas of the Mid-Bosnian Schist Mountains expose their Paleozoic core made up
by sediments affected by various degrees of Caledonian, Variscan and Cretaceous
metamorphism that are covered along their strike by Mesozoic sediments of the
Adriatic carbonate platform (Pamié et al., 2004; Hrvatovi¢ and Pami¢, 2005). Low
temperature thermochronological dating of the exhumation that have inferred
ages ~42-27 Ma and 29-24 Ma for zircon fission tracks and U-Th/He, and ~7-5 Ma
for apatite U-Th/He (Casale, 2012; Hrvatovi¢ et al., 2015). These ages have been
interpreted to reflect the exhumation of a Cordilleran-type core complex, although
the location and kinematics of the controlling detachment and its relationship with
the Busovaca Fault are largely unknown. This Miocene fault was inferred to be
inverted with a dextral transpressive component during Pliocene times (Hrvatovic,
2006).

Figure 2.2 (facing page): Tectonostratigraphic column of the Sarajevo — Zenica Basin. Strati-
graphic ages, description, depositional cycles, thickness and lithostratigraphy modified after
Milojevi¢ (1964). Tectonic system tracts and events are results of the present study.
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Chapter 2.

Previous studies (e.g., Milojevi¢, 1964) have inferred that the continental
basin fill was deposited during four main cycles, the timing of their deposition being
constrained by an incomplete biostratigraphy (Fig. 2.2). The deposition of the ~800
m thick Oligocene - Lower Miocene sediments outcropping in the NE part of the
basin (Figs. 2.2 and 2.3) started with an overall transgression of continental alluvial
clastics deposited over an unconformity above the Bosnian Flysch turbidites. The
transgression established gradually a lacustrine environment with widespread
carbonatic deposition in the basin centre, while thick sequences of coal (i.e. Kos¢an
coal, Fig. 2.2) alternating with alluvial sediments were deposited in transitional
areas. This was followed by a generalized regression and deposition of red alluvial
clastics locally overlain by bituminous and porous limestones, as observed in the
northern part of the basin. Superposed over this overall pattern, a higher order
cyclicity inside these Oligocene - Lower Miocene sediments is suggested by the
observed alternation between alluvial clastics, coal deposition and shallow water
carbonates. Previous interpretations have inferred the deposition of at least two
cycles during this time span, separated by a sub-aerial unconformity (Mufti¢, 1965;
Milojevic, 1964).

The deposition of the second, ~1500m thick, Lower-Middle Miocene
sedimentary cycle (Fig. 2.2) started most probably not earlier than 17 Ma (de
Leeuw et al., 2012). The onset of a new transgression is documented by the
dominant deposition in a paludal and marshy environment, where nine coal seems
were accumulated and are intercalated with continental clayey sandstones and
mudstones that are ultimately overlain by shallow water lacustrine limestones.
These are further overlain by the gradual onset of a laterally variable sequence that
starts with thin bedded marls and silts. These are gradually and laterally replaced by
sandstones and conglomerates in a coarsening upwards pattern. This coarse part of
the basin fill is named LasSva Series and changes laterally from thick conglomerates
of up to 1000 m thick to a few hundred metres thick alternations of sandstones and
marls towards the SE (Milojevi¢, 1964). The clastic material was derived from the
Bosnian Flysch in the NE and Mid-Bosnian Schist Mountains in the SW (Jovanovi¢
et al. 1971). These sediments are overlain by the KoSevo Series composed of marls,
coals and limestones that indicate a gradual drowning of a swamp environment
and the creation of a perennial lake (Milojevi¢, 1964). These deposits are overlain
by the 200 m Orlac conglomerates and 200 m Pliocene alluvial sediments. The
latter were deposited over a larger area transgressing over the Mid-Bosnian Schist
Mountains (Milojevié, 1964). The present geometry of the basin shows generally
younger sediments towards the SW. The exception is the Upper Miocene - Pliocene
deposits that are observed in synforms (or “depressions”) in the north, south and
western margin of the basin (Fig. 2.3).

2.3. Methodology

The excellent exposures together with good lateral continuity of outcrops
in the Sarajevo-Zenica Basin have allowed the correlation of fault kinematics with
depositional history. The mapping was performed along cross-sections by following
the main valleys cross-cutting the basin. These were correlated by a large number
of isolated outcrop observations (Fig. 2.3). The sense of shear along faults and
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shear zones was derived from common kinematic indicators such as Riedel shears,
drag folds or slickensides. The relative timing of deformation was defined based
on cross-cutting, stratigraphic and offset relationships. The syn-kinematic deposits
are commonly observed as clastic wedges in the hanging-wall of normal faults,
footwall or hanging-wall of thrusts sealed by fine-grained sediments. Whenever
the size of syn-kinematic wedges was larger than the outcrop (i.e. the post-
kinematic sedimentation not visible in outcrop), the wedges were detected based
on variable offsets across faults, which decrease upwards in the stratigraphy. When
deformation structures and their associated syn-kinematic wedges were tilted by
subsequent tectonic events, their geometry was restored by using the positions of
conjugate normal or reverse faults and/or the attitude of immediately overlying
strata. Note that this original attitude could have been close to horizontal in the
case, for instance, of a deltaic plain or prodelta, or inclined up to 30° in the case of
original sedimentological slopes such as deltaic fronts. We have separated tectonic
phases based on the type of deformation and higher-order tectonic events based
on consistency of kinematics with stratigraphic time (Fig. 2.4).

The detailed sedimentological study was based on field mapping and
logging of facies units in cross-sections across the basin with special focus on
lateral prolongation of facies units, the geometry of syn-kinematic deposits and
stratigraphic surfaces. Facies units were defined based on sedimentary structures
and textures, geometry, upper/lower boundaries, thickness, fossil content and
colour (Table 2.1, e.g., Leppard and Gawthorpe, 2006; lelpi, 2012). These facies units
were subsequently grouped in facies associations (Table 2.2, e.g., Melchor, 2007
Strachan et al., 2013). Following a typical sequence stratigraphic approach (e.g.,
Jackson et al., 2005), stratigraphic surfaces were identified based on the contact
type between facies associations, associated depositional trends and subsequent
stratal terminations across boundaries.

Similar with other sequence stratigraphic studies in tectonically active
regions (e.g., Hinsken et al., 2007; Rdbagia et al., 2011; Pereira and Alves, 2012),
we have used a combination of different sequence stratigraphy techniques to
define genetically related strata (i-e. systems tracts) and to correlate them with
observed tectonic events. The evolution of the depositional environment during
episodes of enhanced tectonic activity was defined using transgressive-regressive
sequences (sensu Embry and Johannessen, 1992). The first step was grouping
retrogradational-progradational facies associations. Converting these geometrical
patterns into transgressive-regressive stratigraphic sequences relies on the specific
structural evolution of asymmetrical extensional systems that creates continuous
footwall exhumation and a gradual migration of faulting in time and space. As
long as erosion is detected over the footwall, the onlap of the lacustrine facies
units is coastal. This corresponds generally with the sub-aerial erosion and coastal
deposition observed in studied outcrops. Therefore, a direct interpretation of
these geometrical patterns in stratigraphic sequences is possible: the sub-aerial
erosion, combined with the coastal onlap and the correlative maximum regression
surface, defined by the geometry of the facies associations (e.g. Helland-Hansen
and Martinsen, 1996), is an expression of the composite surface that bounds a
Transgressive — Regressive (TR) sequence (Embry and Johannessen, 1992). The
syn-kinematic deposition against gradually migrating normal faults provides the
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control over the coeval nature of erosion and sedimentation, whenever available.
The maximum flooding surface was defined in the field by downlapping patterns
of distal facies associations (e.g., Posamentier and Allen, 1993; Jackson et al.,
2005). Such a downlapping surface was observed only in a few places. Whenever
this was not available, the maximum flooding surface was approximated as the
transition between retrogradational and progradational depositional trends. Such
an approximation affects inherently the definition of individual systems tract, but
not the one of sequences.

The correlation between kinematic and sedimentological observations was
done extensively for the Middle - Late Miocene extensional phase that still retains
a large number of syn-kinematic deposits observed in outcrops. The Oligocene -
Early Miocene and Latest Miocene - Pliocene contractional phases retained just a
few syn-kinematic geometries and, therefore, are less described in our sequence
stratigraphic analysis.

2.4. Basin kinematics

Three phases of deformation were recognized in the basin. The first NE-SW
oriented phase of thrusting (Fig. 2.5) and basin subsidence was followed by large
scale NE-SW and E-W extension (Figs. 2.6-2.8). The last N-S shortening phase (Fig.
2.9) was characterized by variable structures across the basin.

2.4.1. Initial shortening

The first deformation phase (Fig. 2.4a) was characterized by NE-SW
contraction observed only in Oligocene - Lower Miocene strata that outcrop along
the NE basin margin. Locally, clear syn-kinematic depositional wedges and onlaps
over the flank of thrusts and anticlines demonstrate that shortening was coeval with
sedimentation. Typical structures can be observed in the Bijele Vode profile (NE of
Kakanj, Figs. 2.3 and 2.5a), where contraction along oblique-slip NNW-SSE trending
thrusts with a top SW sense of transport was associated with syn-kinematic deposits
onlapping the hanging-wall of faults (Fig. 2.5a,b). These syn-kinematic wedges thin
and pinch-out in the hanging-wall of thrusts. The reverse fault concentrated its slip
along the rheological contrast between basin limestones and soft mudstones and
is observed as a fine-grained foliated fault gouge with shear-bands characterized
by a brittle S-C fabric (Fig. 2.5c). Other thrusts are associated with the formation of
clastic wedges and are sealed by subsequent deposition of finer grained sediments,

Figure 2.3 (facing page): Simplified kinematic and sedimentological map of the Sarajevo-
Zenica Basin (modified from Milojevi¢, 1964 with the results of the present study) with
structures active during different deformation events. The Oligocene - Lower Miocene
depositional cycle formed in response to the first phase of contraction. The Lower-Middle
Miocene depositional cycle formed in response to the phase of extension. The post-Middle
Miocene depositional cycle formed in response to the last phase of contraction. Thin black
arrows, lines and green dots mark the locations of the profiles and outcrops in Figs. 2.5-2.9
and 2.14.
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2.4. Basin kinematics

a)

800m
700m
600m

500m

Okm 0.3km 0.6km 0.9km 1.2km 1.5km

marlstone % Iimestone@ brecciated nodular Iimestonev coarsening

alluvial clastic

upwards

’tension gashes filled with calcite correlation between brecaated\ norma fault \ reverse/thrust

nodular limestone layers fault

Figure 2.5: Example of syn- and post- depositional structures formed during the first phase
of thrusting. a) geological cross-section along the Bijele Vode profile, location in Fig. 2.3.
Note the syn-depositionalreverse faulting; b) Reverse - sinistral fault (top SW) in Oligocene
— Lower Miocene sediments with onlapping of syn-kinematic siliciclastic sediments over the
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Chapter 2.

Figure 2.5 (continued): earlier deposited shallow-water limestones. Oblique slip normal
faults with lower offsets post-date the deposition. Location in Fig. 2.5a; c) Detail on the
kinematics of the main reverse fault in Fig. 2.5b with layer parallel slip accommodating the
shearing along brittle shear-bands with S-C fabrics developed in poorly consolidated sed-
iments; d) Brecciated nodular limestone intercalated within a mudstone matrix that was
deposited at the same time with the limestones in Fig. 2.5b. The overall structural geometry
shows asymmetric folding with SW vergence. e) Syn-depositional reverse faulting within the
Oligocene — lower Miocene alluvial sediments. Location in Fig. 2.5a.

while onlaps and pinch-outs show syn-kinematic character (Fig. 2.5e). The overall
profile shows intense deformation with tilted strata (Fig. 2.5b). Similar thrusts or
high-angle reverse faults with oblique components of movement were observed
also elsewhere along the NE margin of the basin (Fig. 2.4a), although syn-kinematic
indicators of deposition were not always obvious.

2.4.2. Large scale extension

The second phase of deformation observed (Figs. 2.3 and 2.4b) was
extensional and resulted in the formation of normal faults that rarely display an
oblique component of movement, either sinistral or dextral. Exceptionally well-
developed Lower - Middle Miocene syn-kinematic sediments were observed in the
Lasva Series, where the normal faults were buried beneath uppermost Miocene
- Pliocene deposits and exhumed by subsequent inversion. The syn-depositional
character of faults is recognized by the observation of clastic wedges in the hanging-
wall, usually covered by fine-grained sediments (Figs. 2.6, 2.8). Faults have variable
orientations and gradually changed kinematics with time and along their strike (Fig.
2.4b), but the dominant strike of large offset faults that control the variations in
thicknesses and formation of large sedimentary wedges is NW-SE and N-S with a
dominant top-NE to E sense of tectonic transport. Normal faults cross-cutting older
pre-kinematic sediments generally show a large spread of extension directions
(Fig- 2.4b4). The stratigraphic correlation of syn-kinematic wedges has allowed the
separation of three successive events during this extensional phase (Fig. 2.4b1-3).
These events are in fact the progressive evolution of a normal fault set (consisting of
three main faults) branching from a common, nearly horizontal detachment located
at the base of the Bosnian Flysch (see below). Such a high-resolution mapping of

Figure 2.6 (facing page): Example of syn-depositional structures formed during the middle
Miocene extensional phase. a) Geological cross section along the Lasva valley with normal
faults formed during the three individual events. Note that structure 2.3b is the Busovaca
Fault that is not exposed along the profile. This fault was interpreted based on basin geom-
etry and geophysical surveys by previous studies (Hrvatovi¢, 2006). The numbering reflects
the evolution in time of normal faulting; b) Stereoplots of normal faults formed during the
extensional phase for extensional deformational phase, 1 — first event of normal faulting; 2
—second event of normal faulting; 3 — third event of normal faulting. Orange dots represent
pole of the bedding plane used to back-tilt the fault; c) syn-kinematic wedge formed against
a normal fault in coarse conglomeratic deposits; d) Listric normal fault with a low degree of
subsequent tilting; e) Normal fault with a high degree of subsequent tilting.

40



2.4. Basin kinematics

aue|d Suippaq / 1yney dijs-ay11s @_0

3U0IN

}ney jewsou Sy
JOMO| - 3Ud2031|0

yosAl4 uelusog . SUIOIN [:

3|ppIW 01 JOMO|
SUIRIUNOA 1SIYDS

uelusog-pIAl 3UI0IIA 3|ppIw-1sod

0T

41



Chapter 2.

aue|d Suippaq / —
SIETEINEVEY W

3 ney dijs-ay141s _0
Inej dijs-o3 ®

(2
uney jewsou By 3UJ0IN JAMO| - 3US2081|0 .
9SAl4 UBIUSO . m
Hosy ueiusod 3USJ0IN 3|PPIW 01 JAMO] E
SUIBIUNOIA! 1S14DS
ueluSOg-pIA . ausd0IN 3|ppIw-150d (q
w3 0¢ wy ST w3 0T wy w0
W 000¢-
W 000T-
w0
W 000T
(e

42



2.4. Basin kinematics

Figure 2.7 (opposing page): Example of syn-depositional structures formed during the mid-
dle Miocene extensional phase. Location of the profile and outcrops are marked in Fig. 2.3.
a) Geological cross section along the Fojnica valley with the normal faults formed during the
three extensional events. Note that structure 2.3b is the Busovaca Fault that is not exposed
along the profile. This fault was interpreted based on the basin geometry and geophysical
surveys by previous studies (Hrvatovi¢, 2006). The numbering reflects the gradual evolution
in time of normal faulting; b) Stereoplots of normal faults formed during extensional events,
1 — first event of normal faulting; 2 — second event of normal faulting; 3 — third event of
normal faulting. Orange dots represent pole of the bedding plane used to back-tilt the fault;
c) Interpreted photo illustrating a syn-kinematic clastic wedge formed above an eroded nor-
mal fault footwall.

Figure 2.8: Field examples of the relationship between normal faulting and sedimentation.
Location of outcrops is shown in Fig. 2.3. Note the orange dots represent pole of the bed-
ding plane used to back-tilt the fault. a) Fault gouge with internal cataclastic foliation in
unconsolidated clays and sandstones within syn-kinematic conglomeratic deposits; b) Listric
ramp-flat geometry truncated by subsequent higher angle normal faults in syn-kinematic
conglomeratic deposition. The decollement layer is made up by siltstones; c) Back-step-
ping migration of normal faulting at outcrop scale in syn-kinematic deposition. The latter
are visible by a wedge geometry in the local deposition; d) A top to the NE normal fault
cross-cutting the pre-kinematic Oligocene continentalclastics with paleosoil horizons mark-
ing the bedding (black line) and lacustrine marls deposited above an erosional unconformity
(yellow line).
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Chapter 2.

kinematics and fault evolution with time was possible because the separation of
these events and grouping of faults is based on the superposition of the numerous
available syn-kinematic wedges with stratigraphic time and not on the consistency
of extensional directions.

The first event of normal faulting (Fig- 2.4b1) indicate a NE-SW extensional
direction with limited deviations likely related to local rotations around vertical axis
during the subsequent phase of latest Miocene - Pliocene contraction. These faults
have large offsets, usually more than 10 m, but locally exceed the 10-20 m scale of
outcrop observation. These faults were also tilted by subsequent normal faulting
near the SW margin of the basin or by later contractional thrusts and folds. The
second event of extension was generally ENE-WSW oriented (Fig. 2.4b2). The normal
faults have NW-SE to NNE-SSW strikes with a significant component of oblique slip
along N-S oriented faults (Fig. 2.4b2). In outcrops, the inclination of these faults
range from 25° to 70°, but this value becomes always around 60° after back-tilting
of bedding to its original depositional position. This indicates that similar oriented
extensional faults were subsequently tilted by the last extensional event or the
subsequent phase of contraction. The third event of normal faulting indicates ESE-
WNW oriented extension (Fig. 2.4b3), fault orientation showing deviations from N-S
to NNW-SSE with oblique slip to strike-slip components of movement. These faults
indicate less to no subsequent tilting from their original 60° dip in rheologically
strong lithologies, such as conglomerates, near the SW margin of the basin.

Normal faults have planar or listric surfaces defining high or low-angle
fault planes with respect to the (tilted) stratigraphy (Fig. 2.8). High-angle normal
faults dip 50-60° in conglomerates. Whenever fault gouge material is made up by
softer sediments (such as marls), it forms a clear foliation subsequently truncated
by a shear fabric showing a kinematic direction of transport (Figs. 2.6e, 2.8a). A
large number of normal faults display low angle segments in the soft sediments,
particularly well visible inthe NE part of the basin (e.g., Fig. 2.8b). Thisindicates either
original low-angle normal faulting in rheologically weak sediments (LANF segments,
e.g., Pedrera et al., 2012) or subsequent exhumation of the listric low-angle level
of normal faults. The latter is visible by faults becoming listric and low-angle at
rheological contrasts. This geometry is observed, for instance, as decollements
accommodating penetrative layer-parallel shear at the contact between coarse
(and thick) sedimentary units, such as conglomerates and sandstones, and fine
(and thin) sedimentary units, such as siltstones and mudstones (Fig. 2.8b). Low-
and high- angle normal faults intersect and provide crosscutting criteria in syn-
kinematic wedges (Fig. 2.8b). Normal faults locally truncate earlier syn-kinematic
wedges associated with the Oligocene - Early Miocene thrusting and their associated
unconformities (Fig. 2.8d). In such situations, tilting of sediments during thrusting
can be differentiated from the one created by the subsequent normal faulting. The
listric normal faults dipping NE-wards show a gradual migration of deformation
towards their SW-ward located footwall, demonstrated by the superposition
of syn-kinematic wedges (Figs. 2.7c and 2.8c). This is a critical observation that
is valid for the extensional phase at the scale of the entire basin. It can be best
studied in two profiles constructed along the main valleys crossing the basin, i.e.
the Lasva and Fojnica (Figs. 2.6 and 2.7). In these profiles, the superposition of
syn-kinematic wedges demonstrates that faulting gradually migrated in a footwall
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2.4. Basin kinematics

direction towards the youngest Busovaca Fault. Outside this fault, the geometrical
relationships show that numerous outcrop-scale normal faults are generally
connected to three major structures at depth that cumulate larger offsets, which
correspond to the three successive deformation events (1 to 3 in Figs. 2.6a, b and
2.73, b). The average normal fault strike is NW-SE with top NE- transport direction
indicating an average NE-SW extension, although many variations are observed
including oblique and strike-slip faults (Figs. 2.6b and 2.7b). The syn-kinematic
sedimentation is frequently coarse conglomeratic and is associated with smaller-
offsets synthetic and antithetic normal faults (Figs. 2.6c and 2.7c). Faulting was
associated with significant footwall uplift, which is documented by erosion of fault
planes that removed large parts of the overlying coarse conglomeratic deposits
(Fig. 2.7c). This erosion created gentle slopes buried by subsequent prograding
wedges. The overall offsets are variable from few centimetres to more than 10 m
(e-g., Fig. 2.8). Hanging-wall antithetic rotations tilted previously formed faults and
their footwalls, which resulted in lower inclinations of synthetic fault planes against
inclined bedding (Fig. 2.7a). The cumulative offset of all normal faults observed is
in the order of 1km, which corresponds roughly with the stratigraphic thickness of
the LasSva unit in the proximal conglomeratic area. When adding the offset of the
SW-most fault that could not be estimated (Figs. 2.6a and 2.7a), the total offset is
likely much higher.

2.4.3. Final basin inversion

The third deformational phase (Fig. 2.4c) produced reverse faults,
asymmetric folds and a large number of tear faults that affected both the underlying
basement and its Mesozoic cover, and the overlying basin fill (Fig. 2.3). The overall
contraction direction is N-S oriented, observed both in faults and folds, with a large
number of deviations along structures that display local strain partitioning. This is
caused by inversion along oblique ramps, which in fact are the dominantly NW-
SE striking normal faults formed in the previous deformation phase. In the basin,
this oblique thrusting created a large number of tear faults as observed by N-S
striking dextral faults (Figs. 2.3, 2.4c3-4) formed by thrusting over the NW oriented
segments of oblique ramps. They are also associated with sinistral conjugate faults
with comparatively smaller offsets.

The N - S to NNW-SSE contraction was also accommodated by a large
number of folds that are observed mainly in the finer turbiditic or deep-water
pelagic sequence, while the coarse grained sequence deformed mainly by thrusting.
Individual folds are symmetric, tens of meters wide with generally E-W oriented
axial planes (Fig. 2.4c2), often with hinge collapse or parasitic folds along their flanks
(Fig. 2.9a). When associated with thrusts, folds become asymmetric (e.g., Fig. 2.9¢),
with axial planes of variable inclinations from 20-80°. Thrusts vergence is both N-
and S-wards. Shortening accommodated by folding is variable, as indicated by wide
and open anticlines and synclines that laterally change into tight and overturned
folds formed near major thrusts characterized by ramp-flat geometries (Fig. 2.9c).
Decollement levels, i.e. flats, are usually localized in finer sediments (shales,
silts) that are deformed in wide shear zones with shear-bands like geometry (Fig.
2.9b) accommodating large (i-e. tens of meters) layer parallel offsets. Folding was
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Chapter 2.

Figure 2.8: Field examples of the relationship between normal faulting and sedimentation.
Location of outcrops is shown in Fig. 2.3. Note the orange dots represent pole of the bed-
ding plane used to back-tilt the fault. a) Fault gouge with internal cataclastic foliation in
unconsolidated clays and sandstones within syn-kinematic conglomeratic deposits; b) Listric
ramp-flat geometry truncated by subsequent higher angle normal faults in syn-kinemat-
ic conglomeratic deposition. The decollement layer is made up by siltstones; c) Back-step-
ping migration of normal faulting at outcrop scale in syn-kinematic deposition. The latter
are visible by a wedge geometry in the local deposition; d) A top to the NE normal fault
cross-cutting the pre-kinematic Oligocene continentalclastics with paleosoil horizons mark-
ing the bedding (black line) and lacustrine marls deposited above an erosional unconformity
(yellow line).
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2.5. The evolution of sedimentary environments during the Early — Middle Miocene

associated with the local formation of a pervasive cleavage that was subsequently
sheared in the footwall of major thrusts (Fig. 2.9d).

2.5. The evolution of sedimentary environments during the Early — Middle
Miocene

The Early-Middle Miocene sedimentary infill consists of successions of
alluvial-deltaic conglomerates and sandstones (Lasva series of Milojevi¢, 1964)
that are laterally replaced with more distal prodelta lacustrine turbidites, slumps,
or more profundal lacustrine deposition (the Transition zone of Milojevi¢, 1964).
The sedimentological mapping has separated 18 facies units (Table 2.1), which are
grouped in the 13 facies associations (Table 2.2, Fig. 2.10) described below.

2.5.1. Alluvial fan system

The alluvial system is well observed along the entire SW margin of the
basin, usually juxtaposed against eroded fault scarps. The overall geometry shows
wedging, thickening towards the footwall and pinching out in the opposite hanging-
wall direction. The size of wedges is highly variable, from tens of meters to tens
of decimetres. The more proximal part of the alluvial system can be generally
described by two facies associations (A1 and A2, Table 2.2).

The proximal alluvial fan facies association Al consists of pebble to boulder
breccias and conglomerates (Figs. 2.10 and 2.11a). The base of this facies is a sharp
boundary and/or erosional unconformity and is gradational towards the adjacent
facies associations (A2 and B1). The angularity and clast size suggest a short distance
transport. This is in agreement with clast composition, which corresponds to the
metamorphic and magmatic lithologies of the neighbouring Mid-Bosnian Schist
Mountains and their Mesozoic cover. Giving the usual location in the immediate
hanging-wall of normal faults, this facies association formed due to fault scarp
degradation and deposition by rockfalls and debrisfalls (e.g., Postma and Drinia,
1993; Leepard and Gawthorpe, 2006).

The proximal to middle alluvial fan facies association A2 is composed of
amalgamated sheets of pebble to cobble size conglomerates and coarse-grained
sandstones (Fig. 2.10). Laterally, these conglomerates are interbedded with
or overlain by thin layers of fine sandstones and siltstones that contain often
water escape structures. The latter structures together with the large grain size
and high angularity of clasts indicate rapid deposition near the source area from
unconfined sheet floods and mass flows events in the proximal to middle alluvial
fan environment (e.g., Nemec and Steel, 1984; Miall, 1985). Laterally, the A2 facies
association is inter-bedded with or overlain by B1 and B2 associations.

Facies association B1 comprises of conglomerates and sandstones which
are usually amalgamated, cutting each other vertically and laterally forming multi-
storeys bodies (Table 2.2, Figs. 2.10 and 2.11b), where each store is bounded by
an erosional surface and preservation of the fine-grained intercalations is low.
Laterally, B1 passes into B2 facies association. The B2 facies association includes

47



SMO|} WeaJls JO SMO|}

uippag-ssoJd padnoud 4o Aueyljos {papesdun 1o papesd Ajjewuou

199ys [eaJseqns Japun a|ddiieSaw  yeam IS1Sejd PapuNOJ (PIMIOS |[9M (SBUOISPUES paulesS-auly 01 -wnipaw s
SMO[J WEeaJ1s 10 SMO|J 193Ys 214l Wd 0 01 £ Spaq ‘aseq
|elsiaeqgns Japun susodap pag-aueid  [euoisosa AjpySis ‘Suippaq |eluoziioy {sauoispues pauleld 9sie0d 01 auy us

Mo} sugap s9|qqad pue sejnuesd paJanedas INOYUM/YUM 3JNn1dnals W
$S9|UOISaY0D snoanbeqns 0} [eaJeqns  |euJajul ou ‘papos Ajjood Issuoispues pauled 9sieod 01 wnipaw
s)sodap poojj-weasls wd 0 > S119S paq JO ssauydIy} i
NUBQJDAO ‘Bwi3a4 MO} JaMO|-sajddly  ‘uoneulwel-ssosd 3|ddil YylMm pa3IoS [|9M (SDUOISPUBS Uy O} 3SJe0d
W Z 01 €0 WOJJ SILIBA SSaUDIYL paqg ‘papesSun 1o papesd {adepns
||y |Suueyd  |eseq |euolsota (BunJos eam (3uippag-ssotd y3nouyy ‘papunoigns o1 19
Jejndueqgns ‘sajesawo|3uod 9|qqod 03 3|qqad pajoddns-xuiew o1 -ise|d
W €T- €0 S9BA SSaUYDIY] pag ‘saseq
SWI0Jpaq 9SI9ASURIY  |BUOISOJS ‘uonedlquil ‘Suippaq ssodd-seueld (Bupuos yeam ‘papunod 03 do
papunougns ‘sa1esawo|Suod ajqgad 03 9)qgqod parioddns-xiijew o1 -1sejd
SJ919W JO SUI) UOISUDIXD |edd1e| YUM W)
susodap 3e| ‘sieq  Of 01 GZ WOJJ SalIeA SSBUXDIY] paq ‘aseq Jeue|d ‘uonesyneuls |ejuozlioy
|eutpni3uoy ‘sysodap pooys 19ays  apnJd ‘Bulpess ou sswnawos ‘Suipesd |ewJou yeam Sunios d1esapow 49
‘s9jesawolduod 9zIs 9|qqod 01 3|qgad papoddns-xijew 01 -1sep
w QT < SSaU2IY} YUMm spaq pajewesjewe
uayo AJAA ‘w GT 01 ‘0 WOJ) SILBA SSIWNIY} paq ‘salepunoq
MOl SLIGIP SAISIYD 9y} 1e yeauq 9zis uledd dieys yum aseq |euoisosa-uou (3uipesd |eonuan wwo
Jo y2e| ‘Bunuos Jood !s1se|d pnw painqguisip Ajjeanoeys  INOYUM/Yyum
papunoigns 01 Jejndueqns Ixijew pnw/pues auy ul sajesawo|3uod
(e12224q) 9zi1s 9|qgad 01 (4apnoq) 29|qqod  paroddns-xuiew
Moy aseq aue|d ‘aaissew ‘JunJos sood
‘syse|d papunougns 03 Jejndueqns XiJjew ejnuess Jo Junowe Mo| Yum  wd9H
Je|nuess ‘moy} s1igap ssajuolsayod
s9jesawo|3uod (e122a4q) 9zis 9|qgad 01 (Joap|noq) 9|qqod payoddns-1sed
suun
uoneyatdiaiul uonduosap :
saloey

Chapter 2.

(2107 “|e 3@ 8ulj|el ‘966T ‘||BIN ‘066T ‘eW1sod ‘Z96T | 32 ewnog) salpnis |ed180]01uaWIPas snolaaid Ul paglidsap uonesipiepuels
|eJ2Ua8 ay3 Mo||0} UoLe1aIdIDIUl JIBY) PUEB PasN SIPOJ dY] "Uiseq edlUdZ-0Ad(eles Ay} ul pajesedas syuN s3joeJOYNT (T°Z dqel

48



W 03 dn S| S3SSAUXDIYY PAQ ‘MOJaq pUB dAOGE SHUN Y}IM JOBIUOD [enpels

49

2.5. The evolution of sedimentary environments during the Early — Middle Miocene

uonedipaid aye| oluedioul PN
YHM Je|Nge) ‘S|ISSO} OU {9JN12NJIS |BUJIDIUI JO )IB| ‘uMOUq 1YSI| ‘sauoispnw
Wd GT 0} T < WOJ SDLIBA SSOUNDIYY
uonisodap punoJudydeq ‘uoisuadsns  {(spodeJsiso) syuswdedy |1Sso4 apnjoul ‘Aslowoad Apoq sua)| sayey ysippad
dwems-yoeq 03 aye| Mojjeys ‘uoode|  YUM pajow 3¢ ued sawnawos ‘suejd pue dieys aJe salUEPUNOQ JOMO| 1
pue Jyaddn ‘Suippaq Jeue|d 01 Arem yum pajeuiwe| ‘sauoispnw 2319q
moy Axsuap 10]02 A248 1y3I1| 01 A48 yJep ‘IS pa1os [|om Ag payJew uoneulwe|
9AIS9Y02 10 S1uaLInd Alpiguny Alsuap ) , 91
O] BUIUEM WO INO-[jeg UOISUBASNS |9jjeded uqiyxs Aew Ing ‘paylleJis 10U (SAUOISPNW PuUB SDUOISY|IS Ul
spuaJ} SuipeJd
Sju244nd Alpiguny AJISUSp MO| N4 9|qWISSAJ UBD {DBUIWE| S9UO]S]|IS PUB SUOISPUBS dUl Y21y} WW g-T JO pL
uoleuJal|e 9y3 O 3 NsaJ uopeulwe| [3[jeJed {S9U03SY|IS 0} SDUOISPUES UL
Janew duedio Aq padeup aJe sajddi jo sapis
SuBLIND APIGNE ANSUBP MO| J2d9931s 9yl SswldWoOos spaqg auoispues jo adeys Suuadel {painjoAuod 51
9¢ ued aeulwe| ‘sa|ddiu Suiquid/uoneulwe|-ssod a|ddi dlIBWWASE
{JU3U0I XlJJeW MO| ‘PIMOS [|9M SDUOISPUES paules3-auy 03 -wnipaw
sjua44nd Alpigani Ausuap moj/ysiy 8uipess qlL
.. ’ ’ ||edon0 |eanJaA Jood ‘uoneujwe| |9|jesed {sauoispues paules3-wnipaw
9seq Jeue|d JO DAISOJI ‘S|9AJ| UIRD Ul paudije sdiyd
sjuauund Aupigany Aysusp ysiy  pnw ‘Buipesd ou Jo Suipes3 jewuou [eanJan  ‘BunJos pood 03 wnipaw el
JULlU0d XL1eW MO| Yum sauolspues (Ajqgad) pauless-wnipaw 03 -9s1e0d
wo ot
Iauuey 3uepunge 1o spooy Sujuem UBY] SS3| SSDUIIYI 39S Pa( ‘DAISSEW JO Paleulwe| 'Se|nueld paianeds yum 14
Jo uolsuadsns wouj uonisodap : : : ’
S9WAWOS SUOISPNW PUB SU0ISIS YHUM PappagJalul SOUOISPUBS aul
uonelaldiaul uondiiosap MMWM

‘(zTOT
“|e 19 8ul|jel ‘966T ‘||elIN ‘066T ‘ewisod ‘296T |t 12 ewnog) saipnis |e2130|01usaWIPas sNoIAdJd Ul paqlIdsap uonesipiepuels |esauad
39U} MO||04 uonelasdialul 419yl pue pasn S9POd Ay “uiseq edluaz-oAafeses ayl Ul pajesedas syun sapejoyll ((panunuod) Tz 3jqeL



Chapter 2.

“(zToz ‘i1 ‘1661
“|e 19 s3||902Q “8'9) s1uana Sulpooyy
Ag pa31dnuia3ul USYO JUSWUOIIAUD

‘0D PUB Tg Y1M S21eUIDNY D)1|-}93Ys
pue -3qo| 0} -]aUUBYD WO} SIIIBA SUOLE[BIISIUI 353U} JO AJ}DWO03
9y ‘s93elawWwo|3u0d-e|nUEeIS pUE SDUOISPUES PAUIRJS-WNIPSW PIJIOS

Anood . e g ¢
JUBGIBAO U3 Ul INO-|By 1400d yum pajejeasaiul Ajuejndauil ae Asy] ‘pajnow aq Jo/pue 1S ‘YS ‘14 ‘ws 4|
15NJ2 UOJI JO SyIeJopNW aAeY Aew SaU03ISABR|D pue S3U01SY|IS 9L
uolsuadsns Y1im paulquiod SMojy
'SauolIspues paules3-auy yiim pale|edsalul ssuoisAe|d (you-oiuesdio)
Suluem [easeqns wouy uopisodag
pue sau03sy|is pajeulwe| (|9|jesed 10 Anem) jo sadeyoed uejnge W
‘(£66T ‘BW1SOd pue J9WaN 3
8'9) JuawuouiAua ule|d-apliq *971s sulead sy u1 a8ueyd 1dnuge Aq paytew Suippaq |ejuoziioygns
93 Ul SMO|} paleulwop peojpag pue moys sagexoed ay1|-193Ys ay| "|euoisosa pue Arem aJe sauolspues U5 Jounw
A81sua-y381y *o'1 syisodap moyy sugap pue sa1eJawo|3u0d pazijauueyd Jo saliepunoq Jaddn pue Hm umuu d 19
YuM paje[edsalul Ajaued ‘smoyy 19ays JOMO| 9 "S9UO01S)|IS 92JBIS UM SIUOISPUES PUB S91EJaWOo|Su0d s o 9
pue SMO|} WeaJls-papielq [eateqns pauleS-auy 03 -wnipaw paJ Jo sadexded 91| 199ys 01 pazijauueyd)
Ajpueujwop wouy uonisodag
‘(€66T ‘ewisod >
pue d3waN ‘S86T ‘|[lIN “8°3) =
. > . c
uey |elAN||e 3|ppiw 03 [ewixoud ay3 C8PUBTE SSpeouny AIES0T "W S 03 ¢ Woy s
S3lIBA $SBUYIIY] “|euolsold Ajaysis pue aue|d aJe salepunog Jaddn yo “Us ‘do =
ul uonisodap Joy |ealdAy s| sassadoud oo =
pue Jamo| ay] ‘uoneauqui moys Aew sise|d andiwijod Jejndueqns Joulw ‘ys ‘ws [4'4 E
Jeuonisodap Jo uoneldosse siy | , ,
0] PapuUN0JgNS 'SAUOISPURS PauleIS-9S1e0D YlIM Pale|edJaiul woo ‘wwo
*SMO[J SIIQSP UM Pauiquiod Moy
s91eJ9Wo0|SU02-WNIpawW 03 -954e02 PaJ Jo sadexded ayi|-193ys
199ys Aq pajeujwop smolj papleiq
pa1e|aJ-poo|} woJj uonisodag
"(STOZ “1e 38 ouenysuoT ‘g66T E
‘elulig pue ew1sod “8'9 ‘||em100}) w
muS_m_._n._mnr”muMww_mWH mmw“_w Wcsw%%ﬁmu 'Td puUe gy S$91edunJl A||B20T "SSBUIIYY Ul W O PIIIXD <
Aew 3 *||4 uIseq Jo JusaWseq juadelpe sy} SPJeMO) J0BIUOD |[BUOISOID
ainjeu |eaidojoyll| 8y “(uswd.ieass
J0 (sdueds 3ney 9°1) 21U0II] "W € 0 G'Z JO SHI0|q 32J4BIS YUM
1ney) adoj|s ay1 Jo ued Jamo| ayy wwo ‘win v
97|S Ul W ¢ 03 WD Z WOJJ S3IIBA SISB|D PAALIap-JuUawWaseq Jejndueqns
ul payisodap ase Asy| ‘uonisodap
01 JenSuy "XL1eW JO SJUNOWE 3|gelieA Ylim salesawo|Suod
31042 3d0js 343 UMOp spuBWIBEY 9UuleJS-951802 $59]94N10NJ1S paJ Jo sadexded ay1|-a8pa
J0 Suipi|s pue 8uljjos Jo 2a.48ap paul S4nN 1S a4 ¢ HISPIM
9|geleA wouy pajeuidiio sysodap
[1B4S1Iqap pUe |[BJ}204 |BIAN||0D
(T'z 21qeL 99s) P03 usWIUoJIAUD
ssa204d |euolisodap paJJaul uonduasag TzaIqeL suopelosse ¥ ’
9p02 saloe4 sooey |euonsodaqg

"uiseq eJlUSZ-0A3(eJIES DY) U] P32J4dialul SUOLRIDOSSE S9108) JO AJBWWNS 1Z°Z d|qel




2.5. The evolution of sedimentary environments during the Early — Middle Miocene

‘(9007 ‘adioymen
pue pJieddaq ‘8'9) eyop e jo ado|s
|EUOISOJD Y} UO SMOJ4 SIIGap pue
AlpIgan) paiesyuaduod pue ASisua
Y81y wouy Ajpueujwop uopisodag

‘spsemdn-Suiuaydiyy pue -Suluasieod
moys aSexded 8y "W G 03} W € WOJ} SLIEA SSaUDIY} a8edded
'S9UO01S}|IS 0} BUOISPUES paulesS-auy ul pajjn8ua sauolspues
pauleJs -wnipaw 01-954e0d sadeyded ay|1| 193Ys 01 pazijauuey)d

9-8] ‘Ws ‘Wi

ca

"(066T ‘B|3]10D ‘886T ‘Ployulog pue
Jolid “8'9) syuane Suipooyy |eiAnyy
Sunnp Induj Juawipas ysiy o1
anp Ja1em .| pue JaAL Jo Suixiw
jeudidsadAy Aq paieui8lio smoyy
ay] "adojs eyap |euonepesdoid pue
|euonepeus3e Joy |eaidAy syuaund
A11p1gany JO @dudN}ul J3SS|
pue Moy uieis ‘moyy sligap ayl Aq
pajeulwop :sassadoud [euonisodap
a|dujnw jo uoneuiquio)

*S9U0]S1|IS PUB SBUOISPUES pauleJ3-auly 321yl Wd ST 01 G Yum
pappagJajul ate Aay] ‘spaq pajewesjewe ul Sulppaq |eyuoziioy
15983ns (S1NISQ 4O SJap|nog uaAa) sa|qgad paJaneds syl
W G ‘2 01 W €°0 WOJJ S9LIBA SSBUYIIYI Pa( Y1 ‘SauU0ISpues pue
s91eJowWo|3u0d paules3-wnipaw 0} -951e02 Jo sadeyded ay1]-193ys

2-e| Joujw
‘ws ‘wan

Ta

'(900¢ “|e 19 ejoJen-ejolen
‘066T ‘e[9]|10D ““8'9) @2ua2salnb
Jo spouad Suunp Supjiomas Aq

10 smo|} Suluem ‘swiSas MO|J JOMO|
wouJj paijnsaJ suone|edsaiul Apues
9UL "YINow JSALI dY3 J SPOO|4 DAL
peo|paq o spolad SuipJodal SMo|)
S1Igap pue 199YS ‘WeaJls wodj
palisodap a49Mm sa1esawo|3uod
pue sauoispues Jo siaAe| 321yl ayL

‘adojsumop 7@ oul sassed Ajjenpeso ‘saouanbas
piemdn-3uiuaydiyl pue -3uluasieod ay) ul paziuedio ale
sadeyoed ay] ‘uoneulwe| ssoJd-a|ddis pue AAem ylm sauolspues
paules3-auy 01 -wnipaw (wd Qg 03 dn) Uiyl yum paire|easalul
aJe sudAe| 3S3Y]L "W 7 01 G0 W04 SBIIBA SSUXDIY]L SIdAe| ayL
'$91e49WO0|3U0d 3ZIS 3)qQ02 03 3|qgad jo sasudwod Se| |puueyd
31 "papUNOJ 0} PIPUNOIQNS BJ. SISB|D 3Y] "Sa1eIaWOo|Su0d
pue sauojlspues paulel3-wnipaw 03 -3s1e0d Jo sadeyded
9){11-193Ys YlIIM pappaqJaiul sa1esawo|3uod paulets-asieod
01 -WnIpaw pappaq ssoud-y3nody jo sadeyded pazijsuuey)d

19
IS ‘Ys ‘WaD s

0

(zToz i1 ©200T “4oYd|aINI
8'9) s1uaAa poo|y wody Sunnsal
SMO|} SLIG3P 3JeJ YUM JUSWUOIIAUD
aye| jeuidiew ay3 ui spuod
10 UooS8e| ‘JUsWUOIIAUS ASISUS MO|
ul 8ujnas sppuJed Aq uonisodag

'S9PO2JBJISO SPN|IUl SBUOISPNW By “ddeins Jjaddn
P3110W Y1IM Pa1eqIn1olq 9g UeD SaU0ISpPNW 8y ‘91eJawo|3uod
e|nues3 JejnSue Jo SaUOISPUES paules - wnipaw 0} -auy JO S19S

paq Aja1eulpioqgns Jo ‘paq 3|3uls Y3M paje[edsalul sauoispnw
9319q pajeulwe| (|a|jesed o Arem) Jo sadexoed ayi|-asua]

ws ‘ys 14

00

o

o]

-

QU

o

o

°

(0]
o
(0]
=
e.
B
2]
<
P
&
o
3

Q.

o

=

[}

=R

=R

=}

wa1sAs aye|

193eM MO||eys/puod

ss2204d |euonyisodap paJsaju]

uonduosag

(T°C 21q9€eL 29s)
9P0J salde4

3ap0d
suopeosse
sapoe4

1UBWUOUIAUD
|euonisodag

"uiseq eJlUSZ-0A3(eJES BY) U] P32J4dia1ul SUOLRIDOSSE S9108) JO AJewwnS :(panunuod) -z ajqeL

51



Chapter 2.

(£00T “1oydj2IN "8
Indul AJejuswipas mo| Yyuim) uiseq
pa||y4apun ays jo Sunias sue|d uiseq
pue eyapoud |eisip ayy ui Ino-|je}
uolsuadsns pue sjuaLind Alpiginy
-AjIsuap mo| Jo uoneusal|e 21PAD

*S9POIEBIISQ SIPN|OUI UOLIRIDOSSE SBIDEY SILY] ‘WD GT 0} G WO PaLIeA
ssauydIy} pag “sadesp pnui YdL-d1uesio yiim pajeidosse sauolspues
pajeulwe|-sso.1d a|ddid pue SaU01SY|IS ‘SAUOISPUBS-IUY YHM
pale|ealalul sauolspnw pajeulwe| [39)jeded jo sagexded ay1|-199ys

PN ‘@-0L

qea3

"(£00T Yoy
€00 ‘unuanuag ““3-9) yasAy
Je3n pue uoIssaIdNS Ydii-|eod Yl-aid
0} Pa3d1J1SaJ eaJe Judwydled 1s983ns
S9U03ISPUES J1]9Ad Ul syuswSely
21| 9YL “JudwWuoJIAUS eyaposd
|BISIP 9Y31 Ul SMO|} 2131pIgJn] Alisuap
-y31y 211242 yum 1no-|e4 uoisuadsns
pue sjuauind Aypigany Alisusp
-MO| WoJ} uonisodap pauiquo)d

*qT3 ojul Buissed Ajjenpeud sauanbas spiemdn 3ujuasieod
JO 9Seq B SWJ0J UOLIBIDOSSE Sa19.) SIY1 ‘Ajlensn 21yl w T 03
dn sauoispnw $s3[24n10NJ1s Yyum paidnuiaiul AjaeinSauur s1 uoissadons
9|OYyM 3y "S9POILJISO UIBIUOD SBUOISPNW 3y “sajdnJed [eod pue
Jonew d1uedJo JO JUNOWE 91euIpJOgNS YUM (suoisawl|) syuawdely
yasAy Je3n Ajpueulwop Jo sasdwod sauoispues ay| "uopeulwe|
ss042-9|dd1J Jo/pue uoneuiwel [3||esed ‘4o/pue spiemdn-3uluasieod
moys Aew sawilawos ‘aseq aue|d Y1m $$3|24N30NJ3S 948 SEUOISPUES
9y 'S2UO0ISPUES 3}1UDJED|BI PAUIRIS-WNIPAW PAIIOS-||]DM YUM
pappagJaiul Ajuejndaus sauoispnw a81aq paleulwe| Arem o |9)|eded

PN 1 0-eL

ez3

*(€TOT “|e 3 ueydeaS ‘y8ET ‘ewlsod
~8'9) Aujigeisul adojs wouy paynsal
SMOJ4 SSeW YlM paie[edsajul
smoy} AJipigany Alisuap-mo| pue
- Y31y jo Suneusalje wouy uonisodag

‘g3 pue ¢q sa1eaunuy Aj|elale 'spag pap|oy pue syoo|q
‘sdn-di |euiseqeJsiul paulejuod siaAe| padwn|s ayl ‘w GT 03 wWd
GZ'0 WOJ) S3SSaUNDIY) d|gerien yum siaAe| padwni|s apnjoul sadeyded
SIYL "S2UOISPNW Y}IM PIJB|EIISIUI SBUOIS)IS PUB SBUOISPUES paulels
-wnipaw 0} -auly pajeulwe| Axem o |9)|eJed Jo sadexoed ayI|-199yS

213

"(900¢ ‘adioymen
pue pieddaT *8'9) ado|s |euoisola
15983ns sdn-du |euiseqesjul
pue Ai}owo0as ayi|-]auueyd
9y 'SMO|J SIGap yum pardniisiul
S1U44nd d11pigun] snoanbeqgns
|euonauipiun woJj uonisodaq

7@ ojul sassed 31 adojsdn ‘uondas-dn SuIYIIY3} pue SUISIL0D
98eyoed ay "sajpiJed |eod pue sujewau Jue|d ueuod Aew 3 ‘sised
pazis-1no Jo dn-duJ |euiseqesiul 9yl Yim Sau0Ispues paulelsS-wnipaw
03-354e02 paos Ajjood Ag paidnuiaiul aq Aew uoissadans ay |
'S9UOISPNW PUE S3UO1SIS ‘SaUOISPURS pauleleS-auly pappagJaiul
S9UOISPUES paulesS-wnipaw Jo sidAe| ayji|-|]auueyd paie|os|

9-e] ‘ws

q13

‘(€10
““|e 39 ueyoeals ‘900z ‘@dioyimen
pue pseddat “89) sBumas
ejapoJd [ewixoud ‘@do|s ay3 Jo
901 3y} Ul sysodap moyy sugap pue
sjua.ind Alipigany wouy uonisodaq

*1Q 40 ud|eAInba adojsumop ue si siy| ‘sjeasiul padwn|s pue siahe|
9Y1 Jo A1zowoas ay1-aqo| apnpul Aew 1un siyy ‘Ajgjeulpiogns sdn
-diJ InoYUM/yuM S21eJ9WO0[3U0D paulelS-auy 01-WNIpaw JO saxN|jul
9JeJ Y3IM SUO0ISPNW PUE SBUO]SHIS ‘S9UOISPUES paulelS-wnipaw
01 -951e09 JO sadexoed 9yl - [9UUBYD pue 91270| BPIM 01 -193YS

9-e] ‘Wwo ‘ws

=3
I
2
128
°
5
o
Q.
o
=
1y
o
o
=
=
(o]
1]
2z
[%]
a
o
3
k]
5
S
X,
3
L
°
5
o
Q.
o
=3
[

ss2204d [euonisodap paJlaju]

uondiiasaqg

(T°z 21981 995)
9p02J salde4

3pod
suoyeosse
saloe4

JUBWUOJIAUD
|leuonisodag

"uiseq eJ1USZ-0A3(eJES DY} U] Pa1aJ4dialul SUOLIRIDOSSE S3Io.) JO AJewwNS :(panunuod) -z 3jqeL




2.5. The evolution of sedimentary environments during the Early — Middle Miocene

laminated siltstones and claystones intercalated with thin layers of organic rich clay
or isolated channels of fine- to medium-grained sandstone and pebbly sandstone
crevasses (Table 2.2). The immersion surfaces are marked by red iron-rich crusts and
mottled structures developed in silts and palustrine carbonates. The channelized
system of B1 facies association has an unconfined character and was deposited in a
high energy/discharge braided plain of a delta fan (e.g., Nemec and Postma, 1993).
Furthermore, B2 facies association are floodplain deposits deposited in a quiet, low
energy environment, with confined channels in the braided plain delta fan (e.g.,
Miall, 1985; Paveli¢ and Kovaci¢, 1999). The distal fan facies often alternates with
the CO facies association described below, which may be the result of avulsion of
distributary channels, increasing the sediment discharge due to flooding, or cyclic
activity of normal faults (e.g., Gawthorpe and Colella, 1990; DeCelles et al., 1991).

2.5.2. Pond/shallow water lake system

The facies association CO is composed dominantly of thinly bedded
mudstones interrupted by isolated channel-like coarse sandstones and breccias
(Table 2.2, Figs. 2.10 and 2.11c). Sometimes, it may contain mottled top part
of a layer. This facies association often has a wedge geometry, rarely includes
lenses, and is thickening towards the centre of the basin. It is usually intercalated
between B2 and C1, and is frequently downlapped by the B1 facies association. Red
alteration layers in carbonates indicate local pedogenesis (i-e. mottled, e.g. lelpi,
2012). The carbonate deposition is often associated with lacustrine ostracods that
indicate suspension settling in a shallow lake/pond environment. This is periodically
supressed by channels feeding a mouth bar system or occasional flooding events
(e.g. Melchor, 2007).

2.5.3. Deltaic system

Facies association C1 consists of channelized and tabular conglomerates
and sandstones (Table 2.2, Figs. 2.10 and 2.11d) usually organized in coarsening
and thickening upward packages. The observed erosion, trough cross-bedding and
finning upwards indicate migration of channels and bars under hyperpycnal flow in
the place where a river discharges in a body of stagnating water (Fig. 2.11d) (i.e., a
delta plain, e.g. Postma, 1990; Garcia-Garcia et al., 2006).

The facies association D1 consists of cobble to pebble conglomerates
and coarse- to medium-grained sandstones (Fig. 2.10), often marked by outsized
clasts of Mid-Bosnian Schist Mountains (Fig. 2.11e). The flows were induced on
the sedimentological slope by discharging a coarse-grained alluvial bedload during
flooding events or more likely by grain flow from an unstable delta slope (e.g., Prior
and Bornhold, 1988). They show tabular and wide lobate bed geometries parallel
to the basin margin and basin tapering wedges along the flow profile. The D1 may
have sharp and flat, or gradational contacts to the adjacent facies associations
(B1, C1 up-slope and Ela down-slope) and general coarsening-upwards trends. D2
facies associations include wide channel to sheet-like coarse- to medium- grained
sandstones facies (Fig- 2.10). Erosion, stacked channels and scarcity of tabular beds
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Figure 2.11 (facing page): Field examples of facies associations. Location of outcrops is
shown on Fig. 2.3 a) Example of the debris flow deposits in the proximal alluvial fan facies
association Al. Note basement blocks up to 2m in diameter; b) Sheetflood deposits in the
distal part of the fan, facies association B1; c) Example of shallow water carbonates, fa-
cies association CO; d) Example of inter-distributary channel and bars facies association C1
with cross-bedded sandstones; e) Example of delta front facies association D1 with outsized
clasts (up to 1.5 m in diameter) in a turbiditic sequence; f) Example of toe-slope facies as-
sociation Ela with sandstone megabeds containing rip-up clasts; g) Example of prodelta
facies association E1b with loading structures of fine-grained sandstones over mudstones;
h) Example of distal prodelta facies association E2b with starved ripples in distal turbidites;
i) Example of prodelta facies association E1c showing slope failure probably caused by fault
activity.
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indicate deposition from unidirectional flows bypassing and depositing material
downstream (e.g., Mulder and Alexander, 2001; Leppard and Gawthorpe, 2006).
This can be observed also in the lateral transition to facies association Ela and E1lb
described below.

Facies association Ela contains dominantly coarse- to medium- grained
sandstones interbedded with siltstones and mudstones facies (Table 2.2, Fig. 2.10).
The tabular to wide lobate and channelized turbiditic layers are interrupted by
slumps (Fig. 2.11f). Slumped layers contain a mixture of coarse grained clasts up
to boulder size and rip-up clasts of parallel laminated layers of slope sediments
supported by a fine sandstone/siltstone matrix. They represent material that was
deposited at the toe of the slope due to avalanching along the unstable steep slope
(e.g., Postma, 1984; Strachan et al., 2013). Downwards the slope, Ela gradually
passes into Elb.

The E1lb facies association is characterized by isolated channel-like
sandstones facies engulfed within siltstones and mudstones (Table 2.2, Figs.
2.10 and 2.11g). The sandstones are poorly to medium sorted with subangular
to subrounded fragments of schists and limestones. The grain size, thickness and
frequency of sandstones increases upwards from fine- to coarse-grained. This
means anincrease of terrigenous material input by erosion of arejuvenated footwall
and deposition by a feeding system with unidirectional concentrated flows further
basin-ward (e.g. Lowe, 1982; Mulder and Alexander, 2001). This is documented
by a gradual transition into the E2a facies association downwards along the flow
direction. Additionally, plant remains and coal fragments suggest hanging-wall
directed input as well, most likely by erosion of the previously deposited Oligocene
- Lower Miocene coal series. This facies association has a gradual transition to Ela
upwards in the stratigraphy.

The facies association Elc is made up by an alternation of sheet-like
medium- to fine-grained sandstones, siltstones and mudstones facies (Table 2.2,
Figs. 2.10 and 2.11i). This monotonous succession is sometimes interrupted by large
scale slumps consisting of folded and broken autochthonous/intra-basinal layers
or chaotic deposits. This indicates that the unconfined flows in the distal prodelta
environment are obstructed by deposits of seismically triggered failure due to local
fault activity (e.g., Postma, 1984; Sharp et al., 2000). The facies association Elc
grades upslope into D2 and downslope into E2b.

The facies association E2a is made up by alternations of rhythmic sheet-like
calcarenite sandstones and mudstones (Table 2.2, Fig. 2.10). The majority of the beds
are structure-less, indicating deposition from steady turbidity currents with rapid
aggradation, in most cases suppressing tractional transport or post-depositional
reworking (e.g., Talling et al., 2012; Strachan et al., 2013). This suggests significant
reworking of the clastic material in a shallow water environment before deposition
into a distal delta environment. Some of these flows may represent the dominance
of paleoflows draining hanging-wall composed of Bosnian Flysch limestones. This
facies association represents periodic broad terminal channel lobes from a more
proximal setting prograding into a mud-prone succession of the distal prodelta
(e-g., Benvenuti, 2003; Talling et al., 2012).

The facies association E2b is made up of mudstones sometimes intercalated
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with medium-grained ripple-cross laminated sandstones (Table 2.2, Figs. 2.10 and
2.11h). The mudstones contain dark and light grey to orange laminae that formed
as a result of variable content of organic matter. The alternation of monotonous
dark brown to dark grey mudstone are suggestive to anoxic bottom waters (e.g.,
Melchor, 2007; lelpi, 2012). The transition between various mudstones is sharp
inferring dominant deposition by settling from suspension at the lake bottom with
variable redox conditions. Alternatively, these can also represent low density
flows and/or mud debrites in the distal part of a basin floor fan (e.g. Talling et al.,
2012). In general, this facies association indicates a lack of terrigenous influx and
a dominance of the mud flows in the starved, under-filled basin (e.g. Carroll and
Bohacs, 1999). In the stratigraphic succession E2b facies association alternates with
Ela or D1 facies associations, and their contacts are sharp.

2.6. The link between normal faulting and evolution of facies associations

Our observations in the Sarajevo-Zenica Basin indicate a close link between
the activation of normal faults and deposition of various facies associations. This
link is best described by three characteristic groups of facies associations. These
correspond to the evolution of the depositional environment, controlled by the
balance between the rate of creating accommodation space and the rate of
sediment supply, during the three main stages of a normal faulting: onset (Fig.
2.12), high displacement rates (Fig- 2.13) and gradual termination of fault activity
(Fig- 2.14).

The onset of normal fault activity triggers the coeval deposition of A1, A2
and E2b facies associations (Fig. 2.12). The bulk of deposition consists of proximal
to middle fan facies associations localized right next to the normal fault scarp (Fig.
2.12a, d). The footwall is uplifted during faulting and subsequently providing eroded
material for deposition of A1l and A2 facies associations. These facies associations
show a prograding and aggrading character in the hanging-wall direction forming
a steep talus that may reach 30° inclinations (Fig. 2.7c). The overlying strata
indicate that the alluvial fan incises and erodes the fault scarp, creating a sub-
areal unconformity, which is recognized latter as a sequence boundary (Fig. 2.7c).
The coeval deposition in the more distal lacustrine environment is marked by
sediment starvation, observed by deep lacustrine deposits conformably overlying
pre-faulting littoral limestones (e.g. E2b over pre-faulting strata, Fig. 2.12b, d).
The latter infers rapid basin subsidence (Prosser, 1993). The base of this sequence
in deep lake deposits (i.e. E2b) was used as a diagnostic marker for a sequence
boundary, being correlative to the proximal erosional unconformity marking the
maximum flooding surface. Furthermore, the normal fault activation (syntethic and
antitethic) is recognized in deep water facies by the presence of large scale slumps
(Elc, Fig. 2.11i), or mud-prone slope deposits (E1b) often overlying an angular
unconformity (Fig. 2.12c). The wedge shape geometry of sedimentary bodies infers
higher subsidence rates in the immediate hanging wall, but also may suggests that
tilting was controlled by the listric geometry of the normal fault (Garcia-Garcia et
al., 2006).

The period of highest displacement rates (Fig. 2.13) increases the
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Figure 2.12: Sedimentological evolution of various facies associations of the tectonic sys-
tems tract at the onset of fault activity. a) Typical sedimentological log for the proximal
units of the onset fault activity systems tracts deposited over eroded fault planes in their
hanging-wall; b) Typical sedimentological log illustrating the progradation in deep lacustrine
environment at the base of the slope created by the normal faults. This progradation follows
the initial transgression recorded over the organic rich marls and is observed as a transition
from immature to well-developed turbidites. Note the high amount of organic matter in the
mudstones probably reflecting stratigraphic condensation due to rapid deepening.
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2.6. The link between normal faulting and evolution of facies associations

Figure 2.12 (continued): The yellow line marks correlative maximum flooding surface at the
base of the new sequence dividing pre-faulting mudstones (E2b) and shallow water carbon-
ates (pre-rift deposits); c) toe slope décollement triggered by antitethic faulting in the basin.
The thick black line (i.e. angular unconformity) represents the previous décollement surface.
The activity of the normal fault created steep fault scarp and tilting of the pre-existing slope
which combined with the basin ward dip of the bedding in the uplifted footwall behaves as a
décollement surface. The created accommodation space was partly filled by the prograding
and aggrading hanging-wall directed mudflows (E1lb). The erosional surface and scouring
(wavy black line) at the top of the E2b suggests erosional and bypass flows before higher
amount of coarse material (E1a) fill up the previously created space and decrease the slope
gradient. The scale of the outcrop is shown by the traffic sign (0.7 m high) in the black. The
red line with arrow on the stereoplot indicates orientation of the fault plane and sense of
movement; d) Interpreted sedimentological environment combining the A, E1 and E2 facies
associations. See Fig. 2.10, Tables2.1 and 2.2 for the meaning of the facies association codes.

accommodation space rapidly. This leads to simultaneous deposition of immature
terrestrial material in the proximal to middle alluvial fan facies associations (Al
and A2) and delta slope (D1, D2 and Ela) settings restricted to a narrow zone in
the immediate hanging wall. The progradation of irregular flows of immature
terrestrial material in the lake indicates erosion of the steep uplifting footwall and
material transport via bypass flows without significant reworking and residence
time (e.g. Leppard and Gawthorpe, 2006). Consequently, more distal and lateral
facies associations (B1,B2, D2, E1lb) record a decrease in channel amalgamation
and channel/overbank ratio up in the section, with higher frequency coarsening-
upwards influxes within the overall fining-upwards grading trend (Fig. 2.13a). Such
higher frequency influxes may indicate short term flooding-events (e.g. Stgren,
2010), or short periods of tectonic quiescence and further transport of material
eroded from the footwall (e.g. Catuneanu, 2002). Similarly, periodic lobes in the
distal prodelta environment (E2a, E2b) can also be interpreted to be transported by
flows draining both the hanging-wall and the footwall, or are events of hanging-wall
tilting during normal fault activity (Fig- 2.12b, 2.13d). The shallow water lacustrine
carbonates with Ostracode fauna mark the maximum flooding surface (Fig. 2.10c,
COin Fig. 2.13b, c). The facies beneath this surface show retrogradational and fining
upward grading trends (Fig. 2.13a, c), while the overlying facies associations display
progradational stacking patterns and coarsening upwards (Figs. 2.13b, c and 2.14b).

The final stage of fault activity (Fig. 2.14) is characterized by lower rates
of creating accommodation space when compared with sedimentation rates and
ultimately end of fault activity (e.g. Sweet et al., 2003, 2005). The subsidence
of the hanging-wall extent over the immediate footwall at low rates. The effect
is that only in the most proximal areas the facies associations Al is replaced by
A2 and B1 in the vertical succession, which onlap the slope and the eroded fault
scarp with general retrogradational and aggradational deposition, and fining-
upwards grading trends as the fault activity dies out (Fig. 2.7c, 2.14a). This retreat
is caused by the erosion of the fault scarp and general lowering of the source
area relief when the activity of the fault and thereby exhumation of the footwall
terminates. In the more distal areas, the accommodation space is outpaced by the
sedimentation rate, the effects being observed in the dominance of coarse-grained
material, coarsening-upwards grading due to progradational depositional trends
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Figure 2.13: Sedimentological evolution of various facies associations of the systems tract
formed during highest displacement rates of faults. a) typical sedimentological log of distal
fan facies deposited during the rapid transgression associated with the subsidence of the
normal faults hanging-wall. An upward transition from channelized distal alluvial fans to
flood plains and shallow lacustrine deposition is observed; b) Sedimentological log illustrat-
ing a maximum flooding surface formed during the highest displacement rates of normal
faulting, observed by shallow water lacustrine carbonates rich in ostracodes separating a
distal alluvial facies associations. See also Fig. 2.12c; c) isolated crevasses and channels in
overbank deposits (lower part of the section below yellow line). The amount of the
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Figure 2.13 (continued): channels and crevasses increases up in the section. These are sep-
arated by a maximum flooding surface marked by shallow water limestones with ostracodes
(yellow color); d) Interpreted sedimentological environment combining the A, B, C and E
facies associations. The blue arrow suggests hanging-wall directed drainage. See Fig. 2.10,
Tables 2.1 and 2.2 to for the meaning of the facies association codes.
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Figure 2.14: Sedimentological evolution of various facies associations during low displace-
ment rates and after faulting. a) A typical sedimentological log for the proximal part of the
post-rift systems tract burying the earlier formed normal faults; b) Sedimentological log il-
lustrating an intermediate position in the sedimentological environment around the river

61



Chapter 2.

Figure 2.14 (continued): discharge area with coarsening upwards patterns and aggradation
in the braided plain environment during normal regression (below dashed line) and pro-
gradation of delta slope deposits which are syn-kinematic to the subsequent faulting event
(above dashed line). Yellow line marks the maximum flooding surface formed during highest
displacement rates of the fault; c) Sedimentological log illustrating a basin-ward position in
the sedimentological environment with coarsening - upwards patterns near the transition
from prodelta to delta slope caused by sedimentation rate outpacing accommodation space
creation rate and transport of material further into the basin; d) Interpreted sedimentolog-
ical environment combining the B, C, D and E associations. Yellow line marks the maximum
flooding surface developed during highest displacements rates of the fault. The dark blue
line represents the maximum regressive surface; e,f) lllustration of the sedimentological
response at the transition between the ceasing the activity of one fault system and initiation
of the next one in its footwall. This results in a backstepping migration of the extensional
deformation; e) a high frequency progradation-retrogradation pulses (red arrows) formed
due to rapid changes in sedimentation rates and/or accommodation space with an overall
prograding character. The yellow line marks the maximum flooding surface, the orange line
delineates bedding planes. Geologists for a scale (inside black cycle); f) Interpretative sketch
showing the onset of activity of next faulting event caused by the deformation migration in
to footwall of the previous fault leading to drowning of previous deltaic system. The grey
polygon represents transgressive system, based by the maximum regressive surface (dark
blue line) and maximum flooding surface (yellow line) towards the top. The numbers 1 and
2 represent the younging trend of faulting events. See Fig. 2.10, Tables 2.1 and2.2 for the
meaning of facies association codes.

accompanied by low rates of aggradation in the delta plain (Fig. 2.14b, c, d). Often
the vertical succession finishes with smaller fining-upwards trend, especially visible
in the distal facies associations. The distal faces associations (C1, D2, E1b) indicate
an increase in channel amalgamation and channel/floodplain sediments ratio up
in the section (Fig. 2.14b). Laterally, progradation can be followed along a gradual
or sharp transition from Ela,b to D1 facies associations (Fig. 2.14c). The sediment
was supplied by the high energy bedload-dominated rivers that show a gradually
decreasing in energy in response to exhaustion of the source area which resulted in
small fining-upward packages capping the sequence.

The next faulting event occurs into footwall of the previous fault. The
onset of this next event causes drowning of previous deltaic system. The change
from prograding to retrograding (syn-kinematic) depositional trend during fault
migration is marked by a change at the maximum regressive surface. This migration
and subsequent progradation during the next cycle is visible in the basin in a outcrop
(Fig. 2.14e/f).

2.7. A coupled tectonic and sedimentological model of the Sarajevo -
Zenica Basin during the asymmetric Early - Middle Miocene extension

Field observations demonstrate that the second depositional cycle in the
Sarajevo - Zenica Basin was dominantly controlled by the Early - Middle Miocene
extension. This is proved by the observed features of syn-depositional normal
faulting and associated clastic wedges. The response of facies associations (Fig.
2.15) to each event of normal faulting is rapid overall deepening. The asymmetry
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of extension created the dominant deposition of coarse proximal delta facies
associations against the SW margin of the basin and the deposition of coarsening-
and fining-upwards cycles in the vertical profile. In most of the observed situations,
rapid changes in facies associations are driven by coeval normal faulting and,
therefore, there is a direct link between extensional tectonics and sedimentation.
Obviously, this does not completely exclude the influence of other external forcing
factors, such as climatic lake level variations driven by the balance between
precipitation and evapo-transpiration, which may incorporate questionable global
or regional eustatic effects in such an enclosed intra-montane basin (e.g., Leever
et al., 2011).

At the level of one extensional event, we interpret the onset of fault activity
and the period of maximum displacement rates to correspond to a transgressive
systems tract, while the final stage of fault activity corresponds to a regressive
systems tract (Fig.- 2.16). They are separated by a maximum flooding surface
and together form a TR cycle. These cycles are bounded by a composite surface
that includes a sub-aerial unconformity and the correlative maximum regressive
surface. In the distal lake facies, the maximum regressive surface may be missing or
overlap with the maximum flooding surface due to overlapping activity of the two
subsequent faults, such as for instance at the highest displacement rate of one and
onset of another faulting event. This cycle is controlled by the activity of a normal
fault or a group of genetically related normal faults in the studied basin (Fig. 2.15).
The thickness of such a cycle varies from 80 to 150 m as a function of the amount
of accommodation space created by each event of normal faulting. In our specific
studied case of the Sarajevo - Zenica basin, each normal faulting event back-stepped
in the footwall and, therefore, the basin was progressively enlarged. Our analysis
has detected three main transgressive-regressive cycles that are linked with the
three major normal fault sets grouping the outcrop-scale faults formed during the
three extensional events. These three sets are progressively younger SW-wards,
i.e. in a footwall direction. The activation of the fourth set (3b in Figs. 2.6 and 2.7,
i.e. the Busovaca Fault stricto-senso) is associated with an incomplete developed
cycle, either due to its deposition in an already filled basin with dominant proximal
alluvial deposition, or due to subsequent erosion during the following post-Middle
Miocene inversion of the basin. A similar backstepping pattern of fan deposits
has been documented elsewhere in the neighbouring Sava Basin of the northern
Dinarides (Paveli¢ and Kovaci¢, 1999).

The higher-order cycles are bounded by sub-aerial unconformities in
what was the proximal part of the basin at the time of deformation and maximum
regressive surfaces in more distal parts. They have net upper boundaries. The high-
order sequence boundaries are created by a renewed activation of normal faults.
The migration of listric normal faulting in a footwall direction resulted in antithetic
tilting of older cycles of sedimentation. The overall depositional trend of multiple
cycles is retrogradation governed by the back-stepping migration of subsequent
faults, whereas the proximal facies of one event is sealed by the distal facies of
the next event of normal faulting (Figs. 2.14e, f and 2.15). Such a retrogradational
pattern driven by progressive basin enlargement has been observed also in other
extensional basins (e.g., Postma and Drinia, 1993; Garcia-Garcia et al., 2006).

The internal structure of one high-order cycle reflects the evolution of each
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Figure 2.15: An interpretative sketch of abackstepping alluvial-deltaic system following de-
formation migration towards the basin margin. a-g) sedimentary logs along the Hum profile;
h) fining-upward cycle in the basin centre. The black dashed lines represent boundaries of
the Transgressive-Regressive (T-R) cycles in column a-g. See Fig 2.10 for the meaning of the
facies association codes; i) Hum profile. Numbers 1, 2, 3a and 3b represent faulting events
correlated with the profiles in Figs.2.6 and 2.7. See locations in Fig. 2.3.

Figure 2.16 (facing page): a) Evolution of the Sarajevo - Zenica Basin illustrated as a con-
ceptual model. 1 - A fordeep basin formed in front of an advancing nappe. The onset and
evolution of the basin is controlled by the thrust; 2 - Tectonic inversion and formation of the
asymmetric extensional basin; 3 - The final basin inversion; b) Idealized sequences of the
asymmetric extensional basins. 1 - basin margin(s), showing overall coarsening - upward cy-
cle internally arranged into smaller fining - upwards cycles; 2 - basin depocentre with overall
fining - upwards cycle including of smaller coarsening - upwardscycles; 3 — T-R cyclicity in-
duced by the backstepping migration of deformation.
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Chapter 2.

major normal fault. The initial transgression is characterized by a fining upwards
grading profile in the proximal part of basin and aggradation in more distal areas.
Most of the deposition continued in alluvial environment, trapping material next
to the adjacent fault scarp and cutting off supply to the distal lacustrine part of
the basin (e.g., Loutit et al., 1988, Galloway, 1989). This shows that sedimentation
generally kept pace with subsidence during the onset of normal faulting (Jackson et
al., 2002). The onset was followed by a period of rapid subsidence in the hanging-
wall of the normal fault, which was associated with aggradation and smaller scale
prograding episodes. All facies associations display an overall fining upwards
pattern. The short-term coarse fluxes of alluvial sediments may result in increase
of the sediment supply, generally interpreted to be the result of wet climate or
record of source rejuvenation due to normal fault slip (e.g., Blum, 1993). In our
studied case, the latter acceleration of subsidence is rather obviously driven by
the activation of normal faults. The under-filled nature of the basin during this
period is a result of accommodation outpacing sediment supply due to high fault
displacement rates. Similar with what was observed elsewhere (e.g., Leeder et
al., 2002; Leppard and Gawthorpe, 2006), the basin is characterized by the steep,
bypass and sometimes erosional slope controlled by the marginal fault and limited,
narrow coastal area created by the specific geometry of the normal faults and their
rapid footwall exhumation. This stage can be generally characterized as an under-
filled stage, where the rate of creating accommodation space is generally higher
than the sediment supply (e.g., Carroll and Bohacs, 1999; Withjack et al., 2002).
The gradual cessation of fault activity is recognized by a regression marked by rapid
progradation of the delta front within the basin, creating the overall coarsening-
upwards grading profile. Pre-dating and on-going exhumation of normal fault
footwalls increased the profile of the source area and produced high energy rivers
with strong erosional character. These bedload dominated rivers carried coarse-
grained material further away from the source filling up the basin and create a
diachronous basal progradation surface, which is younger in a distal direction
(Sweet et al., 2003, Ramaekers and Catuneanu, 2004). This stage can be generally
characterized as an over-filled stage, when the rate of creating accommodation
space was lower that the increased rate of sediment supply, resulting from the
exhumation of the footwall (e.g. Carroll and Bohacs, 1999; Withjack et al., 2002).

At even higher resolution, the activation of faults with smaller offset
observed in outcrops may be related to the definition of a higher-order cyclicity.
However, such very high order cycles are difficult to discriminate from autocyclic
processes, such as lateral shifting of the main channel or flooding events.

The low-order extensional cycle at the scale of the entire Lower - Middle
Miocene basin fill shows an overall coarsening-upwards pattern that is superposed
over the high-order transgressive-regressive cyclicity (Figs. 2.15 and 2.16).
Given the similar distribution of facies associations inside the basin, this overall
coarsening-upwards pattern reflects changes in the dominant SW-ward migration
of the source area. The system of normal faults gradually exhumed an increasingly
active source area in their footwall (i.e. the Mid-Bosnian Schist Mountains), which
increased the sediment input and filled the created accommodation space. The
resulting transgressive-regressive cycles are increasingly coarser. Grading of the
higher-order cycles is not always visible in the hanging-wall near the fault (e.g.,
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Fig. 2.13a), whereas such grading is better documented in more distal sediments
(e.g., Fig. 2.13b). This inference is in agreement with previous interpretations that
most proximal sediments adjacent to the source area do not exhibit coarsening-
upwards grading trends (e.g. Miall, 1996). Similar with what was inferred in others
sedimentological studies of normal faulting (e.g., Leeder and Gawthorpe, 1987,
Gawthorpe and Colella, 1990), these cycles have a wedge shape geometry due to
the larger subsidence in the vicinity of normal faults.

The provenance and maturity of the material sourcing clastic wedges
indicate a catchment area of the fluvial system that was dominantly located in
the footwall of the normal faults (i.e. the Mid-Bosnian Schist Mountains). These
are mainly local short streams sourcing small fans in the immediate hanging-wall
of normal faults. Such a drainage style was observed in other extensional basins,
such as the Suez Rift (Leppard and Gawthorpe, 2006), Gulf of Corinth (Gawthorpe
and Leeder, 2000), or Barent Sea (Prosser, 1993). In addition to small isolated
drainages, the fan systems along the Lasva and Fojnica valleys mirrors the much
larger Mid-Bosnian Schists Mountains catchment area supplying large fan complex
by carrying high amount of coarse material into the Sarajevo - Zenica Basin. The
continuous lateral correlation between the similar deltaic succession retreating in
the direction of normal faulting means that the incision kept pace with footwall
uplift and maintained the sediment transport into the basin. Similar observations
are available in the modern examples of Akrata and Xylokastro Deltas in Gulf
of Corinth rift (e.g., Seger and Alexander, 1993). Alternatively, they can also be
associated with relay ramps connecting normal fault segments (e.g. Young et al.,
2002; Trudgill, 2002). We cannot fully exclude that the basin was sourced from a
hanging-wall direction or by an axial drainage, but the observations of asymmetric
depositional bodies show that such influxes are likely suppressed by streams with
massive influx draining the footwall.

2.8. Tectonic and sedimentary evolution of the Sarajevo - Zenica Basin

Our study shows that sedimentation in Sarajevo-Zenica Basin during
Oligocene - Miocene times was controlled dominantly by tectonically induced
changes in the geometry of the accommodation space and changes in the source
area. The general extensional and contractional trends in the basin have been
observed or inferred also by previous studies (e.g. Hrvatovi¢, 2006; de Leeuw et al.,
2012 and references therein), but our analysis provides a much higher resolution
and is able to discriminate the succession of events with time (Fig. 2.16), which is
critical for understanding not only the tectono-sedimentary evolution of the basin,
but also the larger area of the Dinarides.

2.8.1. Thrusting during the onset of Oligocene - Early Miocene basin
deposition
Our study shows a novel demonstration that the Oligocene - Early Miocene

onset of basin deposition was associated with NW-SE oriented thrusts, folds and
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the formation of local unconformities during sedimentation. This NE-SW oriented
contraction shows a dominantly SW tectonic transport. Grouping deformation
structures and the provenance of sediments shows a direct relationship with the
thrusting at a larger scale of more internal Dinarides units (East Bosnian - Durmitor
and/or Drina - lvanjica) over the basin sediments. These sediments were deposited
unconformably over the Mesozoic cover of the Pre-Karst unit and over the younger,
more external parts of the Bosnian Flysch (i.e. its Ugar - Durmitor Cretaceous
interval). These geometries indicates that the older, more internal parts of the
Bosnian Flysch (i.e. late Jurassic - Earliest Cretaceous Vranduk interval) served as
a decollement horizon for the Oligocene - Early Miocene thrusting. In fact, this
decollement is an inherited weakness zone from older Late Jurassic - Cretaceous
thrusting that was coeval with the overall deposition of the Bosnian Flysch. In
this context, the initiation of the Oligocene - Early Miocene sedimentation of the
Sarajevo-Zenica basin took place in a foredeep basin that formed in the footwall of
more internal Dinarides units (Fig. 2.16al). At higher resolution, this Oligocene -
Early Miocene sedimentation reflects likely the syn-kinematic deposition of the two
sedimentary cycles described by previous studies (Mufti¢, 1963; Milojevi¢, 1964).
Their position in the footwall of the main thrust of more internal Dinarides units
and the relative constant sediment influx infer that the cyclicity is related to two
different pulses of thrusting inside the foredeep basin. This may reflect successive
thrust loading and unloading events, as typically observed in many other foredeep
areas (e.g., Ballato et al., 2008; Catuneanu et al., 2001 and references therein).

At a more regional scale, the Dinarides contraction took place during
successive late Jurassic - Eocene shortening events, generally migrating towards its
foreland, but also associated with moments of out-of sequence deformation (e.g.,
Schmid et al., 2008; Ustaszewski et al., 2010). Later, (Late) Miocene - Quaternary
contractional deformations is documented by structural studies either in the
external, offshore and neighbouring parts of the Dinarides or in their internal-most
parts by inverting the sediments of the Pannonian Basin. The latter deformation has
variable effects along the strike of the Dinarides, apparently increasing SE-wards
in their external-most parts and NW-ward in the internal zone (e.g., Placer, 1999;
Tomljenovi¢ and Csontos, 2001; Matenco and Radivojevi¢, 2012; van Gelder et al.,
2015 and references therein). The prolongation of contractional deformation during
the Oligocene - Miocene times was quite uncertain until our study (see discussion
in de Capoa et al., 1995; Mikes et al., 2008a), mostly because the bulk exhumation
of the Dinarides took place earlier, combined with similar contractional directions
and uncertainties in dating the Miocene sediments in the intra-montane basins.
Therefore, our study is a first clear demonstration of a link between contraction
and sedimentation that post-dated the main Eocene event in the central part of the
Dinarides. Although affected by age uncertainties, the syn-kinematic Oligocene -
Early Miocene sediments that document this contraction must predate the ~18 Ma
onset of deposition of the second cycle representing the initiation of the Dinaride
Lake System and the start of the main extensional phase in the Pannonian Basin
(de Leeuw et al., 2012; Mandic et al., 2012). Although the Late Oligocene Climatic
Optimum that stalled in the Aquitanian may have imprinted the sedimentation of
the Dinaride Lake System (de Leeuw et al., 2012), the coeval first depositional cycle
in the Sarajevo — Zenica Basin was primarily controlled by tectonics.

68



2.8. Tectonic and sedimentary evolution of the Sarajevo - Zenica Basin

2.8.2. Early - Middle Miocene extension

The earlier contraction was followed in the Sarajevo-Zenica Basin by
the deposition of a new low-order tectono - sedimentary cycle. This extensional
depositionis slightly shifted SW-wards in respect to the earlier tectono-sedimentary
cycle by directly overlying the pre-Oligocene basement and sedimentary cover of
the Pre-Karst unit (Fig. 2.16a2). The overall NE-SW to E-W direction of extension has
local variations during the successive normal faulting events. The geometry of the
normal faults and the antithetic tilting of their hanging-walls indicate that the four
major listric normal faults merge at depth into one major decollement level (Figs.
2.6, 2.7, 2.15 and 2.16b) that is rooted somewhere in the Bosnian Flysch, most
likely in its younger Ugar - Durmitor component. Once again, the presence of this
decollement horizon located at the contact between the basement and dominantly
carbonatic cover of the pre-Karst and East Bosnian — Durmitor units has facilitated
its reactivation by the NE-SW oriented extension.

The coeval exhumation of the Mid-Bosnian Schists Mountains located in
the footwall of the normal fault system is inferred by eroded footwalls and the
geometry of these faults. Exhumation studies in the Mid-Bosnian Schist Mountains
show a few late Miocene — early Pliocene apatite U-Th/He ages (5-7Ma) in the
immediate footwall of the Busovaca Fault, while zircon fission fission-tracks are
generally older than 27-28Ma in the Mid-Bosnian Schists Mountains (Casale,
2012). A more recent study derived zircon fission track ages of 24-29 Ma in the
immediate footwall of the main Busovaca fault (Hrvatovi¢ et.al, 2015). This means
that zircon fission track and higher temperature thermochronological Eocene-
Oligocene and older ages must reflect also the first stage of contraction observed
also in the Sarajevo-Zenica Basin. The Late Miocene - Pliocene lower temperature
thermochronological ages reflect exhumation coeval with the last observed stage of
contraction. The ages predate and post-date with a few million years the main Early
- Middle extensional basin formation. Given the partial retention zones of zircon
and apatite fisson track and U-Th/He, this limits the Mid-Bosnian Schist Mountains
exhumation during the Early - Middle Miocene extension somewhere between 3-5
km at normal geothermal gradients. The Busovaca fault system reflects the brittle
deformation associated with this exhumation. Therefore, we conclude that this
represents an uni-directional low-angle listric normal fault system that is associated
with footwall exhumation. Obviously, this asymmetry is facilitated by pre-existence
of the rheological weakness of the Bosnian Flysch.

The extensional depositional cycle observed in the Sarajevo-Zenica Basin
is regionally coeval with the initiation of the Dinaride Lake System. The lacustrine
phase took place from 18 to ~13 Ma (de Leeuw et al., 2012), culminating at ~15.5
Ma when the lake system gained its maximum extent, interpreted to be an effect of
favourable conditions during the Miocene Climatic Optimum (Zachos et al., 2001).
The coeval evolution of the Sarajevo-Zenica Basin was almost entirely controlled by
the extension. The Miocene Climatic Optimum might have enhanced the favourable
conditions of extending the lake, but its subsidence is certainly tectonically
controlled. At a more regional scale, this phase of extension was coeval with the
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overall Miocene extension that started at ~20-18 Ma in the main depocentres
of the Pannonian Basin. The northern margin of the Dinarides adjacent to the
Pannonian Basin was affected by coeval large scale extensional exhumation along
detachments that indicate top-N to top-E extension along the Dinarides strike. This
extension peaked ~15-11Ma and its onset is generally older in the eastern areas
of Serbia, such as Fruska Gora or the Morava corridor (Ustaszewski et al., 2010;
Stojadinovic et al., 2013; Tolji¢ et al., 2013; van Gelder et al., 2015). Closer to our
studied area, Miocene extension affected also the internal units of the Dinarides
(lli¢ and Neubauer, 2005; Schefer et al., 2011). This overall extension resulted in the
formation of asymmetric extensional basins, where the hanging-wall subsidence
was associated with significant exhumation in the footwall of detachments or
normal faults (e.g., Matenco and Radivojevi¢, 2012). These studies have shown
that the location of these detachments is controlled by the weakness of various
inherited Dinarides nappe contacts, most often made up by contractional trench
turbidites. This is strikingly similar with the Sarajevo - Zenica Basin, whose Early
- Middle Miocene normal faulting was associated with footwall exhumation of
the Mid-Bosnian Schist Mountains was controlled by the inherited weakness of
the Bosnian Flysch unit. Therefore, the observed extension must have the same
genetic cause. The Sarajevo - Zenica Basin is the most external area in the Dinarides
documented so far by a field study to be affected by the extension of the Pannonian
Basin.

2.8.3. Late Miocene and subsequent inversion

The overall basin fill was inverted by a post-Middle Miocene stage of
contractional deformation that was observed in many other areas of the Dinarides
(Tomljenovi¢ and Csontos, 2001; Ustasewski et al., 2014 and references therein)
and is likely still active at present (Bennett et al., 2008). In our studied case of
the Sarajevo - Zenica Basin, the basin was inverted with a N-S oriented direction
of contraction (Fig. 2.16a3). The obliquity of this inversion direction to the NW-
SE oriented structural grain of the inherited normal fault system resulted in the
inversion of this system over oblique ramps associated with a large number of
tear and transfer faults. It is rather clear that the distribution of sedimentological
facies from coarse alluvial in the SW to more distal turbiditic to pelagic in the NE
inherited from extensional phases controlled the geometry of the subsequent
contractional deformation. The resulted geometry is the one of en-echelon thrusts
and folds accommodated by transfer zones or tear faults. Most of the deformation
has a S-ward vergence, but opposite N-verging back-thrusts or folds are also
observed, although accommodating lower amounts of shortening. Unsurprisingly,
their prolongation at depth appears to be connected at depth into a larger offset
decollement that is rooted, yet again, in the Bosnian Flysch thrust contact. In
the SW parts of the Sarajevo-Zenica basin (Figs. 1 and 3), coeval deposition in
several synforms suggests that sedimentation took place in fordeep basins,
although sedimentological patterns, dominated by alluvial and other continental
sub-aerial deposition, are not fully diagnostic. The deposition in the basin was
also associated or post-dated by the final contractional exhumation of the Mid-
Bosnian Schist Mountains, as documented by the apatite U-Th/He low temperature
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thermochronology data (~5-7 Ma, Casale, 2012).

2.9. Conclusions

Our study of the Sarajavo - Zenica Basin, alarge isolated Oligocene - Miocene
basin situated in the centre of the Dinarides orogen, has demonstrated a novel
succession of deformation events, with critical inferences for the evolution of this
mountain chain, and serves as a quantitative example of analysing the link between
normal faulting and sedimentological evolution in asymmetric extensional basins.

The Oligocene - Early Miocene contraction was responsible for the onset of
deposition in a basin that formed as a foredeep in the footwall of the coeval thrust
displacing more internal Dinarides units over the Pre-Karst nappe situated in its
footwall, and reactivating the inherited Bosnian Flysch Late Jurassic - Cretaceous
tectonic contact. This thrusting has resulted in the creation of two transgressive-
regressive cycles that reflect pulses of deformation during the overall contraction.
At regional scale, this observation solves a long-standing controversy and shows
that contractional deformation continued during Oligocene - Early Miocene times
after the main Late Eocene orogenic phase in the central part of the Dinarides.
More precise dating of this cycle of deposition is required for an accurate age
determination of this deformation. The contraction was subsequently followed
by a new cycle of deposition in the basin driven by the activation of a system of
NE-dipping normal faults and the creation of an asymmetric extensional basin
associated with significant exhumation in the SW-ward located footwall of normal
faults. Deformation migrated towards this footwall with time, enlarging the
basin and creating the space for the repetition of a higher order transgressive-
regressive cyclicity observed in the alluvial to deep water turbiditic and pelagic
coeval depositional system. At a larger scale, the observation of this extensional
evolution proves that the extension of the Pannonian Basin was felt much further
SW-wards than previously thought, re-activating thrust contacts inherited from
the previous contractional evolution. The basin was affected ultimately by the
overall indentation of Adriatic units and inversion observed in more internal units,
a process that continued and is active today in most of the Dinarides (e.g., Pinter et
al., 2005; Bennett et al., 2008; Handy et al., 2010).

The Early - Middle Miocene basin fill and extensional kinematics serve as
a very good example of understanding systems tracts in asymmetric extensional
basin. Our analysis demonstrates that the first order pattern of basin fill is
regressive, coarsening-upwards, driven by the increasing and coeval exhumation
during extension of a source area situated in the footwall of the normal faults,
i.e. the Mid-Bosnian Schist Mountains. This gradually growing source area ensured
an almost uni-directional sourcing of the basin and a marked asymmetry of the
distribution of the sedimentological facies inside the basin, that is almost exclusively
coarse grained alluvial to deltaic fan in the SW and more distal in the NE. Over this
overall first order pattern (or low order cycle), a higher order cyclicity grouping
transgressive and regressive systems tracts is observed to be directly associated
with the activity of individual normal faults. These cycles have characteristic
sedimentological patterns during the onset, maximum rate of slip along normal
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faults and their gradual ceasing, from alluvial facies and wedges in proximal parts
of normal faults to deeper water deposition at higher distances in their footwall.
Sequence boundaries are formed during moments when the normal faults migrate
further in a footwall direction and created a drowning of pre-existing alluvial fans
and proximal deltaic facies and their shift in the same direction. Increasing the
source area by footwall exhumation results in a massive SW-ward sourcing that
ultimately fills the basin completely at very high rates during the final regression.

The overall analysis of such extensional basins shows that asymmetry
and footwall exhumation changes significantly the sequence stratigraphy of
extensional systems, which is almost exclusively studied so far in basins buried
beneath passive continental margins (e.g., Martins-Neto and Catuneanu, 2010
and references therein). It shows that sedimentation in asymmetric basins, often
observed in back-arc or intra-montane areas, is dominantly controlled rheologically
by the inherited weakness of pre-existing nappe contacts (e.g., Tari et al., 1992;
Brun and Faccenna, 2008). The asymmetric depositional geometry is imprinted in
the high resolution transgressive-regressive cycles. The source input increases by
footwall exhumation until the basin is completely filled during the rapid extension.
Such basins deserve further studies and a better expression in current research of
depositional characteristics in active tectonic settings.
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Chapter 3. Variability of orogenic magmatism during
continental collision: A numerical modelling approach

This chapter is based on Andric, N., Vogt, K., Matenco, L., Cvetkovic, V., Cloetingh,
S., Gerya, T, in revision in Gondwana Research.
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3.1. Introduction

The mechanics of continental collision have been analysed in numerous
analogue and numerical studies that have revealed the critical influence of several
key parameters on orogenic build-up, such as the rheology of the continental
lithosphere, the thermal age of the subducted oceanic lithosphere, the convergence
rate and external forcing factors, such as the rate of erosion and/or sedimentation
(e.g., Burov and Yamato, 2008; Ueda et al., 2012; Willingshofer et al., 2013; Erdos
et al., 2014 and references therein). Most of these studies have focused on the
mechanical growth of orogens, which is influenced by a number of processes, such
as continental subduction (e.g., Vogt et al., 2017), delamination of continental
lithosphere (e.g., Ueda et al., 2012), crustal relamination (e.g., Hacker et al., 2011),
slab detachment (e.g., Duretz et al., 2011), eduction (e.g., Andresen et al., 1991;
Duretz and Gerya, 2013) and exhumation of continental crust (e.g., Brun and
Faccenna, 2008; Beaumont et al., 2009; Sizova et al., 2012).

The compositional evolution of magma during continental collision is less
understood and analysed by means of thermomechanical models on a lithospheric
scale. However, the mechanics of subduction and subsequent collision control the
location of magma, their composition and emplacement mechanism (e.g., Vogt
et al., 2012; Dymkova et al., 2015; Menant et al., 2016a). A broad variability of
magmatism in terms of volume, composition, spatial and temporal distribution
was observed in many collisional systems (e.g., Ducea, 2001; DeCelles et al., 2009;
Cvetkovi¢ et al., 2015; Menant et al., 2016b). Previous numerical studies have
analysed the compositional change of magmas and their production rate (e.g., Vogt
et al., 2012; Zhu et al., 2013), the effects of magmatic weakening on lithospheric
strength and its control on lithospheric deformation (e.g., Gerya and Meilick, 2011;
Gerya et al., 2015). Regional subduction dynamics and 3D asthenospheric flow
during slab retreat and tearing were shown to impact magma generation, migration,
transport and emplacement (e.g., Menant et al., 2016b). In contrast, the tectonic
mechanisms driving the magmatic diversity found in orogenic areas are still not
fully understood and are difficult to quantify solely by conventional field studies
and geochemical techniques. Hence, self-consistent numerical approaches, which
are able to quantify the temporal and spatial generation of melts during subduction
and collision, offer an important additional tool to address complex interactions
between magma production and lithospheric scale processes.

In this study, we present a series of 2D magmatic-thermomechanical
experiments designed to quantitatively couple subduction and collision with
magma generation, focusing on its compositional changes. Our setup is designed
to simulate rapid subduction of a narrow ocean, followed by continental collision.
By starting from a reference model, we further perform a parametric analysis on
the role of crustal rheology, ocean size and thermal age, and convergence rate. The
results are compared with the Dinarides Mountains, a European orogen affected by
subduction, collision and back-arc extension, which have a well-preserved record of
temporal and spatial changes in magma composition.
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3.2. Numerical modelling methodology

Our magmatic-thermomechanical model is based on the i2vis Code and
solves a series of thermal and mechanical equations by combing a finite difference
approach and a marker in cell technique (Gerya and Yuen, 2003, see also Appendix 1,
Tables 3.1 and 3.2). The model incorporates effects that are essential for the study
of orogenic magmatism, such as mineralogical phase changes, fluid release and
consumption, partial melting, melt extraction and emplacement. The mechanical
equations of momentum (Stokes equation for creeping flow) and mass (continuity
equation) are solved for a compressible non-Newtonian, visco-plastic fluid. Solving
the energy equation, which accounts for latent, adiabatic, radiogenic and shear heat
production, simulates the thermal evolution of the model. A detailed description of
the numerical approach is given in Gerya and Yuen (2003, 2007) and Gerya (2010).

3.2.1. Initial configuration

The 2D computational domain covers 4000 km X 1400 km with a resolution
of 1361 X 351 nodal points (Fig. 3.1). The numerical resolution decreases from 10 X
10 kmto 1 X1 km toward the centre of the domain, i.e. area undergoing subduction
and collision. All boundaries are free slip. The setup simulates subduction beneath
a passive continental margin and includes a gradual change in crustal and sediment
composition (Fig. 3.1a, e.g., Regenauer-Lieb et al., 2001). An imposed constant
convergence velocity of 5 cm/yr induces subduction. This velocity condition is
deactivated at the onset of collision, i.e. after ocean closure. Subsequent collision
is driven by the pull of the subducted slab.

The oceanic crust is composed of a 2 km thick layer of hydrothermally
altered basalt and a 5 km thick layer of gabbro (Tables 3.1 and 3.2, Appendix 1). The
upper plate is composed of a 20 km thick upper and a 20 km thick lower crust (e.g.,
Kelemen and Behn, 2016) of varying rheology (Fig. 3.1b; Table 3.3). The underlying
lithospheric mantle is 80 km thick and composed of anhydrous peridotite. The
thermal distribution of the oceanic lithosphere is calculated from its thermal
cooling age (Table 3.3, Turcotte and Schubert, 2002). The thermal distribution of
the continental lithosphere is calculated following a linear increase from 273 K at
the surface to 767 K at the Moho and 1617 K at the lithosphere/asthenosphere
boundary. For the asthenospheric mantle, a thermal gradient of 0.5 K/km is used.
The setup simulates rapid subduction of a medium to small sized ocean (400-800
km in 8-16 My).

The model assumes instantaneous melt propagation and emplacement
after extraction. Processes modifying the primary magma composition, such as
fractional crystallization, crustal assimilation and magma mixing are not included.
Furthermore, the model assumes partial melting of individual sources (Fig. 3.1) and
does not account for more complex interactions resulting in melting processes such
as for instance vein + wall - rock melting (Foley, 1992). However, the variability of
the magmatic source and the nature of partial melting and/or melt extraction are
resolved to a first order by our numerical approach.
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Figure 3.1: a) Initial model setup (see text for details). White lines represent isotherms in °C
in increments of 200 °C starting from 100 °C. Materials (e.g., rock, melt, air) that appear in
the following figures are defined by colours. The mantle is represented by two colours (two
layers with same physical properties) to illustrate mantle flow; b) Initial strength profile of
the continental lithosphere for a constant strain rate of = 10-14 s™. Three initial strength
profiles are used (1) coupled weak continental crust, (2) decoupled mixed mode continental
crust and (3) coupled strong continental crust.
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3.3. Results

We performed a series of numerical experiments (Table 3.3) to investigate
the dynamics and physical controls of magmatism during subduction and
subsequent collision. We first describe a reference model that exhibits patterns
of magma migration and compositional changes. This is followed by a parametric
study, in which we analyse the influence of varies rheologies, thermal slab ages,
ocean sizes and convergence rates.

3.3.1. Reference model

The reference model (sofc, Table 3.3, Fig. 3.2) contains a compositionally
and rheologically layered continental crust: weak felsic upper crust (wet quartzite)
and strong mafic lower crust (plagioclase), which results in low coupling at their
interface (Fig.- 3.1b2). In this model, the initial ocean is 400 km wide and has a
thermal age of 80 Ma. The lower plate is pushed with 5cm/year towards the upper
plate, which remains fixed. The results show a complex spatial and temporal pattern
of compositionally variable magmatic sources activated during oceanic subduction,
continental collision and after slab detachment (Figs. 3.2 and 3.3).

At the onset of oceanic subduction (< 3 My) partial melting of the subducting
slab forms adakites within the upper plate (sensu Defant and Drummond, 1990;
Durmmond et al., 1996). After 5 My, the oceanic lithosphere releases volatiles
and hydrates the overlying mantle wedge as it sinks deeper into the mantle. The
addition of volatiles at depths of ~100 km triggers fluid-fluxed melting of hydrated
peridotite in the mantle wedge, which is also associated with melting of the
subducted oceanic crust (Figs. 3.2a and 3.3, stage 1). These melts penetrate the
overriding plate and form flattened plutons at the transition between the lower
and upper continental crust and/or by building a volcanic arc at the surface. In
our reference model the magmatic arc is observed in the upper plate at ~250 km
distance from the trench (position 1 in Fig. 3.2a). The continuous generation and
propagation of melts weakens the overlying continental lithosphere, which results
in localized extension and subsidence. The total magmatic addition rate during this
phase equals to 35 km3*/km/My.

The closure of the ocean at 8 My is followed by continental subduction of
the lower plate (Fig. 3.2c), driven by the pull of the slab before slab break-off which
ceases subduction at 32 My. Rheological decoupling between the upper and lower
continental crust activates a basal decollement at their interface. This decollement
facilitates the incorporation of most of the upper crust of the lower plate into the
orogenic wedge by a sequence of foreland propagating thrusts (such thrusts migrate
towards the left in Fig. 3.2c). The lower crust of the lower plate remains coupled
to its mantle lithosphere and, therefore, subducts beneath the upper plate. Slivers
of upper crust (thin light-grey stripes in Figs. 3.2c) are dragged into the subduction
channel along with sediments from the accretionary wedge and may reach mantle
depths of up to 120 km. These slivers are incorporated into a mélange that includes
parts of oceanic crust and serpentinized and hydrated mantle.
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Figure 3.2: Evolution of the reference model (sofc, Table 3.2). The left and right column
represent composition and strain rate, respectively. a, b) the first magmatic stage forms by
partial melting of wet peridotite during oceanic subduction; c) the second magmatic stage
forms during continental subduction and is located 20 km trenchward from the first mag-
matic arc; d) contemporaneous shortening in the foreland and extension in the hinterland;
e,f) the third magmatic stage is syncontractional and forms by partial melting in
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Figure 3.2 (continued): subduction channel; g) the fourth magmatic stage represents the
most felsic magma end-member during continental collision, associated with extension in
the hinterland during relamination; h) foreland propagating deformation front; i) the fifth
magmatic stage during overall extension driven by eduction; j) eduction triggers exhuma-
tion of mid-crustal rocks to the surface along low-angle detachments. Thick black arrows
highlight the sense of shear on the subduction plane. See Fig. 3.1 for colour (material) de-
scription.
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Figure 3.3: Source variability and magmatic addition rates for the reference model. Note
that 1 to 5 represent the magmatic stages described in Fig. 3.2, from oldest to youngest.

In the hinterland of the upper plate (right side of Fig. 3.2c), extension
is localized along large scale listric normal faults that are rooted in a basal
décollement at the transition between the upper and lower continental crust. The
activation of normal faults migrates gradually towards the foreland (to the left in
Fig. 3.2c). Interestingly, the lower crust of the upper plate remains relatively little
deformed. The difference in shortening between the upper and lower crust results
in lower crustal indentation of the orogenic wedge, composed of the oceanic
suture, accretionary wedge and upper crust. Consequently, the orogenic wedge is
pushed over a significant distance towards the hinterland (to the right in Fig. 3.2c-
g)- This creates a gradual shift between the former suture created during oceanic
subduction and the currently active continental subduction zone that increases
with time (Figs. 3.2c,e,g). Because of its positive buoyancy and low viscosity, the
mélange moves upwards along the subduction channel, and relaminates (sensu
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Hacker et al., 2011) the base of the crust at the core of the orogen at around 18
My (~40 km depth, Figs. 3.2c,e,g). At the same time, the lower plate detaches from
the mantle lithosphere of the upper plate, which results in slab steepening and
asthenospheric upwelling. The asthenospheric upwelling is initially associated
with partial melting of wet peridotite, resulting in the creation of small volumes of
basaltic melt. These melts are emplaced in the upper plate using normal faults as
transport pathways (position 2, Figs. 3.2c and 3.3). The large temperature contrast
between the subducted crust and hot asthenosphere causes partial melting of
the rock melange in the subduction channel and the lower continental crust. The
resulting felsic melts are emplaced in the hinterland of the upper plate ~120 km
away from the tip of the lower crust indentor (position 3 in Fig. 3.2e). During this
continental subduction stage melting occurs from three compositionally different
components: a decreasing proportion of wet peridotite (57% to 25%), an increasing
proportion of lower continental crust (8% to 35%) and slightly increasing proportion
of rock mélange (cumulative sediments, upper continental crust, oceanic crust,
35% to 40%) sources (positions 3 and 4 and stages 3 and 4 in Figs. 3.2e,g and 3.3).
During later collisional stages, the back-arc hinterland of the upper plate records
shortening. Reverse faults and folds are formed that act as magma transport
pathways (Fig. 3.2e). The continuation of subduction brings more continental
material into the subduction channel, generating melts that are increasingly more
felsic (position 4 in Figs. 3.2g and 3.3). At this stage, the deformation in the back-
arc of the upper plate changes from compression to extension. Normal faults are
formed allowing for magma transport and emplacement (Fig. 3.2g).

Finally, slab detachment separates the oceanic and continental part of
the slab at 33 My. Slab detachment is followed by exhumation of the lower plate
by reversing the motion of the subduction plane (i-e. by eduction, sensu lato
Andresen et al., 1991, Fig. 3.2i). Slab detachment combined with exhumation and
partial melting of large parts of the lower continental crust induce a decrease in
the slab dip. Eduction uplifts the previously relaminated mélange and reactivates
the former thrusts as low-angle normal faults or detachments. These structures
exhume upper crustal material from depths of ~15-20 km and temperatures of
T=500°C-550°C (position 5 in Fig. 3.2i). The exhumation is associated with partial
melting of the upper continental crust and emplacement of felsic melts (stage
5 in Fig. 3.3). Furthermore, low-angle normal faults or detachments are used as
magma transport pathways, resulting in the formation of either core-complexes or
extensional domes (e.g., Tirel et al., 2004, position 5 in Fig. 3.2i).

3.3.2. The influence of rheological stratification of the continental crust

The rheological stratification of the continental lithosphere has a
fundamental impact on the kinematics, evolution and geometry of continental
collision. Starting from the reference model, two extreme scenarios were
performed. First, (Fig- 3.4a-c) we consider the collision of weak continental plates.
The entire crust has a wet quartzite rheology in this experiment (Figs. 1b1, 3.4a-b
and Table 3.3). Second, we examine the collision of two strong continental plates.
In this experiment the entire crust has a plagioclase rheology (Figs. 3.1b3, 3.4d-
f and Table 3.3). Although the occurrence of such homogeneous crustal profiles
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Figure 3.4

of melts derived from partial melting of the subducted melange during crustal scale folding;

c) isostatic rebound after slab detachment followed by partial melting of the lower crust; d)

flux melting during oceanic subduction forms a magmatic arc; e) during continental subduc-

tion the magmatic front remains fixed; f) partial melting of the subducted slab following slab

detachment. See Fig. 3.1 for color (material) description.
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is unlikely in nature, we consider these scenarios suitable for illustrating extreme
collisional geometries and associated magmatism. In both cases, parts of the
upper oceanic crust and accretionary wedge sediments are incorporated into the
subduction channel during oceanic subduction (Fig. 3.4a,d). Magmatism results in
minor amounts of extension in the hinterland of the upper plate and melt production
is restricted to fluid-fluxed melting of the hydrated mantle wedge, similar to the
reference model. In the weak-rheology scenario these melts form intrusions at the
base of the crust and extrusions at the surface. In the strong-rheology scenario
intra-crustal intrusions and surface extrusions are formed instead (position 1 in
Figs. 3.4a and 3.4d, respectively).

In the weak-rheology scenario, collision is characterized by decoupling of
crust and mantle (Fig.- 3.1b1). Only minor amounts of crust and sediment from the
accretionary prism are transported into the subduction channel. Thickening of the
entire crust accommodates crustal shortening and no continental subduction is
recorded (Fig. 3.4b). Slab detachment at the transition between continental and
oceanic lithosphere at depths of ~160 km occurs shortly after the onset of collision
(~1.5 My) (Fig- 3.4b) and is followed by isostatic rebound (Fig 3.4c). Melting of wet
peridotite, subducted melange and crust of the lower plate creates dominantly felsic
magmas that are emplaced as intrusions and extrusions in the core of the thickened
orogen and in its frontal parts (positions 2 and 3, Fig. 3.4b). The continued orogenic
thickening is associated with a gradual increase in temperatures at the base of the
crust, triggering additional melting at the base of the crust (position 4, Fig. 3.4c).

In contrast, collision of two strong continental plates results in large
amounts of continental subduction due to the large degree of rheological coupling.
This creates large volumes of crust-derived melts that are emplaced roughly in the
same position when compared with magmas formed during oceanic subduction
(Fig. 3.4e,f). Subsequent continental subduction continues until slab detachment
ceases convergence at ~32 My. The slab detaches at the transition between
continental and oceanic lithosphere at depths of ~300 km (Fig. 3.4f).

3.3.3. The influence of the ocean size and thermotectonic age, and the
convergence velocity

We have performed an additional experiment in which the width of the
ocean was enlarged (800 km). All other parameters were kept the same when
compared to the reference model (Fig. 3.5 and Table 3.3). Deformation geometries,
magmatic sources and migration patterns of the magmatic source region are
comparable to the reference model (Fig. 3.5). However, a wider ocean increases
the slab-pull force and drags the subducted continental lithosphere to larger
depths. Consequently, slab detachment occurs earlier at ~22 My and at greater
depth (~450 km) when compared with the reference model (Fig. 3.5c). One of the
important factors observed to control the kinematics of subduction is the thermal
age of the subducting oceanic lithosphere. Starting from the reference model (i.e.
thermal age of 80 Ma), we have tested three other scenarios: two with younger
(20 and 40 Ma) and one with an older (120 Ma) oceanic plate age (Figs. 3.6a,b,c).
In the first scenario no continental subduction is recorded and no deformation
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Figure 3.5: Evolution in the 800 km wide ocean setting. a) Partial melting of wet peridotite
forms the first magmatic arc during oceanic subduction; b) partial melting of the subduct-
ed melange forms second magmatic arc; c) reactivation of former thrusts as asymmetric
low-angle detachments and exhumation of syn-kinematic magmatic bodies. See Fig. 3.1 for
color (material) description.

is observed after the closure of the ocean (“arrested” orogen, sensu Ueda et al.,
2012). Subduction terminates because of the insignificant slab pull. Melting of
wet peridotite and partial melting of the subducting slab forms magmas in the
hinterland of the upper plate ~220 km away from the trench. Subduction of slightly
older slabs (40 Ma Fig. 3.6b), on the other hand, enables continental subduction,
generating melts in a position closer to the trench (position 2 in Fig. 3.6b).
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Chapter 3.

Subduction of older lithosphere (120 Ma Fig. 3.6c) results in similar
collisional and magmatic patterns when compared to the reference model. It also
records indentation of the orogenic wedge by the lower crust of the upper plate
as described for the reference model. Indentation of the orogenic wedge results in
subduction zone and magma source migration. However, much larger amounts of
melt are released when compared to the reference model, particularly during the
late collisional stage. These melts are emplaced dominantly in the upper plate, at
the base of the upper crust (Fig. 3.6c).

The effects of the convergence velocity were tested in two models. In a first
model the upper and lower plate converge with 3 cm/yr and 5 cm/yr, respectively.
This model shows a shallow dipping subduction zone during oceanic subduction and
no significant lower crustal indentation. During continental subduction, the model
is characterized by a low degree of coupling between the lower and upper plate,
which ultimately leads to more pronounced slab steepening, larger asthenospheric
uprise and the formation of larger volumes of melt when compared to the reference
model. These melts are emplaced in the upper plate and the magmatic front
gradually migrates towards the foreland with time (Fig. 3.6d). The final geometry
is similar to the one obtained by subduction of a wider ocean (compare with Fig.
3.5¢). The second model assumes symmetric convergence velocities of 2.5 cm/y
(Fig. 3.6e). The model shows indentation of the orogenic wedge by the lower crust
of the upper plate during collision. Consequently, significant amounts of shortening
are recorded in the upper plate and a gradually increasing shift between the slab
and the position of the former oceanic suture zone is observed. The observed
magmatism is related to fluid-fluxed melting during oceanic subduction and
relamination during continental subduction.

3.4. Discussion

Our results confirm that continental subduction in collisional settings is
driven by the rheological coupling between lower crust and mantle lithosphere, as
suggested by previous studies (e.g., Burov and Yamato, 2008; Vogt et al., 2017). In
contrast, rheological decoupling between crust and mantle lithosphere leads
to crustal accretion (e.g., Vogt et al., 2017). Our reference model shows that a
compositionally layered lithosphere creates a mixed collisional mode, in which
the upper crust is accreted to form a collisional orogen, while the lower crust
is subducted. The resulting orogen is characterized by a sequence of outward
propagating thrusts in the orogenic foreland and low-offset extensional (listric)
normal faults in the hinterland of the upper plate. The localisation of extension is
driven by magma emplacement in multiple episodes (see also Gerya and Meilick,
2011; Vogt et al., 2012). The depth to which the lower crust is subducted depends
on the thermal age of the oceanic lithosphere and on the convergence velocity (see
also Duretz et al., 2011). The older the slab or the higher its subduction velocity,
the greater is the depth of subduction (Duretz, 2011). Deep subduction of the lower
crust leads to slab steepening and slab retreat.

Indentation of the orogenic wedge by the lower crust of the upper plate
transports crustal material towards the hinterland (Fig. 3.2c,e,g,i) and creates an
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increasing shift between the position of the suture zone and the slab, together with
its associated deformation and magmatism. In most of our experiments, magma
migrates towards the foreland with respect to the former suture zone. Only in
situations in which very young oceanic lithosphere is subducted, or collision of
unusually strong and coupled continental lithosphere takes place a fixed magmatic
arc is observed (Figs. 6a and 4d-f). The link between magma migration and slab
retreat relative to the positions of the suture zone has been inferred for many
Mediterranean orogens such as the Aegean, Apennines or Dinarides (e.g., Schefer
et al.,, 2011; Menant et al., 2016a).

The overall magmatic evolution suggested by our models is in agreement
with existing numerical modelling and observational studies (e.g., Defant and
Drummond, 1990; Vogt et al., 2012). In more detail, migration of magmatism and
deformation towards the orogenic foreland is driven initially by the indentation of
the lower continental crust in models with a compositionally layered continental
lithosphere. Slab retreat is a mechanism observed at later stages of collision
and is mostly driven by relamination and eduction (Fig. 3.2g,i). The migration of
magmatism is accompanied by compositional changes that are controlled by
melting of different sources, which vary from simple mafic (wet peridotite and
oceanic crust) during oceanic subduction, to complex combinations (wet peridotite,
oceanic crust, subducted mélange and lower continental crust) during continental
subduction and, ultimately, to a dominantly felsic source (upper crustal material)
during eduction (Fig. 3.3). In contrast, the formation of adakite-like magmas is
inferred for collisional areas where young and hot slabs were consumed (20-40 My,
Fig. 3.6a, b).

3.4.1. Variability of the magmatic source during continental subduction
and exhumation

Magma production is dominated by partial melting of wet peridotite at
early stages of subduction and remains active during later stages of collision, but
with gradually decreasing contributions in the overall magmatic budget (Fig. 3.3).
Subduction of continental crust involves its partial melting and separation of melts
into a mafic residue and a felsic fraction (e.g., Jull and Kelemen, 2001; Kelemen
et al., 2003). Driven by its intrinsic buoyancy, this felsic fraction may relaminate
to the base of the crust (Hacker et al., 2011). In our models, partial melting of
the subducted mélange and lower continental crust becomes progressively more
important once relamination is triggered. This relamination is driven by the
interaction between the asthenospheric mantle and the mélange in the subduction
channel. The buoyant upraise of material from the subducted mélange along the
subduction channel stops at the base of the orogen at ~40 km depth. This allows
for the emplacement of dominantly felsic magma over a large area (Fig. 3.2g and i).

Mixtures of wet peridotite, sediment, and other crustal rocks have been
generally suggested to explain the source variability of post-collisional (ultrapotassic
to calc-alkaline) magmatism in the Mediterranean domain and in Tibet, mostly
based on geochemical and isotopic signatures (e.g., Conticelli et al., 2011; Prelevic¢
et al., 2013; Zhengfu Guo et al., 2014). In addition, field and geochemical studies
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of collisional granitoids in many orogens suggest that these rocks are derived from
metaluminious magmas originated from partial melting of mafic lower continental
crust (e.g., Christofides et al., 2007).

After slab detachment, the sense of shear along inherited thrust contacts is
reversed triggering extension by the formation of major low-angle normal faults or
detachments reactivating the former subduction zone or other pre-existing nappe
contacts. Footwall exhumation along these structures brings felsic magma from
mid-crustal levels to higher structural positions. Coeval decompressional melting
of dominantly crustal material produces peraluminious felsic magmas that are
emplaced as syn-kinematic granites or extensional gneiss domes, such as inferred
for the Aegean domain during the migration of subduction and back-arc extension
(e.g., Tirel et al., 2004; Brun and Faccenna, 2007; Dilek and Altunkaynak, 2009). In
our models, slab detachment and shear reversal of the subduction plane are not
directly responsible for exhumation of the rocks along the subduction channel (see
also Duretz et al., 2012; Duretz and Gerya, 2013). Here the exhumation of rocks
starts earlier by buoyant rise of material towards the surface in the subduction
channel (see also Burov et al., 2001). In other words, we observe a two-stage
uplift of material from the subduction channel. At first, relamination uplifts the
subducted melange from depths of ~120km to the base of the orogen (40 km).
Subsequent shear reversal transports this material from the base of the orogen to
middle crustal levels. This process has been also suggested for the exhumation of
UHP-HP terranes, such as in the Western Gneiss Region of Norway (e.g., Liou et al.,
1996; Ota et al., 2000).

3.4.2. The Dinarides Mountains: an example of migration of magmatism in
orogens

The Dinarides Mountains (Fig. 3.7a) formed during the late Mesozoic -
earliest Cenozoic closure of the Neotethys Ocean and subsequent continental
collision between Europe and Adria (e.g., Dimitrijevi¢, 1997; Karamata, 2006;
Schmid et al., 2008). This evolution was followed by the Miocene extension of
the Pannonian Basin and its subsequent latest Miocene — Quaternary inversion

Figure 3.7 (facing page): Interpretative tectono-magmatic evolution of the Dinarides based
on our study and petrological-geochemical results (Cvetkovi¢ et al., 2013 and references
therein). a) tectonic map of the Alpine-Carpathian-Dinaridic system (simplified after Schmid
et al., 2008). Black thick line (A-B) represents the location of the reconstructed profile; b)
production of calc-alkaline magmas in typical continental arc setting during oceanic subduc-
tion in the Late Cretaceous ; c) monogenic alkaline magmas resulted from partial melting
of a metasomatised lithospheric mantle during continental subduction in the (latest Creta-
ceous?)-Paleogene; d) magma production is driven by partial melting of multiple sources
(wet peridotite, subducted melange and lower continental crust) in the subduction channel
during relamination in the Eocene — Oligocene; e) generation of magmas produced by mul-
tiple sources due to relamination during continental subduction, and subsequent formation
of syn-kinematic peraluminious magmas triggered by eduction during the Miocene; f) pres-
ent day profile. Note that patterns of magmatic bodies reflect different magma sources and
not the petrology of crystallized rocks.
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Chapter 3.

(Horvath and Cloetingh, 1995), which modified the initial thrusting geometry of
the Dinarides units (e.g., Matenco and Radivojevi¢, 2012; Balazs et al., 2016). The
tectonic evolution of the Dinarides was associated with significant magmatism
that occurred in several successive stages during late Cretaceous-Miocene times
(Cvetkovi¢ et al., 2013). These stages are generally organized in lineaments roughly
parallel with the strike of the orogen and show an overall trend of increasing crustal
input towards the orogenic foreland (e.g., von Quadt et al., 2003; Cvetkovi¢ et al.,
2013; Gallhofer et al., 2015). These general observations bear strong similarities
with the inferences of our study.

In more detail, oceanic subduction created the first stage of Late
Cretaceous (~92-67 Ma) magmatism that is observed in the Apuseni - Banat - Timok
- Srednogorie (ABTS) belt, located in the hinterland of the Dinarides orogen (e.g.,
von Quadt et al., 2005; Gallhofer et al., 2015). This stage produced calc-alkaline
rocks with a subordinate adakite-like geochemical signature formed by partial
melting of wet peridotite in the mantle wedge (e.g., von Quadt et al., 2002; Kolb et
al., 2013, Fig. 3.7b). A general foreland age progression is inferred across ~100km,
which is interpreted as the result of either oblique subduction or slab retreat (e.g.,
von Quadt et al., 2005; Kolb et al., 2013; Gallhofer et al., 2015). Field studies have
demonstrated a genetic link between magmatic emplacement and the formation
of local extensional/transtensional basins/structures, where extrusive and intrusive
magmas were emplaced or re-deposited. This is particularly clear in the Timok
and Srednogorie sectors of the ABTS belt (e.g., Georgiev et al., 2009; Naydenov
et al., 2013). There are no quantitative studies on the amounts of Late Cretaceous
extension in these Timok - Srednogorie sectors, but the overall stretching appears
to be minor at the orogenic scale. The character of this magmatism and its kinematic
relationships are comparable with the initial formation of a stable magmatic arc in
our models, where such an arc forms by melting of wet peridotite and subordinate
oceanic crust during early stages of oceanic subduction (Fig. 3.2a). The weakening
effect of magma transport and emplacement triggers extension. Subsequent
magmas are emplaced beneath or in the overlying (half-) grabens. Therefore, our
model infers that slab-retreatis not required to create the observed Late Cretaceous
extension and magma migration patterns in the Dinarides. Furthermore, generic
back-arc extension driven by slab retreat was shown to affect the hinterland of
magmatic arcs, not the magmatic arc itself (e.g., Uyeda and Kanamori, 1979;
Dewey, 1980). In other words, all these observations and modelling results suggest
that although slab retreat could have taken place during Late Cretaceous times, it
is not intrinsically required by the observed relationship between magmatism and
tectonics in the hinterland of the Dinarides.

The final closure of the Neotethys Ocean likely took place during latest
Cretaceous - earliest Paleogene times by the creation of an oceanic suture zone (~65
Ma, Sava Zone, e.g., Pamic¢, 2002; Schmid et al., 2008; Ustaszewski et al., 2010). The
convergence continued during Paleogene times, although its kinematic effects and
amplitude of deformation in the internal Dinarides are not fully understood (e.g.,
Matenco and Radivojevi¢, 2012; Stojadinovi¢ et al., 2017). At first, the deformation
was coeval with the emplacement of a second stage of short-lived latest Cretaceous
— earliest Palaeocene (~70-65 Ma) monogenetic mafic alkaline volcanic and
subvolcanic bodies. These bodies were emplaced over or intruded into the upper
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plate mostly along pre-existing fractures formed during localized extension (Fig.
3.7c, e.g., Tschegg et al., 2010; Cvetkovi¢ et al., 2013). Xenoliths found in these
magmatic rocks suggest lithospheric temperatures of ~1000°C (e.g., Cvetkovi¢ et
al., 2004b, 2007a). This magmatism was shown to have formed by partial melting
of hydrous mantle (Cvetkovi¢ et al., 2010), interpreted as a subduction free source
similar to the source of the European Cenozoic anorogenic provinces (e.g., Lustrino
and Wilson, 2006; Cvetkovi¢ et al., 2007a). These observations are in general
agreement with our modelling predictions, where melting of wet peridotite in the
mantle wedge at temperatures of more than 1000°C continued to produce small
volumes of magma (Fig. 3.7c).

Continued shortening during Eocene-Oligocene times is interpreted as a
foreland propagation of thrusting and out-of-sequence reactivations in the external
and internal Dinarides, respectively (e.g., Ustaszewski et al., 2010; Andri¢ et al.,
2017; Stojadinovic et al., 2017). A gradual switch from contraction to extension
took place during Oligocene times in areas situated in the vicinity of the Sava suture
zone (Erak et al., 2017; Stojadinovi¢ et al., 2017). In the same area, the character
of deformation is mirrored by the magmatic evolution that recorded a third stage
of coeval magmatic emplacement located more to the foreland when compared
with the earlier Late Cretaceous - Palaeocene magmatism (Fig. 3.7d). This Eocene -
Oligocene magmatism was emplaced as dominantly medium- to high- potassic calc-
alkaline plutons and their extrusive equivalents derived from I-type metaluminious
granitoid magmas (e.g., Cvetkovi¢ et al., 2007b). The elevated contents of large
ion lithophille elements, low Sr-Nd isotope ratios together with rare earth element
patterns suggest a source located in the uppermost mantle or lower crust (e.g.,
Cvetkovic et al., 2007b; Schefer et al., 2011). The larger volumes of predominantly
acid to intermediate rocks are associated with lower amounts of volcanic and sub-
volcanic potassic to ultra-potassic rocks with mafic to even ultramafic compositions.
They are thought to be derived from a source composed of depleted peridotite and
terrigenous trench sediments accreted beneath the lithosphere of the upper plate
(Prelevic et al., 2005; 2013), possibly related to slab roll-back (Schefer et al., 2011).
These observations are in agreement with our reference model, which predicts the
migration of deformation and magmatism towards the foreland with respect to
the suture zone before the onset of slab detachment. Here magmatism is triggered
by relamination of crustal material to the base of the orogen and partial melting
of wet peridotite, tectonic mélange and lower continental crust in the subduction
channel (Figs. 3.2d-g).

The Miocene extension reactivated inherited nappe contacts, which led
to exhumation of material from mid-crustal levels in the footwall of detachments
or low-angle normal faults. This is well observed in large areas in the Dinarides,
but with larger offsets in their internal part and neighbouring southern Pannonian
Basin, in particular along the pre-existing Sava suture zone (e.g., Ustaszewski et
al., 2010; Stojadinovi¢ et al., 2017). The exhumation induced decompressional
melting and the formation of peraluminous magmas (Fig- 3.7e, e.g., Cvetkovi¢ et
al., 2007a; Schefer et al., 2011). Small volumes of magmatic bodies occurring only
in the internal Dinarides characterized this Miocene extension-related magmatic
stage. Our modelling demonstrates that the widespread Miocene extension was
associated with the emplacement of dominantly felsic melts from the upper
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crust (Figs. 3.2i and 3.7e) and the rheological weakening created during previous
magmatic stages.

The kinematic and magmatic observations in the Dinarides show that in
the Oligocene deformation changed gradually from contraction to extension
over ~8 My. Our modelling shows that this gradual change could be controlled by
progressive slab detachment, resulting in a change from Eocene relamination and
contraction to Miocene eduction and extension. The extension observed near the
Sava Zone (sensu Matenco and Radivojevi¢, 2012) has started ~28-29 Ma (Tolji¢ et
al., 2013; Erak et al., 2017). When combined with the predictions of our modelling,
this imposes that the overall Oligocene - Miocene orogenic extension took place
during and after the slab-detachment in the Dinarides.

The Miocene extension was followed by the latest Miocene - Quaternary
indentation of Adria. Seismicity, teleseismic tomography, potential field data and
active seismic experiments show a present foreland shift of 100 km between the
position of the Sava suture zone and the present-day location of the Dinarides slab
(Fig. 3.7f, e.g., Bennett etal., 2008; Sumanovi¢ and Dudjak, 2016), which is compatible
with our model geometry (Fig. 3.2i). Such shifts and plate configurations are also
common in other collisional orogens in the Mediterranean domain (Apennines,
Betics-Rif, Carpathians) that show retreating subduction boundaries, steep slabs,
back-arc extension and migration of magmatic fronts towards the foreland (Brun
and Faccenna, 2008; Faccenna et al., 2014; Matenco et al., 2016). Our modelling
shows that these shifts can result from a combination of lower crustal indentation
followed by slab retreat, relamination and eduction (Figs. 3.2 and 3.7). This novel
explanation for the commonly observed shift between the location of the oceanic
suture and the position of the slab detected by teleseismic tomography sheds new
light on the geodynamic evolution of these Mediterranean orogens.

3.5. Conclusions

We investigated numerically an intimate link between the generation of
magmatism, and the kinematics, rheology, geometry and tectonic evolution of
orogens during subduction and subsequent collision. Our results suggest that the
rheological and compositional layering of the crust imposes a key control on the
distribution of magmatic rocks.

We showed that magmatic weakening of the upper plate focuses
deformation during subduction and subsequent collision. The influx of more felsic
material during continental subduction creates a gradual change to shallower and
more crustal magmatic sources that continuously migrate towards the foreland.
This change focuses deformation at gradually more shallow lithospheric levels
and results in the emplacement of progressively more felsic magmatic products.
Interestingly, changes in the character of deformation are not necessarily related
to a migration of the subduction interface. During oceanic subduction and early
collision changes between shortening and extension at far distances from the
subduction interface are driven by the magmatic emplacement rather than by
the migration of the slab. The formation of a typical subduction-related large-
scale magmatic arc is not observed in our models, which would likely require the
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subduction of larger oceans for longer periods of time. Instead, subduction-related
magmatism focusses deformation and results in atypical situations, such as the
magmatic emplacement in back-arc extensional (half-) grabens.

During collision we observe migration of deformation, movement of the
subduction zone and associated magmatism relative to the outcropping location of
the former suture zone formed during oceanic subduction. Existing studies generally
show that this gradually increasing shift is created by slab retreat (e.g., Doglioni et al.,
2007; Duretz and Gerya, 2013). Our results demonstrate an additional component.
During early stages of collision the lower crust of the upper plate indents the
orogenic wedge, which increases the shift and enables subduction of lower crust.
In other words, continental subduction and orogenic build-up are assisted by lower
crustal indentation in the overriding plate. This process also explains the migration
of magmatism during early stages of collision. At later stages of collision, other
processes such as slab detachment may accompany the slab retreat.

Our simulations provide significant new insights for the understanding of
the subduction and collision dynamics in the Dinarides. The key characteristics of
the Dinarides, such as the foreland propagating deformation and magma front,
and the gradual compositional change towards more felsic magmas is explained in
our models by lower crustal indentation, relamination and eduction accompanying
oceanic and continental subduction. Magmatism in the Timok or Srednogorie
grabens that display rather reduced stretching can also be explained by localisation
of deformation and rheological weakening during emplacement and does not
necessarily require a period of Late Cretaceous slab retreat. Changes in collisional
magmatism observed near the Sava Zone can be explained by a transition to melting
in the subduction melange and relamination. We attribute the gradual Oligocene
transition in the kinematic and magmatic character from relamination - contraction
to eduction - extension by coeval slab detachment in the Dinarides.
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Appendix 1

1. Governing equations

All numerical experiments are based on the 12VIS code (e.g Gerya and
Yuen, 2003a) which uses finite-difference and the marker-in-cell technique to
solve momentum, continuity and heat equations.

Continuity equation (conversion of mass):

%_{_%:0’
ox oy

where x and y are horizontal and vertical coordinates, respectively. The

terms Ov, and 8Vy indicate components of the velocity vector.

Momentum equation (2D Stokes) takes form:

aa;x ao-)l(y _a_P
ox oy  ox’

oo, oo
O'yx+ Gyl’:a_P_gp(T' P,C,M),
ox oy oy

o, , 0, are the deviatoric stress tensor components. The

where o wr Oy

xx 7’
density p (T, P, C, M) depends on temperature (T), pressure (P), composition (C)
and mineralogy (M) and g is the acceleration due to gravity.

Heat conservation equation coupled with mechanical equations (Gerya
and Yuen, 2003b):

oT oq, 0q,
oC (Chy=—Dx Ty v H +H, +H,,
”(at) ox oy Tt

qx =_k(PI TI C)g;
ox

oT
9, =P, T.O7,
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where Cis isobaric heat capacity; g,and g, are heat fluxes; k (P,T,C)
is thermal conductivity, which is a function of pressure, temperature and
composition (see Table 1); H, is radiogenic heat (see Table 3.1); H,, H,, H, are

adiabatic, shear and latent heat components, respectively.

H, :Taﬁ,
Dt

HS =GXXEXX+ny€yy+26Xy€xy,

where « is the thermal expansion and &x, &y, Exy are components of

the deviatoric strain rate tensor.

1.2. Boundary conditions

All boundary conditions are fee slip. The top surface of the oceanic and
continental crust is treated as an internal free surface by using a low viscosity
(1019 Pa s) and low density (1 kg/m? for air, 1000 kg/m?* for water) top layer
(initially 10 km). The interface between this weak layer and the top of the
oceanic/continental crust evolves spontaneously. Further on, the topography of
the model (air/crust interface) evolves according to a transport equation. It
accounts for sedimentation and erosion and is calculated for each time-step
(Gerya, 2010):

%:v -V %—v +v,=0,

5 S S

where y, is the vertical position of the surface as a function of the
horizontal distance x: v and V, describe the vertical and horizontal components

of the material velocity vector at the surface. The v, and v, are sedimentation

and erosion rates, respectively, corresponding to the relation:

vV, =0mm/a v, =0.3 mm/afory<9km

V,=0.03 mm/a v,=0mm/afory<10km
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1.3. Rheological model

All rheologies are visco-plastic. Viscous (ductile) deformation is computed
as a combination of dislocation and diffusion creep and depends on temperature,
pressure and strain rate. A smooth transition between dislocation creep and
diffusion creep is assumed to occur at 104 Pa (Turcotte and Schubert, 2002). The
viscosity for dislocation creep is defined as follows (Gerya, 2010):

" B cé,‘//’7 Xp(ECH—PVaj
creep 1 nRT ,

en=v12¢; ¢ . o .
where " / "% is the second invariant of the strain rate tensor.

The terms AD (material constant), Ea (activation energy), Va (activation volume)
and n (creep exponent) are experimentally determined flow law parameters
(Ranalli, 1995). R is the gas constant.

Plasticity (brittle failure) is implemented using a yield criterion, limiting

the creep viscosity, Additionally, we assume that fluid and melt lower the

ncreep.
plastic strength of rocks in our model. The yield strength is decreased according to
and 4

‘melt 7

the prescribed pore fluid and melt pressure factors, A

fuid respectively.

<0 e /2¢,, 0., =C+Psin(g),

77 creep yield

sin(p) =Sin(wry)/1ﬂuid’ ﬂ'ﬂu/‘d =1-Pou /Projia

j“melt = 1 - Pmelt /Psolid ’

where c is the cohesion, which is the strength at P = 0 and ¢ is effective
internal friction angle calculated from the friction angle of dry rock (Table 3.2).
The terms Py g and Pquig designate dynamic pressure and pore fluid/melt pressure,
respectively.
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1.4. Water migration

The model assumes that pore water content decreases due to compaction
from 2 wt.% to 0 wt.% at depth of 75 km:

x(wt.%)=(1—0.013Ay)X

H,0(p0)’

where X =2 wt.% is the free water content at the surface and Ay is

H,0(p0)

the depth in km below the surface (0 - 75 km).

Further on, expelled water moves upwards instantaneously, until it
reaches rock which assimilates water (e.g. Gorzcyk et al.,, 2007). This process is
formulated by the following equation:

vV v

vx(water) =V Vy(water) = y vy(percolation) ’

Where v and v, are local velocities of the mantle. The constant relative

velocity of upward percolation of water through the mantle is v

Y(percolation) B

cm/a.

1.5. Partial melting and melt extraction processes

Following previous studies, the water transport model does not permit
complete hydration of the peridotitic mantle (e.g. Nikolaeva et al., 2008).
Therefore, the hydrated mantle solidus is located between the wet and dry
peridotite solidi. Both, hydrous and dry melting increases linearly with
temperature and pressure (Gerya and Yuen, 2003). The volumetric amount of
melt, MO, for a given pressure and rock composition is based on:

M, =0 when T <T,

solidus *
Mo = (T - Tsolidus )/(Tliquidus - Tso/idus) When Tso/idus <T< T/iquidus ’

M, =1 when T <T,

liquidus *
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Tsolidus i the solidus temperature where wet and dry solidi are used for the
hydrated and dry mantle. Tiquaus represents the dry liquidus temperature at a
given pressure and rock composition (Table 3.1). Melt extraction from partially
molten rocks occurs where the melt extraction exceeds, a pre-defined melt
threshold of M.« = 4%. A non-extractable amount of melt M, = 2% remains in
the source (e.g. Sizova., 2010; Vogt et al., 2012).The total amount of melt, M, for
every marker considers the amount of previously extracted melt and is calculated
as:

M=M,=> M

ext

where ZHMM is the total melt fraction extracted during previous n

extraction episodes. Rocks are considered refractory when the extracted melt

fraction is larger than the standard one (i.e. when Zn M., >M,). When the total

amount of melt M exceeds the threshold M,,,,, the melt fraction My = M = M, is

extracted and is M__, updated. Extracted melts are transported instantaneously to

ext
the near surface environment. Here they from volcanic arcs (20 %) or emplace
within continental crust (80 %) at levels of highest possible intrusion rate (i.e.
highest possible local crustal divergence rate, divgys). The emplacement level is
calculated by evaluating the ratio of the effective melt overpressure and the
effective viscosity of the crust above the extraction region:

divcrust = lemelt - gyprne/t (yme/t - y)_ PyJ/ 77y ’

where Pyl is pressure at the extraction level yne: and Py is the pressure
at the current level y, g is gravitational acceleration in y-direction [m/sz], Pmelt IS
the melt density and ny is the effective local crustal viscosity at the current level y.

The effective density, pes;, of partially molten rocks is defined by:

pe]ff = psolid (1 -M+M pOmO/fen ] ’

p Osolid
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where p,.., and p,. .. are the standard densities of solid and molten
rocks, respectively (Table 3.1) and p,.,,is the density of solid rocks at given

P(MPa) and T(K) calculated from:
Per = po[l_a(T_To)][l"'ﬁ(P_Po)]'

where o and [ denote the thermal expansion and compressibility
coefficients, respectively (Table 3. 1).

The effect of the latent heat is defined by an increased effective capacity
of partially molten rocks (C,, ) computed by the following equation:

Cpeﬁ = Cp + HL /(Tliquidus - Tsolidus )'

where Cp indicates heat capacity of the rock; H, is latent heat, J/kg.
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Chapter 4. Structural controls on sedimentation during
asymmetric extension: the case of Sorbas Basin (SE
Spain)

This chapter is based on Andric, N., Matenco, L., Hilgen, F., de Bresser, H., in
revision in Global and Planetary Change.



Chapter 4.

4.1. Introduction

The architecture of sedimentary basins is controlled by the balance
between the rate of creating accommodation space and the rate of sediment supply
(e.g-, Schlische, 1991; Schlager, 1993; Gawthorpe et al., 1994). The kinematics and
offset of normal faults dominantly control the sediment production and dispersal
patterns in extensional basins by creating the accommodation space, influencing
the basin physiography, drainage network and sediment transport pathways (e.g.,
Gawthorpe and Hurst, 1993; Gupta et al., 1999; Gawthorpe and Leeder, 2000;
Garcia-Garcia et al., 2006). The variability and evolution of normal fault offsets or
migration across fault arrays creates tectonic-induced sedimentation cycles that
have a wide range of time scales, from millions to several thousand years (e.g.,
Gawthorpe and Leeder, 2000; Petersen et al., 2010).

Sediment dynamics during initiation of normal faulting is generally less
guantified at the scale of outcrops, when compared with the conceptual availability
of tectonic system tracts or other more general syn- and post- rift deposition cyclicity
(e.g, Prosser, 1993; Nottvedt et al., 1995; Martins-Neto and Catuneanu, 2010;
Balazs et al., 2016; Andric et al., 2017). This initiation is often associated with the
deposition of coarse-grained alluvial fans and/or fan deltas sourced from uplifting
footwalls and deposited along extensional margins at the base of fault scarps (e.g.,
Colella, 1988; Postma and Drinia, 1993; Leppard and Garwthorpe, 2006). Owing to
the proximity to the active normal fault, these relatively small-scale depositional
systems respond rapidly to slip events, which are observed in the cyclic alternation
of vertical coarsening- and/or finning- upwards trends (e.g., Rohais et al., 2008). The
initiation of normal faulting creates a gradually increasing depositional slope that
delivers gravity flow sedimentation to the deep-water environment (e.g., Nemec,
1990; Fugeli and Olsen, 2007; Strachen et al., 2013). During rapid sedimentation
associated with normal faulting, terrigenous or shallow marine material may be
delivered as out-sized coarser-grained events into an otherwise contrasting deep-
water facies, for instance coarse deposition in distal prodelta mudstones (Young et
al., 2000) or distal deep marine lobes (Kane et al., 2017). Furthermore, large-scale
slide and debris flow deposits are shed by slope collapse into the deep-water facies
(e.g., Kleverlaan, 1987). However, a direct observation of the relationship between
these types of flows and their changes controlled by the activity of normal faults
is very rare in outcrop studies (Henstra et al., 2016). Such observation is highly
relevant for discriminating the tectonic-induced cyclicity from other external forcing
factors (eustasy, climate, runoff precipitation) or autocyclic depositional processes.

One excellent example retaining extended exposures of sedimentary facies
deposited during the initiation of extension is the Miocene - Pliocene Sorbas Basin,
part of the extensional system overlying the internal parts of Betic Cordillera in
the SE Spain (Fig. 4.1; e.g., Dewey et al., 1989; Rosenbaum et al., 2002; Vissers,
2012). Exposures of normal faults and associated syn-kinematic sedimentary facies
deposited during the Miocene initiation of extension are available in the SE part
of the Sorbas Basin (e.g., Haughton, 1994; Do Couto et al., 2014 and references
therein). In this part of the basin, we have studied the link between normal faulting
and continental to deep-water deposition by means of a high resolution kinematic
and sedimentological study. The aim is to quantify the influence of the change in
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slope and bathymetry induced by normal faulting, and the associated sedimentary
flow dynamics and lobe stacking patterns. The results are integrated in a dynamic
model of sedimentation during initiation of extension and are discussed in the
overall context of the Betic Cordillera evolution.

4.2. Geological settings

The Betic-Rif orogenic system (Fig. 4.1a) formed in response to the
subduction and closure of the Tethyan ocean during the convergence between
Iberia and Africa continental units (e.g., Duggen et al., 2004; Vissers, 2012). The late
Mesozoic to Cenozoic shortening resulted in the creation of a nappe stack affecting
Palaeozoic - Mesozoic sediments derived from the southern Iberian margin in the
External Betics or derived from the southern Iberian and Alboran margins in the
Internal Betics (the Nevado-Filabride, Alpujarride and Malaguide units, Garcia-
Hernandez et al., 1980; Banks and Warburton, 1991; Platt et al., 2003; Balanya et
al., 1997; Torres-Roldan, 1979). The Oligocene - Early Miocene shortening in the
External Betics was largely coeval with extensional deformation in the Internal
Betics. This extension partly reactivated former thrusts as detachments and induced
a rapid exhumation of metamorphic cores (e.g., Martinez-Martinez and Azaiidn,
1997; Platt et al., 1989; 2005; Garcia-Dueiias et al., 1992; Augier et al., 2005). This
exhumation was kinematically associated with the formation and evolution of
several extensional basins that presently separate the metamorphic sierras of the
SE Spain (Fig. 4.1a, Garcia-Duefias et al., 1992; Lonergan and Platt, 1995; Crespo-
Blanc, 1994; Augier et al., 2005; Meijninger, 2006; Pedrera et al. 2012; Giaconia
et al., 2014). The overall extension is generally thought to be driven by removal
of lithospheric mantle beneath the Internal Betics or by roll-back associated with
slab detachment of the Gibraltar slab (e.g., Faccenna et al., 2004; Spakman and
Wortel, 2004; Jolivet et al., 2008; Gutscher, 2012; Vissers, 2012). The initial Early
Miocene (~22 to 18 Ma) N-S to NNE-SSW oriented extension was associated with
the exhumation of the neighbouring Alpujarride and Nevado - Fillabrides nappe
complex (e.g. Monié et al., 1991; Crespo-Blanc et al., 1994; Platt et al., 2005) and
was followed by an E-W oriented Middle - Late Miocene (~15 to 9 Ma) extension
driving the main subsidence observed in the basins (e.g., de Jong, 1991; Jabaloy et
al., 1992; Johnson et al., 1997; Augier et al., 2005; Platt et al., 2005; Vazquez et al.,
2011).

In the Internal Betics, the Sorbas Basin (Fig. 4.1b) was extensively analysed
in numerous studies, owing to extended and almost complete exposure of its
Middle Miocene - Pliocene fill (e.g., do Couto et al., 2014 and references therein).
The sediment deposition was driven by an initial extension, followed by inversion
and influenced by the large sea-level changes during the Messinian Salinity Crisis
(Fig. 4.1b, Martin and Braga, 1994; Stapel et al., 1996; Hodgson and Haughton,
2004). The late exhumation of the Nevado-Filabrides during upper Serravallian to
lower Tortonian was coeval with the onset of sedimentation in the Sorbas Basin
(~ 12-11 Ma, Johnson et al., 1997; Vazquez et al., 2011; Augier et al., 2013). The
extension has created an asymmetric geometry, controlled by the activity of a
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4.2. Geological settings

Figure 4.1 (opposing page): a) Tectonic map of the Betic-Rif orogenic system (modified after
Comas et al.,, 1999). The thick rectangle shows the study area of Fig. 4.1b; b) Geological map
of the SE part of Sorbas basin (modified after Do Couto et al., 2012). NGF-North Gafarillos
fault, NCRF-North Cabrera reverse fault.

N-dipping fault most likely rooted into the main Alhamilia detachment or its more
brittle equivalents (Fig. 4.1b, e.g., Garcia-Duefias et al., 1992; Martinez-Martinez
and Azonon, 1997; Do Couto et al., 2014, Giaconia et al., 2014). The Sorbas Basin
subsidence was driven by successive episodes of extension with NW-SE and NE-SW
presently observed directions, which controlled the upper Serravallian - Tortonian
sedimentation (e.g., Do Couto et al., 2014 and references therein). The southern
boundary of the basin (the northern limit of Sierra de Polopos and Sierra Alhamillia,
Fig. 4.1) is part of a transpressive fault system with top NW sense of shear that
formed during the subsequent late Tortonian - Messinian basin inversion, which
possibly reactivated an earlier extensional normal fault (e.g., Ott d’Estevou and
Montenant, 1990; Haughton, 2001; Giaconia et al., 2012, 2013; Jonk and Biermann,
2002; Booth-Rea et al., 2004). The inversion is thought to have migrated southwards
with time (e.g. Jonk and Biermann, 2002; Giaconia et al., 2012) and was associated
with the deposition of upper Tortonian sediments (e.g., Weijermars et al., 1985;
Kleverlaan, 1989). The overall inversion is thought to have started at “8Ma and was
driven by N-S contraction and transcurrent deformation post-dating the back-arc
extension and observed regionally in the Alboran Domain (e.g., Comas et al., 1999;
Jolivet et al., 2008).

4.2.1. Structure, stratigraphy and sedimentological evolution of the Sorbas
Basin

The Sorbas Basin is flanked by the metamorphic rocks of Sierra Alhamillia,
Sierra de Polopos and Sierra Cabrera to the south and Sierra de los Filabres to
the north (Fig. 4.1). These sierras are generally slightly asymmetric domes with
structurally steep northern flanks and gentle dipping southern ones (e.g., Platt et al.,
1989). On the southern flank of Sorbas basin, the Gafarillos strike-slip fault system
has a northern and a southern branch, the latter being kinematically connected
with the transpressive system observed at the northern margin of Sierra Alhamilla
and Sierra de Polopos (Fig- 4.1, e.g., Giaconia et al., 2012; 2013).

The basement of sierras is made up by Alpujarride low-temperature and
locally high-pressure meta-sediments (Permian phyllites and Triassic marbles and
dolomites, Martinez-Martinez and Azafidn, 1997; Booth-Rea et al., 2002, 2005) and
Nevado-Filabride high-temperature and locally high-pressure meta-sediments and
magmatics overprinted by a greenschist facies retromorphism (Johnson et al., 1997;
Vazquez et al., 2011). This nappe stack was overprinted by a high-temperature and
low pressure metamorphic event that took place most likely during the onset of
exhumation (e.g., Vissers, 2012; Platt et al., 2013). The Nevado-Filabride nappe stack
(from bottom to top Ragua, Calar-Alto and Bedar-Macael units) contains Paleozoic
micaschists intercalated with quartzites and marbles, Permo-Triassic meta-pelites
and quartzites, and Triassic marbles (e.g., Garcia-Duefias et al.,1988; de Jong, 1991;
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Figure 4.2: General lithostratigraphic scheme of the Sorbas Basin, modified from Puga —
Bernabeu et al., (2007), Ott d’Estevou and Montenat (1990) and the results of the present
study.

b

Martinez-Martinez and Azanon, 1997; Martinez-Martinez et al., 2002).

The oldest Miocene sediments are poorly preserved Burdigalian (-
Langhian?) marly limestones, sandstones, conglomerates and marls observed as
isolated patches overlying the basement of Sierra Cabrerra (pre-Upper Serravalian
in Fig. 4.1b, Ott d’Estevou and Montenant, 1990; De Galdeano and Vera, 1992).
Their deposition is thought to have been controlled by an earlier extensional
episode associated with the exhumation of the basement nappe stack (22-18 Ma,
e.g., Crespo-Blanc, 1994).

The main extensional evolution started in the Sorbas Basin at ~12-11 Ma
(Fig. 4.2) during the extensional exhumation of the Nevado-Filabrides unit (e.g.,
Johnson et al., 1997; Augier et al., 2013). The associated sedimentation is made up
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of fluvial conglomerates, sandstones and siltstones that laterally grade into deltaic
conglomerates, sandstones and marls that reach thicknesses of ~ 100m (e.g.,
Ott d’Estevou and Montenant, 1990). The gradually increasing Tortonian normal
faulting accelerated the basin subsidence and created an open marine environment
(e.g., Dabrio et al., 1990; Poisson et al., 1999), where a deltaic system was shedding
conglomerates and sandstones transported further into the basin by turbiditic
submarine fan systems interbedded within pelagic marls (e.g. Haughton, 2001).
These sediments are ~2 km thick and are generally grouped into the generic Chosas
Formation (e.g., Volk, 1966; Ott d’Estevou and Montenant, 1990; Barragan, 1997;
Booth-Rea et al., 2004). During the late Tortonian, the basin was predominately
supplied by north to south directed flows (i.e. sediments derived from Sierra de
los Filabres). Further into the basin, the flows were deflected along the northern
margin of Sierra Alhamillia, which resulted in a dominant west to east flow
direction (e.g., Weijermars et al., 1985; Haughton, 2001). The Chosas Formation
shows progressive youngening westwards, while the eastern part of the basin was
deformed and inverted during the late Tortonian (e.g., Haughton, 2001). Therefore,
the upper part of the turbiditic sequence is considered to have been deposited
during the subsequent inversion and strike-slip faulting observed with larger effects
near the southern basin margin, which has influenced the depositional character of
this sequence (e.g., Kleverlaan, 1989; Poisson et al., 1999; Haughton, 2001).

The Upper Tortonian turbidites are overlain by shallow-water temperate
ramp carbonates, generally grouped into an uppermost Tortonian to earliest
Messinian Azagador Member (Fig. 4.2, e.g., Ruegg, 1964; Martin et al., 1999;
Braga et al., 2006; Puga-Bernabéu et al., 2007). The contact between the Chosas
Formation and Azagador Member is thought to be an unconformity, which recorded
the latest Tortonian- earliest Messinian basin inversion (e.g., Possion et al., 1999).
The Azagador carbonates prograded basin-wards, have a gradual transition to and
are overlain by more distal marls (the Lower Abad Member, e.g., Ruegg, 1964;
Riding et al., 1991; Martin and Braga, 1994). At the beginning of Messinian times
both the southern and the northern basin margins were overstepped by reef
deposits (Bioherm Unit and Fringing Reef Unit, respectively), which were locally
deposited unconformably over the Azagador Member (e.g., Ruegg, 1964; Martin
and Braga, 1994, Riding et al., 1991). These reef units grade laterally into silty marls
and marls intercalated with diatomites (the Upper Abad Member, e.g., Ruegg,
1964, Krijgsman et al., 2001). During the Messinian Salinity Crisis, the Sorbas Basin
reached a semi - isolation that started at 5.971 Ma and led to deposition of 120 m
thick selenite gypsum, interbedded within clay and marly laminites (the Yesares
Member, Dronkert, 1976; Manzi et al., 2013). These evaporites are buried by
lagoonal coarse carbonates that laterally grade into Gilbert-type of delta deposits
(the Sorbas Member, e.g., Roep et al., 1998). The whole succession was overlaid by
red continental conglomerates that reach ~60 m thickness (the Zorreras Member,
Montenat et al., 1980; Martin-Suarez et al., 2000).

4.3. Field observations of extensional fault kinematics

Similar with previous studies (Do Couto et al., 2014; Giaconia et al., 2014),
our field observations show that the onset of extension and subsidence of the
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sandstone

alternation of
mudstone and siltstone

5™ bedding plane

" shear plane 50cm

Figure 4.3: Extensional geometries and kinematics of normal faulting in the turbiditic suc-
cession of the Chosas Formation in the SE part of Sorbas Basin. Locations in Fig. 4.1b. a) pan-
oramic photo and b) interpretation of normal faulting associated with deformation along
an extensional ramp-flat system and associated syn-kinematic deposition in the submarine
fan environment. Green line, blue and red lines on the stereonet represent bedding plane,
antithetic and synthetic faults; c) intersection of successive stages of high- and low- angle
normal faults. Note the refraction at the transition between thick sandstones and mud-
stones/siltstones layers; d) Evolutionary sketch of the three successive deformation events
depicted in Fig. 4.3c. The oldest faults are associated with syn-kinematic sedimentation; e)
extensional ramp-flat geometry formed in sediments of the C5 facies association, where the
flat segment truncates mud-rich sandstones; f) raft of thrusts that formed originally in the
lower part of a toe slope décollement.

Figure 4.4 (facing page): Extensional geometries and kinematics of normal faulting in the
shallow water deltaic to submarine fan transition cropping out in the SE part of Sorbas Ba-
sin. Locations in Fig. 4.1b. a) panoramic photo and b) interpretation of a listric normal fault
system dipping ENE-wards truncated by subsequent strike-slip structures formed during ba-
sin inversion. Note the antithetic tilting of hanging-walls that created the main depositional
slope of the basin; c) intersection between two normal fault sets cross-cutting a thick event
bed (location is the blue star in Fig. 4.4b); d) inset of Fig. 4.4c illustrating layer parallel shear-
ing in the fine-grained sediments; e) a possible solution for the temporal evolution of fault
sets depicted in Fig. 4.4b: the flat segment forms in a layer-parallel shear zone that formed
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Figure 4.4 (continued): subsequently and cross-cuts the earlier domino-style normal faults;
f) large-scale extensional shear zone formed along a SW dipping normal fault (location is the
orange star in Fig. 4.4b). Riedel shears are domains where less deformed, but rheologically
strong layers (sandstones and conglomerates) form sigmoidal clasts that may reach up to 2
m; g) The variability of the same shear zone as in Fig. 4.4f towards the south. Earlier formed
conjugate normal faults are truncated by the shear zone; h) inset of Fig. 4.4g illustrating CS
structural fabrics developed within shear zone; i) layer parallel shearing developed within
rheologically weak layers (location is the green star in Fig. 4.4b).

Sorbas Basin during upper Serravallian - Tortonian times was associated with
successive NW-SE and NE-SW oriented normal faults that are often organized in
conjugate sets and are locally associated with less frequent E-W oriented strike-slip
transfer faults. Furthermore, a large number of normal faults were mapped in the
SE part of the basin (Figs. 4.3 — 4.5), where the upper Serravallian-Tortonian fluvial,
deltaic and offshore marine successions crop out. Many of these faults are syn-
depositional, demonstrating the coeval nature of deformation and sedimentation,
and have variable offsets up to few tens of metres in studied outcrops (e.g., Figs.
4.3Db, 4.4b, 4.5f). No observed contractional or transpressional structures have syn-
kinematic character in the outcrop exposures of Chosas Formation in this part of
the basin, inferring that inversion post-dated their deposition.

The oldest upper Serravalian - Tortonian exposed sequence near the

Length of the flat (m) E

1,0 ) 2,0
Bed thickness (m)

Figure 4.5: Illustration of normal faults with staircase geometry. Locations in Fig. 4.1b. a)
photo and b) interpretation sketch of a fault with a staircase geometry. The transition be-
tween segments is observed along layer parallel flats that truncate a sandstone/silty litholo-
gy; c) Inset of Fig. 4.5b illustrating an extensional horse formed along a step in the staircase
geometry. Well-cemented sandstone blocks are rotated, while the weaker silty sandstones
and mudstones are sheared, forming an overall sigma-like clast geometry; d) sketch illustrat-
ing the mechanisms of connecting two highly-inclined segments of the staircase geometry
by deforming a restraining vertical overlap zone (red dashed line); e) photo and f) interpre-
tation of a large offset normal fault with a staircase geometry; g) inset of Fig. 4.5f, illustrating
shortcutting the steps of a staircase geometry forming grinded sandstone and mudstone in
the damage area; h) the observed correlation between the length of the flat segment and
the thickness of underling rheological strong layers observed along the staircase fault trace
geometry.
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4.3. Field observations of extensional fault kinematics

Gafarillos village (Fig. 4.1b) is affected by a dense array of normal faults. The
frequency of these faults rapidly decreases upwards in the stratigraphy. The faults
affect the fluvial, deltaic and the transition to submarine fan deposits (Figs. 4.3
and 4.4) and have 2 main directions of extension, NW-SE and NE-SW. The first one
is predominant in the older alluvial to deltaic sequence located in the SE part of
the basin, while the second is dominant upwards in the stratigraphy. Older normal
faults have centimetres to metres offsets, with a few examples reaching more than
10 metres (e.g. Fig. 4.4b). Syn-kinematic deposition is evident on many localities
(e.g., Fig. 4.3d and 4.4b), providing an unusual strong age control of deformation,
combined with a clear association of deposition with normal faulting. A rheological
control of the mechanics of normal faulting is obvious, with high-angle or ramp
geometries in conglomerates and thick sandstones, and listric or layer parallel fault
segments in finer geometries (Figs. 4.4 and 4.5). Large offset faults are associated
with antithetic tilting of hanging-walls, folding and draping geometries in finer
sediments, and coarse lithologies deposited near fault planes. In more uniform
rheologies, similar antithetic tilting is observed along successive fault arrays
(“domino” normal faulting, Fig. 4.10c,e).

Upwards in the stratigraphy of the Chosas Formation (such as exposed
alongtheroad linking Penas Negras and Gafarillos, Fig. 4.1b) NW-SE oriented normal
faults with variable offsets (cm to > 20 m) have a dominant top to the NE sense of
tectonic transport and have more complex geometries when compared with the
lower alluvial sequence (Figs. 4.4 and 4.5). The numerous faults observed in this
Chosas heterogenous sequence have ramp - flat (Fig. 4.3a,b,e), complex listric (Fig.
4.3c) or staircase (Fig. 4.4) geometries. Simple planar or listric geometries are less
frequent (Fig. 4.4c). Low angle normal faulting is observed in matrix-supported,
and/or semi-lithified sandstones and conglomerates (Figs. 4.3a,b,e and 4.4).
Normal faulting initiated with Riedel shears and created fault gouges and semi-
ductile shear zones in finer silt or shale lithologies (Fig- 4.4d-h). Normal faulting is
also associated with numerous connecting joints and Riedel shears.

A characteristic ramp - flat geometry of large NE-dipping faults is often
observed at the transition between alluvial, deltaic and deep-water deposits, often
associated with syn-kinematic clastic wedges (Fig. 4.3a,b). Ramps are observed in
sandstones and conglomerates, often at right angles to bedding, suggesting that
initiation of faulting took place by dilatation along extensional joints (Fig. 4.3a,b).
Flats are observed in finer silt or shale lithologies, where shearing is observed by
the formation of brittle shear-bands and sheared clasts geometries in a fault gouge
that is usually foliated. Deformation is associated with joints and antithetic Riedel
shears, and roll-over anticlines and small (half-) grabens in hanging walls (Figs.
4.33,b and 4.4a,b).

Foliated fault gouges are made up of silt and clay material, may reach
5 m thickness and show clear shear-sense indicators, such as an obvious brittle
shear bands fabric (Fig. 4.4d,h). Along the road from Penas Negras to Gafarillios,
these shear zones dip to the SW (Fig. 4.4a,b) and are sub-parallel to bedding in
finer grained material (fine sands, silts and muds) that contain intercalated coarse
sandstones and conglomerates. These zones contain small extensional duplexes
with large sigma-shaped metres-size clasts having geometries consistent with the
overall sense of shear, made up of more resistant sandstones and conglomerates,
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back-rotated and offset by synthetic Riedel shears (Fig. 4.4d,f,g,h).

One interesting geometry observed in outcrops is that of high- angle (70°
- 90°) fault segments developed in 0.15 m - 4 m thick coarse sandstones (mostly
granular debris flows) and conglomerates connecting layer sub-parallel (<35°, but
general layer parallel) segments in 0.05 m - 0.4 cm thick fine sandstone, siltstones
and mudstones bedsets. This creates a staircase fault geometry (Fig. 4.5). A direct
relationship between the thickness of the underlying coarse sandstones and
conglomerates and the overlying size of the step (or length of the flat) can be
observed (Fig. 4.5h). Some faults do not display any apparent offset along individual
steps, but the total displacement is obvious if the full stratigraphy is considered
(Fig- 4.5). In more details, some displacements along low offset faults are seen to be
associated with layer parallel shearing and dragging in finer beds, and shortcutting
the steps by creating extensional horses (Fig. 4.5a-d). When displacement
increases, these shortcutting features are less or not preserved (Fig. 4.5¢,f,g). In
other situations of staircase normal faults, we have observed a layer parallel shear
confined to fine lithologies that presumably were rheologically weak (Fig. 4.4i). This
suggests two stages of movement: first the formation of a high angle normal fault
cutting through all layers, followed by layer parallel shearing creating offsets along
steps in the normal fault. Deformation along staircase faults is associated with cm-
scale faults that have higher dips in the hanging-wall (40°-70°) than the footwall
(20°-30°, Fig. 4.5).

The staircase geometry not affected by layer parallel shearing formed
in response to the contrasting lithologies cross-cut by normal faulting, possibly
enhanced by the unconsolidated, high water-pressure content of finer sediments
at the time of deformation (e.g., Childs et al., 2009). Refraction during propagation
of normal faulting (e.g., Childs et al., 1996; Schopfer et al., 2006) is unlikely, because
this does not explain the flat layer parallel segment of the staircase geometry. We
infer that these observed staircase geometries formed by linking initially shorter
Riedel shears or joints across rheologically weak layers in a vertical overlap shear
zone, where the faults steps are connected upwards into the footwall across the
overlap zone (e.g., Childs et al., 2009; Rykkelid and Fossen, 2002). This interpretation
is supported also by synthetic rotation of sigmoidal clasts in the restraining vertical
overlap structure. Alternatively, the staircase geometry may also be formed as
a result of growth and propagation of the faults nucleated within mechanically
stronger layer and linked via weak layers (e.g., Gabrielsen et al., 2016). These faults
were initially separated (i.e. soft-linked, e.g., Fig. 4.4c) and become connected
when the fault offset exceeds the thickness of the weak layer (i.e. hard-linked, e.g.,
Fig. 4.5¢,f,g).

4.4. The depositional environment associated with extension

The upper Serravallian — Tortonian sediments exposed in the SE part of the
Sorbas Basin are characterized by coarse-grained clastics deposited in an alluvial fan
and deltaic environment, which laterally changes to shallow marine and further to
a deeper marine depositional system. These sediments were transported into the
basin by a combination of rock-fall, stream flows and different types of gravity flows
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4.4. The depositional environment associated with extension

Figure 4.6: Typical examples of the main facies associations. See Table 4.1 for facies details
and Fig. 4.1b for photo locations. a) facies association Al with matrix- to clast- support-
ed conglomerates deposited in a proximal alluvial fan environment. Thick black line marks
the bedding; b) facies association A2 with structure-less sandstones and conglomerates de-
posited in a distal alluvial fan environment; c) facies association B with well sorted mature
yellow trough cross bedded sandstones deposited in a shallow water marine (shoreface)
environment; d) facies association C1 with channelized delta plain deposits; e) facies asso-
ciation C2 with sheet-like polimict conglomerates deposited in river-dominated delta front
environment. Note the oyster shell inside the black ellipse; f) facies association C2
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Figure 4.6 (continued): with coarse-grained sandstones containing isolated out-sized clasts
intercalated with wavy laminated yellow carbonate mudstone deposited from subaqueous
distributary channels and mouth bars affected by a wave and tidal influence; g) facies as-
sociation C2 with amalgamated sandstones deposited from high-density turbidity currents
capped with granular flow deposit in the delta front environment. Dashed lines delineate
bed sub-units; h) facies association C3 with burrows in sandstones and mudstones inter-
rupted with pebble to granula clastic episodes; i) facies association C3 with ripple-cross
laminated sandstone and bioturbated sandy mudstones deposited in a prodelta settings; j)
facies association C3 with horizontal burrows in prodelta sandstones; k) facies association
C4 with amalgamated event beds comprised of an alternation of granula sandstones and
clast- to matrix-supported conglomerates, whereas the base of the latter is characterized
by loading structures (black arrows); ) facies association C4 with interference of amalgam-
ated beds and lateral channels (likely fault perpendicular flow); m) facies association C5
with parallel laminites, siltstones and mudstones deposited on a basin plain; n) isolated
medium-grained sandstone lobes deposited from high-density turbidity currents in terminal
lobes; 0) Zoophycus in distal submarine fan environment.

such as debris flows or high- and low- density turbititic currents. The suspension fall-
out deposition took place mainly in deltaic and deeper marine environments, often
suppressed by gravity flows. Eighteen lithofacies were identified in the studied
outcrops (Table 4.1). These lithofacies are organized in eight facies associations
(Figs. 4.6 —4.10), interpreted as alluvial, shallow marine, deltaic and deeper marine
depositional systems.

4.4.1. Alluvial fan and shallow marine systems

The alluvial system crops out in a restricted part of the basin (north of
Gafarillos village, Fig. 4.1b) and is made up by red multi-storey bodies displaying
sheet-like geometry. The flow was often confined by coeval normal faults, which
created centimetres to metres wedge-shaped geometries by thickening towards
the fault (Fig. 4.10a).

The facies association Al is characterized dominantly by thick-bedded
(0.5 - 2 m) pebble to cobble conglomerates and coarse-grained sandstones (F1, F2
less common F10, Table 4.1, Fig. 4.6a). They are poorly sorted and immature, and
contain alarge compositional diversity of clasts (such as quartzite, schists, dolomites,
marble, recycled conglomerates and sandstones). The base is planar with small scale
erosional relief (<10 cm). The succession is intercalated with thin-bedded (<0.1 m)
fine-grained sandstones and siltstones (F9, F13, Table 4.1). This facies association
overlies unconformably the pre-Miocene basement and is gradually replaced by
the A2 facies association (see below). The facies association Al is interpreted

Figure 4.7 (facing page): A detailed sedimentary log of the alluvial to shallow water marine
environment transition observed in the SE part of the Sorbas Basin. See Table 4.1 for facies
details and Fig. 4.1b for the log location. FAA1 and FAA2 — Facies association Al and A2, re-
spectively; FAB- Facies association B; FAC1- Facies association C1. The grey rectangles with
numbers represent stages of fault activity: 1 - high displacement rates; 2 - gradual termina-
tion of the faulting activity, and 3 - fault quiescence.
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Chapter 4.

as a proximal alluvial fan system dominated by deposition of debris flows (e.g.,
Nemec and Steel, 1984; Blair and McPherson, 1994). The angularity and lithological
nature of the clasts derived from the surrounding metamorphic basement suggest
a proximal source area located in the neighbouring sierras. The clasts derived by
eroding the fault scarp indicate that these flows originated from remobilization of
colluvial rock-fall deposits at the base of an active fault (e.g., Blikra and Nemec,
1998; Longhitano et al., 2015). Intra-basinal clasts suggest footwall degradation of
syn-depositional faults and re-deposition in the same area.

The facies association A2 is characterized by medium-bedded (0.2-1.2 m)
sand prone deposits (F2, F3, F7, F8, F10, less common F4, F5, Table 4.1, Fig. 4.6b).
These deposits are often channels filled with pebble to cobble conglomerates
with erosive base and gradational top. The imbrication and plane cross-bedding
indicate a SW-wards flow direction. The sandstones are often interbedded with
finer deposits (F9, F11, F13, Table 4.1). This facies association grade into facies
association C1 (see below). The facies association A2 is interpreted as deposition
in a medial to distal alluvial fan environment dominated by flood-related braided
flows alternating with debris flows (e.g., Nemec and Postma, 1993; Barrier et al.,
2010). Finer clastics were deposited by combined waning flows and suspension in a
lower energy environment. The cross-stratified bed sets and channels with erosive
base resulted from migration of small distributary channels within a fan system
(e-g-, Blair and McPherson, 1994). General alternation of proximal and distal alluvial
fan deposits in the vertical succession can be interpreted as self-induced avulsion of
an alluvial fan system, change in the sediment supply due to source area uplift or
seasonal fluvial discharge (e.g., Gawthorpe and Collela, 1990; DeCelles et al., 1991;
Andri¢ et al., 2017).

The facies association B is characterized dominantly by tabular medium-
bedded (0.05-0.4 m) well sorted yellow calcareous sandstones (F8, F9, F12, F17 and
minor F10, Table 4.1, Fig. 4.6c). These sandstones may be structure-less or contain
climbing-ripples and trough-cross bedding, often draped by mud. Parallel and ripple-
cross lamination is less obvious. Beds are separated by thinly-bedded (0.01-0.15 m)
mudstone layers (F15, Table 4.1). Towards the top, this facies association becomes
locally pebbly with strings or isolated outsize clasts. This facies associations shows a
general coarsening-upwards trend and is deposited beneath or lateral with respect
to delta deposits (i-e. delta channel, C1, see below). This is observed by staked,
sharply based, well sorted sandstones with ripples and oppositely directed low-
angle cross-bedding that indicate deposition from recurrent flows (e.g., Gowland,
1996; Young et al., 2000). The facies association B is interpreted as shallow marine
waves and tidal deposits with low or outside fluvial influence. Mudstone drapes
suggest periods of quiescence and deposition from suspension. The relative good
sorting and lack of coarser-grained material in the lower part of the succession
suggest low clastic sourcing and reworking (e.g., Carr et al., 2003). In the upper part
of the coarsening upwards sequence, the occurrence of outsized clasts and pebbly
strings infers a higher proximal clastic influx (e.g. Young et al., 2000).
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4.4. The depositional environment associated with extension

4.4.2. Deltaic system

The facies association C1 is characterized by thick-bedded (0.7-1.5 m)
conglomerates and sandstones (F2, F4, F6, F10, F17, minor F3, Table 4.1, Fig.
4.6d). The individual bed geometry varies from wide channels with erosive base
and rip-ups of underlying fine sandstones and marls, to less frequent sheet like
layers with planar base. They include shell fragments (Pectens, oysters, <5%). This
facies association alternate with facies associations A and B by building coarsening-
upward successions (Fig. 4.7). The contact with facies association B is gradual (over
~1 m), while the contact with facies association A is sharp. The facies association
Cl is interpreted to be deposited from high energy hyperpycnal and debris flows
based on the presence of channels, rip-ups fragments and a general coarsening-
upward trend. These sedimentary features are typical for deposition at the mouth
of river-dominated deltas (i-e. delta plain, e.g., Garcia-Garcia et al., 2006).

The facies association C2 is characterized by alternation of thick-bedded
conglomerates and sandstones (0.2-2 m) (F1, F2, F7, F8, F10, Table 4.1, Fig. 4.6e,f,g)
and thinly-bedded (0,1 m to 0,2 m) yellow marls (F16, Table 4.1, Fig. 4.6f). The
sandstone and conglomerate beds have generally a sheet-like amalgamated
geometry, where amount of matrix and grain-size vary vertically and laterally.
The amalgamated beds may be up to 8 m thick. Bed bases are plane to slightly
erosional.- The conglomerates show high textural maturity and roundness and
may be imbricated. Most sandstones are normally graded and contain variety of
sedimentary structures, parallel lamination, climbing ripples, flaser lamination and
ripple cross-lamination. Occasionally, sandstones are structure-less with floating
clasts or pebble to cobble strings. Well rounded outsized clasts (up to 1 m) are
common. This facies association passes into facies association C1 upslope and C3
downslope. This association commonly forms upward coarsening units of tens of
meters. The facies association C2 is interpreted to be result of deposition from
concentrated, high-energy flows (dominated by debris flows and granular flows
and where turbulent flows are less common) during high discharge episodes in
delta front environment (e.g., Young et al., 2000; Schomacker et al., 2010). These
flow episodes are separated by periods of low discharge that allow sediment
redistribution and reworking by waves and tides, colonization and bioturbation
(e.g., Dabrio et al., 1990; Aschoff et al., 2016). Relatively small bedset thicknesses
indicate deposition in shallow water environment (~10’s of meters of water), where
the absence of clinoforms suggests deposition in a coarse-grained shoal water type
of fan delta (e.g., Lewis et al., 2015; Postma, 1990).

The facies association C3 is characterized by alternation of thin-bedded
(0.01 m to 0.15 m) of medium- to fine- grained sandstones, siltstones, mudstones
and marlstones (F7, F8, F9, F13, F16, F17, Table 4.1, Fig. 4.6h,l, j). Individual beds
have a sharp planar base. The medium- to fine-grained sandstones are well sorted,
usually showing ripple-cross lamination (climbing, symmetric and asymmetric),
wave ripples and horizontal lamination (Fig. 4.6i). These sandstones have rare
convolution or hummocky lamination and contain locally burrows and plant
material (Fig. 4.6j). Near the transition with facies association C2, these sandstones
may contain floating clasts or strings. The facies association C3 is interpreted to
be deposited in a low energy prodelta environment, with periodic low- and high-
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Figure 4.8: Detailed sedimentary log of a prograding submarine-fan into the basin plain en-
vironment in the SE part of the Sorbas Basin. See Fig. 4.1b for the log location. FAC4- Facies
association C4; FAC5- Facies association C5.
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4.4. The depositional environment associated with extension

density turbidity currents derived from a continental source (e.g., Mulder and
Alexander, 2001; Garcia-Garcia et al., 2011). The rare hummocky bedforms indicate
an influence of storm waves due to either combined flows (waves and currents)
or complex oscillatory flows (e.g., Arnott and Southard, 1990). The presence of
benthic organisms (i.e. vertical and horizontal burrows, Skolithos) together with
wave and tide generated sedimentary structures indicate deposition above fair-
weather wave base in sublittoral zone (e.g., Aschoff et al., 2016).

4.4.3. Deeper marine system

The facies association C4 is characterized by an alternation of tabular
and wedge shaped thick-bedded (0.5 - 1.2 m) facies dominated by sandstones
and conglomerates (F7, F8, F18, occasionally F1 and F2, Table 4.1, Fig. 4.6k,l) and
medium to thick-bedded (0.1 - 1 m) fine-sandstone and siltstone facies (F8, F9,
F13, Table 4.1). The base of individual beds is sharp and partially loaded. Locally,
this association contains wide channel-like geometries and scours with erosional
base and granular/pebble lag and rip-ups (Fig. 4.6l). Sandstone-rich beds are often
stacked, which creates 4 - 8 m thick units (Fig. 4.8). The internal division surfaces
are represented by aligned mud rip-ups, shells and/or grain-size breaks. Water
escape structures, sand injections and mud rip-ups are common (hybrid beds, H1
division of Haughton et al., 2009). The fine-sandstones/siltstones include up to
40 cm thick hybrid beds with an upper banded division (H2 division of Haughton
et al., 2009). The internal banded structure is marked by monotonous variation
in clay matrix in sandstones. Sandstones are structure-less or may show parallel
lamination. The succession is organized in coarsening- (and finning-) upward
sequences that alternate vertically and laterally with facies association C5 (Fig.
4.8). The facies association C4 is interpreted to be result of rapid deposition from
high density turbidity and debris flows at high aggradation rates, deposited in the
lower part of the slope and axial part of proximal submarine lobes (e.g., Kneller
and Branney, 1995; Prélat et al., 2009; Talling et al., 2012). Unusually, thick coarse-
grained sandstone and fine-grained sandstone/siltstone are deposited from hybrid
flows showing evidence of flow transformation from poor to more cohesive flows
(e.g., Haughton et al., 2009). Locally, these deposits are reworked by distributary
channels which bypass material further into the basin (e.g. Stevenson et al., 2015).
The fine sandstone/siltstone unit suggest deposition from dilute turbidity currents
and hybrid flows outside the main lobe (off-axis or fringes, e.g., Prélat et al., 2009).
The presence of boulders and slumps indicate deposition along a relatively steep
slope (e.g- Blair and McPherson, 1999).

The facies association C5 is characterized by thin bedded (0.01-0.1 m)
heterolithic packages of mudstones, siltstones, fine thin sandstones (F13, F14, F15,
Table 4.1, Fig. 4.6m,n,0) intercalated with fine- to medium- grained sandstones (F7,
F8 and F9, Table 4.1). Bedding is marked by sharp vertical alternations of dark yellow
and light grey beds, mm to cm scale. Sandstones (0.1 - 0.2 m thick) intercalations
divide this monotonous succession on packages of variable thicknesses (0.1 - 0.9
m). Beds are continuous tabular to lobate. Channel-like bed geometries are rare
and associated with medium- to coarse - grained sandstones (Fig. 4.9f). Thicker
and coarser sandstone layers occur more frequently in close stratigraphic proximity
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(within 1 - 2 m) of proximal submarine fan facies association (C4). This facies
association is commonly observed as tens of meters’ thick intervals that can be
interrupted by chaotically deformed packages of autochthonous material (up to 2
m thick) or sandstones (F18, Table 4.1, Figs. 4.3g,h and 4.9a). They include folded
heterolithic beds and rip-ups enclosed in a poorly sorted silty/sandy matrix. They
have sharp to erosive contact towards the surrounding undeformed heterolithic
packages. This chaotic facies is associated with normal faults up slope and reverse
fault down slope. The facies association C5 is interpreted as a product of combined
deposition from dilute turbidity currents and suspension fallout in a distal
submarine fan environment over the basin plain (e.g., Bouma, 1962; Talling et al.,
2012). Planar, climbing-ripple and ripple lamination resulted from bed tractional
reworking under moderate to high aggradation rate (e.g., Southard, 1991; Mutti,
1992; Talling et al., 2012). Isolated sandstones beds represent the expression of
the distal-most progradation of high density turbidity flows bypassing the lobe
environment (e.g., Talling, et al., 2012; Stevenson et al., 2015). The intercalated
chaotic packages suggest syn-depositional deformation due to remobilization of
autochthonous intra-basinal material (e.g., Spychala et al., 2017). When combined
with normal faults up slope and reverse faults downslope, this facies association
shows periods of gravitational sliding, i.e. toe slope decollements (e.g., Postma,
1984).

4.4.4. Sedimentological events during deposition

We use the term ‘event-bed’ in the sense of a depositional event
characterized by contrasting lithologies that reflects the stacking of one or multiple
flow types, which does not necessarily mean that beds are isolated or unusually
thick. Such event beds are rather frequent in the studied sedimentary succession
(Fig. 4.9). Near the source area, these beds are observed as thick packages of
proximal alluvial fan deposits deposited over distal alluvial or deltaic sediments
(Fig.- 4.7). The rapid transition of facies associations, angularity and nature of the
clasts suggests that the deposition was interrupted by moments of rapid uplift and
erosion of normal fault footwall scarps and sedimentation in their proximity (e.g.
Longhitano et al., 2015). In more distal marine environment, six types of event beds
are marked by clear and contrasting sedimentation.

The event bed type 1 is characterized by chaotically deformed (i.e. folded,
bed raft, rip-ups, Fig. 4.9a) thin bedded heterolithic packages enclosed within a
poorly sorted silt to clay matrix. These beds have sharp upper and lower boundaries.
They occur within distal submarine fan facies associations C5 and reach 2 m
thicknesses. Deformation along such beds is often connected along a decollement
to a break-up zone made up by normal faults, while frequent isolated rafts affected
by thrusts or normal faults are observed in the field (Figs. 4.3f, left part and 4.3g).
In some instances, the close association with normal faulting is observed by the
decollement starting at these faults in their syn-kinematic deposits. The event bed
type 1 is interpreted as a toe-slope decollement created by gravitational sliding
which evolved into debris flow along the depositional slope on the way to the
submarine fan environment (e.g., Talling et al., 2012). In such an environment, slides
and debris flows could be initiated by intra-basinal slope steepening, liquefaction

124



4.4. The depositional environment associated with extension

Suipess jewuou
‘aseq 9AIS043 ‘A119W0a8 Je|ndud| :$3uNPNIIS AlRIUBWIPS

auo3spues paulesg-asieod 03 paulelS-wnipaw :3zis ulels
W 0 03 T0 :SSaUIYY pag

91es9wo|8uod papoddns-1se)d

Ajwopues yum ped 1punsip ‘Suippaq
ssoud-seue|d ‘aseq 1e|} uoyesiuedio
91Jedu) :$91n1oN1S Alejuawipas
31eJawWwo|8u0d 3|qgad 01

| Buolspues paulesS-a5ie0d :971s uleID

W g 01 G'T :SSAUXDIY3 pag

papunou ||am pue sdn-du pajuaLo

ws ke

sjew |eS|e pue syuawseuy ||ys ‘siap|noq
pPamouing Uayo pPapunol [|am ‘spiemdn
-8u1uasie0 :S294N30NJ3IS AlRIUBWIPIS
se|nuess

01 auojlspues Um:_m‘_w.mﬂmOu 19ZIS ulel9
W € 01 G°T :5S3UXIY) pag

soppog sapgae) s

$I9p|N0Q 21e[0S! ‘(saup1guny uey suleWQNS) SIUSWSe) [eUISEqRIIUL
pue juawaseq papunoigns
03 Jejn8ueqns jo Suios Jjood
:$94N30N.13s AJejuawipas

91002 0} e|nueIS :3zIS UleID)
W € 03 T :SS3WIY3 pag

9seq Sulpeo| ‘|euoISoJa-uou 0} |RUOISOID
‘XlJ1ew e|nueis 01 pues-asieod ‘(Juswaseq)
sjuawSel) [eulseqeslxa Jo sjuswsely

Jein8ue ‘Sunios 400d :521n3oNJ3S AJejusawipas
J9p|noq 0} ejnuess :3zis ulelo
W 03 §'T :SSaUdIY} pag

(q

xurew Appnw 03 A}Is ‘saunjonuis Jeays
‘s19Ae| [eUISEQRIIUI PAP|O} ‘SDINIONIIS JO
y9e| ‘paios Jood :saunjnuis Alejuawipas

1jIs paures§-wnipaw 03 Ae|d :az1s uelo
W 7 0} T :SSauydIy} pag

wo

‘846424 L2
%
ST4 ‘vT4 Vﬂ“n

‘8464 ‘14 Sluwe| (e

Typical examples of event beds. See Table 1 for facies details and Fig. 4.1b for

photo locations. a) event bed type 1 resulted from seismically triggered slope collapse

ing to remobilization and embedding of intra
rine fan environment (facies association C5)

Figure 4.9

lead-

’

basinal layers and clasts within a distal subma-
; b) event bed type 2 resulted from uplift and

’

erosion of the footwall, leading to direct delivery of the extra-basinal material into a distal

submarine fan environment by debris flows; c) event bed type 3 resulted from slope failure
due to activity of intra-formational faults; d) event bed type 4 deposited from debris flows

which were main drivers for re

’

deposition of material from shallow environment further

into the basin; e) event bed type 5 resulted from debris flow partitioning on the long run out

path;

f) event bed type 6 formed as isolated distributary channels within a distal submarine

fan environment.

of underlying mud-rich deposits and/or failure generated by overpressure due to

high sedimentation rate on the slope (e.g., Gee et al., 1999

In our

)

2009

Bull et al.,

’

125



Chapter 4.

studied case, the close association with normal faulting demonstrate that sliding
was driven by tectonics. These slides were most likely triggered by fault induced
seismicity (e.g., Bugge et al., 1988; Spychala et al., 2016), similarly with what has
been previously discussed in the neighbouring Tabernas Basin (such as the “Gordo
mega-bed” of Kleverlaan, 1987). However, when compared with the large-scale
Tabernas chaotic mega-beds, our type 1 event is smaller and do not appear to have
a basin-wide continuity.

The event bed type 2 is characterized by angular out-sized extra-basinal
clasts (up to 2 m) enclosed within poorly sorted sandy matrix (Fig. 4.9b). Beds
are often isolated and interbedded within relatively finer layers abundant with
water escape structures. The event bed type 2 is observed in the apical parts
of coarsening-upward sequences in submarine fan deposits (Fig. 4.11a,b). The
event bed type 2 is interpreted as a result of rapid deposition from land-derived
debris flows bypassing the shallow water and slope and depositing material in the
submarine fan environment (e.g. Leppard and Gawthrope, 2006). The character
of beds (oversized angular extra-basinal clasts) indicated that these flows were
generated in alluvial environment by remobilisation of rock-fall material eroded
from the uplifting footwall of the basin bounding fault.

The event bed type 3 is characterized by a bipartite organisation. The
lower division is comprised of sandy matrix supported outsized clasts, extra-
basinal (dolomites, schists, marbles) and intra-basinal (medium- to coarse-grained
turbidites). The upper division consists of structure-less sandstones (Fig. 4.9c). The
event bed type 3 is interpreted to reflect cohesion-less debris flow deposition that
was followed by high-density turbidites deposited as part of the same general waning
event (e.g. Talling et al., 2012). The intra-basinal clasts resulted from footwall uplift
and degradation of normal faults, shedding material towards the distal submarine
fan environment. Faulting caused coeval slope instability, leading to remobilisation
of reworked extra-basinal clasts that are mixed with the intra-basinal material
along the slope on the way to the distal submarine fan environment. The location
of intra-basinal normal faults localized the gravity flows on the basin plain (Fig.
4.9c¢).

The event bed type 4 is characterized by out-sized well rounded cobbles
and boulders of extra-basinal clasts (dolomites, schists, marbles), whereas
some dolomite clasts contain lithophaga borings (Fig. 4.9d). They have bipartite
organisation with a matrix-supported pebbly sandstone that is coarsening-upwards
to a cobble - boulder conglomerate. The event bed type 4 is interpreted to result
from redistribution of avalanching material along an unstable slope (e.g., Postma,
1984). Frequent borings suggest storage and reworking of the material from a
delta plain or beach environment before re-deposition further into the basin (e.g.,
Puga-Bernabeu, Martin and Braga, 2007; Lewis et al., 2015). The remobilization of
material stored in the shallow water environment can be induced by the seismically
triggered slope failure or high fluvial discharge (e.g., Haughton et al., 2009; Garcia-
Garcia et al., 2011).

The event bed type 5 is characterized by a tripartite organisation (Fig. 4.9¢e).
The lower part of the bed may include planar cross-bedding formed by alternating
matrix-supported conglomerates and pebbly sandstones flat bands (F1, F2, F10,
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Table 4.1). The middle of the event bed is composed of sandstones with silt to clay
matrix and narrow zones of randomly oriented marls (often yellow) rip-ups and
scattered pebbles. The upper part is made up of a clast-supported conglomerate.
The event bed type 5 is interpreted to be result of partitioning the debris flow along
the slope (hybrid flow, e.g. Haughton et al., 2003; Kane and Pontén, 2012). Our
observations suggest that the debris flow may transform partially to an independent
forerunner turbidity current on long run out paths (i.e. long transport far into the
basin, e.g., Haughton et al., 2003; Haughton et al., 2009). During such transport, the
turbidity current decelerates and becomes dilute enough to develop planar cross-
bedding at the base of event beds (Fig. 4.9e). Similar bed types (i-e. turbidites linked
with debrites) are common in distal and lateral margins of deep water systems
caused by failure of a syn-tectonic slope (e.g., syn-rift Jurassic submarine fans of the
North Sea Basin, Haughton et al., 2003). This scenario is inferred by extra-basinal
components and rip-ups of shallow water marls.

The eventbedtype 6ischaracterized by isolated medium-to coarse-grained
sandstones interbedded within a finer distal submarine fan facies association
C5 (Fig. 4.9f). This event bed has often a channel-like geometry, granular at the
base, general coarsening-upwards pattern and climbing ripple-cross lamination.
The event bed type 6 is interpreted as an episodic influx of land-derived material
into a distal submarine fan environment. The material was transported along
distributary channels in a distal terminal lobe, most likely derived from turbidity
currents originated from concentrated hyperpycnal flows during a high discharge
(e.g- Garcia-Garcia et al., 2011).

4.4.5. Syn-kinematic sedimentation

Clear syn-kinematic deposition is observed in sedimentary wedges
deposited against normal faults and sealed by finer grain sediments. As a function
of the direction of normal faulting and the related attitude of the slope along which
the basin was supplied by terrestrial material, we distinguished two types of syn-
kinematic wedges: synthetic (same directions) and antithetic (opposite directions).
This means that synthetic wedges are supplied by terrestrial material across or along
a footwall slope created by normal faults, while antithetic wedges were supplied
by terrestrial material along a slope created by antithetic tilting of hanging-walls
against normal faults. Both synthetic and antithetic wedges thicken towards the
fault and pinch out in a hanging wall direction, but are oriented differently relative
to source area, i.e. they thicken SW-wards and NE-wards, respectively. Both are
locally observed to be associated with footwall uplift and erosion.

In the alluvial and deltaic succession, synthetic wedges are controlled by
centimetres to decimetres offset of low- and high- angle normal faults (Fig. 4.10a-
¢), while antithetic wedges are less common. These wedges are matrix-supported
(cobble to pebble) sandstones and conglomerates that have often outsized clasts
derived from cohesive debris flows (F2, Table 4.1, Fig. 4.10a-c). These observations
show rapid deposition driven by the instability of a syn-tectonic slope. Anincrease in
mud content enhances the flow strength, which enables the transport of out-sized
clasts (e.g., Talling et al., 2012). The inter-bedding or sealing of wedges with finer
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Figure 4.10: Typical examples of syn-kinematic wedges associated with normal faults. See
Table 4.1 for facies details and Fig. 4.1b for photo locations. a) syn-kinematic wedges devel-
oped in a distal alluvial environment associated with synthetic normal faulting; b) syn-ki-
nematic wedges developed in a delta front environment associated with synthetic normal
faulting; c) syn-depositional domino normal faults triggering a deposition of matrix - sup-
ported sandstones in a delta plain environment; d) a syn-kinematic wedge that is controlled
by antithetic rotation of a hanging-wall during faulting in a submarine fan environment; e)
a coarse-grained debris flow event confined by the activity of normal faults in a distal sub-
marine fan environment.
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clastic sediments is interpreted to result from diluted or waning turbidity currents
and/or suspension fall out during moments of tectonic quiescence (F14, F15, F16,
Table 4.1). Rapid changes of sedimentary facies across these wedges show local
forced progradation of more proximal (higher energy) over distal (lower energy)
facies, driven by the activity of normal faults. However, these faults may confine
distributary channels and influence the lateral migration of the fan system.

A large number of synthetic and antithetic wedges was observed in the
marine succession (Figs. 4.3a,b and 4.10d,e). Some of these wedges illustrate a
rapid transition from distal to proximal positions even at the level of one bed or bed
set (Fig. 4.10e). Such wedges are made up of debris flow and high-density turbiditic
flow deposits. More complex, larger scale antithetic wedges grouping several syn-
kinematic layers are related to large offset ramp-flat normal fault systems (Fig.
4.3a,b). Several simultaneous wedges with variable ramp offsets are associated
with a coarse influx of debris flows, which is sealed by finer grained lithologies in
the overall submarine fan environment (Fig. 4.3ab). Successive offsets along these
faults are clearly observed to be associated with high-frequency sedimentary cycles,
which are otherwise very similar in expression with the autogenic cyclicity created
by a submarine lobe shifting, driven by migration or instability of distributary
channels (e.g., Prélat et al., 2009).

4.5. Discussion

4.5.1. Normal faulting controlling high — order tectonic cyclicity in the
Sorbas basin

Observations of normal faults offsets in the studied part of the Sorbas basin
shows that the subsidence and the associated accommodation space was created
mainly by NE dipping normal faults, i.e. dipping towards the location of the exposed
basement not affected significantly by the subsequent inversion (Figs. 4.3 and 4.4).
This observation means that the accommodation space was created by hanging-
wall tilting and filled dominantly by antithetic wedges. The sedimentation observed
in the basin was controlled by the rate of displacement along normal faults,
influencing the evolution of the slope, together with the amount and character of
the sediment supply (Fig. 4.11).

High displacement rates along normal faults were associated with a
sedimentation dominated by a discharge of coarse-grained material in shallow
water environment (Fig. 4.11f1, i.e. facies associations A1, A2, C1 and C4, Table 4.1).
The subsidence and slope failure by normal faulting resulted in narrowing the shelf
and a retrograding depositional trend observed in proximal areas by the transition
from alluvial to deltaic associations (Fig. 4.7, location 1.A). The deltaic material
previously trapped in shallow water environment during tectonic quiescence
stages is remobilized during fault steepening and slope failure deeper into the
basin by toe-slope decollements and debris flows (Fig. 4.11a,b). Such debris flow
mixing sand and clay material create the relatively isolated event beds type 1, 3
and 4 embedded within distal submarine fan deposits (Fig. 4.9a,c,d). Immediately
after slope failure, the debris flows incorporate ambient water and material on
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4.5. Discussion

Figure 4.11 (opposing page): Field examples of deposition controlled by slope steepening
and shallowing, illustrating the concepts of system tracts formed during high- and low- dis-
placement rates along normal faults, as well as during tectonic quiescence. See Fig. 4.1b for
photos location. a) coarsening-upward succession reflecting the overall prograding and ag-
grading depositional trend at the toe of the slope, formed during slope steepening to more
than 10°. The orange lines mark the location of the sedimentary log in Fig. 4.11b. The thick
blue line marks the start of the sequence controlled by normal faulting. Dashed blue lines
mark the separation between system tracts. Green star represents the position of backsets
in Fig. 4.11e; b) detailed sedimentary log of the coarsening-upward succession in Fig. 4.113;
c) retrogradational depositional trend following slope shallowing and exhaustion of source
area formed during the transition from the low displacement rates to tectonic quiescence
system tracts. Red arrows indicate aggradational onlapping geometry (1. 5 m high traffic
sign for a scale); d) detailed sedimentary log showing a fining upward succession deposited
during gradual termination of faulting activity and subsequent slope shallowing; e) Inset
of Fig. 4.11a showing scour fill with up dip sigmoidal backset stratification formed due to
hydraulic jump (20 cm long measuring tape for scale). Black dashed line shows the sigmoid-
al stratification. Black thick line shows the background bedding; f) interpretative sketches
showing sedimentary response to hanging - wall antithetic rotation during three main stage
of fault activity that separate individual system tracts controlled by tectonics: 1 - high dis-
placement rates; 2 - low displacement rates, and 3 - fault quiescence.

the way leading to their partial transformation into a high-density turbitidic flow.
This high-density turbiditic flows becomes stratified, due to inability to support all
particles by turbulence (e.g., Sumner et al., 2008; Postma et al., 2014). The lower
layer remains concentrated and becomes supercritical. The upper layer is a low
concentrated flow that transports finer fractions further into the basin plain (F8, F9,
F13 and F14 facies, Table 4.1). The lower supercritical flow undergoes an erosive
hydraulic jump and decelerate at the base of the slope (e.g., Postma et al., 2009;
2014), observed by coarse-grained deposits with soft-sediment deformation, rip-
ups and scours filled with upslope dipping sigmoidal crude layering (Fig. 4.11a,b,f;
backfill, Postma et al., 2009; 2014). These scours are typical for toes of steep slopes
where incoming supercritical turbulent flows suddenly decelerate and experience
erosive hydraulic jump producing a cut - and - fill architecture (e.g., Mutti and
Normark, 1987; Cartigny et al., 2014; Henstra et al., 2016). This is followed by the
flow being transformed back to supercritical, which carry coarse-grained material
further into the basin by deposition in an event bed type 5 (e.g. Postma et al., 2009;
2014). These processes create a general progradation and growth of the fan.

During the same stage of high displacement rates, the sedimentation is
characterized by finning upward cycles (e.g., Fig. 4.7, location 1.A), due to rates of
creating accommodation space higher than the sediment supply. The exception is
deposition at the toe of the slope, where sedimentary succession is characterized
by sharp contacts and a coarsening-upward grading trend (Fig. 4.11a, b, f1). Here,
the base of the succession is marked by a sudden appearance of thick high-density
turbidites and cohesion-less debris flows, overlaying the fine-grained sediments
of the distal submarine fan and basin plain (Fig. 4.11b). This toe deposition is
coeval with a slope steepening that may increase to 10° inclinations (Fig. 4.11a,
b). This steepening was created mainly by normal faulting and associated
antithetic rotations, combined to a lesser extent with autocyclic processes such as
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compensational stacking (Mutti and Sonnino, 1981; Prélat et al., 2009) or upslope
knickpoint retreat (e.g. Haughton et al., 2009).

At lower displacement rates, when normal faulting gradually decreases,
the creation of accommodation space is overpassed by the sediment supply (Fig.
4.11f2). This stage is associated with enhanced erosion in the footwall of synthetic
normal faults and degradation of the source area, observed by dry mass-waste
transport (i-e. rock-fall) to the immediate hanging-wall (e.g. Longhitano et al., 2015)
and syn-kinematic clastic wedges filled with basement material (Fig. 4.10a). These
sediments are subsequently remobilized and transported further into the basin by
land-derived concentrated hyperpycnal flows that often bypass the delta plain and
are deposited at the base of the slope or in the basin plain. This sedimentation is
observed by the deposition of event beds type 3 or smaller counterparts, which are
often located in the apical parts of an overall coarsening-upwards trend (Figs. 4.9b
and 4.11a,b). Some material was temporarily stored in the delta plain and later
transported by debris flows that underwent a transformation from high- to low-
density turbidity flows, sending material to the basin plain. The overall sedimentation
of this stage is characterized by a prograding and aggrading depositional trend,
observed as a coarsening-upward succession (Figs. 4.7, location 2.A and Fig.
4.11a,b,f2). This is observed in proximal environment by a gradual transition from
shoreface to deltaic and alluvial facies, and by an increase of basement derived
material (Fig. 4.7, location 2.A).

The periods of active normal faulting are separated by stages of tectonic
quiescence, when the source area is already degraded (Fig. 4.11f3). This is
observed by the dominantly coeval deposition of the facies associations A2, B, C1,
C2, C5 (Table 4.1). The material shed by the source area is mainly trapped and
reworked by fluvial, wave and tidal processes in a proximal shoreface environment.
Intercalations of carbonate rich mudstones with abundant burrowing fauna
(oysters, pectin, lithophaga borrings) reflect a low energy environment. The
main mechanisms of deposition in deep-water environment are diluted turbiditic
currents and suspension fall out, irregularly interrupted by high density flows (e.g.,
event bed type 6, Figs. 4.6n and 4.9f), further on transformed in diluted flows.
These high density flows were most likely created by the down-dip transformation
of cohesion-less to cohesive debris flows by incorporation of fine grained material
(e.g., Henstra et al., 2016). This is observed by the transition from clast- to matrix-
supported conglomerates in the upper part of the slope that are laterally replaced
with normally graded and horizontally bedded sandstones. The decrease in the
slope inclination initiated during the gradual cessation of fault activity is also
continued during the tectonic quiescence stage, observed by a retrogradation and
fining-upwards trend at the toe of the slope (Fig- 4.11c,d,f3). In the deep water, the
main mechanism of deposition is by axial flows, which rework existing sediments,
facilitated by the reduction of coarse-grained fault perpendicular sourcing. This
is visible by the direction of transport in channels observed in the fining upward
sequence of the proximal submarine fan (Figs. 4.5 and 4.8).

In general, the higher order tectonic cyclicity in Sorbas basin is created by
the normal faulting is observed by successive coarsening- and fining-upward grading
trends surpassing the inherent autocyclic character of the turbidictic deposition.
The coarsening-upward trend is associated with a submarine fan growth and a net
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prograding depositional trend in the basin following the deceleration of faulting
activity. The fining-upward trend is observed by retrogradation due to source
exhaustion during tectonic quiescence moments.

4.5.2. Low - order tectonic cyclicity in the Sorbas basin

The upper Serravallian — Tortonian extension of the Sorbas Basin created an
overall transgressive sedimentation that gradually changed from alluvial to deltaic
and deeper marine. Normal faults footwall uplift and hanging-wall tilting enhanced
the pre-existing orogenic source area that shed in 4 My the 2km thick coarse clastic
influx observed in the basin (e.g., Ott d’Estevou and Montenant, 1990; Do Couto et
al., 2012). The initial transgression was followed by a generalized regression during
the gradual ceasure of normal faulting that changed ultimately the depositional
environment to the shallow-water deposition of the Azagador member. Our
observations show that this low-order cycle was clearly controlled by tectonics that
surpassed sea-level oscillations, such as the observed global drop of ¥50 m (~11-9
Ma, Miller et al., 2005) and rise of ~¥35 m (~9 - 8 Ma, Miller et al., 2005).

The high-order cycles controlled by normal faulting described above can
be grouped in three stages of coupled tectonic and sedimentological evolution
observed in the upper Serravallian — Tortonian sediments (Fig. 4.12). In terms of rift
sequence stratigraphy, these stages correspond to rift initiation, early rift climax
and middle-late rift climax tectonic system tracts (e.g., Prosser, 1993).

Similar with what was observed elsewhere (e.g., Leeder and Gawthorpe,
1987; Ravnas and Steel, 1998; Gawthorpe and Leeder, 2000), the first stage of rift
initiation is associated with the formation of isolated fault-bounding depocentres
with relatively small rates of subsidence. Alluvial fan sediments were deposited in
such symmetric depocentres bounded by normal faults with small displacement.
The succession is characterized by a rapid transition from distal to proximal alluvial
fan sediments in the close proximity to the active fault (e.g., Figs. 4.10a and 4.12a).
The dominant sedimentation mechanisms are rock fall and debris flows transporting
footwall derived material further into the basin by a river system flowing along
the axis of these depocentres. Sediments have simple wedge-shaped geometries
that are directly dependent on the available accommodation space created in the
normal faults hanging-walls and the sediment supply from the immediate footwalls
(e-g-, Quirk, 1996).

The early rift-climax stage is composed of alluvial and delta fan deposits
(Fig. 4.12b). Hanging-wall antithetic tilting is the main driver for basin subsidence,
sedimentation and the creation of a gentle slope into the basin. The basin slope
creates a shoal-type fan delta (2-5° slope dip, e.g. Garcia-Garcia et al., 2006), where
sedimentation is dominated by gravitational flow processes such as debris and
grain flows that transform into high-density turbidity currents in the deeper water
(Fig- 4.5g)- The deltaic system was deposited at the shoreface, with water depths of
~10 - 15 m, controlled by the subsidence created by normal faults and influenced
by fluvial, wave and tide processes.

The middle-late rift climax stage is predominately composed of delta slope
and basin plain deposits (Fig. 4.12c). This is when the normal faulting took place
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Figure 4.12 (continued): observed during this stage; b) the early rift — climax stage, when
hanging — wall antithetic tilting drives the subsidence and creates an asymmetric depocen-
ter. The depositional system is dominated by alluvial fans and shoal type fan deltas deliv-
ering material into the basin along the hanging — wall slope; c) the middle — late rift climax
stagedominated by coeval deposition of prograding and aggrading alluvial, delta and sub-
marine fans, similarly controlled dominantly by the continuation of tilting by hanging-walls
antithetic rotation. FAA — facies association A; FAB — facies association B; FAC1 — facies asso-
ciation C1; FAC2 — facies association C2; FAC3 — facies association C3; FAC4 — facies associa-
tion C4; FAC5 — facies association C5.

dominantly inside the basin, enhancing the subsidence and creating a deeper
marine environment that reached ~350 m (e.g., Ott d" Estevou et al., 1981). Normal
faults offsets reach ~30 m, increasing the observed hanging-wall depositional slope
to around 10°. This leads to slope failure recorded by event-beds 1, 3 and 4 (Fig.
4.9), the formation of a narrow shelf and dominant deposition at the toe of the
slope.

These three successive stages of maximum fault activity were followed
in the Sorbas Basin by a continuation of the Tortonian sedimentation that is
dominantly observed by a cyclic alternation of packages containing high- and
low- density turbidites, which were shed from a gradually degrading source area.
The low number of normal faults and the architecture of observed background
turbiditic sedimentation indicate a predominant high-resolution autocyclic nature
of deposition, combined with episodic tectonic induced cycles (see also Haughton,
2001). The generalized regression ultimately led to the deposition of the shallow
water Azagador Member.

4.6. Conclusion

Our combined kinematic and sedimentological study of the extensive
outcrop exposures in the lower sedimentary infill of the Sorbas Basin has quantified
the balance between the evolution of normal faults and the cyclic character of
sedimentation.

The extension changed gradually its direction from NW-SE to NE-SW
during the overall transition from continental to marine sedimentation. The
mechanics of normal faulting was strongly controlled by the rheological contrast
between relatively strong conglomerates and sandstones layers, and weaker finer
siltstones and more pelagic deposits. This control is illustrated by the combined
presence of high- and low-angle normal faults, ramp-flats and staircase geometries.
Deformation affected partially un- or poorly- consolidated sediments that locally
resulted in the formation of a fault gouge with a clear foliation and brittle shear
bands, incorporating rheologically stronger conglomerates and sandstones blocks
in wider shear zones.

Moments of activation of normal faults are associated with the formation of
clastic syn-kinematic wedges, composed of coarse - grained material supplied from
fault perpendicular and axial drainages and formed predominantly by antithetic
tilting of hanging-walls. Deposition took place in alluvial, deltaic, shallow and deep
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marine environment during three successive phases of rift initiation and climax,
followed by a generalized stage of regression where autocyliclic depositional
processes were the main depositional mechanism. Initiation of extension was
associated with the formation of isolated depocentres in continental alluvial
environment, moments of fault activation being characterized by a transition to
rock-fall and proximal alluvial fans. The continuation of extension led to the creation
of a shallow-water marine environment dominated by shoal-type deltas and to a
deeper environment dominated by turbiditic deposition. The overall deposition
was dominated by coarse-grained heterogeneous sediments originated from rock-
fall, debris flow, turbiditic flow, hybrid flows and slumps initiated on the deforming
basin margin and transported along the hanging-wall slope into the deep marine
environment.

These low order stages of basin evolution are composed of a higher order
coarsening- and fining- upward cyclicity, controlled by the activity of normal faulting.
These patterns reflect the main gravity flow transformation formed in the response
to three main faulting stages: the ones of high displacement, gradual termination
of the faulting activity and tectonic quiescence. The highest fault displacement
rates are characterized by slope failures producing large-scale intra-basinal slumps,
co-genetic debris flows and turbiditic flows that resulted in the deposition of event
beds embedded within basinal plain sediments. Moreover, the slope steepening
induces partial transformation of the debris flows and deposition of linked turbidites
and debrites at the toe of the slope. During termination of the faulting activity, the
system is dominated by concentrated land-derived hyperpicnal and debris flows,
which did not suffer significant transformations before being deposited at the base
of the slope. The tectonic quiescence is dominated by down-dip transformation of
the non-cohesive to more cohesive flows. The debris flows evolved to low-density
turbiditic flows along the slope and continued as a low density further into the
basin. In the sedimentary record, these flow transformations are represented
as coarsening- and fining- upward grading cycles that reflect prograding and
retrograding depositional trends within a submarine lobe environment during the
evolution of normal faulting.
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Chapter 5.

The research presented in this thesis aims to better understand the effects
of tectonics on sedimentation in asymmetric extensional basins and magmatism in
collisional systems. A detailed, field study has led to a new generic sedimentological
model for extensional asymmetric basins typical for the late stage evolution of an
orogen. This model is based on case studies from non-marine (Sarajevo - Zenica
Basin, Dinarides) and marine (Sorbas Basin, Betic Cordillera) depositional systems.
The proposed model suggests certain sedimentological patterns commonly found
in asymmetric extensional basins. These findings, provide better understanding
of process - response interactions between accommodation space and sediment
supply controlled by the normal faulting.

The numerical modelling results emphasize the importance of rheological
stratification of the continental crust on the variability of magmatism across the
collisional zone. This has led to a new model explaining the migration of magmatism
across the orogen by relatively strong lower crustal indentation. Numerical
simulations also showed that magmatism has a strong impact on the overall
geodynamic evolution of collisional zones, especially in localizing deformation and
changing its style. Furthermore, the gradual change of magmatic sources during
collisional stages is explained as a response to certain lithospheric-scale processes,
i.e. relamination, slab detachment and eduction which followed subduction of
oceanic and continental lithosphere along the colliding margins.

Although the numerical modelling setup represents a simplified reality, and
our models were not designed to fit a particular natural system, they do serve to
better understand the collisional dynamics of the Dinarides. Additionally, the field
results from the Sarajevo - Zenica Basin, help to better constrain crustal - scale
processes operating during the late — and post — collisional stages in the Dinarides.
Particularly, this applies to deformation styles and their migration patterns in
relation to surface processes during the Neogene.

5.1. The sedimentation in asymmetric extensional basins

A detailed, field study in the Sorbas Basin has led to a new generic
sedimentological model for extensional asymmetric basins. The reactivation of
faulting leads to slope formation and changes in behavior of subaqueous gravity
flows. The onset of faulting produces slope failures, large-scale intra-basinal slumps,
co-genetic debris flows and turbiditic flows resulting in the deposition of chaotic
units intercalated with distal facies. These units are present in various tectonic and
depositional settings (e.g., Kleverleen, 1987; Moernaut et al., 2014; Ezquerro et al.,
2015).

Steep slope gradients induce partial transformation of debris flows and
deposition of linked turbidites and debrites at the toe of the slope. These flows
are often erosional and bypass flows. The gradual termination of the fault activity
and coeval destruction of the uplifted source area influence concentrated land-
derived hyperpicnal plumes. Debris flows which did not suffer transformations
before deposition, may still be deposited directly at the base of the slope. As the
basin becomes filled during tectonic quiescence, the slope becomes shallower and
the dominant processes along the slope are transformations of the flows from non-
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cohesive to more cohesive flows.

5.2. Tectonically induced cyclicity in asymmetric extensional basins

The observations in the Sarajevo-Zenica and Sorbas basins show the
evolution of tectonically induced sedimentary cycles at different scales. In the
Sarajevo-Zenica basin, the basin - scale depositional cyclicity is controlled by the
migration of extensional deformation. The subsequent foreland-directed migration
of extension controlled the back-stepping of the normal faults and basin widening.
The gradual exhumation of the source area leads to the source-ward shift of
sedimentary environments and basin depocenter. Upon the next faulting event
within the footwall of the previous fault triggers a new tectonic cycle that drowns
the previous cycle. This results in an overall retrogradational trend in the basin
and a complex basin architecture where every low-order tectonic cycle represents
one step in the deformation migration. In contrast, a basinward migration of
deformation leads to narrowing of the basin and exhumation of sedimentary cycles
in the footwall of the active fault and their subsequent destruction by erosion, as
observed in the Corinth rift (e.g., Nixon et al., 2016).
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Figure 5.1: Idealized tectonically induced cycles in as asymmetric extensional basin.

Furthermore, lateral variability of the sedimentary patterns perpendicular
to the fault in both the Sarajevo-Zenica and Sorbas basins suggests higher order
tectonically induced sedimentary cycles that are superimposed on the lower order
cycles. Here, high — order cycles describe the balance between accommodation
space and sediment supply controlled by the activity of the individual normal
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fault (Fig. 5.1). The stages of fault activity, (onset, high displacement rate and
tectonic quiescence) control the internal architecture of the high-order tectonically
induced sedimentary cycles in the basin. In general, documented tectonic cycles
are dominated by prograding depositional trends separating two relatively short
retrograding depositional trends, which are described as a coarsening- and two
fining-upwards gradational trends, respectively. The basal fining-upward trend
reflects the faulting activity (i.e. rapid subsidence outpacing sediment supply).
The coarsening-upward succession corresponds to periods when sediment supply
outpace accommodation space and fill the basin. The upper, fining-upward trend,
suggests a gradual decrease in depositional energy due to exhaustion of the source
area during tectonic quiescence. These depositional trends are diachronous across
the basin showing a youngening trend basinwards (red arrow on the Fig. 5.1). This
diachronous prograding depositional trend reflects the lag time of 2-3 Ma between
exhumation of the source area (footwall) and re-deposition of the material further
into the basin (e.g., Stojadinovic et al., 2017).

At a higher resolution in clastics systems, at the level of one delta or
submarine fan for instance, it is often difficult to discriminate cycles driven by fault
slip events, climate driven cycles (i-e. high discharge periods) or autocyclic processes
such as avulsion. The examples from the Sorbas basin suggest that complex fault
geometries may provide a basin floor defect to focus distributary channels and
produce even higher order cycles. In the absence of complex fault system, those
cycles would be the result of the autocyclic processes or fluvial discharge.

5.3. Magmatism in subduction-collision systems: inferences from
numerical modelling

Lithospheric-scale numerical modelling results confirm that magmatism
and rheological stratification of the continental crust highly influence the broad
geometry and dynamics of collisional zones (see also Gerya and Melik, 2011; Vogt
et al., 2012; Vogt et al., 2017). Furthermore, numerical simulations show how
percolation of magmatic melts weakens the lithosphere and influences the change
of deformational style in the interior of the upper plate (i.e. local extension in the
hinterland and formation of back-arc basins coeval with regional crustal shortening
intheforeland). Therefore, these changes are not necessarily driven by the migration
of the subduction interface, such as significant slab roll-back. For example, the
subduction of relatively small oceans is associated with small amounts of retreat
which are not enough to produce extension necessary for opening of back-arc
basins (e.g., Magni et al., 2014). Therefore, in such cases the melt weakening plays
key role for enabling extensional deformation and back — arc basins initiation.

In the case of colliding rheologically stratified continents, the numerical
models suggest that foreland-directed migration of deformation and magmatism
may be driven by the indentation of the lower continental crust. In such systems,
the relatively strong lower crust of the upper plate indents the orogenic wedge and
transports material towards the hinterland. There, shortening is accommodated
within the upper continental crust favored by rheological decoupling between
relatively weak upper and relatively strong lower continental crust. In addition, the
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lower continental plate plays an important role in the overall heat budget of such
orogens by decreasing the heat flow (i.e. blocking the asthenospheric rise; e.g.,
Andri¢ et al., in prep.). In contrast, the orogens in which significant slab-retreat
drives magmatic migration show relatively high heat flows (e.g., Aegean, ~ 90
mW/m?2, Stiros, 1991; Pannonian region, Balazs et al., 2017). In such cases, the
asthenospheric flow freely modulates the thermal state of the lithosphere without
interferences from the lower crust.

A noteworthy feature of the numerical models is a gradual change in the
magmatic sources from predominately mantle to crust derived. In more detail,
the composition of the magmatic source progresses from a relatively simple mafic
composition (wet peridotite and oceanic crust) during the closure of the ocean, to a
complex composition (wet peridotite, oceanic crust, subducted mélange and lower
continental crust) during continental subduction and, finally, to a predominantly
crustal composition (upper crust) during eduction. It appears that this dynamics
is dominantly controlled by interplay of the slab-pull and positive buoyancy forces
(Andri¢ and Vogt, in prep).

5.4. Inferences for the tectonic evolution of the Dinarides

This thesis provides significant new insights for the understanding of
subduction, collision and subsequent post — collisional dynamics of the Dinarides.
The thermo - mechanical numerical modelling shows that the late Cretaceous
— Miocene magmatism in the Dinarides can be explain as a principally driven
by subduction and associated mantle flow mechanisms. Additionally, the late
Cretaceous magmatic phase seems to induce the lithospheric weakening leading to
a short, small scale — episode of extension and formation of grabens in the Timok
and Srednogorie regions. This idea is supported by the relatively low amount of
extension in the back-arc region (e.g., 100 km, Georgiev et al., 2009), compared to
the extensional back-arc regions where extension was driven by slab retreat (e.g.
amount of extension in Mediterranean back-arcs, ranges from 400 km to 700 km,
Faccenna et al., 2014).

The modelling suggests that the major orogenic phase was controlled by
continental subduction. The inferences from the Sarajevo - Zenica Basin indicates
that this stage lasted until Oligocene. The whole system was subjected to extension
after slab detachment, probably in the early Miocene. Eduction is proposed to be
the driving mechanism of extension. It triggered the reactivation of the structural
fabrics and the opening of the intramountain basins. Both, thermo-mechanical
modelling and field studies indicate migration of extensional deformation towards
the exterior of the orogen. This relatively short extensional phase (~ 17 — 14
Ma, Sant, Andri¢ et al., in prep) was followed by basin inversion. The inversion
was dominantly N — S directed. Similar to the previous extensional phase, it was
controlled by pre-existing orogenic fabric and rheological heterogeneities of the
sedimentary infill.

In addition, the modelling explains the compositional changes of the
magmatic sources during continental collision as a result of a change in melting
from a flux melting and to a lesser degree asthenospheric derived melts during
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subduction stage (late Cretaceous - Paleogene) to melting of subducted mélange
and lower continental crust (of the lower plate) source and their relamination within
the crust during Eocene — lower Miocene times. Finally, after slab detachment, the
overall extension leads to exhumation and melting of mid - crust material.

Ultimately, this thesis proposes that the migration of deformation and
magmatism in the Dinarides could be driven by the indentation of the lower
continental crust of the upper plate into the orogenic wedge, rather than the
retreat of the Dinaridic slab. As already mentioned, one of the major features of
this type of orogens appears to be relatively low surface heat flow as in the case of
the Dinarides (~ 50 mW/m?, Ravnik et al., 1995).
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