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Abstract

The isotropic gabbro and plagiogranite belonging to the Central
Anatolian Ophiolites, are exposed as stocks around Derinkuyu
(Nevsehir). Plagiogranite, which cuts the isotropic gabbro, contains
mafic microgranular enclaves (MME) belonging to these rocks. Gabbro
and MME contain plagioclase, clinopyroxene and hornblende minerals.
The isotropic gabbros are in hornblende-pyroxene and pyroxene-
hornblende/hornblende gabbro compositions. Plagiogranite is
composed of quartz, plagioclase and hornblende, and exhibits a tonalite
composition. Mineral chemistry analysis results indicate that
plagioclases in the gabbro, plagiogranite, and MME have compositions
of andesine-bytownite (Ans7-ss), andesine (Anss-s), and labradorite-
bytownite (Anes-7s), respectively. Clinopyroxenes (Mg#=0.73-0.84) and
hornblendes (Mg#=0.57-0.79) are characterized by their high-Mg
contents. Clinopyroxenes, diopside-augite (Ensz-43Fsiz-1sWo4z2-47), and
the hornblendes exhibit compositions of tschermakite-magnesio-
hornblende. Clinopyroxene and hornblende data on the discrimination
diagrams indicate the presence of an island arc for the source magma.
Pyroxene and amphibole thermobarometry suggest that P-T
crystallization conditions for clinopyroxene and hornblende 2.60-1.37
kbar 1199-1186°C and 1.95-1.09 kbar; 864-790°C, respectively. These
data manifest that the magma of supra-subduction type ophiolite rise
towards shallow lithospheric levels (9.2-3.9 km).

Keywords: Isotropic gabbro, Plagiogranite, Mineral chemistry,
Supra-subduction zone, Central Anatolia.

Oz

Orta Anadolu Ofiyolitlerine ait izotropik gabro ve plajiyogranitler,
Derinkuyu (Nevsehir) cevresinde stoklar halinde yiizeylemektedir.
Izotropik gabroyu kesen plajiyogranit, bu kayaclara ait mafik
mikrograntiler anklavlart (MME) icerir. Gabro ve MME plajiyoklaz,
klinopiroksen ve hornblend mineralleri icerir. Izotropik gabrolar,
hornblend-piroksen ~ ve  piroksen-hornblend/hornblend  gabro
bilesimlerindedir. Plajiyogranit, kuvars, plajiyoklaz ve hornblendden
olugsur ve tonalit bilesimi gosterir. Mineral kimyast analiz sonuglari,
gabro, plajiyogranit ve MME’deki plajiyoklazlarin sirasiyla andezin-
bitovnit (Ansr-gs), andezin (Anss-ag) ve labradorit-bitovnit (Anss-75)
bilesimlerine sahip oldugunu géstermistir. Klinopiroksen (Mg#=0.73-
0.84) ve hornblendler (Mg#=0.57-0.79) yiiksek-Mg icerikleriyle
karakteristiktir. Klinopiroksenler, diyopsit-ojit (Enzz-a3Fsiz-1sWo04z-47)
ve hornblendler cermakit-magnezyum-hornblend bilesimleri sergiler.
Siniflama diyagramlarinda klinopiroksen ve hornblend verileri, kaynak
magma igin bir ada yaymin varligini géstermektedir. Piroksen ve
amfibol termobarometrisi, klinopiroksen ve hornblend igin P-T
kristallesme kosullarinin sirasiyla 2.60-1.37 kbar; 1199-1186°C ve
1.95-1.09 kbar; 864-790°C oldugunu gdstermektedir. Bu veriler,
dalma-batma zonu tstii tipi ofiyolit magmasinin sig litosferik seviyelere
(9.2-3.9 km) dogru ytikseldigini ortaya koymaktadir.

Anahtar kelimeler: izotropik gabro, Plajiyogranit, Mineral kimyas,
Dalma-batma zonu usti, Orta Anadolu.

1 Introduction

Ophiolites formed in different tectonic environments are
generally classified as mid-ocean ridge (MORB)-type and
Supra-Subduction Zone (SSZ)-type [1]. SSZ-type ophiolites are
thought to have formed as a result of partial melting of the
upper mantle+oceanic lithosphere wedged directly onto the
subducting oceanic plate [1],[2]. In SSZ-type ophiolites,
generally clinopyroxene and sometimes orthopyroxene
crystallize before plagioclase, while in MORB-type ophiolites
the opposite is true [1]. Therefore, in SSZ-type ophiolites,
cumulate dunite, lherzolite, wehrlite, norite, and gabbro
formations follow from the base upwards [1]. Another
important feature of SSZ-type ophiolites is the high proportion
of low-K, high-SiOz leucocratic bodies, defined as oceanic
plagiogranite [3], in their upper levels [1],[4]. SSZ-type
ophiolite minerals are characterized by Mg-rich olivine,

*Corresponding author/Yazisilan Yazar

clinopyroxene, amphibole, and Ca-rich
compositions [5]-[13].

plagioclase

The study area is located within the Central Anatolian
Crystalline Complex (CACC) (Figure 1a, b) [14],[15]. Ophiolitic
bodies exposed south of the Izmir-Ankara-Erzincan Suture
Zone (IAESZ) within the CACC are named as Central Anatolian
Ophiolites (CAO) (Figure 1b) [16]. Geochemical and isotopic
data from the CAO indicate that these ophiolites formed in the
supra-subduction zone (SSZ-type) fore-arc basin within the
Neo-Tethyan ocean [4]-[7],[13],[17]-[21]. Evidence for the SSZ-
type ophiolite formation in the CAO is not limited solely to
whole-rock geochemical data. The clinopyroxene and
plagioclase compositions in the ophiolites show high Mg, low
Ti, and high anorthite content, similar to SSZ-type Eastern
Mediterranean ophiolites [5]-[7],[13].
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Figure 1. (a): Tectonic terrane map of Tiirkiye (simplified from Okay and Tiysiiz [14]). (b): Regional geological map of the Central
Anatolian Crystalline Complex (CACC) (modified from Lefebvre et al. [15]).

The isotropic gabbro and plagiogranite belonging to the CAO,
which constitute the subject of the study, are exposed in the
form of stocks around Derinkuyu (Nevsehir) (Figure 1b and
Fgiure 2). In previous studies, the gabbro and plagiogranite
rocks in the vicinity of Aksaray-Kayseri, including the study
area, were identified mineralogically and petrographically [23].
According to geochemical data, these rocks may have derived
from a MORB-like source [23]. Although whole-rock
geochemical studies have been conducted on the rocks in the
study area, mineral chemistry data are not available. In this
study, the petrographic characterization and mineral chemistry
results of CAO rocks around the Derinkuyu region are
presented together. Deficiencies in the literature have been
eliminated with mineral chemistry data, and the petrogenetic
evolution and crystallization conditions of ophiolitic rocks in
this region have been investigated.

2 Geological setting and field relation

Tiirkiye is part of the Alpine-Himalayan orogenic belt, which is
characterized by several continental fragments and suture
zones (Figure 1a) [14]. The CACC is a triangular area bounded
by the IAESZ to the north, the Anatolide-Tauride platform to
the south, the Salt Lake Fault to the west, and the Ecemis Fault
to the east (Figure 1b) [15],[16]. The Complex consists mainly

of Central Anatolian Metamorphic (CAM), Central Anatolian
Ophiolitic (CAO), and Central Anatolian Granitic (CAG) rocks,
which are covered by Cenozoic sedimentary and volcano-
sedimentary rocks [15],[16]. The CAM, which forms the basis of
the CACC, indicates that regional metamorphism developed in
two stages: high-amphibolite-granulite facies and greenschist
facies [15],[24],[25]. U/Pb dating on monazite and zircon from
the high amphibolite facies determined the age of
metamorphism as ~91-84 Ma [26],[27].

The CAO, which is the remnants of the northern branch of the
Neo-Tethyan Ocean and forms the basis of the study area,
tectonically overlies the metamorphics. The CAO exhibits the
geochemical features of typical SSZ-type ophiolites [4]-
[71,113],[17]-[21]. The CAO bodies are mostly fragmented, but
the ophiolitic sequence is preserved in some locations
[4].[17],[18].

The SSZ-type ophiolitic sequence is represented by
metamorphic tectonites, cumulate and isotropic gabbro,
plagiogranite, diabase of the sheeted dyke complex, pillow lava,
and deep-sea sediments [4],[18]. SSZ-type ophiolite magma
was derived from a depleted magma source modified by a
subduction component [21]. U/Pb dating on zircon in gabbro
and plagiogranite determined the crystallization age of these
rocks as 94.9 Ma [13] and 90.5 Ma [28].
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Figure 2. Geological map of the study area [22].

In the CACC, widespread magmatism (CAG) events developed
shortly after the obduction of SSZ-type ophiolites onto the CAM.
The CAG intruded the region by cutting the CAM and/or CAO
rocks and has a wide compositional range [29]-[35]. This
magmatism, which lasted approximately 20 Ma (95-74 Ma;
[36],[37]), is represented by calc-alkaline to alkaline affinity
and I-S-type, I-/H-type, and A-type compositions.

The study area is located northeast and east of Derinkuyu
(Nevsehir), where igneous rocks of the CAO are exposed in
small stocks (Figure 2) [22],[38]. This unit is covered by Upper
Miocene-Pliocene pyroclastic rocks belonging to the
Cappadocia Volcanic Province and sedimentary rocks. It has
been stated that the ophiolite sequence in the region does not
present a complete sequence [38]. Isotropic gabbro is the
dominantrock type of the CAO around Dede Hill, north of Tilkdy
(Figure 2). In this region, gabbro is dark-colored, coarse-
grained, and is exposed at the upper levels of the elevations
(Figure 3a). The isotropic gabbro is cut by diabase dykes with a
fine-grained texture and a dark green color, varying in
thickness from 0.5-1 m. The orientation of the dykes is N65W.
Plagiogranite is exposed around Tepebas Hill and Canl Hill
(Figure 2). Around Canli Hill, isotropic gabbro is cut by
plagiogranite (Figure 3b). Plagiogranite contains irregular
shaped mafic microgranular enclaves (MME) of the isotropic
gabbro. Gabbro is dark-colored, while plagiogranite is gray.
Gabbro and plagiogranite are mostly medium- to coarse- and
fine- to medium-crystalline. Enclaves with ellipsoidal shapes
are fine-crystalline.

3 Samples and analytic methods

Thin sections of a total of 31 samples taken from gabbro and
plagiogranite were prepared at the Mineral Research and
Exploration General Directorate (MTA), and electron
microprobe analyses (EPMA) of 4 samples were performed at

B 1sE

isotropic
gabbro

Figure 3. Field view (a): of isotropic gabbro around Tilkéy, and
(b): Gabbro and plagiogranite around Canl Hill.

the Ankara University Earth Sciences Application and Research
Center.

Mineralogic-petrographic analyses were carried out using a
Nikon 50iPOL polarizing microscope at the Department of
Geological Engineering, Nevsehir Haci Bektas Veli University.
Imaging of thin sections was performed with a 5-megapixel
Nikon digital camera system connected to the same
microscope. In addition, point counting (500 points) was
performed on 23 thin-section samples using a PELCON
automatic point counter and its associated software. Polished
and carbon-coated thin sections were prepared before the
mineral chemistry analysis. Electroprobe Micro Analyzer
(EPMA) analyses were performed using the JEOL JXA-8230
electron microprobe equipped with 5 WDS detectors. For the
calibration and measurements, natural oxide and mineral
reference materials were used. The stoichiometric calculations
of the minerals analyzed by EPMA were made based on 6
oxygens for pyroxene, 26 oxygens for amphibole, and 8 oxygens
for plagioclase. The end-members of the minerals were
calculated and shown in the diagrams. To estimate the
crystallization conditions (P-T) of the rocks, the equations
proposed by Wang et al. [39] and Ridolfi et al. [40] for pyroxene
and amphibole were used.

4 Analytical results

4.1 Petrography

Petrographic features of isotropic gabbros, plagiogranites, and
MMEs in the region are presented in Table 1. Isotropic gabbro
is generally a medium- to coarse-grained and hypidiomorphic
granular texture (Figure 4a-d). It consists of plagioclase,
clinopyroxene, and hornblende as the main phenocrysts.
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Table 1. Petrographic characteristics of isotropic gabbro, plagiogranite, and MMEs in the study area
(Ap-Apatite; Bt-Biotite; Cpx-Clinopyroxene; Hbl-Hornblende; Pl-Plagioclase; Opg-Opaque; Qz-Quartz).

Area Rock type Grain size Texture Main minerals Ac.cessory Alt_eratlon
minerals minerals
) I - . P11 (Ana47-65) (45-55%) + Uralite, actinolite,
Tilkoy Pr'g;::ie“a‘i;m Mec‘f)‘:r"s‘e to Hy 'nggmh"iiih‘c' Cpx (28-37%) + Opq chlorite, epidote +
Py & P Hbl (9-16%) albite
Pyroxene- Medium- to PI11I (Aneo-gs) (52-60%) + Uralite,
hornblende/ coarse Hypidiomorphic Hbl (21-44 %) + Opq chlorite,
hornblende gabbro Cpx (1-17 %) epidote
— 0,
Canl Plagiogranite Medium- to . . P (Anse-1s) (550 66 %) + Bt, Cpx, .
Hill (tonalite) coarse Hypidiomorphic Qz (20-32 %) + Opq, Ap Chlorite
Hbl (10-13 %) ’
MME P11 (Anes-7s) (58-59 %) +
(Pyroxene- Fine Hypidiomorphic Hbl (19-20 %) + Opq Chlorite
hornblende gabbro) Cpx (5-16 %)

Figure 4. Photomicrographs (XPL) and BSE images of the
investigated gabbro, plagiogranite and MME's. (a),(b): Sub-
ophitic texture of intergrown plagioclase laths and
clinopyroxene in the gabbro. (c),(d): Medium-grained and
hipidiomorphic granular texture in the gabbro. (e),(f): Coarse-
grained and hipidiomorphic granular texture in the
plagiogranite. (g),(h): The contact between fine-grained MME
and coarse-grained plagiogranite (Cpx-Clinopyroxene; Hbl-
Hornblende; Pl-Plagioclase; Opg-Opaque; Qz-Quartz).

It contains secondary and accessory minerals such as actinolite,
epidote, chlorite, and opaque minerals. Based on their mineral
abundance, the gabbros around Tilkdy and Canli Hill were
identified as hornblende-pyroxene gabbro and pyroxene-
hornblende/hornblende gabbro. (Table 1 and Figure 5b) [41].
Plagiogranite has a medium-coarse grained hypidiomorphic
granular texture (Figure 4e, f). It is composed of plagioclase,
quartz, and hornblende as the main minerals and does not
contain K-feldspar (Table 1). Chlorite, biotite, clinopyroxene,
apatite, and opaque minerals are observed as secondary and
accessory minerals. Plagiogranites are in tonalite composition
on the Streckeisen QAP diagram (Figure 5a)[41]. The MME is
fine-grained and in sharp contact with the host rock (Figure 4g,
h). It contains plagioclase, hornblende, and clinopyroxene as
main phenocrysts, with minor amounts of opaque minerals
(Table 1). MMEs plot into pyroxene-hornblende gabbro, like the
isotropic gabbro in this region. (Figure 5b)[41].

Two types of plagioclase phenocrysts were identified within
the isotropic gabbro. The first type (Pl I) exhibits euhedral and
polysynthetic twinning in the form of laths (Figure 4a, b, d). P11
is generally observed in the hornblende-pyroxene gabbro
around Tilkdy. These plagioclases are surrounded by pyroxene
phenocrysts and exhibit a subophitic texture (Figure 4a, b). The
second type of plagioclase (Pl II) is mostly observed in the
pyroxene-hornblende/hornblende gabbro around Canli Hill. P1
I exhibits euhedral to subhedral and wavy extinctions
(Figure 4c, d). Therefore, two generations of plagioclase
formations may be specified. P11I is accompanied by abundant
hornblende and, to a lesser extent, pyroxene. Pyroxene and
hornblende phenocrysts in gabbro samples vary from anhedral
to euhedral. Pyroxenes have a green color and strong
interference colors (Figure 44, c) and are likely clinopyroxene.
Hornblendes show pleochroism from green to brown. They
were formed as a result of the uralitization of clinopyroxenes
from their edges towards the center (Figure 44, c). It can be said
that hornblende developed as a result of magmatic uralitization
during the crystallization of magma. Hornblendes are observed
mostly  together with Pl Il in the pyroxene-
hornblende/hornblende gabbro around Canli Hill (Figure 4c,
d). It can be said that hornblende almost completely replaced
clinopyroxene and gained its crystalline form. They are
subhedral and euhedral in shape.
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Figure 5. (a): Quartz-A.Feldspar-Plagioclase, and (b): Plagioclase-Pyroxene-Hornblende modal classification [41] for the isotropic
gabbros, plagiogranites and MMEs around the Derinkuyu region.

According to textural features, it can be said that the
crystallization order of gabbro is plagioclase (Pl I) +
clinopyroxene — plagioclase (Pl II) + hornblende. The
replacement of clinopyroxene by actinolite is a common
phenomenon. Secondary actinolite is sometimes accompanied
by chlorite. Actinolite is characterized by its green color and
fibrous structure. Albitization and epidotization are observed
in some plagioclase (P11).

Plagioclase grains (P11I) in the plagiogranite, as in the isotropic
gabbro around Canli Hill, are in the form of euhedral and
subhedral phenocrysts (Figure 4e, f). It presents polysynthetic
twinning, oscillatory zoning, and wavy extinctions. Zoned
plagioclases contain clinopyroxene and hornblende inclusions.
Some plagioclase-quartz intergrowths are also observed.
Quartz is generally anhedral and fills the spaces between other
minerals. Hornblende is the most observed ferromagnesian
mineral. It is generally subhedral and euhedral. Some
hornblendes contain fine-grained prismatic plagioclase and
clinopyroxene inclusions. Biotite and chlorite formations on
hornblende are rarely observed.

The MME has properties and mineralogy similar to those of
pyroxene-hornblende gabbro in the region (Figure 4g, h).
Plagioclase (Pl II) is euhedral and subhedral. It exhibits
polysynthetic twinning and oscillatory zoning (Figure 4g). The
zoned plagioclases contain clinopyroxene and hornblende
inclusions. Hornblende is subhedral and euhedral.

4.2 Mineral chemistry

Mineral chemistry results of clinopyroxene, hornblende, and
plagioclase minerals from the isotropic gabbro, MME, and
plagiogranite from around the Derinkuyu are given in Appendix
A, B, and C.

4.2.1 C(Clinopyroxene

Analysis results of clinopyroxenes in the investigated gabbro
are presented in Appendix A and shown in Figure 6. Studied
clinopyroxenes are characterized by high SiO2 (50.01-51.71
wt.%), high MgO (12.67-14.67 wt.%), high CaO (19.88-22.42
wt.%), and low FeO (7.21-9.38 wt.%) contents. They have

relatively high Mg# 0.73-0.84 (Mg# = (Mg/[Mg + Fe]), low
Al203(1.11-2.50 wt%) and Ti02(0.14-0.76  wt.%)
concentrations. Clinopyroxene compositions vary in a narrow
range (Ens7-43Fsi12-1sWo42-47) and show diopside-augite
compositions in the ternary classification diagram (Figure 6)
[42].

Ca,Si,0, (Wo)

@ Hbl-Px gabbro
© Hbl-Px/Hbl gabbro

/ diopside \
I\
o/ pﬁ ] hedenbergite \

AL

~
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gabbroic rocks 4

/
l i N‘)?it_ﬂ_ \
AVA A4 AVA AVA p: AVa . AVA A4 AV \I
Mg,Si,O4 (En) Fe,Si,0; (Fs)

Figure 6. Ternary classification diagram showing
compositional variation for clinopyroxenes in the isotropic
gabbro [42] (the island arc gabbroic rock fields and
Skaergaard trends are taken from Burns [43]).

4.2.2 Amphibole

EPMA results of amphiboles in the investigated rocks are
presented in Appendix B. According to the analysis results,
amphiboles show differences in major-element composition
across the three rock types. Amphiboles in the isotropic gabbro
have relatively low SiO2 (42.73-46.40 wt.%) and high TiO2
(0.85-1.73 wt.%), high Al203 (7.06-9.18 wt.%), and high Naz0
(0.88-1.54 wt.%) contents compared to those of plagiogranite
and MEE. In the plagiogranite and MME, SiO2 (51.17-51.93
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wt.% and 44.80-46.71 wt.%) contents are high, while TiO2
(0.57-0.88 wt.% and 0.52-1.16 wt.%), Al203 (6.67-7.33 wt.%
and 6.94-8.43 wt.%), and Naz0 (0.74-0.85 wt.% and 0.93-1.05
wt.%) contents are relatively low. All amphiboles can be
classified as “calcic amphiboles” according to (Ca+Na)>1.0 and
CaB>1.5. (Appendix B) [44]. The Mg# (Mg/[Mg+Fe]) and atomic
proportion of Si for amphiboles in the isotropic gabbro vary
between 0.71-0.76 and 6.45-6.78 apfu. These hornblendes are
tschermakite - magnesio-hornblende in composition (Figure 7)
[44]. Magnesio-hornblende is developed along the
tschermakite rims. The Mg# (Mg/[Mg+Fe]) of amphiboles in
plagiogranites is between 0.57-0.79. The atomic proportion of
Si is quite high (7.12-7.23 apfu) compared to that of the
isotropic gabbro. These amphiboles exhibit magnesio-
hornblende composition (Figure 7) [44]. The Mg#
(Mg/[Mg+Fe]) and atomic proportion of Si for the amphiboles
in MMEs vary between 0.71-0.76 and 6.75-6.87 apfu, and they
have magnesio-hornblende in composition similar to that of the
other rocks. (Figure 7) [44].
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Figure 7. Classification of amphiboles in the isotropic gabbro,
plagiogranite, and MME on the Mg/(Mg+Fe2*) versus Si
diagram [44].

4.2.3 Plagioclase

The plagioclase analysis results and calculated end members in
the isotropic gabbros, plagiogranite, and MME rocks are given
in Appendix C and shown in the ternary diagram in Figure 8
[45]. Different types of plagioclases (Pl I and PI II) in the
isotropic gabbros, plagiogranite, and MME present
compositional differences. Pl I is in the hornblende-pyroxene
gabbro, with an andesine to labradorite (Ab36-53An47-65)
composition, with low CaO (7.83-10.58 wt.%) and high Naz0
(2.78-6.06 wt.%) contents compared to Pl IIs in the pyroxene-
hornblende /hornblende gabbro (Figure 8a) [45]. The CaO and
Naz0 contents of Pl IIs vary between 9.51-10.61 wt.% and
0.94-2.36 wt.%. Pl IIs have a relatively high anorthite content
and exhibit compositions ranging from labradorite to
bytownite (Ab14-31Aneo-s6) (Figure 8a) [45]. Plagioclases (P11ls)
in MMEs have CaO (9.58-10.49 wt.%) and Na:20 (1.86-2.82
wt.%) concentrations similar to those of pyroxene-
hornblende/hornblende gabbros. They have labradorite -
bytownite (Abzs-35Anes-7s) in composition with enriched
anorthite proportion (Figure 8b) [45]. Plagioclase (Pl IIs) in
plagiogranite has an andesine (Abs2-61Anss-48) composition
with low CaO (6.69-7.52 wt.%) and high Na20 (5.22-5.98
wt.%) contents (Figure 8b) [45].

5 Discussion and conclusion

The ophiolite rocks around Derinkuyu are represented by
isotropic gabbro and plagiogranite, which are the upper levels
of the SSZ-type ophiolitic sequence in Central Anatolia.
According to their textural features, the crystallization order of
these rocks is plagioclase (P1I) + clinopyroxene — plagioclase
(P1 II) + hornblende. Hornblendes were developed by
overprinting on the clinopyroxene. This crystallization order
indicates that the mafic magma then underwent high-level
fractional crystallization. Therefore, hornblende gabbros have
been referred to as "high-level gabbros" in the Central Anatolia
Ophiolite [6],[18]. As a secondary product, an actinolite +
chlorite + epidote * albite mineral assemblage developed,
indicating that it underwent hydrothermal metamorphism at
low greenschist-facies conditions on the seafloor.
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Figure 8. Ternary classification diagram showing compositional variation for plagioclases in the (a): Isotropic gabbros, and
(b): Plagiogranite and MME [45].
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The mineral chemistry of isotropic gabbro and plagiogranite
plays a significant role in understanding the tectonic
environment and crystallization conditions [5]-[12],[46]. The
petrogenetic evolution and crystallization conditions of the
ophiolite rocks around the Derinkuyu region are presented
below under two subheadings.

5.1

Clinopyroxene and hornblende mineral chemistry results
indicate a subalkaline and tholeiitic to calc-alkaline magma
source in the SiO2-Al203 (Figure 9a) [47], Ti-Ca+Na (Figure 9b)
[48] and TiO2-SiOz (Figure 9c) [49] diagrams. Clinopyroxene
compositions reflect a tholeiitic magma source, while
hornblende compositions are calc-alkaline. Clinopyroxene and
hornblendes, like other those of the island arc tholeiites (IAT),
have relatively high Mg# (clinopyroxene=0.73-0.84;
hornblende=0.57-0.79) and low TiO2 (clinopyroxene=0.14-
0.76 wt.%; hornblende=0.52-1.73 wt.%) concentrations [5]-
[13]. In the Wo-En-Fs ternary diagram (Figure 6) [42] and the
Alr-Ti tectonic discrimination diagram (Figure 9d) [50],
clinopyroxenes exhibit the signature of island arc tholeiites
(IAT). The formation of tholeiitic and calc-alkaline magma
series on the ocean floor is controlled by the hydration of the
mantle wedge, with sediment added during subduction, and by
the degree of mantle depletion [1],[2]. Calc-alkaline types are
suggested to have higher sediment inputs [2].

Petrogenesis

Compositional features of the hornblendes indicate the
development of two different types of hornblendes, namely
tschermakite and magnesio-hornblende (Figure 7). The
tschermakite appears to be directly crystallized in the wet
magma following crystallization of clinopyroxene + plagioclase
(P1 1) [6]. Magnesio-hornblende can be said to have been
formed as a secondary/late amphibole as a result of the
reaction of earlier clinopyroxene with increasingly water-
enriched magma [6],[46].

Plagioclase compositions, like those of clinopyroxene and
hornblende, can provide clues about the crystallization process
and the petrogenetic evolution of ophiolitic rocks [7],[9]-[11].
Petrographic investigations of isotropic gabbro, MME, and
plagiogranite indicate the development of two distinct
plagioclase types (Figure 4). Both types of calcic plagioclase
appear to be magmatic. The anorthite proportion in the
plagioclases of pyroxene-hornblende/hornblende gabbro
(Aney-86) and MME (Anes-7s) is relatively higher than those of
the hornblende-pyroxene gabbro (Ans7-6s5) (Figure 8).
Similarly, high anorthite contents were determined for
plagioclases in hornblende-bearing gabbroic rocks formed in
SSZ-type environments [6]-[11] and island arc-related plutonic
rocks [51]. It was observed that clinopyroxene transformed
into hornblende in samples with higher plagioclase anorthite
content. The increase in anorthite proportion in these
plagioclases is related to the formation of hornblende, that is,
the presence of water in the melt during crystallization
[51],[52].
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Figure 9. Plot of (a): SiO2z versus Al203 for clinopyroxenes [47]. (b): Ti versus Ca+Na for clinopyroxenes [48]. (c): TiOz versus SiOz for
hornblendes [49]. (d): Alr versus Ti for clinopyroxenes [50] in the isotropic gabbro, plagiogranite, and MME.
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The quite low anorthite proportion (Anss-4s) of plagioclase (Pl
II) in plagiogranite can indicate that it formed as a result of
fractional crystallization from the pyroxene-
hornblende/hornblende gabbro. The relatively low An (Ana7-
65) content of Pl I, which formed together with clinopyroxene,
can be associated with a water-poor melt. Therefore, two
generations of plagioclase formations derived from partly dry
and hydrated melts can be mentioned. The water-poor melt can
be related to the hornblende-pyroxene gabbro formation,
whereas the hydrated melt produced pyroxene-
hornblende/hornblende gabbro and plagiogranite.
Additionally, these variations in plagioclase and hornblende
compositions suggest a high-level fractional crystallization.

5.2 Crystallization conditions

Compositional differences of clinopyroxenes and hornblendes,
especially their Alz0s and TiOz contents, affect the
crystallization pressure and temperature ranges [39],[40].
Elthon [53] suggested that clinopyroxenes with low-Al203 (<3
wt.%) and low-TiO2 (<1 wt.%) contents were formed under
low- to moderate-pressure (5-10 kbar) conditions.
Accordingly, low-Al203 (2.50-1.11 wt.%) and TiO2 (0.76-0.14
wt.%) concentrations in the clinopyroxenes suggest low- to
moderate- P-T formation conditions for the isotropic gabbro.
P-T conditions of 2.60-1.37 kbar and 1199-1186°C at 9.2-4.9
km depth were estimated for the clinopyroxenes crystallization
in the hornblende-pyroxene gabbro (Appendix A) [39].

Due to calibration limitations for calc-alkali products
(Al#=IVAl/Al(x>0.21) [40], P-T estimation for the
crystallization of hornblendes in plagiogranites could not be
made. The Al# of a hornblende in these rocks are high and
varies between 0.27 and 0.33 (Appendix B) [40]. The calculated
thermobaromeric data for hornblendes are lower than those
for clinopyroxenes. Two different physicochemical conditions
in the ocean crust for tschermakite and magnesio-hornblende
have been identified based on amphibole mineral chemistry.
Tschermakite, which indicates that it directly crystallized in the
wet magma, exhibits relatively high pressure (1.95-1.78 kbar),
depth (6.9-6.3 km), and temperature (864-853°C) and high
H20 content (6.8-6.7 wt.%) in the melt (Appendix B) [40].
Magnesio-hornblende developed at relatively low-pressure
(1.62-1.09 kbar), depth (5.7-3.9 Kkbar), temperatures
(844-790 °C) and high H20 (6.1-7.2 wt.%) conditions. The
physicochemical conditions predicted for clinopyroxene,
tschermakite, and magnesio-hornblende indicate that
fractional crystallization continued to shallow levels in the
lithosphere. It can also be said that magnesio-hornblende (late
amphiboles) developed as a result of the reaction of
clinopyroxenes with increasingly water-enriched magma [46].
Additionally, these data are quite compatible with the
thermobarometric data estimated for ophiolite gabbro of
supra-subduction origin [46].
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Appendix A
Representative electron microprobe analysis results of clinopyroxene (wt. %) in the isotropic gabbro.

Sampleno TK8-1-1-1 TK8-1-1-2 TK8-1-1-3 TK8-2-1-1 TK8-2-1-2 TK8-2-1-3 ' o,- 1" THEZ1- TRE2A- (142
SiO2 51.21 50.52 50.01 51.21 50.52 50.01 50.69 51.06 51.71 50.06
TiO2 0.45 0.45 0.76 0.45 0.45 0.76 0.52 0.36 0.35 0.14
Al203 2.11 2.34 2.50 2.11 2.34 2.50 246 1.88 2.06 1.11
Cr203 0.10 0.12 0.03 0.10 0.12 0.03 0.11 0.06 0.11 0.00
FeO 7.87 8.06 9.38 7.87 8.06 9.38 8.92 7.52 7.21 8.85
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MgO 14.43 14.67 12.77 14.43 14.67 12.77 14.62 13.99 14.40 12.67
Ca0 21.12 20.27 21.48 21.12 20.27 21.48 19.88 22.06 21.94 2242
Naz0 0.32 0.29 0.42 0.32 0.29 0.42 0.32 0.32 0.23 0.39
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01
Total 97.61 96.71 97.34 97.61 96.72 97.34 97.52 97.25 98.02 95.64

Si 1.943 1.932 1919 1.943 1.932 1919 1.927 1.945 1.952 1.963
Ti 0.013 0.013 0.022 0.013 0.013 0.022 0.015 0.010 0.010 0.004
Al 0.094 0.105 0.113 0.094 0.105 0.113 0.110 0.084 0.092 0.051
Cr 0.003 0.004 0.001 0.003 0.004 0.001 0.003 0.002 0.003 0.000
Fe2+ 0.250 0.258 0.301 0.250 0.258 0.301 0.284 0.240 0.228 0.290
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mg 0.816 0.837 0.730 0.816 0.837 0.730 0.828 0.795 0.811 0.741

1514



Pamukkale Univ Muh Bilim Derg, 31(8), 1505-1517, 2025
(Special Issue of the 10th Geochemistry Symposium)
A. Orhan, M.A. Akge

Appendix A. Continued.

Sample no TK8-1-1-1 TK8-1-1-2 TK8-1-1-3 TK8-2-1-1 TK8-2-1-2 TK8-2-1-3 K021~ TK8-2-1- TK8-2-1- CT-4-2-

4 5 7 1-3
Ca 0.858 0.830 0.883 0.858 0.830 0.883 0.809 0.900 0.887 0.942
Na 0.024 0.022 0.031 0.024 0.022 0.031 0.023 0.024 0.017 0.030
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Total 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.022
Wo 44.08 42.71 45.45 44.08 42.68 45.41 41.63 45.98 45.67 47.07
En 4191 43.03 37.60 4191 43.00 37.56 42.61 40.59 41.72 37.01
Fs 12.81 13.14 15.34 12.81 13.21 15.43 14.55 12.21 11.72 14.43
Mg# 0.78 0.84 0.80 0.78 0.78 0.73 0.76 0.79 0.78 0.77
T (°C) 1194 1197 - 1194 1197 - - 1186 1199 -
P (kbar) 1.62 1.37 - 2.57 2.26 - - 2.12 2.60 -
Depth (km) 5.7 49 9.1 8.0 - 7.5 9.2 -
Appendix B
Representative electron microprobe analyses results of amphiboles (wt. %) in the isotropic gabbro. plagiogranite and MME.
l:;’;}; Isotropic gabbro Plagiogranite MME
Sample Mg-Hbl  Tsch Tsch  Mg-Hbl Mg-Hbl Mg-Hbl Mg-Hbl Mg-Hbl Mg-Hbl Mg-Hbl Mg-Hbl Mg-Hbl Mg-Hbl

no CT-4- CT-4- CT-4- C(CT-4-2- CT-17- CT-17- CT-17- CT-17- CT-17- CT-14- CT-14- CT-14- CT-14-
1-1-1 1-1-2 1-1-6 1-1 1-1-1 1-1-2 1-1-3 1-1-4  1-1-5 1-1-1 1-1-2 1-1-4 1-2-2

SiO2 4418 4375 4346 4640 5183 5182 5149 51.17 5193 4581 4641 46.71 4495
TiO2 1.38 1.61 1.63 1.63 0.88 0.61 0.72 0.81 0.57 0.60 0.68 0.70 0.77
Al203 8.48 8.85 9.18 7.31 6.95 7.33 7.32 7.33 6.67 7.86 6.94 7.58 8.43
FeO 16.61 1687 16.65 1489 1575 1567 1555 16.79 1583 1599 15.79 1574 16.25
MnO 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
MgO 12.35 1211 12.01 13.62 1294 1344 13.05 12,69 13,55 1294 12,60 1251 1232
Ca0 1134 11.24 1135 11.62 1044 1047 10.59 9.84 1038 1142 1130 11.33 1145
Naz20 1.46 1.51 1.55 0.88 0.74 0.81 0.83 0.78 0.74 0.98 0.93 0.98 1.05
K20 0.12 0.10 0.15 0.17 0.12 0.13 0.11 0.11 0.10 0.18 0.16 0.17 0.20
Cr203 0.05 0.05 0.06 0.02 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.02 0.01

Total 9598 96.09 96.04 96.53 99.64 100.28 99.67 99.52 99.76 9580 9580 9573 9541

Si 6.560 6.493 6466 6.777 7235 7.163 7.188 7.124 7.208 6.753 6.868 6901 6.684
VAL 1440 1507 1534 1223 0.765 0837 0812 0876 0.792 1.247 1.132 1.099 1316
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Tsite 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
VIAL 0.043 0.041 0.076 0.035 0377 0356 0393 0326 0.298 0.118 0.079 0.221 0.161
Ti 0.154 0.180 0.182 0.179 0.092 0.063 0.076 0.084 0.059 0.067 0.087 0.078 0.086
Cr 0.006 0.006 0.007 0.002 0.000 0.001 0.001 0.000 0.001 0.001 0.000 0.002 0.001
Fe3+ 1.029 1.073 0995 0911 0860 1.015 0.853 0.000 1.070 1.072 0.801 0.819 0.993
Mg 2.734 2,679 2664 2965 2.692 2.769 2.715 2.635 2804 2842 2781 2755 2.731
Fe2+ 1.033 1.021 1.077 0908 0979 0796 0962 1955 0.767 0899 1153 1126 1.028
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Csite 5.00 5.00 5.00 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5000 5000 5.000
Ca 1.804 1787 1809 1818 1561 1550 1585 1467 1543 1804 1.791 1.794 1.824
Na 0.196 0.213 0.191 0.182 0.200 0.217 0.224 0.210 0.200 0.196 0.209 0.206 0.176
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Appendix B. Continued.

Rock Isotropic gabbro Plagiogranite MME
type
Bsite 2.00 2.00 2.00 2.00 1.761 1.766 1.809 1.677 1.743 2.000 2.000 2.000 2.000
Na 0.225 0.222 0.255 0.067 0.000 0.000 0.000 0.000 0.000 0.084 0.057 0.076 0.127
K 0.023 0.018 0.028 0.031 0.022 0.024 0.020 0.020 0.018 0.034 0.030 0.032  0.037
Asite 0.25 0.24 0.28 0.1 0.02 0.02 0.02 0.02 0.02 0.12 0.088 0.11 0.16
(Bl)\gim 2.000 2.000 2.000 2.000 2.000 2.000 1.807 2.000 2.000 2.000 2.000 2.000 2.000
Mg/Mg+
Foze 0.726  0.724 0.712 0.766 0.733 0.777 0.738 0574 0.785 0.760 0.707 0.710 0.726
Alr 1.483 1.548 1.610 1.260 1.143 1.194 1.205 1.203 1.090 1.366 1.211 1.319 1.477
Al# 0.03 0.03 0.05 0.03 0.33 0.30 0.33 0.27 0.27 0.09 0.06 0.15 0.11
T (°C) 844 853 864 811 - - - - - 809 790 793 825
Uncertai
nty 22 22 22 22 - - - - - 22 22 22 22
(oest)
P(MPa) 162 178 195 117 - - - - - 137 109 127 161
Uncertai
nty 18 20 21 13 - - - - - 15 12 14 18
(max)
Ocean
depth 5.7 6.3 6.9 4.1 - - - - - 4.8 3.9 4.5 5.7
(km)
H20melt
(Wt.%) 6.5 6.7 6.8 6.1 6.8 6.3 7.0 7.2
Uncertai 1.0 1.0 0.4 0.4 0.4 0.4 0.4
nty
Appendix C
Representative electron microprobe analyses results of plagioclase (wt. %) in the isotropic gabbro. plagiogranite and MME.
1:;;(1: Isotropic gabbro Plagiogranite MME
Sample TK-8-1- TK-8-1- TK-8-2- CT-4-1- C(CT-4-2- C(CT-4-2- CT-17- (CT-17- CT-17-1- CT-14- CT-14- CT-14-
n(? 1 2 1 1 1 9 1-1 1-3 6 1-1 1-3 2-2
(P1D) (P1D) (P1D) (PLID (PLID) (P1D) (PLID) (PLID) (PLID) (PLID) (PLID) (PLID)
SiO2 56.89 53.92 54.25 53.17 52.50 51.52 56.32 58.22 56.09 52.03 52.69 52.32
TiO2 0.07 0.07 0.05 0.03 0.00 0.00 0.00 0.00 0.01 0.03 0.01 0.01
Al203 29.78 32.00 32.12 34.74 35.71 29.86 30.35 28.70 30.15 33.76 33.95 34.62
FeO 0.42 0.48 0.42 0.17 0.18 0.32 0.07 0.04 0.10 0.24 0.24 0.16
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MgO 0.03 0.03 0.03 0.01 0.01 0.07 0.00 0.00 0.02 0.04 0.03 0.00
Ca0 7.83 8.57 9.55 10.09 10.61 10.58 7.93 6.73 7.32 9.85 9.58 10.25
Naz0 4.89 4.44 2.78 1.76 0.94 6.06 4.79 5.98 5.36 2.62 2.82 1.86
K20 0.04 0.05 0.03 0.01 0.00 0.04 0.03 0.04 0.06 0.01 0.02 0.01
Total 99.96 99.54 99.24 99.98 99.97 98.46 99.48 99.71 99.10 98.58 99.33 99.23
Si 2.577 2.451 2.507 2.450 2.431 2.337 2.561 2.624 2.548 2.415 2423 2.426
Al 1.590 1.714 1.749 1.886 1.949 1.596 1.626 1.525 1.614 1.846 1.840 1.891
Ti 0.002 0.002 0.002 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000
Fe 0.016 0.018 0.016 0.007 0.007 0.012 0.003 0.002 0.004 0.009 0.009 0.006
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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Appendix C. Continued.

1:;;? Isotropic gabbro Plagiogranite MME

Mg 0.002 0.002 0.002 0.001 0.001 0.005 0.000 0.000 0.001 0.003 0.002 0.000
Ca 0.380 0.417 0.473 0.498 0.527 0.514 0.386 0.325 0.356 0.490 0.472 0.509
Na 0.430 0.391 0.249 0.158 0.085 0.533 0.422 0.522 0.473 0.236 0.252 0.167
K 0.002 0.003 0.002 0.001 0.000 0.002 0.002 0.002 0.003 0.001 0.001 0.001

Total 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000
Or 0.31 0.38 0.27 0.12 0.04 0.24 0.24 0.27 0.41 0.11 0.19 0.10
Ab 52.89 48.22 34.43 24.01 13.86 50.78 52.07 61.48 56.78 32.49 34.71 24.65
An 46.80 51.40 65.30 75.88 86.10 48.98 47.69 38.25 4281 67.40 65.10 75.25
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