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ABSTRACT

The Beysehir-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 “Ar-YAr age range of 93.7 + 0.3-914 =+
0.4 Ma (hornblende). U-Pb and “Ar-*Ar
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 1o,
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 Beysehir-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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A. Mid-ocean ridge B. Subduction zone-hanging wall crust, and it was later juxtaposed with the base
of the ophiolite.
plate The ophiolites in northern Turkey are Early
motion ridge . .. s
O magmatism —_— ] — -— to Middle Jurassic in age and interpreted as
B remnants of the izmir-Ankara-Erzincan Ocean,
© E
%’_ M t which was terminally closed in the Paleocene—
"’ Eocene between the Sakarya-Pontide block

to the north and the Anatolide-Tauride and
Kirsehir continental blocks to the south (Fig. 2;
Okay and Tiiysiiz, 1999; Dilek and Thy, 2006;
Celik et al., 2011; Robertson et al., 2013). In
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Figure 2. Distribution of the Tethyan ophiolitic formations along the Dinarides, Hellenides, and in Asia Minor. U-Pb ages were
compiled from along the entire belt and are presented in the boxes. Red box indicates the study area. Data are from (1) Dilek and
Thy (2006), (2) Dilek et al. (2008), (3) Liati et al. (2004), (4) Mukasa and Ludden (1987), (5) Konstantinou et al. (2007), (6) Dilek and
Thy (2009), (7) Parlak et al. (2013a), (8) Karaoglan et al. (2013a), (9) Koglin (2008), (10) Koglin et al. (2009), (11) Topuz et al. (2013),
(12) Sarifakioglu et al. (2012), (13) Karaoglan et al. (2012), (14) Robertson et al. (2013), (15) Karaoglan et al. (2013b), (16) van Hins-
bergen et al. (2016), (17) Alparslan and Dilek (2018). Abbreviations: IA—Isparta Angle, LO—Lesvos ophiolite, AO—Antalya ophiolite,
BHO—Beysehir-Hoyran ophiolite, ORO—Orhaneli ophiolite, KO—Kinik ophiolite, EO—Eldivan ophiolite, MO—Mersin ophiolite,
PKO—Pozanti-Karsant1 ophiolite; OsO—Osmaniye ophiolite, GO—Goksun (Kahramanmaras) ophiolite, PO—Pinarbas1 ophiolite,
I0—Ispendere ophiolite, DO—Divrigi ophiolite, KmO—Komiirhan ophiolite, SO—Sevan ophiolite, SKO—Sarikaraman ophiolite;
plg—plagiogranite, gb—gabbro, hbl—hornblendite, dk—dike, tnl—tonalite, rhy—rhyolite. Base map was modified after Dilek and
Flower (2003) and Celik et al. (2011). The square represents the outline of Figure 3B.
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ophiolites and metamorphic soles (Parlak and
Delaloye, 1999; Dilek et al., 1999; Robertson,
2004; Celik et al., 2006; Parlak, 2016).

The Beysehir-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;
Ozgiil, 1984; Ozgiil and Arpat, 1973). The ophi-
olitic rocks in the Beysehir-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 Driippel, 2008).
The ophiolite-related rocks are characterized by
three main tectonic units, in an ascending order,
ophiolitic mélange, subophiolitic metamorphic
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Figure 3. (A) Geographical subdivision of the Tauride belt. Abbreviations, WT—western Taurides, CT—Central
Taurides, ET—Eastern Taurides. (B) Distribution of tectonostratigraphic units in the area between Western and
Central Taurides (simplified from Ozgiil, 1984; Andrew and Robertson, 2002). Locations of the Figures 5 and 6 are
indicated. Abbreviations: LS—Lake Suglu, LB—Lake Burdur, LE—Lake Egirdir, LH—Lake Hoyran.
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sole, and oceanic lithospheric remnants (Fig. 4).
The plutonic section and the metamorphic sole
of the Beysehir-Hoyran ophiolite are crosscut by
numerous postmetamorphic/undeformed, iso-
lated diabase dikes at different structural levels.
The only available geochronological data from
the Beysehir-Hoyran ophiolite are based on K-Ar
ages (96 +3-86+3 Ma) and “Ar/*Arages (91.5+
1.9-90.9 + 1.3 Ma) from the metamorphic sole
rocks (Celik 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 *Ar/®Ar ages and
whole-rock and mineral chemistry data for the
metamorphic sole and crustal rocks from the
Beysehir-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 Beysehir-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 Beysehir-Hoyran Nappes.
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the Central Taurides, Turkey (Andrew and Rob-
ertson, 2002; Monod, 1977; Ozgiil, 1984; Ozgiil
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 (Ozgﬁl, 1976; Poisson, 1977,
Gutnic et al., 1979; Ricou et al., 1979; Kogyigit,
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 Beysehir-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 Beysehir (Fig. 3). In the northern part of
the Lake Beysehir area, the ophiolitic rocks are
seen at two localities, namely, Sarkikaraagac
and Madenli (Isparta; Fig. 3).

The ophiolitic rocks in the Sarkikaraagac
area tectonically overlie the Tauride carbonate
platform to the east (Sultandag) and to the west
(Anamasdag). 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 (Anamasdag), 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 Driippel, 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 Driippel, 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
setin a strongly sheared serpentinite matrix (Eli-
tok and Driippel, 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 (Sultandag), rela-
tively fresh harzburgitic mantle tectonites with
minor pyroxenite veins tectonically rest on the
autochthonous basement. The harzburgites are
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intruded by isolated diabase dikes with island-
arc tholeiite geochemistry at different struc-
tural levels (Elitok and Driippel, 2008). In the
Sarkikaraagac 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 Sarkikaraagag area.

In the southern part of the Lake Beysehir 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 (Celik 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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Figure 6. Simplified geological map of the Gencek (Konya) area (from Monod, 1977); U.—Upper.

metamorphic sole samples were analyzed at
Acme Analytical Laboratories, Ltd. (Canada).
Major-element contents were determined from
a LiBO, fusion by inductively coupled plasma—
emission spectrometry (ICP-ES) by using 5 g
of sample pulp. Trace-element contents were
determined from a LiBO, 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 + HNO; 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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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.!

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

Metamorphic sole

Sarkikaraagac Gencek
Sample no.:  S14-1 S14-3 S14-4 S14-5 S15-1f  S15-3f G14-1 G14-4 G15-3t G15-4f
Major oxides (wt%)
Sio, 4584 39.46 4432 4548 4594 38.74 4522 4355 4248 4584
TiO, 2.24 2.52 2.7 2.39 2.88 2.94 2.32 2.89 3.44 2.68
ALO, 10.71 10.55 9.07 11.06 11.10 10.39 9.93 12.99 10.73 12.89
FeO* 1269 11 17.75 13.01 13.57 11.88 13.28 14.75 1410 12.61
MnO 0.16 0.17 0.48 0.17 0.19 0.17 0.16 0.17 0.19 0.17
MgO 11.67 712 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
Na,O 1.82 2.64 1.28 2.49 2.98 2.10 1.69 1.95 217 3.40
K,O 0.77 1.33 0.79 0.98 0.79 1.54 0.52 1.71 0.66 1.68
P,Os 0.29 0.33 0.4 0.34 0.57 0.58 0.26 0.33 0.48 0.41
Cr,0,4 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
\Y 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 111 221 8.34 16.2 8.0 20.4 4.30 31.7 6.2 26.7
Sr 284 325 76.1 398 3741 641.4 178 496 3309 7049
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 25.5 315 41.6 42.5
Cs 0.095 0.25 0.087 0.16 0.2 <0.1 0.042 024 <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 25
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 25 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 47.6 247 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 2.22 217 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 4.42 462 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*; LOl—loss on ignition; < means below detection limit; na—not analyzed;

TOT/C —Total carbon; TOT/S—Total sulfur.

fAnalyzed at ACME and others at China University of Geosciences in Wuhan.

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 pm dia-
mond suspensions. For all zircon samples and
standards used in this study, CL images were
obtained using a JEOL JXA 8900 electron mi-

croprobe at the Geozentrum Géttingen, Gottin-
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
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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 um
and a crater depth of ~10 um. 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 28U, 25U, 2*?Th, 2%Pb, 2"Pb,
206Ph, mass 204, and *”Hg 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 PleSovice zircon
(Slama 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 2¢ 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 “Ar/*Ar 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
“Ar/*Ar geochronology. The samples were
selected on the basis of structural setting and
petrography. The four selected amphibolite
samples were crushed and sieved (250-180
um), 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 CaF,
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 CO, 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 “°Ar/*Ar ages in
this study are quoted at the 95% confidence
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TABLE 2. MAJOR- AND TRACE-ELEMENT CONTENTS OF THE ISOLATED DIKE ROCKS
FROM THE BEYSEHIR-HOYRAN NAPPES

Isolated dikes

Sarkikaraagag Gencek
Sample no.: S14-2 S15-2t G14-2 G14-3 G14-5 G15-1t
Major oxides (wt%)
Sio, 48.46 46.85 48.59 50.37 50.13 49.63
TiO, 1.09 3.05 1.08 1.2 0.71 0.86
AlLLO, 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
CaOo 10.39 8.16 10.32 9.36 9.12 8.59
Na,O 3.22 3.52 3.44 3.29 4.53 4.25
KO 0.64 1.01 0.32 0.39 0.28 1.12
P,Os 0.08 0.50 0.08 0.08 0.04 0.05
Cr,04 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
\Y 274 263 263 303 286 278
Cr 188 na 167 81.6 36.8 na
Co 37.6 445 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 2.19 459 1.1 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 8.41 425 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 1.1 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 2.15 217
Lu 0.38 0.28 0.36 0.43 0.34 0.32

Note: Total Fe is expressed as FeO*; LOl—loss on ignition; < means below detection limit; na—not analyzed;

TOT/C—Total carbon; TOT/S—Total sulfur.

tAnalyzed at ACME and others at China University of Geosciences in Wuhan.

level, whereas errors in individual measure-
ments are quoted as one standard deviation
(1o). 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 Beysehir-Hoyran
Nappes are intruded by numerous isolated
dikes (Fig. 7A). The dikes also intruded the
metamorphic sole in the region (Fig. 7C). The
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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 Sarkikaraagag-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 Sarkikaraaga¢ (Isparta) areas (Celik and
Delaloye, 2006; Elitok and Driippel, 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 Sarkikaraagac-
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
Sarkikaraagac-Madenli (Isparta) areas, mainly
Ca-rich and diopside in composition (Wo,, 57
En;, 4; Fs; is; 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) Sarkikaraagag-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 §15-3-1 S15-3-2

Major oxides/elements (wt%)

Sio, 44.79 45.63 42.80 41.69 43.96 43.84 40.78 41.28 4517 44.42 4431 43.25 52.62 55.54 40.57 38.31
TiO, 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
Al,O, 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 1247 1425
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 9.45 757 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 1243 13.15 11.20 11.52
Na,O 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
KO 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
Cr,0,4 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 9791 9727 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
Aliv 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
Fe®* 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
Fe?* 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 1498 15.00 1581 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) Sarkikaraagac-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%)

SiO, 62.12 64.58 63.79 62.93 64.73 66.79 62.52 67.82 68.41 63.99 62.58 44.89 4450 65.99 66.49
Al,O, 23.11 19.38 19.12 19.69 18.35 22.07 20.53 20.08 20.02 22.77 23.71 34.88 3499 2322 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 3.62 452 18.75 19.05 0.28 0.16
Na,O 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
KO 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 2.96 297 2.94 3.00 2.89 2.90 297 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 5293
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 9248  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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TABLE 5. REPRESENTATIVE ANALYSES OF MAJOR ELEMENTS FOR THE PYROXENES FROM THE METAMORPHIC SOLE ROCKS

Gencek (Konya)

Sarkikaraagag-Madenli (Isparta)

Sample no.: G15- G15- G15- G15- G15- G15- G15- S15- S15- S15- S15- S15- S15- S15- S15- S15-
41 4-2 4-3 4-4 4-6 4-7 4-8 1-6 1-5 3-53 3-52 3-51 3-66 3-61 3-85 3-60
Major oxides (wt%)
SiO, 51.97 52.06 51.81 52.03 5157 5241 51.77 54.78 54.16 50.76 50.64 51.33 49.72 48.51 48.97 46.75
TiO, 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
Al,O,4 213 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 3.63 461 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 1228 11.83 1232 1165 1219 1178 16.82 16.11  11.31 10.40 10.79 11.35 10.21 10.24 8.62
CaO 2235 2281 2200 2260 21.71 2229 2194 25.84 2544 2271 21.84 20.65 22.20 2212 22.39 20.98
Na,O 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
KO 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
Fe? 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.

(Aby,_o;), anorthoclase (Or;_,,; Abs ), and
orthoclase (Ors, o) end members (Fig. 8C). In
the Sarkikaraaga¢c-Madenli area, feldspars are
also altered, and they have albite (Aby;_g), Oli-
goclase (Abs, g), anorthoclase (Or,, »3; Abss g7),
and orthoclase (Or;5_;5) end members (Fig. 8C).
A sample from the Madenli area metamorphic
sole (S15-1) had very highly calcic plagioclases
(Any, 43; 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
Sarkikaraagac-Madenli (Isparta) and Gencek
(Konya) regions were calculated using the horn-
blende-plagioclase thermometer of Holland and
Blundy (1994). This thermometer performs well
(x40 °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
Sarkikaraagac-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
Sarkikaraagac-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-7) 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-
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culated for the metamorphism of amphibolites
from the Sarkikaraagag-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 (Celik and Delaloye, 2003, 2006; Ce-
lik, 2007), except the ones with blueschist over-
prints in the Bolkardag area (Central Taurides)
at 8—12 kbar and >560 °C (Dilek and Whitney,
1997) and those in the Tavsanl 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
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Metamorphic
. sole:

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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Diagram Parameters: Ca, 2 1.50; (Na+K), = 0.50
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Diagram Parameters: [Ca, = 1.50; (Na+K), < 0.50]

Ti < 0.50 Ca, <0.50
10 1.0 tremolite
magnesio 09 '
hastingsite O @O
. @ ("Al<Fe™) magnesio 2 .
Edenite sadanagite —~ S magnesio
9 b/ £ hornblend tsch kit
% A K = ornblende schermakite
05 :EB 05—
@ T S o
+ ; ferropargasite - = L= .
ferro-edenite sadanagite o
g ("Al2Fe™) J = E ferrohornblende | ferrotschermakite
i
0.0 0.0
8.0 7.5 6.5 556
B " Si in formula
argasite .
: VI +3 magneSIO
Edenite ("AlzFe™) sadanagite or
0.5 %
7.5 . 45 ()
Si in formula
. Gencek - Sarkikaraaga
Wi
(B) Ca.Si.0, (Wo) + G141 =+ s14-1
O G144 [Js144
0O G153 O s15-1
A G154 A s15-3
Diopsi | Hedenbergite \535
Augite
20
/ Pigeonite \
/ Eneiaiite T =— \5 lig Andesine Labradnrite\ Bytownite n\
Mg,Si,0, (En) 50 Fe,Si,0,(Fs) Ab 10 30 50 70 907 An

Figure 8. (A) Chemical composition of amphiboles in amphibolites from the Beysehir-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.

petrography section. Mobility of major and trace
elements (large ion lithophile elements [LILEs])
is observed due to alteration after formation of
arock (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
(Sarkikaraaga¢c and Madenli) and south

(Gencek) of Lake Beysehir display two distinct
geochemical characters based on their Nb/Y
ratio (0.03-1.72). The isolated dikes cutting

the mantle tectonites in Sarkikaraaga¢ (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
Beysehir 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
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sole rocks from the Beysehir-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 Sarkikaraagac-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, Zt/Nb, and
Ti/Nb ratios of the metamorphic sole rocks from
the Madenli and Gencek areas are identical to
OIBs (Figs. 9B and 9C).



Subduction initiation and metamorphic sole formation

1000
1A Alkali Rhyolite >< Phonolite D A\ Sarkikaraagag amphibolite
i Trachyte X Sarkikaraagag dike
| ; : nri- 4+ Gencek amphibolite
0.14  Rhyolite & Dacite . Tif’ono\\te P D> Gencek dike
] Tty ° £1005
. . 2
L :
= Bas? 5
N 4] o
0.01 §/W ﬁ Foidite -§ 10-
] Basalt Alkali %
b Basalt
0.001 T LI ) |||||I T LELELEL ||| T LI ) ||||I T LELBLELELRL) 1
0.01 0.1 1 10 100
Nb/Y
100 1000
B N-MORB
W 1004 2N\
m b D
o gAY
2 = 103
> @ —E-MORB E
<)
1 4 1+
«——O0IB
0-2 T T T T 0
0 100 200 300 400
Y/Ta
1 10—
00 jC > iF
1 N-MORB E ]
' 9 ,
J 14 1
] 1
' I
o E-MORB <
Z104 \ E i !
N ] o =] |
] I
{1 oB—Q@ + I
1 _F|. 0.1 |
- . |
i ] |
A ] I
1 T T T T IIIII T T T T T 1T 0-01 T T ||||||I T T ||||||I T T LA
100 1000 10000 001 L 10

Ti/Nb

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) Zrx/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 Beysehir-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 (Sarkikaraaga¢) and south (Gencek)
of Lake Beysehir have flat to slightly LREE-
depleted character (La/Yby = 1.46-0.41) and
overall REE abundances between 5x and 22x
chondritic (Fig. 9D). The alkaline isolated dike
cutting the metamorphic sole in the Madenli
area (north of Lake Beysehir) exhibits enrich-
ment in light rare earth elements (LREEs;
Lay/Yby = 14.06) with overall REE abundances
between 11x and 169x chondritic (Fig. 9D).
The alkaline metamorphic sole amphibolites
from the Sarkikaraaga¢ (north) and Gencek
(south) regions display similar REE patterns,
characterized by LREE enrichments (La/Yby =
7.6-22.3) with overall REE abundances ranging
from 9x to 315x 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 (Sarkikaraagac) and south (Gencek)
of Lake Beysehir 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 Sarkikaraaga¢c-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 (Celik, 2007; Celik and Delaloye,

Parlak et al.

2003, 2006; Elitok and Driippel, 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/YDb in the
mantle source (Fig. 9F). The tholeiitic isolated
dikes cutting the mantle tectonites in Gencek
(south) and in Sarkikaraaga¢ (north) plot near
the depleted mantle source region, but they
show elevated Th/YDb 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 Beysehir-Hoyran Nappes in the Cen-
tral Taurides were used for LA-SF-ICP-MS
U-Pb dating.

Sarkikaraagac (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 um, 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 pm, 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
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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 um,
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 um,
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 pm,
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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Figure 10. Zircon and ti-
tanite U-Pb ages for the
isolated dikes and metamor-
phic sole amphibolites in the
Sarkikaraagac¢ (Isparta) re-
gion. MSWD—mean square
of weighted deviates.
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Figure 11. Zircon and titanite U-Pb ages for the metamorphic sole rocks in the Madenli (Isparta) area and isolated dikes in the
Gencek (Konya) area. MSWD—mean square of weighted deviates.
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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 1040 pm, 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 um,
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).

“Ar-*Ar Dating

Four new “Ar/*?Ar ages were obtained from
amphibolites of the metamorphic soles to the
north (Madenli: S14-1 and Sarkikaraagac: S14-
4) and the south (Gencek: G14-1 and G14-4)
of Lake Beysehir along the Beysehir-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 “Ar/*Ar
plateau ages (Fig. 13).

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

in which all 15 steps with 100% of the released
¥ Ar defined a plateau age of 93.71 + 0.34 Ma
(1o; 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 ¥Ar 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 “°Ar/*’Ar 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
“Ar* 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 Beysehir-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 Beysehir-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; Sengor and Yilmaz, 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
Beysehir-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
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overlying ophiolitic crustal rocks. Celik and
Delaloye (2006) also reported alkaline am-
phibolites within the metamorphic sole from
the Gencek (Konya) area. Similarly, Elitok and
Driippel (2008) documented alkaline to tho-
leiitic amphibolites from the Sarkikaraagac-
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 [zmir-Ankara-Erzincan (Gonciioglu
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 Driippel, 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; Bagc1
and Parlak, 2009; Bagci et al., 2008; Beccaluva
et al., 2004, 2005; Celik and Chiaradia, 2008;
Celik 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;
Rizaoglu et al., 2006; Su et al., 2018; Vergili and
Parlak, 2005; Yaliniz et al., 1996, 2000). On the
other hand, crustal rocks with enriched compo-
sition (dikes/gabbro) have also been reported
from the Pozanti-Karsanti (Aladag) ophiolite
(Celik, 2007), the Divrigi (Sivas) ophiolite (Par-
lak et al., 2006), and the Tekirova (Antalya)
ophiolite (Bagc1 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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Figure 13. Amphibole “Ar-*Ar age spectra from the metamorphic sole rocks in Sarkikaraagac-Madenli (Isparta) and Gencek
(Konya) regions. MSWD—mean square of weighted deviates.

the subducting plate. Such alkaline magma-
tism has been documented from crustal rocks
of the Pozanti-Karsant1 (Aladag; Celik, 2007),
the Divrigi (Sivas; Parlak et al., 2006), and the
Tekirova (Antalya) ophiolites (Bagci 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 “Ar-
¥ Ar ages for different mineral phases from the
Sarkikaraagac-Madenli (Isparta) and Gencek
(Konya) regions in the Beysehir-Hoyran Nappes

is presented in Table 6. Zircon and titanite
phases from the isolated dike sample (S14-
2) in the Sarkikaraaga¢ (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 (1c). 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
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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 (1c), 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 “Ar-*Ar age (Table 6). In the
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TABLE 6. SUMMARY OF U-Pb ZIRCON AND TITANITE AND “Ar-**Ar AMPHIBOLE ISOTOPIC AGES
FOR THE METAMORPHIC SOLE ROCKS AND ISOLATED DIKES IN THE BEYSEHIR-HOYRAN NAPPES

U-Pb concordia age

Beysehir-Hoyran Mineral phase U-Pb lower-intercept age “OAr/*Ar plateau age Unit Tectonic setting

Nappes (ophiolite) (Ma = 10) (Ma = 10) (Ma = 10)

Sample no.:

Sarkikaraadac (Isparta)

S$14-2 Zrn/Ttn 87.6 +2.1/88.6 + 6.1 Isolated dike cutting IAT
mantle tectonite

S14-3 Zrn/Ttn 91.1£2.1/92.5+4.9 Met. sole (0]]2]

S14-4 Zrn/Ttn/Am 89.8 +1.2/90.0 +9.4 91.52 +0.43 Met. sole olB

S14-5 Zrn/Ttn 88.85 +0.98 929+59 Met. sole olB

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 OB

G14-4 Am Ca. 92, subsequent Met. sole OIB

“Ar* loss by ca. 48

G15-3 Ttn 94.0 +4.8 Met. sole olB

G15-4 Zrn/Ttn 90.81 +0.73 91.0+6.0 Met. sole olB

G14-2 Ttn 1023 +7.4 Isolated dike cutting IAT
mantle tectonite

G14-3 Ttn 949 +5.6 Isolated dike cutting IAT
mantle tectonite

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

B-192* Am 90.9+1.3 Met. sole OIB

B-194* Am 91.5+1.9 Met. sole olB

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 Celik et al. (2006).

Sarkikaraaga¢ (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-

110

ple (S14-4) yielded a 91.52 + 0.43 Ma “Ar-*Ar
age (Table 6). Zircon and titanite phases from
the metamorphic sole sample (S14-5) yielded
88.85 + 0.98 Ma and 929 + 59 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

mmm Zircon U-Pb
= Titanite U-Pb
mmm Amphibole Ar-Ar

105+
I o302
100~ T 25 o o I
- o = ©
3 9 3 3
—_ » » o
S 954 o
2 1 <
o o
D o0 [ ] I 1 | I
< | | | u
i
9]
854
807 Metamorphic Sole lsolated Dikes
(Amphibolite) (Diabase)
75

Figure 14. Compilation of zircon and titanite U-Pb and amphibole
Y“Ar-*Ar ages for the metamorphic sole rocks and isolated dikes in

the Beysehir-Hoyran ophiolite.
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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 “Ar-*Ar 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 “Ar-*Ar 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 “Ar-*Ar 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 (1o;
Table 6; Fig. 14). Radiogenic Pb* closure tem-
perature was constrained as 550-650 °C for
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titanite (Cherniak, 1993). Radiogenic *Ar*
closure temperature for amphibole was con-
strained as 510 = 25 °C (Harrison, 1982). P-T
estimates for the metamorphic sole beneath the
Beysehir-Hoyran Nappes were constrained as
550-600 °C and <5 kbar by Celik and Delaloye
(2006) in the Gencek (Konya) area, and 630—
770 °C and 6 + 1.5 kbar by Elitok and Driippel
(2008) in the Sarkikaraagac-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
Sarkikaraagac-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 “Ar/*Ar plateau
ages for three samples. Celik and Delaloye
(2006) also documented well-constrained *°Ar-
¥ Ar 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 “°Ar* loss at 48 Ma (mid-Eocene).
When all the “Ar/*Ar 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 Beysehir-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 “°Ar* loss.
Overall identical U-Pb and *Ar-*Ar 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,
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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/m?
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 (**Ar-*Ar) and geochemical data on

the Tauride ophiolites and the new data from
this study for the Beysehir-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 Beysehir-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
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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 Beysehir-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
Beysehir-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 “Ar-*Ar ages of mineral phases with dif-
ferent closure temperatures (~900-500 °C) from
the metamorphic sole rocks are almost identi-
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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 (Bagci et al., 2008; Bagc1 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 Beysehir-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 Pozanti-Karsant1 (Aladag) 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 x
5 c¢cm) from the Sumeini and Wadi Tayin soles
in the Oman ophiolite have been documented



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
Beysehir-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 “Ar-*Ar), 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
Beysehir-Hoyran ophiolite within the Inner Tau-
ride Ocean during the Late Cretaceous.

(3) The isolated dikes cutting the mantle tec-
tonites in the Sarkikaraaga¢ 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 Beysehir (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 Beysehir-
Hoyran ophiolite.

(5) The similar U-Pb crystallization and
“Ar/Ar cooling ages from the ophiolite crust
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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 Beysehir-Hoyran ophiol-
ite lasted ~20 m.y.

ACKNOWLEDGMENTS

Alastair Robertson, Benxun Su, and Associate Edi-
tor Erdin Bozkurt are thanked for their constructive
and very valuable comments that improved the quality
of the paper. We would like to thank Seher Kuru and
Aynur Giirbiiz for their help during cathodolumines-
cence imaging of zircons at Mersin University. Glizide
Onal is thanked for drawing the figures. This work was
funded by TUBITAK (Project no. 113Y412) awarded
to O. Parlak, and Chinese National Natural Science
Foundation grant 91755213, awarded to T. Kusky. O.
Parlak acknowledges the Open Fund (GPMR201702)
of State Key Lab of Geological Processes and Mineral
Resources, China University of Geosciences, Wuhan
for additional support.

REFERENCES CITED

Alabaster, T., Pearce, J.A., and Malpas, J., 1982, The vol-
canic stratigraphy and petrogenesis of the Oman
ophiolite complex: Contributions to Mineralogy and
Petrology, v. 81, p. 168—183, https://doi.org/10.1007/
BF00371294.

Alparslan, G., and Dilek, Y., 2018, Seafloor spreading struc-
ture, geochronology, and tectonic evolution of the Kiire
ophiolite, Turkey: A Jurassic continental backarc basin
oceanic lithosphere in southern Eurasia: Lithosphere,
v. 10, p. 14-34, https://doi.org/10.1130/L641.1.

Al-Riyami, K., Robertson, A.H.F., Xenophontos, C.,
Danelian, T., and Dixon, J.E., 2002, Origin and
emplacement of the Late Cretaceous Baer-Bassit
ophiolite and its metamorphic sole in NW Syria:
Lithos, v. 65, p. 225-260, https://doi.org/10.1016/
50024-4937(02)00167-6.

Andrew, T., and Robertson, AH.F.,, 2002, The Beysehir-
Hoyran-Hadim Nappes: Genesis and emplacement of
Mesozoic marginal and oceanic units of the northern
Neotethys in southern Turkey: Journal of the Geological
Society [London], v. 159, p. 529-543, https://doi.org/
10.1144/0016-764901-157.

Arculus, R.J., and Powel, R., 1986, Source component mix-
ing in the regions of arc magma generation: Journal of
Geophysical Research, v. 91, p. 5913-5926, https://doi
.org/10.1029/JB091iB06p05913.

Bagci, U., and Parlak, O., 2009, Petrology of the Tekirova
(Antalya) ophiolite (southern Turkey): Evidence for
diverse magma generations and their tectonic impli-
cations during Neotethyan subduction: International
Journal of Earth Sciences, v. 98, p. 387—405, https://
doi.org/10.1007/s00531-007-0242-7.

Bagci, U., Parlak, O., and Hock, V., 2008, Geochemistry
and tectonic environment of diverse magma genera-
tions forming the crustal units of the Kizildag (Hatay)
ophiolite, southern Turkey: Turkish Journal of Earth
Sciences, v. 17, p. 43-71.

Geological Society of America Bulletin

Downloaded from https://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B35040.1/4691959/b35040.pdf
bv Geora Auaust Lniv Niedersaechsische Staats user

Beccaluva, L., Coltorti, M., Giunta, G., and Siena, F., 2004,
Tethyan vs. Cordilleran ophiolites: A reappraisal of
distinctive tectonomagmatic features of suprasubduc-
tion complexes in relation to the subduction mode:
Tectonophysics, v. 393, p. 163-174, https://doi.org/10
.1016/j.tecto.2004.07.034.

Beccaluva, L., Coltorti, M., Saccani, E., and Siena, F., 2005,
Magma generation and crustal accretion as evidenced by
supra-subduction ophiolites of the Albanide-Hellenide
Subpelagonian zone: The Island Arc, v. 14, p. 551-563,
https://doi.org/10.1111/j.1440-1738.2005.00483.x.

Bloomer, S.H., and Hawkins, J.W., 1983, Gabbroic and
ultramafic rocks from the Mariana Trench. Part 2, in
Hayes, D.E., ed., The Tectonic Evolution of Southeast
Asian Seas and Islands: American Geophysical Union
Geophysical Monograph 27, p. 294-317.

Boudier, F., Ceuleneer, G., and Nicolas, A., 1988, Shear
zones, thrusts and related magmatism in the Oman
ophiolite: Initiation of thrusting on an oceanic ridge:
Tectonophysics, v. 151, p. 275-296, https://doi.org/10
.1016/0040-1951(88)90249-1.

Casey, J.F., and Dewey, J.F., 1984, Initiation of subduction
zones, in Gass, 1.G., Lippard, S.J., and Shelton, A.-W.,
eds., Ophiolites and Oceanic Lithosphere: Geological
Society [London] Special Publication 13, p. 269-290.

Celik, O.F., 2007, Metamorphic sole rocks and their mafic
dykes in the eastern Tauride belt ophiolites (south-
ern Turkey): Implications for OIB type magma
generation following slab break-off: Geological
Magazine, v. 144, p. 849-866, https://doi.org/10.1017/
S0016756807003573.

Celik, O.F, and Chiaradia, M., 2008, Geochemical and
petrological aspects of dyke intrusions in the Lycian
ophiolites (SW Turkey): A case study for the dyke em-
placement along the Tauride belt ophiolites: Interna-
tional Journal of Earth Sciences, v. 97, p. 1151-1164,
https://doi.org/10.1007/s00531-007-0204-0.

Celik, O.F., and Delaloye, M., 2003, Origin of metamorphic
soles and their post-kinematic mafic dyke swarms in
the Antalya and Lycian ophiolites, SW Turkey: Geo-
logical Journal, v. 38, p. 235-256, https://doi.org/
10.1002/gj.954.

Celik, O.F., and Delaloye, M., 2006, Characteristics of
ophiolite-related metamorphic rocks in the Beysehir
ophiolitic mélange (Central Taurides, Turkey), de-
duced from whole rock and mineral chemistry: Journal
of Asian Earth Sciences, v. 26, p. 461-476, https://doi
.org/10.1016/j.jseaes.2004.10.008.

Celik, O.F.,, Delaloye, M., and Feraud, G., 2006, Precise
“OAr-*Ar ages from the metamorphic sole rocks of
the Tauride belt ophiolites, southern Turkey: Im-
plications for the rapid cooling history: Geological
Magazine, v. 143, p. 213-227, https://doi.org/10.1017/
S0016756805001524.

Celik, O.E,, Marzoli, A., Marschik, R., Chiaradia, M., Neu-
bauer, N., and Oz, 1., 2011, Early-Middle Jurassic in-
traoceanic subduction in the [zmir-Ankara-Erzincan
Ocean, northern Turkey: Tectonophysics, v. 509, p. 120—
134, https://doi.org/10.1016/j.tecto.2011.06.007.

Cherniak, D.J., 1993, Lead diffusion in titanite and pre-
liminary results on the effects of radiation damage on
Pb transport: Chemical Geology, v. 110, p. 177-194,
https://doi.org/10.1016/0009-2541(93)90253-F.

Cherniak, D.J., and Watson, E.B., 2001, Pb diffusion in
zircon: Chemical Geology, v. 172, p. 5-24, https://doi
.org/10.1016/S0009-2541(00)00233-3.

Corfu, F.,, Hanchar, J.M., Hoskin, PW.O., and Kinny, P,
2003, Atlas of zircon textures: Reviews in Mineral-
ogy and Geochemistry, v. 53, p. 469-500, https://doi
.org/10.2113/0530469.

Cowan, R.J., Searle, M.P., and Waters, D.J., 2014, Struc-
ture of the metamorphic sole to the Oman ophiolite,
Sumeini Window and Wadi Tayyin: Implications for
ophiolite obduction processes, in Rollinson, H.R.,
Searle, M.P., Abbasi, I.A., Al-Lazki, A., and Al Kindi,
M.H., eds., Tectonic Evolution of the Oman Moun-
tains: Geological Society [London] Special Publication
392, p. 155-175.

Dewey, J.F.,, and Casey, J.F.,, 2011, The origin of obducted
large-slab ophiolite complexes, in Brown, D., and
Ryan, P.D., eds., Arc-Continent Collision: Frontiers in
Earth Sciences: Berlin, Springer-Verlag, p. 431-444.


https://doi.org/10.1007/BF00371294
https://doi.org/10.1007/BF00371294
https://doi.org/10.1130/L641.1
https://doi.org/10.1016/S0024-4937(02)00167-6
https://doi.org/10.1016/S0024-4937(02)00167-6
https://doi.org/10.1144/0016-764901-157
https://doi.org/10.1144/0016-764901-157
https://doi.org/10.1029/JB091iB06p05913
https://doi.org/10.1029/JB091iB06p05913
https://doi.org/10.1007/s00531-007-0242-7
https://doi.org/10.1007/s00531-007-0242-7
https://doi.org/10.1016/j.tecto.2004.07.034
https://doi.org/10.1016/j.tecto.2004.07.034
https://doi.org/10.1111/j.1440-1738.2005.00483.x
https://doi.org/10.1016/0040-1951(88)90249-1
https://doi.org/10.1016/0040-1951(88)90249-1
https://doi.org/10.1017/S0016756807003573
https://doi.org/10.1017/S0016756807003573
https://doi.org/10.1007/s00531-007-0204-0
https://doi.org/10.1002/gj.954
https://doi.org/10.1002/gj.954
https://doi.org/10.1016/j.jseaes.2004.10.008
https://doi.org/10.1016/j.jseaes.2004.10.008
https://doi.org/10.1017/S0016756805001524
https://doi.org/10.1017/S0016756805001524
https://doi.org/10.1016/j.tecto.2011.06.007
https://doi.org/10.1016/0009-2541(93)90253-F
https://doi.org/10.1016/S0009-2541(00)00233-3
https://doi.org/10.1016/S0009-2541(00)00233-3
https://doi.org/10.2113/0530469
https://doi.org/10.2113/0530469

Subduction initiation and metamorphic sole formation

Dewey, J.F.,, and Casey, J.F., 2013, The sole of an ophio-
lite: The Ordovician Bay of Islands Complex,
Newfoundland: Journal of the Geological Society
[London], v. 170, p. 715-722, https://doi.org/10.1144/
jgs2013-017.

Dilek, Y., and Flower, M.E.J., 2003, Arc-trench rollback and
forearc accretion: 2. A model template for ophiolites in
Albania, Cyprus, and Oman, in Dilek, Y., and Robinson
P.T., eds., Ophiolites in Earth History: Geological Soci-
ety [London] Special Publication 218, p. 43-68.

Dilek, Y., and Thy, P., 2006, Age and petrogenesis of pla-
giogranite intrusions in the Ankara mélange, central
Turkey: The Island Arc, v. 15, p. 44-57, https://doi
.org/10.1111/j.1440-1738.2006.00522.x.

Dilek, Y., and Thy, P., 2009, Island arc tholeiite to boninitic
melt evolution of the Cretaceous Kizildag (Turkey)
ophiolite: Model for multi-stage early arc-forearc mag-
matism in Tethyan subduction factories: Lithos, v. 113,
no. 1-2, p. 68-87.

Dilek, Y., and Whitney, D.L., 1997, Counterclockwise P-T-t
trajectory from the metamorphic sole of a Neo-Tethyan
ophiolite (Turkey): Tectonophysics, v. 280, p. 295—
310, https://doi.org/10.1016/S0040-1951(97)00038-3.

Dilek, Y., Thy, P, Hacker, B.R., and Grundvig, S., 1999,
Structure and petrology of Tauride ophiolites and
mafic dyke intrusions (Turkey): Implications for the
Neotethyan ocean: Geological Society of America
Bulletin, v. 111, p. 11921216, https://doi.org/10.1130/
0016-7606(1999)111<1192:SAPOTO>2.3.CO;2.

Dilek, Y., Furnes, H., and Shallo, M., 2008, Geochemistry of
the Jurassic Mirdita ophiolite (Albania) and the MORB
to SSZ evolution of a marginal basin oceanic crust:
Lithos, v. 100, p. 174-209, https://doi.org/10.1016/j
1ith0s.2007.06.026.

Dunkl, I., Mikes, T., Simon, K., and von Eynatten, H., 2008,
Brief introduction to the Windows program Pepita:
Data visualization, and reduction, outlier rejection,
calculation of trace element ratios and concentrations
from LA-ICP-MS data, in Sylvester, P., ed., Laser Ab-
lation ICP-MS in the Earth Sciences: Current Practices
and Outstanding Issues: Quebec City, Canada, Miner-
alogical Association of Canada, p. 334-340.

Elitok, O., and Driippel, K., 2008, Geochemistry and tec-
tonic significance of metamorphic sole rocks be-
neath the Beysehir-Hoyran ophiolite (SW-Turkey):
Lithos, v. 100, p. 322-353, https://doi.org/10.1016/j
lithos.2007.06.022.

Floyd, P.A., and Winchester, J.A., 1978, Identification
and discrimination of altered and metamorphosed
volcanic rocks using immobile elements: Chemi-
cal Geology, v. 21, p. 291-306, https://doi.org/
10.1016/0009-2541(78)90050-5.

Frei, D., and Gerdes, A., 2009, Precise and accurate in situ
U-Pb dating of zircon with high sample throughput
by automated LA-SF-ICP-MS: Chemical Geology,
v. 261, no. 3-4, p. 261-270, https://doi.org/10.1016/j
.chemgeo.2008.07.025.

Geisler, T., Ulonska, M., Schleicher, H., Pidgeon, R.T., and
van Bronswijk, W., 2001, Leaching and differential re-
crystallization of metamict zircon under experimental
hydrothermal conditions: Contributions to Mineral-
ogy and Petrology, v. 141, p. 53-65, https://doi.org/
10.1007/s004100000202.

Gill, J.B., 1981, Orogenic Andesites and Plate Tecton-
ics (Minerals, Rocks and Mountains Volume 16):
Berlin, Springer-Verlag, 390 p., https://doi.org/10
.1007/978-3-642-68012-0.

Gnos, E., and Peters, T., 1993, K-Ar ages of the metamor-
phic sole of the Semail ophiolite: Implications for
cooling history: Contributions to Mineralogy and Pe-
trology, v. 113, p. 325-332, https://doi.org/10.1007/
BF00286925.

Gonciioglu, M.C., Turhan, N., Sentiirk, K., Ozcan, A.,
Uysal, S., and Yalimz, M.K., 2000, A geotraverse
across northwestern Turkey: Tectonic units of the Sa-
karya region and their tectonic evolution, in Bozkurt,
E., Winchester, J.A., and Piper, J.D.A., eds., Tectonics
and Magmatism in Turkey and the Surrounding Area:
Geological Society [London] Special Publication 173,
p. 193-161.

Gonctioglu, M.C., Yaliniz, M.K., and Tekin, U.K., 2006,
Geochemistry, tectono-magmatic discrimination and
radiolarian ages of basic extrusives from the izmir-

Ankara suture belt (NW Turkey): Time constraints for
the Neotethyan evolution: Ofioliti, v. 31, p. 25-38.

Gonciioglu, M.C., Sayit, K., and Tekin, U.K., 2010, Oceaniza-
tion of the northern Neotethys: Geochemical evidence
from ophiolitic mélange basalts within the Izmir-Ankara
suture belt, NW Turkey: Lithos, v. 116, p. 175-187,
https://doi.org/10.1016/j.1ithos.2010.01.007.

Gutnic, M., Monod, O., Poisson, A., and Dumont, J.E., 1979,
Geologie des Taurides Occidentales (Turquie): Memo-
ries de la Société Géologique de France 137, 112 p.

Hacker, B.R., 1990, Simulation of the metamorphic and
deformational history of the metamorphic sole of
the Oman ophiolite: Journal of Geophysical Re-
search, v. 95, p. 4895-4907, https://doi.org/10.1029/
JB095iB04p04895.

Hacker, B.R., 1991, The role of deformation in the formation
of metamorphic field gradients: Ridge subduction be-
neath the Oman ophiolite: Tectonics, v. 10, p. 455-473,
https://doi.org/10.1029/90TC02779.

Hacker, B.R., 1994, Rapid emplacement of young oce-
anic lithosphere: Argon geochronology of the Oman
ophiolites: Science, v. 265, p. 1563-1565, https://doi
.org/10.1126/science.265.5178.1563.

Hacker, B.R., and Gnos, E., 1997, The conundrum of Se-
mail: Explaining the metamorphic history: Tectono-
physics, v. 279, p. 215-226, https://doi.org/10.1016/
S0040-1951(97)00114-5.

Hacker, B.R., Mosenfelder, J.L., and Gnos, E., 1996, Rapid
emplacement of the Oman ophiolite: Thermal and geo-
chronological constraints: Tectonics, v. 15, p. 1230-
1247, https://doi.org/10.1029/96TC01973.

Hammarstrom, J.M., and Zen, E.-A., 1986, Aluminium in
hornblende: An empirical igneous geobarometer: The
American Mineralogist, v. 71, p. 1297-1313.

Harrison, T.M., 1982, Diffusion of “°Ar in hornblende: Con-
tributions to Mineralogy and Petrology, v. 78, p. 324—
331, https://doi.org/10.1007/BF00398927.

Hart, S.R., Erlank, A.J., and Kable, E.J.D., 1974, Sea floor
basalt alteration: Some chemical and Sr isotopic ef-
fects: Contributions to Mineralogy and Petrology, v. 44,
p. 219-230, https://doi.org/10.1007/BF00413167.

Hawkins, J.W., Bloomer, S.H., Evans, C.A., and Melchior,
J.T., 1984, Evolution of intra-oceanic arc-trench sys-
tems: Tectonophysics, v. 102, p. 175205, https://doi
.org/10.1016/0040-1951(84)90013-1.

Holland, T., and Blundy, J., 1994, Non-ideal interactions
in calcic amphiboles and their bearing on amphibole-
plagioclase thermometry: Contributions to Mineral-
ogy and Petrology, v. 116, p. 433-447, https://doi.org/
10.1007/BF00310910.

Hollister, L.S., Grissom, G.C., Peters, E.K., Stowell, H.H.,
and Sissom, V.B., 1987, Confirmation of the empiri-
cal correlation of Al in hornblende with pressure of
solidification of calc alkaline plutons: The American
Mineralogist, v. 72, p. 231-239.

Hoskin, PW.O., and Black, L.P., 2000, Metamorphic
zircon formation by solid-state recrystallization
of protolith igneous zircon: Journal of Metamor-
phic Geology, v. 18, p. 423-439, https://doi.org/10
.1046/5.1525-1314.2000.00266.x.

Hoskin, P.W.O., and Schaltegger, U., 2003, The composition
of zircon and igneous and metamorphic petrogenesis,
in Hanchar, J.M., and Hoskin, PW.O., eds., Zircon:
Mineralogical Society of America Reviews in Min-
eralogy and Geochemistry 53, p. 27-62, https://doi
.org/10.1515/9781501509322-005.

Humphris, S.E., and Thompson, G., 1978, Trace element
mobility during hydrothermal alteration of oceanic ba-
salts: Geochimica et Cosmochimica Acta, v. 42, p. 127—
136, https://doi.org/10.1016/0016-7037(78)90222-3.

Jackson, S.E., Pearson, N.J., Griffin, W.L., and Belousova,
E.A., 2004, The application of laser ablation—in-
ductively coupled plasma—mass spectrometry to
in situ U-Pb zircon geochronology: Chemical Ge-
ology, v. 211, p. 47-69, https://doi.org/10.1016/j
.chemgeo.2004.06.017.

Jamieson, R.A., 1980, Formation of metamorphic aureoles
beneath ophiolites: Evidence from the St. Anthony
Complex, Newfoundland: Geology, v. 8, p. 150-154,
https://doi.org/10.1130/0091-7613(1980)8<150
:FORABO>2.0.CO;2.

Jamieson, R.A., 1986, PT paths from high temperature
shear zones beneath ophiolites: Journal of Meta-

Geological Society of America Bulletin

Downloaded from https://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B35040.1/4691959/b35040.pdf
bv Geora Auaust Lniv Niedersaechsische Staats user

morphic Geology, v. 4, p. 3-22, https://doi.org/
10.1111/§.1525-1314.1986.tb00335..x.

Johnson, M.C., and Rutherford, M.J., 1989, Experimental
calibration of the aluminum-in-hornblende geobarome-
ter with application to Long Valley caldera (California)
volcanicrocks: Geology, v. 17,n0.9,p. 837-841, https://
doi.org/10.1130/0091-7613(1989)017<0837:ECOTAI
>2.3.CO;2.

Kamenetsky, V.S., Sobolev, A.V., Eggins, S.M., Crawford,
A.J., and Arculus, R.J., 2002, Olivine-enriched melt
inclusions in chromites from low-Ca boninites, Cape
Vogel, Papua New Guinea: Evidence for ultramafic
primary magma, refractory mantle source and enriched
components: Chemical Geology, v. 183, p. 287-303,
https://doi.org/10.1016/S0009-2541(01)00380-1.

Karaoglan, F., Parlak, O., Klétzli, U., Thoni, M., and Koller,
F., 2012, U-Pb and Sm-Nd geochronology of the ophiol-
ites from the SE Turkey: Implications for the Neotethyan
evolution: Geodinamica Acta, v. 25, p. 146-161, https://
doi.org/10.1080/09853111.2013.858948.

Karaoglan, F.,, Parlak, O., Klotzli, U., Thoni, M., and Koller,
F., 2013a, U-Pb and Sm-Nd geochronology of the
Kizildag (Hatay, Turkey) ophiolite: Implications for
the timing and duration of suprasubduction zone type
oceanic crust formation in the southern Neotethys:
Geological Magazine, v. 150, p. 283-299, https://doi
.org/10.1017/S0016756812000477.

Karaoglan, F., Parlak, O., Klotzli, U., Koller, F., and
Rizaoglu, T., 2013b, Age and duration of intraoceanic
arc volcanism built on a suprasubduction zone type
oceanic crust in southern Neotethys, SE Anatolia:
Geoscience Frontiers, v. 4, p. 399408, https://doi.org/
10.1016/j.gsf.2012.11.011.

Kavak, K.S., Parlak, O., and Temiz, H., 2017, Geochemi-
cal characteristics of ophiolitic rocks from the southern
margin of the Sivas basin and their implications for the
Inner Tauride Ocean, central-eastern Turkey: Geodin-
amica Acta, v. 29, p. 160-180, https://doi.org/10.1080/
09853111.2017.1359773.

Kogyigit, A., 1984, Tectonostratigraphic characteristics of
Hoyran Lake region (Isparta Bend), in Tekeli, O., and
Gonciioglu, C., eds., Proceedings of the International
Symposium on the Geology of the Taurus Belt: An-
kara, Turkey, General Directorate of Mineral Research
and Exploration (MTA), p. 53-67.

Koglin, N., 2008, Geochemistry, Petrogenesis and Tectonic
Setting of Ophiolites and Mafic-Ultramafic Complexes
in the Northeastern Aegean Region: New Trace-
Element, Isotopic and Age Constraints [Ph.D. thesis]:
Mainz, Germany, Johannes Gutenberg University,
136 p.

Koglin, N., Kostopoulos, D., and Reichmann, T., 2009,
Geochemistry, petrogenesis and tectonic setting
of the Samothraki mafic suite, NE Greece: Trace-
element, isotopic and zircon age constraints: Tecto-
nophysics, v. 473, p. 53-68, https://doi.org/10.1016/j
.tecto.2008.10.028.

Konstantinou, A., Wirth, K.R., and Vervoort, J., 2007, U-Pb
isotopic dating of Troodos plagiogranite, Cyprus, by
LA-ICP-MS: Geological Society of America Abstracts
with Programs, v. 39, no. 6, p. 338.

Leake, B.E., Woolley, A.R., Arps, C.E.S., Birch, W.D., Gil-
bert, M.C., Grice, J.D., et al., 1997, Nomenclature of
amphiboles: Report of the Subcommittee on Amphi-
boles of the International Mineralogical Association,
Commission on New Minerals and Mineral Names:
The American Mineralogist, v. 82, p. 1019-1037.

Leitch, E.C., 1984, Island arc elements and arc related ophi-
olites: Tectonophysics, v. 106, p. 177-203, https://doi
.org/10.1016/0040-1951(84)90176-8.

Liati, A., Gebauer, D., and Fanning, C.M., 2004, The age of
ophiolitic rocks of the Hellenides (Vourinos, Pindos,
Crete): First U-Pb ion microprobe (SHRIMP) zircon
ages: Chemical Geology, v. 207, p. 171-188, https://
doi.org/10.1016/j.chemgeo.2004.02.010.

Liu, Y.S., Hu, Z., Gao, S., Detlef, G., Xu, J., Gao, C., and
Chen, H., 2008, In situ analysis of major and trace
elements of anhydrous minerals by LA-ICP-MS
without applying an internal standard: Chemical
Geology, v. 257, p. 34-43, https://doi.org/10.1016/j
.chemgeo.2008.08.004.

Ludwig, K.R., 2003, User’s Manual for Isoplot 3.00: Berke-
ley Geochronology Center Special Publication 4, 74 p.


https://doi.org/10.1144/jgs2013-017
https://doi.org/10.1144/jgs2013-017
https://doi.org/10.1111/j.1440-1738.2006.00522.x
https://doi.org/10.1111/j.1440-1738.2006.00522.x
https://doi.org/10.1016/S0040-1951(97)00038-3
https://doi.org/10.1130/
0016-7606(1999)111<1192:SAPOTO>2.3.CO;2
https://doi.org/10.1016/j.lithos.2007.06.026
https://doi.org/10.1016/j.lithos.2007.06.026
https://doi.org/10.1016/j.lithos.2007.06.022
https://doi.org/10.1016/j.lithos.2007.06.022
https://doi.org/10.1016/0009-2541(78)90050-5
https://doi.org/10.1016/0009-2541(78)90050-5
https://doi.org/10.1016/j.chemgeo.2008.07.025
https://doi.org/10.1016/j.chemgeo.2008.07.025
https://doi.org/10.1007/s004100000202
https://doi.org/10.1007/s004100000202
https://doi.org/10.1007/978-3-642-68012-0
https://doi.org/10.1007/978-3-642-68012-0
https://doi.org/10.1007/BF00286925
https://doi.org/10.1007/BF00286925
https://doi.org/10.1016/j.lithos.2010.01.007
https://doi.org/10.1029/JB095iB04p04895
https://doi.org/10.1029/JB095iB04p04895
https://doi.org/10.1029/90TC02779
https://doi.org/10.1126/science.265.5178.1563
https://doi.org/10.1126/science.265.5178.1563
https://doi.org/10.1016/S0040-1951(97)00114-5
https://doi.org/10.1016/S0040-1951(97)00114-5
https://doi.org/10.1029/96TC01973
https://doi.org/10.1007/BF00398927
https://doi.org/10.1007/BF00413167
https://doi.org/10.1016/0040-1951(84)90013-1
https://doi.org/10.1016/0040-1951(84)90013-1
https://doi.org/10.1007/BF00310910
https://doi.org/10.1007/BF00310910
https://doi.org/10.1046/j.1525-1314.2000.00266.x
https://doi.org/10.1046/j.1525-1314.2000.00266.x
https://doi.org/10.1515/9781501509322-005
https://doi.org/10.1515/9781501509322-005
https://doi.org/10.1016/0016-7037(78)90222-3
https://doi.org/10.1016/j.chemgeo.2004.06.017
https://doi.org/10.1016/j.chemgeo.2004.06.017
https://doi.org/10.1130/0091-7613(1980)8<150:FORABO>2.0.CO;2
https://doi.org/10.1130/0091-7613(1980)8<150:FORABO>2.0.CO;2
https://doi.org/10.1111/j.1525-1314.1986.tb00335.x
https://doi.org/10.1111/j.1525-1314.1986.tb00335.x
https://doi.org/10.1130/0091-7613(1989)017<0837:ECOTAI>2.3.CO;2
https://doi.org/10.1130/0091-7613(1989)017<0837:ECOTAI>2.3.CO;2
https://doi.org/10.1130/0091-7613(1989)017<0837:ECOTAI>2.3.CO;2
https://doi.org/10.1016/S0009-2541(01)00380-1
https://doi.org/10.1080/09853111.2013.858948
https://doi.org/10.1080/09853111.2013.858948
https://doi.org/10.1017/S0016756812000477
https://doi.org/10.1017/S0016756812000477
https://doi.org/10.1016/j.gsf.2012.11.011
https://doi.org/10.1016/j.gsf.2012.11.011
https://doi.org/10.1080/09853111.2017.1359773
https://doi.org/10.1080/09853111.2017.1359773
https://doi.org/10.1016/j.tecto.2008.10.028
https://doi.org/10.1016/j.tecto.2008.10.028
https://doi.org/10.1016/0040-1951(84)90176-8
https://doi.org/10.1016/0040-1951(84)90176-8
https://doi.org/10.1016/j.chemgeo.2004.02.010
https://doi.org/10.1016/j.chemgeo.2004.02.010
https://doi.org/10.1016/j.chemgeo.2008.08.004
https://doi.org/10.1016/j.chemgeo.2008.08.004

Lytwyn, J.N., and Casey, J.F,, 1995, The geochemistry of
postkinematic mafic dike swarms and subophiol-
itic metabasites, Pozanti-Karsant1 ophiolite, Turkey:
Evidence for ridge subduction: Geological Society
of America Bulletin, v. 107, p. 830-850, https://doi
.org/10.1130/0016-7606(1995)107<0830:TGOPMD
>2.3.CO;:2.

Ma, Q., Zheng, J., Griffin, W.L., Zhang, M., Tang, H., Su, Y.,
and Ping, X., 2012, Triassic adakitic rocks in an exten-
sional setting (North China): Melts from the cratonic
lower crust: Lithos, v. 149, p. 159-173, https://doi.org/
10.1016/j.1ithos.2012.04.017.

Mackintosh, P.W., and Robertson, A.H.F., 2013, Sedimen-
tary and structural evidence for two-phase Upper Cre-
taceous and Eocene emplacement of the Tauride thrust
sheets in central southern Turkey, in Robertson, A.H.F,,
Parlak, O., and Unliigeng, U.C., eds., Geological De-
velopment of Anatolia and the Easternmost Mediter-
ranean Region: Geological Society [London] Special
Publication 372, p. 299-322.

Maffione, M., Thieulot, C., van Hinsbergen, D.J.J., Morris,
A., Plumper, O., and Spakman, W., 2015, Dynam-
ics of intraoceanic subduction initiation: 1. Oceanic
detachment fault inversion and the formation of su-
pra-subduction zone ophiolites: Geochemistry Geo-
physics Geosystems, v. 16, p. 1753-1770, https://doi
.org/10.1002/2015GC005746.

Malpas, J., 1979, Two contrasting trondhjemite associations
from transported ophiolites in western Newfound-
land: Initial report, in Barker, F., ed., Trondhjemites,
Dacites and Related Rocks: Amsterdam, Nether-
lands, Elsevier, p. 465-487, https://doi.org/10.1016/
B978-0-444-41765-7.50020-4.

Maury, R.C., Lapierre, H., Bosch, D., Marcoux, J., Krystyn,
L., Cotten, J., Bussy, F., Brunet, P., and Senebier, F.,
2008, The alkaline intraplate volcanism of the An-
talya nappes (Turkey): A Late Triassic remnant of
the Neotethys: Bulletin de la Société Géologique de
France, v. 179, p. 397410, https://doi.org/10.2113/
gssgfbull.179.4.397.

Monod, O., 1977, Récherches Géologique dans les Taurus
Occidental au Aud de Beysehir (Turquie) [theése Doc-
torat]: Orsay, France, Université Paris-Sud, 450 p.

Morimoto, N., 1988, Nomenclature of pyroxenes: Min-
eralogical Magazine, v. 52, p. 535-550, https://doi
.org/10.1180/minmag.1988.052.367.15.

Morris, A., and Robertson, A.-H.F., 1993, Miocene remag-
netization of carbonate platform and Antalya Complex
units within the Isparta Angle, SW Turkey: Tectono-
physics, v. 220, p. 243-266, https://doi.org/10.1016/00
40-1951(93)90234-B.

Mukasa, S.B., and Ludden, J.N., 1987, Uranium-lead ages
of plagiogranites from the Troodos ophiolite, Cyprus,
and their tectonic significance: Geology, v. 15, p. 825—
828, https://doi.org/10.1130/0091-7613(1987)15<825
:UIAOPF>2.0.CO;2.

Okay, A L, and Tiiysiiz, O., 1999, Tethyan sutures of north-
ern Turkey, in Durand, B., Jolivet, L., Horvath, F., and
Séranne, M., eds., The Mediterranean Basins: Tertiary
Extension Within the Alpine Orogen: Geological So-
ciety [London] Special Publication 156, p. 475-515.

Okay, AL, Harris, N.B.W.,, and Kelley, S., 1998, Exhuma-
tion of blueschists along a Tethyan suture in northwest
Turkey: Tectonophysics, v. 285, p. 275-299, https://
doi.org/10.1016/S0040-1951(97)00275-8.

Ozgiil, N., 1976, Toroslarin bazitemel Jeoloji 6zellikleri:
Bulletin of the Geological Society of Turkey, v. 19,
p. 65-78.

Ozgiil, N., 1984, Stratigraphy and tectonic evolution of the
central Taurides, in Tekeli, O., and Gonciioglu, M.C.,
eds., Proceedings of the International Symposium on
the Geology of the Taurus Belt: Ankara, Turkey, Gen-
eral Directorate of Mineral Research and Exploration
(MTA), p. 77-90.

Ozgiil, N., and Arpat, E., 1973, Structural units of the Tau-
rus orogenic belt and their continuation in the neigh-
bouring regions: Bulletin of the Geological Society of
Greece, v. 10, p. 155-164.

Paces, J.B., and Miller, J.D., 1993, Precise U-Pb ages of Du-
luth Complex and related mafic intrusions, northeastern
Minnesota: Geochronological insights into physical,
petrogenetic, paleomagnetic and tectonomagmatic
processes associated with the 1.1 Ga Midcontinent

Parlak et al.

rift system: Journal of Geophysical Research, v. 98,
p. 13,997-14,013, https://doi.org/10.1029/931B01159.

Parlak, O., 1996, Geochemistry and Geochronology of the
Mersin Ophiolite within the Eastern Mediterranean Tec-
tonic Frame [Ph.D. thesis]: Geneva, Switzerland, De-
partment of Mineralogie, University of Geneva, 242 p.

Parlak, O., 2000, Geochemistry and significance of mafic
dyke swarms in the Pozanti-Karsant1 ophiolite (south-
ern Turkey): Turkish Journal of Earth Sciences, v. 24,
p. 29-38.

Parlak, O., 2016, The Tauride ophiolites of Anatolia (Tur-
key): A review: Journal of Earth Science, v. 27, p. 901-
934, https://doi.org/10.1007/s12583-016-0679-3.

Parlak, O., and Delaloye, M., 1999, Precise “’Ar/*Ar ages
from the metamorphic sole of the Mersin ophiolite
(southern Turkey): Tectonophysics, v. 301, p. 145-158,
https://doi.org/10.1016/S0040-1951(98)00222-4.

Parlak, O., and Robertson, A.H.F., 2004, Tectonic setting
and evolution of the ophiolite-related Mersin mélange,
southern Turkey: Its role in the tectonic-sedimentary
setting of the Tethys in the Eastern Mediterranean re-
gion: Geological Magazine, v. 141, p. 257-286, https://
doi.org/10.1017/S0016756804009094.

Parlak, O., Delaloye, M., and Bingol, E., 1995a, Origin of
subophiolitic metamorphic rocks beneath the Mersin
ophiolite, southern Turkey: Ofioliti, v. 20, p. 97-110.

Parlak, O., Delaloye, M., and Bingél, E., 1995b, Geochem-
istry of the volcanic rocks in the Mersin ophiolite
(southern Turkey) and their tectonic significance in the
Eastern Mediterranean geology, in Piskin, O., Ergiin,
M., Savascin, M.Y., and Arcan, G.T., eds., Proceedings
of International Earth Science Colloquium on the Ae-
gean Region: {zmir, Turkey, Dokuz Eyliil University,
V. 2, p. 441-458.

Parlak, O., Hock, V., and Delaloye, M., 2000, Suprasubduc-
tion zone origin of the Pozanti-Karsanti ophiolite
(southern Turkey) deduced from whole-rock and min-
eral chemistry of the gabbroic cumulates, in Bozkurt,
E., Winchester, J.A., and Piper, J.D.A., eds., Tectonics
and Magmatism in Turkey and the Surrounding Area:
Geological Society [London] Special Publication 173,
p. 219-234.

Parlak, O., Hock, V., Kozlu, H., and Delaloye, M., 2004,
Oceanic crust generation in an island arc tectonic set-
ting, SE Anatolian orogenic belt (Turkey): Geological
Magazine, v. 141, p. 583-603, https://doi.org/10.1017/
S0016756804009458.

Parlak, O., Yilmaz, H., and Boztug, D., 2006, Geochemis-
try and tectonic setting of the metamorphic sole rocks
and isolated dykes from the Divrigi ophiolite (Sivas,
Turkey): Evidence for melt generation within an as-
thenospheric window prior to ophiolite emplacement:
Turkish Journal of Earth Sciences, v. 15, p. 25-45.

Parlak, O., Rizaoglu, T., Bagci, U., Karaoglan, F., and Hock,
V., 2009, Tectonic significance of the geochemistry and
petrology of ophiolites in southeast Anatolia, Turkey:
Tectonophysics, v. 473, no. 1-2, p. 173-187.

Parlak, O., Karaoglan, F., Rizaoglu, T., Klotzli, U., Koller,
F., and Billor, Z., 2013a, U-Pb and “Ar/*Ar geochro-
nology of the ophiolites and granitoids from the Tau-
ride belt: Implications for the evolution of the Inner
Tauride suture: Journal of Geodynamics, v. 65, p. 22—
37, https://doi.org/10.1016/j.jog.2012.06.012.

Parlak, O., Colakoglu, A., Dénmez, C., Sayak, H., Yildirim,
N., Tiirkel, A., and Odabas1, 1., 2013b, Geochemistry
and tectonic significance of ophiolites along the izmir—
Ankara—Erzincan suture zone in northeastern Anatolia,
in Robertson, A.H.F., Parlak, O., and Unlﬁgeng, u.C,
eds., Geological Development of Anatolia and the
Easternmost Mediterranean Region: Geological Soci-
ety [London] Special Publication 372, p. 75-105.

Peacock, S.M., 1988, Inverted metamorphic gradients in the
westernmost Cordillera, in Ernst, W.G., ed., Metamor-
phism and Crustal Evolution of the Western United
States, Rubey Volume 7: Englewood Cliffs, New Jer-
sey, Prentice-Hall, p. 953-975.

Pearce, J.A., 1982, Trace element characteristics of lavas
from destructive plate boundaries, in Thorpe, R.S., ed.,
Andesites: Orogenic Andesites and Related Rocks:
Chichester, UK, John Wiley and Sons, p. 525-548.

Pearce, J.A., 1983, Role of the sub-continental lithosphere
in magma genesis at active continental margins, in
Hawkesworth, C.J., and Norry, M.J., eds., Continental

Geological Society of America Bulletin

Downloaded from https://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B35040.1/4691959/b35040.pdf
bv Geora Auaust Lniv Niedersaechsische Staats user

Basalts and Mantle Xenoliths: Nantwich, UK, Shiva,
p. 230-249.

Pearce, J.A., 1996, A users guide to basalt discrimination
diagrams, in Wyman, D.A., eds., Trace Element Geo-
chemistry of Volcanic Rocks: Applications for Mas-
sive Sulphide Exploration: Geological Association of
Canada Short Course Notes 12, p. 79-113.

Pearce, J.A., 2003, Supra-subduction zone ophiolites: The
search for modern analogues, in Dilek, Y., and New-
comb, S., eds., Ophiolite Concept and the Evolu-
tion of Geological Thought: Geological Society of
America Special Paper 373, p. 269-293, https://doi
.org/10.1130/0-8137-2373-6.269.

Pearce,J.A., and Cann, J.R., 1973, Tectonic setting of basaltic
volcanic rocks determined using trace element analy-
sis: Earth and Planetary Science Letters, v. 19, p. 290—
300, https://doi.org/10.1016/0012-821X(73)90129-5.

Pearce, J.A., Alabaster, T., Shelton, A.W., and Searle, M.P,,
1981, The Oman ophiolite as a Cretaceous arc-basin
complex: Evidence and implications: Philosophical
Transactions of the Royal Society, ser. A, Mathemati-
cal, Physical and Engineering Sciences, v. 300, p. 299—
317, https://doi.org/10.1098/rsta.1981.0066.

Pearce, J.A., Lippard, S.S., and Roberts, S., 1984, Charac-
teristics and tectonic significance of suprasubduction
zone ophiolites, in Kokelaar, B.P., and Howells, M.F.,
eds., Marginal Basin Geology: Volcanic and Associ-
ated Sedimentary and Tectonic Processes in Modern
and Ancient Marginal Basins: Geological Society
[London] Special Publication 16, p. 77-94.

Pearce, J.A., van der Laan, S.R., Arculus, R.J., Murton, B.J.,
Ishii, T., Peate, D.W., and Parkinson, 1.J., 1992, Bo-
ninite and harzburgite from Leg 125 (Bonin-Mariana
forearc): A case study of magma genesis during the
initial stages of subduction, in Fryer, P., Pearce, J.A.,
Stokking, L.B., et al., Proceeding of the Ocean Drill-
ing Program, Scientific Results Volume 125: College
Station, Texas, Ocean Drilling Program, p. 623-659.

Pe-Piper, G., Tsikouras, B., and Hatzipanagiotou, K.,
2004, Evolution of boninites and island-arc tholeiites
in the Pindos ophiolite, Greece: Geological Maga-
zine, v. 141, p. 455-469, https://doi.org/10.1017/
S0016756804009215.

Pidgeon, R.T., 1992, Recrystallization of oscillatory-zoned
zircon: some geochronological and petrological impli-
cations: Contributions to Mineralogy and Petrology,
v. 110, p. 463-472.

Pidgeon, R.T., Nemchin, A.A., and Hitchen, G.J., 1998,
Internal structures of zircons from Archaean granites
from the Darling Range batholith: Implications for zir-
con stability and the interpretation of zircon U-Pb ages:
Contributions to Mineralogy and Petrology, v. 132,
p. 288-299, https://doi.org/10.1007/s004100050422.

Plunder, A., Agard, P., Chopin, C., Soret, M., Okay, A.I., and
Whitechurch, H., 2016, Metamorphic sole formation,
emplacement and blueschist facies overprint: Early sub-
duction dynamics witnessed by western Turkey ophio-
lites: Terra Nova, v. 28, p. 329-339, https://doi.org/
10.1111/ter.12225.

Poisson, A., 1977, Recherches Géologiques dans les Tau-
rides Occidentales (Turquie) [Ph.D. thesis]: Orsay,
France, Université de Paris-Sud, 795 p.

Poisson, A., Yagmurlu, E, Bozcu, M., and Sentiirk, M., 2003,
New insights on the tectonic setting and evolution around
the apex of the Isparta Angle (SW Turkey): Geological
Journal, v. 38, p. 257-282, https://doi.org/10.1002/gj.955.

Polat, A., Casey, J.F., and Kerrich, R., 1996, Geochemi-
cal characteristics of accreted material beneath the
Pozanti-Karsant1 ophiolite, Turkey: Intra-oceanic de-
tachment, assembly and obduction: Tectonophysics,
v. 263, p. 249-276, https://doi.org/10.1016/S0040
-1951(96)00026-1.

Pouchou, J.L., and Pichoir, F., 1984, A new model for quan-
titative X-ray microanalysis: Part I. Application of
the analysis of homogeneous samples: La Recherche
Aérospatiale, v. 3, p. 13-38.

Renne, PR., Swisher, C.C., Deino, A.L., Karner, D.B., Ow-
ens, T.L., and De Paolo, D.L., 1998, Intercalibration of
standards, absolute ages and uncertainties in “°Ar/*’Ar
dating: Chemical Geology, v. 145, p. 117-152, https:/
doi.org/10.1016/S0009-2541(97)00159-9.

Ricou, L.E., Marcoux, J., and Poisson, A., 1979, L’allochtonie
des Bey Daglari orientaux, Reconstruction palinspastique


https://doi.org/10.1130/0016-7606(1995)107<0830:TGOPMD>2.3.CO;2
https://doi.org/10.1130/0016-7606(1995)107<0830:TGOPMD>2.3.CO;2
https://doi.org/10.1130/0016-7606(1995)107<0830:TGOPMD>2.3.CO;2
https://doi.org/10.1016/j.lithos.2012.04.017
https://doi.org/10.1016/j.lithos.2012.04.017
https://doi.org/10.1002/2015GC005746
https://doi.org/10.1002/2015GC005746
https://doi.org/10.1016/B978-0-444-41765-7.50020-4
https://doi.org/10.1016/B978-0-444-41765-7.50020-4
https://doi.org/10.2113/gssgfbull.179.4.397
https://doi.org/10.2113/gssgfbull.179.4.397
https://doi.org/10.1180/minmag.1988.052.367.15
https://doi.org/10.1180/minmag.1988.052.367.15
https://doi.org/10.1016/0040-1951(93)90234-B
https://doi.org/10.1016/0040-1951(93)90234-B
https://doi.org/10.1130/0091-7613(1987)15<825:UIAOPF>2.0.CO;2
https://doi.org/10.1130/0091-7613(1987)15<825:UIAOPF>2.0.CO;2
https://doi.org/10.1016/S0040-1951(97)00275-8
https://doi.org/10.1016/S0040-1951(97)00275-8
https://doi.org/10.1029/93JB01159
https://doi.org/10.1007/s12583-016-0679-3
https://doi.org/10.1016/S0040-1951(98)00222-4
https://doi.org/10.1017/S0016756804009094
https://doi.org/10.1017/S0016756804009094
https://doi.org/10.1017/S0016756804009458
https://doi.org/10.1017/S0016756804009458
https://doi.org/10.1016/j.jog.2012.06.012
https://doi.org/10.1130/0-8137-2373-6.269
https://doi.org/10.1130/0-8137-2373-6.269
https://doi.org/10.1016/0012-821X(73)90129-5
https://doi.org/10.1098/rsta.1981.0066
https://doi.org/10.1017/S0016756804009215
https://doi.org/10.1017/S0016756804009215
https://doi.org/10.1007/s004100050422
https://doi.org/10.1111/ter.12225
https://doi.org/10.1111/ter.12225
https://doi.org/10.1002/gj.955
https://doi.org/10.1016/S0040-1951(96)00026-1
https://doi.org/10.1016/S0040-1951(96)00026-1
https://doi.org/10.1016/S0009-2541(97)00159-9
https://doi.org/10.1016/S0009-2541(97)00159-9

Subduction initiation and metamorphic sole formation

des Taurides occidentales: Bulletin de la Société
Géologique de France, v. 21, p. 125-134, https://doi
.org/10.2113/gssgfbull.S7-XX1.2.125.

Rioux, M., Bowring, S., Kelemen, P, Stacia, G., Dudds, F, and
Miller, R., 2012, Rapid crustal accretion and magma as-
similation in the Oman—U.A.E. ophiolite: High precision
U-Pb zircon geochronology of the gabbroic crust: Journal
of Geophysical Research-Solid Earth, v. 117, B07201,
https://doi.org/10.1029/2012JB009273.

Rioux, M., Bowring, S., Kelemen, P., Stacia, G., Miller,
R., and Dudas, F., 2013, Tectonic development of the
Samail ophiolite: High-precision U-Pb zircon geo-
chronology and Sm-Nd isotopic constraints on crustal
growth and emplacement: Journal of Geophysical Re-
search—Solid Earth, v. 118, p. 2085-2101, https://doi
.org/10.1002/jgrb.50139.

Rioux, M., Garber, J., Bauer, A., Bowring, S., Searle, M.,
Kelemen, P., and Hacker, B., 2016, Synchronous for-
mation of the metamorphic sole and igneous crust of
the Semail ophiolite: New constraints on the tectonic
evolution during ophiolite formation from high-
precision U-Pb zircon geochronology: Earth and Plan-
etary Science Letters, v. 451, p. 185-195, https://doi
.org/10.1016/j.epsl.2016.06.051.

Rizaoglu, T., Parlak, O., Hock, V., and isler, ., 2006, Nature
and significance of Late Cretaceous ophiolitic rocks
and its relation to the Baskil granitoid in Elazig region,
SE Turkey, in Robertson, A.H.F., and Mountrakis, D.,
eds., Tectonic Development of the Eastern Mediter-
ranean Region: Geological Society [London] Special
Publication 260, p. 327-350.

Rizvanova, N.G., Lenchenkov, O.A., and Belous, A.E.,
2000, Zircon reaction and stability of the U-Pb isotope
system during the interaction with carbonate fluid: Ex-
perimental hydrothermal study: Contributions to Min-
eralogy and Petrology, v. 139, p. 101-114, https://doi
.org/10.1007/s004100050576.

Roberts, N.M.W., Thomas, R.J., and Jacobs, J., 2016, Geo-
chronological constraints on the metamorphic sole
of the Semail ophiolite in the United Arab Emirates:
Geoscience Frontiers, v. 7, p. 609-619, https://doi.org/
10.1016/j.gsf.2015.12.003.

Robertson, A.H.F.,, 2002, Overview of the genesis and em-
placement of Mesozoic ophiolites in the Eastern Medi-
terranean Tethyan region: Lithos, v. 65, no. 1-2, p. 1-67,
https://doi.org/10.1016/S0024-4937(02)00160-3.

Robertson, A.H.F., 2004, Development of concepts concern-
ing the genesis and emplacement of Tethyan ophiolites
in the Eastern Mediterranean and Oman regions: Earth-
Science Reviews, v. 66, no. 3-4, p. 331-387, https://
doi.org/10.1016/j.earscirev.2004.01.005.

Robertson, A.H.E, and Dixon, J.A., 1984, Introduction: Aspects
of the geological evolution of the Eastern Mediterranean,
in Dixon, J.A., and Robertson, A.H.E, eds., The Geologi-
cal Evolution of the Eastern Mediterranean: Geological
Society [London] Special Publication 17, p. 1-74.

Robertson, A.-H.F.,, and Waldron, J., 1990, Geochemistry
and tectonic setting of Late Triassic and Late Jurassic—
Early Cretaceous basaltic extrusives from the Antalya
Complex, SW Turkey, in Savas¢in, M.Y., and Eronat,
A.H., eds., Proceedings of International Earth Science
Congress on Aegean Regions, Volume 2: {zmir, Turkey,
Dokuz Eyliil University, p. 279-299.

Robertson, A.H.E, Poisson, A., and Akinci, O., 2003, De-
velopments in research concerning Mesozoic—Tertiary
Tethys and neotectonics in the Isparta Angle, SW Tur-
key: Geological Journal, v. 38, p. 195-234, https://doi
.org/10.1002/gj.953.

Robertson, A.H.F,, Parlak, O., and Ustaomer, T., 2009,
Mélange genesis and ophiolite emplacement related
to subduction of the northern margin of the Tauride-
Anatolide continent, central and western Turkey, in
van Hinsbergen, D.J.J., Edwards, M.A., and Govers,
R., eds., Collision and Collapse at the Africa-Arabia-
Eurasia Subduction Zone: Geological Society [Lon-
don] Special Publication 311, p. 9-66.

Robertson, A.H.F,, Parlak, O., Ustadmer, T., Tasli, K., inan,
N., Dumitrica, P., and Karaoglan, F., 2013, Subduction,
ophiolites genesis and collision history of Tethys adja-
cent to the Eurasian continental margin: New evidence
from the Eastern Pontides, Turkey: Geodinamica Acta,
v. 26, no. 3-4, p. 230-293, https://doi.org/10.1080/098
53111.2013.877240.

Robertson, A.H.E., Parlak, O., Yildirim, N., Dumitrica, P.,
and Tasli, K., 2016, Late Triassic rifting and Juras-
sic—Cretaceous passive margin development of the
southern Neotethys: Evidence from the Adiyaman
area, SE Turkey: International Journal of Earth Sci-
ences, v. 105, p. 167-201, https://doi.org/10.1007/
$00531-015-1176-0.

Rojay, B., Yalimz, M.K., and Altmner, D., 2001, Tectonic im-
plications of some Cretaceous pillow basalts from the
North Anatolian ophiolitic mélange (Central Anatolia-
Turkey) to the evolution of Neotethys: Turkish Journal
of Earth Sciences, v. 10, p. 93-102.

Saccani, E., and Photiades, A., 2005, Petrogenesis and
tectonomagmatic significance of volcanic and sub-
volcanic rocks in the Albanide-Hellenide ophiolitic
mélanges: The Island Arc, v. 14, p. 494-516, https://
doi.org/10.1111/j.1440-1738.2005.00480.x.

Sarifakioglu, E., Dilek, Y., and Uysal, 1., 2012, The Pet-
rogenesis and Geodynamic Significance of Bahge
(Osmaniye) Ophiolite, in Proceedings of the 5th Geo-
chemistry Symposium, 23-25 May 2009, Denizli, Tur-
key, Pamukkale University, p. 112—-113.

Schmidt, M.W., 1992, Amphibole composition in tonalite as
a function of pressure—An experimental calibration
of the al-in-hornblende barometer: Contributions to
Mineralogy and Petrology, v. 110, no. 2-3, p. 304-310,
https://doi.org/10.1007/BF00310745.

Searle, M., and Cox, J., 1999, Tectonic setting, origin and
obduction of the Oman ophiolite: Geological Society
of America Bulletin, v. 111, p. 104-122, https://doi.
org/10.1130/0016-7606(1999)111<0104:TSOAOO>2
.3.COs2.

Searle, M., and Cox, J., 2002, Subduction zone metamor-
phism during formation and emplacement of the Se-
mail ophiolite in the Oman Mountains: Geological
Magazine, v. 139, p. 241-255, https://doi.org/10.1017/
S0016756802006532.

Searle, M.P., and Malpas, J., 1980, The structure and meta-
morphism of rocks beneath the Semail ophiolite of
Oman and their significance in ophiolite obduction:
Transactions of the Royal Society of Edinburgh—Earth
Sciences, v. 71, p. 247-262, https://doi.org/10.1017/
50263593300013614.

Searle, M.P., and Malpas, J., 1982, Petrochemistry and ori-
gin of sub-ophiolitic metamorphic and related rocks
in the Oman Mountains: Journal of the Geologi-
cal Society [London], v. 139, p. 235-248, https://doi
.org/10.1144/gsjgs.139.3.0235.

Searle, M.P., Waters, D.J., Garber, J.M., Rioux, M., Cherry,
A.G., and Ambrose, T.K., 2015, Structure and meta-
morphism beneath the obducting Oman ophiolite: Evi-
dence from the Bani Hamid granulites, northern Oman
mountains: Geosphere, v. 11, no. 6, p. 1812-1836,
https://doi.org/10.1130/GES01199.1.

Sengor, AM.C., and Yilmaz, Y., 1981, Tethyan evolu-
tion of Turkey: A plate tectonic approach: Tecto-
nophysics, v. 75, p. 181-241, https://doi.org/10
.1016/0040-1951(81)90275-4.

Shervais, J.W., 2001, Birth, death, and resurrection: The life
cycle of suprasubduction zone ophiolites: Geochem-
istry Geophysics Geosystems, v. 2, 1010, https://doi
.org/10.1029/2000GC000080.

Sldma, J., Kosler, J., Condon, D.J., Crowley, J.L., Gerdes,
A., Hanchar, J.M., et al., 2008, PleSovice zircon—A
new natural reference material for U-Pb and Hf isoto-
pic microanalysis: Chemical Geology, v. 249, p. 1-35,
https://doi.org/10.1016/j.chemgeo0.2007.11.005.

Spray, J.G., 1984, Possible causes and consequences of
upper mantle decoupling and ophiolite displacement,
in Gass, 1.G., Lippard, S.J., and Shelton, A.W., eds.,
Ophiolites and Oceanic Lithosphere: Geological Soci-
ety [London] Special Publication 13, p. 255-268.

Stern, R.J., 2004, Subduction initiation: Spontaneous
and induced: Earth and Planetary Science Let-
ters, v. 226, p. 275-292, https://doi.org/10.1016/
S0012-821X(04)00498-4.

Stern, R.J., and Bloomer, S.H., 1992, Subduction zone in-
fancy: Examples from the Eocene Izu-Bonin-Mariana
and Jurassic California: Geological Society of America
Bulletin, v. 104, p. 1621-1636, https://doi.org/10.1130/
0016-7606(1992)104<1621:SZIEFT>2.3.CO;2.

Stern, R.J., Reagan, M., Ishizuka, O., Ohara, Y., and What-
tam, S., 2012, To understand subduction initiation,

Geological Society of America Bulletin

Downloaded from https://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B35040.1/4691959/b35040.pdf
bv Geora Auaust Lniv Niedersaechsische Staats user

study forearc crust: To understand forearc crust, study
ophiolites: Lithosphere, v. 4, p. 469483, https://doi
.org/10.1130/L183.1.

Su, B.X., Chen, C., Pang, K.N., Sakyi, PA., Uysal, i,
Avc, E., Liu, X., and Zhang, P.F,, 2018, Melt penetra-
tion in oceanic lithosphere: Li isotope records from
the Pozanti-Karsanti ophiolites in southern Turkey:
Journal of Petrology, v. 59, p. 191-205, https://doi
.org/10.1093/petrology/egy023.

Sun, S.S., and McDonough, W.E., 1989, Chemical and iso-
topic systematics of oceanic basalts: Implications for
mantle composition and processes, in Saunders, A.D.,
and Norry, M.J., eds., Magmatism in the Ocean Basins:
Geological Society [London] Special Publications 42,
p. 313-345.

Taylor, B., 1992, Rifting and the volcanic-tectonic evolution
of the Izu-Bonin-Mariana arc, in Taylor, B., Fujioka,
K., et al., Proceedings of the Ocean Drilling Program,
Scientific Results Volume 126: College Station, Texas,
Ocean Drilling Program, p. 627-651.

Teipel, U., Eichhorn, R., Loth, G., Rohrmfuller, J., Hfoll,
R., and Kennedy, A., 2004, U-Pb SHRIMP and Nd
isotopic data from the western Bohemian Massif
(Bayerischer Wald, Germany): Implications for Upper
Vendian and Lower Ordovician magmatism: Interna-
tional Journal of Earth Sciences, v. 93, p. 782-801,
https://doi.org/10.1007/s00531-004-0419-2.

Thompson, G., 1991, Metamorphic and hydrothermal pro-
cesses: Basalt-seawater interactions, in Floyd, PA., ed.,
Oceanic Basalts: Glasgow, UK, Blackie, p. 148-173.

Thuizat, R., Whitechurch, H., Montigny, R., and Juteatu,
T., 1981, K-Ar dating of some infra-ophiolitic meta-
morphic soles from the Eastern Mediterranean: New
evidence for oceanic thrusting before obduction: Earth
and Planetary Science Letters, v. 52, p. 302-310,
https://doi.org/10.1016/0012-821X(81)90185-0.

Tomaschek, F., Kennedy, A.K., Villa, LM., and Ballhaus,
C., 2003, Zircons from Syros, Cyclades, Greece—
Recrystallization and mobilization of zircon during
high-pressure metamorphism: Journal of Petrology,
v. 44, p. 1977-2002, https://doi.org/10.1093/petrology/
egg067.

Topuz, G., Go¢gmengil, G., Rolland, Y., Celik, O.E, Zack,
T., and Schmitt, A.K., 2013, Jurassic accretionary and
ophiolite from northeast Turkey: No evidence for the
Cimmerian continental ribbon: Geology, v. 41, p. 255—
258, https://doi.org/10.1130/G33577.1.

van Hinsbergen, D.J.J., Peters, K., Maffione, M., Spakman,
W., Guilmette, C., Thieulot, C., Plimper, O., Giirer,
D., Brouwer, EM., Aldanmaz, E., and Kaymakci,
N., 2015, Dynamics of intraoceanic subduction ini-
tiation: 2. Suprasubduction zone ophiolite forma-
tion and metamorphic sole exhumation in context of
absolute plate motions: Geochemistry Geophysics
Geosystems, v. 16, p. 1771-1785, https://doi.org/
10.1002/2015GC005745.

van Hinsbergen, D.J.J., Maffione, M., Plunder, A,
Kaymakei, N., Ganerod, M., Hendriks, B.W.H., Corfu,
E., Giirer, D., de Gelder, G.I.N.O., Peters, K., McPhee,
PJ., Brouwer, FM., Advokaat, E.L., and Vissers,
R.L.M., 2016, Tectonic evolution and paleogeography
of the Kirsehir block and the Central Anatolian ophio-
lites, Turkey: Tectonics, v. 35, p. 983—1014, https://doi
.org/10.1002/2015TC004018.

Vanko, D.A., and Laverne, C., 1998, Hydrothermal an-
orthitization of plagioclase within the magmatic/
hydrothermal transition at mid-ocean ridges: Examples
from deep sheeted dikes (Hole 504B, Costa Rica Rift)
and a sheeted dike root zone (Oman ophiolite): Earth
and Planetary Science Letters, v. 162, no. 1-4, p. 27—
43, https://doi.org/10.1016/S0012-821X(98)00155-1.

Varol, E., Bedi, Y., Tekin, U.K., and Uzungimen, S., 2011,
Geochemical and petrological characteristics of Late
Triassic basic volcanic rocks from the Kogali Complex,
SE Turkey: Implications for the Triassic evolution of
Southern Tethys: Ofioliti, v. 36, p. 101-115.

Vergili, 0., and Parlak, O., 2005, Geochemistry and tectonic
setting of metamorphic sole rocks and mafic dykes
from the Pinarbas1 (Kayseri) ophiolite, Central Anato-
lia: Ofioliti, v. 30, p. 37-52.

‘Wakabayashi, J., and Dilek, Y., 2000, Spatial and temporal
relations between ophiolites and their subophiolitic
soles: A test of models of forearc ophiolite genesis, in


https://doi.org/10.2113/gssgfbull.S7-XXI.2.125
https://doi.org/10.2113/gssgfbull.S7-XXI.2.125
https://doi.org/10.1029/2012JB009273
https://doi.org/10.1002/jgrb.50139
https://doi.org/10.1002/jgrb.50139
https://doi.org/10.1016/j.epsl.2016.06.051
https://doi.org/10.1016/j.epsl.2016.06.051
https://doi.org/10.1007/s004100050576
https://doi.org/10.1007/s004100050576
https://doi.org/10.1016/j.gsf.2015.12.003
https://doi.org/10.1016/j.gsf.2015.12.003
https://doi.org/10.1016/S0024-4937(02)00160-3
https://doi.org/10.1016/j.earscirev.2004.01.005
https://doi.org/10.1016/j.earscirev.2004.01.005
https://doi.org/10.1002/gj.953
https://doi.org/10.1002/gj.953
https://doi.org/10.1080/09853111.2013.877240
https://doi.org/10.1080/09853111.2013.877240
https://doi.org/10.1007/s00531-015-1176-0
https://doi.org/10.1007/s00531-015-1176-0
https://doi.org/10.1111/j.1440-1738.2005.00480.x
https://doi.org/10.1111/j.1440-1738.2005.00480.x
https://doi.org/10.1007/BF00310745
https://doi.org/10.1130/0016-7606(1999)111<0104:TSOAOO>2.3.CO;2
https://doi.org/10.1130/0016-7606(1999)111<0104:TSOAOO>2.3.CO;2
https://doi.org/10.1130/0016-7606(1999)111<0104:TSOAOO>2.3.CO;2
https://doi.org/10.1017/S0016756802006532
https://doi.org/10.1017/S0016756802006532
https://doi.org/10.1017/S0263593300013614
https://doi.org/10.1017/S0263593300013614
https://doi.org/10.1144/gsjgs.139.3.0235
https://doi.org/10.1144/gsjgs.139.3.0235
https://doi.org/10.1130/GES01199.1
https://doi.org/10.1016/0040-1951(81)90275-4
https://doi.org/10.1016/0040-1951(81)90275-4
https://doi.org/10.1029/2000GC000080
https://doi.org/10.1029/2000GC000080
https://doi.org/10.1016/j.chemgeo.2007.11.005
https://doi.org/10.1016/S0012-821X(04)00498-4
https://doi.org/10.1016/S0012-821X(04)00498-4
https://doi.org/10.1130/
0016-7606(1992)104<1621:SZIEFT>2.3.CO;2
https://doi.org/10.1130/L183.1
https://doi.org/10.1130/L183.1
https://doi.org/10.1093/petrology/egy023
https://doi.org/10.1093/petrology/egy023
https://doi.org/10.1007/s00531-004-0419-2
https://doi.org/10.1016/0012-821X(81)90185-0
https://doi.org/10.1093/petrology/egg067
https://doi.org/10.1093/petrology/egg067
https://doi.org/10.1130/G33577.1
https://doi.org/10.1002/2015GC005745
https://doi.org/10.1002/2015GC005745
https://doi.org/10.1002/2015TC004018
https://doi.org/10.1002/2015TC004018
https://doi.org/10.1016/S0012-821X(98)00155-1

Dilek, Y., Moores, E.M., Elthon, D., and Nicolas, A.,
eds., Ophiolites and Oceanic Crust: New Insights from
Field Studies and the Ocean Drilling Program: Geolog-
ical Society of America Special Paper 349, p. 53-64,
https://doi.org/10.1130/0-8137-2349-3.53.

‘Wakabayashi, J., and Dilek, Y., 2003, What constitutes
emplacement of an ophiolite?: Mechanisms and re-
lationship to subduction initiation and formation of
metamorphic soles, in Dilek, Y., and Robinson, P.T.,
eds., Ophiolites in Earth History: Geological Society
[London] Special Publication 218, p. 427-447.

Wallin, E.T., and Metcalf, R.V., 1998, Supra-subduction
zone ophiolites formed in an extensional forearc:
Trinity terrane, Klamath Mountains, California: The
Journal of Geology, v. 106, p. 591-608, https://doi.org/
10.1086/516044.

Warren, C.J., Parrish, R.R., Waters, D.J., and Searle, M.P,,
2005, Dating the geologic history of Oman’s Semail
ophiolite: Insights from U-Pb geochronology: Contri-
butions to Mineralogy and Petrology, v. 150, p. 403—
422, https://doi.org/10.1007/s00410-005-0028-5.

Wiedenbeck, M., Alle, P., Corfu, F., Griffin, W.L., Meier, M.,
Oberli, F.,, Von Quadt, A., Roddick, J.C., and Spiegel,
W., 1995, Three natural zircon standards for U-Th-Pb,
Lu-Hf, trace element and REE analyses: Geostandards

Parlak et al.

Newsletter, v. 19, p. 1-23, https://doi.org/10.1111/
j-1751-908X.1995.tb00147 .x.

Williams, H., and Smyth, W.R., 1973, Metamorphic aure-
oles beneath ophiolite suites and Alpine peridotites:
Tectonic implications with west Newfoundland exam-
ples: American Journal of Science, v. 273, p. 594-621,
https://doi.org/10.2475/ajs.273.7.594.

Wood, D.A., Joron, J.L., and Treuil, M., 1979, A reappraisal
of the use of trace elements to classify and discriminate
between magma series erupted in different tectonic set-
tings: Earth and Planetary Science Letters, v. 45, p. 326—
336, https://doi.org/10.1016/0012-821X(79)90133-X.

Wu, Y.B., and Zheng, Y.F., 2004, Genesis of zircon and its
constraints on interpretation of U-Pb age: Chinese
Science Bulletin, v. 49, p. 1554-1569, https://doi.org/
10.1007/BF03184122.

Yaliniz, K.M., Floyd, P., and Gonciioglu, M.C., 1996,
Supra-subduction zone ophiolites of Central Ana-
tolia: Geochemical evidence from the Sarikara-
man ophiolite, Aksaray, Turkey: Mineralogical
Magazine, v. 60, p. 697-710, https://doi.org/10.1180/
minmag.1996.060.402.01.

Yaliniz, K.M., Floyd, P.A., and Gonciioglu, M.C., 2000,
Geochemistry of volcanic rocks from the Cigekdag
ophiolite, Central Anatolia, Turkey, and their inferred

Geological Society of America Bulletin

Downloaded from https://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B35040.1/4691959/b35040.pdf
bv Geora Auaust Lniv Niedersaechsische Staats user

tectonic setting within the northern branch of the
Neotethyan Ocean, in Bozkurt, E., Winchester, J.A.,
and Piper, J.D.A., eds., Tectonics and Magmatism in
Turkey and the Surrounding Area: Geological Society
[London] Special Publication 173, p. 203-218.
Yogodzinski, G.M., Volynets, O.N., Koloskov, A.V., Seliv-
erstov, N.I., and Matvenkov, V.V., 1994, Magnesian
andesites and the subduction component in strongly
calc-alkaline series at Piip volcano, far western Aleu-
tians: Journal of Petrology, v. 35, p. 163-204, https://
doi.org/10.1093/petrology/35.1.163.

Science EpiTor: BRADLEY S. SINGER
AssociATE Epitor: ERDIN BozZKURT

ManuscripT RECEIVED 18 JUNE 2018
REVISED MANUSCRIPT RECEIVED 27 NOVEMBER 2018
MaNUSscrIPT AcCEPTED 7 FEBRUARY 2019

Printed in the USA


https://doi.org/10.1130/0-8137-2349-3.53
https://doi.org/10.1086/516044
https://doi.org/10.1086/516044
https://doi.org/10.1007/s00410-005-0028-5
https://doi.org/10.1111/j.1751-908X.1995.tb00147.x
https://doi.org/10.1111/j.1751-908X.1995.tb00147.x
https://doi.org/10.2475/ajs.273.7.594
https://doi.org/10.1016/0012-821X(79)90133-X
https://doi.org/10.1007/BF03184122
https://doi.org/10.1007/BF03184122
https://doi.org/10.1180/minmag.1996.060.402.01
https://doi.org/10.1180/minmag.1996.060.402.01
https://doi.org/10.1093/petrology/35.1.163
https://doi.org/10.1093/petrology/35.1.163

	Rapid cooling history of a Neotethyan ophiolite: Evidence for contemporaneous subduction initiation and metamorphic sole formation
	ABSTRACT
	INTRODUCTION
	GEOLOGICAL SETTING
	ANALYTICAL METHODS
	PETROGRAPHY AND MINERALOGY
	PRESSURE AND 
TEMPERATURE CONDITIONS
	GEOCHEMISTRY
	GEOCHRONOLOGY
	U-Pb Dating
	Şarkikaraağaç (Isparta) Region
	Madenli (Isparta) Region
	Gencek (Konya) Region
	40Ar-39Ar Dating

	DISCUSSION
	Interpretation of the Geochemical Data
	Interpretation of 
the Geochronological Data
	Alternative Models for Genesis of Ophiolite and Metamorphic Sole
	Proposed Tectonic Model

	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES CITED

	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Figure 11
	Figure 12
	Figure 13
	Figure 14
	Figure 15
	Figure 16
	Table 1
	Table 2
	Table 3
	Table 4
	Table 5
	Table 6
	Data Repository item 2019155

