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Abstract

The Pontides orogenic belt (Ketin, 1966), is thetia# portion of an extensive belt running
from western Bulgaria (Rhodope Mountains) throughthrern Turkey to the Caucasus. Three
tectono-stratigraphically different sectors cardistinguished: the Western Pontidéstgnbul
zone), the Central Pontides and the Eastern Paenf8igkarya zone). The Central Pontides,
located between thizmir-Ankara suture to the south and the Black Sethé northis the
geographical term for the arched central part ef Bontides orogenic belt (Fig. 1.1). The
Central Pontides is one of the well preserved amnshsre the late Early Cretaceous
juxtaposition of the Western Pontiddstanbul Zone) and tHeastern Pontides (Sakarya Zone)
(Okay and Tuysuz, 1999; Tuysuz, 1999) can be obdeengtr and Yilmaz, 1981). Four
main unitsare comprised in the Central Pontides: two majototg@c units, the Devrekani
metamorphic unit (Eurasian-derived basement) aadthngaldg arc complex separated by

two oceanic basins, the Kire and the Domgz8araycikadgcomplexes.

The study area is marked by the Cangaldac complex, and numerous granitoids and
associated volcanics collectively called the Kastamgranitoid belt (KGB) (Yilmaz and
Boztuz, 1986), that pierced the imbricated Palaeotetrg@rtinental and oceanic basement
assemblage. The Kastamonu belt documents large, soalti-episodic magmatism, formed
in response to subduction of the Palaeotethys lamdubsequent late orogenic tectonics. The
occurrence of these plutons and ophiolites in teet@l Pontides has attracted geologists for
several decades, because of their importance ierstahding Palaeotethyan evolution, and
the Tethysides-Variscides connection. However, datessary to identify the type and origin
of all the intrusions are not available. On theida$ stratigraphic correlation and a few K-Ar
data earlier workers assigned Middle Jurassic ezepient time to all the plutons of the KGB.
In an attempt to elucidate the petrogenetic andmadig evolution of this belt, zircons from
Deliktas, Sivrikaya and Devrekani granitoids and their baset have been analyzed by
means of Pb-Pb evaporation and U-Pb isotope diuttombined with isotope and
geochemical data. Geochemical compositions, isotdgia and geochronological constraints
are presented and interpreted for the evolutidh@Palaeotethys in the Central Pontides.

The Late Carboniferous Sivrikaya granitoid (SG) poises biotite-hornblende granodiorite,
tonalites and minor two-mica graniteSivrikaya rocks are slightly metaluminous to
peraluminous, and transitional to S-type (ASI=@.9 1.1). The rocks are characterized by
variably low initial #’SrP°Sr ratios [Sf= 0.705 - 0.708], moderatNd, values (-1 to -3.8)
and young Nd-model agesgd= 0.75 - 1.05 Ga), suggesting variable degrees igfinm



between mantle and crustal compone@tsondrite-normalized (cn) rare earth element (REE)
patterns are characterized by fractionation betwberight (LREE, [La/Yb}= 9 - 49) and
heavy REEs (HREE, [Gd/YgF 0.79 - 2.37) and no to strong Eu depletion (Et#EL1L9 -
0.18). All these characteristics, combined with erates ®Ownoe-rock) values (10 - 11.6 %o)
point to dehydration melting of heterogeneous almglies-metagreywackes-type sources

with variable mantle contribution.

The Early Permian Delik§deucogranite (DLG) is host to muscovite-bearingnaugranites.
Deliktas rocks are strongly peraluminous S-type graniteSI(A1.1), as reflected in the
mineralogy that includes highly aluminous phaseshsas muscovite and cordierite. DLG
samples exhibit strongly fractionated REE pattgfha/Yb]..= 3.6 - 35), rather flat HREE
([Gd/Yb]c= 0.59 - 0.78) and small positive to distinct negaEu- anomalies (Eu/Eu*= 1.15
- 0.42) suggesting melting of metapelitic-type seuwith residual plagioclase and/or high
degree fractional crystallization. Rocks from tms$rusion have high &y ratios (0.7103 -
0.7123) and loweNdy values (-2.2 to -5.0), indicating an arc underly a mature
continental crust. Nearly consta&‘sl]tgo(whde_rock) values (~11.5 %o) and old Nd-model ages
(Tom= 1.2 - 2.2 Ga) of the rocks, in conjunction wiltte tgeochemical characteristics further

support material contribution from mature contiractust in their genesis.

The Middle Jurassic Devrekani pluton (DG) cons@tsnetaluminous I-type (ASI= 0.55 -
0.88) hornblende-biotite diorites and tonalitese T8amples have low rratios (0.705 -
0.706) and very low negativadNd; values (-0.8 to -2.2). These features togethdr thie low
8180(Wh0|e_rock)values (7 - 9 %o), very high Mg# values, young moldg, ages (1.04 - 1.6 Ga)
and high CaO/AlO;ratios suggests dehydration melting of mafic loamistal rocks, and/or
derivation from amphibolite-type source with sigraint upper mantle-derived material input.
DG rocks are further characterized by moderatedgtionated REE patterns ([La/¥bt 2 -
11), flat HREE patterns (Gd/Y&¥ 1.35 - 1.68)indicating garnet and zircon accumulation.
The high Sr/Y ratios (10-37), no to distinct pogtiEu-anomalies (Eu/Eu*= 0.72 - 0.95), and
Sr-spikes, indicate plagioclase accumulation. Thgeechemical characteristics indicate
magmas derivation from an enriched mantle and/dasoenatized mantle sources with minor
crustal contamination. It is suggested that, afierCimmeridgian continent collided with the
south Eurasian margin subsequent slab break-offflgnth subduction polarity, resulted in
asthenospheric upwelling and the production of ribar primary melts of the Devrekani
pluton. The melts en route to higher levels intevdor not with mantle- and crustal-derived

magmas. It can be concluded that the Middle Mesoa@gmatism was initiated by the brief



southward subduction of the Kire marginal basim.(éJstadbmer and Robertson, 1997)

beneath the newly formed Late Carboniferous orqgem Okay et al. 2006).

The mineralogy and geochemistry of the rocks miistirom those closer to the Black sea
coast, and their location in the far south of thére& ophiolite, the similar WSW-ENE

orientation of the Devrekani pluton and the majorust system that resulted from the
gravitational collapse, indicate a juvenile stageaosubduction system (Nzegge et al. in
review). Because the intrusion is late syn-tectomith respect to the shear fabric it is
reasonable to assume that its generation in sonyeisveelated to the extension-collapse
events. According to Dewey (1988) large volumemahtle partial melts are injected into the
lower crust during gravitational collapse of moumtzhains by detachment faulting. |

speculate that during this collapse event the gepthcrossed the garnet-lherzolite solidus
and mafic melts were produced. The melt had lititeraction with the felsic upper crust,

accumulated plagioclase, and intruded in the sheaes, giving rise to the Devrekani I-type

pluton.

Geochronologic analyses yielded ages ranging fre6:270 Ma for DLG, and 303-300 Ma
for SG and in the south of the belt DG 190-165 Kiacon xenocryst ages as old as ~2.7 Ga
provide evidence for Proterozoic protolith, and hfights the association of the Central
Ponitdes with Laurasia and Gondwana. The 360-340A32 episodes of Pb loss in zircons
are indicative of Variscan metamorphism. These gewchemical and age data from the
Sivrikaya, Delikta and Devrekani granitoids indicate the evolution thé Kastamonu
magmatism from tholeiitic to calc-alkaline to thittie compositions with time. Furthermore,
the presence of Late Palaeozoic pre- to post-awilid, transitional to peraluminous granites
and Middle Mesozoic juvenile arc (post-collisioinabcks challenges previous evolution

models for the Kastamonu granitoid belt and thet@éfontides.

The data presented herein underlines the complesmtittectonic history of the Central
Pontides, and the magmatism associated witbrg-lasting” northward and &short-lived”
southward subduction of the Palaeotethys respégtiuering the Palaeozoic and Mesozoic
times (proposed model)and the subsequent crustal growth processess{onlaccretion of

Gondwanan-derived continental fragments with Laajas

The Precambrian-Palaeozoic Eurasian-derived baddieurekani metamorphic unit) of the

Central Pontides is exposed between the Kire amdjal@dgs complexesEvidence of the
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Precambrian basement in the Central Pontides cdroes a Biyikcay sample (BU-20,
ortho-amphigneiss, ~502 Ma), from inherited zircgblsPb upper intercept ages) and Nd
isotope dataProbably the BU-20 zircons crystallized in the L&&mbrian-Early Ordovician
magmatic event as part of the wide-spread subductimted magmatism in the Gondwana-

derived terranes (e.g. Linnemann et al. 2000 aaddferences therein).

Key words: Central PontideJurkey; Variscan plutonism; Palaeotethyan convergen
system; Palaeozoic oceanic crust; long-lastingdeal@ic subduction; Late Palaeozoic pre-
collisional magmatic arc (Cangalglaomplex); Palaeotethyan collision-accretion; esiemal
collapse of orogen; Late Palaeozoic rift; Eurasiantinental fragment; slab roll-back; Kire
back arc (marginal) basin (IAT-MORB-type); shosdd subduction flip; Mesozoic post-
collisional magmatic arc; VAG, volcanic-arc gramits; Kastamonu granitoid belt; Sivrikaya,
Deliktas and Devrekani granitoids; basement complex; whoté- Sr-Nd-O isotopes;
geochemistry; major and trace elements; petrogengsPb and Pb-Pb zircon dating; Rb-Sr

ages; suggested geodynamic model for magmas genesis

Kurzfassung

Die Pontiden (Ketin, 1966), sind der zentrale Bailles ausgedehnten Gebirgsgirtels der sich
von West-Bulgarien (Rhodope Berge) Uber die Nordk&iibis in den Kaukasus erstreckt.
Sie lassen sich in drei tektono-stratigrafischechingtte gliedern: die West-Pontideistanbul
Zone), die Zentral-Pontiden und die Ost-Pontideaké®ya Zone). Die Zentral-Pontiden,
zwischen deidzmir-Ankara-Sutur im Siiden und dem Schwarzen MeeNobrden gelegen,
sind geographisch gesehen der gebogene, zentrdlelebePontidengurtels (Fig. 1.1). Die
Zentral-Pontiden sind eines der am besten erhate@ebiete wo die frihkretazische
Nebeneinanderstellung der West- und Ost-Pontidéayf@nd Tuysiz, 1999; Tuyslz, 1999)
beobachtet werden kan§ehgor and Yilmaz, 1981). Die Zentral-Pontiden uisgasvier
Hauptabschnitte: Zwei tektonische GrolReinheiter, mietamorphe Eurasische Devrekani-
und die CangaldaEinheit, die durch zwei ozeanische Becken, deneKiund den
Domuzdg-SaraycikadgKomplex getrennt sind. Der metamorphe prakambyisch
paldozoische Devrekani Abschnitt ist ein Storunpsgdenes tektonisches Fenster, das
zwischen der Kire- und der Cangadanheit liegt, und die zusammen das Grundgebirge

der zentralen Pontiden bilden.

Im Untersuchungsgebiet liegen der Cangalbiiselbogen-Komplex und zahlreiche

Granitoide und mit ihnen verbunden Vulkanite, die lkastamonu-Granitoid-Gurtel (KGB)
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bezeichnet werden. Die Magmen durchdrangen die asettpchaftung der paléotethischen
Kontinental- und Ozeanboden-Einheiten. Der KGB do&atiert grofZmalfistéblichen,
vielphasigen Magmatismus, der im Zusammenhang aritSdibduktion der Paldotethys und
spatorogener Kollisions-Tektonik der Pontiden gdilwurde. Fir das Verstandnis des
Tethys-Varisziden-Ubergangs hat das Auftreten digSeanitoide und Opbhiolite in den
zentralen Pontiden grof3e Bedeutung. Wie auch imDaten tdber Typ und Ursprung der
Intrusionskorper sind nicht vorhanden. Auf Grunélagfratigrafischer Korrelationen und
wenigen K-Ar-Daten haben frihere Geologen mittasische Alter fir die gesamten
Kastamonu-Plutone angenommen. Um (ber Petrogenade Magmenentwicklung die
Bildung des Gebirgsgurtels zu klaren, wurden Zikamon den Deliktg, Sivrikaya- and
Devrekani-Granitoiden mit der  Pb-Pb-Evaporationstoeé¢ und der U-Pb-

Isotopenverdiinnungsmethode untersucht und mit geoiskcshen Daten kombiniert.

Die spatkarbonische Sivrikaya Granitoide (SG) besaeis Biotit-Hornblende-Granodioriten,
Tonaliten und wenigen Zweiglimmer-Graniten. Sivgiia Gesteine sind schwach
metalumindse bis peralumindse, und in Richtung B-@ytwickelt (ASI = 0.9 to > 1.1). Die
Gesteine zeichnen sich durch niedrige initiale 8riltnisse [S+ 0.705 - 0.708], moderate
initiale eNdy-Werte (-1 to -3.8) und junge Nd-Modellalterpfg= 0.75 - 1.05 Ga) aus, die auf
unterschiedliche Mischungsverhéltnisse zwischen tManund Krustenkomponenten
hinweisen. Chondritnormierte (cn) Seltene Erden¥eletmuster zeigen Fraktionierung
zwischen leichten ( [La/YB}= 9 - 49) und schweren Seltenen Erden ([Gd{i¥b).79 - 2.37),
sowie keine zu starke Eu-Abreicherung (Eu/Eu* =910118) an. Diese Charakteristika
kombiniert mit moderate&*®0-Werte (10 - 11.6 %o) weisen auf Dehydrationsscizerelon
heterogenen Amphibolit-Metagrauwacken-Typen mitalder Mantelmaterialbeteiligung hin
(Nzegge et al. 2006).

Der frihpermische Deliktaleukogranit (DLG) enthalt muskovitfihrende Monzagjte.
Deliktas Gesteine sind stark peralumindse S-Typ Granitd gASL), was die Mineralogie mit
hochaluminésen Phasen wie Muskovit und CordierigtzeDLG Proben zeigen stark
fraktionierte Seltene Erden- ([La/YdF 3.6 - 35), eher flache schwere Seltene Erden-
Elementmuster ([Gd/YR}= 0.59 - 0.78) und kleine, positive bis deutlichgaiéve Eu-
Anomalien (Eu/Eu*= 1.15 - 0.42), die auf Schmelzen metapeltischen Gesteinen mit Rest-
plagioklas und/oder hochgradige Kristallisationkfi@nierung hinweisen. Gesteine dieser
Intrusion haben hohe &Verhaltnisse (0.7103 - 0.7123) und niedridl-Werte (-2.2 bis -
5.0), die einen Inselbogen mit unterlagernder, akiiter kontinentalen Kruste nahelegen.
Nahezu konstant&'®0-Werte (~11.5 %o) und alte Nd-Modelalterpff= 1.2 - 2.2 Ga) der
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Gesteine, in Verbindung mit geochemischen Charskilea unterstitzen weiter die

Beteiligung von entwickelter kontinentaler Krusteihrer Genese.

Der mitteljurassische Devrekani pluton (DG) bestaniptsachlich aus metalumindsen I-Typ
(ASI = 0.55 - 0.88) Hornblende-Biotit Dioriten undenigen Tonaliten. Die Proben haben
niedrige Sg-Verhaltnisse (0.705 - 0.706), sehr niedrige negatNd-Werte (-0.8 bis -2.2).
Diese Merkmale zusammen mit den niedrigefO-Werten (7 - 9 %), sehr hohen Mg#
Werten, jungen Nd-Modellaltern §f; = 1.04 - 1.6 Ga) und hohen CaOJ/B4-Verhaltnissen
legen Dehydrationsschmelzen von mafischen UnteidnuGesteinen und/oder die
Abstammung von amphibolithischen Quellen mit eir@gnifikantem Beitrag von Material
aus dem oberen Mantel nahe. DG Gesteine sind Wweitdurch moderat fraktionierte leichte
Seltene Erden- ([La/YBJ= 2 - 11), flache schwere Seltene Erden-Elemenen(sd/Ybl=
1.35 - 1.68), welche Granat- und Zirkon-Anreichgramzeigen, charakterisiert. Die hohen
Sr/Y-Verhaltnisse (10 - 37), keine bis deutlichipee Eu-Anomalien (Eu/Eu* = 0.72 - 0.95),
und Sr-spikes, zeigen Plagioklas-Anreicherung aas®chemischen Charakteristika zeigen
Magmenabstammung von einer angereicherten undfodesomatischen Mantelquelle mit
geringer krustaler Kontamination an. Es liegt natlass nachdem der kimmeridgische
Kontinent mit dem Sudrand Eurasiens kollidiertgtteh-Abbruch und Subduktion eintraten,
was in einer Asthenosparenaufwélbung und der Prtamlukon nahezu priméaren Schmelzen
des Devrekani-Plutons fiihrte. Die aufsteigendenntetten interagierten mit vom Mantel
und der Kruste abstammenden Magmen. Es kann gefolgerden, dass der
mittelmesozoische Magmatismus durch die kurze sitdwgerichtete Subduktion des Kire-
Randbeckens (Ustabmer and Robertson, 1997) unternda gebildete spatkarbonische
Orogen (Okay et al. 2006) ausgeltst wurde. Die WEME-Orientierung des Devrekani-
Plutons und der Scherzone, die mit dem gravitatkellaps verbunden sind, die Mineralogie
und Chemie der Gesteine Verschieden von der, diernédn der Schwarzmeerkuste liegen,
und der DG Lage weit im Siuden des Kure-Ophiolithigiizein Subduktionssystem in jungem
Stadium (Nzegge et al. in review). Da die Intrusbmzogen auf die Schergeflige spat syn-
tektonisch ist, kann angenommen werden, dass iiidurig) mit dem Dehnungs-Kollaps-
Ereignis zusammenhangt. Nach Dewey (1988) spritzeryrsachtdurch Trennungsbruch
wahrend Gravitations-Kollaps eines Gebirges groBeiMina von Mantelpartiellschmelzen
in die untere Kruste. Es ist vorgeschlagen, dadwemd dieser Einstlirzung die Geotherme
den Granat-Lherzolith-Solidus Uberschritten hat umafischen Schmelzen erzeugt wurden.
Die Schmelze wurde kaum von der felsischen Obet&roseinflusst, reicherte Plagioklas an,

und drang in die Scherzonen ein, den Devrekanilaratadse I-Typ Pluton bildend.
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Geochronologische Analysen lieferten Alter, die feliktas zwischen 295-270 Ma, fur
Sivrikaya zwischen 303-300 Ma und fur den Devrekaranitoid im Suden des Girtels bei
190-165 Ma liegen. Zirkonxenokristall-Alter von ¥2,Ga liefern den Nachweis flr
proterozoischen Protolith, und unterstreichen derbihdung der zentralen Pontiden mit
Laurasia und Gondwana. Die 360-340-320 Ma PhasanBleiverlust in Zirkonen sind fur
variskischen Metamorphismus bezeichnend. Diese megeochemischen Daten, und
Altersdaten der Sivrikaya-, Deliktas- und Devrekdaranitoide zeigen die Entwicklung des
Kastanmonu Magmatismus mit tholeiitischer bis kallkaliner zu tholeiitischer
Zusammensetzung in Abhéangigkeit der Zeit an. Weiterstellt das Vorkommen von
spatpaldozoischen pra- bis postkollisionalen Geanit/bergangsgraniten und peralumindsen
Graniten, sowie mittelmesozoische junge Inselbdgsherige Enwicklungsmodelle fur den
Kastamonu-Granitgurtel und die zentralen Pontidelrage.

Die hier prasentierten Daten unterstreichen dieere thermo-tektonische Geschichte der
Zentralen Pontiden, den damit verbundenen Magmatsmit einer “long-lasting”
nordwartigen und einefshort-lived”  stdwartigen Subduktionsphase der Paldotethys
(beziehungsweise wahrend des Palaozoikums und Migsiozs??) Yorgeschlagenes Modgll
und der folgende Krustenwachstumsprozess (Koll&kkretion von Gondwana Kontinent
Fragmenten mit Laurasia).

Das prakambrisch-paldozoisch von Eurasien stammBadement (Devrekani Metamorphe
Einheit) der Zentralen Pontiden liegt zwischen d#@ime und CangaldaKomplexen. Der
Nachweis des prakambrischen Basements in den ZamtRontiden kommt von einer
Blyukcay-Probe (BU-20, Ortho-Amphigneis, ~502 Maqn ererbten Zirkone und Nd
Isotopen Daten. Wahrscheinlich kristallierten Blg-20 Zirkone in einem spatkambrischen-
frihordovizischen = magmatischen  Ereignis als  Teil s deweit verbreiteten
subduktionsgebundenen Magmatismus Ndrdliche vord®@ana (e.g. Linnemann et al. 2000).
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1. INTRODUCTION

The Pontides (Ketin, 1966) is a prominent segmérh® Tethyside superorogenic system,
and bear the records of Variscide, Cimmeridge atmdA orogenic events (e.§engor,
1987). This belt is an amalgamated tectonic etitigy differs in their metamorphic, magmatic
and tectono-stratigraphic character (Robertson2irndn, 1984;Sengdor et al. 1984). Of all
the Turkish blocks, the Pontides alone preserveaalyrcomplete record of the evolution of
the Tethysides (Yilmaz et al. 1997). The Pontidel $hows a complex history beginning
with the separation of micro-continents from Gondwain the Early Palaeozoic and
cumulating in collision of these fragments andndlaarc segments with Variscan Laurasia
(Okay et al. 1996; Robertson and Dixon, 198dngor et al. 1993; Stampfli 2000, Stampfli et
al. 2002; Chen et al. 2002b; von Raumer et al. O00% continental fragment in the Central
Pontides have Proterozoic-Palaeozoic basementexgekani metasedimentary group, e.g.
Taysiuz, 1990; Yilmaz, 1980), overlain by the fagmibus Ordovician-Devonian Samatlar
metacarbonate group (Boztul992a). During the Palaeozoic-Mesozoic, this imese and
the overlying units were soaked with mafic to felsiagmas (e.g. Peccerillo and Taylor, 1976;
Ustabmer and Robertson, 1993), grouped togethénerKastamonu granitoid belt (KGB)
(e.g. Yilmaz and Boz{11986).

The Central Pontides includes two Pontides Tesafihe Western Pontidestanbul Zone,
Tlysuz, 1990) and the Eastern Pontides (Sakaryae)Zaixtaposed during the Early
Cretaceous opening of the Black Sea basin (e.g.sliA)y1999), structurally mixing
Cimmeridgian and Eurasian continental fragmeSen@or et al. 1988), and Palaeotethyan
oceanic assemblages (Yiimaz et al. 1997). Ts@nbul zone (Western Pontides) is
characterized by an Ordovician-Carboniferous sediarg succession of passive margin type
overlain by Triassic to younger rocks (e.g. Gorilale 1997). In contrast, the Sakarya Zone
(Eastern Pontides) is made up of Permo-Triassidwstlbn-accretion complexes overlain by
Triassic and younger sediments (Okay and Tuys(29;10@kay and Goncigu, 2004).

The Eurasian-derived basement of the CentraliéRes{Devrekani metamorphic unit), is a
fault-bound tectonic window, exposed between thiad®aoic-Early Jurassic Kire Complex
to the north (e.g. Yilmaz et al. 1981; Yilmaz anilyguz, 1991; Ustabmer and Robertson,
1994, 1995, 1997) and the Late Palaeozoic-EarlgssicCangaldg Complex to the south
(e.g. Aydin et al. 1995; Okay et al. 1994, 1996tddmer and Robertson, 1991, 1993, 1994,
1997) (Figs. 1.2). This highly sheared and isotlyni@lded basement unit is interpreted as a
fragment rifted off the south Eurasian continentargin, to form a continental sliver within
the Palaeotethys (e.g. Ustabmer and Robertson, 199Q, 1994, 1997).
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Fig. 1.1 Tectonic map of Aegean and Black Sea region shgwie location of main Tethyan
sutures and major continental blocks andystuea (modified from Okay and Tuysiz, 1999)

Based on metamorphic-grade, source material andressage, the basement of the Central
Pontidesis sub-divided into two groups (Yilmaz and Ba@ztd995): (1) The Precambrian
Devrekani metasedimentary group (DM), made up sfdotd felsic high-grade amphibolite-
to granulite-facies (Ustabmer and Robertson, 19997) metasedimentary rocks (Boztet

al. 1984, 1995) of south Eurasian continental ar{gtobertson and Dixon, 1984; Bogtet al
1984; Ustadmer and Robertson, 1997). The Devrekaetasedimentary group (DM)
comprises gneisses, amphibolites and high-gradacasdtonates at the base (Yilmaz, 1981),
(2) transgressively overlain by the Lower-Middldd@mzoic Samatlar group (epicontinental

cover), composed of low-grade metacarbonates.

17



BLACK

inebolu Bozkurt

Abana

“aKire
[~ 7
[~

|
Kastamonu

0 20k

Devrekani Metamorphic Unit
(Precambrian-Palaeozoic)

Kire Complex
v~ -] (Late Palaeozoic-Early Jurassic)

Fw ey Cangaldg Complex
(Late Palaeozoic-Early Triassic)

(Late Palaeozoic-Early Triassic)

+ + 4 Kastamonu granitoid belt
(Late Palaeozoic- Mesozoic)
Elekdg ophiolite

(Late Palaeozoic)

Karg:t Complex
(Late Palaeozoic-Early-Triassic)

Domuzdg -Sarayc kga Complex|:~

Cover Unit

(Late-Jurassic-Cretaceous)

Kastamonu-Boyabat Basi
(Late Cretaceous- Tertiary)

E Karadag Unit

(Late Cretaceous-Tertiary)
~7] Kizilrmak Ophiolite
(Late Cretaceous)

- Kirazbas Melange
(Late Cretaceous)
Kosdaz Unit

(Late Cretaceous)

wrmamr Osmane k Unit
&‘é’ffﬁij (Eocene)

/{ Major thrusts

Wy

-

Fig. 1.2Simplified geological map of the Central Pontideswing the
main tectonic units anddstarea after Ustabmer and Robertson, (1997).

This Eurasian-derived basement is lithologicallyd astratigraphically similar to the

Precambrian continental basement units of the Rbi®dwontides belt and the Caucasus
(Ustadbmer and Robertson, 1991, 1997). Based otigs#ghic correlation with the Cambrian-
Silurian sequence of the Palaeozoic of Istanbulez¢@kay and Tulyslz, 1999), both
Precambrian (Yilmaz, 1980) and Palaeozoic agess{izjy1990) have been suggested for the

Devrekani metamorphic Unit. This imbricated PreceerbPalaeozoic (e.g. Yilmaz, 1980;

Tlysiuz, 1990; data herein) Eurasian-derived contaldbasement assemblage (e.g Aydin et
al. 1995; Ustabmemnd Robertson, 1993; 1994; 1997), and the TriassicyEddrassic

country-rocks (i.e. Akgol formation) are pierced thy Late Palaeozoic to Middle Mesozoic

Kastamonu intrusions (Nzegge et al. 2006, in reyiéwiow-grade contact aureole developed
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within the country-rocks (e.g. Yilmaz et al., 199897), but contact with the basement is
mylonitized/sheared. The Devrekani metamorphic (IDM) crops out between the Delikta
and Sivrikaya granites, in the Osek area and Bg¢gyikiver valley, and in the south Musa-

Osman river valley, NE of the Devrekani town (Fig2, 2.1, 3.1).

1.1. Tectonic framework of Turkey

The Pontide orogenic belt (Ketin 1966), of NW Twke the central portion of an extensive
belt (Tethysides) running from the Balkans (Rhod8pebo-Macedonian Massif) through
north Turkey to the Caucasus (e.g. Boccaletti.et@f4; Burchfield 1980; Yilmaz et al. 1997,
Stampfli 2000; Stampfli et al. 2001). It shows angbex history beginning with separation of
micro-continents from Gondwana in the Early Palagmand cumulating in collision of these
fragments and island arc segments with Variscamadtair(e.g. Okay et al. 1996; Okay and
Tlysuz, 1999; Robertson and Dixon 198éngor et al. 1993; Stampfli, 2000; Stampfli et al.
2002; Chen et al. 2002b; von Raumer et al. 2008). (E1). The northern boundary of the
Pontides is hidden under the waters of the blaek Se

The southern boundary is the Erzincan-Ankarareututhe east, which splays into the Intra-
Pontides suture and themir-Ankara suture in the west. The Intra-Pontides thelzmir-
Ankara Oceans separated Turkey into three conahéidcks through most of the Mesozoic
(Okay and Tuysuz, 1999; Okay et al. 1996, 20016286ngor and Yilmaz, 1981) (Fig. 1.1).
The Intra-Pontide suture separates ist@nbul and Strandja Zones from the Sakarya Zone
(Sakarya continentSengor and Yilmaz, 1981). The Sakarya Zone had aporitant
Carboniferous (Variscan) and Triassic (Cimmeridegenic history. The Istanbul-Strandja
Zone was a peri-Gondwana terrane until Earliestriaih (e.g. Stampfli, 2000), but during the
Late Mesozoic was an appendage of Laurasia (e.gy @kal. 1996, 2001, 2006; Chen et al.
2002b; Evans et al. 1991; Kalvoda, 2003; KalvodaleR003). The Strandja Zone is part of
the Balkan block and crops out both in Turkey antyBria.

The istanbul Zone, the Moesian and Scythian Platformsdd the Late Proterozoic-Early
Palaeozoic Moesian-Istanbul-Scythian Terrane (Oidagl. 1996, 2006; Okay and Tuysuz,
1999) (Fig. 1.1). The closure of the Intra-Pontideean and the Cretaceous-Palaeocene
collision of theistanbul Zone with the Sakarya continent led toRhesent-day plate tectonic
assembly in NW Turkey (Okay et al. 1994, 1996, 200@itbas et al. 1999).
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1.2. Previous works

Northwestern Turkey comprises several Palaeoaontt Mesozoic continental and oceanic
fragments assembled during the Variscan and Cingigian orogenic events (e.g. Okay et al.
1996, 2006; Yiitbas et al. 1999). The strong effects of the Alpinegaoy have wiped out
some of the characteristic features of the oldents; and the lack of detailed geochronologic
data base render the presentation of a convincimdehfor the Palaeo-Tethyan evolution in
the NW Turkey very difficult. Most studies (e.g. &ip et al. 1986; Bozftiet al. 1984, 1995;
Okay et al. 1996, 2002, 2006, 2007; Pickett anddrRebn, 1996; Robertson and Dixon, 1984;
Sengor, 1984;Seng6r et al. 1980, 1984; Stampfli, 2000; Tuysuz90i9Ustadmer and
Robertson, 1993, 1994, 1997; Yilmaz, 1980; Yilimad $engor, 1985; Yilmaz and BoZu
1986; Yilmaz et al. 1997; Robertson et al. 200dinfithe Central Pontides play an important
role in models regarding the evolution of the Palathys.

The Palaeotethys was initially believed to havenbleeated to the north of thistanbul
Zone (Okay, 1989; Okay et al. 19%engor et al. 1980, 1984). However, recent evidence
demonstrating the continuity of thistanbul Zone (Western Pontides) and Laurasia thsil
Late Cretaceous opening of the Black Sea showdhhatould not be the case (e.g. Okay et
al. 1994). On the other hand, Robertson and DiX®&384) and Okay (1989) have placed the
Palaeotethys between thstanbul and Sakarya zones (e.g. The Carboniferdassic Intra-
Pontides Ocean, UstaOmer and Robertson, 1997) avel left the Sakarya Zone (Eastern
Pontides) as part of the Gondwana margin, in cangirwith the Anatolide-Tauride block.
According to Okay et al(1994, 1996) the Palaeotethys has been locatdtketsouth of the
Sakarya Zone, leaving the Palaeozoic basementeoS#karya Zone in possible continuity
with the Moesia-Istanbul-Strandja zones, all préagra post-Variscan continental area along
the southern margin of Laurasia. The northwestwargplacement of the Late Palaeozoic
carbonate thrust sheets and the inferred Lowers3igaback-arc-related rifting in the
Anatolide-Tauride block indicate a southeastwampitig subduction (Okay et .al996,
2006). The formation of the Karakaya (AlkOy) subilug-accretionary complex which
reflects the final Palaeotethys ocean closure vaased by the Latest Triassic collision and
thrusting of the oceanic arc and the associatedethmoary complexes with the Laurasian
passive continental margin (e.g. Okay et al. 199siuz et al. 1993). These processes ended
the Palaeotethyan episode in the Pontides as aewtal later (Dogger) in the Central
Pontides (Tuysuz, 1990).
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There are still contrasting views on the locatiage span, even the number and the name of
the Tethyan oceans that existed after the Precamlje.g.Sengér and Yilmaz, 1981,
Robertson and Dixon, 1988engor et al. 1984; Decourt et 4986; Robertson et al. 1996;
Ricou, 1994; Stampfli et al. 2001, 2002). Howewexisting models for the Palaeotethys
evolution consider the continental units of the tRl@s as remnants of the continental margins
bordering the Palaeotethys. The numerous geologlatd obtained until now from the
Central Pontides have been used to interpret twmtr@eersial hypothesis by different authors

grouped together in two tectonic models:

» TheSengor (1984) southwardsubductiormodel (Fig. 1.3).The Palaeotethyan ocean
was located to the north of the Cimmeridgian caritn part of which form the Pontides
basement. During the closure of the Palaeotethys;Amdean-type” magmatic belt was
developed on the Cimmeridgian continent due to $womithward subduction of the
Palaeotethyan ocean floor. During this period,Nleetethys began to open as back-arc basins
behind the Cimmeridgian continent.

The Dogger collision between the the Scythiaatfptm of Laurasia and Cimmeridgian
continent (Gondwana fragment) that took place ie tiorth, eliminated most of the
Palaeotethys ocean floor, while the Neotethys gmewhe south. The Late Cretaceous
witnessed the gradual elimination of the Neotetihys to its northward subduction under the
Pontides, thus creating a new active continentagmaarc. Collision between the Pontides

arc and the Tauride-Anatolide Platform resultethmfinal closure of the Neotethys.

21



F{ A PERMIAN ( EARLY TRIASSIC
R AE
v PR ‘Q\‘lf/ \J\A\

The Pontides except Istanbul-Zonguldak region waasqd the northern The Triassic rupture of the Gondwanan platform pealiextensional basins

margin of Gondwana Land, facing the Palaeotethydevthe Istanbul- in two different areas. Cimmeriaontinent rifted away from Gondwanaland
Zonguldak Zone, represents a southward-facing yessontinental during the Ladinian, while the Karakaya rifting began during theela
margin of Laurasia. The northery situated Palabgte subducted Permian-TriassicThe Early Triassic saw the establishmeha south-facing
southwards beneath the northem Gondwana acttivgimaesulting “Atlantic-type” continental margin and the opening ofthe “Neotéttrse

in calc-alkaline bimodal plutonisnt ¢ ). Izmir-Ankara ocean).

LIAS to EARLY
)j% (Op{smceous _RUR Agy, SAMPANAN

- 2
vty -
MOESIA 5’_/ : w\?‘f;:ﬂw B
ALE OT g s

) ) Y
% € BLacK sen ’N
}D’%ﬁ/ /

i

INE

;
]
Ic

The Cimmerian continent and the Eastem-Centrati®es andthe Sakarya Upper Cretaceous-Eurasian continental fragmenis Déavrekaniand the
continent separated from the Tauride-Anatolifiee Kire ophiolite and the istanbul-Zongulda Zone) were thrusted from the rexthhwards ontthe
Domuzdg subduction mélange wefirmed and collectively emplaced onigmalgamated ophiolite association.

the continental margin units (the Akta Gumigolu u Bedirli formations).

MAASTRICHTIAN to LATE to EARLY
Jj"izl (EARLY EOCENE (pﬁi EOCENE
s ﬁ’
N : _
R e
' CK SE4 O
y /\

F

Upper Cretaceous- Early Eocene. The oceanic asagessiandwiched A “Tibetian type” bimodal calc-alkaline magmatidregan on the collided
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closure of the Palaeotethys, that resulted inddiision of the Scythian plutonic complex into the Kiire Complex) asubareal  felgdicanism.
Platform and the Cimmerian continent.

Fig. 1.3Sengdr (1984) southwardsubductiormodel (Yilmaz et al.,1997). Palaeotectonic maps
depicting the tectonic evolution of the Rdes$ from the Permian to the Eocene, Arc plutonics;
vv, arc volcanics. Heavy black lines, subduction sptiees with half arrows, transform faults.
Thin lines, Atlantic-type continental margiddSZ Arac-Daday shear zonBP, Bigam Peninsula;
GG, Gumigzhane graniteKaG, Kazd& granite;KA, Kargi areaKG, Kirklareli granite;S Sinop;
SG St graniteTP, Tharce Peninsulaf; istanbul;Z, Zonguldak.
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» The Robertson and Dixon(1984)(Fig. 1.4)northward subductiormodel proffers
the northward underthrusting of a southerly sitde®alaeotethys oceanic basin (represented
by the Domuzdg Saraycikdg complex, Figs. 1.2, 1.4d) beneath the the Portseiment that

formed the southern tip of Eurasian continent,ryithe Late Palaeozoic-Mid-Jurassic.

Late Palaeozoic-Middle Jurassic northward subdnabfahe southery located Tethys  Continued northward subduction of the Palaeotelieyeath th€ angalgi€omplex
beneath the South Eurasian active margin. and the rifted Eurasian continental fragment aftiehgi of Gondwanarfragment (karg!
Complex = Carbonate Platform and passive marginesszps).

Arc Inective
N pro-arc spreading $
Genesis of boninftic
crust

Bayam
Melange

b RoH-back

Northward subduction of the Palaeotethys contirwiédl pre-arc s preading amgnesis L - . .
of oceanic crust. ¥ P o 9 am Lower Triassic collision of the Karg Complex an8@mount with the souBturasian

active margini( stanbul-Devrekani Units), with fetmorth thecollapse of the Kiire
marginalbasin, which clesed by southward underthrusting.

c

Development of a Pacific-type active continentatgirand oceanic aftheC angal da Late Jurassic-Early Createceous; collapse of éwently formed orogen, and carbonate

Complex) above the subduction zone. platform sedimentation. Renewed northward subdnc@ssection of the Carbonate
platform into half-grabens, precursor of the Wes®ack sea marginal basin opening.
The also extensions activated the exhumation oh-igde metamorphic rocks.

Late Palaeozoic- Earliest Triassic rifting of a tiwental fragmen(istanbul & Devrekani  Late Cretaceous-Early Tertiary, sea-floor spreadirhe westem Black Sea basin and
Uniits) related to transform fault to form back-besin systems. rapid subsidence of the southern margin, and nartwobduction of ophiolites and
ophilitic mélanges. The Early Tertiary suturing tbe Pontides to the Anatholides to
the south, resulting in south-vergent reimbriccatial the Palaeotethyan basemen
especially in the southerly areas and north-vergentpression near the Black Sea coast.

Fig. 1.4TheRobertson and Dixon (1984) northwardsubductiormodel (from Ustadmeand
Robertson, 1997). Pre-Jurassic tectonic enwludf the northern Tethyan margin in the Central
Pontides. MORB=mid-ocean rich basalt.
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A “Pacific-type” oceanic arc (the Cangafdarc complex) developed above the subduction
zone, followed by the rifting of a continental fragnt {stanbul and Devrekani units), related
to transform and/or active margin processes, tonfeonarginal basin system (the Kire
complex and equivalents) in the Latest Palaeozaitidst Triassic timesA carbonate
platform and passive margin sequence (the Kargig®mFig. 1.4d), of Gondwana-origin,
drifted northwards, collided with the trench, sulesl and was then overridden by the
accretionary complex, partially closing the Paladots. This collision triggered the
southward undertrusting of the Kire marginal baginthe JurassicThe Upper Jurassic
closure of the Kire marginal basin led to accretbrthe entire tectonic assemblage to the
southern margin of Eurasia during the “Cimmeridgiangeny”. The Late Palaeozoic-Middle
Mesozoic granitoids of the Central Pontides cowdthte to the northward Palaeotethyan
subduction (Nzegge et al. 2006, in review) anddahe southward underthrusting of the Kire
basin (e.g. Ustabmer and Robertson, 1997; Nzeggk ietreview).During the Late Jurassic-
Early Creteceous, the recently formed Late Carleooifs orogen subsided, possibly triggered
by renewed northward subduction of Tethys.

In this model, the “Palaeotethys” is considersassentially a Palaeozoic ocean that finally
closed during the Early Tertiary time and the “Ngtbys” is the collective nhame for oceanic

basins that rifted in the Early Mesozoic.

1.3. Regional geologic setting

The Central Pontides (Fig. 1.1) is the Early Cretass juxtaposition of the Western Pontides
(Istanbul Zone) and the Eastern Pontides (Sakarya)Z@sstadmer and Robertson 1991;
Okay and Tuystz 1999; Tuysuz 19%&ngor and Yilmaz, 1981). Four major tectonic units
are identified in the Central Pontides (Fig. 1(2): the continental basement unit comprised
of Precambrian-Palaeozoic Devrekani metamorphitianthe Devrekani-Kastamonu region
(Yilmaz 1980; Tuystz 1990; data herein); the Doayty gneiss in the Karadere-Arag,
Kastamonu region (Bozgu 1992a, Bozty and Yimaz 1995) and the Ddénmeyol
metamorphics in the Kire-Kastamonu region (Bgztl092b). This unit is inferred to have
rifted from the south Eurasian active margin, thgr@roducing the Kire marginal basin
(Ustadbmer and Robertson, 1997) in the Late Perfitabertson and Dixon 1984; Aydin et al.
1986, 1995; Ustadmer and Robertson 1993, 1992). A Late Palaeozoic-Mesozoic
subduction-accretion Kiire complex in the northatesdl to the southward-directed subduction
and closure of Palaeotethyan Kire marginal basig. (AT-MORB type, Robertson and
Dixon, 1984; UstaOmer and Robertson, 1993, 1998§)Tke Cangaldacomplex, interpreted
as a Late Palaeozoic-Early Triassic south-facirgpoic-arc-trench complex (e.g. Ustabmer,
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1993; Ustadmer and Robertson, 1997). (4) To thethsesl the Palaeozoic-Mesozoic

Domuzdg-Saraycikdg subduction-accretion complex of northward polaféyg. Tuystiz and

Yigitbas, 1994; Ustadmer and Robertson 1991Me latter complex is underlain by the Late

Palaeozoic-Early Triassic Kargl complex (e.g. Ustaband Robertson 1997). All the above

units are overlain by the Late Jurassic-Cretac&bmger units (Yaraligéz group) (Figs. 1.5,

3.1), comprising basal conglomerates, limestonasdstone-shale intercalated with marl,

representing the new sedimentary cycle that foltbwlee major collision and uplift (e.g.
Yilmaz, 1980).
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Fig. 1.5-Simplified geological map of the Kastamonu graiditeelt (modified from

Aydin et al. 1995; Boztug, 1983).

The first three units are in tectonic contact ie south (Fig. 1.2), and are all intruded by the
fifteen plutons of the Kastamonu belt (Baztet al. 1984, 1995; Yilmaz and Bogt1986).

The intrusions crop out in an area of about 200 X% south ofinebolu-Abana towns about
30 km away from the Black Sea coast (Fig. 1.5edrier studies Bozguet al. (1984, 1995)
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and Yilmaz and Bozfi(1986) attributed all the Kastamonu granitoid$/iddle Jurassic arc-
and collision-related magmatism, produced durirggribrthward subduction of Palaeotethys
oceanic crust beneath south Eurasian margin, thiadegjuently closed during the Latest
Carboniferous-Early Permian/Triassic. However, nécgtudies (Nzegge et al. in review)
attributed the Middle Jurassic Devrekani granitmdoost-collisional magmatism, related to
the collision of Gondawa- and Eurasian-derived riiagts, following the southward
underthrusting and closure of the Kiire marginalrbas

Another interpretation is that the granitoids aetated to the southward subduction of
Palaeotethys beneath the Cimmeridgian contineningiuhe Silurian-Early Carboniferous
time (Sengor, 1980). A third possibility refers them as granitoids related to subduction and
closure of the Kire marginal basin in the Middlea¥sic (Robertson and Dixon, 1984,
Yilmaz and Boztg, 1986; Ustadmer and Robertson, 1997). The gemédizese granitoids
remains enigmatic because data necessary to igénéftype, origin and emplacement time

of all the plutons are not available.

1.4. Aims of this study

There are no reliable age data for the Kastamoanitgid belt (KGB), due primariliy to the
lack of published geochronological and geochendeah. Until recent years the Kastamonu
granitoids were generally believed to be hybriddmeis geochemically related through
fractional crystallization and emplaced during Meldle Jurassic. Detailed geochemical and
geochronological data for the Kastamonu granitaidsvery limited and imprecise. The few
ages published so far are: K-Ar K-feldspar age 34+b Ma obtained from a late pegmatite
vein cutting the Deliktgand Sivrikaya granitoids in the north of the Hellg. Boztg and
Yilmaz, 1991; Yilmaz and Bonhomme, 1991). B@zand Yiimaz (1995) reported K-Ar
hornblende and biotite ages of 14616 to 176+7 Md 462+5 Ma respectively, from the
Asarcik granitoid in the southeast of KGB. GengrilAr biotite and feldspar ages date a
cooling process and not intrusion, so that the Midbiirassic emplacement time assigned to
all the plutons of the Kastamonu belt is incorrect.

The main questions are: Are all the Kastamonu dgoaas$ of the same origin but separated
only by younger events, did they derive from diffiergeochemically distinct magma
chambers and at different times? Is the basemeilyrEurasian-derived and Variscanto
address these problems zircon U-Pb isotope diludioth Pb-Pb evaporation complemented

with isotopic and whole-rock geochemical analysagehbeen performed, on the three largest
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and most accessible granitoids, with contrastiraglgemical characteristic (i.e. representative)

and their basement.

The ultimate goals are: (1) to present the new n&jd trace element and isotopic data, and
first absolute ages of selected plutons and baserneks exposed in the Kastamonu area. (2)
To discuss the petrogenesis of the plutonic rockktheir tectonic setting. (3) To re-evaluate
the relationship between the Precambifataeozoic Eurasian-derived basement and the
Kastamonu granitoids. The data in this thesis wdhtribution in the understanding of
Palaeotethyan subduction processes in the NW Tusdd, the formation, growth and
preservation of the Eurasia continental crust ex@entral Pontides.

The results reveal Late Palaeozoic to Middle-Megommneous activtivies in the Central
Pontides, and that the KGB displays many featuoesneon to modern collisional belts such
as: (1) syn-post-collision-related granitic magmmati associated with the Deliktaand
Sivrikaya granitoids, (2) juvenile magmatism (ébgvrekani and Asarcik granitoids), and (3)
deformation and regional metamorphisBesides shedding light on the intrusion time, the
data provide the first direct evidence for the &qise of Late Variscan magmatic events in
the Central Pontides, the involvement of Proterozobtoliths in magma genesis and pre-
Variscan basement relic. Such old ages (Late Pate&oare the first of their kind reported
from the KGB, but have been identified in the otparts of the Sakarya Zone. This study
therefore, indicate that the magmatism and/or darstation processes in the Central
Pontides was longer than previously alledged, dmd tcorrelates well with those of the

Western and Eastern Pontides.
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2. ANALYTICAL METHODS

2.1. Determination of major and trace element concenations

Rock samples (>5 kg) were splintered using a jawgloer and splits powdered (grain-size <63
pm) in an Agate mortar. Major and trace elementmdbhnces were determined by X-Ray
Fluorescence (XRF) spectrometry (Bruker AXS S4 Barrspectrometer) at the University of
Tlbingen, using standard techniques. Loss on @nifiOl) was calculated after heating the
sample powder to 1000°C for one hour. Major andetr@lement analyses were performed on
fused glass disks made from rock powder/Lithiumab®r(LLBr,O;, 1.5:7.5) and melted at
1150°C. Total iron concentration is expressed a®©f-Analytical uncertainties range from
<1-2 % and 5-16 ppm respectively, for major anddralements. The trace elements Cs, Th,
U, Ta, Hf, Sc and Pb and REE were determined bywdine Coupled Plasma-Mass
Spectrometry (ICP-MS) at the Memorial University 8f. John's Newfoundland, Canada
using the sodium peroxide (p@) sinter technique, which ensures a complete daestf
resistant REE-bearing accessory phases such as zrad allanite. The detailed analytical
procedure, precision and accuracy of the data aténed in Longerich et al. (1990) and
Dostal et al. (1986, 1994).

2.2. Whole-rock Nd-Sr isotopic compositions and Rb-Sr stopes of minerals

Mineral concentrates were separated from whole-satkples by standard procedures using
jaw crusher, steel rolling mill, Frantz Isodynameagnetic separator, Wilfley table and heavy
liquids. Finally, biotite, muscovite and K-feldsparere hand-picked under the binocular
microscope to avoid visible features that mighabsociated with hydrothermal activity.

For the determination of Nd and Sr isotopic ratie®) mg sample splits of whole-rock and
minerals (biotite, K-feldspar and muscovite) wepiked with mixed®*sr®’Rb and**®Nd-
14%Sm tracer solution, and decomposed in a mixtureooic. HF-HNQ in Teflon vials in
PTFE bombs at 180°C for 6 days. Digested samples dreed and redissolved in 2.5N HCI.
Rb, Sr, Sm, Nd and REE were separated by convetaation exchange chromatography
techniques. Rb, Sm and Nd were run on Re doulaiméhts. Sr was run on W single filament
with a Ta-HF activator. A detailed description dktanalytical procedures is outlined in
Hegner et al. (1995). Isotopic compositions wereasneed on a Finnigan MAT 262 multi-
collector mass spectrometer at the University dfifigen in data static collection mode. The
Sr and Nd isotopic ratios were corrected for maastibnation by normalizing t&Sr°Sr=
0.1195 and“®™Nd/*Nd= 0.7219, respectively. Total procedural blanksen<160 pg for Sr
and <80 pg for Nd. Replicate analyses of the NIBT-8r standard during the course of this
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study yielded a mean value &fSrP°Sr =0.71026 + 10 (). Measurement of the Amésd
standard prepared at Tibingen, within the sameogegave a meafi*Nd/ */Nd ratio of
0.512129 + 8 (&, n=5).8’"RbF®Sr ratios for whole-rock samples were calculatesetaon the
measured’SrFP®Sr ratios and the Rb and Sr concentrations detednity XRF. Errors are

given in 2 sigma (95 %) confidence level.

2.3. Oxygen isotopes analytical procedures

Minerals were concentrated by hand-picking under bimocular microscope. Quartz was
further purified by treating with warm hydrofluorazid (HF), to eliminate residual feldspars.
Oxygen was extracted from ~5mg of silicate mineaasld ~10mg of dried whole-rock powder
at 550°C using Brfas a reagent following the technique of Claytod dayeda (1963).
Oxygen yields were between 95 and 100 %. The Oxygenconverted to CQusing graphite
rod heated by a Pt-coil. G@vas analysed for itfO/*°0 ratios with a Finnigan Mat 252 gas
source mass spectrometer, at the University offigéds. The isotopic ratios are reported4n
notation relative to Vienna Standard Mean OceaneWat-SMOW). All analyses have been
duplicated with analytical precision better tha®.X %.. Replicate analyses of the NBS-28
standard quartz wer&lso(v-SMom of +9.7 = 0.1 %o (). All data have been normalized to
NBS-28= +9.7 %o.

2.4. U-Pb zircon isotope dilution analyses

For U-Pb analysis, zircons were hand-picked undebirebcular microscope to avoid
inclusions, turbidity and visible features that htidbe associated with grains affected by
alteration. Single- and multiple-grained fractionsere made on the basis of morphology,
colour, limpidity and sizeand air-abraded (Krogh, 1982). Prior to dissolutithe abraded
grains were washed in warm 6N HCI| and 7N HNG@ about 30 and 10 mins respectively,
followed by intermediate and repeated rinsing wiitha-pure water and ultrasonication. After
spiking with a mixed®Pb/**U tracer solution, zircon fractions were vapouredigd by 22N
HF in micro-Teflon beakers put in steel-jacketededtion bombs at 200°C for 6 days,
following the procedure of Parrish (1987). Aftecdmposition, HF was replaced by HCI and
the bomb was heated at 180°C over night to corflietite salts into more soluble chlorite
salts. Separation and purification of Pb and U wendormed in Teflon mini-columns with a
40ul anion exchange resin (Bio-Rad, AG1-X8, 100-2@h) chromatography (Krogh, 1973)
and HBr-HCI-HNQ chemistry, following a similar method describedPaller et al. (1997).
Pb and U were loaded with silica gel and 1N HNé&spectively on Re-flament and measured
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in single- and double-filament configuration. Igutoratios were measured in a static mode
using a Finnigan MAT 262 solid-source multicollectoass spectrometer. The Pb standard
NBS 981 was measured for the determination of heental fractionation of Pb isotopes and
the isotopic ratios were corrected for 0.11% f@wition per atomic mass unit. Total
procedural Pb and U blanks were <10 pg. Initial caon Pb remaining after correction for
tracer and blank was corrected using the StaceyKaawchers (1975) model. U-Pb data were
evaluated using the software PbDat (Ludwig, 1994) aere regressed using ISOPLOT
programof Ludwig (2000). Errors are given as &andard deviations. The zircon standard
91500/Canada analysed by isotope dilution methathglihe course of this study yielded
nearly concordant U-Pb age of 1065.6 + 2.2 Ma (Eleen et al., 2002a), consistent with the
U-Pb age of 1065.4 + 0.3 Ma obtained in differeudratories (e.g. Wiedenbeck et al. 1995).

2.5. Pb-Pb zircon evaporation method

The?*’PbFPb zircon evaporation method was performed follgytime technique developed
by Kober (1986, 1987). The measurement of isotapiendances was performed in dynamic
mode with a mass sequence 206-207-208-204-206-20¢@ an ion counter. Data collection
started at 1450°C and the temperature was increlage2D-30°C after each evaporation-
deposition cycle. The ages were calculated ff8fRb7°®Pb ratios obtained on a stable ion
beam, and only ratios witffPb/°*Pb >5000 were considered. Common lead correctian wa
after Cocherie et al. (1992) using a Pb composiuith a two-stage evolution (Stacey and
Kramers, 1975). Five measurements of Pb standa® 98 in ion-counting mode yielded an
average fractionation of ~0.1 % per atomic masg. urhis value is considered the best
estimate for the fractionation of Pb isotopes, @nevas used for the correction of the
2ppf%%p ratio. The errors on the ages are reportedsas.®f the population of weighted
2’ppf%%p ratios. Details on the analytical techniquesgaren in Chen et al. (2002a, b).

2.6. Cathodoluminescence and internal structure of zircons

Prior to isotopic analysis, representative zircoairgs (~63-200um) were encased in low
luminescence epoxy mount, polished down to expaseng centre. After polishing the
mounts were carbon-coated and investigated unddodaluminescence (CL) and back-
scattering imagery using a JEOL JXA-8900RL micrdyerat the Institute of Geosciences,
University of Tdbingen. Operating condition of 1%/ Kaccelerating voltage, 12-15 nA beam

current, and a jum beam diameter.
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The external morphology and the internal zonagiatterns of zircon have been proven to be
of petrogenetic and paragenetic significance (€gldervaart, 1955, 1956; Larsen and
Poldervaart, 1957; Hanchar and Miller, 1993; Hoskial Black, 2000; Hoskin et al. 2000).
The internal textures are observed by cathodoluscigrece (CL) and back-scattered electron
(BSE) imaging (Ono, 1976; Paterson et al. 1989;r&at990; Benisek and Finger, 1993;
Koschek, 1993; Hanchar and Miller, 1993; Hanchat Radnick, 1995; Watson and Liang,
1995; Watson, 1996; Cherniak et al. 1997a, b; Ralzatd Gebauer, 2000; Kempe et al. 2000;
Corfu et al. 2003; Hoskin and Schaltegger, 2008gsE techniques are applicable because of
the heterogeneous distribution of elements in mwsbns, particularly trace elements. These
images allow for visual distinction between ostdlg/magmatic and sector zoning,
metamorphic growth zones, preserved igneous coe®g,zircon, recrystallized domains and
domains showing other types of structural reorgation.

While CL spectra are primarily controlled by ®aconstituents in zircon, particularly the
REE, BSE reveals contrasts in average atomic nuwibegions of a mineral phase, i.e. the
higher the number the brighter the area (e.g. Bateet al. 1989). CL and BSE images are
very similar, except that dark areas in CL arelidrig BSE, and vice versa. Some subtleness
in zonation is often visible in one but not in thiher. For example, CL images of zircons
from the Central Pontides usually show more dethidsy BSE images. Both techniques are
particularly useful in identifying different growtphases within zircons and to recognize
inherited cores and overgrowth patterns (Vavra012994, 1996; Vavra et al. 1996; Hanchar
and Miller, 1993; Poller, 1997; Hoskin and BlackROP; Hoskin et al. 2000). BSE method can
give more information on inclusions, which could foether quantitatively identified using
the energy dispersion system (EDS). These methodbef allow the identification of
resorbed areas in zircon grains (e.g. Hanchar atdrML993; Hoskin and Schaltegger, 2003).

The internal structure of zircon could be regdrds primary (formed during crystallization)
or secondary (formed after crystallization). Altigbuthe internal growth patterns in igneous
zircons has been documented in numerous case${dggon, 1992; Vavra, 1994; Hoskin et
al. 2000 for example), there are relatively fewesaef well-described metamorphic zircons
(e.g. Hoffmann and Long, 1984; Vavra et al. 199&r€r and Willner, 1998; Schaltegger et
al. 1999). Vavra et al. (1996) related sector zgmatterns to abrupt changes in zircon growth
rate, probably caused by small environmental charsgeh as temperature or variations in
supersaturation of crystallizing particules.

During high-grade metamorphism, some sort ofnipg mechanism occurs in which the

zircon material contained in small crystals arsalged and transferred to larger grains,
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thereby forming overgrowth (e.g. Hanchar and Mjlla®93; Hanchar and Rudnick, 1995;
Vavra et al. 1996), a coarsing mechanism (Poitragtoal. 2002), by way of solid-state,
closed system recrystallization (e.g. Hoskin an@cB] 2000; Hoskin et al. 2000) of
preexisting zircon along chemical reaction frontignating from outer surface towards the
interior of the zircon crystals (e.g. Schalteggedr a. 1999), the consequence of
recrystallization, the present evidence of pargsletting of the Th/U ratios, U/Pb and Pb/Pb
ages (e.g. Pidgeon et al. 1998; Geisler et al. g@0@vever, the resistance of zircon confirms
that, the total resetting of the U/Pb system icairduring metamorphism process is a rarity
rather than a norm (e.g. Maurel et al. 2002). Re&dndiffusion experiments on pristine
zircon (e.g. Cherniak and Watson, 2000) suggesintiean closure temperatures are in excess
of 900°C, higher than that reached during the \¢ansmetamorphism. In general, resetting
appears to depend mainly on the hydrous contenthefsubducted rocks and on the
importance of fluid circulation driving zircon ddsition and recrystallization, or growth of
new grain. It is inferred that in the absence ofgimtive deformation and fluid circulation at
high to moderate pressure, zircon cannot exchahgeaRdiffusion, allowing the preservation
of pre-metamorphic U/Pb ages (e.g. Maurel et @220Pb exchange occurs when fluids can
freely infiltrate the rocks and partially dissolvascons, most likely at the time the subducted
rocks reached upper crustal levels (e.g. Maural. &002).

Hence, the combination of CL technique and isetdjpution (ID)-thermal ionization mass
spectrometry (TIMS) are very useful tools for geociwlogy allowing more precise

evaluation and better constraints of zircon U-Pia.da

2.7. Classification of rocks-granite types

To stress on their different origin Chappell andi#/t{1974) described the two contrasting
granite types in the Lachlan Fold Belt-Australia e S- (sedimentary) type, derived from
the partial melting of sedimentary source-rocks &nfigneous) type originating from the
melting of igneous rocks. Studies on granitic robigO Neil and Chappell (1977); Chappell
and White (1987); White and Chappell (1988); WI{it886), have demonstrated that S- and
I-type granitoids can be distinguished on the bakiE *On.swow) values and initiaf’SrP°sr
(Srg) ratios. For example the S-types are charactebyeugher values*®0 (10.4 - 12.5 %o)
and initial Sr ratios (Gy> 0.708), while I-types have lowét*0y.smow) values (7.7 - 9.9 %o)
and Sy ratios (< 0.708). Th&"°O.swow) values and initial Sr ratios have then been used a
criteria for the classification of I- and S-typeagitoids (e.g. Chappell and White, 1974; 1983,
Didier et al. 1982; Pitcher, 1982; White and Chaipa©88).
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Table 1.1-Summary classification criteria for I- and S-tygranites after Chappell and White
(1974, 1983); Didier et al. (1982); White anda@pell (1988)

I-Type S-Type
Sio, Variable from mafic to felsic Narrow range
Hornblende More abundant than biotite Muscovitefitiei, no hornblende
Na,O > 3.2 wt % in felsic and ~2.2 wt % <3.2wt%

in mafic rocks
ASI <1.1, metaluminous >1.1, peraluminous
C.I.P.W. normative corunduin<1% >1%
Harker trends More regular linear trends Irregtiands
¥s1% 1 ratios <0.708 >0.708
eNd(y values High and variable Low and constant
Texture Often unfoliated, discordant contacts  Retlacontact aureole
5180(SMOW) <10 %o >10%o

Applying the Chappell and White (1974, 1983); iBicet al. (1982); Pitcher (1982); White
and Chappell (1988) criteria and compared to the#y Lachlan Fold Belt granites (Chappell
and White, 1992), the Andean granites (Pitcher,51%hd Hercynian/Variscan granites of
Western and Central Europe (e.g. Pagel and Latefr@80; Lameyer et al. 1980, Liew et al.
1989; Barbarin, 1999; Fernandez-Saurez et al. 2QB8)Deliktg, Sivrikaya and Devrekani
granitoids can be classified as S- type, transaliofe.g. Liew and Hofmann, 1988) to S- type
and I-type respectively.

Analyzed Delikta samples (DLG) have normative corundum of 2.0 -%.@nd ASI> 1.1,
Sr;y and§'®0w-swow) values ranging from 0.7326 - 0.7482 and 11.5 td %2 respectively.
Whereas the Sivrikaya granitoid samples (SG) haemsitional values of normative
corundum (0.9 to 4.7 %), ASI of 0.92 to 1.8;%if 0.704 to 0.708 anéf °Oy.smow) values of
10.3 to 12.4 %o. In contrast, the Devrekani rock&)ave ASI in the range of 0.76 to 0.94,
and Sgy and 8'®0.-smow) values ranging from 0.705 to 0.706 and 7.2 to%.Bespectively.
The presence of hornblende xenoliths, the absehgeimary muscovite and high HFSEs
contents (e.g. Nb and Zr) support I-type sourcew Rb/Zr ratios) for the DG (e.g. Harris et
al. 1986).
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3. THE SIVRIKAYA (SG) AND DELIKTA § (DLG) GRANITES
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Fig. 3.1 Simplified geological map of Sivrikaya-Delilstaarea (modified after Aydin et al. 1995;
Boztus and Yilmaz 1983).

3.1. PETROGRAPHY

Sivrikaya samples (SG) were collected at new roattings and quarries in the
Sivrikaya/Elmalicay village and SG-186a was co#dcat the Dikmentlrbet village quarry,
close to Osek town (Fig. 3.1). The SG is host tdiome- to coarse-grained hornblende-biotite
granodiorites, tonalites and two-mica granites. iitagor mineral assemblage of this granitoid
is quartz, K-feldspar (orthoclase-microcline), dgriken hornblende, brown biotite (in mafic
members), quartz and euhedral plagioclase (anerthitthe more basic samples). Zircon,
calcite, hematite, apatite and allanite are theoslibate phases. In some samples the
plagioclase grains are twinned and faintly zonedar® forms aggregates and displays
undulatory extinction under polarized light. Logallbiotite and hornblende are partially

chloritized and epidotized, and usually contaircair inclusions (Fig. 3.2).
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Fig. 3.2Representative microphotographs showing microsirastof Sivrikaya granite
rocks. Abbreviation&-F, k-feldsparBt, biotite; Plg, plagioclaseMusg muscovite;
Hbl, hornblendeQtz quartz;Zr, zircon.

The presence of hornblende in some SG samplasddiorites, tonalites) suggests magma-
water contents of 4 wt% (e.g. Naney, 1983). The muscovite in theriaya leucocratic
members is almost completely altered. K-feldspdilats a microperthitic to perthitic texture

35



wrapped around the plagioclase. Some Sivrikaya kmmgre relatively poor in silica and

alkalis, and rarely orthopyroxene occurs in theemoafic samples.

e 8

DLG-114 (x10)¥

8

Fig. 3.3a Representative microphotographs showing microsiras of
Deliktagranite rocks. Abbreviation&-F, k-feldsparBt, biotite; Musc,
muscovit@tz, quartz.

Deliktas granite rocks are muscovite-rich monzogranitesm@es were collected from
guarries and new roads, at a distance of ~500maédrthe Delikta (Ahicay) village which is
located on this pluton and DLG-114 near a pegmauaéie (Fig. 3.1). All of the Deliktarocks
are leucocratic, predominantly coarse-grained digpyj porphyritic texture with K-feldspar

and muscovite phenocrysts (Fig. 3.3).
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Fig. 3.3b- Representative microphotographs showing microsires of Delikta
granite rockK-F, k-feldspar;Bt, biotite; Musg muscoviteQtz quartz.

In addition to quartz, K-feldspar (albite-ortho@amicrocline), muscovite and plagioclase,
minor cordierite, calcite, apatite and zircon occ@uartz occurs as anhedral crystals partially
recrystallized as graphic quartz and myrmekite .(RBg). K-feldspar is cream-white and
occurs as anhedral to subhedral crystals, oftgplajis microcline twinning. Plagioclase is
generally sub-euhedral, faintly zoned, twinned amubtly sericitized. Muscovite is coarse-
grained, idiomorphic and “apparently primary” (Sedsa, 1978). Rare biotite occurs as

minute flakes scattered throughout the rock.

3.2. GEOCHEMISTRY
3.2.1. Major and trace elements geochemistry

Representative geochemical analyses of sampldstein Table 3.1. Generally the bulk
-rock concentrations of the Sivrikaya and Delkgiganites are characterized by high Saéd
low MgO, and low abundances of high-field strengtéments (HFSE) (Nb, Th, Ta, Zr and
Hf). These features are commonly considered asactarstics of subduction-related (e.g.
Floyd and Winchester, 1975; Keppler, 1996). Majod a&race elements variations are

illustrated in Harker diagrams in Figures. 3.4 &rfl
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Table 3.2 Major, trace and rare earth element analysestikias (DLG) and Sivrikaya
(SG) granitoids rocks.

Sample DLG-82 DLG-83 DLG-4 DLG-84 DLG-114 SG-132 SG-124 SG-125G-276SG-116 SG-115 SG-74 SG-885G-72 SG-75a SG-186a SG-72a

Sio, 77.1
TiO, 0.04
Al,O, 14.3
Fe,0; 0.64
MnO 0.04
MgO 0.18
CaO 0.37
Na,0 444
K,0 3.67
P,0s 0.08
LOI 0.84
Sum 101.7
ASI 1.20
Mg# 54.8
Cr 2.2
\Y 5

Li 7.54
Rb 142
Sr 73
Y 14.7
Zr 93.4
Nb 154
Cs 2.67
Ba 306
La 135
Ce 114
Pr 1.35
Nd 13.9
Sm 3.0
Eu 0.25
Yb 1.2
Gd 116
Th 0.23
Dy 154
Ho 0.30
Er 1.00
Tm 0.17
Lu 0.17
Hf 1.13
Ta 3.34
Pb 33.2
Th 3.7
U 52
Co 0.0
Ni 0.0
Zn 0.0
Mo 0.20
Tl 0.46
Bi 554
Eu/Eu* 0.31
Nb/Ta 4.6
[La/Yb]y 7.6
[Gd/Yb], 0.8
SrlY 5.0
Fe 0 /Mg03.6
K, O/Na,0 0.83

7.4
0.04
13.7
0.35
0.01
0.12
0.22
3.85
5.16
0.06
0.54
101.5
111
59.4
6.0
4
8.18
127
71

119

13.3
15.9
0.7
7.9
3.0
134

77.6
0.04
13.2
031
0.00
0.11
0.22
3.67
516
0.05
0.83
101.3
110
61.6
24
2
731
136
67
18.0
86.5

0.92

15.6

355
0.6
3.7
2.7
141

78.5
0.03
13.9
0.57
0.06
0.15
051
4.82
214
0.11
0.85
101.7
1.25
54.2
5.9
<0.1

138
53
10.5
90.3
127

134

5.0

37
0.44

79.8
0.07
114
0.34
0.00
0.13
0.14
2.63
4.66
0.03
0.81
101.9
1.18
63.6
19
4
12.85
150
75
18.2
133.9
14.8
1.36
418
27.1
42.1
5.16
24.8
5.2
0.27
5.0
4.13

134
3.6
0.7
4.1
2.5
177

68.7 690 694 698 69.9 712 749 0 75751 759 76.0 76.1
039 039 034 015 036 023 034 7 00019 034 0.04 0.58
162 161 158 145 159 158 145 3 14118 137 14.5 15.1
329 308 289 119 277 195 035 7 060.73 056 0.42 0.26
008 006 008 003 006 003 00002 0003 0.00 0.01 0.00
099 113 083 055 084 063 501025 014 011 0.12 021
355 045 248 310 332 357 01239 010 012 0.22 0.07
379 373 387 417 396 402 21914 4.174 312 475 1.76
154 336 301 304 194 180 54898 3 455 528 3.43 487
011 017 016 007 014 015 004 9 00005 003 0.06 0.04
167 220 146 378 146 073 316118 158 1.28 1.05 2.48
100.6 101.8 1020 102.20.7101001 1002 1005 1005 100.7  100.7  100.0
113 152 112 092 108 105 14821 15 1.24 1.21 1.82
56.9 618 559 669 573 588 65620 458 468 55.7 77.8
459 7 6.3 523 33 58 12 5 240 29 16.8 27
290 37 31 159 28 16 19 2 509 14 42 39
2482 <01 2816 <0.1 <0.1 <01 <0.1.345 752 <0.1 <0.1 <0.1
495 124 1001 87.0 69 66 254 135  29.0 272117.8 207
4086 164 3820 2536 345 330 52 141 1660 69 .2 55 74
124 19 184 137 14 15 28 15 327 29 120 27
2245 172 1812 1156 197 203 2084 1224 196 1001 247
100 16 208 00 0 0 13 19 71 13 84 4 1
325 <01 367 <01 <01 <01 <0.1 28817 <0.1 <0.1 <0.1
457 629 872 990 488 491 287 448 558 318 18534 3
50.9 31 40.0 207 44 22 46 17 33.0 41 17.4 42
64.0 62 711 343 62 0 85 13 429 8 1<0 8
6.19 794 <01 <01 <01 <01 144 5080.1 <0.1
315 29 333 104 30 14 30 16 202 42 1 9 37
5.7 6 587 31 4 <01 6 4 45 5 29.5 7
115 070 120 070 100 030 07@31 078 020 <0.1 0.40
0.7 15 14 11 09 0.8 21 12 32 23 17 9 1
166 — 417 _ _ _ — 114 467 _ _ _
020 — 055 — _ _ — 022 0.75_ _ _
102 _ 280 _— _ _ — 138 496 _ _ _
017 — 045 _— _ — — 027 1.08_ — _
042 _ 112 — — — — 079 330_— _ _
0.06 _ 016 — _ — - 013 050— — _
004 — 012 — - - - 015 049 — - -
070 — 154 — — - - 167 1.25_— - —
038 — 173 — - - - 489 037-— - -
143 23 526 274 11 15 34 44 9.0 30 60 2 11
1.9 13 146 109 12 5 23 6 6.3 23 8.1 18
48 0 1.9 08 4 3 <01 15 0.9 <0.1 <0.1 <0.1
33 4 31 0.0 3 1 <01 0 75 <0.1 <0.1 <0.1
156 0 0.0 0.7 2 16 <01 0 64 <01 <01 .1<0
51.6 63 543 105 36 21 <01 0 178 <01 .1<0 <0.1
6.00 — 014 — — - - 0.07 316 — _ _
019 _ 053 _ _ _ _ 059 006 _ _ _
014 _ 033 _ _ _ _ 098 005 _ _ _
115 — 075 — — _ _ 042 053 _ _ _
194 _ 120 _ _ _ _ 3.9 19.1 _ _ _
486 137 191 126 325 183 145 958 6.120 6.8 14.8
19 _ 24 _ _ _ 0.8 11 _ _ _
33.0 87 208 185 240 228 19 9.4 5.12.4 2.7 2.7
33 27 35 22 33 31 24 2.7 52 5.0 35 1.3
041 090 078 073 049 045 250 096 276 1.69 0.72 276

Mg#= 100 x molar [MgO/(MgO+0.9xE6s)]; (EU/Eu*=V[Sm.,x Gd.]

not determined; ASI= aluminium saturation ind¢gmolar ALO4/(CaO+K,0+NgO)];

The samples exhibit a narrow range of StOntent, 68 to 79 wt % for the Sivrikaya and 77 to
78.5 wt % for Delikta (except for one pegmatite sample DLG-114, 79.80ktMgO, ALOs;,

Fe.Oszand CaO decrease slightly with increasing Sthereas KO remain nearly constant.

SG rocks exhibit a cluster of data in two groups, intermediate and felsic samples (Fig. 3.4).
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Fig. 3.4 Selected Harker variation plots of major eleméwts%o) for Deliktg and Sivrikaya

granitoids samples. (e) Shows field bouiedebetween medium-K (normal calc-alkaline) and

high-K series of PeccerilfndTaylor (1976)
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Fig. 3.5 Harker variation plots of selected trace elemémtPeliktas and Sivrikaya
granitoids samples.

In terms of normative mineralogy, the Sivrikayargta has tonalitic-granodioritic to granitic

compositions (Fig. 3.6). In contrast, the Delgktgranite melt approach minimum melt
compositions (e.g. Tuttle and Bowen, 1958; JohaanesHolz, 1996). The molar A/CNK vs.

A/NK diagram (Maniar and Piccolli 1989) defines thmcks as slightly metaluminous to

strongly peraluminous, and of transitional to Setgnaracter (Fig. 3.7a) (e.g Chappell, 1999).
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Fig. 3:-@a) Ternary diagram illustrating the compositions @fliktas-

Sivrikaya granites. Nomenclature from Le Maitre&29 quartz (Q);
alkali feldspar (A); plaglase (P) an¢b) The An-Or-Ab diagram of
Baker (197@ndO’Connor (1965).

All samples are of sub-alkaline affinity, belongtb® calc-alkaline series (Figs. 3.7b-c), and
plot in the volcanic arc granitoids field of thedPee et al. (1984) diagram. The®&Xvs. SiQ
plot shows Deliktq samples to be dominantly of high-K affiliation ¢Fi3.4e). Sr shows two
groups of rocks for SG, but rather constant costamthe DLG (Fig. 3.5f). Although some
rocks of both granitoids exhibit typical high-K, Icalkaline compositions, the variation
diagrams reveal some differences between them.(Bigs3.5). The Deliktarocks exhibit a
higher and smaller range in Si©@ontent. Among the trace elements, samples ofik3ia
show a much larger range in concentration tharettimsn Deliktg granitoid, indicating that
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the DLG was not derived by crystal-liquid fractitioa processes from SG, but could

represent a distinct group of rocks derived froffedent sources.
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Fig. 3.7 Geochemical composition of Deliktand Sivrikaya plutons plotted on t{@ A plot
of Shand’s Index with fields of different gitartypes after Maniar and Piccolli (1989), gl
SiQ vs. alkaline andc) Calc-alkaline diagrams of Irvine and Baragar (19R89)

Some aspects of the chemical variations betwbkenSIG granitic samples and the DLG
monzogranites could be interpreted as evidenceafaomagmatic linkage between these
granitoids. However, there are important differencgeuch as the higher Rb contents, and
much higher Rb/Sr ratios, that precludes such terpretation. Also, in terms of Sr, Nd and
O isotopic compositions DLG has a more crustal atigre. Taken together, this suggests that
the protolith of the DLG was more crustally evolvadd distinct from the SG. Jakes and
White (1971, 1972) proposed that differences betwesdc-alkaline rocks from island arcs
and continental margins have genetical significafi¢ee main differences between the two
series: SiQ range, KO/N&O ratio and KO, Rb, Ba, Sr, Th, U and Zr abundances are all

thought to be higher in the continental margin @dkaline suite.
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3.2.2. Rare earth elements

Chondrite-normalized (cn, Sun and McDonough, 19EE patterns are plotted in Fig. 3.8.
The patterns of all samples from both plutons &@racterized by fractionation of the light
and heavy REEs. The Sivrikaya samples are chaiastieby moderately fractionated REE
patterns ([La/Yh}= 6.8-49) and flat to concave-upwards HREE ([Gd{¢b]0.76 - 2.37)
patterns, and have mostly very small Eu-anomakegHu*= 0.42 - 1.15).

100C g

a) Sivrikaya granitoid

100

105—

Samples/Chondri

1 IIIIIII| 1 IIIII|,|J 1 IIIIIII| 1 IIIIIII| L1y

01l

1000

b) Deliktas granitoid
100 E
DLG-114, pegmatite 1

10

Samples/Chondri

.01

La Ce Pr NdSm Eu Gd Tb Dyto Er TmYb Lu
Fig. 3:-8Chondrite-normalized rare earth element abundafureDelikta and
Sivrikaya granitoids. Normalizing values from Tayénd McLennan (1985).

The Deliktg samples exhibit less fractionated REE patterna/{{b]..= 3.6 - 35.5), flatter
HREE ([Gd/Ybl,= 0.59 - 0.78), and have positive to negative Fanzalies (Eu/Eu*=/[Sm,

x Gd,]= 0.18 - 1.19). The pegmatite sample, DLG-114 k=as highest absolute REE
abundances but the lowest [La/¥btatio (3.6), which shows slight enrichment of meld
REEs (Gd to Er) relative to the other HREEs. SG @asyielded moderate amount of
zircons, while DLG samples are very poor in this@nal. As zircon has very high affinity for
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HREE (Gromet and Silver, 1983), the different alamzks of zircon may be sufficient to
explain the different HREE patterns. From theses@rations, it appears possible that the
SG owe its origin to mantle-derived magmas thanhakged the amphibolitic basement rocks
while undergoing fractionation. Primitive mantlermalized (Sun and McDonough, 1989)
trace elements show enrichment in large ion lithllepblements (LILE) (e.g. Cs, Rb, Th, K
and U) and SG samples exhibit troughs for HFSE &N Ti) (Fig. 3.9). Whereas, DLG
samples virtually have no negative Nb anomaliesyute distinct Ti depletion.
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Fig. 3.9 Primitive mantle-normalized trace element abudarfor the Delikta
and Sivrikaya granitoids. Normalizindues are from Taylor and McLennan (1985).

Negative Ti anomaly can be attributed to fractiocrgistallization of accessory phases, e.g.
allanite and titanite. Some samples show decouplirBg and Sr from Rb and K as indicated
by the troughs for Ba and Sr. Geochemical and geoctogical (U-Pb, see below) data
indicate that the protolith for SG rocks were efiaéiy of igneous origin, while those for

DLG were sedimentary.
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3.2.3. Sr-Nd-O isotopic compositions

The Nd, Sr and O isotope data are presented ineTaBl Calculated initidl’SrP°Sr (Sgy)
and ““Nd/**Nd (eNd) isotopic compositions are based on U-Pb and Phifebn ages of
300 Ma for Sivrikaya and 295 Ma for Deliktarhe isotopic data highlights the considerable
crustal residence age of the source region and shatwthe granitoids magmas do and/or do
not represent new additions to the crust. Possitgoliths could be lower crust, and
consisting of amphibolites and metagreywackes. rei@il0a-b shows the variation of initial
1NdMNd eNdg) values with initial®’SrP°Sr (Syy) isotopic ratios. For Delikiasamples
eNd) values decrease with increasing)S6ivrikaya samples have similalNdy but lower
Sr; values. Sivrikaya rocks show relatively large a&toins in isotopic compositioeNdg)= -

1.0 to -3.8; S§= 0.7040 - 0.7080) further suggesting their derorafrom heterogeneous and
old sources. The wide range dNd, values and &y ratios of the SG samples, and high Sr
content indicate low degree of partial melts of tteand/or plagioclase fractionation. The
relatively higheNd values shown by some samples (-1 to -2) furthggast involvement of
mantle or mafic crustal sources. However, a youngie siliceous, LREE-enriched crustal
source cannot be ruled out, such as detritus froomg calc-alkaline arc-rocks which likely
were part of the source region of this granitoidrtRermore, the small to strong negative
eNdy values and low $y ratios, indicate significant input of mantle-dexlv component
during magma generation. Youngwl ages of SG rocks (0.75-1.08 Ga) indicate the prese
in their source of a component with short crustaidence time. Such a source is compatible
with young calc-alkaline arc-rocks (Ghosh and Larjld€89).

Sivrikaya §'®Ounoe-ockvalues are slightly lower and more variable in thege of 10.0 to
11.6 %o, ~12 %o for quartz and ~6 %er biotite. The wider range it °Oynole-rockvalues of the
Sivrikaya samples, reflect a heterogeneous sourhere is a slight positive correlation
betweens*®0 and Sy and SiQvalues indicated for the Delikt@amples (Fig. 3.10b-c). The
5'®0 values of the Delikiasamples are high with a narrow range from 11.52d %o for
whole-rocks, restricted 13 %o for quartz and 11.586.K-feldspar. These values are typical
of intracrustal meltsor “S-type” granites (e.g. Taylor, 1968; O’Neil aGthappell, 1977).

45



up@Ia1ap 10U

e QT 2rT= Y'(T-,9)1S,/0Y,- WIS, /[ASIS=WS,)= 4S]" ‘suonenojed

12 pue

PN 3@yl Jo} pasn are

(eAeuNS) N €0E pue (eIpRIOS6Z J0 sebe eyl *(£/6T “1eber % 180181S) B HE 9= OAIBSaI wioyun alpuoyd = INHO “"pN,,/WS,,)

pue 8e9z15 0= "N ,/PN ) Aesaub Buisn pajenofed aiom sanfen [N 3:soies oidoyRRIUl paye|nofed=  ‘sofel 2idojos painseaw =
6¢%S6C - - TET TCT8P8TL0 O0T*Ge8¥.L'0 0T GLL°G G2 0ST 80'C 8'€- €S0CTIS'0 €99T0 6069€C1S06'Tyr ¢'ST ¥IT-91d
ov*8T0eCy 01T 7'9¢8 S T66 (Osn) $8-91d
o OTTECYL'0 O0I®9S'L €5 QET ST'¢ LP- L00CTS0 L09T'0 OTZIECIS0 OvT 6'€  #8-91d
8¢ BELC - -~ - L'TT v0LTL°0 O0T%0ee6L0 OTFETC OF 16¢ @ €8-91a
8'C B'68C TZ7/T99€'T OT#06ST 6 GS¥ (osn) €8-910
“G'TT TE€T L'TT S60TL0 <ZTF6LvEL'0 OT®6LL'S TLLZT ¢ZT 67¢ 660190  ¢9¢T'0 TIBEEZIS0O €€C 61 €8-91d
6'C '¢6e ¢C¢OTI6C'TOT BZ6ET 0SC 968¢C (sniW) 28-91d
“9TT TET §TT TOTTL0 <ZT¥I9¢EL'0 0TDZL'S €L ¢vIBZT 07¢- ¥6ECTIS0 CIET0 60¥6ECTIS0 6'E€T 0E  ¢8-91d
8'C '€8¢ 6T"8ET8S'T O0TB'STC 69 <Clv (s -91a
“GTT €ET 91T ¥CTIL'0 OTHGSEL'0 0T 688G /9 9ETECT 87¢- SOTCTS0 S82T'0 606%7€CTS0 TV 60 WM.mu._n_
Pied
- - - 2T 80¥0.0 OTOL0TLO0 OTSYST ¥SC2 /28  ~ - - - - 70T TE€ 9.2¢9S
8¢C 118 -~ ~ - ¥'TT 2v¥90L'0 0SZ0009'v OT ©TL6 Pv<C T9S (osniN) e98T-9S
- - - V'TT ¢¥90L°0 0T®rcel0 OT#H88'S GS8TT 00T L'T- <29TCTS0 S98T'0 O0T6ZSCTS0 §96C T6 ©I8I-OS
LC®cle €T0LEBCT 0T¥L8YT C'S ¥S¢ (wrooe<rg) CET-OS
8'C §9/¢ ¢TBSTEE'T 0T6L8ST TS ¥9¢C (wrogT-00€ 18) ZET-OS
§6¥¥8TL'0 OT BITY €¥C 60C (PNZET-OS
79 - €¢T 80T ¥690.0 O0T®r80L°0 O0TZYEO 607 09520 OT- 66TCTS0 68900 OTEEECTISO §T1€ L'S  CEI-OS
- - - - TT0/8v7'T OT 8LLT €TV 80€ (osnw) 9TT-9S
- - - - 6T0LSvC'C OT 886E V'E 60V (wrlogt<19) 9TT-OS
- - - - 60TTIL0 0TMLZT GvE ¢ST () 9TT-OS
- - - - 8GT€L0 OTorvel0 OT#ESS0 SvE 69 9TT-OS
- - 6T1 ¢0T €8.0L0 TTEOTTLO0 OT0NSL0 ¢8e00T 80T 8'€- 950C¢TS0  LPVITO 60¥82CIS0 ¢€€ 6S SZI-ODS
29 -~ 22l T'11 T1SP0L0 OTECYIL0O @BI'C ¥9T €¢T €80 07¢ LvIZIS0 €..00 6000sCIS0 ¥'6¢ SS  VCI-9S
- - - 97T 06.0L0 TTO9YC.'0 ©T6EC TPT GET 80T L€ 850CIS0 L6TC0 60%6VCIS0 ¥9T ¥'¥  d88-9S
erMLINS

ey 8 SM ANHo vm>> (1S, s, uiis, (e9) [pn, WIPN,, wl pN,,

w MOWSA —_ —_— ~—1 Wa; o) ws sojdwe

oz 1e aby 0,9 S ] hmg_ a4, 1 1S a4 "L pN3  PNg, | Emu:_ _ozmi_ PN S I S

Ji0)uelB eAexuug EP§aQ syl Jo erep 01dolos] O pue IS-gY ‘PN-WS Z'€ ajqel

However, the SG and the surrounding basement rgekd overlapping Hw ages (e.g.

basement, 0.6 1.3 Ga) suggesting that the SG mastrbegly influenced by the Nd from

these rocks.
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High and nearly constant Rb/Sr ratios (~5.6) Raji granite samples may be indicating
derivation from a homogeneous source. Howeversémples have variably high initial §r
ratios (0.7326 - 0.7482) and losMd) values (-2.1 to -4.8) and Nd model ages of 12.2
Ga. These, and the positive to negative Eu anomaimphasizing that young and old crustal
material contributed in their genesf origin through dehydration melting of homogengou
felsic upper crust is regarded as the most viabledeh for generating the Delikta
leucogranite, consistent with low Sr concentrat{d8 - 75 ppm, because plagioclase is
residual) and some high negatsMd; values (-4.8), which implies melting of a consaige

proportion of old crustal material.
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Fig. 3.10Isotopic compositions of samples from Delikéand Sivrikaya granitoids
(a) initial eNd) values vs. initial Sr ratiogh) and(c) initial Sr isotopic ratios and
3'°0 values vs. Si@respectively

Based on Sr, Nd and O isotope variations (Fig0)33.it would seem feasible that the
Sivrikaya granite magmas were formed by variablgreles of mixing between mafic magmas
and partial melts derived from older metasedimgntamponents (with high §r low eNd
and highd'®0) in the lower crust, with additional crustal camgnt. In either a mixing or a
separate source model for the SG magmatism, thelipins probably constrainedariable

amounts of a recycled crustal component that haa Iseibjected to surface weathering as
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suggested b§'®0 values (Table 3.2, Fig. 3.10c). Partial meltifigristal rocks was probably
in response to heat input in the form of mantlawdelr mafic magmas underplating (e.qg.
Davies and von Blanckenburg, 1985; von Blanckenkand Davies, 1985; Dummond and
Defant, 1990; Pearce and Parkinson, 1993 Schiarab. €i995; Martin, 1997; Henk et al.
2000).

The relative mafic composition of the granodiotbealite samples compared to the 2-mica
granite coupled with dissimilar isotopic signatyresggests derivation either from different
protolith or that the granodiorite-tonalite samptepresent a cumulate from the magma that
also formed the granite (e.g. Roberts et al. 20B@wever, petrological, geochemical and
isotopic data show that the Sivrikaya 2-mica gesiould represent a separate magma batch.
The common association of the granodiorite-tonalih the intermediate and basic
basement rocks (Osek and Buylikcay metabasic) sisgfes the magmas may have inherited
some of the signatures from the basement, thetresphartial melting, assimilation, magma
mixing during ascent to and emplacement in highagmma chamber (e.g. Collins, 1996). It
should be noted that the 2-mica granites have malfgihigher S and lowereNd, than the
granodiorite-tonalite, which is expected from mgin

The DLG and SG (KGB) rests on Precambrian-Palaeogoanulite-amphibolite facies
basement (gneisses, amphigneisses and amphiboMash have variable Rb-concentrations
(5 - 117 ppm) and initial Sr isotopic values in thage 0.70395 to 0.71256. It is noteworthy,
that these values are compatible with those show8® and DLG, which are thought to be
derived from these high-grade rocks. It seems ntigsty, therefore, that the isotopic
compositions of the granitoids result from the mgof old continental material with mantle-
derived magmas, mafic continental crust or youndERenriched crustal rocks. The main
question therefore is, whether the component with rhantle signature represents magma
from the mantle that fractionated and assimilatedtinental crust, or whether this magma

induced anatexis in a heterogeneous rock in th&.cru
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3.2.4. Discussion on geochemistry
3.2.4.1. Petrogeneticonsiderations

Petrogenetic models for the origin of arc magmésrfawo broad groups. Firstly, felsic arc
magmas are derived from parent magmas of basatiapasition through fractional
crystallization or AFC processes (e.g. Grove andriztly-Nolan, 1986; Bacon and Druitt,
1988). The second model is that basaltic magmagddedeat for partial melting of crustal
rocks (e.g. Bullen and Clynne, 1990; Roberts arahtéhs, 1993; Tepper et al. 1993; Guffanti
et al. 1996). The first model is considered unjikdbecause the Sivrikaya and Delikta
granitoids rocks are voluminous (all samples ha@ $ontent > 60wt %). Furthermore, the
rocks compositions do not represent a fractionasequence from basalt-granodiorite-
leucogranite. Such voluminous felsic magmas cooldoe generated solely by differentiation
of mantle-derived mafic magmas. Rocks of Delilkiad Sivrikaya granitoids show little or no
variation in initial Sr-isotope ratios ad®O values with Si@ (Fig. 3.10b-c), which does not
support derivation from mafic magmas through AFGcpsses. Experimental evidence (e.g.
Wyllie, 1984) has shown that hydrous melting ofdiiasould produce tonalitic-trondhjemitic
magmas that might evolve by fractional crystali@atand/or crustal contamination towards
more granitic compositions. Tepper et al. (1993]) sviatson and Harrison (1982) reported
that partial melting of the lower crustal metabasalder variable KD conditions could yield

a variety of granitoids. Similarly, Roberts and 1@ens (1993), based on the results of
experiments on partial melting of common crustatkeo stated that medium- to high-K,
transitional- to S-type calc-alkaline granitoid mas could be derived from partial melting
of intermediate to felsic metamorphic rocks of drest. Given the existing experimental
constrains, the most reasonable model for theroonfgithe Sivrikaya and Delik§agranitoids
involves partial melting of crustal protoliths hagi different compositions, under variable
H.O activities, leaving restite with variable propornis of amphibole and plagioclase. This
process combined with fractional crystallizationdanpper crustal contamination [as
exemplified by basic to intermediate (amphibolitar)d felsic (gneissic-granitic) basement
rocks], respectively could have generated the SGDAG magmas. Fractional crystallization
of the melts en route to higher crustal levels ganerate the whole spectrum of rock types
represented in the Sivrikaya granite. Some SG ssnale transitional-types which could
represent highly differentiated I-types which askited the metasedimentary (mafic-
intermediate) basement rocks or the product ofwaaies melting (e.g. Turpin et al. 1990)

(Fig. 3.11a, b). The dispersion of the isotopiadat the SG and the high-grade metamorphic
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basement rocks in the Sivrikaya area highlightsalte diversity of the material involved in
the episodic differentiation.

The more evolved and less variable geochemidhlisotopic characteristics of the Delikta
rocks are similar to Moldanubian granites thatemgrely derived from crustal sources (e.g.
Liew and Hofmann, 1988)hese characteristics further reflect low wateivagtand lower
melt fraction, the most probably source lithology a muscovite-rich metapelite (e.g.
Thompson, 1996), which has sufficient volume toegate the observed proportion of the
Deliktas leucogranite. The parental magma characterisposential sources and crystal

behaviour can be constrained by geochemical andpsalata.

3.2.4.2. Fractional crystallization

Small increases in S K,O, Rb and decreases in 8k, TiO,;, Fe&0O;, CaO and MgO
contents within both granitoids are compatible wieny limited evolution through fractional
crystallization processes (Figs. 3.4, 3.5). Slighibsitive to strongly negative Ba and Sr
anomalies of Deliktarocks are associated with small positive to huggative Eu anomalies,
indicating evolution by fractionation of K-feldsp&and plagioclase) either in the magma
chamber or during magma ascent. This is also stggbdary negative correlations between
CaO, ALOs, and SiQ. In contrast, fractionation of plagioclase has platyed an important
role in the petrogenesis of Sivrikaya granite radated by small or no negative anomalies of
Eu, Ba and Sr (Figs. 3.8a & 3.9a). Decreases in @@ BOs with increasing SiQ(Fig. 3.4)
are attributed to fractionation of titanite and t#pa respectively. The fractionation of
accessory phases such as zircon, allanite andutibacen account for depletion in zirconium.
The Sivrikaya samples display moderate concave MpR&E patterns and relative depletion
of middle REEs with respect to HREE (Fig. 3.8a)jalican be attributed to fractionation of
amphibole and/or titanite (e.g. Romick et al. 198&skin et al. 2000). Some Sivrikaya
samples have high Sj@ontents and high values of,Pg/MgO ratios (Table 3.1) suggesting
that the parental magma experienced magmatic diftextion (e.g. Whale et al. 1987).

The §'®%0 values range from 10 - 12.4 %o for Sivrikaya arid51- 11.7 (12.1) %o for
Deliktas (Table 3.2, Fig. 3.10b-c). There is an increasé'f® values of ~ 0.6 %.in the
Sivrikaya granite, and this may be attributed tacfional crystallization (e.g. Matsuhisa,
1979). Without significant contamination by contate crust, since closed-system fractional
crystallization is known to modify5'®0 values by about 0.5-1 %o (e.g. Taylor 1978;
Woodhead et al. 1987; Harmon and Grebe 1992). Tiderwange in5'®0 values of the
Sivrikaya samples (10 - 12.4 %0) may reflect a hmgeneous source. In contrast, the high and
narrow range i*%0 values (11.5 - 11.%%.) (Table 3.2) of the Delikiawhole-rocks samples
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and restricted values of ~13 %0 and 11.5 %0 respelstifor quartz and K-feldspar could be
attributed to significant contamination by contitedncrust (e.g. Taylor, 1978; O’Neil and
Chappell, 1977).

The discontinuous and separate chemical variatiemds illustrated in Harker diagrams
(Figs. 3.4 & 3.5) and the considerable different@inplacement time (Nzegge, in review),
despite the close spatial and temporal associaifohoth granitoids precludes the same
magmatic source. To elucidate this problem, vammatiagrams of the concentration of some
oxides and elements, which are strongly affectedrégtional crystallization process, have
been plotted against Mg#. It is evident that thgstallization behaviour between the
Sivrikaya and Deliktga granites is different. Except for Mg# > 65, thesrfliaya samples
generally exhibit more coherent trends whereby ,TiOs, F&Os;, MgO, CaO, and Sr
decrease with increasing Mg# (Table 3.1, Fig. matws). In contrast, the Delikissamples
are less variable.

Nd model ages @u) range from 0.75 - 1.08 Ga for the Sivrikaya arfdl -12.2 Ga for the
Deliktas granitoids (Table 3.2). The Deliktagranitoid has distinctly olderpf; age than
Sivrikaya suggesting that they were derived frorpasate magmas or underwent different
petrogenetic processes. Therefore, a comagmatic camdinuous crystal fractionation
relationship between the Sivrikaya and the Dejilghutons is unlikely. The slightly higher
HREE concentrations, lower (La/vgd)and (Gd/Yhby ratios, but higher Si©content of
Deliktas samples (Table 3.1) argue against a co-genetiatioethip through crystal
fractionation. The Delikkasamples, in spite of some scatter, generally éxhibre coherent
trends for most elements, but display less sigafiocvariation in Mg# (55-64). Differentiation
of Sivrikaya parent magma alone to produce thekiisligranite rocks is excluded because
the samples have overlapping Mg#.

The initial Nd and Sr isotopic compositions of & samples lie outside the range of
Sivrikaya rocks (Fig. 3.10a-b) and the concentratib trace elements (e.g. Ba, Sr & Zr) do
not fall on a straight line between the sampleSiofikaya and Deliktain Harker variation
diagrams (Figs. 3.4, 3.5). Furthermore, rocks ef Ereliktg granite are all leucocratic and
exhibit porphyritic textures, with “apparently” prary muscovite megacrysts, myrmekite and
graphic quartz (Fig. 3.3), which are not observedtiie Sivrikaya rocks. All these features
preclude a comagmatic origin for the Sivrikaya 8mwdiktas granites.
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3.2.4.3. Nature of parental magma and possible sources

Rocks of both granites are high-K, calc-alkaline eharacterized byegative Ba, Sr, Nb
and Ti anomalies, and are enriched in Rb, Th, Klamdlhese features are typical for crustal
melts, e.g., granitoids of the Lachlan Fold belh&@pell and White, 1992) and Himalayan
leucogranites (Harris et al. 1986, Searle and Fry@86). Hence a derivation from crustal
sources is apparent. The crustal source, the dnystdbasement that was intruded by the
Kastamonu granitoids, is exposed and is localliedahe Devrekani metamorphic unit. This
basement comprises amphibolites, gneisses andagdae basement chapter bejow

Compositional diversity among crustal magmas maseain part from different source
compositions, in addition to conditions such agOHctivity, pressure, temperature and
oxygen fugacity (e.g. Vielzeuf and Holloway, 1988plf and Wyllie, 1994; Patino Douce
1996, 1999; Thompson, 1996; Borg and Clynne, 1998impositional differences of magmas
produced by partial melting conditions of differemtistal source rocks such as amphibolites,

gneisses, metagreywackes and metapelites, magbalized in terms of major oxides ratios.
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Fig. 3.11 Plots showing compositional fields of experimémalts derived from partial
melting of felsic pelites, metagreyk@s and amphibolites(Patifio Douce, 1999) and the
composition of studied samples fromilka$ and Sivrikaya granitoids
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Partial melts originating from mafic source rock$ér example, have lower
Al,O5/(FEQ+MgO+TiO,) and (NaO+K,0)/(FeQ+MgO+TiO,) than those derived from
felsic metapelites (Fig. 3.11). Sivrikaya rocks @amoderate ADs/(FeQ+MgO+TiO,),
(NaO+K;0)/(FEQ+MgO+TiO,) and a rather wide range of CaO/(Fel@dgO+TiO,) ratios.
These features, in combination with relatively hayid wide range of Mg# values (61-28),
suggest a derivation from felsic pelite, metagreskea and amphibolite rocks. On the,8a
vs. KO diagram (Fig. not shown) the Sivrikaya transigilbsamples (SG-115, -116, -125, -
132) plot in the field outlined for typical I-typgranite of the Lachlan Fold Belt (White and
Chappell, 1983). High contents of CaO, Sr, and igdd¢ Eu/Eu* depletion in the REE
patterns of these samples all suggest melting jpfagioclase-bearing source. Some of the
Sivrikaya samples fall in the range of felsic pel{fFig. 3.11), as these samples contain
secondary muscovite. Muscovitization of feldspad ahloritization of biotite in these
samples suggest hydrothermal alteration. Partidtimgenodels, e.g., incongruent melting of
muscovite and biotite (Clemens and Vielzeuf, 198i&lzeuf and Holloway 1988; Patifio
Douce and Johnston 199%))ggest partial melting of metabasic rocks migitegate rocks
which exhibit transitional- to S-type geochemidahiacteristicsThe fact that some Sivrikaya
samples are compositionally transitional betweenlthand S-type granites implies that the
Sivrikaya granitoid might have been derived fronttiph melting of acid to intermediate
igneous rocks or immature sediments, consistenh whe relatively large variations in
isotopic composition efNdy= -1.0 to -3.8; S§= 0.7040 - 0.70795'%0= 10 - 12.4 %),
underlining their derivation from heterogeneousrees. The slight to strong negatisidy
values, low Sri ratios, and young Nd model ages€70.75 - 1.08 Ga) indicating significant
input of mantle-derived component during magma geie. The Sivrikaya basement
consists of gneissic rocks and amphibolites wittiakde isotopic compositions, similar @§r
ratios (0.704 - 0.706), higheNdg, values (-1.4 to 6.8) and low&t°0 values (8.2 to 10.3 %o
(Table 3.2) compared to Sivrikaya granitoid sampté®vever, the young model Nd ages of
the SG samples indicate that the petrogenesisi®fthnitoid involved the input of juvenile
component (e.g. DePaolo et al. 1992). Thereforeipdure of juvenile material and old
continental crust may characterize the petrogenasihis granitoid. In this case, the Nd
model ages represent the average crustal residenedor the Sivrikaya granitoid (e.g. De
Paolo et al1991,1992). Furthermore, the rocks show the concave-up®R&E patterns and
are depleted in MREE relative to HREE (Fig. 3.9®&)i¢ating that amphibole played a more
significant role than garnet during magma segregaffhe MREE depletion and the negative
Ti anomaly can also be attributed to fractionalstailization of allanite and titanite (e.g.
Weaver 1990; Hoskin et al. 2000).
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Muscovite and/or biotite dehydration melting proésienelts that strongly peraluminous, K-
rich, and very poor in Fe, Mg, and Ti (Clemens afdlzeuf, 1987; Pafio Douce and
Johnson, 1991); incompatible with the slightly n@t@inous and high N®/K>O nature of
SG rocks. Amphibole dehydration melting can prodlazge volumes of metaluminous to
slightly peraluminous granitoid magma with high ,8&,0 ratios (Ellis and Thompson,
1986), and this process may have been importar8Gn A combination of biotite and
amphibole dehydration melting from a plagiocladbi{f@ component) and quartz-bearing

crustal rocks can explain the general highQV&,0 values.

All plots in Figure 3.11 indicate an origin of tBeeliktas magmas by dehydration melting of
felsic pelite-type source rocks. The Deliktsamples have high initial Sr ratios (0.7109 -
0.7185), variably loweeNd; values and older Nd model ages¥ 1.2 - 2.2 Ga). These,
emphasizing that mature crustal material playeerg umportant role in their petrogenesis.
The high and nearly constant Rb/Sr ratios (5.67) fdicating derivation from a rather
homogeneous melt that underwent closed-systemidrattcrystallization as indicated by
high 5'°0 values (11.5 to 12.1 %o) of the rocks. Excludingple DLG-114 (porphyroid), the
Deliktas granite samples show less HREE depletkg. (3.8b) predicted for melts that
equilibrated with residual garnet (e.g. Tepperlei@93). The basement rocks (gneisses and
granites) of the Deliktagranitoid have similaeNd in the range of -6.6 to -3.4 and®o
values ranging from 10 to 11.3 %ewer but similar S§ ratios (0.707 - 0.712) and Nd model
ages (Bbw= 1.1-1.3 Ga) (Table 3.3), compared to the grashitsamples. All these

characteristics indicate the contribution of thedraent to the genesis of Delik@granitoid.

3.2.4.4. Tectonic implications

Both granitoids rocks are high-k, calc-alkalineieimed in LILEs such as Cs, K, Rb, U, and
Th with respect to HFSEs, especially Nb and Ti (A@). Magmas with these chemical
features are typically generated in subductionligoh-related) environment (e.g. Pearce et al.
1984; Harris et al. 1986; Rogers and HawkeswortB91%ajona et al. 1996). Numerous
studies suggest that trace elements could be sséid@iminatory tools to distinguish among
different tectonic settings of granitoids magmasaree et al. (1984) used the elements Rb, Y
and Nb as the most efficient discriminants amowgsianic-ridge granitoids (ORG), within-
plate granitoids (WPG), volcanic arc granitoids (®Aand syn-collisional granite (syn-
COLG). Applying their discrimination criteria, theliktas granitoid is classified as volcanic
arc granitoid (VAG) (Fig. 3.12a-b).
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Fig. 3.12.Geochemical compositions of Deliktand Sivrikaya samples plotted
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(Pearce et al. 1984), &0dR1 vs. R2 (De La Roche et al. 1980) the fields
boundary based on Batchelor angdd8p(1985)

The high silica content (75-79 wt % $)Gamples from the Sivrikaya granitoid plot around
the boundary between VAG and syn-COLG fields (R3gl2a). This is likely due to
progressive differentiation (e.g. Forster et #97). Crossing of the VAG and syn-COLG
boundary as observed for the Sivrikaya samplesdcdnd the results of a magmatic
differentiation trend. On the R1 vs. R2 diagram ([2eRoche et al. 1980) Sivrikaya samples
fall in the pre-plate collision and the syn-COLG@lIdis (Fig. 3.12b). In contrast all the Deliktas
samples plot in the post-orogenic field. Collisibtectonic setting commonly involves an
early syn-collisional stage of thrusting and folglinesulting in crustal thickening followed by
a late post-collisional stage of strike-slip andeasional faulting, reflecting adjustments of
accreted blocks (Sylvester, 1998). Pitcher (19&83] revealed that granite types broadly
correlate with geological environment and tectaeigimes, his view has been substantiated
by studies of the relationship between trace elérabundance patterns and tectonic setting
(e.g. Floyd and Winchester, 1975; Pearce et al4198ompson et al. 1984; Harris et al
1986). Using the Pitcher-Pearce-Harris scheme, stinengly peraluminous (ASk1.1)

assemblage of DLG would undoubtedly be classified past-collisional, that is, were
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emplaced after the climax of crustal thickeningy(&ylvester, 1998). In this tectonic setting
the granites are often recognizably S-type, i.dtimately derived from sedimentary
lithologies (Miller, 1985). Increase in K- and Sr-contents, high Rb/Sr ratiod mitial Sr
values and loweNd) of the DLG samples, are clearly related to cruditedkening and the
involvement of more crustal material in their geadg.g. Bennett and De Paolo, 1987). K-
rich peraluminous granitoids are generally congddo be post-orogenic (e.g. Lameyer et al.
1980; Pitcher, 1983; Pearce et al. 1984; Harrisakt 1986). In addition Delikta
monzogranites have K-feldspar megacrysid apparently “primary” muscovite, common in
the leucogranites of Variscan belts of western egrtral Europe (e.g. Pagel and Laterrior,
1980; Lameyer et all980; Liew et al. 1989; Barbarin, 1999; Fernan8eagrez et al. 2000).
The isotope systematics (Table- 3.2, Fig. 3.10agambination with the REE pattern of
Deliktas granite (Fig. 3.8b) are therefore considered asdymts of post-collisional
magmatism.

The geochemical data of the Delit&nd Sivrikaya granitoids can be summarized asva]
the SG group ultimately derived from a sub-arc feamtedge enriched by silica-rich melts
and fluids from escaping subducting slab (e.g. Hzsmlorth et al. 1993), and crustally
derived high-K Delikta leucogranites resulting from partial melting oustal material,
indicating a major crustal thickening episode (eBpztus et al. 1995) that followed
subduction and collision of Gondwana-derived micootinental plates with South Eurasian
active margin (e.gSengor 1984; Robertson and Dixon 1984; UstadmerRaizertson 1993).
The activity of the Eurasia-Pontides convergenezmmbably consisted of successive periods
of compression and piling of the crustal fragmemtsne hand and tension on the other hand,
to permit respectively genesis of magmas and altergp emplacement dfL) mixed (crust
and mantle) origin (e.g. Sivrikaya granitoid), tlesult of subduction, transitional regimes and
continental collision; an@®) peraluminous granitoids (cordierite-bearing, andgoovite- and
K-rich peraluminous granites, associated with tiaax of orogenesis) dominantly of crustal
origin (e.g. Delikta granite). Delikta rocks were probably emplaced during the relaxation
phases (e.g. Barbarin, 1999) where anatectic coeplmrmed are commonly porphyritic-K-
feldspars-rich (e.g. Wyllie, 1977).

3.2.4.5. Conclusions on geochemistry and isotopic systematic

Overall geochemical signatures, a wide range ofOSisotopic compositions and
geochronological data preclude a comagmatic omfithe Sivrikaya and Delikiamagmas.
An origin through dehydration melting of homogengoielsic upper crust is regarded as the
most viable model for generating the Deliktaucogranitewhereas, the Sivrikaya magmas
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composition are intermediate between crustal andtlmaources. In contrast, the Sivrikaya
magmas originated by partial melting of heterogesepelite-amphibolite-greywackes-type
sources. The lowermost crust must have been haiying extensive heating by mantle-
derived mafic magmas.

Individual K-feldspar from Sivrikaya granitoid ycelPermo-Carboniferous ages 5 to 30
Ma younger than the crystallization age of the hosk. Further minerals from the same
samples but with different closure temperatures-$RIibiotite, muscovite, and hornblende)
(Table 3.5, Appendix) show similar young ages, ébgr making it likely that these rocks
achieved post-crystallization isotopic homogenmatiThe homogenisation of the strontium
isotopic signature probably took place under themmtamorphic and/or hydrothermal
conditions. The mineralogical and geochemical data isotopic characteristics of the
Sivrikaya and Deliktggranitoids are therefore, predominantly the consaqges of melting,
mixing and assimilation of crustal rocks, and tlenpositions of the source regions rather
than large-scale, post-emplacement differentiatidajor and trace element compositions
suggest the Sivrikaya granitoid to be syn-collisioio subduction-related, while the Delikta
granite may be post-orogenic, with inherited ateteal signatures. However, the spatial and
temporal relationships appear to indicate a comvghgenetic link amongst the basement,
granitoids emplacement and the subduction procéssbs area.

The occurrence of peraluminous primary muscendie S-type monzogranites along with a
somewhat less peraluminous suite of hornblende ogiarites-tonalites and two-mica-
granites is a situation common to many segmentbefEuropean Variscan. Therefore, the
SG and DLG correspond to magmatic activities whiobar analogy with Variscan
magmatism documented in the domain extending frentral Europe (e.g. Finger et al. 1997,
Stampfli et al. 2002; Hann et al. 2003; Liew andirhlann 1988; Liew et al. 1989), through
the Balkans (e.g. Chatalov, 1988; Carrigan et @052 Cherneva and Georgiova 2005; Okay
et al. 2006), and beyond the Variscan suture systémthe Lesser Caucaseiigor et al.
1993). The Variscan evolution of northern Turkeyl @he Balkans, therefore, appears to be
similar to that of central Europe, with the Istahbloesia-Scythian block (Fig. 3.13)
corresponding to Avalonia, and the Sakarya-Stratodfmorica (e.g. Stampfli et al. 2002).

In the east, such intrusions appear in the sodallariscan-Cimmeride transition region,
where it is uncertain whether they are collisior#ted (Variscan) or subduction-related
(Cimmeride,Sengor et al. 1993). In fact, this difficulty alsaanirs in the central Pontides
(this study) and in the Greater Caucasien@or et al. 1993).
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Iberian massifAr, Armorican massifMc, Massif CentralVm, Vosges massiBf, Black Forest
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massifiK, Karadere- Kastamonu regioR; Devrekani massifi’, Pulur massif(s, Gimighane
massif (adapted from von Raumer et al. 2002igaar et al. 2005)
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3.3. GEOCHRONOLOGY
3.3.1. Zircon internal structure

CL photos of typical zircon population of graniteidre displayed ifigures 3.14 and 3.15.

y Recrystallize d \/
- domains Truncation

6 Mo

A O .
Recrystallized
domains

Fig. 3.14Cathodoluminescence (CL) photographs of charatiteriscon population
from Sivrikaya granit@) SG-114 andb) SG-132. The crystals are ca. 100-125um
long and 60-100um wide. Zircon grairgidglly have prismatic morphology and
oscillatory zoning, indicating magmatitgin. Truncation of some zircons (grains 2, 7
from sample SG-116) show they not arradun other minerals (e.g. biotite, quartz)

Zircons of the Sivrikaya granite rocks (Figs. 3.24¢ all euhedral and reveal typical igneous
zonation. Xenocrystic cores and overgrowth arecoaimonly observed; however, some SG-
116 zircons show truncation of zoning (Figs. 3.1grains 2, 7) and recrystallized domains

(Figs. 3.15a, grains 1, 5, 6). Such truncated graiow that they were not armoured in other
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minerals and that partial dissolution occurred mpiworim growth. Rare very small xenocrystic
cores occur (Fig. 3.14b, grains 2-3), truncatedrgpand post-magmatic overprint are absent
in SG-132 zircons.

DLG-114

domains

Fig. 3.15Cathodoluminescence (CL) photographs of charatitezircon population

from Deliktgagranite: (a) DLG-114 and (b) DLG-83. The crystale ca. 90-125 pm long
and 60-80 um wide. CL images reveal tmorphological grain-types; elongated, euhedral
with oscillatory zoning of igneousgiri, and multi-faceted stout, euhedral, with a
pre-exiting inherited detrital andeaéid (metamict) core rimmed by magmatic zoning.

The Deliktg leucogranite samples (DLG-83 and DLG-114) areorifpoor (typical of felsic

melts, e.g. Paquette et al. 1985) and the zircamgyare very fragile. This could be due to the

combined effects of metamictization, recrystali@atand replacement processes. The CL

images (Fig. 3.15) reveal a heterogeneous popolatitade up of two contrasting
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morphological grain-types: elongated, euhedralglprisms with oscillatory zoning (grains
3.15a, grains 3-6 & 3.15b grains 1, 5) and multefted stout, euhedral grains with an
inherited/endogenic detrital core more or lessredteenclosed by a faintly zoned thin rim
(grains 3.15a 1, 2 & 3.15b 2-4). Some DLG-114 ziecshow partly re-crystallized domains
(Fig. 3.15a, grains 5-6).

3.3.2. U-Pb, Pb-Pb and Rb-Sr data
1. Sivrikayagranitoid(SG)

Tonalite sample, SG-116Five zircon fractions were analysed from this sken{pable 3.2,
Fig. 3.16), three are concordant at ~303 Ma andatne 345 Ma, and one fraction has an
older Pb-component, although inherited cores weoé identified in the CL images.
Regressing the fractions at 303 Ma and the oneneiit core yields an upper intercept age of

1846 + 65 Ma (MSWD= 1.7), indicating the presenta Broterozoic component.

0.060 Sivrikaya granite 380 7
SG-116 i
0.058 + -
| Intercepts at 360 ]
0.056| 1846 65 Ma -
" 303.0 +0.54 Ma [+
20 0.054+ MSWD=1.7
23 I ]
U 0.052 | -
0.050 - i
0.048 | i |
3 verage™ PBT U age
_/OC 903 .Ogi 0 .5Fl4bi\/laU ’ i
0.046 n n n n n

0.33 0.35 0.37 0.39 041 043 0.45
207P b/235 L

Fig. 3.16-Concordia plot showing U-Pb zircon isotope dilatemalyses from Sivrikaya
sample, SG-116. The upper intercept@dd 846 + 65 Ma is given by a discordia through
303 +0.54 Ma defined by three concordant data pointscaredfraction with relic core;
the inset is an enlargement of theelointercept of the discordia. Error ellipses arg,2

61



‘umaugfl] ¢ Igumolq ¢ 1q 189el-njnw ‘oeJ-igsalinojod ¢ spjdies)d ‘[0 imojeAnybimbyeA ¢ lgifeau

‘wsiid voysids  quawbefesiwsud Buo| ad) rej) 91 qeipaynayna MUY Uiyimols

pUETRIITE o= T (ol

‘oirel yibua| : yipim ‘T:1
|Mwaon|suen ¢ [fuaredsuen ‘n
4910ys ‘ ygrews ‘ swnipaw ‘wibuoj ‘| Big ‘q

oy¥(000z ‘BimpnT) LOTdOSHM paleinded EpjijaQ pue elexuessynsal eonjeue uodliz gd-n uonnjip adojos|

L/60 80€ 6¥C <¢¥C VEDBCCSO0 T9T%v./C'0 LSTEEBEO0 8.8 26T L0Z L0OSS +¥TO0 T ‘nynaud ‘pIs‘g 6
¥.6'0 ¥0€ 99¢ ¢9¢ <ZLAPZS00 GLT7G662'0 OLTEYTIYOO TOST ¥0OE 0ZE 2908 TEZOO ZT'm‘ynaudiig’s g
186'0 9T€ vl¢ 69C¢ TTT.ZS00 897860€0 89%92V00 ¥#2ST STZ 22 PSS 20v0'0 2:T ‘1 ‘yna uds ug y-ub'‘s 2
1080 0S¢ ¥l¢c 9L 82BZISO0 9rZTE0E0 9€08EV00 L8TT 8TT +2ZT 086C E€SV00 gz ‘M1 “ds ‘ynaug q6‘q 9
996'0 6.¢ 692 89¢ ¢€TEBTS00 6VZIE0E0 LPAYZr00 €9¥T 96T S0Z ¥80S LZE00 2T yne uds ugp 1s‘s g
2680 68¢ 68C 68C¢ 6¢B0CS00 €9%062€0 SSABSYO0 08 Ge L€ 826 09T0°0 Z:T ‘M ‘yna uds ‘ig Hq-ub‘s
996'0 G0E€ 06 88¢ TTZ0ESO0 €.%7S9€€0 €.66S700 v2ZI L. T8 €€8T L/S0°0 €T ‘¥1‘yna‘uds ‘agp M6 ‘q ¢
T.6'0 <¢¢c€ 08¢ S.¢ 60%8¢S0°0 8ETGLTEO LETIEVO'0 6TOT E£E€T TPT PSEE ¥2ZE00  €:6°T ‘Mr‘yna ud ug ‘6 ‘w g
¥86'0 0c€ 96¢ €6C LTT8¢S00 6V¥EBEE0  LVZVIr0'0 090T 2ZTT 6TT 9592 TTE00 £z ‘11 'd) ‘yna ugp M-ub ‘6| T
£8-91d
688'0 €0V v.E 69 8CZ.¥S0'0 T9BBYYY'O0  $ySHEES00 /9 IR ¢y 869 66T00 T ‘Mriad ‘yna ugp ‘y ‘Bl 6
TZ6'0 V¥IE /62 V¥6C €C99CS00 8SLTI6EE'0  €57/9Y00 8 ZEV6 TOT Z6TE 80T00 ZTP‘Yynauds ugis‘s 8
//6'0 €€€ 682 €8¢ TITDIESO0 €ESE06CE'0 eS5¥6¥Y00 8GE 8S €9 Z/ET 09€0°0 ez yna ud] ug 1S ‘w2
906°'0 <29¢ 69¢ /8¢ LEZVISO'0 /8BB6EV'0  ,8%86S0 BZOT ¥8 0 8St 08T00 ZTo-ndiag ‘yr‘s 9
€60 €S 0.& €.& V6ILSESO0 <ZLEOOVY'O0  85%G650°0 28/ 0282 ZEE€T 0S20°0 iz ‘1 fds ‘yna g Y1 1s g
/960 G6C 90€ L0€ VITZZSO00 9S9BITSE'0  #5E88Y0°0 #85 S 69 G/0T 86200 €:Z M yna uds g ‘6] 'y
066'0 8T€ 96¢ €6¢ 915/¢S0'0 8ECZHLBEE'0 8eZBSIOVYO'0 E€EIT 2ZVUST 8S2E 0O¥200 vz 'h'yna uds Ugr qur s €
869'0 8¢ 08¢ T8¢ S8TZIVYSO00 867ZEVY'0  097TT0900v8. €9 89 62IZ 0,200 ST:T M ‘ynd uds uqg ‘w ¢
Z286°'0 660¢ 6%TT STZ 90S00€ET'0 O0STITOT'C 67T Z.LTT OV9TT 1e FASR 424 10S0°0 S0 ‘yna adj g fjpu T
Y17-971d
¥I6'0 €2¢ 80€ G0E €6B20S00 62CWIESE'0 S0CTAS8Y00 ¢TIV <¢T ¥T GS¢ 0S0¢0 "€:G ‘M1'yna ud ‘A B ‘w9
8/6'0 80v /12¢ 9T¢ 9TB6¥S00 <LEV08E0 L'0DBC6VO0 vE8YOC 0¢ S6g£ 16800 G:Z ' 'yne udjug qur ‘B g
2660 /2¢ L0E v0E OTS6ZS00 <¢8BLZSED 28%eBY00 T9L €T €T 69¢ ¢2£900 [0 4dsT'yn® gi-Al Hy-1u ¢
TO6'0 T9¢ <¢TI€ 90€ <CT%HLESOO0 0LBB86SE0 69958700 0G2E9T GT 8TE €T900 €:G°T' 'yna ud| g ‘6] ‘w €
T.¥0 16L SOF 1Tve TETDSS90'0 Pr1%86817°0 6EYCYS00 8 ¢ ST 6¢ <¢l¢ STS00 ZTP'ynae udj A Huras 2
TG66'0 Ge€ L0€ €0 ST¥TIESO0 6VS8CSE0 v DT8YO'TV6T 6T 6T T6E 0SE00 TP 'ynd udp ‘Afjpu T 267-95
¢T.0 8I€ 86¢ S6C 9€8.¢S00 TSZEIVED LEB0O8Y0'0 €99 T2 €¢ 6S7 T€C00 €T nyne udp g ‘y ‘Bl g
0660 O0TE tv0E €0E <¢STYCS00 €9%6.7VE0 GSET8Y0°0 T8E 1T TIT g€g¢ ¢2gL00 Gz 19 ‘yna ‘A ‘w B
/T80 V09 G.& 6EE 8TTO0900 9S9E/¥v'0 ¢S90YS0°0 0B2Z 62 0 9¥S T8E00 ZT0'Yyne uds ‘A as g
€8/°0 G8¢ 6V E¥E 9E¥0ES00 T8TOVOY O TLD6VS00 0868 T¢ ¥¢ 00¥ 8.£00 Z: TP 'yna ud ugrns's g
0/G0 tv9¢ TOE 90€ VETTSTSO'0 9GTDO6SYE0 6GEEBY0'0 6E0 €2 €2 €97 €¢s00 9:T'19 4| 'yna ‘A qur ‘Bl T
9TI-9S
q n_oﬁ Dmmm DmmN q n_ooN Dmmm Dmmm q n_gN Am Ev
oyd Qn_BN Dn_BN Udyee Ad, Dn_BN Dn_ooN Qn_oow _umﬁn_ Qnm_n_ n ucm_w\s CO_HQ_._owm_u uoanz uornpoeld
(eN) sebe juareddy sonel 21dojos| (wdd) uonenuasuo)d

sares piouuelb (H7aQ) ePieg pue(os) eAexuacssinsal jeanAfeue uonnjip adolosl uoaliz-qd-N's’s ajqeL

62



Granodiorite sample, SG-13Bor this sample the Pb-evaporation and U-Pb isotidp&on
methods were employed@hree out of six analysed zircon fractions are Iyeawncordant at
~304Ma (Fig. 3.17a, inset). Two fractions are discotdadicating old Pb-component, which
can be observed in CL images in the form of snrmiérited cores with brighter luminescence
(Fig. 3.14, grain 3). A regression of all data peidefine intercept ages of 301.1 £ 1.4 and
2383 + 87 Ma (MSWD= 0.89) (Fig. 3.17a).

0.07¢ — T T T 1
2 Sivrikava aranite 100280‘ 390 ‘ 3?0 ‘ 340 ‘ 3§CAqe (Ma)
SG-132 440 b) Sivrikaya granite
0.070 1 90 SG-132
Mean™ PH® U age " Mean age 317%# 16 Ma
3040+12Ma 31 © 80
0.066 |MSWD=004 , IS ([l Grain 3
& 70 .
o ?] 11 ratios
0.062 & 60 Grain 2
206 T 84 ratios
— 5 rain
U 0.058} kS 40 59 ratios
3 Z
0.054} E 30 Ey
L Interceptsat | = =
2383 + 87 Ma 20 7; %
0.050 and b
301.1+ 1.4 Ma| 10 —
‘ ‘ ., MSWD=089 0 ====7))
0'04%_32 0.36 0.40 0.44 0.48 0.52 0.56 0.0518780.0523340.052796 0.053264 0.053736
21 KL (*"Pbf*°Pb)

Fig. 3.17-Zircon ages for the Sivrikaya granitoid sample B32-(a) U-Pb concordia plot for
isotope dilution analyses; discordia throughdht points give intercepts at 301.11# Ma and
2383 +87 Ma. The inset is an enlargement of the threeyieancordant data points at ~304 Ma.
Error ellipses indicatesg. (b) Histogram showing the frequency distribution aficgenic

2P Fo%Pp ratios of single zircon Pb-Pb evaporation. Treesums for three idiomorphic grains,
integrated from 308 ratios give an age of 31¥6tMa.

Three separately evaporated SG-132 zircon gra@id g meari® Pb7°®Pb evaporation age of
317 =16 Ma (Table 3.4, Fig. 3.17b). This age agkeihin analytical error with the U-Pb age.

Table 3.3-Radiogenic” PBf' Pb ratios of evaporation of singteari grains and corresponding ages

. . Numberof ~ Mean of “Po/®Pb
Sample Grain  Zircon features 2750/ 2751/ Ph age (Ma)
ratios ratios
SG-132, granodiorite 1 medium, stout, brown 59 0.052500£22 30710
2 long, thick,brown 84 0.053125+37 322+16
3 long, thin, yellow 11 0.052795+28 320412
Weighted mean no. Of ratios and mean age 51 0.052810+ 317+13
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All the U-Pb zircon analyses from SG-116 and S33-talculated together on the same
concordia diagram, yield a discordia with a lowaercept age of 303 = 1.4 Ma (Fig. 3.18),
which is well defined by six nearly concordant frans at ~303 Ma, most likely the age of

the Sivrikaya granite.

0.06¢
Average™ PU7° U age
303.0+0.68 a
MSWD=1.17 D)
0.062
0.068
206Pb
U — SG-116 -
0.054 | | sG-13? —

0.050 A discordia through most analyses gaye

intercepts aB03.0 = 1.4 Ma
and 2407 £+ 120Ma
MSWD= 2.5

0.046

0.32 0.36 0.40 0.44 0.48

207P bIlZBSL

Fig. 3.18 Summary U-Pb concordia plot for zircon analysetsvo Sivrikaya
granitoid samples (SG-116 and13@). Data points ellipse ares2

From samples SG-116, SG-132 SG-125 and SG-186erais were separated for Rb-Sr
analyses (Tables 3.2 & 1, Appendix). The whole-rdaka of samples SG-88b, SG-125, SG-
132 and SG-186a yield an isochron age of 302 + 3ZMSWD= 3.4, S5= 0.7075 + 0.0016)
(Fig. 3.20a). However, Rb-Sr whole-rock and minefalicas, K-feldspar, hornblende)
analyses of sample SG-116 give an age of 275 + ail(\Mry high MSWD, = 0.717 *
0.046) (Fig. 3.20b). Whole-rock, K-feldspar and thiotite fractions from SG-132 yield a
Rb-Sr age of 275.4 £ 9.7 Ma (MSWD= 90, Sri= 0.709.@11) (Fig. 3.19c). Two biotite
fractions from this sample yield a mean Rb-Sr dg&rd.6 + 2.7 Ma and one muscovite gives
an age of 281.6 £ 2.8 Ma (Table 1, Appendix). Thang mica ages of SG could either mean
slow cooling or rejuvenation during the intrusiohtbe younger granitoid-generation (see

below).
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Fig. 3.19 ®'Srf®Sr vs 2 ’RbF°Sr whole-rock and mineral isochron plots of datarfr
Sivrikaya granitoid (samples SG-88, SG-132, andl86)-

2. Deliktas leucogranite (DLG)

Monzogranite sample DLG-11Kline zircon fractions were analysed from this sa(plable
3.3). Uranium concentrations range from 244 up 2683ppm. Four zircon fractions with
variably small degrees of Pb loss plot close todtwecordia curve at ~295 Ma and two are
concordant at ~375 Ma. The latter age indicatepitesence of a xenocryst which can be
observed in the CL images as turbid/metamict careendogenic zircons (Fig. 3.15a-b),
which had earlier lost Pb and/or U during a Devonievent. The presence of two
morphological types of zircons in this sample aseaded by CL images (Figs. 3.15a, b) is
clearly visible in the result, for example, thestkring of the data points in two groups (~375
& 295 - 298 Ma) (Fig. 20). Meanwhile, one otherctian (DLG-114-1) is discordant
indicating the presence of an old Pb-components Zhicon fraction has significantly low U

(244 ppm) and Pb (32 ppm) concentrations than therdractions. A discordia calculated
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through DLG-114-1 and the fractions concordant2Q0-Ma yielded an upper intercept age
of 2682 Ma (Fig. 3.20).

0.22
0.04g Mean™ Pb7® U age  3° DLG-114
H 2943+ 1.1Ma 30 2 1200
0.04
0.18 1
0.047
70.04
0.14 - :
0P| 0098 3 033 0.34
=9 DLG-114-1
0.10 +
Lower intercept at
294.0 + 1.1Ma
0.06 - ) MSWD = 0.79
Two data points (DLG-114-2,
\ DLG-114-7) at374.0+ 1.7 Ma
(DLG-114-3, -4, -5, -6)
0.02 L 1 L 1 L 1 L 1 L 1
0.20 0.60 1.00 1.40 1.80 2.20

207P b /2351-‘

Fig. 3.20-Concordia plot showing U-Pb zircon isotope dilatemalyses from
Deliktgsample DLG-114. The upper intercept age of 26821@% Ma is given
by a discordia calculated thiotige data points nearly concordant at ~295 Ma
(inset) and one fraction witliceore. Error ellipses aresg.

Monzogranite sample, DLG-8%Pb/**U and**’Pb?**U ages of nine zircon fractions show
a large scatter, the discordant analyses clust8¥Bt>*Pb ages of ~275 Ma and 295 Ma (Fig.
3.21). Only one fraction is concordant at ~290 Niae discordance in these zircons most
likely resulted from Pb-loss combined with minontidbution of preexisting grains (e.g. the
homogeneous and metamict crystals without pronaliroaing patterns, Fig. 3.15b, grains 2,
3). Uranium concentrations are very high, rangmognf 928 to 8067 ppm (Table 3.2). Zircon
grains with the highest U content (8067 ppm) yitdd lowest?*Pb7*®%U age (~260 Ma)
indicating Pb loss related to radiation damagesraathmictization process (e.g. Davis and
Krogh 2000; Nasdala et al. 1996). It is imposstolelraw a discordia line through the data

points and to find a precise age for this sample.
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Fig. 3.21U-Pb concordia plot for zircon analyses from sanfipl€5-83. A discordia

through five data points yields 291 5.1 Ma ( inset). Error ellipses indicate,?2

A plot of all the U-Pb data from the two DLG sangptn a concordia diagram further shows
two groups of ages (Fig. 3.22). However, six fracsi are nearly concordant and define an
average?®Pb/*®U age of ~295Ma. Considering the Rb-Sr muscovite &g. 3.23) |
tentatively interpret the age 295 Ma as the criystaion time of main bulk of the Delik§a

granite.
0.049 Summary plot of DLG-114 & DLG-83
0.047+¢ y:
0.045¢
r Intercept at
I 319+ 27 Ma
2°‘Pb0'0437
23 | Six nearly concordant analyses
U 0041 at ~295 Ma, ansidered the
I emplacement time tie pluton
0.039 ¢
0.037 + @ DLG-83
| <> DLG-114
0.035 ‘

025 027 029 031 033 035 037

“bp*L

Fig. 3.22-Summary U-Pb concordia plot for zircon analysePeliktas granite
samples (DLG-114 and DLG-83)
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Most of the Delikta (DLG-83, DLG-114) zircons show very high U-congatibns, high
radiogenic and total Pb-content, as was observédinch metamict zircons by Wiedenbeck
et al. (1995), Mattinson et al. (1996) and CorfQQ@), for example, fractions 3, 4 and 9 from
DLG-114 (2000-3200 ppm U) and DLG-83 (928-8100 pggjnAbrasion of the outer rims of
zircons did not reduce the discordance in Deis@amples (DLG-83). Therefore, Pb-loss also
occurred in the zircon cores, which show alteredriar and totally destroyed zonation (Fig.
3a-b). This attests that Palaeo-weathering causedb-loss in the Delikfazircons (e.g.
Black, 1987). | therefore, think that the zircoregmattern of the DLG monzogranites reflects

a syn-magmatic-metamorphic and sedimentary source.

0.74¢
i Deliktas granite
0.747[ (wr)

0.745[

0.743] 292 +27 Ma
Sy - (Srf*Sr) =0.7109 + 0.0024
0.741f MSWD =0.28

86

Sr
0.739[
0.737[
i DLG-4
0.735 DLG-83
.~ DLG-82
0733 1 1 1 1 1 1 1 1 1
5.5 6.0 6.5 7.0 7.5 8.0

“Rb/*S|

Fig. 3.23!Srf°Sr vs.®"RbF°Sr whole-rock isochron plots of data from
Deliktas granite.

Rb-Sr whole-rock analyses from the Deliktaonzogranites define an isochron age of 292 +
27 Ma (MSWD= 0.28 and r 0.7109 + 0.0024) (Fig. 3.23). The Rb-Sr agéhalgh with
large error is similar to the U-Pb ages.

Four muscovite separates give an average Rb-Sofa2@0.1 + 2.9 Ma and one K-feldspar
gives an age of 273.8 + 2.8 Ma. The muscovite es¢hsamples is coarse-grained and
euhedral, the blocking temperature for coarse-gchmuscovite may reach 600-650°C (Cliff
1985), i.e., are close to the crystallization terapge of a granite. Therefore, the Rb-Sr
muscovite age of 290.1 £ 2.9 Ma is considered talbse to the crystallization time of this

pluton. Probably a post-intrusive event had rejated the Rb-Sr-system of the K-feldspar.
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3.3.3. Discussion and conclusions on geochronology

The zircon ages presented in this study providefits¢ reliable age constraints on the
magmatism in the Kastamonu area and have signifregional implications. From the new
data the following tentative conclusions can bewira

- The ages from the different radiometric methdttsas us to suggest that the emplacement
times of the Sivrikaya and Deliktglutons were between 303-300 Ma, and 295-270 Ma
respectively, much older than the previously edstuaVviddle Jurassic ages. Three zircon
fractions from Sivrikaya and Delikfagranitoids contain relic cores that yield Precambr
protolith ages. These ages, in conjunction withNkdeaverage crustal residence time although
younger indicate the contribution of recycled Prebdan material. This reiterates the
observation by former workers that the central Riast constitutes fragments of Gondwana
and Laurasian Superterranes. The difference irbatygeen the Sivrikaya and the Delikia
also accompanied by a change in the magmatism, &lagghtly metaluminous transitional-
type to peraluminous S-type. The Late Carbonifefoady Permian ages justify the
conclusion that Variscan plutonism (until now, weméfied in the central Pontides), despite
the tectonic setting, is a common feature of thethyisdes §engor et al. 1993), co-existing
with Middle Mesozoic plutons in the Kastamonu gtaici belt (Boztg et al. 1995; Yilmaz
and Boztg 1986).

- The geodynamic setting of the Carboniferous¥fan granitoids in the Central Pontides is
complicated, and they could be explained by subolucif the Palaeotethys beneath Eurasia
or Gondwana. Such pre-Jurassic granitoids are cammather parts of the Pontides and
have been interpreted to be of Gondwanan origire Bhivrikaya and Delikta granites
therefore, indicate the Central Pontides is cowtiguwith the Sakarya and the Istanbul Zones.

- The Central Pontides is a juxtaposition of Brecambrian-Palaeozoic Istanbul and the
Sakarya Zones, with distinct Devonian-PalaeozoicdZeic metamorphic and magmatic
histories (e.g. Chen et al. 2002b; Gorir et al.71%%as 1968; Stampfli 2000). The 375-345
Ma event recorded in some zircons is a common ffeaifipre-Variscan metamorphism and
magmatism (e.g. Matte 2001; Warr 2002). This methwas, the magma-source inherited
Devonian zircons from the heterogeneous Centrali(Resbasement that did not have enough
residence time in the small dyke to develop groxathation.

-The Late Carboniferous-Early Permian ages forSheikaya and Delikta granitoids and
the geochemical and isotopic data of the granit@idd basement, suggest that they were
components of the Variscan orogenic belt.
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The geochemical and isotopic signatures of the ikaya and Delikta granitoids in
combination with the protolith ages, therefore, Idooe interpreted to indicate an evolution
from Eurasian continental arc magma-type repreddoyethe Sivrikaya granitoid, to entirely
anatectic Gondwana-Eurasian continental post-coiiégd magma-type, as crystallized in the
Deliktas monzogranite. The younger ages, the high U-cordaéthe zircons and the highly
evolved nature of the rocks, the Delikilaucogranite appears to represent the final stdge
the magmatism linked to the Late Palaeozoic sulmuaif the Palaeotethys beneath south
Eurasian margin (e.g. Chen et al. 2002b; Okay 20@6). Apart from continental convergent
zones, both granite types can be expected in mawmménental magmatic arcs to sit on
continental crust. In this light, the Late Carbenifus-Permian magmatism can be considered
as the consequence and culmination of a long-astotive margin setting that has occurred

since the Palaeozoic.

refresentative of central geological forocesses.
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4. DEVREKANI GRANITOID (DG)
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Fig. 4.1- Sketch map of Devrekani granitoids and basementpBoa{modified from
Sengin et al., 1990; Taystz et al., 1999)
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4.1. PETROGRAPHY

The Devrekani granitoid is geochemically zoned tfwé more mafic core), and highly
tectonized indicating the emplacement before thelyE&retaceous collision-accretion-
extention regime that followed the south-dippingoduction of the Palaeotethys Kire
marginal basin (e.g. Okay, 2000; Okay et al., 200&admer and Robertson, 1997). It crops
out for ~60-70 krf in the Devrekani town, Kastamonu province, wherenirudes the
Proterozoic-Palaeozoic (Tuysiz, 1990; Yilmaz, 198Q,n unpublished data) Eurasian-
derived continental basement (e.g. Aydin et al9519JstabmerandRobertson, 1993, 1994,
1997), and the Triassic-Early Jurassic flyschoidintoy-rocks [nalti/Bériimce formation)
(Fig. 4.1). A low grade contact aureole developetiveen thentrusion and the flyschoid
country-rocks (Yilmaz et al.,, 1996, 1997). The asdoon of Kastamonu granitoids with
contemporaneous volcanic rocks shows that the mdutewere emplaced at high level
(PeccerilloandTaylor, 1976; UstabmendRobertson, 1992, 1993).

DG samples were collected from around Devrekanintand at the Musa valley (Fig. 4.1,
DG-4b). Petrographically the rocks are plagioclasaiblende-biotite diorites, and quartz and
minor tonalitic-diorites.Generally, the Devrekaniagitoid rocks are medium to coarse-
grained accassionally with micro-granular enclavdsey display porphyritic textures with
euhedral plagioclase, hornblende, and pyroxene onggfa set in a medium-grained
subhedral-anhedral groundmass of latter mineradgitd and quartz (Fig. 4.2). The major
rock-forming mineral assemblage is plagioclaseit@llb Ca-rich anorthite 40 to >50% in
DG-2a, DG-2b and DG-3), dark-green pleochroic sdibdieto euhedric hornblende (basal
sections) and subhydral pyroxene (enstatite) make4b % of rocks. Accesssory zircon,
calcite, magnetite, dark-brown biotite, clinopyrore(augite), quartz (interstitial), magnesite
and ilmenite occur in variable proportions. Temp@es of granitoids magmas may be
estimated from apatite and zircon saturation teatpegs that can be calculated from
chemical composition of rock samples (Harrison &viatson, 1984; Hanchar and Watson,
2003). For any given melt, saturation temperattoegpatite and zircons components depend
on both melt composition and temperature, wherdigy dolubilities of both components
increase with temperature. Apatite and zircon sditum temperatures calculated from bulk-
rock chemical analyses will therefore corresponoh&ximum or minimum temperature limits
for the intruding magma depending on whether thé mas saturated or undersaturated in
these components. Zircon is abundant and euhedradldoes not occur as inclusions in other
minrals. Inferring crystallization took place toget with other minerals and at high
temperaturesThe dominance of hornblende throughout the rockgests that the magmas

were either hydrous at the onset or became hydtatedgh contamination in the crust.
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DG-4b(x10%

Fig. 4.2a-Representative microphotographs of Devrekani gpahiocks (DG-1, DG-3, DG-4b).
Note the late magmatic formation of hornblendbl) (DG-4b). Plagioclase(g) and Hbl are at
times sericitizedg. AbbreviationsQtz quartz;Pyx pyroxene.

With accessory K-feldspar (orthoclase, DG-1, DG#3-92-1, DG-134 in DG-3) chromite,
apatite, titanite, allanite and secondary hemalitee plagioclase phenocrysts are euhedral,
twinned and zoned, rarely altered (sericitized, Eig. 4.2b, DG-92-1, DG-134) and at times
exhibit microperthitic to perthitic texture with #ldspar (DG-1, DG-3, DG-2, DG-134). In
some cases the pyroxene is twinned and well zaretlrarely with hour-glass zonation (DG-
1, DG-4b) indicating that the clinopyroxene havelatieely high Ti-content.
Microphotographs of sample DG-134 show magmatievgraf hornblende at the expense of
plagioclase. Locally, biotite and amphibole aretiply chloritized and epidotized, and
usually contain zircon or apatite inclusions. Thmdete is secondary, and occurs as fine-
grained aggregates replacing plagioclase. Some (b¢k-2a, DG-2b, and DG-3) thin-
sections show evidence of biotite and hornblendeigeation.
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Fig. 4.2b- Representative microphotographs of Devrekani tpahsamples (DG-92-1, DG-134).
Note the formation of hornblendellfl) at the expense of pyroxerey§) (DG-134). The plagioclase
(Plg) is strongly sericitized3e.

4.2. GEOCHEMISTRY

4.2.1. Major and trace elements

Representative chemical analyses of samples aegl lis Table 4.1. The bulk whole-rock
concentrations of the Devrekani granitoid is chamared by low Si@ (49-59 wt %). Harker
variation plots (Figs. 4.3) show a cluster of daténts in two groups of rocks; diorites (e.g.
DG-2a, DG-2b and DG-3) characterized by high,3] FeO, MgO, CaO and Co
concentrations but low N@, KO, Rb, Ba and REE contents (Figs. 4.4) and torsa{D¢5-1,
DG-92-1, DG-01-1, DG-4b, DG-4c, DG-134). These dewmuical differences are reflected in
the DG-1, DG-2a, DG-2b and DG-3, composed largélplagioclase (>60%), hornblende
and pyroxene megacrysts, and more porphyric texkigs. 4.2).
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Table 4.% Major (wt %) and trace (ppm) element abundanceBe¥rekani granitoid sampl:

Sample DG-01-1 DG-1 DG-92-1 DG-2a DG-2b DG-3 DG-4b DG-4c D&
SiO, 58.37 56.74 55.81 49.97 50.41 49.92 55.52 59.94 55.54
TiO, 1.14 1.05 0.60 1.89 1.54 0.43 0.83 0.81 0.88
AlLO, 15.81 16.11 16.25 20.13 19.16 19.06 16.27 16.35 18.26
Fe0; 6.53 7.01 5.44 8.15 7.72 6.53 6.71 5.25 6.49
MnO 0.14 0.14 0.10 0.17 0.16 0.13 0.13 0.10 0.13
MgO 4.55 5.56 5.27 6.05 6.21 8.91 5.76 3.50 4.45
CaO 4.26 6.70 6.11 10.81 11.70 12.24 7.01 5.13 7.07
Na,0 4.03 3.38 3.70 2.91 2.77 1.93 3.34 4.02 3.66
K50 2.01 1.29 2.31 0.18 0.17 0.20 1.22 1.49 1.22
P,O5 0.133 0.135 0.100 0.137 0.067 0.031 0.139 0.179 0.020
LOI 2.17 1.86 5.40 0.32 0.36 0.76 2.08 1.63 0.76
Sum 99.3 100.8 103.8 100.9 101.2 100.8 100.6 1015 99.7
ASI 0.94 0.83 0.82 0.82 0.73 0.76 0.85 0.92 0.88
Mg# 58.0 60.8 66.0 58.8 61.8 73.1 62.6 57.3 57.6
Cs <0.1 <0.1 <0.1 <0.1 <0.1 0.25 1.77 <0.1 2.20
Rb 86 56 102 8 6 10 52 53 61

Ba 468 242 327 126 120 58 179 225 237
Sr 290 248 332 307 303 271 365 269 123
Y 27 25 22 12 14 10 18 18 19

Pb 12 8 12 6 3 10 15 20 10

Zn 61 66 56 70 65 62 61 41 89

\Y 127 150 119 223 240 228 135 94 107
Cr 170 229 140 210 228 461 173 117 117
Li <0.1 <0.1 <0.1 <0.1 <0.1 7.36 19.8 <0.1 8.1
Nb <0.1 4.0 <0.1 7.0 6.0 0.5 6.0 8.0 6.5

La 21 25 36 8 15 4 14 31 10
Ce 23 23 37 <0.1 <0.1 9 30 28 17

Nd 17 12 17 8 <0.1 6 15 16 7

Sm 4.9 4.9 5.0 3.0 3.6 1.5 3.4 3.9 1.2
Eu - - - - - 0.98 1.13 - 0.79
Yb 2.5 2.5 2.1 1.1 1.1 1.0 1.8 1.6 0.5
Th 6.1 5.0 6.9 0.1 <0.1 <0.1 10.0 9.2 6.1
) <0.1 <0.1 <0.1 <0.1 <0.1 0.18 1.23 <0.1 <0.1
Co 24 24 20 28 26 32 25 16 18
Ni 25 11 18 24 14 45 32 38 30
Pr — _ _ - — 1.19 3.69 — 1.81
Gd — — — — — 1.72 3.32 — 0.99
zr 114 99 103 25 24 31 84 118 92
Tb - _ — — — 0.28 0.52 — 0.14
Dy — — — — — 1.81 3.27 — 0.81
Ho — — — — _ 0.38 0.67 _ 0.16
Er — — - - — 1.08 1.90 — 0.45
Tm — — — — — 0.16 0.28 — 0.07
Lu _ _ — _ — 0.15 0.27 _ 0.08
Hf _ — — - — 0.64 0.99 _ 2.31
Ta — — — — — 0.07 0.47 — 0.95
SrlY 10.8 9.9 5.6 25.6 21.7 27.1 20.3 15.0 6.5
ZrlY 4.2 3.9 4.7 2.1 1.7 3.1 4.7 6.6 4.8
CelYb 9.1 9.1 17.5 - — 8.8 16.5 17.5 37.4
Eu/Eu* - — — - — 1.84 1.04 _ 2.22
[La/YDb]y - — — — — 2.6 5.0 _ 14.0
[Gd/YDb]y — — — - — 1.35 1.44 — 1.70
K,O/Na,O 0.50 0.38 0.63 0.06 0.06 0.10 0.37 0.37 0.33
Fe0,/MgO 1.44 1.26 1.03 1.35 1.24 0.73 1.7 1.5 1.46

—=not determinedASI| = Aluminium Saturation Indexolar ALO,/CaO+K O+Na O)];
LOI =loss onignitionMg# =100 x molar [MgO/(MgO+0.9Fg O )]
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Low aluminium saturation index (ASI= 0.73 - 0.94)sdribe the rocks as metaluminous I-
type (e.g Chappell (1999); Chappell and White, 1%dniar and Piccolli, 1989) (Figs. 4)6c
The rocks are tholeiitic (DG-3) to calc-alkalingvihe and Baragar, 1971). Chappell and
White (1974); Arculus and Johnson (1978); Saunder. (1980) suggested that many arcs
showed temporal progression from tholeiitic throagkc-alkaline rocks. The (Y + Nb) vs. Rb
diagram (Pearce, 1982) define the rocks as volcamigranitoid (VAG) field. However, on
the R1 vs. R2 diagram (De IRoche et al.; 1980) they spread from the mantigitraates to

Fig. 4.3Selected Harker variation plots of major elemdatDevrekani granitoid,

pre-collision fieldqFigs. 4.8a, b, d).
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Fig. 4.5Harker variation diagrams of selected trace eteém®r Devrekani granitoid

Geochemical features such as lowOKNaO ratios, high Ni, Cr and Sr contents,
fractionated REE patterns and low Sr/Y, high La&fld Sr/Yb ratios (Table 4.1) are similar
to modern adakites/ mantle-derived arc magmas,hwtoianed in subduction environments,
where the subducted slab is young and still hatrefiore, capable of undergoing partial
melting (Dummond and Defant, 1990; Schiano et 8B5] Martin, 1997; Davies and von
Blackenburg, 1995; von Blackenburg and Davis, 1$@8npunzu et al. 2003).
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Fig. 4.6 Geochemical composition of Devrekani granitoichphes plotted on th@)

Calc-alkaline andb) Silica vs. alkaline diagrams of Irvine and Bara@d@71, 1989),
andc) A plot of Shand’s Index with fields of differentagite-types after Maniar and
Piccolli (1989)

4.2.2. Rare earth elements

Generally, all the Devrekani granitoid samples shemvichment in large ion lithophile
elements (LILE) such as Cs, Rba and K, and depletion in Cr and Ni and depletiohigh
field strengthelements(HFSE, Nb, and Ti)with respect to MORB.These features are
commonly considered as characteristics of subducttated magmatism (e.g. Floyd and
Winchester, 1975; Keppler, 1996; Tatsumi and Kagik@97). Sample DG-3 contains 461
ppm Cr and 44.5 ppm Ni at Mg# of 73, is tholeigicd represents the most primitive near-
primary magma.

Chondrite-normalized REE (cn, Sun and McDonou§89) plots show broad spectrum of
sub-parallel patterns characterized by little dnmient in light rare earth elements (LREE)
(10-50x Chondrite values) and display flat heawe arth elements (HREE, 6-12x Chondrite)
patterns with a small negative (DG-4b) to distiioiG-3, DG-134) positive Eu anomaly
(EUW/EU*=V/[Smeny X Gdcen] =1.04 to 2.22), and mildly fractionated REE patteffiable 4.1,
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Fig. 4.7a). The flat REE patterns and slight to erate Eu anomaly may be related to

plagioclase accumulation.
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Fig. 4.7- (achondrite-normalized rare earth element abundasmneé)
Primitive mantle-normalized traement abundances for the Devrekani
granitoid. Normalizing values &ém@m Sun and McDonough (1989)

Primitive mantle-normalized (Sun and McDonough,9)a8ace element patterns (Fig. 4.7b),
similarly show two groups of samples with the desi (e.g. DG-3) having lower
concentrations and more pronounced Nb deplefidrese features and slightly high V
contents (94-240 ppm) are typical of less evolwgpbe granitoids and suggest involvement
of mantle material in the DG magmas genesis. Coisgarnf the normalized trace element
patterns of DG samples allows the distinction itw@ groups of rocks. Low Rb contents

(troughs) and variable Sr contents, suggesting/diéon from plume-like mantle source; and
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negative Nb and Rb anomalies, and restricted Scerdration, which are usually interpreted
as derived from mantle lithospheric sources. Thisupported by the isotopic signatures
which show a compositional range from OIB-like oatito highly radiogenic MORB-like
compositions (Fig. 8cHowever, the linear relationships observed in thed element data
(Fig. 4.5)and the Sr-Nd plots probably invoke a binary migtlvetween two components
crustal and enriched lithospheric mantle sources (dcDonough and Sun, 1995; Sun and
McDonough, 1989).
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Fig. 4.8 Geochemical composition of Devrekani granitoidk®plotted in the tectonic
discrimination diagranta) Rb vs. Y+Nb andc) Y vs. Nb (Pearce et al. 1984) af@)
Sr/Y vs. Y, fields from Martin et al.q@5); andd) R1 vs. R2 (Batchelor and Bowden, 1985)

The elemental compositions and the inter-elemerdsaf DG rocks are similar to values
documented in arc igneous provinces linked to thmeen processes: (1) mantle wedge
enrichment by sediments recycled in the mantle calsubducting slabs (e.g. Plank and
Langmuir, 1993); (2) mantle wedge enrichment byidBufrom the dehydration of a

subducting slab (e.g. Keppler, 1996; Tatsumi andisam 1997) and (3) enrichment of the
sub-arc mantle by slab-derived melts (e.g. Kelem&®95; Yogodzinski et al. 1995;

Kepezhinskas et al. 1996; Sajona et al. 2000).sTindies related to the mobility of elements

in aqueous fluids escaping from the subducting &@atp Stolper and Newman, 1994; You et
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al. 1996) showed that more than 95% by mass are mldILE and other highly compatible
elements. LREE have low to moderate mobility wherétREE are the least mobile.
Therefore, arc magmas derived from partial melthiga mantle wedge enriched by fluids
escaping from a subducting slab will be characterizy a strong enrichment in LILE (e.g. Sr,
Pb, and Hf) versus a moderate enrichment in LILEZERiIn the melt. Mafic magmas
generated in a sub-arc mantle source enrichedabydsdrived fluids are generally marked by
high Sr/Ce values (>>20), low Sr/Ce and low Ce/&ins (<20) (e.g. Chauvel et al. 1995;
Kapenda et al. 1998). However, Sajona et al. (2@ddhasized that the same enrichment
style characterize mantle wedge sections metaspadaby slab melts. In contrast, mafic
magmas originating from a sub-arc mantle enrichedubbducting sediment melts are marked
by low Sr/Ce, Ce/Pb and Sr/Y values. The largeatiamn of ratios between incompatible trace
elements, indicate a heterogeneous mantle soutds. ifiterpretation is supported by the
coexistence of enriched rocks with both flat (DGQ-4id fractionated (DG-3 and DG-134)
REE patterns. The flat REE patterns of some Dewrgganitoid samples and their relatively
high Y and Yb contents indicate a garnet-free saurigh Mg# and transition metal contents
of the rocks are acquired during interaction obslarived melt with the overlying mantle
and this is consistent with the following geocheahieatures of DG: (1) an increase of $iO
from diorites to tonalitic-diorites, and a corr@latincrease of [Gd/YR} and [La/Ybl.; (2)
mild to no LREE and HREE fractionation in the dies (Fig. 4.7a) and (3) high Ni and Cr

abundances requiring an ultramafic source.

4.2.3. Sr-Nd-O isotopic compositions

The Devrekani granitoid rratios range fron®.7052 to 0.7061 and th&ld; values of -0.8
to -2.2 (Table 4.2, Fig. 9).

Table-2 Sm-Nd; Rb-Sr and O isotopic data of the Devrelgaanitoid (DG)
Sample Ro sr[®Rb [¥sr [¥Sr sm Nd [*Sm [**Nd [ *Nd eNdy Tom  0*°Oswiow)
(ppm) *sr1 ¥sSrim ¥srj (ppr  M“NdIm  *Ndm YiNd ] (Ga)  (%o)

DG-1 54 28Z 0.547 0.70713+11 0.7058: 4.1 17.1 0.147 0.512529+1 0.51237( -1.1 1.1¢ 8.8
DG-2¢ 5 304 0.041 0.70544+9. 0.7053: 1.9 6.€ 0.16€ 0.512566+0 0.51238' -0.8 1.51 8.2
DG-2t 3 29€ 0.02¢ 0.70546+1' 0.7053¢ 3.5 11.€ 0.18: 0.512574+0 0.51237¢ -0.¢ 0.0C 8.2
DG-3 10 36& 0.07¢ 0.70523+1 0.7052¢ 1.6 5.7 0.17C 0.512570+0 0.51238' -0.8 1.6¢ 7.2
DG-4L 52 27C 0.427 0.70692+9. 0.7059: 3.4 15.1 0.13¢ 0.512479+2 0.51232i -1.9 1.1/ 84
DG-4c 54 26€ 0.55¢ 0.70747+8. 0.7061¢ 3.5 16.2 0.13C 0.512452+0 0.51231: -2.2 1.07 8.8
DG-13¢ 44 34€ 0.36€ 0.70691+1' 0.7060¢ 3.6 16.€ 0.12¢ 0.512457+1 0.51231 -2.1 1.0¢ 8.7
DG-01-1 86 29C 0.56¢ 0.70764+21 0.7063. 4.3 17.& 0.14¢ 0.512537+1 0.51238( -0.¢ 1.11 9.5
DG-92-1 96 327 0.85z 0.70743+2¢ 0.7054: 4.C 17.7 0.13¢ 0.512523+1 0.51237. -1.C 1.0¢ 9.1

m= measured isotopic ratioiss calculated initial isotopic ratiosNd(t) values were calculated using present d&i¢/***Nd)c,z= 0.512638 and
IS mA*Nd)epur = 0.1967; CHUR =Chondrite Uniform Reservais6.54. 10%a” (Steiger & Jager, 1977). The age of 165 Ma isltsethe
Nd,y and Sy, calculations.[S5= ¢"srfsri = ¢'srP°sHmPRbFsr(é'-1)]; A= 1.42.10" a*
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Young Nd model ages 6l) in the range of 1.6 to 1.0 Ga, indicate shorstalresidence
time compatible with young calc-alkaline arc-rogksgy. Ghost and Lambert, 1989), and the
in put of recycled Precambrian material in DG gendsgure 4.9a shows a variationsdfdy
versus Sf, wherebyeNd; values decrease slightly with increasing &lative to mantle
values, suggest mantle origin for all the DG roekih the diorite samples distinctly situated
in the OIB field (e.g. Zhang et al. 2005). In t8rf°Sr vs.2*Nd/*Nd plot of Machado et al.
(2005) (Fig. 4.9c) the samples plot between the EMid EMII fields, with the diorites

situated closer to the EMI field.
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Fig. 4.9 Isotopic compositions of Devrekani granitoid sésia) Initial eNd, vs. initial

Sr isotopic ratiogp) and(c) SiO, and3*?0O values vs initial Sr isotopic ratios respectively
(d) Initial **Nd/***Nd vs. initial®’Srf°Sr isotopic ratios, fields of DMM (depleted mantle)
HIMU, EMI (enriched mantle 1) and enrichedntia (II) from Machado et al. (2005)

The50unole-rock Values of the Devrekani rocks are low with a narrange from 7.2 to 9.1
%o IS representative of a mantle and mixed origiapeetively for the diorites and the
quartz/tonalitic diorites. The nearly uniforfit®Ounoierock Values (within uncertainties) for
groups of rocks suggest that these rocks have een lseverely affected by subsolidus
80/*0 alteration, and requires that any material asated during crystallization must have

been similar to the magma #{0/*°0 or only moderately enriched fO. A positive
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correlation between'®0 and Sg and SiQ values observed for the quartz/tonalitic diorite
sampledurther indicate crustal contamination (Fig. 4.9d).

High and narrow range in @ratios anccNd) values, and high Sr content (mantle signature)
for DG rocks indicate recycled juvenile continental crust angforll proportions of recycled

older crust, consistent with the lack of inherir@cambrian zircons in all the samples.
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Fig. 4.10Plots showing compositional fields of experimemtalts derived from partial
melting of amphibolites (Pati Douce, 1999) and the composition of studied sampl
from Devrekani granitoid

The composition of the DG supports its derivatioomt tholeiitic magma (amphibolite, e.g.
Fig. 4.10). The HREE is flat suggesting garnet aindon accumulation/formation. The DG
crops out in a major extensional shear zone relaiedravitational collapse of the Late
Carboniferous orogeny. Because the intrusion i $3h-tectonic with respect to the shear
fabric it is reasonable to assume that its germrah some way is related to the extension-
collapse events. According to Dewey (1988) largéumas of mantle partial melts are
injected into the lower crust during gravitatiomallapse of mountain chains by detachment
faulting. | speculate that during the collapse éwba geotherm crossed the garnet-lherzolite
solidus and mafic melts were produced. The melt heaye little interaction with the felsic

lower crust, accumulated plagioclase, and intruddgte shear zones, giving rise to DG.

4.2. GEOCHRONOLOGY

4.2.1. Zircon internal structure

Devrekani samples are rich in zircons. Generaltgaris from all the analysed samples are
relatively large and of good quality, with relatiyéow U-content. The CL images reveal a
population made up of euhedmgains with different morphologies (Fig. 4.11): ¢gpprism
and stout multifaceted with combination of prisnridQ)} and {(110)} and pyramid forms
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{(212)}, {(101)}, and {(301)}, predominantly yellowo light brown, and variations between
the two types. Inherited cores and overgrowth ateeammonly observed.

racks from (a
polishing

DG-92-1

DG-1

Recrystallized

30H m
domains
3 4 S

Fig. 4.1 CL photographs of characteristic zircon populagidrom Devrekani granitoid.
Absence of xenocrystic cores and post-magmatic poivegr Rare recrystallized domains
are observed. The crystals are 1004125 m long 8AD6u m wide(a) DG-92-1 zircons
show three grain-types; euhedral long-prism, nfattetted and mixed crystals. Zircons
internal structure show sector and oscillatory mgni (b) DG-1 zircon population is

homogeneous comprising stout multi-facetted crgstaith different combination of
prisms. Zircons internal structure show magmatioizg. (c) DG-3 and (d) DG-4b

zircons show a heterogeneous population made upgwof contrasting grain-types;
elongated, euhedral and multi-faceted stout, witdtilbatory and sector zoning
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This implies that the zircons grew in a melt andl h@ot experienced alteration after
crystallization. Such zircons usually yield conartlU-Pb ages (e.g. Poller et al. 1997).
DG-92-1 zircons are all light brown. CL analyse®whhree grain-types; simple euhedral
long-prism, stout multifaceted with combination mrisms and mixed crystals (Fig. 4.11a).
Zircons internal structure show sector and osoaitjatzoning (grains 1-5). DG-1 zircon
population is homogeneous comprising stout muttefeed crystals with different
combination of prisms. CL images show magmatic zgr{Fig. 4.11b, grains 1-5) and rare
recrystallized domains (grains 3-5). The style afing (oscillatory and broad) may indicate
differentiation of the pluton from diorite througjuartz-diorite to more felsic compositions
(e.g. Corfu et al. 2003PG-3 zircons have long prisms and are multiface@d.images of
zircons are similar, more commonly oscillatory asedctor zoning (Fig. 4.11b). Rare
recrystallization domains (e.g. Pidgeon, 1972) loarobserved (Fig. 4.11c, grains 3-BjG-
4b zircons are yellow to brown, big, have very sammorphologiesconsisting of euhedral,
prismatic crystals rarely multifaceted (Fig. 4.11G) images reveal two types of grains:
entirely oscillatory zoned zircons (grains 1, 3gBjl grains with a sector-zoned inherited core

surrounded by rims of magmatic overgrowth resulimthe euhedral shape (grains 2, 4).

4.2.2. U-Pb, Pb-Pb and Rb-Sr data

Tonalitic-diorite, DG-92-1 Eleven single zircons yield nearly concordant Ualgbs between
164 Ma and 190 Ma (Fig. 4.12a). Regression oflelten data points define an intercept age
of 172.0 + 9.7 Ma (MSWD=7.9).

Quartz Diorite, DG-1 The U-contents in the range of 317 to 655 ppm ave Nine data
points from this sample plot close to and/or on thecordia between 164-175 Ma (Fig
4.12b). Two fractions are reversely discordantlat2-Ma and ~175 Ma. Regression of all the
analytical points give a lower intercept age of .065 5.3 Ma (MSWD=23). Four concordant
fractions yield a meaf”®Pb/*®U age of 168 + 0.73 Ma (MSWD=0.73), interpretedttzs
crystallization time of this rock (Fig. 4.12b, ingse

Diorite sample, DG-3U-contents range from 351 up to 1294 ppm (TableCde fraction
with minor surface related Pb-loss is discordant-84 Ma and two other fractions are
reversely discordant at ~180 Ma (Fig. 4.12c). Regiom of all the analyses define an
intercept age of 170.0 + 1.8 [+3.3] Ma (MSWD= 1.6pnsidered the crystallization time of
this rock.
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Fig. 4.12Concordia plot showing data points of U-Pb isetdgution analyses from the
Devrekani granitoida) sample DG-92-1, 11 single zircoifs) DG-1 and(c) DG-3 and

(d) Summary plot of all four (analyzed samples. Esaltipses represenicg.

Quartz diorite sample, DG-4lJ concentrations are in the range of 176-3901 |gpable

4.3). Most zircons analysed are concordant betvld$n172 Ma (Fig. 4.13a). Four zircon

fractions with variable small degrees of Pb-losst plose to the concordia curve at 162-172

Ma and 220 Ma. Although xenocrystic cores were disterned in the CL images, one

fraction has a small inherited Pb-component and plose to 330 Ma. One fraction is
reversely discordant at ~220 Ma. Three fractioescancordant at 165.0 = 0.54 Ma (MSWD=

0.67) (Fig. 4.13a, inset).

Table 4.4 Radiogenié” PB/ Pb ratios of evaporation of sirmjteon grains and corresponding

Sample GrainZircon features Number of  Mean of “Pb/*Pb
“PbfPb  *Pp/®Pb  (Ma)
ratios ratios

DG-4b, quartz-diorite 1  thick, multi-facet, clair 16 0.0488535 14117

2 long, thick, brown 81 0.04940@8 16713
3 medium, thick, brown 73 0.0491619 15609
4  medium, multi-facet, brown 125 0.049318® 16314
5 thick, multi-facet, brown 116 0.0494¥P8 17113
Weighted mean no. of ratios and mean age 82 0.04923928 166:16
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Five separately evaporated DG-4b zircons yield amie’Pb?*Pb age of 166 + 16 Ma
(Table 4.4, Fig. 4.13b), which is within the erlionit similar to the averag€*Pb/*®U age.
The lack of inherited zircons in DG zircons is daeeither derivation from juvenile (volcanic
arc, back-arc developmentNdy -2.2 to -0.8] material or complete resetting oé thre-

existing zircon.

100,120 140 160 180 200 220 24Age (Ma,

b) DG-4b
0.060 — M PP
a) Devrekani granitoid 180 Meanagel66: 16 Ma
L DG-4b (quartz-diorite
0.050 . Whenforced through most @ 1607
: data points intercepts at = B4 Grain 1
159 + 29 = 140+ (16 ratios)
i and g £7] Grain 2
20 342 + 82 Ma o 120 (81 ratios)
Pb MSWD = 24 260 s .
=y 0.040 - E— o | S Grain 3
16502054 Ma 5 1007 7 (73 ratios)
rMSWD=0.67 168 P Grain 4
o (125 ratios
5 80+ I
Grain 5
0.030 -g (116 ratios
S
zZ
16
0.020 1 1 1 1 1 1 (] 1 1 1 1 1 1 e
0.140 0.180 0.220 0.260 0.300 0.340 0.380 0.420
207P bfﬁSU

o'y o
S S oS
O O B
S oo
c oo
20 06

Pb/f*PI

Fig. 4.13 Zircon data from the Devrekani granitoid, quatiarite sample DG-4la) U-Pb concordia
plot for zircon analyses. Ellipses indicatg,2rror.(b) Histogram showing the frequency distribution
of radiogenic®®’Pb/*Pb ratios derived from single zircon Pb-evaporatibhe spectrum for five
idiomorphic grains, integrated from 411 ratios givenearf®’Pb7°Pb age of 166 + 16 Ma.

Rb-Sr whole-rock analyses from the Devrekani goathitlefine an isochron age of 176 + 43
Ma (MSWD= 0.041 and g 0.70538 + 0.00028) (Fig. 4.14 ). The Rb-Sr adiough with
very large errors are similar to the U-Pb age (Mgs2 & 4.13).
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Age =176 +43 Ma
0.708 -  (Sr)i =0.70538 +.00028
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Fig. 4.14-*"RbF°Sr vs.®’Srf°Sr whole-rock isochron plots of data from
Devrekani granitoi

The Middle Mesozoic basic magmatism is documenteBHt»-Siwhole-rocky@nd zircon ages of
175-165 Ma from four samples. Xenocrystic coresemeot discerned in zircons of these
samples. Zircons of four rocks have similar aged ariernal morphologies displaying
primary magmatic structures (oscillatory zoning) damminor secondary structures
(recrystallization domains). Ages from all sames similar within the error range and show

little spread. The pooled age 165 Ma is interprete the crystallization time of this pluton.

4.3. DISCUSSION
4.3.1. Magma genesis and possible sources

Devrekani (DG) rocks are rich in Ca-plagioclasernbtende, biotite, orthopyroxene and
+clinopyroxene, implying an origin through partialelting of mafic source rocks.
Experiments by Pato Douce (1995, 1996) have shown that dehydratiortinge of
amphibolite at ~0.4 GPa can produce a melt assgmldaminated by Ca-rich plagioclase
(Anz7) and orthopyroxene with subordinate clinopyroxelevrekani rocks have moderate
Na,O/K>0 ratios (2-17), low AlOs/(FeQ+MgO+TiO,), (NaO+K,0)/(FeQG+MgO+TiO,) and
narrow range CaO/(Fe&MgO+TiO,) ratios (Fig. 4.10). These features combined wéhy
high Mg# values (75-86), suggest derivation from anphibolitic source rock close to
primary mantle melts (e.g. P@ab Douce, 1995, 1996, 1999). High CaO (5-14 wit%) and
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moderate Sr (271-370 ppm) contents, and positivearsf Eu anomalies further suggest
melting of a plagioclase-bearing source andlab melting outside the plagioclase stability
field (e.g. Martin, 1999), and the magma crossegta thicker hotter mantle wedge or mafic
plutons, having efficient interactions with it, oigng in MgO, Ni and Cr enrichment (e.qg.

Sajona, 1995; Sajona et al. 2000; Tatsumi et @6),%nd slightly adakitic signature for the
diorites (e.g. Martin, 1999; Condie, 2005).

Although Sr- and Nd-isotopic ratios are withiretmantle array (Fig. 4.9a), slight shift of
the data to more radiogenic Sr isotopic composstioray be interpreted as the result of Sr-
rich slab fluid mixed into the mantle wedge (e.gu€kova et al. 2001; Dorendorf et al. 2000;
Prouteau et al. 2001; Rapp and Watson, 1995; Rapp #999; Smithies, 2000). The high
eNd) values (-0.8 to -2.2) and the lowSratios (0.7052-0.7061) of the samples reflect the
involvement mantle material and/or mafic crustalrse in their genesis. The fact that older
Pb-components are almost absent in the analyzednar(Figs. 4.11, 4.12, 4.13) further
ascertain the lack of important old continentalenat contributionin the DG magmas. These
characteristics and the fact that this pluton ischemically zoned (batches of magma
intruding each other) suggest coeval magmas geterabm different mafic sources,
consistent with the isotopic data indicating OIB-ENlype source for the diorites and the
EMII-type source represented in the dioritic-tohalrocks (Fig. 4.9c). Generally the main
difference between the EMI and EMII enriched masterce types is that the former may
include recycled oceanic crust, pelagic sedimemid/cst metasomatized subcontinental
lithospheric mantle (i.e., low*Nd**Nd and 8’SrF°Sr ratios, Table 4.2) and the latter
recycled oceanic crust and continentally-derivadirsentary rocks (i.e., lo**Nd/*Nd and
slightly elevated®’Srf°Sr ratios) (e.g. Hart et al. 1986; Hoffman, 1988cKdnzie and
O’Nions, 1983; Zindler and Hart, 1986). As has bseggested by many authors adakitic
melts can be derived from the partial melting oé tmafic oceanic crust (Defant and
Drummond, 1990; Drummond and Defant, 1990; Kaylett893), could interact with the
metasomatized mantle wedge (Stern and Kilian, 182§p and Watson, 1995; Rapp et al.
1999; Smithies, 2000; Prouteau et al. 2001).

Albeit slightly elevatedd*®Ounole-rock Values (8.2 to 9.1 %o) compared with mantle melt
composition, they signal differentiation from a rtlansource with only minor crustal
contribution (Fig. 4.9d), most probably subductretated. Accordingly, it could be assumed
that the composition of the analysed rocks havebeein significantly modified by crustal
contamination, rather they reflect the variationschemical and isotopic compositions of

different sources and magmatic processes in thélenan
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In conclusion the geochemical and isotopic data suggest therggme of Devrekani
magmas involved both active continental-margin megltof the metasomatized mantle
lithospheric plate and asthenospheric mantle (demk et al. 2000; Pearce and Parkinson,
1993).

4.3.2. Subduction versus mantle wedge components

Slab fluids are known to be enriched in LILEs arRBEs but depleted in HFSEs and HREEs
(e.g. Ayers, 1998; Brenan et al. 1995; Tatsumileil@86). Melting in subduction zones is
triggered by the interaction between the mantlegeednd slab-derived hydrous fluids and
melts. Sathat,typical volcanic arc granitoid rocks are charaeiedli by high LILE/HFSE and
LREE/HREE ratios, which are commonly attributedrtantle metasomatism. These elements
can migrate with the dehydrating fluid phase, whsrtne HFSEs and HREEs are retained in
the slab and subducted to the deeper mantle (Ked®66; Tatsumi et al. 1986). Devrekani
granitoid samples plot in VAG field on the Y+Nb \Rb diagram (e.g. Pearce, 1982) and on
the R1 vs. R2 diagram (De La Roche et al. 198@y thend from the mantle fractionates
(diorites, DG-3) to pre-plate collision (quartz dies) and post collision (tonalitic diorites)
uplift fields (Fig. 4.8b, 3. However, active continental margin magmas normalpw
greater degree of enrichment in incompatible eléasmeompared to those of Devrekani rocks.
Implying, the VAG chemical signatures shown by teamples only reflect the arc
environment in which they were generated (e.g. iBl&tral. 1986; Pearce et al. 1984; Rogers
andHawkesworth, 1989; Sajona et al. 1996). Low J@ntents, low S, higheNdg) ratios
and flat HREE patterns of the samples are consistin derivation from mafic lower crustal
source, where HREE-bearing mineral phases arehlasfositive Eu-anomalies, shows the
activity of Eu increased in the melt, may be dueslevated temperatures, hence increased
feldspars breakdown. Such conditions are possibkng high-temperature hydrothermal
processes in subduction zoifes). UysalandGolding, 2003). Thé*20 values are lower than
continental crustal values, but trends on thg 8. 5'°0 diagram show that the source was
contaminated by some limited amount of contineatakt. These trends could have resulted
from mantle wedge-derived magma and the continentast interaction. Negative correlation
observed between th&NdA*Nd and®’SrP°Sr ratios strongly indicates two mantle reservoirs
involved in the genesis of these rocks: asthena8pMORB-like source with a fairly high
YINdM**Nd eNdg) and low®’SrPesr, and another component, the EMI source of Zimaihel
Hart (1986). The primary magma of the rocks mighthe product of partial melting of either
enriched subcontinental lithospheric mantle or xtune of this enriched source with an

MORB-type asthenospheric source. In either cadmmuinental lithospheric mantle made a
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significant contribution to these rocks. After theevious subduction in the Late Palaeozoic
and Earliest Mesozoic continent-continent collisifdstadmer and Robertson, 1997, 1999;
Okay et al. 2006; Nzegge et al.review), it was possible to derive a greater proportién o

such melts from an enriched mantle reservoir.

4.3.3. Tectonic evolution: evidence for slab break-offddement

The Late Palaeozoic-Early Triassic evolution of ti&/ Turkey was dominated by the
subduction of the Palaeotethys oceanic plate berkatEurasian plate. The thermal effect of
subduction might have caused asthenospheric cartemeath the Central Pontides, NW
Turkey and the resultant lithospheric stretchingistal thickening/thinning and extensive
magmatism intruding the Palaeotethyan subductienetion complex. Therefore, the major
sources of the magma are the subcontinental littevgp mantle and the MORB-like
asthenosphere. The Kastamonu granitoids are loeatdte juxtaposition of the Eastern and
Western Pontides, where the very complicated téc&®eiting can be summarized as follows:
(1) The Palaeotethys oceanic plate transportingd@ana-derived continental fragments
subducted beneath Eurasia and continental riftmdy strike-slip movements (Istanbul Zone
and Devrekani Unit) during the Latest Palaeozoidi€st Triassic (e.g. Robertson and Dixon,
1984; Ustadbmer and Robertson, 1991, 1997; Robiasah 1992, 1995; Okay et al. 2006); (2)
During the Latest Palaeozoic-Earliest Mesozoiclisioh of Gondwana- and Eurasia-derived
fragments led to accretion, large-scale extensiogravitational orogenic collapse, and the
development of marginal basins (e.g. the Kire nmatgbasin) (e.g. Dewey et al. 1989;
Robertson and Dixon, 1984; Yilmaz and B@ztli986; Aydin et al. 1986, 1995; Banks and
Robinson, 1997; Ustabmer and Robertson, 1993, 19949; Bztug et al. 1984, 1995;
Robinson et al. 1995); (3) The post-collisionalioegl extension probably triggered slab
detachment or lithospheric delamination (e.g. vdanBkenburg and Davies, 1995; Davies
and von Blanckenburg, 1995; Henk et al. 2000;).sTi@sulted in Early-Middle Jurassic
regional metamorphism (e.g. Bogtet al. 1984, 1995; Yilmaz and Bogtui986); (4)
subduction reversal (i.e. the southward dippinghaf Kiire marginal basin) in the Earliest
Triassic (e.g.Ustabmer and Robertson, 1994, 1997, 1999), andMlugle Mesozoic
emplacement of I-type mafic granitoids (Devrekaramgtoid, this study and &tug et al.
1984, 1995) in the south of KGB.

It could beconcludedthat, the post-collisional extensional tectonicat ttarted at ~190 Ma
ago with regional metamorphism (Yilmaz and B@ztd986; Yilmaz et al. 1996) was

accompanied by granitoids emplacement and fastriecexhumation till 165-155 Ma. This
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was followed by deposition of polygenic basal congtrate of the Birnik formation, the
Inalti limestone formation, and finally deep seaimedts of the Cglayan formations.

Therefore, the regional metamorphism, the emplaoéwifethe plutons in the south of KGB,
and the exhumation can be interpreted as the prodfigost-collisional lithospheric

detachment of the subducted Palaeotethys oceathiosdiphere from the continental
lithosphere during collision of Gondwana- and Eiaakerived fragments. Such post-
extensional tectonics could have brought hot asi@meric mantle into direct contact with
the earlier metasomatized lithospheric mantle ef akerriding plate, and induced melting
(e.g. McKenzie and Bickle, 1988). The contemporaséyg of shearing, magmatism and
metamorphism at ~185-165 Ma suggests the procéBa&seotethyan subduction, continent-
continent collision (Eursian-Gondwana-derived fragilh and post-collisional extension) in

the Kastamonu region, Central Pontides, were biogstated geodynamically.

4.4. CONCLUSIONS

The Devrekani granitoid encompasses diorites te$owonalitic-diorites were emplaced in a
volcanic arc environment comprisingccreted Eursian-Gondwana-derived and occeanic
fragments fragments, during the Middle Jurassic.

Geochemical and isotopic data reveal two magmastype-K tholeiitic and medium-K
calc-alkaline metaluminous I-type. The isotopic pasition of Sr and Nd suggests that the
Devrekani granitoid rocks represent either mandeved magma that experienced slight if
any assimilation of isotopically different crust, were generated from mafic sources in the
lower crust. High MgO, CaO, Cr, and Ni contents supportive of derivation from a mantle
source. Other characteristics such as low-Ti, maidek,O of some samples indicate the
rocks may represent two distinct magmas (EMI andllgNMvhich were probably derived
from variably enriched mafic sources including thpper mantle with higbNd, values, and
a high radiogenic Sr source, with a moderate timegrated Rb/Sr such as ancient
amphibolitic lower crust. Enrichment is interpretedbe related to metasomatic processes in
response to previous Late Palaeozoic Palaeotetioghistion.

Post-collisional extention-induceslab break-off must have contributed to a majoemedt
after the closure of Palaeotethys oceanic basmsandicated by the presence of basaltic
magmatism in the south of the Kastamonu belt. Rteergeochemical and isotopic signatures
we think Devrekani magmatism represent a juveridges of an active margin evolution,
formation in an extensional tectonic setting andfenesis in an oceanic arc underlined by a
‘recently” thinned continental crugelatively low negativeNd, values (-2.2 to -0.8) point

to magma sources with variably small proportion al continental crustal material,
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consistent with the lack of inherited zircons. Thssociated metabasites of Bekirli
metamorphics (BM) showing enriched MORB signatykesy low Rb content 0.5 - 2.1 ppm,
Srg, ~0.70525;¢Ndy), +0.8 to +1.2, own unpublished data) is presumaltdyived from
subcontinental lithospheric mantle source. Geocbalnsignatures of the Devrekani granitoid
samples and the Bikirli metabasites therefore, ssigdevelopment within the back-arc basin
of an active continental margin, for the Middle Mesic magmatism in the south of the
Kastamonu belt.

The Precambrian-Palaeozoic basement rocks dfeénéral Pontides had a complex thermo-
tectonic history, with Mid-Carboniferous (Variscahgate Triassic (Cimmeride), and Oligo-
Miocene (Alpide) thermal events. It is noteworttmatt the Devrekani granitoid (except for
one), has no inherited zircons of Variscan agejoalgh it is in direct contact with the
Variscan basement (Devrekani metamorphics), suggeshajor Middle-Upper Jurassic
crustal shortening. Pb loss and/or U loss at 22ZDN@ probably reflect the time of regional
metamorphism associated with the extensional textphasins opening and deposition of the
deep-Sea formations.

Our Middle Mesozoic ages and ~152.0 £ 1.9 Ma (owpublished data) for the small pluton
NE of Devrekani town, along with reported K-Ar hbltende and biotite ages of 146 + 6 to
176 £ 7 Ma and 162 £ 5 Ma respectively, from theawksk granitoid in the southeast of KGB,
document d'short” period of mafic (unimodal) magmatism, which may ibterpreted in

terms of south-dipping subduction and closure efkiire MORB-type marginal basin.
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4.5. General conclusion on granitoidsGeodynamic interpretation of Palaeozoic and

Mesozoic plutonism

Earlier studies were mostly based on stratigrapiy \@hole-rock major and trace element
geochemistry which are very sensitive to lateraeictthermal events, alteration and other
secondary processes. However, the geochemical ahdl-® isotopic features, and zircon
and Rb-Sr ages in this study, allows a reassessofetite geological evolution of the
Kastamonu granitoid belt and the surrounding andghe central Pontides.

When the data herein for the Sivrikaya (~303-300) Mad Delikta (~295-270) are
considered together with those of central Européanscan granitoids, (e.g. Finger et al.
1997; Hann et al. 2003, Carrigan et al. 2005, G agl. 2006), it could be conclude that the
Sivrikaya granitoid magma was derived either thirougnewed subduction and/or from
decompression melting near the crust-mantle boyndaa syn- to post-collisional extension-
related geodynamic setting as described by Fingat. €1997). Or part of the Late Visean-
Namurian post-collisional, collapse-related or d#pheric delamination-related granitoid
magmatism (e.g. Hann et al. 2003). As for the Dafigranitoid, it is very similar to post-
collisional, strongly peraluminous (SP), S-typerniges common in the Hercynides (e.g.
Sylvester (1998). The latter author asserted tiaistrongly peraluminous S-type granites of
the Hercynides (Variscides) and the Lachlan Fold {@happell and White 1974, 1992;
White and Chappell 1983) originated not solely tigto syn-collisional crustal thickening
processes rather predominantly through crustaleaisatelated to “high-temperature” post-
collisional lithospheric delamination and upwelliafhot asthenospheric material, producing
large volumes of SP, S-type granitic melts.

All the data above in conjunction with publishedadan the geodynamic interpretation of
Variscan granitoids in the central Europe (e.ggEinet al. 1997; Hann et al. 2003) and in
Bulgaria (e.g. Carrigan et al. 2005), allow usuggest the following geodynamic model for
the genesis of Sivrikaya and Deliktgranitoids from the Devrekani-Kastamonu region,
Central Pontides-Turkey (Fig. 4.15, below): (1)d@atethys is situated between the Sakarya
continent (Gondwana fragment) and Laurasia witintna-oceanic arc constituting the supra-
subduction zone (SSZ) type Domugdand Cangalda ophiolite complexes. The oceanic
crust northward subducted underneath Laurasia fgrrarc magmatism in the active margin
of Laurasia during Silurian-Devonian time (Fig. 3.1below). Continued northward
underthrusting of Palaeotethys oceanic crust bbBneatrasia margin during the Early
Carboniferous produced a magmatic arc (Cangaltamplex), followed by collision of

continental fragments (Sakarya continent and Deneknetamorphics, DM) and back-arc
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marginal basins formation (e.g. Kire basin) in ttetest Carboniferous time. (2) Late
Carboniferous collision between the Sakarya contiaad Laurasia probably provoked slab
break-off and/or lithospheric delamination and gemesis of metasomatized mantle-derived
magma and subsequent incorporation of upper crdstaled felsic melt to produce the
Sivrikaya granitoid magma source (Fig. 4.15, belolW)e geochemical and isotopic features
of the Deliktg granitoid suggest derivation of the magma predamtiy from crustal sources,
through partial melting in an extensional geodyransetting following lithospheric
delamination as proposed by Sylvester (1998) ferSR, S-type granites of Hercynides.

In Turkey, the incoming Eurasian continental fragtsewere narrow, with substantial
subsequent shortening, so that the Carboniferollsional "suture-crossing” magmatism
became later the site of the later continental maagc and related magmatic episode (e.qg.
Sengor et al. 1993; Okay et al. 1996, 2006). Thsulted in the intermixing of collisional-
and subduction-related magmatism, aided by extensonjugate strike-slip faulting that
frequently follows collisions. Although this sceimamay not be wholly compatible with
many currently held ideas on the evolution of tlaaBotehtys in the Central Pontides it is
partly compatible with the works of Sengor et 4B&4, 1993); Aydin et a{1986); Okay et al.
(2006), and the data herein that support a LatddDéfierous orogeny related to the Late
Palaeozoic subduction of the Palaeotethys beneath &urasian.

Such a geodynamic model is particularly simitatiose of Late Variscan granitoids in the
Balkans and Sredna-Gora terranes in central Bag@15 to 285 Ma e.g. Carrigan et al.
2005), which are spatially close, and having milogiiaal and geochemical compositions
very similar to those of Sivrikaya and Deliktgranitoids. Furthermore, the latter authors
contended that these Late Variscan granitoids dsasethose in the Iberian and the intra-
Alpine massifs were all post-collisional and getedaafter the main compressional and high-

grade metamorphic events during the Variscan Onpgen

Geochemical and isotopic compositions suggests that Middle Jurassic Devrekani
metaluminous I-type granitoid rocks represent eithantle-derived magma that experienced
slight if any assimilation of isotopically differenrust, or were generated from mafic sources
in the lower crust. Post-collisional extention-icdd slab break-off must have contributed to
a major extend after the closure of Palaeotethgaruic basins, as indicated by the presence
of basaltic magmatism in the south of the Kastamuelti From the geochemical and isotopic
signatures we think Devrekani plutonism represent\enile stage of an active margin
evolution, formation in an extensional tectonictisgt and/or genesis in an oceanic arc

underlined by a ‘recently” thinned continental trus
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It noteworthy is that the Devrekani granitoid (excéor one), has no inherited zircons of
Variscan age, although it is in direct contact witke Variscan basement (Devrekani
metamorphics), suggesting major Middle-Upper Jucagsistal shortening. Pb loss and/or U
loss at 220-200 Ma probably reflect the time ofisagl metamorphism associated with the
extensional tectonics, basins opening and depositidhe deep-Sea formations. Our Middle
Mesozoic ages and ~152.0 = 1.9 Ma (own unpublisihetd) for the small pluton NE of
Devrekani town, along with reported K-Ar hornbleratel biotite ages of 146 + 6 to 176 + 7
Ma and 162 + 5 Ma respectively, from the Asarcilangtoid in the southeast of KGB,
document d'short” period of mafic (unimodal) magmatism, which may iberpreted in
terms of south-dipping subduction and closure efKliire MORB-type marginal basin (Fig.
4.15).

The data herein from the Sivrikaya, Delikeand Devrekani granitoids indicate thai@ng-
lasting” Carboniferous-Permian bimodal magmatism commeipecedably in the north and
gradually migrated to the south followed Bghort-lived” Middle Mesozoic unimodal
plutonism in the Devrekani area, in the south @f Kastamonu granitoid belt. The possible
rearrangement of the original locations of the Kasinu plutons by later tectonic events and

incomplete age information on all the 15 plutonkesasuch a conclusion only preliminary.
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5. EURASIAN-DERIVED BASEMENT

The Pre-Jurassic basement of the Central Pontioleprises a thick subduction-accretion
complex, amalgamated since the Late Palaecozoia@ostr and Robertson 1997). Detailed
structural, sedimentological and geochemical ssidieveal four E-W tectonic units,
assembled through plate tectonic processes, arabedpeneath Late Jurassic-Tertiary cover
units (Fig. 1c). The first, the Devrekani metamacpimit (DM), gneisses and amphibolites at
the base, transgressively overlain by metamorphoadzbnates, interpreted as basement of a
rifted south Eurasian margin fragment. The Palaieopd istanbul Zone and the Early
Mesozoic sequences of the Western Pontides magseptr the cover of the Devrekani unit.
The second unit, the Cangagd&omplex, thick, imbricated pile of evolved volcesmiand
volcanoclastics, overlying oceanic basement, casmgisheeted dykes and basic lavas. The
Cangaldg unit is interpreted as a south-facing oceanic @he northern oceanic basin, the
Kire Complex, a structurally thickened (>29 km) wedof thrust-imbricated siliciclastic
turbidites, interleaved with dismembered, subductioone ophiolites; in which Late
Palaeozoic-Mid Jurassic fossils have been idedtiffeydin et al. 1986). The Kire Complex
is interpreted as Triassic-Early-Jurassic subdoediccretion complex of southward polarity.
The southerly basin represented by the Domgr&kraycikdgd Complex, is a Palaeozoic-
Early Mesozoic subduction-accretion complex of medrd polarity, comprising an ophiolitic
melange in the north and an accretionary prismhi& $outh, both metamorphosed to
blueschist facies. This basement was affected Ipné& metamorphism, that resulted in

rertrogressive effects inprinted on the rocks (Bagtus and Yilmaz, 1995).

Available data suggest Palaeotethys was subduatetthward beneath the active south
Eurasian margin (long-lived Pacific type, Robertsamd Dixon, 1984), during the Late
Palaeozoic time resulting in continental margin and rifting off a continental crustal sliver
(Devrekanimetamorphic unit) (e.g. Ustabmer and RobertsonQ) 98lated to transform fault
and/or active margin processes, opening the Kucok-bec basin, in the Latest Palaeozoic-
Earliest Mesozoic.

The the Devrekani metamorphic unit (DM) is expogiedthe Musa-Ousman river valley,
ENE of the Devrekani granitoid), as a WSW-ENE fdadtind tectonic window sandwiched
between the Kire and the Cang@ld&omplexes respectively to the north and south
(Ustabmer and Robertson, 199ffig. 19. This high-grade metamorphic assemblage
comprises gneisses and amphibolites at the basesgressively overlain by metacarbonates.

The Devrekani metamorphic unit is divided into tgroups: the Precambrian Devrekani
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metasedimentary group, made up of basic to feigit-rade granulite to amphibolite-facies
(Ustabmer and Robertson, 1991, 1997; Bgztt al. 1984, 1995) and the Lower-Middle
Palaeozoic Samatlar group (epicontinental) madefupw grade metamorphic rocks. The
Devrekani Unit is lithologically and stratigraphiiya very similar to the Precambrian
basement of continental units of the Rhodope-Pestioklt and in the Caucasus (Ustabmer
and Robertson, 1991). Based on stratigraphic @ioal with the Cambrian to Silurian
sequence of the Palaeozoic of Istanbul Zone (Ok8§9, 2000; Okay et al. 1994; Okay and
Tlysuz, 1999; Tuysiuz, 1990), both Precambrian (##980) and Lower Palaeozoic ages
(Thysuz, 1990) were proposed for the Central Pestibasement. The Devrekani
metamorphic unit is intruded by Late Palaeozoidviiddle Jurassic plutons (Nzegge et al.
2006, 2007, in review).

The rocks are medium to coarse-grained, granuldrdisplaying foliated texture with at
times augen formation. The amphibolite and graaulécies metamorphic rocks include
ortho- and para-amphibolites, gneisses and gnegsaidtes, and meta-basalts and -andesite.

Granulite facies rocks are important in the recwmsion and evaluation or orogenic
processes as they represent crustal material traneél at highest grade (i.e. temperature) of
metamorphism at conditions where melting (i.e. matigh processes prevail. These
conditions can be those of a stable lower crustaittgerm or, alternatively, those attained
during the peak of regional metamorphism. Many led targe exposed granulite domains
around the world were formed in the Precambrian, bost were exhumed by much later
tectonism and so yield long-term information penitag to conditions and processes in the
lower continental crust. The most voluminous of tmattered granulite relics in the
crystalline core of the European Variscides arehhpgessure (HP), kyanite-k-feldspar
varieties of granitic composition (e.g. Pin andI¥id, 1983; Fiala et al. 1987).

Although a Precambrian age was proposed for thetr@eRontides Eurasian-derived
basement (e.g. Yilmaz, 1990), our geochronologitadies have produced Palaeozoic, and in
many cases Carboniferous, ages for the metamorptosisistent with the works of Tuysuz
(1990). U-Pb zircon dating of a metabasic sample (BU-20pkibolite) define Cambro-
Ordovivian events from 502 Ma to 488 Ma within fentides belt. Interpreted as magmatic
protolith formation. The detection of pre-Variscages within the basement of the Central
Pontides must reflect a complex history involvimgngicant pre-Variscan activity.

An understanding of the formation, modification amekservation of the granulite-facies
rocks will provide important information for the tawpretation of the Palaeozoic, and
especially Variscan evolution of the European basenmlhe purpose of the present study is
to investigate the formation and the age of th&sor the basement units. To accomplish this
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| have determined geochemical and isotopic comiposit U-Pb and Pb-Pb zircon and Rb-Sr
whole-rock ages.

5.1. PETROGRAPHY

The Deliktas basementsamples (MN-1, MN-3, MN-5, MN-11, MN-12, MN-72) we
collected from the south of DeliktaHiirsii Golkdy (Ulukoy) towns and between Hacibmahi
and Kirazsoku villages (Fig. 3.1). The samples guartz-rich granites and gneisses, with
adamellitic tendencies. They are all holocrystallicoarse to very coarse-grained, granular,
porphyric to granoblastic, and more or less fotlatBextures range from gneissic to granitic,
with the micas forming bands around the more coemeguartz and feldspars. The

plagioclase and k-feldspar (orthoclase, microclere)xenocrystic and rarely perthitic.

MN-11 (2.5x
A\

Fig. 5.1- Representative microphotographs of Deliktasement samples (para-gneisses
and granitic- gneisseg}.F, k-feldspar;Bt, biotite; Musc,muscovite;Qtz quartz;pyx
pyroxeneibl, hornblendeEp, epidote;Se sericite;Plg, plagioclase

The typical rock-forming minerals quartz, euhediagioclase, k-feldspar, biotite lamellae,
pink idiomorphic garnet often skeletal, muscovite(e or less chloritized}, hornblende and
+ orthopyroxene (hypersthene, e.g. MN-1, MN-5, MN-D2cur in different proportions.

Quartz forms aggregates between the other minelaa times vermicular intergrowths
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(myrmekite, e.g. MN-11, MN-12, MN-72) with feldsgarAccessory phases include opagues
from garnet alteration, zircon, calcite, apatitenfatite and ilmenite.

The Sivrikaya basememtrops out in Osek (OS) ( and between Goygiidad Dikmentiirbet

towns) and in the Buyiikcay (BU) river valley (Fig.1). The Osek metabasic (OS) rocks
(ortho-amphibolites) are rich in green mineralg, epidote and plagioclase with amphibolitic
to gabbroic compositions, and metamorphic texuddiated). Minerals are granular and
euhedric and undeformed. The original magmaticsatimentary textures are still preserved

in the ortho-amphibolites/gneisses (amphigneiske §rain-size is medium to coarse and
minerals are elongated.

Fig. 5.2Representative microphotographs of Sivrikaya ivese samples collected
around Osek town (OS). Samples grieayly hornblende and the plagioclase are
mostly sericitized and/or replacechibynblende. Symbols as in Fig. 5.1.
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The rock types include amphibolites and gneissasipies are quartz-poor and the feldspars
(plagioclase > K-feldspar) constitute 50-62 % ad thcks. The minerals plagioclase (albite-
anorthite), green hornblende, biotite, epidote, kfdldspar (orthoclase), olivine, pyroxene
(hypersthene, 3-11 %) and garnet (mostly alteredaid brown-opague mineral) occur in
variable proportions. Plagioclase occur as meg&cysd often zoned. Zircon, calcite apatite
and ilmenite are the minor components. Biiyiikcay)(Bigtaigneous rocks, mainly epidote-
garnet ortho-amphibolitesplagioclasegneiss or amphigneiss?) are green, porphyric and

foliated with rudimentary granular/sedimentary tegt

Fig.5.2b- Representative microphotographs of Sivrikaya trese rocks collected around
Buyiikcay(BU) river valley. Samples (ortho-arigpieiss) ar€ep, epidote Grt, garnet,Stay
staurolite anBlg, plagioclase rich. Plagioclase aH8I, hornblende are mostly sericitized.
AbbreviationsK-F, k-feldspar;Bt, biotite; Musc, muscovite Qtz, quartz;Pyx pyroxene
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The rocks are foliated with the light band madetiquartz aggregates and feldspars, and
dark band the mafic minerals, which at times foroudinage. The samples comprise,
plagioclase (>40 %), hornblende, garnet, biotitdeldspar (orthoclase 1-5 %), pyroxene
(hypersthene, diopside)plivine and+phengite in BU-20. The garnet is more or less adter

to opagues. Hematite, zircon, apatite, calciteibnenite are accessory.

The Devrekanigranitoid basemen{Osman valley) forms a transition zone between the
Devrekani granitoid and the Devrekani metamorphfbdusa valley). This basement
comprisesmainly banded gneisses (augen gneisses) and mygexhigrano-diorite sample
(DG-4b, basement of DG-4a). The mylonitized (sh&areontact between Devrekani

basement and granitoid crops out in the Osmanyalst of the Devrekani town.

Fig. 5.3a-Representative microphotos of Devrekani plutorebasnt rocks
[granodiorites (DG-4a) agrdnites (DM-5)] taken from around Devrekani
town and in the Musa wall€he convex boundary of myrmekite (DG-4b)
suggest texture formeatigh the replacement of k-feldsig&rF) by Plg,
Plagioclase in the sotate.Bt, biotite; Musc,muscovite;Hbl, hornblende;

Qtz, quartz
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This basement is comparable to the Devrekani mefamwo unit [(ortho and para),
amphibolites and gneisses, grano-diorites and @sniwhich is well exposed in the Musa
valley between the Kire and Canga@damplexes (Fig. 4.1).

The rocks are fine to coarse-grained, micro-grantdagranular and foliated, with the
stretched quartz and feldspars surrounded by bahdscas, resulting in “eyes”. The main
rock forming minerals are quartz, feldspars [(pdatase (albite) > K-feldspar (orthoclase)],
muscovite, biotite, hornblende and skeletons ohgarThe quartz is porphyric, graphic,
deformed (lenticular/boudinaged), intersitial amdimes forms myrmekite with feldspar (Fig.
5.3b, DM-30, DM-33). Magnesite and hematite ocacuwariable proportions. Subordinate
phases include opagues (from biotite and garnefraion), zircon, calcite, apatite and
iimenite.

Some rocks (gneissic-granites, DM-5, DM-21, DM-2& &©M-30) show start of melting
and segregation of amphiboles and garnet (migniatida and boudinage formation. The
main rock forming minerals of the amphibolites ayesen hornblende, occurring as
subeuhedric to euhedric phenocryts: plagioclasgdadiase, andesine), k-feldspar, epidote
often altered, green biotite more or less chladizpink garnet, pyroxene (augite) quartz,
+muscovite and zolivine. In samples DM-32 (metaesit) a reaction rim can be observed
between plagioclase and pyroxene, and biotite fagmgegates. In samples DM-21, DM-28
and DM-33 (granites in an amphibolitic country-rpakuartz occurs as anhedral crystals
partially recrystallized as graphic quartz andplagioclase (albite) and k-feldspar (orthoclase)
are perthitic. Additionally, hematite/ilmenite, @im, calcite, opagues, apatite and chromite

occur as accessory phases.
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Fig. 5.3b Representative microphotographs of Devrekaniigy@hbasement samples from
around the Devrekani town [granodiorites (B4} and granites (DM-5)]. Convex boundary
of the myrmekite (DG-4b) suggest this teatiormed through replacement of k-feldspar
K-F) by PlagioclaséPIg) in the solid stateBt, biotite; Musc, muscovite,Qtz quartz;

Hbl, hornblendepyx pyroxene.
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5.2. GEOCHEMISTRY
5.2.1. Major and trace element

Major and trace element concentrations of sampkesisied in Table 2, Appendix. In the
Ternary anorthite-albite-orthoclase normative cosmpans diagram (O’Connor, 1965), (Fig.
5.4a), as well as in the ternary quartz-plagiocladeldspar modal compositions diagram
(LeMaitre, 1987 based on Streckeneisen, 1976)xdh®les from the Delik§eSivrikaya
basement plot in the tonalite, granodiorite andhigeafields (Fig. 5.4b), while those of the
Devrekani are defined as trondjemite, tonalitengdaorite and granite. Generally samples
form a diagonal variation field that is nearly danbus from quartz diorite through tonalite,
granodiorite to granites (monzo- and quartz-rich).

An Q

a) b)

< Deliktas (MN, felsic)

A Osek (0OS, intermediate)
Biiyiikgay (BU, basic)

O Basement of DG (MN)
< Devrekani metamorphics (DN

quartz-rich
granitoids

quartz-
diorite

granite) | granite)
quartz-

quartz- quartz-
syenite monzonite  \monzodiorite
/
A

trondhjemite granites

. . o\ .\
Ab Or

Fig. 5.4 Normative compositions plotga) Q-A-P (after LeMaitre, 1987Streckeneisen, 1976)
and(b) An-Ab-Or (after O'Connor, 1982) of Deliktas-Sikaya and Devrekani metamorphics.

The bulk-rock concentration of the basement samiplebaracterized by a wide range in SiO
content, 52 to 75 wt % and 47 - 75 wt % for Delik&ivrikaya and Devrekani respectively
(except the leucogranite sample MN-11, 79.8 wt ¥je low aluminium saturation index
(ASI= 0.58 - 2.20) and high aluminium index (AlI=01-. 3.5) ratios of samples indicate a
metaluminous I-type, transitional and peralumin®@it/pe (e.g Chappell (1999); Chappell
and White, 1974; Maniar and Piccolli, 1989) (Fig5)5compositions, consistent with an
origin from basaltic to felsic precursors (e.g. Draond and Defant, 1990). In order to get
information on the geotectonic setting the basersantples were plotted the on the Pearce et
al. (1986) diagram (Fig. not shown), and nearlyth# samples plot in the volcanic arc

granites field.
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Fig. 5.5 Geochemical compositions of the Devrekani metamicrunit;
Delikta Sivrikaya and Devrekani basements plotted in&8evs. Al,
Shand’s Index (1927) disamiation diagram, with fields of the different
rock types after Maniar @idcolli (1989) shown.

Samples show a wide range in trace elemental ctratiems (Table 2, Appendix), with the
highest values in mafic samples and the lowestelsid rocks, indicating they could be
derived from similar sources by crystal-liquid fiiaoation processes. Chondrite-normalized
(Sun and McDonough 1989) REE patterns are plotte#ig. 5.6. The patterns are sub-
parallel and show moderate to strong fractionatietween the LREE and HREE ([La/¥3d

10 - 24), and concave-upwards HREE ([Gd/i¥b]0.93 - 2.7) patterns. The mafic samples
(BU) have small negative Eu anomalies (Eu*/Eu= 8}).®ut better developed in the more
evolved samples (Eu*/Eu= 0.76 - 0.96). The moddmstrong fractionated REE patterns and
small to large Eu-anomalies in samples supportingettf amphibolite-type protoliths (e.qg.
Patino Douce, 1999) and different roles for garaed plagioclase. Furthermore, samples
show distinct troughs in the high-field-strengthrekbnts (HFSE) Ba, Nb, Hf and Ti, which is
consistent with a subduction-related origin of pinetoliths (e.g. Floyd and Winchester, 1975;
Keppler, 1996).

The Devrekani metamorphics (DM) samples similaHgw a broad spectrum of sub-parallel
REE patterns characterized by moderate fractionabetween the LREE and HREE
([La/Yb]c= 6.4 - 27.6), small concave-upwards LREE ([Gdi¥.93 - 2.7) and almost flat
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HREE patterns. Moderate fractionated REE pattenasreo to small negative Eu-anomalies
(Eu*/Eu= 0.62 - 0.87) in rocks support melting cdfim protoliths and subordinate or no role
for garnet and plagioclase.
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Fig. 5.6 (a) Chondrite-normalized REE spidergrams @odPrimitive mantle-normalized plots
of basement complex samples: DekktsIN), Sivrikaya (OS, BU) and Devrekani metamorghic
(DM). Normalizing values from Sun and Mc-Donoyd989).

All the basement samples show enrichment in lasgdithophile elements (LILE) such as
Cs, Rb,Ba, Th, U and K, and depletion Imgh field strengthelement{HFSE, Ba, Nb, Sr, Hf
and Ti), consistent with subduction-related origirthe protoliths (e.g. Floyd and Winchester,
1975; Keppler, 1996Tatsumi and Kogiso, 1997).

5.2.2. Sr-Nd-O isotopic compositions

The Nd, Sr and O isotope data are presemtefiable 3, Appendix. Calculated initial
8SrPosr (Sgy) and**“Nd/A**Nd (eNdy)) isotopic compositions are based on U-Pb ages. The
isotopic data highlights the considerable crustaldence age of the source region and show
that protolith magmas represent new additions ¢octlust. Possible protoliths could be lower
crust, and consisting of pelites, amphibolites ametagreywackes. Figures 5.7 show the
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variation of initial “*Nd/**Nd expressed asNd values with initial®’Sr°Sr (Sgy) isotopic
ratios for the DeliktgSivrikaya and Devrekani basement respectively. #Ndy values
decrease with increasing Sirom the mafic to the felsic samples (exceptiortvad quartz-
rich samples with high &), indicating mantle origin for the protolith of $®ment rocks.
Sivrikaya mafic and intermediate basement rock® lsamilareNd, and Sy values (e.g. OS,
eNdp= -1.4 to -2.7; S§= ~0.706; BU,eNdy= 6.8 to 2.6; S5= ~0.704) but the evolved
samples show relatively large variations in isotopomposition (MN,eNdy= -3.4 to -6.6;
Srp=0.706 to 0.712) (Fig. 5.7a). Negative to positialy values, low S ratios (Fig. 5.7a),
and young Nd model agesgyf= 0.6 - 1.3 Ga) for the DelikgeSivrikaya basement indicate
significant input of mantle-derived component dgrprotolith magma formation.
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Fig. 5.7 Sr; vs.eNdg plots of Devrekani metamorphic un(#) Deliktas (MN), Sivrikaya (Os,
BU) andb) Devrekani (DM) basements.

The eNdy and S values range from 0.2 to -5.4 and 0.7002 - 0.78%pectively for
Devrekani basement, with the most evolved samid#4-21, DM-33) having higher values
(Fig. 5.7b). The small positive (0.2) to large nega(-5.4 )eNd) values, variable @rratios,
and young Nd model agesgyJ= 0.9 - 1.3 Ga) indicate variable proportions ofgaile and
old, recycled continental crust-material contribatduring protolith genesis.

The basement'®Ounoerock Values are very variable in the range of 8 to 12 B,
representative of mantle and mixed origin. The bresg samples from all three outcrops
plotted on the same diagram show a strong positimelation betwee&'?0 and SiQvalues,

indicating crustal contamination (Fig. 5.8).
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Fig. 5.8 80 vs. SiQplots of Devrekani metamorphic unit: Delikt&Sivrikaya
(Osek and Bilyiikcay) and Devrek@usman and Musa valley) basement
illustrating the effect of soar@gnantle) and crustal contamination

Very high, negativeeNd; values (-4.1 to -6.6) are shown by some basemamples,
strongly indicate melting of, or contamination gfdld continental crust or sediments derived
from such crust. In contrast, more intermediNe, values (-1.4 to -3.5) shown by Sivrikaya
basement rocks (OS), may be explained by mixingcolttinental and mantle materials or
young LREE-enriched arc-rocks. Evidence for theoimement of old continental material
includes inherited Precambrian zircons in some $esn@lthough the trends on tlaBid vs.
87Srf°Srand §'°0 vs. SiQdiagrams may show that the basement rocks couttbtieed from
a single source, the narrow range in Sr, Nd andd@opic compositions of the whole-rock
samples and the small to distinct negative Eu-afiemyaeflect derivation of the basement
rocks protoliths from heterogeneous sources witimlsle immature and old crustal material
contribution.

The evolution of the Variscan Belt in Carboniferotimes was characterized by
contemporaneous formation of sedimentary basins raiginatites, by the intrusion of
granitoids, and the formation and exhumation ohgli¢ées (e.g. Finger and Clemens, 1995;
Kroner et al. 1998; Schaltegger et al. 1996). magmatic rocks show chemical signatures
that refer to remobilized mantle and lower crustlrces in variable proportions (Hegner et
al.1996; Langer et al. 1995; Liew and Hoffmann, &98/ichard-Vitrac et al. 1981;
Reischmann and Anthes, 1996). Compressional detmmamagmatism, exhumation of
high-grade rocks and sedimentation in basins dugktgnsion were successsive or spatially
associated contemporaneous processes. The tempeddlition can only be achieved by
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precise dating tools such as the conventional Wb Pb-Pb techniques using zircon and

monazite, which provides analytical uncertaintiebedter than + 0.5% of age results.

5.3. GEOCHRONOLOGY
5.3.1. Zircon internal structure

The closure temperature of zircon for the U-Pbesysis probably well above 900°C (e.g.
Mezger and Krogstad, 1997; Kroner et al. 2000) esuthented by the survival of zircon
xenocrysts in a variety of igneous rocks, notakdgat (Compston et al. 1986). Zircon can
also survive regional metamorphism and partial imgli{e.g. Gulson and Krogh, 1973;
Pankhurst and Pidgeon, 1976; Harrison et al. 198%W)s makes it almost certain that
metamorphic zircon records the isotopic compositiear or at its growth stage (Kroner et al.
2000). Survival of magmatic zircon and preservatioh original crystallization age
information in rocks that experienced high temp@etoverprint is shown by Moller et al.
(2002), implying that resetting of zircon by diffas during high-grade metamorphism is
negligible. The composition of metamorphic zircareguilibrium with an anatectic melt does
not differ greatly from igneous zircon (Hoskin aBdhaltregger, 2003), the only apparent
systematic distinction is the Th/U ratio, whichvexy low for the former (<0.07 ppm, Rubatto,
2002). U-Pb isotopic ages can be linked with sped#T conditions but allowing direct
assessment of the rate of tectonic and metamonmioicesses (Hoskin and Schaltregger,
2003). Concordant U-Pb ages for such zircons caretbre be interpreted as dating the peak
of pressure, and the observed highly variable sivie1 Pb loss is probably due to the very
short exposure of such rocks to extreme depthsséltweo factors, resistance to resseting and
protection of inclusion, make metamorphic zircorolqably the best currently available
mineral to allow precise dating of regional higladg metamorphism (Krogh, 1993; Kroner
and Jaeckel, 1995; Mezger and Krogstad, 1997).o#scthat grew in high-grade
metamorphic rocks often shows a distinct sequericmternal structures: an initial low-
luminescence growth zone (sometimes overgrowing i@merited core) sequentially
overgrown by sector zoned domains. These texturess@mmonly followed by oscilatory
zoned domains (Vavra et al. 1996, 1999; Schalteggal. 1999). The discordance in zircons
could result from multiple episodes of growth irating thermal events, variably small
degrees of younger Pb loss that moves the poimtartbthe origin, combined with minor
contribution from preexisting grains (xenocrystares) that move the data point to the upper
right on the concordia diagram (e.g Todt and BiUd®81). Linear distribution of the data
points could be ascribed to the derivation of tiheons from a cogenetic suite that underwent
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an episodic Pb loss or from averaging of the zirpopulation during sample selection by
sizing, combined with the effects of an isotopistdrbance.

Two explanations for the negative value of loweeioept age of some samples: The studied
zircon fractions may be comprised some grains \ithinherited Pb component, which
caused different discordant and nearly concordtartirsg points before the Pb loss event.
Different degrees of subsequent Pb loss may haveedaa negative lower intercept without
significantly influencing the geological relevanoé the upper intercept. The data points
provide a relatively small spread of isotopic ratiand cluster at the higher end of the
discordia line. As a consequence, the upper inperie well anchored and of geological

significance, whereas the lower intercept is vagdefined.

5.3.2. U-Pb and Pb-Pb zircon data

No geochronologic data have been previously pubtidor the Central Pontides basement.
In order to constrain the timing of the high-gradetamorphism that produced the granulite
facies metamorphic zircons were analyzed from sasfsbm four basement outcrops. The
results will be presented and discussed in threeipg: Delikta and Sivrikaya basement,
Devrekani basement/Devrekani metamorphics. | noesgmt and discuss the individual
results of U-Pb and Pb-Pb zircon analyses comhwmttdcathodoluminescence study.

Deliktas-Sivrikaya basement

Ortho-amphibolite sample BU-20Ep+Grt(alm)+Stau+Hbl+Pyx+Qtz-Amphibolite. Albite-
epidote-amphibolite facies regional metamorphisck f@rmed under P-T conditions of 3-7
kbar and 250-450°c respectively, and high sheastrgss, or in the outer contact
metamorphic zone BU-20 zircon population is homogeneous. A datehi$ rock would

provide an important time mark and greatly aid @tedmining the chronology of the pre-

variscan events in this region and/or region aofiarof the Central Pontides.
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Dissoluti on>
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Fig. 5.9-CL photographs of characteristic zircon populafiem Delikta-Sivrikaya
basement; Blyukcay river valley (BQ)}2nd Osek area (OS-80 and OS-185a). Note
the dissimilar morphological graimp&s from both outcrops.

There is a problem in plotting the Rb-Sr whole-ratsta, may be because of the thermal
influence of the younger events, conditions undehictv Sr is mobilized and/or
rehomogenized. The U-Pb-dating method on zircormobfmetamorphic rocks (Gebauer and
Grunenfelder, 1979a,b) shows that it is possibleldate first event of a polymetamorphic
history, if the younger metamorphic overprints diot reach temperatures high enough to

open the U-Pb-system completely.
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Abundant medium (63-80 um), euhedral, clear, slamd at times stout zircons were
separated from BU-20. CL images reveal two prisengitain-types (Fig. 5.9), short and long
prisms. The core may be surrounded by a small noRescent domain. Xenocrystic cores
which are visible in all the zircons are of two égpin the prismatic grains multi-facetted core
with oscillatory zoning, and prismatic core withcg® zoning rimmed by magmatic zoning
and over growth. This could be taken to represeaartyrgrowth stages, as indicated by zones
of high and low CL intensity and/or recrystallizédmains.

Six (3 abraded) out of ten zircon analyses arelyeancordant to concordant at ~502 Ma
(Fig. 5.10, inset), is interpreted as the crystation time of the magmatic precursor. Two
zircon fractions with variable small degrees of IB&s plot close to the concordia curve at
~450 Ma and 575 Ma. Two other fractions are revemdiscordant at ~450 Ma and 800 Ma.

0.1% T | T | T | [

BU-20, Ep-Grtamphigneiss

0.15 |-

0.13 |-

**Pp o011
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501.92+ 0.81 Ma
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Fig. 5.10U-Pb concordia plot for isotope dilution analysmsBU-20. Six analyses
are concordant to nearly concor@&nb02 Ma (inset). A discordia through most of
the data points yield an upperrrtgpts at 1104 330 Ma. Error ellipses aresg.

The analysis at ~800 Ma may represent a Proteroabgrited component and analysis at
~575 Ma is probably a mixture between inherited gonent and radiogenic Pb loss since the
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closure or the zircon U-Pb geochronometer. Rewdissmrdia may be due to geologic events
such as high-grade metamorphism, so are not cardider age calculation. A discordia
forced through most fractions yield a Precambrieotiglith age. The linear distribution of the
data points could be ascribed to the derivatiorthef zircons from a cogenetic suite that
underwent an episodic Pb loss.

The age 501.92 0.81 Ma is interpreted as the primary age (timergstallization). This
age is equivalent to that of several Cambrian rdoksd in the Hercynian belt (e.g Pin and
Ducrot, ; Maurel et al. 2002; Paquette et al. 1989%he Schwarzwald (e.g. Hofmann and
Kohler, 1973; Steiger et al. 1973; Todt and Budd&81; Gebauer and Grlinenfelder, 1979b).
There are no evidence of regional and Variscan -@RD370 Ma) tectonometamorphic
overprint, and intrusion of the Kastamonu grangoioh the zircons. In contrast, upper
Ordovician Pb loss event is documented. Thereftinig, outcrop may be one of the rare
preserved relics of the continental crust that walsducted northward during the Variscan
orogeny (Matte, 1986, 1998; Ziegler, 1989, Carlbaoifis collision between Gondwana and
Laurentia-Baltica) Additional Pb-Pb zircon age and microprobe dataaquired for further

evaluation of the significance of this 502 Ma afyster!

Osek samplefOS-80 and OS-185afontain near-spherical metamorphic zircons as agl|
long-prismatic, magmatic zircons with pointed teration. Zircon grains are euhedral, clear
to light pink and/or light brown, with darker temmaitions. Zircon grain-sizes range from 63-
200 um, are beautiful, clear to light brown (dark end=)hedral, transparent and inclusion
free. CL images show very heterogeneous zircon lptpn (Fig. 5.9): (1) long needles with
V-shaped sector zoning; (2) prismatic grains witleoanpositional zoned core rimmed by
regular magmatic zoning, with dissolution gaps aecrystallized domains; (3) magmatic
zircons with oscillatory zoning, sector- as wellnaggmatic-zoned cores and rounded low CL
core followed by a very luminescent portion, (49wt near-spherical grains with kidney-
shape zoned cores; (5) thick halves with faint sband zoning surrounded by a thin rim of

magmatic zoning. Recrystallized domains and disswilgaps are common.

Amphibolite sample OS-8Bb and U contents respectively range from 600 @ Jm and
17 to 86 ppm.Ten data points cluster in two groups of ages ~#@8and ~305 Ma with
variable degrees of discordance and/or Pb lossegmonding to the emplacement of the
Deliktas and Sivrikaya granites. Two further fractions wittherited Pb-component plot
below the concordia line. A discordia calculatetbtigh the first group of data points gives
U-Pb ages of 949 ©6 Ma and 295.0 .7 [+2.4] Ma (MSWD= 2.3).
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Fig. 5.12U-Pb concordia plot for isotope dilution analy$esOS-80. Two separate
discordia through the cluster of datants and the fractions with old Pb-components
intercept the concordia respectiagl$304+ 140 Ma and 305.@ 0.98 [+1.5] Ma,

and 949 96 Ma and 295.Q@1.7 [+2.4] Ma. Error ellipses areog.

The second group of analyses yielded an upperceperage of 1304 £ 140 Ma and lower
intercept of 305.0 #0.98 [+1.5] Ma (MSWD= 1.2). Similarly, nine zircoamnalyses from
another sample (0S-185a) plot on a well-defined b Pb loss, that intercept the concordia
at 310.0 £ 1.6 [+ 3.9] Ma (MSWD= 4.2), however, falata points are nearly concordant
yield a mearf®®Pb/®U age of 306 +4.4 (MSWD= 0.52) (Fig. not shownJhe results are
supported by the CL images of zircons revealingdhgrain-types. The upper intercept ages
indicate Precambrian componenige linear distribution of the data points coulddseribed

to the derivation of the zircons from a cogenetiteswith an original age of 1340 Ma that
underwent an episodic Pb loss ~300 Ma ago or fresraging of the zircon population
during sample selection by sizing, combined with éffects of an isotopic disturbance.
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Tonalitic-amphibolite sample OS-18ben zircon fractions were analyzed from this s@mnp
The analyses cluster in two groups. Four data pare nearly concordant at ~306 Ma (Fig.
5.13, inset) and four others are reversely disgdrdatween 320-335 Ma. All the analyses
plot on a well-defined line of Pb loss (Fig. 5.11%et) intercepting the concordia at 310.0 +
1.6 [£ 3.9] Ma (MSWD= 4.2). The 320-325 Ma Pb losay indicate either partial resetting or
new components (overgrowth) as the result of Cafbamus metamorphism. Different
degrees of subsequent Pb loss may have causeaiavadgwer intercept.
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Fig. 5.13-Concordia plot showing U-Pb zircon isotope dilatamalyses from Osek
metabasic sample, 0S-185a. The lontercept age of 310 1.6 Ma is given by a
discordia line calculated throughnithe data points. The inset is an enlargement of
four slightly concordant fractiofigror ellipses are @,
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Devrekani granitoid basement/Devrekani metamorphic

DG-4a, granodiorite

Recrystallized  Truncation/
domains dissolution gaps

10um 30um

Fig. 5.14-CL photographs of characteristic zircon populafimm Devrekani basement
samples (Osman valley) DG-4a and DM&te the similar morphological grain- types,
presence of two-three growth stagasded relic cores and recrystallized domains

Quartz diorite sample, DG-4&ircon grains are idiomorphic, large and colourlésdight
yellow/brown Two morphological grain-types make up the zircopyation of this sample:
euhedral, prismatic crystals with well develop@@Q and[101] phases and more abundantly
multifaceted grains. The grain-size ranges from t®2200um in length. CL images reveal
that the prismatic zircons consist of detrital cared recrystallized domains, rimmed by
magmatic overgrowth resulting in euhedral graingy.(’5.14). This rock occurs as an
apophysis in the Devrekani granitoid.

From DG-4a (Fig. 5.15), eight zircon grains wanalysed by U-Pb isotope dilution method.
Three data points are nearly concordant at ~22GiMhthree other fractions with small Pb
loss plot close the concordia at ~ 195 Ma. A did@orcalculated through all the data points
yielded an upper intercept of 2070 + 24 Ma (inség. 5.15) may indicate the presence of
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older cores of Proterozoic age. A further unabdaddecon analyses plots below the concordia

line at ~ 190 Ma, probably Jurassic overgrowthulrssantial Pb loss.

DG-4a

0.036 granodiorite

L Adiscordia calculated through the
nearly concordant data points
yielded intercepts atll £ 33 Ma
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Fig. 5.15U-Pb concordia plot for isotope dilution analysasDG-4a. A discordia
through all the nearly concordaaiachoints cuts the concordia at 4483 Ma and
184.@ 5.2 Ma. Inset is a plot of the fraction with rediore and the other 7 fractions.
Error ellipses areog.

Para-gneiss sample, DM-Sample contains beautiful, large/thick and cleatight brown
garnet-shaped euhedral zircon grains. CL phottgrapzircons reveal a population made up
of euhedralgrains multi-facettechabit with two morphologies: stout and prismaticthwi
combination of prism {(100)} and {(110)} and pyradchforms {(211)}, {(101)}, and {(301)}.
Zircons internal structure show a rounded relicecdwo-three magmatic growth stages
followed by a small overgrowth. Recrystallized damsaand truncated zoining are common.
(Fig. 5.14) This may imply the zircons grew in alimand experienced alteration after
crystallization. Such zircons usually yield discamtl U-Pb ages (e.g. Poller et al. 1997).
The?*Pbf*U and®*’Pb/**U ages of nine zircon fractions show a large sckig. 5.16).
The scattered U-Pb data suggest multiple souragethéoprotolith of the para-gneisses. Four
fractions are concordant between 290 Ma, 360 MaZ@@dMa. It is not possible to draw a
discordia line through the data points and to fineasonable age. The discordance in these
zircons most likely resulted from variably smallgdees of younger Pb loss that moves the
points toward the origin, multiple episodes of gtlevindicating thermal events, combined
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with minor contribution from preexisting grains @raded xenocrystic cores, Fig. 5.14) that

move the data point on the concordia diagram tagper right.

0.0¢ . T
DM-5
L Para-gneiss sample |
0.07 [~ =
206
pr 0.06 [~ -
U 3(50@
0.05 — ' —
Data largely scatter between 290 Ma & 440 Ma,
with Pb lossepisodes at 330 Ma, 370 Ma & ~430 Ma
0.04 | \ \
0.2 0.3 0.4 0.5 0.6

207Pb/238L

Fig. 5.16-Osman valley, large spread of ages between 290 Mé&4
and small inheritd cote-430 Ma

The linear distribution of the data points coulddseribed to the derivation of the zircons
from a cogenetic suite that underwent an episobitoBs ~300 Ma ago. It is also likely that
this metasedimentary zircon suite is comprisediafons of different origins and ages. A
linear distribution of data points on a concordiat gould result from averaging of the zircon
population during sample selection by sizing, comedi with the effects of an isotopic
disturbance (e.g. Pidgeon et al. 1970), and thedomterception of the discordia will give

the approximate age of the isotopic disturbanag {eodt and Bisch, 1981).

Ortho-amphibolite sample, DM-22bundant small (63-128n) euhedral zircon grains were
extracted from this sample. The crystals are prigmalear to light brown (dark tips),
transparent and devoid of inclusions. Two to thgeawvth stages can be recognized in CL
images (Fig. 5.17). A characteristic feature of zireons is oscillatory zoned core with high
luminescence, indicating a magmatic origin. A thildev CL intensity overgrowth or

recrystallized domain, probably resulting from madicoverprint, is observed in all grains.
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The radiogenic Pb and U contents respectivelgegdnom 24 to 90 ppm and 460 to 1640
ppm (Table 4, Appendix). Of the twelve zircon frans analyzed, ten (8 abraded and 2
unabraded) are concordant to nearly concordantdegt\®85 Ma and 300 Ma (Fig. 5.18).

DM-23, ortho-amphibolite

DM-30, gneiss

Sector zonqd corg

DM-33, leucogranite

Fig. 5.17-CL photographs of characteristic zircon populafimm Devrekani
basement samples (Musa valley)eiotthy are the dissimilar morphological
grain-types, internal structurewlanany growth stages and recrystallized
domains. Sample DM-23 is very pecudith high luminescence magmatic
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zoned parts and low CL intensitgimrowth or recrystallized domains with
on/faint zoning

Two fractions variable degrees of Pb loss plotelmsthe concordia at 290 Ma and 300 Ma.
But five data points cluster at ~300 Ma. A discarliine forced through most of the analyses
gives intercept ages of 1203 = 821 Ma and 291.5.8 Ma. The upper intercept age
corresponds within the error limit to the Nd modgé (bm= 1.2 Ga) of this sample (Table 3,
Appendix).

DM-23
0.049 ortho-amphibolite
r |
e
e
0.048 |-
2o 0.047 -
238U =
0.046 -
Intercepts at
- 1203+ 821 Ma
and
0.045- 291.5: 6.8 Ma
- MSWD= 21
~~ 280
0.044 : ' \ ‘ ‘
0.31 0.32 0.33 0.34 0.35 0.36

207P b/2 35L

Fig. 5.18-Concordia plot of U-Pb zircon isotope analysesifidevrekani
metamorphics (Musa vallesgmple DM-23. Error ellipses aresg.

Granite samples, DM-3Zircons from this sample have similar morphology @onsist of

euhedral prismatic crystals. The grains are coéssrito light brown, transparent and
translucent with dark brown points. CL reveals fin& structures with at least two growth
periods, simply oscillatory zoning, compositionained cores with and without magmatic
overgrowth or recrystallized domains (Fig. 5.17yatlum concentrations range from 602-
2062 ppm (Table 4, Appendix)J-Pb analyses of nine fractions yielded U-Pb agéh w
variable degrees of discordance (Fig. 5.19a). UdBta provide evidence for Palaeozoic
zircon growth and/or Pb-loss episodes at 290-300ahth~ 370 Ma. When eight data are
regressed together on the same discordia line, yiedy intercept ages of 509 + 43 Ma and
225 + 23 Ma. The latter age is similar to the oaefgpm sample DG-4a (Fig. 5.15), while the
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upper intercept age correspond to the concordatd g@aints of the sample BU-20.
Evaporation of five euhedral zircon grains yielgemhearf”’Pb7°®Pb age of 310 + 9 Ma with

thermal events at ~360 Ma (Fig. 5.19b), Table Syexulix). The former age is similar to the
U-Pb 300 Ma episode of new growth. The young lowéercept age might be a thermal

overprint/resetting related to the intrusion of thieldle Mesozoic Devrekani granitoid.

0.06¢ T [ T [ T | T [ T [ T
400 /1
DM-33 e
0.062 F granite sample 380 // .
0.058 - 360 / .
- 340 // |
e g .
= 320 ,////
0.050 [ - 7]

300

[ / Intercepts at ]
0.046 |- 509+ 43 -
| 2807 and _

7% 225+ 23 M.a.
0.042[ 260,/ MSWD = 7.9 T
L 2 J

>

oozgl« 1 1 1 IR

0.26 0.30 0.34 0.38 0.42 0.46 0.50
207P b/238L
Fig. 5.19a-U-Pb concordia plot for isotope dilution analy$asgranite sample DM-33,

from the Devrekani metamorphicu@d valley). A line forced through eight of theenin
data points yield intercepts &5 2 23 Ma and 5092 43 Ma. Error ellipses indicates?.
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Fig. 5.19bHistogram showing the frequency distribution afiegenic*®’PF°°Pb
ratios of single zircon Pb-Pb@wation from sample DM-33. The spectrums for
six idiomorphic grains, integrfeom 332 ratios give an age of 310xMa

5.3.3. RDb-Sr whole-rock data

Rb-Sr whole-rock analyses from the Deliktivrikaya basement define an isochron age of
314 + 15 Ma (MSWD= 1.2 and &+ 0.70698 + 0.00029) (Fig. 5.20a). The Rb-Sr age,
although with large error is similar to the U-PleadFigs. 5.12, 5.13). Similarly, the whole-
rock data of samples DG-4a, DM-5, DM-23, DM-25, M; DM-30, DM-32, DM-33 and
MN-32 yield an isochron age of 301 + 8.4 Ma (MSWD#3, Sp= 0.706474 + 0.00030)
(Fig. 5.20b).
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Fig. 5.26Srf°Ssr vs.#’Rbf°Sr whole-rock isochron plots, samples from the
different basement outcrdp} Deliktas-Sivrikaya andb) Devrekani

The Rb-Sr whole-rock ages, although with big eirsaimilar to the zircon ages (Figs. 5.15,
5.16, 5.18 & 5.19). The Rb-Sr whole-rock ages ftooth basement outcrops are regarded as
the cooling ages. These ages confirms a Late Ceepons metamorphism and deformation
in the Pontides, and forms a link between the ¥arnisorogeny in Central Europe and the
Uralides of Eastern Europe.

5.4. DISCUSSION
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The basement largely includes Proterozoic-Palaeogoeisses, granites, amphibolites and
meta-volcanics. The steep REE patterns shown by ssamples, confirms the presence of
garnet in the source because this phase stronglgeotrates HREE (Hanson, 1978). Some
samples have steep LREE and flat HREE patterngltiresin a change in slope at Th. This
feature suggests fractionation of sphene or amphifstanson, 1978; Fourcade and Allégre,
1981; Witt and Swager, 1989). The very high comegions of Sr (117-588 ppm) in the
samples are also important for petrogenetic corsiid®ms because crust-derived melts most
likely have low Sr concentrations whereas the cotradon in mantle-derived melts may be
high. Subsequent fractionation of hornblende, fxanaple, from mantle-derived melts may
further increase the Sr-concentration (Dempseyl.el300). According to Halliday et al.
(1985) melt composed of 50 % mantle-derived magnth50 % crust-derived magma may
obtain 90 % of its Sr from the mantle. Calc-alkalimocks are frequently enriched in Sr and
Ba (Hawkesworth et al. 1979; Meen and Eggler, 198719gesting that the rocks calc-alkaline
or detritus from such rocks may have been involivetheir generation. If the protoliths are
derived by partial melting of a heterogeneous atusburce, consisting of components with
different crustal residence time, this would refflecthe Nd-model ages 6f;). The basement
samples yield gy ages ranging from 0.6 to 1.7 Ga suggesting Probvécoand possibly
Archean crust as the Nd model ages will always gnee minimum values. These ages, in
some cases, are compatible with the inherited dg#s of the granitoids and basement.

The relatively higheNd; values shown by some of the rocks (-0.6 to -4) esfg
involvement of mantle or mafic crustal sources. ldeer, a younger, more siliceous LREE-
enriched crustal source cannot be ruled out, saaetitus from the young calc-alkaline arc-
rocks which likely were part of the source regibtore intermediateNd) values (-4 to -6)
may be explained by mixing old continental matew#h mantle material or young LREE-
enriched arc rocks, consistent with Proterozoiccaris upper intercept ages. The
heterogeneity of initial Sr isotope ratios, and evidnge ireNd) could also reflect varying
influence of xenocrystic accessory mineral phasethe Sm-Nd isotope system.

From geochemical and isotope results it seems hke$y that at least two sources, mantle-
derived and old continental crust are necessamxpdain the isotopic compositions of the
basement rocks of the Central Pontides. Theresis stfong evidence that the source with
mantle signature was rich in LREE. These charatiesi are compatible with a subduction-
related calc-alkaline source. Overall, the geockamiof the basement rocks indicates a

subduction zone setting for their protolith, in th@aeozoic.
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Zircon U-Pb and Pb-Pb, and Rb/Sr whole-rock daten the investigated basement
samples indicate the protoliths to be of Proterozto Palaeozoic ages, which is a
characteristic feature of the Variscan belt. The dgta and the protolith ages in this study
further indicate Cadomian and Variscan tectonometphic events within the basemenhe
360-340-320 episodes of Pb-loss document regionelammorphism, migmatization and
granitoid magmatism, widespread in the entire \tansbelt. The Carboniferous age for
metamorphism from zircons coincides with the restribm Rb-Sr whole-rock investigations
which yielded Late Palaeozoic isochron ages. Adlllasement rocks were overprinted during
Variscan cycle and regional metamorphism. The paginatic Early Variscan amphibolite-
facies metamorphism and mylonitic shear/deformatiath variable affected the U-Pb isotopic

system of zircons.

5.5. CONCLUSIONS

5.5.1. Regional geological implications

The region between the Eastern Mediterranean and@ldck Sea consists of several small
continental fragments/terranes bearing evidence Various periods of deformation,
metamorphism and magmatism, associated with VdascCimmeride and Alpide orogeny,
(the strongest). The Alpide orogeny started witlh ¢bnvergence between Africa-Arabia and
Eurasian plates during the Late Mesozoic, and teguh the amalgamation of the continental
fragments which were situated on the margins ofTishyan oceans, into a single landmass
in the Tertiary. Pre-Alpide orogenic events arpeegally strong and well documented in the
Pontides.

In the Early Palaeozoic, the east European rridomed part of the Baltica plate, which
collided in the west with Laurentia, Avalonia andnforica creating Laurasia in the Late
Palaeozoic (e.g. Pharaoh, 1999; Matte, 2001; W2102; Okay et al. 2006). In contrast,
Africa and the Arabian Platform constituted partltd Gondwana, which preserved its unity
until the Early Mesozoic opening of the southertaAtic (e.g. Okay et al. 2006). Large areas
in the northern margins of Gondwana are charaeeriby Neoproterozoic-Cambrian
plutonism and metamorphism forming part of Pan-@sn/Cadomian orogenic cycle (e.qg.
Stern, 1994), and are therefore easily distinguishem the Palaeoproterozoic basement of
the East European Craton. During the Late Palae@ul Mesozoic, Tethyan oceanic basins
separated Laurasia from northeast Africa-ArabiatsPaf the present Eastern Mediterranean
Sea represent a Triassic to Jurassic remnant dftlaydn oceanic crust (e.§engor and
Yilmaz 1981; Garfunkel, 1998).
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The pre-Alpide geological history of northernrRey-Balkan region involved episodic
growth of Laurasia by accretion of oceanic and Gath-derived continental fragments,
interrupted by the opening of narrow back-arc basim the southern margin of Laurasia. The
continental terranes were accreted to Laurasianguhe Late Ordovician-Early Silurian and
Late Carboniferous, whereas a major accretion eénic crustal material occurred during the
Late Triassic-Early Jurassic. The ensuing sutupgadably an extension of the Rheic suture
in central Europe (Ziegler and Stampfli, 2001). Terboniferous accretion of the Strandja-
Sakarya terrane to Laurasian margin resulted ongtdeformation, Mid Carboniferous high-
grade regional metamorphism, and latest CarbonifeEarly Permian post-orogenic

plutonism.

The Late Carboniferous orogeny in the Pontides $oantink between the Variscan orogen
in Central Europe and the Uralides of Eastern Eeirdghe Variscan orogeny comprises
Carboniferous to Early Permian deformation, metgghism and magmatism linked to the
collision and amalgamation of Gondwana, Laurasih the intervening terranes (e.q. Matte,
2001. It is marked in the Pontides by high-grade reglanetamorphism, deformation and
post-orogenic latest Carboniferous-Early Permiamtgolism. The East European Craton is
bordered in the south by a narrow tectonic beltledathe Scythian Platform, which is
generally considered as a Late Palaeozoic (Earthpdbéerous) orogen (e.g. Nikishin et al.
2001). During the Devonian and Carboniferousigtanbul Zone (Western Pontides) and the
Moesian Platform were adjacent to the Scythiarfquiat, and formed a south-facing passive
continental margin (Fig. 1.2).

The Late Carboniferous deformation in thsanbul Zone is coeval with the high-grade
metamorphism in the Sakarya Zone (Eastern and &@eRontides). The deformation and
regional metamorphism is related to the collisidrth@ Laurasia margin with a continental
arc represented by the basement rocks of Sakad/&tandja zones. The ocean between the
Laurasia margin and the Sakarya-Strandja microptaieed to close by the Early Devonian,
producing a magmatic arc represented by the Cagrdikite in the Sakarya zone (e.g. Okay et
al. 2007). The Late Carboniferous collision wadofekd by the latest Carboniferous-Early
Permian plutonism in the centre of the orogen eSkrandja and Sakarya zones (e.g. Dalikta
and Sivrikaya) linked to crustal thickening (e.g.zedge et al. 2006). The latest
Carboniferous-Early Permian molasse depositiorhe Eastern Pontides and the Caucasus
marked the end of the Variscan orogeny in northBankey. The intra-Pontides suture
between the Istanbul and Sakarya zones links updkee Carboniferous Rheic suture in the

central Europe (e.g. Ziegler and Stampfli 2001)e Mariscan evolution of northern Turkey
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and the Balkans appears to be similar to that of EMYope, with the Istanbul-Moesian-
Scythian Block corresponding to Avalonia, and thakéya-Strandja to Armorica (e.g.
Stampfli et al. 2002; Okay et al. 2006).

5.5.2. Precambrian basement

Evidence for Precambrian basement in the CeRtoatides comes from sample BU-20,
from inherited zircons (U-Pb upper intercept ages) model Nd ages. Analyses from two
DM samples (DG-4a and DM-33) roughly align on aresgion line with upper intercept ages
between 411 Ma (MSWD= 1.7, Fig. 5.15) and 509 M&WD= 7.9, Fig. 5.19a) respectively.
The latter age is comparable to the concordanoédjee oldest group of the abraded zircons
(BU-20, 502 Ma), which is taken as a tentativeneate for the magmatic formation of these
zircons. Most discordant zircons point to uppeeriogpt ages of 1.0 Ga to 2.2 Ga (Figs. 5.10,
5.12, 5.15, 5.18). From the pattern of ages andctimrasting internal morphology of the
different basement outcrops zircons, it could beuased that Late Cambrian-Early
Ordovician Buyukcay zircons crystallized in a ~3@2 magmatic event as part of the wide-
spread subduction-related Cadomian magmatism inGbedwana-derived terranes (e.g.
Linnemann et al. 2000; Nance and Murphy, 1996; Maeical. 1991), and that recrystallized,
originally ~1.0 - 2.2 Ga old zircons suffered Risd while being incorporated in the
Cadomian magmas at ~502 Ma.

The ~1.0 and 2.2 Ga old xenocrystic zirconsfih the range of inherited and detrital zircon
ages known from the Schwarzwald, Bayerischer WattilBohemian massif (Todt and Busch,
1981; Quadt, 1997; Gebauer and Friedl G, 1994; (abat al. 1989; Grauert et al. 1973;
Kroner et al. 1988; Dorr et al. 1992, 1998; Weeadal. 1993; Teipel et al. 2004), from the
Hercynian belt of Massif Central, France (Matte98,92001; Maurel et al. 2002; Pin and
Ducrot, ; Paquette et al. 1999), they are alsoctliggidence of Precambrian in the Eurasian-
derived basement of Central Pontides. The Blyikgatabasics may be related to the wide
spread thermal event in Europe, an expressioneoEtrly Palaeozoic continental break-up
recorded in the Cadomian basement across the ¥arisglt from Spain to the Polish Sudetes
(Pin and Martini, 1993 and references therein).

Overall geochemical and isotope signatures [0% (~8.4 %.) and high positiveNd
values (2.6 to 6.8), and low and narrow range itiain®’Srf°Sr ratios (0.70352 - 0.70445)]
indicate a position at an active continental margmobably with back-arc development, for
the Upper-Cambrian-lower Ordovician magmatism. Pdsssource rocks for the inherited
zircons are located at the northern Gondwana m4eggn Nance and Murphy, 1996; Sollner
et al. 1997), consistent with the Mesoproterozairerited zircon ages and Nd model ages
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(~1.0 to 1.69 Ga). Upper-Cambrian-lower OrdoviciaB2 Ma zircons are seen as evidence
for the wide-spread, subduction-related Cadomiagmadism and are very important for the
evolution of the TethysHowever, additional microprobe, age and CL dataagquired for

further evaluation of the significance of this 3@a age cluster!

The new ages, combined with the overall geochdnvigaation in the basement samples,
indicate the existence of rock assemblages repiegehoth Eurasian and relics of pre-
Variscan basement (Gondwana active margin). Thegretton of Neoproterozoic (zircon

protolith and Nd model ages) and Palaeozoic submuctlated basement rocks and Late
Palaeozoic plutonism (DLG and SG) provides add#aicarguments for the hypothesis that
equivalents of Variscan domain are exposed in tbatr@l Pontides. Earlier workers had
suggested that the Central Pontides representsnaosite tectonic entity that juxtaposes
elements of Variscan (+ pre-Variscan relics) basgmiatruded by Upper Palaeozoic and

Middle Mesozoic granitoids (Nzegge et al. in review
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Table 3.5 Rb-Sr ages for selected samples fr®inrikaya and Delikts

grani

The mineral ages were calculated using the mettidtlendt (1986m , measured ra

Samples ["Rb  Erorr [¥Sr Erorr  Age at @
“Sim % *sim % Ma
Sivrikaya granitoid
SG-116 Whole-rock 0.557 0.06 0.71043 0.07
Muscovite 1778 17.8 1.44870 0.20 283.2 2.8
Biotite 398.8 359 224570 0.42271.0+ 2.6
K-feldspar 1276 0.13 0.71110 0.07
Biotite 398.8 359 224570 042 2713 2.6
Muscovite 1778 17.8 1.44870 0.20 2930 2.9
Hornblende 0.190 0.02 0.70480 0.07
Muscovite 177.8 17.8 144870 0.20 294.0 2.9
SG-132 Whole-rock 0.342 0.034 0.70899 0.07
Biotite (300-18Qx m) 158.79 159 1.33150 0.30 276.5 2.8
Biotite (>30Q m) 148.74 149 1.28370 0.17 2726 2.7
K-feldspar 4118 0.41 0.718440.07
SG-132 (Bt 300-180 m) 158.79 159 1.33150 0.30 279.0:+ 2.8
SG-132 (Bt>300 m) 148.74 149 1.28370 0.17 2750 4.1
SG-186a Whole-rock 5.884 0.58 0.73246 0.07
Muscovite (>30Q m) 971.62 97.1 4.60007 2.3 2817 2.8
Deliktas granitoid
DLG-£ Whole-rock 5.889 0.59 0.735400.07
Muscovite 2158 21.58 1.581380.30 283.2:+ 2.8
DLG-82  Whole-rock 5.720 0.57 0.73461 0.09
Muscovite 139.2 1392 1.29110 0.30 2922 29
DLG-83 Whole-rock 5.779 058 0.73479 0.08
Muscovite 159.0 159 1.36617 0.30 28%8 2.9
K-feldspar 21.3 2.13 0.79330 0.08 273.8- 2.8
K-feldspar 21.3 2.13 0.79330 0.08
Muscovite 159.0 159 1.366170.30 2925 2.8
DLG-84 Whole-rock 7563 0.76 0.74231 0.07
Muscovite 836.7 83.6 4.230181.70 295.2: 2.9

Table 5.1a Major, trace and rare earth elements analyst#tedDeliktg (MN) and Sivrikaya

(BU, OS) basements
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Sample MN-I MN-3 MN-5 MN-11 MN-12 MN-72 BU-20 BU-22 BU-26

S0, 635 72.7 507 798 656 751 50.9 534  53.7
TiO, 079 011 062 005 064  0.60 094 122 171
AlLO, 170 160 159 141 167 152 16.9 155 154
Fe0, 68 09 64 07 5.6 0.2 6.1 132  13.3
MnO 006 001 011 004 010 <01 011 020 021
MgO 26 03 63 02 2.4 0.1 2.9 44 4.8
Ca0 1.6 1.4 52 06 1.3 0.1 5.3 68 7.1
Na,O 22 52 28 27 2.8 1.5 4.4 32 32
K,O 27 16 14 25 2.3 4.9 0.8 03 03
P,O. 0.161 0055 0.143 0.056 0.086 0.027 0.228 0.095 0.201
Ba 639 266 562 306 670 351 462 119 233
Cr 108 7 392 6.4 98 33 106 30 113
Nb 15 2 8 9.3 10 8 9 10 12

Ni 62 6 109 <01 45 8 42 10 8

Rb 92 61 75 836 91 216 17 5 8

Sr 278 579 588 780 255 80 585 255 214
v 124 16 126 6 97 39 96 436 394
Y 35 10 19 19.0 22 28 29 21 30
Zn 81 13 83 <01 79 5 74 87 01

Zr 201 63 130 980 125 262 277 59 117
LOI 275 134 182 164 227 158 223 23 204
Sum 100.3 99.8 100.6 1024 99.8  99.3 99.9 99.8  99.2
ASI 1.8 11 10 17 1.5 1.8 0.9 08 08
Mg# 626 661 814 602 655  77.8 67.3 595  59.3
Li B 1160 477 229 267
Mo ~ ~ 05 ~ 08 T 04 ~ 09
Cs B ~ 188 ~ 70 ~ 25 ~ 11
La B T 24 - 28 - 26 19
Ce ~ ~ 50 ~ =58 ~ 60 ~ 45
Pr "~ ~ 56 ~ 67 ~ 74 ~ 6.0
Nd B -2 ~ 2 - 31 ~ 28
Sm ~ ~ 4.4 ~ 50 ~ 64 ~ 6.7
Eu B T 11 ~ 14 W ~ 20
Gd ~ ~ 37 ~ 38 ~ 58 70
Th B 05 ~ 05 ~ 09 To11
Dy B ~ 32 - 27 ~ 52 67
Ho B ~ 06 ~ 05 ~ 10 ~ 14
Er ~ ~ 18 12 29 ~ 39
Tm ~ ~ 03 ~ 02 ~ 04 ~ 05
Yb B ~ 16 T o1 - 25 ~ 35
Lu - 02 ~ 02 T 04 05
Hf B - 25 ~ 08 ~ 08 T 04
Ta ~ ~ 05 ~ 07 ~ 05 ~ 06
Tl B T o7 07 00 T 00
Pb ~ ~ 38 ~ 25 ~ 6 ~ 2

Bi - T 01 01 00 ~ 00
Th B ~ 9 10 -5 -3

U 2.5 32 07 08
Eu/Eu* 0.87 0.96 0.86 10.9

K,ONaO 1.24 028 046 093 067 276 019 007 007

- = not determined; ASI= aluminium saturatindex= [molar A}Os/(CaO+K0+Ng0O)];
Mg#= 100 x molar [MgO/(MgO+0.9xk®;)]; (EU/Eu*=V[Sme,X Gd.]

Table 5.1a,continued
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Sample 0S-70  0S-75b 0S-77a 0S-77b 0S-78 0S-80 0S-88a OS-0%L185a

Sio, 60.7 60.3 57.4 62.1 524  65.0 58.8 52.2 56.0
TiO, 0.75 0.73 0.89 0.69 1.03  0.40 0.43 1.34 0.95
AlL0; 18.0 15.5 17.1 16.3 173  18.0 15.57 16.19 16.62
FeO, 7.0 5.7 7.0 5.3 8.3 3.1 4.01 8.90 7.59
MnO 0.39 0.11 0.15 0.11 0.16  0.06 0.12 0.17 0.18
MgO 3.1 4.1 4.1 2.9 4.9 1.3 3.14 5.68 4.27
Cao 35 4.3 5.7 4.1 7.1 3.8 6.50 8.33 5.87
Na,0 1.2 3.2 2.6 2.6 2.6 3.7 2.60 2.46 2.49
K,0 3.1 2.9 2.2 2.5 2.0 2.1 2.19 0.87 1.97
P,0g 0.13 0.261 0.215 0.108 0.282 0.186 0.106 0.19 0.243
Ba 403 1173 580 330 529 596 448 272 582
Cr 127 148 53 109 260 71 183 270 62
Nb 16 6.0 6.0 7.0 5.0 8.5 19 10 15

Ni 92 58 23 46 10 17 58 79 39

Rb 120 104 81 69 85 69 63 23 64

Sr 160 500 421 143 417 490 141 226 489
v 141 115 155 86 175 43 79 197 149
Y 30 26 18 20 25 10 15 24 31

Zn 110 82 64 58 71 34 60 70 75

zr 162 178 111 128 140 128 88 124 133
LOI 2.02 1.71 2.35 2.41 259 157 5.77 2.64 2.73
Sum 100.1  99.1 99.9 99.2 98.8  99.4 99.3 99.1 99.1
ASI 1.5 0.9 0.9 1.0 0.8 1.1 0.8 0.8 0.9
Mg# 66.1 76.0 715 70.1 716  65.7 76.9 73.3 70.9
Li B 32.3 3 B B B 5.34 B 5.2
Mo B 0.5 _ _ _ _ 0.074 _ 2.316
Cs B 4.7 B B B B 2.88 B 5.68
La B 32 B B B _ 6.2 B 225
Ce B 64 B B B B 13 _ 50
Pr B 7.9 B B B B 1.4 3 7.0
Nd B 32 B B _ _ 5.3 B 30
Sm B 6.5 B B B B 1.3 B 6.8
Eu B 1.6 B B B B 0.31 B 1.7
Gd B 5.5 B B B B 1.14 B 6.5
Tb B 0.7 B B B B 0.22 _ 0.9
Dy _ 4.1 _ _ _ _ 1.38 B 5.7
Ho B 0.8 B B B B 0.26 _ 1.1
Er B 2.1 B B B B 0.79 _ 3.2
m B 0.3 B B B _ 0.13 _ 0.5
Yb 3 1.8 B 3 : B 0.98 B 2.8
Lu _ 0.3 B _ _ _ 0.15 _ 0.4
Hf B 2.0 _ B B B 1.7 B 0.8
Ta B 0.6 B B B B 4.9 B 1.0
Tl B 0.7 B B B B 0.6 B 0.5
Pb B 19 B B B B 44 B 16
Bi B 0.3 _ B B B 0.98 B 0.18
Th B 12 B B _ _ 4.63 _ 7.43
U _ 4.9 _ _ _ _ 15.2 B 1.6
Eu/Eu* B 0.84 3 B B B 0.76 D
K,O/NaO 2.49 0.78 0.71 0.82 064 047 0.28 0.62 0.70

- = not determined; ASI= aluminium saturation ind¢gmolar ALO:/(CaO+K,0+NgO)];
Mg#= 100 x molar [MgO/(MgO+0.9xk85)]; (EU/Eu*=V[Sm,x Gd.]

Table 5.1b Major, trace and rare earth elements analysesreRami basements (Devrekani
metamorphics) and Bekirli metamorphics (BM) for garison
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DG-4a DM-5

MN-30 MN-32 MN-33 DM-16 DM-17 DM-18 DM-21 DM-23 DM25 DM-26 DM-27 DM-28 DM-29

70.1  67.2
0.38 0.75
152 149
2.1 5.24
0.03 0.12
119 230
2.0 1.7
4.1 2.7
3.8 2.5
0.147 0.16
0.87 1.48
1009 99.1
1.0 1.4
89 91
36.2 72
1.2 54
34 97
494 750
104 93
204 377
10 13
160 222
32 66
18 25
29.7 351
47.0 742
247 330
4.0 6.2
0.7 15
252 227
2.0 3.7
166 13.2
13 0.85
2.13 3.82
15 33
091 0.80
182 0.90
0.69 031
0.10 0.8
0.48 0.48
514 837
3.25 4.40
0.46 055
250 2.64
046 0.44
121 1.03
0.17 0.5
0.14 0.12
141 275
0.62 0.87
093 092

67.3 74.0 74.9 56.7 48.9 477 75.2 498 66.3 67.0 755731 68.2
0.80 0.89 0.53 0.86 153 124 0.14 153 050 0.74 6 1.00.14 0.31
18.2 12.0 13.9 18.1 145 195 123 1838 16,8 151 118141 17.0
6.96 5.03 3.66 6.78 10.64 9.12 119 10.17 405 4.13417.124 256
0.38 0.17 0.10 0.14 0.18 0.2 0.04 017 0.11 0.08 2 0.10.04 0.09
2.16 1.88 131 4.18 725 6.67 058 481 160 152 242048 0.86

2.0 0.8 2.1 4.8 9.9 10.4 3.3 7.1 2.2 2.6 5.9 1.0 1.8
4.8 1.6 3.1 3.3 2.4 3.1 3.6 35 3.9 3.3 2.9 3.8 54

3.2 24 4.7 2.9 1.7 0.8 14 1.7 3.0 35 24 5.1 2.9
0.21 0.08 0.11 0.19 0.14 011 0.02 021 0.24 02028 0. 0.25 0.40
1.86 1.13 1.15 2.55 191 137 153 1.09 0.77 049 0 1.00.56 0.83
99.9 100.0 99.9 1006 99.2 1002 994 991 99.5 7 98.99.2 99.8 1005
1.2 1.8 1.0 1.0 0.6 0.8 0.9 0.9 1.2 11 1.0 1.0 11

93 92 93 88 87 86 90 90 92 92 89 92 93
165 86 92.5 58 282 50 19 28 57 84 38 40 32
66 39 34.3 25 65 20 18 7 20 28 28 25 26
127 91 72 140 281 278 12 253 37 49 146 8 22
632 386 335.7 452 179 214 210 364 533 558 517 474 549
177 78 164 130 72 24 61 84 187 130 105 168 150
225 143 138 302 152 419 123 414 248 158 410 91 190
11 12 11.4 6 3 5 7 9 21 4 8 13 30

191 245 237 144 101 89 115 133 242 229 163 94 161
104 64 54 122 83 46 19 89 75 60 84 34 65
28 22 18 25 35 27 8 30 28 26 26 21 19
38.6 31.7 B 34.6
60.5 42.1 B 69.0
28.7 ~ 158 B B B ~ 290 - B - B
47 41 - 5.3
0.6 0.3 1.1
17.0 34.3 ~ 21.3
1.7 0.0 8.8
18.4 B 13.1

1.01

5.14

32

2.83

1.08

1.28

0.23

1.14

7.69

4.18

057

3.04

051

1.26

0.17

0.14
16.1 14.1 22.9

0.70
067 151 153 0.86 070 026 0.37 049 0.78 "1.05 10.81.31° 0.3

- = not determined; ASI= aluminium saturation ind¢gmolar ALO4/(CaO+K,0+NgO)];
Mg#= 100 x molar [MgO/(MgO+0.9xk85)]; (EU/Eu*=V[Sm,x Gd.]

Table 5.1b, continued.
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Sample DM-30 DM-32 DM-33 DM-01-1 DM-01-2 DM-01-4 DM-01-5 Di1-6 BM-6 BM-7 BM-8 BM-9
Sio, 66.7 53.9 74.0 72.3 71.6 68.6 67.2 66.6 57.0 528 552 509
TiO, 0.47 1.19 0.15 0.20 0.19 0.40 0.38 0.42 0.17 020 0.19 1.06
AlL,O, 16.6 16.6 14.3 14.2 14.0 15.7 15.8 16.4 125 128 128 16.3
FeO, 3.76 8.62 1.21 1.52 1.46 3.08 2.97 3.38 6.90 7.99 7.40 8.82
MnO 0.10 0.18 0.03 0.05 0.04 0.06 0.08 0.07 0.07 0.11 0.085 0.1
MgO 1.46 576 0.36 0.65 0.60 1.37 1.35 1.32 8.63 11.15 8.975 7.
CaO 2.0 5.6 0.63 0.86 0.78 2.20 2.33 2.20 952 840 9.74 9.18
Na,O 4.0 2.2 3.96 4.33 4,12 454 4.80 5.74 3.27 313 297 492
K,O 3.0 35 5.14 4.23 4.34 3.23 2.85 2.12 0.21 053 035 0.17
PO 0.22 0.30 0.12 0.10 0.12 0.13 0.14 0.23 0.04 019 0.19 0.26
LOI 0.79 1.47 0.49 0.78 0.57 0.48 0.72 0.42 1.74 277 201805
Sum 99.3 99.5 99.7 99.3 97.8 99.8 98.7 99.0 100.3 100.2 1000011
ASI 1.2 0.9 1.1 1.1 1.1 1.0 1.0 1.0 0.5 0.6 0.6 0.6
Mg# 92 87 94 91 92 91 91 92 78 76 78 83

Cr 12 183 13 13 14 15 15 17 589 664 640 223
Ni 8 30 12 <0.1 <0.1 <0.1 <0.1 <0.1 244 311 280 114
V 34 185 7 13 14 51 45 33 220 200 212 210
Ba 515 536 529 593 609 522 655 353 14 55 56 106
Rb 186 280 169 143.7 153.8 135.5 109.6 147.8 4 8 7 6
Sr 170 148 114 121 119 182 255 224 132 140 151 192
Nb 16 10 10 8.1 10.3 0.0 9.9 21.6 2 5 4 5

Zr 231 144 115 140 133 128 144 193 30 34 32 80
Zn 84 108 34 22 26 48 43 74 14 34 20 58

Y 23 31 20 24 20 12 16 20 8 8 6 21

La _ 214 28.0 30.5 28.8 31.7 27.3 45.4 _ L _
Ce 467 412 52.8 40.5 42.6 32.2 70.5 _ o _

Nd 238 16.1 24.8 32.2 19.0 16.5 31.6 o _
Sm b2 2.4 4.3 3.6 3.0 3.1 4.9 _ _ _

Eu _ 15 0.3 0.5 0.1 0.6 0.8 0.8 _ L

Pb 91 43.6 32.4 32.5 9.5 19.0 18.6 _ _ _

U 19 0.0 0.0 0.0 1.7 >0.1 >0.1 _ _ L

Th 38 14.4 17.6 16.7 3.6 4.6 15.5 o _
Yb 222 _ _ _ _ _ _ _ _ _ _
Cs _7.08 _ _ _ _ _ _ _ _ _ _

Li 43 _ _ _ _ _ _ _ _ _ _
Ta _l1o07 _ _ _ _ _ _ _ _ _ _
Hf _ 140 _ _ _ _ _ _ _ _ _ _
Mo _ 129 _ _ _ _ _ _ _ _ _ _

Bi _0.69 _ _ _ _ _ _ _ _ _ _

TI 184 _ _ _ _ _ _ _ _ _ _
Pr _ 564 _ _ _ _ _ _ _ _ _ _
Gd _ 515 _ _ _ _ _ _ _ _ _ _
Th _ 080 _ _ _ _ _ _ _ _ _ _
Dy 478 _ _ _ _ _ _ _ _ _ _
Ho _ 094 _ _ _ _ _ _ _ _ _ _
Er _ 258 _ _ _ _ _ _ _ _ _ _
Tm _ 036 _ _ _ _ _ _ _ _ _ _
Lu 0.31 _ _ _ _ _ _ _ _ _
[La/Yb]y 6.5 _ _ _ _ _ L _ _
Eu/Eu* _ 038 _ _ _ _ _ _ _ _ _ _
K,O/NaO 0.75 1.61 1.30 0.98 1.05 0.71 0.59 0.37 0.06 0.17 0.12 0.04

- = not determined; ASI= aluminium saturation ind¢molar ALOs/(CaO+K,0+NgO)];
Mg#= 100 x molar [MgO/(MgO+0.9xK85)]; (EU/Eu*=V[Sm,x Gd.]
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Geochemical and isotopic constraints on the genesibthe Late Palaeozoic Deliktg and

Sivrikaya granites from the Kastamonu granitoid bet (Central Pontides, Turkey)
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Abstract
The Late Palaeozoic Sivrikaya and Delikigranitoids of the Kastamonu granitoid belt (KGB)

are of sub-alkaline affinity, belong to the higheldic-alkaline series and display features of
transitional to S-type granites. Sivrikaya grart@s host to biotite-hornblende granodiorite-
tonalite and minor two-mica granites. The rocks308-300 Ma old, have low initi&(Srf°Sr
ratios (0.7041 - 0.708), moderately laNdy values (-1 to -3.8) and youngy model ages
(0.75 to 1.08 Ga)All these characteristics, combined with low.®¥/(FeO+MgO+TiQ) and
(NaO+K,0)/(FeO+MgO+TiQ) ands*®0 values of 10-11.660 point to dehydration melting
of heterogeneous protoliths dominated by amphibaihd greywackes-type sources with
mantle contribution. Chondrite-normalized REE patte of the Sivrikaya rocks are
characterized by concave-upward patterns suggedtiay amphibole played a more
significant role than garnet during magma segregatfhe main portion of the Delikta
granitoid consists of peraluminous muscovite-ricbnaogranite. Compared to Sivrikaya,
rocks from this pluton have higher initial Sr rati@.7109 - 0.7185), older Nd model ages
(1.2 to 2.2 Ga) and similaNd) values (-2.0 to -4.7). U-Pb zircon analyses givege range
of 295-275 Ma. The nearly constaitfO values (~11.5 to 11%o) in conjunction with the
chemical characteristics indicate a predominantitip source similar to the basement,
which consists of felsic high-grade granulite-facimetasedimentary rocks, of continental

origin.

Key words. NW Turkey; Central Pontides; Kastamonu granitddlt; Palaeotethys;
Hercynian magmatism; Genesis; VAG, volcanic-aragoads; Sr-, Nd-, O- isotopes.

168



(In review Journal of Asian Earth Sciences)
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Kastamonu granitoid belt, Central Pontides (Turkey)
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Abstract

The Middle Jurassic Devrekani pluton (DG) belonghe Kastamonu granitoid belt (KGB),
and intrudes the Late Palaeozoic-Mesozoic imbritagsement units. The DG includes low-
K tholeiitic and medium-K, calc-alkaline, metaluraus I-type (ASI= 0.73-0.94) hornblende-
biotite diorites, quartz diorites and tonalitescR®have moderate initiaNd; values (-0.8 to
-2.2) and relatively low initiat’Sr°Sr ratios (0.7052-0.7063). These features combivit
high Mg# suggest an origin through partial meltofgnafic lower crustal source rocks with
additional input of mantle-derived material. In @absh, samples have almost flat chondrite-
normalized (cn) REE patterns ([La/Yb]cn= 2.6-14abd positive Eu anomalies (Eu/Eu*=
1.04-2.22) indicating plagioclase played an impatrtale in the magma petrogenesis. Overall,
geochemical and isotopic data indicate the existaidwo magma sources for the rocks: a
depleted source with low initial §randsNdg ratios, and low'°0 values (7.2-8.2 %) for the
diorites, and an enriched source with intermedaienpositions for quartz diorites and
tonalites. U-Pb and Pb-Pb zircon ages range frof1B® Ma with a cluster at 165 Ma. The
Latest Palaeozoic-Earliest Mesozoic saw the opewiitige Kire back-arc marginal basin and
brief southward underthrusting beneath the recemlgricated Palaeozoic-Mesozoic arc

massif.

Keywords: NW Turkey. Central Pontides. Kastamonu granitmett. Palaeotethyan collision.
Devrekani granitoid. Sr-Nd-O isotopes. Zircon ages.
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Abstract

The Late Palaeozoic Sivrikaya (SG) and Delk{BLG) plutons of the Kastamonu granitoid
belt (KGB) pierced the Late Palaeozoic-Mesozoic ricdied basement units that formed
during the collision of the western and the EasRontides. SG consists of biotite-hornblende
granodiorite-tonalite and minor two-mica granitesth low initial 8’SrP°Sr ratios andNdy
values. In conjunction with modera3&’O values, these features indicate crystallizatiomf
heterogeneous protoliths dominated by amphibolite greywackes-type sources with mantle
contribution. Chondrite-normalized (cn) REE patsercharacterized by concave-upward
shapes of HREE and lack of significant Eu anoma$ieggest that amphibole played a
significant role during magma segregation. The IRadipluton includes primary muscovite-
rich monzogranite, with high initial Sr ratios, atant5'®0 values but similasNdy, values.
The isotopic signatures, mineralogy and geocheynddtthe Deliktg monzogranites suggest
formation from meta-igneous crustal protoliths (apatites).

Here, we present the first U-Pb and Pb-Pb zircoplacement time of ~295-270 Ma and
~303 Ma respectively for Delikfaand Sivrikaya plutons. Zircon xenocryst ages dsasl 2.6
Ga bearthe memory of an ancient basement, that suggestsssociation of the Central
Ponitdes with Laurasia and Gondwana. Many analyaezbn fractions show records of
Variscan metamorphism, indicating the Sivrikaya dweliktas plutons, and the basement

were components of the Variscan orogenic belt.

Key words: Variscan plutonism; Palaeotethyan convergenceesyskKastamonu granitoid
belt; Sr-Nd-O isotopeand zircon ages; Central Pontidbsrkey
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Abstract

The Central Pontides orogenic belt documents thdy Earetaceous juxtaposition of the
Western and Eastern Pontides. This belt includesremnant Palaeotethyan oceanic basins,
separated by a continental fragment (Devrekani metghic unit) and an oceanic arc. The
basement (Devrekani metamorphic unit) is a faultdsbtectonic window between the Kiire
accretion complex and the Canga&dac complex. During Palaeozoic-Mesozoic, thesésuni
were soaked with mafic to felsic magmas, the Kastamgranitoids.The Devrekani unit
comprising amphibolite-granulite facies gneissed amphibolites, is inferred to have rifted
from the south Eurasian margin, to form a slivethim the Palaeotethys.

Pioneer U-Pb and Pb-Pb zircon ages and Sr-Nd-Ofdathe Devrekani metamorphic unit
are presented. Geochemisty (ASI= 0.58-2.20) andpsodata; Sr(0.704 to 0.712)¢Nd, (-

1.4 to 6.8) and*®Ounoierockvalues (8-12 %o), indicate a continental arc seténg material
contribution from mantle and crustal sources. koaeted Chondrite-normalized (cn) REE
patterns ([La/Yh]}= 6.4-27.6), negative Eu anomalies (Eu*/Eu= 0.@6Pand troughs in Ba,
Nb and Ti, are consistent with arc-related milidud?b and Pb-Pb zircon ages indicate rocks
formation during Variscan 540-300 Ma magmatic esehate Variscan and Mesozoic ages
(and/or Pb loss episodes) obtained from zirconyaeal reflect regional metamorphism and
magmatic growth of zircon during the Palaeozoic-dkesc time. Xenocryst ages in the range
of 1.2 - 2.1 Ga indicate Proterozoic-material pnesg confirming the basement of the Central

Pontides was a component of the south Eurasianimarg

Key words: Central Pontides orogenic belt; Turkey; Continenséiver; Devrekani
metamorphic unit; Cangaldarc complex; Zircon ages; Sr-Nd-O data; Variscaih b
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respronse lo changing geological environment!
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Field photo: Sivrikaya Anticline and Asbestos mine

174



AAIIurian

Ural
Mis, North

175



Eidesstattliche Erklarung

Hiermit versichere ich, dass

- Die vorliegende Arbeit mit dem TitelPetrogenesis and geochronology of the
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