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Abstract
We report detrital zircon ages from the Upper Cretaceous (Campanian–Maastrichtian) turbiditic sandstones from the Pontides 
and the Anatolide–Tauride Block, which were located on opposite margins of the Tethys ocean during most of the Paleozoic 
and Mesozoic. The large data set includes both published and new detrital zircon ages from the Upper Cretaceous Pontide 
sandstones (2730 zircon ages from 26 samples) and new detrital zircon ages from the uppermost Cretaceous Bornova Fly-
sch of the Anatolide–Tauride Block (378 ages from five samples). Phanerozoic detrital zircons from the Upper Cretaceous 
sandstones of the Pontides are predominantly Late Cretaceous (56%) followed by Carboniferous (7.9%), Devonian (5.3%), 
Jurassic (3.1%) and Triassic (2.9%). In contrast, there are no Cretaceous and Jurassic detrital zircons in the uppermost Cre-
taceous Bornova Flysch, and the Phanerozoic detrital zircon populations are mainly Carboniferous (41.3%), Triassic (7.1%), 
Permian (6.9%) and Devonian (5.3%). The absence of Cretaceous and Jurassic zircons in the Bornova Flysch shows that there 
was no sediment transport between the Pontides and the Anatolide–Tauride Block during the latest Cretaceous (75–70 Ma); 
it also shows that the latest Cretaceous – Paleocene deformation of the Bornova Flysch Zone predates the collision between 
the Pontides and the Anatolide–Tauride Block, and is associated with ophiolite obduction. The dominance of Carboniferous 
detrital zircons in the Bornova Flysch Zone underlines that Carboniferous magmatic activity in the Anatolide–Tauride Block, 
and hence on the northern margin of Gondwana, was more significant than hitherto recognized.
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Introduction

The Late Cretaceous was tectonically an active period in 
the Eastern Mediterranean–Aegean region with multiple 
episodes of metamorphism, deformation and magmatism 
related to subduction, ophiolite obduction and inception of 
continental collision (e.g., Robertson et al. 2013; Okay and 
Nikishin 2015; van Hinsbergen et al. 2020). This has led 
to a complex geology with large number of tectonic units, 

the affinity and the time of juxtaposition of these units are 
often controversial. Detrital zircon geochronology has the 
potential to constrain the origin of the tectonic units and 
the time of their amalgamation. It also frequently provides 
information on magmatic events, the record of which could 
be concealed beneath young sedimentary and tectonic cover 
or removed by erosion (e.g., Gehrels 2014; Ustaömer et al. 
2013; Akdoğan et al. 2017). Here, we report detrital zircon 
ages and sandstone petrography from Upper Cretaceous tur-
bidites from the Pontides and from the Anatolide–Tauride 
Block, which were separated by a Tethyan ocean during the 
Paleozoic and Mesozoic. The results show that, in contrast 
to that implied in some recent paleogeographic reconstruc-
tions (Moix et al. 2008; Robertson et al. 2013; Barrier et al. 
2018), there was no sediment transport between the Pontides 
and the Anatolide–Tauride Block during the Late Cretaceous 
(75–70 Ma). On a broader scale this shows that the Tethyan 
ocean provided an effective barrier between Gondwana and 
Eurasia during the latest Cretaceous, as also suggested by 
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some early paleogeographic reconstructions (e.g., Robertson 
and Dixon 1984; Dercourt et al. 1986). Furthermore, the 
detrital zircon ages from the Anatolide–Tauride Block show 
a major Carboniferous peak, reinforcing recent data for the 
presence of Carboniferous magmatism on the northwestern 
margin of Gondwana.

Geological setting

During most of the Paleozoic and Mesozoic, the Pon-
tides formed part of the active continental margin of 

Laurasia facing the İzmir–Ankara–Erzincan ocean in 
the south. The trace of this ocean is represented today 
by the İzmir–Ankara–Erzincan suture (Fig. 1, e.g., Okay 
and Tüysüz 1999; Robertson et al. 2013). The Pontides 
became separated from the bulk of Laurasia with the Late 
Cretaceous opening of the Black Sea as a back-arc basin 
(e.g., Görür 1988; Okay et al 1994). On the other hand, 
the Anatolide–Tauride Block was located south of the 
İzmir–Ankara–Erzincan ocean and formed a passive mar-
gin in the Mesozoic. During the Neoproterozoic and Paleo-
zoic, the Anatolide–Tauride Block was part of Gondwana; 

Fig. 1  Tectonic map of the Aegean region
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it rifted off from Gondwana with the opening of the Bit-
lis–Zagros ocean in the Permo-Triassic; the present Eastern 
Mediterranean represents a relic of this ocean (e.g., Şengör 
and Yılmaz 1981). Below, we summarize the geology of 
the Pontides and the Anatolide–Tauride Block with special 
emphasis on major pre-Cenozoic magmatic episodes, which 
provide a source for detrital zircons.

Pontides

The Pontides consist of three Gondwana-derived units, the 
Istanbul Zone, the Sakarya Zone and the Strandja Massif 

(Fig. 1), which were welded to Laurasia at different periods 
(Okay and Tüysüz 1999). Upper Cretaceous volcanic and 
volcaniclastic sequences extend throughout the Sakarya, 
İstanbul zones and the Strandja Massif (Fig. 2) and provide 
an upper age limit for their amalgamation.

The Istanbul Zone has a thick, well-developed, continu-
ous Ordovician to Carboniferous sedimentary sequence, 
which lies unconformably over a late Neoproterozoic base-
ment of granites (580–560 Ma) and metamorphic rocks 
(Fig. 3, Dean et al. 2000; Chen et al. 2002; Ustaömer et al. 
2005; Özgül 2012). The Paleozoic rocks of the Istanbul 
Zone were deformed during the Carboniferous orogeny and 

Fig. 2  Geological map of northwestern and central Anatolia show-
ing the outcrops of the Upper Cretaceous magmatic and sedimen-
tary rocks, and sample localities. The base map is from Konak et al. 

(2016). The bold numbers represent new samples reported in this 
study. Nallıhan, Okçular and Göynük localities refer to samples from 
stratigraphic sections sampled by Mueller et al. (2022)
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Fig. 3  Generalized stratigraphic columns for the Pontides and the Anatolide–Tauride Block with special emphasis on granitic magmatism. For 
sources see the text
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intruded by Permian (261–255 Ma) granites (Aysal et al. 
2018). A sedimentary Upper Permian–Triassic sequence 
Iies unconformably over the Paleozoic series. Upper Juras-
sic – Lower Cretaceous series is only preserved in the east-
ern part of the Istanbul Zone and consists of shallow marine 
limestones and sandstones (Okay et al. 2018). During the 
Late Cretaceous, a magmatic arc formed, which can be 
followed all along the southern margin of the Black Sea 
(Fig. 2). The pre-Cenozoic magmatic rocks in the Istanbul 
Zone are of late Neoproterozoic (580–560 Ma), Permian 
(261–255 Ma) and Late Cretaceous ages.

The Strandja Massif has also a late Neoproterozoic to 
Cambrian (550–525 Ma) basement of granitic and metamor-
phic rocks overlain by a poorly dated Paleozoic sedimentary 
series (Yılmaz Şahin et al. 2014; Yılmaz et al. 2021). It was 
deformed and metamorphosed during the Carboniferous 
Variscan orogeny and was subsequently intruded by volumi-
nous Upper Carboniferous and Permian (319–250 Ma) gran-
ites (Fig. 3; Sunal et al. 2006; Aysal et al. 2018; Akgündüz 
et al. 2021; Sałacinska et al. 2022). More recently Middle 
Triassic (245–237 Ma) granites are also described from 
the Bulgarian sector of the Strandja Massif (Bonev et al. 
2022). The Variscan crystalline basement and the Permo-
Carboniferous granites are unconformably overlain by a 
Triassic–Jurassic sedimentary sequence. Regional meta-
morphism and deformation during the latest Jurassic have 
affected both the Variscan basement and its Mesozoic cover 
(Okay et al. 2001; Sunal et al. 2011). The metamorphic 
rocks are unconformably overlain by early Upper Cretaceous 
(Cenomanian) sandstones, which pass up into a Santonian 
to Campanian volcanic and volcaniclastic rocks. The mag-
matic rocks in the Strandja Massif are of late Neoprotero-
zoic–Cambrian (550–525 Ma), Late Carboniferous–Middle 
Triassic (319–237 Ma) and Late Cretaceous ages.

The Sakarya Zone has a complex, heterogeneous pre-
Jurassic basement consisting mainly of three tectonic units 
(Fig. 3): a) A Variscan basement of high-grade metamorphic 
rocks with late Neoproterozoic to Silurian (435–425 Ma) 
metagranites (Topuz et al. 2020; Karslı et al. 2020; Dokuz 
et  al. 2022). The metamorphism was Early Carbonifer-
ous (340–330 Ma) in age and the metamorphic rocks are 
intruded by Carboniferous–Early Permian (348–290 Ma) 
granites (Topuz et al. 2010, 2020; Kaygusuz et al. 2012, 
2016; Ustaömer et al. 2012). b) Permian–Triassic subduc-
tion–accretion complexes consisting of metabasite, phyllite 
and marble, and highly deformed siliciclastic turbidites, 
called as the Karakaya Complex (Okay and Göncüoğlu 
2004). c) Early Devonian (403–398) granites (Aysal et al. 
2012; Topuz et al. 2020; Karslı et al. 2020).

The basement of the Sakarya Zone is stratigraphi-
cally overlain by a Jurassic–Cretaceous sedimentary and 
volcanic sequence (Fig.  3). The Jurassic is character-
ized by arc-related volcanic rocks and intrusive granites 

(190–150 Ma), which outcrop widely across the Sakarya 
Zone (Okay et al. 2014, 2018; Eyuboglu et al. 2016; Gücer 
et al. 2016; Çimen et al. 2017; Liu et al. 2021; Sunal et al. 
2022). These are overlain by Upper Jurassic–Lower Creta-
ceous limestones, which pass up into the Upper Cretaceous 
volcanic and volcaniclastic rocks. The magmatic rocks in 
the Sakarya Zone are mainly of Silurian (435–425 Ma), 
Devonian (403–398 Ma), Carboniferous–Early Permian 
(348–290 Ma), Jurassic (190–150 Ma) and Late Cretaceous 
ages.

As discussed above, the Pontides were affected by wide-
spread magmatism throughout the late Neoproterozoic and 
Phanerozoic, which is a consequence of their location in 
an active margin. A proxy for the intensity and duration 
of magmatism throughout this long period is the bedrock 
magmatic ages. The bedrock ages also enable an objective 
correlation with the detrital zircon record. We compiled 
published pre-Cenozoic zircon bedrock ages from mag-
matic rocks from the Pontides, which are given in Table S1 
and shown in Fig. 4a. The data set includes 220 zircon ages 
from the magmatic rocks, mostly granites. The most domi-
nant zircon age group is Late Cretaceous (77 Ma), followed 
by Jurassic (ca. 177 Ma), Carboniferous (340–302 Ma), 
Devonian (405–397 Ma) and Cambrian–Neoproterozoic 
(580–530 Ma). Ordovician magmatic rocks are very rare 
and Triassic ones are represented by small granitic bodies 
in the Strandja Massif (Fig. 4a).

The Anatolide–Tauride Block

Unlike the Pontides, the Anatolide–Tauride Block formed 
a single plate during the Mesozoic and its tectonic subdivi-
sion is largely a consequence of the Late Cretaceous and 
younger Alpine tectonics (Okay 2008). The Tavşanlı Zone 
in the north represents the northern subducted margin of the 
Anatolide–Tauride Block with the high pressure – low tem-
perature (HP/LT) metamorphism dated as Late Cretaceous 
(ca. 80 Ma, Sherlock et al. 1999). The Afyon Zone was met-
amorphosed at high-pressure greenschist facies at the end of 
Cretaceous (ca. 66 Ma, Pourteau et al. 2013; Özdamar et al. 
2013). The Cycladic Complex underwent HP/LT metamor-
phism during the Early Eocene (ca. 52 Ma, e.g., Bröcker and 
Enders 2001; Lagos et al. 2007; Çetinkaplan et al. 2020), 
and the Menderes Massif a Barrovian-type metamorphism 
during the Middle–Late Eocene (43–35 Ma, Hetzel and 
Reischmann 1996; Schmidt et al. 2015). The Bornova Fly-
sch Zone forms a northeast trending belt between the Alpine 
metamorphic zones and the İzmir–Ankara–Erzincan suture 
(Fig. 1, Okay and Siyako 1993). It consists of deformed 
Upper Cretaceous to Paleocene olistostromes (Okay et al. 
2012). The Lycian Nappes and the Taurides are made up 
predominantly of Paleozoic and Mesozoic sedimentary 
sequences (e.g., Özgül 1976; Gutnic et al. 1979).
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The Anatolide–Tauride Block has also an Early Cam-
brian—Neoproterozoic (575–520 Ma) granitic and meta-
morphic basement well exposed in the core the Menderes 
Massif (Fig. 5; Loos and Reischmann 1999; Gessner et al. 
2004; Candan et al. 2011; Koralay et al. 2011; Zlatkin et al. 
2013;). This Panafrican basement is overlain by a predomi-
nantly sedimentary Paleozoic and Mesozoic series. Phan-
erozoic magmatic rocks are rare in the Anatolide–Tauride 
Block, and make up less a few percent the sequence, which 
is a result of its position in a passive margin during most 
of the Paleozoic and Mesozoic. Unlike the Pontides, there 
are no Jurassic or Cretaceous granitic rocks in the western 
and central parts of the Anatolide–Tauride Block. Two 
small outcrops of Ordovician (467–445 Ma) and a larger 
outcrop of Carboniferous (330–310 Ma) metagranites are 
described from the Tavşanlı and Afyon zones, respectively 
(Fig. 5; Okay et al. 2008; Özbey et al. 2013; Candan et al. 
2016; Ustaömer et al. 2020). Small Early–Middle Triassic 
(255–220 Ma) metagranites are reported from the Menderes 
Massif (Koralay et al. 2001, 2011; Ustaömer et al. 2016), 
from the Afyon Zone (Akal et al. 2012; Özdamar et al. 2013; 
Ustaömer et al. 2016) and from the Bornova Flysch Zone 
(Erkül et al. 2008; Akal et al. 2011, Ustaömer et al. 2016).

We also compiled pre-Cenozoic bedrock magmatic zircon 
ages from the Anatolide–Tauride Block (Table S1, Fig. 4b). 
The data set includes 69 ages from magmatic bodies (mostly 
granites) from the western and central parts of the Ana-
tolide–Tauride Block. In stark contrast to the Pontides, there 
are no Cretaceous or Jurassic magmatic rocks in the west-
ern and central parts of the Anatolide–Tauride Block; minor 
Upper Cretaceous granites are restricted to the Eastern Tau-
rides in the eastern Anatolia (e.g., Robertson et al. 2021). 
The magmatic zircons in the Anatolide–Tauride Block are 
predominantly Neoproterozoic–Cambrian (ca. 546 Ma), 
Carboniferous (ca. 316 Ma) and Triassic (ca. 249 Ma) in 
age (Fig. 4b). The dominance of Neoproterozoic–Cambrian 
ages reflects the large outcrops of Pan-African metagranites 
at the core of the Menderes Massif (Fig. 5).

Methods

Rock samples were collected in outcrop from the Pontides 
and the Bornova Flysch Zone of the Anatolide–Tauride 
Block. The locations of the samples in UTM coordinates 
are given in Table S2. The samples were processed in the 
Eurasia Institute of Earth Sciences of the Istanbul Technical 

University. Mineral separation for zircon dating was done 
using classical techniques involving crushing, sieving, mag-
netic and heavy liquid separation. The zircons were picked 
under a binocular microscope and mounted in epoxy and 
were polished to nearly half width of the grains. Internal 
structures of the mounted zircons were imaged by means 
of cathodoluminescence (CL) in the Hacettepe University 
(Ankara) by ZeissEvo-50SEM. The CL images of the ana-
lyzed zircons are given in the Supplementary Figs. S1 and 
S2. Zircons were analyzed using laser ablation inductively 
coupled plasma mass spectrometry (LA‐ICPMS) at the Uni-
versity of California, Santa Barbara. For the details of the 
method employed, see Kylander‐Clark et al. (2013). Long‐
term reproducibility in secondary reference materials is < 2% 
and, as such, should be used when comparing ages obtained 
within this analytical session to ages elsewhere. The U‐Pb 
analytical data are given in the Supplementary Table S3.

Detrital zircon data from the Upper 
Cretaceous sandstones of the Pontides

During the Late Cretaceous the northern parts of the Pon-
tides formed a magmatic arc, represented mainly by vol-
canic and volcaniclastic rocks of Santonian to Campanian 
ages (e.g., Okay and Nikishin 2015). The volcanic rocks 
pass southward to coeval siliciclastic turbidites deposited 
in forearc basins (Fig. 2; Görür et al. 1998; Ocakoğlu et al. 
2019; Mueller et al. 2022). The forearc basins shallow dur-
ing the Maastrichtian and the turbidites pass up into sand-
stones and limestones. Arc volcanism also waned towards 
the end of the Cretaceous and was replaced by carbonate 
deposition. Samples for detrital zircon study come from 
the Upper Cretaceous forearc turbidites from three areas in 
the Pontides (Fig. 2). The first one is the Central Sakarya 
Basin, where there is a well-preserved Jurassic to Paleocene 
sequence (e.g., Saner 1980; Ocakoğlu et al. 2019). From 
this region, we report 476 new detrital zircon ages from 
five samples of which 364 are concordant at 90–110%; the 
new data augment detrital zircon ages from eight samples 
reported by Mueller et al. (2022). The second area is the 
Haymana basin, which shows a similar stratigraphy as the 
Central Sakarya Basin (Ünalan et al. 1976; Okay and Altıner 
2016). The detrital zircon data from the Upper Cretaceous 
sandstones from the Haymana Basin are largely taken from 
Okay et al. (2019, 2020) with one new sample (8890) from 
which we report 95 concordant ages out of 116 analyses. The 
third area is in the Central Pontides, where we use detrital 
zircon ages from the seven Upper Cretaceous sandstones 
reported by Akdoğan et al. (2019). The depositional ages 
of the samples, constrained by regional biostratigraphy, are 
Campanian–Maastrichtian; the youngest significant detri-
tal zircons indicate that most samples are late Campanian 

Fig. 4  Zircon ages from pre-Cenozoic magmatic bedrocks from the 
Pontides a and the Anatolide–Tauride Block. b Note the difference 
in scale between a and b, which is a reflection of the dominance of 
magmatic rocks in the Pontides compared to the Anatolide–Tauride 
Block. The bin widths are 5 my. For sources of data see Table S1

◂
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– Maastrichtian (75–70 Ma) in age (Table 1). The CL images 
of the analyzed zircons from six samples are given in Figure 
S1; the majority of zircons are euhedral and show igneous 
zoning indicating a magmatic origin.

The age spectrum based on 2730 concordant zircon ages 
from 26 Upper Cretaceous sandstone samples is shown in 
Fig. 6a. As expected, from the forearc setting of the sand-
stones, the age spectrum is dominated by the Late Creta-
ceous zircons (68–105 Ma), which make up nearly half 
(49%, 1325 zircons) of the total zircon population. The 
peak Late Cretaceous ages in individual samples are pre-
dominantly 71–74 Ma supporting the late Campanian—early 
Maastrichtian depositional ages of the sandstones (Fig. 7). 
Other major Phanerozoic age groups are Carboniferous (216 

zircons, 7.9%), Devonian (145 zircons, 5.3%), Jurassic (85 
zircons, 3.1%), Triassic (80 zircons, 2.9%) and Permian 
(77 zircons, 2.8%). Some age groups have well-defined 
peaks such as at 166 Ma (Middle Jurassic), 300 Ma (Car-
boniferous–Permian boundary), 325 Ma (Carboniferous) 
and 390 Ma (Devonian); other age groups show a more 
homogeneous age distribution as the case for the Triassic 
(210–250 Ma) and Neoproterozoic zircons (560–650 Ma, 
313 zircons, 11.5%). Mesoproterozoic to Archean zircons 
(177 zircons) make up 6.5% of the whole zircon population 
(Fig. 6a).

There is considerable heterogeneity in detrital zircon ages 
among the individual Upper Cretaceous sandstone samples 
(Fig. 7). Although the Late Cretaceous zircons are overall 

Fig. 5  Geological map of the Bornova Flysch Zone and surrounding tectonic units (modified from Okay et al. 2012)
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Table 1  List of the samples from the Upper Cretaceous sandstones from the Pontides and the Bornova Flysch Zone

Sample no Locality Sub-basin Rock type Depositional age Youngest 
significant 
age

No. of con-
cordant zircon 
ages

Reference

Samples from the Upper Cretaceous sandstones of the Bornova Flysch Zone
1 555 Buca Sandstone Maastrichtian—

Paleocene
222 Ma 103 This study

2 10,349 Bigadiç Sandstone Campanian—
Maastrichtian

235 Ma 64 This study

3 10,350 Bigadiç Sandstone Campanian—
Maastrichtian

236 Ma 46 This study

4 10,353 Soma Sandstone Campanian—
Maastrichtian

214 Ma 130 This study

5 13,440 Balıklıova, 
Karaburun

Top of the 
Karaburun suc-
cession

Sandstone Maastrichtian 239 Ma 35 This study

Samples from the Upper Cretaceous sandstones of the Pontides
1 8890 Haymana Haymana Basin 

(HB)
Sandstone Campanian 82 Ma 95 This study

2 8891 Haymana HB Sandstone Campanian 75 Ma 61 Okay et al. (2019)
3 9648 Alcı, Ankara HB Sandstone Campanian 73 Ma 51 Okay et al. (2019)
4 9824 Alcı, Ankara HB Sandstone Campanian 75 Ma 83 Okay et al. (2019)
5 10,301 Polatlı HB Sandstone Maastrichtian 72 Ma 103 Okay et al. (2019)
6 11,169 Beynam HB Sandstone Campanian 81 Ma 49 Okay et al. (2022)
7 R180 Sinop Central Pontides 

(CP)
Sandstone Campanian—

Maastrichtian
262 Ma 127 Akdoğan et al. 

(2019)
8 R200 Sinop CP Sandstone Campanian 77 Ma 106 Akdoğan et al. 

(2019)
9 R212 Sinop CP Sandstone Campanian—

Maastrichtian
159 Ma 104 Akdoğan et al. 

(2019)
10 R213B Sinop CP Sandstone Campanian 75 Ma 94 Akdoğan et al. 

(2019)
11 R216A Sinop CP Sandstone Campanian 73 Ma 52 Akdoğan et al. 

(2019)
12 R238 Sinop CP Sandstone Campanian—

Maastrichtian
95 Ma,

165 Ma 84 Akdoğan et al. 
(2019)

13 R242 Sinop CP Sandstone Campanian—
Maastrichtian

104 Ma,

158 Ma 70 Akdoğan et al. 
(2019)

14 11,796 Çerkeş Central Sakarya 
Basin (CSB)

Sandstone Campanian—
Maastrichtian

111 Ma 83 This study

15 11,600 Mudurnu CSB Sandstone Campanian 73 Ma 64 This study
16 8980 Göynük CSB Sandstone Maastrichtian 72 Ma 65 This study
17 9004 Seben CSB Sandstone Maastrichtian 72 Ma 76 This study
18 12,138 İznik CSB Sandstone Campanian—

Maastrichtian
233 Ma 76 This study

19 17MGB01 Göynük CSB Sandstone Santonian—Cam-
panian

89 Ma 155 Mueller et al. 
(2022)

20 CC082910 Nallıhan CSB Sandstone Maastrichtian 72 Ma 161 Mueller et al. 
(2022)

21 18NAL12 Nallıhan CSB Sandstone Maastrichtian 68 Ma 150 Mueller et al. 
(2022)
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by far the most dominant age group, their percentage various 
from 0 to 100% among samples from all the three subbasins 
(Fig. 7). There is also major variation among samples for 
other age groups, which indicates that other sources besides 
the Upper Cretaceous volcanic arc were temporally and 
locally significant.

There is a good correlation between the magmatic bed-
rock and detrital zircon ages from the Pontides (cf. Figs. 4a 
and 5a). Late Cretaceous and Middle Jurassic magmatic arcs 
provide most of the zircons; the Carboniferous and Neopro-
terozoic zircons can be traced to the basement granites of 
the Sakarya and Istanbul zones, respectively. One apparent 
discrepancy is the presence of Triassic detrital zircons in 
the Upper Cretaceous sandstones compared to the lack of 
Triassic granitic rocks in the Istanbul and Sakarya zones. 
Triassic detrital zircons are also common in the Lower Cre-
taceous, Jurassic and Triassic sandstones of the Sakarya 
Zone (Okay et al. 2013; Ustaömer et al. 2016; Akdoğan et al. 
2018, 2019). This apparent paradox is solved by invoking 
a subsurface Triassic arc north of the Black Sea, for which 
there is also some subsurface evidence (Okay and Nikishin 
2015). The Triassic arc was adjacent to the Pontides before 
the Late Cretaceous opening of the Black Sea as a back-arc 
basin (Görür 1988; Okay et al 1994). This implies that the 
Triassic detrital zircons in the Upper Cretaceous sandstones 
were recycled from the Mesozoic sandstones.

Detrital zircon data from the Upper 
Cretaceous sandstones of the Anatolide–
Tauride Block

Samples for detrital zircon study were collected from the 
Bornova Flysch Zone, which is the main non-metamorphic 
unit in the northwestern part of the Anatolide–Tauride Block 
(Fig. 5). The geology of the Bornova Flysch Zone is briefly 
described below.

Bornova flysch zone

The Bornova Flysch Zone is located between the 
İzmir–Ankara–Erzincan suture and the metamorphic zones 
of the Anatolide–Tauride Block (Fig. 1). It consists mainly 
of deformed olistostromes with Mesozoic limestone and 
ophiolitic blocks in a greywacke matrix of latest Cretaceous 
to Paleocene age (Okay and Siyako 1993; Aldanmaz et al. 
2008; Okay et al. 2012; Solak et al. 2015). North of Kuşadası 
the olistostromes lie with a low angle tectonic contact over 
the Cycladic metamorphic complex and over the Menderes 
Massif (Fig. 5, Başarır and Konuk 1981).

The age of the carbonate blocks in the Bornova Flysch 
Zone ranges from Triassic to Late Cretaceous, and there 
are both shallow marine and deep marine limestone blocks. 
The ophiolitic blocks include serpentinite, gabbro, basalt and 
associated radiolarian chert and pelagic shale. Radiolaria 
from the cherts indicate Triassic, Jurassic and Cretaceous 
ages (Tekin and Göncüoğlu 2007; Tekin et al. 2012).

The matrix of the blocks consists of strongly sheared 
greywacke and shale, called as the Bornova Flysch. The 
clastic rocks make up one third to half of the outcrops in the 
Bornova Flysch Zone. The greywackes are greenish gray, 
black in fresh outcrops, and when bedding is recognized, 
they are medium to thickly bedded, and commonly lami-
nated; the greywackes are intercalated with greenish-gray 
laminated shales. Four sandstone samples from the matrix 
of the olistostromes were collected for detrital zircon study 
(Fig. 5).

The youngest blocks in the Bornova Flysch Zone are 
Campanian in the northeast and Maastrichtian in the south-
west, which provide a maximum depositional age for the 
olistostromes (Okay and Siyako 1993; Okay et al. 2012). In 
the İzmir–Manisa region, the matrix of the Bornova Flysch 
Zone includes calcareous shales with thin pelagic limestone 
intercalations. These have yielded pelagic foraminifera of 
Middle–Late Maastrichtian and Late Paleocene ages from 
different localities (Özer and İrtem 1982; Erdoğan 1990a; 

Table 1  (continued)

Sample no Locality Sub-basin Rock type Depositional age Youngest 
significant 
age

No. of con-
cordant zircon 
ages

Reference

22 18NAL13 Nallıhan CSB Sandstone Maastrichtian 70 Ma 156 Mueller et al. 
(2022)

23 18NAL05 Nallıhan CSB Sandstone Campanian 78 Ma 159 Mueller et al. 
(2022)

24 CC082918 Nallıhan CSB Sandstone Cenomanian—
Turonian

95 Ma 165 Mueller et al. 
(2022)

25 18DMN01 Okçular CSB Sandstone Campanian 85 Ma 180 Mueller et al. 
(2022)

26 18YP02 Okçular CSB Sandstone Campanian 76 Ma 160 Mueller et al. 
(2022)
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Fig. 6  Detrital zircon ages 
from the Upper Cretaceous 
sandstones from the Pontides a 
and the Bornova Flysch of the 
Anatolide–Tauride Block. b 
The Pontide ages comprise new 
data as well as ages reported 
by Akdoğan et al. (2019), Okay 
et al. (2019, 2020) and Mueller 
et al. (2022), whereas detrital 
zircon ages from the Bornova 
Flysch Zone are from this study 
only. The bin widths are 2.5 my. 
For the new analytical data see 
Table S2
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Fig. 7  Percentages of detrital zircon ages from the Upper Cretaceous sandstone samples from the Pontides. The numbers on the charts refer to 
peak ages
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Işıntek et al. 2007; Sarı 2013). Overall, paleontological data 
indicate a Maastrichtian to Paleocene age for the Bornova 
Flysch with a possible depositional younging towards the 
southwest (Okay et al. 2012). An upper limit to its age, as 
well as to the semi-brittle deformation in the Bornova Flysch 
Zone is given by the undeformed Lower Eocene (Cuisian, 
ca. 50 Ma) shallow marine limestones, which lie unconform-
ably over the matrix and blocks of the Bornova Flysch Zone 
northeast of Akhisar (Fig. 5, Akdeniz 1980).

Karaburun Sequence: Within the Bornova Flysch Zone, 
a relatively intact Late Paleozoic–Mesozoic sequence crops 
out on the Karaburun peninsula and the adjacent island of 
Chios (Fig. 5). Stratigraphically the lowest part Karabu-
run–Chios series consist of strongly deformed Upper 
Carboniferous–Lower Permian greywacke and shale with 
Silurian, Devonian and Carboniferous limestone and chert 
blocks (Kozur 1998; Groves et al. 2003; Zanchi et al. 2003; 
Çakmakoğlu and Bilgin 2006; Robertson and Ustaömer 
2009; Löwen et al. 2017). This Karaburun Melange is inter-
preted as a Late Paleozoic subduction–accretion complex 
(Robertson and Picket 2000). It is intruded by small Trias-
sic granitic bodies (ca. 245 Ma, Akal et al. 2011, Ustaömer 
et al. 2016), and is overlain by an over 4 km thick Triassic 
to Lower Cretaceous sedimentary sequence dominated by 
shallow marine carbonates (Besenecker et al. 1968; Jacob-
shagen 1972; Brinkmann et al. 1972; Erdoğan et al. 1990; 
Masse and Işıntek 2000). Many of the blocks in the Bornova 
Flysch Zone can be correlated with these Mesozoic shallow 
marine limestones.

The Mesozoic carbonates of the Karaburun sequence 
are unconformably overlain by Upper Cretaceous (Cam-
panian–Maastrichtian) pelagic limestones and siliciclastic 
turbidites. The uplift and erosion prior to the deposition of 
the pelagic limestones is related to the tectonic emplace-
ment of ophiolite and continental margin units over the Ana-
tolide–Tauride carbonate platform during the Campanian 
(Okay and Siyako 1993; Robertson et al. 2009). In many 
composite blocks in the Bornova Flysch Zone, Upper Cre-
taceous pelagic limestones also lie unconformably over Tri-
assic or Jurassic carbonates (Okay and Altıner 2007; Okay 
et al. 2012).

The Upper Cretaceous series in the Karaburun penin-
sula is best known from the Balıklıova region in the eastern 
part of the peninsula (Figs. 5 and 8). Here, the sequence 
starts with basal conglomerates, which lie unconformably 
over the Triassic shallow marine limestones (Fig. 8). The 
conglomerates are overlain by red pelagic limestones of 
early Campanian to early Maastrichtian age (84–70 Ma), 
which pass up into a turbidite sequence of shale, sandstone 
and siltstone (Brinkmann et  al. 1977; Erdoğan 1990b; 
Çakmakoğlu and Bilgin 2006). The turbidite series includes 
clasts of Mesozoic limestone. It has a minimum thickness 
of 500 m and is tectonically overlain by Triassic carbonates 

(Fig. 8). Balıklıova area is one of the few localities, where 
the stratigraphic relation between the siliciclastic turbidites 
and the underlying Mesozoic carbonate sequence is exposed 
(Erdoğan 1990b). A similar transition from carbonates to 
Lower Paleocene siliciclastic turbidites is also described 
from some of the larger carbonate blocks in the Bornova 
and Manisa region (Konuk 1977; Özer and İrtem 1982; 
Poisson and Şahinci 1988; Solak et al. 2015). Compared 
to the matrix of the Bornova Flysch Zone, such turbidites 
are less deformed and form part of a coherent sequence; 
they probably correspond to an early stage of the deposi-
tion of the olistostromes. A sandstone sample (13,440) was 
collected from the Balıklıova turbidites for detrital zircon 
study (Fig. 8).

Detrital zircon ages from the Bornova Flysch Zone

We obtained 692 dates from detrital zircons from five Upper 
Cretaceous sandstone samples from the Bornova Flysch of 
which 378 were concordant within 10% (55%; Table S3). 
The samples come from a large area of 180 km by 50 km 
(Fig. 5); four samples are collected from the matrix of the 
Bornova Flysch Zone and one sample (13,440) from the 
Maastrichtian sandstones from the Balıklıova area (Fig. 8). 
Most of the detrital zircons are euhedral to subhedral and 
show zoning in CL images (Fig. S2) indicating a magmatic 
origin. The biostratigraphically determined depositional ages 
of the sandstone samples are Maastrichtian in the southwest 
(samples 555 and 13,440) and Campanian–Maastrichtian in 
the northeast (samples 10,349, 10,350, 10,353).

Figure 6b shows the detrital zircon ages from the Bornova 
Flysch. A striking feature is the absence of Cretaceous and 
Jurassic zircons. This is in major contrast to the Pontide 
Upper Cretaceous sandstones, where the dominant zircon 
population is of Late Cretaceous age and the Jurassic zircons 
form a major population (Fig. 6a). The major Phanerozoic 
zircon ages in the Bornova Flysch are Carboniferous (159 
zircons, 41.3%), Triassic (50 zircons, 13.0%), Permian (28 
zircons 7.3%) and Ordovician (22 zircons, 5.7%) (Fig. 6b). 
Late Carboniferous and Middle Triassic zircons form con-
spicuous age peaks at 317 Ma and 237 Ma, respectively 
(Fig. 6b). Neoproterozoic zircons (63 zircons, 16.4%) form 
a broad age plateau between 540 and 650 Ma, similar to 
that observed in the Pontide equivalents. Mesoproterozoic 
to Archean zircons (37 grains) constitute 9.6% of the whole 
zircon population.

Figure 9 shows the detrital zircon ages from individ-
ual samples from the Bornova Flysch Zone. There is lit-
tle variation among the samples in terms of detrital zircon 
ages. Carboniferous zircons form the dominant population 
in all five samples, the peak ages are Late Carboniferous 
(320–309 Ma). The Triassic zircons are also significant in 
all samples with Middle Triassic peak ages of 239–238 Ma 
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Fig. 8  Geological map and cross-section of the Balıklıova region on the Karaburun peninsula, where the stratigraphic base of the Bornova Fly-
sch crops out (modified from Brinkmann et al. 1977 and Erdoğan 1990b). For location see Fig. 5
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(Fig. 9). The Balıklıova sandstone sample (13,440) shows a 
similar detrital age spectra as the sandstone samples taken 
from the matrix of the olistostromes, which suggest that the 
Bornova Flysch was deposited on top of the Mesozoic car-
bonate platform prior to intense semi-brittle deformation.

Detrital zircons in the Bornova Flysch were derived both 
from magmatic and clastic sedimentary rocks. The most 
likely clastic sedimentary source is the Upper Carboniferous 
– Lower Permian Karaburun Melange. The detrital zircon 
record of the Karaburun Melange was studied in detail by 
Löwen et al. (2017) and Ustaömer et al. (2020). The domi-
nant detrital zircon population in the Karaburun Melange is 
Cambrian–Neoproterozoic (45–50%) followed by Devonian 
(5–15%), Carboniferous (1–15%) and Ordovician (2–5%). It 
is likely that most of the Cambrian–Neoproterozoic, Devo-
nian and Ordovician detrital zircons in the Bornova Flysch 
were recycled from the matrix turbidites of the Karaburun 
Melange. On the other hand, the Carboniferous detrital 

zircons are much more abundant in the Bornova Flysch (41% 
of the total detrital zircon population) than in the Karabu-
run Melange (1–15% of the total detrital zircon population), 
which suggests that the majority of the Carboniferous detri-
tal zircons in the Bornova Flysch were derived from Carbon-
iferous magmatic rocks.

Petrography and detrital modes 
of the Upper Cretaceous sandstones

Twelve samples of Upper Cretaceous sandstones from the 
Pontides and the Bornova Flysch were petrographically 
studied and point counted. These include 11 samples ana-
lyzed for detrital zircons. The location of the samples is 
shown in Fig. 2 and their coordinates are given in Table S2. 
The point-counted sandstones are free of penetrative strain 
and recrystallization. The point counting was done using 

Fig. 9  Percentages of detrital zircon ages from the Upper Cretaceous sandstone samples from the Bornova Flysch Zone. The numbers on the 
charts refer to peak ages. The samples are arranged from north to south
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Gazzi-Dickinson method (e.g., Dickinson 1970; Ingersoll 
et al. 1984) with sand-sized (> 0.03 mm) monomineralic 
components of lithic fragments counted as individual min-
eral grains, and only aphanitic grains (< 0.03 mm) are clas-
sified as lithic clasts. More than 400 framework grains were 
counted in each section. Petrographic counting parameters 
and modal point-count data are presented in Table S4.

Petrographically, the Upper Cretaceous sandstones from 
the Pontides are lithic arenites with poorly sorted, angular 
to subangular lithic (average 41 modal %), quartz (20%), 
calcite (21%) and feldspar (15%) grains and minor matrix 
(3%) (Fig. 10). Minor constituents (< 0.5%) include opaque, 
muscovite, epidote and glaucophane. The lithic grains are 
predominantly volcanic (90%) with minor phyllite (10%). 
Calcite is common in all samples and occurs both as mic-
ritic and sparitic grains. Some of the sparry calcite also 
acts as cement. Petrographically the sandstones are similar 
to those described from the Central Pontides by Akdoğan 
et al. (2019) and all but one sample plot in the magmatic arc 
field in the QFL tectonic discrimination of Dickinson et al. 
(1983). The one sample (8890), which plots in the recycled 
orogen field, comes from the stratigraphic base of the Hay-
mana Formation and contains predominantly pre-Cretaceous 
zircons (Fig. 7). The detrital zircon ages and petrography 
indicate that the Pontide sandstones were mainly sourced 
from the magmatic arc; however, presence of minor glau-
cophane and low-grade metamorphic rocks shows that the 
accretionary complex was also providing detritus to the 
forearc basin.

Sandstones from the Bornova Flysch are lithic arenites 
and feldspathic litharenites (Fig. 10). They consist of poorly 
sorted angular to subangular quartz (average 39 modal %), 
lithic (24%), feldspar (21%), and calcite (5%) grains sur-
rounded by fine-grained matrix (11%). Minor constituents 
(< 0.5%) include opaque, muscovite, chlorite, and biotite. 
Sandstones from the Bornova Flysch have a higher amount 
of matrix (average 11%), more quartz and lesser lithic grains 
compared to those from the Pontides (Fig. 10). Micritic and 
sparitic calcite occurs only in some samples, and is signifi-
cant only in the Balıklıova sample (13,440). Lithic grains are 
mainly volcanic (74%) and phyllite (23%). In the discrimina-
tion diagram, sandstones from the Bornova Flysch Zone plot 
in the field of recycled orogen (Fig. 10).

Discussion

Late Cretaceous paleogeography and tectonics

A Late Cretaceous magmatic arc can be followed along the 
southern margin of the Black Sea (Fig. 2). It formed as a 
result of northward subduction of the İzmir–Ankara–Erzin-
can ocean under the Pontides. The magmatic arc was 

bordered in the south by forearc basins with thick sequences 
of volcaniclastic sandstone and shale (Görür et al. 1998; 
Ocakoğlu et al. 2019; Kandemir et al. 2019; Mueller et al. 
2022). Bedrock magmatic and detrital zircon ages indicate 
that arc magmatism peaked in the Campanian (ca. 78 Ma) 
and was reduced drastically in the Maastrichtian (ca. 70 Ma, 
Figs. 4a, 6a). The arc volcanic rocks are commonly overlain 
by Maastrichtian to Lower Eocene limestone and marl, and 
the forearc basins show a regressive development with the 
turbidites passing up into shallow marine sandstones and 
into Paleocene red beds (e.g., Ocakoğlu et al. 2019).

In contrast to the Pontides, the Anatolide–Tauride Block 
formed an isolated carbonate platform during the Mesozoic 
surrounded by the northern and southern branches of the 
Tethys ocean (Fig. 11). During the Late Cretaceous (ca. 
95 Ma) an intra-oceanic subduction zone was initiated in the 
İzmir–Ankara–Erzincan ocean north of the Anatolide–Tau-
ride Block, as suggested by the ages of the subophiolite 
metamorphic rocks (Fig. 12a, e.g., Parlak et al. 2013; Xin 
et al. 2022). Later in the Late Cretaceous (Campanian, ca. 
80 Ma), the northern margin of the Anatolide–Tauride Block 
was subducted in this intra-oceanic subduction zone and 
underwent HP/LT regional metamorphism (Fig. 12b; Okay 
and Whitney 2010; Plunder et al. 2015). In the more south-
erly parts of the Anatolide–Tauride Block, the continental 
subduction manifested itself as a major ophiolite obduction. 
The obducted ophiolite had a north–south length of more 
than 400 km, and covered most of the Anatolide–Tauride 
Block (e.g., Dilek et al. 1999). It was bounded in the west 
by a tear fault, the Bornova Fault (Fig. 12). The presence of 
such a fault is indicated by the following observations (Okay 
et al. 2012): a) the Late Cretaceous ophiolite obduction does 
not extend into Greece and the Aegean islands, b) the west-
ern margin of the Bornova Flysch Zone is largely free of 
ophiolite blocks (Fig. 5), c) The İzmir–Ankara–Erzincan 
suture, which has an overall east–west trend, forms a sharp 
NNE trending bend between İzmir and Balıkesir (Fig. 1). 
An oblique foreland basin was created west of the Bornova 
Fault, where the olistostromes of the Bornova Flysch Zone 
were deposited (Fig. 12, Okay et al. 2012).

The presence of Neoproterozoic, Paleozoic and Triassic 
detrital zircons in the Bornova Flysch (Fig. 9) indicates that 
basement rocks were on the surface during the Late Creta-
ceous. The uplift of the basement of the Anatolide–Tauride 
Block can be related to the thrusting associated with the 
ophiolite obduction (Fig. 12c).

In the early paleomaps of the Tethyan region (e.g., 
Robertson and Dixon 1984; Dercourt et  al. 1986), the 
İzmir–Ankara–Erzincan ocean is shown to separate the 
Pontides and the Anatolide–Tauride Block in the Late Cre-
taceous (75–70 Ma), whereas more recently published paleo-
maps (e.g., Moix et al. 2008; Robertson et al. 2013; Barrier 
et al. 2018) show collision between these two continental 



1015International Journal of Earth Sciences (2023) 112:999–1022 

1 3

terranes starting already in Late Cretaceous (75–70 Ma). 
The absence of Jurassic and Cretaceous zircons in the Bor-
nova Flysch implies the existence of a wide Tethyan ocean 
separating the Pontides and the Anatolide–Tauride Block 

during the Late Cretaceous giving support to early paleo-
maps (Fig. 12).

Fig. 10  Modal compositions and microphotos of the sandstones from 
the Pontides and the Bornova Flysch Zone. a Quartz (Q) – feldspar 
(F) – lithic (L) diagram. b QFL tectonic discrimination diagram after 
Dickinson et  al. (1983). Representative plane-polarized light micro-

photos of the Upper Cretaceous sandstones from the Pontides (c and 
d) and from the Bornova Flysch Zone (e and f). Abbreviations: cc 
sparry calcite, cm micritic calcite, ep epidote, gl glaucophane, lv vol-
canic lithic, mu muscovite, pl plagioclase, q quartz
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Magmatic record of the Anatolide–Tauride Block

The absence of Cretaceous and Jurassic detrital zircons 
in the Bornova Flysch implies that the detrital zircons in 
the Bornova Flysch must have been derived from the Ana-
tolide–Tauride Block, and therefore, they provide a proxy 
for magmatism in the Anatolide–Tauride Block. Detri-
tal zircon record from the Bornova Flysch indicates Late 

Carboniferous (ca. 317 Ma), Middle Triassic (ca. 237 Ma), 
Devonian (473 Ma), and late Neoproterozoic magmatic 
events. Neoproterozoic metagranites are exposed over large 
areas in western Anatolia (Fig. 5); however, they make up 
a minor component of the detrital zircon record, and were 
probably recycled from the Karaburun Melange. This is 
in accordance with the Miocene exhumation of the Men-
deres Massif (e.g., Gessner et al. 2001). Carboniferous and 

Fig. 11  Paleogeographic map for the Late Carboniferous showing 
possible locations of the Pontides (Sakarya and Istanbul zones), the 
Anatolide–Tauride Block and the Chios–Karaburun Upper Paleozoic 

subduction–accretion complex (modified from Okay et  al. 2006 and 
Robertson and Ustaömer 2009)
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Triassic detrital zircon ages correlate with the coeval mag-
matism in the Anatolide–Tauride Block (cf. Figure 4b and 
5b). Carboniferous detrital zircons form the major popula-
tion in the Bornova Flysch, which shows that Carboniferous 
magmatic rocks must have been more widespread on the 
surface during the Late Cretaceous then at the present day.

Carboniferous detrital zircons and magmatic rocks are 
common both in the Pontides and in the Anatolide–Tauride 
Block (Figs. 4 and 6); thus, they are not diagnostic for Pon-
tide or Anatolide–Tauric provenance. However, the εHf(t) 
values of the Carboniferous zircons from the Pontides and 
the Anatolide–Tauride Block appear to be different (cf. Fig-
ure 14 of Ustaömer et al. 2020). Devonian detrital zircons 
indicate a coeval magmatic activity, which is unknown from 
the Anatolide–Tauride Block.

Significance of Carboniferous detrital zircons

Carboniferous granites are widespread in the Pontides and in 
the Variscan Europe, on the other hand, there are rare on the 
northern Gondwana margin. Consequently, Upper Paleozoic 
sedimentary sequences with significant Carboniferous zir-
con populations, such as those of Chios and Karaburun, are 
commonly placed on the southern margin of Laurasia, (e.g., 
Meinhold et al. 2008; Löwen et al. 2017). However, in both 
Chios and Karaburun the Upper Paleozoic series are strati-
graphically overlain by Mesozoic carbonates, which are a 
typical stratigraphic feature of the Anatolide–Tauride Block 
(e.g., Erdoğan et al. 1990; Robertson and Pickett 2000).

The Bornova Flysch was clearly deposited in the Ana-
tolide–Tauride Block during the latest Cretaceous and Pale-
ocene. Yet, the dominant detrital zircon population in the 
Bornova Flysch is Carboniferous in age, and makes up 41% 
of the detrital zircons. A recycled origin for all the Carbon-
iferous zircons is highly unlikely since in the Karaburun 
Melange, the Carboniferous zircons constitute only 1–15% 
of the zircon population (Löwen et al. 2017; Ustaömer et al. 
2020). Therefore, it is very likely that the Bornova Flysch 
was partly sourced from Carboniferous magmatic rocks, 
similar to those described from the Afyon Zone of the Ana-
tolide–Tauride Block (Fig. 5, Candan et al. 2016). Carbon-
iferous granites are also described from northwest Iran (e.g., 
Bea et al. 2011; Moghadam et al. 2015) pointing to Carbon-
iferous magmatism on the northern margin of Gondwana 
possibly linked to short-lived southward subduction (Fig. 10; 
Robertson and Ustaömer 2009; Candan et al. 2016). There-
fore, the source of Carboniferous detrital zircons in the 
Bornova Flysch and in other units of the Anatolide–Tauride 
Block lies in Gondwana, as was also suggested by Ustaömer 
et al. (2020). An additional argument for the Gondwanian 
origin of the detrital zircons in the Anatolide–Tauride Block 
is provided by the εHf(t) data. The εHf(t) values of zircons 
from the Carboniferous zircons from the Pontides and the 

Anatolide–Tauride Block are different, and the detrital Car-
boniferous zircons from the Anatolide–Tauride Block have 
εHf(t) values similar to those from the Carboniferous Ana-
tolide–Tauride granites (Fig. 14 of Ustaömer et al. 2020).

Conclusions

1. Uppermost Cretaceous (75–70 Ma) turbidites of the 
Anatolide–Tauride Block do not contain any Jurassic 
and Cretaceous detrital zircons, which are common 
in the age-equivalent sandstones of the Pontides. This 
shows that there was no sediment transport across the 
Tethyan ocean during this time. More specifically vol-
canic detritus of the Late Cretaceous Pontide magmatic 
arc was not reaching the Anatolide–Tauride Block at 
75–70 Ma.

2. The Phanerozoic detrital zircon ages in the Upper Cre-
taceous sandstones of the Pontides are predominantly 
Cretaceous (56%) followed by Carboniferous (7.9%), 
Devonian (5.3%), Jurassic (3.1%) and Triassic (2.9%). 
In contrast, in the equivalent Phanerozoic detrital zir-
con populations in the Bornova Flysch Zone of the Ana-
tolide–Tauride Block are Carboniferous (41.3%), Trias-
sic (7.1%), Permian (6.9%) and Devonian (5.3%). The 
absence of Cretaceous and Jurassic zircons furthermore 
shows that the deformation of the Bornova Flysch Zone 
is pre-collisional and is associated with ophiolite obduc-
tion.

3. Detrital zircons from the Upper Cretaceous sandstones 
from the Bornova Flysch Zone show a major Late Car-
boniferous age peak (327 Ma, 41.3% of the zircon ages). 
This indicates that Carboniferous magmatism on the 
northern margin of Gondwana is more widespread than 
hitherto recognized. Carboniferous detrital zircons also 
form a significant population (7.9% of the zircon ages) 
in the Upper Cretaceous sandstones in the Pontides, 
showing that magmatic activity occurred on both the 
Eurasian and Gondwana margins during the Carbonifer-
ous. Thus, it is not correct to identify a Laurasian origin 
on the basis of Carboniferous detrital zircons. However, 
the εHf(t) values of Carboniferous zircons from the Pon-
tides and the Anatolide–Tauride Block appear to be dif-
ferent (Ustaömer et al. 2020).

4. Magmatic bedrock and detrital zircon ages from the 
Pontides and the Anatolide–Tauride Block show simi-
lar Triassic, Paleozoic and Neoproterozoic age patterns 
(Figs. 4 and 6). The main difference between these two 
units is the absence of Cretaceous and Jurassic magma-
tism in the Anatolide–Tauride Block.

5. The Karaburun peninsula in the Bornova Flysch Zone 
comprises a semi-intact Mesozoic carbonate sequence 
overlain by Maastrichtian turbidites. Detrital zircons 
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from these turbidites show a similar age pattern to those 
from the matrix of the Bornova Flysch Zone. This sug-
gests that the olistostromes of the Bornova Flysch Zone 
were originally deposited over the Mesozoic carbonate 
platform before their deformation in the latest Creta-
ceous and Paleocene.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00531- 022- 02275-1.
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