
Introduction

Ophiolites represent actualistic equivalents of oceanic
lithosphere generated predominantly in at least two main
geotectonic settings: mid-ocean ridges of major or small

oceanic basins, and island arc supra-subduction zone
basin systems (e.g., Miyashiro, 1975; Sun and Nesbitt,
1978, Saunders et al., 1980; Serri, 1981; Pearce et al.,
1984).
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Abstract: The SarÝkaraman Ophiolite is one of the least dismembered ophiolitic units of the allochthonous Central Anatolian
Ophiolites, which retains its recognizable pseudostratigraphy. The SarÝkaraman Ophiolite is represented in its lowermost part by
isotropic gabbros.

Within the isotropic gabbro sequence, clinopyroxenes are observed as small, colorless relicts with a cloudy appearance. In most of
the samples, they are completely replaced by a successive generation of green to brown amphiboles.

Clinopyroxenes display diopsitic to augitic compositions within the range of En45Fs5Wo49 to En50Fs9Wo41. They are Ca-rich and Na-
poor (Na2O<0.55) and characterized by high-Mg (Mg#= 81.4-91.19) and low-Ti (<0.68 wt %).

The occurrence of a high-Mg and low-Ti magma constrain the formation of the SarÝkaraman ophiolitic gabbro in a supra-subduction
zone environment. The clinopyroxenes of the Middle Turonian-Lower Campanian SarÝkaraman Ophiolite have similar chemical com-
positions to those of the other supra-subduction zone-type Eastern Mediterranean ophiolites (e.g., Troodos, Varinous, Pindos and
Oman ophiolites) that show island-arc affinity. 
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SarÝkaraman Ofiyoliti Üzotrop GabrolarÝnÝn Klinopiroksen Birleßimleri: Orta AnadoluÕda 
"Dalma-Batma Zonu �st�" Tipte Magma Olußumuna Ülißkin Yeni KanÝtlar

�zet : SarÝkaraman Ofiyoliti, allokton Orta Anadolu Ofiyolitleri arasÝnda ilksel dizilimini korumuß ve en az par�alanmÝß ofiyolitik
birimlerden birini olußturur. Birimin y�zeylenmiß en alt b�l�m�nde izotrop gabrolar yeralÝr.

Üzotropik gabro istifinde klinopiroksenler k���k, renksiz ve bulanÝk taneler halinde izlenir ve �oÛunlukla yeßil-kahverenkli amfiboller
tarafÝndan replase edilmißlerdir. 

Klinopiroksenler diyopsitik-ojitik olup bileßimleri En45Fs5Wo49 den En50Fs9Wo41 kadar deÛißir. Ca ca zengin ve Na ca fakir (Na2O<
%0.55) olan klinopiroksenler y�ksek Mg (Mg#= 81.4-91.19) ve d�ß�k Ti (<% 0.68) i�erikleri ile karakterize edilirler.

Y�ksek Mg ve d�ß�k Ti i�erikli magmanÝn varlÝÛÝ SarÝkaraman Ofiyolitinin "dalma-batma zonu �st�" konumunda gelißtiÛine ißaret
eder. Bu niteliÛi ile, Orta T�roniyen-Erken Kampaniyen yaßlÝ olan SarÝkaraman Ofiyolitinin klinopiroksen bileßimleri, benzer tektonik
konumda gelißtiÛi �ne s�r�len ada yayÝ afiniteli diÛer DoÛu Akdeniz ofiyolitleri (Troodos, Varinous, Pindos ve Oman ofiyolitleri) ile
benzer jeokimyasal �zelliktedir.

Anahtar S�zc�kler: Klinopiroksen, Ofiyolit, Kimya, T�rkiye



Several authors have proposed the composition of pri-
mary magmatic clinopyroxenes as an alternative parame-
ter in paleotectonic reconstructions of the ophiolites,
since the composition of clinopyroxene survives
unchanged in ophiolitic rocks, even in those with low-
grade metamorphism (e.g., Nisbet and Pearce, 1977;
Hebert and Laurent, 1987; Capedri and Venturelli, 1979;
Becalluva et al., 1989). 

In this study, the geochemical compositions of 27
clinopyroxens from five different isotropic gabbro sam-
ples of the SarÝkaraman Ophiolite (SO) are presented. We
compared these with their oceanic equivalents in order to
highlight the similarities and differences and to determine
the tectonic environment in which the gabbroic rocks
were formed. 

Geological Setting of the SarÝkaraman Ophiolite

The SO is representative of a somewhat dismembered
ophiolite body retaining a recognizable pseudostratigra-
phy (Figure 1). Similar to other ophiolitic bodies of the
Central Anatolian Ophiolites (CAO; G�nc�oÛlu et al.,
1992), SO is in thrust-contact with the Central Anatolian
Metamorphics (YalÝnÝz and G�nc�oÛlu, 1998). Volumi-
nous ultramafic bodies are not exposed in direct contact
with the rest of the ophiolitic slab, the lowest section
being composed of isotropic gabbros, which are faulted
against a sheeted dyke complex that merges up section
into basaltic lavas and breccias. The gabbros are cut by
intrusive trondhjemitic plagiogranites which are genetical-
ly related to various high-level rhyolitic dykes and sills
that traverse the upper volcanic section of the ophiolite
(Floyd et al., 1998). All units are cut by a late set of iso-
lated dolerite dykes. The upper volcanic section with pil-
low-lavas is overlain by a sequence of Middle Turonian-
Lower Santonian pelagic sediments intercalated with vol-
canogenic olistrostromal sedimentary cover (G�nc�oÛlu
et al., 1992; YalÝnÝz, 1996). Both the ophiolite and cover
sediments are intruded by the Upper Campanian-Lower
Maastrichtian Terlemez quartz-monzonite (YalÝnÝz et al.,
1997). These granites have their counterparts in other
areas of the Central Anatolian Crystalline Complex (CACC)
and are not related to the plagiogranites of the SO, being
the post-collisional products of the melting of thickened
crust (G�nc�oÛlu and T�reli, 1994). Finally, the ophiolite
and late granites are unconformably overlain by Upper
Maastrichtian-Lower Paleocene volcaniclastic rocks
(G�nc�oÛlu et al., 1992; YalÝnÝz, 1996).

Field Characteristics

Gabbros are dark green to black, coarse- to fine-
grained, frequently amphibolized and most readily distin-
guished in the field by the absence of cumulate layering.

Gabbros are usually compositionally and/or texturally
heteregenous. Random or en-echelon pegmatite veins,
pods and dykes are also common in the gabbros. Gabbros
have leucocratic, often quartz-bearing patches, and veins
or pods up to one meter across which have gradational to
sharp contacts with the gabbro host. The veins are com-
monly associated with coarse, accicular amphiboles and
gabbro pegmatites. The leucocratic veins in the segregat-
ed gabbro part is usually characterized by well defined
irregular to angular margins without marginal chilling,
but there is a gradation to diffuse-margined types. As
they appear to have no feeder veins, they seem to have
originated in-situ by segregation from the gabbro.

Petrography

Fine- to coarse-grained gabbros are characterized by
non-cumulus granular texture in which primary plagio-
clase and secondary amphibole rather than primary
clinopyroxene are the dominant minerals. These minerals
are often associated with secondary subhedral quartz,
calcite, chlorite and epidote. The accessory minerals are
euhedral zircon, apatite and rare subhedral to anhedral
sphene.

Plagioclases are usually unaltered and form the main
primary mineral in gabbroic rocks. The highest modal con-
tent of plagioclase is 50%. It occurs as subhedral, elongate
crystals which show polysynthetic twinning. The plagio-
clases generally are unzoned. Normal magmatic zoning is
rarely observed. However, small, anhedral, untwinned pla-
gioclases with less calcic composition (An45-67; YalÝnÝz,
1996) than the subhedral, twinned palgioclase are consid-
ered to be secondary. They rarely show epidotization.

Clinopyroxenes are rarely observed as small, colorless
relicts with a cloudy appearance in the gabbroic sequence
of SO. In most of the samples, they are completely
replaced by brown-green amphiboles. The amphiboles are
yellow-green, green to brown and pleochroic showing a
wide range of composition, from Mg-hornblende to acti-
nolite (YalÝnÝz, 1996) and developed as anhedral, rarely
subhedral and sometimes polygonal discrete grains. They
represent secondary phases and are identified as rims,
patches and needles around and/or in pyroxenes. The acti-
nolitic amphiboles are probably derived from magnesio-
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hornblende since the former are found as rims, patches
and needles around and/or in magnesio-hornblende.

Mineral Chemistry of Clinopyroxenes

Analytical Techniques

Chemical analyses of clinopyroxenes were made on
polished thin sections coated with graphite using a Link
QX electron microprobe attached to a Li-drifted silicon

detector in the Department of Earth Sciences, Keele Uni-
versity. Calibrations were made with metals and silicate
mineral standards. The accuracy and precision of the
technique used are given in YalÝnÝz (1996) with correc-
tions using a standard software program, ZAF4-FLS from
Link Analytical. Molecular proportions were calculated on
the basis of 6 oxygen atoms.
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Mineral Chemistry

As pointed out by Nisbet and Pearce (1977), clinopy-
roxene is often the primary igneous phase to be pre-
served in altered metamorphosed basalts and they pro-
vide several chemical criteria by which clinopyroxenes
from different tectonic environments can be recognized. 

In the Wo-En-Fs diagram (Deer et al., 1978), the
clinopyroxenes display diopsite to augite compositions
(Figure 2a). After Morimoto et al. (1988) they are all cal-
culated as the "Quad", which is the identification of Ca-
Mg-Fe chemical groups of calcic clinopyroxenes (Table 1).
They are Ca-rich (Wo41-49) and Na-poor (Na2O<0.55). The
clinopyroxene composition is in the range of En45Fs5Wo49

to En50Fs9Wo41.

The clinopyroxenes are mainly high SiO2 (*50.87-
54.14 wt%), MgO (14.54-*17.65wt%; Mg*=81.4-
91.19), and low TiO2 (<0.68) (Table 1),  Ti/Al  (<0.3)
relative to alkali basalts, MORB and back-arc basalts (e.g.,
Capedri and Venturelli, 1979; Duncan and Green, 1987;
Leterrie, et al., 1982; Taylor et al., 1992; Arculus et al.,
1992; Lapierre et al., 1992). 

Significant chemical characteristic of the clinopyrox-
ene samples is their low-Ti content. Because, Ti in
clinopyroxenes is thought to reflect the degree of deple-
tion of the mantle source and Ti activity of parent magma
that generated the cumulate pile (Pearce and Norry,
1979). 

On the basis of the Ti content, clinopyroxenes from
SO plot in the low and very low-Ti field similar to samples
from other supra-subduction zone-type ophiolites of
Troodos, Vorinous, Pindos and Oman (Figure 2b)

The compositional correspondence of clinopyroxenes
from various ophiolitic basalts to those from oceanic actu-
alistic equivalents (MORB, IAT and boninites-BON) is
shown in Figure 3. Concomitantly with low Ti, Al, Na and
high Si contents, clinopyroxenes of SarÝkaraman gabbro
are best adequated with those of island arc, with respect
to MORB and boninites (Figure 3). It should be noted that
some samples are displaced towards the boninites. On the
other hand, in Figure 4, the clinopyroxene chemistry of
the SarÝkaraman samples displays significant composition-
al similarities to those from the supra-subduction zone-
type Eastern Mediterranean ophiolites rather than
MORB-type ophiolites.

Discussion

Beccaluva et al. (1989) reported that Ti differences in
ophiolites correspond well to distinct magma types of the
modern oceanic setting, and are grouped as high-Ti, low-
Ti and very low-Ti ophiolites. They reported that high-Ti
ophiolites compare favorably with the magmatic associa-
tion occurring at mid-ocean ridges and well developed
marginal basins, whereas low-Ti and very low-Ti ophio-
lites are best equated with the magmatic series of island-
arc and boninitic types respectively, generated in the
supra-subduction zone settings.
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Supra-subduction zone ophiolites represent oceanic
crust generated by spreading processes that occur above
a dehydrating subducted oceanic plate (e.g., Pearce,
1982; Vannucci et al., 1993). The supra-subduction zone
environment is capable of generating water-bearing
magma derived by hydrous melting of the depleted upper
mantle source. The gabbroic rocks of SarÝkaraman ophi-
olite may be a good example of the derivatives from such
refractory source. 

The results presented here concern the nature and
origin of primitive low-Ti magma and the processes
involved during their genesis and relevant to the general
debate on the geodynamic significance of low-Ti, high-Mg
magma. It is widely accepted that the generation of these
primitive High-Mg and low-Ti ophiolites requires the
remelting of a severely depleted residual mantle source
with the extraction of 20-30% wet partial melting liquid
to leave a severely depleted source (e.g., Hebert and Lau-
rent, 1987; Van Der Lann, 1992; Bebard, 1991; Hawkins

et al., 1990). Comparison with ocean plutonic rocks show
that refractory peridotites exist in the oceanic crust gen-
erated in the spreading ridge environment. These rocks,
through wet partial melting, may generate high-Mg and
low-Ti liquids, as is the case with many supra-subduction
zone ophiolites (e.g., Pearce, 1982; Vannucci et al.,
1993). 

An important chemical characteristic is the low Ti con-
tents of the clinopyroxenes in SarÝkaraman Gabbro. The
Ti content of clinopyroxenes in the gabbros is 2-3 times
lower than those from MORB. This pattern is thus indica-
tive of the crystallization of clinopyroxenes from a Ti-
poor magma. This result is consistent with the generally
observed low Ti content of SarÝkaraman lavas and classi-
fication of this ophiolite into the low-Ti group defined by
Serri (1981). The low-Ti character of the SO makes it
very different from MORB suites. The SarÝkaraman pri-
mary melt probably formed by the partial melting of a
severely depleted upper mantle. 
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Table 1. Representative chemical analyses of clinopyroxenes from the SarÝkaraman ophiolitic gabbro

Sample KY-30 KY-31 KY-52 KY-43 KY-26
number 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3

SiO2 51.58 52.50 51.80 52.19 52.18 53.22 51.83 52.44 50.87 50.85 52.10 51.33 53.42 52.22 54.03

Al2O3 2.46 2.52 0.80 3.33 1.96 1.83 2.24 2.17 3.38 3.56 2.20 3.50 1.98 3.76 0.55

TiO2 0.51 0.39 0.00 0.54 0.87 0.37 0.36 0.28 0.55 0.72 0.32 0.56 0.28 0.00 0.00

Cr2O3 0.21 0.00 0.00 0.38 0.00 0.23 0.41 0.45 0.47 0.35 0.35 0.52 0.23 0.45 0.00

Fe2O3 2.47 3.24 1.74 0.00 2.89 1.35 3.17 0.23 2.81 0.15 3.44 2.05 0.66 0.87 1.08

FeO 3.86 2.92 9.58 6.03 6.12 3.51 3.03 5.50 3.27 6.01 2.71 4.10 4.45 6.20 3.22

MnO 0.00 0.00 0.37 0.22 0.32 0.00 0.00 0.00 0.21 0.00 0.00 0.00 0.18 0.00 0.20

MgO 16.60 16.79 12.45 15.72 15.79 15.98 17.56 17.40 16.65 16.09 17.65 16.40 16.51 15.65 16.60

CaO 21.12 22.11 23.25 21.95 20.47 24.01 20.22 20.64 20.96 20.88 20.74 20.73 22.64 20.14 24.65

Na2O 0.35 0.42 0.00 0.00 0.00 0.26 0.45 0.00 0.28 0.00 0.40 0.43 0.23 0.55 0.00

Total 99.15 100.90 100.00 100.36 99.06 100.76 99.27 99.11 99.45 98.61 99.91 99.62 100.58 99.84 100.33

Formulae calculated on the basis of 6 oxygens, Fe3+ calculated for 4 cations

Si 1.907 1.906 1.956 1.913 1.961 1.938 1.98 1.935 1.876 1.894 1.905 1.888 1.946 1.920 1.973

AlÝv 0.093 0.094 0.036 0.087 0.039 0.062 0.092 0.065 0.124 0.106 0.950 0.112 0.054 0.080 0.024

AlvÝ 0.015 0.014 0.000 0.057 0.008 0.017 0.005 0.030 0.023 0.051 0.000 0.040 0.031 0.083 0.000

Ti 0.014 0.011 0.000 0.015 0.019 0.010 0.010 0.008 0.015 0.020 0.009 0.016 0.008 0.000 0.000

Cr 0.006 0.000 0.000 0.011 0.000 0.007 0.012 0.013 0.014 0.010 0.010 0.015 0.007 0.013 0.000

Fe3+ 0.069 0.089 0.050 0.000 0.000 0.037 0.088 0.006 0.078 0.004 0.095 0.057 0.018 0.024 0.030

Fe2+ 0.119 0.089 0.303 0.185 0.203 0.107 0.093 0.170 0.101 0.187 0.083 0.126 0.136 0.190 0.098

Mn 0.000 0.000 0.012 0.007 0.000 0.000 0.000 0.000 0.007 0.000 0.000 0.000 0.006 0.000 0.006

Mg 0.915 0.908 0.701 0.859 0.891 0.867 0.963 0.957 0.915 0.894 0.962 0.899 0.896 0.857 0.904

Ca 0.837 0.860 0.941 0.862 0.875 0.937 0.797 0.816 0.828 0.834 0.813 0.817 0.884 0.793 0.965

Na 0.025 0.030 0.000 0.000 0.000 0.019 0.032 0.000 0.020 0.000 0.028 0.031 0.016 0.039 0.000



Conclusions

1- The low-Ti and high-Mg content of the clinopyrox-
enes suggest that the SarÝkaraman Gabbro was formed
by the wet partial melting of an already depleted oceanic
lithosphere in a supra-subduction zone environment.

2- The clinopyroxene chemistry of the gabbroic rocks
also supports the proposed assertion (YalÝnÝz, 1996;
YalÝnÝz et al., 1996; Floyd et al., 1998) of a supra-sub-
duction environment, based on the geochemical features
of the basaltic and plagiogranitic rocks of SO.
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3- It is concluded that the clinopyroxenes of SO have
similar geochemical characteristics to those of the other
Eastern Mediterranean ophiolites such as Troodos, Vouri-
nos, Pindos and Oman, which show high-Mg and low-Ti
island arc affinity.
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