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ABSTRACT

The Beyşehir-Hoyran Nappes, including 
Mesozoic carbonate platform rocks, deep-
sea sediments, and ophiolite-related units, 
crop out extensively on the western limb of 
the Isparta Angle in the Central Taurides, 
Turkey. The ophiolite-related rocks are rep-
resented by variably serpentinized harzbur-
gitic mantle tectonites, tectonically underlain 
by a subophiolitic metamorphic sole and 
mélange. The harzburgitic mantle tectonites 
and metamorphic sole are intruded by un-
deformed isolated dikes. Protoliths of the 
metamorphic sole are similar to within-plate 
alkali basalts and associated sediments. The 
isolated dikes were geochemically derived 
mainly from tholeiitic magma and, to a lesser 
extent, from alkaline magma. Five isolated 
dike samples yielded U-Pb ages ranging from 
90.8 ± 1.6 Ma to 87.6 ± 2.1 Ma (zircon) and 
from 102.3 ± 7.4 Ma to 87.5 ± 7.9 Ma (titanite). 
Seven amphibolite samples yielded U-Pb age 
ranges of 91.1 ± 2.1–88.85 ± 1.0 Ma (zircon) 
and 94.0 ± 4.8–90.0 ± 9.4 Ma (titanite) and 
a 40Ar-39Ar age range of 93.7 ± 0.3–91.4 ±  
0.4 Ma (hornblende). U-Pb and 40Ar-39Ar 
ages of mineral phases with different closure 
temperatures (~900–500 °C) from the iso-
lated dikes and metamorphic sole rocks are 
almost identical and overlapping within 1σ, 
suggesting that both the magmatic growth 
of oceanic crust and formation of metamor-
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phic sole were contemporaneous and cooled 
very rapidly. Hence, all the data should be 
interpreted as the crystallization ages of the 
ophiolite and metamorphic sole pair. Genesis 
of suprasubduction zone–type oceanic crust, 
genesis and exhumation of the metamorphic 
sole, and postmetamorphic dike emplace-
ment within the Inner Tauride Ocean can 
be best explained by subduction initiation 
and rollback processes during the Late Cre-
taceous based on petrological and geochro-
nological data obtained from the ophiolitic 
rocks of the Beyşehir-Hoyran Nappes.

INTRODUCTION

Many Tethyan ophiolites are structurally un-
derlain by thin sheets of metamorphic sole rocks 
(e.g., Williams and Smyth, 1973; Spray, 1984; 
Jamieson, 1986; Parlak et al., 1995a; Dilek et 
al., 1999; Robertson, 2002, 2004). Metamor-
phic soles are thought to form at the inception 
of oceanic subduction beneath the hot subophi-
olitic mantle of the hanging wall (Jamieson, 
1986; Malpas, 1979; Spray, 1984; Williams and 
Smyth, 1973). Initiation of subduction and for-
mation of metamorphic soles have been linked 
to the ophiolite emplacement process (e.g., 
Hacker et al., 1996; Jamieson, 1980, 1986; Mal-
pas, 1979; Williams and Smyth, 1973). Because 
metamorphic soles record hot ophiolite em-
placement over cold oceanic crust and associ-
ated sediments, it is important to note that the 
protoliths of the metamorphic soles provide evi-
dence of the nature and composition of former 
ocean basins (Robertson, 2004).

The spatial and temporal relations of ophio-
lites and metamorphic soles in the Tethyan 
realm can be elucidated from Ar-Ar and U-Pb 
geochronology and geochemistry of crustal 
rocks and underlying amphibolites. Based on 
this, metamorphic soles have been interpreted 
to have formed either (1) during intra-oceanic 
thrusting shortly after ophiolite formation at 
mid-ocean ridges (Fig. 1A; Boudier et al., 1988; 
Hacker, 1994), or (2) during intra-oceanic sub-
duction coeval with ophiolite genesis in supra-
subduction zones (Fig. 1B; Pearce et al., 1981; 
Searle and Malpas, 1980, 1982; Searle and Cox, 
2002). The different blocking temperatures of 
the U-Pb and Ar-Ar systems (Hacker and Gnos, 
1997; Spray, 1984) and different cooling his-
tories impeded understanding of the processes 
in terms of genesis, exhumation, and emplace-
ment of ophiolite and metamorphic sole pairs 
for many years. Eventually, Warren et al. (2005) 
were able to date zircons from a metamorphic 
sole (94.48 ± 0.23 Ma) and trondhjemite (95.3 ±  
0.2 Ma) of the Oman ophiolite using the ther-
mal ionization mass spectrometry (TIMS) U-Pb 
technique and concluded that high-temperature 
metamorphism during ophiolite emplacement 
occurred contemporaneously with crystalliza-
tion of ophiolite crustal differentiates. They sug-
gested a suprasubduction zone origin rather than 
mid-ocean-ridge origin for the genesis of the 
Semail ophiolite. Similarly, Rioux et al. (2012, 
2013, 2016) and Roberts et al. (2016) reported 
U-Pb dating results for the crustal rocks and 
metamorphic sole of the Oman ophiolite. They 
concluded that the metamorphic sole formed ei-
ther prior to or during formation of the ophiolite 
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crust, and it was later juxtaposed with the base 
of the ophiolite.

The ophiolites in northern Turkey are Early 
to Middle Jurassic in age and interpreted as 
remnants of the İzmir-Ankara-Erzincan Ocean, 
which was terminally closed in the Paleocene–
Eocene between the Sakarya-Pontide block 
to the north and the Anatolide-Tauride and 
Kirşehir continental blocks to the south (Fig. 2; 
Okay and Tüysüz, 1999; Dilek and Thy, 2006; 
Çelik et al., 2011; Robertson et al., 2013). In 
contrast, the ophiolites along the Tauride Moun-
tains in southern Turkey (Lycian Nappes, Anta-
lya, Beyşehir-Hoyran Nappes, Mersin, Pozantı-
Karsantı, Pınarbaşı, and Divriği) were emplaced 
toward the south onto the passive margin of the 
Tauride carbonate platform during the Late Cre-
taceous from different Neotethyan oceanic ba-
sins (Fig. 2). The Tauride ophiolites have been 
interpreted as good candidates with which to 
examine the spatial and temporal relations of 
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ophiolites and metamorphic soles (Parlak and 
Delaloye, 1999; Dilek et al., 1999; Robertson, 
2004; Çelik et al., 2006; Parlak, 2016).

The Beyşehir-Hoyran Nappes, including Me-
sozoic carbonate platform deposits, deep-sea 
sediments, and ophiolite-related units, crop out 

on the eastern limb of the Isparta Angle in the 
in Central Taurides, southern Turkey (Fig. 3; 
Andrew and Robertson, 2002; Monod, 1977; 
Özgül, 1984; Özgül and Arpat, 1973). The ophi-
olitic rocks in the Beyşehir-Hoyran Nappes were 
formed above a north-dipping intra-oceanic 

subduction zone in the Late Cretaceous, derived 
from the Inner Tauride Ocean (Andrew and 
Robertson, 2002; Elitok and Drüppel, 2008). 
The ophiolite-related rocks are characterized by 
three main tectonic units, in an ascending order, 
ophiolitic mélange, subophiolitic metamorphic 
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sole, and oceanic lithospheric remnants (Fig. 4). 
The plutonic section and the metamorphic sole 
of the Beyşehir-Hoyran ophiolite are crosscut by 
numerous postmetamorphic/undeformed, iso-
lated diabase dikes at different structural levels. 
The only available geochronological data from 
the Beyşehir-Hoyran ophiolite are based on K-Ar 
ages (96 ± 3–86 ± 3 Ma) and 40Ar/39Ar ages (91.5 ±  
1.9–90.9 ± 1.3 Ma) from the metamorphic sole 
rocks (Çelik et al., 2006; Thuizat et al., 1981).

In this paper, we present zircon and titanite 
U-Pb laser ablation–sector field–inductively 
coupled plasma–mass spectrometry (LA-SF-
ICP-MS) and hornblende 40Ar/39Ar ages and 
whole-rock and mineral chemistry data for the 
metamorphic sole and crustal rocks from the 
Beyşehir-Hoyran ophiolite in the Central Tau-
rides to: (1) better understand the crystallization 
age and the cooling history of the metamorphic 
sole and oceanic crust, (2) better understand the 
tectonic setting of the metamorphic sole and the 
oceanic crustal rocks, (3) test alternative mod-
els, and (4) decipher spatial and temporal rela-
tionships between magmatism and deformation 
within the regional Tethyan framework.

GEOLOGICAL SETTING

The Beyşehir-Hoyran-Hadim Nappes crop 
out on the eastern limb of the Isparta Angle in 
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Figure 4. Tectonostratigraphy of the ophiolite- 
related units in Beyşehir-Hoyran Nappes.

the Central Taurides, Turkey (Andrew and Rob-
ertson, 2002; Monod, 1977; Özgül, 1984; Özgül 
and Arpat, 1973). The Isparta Angle is consid-
ered to be the site of regional overthrusting of 
nappes, of dissimilar age and origin, onto the 
Tauride Platform (Özgül, 1976; Poisson, 1977; 
Gutnic et al., 1979; Ricou et al., 1979; Koçyiğit, 
1984; Morris and Robertson, 1993; Poisson et 
al., 2003; Robertson et al., 2003). The angular 
geometry has been interpreted as the result of 
interference between SE- and SW-verging al-
lochthonous units emplaced during culminat-
ing stages of Tethyan convergence between late 
Campanian and late Miocene times (Gutnic et 
al., 1979; Poisson et al., 2003; Robertson et al., 
2003). Based on origins and emplacement ages, 
there are three major nappes, namely, (1) the  
Antalya Complex, (2) the Beyşehir-Hoyran 
Nappes, and (3) the Lycian Nappes (Fig. 3).

The ophiolite-related rock assemblages are 
well exposed both to the north and south of 
Lake Beyşehir (Fig. 3). In the northern part of 
the Lake Beyşehir area, the ophiolitic rocks are 
seen at two localities, namely, Şarkikaraağaç 
and Madenli (Isparta; Fig. 3).

The ophiolitic rocks in the Şarkikaraağaç 
area tectonically overlie the Tauride carbonate 
platform to the east (Sultandağ) and to the west 
(Anamasdağ). These two sides form the limbs 
of the folded Tauride platform, and Neogene to 
Quaternary sediments unconformably overlie 
both the ophiolite and the platform carbonates 
(Fig. 5A). On the western limb of the folded 
Tauride platform (Anamasdağ), the ophiolite- 
related rocks are represented by harzburgitic 
mantle tectonites at the top, underlain by sub-
ophiolitic metamorphic sole and mélange down-
ward (Fig. 5A). Isolated diabase dikes with 
island-arc geochemistry intrude the mantle tec-
tonites (Elitok and Drüppel, 2008). A thin sheet 
of highly deformed metamorphic sole rocks 
with alkaline within-plate and island-arc tholei-
ite geochemistry, up to 140 m thick, tectonically 
underlies the harzburgitic mantle tectonites (Eli-
tok and Drüppel, 2008). The metamorphic sole 
is also cut by postmetamorphic isolated diabase 
dikes. The ophiolitic mélange comprises blocks 
of recrystallized limestone, gabbro, isolated dia-
base, radiolarite, cherts, and siliciclastic rocks 
set in a strongly sheared serpentinite matrix (Eli-
tok and Drüppel, 2008). The  ophiolite-related 
units in both areas are overthrust by Upper Tri-
assic neritic limestone blocks and large-scale 
chaotic slope-basin deposits. The limestone unit 
is known as the Gencek unit (Monod, 1977) in 
the Central Taurides. On the eastern limb of 
the folded Tauride platform (Sultandağ), rela-
tively fresh harzburgitic mantle tectonites with 
minor pyroxenite veins tectonically rest on the 
autochthonous basement. The harzburgites are 

intruded by isolated diabase dikes with island-
arc tholeiite geochemistry at different struc-
tural levels (Elitok and Drüppel, 2008). In the 
Şarkikaraağaç region, the ophiolites and related 
units were rethrusted over the Middle Eocene 
sediments, following the initial Late Creta-
ceous ophiolite emplacement onto the Tauride 
platform (Fig. 5A; Mackintosh and Robert-
son, 2013).

In the Madenli area, the allochthonous units 
are exposed, namely, metamorphic sole rocks, 
mantle tectonites, the massive neritic limestone 
(Gencek unit), and large-scale chaotic slope-
basin deposits (Fig. 5B). The metamorphic sole 
rocks beneath the mantle tectonites are highly 
deformed and consist mainly of amphibolites. 
They are intruded by isolated diabase dikes. 
The strongly sheared and serpentinized harz-
burgites rest tectonically on the metamorphic 
sole and are in turn tectonically overlain by the 
Upper Triassic neritic limestones (Gencek unit) 
and large-scale chaotic slope-basin deposits 
(Andrew and Robertson, 2002; Monod, 1977), 
similar to the Şarkikaraağaç area.

In the southern part of the Lake Beyşehir area 
(Fig. 3), the ophiolite-related rock assemblages 
are exposed as thrust slices between the Hadim 
nappe and the Gencek unit around the town of 
Gencek (Fig. 6). The ophiolitic mélange unit 
consists mainly of blocks and fragments of radi-
olarian cherts, serpentinite, limestone, volcanic 
rocks, volcaniclastic sediments, serpentinized 
peridotite, and amphibolites set in a sandstone 
or mudstone matrix (Andrew and Robertson, 
2002). The geochemistry of the volcanic rocks 
within the mélange exhibits two different com-
positional trends, including within-plate alka-
line basalts and island-arc tholeiitic basalts (An-
drew and Robertson, 2002). Protoliths of the 
metamorphic sole amphibolites are more akin to 
within-plate alkaline basalt (Çelik and Delaloye, 
2006). The peridotite body in the mélange is 
represented by serpentinized harzburgite and 
dunite intruded by numerous isolated diabase 
dikes at different structural levels. The ages of 
the units within the mélange range from Triassic 
to Late Cretaceous. The ophiolitic mélange has 
been interpreted as a subduction-accretion com-
plex, with final emplacement onto the Tauride 
platform ending by the Maastrichtian (Andrew 
and Robertson, 2002).

ANALYTICAL METHODS

To determine the geochemical and petro-
logical characteristics of the isolated diabase 
dikes and amphibolites from the metamorphic 
sole, 16 samples were analyzed for whole-
rock major and trace elements (including rare 
earths). Two isolated dike samples and four 
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cal map of the Madenli area (from Elitok and Drüppel, 2008). Abbreviations: lst.—limestone; L.—Lower; 
T.—Tepe.
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metamorphic sole samples were analyzed at 
Acme Analytical Laboratories, Ltd. (Canada). 
Major-element contents were determined from 
a LiBO2 fusion by inductively coupled plasma–
emission spectrometry (ICP-ES) by using 5 g 
of sample pulp. Trace-element contents were 
determined from a LiBO2 fusion by inductively 
coupled plasma–mass spectrometry (ICP-MS) 
by using 5 g of sample pulp. Major- and trace-
element contents of four isolated dikes and six 
metamorphic sole samples were analyzed at 
the State Key Laboratory for Geological Pro-
cesses and Mineral Resources, China University 
of Geosciences, Wuhan, China. Whole-rock 
major-element compositions were measured 
using a Shimadzu XRF-1800 sequential X-ray 
fluorescence spectrometer, with the detailed ex-
perimental processes and conditions described 
by Ma et al. (2012). Whole-rock trace elements 

were analyzed using an Agilent 7500a ICP-MS, 
with the detailed sample-digestion procedure 
for ICP-MS analyses, analytical precision, and 
accuracy for trace elements including rare earth, 
high field strength, and large ion lithophile ele-
ments, and transition metals following the pro-
tocols of Liu et al. (2008). About 50 mg samples 
were digested by HF + HNO3 in Teflon bombs 
for ICP-MS analysis. Sample dissolution was 
conducted under superclean laboratory condi-
tions. International standards AGV-2, BHVO-2, 
and RGM-2 were used as reference materials to 
estimate analytical precision. The results of the 
analyses are presented in Tables 1 and 2.

Electron microprobe analysis was carried 
out on eight representative polished sections of 
the metamorphic sole rocks using a CAMECA 
SX-100 instrument at the Institute of Mineral-
ogy, Leibniz University, Hannover, Germany. 
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Figure 6. Simplified geological map of the Gencek (Konya) area (from Monod, 1977); U.—Upper.

1GSA Data Repository item 2019155, Supple-
mentary Files 1–6, cathodoluminescence photos and 
analytical data, is available at http://www.geosociety 
.org/datarepository/2019 or by request to editing@
geosociety.org.

The analytical conditions for the elements were 
10–30 s counting interval, a beam current of 15 
nA, and an acceleration voltage of 15 kV. Raw 
data were revised by a PAP matrix correction 
(Pouchou and Pichoir, 1984). The representative 
results are presented in Tables 3, 4, and 5.

Cathodoluminescence (CL) images were pro-
duced using a Zeiss Supra 55 scanning electron 
microscope (SEM) at the central laboratory of 
Mersin University, Mersin, Turkey. CL photos 
of the zircons from the dated samples are pro-
vided as Supplementary Files 1–3.1
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Zircon crystals were fixed on a double-sided 
adhesive tape stuck on a thick glass plate and 
embedded in a 25-mm-diameter epoxy mount. 
The crystal mounts were lapped by 2500 mesh 
SiC paper and polished by 9, 3, and 1 μm dia-
mond suspensions. For all zircon samples and 
standards used in this study, CL images were 
obtained using a JEOL JXA 8900 electron mi-

TABLE 1. MAJOR- AND TRACE-ELEMENT CONTENTS OF THE METAMORPHIC SOLE ROCKS 
FROM THE BEYŞEHIR-HOYRAN OPHIOLITE

Metamorphic sole
Şarkikaraağaç Gencek

Sample no.: S14-1 S14-3 S14-4 S14-5 S15-1† S15-3† G14-1 G14-4 G15-3† G15-4†

Major oxides (wt%)
SiO2 45.84 39.46 44.32 45.48 45.94 38.74 45.22 43.55 42.48 45.84
TiO2 2.24 2.52 2.7 2.39 2.88 2.94 2.32 2.89 3.44 2.68
Al2O3 10.71 10.55 9.07 11.06 11.10 10.39 9.93 12.99 10.73 12.89
FeO* 12.69 11 17.75 13.01 13.57 11.88 13.28 14.75 14.10 12.61
MnO 0.16 0.17 0.48 0.17 0.19 0.17 0.16 0.17 0.19 0.17
MgO 11.67 7.12 10.92 13.72 9.81 7.31 12.86 9.1 12.62 9.21
CaO 12 16.57 10.7 8.73 9.94 18.10 11.92 10.73 10.97 9.02
Na2O 1.82 2.64 1.28 2.49 2.98 2.10 1.69 1.95 2.17 3.40
K2O 0.77 1.33 0.79 0.98 0.79 1.54 0.52 1.71 0.66 1.68
P2O5 0.29 0.33 0.4 0.34 0.57 0.58 0.26 0.33 0.48 0.41
Cr2O3 na na na na 0.057 0.035 na na 0.106 0.056
LOI 1.99 7.96 1.19 1.59 1.8 5.8 1.52 1.87 1.6 1.5
TOT/C na na na na <0.02 1.44 na na 0.03 0.02
TOT/S na na na na <0.02 <0.02 na na <0.02 <0.02
Total 100.18 99.65 99.6 99.96 99.65 99.67 99.68 100.04 99.64 99.64
Trace elements (ppm)
Sc 27.2 30.0 49.4 27.2 27 20 26.8 34.7 31 24
V 224 229 269 253 293 255 215 307 269 258
Cr 626 488 408 615 na na 906 305 na na
Co 59.9 46.3 84.3 60.1 50.9 45.9 66.8 51.9 71.0 53.3
Ni 398 191 270 400 165 122 511 156 404 223
Ga 15.8 16.5 19.3 17.3 19.2 18.2 16.2 19.3 16.4 16.8
Rb 11.1 22.1 8.34 16.2 8.0 20.4 4.30 31.7 6.2 26.7
Sr 284 325 76.1 398 374.1 641.4 178 496 330.9 704.9
Y 22.0 22.3 92.6 24.5 30.5 26.0 21.8 27.6 23.4 24.6
Zr 167 190 207 183 273.3 265.9 152 143 171.6 229.1
Nb 37.8 36.0 89.0 36.8 52.4 58.4 25.5 31.5 41.6 42.5
Cs 0.095 0.25 0.087 0.16 0.2 <0.1 0.042 0.24 <0.1 0.1
Ba 221 150 80.9 298 343 702 90.8 454 268 1358
Hf 4.05 4.63 5.81 4.46 6.4 6.3 3.93 3.73 4.6 5.4
Ta 2.28 2.22 7.47 2.24 3.6 3.2 1.60 1.91 2.8 2.5
Pb 1.60 1.81 3.13 1.92 na na 1.38 1.03 na na
Th 2.99 2.47 11.8 2.81 4.2 5.3 3.27 1.92 2.5 3.6
U 1.33 0.74 1.99 0.69 1.5 1.2 0.75 0.51 0.7 0.8
La 27.6 24.0 74.8 27.3 46.8 52.0 22.7 21.3 30.3 38.0
Ce 55.5 52.6 183 58.0 100.2 97.9 48.1 48.6 62.0 75.2
Pr 6.85 6.75 21.7 7.19 12.98 11.80 5.94 6.32 7.94 9.41
Nd 27.4 28.7 90.5 29.8 53.1 47.6 24.7 27.0 32.8 37.3
Sm 5.74 6.07 19.6 6.45 10.05 8.62 5.60 6.30 6.54 7.57
Eu 1.89 1.99 5.26 2.14 3.18 2.66 1.91 2.22 2.17 2.30
Gd 5.47 5.74 18.0 6.05 9.17 7.72 5.56 6.49 6.20 6.70
Tb 0.79 0.86 2.79 0.91 1.28 1.04 0.82 0.99 0.91 0.97
Dy 4.42 4.62 16.3 4.88 6.54 5.56 4.47 5.59 4.70 5.12
Ho 0.83 0.83 3.13 0.89 1.19 0.96 0.82 0.99 0.88 0.92
Er 2.08 2.09 8.45 2.36 3.03 2.34 2.08 2.56 2.44 2.43
Tm 0.28 0.29 1.17 0.31 0.40 0.29 0.27 0.34 0.29 0.30
Yb 1.75 1.77 7.02 1.88 2.33 1.67 1.64 2.13 1.78 1.76
Lu 0.24 0.24 0.93 0.28 0.32 0.24 0.23 0.29 0.25 0.27

Note: Total Fe is expressed as FeO*; LOI—loss on ignition; ˂ means below detection limit; na—not analyzed; 
TOT/C—Total carbon; TOT/S—Total sulfur.

†Analyzed at ACME and others at China University of Geosciences in Wuhan.

croprobe at the Geozentrum Göttingen, Göttin-
gen, Germany, in order to study their internal 
structure and to select homogeneous parts for 
the in situ age determinations. The in situ U-Pb 
dating was performed by single-collector LA-
SF-ICP-MS. The method employed for analy-
sis was described in detail by Frei and Gerdes 
(2009). A Thermo Finnigan Element 2 mass 

spectrometer, coupled to a Resonetics excimer 
laser ablation system, was used. All age data 
presented here were obtained by single-spot 
analyses with a laser beam diameter of 33 μm 
and a crater depth of ~10 μm. The laser was fired 
at a repetition rate of 5 Hz and at nominal laser 
energy output of 25%. Two laser pulses were 
used for pre-ablation. The carrier gases were He 
and Ar. Analytes of 238U, 235U, 232Th, 208Pb, 207Pb, 
206Pb, mass 204, and 202Hg were measured by the 
ICP-MS. The data reduction was based on the 
processing of ~50 selected time slices (corre-
sponding to ~14 s) starting ~3 s after the begin-
ning of the signal. The age calculation and qual-
ity control were based on drift and fractionation 
correction by standard-sample bracketing using 
GJ-1 zircon reference material (Jackson et al., 
2004). For further control, the Plešovice zircon 
(Sláma et al., 2008), the 91500 zircon (Wieden-
beck et al., 1995), and the FC-1 zircon (Paces 
and Miller, 1993) were analyzed as “secondary 
standards.” The age results of the standards were 
consistently within 2σ of the published isotope 
dilution (ID) TIMS values. Drift and fraction-
ation corrections and data reductions were per-
formed using our in-house software (UranOS; 
Dunkl et al., 2008). The analytical data for 
zircon and titanite U-Pb dating are provided as 
Supplementary Files 4 and 5, respectively (see 
footnote 1).

The 40Ar/39Ar geochronology was carried out 
on handpicked amphibole grains from amphib-
olites of the metamorphic sole at the Auburn 
Noble Isotope Mass Analysis Laboratory (AN-
IMAL), Auburn University, Auburn, Alabama. 
Four amphibolite samples were collected for 
40Ar/39Ar geochronology. The samples were 
selected on the basis of structural setting and 
petrography. The four selected amphibolite 
samples were crushed and sieved (250–180 
μm), and hornblende grains were handpicked 
under a binocular microscope to be free from 
visible alteration, inclusions, or other phases. 
The selected samples were washed with de-
ionized water in an ultrasonic cleaner. Around 
300 amphibole grains were individually 
wrapped in domestic Al-foil and placed in an 
Al- irradiation disk with monitor FC-2 (age =  
28.02 Ma; Renne et al., 1998) along with a CaF2 
flux monitor. All samples and standards were 
irradiated in the U.S. Geological Survey Triga 
Reactor in Denver, Colorado. The laboratory is 
equipped with a low-volume, high- sensitivity, 
10-cm-radius sector mass spectrometer and au-
tomated sample extraction system (50 W Syn-
rad CO2 laser) for the analysis of samples. The 
analyses were conducted by incremental heat-
ing analysis of 80 hornblende grains from each 
sample. All of the statistical 40Ar/39Ar ages in 
this study are quoted at the 95%  confidence 
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level, whereas errors in individual measure-
ments are quoted as one standard deviation 
(1σ). Data reduction and assessment of statisti-
cal ages were done using Microsoft Excel and 
Isoplot (Ludwig, 2003). The full data set for 
the dated samples is provided in Supplemen-
tary File 6 (see footnote 1).

PETROGRAPHY AND MINERALOGY

The serpentinized mantle tectonites (harz-
burgite and dunite) in the Beyşehir-Hoyran 
Nappes are intruded by numerous isolated 
dikes (Fig. 7A). The dikes also intruded the 
metamorphic sole in the region (Fig. 7C). The 

TABLE 2. MAJOR- AND TRACE-ELEMENT CONTENTS OF THE ISOLATED DIKE ROCKS 
FROM THE BEYŞEHIR-HOYRAN NAPPES

Isolated dikes
Şarkikaraağaç Gencek

Sample no.: S14-2 S15-2† G14-2 G14-3 G14-5 G15-1†

Major oxides (wt%)
SiO2 48.46 46.85 48.59 50.37 50.13 49.63
TiO2 1.09 3.05 1.08 1.2 0.71 0.86
Al2O3 14.23 12.55 15.14 14.85 14.42 16.07
FeO* 10.27 12.67 10.23 11.06 9.76 9.10
MnO 0.16 0.17 0.16 0.17 0.14 0.14
MgO 7.46 8.81 7.21 6.83 5.86 6.44
CaO 10.39 8.16 10.32 9.36 9.12 8.59
Na2O 3.22 3.52 3.44 3.29 4.53 4.25
K2O 0.64 1.01 0.32 0.39 0.28 1.12
P2O5 0.08 0.50 0.08 0.08 0.04 0.05
Cr2O3 na 0.039 na na na 0.015
LOI 3.66 2.3 3.04 2.04 4.63 3.5
TOT/C na <0.02 na na na 0.04
TOT/S na <0.02 na na na 0.08
Total 99.66 99.66 99.61 99.64 99.62 99.82
Trace elements (ppm)
Sc 39.1 26 37.7 38.0 35.5 36
V 274 263 263 303 286 278
Cr 188 na 167 81.6 36.8 na
Co 37.6 44.5 37.7 37.2 32.7 35.4
Ni 68.8 94 93.3 64.2 43.7 56
Ga 14.4 19.0 15.2 16.9 14.0 16.0
Rb 16.8 20.7 4.07 3.95 5.39 16.2
Sr 593 540.6 252 194 64.9 132.2
Y 25.6 26.7 24.0 28.4 19.3 20.9
Zr 60.2 242.4 57.6 65.1 30.8 49.6
Nb 2.19 45.9 1.11 1.19 0.71 0.6
Cs 2.85 0.4 0.35 0.13 0.48 0.2
Ba 354 575 41.2 35.6 24.3 33
Hf 1.75 6.1 1.77 1.95 1.10 1.5
Ta 0.13 3.0 0.073 0.088 0.057 <0.1
Pb 0.87 na 1.49 1.22 0.88 na
Th 0.59 3.8 0.19 0.20 0.13 <0.2
U 0.15 0.9 0.068 0.074 0.079 <0.1
La 5.28 40.0 2.58 2.69 1.23 2.0
Ce 12.3 80.8 7.75 8.21 3.63 6.0
Pr 1.75 10.50 1.29 1.41 0.62 1.02
Nd 8.41 42.5 6.98 7.77 3.50 6.1
Sm 2.68 8.67 2.49 2.80 1.42 2.10
Eu 0.98 2.64 0.95 1.02 0.52 0.90
Gd 3.55 7.61 3.27 3.83 2.22 2.94
Tb 0.66 1.11 0.61 0.70 0.42 0.54
Dy 4.37 5.89 4.02 4.80 3.10 3.64
Ho 0.92 1.05 0.88 0.99 0.66 0.82
Er 2.77 2.66 2.53 2.95 2.08 2.39
Tm 0.40 0.34 0.36 0.44 0.30 0.34
Yb 2.60 2.04 2.44 2.86 2.15 2.17
Lu 0.38 0.28 0.36 0.43 0.34 0.32

Note: Total Fe is expressed as FeO*; LOI—loss on ignition; ˂ means below detection limit; na—not analyzed; 
TOT/C—Total carbon; TOT/S—Total sulfur.

†Analyzed at ACME and others at China University of Geosciences in Wuhan.

isolated dikes are petrographically identified as 
microgabbro to diabase and exhibit subophitic 
to microgranular porphyritic textures (Fig. 7B). 
The microgabbro-diabase dikes are 2–7 m in 
thickness (Fig. 7A). They consist of plagioclase 
(60%–65%) and clinopyroxene (35%–40%). 
The clinopyroxenes are present either as occupy-
ing spaces between plagioclase laths or as large 
phenocrysts, and they are partly transformed to 
amphibole, especially along their rims.

The metamorphic sole rocks in the regions 
of Gencek (Konya) and Şarkikaraağaç-Madenli 
(Isparta) include the following rock asso-
ciation: amphibolite, plagioclase amphibolite, 
plagioclase amphibole schist, and plagioclase-
epidote-amphibole schist (Figs. 7C–7F). The 
metamorphic sole rocks exhibit granoblastic 
and nematoblastic textures (Figs. 7D–7F). They 
display well-developed foliation due to the pre-
ferred orientation of hornblende and plagioclase 
(Fig. 7E). Amphibolitic metamorphic soles con-
sist of hornblende-dominated dark layers that 
alternate with light bands, lenses, and stringers 
composed of plagioclase and epidote. Amphi-
bole is the most common phase in the metamor-
phic sole rocks, and it is typically represented by 
euhedral to subhedral hornblende (60%–95%). 
The plagioclase (15%–25%) exhibits strong al-
teration products, including calcite, albite, and 
sericite. Epidote and chlorite are common in 
lower-amphibolite- and greenschist-facies rocks 
of the metamorphic sole. K-feldspar also oc-
curs as veins. Titanite, rutile, zircon, and opaque 
minerals are the accessory phases. In addition, 
garnet-amphibolite and pyroxene-amphibolite 
rock types with granoblastic texture are reported 
from the metamorphic soles in Gencek (Konya) 
and Şarkikaraağaç (Isparta) areas (Çelik and 
Delaloye, 2006; Elitok and Drüppel, 2008).

Based on the amphibole classification of 
Leake et al. (1997), all analyzed amphiboles 
are of calcic-type amphiboles (Fig. 8A). In the 
Gencek area, the amphiboles are characterized 
by magnesiohastingsite, magnesiohornblende, 
edenite, pargasite, and tschermakite in a decreas-
ing amounts (Fig. 8A). In the Şarkikaraağaç-
Madenli area, the amphiboles are represented 
by magnesiohornblende, magnesiohastingsite, 
tschermakite, edenite, actinolite, and ferropar-
gasite in decreasing amounts (Fig. 8A). The 
amphiboles do not exhibit considerable zoning 
from cores to rims (Table 3).

Clinopyroxene is present within the metamor-
phic sole rocks in both the Gencek (Konya) and 
Şarkikaraağaç-Madenli (Isparta) areas, mainly 
Ca-rich and diopside in composition (Wo49–57; 
En32–46; Fs3–15; Fig. 8B).

Feldspars show a large range in composi-
tion (Fig. 8C). In the Gencek area, feldspars 
are generally altered, and they have albite 
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TABLE 3. REPRESENTATIVE ANALYSES OF MAJOR ELEMENTS FOR THE AMPHIBOLES FROM THE METAMORPHIC SOLE ROCKS
Gencek (Konya) Şarkikaraağaç-Madenli (Isparta)

Sample no.: G14-1-47 G14-1-49 G14-4-17 G14-4-18 G15-3-17 G15-3-18 G15-4-19 G15-4-20 S14-1-41 S14-1-44 S14-4-22 S14-4-23 S15-1-1 S15-1-2 S15-3-1 S15-3-2
Major oxides/elements (wt%)
SiO2 44.79 45.63 42.80 41.69 43.96 43.84 40.78 41.28 45.17 44.42 44.31 43.25 52.62 55.54 40.57 38.31
TiO2 1.29 1.22 1.50 1.42 1.87 1.86 2.32 1.76 1.20 1.48 0.94 1.23 0.32 0.02 0.80 1.32
Al2O3 10.68 9.88 11.16 11.78 11.40 11.10 11.56 11.41 10.68 11.04 10.87 10.89 4.94 1.83 12.47 14.25
FeO* 12.75 11.90 16.26 16.48 12.22 12.43 17.91 18.20 11.87 12.19 15.15 15.57 9.45 7.57 18.28 18.41
MgO 13.64 14.64 0.26 0.32 0.19 0.14 0.15 0.28 13.96 14.35 11.86 11.94 0.23 -0.01 9.85 9.17
MnO 0.09 0.18 10.75 10.59 13.85 14.00 10.16 10.02 0.18 0.15 0.57 0.41 17.65 19.68 0.30 0.19
CaO 11.43 11.64 11.31 11.67 11.18 11.28 11.32 11.43 11.50 11.62 11.08 11.21 12.43 13.15 11.20 11.52
Na2O 1.98 2.06 2.35 2.41 2.67 2.59 2.26 2.20 2.22 2.02 1.77 1.69 0.40 0.14 2.66 2.61
K2O 0.52 0.45 0.38 0.43 0.36 0.35 1.29 1.29 0.55 0.59 0.81 0.82 0.09 0.00 1.13 1.53
Fl 0.00 0.00 0.11 0.00 na na na na 0.00 0.00 0.08 0.01 na na na na
Cl 0.00 0.00 0.60 0.56 na na na na 0.00 0.00 0.01 0.00 na na na na
Cr2O3 0.08 0.16 0.00 0.13 na na na na 0.01 0.14 0.03 0.05 na na na na
Total 97.26 97.77 97.48 97.48 97.70 97.60 97.74 97.86 97.32 98.01 97.49 97.07 98.13 97.91 97.27 97.30

Si 6.51 6.57 6.40 6.26 6.36 6.35 6.14 6.21 6.56 6.39 6.49 6.37 7.35 7.73 6.13 5.84
Al iv 1.49 1.43 1.60 1.74 1.64 1.65 1.86 1.79 1.44 1.61 1.51 1.63 0.65 0.27 1.87 2.16
Al vi 0.34 0.25 0.37 0.34 0.31 0.25 0.19 0.23 0.38 0.26 0.37 0.27 0.16 0.03 0.34 0.40
Ti 0.14 0.13 0.17 0.16 0.20 0.20 0.26 0.20 0.13 0.16 0.10 0.14 0.03 0.00 0.09 0.15
Cr 0.01 0.02 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.01 0.00 0.00 0.00 0.00
Fe3+ 0.65 0.64 0.51 0.52 0.64 0.70 0.59 0.59 0.49 0.76 0.79 0.91 0.58 0.27 0.73 0.63
Fe2+ 0.90 0.79 1.52 1.55 0.83 0.81 1.66 1.70 0.95 0.71 1.07 1.01 0.52 0.61 1.58 1.71
Mn 0.01 0.02 0.03 0.04 0.02 0.02 0.02 0.04 0.02 0.02 0.07 0.05 0.03 0.00 0.04 0.02
Mg 2.95 3.14 2.40 2.37 2.99 3.03 2.28 2.25 3.02 3.08 2.59 2.62 3.67 4.08 2.22 2.08
Ca 1.78 1.80 1.81 1.88 1.73 1.75 1.83 1.84 1.79 1.79 1.74 1.77 1.86 1.96 1.81 1.88
Na 0.56 0.58 0.68 0.70 0.75 0.73 0.66 0.64 0.62 0.56 0.50 0.48 0.11 0.04 0.78 0.77
K 0.10 0.08 0.07 0.08 0.07 0.07 0.25 0.25 0.10 0.11 0.15 0.15 0.02 0.00 0.22 0.30
F 0.00 0.00 0.05 0.00 – – – – 0.00 0.00 0.04 0.01 0.00 0.00 - -
Cl 0.00 0.00 0.15 0.14 – – – – 0.00 0.00 0.00 0.00 0.00 0.00 - -
Total 15.43 15.45 15.77 15.81 15.55 15.54 15.73 15.73 15.51 15.46 15.43 15.41 14.98 15.00 15.81 15.95
Mg# 0.77 0.80 0.61 0.61 0.78 0.79 0.58 0.57  0.76 0.81 0.71 0.72 0.88 0.87 0.58 0.55

Note: Number of ions is based on 23 oxygens; total Fe is expressed as FeO*; na—not analyzed; – —not calculated.

TABLE 4. REPRESENTATIVE ANALYSES OF MAJOR ELEMENTS FOR THE FELDSPARS FROM THE METAMORPHIC SOLE ROCKS
 Gencek (Konya) Sarkikaraağaç-Madenli (Isparta)

Sample no.: G14-1-38 G14-1-40 G14-4-1 G14-4-9 G15-3-2 G15-3-3 G15-4-1 S14-1-33 S14-1-32 S14-4-1c S14-4-3 S15-1-2 S15-1-5 S15-3-1 S15-3-2
Major oxides (wt%)
SiO2 62.12 64.58 63.79 62.93 64.73 66.79 62.52 67.82 68.41 63.99 62.58 44.89 44.50 65.99 66.49
Al2O3 23.11 19.38 19.12 19.69 18.35 22.07 20.53 20.08 20.02 22.77 23.71 34.88 34.99 23.22 20.83
FeO* 0.50 0.08 0.05 0.06 0.11 0.07 0.19 0.10 0.06 0.10 0.00 0.34 0.22 0.18 0.40
MgO 0.26 0.03 0.00 0.00 0.00 0.13 0.02 0.00 0.00 0.00 0.00 na na 0.04 0.10
CaO 0.82 0.43 0.13 0.09 0.00 1.14 0.06 0.14 0.22 3.62 4.52 18.75 19.05 0.28 0.16
Na2O 8.67 5.08 0.23 0.32 0.16 10.48 4.33 11.19 11.39 9.57 8.92 0.84 0.91 9.59 5.16
K2O 3.39 9.01 15.63 15.77 16.36 0.93 10.53 0.30 0.12 0.12 0.10 0.00 0.00 1.99 8.96
Total 98.87 98.59 98.95 98.86 99.70 101.60 98.31 99.64 100.23 100.17 99.83 99.71 99.69 101.27 102.08

Si 2.80 2.96 2.97 2.94 3.00 2.89 2.90 2.97 2.98 2.82 2.77 2.08 2.07 2.87 2.94
Al 1.23 1.05 1.05 1.09 1.00 1.13 1.12 1.04 1.03 1.18 1.24 1.91 1.91 1.19 1.08
Fe 0.02 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01
Mg 0.02 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01
Ca 0.04 0.02 0.01 0.01 0.00 0.05 0.00 0.01 0.01 0.17 0.21 0.93 0.95 0.01 0.01
Na 0.76 0.45 0.02 0.03 0.01 0.88 0.39 0.95 0.96 0.82 0.77 0.08 0.08 0.81 0.44
K 0.20 0.53 0.93 0.94 0.97 0.05 0.62 0.02 0.01 0.01 0.01 0.00 0.00 0.11 0.50
Total 5.06 5.01 4.98 5.00 4.99 5.01 5.05 4.99 4.99 5.00 5.00 5.01 5.02 5.00 4.99

Or 19.64 52.72 97.15 96.53 98.51 5.21 61.36 1.74 0.70 0.68 0.56 0.01 0.03 11.86 52.93
Ab 76.35 45.18 2.19 2.98 1.49 89.43 38.36 97.59 98.24 82.14 77.69 7.50 7.94 86.74 46.28
An 4.01 2.10 0.66 0.49 0.00 5.36 0.28  0.67 1.05 17.19 21.75 92.48 92.03 1.40 0.79

Note: Number of ions is based on 8 oxygens; total Fe is expressed as FeO*; na—not analyzed; Or—Orthoclase; Ab—Albite; An—Anorthite.
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(Ab92–97), anorthoclase (Or11–26; Ab70–84), and 
orthoclase (Or52–98) end members (Fig. 8C). In 
the Şarkikaraağaç-Madenli area, feldspars are 
also altered, and they have albite (Ab97–98), oli-
goclase (Ab72–88), anorthoclase (Or12–23; Ab73–87), 
and orthoclase (Or35–75) end members (Fig. 8C). 
A sample from the Madenli area metamorphic 
sole (S15-1) had very highly calcic plagioclases 
(An92–93; Fig. 8C). The high-An plagioclases 
are associated with zeolites (thomsonite) that 
formed during hydrothermal alteration. Or-
thoclases are preserved in veins cutting the 
amphibole-rich phases, suggesting that hydro-
thermal alteration was strong in the oceanic en-
vironment (Vanko and Laverne, 1998).

PRESSURE AND  
TEMPERATURE CONDITIONS

Temperature conditions at the time of meta-
morphism for the metamorphic sole rocks in the 
Şarkikaraağaç-Madenli (Isparta) and Gencek 
(Konya) regions were calculated using the horn-
blende-plagioclase thermometer of Holland and 
Blundy (1994). This thermometer performs well 
(±40 °C) in the range 400–1000 °C and 1–15 kbar  
(Holland and Blundy, 1994). As quartz is ab-

sent in the assemblage, the edenite-richterite 
thermometer was used in the formula. The ther-
mometer was applied to several amphibole and 
plagioclase pairs in contact with each other. In 
the Gencek region, sample G14-1 yielded tem-
peratures ranging from 530 °C to 610 °C. In the 
Şarkikaraağaç-Madenli region, a temperature 
range was calculated from 480 °C to 520 °C 
for sample S14-1, from 550 °C to 700 °C for 
sample S14-4, and from 575 °C to 600 °C for 
sample S15-3. A strong correlation between 
increasing Al contents of amphiboles and in-
creasing pressure makes it possible to use an 
Al-in-amphibole barometer (Hammarstrom and 
Zen, 1986; Hollister et al., 1987; Johnson and 
Rutherford, 1989; Schmidt, 1992). Applying 
this geobarometer for the amphibolites in the 
Şarkikaraağaç-Madenli region, samples S14-1,  
S14-4, and S15-3 yielded a pressure range from 
5.4 to 7.9 kbar. In comparison, Gencek region 
samples G14-1, G14-4, G15-3, and G15-4 
yielded a pressure range from 4.7 to 6.7 kbar. As 
a result, pressure-temperature (P-T) conditions 
of ~5.7 ± 1.0 kbar and 570 ± 40 °C were cal-
culated for the metamorphism of amphibolites 
from the Gencek region, and P-T conditions of 
~6.65 ± 1.3 kbar and 590 ± 110 °C were cal-

culated for the metamorphism of amphibolites 
from the Şarkikaraağaç-Madenli region. The 
metamorphic pressures estimated for the am-
phibolite-facies rocks suggest metamorphism at 
depths of 17–20 km. P-T estimates for the am-
phibolites of the metamorphic sole in the study 
area are in accordance with P-T conditions of 
metamorphic sole rocks from other Tauride 
ophiolites (Çelik and Delaloye, 2003, 2006; Çe-
lik, 2007), except the ones with blueschist over-
prints in the Bolkardağ area (Central Taurides) 
at 8–12 kbar and ˃560 °C (Dilek and Whitney, 
1997) and those in the Tavşanlı area (northwest 
Turkey) at ~12 kbar and 425 °C (Okay et al., 
1998; Plunder et al., 2016).

GEOCHEMISTRY

Bulk-rock major- and trace-element concen-
trations of the amphibolites and the isolated 
dikes are presented in Tables 1 and 2. The loss 
on ignition (LOI) values range from 1.19% to 
7.96% for the amphibolites and from 2.04% 
to 4.63% for the isolated dikes, reflecting vari-
able alteration, which is also indicated by the 
presence of secondary mineral phases (i.e., 
epidote, calcite, and chlorite) as described in the 

TABLE 5. REPRESENTATIVE ANALYSES OF MAJOR ELEMENTS FOR THE PYROXENES FROM THE METAMORPHIC SOLE ROCKS
 Gencek (Konya) Şarkikaraağaç-Madenli (Isparta)

Sample no.: G15-
4-1

G15-
4-2

G15-
4-3

G15-
4-4

G15-
4-6

G15-
4-7

G15-
4-8

S15-
1-6

S15-
1-5

S15-
3-53

S15-
3-52

S15-
3-51

S15-
3-66

S15-
3-61

S15-
3-85

S15-
3-60

Major oxides (wt%)
SiO2 51.97 52.06 51.81 52.03 51.57 52.41 51.77 54.78 54.16 50.76 50.64 51.33 49.72 48.51 48.97 46.75
TiO2 0.11 0.24 0.18 0.22 0.12 0.13 0.13 0.00 0.01 0.16 0.16 0.32 0.41 0.44 0.41 0.44
Al2O3 2.13 2.02 2.11 2.06 2.18 2.08 2.02 0.24 0.21 2.70 2.99 3.71 4.61 4.99 5.03 5.73
FeO* 10.30 9.74 11.01 9.69 10.72 10.06 10.63 3.63 4.61 10.94 11.58 11.12 10.69 11.63 11.53 13.86
MnO 0.33 0.15 0.30 0.45 0.16 0.31 0.28 0.18 0.21 0.20 0.40 0.14 0.23 0.06 0.21 0.51
MgO 11.72 12.28 11.83 12.32 11.65 12.19 11.78 16.82 16.11 11.31 10.40 10.79 11.35 10.21 10.24 8.62
CaO 22.35 22.81 22.00 22.60 21.71 22.29 21.94 25.84 25.44 22.71 21.84 20.65 22.20 22.12 22.39 20.98
Na2O 1.14 1.01 1.07 0.83 1.07 1.16 1.22 0.11 0.23 1.25 1.54 2.10 1.28 1.26 1.21 1.81
K2O 0.00 0.01 0.04 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01 -0.01 0.01 0.01
Total 100.06 100.31 100.36 100.22 99.18 100.64 99.78 101.61 100.97 100.03 99.55 100.18 100.51 99.20 100.00 98.70

Si 1.94 1.94 1.93 1.94 1.95 1.94 1.94 1.97 1.97 1.90 1.91 1.91 1.85 1.83 1.84 1.79
Ti 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01
Al 0.09 0.09 0.09 0.09 0.10 0.09 0.09 0.01 0.01 0.12 0.13 0.16 0.20 0.22 0.22 0.26
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe3+ 0.10 0.10 0.11 0.08 0.08 0.10 0.11 0.06 0.07 0.17 0.16 0.16 0.18 0.18 0.17 0.28
Fe2+ 0.22 0.20 0.23 0.22 0.25 0.21 0.22 0.05 0.07 0.17 0.21 0.19 0.15 0.19 0.19 0.16
Mn 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.01 0.02
Mg 0.65 0.68 0.66 0.68 0.65 0.67 0.66 0.90 0.87 0.63 0.58 0.60 0.63 0.57 0.57 0.49
Ca 0.89 0.91 0.88 0.90 0.88 0.88 0.88 1.00 0.99 0.91 0.88 0.82 0.88 0.90 0.90 0.86
Na 0.08 0.07 0.08 0.06 0.08 0.08 0.09 0.01 0.02 0.09 0.11 0.15 0.09 0.09 0.09 0.13
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00

En 0.37 0.38 0.37 0.38 0.37 0.38 0.37 0.46 0.45 0.37 0.35 0.37 0.38 0.35 0.34 0.32
Fs 0.12 0.11 0.13 0.12 0.14 0.12 0.12 0.03 0.03 0.10 0.13 0.12 0.09 0.11 0.12 0.11
Wo 0.51 0.51 0.50 0.50 0.49 0.50 0.50  0.51 0.51 0.53 0.53 0.51 0.53 0.54 0.54 0.57

Note: Number of ions is based on 6 oxygens; total Fe is expressed as FeO*. En—Enstatite; Fs—Ferrosilite; Wo—Wollastonite.
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Figure 7. (A) Field view of the isolated dike cutting the serpentinized mantle tectonites. (B) Photomicrograph of the isolated dike. 
(C) Isolated dike cutting the metamorphic sole. (D) Photomicrograph of the amphibolite. (E) Field view of the foliated amphibolite. 
(F) Photomicrograph of the plagioclase amphibolite. Hbl—hornblende; Pl—plagioclase. Rock hammer for scale in A, C, and E.
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 petrography section. Mobility of major and trace 
elements (large ion lithophile elements [LILEs]) 
is observed due to alteration after formation of 
a rock (Hart et al., 1974; Humphris and Thomp-
son, 1978; Thompson, 1991). Petrological char-
acterization of the studied rocks is based on rare 
earth elements (REEs) and high field strength 
elements (HFSEs), which are resistant to altera-
tion (Floyd and Winchester, 1978; Pearce and 
Cann, 1973).

The isolated dikes from the north 
(Şarkikaraağaç and Madenli) and south 
(Gencek) of Lake Beyşehir display two distinct 
geochemical characters based on their Nb/Y 
ratio (0.03–1.72). The isolated dikes cutting 

the mantle tectonites in Şarkikaraağaç (S14-2) 
and Gencek areas are represented by tholeiitic 
basalts, whereas the isolated dike (S15-2) cut-
ting the metamorphic sole in the Madenli area 
is characterized by alkali basalts (Fig. 9A). The 
amphibolitic metamorphic sole rocks from the 
north (Madenli) and south (Gencek) of Lake 
Beyşehir are exclusively represented by alkaline 
basaltic rock types based on their Nb/Y (0.96–
2.25) and Zr/Ti (0.010–0.016) ratios (Fig. 9A; 
Pearce, 1996).

Various ratio/ratio plots of incompatible ele-
ments were used in Figures 9B and 9C to char-
acterize mantle source affinities for the isolated 
dikes and the protoliths of the metamorphic 

sole rocks from the Beyşehir-Hoyran ophiolite. 
Comparative trace-element ratios for different 
geochemical groups of the studied rocks were 
plotted together with those of mid-ocean-ridge 
basalt (MORB) and ocean-island basalt (OIB). 
The Y/Nb, Y/Ta, Zr/Nb, and Ti/Nb ratios of the 
isolated dikes from the Şarkikaraağaç-Madenli 
areas display geochemical characters similar to 
both normal mid-ocean-ridge basalt (N-MORB) 
and OIB (Figs. 9B and 9C). The isolated dikes 
in the Gencek area are more akin to N-MORB 
(Figs. 9B and 9C). The Y/Nb, Y/Ta, Zr/Nb, and 
Ti/Nb ratios of the metamorphic sole rocks from 
the Madenli and Gencek areas are identical to 
OIBs (Figs. 9B and 9C).

Figure 8. (A) Chemical composition of amphiboles in amphibolites from the Beyşehir-Hoyran Nappes (classification after Leake et al., 
1997). (B) Chemical composition of pyroxenes in amphibolites (classification after Morimoto, 1988). (C) Feldspar compositions in the 
amphibolites. Or—orthoclase; Ab—Albite; An—Anorthite.
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Figure 9. (A) Zr/Ti vs. Nb/Y diagram (after Pearce, 1996) for the isolated dikes and the amphibolites. (B) Y/Nb vs. Y/Ta and 
(C) Zr/Nb vs. Ti/Nb diagrams, indicating different magma sources for the protoliths of the metamorphic sole rocks and isolated 
dikes. N-MORB—normal mid-ocean-ridge basalt; E-MORB—enriched MORB; OIB—oceanic-island basalt. (D) Chondrite-
normalized rare earth element (REE) and (E) N-MORB normalized multi-element diagrams for the metamorphic sole rocks and 
the isolated dikes (normalizing values are from Sun and McDonough, 1989). (F) Th/Yb vs. Ta/Yb diagram (after Pearce, 1982) 
for the metamorphic sole rocks and isolated dikes in the Beyşehir-Hoyran Nappes.
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A chondrite-normalized REE diagram for 
the isolated diabase dikes and the metamorphic 
sole rocks is given in Figure 9D. The tholeiitic 
isolated dikes cutting the mantle tectonites from 
the north (Şarkikaraağaç) and south (Gencek) 
of Lake Beyşehir have flat to slightly LREE-
depleted character (La/YbN = 1.46–0.41) and 
overall REE abundances between 5× and 22× 
chondritic (Fig. 9D). The alkaline isolated dike 
cutting the metamorphic sole in the Madenli 
area (north of Lake Beyşehir) exhibits enrich-
ment in light rare earth elements (LREEs;  
LaN/YbN = 14.06) with overall REE abundances 
between 11× and 169× chondritic (Fig. 9D). 
The alkaline metamorphic sole amphibolites 
from the Şarkikaraağaç (north) and Gencek 
(south) regions display similar REE patterns, 
characterized by LREE enrichments ( LaN/YbN =  
7.6–22.3) with overall REE abundances ranging 
from 9× to 315× chondritic values (Fig. 9D). A 
N-MORB–normalized multi-element diagram 
for the isolated dikes and the metamorphic sole 
rocks is given in Figure 9E. The tholeiitic iso-
lated dikes cutting the mantle tectonites from 
the north (Şarkikaraağaç) and south (Gencek) 
of Lake Beyşehir exhibit similar enrichment/ 
depletion patterns relative to N-MORB (Fig. 9E), 
including: (1) LILE variations (Cs, Rb, Ba, K, 
Pb, etc.), (2) strong negative Nb (Ta) anomalies, 
and (3) flat-lying HFSE patterns. The elevated 
concentrations of LILEs relative to HFSEs in 
subduction zone magmas most likely originate 
from fluids and/or siliceous melts derived from 
the subducting oceanic slab. These slab-derived 
fluids carry high concentrations of LILEs, while 
the HFSEs, most notably Nb, are retained in the 
slab (Arculus and Powel, 1986; Pearce, 1982; 
Wallin and Metcalf, 1998; Yogodzinski et al., 
1994). Therefore the negative Nb (Ta) anomaly 
is clearly intrinsic to the parental magma of the 
isolated dikes. Th enrichment relative to other 
incompatible elements is interpreted as an indi-
cation of a subduction zone component (Pearce, 
1983; Wood et al., 1979). The negative Nb (Ta) 
and positive Th anomalies suggest a suprasu-
bduction zone setting for their genesis. The al-
kaline isolated dikes cutting the metamorphic 
sole in the Şarkikaraağaç-Madenli (north) area 
display strong progressive enrichment (HFSE 
to LILE) patterns and have more in common 
with typical enriched OIB composition (Sun and 
McDonough, 1989). MORB-normalized trace-
element patterns of alkaline amphibolites also 
display progressive enrichment (HFSE to LILE) 
patterns, comparable with within-plate basalt 
and OIB settings (Pearce, 1982). The alkaline 
amphibolites from the metamorphic sole be-
neath the eastern Mediterranean ophiolites are a 
very conspicuous feature of a particular magma 
source affinity (Çelik, 2007; Çelik and Delaloye, 

2003, 2006; Elitok and Drüppel, 2008; Lytwyn 
and Casey, 1995; Parlak et al., 1995a, 2006; Po-
lat et al., 1996; Vergili and Parlak, 2005).

Pearce (1982) documented that a Th/Yb ver-
sus Ta/Yb ratio-ratio plot can be used to dis-
criminate between depleted mantle (MORB) 
and enriched mantle (intraplate) sources, based 
on the fact that the addition of slab-derived flu-
ids/melts results in an increase in Th/Yb in the 
mantle source (Fig. 9F). The tholeiitic isolated 
dikes cutting the mantle tectonites in Gencek 
(south) and in Şarkikaraağaç (north) plot near 
the depleted mantle source region, but they 
show elevated Th/Yb ratioa, indicating involve-
ment of subduction zone fluids. In contrast, the 
alkaline amphibolites from both regions and the 
alkaline isolated dike cutting the metamorphic 
sole (amphibolites) in the Madenli area plot 
within the enriched mantle source/intraplate 
basalt region without any subduction zone influ-
ence (Fig. 9F).

GEOCHRONOLOGY

U-Pb Dating

Eighteen mineral phases (zircon and titanite) 
out of 11 samples from the metamorphic sole 
amphibolites and the isolated dikes cutting 
the mantle tectonites of the ophiolitic rocks 
from the Beyşehir-Hoyran Nappes in the Cen-
tral Taurides were used for LA-SF-ICP-MS 
U-Pb dating.

Şarkikaraağaç (Isparta) Region

One isolated dike cutting the mantle tectonite 
and three amphibolites from the metamorphic 
sole were used for U-Pb dating in this region. 
Sample S14-2 was collected from an isolated 
dike. Six zircons from the sample form 20– 
50 μm, stubby, colorless, and translucent crys-
tals (Supplementary File 1 [see footnote 1]). 
The CL images show that zircon crystals are un-
zoned, and their Th/U ratios range from 0.02 to 
0.27. Six zircons yielded a 87.6 ± 2.1 Ma lower-
intercept age (Fig. 10). Eleven titanite crystals 
were analyzed from the same sample (S14-
2), and they yielded an 88.6 ± 6.1 Ma lower- 
intercept age (Fig. 10).

Sample S14-3 was collected from an am-
phibolite. Nine zircons from the sample form 
20–60 μm, prismatic, rounded-stubby, subhe-
dral, colorless, and semitranslucent crystals. 
The CL images of the crystals show patchy zon-
ing, cloudy zoning, and oscillatory zoning over-
printed by homogeneous recrystallized domains 
consistent with growth in the solid state (Hoskin 
and Black, 2000; see also Supplementary File 
2 [footnote 1 herein]). Th/U ratios range from 

0.05 to 0.26. Seven out of nine zircons yielded 
a 91.1 ± 2.1 Ma lower-intercept age (Fig. 10). 
Fifteen titanite crystals from the same sample 
(S14-3) were analyzed and yielded a 92.5 ±  
4.9 Ma lower-intercept age (Fig. 10). Sample 
S14-4 was collected from an amphibolite. Thirty-
one zircons from the sample form 20–60 μm,  
subhedral, prismatic with slightly rounded tips 
and edges, colorless, and translucent crystals 
(Supplementary File 2). The CL images of the 
crystals show patchy zoning and sector zoning 
overprinted by a recrystallized domain consis-
tent with growth in the solid state (Hoskin and 
Black, 2000). Th/U ratios range from 0.01 to 
0.95. Twenty-three out of 31 zircons yielded 
an 89.8 ± 1.2 Ma lower-intercept age (Fig. 10). 
Twenty-one titanite crystals from the same sam-
ple (S14-4) were analyzed and yielded a 90.0 ±  
9.4 Ma lower-intercept age (Fig. 10). Sample 
S14-5 was collected from an amphibolite. Thirty-
five zircons from the sample form 30–90 μm,  
stubby, prismatic, colorless, and semitranslucent 
crystals (Supplementary File 2). The CL images 
of the crystals show slightly patchy zoning and 
sector zoning. Th/U ratios range from 0.03 to 
0.69. Ten out of 35 zircons yielded a concordia 
age of 88.85 ± 0.98 Ma (Fig. 10). Fifteen titanite 
crystals from the same sample (S14-5) were 
analyzed and yielded a 92.9 ± 5.9 Ma lower-
intercept age (Fig. 10).

Madenli (Isparta) Region

One amphibolite from the metamorphic sole 
was used for U-Pb dating in this region. Sample 
S14-1 was collected from an amphibolite. Thir-
teen titanite crystals from the sample were ana-
lyzed, and they yielded a 91.2 ± 3.9 Ma lower-
intercept age (Fig. 11).

Gencek (Konya) Region

Three isolated dikes cutting the mantle tec-
tonites and three amphibolites from the meta-
morphic sole were used for U-Pb dating in this 
region. Sample G14-2 was collected from an 
isolated dike. Seven titanite crystals were ana-
lyzed, and they yielded a 102.3 ± 7.4 Ma lower-
intercept age (Fig. 11). Sample G14-3 was 
collected from an isolated dike. Fifteen titanite 
crystals were analyzed, and they yielded a 94.9 ±  
5.6 Ma lower-intercept age (Fig. 11). Sample 
G14-5 was collected from an isolated dike. 
Six zircons from the sample form 20–50 μm, 
stubby, subhedral, colorless, and translucent 
crystals (Supplementary File 1). The CL im-
ages show that zircon crystals have weak sector 
zoning, and their Th/U ratios range from 0.05 to 
0.28. Six zircons yielded a 90.8 ± 1.6 Ma lower-
intercept age (Fig. 11). Seven titanite crystals 
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from the same sample (G14-5) were analyzed, 
and they yielded a 87.5 ± 7.9 Ma lower-intercept 
age (Fig. 11).

Sample G14-1 was collected from an am-
phibolite. Eighteen zircons from the sample 
form 10–40 μm, stubby, subhedral, colorless, 
and semitranslucent crystals (Supplementary 
File 3 [see footnote 1]). The CL images show 
that zircon crystals have either weak oscilla-
tory zoning or cloudy zoning, and their Th/U 
ratios range from 0.16 to 0.51. Twelve out of 
18 zircons yielded a concordia age of 89.74 ±  
0.87 Ma (Fig. 12). Fifteen titanite crystals from 
the same sample (G14-1) were analyzed, and 
they yielded a 92.8 ± 6.0 Ma lower-intercept age 
(Fig. 12). Sample G15-4 was collected from an 
amphibolite. Eighteen zircons form 30–50 μm,  
stubby, subhedral, colorless, and semitranslu-
cent crystals (Supplementary File 3). The CL 
images show that zircon crystals have unzoned, 
cloudy, patchy, sector zoning, and their Th/U ra-
tios range from 0.26 to 0.58. Eighteen zircons 
yielded a concordia age of 90.81 ± 0.73 Ma 
(Fig. 12). Twelve titanite crystals from the same 
sample (G15-4) were analyzed, and 10 out of 12 
crystals yielded a 91.0 ± 6.0 Ma lower-intercept 
age (Fig. 12). Sample G15-3 was collected from 
an amphibolite. Fifteen titanite crystals from the 
sample were analyzed, and they yielded a 94.0 ±  
4.8 Ma lower-intercept age (Fig. 12).

40Ar-39Ar Dating

Four new 40Ar/39Ar ages were obtained from 
amphibolites of the metamorphic soles to the 
north (Madenli: S14-1 and Şarkikaraağaç: S14-
4) and the south (Gencek: G14-1 and G14-4) 
of Lake Beyşehir along the Beyşehir-Hoyran 
Nappes. All amphiboles analyzed were meta-
morphic in origin. The amphiboles in sample 
S14-1 are characterized as magnesiohasting-
site, magnesiohornblende, edenite, and tscher-
makite (Fig. 8A). The amphiboles in sample 
S14-4 are characterized as tschermakite and 
magnesiohornblende (Fig. 8A). The amphiboles 
in sample G14-1 are represented by magnesio-
hornblende to tschermakite (Fig. 8A). The am-
phiboles in sample G14-4 are represented exclu-
sively by magnesiohastingsite (Fig. 8A). Except 
sample G14-4, three of the amphiboles from the 
metamorphic sole rocks yielded robust 40Ar/39Ar 
plateau ages (Fig. 13).

Sample S14-1 yielded a plateau, including 16 
of 24 steps with 95.7% of the total 39Ar released, 
which gave weighted mean age of 91.40 ±  
0.37 Ma (1σ; Fig. 13). Sample S14-4 yielded a 
plateau, including 13 of 19 steps with 79.5% of 
the total 39Ar released, which gave a weighted 
mean age of 91.52 ± 0.43 Ma (1σ; Fig. 13). Sam-
ple G14-1 yielded an undisturbed age spectrum, 

in which all 15 steps with 100% of the released 
39Ar defined a plateau age of 93.71 ± 0.34 Ma 
(1σ; Fig. 13). Sample G14-4 yielded a discor-
dant spectrum (Fig. 13). Discordant spectra for 
the sample are characterized by ages of ca. 40–
80 Ma for increments comprising the first 10% 
of 39Ar released. Discordance within the am-
phibole spectra could be due to a number of 
causes, including episodic loss or slow cooling, 
presence of separates and younger phases that 
degassed early, or recoil effects. One interpreta-
tion consistent with all of the 40Ar/39Ar analyti-
cal data is that the sample recorded the effects 
of overprinting low-grade metamorphic condi-
tions that followed the high-grade Cretaceous 
crystallization event. A minimum estimate for 
the timing of crystallization or cooling to reten-
tion temperature is ca. 92 Ma, with subsequent 
40Ar* loss ending by ca. 48 Ma (mid-Eocene). 
The Ar-closure temperature in amphibole is as-
sumed to be 510 ± 25 °C based on the diffusion 
experiments of Harrison (1982). Except sample 
G14-4, all age spectra of the amphiboles show 
generally flat release patterns, suggesting no 
thermal disturbance after cooling below 550 °C.

DISCUSSION

The Beyşehir-Hoyran Nappes in the Cen-
tral Taurides originated from the Inner Tauride 
Ocean, which was bounded by the Tauride-
Anatolide platform to the south and the Central 
Anatolian Crystalline Complex to the north. The 
two-phase Late Cretaceous and mid-Eocene 
southward emplacement of Tauride thrust sheets 
in the Beyşehir-Hoyran Nappes is well docu-
mented (Mackintosh and Robertson, 2013). Af-
ter the first emplacement of the ophiolitic rocks 
southward onto the Tauride-Anatolide platform 
in Late Cretaceous time (Mackintosh and Rob-
ertson, 2013; Robertson and Dixon, 1984; Rob-
ertson et al., 2009; Şengör and Yılmaz, 1981), 
the ensuing continent-continent collision and 
rethrusting in the mid-Eocene placed the north-
erly derived carbonate platform units above the 
ophiolitic rocks and mélange that had been ini-
tially emplaced during latest Cretaceous time 
(Andrew and Robertson, 2002; Mackintosh and 
Robertson, 2013). The Mersin ophiolite and as-
sociated units exhibit many similarities to the 
Beyşehir-Hoyran Nappes, suggesting that they 
formed in the Inner Tauride Ocean and were 
emplaced to the north of the Tauride carbonate 
platform (Parlak and Robertson, 2004).

Interpretation of the Geochemical Data

Petrological and geochemical analyses indi-
cate that the amphibolites are metamorphosed 
OIBs that are chemically different than the 

overlying ophiolitic crustal rocks. Çelik and 
Delaloye (2006) also reported alkaline am-
phibolites within the metamorphic sole from 
the Gencek (Konya) area. Similarly, Elitok and 
Drüppel (2008) documented alkaline to tho-
leiitic amphibolites from the Şarkikaraağaç-
Madenli (Isparta) area, suggesting an origin 
derived from within-plate alkali basalt and tho-
leiitic island-arc basalts. Triassic–Jurassic alka-
line seamount-type basalts have been commonly 
reported from Neotethyan sutures in Anatolia, 
namely, the İzmir-Ankara-Erzincan (Göncüoğlu 
et al., 2000, 2006, 2010; Parlak et al., 2013b; 
Rojay et al., 2001), the Bitlis-Zagros (Maury et 
al., 2008; Robertson and Waldron, 1990; Rob-
ertson et al., 2016; Varol et al., 2011), the In-
ner Tauride (Elitok and Drüppel, 2008; Parlak 
et al., 1995b; Polat et al., 1996; Robertson et al., 
2009), and the Haybi volcanic rocks in Oman 
(Searle and Malpas, 1980).

The geochemistry of the isolated dikes cut-
ting the mantle tectonites and the metamorphic 
soles in the region suggests two distinct magma 
sources. The tholeiitic dikes are composition-
ally similar to island-arc tholeiites (Gill, 1981). 
Modern analogues of the Late Cretaceous supra-
subduction zone–type crustal rocks of ophiolites 
in Turkey are documented in forearc areas of 
the SW Pacific region (Bloomer and Hawkins, 
1983; Pearce et al., 1992; Stern and Bloomer, 
1992; Taylor, 1992), the Tonga arc, and Cape 
Vogel in Papua New Guinea (Kamenetsky et al., 
2002). Flat to slightly LREE-depleted patterns 
and a strong Nb depletion in MORB-normalized 
multi-element diagrams for the studied tholeiitic 
isolated dikes display close similarity to crustal 
rocks in suprasubduction zone–type ophiolites 
from the Eastern Mediterranean region (Alabas-
ter et al., 1982; Al-Riyami et al., 2002; Bağcı 
and Parlak, 2009; Bağcı et al., 2008; Beccaluva 
et al., 2004, 2005; Çelik and Chiaradia, 2008; 
Çelik and Delaloye, 2003; Dilek and Thy, 2009; 
Kavak et al., 2017; Parlak, 1996, 2000; Parlak et 
al., 2000, 2004, 2009, 2013b; Pearce, 2003; Pe-
Piper et al., 2004; Saccani and Photiades, 2005; 
Rızaoğlu et al., 2006; Su et al., 2018; Vergili and 
Parlak, 2005; Yalınız et al., 1996, 2000). On the 
other hand, crustal rocks with enriched compo-
sition (dikes/gabbro) have also been reported 
from the Pozantı-Karsantı (Aladağ) ophiolite 
(Çelik, 2007), the Divriği (Sivas) ophiolite (Par-
lak et al., 2006), and the Tekirova (Antalya) 
ophiolite (Bağcı and Parlak, 2009). In Tauride 
ophiolites, isolated dike intrusions with island-
arc tholeiitic to boninitic affinities are com-
mon, suggesting progressive source depletion. 
However, the isolated dike with alkaline com-
position cutting the metamorphic sole suggests 
that it was probably derived from an enriched 
mantle source within local fractures or tears in 
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Figure 12. Zircon and titanite U-Pb ages for the metamorphic sole rocks in Gencek (Konya) area. MSWD—mean square of 
weighted deviates.
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the subducting plate. Such alkaline magma-
tism has been documented from crustal rocks 
of the Pozantı-Karsantı (Aladağ; Çelik, 2007), 
the Divriği (Sivas; Parlak et al., 2006), and the 
Tekirova (Antalya) ophiolites (Bağcı and Par-
lak, 2009).

Interpretation of  
the Geochronological Data

A summary of the tectonic setting of the 
dated metamorphic sole rocks and isolated 
dikes as well as the results of the U-Pb and 40Ar-
39Ar ages for different mineral phases from the 
Şarkikaraağaç-Madenli (Isparta) and Gencek 
(Konya) regions in the Beyşehir-Hoyran Nappes 

is presented in Table 6. Zircon and titanite 
phases from the isolated dike sample (S14-
2) in the Şarkikaraağaç (Isparta) area yielded  
87.6 ± 2.1 Ma and 88.6 ± 6.1 Ma U-Pb isoto-
pic ages. Moreover, zircon and titanite phases 
from the isolated dike sample (G14-5) in the 
Gencek (Konya) area yielded 90.8 ± 1.6 Ma and  
87.5 ± 7.9 Ma U-Pb isotopic ages. The obtained 
ages are very similar to each other within ana-
lytical uncertainty (1σ). Radiogenic Pb* closure 
temperature was constrained as ~850–900 °C 
for zircon (Cherniak and Watson, 2001) and 
550–650 °C for titanite (Cherniak, 1993). The 
identical U-Pb ages of different mineral phases 
with different closure temperatures for the iso-
lated dikes in both regions suggest that oceanic 

crust cooled very rapidly (Fig. 14). In addition, 
two isolated dike samples in the Gencek (Konya) 
region yielded 102.3 ± 7.4 Ma (G14-2) and  
94.9 ± 5.6 Ma (G14-3) titanite U-Pb ages (Ta-
ble 6). In analytical uncertainty (1σ), these ages 
overlap with the ages of the aforementioned iso-
lated dike samples (Fig. 14). Therefore, all the 
U-Pb ages from different mineral phases (zircon 
and titanite) should be interpreted as the crys-
tallization age of magmatic growth of the oce-
anic crust.

In the Madenli (Isparta) region, titanite from 
the metamorphic sole sample (S14-1) yielded 
a 91.2 ± 3.9 Ma U-Pb age. Amphibole sepa-
rates from the same sample (S14-1) yielded a 
91.4 ± 0.4 Ma 40Ar-39Ar age (Table 6). In the 
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Şarkikaraağaç (Isparta) region, zircon and ti-
tanite from the metamorphic sole sample (S14-
3) yielded 91.1 ± 2.1 Ma and 92.5 ± 4.9 Ma 
U-Pb ages (Table 6). Zircon and titanite phases 
from the metamorphic sole sample (S14-4) 
yielded 89.8 ± 1.2 Ma and 90.0 ± 9.4 Ma U-Pb 
ages. Amphibole separates from the same sam-

ple (S14-4) yielded a 91.52 ± 0.43 Ma 40Ar-39Ar 
age (Table 6). Zircon and titanite phases from 
the metamorphic sole sample (S14-5) yielded 
88.85 ± 0.98 Ma and 92.9 ± 5.9 Ma U-Pb 
ages (Table 6). In the Gencek (Konya) region, 
zircon and titanite from the metamorphic sole 
sample (G14-1) yielded 89.74 ± 0.87 Ma and 

TABLE 6. SUMMARY OF U-Pb ZIRCON AND TITANITE AND 40Ar-39Ar AMPHIBOLE ISOTOPIC AGES 
FOR THE METAMORPHIC SOLE ROCKS AND ISOLATED DIKES IN THE BEYŞEHIR-HOYRAN NAPPES

Beyşehir-Hoyran 
Nappes (ophiolite)
Sample no.:

Mineral phase U-Pb concordia age
(Ma ± 1σ)

U-Pb lower-intercept age
(Ma ± 1σ)

40Ar/39Ar plateau age
(Ma ± 1σ)

Unit Tectonic setting

Şarkikaraağaç (Isparta)
S14-2 Zrn/Ttn 87.6 ± 2.1/88.6 ± 6.1 Isolated dike cutting 

mantle tectonite
IAT

S14-3 Zrn/Ttn 91.1 ± 2.1/92.5 ± 4.9 Met. sole OIB
S14-4 Zrn/Ttn/Am 89.8 ± 1.2/90.0 ± 9.4 91.52 ± 0.43 Met. sole OIB
S14-5 Zrn/Ttn 88.85 ± 0.98 92.9 ± 5.9 Met. sole OIB

Madenli (Isparta)
S14-1 Ttn/Am 91.2 ± 3.9 91.4 ± 0.37 Met. sole OIB

Gencek (Konya)
G14-1 Zrn/Ttn/Am 89.74 ± 0.87 92.8 ± 6.0 93.71 ± 0.34 Met. sole OIB
G14-4 Am Ca. 92, subsequent 

40Ar* loss by ca. 48
Met. sole OIB

G15-3 Ttn 94.0 ± 4.8 Met. sole OIB
G15-4 Zrn/Ttn 90.81 ± 0.73 91.0 ± 6.0 Met. sole OIB
G14-2 Ttn 102.3 ± 7.4 Isolated dike cutting 

mantle tectonite
IAT

G14-3 Ttn 94.9 ± 5.6 Isolated dike cutting 
mantle tectonite

IAT

G14-5 Zrn/Ttn 90.8 ± 1.6/87.5 ± 7.9 Isolated dike cutting 
mantle tectonite

IAT

B-192* Am 90.9 ± 1.3 Met. sole OIB
B-194* Am 91.5 ± 1.9 Met. sole OIB

Note: Zrn—zircon; Ttn—titanite; Am—amphibole; Met.—metamorphic; OIB—oceanic-island basalt; IAT—island-arc tholeiite. 
*Samples B-192 and B-194 were taken from Çelik et al. (2006).
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92.8 ± 6.0 Ma U-Pb ages. Amphibole separates 
from the same sample (G14-1) yielded a 93.71 ±  
0.34 Ma 40Ar-39Ar age (Table 6). Titanite from 
the metamorphic sole sample (G15-3) yielded a 
94.0 ± 4.8 Ma U-Pb age (Table 6). Zircon and 
titanite phases from the metamorphic sole sam-
ple (G15-4) yielded 90.81 ± 0.73 Ma and 91.0 ±  
6.0 Ma U-Pb ages. Amphibole separates from 
the metamorphic sole sample (G14-4) yielded 
a ca. 92 Ma minimum 40Ar-39Ar age (Table 6).

Metamorphic zircons may be produced by 
intragrain reworking of previously formed zir-
con under certain P-T conditions (T ≥400 °C). 
These processes are defined as recrystallization 
(Corfu et al., 2003; Geisler et al., 2001; Hoskin 
and Black, 2000; Hoskin and Schaltegger, 2003; 
Pidgeon, 1992; Pidgeon et al., 1998; Rizvanova 
et al., 2000; Tomaschek et al., 2003; Wu and 
Zheng, 2004). During these processes, proto-
lith zircons are partly or wholly reconstructed 
without any new zircon growth. Th/U ratios of 
the zircons in the metamorphic sole rocks range 
from 0.01 to 0.95, suggesting their metamorphic 
origin (Teipel et al., 2004). The obtained U-Pb 
and 40Ar-39Ar ages from the different mineral 
phases (zircon, titanite and amphibole) with 
different isotopic closure temperatures for the 
metamorphic sole rocks in the three regions 
are identical within analytical uncertainty (1σ; 
Table 6; Fig. 14). Radiogenic Pb* closure tem-
perature was constrained as 550–650 °C for 
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titanite (Cherniak, 1993). Radiogenic 40Ar* 
closure temperature for amphibole was con-
strained as 510 ± 25 °C (Harrison, 1982). P-T 
estimates for the metamorphic sole beneath the 
Beyşehir-Hoyran Nappes were constrained as 
550–600 °C and ˂5 kbar by Çelik and Delaloye 
(2006) in the Gencek (Konya) area, and 630–
770 °C and 6 ± 1.5 kbar by Elitok and Drüppel 
(2008) in the Şarkikaraağaç-Madenli (Isparta) 
area. P-T calculations in this study are ~5.7 ±  
1.0 kbar and 570 ± 40 °C for the Gencek region 
and ~6.7 ± 1.3 kbar and 590 ± 110 °C for the 
Şarkikaraağaç-Madenli region. The obtained 
temperature range offers considerable compat-
ibility with the zircon recrystallization or new 
zircon growth during subduction-related meta-
morphism. The metamorphic soles yielded 
constant and well-constrained 40Ar/39Ar plateau 
ages for three samples. Çelik and Delaloye 
(2006) also documented well-constrained 40Ar-
39Ar plateau ages of 90.9 ± 1.3 Ma and 91.5 ±  
1.9 Ma from amphiboles extracted from the 
metamorphic sole rocks in the Gencek (Konya) 
area (Table 6). This may suggest that they did 
not experience any reheating event over 550 °C 
after their initial formation. On the other hand, 
one sample (G14-4) from the Gencek (Konya) 
area displays 40Ar* loss at 48 Ma (mid-Eocene). 
When all the 40Ar/39Ar ages are considered, this 
sample records the effects of overprinting low-
grade metamorphic conditions that followed 
the high-grade Cretaceous crystallization event. 
Since the Late Cretaceous and mid-Eocene 
southward emplacement of Tauride thrust sheets 
in the Beyşehir-Hoyran Nappes is well docu-
mented (Mackintosh and Robertson, 2013), the 
second stage of thrusting that buried the ophi-
olite-related rocks in mid-Eocene time could 
be interpreted as the main cause for 40Ar* loss. 
Overall identical U-Pb and 40Ar-39Ar ages of 
different mineral phases with different closure 
temperatures (~900–500 °C) suggest that the 
metamorphic sole must have cooled very rap-
idly, similar to the tectonically overlying oce-
anic crustal rocks. Therefore, all the obtained 
geochronological data should be interpreted as 
the crystallization age of the metamorphic sole, 
which marks the timing of intra-oceanic sub-
duction within the Inner Tauride Ocean.

Alternative Models for Genesis of Ophiolite 
and Metamorphic Sole

REE patterns and trace-element plots of the 
isolated dikes cutting the mantle tectonites re-
semble tholeiitic island-arc basalts. Therefore, 
we favor a suprasubduction zone model because 
it more simply explains both the geochemical 
constraints and our new U-Pb data from the 
ophiolite and metamorphic sole. Pearce et al. 

(1984) proposed that suprasubduction zone–
type geochemical signatures result from the re-
melting of already depleted mantle sources that 
had been subjected to previous MORB extrac-
tion, as a result of the addition of slab-derived 
fluids. Suprasubduction zone ophiolites are 
thought to form at spreading centers in a forearc 
during the subduction initiation process (Dewey 
and Casey, 2011; Shervais, 2001; Stern, 2004; 
Stern and Bloomer, 1992; Stern et al., 2012). 
Transform faults or fracture zones, separating 
oceanic lithosphere of different ages and densi-
ties, are the most plausible sites of subduction 
initiation normal to mid-ocean ridges (Casey 
and Dewey, 1984; Dewey and Casey, 2011; 
Hawkins et al., 1984; Leitch, 1984; Stern and 
Bloomer, 1992). Dewey and Casey (2011) pro-
posed a model involving a ridge-trench-trench 
(RTT) triple junction with the ridge between 
the upper plates. They suggested that such a 
plate geometry developed by the conversion of 
a transform/fracture zone to a subduction zone 
due to plate reorganization. Arc-parallel spread-
ing and lithospheric cooling and thickening 
generate an ophiolitic forearc with arc-normal 
dikes, similar to evidence from the Philippine 
Sea in the western and southwestern Pacific 
Ocean (Fig. 15A). Recently, Maffione et al. 
(2015) proposed that extensional detachment 
faults adjacent to slow-spreading ridges may 
provide ideal conditions to nucleate new sub-
duction zones parallel to the spreading ridges. 
Detachment faults may become suitable areas 
for subduction initiation because of widespread 
occurrences of serpentine and talc due to hy-
drothermal alteration (Maffione et al., 2015). 
They documented geochemical, tectonic, and 
paleomagnetic evidence from the Jurassic ophi-
olites of Albania and Greece for a subduction 
zone formed in the western Neotethys parallel 
to a spreading ridge along an oceanic detach-
ment fault. However, most ultramafic rocks in 
ophiolite complexes were slightly serpentinized 
in oceanic settings, and serpentinization was 
mainly a postobduction process (Dewey and 
Casey, 2011). Gnos and Peters (1993) suggested 
that another weak zone for the site of subduction 
initiation within the Tethyan oceanic lithosphere 
could have been the feeding zone of a seamount.

The metamorphic sole was developed in the 
subducting mafic oceanic crust at tempera-
tures of 850–900 °C and then detached from 
the subducting slab to be attached to the base 
of the forearc ophiolite before emplacement 
onto a continental margin (Dewey and Casey, 
2011). Many soles display inverted metamor-
phic field gradients (Spray, 1984). The inverted 
temperature anomaly responsible for the high-
grade metamorphism of the sole decays quickly 
(<2 m.y.) as subduction continues (Hacker, 

1990, 1991; Hacker et al., 1996; Peacock, 
1988). Thus, the high-grade metamorphism of 
the sole can occur only at the inception of sub-
duction because the hanging wall would be too 
cold to cause high-grade metamorphism there-
after (Jamieson, 1986; Malpas, 1979; Spray, 
1984; Wakabayashi and Dilek, 2000, 2003; Wil-
liams and Smyth, 1973).

The temporal relationships of metamorphic 
soles and suprasubduction zone–type ophiolite 
formation, and the exhumation of the meta-
morphic sole and its attachment to the base of 
the overriding plate in intra-oceanic subduc-
tion zones have been topics of debate in recent 
years. Dewey and Casey (2013) proposed an 
integrated model for the sole and the obduction 
of the Early Ordovician Bay of Islands ophiolite 
complex (Fig. 15B). The metamorphic sole at 
the base of the ophiolite was generated, roughly 
synchronously with the ophiolite, by the meta-
morphism of MORB mafic rocks in the sub-
forearc subduction channel as a natural conse-
quence of the dynamothermal metamorphism of 
the subducting oceanic crust below the subridge 
asthenosphere of the forearc in the descending 
slab at ~10 kbar, and it was then quickly attached 
to the base of the overlying ophiolite during slab 
flattening. The slab flattening resulted from the 
forearc mantle wedge thinning by shallowing 
of the subduction zone dip during arc-continent 
collision (Fig. 15B). Dewey and Casey (2011) 
stated that the asthenospheric mantle below the 
ridge at the RTT junction above 900 °C can 
be thinned. Subsequently, van Hinsbergen et 
al. (2015) proposed a similar model to Dewey 
and Casey (2013), namely, suprasubduction 
zone spreading, metamorphic sole formation, 
mantle wedge volume decrease, slab flatten-
ing, metamorphic sole attachment to the base 
of the suprasubduction zone lithosphere, and 
subsequent mafic dike emplacement. Their 
model involved extensional detachment faults 
adjacent to slow-spreading ridges for nucleating 
the new subduction zone (Fig. 15C). In contrast, 
in Oman, the granulite-amphibolite facies sole 
rocks were exhumed up to shallower mantle 
levels and were welded onto the ophiolite prior 
to obduction (Searle and Cox, 2002; Cowan et 
al., 2014; Searle at al., 2015). Obduction pro-
cesses include rapid return ductile flow back 
up the same subduction zone, transition from 
ductile shearing to brittle thrusting, and finally 
transition to thin-skinned thrust imbrication 
(Fig. 15D). Wakabayashi and Dilek (2000) also 
stated that exhumation of the sole occurred in a 
narrow channel along the subduction plate con-
tact. Similarly, Rioux et al. (2016) calculated 
density differences between the metamorphic 
sole (granulite-amphibolite–facies) rocks and 
the overlying mantle wedge. They reported that 
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the garnet granulites were at least 50–75 kg/m3 
less dense than the overlying hydrated mantle 
wedge. Moreover, the density difference would 
have increased as the metamorphic rocks rose 
to lower pressures and underwent retrograde 
reactions at amphibolite-facies conditions. This 
suggests that metamorphic sole rocks could be 
exhumed by buoyancy along the subduction 
channel (Rioux et al., 2016).

Proposed Tectonic Model

When the previously published geochrono-
logical (40Ar-39Ar) and geochemical data on 

the Tauride ophiolites and the new data from 
this study for the Beyşehir-Hoyran Nappes 
are considered together, the genesis of oceanic 
lithosphere, metamorphic sole formation, and 
postmetamorphic dike emplacement may well 
be reconciled by a suprasubduction zone model, 
including subduction initiation and rollback 
processes in the Inner Tauride Ocean during the 
Late Cretaceous. The evidence for very rapid 
cooling of the oceanic crust and the metamor-
phic sole rocks in the Beyşehir-Hoyran ophiolite 
suggests that the sole rocks returned up the sub-
duction channel, cooled, and were juxtaposed 
with the base of the ophiolite soon after peak 

metamorphism. An evolutionary model is sug-
gested in Figure 16 and described as follows.  
(1) Subduction initiation would have started ei-
ther along a fracture zone or at an active spread-
ing ridge within the Inner Tauride Ocean, or at a 
trench where old, cold Triassic–Jurassic seafloor 
rocks were being subducted. There is no struc-
tural evidence for transform faulting. The site 
of initiation of subduction cannot have been at 
an active spreading ridge in the Late Cretaceous 
because the protoliths of the metamorphic sole 
rocks have compositions different from lavas 
in the upper part of overriding suprasubduction 
zone ophiolite. In the Beyşehir-Hoyran Nappes, 
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mainly OIB-like alkaline volcanic rocks and 
associated sediments were accreted to the base 
of the overriding oceanic plate and were meta-
morphosed under amphibolite-facies conditions 
(5–6 kbar and 600–700 °C) at ca. 92–90 Ma. 
We therefore reject both the transform fault 
setting and the active spreading ridge setting 
for this particular ophiolite. However, the site 
of subduction initiation in the Inner Tauride 
Ocean would have been close to a seamount 

where old, cold Triassic–Jurassic seafloor rocks 
were being subducted northward beneath the 
Beyşehir-Hoyran ophiolite (Fig. 16A). (2) At 
the same time as the subduction initiation and 
metamorphic sole formation, suprasubduction 
zone–type oceanic crust formed in the forearc 
region of the upper plate (92–90 Ma). The U-Pb 
and 40Ar-39Ar ages of mineral phases with dif-
ferent closure temperatures (~900–500 °C) from 
the metamorphic sole rocks are almost identi-

Figure 16. Proposed tectonic model for the genesis of the ophiolites and metamorphic soles 
and subsequent dike emplacement in the Inner Tauride Ocean (modified from Parlak, 
2016). MORB—mid-ocean-ridge basalt; OIB—oceanic-island basalt; SSZ—suprasubduc-
tion zone.

cal and overlapping within one standard devia-
tion, suggesting that the metamorphic sole was 
cooled very rapidly. This suggests that meta-
morphic sole rocks could have been exhumed 
by buoyancy along the subduction channel and 
then detached from the subducting slab to be at-
tached to the hanging-wall plate (forearc ophio-
lite) soon after peak metamorphism (Fig. 16B). 
(3) Following the attachment of the metamor-
phic sole to the overriding plate, the old and 
dense lithosphere sank into the asthenosphere 
(i.e., rolled back) and left a gap that was filled by 
rapid spreading at the leading edge of the over-
riding plate. Decompression and contribution of 
fluids released from the subducted slab lowered 
the solidus of the mantle wedge and caused ex-
tensive melting of the shallow asthenosphere. 
Crustal formation was fed by melts, including 
both boninitic (high-Mg andesites) and island-
arc tholeiitic magmas, leaving a refractory har-
zburgitic mantle tectonite (Stern and Bloomer, 
1992). Evidence for boninitic magma genesis 
has been documented for the Tethyan ophiolites 
in Turkey (Bağcı et al., 2008; Bağcı and Par-
lak, 2009; Kavak et al., 2017). (4) During this 
phase, postmetamorphic isolated dikes exhibit-
ing island-arc tholeiite and OIB geochemical 
affinity intruded the metamorphic sole and the 
overlying oceanic lithosphere (92–90 Ma) in 
the Beyşehir-Hoyran ophiolite (Fig. 16C). The 
mantle tectonites and the metamorphic soles in 
the Tauride ophiolites are crosscut by numer-
ous isolated diabase dikes at different structural 
levels. The dikes are not deformed and exhibit 
sharp boundaries with host units. They are gen-
erally 30 cm to 3 m in thick and at least 10 m 
in length. This suggests that the dike emplace-
ment occurred near the end of deformation or 
that the locus of deformation shifted after dike 
emplacement. In two areas along the Tauride 
belt, the Pozantı-Karsantı (Aladağ) and the Ly-
cian ophiolites, the contact between the meta-
morphic sole and the overlying serpentinized 
harzburgites was intruded by a thick mafic 
dike (up to 7–8 m) that postdated intra-oceanic 
metamorphism and high- temperature ductile 
deformation. This contact is interpreted as an 
intra-oceanic decoupling surface along which 
volcanics from the upper levels of the downgo-
ing plate were metamorphosed to amphibolite 
facies and accreted to the base of the hanging-
wall plate (Parlak, 2016). The isolated dikes 
were derived mainly from tholeiitic magma and, 
to a lesser extent, from alkaline magma, sug-
gesting that an enriched magma source invaded 
the gap between the overriding and subduct-
ing plates due to rollback process. Small-scale 
dioritic to tonalitic pods and dikes (15 cm × 
5 cm) from the Sumeini and Wadi Tayin soles 
in the Oman ophiolite have been documented 
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and interpreted as either small-volume high-Si 
intrusions formed by melting of an amphibolite 
source during peak metamorphism (Cowan et 
al., 2014; Searle and Malpas, 1980, 1982; Searle 
and Cox, 1999) or low-Si mafic melts derived 
from cumulates (Rioux et al., 2016). The post-
metamorphic isolated dikes are not observed in 
the ophiolitic mélange, suggesting they were 
intruded prior to mélange formation and subse-
quent to ophiolite emplacement onto the Tauride 
platform (Fig. 16D).

CONCLUSIONS

(1) The temporal relations of the meta-
morphic sole and overlying ophiolite in the 
Beyşehir-Hoyran Nappes are well constrained 
despite different isotopic blocking temperatures 
of mineral phases (zircon, titanite, and amphi-
bole) with different isotopic techniques (U-Pb 
and 40Ar-39Ar), suggesting very rapid cooling of 
the oceanic crust and the metamorphic sole.

(2) The crystallization age of the ophiolitic 
rocks is constrained at around 92–90 Ma and 
was in part synchronous with the formation of 
the metamorphic sole (ca. 92–90 Ma) along 
the emplacement thrust. These new findings 
confirm the suprasubduction zone origin of the 
Beyşehir-Hoyran ophiolite within the Inner Tau-
ride Ocean during the Late Cretaceous.

(3) The isolated dikes cutting the mantle tec-
tonites in the Şarkikaraağaç and Gencek regions 
were derived from island-arc tholeiitic mag-
mas, indicating their subduction-related origin. 
In contrast, the postmetamorphic isolated dike 
cutting the metamorphic sole to the north of 
Lake Beyşehir (Madenli) was derived from an 
enriched mantle source. The late-stage dike with 
enriched composition is interpreted as being due 
to rollback process or having been derived from 
local fractures or tears in the subducting plate 
rather than large-scale break-off, because slab 
break-off would produce much greater volumes 
of enriched magma than that contained in these 
late-stage isolated dikes.

(4) The site of initiation of intra-oceanic 
subduction cannot have been at a mid-oceanic 
ridge because the protoliths of the amphibolites 
in the metamorphic sole would have to be simi-
lar to the suprasubduction zone-type ophiolitic 
volcanic rocks. Immobile trace-element geo-
chemistry shows that they were mainly derived 
from seamount-type alkaline basalts. The site of 
subduction initiation in the Inner Tauride Ocean 
would have been close to a seamount where old, 
cold Triassic–Jurassic seafloor rocks were be-
ing subducted northward beneath the Beyşehir-
Hoyran ophiolite.

(5) The similar U-Pb crystallization and 
40Ar/39Ar cooling ages from the ophiolite crust 

and metamorphic sole may suggest that the 
sole rocks returned up the subduction channel, 
cooled, and were juxtaposed with the base of 
the ophiolite soon after peak metamorphism but 
before postmetamorphic dike intrusion.

(6) The new results from zircon U-Pb dating 
of amphibolites from metamorphic soles sug-
gest that zircon minerals could be modified or 
reset in fluid-rich subduction-related environ-
ments at temperatures of ~500–550 °C.

(7) Subduction initiation started at around 
92 Ma, and final emplacement of the subduc-
tion-accretion complex onto the Tauride plat-
form ended by the Maastrichtian (Andrew and 
Robertson, 2002), suggesting that the entire ob-
duction history of the Beyşehir-Hoyran ophiol-
ite lasted ~20 m.y.
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