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1. Introduction
Granites are principally produced by the partial melting 
of crustal rocks and are crucial components of continental 
regions and therefore include important information 
about the nature of ancient continental crust, tectonic and 
petrogenetic processes occurring during continental growth, 
mantle–crust interaction, and contemporaneous ore deposits 
in distinct tectonic settings (e.g., Hawkesworth and Kemp, 
2006; Kemp et al., 2007; Gill, 2010; Brown, 2013; Lu et al., 
2017). Granitic rocks display great compositional differences 
based on the variation in their mineralogical compositions 
(Pitcher, 1997; Clemens and Steven, 2012; Brown, 2013; 
Gao et al., 2017). Therefore, classification, magma sources, 
the mechanism of crust–mantle interactions, and tectonic 
settings are among the most controversial issues for granite 
petrology. The U-Pb-Hf isotopic characteristics of zircon, 
occurring as an accessory phase in granitic rocks, can supply 
useful contributions to the solution of these conflicting issues. 
Moreover, combining U-Pb with Lu-Hf isotope studies allows 
us to examine crust formation, magma sources, and juvenile-
reworked crustal fragments (Condie et al., 2005; Zeh et al., 
2013; Block et al., 2016; Lu et al., 2017).  

The Gönen granitoid is one of numerous Variscan 
granitic intrusions exposed in the Sakarya Zone. 
The present study addresses a combined study of 
geochronological and Hf isotopic data encoded in zircons 
from the Gönen granitoid. The purpose of this paper 
is to determine crystallization age and source region 
characteristics during partial melting. 

2. Geological setting
The Sakarya Zone is a tectonic unit expanding in the 
E-W direction along the north of Turkey from the Biga 
Peninsula in the west to the Eastern Pontides in the east 
(Figure 1a). The Sakarya Zone has a compound pre-
Jurassic basement including continental and oceanic units 
with three distinct rock facies: i) amphibolite-granulite-
facies metamorphic rocks of the Kazdağ, Uludağ, Kurtoğlu, 
and Pulur Massifs with metamorphism ages of 310–334 
Ma (Carboniferous) (Topuz and Altherr, 2004; Okay 
et al., 2006; Topuz et al., 2007; Erdoğan et al., 2013); ii) 
Devonian to Permian granitoids and acidic volcanic rocks 
(Okay et al., 1996, 2006; Topuz et al., 2004, 2010; Dokuz, 
2011; Aysal et al., 2012a, 2012b; Sunal, 2012; Karslı et al., 
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2016; Kaygusuz et al., 2016; Dokuz et al., 2017; Şengün 
and Koralay, 2017); and iii) the Permo-Triassic Karakaya 
Complex composed of the lower Karakaya unit and upper 
Karakaya unit (Okay and Göncüoğlu, 2004). Greenschist-
facies metamorphic rocks with Late Triassic eclogites and 
blueschists characterize the lower Karakaya unit. However, 
the upper Karakaya unit, which tectonically overlies the 
low-grade metamorphic rocks of the lower unit, is mainly 
dominated by highly deformed clastic and volcanic rocks 
comprising Carboniferous-Permian limestone blocks 
and Permian to Late Triassic radiolarian cherts. Lower 
Jurassic sedimentary successions and volcanic rocks 
unconformably cover all the rocks of the pre-Jurassic 
basement in the Sakarya Zone (Figure 1b).

The Gönen granitoid is a 1-km-long and 750-m-wide 
stock that trends NE-SW in the village of Hafız 
Hüseyinbey (Figure 2). The Gönen granitoid has medium 
to coarse-grained texture, brown to yellowish color, and 
highly weathered outcrops in the field, and it appears to 
be one of the members of the numerous postcollisional 
Variscan granitoids in the Sakarya Zone (Figure 3a; 
Topuz et al., 2007; Dokuz, 2011; Ustaömer PA et al., 2012; 
Ustaömer T et al., 2013). Similar to the other pre-Jurassic 
rocks in the Sakarya Zone, it is unconformably overlain 
by conglomerate, sandstone, siltstone, and claystone 
intercalations of the Early Jurassic Bayırköy Formation 
(Figure 3b). Based on the fossil fauna reported from red 
nodular ammonitico rosso limestones intercalated within 
these clastic rocks, the age of the Bayırköy Formation is 
given as Hettangian-Early Pliensbachian (Okay et al., 
1991).

3. Analytical techniques
One sample (1805; 35S 0544696N-4447370E) was selected 
from the Gönen granitoid for zircon U-Pb-Hf isotopic 
analyses. The sample location is given in Figure 2.

Zircons were separated from a granitoid sample 
(1805) weighing 6 to 8 kg by traditional techniques 
of crushing, magnetic, and heavy-liquid separation. 
Clean and inclusion-free zircon grains were separated 
under a binocular microscope. Extracted zircons were 
embedded in epoxy and polished. Zircon grains were 
imaged by cathodoluminescence (CL) with a Hitachi 
S3400N scanning electron microscope (SEM) at the Earth 
Sciences Department of Gothenburg University (Sweden) 
to determine the external morphology and internal 
structure.

U-Pb and Lu-Hf isotopic analyses of zircon crystals 
were completed by ICP-MS with a Nu Plasma HR 
multicollector combined with a Cetac LSX-213 G2 
laser microprobe (with HelEx cell) at the Geosciences 
Department of Oslo University. The laser beam was set to 
10-Hz repetition rate with a spot size of 40 µm and beam 

energy density of 0.07 J/cm2. Each zircon analysis included 
background measurement of 30 s and was followed by 
ablation of 60 s. Analysis series are composed of blocks of 
15 unknowns, bracketed by 4 analyses of zircon standards. 
Zircon standards used for calibration are A382 (1877 ± 2 
Ma; Lauri et al., 2011), 91500 (1060 ± 1 Ma; Wiedanback 
et al., 1995), and GJ (609 ± 1 Ma; Jackson et al., 2004). 
Correction and background subtraction were done using 
an in-house Microsoft Excel interactive spreadsheet 
program. All concordance ages were estimated using 
Isoplot (Ludwig, 2012), version 4.12. More details about 
the analytical procedure of the zircon U-Pb dating were 
given by Andersen et al. (2009).  

Hf isotopic analyses were performed on the same spots 
as all U-Pb dated zircon grains. The analytical protocols for 
Lu-Hf analyses described by Elburg et al. (2013) were used. 
Conditions of ablation were set as 50-µm beam diameter 
and pulse frequency of 5 Hz. LV-11 zircon (Heinonen et 
al., 2010) and Mud Tank zircon (Woodhead and Hergt, 
2005) were used as Lu-Hf standards. Mud Tank zircon 
(176Hf/177Hf = 0.282505 ± 4) gave 176Hf/177Hf = 0.282533 ± 
30 (2 SD; n = 102) and reference zircon LV-11 (176Hf/177Hf 
= 0.282830 ± 28) yielded 176Hf/177Hf = 0.282825 ± 34 (2 SD; 
n = 120) during analyses of zircons. The decay constant 
of 1.867 × 10–11 year–1 for 176Lu as well as 176Lu/177Hf = 
0.0336 and 176Hf/177Hf = 0.282795 values of present-day 
chondritic were used to estimate all ƐHf values (Söderlund 
et al., 2004; Bouvier et al., 2008). Two-stage model ages 
were estimated according to mean continental crust 
presuming an average value of 0.015 (176Lu/177Hf; Griffın 
et al., 2000, 2002). However, the depleted-mantle model 
ages (TDM1) were estimated according to the measured 
present-day ratio of 176Hf/177Hf = 0.28325 (nearly average 
MORB) and the ratio of 176Lu/177Hf = 0.0388. 

4. Results
4.1. Petrography
The main mineral assemblage of the medium to coarse-
grained Gönen granitoid chiefly comprises K-feldspar 
(~45%), quartz (~20%), plagioclase (~20%), biotite 
(~10%), and muscovite (~5%), which show typical 
holocrystalline texture (Figure 4). The K-feldspar minerals 
are frequently weathered and occur as mostly subhedral 
minerals. Sericitic alteration is usually developed within 
feldspars. Plagioclase, quartz, zircon, and apatite are 
shown as inclusions within the large K-feldspar crystals. 
The plagioclase crystals are characterized by polysynthetic 
twinning and chiefly subhedral shapes. Quartz crystals 
exhibit typically undulose extinction, some of which are 
stretched possibly due to local shearing. Biotite crystals 
are elongated and small crystals, which are partly altered 
to chlorite. Zircon and apatite crystals form the accessory 
phases.
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Figure 1. (a) Simplified geotectonic map of the Eastern Mediterranean region (after Okay and Tüysüz, 1999; Meinhold et al., 2010). (b) 
Geological map of Northwest Turkey showing the outcrops of Carboniferous magmatic rocks (modified from Okay et al., 2006). Isotopic 
ages are from Ustaömer PA et al. (2012) and this study.
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4.2. Zircon U-Pb ages
U-Pb zircon isotopic analyses were done on twelve zircon 
grains from the selected granitoid sample. As shown by 
CL images (Figures 5a–5g), most of the zircon crystals 
are colorless, euhedral, and prismatic and have clear 
oscillatory zoning identical to those from the magmatic 
rocks. Some zircon grains contain inherited cores (Figures 
5e and 5f). The size of zircon grains ranges between 110 
µm and 220 µm. The U-Pb isotope data from zircon grains 
are given in Table 1.

All U-Pb isotopic analyses from twelve zircon grains 
are concordant within analytical errors (between 90%–
110%). 206Pb/238U ages of all analyzed zircon grains vary 
from 345 Ma to 319 Ma (Table 1). 206Pb/238U ages of the 
zircons yielded a concordia age of 336.3 ± 2.9 Ma (Early 

Carboniferous) with MSWD = 0.054 (Figure 6a). On a 
Tera–Wasserburg diagram, a similar concordia age of 
336.7 ± 2.9 Ma with MSWD = 0.044 was produced (Figure 
6b). The concordia age of 336.3 ± 2.9 Ma is regarded as the 
crystallization time of the Gönen granitoid.
4.3. Zircon Lu-Hf isotopic composition
The same dated zircon crystals in sample 1805 were 
analyzed for Hf isotopic composition. The initial 176Hf/177Hf 
ratios of all concordant Carboniferous zircon grains 
(twelve grains) range between 0.282345 and 0.282501 for 
the Gönen granitoid (Table 2). The 176Hf/177Hf ratios are 
expressed as ƐHf(t) values according to crystallization ages 
of each zircon grain for the granitoid. ƐHf(t) values range 
from –3.2 to –8.3, which corresponds to 1489–1811 Ma 
referring to the two-stage Hf model ages. 

Figure 2. Geological map of the study area together with the location of the dated sample (modified from Yiğitbaş et al., 2010).  
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5. Discussion
5.1. Age of magmatism
The age of the Gönen granitoid was reported to be 
Oligocene-Early Miocene in a previous study (Akçay et 
al., 2008). However, this granite is unconformably overlain 
by clastic rocks of the Jurassic Bayırköy Formation based 
on field observations, which accurately shows that the 
Gönen granitoid could not be Oligo-Miocene in age. The 
zircon U-Pb crystallization age of 336.3 ± 2.9 Ma from the 
Gönen granitoid sample points to an Early Carboniferous 
magmatic event. Such Carboniferous Variscan magmatism 
is common in the Sakarya Zone. The crystallization age 
of the Söğüt granodiorite ranges from 327 Ma to 319 Ma, 
which was emplaced into older metamorphic rocks of the 
Central Sakarya basement (Ustaömer PA et al., 2012). Early 
to Late Carboniferous granitoids and rhyolites have been 
well documented in Gümüşhane (Topuz et al., 2010; Karslı 
et al., 2016), Köse (Dokuz, 2011), Demirözü (Dokuz et al., 
2017), and Yusufeli (Ustaömer T et al., 2013) regions in the 
eastern Sakarya Zone. A similar Carboniferous magmatic 
event has also been reported from the Biga Peninsula at 
the westernmost end of the Sakarya Zone. Metavolcanic 
rocks of the Çamlıca metamorphics yielded zircon U-Pb 

ages of 334 ± 4.8 Ma (Şengün and Koralay, 2017). This 
Carboniferous magmatism can be attributed to the effect 
of Variscan orogenic events in the Sakarya Zone (Okay 

Figure 3. (a) Field photograph of the brown, gray-colored, medium- to coarse-grained Gönen granitoid (west of Hafız 
Hüseyinbey village); (b) view of contact between the Gönen granitoid and Bayırköy Formation (northwest of Hafız Hüseyinbey 
village). The contact relationship between them is unconformable.

Figure 4. Cross-polarized thin section photomicrograph of the 
Gönen granitoid (1805). Kfs: K-feldspar, Pl: plagioclase, Qz: 
quartz, Bt: biotite.
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and Nikishin, 2015) and forms a connection between the 
Variscan orogeny in central Europe and the Uralides of 
Eastern Europe (Okay et al. 2006). During the Variscan 
orogeny, continental and oceanic blocks were accreted to 
the basement of the Sakarya Zone at the southern margin 
of Laurasia (e.g., Okay et al. 2006; Okay and Nikishin 
2015). 

The Variscan magmatism can also be traced in 
the Pelagonian Zone, Balkans, Rhodope Massif, and 
Cycladic complex (Carrigan et al., 2005; Anders et al., 
2007; Schenker et al., 2014; Bonev et al., 2019). Magmatic 
events in these regions could be attributed to the Variscan 
orogeny. In the Pelagonian Zone, the Carboniferous 
basement includes magmatic rocks with an age range of 
320 to 307 Ma, which are thought to have formed during 
subduction events (De Bono, 1998; Vavassis et al., 2000; 
Stampfli et al., 2013). Carboniferous magmatism is also 
documented in central Europe in the west (Bonin et al., 
1993; Linnemann et al., 2004; Kroner and Romer, 2013) 
and the Caucasus in the east (Mayringer et al., 2011; 
Roland et al., 2011). The Variscan orogenic belt in central 
Europe refers to the continental collision zone between 
Laurasia to the north and Gondwana to the south (Dewey 
and Burke, 1974; Matte, 1991). Variscan Massifs in Europe 
(e.g., the Bohemian Massif, Armorica, Black Forest Massif, 
French Massif Central, Alpine basements, Moesia) record 
Carboniferous plutonism and deformation (Linnemann et 
al., 2004; Carrigan et al., 2005; Ballèvre et al., 2009). During 
the Early Carboniferous, rocks with monzodioritic to 
quartz dioritic composition are described in the European 
Variscides, which were typically emplaced syntectonically 
between 340 and 330 Ma (Debon and Lemmet, 1999) 
along major dextral strike–slip faults.
5.2. Magma source
The zircon Lu-Hf composition was used to decipher the 
magma source, mixing processes, and depleted mantle 

model ages (TDM) of magmatic rocks (e.g., Griffin et al., 
2002). Moreover, when U-Pb ages are combined with 
corresponding Hf data from the same concordant zircon 
grains, it gives crucial information about the mantle source 
from which the protolith of the Gönen granitoid was first 
separated.

Zircon grains from the Gönen granitoid are 
characterized by initial 177Hf/176Hf isotopic compositions 
that are below the CHUR (chondritic uniform reservoir) 
line, which can be ascribed to crustal involvement during 
magma generation (Figure 7a). Positive ƐHf(t) values of 
concordant zircon grains refer to derivation from depleted 
mantle and formation of juvenile crust (Kroner et al., 
2013). However, ancient crust dominated by rocks derived 
from metasomatized mantle is characterized by negative 
ƐHf(t) values (Chen et al., 2008). Zircons from the Gönen 
granitoid sample have negative ƐHf(t) values (–3.2 to –8.3), 
implying involvement of crustal materials during partial 
melting (Figure 7b). TDM model ages calculated according 
to the Hf composition of zircon grains vary from 1489 Ma 
to 1811 Ma, showing that the most ancient crust generation 
in the Sakarya Zone was ~1100–1500 Ma before the 
Carboniferous Variscan magmatism. The TDM model ages 
suggest that Mesoproterozoic/Paleoproterozoic crustal 
rocks that melted during the Variscan events are common 
in the Gondwana-derived terranes (Xu et al., 2014; 
Rapela et al., 2016). Overall, the zircon Hf data presented 
indicate that the magma source during partial melting was 
dominated by ancient recycled material.
5.3. Tectonic implications
The Sakarya Zone occurs in the same position as the 
Pelagonian Zone along the southern margin of Laurasia 
(Stampfli and Kozur, 2006; Stampfli et al., 2013). This 
continental ribbon split from the northern margin of 
Gondwana in the Early Paleozoic and then was dragged 
northward until it attached to the Laurasian active 

Figure 5. (a–g) Cathodoluminescence (CL) images of representative zircon grains from the Gönen granitoid (sample 1805). The yellow 
circle and red dashed circle refer to U-Pb and Lu-Hf analytical spots, respectively.  
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Figure 6. U-Pb diagrams of (a) concordia and (b) Tera–Wasserburg for zircons from dated sample 1805.

Table 2. Hf isotopic data for zircon grains from sample 1805.

Sample Spot Age 176Hf/177Hf 1SE 178Hf/177Hf 1SE 176Lu/177Hf 1SE 176Yb/177Hf 1SE (176Hf/177Hf)t εHf(t) TDM1 (Ma) TDM2 (Ma)

1805 1805-01 329 0.282351 0.000012 1.46720 0.00003 0.0012 0.00001 0.0528 0.00034 0.282344 -8.3 1265 1801

1805 1805-07 342 0.282374 0.000010 1.46720 0.00002 0.0026 0.00002 0.1283 0.00060 0.282358 -7.5 1280 1763

1805 1805-10 339 0.282345 0.000010 1.46723 0.00002 0.0014 0.00006 0.0610 0.00310 0.282336 -8.3 1279 1811

1805 1805-16 336 0.282380 0.000006 1.46729 0.00002 0.0012 0.00003 0.0547 0.00068 0.282372 -7.1 1225 1734

1805 1805-17 345 0.282366 0.000012 1.46722 0.00002 0.0028 0.00008 0.1235 0.00310 0.282348 -7.8 1300 1782

1805 1805-18 344 0.282386 0.000011 1.46728 0.00002 0.0035 0.00010 0.1596 0.00470 0.282364 -7.3 1295 1749

1805 1805-19 333 0.282454 0.000009 1.46732 0.00003 0.0014 0.00004 0.0607 0.00210 0.282446 -4.6 1127 1576

1805 1805-20 319 0.282353 0.000009 1.46732 0.00002 0.0016 0.00004 0.0717 0.00120 0.282343 -8.3 1276 1808

1805 1805-22 331 0.282501 0.000013 1.46726 0.00003 0.0024 0.00005 0.1096 0.00290 0.282486 -3.2 1090 1489

1805 1805-21 336 0.282416 0.000012 1.46727 0.00002 0.0040 0.00010 0.1916 0.00380 0.282391 -6.5 1270 1695

1805 1805-15 327 0.282375 0.000013 1.46727 0.00003 0.0013 0.00006 0.0575 0.00240 0.282367 -7.5 1236 1752

1805 1805-14 344 0.282401 0.000018 1.46728 0.00003 0.0034 0.00003 0.1536 0.00150 0.282379 -6.7 1268 1714

Figure 7. Plot of zircon (a) initial 176Hf/177Hf and (b) ƐHf (t) values versus U-Pb ages for the Gönen granitoid. Data from the Sakarya Zone 
and Anatolides are from Karslı et al. (2016), Ustaömer T et al. (2016), and Ustaömer T et al. (2019), respectively.
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continental margin in the Early Carboniferous (Stampfli 
and Kozur, 2006; von Raumer et al., 2009; Candan et al., 
2016). According to a contradictory model by Dokuz et 
al. (2011), on the other hand, Carboniferous Variscan 
metamorphism and associated anatexis followed by 
emplacement of numerous I-type granitoid plutons was 
due to the collision of a continental ribbon, rifted from 
the southern margin of Laurasia, with Gondwana to the 
south. Zircon Lu-Hf systematics of the Gönen Granitoid 
are consistent with derivation from a continental protolith. 
Collisional settings appear to be more capable of supplying 
suitable conditions for the melting of such pure continental 
materials than subduction zones because of the inevitable 
contribution of mantle-derived melts. 
6. Conclusions
The Gönen granitoid is a small outcrop located in the 
western Sakarya Zone and unconformably overlain by 
Jurassic sedimentary rocks. Zircon U-Pb dating produced 
a concordia age of 336.3 ± 2.9 Ma for the Gönen granitoid. 
This age refers to the age of crystallization of this granitoid. 
The Gönen granitoid has negative ƐHf(t) values varying 
between –3.2 and –8.3 showing that the parental magma 
of the granitoid was derived from ancient crust. TDM model 

ages (1811–1489 Ma) calculated from the Hf composition 
of zircon grains indicate that the age of recycled crust could 
be Mesoproterozoic/Paleoproterozoic. The recycling of 
Mesoproterozoic/Paleoproterozoic crust played a crucial 
role during the formation of the Gönen granitoid (336.3 
± 2.9 Ma) in the Sakarya Zone. Model ages show that the 
Carboniferous magmatism evolved from ancient crust, 
which was possibly extracted from enriched lithospheric 
mantle in a time interval of 1811 to 1489 Ma. Hf data from 
zircons demonstrate that a homogeneous and old enriched 
lithospheric mantle source participated in the formation 
of the protolith for the Gönen granitoid. Finally, the 
Carboniferous magmatism involved a collisional event in 
the early Carboniferous rather than ongoing subduction.
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