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ABSTRACT

The southern section of the N&ethys Ocean was located between the Arabian shield and
the Sanand&pirjan Zone.To understand the mineral exploration potential in this area, a new
database includg 420 U-Pb and 1147 lithogeochemical samples, 1552HEuand 353 SiiNd
isotopic composition resultsese constructed from published articles. This research is the first
attempt to provide quantitative constraints on the development of the WesteiTetige by
utilizing the available published geochronological and geochemical data on the Mesozoic
evolution d the NeoTethys. The collected dataset potentialfyrovides insights intothe
relationship between tectofmagmatic environments and geochemical signatures invitxeall

study area

The geodynamic evolution of the N@ethys in Iran started potentiatyg a rift bytheLate
Permian. Thus, igneous and metamorphic rocks older than Permian has been considered as
basement and cr ust ah nkdvaliesistinguishfivedarge erustalblockst e d U
in thewestern Neeél ethys. However, the isotapcomposition in the central and northwest of the
UrumiehDokhtar Magmatic Arc confirms the rifting and seafloor spreading of Nethys during

the PermianTriassic times.

Contrary to previous studies, t@dlatesbased reconstructions showed that thhswie of
PaleaTethys occurred in the Late Jurassic, not in the Peimiréassic period. Moreover, based
on this paleeplate reconstruction, the opening of the Nathys was formed in the Late Triassic
- Early Jurassic period and the initiation of subauthas occurred during the Middle Jurassic
Late JurassicFurthermorethe GPlatesreconstructions, indicate that the initiation of collision

between Arabia and Eurasia occurred between the upper Miocene to Plioc&nd4).0

The geodynamic evolutiorf the southern Ned ethys Oceamvolveda significant flare
up of arc magmatism affeng a large parof Iran andwestern NeeTethys from Cretaceous until
the midTertiary. The peak of magmatism occurred between 55 and 35Ma. Thigfldras
formed twoparallel arc regions, the Sanan&aijjan Zone in the forarc and Urumiefbokhtar
Magmatic Arc in the baclrc. These two parallel domains are believed to be the result of the NE
dipping subduction of the Nebethys in théeWestern Neeélethys. The geochencal features and
adakitic signatures in these areas are interpreted similarly to the Atygeamagmatism. The

mineralization in this realm is linked to the intrusieated porphyry copper system of the



UrumiehDokhtar Magmatic Arc. This area is sigedintly dominated by substantial volcanic
activity. Alternatively,volcanicmassivesulfide deposit formation is related to the evolution of an
extensional continental margin in a bak environment that affected the Central Iranian

Microcontinent.

This study has shown that no adakitic signatures are observed in WestératNgorocks
until theEarly Jurassic. The first signs of adakitic magmatism appeared during the Middle to Late
Jurassic period for the Ghorvelnea in the northwest of Sanan@jjan Zone However, the
subduction of the Ne®ethys oceanic crust under the Central Iraniarcrbtiontinent has
continued from Jurassic to Paleogene time, and adakitic magmatism has occurred in some

segments along Western N&ethys.
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CHAPTER 1: INTRODUCTION

1.1 Introduction

The western part of the Tethys Ocean was the realm of major plate tectonic reconfiguration
duringthe Late Paleozoitc Early Mesozoic time. The opening of the Neethys Ocean along the
eastern margin of Gondwana occurred accompanying the closing ofébelethys Ocean along
the southern margin of EuragMuttoni et al., 2009)This is important in the tectonic development
of southwestern Asia because the Cimmerian terranes, including Iran, Afghanistan, Karakoram,
and Qiangtang, broke off from the eastern edge of Gondwanan. They drifted northward across the
PaleaTethys and ultimatly collided with the Eurasian margife.g,k e n g ° r; MuttdniGet7ab,
2009) Most of the mineratiation inthe Western Neel'ethys(WNT) is related to the Nedethys
andrelatedbackarcbasins on theouthsideof Eurasia, includingrolcanogenic massive sulfide
(VMS) (Badrzadeh et al., 20184ousivandet al, 2007 Mousivand et al., 201 1porphyry deposits
(Arjmandzadeh et al., 20b1Jamali & Mehrabi, 2015Richards, 2015Richards, 2014Zurcher
et al., 2015Nabatian, Wan, & Honarmand, 2Q1Zarasvandi et al., 2015losseini et al., 20
Shahsavari Alavijeh et al., 201Alaminia et al., 2017 Heidari et al., 2015)and Mesozoic
ophiolites( Saccanket al, 2013;Allahyari et al., 201Q)

However, in order tdully understand the mineral exploration potential in this area, it is
essentiato understand the geodynamics and different tectonic associations in the mineralized
belts. This research is the first attempt to provide quantitative constraints on thepoere of
the WNT by utilizing the available published geochronological and geochemical data on the
Mesozoic evolution of the Nebethys. The timing and geochemical signatures related to
mineralization in ophiolites, VMS, and porphyry deposits are fundéhdo predicting the
likelihood of mineralization in the geological entities of iesternrNeo-Tethys

In this regard, it was necessary to collect the available data in a new d@&xrtsah aspects
for which data were compiled for this study were: geochronology, geochemistry, isotope
geochemistry, and bringing these data together to infer the most kkelyario for the

development history of th@esternNeo-Tethys

The main evolution of the Nebethys lithosphere occurreduring the Mesozoi¢ the

region is also well known for its Cu and -@w porphyry mineralizationTherefore, integrating,

1



geochronological, geochemicand isotopic data from the Ndathys region might provide
further insights into the spatial and temporal relationshipsdmtwrustal geochemical signatures
and Cu and GAu porphyry formation. In addition, this dataset provides an improved
understanding of tectormagmatic events in the study arddeanwhile, the correlation between
the geochemistry and the geochronologdzth leads to a better understanding of the location of

mineral deposits in thwesternNeo- Tethys

1.2 Project Scope

This Master of Science thesis project is focused on the geodynamic evolution of the WNT
and understanding the geochronological and gmoatal signatures leading to potential
mineralization in this area at a particular tinihis thesis focuses on a better understanding of the
geochemical signatures leading to potential mineralization in VMS and porphyry deposits during
the development dhe NeaTethys in southwest Asitn this study, geochronology, geochemistry,

and isotope geochemistry data have been compiled from the published literature.

In addition, the important focus of this thesis is on why there mineralization in some
WNT areas at specific times. This work aims to provide better exploration parameters for future

CuwAu-Mo porphyry and VMS mineralization exploration in this area.

1.3 Research Question and Hypotheses
In this study, our aim is to alify the various assumptions about potential mineralization
in thewesternNeo-Tethys In this regard, the following research question

Question: Whydo some arc segmentstime UrumiekDokhtarMagmaticArc (UDMA) in
WNT orogenic systems show significampper ore deposits while in others they are absent?

Hypothesis:

Magmatic activity and Cu mineralization along the main UDMA are attributed to three
main episodes: (1) Eocdr@ligocene(Ahmadian et al., 2009)2) Mid-Late Oligocene and (3)
Mid-Late Mioceneg(Shahabpour & Kramers, 198%hafiei et al., 2009)Because of the loAg
recognized analogy between the cordillergme UDMA and Andean ard®ewey et al., 1979)
porphyry copper deposits form in mature arc settings thiglenriched and thickened lithosphere
during the evolution of the UDMA.



1.4 Thesid.ayout

Thethesis has been written sevenchapters and orgar@d in the thesibased style. Each
chapter has a specific focus and objective. The titles of the chapters are (1) Introduction, (2)
Regional geological setting3) Methodology (4) Results, (5) DiscussidPart 1, (6) Discussion

Part 2 and ) Conclusion.



CHAPTER 2: REGIONAL GEOLOGICAL SETTING

2.1Literature review and Previous work

This sectionconsists of the compilation geological geochemicaland geochronological
data of the study areasxistingin published scientific articles, available databases, bolo&sis
geological mapsand othersourcesallowing the author to gain the main geological background
of the NeeTethys This forms the elevant framework forconstructing an extensive

geochronological and geochemical datal{ase chapter 4jhich is utilized in this thesis.

2.2. The NeaTethys realm in Iran

In southwest Asia, the Mesozoic southern branch of theTégtoys OcearfFig. 2.1, 2.2
was situatedbetween the Arabian shield and the Sanar®igan Zone (S&) of Iran (e.g.,
Berberian & King, 1981k e n g ° r e Robertson,,2007AIRBY&ri;et al., 2010)Ophiolites
segnentscropping out along the Main Zagros Thrust Zone (MZFig, 2.2) indicatethe suture
zone between the Arabian (Zagros domain) @adandaj Sirjan Zon&hey represent portions of
the southern Nedethyan oceanic lithosphere, whitfitially existed betwen the Arabiaplate
and Eurasian continental margiftSg.2.1, 2.2). Geology, geodynamicstratigraphy, tectonics,
andpetroleum resourcex the Zagroslomainhave beemomprehensivelgtudiedin recent years
(Berberian & King, 1981 Dercourt et al., 1986; Ricou, Braud, Brunn, 1977; Ricou, 1976;
keng®°r et al ., 1 9 8 Bas we$ asanrthe fatesiteratre(&m, Agaldet al,2 0 0 2 )
2005; Allahyariet al, 2014; Leturmy & Robin, 2010; Saccaei al, 2014) Several authors
suggested an int@ceanic suprgubduction zone setting developed in this ocean during the Late
Cretaceougjemonstratinghat thisrealmwas a site of plate convergence dutimglLate Mesozoic
time (Moghadam & Stern, 2015)
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Figure 2. 1. The tectonic scheme of Pangea and the location d¢loelethys, Paled@ ethys, and the
surrounding realms. The Cimmerian terranes movement occurred during the PEriagsic time
(modified after Muttoni et al., 2009RT: rotation of the Cimmerian terrandéR: Iran (NW Iran, Alborz,
Central Iran, and SandajSirjan; A: Afghanistan (Helmand and Farah); KKe Karakoram in northern
Pakistan; QT: Qiangtang in north Tibet
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Figure 2. 2. Tectonic scheme of Iran and surrounding areas and location of the Mesozoic ophiolites
(modified afterAllahyari et al. 2014)MZTZ: Main Zagros Thrust ZonéUT: Lout Block, CIM: Central
Iranian Microconthent,FD: Doruneh FaultJDMA: UrumiehDokhtar Magmatic ArcSiSZ: Sistan
suture zoneZSZ: Zagros suture zongFB: The Zagros Fold Belt, ZCZ: Zagros Crush Zone or High
Zagros, Ophiolites: M = Mashhad, S = Sabzevar, KKhoy, R = Rasht, Kr = Kermanshahe N
Nehbandan, TK = Tchehel Kureh, Ny = Neyriz, | = Iranshahr, BZ = Bafidrat, E = Esfandagheh, B =
Baft, Na = Nain, SB = Shake-Babak

Various scenarioshave been proposed for the tectonic evolution of the Ardibéaian
segmenbf the NeeTethys. Permian to Triassic time has been suggested for the formation of the
ocean(Stampfli, 2000) Oceanic spiadingcontinueduntil the Late Cretaceous, with a Mipping
intra-oceanic subduction zone present in the nortberderof the Arabian platefrom the Early
to Late Cretaceous. This subduction persisted until the continental collisioth@gtmplacement
of the ophiolites inthe Late Cretaceous. After the Late Cretaceous,-akkialine and alkaline
magmatism peaked in the Eocene on the southern margin $&ttandaj Sirjan Zon@llahyari
et al., 2010; Saccasit al, 2013)

The two parallel domains of tt®&SZandUDMA are believed to be the result of the-NE
dipping subduction of the Nebethys in this are@Berberian & King, 1981)The consumption of
the NeaTethys and the associated continental colfiss recorded by the southern Iranian



ophiolites(Fig 2.2, 2.3., which surface along theIZTZ (Alavi 1994;Berberian & King, 1981
Stocklin 1974)
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Figure 2. 3. Showing the distribution of Nedethyan ophiolites and suture zones Simplified tectonic
map of the eastern MediterranéZagros regiorfmodified afterDilek et al., 2007; Molgadam et al.,
2013)

The mineralization at the Mesozoic southern part of the Ngtbys is related to shallew
level hydrothermal activity, which is linked to the intrusi@tated porphyry copper system of the
UDMA and is significantly dominated by substial volcanic activity. ThelDMA hosts abundant
mineral depositsespecially coppermolybdenum porphyd type mineraltation and Cu-Zn
volcanogenic massive sulfide (VMS) typ@&sie formation of VMS deposits in théseais related
to the evolution of an extensional continental margin in a-aaclenvironment that affected the
Central Iranian Microcontiner(CIM). The evolution of thislomainis controlledby the Nee
Tethys oceanic crust subductionderthe CIM and by he resulting continental arc and baak
(Maghfouriet al, 2016)



2.2.1 Urumieh-Dokhtar Magmatic Arc

The UDMA (Fig.2.1, 22) is parto f t he Al pine Hi maldaragndn or o
comprisesa subduction zonef voluminous volcanisuccessions with minor intrusive rocks along
the active margin of the southern Iranian plate. This magmatic belt formed as the result of the
subduction of the Neo Tethys oceanic(Alvithospt
1994; Berberian & King, 198)L The magmatism resulted in the eruption of large volumes of calc
alkaline rocks, such as; lava flows, pyroclastic layers, tuffs, and ignimb8tesk(in, 1968
Berberian & King, 1981) The igneous rocks in the UDMA show geochemical features of
tholeiitic, calc al kal i ©Omrarsdt a.s2008mahabpoar,20@nd ad
Shafiei et al., 2009Mirnejad et al., 2019and it has long beeconsideredas an Andeattype
magmatic arc generated by N&ethyan subduction under the Iranian platelidi Alavi, 1980
Alavi, 1994 (Berberian& Berberian, 1981Berberian et al., 198Zhiu et al., 201}

The collision between Eurasia and Aralas one of the most significant continent
continent collision zones during the Tertiary. This event has also been associated with the rifting
of the Red Sea, theosling of AfricasMediterranean extensigiMcQuarrie & Van Hinsbergen,
2013) andthe development of Eastern and Northern Anatolian fault sys{@kay, Zattin, &
Cavazza, 2010Although the creation of Cenozoic igneous rocks in the UDMA is related to the
subduction activity of the Neo Tethys, the ti
still uncertain, and it varielsom Late Cretaceou#\(avi, 1994 Berberian & King, 198}, Eocene
(Allen & Armstrong, 2008Hempton, 1987Mouthereau et al., 20)4&o0cenéOligocene Hooper,

Bailey, & McCarley Holder, 1995)0Oligocene (Agard et al., 2011 Omrani et al., 2008
(Whitechurch et al., 201¥ilmaz, 1993, Oligocen&Miocene Berberian et al., 19§2Early to
Middle Miocene(Allen, et al., 2011Richards, 2014Robertson, 2000), Middle Miocene (Dewey
& Sengor, 1979), Middle to Late Miocefldomke et al., 2004 ate MiocenédMcQuarrie, $ock,
Verdel, & Wernicke, 2003Shahabpour, 200%5toneley, 1981)to Plioceng(Philip, Cisternas,
Gvishiani, & Gorshkov, 198WMirnejad et al., 2019 ).

Meanwhile, the UDMA is believed to be dominated by an Eocene pulse or "flare" stage,
although the suhdtion was active along the north margin of Niesthys for most of the Mesozoic
and Cenozoic eraBérberian & King 1981; Alavi, 19940mrani et al.2008 Verdel et al., 2011).
Several accurate age constraints have been reported and indicate that this magmapc flare



episode was longdasting, from the Eocene to Oligocefhiu et al., 2013)The main igneous

and metamorphic rocks reported from the UDMA are summarizttettable(App.1).

2.2.2. SanandajSirjan Zone

The SSZ (Fig 2.2) is distributed between MZTZ and UDMA as a Phanerozoic
metamorphic bel(Sheikholeslami et al., 2008 his area extend31500 km long and 15@50
km wide from Sanandaj (NW) to Sirjan (SE) of Iran. (Stoklin, 1988yi, 1994 Mohajjel &
Fergusson, 20Q0M. Mohajjel, Fergusson, & SahandiQ@3) This metamorphic zone, as part of
the Tethys orogenic bgltk e n g °© rcompfis8s&ronply deformed and metamorphosed rocks
associated witlplutonic intrusions antflesozoicvolcanic rocks Kohajjel etal., 2003 Azizi &
Jahangiri, 2008)

During the Mesozoidhe SSZ represented an active continental margin by subduction of
the Arabian plate beneath Euradihe resulting magmatism is characterized by-e#taline rocks
produced during the early stages of the Nethys subductionThe subduction zone shifted
briefly to the SW to the preseday Zagros Crush Zon€Agard et al., 2011Hassanzadeh &
Wernicke, 2016and referencethereir), before migrating northward to the UDMA during the
Eocene Berberian & King 1981 Seng6r, 1990Shakerardakani et al., 2020)

Zircon U-Pb ages of the Late Neoproteroz@iambrian (ca. 60®G00 Ma) have been
reported for granitoids and metamorphic rocks in different areas (Hassartailel2008Azizi
et al., 2011 Nutman et al., 2014; Shakerardakani et al., 2015). The coeval granitoids and
metamorphic roks from Alborz and Central Iran are among the oldest rocks inviarse origins
may be related to the northern margin of Gondwana (Hassanzadeh et al., 2008). In adt#ion to
main MiddleLate Jurassic granitoids exposed across the entirg/itaienoudi et al., 203, XChiu
et al., 2013) magmatic rocks afhe Eocene age have also been recognized in the Kamyaran and
Boroujerd regions in thBIW of the SSZ Azizi, et al., 2011 Mahmoudi et al., 20%XChiu et al.,
2017. The main igneous and metamorphicks reportedfrom the SSZ are summarized time

table App.2).

2.2.3. Zagros zone
Zagros zone extends for nearly 2000 km from southeastern Turkey through northern Syria
and northeastern Iraq to western and southern Iran (édavi 1997). Fromsouthwest to northeast

this zone is divided intthreesubzonesKig. 2.2:
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1. The Zagros Fold Belt (ZFB), which consists of folded depésits Permd Triassic to
Late Cretaceous/Paleocene afjieese sediments in ZFB are similar teithequivalent rocks in
Arabia, which have a northeastuthwest trend. They are followed by a more complex pattern of
sedimentation to the recent Plioce(i&erberian & Kind.981; Agard et al., 2005).

2. High Zagros or Zagros Crush Zone (ZCZ) consistshefitbricated tectonic slices
radiolarites, limestones, Mesozoic obducted ophiolite remnants, flysch, and Eocene volcanic
rocks. All of the ZCZ Mesozoic deposits are thrusted onto the ZFB (Agard et al., 2005).

3. The Zagros fault or Main Zagros Thrust ZdiMZTZ), which separates the Zagros
domain from Sanandaj Sirgan Zoffgard et al., 2005)

2.2.4. Zagros suture zone
The ZagrosSuture Zone (ZSZ) consists of several rock associations, which record the
geodynamic evolution of Nebethys. This realm reflestdifferent affinities and continental
growth of NeeTethys and represents significant collisional tectonic boundaries between the
Arabian shield Gondwana) and the Sanaridéirjan continental block of Iran (e.dgerberian &
King, 1981; Sengor et al., 1988pbertson, 20Q7Allahyari et al., D10 Saccani et al., 2013).

Continental collision along the Zagros suture zone resulted fromlotiglasting
convergence of the Arabian plate tow&ndrasia(Fig.2.1, 2.2 and hagrovided the main force
uplifting the Iranian plateau and raising the Zagros Mountdihe. Late Cretaceous ophiolites
cropping out along the MZTZrepresent remnants of the southern Nethyan oceanic
lithosphergFig.2.1)( e.g.,Allahyari et al., 2014; Aswaelt al, 2011; Saccani et aRp13; Saccani
et al, 2014and references withnT he wel | p 1Tethgae Zagedophibkites are of
supra subduction zone type and display a consi
emplacementMoghadamet al, 2013) The collison along the Zagros suture zowas started at
D35 Ma and persisted to the final stag®ap Ma (e.g., Mouthereau et al. 2012; Madanipour et
al. 2013; Motaghet al. 2017 and references within). This main fault takeBL® mm yr 11 o
oblique convergence in Zagrféernant et al., 2004Motaghi et al. 2017)

2.2.5. Central Iran
Central Iran(Fig 2.2)is bounded by different structural domains and blocks, the Zagros

Mountains in thesouthandwest Alborz Mountains in th@orth, and SiSZ in theast However,
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the defining geological boundaries of Central Iran remains largely a controvensealS&scklin
(1968) believed that central Iran was bounded to SSZ isailtirsouthwestLut block in theeast

and Alborz Mountains in the north. According to Stocklin (1968)st of Azerbaijamlso belongs

to Central Iran. Meanwhile, Nabavi (1976) cuoless the northern part of the Lut Block as a part
of Central Iranand Aghanabati (2004) based on the tecteedimentary featurebelieved that
Central Iranian Micrecontinent CIM) and SSZ are parts of the Central Iran domain. However,
there is not a ansensus regarding the boundaries of Central).Iréhe main igneous and
metamorphic rockeeportedirom Central Iran are summarizedtiretable App.3).

2.2.6. Central Iranian Micro -continent

The Central Iranian Micrgontinent Takin, 1972)in the heart of Central IrafFig 2.2)
consists of four micr@ontinental structural units: Yazd, PogiBadam, Tabasand Lut Blocks
(Ghasemi & Talbot, 20Q6/erdel et al., 200;Bagheri & Stampfli, 2008)livided by generally N
S, rightlateral, strikeslip faults, concaved to the @ghanabati, 2004Mehdipour Ghazi et al.,
2019) Thisterranei s constructed i n t he-Tethpap ubducionaonee d o m
andthepresen i ntr a pl at e iEumseacollisionddundarh (@lavh 1989lbBagheri
& Stampfli, 2008;Berberian & King, 1981Stocklin, 1968 Takin, 1972; Tadayon et al., 2019).
Furthermore, the area consists of igneous and metamorphic unitesavddominantly ovelain

by the major JurassiCretaceous and minor Paleogene sedimestqyencefAgard et al., 2011

During the MesozoitCenozoic time, the geodynamic evolution of CIM dominated by
multiple opening and closusventoftheo c e ani ¢ b a c kthedNeodJethygsofhossetth s o f
etal., 2014k e ng° r e Mogtadam et all B@dMBoghadanet al., 2014 Stampfli &Borel,

2002; Stocklin, 1974). These are preserved in the ophiolitic suturetizatrsirround the CIM
(Fig.2.2).

In Central Iran, a phase of the extensive extensional regime in the Late Precambrian to
Early Cambrian is represented by variousnéfated depositéRajabi et al., 2015a, 2012, 2015b
Ghorbani, 2013 Daliran et al., 2013 Hajsadeghi et al., 20)8 Furthermore, higigrade
Precambrian metamorphic rocks assodatgth Gondwanaare well documented in this area
(Ramezani & Tucker, 20Q¥erdel et al., 2007; Bagheri and Stampfli, 2008assanzadeh et al.,
2008 Rahmatillkhchi et al., 2011Balaghi Einalou et al., 201Moghadam & Stern, 2012016;
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Rossetti et al., 201%hiu et al., 201y The main igneous and metamorphic rooisortedfrom
the Lut, CIM, and Sistan Sutuf®ne are summarized thetable App.4).

2.2.6.1.Lut Block

The Lut block Fig 2.2),located in theeastern part of the CIM, extends from the Doruneh
Fault in the north to the Jddourian basin in the soutfBerberian & King 1981 Karimpour &
Stern, 2009pnd is one of several microcontinental blocks that drifted from the northern margin
of Gondwana durig the opening phase of the N&ethys in the PermiafGolonka, 2004
KeykhayHosseinpoor et al., 2020The voluminousLate Cretaceous to Neogene/Quaternary
volcanic rocks in the Lut block can affordsgnificantkey for understanding the geodynamic
evolution of the continental crust and underlying mantle of-WNethys in this aredSaadai&
Stern, 2016)

The SupraSubduction Zone is highlighted by ophiolites between the easterofpte
Lut Block and the Afghamlock to the eastSaccani et al., 2010%ubduction along this zone is
associated with emplacement of large porphyry intrusions during the Early Cenozoic, which hosts
significant porphyry copper and associated epithemgoéd depositgfMalekzadeh Shafaroudi,
Karimpour, & Stern, 2015)

Thepresencef Cretaceous ophiolites the Lut block represents the consumption of the
Sistan arm of Nedethys underneath the Afghan block during dastdipping subduction and
the subsequent collisiobetween the Lut and Afghan continental blodkd®ghadam & Stern,
2015 Saccani et al., 2010ehrabi, Tale Fazel, & Yardley, 201%leanwhile, the mineralization
in this block during the Jurassic to Tertiary phases of magmatism consists of various porphyry Cu
and CuAu deposits, epithermal Au deposits,-BxZn veintype depositsand CuPb-Zn vein
type deposits (Arjmandzadeh et al., 206&ykhayHosseinpoor et al., 2020

2.2.7. Afghan Block (Farah)

Afghanblock (Fig 2.2) consists of the collage of crustal blocks assembled in prdagnt
Afghanistan during the Cimmerian orogeny and located andnorthof the Chaman and Konar
faults. This block shows a variation of magmatic and tectonic effects that result from the
subduction of Tethyan oceanic material beneath the Afghan niefgiretheHimalayan collision
(Treloar & Izatt, 1993)Moreover the northerly orientation of the Eastern Iranian ranges is mainly

composed of Cenozoic rocks. This belt is developed between the Gonrdevargal Afghan block
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in theeast and the Lut block the west(Stocklin, 1968) Furthermore, the eastern Iraniaysith

zone (Eftekharnezhad, 1980), accumulating on a remnant oceanic seafloor (Sistan Ocean) between
colliding continental margins of Lut and Afghan blocks during the late Paleogene (Tirrul et al.,
1983).

The subduction of the Sistan Ocean underneath tlga block has been interpreted by
several authors, although the polarity of the subduction remains equivocal and controversial. An
eastward subduction, proposed by several authors (e.g., Tirrul et al.,FA88hi Rad et al.,

2005 Saccani et al., 201@ngiboust et al., 2008& based on the southeast vergesfahe thrusts
and assoctad folds, as well as the occurrence of Rghssure metamorphic rocksd the vicinity
of Afghan Block to Sefidab forearc basin. The lack of a specific passive margin and presence of
magmatic arc as well as associated low P/T metamorphic terrane ofgttemAdlock along the

Sistan suture zone remain problem@Bagheri & Gol, 202Q)

Convergly, a westward subduction of the Sistan Ocean underneath the Lut block is
proposed by others based the development of a Tertiary magmatic arc along the Lut block as
well as the existence of ophiolitic sequences along the western margin of the Sistarzcoe
(e.g., Eftekharnezhad, 1980arimpour et al., 20%Pang et al., 20)3However, no higipressure
metamorphic rocks, which would be additional supportive evidence have beerdap this area
(Bagheri & Gol, 202Q)

2.2.8. SistanSuture Zone

The northtrending Sistan suture zone (SiSZ) that separates the Lut and Afghan continental
blocks Fig 2.2 also preserves Cenozoic igneous and metamorphic rocks associated with the
subduction of Ned'ethys in eastern Irafe.g.,Camp & Griffis, 1982 Tirrul et al.,1983Agard et
al., 2009 Guillot et al., 2009Brocker et al., 2013)This terrane preserves extensive subduetion
related Cretaceous ophiolitic mélanges as well as upper Cretdeeomise flysch deposits
(Maastrichtian tdeocene) interpreted to represent a forearc sgfalgazadeh & de Wever, 2004
Fotoohi Rad, Droop, & Burgess, 2009

In the evolution of the Sistan oceanic basin, the ophiolites are considered relicts of the
oceanic lithosphere during the Eocene continental collision between the CIM and the Afghan

Block, which was mostly consumed in a subduction zone and, in paugctell onto the Lut
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margin(Tirrul et al., 1983Dercourt et al., 1986; Sengor et al., 1988; Saccani et al.; Pahg et
al., 2012.

Calcalkaline volcanism (volcanic arcs) in SiSZ during Eoe&iigocene, and
consequently during the closure of the Neaihys in Late Cretaceousas been attributed tbe
delamination of a thickened lithospheric r¢Bang et al., @12) Meanwhile, magmatism mainly
originated from mantle sources and is possibly related to the partial melting of sediments and the
fluids released from the subducting plate into the overlying ma(fteng et al., 201 3rarabi et
al., 2019)

Development of the island arc in the SiSZ in southeast Iran during the Late Quethaso
been linked to a wide range of interpretations includivegEdipping subduction of an oceanic
plate under the Afghablock (Camp & Griffis, 1982 Tirrul et al. 1983), WHipping subduction
under the Lutblock (Berberian 1982;Zarrinkoub et al., 2012)two-sided subduction
(Arjmandzadeh et al., 2011blE-dipping intraoceanic subductio(Saccani et al., 201@nd N
dipping to Edipping subduction(Verdel et al., 2011et al., 2019h) The depleted mantle
peridotites m SiSZ show a MORBignature; however, some samples in the southern part of the
area are considered to be the source of boninitic melts in the-Supdaction Zone and may
indicate the existence of intaceanic subduction from the Turonian to the Magistian(Saccani
et al., 2010Bonnet et al., 2018)
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CHAPTER 3: METHODOLOGY

3.1. Data collection

Lithogeochemical geochronological, and isotopic data were compfiesn the 175
published articles and were stored in the Date\flettp://sil.usask.ca/Databases.htrfihe new
database includes 420-Rb, and 1147 lithogetemical samples, 1552 f, and 353 SriNd
isotopic composition result3he list of references and the information of all these samples are
available iInAPPENDIX (B-D) andDateView(Fig. 3.1., 3.2., 3.3.

After extracting the data from available literature and existing databases, some additional
information was added to them. The data often excluded sample information that was not
accurately related to the-Bb ratios extracted from zircon analy#d. the datasetvasconverted

into a consistent format and file type for data preprocessing.

For examplesupplementary details such as record ID, analytical technique, age of the unit
from which the sample was taken, lithology, geographical coordination, éescatips, associated
one or two sigma uncertainties for ratios and ages were added to the dataset. Furthermore, the final
dataset for the availabl&/SmA*Nd, *3Nd/A*Nd, 178Lu/r HE, 17®Hf/1"Hf isotope ratios contains
cal cuflg@t eam(® values and calculated Nd and Hf tstage depleted mantle model
(T2pm).

However, by merging the geochemistry data with relevant geographical coordination and
using Microsoft Access, the results wexgpended to the original dataset. The data thes
imported into ArcGIS and transposed onto the plat¢onic reconstruction. It should be noted that
displaying the data iGPlates with an appropriate symbology appears to show quite clearly the

geodynant settings orwesternNeo-Tethysthrough time.

3.1.1 Geochronological data
After data compilation, in order to define, manipulate, retrieve and manage data for any
interpretation,al raw data and their original references compiled from published records were
stored in the DateView and StratDB online database. It should be noted that the references to all
the sources of data used in diagrams and graphs presented in this thesiefane thot provided,

only those relating to topics where appropriate.
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By combining geochronological data, isotope rataosd geographical coordinates of the
samples in a unique organized structure like DateView, it would be conveoiergny
interpretaibn and analysis in order to reconstruct pgiaies boundaries iyPlatesand Arc Map.

The integrated data, as well as the digital geological maps, was then transferred to Geographic
Information Systems (GIS) and integrated with the other datasets #md&GRiatesfor visual
analysis.The purpose of the visual analysis beyond pattern recognition or the identification of
peculiarities in the datasets is to discover the meaning of what can be identified and to be able to
infer some sort of geological contdrr these observations.

Most of the geochronology data collected in this thexgbs)-Pb zircon. These data indicate
the age of rock formation for igneous rocks, the age of multiple protoliths for sedimentary rocks
and the age of major individual metamorphic events for metamorphic rockswesternNeo-
Tethys

@ The location of geochronological samples in WNT I T N S
Geologic\al Zone Iran Main porphyry copper deposit @ vMms Deposits
[ sanandej Sirjan Zone [l UOMA [ ] Central Iran[ | Kopeh Dagh [ | Makran [JI Paleo-Tethyan Basin [0 Zagros[/////] Sistan Suture Zone[ | Lut Block & CIM

Figure 3. 1. The geological zorsof Iran and the location of geochronological samples on WNT.
Tectonic and structural mapf Iran, modified afterfAghanabati, 1998andAlavi, 1996)
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3.1.2 Geochemistry data
The compiled literature regarding the WNT includes rock chemistry composition data,
which can baiseful to either understand what type of tectonic setting the rock formedance,
Harris, & Tindle, 1984 Pearce, 201,2008)or to assess geological processes associated to the

development of the samplesd.fractionation, partial melting, mineral species, etc.).

In this study, lithochemical data were compiled for 1147 igneous and metamorphic rocks.
The location of the samplesstown in(Fig. 3.2.) Dueto the lack of geographical coordination
for some samples, we consider only one point on the map for all samples to be related to the
location that has not any coordinati@ome lithochemical elements often referred to as mobile
elements, are influencdyy weathering and alteration. All sample data warerefore classified

into rock types using immobile element plots (Pearce, 2014).

N
@ Location of lithogeochemical samples on WNT TR NN
Geological Zone Iran Main porphyry copper deposit 42 VMS Deposits
[ sanandaj Sijian Zone [l voma [ ] central iran | Kopeh Dagh | Makran [ Paleo-Tethyan Basin Zagros|/////] Sistan Suture Zone Lut Block & CIM

Figure 3. 2. Tectonic scheme of Iran and surrounding areas and lithogeochemical locatvestemn
Neo-Tethys(Allahyari et al., 2018)Tectonic and structural maps of Iramodified aftefAghanabati,
1998 andAlavi, 1996)
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3.1.3 Isotopegeochemistrydata
In order toclarify the juvenile environments from mature tectonagmatic settings as
well as shed light on the oceanic or crustal source of magma, désosepe Systems such as U
Pb, SmNd, RbSr. These isotope data were compiled from published references.

The SmNd and LuHf system is used as a tracer to provide information on the nature of
the source rocks. The calculation Bfom, nd, @ N dyr in DateView provides the age e
lithosphere in different parts of the N@ethyan basinThe location of SANd andLu-Hf isotopic
data for the WNT are shown in the m#&pg( 3.3.).

@ Distripution of Sm-Nd and Lu-Hf isotopic data on WNT S
Main porphyry copper deposit & VMS Deposits

Geologic\al Zone lran

Sanandaj Sirian Zone [l uoma | central Iran[| Kopeh Dagh | Makran Paleo-Tethyan Basin Zzagros[///] Sistan Suture Zone| Lut Block & CIM

Figure 3. 3. Distribution of SmNd and LuHf isotopic datdor thewesternNeo-Tethys

3.2. Radiogenic isotope principles and calculations

Thereis a lot ofreview literature on isotope systems (e@ePaolo, 1988Champion &
Huston, 201§ therefore, only a general introduction is provided here on radiogeoticpe
principles and calculations. Radiogenic isotopes are a m@&sthle decay of a radioactive parent

i sotope (at a constant decay Thavokrme obdaugliteo a
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isotope generated by radioactive decay from the parent isotope is a function of-tlie bathe

parent isotopeand the time, in years, the parent has been decaying:

(Daughter) = (Parent Isotope) *(®

Inthef or mul a: t = the time in question, and @&
isotope existing in rocks is the sum of the initial daughter isotope concentration, plus the amount

of the daughter isotope generated over time from the decay of tim jsatepe:

(Daughter isotopepw = (Daughten)niia + (parent isotopejow * (€>4)

I n the formul a: > = the decay constant, (n
the present day, (initial) = abundance of the isotope at time t in the dastahe age of the rock,

(in years, in this study is crystallization age).

In the LuHf isotope systent’®Lu decays td’®Hf by beta decay with a halife of 37.12
Ga and decay constant of (1.867+0.008)-11QVervoort et al., 2014)The decay constant for
147Sm is 6.54*10%and the haHife is 106Ma (Champion & Huston, 2016

Lab results for parestand daughterare commonly reported relative to a stable isotope.
For SmNd, the stable isotope #4'Nd, and for LuHf is 1""Hf. The initial ratio fort’®Hf/*""Hf

samples was calculated with tfedlowing formula (Vervoort, 2014):
(176Hf/177Hf) i) = (176Hf/177Hf)(P) - (176Lu/l77Hf)(P)* (ea—ﬂ)

4f/""Hf values are gener al | lzuka, ¥gmagudhielnoas e p
Hibiya, & Suzuki, 2017gnd references within), which are deviations in part per ten thousand from

a chondritic earth reference model (CHUR=Chondritic Uniform Reservoir), as follows:
ne = 10000* [7HE/THE) sampleryi (YOHAH) churen] / (FPHTHE) churem

The depleted mantle model ages\]), two-stage model aged{pm), and the CHUR
model ages (dHur) Were also calculated for Hf and Nd isotopes of the igneous roskesitern
Neo-Tethys In theT.pm model age, an estimated (not the measured) isotopic ratiéSofif4Nd
ratio or'’®Lu/t"™Hf is used for calculating the sample evolution curve pridghéocrystallization

age.
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In this thesis presemtay CHUR values for LUHf and SmNd isotope calculations are from
Bouvier, Vervoort, & Patchett (2008} u/*"™Hf) (o) cHur = 0.0336 and(®Hf/*"™Hf) (o) cHur =
0.282785and {4'SmA*Nd) (o) chur = 0.1967 and*(3Nd/**Nd) () crur = 0.51264.

The presentlay DM values for LtHf isotope calculations are from Griff(i&riffin et al.,
2000) (*"Lu/t"™Hf) (o) om = 0.0384 and{°Hf/*""Hf) ) om= 0.28325The presentlay DM values
for SmNd isotope calculations are from DePaolo (1984}Sm/*Nd (o) om = 0.2136 and
143NdA*Nd (o) om = 0.513074.

In the calculation ofT2pm, the presentlay average crustal value was suggested for
178 u/r""Hf: 0.015(Marchesi et al., 201 Griffin et al., 202)and for!*’SmA*Nd: 0.11 Champion
& Huston, 201§.

The calculation formulae ofpl andTzpwm are as follow (Griffin et al., 2002):

Tow=( 1/ &) YHIHY (o) bakpd ("HIHE) ) om)/ ("LUMHE) (0) sample -
(A"Lur"Hf) (o) om) +1)

Toom= (17 &) T | noérls(- E"HEAHN/ oflon)/ THEUW HI) () crusT-
(A" Lut"™Hf) (0)om) +1)

(AR HE)) (0) crusT= (HFITTHE) initial sampie+ (%LUt Hf) (o) CRUST x (81

Tom and Topm values for SNd data were calculated using similar formulae to those

shown for LuHf earlier.

3.3. Software

33.1.GIS

The extracted data were plotted using GIS softwareGIS (ArcMap) is also used to
create maps (https://www.arcgis.com/home/index.html). Thereforder to connect data from
Access with ArcMap, the first step required is to create a Personal Geodatabase in Arc Catalog,
then open it with Microsoft Access. The secstep requires merging raw data in a single table in
Microsoft Access, creating the feature class from this merged file, and saving it in our geodatabase
in Arc Catalog. Raw datasets are presented as tables of numbers, which may be unintelligible until
they are plotted to display their spatial links within GIS software (Bonrarier, 1994). This
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merged file includes data and sample coordinates. The final step required is a spatibkjahy
attributes from one layer (coordination of geochronologicad)date combined to another layer
(Plate ID), based on the spatial relationsfipe spatial join of the two layers will attach plate
identification information, allowing these points to be plotted on the-pgatenic reconstruction

model within GPlates.

3.3.2. GPlates
In order to visualize and manipulate the associated data through geological time, it is

essential to work with software such@Blateqhttps://wwwGPlatesorg/). This toois a segment

of the newplate reconstruction software that incorgaes functionality familiar from GIS with the

added dimension of geological tifi/illiams et al., 2012)Moreover,GPlatess an opersource

and powerful software package for visualizing and reconstructing plate tectonic boundaries and
associated data through geological time by using geological and geochronological data sets. We
used the visualization capability &@Plates2.1 to track the evolution ofvesternNeo-Tethys

subduction zones from the global geodynamic models.

3.3.3. Microsoft Access
Microsoft Accessis used in this research to constrdice geochemistry database. It is
designed for single users andsigtable for constructing geochemical sample data sets compiled

from the scientific literature.

3.3.4. i0GAS
The geochemical analysis in this thesis was conducted in ioGAS since the software has
excellent graphical options and allows for rapid visualiratidsingioGAS as a primary tool

greatly streamlined data workflows, as well as simplifying data interpretation and analysis.

3.3.5. Other Software
Other software used in this thesis inclsidiéicrosoft Excelas part of Microsoft Office,
which is a spreadsheet that provides a way to store raw data extracted from literature. It is also
usedfor calculations, drawing graphand tablesDVRawData was used (Eglington, 2@) 8or
compiling original spreadsheet data into a temporary database before uploading it to the DateView
database. GEODATE (Eglington, 2@)8was used for calculation model agdspw), initial

isotoperatios, and epsilon valuési a n af). &
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CHAPTER 4: RESULTS

4.1. Lithochemistry

4.1.1Rock classification
Lithochemical data can be useful for recognizihgtectonic setting in which the rock
formed Pearce, Harris, & Tindle, 198Rearce, 2014, 2008) fur assessing geological processes
(e.g., fractionation, partial melting, mineral species) that are related to the history of the rock.
Nevertheless, it is necessary to distinguish between altered araltex@td samples before any
evaluation of tectonic settings using published tectonic discaitoim diagrams.

Some immobile elements (such as Zr, Ti, Nb, and Y) can better identify primary rock
compositions even when mobidements, such as Na20, K20, and SiO2, have been affected
(Pearce, 2014). All samples are plotted on Zr/Ti vs. Nb/Y diagFagi4(1) in order to classify
the rock samples (Pearce, 2014). Selectedattened lithologies are plotted on Ma+ KOvs.

SiO> diagram Fig. 4.2, also referred to as a TAS classification discrimination diagram (Le Maitre,
1989). Samples plot on the TA&agram Fig.4.2) indicates a highly variable range of
compositions are represented, from ultramafic to felsic compositions in the westeTietkgs.
Samples that have suspected of being significantly altered were excluded from this study to ensure

that the interpretations are bdsmlely on the less altered samples.

In this study, all the igneous rock samples were separated as either felsic or mafic rocks,
regardless of whether they were intrusive or extrudivehis regard, for the use of tectonic
discrimination diagrams, onljhose samples (Fig.4.2.) wereconsidered, which were classified
as felsic or mafic rocks. For example, the samples that plot in the andesitic, rhyolitic, and dacitic
areas have been accepted for tectonic discrimination as felsi¢c wdek®as thoseamples plotted

in the basaltic field wereonsidered to be mafic.
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Figure 4. 1. Immobile elementlassification diagramsed to classify the rocks this study(Modified
afterPearce, 1996).ithology terminology used is for volcanic rocks but should also be taken to include
plutonic equivalents.
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Figure 4. 2. Lithological classification of all the igneous samples in this study (TAS Classification
Diagram) forthe different geologicakone of Iran (Le Maitre, 1989)Lithology terminology used is for
volcanic rocks but should also be taken to include plutonic equivalents.
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4.1.2The felsic rock tectonic setting
The trace element discrimination diagrams have sometimes been used to discriminate the

tectonic settingn which volcanic rocks have occurréd.g., Pearce & Cann, 197Floyd &
Winchester, 1975Winchester & Floyd, 1977Shervais, 1982Pearce, Harris, & Tindle, 1984
Using the classification diagram of immobile element ratios Y+Nb vs. Rb in this study to recognize
the tectonic settings of felsic rocks WNT shows the rocks may be subdivided into four main
groups; ocean ridge granites (ORG), volcanic arc granites (VAG), within plate granites (WPG)
and collision granites (COLGJgarce, Harris, & Tindle, 1984owever, the areas on this kind
of discriminant diagrams accurately shake source, crystallization, and melting history of
regions but they do not display tectonic regimes very {e#arce, Harris, & Tindle, 1984Thus,
using the discrimination diagm is not optimal for categories; all classifications and
interpretations must consider all aspects of geological events in theReaease( Harris, & Tindle,
19849).

The felsic rocks in WNT were classified according to the total atiiada (TAS) digram
(Le Maitre, 1989). The barren and gedated porphyries are divisible into trachyte, trachydacite,
trachyandesite, andesite, dacite, and rhyolite with, $@tents ranging from 55 to 80 wt.%
(Fig.4.3. A). The location of felsic rocks, major porphyries, and VMS deposits, with their
geochronological age in WNT, are showr(fig.4.7).
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Figure 4.3. (A) Total alkaltsilica diagram (Le Maitre, 1989) of felsiocksfrom thewesternNeo-

Tethys (B) discriminant diagrams for syeollision (syrCOL), volcanic arc (VA), withirplate (WP),
and normal ocean ridge (OR) granitBgérce, Harris, & Tindle, 1984
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Figure 4. 4. Location of WNTfelsic rock samplewith theirtectonic settingn this study.

4.1.3 The mafic rock tectonic setting
To identify fingerprinting magma type and tectonic setting of nrafoks, samples were

plotted using Th/Yb vs. Nb/YlHg. 4.5.A) and TiQ/Yb vs. Nb/Yb Fig. 4.5.B. Mafic rocks were
classified in order to identiffpetween the arc and matean ridge settings and emphasize the
distinction between oceanic (more juvenied continental arcs in the study area. In both
diagrams, Nb/Yb as a proxy of the alkalinity of thagma and can indicate settings associated
with mantle plumes, whereas Th/Nb and F¥b can indicatesettings associated with subduction
zones (Pear¢2014).

In Fig.4.5. ATh/Nbhas been recognized as a proxy for subduction or crustal input since it
retains an approximately constant ratio during mantle melting. In cqonbragtcan be decoupled
during the subduction stage in most arc environments (Pearce, 2014) since Nb is subduction
immobile and Th is a subductianobile element. A few samples ing. 4.5.A plot outside the
fields of continental and oceanic arcs. Therefseamples above the mantle array with Nb/Yb <1

are considered as oceanic arcs whereas values of Nb/Yb >3 are clasdigag from continental
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arcs. However, samples with Nb/Yb values between 1 and 3 are considered as changes in the

Nb/Yb ratios duringhe development of arc maturity over timiéhe MORB settings in the mantle

array are separated in this diagram by Nb/Yb values as well. They are classifidd@RB

(Nb/Yb<1), EMORB (1<Nb/Yb<10) and OIB (Nb/Yb>10).

In Graph(Fig.4.5. B), Ti/Yb hasbeenconsidered as a proxy for plume melting. Through

shallow melting (partial melting of spinel peridotites), Ti and Yb are partitioned similarly into the

melt. Whereasthey are separate for deep melting (partial melting of garnet peridotites) where

solely Yb is partitioned significantly into garnet. Therefore, Ti/Yb ratio is high just in the products

of deep melting where garnet is stable.
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Figure 4. 5. The tectonic settings discrimination diagrams for basaltic ro€k3lie Th/Nb ag

subduction proxy (Pearc2014). B) The Ti/Yb as a plumenelting proxy (Pearc008).
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Figure 4. 6. Location ofwesternNeo-Tethysmafic rock samples with theiectonic settingn this study.

4.2. Geochronology

Geochronological data from igneous rocks are of substantial importance for this thesis.
More than 420 compiled zircon-Bb data were compiled from the literaturewsdsternNeo-
Tethys(Fig.4.7). Geographical coordinates provided in the literatueeedirectly used whereas
samples without accurate location information are estimated bydkieryty of geochemical and
geochronology samples that have coordinate information reported (accuraBys®/km). Using
the estimated location of rock samples will not affect the overall interpretation since the research

includes the entirety of th@esernNeo Tethys.
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Figure 4.7. The geological zone of Iran and the location of geochronological samplessternNeo-
Tethys Tectonic and structural maps of lramodified afterfAghanabati, 1998andAlavi, 1996)

4.3. Isotope geochemistry
In addition to the magmatic ages of igneous rocks;Nehand LuHf isotope data were
compiled and havbeen used to understand the protolith age and composition of igneous rocks in

westernNeo-Tethys

Radiogenic isotope tracers can reveal information about the ages and origins of rocks, or
processes of mixing between them. These are most powerful whetogsteer with other tracers.
An example of this application is the evolution of the crust and mantle through geological time.
Higher initial8’SrfeSr ratios (at equal Sipgenerally indicate the involvement of an older, more
radiogenic lithospheric mdet assimilation of more radiogenic crustal Sr during differentiation
with increasing crustal thickness, or contamination by subduotiated fluids and/or sediments,
whereas relatively lower Sr isotope ratios generally reflect mantle source affiHeéisshke et al.,
2010)
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Furthermore,he isotopic compositions can clarify the juvenile environments from mature
tectonemagmatic settings as well as shed light on the oceanic or crustal source of magma.
SmNd and LuHf system can be used as a tracer to provide information on the nature of the source
rocks

In this study, LuHf and SmNd data wereompiled fromthe literature for 1552 separate
zircons and 353 igneous rock samples, respectively. Sample locations are showfigrehe
(Fig.3.3). The calculation of T2DM ishown inFig.4.8 wher eas Nd and Hf
geological ages for different parts of the Nigthyan basin ifrig.4.9and Fig.4.10respectively
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Figure 4.8. SmNd and LuHf two-stage depleted mantle model agje(;) isotopic map foiran,
westernNeo-Tethys
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The arrow shows the isotope composition trend for the intermediate crustal rocks.
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Figure 4.10. 4 versus magmatic ages for tiwesternNeo-Tethysin 8 different geological zones of
Iran. The arrow shows the isotope composition trend for the intermediate crustal rocks

To distinguish the juvenile crust from the older crust and understand the relationship of the
barren and fertile crust witlespect tanineralzation, the incubation age of the rocksyd), which
is simply T2pm minus the crystal#ation age, should be calculatedvcl= T2pm - Tcry). After these
results are plotted on the mapgythcan demonstrate empirical relationships et mineral
systems and isotopic domains in the WBAidcan also be used as a variable in isotopaps
(Fig.4.11). The combination of the model and the incubation ageoM, Tinc) with
geochronological data is particularly powerful becalise not only provides an indication of the
age of the crust in a region but also when that crust was reworked provides additional constraints

on the protolith and components within individugth@ous units.

Lu-Hf and SmNd isotopic maps can be informative in identifying potentially favorable
paleatectonic settings for the mineralization as well as delineating different domains within the
PreTethyan rocks and the Tethyage rocks. This isotopidata can also be used to assist in

identifying older continental margins, accretionary orogenic settings, and juvenile zones, either
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marginal or internal, which may display crustal extension and gijftan primitive arc crust.
Furthermore, these mapsncarovide identification of crustal breaks, which may represent major
fault zones and, hence, mantle input and fluid pathways for fluids and magmas, or serve to
delineate natural boundaries for metallogenic terr@@hampion & Huston, 2016
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Figure 4. 11 SmNd and LuHf incubation model age (Ic) isotopic map foiran, westernNeo-Tethys

4.4. Minerali zation and Adakitic Signatures

The ore deposits of the Western NEgthys basin in Iran can lgivided into three groups
showing different metal associations, spatial distributiand geodynamic settingss described
below.

1. The first group consists of porphydgposits [Fig.4.13) associatedvith subduction
related granitoids of Eocene to Miocene age. The most famous porphyry deposits in this group
(Table, 4.1) are the Sungun(Hezarkhani & WilliamsJo, 1998) SarcheshmelfWaterman &
Hamilton, 1975 Shahabpour, 198Hezarkhani, 2006)and Miduk depositfHassanzadeh, 1993

Taghipour, Aftabi, & Mathur, 2008)This mineraltzation was formed during the final closure of
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the NeaTethys OcearfAtapour, 2007 Aftabi & Atapour, 2009 Aftabi & Atapour, 2011 Shafiei
et al., 2009Richards, Spell, Rameh, Razique, & Fletcher, 28thazadelet al, 2015 Golestani
et al., 2018)

Statistically, he number of Iranian copper mines is\&Rh potential reserves of 3.2 billion
tons and a proven reserve of 1.9 billion tdfifeenmillion tons of copper are extracted annually
from these mines, which maké&an the 17th largest copper producer in the world. In terms of
reserves, Iran has 3.5% of the world's copper alas for Iranian copper deposits, in Persian, is
availablein the https://www.mimt.gov.ir/)Table @.1) and the diagranFg.4.12) showthe size
of Iran's main porphyry depositsThe data for the copper depositgere stored in the

IntelligenceMine(www.IntelligenceMine.com)

Table 4.1. Most important copper deposits in Ir@@horbanj 2013).

Name ofdeposit

Geological Zone

Type of mining

Proved reserve

Potential reserve

Average Cu Grade

(MT) (MT) (%)

Sarcheshmeh SEUDMA Open Pit 826.5 1,200 0.68
Meiduk SEUDMA Open Pit 180 500 0.85
Sungun NW-UDMA Open Pit 1,000 2,000 0.70

2. Thelower Late Cretaceous volcanogenic massive sulfide (VMS) deposits, concentrated
mainly in the southern part of the Central Iranian Microcontinent (CIM), make up the second group
(Fig.4.13. TheseVMS deposits are mostly related to the evolution of an extensional continental
margin in a baclarc environment that affected the CIM during the lower Late Cretaceous volcano
sedimentary sequen¢®laghfouri, Rastad, Mousivand, CHetj & Ye, 2017 Maghfouri, 2012)

The most famous VMS deposits of this group are the Bav@azZn-Ag (Mousivand et al., 2007)
the Sargaz G4 n (Badrzadeh et al., 201,lthe Chahgaz Z®Pb-Cu (Mousivand et al., 2011}he
Barika goldrich (Yarmohammadi, 2006pand the Sheikh Ali Cu(Rastad, Miralipour, &
Momenzadeh, 2002)The classification of VMS depositto various sudypes inWNT is

summarized in Tablet(2).
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Table 4.2. The classificatiorof VMS deposits inVestern Neelethysthe new and classical
nomenclature proposed by Franklin et al. (2005)

New Classification Old Classification World examples WNT Examples
Mafic Cyprustype Cyprus Oman, and ophiolite Sheikh Ali
hosted deposits in the Cudeposit
Newfoundland Appalachians
Bimodatmafic Norandatype NorandaCamp, Flin Flon SargazCu-Zn deposit
Snow Lake, and Kidd Creek
Siliciclasticmafic (or pelitiemafic) Besshitype Besshdistrict in Japan and Bavanat
Windy Craggy, British Cu-Zn-Ag depositNudeh
Columbia copper deposit
Siliciclastic-felsic (or bimodal Bathursttype BathurstDistrict, Iberian ChahgazZn-Pb-Cu deposit
siliciclastic) Pyrite Belt, and Finlayson
Lake
Bimodalfelsic Kuroko-type Kuroko, Buchans, and Barika gold-rich deposit
Skellefte

3. The third group is mineralization hosted in some ophiolitehetipper Cretaceous.
Examples of this type of mineralizati@me mainly concentrated along the Main Zagros Thrust
Zone (MZTZ,Fig.2.2) related to the Nedethys and associated bagic basins on the southern
margin of Eurasia. The ophiolites are part of the 3000 km long ophimlitezonethat extends
eastwards from fbodos (Cyprus) through Turkey and as faBamail in OmariKnipper, Ricou,

& Dercourt, 1986 Moores, Kellogg, & Dilek, 2000 Robertson, 20Q2Dilek & Furnes, 2009
Allahyari et al., 2010Saccani et al., 201 3\llahyari et al., 2014Saccanet al, 2014 Moghadam

& Stern, 2015)
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Figure 4.13. The geological zone and the location of VMS deposits in Iran; UDMA, Uruiadhtar
Magmatic Arc; modified aftefMaghfouri et al., 2016)Tectonic and structural map of Iranodified
after(Aghanabati, 1998andAlavi, 1996)

During partial melting, Sr is compatible at low pressures (<~10 kbar) and strongly
incompatible at high pressures (>12 kbar). ¥@sely, Y is incompatible at low pressures but
compatible at high pressures. As a result, Sr/Y can be considered as an indicator of the average
crustal pressure, or depth, at which magmatic differentiation occurred. A larger Sr/Y ratio signifies
a greatempressure odepth Fig.4.14, Fig.4.17). Loucks (2000) and Loucks & Ballard (2002)
showed that more than 80 porphyry copper deposits worldwide are genetically related to felsic
intrusions having Sr/Y > 3%Loucks, 2014) Hi gh Sr /Y ratios (020)
definition of adakites as an indication of a lack of plagioclase fractionation combined with the
presence of garnet in source rocks, together taken to iedliaetial melting of an eclogitic source
(Defant & Kepezhinskas, 200 owever, high Sr/Y ratios can also indicate high magmatic water

contents, which suppress earlygiteclase crystallization but promote hornblende crystallization.

Porphyryrelated magmas are typically related to adaldie geochemical signatures. It
can be indicated by the high Sr/Y and La / Yb ratios or with partial melting of the thickened
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garneiferous lower crust. This magma can be produced from various arc magmatic series ranging
from primary slab melts to slab melts hybridized by peridotites. Recent studieG@oget al.,

2004 Rodriguez et al., 200Rooney et al., 201Wang et al., 20053how that adakites can be
produced by melting of the lower crust or ponded basaltic magmas and magma mixing processes
in both, the arc, or nearc tectonic environments. It is also shown that adakites can be derived
from subducting oceanic crust, delamination of the lower crust, slab méRiagn & Kilian,

1996) and thick lower crugtlamali & Mehrabi, 2015)

Adakitic melts are produced frothe lower basaltic crust under high pressungbere
garnet is maintained as a residual phase. This condition is attained when the crust reaches
thicknesses of more than 40 k@astillo, 2006) It is argued thatH{aschke et al., 200®ichards
& Kerrich, 2007 hybrid magma containing up to approximately ten percent contribution of garnet
amphibolite melting in the lower crust is expected to be triggered by MBSl processes

(melting, assimilation, storage, homogextian).

Other potential sources for increasing heat in the base of thickened arc crust is the
upwelling of hot asthenospheric mantle plumes due to slab breakoff aredaiétd decompression

melting of the collisioamodified lithospher¢ Has chke & Ben. Avraham, 200

Geochemical results show the mineralizsghozoicrocks of UDMA in WNT generally
have a higtsr/Y (Fig.4.14) and La/Yb Fig.4.15), and thathe main porphyry copper deposits at
UDMA are distributed over the areas with Sr/Y rabdsnore than 3%Fig.4.17).
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CHAPTER 5: DISCUSSION PART I MAGMATIC EVOL UTION

5.1. Geochemistry and isotopic signatures duringeological time

In this thesis, the lithochemistry and the Nd and Hf isotopic analyses of igneous and
metamorphic rocks mainly from the N@ethysand rarely fronthe PaleeTethyanbasin have
been compiled andompiled and reinterpreted The result hasden separated according to the
geological time and different classificateaf the geological zone in Iraffhis can provide a
comprehensive overview of the magmatic evolution during agd postcollision events during
the pasD600 (Ma) inwesternNeo-Tethys Furthermore, itan improve our understandingthe
magmatic and crustal evolution of the Tethys ocehrmughtime inIran's different geological

Zzone

It should be noted that the igneous and metamorphic rocks formed before the Permian are
related to Paledethys and theolder oceans. There is no relation betwegaoproterozoic,
Cambrian, Devonigrand Carboniferous rocks and N&ethys.Essentially, these rocks formed

the basement to the magmatic systems that developed during the evafitiieMNeoTethys.

5.1.1. Ne@roterozoic 1000541 (Ma)
Neoproterozoic metamorphiocks are exposed in the WNT, in the Shotur Kuh Complex.

They are considered as an extension ofPthieaTethys Ocearterranein CIM (Rahmatillkhchi
et al., 201) These rocks are comparable with the granitoid rafkdhe same age from the
Saghand region in theasternpart of Central IranRamezani & Tucker, 2003The U Pb age
dating of zircon showed that these rocks formed during Neeproterozoic continentairc
magmatism that has also been distinguished in other tectonic blocks of Ganti&lig.5.1. A).
Thegeochronological data from granites and ortlegges from central Iran Yaconfirmed this
interpretation (Hassanzadeh et, &008). Furthermore, these Labdeoproterozoic toEarly
Cambrian rocks originated after the main phase otAfdoan orogeny. They are considered
juvenile ArabiaiiNubian shiall and PeriGondwanan rocks after the main phase of-Rfiican
orogeny (Rahmatilkhchi et al., 201}

A limited occurrence ofNeoproterozoic metamorphioocks occurred around CIM.
According to the geochemical discrimination diagram (Defant & Drummond)1€%ereis no

adakitic signature itlNeoproterozoic Terrana central IranFig.5.1. B).
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For the geochemical classification of mafic and felsic rocks of the study area, a
combination of two discrimination diagrartt§g.5.1, C, D hasbeen used. As a first step, the-Rb
Yb+Nb diagram of Pearce, Harris, and Tindle (1984) is used to discriminate the tectonic setting of
felsic rocks. Felsic rocks in the Neoproterozoic of the CIM plot largely within the VAG setting of
this discrimination digram Fig.5.1, Q. However, some rocks that plot within the WPG field are

close to the border and therefore are considered to have a close affinity tdgr831( O.

As the second step, the T#@bi Nb/Yb of Pearcq2014)is used to separate subduction
related fromnonrsubduction related basalts this discrimination diagram the T#Yb ratio
functions as a good indicator of the depth of mantle melting. The majority of mafic rocks in the
Neoproterozoic of CIM plot within 8nEMORB field of the diagramHig. 5.1.D.
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Figure 5. 1. Classificationand geochemical characterizationigheous and metamorphic rocks from
Neoproterozoic rocki thewesternNeoTethys(A) Location ofShoturKuh Complex Rahmatillkhchi

et al., 201). (B) Sr/Y vs. Y (ppm) diagram dfleoproterozoicocks from thevesternNeo-Tethys(Defant

& Drummond, 1993)(C) Rbvs. (Y + Nb) discriminant diagranmfer the tectonic setting of felsic rocks in
the study aregPearce, Harris, & Tindle, 1984(D) the TiO2/Ybi Nb/Yb diagramsdiagram is used to
separate subductienelated from subductieanrelated mafic rockéPearce2014)

The Nd and Hf isotopic analyses Nfoproterozoic igneouand metamorphic rocks
(Fig.5.2. A-D) in this study hee been compiled mainly from thérumieh-Dokhtar Magmatic Arc
Sanandaj Sirjan Zon&istan suture seiand AlborzZone (Paleo-Tethyan basin).Although the
sample location belongs to these zones, isotopic data indicate that there are different crustal blocks
and protoliths for themT@able 5.1,Fig.5.2. A-D).

The Mishugranites yielded the crystallization ages of ca. 550 Ma iménéwest part of

the UDMA (Fig.5.2.Q. They have been formed along an ancient subduction zone iralé® P
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Tethyan Ocean. The Mishu granites have formed via interaction between juvenil@amdettsl
(Mesoproterozoic or Archaean) continental crust during Cadof8iaahzeidi et al., 201.7These
granites mainly show-§pe characteristics, whereas the leucogranites part tigge signatures.

The Stype granites show higHSr£®Sr(i) ratios, ranging from 0.7068 to 0.7095. Thi#ig values
change betweerl1.5 to-17.1, which are interpreted as the product involving an extreme crustal
contribution. he Hype granites are characterized by relatively f8&rfeSr(i) ratios (0.7048
0.7079) and higher values &fq (-3.2 to-5.2) (Shahzeidi et al., 201,Avhich are interpreted as the
product involving a moderate crustal contribution in a subduction environment affiliated with the
arc magmatism in the Paldathys basin.In comparison with Sype, the itype granies have
shown a juvenile signature. The age, geochemiatrgl Isotopic signatures of Cadomian Mishu
granites strongly indicate the similarities between these rocks with logteNeoproterozoid

Early Cambrian (600620 Ma) granites across Iran and the surrounding areas such as Turkey and
Iberia(Shahzeidi et al., 2017)

The isotopic and geochronological data of the Taknar com@ntral Iran(Fig.5.2. A-
B), is interpreted as the Late Ediacar@ambrian or Cadomian arcs tifiatmed along the northern
margin of Gondwana (Moghadaet al, 2017). Theiring values change betweeB.7 to +8.3,
which are interpreted as the product involving a medium crustal contribution to the moderate
mantel contribution. Thei@r values change betweed.5 to +8.1. The Nd and Hf isotopic data
have shown that the igneous kecwere generatedly mixing juvenile magmas with older
continental crust components at an active continental margin of thidiratolia Cadomian rocks
(Moghadanet al, 2017).

The geochronological data{Bb zircon age 554 + 6 Ma) for Arghash plu{eig.5.2. A-
D) indicatedthat these igneous rocks most likely are the remnant of th&GBadwana rocks in
central Iran. The value &kq (-16.7) indicates that these igneous rocks are formed in an-istand

or backarc tectonic setting with an extreme cruistantribution(Alaminia et al., 2013)

The results of UPb dating forthe Khoy metamorphic complex (KM@) the northwest
part of the SSZFig.5.2. A B) suggests a late Proterozoic (6500 Ma) consolidation of granitic
and basaltic magma. Furthermore, the intNd/A*Nd and®’SrfSr ratios strongly indicate that
the original magma originated in the subduction zone from a depleted mantle souroenand s

contamination from recycled sediments (Azial, 2011). Theirdna and &+ values change
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between2.6 to +3.6, and +1.8 to +10.4 respectivalizich are interpreted as the product involving
a low crustal contribution to a moderate to high mantle contribudimhthe rocks were generated
through the mixing of juvenile magmas with older continental crust components at an active

continental margin

The geochronological data of the Delbar Metamorppeous Complex (DMIC) in
Central Iran(Fig.5.2. A, B) indicated that they have formed along the northern margin of
Gondwana during the Late Ediacaran to Cambriattygoe magmatism¥545 Ma). It is bekved
that these rocks are the result of the final collision and amalgamation of Gondwana. This occurred
during the closure of the Rheic Ocean #r&bpening of the coeval Paldaethys basin at the end
of the AvaloniaiiCadomian orogenyB@laghi Einalou eal., 2014 and references withinY.he
Delbar Metamorphidgneous Complex has yielded a bimodal population of ziége(T) values.

The first group haséys (T) values from-43.5 to-27.8, which are interpreted as the product of an
extreme crustal contribution in a subduction environment. The second gro&g (iBsvalues

from -9.9 to +16.4, which is interpreted as a product of moderate crustal contritoutimuderate

to high mantle contribution and could be attributed to magma partially evolved with juvenile
magmas. Both groups are affiliated with arc magmatism in the -Helbys basinThe U Pb
zircon dating of the Zanjdakab core complex ithe northwest part of theJDMA (Fig.5.2. A,

B) supports d.ate Neoproterozoid Early Cambrian age (ca. 54858 Ma) for metagranites and
orthogneisses rocks (Hassanzadeh et al., 2008). Z#g@h) values between2.8 to +5.9
(Moghadamet al, 2016)are consistent witthe mixing of old crust and depleted mantierived

material.

Zircon analyses from thilarand regiorof the northwest part of the UDMAaveays (T)
values betweer3.7to +6.5 (Chiu et al., 201ywhich ae consistent witlthe mixing of old crust
and depleted mantiderived materia{Fig.5.2.A, B).

Similarly, zircon analyses fr om(T) katuesSaghan
between4.8 to-0.3(Chiu et al., 201); also supportive of melting of old continental crésg(5.2.
A, B).

In contrast zircons from the Zahedan regionthe Sistan Suture Zone have a more
mo d e rudT) wluedof +5.4Chiu et al., 201) which is interpreted to represent juvenile mantle

input without significant crustal contaminatiofig.5.2. A, B. In the Tehran area of the Alborz
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Zone (PaleeT et hy an b aus(T) values are +6.4@hiu et al., 201yand are interpreted

to represent juvenile mantle input without significant crustal contamind&igrb(2. A, B).

The T2pm and epsilon values calculated based on the isotopic data reveal that at least three
crustal blocks in Central Iran can be recognized in diffefé@bproterozoic timeperiods.
Therefore, samples from northwestern Central Iran (Takab, Khoy, Marand), Ctha(8h,

Alborz (Tehran)and northeastern Central Iran (Taknaart of Delbar Complgxhave different
epsilon values but simildrpwm, indicating likely derivation for the same source region at different
time. (Fig.5.2. A D). The isotope data collectedrfthe Neoproterozoic rocksn WNT are

summarized in Tableés(1).
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Table 5.1. The summary of isotope data for theoproterozoic rocks westerrNeo-Tethys

Location Name | Geological Zone | Crustal Block At Ana Age (Ma) Reference
Mishu NW-UDMA NW-Central -11.5 to- 550 (Shahzeidi et al., 2017)
Iran 171
-3.210-5.2
Marand NW-UDMA NW-Central -3.7t0 +6.5 _ 541-698 (Chiu et al., 201y
Iran
Takab NW-UDMA NW-Central -2.8t0 +5.9 _ 546-557 (Moghadam et al., 2016)
Iran
Zahedan Sistan Suture Lut +5.4 _ 546-557 (Chiu et al., 201y
Zone
Khoy SE NW-Central +1.8t0 +10.4| -2.6t0 +3.6 550.1 (Azizi, et al., 201}
Iran
Arghash CIM CIM -16.7 550/ 590 (Alaminia et al., 2013)
Delbar Central Iran NE-Central Iran| -43.5 t0-27.8 _ D545 Ma (Balaghi Einalou et al., 2014
-9.9t0 +16.4
Saghand CIM CIM -4.810-0.3 _ 733 548 (Chiu et al., 201y
Taknar Central Iran NE-Central Iran| -3.5t0 +8.1 | -2.7to +8.3 550.5547 (Moghadam et al., 2017)
Tehran Alborz (Paleo- Central Iran +5.1 606 (Chiu et al., 201y

Tethyan basin)
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Figure 5. 2. Diagrams ofan¢(T) andang (T) versus UPb ages and thdistribution of the Neoproterozoic
rockson the WNT.The legend corresponds to the different crustal blocks in WWIK&.arrow shows the
isotope composition trend for the intermediate crustal ropk¥.&. (T) versus magmatic age8)(
Distribution of T2pm isotopic data on WNT, calculated based on Hf isotopic composi@@ng (T) versus
magmatic agegD) Distribution of T.pm isotopic data on WNT, calculated based on Nd isotopic

composition.

5.12. Cambrian 541-485.4(Ma)

Late Neoproterozoic-Early Cambrian (Cadomian) metamorphic and igneous rocks
comprisemost oflran's basemer(e.g, Moghadam & Stern, 201%hakerardakani et al., 2017
Malek-Mahmoudi et B, 2017) These basement rocks indicate the formation oP#ieeTethys
Ocean via subduction along the northern margith@Gondwana supercontinent duritige Late
NeoproterozoidShabanian et al., 2018Jircon Ui Pb ages from the Azr2orud region inthe
northwest part of th8SZ of Iran have a crystallization age of 525.6 + 4(E&ly Cambrian) for

D

EURASIA  Neo-Proterozoic Rocks
i (1000-541 Ma)
Caspian Sea

T2DM
(Based on Hf)

. 4500- 3196
@ 35412

ARABIA

v ¥27¢
Persian Gulf = <~

@ Tectonic Setting map of Neo-Proterozoic rocks in WNT N =
Geological Zone Iran £~ Main porphyry copper deposit @ VMS Deposits
Sanandaj Sirjan Zone Il Central Iran Kopeh Dagh I Lut Block & CIM ] zagros [N uoMA
“577 Makran Sistan Suture Zone Paleo-Tethyan Basin

EURASIA  Neo-Proterozoic Rocks.
? (1000-541 Ma)
Caspian Sea

T20M
(Based on Nd)
& 470-826

O w6- 1480
’ 1489 - 2376

ARABIA
Persian Gulf ~©
@ Tectopic Setting map of Neo-Proterozoic rocks in WNT —— s
Geological Zone Iran 7 Main porphyry copper deposit @ VMS Deposits
Sanandaj Siran Zone [ ContralIran Kopeh Dagh [N Lut Block & CIM ] zagros [ UOMA

25 Makean Sistan Suture Zone Paleo-Tethyan Basin

the protolith of the basement rogi&habanian et al., 2018
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Cambrian metamorphic rocks are not prevalent in the Aorad region othe northwest
part of theSSZ of Iran. Based on data from Defant & Drummond (1993), there is no adakaitic
signature in Cambrian rocks in Central Ir&mg(5.3. A, Q. Based on the Ri¥b+Nb discriminant
diagram Fig.5.3. B of Cambrian felsic rocks of the CIM plot within théPG tectonic setting.
However, some samples show &G signature but plot close theé border othe WPG field.
These WPG rocks may reflect a continewtaist or underplated crust that has undergone a cycle
of continentcontinent collision or islaricarc magmatismn a postorogenic tectonic setting
(Whalen, Currie, & Chappell, 198Nédélec, Stephens, & Fallick, 1999hesegranitoid may
have been emplaced after Cadomian orogen, wdgchrred on the Gondwana supercontinent's

northern margirffShabanian et al., 2018
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Figure 5. 3. Classification and geochemical characterizationgofeous and metamorphic rocks from
Cambrian rocksn the WNT (A) Location of DoruiAzna northwest part of th&SZ Shabaniaret al.,
2018. (B) Rbvs. (Y + Nb) discriminant diagrams for thectonic setting of felsic rocks in the study area
(Pearce, Harris, & Tindle, 1984C) Sr/Y vs. Y (ppm) diagram of Cambrian rocks from the W&fant

& Drummond, 1993)

The U Pb zircon dating of the Doriidzna protolith rocks ithenorthwest part of th8SZ
(Fig.54. A-D), represent LatBleoproterozoid Early Cambrian age (ca. 525.6 + 4 Ma) like other
basement granites in the SS&habanian et al., 20L&nq (T) values betweer6.9 to-6.5 indicated

evidence of partial melting of old continental. The new data reveals the association of the SSZ
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with the Arabian continental crust beforefting on the Iranian plate in the La@ermianTriassic
time (Shabanian et al., 201.8

The isotopic signature of the Taknar in Central Iran in Cambrian has continued the
Ediacaran trend. Indeed, it has formed along the northern margin of Gondwana during the Late
Ediacaran to Cambrian atgpe magmatism D545 Ma) and indicated the final collision and
amalgamation of Gondwana. Taknar region yiégds(T), and zircoréu«(T) values-1.4 and-3.8
to +4.8, respectively (Moghadaet al, 2017). The Isotopic resultgif.5.4. A-D) have indicated
eviderce of mixed juvenile and reworkedagma sources continental arcs along the northern

margin of Gondwana in Late Ediacar&@ambrian loghadanet al, 2017and references inside).

The isotopic signature of the Delbltetamorphielgneous Complex in Central Iran in
Cambrian is considered a continuation of that established in the Ediat@derd, Delbar
Complex has formed along the northern margin of Gondwana during the Late Ediacaran to
Cambrian ardype magmatism545 Ma) and indicated the final collision and amalgamation of
GondwanaThe Delbar Complex has yielded a variety of ziréan(T) values from-30 to +18.4
for Cambrian age rocks. This diversity is interpreted to reflect an extmersial contribution in a
subduction environment partially evolved with juvenile magmas. These rocks are attributed to the

arc magmatism in the Pald@thysbasin(Balaghi Einalou et al., 20)4

During the Cambrian ithe Saghand regioof the CIM, the majority othe rocks yield
positive zircoréus (T) values between +3.6 to +7.4 (Chiu, 2017); however, one sample had a value
of -1.19. The data is interpreted to reflect a juvenile mantle source magma not significantly

contaminatedby the crustFig.5.4 A, B).

During theCambrian, the Khoy metamorphic complex (KMC}henorthwest part of the
SSZ, does not exhibia significant changen isotopic composition compared with the late
Proterozoi c. I ndeed, t her ey valees 41.98 Therefanee thes a mp |
interpretation of isotopic evolution in the Cambrian is similar to that of the Neoproterozoic in
which magmatism awirred in an active continental margin and involved a low crustal contribution
to a moderate to high mantle contribution. The rocks having been generated through the mixing of

juvenile magmas with an older continentalst.
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The T2pm and epsilon values laulated based on the isotopic data reveal that at least two
crustal blocks in Central Iran can be recognized in different Cambrian time periods. Therefore,
samples fronthe northwestern (Khoy) and northeastern Central Iran (Ta&ndpart of Delbar
Compkx) have different epsilon values but simifasw, indicating derivation for the same source
regionbutat different tims. (Fig.5.4. A D). Furthermore, based on the calculafesh, samples
from the CIM (Saghand) and northeastern Central Iran (patti@Delbar complex) also show a
similar protolithic source but generation at different timBse isotope data collected for the
Cambrian rocks in WNT are summarized in Tabl2)(

Table 5.2. The summary of isotope data for the Cambrian rockeeisternNeo-Tethys

Location Name | Geological Zone | Crustal Block At Ana Age (Ma) Reference
Dorud Azna NW-SSZ NW-Central _ -6.9 t0-6.5 525.6 (Shabanian et al., 2014
Iran
Khoy NW-SSZ NW-Central +1.98 _ 533 (Azizi et al., 201}
Iran
Delbar Central Iran NE-Central Iran| -30to +18.4 _ 498.4540.6 (Balaghi Einalou et al.,
2014
Saghand CIM CIM -1.19to0 +7.4 _ 501 535 (Chiu et al., 201y
Taknar Central Iran NE-Central Iran| -3.8 to +4.8 -1.4 502540 (Moghadam et al.,
2017)
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Figure 5. 4. Diagrams of(T) and&nas (T) versus UPb ages and th@ambrian rocks' distributioon the
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composition trend for the intermediate crustal ro¢h$.a. (T) versus magmatic ageB)(Distribution of

T.owm isotopic data on WNT, calculated based on Hf isotopic compos{®)réng (T) versus magmatic
ages(D) &wa (T) Distribution of T2pm isotopic data on WNT, calculated based on Nd isotopic composition.

5.1.3. Devonian 419.2358.9(Ma)

A few isotopic data have been reported from Devonian igneous and metamorphic rocks in
thewesternNeo-Tethys(Chiu et al., 2017Moghadam, 2016Balaghi Einalou eal., 2014. The
samples includehe northwest part of the UDMASaqgez and Takab area) a@dntral Iran
(Delbar complex). Devonian age rocks from the Delbar Complex have #re(h) values of-

4.64 which is interpreted to still reflect crustebntribution in a subduction environment

magmatism in Central IrarFig.5.5. A, B) Samples from Saqgez and Takab have yielded zircon
&n (T) values +0.9 andl1.27 to-2.56, respectively. These data are interpreted as the crustal
contribution in a subduan environment with partially evolved juvenile magmas in the Saqqez

area based on the slighphpsitivedus (T) value.
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The T2pm and epsilon values calculated based on the isotopic data reveal that at least two
crustal blocks in Central Iran can be recognized in different Devonian time periods. Therefore,
samples fronthe northwestern (Takab) and northeastern Central Iran (Delbarp&x) have
different epsilon values but simildepwm, indicating likely derivation for the same source region
but at different times. Furthermore, based on the calculaied, Th northwestern Central Iran,
samples from the Saqqgez region show the difteseurces of protolith from the Takab area during
the Devonian Kig.5.5. A, B. The isotope data collected for the Devonian rocks in WNT are

summarized in Table(3).

Table 5.3. The summary of isotope data for the Devonian rockeasternrNeo-Tethys

Location Name | Geological Zone | Crustal Block . N Age (Ma) Reference
Saqgez NW-UDMA NW-Central +0.9 _ 359 (Chiu et al., 201y
Iran
Takab NW-UDMA NW-Central -1.27 to- _ 386-397 (Moghadam et al.,
Iran 2.56 2016)
Delbar Complex Central Iran NE-Central Iran -4.64 _ 390.7 (Balaghi Einalou et al.,
2019
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Figure 5.5. Diagrams o (T) versus UPb agesnd the distribution of the Devonian rocks on the WNT
The legend corresponds to the different crustal blocks in WNT. The arrow showsttpe composition
trend for the intermediate crustal rocks) & (T) versus magmatic agéB) Distribution of T2pm isotopic
data on WNT, calculated based on Hf isotopic composition.

5.1.4. Carboniferous 358.9298.9 (Ma)
Based on the Sr/Y vs. Y geochemical discrimination diagram samples from the northwest
part of the UDMA, do not exhibit an adakaitic signatue (5.6. O. Furthermore, mafic rocks
plot in the OIB signatureH{g.5.6. B, Q, whereas felsic samples plot in #$&tting of VAG and
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WPG for these areabif).5.6. A, D).
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Figure 5. 6. Classification and geochemical characterization of Igneous and metamorphic rocks from
Carboniferous rocksn the WNT (A) Location of Ghushchi granites omorthwest part of thesSzZ
(Moghadam &Stern, 2015 (B) the TiQ/Ybi Nb/Yb diagramsireused to separate subductiatated from
subductiorunrelated mafic rocks (Pear@d14). C) Sr/Y vs. Y (ppm) diagram of Cambrian rocks from

the WNT (Defant & Drummond, 1993)D) Rb vs. (Y + Nb) discriminant diagrams foettectonic setting

of felsic rocks in the study areBdarce, Harris, & Tindle, 1984

Carboniferous magmatism itne northwest part of the UDMA is represented by the
Ghushchi granites and gabbronorites which are interpreted teygmeAyranites emplaced at ~320
(Ma). In the northwest part of the UDMA, samples from Nagadeh have yielded ziigdi)
values betweenl.56to +3.19, whereas samples from Saqgez and Takabyielded zircony
(T) values-0.51 to +4.15 and +3, respectiveRhese results are interpreted to represent juvenile

mantle input in overall NAUDMA and partially evolved with mixing the crustal cahtrtion in
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a rifting environment. Meanwhile, samples from the Khalifan regiaghemorthwest part of the
SSZ hna @evalues betweenl.14 t0-0.93 which is interpreted to be the product of slight
crustal contribution to of magmas generated during the opehthg NeeTethys inthenorthwest
part of theSanandaj Sirjan Zone

The T2pm and epsilon values calculatedded on the isotopic data reveal that at least two
crustal blocks can be recognized in northwestern Central Iran in Carboniferous time, although in
different temporal events. Therefogamples from Saqgez, Nagadeh, Khalilfan, and Takab have
different epdbn values but similaf2pwm, indicating likely derivation for the same source region
but at different times. Furthermore, based on the calculBisd, samples from the Saqgez area
show two different crustal blocks during the Carboniferdtig.$.7. AD). The isotope data

collected for the Carboniferous rocks in WNT are summarized in Tald)e (

Table 5.4. The summary of isotope data for the Carboniferous rockegternNeo Tethys

Location Name Geological Zone Crustal B W Age (Ma) Reference
Block
Saqgez NW-UDMA NW- Central -0.51 to _ 302356 (Chiu et al., 201y
Iran +4.15
Takab NW-UDMA NW- Central +3 _ 325 (Moghadam et al.,
Iran 2016)
Nagadeh NW-UDMA NW- Central -1.56 to _ 300333 (Chiu et al., 201y
Iran +3.19
Khalifan NW-SSZ NW- Central _ -1.14 t0-0.93 315 (Bea, 2011)
Iran
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5.1.5. Permian 298.9251.9(Ma)

The Hasanrobat Aype granite inthe central part of th&8SZ yielded?*®PbP*8 age of
288.3+£3.6 Maand is interpreted to refleatperiod of significant extension and related intraplate
magmatism in the Upper Paleozoic of If@lirezaei & Hassanzadeh, 2018imilar intrusions
occur in the SabalafArasbaran, Takab, and Natanz region along the UDMA,; the emplacement of
these are considered to be related to the opening offBithys Ocean betweesanandajSirjan
and Zagros during the Gondwana bregkin Lower PermianChiu et al., 2013Moghadanet 4.,

2016).

It has been proposed that the SSZ and Central Iran began rifting from the Zagros basin
during the opening of the Neethys Ocean in the Permié®erberian& King, 1981).In contrast,
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Mohajjel et al. (2003) found that seafloor spreading, and rifting occurred in the Pefméssic

periods, followed by the subduction during the Upper JuriaSsataceous.

Based on the Sr/Y vs Y discrimination diagrédbefant & Drummond, 1993), there®
adakaiic signature in these regions during the Permiag.$.8. C). Mafic rocks have shown-E
MORB signature Kig.5.8. B) whereas felsic rocks plot in the tectosetting of WPG for these
areasig.5.8. D).
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Figure 5. 8. Classification and geochemical characterization of Igneous and metamorphic rocks from
Permianrocksin the WNT (A) Location ofHasanrobat Granit¢he central part of th&SZ (Alirezaei &
Hassanzadeh, 2012ZB) theTiO2/Ybi Nb/Yb diagrams diagram is used to separate subduriated from
subductionunrelated mafic rocks (Pear@)14).(C) Sr/Y vs. Y (ppm) diagram dCambrianrocks from

the WNT (Defant & Drummond, 1993)D) Rbvs. (Y + Nb) discriminant diagrams for the tectonic setting

of felsic rocks in the study areBdarce, Harris, & Tindl, 1984.

In thenorthwest part of the UDMpAsamples from the Takab and Sabafaasbaran areas

have yielded zircomu(T) values +12.05 and +4.72, respectivéfyg.5.9. A, B). Furthermore,
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samples from the Natanz area have zif&qiT) values between +0.43 to +4.46. These results are
interpreted to represent juvenile mantle input acrosstinthwest part of the UDMAand G

UDMA during PermianTriassic rifting and seafloor spreading.

The T2pm and epsilon values calculated based on the isotopic data reveal that at least two
crustal blocks in northwestern Central Iran can be recograretifferent periods during the
Permian.Therefore, samples from Takab and Natanz have different epsilon values but similar
Topwm, indicating likely derivation for the same source rediomat different times. Furthermore,
based on the calculat&dom, compared tthe Takab and Natarareasn narthwesterrandcentral
Iran, samples fronthe SabalarArasbaran area show a different crustal block during the
Carboniferous Kig.5.9. A, B. The isotope data collected for tlfermianrocks in WNT are
summarized in Table®).

Table 5.5. The summary of isotope data for the Permian rockgeisternrNeo-Tethys

Location Name Geological Zone | Crustal Block B Ana Age (Ma) Reference
SabalaprArasbaran NW-UDMA NW- Central +12.05 _ 283 (Chiu, 2013)
Iran
Takab NW-UDMA NW- Central +4.72 _ 282 (Moghadam et al,
Iran 2016)
Natanz C-UDMA C-Central Iran | +0.43 to +4.46 _ 295 to 271 (Chiu, 2013)
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5.1.6. Triassic 251.9201.3(Ma)
Zi r cudT vakwes from Triassic age rocks from the northwest part of the UDMA show

a similar trend as that of Permian samples from this region. Samples from the Qedvatarand
Takab area have zircains (T) values between +0.60 to +3.45 and +7.41, respegfiirethe
northwest part of the UDMAFig.5.10. A, B). They are interpreted as juvenile mantle input
throughout the entire UDMA, especiallytime northwest part of the UDMAuring the rifting and
seafloor spreading phase of Ndmthys Ocean in Permiafriassic times.Furthermore, the
Mashhad granodiorites and diorites give slightly lower zirda(T) values betweer3.13 and
+2.16 implying a magmatic derivation from mixed juvenile and reworked sourcesy &re

interpreted to be a product thie closing of the Paled ethys in the eastern Alborz Zone.

The T2pm and epsilon values calculated based on the isotopic data reveal that at least two
crustal blocks in the northwestern and northeastern parts of Central Iran can be recognized in
different Triassic time periodSamples from Takab and Sablanasbaran regios have different
epsilon values but similaFopym, indicating likely derivation for the same source regon at
different times. Furthermore, based on the calcul&tes, compared to the Takab and Sablan
Arasbaramareasin northwesterncentral Iran, te Mashhad area shows a different crustal block
during the Triassic timd=g.5.10. A, B. The isotope data collected for the Triassic rocks in WNT
are summarized in Tabl&.f).
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Table 5.6. The summary of isotope data for the Triassic rocksdaternNeo-Tethys

Location Name Geological Zone Crustal Block . Ana Age (Ma) Reference
SabalarAstara NW-UDMA NW- Central | +0.60 to +3.45 224243 Chiu et al., 2013
Iran
Takab NW-UDMA NW- Central +7.41 _ 226 (Moghadam et al.,
Iran 2016)
Mashhad Central Iran (Paleo NE- Central -3.13to +2.16 _ 203227 (Chiu et al., 2017)
Tethys basin) Iran
1 8 T T T T
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Figure 5. 10. Diagrams of (T) versus UPb ages and thdistribution of the Triassic rocks on the WNT.

The legend corresponds to the different crustal blocks in WNT. The arrow shows the isotope composition
trend for the intermediate crustal rocs) &+ (T) versus magmatic ageB)(Distribution of T2pm isotogic

data on WNT, calculated based on Hf isotopic composition.

5.1.7. Jurassic 201.3145 (Ma)

A series of TriassiCretaceous intrusions emplaced in a volcanic arc anddradkectonic
setting occus in the Sananddpirjan Zone of the Zagros orogenic belt in secghtral Iran
(Fig.5.11) The intrusions are mainlytype granites and are interpedtto be related to trenset
of the subduction of the Nebethys oceanic crust beneath the CIM in Triassic t{i@hiu et al.,
2013 EsnaAshariet al, 2012 Khalaji et al., 2007Azizi et al., 2015 Ahadnejad et al., 2011
Azizi et al., 2011 Shakerardakani et al., 201%) addition, dike swarms with an OIB signhature
are interpreted to have been generated tt@enriched mantle in the subduction zokeg(5.12.
A). These dykes have intruded the Kangaraghiabad plutons i@horveh, Astangtand Droud
Azna area inthenorthwest part of th8anandaj Sirjan Zon@zizi et al., 2015EsnaAshari et al.,
2012;Shakerardakaret al, 2015).
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Azizi et al. (2015) proposed that the lowitial 8’Srf®Sr ratios (0.7034 to 0.7054) and
positive UNd(t) values (+3 t &an@ajehTaghisbadothe e a d
northwest part of th&anandaj Sirjan Zonéiowever, our calculation values féd(T) (-2.76 to
+1.54) showed slightrast contaminatioand depleted mantle source for these rocks. These results
propose an arc and baakc tectonic setting in an intiaceanic system than the Andean magmatic
type regime for the origin of Kangardtaghiabad baes in the Middle to Late Jurassic period. It
is believed that intr@ceanic arc systems are built on oceanic crust, whereas Atygeaarcs are
built on the preexisting continental crugStern & Scholl, 2010)These plutons merged with the
northwest part of theSSZ during accretiotype continental growth in the Late Jurassic.
Furthermore, compositions indicate an adakitic signature for KanJagabad intrusions and
GhalaylanComplex duringheJurassicSimultaneouslythere is no such attribute for othegians
in the northwest part of th&SZ Fig.5.12 B). However, there is not enough evidemtm®utthe
existence of the older metamorphic basement in some areas like GfiavefareRTaghiabad
and Ghalaylan Complex) in theorthwest part of thé&anandaj Sirjan ZoneMoreover, It is
believed that the inner ophiolite belt in Iran was related to a-&ackasin and the mafic rocks in
the central part of the SSZ originate frtime same sourd&hazi et al., 20L2Moghadam & Stern,
20117).
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Figure 5. 12. Classification and geochemical characterization of Igneous and metamorphic rocks from
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tectonic setting of felsic rocks in the study areéadrce, Harris, & Tindle, 1984
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The SeNd isotope ratios imply high ratios 8fNd/A4“Nd (0.51250.5127) and low initial
ratios of®’SrP®Sr (0.70240.7069) I n par t i c unk(alrd4 to #+408%) foptbesSufti i v e
Abad granite would be consistent with it having been generated from the depleted mantle over the
subduction zoneAgzizi et al., 201). Moreover, sampkfrom the Hamdan and Badiroft areas
in the northwest part of th&€ SZ h a v e (B vatuesdetwedn +0.55 to +4.04 and +6.29,
respectively. These values are interpreted as reflecting juvenile mantle input throughout the
subduction of Ned ethys dumg the Middle to Late Jurassic. In the Esfahan arehecentral
partoftheSSZ s amp !l e s u(Mavalues betiveer8.85ro +4.3, whereas samples from
the Al vand and Ghalna(y) vauas betweerd57 to+224 anddz7b6rtac 0 n
+3.41, respectively. This range in values is consistent with magmas generated from a mixed
juvenile and reworked magma history formed in the subduction zone ofTéthygs in the
northwest part of th8anandaj Sirjan Zone

Samples from the Yazd and Baznaaea have zircoa (T) values betweer2.62 to +2.23
and-2.59 to +3.68, respectivelynplying an origin of mixed juvenile and reworkedurces. These
rocks are interpreted to have been formed as a reshi stibduction of Ne®ethys oceanic crust
in the central part of th&JDMA and southeast part of tHdDMA.. In addition, a sample from the
BamJi roft area y(T)edud $6.2%which is corsistentiwth derivation from a
juvenile mantle sourceithout significant crustal contamination in REDMA. As a result of the
closing of thePaleaTethys basin in the eastern parGentral Iran Mashhad plutons yield zircon
&nr(T) values betweerB.41 to +1.38, implying an origin of mixedworked anguvenile sources
to form the magmag-ig.5.13. A-C).

The Topm and epsilon values calculated based on the Hf isotopic data reveal that at least
three crustal blocks ithe northwest part of th&SZ, Centrapart of theSSZ, and CIM can be
recognized in different Jurassic perio8gy(15.3 A, B. Furthermorethe T2pm and epsilon values
calculated based on the Nd isotopic data recognized two different crustal inlticksorthwest
part of theSanandaj Sirjan Zon&he two blocks are designated, i) crustal block 1 which includes
the Aligoodarz, Boroujerdand Malayer areas and ii) crustal block 2 which includes the Alvand,
Suffi Abad, Ghalaylan, and Kangarélaghiabad. These two crustal blocks are distinguished on

basis of having differergpsilon values but simildr.pm, indicating likely derivation fortte same
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source region at different tirm¢Fig.15.3 C, D). The isotope data collected for the Jurassic rocks

in WNT are summarized in TablB.7).

Table 5.7. The summary of isotope data for the Jurassic rocksesternNeoTethys

Location Name Geological Zone Crustal Block e Ena Age (Ma) Reference
Yazd C-UDMA CIM -2.62 to +2.23 _ 163174 Chiu et al., 2013
Bazman SEUDMA CIM -2.59 to +3.68 _ 162-168 Chiu et al., 2013
Bam-Jiroft SEUDMA CIM +6.29 _ 161 Chiu et al., 2013
Mashhad Central Iran(Palee NE-Central -3.41to +1.38 _ 161-200 (Chiu et al., 201y
Tethys basin) Iran
Esfahan CentralSSz CentralSSzZ -3.35t0 +1.3 _ 159177 Chiu et al., 2013
Hamadan NW-SSZ NW-SSZ +0.55 to +4.04 _ 163173 Chiu et al. 2013
Aligoodarz NW-SSZ NW-SSZ _ -5.54 t0-3.59 165 (EsnaAshari, 2012)
Alvand NW-SSZ NW-SSzZ _ -3.57to +3.24 171.7 (Shahbazi et al.,
2010)
Boroujerd NW-SSZ NW-SSZ _ -3.6710-3.08 | 169.6170.7 | (Khalaji et al., 2007)
Ghalaylan NW-SSZ NW-SSZ _ -0.756 to +3.41 157.8 (Azizi et al., 2015)
Kangareh NW-SSZ NW-SSzZ _ -2.76 to +1.54 185189 (Azizi et al., 2015)
Taghiabad
Malayer NW-SSZ NW-SSZ _ -4.61 t0-2.68 161.9187 (Ahadnejad et al.,
2011)
Suffi Abad NW-SSZ NW-SSZ _ +1.44 to +4.87| 145148.5 (Azizi, et al., 201}
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Figure 5. 13. Diagrams of (T) versus UPb ages and the distribution of the Jurassic rocks on the WNT.
Thelegend corresponds to the different crustal blocks in WNT. The arrow shows the isotope composition
trend for the intermediate crustal rocks) Diagrams ofi (T) versus UPb agesH) Distribution of Tapm

isotopic data on WNT, calculated based on Hf isotopic compos{@rDiagrams ofing (T) versus UPb
ages(D) Distribution of Topm isotopic data on WNT, calculated based on Nd isotopic composition.

5.1.8. Cretaceous 1456 (Ma)

The subduction of the Nebethys oceanic crust under ti@&@M continued into the
Cretaceous. Magmatism occurred dominantly in the arc and-dvadiectonic setting and
generated the majority of Late Cretaceous ophialite systems. These Cretaceous rocks and
related volcanic and plutonic rocks along the Zagubsre zone such deeKata Rash, Mishao,
igneous rocks, anthe Hasanbag, Kermanshah, Neyrttasan Salary, BaretZeyaraf and Dar
Anarophiolites(Moghadam, 20145accani et al., 2014dafari et al., 20L,3loghadam et al., 2014
Ali et al., 2016 Abdulzahra et al., 2018abak et al., 2001Ghazi et al., 2004\ouri et al, 2017
Nouri et al., 2016Khosraviet al, 2017)
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The Sabzevar ophiolite has been intetgutdo have formed in an embryonic oceanic arc
basin between the Lut block and the Binalud mountains (Turan plate) and existed during the mid
Cretaceous time@Hosseini et al., 2017)n thesoutheast part of the DMA the Bahr Aseman
igneous complex formed in a subducti@hated islanehrc setting associated with the evolution
of the NeaTethys Ocean closufglosseini et al., 2017pimilarly, the Gazu-type intrusive rocks
were emplaced in a volcanic arc setting between the Lut and Tabas block (ivi@idavi et al.,
2016) Additional outcrops of Cretaceous igneous rocks inclinse of the Bardiroft and
Bazman area ithesoutheast part of tHédDMA, the Mirabad and Birjand ophiolite in LutSistan
Suture Zone, and the AImogholagh and Kangdrathiabad bodies in NWhorthwest part of the
Sanandaj Sirjan Zon&hese igneous r&s have been interpreted as related to arc magmafism
NeoTethys during the Late Cretaceo@h{asvand et al., 201 ¥oghadam et al., 201&hiu et
al. 2017;Chiu et al., 2013Pang, 2014Zarrinkoub et al., 203,2Amiri et al., 2017 Azizi et al.,
2015 Abdulzahra et al., 2018jFig. 5.14. B).

On the TiQ/Ybi Nb/Yb diagram, the Katd&kash and Band-Zeyarat/Dar Anapphiolites
plot in the EMORDb and NMORB, respectively Fig.5.14. A). On the Rb vs. (Y + Nb)
discriminant diagramexcept for two samples of BamgdZeyarat/Dar Anar ophioliteglmost all
the felsic rock samples define a VAgBc setting £ig.5.14.D). In the Sr/Y vs. Y (ppm) diagram
of Cretaceous rocks, just a few samples from Sabzevar;&2Zagarat/ Dar Anar ophiolites, and
Gazu type intrusive rocks show adakitic signatureg(5.14.C).
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Figure 5. 14. Classification and geochemical characterization of Igneous and metamorphic rocks from
Cretaceous rocks in the WN{A, B) the TiQ/Ybi Nb/Yb and Th/Ylb Nb/Yb diagrams are used to separate
subductionrelated from subductieonrelated mafic rockg¢Pearce 2014). C) The distribution of the
Cretaceous rocks on the WNT Geological map of.l@pSr/Y vs. Y (ppm) diagram dCretaceousocks

from the WNT(Defant & Drummond, 1993)E) Rbvs. (Y + Nb) discriminant diagram for the tectonic
setting of felsic rocks in the study aré@ebrce, Harris, & Tindle, 1984

The&us (T) versus UPb age diagranF{g.5.15. A s h @ (W)walu@s-9.03 to-4.76 and
-1.90 to +4.53 for Bazmaareaand +10.46 to +15.91 values for Balinoft domain The data is
interpreted to reflect subductioelated magmatism during the Late CretaceousA8Ma) inthe
southeast part of theDMA (Chiu & al., 2013). Data from the Badiroft suites indicate a
homogeneous mantle source for the magma, whereas the Bazman data is consistent with an origin
of mixed reworked and juvenile sources to form the magmas. Similar sotitieeast part of the
UDMA areg in the Takab area tfie northwest part of the UDMArocks exhibit similar bimodal
z i r er@Thvaldes from 0.05 te2.43 and +6.04 to +7.2. Samples from the Mirabad area in the

Sistan Suture Zone have zircépm (T) values from +3.19 to +14.48, whichre indicative of a
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