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homogeneous garnet–glaucophane–phengite schists with 
eclogite lenses is dated at 84.8 ± 0.8, 84.7 ± 1.5 and 
82 ± 3 Ma (Santonian–Campanian) by 40Ar/39Ar phen-
gite, U/Pb zircon and rutile dating methods, respectively. 
Similarly, phengites in Gündoğmuş nappe representing an 
accretionary complex yield 82–80 Ma (Campanian) ages 
for blueschist facies metamorphism. During the exhu-
mation, the retrograde overprint of the HP units under 
greenschist–amphibolite facies conditions and tectonic jux-
taposition with the Barrovian units occurred during Cam-
panian (75–78 Ma). Petrological and geochronological data 
clearly indicate a similar Late Cretaceous tectonometa-
morphic evolution for both Alanya (84–75 Ma) and Bitlis 
(84–72 Ma) Massifs. They form part of a single continen-
tal sliver (Alanya–Bitlis microcontinent), which was rifted 
from the southern part of the Anatolide–Tauride platform. 
The P–T–t coherence between two Massifs suggests that 
both Massifs have been derived from the closure of the 
same ocean (Alanya–Bitlis Ocean) located to the south of 
the Anatolide–Tauride block by a northward subduction. 
The boundary separating the autochthonous Tauride plat-
form to the north from both the Alanya and Bitlis Massifs 
to the south represents a suture zone, the Pamphylian–
Alanya–Bitlis suture.

Keywords Tauride · Eclogite · Alanya · Blueschist · 
Metamorphism

Introduction

Turkey is made up of large number of amalgamated conti-
nental domains, which are separated by mainly E–W-trend-
ing suture zones representing the closure site of several 
Neotethyan oceanic branches. This tectonic mosaic is 

Abstract The Alanya Massif, which is located to the 
south of central Taurides in Turkey, presents a typi-
cal nappe pile consisting of thrust sheets with contrast-
ing metamorphic histories. In two thrust sheets, Sug-
özü and Gündoğmuş nappes, HP metamorphism under 
eclogite (550–567 °C/14–18 kbar) and blueschist facies 
(435–480 °C/11–13 kbar) conditions have been recog-
nized, respectively. Whereas the rest of the Massif under-
went MP metamorphism under greenschist to amphibo-
lite facies (525–555 °C/6.5–7.5 kbar) conditions. Eclogite 
facies metamorphism in Sugözü nappe, which consists of 
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F. Şengün 
Department of Geological Engineering, Çanakkale Onsekiz Mart 
University, 17020 Çanakkale, Turkey

http://dx.doi.org/10.1007/s00531-014-1092-8
http://crossmark.crossref.org/dialog/?doi=10.1007/s00531-014-1092-8&domain=pdf


248 Int J Earth Sci (Geol Rundsch) (2016) 105:247–281

1 3

the result of successive rifting and oceanisation along the 
northern margin of Gondwana, northward drifting of the 
separated continental blocks and, finally, continental col-
lision between Gondwana and Laurasia due to the closure 
of these multiple oceanic branches of the Tethyan realm 
during late Paleozoic, early Mesozoic and Late Cretaceous 
to Tertiary times (Okay et al. 2006; Robertson 2004; Rob-
ertson et al. 2013; Stampli and Borel 2002; Şengör and 
Yılmaz 1981). Within this general tectonic framework, 
the İzmir–Ankara Suture Zone, formed by the closure of 
the northern branch of the Neotethys Ocean in Late Creta-
ceous–Eocene (Candan et al. 2005; Okay and Tüysüz 1999; 
Okay et al. 2001; Pourteau et al. 2013; Rolland et al. 2009), 
separates Turkey into two main tectonic units (Ketin 1966; 
Okay and Tüysüz 1999), the Pontides (Sakarya Zone, Istan-
bul Zone, Stranja Massif) to the north and the Taurides and 
their metamorphic equivalents, the Anatolides (Tavşanlı 
Zone, Afyon Zone, Menderes Massif and Lycian Nappes) 
to the south. In addition, in SE Anatolia, the Bitlis–Zagros 
suture zone represents the closure of the southern Neo-
tethys Ocean and collision of the Arabian Plate with the 
Anatolides–Taurides during Miocene (Parlak et al. 2009; 
Şengör and Yılmaz 1981; Yılmaz 1993). Taurides and their 
metamorphic equivalents, Anatolides, show a Gondwanian 
affinity. The Anatolides–Taurides with common Paleozoic–
Early Triassic stratigraphy were rifted off from Gondwana 
as an isolated block by the opening of the northern and 
southern branches of the Neotethys Ocean in the Triassic 
(Göncüoğlu et al. 2003; Okay et al. 1996, 2006) or Jurassic 
(Şengör et al. 1980, 1985). Based on the primary deposi-
tional environments and sedimentary facies characteristics, 
the Anatolide–Tauride block is divided into several units: 
these are from south to north, the Alanya, Antalya, Geyik 
Dağı, Aladağ and Bozkır units (Özgül 1976, 1983).

Within this general tectonic framework, the Alanya Mas-
sif is assumed to derive from the Alanya unit as a conse-
quence of Late Cretaceous subduction and associated 
polyphase metamorphism. The existence of well-preserved 
eclogite and blueschists in the Alanya Massif has been 
documented first time by Okay and Özgül (1984) and Okay 
(1989). In these papers, based on the general geological 
evidence, a possible Late Cretaceous, Turonian, age was 
assumed for the high-P metamorphism (Okay and Özgül 
1984). More recently, in the Bitlis Massif in the south-
eastern Anatolia Late Cretaceous eclogites in the base-
ment series and blueschists characterized by the presence 
of carpholite and glaucophane in the Mesozoic sequence 
have been discovered (Oberhänsli et al. 2010, 2011). A 
possible correlation in terms of general geological char-
acteristics between Alanya Massif and Bitlis Massif has 
been suggested in some papers (Özgül 1976; Çetinkaplan 
et al. 2011; Oberhänsli et al. 2010). Here, we report the 
first geochronological data on the HP metamorphism and 

following Barrovian-type overprint in the Alanya Massif. 
We also focus on the Late Cretaceous subduction history 
of the Alanya Massif and discuss a possible correlation of 
the geodynamic setting between Alanya and Bitlis Massifs 
in terms of the Late Cretaceous evolution of the oceanic 
branches in the Eastern Mediterranean region.

Geology of the Alanya Massif

The Alanya Massif presents a typical nappe pile consist-
ing of thrust sheets with contrasting metamorphic histories. 
Although the great majority of the Massif was affected by 
Barrovian-type metamorphism, evidence for HP meta-
morphism was documented from two localities: in the 
regions of Alanya (Fig. 1a, b) and Gündoğmuş (Figs. 1a, 
2) (Şengün et al. 1978; Okay 1986). The tectonic archi-
tecture of the Gündoğmuş region has been regarded as an 
accretionary complex that was metamorphosed under blue-
schist facies conditions during the Late Cretaceous. In the 
Alanya region, the glaucophane- and garnet-bearing phen-
gite schists that contain numerous eclogite lenses exhibit 
a coherent succession of psammitic to pelitic sedimentary 
rocks with thin black quartz arenite interlayers.

The Alanya Massif is tectonically underlain by the 
unmetamorphosed sedimentary sequence of the Antalya 
Unit (Fig. 1a, b). The Alanya Massif, the Antalya Unit as 
well as the Taurides, to the north, are unconformably over-
lain by Late Paleocene–Eocene sedimentary rocks that 
postdate the exhumation of the metamorphic rocks (Özgül 
1976; Demirtaşlı 1983; Işık and Tekeli 1995). During the 
Lutetian, the Alanya Massif was thrust northward over the 
autochthonous Tauride platform (Geyik Dağı Unit), and 
then overthrust from the north by an allochthonous Tau-
ride unit (Aladağ Unit) (Fig. 1b). Therefore, present-day 
tectonic contacts with the Taurides are related to Eocene 
tectonics, whereas the metamorphic history of the Alanya 
Massif carries crucial information on the older history of 
the Taurides.

Alanya region

In general, this region is made up of two tectonic units, 
the unmetamorphosed Antalya unit and tectonically over-
lying Alanya Massif (Fig. 1b). The Antalya unit crops out 
in a tectonic window and exhibits a coherent but highly 
deformed sedimentary sequence (Özgül 1976; Okay and 
Özgül 1984). In the study area, it is composed of platform-
type Permian limestone overlain by thinly bedded Scythian 
carbonate. These are overlain by the Triassic deep-marine 
sediments, radiolarian cherts and pelagic limestones, with 
rare basaltic tuff horizons. They pass upwards to Carnian 
silisiclastic turbidites consisting of more than 300 m-thick 
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(b)

(a)

Fig. 1  a Generalized tectonic map of the middle Tauride showing the major tectonic units (after Okay 1986), b geological map of the Alanya 
area

4078 000

Fig. 2  Geological map of the Gündoğmuş area
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interbedded sandstone and mudstone. At the uppermost 
stratigraphic levels, this intercalation contains reworked 
meter-to-km-sized olistoliths of gray to black Permian 
limestone.

The metamorphic rocks of the Alanya Massif consist of 
the Mahmutlar and Yumrudağ nappe complexes (at lower 
and upper structural positions, respectively), which have 
experienced Barrovian-type MP/LT, and the intermediate 
Suğözü nappe, which was affected by the blueschist facies 
to eclogite facies conditions (Fig. 1b, Okay and Özgül 
1984). The Mahmutlar nappe has a maximum thickness of 
900 m. It is made up of two tectonic subunits, from bot-
tom to top, the Gökketir and Kargıcak nappes. The Gök-
ketir nappe consists of Upper Permian marbles with rarely 
preserved Mizzia fossils and conformably overlying inter-
calations of multicolored chlorite schist, marble and calcs-
chist that are probably lower Triassic in age. In contrast, the 
Kargıcak nappe is probably Infracambrian in age; it con-
sists predominantly of mica schist, brownish metadolomite, 
white metaquartzite and gray marble. A well-developed 
schistosity is ubiquitous in the metaclastics. In the meta-
clastic sequence, the chlorite, biotite and garnet isogrades 
define a NE-to-SW progressive increase in metamorphic 
grade, within the greenschist facies (Okay 1989).

The Sugözü nappe can be followed over 30 km later-
ally and has a variable thickness of 50–1,000 m. It is domi-
nantly composed of homogeneous garnet–glaucophane–
phengite schists of inferred Infracambrian protoliths age. 
Schists are composed of conspicuous reddish garnet crys-
tals up to 5 mm in size in a phengite-rich matrix (Fig. 3a). 
Black colored quartzite levels, up to 20 cm thick, are inter-
layered with schists. Dark blue glaucophane occurs as par-
allel-aligned prismatic crystals up to 1 cm long, defining 
the pronounced mineral lineation of the schists. Eclogite 
and eclogitic metabasite are observed in minor amount (ca. 
3 % of the Sugözü Nappe), as layers with maximum 50 cm 
in thickness and more commonly as boudin reaching up to 
4 m in length. Eclogite exhibits a massive to weakly foli-
ated structure and contains 2–3 mm garnet crystals in a dark 
green groundmass of predominantly omphacite and minor 
clinozoisite (Fig. 3c). More common eclogitic metabasite 
contains distinctively higher modes of glaucophane. Due to 
retrogression at the edges of the eclogitic lenses as well as 
along crosscutting shear bands, eclogite was transformed 
partly to completely into retrograde blueschist facies to 
greenschist facies rocks, such as glaucophanite, epidote–
amphibolite, greenschist and all possible intermediates. It 
occurs as a well-preserved HP tectonic slice between the 
underlying Mahmutlar and overlying Yumrudağ nappe 
complexes. The mylonitic-to-ultramylonitic top and basal 
shear zones of the Sugözü Nappe are marked, in quartz-
rich lithologies, by flattened and elongated quartz aggre-
grates separated by planar minerals and, in micaschists, by 

phyllonites. Up to 5 m away from the shear zones, garnet 
and glaucophane are completely to partly replaced by chlo-
rite, representing tectonic juxtaposition and deformation 
under greenschist facies conditions.

The uppermost, Yumrudağ nappe complex is charac-
terized by lower greenschist facies metamorphism. It is 
divided into three thrust sheets, from bottom to top, the 
Kapıkaya, Sıralık and Kiraz Dağ nappes. The Kapıkaya 
nappe constitutes a coherent metasedimentary sequence 
of, from bottom to top, chlorite–mica schist (15 m), pink 
to white metaquartz arenite (20 m), cherty dolomite (2 m), 
pink–green nodular marble (3 m) and homogeneous chlo-
rite schist with thin nodular marble interlayers at the lower 
levels (>200 m). This clastic–carbonate sequence can be 
correlated with typical Infracambrian–Cambro–Ordovi-
cian units of the Taurides, which can be traced more than 
600 km from eastern to western Anatolia. The Sıralık nappe 
consists predominantly of strongly folded and moderate to 
thickly bedded platform-type Upper Permian black mar-
ble. The Kiraz Dağ nappe is composed of an intercalation 
(30–100 m thick) of chlorite–albite schist, yellow dolomite 
and gray marble of probably Early Triassic age that grades 
upwards into homogeneous platform-type gray dolomitic 
marbles, up to 400 m thick, possibly Jurassic in age.

Gündoğmuş region

In this region, four nappes are distinguished (Fig. 2). They 
are from bottom to top the Alara, Gündoğmuş, Serinyaka 
and Karadağ nappes. The nappe contains well-preserved 
evidence for HP/LT metamorphism in the blueschist facies 
with a strong greenschist facies overprint, whereas the 
other units have experienced a single metamorphic event in 
the lower greenschist facies. The nappe pile in the region is 
unconformably covered by unmetamorphosed Middle Mio-
cene marls (Şenel et al. 1999). Lower Miocene conglom-
erates northeast of Antalya contain clasts of blueschists 
(Monod et al. 2006).

The Alara and Karadağ nappes both derived from gray to 
black, bituminous Upper Permian platform-type marble with 
scarce chert nodules in the upper levels. The Gündoğmuş 
nappe consists of tectonic slices of different lithologies and 
is regarded as an accretionary complex, which underwent 
blueschist facies metamorphism. The Gündoğmuş nappe is 
predominantly (>85 %) composed of massive neritic mar-
ble and chlorite-bearing calcschist. Other lithologies are 
pseudo-aragonite marble (5 %), greenschist (lenses up to 
200 m in length—4 %), metamorphic serpentinite (2 %), 
garnet–epidote–glaucophanite (1 %), epidote–glaucophanite 
(1 %), glaucophane–metachert (1 %), garnet–glaucophanite 
(1 %), phengite–schist and chloritoid–phengite–schist. Epi-
dote glaucophanites up to 15 × 100 m in size form the domi-
nant high-P rocks of the accretionary complex. Additionally, 
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garnet–epidote glaucophanite lenses with a maximum size of 
3 × 2 m have been identified at five locations. Glaucophane–
bearing metachert (Fig. 3g) up to 1 × 2 m in size occurs as 
blocks embedded in a matrix. The upper and lower contacts 
of Gündoğmuş nappe are ductile thrust faults indicating tec-
tonic juxtaposition of the thrust sheets under lower green-
schist facies conditions. The Serinyaka nappe starts with 
gray to black homogenous marble probably Late Permian in 
age with a thickness of 300–500 m, with emery lenses in the 
uppermost levels. These marbles are overlain unconformably 
by an intercalation of chlorite–muscovite schist, calcschist 
and dark gray marble of probable Early Triassic age.

Petrography and mineral chemistry

Alanya region

Sugözü Nappe

This nappe is made up of HP/LT metamorphic rocks such 
as garnet–glaucophane–phengite schist, eclogite and eclog-
itic metabasites (Fig. 1b). The eclogite facies assemblage 
omphacite + garnet + rutile is well preserved in the unde-
formed cores of the eclogitic lenses (Okay 1989). Else-
where, the peak assemblage in both eclogites and host 
rocks was retrogressed into blueschist facies and, finally, 
greenschist facies assemblages.

The initial eclogite facies assemblage of the host rocks 
of the eclogites was highly obliterated by the blueschist 
to greenschist overprint. The mineral assemblage in gar-
net–glaucophane–phengite schists is garnet, glaucophane, 
phengite, sphene, calcite, quartz, albite and opaque oxides 
(Table 1). Syntectonic garnet porphyroblasts, 1–5 mm 
across, contain inclusions of glaucophane, zoisite, sphene 
and quartz. The lineation of the inclusions in the porphy-
roblasts is parallel to the foliation of the matrix, which is 
defined by the preferred orientation of glaucophane and 
phengite (Fig. 3b). Garnets in the garnet–glaucophane–
phengite schists are essentially almandine–grossular–spes-
sartine solid solutions with minor pyrope member (Alm31–

62, Grs24–29, Sps7–41, Prp2–6; mol%) (Fig. 4a; Table 2). These 
garnets exhibit minor single-stage growth zoning with a 
slight increase in Mg and a decrease in Ca and Mn toward 
the rim (Fig. 5a). Na-amphiboles are glaucophane in com-
position and their XMg (=Mg/(Mg + Fe2+)) ratio ranges 
between 0.56 and 0.68 (Fig. 6a; Table 3). In well-preserved 
samples, phengite with 3.42–3.54 Si4+ p.f.u. (Fig. 7) occurs 
as 0.1–1 mm grains associated with paragonite (Table 4). 
Na content in paragonites varies between 0.48 and 0.56 
p.f.u. The maximum K value of paragonite is 0.07 p.f.u. 
Greenschist facies overprint during the final stage of ret-
rogression is defined by the replacement of garnet and 

glaucophane by chlorite and low-Si content (3.10–3.14 
Si4+ p.f.u.) in white mica. The chlorite of this stage is rip-
idolite in composition (Table 5). Anorthite content of the 
plagioclases are between 0.07 and 0.10 p.f.u (Table 8).        

Well-preserved eclogite has a simple mineral assemblage 
consisting of garnet and omphacite with minor accessory 
phases of rutile, clinozoisite and opaque oxide (Table 1). 
Their texture ranges from granoblastic to porphyroblas-
tic. Garnet porphyroblasts (Alm58–69, Grs19–35, Sps1–10, 
Prp4–12; mol%) exhibit minor growth zoning with a slight 
increase in Ca toward the rim (Figs. 4b, 5b). Garnet show 
pronounced textural zoning, which is marked by a core 
with albite, epidote, sphene and quartz inclusions and an 
inclusion poor rim (Fig. 3d). Based on the apparent lack of 
albite and sphene in the matrix, the inclusion assemblage in 
the core can be interpreted to represent evidence of a pre-
eclogitic low-pressure stage during the prograde evolution 
of these metabasalts. Clinopyroxene compositional range 
is Jd40–52 (Fig. 8) Mg = 0.28–0.43 and AlVI = 0.39–0.52 
p.f.u. (Table 6). Omphacite was consumed by simplectite 
intergrowth of albite (An: 0.01–0.02 p.f.u, Table 8) and 
diopside during the retrograde stage. Barroisite grew along 
shear planes in micro- or macroscale. Influx of H2O-rich 
fluids along the shear zones caused retrogression from 
blueschist facies to greenschist facies conditions. Barroisite 
was in turn consumed by Ca-amphiboles of edenite–hast-
ingsite composition (Fig. 6b, c). Replacement of garnet by 
the assemblage epidote + albite + chlorite and Ca-amphi-
bole by chlorite mark the final stage of retrogression under 
greenschist facies conditions. 

Eclogitic metabasites differ from eclogite by the high 
modes of glaucophane (Fig. 6a). Garnet and glaucophane 
may represent up to 80 % of the mode. The peak mineral 
assemblage is omphacite, garnet, rutile, glaucophane, cli-
nozoisite, phengite, quartz and magnetite (Table 1). Idi-
oblastic garnet porphryoblasts (Alm55–68, Grs22–30, Sps1–14, 
Prp4–10) show both compositional (Fig. 4b; Table 2) and 
textural zoning. End-member profiles (Fig. 5c) and inclu-
sion assemblage in garnets indicate two stages of continu-
ous growth. Inclusions in garnet core are glaucophane, 
sphene, epidote and quartz (Fig. 3e). These inclusions show 
a pronounced orientation reflecting an early foliation wit-
nessing a prograde blueschist facies stage. This internal 
fabric transects the foliation of the matrix. Garnet rims 
contain inclusions of omphacite, glaucophane and rutile, 
which show continuity with the foliation of the matrix. This 
inclusion pattern clearly reveals that the prograde blues-
chist facies inclusions can be found in the eclogitic metaba-
sites. Sodic pyroxenes in eclogitic metabasites are ompha-
cite (Jd34–48) in composition (Fig. 8; Table 6). Mg and AlVI 
contents of the omphacite range between 0.30–0.41 and 
0.34–0.48 p.f.u., respectively. Omphacite is replaced partly 
to completely by barroisite and Ca-amphibole.
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Mahmutlar Nappe complex

In the Gökketir nappe (lower nappe unit of the Mahmut-
lar Nappe complex), the mineral assemblage in the chlorite 
schists is chlorite (XMg = 0.49–0.51), albite, muscovite and 
quartz (Tables 1, 5). In the Kargıcak Nappe, the prograde 
metamorphic sequence is marked by a regular decrease 
in the modal amounts of chlorite (XMg = 0.58–0.59) and 
albite (An = 0.02) and increase in biotite (XMg = 0.55–
0.59) (Table 4). End-member profiles of the garnet por-
phyroblasts (Fig. 5d) in garnet–biotite–chlorite schists 
(Alm59–67, Grs16–22, Sps5–15, Prp5–8, mol%) (Fig. 4c) show 
a single-stage growth zoning. White mica Si4+ content 
ranges between 3.05 and 3.22 p.f.u. (Fig. 7).

Gündoğmuş region

In the Gündoğmuş nappe, blueschist metabasite is composed 
of garnet, glaucophane, epidote, phengite, albite, sphene 
and chlorite (Table 1). Garnet forms idiomorphic crystals 
0.25–1 mm in size. It contains epidote, glaucophane and 
sphene inclusions, which are indicative of growth under 
blueschist facies conditions (Fig. 3f). Garnet are essentially 
almandine–spessartine–grossular solid solution with minor 
pyrope components (Alm31–62, Grs22–25, Sps7–41, Prp2–6) 
(Fig. 4d; Table 2). Core to rim zoning consists in a decrease 
in Mn mainly in favor of Fe (Fig. 5e). Grossular and pyrope 
components do only slightly increase from core to rim. Na-
amphibole, which generally forms idioblastic crystals, is 
glaucophane with XMg = 0.59–0.68 and exhibits no signifi-
cant zoning (Fig. 6a; Table 3). Phengite (Si4+ = 3.46–3.58 
p.f.u.) (Table 4), which defines the main foliation, reaches 
up to 600 µm in size. Phengite plots slightly above Si(Fe2+, 
Mg)Al-2 line, suggesting the presence of low amounts of Fe3+ 
(Fig. 7). Epidote shows a slight compositional zoning, which 
is defined by Fe3+-rich cores (Ps(=Fe3+/Fe3+Al-2) 0.36–0.37) 
and Al-rich rims (Ps = 0.33) (Table 7). The HP/LT metamor-
phic minerals are generally well preserved in the glaucopha-
nites, in which the retrograde overprint under greenschist 
facies conditions is restricted only to the partial replacement 
of garnet by chlorite (XMg = 0.49) (Table 5). Plagioclases are 
albite in composition (Table 8) and their anorthite content is 
0.05 p.f.u.

Glaucophane-bearing quartzite presents a lineation 
marked by parallel-aligned phengite and glaucophane 
(0.5 cm in length) crystals (Fig. 3g). These metacherts are 
made of quartz, garnet, glaucophane, chlorite, phengite 
and albite (Table 1). Garnet, occurring as small idioblastic 
crystals <100 µm in size, is rich in spessartine (Alm8–12, 
Grs10–14, Sps75–76, Prp1–2, mol%) (Table 2). Although all 
Na-amphibole plots in the glaucophane field (Fig. 6a), it is 
widely zoned from core to rim with content in AlVI decreas-
ing from 0.99–1.09 to 0.74–0.89 and XMg values increasing Ta
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from 0.56–0.57 to 0.74–0.89 (Table 3). Si4+ content of 
phengite ranges between 3.51 and 3.59 p.f.u. (Table 4). 
Similar to glaucophane, phengite shows a weak composi-
tional zoning of Si4+ content, which decreases from 3.57 to 
3.51 p.f.u. toward the rim. The retrograde overprint under 
greenschist facies conditions in these rocks is defined by 
the replacement of glaucophane by chlorite. The mineral 
assemblage in chloritoid–phengite schists is chloritoid, 
phengite, zoisite, chloride, albite and quartz. XMg ratio of 
chloritods is between 0.04 and 0.07 (Table 9). The com-
positional range of phengite (Si4+) and chloride (XMg) is 
3.36–3.42 p.f.u and 0.16–0.18, respectively. Anorthite con-
tent of the plagioclase is 0.05 p.f.u. (Table 8). 

P–T estimations

Conventional geothermobarometric calibrations based 
on the Fe/Mg exchange and mass-transfer reactions were 
applied to eclogitic metabasite (21/1; 314/2), eclogite (5/9; 
87/1), garnet–amphibolite (29/1), garnet–glaucophane–
phengite schist (87/5; 21/2) and garnet–biotite schist (181; 
183/1), garnet–epidote glaucophanite (6/2; 106) and chlo-
ritoid–phengite schist (101) (Table 1). P–T estimates are 
compiled in Table 10. Additionally, P–T conditions for 
samples 314/2, 21/2, 183/1 and 101 are estimated using 
THERIAK–DOMINO software package (De Capitani and 
Brown 1987; De Capitani and Petrakakis 2010), updated 
JAN92.RGB database of Berman (1988), glaucophane data 
of Holland and Powell (1998) and the alumino-celadonite 
data from Massonne and Szpurka (1997).

Alanya region

Sugözü Nappe

The calibration of Graham and Powell (1984) has been 
applied to garnet–amphibole pairs of eclogitic metabasite 
(314/2, 21/1) and garnet–amphibolite (29/1). Garnet in sam-
ple 314/2 displays textural zoning represented by inclusion-
rich garnet cores (glaucophane, zoisite and sphene inclusions 
of prograde blueschist stage) and rim with less inclusion 
(omphacite, glaucophane and rutile assemblage of eclogitic 
stage). In sample 314/2, local pairs of glaucophane inclu-
sions and surrounding garnet yield temperatures of 457–
488 °C for the prograde blueschist facies assemblage in 
garnet cores (at 12 kbar) and 503–509 °C for the eclogitic 
assemblage in garnet rims (at 16 kbar). Garnet–amphibole 
pairs thus depict a slight temperature increase consistent 
with petrographic observations. In sample 21/1, although 
garnet display no pronounced textural zoning, a similar 
temperature increase was obtained: from 450 °C in cores to 
508 °C in rims (at 16 kbar). In garnet–amphibolite sample 
29/1 collected from the rind of an eclogite body in the Sug-
özü nappe, pairs of garnet rim and Na–Ca-amphibole core 
yielded 483–533 °C (at 7 kbar) and pairs of garnet rims and 
Na–Ca-amphibole rim yielded 397–421 °C (at 7 kbar). Rim 
temperature results indicate an isothermal decompression 
during the retrogression (Table 10).

Six garnet–clinopyroxene geothermometry calibra-
tions were applied to eclogitic metabasite (21/1, 314/2) 
and eclogite (87/1) (Table 10). These calibrations yield 
temperatures of 467–571 °C at a pressure of 16 kbar were 

Fig. 4  Chemical composition 
of garnet in the (alm + sps)-
prp–grs triangular diagram for 
a garnet–glaucophane–phengite 
schist, b eclogitic metabasite 
and eclogite, c garnet–biotite 
schist, d blueschist metabasite
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obtained for garnet core–omphacite core pairs. The calibra-
tions of Ai (1994) and Krogh Ravna (2000) give estimates 
(467–498 °C) that are lower by at least 20–30 °C than 
the other five calibrations (Table 10). For sample 314/2, 

temperatures of 498–556 °C were calculated for the eclog-
ite facies peak metamorphic stage. In garnet–glaucophane–
phengite schists (87/5, 21/2), the garnet–phengite ther-
mometer of Green and Hellman (1982) provides estimates 
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of 498–538 °C (at 16 kbar) for pairs of phengite inclusions 
and hosting garnet core (Table 10).

Zr in rutile thermometry based on Zr content of rutile 
coexisting with zircon and quartz was applied for one 
eclogitic metabasite sample (5/9). The Zr concentration 
in rutile is regarded to be mainly temperature controlled 
(e.g., Zack et al. 2004). Rutile grains from sample 5/9 
have Zr content ranging between 94 and 117 ppm, aver-
age in 107 ppm. For temperature calculations, Zack et al. 
(2004), Watson et al. (2006), Ferry and Watson (2007) and 
Tomkins et al. (2007) calibrations were applied. The cali-
bration of Zack et al. (2004) based on empirical and natu-
ral samples gave the temperature of 587 °C. Temperatures 
calculated by using the calibrations of Watson et al. (2006) 
which is based on experimental and natural results and 
Ferry and Watson (2007) which is sensitive to the activity 
of SiO2 are 565 and 567 °C, respectively (Table 10). The 
pressure (18 kbar) estimated by phase equilibrium calcula-
tion using Domino/Theriak (de Capitani and Brown 1987) 

was used in the equation of Tomkins et al. (2007) incorpo-
rated the pressure dependence, and a temperature value of 
616 °C was calculated (Table 10).

In the pseudosections for samples 314/2 and 21–2, we 
have used the intersection of isopleths of the equilibrium 
assemblages consisting of garnet, glaucophane and ompha-
cite to determine the P–T conditions of the prograde stages 
of blueschist to eclogite. To calculate the P–T conditions 
of the blueschist facies metamorphism for sample 314/2 
(Fig. 9a, b), the intersection of XMg isopleths (0.52–0.56) 
of glaucophane inclusions in garnet core and the XMg iso-
pleths (0.06–0.09) of garnet core composition are used. 
They indicate that during the prograde blueschist stage, 
garnet core was stable in a temperature/pressure range of 
460–480 °C/12–13 kbar represented by the stability field 
of garnet + glaucophane + phengite + zoisite + chlo-
rite + quartz assemblage. XMg isopleths of garnet rim com-
position (0.11–0.13) and glaucophane (XMg = 0.60–0.62) 
and omphacite (XMg = 0.70–0.72) occurring in the matrix 
show that garnet rims were stable at pressure/temperature 
conditions of 500–550 °C and 14–18 kbar (eclogitic stage) 
represented by the field of garnet + glaucophane + ompha-
cite + phengite assemblage. Although it can be observed 
petrographically, the equilibrium field for Na–Ca-amphi-
boles representing the early stages of retrogression under 
blueschist facies conditions does not exist in the pseudosec-
tions. Barroisite and garnet were consumed by Ca-amphi-
boles and the assemblage epidote + albite + chlorite, 
respectively. Realistic P–T estimations (500–550 °C/6–
7 kbar), which are consistent well with conventional 
method can be obtained (Fig. 9b).

In sample 21/2 (Fig. 10), XMg value of glaucophane 
ranges from 0.52 to 0.60. The location of XMg (glau) = 0.6 
isopleth represents the upper limit of chlorite and stable 
glaucophane composition in garnet + glaucophane + phen-
gite + paragonite + quartz field. The pseudosection is con-
toured for XMg isopleths for garnet from core to rim (0.08–
0.11) and for Si p.f.u. in phengite (Si4+ = 3.40–3.42). 
Isopleth intersections show that syn-tectonic garnet with 
glaucophane inclusions is stable at 520–560 °C and 13.5–
17.5 kbar (eclogite facies). The absence of omphacite in the 
eclogite facies equilibrium assemblage in the rock should 
be related to the paragonite stability field under high-pres-
sure conditions.

Kargıcak Nappe: Garnet–biotite and garnet–musco-
vite Fe/Mg exchange thermometer calibrations given in 
Table 10 were applied to garnet–biotite schist (181, 183/1). 
The garnet–biotite calibrations (Table 10) for garnet rim–
biotite rim pairs give temperatures of 442–479 and 443–
485 °C (at 7 kbar) for samples 181 and 183/1, respectively. 
Higher values (538–561 °C) are obtained with the garnet–
muscovite geothermometer of Green and Hellman (1982) 
using garnet rim–muscovite rim pairs (Table 10). Because 
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similar temperature values are inferred from thermody-
namic modeling of sample 183/1, an average temperature 
of about 550 ± 10 °C (7 ± 1 kbar) can be estimated for the 
garnet isograd of the Kargıcak nappe.

The Fe/Mg exchange geobarometers for the paragen-
eses garnet–aluminosilicate–quartz–plagioclase (GASP; 
Koziol and Newton 1988), and garnet–plagioclase–mus-
covite (Si4+ ≤ 3.22 p.f.u)–biotite (GPMB; Hoisch 1991) 
were used for samples 181 and 183/1. GASP and GPMB 
(Mg–Fe) calibrations yield 7.7–8.3 kbar and 8.1–8.5 kbar 
(Mg) and 7.2–7.5 kbar (Fe) for 181 and 183/1, respectively. 
Because pressure estimates directly are very sensitive to 
anorthite content of plagioclase (181: An26, 183/1: An25), 
they are regarded as maximum values. For sample 183/1 
(Fig. 11), the assemblage garnet + biotite + chlorite + mus-
covite + albite + quartz covers narrow equilibrium field in 
pseudosections. Phengite Si4+ (3.20–3.24 p.f.u) isopleths in 
this field define 525–555 °C and 6.5–7.5 kbar.

On the basis of the results in Alanya area, the P–T path 
shown in Fig. 12 can be constructed for the Sugözü Nappe: 
prograde blueschist facies stage at 460–480 °C/12–13 kbar, 
followed by peak in the eclogite facies at 500–567 °C/14–
18 kbar and Barrovian overprint at 500–550 °C/6–7 kbar. 
Barrow facies conditions in Kargıcak Nappe is T = 525–
555 °C and P = 6.5–7.5 kbar. Okay (1989) estimated 
510 ± 25 °C and 13.5 ± 1.5 kbar for the peak eclogite 
facies metamorphism in the Sugözü nappe and the Barro-
vian metamorphic overprint at 6.5 ± 1.5 kbar.

Gündoğmuş region

Temperature conditions of both blueschist facies meta-
morphism and greenschist facies overprint in Gündoğmuş 
area were determined for samples 6/2 and 106. The gar-
net–phengite geothermometers of Krogh and Raheim 
(1978) and Green and Hellman (1982) and the garnet–
amphibole geothermometer of Graham and Powell (1984) 
were applied to 6/2. For garnet core–phengite core pairs in 
6/2, the garnet–phengite geothermometers of Krogh and 

Raheim (1978) and Green and Hellman (1982) yielded 
temperatures of 441–454 °C and 449–460 °C (at 12 kbar), 
respectively (Table 10). The garnet–amphibole calibration 
of Graham and Powell (1984) gives consistent temperatures 
of 444–462 °C and 440–445 °C for garnet core—matrix 
glaucophane core pairs in sample 6/2 and 106 for blueschist 
facies metamorphism. For the greenschist facies overprint, 
temperatures of 409–425 °C were estimated between gar-
net rim and barroisite overgrowth on matrix glaucophane 
for sample 6/2 (at 7 kbar). Chlorite Fe/Mg exchange geo-
thermometry of Jowett (1991) for ripidolite derived from 
glaucophane in sample 6/2 indicates temperatures of 408–
412 °C for epidote–amphibole facies overprint.

Chloritoid–phengite schist sample 101 was used for 
thermodynamic modeling with the aim to P–T esti-
mation in the Gündoğmuş Nappe (Fig. 13). The equi-
librium field of the assemblage chloritoid + phengite 
(Si4+ = 3.36–3.42 p.f.u) + zoisite + chlorite (XMg = 0.16–
0.18) + albite + quartz indicate 435–480 °C and 11–13 
kbar for blueschist facies metamorphism. Chloritoid XMg 
isopleths (0.04–0.06) coincide with the equilibrium bound-
aries of the assemblage. White mica isopleths for lower 
Si4+ contents (3.20–3.24 p.f.u.) intersect in the equilib-
rium field at 375–460 °C/6–7 kbar. Although similar pres-
sure estimates for the retrograde Barrovian overprint have 
been obtained for Alanya and Gündoğmuş areas, tempera-
ture seem to have been > 60–70 °C higher in Alanya area, 
which is consistent with the presence of garnet and biotite 
in the higher grade domain (Kargıcak Nappe) (Fig. 1b).

P–T estimation for Gündoğmuş area point to blueschist 
facies imprint at 435–480 °C/11–13 kbar and subsequent 
retrogression of at epidote–amphibolite facies to green-
schist facies conditions of 375–460 °C/6–7 kbar (Fig. 12).

Geochronology

Mica 40Ar/39Ar geochronology

Sample preparation and analytical technique

40Ar–39Ar white mica geochronology was carried out on 
five samples of the Alanya area (Sugözü and Kargıcak 
Nappe) and four samples of the Gündoğmuş area 
(Gündoğmuş Nappe). From the Alanya area, we extracted, 
for the Sugözü Nappe, high-Si phengite (Si4+: 3.46–
3.53 p.f.u.) from two eclogite facies samples (193/15A; 
115/4A), phengite with lower celadonite content (0.11–
0.18) from one blueschist facies metapelite sample (54) and 
muscovite from one metabasic (garnet–amphibolite) sam-
ple (28/4), as well as for the Kargıcak Nappe muscovite one 
metapelite sample (341/5) containing muscovite. From the 
Gündoğmuş area, we extracted phengite (Si4+: 3.51–3.55 
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p.f.u.) from three blueschist facies samples (metabasites 
39/2 and 31/1; metapelite 30) and muscovite from one 
amphibolite facies metabasite (102/2). Coordinates and 
descriptions of the samples are given in Table 1. 40Ar–39Ar 
geochronology by stepwise heating of white mica separates 
using a CO2 laser was performed at the University of Pots-
dam. Pure white mica separates were obtained by crushing 
of the rock samples using jaw and disk crushers, followed 

by conventional techniques for mineral separation, includ-
ing washing, sieving, adherence to paper and handpicking 
of individual grains under the binocular microscope. For a 
detailed description of the 40Ar–39Ar geochronology labo-
ratory and analytical procedure, the reader is referred to 
Wiederkehr et al. (2009).

Dating results

40Ar–39Ar spectra are presented in the Fig. 14. Details of the 
Ar isotope analyses and J values are given in the Table S1. 
Plateau ages were calculated for series of adjacent steps that 
represent individually more than 5 %, and in all more than 
50 % of the total 39Ar release, and contiguously agree within 
2-SD error limits as McDougall and Harrison (1999). Most 
of the Ar isotope analyses yielded well-defined age plateaus 
that represent 86–97 % of the total 39Ar release.

Alanya area: Samples representing the three metamor-
phic stages identified in the Sugözü Nappe were inves-
tigated. High-Si phengite from the eclogitic metapelite 
sample 193/15A yielded a well-defined plateau age of 
83.9 ± 0.9 Ma calculated for four steps out of eight and 
representing 92 % of the total 39Ar release (Fig. 14a). A 
similar plateau age was obtained from a second eclogitic 
metapelite sample (115/4A): 84.8 ± 0.8 Ma as obtained 
from seven steps out of eleven that represent 91 % of the 

Table 5  Selected microprobe 
analyses of chlorite (sample 
descriptions are given by 
Table 1)

Sample 181 181 183/1 183/1 106 106 30 21/2

SiO2 25.44 26.76 25.27 25.40 26.38 29.59 25.58 23.02

TiO2 0.06 0.10 0.12 0.12 0.06 0.05 0.10 0.05

Al2O3 22.37 22.90 22.04 22.15 19.99 18.48 22.21 36.06

FeO 21.46 20.45 22.25 22.63 27.16 26.68 21.49 24.18

MnO 0.14 0.11 0.05 0.06 0.06 0.07 0.14 0.15

MgO 17.44 16.10 16.63 16.43 15.22 14.38 17.33 2.82

CaO 0.04 0.13 0.00 0.01 0.03 0.10 0.02 0.03

Na2O 0.01 0.03 0.00 0.00 0.04 0.24 0.00 0.02

K2O 0.06 0.94 0.01 0.02 0.01 0.09 0.01 0.00

F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05

Total 87.01 87.51 86.38 86.81 88.93 89.68 86.88 86.36

Cations per 14 oxygens

Si 2.64 2.75 2.66 2.66 2.76 3.04 2.66 2.40

Ti 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.00

Al 2.74 2.78 2.73 2.74 2.47 2.24 2.72 4.43

Fe 1.87 1.76 1.96 1.98 2.38 2.29 1.87 2.11

Mn 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.01

Mg 2.70 2.47 2.61 2.56 2.37 2.20 2.69 0.44

Ca 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00

Na 0.00 0.01 0.00 0.00 0.01 0.05 0.00 0.00

K 0.01 0.12 0.00 0.00 0.00 0.01 0.00 0.00

F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05

Total 9.99 9.92 9.97 9.96 10.00 9.86 9.97 9.39

Fig. 8  Plot of clinopyroxenes in a triangular diagram after Morimoto 
et al. (1988)
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total 39Ar release (Fig. 14b). Phengite from the blues-
chist facies metapelite sample, 54 yielded a plateau age of 
81.7 ± 0.9 Ma (4 of 9 steps; 86 % of the total 39Ar release) 
(Fig. 14c). For the amphibolitic metapelite sample 28/4, 
muscovite gave a plateau age of 78.4 ± 0.7 Ma (6 of 11 
steps; 90 % of the total 39Ar) (Fig. 14d). From the Barro-
vian facies Kargıcak Nappe, muscovite from the metape-
lite sample 341/5 yielded plateau age of 75.09 ± 2.23 Ma 
(Fig. 14e).

Gündoğmuş area Phengite from three blueschist facies 
samples from the Gündoğmuş area yielded the follow-
ing plateau ages: 81.3 ± 1.0 Ma from metabasite 39/2 
(four of eight steps; 93 % of the total 39Ar) (Fig. 14f); 
82.8 ± 0.8 Ma from metabasite 31/1 (8 of 10 steps; 
97 % of the total 39Ar) (Fig. 14g); and 80.8 ± 0.7 Ma 
from metapelite 30 (6 of 9 steps; 93 % of the total 39Ar) 
(Fig. 14h). In addition, in the muscovite from the Bar-
rovian facies metapelite sample 102/2, most of the 39Ar 
(91 %) was released after two heating steps, pointing to 
an age of 78.4 ± 1.1 Ma (Fig. 14i).

Age interpretation

Ar–Ar geochronology results provide temporal con-
straints on the successive metamorphic stages of the Sug-
özü Nappe: (1) Ar–Ar dates for each metamorphic stage 
are internally consistent within 1-SD error, even for sam-
ples from different areas; (2) eclogite facies phengite dates 
from the Sugözü Nappe are consistently older than those 
obtained from the retrograde blueschist facies phengites. 
Muscovite from the Mahmutlar garnet–mica schist yielded 
in turn younger dates than any of those from HP–LT sam-
ples. In addition, all Ar–Ar dates for the blueschist facies 
in the Gündoğmuş area overlap within 1-SD error and are 
identical to that for the retrograde blueschist facies in the 
Alanya area.

On the basis of Ar/Ar dating results, we thus infer that 
in the Sugözü Nappe eclogitic paragenesis formed around 
84 Ma and were then overprinted in the blueschist facies 
until ca. 80 Ma. Barrovian-type metamorphism witness-
ing transition to a continental-collision stage followed 
up around 78–75 Ma. Similarly for Gündoğmuş area, 

Table 6  Selected micropyrobe 
analyses of omphacite (sample 
descriptions are given by 
Table 1)

*Fe3+  was estimated by charge 
balance

Sample 314/2 314/2 314/2 21/1 21/1 21/1 87/1 87/1 87/1

SiO2 55.89 56.12 55.22 56.03 55.82 54.77 56.14 56.63 56.86

TiO2 0.08 0.07 0.04 0.09 0.04 0.10 0.09 0.06 0.11

Al2O3 11.76 9.68 8.36 10.41 9.46 8.99 9.37 11.39 12.44

FeO 4.09 7.13 8.14 8.75 9.87 10.01 7.34 5.65 6.86

MnO 0.00 0.00 0.02 0.03 0.02 0.05 0.04 0.04 0.06

MgO 7.33 7.18 7.56 5.88 5.53 6.12 7.32 6.95 5.26

CaO 12.06 12.49 13.00 9.92 9.94 10.60 12.45 11.95 9.18

Na2O 7.90 7.62 7.20 8.90 8.97 8.67 7.46 8.15 9.45

K2O 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.01

Cr2O3 0.02 0.02 0.01 0.05 0.01 0.06 0.05 0.02 0.04

Summe 99.13 100.31 99.55 100.05 99.66 99.37 100.27 100.84 100.25

Cations per 6 oxygens

Si 1.99 2.00 1.99 1.99 2.00 1.97 2.00 1.99 2.01

Al(IV) 0.01 0.00 0.01 0.01 0.00 0.03 0.00 0.01 0.00

Al(VI) 0.48 0.40 0.34 0.43 0.40 0.35 0.39 0.46 0.52

Fe2+ 0.05 0.09 0.07 0.07 0.07 0.02 0.10 0.06 0.08

*Fe3+ 0.07 0.12 0.17 0.19 0.22 0.28 0.12 0.10 0.13

Mg 0.39 0.38 0.41 0.30 0.30 0.33 0.38 0.36 0.28

Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Na 0.54 0.53 0.50 0.61 0.62 0.60 0.52 0.56 0.65

Ca 0.46 0.48 0.50 0.38 0.38 0.41 0.48 0.45 0.35

Mg 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00

Quad 45 47 49 38 38 39 48 44 35

Jd 48 40 34 43 40 34 40 46 52

Ae 7 13 17 19 22 27 12 10 13
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blueschist facies metamorphism and following Barrovian 
overprint were dated at 80–82 and 78 Ma, respectively.

Zircon U/Pb geochronology

Sample preparation and analytical technique

Whole rock powder was obtained by crushing and splitting 
from about 30-kg rock samples. The selected representa-
tive zircons were separated at the Department of Geology 
Engineering, Dokuz Eylül University, Turkey. Zircons 
from two eclogite samples (193/2A and 198/1B) were 
extracted using standard procedures such as Wilfley table, 
magnetic separator and heavy liquids. They were hand-
picked under a binocular microscope and then were finally 
embedded in epoxy resin for analysis. The mounts were 
polished down to approximately one-third of thickness and 
were taken transmitted- and reflected-light images to doc-
ument cracks and inclusions in zircons. The internal struc-
tures of zircons were documented by cathodoluminescence 
(CL) using a CAMECA SX51 instrument at conditions of 
15 kV and 120 nA in Institute of Geology and Geophys-
ics, Chinese Academy of Sciences, Beijing (IGG-CAS). 
Coordinates and descriptions of the samples are given in 
Table 1.

Zircon U–Pb dating of samples 193/2A and 198/1B 
were performed using Laser Ablation Inductively Cou-
pled Plasma Mass Spectrometry (LA-ICP-MS) at Uni-
versity of Science and Technology of China in Hefei. A 
pulsed 193 nm ArF Excimer laser system with 10 J/cm2 
beam energy at a repetition ratio of 10 Hz coupled to a 
PerkinElmer Elan DRCII quadrupole ICP-MS was used 
for ablation. Spot size generally was 60 μm in diameter, 
sometimes 44 μm where necessary. Common Pb correc-
tion was applied using the method of Andersen (2002). 
Uncertainties of individual analyses are reported at 1ó; 
weighted average ages are calculated at 2ó level and uncer-
tainties in ages are reported at the 95 % confidence level. 
For detailed analytical procedure see Yuan et al. (2004). 
Standard zircon 91500 was analyzed to calibrate the mass 
discrimination and elemental fractionation, the U/Pb ratios 
were processed using a macro program LaDating@Zrn 
written in Excel spreadsheet software. The age calcula-
tions and concordia diagrams were obtained using Isoplot/
Ex (ver. 3.75) program o Ludwig (2012).

Sample 193/2A Zircons from this sample are clear, often 
transparent and with euhedral to subhedral crystal shapes. 
They are 70–150 μm in size with aspect ratios range from 
stubby (1:1) to elongated (1:3). Most grains display oscilla-

Table 7  Selected microprobe 
analyses of epidote/clinozoisite 
(sample descriptions are given 
by Table 1)

Fe3+  was estimated by charge 
balance

Sample 87/1 87/1 79/2 79/2 193/5 198/1B 198/1B 101 101

SiO2 37.94 37.82 38.31 39.23 37.91 38.83 39.14 37.83 37.74

TiO2 0.23 0.05 0.12 0.18 0.08 0.21 0.19 0.02 0.00

Al2O3 23.10 22.54 24.85 25.78 23.07 26.38 26.59 24.84 25.07

Fe2O3 10.84 12.29 6.95 5.92 11.16 6.99 6.67 11.88 11.80

MnO 0.37 0.18 0.03 0.02 0.18 0.04 0.00 0.13 0.08

MgO 0.05 0.03 0.03 0.07 0.00 0.07 0.06 0.02 0.01

CaO 22.97 23.51 23.85 24.05 23.78 23.62 23.73 23.51 23.60

Na2O 0.03 0.05 0.00 0.00 0.00 0.01 0.02 0.02 0.00

K2O 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.01

Cr2O3 0.03 0.00 0.02 0.01 0.03 0.04 0.01 0.00 0.00

Total 95.57 96.47 94.16 95.27 96.21 96.19 96.41 98.24 98.30

Cations per 12.5 oxygens

Si4+ 3.07 3.05 3.10 3.12 3.06 3.07 3.08 2.99 2.98

Ti4+ 0.01 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.00

Al3+ 2.21 2.15 2.37 2.42 2.19 2.46 2.47 2.31 2.33

Fe3+ 0.66 0.75 0.42 0.35 0.68 0.42 0.40 0.71 0.70

Mn2+ 0.03 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.01

Mg2+ 0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.00

Ca2+ 1.99 2.03 2.07 2.05 2.05 2.00 2.00 1.99 1.99

Na1+ 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00

K1+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Cr3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Total 7.98 8.00 7.99 7.98 8.00 7.98 7.97 8.01 8.01
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tory growth zoning with narrow or moderate bands which are 
consistent with a primary magmatic origin and dominantly 
narrow rims (<20 microns) of high luminosity (Fig. 15). 
Zircon analyses from the oscillatory zoned domains have 
Th and U contents ranging from 112 to 617 and 318 to 
1,077 ppm, respectively. Their Th/U ratios are between 0.2 
and 0.9. A total of 18 spots were analyzed on 16 grains. 
Only the data with a concordant percentage [(206Pb/238U)/
(207Pb/235U)*100] between 95 % and 105 % are chosen 
for calculation. Majority of the ages obtained are clustered 
between 619 Ma and 641 Ma, with the exception of two 
grains that represent anomalously older ages (gr 1c: 669 ± 12 
and gr 3: 675 ± 12 Ma). Excluding these anomalous ages, 
the concordia age calculated from eight concordant zircon 
population is 629.0 ± 2.6 Ma (n = 8, MSWD = 0.01) (Table 
S2; Fig. 16a, b). Similarly, they yield a weighted mean age 
of 629.4 ± 8.1 Ma (95 % confidence, MSWD = 0.56) and 
TuffZirc Age of 630.5 + 8.5–11.5 Ma. Therefore, we inter-
pret that the concordia age of 629 ± 3 Ma reflects the time of 
crystallization of magmatic protolith of eclogite. Four inher-
ited grains and three discordant rims yielded ages between 
562 and 1,858 Ma and between 749 and 2,884 Ma, respec-
tively. Because the rims with high luminosity are very nar-
row, the age of HP metamorphism was not determined in 
this sample.

Sample 198/1B Zircons from this sample are clear, often 
transparent and with euhedral to subhedral crystal shapes. 
They are 100–250 μm in size with aspect ratios range from 
stubby (1:1) to elongated (1:4). CL imaging illustrates the 
complexity of zircon crystallization of this sample with 
inherited cores consisting of fragments or whole, rounded 
grains surrounded by bright luminescent rims. Some cores 
have angular and fractured shape with no zoning, oscilla-
tory zoning and planar zoning. Almost, all zircon grains are 
surrounded by unzoned or ghost-oscillatory zoned, bright 
luminescent rims representing HP metamorphism (Fig. 15). 
Thirty-one spots from cores and twenty-eight spots from 
rims were analyzed on 48 grains. Only the data with a 
concordant percentage [(206Pb/238U)/(207Pb/235U)*100] 
between 95 and 105 % are chosen for calculation. Zircon 
analyses from the oscillatory zoned domains have Th and 
U contents ranging from 64 to 627 and 196 to 1,491 ppm, 
respectively. Their Th/U ratios are between 0.1 and 1.1. Six-
teen concordant analyses from zircon cores yielded a wide 
range of ages between 621 Ma and 2,155 Ma. The fewer 
amounts of concordant analyses indicate that the sample 
was affected by both recent and ancient Pb-loss trajectories. 
For this reason, the age of protolith of this sample was not 
determined. The age data indicate the existence of a number 
of inherited grains in this sample. Zircon analyses from rims 

Table 8  Selected microprobe 
analyses of plagioclase (sample 
descriptions are given by 
Table 1)

Fe3+ was estimated by charge 
balance

Sample 6/2 101 183/1 181 54 54 193/15 193/15 341/5 341/5

SiO2 73.23 72.85 61.82 61.75 70.94 68.28 69.83 69.95 67.71 68.79

TiO2 0.02 0.03 0.00 0.00 0.02 0.02 0.03 0.02 0.03 0.01

Al2O3 20.46 19.82 23.33 23.46 19.74 18.70 18.61 18.68 21.11 20.96

FeO 0.16 0.29 0.12 0.14 0.02 0.04 0.02 0.02 0.19 0.05

MnO 0.02 0.01 0.00 0.00 0.01 0.00 0.00 0.03 0.00 0.02

MgO 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00

CaO 0.25 0.32 5.26 5.43 0.70 0.70 0.17 0.12 2.97 2.82

Na2O 5.00 6.89 8.52 8.55 10.32 6.81 11.73 11.66 9.72 9.77

K2O 0.02 0.05 0.07 0.06 0.13 0.13 0.03 0.05 0.35 0.34

Cr2O3 0.00 0.00 0.00 0.00 0.00 0.03 0.02 0.01 0.02 0.00

Total 100.07 99.91 99.12 99.39 101.87 94.72 100.44 100.53 102.10 102.75

Cations per 32 oxygens

Si4+ 13.62 13.22 11.07 11.03 12.32 13.07 12.17 12.18 11.75 11.87

Ti4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Al3+ 3.37 3.18 3.69 3.70 3.03 3.16 2.87 2.88 3.24 3.20

Fe2+ 0.01 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.00

Mn2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Mg2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ca2+ 0.02 0.03 0.51 0.52 0.06 0.07 0.02 0.01 0.28 0.26

Na1+ 0.45 0.61 0.74 0.74 0.87 0.63 0.99 0.98 0.82 0.82

K1+ 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.02 0.02

Cr3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Total 17.48 17.06 16.02 16.01 16.29 16.95 16.05 16.07 16.12 16.16

% An 0.05 0.05 0.25 0.26 0.07 0.10 0.02 0.01 0.25 0.24
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have Th and U contents ranging from 0.2 to 216 and 8 to 
229 ppm, respectively, and their Th/U ratios are between 
0.01 and 0.9. The ages of twelve concordant analyses from 
rims range from 77 to 2,051 Ma. Clustered six of them give 
a concordia age of 84.7 ± 1.5 Ma (n = 6, MSWD = 1.4) 
(Table S2; Fig. 16c, d). They yield a weighted mean age 
of 84.0 ± 4.8 Ma (95 % confidence, MSWD = 0.38) and 
TuffZirc Age of 83.5 + 5.5–6.5 Ma. We interpret that the 
concordia age of 84.7 ± 1.5 Ma reflects the time of eclogite 
facies metamorphism in Sugözü nappe.

Rutile U/Pb geochronology

Sample preparation and analytical technique

Thin section of sample 5/9 for U–Pb rutile analyses was 
polished to about 50 µm in thickness. U–Pb dating of rutile 
was conducted at the Department of Earth Sciences at the 
University of Gothenburg using New Wave NWR 213 laser 
ablation system coupled to an Agilent 8800QQQ quadro-
pole ICP-MS. Rutiles were measured in situ from thin sec-
tion. The sample was ablated in spots of 50 µm at a laser 
fluence of 5.6 J/cm2 and a repetition rate of 5 Hz. Signals 
were recorded for 60 s per spot after measuring a gas blank 

of 20 s for background subtraction before each spot. A He–
Ar mixture was used as carrier gas (0.70 l/min). Helium 
gas, which carries the laser ablated sample aerosol from the 
sample cell, is mixed with argon carrier gas and nitrogen as 
additional diatomic gas to enhance sensitivity, and, finally, 
flows into the ICPMS torch. The U–Pb ratio and elemental 
concentrations were standardized against R10 (ca. 30 ppm, 
1,095 Ma, Luvizotto and Zack 2009).

Sample 5/9 The U–Pb analyses of rutile standard R10 
from south Norway (Luvizotto and Zack 2009) used in this 
study are given in Table S3 and Fig. 17a. The U–Pb data 
of rutiles in 5/9 are also shown in Table S3 and Fig. 17b. 
For standard R10, the 206Pb/238U ages are consistent within 
1.1 % (1σ) (Fig. 17a). The 207Pb/206Pb ratios are indiscern-
ible within errors and yield average of 0.07580 ± 0.0009. 
R10 was dated at 1,091 ± 11 Ma, which is well identical to 
TIMS result of 1,090 ± 5 Ma (Luvizotto and Zack 2009).

In eclogitic metabasite sample 5/9, ten spot analyses 
were performed on six rutile crystals with diameter of 
50 µm. The U contents range between 3 ppm and 5 ppm 
(Table S3). On the Terra–Wasserburg plot, linear regres-
sion of the data point (MSWD = 1.2) gives a lower 
intercept age of 82 ± 3 Ma and the upper intercept with 

Table 9  Selected microprobe 
analyses of chloritoid (sample 
descriptions are given by 
Table 1)

Fe3+ was estimated by charge 
balance

Sample 101 101 101 101 101 101

SiO2 24.09 23.84 23.99 24.07 24.03 23.78

TiO2 0.05 0.01 0.07 0.01 0.08 0.03

Al2O3 40.14 39.38 39.81 39.21 39.00 38.78

FeO 26.25 27.17 26.09 26.26 26.95 27.48

MnO 0.14 0.12 0.24 0.62 0.59 0.57

MgO 1.64 1.63 2.07 2.05 1.57 1.38

CaO 0.01 0.01 0.02 0.01 0.01 0.00

Na2O 0.00 0.01 0.01 0.01 0.00 0.00

K2O 0.02 0.00 0.01 0.00 0.00 0.00

Total 92.33 92.17 92.30 92.22 92.22 92.02

Structural formula based on 4 (Si, Al) and 6 (Al, Fe, Mn, Mg)

Si 2.012 1.996 1.998 2.013 2.021 2.004

Ti 0.003 0.001 0.004 0.000 0.005 0.002

Al 3.952 3.886 3.909 3.865 3.866 3.851

Fe3+ 0.048 0.114 0.091 0.135 0.134 0.149

Fe2+ 1.786 1.789 1.727 1.702 1.762 1.787

Mn 0.010 0.008 0.017 0.044 0.042 0.040

Mg 0.102 0.101 0.128 0.127 0.098 0.086

Ca 0.001 0.001 0.002 0.001 0.001 0.000

Na 0.001 0.001 0.001 0.001 0.000 0.000

K 0.002 0.000 0.001 0.000 0.000 0.000

Al VI 1.985 2.003 1.997 1.986 1.974 1.995

Al IV 1.968 1.883 1.911 1.879 1.892 1.856

XMg 0.05 0.05 0.07 0.06 0.05 0.04
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207Pb/206Pb = 0.0032 ± 0.0016 for the common Pb compo-
sition (Fig. 17b).

Rutile U–Pb ages tend to exhibit younger U–Pb ages 
than the coexisting titanite and zircon U–Pb ages and 
even hornblende 40Ar/39Ar ages (Mezger et al. 1991; 

Corfu and Easton 1995; Li et al. 2003, 2011; Zack et al. 
2011). This can be attributed to radiogenic Pb diffusion 
in rutile and thus to the low closure temperature of U–Pb 
radiometric system in rutile (Gao et al. 2014). Closure 
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temperature depends on grain size and cooling rate (Cher-
niak 2000). The U–Pb Tc for rutile is probably between 
490 and 640 °C, average 570 °C (Kooijman et al. 2010). 
The size of rutile grains from sample 5/9 ranges from 50 

to ~150 µm. The peak metamorphic conditions of eclogites 
were estimated as the temperature of 500–567 °C and the 
pressure of 14–18 kbar. Therefore, the U–Pb rutile age of 
82 ± 3 Ma can be interpreted as the time of the eclogite 
facies metamorphism.

Discussion

Eclogite–blueschist facies metamorphism with epidote–
amphibolite overprint in Sugözü and Gündoğmuş nappes 
and Barrovian-type greenschist facies metamorphism in 
the other nappe units of the Alanya Massif were dated by 
both U–Pb zircon and rutile and Ar/Ar white mica meth-
ods. U–Pb zircon and rutile dating yield 84 Ma and 82 Ma, 
respectively, Santonian–Campanian, for eclogite facies 
metamorphism. Phengitic white micas from the host rock 
of eclogites give identical ages of about 84 Ma, Santonian. 
Similar ages of about 80–82 Ma, Campanian, for the blue-
schist metamorphism are obtained from the eclogite-free 
Gündoğmuş area. Comparing blueschist (460–480 °C/12–
13 kbar-Sugözü nappe) metamorphism and the peak P/T 
conditions of the eclogite (550–567 °C/14–18 kbar) for the 
Alanya Massif and the closure temperature of white mica 
(550–600 °C, Villa 1998; Di Vincenzo et al. 2003), these 
ages may be close to the crystallization age during the 
eclogite and blueschist facies metamorphism. Furthermore, 
the white micas with low-Si+4 content from Sugözü nappe 

Fig. 12  P–T path of Alanya and Gündoğmuş areas and comparison with Bitlis Massif

Fig. 13  The equilibrium phase diagram for sample 101 (chloritoid–
phengite schist), calculated by the means of THERIAK-DOMINO 
software (de Capitani and Brown 1987). Bulk chemistry of the sam-
ple is shown as normalized major element content
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and Gündoğmuş nappe yield ages of about 78 Ma, Cam-
panian, which represents the retrograde overprint of HP 
assambleges under epidote–amphibolite and greenschist 
facies conditions.

Spatial and temporal relationship between Alanya HP 
metamorphism and Cretaceous HP belts of Turkey

As it has been outlined previously, Turkey is made up of 
several continental blocks, which are separated by suture 

zones (Fig. 18). These sutures are believed to be involved 
in the Late Cretaceous closure history of branches of the 
Neotethys Ocean. They can be recognized either by accre-
tionary complexes and associated ophiolitic bodies or HP 
metamorphism, eclogites and/or blueschists. The existence 
of Pan-African eclogites (530 Ma) in the Menderes Massif 
(Candan et al. 2001; Oberhänsli et al. 2012), Late Triassic 
eclogites (203–215 Ma) and blueschist in the Sakarya Zone 
(Okay and Monié 1997; Okay et al. 2002) and Eocene 
eclogites and blueschist (ca. 40 Ma) in both the Turkish 

Fig. 15  CL images of selected zircons in sample 193/2A and 198/1B showing LA-ICP-MS analysis spots (circles) and 206Pb/238U ages
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Fig. 16  Concordia diagrams showing U–Pb isotope ratios and ages derived from LA-ICP-MS analyses for eclogite samples 193/2A (a, b) and 
198/1B (c, d)
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part of the Cycladic Complex (Candan et al. 1997; Ober-
hänsli et al. 1998) and in Mesozoic cover of the Menderes 
Massif (Pourteau et al. 2012) have been documented. How-
ever, the great majority of HP rocks in Turkey is Mid- to 
Late Cretaceous in age.

In the central and western Pontides, Cretaceous HP 
rocks have been recognized in several localities. In the cen-
tral Pontides, Kargı Massif, HP rocks, eclogites and associ-
ated blueschists are dated at ca. 105 Ma, Albian, by Ar–Ar 
and Rb–Sr dating methods for white mica. The HP event in 
this subduction-accretion complex is attributed to a north-
ward subduction of oceanic crust (Okay et al. 2006, 2013). 
In the western Pontides and Biga Peninsula, HP rocks are 
more common. An Albian age of about 100 Ma for HP 
metamorphism was obtained from phengite schist with 
eclogite lenses occurring as tectonic slices in the Çetmi 
mélange (Okay and Satır 2000a). In Çamlıca metamorphic 
rocks, Rb–Sr phengite ages from the pelitic country rocks 
of the eclogites, occurring as lenses in low-grade metaclas-
tics (Şengün et al. 2011, 2014), yield younger ages between 
65 and 69 Ma (Maastrichtian) for the eclogite facies 
metamorphism (Okay and Satır 2000b). However, in the 
Kemer metamorphic complex, which is regarded to be the 

northwestern equivalent of Çamlıca metamorphics, white 
micas give more scattered Rb–Sr ages ranging between 
84 and 65 Ma for blueschist metamorphism (Aygül et al. 
2012). Similarly, timing of the blueschist facies metamor-
phism in southern Thrace is constrained to ca. 86 Ma by 
Rb–Sr and Ar–Ar phengite ages (Topuz et al. 2008). In 
general, the HP event documented in the Biga Peninsula 
is ascribed to an ongoing northward subduction of oceanic 
lithosphere, the Intra-Pontide Ocean, under a northern con-
tinent, i.e., the Rhodope Massif; during Albian to Maas-
trichtian time (Okay and Satır 2000b; Topuz et al. 2008; 
Aygül et al. 2012).

In the Anatolides, the metamorphic equivalents of the 
Taurides, Late Cretaceous HP metamorphism have been 
recognized in many tectonic zones (Fig. 19), from north 
to south, Tavşanlı Zone, Afyon Zone and Ören Unit of 
Lycian Nappes. Tavşanlı Zone is defined by well-preserved 
lawsonite-glaucophane metabasites and jadeite-bearing 
metaclastics (Okay 2002; Okay et al. 1998) with very rare 
eclogite occurrences (Whitney and Davis 2006; Çetinka-
plan et al. 2008). HP metamorphism of the Tavşanlı zone 
was dated at ca. 80 Ma, Campanian, by white mica Rb–Sr 
and Ar–Ar dating techniques (Sherlock et al. 1999). Afyon 
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Zone and its southern equivalents, the Lycian Nappes 
(Ören unit), form an E–W-trending continuous belt, at least 
600 km in length. HP/LT metamorphism is characterized 
by carpholite occurrences in Al-rich metasediments and 
rare sodic amphibole in metabasites (Candan et al. 2005; 
Pourteau et al. 2010, 2013; Rimmele et al. 2005, 2006). 
Early retrograde stages of this blueschist facies metamor-
phism were dated at ca. 70–65 Ma, Maastrichtian (67–
62 Ma in the Afyon Zone and 63–59 Ma in the Lycian Nap-
pes) by white mica Ar/Ar geochronology (Pourteau et al. 
2013). These HP zones are interpreted to be the result of 
the northward subduction of the Anatolide–Tauride block 
under the Sakarya Zone (Pontides) in the west and under 
the Central Anatolian Block (Kırşehir Massif) in the east 
during the closure of the northern branch of the Neo-Tethys 
and Inner Tauride Ocean, respectively (Candan et al. 2005; 
Okay et al. 1998, 2001; Pourteau et al. 2010, 2013).

More recently, evidence for a Late Cretaceous HP met-
amorphism has been reported in the Bitlis Massif, which 
crops out over large areas to the south of the Anatolide–
Tauride Platform in southeastern Anatolia (Oberhänsli et al. 
2010, 2012, 2014). Regional distribution of carpholite, 
glaucophane and calcite after aragonite in the Mesozoic 
section of the Bitlis Massif records a HP/LT event under 
blueschist facies conditions. 39Ar/40Ar white mica dating 
gives ages of 79–74 Ma, Campanian, for the peak meta-
morphic assemblage of the blueschist metasediments and 
69–72 Ma for their retrograde overprint under greenschist 
facies conditions (Fig. 12). Additionally, some eclogites in 

the Precambrian basement of the Bitlis Massif yield Late 
Cretaceous U–Pb zircon ages of ca. 84–82 Ma for eclog-
ite facies metamorphism, which coincides well with the 
slightly younger blueschist ages (Oberhänsli et al. 2014). 
In addition, white mica and whole rock K–Ar ages of 74–
71 Ma were estimated for HP metamorphism by Göncüo-
glu and Turhan (1984) and Hempton (1985) in Bitlis Mas-
sif. In the tectonic model suggested for the Cretaceous HP 
metamorphism (Oberhänsli et al. 2012), the Bitlis Massif is 
assumed to be a continental block/microcontinent located 
between the Anatolide–Tauride Platform in the north and 
the Arabian Plate in the south. This continental block sepa-
rates the southern Neo-Tethys into two distinct oceanic 
branches. The HP/LT metamorphism was caused by the 
consumption of the northern branch by a northward sub-
duction and burial of the Bitlis block under the southern 
margin of the Anatolide–Tauride Platform during the Late 
Cretaceous, while the complete closure of the southern 
ocean, i.e., southern Neo-Tethys, and continental collision 
between Arabian plate and the already exhumed Bitlis Mas-
sif took place during the middle Miocene (Yılmaz 1993).

In a similar manner to that inferred for the Bitlis Massif, 
in a number of paleogeographical maps, the Alanya Massif 
is also located to the south of the Taurides as an isolated 
continental fragment (microcontinent and/or block), which 
is separated by an oceanic basin (Güzelsu Ocean; Robert-
son et al. 1991 or Alanya ocean; Robertson and Ustaömer 
2011; Robertson et al. 2013) to the north from the Ana-
tolide–Tauride platform (Özgül 1983; Okay and Özgül 

Fig. 19  Tectonic setting of Alanya and Bitlis Massifs in Albian
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1984; Okay 1989; Robertson 2000; Robertson et al. 1991, 
2013; Garfunkel 2004; Çetinkaplan et al. 2009). This paleo-
geographic setting is of crucial importance and clearly pre-
cludes any possible correlations between the Alanya Mas-
sif and the Cretaceous HP belts derived from both northern 
branch of Neotethys and oceanic basins occurring in the 
Pontides. Although a similar paleogeographic position to 
the south of the Anatolide–Tauride Platform can be inferred 
for both Alanya and Bitlis blocks, the relationship between 
these fragments, i.e., isolated small microcontinents or a 
single continental sliver, spatial and temporal comparison 
of their Late Cretaceous subduction-related metamorphic 
histories and the subduction polarity of the inferred ocean 
have been debated for a long time (Robertson et al. 2013).

Our recent petrological and geochronological data 
(Fig. 19) clearly indicate a very similar tectonometamor-
phic evolution for both Alanya and Bitlis Massifs (Çetinka-
plan et al. 2009; Oberhänsli et al. 2010, 2011, 2014). Thus, 
based on the P–T–t coherence between these two Mas-
sifs, we can suggest that both Massifs have been derived 
from the closure of the same ocean (Alanya–Bitlis Ocean) 
located to the south of the Anatolide–Tauride Platform. 
Both Alanya Massif and crystalline rocks of SE Anatolia, 
Bitlis, Malatya, Pütürge and Keban Massifs, occur as dis-
membered bodies (Yılmaz 1993; Çetinkaplan et al. 2009; 
Oberhänsli et al. 2010). Their original tectonic settings 
and lateral continuities were obscured by post-metamor-
phic thrusting. Although a direct correlation among these 
Massifs remains uncertain due to the late stage polyphase 
deformation, in the general tectonic classification of the 
Anatolides–Taurides (Özgül 1976, 1983), Alanya Massif 
and southeastern Anatolian crystalline rocks are inferred to 
be the same tectonic unit of the Taurides (Özgül 1976; Per-
inçek and ve Kozlu 1983; Çetinkaplan et al. 2009). Addi-
tionally, Şengör and Yılmaz (1981) suggest that Alanya and 
Bitlis could be a single continental sliver, which was sepa-
rated from the main body of the Anatolide–Tauride Plat-
form. Early Jurassic to Early Cretaceous times are inferred 
for the separation of this continental fragment (Şengör and 
Yılmaz 1981; Özgül 1983; Barrier and Vrielynck 2009). As 
emphasized in many papers (Okay and Özgül 1984; Mar-
coux et al. 1989; Robertson et al. 1991, 2013; Robertson 
2000; Robertson and Woodcock 1984), the original tec-
tonic situation of the Alanya Massif, which can be used to 
infer the subduction polarity of the Alanya–Bitlis Ocean, 
was destroyed by the post-metamorphic back-thrusts. As a 
consequence of Middle Eocene northward back-thrusting 
(Okay and Özgül 1984), the Alanya Massif and underly-
ing Antalya unit were emplaced over the autochthonous 
Tauride platform. However, based on regional considera-
tions and the common northward subduction polarity of 
the oceanic branches elsewhere in the eastern Mediterra-
nean, a northward subduction has been inferred during the 

closure of the Alanya–Bitlis Ocean (Karaoglan et al. 2012; 
Oberhänsli et al. 2010; Okay and Özgül 1984; Parlak et al. 
2009, 2012; Robertson 2000; Robertson and Woodcock 
1984; Robertson et al. 1991, 2012, 2013; Rolland et al. 
2012). Consequently, we can suggest that Alanya and Bit-
lis Massifs could form the western and eastern parts of a 
single continental sliver (Alanya–Bitlis microcontinent), 
which was rifted from the southern part of the Anatolide–
Tauride Platform, most probably during Early Jurassic 
time (Fig. 20). Furthermore, this ocean, separated from 
the Southern Neo-Tethys to the south by the Alanya–Bitlis 
microcontinent, was closed by northward subduction and 
deeply buried continental crust and associated accretionary 
complex, Sugözü and Gündoğmuş nappes, underwent HP 
metamorphism during the Late Cretaceous.

The relationship between Pamphylian–Alanya–Bitlis 
sutures

In the palinspastic restorations, the original relative 
arrangement of tectono-stratigraphic units of the Ana-
tolide–Taurides, which pertained to the northern margin 
of Gondwana until Triassic rifting (Şengör et al. 1984; 
Stampli and Borel 2002; Göncüoğlu et al. 2003; Tors-
vik and Cocks 2013) is suggested, from north to south, 
as Bozkır, Bolkar Dağı, Aladağ, Geyik Dağı, Alanya and 
Antalya units (Özgül 1976, 1984). In many tectonic maps 
of Turkey, the boundary separating the autochthonous Tau-
ride platform, Geyik Dağı unit, to the north from both the 
Antalya unit and Alanya Massif to the south is inferred as 
a suture zone, the Pamphylian suture (Fig. 18, Okay et al. 
2001). The Early Paleozoic stratigraphy of the Antalya unit, 
which is characterized, especially, by a coherent succes-
sion of Early Cambrian quartzite, nodular limestone and 
Cambro–Ordovician homogenous shales has been well 
documented (Brunn et al. 1971; Özgül 1976; Marcoux 
1979; Dean et al. 1999). The existence of the same early 
Paleozoic rock succession in the Alanya Massif, which was 
masked by polyphase metamorphism and internal imbri-
cation, has been revealed obviously in many localities 
(Öztürk et al. 1995; Çetinkaplan et al. 2009). This strati-
graphic correlation may allow us to suggest that the Alanya 
and Antalya units can be interpreted as a single unit, and 
that the Alanya Massif is the metamorphic equivalent of 
the Antalya unit. Thus, we can propose that following the 
Triassic rifting of the Anatolide–Tauride platform from 
Gondwana, the Alanya–Bitlis Ocean might have opened on 
the southern part of this isolated Anatolide–Tauride block 
corresponding to the Alanya–Antalya unit. In our tectonic 
model given below, the closure of the Alanya–Bitlis Ocean 
by northward subduction under the autochthonous Tauride 
platform, Geyik Dağ unit, is suggested. In this case, the 
suture zone representing the boundary between the upper 
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plate, autochthonous Tauride platform and the lower plate 
consisting of the Antalya unit and its buried equivalent, the 
Alanya Massif, is consistent with the inferred Pamphylian 
suture zone.

As discussed above, based on their paleogeographical 
positions and very similar P–T–t evolutions, we envisage 
that both the Alanya and Bitlis Massifs might have formed 
by the closure of the same oceanic branch. Although the 
original relations have been mostly obscured by late stage 
deformation and are covered by widespread young volcanic 
and sedimentary units, the existence of a suture zone, Muş 

suture, has been postulated just to the north of Muş–Van 
by Şengör et al. (2008). HP evidence is only restricted to 
Bitlis domain (Oberhänsli et al. 2012) and any HP evi-
dence on Keban–Kemaliye–Tunceli metamorphics form-
ing the northern crystalline segments of the SE Anatolian 
crystalline rocks has not been documented yet. Consider-
ing these diverse metamorphic histories of these crystalline 
segments, in SE Anatolia, the inferred suture zone (Pam-
phylian–Alanya–Bitlis suture zone) for the Bitlis Massif 
should be placed to somewhere between the south of the 
Keban–Kemaliye–Tunceli metamorphics and north of 

Fig. 20  Schematic geodynamic 
cross-sections showing the 
subsequent stages of subduc-
tion and exhumation history of 
the Alanya Massif. SSZ supra 
subduction zone
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Bitlis metamorphics (Fig. 18). In recent studies, the exist-
ence of Late Cretaceous low-grade metamorphic rocks in 
northern Cyprus, the Kyrenia Range, have been reported 
(Robertson et al. 2011, 2012, 2013). In their tectonic mod-
els, Kyrenia is assumed to be a microcontinent separated by 
an oceanic basin, the Alanya Ocean, to the north from the 
Anatolide–Tauride platform. This paleogeographic setting 
is consistent with that of the Alanya–Bitlis block. No evi-
dence indicating HP metamorphism has been found in the 
Kyrenia area. However, considering the existence of lim-
ited HP evidence in the Alanya Massif, which is recorded 
only in two thrust sheets, this cannot be used as the only 
discriminate feature for the correlation. Thus, based on 
regional considerations and the coincidence of the ages of 
metamorphism, we can suggest that the metamorphic rocks 
in Kyrenia can be correlated with the Alanya and Bitlis 
Massifs and, as a consequence, the suture zone connecting 
Alanya to Bitlis should be placed somewhere in the Cili-
cia Basin within continental basement (Calon et al. 2005) 
occurring between Cyprus and Turkey (Fig. 18).

Considering our petrological and geochronological data 
for the Alanya Massif, we propose a geodynamic scenario 
including subsequent stages from Late Cretaceous subduc-
tion of the Alanya–Bitlis Ocean to Eocene back-thrusting 
of the already assembled Alanya and Antalya units over 
the autochthonous Tauride platform (Fig. 20). There is no 
direct evidence indicating the onset of the subduction for 
the Alanya–Bitlis Ocean. For the Gündoğmuş nappe, which 
represents a blueschist accretionary complex, a Late Cre-
taceous age (Robertson et al. 2013) is assigned. Similar 
Late Cretaceous age for Alakır Çay mélange in Kemer, 
which can be postulated as the unmetamorphosed equiva-
lent of the Gündoğmuş nappe, is suggested. Additionally, it 
has been revealed by Karaoğlan et al. (2012) that based on 
the geochemical characters, the ophiolites generated from 
the ocean (Berit ocean) corresponding to the eastern part 
of Alanya–Bitlis ocean formed as SSZ-type ophiolites and 
the crystallization age of these oceanic crust materials is at 
around 84–90 Ma (Turonian–Santonian). Considering these 
geological restrictions, a pre-Late Turonian age (>90 Ma), 
probably Cenamonian–Turonian, can be envisaged for the 
onset of subduction of the Alanya–Bitlis Ocean (Fig. 20a). 
P–T estimations (435–480 °C/11–13 kbar) and the geo-
chronological data (80–82 Ma) indicate that part of the 
tectonic slice of the accretionary complex corresponding 
to the Gündoğmuş unit was subducted to a depth of about 
~40 km and underwent blueschist metamorphism during 
Campanian time. Furthermore, the P–T conditions (550–
567 °C/14–18 kbar) and phengite (84 Ma), zircon (84 Ma) 
and rutile ages (82 Ma) of the Sugözü nappe, which repre-
sent the continental material, reveal that during Santonian–
Campanian time, the Alanya–Bitlis microcontinent was 
also buried under oceanic crust of Alanya–Bitlis Ocean and 

suffered eclogite facies metamorphism at a depth of ~60 km 
(Fig. 20b). During this stage, as a consequence of ongoing 
intra-oceanic subduction, SSZ-type ophiolites (90–84 Ma, 
Karaoğlan et al. 2012) were generated in Alanya–Bitlis 
Ocean (Fig. 20b). The tectonic units in the Alanya Mas-
sif, except for Sugözü and Gündoğmuş nappes, underwent 
single-stage Barrovian-type (525–555 °C/6.5–7.5 kbar) 
metamorphism under greenschist/lower amphibolite facies 
conditions at about 75 Ma, Campanian. The age of this 
Barrovian-type medium-grade metamorphism coincides 
well with the greenschist–amphibolite overprint of the HP 
units (Sugözü and Gündoğmuş: 78 Ma, Campanian). This 
petrological evidence and age data indicate that during 
Campanian time, deeply buried units of the Alanya Mas-
sif started to uplift and were juxtaposed tectonically with 
the medium-grade units of the Alanya Massif at a depth of 
21–23 km (Fig. 20c). Considering the absence of a large-
scale ophiolite obduction over Alanya–Bitlis microconti-
nent, similar to the double-subduction models suggested 
for the Bitlis part of this ocean (Parlak 2006; Parlak et al. 
2004; Robertson et al. 2006), a new low-angle subduction 
beneath the Anatolide–Tauride platform can be specu-
lated for the consumption of the ocean (Fig. 20c). Based 
on the youngest unmetamorphosed cover unit (Paleocene–
Early Eocene) on the Alanya Massif, a Paleocene age for 
the exhumation of the Alanya Massif and southward over-
thrusting onto the Antalya part of the microcontinent can be 
inferred (Fig. 20d). Furthermore, considering the tectonic 
contact between the Antalya unit and underlying Lower 
Eocene carbonates of the autochthonous Tauride platform 
and transgressive contact relationship of Lutetian conglom-
erates (Anamur unit) over the Alanya nappes (Okay and 
Özgül 1984), the northward back-thrusting of the assem-
bled Alanya and Antalya units over the autochthonous Tau-
ride platform can be constrained between Early and Mid-
dle Eocene (Fig. 20e). The original suture zone between 
Anatolide–Tauride Platform and Alanya–Antalya units was 
obscured by this late stage young tectonic event (Fig. 20e).

Conclusions

The Alanya Massif is made up of a number of nappe units 
with distinct metamorphic history. In two thrust sheets, 
Sugözü and Gündoğmuş nappes, HP metamorphism under 
eclogite (550–567 °C/14–18 kbar) and blueschist facies 
(435–480 °C/11–13 kbar) conditions have been recognized, 
while the rest of the Massif has experienced Barrovian-type 
medium-pressure metamorphism under greenschist–amphi-
bolite facies (525–555 °C/6.5–7.5 kbar) conditions. Based 
on the stratigraphic similarities and their relative paleo-
geographic position, the Alanya Massif can be regarded 
as the metamorphic equivalent of the Antalya unit. Alanya 



278 Int J Earth Sci (Geol Rundsch) (2016) 105:247–281

1 3

and Antalya units were rifted, most probably during Juras-
sic time, from the southern part of the Anatolide–Tauride 
platform and formed an isolated microcontinent/continental 
sliver (Alanya–Bitlis microcontinent), which was separated 
to the north from Anatolide–Tauride platform by an ocean, 
the Alanya–Bitlis Ocean, and to the south from Gondwana 
by the southern branch of Neo-Tethys. The closure of the 
Alanya–Bitlis Ocean by intra-oceanic northward subduc-
tion resulted in HP metamorphism of the deeply buried 
northern end of the microcontinent and accretionary com-
plex during the Santonian–Campanian (84–80 Ma). The 
petrological and geochronological evidence indicate that 
during the exhumation stage, HP units were tectonically 
juxtaposed with the other Barrovian-type medium-grade 
tectonic units of the Alanya Massif at a depth of 21–23 km 
and were retrogressed under greenschist–amphibolite facies 
conditions during Campanian time (75–78 Ma). Based 
on the Late Paleocene–Eocene sedimentary cover of the 
Alanya Massif, the exhumation of the Alanya Massif can 
be constrained between Campanian and Paleocene. Consid-
ering their paleogeographic positions and similar Late Cre-
taceous P–T–t evolutions, we can suggest that both Alanya 
and Bitlis Massifs were derived from the western and east-
ern parts of the same microcontinent, the Alanya–Bitlis 
microcontinent, by the closure of the Alanya–Bitlis Ocean 
located to the south of the Anatolide–Tauride platform. The 
suture zone (the Pamphylian–Alanya–Bitlis suture) con-
necting Alanya to Bitlis should be placed somewhere in 
the Cilicia Basin within continental basement occurring 
between Cyprus and Turkey.
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(107Y107). Yann Rolland and an anonymous review are greatly 
acknowledge for providing constructive reviews of the manuscript. We 
thank Osman Parlak for editorial handling. Thanks are due to Christina 
Günter for assistance with microprobe and to Masafumi Sudo for help 
laser ablation ICP-MS.

References

Ai Y (1994) A revision of the garnet–clinopyroxene Fe2+–Mg 
exchange geothermometer. Contrib Mineral Petrol 115:467–473

Andersen T (2002) Correction of common lead in U–Pb analyses that 
do not report 204Pb. Chem Geol 192:59–79

Aygül M, Topuz G, Okay AI, Satir M, Meyer HP (2012) The kemer 
metamorphic complex (NW Turkey): a subducted continental 
margin of the Sakarya zone. Turk J Earth Sci 21:19–35

Barrier E, Vrielynck B (eds) (2009) Palaeotectonic maps of the Mid-
dle East. Middle East Basins Evol Program, Paris

Berman RG (1988) Internally-consistent thermodynamic data for 
minerals in the system Na2O–K2O–Ca–MgO–FeO–Fe2O3–
Al2O3–SiO2–TiO2–H2O–CO2. J Petrol 29(2):445–522

Brunn JH, Dumont JH, de Graciansky PCh, Gutnic M, Juteau Th, 
Marcoux J, Monod O, Poisson A (1971) Outline of the geol-
ogy of the western Taurids Geology and History of Turkey de: 
Petroleum exploration Society of Libya, Tripoli, pp 225–255

Calon TJ, Aksu AE, Hall J (2005) The Oligocene-Recent evolution of 
the Mesaoria Basin(Cyprus) and its western marine extension, 
Eastern Mediterranean. Mar Geol 221:95–120

Candan O, Dora OÖ, Oberhänsli R, Oelsner F, Dürr S (1997) Blues-
chist relicts in the Mesozoic cover series of the Menderes Mas-
sif and correlations with Samos Island. Cyclades Schweiz Min-
eral Petrogr Mitt 77:95–99

Candan O, Dora OÖ, Oberhänsli R, Çetinkaplan M, Partzsch JH, 
Warkus F, Dürr S (2001) Pan-African high-pressure metamor-
phism in the Precambrian basement of the Menderes Massif, 
Western Anatolia, Turkey. Int J Earth Sci (Geologische Rund-
schau) 89(4):793–811

Candan O, Çetinkaplan M, Oberhänslı R, Rimmelé G, Akal C (2005) 
Fe–Mg carpholite as a record of Alpine high-P/low-T metamor-
phism of Afyon Zone and implication for metamorphic evolu-
tion of western Anatolia, Turkey. Lithos 84:102–124

Çetinkaplan M, Candan O, Oberhänsli R, Romain B (2008) Pres-
sure–temperature evolution of lawsonite eclogite in Sivrihisar; 
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