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Abstract 

The Khoy complex in NW Iran has been widely regarded to consist of both Jurassic and 

Cretaceous ophiolites but, while the western Late Cretaceous ophiolite is unequivocal, the 

nature of the eastern Jurassic body has been unclear. Field observations show that the 

presumed eastern meta-ophiolite has no similarities to an ophiolite sequence. Here, we report 

geological and zircon-rutile-titanite U-Pb data for rocks from the presumed Jurassic ophiolite 

obtained to verify whether these are real ophiolitic units and to understand their relations 

either to the Late Cretaceous Zagros-Bitlis ophiolites in W Iran-S Anatolia or to the Sevan-

Akera (N Armenia) and Izmir-Ankara (S Pontides) complexes. The new U-Pb ages show that 

the “presumed” ophiolite is in fact a collage of Ediacaran to Cambrian (~ 606-517 Ma) and 

Jurassic (~160 Ma) meta-igneous rocks, similar to ages obtained for igneous rocks of the 

Sanandaj-Sirjan Zone, which has been interpreted as a Jurassic continental rift. The Jurassic 

igneous rocks contain abundant Ediacaran, Ordovician-Silurian and Carboniferous-Permian 

inherited zircons, further suggesting involvement of pre-existing continental crust. Our results 

indicate that Jurassic continental rifting provided a lithospheric weakness along which a new 

subduction zone formed in Late Cretaceous times.   

Keywords: Khoy ophiolite, U-Pb ages, Tethys, Zagros-Bitlis suture zone, NW Iran. 
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Ophiolites are fragments of oceanic lithosphere tectonically emplaced onto continents by plate 

tectonic processes and are of particular interest for reconstructing ancient plate boundaries. 

The internal architecture of ophiolites provides analogues for the oceanic lithosphere (e.g., 

Dilek & Furnes, 2011, Dilek & Furnes, 2014). Ophiolites are distinctive assemblages of 

ultramafic, mafic and felsic igneous rocks, commonly associated with pelagic sediments, that 

have long been recognized as important components of Neoproterozoic and younger orogenic 

belts (Metcalf & Shervais, 2008). Ophiolite geochemical signatures provide key constraints 

on the geodynamic setting in which they formed, whereas their ages constrain when oceanic 

realms existed (Dilek & Furnes, 2011). Nearly all ophiolites have undergone metamorphism 

and deformation on the seafloor. Ophiolite metamorphism can also be related to tectonic 

emplacement. Reconstructing the original architecture of metamorphosed, deformed 

ophiolites is challenging but essential for establishing whether or not an assemblage of mafic 

and ultramafic metamorphic rocks is a true ophiolite or formed in a different tectonic 

environment.  

Supra-subduction zone-type (SSZ) ophiolites are abundant in the eastern Mediterranean 

region and include both Jurassic and Late Cretaceous examples. Jurassic ophiolites (~185-170 

Ma) of Anatolia are exposed along two suture zones: the intra-Pontide suture in the northwest 

separating Eurasia from the Sakarya block in the central Pontides; and the Izmir-Ankara-

Erzincan suture zone (IAESZ) to the south of the Pontides, which separates the Sakarya block 

from the Anatolide-Tauride belt (Colakoglu et al., 2012, Dilek & Furnes, 2011, Goncuoglu et 

al., 2007, Maffione et al., 2017, Sarifakioglu et al., 2014, Sarıfakıoğlu et al., 2017) (Fig. 1). 

The Jurassic Kure ophiolite also occurs in the central Pontides and is an example of an 

ensialic back-arc basin (Alparsalan and Dilek, 2018). These Turkish Jurassic ophiolites may 

link up with Jurassic ophiolites further west in Greece and the Balkans.  Furthermore, the 

north Armenia Jurassic ophiolites (with 
40

Ar-
39

Ar ages of ~ 165 Ma), which are common 
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along the Sevan-Akera suture zone (Fig. 1), may connect to the northeast Anatolian Jurassic 

ophiolites (Galoyan et al., 2009). Jurassic ophiolites are also present in south Iran, in the 

Makran accretionary complex (McCall, 1997, McCall, 2002), which may connect to the 

Masirah Jurassic ophiolite of Oman. It seems that Jurassic ophiolites are absent from Central 

Iran.  

The IAESZ includes Late Cretaceous SSZ-type ophiolites, distributed from Izmir in western 

Anatolia, through Ankara, to Erzincan in NE Anatolia (Sarıfakıoğlu et al., 2017) (Fig. 1). The 

Late Cretaceous (~100-90 Ma) ophiolites are abundant along the >3000 km southwest margin 

of Eurasia from Troodos (Cyprus) through Turkey and western Iran to Oman. These 

ophiolites are scattered in the southern parts of the Anatolide-Tauride belt and in Iran along 

the Bitlis-Zagros suture zone (Dilek & Thy, 2009, Moghadam & Stern, 2015) (Fig. 1).  

The ophiolites in northwestern Iran and eastern Iraq are all Late Cretaceous (Fig. 1 

(Moghadam & Stern, 2015)) but the Khoy ophiolite in NW Iran has been considered a 

possible exception, with the suggestion of an old, poly-metamorphosed ophiolite and a 

younger unmetamorphosed ophiolite. The presumed older ophiolite lies in the east and yields 

Jurassic K-Ar ages (both from whole rocks and amphibole separate analyses), whereas the 

younger ophiolite in the west has Late Cretaceous K-Ar and paleontological ages (Khalatbari-

Jafari et al., 2003). The presumed Jurassic ophiolite is metamorphosed, and it has been 

thought to have formed in an accretionary prism during subduction of the Khoy oceanic crust 

beneath central Iran (Khalatbari-Jafari et al., 2003). It contains metamorphosed gabbros (now 

found as mafic gneisses), fractionated intrusions (felsic gneisses), lavas (greenschists) and 

accompanying sediments (phyllites and schists). However, field observations show that the 

presumed (eastern) meta-ophiolitic unit has no similarities to an ophiolite (distinct 

assemblages of ultramafic, mafic and felsic igneous rocks and overlying pelagic sediments) . 

Moreover, there is no evidence of a mature arc east of the Khoy ophiolites, as would be 
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expected if subduction had occurred during Jurassic to Cretaceous time. These observations, 

and the scarcity of Jurassic ophiolites in Iran, call the interpretation of a Jurassic eastern Khoy 

ophiolite into question. We need to test this interpretation in order to better understand the 

relations between the NW Iran ophiolite and N Armenia-NE Anatolia Jurassic oceanic basins 

(Rolland et al., 2009). The precise age and source of these presumed Jurassic rocks are also 

important for reconstructing the paleogeography and geodynamic setting of NW Iran during 

the Mesozoic. The relationship in space and time between the presumed Jurassic and 

Cretaceous magmatism is unclear. In this paper, we contribute to answering these questions 

by reporting zircon U-Pb thermal ionization mass spectrometry ages and use these results to 

better understand the age and the origin of these rocks. 

 

Regional geology of W-NW Iran 

Here, we briefly outline different tectono-magmatic elements of W-NW Iran to better 

understand the relationship of the Khoy ophiolites and associated metamorphic rocks to other 

tectono-magmatic components of the Zagros orogenic belt of Iran. The Zagros orogenic belt 

extends from eastern Turkey through northern Iraq and along SW Iran to the Strait of Hormuz 

and into northern Oman. It is an active orogen, presently accommodating ∼22 mm yr−1 of 

convergence between Arabia and Eurasia (Reilinger et al., 2006). In contrast to the Alps and 

Tibet, this orogenic system is in a “soft” collisional phase and convergence with Arabia has 

not yet obliterated the structure of the convergent margin. The Zagros orogenic belt in Iran 

consists of five tectonic zones, from undeformed trench fill (in the SW) to the Neoproterozoic 

crust of central Iran, including the (1) the Zagros fold-and-thrust belt; (2) Outer Belt (OB) 

Zagros ophiolites and associated Paleogene forearc basin; (3) the Sanandaj-Sirjan Zone 

(SaSZ); (4) Inner Belt (IB) Zagros ophiolites; and (5) the Urumieh-Dokhtar Magmatic Belt, 

which is built on Neoproterozoic crust of central Iran (Fig. 2).  
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The Zagros fold-thrust belt 

This belt is the externally deformed part of the Zagros orogenic belt (Alavi, 2004, Alavi, 

2007). It extends for nearly 2000 km from southeastern Turkey through northern Syria and 

northeastern Iraq to western and southern Iran (Alavi, 1994) and records the shortening and 

off-scraping of thick sediments from the northern margin of the Arabian platform, essentially 

representing an accretionary prism for the Iranian convergent margin (Farhoudi & Karig, 

1977).   

Zagros Outer Belt Ophiolites 

The Zagros Outer Belt (OB) ophiolites include the Kamyaran-Kermanshah ophiolites in the 

NW and Neyriz ophiolites in the SE (Fig. 2). OB ophiolites in the Kamyaran-Kermanshah 

region are emplaced on a thick Permian-Triassic sequence of pelagic limestones (Bisotun 

limestones), radiolarites and geochemically-enriched lavas that are similar to the Triassic (ca 

230 Ma) alkaline magmatism of the Hawasina Nappes in Oman (Chauvet et al., 2011). The 

Permo-Triassic sequence was related to Gondwana rifting and opening of the Neotethys. The 

region behaved like a passive margin (marginal basin) during the Mesozoic until initiation of 

Late Cretaceous subduction and ophiolite formation (Wrobel-Daveau et al., 2010). The Late 

Cretaceous Kermanshah ophiolite includes mantle peridotites, flaser gabbros, coarse-grained 

gabbros, minor plagiogranites and lavas. Gabbroic dikes within the mantle section of the 

Kermanshah ophiolites show zircon U-Pb ages of 97 Ma (Ao et al., 2015). The ophiolite is 

either covered or injected by Cenozoic volcano-sedimentary rocks, basaltic to andesitic rocks 

and granites.  

The Neyriz region exposes three imbricated sheets, from bottom (SW) to top (NE): the 

Pichukan series, mélange unit and ophiolite (Ricou, 1968). The Pichakun series consists of 

Upper Triassic to Middle Cretaceous pelagic limestones. Ophiolitic slices tectonically overlie 

the mélange unit and both ophiolite and mélange are thrust over the carbonates (Sarvak 
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Formation; (Alavi, 1994)). The Neyriz ophiolite is composed of mantle and crustal units 

covered by Upper Cretaceous (Cenomanian-Turonian to lower Santonian) pelagic sediments. 

40
Ar/

39
Ar ages from crustal plagiogranites are 92.07 ± 1.69 and 93.19 ± 2.48 Ma (Babaie et 

al., 2006), whereas zircon U-Pb results from plagiogranites and gabbros show ages of 100.1  

2.3 and 93.4  1.3 Ma, respectively (Monsef et al., 2018).  

Zagros Inner Belt Ophiolites 

Zagros Inner Belt (IB) ophiolites include, from NW to the SE, the Nain, Dehshir and Baft 

ophiolites (Fig. 2). Lithologically, the IB ophiolites are similar to each other and to OB 

ophiolites. Moderately depleted harzburgites with minor plagioclase lherzolite, gabbroic 

lenses and diabasic-gabbroic-plagiogranitic dikes make the mantle sequence of IB ophiolites 

whereas crustal units include minor gabbros and felsic intrusions, volcanic rocks, and 

overlying Globotruncana-bearing Upper Cretaceous (Coniacian-Maastrichtian) pelagic 

sediments. A fragmented sheeted dike complex also accompanies some of these ophiolites. 

Zircon U-Pb data on Nain plagiogranites show ages of 102.8 ± 0.3 and 101.2 ± 0.2 Ma, 

whereas Dehshir plagiogranites show U-Pb ages of 100.9 ± 0.2 to 99 ± 1.1 Ma (Moghadam et 

al., 2013). The Baft ophiolite contains zircons with an age of 103.2 ± 2.4 Ma (Moghadam & 

Stern, 2015).  

Paleogene mélange-like oceanic tracts 

Protracted extension, which affected the Iranian plateau during the Paleogene, produced 

numerous arc-related extensional basins in the upper plate of the Neotethyan subduction zone. 

Some of these basins, like those in the Zagros near the Iraq-Iran border, rifted sufficiently to 

form new oceanic lithosphere. These continent-fringing basins were filled by magmatic rocks 

and with detritus derived from the Urumieh-Dokhtar Magmatic Belt. These basins were 

accreted to the edge of the continent during contractional phases of subduction. Traces of 

these basins are preserved in a region >220 km long, from Kermanshah, Iran to Hasanbag, 
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Iraq (Fig. 2). Eocene mafic rocks and extensional basins are also abundant along the Bitlis-

Zagros suture zone in SE Turkey, where their genesis is ascribed to Neotethys subduction, 

slab detachment, extension and melting of a sub-continental lithospheric mantle (Dilek et al., 

2010).  

 

Sanandaj-Sirjan Zone                                                                                                               

The SaSZ extends as a NW-SE-trending belt (~1500 km long and ~150-200 km wide) across 

southern Iran and consists of Phanerozoic magmatic, metamorphic and sedimentary rocks. 

This zone lies between the OB and IB ophiolites (Fig. 2). The SaSZ is mainly composed of 

Jurassic phyllites and Cretaceous metavolcanic rocks which have experienced a moderate, 

mostly greenschist facies, metamorphic overprint. The SaSZ is generally considered to 

represent the active Andean-like continental margin of the Zagros orogen that formed as a 

consequence of Neotethys subduction in the Early to Middle Jurassic (e.g., (Berberian & 

King, 1981)), but the SaSZ is also interpreted as a continental rift (Azizi et al., 2018, 

Hunziker et al., 2015). SaSZ plutonic rocks show zircon U-Pb age peaks at ~185-160 Ma and 

~157-149 Ma (e.g., (Hassanzadeh & Wernicke, 2016a, Mahmoudi et al., 2011, Shahbazi et 

al., 2010).  Felsic igneous rocks are more abundant than mafic rocks and the mafic precursors 

have usually plume-like geochemical signatures and their genesis is linked to rifting (Azizi et 

al., 2018). Seismic reflection profiles indicate a mid-Jurassic rifting event in N Arabia that 

started at ~185 Ma, lasted for ~10 Myr and resulted in ~250–450 m of tectonic subsidence, 

with a subsidence rate of 0.025–0.045 mm/yr (Ali et al., 2017). The stratigraphic succession 

of the Zagros basin also indicates the presence of syn-sedimentary extensional faults, 

unconformities, and facies changes in the Early to Middle Jurassic (e.g., Tavani et al., 2018), 

which attests that rifting was predominant in N Arabia - Iran during the Jurassic.  
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Urumieh-Dokhtar Magmatic Belt  

The Urumieh-Dokhtar Magmatic Belt is a 50-80 km wide magmatic belt that trends NW-SE 

for 1000 km across most of Iran. It evolved for ~ 100 Ma, beginning with the modern phase 

of subduction starting in Late Cretaceous time and continuing through Cenozoic time 

(Berberian & King, 1981). The Urumieh-Dokhtar Magmatic Belt defines the magmatic front 

of the Iranian arc and includes a thick (~ 4 km) pile of calc-alkaline, shoshonitic and younger 

adakitic rocks.  

 

Neoproterozoic crust of Iran 

The basement of Central Iran is characterized by remarkably homogeneous Late 

Neoproterozoic (Ediacaran-Early Cambrian) crust. This old basement contains gneissic and 

granitic rocks with minor volcanic rocks and metamorphosed sediments (paragneisses and 

schists). These rocks have a restricted range of radiometric ages (500-600 Ma) and a 

distinctive, nearly chondritic Hf isotopic signature (Moghadam et al., 2015a). Cadomian 

exposures are abundant in Iran; they are reported from western (Golpayegan), northwestern 

(Khoy, Takab), northeastern (Torud, Taknar) and central Iran (Saghand) (Fig. 2).  

 

Geological setting of the Khoy ophiolite and the Eastern Khoy metamorphic complex 

The Zagros Orogen along the Iran-Iraq-Turkey border is marked by ophiolite massifs, 

distributed along the Main Zagros Thrust (Fig. 2). These ophiolites define a belt from Harsin 

to Kermanshah along the Iran-Iraq border (Fig. 2), continuing north to the Khoy-Maku 

ophiolites in NW Iran.  

The Khoy-Maku ophiolite was first described by Hassanipak & Ghazi (2000) who suggested 

that it formed as a Cretaceous back-arc basin northeast of the Zagros suture zone, including 

the Neyriz-Kermanshah-Iraqi ophiolites within the Iranian Ediacaran basement (Moghadam & 
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Stern, 2015). There are three main units in the Khoy region (Fig. 2), from NE to SW: (1) the 

continental margin of the Central Iranian block represented by slates and shales of the 

Ediacaran Kahar Formation; (2) an eastern metamorphic complex which is the suspected 

Jurassic meta-ophiolite; and (3) the unmetamorphosed Late Cretaceous Khoy ophiolite 

(Khalatbari-Jafari et al., 2003). 

The eastern Khoy metamorphic unit (Khalatbari-Jafari et al., 2003) consists of micaschist, 

amphibolite and greenschist metavolcanics with MORB to SSZ geochemical affinities in 

close spatial association with gneiss and metagranite (Fig. 3). These rocks show variable 

amphibole and mica K-Ar ages, ranging from Early Jurassic (197-181 Ma), Middle Jurassic 

(160-155 Ma) and Early Cretaceous (121-102 Ma) to Late Cretaceous (81-69 Ma). Compared 

to the eastern Khoy metamorphic unit, the younger, unmetamorphosed Khoy ophiolite 

complex is similar to an ideal ophiolite, with distinct assemblages of ultramafic, mafic and 

felsic igneous rocks and overlying pelagic sediments. This ophiolite is composed of mantle 

peridotite, gabbros, diabasic dikes and a thick sequence (>2000 m) of phyric and aphyric 

pillowed and massive basalts (Fig. 3). Pelagic sediments cover and are interlayered with the 

basalts. Plagioclase from two isotropic gabbros and one diabasic dike within the ophiolitic 

gabbro yields K-Ar ages of 101-65 Ma (Khalatbari-Jafari et al., 2003). Stratigraphic and 

structural data indicate the Khoy ophiolite was thrust over Campanian olistostromes, and this 

was concomitant with intense erosion of the ophiolite (Hässig et al., 2017).  

 

Samples 

We collected six samples for U-Pb zircon dating: an augen orthogneiss (1 sample), a fine-

grained granitic gneiss (1 sample), a meta-granitic dike within the gneissic amphibolites (1 

sample), meta-granites (2 samples) and a flaser gabbro (1 sample) (Fig. 2). These samples 

come from SE and NW parts of the eastern metamorphic complex, where gneissic 
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amphibolites, ortho- and paragneissic rocks along with both pelitic and mafic-schists are 

abundant (Figs. 4A-B). Metagranites to meta-granodiorites were injected into this sequence as 

dikes, sills or large stocks (1-2 km in diameter) (Figs. 4C-D). Highly deformed amphibole-

bearing gabbros (flaser gabbros) are exposed in the SE part of the region (Fig. 3). Flaser 

gabbros have normal to faulted contacts with gneissic rocks and greenschists to the NW of 

Parchi (Fig. 3), and also occur as small lenses within the psammitic gneissic rocks. The 

mineralogy and texture of the flaser gabbros differ from other rocks; these gabbros are highly 

deformed, but their deformation history and metamorphic grade are similar to other 

metamorphic rocks from the eastern Khoy metamorphic complex.  Orthogneisses have a 

granodioritic composition and contain deformed plagioclase with rare orthoclase. Quartz 

mostly occurs as deformed fine-grained ribbons but large quartz porphyroclasts (>2 mm) are 

also present. Elongated biotite and amphibole are the ferromagnesian minerals in these rocks. 

Allanite, zircon and apatite are minor components. Granitic gneisses contain more quartz and 

orthoclase compared to the granodioritic gneisses, which are fine-grained and less deformed. 

Metagranites and granitic dikes have medium to coarse-grained quartz (1-2 mm) and 

orthoclase (2-4 mm) phenocrysts. Biotite and plagioclase are minor components. Flaser (-

mylonitic) gabbros contain green to brown amphibole and large plagioclase porphyroclasts (3-

5 mm). Quartz, clinopyroxene and rutile occur as minor minerals. These rocks are highly 

deformed and are characterized by coarse-grained protomylonitic texture.  

 

Methods 

The samples were crushed and pulverized, and zircon separated using a Wilfley table, sieving, 

magnetic and heavy liquids. After selection under an optical microscope, zircon was subjected 

to chemical abrasion (Mattinson, 2005) whereas titanite and rutile were not abraded. The 

selected (zircon, rutile and titanite) grains were then spiked with a 
202

Pb-
205

Pb-
235

U tracer, 
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followed by dissolution, chemical separation of Pb and U, and mass spectrometry, after the 

procedure detailed in (Krogh, 1973) with modifications described in (Corfu, 2004). The Pb 

measurements were done in part by static multi-collection on Faraday cups and for smaller 

ion beams dynamically with an ion counting secondary electron multiplier. The obtained data 

were corrected with fractionation factors determined from the 
205

Pb/
202

Pb ratio of the tracer 

(around 0.1%/amu for Pb) and 0.12%/amu for U, subtracting blanks of 0.1 pg U, and 2 pg Pb 

or less when the total common Pb was below that level. The remaining initial Pb was 

corrected using compositions calculated with the model of Stacey & Kramers (1975) except 

for the flaser gabbro where we measured Pb in hornblende. Plotting and regressions were 

done with the Isoplot software package (Ludwig, 2009). The decay constants are those of 

Jaffey et al., (1971).  

 

U-Pb geochronology results 

All the samples revealed complex data patterns reflecting the presence of more than one 

generation of zircon and/or variable amounts of Pb loss. CL images show most zircon have 

oscillatory zoning and inherited cores are abundant. No zircon with metamorphic, unzoned 

rims has been detected (Fig. 5).   

The augen-orthogneiss sample KY15-11 contains mostly short prismatic euhedral to anhedral 

grains. Analyses of different types of grains (Table 1) are discordant and scattered. The data 

indicate a Late Neoproterozoic or Cambrian origin of the gneiss, but the details of the 

evolution are uncertain. The data can be delimited between two lines projected from about 

159 Ma to 517-606 Ma (Fig. 6), which approximates the time of events that shaped the rocks. 

Meta-granites and meta-granitic dikes within the gneissic amphibolites and granitic gneisses 

all contain zircon populations dominated by short prismatic grains and rare elongated crystals, 

generally euhedral. Some grains have visible cores. The results demonstrate that most of the 
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tested grains are inherited, even though the analyses were done on grains or pieces of grains 

representing thin prisms and tips, which normally have a lower probability of inheritance. 

Few analyzed zircons are juvenile and match the age of coexisting titanite.  In sample KY15-9 

(meta-granitic dike), titanite indicates an age of 159.1 ± 0.9 Ma (Fig. 6), which matches the 

age of a zircon tip giving 160.0 ± 0.7 Ma and is considered the best estimate for 

crystallization of the granite. In sample KY15-8 (granitic gneiss) one zircon and two titanite 

analyses combine to give an age of 158.3 ± 2.4 Ma (Fig. 6). In sample KY15-3 (meta-granite) 

all the zircon analyses are variously discordant, the youngest indicating 160.3 ± 0.6 Ma (Fig. 

6). The zircon data plot on two different discordia lines defining identical lower intercept ages 

of 157.9 ±1.0 and 157.9 ±2.5 Ma whereas two analyses of titanite yield 155.6 ± 1.1 Ma (Fig. 

6). A third analysis of titanite, which was somewhat more turbid than the others, is younger 

suggesting an isotopic disturbance of titanite. The lower intercept age of 157.9 ± 2.5 Ma 

overlaps various age constraints for this sample and is therefore considered the best estimate 

for the crystallization age of the granite. In sample KY15-4 (meta-granite) two zircon and two 

titanite analyses overlap indicating a crystallization age of 159.7± 0.5 Ma (Fig. 6). Inheritance 

patterns point to different ages for the xenocrystic zircons. In sample KY15-9 the data scatter 

between two lines projecting to 655 and 510 Ma (Fig. 6), which resembles the pattern 

observed in the gneiss, suggesting a provenance or contamination of the magmas from 

basement of that age. In sample KY15-8 all the data fit on one line, indicating provenance 

from a unique source with an age of 589 ± 8 Ma (Fig. 6). In sample KY15-3 two of the zircon 

analyses point to a source at 2047 ± 5 Ma while four others indicate a different source at 625 

± 12 Ma, and one grain suggests a provenance from ca. 450 Ma rocks (Fig. 6). Finally, sample 

KY15-4 has a very distinct inheritance pattern, with 4 zircons indicating a Silurian age of 436 

± 7 Ma while two other grains are Permian at 282 ± 11 Ma (Fig. 6). 
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A sample of the flaser gabbro did not yield any zircon, but contains some rutile, retrogressed 

partly to titanite (inset in Fig. 7B). Both rutile and titanite contain very small amounts of U (1-

4 ppm, Table 2), but while rutile has almost no initial common Pb the titanite incorporated 

almost 10 ppm common Pb. The composition of initial Pb was measured in coexisting 

hornblende and used to construct U-Pb isochrons (Fig. 7A), and also to correct the U-Pb data 

for the concordia plot. 

Due to the small amount of radiogenic Pb in the rutiles, the U-Pb analyses are not very 

precise. As shown in the concordia plot in Fig. 7C, the rutile grains yield 
206

Pb/
238

U ages of 

144 to 133 Ma and imprecise and unreliable 
207

Pb/
235

U ages. In a 
238

U/
204

Pb vs 
206

Pb/
204

Pb 

isochron diagram, three clean rutile analyses yield an age of 145 ± 24 Ma whereas the 

hornblende, titanite and mixed rutile + titanite isochron yield a more precise age of 147.8 ± 

0.9 Ma. A similar age, but very imprecise, is also indicated by the 
235

U/
204

Pb vs 
207

Pb/
204

Pb 

isochron (Fig. 7B). Interestingly, the rutile isochron has to a lower 
206

Pb/
204

Pb initial ratio than 

titanite and hornblende, indicating an external source of Pb during alteration. 

These new U-Pb data indicate that the gabbro formed in the Jurassic. In detail, the age of the 

rutile is likely younger than time of gabbro crystallization. In fact, the titanite appears to be 

older than rutile, even though it clearly formed by canibalizing rutile, and hence it must be 

younger. This is not an uncommon observation given that U/Pb in rutile is more easily reset 

than in titanite (e.g. (Gasser et al., 2015)).  

 

Discussion 

No Jurassic meta-ophiolite  

New zircon and titanite U-Pb ages from the eastern Khoy metamorphic complex show that the 

augen orthogneiss formed in Ediacaran or Early Cambrian time, whereas the meta-granites 

represent Jurassic intrusions crystallized at 159.1 ± 0.9 Ma, 158.3 ± 2.4 Ma, 157.9 ± 2.5 Ma, 
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and 159.7± 0.5 Ma. These metamorphic igneous rock show extensive contamination from 

older crust with a variety of ages ranging from Ediacaran to Early Cambrian, but also with 

Late Ordovician to Silurian and Carboniferous-Permian components, and with a 2047 Ma 

contribution, heretofore unknown from the crust of Iran but typical of the Eburnean crust of 

West Gondwana. 

These results help explain the variable K-Ar ages (Early Jurassic to Late Cretaceous) reported 

by Khalatbari-Jafari et al., (2003).  Zircon-rutile-titanite U-Pb ages are more precise and show 

two ages of magmatism: Ediacaran and Jurassic. The Jurassic ages obtained here agree with 

U-Pb zircon ages of 159 to 154 Ma, presented by Lechmann et al., (2018) for the Khoy area 

(Fig. 1). The rock associations of the eastern metamorphic complex (metagranites, gneisses, 

amphibolites and schists) do not look like an ophiolite sequence and indeed the new U-Pb 

data confirm that some rocks have Ediacaran ages and those with Jurassic crystallization ages 

contain abundant inherited zircons, which is inconsistent with formation in an oceanic 

environment.    

These new U-Pb ages for the Khoy metamorphic rocks are important for understanding the 

ancient plate tectonic events and plate boundary reconstructions during the Jurassic-

Cretaceous. They do not support the idea of a Jurassic ophiolite at Khoy nor an oceanic 

linkage between the Late Cretaceous ophiolites of NW Iran and Jurassic ophiolites of N 

Armenia (Sevan-Akera) or those of NE Anatolia (intra-Pontide and Izmir-Ankara). The latter 

ophiolites are believed to be slices of Middle Jurassic oceanic domains, called the Northern 

Neotethys Suture, which was obducted over the northern edge of the south Armenian and 

Tauride-Anatolide blocks (Hässig et al., 2017).   

Late Neoproterozoic-Early Cambrian crust and Jurassic magmatism 

Late Neoproterozoic-Early Cambrian (Cadomian) rocks are abundant in NW Iran, occurring 

in an area of ~8000 km
2
, from S Urumieh to N Khoy (Fig. 2) and are linked to the Cadomian 
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rocks of northeast, south and central Iran (Moghadam et al., 2017a). The Ediacaran rocks of N 

Urumieh (Fig. 1) yield zircon U-Pb ages of 571± 4.5 Ma (Moghadam et al., 2015b), whereas 

the S Urumieh gabbros and granitic gneisses show U-Pb ages of 544± 1.5 and 567± 2.3 Ma 

respectively (Moghadam et al., 2017a). The occurrence of Ediacaran rocks in Iran and Turkey 

is suggested to be linked to a long-lived magmatism (600-500 Ma) during the subduction of 

the Prototethys beneath northern Gondwana (Moghadam et al., 2017b). Late Ordovician-

Silurian inherited zircons might have been fed from Ordovician-Silurian sedimentary rocks, 

which are common in NW Iran (e.g., Ranjbar Moghadam et al., 2018). The source of Permian 

inherited zircons is enigmatic, but there are several small Carboniferous A-type intrusions, 

alkaline gabbros and trondhjemitic sills in NW Iran - especially N of Urumieh - with ages of 

317 ± 1.9 to 322 ± 2.9 Ma (Fig. 2) (Moghadam et al., 2015b).  

Jurassic-Early Cretaceous igneous rocks are rare in Iran except in the SaSZ. The SaSZ is 

~100-150 km wide and ~1500 long and is elongated parallel to the Main Zagros Thrust 

(Mohajjel & Fergusson, 2014). This zone makes up the metamorphic core of the Zagros 

Orogen and contains an extensive Mesozoic record of magmatism and metamorphism, 

although Ediacaran rocks are also common. Arc-type magmatism comprising voluminous 

calc-alkaline intrusive and extrusive rocks is the most distinctive component of the SaSZ, 

with magmatism that is as old as 187 Ma, with a pronounced peak at 170 Ma in the southeast 

(Hassanzadeh & Wernicke, 2016b) and youngs northwest to ~150 Ma around Qorveh (Azizi 

et al., 2018, Mahmoudi et al., 2011). 

Our new U-Pb ages indicate that the Khoy metamorphic rocks may be Jurassic SaSZ 

intrusions, which previously were thought to outcrop near Qorveh and southward (Fig. 2). 

Younger intrusions comprise leucogranites and gabbros with zircon U-Pb ages of 144 ± 2 Ma 

(Azizi et al., 2011). Between Khoy and Qorveh, both older (Cadomian) and younger 

intrusions of the SaSZ are exposed, e.g., N to S Urumieh rocks with zircon U-Pb ages of 571± 
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4.5 Ma (Moghadam et al., 2015b) and S Urumieh Late Cretaceous granites (K-Ar ages of 

~100-82 Ma; (Ghalamghash et al., 2009)). Our U-Pb ages are similar to those obtained for 

SaSZ igneous rocks and further implies that this zone can be traced as far north as Khoy, 

which agrees with the proposed northward continuation of the SaSZ suggested by 

Hassanzadeh & Wernicke, (2016b).  

Nearly all Jurassic SaSZ igneous rocks contain inherited zircons with variable ages, which are 

similar to inherited zircons found in our samples (Yang et al., 2018, Zhang et al., 2018a).  

Inherited Late Neoproterozoic zircons are most abundant, because these rocks dominate the 

crust of Iran and Anatolia (see Moghadam et al., 2017b). Moreover, Hf isotope data also 

confirm the recycling of crustal materials (supplier of the inherited zircons) during the genesis 

of Jurassic SaSZ igneous rocks (Chiu et al., 2017, Zhang et al., 2018b).  

A back-arc basin model for the formation of the Late Cretaceous Khoy ophiolite 

Our new ages support a back-arc basin model for the Late Cretaceous Khoy ophiolite, which 

is situated well northeast of the Zagros fore-arc ophiolites (Fig. 8). This back-arc oceanic 

realm was separated from the Zagros fore-arc by ~100 km wide tract of Cadomian rocks, 

although this study confirms that Cadomian rocks also occur in the eastern parts of the Late 

Cretaceous Khoy ophiolite, in the continental crust of central Iran.  

Both OB and IB ophiolites have comparable zircon U-Pb ages and identical lithological 

associations. Slight variations in age are expected for subduction initiation-related oceanic 

crust and ophiolites (Zhou et al., 2018). These ophiolites contain both MORB- and SSZ-

related igneous rocks which is normal in all fore-arc oceanic lithosphere and resulting 

ophiolites (Metcalf & Shervais, 2008; Saccani et al., 2018). Detailed geochemical and 

isotopic signatures of both OB and IB mantle and crustal rocks show that both ophiolites are 

intact slices of forearc crust, generated at the southern margin of Eurasia during Late 

Cretaceous subduction initiation. We infer that Late Cretaceous subduction initiation began at 
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104-98 Ma, as determined by zircon U-Pb dating of the Zagros fore-arc ophiolites 

(Moghadam et al., 2013, Moghadam & Stern, 2015). Late Cretaceous subduction initiation 

changed plate trajectories; as a result the subsidence of Mesozoic Neotethys lithosphere 

commenced along a transform margin adjacent to the buoyant lithosphere of Eurasia, 

producing Zagros forearc ophiolites (Moghadam & Stern, 2011, Moghadam et al., 2010). 

Foundering of Neotethys oceanic lithosphere induced extension on the southern margin of 

Eurasia during the Late Cretaceous, producing back-arc basins, tilting of crustal blocks, uplift 

and intense erosion of the Iranian plateau (Verdel et al., 2007).  

There are several back-arc basins in Iran including the Late Cretaceous ophiolites in the NE 

Iran, the Caspian Sea in the N and Khoy in the NW, all of which were linked to subduction 

initiation-related hyperextension within the Iranian plateau. All these back-arc basins are 

surrounded by Cadomian rocks, and therefore, are classified as an ensialic back-arc basin. 

Subduction initiation is suggested to be a trigger for the formation of all Late Cretaceous 

Neotethyan ophiolites from Cyprus, the Mediterranean to Oman (e.g., (Dilek & Thy, 2009, 

Pearce & Robinson, 2010). 

 

Conclusions 

Results from our studies of the Khoy ophiolites from NW Iran based on new U-Pb analyses of 

zircon, rutile and titanite lead to the following conclusions: (1) The rocks in the suspected 

Khoy Jurassic ophiolites do not correspond to an ophiolite succession, i.e., distinct 

assemblages of ultramafic, mafic and felsic igneous rocks associated with siliceous pelagic 

sediments. (2) U-Pb zircon and titanite ages do not confirm the presence of a Jurassic 

ophiolite in NW Iran; there is only a Late Cretaceous oceanic remnant in this area. (3) U-Pb 

ages indicate that the “presumed” Jurassic ophiolite is actually a collage of Ediacaran 

continental crust overprinted by Jurassic igneous activity. (4) Recent investigations provide 
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evidence of Jurassic oceanic slices in N Armenia (Sevan-Akera) and S Pontides (Izmir-

Ankara) that resulted from off-scraping of oceanic lithosphere in a south-dipping subduction 

zone under the northern margin of Armenian and Tauride-Anatolide blocks. Jurassic igneous 

activity in the Khoy region has no clear linkage with these complexes and instead is more 

likely to have formed as the NW extension of the Sanandaj-Sirjan Zone.  
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Figure captions 

Figure 1. Simplified map showing the distribution of suture zones, major ophiolite complexes 

from the Tethyan realm in Turkey and Iran emphasizing the Zagros outer and inner belt 

ophiolites, Sanandaj-Sirjan zone, Walash-Naopurdan-Kamyaran Paleogene oceanic tracts and 

Late Neoproterozoic rocks (modified after Dilek et al., 2010 (his Fig. 1).).  

Figure 2. Simplified geological map of Iran showing the Zagros inner and outer belt Late 

Cretaceous ophiolites, Sanandaj-Sirjan zone, Walash-Naopurdan-Kamyaran Paleogene 

oceanic tracts, the Urumieh-Dokhtar magmatic belt and Late Neoproterozoic rocks. Modified 

after Azizi et al., 2018 

Figure 3. Geological map of the Khoy Late Cretaceous ophiolite and “presumed” Jurassic 

meta-ophiolite (modified after Khalatbari-Jafary et al., 2003 (Fig. 1C in his paper).). The 

location of samples for new U-Pb (this study), zircon U-Pb ages (Lechmann et al., 2018) and 

K-Ar (Khalatbari-Jafari et al., 2003) ages are shown.  

Figure 4. Field photos of the eastern Khoy metamorphic complex. (A) paragneisses and 

interlayered amphibolites, (B), mafic (green-) schists, (C) meta-granitic dikes within the 

amphibolites and (D) a meta-granodioritic stock within the greenschists.  

Figure 5. Cathodoluminescence images of typical zircons from the studied Khoy Jurassic 

samples.   

Figure 6. Zircon-titanite stacked concordia diagrams displaying U-Pb data for the Khoy meta-

igneous rocks. Ellipses represent 2σ errors.  

Figure 7.   U-Pb isochrons and concordia plot for rutile, titanite, and hornblende of flaser 

gabbro sample KY15-1.  

Figure 8. Schematic model showing the opening and evolution of the Khoy back-arc basin in 

regard to the Zagros, Neotethyan Ocean (modified after (Dercourt et al., 1986, Kazmin et al., 

1986). Abbreviations: BSB =Black Sea Basin, GCB= Great Caucasus Basin, SCB=South 
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Caspian Basin, KB= Khoy Basin, KR= Kermanshah ophiolite, NY= Neyriz ophiolite, OM= 

Oman ophiolite.  

 

 

Table captions 

Table 1. U-Pb data from the Khoy “presumed” meta-ophiolite.  

Table 2. U-Pb and Pb-Pb data for Khoy flaser gabbros. 

 

A
C
C
E
P
T
E
D

 M
A

N
U

S
C
R
IP

T

 by guest on January 11, 2019http://jgs.lyellcollection.org/Downloaded from 

http://jgs.lyellcollection.org/


 

 

 

 

 

 

 

 

A
C
C
E
P
T
E
D

 M
A

N
U

S
C
R
IP

T

 by guest on January 11, 2019http://jgs.lyellcollection.org/Downloaded from 

http://jgs.lyellcollection.org/


 

 

 

 

 

 

 
 

 
A

C
C
E
P
T
E
D

 M
A

N
U

S
C
R
IP

T

 by guest on January 11, 2019http://jgs.lyellcollection.org/Downloaded from 

http://jgs.lyellcollection.org/


 

 

 

 

 

 

 

A
C
C
E
P
T
E
D

 M
A

N
U

S
C
R
IP

T

 by guest on January 11, 2019http://jgs.lyellcollection.org/Downloaded from 

http://jgs.lyellcollection.org/


 

 

 

 

 

 

 

A
C
C
E
P
T
E
D

 M
A

N
U

S
C
R
IP

T

 by guest on January 11, 2019http://jgs.lyellcollection.org/Downloaded from 

http://jgs.lyellcollection.org/


 

 

 

 

 

 

 

A
C
C
E
P
T
E
D

 M
A

N
U

S
C
R
IP

T

 by guest on January 11, 2019http://jgs.lyellcollection.org/Downloaded from 

http://jgs.lyellcollection.org/


 

 

 

 

 

 

 

A
C
C
E
P
T
E
D

 M
A

N
U

S
C
R
IP

T

 by guest on January 11, 2019http://jgs.lyellcollection.org/Downloaded from 

http://jgs.lyellcollection.org/


 

 

 

 

 

 

 

A
C
C
E
P
T
E
D

 M
A

N
U

S
C
R
IP

T

 by guest on January 11, 2019http://jgs.lyellcollection.org/Downloaded from 

http://jgs.lyellcollection.org/


 

 

 

 

 

 

 

A
C
C
E
P
T
E
D

 M
A

N
U

S
C
R
IP

T

 by guest on January 11, 2019http://jgs.lyellcollection.org/Downloaded from 

http://jgs.lyellcollection.org/


T
a
b

le
 1

. 
U

-P
b 

da
ta

 fr
om

 th
e 

K
ho

y 
“p

re
su

m
ed

” m
et

a-
op

hi
ol

ite
.

P
ro

p
e
rt

ie
s

W
e
ig

h
t

U
T

h
/U

P
b
i

P
b
c

2
0
6
/2

0
4

2
0
7
/2

3
5

2
 s

ig
m

a
2
0
6
/2

3
8

2
 s

ig
m

a
rh

o
2
0
7
/2

0
6

2
 s

ig
m

a
2
0
6
/2

3
8

2
 s

ig
m

a
2
0
7
/2

3
5

2
 s

ig
m

a
2
0
6
/2

0
7

2
 s

ig
m

a

[u
g
]

[p
p
m

]
[p

p
m

]
[p

g
]

[a
b
s
]

[a
b
s
]

[a
b
s
]

[M
a
]

[a
b
s
]

[M
a
]

[a
b
s
]

[M
a
]

[a
b
s
]

(a
)

(b
)

(b
)

(c
)

(d
)

(d
)

(e
)

(f
)

(f
)

(f
, 
g
)

(f
)

(f
)

(f
,g

)
(f

)
(f

)
(f

)
(f

)
(f

)
(f

)
(f

)

K
Y

1
5
-1

1
; 

a
u

g
e
n

 o
rt

h
o

g
n

e
is

s
 (

G
P

S
 d

a
ta

: 
N

3
8
, 
5
0
, 
0
5
; 

E
4
4
, 
4
9
, 
4
9
)

Z
 e

u
 lp

-t
ip

 [
1
] 
  
  
  
 

1
4
0
8

0
.2

7
0
.0

0
5
.1

4
2
2

0
.6

7
3
4
3

0
.0

0
4
9
8

0
.0

8
2
3
1
6

0
.0

0
0
2
1
4

0
.3

8
0
.0

5
9
3
3

0
.0

0
0
4
1

5
0
9
.9

1
.3

5
2
2
.8

3
.0

5
7
9
.4

1
4
.8

Z
 e

u
 lp

-t
ip

 [
1
] 
  
  
  
 

1
3
0
3

0
.3

0
0
.0

0
3
.6

4
3
2

0
.6

4
6
5
2

0
.0

0
7
1
0

0
.0

7
9
7
9
2

0
.0

0
0
5
8
8

0
.6

9
0
.0

5
8
7
7

0
.0

0
0
4
6

4
9
4
.9

3
.5

5
0
6
.3

4
.4

5
5
8
.4

1
7
.1

Z
 e

u
 s

p
 [
1
] 
  
  
  
  
  
 

1
5
4
1

0
.2

2
0
.0

0
1
.2

2
1
7
0

0
.6

3
9
9
7

0
.0

0
2
5
9

0
.0

7
9
4
0
9

0
.0

0
0
2
4
6

0
.8

1
0
.0

5
8
4
5

0
.0

0
0
1
4

4
9
2
.6

1
.5

5
0
2
.3

1
.6

5
4
6
.7

5
.1

Z
 e

u
 lp

 [
1
] 
  
  
  
  
  
  

1
7
3
2

0
.1

6
0
.0

0
0
.9

4
3
0
9

0
.6

7
0
0
4

0
.0

0
2
6
7

0
.0

8
3
3
8
9

0
.0

0
0
2
6
7

0
.8

5
0
.0

5
8
2
8

0
.0

0
0
1
2

5
1
6
.3

1
.6

5
2
0
.7

1
.6

5
4
0
.1

4
.5

Z
 e

u
 t
ip

 [
1
] 
  
  
  
  
  
 

1
5
5
9

0
.1

5
0
.0

0
0
.6

4
3
2
9

0
.6

3
3
1
3

0
.0

0
2
6
3

0
.0

7
9
0
6
8

0
.0

0
0
2
8
5

0
.9

1
0
.0

5
8
0
7

0
.0

0
0
1
0

4
9
0
.6

1
.7

4
9
8
.0

1
.6

5
3
2
.6

3
.8

Z
 e

u
 s

p
 [
1
] 
  
  
  
  
  
 

3
4
2
4

0
.1

5
0
.0

0
2
.3

2
6
8
9

0
.6

3
6
0
1

0
.0

0
2
2
7

0
.0

8
0
1
9
7

0
.0

0
0
2
0
0

0
.7

9
0
.0

5
7
5
2

0
.0

0
0
1
3

4
9
7
.3

1
.2

4
9
9
.8

1
.4

5
1
1
.4

4
.8

K
Y

1
5
-9

; 
g

ra
n

it
ic

 d
ik

e
 w

it
h

in
 a

m
p

h
ib

o
lit

e
s
 (

G
P

S
 d

a
ta

: 
N

3
8
, 
4
9
, 
6
6
; 

E
4
4
, 
4
9
, 
6
5
)

Z
 e

u
 lp

 [
1
] 
  
  
  
  
  
  

1
2
5
2

0
.4

8
0
.0

0
4
.6

2
5
9

0
.5

8
6
4
2

0
.0

0
7
2
0

0
.0

7
2
0
5
0

0
.0

0
0
1
9
6

0
.2

3
0
.0

5
9
0
3

0
.0

0
0
7
0

4
4
8
.5

1
.2

4
6
8
.6

4
.6

5
6
8
.2

2
5
.8

Z
 e

u
 t
ip

 [
1
] 
  
  
  
  
  
 

2
3
7
9

0
.3

9
0
.0

0
1
.0

3
0
3
7

0
.5

4
4
6
4

0
.0

0
1
9
3

0
.0

6
8
4
7
3

0
.0

0
0
1
5
1

0
.7

2
0
.0

5
7
6
9

0
.0

0
0
1
4

4
2
7
.0

0
.9

4
4
1
.5

1
.3

5
1
7
.9

5
.4

Z
 e

u
 t
ip

 [
1
] 
  
  
  
  
  
 

5
2
4
8

0
.3

2
0
.0

0
0
.7

5
5
9
5

0
.4

1
6
8
3

0
.0

0
1
2
2

0
.0

5
2
5
0
0

0
.0

0
0
1
1
5

0
.8

2
0
.0

5
7
5
8

0
.0

0
0
1
0

3
2
9
.9

0
.7

3
5
3
.8

0
.9

5
1
4
.0

3
.7

Z
 f

r 
[2

] 
  
  
  
  
  
  
  
 

1
1

2
3
9

0
.8

5
0
.0

0
1
.1

7
1
2
4

0
.3

9
4
1
0

0
.0

0
1
2
6

0
.0

5
0
9
0
1

0
.0

0
0
1
2
4

0
.8

5
0
.0

5
6
1
5

0
.0

0
0
1
0

3
2
0
.0

0
.8

3
3
7
.4

0
.9

4
5
8
.5

3
.8

Z
 e

u
 lp

-t
ip

[1
] 
  
  
  
  

1
2
3
4

0
.4

4
0
.0

0
1
.5

4
7
8

0
.3

5
3
4
3

0
.0

0
3
0
2

0
.0

4
6
7
9
5

0
.0

0
0
1
3
2

0
.4

0
0
.0

5
4
7
8

0
.0

0
0
4
3

2
9
4
.8

0
.8

3
0
7
.3

2
.3

4
0
3
.2

1
7
.5

Z
 lp

-t
ip

 [
1
] 
  
  
  
  
  
  

1
1
8
3

0
.8

7
0
.0

0
0
.9

3
1
7

0
.1

7
6
9
6

0
.0

0
3
7
8

0
.0

2
5
1
2
6

0
.0

0
0
1
0
8

0
.4

3
0
.0

5
1
0
8

0
.0

0
1
0
1

1
6
0
.0

0
.7

1
6
5
.4

3
.3

2
4
4
.4

4
5
.1

T
 e

u
-f

r 
p
b
r-

y
 [
2
0
] 
 

1
5
9

1
4
7

0
.4

3
1
.4

2
2
2
3

1
7
8

0
.1

6
8
4
3

0
.0

0
3
5
8

0
.0

2
4
9
3
8

0
.0

0
0
0
8
3

0
.1

7
0
.0

4
8
9
8

0
.0

0
1
0
3

1
5
8
.8

0
.5

1
5
8
.1

3
.1

1
4
7
.1

4
8
.5

T
 f

r 
p
b
r-

y
 [
1
1
] 
  
  
  

1
8
5

1
3
9

0
.3

9
1
.3

7
2
4
9

1
7
6

0
.1

6
7
7
3

0
.0

0
3
5
6

0
.0

2
5
0
5
0

0
.0

0
0
0
7
8

0
.1

4
0
.0

4
8
5
6

0
.0

0
1
0
2

1
5
9
.5

0
.5

1
5
7
.4

3
.1

1
2
6
.7

4
8
.8

T
 f

r 
p
b
r 

[2
2
] 
  
  
  
  
 

1
2
3

1
2
0

0
.4

5
1
.4

0
1
7
1

1
5
0

0
.1

6
8
4
8

0
.0

0
4
2
4

0
.0

2
4
9
7
4

0
.0

0
0
0
9
0

0
.1

4
0
.0

4
8
9
3

0
.0

0
1
2
2

1
5
9
.0

0
.6

1
5
8
.1

3
.7

1
4
4
.3

5
7
.4

K
Y

1
5
-8

; 
g

ra
n

it
ic

 g
n

e
is

s
 (

G
P

S
 d

a
ta

: 
N

3
8
, 
4
9
, 
7
5
; 

E
4
4
, 
4
9
, 
8
9
)

Z
 e

u
 t
ip

 [
1
] 
  
  
  
  
  
 

2
2
0
4

0
.5

1
0
.0

0
1
.9

9
3
7

0
.5

4
9
2
2

0
.0

0
2
3
4

0
.0

6
8
5
5
6

0
.0

0
0
1
7
1

0
.6

5
0
.0

5
8
1
0

0
.0

0
0
1
9

4
2
7
.4

1
.0

4
4
4
.5

1
.5

5
3
3
.7

7
.1

Z
 t
ip

 [
1
] 
  
  
  
  
  
  
  
 

2
4
9
9

0
.4

2
0
.0

0
1
.0

2
8
8
5

0
.3

7
4
8
9

0
.0

0
1
3
6

0
.0

4
8
6
2
4

0
.0

0
0
1
3
1

0
.8

2
0
.0

5
5
9
2

0
.0

0
0
1
2

3
0
6
.1

0
.8

3
2
3
.3

1
.0

4
4
9
.1

4
.6

Z
 e

u
 t
ip

 [
1
] 
  
  
  
  
  
 

3
9
0
2

0
.2

5
0
.0

0
0
.9

6
0
1
4

0
.2

5
0
6
9

0
.0

0
0
7
0

0
.0

3
4
2
4
4

0
.0

0
0
0
7
1

0
.8

2
0
.0

5
3
0
9

0
.0

0
0
0
9

2
1
7
.1

0
.4

2
2
7
.1

0
.6

3
3
2
.8

3
.7

Z
 f

r 
[1

] 
  
  
  
  
  
  
  
 

2
4
5
3

0
.1

3
0
.0

0
0
.8

1
9
7
2

0
.2

0
0
4
4

0
.0

0
0
8
3

0
.0

2
8
4
4
5

0
.0

0
0
0
6
6

0
.6

5
0
.0

5
1
1
1

0
.0

0
0
1
6

1
8
0
.8

0
.4

1
8
5
.5

0
.7

2
4
5
.7

7
.3

Z
 e

u
 t
ip

 [
1
] 
  
  
  
  
  
 

1
4
7
6

0
.4

7
0
.0

0
0
.6

1
2
3
0

0
.1

6
9
3
8

0
.0

0
3
1
6

0
.0

2
4
9
4
3

0
.0

0
0
1
4
2

0
.4

3
0
.0

4
9
2
5

0
.0

0
0
8
4

1
5
8
.8

0
.9

1
5
8
.9

2
.7

1
5
9
.9

3
9
.3

T
 f

r 
p
b
r 

[2
5
] 
  
  
  
  
 

7
1

8
7

0
.3

3
4
.8

5
3
3
7

4
5
.9

0
.1

7
0
6
9

0
.0

1
9
6
3

0
.0

2
4
5
9
0

0
.0

0
0
3
3
2

0
.0

3
0
.0

5
0
3
5

0
.0

0
5
8
1

1
5
6
.6

2
.1

1
6
0
.0

1
6
.9

2
1
1
.0

2
4
7
.5

T
 f

r 
p
b
r 

[1
8
] 
  
  
  
  
 

5
3

8
8

0
.5

2
3
.3

0
1
7
4

5
9
.0

0
.1

7
3
8
7

0
.0

1
3
2
0

0
.0

2
4
7
5
7

0
.0

0
0
2
2
7

0
.0

4
0
.0

5
0
9
4

0
.0

0
3
8
7

1
5
7
.6

1
.4

1
6
2
.8

1
1
.4

2
3
8
.0

1
6
6
.6

K
Y

1
5
-3

; 
m

e
ta

g
ra

n
it
e
 (

G
P

S
 d

a
ta

: 
N

3
8
, 
4
9
, 
7
9
; 

E
4
4
, 
5
0
, 
7
8
)

Z
 e

u
 s

p
 [
1
] 
  
  
  
  
  
 

1
8
7
9

0
.1

7
0
.0

0
0
.7

5
6
5
4

1
.0

0
7
7
2

0
.0

0
3
3
9

0
.0

7
1
0
0
9

0
.0

0
0
2
0
3

0
.9

0
0
.1

0
2
9
3

0
.0

0
0
1
5

4
4
2
.2

1
.2

7
0
7
.7

1
.7

1
6
7
7
.6

2
.7

Z
 e

u
 t
ip

 [
1
] 
  
  
  
  
  
 

1
2

3
4
6

0
.5

3
0
.0

0
1
.0

1
4
9
8
3

0
.4

2
9
9
0

0
.0

0
1
3
0

0
.0

5
6
7
3
1

0
.0

0
0
1
3
7

0
.8

9
0
.0

5
4
9
6

0
.0

0
0
0
8

3
5
5
.7

0
.8

3
6
3
.1

0
.9

4
1
0
.6

3
.2

A
C
C
E
P
T
E
D

 M
A

N
U

S
C
R
IP

T

http://jgs.lyellcollection.org/


Z
 e

u
 s

p
 [
1
] 
  
  
  
  
  
 

2
5
6
2

0
.4

5
0
.0

0
1
.6

2
3
7
3

0
.4

4
6
6
9

0
.0

0
2
1
4

0
.0

5
6
2
2
3

0
.0

0
0
1
8
5

0
.7

5
0
.0

5
7
6
2

0
.0

0
0
1
8

3
5
2
.6

1
.1

3
7
5
.0

1
.5

5
1
5
.4

6
.9

Z
 lp

-t
ip

 [
1
] 
  
  
  
  
  
  

1
1
2
9

0
.4

9
0
.0

0
3
.0

1
2
6

0
.3

1
5
5
0

0
.0

0
9
0
3

0
.0

4
0
8
1
4

0
.0

0
0
1
8
6

0
.1

6
0
.0

5
6
0
6

0
.0

0
1
5
8

2
5
7
.9

1
.2

2
7
8
.4

6
.9

4
5
4
.9

6
1
.5

Z
 lp

 f
r 

[1
] 
  
  
  
  
  
  
  

1
5
2
0

0
.5

1
0
.0

0
1
.8

4
9
1

0
.1

7
9
0
4

0
.0

0
2
0
2

0
.0

2
6
0
7
4

0
.0

0
0
1
0
5

0
.4

3
0
.0

4
9
8
0

0
.0

0
0
5
1

1
6
5
.9

0
.7

1
6
7
.2

1
.7

1
8
5
.8

2
3
.6

Z
 e

u
 t
ip

 [
1
] 
  
  
  
  
  
 

3
3
7
3

0
.3

1
0
.0

0
1
.3

1
3
3
4

0
.1

7
8
1
5

0
.0

0
0
8
5

0
.0

2
5
9
0
8

0
.0

0
0
0
6
8

0
.6

2
0
.0

4
9
8
7

0
.0

0
0
1
9

1
6
4
.9

0
.4

1
6
6
.5

0
.7

1
8
9
.0

8
.7

Z
 lp

-f
r 

[1
] 
  
  
  
  
  
  
  

1
2
7
0

0
.6

1
0
.0

0
0
.7

6
1
6

0
.1

7
5
0
6

0
.0

0
1
7
9

0
.0

2
5
1
7
2

0
.0

0
0
0
9
3

0
.4

6
0
.0

5
0
4
4

0
.0

0
0
4
6

1
6
0
.3

0
.6

1
6
3
.8

1
.5

2
1
5
.3

2
0
.9

T
 e

u
-f

r 
p
b
r 

[2
8
] 
  
  

1
0
3

9
4

0
.5

2
3
.6

6
3
6
8

5
7
.9

0
.1

6
1
3
5

0
.0

1
3
8
8

0
.0

2
4
4
4
0

0
.0

0
0
2
3
4

0
.0

6
0
.0

4
7
8
8

0
.0

0
4
1
2

1
5
5
.7

1
.5

1
5
1
.9

1
2
.1

9
3
.4

1
9
2
.0

T
 e

u
-f

r 
p
b
r 

[1
8
] 
  
  

1
0
7

8
8

0
.6

7
4
.1

8
4
3
6

5
0
.6

0
.1

6
8
1
2

0
.0

1
6
6
5

0
.0

2
4
4
3
7

0
.0

0
0
2
8
2

0
.0

3
0
.0

4
9
9
0

0
.0

0
4
9
6

1
5
5
.6

1
.8

1
5
7
.8

1
4
.4

1
9
0
.2

2
1
6
.1

T
  
b
r-

tu
 [
1
8
] 
  
  
  
  
  

1
6
5

1
0
0

0
.5

9
5
.3

4
8
5
3

4
5
.2

0
.1

5
9
2
0

0
.0

1
8
5
2

0
.0

2
2
5
6
0

0
.0

0
0
3
1
3

0
.0

2
0
.0

5
1
1
8

0
.0

0
5
9
8

1
4
3
.8

2
.0

1
5
0
.0

1
6
.1

2
4
9
.0

2
4
8
.8

 K
Y

1
5
-4

; 
m

e
ta

g
ra

n
it
e
; 

(G
P

S
 d

a
ta

: 
N

3
8
, 
4
9
, 
7
0
; 

E
4
4
, 
5
0
, 
0
8
)

Z
 e

u
 t
ip

 [
1
] 
  
  
  
  
  
 

3
1
2
1
5

0
.3

6
0
.0

0
2
.0

5
6
4
7

0
.3

8
5
2
2

0
.0

0
1
2
2

0
.0

5
1
4
0
5

0
.0

0
0
1
2
4

0
.8

5
0
.0

5
4
3
5

0
.0

0
0
0
9

3
2
3
.1

0
.8

3
3
0
.9

0
.9

3
8
5
.6

3
.7

Z
 e

u
 s

p
 [
1
] 
  
  
  
  
  
 

1
8
8
3

0
.3

8
0
.0

0
1
.3

1
7
6
2

0
.3

1
1
3
1

0
.0

0
1
4
0

0
.0

4
3
6
0
1

0
.0

0
0
1
0
0

0
.6

1
0
.0

5
1
7
8

0
.0

0
0
1
9

2
7
5
.1

0
.6

2
7
5
.2

1
.1

2
7
5
.9

8
.2

Z
 e

u
 t
ip

 [
1
] 
  
  
  
  
  
 

1
2

1
7
8

0
.5

3
0
.0

0
1
.6

3
5
4
0

0
.3

0
4
5
9

0
.0

0
1
4
3

0
.0

4
2
6
3
2

0
.0

0
0
1
3
0

0
.7

4
0
.0

5
1
8
2

0
.0

0
0
1
6

2
6
9
.1

0
.8

2
7
0
.0

1
.1

2
7
7
.4

7
.2

Z
 lp

 f
r 

[1
] 
  
  
  
  
  
  
  

1
4
9
1

0
.6

0
0
.0

0
0
.8

1
1
4
4

0
.2

0
0
0
5

0
.0

0
1
2
1

0
.0

2
8
6
0
1

0
.0

0
0
0
9
5

0
.6

1
0
.0

5
0
7
3

0
.0

0
0
2
4

1
8
1
.8

0
.6

1
8
5
.2

1
.0

2
2
8
.5

1
1
.0

Z
 e

u
 t
ip

 [
1
] 
  
  
  
  
  
 

1
4
2
5

0
.5

1
0
.0

0
1
.6

4
2
2

0
.1

7
1
1
0

0
.0

0
1
8
7

0
.0

2
5
0
8
2

0
.0

0
0
0
9
3

0
.4

1
0
.0

4
9
4
8

0
.0

0
0
5
0

1
5
9
.7

0
.6

1
6
0
.4

1
.6

1
7
0
.4

2
3
.2

Z
 lp

-f
r 

[4
] 
  
  
  
  
  
  
  

6
7
4
4

0
.2

2
0
.0

0
1
.0

6
5
8
6

0
.1

7
0
9
6

0
.0

0
0
5
6

0
.0

2
5
0
6
5

0
.0

0
0
0
5
6

0
.7

5
0
.0

4
9
4
7

0
.0

0
0
1
1

1
5
9
.6

0
.4

1
6
0
.2

0
.5

1
7
0
.0

5
.1

T
 b

r-
tu

 [
7
] 
  
  
  
  
  
  
 

4
0

1
6
4

0
.3

0
2
.0

0
8
3

1
4
1

0
.1

7
2
0
8

0
.0

0
4
4
5

0
.0

2
5
1
3
5

0
.0

0
0
0
9
4

0
.1

4
0
.0

4
9
6
5

0
.0

0
1
2
7

1
6
0
.0

0
.6

1
6
1
.2

3
.9

1
7
8
.8

5
8
.7

T
 f

r 
y
 [
5
] 
  
  
  
  
  
  
  
 

4
5

1
1

5
.5

4
0
.3

2
2
0

5
8

0
.1

7
3
5
1

0
.0

1
1
3
7

0
.0

2
4
9
1
3

0
.0

0
0
1
9
4

0
.0

9
0
.0

5
0
5
1

0
.0

0
3
3
0

1
5
8
.6

1
.2

1
6
2
.5

9
.8

2
1
8
.7

1
4
4
.4

b
) 

w
e
ig

h
t 
a
n
d
 c

o
n
c
e
n
tr

a
ti
o

n
s
 a

re
 k

n
o

w
n
 t
o

 b
e
tt
e
r 

th
a
n
 1

0
%

.

c
) 

T
h
/U

 m
o

d
e
l r

a
ti
o

 i
n
fe

rr
e
d
 f

ro
m

 2
0
8
/2

0
6
 r

a
ti
o

 a
n
d
 a

g
e
 o

f 
s
a
m

p
le

d
) 

P
b
i 
=

 i
n
it
ia

ll 
P

b
 (

c
o

rr
e
c
te

d
 f

o
r 

b
la

n
k)

; 
P

b
c
 =

 t
o

ta
l c

o
m

m
o

n
 P

b
 i
n
 s

a
m

p
le

 (
in

it
ia

l +
 b

la
n
k)

e
) 

ra
w

 d
a
ta

, 
c
o

rr
e
c
te

d
 f

o
r 

fr
a
c
ti
o

n
a
ti
o

n
 a

n
d
 s

p
ik

e

f)
 c

o
rr

e
c
te

d
 f

o
r 

fr
a
c
ti
o

n
a
ti
o

n
, 
s
p
ik

e
, 
b
la

n
k 

(2
0
6
/2

0
4
=

1
8
.5

9
; 
2
0
7
/2

0
4
=

1
5
.2

4
) 

a
n
d
 i
n
it
ia

l c
o

m
m

o
n
 P

b
 (

b
a
s
e
d
 o

n
 S

ta
c
e
y
 a

n
d
 K

ra
m

e
rs

, 
1
9
7
5
);

 e
rr

o
r 

c
a
lc

u
la

te
d
 b

y
 p

ro
p
a
g
a
ti
n
g
 

th
e
 m

a
in

 s
o

u
rc

e
s
 o

f 
u
n
c
e
rt

a
in

ty
; 
 T

h
e
 U

-P
b
 r

a
ti
o

 o
f 

th
e
 s

p
ik

e
 u

s
e
d
 f

o
r 

th
is

 w
o

rk
 i
s
 a

d
a
p
te

d
 t
o

 2
0
6
P

b
/2

3
8
U

 =
 0

.0
1
5
6
6
0
 f

o
r 

th
e
 E

T
1
0
0
 s

o
lu

ti
o

n
 a

s
 o

b
ta

in
e
d
 w

it
h
 t
h
e
 E

T
2
5
3
5
 

s
p
ik

e
 a

t 
N

IG
L
.

a
) 

Z
 =

 z
ir
c
o

n
; 
T

 =
 t
it
a
n
it
e
; 
e
u
 =

 e
u
h
e
d
ra

l, 
lp

 =
 lo

n
g
 p

ri
s
m

a
ti
c
; 
s
p
 =

 s
h
o

rt
 p

ri
s
m

a
ti
c
; 
e
q
 =

 e
q
u
a
n
t;
 f

r 
=

 f
ra

g
m

e
n
t;
 b

r 
=

 b
ro

w
n
; 
p
b
r 

=
 p

a
le

-b
ro

w
n
, 
n
e
a
rl
y
 c

o
lo

u
rl
e
s
s
; 
y
 =

 y
e
llo

w
; 
tu

 =
 t
u
rb

id
; 
 z

ir
c
o

n
 t
re

a
te

d
 w

it
h
 

c
h
e
m

ic
a
l a

b
ra

s
io

n
 (

M
a
tt
in

s
o

n
, 
2
0
0
5
),

 t
it
a
n
it
e
 n

o
t 
a
b
ra

d
e
d

A
C
C
E
P
T
E
D

 M
A

N
U

S
C
R
IP

T

http://jgs.lyellcollection.org/


T
a

b
le

 2
. 
U

-P
b

 a
n
d

 P
b

-P
b

 d
a
ta

 f
o

r 
fl
a
s
e

r 
g

a
b

b
ro

s
.

P
ro

p
e

rt
ie

s
W

e
ig

h
t

U
P

b
i

2
0

6
/2

0
4

2
0

7
/2

3
5

2
 s

ig
m

a
2

0
6

/2
3

8
2

 s
ig

m
a

rh
o

2
0

7
/2

0
6

2
 s

ig
m

a
2

0
6

/2
3

8
2

 s
ig

m
a

2
0

7
/2

3
5

2
 s

ig
m

a
2

3
8

/2
0

4
2

 s
ig

m
a

2
0

6
/2

0
4

2
 s

ig
m

a
2

3
5

/2
0

4
2

 s
ig

m
a

2
0

7
/2

0
4

2
 s

ig
m

a

[u
g

]
[p

p
m

]
[p

p
m

]
[a

b
s
]

[a
b

s
]

[a
b

s
]

[M
a
]

[a
b

s
]

[M
a
]

[a
b

s
]

[%
]

[%
]

[%
]

[%
]

(a
)

(b
)

(b
)

(c
)

(d
)

(e
)

(e
)

(e
)

(e
)

(e
)

(e
)

(e
)

(e
)

(e
)

(e
)

(e
)

(f
)

(f
)

(f
)

(f
)

(f
)

(f
)

(f
)

(f
)

K
Y

1
5

-1
; 

fl
a

s
e

r 
g

a
b

b
ro

 (
G

P
S

 d
a

ta
: 

N
3

8
, 
3

5
, 
8

5
; 

E
4

4
, 
5

7
, 
0

0
)

R
U

T
  
  
  
  
  
  
  

4
4

1
.4

6
0

.0
7

2
9

.0
7

5
0

.2
4

8
0

.0
4

4
0

.0
2

2
5

7
0

.0
0

0
6

1
0

.3
2

0
.0

7
9

7
0

.0
1

3
6

1
4

3
.9

3
.8

2
2

5
.0

3
5

.1
1

4
1

4
7

.7
5

0
.4

3
5

.7
1

0
.2

5
7

.7
1

8
.2

9
2

.9

R
U

T
  
  
  
  
  
  
  

3
9

1
.7

8
0

.0
4

3
0

.8
6

2
0

.0
3

6
0

.0
8

5
0

.0
2

0
8

9
0

.0
0

0
8

8
0

.9
0

0
.0

1
2

5
0

.0
2

8
2

1
3

3
.3

5
.6

3
5

.9
7

9
.6

2
7

6
1

1
7

.7
7

6
.7

8
1

5
.7

2
0

.0
2

1
7

.7
1

6
.4

7
1

1
.7

R
U

T
IL

E
  
  
  
  

4
3

2
1

.9
2

0
.2

1
3

0
.2

6
2

0
.1

2
5

0
.0

1
7

0
.0

2
1

4
7

0
.0

0
0

1
5

0
.6

5
0

.0
4

2
2

0
.0

0
5

4
1

3
7

.0
0

.9
1

1
9

.5
1

4
.9

5
8

1
.9

6
0

.5
3

1
.0

2
3

0
.3

4
.2

2
1

0
.5

1
6

.2
7

5
0

.4

R
U

T
 +

 T
IT

  
  

8
0

8
3

.7
9

0
.8

2
2

5
.3

2
1

0
.1

4
1

0
.0

2
5

0
.0

2
3

1
5

0
.0

0
0

1
9

0
.5

1
0

.0
4

4
2

0
.0

0
7

6
1

4
7

.5
1

.2
1

3
3

.9
2

1
.9

2
9

6
.1

3
0

.4
2

5
.3

8
1

0
.1

2
.1

4
8

0
.4

1
6

.0
5

1
0

.2

T
IT

  
  
  
  
  
  
  
  

4
3

3
1

.6
9

9
.5

0
1

8
.7

7
0

1
1

.3
1

9
0

.2
1

8
.7

7
0

0
.1

0
.0

8
2

0
.2

1
5

.7
1

6
0

.2

H
B

L
  
  
  
  
  
  
  
 

1
0

3
3

0
.0

1
0

.6
3

1
8

.5
5

1
0

.8
7

3
1

.0
1

8
.5

4
9

0
.2

0
.0

0
6

1
.0

1
5

.7
4

9
0

.2

b
) 

w
e

ig
h
t 
a
n
d

 c
o

n
c
e

n
tr

a
tio

n
s
 a

re
 k

n
o

w
n
 t
o

 b
e

tt
e

r 
th

a
n
 1

0
%

.

c
) 

P
b

i =
 in

iti
a
l P

b
 (

c
o

rr
e

c
te

d
 f

o
r 

b
la

n
k)

.

d
) 

ra
w

 d
a
ta

, 
c
o

rr
e

c
te

d
 f

o
r 

fr
a
c
tio

n
a
tio

n
 a

n
d

 s
p

ik
e

f)
  
c
o

rr
e

c
te

d
 f

o
r 

fr
a
c
tio

n
a
tio

n
, 
s
p

ik
e

, 
a
n
d

 b
la

n
k

e
) 

c
o

rr
e

c
te

d
 f

o
r 

fr
a
c
tio

n
a
tio

n
, 
s
p

ik
e

, 
b

la
n
k 

(2
0

6
/2

0
4

=
1

8
.5

9
; 
2

0
7

/2
0

4
=

1
5

.2
4

) 
a
n
d

 in
iti

a
l c

o
m

m
o

n
 P

b
 (

th
e

 h
o

rn
b

le
n
d

e
 P

b
 c

o
m

p
o

s
iti

o
n
);

 e
rr

o
r 

c
a
lc

u
la

te
d

 b
y 

p
ro

p
a
g

a
tin

g
 t
h
e

 

m
a
in

 s
o

u
rc

e
s
 o

f 
u
n
c
e

rt
a
in

ty
; 
 T

h
e

 U
-P

b
 r

a
tio

 o
f 

th
e

 s
p

ik
e

 u
s
e

d
 f

o
r 

th
is

 w
o

rk
 is

 a
d

a
p

te
d

 t
o

 2
0

6
P

b
/2

3
8

U
 =

 0
.0

1
5

6
6

0
 f

o
r 

th
e

 E
T

1
0

0
 s

o
lu

tio
n
 a

s
 o

b
ta

in
e

d
 w

ith
 t
h
e

 E
T

2
5

3
5

 s
p

ik
e

 

a
t 
N

IG
L

.

a
) 

R
U

T
 =

 r
u
til

e
; 
T

IT
 =

 t
ita

n
ite

; 
H

B
L

 =
 h

o
rn

b
le

n
d

e
. 

A
C
C
E
P
T
E
D

 M
A

N
U

S
C
R
IP

T

http://jgs.lyellcollection.org/



